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THE MECHANISM OF RDX FORMATION IN THE BACHMANN REACTLON

The mechanisn of RDX formation in the Bachmann reaction has been

investagated from two distinct experimental points of view.

The first approach was made by substituting'amine nitrates for the
ammonium nitrate, by withholding the ammonium nitrate and by adding am=
monium or amine nitrates in the later stages of the reaction. Ammonium
nitrate is not unigque in its function; nearly all amine nitrates gen-
erate some RDX when substituted for ammonium nitrate in the Baclmann
reaction, although never in yields greater than one mole per mole of
hexamine. The belated addition of an amine nitrate, unlike the be-
lated addition of ammonium nitrate, does not give rise to RDX. Thesse
technigques were also applied to a study of the conversion of DNPT to

HifXe Here, too, ammonium nitrate is not unique.

The second approach was made by studying the effect of many reac-
tion variables on the yields of solid products, recovery of reagents
from the mother liquor and material balances in the Bachmann reectione.
It is believed that the equavalence between RDX production and ammonium

nitrate consumption as detemined by other researchers is invalid.

The results of these experiments may be successfully interpreted
in tems of a mechanism involving the two processes of "catalysed
nitrolysis" and "synthesis", while many date herein presented cannot

be interpreted in tems of other mechanismse.



FOREWORD

Some explenation of the method used in this thesis in discussing
the results of other investigators is necessary. Experiments which
were carried out before this project was undertaken and experiments
which are of general interest only are described in the Historical
Introduction to this thesis. Experiments which were carried out
concurrently and experiments which are of specific interest from a
point of view of the problem are discussed, along with the authorts
own results, in the Experimental and Theoretical seoction of this
thesise I+t is considered that this procedure is justified from a
standpoint of clarity and brevity. Very careful distinction has been

made between the author's own results and those of other investigatorse.

With regard to etymology, two terms have been introduced which
are not generally used. The tem "researcher" corresponds to the
more conventional "research worker" or "investigator". The tem

"injisolable" hag been used in the sense of Munable to be isolated™,
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GENERAL INTRODUCTION

One of the most outstanding advances in organic¢ chemistry during
World War II has been the development of new methods for the preparation
of cyclotrimethylenetrinitremine (RDX) on an industrial scale. Linstead
has stated in his seocond monograph (1) that "RDX has indeed been organic
chemi stry' s main contribution to the war effort and the wart!s main cone
tribution to orgenic chemistry."

RDX was first prepared by Henning (2) in 1899 and was early
recognized as an explosive of extraordinery power and brisiance. For
many years, no successful industrial preparation of RDX was realizede
One of the reasons for this was the fact that formaldehyde, a starting
maiz.erial, was available only inh limited qu_a.ntities. This barrier to the
industrial preparation of RDX was removed in 1923 by the introduction of
8 method of preparing methanol ( and hence formaldehyde) by the catalytisc
reduction of carbon monoxide (3)e In 1932, the literature reported the
existence of an RDX plant at Avigliana, Italy, which was operated by the
Nobel Dinamite Company (4). During the past decads, the Research
Depariment of the Royal Arsenal at Woolwich has carried out extensive
investigations on the production of RDX and, at as early a date as 1938,
a pilot plant was in operation (5).

When war broke out in September, 1939, research in the field of
high explosives was stimulated in all countries. The result of these
increased efforts was the discovery of a new and essentially different
method of producing RDX (6) and the development of the older method to
large-scale production.

In the early stages of World War II, RDX was available only in very
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limited quantities and found its greatest use as a special-purpose
explogive. As the war progressed, RDX found increased use in mines,
torpedoes, plastic explosive, high-explosive shells, aerial bombs
and jet-propelled bombs. Some estimate of its importance is to be
found in the fact that the allied nations now produce in the order
of 5,000,000 tons of RDX anmally - - a thousandfold increase in five
yearse This estimate is baged on the rated capacity of the three
principal RDX plants:; Wabash, Indiana; Kingsport, Tennessee; Bridge-
water, England. RDX has besn found in German, Italian and Japanese
highe=explosive shells, end is known to be produced by these countries

in at least two ways. (7)

RDX is variously known a Hexonite (Henning). Hexogen (Germans,
French and Swiss), T, (Italians) and Cyclonite or RDX (British and
Americans)e In Chemical Abstracts it is listed as Hexogen. Its

chemical structure may be represented by the following formulas

|
N —CH
o] v—o,
2\N CH/
' 2
NOZ

Corresponding to this representation, RDX may be named
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1,3,6=trini trohexahydro=1,3,5-triazine, Netrinitrotrime thylenetriamine,
cyolio trimethylenetrinitramine or 1,3,5-trinitro-1,3,5«~triaza-

oyclohexane,

The cheniocal structure of RDX has never been oconclusively
proved. The generally~accepted structure was postulated by von Herz (8)
who ocalled his produot cyclotrimethylenetrinitramine. RDX undergoes
no known chemicel reactions other than complete degredation, with
one posgible exception, Ross and Boyer (9) have reported the
isolation of & metallic derivative of an open=chain degradation
product of RDX, the structure of which is uncertain, On the basis
of a study of some straight-chein methylenenitremines, they believe

that the reaction may be represented by the following equation:

102
N—CHy
/ N
CK ¥-NO; + 2 KOH——> K-NCHp-HeCHp=N-K + HCEO + Hy0
< (alcohol) 1'102 ]:'02 O
NO

2: dip O W e W g O @ e 1.

This research hag not been carried far enough, however, to admit it

ag evidence for the structure of RDX.

A chamical proof~cfegiructure of RDX lies in its preparation
in yield from hexsmethylenetetramine * (urotropine) by two separate

and distinct methods (2, 6), Hexsmine is believed to contain four

* Hereinafter called hexamine.
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six-membered rings (see Figure I), but its structure, too, is

unocertain (10, 11). Another, and perhaps & better, chemical proof-
of~gtructure of RDX is the preparataon of RDX in yield by the
lowetemperature, nitrie acid oxidation of 1,3,5-trinitrosohexahydro~1,3,5-
triazine (11)« The structure of the trinitroso compound is somewhat more
certain than that of the trinjtro compound since Duden and Scharff (10)
have reduced the trinitroso compound to 1,3,5«triaminohexahydro~1,3,5-
triazine (isolated as the salicylaldehyde derivative) which, in turn,

was decomposed into three moles of hydrazine and three moles of formalde-
hyde on warming with dilute mineral acids.

In the end, however, it must be admitted that the weight of evidence
for the triazine structure of RDX lies in such broad statements as
"analytical results,” "stability of RDX to concentrated nitric acid," the
" gymmetry of the X-ray pattern diagram," and the "evidence of the dipole
moments" (5)

Industrially, RDX is produced by two different processes. These

may be briefly represented by the following theoretical equations:

Nitrolysis (Woolwich) Process:

(CH,) N, + 4ENOg — (CHy)z(N-N0,)5 + BHCHO +  NH,NO,

(Hexamine) (Nitric Acid) (RDX) (Formaldehyde) (Ammonium Nitrete)

—mene 2o
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Figure No. 1
Molecular Model Hexamethylenstetramine

@ Carbon Atom
o0  Hydrogen Atom

O Nitrogem Atom
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Bachmann (Combination) Process:

(CHy)g N, + 4 HNO; + 2 NENO; + 6 (CHzC0),0 —

(Hexamine) (Nitric Acid) (Ammonium) (Acetic Anhydride)
(¥itrate )

————> 2(CH,)4(N-NO,); + 12 CH;C00H =---= 3.
(RDX) (Acetic Acid)

While the direct nitrolysis process is theoretically represented
by equation 2, in actual practice it is more accurately represented as
follows (12) 3

*

+ 0.20 N,0 + 0.80 (CH,) 5(N-N02)3 4+ 11.40 H,0 +

+ 0.7 €0, (unaccounted for)  mmwe-e 4.
The yield of RDX on the basis of the formaldehyde content of the
hexamine approximates forty percent and on the basis of the nitriec
acid, no higher then ten percente In view of the low yields, of the
fact that nitric acid of greater than eighty-nine percent and
preferably of ninety-seven percent stremgth is required, and also of
the serious danger of violent decomposition of the reaction mixture,
extensive research was carried out with the purpose of finding a new

processe

»* Actually 22 molea of nitric acid are required, but approximetely
7 moles are remered unchanged.
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In 1940, Ross and Schiessler (13) succeeded in preparing RDX
in yield by the interaction of paraformaldehyde (paraform) and
amonium nitrate in the presence of an excess of acetic anhydride.

The reaction may be represented by the following theoretical equation:

A 4

3 (CEQ)n + SnNENO, + 6n (caseo)zo

(Paraform) (Ammonium Nitrate) (Acetic Anhydride)

n (CH,) ,(N-NO,); + 12n G 000H ~----- 5.

(RDX) (Acetic Acid)

The yield of RDX in this reaction approaches fifty-five percent on the
formaldehyde basis and only slight excesses of ammonium nitrate and
acetic anhydride are requirede The reaction is characterized by an
induction period (14), however, which is disadvantageous from an
industrial point of view, and the reaction mixture is subject to
violent decomposition (13)e It is possible that further research will
eliminate these difficulties, but up to the present time, the "McGill
Process" has not advanced beyond the pilot plant stage. The main
interest in the McGill Reection lies in its theoretical implications

and in the fuot that it was the forerunner of the Bachmann processe

In 1941, Bachmann (6) found that by nitrating hexamine with a
mixture of nitric acid and ammonium nitrate in the presence of acetioc
anhydride he could produce RDX in yields greater than one mole per
mole of hexamine. Since this reaction (see equation 3) combined

essential features of both the direct nitrolysis and MoGill processes
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(the use of hexamine and nitric acid on the one hand and the use of
ammonium nitrate and acetic anhydride on the other), he called it

the "Combination Process." The yield of RDX in this ocase approximates
eighty percent on the formaldehyde basis and only small excesses of
nitric acid, ammonium nitrate and acetic anhydride are requirede In
addition to these attractive features, the introduction of acetic acid
(15) as a solvent for the hexamine gave rise to simplicity of operation
and eagse of temperature control. The reaction was soon put on the
basis of a continuous process and edepted to pilot-plant and plant

scale operation.

The question of the mechanism of RDX formetion has always been
of interest; this interest has increased greatly corresgponding to the
new demands for RDX as a military explosive and the discovery of new
methods for its preparation. In particular, the mechanism of RDX
formation in the Bachmann reaction is of interest due to its pre-
eminence among the industrial methods and to the fact that it combines
features of both the direct nitrolysis and McGill reactions. This

mechanism is, however, extremely complex of solutione. *

* The problem, "The Stepwise Elucidation of the Mechanism of
RDX Formation," was assigned to this researcher by the
Chairman of the Associate Committee on Research of the
BExplosives Committee of the National Research Councily
XR - 42 (Jan. 1942) .



The complexity of an investigation of the mechanism of the
Bachmann reaction is due in part to the fact that the reaction mixture
containg at least four reactants and produces at least three productse.
In this reaction, temperature, time and dilution play an importent
part in determining the yields (both absolute and relative) of the
various reaction products as do the rates of addition of reagents
(both absolute and relative) and concentrations of reagents (hoth
absolute and relative)e Furthermore, in discussing the mechanism of
the Bachmamn reaction, one must take into account those factors which
it has in common with the direct nitrolysis and MoGill reactions and
also the dozens of allied reactions which have been elucidated during
the past few years and which now constitute the field of chemistry of

the polymethyleneamines and polymethylenenitramines.

Barly in this investigation, it was decided that the best
approach to the mechanism of RDX formation lay in an investigation of
the function of the ammonium nitrate in the Baclmamn reactione. The
reason for this decision was threefold.

l, Ammonivum nitrate is a necessary component of both the MoGill
and Bachmann reactions and, at the time that this investigation was
started, i1t was thought to be unique in its function (16).

2+ Ammonium nitrate seems to be, in some way, associated with
the production of BMX, the most important by~product in the McGill

and Bachmann reactions:;



10.

NOo

CKZ_—h—CHZ
NO,-N N-NO, (amx)

CHz—N—CE,
NO2

In the nitrolysis reaction, the yield of HMX relative to the yield
of RDX is in the ratio of about 1:2500 (17). In both the MoGill and
Bachmamn reactions, the ratio is of the order of 1:;15 (18).

3¢ 8ince in the nitrolysis reaction, the hexamine moleoculs
represents the only source of amino nitrogen, it is obvious that
all of the nitrogen in the triazine ring of RDX must have originated
in the hexsmine molecules The moleculs of RDX produced in this way
may be pictured as follows: )

o2

Cé {N—NOZ
Ili—c

2
N0,

TYPEI RDX

In the idealized reaction (see equation 2) one mole of RDX is produced

per mole of hexamine.

Similarly, in the McGill reaction, the ammonium nitrate is the
only source of amine nitrogen atoms: thus it is obvious that all of
the ring nitrogen in the RDX must have originated in the ammonium nitratee.

A molecule of RDX produced in this manner may be represented as follows:



11,

N

°2
——ck

N n”—‘—no
\1'1—- Cify

NOp

rrpE 11 mox X%

where N* refers to an amino nitrogen atom which originated in the
ammoniuvm nitrete rether than in the hexamine. In the idealized
reaction (see equation 5), one mole of RDX will arise from three
moles of formaldehyde (paraform) and three moles of ammonium

nitrete.

In the case of the Bachmann resction, however, both the hexamine
and the ammonium nitrate may act as sources of amino nitrogen. In
view of this fact, two possible*x* cages present themselves in dealing

with an idealized Bachmann reaction (see equation 3):

Case 1
Case I Yo,

N——CH2
Cé g*—noz (2 moles)
N— CHZ

02

TYPE III RDX

This representation implies that the two moles of RDX arising from one

%% 1t should be enphasized that the different "Types" of RDX
are chemically and physically identical, differing only with
respect to the "history" of their amino nitrogen atams.

LU There is actually one other case corresponding to complete
random distribution of amino nitrogen atoms, but the mechanism.

oorresponding to this case is considered unlikely (see page 156 Ref.l).
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mole of hexamine are identical, each containing two amino nitrogen
atoms originating in the hexamine and one amino nitrogen atom originating

in the ammonium nitratsee.

Case 11
NO,
N——CH

CE{ —XNO, (1 mole)
%

{
NO2

N
CQ“* '/N- NO, (1 mole)
—CH2

TIYPE IV RDX

This representation implies that the first mole of RDX produced in the
Bachmann reaction contains only amino nitrogens which had their origin
in the hexamines It is also implied that the triazine ring in this mole
of RDX is one which existed in the hexamine, having survived the reaction
conditionse In this case, it is necessary that the second mole of RDX
have, on an aw}erage%(—, two amino nitrogen atoms which originated in the

ammonium nitrate and only one in the hexamine.

%% The second mole of RDX may well be composed of all four possible
"Pypes®,but in theory, the average structure must be Type IV.
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Now, the existence of the two possibilities in the mechanism
of the Bachmenn reaction (as represented by Case I and Case II),
presents to the researcher his first major problem in connection with
the mechaniam and yet, at the same time, opens to him three distinct
experimental approaches to the solution of the mechanisme. The problem
is, obviocusly, to decide whether Case I or Case 1I represents the type
of product produceds The experimental approaches may be summarized
briefly as follows:

(a) The first method of attacking the problem is to attempt to
"mark" or "label®™ the amino nitrogen atoms of either the hexamine or
the ammonium nitrete in order that the "Types" of RDX may be dif-
ferentiated by something more tangible than the mere "history" of a
given nitrogen atome

(b) The second experimental approach is based on the fact that
if Case II is indicative of the mechanism of the reaction, the first
mole of RDX ( Type I) contains no emino nitrogen atoms which originated
in the ammonium nitratee Thus, with respect to the first mole of RDX,
the fimction of the ammonium nitrate is purely ecatalytice In this case,
then, it may be possible to substitute some other catalyst for the
ermonium nitrate and gtill obtain one mole of RDX. In Case I, however,
the ammonium nitrate actually contributes to both moles of RDX and its
function here is synthetic rather than catalytice. In this evemnt, no
other substance should be able to replace the armonium xﬁ‘brate.

(o) If Case I represents the reaction product, the molar
consumption of ammonium nitrate should equal the molar production of RDX
since each molecule of RDX contains one amino nitrogen atom which orig-

inated in a molecule of ammonium nitrates In Case II, however, the ratio
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between ammonivm nitrete consumption and RDX production is not
necessarily equal to unity and would be expected to vary with
changing reaction conditions. Thus, an invegtigation of the ammonium

nitrate consumption constitutes a third experimental approache.

It wag for these reasons that an investigation of the function
of the ammonium nitrete in the Bachmann reaction was considered to be
the most promising approach to the problem of the mechanism of RDX
formatione The experimental procedures used and the results obtained

in this investigation are considered in another section of this Thesise



HISTORICAL INTRODUCTION

The (Direct) Nitrolysis Reaction

(CHy) g, + 4ENOz ———» (CHp)5(N-NO,)5 + SHCHO + NH.NOg ------= 2.

The majority of significant research oarried out on the direct
nitrolysis reaction has been reported by the following workers or groups
of workers: Henning (2), von Herz (8), Hale at the Picatinny Arsemnal (19),
Roberts and co-workers at the Research Department* of the Royal Arsemal,
Woolwich (1, 5), Whiimore at Pennsylvania Stete College (20), Wright at
the University of Toronto (21), Winkler at McGill University (22), Hirst
at the University of Bristol (1), and Linstead of the British Central
Soientifie Office (1, 5)¢ It is not the purpose of this dissertation
to abstract all of these series of papers, but it is intended to present
in as brief and clear & manner as possible all experimental results be-
lieved to be significant from a point of view of the reaction mechanism

and to deal conocisely with all postuleted mechanismse.

Experimental
It is proposed to discuss the experimental data of previous workers
under the heading of the various reaction variablesh* In cases where
more then one worker has investigated the ssme phenomemum, the results of
the most extensive investigation are ugede In cases where the results of
two investigations differ, the most widely~acocepted results are reported

unless the difference itself is of significance.

* Hereafter designated as ReDe Or A.R.D. (Amement Research Dept.).

** Thig method has also been used by Linstead (1)
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l. Nitric Acid Stremgth

An extensive investigation of this phase of the nitrolysis reaction
nas been reported by Winkler (22). His investigations*were carried
out in the region of 89 to 97 percent nitric acide For a given nitrie
acid: hexsmine ratio, the rate of RDX formation increases with increased
acid strengthe For a given ratio, the yield of RDX decresses with decreased
acid strength unless the ratio is high (a value of 20 = 30 moles of
nitric acid to one mole of hexamine is congidered normal) if the ratio
is high, however, the final yield of RDX is independent of the acid

strength within the range of concentrations studied.

For acids of less than 89 percent, the yield falls off rapidly no
matter how high the ratio of nitric acid to hexamine. Winkler reports &
yield of 44 percent RDX (instead of 80 percent) at 86 percent acid. Hale
(19) reports only e trace of RDX at 80 percent acide All workers agree

that no RDX is produced uging 70 percent acid.

For acids of greater than 97 percent stremgth, there is some dis~-
agreement. The ReD. (23) reports that there is an optimum strength of
nitric acid for a given nitric acid: hexamine ratio and for a givem
tenrperatures This optimum lies in the region 96 to 98 percent acid and

about 82 percent RDX yield is obtenined at the optimum.

-

* While the experimental technique of various workers differs somewhat,
their methods of carrying out batch nitrolysis reactions are essentially
the same: hexamine is added slowly to cooled nitric acid and the reaction
temperature is controlled by internal (dry ice) or external (dry ice~
acetone) cooling; when the reaction is essentially complete, the mixture is
somatimes heated briefly and is then diluted with water. For details
of the experimental procedures see references 1,5,8,19,20,21,22,
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Other workers (20,21) report that the yield of RDX inereases right up
to 100 percent acide Wright has shown that 106 percent nitric acid
(100 percent nitric acid fortified with nitrogen pentoxide) gives a

yield of only 31 percent of RDX. (21).

2+ Nitric Acid: Hexamine Ratio

Winkler (22) hasg shown that for nitric acid of 89 percent, 92
percent, 96 percent and 98 percent strength, the rate of RDX formation
increases rapidly with an increase in the nitric acid: hexamine ratio.
As regards total yield of RDX, no RDX was obtained for molar ratios below
& value of ten to one. As the ratio is inocreased beyond this value,
the yield increases rapidly to a maximume This maximum is reached more
slowly with lower concentrations of nitric acide The maximum yield is
independent of the acid strength provided that the ratio is sufficiently

hiSho

The group at Bristol (24) have investigated the yield of RDX using
98 percent nitric acid and nitric acid : hexamine ratios between 10 and
150 at temperatures of 0°C.and 20°Ce The results of this investigation
were essentially the same as those obtained by Winkler. For the series
of runs at 0°C, & flat maximum was reached in the region of 22 moles
of nitric acid per mole of hexamine. At 20°C, however, the yield of
RDX fell off from the maximum as large excesses of nitric acid were used.
This decrease in yleld was not due to solubility and it must be considered
that RDX is destroyed by nitric acid at this temperature or, altematively,

the actual RDX production may be lowers

It has been emphasized by Winkler (22) that the nitric acid
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strength factor and the nitric acid:hexamine ratio factor are in a
sense complementary. Within limits, low nitric acid strength maey be
compenssted for by use of large excesses of nitric acid. Further,
in his rate studies, Winkler found that the initial rate of RDX
formation is proportional to the number of moles of nitric acid

in excess of a given minimum,

3. Temperature (25)

Below 30°C., the tempersture of the reaction has little effect
on the final yield of RDX but it influences the rate of RDX formation
to & very great extent, The rate of RDX formation increases greatly
with inocreesed temperature. For example, the nitration of hexamine
with 26 moles of 98 percent nitric acid showed that at 0°C., nitration
is complete in eighty minutes while at 10°C., nitration is complete
in twenty minutes. At temperatures above 30°C., there is a definate
decreese in yield with an increase in temperature.

During the reaction, about 70 kcals. of heat are immediately
evolved per mole of hexamines This is followed by a slow evolution
of heat amownting to about 14 kcalse per mole, this value being
smaller at low temperaturese This secondary evolution of heat is
considered to be due to oxidative decomposition (26),

4o Time

In this discussion time has been considered as a dependent variable.
5« Diluents and Catalysts (1)

Apart from chloroform and nitromethane, which do not seem to

affect the yield, solvents decreese the yield of RDX.
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Acetic acid, acetic anhydride, nitrous acid, mineral acids
(other than nitric acid), phosphorus pentoxide, nitrogen pentoxide, sulphur
dioxide and iodine depress the yield of RDX. Whitmore (20) and Wright (21)
have found that inorganic salts are ineffective in small concentrations

and are deleterious in larger amountse.

The history of the use of ammonium nitrate in the reaction mixture
is an interesting one. The R.D. (25) reported that the addition of
ammonium nitrate to the nitrolysis reaction mixture in equal weight to the
weight of hexsmine used had a slight beneficial effect when the reaction
nixture was held at 50°C. for about thirty minutes before dilution.
Whitmore (20) and Wright (21), however, reported that the addition of
ammonium nitrate was either without effect (at 100 percent nitric acid
strength) or was decidedly ;letrimen'bal (at lower concentrations of nitrie
acid)s In June, 1944, it was disclosed that workers in England (27) had
achieved great increases in yield by the addition of large amounts of
ammoniuvm nitrate to the reaction mixture after the initial nitrolysis was
canplete and by heating this mixture to 90°¢. for about thirty minutess
The effect was most pronounced when the ammonium nitrate: nitric acid ratlo
was two to one and when large excesses of this complex were usede Yields
up to 135 percent (on the bagis of one mole of RDX from one mole of
hexamine) have now been obteined. At the same time it was reported that
formaldehyde and many compounds containing the methylene group yielded
RDX when subjected to this same treatment. These results have been

confirmed and extended by Wright (34)s This research constitutes one of
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the major advances in RDX chemistry since the discovery of the Bachmann

reactione.

6. Products, By-Products and Intermediates

RDX is the principle product of the nitrolysis reaction and is
obtained in better than 80 percent yield under optimuwm conditions.
By-products in the reaction are BMX, oyclonite oxide, 106, P),P2 and a

precursor of DNPT.

BMX:- The presence of HMX (cyclotetramethylenetetranitremine) in
the liquors of the nitrolysis reaction was established by Wright (28)
and has already been mentioned (see Page 10)+ This by-product is
produced in extremely small quantities and is of little but theoretical

importance in the nitrolysis reaction.

Cyclonite oxide:= The compound cyclonite oxide was reported by

the R«De (29) to occur in the crude nitrolysis product in small quantities.

It has been assigned the structure of 3,5-~dinitro-le-oxa~3,5-diazacyclohexsne:

106s= Wright (21) has isolated very small quantities of 1,9-
diethoxypentamethylene-2,4,6,8-tetrani tramine after fractional re=
crystallization of a crude nitrolysis product. This is believed to have

arigsen from the 1,9~dinitroxy derivative ("106") after alcohol

recrystallization.
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NOZ- 0-CHp-N-CHp-N-CHp-N-CHp-N-CHz-0-NOp
NO2 ©NOz ©NOp NOg

(*106")

P) and Pp:~ When the undiluted nitrolysis mixture is extracted
with carbon tetrachloride, fairly large quantities of a liguid
product are obtained in the extract. This liquid may be separated
into high=boiling and low=bolling fractions which have been named
Py and P respectively. These products are believed to represent
the fate of the formaldehyde liberated in equation 2. While their
structures are uncertain, they have been assigned the following
formulae* (5)3

NOp—CH(OH)-0-N0,  (P7)

NOg-CH( OH)- 0-CHp-0-CHp-0-NOg (P2)

DNPT:= On neutralization of the diluted mother liquor, a small
quantity of DNPT is produced (21). Wright has postulated the structure

for DNPT as (bicyclo)=-dinitropentamethyl enetetramines

CHz—N— CHz

/

NOz-N ?Hz /N-NOz
CHy—N—CHy
This substance is not believed to exist as such in elther the undiluted
or unneutralized reaction liquors but is thought to arise fran a pre=-

cursor upon neutralization. In view of recent work it seans that thisg

precursor is 1,3~hydroxymethylenenitramine (21) or its nitrate:

% See also p. 27
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HO Cﬂz-l;I-CHon
NOZ

Three compounds, hexamine dinitrate, PCX and PCX~-A, have been
isolated in modified nitrolysis reactions and may be intermediates

in the production of RDX by the direct nitrolysis reactione

Hexamine Dinitrate:~ If hexamine is added to a solution of

concentreted nitric acid in chloroform, hexamine dinitrate is pre~
cipitated momentarily and is then dissolved as thereaction goes on to
give RDX (30)+ Furthermore, if hexamine dinitrate is used in the
nitrolysis reaction instead of hexamine, the yield of RDX (30), the

rate of RDX formation (22), the heat of formation of RDX (31), and the
energy of activation of the reaction (22) are the same as when hexamine

is usede It is genernlly agreed that at least some hexamine mono-,

di- and trinitrate are formed when hexamine is added to the concentrated
nitric acid (32), but there is generanl disagreement as to how much of each
is formed and as to which one, if any, represents the general course of

the reactione The formmla for hexemine dinitrate is as follows:

CHp
o
‘ \N/ 2
|
CH CH CH

NENO,

PCX:= PCX was first prepared by Winkler (22) by dissolving

hexamine dinitrate in an excess of 89 percent nitric acid at low
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temperatures (=40°C) and by diluting this remction mixture with chipped
ice after a few minutes' standinge The precipitate, PCX, was obtained
in good ylelde It may be converted to RDX in almost theoretical yield
by the action of eight moles of strong nitric acide Winkler believes
that the conversion of PCX t0 RDX represents the rate~controlling step
in the nitrolysis reaction and states that the activation emergy of the
nitrolysis reaction approximates that of the PCX-RDX conversion. The
researchers at the Armament Research Department (A«R.D.) (33) have
suggested that PCX is not & true intemediate but is formed through a
hydrolysis reaotion. The generally-accepted formuls is that of

3,5=dinitrohexahydro=1,3,5~-triazine nitrate=(1):

oz

Pl

AN
NHoNOg3
/

) 2

PCX=As= When the A«ReDe (33) attempted to prepare PCX by drowning
the reaction liquor with ether instead of water, they obtained a small
yield of an ethoxy derivative of PCX=A after recrystallization of the
crude product from alcohole Winkler does not believe that this compound
is a true intermediate and has shown that PCX-A oan be obtained from PCX
in the presence of formaldehyde. The generally-accepted structure of

PCX=A is lemethylole3,5«dinitrohexahydro-1,3,5=-triazine:
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oz
N—CHp
CHp K- CHpOH (PCX-i)
y— CHz
NOg

The question as to whether the three compounds mentioned here
are true intermediates or not is discussed further in the next

section.

Theoretical

le The Mechanism of von Herz (8)
Von Herz postulated a simple decomposition of hexamine to
hexahydro=1,3,5«triazine and subsequent nitration of this

hypothetical intermediate,

CHp
H
N\/ \/N N——CH,
CH, CHy \1
~y + 3 Hy0 ——CH, H + $ HCHO + NHg
AN
CH CH CE N——0¢
2 2 2 Hy
| B - -,
N/
H NO2
/n--—cn2 1%—032
CHp NE + 3 HNO3 — CHj -NO, + 3 H,0
AN |
N——CHp N——oCH,

H - - o« wn
Noz 80
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There is no experimentnl evidence for this mechaniasm and it is of little

but higtorical intereste

2. The Mechanism of Hale (19)
Hale postulated the existence of three campeting reactions:

(CHp) gy +4HNOz ———— SHCHO + (CHp) 3(N=NO,)3 + NH;NOg =~-== 9
(CHp) g+ 6Hp0+ 4HNOg —> GHCHO + 4NHNOZ emmme 10

(CHp) gy + 2HNOg ——> (CH,) g *2HN O3 -meee 11,

Hale supposed that the decomposition represented by equation 10
represented the course of the reaction in 70 percent nitrioc acid, that
in 80 - 85 percent acid, reactions 10 and 11 predominated, and that only
in the region of 95 -« 100 percent acid did reaction 9 take place to
any appreciable extent. His postulation of equation 10 was based on the
fact that in 70 percent acid, no RDX is produced and that in more
concentrated acids, no great build-up of water is observed in spite of
the fact that water must be produced by the nitration of formaldehyde.
It is interesting to note that Hale considered the formation of hexamine
dinitrate as a reaction competing with RDX formation. He arrived at
this conclusion on the basis of the fact that after his nitrolysis
reactions, he was able to precipitate hexamine dinitrate as a double

salt of merecuric chloride.

3e The ReDe Mechanism (5)

The Re«D. postulated an initial depolymerization of hexsmine to
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hemi-hexamine which was decomposed by nitric acid to methylenenitramine;

this compound was supposed to trimerize to RDX.

(a) Depolymerization

/GHZ\ /CHN

N . ~N N N
&, ~ X
OBy _CHE N CHp CHz
...... N N
’ —_—)

H,C , " HpC l CH

N lL

-y 12.
(b) Nitration

N=—C¢
/ Hy

CHy . % 2HNO, —> HCHO + ZGHZ"—':N-NOZ'?HZO —me== 13,

3
N—CHp

(c) Polymerization

zcﬁzzu-NOZ ﬁ (CHz) 2(N'N°2) z LT T 14 °

3CH,—N-N0, —> (CHjy) 5(N=NOp) 3 wmew= 15,
(RDX)

4CH;——N=N0, — (CHz) 4 (N=NO,), -—--= 16,

(EMX)
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N——CH,

AN

2CH;=—N=-NO, + HCHO —> CH, 0

NO2
(cyclonite oxide)

(d) side Reactions

17.

27.

SHCHO + 6HNOg —— 2NO;=0=CH,=0~N0 + NOp=CHpm0=CHg=0=CHp=0-NO, + 3H,0

(P1) *

(e) Descomposition
HOHO + 4HNOz ——> CO, + 4NO, + 3Hp0
(CHp) p(N-H0,), + 2H,0 — ZHCHO + 2NH,=NO,

1,
N——CH;

0 + 20 —>3HCHO + NH,=NO,

X/
o,

(p2) *

asan = S

- up e wwen

- om wnas

- s o

18.

19.

20,

21,

22,

24.

* fThese are altemate structures for P and Pg.
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Linstead (5) has eriticized the mechaniam on the following
grounds:

(a) There is no advantage to introducing the concept of the
dimere There is no evidence for its existence and all experimental
evidence can be explained without it;

(b) The mechanism does not account for the production of nitrogen
very well;

(¢) Formaldehyde does not condense with nitramide to give
cyclonite;

(d) Hemi-hexamine has never been shown to exist, and the concept
of the depolymerization is very artificial;

(e) "On general grounds the formation of unseturated intermediates
from the action of nitric acid on hexamine is not to be expected, and
the simultaneous attack on four separate bonds of the molecule is
theoretically unacceptable," and

(£) If hemi-hexamine does exist, it is likely that it is the

precursor of cyclonite oxide.

On the basis of his eriticisms, Linstead has proposed a modification
of the original R.D. mechanisme. This modification may be summed up by

equations 12, 13, 15, 16, 18, 19, 22, and the following:
CHa"-: N-NOZ -+ Hzo_ﬁHcHO 4 NHZ-NOZ - e o 25.

zNHz‘NOz —_— ZNZ + 02 + 2320 hadadado dnd 260
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Noz N0,
_N=—cH N—CH,,0H —CH, _
Gz +2m~105——>c£ —> "o+ R0
— 2
NO2 NOo

—m——— 27.

The mechanism has been criticized by Winkler (22) who points out
that it does not take the intermediate PCX into accounte A further
criticism is that, theoretically, more than one mole of RDX may be
obtained from one mole of hexamine. This has never been obgerved in

the simple nitrolysis reaction.

4, The Mechanism of Linstead I (5)

In his first monograph, Linstead introduced*® the mechanism baged
on the preservation of ome of the six-mambered rings present in hexamine.
This mechanism is characterized by the stepwise degradation of the hexamine
molecules The methyleneamine linkages in the hexamine molecule are

supposed to undergo nitrolysis in the following manner:
s/ 7
=CHp=N{ + HO-N()2 —> -CH,0H + NOZ-N\ m————— 28,
The methylol groups may or may not be esterified in the following manner:

¥ 1In March, 1941, Wright (35) speaks of the "trihydroxytrimethylamine
fragment" -- this is seven months before Linstead postulated this
mechanism in his first monograph.
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\\ CH
- CH2
N/\ \N O N OB
“cHy 4 .
Ny | + BO-NO, —— NO,-N CHy N<CH,OH
| 30. o, 1': oL
g |\l

CH, ¢ CH
\ﬁ;ﬂz/ e

(Precursor I)

31. [Ho-No,

1oz
CH,-N-CHOH
Hz—n\ CHZ—T_CHKN
N0g-X 2 (% Noz-\ clmz ~NO, + CH,0 + Hy0
i
CH—X CHp—N——CHp
O '
2 (DNPT)
i
CHp=N+CHp0H CHp-NH~NO,
CHo— ; CHy—
/ ‘\ HO-NO, / ‘\m
NO,=X CHy y NO-N )
/ 34. N\ /
oy o
+HNO, +CHp0 + Hy0
35. | Hy0
. GHp0H CHp=NEp
CHp—N_~ CH,——N
/ \ HO-NO
NOZ-N i ¢  NOg-N CH,
N 6. \, ./
‘mz_g cHy—
(PCX-4) 02 N0,
+ N, + Hy0 + ENO4
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-. JH0H NO,
. HONO,, / e
Noz-u\ /cnz Tuozon\ /caz + CHz0 + Hy0
CH,—1¥ Ch,—¥
(Pcx-a) Y02 (RrDX) N0z

In this mechanism, the by-product formeldehyde is supposed to be
converted to P; and P2« The mechanism is weak in that DNPT is known
to be converted into HMX by the action of nitrie acid (21). It accounts
perticularly well for the production of nitrogen and has this advantage
over the older R«.D. mechanian. On the basis of this mechanism, the

equation of the combined nitrolysis and fume-off is as followss

(CHp) gNg4 + 14HNOz —> (CH,)3(N=NO2) 3 + 3C0p + 1ONO, + N, + 10 Hy0 -~--~ 38,
The actual figures as determined by the R.De. (12) are

(CHp) gy + 1546HNOz —> 08(CHp) 3(N=NO2)3 + 249C0p + 1146N0p + Le4Ny +

+ 1144Hp0 + 042 N0 + 0,7C02 (unaccounted for)
————— 4
The presence of cyclonite oxide is >not accounted for by this mechanism.
Linstead believed that the low yield of RDX in dilute acids could be
expleined by the competing reamction of hexamine nitrolysis (see equation 10).
The discovery of PCX and PCX-A (whether they be true intermediates

or not) supports Linstead's concept of stepwise degradation of the hexamine

moleculee



32,

6. The Mechanism of Connor, Davy, et al (18)

In February, 1943, an informal document entitled "Mechanism of
the Reaction of Hexamine and Related Compounds with Nitric Acid, Acetic
Anhydride and Anmonium Nitrate® was distributed by the NeDeR.Co While
it dealt primarily with the mechaniam of the reactions between hexamine
and acetyl nitrate and the mechanism of the Baclmann reaction, at least
one new idea concerning the mechanism of the nitrolysis reaction was put

formard.

It was postulated that Linstead's first intermediate, "Preocursor I,"

could either lose formaldehyde or undergo nitration:

CHp— N—CHy Cﬂz— N —Cﬁz
NO 2-N CHZ N-CHZOH — NO Z-N CH2 NH + HCHO
CHy— N —CHZ CHZ— N —CHZ
(Precursor I) ————- 39,
CHp— N—CHy
HO=-NO 2 .
4 NO Z-N cHz N- CHZ-O-NO 2

CHp— N—CH, + Hy0

wwwes 40,
If the main course of the reaction is represented by equation 39, the
nitric acid was supposed to attack the ring containing the secondary
amine group with the result that RDX would be formeds {The individual
steps are not defined)s If esterification and stabilization of the
methylol group takes place (equation 40), as would be the case if
nitrogen pentoxide were added to the system, the reaction would proceed
to give the compounds ATX and 106. In the following equataons, the two

steps of nitrolysis and esterification are represented as one step (see
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equations 28 and 29). The formation of ATX was postulated as follows:

?Eg—O-NC)z
CH,—N—CH CHp—N
2 .- 2
X 2HO-NO, / N
NO=N CHp  N=CHp=0-NOz —> NO,-N i 2
L/ 41. /cH
CHp— N—CHg CHo— III
CHZ"¥"CH2-O-N02 + Hzo
NO,
42, 2HO-NO

2

A
N0 5=0~CHp~N~CHp=N~Clp-N:CHp~N-CHz-0-NO + Hy0
’ \ .
¥o, WO, I N0,

43, 2HO~-NO,

NO z-O-Cﬂz-!f- 0H2.¥-CH2°I'{" CH2'0-N0 2 + NO 2'0- CHz-}'I- CHZ-O-NOZ + Hzo
NOZ NOz N02 NOZ

(ATX)

ATX has not been isolated in the nitrolysis reaction even in the presence

of nitrogen pentoxide. The compound "106" is predicted, however, and has

been isolated by Wright (21).

Cly=0=N0p
/TN SR .
NO,-N CH, > NO,-N CH, N-NO, + CHz(O-N 2)g
/ 44. |
cnz—xli CH,— N—CH,
Chg-1=CHp=0-X0, (DNPT)

NOo
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CHp—N—CHp
Noz-u\ CH, W0,
CHz—N—CH,
(DNPT)
45, | 2 HO=NO2
%102
CH,—N—CHp
NOo Y N-Noz + Hy0
CHp——¥—CH,
CHp~0-N0p

46, | 2 HO=O,

v

NOp=0~CHy~fi-ClipJf <CE,t-CEy 4 <CE,-0K0p + Hj0
NOz NOoz NOz NO2

("206")
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6¢ The Mechanism of Linstead II (1)

In his second monograph, Linstead reviewed his mechanism in the
light of new developments. He postulated stabilization of the
methylol group by esterification, but subsequent reaction with nitrie

ecid to give RDX, not ATX and 106.

N /l‘ GHZ\N
]
\ o
m, @y oy — ¥ oy
; / KRN
g 2HO=NO
i 2 5 NO,~N CH;  N=CHp=0-NO,
| a7 \ |
N
48 | 2HO=NO,
10z 0
2 N\ /cuz— n\
2HO=NO2
/ 49 o \ /
GHZ_—“}:';’".O " GHZ—__'___-b
(PCX~-A(nitrate)) H,=0-N0, + Hz0 A
¥ NO =0~ CHp ¥~ CHp=0~N0,
NO,,~0-CH,~N~CH,~0-N0,
L 51 | zmo-no,
50 l 2HO=NO, b
+ Hz0 + Hy0

Linstead believes thet PCX is a hydrolytic by-product of PCX-A

(nitrate):
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Y02 0,
CH,—N CHy,—N
\ Hz0 \
NO =N CH, > NO,=N /052 4 CHO =-==-- 52,
CH,——N CHy—— N+
Hp—™ e— ¥
CHp=0~-NO2 (PCX) 2_
§O;

(PCX-A (nitrate))

7+ The Mechanism of Winkler. (22)

Winkler believes that PCX is a true intermediate in the nitrolysis
reactione He points out that the activation energy of the PCX = RDX
conversion is the same as the rate-controlling step in the hexamine « RDX
conversion. Further, a kinetic study of PCX decomposition shows that,
like the predicted intermediate in the nitrolysis reaction, the

decomposition of PCX is independent of the concentration of nitric acide.

Winkler has also obtained evidence that the nitrolysing agemnt in
the nitrolysis reaction is the nitracidium ion rather than pseudo nitric
acid or the undissociated bimolecular complex generally believed to be

the main component of anhydrous nitric acide (36)

NO(OH) L - « nitracidiup nitrate
HO=NO, - « pseudo nitric acid
\ 3

02N-0\ 0=NO2
H

> undissociated bimolecular complex.
o0— H—O\
o= N=0
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He has shown that the initial rate of RDX formation is proportional

0 the nitracidium ion concentration. On the basig of this

hypothegis, Winkler states that the large excesses of nitric acid

in the nitrolysis reaction are necessary for the maintenance of

a high nitracidium ion concentration.

Winkler formulates the later stages of the resction as follows:

FOZ 1‘\]02
CHy—NX CH,——NX
HO-NO, / AN
NO,=N CH > NOo=N CH
2 2 o 2 \ / 2
CH,—N CH,——N
2 | HZ ,.-l"‘
_ CHp CH,,0H
HOCH~N-CH,OH
+ NO-N(CH,0H) ,
(see p. 35)
54 | ENOg
v
1o
/cnz N
RDX + Hp0 ¢ - Noz-n\ /cnz + CHy0
CHZ—N+
Hp
NOg

Or, alternately, using the concept of the nitracidium ion:
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o, P
CH,——N + - CHy——N
2 \ NO(OH) , N0z 2
NO, =X /cnz > 50X CH, + NO,~0-~CHp-N(CHz0H)
—N —N+
oRy— orp—X
CH, 2
| NOg
HOCE,,~N~CE,OH
+ -
57 [NO(0H); NO,
YOz
CH,—N
RDX + H,0 +HNO; ¢ — Noz-u\ + HNO4
—N
CH;— N
E NO,0H,
oNo,,

The English workers do not believe that PCX is a true intermediate.
They base this belief on the fact that they could obtain no PCX when the
nitrolysis reaction mixture was drowned with ether instead of mwater.
They did obtain evidence, however, of a new compound, N-methylol PCX
(PCX=A) , which corresponds more closely to the predicted intermediates
Winkler believes PCX=A to be formed by the interaction of PCX and

formaldehyde and to be & by-producte.

8. The Mechanism of Boyer (37)

Boyer has suggested that PCX is a by-product in the nitrolysis
reaction due to the nitreting action of the nitric acid in more dilute

solutions:
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10 o
CHp——N. CHp~—N
NOz-N\ /cxi2 > N0, CH,
59
CH,——N CHo—N
Ez .’-l-_— 2 H
CH,

|
HOCHy -N~CHpO0H

9, The Bristol Mechanism (38)

+ (HOCH;) ,N<CH,=0-N0p

60 | H-NO3z

J

PCX

The Bristol mechanimm is essentially the same as that of

Linstead, but is much more extensive.

c 4
( a‘) ll' CH 'I/ N 02
2% ‘
N\/a N CH,——X
~CH, /c€: 4 HO-¥O, AN
N > NO,- CH, + 2 Hy0
CH c a,b
Z\W "2 61 \cnz——llw/
N cip
NOp~0=CH, ~N-CHp~0-NO
o,d | 4 HO-NOZ ("e1")
62
02
CHZ—T— CHj, CH,—N—CH,
----- AN 4 HO-NOp
NOz-N i:Hz N0y —> NO, ! -NO2
63
CB,—N——CH, CHy—N——CH,
(vPT) '

+ CHp(0-NO) g+ 2 Hy0

NO, (HMx) *

+ CH,(0-NO,), + 2 Hp0

x Compounds thus marked may be isolated.
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(v)
CHZ_ go e
\ 2HO=NO,
NO 2-H e 2 —_— > N0 2-0~CH2-N-CH.2-1:T- CHz-I:I-Cﬂz-III- CHZ-O-N02 + Hzo
YA o 1
CHy — M 64 NOz NOz NOZ CHZ-O-NOZ
g.. °B2
NO2~0=CHp~N=CHp~0~NOp
1)
‘\f
( it _s-}.n )
e, f 4H0-N°2
65
NO 2—0-032-%I-CH2-liI- CHZ-N-GHZ-!IT-CHZ-O-NOZ
NO NO 0 NO
h 2 2 2 2
67 |2HO-NO, ("106") *
+ CHz(O-NOz) 2 + 2H20

' ¥
NOo=N CHgy NO,=N CH, (PCX-A nitrate)***
" -
CHp ' H, '
X0z CHp=0=NOZ
(RDX) * (" 66")
+ N(CHo=0=NO5) 3 + H0 *+ Hy0 + N0,=0~CH,=N=CH,=0-N0, *x
NO,

** Believed to be the precursor of DNPT.
*** Believed to be the precursor of the alkoxy derivatives of PCX-A.
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(o)
o2
CHy——N
/ \ 2HO-NO,
NO -} 1-./:'?_2 : > NOz-O-GHZ-)iI-CBZ-l'I-CEZ-T‘I-CHZ-O-Hoz + H0
! NO NO NO
. 68 2 2 2
CH, -
("66™)
ZHZO + 2H0-N02
i3
Yo,
/x——crzgon
10 |5g0 %
N N——CH,OH
1
NO,
v
NO -
U2 cnz(o N02)2+ NH,NO,
CHy—N
Hp
NOZ
s RDX x
(Pox)** 4 CH,(0-N03) 5 + Hp0
H,0
71
CHp——N
NH4N03 + NOZ-N CHZ
CHy—0

(Cyclonite Oxide)*

** JIgolateable under special conditions.



42.

Wright (39) has devoted considereble time and effort to the problem
of the significance of DNPT in the diluted, neutralized mother liquors.
His experiments indicate that DNPT rises through a synthetic reaction

involving dimethylolnitramide, ammonia and formaldehyde:
CH,0H + HOCH,

NON + HCHO + \l—NOz

CH;—N—CHp

—>  NO,-N CH, N-NO, 4+ 5 Hp0 ==--- 734

CHy—N—CHj
(DNPT)

Since the Bristol mechanism predicts the formation of dimethylol-
nitramide (as the dinitrate derivative), Wright states that the
formation of DNPT in the diluted, neutralized mother liguors is
evidence for this mechanisme It should be pointed out, however, that

the estimated yields of dimethylolnitramide do not exclude other mechanismse
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The McGill Reaction

3(CH20), + SnNH4NO3 + 6n(CH3C0) 20 — n(CH2)3(N-NO2)3 + 12CH3CO0H

an - - vogy 5.

There has been considerably less research carried out on the
McGill Reaotion than on either the direct nitrolysis or Bachmamm
reactionse In the opinion of the author, the following workers have
made the most significant contributions: Ross and Boyer of McGill
University (42), Johnson of Cornell University, Bachmann of the
University of Michigan, Wright of the University of Toronto (21),
Winkler of MoGill University (43), end Linstead of the British Central

Scientific Offices (1,5)

Experimental

1., BEffect of Mode of Addition Of Reagents

Four methods have been developed which give RDX in quantitye
The first method is dvwe to Ross (13): ammonium nitrate, parsform and
acetic anhydride are mixed in the cold and then heated; +the yield is
about 41 percents The second method is due to Wright (21)s paraform
is added slowly to & heated mixture of ammonium nitrate and acetic
anhydride; the yield in this case approximates 50 percente The
continuous addition of & mixture of paraform and ammoniuvm nitrate to
acetic anhydride gives & yield of about 50 percent (Ross and Winkler)
(42) ¢ If the ammonium nitrate and paraform, in this procedure, are

allowed to stand in contact for any length of time, or, if the
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ammonium nitrate and paraform are fused together before introduction
into the acetic anhydride, the yield is lowered (42). The fourth
procedure is that of Bachnann (44): a mixture of ammonium nitrate
and paraform is added proportionately along with acetic anhydride

ﬁo a small initial charge of acetic anhydride, the yield in this
case being about 55 percent. It is noteworthy that no procedure
ocalls for the pre-mixing of the paraform and the acetic anhydride.

Any such procedure results in small yields (42).

2. Effect of Relative Concentrations of Reagents

For experiments in which the powdered paraform is added to a
suspension of ammonium nitrate in acetic anhydride, it has baeen
found that the optimum molar reatic of reagents is as follows:

CH50 : NHNOg 3 (CH500)20 531 32 3 2.5 (45) .
The yield in this case is about 50 percent based on the formaldehyde.
Wher the paraform and ammonium nitrate are added proportionately
along with the acetic anhydride to & small initial oharge of acetio
anhydridof the optimum molar ratio is:

CHy0 3 NH4NOg 3 (OH300)20 531 21 2 1.63 (44).
Bachmenn has reported that this procedure yields 56 percent RDX. The
larger quantitiesg of ammonium nitrate and acetic anhydride required by
the first procedure are undoubtedly due to the decomposition of the
ammonium nitrate by acetio anhydride. Ross hag found that if the

acetic anhydride concentration is increagsed beyond five moles per mole

* A little nitric aocid is used in this procedure to reduce the
induction period.
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of paraform, the yield of RDX falls off and the comsumption of

acetic anhydride increases (46).

3¢ Effect of Temperature

Various researchers have found different optimum temperatures:
Ross recommends 68 - 70%C. (42), Wright, 70 « 72°C.(21), and Bachmann,
76 = 80°C+(44). Johnsen found that there was little difference in
yield for temperatures between 70 and 80°C.(45). When gaseous
formaldehyde is used, the optimum temperature is 60°C. (45)« The
different results of different workers are due, in part, to the fact
that slightly different procedures are used in each case and alsoc to the
fact that results are difficult to reproduce.

Winkler investigated the reaction at low temperetures and found it
to be extremely slows For example, after twenty hours, the yield of RDX
at 25°%. was 0.27 percent, at 30°C., 9.8 percent, and at 35°C., 27
peroent(43) . At temperatures over 80°C., violent, uncontrollable

decomposition takes place. This phenomenum is known as & kick-off (42).

4, Effect of Time

The McGill reaction is characterized by a long induction period.
This may be reduced by uase of catalysts and may be eliminated by
ellowing the ammonium nitrate and paraform to pre-react in acetic acid *
(47) + The reaction is extremely slow at low temperatures (43).
5 Effect of Type of Paraform

It was early realized that different commercial brands of paraform

*  Whether the pre~reaction of paraform and ammonium nitrete in acetic
acid is actually a justifiable modification of the McGill reaction
or not remains to be seen (see p. 49).
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gave different yields. Johnson (45) was able to correlate the degree
of polymerization (melting point) with the yield of RDX: the lower
polymers of the polyoxymethylene type gave the best resultse Acid and
base precipitated paraforms (high polymers) were found to be unsatis-

factorye.

6+ Effect of Substituting For the Standard Reagents
Paraform may be replaced by gaseous formaldehyde which gives
yields corresponding to the best type of paraform (21). Paraform

may not be replaced by trioxymethylene (21) or by glyoxylic acid (42).

The acetic anhydride may be replaced by propionic anhydride with
little loss in yield (47)+ The acetic anhydride may not be repleced
by maleic anhydride (42)« The use of anhydrous glycerol, glacial

acetic acid or toluene under reflux failed to give any RDX (13).

7. Catalysts and Diluents (1)
The McGill reaction has been extensively investigated with a
view to finding catalysts or solvents which would be effective in

improving yields or operating conditions.

The following salts have been found to be slightly catalytiec:
boron fluoride, antimony fluoride, cobalt nitrate, copper nitrate,

nickel nitrate, zinc nitratee.

Mineral acids have been found to decrease the induction periode.
They do not, however, increagse the yield, and are actually deleterious

when used in quantity.



47«

The following substances have been found to be ineffective when
introduced into the McGill reaction in small amounts but to decreasge the
yield of RDX when introduced in quantity: magnesium acetate, manganese
acetate, potassium acetate, sodium acetate, strontium acetate, uranium
acetate, zinc acetate, potassium bromate, ammonium carbonate, ammonium
fluoride, potassium iodate, bismuth nitrate, chromium nitrate, ferric
nitrate, mercuric nitrate, stannic nitrate, zinc suphate, sodium sul-
phite, ferrous oxide, phosphorus pentoxide, iodine, methyl acetate,

pyridine, triethylamine, and urea.

The following substances have been found to inhibit the formation
of RDX in the McGill reaction: ammonium acetate, aluminium chloride,
ferric chloride, zinc chloride, acetone, benzene, carbon tetrachloride

and ethyl acetates

Acetone, ethanol, ethyl acetate and methanol have been tested as
solvents or diluents for the reaction mixture and were found to inhibit
the formation of RDX in the McGill reaction. Glacial acetic and propionic
acids may be used as solvents. Ninety peroent acetic acid and nitro-

methane may also be used, but the yield of RDX is decreased.

8. Products, By-Products and Intermediates

The mein product of the McGill reaction is RDX (B) *.

* It was proposed by the workers in England that the product of the
direct nitrolysis reaction be called RDX, that the product of the
Bachmann reaction be called RDX (B) and that the pure chemical sub-
stance, N-trinitrotrimethylenetriamine be called cyclonite (48).
The product of the McGill reaction is often called RDX (B) as well.
This terminology is applied somewhat loosely in this thesige.
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This is RDX contaminated with about five to fifteen percent by weight
of BMX. The HMX and RDX oan be separated only with diffioulty and the
mixture of the two is generally considered to be the product of the

reaction.

Wright (21) has reported the presence of BSX, QDX, and TAX as
by-products in the McGill reaction. These occur in small quantities and
were isolated by Wright after neutralization of a diluted McGill reaction
liquore The structure of these compounds has been postulated ag follors:

CHzCO-0- CHg—l'W- CHa-ll‘I- CHz-If- CH2-0-COCHg
NO, NO, KO,
(Bsx) (40,41)

NO,
]
CH,—N—CH,

NOo-N N-COCHg

CHz— I'E—CH

2 2
¥O,

QX (21)

TAX (21)
One other compound has been reported in a modified McGill reactions

Ross and Boyer (9) found that when paraform and ammonium nitrete are
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dissolved in acetic acid at 70°C. before being treated with acetic
anhydride, MSX is formed as a reaction by=-product. The accepted
structure was proposed by Ross and Boyer and was confirmed by Connor.

CHg-N-CHp~N-CH,~N-CH,-0-COCH;  (MSX)
No, N0, MO,

Whether this compound is & true by~-product or not is open to questione

Winkler (47) bas shown that when paraform and ammonium nitrate are
allowed to react in glacial acetic acid at either 36 or 70°c., hexamine
dinitrate is precipitated after several hourse This is in agreement
with Whitmore's observation that paraform and ammonium acetate react
in glacial acetic acid at 70°C. to yield hexsmine (49) Winkler
believes that hexamine dinitrate is an intermediate in the McGill
reaction. In support of this view he cites the fact that the regular
McGill remction is characterized by a long induction period but that no
induction period is obgerved if the paraform and ammonium nitrete are

first dissolved in acetic acid.

Theoretical

1, The Mechanism of Ross (13)

The mechanism of Ross is besed on the early R.D. mechanism for
the formation of RDX in the direct nitrolysis reaction (see page 25).
In fact, this mechanism actually lead to the discovery of the McGill
reaction.

(a) NH4NOg+ (CHgC0) 20 ——— NHpNO,+ 2CH3COOH ——mmennTds
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(b) CHz0 + NHNO, ——> HOCHp—NHNO, —mee 75
(e) HOCH,—NHNO, + (CH300) 20— CH2=N—N02+ ZCH3COOH weenw T6e
() 30H‘2=N-N02 - RDX wenan 77,
An alternate possibility for the cyclotrimerizetion was suggested:
(ed) BHOCH,—NHNO, + 3(CH;C0) ,0 ———— RDX+ 6CHzCOOH  ~--== 78.

Later investigations showed that there is absolutely no experimental
evidence for this mechanism. No dehydrating agents other than acetic
anhydride and propionic anhydride were found to be effective (42)
Fusion of the paraform and ammonium nitrate followed by acetic anhydride
treatment gave little RDX (42) « The dearrangement of nitrourea (which
should give rise to nitramide) in the presence of formaldehyde gave no
RDX (42)« The use of nitramide in a simulated McGill reaction gave

DNPT, but no RDX (21).

2. The Mechanism of Linstead I (5)

The first step in any postulated mechanism, according to Linstead,
is the depolymerization of the paraform. This will be followed by
condensation, dehydration, cyclization, and possibly by acetylation.
There are several alternate possibilities as to which order these
reactions assume. These possibilities are set forth below:

(a) Supposing the first step to be a condensation:
CH,0 + NH,NOz ———3 HOCH,—NHz NOZ ———ee 790

The next stage may be & dehydration:
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*+ - + -
HOCH,~NHz NO; + (CHgC0),0 ———> CH,=NH, NOg -+ 2 CHyCOCH

- 80.
-f - - -
HOCH;-NE; NOg + 2 (casco)zo ——> CH,=N-NO, + 4 cnscoori_ sl
Cyeclisation will follow:
NO,
+ 3
/ mI2_(”12\+
-+ — —_
3 HOCHZ-NK3 NOS + 3 (CHSCO) 2O 2 CHZ\ /NHZ Noa
NH,——C
M08,
N03
+ 6 CHSCOOH - - 820
NOL
-
+ — / \+ —_
3 CH=NH, NOg >C NH, NOg ---- 83,
NH,——C /
Ve 5
NOg
3 CHp=N-NO, » RDX ---- 84.
In two of these three cases, further dehydration (nitration)
is necessary:
NO3z
Wi — ot
/ \*r .
CHK NH, NOz + 3 (CH3C0),0 ——> RDX + 6 CH3zCOOH
==== 85,
NHo——CH:
-+ 2 2

oz
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In the course of this series of reactions, there are several

opportunities for the acetic anhydride to act as an acetylating

agent rather than as a dehydrating agent:

HOCH-NH3 NO3 4 (CH3C0)20 ————3 CHzC0-0-CHp-NHz NOz -+ CHzCOOH
-y S 86.

HOCH,~NH, N0z -+ (CB4CO),0 — 3 HOCH,~NH; CHgCO0™ + CHgCO-0-NO,
-moen 870

—xitNo" — - 0=
CH,=NH, NOg + (CH5C0)p,0 —> CHx~NH, CHzC00 + CHzCO0-0-NO,

——o 880
NO;
ﬁ'ns—cn
2 2
/ N+ - N
CHK NHy NOg + 3 (CH5C0) 0 >
NH,——CHJ
NOg g_nscoo'
NH,—CEp
/ \+ -
—> cnz\ NHp CHzCOO 4 3 CH3CO-0-NOz
NH,——C -=-= 89
NHp——CHp
CH5C00™

Even if the acetylation of intermediates in the McGill reaction does
take place, it is likely that the nature of the individual steps
would be essentially the same. The "dehydration" and "cyclization"
steps could take place with the elimination of acetic scid rather

than water and the nitration step could be represented as follows:



C'H3000-
+
NH,—CH,y
/ + _
CH< NHp CH3C00 + 3 CHzCO-0-NOp—> RDX + 6 CHgzCOOH
EHZ_CHZ U ° [¢]
CHSCOO-

The only advantage to pioturing the resction as involving the steps
of N-acetylation and N-nitration lies in the consideration of the
reletive eage of dehydration and acetylation of primary and secondary
aminese.

Linstead preferred to consider the mechanism as involving
equationg 80, 81, 82, 84 and 85. As evidence for the wvalidity of
equation 80, Linstead cited the fact that formaldehyde condenses with
ammonium chloride to give monomethylamine hydrochloride. He pointed
out that this reaction probably involves the unsaturated intermediate

CHp=NHp €1~
Further, in support of equation 86, the dehydration of the cyclie
trinitrate by acetic anhydride is precisely analogous to the conversion

observed by Bamberger (50):
+ -
(CHg),NH, NOz + (CHzCO)50 —> (CHz),N-NO, + 2 CH3COOH ~=== 91

Linstead studied the action of nitric acid on the Netribenzene

sulphonyl derivative of trimethylenetriamine, but was unable to

obtain any RDX. On the basis of these experiments, it is improbable

that the N=triacetyl derivative is involved in the mechanism.
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(v) supposing the first step % be & dehydration:

NE4NO3 + (CHzC0) ,0 ———)NHNO; -+ 2 CHzCOOH ——-= T4

This corresponds to the Ross mechanisme.

(o) Supposing the first step to be an acetylatiom:

There are three possibilities in this connection:

NH,NOg + (CHzC0) 0 —> NH, CH3C00™ + CHzCO-0-NO, —eum 92
NH NOgz + (CH5CO) ;0 — > CHzCONH, + HNOg -+ CHzCOOH ——we 95
CHy0 + (CHzC0)o0 ——> CHa(0-COCHgz), -——- 94

Acetic anhydride and ammonium nitrate, however, do not seem to react
to give acetyl nitrate (5). Furthermore, the latter two cases are
ruled out by the fact that neither acetamide nor methylene bisacetate

yield RDX when used in & simulated McGill reaction (42).

In his discussion of the MoGill process, Linstead points out
that only about 50 percent of the available formeldehyde is
recovered as RDX(B) . A further 12 percent may be recovered on
prolonged distillation and about 23 percent may be converted to
hexamine. Little formaldehyde is lost as carbon dioxide. In order
to account for the methyleme groups which do not appear in the RDX(B),
Linstead has suggested a number of side reactions: the formation
of hexamine and polymethylenesmines, the reaction between formaldehyde
and ammonium nitrate to give methylammonium nitrate, the

disproportionation of formaldehyde to
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give methanol and formic acid, the oxidation of formaldehyde by
ammonium nitrate, the acetylation of formaldehyde and the presence

of undepolymerized polyoxymethylenes.

3+ The Mechanigm of Ross and Boyer (42)

Ross and Boyer assume continued condensstion of formaldehyde
and ammonium nitrate followed eventually by ring closure. Secondary
amine nitrates are dehydrated (nitrated) upon formation.

95
CH,0 + NHNOy ——— HOCH,NH;NOz

96
CH50
/ 2 NCHsCO) 20

CH,,0H (l:ﬁzcm NH5N03
98

2 GH3000!I+ IiI-Noz QAc—zo;'li 2N03 CH + 2 CHSCOOH
CH,0H CH,, OH NH3NOg
99 | NE,NO4 100{ eEz0

(CHgC0) 50
A2

1im3u03 ’iasuos
CB2 ) (CHzC0) 50 (l’KZ

2 CH4COOH + N-NO, 101 NH,NOg
CHo0H CH,OH

Ete.

*  Acy0 = (CHzC0)20; also HOAc = CH3COOH.
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Y02 No2
cnz\ (cai%céa) 20 N cﬂ\K NH,NO,
N CH ,0H N———=CH, + ZCHSCOOH
! (pcx) !
NO 2 X0

103 | (c,co), 0

RDX + 2 CHSGOOH

As evidence for the relative ease of dehydration of secondary amine

nitrates as compared with primary amine nitrates,, Ross and Boyer

cite the experiments of Bamberger and of Wright (51).

Bamberger

wasg able to obtain good yields of nitramines from dimethylammonium

nitrate, piperidinium nitrate and several substituted aniline

nitrates by the action of acetic anhydride.

Wright, however was

able to obtain only small yields of aliphatic primary nitramines

by the same procedure.

An alternate method of ring closure is pictured as follows:

o | ¥o,
N——CH;—NH,_NO, /N CH,
\
> CH NH_NO +NH NO
CHZ\ 104 - 2\ 23 4 3
N——CH;——NH;NOZ (pcx) ¥ CHy
NO, NO,

105 | (GH,C0),0

RDX + 2 CHSCOOH

As evidence for this alternate method of ring closure, thess authors

have shown that methylemediamine dinitrate breaks down in acetic

anhydride to give ammonium nitrate and RDX.
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This mechanism predicts the extensive formation of

oxygen-containing ring compounds:

12 10,
N B
/ CHZOH /N CH 2\
K 106 I
N CH_OH \N—CH/
1 2 ) 2
NO, NO
+ 2 CHzCOOH
(cyclonite oxide)
NH_NO HOCH iz
/ 303 ¢ 2\ _CHz\
cH /o 4(cH 3co) 20 cH, /o
N
K 107 N
N -
HNO, HOCH, }ll CH,
No,
+ 8 CH,COOH

These compounds would be water soluble and would be relatively
registant to hydrolysis. Their formetion would be favored by

the presence of an excess of formaldehyde. Ross and Boyer (42)
have shown that an excess of paraform favors the formation of

water-soluble products.

Ross and Boyer predict the isolation of BSX-TYPE compounds

which could arise by the acetylation of the hypothetical intermediates:

CH,,OH CH,,0COCH,,
IiI—Noz N—NoO,

CHg 2 (CH3zCO) 20 CHy

| | + 2 CHzCOOH
CHon CH 2OCOCH 3

(TEX)
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The recent igolation of BSX by Wright (21) from the filtrate of

the MoGill reaction adds weight to this mechanigm.

4, The Mechaniem of Linstead II (1)

This is the only mechanigm which seriously cmsiders the
faot that Winkler (47) bas isolated hexamine dinitrate by the
reaction of paraform and emmonium nitrate in glacial acetic aocid
and which considers hexamine dinitrate as an intermediate in the
MoGill reactione In it Linstead discusses the many ways in which
hexamine can be synthesized (by stepwise reaction) from ammonie and
formaldehydes I+t is unnecessary to reproduce Linstead's complete
analysis of the poassibilities; the following formulation will

illugtrate his method:

CHg0 4 NE S HOCHpNH, —Ca0 3y HOCH,NHCH,OH
2 3 — oNHp o HpNHCH,
111 | NEg
NE CHp0
HOCHZNHCthIHCHzNHz(Eg— HOCE,NHCH,NHCH,0H (ﬁg—nocnzmcﬂzuaz
+Hy0 -+ Hy0
114
NE——CH, NE——CH,
/ \ CHo0 / \
CHp /NH 115 > CH, /N-CHZOH
\NH cr, Y H20 \NH_CHZ
116 | NE,
NHE—CH NB——CE,
2
CH/ \N CH,-NH ¢ e c / \n ¢ 0
-CH,-NH - +

NE— caz/ CH,0H NE——CH,



NE——CH NH——CH CH.,OH
2 2 2
/ AN CH 0 / \ |
CH N~CH ,~NH=CH.,,OH = CH N=CH_~N
2 2 2T M2 2
N\ \ |
NE ;4 NE——CH}, CH,0H
119
W
CH CHo——N CH
2 2 2
N\GH/ ?N HN/ (|3H \N CH.,OH +H.,0
20 2 -
\li'/ T \ | : 2 :
L CH ——N CH,
CH | 2
+ H20

The mechanism of RDX formation from this point onwards is congidered
to be identacal with the mechanism of the Bachmann reaction and will

be considered in the next gsection.

Linstead hasg recognized the possibility that it might not be
necessary for the complete synthesis of hexamine to take place in
the McGill reaction. He points out that the synthesis illustrated
above may proceed only to the point where the six-mambered ring is

formed.

From his studies on the behaviour of formaldehyde-ammonia
solutions in water, Wright (52) is lead to the conclusion that
the mechanism of formation of hexamine may be represented as

follows:



NE——CH,
\
3 CHp0 + 3 NHz———>3 (HOCHZNHZ)——)Cé NE + 3 H,0
¢ YY) 123 2

\mx——-cna'2
124 | 3 CH20
CHZOH
NHg / ) cHz\
¢ < N-CHpOH
(I(iezlisii) 125 miu cﬂz/ ‘
+ 3 Ho0 'CHZOH

This alternative was also suggested by Linstead (1).

5. The Mechanism of Wright (21)
Wright has suggested that the formation of RDX in the McGill
reaction involved the condensation of one mole of dimethylolnitramide

and one mole of methylenedinitramine:

oz

CH,,0H HN
2 AN 2 (CHZCO0) 20
NO,-N + /cH2 > RDX + 4 CH3COOH
126
OH HN
"2 .
NO2

Many attempts have been made to condense these two substances, but

without success. On this basis, Wright has abandonned the mechaniasm
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and now supports Winklerts view that hexamine dinitrate is an

intermediate (53).

In the course of his series of experiments, Wright (21) found
that methylenedinitramine enhanced the yield of RDX when added to
an otherwise regular McGill reaction. Since he has shown that
formaldehyde readily condenses with ethylenedinitramine, it is

surprising that he did not modify his original theory as follows:

foz Noz
/
CH + 2 CHy0 > CH
K 127
N—H N——CH,0H
' ko
NO, 2
NH,NO,
128
(casco) 2o
¥
o 1o

/ \ (CH3CO) 20 CH/

N—-=C N——CH,0H
] H2 | 2
NO, +2 CH3COCH NO,
(pcx)
+ 2 CH,COOH
130 (CH;C0) ,0

RDX + 2 CHSCOOH
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The Bachmann Reaction

(CHp) g4 + 4 HNO3 + 2 NH4NOz + 6 (CH3CO) 20 >

—_—> 2 (CH2)3 (N-N02)3 + 12 CH,COMH S

Since the discovery of the Bachmann reaction in May, 1941, (6)
many investigations of the reaction have been carried out. The
result of these researches has been an improvement in the quelity
and yield of the product, the development of a continuous process
and the achieveament of some degree of understanding of the mechanism
of formation of RDX and ocertsin reaction by-products. The most
important work on this reaction hes been reported by Bachmann and his
co-workers at the University of Michigan. Other researchers who have
made significant contributions to the understanding of this reaction
are Johngon at Cornell universgity, Whitmore at the Penngylvania
State College, Connor of the National Defense Research Committee,
Carmack at the University of Pennsylvania, Wright (21) at the
University of Toronto and Linstead of the British Central Scientific

office (1, 5).
Experimental.

1. Effect of Mode of Addition of Reagents

In his second monograph, Linstead (1) lists about thirty
different modifications of the Bachmann reaction. Of these, however,
many involve the use of s0lid hexamine or hexamine dinitrate. Since

current practioce is to use hexemine dissolved in acetic acid, the



63.

present discussion will be confined to procedures fulfilling this

condition.

In one type of run, the acetic anhydride is placed in a
flask either alone or along with part of the nitric acid and/or
all of the ammonium nitrate. To this initial charge are added,
slowly and proportionately from separate burettes, & solution
of hexamine in acetic acid, and nitric acid, or, a solution of
wha tever ammonium nitrate and nitric acid as were not included in
the initial charge (54). 1n & second type of run, all of the
ammonium nitrate and part of the acetic anhydride consti tute the
initial charge and the hexamine - acetic acid solution, the nitric
acid and the remainder of the acetic anhydride are added slowly
and proportionately from separate burettes (45). A third general
method for carrying out the Bachmann reaction consists in adding
a2 solution of hexamine in acetic acid, a golution of ammonium
nitrate in nitric acid, and a quantity of acetic anhydride to a
simula ted mother liguor. This simulated mother liquor congists
of acetic acid, along with some acetic anhydride, nitrioc acid and
ammonium nitrate (65)+ Since this general method closely resembles
the continuous industrial process, it will be called the pseudo=~
continuous process and, unless otherwise specified, will be the
one referred to in future discussion. The industrial process will

not be described here (See Linstead (1), pp. 47 and 48).

In general, all of these methods of carrying out the reaction

give good yields of RDX (8) provided that they do not imply the
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pramaxing of the acetic anhydride and nitric acid to any great extent,
or, the introduction of hexamine into acetic anhydride s.nd/or nitric
acid in the absence of ammonium nitrate. If all of the Bachmenn re-
agents are mixed at a low temperature (25°C.) and the reaction mixture
is heated to the usual tenperature, BSX rather than RDX is the prin-

ciple reaction product (1).

A redically different method for carrying out the Baclhmann reace
tion has been introduced by Roberts (56)s Hexamine is mixed with a
slight theoretical excess of a solution of two moles of nitric acid
and one mole of smmonium nitrte at 25°C. This slurry is added slowly,
with stirring and cooling, to a slight excess of acetic anhydride at

70°C. Good yields are obtained.

2+ Effect of COncen’cration's*of Reagents

Operating with slightly different procedures, various researchers
have found slightly different optimum molar ratios of reagents, but
there is generel agreement ag to the effect of excesse:or deficiencies
of reagents relative to the optimum molar ratios. Most of the cone-
clugions presented here are those of Baclmenn who has made & very ex
tensive study of the reaction variasbles. In determining optimum yields,
he used the "pseudo-continuous process" described above. In his rate
studies, the reaction was carried out in the presence of a large excess
of acetic acid; this slowed down the reaction and made for homogenelity

of the reaction mixture.

X The term "concentration" is used rather loosely in this section.
A more accurate designation would be "molar ratios". In each
case the molar ratio is based on hexamine. See also: p. 44.
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Acetic Anhydride (57) ;= The theoretical requirement of acetic

anhydride is 60 moles per mole of hexamine. If one tekes into
account the small amounts of water contaminating the other reagemts,
6.5 moles of acetic anhydride will correspond more closely to the
theoretical requirement. The practical optimum will vary somewhet
depending on the molar ratio of the nitric acid. When 4.4 moles

of nitric acid is added per mole of hexamine, the optimum molar
ratio of acetic anhydride is about 7.0 moles pesr mole of hexamine.
When larger quantities of nitric acid are used, the optimum acetic
anhydride molar ratio is somewhat less than 7.0 moles, and vice
versta. For a given nitric acid ratio, decreasing the amount of
acetic anhydride below the critical minimum causes a rapid

decrease in the yield of RDX (B). As the acetic anhydride molar
ratio is inoreased beyond the critical minimum, the yield of RDX (B)
remains fairly constant up to a point where the presence of excess
acetic anhydride reduces the solubility of the ammonium nitrate;

the yields of RDX (B) then decrease (58) .

Ammonium Nitrate: - The theoretical requirement of ammonium

nitrate is 2.0 moles per mole of hexamine. improved yields of RDX
are obtained, however, if an excess of ammonium nitrate is used.
Wright believes that there are two optimums for the ammonium
nitrate molar ratio, one occurring at about 2.5 moles and the other
at about 2.9 moles of ammonium nitrate (59) . Bachmann (60) and
Winkler (58), on the other hand, present evidence that as the

ammonium nitrate concentration is increased, the yield of RDX
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continues to increage until about 3.0 moles of ammonium nitrate

are being added; beyond this point there is little advantage to be
geined by increasing the amount of ammonjium nitrate. Winkler places
the maximum in the HMX - yield curve &t 2.5 moles of ammonium

nitrates As the ammonium nitrate molar ratio is decreased from 3.0
moles, the yield of RDX decreases, the rate of RDX formation decreases,
the yield of HMX increases (see above, however) and the rate of HMX
formation decreases. As the quantity of ammonium nitrate is
increased, the yield of RDX increases very slightly, the rate of

RDX formation increases, the yield of HMX decreages and the rate

of HMX formation is unaffected (58).

It is interesting to observe that, as the ammonium nitrate
concentration is increased, the consumption of nitrie acid

decreases (61).

Nitric Aocids - The theoretical requirement of nitric acid
is 4.0 moles per mole of hexamine. The actual optimal amount is
about 4.25 moles when 7.l moles of acetic anhydride and an excess
of ammonium nitrate are used (57). When either greater or less
amounts of nitric acid are used, the yields of both RDX and HMX
fall off correspondingly‘(58) o Thus the nitric acid molar ratio is
eritical. When smaller amounts of acetic anhydride or larger amounts
of ammonium nitrate are used, or, when the reaction mixture is
diluted with acetic acid, the critical optimum shifts upwards from
4.25 moles of nitric acid (58). The converse is also true. The

rates of RDX end HMX formation are decreased for nitric acid in



excess of or in deficeit of the optimum (58).

In the past considerable emphasis has been placed on the
ratio of nitric acid to armonium nitrates In the opinion of
this author, this emphasis is unjustified and has only served to
complicate an already complex situation. All of the observed date
can be explained by considering the ammonium nitrate and nitric

acid as independent variables.

Bachmann observed that when the quantity of ammonium
nitrate - nitric acid solution is increased, the consumption of
acetic anhydride decreages and the consumption of nitric acid

jincreages (62).

3+ BEffect of Relative Rates of Reagent Addition

Wright (59) conducted a series of experiments in which he
varied the "leads" of the different reagents in the three-feed
addition reaction. He found that if the hexamine solution was
ahead of either the ammonium nitrate - nitric acid solution or the
acetic anhydride or both, low yields of RDX and high yields of HMX
were obtained. Bachmann (63) has developed & method of preparing
HMX by reacting hexamine with a deficiency (in the early stages of

the reaction) of ammonium nitrate, nitric acid and acetic anhydride.

Winkler (64) has found that a delay in the addition of
ammonium nitrete to an otherwise normal, diluted run, decreases
the yield of RDX to a level of one-third to two-thirds normal.
When the ammonium nitrate is delayed, the rate of RDX formation

is lowered but the rate of HMX formation is unaffected.



4, Effect of Dilution
As the reaction mixture is diluted with acetic acid, the
yield and rate of RDX formation are decreased. Dilution, however,

favors an increase in the relative yield of HMX (58).

5. Effect of Temperature

The Bachmann reaction has been variously reported to give
optimum yields at different temperatures between 60°C,and 75°C.
The most extensive investigation of the effect of temperature has
been carried out at the University of Michigan (65,66); the
optimum temperature was found to be 75°C. The yield of RDX falls
off slowly above this temperature and falls off quite rapidly below
a temperature of 60°C. It may be, however, that the decrease in
yield at low temperatures is due to the slow rate of the reaction
since it has been found that good yields of RDX may be obtained at
as low a temperature as 45°C. if sufficient time is allowed (66).
In a diluted run, Bachmann (67) observed that at 45°C., one-half
of the product is formed in 15 minutes while at 65°C., one-half
of the product is formed in 2 minutes. Further, the temperature
coefficient of the rate of HMX formation is less than that of
RDX formation so that at higher temperatures less HMX relative to
RDX is formed (58). As the temperature of the reaction is increased,
the consumption of acetic anhydride increases and the consumption

of nitric acid decreases (65).

Whitmore (68) has studied the heat effects in the Bachmann

reaction and found that there is a "primary heat effect" oconsisting
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of a rapid reaction when the reagents are first mixed and a
"secondary heat effect", a slow reaction persisting over a period

of some hourse.

6. Effect of Time

It hag been observed that the slow addition of hexamine
to the reaction mixture or the use 6f solid hexamine dinitrate
decreases the yield of HMX relative to RDX (67). An increase in
the reaction time increases the yield of RDX at low temperatures
and decreases the yield at high temperatures (62); an increase in
the reaction time will also decrease the yield of HMX and will
increase the acetic anhydride and decrease the nitric acid

consumption (62).

7. Bffect of Substituting for the Standard Reagents

If the acetic acid ordinarily used v dissolve the hexamine
is replaced with propionic acid, the yield of RDX is reduced very
slightly (69). If the acetic anhydride is replaced with propionic

anhydride or butyric anhydride, the yield is slightly reduced (66).

Wright has replaced the nitric acid in the Bachmann reaction
with diacetyl orthonitric acid and acetyl nitrate (59). In the
first case he obtained a low-melting product (BSX ?), but in the
second cage a good yield of RDX (B) (high in HMX content) was
obtained. IDhvy has been able to replace as much as 15 percent of
the nitric acid with sulphuric acid (70)« A number of workers

have reported attenpts to replace the ammonium nitrate of the
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Bachmann reaction with other salts. Bachmann (71) found that

the complete replacement of the emmonium nitrate with potassium
nitrate gave no RDX. Ammonium acetate may replace the ammonium
nitrate when an excess of nitric acid is used (72). Part of the
ammonium nitrate may be replaced by ammonium sulphate without
impairing the yields (70). Whitmore (69) has replaced the
ammonium nitrate with various amine nitrates: methylammonium
nitrate, dimethylammonium nitrate, trimethylammonium ni trete,
tetramethylammonium nitrate, ethylammonium nitrate, diethylammonium
nitrate, triethylammonium nitrate and pyridinium nitrate were used.
Many gave rise to some RDX, but in no case did the yield approach
the yield obtained in a regular Bachmann reaction. This work will

be discugsed further in the next section of this Thesis.

8. Catalysts and Diluents

Benzoyl peroxide has no catalytic effect on the Bachmann
reaction (73).

The effect of many nitrate salts has been investigated by
Nicholls (74)« The results of this investigation may be
gsummarized as follows: mercuric nitrate gave a high yield of BSX
and a low yield of RDX, nickel nitrate gave a low yield of BSX and
a high yield of RDX, oalcium nitrate appeared to decrease the RDX
yield without increasing the BSX yield; barium nitrate gave a low
yield of RDX without affecting the BSX yield; thorium nitrate
appeared to double the yield of HMX and ferric nitrate gave only

one~half of the usual emount of HMX.
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9. Products, By-Products and Intermediates
The principle product of the Bachmann reaction is RDX (B),
a mixture of RDX and HMX. (See page 47). The proportion of HMX
to RDX may vary considerably under different operating conditions
but in the industrial product, itr is about one to twenty parts
by welght. The presence of HMX is very important since it exists
in several polymorphic forms (75) and may cause the RDX (B) to be
abnormally sensitive to shock. Much research has been carried out
with a view to eliminating the HMX or reducing it to a low level:
the most that can be said in this connection is that the formation
of HMX is inhibited by an excess of reactants with respect to
hexamine.
BSX (see page 48) 1is the principle by-product in the reaction.

It is produced in yields of about 10 percent in a normal Bachmann
run (21) and may be the chief product if insufficient ammonium
nitrate is present or if the reaction is carried out at low
temperatures (76). Other reaction by-products are Acan (1,9 -
diacetoxypentamethylene - 2,4,6,8 - tetramine), QDX and TAX (77,21).
The structures for QDX and TAX are shown on page 48 while the structure
of AcAn is given below:;

CH3C0- 0-CH2-1|\I-CH2-I:T—CH2-I:I-CHZ-lzl’CHZ-O- COCI'I3

NO2 N0z NOp NO,
(AcAn) (21)

These last thrse compounds are isolated only in very small yields
and they are unimportant except from a point of view of the reaction

mechani sm.
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No intemediates have been isolated in the Bachmann reaction.
Winkler (31) believes that hexemine mononitrate is an intermediate on
the basis of his thermochemical studies, but this evidence is incone
clusive. Ross and Boyer (78) have produced evidence that an inter-
mediate does existe When a diluted (homogeneous) Bachmann reaction
is treated with acetyl chloride, hydrochloric acid or sodium nitrate,

a fair yield of "nitroso PCX" is obtained:

0,

_ /N—CHZ\ B
N/

I:T— CH2
NOZ

These authors interpret this result as evidence for the existenos of
PCX as a reaction intermediate and as supporting the mechanism of

Connor, Davy et al. (see below).
Theoretical

l. The Mechanism of Linstead (1)
The Bachmann reaction is also called the "Combination Process".
This designation, first used by Baclmann (6), implied that it was

a combination of the nitrolysis and MoGill reactions:
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(CH2) g4 +4 HNO3 (cH) 5(N-N02)3+ 3 CHp0 +NH4NOg == 2

A 4

3 CH,0 + 3 NH4NO3+6(CH3CO) 20 (cHy) 3(N-N02)5+12 CHz COOH .= 5

A 4

(CHp) g4+ 4 HNOg +2 NH,NOz + 6(CHzCO) 50 ——>2(CH,) 5(N=~NO,) 5 + 12 CHzCOOH - 3

While recognizing the great difference in reaction conditions, particu-
larly with regard to the nitric acid concentration and the temperature,
Linstead (5,1) has suggested that the first male of RDX formed in the
Bachmann reaction is formed by the stepwise degradation of the hexamine
molecule as is supposed to be the case in the nitrolysis reaction; the
second mole of RDX, it is suggested, is produced as a result of conden~
sation reactions between the ammonium nitrate and the formaldehyde
residues as is the (postulated) case in the McGill reaction (see page 50) .

Linstead' s mechanism is given below at some length.

The nature of the attacking reagent:- Linstead points out that the

reagents which are capable of converting methyleneamine linkages into
nitramines are nitric acid, nitric acid plus acetic anhydride, nitric
acid plus emmonium nitrate (plus acetic anhydride), and nitric acid
plus nitrogen pentoxide. Linstead believes that in the direct nitrolysis
process, the attacking reagent is either

HO— NO,

(pseudo nitric aocid)

or

NOz—H, N0,

(nitracidium nitrate)



When nitric acid and acetic anhydride are used, the attacking reagent
may be acetyl nitrate 0

1]
CHgC~0—NO0,
or possibly nitrogen pentoxide

These reagents may be regarded as products of the following reactions:

(CHzC0) 30 + HNOz ———» CHzCO0-0-NO, + CHzCOOH ---- 131

and

2 CH3C0-0-NOp —————— (CH3C0) 20 + Np05 ——~= 132

When the reaction mixture contains nitric acid and ammonium nitrate,
Linstead prefers to consider the attacking reagent as psendo nitrie
acid and when it containsg nitric acid, ammonium nitrate and scetic
anhydride, as acetyl nitrate. When 106 percent nitric acid (nitriec
acid fortified with nitrogen pentoxide) is used, the attacking re-

agent is pictured as being nitrogen pentoxide.

In general, al1¥ of these reagents may be represented as follows:

RO—NO,

T3=a

KX In the case of nitracidium nitrate, consider the dehydrated
forme.
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The Mode of Attack: - The mode of attack of a given reagent

upon & methyleneamine linkage may be briefly pictured as follows:

SN—— CHz"
NS ]
NO, OR l + l
d+ - NO, OR

The Position of Attack: - in the presence of large excesses

of acidic reagents, it may be supposed that methyleneamines will
give methyleneaminium salts. Linstead postulates that the salt
will be in equilibrium with the free base and that salt formation
will stabilize & given linkage. Thus the free-base, methyleneamine

linkages will be most liable to attack.

In the case of a substituted polymethyleneamine linkage, it
must be decided which of several linkages will undergo fission.
If in the compound

YCHZ—I;I — CHoX
CHa
the group X can release electrons more readily on demand than can
the group Y, then the N-CH2X bond will break. On this basis it
is possible to predict the order of ease of bond fission in a

number of casess

Bse of fissions CHg CO-N- CH,, N
(free base) :N—C}Iz N{

CH z-0~CHy —— N

CH3CO-0-CHy N{

Cl-CHy 1114

v NO,~N— CH, 14

Great Stability +’]'f" CHg N
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Further, in the case of amine salt formation, the greatest
stability will be associated with the strongest base.

Linstead believes that snother factor must be introduced
in order that one may predict the sequence of bond fissions. He
calls this the "side-chain factor': methylol acetate side-chains
will be stable to acetic anhydride and acetyl nitrate while methylol
nitrate side-chains will be stable to nitric acide Linstead!s
reason for introducing the concept is obvious, but his justification

is somewhat obscure.

The Function of the Ammonium Nitrate: - The function of the

ammonium nitrate is one of the most importent, unsolved questions
in connection with the mechanigm of the Bachmann reaction. If no
ammonium nitrate is present, BSX is produced in quantity while, if
it is present, RDX is the chief product. There is evidence to

show that the reaction between hexamine and acetyl nitrate to give
BSX is rapid and that this reaction is inhibited by the presence of
ammonivm nitrates In c§nnection with the function of the ammonium
nitrate in the Bachmann reaction, Linstead states:

"If we set aside the idea that the ammonium nitrate acts by some
rather nebulous buffer action, there are two possibilities.

"a" The ammonium nitrate itself acts with the intermediate
compound and the compound so formed undergoes fission preferentially
at a different part of the molecule from that of the original
intermediate.

"b" The ammonium nitrate modifies the nature of the reagent,
for example, by preventing the formation of the active agent which
attacks the ring."

Linstead holds to the second explanation, principly because

the ammonium nitrate slows down the degradation process and because

there is no evidence for the reaction between the intermediates and
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ammonium nitrate. The modification in the nature of the reagent,
if this be the tunction of the ammonium nitrate, would permit of
proferential attack on "gide-chains" and thus alter the course of

the reaction.

The role of the ammonium nitrate in the gynthesis process is

recognized and is agsumed to be the same as in the McGill reaction.

The stepwise degradation of Hexamine:- On the basis of the

foregoing considerations, Linstead has suggested two alternate
schanes for the production of RDX and BSX. HMX is supposed to arise

through DNPT and PHX.

The initial fission is represented as followss

A (4] c
/ CHZ\ %‘I 2 ?HZOA
N N N N N
AN s N /s
CH CH CH,  GHp
SN —> Ny~
N * AcoNO, N --- 133

| |
CH CH CH CH CH CHz
2 2 2 2 2

(Hexamine) (Precursor 1)

X Where Ac = = CHsg -
0



HMX, AcAn and QDX are then produced ag follows:

Precursor I

NO NO
2 \ 2
IiT-CHg-N-CHg-OA c
CH2
II\T-CHZ-I?-CHZ-OAO
NO 2 NO 2
(AcAn)
P
ICHZ N
NO Z-T
CHZ ll‘l
Ac
(QDX)

AcONO 2

N

N %

134

AcONO

N

CHy
N-NO 2

CH

Aczo

1386

137

NO,-N

CHa

77

135 | AcONO,

138 AcOI\IO2

NO

CH N CH

N- NO2

CHy

i =

0,
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RDX, BSX and TAX may result from the following series of reactions

(Scheme A)s

AcO -CHp-N-CHp0A ¢

- g
GHZ—_-_'N
AcONO2
Precursor I 55 S NOZ—N\ _/CHZ
CHz— N
(
N02
142 AcOI\IO2
v
CHpQAc
—e
CHp——N_
NO,N CH2 < NO,-N CHy
/ ran \ /
CHy ——N CHy——N
| |
NOz NO2
( TAX)
145 AcONOz

CHSCO-O-CHZIf-Cﬁz-I;I-CHZ-I;‘-CHZ-O-COCHS
NO2 NOZ NOZ

(BSX)
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An alternate possibility is presented in Scheme B.

N0g-1-0iiz0h

CHZ
S
CHp—— N
AcONO,, X
Precursor I 3 Noz-N\ CHy
146 /
CHy——N
.
2HNOs CHy0Ac
8
AcONO2
RDX 19 147
2 Ac,0
TAX NOg-N-CHoOAc
|
C
Ty
CHy — 1\1-1;[()2
NOo~N
2
y \CHZ—'—- N-CHpOAc
NOZ-If‘CHzOAO '50 ' __é--—OA
CE,, Hy0h0
|
CHz-—— N=~NO,
151 | AcON 02
NOg=N
CHZ_ N- CHzoAO BsSX
1
Ac
(H-16)

Linstead, in his discussion, points out that the mechanism of BSX

formation a5 postulated by Connor (see below) is & perfectly acceptable

alternative.

The synthetic aspect of the reaction:~ Linstead regards the pro-

duction of the second mole of RDX as being mechanistically similar

to the McGill reaction (see page 5C) . There is considerable un~

certainty as to what chemical form the fragments from the hexamine
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degradation will assume, but there is no reason to assume that the

process will be fundamentally different.

In support of his views, Linstead oites the clear-cut case
of the conversion of DNPT through PHX to HMX and AcAn (79,71).
In these comparatively simple conversions, all types of figsions
postulated in this mechanism occur (See pe 77)+ The remction of
DNPT with acetyl nitrate to give PHX represents the fission of
a ¢ - N linkage in a polymethyleneamine. The conversion of
PHX to HMX represents the elimination of a methylol acetate side
chain in the presence of ammonium nitrate while the reaction of
PHX to AcAn exemplifies ring fission in the absence of ammonium
nitrates In further support of his mechanism, Linstead points
out that hexamine contains three six-membered rings and an eight-
membered ring. HMX, & reaction product, contains an eight-membered
ring; now eight-membered rings ere rare in chemistry and are
difficult to synthesize, therefore the simplest mechanism would
be one involving the maintenance of the rings already present in

hexaminee.

2. The Theory of Connor, Davy, et al. (16).,

The workers &t the University of Pennsylvania have
investigated the reaction of hexamine (and other compounds) with
various molar equivalents of nitric acid in acetdic anhydride. On
the basis of their results they postulated a mechanism for the
production of BSX from hexamine. These theoretical considerations

were later combined with a mechanism of RDX formation which was
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originally developed by Davy of the Holston Ordnance Works (80).

These postulated mechanisms constitute the so-called Comnor-Davy

theory of RDX formation. The experimental basgis for this mechanism

is contained chiefly in the following series of reactions:

ii.

iii.

ive

Ve

Vie

viii.

ixe.

Xo

xie

H2

+
+
4+
H2 —+
+
+
+

Hexamine + 1

Hexamine <+ 2

Hexamine + 3

Hexamine + 4

H2 -+ 1

2

H16

H16

HR
DNPT

DNPT

HNOgz + Ac0
HNO; + Aco0
HNOz + Acy0
HNOz + Acg0
HNOz + Acg0
HNOz + &c0
HNOz + Acg0
HNO,

HNO,
HNOz + Acg0
HNO3 +A020

—_——— 2
~——————> DNPT

_— RDX
NH4NOz —> RDX -+ HMX

—_—ey AcAn

The various steps in the mechanism follow.



The formation of BSXi~

AcOﬁl‘IO2
Hexamine >
152
NO CH20Ac
} 2 }
N CHp0Ac N-NO,
cH, | AcONO,
~N 2
N—-I\IO2 [ 154
CHZ /."/C};I‘,a
\ . |‘
|
CH20AC
(p-H16)
165 AOONOZ

AOO-CHZ—N- CHo

!
NO,

~N~CHp=N-CHp -Ohc

(Bsx)

82,

(p-H2)

153 AcONO2

NO, CHpOAc

N CHy0Ac N-NO,

Actuanlly, in thais sequence of reactions, only BSX cen be isolated

but Connor believes that in the absence of excess nitric acid p-l2,



p-DNPT and p-H16 will rearrange to H2, DNPT, and Hl6. At the time
of writing, the structure of HZ2 was uncertain, but it now seems

that HZ2 is not directly related to the proposed p-H2.

CH
S
c c

I
H CH (H2)(81)

CHZ\‘\\\E,/”// i
I

2
+
CHzNHA.o

NOs

It seems rather that p-H2is unstable and decomposes to give
formaldehyde anc; acetamide which react with unchanged hexamine
to give H2. Alternately, hexamine mononitrate may condense with
acetamide and formaldehyde from decompoged hexaminee The forma=-

tion of DNPT is pictured as follows:

83.

NO CHp0AG NO NO
2 2
g, A i i
- \
cnz\N N-NO, cn, o/
| 157 Ny
7
|
°H, CHp CH, CH,
ot l O ~.
N
~— N/ + CHZ(OAc)z

(p-DNPT) (DNPT)
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The conversion of p-H1l6 to H16 proceeds as follows:

A 00- CH z'llq" CHz"I}I" CH Z-N- CHZ-I:I- CH2-0A0
NOz NOz NOZ
CHp=OAc
(p~H16)

168

AcO-CHz-I;I-CHz-ll\T-CHZ-fI-CHZ-}\I-CHZ-OAc + CHy0
NO, NOp, Ac NOo
(H16)
1t seems equally likely, however, that the methyleneamine linkage
is split by the acetic anhydride to yield an acetamine and formal-

dehyde diacetate.

Connor alsc discussesthe reaction of DNPT with acetyl nitrate
to give PHX and AcAn. His conclusgions are similar to those of

Linstead (see pe 79).

The fomation of RDX:= Davy postulated that the active agent

in the Bachmann reaction is pseudo nitrioc acid and that the methylol
groups resulting from the fission of methyleneamine linkages are
stabilized by reaction with ammonium nitrate:
~CHy— N, + HO-NOz ————3-CHzOH + NOz—N<
159

Aczo
"CHzOH -+ NH4N03 -—)-CHZNﬂsNOa + 2 CHSCOOH
160
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The series of reactions leading to RDX may be pictured asg follows:

\. _CH NO CH,NH, NO
N/ 2 \N I& 2 I& 27378
Sex, oty SeH,  cB”
Ny~ NS
II“ NH4NO 5 I\II
5 -
CH CH CH HNO CH CH CH
2 2 2 3 2 2 2
| |
161 ‘
NH,NO3
162 HNOz
A.Gzo
NO, CH,NHzNOz
NO .NH.(CH ,=N-CHy=NeCH.AN~CH,~N~CH.NH,N0, NE4N03 1'« NO rlx
R R T S I e 2 oy
NO, NO, '\ NO, N0 N /Hle
Acp0 N
CHoNHzNO3 Y 5,
2
163 ~—~
+ 2 AcOH 1}'/
NH,NO5 CH,NEzNOg
1 +
164 | HNO3 ' 2 AcOH
Ac20 ;
cnz—-n\
N0, NO 165 ~N y
2 2 CHy— N
b,
+ 2 AcOH 2
166

2 RDX+4 AcOH



The formation of HMX is similar.

\
\
N03NHSCH2-I;I~CH2 I'I GHZ N \?Hz ?I-CHzNHsNOS
N02 Noz Noz
CHZNH3N0 3

Ac20
167 BH03
NH4N05

\4

NONH 3CHp=N~CHp~N-CHp=N-CH,NHgNO5
NO, NO, MO,

168

NOz

Hyt
CHy — N— CH,

| Acy0
NH4NO3 4 NO,-N N-NO,

| | 169
(}I-l2 — Il\I —_— GH2

NO2

NOp =N( CH,NHzNOz) o

4+ 2 AcOH

HX + 2 AcOH

In this mechanism, the funoction of the acetic anhydride is to

dehydrate secondary amine nitrates and to provide conditions for

causing methylol groups to react with ammonium nitrate.

be three pieces of evidence which support this mechanisme.

is that a pilot plant investigation at the Holston Ordnance Works

86,

There seoans to

The first

ghowed that there is a molar equivalence betwean the RDX produced and

the ammonium nitrate consumed. This indicates that both moles of RDX

are produced in the same manner, a condition which is fulfilled in

this mechanigme The second piece of evidence is that a run carried
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out with a deficiency of anhydride was divided in two; to one portion
was added enough anhydride to make up the deficiency while the other
was worked up as & control. The former portion gave 20 grams RDX while
the latter gave only 6 grams. This increase in yield was interpreted
as being evidence for the dehydration step (see equation 166) and of
the existence of PCX in the reaction liquor. A third piece of evidence
wa.g reported by Boyer (78): to a diluted Bachmann run was added hydro-
chloric acid, acetyl bromide or sodiuwm nitrite; good yields of nitroso
PCX (see pe72 ) were obtained. This result may be interpreted as ine

dicating the presence of PCX.

linstead(l) points out that the equivalence of the molar RDX
production and molar ammonium nitrate consumption does not necessarily
prove the Connor-Davy mechanism and suggests that the same result would
be expected on the basis of his theory. Again, no evidence has been
produced to indicate that methylol side-chains will combine with am-
monium salts in the fashion indicated in equation 160(1). The Connore
Davy theory does not use the simple case of the DNPT-PHX~AcAn~-HMX cone
version to as great advantage as does the Linstead mechanism, this case
requiring separate treatment. The fact that straight-chain compounds
such as BSX and AcAn have never been cyclized to RDX and HMX may be
used as negative evidence for the ring-closure stage of the ConnorDavy
mechanism. Linstead is in agreement with the author that the fact that
RDX is obtained using amine nitrates does not support this concepte
The evidence of Ross and Boyer (the isolation of nitroso~PCX) 1s capable

of an alternate interpretation. 1t is well known that nitrous acid can
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exist in the pseudo form (HO=NO) much more easily than can nitric
acid: for example, acidified sodium nitrite aqueous solution can
react with hexamine to give trinitrosocyclotrimethylenetriamine.
It may then be congidered that nitrous acid, as ussed by Ross and

Boyer, will attack compounds of the following type:

such as "139" {(see ps78), with the production of nitroso-PCX.
Lastly, Winkler (58) has oriticized the mechani sm on the grounds
that it does not explain the formation of RDX when the addition of

ammonium nitrate is delayed.

3. The Mechanign of Winkler (58)

On the bagis of his early work, Winkler (47) proposed a
mechanigm for the Bachmann reaction which was similar to that of
Linstead. Later, however, he modified this view and postulated
that at least twowthirds of the RDX is produced through the inter-

mediate DNPT (58) .
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Hexamine

170 | (very fast)

Bicyeclic Precursor

Ac20 Ac20
HNO, / (fast) HNO,
171 172
'Six-Membered — DNPT
Ring Precursor
Aczo
HNOz
NH,NOg
173 Ac,0  174] Acy0 175 176 177 ey
(slow) HNO, (S1ow) HNOg (S1ow) (Slow) (slow) N0,
\LNH‘LNOS %
¥ N
BSX RDX RDX mx Linear Products
-+ + + + +
Fragments Fragments Fragments Fragments Fragments

The synthesis step may be represented briefly as follows:

Fragments 4 Acg0 + HNOz + NH4NO3 > RDX +BMX =~ - 178
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Winklert's evidence is that the reaction producing HMX is similar
and closely associated with a reaction producing at least part of the
RDX. Further, the delayed addition of ammonium nitrate indicates that
hexamine is converted into at least two compounds, one producing RDX
end the other producing RDX and HMX. The often-observed phenomenon
of the complementary nature of the yields of HMX and RDX under certain
circumstances also supports this view. Winkler believes that the pre-
cursor to the HMX and two-thirds of the RDX is DNPT. In support of
this he points out a parallelism between the reaction of DNPT to give

HMX and RDX and the reaction of hexamine to give RDX and HMX.

In commection with the question of the active agent in the Bache
mann reaction, Winkler believes that the nitric acid is associated with
the acetic anhydride rather than with the ammonium nitrate. The am=
monium nitrate may, however, combine with excess nitric acid and thus
act as a buffer. Since the belated addition of ammonium nitrate gives
rise to RDX and HMX (from DNPT), the ammonium nitrate must have a
function other than a buffer action and other than being & necesgsary

component of the synthesis process.

This mechanism is open to the important criticism that DNPT is
known to give rise to large yields of HMX relative to RDX (21). All
pieces of evidence are indirect and many are capable of alternate in-

terpretations.

4. The Mechanism of Ross and Boyer (9)

Ross and Boyer proposed & modification of the mechaniam of Connor
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and Davy. It takes into account the long-suspected lability of

hexamine in solution:

179
4 2 -New N2
(Heni~hexamine)
180
181 2 NH
OB~ }H, 3
N\ CH/ X / CHZ\
Che .~ 2 HN NE
N 2 | |
| CH, CH,
CH, (I:HZ CH, g /
N/ H
(Hexamine) (Hexahydrotriazine)

The hemi~hexamine fragments are postulated to undergo cyclization
on reaction with ammonium nitrate to 13, 5.hexahydrotriazine tri-

nitrate, & compound which, theoretdcally, may be dehydrated to RDX.

CH
2
nosrm/ \mmo3
N 7
CH CH
2 " 2 Ha
| \—_‘182 2 CHE=N~CHp-N=CHy
cnz\crlxz/ CH, NO;
N 183 | | 2 NHgNO3
2 HN05
cH
R
NOzHN NH, NOg
12 AcOH+2 RDX , 6 Ac20 5 lﬂz (!H
< 2
184 \N +/
Hp
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In support of this view, Ross and Boyer point out that a solution of
hexamine and smmonium nitrate in acetic acid gives an indifferent

tesgt for hexamine. Bachmann (67) found that the solubility of am=
monium nitrate in acetic acid increased rapidly and in direct propor-
tion to the smount of hexamine dissolved in the acetic acid; bases
(other than hexamine) did not give this same effects Furthemore, the
recrystallization of H-18 (the monomethyl nitrate salt of hexamine) and
ammonium nitrate from acetic acid gives hexamine. Some support for the
above mechanism was obtained when H-18 was treated with nitric acid,
acetic anhydride and either ammonium nitrate or methylammonium nitrate

and the predicted yields of RDX and MSX were obtained:

/Cﬂz\
e

NOgHN NCHzNOgz
I Cig ;
~ N I+ 1+ i
. N L —— CH;=N-CHp=N=CHp+ CHp=N~ EHZ-N- CHp
CHa | 2 185 N0z NO3
AN
96
N ! 149
No Reaction RDX

CHp
| 3
| 3 Acg0
———>  CHgN-CHp~N-CHg-N~CHp=0-00CHz

CH CH
2\ / ‘ 190 No, Nop NOp
N +

~
H™ ¥ "CHg (MsX) 6 AcOH

NO 3H2N
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In the Bachmann reaction the production of RMX is accounted for

by using an alternate structure for hexamine (the Lbsekann T structure)

(82)s
CH
2 H H
\\\\\\ \ i+
NOg EN ~ _ NHKO =N- C_]_iz-l;i-CHg-N:_CHz
CHz CHy — NOg ('Iﬂz NO 3
1 i
191
CHZ\ (I§H2 CHp CH2
N
192 NH,4NOz
HNOg
NO, NO g
! Hos
CHZ— N— CHZ GHz —_—N— CHz
| | 4 Acy0 . -
NO2-N N-NO, & 193 N03 Hzli[ NH; NOg
CHy— I:I—CHZ CHo— I:I—- CHp
i Tz
lli-NOZ + 7 AcOHE )iIIH NO
CHo0Ac CHy
194

NO,=N(CH,04¢) 5

+
HMX

The proposed mechaniem rests on somewhat the same evidence as does

the Connor-Davy theory and is, in general, open to the same criticismse

The concept of hemi~-hexamine hag been strongly criticized by Linstead

(1). Winkler (58) has criticized the theory on the basis of the fact

that it does not explain the production of RDX upon belated addition

of ammonium nitratee



EXPERIMENTAL AND THEORETICAL

I. Attenpts to Differentiate the Two Moleg of RDX
' Formed in the Bachmann Reaction %X

While several mechanisms have been postulated for the Bachmann
reaction, they may be classified in two groups: thosse in which the
two moles of RDX arise by means of identical or similar processes and
those in which the two moles of RDX arise by different processes. If
e mechanism of the first group (e.g., the Connor-Davy theory) represent
the course of the reaction, the two moles of RDX will be indistinguish-
able from one another with respect to the history of their amino nitro-
gen atoms, wherees, if a mechanism of the second group (e.g., the
theory of Linstead) represent the course of the reaction, the two
moles of RDX will differ from one another in this respect. (See ppe.

11 and 12 of this thesis.) The two cases may be represented as follows:

Cage J:=
ﬁoz CH. 11?10—2 CH
g 2
/ \ % S \ %

CHy N-NO, CH N-NO,
lll“'— CHZ 1:1— CH2
N0, NO,

Type LII RDX Type I1.I RDX

(one mole) (one mole)

¥ % This discussion is included here, not because the results obtained
in this laboratory are either extensive or significant, tut because
the attempt to differentiate the two moles of RDX formed in the
Bachmann reaction constituted the first experimental approach of
this researcher t the problem of the mechanism (see p. 13).
Bachmann' s Tracer Experiments are considered at some length because
of therr direct bearing on the problem.
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Case II:~
1o, %
N—CH, N—oCH,
/ J/ N
CHz\ N-NOZ CHZ N-NOZ
N—CHp Ny—CH2
NOo NOz
TYPE I RDX tvpE 1v mox X%
(one mole) (one mole)

where N¥* represents an amino nitrogen atom which originated in the

ammonium nitrate rather than in the hexamine. The two moles of RDX
are (in erther case) physically and chemically identical, differing
only with respect to the history of their amino nitrogen atoms. If,

however, the amino nitrogens of either the ammonium nitrate or the

hexamine can be tangibly "marked" with respect to the other, it should

be possible to distinguish between the two moles of RDX formed.

The most direct approach to this problen lies in the use of an

isotope of nitrogen. If the ammonium nitrate,for insgtance, contains

%% 1t should be emphasized, at this point, that Case LI holds
rigidly only in theory. 1in practice, TYPE IV RDX may well
contain a random colleotion of amino nitrogen atoms. in the
extraue cage, the fourth amino nitrogen atom of the hexamine
may in fact not appear in the product at all. Yields of
RDX+HMX as high as 92 percent have been reported but these
yields are based on the formaldehyde content of the hexamine
and ammoniwm nitrate is always used in excegs; thus it is not
& necesgsary condition that the fourth nitrogen of the hexamine
appear in the product.



96.

heavy amino nitrogen (N15) one of the molecules of RDX (in Case II)
will have two N15 nitrogen atoms while the other will have none.
Obviously, there is little chance that the different "types" of

RDX will be separable by simple physical or chemical means and,

if in Case II the two moles of RDX are formed to about the same
extent, even the mass specirograph will be unable to distinguish
between the two cases. Nevertheless, this approach was investigated
by Bachmann (83) and, while not conclusive, & mathematical analysis
of the results by G. T« Young of the British Central Scientific
Office (84) suggests that Case LI is indicative of the reaction

mechanisme.

A second approach to the problem of "marking" one type of amino
nitrogen atoms, and the one used by this investigator, lies in the
use of phosphonium nitrate in place of ammonium nitrate in the
Bachmann reaction. Phogphorus, being in the seme group of the
periodic table as nitrogen, is able to form analogous compounds in
many ceses. Since nitrophosphines are unknown, it was congidered
that there was only a slight possibility that phosphorus analogs
of TYPE 1XI and TYPE IV RDX could be isolated and characterized,
but it was considered that if any RDX (less than one mole per mole
of hexamine) were isolated, it would constitute evidence for Case II.
All atbtempts to prepare phosphonium nitrate either by the interaction
of phosphonium iodide and silver or lead nitrates or by the interace
tion of phosphine and nitric acid were unsuccessful. Thus the de=

sired replacenent of ammonium nitrate was not achieved.
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Experimental

l. The Use of Tracer Ammonium Nitrate (Bachmann)

Three experiments were carried out by Bachmann (83):(a) hexamine
and tracer ammonium nitrate were heated together in acetic acid in
order to determine the extent of nitrogen interchange, (b) & smalle
gsoale Bachmann reaction was carried out using the regular molar ratios
of reagents, and (¢) a small-scale Bachmann rescticn was carried out
using an uvwnusually high molar ratio of nitric acid. These runs are

described below,.

"PROCEDURE #1 ~(N*5-03)

One~-half grem of tracer ammonium nitrate was dissolved in
20 cco. of glacial acetic acid, 1 cc. of a glacial acetic acid
solution containing 0.44 g. of hemmine wag added, and the clear
solution was warmed for 15 min. at 66°. After cooling, 0.3 cc.
of 98% nitric acid wes added. The precipitate of hexamine
dinitrate and ammonium nitrate wasg filtered out and extracted
with 10 cc. of cold 10% nitric acid to remove the ammonium
nitrate. The hexamine dinitrate was titrated to & rough phen-
olphthalien end point with 50 cc. of 0.1l N NaOH. After evap-
oration to dryness at room temperature, the freed hexamine was
extracted out with CHClz. Most of the CHCl; was blown off at
roan temperature and the hexamine was crystallized from absolute
ethyl alcohol,.

"PROCEDURE #2 =(N'5-04; ¥16-08; and N15-09)

This identical procedure, using ordinary emmonium nitrate
instead of tracer ammonium nitrate, was used to prepare samples
N15.06 and N15-07.

To & 100 cc. Soxhlet flask containing one-half gram of
tracer ammonivi nitrate, 3 cc. of Ac50, and 7 cc. of glacial
acetic acid was added continmously, simultaneously, and equive
alently 7.5 cc. of a glacial acetic acid solution containing
3430 geo of hexamine, 15 cc. of acetic anhydride, and 7.45 cc.
(0.2 cce ahead and 7.25 cc. during addition) of a solution
containing 4.91 g. of tracer ammonium nitrate and 4.48 cc. of
98% nitric acid. The mixture was efficiently stirred and
kept between 70-75° throughout the 123 min. addition period
and subsequent 3 min. aginge.
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The reaction mixture was drowned in 200 cc. of Hp0, simmered
3% hrs., cooled, filtered, washed and dried. Yield of RDX (B)
was 8443 g« or 81%.

The filtrate was blown down to dryness on a steam bath, exe=
tracted with H20, and a small quantity of H20 insoluble material
filtered off. The Hp0 solution was blown down to dryness again
to yield 1.58 g. of crude recovered ammonium nitrete. Part of
this was crystallized from glacial acetic acid (5 cc. to 1 g.),
then recrystallized from a more dllute solution (25 cc. to 1 g o)e
Final purified emmoniuvm nitrate (N -04’ melted at 1682-169% s COrr.

The RDX (B) product was dissolved in 50 oc. of wamm nitroe
methane, 100 cc. of Hy0 was added, and the nitramethane was slowly
distilled off over & period of sbout 23 hrs. The resultant cry-
stals, presumably & mixture of RDX and 3~HMX only, were separeated
by repeated fractional centrifigations using & 4trimethylene bromide~
fine mineral oil solution of 1.81 g/oc density.

RDX = 8.11 g. (192°) 197-200° (uncorr.)
X -~ .34 g. (267°) 268-269° (uncorr.)

The RDX was recrys’callized twice from acetone to give the
final purified sample (N 5-08) Mspe = 204-205°, corr.

The HMX was recrystallized twice from acetone to give the
final purified sample (N15-09) M.p. - 282-283°, corr.

"PROCEDURE #3 =(N15-05 and N15-10)

The procedure followed for this preparation of RDX (B) was
identical to Procedure #2 except that 10.75 cc. (.75 cc. ahead
and 10 cce. during addition) of a solution containing 5.77 g. of
tracer smmonivm nitrate in 7.75 cc. of 98% nitric acid was used.
This was slightly more tracer ammonium nitrste and much more 98%
nitric acid than before. The reaction mixture was filtered hot
and anhydrous (Crop #1), the filtrate was diluted with Hp0,
simmered, cooled, and filtered to yield Crop #2. Yield of
RDX (B) Crop #l m 236 ge; Crop #2 w 2460 ge; Totml @

44,96 ge Or 47%0

The recovered ammonium nitrate was obtained from the crop
#2 filtrate as before. (See Procedure #2) Wt. of crude ame
monium nitrate = 4.77 ge Final purified ammonium nitrate
(¥15-05) melted at 1683-1693 , corr.

Part of the RDX (B) crop #l product was simmered for 15 mine
in 70% nitric acid, water was added to incipient precipitation,
and the solution was allowed to cool slowly. The long, white
needles that crystallized out were recrystallized from acetone
to give the purified RDX sample = N15-10 M.p.~ 204-2069, corr."
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A number of samples were analysed for total nitrogen by Wright
(University of Toronto) and the nitrogen gas thus obtained was
analysed for its le content by Keevil (University of Toronto) .

The results of this investigation are contained in Table I.-

2+ The Attempted Use of Phosphonium Ni trete

Preparation of Phosphonium lodide:~ Phosphonium iodide was pre-

pared according to the method of A. W. Hofinann (85) which is des-
cribed in Mellor's Treatise on iLnorganic and Theoretical Chemistry
(Vol. VI1I, p. 825)¢ The product was white and crystalline. It
smelled strongly of phosphine and was slightly deliquescent. Phog-
phonium iodide may be stored, but glass-stoppered bottles should be
uged since the product attacks cork, rubber and paper. Yield: 70 g.
While the reaction is not clear-cut, it may be represented by the
following equation (85) «

514+ 18 P + 32 H20 ——> 10 PH4I + 8 H3POg  =---- 196.

Attenpted preparation of Phogphonium Nitrates~ Many attempts

were made to earry out a reaction between phosphonium iodide and
silver nitrate or lead nitrate:

PH4I + AgNO3z —> PHgNO3 + Agl ——=e 196,
The main difficulty encountered was the problem of finding a co=-
'solvent. Water and alcohols reacted with the phosphonium iodide
gaving free phosphine. Oxygenated organic solvents appeared to be
reduced by phosphonium iodide while halogenated solvents were unsatis=

factory from a point of view of the silver nitrate. Hydrocarbons



TABLE I

BACHMANN REACTION: -USE OF TRACER AMMONIUM NITRATE. DISTRIBUTION OF ORIGINAL AMMONIUM NITROGEN (BACHMANN)

SAMPLE

NUMBER

DESCRIPTION

PROCEDURE

NUMBER

ATOM % N'S oF

TOTAL NiITROGEN

AToMm ¥ N!S oFf
AMMON UM OR
AMINO N1TROGEN

ATOM % OF AMINO OR
AMMON IUM NITROGEN
COMING FROM ORI G INAL
AMMONI UM NITRATE

n!'S-01
ni!S-02
NtS-03
N'S -0
N!'S-05
N'S-0¢
n!'S-09
n'S-08
nNiS-04q
N'S-0

TRACER AMMONIUM NITRATE
HEXAMINE (BLANK)

HEXAMINE ( TREATED WITH TRACER)
RECOVERED AMMONIUM NiTRATE
RECOVERED AMMONIUM NITRATE
rRox (BLANK)

HMX ( BLANK)

RDX

HMX

RDX

100-0
0-0
§-3

50-0
6L-0
0!
0-6
37-0
15-0
200

‘001
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would not dissolve silver nitrate. Nitromethane appeared to be re-
duced by the phosphonium iodide. Liquid sulplur dioxide was reduced
by the action of phosgphonium iodide. Liquid ammonia dissolved the
phosphonium iodide but rendered the silver nitrate inactive through
complex formation. The introduction of phosphonium iodide into 97
percent nitric acid resulted in combustion. When solid phosphonium
iodide and solid silver nitrate were ground together, a reaction took
place but the product liberated no phospine when treated with dilute

alkeli.

An alternate method of synthesis would seem to lie in the reac-

tion of phosphine with nitric acid.

PH3 -+ HNO3 Y PH4N03 ———— 197

Free phogsphine was generated by reacting phosphonium iodide with
dilute alkali.

PH4I + NaOH _— PHz + Nal + Hp0 --ew 198,

When this product was introduced into concentrated nitric acid or into

a dilute solution of nitric acid and chloroform it burned vigorously.

The preparation of phosphonium metaphospha te, PH4P03, as & phos=
phorus analog of ammonium nitrate, NH4NO3, was projected but never

attempted.
Discugsion

l¢ The Uuse of Tracer Ammonium Nitrate (Young)
An extended matheratical analysis of Bachmann's results was care

ried out by Young (84) of the British Central Schientific Office,
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Washington. This paper is discussed at some length below.

On the basis of run N15-03, Young assumes that the rate of

exchange of amino nitrogen atoms between hexamine and ammonium
nitrate is small as compared with the rate of RDX formation and

may be neglected.

If Case 11 is indicative of the course of the resction, a

simplified mechanism for the reaction ig ag follows:

(CHz) gNg + 4 HNO3 ~ ————5  (CHp)3(N~NO2)3+3 CH20 +NH4NO3

———— 2

3 CHz0 + 3 NHyNOz + 6 (CH3zC0)20 —> (CEBz) 3(N-NOg)3 +12 CH3COOH

m—a= 5o

(CHp) gNg +4 HNOg-+2 NH,4NOz +6(CHzC0) 20 — 2 (CHp) z(N-NOy) z+12 CH3COOH

——— 3,
Since the formation of the first mole of RDX results in the production
of one mole of ammonium nitrate, the tracer (le) ammonium nitrate will
be diluted with unmarked (N'%) ammonium nitrate before the second mole
of RDX is formed. Young then assumnes that marked end unmarked will be
incorporated indiscriminately intoc the second mole of RDX and the proe-
portion (or strength) of marked armonium nitrate in this mole will be
directly proportional to the concentration of marked ammonium nitrate

in the diluted mixture.

If Cage I is indicative of the course of the reaction, it can be
shown that at no stage of the remction can unmarked ammonium nitrate

dilute the marked emmoniuvm nitrate and that the eammonium nitrate ine
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corporated into the RDX will all be marked.

Now, congider procedure 2 of Bachmann (see above) and suppose

that Case L1 represents the reaction mechanism. The yield of RDX
in this run was 77.5 percent. Young assumes that under the optimum
conditions prevailing in this reaction, the first mole of RDX is
formed in 77.5 percent yield (based on the hexamine introduced) and
that the second mole is formed in 100 percent yield (based on the
formaldehyde liberated in equation 2) .* In procedure 2, the following
quantities were reported:

Hexamine added, 3+30 g. = 0.0236 g+ moles containing 0.0944 g.

atoms of amino N

Tracer ammonium nitrate, 5.41 g = 0.0676 ge. moles containing
0.0676 g. atoms of amino N

HMX formed, 0.34 g. = 0.0011 g moles containing 0.0044 g. atoms
of amino N

0.0364 g. moles containing 0.1092 g. atoms
of amino N

RDX formed, 8.09 g

Since the yield of RDX is 77.5 percent, the hexamine actually yielding
RDX will contain 0,0732 g. atoms of amino N. One-quarter of this will
exchange freely with 0.0676 g. atoms of amino nitrogen from the tracer

ammonium nitrate (100 percent strength) and the resulting average

% This condition is not unlikely in view of the equivalence between
the molar production of RDX and the molar consumption of ammonium
nitrate holding under optimum conditions.
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strength will be

0.0676 x 100 -
0.0676 x0.0183 78.7%

Thus, in the final product, three amino nitrogens will have come from
the hexamine (O percent strength of tracer emino nitrogen) and three
amino nitrogens will have come from the "diluted" ammonium nitrate
(78.7 percent strength of tracer amino nitrogemn) and the average atom
percent of amino nitrogen coming from the original ammonium nitrate
should‘ be 39.4. Young caloulates that the recovered ammonium nitrate
(now further diluted through exchange with unreacted hexamine) will

have & strength of 46.7 percente

8till considering procedure 2, but supposing that Case i repre=
sents the reaction mechanism, it may be shown that the expected average
atom percent of amino nitrogen coming from the original ammonium nitrate
will be 33.0 percent in the oase of the RDX and 59.4 percent in the

case of the recovered ammonium nitrates

In actual experiment (see Table 1. ), fhe atom percent of amino
or ammonium nitrogen caming from the original ammonium nitrate is 37.0
percent in the case of RDX (N15-08) and 50.0 percent in the oase of the
recovered ammonium nitrate (N15-04) o« While these figures are not oon=
clusive, they favour Case 1I. The argument in favour of Case II is
strengthened if one considers that appreciable nitrogen interchange
takes place between the hexsmine and the ammonium nitrate or if one
considers the possibility that some of the hexamine which is not con-

verted to RDX can "dilute" the tracer ammonium nitrate before the
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second mole of RDX is formed. Further, if the original assumption
that the yield of the process giving rise to the second mole of RDX
is 100 percent is not entirely valid and the yield is somewhat less,

the evidence in favour of Case IL is strengthened once again.

Concerning the formation of HMX in procedure 2, Young shows that
if this product arises directly from hexmmine without the incorporation
of ammonium nitrate (e.ge through DNPT), the strength of the tracer
ammonium nitrate in HMX should be zero, while, if one mole of ammonium
nitrate is incorporated into the HMX ring structure (as is the case
in both the Connor-Davy mechanism and the Ross-Boyer mechanism),
the strength of the tracer ammonium nitrate in the product should be
25.0 percent. Since the experimental result is 15.0 percent (N15-09),
Young states that it is probable that the tracer ammonium nitrate is
"diluted" with ammonium nitrate from the hexamine (see equation 2)
before it is incorporated into the HMX. It should be pointed out,
however; that the postulation of two mechanisms for HMX formation
(e+ge, one mechanism giving MMX directly from hexamine and the other
involving the use of ammonium nitrate) will explain the experimental
result equally well. Thus, with regard to the mechanism of HMX fore

mation, the experiments are inconclusive.

Now consider procedure 3 of Bachmann (see above) and suppose that
Case II represents the reaction mechaniam. The yield of RDX in this
case is only 47.0 percent. If it is assumed that the first mole of

RDX is formed in a yield of 47.0 percent and the second mole in 100
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percent yield (based on the formaldshyde liberated in the first pro=
cess), it may be shown that the expeoted strength of aminc or
emmonium nitrogen coming from the originel ammonium nitrate would
be 43.8 atom percent in the RDX and 46.4 atom percent in the recov-
ered armonium nitrate. .1f it is supposed that Case L represents the
reaction mechanism, the expected strength would be 33.3 atom percent
for the RDX and 53.0 atom percent for the recovered ammonium nitrate.
The figures actually obtained by Bachmann were 20.0 atom percent and
64,0 atom percent respectively. These agree with neither Case I nor
Cage II. On this basis one is forced W the conclusion that the
initial assumption was invelid and that the ytelds of RDX in the two

processes (Case II) were not 47 percent and 100 percente

The most important difference between the two experiments of Bache
mann (procedure 2 and procedure 3) is the use of a large excess of
nitric acid in procedure 3. Young agsumes that this excess of nitric
acid will not affect the efficiency of the process forming the first
mole of RDX but will decrease* the efficiency of the process forming
the second mole. 1+t may be shown that, if the process meking the

first mole of RDX is 740 percent efficient (with respect to the

hexamine introduced) and the process making the second mole of RDX

% This is not without experimental basis since nitric acid is
known to decrease the yield of the McGill reaction,
See however Table XVi and section 111 He.
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is 27.0 percent efficient (with respect to the formaldehyde produced
in the tirst reaction), the final yield of RDX will be 47.0 percent and
the expected strength of the amino nitrogen atoms in the RDX coming
from the original ammonium nitrate would be 20.0 atom percent (experi~
mental value 20.0) and thg expected strength of original nitrogen atoms
in the recovered ammonium ni trate would be 6l.3 atom percent (experi=

mental value 6400) .

While Young's treatment of Baclmann's experiments indicates the
probability that Ce.se. IL is indicative of the reaction mechanism, the
evidence is by no means conclusive. The uncertminty asg to the fate
of the hexamine which is not converted to RDX or HMX is particularly
disturbing (particularly in procedure 3). Furthermors, there is some
doubt a3 to whether the amino nitrogen from the hexamine which does
not appear in the first mole of RDX will act as another ammonium
nitrogen from the smmonium nitrate: it is possible that it will be
in a condition which will make for its preferential incorporation inte

the second mole of RDX, or vice versa.

A simpler, and perhaps ejually convineing, analysis of Bachmann's
results is contmined in the following statement: since, under different
reaction conditions different amounts of tracer ammonium nitrate appear
in the RDX, any theory which requires that both moles of RDX incorporate

the same number of amino nitrogens from the ammonium nitrate is inwvalid,

In summary, the use of tracer ammonium nitrate in the Baclmann re=
action indicates that the two moles of RDX are formed by different pro=

CessSosSe
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2+  The Attempted Use of Phosphonium Nitrate
Since the phosphonium ion is a strong reducing agent and the
nitrate ion a strong oxidizing agent it is possible that phogphonium
nitrate can have no real existence. If it does exist 1t would undoub-
tedly be too unstable to survive the conditions of the Bachmam reaction.
L1i. The Effect of Replacing Amnmonium Nitrate
with Amine Nitrates and the Effect

of Belated Addition of Ammonium and
Amine Nitrates

It has already been pointed out (p. 94) that the various postu~
lated mechanisms for RDX formation in the Bachmenn reaction may be
classified in two groups depending on whether the two moles of RDX
produced in the reaction arise through identical (similar) or dif-
ferent processes. 1f the two moles are formed by the same mechanism,
the product obtained may be representsd (in the case of the theoretical
equation) by Case I (p. 94). In this event, both moles of RDX are
identical with respect to the history of their amino nitrogen atoms
and both moles contein one amino nitrogen which originated in the
ammonium nitrate. Otherwise stated: the ammonium nitrate contributes
directly to the actual synthesis of the triazine ring of both moles
of RDX and is synthetic in its function with respect to both moles of
RDX. If these two moles are formed by dissimilar processes, however,
it is highly probable that the product obtained may be represented
(in the case of the theoretical equation) by Case II (see ps 95).

In this event, the two moles of RDX are unlike with respect to the

history of their amino nitrogen atoms and one mole (TYPE I) will contain
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no amino nitrogen atoms which originated in the ammonium nitrate,
while the other mole (TYPE LV) will have, on an average, two amino
nitrogen atoms which originated in the ammonium nitrate and only one
which originated in the hexamine. Since the ammonium nitrate does
not, in this ocase, contribute directly to the actua.l synthesis of the
first mole of RDX, 1t cannot be synthetic in its funetion, but since
no RDX is formed in the Bachmann reaction when the ammonium nitrate
is absent, it must be catalytic in function with respect to this mole
of RDX. Ammonium nitrate does contribute directly to the synthesis
of the triazine ring of the second mole of RDX, in Case II, and its

function here is synthetice

On the bagis of this discussion, if Case II is indicative of the
reaction mechanism, the first process producing RDX may be considered
as "oatalysed nitrolysis" of hexamine while the second may be regarded
as a "synthesis" process involving the fragments resulting from the
first. The overall mechanism, then, may be called the "catalysed

nitrolysis ~ synthesis" mechanism.

If Case I1 is indicative of the reaction mechanism, it is pos-
sible that some substance other than ammonium nitrate may be found
which is incapable of duplicating the synthetic function of the am-
monium nitrate but which can function as a catalyst in the formation
of the firast mole of RDX. Thus, if a substance be found which gives
rise to some RDX when used in place of the ammonium nitrate in the
Bachmann reaction, and if it is unlikely that this substance can

duplicate the synthetic function of the ammonium nitrate, then this
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fact will constitute strong evidence in favour of Case II.

The first approach t this phase of the problem lay in the re-
placement of the ammonium nitrate with other ammonium salts. Whitmore
(69) found that ammonium acetate could replace ummonium nitrate in the
ﬁaehxma.nn reaction provided that an excess of nitric acid was useds
The author investigated the use of ammonium acetate and ammonium meta«-
phosphate (NH4PO3) and obtained small yields of RDXe It soon became
apparent, however, that the use of ammonium salts would not be sig’ni-
ficant from the point of view of the reaction mechanism since ammonium
nitrate itself could be prepared from these salts by simple double~
decomposition reactions:

NHA -+ HNOg —— > NH4NOz + HA -—=- 199,
The proposed use of phosphonium nitrate and phosphonium metaphosphate
(previously described) may be regarded as an attempt to catalyse the
formation of one mole of RDX. Bachmann (71) used potassium nitrate in

place of the ammonium nitrate but obteined no RDX.

A more fruitful approach proved to be the replacement of ammonium
nitrate with amine nitrates. Researchers at the Pennsylvania State

College (86) and the au*bhor* investigated this field. Of the eleven

¥ Although the experiments described here were independently conceived
and executed, the prior claim belongs to the workers at the Pennsyle
vania State College since they reported preliminary results (87) on
the effect of monomethylammonium nitrate while the investigation of
the effects of the mono=-, di-, tri- and tetramethylammonium nitrates
was in progress in this laboratory.
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amine nitrates studied, all but three gave rise to some RDX and two
gave yields of RDX approaching, but not exceeding, one mole per mole
of hexamine. Since it is considered unlikely that all, if any, of
these amine nitrates could either duplicate the synthetic function

of the ammonium nitrate or give rise to ammonium nitrate itself through
chenical reaction, the results of these investigations constatute

strong evidence in favour of Case LI

Since it was felt that the use of amine nitrates in the Bachmann
reaction constituted evidence for and gave rise to the first mole of
RDX (independently of the second), & method was sought that would de-
monstrate the validity of the concept of and give rise to the proposed
second mole of RDX (independently of the first)es This technique was
found in the experiments of Winkler (64) who, in his kinetic studies,
digcovered that if hexamine, acetic acid, acetic anhydride and nitric
acid are mixed (BSX being produced), and if ammonium nitrate is added
to this reaction mixture (even after several hours), considerable
quantities of RDX are produced. Later, Winkler (90) was able to show
that the formation of this RDX was not due to the presence of une
changed hexamine. This phenomentn was re-investigated by the author
under & variety of circumstances and it was concluded that, when ame
monium nitrate is added belatedly to & modified Baclmann reection,
the RDX is formed by essemtially the same mechanism as is the second
mole of RDX in the Bachmann reaction. While the results of this in-
vestigation do not defy alternate interpretetion (see p.141l), they

constitute evidence in favour of Case LI.
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If the postulate that the formation of the first mole of RDX

(in Case II) is inhibited by the belated addition of ammonium nitrate
is combined with the postulate that the formation of the second mole
of RDX is inhibited by the use of an amine nitrate in place of ammonium
nitrate, it may be deduced that the belated addition of amine nitrates
will inhibit the formation of both moles of RDX. Experimental results,
while they do not defy altermnate interpretation, generally uphold the
validity of the above deduction. This is regarded as additional evi=

dence r Case II.

Since it is considered thet the use of amine nitrates in place of
amnonium nitrate gives rise to the first mole of RDX (in Case II) and
that the belated addition of ammonium nitrate gives rise to the second
mole of RDX, it was thought that an experiment in which ammonium nitrate
wag added to the reaction mixture of a Bach run carried out in the
presence of an amine nitrate might show that the two moles could be
formed independently, one after the other. This experiment, however,
was based on an ill-conceived and over-literal interpretation of the
term "catalysis" as applied to the function of the ammonium and amine
nitrates. Very little increase in ylield resulted when the ammonium
nitrate was added. While this reswlt is without significance as re=
gards the main problem of deciding in favour of Case I or Cage II, it
is valuable (when used in conjunction with other data) from the point
of view of defining more explicitly the function of the ammonium ni trate

in the Bachmann reaction.
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Hitherto, all the digcussion in this seoction of the thesis hag
been devoted to the study of the Bachmann reaction itself. Several
of the techniques described 1n this connection, however, were applied
to a study of the well-known conversion of DNPT (dinitropentamethylene-
tetramine) to HMX and RDX on one hand and to AcAn (1,9 - diacetoxypen~-
tamethylene = 2,4,6,8 « tetranitramine) on the other (see p. 77).
This reaction is important from two points of view. First, the pro-
duction of HMX, the most important by-product in the Bachmann reaction,
may proceed through DNPT. Secondly, the close parallel between the
conversion of hexamine to RDX, HMX and BSX makes the former reaction
important from the viewpoint of a study of the mechanism of the Bache

mann reection, partioularly in view of its comparative simplicity.

In Case II (pe. 95) the first mole of RDX is supposed to arise
directly from the hexamine without the incorporation of any ammonium
nitrate. In other words, under the "catalytio"™ influence of ammonium
nitrate, three methylene groups and one amino nitrogen are split off
of the hexamine molecule leaving & six-membered methylen:}tramine ring
(RDX). Lf one methylene group is split off of the DNPT molecule under
the "catalytic" influence of the ammonium nitrate, an eight-membered
methylenenitramine ring (HMX) may result. In both remctions methylene
groups are split off. In the Bachmann reaction mechanism (Case II) it
is supposed that these methylene groups react with ammonium nitrate to
synthesize the second mole of RDX. Thus, if Case II is indicative of
the mechanism, it is safe to assune that the methylene group split off

in the DNPT reaction will react with ammonium nitrate to synthesize
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RDX (one-third of a mole)e.

If the above analogy is correct, the theoretical equation for
the DNPT reaction may be formulated as follows:
8 (CHp) 5(N=NOp) oNp +6 HNOz+3 NH4NOz + 9 (CHzC0)20 —uvey

————> 3 (CHp) 4(N=NOp) 4 + (CH,) 3(N-NOz)z + 18 CH3COOH

(BMX) (RDX) e 200

In terms of the symbolism previcusly employed, the product of this

reaction may be represented by Case A (analogous to Case iI):

Case A

?02 X,
*

CHy — N— CHp | N"—CH,

| / N\ ¥
NOZ - N N=-NO CH, N -NO
[ . | 2 \ Y4 2

oy —§— —
NO ¥
2 NOz

HMX TYPE ITI RDX
(one mole) (1/3 mole)

where N X represents an amino nitrogen atom which originated in the
ammonium nitrate rather than in the hexamine. It is noteworthy that
Case L. in the Bachmann reaction has no analogy in the DNPT reaction.
There is, however, another possible case which hasg been suggested by
Wright (1) and supported by Winkler (58): depending on which bond is
first broken in the DNPT molecule, an eight-membered or & six-membered
ring results which is converted to either HMX or RDX. Thus, on this
basis, if onemole of RDX is formed, the formation of one mole of

HMX is inhibited. This case is obviously complicated by the possibility

of synthesis of further RDX from the methylene fragments, but it may
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be said that the mechanism is now represented in part by the following
two equations:

3 (032) 5(N—N02) 2N2+6 HNOgz +3 NH4NOz + 9 (CH500)20 —_—

 —— 3 (CHp) 4(N=NOz) 4 + (CHp)3(N=NOz)3 + 18 CH3COOH

HMX

(HMX) (RDX) e 200

3 (CHp) 5(N=NOy) Ny + 6 HNOg + 3 NH4NOg + 9 (CHzC0)20 ~——0y
————> 5 (CHp) 3(N-NO2) 3+ 18 CH3COOH —mm= 201

The product may then be represented by TYPE II and TYPE iV RDX

(see pp. 11, 12) and by the following:

Case B
liloz I:TOZ
CHo — N— CH. —_—
2 2 ya CHz\
NOZ-N N- Noz CEZ N-Nﬂz
N N
CHz— I;I - CHz If— CHZ
NOZ NOZ
HMX TYPEI RDX
(1=x moles) (x moles)

Since amine nitrates appear to be able to duplicate the "catalytic"
function of the ammonium nitrate in the Bachmanmm reaction, they should
be able to "oatalyse® the formation of HMX in the DNPT conversion;
likewise, amine nitrates do not appear to be able to duplicate the
" gynthetic" function of the ammonium nitrate in the Baclmann reaction
and they would not be expected to give rise to any RDX in the DNPT
reection (in Case A). Experimental evidence clearly confirms the
validity of this reasoning. When amine nitrates are substituted for

ammonium nitrate in the DNPT reaction, HMX onlz is obtaineds The
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success of this application of the experimental technique provides
strong confirmation of the whole hypothesis of the "catalytic™ and
"synthetic" functions of the ammonium nitrate in the Bachmann re-

action and, correspondingly, supports Case LI and Case A.

The experiments involving the belatel addition of ammonium and
amine nitrates as applied to the DNPT conversion were unsguccessful
and without significance from a theoretical standpoint. Belated ade
dition of ammonium and amine nitrates gave essentially the same result
as did the more conventional-type run. This was later found to be dus
to the slow rate of conversion of DNPT to AcAn under the prevailing
nitric acid concentrations as canpared with the rate of conversion of

hexamine to BSX.

In this antroductory discussion, attbention hag been focused on
the mechanism of RDX formation (particularly with regard to deciding
between two important alternatives, Case I and Case II) and, to a
lesser extent, on the mechanism of IMX formation. Little attention has
been devoted to the significance of the presence of BSX (in the Bache
mann reaction) and AcAn (in the DNPT reaction)s It is well-known that
these compounds are formed in yield when the Bachmann or DNPT reactions
are carried out in the absence of ammonium nitrate. They are important
by-products in the normal reactions as well. 1t is generally accepted
that BSX and AcAn are formed by the stepwise degradation of hexamine
and DNPT. If this is true, then the production of one mole of BSX

in the Bachmann reaction will inhibit the formation of two moles of
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RDX (in Case I) or of one and one-third moles (in Case II). Similarly,
the production of one mole of AcAn will inhibit the formation of one
mole of HMX and one-third of & mole of RDX (in Case A). (Case B is so

complex as to defy exact prediction.)

On the basis of this reagoning, it may be possible to test the
validity of Case I by experiment. If Case I is indicative of the
reaction mechanism, the sum of the molar yields of BSX and HMX plus
one-half of the molar yield of RDX cannot exceed one mole per mole of
hexamine; if Case II is indicatave of the reaction mechanism, however,
this sun may exceed one mole per mole of hexamine. Due to the com-
plexity of Case B and due to the different nature of the alternatives,
no such rule can be made in the case of the DNPT reaction. Experimene
tal evidence, once again, supported Case 1II in that, in one run where
a high proportion of the hexamine was converted to solid products, the
above sun exceeded one mole per mole of hexamine. it thus seems that
the formation of BSX is in direct competition with the production of
the first mole of RDX and that, on the basis of analogy, the formation

of AcAn is in direct competition with the fomeation of both HMX and RDX.

One last topic remains to be considered before passing on to a
presentation of experimental results: the significance of MSX. This
compound is produced in yield, along with RDX, in & Bachmann run in
which monomethylammonium nitrate is substituted for the ammonium nit-

rate (87)+. The probable structure of MSX is as follows:
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CH3-I‘VI-CHZ-I:I-CHZ-I‘W-CHZ-O-COCH;;
NO; ©NO, NOp
(msX)
MSX seems to be quite closely related to both RDX and BSX in struce
ture and in mode of tformation. it does not seam to fit readily into
mechanisms of either Case L or Case LI, however. A more extensive
consideration of the mechanism of its formation will be presented
later. All that will be said now is that, in view of the large yields
of RDX and MSX obtained, it is impossible to suppose that they both
arise directly from hexamine without considering that one mole of
methylammonium nitrate finds its way into the triazine ring of the
RDX. Since this is in direct contradiction to all other evidence,
it must be considered that MSX arises through & synthesis reaction.
This is not very satasfactory, however, since the belated addition of

monomethylammonium nitrate does not appear to give any MSX.

The question of the significance of MSX is not regarded &s solved
since its formation cannot be readily explained in tems of eirther
Case L or Case II without the introduction of new concepts. This
fact is a very serious one from the point of view of the concept of
the "catalytiowsynthetic" dual function of the ammonium nitrate in
the Bachmann reaction postulated herein, since the monomethylammonium
nitrate runs would otherwise be its strongest supporting evidence.
Experiments are presently under way in this laboratory which are de-
signed to measure accurately the relative quantities of RDX, HMX,

BSX and MSX formed under & variety of conditions.
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Experimental

l., A Study of the Bachmann Reaction

The preparation of Amine Nitrates:= The monomethyl-, dimethyl-,

and trimethylammonium nitrates were prepared from aqueous solutions of
the correspondang amine:?k (Commercial Solvents) and nitric acid by the
following procedure. Thirty percent reagent nitric acid was added
slowly and with cooling to 500 ml. of an approximately 30 percent
amine solution until complete neutralization was indicated by an

end point with methyl red. The nemtral solution was then evaporated
on a steam cone until crystallization took place on cooling. Successive
crops were renoved by filtration, washed with acetone and dried under
vecuume The monomethyl= and trimethylammonium nitrates were white,
crystalline and not very hygroscopice They were obtained in almost
theoretical yield. The dimethylammonium nitrate wis yellowish, cry=
stalline and very hygroscopice It was obtained in smaller yielde It
was found advantageous to prepere the dimethylemmonium nitrate salt on

cold winter days when the relative humidity of the laboratory was low,

Tetramethylammonium nitrate was prepared by the interaction of
methyl nitrate and trimethylamine in ether. The methyl nitrete was
synthesized according to the directions givem in "Organic Syntheses"

(Vol. 19, pe64 (1939)). The trimethylamine was prepared by slowly

X The Commercial Solvents Corporation state that these products
contain but small amounts of ammonia and other amines.
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adding a 50 percent alkali solution to solid trimethylammonium

chloride (itself prepared from aqueous trimethyl amine and hydro-
chloric acid) and condensing the liquid trimethylamine in & flask
cooled with an ice~salt mixture. This amine was added slowly to a

20 percent etherous solution of methyl nitrate. The product pre=
cipitated immediately and was filtered off, washed with ether, dried

and used without further purification. The yield was only about 40
percent of theoretical, possibly due to the fact that the trimethylamine
was added too quickly causing the ether to boil over. The product was

white, crystalline and not very hygroscopic.

Pyridinium nitrate, piperidinium ni trate, ethylenediammonium
nitrate and aniline nitrate were all prepared by the slow addition
(with cooling) of 30 percent nitric acid to the liquid emine. The
aqueous solution of the amine nitrate was then concentrated and the
product was filtered off, washed and dried. The pyridine used was
Merck! s "pure" reagent. The product was white, crystalline end not
hygroscopic. Good yields were obtained. The piperidine used was
Schering~Kahlbaum!s "pure" reagent. The white, crystalline product
wasg obtained in good yield and was found to be doderately hygroscopice.
The ethylenediamine used was Bastman Kodek!s "95-1007" reagente. The
581t was obtained in good yield and was white, crystalline and hy=-
groscopic. The aniline used was redistilled Merck "reagent” grade.
When one batch of aniline nitrate was being concentrated on a steam
cone it caught fire. Another caught fire during the neutralization.

A third batch which was evaporated more carefully gave only & deep-red
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product which was not identified. A fourth batch was evaporated in
the cold in & current of dry air. in this case a good yield of the

white, ocrystalline salt was obtained. It was not hygroscopice

Uree nitrate was prepared by adding 70 percent nitric acid to
a cold saturated solution of stock "recrystallized® urea. The
mononi trate precipitated out immediately and was filtered off. Good

yields of & white, orystalline, non-hygroscopic product were obtained.

The Bachmann Reaction:= The Bachmann runs were carried out in a

500 ml., 5-necked, round-bottom flask. Through the centre neck wes
introduced an efficient, high-speed, glass stirrer‘; one neck held a
100°C. thermmometer while the other three held short thistle-tubes by
meansg of which the reagents were introduced. The 5-necked flask was
surrounded by a water bath which served to control the reaction tem~
perature. This water bath was provided with 2 thermometer, & stirrer,
e gteam inlet, a water inlet and & constmnt-level siphon water outlet.
The reagents were introduced from three special, calibrated burettes.
These were of such diameter as to permit of accurate reading and yet
not of such small diameter as to necessitate continued rate adjustment

to compensate for the changing liquid head,.

To the flask was added the following initial charge: 5.0 ml,.
glacial acetic acid (Shawinigan Chemicals Co., analysing 99.3 pércent),
1.0 ml. acetic anhydride (Shawinigen Chemicals Co., analysing 99.2
percent) and 0.5 ml. of & solution of dry ammonium nitrate (Merck re=

agent grade) in absolute nitric acid (D.I.L., analysing 98.2 percent)
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having a weight proportion of 11:14. To this initial charge, heated
to 65°C., wereadded at equivalent rates over & period of 25 minutes
the following solutions:

(1) 171 ge (1.68 moles) acetic anhydride

(2) 55 ge (0690 moles) of ammonium nitrate dissolved in
70 g+ (le11 moles) nitric acid, and

(3) 33.6 ge (0240 moles) hexamine (Cities Service) dise
solved in 55 g. acetic acid (0.92 moles).

Throughout the addition, the hexaminewscetic acid solution was re=
tarded an estimated 5 percent in relation to the other reegents. The
temperature was maintained at 68 - 71°C. (reaction temperature) by
means of the water bath which was held at about 45 - 50°C. At the
conclusion of the addition of the reagents, the reaction mixture was
held for an additional 10 mins. (holding time) at a temperature of
68 « 71°C. (holding temperature). The reaction mixture was then

cooled to 20°C. and after 30 minutes was filtered,

The products were isolated as follows. The solid reaction proe-
duct was filtered off before dilution at a temperature of 20°C. and
was washed with 300 ml, of hot water, the wash water being saved. The
s0lid so obtained was called Product I. The filtrate was then poured
slowly intoe 1500 ml. of cold water. This mixture was allowed to stand
for at least five hours and was then filtered and washed with 300 ml,
of hot water to give Product IIs The combined wash waters from Pro=
ducts I and LI were cooled and filtered and the precipitate washed

with 100 ml. of cold water ® give Product III.

Modifi ed Bachmann Procedures:= The standard procedure just des=-
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oribed was modified in a nunber of ways. Chief among these modifica~
tions were the following: variation in reaction temperature, variation
in holding temperature, veriation in holding time, variation in the
mode of addition of ammonium nitrate, subgtitution of an' amine nitrate
for all or part of the ammonium nitrate, and variation in mode of ad-
dition of this amine nitrate. While most of these modificationg will
be apparent fram an examination of Table LI, severel are described in

greater deteil.

When ammonium nitrate was replaced by an amine nitrate, equal

molar quantities were used. In & number of runs, no ammonium or amine
nitrate was added to the reaction mixture. In others, the addition of
the ammonium or amine nitrate was delayed until 10 minutes (60 minutes
in one case) after the completion of the addition of the other reagents.
The mode of addition is described as "Nitrate Added initially" and "Nitrete
Added Subsequently". In several runs, one-haelf of the ammonium or amine
nitrate was added "initially" and the other half "subsequently". Since
tetramethylammonium nitrate would not completely dissolve in the quean-
tity of absolute nitric acid used, it was added as a slurry with nitric
acid. Urea nitrate was found not to be very soluble in nitric acid and

was added as a solid proportionately with the other reagents.

Analysis of the solid products:- The above procedure (i.e., the

isolation of three solid products) was designed to afford a preliminary
separation of the solid reaction product into three fractions based on
the extent of formation of the various compounds present in the reaction

liguor and on their relative solubility in the undiluted reaction liquor,
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diluted reaction ligquor and water. This aided subsequent fractional

crystallizetion.

The crude products were air dried and weighede One~half of each
product was "fumed off" with nitric acid in order to determine the
quantity of RDX-+HMX in the crude producte This "fume-off" is a welle
recognized and widely-used procedure. It consists of adding 7 ml. of
70 percent nitric acid per gram of solid to the crude product. This
mixture is heated to 100°C. and all methyleneamines and methylene~
nitramines other than RDX and HMX are destroyed. At the conclusion
of this reaction (5 minutes), the nitric acid is diluted with five
volumes of water and the resulting precipitate is filtered off after
24 hours standing. The yield of RDX(B) may be calculated from the

weight of the air-dried product.

The percent of HMX present in the RDX(B) was estimated microse
copically. This procedure has not been widely used and will be dis~
cusged at somewhat greater length than the previous one. Blonquist
and co-workers at Cornell University have made an extensive study of
the crystallography of RDX and HMX (75). It was found that all four
polymorphic modifications of HMX exhibited one refractive index which
was very different from any of the refractive indices of RDX (which
are all approximately the same)s This fact, used in conjunction with
the other recognition characteristics, made it possible to recognize
HMX in the presence of RDX. In the procedure used in this laboratory,
RDX(B) wes suspended in a small quantity of a solution of Canada balsam

in Arochlor 1240 (having an index of refraction of 1.585) on a microscope
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slide. A rough estimation of the composition of the RDX(B) was

made on the basis of orystal-counting, and estimation of the re-
lative average crystal size of the RDX and HMX and, most important,
by comparison with a series of standard slides prepared under similar
conditions. The researchers at Cornell recommend their method only
for qualitatave work and so the HMX analyses in this section of the
thesis should be accepted with reserve. At the time that the research
described herein was carried out, no satisfactory method for the es=
tima tion of BMX was available and the crystallograpic method was con-
sidered to give more significant results than an estimation based on
the melting point of the RDX(B) (88). An excellent‘ method based on

the alkaline hydrolysis of RDX in RDX(B) is described later (58).

It is believed that in normal Bachmann reactions and in Bache
mann reactions modified only with respect to temperature or ammonium
nitrate concentration the principle by-product (other than HMX)is BSX.
If this is true, then BSX may be estimated from the difference in
weight between the fumed~off product and the crude product. The
identity of the by=-product was checked in & mmber of cases by frace
tional recrystallization of the crude product from chleroform, ether=-
ethyl acetate, ether-acetone and aqueous acetone solvents. In every
case except when monomethylammonium nitrate wes used, the chief by-
product was found to be BSX; in the exceptional ocase, the by-product
was found to be MSX. Since no other by-products could be identified,
the difference in weaght between the fumed-off product and the crude

product was considered to be BSX (or MSX) and was calculated as such.



It should be pointed out, however, that since the possibility of
other products is not excluded, the yields of BSX and MSX given in

the table should be regarded as & maximume.

Experimental results:- The results obtained in this investigation

are presented in Table II and are further qualified by a geries of

"footnotes" or "remarkg" in the following paragraphs. (The numbers
below refer to the reference numbers in Table II.)
l. The crude product was yellowish in colour, gummy in

consistency and smelled strongly of formaldehyde. If allowed

to stand for 24 hours in contact with the diluted liquor, the
yield of the product was decreased but the quality was improved.
2. An exothermic reaction set in while the reaction mixture
was being heated from 40 - 70°C. and cooling was necessary to
control the temperature. This exothermic reaction was first
obgerved at 51°C.

3. An exothemmic reaction was observed during the early part
of the holding period.

4, No exthemmic reaction was observed. Analysis of the crude
product showed that BSX was present, but little or no MSX.

5« The reaction mixture was held for 60 minutes (instead of
10 minutes) at 35 = 40°c. before the ammonium nitrate was added.
6« The RDX(B) is calculated as RDX.

7. The non-RDX(B) solid fraction was calculated as BSX in
spite of the fact that MSX was undoubtedly present.

8. An acetone-insoluble, water-insoluble by-product was
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obtained which was thought to be a urea-formaldehyde polymer.

This product yielded formaldehyde slowly on acid hydrolysis

and compared favourably with a genuine sample of urea~formalde=

hyde resin as regards behaviour on heating and decomposition

with dilute and concentrated nitric acidse.

9. BSX (and MSX) is calculated by difference and the figure

given thus represents a maxirum.

10. This run has been checked.

A run was also carried out using tetramethylammonium nitrate.
About 6.0 ge of solid material separated on dilution (the run was
baged on 0.12 moles hexamine rather than 0.24 moles) which appeared
to be chiefly BSXe No RDX was isolated through recrystallization but
it is posgsible that a fume-off would have shown its presence. When
aniline nitrate was substituted for the ammonium nitrate, the reaction
mixture was blood-red in colour and no RDX could be isolated from the

gumny precipitate formed on dilution.

A summary of the results obtained by the workers at the Pennsyle
vania State College is presented in Table L11I. in their procedure, the
initial charge in the reaction flask was 60 ml. of acetic anhydride and
the overall quantaty of acetic anhydride used was somewhat greater than
in the runs described previously, but these and other minor differences
in procedure are congidered to be insignificant. BSX was found to be
the chief by-product in all cases except when monamethyl- and mono-
ethylammonium nitrates were used: in the former exception, MSX was

found to be the chief by-product, and in the latter case, an ethyl
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homolog of MSX:
CHS-CHZ-I‘I-CHZ-Is-CHz-I‘J-CHz-O-COCHs
NO; NOp NOp
(Ethyl - MSX)
Table III is qualified further by the following notes:
le 1In these runs, 0.12 moles hexamine was used instead
of 0¢24 molese
2. The orude product of this run appeared to decompose
partially on drying.
3. The crude product was found to be gummy in consistencye.
4, The yield of BSX was calculated after recrystallization.
5« The results of this run are not strictly comparable to
those of Runs 28 and 31 (Table II) since, in these runs, the
nitrate salt was added in two portions.
6« Calculated as RDX.

T This run has been checkeds

As was previously pointed out, the experiments in which the
addition of the ammonium nitrate was delayed paralleled earlier
experiments of Winkler. The results of these investigations, however,
are not strictly comparable to those reported in this thesis since
Winkler carried out his resctions in very dilute (homogeneous) systems
and added the reagents in a different sequence and in vastly different
mole ratios. In view of these facts, the results are not reproduced

in this thesis, but free reference is made to then in discussion.
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2. A Study of the DNPT Reaction

The preparation of DNPT (Dinitropentamethylenetetramine) :«DNPT

was prepared from hexemine in about 30 percent yield by the procedure

recammended by Blonguist (89).

The DNPT Reaction:= The procedure adopted was a modification of

that described by Baclmann (79). A three-neck flagk, equipped with

a thermameter, & short thistle tube and an efficient stirrer was sure
rovnded by a water bath (previously described p.1l21). The flask was
charged with 78.6 g« (0.240 moles) of DNPT and 260 g. (2.55 moles) of
acetic anhydride. To this initial charge was added slowly over a period
of 10 minutes a solution of 2340 ge (0.288 moles) of dry ammonium nitrate
in 33.8 g. (0.537 moles) of 98 percent nitric acid. The tenperature

wag maintained at 68 - 71°C. during the reaction and during the sub-
sequent 10 minute holding period. At the end of this time the re-
action mixture was diluted with about 1500 ml. of cold water and the

s0lid was filtered off after five hours and air dried.

Modified procedures:= The procedure desoribed above was modified

in several ways. The reaction temperature and/or the holding temperaw
ture were varied, the holding time was varied, the mode of addition of
the ammoniuwm nitrate was varied, amine nitrates were substituted for
the ammonium nitrate and the mode of addition of the amine nitrate
was varied. The variations in temperature are recorded in Table III
and the mode of addition of the ammonium or amine nitrate is degig-

nated ag "nitrate added initially" and "nitrate added subsequently".
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in the cases where the addition of the nitrate was delayei, it was

added as a s0lid 10 minutes after the addition of the nitric acide.

Anelysis of the solid products:- The crude product was air-dried

and weighed. One-half of the product was fumed off with 70 percent
nitric acid in order to determine the quantity of HMX 4 RDX in the
crude. At the conclusion of the fume-off (see p.l24), the solution

was diluted with five volumes of water and the precipitate was fil-
tered off after standing for one day in an ice chest. The yield of
HMX 4 RDX was calculated as moles HMX. No attempt was made to analyse
the HMX - RDX mixture but melting point determinations gave a qualita-
tive indication of its composition. Pure IMX melted in the range 271.5 -
272.5°C. under the conditions used in these determinations. Since the
melting point falls rapidly and the melting point range increases
greatly as HMX is contaminated with RDX, it may be stated that the

HMX is relatively pure, contaminated with & little RDX or contaminated

with a congiderable quantity of RDX in & given case.

Agide from HMX and RDX, the crude product containg AcAn and poge
sibly PHX and unchanged DNPT as well. No systematic attempt was made
to analyse the reaction by-products, but in the run in which methyl=
ammonium nitrete replaced the ammonium nitrate AcAn could be identified
by the fractional recrystallization procedure described in connection
with the Bachmann reaction. The non-HMX-RDX fraction of the crude pro-

duct was calculated as moles of AcAn.
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Experimental results:~ The results obtained in this investigation

are presented in Table 1V. The only qualifying remarks necessary are
to point out that reference is made to analogous runs in Table 1I and
that the melting points of the fumed-off products are recorded as

softening points and melting point ranges.

Discussion

The general significance of the experimental results hers pre=
sented has already been discussed in the introduction to this section
of the thesis. It is the purpose of the following discussion to qualify
this general evidence with reference to specific cases, to point out
the deviation of the experimsntal results from the predicted results
and to discuss the possible theoretiocal implications of these deviations.
This purpose may be stated more formally‘by saying that the inductive
and deductive reasoning hitherto presented will be subjected to the

raevealing process of critical analysis.

In view of the fact that much of the general evidence presented
in this section of the thesis may be interpreted as supporting Case II
(of the mechanism of the Bachmann reaction) and Case A (of the DNPT
conversion), it will be agsumed, for the purposes of discussion, that
these ocases are truly indicative of the reaction mechanigms. in other
words, the experimental data here presented will be considered in terms

of a "catalysed nitrolysis-synthesis" mechanism (see p.109).

The general evidence was discussed in the introduction in a logical

order; in the following discussion it is presented in what this researcher



TABLE I¥

THE PREPARATION OF HMX:- THE EFFECT OF USING VARIOUS AMINE NITRATES IN MODIFIED DNPT —> HMX REACTIONS

| ERELETE | M TAATEARRES® | REAERON | NORERATRS | rorenne | Merhare | SRR UM AR orncRURITANSES
4 . RUN NO. . , ‘HAN HMX - RDX
*ec. °c. MmN MOLES HMX ‘e MOLES AcAn
' 1 NH NO; 68-11 nowe 68-71 10 0-665 200,248-66 0-180
| 2 NH,NO; 35-u0 HonE 35-L0 1o 0-188 148,219-20 0-080
3 3 NHNO 3 35-40 none 35-40 60 0610 235,253-5u o-ubb
(' (13 NH, NO; 35-40 NOoNME 68-11 10 0116 219,248-51 0-153
.8 5. Howe 68-11 wowe €8-71 10 001k 2680-2690 0340
(' é wone 35-40 womMe 35-40 10 oolo 2700-2170-5 0-149
1 1 HOME 35-L0 nomk €8-11 10 0011 26L0-2b170 0282
] 8 NONE 35-40 NH.NO3 68-11 10 0-602 2570-259-0 0:265
q '3 CH3NHzNO; €8-111 HomnE 68-11 60 0331 269-0-2695 0-573
10 13 CH3NHgNO €8-11 womE 68-7! 1o 0336 2700-210S$ 0-34.8
nomne 35-4,0 CHyNH NO, 68-11 60 0-320 2710-211-5 o-4éé
(CHz) sNHNO, €8-11 HoNE 68-1T1 60 0-082 2725-2130 —_—

“hel
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congiders to be an order of descending significance. The references
in brackets refer to & run in Tables II, 1II or i1V (e.g. II-24 in-
dicates Run 24 Table LI).

l. When the ammonium nitrate of a standard Bachmenn reaction
is replaced by various amine nitrates, RDX may be produced in con=
siderable quantity, but never in a quantity exceeding one mole per

mole of hexamine.

Urea mononitrate (II-24), monomethylammonium nitrate (II-13,
III-1), dimethylammonium nitrate (II-15, 1Ii-2), ethylenediammonium
dinitrate (II-22), piperidinium nitrate (II-21), monoethylammonium
nitrate (II1I-5), pyridinium nitrate (II-19, ILI-8) and diethylammonium
nitrate (I1I-6) all gave rise to substantial quantities of RDX. Urea
mononi trate gave the greatest yield, 0.67 moles per mole of hexamine;
this result was achieved in spite of the fact that the run was carried
out at a low temperature, 4000:k(11-24) « A comparable run using ame-
monjum nitrate gave only 0.35 moles of RDX (II-3). Of these amine
nitrates, diethylammonium nitrate produced the smallest yield, 0.20
moles (III-6)s A comparable run using ammonium nitrate gave 1.50

moles (II=1).

Three of the amine nitrates reported gave rise to very little
or no RDX. Trimethylammonium nitrate produced 0.08 moles per mole of
hexamine (1I-17, 11I-3), tetramethylammonium nitrate, 0.06 moles

(I1I-4) and triethylammonium nitrate, none at all (I11I-7). The values

K When urea nitrate was introduced into a 70°C. run, the reaction
was violent and a large volume of gas was evolved.
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0.08 and 0.06 obtained in the two former cases are almost negligible
from e theoretical standpoint, particularly when it is considered
that Bachmann runs carried out in the absence of any ammonium nitrate

or amine nitrate yielded 0.04 moles of RDX (1I=5,6,7).

On the basis of the "catrlysed nitrolysis-synthesis™ hypothesis,
the RDX produced in the former group of runs is considered to have
arisen by 2 catalysed nitrolysis process. Theoretically, one mole
of RDX should be obtained from one mole of hexamine; in actual practice
the ylelds vary from 20 to 67 percent of one mole. It is believed that
these differences are significant and that they may be indicative of
the "catalytic" function of the amine nitrates in the Bachmann reaction.
This function will be considered in some detail in the theoretical sece
tion of this part of the thesis. 1n those runs of the second group
(i.es those in which little or no RDX is produced), it is considered
that the RDX does not arise by a catalysed nitrolysis step but rather
by direct nitrolysis. The reason for this view is that when no ammonium
or amine nitrates are introduced into the system, & small quantity of

RDX is produced. 1n this connection, see (3) below.

The results in this series of experiments cannot be easily explained
on any other basis than the "ocatalytic nitrolysis-synthesis" mechanism.
The Connor-Davy theory ocannot accommodate them and other explenations
are equally unsatisfactory. One possible explanation is that the amine
nitrates contain ammonium nitrate as an impurity or, alternately, gen-

erate this substance in the reaction mixture. 1t is possible that
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several of the amine nitrates were slightly contaminated with ammonium
nitrate (dimethylamine gave a faint positive test for ammonia with
Nessler's reagent) but 1t is extremely unlikely that the observed re-
sults are due to this impurity. Ammonium nitrate could have been

generated by double decomposition
CH3NH3NO3 -+ HN03 —_— NH4N03 + CH3N05 wmew 203

or by nitrogen interchange

N/CHZ\N N/CHz\

_N

\CHZ\ /CHZ/ ' \CHg\ /cHz
}|I + CHSNHSNOS 4 l I? ' + NH4N°3
CHgp CHa CH2 CHp CHp CHy
|
\N/ ~— l\II
* +
H CHS
N05" NO;  =-e- 204

The former cage is considered unlikely and the latter case is impose-

sible when seocondary or tertiary amine nitrates are used.

2. When the ammonium nitrate of a standard DNPT conversion is
replaced with an amine nitrate, HMX may be produced in considerable

quantity, but RDX is not produced as would otherwise be the case.

Monomethylammonium nitrate (IV-9,10) gives rise to 0.33 moles of
HMX per mole of DNPT, but no RDX. Trimethylammonium nitrate (I¥-12)
yields only 0.08 moles HMX per mole of DNPT, but no RDX. (A comparable

run using ammonium nitrate gave 0.67 moles HMX+RDX calculated as molesg

BMX (IV-1).
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The IMX produced in these runs is regarded as the product of a
process strictly analogous to the "catalysed nitrolysis" step of the
Bachmann reaction. The differences in yield are believed to be sige
nificant as in the ocase of the modified Bachmenn reection previously

desceribed.

3 When a Bachmann reaction is ocarried out in the absence of am-
monium nitrate (or amine nitrates), a very smell yield of RDX is obtained.
The magnitude of this yield is unaffected by changes in temperature. in

this reaction large yields of BSX may be produced.

Three runs gave rise to 0404 moles of RDX when carried out in the
absence of armonium nitrate (II~5,6,7). The yislds of BSX varied some-
what with the reaction conditions but were always greater than in core
responding runs in which the ammonium nitrate was added in the usual
manner (II-1,2,4)« Ln one cage the yield of BSX was 0.67 moles per
mole of hexamine (1I-7)+ The greatest BSX yield observed by Winkler

in his homogeneous runs was of the order of 35 to 40 percent.

The RDX produced in these runs is regarded as being the product of
an "uncatalysed nitrolysis" step and there is no reason for not believing
that the mechanism involved is identical or very similar to that proposed
by the Bristol group for the direot nitrolysis (Woolwich) reaction (see
pe 39)+ There seamed to be a possibility that the RDX might have arisen
by a synthesis process since the degradation of hexamine would undoubtedly
result in the production of simple fragments containing methyleneamine

or methylenenitramine linkages such as have been postulated in the Ross
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reaction. This poséibili'cy seems to be excluded by analogy: the de-
gradation of DNPT in the absence of ammonium nitrate gives rise to
HMX, not RDXe (See further below (4).) The BSX produced in these
runs is regarded as being the product of an "uncatalysed nitrolysis®
reaction modified, in this case, by intermmediate acetylation. BSX

is also produced in regular Bachmann runs, probably by the same mechanism.

4, When a DNPT conversion is carried out in the absence of any
ammonium or amine nitrate, a very small yield of HMX (relatively free
from RDX contamination) is obtained. The magnitude of the yield ap-
pears to be only slightly affected by temperature. in this reaction

large yields of AcAn may be produced.

Three runs gave rise to 0,01 moles of HMX when carried out without
ammonium nitrate (IV-5,6,7). This HMX does not seem to be contaminated
with any appreciable quantaty of RDX. The yields of AcAn varieﬁ S0m o=
what with the reaction conditions but were always greater than in corres-
ponding runs in which the ammonium nitrate was added in the usual manner
(1v-1,2,4) . in one case, the yield of AcAn was 0.34 moles per mole of

hexaminee

The HMX produced in these runs is regarded as being the product of an
"uncatalysed nitrolysis™ process as was supposed to be the case in the
analogous hexamine conversion. The possibility of the HMX being the
product of a "sgynthesis" process is unlikely since this type of reaction
appears to yield largely RDX mather than HMX. AcAn is regarded as being
the product of an "uncatalysed nitrolysis" process modified by inter

mediste acetylation.
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5. If ammonium nitrate is withheld from & Bachmann reaction
until the other reagents have been added, considerable quantities of

RDX may still be produced.

This phenomenum was investigated in & series of five runs. The
amounts of RDX and BSX produced seemed to decrease but slightly for
an increase in the length of time for which the addition was delayed
(11-8,9)+ At high temperatures, the production of RDX was essentially
complete in 10 minutes after the addition of the ammonium nitrate
(11-8,12); at low temperatures the reaction is very slow being only
half complete in one hour (1I-10,11). The yield of BSX is increased
by long holding times after the addition of the ammonium nitrate both
at high temperatures(II-7,12) and at low (II-10,11) but the mate of
BSX formation is relatively much more rapid &t low tempseratures than
the rate of RDX formation (II~10,11)s It may be seen that the rate
and extent of BSX formation 1s reiatively independent of the presence
of smmonium nitrate in the later stages of the reaction (1I-6,10;

11-7 ’8) .

In his experiments (carried out at 35°C. in the presence of
large excesses of acetic acid and acetic anhydride), Winkler observed
that the yields and rates of fomation of RDX were the same when the
addition of ammonium nitrate was delayed for 15 minutes to © hours
and that the yields and rates were approximately half those of the

reection when ammonium nitrate was added initially. Winkler also

points out that BSX formation 1s apparently independent of the presence

of ammonium nitrate in the later stages of the reaction. 1n other
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words: "It appears that the fate of the hexamine molecule when no
ammonium nitrate is present is determined in the first 15 minutes of

the reaction at 35°C."

The RDX arising in this series of runs is supposed to be produced
by a "synthesis" process. Winkler has shown that hexamine does not per=
sist unchanged in the reaction liquor. This series of experiments shows
that if ammonium nitrate is not present at the beginning of the reaction
(or, better, during the reaction proper), a very large part of all the
hexamine introduced will be converted to BSX sooner dr later. During
the production of BSX or its precursors, methylene groups, methylene-
amine groups or methylenenitramine groups may be split off. These may
be able to take part in a synthesis reaction along with ammonium nitrate
giving RDX as in & Ross reaction. 1t must be admitted, however, that
there is no positive evidence that the RDX produced in this series of
runs Arigses through a synthesis process. it is quite conceivable, for
instance, that the precursor lying between hexamine and BSX (since
hexamine disappears very quickly and BSX is produced very slowly) may
contain the triazine ring and may be convertable to RDX when ammonium
nitrate is introduced into the reaction liquor. Against this possi-
bility stands the fact that the production of RDX by the belated ad-
dition of ammonium nitrate does not seem to interfere with the extent
of the BSX reaction. Alternately, it is quite conceivable that the
portion of the hexamine which is not converted to BSX may be converted
to some other compound (other than "fregments") which may yield RDX

under guitable conditions If either of these two alternatives are to
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represent the renction mechanism when ammonium nitrate is added belatedly,
each mole of RDX precursor in these runs must give rise to more than

one mole per mole of hexamine. This necessary* condition almost eli-
minates the possibility of excluding "synthesis" as a mechanism alto-
gether. The possibility is considered to be even less likely on the
basis of one run (I1~12) in which the sum of the BSX yield and one-

half of the RDX yield exceeds one mole per mole of hexamine (ses 9

b OlOW) .

Winkler, in a discussion of his own experiments, offers several
altermate explanations for the production of RDX when the addition of

ammonivm nitrate is delayed:

(a) Hexamine persists in the reaction mixture and gives

RDX when ammonium nitrate is added,

(v) RDX is formed by a mechanism"which is entirely different
from that which produces RDX in the Bachmann reactione.

(e¢) The regular Bachmann reaction is re@lly made up of two re=
actions, one of which requires ammonium nitrate at the start
and whose absence results in BSX production, while the second
consists ot a synthesis reaction involving fragments of the
hexamine and ammonium nitrate.

(d) Hexamine is rapidly converted to at least two compounds:

one of these is converted to RDX if ammonium nitrate 1s present

¥ 1t should be pointed out, once again, that the BSX yields reported
in Table II are & meximm.
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at the beginning ot the remction and to BSX if it is
absent; the other is relatively stable in the absence of
ammonium nitrate and is converted to RDX and HMX when am-

monium ni trate is added.

The first of these proposed explanations is inwvalid since it hag
been shown that hexamine disappears very rapidly in the Bachmann re-
action. 4t is quite possible, however, that some substance quite
closely related to hexamine may persist in the reaction mixture. The
second proposed explanmation is unlikely since Winkler has shown that
the two reactions are subject to the same changes in rates and yields
under varying conditions of dilution and reagent concentrations. The
author has also arrived at similar conclusions (see 6 beslow). in his
early paper Winkler supported the concept of the synthesis reaction
but on the basis of later experiments advanced the fourth alternate
explanation. When stated in general terms, this concept, with 1ts
supporting evidence, is a valuable contribution to the mechanism of
the Bachmann reaction but it seems regretable that this evidence was
used to attempt to prove that DNPT is the compound which is the pre=
cursor of a large part of all the RDX produced. From the point of view
of most researchers in this field, DNPT is quite unacceptable as a
reaction intemediate. There are many reasons for this but the chief
among these 1s the fact that DNPT is converted to HMX, RDX being only
a by-product of this reaction. in the opinion of the author, there
i8 no reason for not considering that the precursor of the RDX and

HMX (in the sense suggested in d above) is the "fragments" them-
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selves and regarding the subsequent reaction as & synthesis rather

than as a degradation.

It must be admitted that there is no proof that the RDX produced
on belated addition of ammonium nitrate is produced by the same mechw
anism as is proposed for the second mole of RDX (i.e. by & synthesis
reaction). There is, however, no contrary evidence and it is sig-
nificant that the results of these experiments camnot easily be ex-

pleined on the basis of any other theory of RDX formatione

6. A Bachmann run carried out at 40°C. (but otherwise un-
modified) gives a small yield of RDX and BSX. These yields increase

slowly with increaged holding time.

One run, carried out at 4o°c., gave 8 yield of RDX of 0.27 moles
and e yield of BSX of 0.36 moles per mole of hexamine (Il=2). When
the holding time was increased from 10 minutes to 60 minutes, the
yield of RDX increased to 0.35 moles and the yield of BSX to 0.61
moles (I1~3). There is no reason to believe that the yield of RDX
will not increase still more on even longer holding times. A Bache
mann run carried out at 40°C. and subsequently heated to 70°C. for
10 minutes gave a yield of 0.78 moles of RDX and 0.43 moles of BSX
(11=4) ¢ The yield of RDX in this run 1s considered to be the maximum
that could be obtained 1f the 40°C. run had been held at this temperae

ture for an infinite time.

The RDX obtained in the short-time, 40°C. run is regarded as
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arising by means of a "catalysed nitrolysis" reaction. This process
is inefficient at low temperatures. Any increase in the RDX yield
resulting from increased holding time is considered to be the result
of a "gynthesis" process. This process is slow at low temperaturess
The 40°C. run vhich was subsequently heated to 70°C. is regarded as
being equivalent to a 40°C. run fol lowed by an infinitely long holde
ing time at 40°C., particularly with respect to the RDX yield. On
the basgis of these suppositions, the maximum yield of RDX attributable
to the synthesis process may he calculated at 0.51 moles per mole of
hexamine (II-2,4). This compares favourably wi+th the yield (0.51
moles) of the postulated synthesis remotion in the case where am-
monium nitrate was added belatedly (I1-8)+ While the extent of
these two reactions seems to be identical, the rates of RDX produce
tion seem to be different: in & regular (low tempersture) Bachmann
run, only 0.08 moles RDX per mole of hexamine were synthesized in

50 minutes (II=2,4,); in a modified Bachmann run involving delayed
ammonium nitrate addition, 0.l17 moles were synthesized in the same
period (II=10,11). These two factors (extent and rate) seem to ine
dicate that the two mechanisms involved are essentially but not ene

tirely the samee

A study of the yields of BSX in this series, in the series where
the addition of ammonium nitrate was delayed and in the series where
the ammonium nitrate was amitted altogether seems to indicate the
fact that the fate of the hexamine molaecule is decided very early

in the reaction. These considerations will form part of & separate
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piece of evidence (9 below) and 21l that will be said now is that
the yield of BSX plus the yield of the RDX arising by catalysed

nitrolysis (in the low terperature reactions) is of the same order
of magnitude as the yield of BSX in comparable runs where the ame

monium nitrate is omitted or delayed (11-2,6,10; II=-31; I1=4,7,9).

7. If smmonium nitrate is omitted from a Backlmenn run, and
if an amine nitrate is added after the complete addition of all the

other reagents, little or no RDX is produced.

When dimethylammonium nitrete, monomethylarmonium nitrate or
ethylenediammonium dinitrate were added belatedly to modified Bache
mann reeactions, small emounts of RDX were produced; these yields were
0421, 0,17 and 0.16 moles per mole of hexamine respectively (LI-16,
14,25) « When pyridiniua nitrate, trimethylammonium ndtrate and urea

*

nitrate were used, essentially no” RDX was produced: the values were
0.08, 0.08 and 0,06 moles respectively (I1I-18,20,25). In a correse
ponding run where ammonium nitrate was uged, 0.53 moles of RDX was

produced (II=-12).

1t was predicted that runs in which an amine nitrate was added
belatedly would give rise to no RDX. Two emine nitrates fulfilled
this condition (ie.e. ures nitrate and pyridinium nitrate -~ trimethyl-

[ ]
emmonium nitrate did not give rise to RDX even in & regular run).

¥ Compare with Table II, Runs 5, 6, 7.



147.

Three amine nitrates, however, gave rise to small yields of RDX.

ln view of the possibility that these yields may be significant,
several explanetions have been advanced to account for them. First,
it may be that the amine nitrate used was contaminated with ammonium
nitrate. The amines used in the preparation of the amine nitrates
were the best commercial grades and were stated to contain but smell
quantities of ammonia but no actual analysges were carried out. It

ig significant that dimethylammonium nitrate gave a faint positive
test with Nessler's reagent. It may be shown that the observed re-
sult in the case of the dimethylemmonium nitrate (the worst offender)
could have been caused by an ammonium nitrate contamination of 2 per-
cants It is also significant that urea nitrate which is relatively
water insoluble and could easily be separated from ammoniuvm nitrate
merely by crystallization and washing gave no RDX when added beletedly
to a modified Bachmenn reaction. It thus seems that this "contamination"
explanation is & likely one. At the same time it is unlikely that such
contamination could account for the relatively large quantities of RDX
produced when the amine nitrate is added in & more orthodox fashion.
However, future experiments should taske this into account. Alternate
explanations are much less acceptable: the presence of unreacted hexaw
mine or an unnitrated cyclic preocursor in the reaotion mixture, the
interchange of nitrogen between methyleneamines and amine nitrates

or the generation of ammonium nitrate from amine nitrate by some pro-
cess such as the following:

CH3NH3N03+HNO$ —) NH4N05 + CHSNOS ———== 205
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8+ If less than the theoretical requirement of ammonium or
amine nitrate is added to & Bachmann reaction in the usual manner,
considerable RDX is produced; if the deficiency is made up by adding
ammonium nitrate, the yield of RDX is increased; if, however, the
deficiency is made up by adding emine nitrate, the yield of RDX is

not increased.

In three runs, only one~hsalf of the usuel amount of emmonium
nitrete was included in the initial stages of the Bachmann reaction,
A control run gave 1.01 moles RDX (II-26)« When the rest of the ame
monivm nitrate was added (after the addition of all the other reagents),
the yield of RDX was increased to 1.16 moles (II~-27). When an amount
of methylammonivm nitrate, equivalent to the one~half of the ammonium
nitrate usually added, was introduced, the yield of RDX was not ine
creased (0.98 moles) (Ii-28)+ Similarly, in three runs, only one=-
half of the amount of monomethylemmonium nitrate generally used was
added. A control run gave 0.55 moles RDX per mole hexamine (II1-29),
When the other half of the monomethylemmonium nitrate was added, the
yield of RDX was not increased (0.56 moles) (1i=30), but when an
equivalent amount of ammonium nitrate was added, the yield of RDX wag

increased to 0.63 moles (11-31)«

The results of this series of experiments illustrate the fact
that amine nitrates can only duplicate the funection of the ammonium
nitrate to a limited degree or, better, can only duplicate one of i1ts
functions. After the initial reaction (in the presence of one-half

of the usual amount of amine nitrate), the fate of the hexamine molecule
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had been decided (giving RDX, BSX and MSX) and only the fragmemnts
ramained. These underwent a synthesis reaction with the added ame
monium nitrate to give additional RDX. Additional amine nitrate could
not perform this function. The fact that larger amounts of RDX were
not produced on the belated addition of ammonium nitrate (II-31) shows
that the amine nitrate had combined with most of the fragmentse This
is significant in that it throws some light on the "catalytic" funce
tion of these compoundse. 1t seems that in order o act as a catalyst
in the nitrolysis step, the given substance must combine with methylol

groupse

9+ In a Bachmenn run, the sum of the BSX yield and one~half of

the RDX yield may exceed one mole per mole of hexamine.

In one run where the addition of the ammonium nitrate was delayed,
the yields of RDX and BSX were 53 and 84 percent respectively (II-12).
On the basis of the Connor-Davy theory (or similar mechenisms), this
represents & conversion of 110 percent of the hexsmine introduced.
This is obviously unacceptable. These yields are easily explained
on the basis of the "catalysed nitrolysis-synthesis™ mechanism since

all of the RDX is produced by means of the synthesis reaction.

10, In the DNPT conversion, the yield of RDX plus the yield of

IMX plug the yield of AcAn may exceed One mole per mole of DNPT.

In one run, carried out at low temperature, 0.6l moles*of RDX

% This is & minimum value since the fumed~off product is calculated
as HMXe.
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plus HMX and 0.47 moles of AcAn were produced (1V-3). It is obvious
that the three products could not have arisen from DNPT on & mole
for mole basis. Hence 1t is necessary that the RDX be considered

ag ariging by & synthesis process.

11, In Bachmann runs where the ammonium nitrate is omitted in
the initial stages of the reaction, the yields of BSX are independent
of the presence of ammonium or amine nitrates in the later stages of
the reaction and they seem to depend on the temperature and time faoctors.
These yields are comparable in magnitude to the yield of BSX plus the
yield of RDX arising by catalysed nitration (see 6 above) in the case

of (unmodified) low-temperature Bachmann runs.

In one series of runs, nitric acid, acetic anhydride, hexamine
and acetic acid were allowed to react at 40°C. for 10 minutes; at
the end of this time ammonium nitrate or an amine nitrate (or neither)
was added and the reaction mixture was heated to 70°C. for varying
lengths of time. The yields of BSX obtained were as follows: ame~
monium nitrete for 120 minutes, 0.84 moles (II-12); ammonium nitrate
for 10 minutes, 0.68 moles (Li=8); monomethylammonium nitrete for 60
minutes, 080 moles (Ll=14); dimethylammonium nitrete for 60 minutes,
0.74 moles (I1I-16); trimethylammonium nitrate for 60 minutes, 0.78
moles (1i-18); and pyridinium nitrate for 60 minutes, 0.64 moles
(II=20) » When no ammonium nitrate wes added, 0.67 moles of BSX were
formed after 10 minutes (1I-7). These runs are to be compared with
the regular, low-temperature Bachmann run; 0.27 moles of RDX was pro=-

duced by the catmlysed nitrolysis process and 0.43 moles of BSX was
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produced by uncatalysed nitrolysis -- total 0.70 moles after a 10

minute holding pericd (II-2,4).

In another series of runsg, the reaction mixture was not heated
to 70°C. but was maintained at 40°C. for a specified time. When am~
monjum nitrate was added during the later stages of the reaction the
yields of BSX were O.4l1 moles (after 10 minutes) and 0.75 moles (after
60 minutes) (1I-10,11). When no ammonium nitrate was added, the yield
of BSX was 0.48 moles at the end of 10 minutes (II-6). These results
do not compare very favourably with thoge obtained in the regular, low=
tanperature Bachmann runs: here the yield of RDX is 0.27 moles and the
yields of BSX are 0.36 and 0,61 moles after 10 minutes and 60 minutes

respectively; the totals are then 0,63 and 0.88 moles (11-2,3,).

The significance of these observations is that it is apparent
that the fate of the hexamine is decided very early in the reaction,
Furthermore the production of additional RDX by heating or adding ame
monium nitrate in the later stages of the reaction does not decresse
the yield of BSX. And lastly they show that BSX production is only
in competation with the formation of some of the RDX. All of these
conclusions are in agreement with the properties of the "catalysed
nitrolysis-synthesi s" mechenisme. Similar conclusions have been

reached by Winkler.
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During the course of this discussion, for one reason or another,

several important results have not been mentioned.

The first of these is the fact that good yields of MSX are obtained
when monomethylemmonium nitrate is substituted for the ammonium nitrate.
This phenomenum is very difficult to explain on the basis of the proe
posed "catalysed nitrolysis-synthesis" mechanism unless some new con-
cept is invoked. One such concept is that MSX is formed by & synthesis
reaction, This implies, ultimately, that methylammonium nitrate can
condense with a methylol group in the presence of acetic anhydride mth
loss of methyl aleohol or, alternately, that the tertiary methyl nitrate
salt of a methyleneamine-type compound cen lose the elements of methyl
alcohol to give & secondary nitramine. While these possibilities are
not theoretically unacceptable, they introduce reactions which are more
speculative than is desirable. Another concept is thet nitrogen inter-

change can produce the compound H-18 and ammonium nitrate:

/CHa\ / ~,

Cﬂz CHZ CHZ
CHy CHp CHj + CHgNH3zNOz —> CHp CHp CHp + NH4NOz
gt CH.'
- 5_ === 206
NOg N03
H=-18

The mechaniagn of this interchange is unknown and its existence is
questionable, but it 1s known that H-18 and ammonium nitrate react

under Bachmann conditions W give MSX and RDX. In this case it would
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be postulated (on the basis of the "catalysed nitrolysis-synthesis"
mechani sm) that MSX arose by catalytic nitrolysis and that RDX arose
by synthesis. It should be noted that other theories (based on the
symetrical fission of the hexamine molecule) do not explain the
production ot MSX any more eesily, excepting the theory of Ross and
Boyer which makes provision for nitrogen interchange of the above type.
For the purposes of future discussion it will be considered that MSX
is produced by a synthesis process; this in spite of the fact that no
MSX can be detected in runs where monamethylammonium nitrate is added

belatedly.

A second important result which has not yet been considered is
that when avmonium nitrate is replaced with monomethylammonium nitrate,
very little BMX is producede. This result is not in agreement with the
results of the workers at Pennsylvania State College but it has heen
checked and rechecked and it ig felt that less than 0.l percent HMX
is produced under these conditions. Other amine nitrates (dimethyle
smmonium nitrate possibly excluded) give fairly low yields of HMX.
Since MMX may be obtained from DNPT when monomethylammonium nitrate
is used, it is possible that DNPT is not the precursor of HMX in
the Bachmann reaction; this would also indicate that HMX is produced
by & synthesis process only in the Bachmann resction. This 1s in

agreanent with the authorts interpretation of Winklert's rate studies.

A third result is that it seems that a considerable quantaty of
& urea~formaldehyde polymer was produced when urea was added belatedly

to & modified Bachmann reaction. This seems t0 indicate that thp
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"fragments" giving rise to the second mole of RDX are either methylene
a

glycol orAsimple derivative of this compound. It also seems to ine

dicate that the "catalytic" function of the ammonium or amine nitrate

is (at least in part) to combine with methylol groups.

A fourth subject which has been ignored is that, in view of the
fact of the production of RDX on the belated addition of smmonium
nitrate, there is probably an isolat¢able precursor for this second
mole of RDX. Several attempts were made to isolate this postulated
precursor and these attempts are desoribed in an appendix to this

thesi g.

Lastly, it will have been noticed that the anticipated results
were not achieved when ammonium or amine nitrates were added belatedly
to the DNPT conversion (i.e. good yields of HMX were still obtained).
It is apparent thet the reason for this behaviour is the slow conver-
sion of DNPT to AcAn under the mild reaction conditions used. In
other words, DNPT and/or PHX (see p+77 ) persisted in the reaction
mixture for & long period of time and were converted to HMX on the
addition of ammonium nitrate. This phenomenum strengthens the pose
sibility (already mentioned) that the production of RDX on the be-
lated addition of ammonium nitrate to & modified Baclmamn reaction may
not, in fact, be evidence for a synthesis process but may actually ree
present the conversion of uncompletely nitrated compounds (containing
the six-memnbered ring) to RDX. This has already been disoussed in
some detail and new experiments, designed to test this point, are

presented in the next section,
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1II. Ammonjium Nitrate Consumption and
Other Material Balances in the
Bachmann Reaction

It has already been pointed out that the various proposed mechan-
isms for RDX formmation in the Bachmann reaction are of two types: those
mechani gng in which the two moles of RDX are formed by identical pro-
cesses and thoge mechanigms in which the two moles of RDX are formed
by different processes (see pe94 )s It was also pointed out that the
product formed might be different with respect to the distribution of
the ammonium nitrate nitrogen depending on which type of mechanism re-
presents the actual case (sec ppe 13 & 94). In the ideal reaction
(see equation 3, p. 62), if two molecules of RDX arise from one mole-
cule of hexamine by idemtical processes, then each molecule of RDX
must oontain one amino nitrogen atom which originated in the ammonium
nitrate (Case I); if, however, the two molecules of RDX arise by difw
ferent processes, this rule need not apply and a likely alternative
would be the case in which one molecule of RDX has two ammonium nitrate

amino nitrogen atoms and the other molscule, none at all (Case II).

In Case I, the RDX produced should be equivalant to the ammonium
nitrate consumed since each molecules of RDX contains one ammonium nitrete
amino nitrogen. In Case II, the RDX produced would not be expected to
be equivalent to the ammonium nitrate consumed since it is unlikely that
both moles of RDX would be produced to an equal extent. Davy, Chemical
Control Superintendent, Holston Ordnance Works, has made the following

statement (91):
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"Material balance calculations on the pilot plant
operations show that the ammonium nitrete not recovered is
equivalent to the RDX yield obtained (within experimental
error). If one mole of RDX is produced by nitrolysis of
hexamine maintaining one sixemembered ring intact, and the
other mole of RDX by reaction of the ramminder of the hexa-
mine molecule with ammonium nitrate and acetic anhydride,
the two different processes must give the same yield in
order that the material balance be satisfied. Since that
seemed unlikely, it appeared probable that both moles of
RDX are formed by the same path."

In view of the evidence obtained in this laboratory (presented in
the previous section) favouring Case II, it wag considered necessary
to re-investigate the consumption of ammonium nitrate in the Baclmann

reaction.

A more thorough theoretioal examination of the problem showed that
the equivalence between RDX production and emmonium nitrate consumption
as determined by Davy is neither a necessary nor a sufficient condition
for the existencs of Case I. It is not a necessary condition sinoce
"the ammonium nitrate not recovered" is not necessarily a measurement
of the smmonium nitrate actually consumed in the production of RDX.
First, "the ammonium nitrate not recovered" may be greater than the
actual consumption due to RDX production since ammonium nitrate may
be consumed in reactions leading to the formation of nitramines other
than RDX (ege isolable products such as I-MX*or inisolable, low-molecular

weight products) or may be destroyed in the reaction mixture (eg. by the

¥ In a later paper (16), Davy states that one mole of ammonium nitrate
is congumed when one mole of HMX is produced from one mole of hext=
mine. Hence the ammonium nitrate consumed should be equivalent to
the RDX(B) produced.
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action of acetic anhydride or acetyl nitrate)s Secondly, "the ammonium
nitrate not recovered" mey be less than the actual consumption due to
RDX production gince ammonium nitrate, or other ammonium salts or am=
monia derivatives which analyse ag ammonium nitrate, may be generated
by the hydrolysis of by-products after dilution or mey result from
the incamplete nitration of all of the hexsmine introduced. Again,
the equivalence of the RDX production to the ammonium nitrate consump-
tion is not a sufficient condition for the existence of Case 1 since,
even if ammonium nitrate were neither destroyed nor generated in the
mother liquor through side-reactions, it is possible that the two ree
actions of catalysed nitrolysis and synthesis (indicated by Case II)
may proceed to an equal extent. Thus the most general statement that
can be made with regard to this problem is that if it can be shown
that the RDX production is eguivalent to the ammonium nitrate consumpe
tion over a wide range of conditions, and if it can be shown that amw-
monium nitrate is neither destroyed or generated by side-reactions,

then it is likely that Case I is indicative of the reaction mechaniasm.

Since Davy's experiments were conductel over a nerrow range of
conditions (optimum conditions) it was congidered that & more extensive
investigati.on*of ammonium nitrate consumption would contribute to the
understanding of the mechanism of the Bachmann reaction. Two investi-

gations were started simulitaneously, one at the university of Pennsyl-

% The RDX Committee (Canada, U.S.) at & meeting held in Kingsport,
Tennesgsee, on Septe 30, 1943, suggested that this investigation
be undertaken,
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vania, the other in this laboratory. The results of both investigations

are considered in this thesise

Cameck (at the University of Pennsylvania) investigated the cone
sumption of ammonium nitrate as the mole ratio of ammonium ni trate
we.s varied between 0.00 and 2.87 moles per mole of hexamine (92); he
later studied the effect of holding time for low-temperature Bachmann
runs (93,94) and investigated the gaseous products of the reaction and
subsequent simmering process with a view to establisghing the fate of all
of the amino nitrogen introduced into the reaction mixture (95,96). In
this laboratory, the investigation was extended to include the measure-
ment of yields other than RDX and material consumptions other than ame-
monium nitrate and the study of independent reaction variables other
than the mole ratio of ammonium nitrate. In general the following
measurements were made; the ylelds of RDX, HMX and BSX and the con-
centration in the mother liquor of formaldehyde, ammonia, free nitric
acid, total nitrate ion, acetic acid and acetic anhydride. The follow-

ing independent variables were studied:

(1) the effect of varying the mole ratio of ammonium nitrate,

(2) the effect of simultaneously varying the mole ratdos of
ammonium nitrate and acetic anhydride,

(3) the effect of temperature (for zero moles of ammonium
nitrate),

(4) the effect of temperature (for the full quantity of
ammonium nitrate),

(8) the effect of varying the holding time before dilution
(for full quantity of ammonium nitrate at 40°C.), X

¥ This list includes the work of Carmack in order that it may serve
as & "table of contents" for the succeeding sections.
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(6) the effect of varying the holding time after dilution
(for zerc moles of ammonium nitrate at 40°C.),

(7) the effect of withholding ammonium nitrate (resction
temperature 40°C., holding temperature 70°C.),

(8) the effect of withholding ammonium nitrate (reaction
temperature 70°C., holding temperature 70°C.),

(9) the effect of belatedly adding monomethylammonium

nitrate to & modifiel Bachmann reaction (reaction
tamperature 40°C., holding temperature 70°C.), and

(10) the effect of other miscellaneous variables including

the variation of nitric acid mole ratio and the holding
time before dilution at T0°C.; this section also includes
a ghort discussion of Carmack's work on the gaseous pro-
ducts of the Baclmann reaction. %

While the results obtained in this laboratory show good agreement
with those obtained at the university of Penngylvania (where duplicate
series were carried out), the interpretations of these results differ
widely. Cammack believes that there is an equivalence between the RDX
produced and the ammonium nitrate consumed. In this conclusion he supe
ports the views of Davy and the hypothesis that the two moles of RDX
produced in the Baclmann reaction are formed by similar processes. The
conclusion reached by this researcher stands in subalternate or cone
tradictory relationship to that of Carmack and Davy: in general, there
is no equivalence betwesn the RDX produced and the ammonium nitrate cone
suned; there may be an equivalence over a narrow range of conditions
(optimum conditiong), but even these data are open to question since it
can be shown that "ammonium nitrate" can be generated by the hexamine
(emmonium nitrate may be recovered even when none is introduced).

There 1s no evidence that ammonium nitrate is destroyed in the mother

liquor to any appreciable extent but the fact that not all of the
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amino nitrogen can be accounted for in terms of solid reaction pro-
ducts and volatile emmonia or amines casts doubt on any statement

s0 explicit ag that of Carmack and Davy. The view of this researcher,
then, is that no positive conclusion can be reached with regard to
the equivalence and that the possibility of a mechanism where the

two moles of RDX are produced by different processes is not ex-

cluded.

In the succeeding pages, the results of the material balance
experiments are discussed. It is found that all data may be explained

in terms of the proposed "catmlysed nitrolysiswsynthesis® mechanism.

A Effect of Ammonium Nitrate
Concentration on Yields and
Material Ba lances

In this section, the results of extensive investigations dealing
with the‘ consumption and recovery of the various reagents used in the
Bachmann reaction are given. Particular attention has been directed
to the ammonis consumption as the ammonium nitrate concentration was
increased from zero to four moles per mole of hexamine, but material

balances are also presented for formaldenyde, nitric acid and acetioc

anhydride.
Experimental

1. Experimental and Analytical Procelures

Bachmann Procedure:« The procedure adopted for the Bachmann run
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was that of a continuous three-feed addition (previously described p.121).
The reagents used were 0.660 moles of acetic anhydride, 0.000 to 0.400
moles of ammonium nitrate dissolved in 0.433 moles of 97 percent nitrie
acid, and 0.100 moles of hexamine dissolved in 0.382 moles of acetic
acids In additiﬁn, the pot was charged with 0.084 moles of acetic acid,
0.010 moles of acetic anhydride, and with an estimated 2 1/2 percent
(for low ammonium nitrate concentrations) to 1 percent (for high am=
monium nitrate concentrations) of the ammonium nitrate-nitric acid
solution otherwise added. Throughout the addition, the hexaminee
acetic acid solution was retarded 5 percent in relation to the other
reagents. The reaction tenperature and holding temperature were 69 =
71°C. The addition time was 12 minutes and the holding time was 20
minutes. The reaction mixture was diluted with 700 ml. of cold water
and was filtered after standing for at least 24 hours. The crude
product was air dried to constant weight and the filtrate and wash
waters were mixed, therr combined volume measured and a sample saved

for analysise

After this series of experiments was started, several new pro-
cedures were reported which are said to give greater reproducibility
of results than does this procedure. It was nevertheless considered
wiser not to change since this would have necessitated repetition of
many of the completed runs. This procedure gave, in general, & re-
producibility of considerably better than 5 percent in all analyses.
Thig is illustrated below by a comparison of a set of duplicate

runsgs:
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Ammonium nitrate introduced . . « . . &
RDX produced .« « ¢« o o « ¢ ¢« ¢ o o o
HMXprOduced............
BSXPI'Odqu e 6 8 o o o & ¢ o s e @
Formaldehyde in mother liquor « « o
Ammonia in mother liquor =« « « « o o
Total nitric acid in mother liquor

0.2680 0.2680
0.1446 0.1450
0.0051 0.0050
0.0159 0.0173
0.0750 0.0761
0.1078 0.1135
0.1675 0.1635

L] L] . . .
L] L * . L) . *

The quantities used in this series of runs did not meet the optimum
conditions as determined by other workers in this field. The acetic
anhydride was low by at least half a mole per mole of hexamine, and
the nitric acid by about one-third of a mole. The RDX yields were,

in congequence, about 5 percent low,.

_RE[_@_)*;- RDX(B) was determined by fuming off one-half of the crude
product in 70 percent nitric acid under standard condr tions and correcte
ing for loss of RDX(B) by means of a fume off calibration curve (see
Figure 2). The standard conditions called for complete solution of the
crude product in seven times its weight of 70 percent nitric acid and
holding at a temperature of over 100°C. for three minutes after the
height of the fume off. The resulting solution was diluted with five
volumes of cold water and the RDX(B) allowed to crystallize out at
room temperature for at least 48 hours. The filtered product was air
dried.

Werght RDX(B) = 2 (Weight fumed~-off product +c)

or Werght RDX(B) w 2f:(Weight fumed-off product)

where ¢ and f may be determined graphically.

% RDX(B) = RDX + HMX (see also p. 47)
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Duplicate deteminations agreed with one another to better than
one part per thousand. It is believed that the fume off is superior
to the simmer since the RDX(B) is dissolved during the destruction of
the BSX and there is no possibility that by-products can 9scape des-

truction due to occlusion.
BSX:;= The yield of BSX was obtained by difference:

Moles BSX = Weight crude product -~ Weight RDX(B)
322 ‘

HMX and RDX:= HMX in the RDX(B) was determined by the alkaline
hydrolysis method of Winkler and Epstein. Four grams of fumed-off pro=-
duct was dissolved in 300 ml. acetone and themostatted at 25°C. To
this was added 150 ml. of 0.380 N. sodium hydroxide at 25°C. After
stirring for two minutes, the whole was allowed to stand in the ther-
mostat for eighteen additional minutes. The reaction wasg terminated
by the addition of 5 ml. of glacial acetic acid. The acetone was disg-
tilled off and the HMX was allowed to crystallize for about 10 hours at
room temperature. The filtered product was dried at 110°C. for one hour
and weighed. The result, calculated as percent HMX in RDX(B), was cor-

rected by means of & calibration curve (see Figure 3)«(See Ref.58).

Moles HMX = Percent HMX in RDX(B) (corr.) x Weight RDX(B)

29600

Moles RDX = Weight RDX(B) « Weight HMX
222

Great care must be exercised in applying this method. While, in

general, duplicates agreed to better then 5§ percent, several times they



165.

differed by as much as 100 percent for no apparent reason.

Formaldehyde:~ Formaldehyde in the mother liquor was determined

by steam distilling a suitable portion of the diluted mother liquor
and analysing the distillate for formaldehyde by the method of Romijin
and Signer (97,98). The steam distillation was carried out on 50 ml.
of the diluted mother liquor to which had been added 50 ml. water and 0.5
mle sulfuric acid. Of this solution, 75 ml. was distilled over into
100 ml. of distilled water contained in a 500 ml. Erlenmeyer flask,

the snout of the condenser being below the surface of the water. To
the residue in the distilling flask was added 75 ml. water. and the
distillataon was repeated. This process was contimued until 375 ml,
of distillate had been obtained. This distillate was then diluted to
erther 500 ml. or 1000 mle. in a volumetric flasgk, depending on the for-
maldehyde concentration. The formaldehyde was determined by adding

25 mle approximately one~tenth normal standard iodine soluticn to 25
ml. of the dilute formaldehyde solution, titrating the resulting solu~
tion with dilute alkali until it was pale yellow in colour, allowing

to stand for ten minutes, acidifying with 5 ml. strong hydrochloric
acid and titrating the excess iodine with approximately one-tenth
normal standard sodium thiosulfete solution using starch ag an indie
cator.

Moles Formaldehyde in Mother Liguor = (25.00 gsgg)w

where m « volume standard N/lO sodium thiosulfate used,
n = number mls standard N/lO iodine equivalent to one ml,
standard N/10 sodium thiosulfate,



166.

N = nomality standerd N/10 iodine solution, and

V = volume of diluted mother liquor.

Duplicate determinations on the same distillate agreed to within
one part per thousand while duplicate determinations on different dis=
tillates of the same mother liquor egreed to within five parts per

thousand.

It was recently observed in this laboratory that the formaldehyde
could be determined directly in the undistilled mother liquor. This
has considerable theoretical significance since it shows that the
formaldehyde is free in the diluted mother liguor, not in chemical

combination with nitrogen ag in hexamine or nitramines.

Ammonis :- Ammonia in the mother liquor was detemmined on the residue
from the above steam distillation by diluting this residue to about 300
ml., with water, adding 25 ml. of 50 percent sodium hydroxide and dis-
tilling over about 200 ml. into an excess (25 ml.) of approximately one-tenth
nomelstandard hydrochloric acid solution. The excess hydrochloric acid
was titreted with approximately one-tenth normal standard sodium hydroxide

sclution using methyl red as an indicator.

Moles Ammonia in Mother Liquor = (25.00-m'nt)- N'V

5000
where m* = volume standard N/10 sodium hydroxide usged,
n'* - number ml. standard N/10 hydrochloric acid equivalent
to one ml. gtandard N/10 sodium hydroxide, and
N* =« nomality standard N/10 hydrochloric acid solution.
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Duplicate determinations differed as widely as 5 percent, partie~
culerly when the ammonia value was low. The ammonia could not be
determined directly by distillation of the alkaline mother liquor withe
out previous aocid distillation due to the interference of formaldehyde.
Neither could the ammonia be accurately determined if the preliminary
steam distillation were carried out in the absence of a few drops of
sulfuric acid. It appears that, while most of the smmonis was present
ag ammonium nitrate, some was present as ammonium acetate and that am-
monia could be slowly distilled from the neutral solution. Thusg if the
steam distillation were carried out in the abasence of sulfuric acid,
some of the ammonia would appear in the distillate as hexamine. This
was shown by precipitation of the iodine complexe it can be seen that

this procedure would cause an error in the formaldehyde determination

as well,

Nitric Acids= Nitric acid in the mother liquor falls into two catew
gories: free and combined nitric acide. The free nitric acid is that
which can be directly ta.tx;ated with alkali; the combined nitric acid
is that which is present in the form of saltsg as, for example, in am-

monium nitrate.

Free Nitric Acid;~ The free nitric acid in the mother liquor
was determined by titrating 100 ml. of the diluted mother liquor

with approximately one normmal standard sodium hydroxide solution.
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The standard elkali was added rapidly until the pH of the solution was
about 1.75 (Beckmann pH Meter); the alkali was then added in a number
of small constant volumes (ee.g. 5 drops), the pH being determined after
each addition. This procedure was continued until the pH of the solu=-
tion approximated 2.75. The change in pH (A pH) was calculated for
each addition, and the addition which gave the greatest value for ApH
was considered to be the end point of the titration. The end point

for a typical run ig illustrated grepiically in Figure 4.

Moles free Nitric Acid = m"N"V

100000
where m" = volume standard N/1 sodium hydroxide used, and
N' - nomality standard N/1 sodium hydroxide.

The method of differential titration is considered by this re-
secrcher to be superior to the method of Bachmann of the university of
Michigen (61 ) for solutions which vary so widely in quantaty (0=3
moles per mole of hexamine) and quality (ammonium and methylammonium*)
of nitrates present. Since the nitric acid excess in these series
of runs was small (less than 0.06 moles in most cases), the error in
its estimation was correspondingly large. A deviation of 10 percent
might well be expected although, in practice, deviations of greater
than 5 percent were not encountered. It should be remarked, at this

point, that there is a lower limit to the size of the addition unit

% In a later section this procedure is applied to modified
Bachmenn runs in which methylemmonium nitrate is used.
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used in setting up Figure 4:if this portion were too small, the curve
would flatten out and a poor end point would be obtained. Many titraw
tions did not give the sharp end point of the one illustrated above and,
in these cases, it mas necessary to carry out a careful mathematical

analysis in order to determine the end point.

Total Nitric Acid (i.es Nitrate Ion):- Total nitric acid in the
mother liquor was determined by nitron precipitation. To 10 ml. of
the diluted mother liquor was added 70 ml. of distilled water and 7
drops of sulfuric acid. This solution was brought to boiling and
one gram of nitron dissolved in 10 ml. of 5 percent acetic acid was
added. The resulting mixture was allowed to cool for one hour in the
air and for two hours in an ice bath. The nitron nitrate was then
filtered off on a weighed, scintered-glass crucible, washed with part
of the filtrate and with 10 ml. of ice water in 2 ml. portions. The
scinterel-glass crucible and its contents were then dried at 105°C.

for one hour, cooled and weighed.

Moles totasl Nitric Acid - 0.000266 WV

where W = weight of nitron nitrate.

Some criticism has been directed at this method of analysis due
to the solubility of nitron nitrate in cold water, to the insolubility
of nitron nitrite and to the occlusion of nitron acetate. While these
objections are founded on sound principles, in practice duplicates

agree to better than ten parts per thousand, and the results obtained
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by use of this method have led to important theoretical considerations.
Errors lose much of their significance when analytical conditions are

ocarefully controlled.

Combined Nitric Acid:= Combined nitric acid was determined by
difference:

Moles combined Nitric Acid =

Moles total Nitric Acid ~ Moles free Nitric Acid.

x
Acetic Anhydride: - The material balance of the acetic acid =

acetic anhydrade part of the system under study could have been satig-
factorily made without determining the quantity of unreacted acetic
anhydride present at the end of the reaction. This, however, ibs an
interesting factor and was investigated for several concentretions

of ammonium nitratee.

After a number of new methods were explored (potentiometric titraw
tion with water, titration with aniline using trinitrobenzene ag an
indicator, and differmti#l titretion with aniline and water using
phenolphthalein as indicator), it was decided that the temperature~
rise method** presented the greatest possibilities. Since sampling

of a two phase system can never be entirely satisfactory, it was deemed

% Acetic acid is not considered to react and, in the material
balance calculations, it is suppoged that it is recovered
quantitatively.

¥% The original method, based on the heat of hydrolysis of acetic
anhydride in the presence of sulfuric acid, was developed at
the Ste Maurice Chemicals Co., Shawinigen Mlls, P.Qe



172,

necessary to perform the analysis on &8 complete run. Actually thres,
end preferably four, runs (separate and distinct from the runs on
which the other material balances were carried out) were necessary
to detemine the acetic anhydride excess at any one concentration of

ammonivum nitrate. These runs are deteiled in the following paragraphs.

l, To a regular run, cooled to 25°C. without dilution, was
added 3 ml. of anhydrous sulfuric acid. When tamnperature
equilibrium (at 25°C.) had been attained between the well-stirred
pot and the well-stirred water bath, 25 ml. of water at 25°C. was
added and the change in temperature was observed. This change in
temperature, AToe’ was congidered to be due to the heat of diluw
tion of the system, AT,, and to the heat of hydrolysis, Al‘e, of
the acetic anhydride excess, e ml.

AToe = A'l“,J + ATe

2. To a regular run, cooled to 25°C, without dilution, were
added 3 ml. of acetic anhydride and 3 ml. of anhydrous sulfuric
acide When temperature equilibrium had been established (as
previously), 25 ml. of water at 25°C. was added and the change
in temperature was observed. This change in temperature,

ATo( 943)» Wes considered to be due to the heat ofdlution of the
system, ATy, and to the heat of hydrolysis, AT(e+3) of the acetic
anhydride excess, (e+3) ml,

AT(e-rS) = ATgeg + AT3

amn' = ATo(es3) — AToe
3

where ATy' = change in temp erature due to the hydrolysis of 1 ml.
acetic anhydride,
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3. To a regular run, cooled to 25°C. without dilution, were
added 5 ml. of acetic anhydride and 3 ml. of anhydrous sulfuric
acide When temperature equilibrium had been established, 25

ml. water at 26°C. was added and ATo(a+5) wes obtained where

ATo(e+s) = AToe + AT

ATl“ - ATo(e+5) - ATye
5

The purpose of this run was to check the additivity of
temperatures (intensity factor) in relation to the additivity
of the heats of hydrolysis (capacity factor). Had AT;' and ATy"
differed by more than experimental error, & correction would have
had to be introduced to compensate for the change in specific
heat or the change in heat logses with change in temperature.
Since AT,* end AT;" were not found to differ, this run could

have been omitted.

4, This run was & simulated rather than & true run. A synthetic
mixture containing Zero excess anhydride was made up by weighing
out the quantities of pure RDX, BSX, ammonium nitrate, nitric
acid and acetic acid as determined tor that particular type of
run by the other material balance analyses. This mixture was
heated to 70°C. for 20 minutes and then cooled to 25°C. and
treated ag run No. 1 above. The change of temperature, AT,,in
this case was regarded as being due solely to the heat of dilu-

tion of the system. In this connection, the ammonium nitrate
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concentration is very important since the AT, factor (which is
actunlly a temperature depression) seems to be largely due to

the heat of solution of undissolved ammonium nitrete.

Now: ATq = AT, LT,
and e - AT
AT
where ATy _ AT 4+ ATy
2
when AT,* and AT\" agree within experimental error.

Calculating e to moles of acetic anhydride:

Moles Acetic Anhydride - ©x1.08
102.1

0.3180 (ATye = AT,)
B3 To( e+5) + ° A To( o+3) = 8 A Tge

In an actual cases

4+6.85°C.

- (o]
ATOG _+3.30 c. ATO(G'\’:’))

AT, =-=0.68%C. ATo(ess)

+9.25%.
ATyt = 1.18°C. andaTy" = 1.19°C.

and Moles Acetic Anhydride = 040385

Due to the very considerable amount of work involved in each
determination, only a few cases were investigated. At the time that
the work was carried out, the significance of the ammonia recovery
curve was not fully appreciated, and values for ATy must have been
in considereble error due to the false quantity of ammonium nitrate
added to the blank runse. This must bave been particularly true for

rung carried out with less than two moles of ammonium nitrate per
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mole of hexemine. It ig possible that in a more extensive investigation,

calibration curves could be set upe An example of this is given in Figure 5.

As mentioned previously, whether or not the unreacted acetic anhy-
dride is determined, the material balance on the acetic acid-acetic an-
hydride part of the system can be made by titrating the diluted mother
liquor for acetic acid. This titration was carried out with approximately
one normal standaxrd sodium hydroxide solution on 10 ml. of the mother
liquor, diluted to 125 mle. with distilled water. The end point was taken
as pH 89 as determined by the pHmeter. This represents the pH of approxi-
mately one-tenth normal solution of sodium acetate in water. It may be
that at this pH, the esmmonium nitrate present was hydrolysed to & limited
extent, but since the titmtion was carried out repidly and since the
ammonium nitrete concentration was small at the high dilutions used
(about 0,005 N), this possibility was discounted. 1t is & favourable

sign that no "fading" of the ad point was observed at these dilutionse

Moles Acettc Anhydride in the diluted Mother Liquor as Acetic Acid X

1iNAL)
EI%G% - A = 0.466
- T

where m" g volume of standard N/1 sodium hydroxide, and
A = moles free nitric acid present (as previously determined) e
The quantity 0.466 represents the acetic acid introduced into the system

as suche

X Actually represents acetic anhydride not consumede See footnote
on p. 202.
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By taking into account the quantity of unremcted acetic anhydride
present at the end of the run, a new figure is obtained representing
the amount of acetic anhydride hydrolysed to acetic acid before dilution.

Moles Acetic Anhydride Hydrolysed to Acetic Acid before Dilution

Hartt
= ‘ll_gﬁg. e A = 0.466
) - B

where B » moles unreacted acetic anhydride (previously determined) .

It should be noted that in Table V, the figure shown is the latter
wherever & value is given for the unreacted acetic anhydride. Otherwise

it is the former.

An alternsate method for the detemination of acetic enhydride pre=
sent in the diluted mother liquor as acetic acid consists in adding an
excess of approximately one normal standard sodium hydroxide solution
(25 ml.) to 10 ml. of the mother liquor (diluted to 125 ml.), boiling
to get rid of the ammonia and back-titrating with approximately one
normal standard hydrochloric acid solution to an end point of pH 8.9.
In this case the caloulations resolve to:

Moles Acetic Anhydride in the Diluted Mother Liquor as Acetdic Aclid
(25400 = m""n"")N"V

1000 - C = 0.466
2

and
Moles Acetic Anhydride Hydrolysed to Acetic Acid before Dilution

(25.00 = m""n"")N"V

1600 C - 0.486

3 - B
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where m"™ = volume standard N/1 hydrochloric acid used,

n" L

number ml. standard Iyl sodium hydroxide equivalent
to 1 ml. standard N/1 hydrochloric acid, and

C = moles total nitric acad present (as previously
determined) »
In those runs which have a value reported for free nitric acid,
first method was used for the acetic acid titration, in others, the

alternate method was used.

The agreement between the two methods is only fair, the second
method giving values about 4 percent higher than the tirst. One
reason for this lies in the fact that any of the acetic acid present
as ammonium acetate will not be ti.tra.ted by the first method. in
the second method, there 1s & very good possibility that in the hot
alkaline solution formaldehyde may be oxidized to formic acid thus
using up some of the alkali. From Table V it will be apparent
that both methods give a material balance that is at least 2 per-
cent high. Any one of several possibilities may account for this.
Any nitrous acid present in the diluted mother liquor will appear
as acetic acid. Lt 1s possible that some formeldehyde is oxidized
to formmic acid in the Bachmann reaction 1tself, although thiis does
not show in the formaldehyde balance. And agein, it is possible
that the nitrous oxide (with which the diluted mother liguor is
saturated) gives rise to a titratable acid of the HyN50; type.

Any one or a combination of the possibilities would account for the

high acetic anhydride balance,
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On the basis of the above calculating formulae, the difference

(25.,00-m""n""N"V - m™N"V
1000

should represent the combined nitric acide It is interesting to
observe that it actually coincides more closely with the "ammonia
recovered" factor. These two, as is shown later, are not identical.
This difference, then, indicates a method for determining the quan-
tity of ammonia in the mother liguor other than the one used in
this series of experiments. This alternate method, however, depends
on a small difference in two large titrations and can thus never be

as accurate as the alkaline distillation method.

The experiments of Carmack (92) were conducted under essentially
the game conditions and his analytical procedures, while not identical,

were comparable to those used in this laboratory.

The Bachmann procedure was & standard three-feed addition. The
initial charge was 30 ml. of acetic acid and 30 ml. of acetic anhy~-
dride and to this were added simultaneously, equivalently and cone
tinuously over & period of t;welve and a half minutes a solution of
3346 g+ (04240 moles) hexamine dissolved in 52.5 mle of acetic acid,
150 mle (1.400 moles) of acetic anhydride and a solution of varying
amounts of ammonium nitreate in 75 g (1.19 moles) of 97 percent
nitric acid. The temperature was maintained at 7375 C. during the
course of the addition and for ten minutes thereafter. The reaction

mixture was then drowned in 600 ml. of hot distilled water and simmered



on & steam bath for one and & half to two hours with stirring. The
filtered product was considered to be RDX(B) contmining five per=
cent HMX and having an average molecular weight of 225.8. Hence

Moles RDX(B) . Weight simmered product
225,8

Ammonia in the diluted mother liquor waes detemined on an
aliguot portion of the filtrate. Acetic acid and formaldshyde
were expelled by prolonged boiling with the occasional addition
of water; the residual solution was made alkaline with sodium hy-

droxide and distilled into boric acid.

In this laboratory fomaldehyde, ammonie and nitric acid
analyses were carried out in duplicate. IMX determinations were
carried out in duplicate wherever possible. The Bachmann runs theme
selves were generally carried out in duplicate - the number of runs

for a given case being indicated in the table of results.
2. Experimental Results

The results obtained in the above-described series of Bachmann
runs are summarized in Table V. | The results obtained in comparable
experiments at the University of Pennsylvania(92) are presented in
Teble VI. All dete have been calculated on the basis of one mole of

hexaminee

179.
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Discussion

The results of this investigation are discussed in the following
pages under these general headings:
le Variation in yields of solid products,
2. Recovery of reagents from the mother liquor,
3. Material belances, and
4. Miscellaneous considerations concerning the reaction
mechani sm,
le Variation in Yields of Solid Products
RDX:~ As the ammonium nitrate concentration is inoreased from zero
to two moles per mole of hexamine, the RDX yield increases rapidly from
a small value to about l.4 moles. A further increage in the mole ratio
of ammonium nitrate results in a slow, linear increase in the yield of

RDX (Figure Noe. 6)e

HMX:= As the a.mmoniumvnitrate concentration is increased, the HMX
yield increases from a gmall velue to a maximum of about 0.1 moles in the
region of 2.0=2.5 moles of ammonium nitrate. A further increase in the
mole ratio of ammonium nitrate results in a fairly rapid decrease in the
yield of HMX. The percent HMX in the RDX(B) follows the same general
tremd as does the absolute yield of HMX but there are indications that

the maximum occurs at & somewhat lower concentration of ammonium ni trete

(Figure No. 7). These results agree with thoge of Winkler(58).

RDX(B) s= As the ammonium nitrate mole retio is increased, the yield

of RDX(B) increases to & maximm in the region of 2.5 moles of ammonium
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nitrate, falls to 2 minimum at about 2.9 moles and then rises again.
This is illustrated in Figures Nos. 8 and 10. Essentially the same

behaviour was observed by Carmack(92) (Figures Nos. 9 and 11).

There 13 congiderable disagreanent concerning the presence of a
minimum value of the RDX(B) yield beyond the two mole concenhration of
ammonium nitrate. This behaviour has been observed by MeLean (99)
(Figure No. 10) and by Winkler(64) at MoGill University, as well as by
Wright at the Univergity of Toronto(59) (Figure No. 11). Carmack's
results (Table Vi) also indicate the existence of the minimum (Figure
No. 11) but the reproducability of his experiments 13 not good(92).

On the other hand, Holston Ordnance Works has been unable to confim
this result in their piloteplant work and Bachmann(6l), in his exten~
sive laboratory-scale studies, failed to observe a minimum. Furthermore,

Winkler, on the basis of new data, alterel his original views(58).

On the basis of experiments herein reported, it seems that the early
maximum in the RDX(B) yield curve is caused by the maximum in the yield
of BMX (which ocours somewhat earlier than the RDX maximum), that the
depression is caused by the docrease in IMX ylield and that the subge-
quent rise is due to the slow increase in the yield of RDX. This ex~

planation is based on an exemination of Figures Nos. 6, 7 and 8.

BSX:- As the smmonium nitrate concentration is inereased fram 0.0
to 0.5 moles per mole of hemmine, the BSX yield remsins constant. As
the ammonium nitrate mole ratio is further increased to two moles, the
yield of BSX decreases fairly rapidly. Beyond this point the decrense

in yield is slow and may be linear (Figure Nos. 6).
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2¢ Recovery of Reagents from the Mother Liquor*

Formaldehyde:- As the ammonium nitrate concentration is increased,

the amount of formaldehyde which can be recovered fram the mother liguor
decreases very rapidly (end linearly) from a value of about three moles
per mole of hexamine at zero moles of ammonium nitrate to a constant
value of about 0.75 moles at high ammonium nitrate concentrations. This
minimm value is reached in the region of two moles of ammonium ni trete
(Figure No. 12). The existence of the minimum suggests that, even under
ideal reaction conditions, some of the formaldehyde originally present
in the hexamine cannot be converted to RDX or HMX. If this consideration
is valid, the meaximum theoretical yield of RDX may be represented as 87.5
percent on the formaldehyde basis. This implies that,during the degradae
tion of hexamine (supposing a two-stage mechaniam), formaldehyde may be
split off in such a way that it cannot be converted to solid products

by a synthesis process, even in the presence of an excess of ammonium

nitrate.

With regard to the increased RDX yield, the decreased BSX yield
and the decreased formaldehyde recovery, it is interesting to note that:
(1) at low concentrations of ammonium nitrate (i.e., less than 0.5 moles),
the RDX yield increases rapidly at the expense of the recoverable formale

dehyde but not at the expense of the BSX yield; (2) at high concentrations

% In this section, the term "recovery" signifies the quantity of a
given compound which can be shown to be present in the diluted
(or undiluted) mother liquor. In referring to the total recovery
of a reagent (as in material balances), the tems "totml recovery"
and "amount of reagent accounted for" are used.
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of ammonium nitrate (i.e., above two moles), the RDX yield increases
slowly at the expense of the BSX but not at the expense of the re-
coverable formaldehyde; and (3) at intemediate concentrations of
ammonium nitrete, the RDX yield increases rapidly at the expense of
both the BSX and formaldehyde. in terms of the "catmlysed nitrolysis -
synthesis" mechanism, this implies that small concentrations of ame
monium nitrate do not affect the nitrolysis step (giving BSX) to any
great extent, the RDX being produced chiafly by a synthesis process;

an excess of ammonium nitrate, on the other hand, improves the ef-
ficiency of the catalysed nitrolysis step (giving RDX, as contrasted
with the uncatalysed nitrolysis step giving BSX) but does not result
in increased synthesis, this process being comparatively efficient over

the whole range of concentrations studied.

Anmoniase The curve representing the recovery of ammonia is one
of considerable importance since it forms the basis for the evaluation
of the ammonium nitrate consumption and of the ratio of RDX production

to ammonium nitrate consumption.

The first obgservation that can be made with regard to the curve
(Figure No. 12) is that, when no smmonium nitrate is introduced, about
0.5 moles of ammonia is recovered from the mother liquor per mole of
hexamine introduceds. Secondly, as ammonium nitrate is introduced into
the gysten in increasing quantities, .];ﬂ. ammonia is recovered fram the
mother liquor. And, lastly, the amount of ammonia recovered from the

mother liquor continues to decrense as the mole ratio of ammonium nitrate
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is increaged until upwards of 1.75 moles of ammonium nitrate is being
introduced (a theoretical excess considering the yields of RDX obtained)
but from this point onwards, excess ammonium nitrate ocan be quantitatively

recovered,

The results obtained in similar experiments at the University of
Pennsylvenia are shown in Figure No. 13, While, in general, the shepe
and significance of the curve seem to be the same as that shown in
Figure No. 12, the curve is not as well defined and in almost every
cage the quantity of ammonia recovered is higher than for a correspond-
ing casge in Figure No. 12. The higher ammonia recovery as determined by
Carmack may be accounted for by the slight differences in procedure used
in the two laboratories. Cammack, in his experiments, destroyed the
BSX by hydrolysis in the mother ligquor without attempting to isolate it.
in this way any ammonia arising during the decampogition of the BSX
would be caught or, alternately, any ammonium nitrate occluded in the
BSX would be recovered. in this laboratory, however, the BSX was iso-
lated in the form of the crude solid product and was later destroyed in
a fume=off procedure; ammonia from the above-mentioned sources would not
be acocounted for. While it has been stated that BSX gives no ammonium
salts on hydrolysis (only oxides of nitrogen), the results presented
here indicate otherwise., Altermately, it may be that the crude product

contains some (hitherto unisolated) campound which can give ammonia on

hydrolysise

Now, it is evident that the ammonia recovered from the mother liquor
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when no ammonium nitrate is introduced must originate in the hexamine
molecule. Lt is further evident that, since the quantity of ammonia
recovered decreases, the quantity of "hexamine ammonia"appearing in the
diluted mother liquor must deorease. Thigs decrease does not take place
abruptly, however, and in fact there seans no res.son* to believe that
this value has decreased to zero even in the region of large excesses

of ammoniuwm nitrate.

These considerations are important since, as was stated previously
(pe 157), if emmonium nitrate (or a substance analysing as ammonium
nitrate) is generated in the Baclmann reaction, the ratio of RDX produce
tion to amnonium nitrate consumption will not be significant unlegs the
ammonie generated can be quantitatively taken into account. At low con=
centrations of emmonium nitrate it is certain that amino nitrogen ori-
ginating in the hexsamine may be distilled from the alkeline mother liguor
and would nomelly (i.e., in the treatment of Davy(16) and Carmack(92))
be considered as "ammonium nitrate not consumed®. Whether this sme
thing occurs (on a reduced scale) at higher concentrations of emmonivm

nitrate or not gseams to be a matter for controversy.

in the opinion of the author, "ammonium nitrate" is generated by
the hexamine (in either the undiluted or diluted mother liguor) over the
whole range of ammonium nitrate concentrations studied and, hence, the

equivalence between RDX production and ammonium nitrate consumption as

¥  §See, however, the argument of Carmack(92) presented on p.218.
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detemined by Davy and Carmack is not valid. The reagons for this belief

8re  4wo in number. The first is based on an examination of the ammonia
recovery curve (Figure No. 12): neither in the work of Cammack nor in the
work herein reported has it been shown that the smmonia recovery drops

to zero for any concentration of ammonium nitrate; in fact, it seems that
the ammonia recovery curve would level off and become parallel to the X-=-
axig if the reaction liquor could continue to consume 21l of the ammonium
nitrate introduced. As it is, the ammonia recovery curve (B) ocan be
resolved into two component curves, one representing amino nitrogen from
the hexamine (B') and the other representing smino nitrogen from the
ammonium nitrate (B"). This resolution indicates that (1) at low con~
centrations of ammonium nitrate all of the ammonium nitrate introduced

is consumed, (2) at high concentrations, excess ammonium nitrate can be
quantitatively recovered and (3) at all concentrations of ammonium nitrate
hexamine amino nitrogen can be distilled from the mother liquor. The
first two indications may be readily accepted and in their acceptance is

some weight of justification for the third,

The second reason for the above-stated belief is bagsed on the unexe
pected and unpredicted relationship between the formaldechyde recovery and
the axmnonia recovery (Figure No. 15)s in the region of high formaldehyde
recovery (i.e., when mole ratio of ammonium nitrate introduced is low),
the quantities of ammonia and formaldehyds in the mother liquor decrease
simultaneously and in direct proportion to one anothere. This propor=
tionality holds rigidly in the region of ammonium nitrate deficiency

(1e.ee 0,00-1.75 moles per mole of hexamine) but, at the point where an
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excess of ammonium nitrate is established, the curve is discontinuouse.
it is apparent that this discontinuity may be directly attributed to
the establishment of an ammonium nitrate excess and, this being so, it
may be stated that the amount of formaldehyde recovered fram the mother
liquor is proportional to the amount of amino nitrogen recovered whioch
originated in the hexamine. Thus, since the formaldehyde ourve falls
to & minimm value, the hexamine amino nitrogen curve (B') must do the
same. Purther analysis of the experimental dats will show that the
relationship of the recovered formaldehyde to the recovered ammonia

is not unique. Several other variables may be shown t be related to
the formaldehyde recovery, the ammonia recovery and to one another:
among these are the production of BSX, the gquantity of amino nitrogen

not accounted for and the quantity of nitric acid not accounted for,.

It should be pointed out that one agsumption is implicit in the
above arguments; that the mechanism of RDX formation is the same at
low and at high concentrations of ammonium nitrate. This assumption
is necessary in order that graphs showing well~defined trends may be
extrapolated from the region of ammonium nitrate deficiency to the
region of ammonium nitrate excess. That there 1s no digecontimuity in
mechani sm seems to be indicated by the faot that there is no disconw
tinuity in the magnitude of dependent variables while there is dis~

continuity in the magnitude of independent variables.

Carmack believes that "ammonium nitrate™ is generated (hexamine

incompletely nitrated) in the reaction liquor only at low concentrations
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of ammonium nitrate and hence that the equivalence between RDX pro=-
duction and ammonium nitrate consunption is valid in the region of
ammonium nitrate excesses. His reason for s0 believing is based on
an interpretation of the ammonia balance in the resction and will be

discussed later (see pe217).

Lt has been stated that if "ammonium nitrate" is generated by the
hexamine, & correction must be applied if the ratio of RDX production to
smmoniuwm nitrate consumption is to be valid. In view of the foregoing

discussion, an emperical correction may be formulated as follows:

Ux

Co £y
fo

where C, = moles hexamine amino nitrogen* in the diluted mother
liquor of a run to which x moles of ammonium nitrate
ig introduced,

moles hexamine amino nitrogen in the diluted mother
liquor of & run to which Zero moles of ammonium nitrate
was introduced,

(=)
]

moles formaldehyde in the mother liquor of the fomer
run, and

b
1}

f = moles formaldehyde in the mother liquor of the latter.

The correction C, should be subtracted from the quantity of ammonia
recovered to obtain a value for the "ammonium nitrate not consumed",
For this particular series of rungs Cy = 0.167fx. The correction is

small at high concentrations of ammonium nitrete.

¥ That 1s, amino nitrogen which originated in the hexamine rether
than in the ammonium nitrate.



199,

The important question of ammonium nitrate consumption and other

aspects of the ammonia recovery are discussed on pp.207 and 225.

Nitrioc Acidse Lt has already been pointed out that nitric acid in
the mother liquor may be present in the free state or in the form of a
salt. In Figure No. 16, the recovery of free nitric acid, combined
nitric acid and totael nitric acid are plotted against the mole ratio of

ammonium ni trate,

The quantity of free nitric acid recovered from the mother liquor
increases slightly as the ammonium nitrate concentration is increased
(Figure No. 16). This corresponds to a slight decrease in the a.mount.
consumed., This decrease is such that, at low ammonium nitrate concens=
trations, one mole of hexamine consumes 4,0 moles of nitric acid while,
at high concentrations, one mole of hexsmine consumes 3.8 moles of nitrio
acid (Figure No. 14). These results agree with those of Bachmann(6l) who
reported that between 3,8 and 3,9 moles of nitric acid are consumed in

the nomal Bachmann reaction,

The curve representing cambined nitric acid (Figure No. 16) closely
follows the curve representing recovered emmonia (Figure No. 17). While
the former is di splaced downwards somewhat over the whole range of am-
monium nitrate concentrations, there seems little doudt that the ammonia
and combined nitric acid exist together in the form of ammonium nitrate.
The slight difference between the two curves is probably due to the in=-
complete precipitation of nitron nitrate. It was originelly thought

that the nitric acid and ammonia might be present in the form of hexa=



Moles HN05 Recovered

Figure No., 16

A. Moles Free HNO3 Recovered
Bs. Moles Total HNOz Recovered
C. Moles Combined HNOS Recovered

V8.
Moles NH4NOs Introduced

Moles NH@NOS Introduced

*002




Moles Ammonia or Nitric Acid Recovered

Figure No., 17

A. MNoles NHz Recovered
Be Moles Combined HNOz Recovered
V8e
Moles NH,NO5 Introduced

1 2
Moles NH@NOS Introduced

*102



202,

mine dinitrate. in this case the ratio between the two would be 1:2
rether than l:l. The values of the ratio are given in Table V. In

four oases it approximates 1:1, in one case it is 1:2 and in two

oases it is intermediate boebtwaen the two other values.s 1t might seem
that this ratio is inconclusive, the, but it is noteworthy thet those
values of the ratio which deviate widely from unity are derived from

the region of low ammonia and nitric acid recovery where small analy-
tical errors are magnified when the quantities are caloulated as ratios.
in general, evidence is againgt the existence of hexemine as such in the
diluted mother ligquor and againgt the possibility of survival of hexamine

in the Bachmann reaction,

Acetic Anhydridese= The acetic anhydride may be determined before

dilution in which ease a figure is obtained representing the acetic
anhydride which does not react. The acetic anhydride may alsd be
detemined after dilution (as acetic acid) in which oese a figure is

obtained represeating the acetic anhydride which is not consumed.

The amount of unreacted acetic anhydride present in the undiluted
reaction ligquor was detormined only in a few cases, and it may be that
these results are in congiderable error. I+t was apparent, however, that
a3 the ammonium nitrate concentration is inorexsed the smount of acetic
anhydride not reacting decreased (Figure No. 18)« No relationships

other than this qualitative ane are volunteered although they may well

% The distinotion between "reaction" armd "consumption" lies in the
fact that the former includes hydrolysis while the latter does note
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exigt. One result of these analyses was the discovery that, at high
concentrations of ammonium nitrate, ingufficient quantities of anhydride
were being introduced to ensure an excegs at the ed of the remction.
in view of this fact, a new series of runs wag carried out in order

to show the effect of excess anhydride, These experiments (hereinafter
deseribed) showed increased yields of RDX for high concentrations of

snmonium nitrate but invalidated none of the arguments set forth here.

The smount of acetic anhydride not consumed during the reaction
apparently incoreases as the ammonium nitrate concentration is inocreased
(Figure Noe 19). This behaviour, however, is poorly defined. The ex~
perimental error in the titration of acetic acid in the diluted mother
liquor is high due to the presemce of interfering substances (see p.177).
This error is probably about five percent which is of ﬁ}e smme order of
magnitude as the expected decremse in anhydride congumption due to de=
creased BSX formatione. in view of the apparent lack of trend of the
points in Figure No. 19, the coefficient of correlation between the two
variables was caloulated and found to be 0,7l Further, the slope of
the straight line which was considered to best define the variation was
found tc be about 0,075, This slope oorrosponds' o a decrease in an-~
hydride consumption of 030 molese The decrease in BSX yield is about

0650 molese

3¢ Material Balances

Formaldehyde;= The total recovery of formaldehyde (i.e., the number

of moles of formaldehyde accounted for) and the percent recovery werse
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calculated from the yield of RDX, the yield of BSX, the yisld of HMX,
and the quantaty of formaldehyde recovered from the diluted mother
liquor. The results of these calculations are given in Table V and
the percent recovery is plotted as a function of the mole ratio of

ammonium nitrete in Figure No. 20,

These results indicate that at high ammonium nitrete concentrations
all of the formaldehyde introduced may be accounted for. At low concen
trations, however, a slight logs of formaldehyde is incurred corresponding
to about five percent of the formsldshyde introduced. The fact that for-
maldehyde c¢an be quantitatively recovered at high mole ratios of ammonium
nitrate is of considerable importance since, once established, it may
be used to guage the accufacy of other analyses and can be used as the

bagis for new deductionse

it seems that there are two posgsible explanations for the loss of
formaldehyde in runs of low smmonium nitrate concentration. The first
is indicated by the results of a series of runs (hereinafter reported)
in which the effect of variation in the holding time after dilution was
inveslti.gated. 1t was found that cert’in, easily-decamposable 'by-products'
are presant in the ocrude product of runs of low ammonium nitrate concen~
tration. 1f the orude product 1s allowad to stand in contact with the
diluted mother liquor, these by-products will oompletely decompose
within three or four days at roam temperature; the formaldehyde liberated
in this decomposition remaing in solution in the diluted mother liquor

and will be titrmated during the formaldehyde analysis. .1f, however, the
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orude product is filtered off before the by-product has completely de-
composed, this by-product decamposes in the air and the liberated for-
maldehyde is lost to the systen. At the time of the early material
balance experiments, the significance of the long holding time after
dilution was not fully appreciated and the diluted mother liquor was
allowed to stand unfiltered for about one day only. Thus, in runs of
low ammonium nitrate concentration, formaldehyde may have beem lost to

the air during the drying of the product.

The second possible explanation ig indicated by the results of a
gseries of rung (hereinafter presented) in which the effect of varying
the reaction temperature was studied. It was found that for runs in
which no ammoniwn nitrate whatsosver is present & slight logs of fore
maldehyde is incurred at high temperatures: thus at 60°C. all of the
formaldehyde is accountel for, at 70°C. about 97 percent and at 80°C.
only about 92 percent. Since the loss of formaldehyde seems to be
associated with a diminution in yield of both RDX and BSX, one may cone
clude that the losgs of formaldehyde is due to the oxidative destruction
of hexamine or some closely related compound. Thus, in runs of low ame
monium nitrate concentration, formaldehyde may have been lost by oxida-

tion of the hexamine during the Baclmann reaction.

Ammonjas~ The total recovery and the percent recovery of ammonia
were calculated from the yield of RDX, the yield of BSX, the yleld of
BX and the quantity of ammonia recovered from the diluted mother liguor,

ranenbering that amino nitrogen is derived from both the hexamine and the
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ammonium nitrate. The results of these calculations are given in Table V
and the percent ammonia accounted for is plotted as a function of the ame

monium nitrate concentration in Figure No. 20.

in contrast to the recovery of fomaldehyde, the ammonia recovery
varies widely and is comparatively inefficients At zero concentration
of ammonium nitrate, only about 65 percent of the amino nitrogen intro-
duced is recovered. The percent accounted for rises rapidly until, at
the two mole level of ammonium nitrate, about 90 percent of the amino
nitrogen introduced cen be accounted for. As the mole ratio of ammonium
nitrate is inocreased still further, only a slight increase in the percent
recovery is obgerved. Essentially the same behaviour was found by Cammack
(Figure Noe. 21)s Somewhat the same picture is obtained if the quantity
of amino nitrogen not recovered is plotted againgt the mole ratio of ame

monium nitrate (Figure Noe 22).

1t is apparent from these observations that hexamine nitrogen is
being lost to the system. i1t is also apparent that, as the ammonium
nitrate concentration is increased, less hexamine amino nitrogen is lost
Y the systeme The question arises, at this point, as to whether amino
nitrogen originating in the amonium nitrate is lost either during or
subgequent to the reaction. 1t has already been pointed out that such
a loss would invalidate the previously-determined ratios of RDX produce
tion to smmonium nitrate consumption since this loss was not quantlte-
tively taken into account. Carmack(96) has shown that formaldehyde and

formaldehyde-producing substances interfere with the recovery of ammonia
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from the diluted mother liquore. This implies that, in runs of low mole
ratios of smmonium nitrate (i.e., when a large amount of formaldehyde
is available in the mother liquor), amino nitrogen which originated in
the ammonium nitrate escapes analysis. The opinion hasg already been
expressel by the author, however, that under these reaction conditiong
2all smmonium nitrate introduced is consumed anyway. That smmonium
nitrate can be destroyed by reaction with acetic anhydride is beyond
question; that ammonium nitrate is destroyed by concentrations of
acetic anhydride prevailing in the psendo~continuous Baclmann reaction
is extremely doubtful. The reasons for this belief are ag follows:

(a) 1t hag besn shown (Figure No. 22) that, as the ammonium
nitrate concentration is increased for a given concen~
tration of acetic anhydride, less amino nitrogen is un~
accounted for,

(b) As the acetic anhydride concentration is incressed for
a given concentration of ammonium nitrate, less amino
nitrogen is lost to the system. (Compare Table V and
Table VLII)« (See also Figure No. 41.)

(6) The amount of amino nitrogen unaccounted for in the
Bachmann reaction is roughly proportional to the quantity
of BSX produced (Figure No. 23). This relationship would
be unlikely if emmonium nitrate were being destroyed by

the acetic anhydride.

The manner in which amino nitrogen is lost to the system forms an

interesting topic for speculation. Closely linked with this is the



1.5

[
.
o

Moles Amino Nitrogen Not Accounted For
o
o

Figure No. 23

Moles Amino Nitrogen Not Accounted For
VSe
Moles BSX Produced

2 ]

Moles BSX Produced

*313d



2l3.

question of the presence of distillable amino nitrogen in the diluted

mother liquor of & run to which no ammonium nitrate hag been added.

In the opinion of the author, the smino nitrogen which cannot be
accounted for in the material balance is lost to the system through the
formation of inisolable nitramines which decompose upon dilution to give,
in part, nitrous oxide, formaldehyde and acetic acid. This may be illus~

trated by the example of the diacetate of dimethylolnitramine:

CH3C0~0~CHp=N-CHp-0-COCHz + Hz0 —> N0 + 2CHz0 4 2CH3000H  +0eves 207
NO,
L1t is also the opinion of the author that the presence of distillable
amino nitrogen in the diluted mother liquor of & run to which no ame-
monjum nitrate is introduced can be accounted for by supposing an ale
termate type of decomposition for the diacetate of dimethylolnitramine

(and similar compounds):

CH3CO~0=CHp~N=CHp=0-COCHg 4 3HpO —> NH,NOz + 2CHs0 + 2CH3COOH +.... 208
' -

NO2

While this type of decomposition is not general for nitramines, it has been
reported that RDX is decomposed in dilute alkali to give ammonium ni trate

along with nitrous oxide(100).

Some support for these postulated decompositions lies in the propor=
tonality of (1) the amount of amino nitrogen unacoounted for, and (2)
the amount of hexamine amino nitrogen in the diluted mother liquor. t
the caloulated amount of easily-decomposable nitramines (Figures Nos.25

and 24). Thig latter factor is obtained by assuming that the two types
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of decomposition shown above represent the fate of all of the easily-
decamposable nitramines; the number of moles of hexamine amino nitrogen
in the mother liquor plus the number of moles of amino nitrogen unace
counted for is thus taken &s the number of moles of nitremino nitrogen

pregent in the eagily-decomposable nitreminese.

Further explanation of Figures Nos. 24 and 25 is necessary. If,
ingtead of the hexamine amino nitrogen in the mother liquor, the total
amount of ammonia in the mother liquor is used, it will be obgerved thrt
&8 the reaction passes from a condition of ammonium nitrate deficiency
to a condition of emmonium nitrate excess, the curves in both Figures
Nos. 24 and 25 show discontinuity. L1f, however, only the amino nitrogen
arising from the hexamine is considered (as estimated from curve Bt in
Figure No. 12), the curve is not discontinuous and the proportionality

holds throughout the range of ammonium nitrate concentrations invegtigatede

Further support for the postulated desomposition represented in
equation 208 is found in Figure Noe. 15 where the amino nitrogen present
in the diluted mother liquor is plotted as a function of the available
formaldehyde in the mother liquor. Fomsaldehyde is produced in the de-
composirtion of the postulated easily-decomposable nitramines and, while
not all of the formaldehyde need be derived from this source, these twe
factors should be related. This relationship is observed in the pro-
portionality of the quantity of hexsmine amino nitrogen to the quantity

of formaldehyde in the diluted mother liquor.

An alternate explenation for the loss of amino nitrogen lies in the
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postulation that hexamine is oxidized during the reaction to oxides

of nitrogens This is oonsidered unlikely. Other explanations for the
presece of amino nitrogen in the diluted mother liquors of runs to which
little or no ammonium nitrete is introduced are possible. One of these
explanations is that some of the hexamine introduced into the system sur-
vives the treatment with acetyl nitrate or the Bachmann reagents and gan=
erates ammonia or methyl amine at some stage subsequent to dilution.
Winkler(90) has shown, however, that hexamine disappears in the reaotion
liquor extremely rapidly evemn at 35°¢C. Farther, experiments involving
the belated addition of ammonium nitrate indicate that no appreciable
amount of hexamine survives treatment with acetyl nitrate. A second ale
ternative is that some reaction by~product or intermediate containing
unnitrated amino nitrogen may generate ammonia subsequent to dilution.
This explanation is not without merit. .in particular, it is possible
the triacetate of trimethylolamine exists in the remction liquor and
that, due to 1ts symmetry, it is able to resist the attack of nitrating

agentse.

Carmack, in his series of papers (92, 93, 94, 95, 96), discusses the
ammonia balanee in the Bachmann resction in some detail. From the yield
of RDX(B) and the quantity of ammonia recoverel from the mother liquor,
he has calculated the total number of moles of amino nitrogen recovered;
by subtracting this from the number of moles of amino nitrogen introduced,
a figure representing amino nitrogen unaccounted for was obtained. It
wa3 assumed that the amino nitrogen not recovered had escaped ag nitrous

oxide during the hydrolysis of the by=-product linear nitramines and, on
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this basgis, the percent hexamine converted to linear compounds was osle
culated. When this figure was added to the yield of RDX(B) (i.e. the
percent hexamine converted to cyclic campounds), @ new figure representing
the percent-conversion of hexamine to nitramines was obtained. Carmack
found that at high mole ratios of ammonium nitrate (i.es greater than two
moles per mole of hexamine), all of the hexamine is converted to nitra~
mines, but at low mole mtios, the conversion may be as low as 80 percent.
This behaviour is shown in Table Vi and in Figure No. 26. in the work
reported herein, however, it was found that at high mole ratios of ame
monium nitrate figures were obteined representing hexemine conversions

considerably greater tham 100 percent (Table ViI and Figure Noe. 26(b)).

Cammack! s discussion oif the ammonia balance favours the validity of
the equivalence between RDX production and ammonium nitrate consumption
as determined by Davy, a point of view which is contested in this thesise.
in the first place, it holds that, while at low ammonium nitrate concenw
trations hexsmine 1s incompletely nitrated and the ratio between RDX and
axmonium nitrate is meaningless, at high concentrations, the hexamine is
completely nitrated and the ratio is significant. And secondly, Carmack
points out that if hexsmine conversions of greater than 100 percent are
observed 1t is indicative of incomplete recovery of ammonia (or RDX).
in view of these statements, the reasoning of Carmack was subjected to

critical analysis.

1t should first be emphasized that, while Carmack spesks of "hexa-
mine incompletely nitrated" and this thesis of "ammonia generated by the

hexamine™, the difference in terminology or interpretation is not of
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fundamental importsnce. The important fact is that amino nitrogen

which originated in the hexamine appears in the mother liguors

in calculating his yield of linear nitramine, Carmmack used the

following basic equation:

N(hexamine)+ N(ammonium nitrate) =
T(RDX(B) ) + N(mother liquor)+ N(lineer nitramines) eeeees A
where N = &mino nitrogen,
and where the so-octlled linear nitramines are sagsumed to have quanti-
tatively decomposed during the simmering process giving nitrous oxide.
1t is obvious that .the amino nitrogen in the mo"cher liquor originated in
both the hexamine and ammonium nitrate (although in & given run either

of these factors may be zero):
F(mother liquor) = ifhex(mother liquor) <4 fm(mother 1iquor) eeeee B
where N}, (mother liquor) = hexamine amino nitrogen in the mother

liquor, and

Nyp(mother liquor) = smmonivm nitrate amino nitrogen in the
mother liquore.

1f it be agsumed that the Davy mechanism is correct, then equation A

may be written in the follewing form:

N(hexsmine) = N(RDX(B)) + Njox(mother liquor)

+ '}T(linear nitru.mi.nes) eeecses C

in this oase, if the hexamine canversion is found to be gquantithitive,

the quantity of ammonie genersated by the hexamine must be zero and the
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ratio of RDX production to ammonium nitrate consumption will be valid
for this particular run. Furthemore, in this cage, if the hexamine
conversion is found t¢ be represented as being greater than 100 percent,
logs of ammonia (or RDX) during analysis is implied. 1f, however, the
mechanign of the reaction is assumed to be a two-stage process (e.g.
nitrolysis and synthesis), the derivation of equation C fram equation A
is invelid, since, for example, RDX may be produced without the incore
poration of two moles of hexamine amino nitrogen. In this case, the
extent of the hexamine conversion as calculated by Cameck is not sige-
nificant since it can fall below 100 percent when the nitrolysis reace
tion predominates and can rise above 100 percent when the synthesis

reaction predomina tes:k

As & result of the eritical analysis, then, it may be stated that
Carmack! s argument is not conclusive since he used his conclusion as &
major prenise. No -explanation is volunteered for the fact that on cale
culation he obtains figures representing & quantitative conversion of
hexamines. in this connection, however, i1t should be pointed out that
in Table VII, when the calculated yield of lineer nitramines is added
to the yield of RDX (not RDX(B)), & quantitative conversion of hexamine
ig obtained. Had Camack's method of calculation been sound, it would
have indicated that, while RDX may be produced by the mechanigm of Davy,

HMX is produced by a synthesis process and by & synthesis process alone.

% It should be pointed out, however, that the mere evaluation of the
percent conversion will not alone tell the extent of the nitrolysis
and synthesis steps since the Nhex(mother liquor) factor is also
important in this respects
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In view of the fact that Carmack suggested that calculated hexamine
conversions of greater than 100 percent were indicative of & loss of ame
monia, it is interesting to observe that the quantities of ammonia ree
covered in experiments carried out in this laboratory were somewhat less
than those reported by Carmacke It is believed that, in view of the
foregoing discussion, these values are not in error due tc ammonia loss,
but are indicative of & higher overall conversion of hexamine to nitramines
(in the terminology used by Carmack) or of an increased proportion of
linear nitremines as compared with cyclic nitremines (on the basis of
the explenations volunteered on p. 213). If Carmack's calculations had
been valid, it would have indicated that linear nitramines yield ammonium
nitrate during the simmer process or that the crude reaction product cone-
taing some as yet unidentified product which either has a free amine group

or else can generate ammonia on hydrolysise.

Nitrio Acid:- The total recovery and the percent recovery of nitric

acid were calculated fran the yield of RDX, the yield of BSX, the yield
of IMX and the total quantity of nitric acid recovered from the diluted
mother liquor. The results of these calculations are given in Table V
and the percent nitric acid accounted for is plotted as a function of

the mole ratio of ammonivm nitrate in Figure No. 20.

It will be observed that the nitric acid and the amino nitrogen re-
covery curves parallel one another closely. It was subsequently found
that the ratio of amino nitrogen unaccounted for to nitric acid unaccounted
for is equal to unity no matter what the mole ratio of ammonium nitrate

(Table V)« The establishment of this value for the ratio emabled the
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prediction that the losses of amino nitrogen and nitric acid are re-
lateds nitric acid probably reacts with hexamine amiho nitrogen to give,
ultima tely, nitrous oxide. This deduction is in saccord with the earlier
postulation (p.213) that amino nitrogen 1s lost to the system via the
deoomposition of inisolable, eesily~hydrolysable nitramines into nitrous

oxide, formaldehyde and acetic acid.

Acetic Anhydride:= The total recovery and the percent recovery of

acetic anhydride were calculated fram the yield of BSX and the quantity
of acetic acid in the diluted mother ligquors. The results of these cale
culations are given in Table V and in Figure No. 20, The curve repre-
senting the quantity of anhydride accounted for is irregular and in many
ocases it indicates that more anhydride can he recovered than was introe-
duced into the reaction. The reasons for this condition have already
been pointed out on p. 177+ No explanation is volunteered for the gen~

erel shape of the curve.

4, Miscellaneous Consideretions Concerning the Reaction Mechanism
As has already been indicated, the principle objective of this

research is the attempt % determine the validity of the equivalence

between RDX production and emmonium nitrate consumption (as presented

by Davy and Cammack).

In Table V, six different pogsible values of the ratio are given
for each of the sixteen concentrations of ammonium nitrate studied.
The first set of three values is based on the yleld of RDX while the
second set of three is based on the yield of RDX(B). The values of the

two sets differ but little and the two are included mainly for the sake
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of completeness,

The first ratio of each set of three, "UNCORR." (Figure No. 28 ),
is derived by using the value for the ammonium nitrate consumption asg
obtained directly by difference: ammonium nitrate introduced minus the
amino nitrogen recovered from the diluted mother liquor. This value of
the ammonium nitrate consumption is given in Table V and is plotted as
& function of the mole ratio of ammonivm nitrate in Figure Noe. 27. 1t
will be observed that, since at low concentrations of ammonium nitrate
more smmonia is fecovered than is ammonium nitrate introduced, the value
of the ammonium nitrate comsumption (and hence the value of the ratio)
is negative. The value of the ratio increases numerically to minus
infinity, is di scontimious, decrefses numerically from plus infinity to
a minimum value of about 0.8 (at a concentretion of 1.25 moles of ame
monium nitrate per mole of hexsmine) and then increases slightly to a
value of about 0.9 That Carmack obtained the same result is shown in

Table V1 and in Figure No. 28.

The second ratio in each set of three, “"CORR.I" (see Figures Nos.
30 and 31 for the ratiocs based on RDX and RDX(B) respectively), is
derived by using the corrected value for the ammonivm nitrate consumpe
tion. As was shown previously (p.198), the corrected value is equal to
the uncorrected value plus a correction, Cx = Co» fx/fo, which is de~

signed to compensate for the fact that same of the ammonia recovered

Only the retio based on RDX(B) is showm,
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came from the hexamine rather than from the ammonium nitrate. The

corr ected value for the ammonium nitreate consumption is given in

Table V and is plotted as a function of the mole ratio of emmonivm
nitrate in Figure No. 27?& Using this corrected value, the whole aspect
of the ratio of RDX production to ammonium nitrete consumption is ale
tered. The value of the ratio increases slowly from 0.5 to 0.8 as the
mole ratio of ammonium nitrate is increased from zero to four moles per

mole of hexamine.

The third ratio in each set of three, "CORR.II" (see Figures Nose
30 and 31 for the ratiogbased on RDX and RDX(B) respectively), is de=
rived by using the corrected value for the ammonium nitrate consumption
as previously; an additional correction is made, however, by subtracting
from the molar yield of RDX and RDX(B) = blank equal to the amount of
RDX and RDX(B) produced in a run in which the mole ratio of ammonium
nitrate is zeros The reason for this correction lies in the possibility
that the RDX(B) produced in such a run arises by a different mechanism
from the one which produces most of the RDX(B) when smmonium nitrate is
present (e.g. direot nitrolysis)e This correction removes irregularities
in the retio in the region of low ammonium nitrate concentrations. It may
be that this correction is not justified at high mole ratios of smmonivm
nitrate, but it should be pointed out that the correction is small in

‘this region anywsy.

% it should be pointed out that the corrected values of the ammonium
nitrate consumption (as shown in Figure No. 27) provide strong
Justification for the correction itself and for the theoretioal
considerations already presented with regard to ammonia recovery:
the curve representing these values shows that, at low concentre=
tions of ammonium nitrate, all of the ammonivm nitrete introduced
is consumed. (See also Table V.)
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The conclusion that can be reached by an expmination of these data
ig that the ratio of RDX production to ammonium nitrate consumption is
not equal to unity over any wide range of ammonium nitrate concentrae
tionse. Further, since ammonia may be recovered from the diluted mother
liquor when no ammonium nitrate is introduced, even the most carefully
determined values of the ratio are open to question. Again, while there
ig no direct evidence that ammonium nitrate is being destroyeld or cone
sumed in side~reactions, the fact that not all of the amino nitrogen
can be accounted for in terms of solid reaction products or distillable
amino nitrogen casts further doubt on any positive conclusion that may
be drawn in this commectione And lastly, the arguments of Carmack in
favour of an equivalence betwean RDX production and ammonium nitrate
consumption may be shown to be inconclusive. In view of these fucts,
there seems to be little evidence to support any mechanism which assumes
that the two moles of RDX are formed by identicel or similar processes
and these facts certainly do not exclude mechanisms which assume that the

two moles of RDX are formed by different processes.

1f one accepts a mechaniam for the formetion of RDX based on the
two processes of "catalysed nitrolysis" and "synthesis", the values of
the retio of RDX production to ammonium nitrate congumption as herein
determined and corrected may toke on real significances While it is
not possible to evaluate accurately the éuantities of RDX produced in
the Bachmann reaction by nitrolysis, catalysed nitrolysis and by syn~
thesis, these may be estimated by an analysis of the yield of RDX and

the value of the above ratio. The rule in this respect is: the higher
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the value ot the ratio, the more efficient is the catalysed nitrolysis
process with respect to the synthesis procegs. The values given in

Table V confirmm previous discussions: the catalysed nitrolysis process
is inefficient at low mole ratios of ammonium nitrate but the synthesis

process is efficient at all concentrations of ammonium nitrate.

Be. Effect of Simultaneously Varying the Ammonium
Nitrate and Acetic Anhydride Concentrations

It hag been pointed out (pe 204) that in the preceding series of
runs insufficient acetic anhydride was introduced to engire the presence
of an excess at high mole ratios of ammonium nitrate. Three addaitional
rung were carried out % show the effect of restoring the anhydride ex-
cess and are herein reportede In run 11 Table V, the ammonium ni trate
mole ratio was 2.44 and the acetic anhydride mole ratio was 6.70. The
three new runs have ammonium nitrate mole ratios of 2.91, 3.40 and 3.88

and acetic anhydride mole ratios of 720, 7.70 and 8.20 respectivelye.

The experimental and analytical procedures useld were identical with
those reported in the previous section. No analyses for total nitrate,

free nitric acid, acetic anhydride or acetic acid were carried oute

The results of this series of experiments are presented in Table

VIIL and are discussed briefly in the tollowing paregraphse
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Discussion
le Variation in Yields of Solid Products

For a given ammonium nitrate concentration, an increase in the mole
ratio of acetic anhydride results in increased yields of RDX and RDX(B)
(Figures Nos. 32 and 36), but there is an indication that the anhydride
concentration is optimel. This does not agree with the results reported

by other workerse.

The yield of HMX and the concentration of HMX in the RDX(B) decrease
slightly as the acetic anhydride mole ratio is inoreased (Figures Nos. 33
and 34). The yield of BSX decreases as the acetic anhydride concentre-

tion is inoressed (Figure No. 35).

In termms of & mechanism based on the two processes of catalysed nit-
rolysis and synthesis, these results indicate that the increased yields
of RDX are dus to the inoreased efficiency of the catelysed nitrolysis

step 1n the presence of an excess of acetic anhydride.
2. Recovery of Reagents from the Mother Liguor

The quantaty of formaldehyde recovered from the diluted mother
ligquor probably does not vary appreciably as the acetic anhydride con-
centration is inore2ased (Figure Nos 37)« The quantaty of ammonia re=-

covered from this source, t00, varies but little as the acetic anhydride

mole ratio is inoreased (Figure No. 39).

3+ Material Balances

The formaldehyde balances in this series of runs are less satise
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factory than in the previous series. Of the three runs, one indicates
a balance of 104 percent and another, 98 percent (Figure No. 38). No
explanation other than that of experimental inaccuracy is volunteered

for this behaviour.

The ammonia balance, to0, is somewhat irregular but it seems that
more amino nitrogen can be accounted for in temms of solid products
and distillable amino nitrogen when the acetic anhydride concentration
is increased (Figure No. 40). This same picture is presented by Figure
Noe 41 where the moles amino nitrogen not accounted for is plotted as
a function of the ammonium nitrate mole ratio. In run 2 Table VIII,

96 perocent of all of the amino nitrogen introduced could be accounted
for: this represants one of' the highest recoveries recorded in this

laboratory.

The percent hexamine convertel to linear nitremines, the percent
hexamine converted to cyclic nitramines and the percent total conversion
of hexamine were calculated according to Camack (92) (See also p. 217).
It was found that, in general, at higher concentrations of acetic anhy-
dride a smaller percentage of the hexamine introduced was converted to
linear nitramines and & greater percentage to cyclic nitramines (Figures
Nose. 42 and 43). The calculated percent total conversion of hexamine
wag somewhat irregular but was invariably less than in the runs at lower
mole ratios of acetic anhydride (Figure No. 44). in terms of Carmack's
views, this indicates betlter recovery of RDX and of distillable amino

nitrogen from the mother liquore in termms of the views presented in
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the preceding section, however, it ig indicative of -
(1) decremsed production of amino nitrogen during the hydrolysis
of linear by-products, or
(2) increased efficiency of the catalysed nitrolysis process as
compared with the synthesis processe.
This latter interpretation is supported by other data presented in this

gectaone
4. Miscellaneous Considerations Concerning the Reaction Mechanism

As the acetic anhydride mole ratio is increased for a given ocone

centration of smmonium nitrete, the apparent consumption of ammonium
nitrate (ie.es uncorrected) and the corrected consumption of ammonium
nitrate decrease very slightly (Figures Nose. 45 and 46). Further, as
the mole ratio of anhydride is increased, all values (i.es corrected
and uncorrected) of the ratio of RDX production to ammonium nitrate
congumption increase (Figures Nos. 47=50). in runs 2 and 4 (Teble VIII)
the uncorrected values of the ratio approach unity. These values supe
port the arguments of Carmack, particularly since they correspond to
the "near quantitative" conversions of hexamine as calculateld above.
In defence of the stand adopted in this thesis (i.e. that no equivalence
exists over any wide renge of operating conditions), it should be pointed
out that an increase in the efficiency of the catalysed nitrolysis pro-
cess with respect to the synthesis process would account for both the

higher ratio and for the calculated perceat total conversion of hexamine.

Thus, while the experiments with increased quantaties of acetie

anhydride changed the yields of solid products somewhat and altered the
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ratio of RDX production to ammonium nitrate consumption, they in no way

invalidated any of the theoretical considerations previously advanced.

C. BEffect of Tenperature when Zero Moles of
Ammonium Nitrate Introduced '

in this series of experiments, the effect of varying the reaction
temperature between 40°C. and 80°C. for runs of zero mole ratio of ame-

monium nitrute is investigated.

The experimental and analytioal procedures used were identical with
those reported in Section A above except that the temperature of the
Bachmann resctiong was modified as indicated in Table i1X and that, after
dilution of the reaction liquor, at least three days were allowed to
elapse before filtrataon. The results of these experiments are presented

in Table 1X and are discussed in the succeeding paragrephse

Discugsion
1. Variation in Yields of Solid Products

As the reaction temperature is increased (for runs to which no am-
monium nitrate is added), the yield of RUX (and RUX(B)) decreases (Figure
Nos 51) ¢ The yield which is always very small decreases more rapidly

at higher temperatures.



TABLE

BACHMANN REACTION: -EFFECT 0F TEMPERATURE ON YIELDS AND MATERIAL BALANCES
(000 MOLES AMMONIUM NITRATE)

YIGWNN NNY

!
]

OF aM -

- T FORMMDEHYIE] AMMO NI A ITRIC ACID ‘n: 'l"l‘%E E
% > ; (6 mores) i+ MoLES) } (TR 1S MoLEs) | 8 10 PLES
p- -] M
m m -
-] L8 3 >, s
2 = x| =z 4 ol2 | §© 1§ e e 3|l % E
A d B X * 5 no ! - Y n noe
- o] | R e ! o ‘ 41 3 ? oc
cim © B = ‘ t 1 " , o 2
5 > IR HIERE g2 e 73 18
m|o > :
- =2 § | = |"]s]- g ° &E
! I, »
°c. *ls |moLes |mees mas] o/ mouss| *fo Jrmgsinsss|mogs |mess] 4 Pt s wi”
| |
%0 |2 JooY1] 1-0] 0-001 Jo-51 J3 1] bon| 10t Jorb3]2.39] b0 o'uls o5b] 10221 | 62 J 486|137 |f|o o-1bb
S0 ]2fo081] 00| 0006 Joso §resl¢- 2] 10061235 59 Jouwnlonus]|oas|261] 62 Je81 |23 l§01 [ BEy)
60 |2 Jo.0%| 11 | 0-00 Jou1 | 390400 1000 62]2.25] S6 oss|lous|oas |262 51 jé8i|118 109 Jo15m
70 [ Jo.-o6k] 1:3] 0001 Jousg 31|59 ]| qT00-62]223]| 56 Jo-s6|ono Jor11|2.51] 58 Jé-61]1-09 liob 161
80 |3 Jo-o42] 10 | 0001 Jo-36390|553] 920049 1-96] wt Jo-bt]oud]t05]2.32] s2 | 6-87]T-23]| 108 o.M

|
l

b3
1-36
1y
1-55
140

;
i

o9
09

v

2

CFT-0 % NIRRT ST

1-00
oM
o1
011
0-9%

*¥¥3



]

g, P iy
v T E
el
S B

[l
IS AL
s ARt - s kg

ot




246.

Since the yield of RDX(B) is small, HMX values cannot be accurately
determined. While small values are reported in Table LX for the HMX
content of the RDX(B), 1t may be that these are 1n error and that, since
the concentration is small, HMX may feil to crystallize out of the

diluted mother ligquor at all,

As the reaction temperature is increased, the yield of BSX decreases

(Figure No. 52). This decrease is more pronounced at high temperatureses

2. Recovery of Reagents from the Mother Ligquor

Formaldehyde:~ As the reaction temperature is increased (for runs to

which no ammonium nitrete 1s added), the amount of recoverable formalde=

hyde in the mother liquor remasins relatively constant (Figure No. 53) .

Ammonia= As the reaction temperature is incremsed, the quantaty of

recoverable ammonia in the mother liquor remains constant (Figure No. 53).

Carmack (92,93,94,94,96) has stated that the presence of distillable
smino nitrogen in the diluted mother liquor ¢f & run into which no ame
monium nitrate is introduced is due to the faoct that hexamine is income
pletely nitrated. An alternate explanation has been advanced in this
thegiss ths amino nitrogen ig & product of the hydrolytic decomposition
of inisolable nitraminese The tact that the quantity of ammonia recovered
from the diluted mother liquor does not vary with temperature would seem
to congtatute some memsure of support for the latter altermative. It
seems unlikely that hexamine would be nitrated to the same extent over

the whole range of temperatures studieds On the other hand, the quantity
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of inisolable nitramines produced (&ssuming the hexamine to have been
completely nitrated) would be expected to remain constant since the
yields of RDX and BSX are relatavely constant. The quantity of amino
nitrogen produced on hydrolytic decomposition of these inisolable

nitramines would, then, be fairly constent also.

On the basis of experimental results previously reported (p. 195),
it was stated that the ratio of hexamine amino nitrogesn* to formalde=
hyde in the diluted mother liquor is a constant for all concentrations
of emmonivm nitrete. The values for the ratio obiained in this series
of experiments, too, are relatively oonstant (Table 1X). The averags
value for the geven runs reported is 0.167. This compares with a value

of 0.165 calculated from Table Ve

Nitric Acid:= As the reaction temperature is increased from 40°¢.
to 80°C. (for runs to which no ammonium nitrate 1s added), the smount
of free (i.es titratable) nitric acid in the mother liquor increeses
slightly (Figure No. 54). This corresponds to & slight decrease in the

amount of nitric acid consumed (Figure No. 55).

As the reaction tamperatiire is inoreased, the quantaity of combined
nitric acid in the mother liquor decresses (Figure No. 55)« Sinoce the
quantity of ammonia in the mother liquor is constant, and, since it wags
previously postulated (p.199) that the smmonia and the combined nitric

acid existed in the diluted mother liquor ag ammoniuvm nitrate, this fact

* Amino nitrogen which originated in the hexamine rather than in
ammoniwm nitrates
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ig rather startling. 1t was suggested that, if the ratio of ammonia
to combined nitric acid were greater than unity, hexamine dinitrate
might be present in the mother liquor; this would indicate that hexa-
mine had gurvived treatment with nitric acid and acetic anhydride.
Since, in this serpes of experiments, the ratio of ammonia to combined
nitric acid (Figure No. 56) increases with temperature, this explenation
would appear to be invalid. An alternate explanation 1s based on a re=
consideration of the proposed mechanism of formation of the ammonium

nitrate.

The distillable amino nitrogen in the mother liquor of runs into
which no ammonium nitrate is introduced is not present in the undiluted
reaction liquor in the form of ammonium nitrate since it would have
generated RDX. It has been postulated (pe 213) that it arises after
dilution by the hydrolytic decomposition of inigclable nitramines such

as the diacetate of dimethylol nitramine:
NO,
[}
Ac0=CHy=N=CHp=OAC +3Hy0 —> NH,4NOz + 2 CHp0 + 2 AcOH eesensee 208

Lt may be supposed that these nitramine linkages result from the attack
of acetyl nitrate upon methyleneamine linkages:

OAc ,

]
CH,
}
AcO=CHo=N=CHy=OAC + AcONO, —> AcO-CHz-I:I-CHZ-OAc + cuz(ou)?_... 209

NO,

Now, by analogy, if it be supposed that acetic anhydride rather than
acetyl nitrate is the active agent, an acetamine rather than a nitramine

will be produced:
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OhAc
1

CH Ac
2 1
ACO=CHp=N~CHp-0AC + ACp0 —> AcO-CHp-N-CHy=OAc + CHp(0AC)peeses 210
Lt may be agsumed that the acetamine will undergo an anslogous hydrolytic

decomposgition to that of the nitramine:

Ac
1)
AcQ~CHp=N=CHp=0AC + 3 Hy0 —> NHgAc -+ 2 CHgO + 2 AoOH eesess 211

On the basis of these considerations it may be seen that smino
nitrogen will be produced on hydrolysis of both nitramines and acetamines,
while nitric acid will be produced on hydrolysis of nitremines only.

Thus there need be no equivalence between the ammonia and combined
nitric acid. 1t will be seen that the value of the ammonia -

combined nitric acid ratio will be a semi~quantitative measure of the
number of methyleneamine linkages split by acetic anhydride reather than
by acetyl nitrate, Since, in this series of runs, the value of the ratio
increases with increasing temperature (Figure No. 56), relatively more
methyleneamine linkages are broken by acetic anhydride at high tempera-

turesge.

While they have never advanced the view that nitramines can decome
pose in accordance with equation 208, the above discussion is in general

agreement with the views of the researchers at the University of Michigan(60):

n It is probable that, in the simmer, both
0 -~ acetyl and N-acetyl compounds are hydrolysede.
When 0 « acebtyl compounds hydrolyse, the quantity
of acetdc acid is increased but the nitric acid ree
mains unchanged . The hydrolysis of N-aoetyl compounds,
however, not only increases the amount of acetic acid
but liberates basic nitrogens capable of neutralizing
free nitric acide This increases the consumption of
free nitric acid. "



252,

El
t.t
= o
e
Y
-

P

i

. R A S ‘ : neo F + e
LA + - N s R



265,

peratures. This has not been observed. Nor does the ratio of unre-

covered amino nitrogen to unrecovered nitric acid decrease.

Acetic Anhydride:~ The totl recovery and the peroent recovery of

acetic anhydride were calculated as previously desoribed (p. 225) and
the percent recovery is plotted ag a function of the reaction tempera-

ture in Figure No. 58,

The recovery of anhydride as herein described gives values in excess
of 100 percente This behaviour hag been observed in other series of ex-

periments and reasons for this condition have been suggested on p. 177,

De Effect of Temperature on
Yields and Material Balances
(4.74 Moles Amonium Nitrate)

In this gsection, the variation in yields and material balances is
invegtigated with respect to temperature for Bachmann runs into which

excesgs smmonium nitrate is introducede.

Experimental
l. Experimenial and Analytical Procedures

In general, the same experimental and analytical precedures were
used as were reported in section ILI A (p.160)+ The Bachmann pro-
cedure used was modified samewhat, however, and the reagents introduced
into the system were carefully anelysed whereas previously they were
merely weighed in bulke. Chronologically, this series of runs was the

lagt to be carried oute For this reason and in view of the careful
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analyses performed, these experiments are probably somewhat more

accurate than others reported herein.

Analysis of Reagents:~ Acetic anhydride was analysed by the dife

ferential alkali titration of two weighed samples after solution in
aniline and water. The strength of the acetic anhydride was found to

be 99.2 percent.

Acetic acid was titrated with alkeli and the total acidity (eal-

culated asg acetrc acid) was found to be 99.3 percent,

The acetioc acid = hexamine solution was sanalysed for (1) total
acid (61.3 percent as acetic acid), (2) formaldehyde (37.3 percent
as hexamine) and (3) amino nitrogen (37.3 percent a3 hexamine). By
difference it was estimated that there was l.1 percent water in the

golution.

The ammonium nitrate = nitric acid solution was analysed for
(1) total acid (44.2 percent calculated as nitric aci1d) and (2) snm-
monia (55.3 percent calculated as ammonium nitrate)e By difference

it was estimated that there was 0«5 percent water in the solution.

Bachmann Procedures= The procedure wsed was similar to that con=-

tinuous, three-feed addition technique previously described (ppe 121 &
161) « The procedure was modified with respect to the quantities of
reagents used. The pot was charged with 25 ml. glacial acetio acid,
5 ml. acetic anhydride and 2.5 g. ammonium nitrate. To this charge

were added 73 ge. acetic anhydride, a golution of 14 g.hexamine disg-
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golved in 23.5 g. acetic acid, and & solution of 35.5 g. ammonium
nitrate dissolved in 28.6 g. strong nitric acid. On the basgis of
these quantities and the analyses reported above, the exact mole

ratios of reagents used were as follows:

Hexamine 1.00

Ammonium Nitrate 4.74
Nitrc Acid 4,50
Acetic Anhydride 7.62
Acetic Acid 8432
Water 0.51

The experimental procedure used was further modified with respect
to the holding time after dilution: at least three days were allowed
to elapse before filtering off the crude solid producte The reason
for this will be apparent after examination of the results of section

111 Fe

Analytical Procedures:= The analytiocal procedures used were iden-

tical with those previously reported (section ILl A). New calibration
curveg were drawn up for the RDX(B) and HMX analyses, however, and more

advantageous use of blank deteminations was made in the analysis of

the mother liquor.
2, Bxperimental Results

The results of the above-~described series of runs are pressnted
in Table X and are discusgsed in the succeeding paragraphs. No attempt
has been made to obtain an acetic anhydride balance in view of the

unsstisfactory results obteined in other serires.
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Discussgion

l, Veriation in Yields ot Solid Products

As the reaction temperature is increased from 40°. to 70%.
(for runs into which an excess of amuonium nitrate is introduced),
the yields of RDX, RDX(B) and HMX increase and the yield of BSX de-
creasess The percent HMX in the RDX(B) remains relatively constant.

(Ssee Figures Nos. 59, 60, 61, 62).

The most significant features of these curves are the great inorease
in the yield of RDX(B) and the slight decrease in the yield of BSX in
the region 40°C. = 50°C. This indiocates that the rate of the posta=~
lated synthesis process (supposing a two-stage mechanigm) is increas-
ing more rapidly than is the efficiency of the catalysed nitrolysis
process. This is in accord with other experimental date presented

in this section.

2e Recovery of Reagents from the Mother Liquor

Formaldehyde:~ The recovery of formaldehyde from the diluted

mother liquor decresses rapidly to a constant value as the reaction tem-
perature is increased (Figure No. 63), This observation is in accord
with the above deduction that the rate of the symthesis process ine

creases very rapidly between 40°C. and 50°C.

Ammonia:~ As the reaction temperature increases, the quantaty of

amino nitrogen in the diluted mother liquor decreases (Figure Noe. 63).



+ :r
.

e
»

o
o

.
T

v b
.
2
.~
e

Tapaer
e RIF

IRy
M

&
s

eraa

P

260,

o 1 ) 1 14
i < L
i - b
. L S o k3 .
O B o VP RS S e P S
-y
IR




261.

£ S .
SRS N
o P o € M

-
L
oo}

o



262 .

This is in accord with the increased efficiency of the whole reactione.

In Figure No. 63, the curve representing amino nitrogen in the
mother liquor is broken down into two components representing ammonium
nitrate amino nitrogen and hexamine amino nitrogen. This resolution
hag been carried out on the bagis of previous theoretical discussionse.

(See ppe. 195 and 213.)

Nitrio Acid:~ As the reaction tempernture is increased, the quan=-
tithes of total nitric and combined nitric acids in the mother liquor
decrease (Figures Nos. 63 and 64) . These observations are in accord
with the general inorease 1n the efficiency of the reaction. It is
observed that, for all reaction temperatures, the ratio of amino
nitrogen to combined nitric acad in the mother liquor egquals unity.
This is not very significant from & theoretical point of view since
such an equivelence seemed almost certain in view of the large excess

of ammonium nitrate introduced into the reactione.

As the reaction temperature is inoreased, the amount of free nitric
aocid in the mother liquor apparently decreases slightly (Figure No. 64).
This corresponds to a slight increase in the amount of nitric acid con-
suned (Figure Noe 65) « Some doubt is cast on the validity of this obe-
servation when it is realized that the analyses represent the consump=
tion as being somewhat greater than four moles per mole of hexamine,
This does not agres with the results formerly obtained (Tables V, ViIi

and 1Xhb Nor does it agree with the observations of Backmann (61).
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3« Matemal Balances

Forma ldehyde:- The formaldehyde balance apparently increases slightly

as the reaction temperature is increased (Figure Noe 66)e At higher tem-

peratures positive balances are obtained.

Ammonia:- As the reaction temperature is inocreased, the quantity
of amino nitrogen that can be accounted for in terms of solid remction
products and distillable amino nitrogen increases (Figure No. 66)s This
is in genersl agreement with the increased efficiency of the process asg

a wholee

When the material balance is made according to the method of Carmack(92)
(pe2l7), 1t is tound that the percent hexamine converted to linear nitra-
mines decreases and that the percent hexamine converted to cyclic nitra-
mines increases (Figure No. 67). While the calculated total conversion
of hexamine generally incresses with increasing temperature, the values
of the individual results support the viewpoint advanced in this thesis
(pes 223) that, while these calculated conversions are a measure of the
"extent of the nitrolysis of the hexemine" and of the reletive efficiency
ot the catalysed nitrolysis and synthesis processes (supposing a two-gtage
mechani gr) , they are not & measure of the accuracy of the analysis of
of the reaction productse As was previously pointed out, calculated
conversions of greater than 100 percent are indicative of an efficient
synthesis process as compared with the catalysed nitrolysis process,

Ths experimental results indicate that at 50°C. the synthesis process
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is very much more efficient than is the catalysed nitrolysis process - -
the calculated total conversion of hexamine being high even though it
is likely that the hexamine is not "campletely nitrated™. At higher
tenperatures, the two processes apparently proceed to approximately

the same extent.

Nitric Acid:~ As the remotion temperature is increased, the quantity
of nitric acid accounted for in terms of solid reaction products and
nitrate ion in the mother liquor decreases (Figure Noe 66). This is in

agreement with the increased efficiency of the reaction.

Once again it is found that the ratio of amino nitrogen not accounted
for to nitrate ion not accounted for is unity. This constatutes support
for the postulation (pe 213) that the loss of these two substances is
due to the evolution of nitrous oxide on hydrolytic decomposition of

the by~-product, inisolable nitramines,

4. Misgocellaneous Considerationg Concerning the
Reaction Mechanisgm
As the reaction temperature is increased, the apparent consumption
of ammonium nitrate increases from a negative value (minus one-half
mole) to a positive value of about 1.7 moles per mole of hexamine;
the corrected*value for the smmonium nitrate consumption, however,

increases fram a small positive value (Figure Noe. 68)s The fact that,

K See pe. 198 for the method of correcting the apparent consumption
of ammonium nitrate.
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on applying the emperical correction suggested in this thesis, sig-
nificant values for the ammonium nitrate consumption are cbtained
over the whole range of temperatures studied provides strong support
for the theoretical considerations advanced with regard to the re-
covery, consumption and material balence of amino nitrogen in the

reaction (pp. 191, 207 and 225).

In Table X, six different values for the ratic of RDX (and
RDX(B)) produstion to ammonium nitrete conswmption are given for each
reaction temperature investigated. The first set of three values is
based on the RDX(B) yield while the gecond set of three values is

x
based on the yield of RDX.

The first ratio ("UNCORR.") in each set of three values is un-
corrected in any way and is baged on the RDX(B) (or RDX) yield and
the apparent consumption of ammonium nitrete. It will be geen (Figure
No. 69) that, as the reaction temperature is increased, the value of
the ratio increases numerically from a small negative value to minus
infinity, decreases numerically fram plus infinity to & fairly con-
stant value representing (approximately) an equivalence between the

two factorse.

The second retio in each set of three ("CORR.I") is obimined by
using the corrected value for the ammonivm nitrate consumption. in

this case, as the reaction tempereture is inoreased, the matio fallg

% Since the two gets of values do not differ to any great extent,
only those ratios based on RDX(B) are plotted in Figures Nos.
69 and 70,
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rapidly from a large positave velue to & minimm (at approximately

50°C.) and then rises to & constant value (Figure No. 70).

The third retio in each get of three (“CORR.II") is obtmined by
using the corrected value for the ammonium nitrate consumption as
before and, in addition, subtracting from the ylelds of RDX and
RDX(B) the base value representing the yield of RDX obtained at a
given tempersture when no ammopnium nitrete was present in the reaction
(see Table IX)« The reasan for this correction has already been pointed
out (pe 232) In this case, the graph showirg the variation in the
value of the ratio with changing temperature is similar to the above
ratio ("CORR.I") but is displaced downwards somewhat over the whole

renge of temperatures investigated. (Figure No. 70).

The unugual shape of the curves shown in Figure Noe. 70 is very
significant. The initial high values in the curves show that, at
low temperatures, the catalysed nitrolysis process (even though very
inefficient) proceeds to & much greater extent than does the synthesis
process. The rate of the synthesis process, however, increases very
repidly until, in the region of 50°C -~ 85°%C., it proceeds almost
quantitatively 1n the short reaction times used and certainly to a
grester extent than does the catalysed nitrolysis prooess at these
temperatures: this is shown by the minimum in the curves in Figure
Noe. 70, The efficiency of the catalysed nitrolysis process, however,
increases steadily until in the region of 60°C. - 7000. it approaches

maximm efficiency; the value of the ratio thus increases again until
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a region is reached where the two processes are relatively insenh~
sitive 0 temperature and the value of the ratio remains consitant.
The final value Hr the correoted ratio indicates that the synthesis
process produces slightly more RDX than does the catalysed nitrolysis

process under optimum conditionse

The variation in the corrected ratio of RDX production to ammonium
nitrate consumption with changing temperature was not unexpected. The
initial high values of this ratio were predicted as early as a year
before these experiments were carried out in the recognition (on the
basis of independent experimental evidence) that RDX produced in low=
tamperature runs of short holding time is largely the product of a
catalysed nitrolysis rather than & synthesis reaction (p. 145). Again,
with reference to the rapid increase in the rate of the proposed syn=-
thesis process in the region of 40°C. - 50°C., the exceptionally high
tanperature coefficient of both the MoGill and Bachmarm reections at

these temperatures has long been recognizede.

The rapid increase in the rate of the synthesis process in the
region 40°C. = 50°C. is also evidenced in an exemination of the curves
representing RDX production, BSX production and fomaldehyde recovery
and was independently predioted on the bagis of the calculated percent

conversion of hexamine (p.25k4).

An examinstion of all these data shows that the ratio of RDX (or
RDX(B)) production is not necessarily equivalent to the ammonium nitrete

gonsumption. The fact that el high temperatures the value of the un-
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corrected ratio approximates unity congtitutes same support for the
views of Davy and Carmmack. The successful interpretation of the values
of the ratio over the whole range of tamperatures studied in terms of
the proposed "catalysed nitrolysis = synthesis" mechanism, however,
constitutes support for the opposing views advanced in this thesis.
The conclusion that may be reached, then, with regard to the mechaniam
of the reaction is that the values of the ratio obtained at different
tempers tures do not exclude mechanisms which assume that the two moles

of RDX are formed by different processes.

E. Effect of Holdini Time before Dilution
on Yields and Material Balances
(2.86 Moles Ammonium Wi trate, Temp. 40°C.)
(CARMACK )

Carmack (93, 94, 95, 96) has invegtigated the effect of varying

the holding time before dilution for low-temperature Bachmann runse.

Experimental

The experimental and analytical procedures used were essentially

the same as those previously described (p. 178).

The Bachmann procedure was modified with respect to temperature
in that the runs were carried out &t 35°C. = 40°C. The time of ad=
dition of the reagents was 25 minutes instead of the 1l<.5 minutes pre-
viously reported. In addition, the holding time between the completion

of the addition of the reagents and dilution was varied as indicated in



Table XI. The concentration of ammonium nitrate was 2.86 moles per

mole of hexamine.

The results of these experiments are reproduced in Table XI and
are discussed in the following paragraphs. All results have been cal-

culated on the bagis of one mole of hexaminee.

Discussion

le¢ Yields of Solid Products

The yield of RDX(B) increases slowly with an increase in holding
time (Figure Noe 71). This result was previously obsgerved in this
laboratory (Table III). It is believed thet the initial yield of
RDX(B) (i.e. the RDX(B) obtained in runs of very short holding time)
is produced mainly by & catalysed nitrolysis reaction. The increase
in RDX(B) yield with increased holding time is regarded as being due

to & synthesis process. This process is slow at low temperaturese.

2 Recovery of Reagents fram the Mother Liguor

The quantity of ammonia recovered from the diluted mother liquor
decreases with increased holding time (Figure No. 72). This is in
accord with the concept of a slow synthesis continuing over a period

of some hourse.

3« Material Balances

The quantity of amino nitrogen accounted for in terms of solid
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reaction products and distillable amino nitrogen remains constent
(Table Xi) as the holding time is increased. This indicates that,
at these low temperatures, ammonium nitrate is not consumed in re-

actions other than thoae leading to RDX(B).

No attempt has been made to calculate the percent hexsamine con-
verted to linear and cyclic nitramines or the percent total conversion
of hexsmine. In view of the comparatively large yields of by-product,
inigolable nitremines (which generate amino nitrogen on hydrolytic
decomposition), the percent total conversion of hexamine would be low

and without significance.

4, Miscellaneous Considerations Concerning the
Reaction Mechanism
As the holding time before dilution is increased, the apparent
congumption of ammonium nitrate increases from a small negative value
% & positive value of about 0.5 moles per mole of hexamine (Figure
Nos 73)e It is not possible to calculate the corrected values for the
gmmonium nitrate consumption since no data on the formaldehyde recovery

are available for these reaction conditions.

As the holding time is increased, the ratao of RDX(B) produced to
ammonium nitrate congumed increases numerically from a small negative
value to minus infinity, is discontinuous, and decreases numerically
from plus infinity to & relatively constant value of about 0.7 after

two hours (Figure No. 74). While it is not possible to calculate the
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corrected ratio as in previous series, experience suggests that this
would decrease rapidly from a large positive value to & fairly con-

stant value somewhat below the 0.7 level.

Camack, in a discusgsion of these results, has failed to assign
them any theoretical significance. He points out that they do not
agree with the requirements of the proposed Davy mechenism, but ate
tenpts to show that the deviations from unity are due to experimentanl
inmccuracies. He suggests, as & possible source of error, that ammonium
nitrate may be lost to the system through reactions other than those
leading to RDX(B) formation. The author regards this possibility as
an unlikely one since it has been shown that the quantity of amino
nitrogen accounted for does not decresse with increased holding time
(Figure No. 73). PFurthemore, if this were true, it would invalidate
many of the ratios at higher temperatures, data which constatute almost
the only support for the proposed Davy mechanisme. Cammack has shown
that the presence of formsldehyde and formaldehyde-producing substances
during the simmer interfere with the recovery of ammonia. Even if this
is so, however, it isg difficult o see why the interference would be
greater after long holding times (in the undiluted condition) since
the quantities of formaldehyde and formaldehyde-producing substances

are almost the same, if not somewhat less, as at short holding times.

Actually it seamns that, while the results may not be accurate in
an absolute sense, the general trend of the ratio is beyond doubt and

is of theoretical significance.
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It has been postulated (p. 145) that the RDX(B) produced in low-
temperature runs of short holding time is generated mainly by a catalysed
nitrolysis processs If this is so, one would expect that the ratio of
RDX(B) production to ammonium nitrate consumption would be very high
since no ammonium nitrate is consumed in the catalysed nitrolysis re-
action. 1t has been further postulated that, as the holding time is
increased in such a run, additional RDX is slowly generated by a
synthesgis processe If this is so, one would expect the ratio of
RDX(B) production to ammonium nitrate consumption to decrense since
either two or three moles of ammonium nitrete are cmgumed in the for-
mation of one mole of RDX. These predictions are in agreement with the

experimental results of Carmack.

It may be concluded, then, that for low temperature runs, the ratio
of RDX(B) production to ammonium nitrete consumption decreases with in-
creasing holding time and is not equal 4o unity over any wide range of
conditaonse This fact camot be accommodated by the symmetrical fis-
sion theory of Davy but is in ocomplete accord with the requirements

of the proposed "catalysed nitrolysis - synthesis" mechanism.

It 15 noteworthy that, 1f one calculates the increase in RDX(B)
yields and the inocreased quantities of ammonium nitrate consumed in
the later stages of the reaction (e.g. beyond the twenty mirute hold-
ing period), in general, three moles of ammonium nitrete are consumed
for each mole of RDX(B) that is formed. When based on Run 3, for
example, the average congumption for Runs 5 - 11 is found to be 2.96

moles ammonium nitrete per mole of RDX(B). (See Table Xi). This
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fact, which cannot be explained on the basis of the proposed Davy
theory, is one of the principal oriteria for the existence of a

synthesis processe.

F. Effeoct of Holding Time after Dilution
on Yields and Material Balances o
(Zero Moles Ammonium Nitrete; Temp. 40 C.)

In this series of experiments, the effect of varying the length of time
between dilution of the resction liquor and filtration was investigated.
In these experiments no ammonium nitrete was introduced into the remc-

tion liquore. The reaction temperature wasg 40°c.

One of the principle objectives of this series of runs was to gain
some ingight into the mechanism of generation of the amino nitrogen
which can be shown to be present in the diluted mother liquor of a

run into which no ammonium nitrate is introduced.

Experimental

The experimental and analytical procedures used were the same as
those described in connection with the experiments of section III A.
The results of these experiments are presented in Table XII and are

discussed in the following paragraphs,.

Discussion

l. Variation in Yields of Solid Productsg
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Total Solidg:-= The variation in yield of total solids is & very

interesting factore 1t will be seen from Table XII and from an examie
nation of Figure No. 76 that the weight of solid products obtained
when the mother liquor is filtered immediately after dilution is about
50 percent greater than is the case when the mother liquor is filtered
100 hours after dilution. It may be further observed that (1) after
100 hours no further decomposition takes place and (2) the decrease in
yield of solid product in excess of this minimum indicates a simple

mass law relationshipe.

Fron these facts it may be concluded that some compound is pre-
cipitated on dilution of a crude Baclmann reaction liquor (into which
no ammonium nitrete was introduced) whieh is not RDX, MMX or BSX and
that this compound is unstable and will slowly decompose in the di=-
luted mother liquore. That the decomposition products of this compound
are formaldehyde, acetic acid, nitric acid, smmonia and nitrous oxide
may be seen from & more extensive examination of the material balance

data.

On the bagis of the theoretical considerations of many workers in
this field, it was postulated that this compound is bis-acetoxymethylnitra-
mine (or, the diascetate of dimethylol nitramine), hereinafter designsted
as BAMN. At the time that this viewpoint was firsgt reported, BAMN was
unknown. Evidence for its existence in the crude reaction product
(other than tiat reported in this section) was obtained and is pre=
santed in en appendix to this thesis. Subsequently Wright (53) was

able to isolate BAMN in 39 percent yleld from this source; the propere
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ties of this compound corresponded to those properties predicted on

the basis of the earlier experiments reported hereine

RDX(B) ;= As the holding time after dilution is increased, the
yield of RDX(B) remains constant (Table Xi). This would be expeocted
since RDX(B) is stable towards dilute acids. It will be obgerved that,
for the run of one hour holding time, a somewhat smaller yield of RDX
was obtained. This is believed to be due to & secondary effect such
as incomplete precipitation. No data are available concerning the

composition of the RDX(B).

BSX:~ In this series of experimaents it is assumed that the yield
of BSX is constant as the holding time after dilution is varied. This
agsumption seems justified in that after 100 hours no further loss in

yield of solid product is oObgerved evem though BSX is present.

The value of the BSX yield is taken ag bewng the difference between
the werght of the crude product for runs of long holding time (when all
the BAMN has been destroyed) and the werght of RDX(B) (as determined
by a fume-off). For a run in which the holding time after dilution is
96 hours, it is calculated that the yield of BSX is 0.512 moles, and
after 120 hours, 0.517 moles. These values show good agresment with
the calculated yield of BSX of 0451 moles obtained under similar con=-

ditions in another series of runs (Table 1X).

BAMN*:- 1f the differencs between the weight of the crude pro-

duct and the sum of the weights of RDX and BSX is caloulated and is

X Bis-acetoxymethylnitremine.
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divided by a factor of 206, a value for the molar yield of BAMN _ -
is obtained. These values are shown in Table XII and are plotted

as a function of the holding time after dilution in Figure No. 76.
It will be seen that the ylelds approximate 0.5 moles for short hold-
ing times and that these fall off very rapidly and approximate zero
mol es after 90 hours. The value of 0.5 molss corresponds closely to
the yield of BSX in the reaction. Thisg might be significant since
BAMN has been postulated as a by-product of BSX formation. On the
other hand, the corrsspondence between the two values might be for- _
tuitous and the initial yield of BAMN might be considerably higher,
Such a condition could be explained on the basis that BAMN is the
logical end-product for any degradation process of hexamine, whether

or not BSX is produced.

2. TRecovery of Reagents from the Mother Liquore.

FPormaldehyde:= As the Holding time after dilution is increased,

the quantity of formaldehyde in the mother liquor increases to a con-
stant value (Figure Nos 77)+. The final value is attained after about
70 hours stwnding of the diluted mother liguore The increase in the
quantity of formaldehyde (provided that the corrected initial value
iswed - - see below) corresponds to about 30 percent of the final
valuee Furthermore, this increage is estimated to be of the order

of one mole. This is significant in that the calculated yield of

BAMN is of the order of one-half moles

Reference has bean made to the "correotei" initial value of the
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recovered formaldehyde and it will be obgerved that in Table XlLL

run 1 altermnate values are suggested for this factor, for the moles
total recovery of formaldehyde, for the percent fomaldehyde ac-
counted for and for the ratio of amino nitrogen in the mother liguor
to formaldehyde in the mother liquore. These "corrected" values are
suggested in the believe that the quantity of formaldehyde in the
mother liquor would be higher were it not for some secondary effect.
This belief, in tum, is based on extrepolation of the curves of the
four, above-mentioned variablese The values for these factors (which
are included parenthetically in Table XL), then, are the values ob-

tained by extrapolation of the other experimental data.

It should be emphasized (1) that these "corrections" have only
been applied to one run and (2) that it is not implied that the
deviations are due to experimental error. The secondary effect
causing the deviation in the forms ldehyde balance is thought to be
adsorption of fomaldehyde diacetate by the crude solid product. It
has been predicted that this compound will be formed to a greater or less
extent in the modified Bachmann reaction into which no ammonium nitrete
is introduced. If this compound has any real existence in the Bachmann
reaction liquor, it will undoubtedly be hydrolysed very rapidly on
dilution. It 1s possible, however, that one hour is not sufficiently
long to allow complete hydrolysis. un this case the methylene
bisacetate would appear in the crude solid product (either due to
precipitation or adsorption). On standing in air (in & moist or dry

condition), this product would lose formaldehyde and acetac acid to
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the atmosphere. Thus, formaldehyde which would nomally appear in

the mother liquor is lost to the system.

Support for these theoretical considermtions is to be found in
the fact that a "corrected" value for the acetic acid recovery is ob-
tained on extrapolation and in the fact that the anhydride balance is
much lower then usual 1f no account i1s taken of the postulated exis=

tence of the formaldehyde diacetate.

Ammonia:= As the holding time after dilution is increased, the
quantaty of ammonia in the diluted mother liquor increases to a con-
stant value (Figure Nos 77). The final value is attained after about
25 hours standing of the diluted mother ligquor. This increase is of
such a magnitude as to represent about 30 percent of the final ammonia
value. This behaviour is in accord with previous theoretical cone
siderations (pe 213) which supposed that BAMN decomposes slowly in
the diluted mother ligquor to give off the greater part of its nitrogen

as nitrous oxide but yielding, in addition, some ammonium nitrate.

It has been shown that the ra‘ﬁo of amino nitrogen in the mother
liquor to formaldehyde in the mother liquor is a constant (1) as the
ammonium nitrate concentration is varied (provided that an excess of
ammonium nitrate is not present) and (2) as the reaction temperature
is varied when no ammonium nitrate is introduced. It will be seen
that, as the holding time after dilution is increased, this ratio
decremses very slightly in magnitude. The value of the ratio for

long holding times is 0.168; this agrees with the values of 0.165
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and 0.167 as determined in Table V and Teable LX respectively. The
value of the ratio is plotted as a function of the holding time after

dilution in Figure No. 78.

Nitric Acid:~ As the holding time after dilution is increased, the
quantity of nitrate ion in the mother liquor increases (Figures Nos. 77
and 79)« The quantity of combined nitric acid also inoreases (Figure
Noe 79)+ The bshaviour of both of these factors is in accord with the
postulated decompogition of BAMN in the diluted mother liquor. It will
also be observed that, s the holding time is increaged, the ratio of
amino nitrogen to combined nitric acid in the mother liquor remains
relatively congtant (Table XII)+. The fuct that this ratio has a value
greater than unity shows that acetylation of amino nitrogen has taken

place during the reaction (see p. 250).

The behavior.  of the free nitric acid in this series of experiments
is somewhat less certain. I+ seans as if there might be an increase in
the amount of free nitric acid present in the diluted mother liquor as
the holding time is increased (Table XI) but this is uncertain and
cannot be accounted for in temms of the theoretical considerations
thus far advanced. If this behaviour is valid, it corresponds to the

generation of free nitric acid on standing in the diluted mother liquor.

Acetic Anhydride:» As the holding time after dilution is inereased,

the quantity of aecetic anhydride recovered from the diluted mother liquor
ag acetic acid increases (Figure No. 80). The final value seamns to have

bem attained after 24 hours standing. Using the extrapolated value
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for the one hour holding time, the increase in the quantity of anhydride
approximates 0.8 moless This agrees reasonably well with the decrease
in BAMN yield of about 0O+5 moles. The behaviour, in general, is in

accord with the other experimental datm.

As has already been pointed out, the value for the guantity of
acetio anhydride in the mother ligquor of the one hour holding time run
as obtained by analysis differs considerably with the value obtained
by exirapolation of the other points in the curve. The extrapolated
value is included parenthetically in Table XiI. The deviation between
the two values is thought to be due to the precipitation of methylene

bisacetate in runs of short holding time after dilution.

3. Material Balances

Forma ldehyde:;~ The number of moles of formaldehyde accounted for

and percent total recovery of formaldehyde were calculated from the
yields of RDX(B), BSX and BAMN and the quantity of formeldehyde present
in the diluted mother liquor. The results of these calculations are
presented in Table XII and the percent total recovery is plotted as a

function of the holding time in Figure No. 8l.

In six out of the seven cases, & formaldehyde balance of about 100
percent ig indioateds This fect strongly supports the postulation of
the precipitation and decomposition of bis-acetoxymethylnitramine in
these runs since, if the BAMN is not taken into account or if the non-

RDX(B) fraction of the crude product is calculated as BSX, a formalde-
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hyde balance cannot be made. This is important since, in the past,
the tormsldehyde balance has been found to be & dependable criterion

of the acocuracy of the experimental methods used.

in the run of one hour holding time after dilution, however, even
with the difference between the totmnl solids and weight of RDX plus
BSX being caloculated as BAMN, only 90 percent of the formaldehyde in-
troduced can be accounted for. This fact seems to indicate that the
crude solid product probably conteins, in addition to BAMN, some com=-
pound with & higher formaldehyde equivalent than BAMN. i1t has been
suggested that this compound is methylene~-bis~-acetate and that it de-
composes very rapidly on dilution to give formeldehyde and acetic acid.
This compound would probably decompose even after filtration and the
formaldehyde evolved would be lost to the gystem. in view of this
situation, an alternate value has been obtained for the amount of
formaldehyde in the diluted mother liquor by extrapolating the cui've
pessing through the other experimental points. Lf this value is used,

100 percent of the formaldehyde can be accounted for in this run, too.

Ammonias- The number of moles of ammonia accounted for and the
percent twtal recovery of ammonia were caloulated from the yields of
RDX, BSX and BAMN and the quantity of amino nitrogen present in the
diluted mother liquor. The results are presented in Table XIi and
the percent amano nitrogen accounted for is plotted as a function of

the holding time after dilution in Figure No. 8l.

As the holding time after dilution is increased, the quantity of
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amino nitrogen accounted for in temms of solid reaction products
and distillable amino nitrogen decreases. This behaviour is in agree=~
ment with the postulated deconposition of BAMN with the evolution of

nitrous oxide.

Nitric Acid:;= The number of moles of nitric acid accounted for
and the percent total recovery of nitric acid were calculated from the
yields of RDX, BSX and BAMN and the quantity of (total) nitric acid
present in the diluted mother liquor. These results are presented in
Table XIi and the percent nitric acid accounted for is plotted as a

function of the holding time after dilution in Figure No. 81,

As the holding time after dilution is increased, the total recovery
of nitric acid decreases. This corresponds to loss of nitrous oxide
during the decomposition of BAMN. This postulate is further supported
by the fact that the ratioc of amino ni trogen not recovered to nitrio

acid not recovered approximstes unity.

Acetic Anhydride:= The number of moles of acetic anhydride acoounted

for and the percent totgl recovery of acetic anhydride were calculated
from the yields of BSX and BAMN and fram the gquantity of acetic acid
present in the diluted mother liquore. These results are presented in
Table Xi1 and the percentadetie acid accounted for is shown as a funo-

tion of the holding time after dilution in Figure No. 8l.

The percent total recovery of acetic anhydride is caloulated to

be greater than 100 percent. Posgsible explanations for this condition
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have been advanced (p. 177). In spite of the obvious inaccuracies
in the determinations, it is evident that the consistency of the
results is improved (1) by allowing for the presence of the postu~
la.ted BAMN in the crude solid produet and (2) by recognizing that
the acetic acid value for run 1 a8 detemmined by analysis does not
coincide with the value obtained by extrapolation of the other ex-
permental points and using this latter value. These facts support
the postulated generation end decomposition of BAMN and methylene-

bis-acetate.

A survey of the date presented in this sectaon of the thesis
indicates that at least one, and possibly two, compounds ar; produced
in addition to RDX, HMX and BSX in Bachmann runs into which no ammonium
nitrate is introduced. These compounds are precipitated on dilution.
One of these appears to be hydrolysed very repidly an the diluted mother
liquor (i.e. one to six hours) end it is suggested that it is methylene-
bis-acetate. The other appears to be hydrolysed more slowly in the
diluted mother liquor (ie.ee 24 = 48 hours) and it is suggested that
it is bis-scetoxymethylnitramine. At least one of these compounds
appears to generate ammonia and nitric acid on hydrolysis, although
not in any simple stoichiometric quantaties. Both of these compounds
liberate formaldehyde and acetic acid on hydrolysis, apparently in

near-quantitative amountse.

These indications constatute strong support for the theoretacal
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considerations which postulated that the amino nitrogen recovered from
the mother liquor of a run into which little or nc -ammonium nitrate
was 1ntroduced is generated during the hydrolytac decomposition of
low molecular weight, inisolable nitramines (P. 213)s The streng-
thening of this postulatesin turn,adds weight to the stand that

there is no equivalence between RDX production and ammonium ni trate

consunption over any wide range of conditions.

Ge Effect of Withholding Ammonium and
Monomethylammonium Nitrates on
Yields and Material Balances

In these ssries o0f experiments, the effect of belatedly adding
varioug quantities of ammonium and amine nitrates to Bachmann runs
carried out in the absence ot ammonium nitrate is investigated. The
effect of the temperature of the preliminary reactaon involving acetac
anhydride, nitric acid and hexamine is also studiede Specifically, the
following serires were carried out:

(1) Preliminary reaction at 40°C., subsequent addition of

various quantities of ammonium nitrate with heating at

70°C. (NHgNOz- - 40°C.),

(2) Preliminary reaction at 70°C., subgequent addition of
various quantities of ammonium nitrate (maintained at

70°C.) (NH4NOz~ - 70°C.)

(3) Prelimnary reaction at 40°C., subgequent addition of
various quanti ties of monomethylammoniwm nitrate wath

heating at 70°C. (CHzNHzNOz- - 40°C.)




298,

As the ;ranatu.ons of the original Bachmann procedure increase in
complexity, the difficulty of interpreting the material balances in
terms of the various proposed mechanisms for the reaction incree.ses
rapidly. Furthemore, as the original reactaon is modified more and
more, the experimental results derived fron these modified procedures
are less and less significant fram & point of view of the original re-
action mechanism. For these reasons, the three series of experiments
are considered together rather than separately and not discussed as

exhaustavely as has bean the casge in the other material balance studiese

Experimental
le Experimental and Analytical Procedures

in general, the experimental and enalytical procedures used were
the same as those described previously (Section i1l A)e Certain modi-
ficataonsg of the original Bachmann procedure were instituted, however,
in view of the nature of the runs, and a new analytacal procedure wag
introduced 1n order that separate values could be obtained tor the
ammonia end monomethylamine salts in the diluted mother liquor. Fur-
themors, irn anticipation of an extended study involving the use of
other amine nitrates, values were obtained for total ammonia and
primary amines (as distinct from secondary and tertiary emines) by
the method of van Slyke. Since the other series of experiments did
not materialize, these results are not reported and the analytical

procedure is not detailed here.
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Bachmenn Procedure;= The preliminary part of the run was carried

out in the usual manner; nitric acid, acetic anhydride and a solution
of hexemine in acetic acid were added slowly, proporticnately and
continuously to an ini{ial charge of acetic acid, acetic anhydride

and nitric acid. The "reaction tenperature®™ was either 38-40°C, or
68-71°Cs (a8 indicated in the tables of results). After the campletion
of the addition of these reagents, the reaction mixture was held on
tenp erature for an additional 20 minutese At the conclugion of this
time, & weighed emount of eaxmonium nitreate or monomethylammonium nitrate
was added to the reaction mixture and the whole was heated as rapidly
ag possible to 68=71°C. ("holding temperature") if it wag not already
at this temperature. The mixture was held for 20 minutes and was then

diluted with water and worked up in the uusual manneres

Ammoniase in the runs where ammonium nitrate was added in the
second stage of the reaction, smmonia was detemined in the diluted
mother ligquor in the usual manner (i.e. by distilling the ammonia from
the alkaline solution after previous acid distillation)e In runs where
monomethylemmonium nitrate was added, however, the above procedure was
considered to be & measure of the "total base", and ammonia was deterw
mined separeately by a modification of the widely-used nesslerizetion

procedure.

The Nessler reagent used was made up as follows: Five grams potese
sium iodide wa s dissolved in 3.5 ml. distilled water, and satureted

aqueocus mercuric chloride wag added to the point of incipient pre=
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cipitation. Forty millilitres of 50 percent KOH was then added and,
after 24 hours standing, the supermatent liquid was decanted and stored

in a& brown-glass bottle.

The ammonia was estimated &s followse A one millilitre sample of

the diluted mother liquor containeal in a test tube was treated with 0.10
mle of the Nessler reagent. If & precipitate {(cloudiness) appeared after
30 seconds, the mother liquor was greater than 0,005 N. with respect to
ammoniae In this case O¢5 mle distilled water was added to 1 ml. of
diluted mother liquor in another test tube and 0.15 ml. Negssler reagent
was introduceds If the solution tumed cloudy, this operation was cone
timied, the dilution of the mother liquor being increased 0.5 mle. per
ml, and the quantity of Nessler reagent by0.05 mle The solution which

. just gave & positive test for ammonia (i.e. precipitate) wag con-

sidered to be approximately 0.005 N. with respect to ammonia. Then,

Moles NHz in Mother Liguor = 0:005(l+ x) V
1000

where X «= number of millilitres water added per millilitre
of mother liquor, and
V = volume of diluted mother liquor.

This procedure*was not tested on synthetic samples snd the results

must be accepted with reserve.

% Suggested by W.E. -Scheer, Technical Service Divisgion, Commercial
Solvents Corporation.
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One further comment is necessary in connection with the snalye
tical results obiained in this section of the thesise The formalde-
hyde and ammonia (total base) analyses were not carried out by the
author personally but by a technician. A survey of the results will
show that some of these values do not fit into series. While it may
be that, due to the complexity of the experimental procedure, these
variationg are genuine, there is & distinct possibility that they may
be due to experimentsl error. Outstanding cases, then, are regarded

with suspiocion.

2+ Experimental Results

The results of the above-~described series of experiments are
presented in Tables XIII, XIV and XV and are discussed in the follow=
ing paragraphs. In general, it i1s found advantageous to compare the

date in both Tables X1V and XV to the date in Table XIII.

Discugsgion

le Variation in Yields of Solid Products

RDX (RDX(B)):~ For the belated addition of ammonium nitrete,

the yield of RDX(B) increases to & maximum &5 the mole ratio of ame
monium nitrete is inoreased at both 40°C. and 70°C-2k (Figure No. 82.)

The maximun yield is approximately twice as great for the 40°C. run

* The temperatures refer to the preliminary reactione
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as for the 70°Ce rune It is interesting to observe that the maximm
yield of RDX(B) in these runs bears no relationship to the quantity
of amino nitrogen which would have been obtained on dilution of the
mother liquor just before the time of addition of the ammonium nitrate
(Teble 1X)e Run 1, Table 1X, shows that after holding the undiluted
liquor for 20 minutes at 40°C., the diluted liquor has an amino
nitrogen content of 0463 moles; Run 4 Table IX shows that in the
corresponding 70°C. run, 0.69 moles will be present. In the belated
addition runs, the maximum yield for the 40%c. procedure approximates
0.5 moles while the 70°C. procedure approximetes Oe3 moles RDX(B).

It is thus evident that the production of RDX(B) does not depend on
the quantity of amino nitrogen in the mother liquor (i.e. upon the
"hexamine incompletely nitrated"). in view of these facts, there can
be no reasongable doubt concerming the validity of the proposed "syn-
thesis" process under these reaction conditions and it seems highly
likely that, in Baohmann runsg into which no emmoniuvm nitrete is
introduced, the amino nitrogen in the diluted mother liquor is pro=
duced during the hydrolytic decomposition of inisclable, by~product
nitramines, and is not due to the survival of unnitrated amino nite

rogen in the resction liquor,

For the belated addition of monomethylammonivm nitrate, the
yield of RDX (RDX(B)(?)) increases relatively rapidly at the beginne~
ing and then more slowly &s the mole ratio of monomethylammonium
nitrate 1s increased. 1t seems that the two portiong of the ocurve

represent different mechanisns. The slow incresse at high slt
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concentrations is probably due to the presence of ammonium nitrate

in the monomethylammonium nitrate. (See ps 147)e¢ The rapid initial
rige (comparable in magnitude to that when smmonium nitrate is used)
cannot be attributed to this ocause, however. It may be supposed, then,
that there survives a little precursor (corresponding to 0.07 moles
RDX) which cean give rise to RDX through a catalysed nitrolysis pro=
cesgs. One other possibility also exists. The initial rise in RDX
yield corresponds to,roughly,about 0.2 moles of ammonium nitrate (by
synthesig)e It will be observed that the nitric acid excess intro=-
duced into these runs was of the order of 0.4 moless In view of these
quantities, the pogsibility of ammonium nitrate being generated by
intersction of nitric acid and monomethylammonium nitrete cannot be

di scounteds This point may be tested experimentally, howevere

BSXs~ Lt has been stated previously that the fate of the hexamine
is decided in a very few minutes after the start of the reaction in the
abgence of ammonium nitrate (pe 151). This is not strictly true. For
the 40°C. run, the belated addition of & small quantity of ammonium
nitrate increases the yield of BSX while the addition of larger quane
tities reduces 1t to its original levele. (Figure No. 83). Monomethyl=
ammonium nitrate has exsctly the same eff ects This phenomenon is very
interesting, particularly from & point of view of Linstead's mechanism
which assignsg to the ammonium nitrete the role of modifying the reace

tion liquor in the nitrolysis stage of the Bachmann resction.

For the 70°C. run, the belated addition of ammonium nitreate de-
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creases the yield of BSX. This was unexpectede What is even more
startling is the faoct that this decrease is equivalent to the increase
in RDX(B) yielde Thig is in direct contradiction to previous evidence
(p. 151) . No*explanation is volunteered for the very different bew

haviour of the BSX yield for the two ammonium nitrate seriese.

2. Recovery of Reagents from the Mother Liquor

Forma ldehyde:= Data for the recovery of formaldehyde from the

diluted mother liquor are shown in Figure No. 84. These are not dis=

cussed further.

Ammonia (Total Base):= Date concermning the recovery of ammonia

(total base) are presented in Figure Noe. 85. For the belated addition
of amnonium nitrate, the quentity of ammonia in the diluted mother
liquor decreases at first and then increases as the mole retioc of an=
monivm nitrete is increased. This is true of both the 40°C. and 70°C.
rung. The initial decrease in ammonis recovery is probably due to the
decreased yield of by-product, inisolable nitramines (see ps 213) re=
sulting from increased gynthesis of RDX(B). The later increase is due

directly to the presence of excess aymonium nitrate and represents almost

¥ The initial value of the BSX yield in Table XIV (Run 1) seems to
be extraordinarily highe This statement ig based on an examina-
tion of results formerly obtained (Table II) and seems to be
borme out by the fact that the corregponding values for the
total recovery of formaldehyde, amino nitrogen, nitric acid
and acetic anhydride are all high. (These depend, in part, on
the BSX yield)s If this is so, the BSX yield decrease would only
be "apparent! and the results would coincide more closely with
those predicted on the basis of previous experiments.
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quantitative recovery of this excesse 1t is also interesting to
obgerve that the difference in level of the two curves (they are paral-
el at high concentrations of ammonium nitrate) represents a consumption
of 0.6 moles ammonium nitrate while the difference in level in RDX(B)
yields is O.2 moles (Figure No. 82). The consumption of three moles
of ammonium nitrate per mole of RDX(B) formed is & criterion of a

synthesis reactione

For the belated addition of monomethylemmonium nitrate, the be~-
haviour of the total base recovered from the mother liquor is essenw
tially the same as that for corresponding runs involving the use of
ammonium nitrete if allowance is made for the greater RDX yields in
the latter seriess The initdal decrease in recovery seems to be due
to the slightly decreased yield of inisolsble nitramines. The subge-
quent increase represents & near-quantitative rocov'ery of excess mono=
methylemmonivm nitrates I+t is rather startling to observe, however,
that extrapolation of the ourve to zero recovery of amino nitrogen
shows that at least O+4 moles of monomethylemmonium nitrete is cone
sumed during the reaction. It is not known whether this monomethyd-
ammonium nitrate unaccounted for is destroyed by the action of nitriec
acid or acetic anhydride, or whether it is consumed during the formation

of RDX, BSX, MSX or inisclable nitramines.

The resclution (Figure No. 86) of the total base into smmonis and

methylamines by the nesslerization tests shows that there is an initial
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drop in emmonia concentration (possibly due to decreased formation

of inisgolable nitramines although this decrease seems to be too great
to be accounted for in this mamer alone) but that at high concentra-
tions of monomethylammonium nitrete about one-half of the armmonia ex=
pected (on the basis of comparison with Table IX) is still present.
The recovery of monomethylamine (ca.lculated by difference) increases
slowly at first but more rapidly at higher mole ratios. These results
show that there is a considerable logs of the amine nitrate; this logss
is greater than 0.5 moles at high mole ratios of monomethylammonium
nitrate. It is of considerable interest to note that the van Slyke
doteminaﬁons)k indicate that all of the "total base" mey not be pre=-
sant as ammonia and primary smine sklts in the diluted mother liquors

of the monomethylammonium nitrate runs.

Nitric Acid:- Data concerning the recovery of combined nitric acid,
free nitric acid and total nitric acid are plotted as a function of the
ammonium or monomethylammonium nitrate concentration in Figures Nose. 88,
89 and 87 respectively. The only significant feature of these data is

thet the recovery of free nitric acid is appreciably higher for runs in

which monomethylammonium nitrate is usede This corresponds to decreased

nitric acid consumptione

The calculated consumpitions of nitric acid (moles per mole of

hexamine x 025) are given in the tables.

K Results not presented heres
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The retio of ammonia (total base) in the mother ligquor to came
bined nitric acad in the mother liquor has been calculated for each
rune The values of this ratio are all greater than unity and all show
an initial rise and subsequent decreasgse as the mole ratio of ammonium
or monmnetrwlamnonim;r\;tse increased. The decrease is undoubtedly due
to the establishment of amine or emmonium nitrete excesses. The initial
inorease indiocates increased N-acetyletion (rather than nitration) as

the mole ratio of ammonium or monomethylammonium nitrate is increased

(pe 250)s The reason for this is not clear.

Acetic Anhydrides~ Date concerning the recovery of acetic anhydride

in the di luted mother liquor (as acetic acid) are presented in the

tables but are not believed to be sugnificant,

3¢ Material Balances

Formmaldehydes- The number of moles of formaldehyde accounted for

and the percent total recovery of formaldehyde were caloulated as pre-
viousgly described (pe. 204) and the resulis are presented in Tables

XtIT, XuV and XV.

The calculated values are somewhat more irregular than were Obe
tained in other series. It will be observed that, for the 70°C. runs
involving the belated addition of ammonium nitrete, the quantity of
formaldehyde recovered is samewhat less than for the 40°C. runs. This
phenamenon has besn previousgly observed (pe 252)+ 1n Table XuV, the

initial value of the total recovery is unusually high: this could have
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been due to an error in the BSX determination for this run (see above).

Ammonia (Total Base):= The number of moles of amino nitrogen ac-

counted for and the percent total recovery of total base were calculated
&s previously described (p. 207) and the results are plotted as funotions
of the mole ratio of ammonium or monomethylammonium nitrete in Figure Noe.

9.

The only significant result obtmined seems to be that, whereas in
the runs involving belated addition of ammonium nitrate the percent total
recovery of amino nitrogen increases, the percent total recovery (of
tctal bage) remains constant in runs involving the belated addition of
monomethylammonium nitrate. The meaning of this is not clears 1t will
be further observed that the initial value for the 70°C. rumns involving
the belated addition of ammonium nitrete is highe As has been pointed
out in the cage of the formaldehyde material balance, this deviation

could have been cauged by an error in the BSX determinatione

in Figure No. 91, the calculated recoveries of ammonia, methylamine
and total amino nitrogen are plotted as a function of the mole ratio
of the monomethylammonium nitrate introduced. The percent recoveries
of ammonia and total amino nitrogen are fairly constant while the per-
cent recovery of methylamine increases. The logs of methylamine in
these runs has already been mentioned and, at present, its fate is
unknown. Lt may be represented in the diluted mother liquor by methyl

acetate,
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Nitric Acid:= The total recovery of nitric acid and the percent
nitric acid accounted for were calculated as previously desoribed (pe
224) and the results are presented in Tables Xi1iI, XiV and XVe The
total recovery of nitric acid closely parallels that of the amino
nitrogen. Furthemore, the ratio of the number of moles of amino
nitrogen not accounted for to the number of moles of nitric acid not
accounted for approximates unity. This indioates that the two losses

are related and that nitrous oxide is produced.

Acetic Anhydride:- The total recovery and the percent acetic an~

hydride acoounted for were celculated as previously described (pe 225).

The results are not believed to be significants

4, Miscellaneous Considerations Conceming

the Reaction Mechanism

The values for the apparent consumption of ammonium nitrate, in
runs characterized by the belated addition of ammonium nitrate, in-
crease from about - 0.5 moles to a constant positive value (Figure No.
92). The corrected values for the consumption (see p. 198) increase

from approximately zerc moles to a constant value (Figure No. 93).

The uncorrected values for the ratio of RDX production to ammonium
nitrate consumption (Figure No. 94) show characteristic discontinuity
in the region of low smmonium ni trate mole ratios but attain fairly
constant positive values at higher mole ratios. The wvalue for the

40°C. run approximates O.5. This indicates that almost all of the
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RDX formed is the product of a synthesis processe The value for

the 70°C. run approximates unity. This fact is rather disturbing

in that i1t indicates that the RDX is formmed, at least in part, by a
nitrolysis process. ile the relationship may be fortuitous, it

seoms the values for the uncorrected ratio for the belated addition
experiments are approximately the sime as those for the nomal addition
experiments at corresponding temperatures. in both types of runs, the
values for the 40°C. runs support the "catalysed nitrolysis - synthesis®
mechani sn while the values for the 70°C. rung lend at least some supe-

port to the Davy mechanisme

The corrected values for the ratio (Figures Nos. 95 and 96) are
&ll very much less than unity and meny of these lie betiween 0.3 and
Oes4. This is in complete agreement with the requirements of the

"catalysed nitrolysis = synthesis" mechanigme

The calcoulated consumptions of monomethylammonium nitra te* and

ratios of RDX produced to monomethylammonium nitrate consumed are of
somewhat doubtful value and are difficult to interpret theoretically.
1t had been anticipated that no amine salt would be consumeds It is
apparent, however, that monomethylammonium nitrete is consumed during
the reaction (Figure Noe. 93) and that, at high mole ratios, it is con-
suned to the approximate extent of four to five moles per mole of RDX

produced (Figures Nos. 95 and 96)« Thus, it may be that the consumption

% 1t should be pointed out that the value for the consumption
of monomethylammonium nitrate corresponds to the corrected
value for the ammonium nitrate consumption.
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of the amine nitrate is not theoretieally related in any way to the
production of RDX. It may be, however, that monomethylemmonium
nitrate is consumed during the production of RDX, but it is certainly

consumed in other reactions as well,

In summary, then, it may be stated that the results of the
experiments dealing with the belated addition of ammonium end amine
nitrates, in general, support the view that the RDX produced in these
reactions arises largely through gymthesis. This is in accord with

previous predictions.

He Misgsellaneous Material
Balance Experiments
(Camack)

In order to present as complete a picture as possible, several
experiments of Carmack (92, 95, 96) are herein reported dealing with
variables in the Bachmann reaction which have not, &s yet, been cone
sidered in this thesis. In Table XVI, results dealing with the effect
of a large excess of nitric acid and the effect of varying the holding
time before dilution of a 75°C. rum (into which only 0.52 moles of am-
monium nitrete per mole of hexamine is introduced) are investigated.
In Table XVII, a summary of Carmack!s study of the gaseous products

of the reaction and simmer is presented.
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Effect of Excess Nitric Acid
on Yields and Material Balances
Duplaicating (on large scale) the modified reaction described by
Bachmann (83) in connection with his tmcer studies,(ses pe 98, pro=
cedure Noe 3), Carmack has investigated the effect of a large excess
of nitric acid on the yield of RDX(B), the recovery of distillable
amino nitrogen and the ratio of RDX(B) production to amumonium nitrate

consumption. The mols ratios of reagents used woere as follows:

Hexamine 1.00
Ammonium Nitrate 327
Nitric Acid 7 .80

Another run of Carmacks was selected from Table VI 4o form the basgis

for comparison. The mole ratios of reagents used in this case were:

Hexamine 1,00
Ammonium Nitrste 286
Nitric Acid 4.90

Lt may be seen from an examination of Table XViL that the ine
creased nitric acid concentration reduces the yield of RDX(B) and
increases the recovery of amino nitrogen from the diluted mother
liquor. The retao of RDX(B) production to ammonium nitrate consump-
tion approximates unity. When a ratio (corrected) of unity is ob=
tained it may be interpreted as meaning (1) that the two moles of
RDX(B) are produced by identical or similar processes, or (2) that,
if the two moles of RDX are produced by different processes, these
proceed to approximetely the same extent. Neither of thegse two cone
ditions coincide with the assumptions which Young (84) mede in his

interpretation of Bachmann's tracer experimentse. Young was able to
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interpret the results of these experiments in temms of a "two-
process" mechanigm, but in so doing agsumed that the catelysed nite
rolysis process proceeded t a greater extent than did the synthesis
process when a large excess of nitric acid was used. 1t may be re-
merked that, since the yield of RDX(B) is reletivelysmall, the yield
of inisolable nitramines (generating ammonia on hydrolytic decomposi-
tion) will be large and that the correction for the ammonium nitrate
consumed factor will be large (pe 213). Taking this fact into account,
however, does not improve the situation from a point of view of Young's
arguments since it will lower the value of the ratic: this indicates
greater efficiency of the synthesis process as compared w1 th the nit-

rolysis procesa.

It should be enphasized that these resulis, while they undemmine
the arguments of Young, do not prove that the two moles of RDX arise
through identical processi-S On the contrary, the results still strongly
favour a two-process mechanism (see p. 107).

Effect of Varying the Holding

Time Before Dilution on Yields and Material
Balances (0.50 Moles Ammonium Nitrate, 75 Ce)

Carmack observed that analysis of the diluted mother liquor of a
Bachmann run (into which little or no emmonium nitrate had been intro-
duced) showed that more amino nitrogen could be recovered than was am-
monium nitrate introduced. This amino nitrogen obviously originated in
the hexamine molecule and Carmack assuned that the hexamine had been

inocompletely nitrmateds in view of this agsumption he supposed that
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the quantity of amino nitrogen in the diluted liquor would decrease
if the holding time before dilution were increased. On experiment,
however, it was found that, on increasing the holding time before
dilution from ten to thirty minutes, the yield of RDX did not in=
crease and that the quantaty of amino nitrogen in the diluted mother
liquor did not decrease (Table XVI, runs 3 and 4). The results of
these experiments support the viewpoint advanced in this thesis that
small quantities of ammonium nitrate introduced are quantatatively
converted to RDX and that the amino nitrogen in the diluted mother
liquor of these runs is not due to the incomplete nitration of the
hexanine but arises during the hydrolytiec decomposition of the by=-
product, in;fsolabl e ni tramines.
Recovery of the Gageous Products
of the Reaction and of the
Subsequent Simmer Process

It has been observed that not all of the amino nitrogen intro-
duced into the reaction can be accounted for in terms of solid re=
action products and distillable amino nitrogen in the mother liquore.
It was postulated by the author (pe 213) that the amino nitrogen un-
accounted for had been lost to the system during the formation and
subgequent decamposition of inisolable nitremines, nitrous oxide
being produced. This assumption seems to be correct since Carmack
(95,96) has been able to collect the gaseous products by the reaction
and, calculating the neutral gas obtained as nitrous oxide, was able
to account for 94 -98 per cent of all of the amino nitrogen introduced.

The results of these experiments are reproduced in Table XVII.
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The Mechanism of RDX Formation

The experimental results presented in this thesis can, in general,
be successfully interpreted in terms of a mechanism supposing the two
processes of "catalysed nitrolysis" and "synthesis™. Many of these
results cannot be interpreted in tems of & mechanign postulating that

the two moles of RDX are fommed by identical or similar processes.

Thus far, reference to the postulated mechanism of catalysed nitroly-
sis and synthesis has only been made in very general terms. The experie
ments described in this thesis were not gpecifically designed to ex-
plicitly define the mechaniam but were only designed to decide whether
the two moles of RDX in the Baclmann reaction are formed by identical
or different processes. Nevertheless, during the research, certain
concepts were developed which contribute to the knowledge of the step=
wise mechanisne. In order to enunciate these concepts and to illustrate

the two processes, the mechanism is disocussed more extensgively below.

In general, the mechanism of Linstead (5) (see ppe 72-80) satig-
fies the requirements off;wo-process mechani sm necessary to explain the
experimental results obtained. There are two important differences,
however, between the mechanism of Linstead and the proposed "catalysed
nitrolysis = synthesis" mechanism. Both of these differences centre

around the definition of the function of the ammonium nitrate.

The first point ot difference lies in the postulated function of
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the ammonium nitrate in the degradation of hexumine. With regard

to the mole of RDX produced during the degradation of hexamine,
Linstead makes the following statement: "The ammonium nitrate modifies
the nature of the reagent, for example, by preventing the formation

of the actave agent which attacks the rang". While it is not unlikely
that the reaction mixture differs somewhat when ammonium nitrate is
present, the author does not believe that this factor alone will ace-
count for the different results obtained using different amine nitrates
and for the fact that salts, other than smmonium and amine nitretes,

do not give rase to RDX. It is considered that the ammonium or amine

nitrate must alter the nature of the intermediate compoundse.

It is suggested that any modification of the reagent is based on

simple mass law principles such asg the following:

HNO3 + Acgd  &£————  ACONOz + AcOH ———e= 212
- 7

2 HNOz + 2 Acy0 Z————  Np0g + 2 Ac(H e 213

2 HNO3 + NHgNO3 Z———  NHgNOz. 2 HNOg ————— 214

The emmonium (or amine)nitrate, then, may act in such a menner as to
increase the active concentration of nitric acide It is suggested,
however, that the true "catalytac" effect is a function of (1) the
ability of the ammonium or amine nitrate to condense with methylol
groups in the presence of acetic anhydride and (2) the relative
electronegativity of the resultang ionic group. This effect is

further discussed below.

The first fission of the three-dimensionally symmetrical hexamine
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is arbitrary and, if nitric acid be supposed to be the active agent,

the resulting compound must be

/

CHz N
HO-CHao-N ]IJH2 N-NOg
N

CHz

CHp

Two possibilities now present themselvese

(1) If there is no ammonium or amine nitrate present, or, if the nitrate
introduced does not readily condense with methylol groups in the presence

of acetic anhydride, the free hydroxy group will esterify with the acetic

anhydrides
CHa N CHp
CHz~C~0-CHg-N CHp N-NO5
n
o | /
CHp N CHp

The subsequent fissions will be determined by the relative polarization
of the various methyleneamine linkeges; this will in turn be dictated
by the relative eleotronegativity of the acetyl and nitro groups and

by their position in the moleculee

(2) if ammonium or amine nitrate is pregent, and if this nitrate can
readily condense with methylol groups in the presence of acetic anhy-
dride, the free hydroxy group will not esterify but will condensge with

this nitrates In the case of ammonium nitrate the resulting compound

will be



CHp N CHz
./ N\
No3 NH3z-CHp-N imz N-NO2
CHo N CH,

The subsequent fissions will be determined, once again, by the relative
polarization of the various methyleneamine linkages; this will be dic-

tated by the relative electronegativity of the amine and nitro groups,

No attempt 1s made here to predict the order of bond fissionse
Simple tests show that there is no reason for not considering them asg

procesding in the game sequence as in the mechanigmg of Linstead,

The second point of difference between the mechanism of Linstead
and the proposed "catalysed nitrolysis ~ gynthesis" mechenism lies in
the postulated function of the ammonium nitrate in the synthesis reaoctione
Linstead points to the experiments of Winkler (64) (who was able to
isolate hexamine dinitrate after remcting paraform with ammonium nitrate
in the presence of glacial acetic acid) and postulates 2 resynthesis or
partial resynthesis of hexamine in the second stage of the Bachmann re-
action. This postulation is very artificial and fails to take into account
the function of the acetic anhydride. In the opinion of the author, the
synthesis reaction involves the following ocompounds:

o+ + -
NOz NHz~CHp-NHz NO3
(methylenediammonium nitrate)

and +

- ¥ -
NO3 NH3-CH2‘I;I-CH2-NH3 NO3
NO,

(bi s=methylaminoni tramine dinitrate)
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The corresponding acetates may also be capable ot taking part in the
synthesis reaction. It seans likely that the condensation reactions
are of the following type:

2 NOg NHg-CHp-NH3 NOz —3NOz NHz-CHp-NHp-CHp-NHg NOz4NH;NOz--~ 215

I\IO:5

This secondary amine nitrate will be dehydrated® upon formataon with
the production of bis-methyleminonitramine dinitrate (see above) which
will in turn undergo condensation and dehydrataon. PCX will be an intere

mediate in this processs

HMX in the Bachmann reaction probably arises through INPT and by
synthesis although there is some evidence (58) (see also p. 153) that
it may arise by synthesis alone. BSX, AcAn, TAX and QDX are postulated
to be products of the degradation of hexamine. It geems more likely, howe
ever, that TAX and QDX will be produced in the synthesis process by ace=-
tylation of PCX and the analogous eightemembered ring compound. MSX

may be produced by the synthesis reaction when monomethylammonium nitrate

is used: -
.H\;I,,CHS N0z
cH,— ~CH,
I l AcONOo
NO,-N N-¥0, = CHN - Cliz=1=CHg=N~Cliz~Ohc

S~ 2/ NO, N0, N0y

+ HO, —mmemm= 216

% Since chloride catalysts are considered necessary for this reacticn,
this mechanism has often been questicned. However, Wright (101)
hag preliminary evidence that certain types of disubstituted amine
nitrates may be dehydrated in yield in the absence of chlorides.
The case of PCX itself may also be citeds
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SUMMARY

The experimental results of these researches may be sumarized

as follows:

le When the emmonium nitrate of the standard Bachmann reaction is
replaced with various amine nitrates, RDX may be produced in considerable

quantity, but never in a gquantity exceeding one mole per mole of hexsmine,

2¢ When the ammonium nitrate of the standerd conversion of DNPT to
HMX (and RDX) is replaced with various amine nitrates, HMX may be pro-

duced in considerable quantity but RDX is not produceds

3¢ TWhen the Bachmann reaction is carried out in the absgence of an=-
monivm or amine nitrates, & very small yield of RDX is obtaineds This
base value is unaffected by changes in temperature. In this reaction

large yields of BSX may be produced,

4, When the DNPT conversion is carried out in the absence of ammonium
or amine nitrates, a very small yield of HMX ig obtained. The magnitude
of this yield appears to be only slightly affected by temperature. In

this remction large yields of AcAn may be produced,

5. When ammonium nitrate is withheld from the Bachmenn reaction until
the other reagents have been added, congiderable quantities of RDX may

still be produced.

6e If amuonium nitrate is omitted from & Bachmann run and if an amine
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nitrate is added after the complete addition of all the other re-

agents, little or no RDX is produced.

7e A Bachmann run carried out at 40°C. gives small yields of RDX

and BSX. These yields increase slowly with incremsed holding time.

8¢ When less than the theoretical requirement of ammonium or amine
nitrate i3 added to a Bachmann reaction in the usual manner, congiderw
able RDX is produced; if the deficiency is made up by adding ammonium
nitrate in the later stages of the reaction, the yield of RDX is in-
creased; if, however, the deficiency is made up by adding an amine

nitrate, the yield of RDX is not increased,

9« In a modified Bachmann run, the sum of the BSX yield plus one=

half of the RDX yield may exceed one mole per mole of hexamine,

10s In & modified DNPT conversion, the yield of RDX plus the yield

of HMX plus the yield of AcAn may exceed one mole per mole of DNPT.

11, In the Bachmann run where the addition of the ammonium nitrate
is delayed, the yield of BSX appears to be relatively independent of
the presence of ammonium or amine nitrates in the later stages of the

reaction.

12, When monomethylammonium nitrate is substituted for the ammonium
nitrate of & regular Bachmann reaction, large yields of MSX are proe

duced in addition to the RDX.

13, When monomethylammonium nitrate is substituted for the ammonium
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nitrate of a regular Bachmann reaction, very little by-product

WX is produced,

14, When urea nitrate is added belatedly to the reaction mixture
of a run into which no ammonium nitrate was introduced, large quane

tities of urea-formaldehyde polymer are producede.

15, The yield of RDX in the Bachmann and modified Bachmenn reactions
i3 found to vary with the following factors: the mole ratio of ammonium
nitrate %0 hexamine, the mole ratios of ammonium nitrate and acetic
anhydride, the reaction temperature both at zero and at high mole
ratios of ammonium nitrate, the holding time before dilution at low
tenperatures, the quantity of ammonium or monomethylemmonium nitrate
added belatedly to the reaction mixture (when the initial remction
we.s carried out in the absence of ammonium nitrate), and the mole
ratio of nitric acid to hexamine. The RDX yield does not vary with
the length of holding time after dilution when no ammonium nitrate is
introduced, nor with the holding time before dilution for a 75°C. run
into which only 0.5 moles ammonium nitrete was introduced per mole of

hexamire.

16, The yield of BSX varies with the mole ratio of ammoniuvn nitrate,
with the mole ratios of ammonium nitrate and acetic anhydride, with
the reaction temperature both at zero and at high mole ratios of am=-
monium nitrate and with the quantitises of ammoniuvm or monomethyle=
ammoniuvm nitrete introduced belatedly. The yield of BSX does not
very with the holding time after dilution for runs of zero mole

ratio of ammonium nitrate,



17. The yield of HMX varies with the mole ratio of ammonium ni trate,
with the mole ratios of ammonium nitrate and acetic anhydride, with
the reaction temperature at high ammonium nitrete mole ratios, and
with the quantity of ammonium nitxé.’ce added belatedly. The yield of
HMX apperently does not vary with the reaction temperature at a zero

mole ratio of ammonium nitrate.

184 The quantity of formaldehyde which can be shown to be present in
the diluted mother liquor veries with the mole ratio of ammonium nitrate,
with the mole ratiosof ammonium nitrate and acetic anhydride, with the
reaction temperature at high mole ratios of ammonium nitrate, with the
holding time after dilution at a Zero mole ratio of ammonium nitrete

and with the quantity of ammonium or amine nitreate added belatedly,

The quantity of formaldehyde recovered does not vary with the reaction

temperature for a zero mole ratio of ammonium nitrete.

19, In general, approximately 100 percent of the formsldehyde intro-
duced can be saccounted for in termms of solid products and formaldehyde
in the mother liquor. The total recovery of formaldehyde, however,
varies slightly with the mole ratio of ammonium nitrate, with the reo-
action temperature both at zero and at high mole ratios of ammonium
nitrate, with the holding time after dilution for & zero mole ratio
of ammonium nitrate and with the quanti ties of ammonium or monomethyle

ammonium nitrate added belatedlye.

20, The quantity of distillable amino nitrogen which can be shown to

be present in the diluted mother liquor varies with the mole ratic of
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ammonium nitrate, with the mole ratios of smmonium nitrate and
acetic anhydride, with the reaction temperature at high mole
ratios of ammonium nitrate, with the holding time‘before dilution
at 409C. for high mole ratios of ammonium nitrate, with the holding
time after dilution for a 40°C. zero mole ratio of ammonium nitrate
run, with the quantity of ammonium or monomethylemmonium nitrate
added belatedly, and with the mole ratio of nitric acide. The quan-
tity of amino nitrogen recovered does not vary with the reaction
temperature at & zero mole ratio of ammonium nitrate or with the
holding time before dilution at a high temperature and & low mole
retio of ammonium nitrate. Amino nitrogen may be recovered from
the diluted mother liquor even when no ammonium nitrate ig introw-

duceds

2le The amino nitrogen balance cannot be made unless the quantity
of nitrous oxide evolved is memsured. The quantity of amino nitro=-
gen accounted for in termms of solid products and distilleble amino
nitrogen in the diluted mother liquor igs always less than 100 per=
cent and varies with all of the reaction variables studied except
that of holding time before dilution at 40°C. for high mole ratio

of ammonium nitrate runse

22, The quantity of free (titratable) nitric acid present in the
diluted mother liquor varies only slightly with the various pro=-

cedures used. The recovery corresponds, in general, to a nitric

acid consumption of a little less than four moles per mole of

hexamine,
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23+ The quantity of combined nitric acid present in the diluted
mother liquor varies considerably as the Bachmann procedure is
veriede. The curve representing this factor is always found to
parallel the curve for the recovery of amino nitrogen from the

diluted mother liquor for a corresponding seriese

24, The nitric acid balance, like the amino nitrogen balance, can=

not be made unless the quantity of nitrous oxide evolved is measured.
The quantity of nitric acid accounted for in termms of solid products
and nitrate ion in the mother liquor is always less than 100 percent
and is found to approximate the value for the amino nitrogen recovery

(total) - - - under corresponding conditionse

25« The quantity of acetic acid in the diluted mother liquor and the
total recovery of acetic anhydride factors are found to vary at rane

dom and the results are not believed to be significant.

26+ The ratio of the quantity of formaldehyde in the diluted mother
liquor to the quantity of amino nitrogen in the diluted mother liquor
is found to be a constant (in the runs not involving belated addition
of ammonium or amine nitreates) provided that smmonium nitrate is not

present in excess of the actual requirement.

27 The ratio of amino nitrogen in the mother liquor to combined
nitric acid in the mother liquor approximates unity in the presence

of a large excess of ammonium nitrate but is otherwise greater than

unity.
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28 The ratio of amino nitrogen unaccounted for to nitrioc acid

uneccounted for is, in general, equal to unity.

29+ The apparent ammonium nitrate consumption varies widely with

all reaction variebles studiede This apparent consumption may be
negative at low mole mtios of ammonium nitrate (either in the re-
gular or belated addition of this substance) and in runs characterized
by low resction temperatures and short holding times before dilution

event in the presence of excess ammonium nitrate.

30e The corrected ammonium nitrate consumption varies widely with
changing conditionse This corrected consumption is never negative
in value and ig always greater than the apparent consumption of ame

monium nitrate,

3le The uncorrected ratio of RDX production to armonium nitrete
congumption varies widely with all reaction verrables studiede It
may be negative (corresponding to negative wmmonium nitrate oconsumpe
tions) or greater than unity at low mole ratios of ammonium nitrate
(for either regular or belated addition) or for runs characterized
by low temperatures and short holding times before dilution. It may
be much less than unity for reactions charmmcterized by low tempera-
tures and long holding times and for reactions characterized by the
belated addition of ammonium or amine nitretes. 1t is seldom equal
% unity (except while changing from high to low values) but may be
somewhat less than unity at high mole mtios of ammonium nitrate and
at high temperatures (i.s. optimum conditions) and for the beleted

addition of large quantities of ammonium nitrate at high temperaturess
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32, The value of the ratio of RDX production to ammonium nitrete
consumption ocorrected with respect to the latiter factor isg never
negative and is always less than unity. It may, however, approach
unity at optimum conditions of temperature and ammonium nitrate oone-

centration,

33 The value of the ratio of RDX production to ammonium nitrate
congsunmption correocted with respect to both factors is never negative
and is always less than the walue corrected with respest to the am-

monium nitrate consumption alone.

34o Monomethylemmonium nitrete is consumed when added belatedly to
8 Bachmann run carried out in the abgence of smmonium nitrates The
ratlo of RDX produced to monomethylammonium nitrate oconsumed is

generally less than the corresponding value in a run characterized

by the belated addition of ammonium nitrate.

35, When the amino nitrogen unaccounted for in terms of RDX, HMX
and distillable amino nitrogen in the mother liguor is caloulated
as yield of linear nitramine, the calculated total conversion of

hexamine maey be less than, equal to, or greater than 100 percent,

The majority of these fhcts can be successfully interprsted in
terms of & mechanism for RDX forwsation involving the two processes
of "catalysed nitrolysis"™ and "synthesis". HMX may be produced either

by catanlysed nitrolysis (of DNPT) or by synthesis. Some RDX (the
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base value) is produced by uncatalysed (direct) nitrolysis. BSX
and AcAn are produced by uncatalysed nitrolysis modified by inter-
 mediate O-acetylation, but the possibility of some BSX and AcAn
arising through synthesis is not excluded. QDX and TAX result from
the process of acetolysis (analogous to and competing with nitrolye
sis), but the possibility of these compounds arising by the syne

thesis process (through PCX) is not excluded.

The proposed "catalysed nitrolysis = synthesis™ mechanism is
schematically similar to that of Linstead except with respect to
the synthesis prccess. Since secondary amine nitrates can undergo
dehydration in the presence of acetic anhydride (even in the abe
sence of chloride catalyst (101)), it sesms unlikely that hexamine
or hexamine dinitrate are intermediates in the synthesis process.
1t seans more likely that intermediates will be of the nature of
methylenediamine, the “ammonium nitrate derivative" of dimethylole
nitramine, and PCX. The proposed mechanism algo differs with that
of Lingtead in respect to the specifioc role asgsigned to the ammonium
nitrate in the degradation of hexamine. lLinstead believes that the
sols function of the ammonium nitrate is to modify the nature of the
reaction mixturee. The proposed catalysed nitrolysis process holds
that the ammonium nitrate actually alters the nature of the intere

mediate compoundse

Many of the experimental results listed above cannot be ex~

plained on the basis of any other mechanism hitherto proposed,
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CLAIMS TO ORLGINAL RESEARCH

le. The effect of temperature, holding time and mode of addition on
yields of RDX, HMX, BSX and MSX has been investigated for the nommal
Bachmann reection and for the modified reactions involving omission
of the ammonium nitrate and substitution of amine nitrates for the
ammonium nitrate. The experiments involving the belated addition of
amnonivm nitrate are based on similer studies by Winkler. Experiments
involving the substitution of certain amine nitrates were also carried
out at the Pennsylvania State College, but the experiments reported

herein were independently conceived and executed.

2. The effect of temperature, holding time and mode of addition on
yields of HMX, RDX and AcAn has been investigated for the standard
DNPT - HMX conversion and for the modified reactions involving omi ge
sion of the ammonium nitrate and substitution of amine nitrates for

the ammonium nitrate.

e The yields of RDX, HMX and BSX and the concentrations of formaldew
hyde, amino nitrogen, free nitric acid, total nitrate ion, acetic acid
and acetic anhydride in the mother liquor have been measured as the
following factors were varieds

(a) the mole ratio of ammonium nitrate,

(b) the mole ratios of ammonium nitreate and acetic anhydride,

(¢) the temperature (for zero moles of ammonium nitrate),

(d) the temperature (for excess ammonium nitrate),
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(e) the holding time after dilution (for zero moles
of ammonium nitrate at 40°C.),

(f) the belated addition of various quentities of ammonium
nitrate (reaction tempereture 40°C., holding temperature
70°C ‘) ?

(g) the belated addition of various quantities of ammonium
nitrate (reaction temperature 70°C., holding temperature
70°C.), and

(h) the addation of various quantities of monomethylemmonium
nitrate to a Bachmann run ocarried out in the absence of
emmonium nitrate (reaction temperature 40 C., holding
temperature 70°C.) .

From the above analyses, reagent consumptions and material balances have
been calculatede In addition, the ratios of formaldehyde to amino nite
rogen in the mother liquor, amino nitrogen to combined nitric acid in
the mother ligquor and amino nitrogen unsccounted for to nitric acid un-
accounted for have been evaluated. The ratios of RDX production to
ammonium nitrate consumption have been calculated and & method for

correcting these ratios for the amount of hexamine emino nitrogen in

the diluted mother liquor has been devised.
4, The interpretations placed on these experimental results are unique.

5 A mechanismn has been proposed for the Bachmann reaction. This
"ecatalysed nitrolysis = synthesis" mechanism incorporates features of
both the mechanisms of Lingtead and Davy but is distinct from either

and from any other mechanism thus far proposed for the Bachmann reaction.
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APPENDIX

Attanpts to Demonstrate the Presence of New
By-Products in Modified Bachmann Reactions

Two experiments are described which were designed to demonstrate
the presence of a by-product in the resction liquor of a modified
Baochmann run into which no ammonium nitrete is introduced. It has been
observed (64) that, on dilution, the reaction products of this type of
run gsettle out as an oil rather than as an insoluble solid; this oil,
however, rapidly changes over into a solid mass. If this solid is
filtered off after only a short time in contact with the diluted mother
liquor, the crude product is sticky in consistency, slightly yellow in
colour and smells strongly of formaldehyde. If the solid is allowed
o stand in contact with the di;luted mother liquor for several days,
however, the crude yield deorenseg considerably but the product can
be shown to consist of only BSX and RDX(B). This behavior indicates

that some easily-decomposable by-product is precipitated on dilution,

It was congidered possible that this by~product might be the
precursor of the RDX obtained in runs characterized by the belated
addition of ammonium nitrate. In order to test this point, the oily
subgtance was extracted out of the crude solid product and was treated

with the Baclmann reagentse No RDX was obtained.

In view of the experimental date reported in Section III-F, it
was thought that the by~product might be bis~ecetoxymethylnitramine,
Since this substance was known to decompogs in the presence of the
diluted mother liquor, it wes congidered that there would be & better

chance of igolating the methoxy derivative (bi a~methoxymethylnitremine) ;
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this ocompound may easily be prepared from the diacetoxy derivative
by treatment with strong nitric acid and then methanol. While this
research was never ooncluded, there were indications that these

trengformations were successfully oarried out.

1. A modified Bachmenn rmm was oarried out &t 40°C, in the absence
of ammonium nitrate; (fhis run was identical with the run described
in Table II, Run B) . The reaction mixture was diluted with 1500 ml,.
of cold water, stirred vigorously for twenty seconds and allowed to
settle for two minutese At the end of this time the supematent
liquid and the suspended s0lid were decanted away from the gunmy mass
which had settled to the bottom of the besker. This material was
extracted with three 250 ml. volumes of ether¢ The ether-insoluble
fraction was a white solid smelling strongly of formaldehyde. The
yield was 31 g. (Softens 1050C., melts 114=115°C.),

On evaporation of the etherous solution to half-volume, 2.5 ge.
of a white, orystalline solid was obtained (Softens 125°C., melts
129=132°C.) s Evaporation to one-quarter of the original volume
yielded 1.4 ge of a gticky, solid material (Softens 85°C., melts
90-1009C.) » Complete evaporation of the ether left a residue of
50 g« of & yellowish liquid whioh smelled strongly of nitrous and
acetic acids. To thisg residue wag added 28.6 ge scefic acid and
10 g. acetic anhydrides This solution was treated with the Baclmann
reagents (nitric soid, ammonium nitrate and acetic anhydride) at 709C.

in exactly the same manner &8s isg the hexamineescetic acid solution
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in the regular Bachmann reaction. Near the end of the reaction,

a decomposition reaction set in. This reaction was not violent but
the temperature rose to 100°C. and large volumes of & colourless
gas were given offe The undiluted reaction liquor was filtered
but the solid product obtrined dissolved readily in hot water;

this substance was believed to be unreacted amonium nitrate.

On dilution of the filtrate, no precipitate appeared immediately,
but after three days at room temperature, & yellow gum appeared.

The yield was 6 ge (Softens 85°C., melts 90-100°C.) .

2, In another run, instead of being extracted with ether, the
gumy residue was treated with 200 g. of strong nitric acid at

- 40°C, The material readily dissolved and the resulting solution
showed no tendency to decompose even when heated to 0°C.. On
dilution with ten volumes of ice-water, a large quantity of white
precipitate separated out and was filtered off immediately. This
subgtance could not be dried since it began to decompose with
evolution of formaldehyde. The dry weight was estimated at about
100 g This material dissolved readily in 500 ml, methanol at 60°C.
On evaporation of the methanol, sabout 20 g. of material melting
around 100°C, was filtered off (1,7-dinitroxy-l,3,5,7-tetramethylene-
2,4,6«trinitramine (7)) . Evaporation on a steam cone over & period of
ten hours gave & liquid residue of about ten grams. This product

was not characterized,
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