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THE MECHA.Nlarl OF RDX FORMA.TJ.ON IN THE BAC'HMA.NN R.EA.CTJ.ON 

The meehanisn of RDX formation in the Baohm.ann reaction has been 

investJ.gated. from two dl.st:i.not experimental points of view. 

The t'irst approach was made by substituting amine nitrates for the 

ammonium nitrate, by withholding the ammonium nitrate and by adding am

monium or amine ni tra tea in the later stages of the reaction. .Ammonium 

nitrate is not unique in its :t'unctJ.on; nearly all a.TO.ine nitrates gen

erate some RDX whm substituted for ammonium nitrate in the Bacb:na.nn 

reaction, although never in yields greater than one mole per mole of 

hexwn.ine. The bela.ted addition of an amine nitrate, unlike the be

lated additJ.on of ammonium nitrate, does not give rise to RDX· These 

techniques were also applied to a study of the conversion of DNPT to 

EMX· Here, too, ammonium nitrate is not unique. 

The second approach was made by si:ndying 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 Baohm.ann reaction. 

It is believed that the equ1valenoe between RDX production and ammonium 

nitrate consumption as deternuned by other res~rohers is invalid. 

The results of these experiments may be suoc ess:t'ully interpreted 

in tenn.s of a mechanism involving the two processes of "catalysed 

ni trolysis" and "synthesi s11 , while many data herein presented cannot 

be interpreted in terms of other mechani sns. 



FORBWORD 

Some explanation 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 desonbed 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 problen are discussed, along w:i. th the author's 

ovm results, in the Experimental and Theoretical section of this 

mesis. It 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 investigators. 

With regard to ety.mo 1 ogy, two te:nns have been introduced whi eh 

are not generally used. The tenn. n researcher'' corresponds to the 

more conventional "research worker" or "investiga tor11
• The tenn 

"inisolable" has been used in the sense of' "unable to be isolated••. 
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GENERAL INTRODUCTION 

One of the most outstanding advances in organio ohenistry during 

World "118.r II hi.s been the development of new methods tor the preparation 

of cyclotrim.etb;ylenetrini tra.m.ine (RDX) on an industrial scale. Linstead 

has si:ated in his second monograph (1) that "RDX ha.s indeed been organic 

chemistry's main contribution to the war effort and the war's main con

tribution to organic chemistry.• 

RDX •s first prepa.red by Henning (2) in 1899 and was ea.rly 

recognized as an explosive of extraordinary power and. briaiance. For 

maey y-.rs. no successful industrial preparation ot RDX was realized. 

One ot the reasons for tbis was the tact that formaldehyde, a starting 

material, wa.s available only ib. limited quantities. This barrier to the 

industrial preparation of RDX was rs:noved in 1923 by the introduction of 

a method of preparing_ methanol ( and hence tormaldeeyde) by the catalytic 

reduction of carbon mono.:xide (3). In 1932, the literature reported the 

existence of an RD.X plant at Avigllana, Italy, which was operated by the 

Nobel Dinamite Company ( 4). During the past decade, the Research 

Department of the Royal Arsenal a.t lfoolwich has carried out extensive 

investigations on the production ot RDX a.nd, at as early a date as 1938, 

a pilot plant wa.a in operation (5). 

When war broke out in Septs:nb.er, 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 derelopment of the older method to 

large-scale production. 

In the early stages of WOrld .l'tar II, RDX wa.s available only in very 



limited quantities and found its greatest use as a special-purpose 

explosive. As the war progressed., RDX found increased use in mines1 

torpedoes. plastic explosive. high-explosive shells.. aerial bCID.bs 

and jet-propelled bCID.bs. Some estimate of its importance is to be 

found in the fact that the allied nations now produce in the order 

of 51 000,000 tons of RDX anrm.al17 - - a thousandfold increase in five 

1ee.rs. This estimate is based on the rated ca.pacity of the three 

principal RDX plantss wabash, Indiana; Kingsport, Tennessee; Bridge-

water. England. RDX has been found in German, Italian and Japanese 

high-explosive shells., and is known to be produced b7 these countries 

in at least two ways. (7) 

RDX is variouslY' known a Hexoni te (Banning). Hexogen (Germans, 

Frmoh and Sldss}, T4 (Italians) and 07clonite or RDX (British and 

Americans) • In ChaDi.aal. Abstracts it is listed as Bexcgen.. Its 

chEmical structure mAY' be represmted by the following formula~ 

Corresponding to this representation, RDX may be named 



cyolohexane. 

The chedoal structure of RDX ba.s never been conclusively 

proved. The generally-accepted structure •• postulated by wn Bar& (8) 

who called his product cyclotrimethylenetrinitra.mine. RDX undergoee 

no known chsical reactions other tha.:n caDplete degradation., 1f'i th 

one possible exception. Ross and Boyer (9) have reported the 

isolation of a me-tallic derivative of an open-cha.in degre.dation 

product of RDX, the structure of whioh is uncertain. On the basis 

ot a study or sane straight-chain metey"leneni tramines., they believe 

that the reaction may be represented by the following equation; 

- - - - - - - - ~ 1. 

Tbia resee.rch bas not been carried far enough., however. to admit it 

a1 evidf!ll.ce for the structure of RDX • 

.l. chenical proot-cf•atru.c'blre of RDX lies in 1 te preparation 

in yield tran heDmetlJ¥lenetetra:mine *(urotropine) by two separate 

and distinct methods (2., 6). Hexamine is believed to con.tdn four 

* Hereinafter called hexamine. 



six-manbered rings (see Figure I), but its structure, too, is 

uncertain (10, 11). Another, and perhaps a better, chanica.l proof

of-structure of RDX is the preparatJ.on of RDX in yield by the 

low-tanperature, nitric acid oxidation of' 1,3,5-trinitrosohe:mhydro-1,3,5-

triatine ( 11) • The structure of the trini troso compound is som.ewha t more 

certain than that of the trin~ tro compound since Duden and Scbarrt (10) 

lave reduced the trinitroso compound to 1,3,5-triaminohexahydro-1,31 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 w1 th dilute mineral acids. 

In the end, however, it must be admitted that the weight of evidence 

for the triaz1ne strucblre of RDX lies 1n such broad statements as 

"analytical results,• "stability of RDX to concentrated nitric acid," the 

•symmetry of the x-ray pattem diagram," and the "evidence of the dipole 

moment." (5) 

Industrially, RDX is produced by two different processes... These 

may be briefly represented by the following theoretical. equationss 

Ni trolysis (Woolwich) Process: 

(~)6N4 + 4HN03 ~ (CH2) 3(N-N02) 3 + 3HCHO + NH4N03 

(Hexamine) (Nitric Acid) (RDX) (Formaldehyde) (Ammonium. Nitrate) 

------ 2. 



Figure No. 1 

Jloleoular Model BeDmethylenetetramine 

e Carbon Atom 

o Hydrogen Ataa. 

0 Nitrogen A tom. 

5. 



Bacb:Dann (Canbil'll\.tion) Process: 

(CE£2) 6 ll4 + 4 HI03 + 2 NH4N03 i- 6 (CR3co) 2o 

(HEl'X&lD.ine) (Ni trio Acid) (Ammonium.) (Acetic Anhydride) 
(Ni tra.te ) 

----+) 2(CH2) 3(N-N02) 3 

(RDX) 

+ 12 ~COOH ...... _ 3. 

(Acetic Acid) 

6. 

While the direct ni trolysis process is theoretioall7 represa1ted 

by equation 2, in actual practice it is more accurately represented as 

follows ( 12) s 

+ 0.1 co2 (unaccounted for) .. _ .... __ 4. 

The yield of RDX on the basis of the formaldehyde oontent of the 

hexamine appro.ximates forty percent and on the basis of the nitric 

acid, no higher than ten perc«:~.t. In viP" ot the low yields, of the 

fact that ni trio acid of greater than eighty-nine percent and 

preferably of ninety•seTen percent strength is required, and also of 

the serious danger of violent deoomposi tion of the reaction mixtllre, 

extensive research was carried out with the purpose of finding a nEM' 

process. 

* Actually 22 moles of nitric acid are required, bu.t approximately 
7 moles are recovered unchanged. 



In 1940, Rosa and Schiessler (13) succeeded in preparing RDX 

in yield by the interaction of pa.raforma.ldehyde (pa.raform.) and 

ammonium. nitrate in -the presence of a.n excess of acetic anhydride. 

The reaction may be represented by the following theoretical equations 

(Parafo:nn) (Ammonium Nitrate) 

6n (CH
3

C0)
2
0 

(Acetic Anhydride) 

n ( aa:2) 3(N-NOz) 3 + 

(RDX) 

l2n CH3COOH ----- 5. 

(Acetic Acid) 

The yield of RDX in this reaction approaches t.lf'tJ•tive percent on the 

fonna.ldelzyde basis and only slight excesses of ammonium nitrate and 

acetic anhydride are required. The reaction is characterized by an 

induction period (14), however, which is disadvantageous trom an 

industrial point of view, and the reaction mixture is subj eet to 

violent decomposition (13). 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 Reaction lies in its theoretical implications 

and in the :tact tha. t it was the forerunner of the Ba.chmann process. 

In 1941, Bachma.nn ( 6) found tba. t by n1 tra ting hexamine with a 

mixture of ni trio acid and ammonium. ni tra.te in the presence of acetic 

a.ncydride he could produce RDX in y1 elds greater than one mole per 

mole ot hexamine. Since this reaction (see equation 3) combined 

essential £ea tures of both the direct ni trolysia and MoGill processes 



8. 

(the use of haam.ine and ni trio acid on the one rand and the use of 

ammonium nitrate and aoetio anhydride on the other), he called it 

the "Combination Process•" The yield of RDX in this oase approximates 

eighty percent on the formaldehyde basis and only small excesses of 

ni trio acid, ammonium nitrate and aoetio anhy'dride are required. In 

addition to these attractive featllres, the introduction of acetic acid 

(15) as a solvent for the hexamine gave rise to simplicity of operation 

and ease of tEID.perature control. The reaction was soon put on the 

basis of a continuous process and adapted to pilot-plant and plant 

scale operation. 

'rhe question of the meoba.nism of RD.X formation has al1d.ys been 

of interest; this interest ha.s increased grea.tly corresponding_ to the 

new demands for RDX as a mill tary explosive and the discovery of new 

methods for its preparation. In particular, the mechanism of RDX 

formation in the Baohma.nn rea.otion is of interest due to its pre-

sainence among. the industrtal methods and to the tact that it combines 

features of both the direct ni trolJsis and McGill reactions. This 

meoba.nism i.s, hcnvever, extrself complex of solution. * 

* The problsn, "The Stepwise Elucidation of the Mechanism. of 
BDX Formation," was assigned to this researcher by the 
Cba.irman of the J.asooiate Comm:i ttee on Research of the 
Explosives Committee of the National Resea.roh Council; 
XR - 42 (Jan. 1942) • 
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'the compla:i ty' of an in:restiga tion or the mechanism. or the 

Bacbaann reaction is due in part to the .fact that the reaction lld..xture 

contains at least four reactants and produces at least three products. 

In this reaction, tEID.perature, time and dilution play an important 

part 1n 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 (both 

absolute and. relative} • Furthermore~ in discussing the mechanism of 

the Bacl:Dann rea.ction, one must take into account those ;factors which 

it has in common with the direct ni trolysia and MoGill reactions and 

also the dozens of allied reactions which have been elucidated during 

the past fflff years and whi.ch now constitute the field or chEmistry ot 

the polym.ethyleneamines and polym.ethyleneni tram.:l.nes • 

Jllrly in this investigation, it was decided that the best 

approach to the mechanism. or RDX formation lay in an investigation of 

the ~ction ot the ammonium. nitrate in the Bachmam reaction. 'fhe 

reason tor this decision was threefold. 

1. Ammonium. nitrate is a necessary component of both the McGill 

and Bacbaann reactions and, at the time that this investigation was 

started, it was thought to be unique in its !\motion (16). 

2. Ammonium nitrate seEDs to be., in some way., associated with 

tb..e production of aa:.,. the most important by-product in the KoGill 

and Bacbna.nn reactions; 
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(ma) 

In the nitrolysis reaction, the yield of BMX relative to the yield 

ot RDX is in the ratio .or about ls2500 (17). In both the JLoGill and 

Bachmann reactions, the ratio is of the order ot lsl5 (18). 

3. Since in the nitroly'sis reaction. the heDJD.ine molecule 

represents the only source of amino nitrogen, it is obri.oua that 

all ot the nitrogen in the triazine ring of RDX must have originated 

in the hexamine molecule. The molecule of RD.X produced in this wa.y 

may be pictured as follows: 

'flPI I RDX 

In the idealized r·eaction (see equation 2) one mole of RDX is produced 

per mole of hexamine. 

Similarly, in the JLoGill reaction, the ammonium nitra.te is the 

only source ot amine nitrogen atoms: thus it is obvious that all or 

the ring ni trog.en in the RDX must have originated in the ammonium nitrate. 

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



HPE II RDX -'** 

where w* refers to an amino nitrogen atom which originated in the 

ammonium nitrate rather than in the hexamine. In the idealized 

rea.ction (see eqt.Ul.t:l.on 5), one mole of RDX will arise trom three 

moles of formaldehyde (paraform) and three moles of ammonium 

nitrate. 

Ih the ease o:f' the Bachmann rea.et:l.on, hOWEWer, both the hexamine 

and the ammonium nitrate may act as sources ot amino ni trog.en. In 

view of this tact, two possible~ oases present themselves in dealing 

with an idealized Bacbnann reaction (see equation 3) 1 

case I 

(2 moles) 

TYPE III RDX 

This represESl:tation implies that the two moles of RDX arising from one 

** It should be Emphasized that the differeut "'rypes" ot RDX 
are chEillioa.lly and physically identical, differing only with 
respect to the "history" of their amino nitrogen atc::ms. 

*** There is actually one other ca.se corresponding to complete 
random. distribution of amino nitrogen ata:a.s, but the mechanism 
corresponding to this ease is considered unlikely (see page 156 Ref.l). 
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mole of hexamine are idEiltioal, each containing two amino nitrogen 

atoms originating in the hexamine and one amino n1 trogen atom. originating 

in the ammonium nitrate. 

case II 

(1 mole) 

TYPE I RDX 

(1 mole) 

TYPE IV BDX 

This represEiltation implies that the first mole of RD:X produced in the 

Bachma.nn reaction contains only amino ni trogens which bad their origin 

in the hemmine. I'tP is also implied tha-t; the i;riazine ring in this mole 

of RDX is one which existed in the hexa:mine, having survived iPhe reaction 

conditions. In this case, it is necessary that the second mole of RDX 

. ** . have, on an average , two amino n:i trogen atoms llhich originated in the 

ammonium nitrate and only one in the hexamine. 

ff The seoond mole of Bl>X may well be composed of all four possible 
"Types",but in theory, the avera.ge structure must be Type rv. 



Now, the existence of the two possibilities in the mechanism. 

of the Bachmann reaction (as represm.ted by case I and case Il), 

presents to the researcher his first lWljor problan in connection with 

the mechanism. and yet, at the same time, opens to him three distinct 

experimental approaches to the solution of the mechanism. The problEII!. 

is, obviously, to decide whether case I or Case li represents the type 

of product produced. The experimental approaches lWlY be summa.rized 

briefly as follows s 

(a) The firat method of attacking the problan is to attept to 

"mark" or nlabel" the a:miDo nitrogen atoms of either the heDmin.e or 

the ammonium. nitrate in order that the "Types" of m>X lWlY be dif

ferentiated by something more tangible than the mere "history" of a 

given nitrogen atom. 

(b) The second experimental approach is based on the fact that 

if case ll is indicative of the mechanism of the rf!l\cti.on,. the first 

mole of RDX ( type I) contains no amino nitrogen atans which originated 

in the ammonium ni tre.te. Thus, with respeot to the first mole of RDX, 

the function of the ammonium nitrate is purely catalytic. In this case,. 

then, it lWlY be possible to su.bsti tute some other catalyst for the 

ammonium nitrate and still obtain one mole of RDX· In case I, however, 

the ammonium nitrate actually contributes to both moles of RDX and its 

t\mction here is synthetic rather tha.n catalytic. In this event, no 

other substance should be able to replace the ammonium nitrate. 

( o) If case I represEili#s the reaction product, the 11.olar 

consumption of ammonium ni tre.te should equal the molar production of RDX 

since -.ch molecule of RDX contains one amino nitrogen atom which orig

inated in a. molecule of ammonium nitra.te. In Case II, however, the ra.1io 
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between ammoniam. n1 trate consumption and RDX production is not 

neoessariq equal to un1 t.Y and 'WOUld be expected to w.ry w1 th 

changing reaction conditions. Tblts. an investigation ot the ammonium 

nitrate consumption oonsti tutes a third experimental approach. 

It •a tor these reasons that an investigation of the fUnction 

of the ammoniua nitrate in the Bacbna.nn reaction •s considered to be 

the most promising approach to the problaa ot the meohani.811. of RDX 

forma. tion. The experimental procedures uaed and the resul ta obtained 

in this investigation are considered in another section ot this Thesis. 



HISTORICAL INTRODUCTION 

The (Direct) Ni trolysia Reaction 

(Cli~)Ji4 + 4HN03 (CH2) 3(R-H02)3 + 31ICHO + J"B4N03 --·-*'- 2. 

The majority of signif1oant research oarried out on the direct 

ni trolysis reaction :tas been reported by the following workers or groups 

of workers: Benning (2) 1 von Herz (8) 1 Bale at the Pioat:i.Jm1' Arsenal (19} 1 

Roberta and eo-workers at the Research Department* of the Royal Arsenal., 

Woolwich (1, 5), llhi:tmore a.t Pennsylvania. State College (20), l'lright at 

the University of Toronto (21) • Winkler a.t KcGi.ll Universiv (22)., Birst 

at the University of Bristol (1) 1 and Linstea.d of the British Central 

Scientific Office (1., 5). It is not the purpose of this dissertation 

to abstract all of these series of papers_, but it is intended 'bo present 

in as brief and clear a manner as possible all experimental results be

lieved to be signifioant tram a point of view of the reaction mechanism 

and 'bo deal concisely with all postulated mec:tanias. 

EEperimental 

It is proposed to discuss the experimental data of previous wrkers 

under the hea.ding of the various reaction variables~* In cases where 

more than one worker b&s investigated the same phenam.enum, the results of 

the most extEI'lsive investigation are used. In cases where the results of 

two investigations differ, the most widely-accepted results are reported 

unless the ditf'erence i tsel:f" is of significance. 

* Hereafter designated as R·D· or A.R.D. (Annament Research Dept.). 

** This method has also beEil used by Linstead (1). 
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1. Ni trio Acid Strength 

An extensive investigation of this pba.se of the n1 trolysis reaction 

has been reported by Winkler {22). His investigationa*were ca.n-ied 

out in the region of 89 to 97 percent ni trio acid. For a given ni trio 

acid: hEmUD.ine ratio. the rate of RDX formation increases with increased 

acid strength. For a giva:1 ratio. the yield of RDX decreases with decreased 

aoid strqth unless the ratio is high {a value of 20 - 30 moles of 

ni trio acid to one mole of hexamine is considered normal) J if the ratio 

is high. however, the final yield of RDX is independent of the acid 

stra:1gth within the range of concentrations studied. 

For acids of less tha.n 89 percent. the yield falls off rapidly no 

matter how high the ratio of ni trio acid to hexamine. Winkler reports a 

yield of 44 percent RDX (instead of 80 pereEilt) at 86 percent acid. Hale 

(19) reports only a trace of RDX at 80 percent acid. All workers agree 

that no RDX is produced using 70 percent acid. 

For acids of greater than 97 percent strength, there is some dis-

agreement. The R.D. (23) reports that there is an optimum strength of 

nitric acid for a givEil nitric acid: hexamine ratio and for a given 

tsnperature. This optimum lies in 'the region 96 to 96 percent acid and 

about 82 percent RDX yield is obtained at the optinmm.. 

* While the experimental technique of various workers differs somewhat, 
their methods of carrying out ba toh ni trolysis reactions are essentially 
the s&JIUU h8JC8mine is added slowly to cooled nitric acid and the reaction 
tanperature is controlled by internal (dry ice) or external (dry ice
acetone) cooling.; when the reaction is essentially complete, the mixture is 
sometimes heated briefly and is then diluted with water. For details 
of the experimEil.tal procedures see references 1,5,8,19,20,21•22. 
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Other workers (20.21) report that the yield of RDX increases right up 

to lOO percent acid. lrright has shown that 106 percent ni trio acid 

{.lOO percent nitric acid fortified with nitrogen pentoxide) gives a 

yield of onl1 31 percct of RDX. (21). 

2. Ni trio Acids He.Dmine b. tic 

Winkler (22) has sho\'lll that fer ni trio acid of 89 percent, 92 

percent. 96 percent and 9S percent strEngth, the rate of RDX formation 

increases rapidly with an increase in the ni trio acid: hexamine ratio. 

As regards total yield of RDX, ne RDX was cb"l:ained for molar ratios below 

a value of ten to one. As the ratio is increased beyond this value, 

the yield increases rapidly to a maximum. This maximum is reached more 

slowly with lower concentrations of nitric acid. The maximum yield is 

independct of the acid strength provided that the ratio is sufficiently 

high. 

The group at Bristol (24) have investigated the yield of RDX using 

98 percent nitric acid and nitric acid :hexamine ratios between 10 and 

0 0 
150 at tanperatu.res of 0 c. and 20 c. The results of this investigation 

were essentially the same as those obtained by lf.l.nkler. For the series 

of runs at 0° C., a flat maxim:um was reached in the region of 22 moles 

of nitric acid per mole of heDmine. At 20°C., however, the yield of 

RDX fell off from the maximum as large excesses of ni trio acid were used. 

This decrease in yield was not due to solubility and it mnst be considered 

that RDX is destroyed by nitric acid at this temperature or, alternatively, 

the actual RDX production may be lower. 

It has been emphasized by lfinkler (22) that the ni trio acid 
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s'trtngth ta.c'tor and the nitric acid:he:z:amine ratio fac-tor are in a 

sense complEmentary. 111 thin limits, low ni trio acid strEilgth may be 

compensated tor by use of large excesses of ni trio acid. Further, 

in his rate studies, 111nkler found that the initial rate of RDX 

f'orma'tion is proportional to the number of moles of ni trio acid 

in exo ess of a gi. v c minimum. 

3. Temperature (25) 

Below 3000., the temperature of the reaction has li-ttle eff'eet 

on the final yield of RDX bu-t it influtnces the rate of RDX formation 

to a. very great extEil't• The rate of RDX formation inerea.ses grea-tly 

with increased temperature. For e:mm.ple, the nitration of he.nmine 

with 26 moles of 98 percent ni trio acid showed tha.t at 0°C., nitration 

is complete in eighty minutes while at l0°C., nitration is complete 

in twenty minutes. At tenperatures above 30°C., there is a definate 

decrease 1n yield with an increase in tC!IIlperature. 

During the reaction, about 70 koala. ot hea.t are immediately 

evolved per mole of he:mmine. This is followed by a slow evolution 

ot heat amotmting to about 14 kcals. per mole, this value being 

smaller at low tenperatures. This secondary evolution of heat is 

considered to be due to o:x:ida ti ve decomposition ( 26} • 

4. Time 

In this discussion time has been considered as a dependent variable. 

s. Dilu«tts and Catalysts (1} 

Apart trCIIl chloroto:r.m and ni trom.etbane, which do not seem. to 

affect the yield, solvcts decree.se the yield of' BDX. 



19. 

Acetic acid• acetic anhydride, nitrous acid, mineral acids 

(other tha.n nitric acid), phosphorus pmtoxide, nitrogen pentoxide, sulphur 

dioxide and iodine depress the yield of RDX• lftrl:bnore (20) and Wright (21) 

have found that inorganic salts are ineffective in small concentrations 

and are deleterious in larger amounts. 

The history of the use of ammonium nitrate in the rea.ction mixture 

is an interesting one. The R.D. (25) reported that the addition of 

ammonium nitrate to the nitrolysis rea.otion mixture in equal weight to the 

weight of heam.ine used had a slight beneficial effect whm the rea.ction 
0 . 

mixture was held at 50 C. for about thirty minutes before dilution. 

llhitm.ore (20) and Wright (21), however, reported that the addition of 

ammonium nitrate was either without effect (at lOO percent nitric acid 

strength) or 118.s decidedly detrimental (at lower concentrations of nitric 

acid). In June, 1944, it 'WB.s disclosed tbt.t workers in England (27) had 

achieved grea.t increases in yield by the addition of large amounts of 

.Ammonium. nitrate to the reaction mixture after the initial ni trolysis was 

cam.plete and by hea.ting this mixture to 90°C. for about thirty minutes. 

The ef'f'ect was most pronounced when the ammonium ni. trateJ ni. trio acid ratio 

was two to one and whf.ll large excesses of this complex were used. Yields 

up to 135 percent (on the basis of one mole of RDX from. one mole of 

heJ~Ntine) have now been obtained. At the same time it 'WILS reported that 

formaldehyde and many compounds containing the methylEne group yielded 

RDX whf.ll subj eoted to this same trea i:ment. These results have been 

confirmed and extEnded by Wright (M). This resea.roh conati tutes one of 
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the ma.jor ad'ftl'lces in RDX chanistry since the discovery of the Ba.chmann 

rea.ction. 

6. Products, By-Products a.nd Intermediates 

RDX is the principle product of the ni trolysis rea.ction a.nd is 

obiained in better than 80 percent yield under opt:i.D.mm condJ. tions. 

By-products in the rea.ction are lHX., cycloni te oxide, 106, Pl,P2 and a. 

precursor of DNPT· 

.!!;!:- The presEflce of HMX ( cyclotetramethylenetetrani tramine) in 

the liquors of the nitrolysis rea.ction 'W&s established by 'Yt'right (28) 

and has already been mentioned (see Page 10). This by-product is 

produced in e:xtranely small quantities and J.s of little but theoretical 

importance in the ni trolysis reaction. 

Oycloni te oxi_de:- The compound cycloni te oxide 'W&.s reported by 

the R·D· (29) to occur in the crude ni trolysis product in small quanti ties. 

It has been assigned the stru.cture of 3,5-dini tro-1-o:m-3,5-diazacyolohexane: 

106s- Wright (21) ha.s isolated very small quanti ties of 1,9--
di ethoxypenta.methylene-2 ,4, 6,8-tetra.ni tramine after fractional re-

crystallization of a crude ni trolysis product. This is believed to have 

arisen frcm. the 1,9-dinitroxy derivative (•lo6") after alcohol 

recrys'bllliza ti on. 



!102""0-CR2-~-CR2-,-CR2-,-CRz:-,-CH2-0-N02 
N02 NOa NOa N02 

("10611 ) 

P1 and Pz:- 'WhEil the undiluted nitrolysia mixture is extracted 

with carbon tetrachloride. fairly large quanti ties ot a liquid 

product are obtained in 1he extract. Thia liquid ma.y be separated 

into high-boiling and low-boiling tractions which have been named 

P1 and P2 respectively. These products are believed to represct 

the tate or the formaldehyde liberated in equation 2. llbile their 

structures are uncertain, they have been assigned the .following 

.formulae* (5)' 

li~-CR( OH)- 0-NOa (Pl) 

NOz-CH( OR)- O-cB2-0-CH2-0-li02 (P2) 

~~- On neutralization of the diluted mother liquor, a small 

quantity or IEPT is produced (21) • Wright has postulated the struc'Wre 

tor DNPT a.s (bicyclo)-dini tropen:ta.methylenetetraminea 

This substance is not believed to exist as SQch in either the undiluted 

or un:nctU.tre.lisecl rea.ction liquors but is thought to arise tr<ll.\ a pre-

cursor upon neutralisation. In view o.f recent work it seans that this 

precursor is 1.3-hydroxymethylECEili tramine (21) or its ni tra.te: 

* See also P• 27 



Three campounds, hexamine din:i tra te, PCX and POX-A, have bee 

isolated in m.cdi.fi ed ni tro lysi a rea-ctions and J.DliL"f be in ter.med.ia tes 

in the production of RDX by the direct ni trolysis reaction. 

Hexamine Dini trate:- If he:amine is added to a solution of 

concentrated ni trio acid in chloroform, he:u.mine dini trate is pre-

cipitated m.omentarl.l"f and is then dissolved as therea.ct:ion goes on to 

give RDX (SO) • FUrthemore, if he:xa.mine dinitrate is used in the 

ni trol"fsis reaction instead of he:xam.ine, the yield of RDX (SO), the 

rate of RDX formation (22), the heat of formation ot RDX (Sl), and the 

energy of activation of the reaction (22} are the same as when hexamine 

is used. It is gEnerally agreed that at least som.e he:xamine mono-, 

di- and trinitrate are formed whEil hexamine is added to the concentrated 

nitric acid (32), but there is gEile:ral disagreEIIl.ent as to how much of ea.ch 

is formed and as to which one, if any, represEilts the gEileral course of 

the reaction. The formula :tor heD.mine dini trate is as follows: 

POX:• PCX was first prepared by WS.nkler (22) by' disaolvint -
heDmine dinitrate in an excess of 89 percEilt nitric acid at l<nr 



tan.peratures (·40°C) and by diluting this reaction mixinre w1 tll chipped 

ice after a fevr minutes' standing. The preoipi tate, PCX. was obtained 

in good yield. It may be converted to RDX in almost theoretical yield 

by the action of eight moles of strong ni trio acid. Winkler believes 

that the conversion of PCX to BDX represents the rate-controlling step 

in the ni trolysis reaction and states tmt the activation energy of the 

ni trolysis reaction approximates that of the PCX•RDX conversion. The 

researchers at the Armament Research Depari:m.ent (A·R·D·) ( 33) have 

suggested that PCX is not a true intemediate but is formed through a 

hydrolysis reaction. The generally-accepted formula is that of 

3,5-dini trohuahydro-1,3,5-triazine ni trate-(1): 

PCX-As- When the A·R•D• (33) attanpted to prepare PCX by drovming 

the reaction liquor with ether instead o£ water, they obtained a small 

yield of an etho:x:y derivative of PCX•A after recrystallization of the 

crude product from alcohol. Winkler does not believe that this compound 

is a true intermediate and has shown tba.t PCX-A can be obtained from PCX 

in the presence of formaldehyde. The generally-accepted structure of 

PCX"""' is 1-Geteylol-3,5-dini trohexahydro-1,3,5-triazinea 



(PCX-A.) 

The question a.s to whether the three CClllpounds ma1tioned here 

are true intermediate• or not is discusaed further in the next 

section. 

Theoretical 

1. The Mechanism of Ton Herz (8) 

Von Herz postulated a simple decan.posi tion of he:Dmine to 

heDhydro-1.3.5-triazine and subsequent nitration of this 

hypothetical intermediate. 

.. • - - a. 
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There is no experimental ev:i.denoe for th.is mechanism. and it is of little 

but historical interest. 

2. The Meohs.nism. of Bale (19) 

Hale postulated the existErloe of three competing reactions: 

( CH2) 6N4 + 4HN03 3RCRO + ( CH2) 3(N•B02) 3 + NH4N03 ----- 9 • 

----- 10. 

_._ __ .. u. 

Bale supposed 'bt the decomposition represented by equation 10 

represented the course of the reaction in 70 percct ni trio acid, that 

in 80 - 85 percent acid, reactions 10 and ll predominated. and that onq 

in the region of' 95 - lOO percent acid did reaction 9 take place to 

any appreciable extct. His posW.la.tion 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 faot that wa.ter m.u.at be produced by the nitration of formaldeh¥4•• 

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 ni trolysis 

reactions, he was able to precipitate he:xamine dini tra te as a double 

salt of mercuric chloride. 

3 • !he R ·D • li echani am. ( 5) 

The R·D· postulated an ini tia.l depolym.erization of he:x:a:m.ine to 
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harl.-hsmmine which was decam.posed by nitric acid 1:lO methyleneni.tram.ine; 

this compound was supposed to trim.erize to RDX. 

(a} Depolymerlzation 

------ 12. 

(b) Nitration 

/=est 
0~ -. + 2HN03~ HOHO -t- 20~....,..N-N02+Hz0 ---- 13. 

N-OHz 

( o) Pol~erlza t:lon 

30ll2-N-N02 ----}) ( OHz) 3{N•NOz) 3 

{RDX) 

40Ji2 N•N02-~> {~) 4(N·N02) 4 
(BtLX) 

- .. - .... 14. 

---- 15. 

----- 16. 



f02 
/N-cH2 

2cm2-N•N02 + HCHO -~> ~ ) 

r-CH2 
N02 

( cyo1oni te oxide) 

(d) Side Rea.ot:lons 

27. 

------- 17. 

5HOHO + 6HI03 -----:)> 2N02-o-CH2-o .. wo2 + N02-o~-o-CH2-o-cn2-o-N02 + 3H20 

(P1) * (P2) * 
--- 18. 

(e) Deoamposi tion 

HOBO + 4HN'O:s -~ 002 + 4N02 + 3B20 19. 

---- 20. 

21. 

----- 22. 

__ .. _... 24. 

* These a.re a.1tema.te structures for P1 a.nd P2• 



Linstead (5) ba.s criticized the mechanism. on the following 

grounds: 

(a) There ia no advantage to introducing the concept of the 

dimer. There is no evidence for its existEnce and all e.xperimental 

evidence can be explained wi 'lnout it; 

(b) rhe mechanism does not aoco1.mt for the production of nitrogen 

very well; 

(c) Formaldehyde does not condense with ni tramide to give 

cyolonite; 

(d) Hani-hu:amine las never been shown to exist, and the concept 

of the depol;ym.erizat:t.on is very artificial} 

(e) "On general grounds the formation of unsaturated intermediates 

from the action of ni trio acid on he:xam.ine is not to be a:xpeoted, and 

the sillultaneous attack on four seJ>arate bonds. of the molecule is 

theoretically unaooep'table," and 

(f) If heni-he.xam.ine does exist, it is likely that it is the 

precursor of cycloni te oxide. 

On the basis of his or1tieisms, Linstead has proposed a modification 

of the original R·D· mechanism. This modification may be summ.ed up by 

equations 12- 13, 15, 16, 18, 19, 22, and the following; 

- ... -.-.. 25. 

.......... 26. 
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------ 2'1. 

The mechanism has been criticized by Winkler (22) who points out 

that it does not take the intermedJ.ate POX into account. A further 

cri ti.cism. is that, theoretically, more than one mole of RDX may be 

obtained from one mole of hexamine. This has never been observed in 

the simple ni trolysis reaction. 

4. The Mechanism. of Linstead I ( 5} 

In his fi.rst monograph, Linstead introduced* the meoha.nism. ba.sed 

on the preservation of one of the six-membered rings presEnt in heXWDine. 

this mechanism is characterized by the stepwise degradation of the he:xamine 

molecule. The meteyleneamine linkages in the he:xamine molecule a.re 

supposed to undergo ni trolysis in the following manner: 

---·- 28. 

The meteylol groups may or may not be esterified in the following manner; 

---- 29. 

* In :U:aroh, 1941, Wright (35} speaks of the "trihydro:xytrimethylamine 
fragment" -- this is seven months before Linst~d postulated this 
mechanism in his first monograph. 
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30. 

{Precursor I) 

(DNPT) 

34. 

36. 



....... ?lf20H i2_., .. 
B02-N" /CH2 

~-y 

(PCX-J.) N02 

HON02 

37. 

{RDX) 

31 • 

In this mechanism. the by-product formaldehyde is supposed to be 

convert~ to P1 and P2. The me.chanism is weak in that DNPT is known 

to be convert~ into HMX by the action of ni trio acid {21). It accounts 

particularly well for the production of nitrogen a:nd has this advan-tage 

over the older R.D. mechanism. On the basis of this meahanisn, the 

eque. tion of the combined ni trol;ysi s and fume-off is as followu 

(CH2) f}f4 + 14HB03 ---t (CH2) 3{N-N02)3 + 300z + 10N02 + Nz + 10 HzO ........ _ 38. 

The actual figures as determined by the R.D. (12) are 

+ ll.4Hz0 + 0.2 NzO + 0.1002 (unaccounted for) 
.,____ 4 

The presenoe of cycloni te oxide is not accounted for by this mechanism. 

Linstead believed that the low yield of RDX in dilute acids could be 

explained by the competing reaction of hexamine nitrolysis (see equation 10) • 

The discovery of PCX and PCX•A {whether they be true intermediates 

or not) supports Linste&d' s concept of stepwise degradation of the he:xamine 

molecule. 



5. 'the Mechanism of Connor, Davy, et al (16) 

In February, 1943,. an informal document entitled "Mechanism of 

the Reaction of Be:xamine and Related Compounds with Ni trio Acid, Acetic 

Aneydride and Ammonium Nitrate" 118.8 distributed by the :N.D.R.c. While 

it dealt primariq with the mec:tanism. of the reactions between hexamine 

and acetyl nitrate and the mechanism. of the Ba chmann reaction, at least 

one new idea concerning the mechanism of the ni trol;ysis reaction was put 

forward. 

It •s postulated that Linstead' s first intermediate, "Precursor I,." 

could either lose formaldeeyde or undergo ni trations 

OR2-N-OR2 
I I \ 

N02-N" ~2 /N•CRaOH 
CH2-I-CR2 

(Precursor I) ----.. 39. 

HO•N02 

.......... 40. 

If the main course of the reaction is represented by equation 39, the 

nitric acid waa supposed to attaok the ring containing the secondary 

amine group with the result that RDX vrould be formed. (The individual 

steps are not de.tined). If esterification and stabilization of the 

metbylol group takes place (equation 40), as would be the case if 

nitrogen pentoxide were added to the systen, the reaction would proceed 

to give the oanpounds ATX and 106. In the following equatlons, the two 

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

?Ha-o-No a 
CH -N-OJ:I OH2-N 

/ 
2 

· 1 ,.,'!:(' 2HO-No2 / ~ .. ~-' 
NOa·N'\ OHa N•CR2-o-NOa NOa·W p.H2 

'\ 1 . / 41. "\ I 
OH2- N -OH2 CH2- N 

I 
OJ:I2-f•OH2-0-N02 + H20 

N02 

42. 

\ 
N02-o-CH2-~-CRa·~-CHz-N\OB2-~-0H2-o-N02 + H20 

wo2 No2 J ' wo2 

~.l :::N02 

(.A.TX) 

ATX has not been. isolated in the ni trolysis reaction 8\"en in the presence 

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

been isolated by Wright (21) • 

'(Bz.O•BOa 
i2-N\ 

NOa•N\ /CHz 44. 

OHz-N 
I 

OHz-y-cHa.O•NOa 
N02 

i2-j-OH~ · 
NO -N ORa N-N02 + CHz(O-N02)2 a\ I / 

OH2-N-0Ha 

{DNPT) 



CH2-JI-CH2 I ---1--- ' 
N02-N CRz N -N'Oz 

'\ I / 
Clla-N-CH2 

(DNPT) 

45. 2 HO-NOa 

HzO 

(•lo6") 
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6. The Mechanism of Linstead II (1) 

In his second monograph, Linstead reviewed his meoha.nism in the 

light of new davelopu.enta. He postulated atabilizati.on of the 

me~lol group by esterification, but subsequent reaction w.l. th ni trio 

acid to give RDX, not ATX and 106. 

41 
) 

+ 
W02-o-CH2-~-CH2-o-N02 

NOz 
50 l2HO•N02 

RDX+W02-o-CRz.O·NOz 

51 
b 

RDX+N(OHz-o-NOz)3 

+ HzO 

Linstead believes tbLt PCX is a bJdrolytic by-product of PCX-A 

(nitrate): 



~02 
PHa-N 

I \ 
liOa•B CB2 

\ I 
OHa-N 

l 
OH2-o-wo2 

(PCX-A (nitrate)) 

------ 52. 

't. The Kechani8Dl of Wlnkler. (22) 

Winkler believes that POX is a. true intermediate in the ni troqsis 

reaction. He points out that the activation energy of the POX - RDX 

conversion is the same a.a the rate-controlling step in the hexamine • RDI 

conversion. Further, a kinetic 111tudy of POX decomposition shows that, 

like the predicted intermed.ia te in 'the ni trolysis reaction, the 

decomposition of POX is independent of the concentration of nitric acid. 

lft.nkler has also obtained evidence that the ni trolysing agent in 

the ni trolysis reaction is the ni traoidium ion rather than psc:ndo ni tr:t. c 

acid o:r the undissooia.ted bimolecular complex generally believed to be 

the main com.ponent of anhydrous nitric acid. (36) 

ni tracidiUJJ nitrate 

- - pseudo ni trio acid 

undissociated bimolecular com.p.lex. 
o-:a:-o 

I \ 
O=B N=O 

\-B-0/ 



He ha.s shown that the initial rate of' BDX formation is proportional 

to the ni tra.cidium. ion oonce1tration. On the basis of' this 

hn>othesis,. 111.nkler states that the large excesses of' ni trio acid 

in the nitrolysis reaction are necessary tor the maintenance of' 

a high nitra.cidium ion concentration. 

Wlnk:ler formulates the later stages of' the ree.otion as follows: 

f02 f02 
OH2--N 0~--N 

I ' HQ-}J02 I " 
N02-N 'cu2 ----~ NOz-N /0~ 

'\OH2-f/ 53 "CII:!-j __ _ 
OB2 - O~OH 

··-1·--
HOOH2-N-CH20B 

(see P• 35) 

RDX + H20 
55 

Or. alternately, using the oonoept of' the ni tra.oidium. ion: 



56 

57 NO(OR)~ No; 

58 

The English workers do not believe that POX is. a true intermediate. 

They base this belief on the fact that they could obtain no POX when the 

nitrolysis reaction mixture was drowned with ether. instead of -.ter. 

They did obtain mdence, however, of a new compound, N-m.ethylol POX 

(PCX•A.), which corresponds more closely to the predicted interm..edJ.ate. 

Winkler believes PCX-A. to be fonn.ed by the interaction o:f POX and 

formaldehyde and to be a by-product. 

8. The Kecbanis of Boyer (31) 

Boyer bas suggested t.bat PCX is a by-product in the ni trolysis 

reaction due to the ni trating action of the n1 trio acid in more dilute 

solutions• 
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POX 

9. The Bristol Mechanism (38) 

The Bristol mechanism is essetia.lly the same as tba.t ot 

Linstea.d, but is much more extC!Ilsive. 

a,b 
61 

fOz 

/OH2-N"' 
N02-N OR2 + 2 HzO 

'\OHz-H/ 
I 

fll2 
NOz.O.CHz-N-CHz-o-NOz 

( ".!!") 

* Compounds thus marked may be isolated. 



(b) 

(BDX) * 

• 
64 

40. 

Ho2-o-aH2-~-0H2-f•OHz·f~CB2-f•CH2-o-N02 
N02 NOz NOz N02 

C'lo6") * 
+ CHz( o-NOz) 2 + 2Hz0 

("~") 

** Believed to be the precursor of DNPT. 

*** Believed to be the precursor of the alkoxy deriw.tives of POX-A. 



(c) 
¥Oz 

CRz--N 
I \ 

B02-N\ i CBz . --;-·-• 
OH -'-N 2 : ---~---k 

J CBz..O•NOz 

70 HzO 
k 

(Pax)** 

2HO-NOz 

i 
68 

41. 

NOz..O-CRz-~""CBz·f-~-f-OHzwO•NOz + HzO 
N02 N02 N02 

(ATX) 

RDX * 
+ CHz(O-NOz)z + HzO 

{ Cycloni te Oxide)* 

** Isolateable under special conditions. 
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Wright ( 39} has devoted considerable time and effort to the problan. 

of the significance of DNP! in the diluted, neutralized mother liquors. 

His experiments indicate that DNPT rises through a synthetic reaction 

involving dimeteylolni tramide. ammonia. a.nd forma.ldehyde: 

NH3 

1
aa20H + HOC~ 

+ '\-N02 NOz-N HOBO + 
\OB:20H HO~ + 

NH3 

0H2-N-0H2 

I I ' N02-N OH2 N-N02+ 5 H2o ----- 73. 
'\ I / 

0Hz-N-OH2 

(DNPT) 

Since the Bristol mechanism predicts the formation of dim.ethylol

ni tramide (a.s the dini tra.te derivative), lfnght states that the 

formation of DBPT in the diluted, neutralized mother liquors is 

evidence for this mecb.a.nism.. It should be pointed out, however, that 

the estimated yields of dimethylolni tramide do not exclude other mechaniSIIls. 
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The KcGill Reaction 

----- 5. 

There has been considerably less research oa.rried out on the 

KcGill Reaction than on either the direct ni trolysis or Ba.chmam 

rea.ctiona. In the opinion of the author, the following workers have 

made the most significa.nt contributions: Rosa and Boy-er of :U.cGill 

Universi t)" (42), Johnson of Cornell University, Baohmann of the 

Universi v of llichiga.n, lt'right of the University of Toronto (21) • 

W1nkler of JlcGill University ( 43), and Linstea.d of the Br;l tish. Centra.l 

Scientific Office. ( 1,5) 

Exp erimEil tal 

1. Effect of Mocle of Addition Of Reagents 

Four methods have been developed which give BDX in quanti t.Y• 

The first method is due to Ross (13): ammonium ni tra.te, paratorm. and 

acetic anhydride are mixed in the cold and then heated; the yield is 

about 41 percent. The second method is due 'bo 1t'right (21) 1 para.to:rm 

is added slowly to a heated mixture or ammonium nitrate and acetic 

anhydrideJ the yield in this ease approximates 50 percEilt. The 

continuous addition of a mixture of pa.raform and ammonium nitrate to 

acetic a.nhfdride gives a yield or about 50 percent (Ross and Winkler) 

(42) • If the ammonium nitrate and para.form, in this procedure, are 

allowed to stand in contact for any length of time, or, if the 
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a.mm.onium nitrate and paratorm. are fused together before introduction 

into the acetic anhydride. the yield is lowered ( 42). The fourth 

procedure is that of Bacbnan.n ( 44): a mixture of ammonium ni tra.te 

and paraform is added proportionately along with acetic anhydride 

to a small initial charge of acetic anhydride. the yield in this 

case being about 55 percent. It is not8'1'10rthy that no procedure 

calls tor the pre-mixing of the paraform and the acetic anhydride. 

A:ny such procedure results in small yields ( 42) • 

2. Effect of Relative Concentrations o£ Reagent• 

For experiments in which the powdered paratorm. is added to a 

auspf!llsion o£ ammonium nitrate in acetic anhydride• it has been 

found that the optimum molar ratio of reagents is as follows: 

(45). 

The yield in this oa.ae is a.bout 50 percent based on the formaldehyde. 

When the paratorm. and ammonium nitrate a.re added proportionatel.T 

along with the acetic anhydride to a small ini tie.l charge of acetic 

* anhydride. the optimum molar ratio is: 

(44). 

Bachmann has reported that this procedure yields 56 peroent RDX. The 

larger quantities ot ammonium. nitrate and a.cetic anhydride required by 

the ftrst procedure are Wld.oubtedly due to the deoomposi tion o£ the 

ammonium. nitrate by acetic anhydride. Ross bas found that it the 

acetic anhydride concentration is increased beyond tive moles per mole 

* .A. little ni trio acid is used in this procedure to reduce the 
induction period. 



of para.f'orm, the yield of RDX fl.lls o:N.' and the consumption of 

acetic e.neydride ::Lncree.ses ( 46} • 

s. Effect of' Tso.pera.ture 

45. 

Various researchers have fomd d::Lf'ferEilt optimum temperatures: 

Rosa recommends 68 - 70°C. ( 42), Wright, 70 - 72°C .(21), and Bacbm.ann, 

75 .. 80°0.(44). Johneon found that there was little difference in 

yield for t4Silperatures between 70 and eo0c.(45). When gaseous 

formaldehyde is used, the optimum t811perature is 00°C. (45}. The 

di:fi'erent results of' d::Ltterct workers are due, in part, in the fact 

that slightly d::Lf'ferent procedures are used in ea.oh case and also to the 

.f).ct that reeults are difficult to reproduce. 

lttnkler investigated the reaction at low tso.peratures and found it 

to be extrEIIlely slow. For example, after twenty hours, the yield of RDX 

at 25°C. •s 0.27 percent, at 30°c •• 9.8 percent, and at ss<>o., 27 

percent(4S). At tsnperatures over 80°C., violent, uncontrolla.ble 

decomposition takes place. This phEilom.Eilum is known as a kick-off (42). 

4. Effect of Time 

The MoGill reaction is characterized by a long induction period. 

Th::Ls may be reduced by use of oa.1:alysts and may be el::Lminated by 

allowing the ammonium ni tra.te and para form to pre-react in acetic acid * 
{ 47) • The reaction is extrEmely slow at low temperatures ( 43). 

5. Effect of Type of' Paraform 

* 

It 'WB.s early ree.lized that different commercial brands of' para:f'o:nn. 

Whether the pre-reaction of paraform and emm.onium nitrate in acetic 
acid is actually a justifiable modification of the McGill reaction 
or not rEDl&ins to be seen (see p. 49) • 
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gave dit.f'erEnt yields. Johnson (45) was able to correlate the degree 

of polymerize. tion (melting point) with the yield of' RDX: the lower 

polymers of the polyoxymethylene type gave the best results. Acid and 

base precipitated parafonns (high polymers) were found to be unsatis

factory. 

6. Et.f'ect of' Substi i:nting For the Standard ReagEnts 

Pa.rafonn may be replaced by gaseous formaldeeyde which gives 

yields corresponding to the best type of' para.form (21). Pa.raf'onn 

may not be replaced by trio:x:ymethylene (21) or by glyoxylic acid (42} • 

The acetic anhydride may be replaced by propionic anhydride with 

little lows in yield ( 47} • The acetic anhydride may not be replaced 

by maleic anhydride ( 42) • '!'he use of anhydrous glycerol, glacial 

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

7. Catalysts and Diluents (1) 

The McGill res.ction ha.s 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 catalytic: 

boron fluoride, antimony fluoride, cabal t ni tra. te, copper nitrate, 

nickel nitrate, zinc ni tra. te. 

Mineral acids have bee found to decrease the induction period. 

Thety do not, however, inores.se the yield, and are actually deleterious 

when used in quantity. 
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'fhe following substances lave been found to be ineffective when 

introduced into the KoGill reaction in small am.ounts but to decrease the 

yield of RDX when introduced in quantity: ma.gnesi\"'ll 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-

phi te, ferrous oxide, phosphorus pe:1to.xide, iodine, meteyl acetate, 

pyridine, triethylam.ine, and urea. 

'fhe follo"'d.ng substances have been found to inhibit the formation 

of RDX in the McGill reaction: ammonium acetate, aluminium chloride, 

ferric chloride, zinc chloride .. acetone, benz.ne, carbon tetrachloride 

and ethyl acetate. 

Acetone, ethanol, ethyl acetate and methanol have been tested as 

solvents or diluents tor the reaction mixture and were found 1x> inhibit 

the formation of RDX in the MoGill reaction. Glacial acetic and propionic 

acids may be used as solvents. Ninety percent acetic acid and nitro-

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

8. products, By-Products and Intermedia. tes 

The main product of the McGill reaction is BDX (B) * • 

* It •s proposed by the workers in England that the product of the 
direct nitrolysis reaction be called RD.X, that the product of the 
Ba.chmann reaction be called RDX (B) and tmt the pure chEIIlioa.l sub
stance, N-trini trotrimetbylenetriamine be called oycloni te ( 48). 
'fhe product of the :U:cGill reaction is ofte:1 called RDX (B) as well. 
This terminology is applied somewhat loosely in this thesia. 
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This is RDX coniami:nated with about f1ve to fifteen percent by weight 

o:t I:JU. The lDa and RDX can be separated only' with difficulty and the 

mixture of the two is generally considered to be the product of the 

reaction. 

Wrigbt (21) has reported the presence of BSX, ~X, and TAX as 

by-products in the McGill reaction. These ocour in small quanti ties and 

were isolated by \fright after neutralization of a diluted McGill reaction 

liquor. The structure of these compounds has been postula.ted as follars: 

(BSX) ( 40.41) 

QDX {21) 

TAX (21) 

One other compound has been reported in a modified llcGill reaction. 

Ro&B and Boyer {9} found that when parat'onn. and ammonium nitrate are 
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dissolved in acetic acid at 70°0. before bei.ng treated with acetic 

anhydride, MSX is formed as a reaction by-product. The aecepted 

struc'b.lre was proposed by Ross and Boyer and •s confirmed by Connor. 

Whether this compound is a tra.e by-product or not is open to question. 

Winkler ( 47) has shown that whEI'l pare. form and ammonium. nitrate are 

allowed to rea.ct in glacial a.cetic acid a.t either 35 or 70°C., hexamine 
' 

dinitrate is precipitated after several hours. This is in agreanent 

with Whi tmore' s observation that pare.form and ammonium. acetate react 

in glacial acetic acid at 70°0. to yield heJamine (49) • Yf1nkler 

believes that hexamine dini trate is an intermediate in the McGill 

reaction. In support of this view he cites the :f'a.ct that the regular 

MoGill rea.ct:i.on is ahare.cterized by a long induct:i.on period but that no 

induction period is observed if the pa.re.form. and ammonium nitre.te are 

first dissolved in acetic acid. 

Theoretical 

1. The Mechanism of Ross (13) 

The mechanism of Ross is based on the early R.D. meclanism for 

the formation of RDX in the direct ni trolysis reaction (see page 25) • 

In fact, this mechanism. actually lead to the discovery or the McGill 

rea.ct:i.on. 

----.74. 
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----- 75. 

----- 77. 

An alternate possibility for the cyclotrimeriza.tion •s suggested: 

--_.) RDX ....- 6CB3COOH ----- 78. 

Later investigations showed tha.t there is absolutely no experimental 

evidence for this mechanism. No dehydrating agents other ttan a.oetio 

anhydride a.nd propionic anhydride were found to be effective ( 42) • 

Fusion of the pa.raform a.nd ammonium nitrate followed by a.oetic anhydride 

treatment gave little RDX (42). The dearre.ngenent of nitrourea. (which 

should give rise to nitre.mide) in the presence of formaldehyde gave no 

RDX ( 42) • The use of ni tre.mide in a. simulated MoGill reaction gave 

DNPT, bat no RDX (21). 

2. The Mechanism of Linstead I (5) 

The first step in a.ny postulated mechanism, a.ocorting to Linstead. 

is the depolym.eriza.tion of the pa.re.form.. This will be followed by 

condensation, dehydration, cycliza.tion, a.nd possibly by a.oetyla.tion. 

There are several a.lterna.te possibilities a.s to which order these 

reactions assume. These possibilities e.re set forth below: 

(a) SUpposing the .first step to be a. condensation: 

---- 79. 

The next stage mAY be a. dehydration: 
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Cyelizat:l.on will follow: 

--- 83. 

3 CH2::N-NO 2 -----l> RDX ---- 84. 

In two ot these three cases, turther dehydration (nitration) 
is necessary: 
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In the course of this •eriee of reactions, there are lfl'er&l 

opportuni t1 es for the aceti o anhydride to aot as an acetyl& ting 

agent ra. ther than as a deeydra. ting agt!lllt: 

HOCH2-ltH; N03 + ( CB3CO) 20 __ __.,., Cli3CO-O-CH2-NHt NOa + CH3COOB 
--86. 

--- 87. 

---- as. 

EVI!IIl if the acetylation or intermediates in the MoGill reaction does 

take place, it is likely that the nature of the individual steps 

would be essctially the same. The "deeydra. tion" and "cycliza t:ion" 

steps could take place with the elimination of acetic acid rather 

than water and the nitration step could be represented a.a follows: 



• 
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---- 90 

The only advantage to picturing the reaction as involving the atepa 

of :N-acetylat:ion and N•ni tration lies in the consideration of the 

relative ease of dehydration and acetylation of primary and seoon.dary 

a.mi.nes. 

Linstea.d preferred to oon.sider the mechanism as involving 

equations SO, 81, S2, S4 and S5. As evida1oe for the val1d1 ty" of 

equation SO, Linstea.d oi ted the tact th&t formaldehyde oon.dmsea with 

ammonium chloride to give monamethylam1ne hydrochloride. He pointed 

out that this rea.otion probably involves the unsa.tu.rated intermediate 

+ 1-0Ha=NHz 0 

Further, in support of equation S6, the dehydration of the cyclic 

trini trate by acetic anhydride is precisely analogous to the conversion 

observed by Ba:mberger (50) 1 

Linstead stu.d1 ed the action of n1 trio acid on the N•-tribez ene 

sulphonyl derifttive of trimethylcetriamine, but •s unable to 

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

tbe.t the N-triacetyl derivative is involved in the mechanism. 



(b) SUpposing the t1 rat step to be a dehydration: 

Tbi s corresponds to the Ros s mecbani sat. 

{c) Supposing the tirst atep to be an acetylation: 

There are three possibilities in this connectionJ 

NH4NO~ + ( CH3 CO) 20 ) NB; CH3coo- + CBsC0-0-NOz 

NHii03 + (CH3Co) 2o --~) CH3CetiH2 + HN03 + CH3COOH 

C1!20 + (CH3C0)20 --~) CH2(0-00CH3)2 

---- 74 

---- 92 

--- 93 

---- 94 

Acetic anhydride and ammonium nitrate, however, do not setlll to react 

to give acetyl nitrate ( 5) • Furthermore, the latter two ca.ses are 

ruled out by the fact that neither acetamide nor meteyleoe bisacetate 

yield RDX when used in a. simulated MoGill reaction ( 42). 

In his discuslion of the MoGill process, Linstea.d points out 

th&.t only about 50 percent of the available formaldehyde is 

recovered as RDX(B). A fUrther 12 percent may be recovered on 

prolonged distillation and about 23 percent may be converted to 

hoxaainth Little formaldehyde is lost as carbon dioxide. In order 

to account for the methylene groups which do not appear in the RDX(B) • 

Linstea.d ba.s suggested a number of side reactions: the formation 

of hexamine and polym.etbylCteaminea, the reaction between formaldehyde 

and ammonium nitrate to give metbylamm.onium nitrate, the 

disproportionation of formaldehyde to 
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give methanol and fonnic acid., the oxidation of formaldehyde by 

ammonium ni tra.te., the acetylation of formaldehyde and the presence 

ot undepolymerized polyoxymethylmes. 

3. The Jlecha.ni sm ot Rose and Boy er ( 42) 

Rosa and Boyer assume continued condensation ot formaldehyde 

and ammonium ni tre.te followed eventually by ring closure. Secondary 

amine ni tra.tes are dehydrated (ni trated) upon formation. 

95 
CHzO + NH4No3 HOCHzNH3N03 

sfzo ~~~ OH3CO)z0 

OHzOI:I 
I 98 

OB20H 
I 

NB3H03 I 
2 CH3000H+ N-N02 ( A.c2o * NHzNOs OH2 + 2 01:13 COOI:I 

I I I 
CI:IzOH CBzOE: NHaJI03 

99 NB4No3 lOO UzO 
(CH3oo) 2o 

101 

---.._,.. Etc. 
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RDX + 2 OH
3 

OOOH 

As ev:i.denoe tor the relative ease of dehydration of secondary amine 

nitrates as compared with primary amine nitrates,~ Ross a.nd Boyer 

oi te the experiments of Ba.mberger and of' Wright (51). Bamberger 

'W8.s able to obtain good yields of ni tramines from. dim.ethylammonium 

nitrate, piperidinium n1 tra te a.nd several subst:i tu.ted a.niline 

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: 

As EWideoce for this alternate method of ring closure, these authors 

have shown that methylenedia.mine dini trate breaks down in acetic 

anhydride to give ammonium nitrate and RDX· 



57. 

This mechanism predicts the extensive formation of 

oxygen-containing ring com.poundsJ 

roz 

106 

( cycloni te oxide) 

CHaCOOH 

These compounds would be water soluble and W"OUld be relatively 

resistant to hydrolysis. TheJ.r f'or:ma tion would be f's.vored by 

the presence of an excess of formaldehyde. Rosa and Boy er ( 42) 

ha.ve shown tha.t an excess of para.form favors the formation of 

wa. ter-soluble products. 

Ross and Boyer predict the isolation of BSX-TYPE compounds 

which could anse by the acetylation of the hypothetical intermedi.a.tes: 

2 (CH3C0)20 

108 

(TEX) 
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The recent isolation of BSX by W'right (21) from the filtrate of 

the MoGill reaction adds weight to this mechanism.. 

4. The Mechanism of Linat-.d II (l) 

This is the only mechanism 11hich seriously cCilsiders the 

tact tbat M.nkler (47) has isolated hexamine dinitrate by the 

reaction of pe.ra.form and ammonium nitrate in glacial acetic acid 

and which considers heD:mine dinitrate as an intermediate in the 

:U:oGill reaction. In it Linstea.d discusses the many ways in which 

hexamine can be synthesized (by stepwi.se reaction) from 8Jllli1Qnia and 

.formaldehyde. It is unnecessary to reproduce Linstead' s complete 

analysis of the ponibilitiesJ the following formulation will 

illustrate his method: 

/IH-C1fa\ 

CH2 N-C~-NH 

" I I NH-Clfa C~OH 
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/
NH-CH2'- /NH-CH2 CH20H 

, cH2o ' I 
CH N-CH -NH-CH OH __ ..,. CH N-CH -N 
~ / 2 2 118 2 I 2 I 
'NH-CH2 "NH-CH CH OH 2 2 

119 

+H20 

The mechanism of RDX formation from ihis point onwards is considered 

to be identJ..cal w1. th ihe mechanism of the Bachm.ann reaction and will 

be considered in the next section. 

Linstee.d has recognized the possibility tbl.t it might not be 

necessary tor the complete synthesis of heDmine to take place in 

the McGill reaction. He points out that the synthesis illustrated 

above ms.y proceed only to the point 'Where the six-mEI!lbered ring is 

formed. 

From his studies on ihe behaviour of formaldehyde-ammonia 

solutions in water, Wright (52) is lea.d to the conclusion that 

the mechanism. of formation of hexamine •Y be represented as 

follows: 



( CHz) sB4 

(Hexamine) 

+ 3 HzO 

125 

This alternative was also suggested by Linstead (1). 

5. The Mechanism of lfright (21) 

60. 

Wright has suggested that the formation of RDX in the MoGill 

reaction involved the condensation of one mole of dimethylolni tramide 

and one mole ot methylenedini tramine: 

N02 
I 

HN" OHz 

RN/ 
I 
N02 

______ __, RDX + 4 CH
3

COOH 

126 

Many attempts have been made to condense these two su.bstances, but 

without success. On this basis, Wright ha.s abandonned the mechanism 
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and now supports Wink1er1 s view that hexamine dinitrate is an 

intermediate (53). 

In the course of his series of experiments., Wright (21) found 

that methylenedini tramine Enhanced the yield of RDX when added to 

an otherwise regular McGill reaction. Since he b&s shown that 

formaldehyde readily condenses with ethylenedini tramine:. it is 

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

+ 2 OHzO 
127 

128 



The Bachmann Reaction 

(CH2) d!l 4 + 4 HN03 -t- 2 NH~03 + 6 (CH3CO) 20 

--~) 2 (CH
2
} 3 (N-N0

2
) 3 + 12 CH

3
COCH 

_ _. ___ .. ___ .. 3 

62. 

Since the discovery of the Bacbmann reaction in May, 1941, ( 6) 

m.a.ny investigations of the reaction have been oa.rried out. The 

result or these researches has been a.n im.provsent in the quality 

and yield of the product, the developn.Eilt of a continuous process 

and the achievanent of some degree of understanding of the mechanism 

or fonna.tion of RDX and oeriain reaction by-products. The most 

important work on this reaction has been reported by Ba.chm.ann and his 

eo-workers at the University of 'Michigan. Other researchers who have 

m.a.de signi.f'ica.nt contributions to the understanding of this reaction 

a. re Johnson at Cornell University, Whi 1:more a.t the Pennsylvania. 

State College, Connor of the National Defense Research Canmittee, 

Ca.rmaok at the University or PEilDsylva.nia., Wright (21) a.t the 

University of Toronto and Linatead of the Bri ti eh Central Scientific 

Office (1, 5). 

Experimental • 

1. Effect of llode of Addition of Reagents 

In his second monograph, Linstea.d ( 1) lists about thirty 

different modifications of the Baohmann reaction. Of these, however, 

:many involve the use or solid hexamine or heJC&mine dini tra. te. Since 

current practice is to use hexamine dissolved in acetic acid, tile 
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presEnt discussion will be confined to procedures fulfilling this 

condition. 

In one type of run, the acetic anhydnde 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, a solution 

of he::xamine in acetic acid, and nitric acid, or, a solution of 

whatever ammonium nitrate and nitric acid as were not included in 

the ini t:i.al oharge (54). rn a second type of run, all of the 

ammonium nitrate and part of the acetic anhydride conati tute the 

initial charge and the hexamine - acetic acid solution, the n1 trio 

acid and the rEIII&inder 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 

a solution of he::xamine in acetic acid, a solution of ammonium 

nitrate in nitnc acid., and a quantity of acetic anhydride to a 

simulated mother liquor. This simulated mother liquor consists 

of acetic acid, along w.t th some acetic anhydride., ni tno acid and 

ammonium nitrate (55). Since this gEneral method closely resan.bles 

the continuous industrial process., it will be called the pseudo

continuous process and., unless o-therwise specified, w.i.ll be the 

one referred to in future discussion. The industrial process will 

not be described here (See Linstead ( l), 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 



prslllxing of' the aoetio anhydride and n~tno acid to any great extent, 

or, the introduction of hexamine into acetic anhydride and/or ni trio 

acid in the absence of' ammonium ni tra. te. If all of' the Baohmann re-

agents are mixed at a low tanpero.ture (25°0.) and the reaction mb:mre 

is heated to the usual tsnperature, BSX rather than RDX is the prin-

ciple rea-ction product (1). 

A radically different method for carrying out the Bachnann reac-

tion has been introduced by Roberts (56). Hexamine is mixed with a 

slight theoretical excess of a solution of two moles or ni trio acid 

64. 

and one mole of ammonium nitrate at 25°0. This slurry is added slowly, 

with stirring and cooling, to a slight excess of acetic anhydride at 

70°0. Good yields are obtained. 

2. Effect of Concentrations* of Reagents 

Opera. ting with slightly different procedures, various researchers 

have round slightly different optimum molar ratios o.f reagents, but 

4PS 
there is general agreement as to the e.ffeot o.f excess,. or deficiencies 

of reage1ts relative to the optimum molar ratios. Most of the con-

olusions presented here are those of Bachmann who has made a very ex.-

tensive study of' the reaction variables. In determining optimum yields, 

he used the "pseudo-continuous process" described above. In his rate 

studies, the reaction 'W&.S carried out in the presence of a la.rge excess 

or acetic acid; this slowed down the reaction and made for homogenei -ey 

of the reaction mixmre. 

~ The tenn "concentration't is used rather loosely in this section. 
A more accura. te designation would be "molar ra. tios". In ee.ch 
case the mola.r ratio is based on hexamine. See also: P• 44. 
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Acetic Aneydride {57) :- The theoretical requirement of acetic 

anhydride is 6.0 moles per mole of hexamine. If one takes into 

account the small amounts of.' water contaminating the other reagents, 

6.5 moles or acetic anhydride will correspond more closely to the 

theoretical requirement. The practical optimum. will vary somewhat 

depending on the molar ratio or the nitric acid. When 4.4 moles 

of.' ni trio acid is added per mole of hexamine, the optimum molar 

ratio or acetic anhydride is about 7 .o moles per mole of.' hexamine. 

When larger quantities of.' nitric acid are used, the optimum acetic 

anhydride molar ratio is somewhat less than 7 .o moles, and vice 

versa. For a given nitric acid ratio, decreasing the amount of 

acetic anhydride below the critical minimum causes a rapid 

decrease in the yield or RDX (B). As the acetic anhydride molar 

ratio is increased beyond the critical minimum, the yield of RDX (B) 

renains :f'airly 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) • 

.bunonium. .Nitrate: - The theoretical requirenent of ammonium 

nitrate is 2.0 moles per mole of hexamine. lmproved yields of RDX 

are obtained, however, if an excess or 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.' a.mm.onium nitrate (59). Baohmann (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 increa.se until about 3.0 moles of &lliDl.Onium nitrate 

are being added; beyond this point there is little advantage to be 

gained by increa.sing tile amount of ammonium nitrate. Wink:ler places 

the maximum in the 1lMX- yield curve at 2.5 moles of ammonium 

nitrate. As the ammonium nitrate molar ratio is deerea.sed from 3.0 

moles, the yield of RDX decrea.ses., the rate or RDX formation decreases, 

the yield of lD4X increa.ses (see above, however) and the rate of EMX 

formation decreases. As the quantity or ammonium nitrate is 

increased, the yield of RDX increases very slightly., the rate of 

RDX formation increases., tile yield of HMX decreases 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 ni trio acid 

decreases ( 61). 

Ni trio A.oid:= - The theoretical requirEment of ni trio acid 

is 4.0 moles per mole of hexamine. The actual optimal amount is 

about 4.25 moles when 7.1 moles or 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 EMX 

tall off correspondingly (58). Thus the nitric acid molar ratio is 

cri tioal. When smaller amounts or acetic anhydride or larger amounts 

of ammonium nitrate are used, or., whEn the reaction mixture is 

diluted with acetic acid, the cri tioal optimum. shifts upwards from 

4.25 moles of ni trio acid (58). The converse is also true. The 

rates of RDX and BMX formation are deer ea sed for nitric acid in 



excess of or in deficei t of the optimum (58). 

In the past considerable emphasis has been placed on the 

ratio of ni trio acid to ammonium nitrate. In the opinion of 

this author. this emphasis is unjustified and has only served to 

compli ea te an already oomplex situation. All of ti1. e observed data 

oen be explained by considering the ammonium nitrate and ni trio 

acid as independent variables. 

Bachmann observed that when tile quantity of ammonium 

nitrate- nitric acid solution is increased. the consumption of 

acetic anhydride decreases and the consumption of ni trio acid 

increases ( 62) • 

3. Effect of Relative Rates of Reagent Addition 

Wright (59) conducted a series of experiments in which he 

varied the "letl.ds" of the differ(';llt reagents in the three-feed 

addition reaction. He found that if the he:xam.ine solution -we.s 

ahead of either the ammonium nitrate -nitric acid solution or the 

acetic anhydride or both, low yields of RDX and high yields of HM.X 

were obtained. Bachmann (63) has developed a method of preparing 

HMX by reacting he:xam.ine with a deficiency (in the early stages of 

the reaction) of ammonium nitrate. ni trio acid and acetic anhydride. 

'W1nkler ( 64) has found that a delay in the addition of 

ammonium nitrate 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 uatf'ected. 
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4. Effect of Dilution 

As the reaction mixture is diluted wi. th acetic acid, the 

yield and rate of RDX formation are decreased. Dilution, however, 

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

5. Effect of Tsperature 

The Bachmann reaction has been variously reported. to give 

optimum yields at different temperatures between 60°C. and 76°0. 

The most extensive investigation of the effect of tsnperature 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 tanperature and :falls off quite rapidly below 

a tenperature of 60°0. It may be, however, that the decrease in 

yield at low tenperatures is due to the slow rate of the reaction 

sl.nce it has been found that good yields of RDX may be obtained at 

as low a temperature as 45oc. if sufficient time is allowed ( 66). 

In a diluted run, Bachmann (67) observed that at 45°0., one-half 

of the product is formed in 15 minutes while at 65oc., one-half 

of the product is formed in 2 minutes. Further, the tsnperature 

coefficient of the rate of HMX formation is less than that of 

RDX formation so that at higher tEillperatures 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 ni trio acid decreases ( 65) • 

Whi tmore ( 68} has studied the heat effects in the Ba.chma.nn 

reaction and found that there is a "primary heat effect" consisting 
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of' a rapid reaction when the reagents are first mixed and a 

"secondary heat effect"~ a slow reaction per si sting over a period 

of' some hours. 

6. Effect of Time 

It has been observed that i:he slow addition of' hexamine 

to the reaction mixture or the use of' so lid he»Un.ine dini tra te 

decreases the yield of' HMX relative to RDX ( 67). An increase in 

the reaction time increases the yield of' RDX at low tsnperatures 

and decreases the yield at high tenperatures (62} J an increase in 

the reaction time will also decrease the yield of' HM.X and will 

increase the acetic anhydride and decrease the nitric acid 

consumption ( 62} • 

7. Ef'f'ect of' Substituting for the Standard Reagents 

If' the acetic acid ordinarily used to 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 diaoetyl orthonitric acid and acetyl nitrate (59). In the 

first case he obtained a low-melting product (BSX ?) • but in the 

second cs.se a good yield of' RDX (B) (high in HMX content) was 

obtained. Iavy has been able to replace as much as 15 percent of' 

the nitric acid with sulphuric acid (70). A nwnber of' workers 

have reported attenpts to replace the ammoniwn nitrate of the 
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Bachmann ,re&ction with other salts. Bachmann (71) fotmd that 

the complete replacenant of the ammonium 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). Whi"bnore (69) has replaced the 

ammonium nitrate with various amine nitrates: methyla.m.monium 

nitrate, dimethylammonium nitrate, trimethylammonium nitrate, 

tetramethylammonium nitrate., ethylammonium nitrate, diethyla.mmonium 

nitrate, tri~thylammonium 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 Baohm.ann reaction. This work will 

be discussed further in the next section of this Thesis• 

8 • Catalysts and Diluents 

Benzoyl peroxide has no catalytic eff'ect on the Bachmann 

reaction (73). 

The effect of many nitrate salts has been investigated by 

Nioholls (74). The results of this investigation may be 

summarized as follovts: 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. calcium 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 amount of HMX. 
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9. Products, By-Products and Intermediates 

The principle product of the Bachma.nn reaction is RDX {B), 

a mixture of' RDX and HMX (See page 47). The proportion of HM.X 

to RDX may vary considerably under different operating, conditions 

but in the industrJ.al product, it is about one to twenty parts 

by weight. The presence of HM.X is very important since it exists 

in several polymorphic forms ( 75) and may cause the RDX (B) to be 

abnormally sensitive to shock. Muoh research has been ca.rr1~ out 

with a view to elJ..minating the EMX or reducing it tx> a low level; 

the most that can be said in this connection is that the formation 

of HMX is inhibited by an excess of reaota.n ts t"''i th respect to 

hexamine. 

BSX (see page 48) is the principle by-product in the reaction. 

It is produced in yields of about 10 percent in a nonna.l Bachmann 

run (21) and may be the chief product if insuf'f:i.cient ammonium. 

nitrate is present or if the reaction is carried out at low 

tanperatures (76}. Other reaction by-products are AaAn (1,9 -

diacetoxypen tamethylene - 2 ,4,6,8 - tetra.mine), QDX and TAX (77 ,21). 

The structures for QDX e.nd TAX are shown on page 48 while the structure 

of AoAn is given below; 

CH CO·O-OH -N-CH -N-CH -N-OH -N-CH -0-COCH 3 2, 2, 2, 2, 2 3 
N02 N02 NOz N02 

(A.cA.n) (21) 

These last three compounds are i sola. ted only in very small yields 

and they are unimportant except from a point of view of the reaction 

m eohani sm • 
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No intemedJ.&tes have been isolated in the Bachmann reaction. 

W'inkler (31) believes that hexamine mononitrate is an intermediate on 

the basis of his thermoohmoe.l studies, but this evidence is inoon-

olusive. Rosa and Boyer (78) have produced evidence that an inter

mediate does exist. When a diluted (homogeneous) Baehmann reaction 

is treated with acetyl chloride, hydrochloric acid or sodium nitrate, 

a fair yield of "nitroso PCX" is obtained: 

These authors interpret ihis result as evidence for the existence of 

PCX as a reaction intermediate and as support:l.ng the mechanism of 

Connor, Davy et al. (see below). 

Theoret:l.ca.l 

1. The Mechanisn of Linstea.d (l) 

The Bachmann rea.ct:l.on is also called the "Combination Process" • 

This designation, first used by Bacbmann (6), implied that it was 

a combination of the ni trolysis and MCIGill react:l.ons: 
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( CH2) dl4 -T-4 HN03 

3 CH20 + 3 NH4No3 + 6( CH3CO) 20 

While recognizing the. great difference in reaction condi ti.ons- partieu

la.rly with regard to the nitric acid concentl"'ltion and the temperature

Linstead (5,1) has suggested that the first mcile of RDX fonned in the 

Baobmann reaction is formed by the stepwise degradation of the hexamine 

molecule as is supposed to be the case in the nitrolySl.s reaction; the 

second mole of IIDX. it is suggested, is produced as a result of conden-

sa tion reactions between the a:mmonium nitrate and the fonnaldehyde 

residues as is the (postulated) case in the MoGill reaction (see page 50). 

Linstea.d• s mecha.nisn. is given below at sane length. 

The nature of the attacking reagent:- Linstea.d points out that the 

reagents which are capable of converting methylenea:mine linkages into 

ni trammes are ni tnc acid. ni trio acid plus a.cetic anhydride. ni trio 

acid plus a.mmonium. nitrate (plus acetic anhydride)- and nitric acid 

plus nitrogen pentoxide. Linstead believes that in the direct ni trolysis 

process, the attacking reagent is eiiher 

or 

HO-N02 

(pseudo n1 tric aoid) 

N03-H2No3 

(ni tracidium ni tra.te) 

-- 5 

-- 3 



When ni trio acid and acetic anhydride are us~, the attacking reagent 

may be acetyl nitrate 

or possibly nitrogen pentoxide 

N02-o-No2 

These reagents may be regarded as products of' the following ree.ctionau 

131 

and 

132 

When the reaction mixture contains ni trio acid and ammonium nitrate, 

Linstead prefers to consider the attacking reagent as pseudo nitric 

acid and when it contains nitr~c acid, ammonium nitrate and aeet.i.o 

anhydnde, as acetyl nitrate. When 106 percent ni trio acid (ni trio 

acid fort.i.f'ied with nitrogen pentoxide) is used, the attacking re-

agent is pictured as being nitrogen pento:dde. 

In general, all*' of these reagents may be represented as follows.: 

RO-N02 

* In the case of ni traoidium nitrate, consider the dehydrated 
fonn. 

73-a. 
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The Mode of Attack~ - The mode of attack of a given reagent 

upon a methyleneamine linkage may be briefly pictured as followss 

'N , ( CH -2 

+ \I ' ~ 
N CHz 

N02 OR I """' I 
&+ 6- N02 OR 

The Position of Atta.ckJ - J.n the presence of large excesses 

of ao1d1o 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 a given linkage. Thus the free-base, meth.yleneamine 

linkages will be most liable to attack. 

In the case of a substituted pol;ymethyleneamine linkage, it 

must be decided whioh of several linkages will undergo fission. 

If in the compound 

the g~up X can release electrons more readily on demand than can 

the group Y. then the~N-CH2X bond will break. On this basis 1 t 

is possible to predict the order oi' ease of bond fission in a 

number of casess 

!)l.se of fission: 

Great stability 

CH3co-:h-CH 2- N( 

(free base)~N-CH 2-N( 
/ 

CH 3-0-CH2 --N, 

/ CH3CO-O-CHz --N, 
/ Cl-CH2- N, 

I / 
N02-N-CH2 - N, 

+ I / 
-N-CHz -- N, 

I 
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Further, in the oa.se of amine salt formation, the greatest 

sta.bili ty will be associated with the strongest base. 

Linstee.d believes that another .f'a.ctor must be introduc~ 

in order that one may predict the sequence of bond fiasions. He 

calls this the "side-chain factor": methylol acetate side-chains 

will be stable to acet1c anhydn.de and acetyl ni tra.te while methylol 

nitrate side-chains will be stable to ni trio acid. Linstee.d1 s 

reason for introducing the concept is obvious, but bis justification 

is somewhat obscure• 

The Ftmction of the Ammonium Nitrate: - The f'Unction of the 

ammonium n1 tra te is one of the most important, unsolved questions 

in connection with the mechanism 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 evidEiloe to 

show that the reaetion between hexamine and acetyl nitrate to give 

BS:X: is rapid and 'that this reaction is inhibited by the presence of 

ammonium nitrate. In connection with the f'Unation 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. 

11b" 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, prineiply beoa.use 

the ammonium nitrate slows down the degradation process and because 

there is no evidence for the reaction between the intermediates and 



ammonium nitrate. The modification in the nature of the reagent, 

if this be the 1'unction of the ammonium nitrate, would permit of 

preferential a tta.ck on 11 side-chains11 and thus a.l ter the course of 

the rea.ction. 

The role of the ammonium nitrate in the synthesis prooess is 

recogniz&1 and is assumed tx> be the same as in the McGill reaction. 

The stepwise d§radati.on of Hexamine:~ On the basis of the 

foregoing considerations, Linstea.d ba.s suggested two alternate 

schsn.es for the production of RDX and BSX. HMX is supposed to arise 

through DNPT and PHX• 

The initial fission is represente:l as followsJ 

76. 

* AcON02 ) --- 133 

(Hexamine) 

* Where Ac - = CH3c -
11 

0 

(Precursor I) 
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HMX, A.cAn and QDX are then produced as follows~ 

~02 ~02 
N N 
'cH2 CH{' 

Precursor I ) 
134 

'w/ 
---1--

CHz CH2 CB2 

"~~ (DNPT) 

135 Ao0N02 

< 136 

(A.<lA.n) 

joz yoz 
CH2 N--CHz 

I I 
CH

2
--N CHz 

I I 
NOz-N N-N02 

I I 
CH -N CH

2 2 I 
Ac 

N02-N N-NO 

I I 2 

CBz ~-cH2 
N02 

{QDX) (HMX) 



78. 

RDX, BSX and '.'CA.X may result from the following series of reactions 

(Sche:ne A) s 

Preoursor I 

(RDX) 

A.o 

' /CH2-N\ 

N02N CRz 

'\_ell:!-N/ 
I 
N02 

(n:x:) 

139 

< 

) 

11+4 

142 AcONO 
2 

CH20A.c 
--- 1 ..... 

/ORa-:\:/ 
N02-N\ /CH2 

CH2-N 
I 

145 j ::02 

(BSX) 



An alternate pOsSl.bility is presenttd in Schtne B. 

Precursor I 

RDX 

{H-16) 

146 
) 

A~ 
~0 

BSX 

Linstead, in his discussion, pOJ.nts out that the mecblnism of BSX 

formation as postulated by Connor {see below) 1 s a perfectly acceptable 

alternative. 

The synthetic aspect of the reaction; .. Linstead regards the pro

duction of the second mole of RDX as being meehanisti.cally similar 

to the McGill reaction {see page 5C). There is considerable un-

certainty as to what chtnical fonn the fragments from the he:xamine 
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degradation will assume, but there is no r£G.son to assume that the 

process will be fundamentally different. 

In support of his views, Li.nstaad oi tes the clear-cut ease 

of the conversion of DNPT through PHX to HMX and AcAn {79,71). 

In these comparatively simple conversions_, all types of fissions 

postulated in this mechanism occur (See P• 77). The rEti.otion of 

DNPT with acetyl nitrate to give PHX represents the fission of 

a c - N linkage in a polymethylene&Jnine. The conversion of 

PHX to HMX. represents the elimination of a methylol acetate side 

chain in the presence of ammonium nitrate while the ree.otion of 

PHX to AaAn exenplifies ring fission in the absence of ammonium 

nitrate. In f'urther support of his mechanism, LinstEti.d points 

out that he:xlUD.ine contains three six-mEmbered rings and an eight

mE'IIl.bered ring. m.o:_, a ree.ction product, contains an eight•mEill.bered 

ring; now eight-mam.bered rings are rare in ehEill.i stry and are 

difficult to synthesize, therefore the simplest mechanism would 

be one involVing the maintenance of the rings alr£G.dy present in 

he:xamine. 

2. The Theory of Connor 1 Davy 1 et al. ( 16) • 

The workers at the University of Pennsylvania have 

investigated the ree.etion or hexamine {and other compounds) with 

various molar equivalEI'lts of ni trio aoid in acetic anhydride. On 

the basis of their results they postulated a mechanism for the 

production of BSX from hexamine. These theoretioa.l considerations 

were later combined with a mechanism of RDX formation which 118.8 



ong1.nally developed by Da.vy of the Holston Ordnance Works (80). 

These postulated mechanisms const:i. tute the ao-oa.ll$3. Connor-Da.vy 

theory of RDX formation. The experimental basis for this mechanism 

is contained chiefly in the following series of reactions: 

i. Hexamine+ l HN03 + AczO H2 

ii. HeJaUUine + 2 HN03 + A.o2o DNPT 

iii. Hexamine + 3 HN03 + Ac2o Hl6 

iv. Hexamine+ 4 HN03 -r Ac20 BSX 

v. H2 ...... 1 HN03 + A.c20 DNPT 

Vi. H2 ..... 2 HN0 3 ;- AotJ Hl6 

vii. Hl6 + HN03 + AozO no reaction 

vii1. Hl6 + HN03 106 

ix. H2 + HN03 RDX 

x. H2 + HN03 -rAozO NH4N03 ---; RDX + EMX 

xi. DNPT + HN0 3 -t-Ac20 NH4N03 ---t HMX. -t RDX 

xii. DNPT + HNO 3 -t- AozO AcA.n 

The various steps in the mechanism follow. 

81. 
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The formation of BSX:· 

Hem:mine 
152 

(p-H2) 

153 Ao0N02 

( 
154 

(p-:DNPT) 

(BSX) 

Actually, in tills sequence of reactions, only BSX ce.n be isolated 

but Connor believes that in the absence of excess nitric acid p-H2, 



p-DNPT and p-Hl6 11111 rea.n-ange to H2. DNPT. and Hl6. At the time 

of writing, the structure of H2 was uncertain. but it now seems 

that H2 is not <hrectly related to the proposed p-H2. 

(H2)(81) 

It aea:ns rather that p-H2is unstable and decomposes to give 

' fonnaldehyde and acetamide whioh react with unchanged hexamine 

to give H2. Al terne.tely, hexamine mononi tra.te :ma.y condense with 

acetamide and formaldehyde from decomposed hexamine.. The forma-

tion of DNPT is piotured as follows: 

(p•DNPT) 

CHzOAo 

I 
N-NO 

2 
157 

{DNPT) 

83. 



The oonverSJ.on of p-Hl6 to Hl6 proceeds as .fQllowa ~ 

(Hl6) 

l t seems equally likely • however. that the methyleneamine linkage 

is split by the acetic anbydr:i.de to yield an ace'blmine and formal-

dehyde diaoetate. 

Connor also discuasesthe reaction of DNPT with ace-GYl nitrate 

to give PHX and A.QA.n. His conclusions are si:rd.lar to those of 

Linstead (see P• 79). 

The .formation of RDX:- Davy postulated that the active agent 

in the Bacbma.nn reaction is pseudo n:i trio acid and that the methylol 

groups resulting from the fission o.f methylenea:m.ine linkages are 

stabilized by reaction with ammonium nitrate: 

~ 
-CH2- N, + HO- N02 

159 

A.c20 

--~')-CH2NH3No3 + 2 OH3COOH 

160 

84. 
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The series of reactions leading to RDX may be pictured as follows; 

I 

HN03 
AczO 

161 

~02 9H2NH3No3 

N, /N 
oH2 c~ 

'w/ 
--I--

CH2 CHz ~CHz 
"-...~~ +2 AcOH 

N'H.4N03 

162 HN03 
Ac2o 

~Oz ya2NH3N03 
N03NH3CH2-r-cH2-y-CH2fN-CH2-~-CH2NH3N03 

NOz N02 
1 

\ NOz 

N N02 , N 

I ' CHz I CHz'<, I 
CH2NH3N03 

+ 2 AcOH 

2Ac2o / /166 
+ 2 AcOH 

2 RDX+4 AcOH 

'w/ 

CHz............_N~CHz 
I 
CHzNH3N03 

+ 
2 AcOH 



The f'onna.t:i.on of' HMX is similar. 

N0 3-

Hz+ 

CHa-N-CRa 
I I 

NH4;N03+ N02-N N•N02 
I I 
CRa-~-CH2 

N02 

~ NOz-N(CH2NH3No3)2 

+ 2 AcOH 

) + 2 AcOH 
169 

In this mechanism, the function of' the acetic anhydride is to 

dehydrate secondary amine nitrates and to provide conditions for 
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causing methylol groups to ree.ct with ammonium nitrate. There se611S to 

be three pieces of evidence which support this mechanism. The .f'irst 

is that a. pilot plant investigation at the Holston Ordnance Works 

showed that there is a. molar equivalence between the RDX produced and 

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

are prod.ucei in the same manner, a oondi tion which is fulfilled in 

this mechanism. The second piece of' evidence is that a run carried 
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out with a deficiency of anhydride W&s divided in two; to one portion 

was added enough anhydride to make up the deficiency while the oi:her 

was worked up as a control. The former portion gave 20 grams RDX while 

the latter gave only 6 grams. This increase in yield was interpreted 

as being evidence f'or the dehydration step (see equation 166) and of 

the existence of PCX in the reaction liquor. A third piece of evidence 

was reported by Boyer (78): to a diluted Bacbmann run •s added eydro

chloric acid, acetyl bromide or sodium ni tri tef good yields of ni troso 

PCX (see p.72) were obtained. This result may be interpreted as in

dicating the presence of PCX. 

tinstead(l) points out that the equivalence of the molar RDX 

production and molar ammonium ni tra.te consumption does not necessarily 

prove the Connor-Da.vy mechani. sm and suggests that the same result would 

be expected on the basis of his theory. Again, no evidence has been 

produced to ind1oate that met.hylol side-chains will combine with am

monium salts in the fashion indicated in equation 160(1). The Connor

Davy theory does not use the simple case of the DNPT-PHX-AoAn-IHX con

version to as great advantage as does the Linstea.d mechanism, this case 

requiring separate tre&i:mEllt• The fact that straight-chain compounds 

such as BSX and AcA.n have never been cyclized to RDX and HMX may be 

used as negative evidence f'or the ring-closure stage of' the Connor-Davy 

mechanism. Linstee.d is in agreemmt with the author that the fact tha.t 

RDX is obta1ned using amine nitrates does not support this concept. 

The evidence of' Ross and Boyer {the isolation of ni troso-PCX) 1s capable 

of an alternate interpretation. lt is well known that nitrous acid can 
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exist in the pseu.do form (Ho-NO) much more easily than oa.n ni trio 

acid' for e::mmpl e, acidified sodium. nitrite aqueous solution can 

react with he:mmine to give trini tro socyolotrimeteylenetriamine. 

It may then be considered that nitrous acid, a.s used by Ross and 

Boyer, will attack compounds of' the follOWing type: 

such as n lS9'1 (see P• 78), w:i th the production of' ni troso-PCX. 

Lastly, Winkler (58} has criticized the mechanism. on the grounds 

that it does not explain 1:he formation of' RDX when the addition of 

ammonium. nitrate is delayed.. 

3. The Mechanism of' iT.Lnkler (58) 

On the basis of his early work, Winkler ( 47) proposed a 

mechanism for the Ba.cl'ma.nn reaction which was similar to that of' 

Linstead. Later, however, he modified this view and postulated 

tha.t at least two-thirds of the RDX is produced through the inter-

mediate DNPT (58). 
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Hexamine 

170 l (very fllot) 

Bicyclic Precursor 

1Six-Jianbered 
Ring Precursor 

173 A.c2o 174 
(Slow) (Slow) HN03 

BSX 

+ 
Fra.gments 

RDX 

+ 
Fra.gments 

...----- DNPT 

175 
(Slow) 

176 
(Slow) 

,If .. If 

177 
(Slow) 

RDX Ita Linear Products 
+ + + 

Fragments Fragments Fragments 

The synthesis step :ma.y be represented briefly as follows: 

----~) RDX +:W:X - • 178 
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Winkler' s evidEmce is that the reaction producing J:liX is similar 

and closely associated wi 1h a reaction producing at least part of the 

RDX· Further, the delayed addition of ammonium n1 trate indioa.tes that 

hexamine is converted inw at least two ooro.pounds, one producing RDX 

and the other producing RDX and. EM.X. The often-observed phenomenon 

of the complen.enta.ry nature of the yields of HMX and RDX under certain 

circumstances also BUpports this view. Winkler believes the.t the pre

cursor to the mu and two-thirds of the RDX is DNPT. In support of 

this he points out a parallelism between the re&ction of DNPT to give 

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

In connection with the question of the active agent in the Bach• 

ma.nn reaction, Winkler believes that the ni trio acid is asaooia ted with 

the acetic anhydride rather than with the ammonium nitrate. The am

monium nitrate ms.y, however, combine w:i. th excess ni tn.c acid and thus 

act as a buffer. Since the belated addition of ammonium nitrate gives 

rise to RDX and lDa (from DNPT), the ammonium nitrate must have a 

function other than a butter action and other than being a. necessary 

oom.ponE:nt of the synthesis process. 

This mechanism is open to the important criticism tl'at DNPT is 

known to give rise w large yields of 1fMX relative to RDX (21) • All 

pieces of evidcce are indirect and many are oa.pa.ble of alternate in

terpretations. 

4. The Jleoha.ni sm. of Ross a.nd Boyer ( 9) 

Ross and Boyer proposed a modifioa.tion of the mechanism of Connor 



and Davy. It takes into aooount the long-suspected labili ty of 

hexamine in solution: 

2 

(Hexamine) 

2 CH2~N-CH2•N:CH2 + 6 H20 

(H eni -hexamine) 

181 1l2 JIH3 

/~"'-. 
HN NB 

I I 
c~ c~ 

'-...N/ 
H 

(Hexahydrotriadne) 

The he.mi-hexamine fragments are postulated to undergo oyoliza. tion 

on reaction with ammonium nitrate to J,3,5-hemhydrotriazine trl-
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nitrate, a compound which, theoretically, may be dehydrated to RDX. 

' 182 

12 AcOH +2 RDX 

184 

6 Ao20 

< 

H-i" 
2 CH2. N-Cli2•N=CH2 

No; 

1831' 2 NlJ.iN03 
~ 2 HN03 

_ -t/CH2 '-..,. + 
N05fi2i ~2 N03 

2 C~ /CH2 
"-.N/ nt 

NOi 
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In support of this view, Ross and Boyer point out tha'b a. solu'bion of 

hexamine and ammonium. ni tra.te in acetic acid gives an indiffers:tt 

te.:st for hexamine. Ba.chm.ann ( 67) found that the solubility of am-

monium nitrate in acetic acid increased rapidly and in direct propor• 

tion -t;o the amount of henuaine dissolved in the acetic acid; bases 

(other than hexamine) did not give this same effect. Furthermore, the 

recrystalliza. tion of H-18 (the monomethyl ni tra. te salt of hexamine) and 

ammonium. ni tra.te from acetic· acid gives hexamine. San.e support for the 

above mechanism was obtained when H-18 was treated with nitric acid, 

acetic anhydride and ei th.er ammonium ni tra.te or methylemmonium ni tra.te 

and the predictEd yields of RDX and :MSX. were obtained: 

f!a ~+ 
CH2=N-CH2-N:CH2;-CH2=N-CH2-N=CH2 

185 wo; N0

1
~1'41.ri03 
lt't 

RDX 

190 
CH3N-CH2-N-CH3-N-CH2-o-COCH3 

I I I 
N02 N02 N02 

+ 
(MSX) 6 AoOH 
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In the Bac:h:aann reaction the production of li4X is accounted for 

by using an alternate structure for hexamine (the ~sekann T structure) 

(82) J 

The proposed mechanism rests on somewhat the same evidence as does 

the Connor-Davy theory and is, in general, opEn to the same criticisms. 

The concept of heni-hemmi.ne has beEn strongly cri tioized by Linstead 

( 1). Winkler {58) has cn ticized the theory on the basis of the fact 

that it does not explain the production o£ RDX upon belated addition 

or ammonium nitrate. 



EXPERiMENTAL AND THlOORETICAL 

I. A.ttsn ts to Differentiate the Two Moles of RD.X 
Fono.ed in the Bachm.ann Reaction * 

While several mechanisms have been postulated for the Baobmann 

rea.ction, they may be classified in two groups: those 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 

a mechanism of the first group (e.g., tile Connor-Davy theory) represent 

the course of the rea.ctl.on, the two moles of RDX will be indistinguish• 

able from one another with respect to the history of their amino ni tro-

gen atoms, wheree.s, if a mechanisn of the second group (e.g., the 

theory of Linstee.d) represent the course of the rea.ction, the two 

moles of RDX will differ from one another in this respect. (See PP• 

11 and 12 of this thesis.) The two oases may be represented as followss 

NOz 
I 

/
N-CHz 

'* CHz N-NO 
' / 2 
'N--cH 

I 2 
N02 

TjYp e .LII RDX 

(one mole} 

NOz 
I 
N-CH2 / '* CHz N-NOz "' / N-CHz 
I 

NOz 

Type I li RD.X 

(one mole) 

*: * This discussion is included here, not because the results obtained 
in this laboratory are ei. ther extensive or significant, l:nt because 
the attempt to differSJ.tiate the two moles of RDX formed in the 
Bachm.ann reacti.on constituted the first experimental approach of 
this resee.rcher to the problem of the mechanism (see P• 13). 
Baobnann1 s Tracer Experiments are considered at some length because 
of theJ.r direct bearing on the pl'!Oblen.. 



Case II:-

TYPE I RDX 

(one mole) 
TYPE IV RDX ** 
(one mole) 
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where N*represents an amino nitrogen atom which originated in the 

ammonium ni tra.te rather than in the hexamine. The two moles of RDX 

are (in e1tber case) physically and chsnically identical, differing 

only WJ.th. respect to the history of their amino nitrogen atoms. If, 

however, the amino ni trogens of either the ammonium nitrate or the 

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

be possible to distinguish betw-een the two moles of RDX formed. 

The most direct approach to tilia probla lies in the use of an 

isotope of nitrogen. If the ammonium ni trate,for instance, contains 

1-* 1 t should be enpha.sized, at this point, that Case .1I holds 
rigidly only in theory. ln practice, TYPE IV RDX may well 
oonta.1n a random oolleotion of amino nitrogen atoms. .1n the 
extr8D.e case, the fourth amino nitrogen atom of the hexamine 
may in fact not appear in the product at all. Yields of 
RDX+BMX as high as 92 percent have been reported but these 
yields are based on the formaldehyde content of the hexamine 
and ammonium nitrate is always used in excess; thus it is not 
a necessary oondi tion that the fourth nitrogen of the hexamine 
appear in the produot. 
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heavy amino ni trogeu {Nl5) one o£ the molecules o£ RDX {in case II) 

will have two Nl5 nitrogen atcms while the other will have none. 

Obvi.ously, there is little chance that tt .. e different 11 types" o£ 

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

i£ in ~se Il the two moles o£ RDX are formed to about the same 

extent, even the mass spectrograph will be unable to distinguish 

between the two cases. Nevertheless, this approach wa.s investigated 

by Bach!nann (83) and, while not cmclusive, a ma.thsnatioal analysis 

o£ the results by G. T. Young o£ the British Central Scientific 

Office (84) suggests that Case li is indicative o£ the reaction 

m echa.ni sm. 

A second approach to the probls o£ "marking" one type o£ amino 

nitrogen atoms, and the one used by this investigator, lies in the 

use o£ phosphonium nitrate in place o£ ammonium nitrate in the 

Bacmann reaction. Phosphorus, being in the same group o£ the 

periodic table as nitrogen, is able to £onn analogous canpounds in 

many oases. Since ni trophosphines are unknown, it was considered 

that there was only a slight possibility tha. t phosphorus analogs 

of TYPE J.ll and TYPE IV RDX could be isolated and characterized, 

but it wa.s considered tha.t i£ any RDX {less than one mole per mole 

o£ hexamine) were isolated, it would constitute evidence f'or Case II. 

All attEIIlpts to prepare phosphonium nitrate either by the interaction 

o£ phosphonium iodide and silver or lead nitrates or by the interac

tion o£ phosphine and ni trio acid were unsuccessful. Thus the de

sired replacEillE:nt of ammonium nitrate was not achieved. 
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Experimen-tal 

1. The Use of Tracer Ammonium Nitrate (Bachmann) 

Three experiments were carried out by Bacbn.a.nn (83): (a) hexamine 

and tracer ammonium nitrate were heated together in acetic acid in 

order to detemine the extent of nitrogen interchange. (b) a small• 

scale Bachnann reaction was carried out using the regular molar ratios 

of reagents. and (c) a small-scale Bachmann reaction was carried out 

using an unusually high molar ratio of ni trio acid. These runs are 

described below. 

One-half gram of tracer ammonium nitrate ll&.s dissolved in 
20 cc. ot glacial acetic acid. l cc. of a glacial acetic acid 
solution containing 0.44 g. of heDmine was added. and the cl.-r . 0 
solution was ;,armed tor 15 min. at 66 • After cooling, 0.3 cc. 
of 98% ni trio acid was added. The precipi ta.te of heDmine 
dini trate and ammonium nitrate was filtered out and extracted 
with 10 cc. of cold 10% ni trio acid to renove the ammonium 
nitrate. The heDmine dinitrate was titrated to a rough phen
olphthali en end point with 50 cc. of 0.11 N NaOH. After evap
oration to dryness at room tEmperature, the freed he:xamine was 
extracted out with OHC1 3 • Most of the CHC13 was blown off at 
roan tanpera.ture and the hexamine was crystallized from absolute 
ethyl alcohol. 

"PROCEDuRE 1/=2 -(N16-04; N15-oa; and Nl6-09) 

This identical procedure, using ordinary ammonium nitrate 
instead of tracer ammonium nitrate, was used to prepare samples 
wl5-os and Nl5_07. 

To a lOO eo. so:xhlet flask containing one-half gram of 
tracer 8JIU'Il0nium nitrate. 3 cc. of Ac2o, and 1 cc. of glacial 
acetic acid was added continuously, simultaneously, and equiv
alently 7.6 cc. of a glacial acetic acid solution containing 
3.30 g. of he:xamine.; 15 cc. of acetic anhydride, and 7.46 eo. 
(0.2 oc. ahead and 7.26 oc. during addition) of a solution 
containing 4.91 g. of tracer 8liUOOnium. nitrate and 4.48 oo. of 
98% ni trio acid. The mixture •s efficiently stirred and 
kept between 70-75° throughout the 12! min. addition period 
and subsequent 3 min. aging. 
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The reaction mixture was drowned in 200 cc. of' H2o, simmered 
si hrs., cooled, filtered, washed and dried. Yield of' :RDX {B) 

was 8.43 g. or 81%· 

The filtrate was blown down to dryness on a stea.m bath, ~ ... 
tre.cted with H20, and a small quantity of' H20 insoluble m&terial 
filtered off'. The H20 solution was blown down to dryness again 
to yield 1.58 g. of' crude recovered ammonium nitrate. Part of 
this -.s orys'!:allized from glacial acetic acid (5 cc. to 1 g.), 
then recrystallized f'ran a more dilute solution (25 cc. to 1 g.). 
Final purified ammonium nitrate (N15-Q!) melted at l68j..l69i0 , corr. 

The RDX (B) product was dissolved in 50 cc. of' wa.nn nitro
methane, lOO cc. of' H2o was added, and the ni tranetha.ne was slowly 
distilled off over a period of about 2t hrs. The resultant cry
stals, presumably a mixture of' RDX a.nd~-HMX only, were separated 
by repeated fractional centrif'igations using a trimethylene bromide
fine mineral oil solution of 1.81 g/oc density. 

RDX • 8.11 g. (192°) 
HMI - .34 g. (267°) 

197-200° (uncor.r.) 
268-269° {unoorr.) 

The RDX was recrys'!:allized twice from acetone to give the 
final purified sample {wl5-oe) ll•P• - 204•205°, corr. 

The HM.X wa.s recrys'tallized twice from acetone to give the 
final purified sample ('Nl5_o9) M.p. - 282-283°, corr. 

•PROCEDuRE /f§ •(Nl5.os and Nl5.1Q) 

The procedure followed for this preparation of' RDX (B) was 
identical to Procedure =1/:2 except that 10.75 cc. ( .75 cc. ahead 
and 10 cc. dun.ng addition) of' a solution containing 5.77 g. of 
tracer ammonium nitrate in 7.75 cc. of 98% ni trio acid 118.s used. 
This was slightly more tracer ammonium nitrate and much more 98% 
ni trio acid tlan before. The reaction mix11lre ll&.s filtered hot 
and anhydrous (Crop #l), the filtrate was diluted with H20, 
simmered, cooled, and fi 1 tered to yield Crop =f/:2. Yield of 
RDX (B) Crop fl a 2.36 g.; Crop f2 • 2.60 g.; Total : 
4.96 g. or 47%. 

The recovered ammonium ni tra.te was obtained from the crop 
=/1:2 filtrate as before. (See Procedure 12) wt. of' crude am
monium nitrate- 4.77 ~· Final purified a~nium. nitrate 
(Nl5-os) melted-at 168s-169i, oorr. 

Part of the RDX (B) crap #1 produot wa.s simmered for 15 min. 
in 70% nitric acid, wa.ter was added to incipient precipitation, 
and the solution was allowed to cool slowly. The long, white 
needles that orys'tallized out were recrystallized from. acetone 
to give the purified RDX sample- N1s.1o :M.p.- 204-2oso, corr." 



A number of' samples were analysed for total ni trogt!ll by Wright 

(University of' Toronto) and the nitrogen gas thus obtained wa.s 

analysed for its N15 content by Keevil (University of Toronto). 

The results of this investigation are contained in Table I. 

2. The A ttsnpted Use of Phosphonium Nitrate 

Preparation of Phosphonium Iodide;- Phosphonium iodide was pre

pared according to the method of' A. W. Ho.tmann ( 85) which is des

cribed in Mellor' s Tre&.tise on 1norganic a.nd Theoretica.l Chsnistry 

(Vol. VIll, P• 825). The product was white and crystalline. It 

smelled strongly of phosphine and 'WB.s slightly deliquescent. Phos

phonium iodide may be stored, but glass- stoppered bottles should be 

used since the product attacks cork. rubber and paper. Yield: 70 g. 

While the re&.ction is not clear-cut, it may be represented by the 

following equa t:i.on ( 85) • 

5 1 2 + 18 P + 32 H20 --~) 10 PH4I + 8 H:;P04 ---- 195. 

A.ttsnpted preparation of Phos;ehonium Nitrate:- Many attempts 

were made to ,_rry out a reaction between phosphonium iodide and 

silver nitrate or lead nitrate: 

---- 196. 

The main d~:ff'icul ty encountered was the problem. of finding a eo-
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. solvent. water and alcohol a reacted with the phosphonium iodide 

gJ.ving free phosphine. Oxygenated organic solvents appeared to be 

reduced by phosphonium iodide while halogenated solvents were unsatis• 

factory f'ran a point of view of the silver nitrate. Hydrocarbons 



TABLE I 

BACI-MAr+l REACTION: ·USE CF TRACER AI"1"10NIUM NITRATE. DISTRIBUTION OF ORIGINAL A1'1'10NIUM NllROGEI'i (BACt-HANN) 

ATOM ;/. ... Is or ATOM% OF AMINO OR 

SAMPLE I PROCEDURE AT OM Y. N 1 5 0 F AMMONIUM NITROGEN 

OE8CR I PT I ON 
AMMONIUM OR 

COMING FROM ORI~INA~ 
NUMBER NUMBER TOTAL NITROGEN AMINO NITROGEN 

AMMONIUM NITRATE 

N 1S-ol TRACER AMMONIUM HITRAT£ 7·5 I lt-·6 I 00•0 

N15 -oa HEXAMIH£ (Bt..AHK) O·lt-0 0 ·t.O 0·0 

N15 -o3 HEXAMINE (TREATED ~ITH TRACER) I I•I'S 1·15 5·3 
N15-olt RECOVERED AMMONIUM NITRATE 2. 3·"l5 7·50 50•0 
NIS-os RECOVERED AMMONIUM NITRATE 3 &,..'13 ...... , , ... o 

N 1 ~-o, RDX (B~AHK} 0·1+1 0•42. 0•1 
N1.5-o'l HMX (BLANK) 0·'+4.5 O•a.,q 0•6 

"15-oa RDX 2. 1·03 5·U :57·0 
"15-oq HMX 2. ..... q 2·58 15•0 
H 15-IO ROX 3 1•82 3•2. .. '-0·0 

• 

0 
0 
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would not dissolve silver ni tra. te. Ni tromethane appea.red w be re

duced by the phosphonium iodide. Liquid sulphur dioxide was reduced 

by the action of phosphonium iodide. Liquid ammonia dissolved the 

phosphonium iodide but rendered the s~lver nitrate inactive through 

complex formation. The introduction oi' phosphonium iodide inw 97 

percent ni tnc acid resulted in eanbustion. 'When solid phosphonium 

iodide and solid s1lver n1trate were ground together, a reaction took 

place but the product liberated no phospine when treated with dilute 

alkali. 

An alternate mei:hod oi' synthesis would seem to lie in the reac

tion of phosphine with ni tr1c acid. 

Free phosphine wa.s genera. ted by reacting phosphonium iodide wi. th 

dilute alkali. 

197. 

PHs + Nai -t- HzO ---- 198. 

When this product wa.s introduced into ooncentra.ted ni trio acid or into 

a. dilute solu~on of ni tnc acid and chloroform 1 t burned vigorously. 

The preparation oi' phosphonium mebl.phospha.te, PH4P03, as a. phos

phorus analog of ammonium ni tra. te, NH~Os1 was projected but never 

attEI!lpted. 

Discussion 

1. The use of Tracer Ammonium Nitrate (Young) 

An extended mathEill&tical analysis oi' Ba.cbnann1 s results wa.s cal"'

ried out by Young (84) of tile British Central Schienti.t.i.c Office, 
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W'ashington. This paper is dJ.scussed at some length below. 

15 
On the basis of run N ...03, Young assumes that the rate of 

exchange of amino nitrogen atoms between heJO:Unine and ammonium 

nitrate is small as compared with the rate of RDX fol"!!lS.tion and 

may be neglected. 

If Case !I is indJ.cative of the course of the reaction, a 

sim.pli f'i ed mechani an for the reaction is as fo llow1u 

---- 2. 

5. 

----- 3. 

Since the formation of the first mole of RDX results in the production 

of one mole of ammonium nitrate. the tracer (N15) ammonium nitrate will 

be diluted with unmarked (N14) ammonium nitrate before the second mole 

of RDX is fom.ed. Young then assumes thAt marked and tmmarked will be 

incorporated indiscriminately into the second mole of RDX and the pro-

portion (or strSlgth) of marked ammonium nitrate in this mole will be 

directly proportional to the concentration o:r marked ammonium nitrate 

in the diluted mixture. 

If Case I is indicative oi' the course o:r the reaction, it can be 

shown that at no stage of the reaction can unmarked ammonium nitrate 

dilute the marked ammonium nitrate and that the ammonium nitrate in-



corporated into the RDX will all be marked. 

Now. consider procedure 2 of Bachmann (see above) and suppose 

tha. t Case il represents the reaction mechanism. The yield of RDX 

in this run was 77.5 percent. Young assumes that under the optimum 

cond.J. tions prevailing in this reaction, the first mole of RDX is 

fo:naed in 77 .s percent yield (based on the he:xamine introduced) and 

that the second mole is formed in lOO percoo.t yield (based on the 

formaldehyde liberated in equation 2).* In procedure 2, the following 

quanti ties were reportedJ 

Hexamine added, 3.30 g. :: 0.0236 g. moles con1:aining 0.0944 g. 
atoms of amino N 

Tracer ammonium ni tra.te, 5.41 g. = 0.0676 g. moles containing 
0.06'/6 g. atoms of amino N 

l:li4X formed, 0.34 g .. : o.OOll g. moles containing 0.0044 g. atoms 
of amino N 

RDX formed, 8.09 g. = 0.0364 g. moles containing 0.1092 g. atoms 
of amino N 
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Since the yield of RDX is 77.5 percent, the hexamine actually yielding 

RDX Will contain 0.0'732 g. a toms of amino N. One-quarter or this will 

exchange freely with 0.0676 g. atoms of amino nitrogen from -the tracer 

ammonium nitrate (lOO percent streng-th) and the resulting average 

*' This cond1 tion is not unlikely in view of the equivalence between 
the molar production of RDX and the molar consumption of ammonium 
nitrate holding under optimum oondi tiona. 



strength will be 

0.0676 X lOO 
0.0616 xo.o183 

-- 78.7% 

Thus, in the final product, three amino ni trogens will have come from 

the hexamine {0 percent strength of' tracer amino nitrogen) and three 

amino ni trogens will have cane from the "dilutedtt ammonium ni tre.te 

{78 .7 percent strength of tracer amino nitrogen) and the average atom 

p ere en t or amino nitrogen coming from the ong ina 1 ammonium nitrate 

should be 39.4. Young calculates that the recovered ammonium nitrate 

(now fUrther diluted through exchange with unree.cted hexamine) will 

have a strength or 46.7 percent. 

Still considering procedure 2, but supposing tllat Case .l repre-
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sents the reaction mechani s, it ma.y be shown that the expected average 

atom percent of' amino nitrogen coming from the original ammonium ni tra.te 

will be 33.0 percent in the case of the BDX and 59.4 percent in the 

case of the recovered ammonium ni tra. te. 

In actual experiment {see Table 1,, ) , the atom percent of amino 

or ammonium nitrogen oam.ing from the original ammonium ni tra.te is 37 .o 

percent in the case of RDX (N15-os) and 50.0 percent in the case of the 

recovered ammonium nitrate (N15-o4). While these figures are not con-

elusive, they :favour Case J.l• The argument in favour of OS.se II is 

strmgthened if one considers that appreciable nitrogen interchange 

takes place between the hexamine and the ammonium ni tra.te or 1f one 

considers the possibility that some of the hexamine which is not con• 

verted to BDX can "dilute" the tracer 8llllllonium ni tra.te before the 
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second mole of RDX is fonned. Further, if the original assumption 

that the yield of the process gJ.vJ.ng rJ.se 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 strcgthened once again. 

Concerning the formation of HMX in procedure 2, Young shows that 

if' this product arises directly from heDmine without the incorporation 

of ammonium nitrate (e.g. through DNPT), the strength of the tracer 

ammonium nitrate in EMX should be zero, while, if' one mole of a.mnonium. 

nitrate is incorporated into the EMX ring structure (as is the case 

in both the Connor-De.vy 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 percSJ.t (N15-o9), 

Young s-tates that it is probable that the tracer ammonium nitrate is 

"diluted" WJ.th ammonium nitrate from the hexamine (see equation 2) 

before it is incorporated into the HMX.. It should be pointed out, 

however, that the pos'b.tlation of two mechanisns for 1J4X formation 

(e.g., one mecl"e.nism giving WX directly from hexa.mine and the other 

involVing the use of ammonium nitrate) will explain the axpenmental 

result equally well. Thus, with regard to the mechanism of HM.X for• 

mation, the experiments are inconclusive. 

Now consider procedure 3 of Bachmann (see above) and suppose that 

Case II represents the reaction mechanism. The yield of RDX in "this 

case is only 47 .o percm t. If it is assumed that the first mole of 

RDX is formed in a yield of 47 .o percent and the second mole in lOO 
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percent yield (based on the formald.ehyde liberated in the first pro

cess) , it may be shown tba t the expected strength of amino or 

ammonium nitrogen coming from the original ammonium nitrate would 

be 43.8 atom percent in the RDX and 46.4 atan perct!llt in the reeov-

ered a:mmon1um nitrate. J.f 1 t is supposed that ea se 1 represents the 

reaction mechanism, the expected strength would be 33.3 atom percent 

for the RDX and 53.0 atom percent for ihe recovered ammonium ni tra.te. 

The figures actually obtained by Bachmann were 20.0 atom percSJ.t and 

64.0 atcm percent respectively. These agree wi ih neither case I nor 

Caseli• On this basis oneis forced iD the conclusion that the 

initial assunption was invalid and that the ~elds of RDX in the two 

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

The most important d1fference between the two experiments of Bach• 

mann (procedure 2 and procf.dure 3) is the use of a large excess of 

nitnc acid in procedure 3. Young assumes that this excess of nitric 

acid will not affect the efficiency of ihe process forming the .f1rst 

mole of RDX but will decrease* the efficiency of the process forming 

the second mole. it may be shown that, if' the process making the 

first mole of' RDX is 74.0 percent efficient (with respect to the 

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

* This is not Wl. thout exper1mental basis since ni tnc acid is 
known to decrease the yield of the MoGill reaction. 
See however Table XV! and section u.l H. 
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is 27 .o percent efficient (with respect to the formaldehyde produced 

in the n.rst 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 alDDl.onium nitrate would be 20.0 atom percent (experi

meni:al value 20.0) and the expected strength of' orig1na.l nitrogen atoms 

in the recovered ammonium nitrate would be 61.3 a.tom percent (experi• 

mental value 64.0) • 

While Young's tre&ime:lt of' Bacblla.nn1 s experiments indicates the 

probability that Case 1.1 is indicative of the r~ction mechanism, the 

evidence is by no me&ns conclusive. The uncer1:ainty as to the fate 

of the hexamine which is not converted to RDX or HM.X is partict1le.rly 

disturbing (part1oularly in procedure 3). FUrthermore, there is some 

doubt as to whether the amino nitrogen i'rom the he:xamine which does 

not appear in the first mole of RDX will act as another ammonium 

nitrogen from the &mm.oniu:m nitrate: it is possible that it will be 

in a condition which will make for 1 ts preferential incorporation into 

the second mole of RDX, or vice versa. 

A simpler, and perhaps equally convincing,. analysis of Bachmann' s 

results is con-tained in the following sta.tEill.ent: since. under different 

reaction condl.tions 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 ni trogens i'rom. the ammonium ni tra.te is invalid. 

In summary, the use or tracer ammonium nitrate in the Baohmann re

action indicates that the two moles of RDX are formed by different pro-

ceases. 
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2. The AtttJ!lpted 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 phosphonium 

nitrate can have no real existence. If it does exist 1 t would undoub-

tedly be too unstable to survive the conditions of the Bac:tma.m reaction • 

.L.&.. The Effect of Replacing Ammonium Nitrate 
w:i th Amine Nitrates and the Effect 
of B ela. t;d Addition of Ammonium and 

Amme Nitrates 

It hAs already been pointed out (p. 94) that the various postu-

lated mechanisms for RDX forma.tion in the Bach.."llf::.nn reaction may be 

classified in two groups depending on whether the two moles of RD.X 

produced in the reaction artse through identical (similar) or dif-

ferer1t processes. .J.f the two moles are form~ by the same mechanism., 

the product obtain~ may be represented (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 hismry of thmr amino nitrogen atoms 

and both moles oontain one a.mino ni trogan 'Which originated in the 

ammonium ni tra. te. Otherwise stated: the ammonium ni tra. te con trl butes 

directly to the actual synthesis of the triazine ring of both moles 

of RDX and is synthetic in its £\motion l"1i. th respect to both moles of 

RDX· If these two moles are formed by dissimilar processes. however., 

it is highly probable tha. t the product obtained may be represented 

(in the case of the theoretical equation) by Case II (see P• 95) • 

In this event., the two moles of RDX are unlike W1 th. respect to the 

history of their amino nitrogen atoms and one mole (TYPE I) will contain 
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no amino nitrogen a. toms which origina. ted in the ammonium ni tra. te, 

while the other mole (TYPE !V) 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 ni tra.te does 

not, in this case, contnbute directly to the actual synthesis of the . 
fJ.rst mole of RDX, J.t oannot be synthetic in its function, but since 

no RDX is formed in the Bachmann reaction whfll the ammonium nitrate 

is absent, it must be catalytic in fUnction w:i. th respect to this mole 

of RDX· A.mmonium nitrate does oontr1bute directly t.o the synthesis 

of the triazine ring of the second mole of RDX, in Case II, and its 

function here is synthetic. 

On the basis of this discussion .. if Case Il is indicative of the 

reaction mechanism, the first process producing RDX may be considered 

as "oa talysed ni trolysis" of he:xamine 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 

ni trolysis - synthesis" mecha.nism. 

If Case Il is indicative of the reaction mechanism .. it is pos-

sible t:t.t some substance other than ammonium nitrate may be found 

which is incapable of duplicating the synthetic function of the am-

monium ni tra.te but which can function as a. catalyst in the formation 

of the first mole of RDX· Thus, if a. substance be found which gives 

rise to some RDX when used in place of the am:nonium nitrate in the 

Bacl'rnann reaction, and if 1 t is unlikely that this substance can 

duplicate the synthetic function of the &nllllOnium nitrate .. then this 



110. 

fact will constitute strong evidence in favour of Case II. 

The first approach w this phase of the problem lay in the re-

placement of the ammonium nitrate with other ammonium salts. Whi 'tmore 

{ 69) found thAt ammonium ace-tate oould replace ammonium nitrate in the 

Bachma.nn reaction provided t.ha t an excess of ni trio acid was used • 

The author investigated the use of ammonium acetate and ammonium meta• 

phosphate (NH~Os) and obtainei small yields or RDX. It soon beoame 

~pparent, however, t.hat the use of ammonium salts would not be signi.-

ficant from the point of view of the reaction mechanism since ammonium 

nitrate itself could be prepa.red from these salts by simple double-

decomposition reactions~ 

---- 199. 

The proposed use of phosphonium nitrate and phosphonium mei:a.phosphate 

{previously described) ms.y be regarded as an attempt to catalyse the 

fonnation of one mole of RDX. Bachmann {71) usEd potassium nitrate in 

place of the ammonium nitrate but obtained 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 author* investigated this field. Of the eleven 

f\ Although the experimEIIlts described here were independently conceived 
and executed, the prior claim belongs to the workers at the Pennsyl
vania. state college since they reported preliminary results (87) on 
the effect o£ monometb,ylammonium nitrate while the investigation of 
the effects of the mono-, di-, tri- and tetrametb,ylammonium nitrates 
was in progress in this laboratory. 
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amine nitrates studied. all but three gave nse 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 

chEmical reaction, the results of these investigations oonstl.tute 

strong evidence in favour of' Ce.se li. 

Since it was felt thAt the use of' amine nitrates in the Ba.chmann 

reaction oonsti. tuted evidence for and gave rise to the first mole of 

RDX (independently of the second), a. 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). This technique waa 

found in the experiments of Winkler (64) who, in his kinetic studies, 

discovered thAt if h8'l0lm.ine, acetic acid, acetic anhydride and ni trio 

acid are mixed (BSX being produced), and if ammonium nitrate is added 

to thl. s reaction mixture (even after several hours), considerable 

quantl.ties of RDX are produced. Later, Winkler (90) was able to show 

tha. t the formation of this RDX was not due to the presence of un

changed hexamine. This phenomenon was re-investigated by the author 

under a variety of circumstances and it was concluded t:tat, when am

monium nitrate is added belAtedly to a modified Bachmann reaction. 

the RDX is formed by essentially the same mechanism as is the second 

mole of RDX in the Ba.clmann reaction. Yfhile the results of this in

vestigation do not def.'y alternate interpretation (see p.l41), they 

constitute evidence in favour of Case J.I. 
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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 &nlllOnium nit:ra.te 

is combined with the postulate that the fo:rmation 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 &.mine nitrates 

will inhibit the f'onna.tion of both moles of RDX. E:q>erim.en'tal results, 

while they do not defy altemate interpretation, generally uphold the 

T&lidi ty of the above deduction. This is regarded as addi tiona.l evi

dence :Jbr Case II. 

Since it is considered ~ t the use of amine ni tra.tes in place of 

amnonium ni tra.te gives rise to the first mole of RDX (in Case II) and 

tba.t the belated add1 tion of ammonium nitrate gives nse to the second 

mole of RDX, it was thought that an experiment in which ammonium nitrate 

wa.s added to the reaction mixture of' a Bachmann 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 111-oonceli.ved and over•li tera.l interpretation of the 

term. •catalysis" as applied to the function of the ammonium and amine 

nitrates. Very little increase in yield resulted when the ammonium 

nitrate was added. While this reBlllt is without significance as re

gards the main problen of deciding in .favour of Case I or Case II, it 

is valuable (when used in conjunction nth other data) from the point 

of view of defining more explioi tly the :fUnction of the 8llmoniwn ni tra.te 

in the Bacbrnann reaction. 
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Hitherto, all the discussion in this section of the thesis hAs 

been devoted to the study of the Bachmann reaction itself. Several 

of the techniques described 1n ihis conneo'tdon, however, were applied 

to a study of the well-k:no'Ml conversion of DNPT (dinitropentamethylene

tetra.mine) to EMX and RD.X. on one hand and to AcA.n (l,g - diacetoxypen

tamethylene .. 2,4,6,8- tetra.nitra.mine) on the other (see P• 77). 

This reac'tdon is important from two points of new. First, the pro-

duction of HMX, the most important by-produot in the Ba.ohmann reaction, 

may proceed through DNPT· Secondly, the close parallel between the 

conversion of heJCamine to RDX, I:lMX and BSX makes the fonner reaction 

important from the viewpo1nt of a study of the mechanism. of the Bach• 

mann reaction, particularly in view of its compara.tive simplicity. 

In Case II (p. 95) the f1rst mole of RDX is supposed to arise 

directly from the hexamine without the 1.noorpora.tion of any ammonium 

nitra.te. In other words, under the "catalytic" influence of ammonium 

ni tra.te, three methylene groups and one amino nitrogen are split off 

""" of the hexamine molecule laii.ving a six-m.em.bered methylen1 tra.mine ring 

(RDX}. if~ methylene group is split off of' the DNPT molecule under 

the "oata.lytio11 1nfluenoe of the ammonium nitra.te, an e1ght-man.bered 

methyleneni trs.mine nng (HMX) may result. In both r-.ctions methylene 

groups a.re split off. In the Ba.olm:Lann reaction mechanism. (Case II) it 

is SU.pPosed that these meteylene groups react with ammonium ni tra.te to 

synthesize the second mole of RDX· Thus, if Olse II is indioa'tdve of 

the mechanism, it is safe to assume 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). 

If' the above analogy is correct, the theoretical equation f'or 

the DNPT reaction may be f'onnulated as follows: 

3 (CH2) 5(N•N02) 2N2 -t-6 HN03T3 NH4N03 -t- 9 (CH3C0) 20 ') 

3 (CH2)4(N-N02)4 -t- (CH2)3(N•N02)3 + 18 CH3COOH 

(HMX) (RDX) ---
In terms of' the symbolism previously sn.ployed, the product of' this 

reaction may be represented by Case A (analogous to Case J.I) s 

Case A. 
N02 
I 

CH2-N-CH2 
I I 

N02 - N N•NO., 
I I ,., 
~-~-CJi:a 

N02 

(one mole) 

TYPE II RilX 

(1/3 mole) 

where w* represents an amino nitrogan atom which originated in the 

ammonium nitrate rather t~n in the heJQllii.me. It l.s noteworthy that 

Case .l in the Bacbmann reaction has no analogy in the DNPT reaction. 

There is_. hO\vtWer. another possible case which ~s been suggested by 

Wright (1) and supported by Winkler (58) J depending on which bond is 

200 

f'irst broken in the DNPT molecule. an eJ.ght-membered or a six-msn.bered 

ring results whJ.ch is converted to either HMX or RDX. Thus, on this 

basis, if' one mole of RDX 1s formed, the formation of one mole of 

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

of synthes1s of' turther RDX from the meteylene f'ra.gm.ents, but it may 



115. 

be said that the mechanism is now represented in part by the following 

two equa ti. ons: 

3 ( CHz) 4(N•NOz) 4 + ( CHz) 3(N-NOz) 3 + 18 CH3000H 

(HMX) (RDX) 

3 ( OH2) 5(N•N02) 2112 -t- 6 HN03 + 3 NH4No3 -+ 9 ( OH300)a0 

5 (0H2)3(N-N02)3+ 18 CH3COOH 

The product may then be represent«!. by TYPE II and TYPE lV RDX 

(see PP• 11~ 12) and by the following; 

Case B 

fOz 
OHz-N- CHz 
I I 

NOz-N N- N02 I I 
CH2-~-0Hz 

N02 

(1-.x moles) 

TYPE I RDX 

(.x moles) 

---- 200 

___ .. 201 

Since amine nitrates appear to be able to duplicate the ••cata.lytic" 

function of the ammonium nitrate ~n the Bacbllann reaction~ they should 

be able to "oa.U.lysett the formation or BMX in the DNPT conversion.; 

likewise, amine nitrates do not appear to be able to duplicate the 

tt synthetic" function of the ammonium nitrate in the Baobmann reaction 

and they would not be expected tD give n.se to any RDX in the DNPT 

reaction (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 only is obtained. The 



success of this application of the experimental technique provides 

strong confumation of the whole hypothesis of the "catalytic" a.nd 

"synthetic" functions of the ammonium nitrate in the Bacbma.nn re-

action and, correspondingly, supports Case !I and Case .A.. 
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The experiments J.nvolving the belat~ addition of ammonium and 

amine nitrates as applied to the DNPT conversion were unsuccessful 

and without significance from a theoretical standpoint. Belated ad• 

dition of ammonium. a.nd amine nitrates gave essentially the same result 

as did the more conventional-type run. This was later found to be due 

to the slow ra.te of conversion of DNPT to AcA.n under the prevailing 

nitnc acid concentrations as oanpared with the rate of conversion ot 

heD.mine to BSX. 

In this J.ntroductory discussion, attention has been focused on 

the mechanism of RDX formation (particularly w1 th regard to deciding 

between two important alternatives, case I a.nd Case II) and, to a 

lesser extent, on the mechanisn of lla: formation. Little attention has 

been devoted to the s1gni:ticance of the presence of BsX (in the Bach• 

ma.nn reaction) and AaAn (in the DNPT reaction). It is well-known that 

these compounds are fonn.ed in yield whEil the Bacbna.nn or DNPT reactions 

are ca.rri ed out in the absence of ammonium nitrate. They are important 

by-products in the nonn.a.l reactions as well. l t is generally accepted 

that BSX and .leAn are formed by the stepwise degradation of haamine 

and DNPT. If this is true .. thEn the production of one mole of BSX 

in the Baohmann reaction will inhibit the formation of two moles of 
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RDX (in C&se I) or of one and one-third moles (in case II).. Similarly, 

the production o:f one mole of AaAn will inhibit the formation of one 

mole of BMX and one-third of a mole of RDX (in C&se A). (Case B is so 

complex as to def,y emct prediction.) 

On the b&s1s of this reasoning, it may be possible to test the 

validity of case I by experiment. If Case I is indicative of the 

rea-ction mechanism, the sum of the molar yields of BSX and Ha plus 

one-half of the molar yield of RDX cannot exceed one mole per mole of 

hexamine; if G&se II is indio& tl.ve of the reaction mechanism, however, 

this sum 11.1Ay exceed one mole per mole of ha:xam1ne. Due to the com

plexity o:f case B and due to the different nature of the alterna.tives, 

no such rule can be made in the case of the DNPT reaction. ExperimSl .. 

tal evJ.dence, once again, supported Case li in that, in one run where 

a high proportion o£ the hexamine was converted to solid products, the 

above sum exceeded one mole per mole of hexamine. lt thus seems tblt 

the formation of BS.X is in direct oompetJ. tion w:i. th the production of 

the first mole of RDX and that, on the basis of analogy, the formation 

of AaAn is in direct com.petJ.tion with the ro:nnation of both HMX and RDX. 

One last topic rEI!la.ins to be oonsidere:l before passing on to a 

presentation of expenmental results= the signifioance of MSX. This 

compound is produced in yield, along w:1. th RDX, 1n a Bachmann run in 

which monomethylammonium nitrate is substituted for the ammonium nit

rate (87). The probable structure of M:SX is as follows: 
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(MSX) 

MSX seems to be quite closely related to both RDX and BSX in struc-

ture and in mode of formation. .t. t does not sesn to f:i. t readily into 

mechanisms of either Case .L or Case J.I, 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, 1 t is impossible to suppose tl:at they both 

arise dJ.reotly from hexamme without considering that one mole of 

methyla.mmonium m tra te f.t.nds 1 ts way in to the triazine ring of the 

RDX· Since this is in direct contradiction to all other evidence, 

it must be considered that MSX an ses through a synthesis reaction. 

This is not very satJ.sfactory, however, since the belated addition of 

monomethyla.mmonium nitrate does not appear to give any MSX. 

The question of the signifioance of MSX is not regarded as solved 

since its formation oannot be readily explained in tems of el ther 

Case J. or Case II without the introduction of new concepts. This 

fact is a very serious one from the point of view of the ooneept of 

the "eatalytio-synthetio" dual function of the ammonium ni tra.te in 

the Bachmann reaction postulated herein, since the monomethyla.m:monium 

nitrate runs would otherwise be 1 ts strongest supporting evidence. 

Experiments are presently under way in this laboratory which are de-

signed to measure accurately the relative quanti ties of RDX, HMX, 

BSX and MSX formed under a variety of condJ.tions. 
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Experimental 

1. A Smdy of the Bachmann Ree.ction 

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

and trimethyla.mmon1um. nitrates were prepared from aqueous solutions. of 

the correspondJ.ng a.minef( Commeroial Solvents) a.nd ni tnc acJ.d by the 

follOW1ng procedure. Thirty percent reagent m tnc acid was added 

slowly and wl.th cooling to 500 ml. of an approximately 30 percent 

amine solution until complete nentralizatt.on was indioa.te:l by an 

end point with methyl red. The neutral solution was thEI!l evaporated 

on a steam cone until crystallization took place on cooling. SUccessive 

crops were rsnoved by fJ.ltratJ.on, 111B.shed w:i. th acetone and driEd under 

vacuum. The monomethyl- and tnmethylammonium nitrates were white., 

crystalline and not very hygroscopic. They were obt&ined in almost 

theoretical yield. The dimethylammonium nitrate •s yellowish, cry• 

stalline and very hygroscopic. It was obtained in smaller yield. It 

was found advantageous to prepare the dimethylammonium nitrate salt on 

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

Tetramethyla:mmonium ni tra.te -was prepared by the interallti.on of 

methyl nitrate and tnmethylamine in ether. The methyl nitrate was 

sYUth_esized according to the directions given in "Organic Syntheses" 

(Vol. 19., p.64 (1939)). The trimethylamine was prepared by slowly 

*' The Commercial Solvents Corporation state teat these products 
contain but small amounts of ammonia and other amines. 



addJ.ng 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 a flask 

120. 

cooled with an ice-sa.lt mixwre. This amine was added slowly to a 

20 percent etherous solution of methyl nitrate. The product pre

cipitated immediately and was filtered off, wa.shed withether, 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 •s 

white, crystalline and not very hygrosoopic. 

Pyridinium nitrate, piperidinium nitrate, ethylenediammonium 

nitrate and aniline nitrate were all prepared by the slow addition 

{with cooling) of 30 percent nitric aeid to the liquid amine. The 

aqueous solution of the amine nitrate was then concentrated and the 

product was filtered off, 118.shed and dried. The pyridine used was 

Merck• s "pure" reagEilt. The product was white, crystalline and not 

hygroscopic. Good yields were obtained. The piperidine used was 

Schering-Kahlbaum• s "puren r~gent. The white, crystalline product 

was obtained in good yield and 1'18.8 found to be lll.oderately hygroscopio. 

The ethylenediamine used was E)l.stm.an Kodak• s 11 95-100%" reagent. The 

salt was obtained in good yield and was white, crystalline and hy• 

groscopic. The aniline used was redistilled Merok 11 reagant;tt grade. 

When one batch of aniline nitrate was be1.ng concentratei on a steam 

cone it caught fire. Another caught fire during the neutrali za ta.on. 

A third batch which was evaporated more carefully gave only a deep-red 
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product which -was not identifl.ed. A fourth l::atch was evaporated in 

the cold in a currant of dry air. ln this case a good yield of the 

white, crystalline salt -was obtained. It was not hygroscopic. 

urea nitrate was prepared by adding 70 percent ni trio acid to 

a cold saturated solution of stock "recrystallized'' urea. The 

mononitrate precipita.ted out immediately and was filtered off. Good 

yields of a white, crystalline, non-hygroscopio product were obtained. 

The Bachrnann REe.ction:- The Baohmann runs were carried. out in a 

500 ml., 5-necked, round-bottom flask. Through the centre neck was 

introduced an efficient, high-speed, glass stirrer; one neck held a 

100°C. thennometer whJ.le the other three held short thistle-tubes by 

means of whl.ch the reagents were introduced. The 5-necked flask was 

surrounded by a water bath which served to control the reaction tem

perature. This water l::ath was provided with a thermometer, a stirrer, 

a steam inlet, a water inlet and a consili.nt-level siphon water outlet. 

The reagEflts were introduced. from three special, calibrated burettes. 

These were of such diameter as to permit of aoourate reading and yet 

not or such sma.ll diameter as to neoessi tate continued rate adjustment 

to compensate for the changing liquid head. 

To the flask was added the following initial cha.rge~ 5.0 ml. 

glacial acetic acid {Shawinigan GhEIIl.icals Co ., analysing 99.3 percent), 

1.0 ml. acetic anhydride {Sha.winigan ChEIIl.icals eo., analysing 99.2 

percent) and 0.5 m.l. of a solution of dry ammonium nitrate {ll!erok. re

agant grade) in absolute ni trio acid (D·I .L ., analysing 98.2 percent) 
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having a weight proportion of 11:14. To ifl.is initial charge, heated 

to ss<>c., were added at equivalent rates over a period of 25 minutes 

the following solutions: 

(1) 171 g. (1.68 moles) acetic anhydride 

(2) 55 g. (0.690 moles) of ammonium nitrate dissolved in 
70 g. (1.11 moles) ni trio acid, and 

(3) 33.6 g. (0.240 moles) hexamine (Cities Service) dis• 
solved in 55 g. acetic acid (0.92 moles) • 

Throughout the addition, the hexamine-acetic acid solution •s re-

tarded an estimated 5 percent in relation to the other r~g ents. The 

tsnperature 'Mls maintained at 68 - 71 °c. (reaction tsnperature) by 

means of the water bath which was held at about 45 - so0 c. At the 

conclusion of the addition of the reagents, the r~ction mixture was 

held for an additional 10 mina. (holding time) at a temperature of 

68 -71°c. (holding tEillperature). The r~otion mixwrewas then 

cooled to 20°c. and after 30 minutes was filtered. 

The products were isolated as follows. The solid reaction pro• 

duct wa.s filtered off before dilution at a tc;mperature of 20°C. and 

was washed with 300 ml. of hot water, the wa.sh water being saved. The 

solid so obtained was called Product I. The filtrate was then poured 

slowly into 1500 ml. of cold water. This mixture was allowed to stand 

for at least five hours and 'MI.s then filtered and washed with 300 ml. 

of' hot water to give Product II. The combined wash waters from Pro• 

ciucts I and J.I were cooled and filtered and the preoipi "bl te washed 

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

Modified Baobnann Procedures:- The s1:andard procedure just des-
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oribed was modified in a nun.ber of ways. Chief among these modifica

tions were the following: variation in reaction tenperature, variation 

in holding tEIIlpera.ture, variation in holding time, variation in the 

mode o£ addition of ammonium nitrate, substitution of an amine nitrate 

for all or part of the ammonium nitrate, and variation in mode o£ ad

dl. tion of this amine nitrate. l'lhile most of these modifications will 

be apparent tran an examination of Table .LI, several are described in 

greater detail. 

When ammonium nitrate was replaced by an amine nitrate, equal 

molar quanti ties were used. In a 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 ease) after the completion of the addition or the other reagents. 

The mode o£ addition is described as ''Nitrate Added initially" and "Nitrate 

Added SUbsequently''. In several runs, one-half of the ammonium or amine 

nitrate was added "initially" and the other bi\.1£ ttsu.bsequently". Since 

tetramethylammonium nitrate would not completely dissolve in the quan-

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 

wa.a added as a solid proportionately with the other reagents. 

Analysis of the solid Eroducts~- The above procedure (i.e., the 

isolation of three solid products) was desJ.gned 'b) afford a preliminary 

separa.tion of 'the solid reaction product into three fractions ba.sed on 

the extent o£' fonna tion of the various oan.pounds present in the reaction 

liquor and on their relativ~ solubility in 1he undiluted reaction liquor, 
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diluted re&.ction liquor and •ter. This aided subsequent fractional 

cr,ystallization. 

The crude products were air dried and weigh~. On&ohalf or each 

product •s "fumed orr with nitric acid in order to determine the 

quantity of RDX-t-HM.X. in the crude product. This "f'um~ofr'1 is a well• 

recognized and widely-used procedure. It consists of adding 1 ml. of 

10 percent nitric acid per gram or solid w the crude product. This 

mixture is heated w 100°C. and all methylenea.mines and methylene-

m tramines other than RDX and HMX are destroyed. At the conclusion 

of this reaction (5 minutes), the nitric acid is diluted with five 

volumes of •ter and the resulting precipitate is filtered off after 

24 hours s'bmding. The yield of RDX(B) may be calculated from the 

weight of the air-dried product. 

The percent of ma present in the RDX(B) was estimated micros

copically. This procedure has not been 'Widely used and w.ill be dis

cussed at somewhat gre&.ter length than the previous one. Blonquist 

and oo-1110rkers at Cornell University have made an extensive study of 

the crystallography or RDX and I:li!X (75). It •s found that all four 

polymorphic modifications of HM.X. exhibited one refractive index which 

was very different from any of the refractive indices of RDX (which 

are all approximately the same). This fact, used in conjunction with 

the other recognition characteristics, made it possible to recognize 

HMX in the presence of RDX· In the procedure ustd in this laboratory, 

RDX{B) was suspended in a small quantity of a. solution of Canada balsam 

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

made on the ba.sis ot crystal-counting. and estimation of the re

lative average crystal size of the RDX and .Ift1X and. most important, 

by comparison with a series ot standard slides prepared under similar 

condi tJ.ons. The researchers at Cornell recommend their method only 

for quali ta.tJ.ve 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 wa.s carried out. no satisfactor;y method ftlr the es

timation of :EMX was ava.i lable and the orystallog:rapic method •s con

sidered to give more significant results tha.n 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 Baehmann reactions and in Baoh

mann reactions modifJ.Eil. only with respect to tEJnpe:rature or ammonium 

nitrate concentl1ltion the principle by-product (other than EMX)is BSX. 

If this is true, then BSX. may be estimated fran the difference in 

weight between the fumed•o:f':f' product and the crude product. The 

identity of the by-product was checked in a number of cases by frac

tional recrystallization of the crude product from chloro:f'onu., ether

ethy'l acetate., ether-acetone and aqueous acetone solvents. In fNery 

case except when monomethy'l8llllllonium n1 trate 1ftl.s used, the chief by

product was found to be BSX.; in the exceptional ease, the by-product 

1ftl.s found to be MSX· Since no other by-products could be identified, 

the dJ.:f'ference in we:tght between the :fumed-off product and the crude 

product was considered to be BSX (or MSX) and was calculated aa such. 
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It should be pointed out. however. that since the possibility of 

ether products is not excluded• the yields of BSX and MSX givEn in 

the table should be regarded as a maximum. 

Experimental results:- The results obtained in this investigation 

are presented in Table .II and are :.t\lrther qualified by a series of 

"footnotes" or 11 rsna.rks" in the following paragraphs. (The numbers 

below refer to the reference numbers in Table II.) 

1. The crude product was yelloWish in colour, gummy in 

consl.stency and smelled strongly of formaldehyde. If allowed 

to stand for 24 hours in contact with. the diluted liquor, the 

yield of the product was deorea.sed but the que.li ty was improved. 

2. An exothe:rmic reaction set in while the reaction mixture 

was being hea. ted from. 40 - 70°C. and cooling was necessary to 

control the tenpera.ture. This exothermic reaction was first 

observed at 51°c. 

3. An exothermic reaction was observed during the early part 

of the holding period. 

4. No e:mthermic reaction was observed. Analysis of the crude 

product showed that BSX •s presmt. but little or no MSX. 

5. The reaction mixture was held for 60 minutes (instead of 

0 10 minutes) at 35-40 c. before the ammonium nitrate was added. 

6. The IIDX(B) is calculated as RD.X. 

7. The non-RDX(B} solid fraction was calculated as BSX in 

spite of the fact tl:at MSX •s undoubtedly present. 

8. An acetone-insoluble, water-insoluble by-product was 
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THE PREPAAATION OF ROX:- THE EF"f'ECT OF' USING VARIOUS PMINE NI"TRATES IN MODI r I EO BACH1ANN REACTIONS 
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obtained which wa.s thought to be a urea-formaldehyde polymer. 

This product yielded formaldehyde slowly on acid hydrolysis 
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and compared favourably with a gStuine sample of urea-formalde

hyde resin as regards behaviour on heating and deoomposi tion 

with dilute and concentrated nitric acids. 

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

givEil thus represEilts a maximum. 

10 • Thi s run te. s been checked. 

A run was also carried out using tetramethylammonium ni tra.te. 

About 6.0 g. of solid material separated on dJ.lution (the r'lm "WB.s 

based on 0.12 moles hexamine rather than 0.24 moles) which appeared 

to be chiefly BSX· No RDX was isolated through recrystalliza.tion but 

it is possible that a fUme-off would have shown its presence. When 

aniline ni tra.te •s substituted .fbr the ammonium ni tra.te, the reaction 

mixture was blood-red in colour and no RDX could be isolated from the 

g'lllniiW precipitate formed on dilution • 

.A sum.nary of the results obtained by the workers at the Pamsyl

vania. state College is presmted in Table J.J.I. J.n their procedure, the 

initial charge in the reaction flask was 60 ml. of acetic anhydride and 

the overall quant:Lty of acetic anhydride used "''MS somewhat greater tha.n 

in the runs described previously, but these and other minor dif'f'erEilces 

in procedure are considered to be insignificant. BSX was found to be 

the chief' by-product in all cases except whSl monomethyl- and mono

ethyla.mmonium ni tra.tes 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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hom.olog of MSX: 

( Efuyl - MS.X) 

Table III is qualified further by the following notes• 

1. In these runs, 0.12 moles heDJnine was used instead 

of 0.24 moles. 

2. The orude product of this run appeared to decompose 

partially on drying. 

3. The crude product was found to be gUDllll3' in consistency. 

4. The yield of BSI was calculated after recrystallization. 

5. The results of this run are not strictly ccmpa.rable to 

those of Runs 28 and 31 (Table II) since, in these runs, the 

n1 trate salt was added in two portions. 

6. Calculated as RDX. 

7. This run has been checked. 

As was previously pointed out, the experiments in which tile 

addition of the ammonium nitrate was delayed paralleled earlier 

experiments of Winkler. The results of these investigations, however, 

are not strictly ccmpara.ble to those reported in this i.hesis since 

Winkler carried out his reactions in very dilute (hanogeneous} qstans 

and added the reagents in a different sequence and in vastly differEilt 

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 Res.ction 

The preparation of DNPT (Dinitropentamethylenetetramine) :-DNPT 

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

r~ended by Blonquist (89). 

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

that desori bed by Bachmann ( 79) • A three-neck flask, equipped 'rl th 

a thermometer, a short thistle tube and an efficient stirrer was sur

rounded by a water bath (previously described p.l21). 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 23.0 g. (0.288 moles) of dry ammonium nitrate 

in 33.8 g. (0.537 moles) of 98 percent nitric acid. The tt'Jilperature 

was maintained at 68 .. 71°c. during the res.oti.on 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 

solid was filtered off after five hours and air dried· 

Modified procedures;.~ The procedure described above was modified 

in several wa.ys. The reaction temperature and/or the holding tenpera

ture were varied, the holding time was varied, the mode of addition of 

the ammonium nitrate was varied, amine ni tra.tes were substituted for 

the ammonium nitrate and the mode of addition of the amine nitrate 

was varied. The variations in tanpera.ture are recorded in Table III 

and the mode of addition of the ammonium or amine ni tra.te is desig

nated as "nitrate added ini tially11 and 11ni tra te added subsequently". 



J.n the cases where the addition of the nitrate was delayed, it was 

added as a solid 10 minutes after the addition or the ni trio acid. 
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Analysis of the solid products:- The crude produot •s air-dried 

and weighei. One-half of' the product wa.s t'umed off' vri. th 70 percent 

ni trio acid in order to determine the quantity of' HM.X. ;- RDX in the 

crude. At the conolusion of' the fume-off (see p.l24), the solution 

was d1luted. with five volumes ofwater and the precipitatewa.s fil

tered off after standing for one day in an ice chest. The yield o:f 

HMX ;- RDX was ca.loulated as moles HMX· No attsn.pt "W8.s made to analyse 

the HM.X - RDX mixture but melting point detennina.tions gave a quali ta, .. 

tive indication of' its composition. Pure EMX melted in the range 271.5 .. 

272.5°c. under the conditions used in these detenninations. Since the 

mal ting po~n.t falls rapidly and the melting point range increases 

greatly as HMX is contaminated with RDX, it may be sta.tei tha.t the 

HMX is relatively pure .. contaminatei with a little RDX or contaminated 

w1 th a considerable quantity of RDX in a. given case. 

Aside from HMX and RDX .. the crude product contains AcA.n and pos

sibly PBX and unchanged DNPT as well. No systa:nati o attsn.pt was made 

to analyse the reaction by-products .. but in the run in which methyl

ammonium nitrate replaced the ammonium nitrate AoA.n could be identified 

by the fractional recrystalliza.tion procedure described in connection 

1.d th the Ba.chma.nn reaction. The non-HMX-RDX fraction of the crude pro

duct was calculated as moles of AcAn. 
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Exper:l.men~l results:- The results obtained in this investigation 

are presented in Table lV. The only qualifying rsnarks necessary are 

to point out that referSlce is made to analogous runs in Table 11 and 

that the melting points of the fumed-off products are recorded as 

softening points and melting point ranges. 

Discussion 

The g ene.re.l signif'i canoe or the experimental results here pre

sented has already beSl discuss eel in the introduction to this section 

of the thesis. It is the purpose o£ the following discussion to qualit'y 

this general evidence with reference to specific cases, to point out 

the deviation or the experimental results from the predicted results 

and to di sou ss the possible theoretical implioa tions or these deviations. 

This purpose may be stated more formally by saying that the inductive 

and deductive reasoning hitherto present~ will be subjected to the 

revealing process of cri tioal analysis. 

ln view of the fact that much of the gene.re.l evidence presentei 

in this section of the thesis may be interpreted as supporting Case II 

(of the mechanism of the Ba.ohmann reaction) and Case A (of the DNPT 

conversion), 1 t wi 11 be assumed, for the purposes of di soussion, that 

these oases are truly indicative of the reaction mechanisms• .Ln other 

words, the e:xperimen~l da~ here presented will be considered in terms 

or a. lt ea talysed ni trolysi s-s ynthesi s" mechanism (see p .109). 

The general evidence was d1.soussed in the introduction in a logical 

orderJ in the following discussion it is presented in what this researcher 
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THE PREPARATim Of' H'1X:- 1l£ E:f'F'EOT OF' USING VARIOUS AMit.E NITRATES 

\\~ 
~011PAIRE M I TRAT£ ADDED S..EAC.TION N I'TaA'TE ADDED HOLD IN(\ HO..,DING :ABl..E I 
RUN NO. 

IMITIAL.LY "f'EMP. SUS.s&':(lUEN'TL.Y 'TEMP. I Ill£, 

. '· ·~ MIIU. 

• I NH~HO, U-11 !lOll I &8-'71 10 

1. t. NH..,NO, '35•40 1'1 0,. t: 35-a..o 10 

3 s NH,..NO'I 35-40 "'"". 3S-4-0 &0 

... ... NH.,.NOa 35-40 ....... ' U-11 10 

5 5' " "" & ' 
U·11 110111 ,8-71 ID 

' ' 11 Ofl lo 35-a..D .. 01'11 35-40 10 

1 , ftOftE. 35- ,.,0 140141. ,8-'11 10 

• 8 ....... :55-'+0 NH.,.NOJ 68-11 10 .. 13 CH 5NH1 NOa 'B-'11 "0" s; 68-11 60 
10 13 .. CH,NH1 NOs ,,_,, 

fl 0" L 68-11 ID 

I I '"" "•"' 35-a..o C.H 1 HH 1 H01 '8- 1 I 60 

11 11 f t.H,) ,NHNO, U-1 I """" 68-11 1:.0 

IN MOD IF' I EO CI'IPT' ~ HMX REACTIONS 

y 1£1..0 I"'I:L'TINCi PO.,.,. $UBSTANC£8 
HMX-RDX HM'A• "•X. OTHER 'THA" H~·RQK 

110 1.. U HM1. •e. MOL.£& lhAK 

0·'1>5 1DO, 148-66 D·ISO 
0·188 1'18,11«i•2.0 D·DSO 

0-610 2.35,2.53-514- , .... u 
0·1 ,, 2.1q,2....S-51 0·153 
D·D fft. 2.U.0-2.6'94 0•3ft,O 

O.CIO 2.70-D-'17D..S O·llf.1 
0·01 I 2. "o() -:u 1.0 0·181. 

0·6D2. 2..5 'loO- 2.5 <lt·O 0•2.65 

0·331 uq.o-z.,q.s O·S73 

0·536 Z.10·D-Z.10·S 0•3~J.8 

0·32.0 2.11·0-2.11·5 D·4'' 
0·082. 2.11·5-2.'130 -

I 

~ 

f" 



135. 

considers to be an order of descending significance. The re.ferED.ces 

in brackets refer to a run in Tables II, .LII or lV (e.g. II-24 in-

dioa.tes Run 24 Table J.I). 

1. When the ammonium ni tra.te of a standard Bachmann reaction 

is replaced by va.nous amine nitrates, RDX may be produced in con-

siderable quantity, but never in a quantity exceeding one mole per 

mole of hexamine. 

Urea mononi tra.te {II-24), monomethylammonium nitrate {II-13, 

III-l)J, dimethyla:m:monium nitrate (II-15, J.IJ.-2), ethylenediamm.onium 

dinitrate (II-22), piperidinium nitrate (II-21), monoethylammonium 

ni t:rate (III-5), pyridinium nitrate (II-19, Ill-8) and diethyle.:m:m.onium 

nitrate (III-6) all gave rise to substantial quantities of RDX. Urea 

mononi tra.te gave the greatest yield, O.f7/ moles per mole of hexamine; 

this result was achieved in spite of' the fact that the run was carried 

o:f.:: 
out at a low tsnperature, 40 c. (II-24). A comparable run using am-

monium nitrate gave only 0.35 moles or RDX (II-3). or these amine 

nitrates, diethylammonium nitrate produced the s:nallest yield, 0.20 

moles (III-6). A. comparable run using ammonium. nitrate gave 1.50 

moles (II·l). 

Three of the amine nitrates reported gave rJ.se to very little 

or no RDX· Trim.ethylam.monium nitrate produced o.oa moles per mole of 

hexamine (li-17, lJ.I-3), tetramethyla."'lll10nium nitrate, 0.06 moles 

(III-4) and tr:iethylamroonium. nitrate, none at all (III-7). The values 

* When urea nitrate was introduced into a 70°0. run, the reaction 
was violent and a large volume of gas -. s evolved. 
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o.oa and 0.06 obtained in the two former cases are almost negligible 

from a theoretical standpoint. particularly when it is considered 

that Baobmann runs carried out in the absence of any ammonium nitrate 

or amine nitrate yielded 0 .04 moles of RDX (li-5.., 611 7) • 

On the basis of the "catalysed nitrolysis-synthesis" hypothesis .. 

the RDX produced in the fonner group of runs is considered to have 

arisen by a catalysed nitrolysis process. Theoretically .. one mole 

of RDX should be obtained from one mole of heD.mine; in actual practice 

the yields vary from 20 to fiT 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 Baobmann reaction. 

This function will be considered in some detail in the theoretical seo

tion of this part of the thesis• ln those runs of' the second group 

(i.e. those in whioh little or no RDX is produced). it is considered 

that the RDX does not arise by a oatalyssi ni trolysis step but rather 

by direct nitrolysis• The reason for this view is that when no ammonium 

or amine nitrates are introduced into the system. a small quantity of' 

RDX is produced. ln this connection, see (3} below. 

The results in this series of experiments cannot be easily e:x:plained 

on any other basis than the "catalytic nitrolysis-synthesis• mechanism. 

The Connor-Davy theory cannot accommodate them and other explanations 

are equally unsatisfactory. One possible explanation is that the amine 

nitrates contain ammoni wn nitrate as an impurity or.. al tern& tely.. g en

erate this subs'ts.nce in the reaction mixture. 1 t is possible that 



several of the amine nitrates were slightly contaminated with ammonium. 

nitrate (dimethylamine gave a taint positive test for ammonia with 

Nessler's ree.gent) but ~ t is extre:nely unlikely that the obserred re-

sults are due to this impurity. Ammonium nitrate could have been 

generated by double decan.posi tion 
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or by n1 trogen interchange 

The former case is eonsidered unlikely and the latter case is im.pos-

sible when secondary or tertiary amine nitrates are used. 

2. When the ammonium nitrate of a s'tandard DNPT conversion is 

replaced With an amine nitrate, HMX may be produced in considerable 

quantity, but RDX is not produced as would othenr.l se be the case. 

:Uonom.ethylammonium. nitrate (IV-9,10) gives rise to 0.33 moles of 

HMX per mole of DNPT, but no RDX· Trimethylammonium nitrate (IJ' ... l2) 

yields only o.oa moles I:IMX per mole of DNPT, but no RDX· (A comparable 

run using ammonium. nitrate gave 0.67 moles HMX+RDX ca.loulated as moles 

Ha (IV-1) • 

137. 
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The HMX produced in these runs is regarded as the product of a 

process strictly analogous to the "catalysed ni trolysis" step of the 

Baohma.nn rea.ction. The differences in yield are believed to be sig• 

nifioant as in the oase of the modified Bachmann reaction previously 

described. 

3. When a Bachm.ann reaction is carried out in the absence of am

monium nitrate (or amine nitre.tes), a very small yield of RDX is obtained. 

The magni m de of this yield is unaffected by changes in ttJD.p era tu re. ln 

this reaction large yields of BSX may be produced. 

Three runs gave rJ.se to o.o4 moles of RDX w:hen carried out in the 

absence of ammonium nitrate (II-5, 6, 7). The yields of BSX varied sane

what with the reaction condJ.tions but were al•ys greater than in cor

responding runs in whi eh the ammonium nitrate was added in the usual 

manner (II-1,2,4). ln one case the yield of BSX wa.s 0.67 moles per 

mole of hexamine {li-7). The greatest BSX yield observed by Winkler 

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

The RDX produced in these runs is regarded as being the product of 

an 11uncatalysed nitrolysis" step and there is :no reason for not believing 

that the m:eeha.nism. involved is identical or very similar to tlat proposed 

by the Bristol group for the direct nitrolysis (Woolwieh) reaction (see 

P• 39). There seemed to be a possibility that the RDX might have arisen 

by a. syn the si s process sine e the degrade. tion of he.xamin e would undoubtedly 

result 1n the production of si~le fragments oonts.ining methyleneamine 

or methyleneni tra:mi.ne linkages such as have been postulated in the Ross 
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reaction. Thi a poasibili ty seems to be excluded by analogy: the de

gradation of DNPT in the absence ofallUllonium nitrate gives rise to 

HMX, not RDX. (See further below (4} .) The BSX produc~ in these 

runs is regarded as being the product of an "u.noe.ts.lysed ni trolysis._ 

reaction :modified, in this case, by intermediate acetylation. BSX 

is also produced in regular Bac:ltnann 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 contamina ti.on) is obtained. The :tiJagni tude or the yield ap

pears to be only slightly affected by tanpera.ture. J.n this reaction 

large yields of AcAn may be produced. 

Three runs gave rise to 0.01 moles of HM:x when carried out w1 thout 

ammonium nitrate (IV-5,6,7). This HMX does not seen to be contaminated 

with any appreciable quant:L ty of RDX· The yields of A.aA.n varied some

what with the reaction conditions but were always greater than in oorres .. 

pending runs in which the ammonium ni tr&te was added in the usual manner 

(lV-1,2,4). J.n one case, the yield of AaAA 'Was 0.34 moles per mole of 

hexamine. 

The HMX produce:! in these runs is regarded as being the product of' an 

•unea.ta.lysed ni trolySl.s" process as was supposed to be the case in the 

analogous hexamine conversion. The possibility of the HMX being the 

product of a "synthesis" process is unlikely since this type of reaction 

appears to yield largely RDX. J:'i.ther than HflX• AaA.n is regarded as being 

the product of a.n "u.noata.lysed nitrolysls" process modified by inter

media.te acetylation. 



5. If ammonium nitrate is withheld from a Bachmann reaction 

until the other reagEnts have been added, considerable quantities of 

RDX may still be produced. 

This phenomenum. was investigated in a series of five runs. The 

amounts of RDX and BSI. produced semLed to decrease but slightly for 
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an increase 1n the length of time for which the addition was delayed 

(II-8,9) • At high tempera"blres, the production of RDX li&S essEntially 

complete in 10 minutes after the addition of' the ammonium nitrate 

(II-8,12); at low tEmpera"blres the reaction is very slow being only 

hAlf complete l.n one hour (J.I-10,11). The yield of BSX is increased 

by long holding times after the addJ. tion of the SJ111l.Onium. nitrate both 

at high tsnperatures(II-7 ,12) and at low (II-10,11) but the rate of 

BSI. fo~tion is relatively much. more rapid at low tsnpera"blres than 

the rate of RDX formation (II-10,11). It may be seen that the rate 

and extent of BSX fo:n:nation 1s relatively independent of the presence 

of ammonium. nitrate in the later ste.ges of the reaction (II-6.10; 

IJ.-7 ,8) • 

In his experiments (carr1ed out at 35°C. in the presence of 

large excesses of acetl.o acid and acetic anhydride), Vf'inkler observed 

that the yields and rates of formation of RDX were the same whEm. the 

addition of ammonium nitrate was delayed for 15 minutes to 5 hours 

and that the yields and rates were appronmately half those of the 

reaction when ammonium ni tra.te was added initially. Winkler also 

points out tlat BSX fozmation 1s apparently independent of the presence 

of ammonium ni tra. te in the later ste.ges of the reaction • In other 



words: "It appears that the fate of the he:xamine molecule when no 

ammonium nitrate is present is determin~ in the first 15 minutes of 

the reactl..on at 35°0.11 
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The RDX arising in this senes or runs is supposed to be produced 

by a "synthesistt process• Winkler has shown that heDmine 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 v-ery large part of' all the 

he:xamine introduced will be converted to BSX sooner or later. Duri?-g 

the production of BSX. or its precursors., methylene groups. methylene

amine groups or methyleneni tramine groups may be split off. These may 

be able to we part in a synthesis reaction along with ammonium nitrate 

giving RDX as in a Ross re!lction. .1 t must be admitted, however. that 

there is no positive evidence that the RDX produced in this series of 

runs arises through a synthesis process. J.t is quite conceivable, for 

instance. that the precursor lying be'brreen hexamine and BSX (since 

hexamine disappears very quickly and BSI is produc~ v-ery slowly) may 

conuu.n 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 productl..on of RDX by the belate::l ad

dition of ammonium nitrate does not seen to interfere with the extent 

of the BSX rea.ction. Alternately, it is qui't;e conceivable that ihe 

portion of the hexamine which is not converted to BSX JJ'JAY be converted 

to some oiher compound (other than "fragments") which may yield RDX 

under suitable conditions. If either of these two alternativ-es are to 
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represEnt the reaction mechanism. when ammonium n:i tra.te 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 posnbil:i. ty of excluding "synthesis" as a mechanism. alw-

gether. The possibility is considerEd w be even less likely on the 

basis of one run (Il-12) in which the sum of the BSX yield and one

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

below). 

Winkler, in a discussion of his own experiments, offers several 

alternate explanations for the production of RDX when tile addition of 

ammomum nitrate is delayed: 

(a) HeDID.ine pers1sts in the reaction mixture and gives 

RDX when ammonium nitrate is added. 

(b) RDX is fonned by a mechanism which is entirely differEnt 

from that which produces RDX in fue Bachmann ree.ct:Lon. 

(c) The regular Ba.chmann reaction is really made up of two re-

actions. one of which reqUires ammonium ni txa te at the start 

and whose absence results in BSX production, wtule the second 

consists of a synthesis reaction involving fragments of the 

hexamine and am."llonium ni t:rat~,. 

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

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

t" 1 t should be pointed out. once again, that the BSX yields reported 
in Table II are a ma.xi:roum. 



at the beginning ot' the rEaction and to BSX if it is 

absent; the other is relatively stable in the absence of' 

ammonium nitrate and is convert$1 to RD:X: and HMX when am

monium nitrate is added. 
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The i'irst ot' these proposed explanations is invalid since it has 

been shown that he:xamine disappears very rapidly in the Baohm.ann re

action. J. t is quite possible, however, that some substance quite 

closely related to hexamine 1.f.'lB.Y persist in the reaction m~xture. The 

second proposed explanation is unhkely since Winkler has shown that 

the two reactions are subject to the same changes in rates and yields 

under varying condJ.tions of dJ.lution and rEagent concentrations. The 

author has also arrived at sJ.milar conclusions (see 6 below). !n his 

early paper l'f'inkler supported the concept of the synthesis reaction 

but on the basis of later experiments advanced the fourth alternate 

explanation. When stated J.n general terms, this concept, with J.ts 

supporting ev1.dence. is a valuable contnbution to the mecha.nism. of' 

the Bacbmann reaction but it seems regretable that this evidence was 

used to attan.pt to prove that DNPT is the compound which l.s the pre

cursor of a large part of all the RD:X: produced. From the point of view 

of most researchers in this f1.eld, DNPT is quite unacceptable as a 

reaction intermed:l.ate. There are many reasons for this but the chief' 

among these J.s the fact that DNPT is converted to HMX, RDX being only 

a by-product of thJ.s reaction. !n the opim.on of the author, there 

is no rea.son for not considering that the precursor of the RDX and 

EMX (in the sense suggested in d above) is the 11 fragments" them-



selves and regarding the subs~uent reaction as a synthesis rather 

ths.n as a degradation. 
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It must be admitted that there is no proof that the RDX produced 

on belated add~ tion of ammonium nitrate is produced by the same mech

anism as is proposed for the second mole of RDX (i.e. by a synthesis 

reaction). There is, however, no contrary evidence and it is sig

nificant that the results of these experiments cannot easily be ex

plained on the basis of any other theory of RDX formation. 

6. A Bachm.ann run carried out at 40°c. (but otherwise un

modified) gives a small yield of RDX and BSX· These yields increase 

slowly with increased holding time. 

One run, carn.ed. out at 40°c., gave a yield of RDX of 0.27 moles 

and a yield of BSX of 0.36 moles per mole of hexamine (11-2) • When 

the holding time '\\6.s increased from 10 mmutes to 60 minutes, the 

yield ot' RDX increaud to 0.35 moles and the yield of BSX to 0.61 

moles {11-3). There is no reason to believe that the yield of ~X 

will not increase still more on even longer holding times. A Bach• 

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 

(.1..1.•4). The yield of HDX in th~s run 1s considered to be the maximum 

that could be ob-tained 1£ the 40°c. run l:lld been held a.t this tempera• 

ture for an infJ.nJ. te time• 

The RDX ob-tained in the short-time, 40°0. run is regarded as 



arising by means of a. "catalyse:l nitrolysisn reaction. This process 

i • inefficient a.t low tenpera.tures. A:ny increase in the RDX yield 

resulting from increased holding time is considered to be the result 

of a "synthesis" process. This process is slow at low tenpera:wres. 

The 40°C. run mioh •s subsequently heated to 70°C. is regarded as 

being equivalent to a 40°C. run followed by an infinitely long hold

ing time at 40°c., particularly with respect to the RDX yield. On 
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the basis of these suppositions, the maximum yield of RDX attributable 

to the synthesl.s process may be calculated at 0.51 moles per mole of 

hexamine (II·Z,4).. This canpares favourably with the yield (0 .51 

moles) of' the postulated synthesis ree.otion in the case where am

monium nitrate was added belatedly (II-8). While the extent of' 

these two reactions sean.s to be identical, tile rates of' RDX produc

tion seem to be dif'ferents in a regular (low tanpera. ture) Bachmann 

run, only o.os moles RDX per mole of' hexamine were synthesized in 

50 minutes (II-2,4,); in a modified Bachmann run involving delayed 

ammonium nitrate addition, 0.17 moles were synthesized in the same 

period (II-10,11). These two factors lextent and rate) seen to in

dicate that the two mechanisms involved are essentially but not en-

ti rely the s&me• 

A sindy of the yields of' BSX in this series, in the s eri es where 

the addition of ammonium nitrate was delayed and in the series where 

the amroonium nitrate was omitted altogether seems to indicate the 

fact that the .fate of the he:xa:m.ine molecule is decided very early 

in the reaction. These considerations will f'onn part of a separate 
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piece of evidEnce ( 9 below) and all that w.ill be sa. id now is tba t 

the yield of BSX plus the yield of the RDX arising by catalysed 

nitrolysis (in the low tEmperature reaotiohs) is of the same order 

of magni U:tde as the yield of BSX in comparable runs where the am

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

1. If ammonium nitrate is omitted from a Bachmann run, and 

if an amine nitrate is added after the complete addition of all the 

other reagents, little or no RDX is produced. 

When dimethylammoni um nitrate, monomethylammonium nitrate or 

ethylenediammonium dinitrate were added belatedly to modified Bach-

mann reactions, small amounts of RDX were produced; these yields were 

0.21, 0.17 and 0.16 moles per mole of hexamine respectively (J.I-16, 

14, 23) • When pyridinium nitrate, trimethylammonium nitrate and urea. 

nitrate were used, essentially no*"RDX was produced: the values were 

o.oa, o.oa and o.06 moles respectively (II-18,20,25). In a corres-

pending run where ammonium nitrate was used, 0.53 moles of RDX was 

produced (II-12). 

It was predicted that runs in which an amine nitrate was added 

belatedly would give rise to no RDX. Two amine nitrates f'Ulf'illed 

this condition (i.e. urea nitrate and pyridinium nitrate -- trimethyl-
• 

ammonium nitrate did not give n se to RDX even in a regular run) • 

t' Canpare with Table II, Runs 5, 6, 7. 
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Three amine n1 trates, however, gave nse to small yields of RDX. 

ln view of the possibility that these yields may be significant, 

several explanations have been advanced to account for than. First, 

it ma.y be that the amine nitrate used was contaminated with ammonium. 

nitrate. The am.ines used in the preparation of the amine nitrates 

were the best commercial grades and were stated to contain but small 

quant1ties of ammonia but no actual analyses were carriEtl out. It 

is significant that dimethylammoniu:m nitrate gave a faint positive 

test with Nessler's reagent. It may be shown tl'at the observed re

sul t in the case of the dimethylammonium nitre. te (the worst offender) 

could have been caused by an ammonium nitrate contamination of 2 per

cent. It is also S1gnificant that urea. nitrate which is relatively 

water insoluble and could ee.sily be separated from ammonium nitrate 

merely by crystallization and washing gave no RDX when added belatedly 

to a modifiEti Bachms.nn ree.ction. It thus seems that this "contamination" 

explanation is a likely one. At the same time it is unlikely that such 

contamination could account for the relatively large quanti ties of RDX 

producEtl when the amine nitrate is added in a more orthodox fashion. 

However, future experiments should take this into account. Alternate 

explanations are much less acoeptabl~u the presence of unree.cted hexaw 

mine or an unnitrated cyclic precursor in the ree.otion mi:x:"blre, the 

interchange of nitrogen between methyleneami.nes and amine nitrates 

or the generation of ammonium nitrate from 8llline nitrate by some pro

cess such as the following: 

----- 205 
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8. If less than the theoretical requirsnent of ammonium or 

amine nitrate is added to a Bachmann r~ction in the usual manner., 

considerable RDX is produced; if the deficiency is made up by adding 

ammonium nitrate, the yield of RDX is incr~sed; if, however, the 

deficiency is made up by adding amine n1 trate, the yield of RDX is 

not incr~sed. 

In three runs, only one-half of the usual amount of ammonium 

nitrate was included in the in! tial stages of the Ba.chmann re&.ction. 

A control run gave 1.01 moles RDX (II-26). When the rest of the am

monium nitrate was added (after the addition of all the other r~gents), 

the yield of RDX wa.s incr~sed to 1.16 moles (II-27). When an amount 

ofmetcylammonium. nitrate, equivalent to the one-half of the ammonium 

nitrate usually added, was introduced, the yield of RDX was not in

creased (0.98 moles) (11-28). Similarly, in three runs, only one-

half of the amount of monomethyla.mm.onium n1 trate generally used 'WEI.S 

added. A control run gave 0.55 moles RDX per mole hexamine (II-29). 

When the other half of the monomethylammonium. nitrate was added, the 

yield of RDX was not l.ncreased (0.56 moles) (l.L-30), but when an 

eq.uivalent amount or ammonium nitrate was added, the yield of RDX was 

increased ix> 0.63 moles (l.L-31). 

The results of this series of experiments illustrate the tact 

that amine nitrates can only duplicate the function of the ammonium 

nitrate to a limited degree or, better, oa.n only duplicate one of J. ts 

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 fragments 

rEIDilined. These undenrEilt a synthes1s reaction w.ifu the added am-

monium nitrate to g1 ve additional RDX. .A.ddi tional amine nitrate could 

not perfonn this function. The tact tblt larger amounts of RDX were 

not produced on the belated addition of ammonium nitrate (II-31) shows 

that the amine nitrate had ca:nbined with most of the fragments. This 

is significant in that it throws some light on the "catalytic" tunc-

tion of these compounds. It seEIIls that in order w act as a catalyst 

in the ni trolysis step, the given substance must combine with methylol 

groups. 

9. In a Baohm&nn 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 mechanisms), this 

represents a conversion of 110 percent of the hexl\mine introduced. 

This is obviously unacceptable. These yields are easily explained 

on the basis of the "catalysed nitrolysis•synthesl.s11 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 

1:lMX plus the yield of Ac.A.n my exceed one mole per mole of DNPT. 

In one run, carried out at low tanperaW.re, 0.61 moles* of RDX 

:;.; This is a minimum. value since the f'um.ed-off product is calculated 
as llMX• 
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plus EMX and 0.47 moles of AoAn were produced (lV-3). rt is obvious 

tm.t the three products could not have arist'll from DNPT on a mole 

for mole basis. Hence J.t is necessary that the RDX be considered 

as ansing py a synthesis process. 

11. In Ba cbnann runs where the ammonium nitrate is ami tted 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 ree.eti.on and they see to depend on the tEIIlperature and time :taotor1. 

These yields are comparable in magni b.lde to the yield of BSX plus the 

yield of RDX ansing by catalysed nitration (see 6 above) in the case 

of (unmodified) low-tsperab.lre Baehmann runs. 

In one series of runs, ni trio aeid, acetic anhydride, he:x:amine 

and acetic acid were allowed to react at 40°0. for 10 minutes; at 

the end of this time ammonium nitrate or an amine nitrate (or neither) 

•s added and the reaction mixb.lre was heated to 70°0. for varying 

lengths of time. The yields of BSX obtainei were as follows: am• 

monium nitrate for 120 minutes, 0.84 moles (II-12); ammonium nitrate 

for 10 mmutes, 0.68 moles (.u-8); monomethylammonium nitrate tor 60 

minutes, o.ao moles (11•14); dimethylammonium nitrate f'or 60 minutes, 

0.74 moles {II-16); trimethyls.mmonium nitrate for 60 minutes, 0.78 

moles (ll-18); and pyridinium nitrate tor 60 minutes, 0.64 moles 

(II-20). l'fhen no ammonium nitrate was added, 0.67 moles of BSX were 

formed after 10 minutes (li-7) • These runs are to be com.parei with 

the regular, low-temperab.lre Baohma.nn run; 0.27 moles of RDX was pro

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

minute holding period (II-2,4). 

In another series of' runs, the reaction mix'W.re wa.s not hee. ted 

to 70°0. but wa.s maintained at 40°0. for a specified time. When am

monium nitre. te was added during the later stages of the reaction the 

yields of BSX were 0.41 moles (after 10 minutes) and 0.75 moles (after 

60 minutes) (li-10,11). When no a.m.JIK)nium nit:re.te was added., the yield 

of BSX 1'f8.s 0.48 moles at the end of 10 minutes (II-6). These results 

do not compare very f'avou:re.bly with those obtained in the regular, low

tanpere.ture 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 00 minutes 

respectively; the totals are then 0.63 and o.aa moles (IJ.-2,3,). 

The significance of these observations is trat it is aptarent 

that the fate of the hexamine is decided very early in the reaction. 

Furthermore the production of additional RDX by heating or adding am

monium nit:re.te in the later stages of the reaction does not decrease 

the yield of BSX· And lastly they show that BSX production is only 

in competJ. t:Lon with the formation of some of the RDX. All of these 

conclusions are in agreanent with the properties of the •catalysed 

ni trolysis-synthesi s" meehanisDh Similar conclusions have been 

reached by w.tnkler. 
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During the course of this discussion. for one reason or another. 

several 1lllporian:t results have not been mentioned. 

The first of these is the :fact that good yields ofli!SX are obtain~ 

when monomethylammonium. nitrate is substituted for the ammonium. nitrate. 

This phenomenum. is very difficult to explain on the basis of the pro-

posed "catalysed ni trolysis-synthesis" mechanism unless some n., con-

cept is invoked. One such concept is thatli!SX is formed by a synthesis 

reaction. This implies. ultinately. that methyla.mmonium. nitrate can 

condense with a methylol group in the presence of acetic anhydride with 

loss of methyl alcohol or. alternately. that the tertiary methyl nitrate 

salt of a metcylenea.mine-type compound can lose the elsnents of methyl 

alcohol to give a secondary ni tra.mine. While these possibilities are 

not theoretically unacceptable. they introduce reactions which are more 

speculative tian is desirable. Another concept is tlat nitrogen inter-

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

H•l8 

The mechanism of this interchange is unkno1111 and its existence is 

questionable. but it is known that H•lB and ammonium. nitrate react 

under Ba.cllllann conditions w give MSX and RDX. In this case it would 
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be postlllated (on the basis of.' the "ca1:alys~ ni trolysi a-synthesis" 

mechanism) that :MSX arose by ca-talytic nitrolysis and that RDX arose 

by synthesis• It should be noted that other theories (based on the 

symmetrical fission of.' the he:xamine molecule} do not explain the 

production ot' :MSX any more easily, excepting the theory of Rosa 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 synthesl.S process; this in spite of the fact that no 

MSX can be detect~ in runs where monane~lammonium nitrate is added 

belatedly. 

A second important result which has not yet been considered is 

that when ammonium nitrate is replaced with monomethylammonium. nitrate, 

very little 1I4X is produced. This result is not in agreEill.ent with the 

results of the workers at Permsylvania State College but it has been 

checked and rechecked and it ia :t'el t that less than 0.1 percent HM:X 

is produced under these conditions. Other amine r>itrates {dimethyl

smmoniu.m. nitrate possibly excluded) give fairly low yields o:t'HMX. 

Since EMX may be obtained from DNPT when monom.ethyla:mmonium nitrate 

is used, it is possible tl'B.t DNPT is not the precursor of HMX in 

the Bachmann rea.otion; this would also indicate tbs. t HfriiX is produced 

by a syntheS1s process only 1n the Ba.cbnann rea.ction. This 1.s in 

agreEment with the author's interpre-tation of Winklert s rate studies. 

A third result is that it seems that a considera.ble qua.ntlty of 

a ur•-formaldehyde polymer was produced when urea was adde:l belatedly 

to a modif.'J.ed Bacbnann reaction. This seems to indicate that the 
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".fragments" g1ving rise to the second mole of RDX are either methylene .. 
glycol or "simple derivative of this compound. It also seems to in• 

dica.te that the "catalytic" functian 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 produc ti an of' RDX on the belated a.ddi tion of ammonium 

nitrate, there is probably a.n isolatf:Lble precursor for this second 

mole of RDX. Several a-ttempts were made to isolate this postulated 

precursor and these attanpts are described in an appendix to this 

thesis. 

Lastly, it will lave been noticed that the anticipated results 

were not aohieved when ammonium or amine nitrates were added belatedly 

to the DNPT conversion {i.e. good yields of HMX were still obtained) • 

It is apparent that the reason for this behaviour is the slow conver-

sion of DNPT to AaA.n under the mild reaction condJ. tions used. In 

other words. DNPT and/or PBX (see P•77 ) persisted in the reaction 

mixture for a long period of time and were converted w BMX on the 

addi tJ.on of ammonium nitrate. 'lhi s phenom enum. strengthens the po s-

s1b1lity (alre&dy mentioned) that the production of RDX on the be-

la.ted addition of ammonium nitrate to a modified Baclma.nn reaction may 

not.· in tkot, be EJV'1dence for a synthesis process but may actually re-

present the conversion of unoompletely nitrated compounds (containing 

the six-manbered 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. 



:UI. Ammonium Nitrate Consumption and 
Other Material Balances in the 

Bachmann Reaction 
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It ha.s alrea.dy been pointed out that the various proposed mechan-

isms for RDX formation in the Bachma.nn reaction are of two types: those 

mechanisms in which the two moles of RDX are formed by identical pro-

cesaes and those mechanisms in which the two moles of RDX are formed 

by ditferiJlt processes (see p.94 )• It was also pointed out that the 

product formed might be differ~t with respect to the distribution of 

the ammonium nitrate nitrogen depending on wh1 eh type of mechani sn re-

presents the actual case (see PP• 13 & 94). ln the ideal reaction 

(see aqua tion 3, p. 62), if two molecules of RDX arise from one mole-

cule of hexamine by identical processes, then each molecule of RDX 

must contain one amino nitrogen atom which originated in the ammonium 

nitrate (Case I) J if', however, the two molecules of' RDX arise by dif• 

ferent processes, this rule need not apply and a. likely alternative 

would be the case in which one molecule of RDX has two ammonium ni t:rate 

amino nitrogEil atoms and the other molecule, none at all (Case II). 

In Case I, 1:he RDX produo«i should be ff;!uivalent b> the ammonium 

nitrate consumed since ea.ch molecule of RDX contains one ammonium nitrate 

amino nitrogen. In case II, the RDX produced would not be expected to 

be equivalent to the ammonium nitrate consumed since it is unlikely tl:at 

both moles of RDX would be produced to an equal extent. Davy, Chemical 

Control Superintendent, Holston Ordnance Worlcs, h&s made the following 

statement ( 91) : 



11.Ma terial balance oalcula tions on 1:he pilot plant 
opera.tions show tha.t the ammonium nitrate not recovered is 
equivalent to the RDX yield obtained (witilin eJq?erimental 
error). If one mole of RDX is produced by ni trolysis of 
hemm.ine maintaining one six-membered ring intact, a.nd the 
o1:her mole of RDX by ree.otion of the ra:nainder of the hexa.
DUne molecule with ammonium nitrate a.nd acetic anhydride, 
the two different processes must give the same yield in 
order that the material balance be sa.tisfi ed. Since that 
seemed unlikely, it appeared probable that both moles of 
RDX are fanned by the same path." 
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In view of the evidEilce obtained in this laboratory (presented in 

the previous section) :1\\vouring Case II, it was considered necessary 

to re-investigate tile consumption of ammonium nitrate in the Ba.ch:mann 

ree.ction. 

A more tilorough tileoretioal examination of the problsn. showed -that 

the equivalence between RDX production and ammonium. nitrate consumption 

as determined by Davy is neither a necessary nor a sutfioi en t condi t:i.on 

for the exi stenoe ot case I. It is not a. necessary condition sinoe 

"the ammonium nitrate not recovered" is not neoessa.rily a. mea-surement 

of the ammonium nitrate aotua.lly oonsumed in the production of RDX. 

First, "the ammonium nitrate not recovered*' ma.y be greater than tile 

actual consumption due to RDX production since ammonium nitrate may 

be consumed in reactions leading to the formation of ni tram.ines other 

than RDX ( eg. isolable products such as 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 consumed when one mole of HMX is produoeil from one mole of hexa
mine. Hence the ammonium nitrate consumeil should be equivalent to 
the RDX(B) produced. 
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action of' acetic anhydnde or acetyl nitrate). Secondlyll "the ammonium. 

nitrate not recover~" mB.y be less than the actual consumption due to 

RDX production since ammonium. nitrate., or other ammonium. salts or am.-

monia derivatives which analyse as ammonium nitrate., JD$.Y be generated 

by the hydrolysis of by-products after dilution or ma.y result trom 

the incomplete nitration of all of' the he:xamine introduce:!. Again, 

the equivalence of the RDX production to the ammonium nitrate con sump-

tion is not a sufficient condition for the existence of Case I since, 

even if ammonium nitrate were neither destroy~ nor generated in the 

mother liquor through side-reaotionsll it is possible that the two re-

actions of oa talysed ni trolysis and synthesis (indicated by Case II) 

may proceed to an equal extent. Thus the most general statEment that 

oan be made with regard to this problem is that if it can be shown 

that the RDX production is equivalent to the ammonium nitrate consu:mp-

tion over a wide range of conditions, and if it can be shown that am-

monium nitrate is neither destroyed or generated by side-reactions, 

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

Since Davy' s experiments were conducted over a narrow range of 

conditions (optimum conditions) it was considered that a more extensive 

investigation* or ammonium ni tra.te consumption would contn.bute to the 

understanding of the mecha.nism of the Bachmann reaction. Two investi-

gations were startei simultaneously, one at the university of Pennsyl-

* The RDX Committee (Ca.nada 1 U .s.) at e. meeting held in Kingsport, 
Tennessee, on Sept. 30, 1943, suggested that this investigation 
be undertaken. 
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va.nia, ihe other in ihis laboratory. The results of both investigations 

are consider«!. in this thesis. 

Cazmack (at the University of Pennsylvania) investigated the con-

swnpti.on of ammonium nitrate as the mole ratio of ammonium nitrate 

was vartEd be't:r.veSl o.oo and 2.87 moles per mole of hexamine (92); he 

later studied the effect of holding time for low-temperature Bacbmann 

runs (93,94) and invest:Lgated the gaseous products of the reaction and 

subsequent si.lllnering process with a view to establishing the :fate of all 

of the amino nitrogen in troducei into the reaction mixture ( 95, 96} • In 

this laboratory, the invest:J.ga tl.on wa. s extended to include the me& sure-

ment of yields other tha.n RDX and material consumpti.ons oiher than am-

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 yields of RDX, HMX and BSX and tile con-

centration in the mother liquor of formaldehyde, ammonia, free ni trio 

acid~' total nitrate ion~' aceti.o acid and acetic anhydride. The follow-

ing independent variables were studieds 

(1) 

(2) 

(3) 

(4) 

(6) 

the effect of varying the mole ratio of ammonium nitrate~' 

the effect of' simultaneously varying the mole ratios of 
ammonium nitrate and aceti o anhydride, 

the effect of t«nperature (for zero moles of ammonium 
nitrate), 

the effect of tEmperature (for the full quanti. ty of' 
ammonium nitrate), 

the effect of varying the holding t:im.e before dilution 
( for full quantity of' amm.oni um. nitrate at 40°C.) , * 

*This list includes the work of Ca.rmack in order that it may serve 
as a "table ot' contents" for the succeeding sections. 



( 6) 

(7) 

(8) 

(9) 

(10) 

the effect of varying the holding time after dJ..lution 
(for zero moles of ammom.u:m nitrate at 40°c.), 

the effect of withholding ammonium nitre.te (r-.ction 
tEIII.perature 40°C., holding temperature 70°C .. ), 

the effect of withholding ammonium ni tra.te (reaction 
t001pera~tre 70°c., holding tEIII.perature 70°C.), 

the effect of belatedly adding monomethylamm.onium 
nitrate to a modifiEil Baohman.n rea.oti.on (reaction 
tEIII.perature 40°C •• holding tEIII.perature 70°C.), and 

the effect of other miscellaneous variables including 
the variation of nitric acid mole ra.ti.o and the holding 
time before dilution at 70°C.; this section also includes 
a short discussion of Carmaok' s work on the gaseous pro
ducts of the Bachmann reaction. * 
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While the results obtained in this laboratory show good agreEment 

with those obi:ainEil. at the university of Pennsylvania (where duplioate 

series were oarried out), the interpre-tations of these results differ 

widely. Camack believes that there is an equivalence between the RDX 

produced and the ammonium nitrate consumed. In this cone lusion he suP-

ports the vitiW'S of Davy and the hypothesis that the two moles of RDX 

produced in the Bacbna.nn reaction are formed by similar processes. The 

conclusion reached by this researcher stands in subal ternate or con-

tradiotory relationship to th.at of carmack and ])e.vy: in genere.l, there 

is no equivalence between the RDX producEd and the ammonium nitrate con• 

sumed.J there may be an equivalence over a narrow range of condi tiona 

(optimum conditions), but even these data are open w question since it 

can be shown that "ammonium nitrate" can be generated by the hexamine 

(ammonium. ni tra.te may be recovered evl!ll when none is introduced). 

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

liquor to any appreciable extent but the :fa.ct that not all of the 
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amino nitrogen can be accountEd for in terms of solid reaction pro-

ducts and volatile ammonia or a.mines oasts doubt on any siatsnent 

so explicit as that or Ce.rma.ok and Da.vy. The vieur of this researcher, 

then, is that no positive conclusion can be reached w:l:th regard to 

the equivalence and that the possibility of a mechanism where the 

two moles of RDX are produced by different processes is not elt• 

eluded. 

In the succeeding pages, the results or the matene.l balance 

experiments are discussed. It is found that all data may be explainfil. 

in tenns of the proposed "ca-talysed nitrolysJ.s-synthesis" mechanism. 

A.. Effect of Ammonium :Nitrate 
Concentration on Yields and 

:Material Balances 

In this section, the results of extensive investigations dealing 

with the consumption and recovery of the various reagents used in the 

Baahmann reaction are given.. Particular attention has been directed 

to the a.m.monia. oonsum.ption as the ammonium nitrate oonoe.ntration •s 
increased from zero to four moles per mole of he:xatnine. but material 

balances are also presented for formaldehyde. ni. trio acid and acetic 

anhydnde. 

E::cperimen 'tal 

1. Experimen.UI-1 and A.nalytiae.l Procedurea 

Bachmann Proctdure:• The procedure adopted tor the Bach:mann run 
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was tha.t oi' a continuous three-feed additl.on (previously described p.l21). 

The ree.gents used were 0.600 moles of' acetic anhydnde, 0.000 to 0.400 

moles or ammonium nitrate d1.ssolved in 0.433 moles of' 97 peroSlt ni trio 

acid, and 0.100 moles of' hexamine dissolved in 0.382 moles of acetic 

acid. In addition, 'the pot was charged with 0.084 moles of' acetic acid, 

0.010 moles of acetic a.nhydnde, and with a.n esti:ma. ted 2 1/2 percent 

(tor low ammonium nitrate concentrations) to l percent (f'or high am

monium nitrate concentrations) of the ammonium nitrate-nitric acid 

solution otherwise added. Throughout the a.ddi tion, the hexamine-

acetic acid solution was retarded 5 percent in relation to the other 

ree.gents. The reaction tenperamre and holding tanpe:ra.ture were 69 -

71°C. The a.ddi t1on time was 12 minutes and the holding time was 20 

:minutes. The rea.ction mixture was d1.luted with. 700 ml. of cold water 

and was filtered a.f'ter standing for at least 24 hours. The crude 

product was air dried to constant we1.ght and the filtrate and wash 

waters were mixed, theJ.r combined volume measured and a. sample saved 

for analysis. 

After this senes of experiments was started, scweral new pro

cedures were reported wh:Lch are said to give greater reproduc1.bility 

of results than does this procedure. It 11a;s nevertheless considered 

wiser not to change since this would have necessitated repetJ.tion of 

many of the completed runs. This procedure gave, in general, a re

producibility of considerably better tmn 5 percent in all analyses. 

This is illustrated below by a oanparison of a set of duplicate 

runs: 
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Ammonium nitrate introducEd . • . • • • • 0.2680 0.2680 
RDX produced • • • • . . • • . • • . . . 0.1446 0.1450 
HMX produced . • • • • • • • • • . • • • 0.0051 0.0050 
BSX produced • • • • • • • • . . . . . • 0.0159 0.0173 
Fonnaldehyde inmother liquor • • • • • • 0.0750 0.0761 
Ammonia in mother liquor • . • . • • . • 0.1078 0.1135 
Total n1 tn.c acid in mother liquor • • • 0.1675 0.1635 

The quanti. ties used in this series of runs did not meet the optimum 

oondl tions as determined by other workers in this field. The acetic 

anhydn.de 'W&s low by at least half a mole per mole of hexamine, and 

the ni tn.c acid by about one-third of a mole. The RDX yields were, 

in consequence, about 5 percent low. 

*' RDX(B) ;- RDX(B) was determined by f'wning off one-half of the crude 

product in 70 percent ni trio acid under standard con<h tions and correc-t;. 

ing for loss of RDX(B) by means of a fume off calibration curve (see 

Figure 2). The standard condl. tions ce.ll ed for complete solution of the 

crude product in sevSl times its weJ.ght of '10 percEil t ni trio aCid and 

holdJ.ng at a tanpera'b.lre of' over 100°0. for three minutes after the 

height of the f.\une 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 4B hours. The filtered product was air 

dried. 

We:1.ght RDX(B) : 2· (Weight fumed-off product +c) 

or WeJ.ght RDX(B) • 2f· (Weight fUmEd-off product) 

where 0 and r may be deternuned graphically. 

* RDX(B) : RDX + BMX (see also p. 4'1) 
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Duplicate detennina.ti.ons agreed with one anot.her to better than 

one part per t.housand. rt is believed that the :fume off is superior 

to t.he simmer since the RDX(B) is dissolved during the destruction of 

the BSX and there is no possibility tla t by-products ean ~sea.pe des-

truction due to occlusion. 

BSX=- The yield of BSX was obte.1nEd by difference: 

Moles BSX : Weight crude product .,_Weight RDX(B) 
322 

BMX and RDX~- HMX in the RDX(B) was dete:nuned by the alkaline 

hydrolysis method of Winkler and Epstein. Four grams of :f'umed-off pro

duct was dissolved in 300 ml. acetone and thennoste.tted at 25°0. 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 t.he ther-

mostat for eighteen additional minutes. The reaction was terminated 

by the addition of 5 ml. of glacial acetic acid. The acetone was dis-

tilled off and t.he HMX was allowei to crystallize for about 10 hours at 

roan tenperature. The filtered product was dried a.t 110°0. for one hour 

and weighed. The result, oaloulated as percEnt HMX in RDX(B), was cor-

rected by means of a calibration curve (see Figure a) •(See Ref.58). 

Moles BMX : Percent HMX in RDX(B) ( corr.) x Weight RDX(B) 
29000 

Moles RD.X : Weight RDX(B) .. We1ght .1:i1X 
222 

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

general, duplicates agreed to better than i percent, several times they 
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differed by as much as lOO 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 dl.stillate for formaldehyde by the method of Romijin 

and Signer (97,98). The steam dJ.stillation was carried out on 50 ml. 

of the diluted mother lJ.quor to which had been added 50 ml. water and 0.6 

ml. sul.furic acid. Of this solution, 76 ml. was riisti.lled over into 

lOO ml. of distilled water contained in a 600 ml. ErlEI1Dleyer flask, 

the snout of the condenser being below the surface of the water. To 

the residue in the distilling 1'lask was added 75 ml. wa.tet- a.nd the 

dJ.stillatl.on was repeated. This process was continued until 375 ml. 

of distillate had been obta.J.ned. This distillate was then diluted to 

81 ther 600 ml. or 1000 ml. in a volumetric flask, depending on the for-

maldehyde concen tra ti.on. The formaldehyde was detennined by adding 

25 ml. approximately one-tenth normal standard iodine solution 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 m.l. strong hydrochloric 

acid and titrating the excess iodine with approximately one-tenth 

norm.al standard sodium thiosulfate solution using starch as an indi-

ea tor. 

Moles Formaldehyde in Mother Liquor = (25.00 - mn)· NV 
2500 

where m • volume standard N/10 sodium. thiosulf'ate used, 
n • number ml. standard N/10 iodine equivaloo.t to one ml. 

standard N/10 sodium thiosulfa. te, 



N • no:nna.li ty standard N/10 iodine solution, and 
V • volume of dilv.ted mother liquor. 
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Duplicate detennine.tions on the sa.me di sti.llate agreed to within 

one part per thousand while duplicate detenninations on different dis-

tillates of the sa.me mother liquor agreed to within five parts per 

thousand. 

It ,,:as recently observed in this laboratory that the formaldehyde 

could be determined directly in the undist:i.lled mother liquor. This 

has considerable theoretical significance since it shows that the 

formaldehyde is free in the diluted mother liquor, not in chEmical 

cam.binatl.on with nitrogen as in hexamine or ni tramines. 

Ammonia:- Ammonia in the mother liquor was determined on the residue 

from the above steam distillation by diluting this residue to about 300 

ml. with Vi&.ter, adding 25 ml. of &> percent sodium hydroxide and dis• 

tilling over about 200 ml. into an excess (25 ml.) of approximately one- tenth 

nol1Ullstandard hydrochloric aoid solution. The excess hydrochloric acid 

v.ras titrated with approximately one-tenth no:rma.l standard sodium hydroxide 

solution using methyl red as an indicator. 

Moles bmonia in Mother Liquor: (25.00-m'n' )· N'V 
5000 

where m' 
n' 

N' 

: volume standard N/10 sodium hydroxide used, 
number ml. standard N/10 hydrochloric acid equivalent 

to one ml. standard N/10 sodium hydroxide, and 
normality standard N/10 hydrochloric acid solution. 

-.. 
: 
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Duplicate determinatl.ons differed as widely as 5 percent, parti

oule.rly when the ammonia value was low. The ammonia could not be 

determined directly by d1. sti.lla tion of the alkaline mother liquor wi 1:h.

out previous acid d1.sti.llation due to the interfer&ce of formaldehyde. 

Neither could the ammonia be accurately determined if the preliminary 

steam distille.ti.on were carried out in the absence of a fevr drops of 

sul.furic acid. It appears that, while most of the ammonia was present 

as ammonium nitrate, some was present as ammonium acetate and that am

monia could be slowly distilled from the neutral solution. Thus if the 

steam disti.llat:Lon were carried out in the absence of sul.furic acid, 

some of the ammonia would appear in the distillate as hexamine. This 

was shown by precipi 1:a tion of the iodine complex. .L t oa.n be seen that 

this procedure would cause an error in the formaldehyde determination 

as well. 

Ni trio Acid;- Ni tn.o acid in the mother liquor falls into 'two cate

gories; free and combined nitric acid. The free nitric acid is that 

which can be directly t:l.trated with alkali; the combined nitric acid 

is that which 1s present in the form of salts as, for e:u.mple, in am

monium ni tra.te. 

Free Ni trio Acid;- The free ni trio acid in the mother liquor 

was determined by tL tra.ting lOO ml. of the diluted mother liquor 

with approxima. tely one normal standard sodium hydroxide solution. 
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The standard alkali was added rapidly until the pH of the solution •s 

about 1.75 {Beokmann pH Meter); the alkali was thEil added in a number 

of small constant volumes {e.g. 5 drops) • the pH being determined after 

each add1.t1.on. This procedure ms continued until the pH of the solu ... 

tion approximated 2.75. The change in pH (.o.pH) 'WB.s calculated for 

each addJ.tion. and the addition which gave the greatest value for.ApH 

was considered to be the end point of the ti. tre. tion. The end point 

for a typioa.l run is illustrated graphically in Figure 4 .. 

Moles free Ni trio Acid -

where m" 
N" 

: volume standard B/l sodium hydroxide used. and 
:. normality standard N/1 sodium hydroxide. 

The method of differential ti. tra tion is considered by this re-

sea.rcher to be superior to the method of Baohnann of the universi 1zy" ot 

Michigan { 61 ) for solutions which vary so widely in quantJ.. ty (0-3 
>/( 

moles per mole of hexamine) and quality (ammonium and methyle.mmonium) 

of ni tre.tes present. Since the nitric acid excess in these series 

or runs v;as small (less than 0.06 moles in most oases) • the error in 

its esti.ma. tion was correspondingly large. A deviation or 10 percent 

might well be expected although. in practice, deviations of greater 

than 5 percent were not encountered. It should be r6Jl8.rked• 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 
Bachmann runs in which methylamm.onium nitrate is used. 
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used in setting up Figure 4: if this portion were too small, the ourve 

would flatten out and a poor end point would be obtained. :Many ti. tra-

tions did not give the sharp end point of the one illustrated above and, 

in these oases, it was necessary to carry out a careful mathEI!lS.tical 

analysis in order to determine the end point. 

Total Nitric Acid {ielh Nitrate Ion);- Total nitric acid in the 

mother liquor was detennin ei by ni tron precipi ta ti.on. To 10 ml. of 

the diluted mother liquor was added 70 ml. of distilled vvater and 7 

drops of sulfuric acid. This solution was brought to boiling and 

one gram of ni tron dissolved in 10 ml. of 5 percent acetic acid was 

added. The resul ti.ng mi:x:illre 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 we:~.ghed, scintere:i-glass crucible, washed 1d th part 

of the filtrate and With 10 ml. of ice water in 2 ml. portions. The 

scintere:i-glass crucible and its contents were then drie:i at l05°c. 

f'or one hour, cooled and weighed. 

Moles total Ni trio Acid -- 0.000266 wv 

where W : weight of' ni tron nitrate. 

Some criticism has been directed at this method of analysis due 

to the solubility of ni tron nitrate in cold 'Wfiter, to the insolubility 

of nitron nitrite and to the occlusion of' nitron acetate. Wlu.le 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 analytiaal conditions are 

carefully controlled. 

Combined Nitric Acid:- Combined ni trio acid was determined by 

difference: 

Moles combined Nitric Acid = 
Moles total Ni trio Acid - Moles free Ni trio Acid. 

Acetic .A.nhydrid!; .. The material balance of the acetic acid .. 

acetic anhydnde part or the systEIIl under study could have been sa.tis• 

tactorily made wi th.out determining the quantity of unreacted acetic 

anhydrJ.de present at the End of the r-.ction. 'lhis, however, is an 

interesting f'a.c'txlr and was investigated for sEWeral concEntrations 

ot ammonium nitre. te. 

After a number of new methods were explored (potentiometric ti tra• 

tion with water, titration nth aniline using trinitrobenzene as an 

indicator., and differential ti t:ra.tion with aniline and water using 

phenolphthalein as indicator), it was decided that the tEIIlpere.ture

rlse method** presented the greatest possibilities. Since sampling 

of' a two phase system can never be entirely satisfactory, it 19liLs desed 

* Acetic acid is not considerEd '00 r-.ct and, in the material 
balance calculations~ it is supposed that it is recovered 
quanti tati. vely. 

** The original method, based on the h-.t of eydrolysis of acetic 
anhydride in the presence of sulfurlc acid, was developed at 

the st. Maurice Chemicals eo., Shaldniga.n Falls, P•ct• 
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necessary to perform the analysis on a complete run. Actually three. 

and preferably four. runs (separate and distinct from the runs on 

which the other material balances were carried out) were necessary 

to dete:zmine "the acetic anhydride excess at any one concentration of 

ammonium nitrate. These runs are detailed in the following paragraphs. 

1. To a regular run. cooled to 25°C. without dilution. was 

added 3 ml. of anhydrous sulf\lric acid. When tsnperature 

equilibrium (at 25°C .) had been attained between the well-stirred 

pot and the well-sti.rred water bath. 25 ml. of water at 25°C. was 

added and the change in temperature was observed. This change in 

temperature.~T • was considered to be due to the heat of dilu• oe 

tion of the system. ~To• and to the heat of' hydrolysis. ~Te" of 

"the acetic anhydride excess. e ml. 

2. To a regular run, cooled to 25°C. vd thout dilution, were 

added 3 ml. of' acetic anhydride and 3 ml. of' anhydrous sulf\lric 

acid. When tEillperature equilibrium had been esta.blished (as 

previously), 25 ml. of water at 25°C. was added and the change 

in temperature "1"18.s observed. This change in temperature, 

aT0 ( et-3), was considered to be due to the heat of dilution of the 

system, 6 T0 , and to the heat of hydrolysis, A ~e+3)' of the &;cetic 

anhydride excess., ( e~3) ml. 

where AT}' 

: ~To(e+3)- .6Toe 
3 

:: change in tEIDp erature due to the hydrolys1.s of 1 ml. 
acetic anhydride. 



173. 

3 • To a regular run, cooled to 25°C. w.i thout dilution, were 

added 5 ml. of' acetic anhydrJ.de and 3 ml. of' anhydrous sul:furic 

acid. WhSl tenpe:ra"b.lre equilibrium had been establish~ .. 25 

0 
ml. water at 25 c. was added and ATo{e1-5) was obtained where 

5 

The purpose of this run was to check the addi tivi ty of' 

tenpera"b.lres (intensity factor) in relation to the additivity 

of' the heats of hydrolysis (capacity factor). He.dA.T1' andAT1" 

differed by more than experimental error, a correction would ha.ve 

had to be introduced to compensate for the change in specific 

heat· or the change in heat losses with change in tanperature. 

have been ani tted. 

4. This run was a simulated rather than a true run. A synthetic 

mixwre containing zero excess anhydride was made up by woo.ghing 

out the quantities of pure RDX, BSX, ammonium nitrate, nitric 

acid and acetic acid as dete:nnined i'or 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 

treat~ as run No. 1 above. The change of tenpera"b.lre, AT0 ,in 

this case was regarded as being due solely to the hee.t of dilu• 

tion of the system. In this connection, the ammonium nitrate 
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concentration is very important since the A T0 :f'a.otor (which is 

actually a tanperature depression) seans to be largely due to 

the htat of solution of und1ssolved ammonium nitrate. 

Now: ATe :. A Toe - AT0 

and e = ATe 
6 T1 

ATl = 
where AT1' -+- flTl" 

when 

Calculating e to moles of acetic aneydride: 

Moles Acetic Anhydride = e :x 1.082 
102.1 

= 0.3180 (AT0 e - t.T0 ) 

In an actual cases 

0 
::-0.68 c. 6To(e+5) 

AT1• = 1.18°0. andAT1" = 1.19°0. 

and Moles Acetic Anhydride = 0.0355 

Due iD the very considerable amount of work involved in each 

determination. only a teNt oases were investigated. At the time that 

the work was carried out. the significance of' the ammonia. recovery 

curve wa.s not fully a.pprecia ted. and values for A T0 must have been 

in considerable error due to the false qua.nt~ ty of' ammonium nitrate 

added to the blank runs. This must have been particularly true for 

runs carried out with less than two moles of ammonium nitrate per 
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mole of hexamine. It is possible tha. t in a more extt:nsi ve investigation. 

calibration curves could be set up. An e:xam.ple ot' this is given in Figure 5. 

As mentioned previously, whether or not the unreacted acetic anby-

dride is determined, the matenal balance on the acetic acid-acetic an-

hydride part of the systEm can be made by ti tra. ting the diluted mother 

liquor for acetic ac1.do This titration was carr~ed out with approximately 

one normal s-tandard sodium hydroxide solution on 10 ml. of the mother 

liquor, diluted to 125 ml. wi. th distilled 'W&.ter. The t:nd point was 'taken 

as pH 8.9 as determined by the pHnuter. This represents the pH of approxi-

mately one-tenth normal solution of sodium acetate in water. It may be 

that at this pH, the ammonium nitrate prest:nt was eydrolysed to a limited 

extent, but since the ti tra. tion •s carried out rap1.dly and since the 

ammonium nitrate concentration was small at the high dilutions used 

(about o.oos N), this posnbility was dl.scounted • .Lt is a favourable 

sign tha. t no 11 fading" of the e::ui point wa. s observed at these dilutions. 

Moles Acetic Anhydride in the d1luted Mother Liquor as Acetic Acid* 

: 
mnN"V 

1ooo A • 0.466 

where m" • volume of s-tandard N/1 sodium hydroxide, and 

A = moles free nJ. tno acid presmt {as previously determined). 

The quantity 0.466 represents the acetJ.o ao1.d introduced into the system 

as such. 

* Actually represmts acetic anhydnde not consumed. See footnote 
on P• 202. 
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By taking into account the quantity of unrea.cted acetic anhydride 

present at the end of the run, a new figure is obtained representing 

the amount oi' acetic anhydride hydrolysed to acetic acid before dilution. 

Moles Acetic Anhydride Hydrolysed to Acetic Acid before Dilution 

• m"N"V 
lOOO 

A - 0.466 
... B 

where B • moles unreaoted acetic anhydride (previously determined) • 

It should be noted that in Table V, the figure shown is the latter 

wherever a value is given for the unreaoted aceti.c anhydride. Otherwise 

it is the former. 

An alternate method for the determina tton of a.cet1c aneydride pre-

sent in the diluted mother liquor as acetic acid oonsi sts 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 

w 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 oase the oaloulatJ.ons resolve to: 

Moles Acetic Anhydride in the Diluted Mother Liquor as Acetic Aoid 

--
and 

(25.00 - m""ntt")N"V 
1000 

2 
- c - 0.466 

.Moles Acetic Anhydride Hydrolysed to Acetic Acid before Dilution 

( 25.00 - mttnnntt )N"V 
1000 - c - 0.466 -- - B 



where m"" = volume standard N/1 hydrochloric acid used, 

n''tt = 

c ::; 

number ml. standard N/1 sodJ.um hydroxide equivalent 
to 1 ml. standard N/1 hydrochloric acid, and 

moles total nitnc ac1.d present (as previously 
detenni.ned) • 

In those runs which have a value reported for!::..!!. nitric acid, 

first method was used for the acetic acid ti. tration, in others, the 

alternate method was used. 

The agreEI!l.ent betvlreen the two methods is only fair, the second 

method g1ving values about 4 percent higher than the i'irst. One 

reason for thJ.s hes in the fact that any of the acetic acid present 

as ammonium acetate will not be titrated by the first method. J.n 

the second method, there l.s a 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 

t:t:at 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. l t J.s possible that some formaldehyde is oxidized 

to formic acid in the Baohman..'l ra1.ction l.tse1f, although this does 

not show in the formaldehyde balance. And again, it is possible 

tmt the nitrous oxide (wi. th which the d1.luted. mother liquor is 

sa"blra.ted) gives nse to a titrai:able acid of the HzNz02 type. 

Any one or a combina hon of the possibili tics would account for the 

high acetic anhydride balance. 

177. 



On the bas~s of the above calculating formulae, the difference 

(25.00-m»"n'tt')N"V - m"'N"V 
1000 

should represent the combinE:il nitric acid. It is interesting to 

observe that it ac'blally coincides more closely with -the "ammonia 

l78. 

recovered" factor. These t-11110, as is shovvn later, are not identical. 

This difference, th!Sl, indicates a method for determining the quan-

ti ty of ammonia 1n the mother liquor otiler than the one usE:ii in 

this series of experiments. This alternate method. however, depends 

on a small d1fference in two large ti trations and can thus never be 

as accurate as the alkaline distillation method. 

The exper1ments of uarmack (92) were conducted under essentially 

the same conditions and his analytical procedures. whl.le not identical .. 

were comparable to those used in this laboratory. 

The Ba.chmann procedure was a 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 con-

tinuously over a period of twelve and a half minutes a solution of 

33.6 g. (0 .. 240 moles) hexamine dissolved in 52.5 ml. of aceti" acid, 

150 ml. (1.400 moles) of acetic anhydride and a solution of varying 

amounts of ammonium ni tra.te in 75 g. (1.19 moles} of 97 perc!Slt 

nitric acid. The tanperature was maintained at 73-75°C. during the 

course of the addition and for ten minutes thereafter. The reaction 

mixW.re was then drowned in 600 ml. of hot d1stilled water and simmered 



on a steam bath for one and a half to two hours with stirring. The 

filterEd product was considered tx:> be BDX(B) containing 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 was detennintd on an 

aliquot portion of the filtrate~ Acetic acid and formaldehyde 

were expelled by prolongEd boiling with the occasional addition 

of water; the residual solution was made alkaline with sodium hy-

droxide ana distillEd into boric acid. 

In this laboratory fonna.ldehyde.t ammonia and nitric acid 

analyses were carried out in duplicate. mu: determinations were 

carried out in duplicate wherever possible. The Bachm.ann runs them-

selves were generally carriEd out in duplicate- the number of runs 

for a given case being indicated in the i:able of results.· 

2. Exp erimen:tal Results 

The results obi:ained in the above-described series of Baohmann 

runs are S\llllllJl.riZed in Ta.ble V. The results obtained in comparable 

experl.ments at the University of Pennsylvania(92) are presented in 

Table VI. All da't:a have been· calculated on the basis of one mole of 

hexamine. 

179 .. 
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Discussion 

The results of this 1nvestiga.tion a.re discussed in ihe following 

pages under these general headings# 

1. Va.ria.tion in yields of solid products, 

2. Recovery of rea.gents from the mother liquor, 

3. Material ba.lances, and 

4. Miscellaneous considerations concerning the reaction 
mechanism. 

1. Varia.ti.on in. Yields of Solid Products 

RDXJ• As the ammonium nitrate concentration is increa.sed from zero 

to two moles per mole of hexamjn e, ihe RDX yield increases rapidly from 

a small value to about 1.4 moles. J.. further increase in the mole ratio 

of ammonium nitrate results in a slow, linear increase in the yield of 

RDX {Figure No. 6). 

BMX=- As the ammonium nitrate concentration is increased, ihe HMX 

yield increases from a small value to a maximum or a.bout o.l moles in the 

region or 2.0-2.5 moles of ammonium nitrate. A further increase in the 

mole ratio of ammonium nitrate results in a. :fairly rapid deorea.se in the 

yield of EMX· The peroSlt EMX in the RDX(B) follows ihe same general 

trend as does the absolute yield of HMX but there are indieatl.ons that 

the maximum ocours a. t a somewhat lower cone en tra ti on of ammonium nitrate 

{Figure No. 7). These results agree with those of Winkler{68) • 

RDX(B} :• As the ammonium nitrate mole ratio is increased, the yield 

of RDX(B) increases to a. maximum in the region or 2.5 moles of ammonium 
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nitrate. falls to a 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 Ce.rma.ck( 92) ~Figures Nos. 9 and 11). 

185. 

There is considerable d:i.sagree:n.Ent concerning tile presence of' a 

minimum value of tile RDX(B) yield beyond tile two mole concentration of 

ammonium nitrate. This behaviour ba.s be!J:l observed by )[~Lean (99) 

(Figure No. 10) and by Winkler( 64) at MoGill University, as well as by 

Wright at the University' of Toronto{59) (Figure No. 11). Ca.rmack•s 

results (Table V.l) also 1ndioa.te the existence of tile minimum (Figure 

lio. ll} but the reproducabili ty of his experiments u not good( 92). 

On the oi:h er hand, Holston Ordnanoe Worlcs has been una.ble iD oonfirm 

tilis result in tha1.r pilot-plant work and Ba.ah:m&nn(61), in his e:rten• 

sive laboratory-soa.le studies, tailed to observe a. minimum. Furthermore, 

Winkler, on the basis of new data. alterei his original views(58). 

On the basis of experiments herein reportei. 1 t seans that the early 

maximum in the RDX(B) yield curve is caused by til.e mximum in the yield 

of BMX (which ooours somewhat earlier than the RDX maxi:mum), tlat the 

depression is ca.used by the decrease in Ha: yield and thAt the subse

quent rise is due to the slow increase in the yield of RDX. This u:

pla.nation is based an an e:x:amina.tion of Figures Nos. 6, 7 and a. 

!§;!:- As the ammonium nitrate concentration is incre!lsed f'rCill o.o 

to 0.5 moles per mole of hexamine, the BSX yield rena.ins cons-tant. As 

the ammonium nitrate mole I8.tio is further increased to two moles, 'the 

yield of BSX decreases fairly rapidly. Beyond this point the deorease 

in yield is slow and may be linear (Figure !Jo. 6) • 
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2. Recovery of Res.gEI'l.ts from the Mother Liquor* 

Formaldehyde:- As the ammonium nitrate concentration is inorea.sed, 

the amount of fonn.a.ldehyde whioh oan be recovered from 'the mofuer liquor 

decr-.ses very rapidly (and linearly) from " value of about three moles 

per mole of heD.mina at zero moles of ammonium nitrate to a constant 

value of about 0.75 moles at high ammonium nitrate concentrations. This 

minimum value 1 s reachei in the region of two moles of ammonium nitrate 

(Figure No. 12). The existence of the minimum suggests -that, EWEI'l. under 

idoa.l reaction conditions, some of the formaldehyde originally present 

in the heJI:Mline cannot be converted to RDX or HMX. If this consideration 

is valid, tile maximum theore·t:ical yield of RDX my be represented as 87.5 

percent on the formaldeeyde basis· This implies that,during the degrada• 

tion of he:mmine (supposing a two-stage mechanism), fol'S'Il&ldehyde 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 a.n excess of amnonium 

nitrate. 

With regard to the increased RDX yield, the decreased BS.X yield 

and the decreased formaldehyde recovery., it is interesting to note i::hats 

(1) at low concentrations of ammonium nitrate (i.e., less than 0.5 moles), 

fue RDX yield increases rapidly at the expense of the recoverable formal-

dehyde but not at the expense of -the BS.X yield; (2) at high concentrations 

1\ In this section, 'the term "recovery" signifies the quantity of a 
givf:Jl compound which can be shown to be present in the diluted 
(or undiluted) mother liquor. ln referring to the total recovery 
of a reagent {as in material balances), the terms "total recovery" 
and 11amou:n t of reagoo t 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 intermediate concentrations of 

ammonium nitrate, the RDX yield increases rapidly at the expense of 

both the BSX and formaldehyde. 1n term.s of the "oa.i:alysed ni trolysis .. 

synthesis" mechanism. this implies that small concentra.tions of am

monium nitrate do not affect the nitrolysis step {giving BSX) to any 

great extent, the RDX being produced chiefly by a synthesis process; 

an excess oi' ammonium nitrate. on the other hand• improves the ef

ficiency of the ca1alysed. nitrolysis step {giving RDX. as contrasted 

with the unca.1alysed nitrolysis step giving BSX) but does not result 

in increased synthesls, this process being comparatively efficient over 

the whole range of concentrations s'bldied. 

Ammonias- The ourve representing the recovery of SJ:Imlonia is one 

of considerable imporbl.noe 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 t'~rst observation that can be made with regard to the curve 

(Figure No. 12) is that. when no ammonium nitrate is introduced, about 

0.5 moles o£ ammonia is recovered trom the mother liquor per mole of 

heD.mine introducai. Secondly, as ammonium nitrate is introduced into 

the systsn in increasing quanti. ties, .!.!!!. ammonia is recovered fran. the 

mother liquor. And, lastly, the amount of ammonia recovered from the 

mother liquor continues to decrease as the mole ra.tio of ammonium nitrat-e 
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is increased 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 oan be quantitatively 

recovered. 

The results obtained in similar experiments at the University of 

Pennsylvania are shown in Figure No. 13. While, in general, ihe shape 

and significance of the ourve seem. to be the same as that shown in 

Figure No • 12, ihe curve is not as well defined and in almost fl'tery 

case the quanti. tor of ammonia recovered is higher than for a correspond

ing oa.se in Figure No. 12. The higher ammonia recovery as determined by 

Oa:nnack may be acoounte:l for by the slight differences in procedure used 

in the two laboratorieS• OEL.rma.ck, in his experiments, destroyed the 

BSX by hydrolysis in tile moi:her liquor "Wi i:hcut a ttsnpting to isolate it • 

.1.n this way any ammonia arising during the decanposi tion of the BSX 

would be caught or, alternately., rmy ammonium nitrate occluded in the 

BSX would be recovered. l.n this laboratory., however, the BSI. was iso

lated in the form of the crude solid product and was later destroyed in 

a :fume-off prooedure; a:m.:rronia from the above-mentioned sources would not 

be accounted for. While it has beEn stated that BSX gives no ammonium 

salts on hydrolysis (only oxides of nitrogen), the resu.lts presented 

here indicate ot..'l1.erwise. Alternately, it ma.y be that the crude product 

contains some (hitherto unisola.ted) canpound which ce.n give ammonia on 

hydrolysis. 

Now, it is evident that the ammonia. recovered from the mother liquor 
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when. no ammonium nitrate 1s introduced must originate in ihe hexamine 

molecule. J. t is :f'ur1:her evident that, since the quantity of ammonia 

recovered decreases, the quantity of "hexamine ammonia." appearing in the 

diluted mother liquor must deore&sfh This decrease does not take place 

abruptly, however, and in :fact there sesns no rea.son* to believe that 

this value has decreas~ to zero even in the region of large excesses 

of ammonium nitrate. 

These consider&tions are important since, as 'WELs stat~ previously 

(p. 157), if ammonium nitrate (or a substance analysing as amt110nium 

nitrate) is generated in the Ba.cbma.nn reaction, tile ratio of RDX produc

tion to a:umonium nitrate consumption will not be significantunless the 

ammonia generated can be quantitatively taken into account. A. t low con

centrations of ammonium nitrate it is cerbdn that amino nitrogen ori

ginating in the hexamine ma.y be distilled from the alkaline mot..'l').er liquor 

and would no:rmally (i.e., in the treatnunt of Da.vy(l6) and Carm&ck(92)) 

be considered as "ammonium nitrate not consumed". 'Whether this same 

thing occurs {on a reduced scale) at higher concentrations of ammonium. 

nitrate or not seems to be a matter :for controversy. 

J.n the opinion of the author, "ammonium nitrate" is generated by 

the hexamine (in either the undiluted or dilut~ mo1::her liquor) over the 

whole range of ammonium nitrate concentrations studied and, hence, the 

equivalence between RDX production and ammonium nitrate consumption as 

* see, however, ihe argum.ent of Ca.rmack(92) presented on P• 218. 
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determine:! by Da.vy and Ca.rmack is not valid. The reasons for this belief 

are two in number. The first is based on an examination of the ammonia 

recovery curve (Figure No. 12): nei 1:her in the work of Oe.rme.ck nor in the 

work herein reported has it been shown that the ammonia recovery drops 

to zero tor any concentration of ammonium n1 t:re.teJ in fact, it seems that 

the ammonia. recovery ourve would level off and beoome parallel to the X-

axis if the reaction liquor could continue to consume all of the ammonium. 

n1 tra. te introduce:!. As it is, the ammonia reoovery curve (B) oa.n be 

resolved into two component curves., one representing amino n1 trogen tran 

the he=.mine (B') and the other represEnting amino nitrogen from the 

ammonium nitrate (B")• This resolution indicates tblt (1) at low con

centrations of a.mm.onium nitrate all of the ammonium. nitrate introduced 

is consum~ .. {2) &thigh concentrations .. excess ammonium nitrate oan be 

quanti-tatively recovered and {3) at all concentrations of ammonium ni t:rate 

hex.amine amino nitrogen oan be distilled from the mother liquor. The 

first two indications may be rea.dily accepted. and in their accep-tance is 

some weight of justification for the third.. 

The second reason £or the a.bove-tStated belief is based on the unex

pected and unpredicted relationship between the :fbrma.ldehyde recovery and 

the ammonia recovery (Figure No. 15). l.n the region of high formaldebi)rde 

recovery {i.e., when mole ra. ti.o of ammonium. nitrate introduced is low), 

the qu&nti.ties of ammonia and formaldehyde in the mo-ther liquor decrea.se 

simul1aneously and in direct proportion w one ano-ther. This propor

tionality holds rigidly in the region of ammonium nitrate deficiency 

(i.e. o.oo-1.75 moles per mole of he:xamine) but, at the point where an 
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excess of ammonium nitrate is es'bablished, the curve is discontinuous. 

J. t is apparent that til.is discontinuity ms.y be directly attributed to 

the es'bablishment of an ammonium. nitrate excess and, this being so., it 

ms.y be stated that the amount of f'or.maldehyde recovered fr'Oll the mother 

liquor is proportional to the amount of amino ni trogm recovered which 

originated in the hexamine. Thus., since the formaldehyde ourve falls 

to a minimum. value, 1:he hexamine amino nitrogen curve (B•) must do the 

same. Further analysis of the experimental data will show that the 

rel.a.tionship of the recovered fo:nn.aldehyde to the recovered ammonia 

is not unique. Several other variables ms.y be shown in be related to 

the formaldehyde recovery, the ammonia recovery and to one anotherJ 

among these are the production of BSX, the quantity of amino nitrogen 

not accounted for and the quantity of nitric acid not accounted for. 

It should be pointed out that one asswnptian 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 aiii!lonium nitrate deficiency to the 

region of' ammonium nitrate excess. That there 1 s no di soon tinui ty in 

mechanism seems to be indicated by the :tact that there is no disoon

tinui ty in the magni inde of dependent variables while there is di s• 

continuity in the magni inde of independent variables. 

Carmack believes tha.t "ammonium nitrate" is generated (hexamine 

incompletely ni trated) in the reaction liquor only at low concentrations 
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of ammonium nitrate and hence that -the equivaltnoe betrreen RDX pro-

duction and ammonium nitrate consumption 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 reaction and will be 

discussed later (see P•217). 

J. t has been sta.t$.'!. -that if "ammonium nitrate" is generat.,-1 by the 

hexamine, a correction must be appli.,-1 if the ratio ofRDX production to 

ammonium nitrate consumption is to be valid. In view of the foregoing 

discussion, a.n EII!perical correction ma.y be formulated as followsJ 

c X - Co fx 

t; 
where Ox : moles he:mmine amino nitrogan-Yr in the diluted moi:her 

liquor of a run to which x moles of ammonium ni tra:te 
is introduced, 

00 : moles hemmine amino nitrogen in the diluted mother 
liquor of a run to which zero moles of ammonium. nitrate 
was introduced, 

fx : moles formaldehyde in the mother liquor of the former 
run, and 

f • moles formaldehyde in the mother liquor of the latter. 
0 -

The corr eotion Ox should be subtracted from ih e quan t1 ty of ammonia. 

recovered to obtain a value for the "ammonium nitrate not consumed" • 

For this particular series of runs Ox :r o.l67fx• The correction is 

small a.t high concentrations of ammonium nitrate. 

l: That is, amino nitrogen which origiMted in the heJOUnine rather 
than in the ammmium nitrate. 



The important question of ammonium nitrate consumption and o1:her 

aspects of the ammonia reoovery are discussed on pp.207 and 225. 
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Nitric Acids• lt has already been pointed out that nitric acid in 

the mother liquor may be present in the f'ree state or in the form of a 

salt. In Figure No. 16, 1:he recovery of f'ree ni trio acid, combined 

nitric acid and total ni trio acid are plotted against the mole ratio of 

ammonium :rd tra te. 

The quantity of free ni trio acid recovered tram. 1:he mother liquor 

increases slight}¥ as the ammonilD ni tra.. te concentration is increased 

(Figure No. 16}. This corresponds to a slight decrease in i:be amount 

consumed. This decrease is suoh that, at low ammonium nitrate conoen• 

trations, one mole of hexamine consumes 4.0 moles of ni trio acid while, 

at high concentrations, one mole of hexamine consumes 3.8 moles of nitric 

acid (Figure No. 14). These results agree with those of Bachmann( 61) who 

reported that between 3.8 and 3.9 moles of nitric acid are consumed in 

the normal Bachmann reaction. 

The curve representing canbined ni trio acid (Figure No. 16) closoly 

follows the curve representing recovered ammonia (Figure No. 17) • 'While 

the fo:nner is displaced. downwards somewhat over the whole range of am

monium nitrate concentrations, there seems little doubt tl'at the ammonia 

and combined nitric acid exist toge1:her in the form of ammonium nitrate. 

The slight differEnce between the two curves is probably due to the in

complete precipitation of nit:ron nitrate. It was originally thought 

that the nitric acid and ammonia might be present in 1:he form of hem• 
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mine dini tra te. J.n this ea. se the ratio betwem the two would be 1:2 

rather than lcl. The values of' the ratio are given in Table v. In 

four oases it approximates 1:1, in one aase it is 112 and in two 

oa.ses it is intemed:iate be'blreen the two other Tll.lues. J. t might sea 

that this ratio is inconclusive, then, but it is noter10rth;y tll&t those 

values of' the ratio which dma.te widely from. unity a.re derived from. 

the region of' low ammonia and ni tn.c acid recovery where !'JII&ll am.ly-

tice.l errors are magnified when the quanti ties are aa.lcula ted as ratior.h 

.Ln general, evidence is against the existence of he:mm.1ne as such in the 

diluted mother liquor and against the poesibUi tu of survival of' hexamine 

in th.e Bacbmann reaction. 

Acetic .A.nhydrideJ• The acetic a~ri.de may be detemined before 

dl.luti.an in which case a figure is obtained representing the acetic 

an}Q'dride which does not react. The acetic an}Q'dride may alao be 

detel!llined after dilution (as acetic acid) in which oaae a figure is 

obtained representing the acetic anhydride which is not conaum.ed.* 

The amount of' unreaoted. acetic anhydride present in the undiluted 

reaotLon liquor was determined only in a ff!IN' cases, and it may be tb&t 

these results a.re in considerable error. It was apparmt, howi!JV'er, that 

aa the ammonium nitrate concentration is 1ncreued the a:m.ount of' acetic 

anhydride not reacting decreased (Figure No. 18) • No relAtionships 

other than this quali ta.tive one are volunteerEd although they may well 

~ The distinction bewoen "reaction" a.nd "oonsurnption" lies in the 
tact that the f'onaor includes bydrolysi s while th.e latter does not. 
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exist. One result of these analyses was the discovery that. at high 

concentrations of ammonium nitrate. insufficient quantities of anh¥dride 

were being introduced to ensure an excess at the &d. of the reaction • 

.1n vi• of this :fact,. a naw series of runs W8.i8 carried out in order 

to show the et.f'ect of excess ~dride. These e:zperiments (hereinafter 

described) showsi increased yields of RDX tor high concentrations of 

awnonium ni.trate but in'18.lidated. none of the arguments sot forth here. 

The amount of acetio a.nhydride not conSUZ~Led during the reaction 

apparently increases as the ammonium. ni tra.te concetration is inorea.ssi 

{Figure No. 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 presence of interfering substances (see p.lV?) .. 

This error is probab]¥ about five percent which is of the same order of 

m.a.gni tude as the expectsi decrease in a.~dride consumption due to de

ore&sed BSX. foxmation. .1n view of the apparent laak of trend of the 

points in Figure No. 19. the coefficient of correla.tion beween the two 

ft.rlables was ca.lcula.ted and found to be 0.11. Fur.ther, the slope of 

the straight ll.ne whl.oh was considered to best dof'ino tile 11'1Lriation was 

found to be about 0.015. This slope corresponds w a decrease in a.n

hydr.ide consumption of 0.30 moles. The decr•se in BSX yield is about 

0.50 moles. 

3. Material Balancer; 

Fonnaldeb.~e~,~ The total recovery of forma.ldehyde (i •••• the number 

of moles of fol"l''l&ldeeyde a.ocountsi tor) and the percent recovery wore 
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oa.laulated from the yield of RDX, the yield of BSX, the yield of HM.X, 

e.nd the quantl. ty of for.me.lde~de recovered from. the d:i.luted mother 

liquor. The results of these oa.lculations are g1vc in Table V and 

the percent recovery is plotted as a 1'.mct:ion of the m.ole ratio of' 

am.moni um nitre. te in Figure No • 20 • 

These results indioa. te the. t at high ammonium. nitre. te cone entra tiona 

all of the fo:maldehyde introduced may be aeootmted fbr. At low concen

trations., however, a slight loas of formalde¥e is incurrl!!d corresponding 

t.o abOllt five percent of the formalde}\Yde introduced. The tact that fol'

maldehyde oa.n be quanti-tatively recovered at high mole ratios of IJD.I!Qniua 

ni tre.te is of considerable i~ortance since, once es-tablish. si, it may 

be used to gua.ge th.e accuracy of other analyses and can be used as the 

basis for new deductions • 

.a. t seems tba.t there are two possible explanations tor the loss of 

formaldehyde in runs of low ammonium ni t:rate concentration. The first 

is indicated by the results of a series of runs (hereinafter reported) 

in which the effect of varia.tian. in the holding tim..e after dilution "'U&s 

investigate!d.. .1. t wa.s found thll.t certdn, ea.sily-decanpoaa.ble by-products 

are present in the orude product of runs of low am.monium. ni tra.te conoc

tration. J.f the crude product 1s allowed to s'tand in con-tact with the 

diluted mother liquor, these by-products will completely decompose 

within three or four days at roan tsnpera.ture; the formaldehyde liberated 

in this decom.posi tion remains in solution in the diluted mother liquor 

and will be ti tre.ted during the tormaldehyde analysis. .a.f, however, the 
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crude product is filtered off before the by-product bas completely de

composed, this by-product decomposes in the air and the liberated for

mAldehyde is lost to the systan. At the time o£ the early material 

balance experiments, the significance o£ the long holding time after 

dilution was not fUlly appreciated and the diluted mother liquor was 

allowed to stand untiltered tor- about one day only. Thus, in runs o£ 

low a:mmoniU111. nitrate concentration, tormaldeeyde ma.y bave been lost to 

the air during the drying of the product. 

The second possible explanation is indicated by the results of a 

series of runs {hersina.fter presented) in which the effect of varying 

the reaction tl\lllpera.tu.re was studied. It was found tblt for runs in 

which no amm.onium. nitrate whatsoEJVer is present a slight loss o£ for

m&ldehyde is incurred at high tEIIlpera tures: thus at 60°0. all o£ the 

formaldehyde is- aooounto:l for, at 70°0. about 97 percent and at 80°0. 

only about 92 percent. Since the loss of formaldehyde seems to be 

associated with a. diminution in yield of both BDX and BSX, one my con

clude that the loss of formaldehyde is due to the oxidati.ve destruction 

of hexamine or some closely related compound. 'l'bu.s, in runs o£ low a.m.

monium n:i. trate concentration, formaldehyde may bave been lost by o:dda

tion ot the hemmine during the Bacbn.ann reaction. 

Ammonia~- The total recovery and the percent recovery of ammonia 

were calculated from. the yield of RDX, the yield o£ BSX, the yield of 

lKX and the quanti. ty of ammonia recovered from. the diluted mother liquor, 

rf!llebering that amino ni trogm is derived tro:n both the hexamine and the 
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ammonium nitrate. The results of 1:hese calculations are given in Table V 

and the percent ammonia accounted tor is plotted as a 1\mction of the am

monium. nitrate concentration in Figure No. 20. 

J.n contl.1Lst to the recovery of fona.a.ldehyde, the ammonia recovery 

varies lri.dely and is comparatively illlefficient. At zero conomtre.tion 

of ammoniUII. nitrate, only about 65 percent ot the amino nitrogen intro

duced is recovered. The percent accounted for rises rapidly until, at 

the two mole level of ammonium. ni tra.te, about 90 percSlt of the amino 

nitrogen introduced can be accounted tor. As the mole ratio of ammonium 

nitrate is increased still :fUrther, only a slight incre~.se in the percent 

recovery is observed. Essentially the same beba.viour was found by ca.rmack 

{Figure No. 21). Somewhat the same picture is obtained if' the quantity 

ot amino nitrogen not recovered is plotted against the mole ratio of am

monium nitrate (Figure No. 22). 

J.t is appa.rent from these observations th&t hexamine nitrogen is 

being lost w the systsn. J. t is also apparent that, as the ammonium 

ni tro.te concentration is increased, less heJCIUDine amino nitrogen is lost 

'bo the syst«n.. The question arises. at this point, as to whether amino 

nitrogc originating in the ammonium nitrate is lost either during or 

subsequent to the rtllott.on. J. t has alread¥ bee pointed out tba.t such 

a. loss would invalid& te the previously-determined .ra tt.os of RDX produc

tion to ammonium ni tra.te consumption since this loss was not quanti ta

tively 'taken into acoount. ca.rmaok(96) has shown that fonnaldeeyde and 

formald.ehyde-prod.ucing subs-blnoes intertere wi. th the recovery of' ammonia 
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.trom. the diluted mother liquor. This implies that, in runs of low mole 

ratios of ammonium nitrate (i.e., when a large amount of formaldehyde 

is available in the mother liquor), amino nitrogen which originated in 

the e.mmonium. nitrate escapes analysis. The opinion has already been 

express~ by the author. however. that under these reaction oondi tiona 

all ammonium. nitrate introduced is consumed anyway. Tba.t a.mm.onium 

nitrate ca.n be destroyed by reaction 1'11 tb. acetic anhydride is beyond 

questionJ tba t amm.oniWil ni tra. te is destroyed by concentrations or 

acetic anhydride prt!lft.iling in the psa1de-continuous Bachmam.n rea.ction 

is e:x:trsnely doubtful. The reasons for tb.is belief' are a.s tbllows~ 

(a) J. t has been shown {Figure No. 22) that, as the ammonium 

ni tra.te concentration is increased f'or a given concen

tration of' acetic anhydride, less a.mino nitrogen is un

accounted for. 

(b) As the acetic anhydride concentration is increased for 

a given concentration of ammonium nitrate, less amino 

nitrogen is lost to the syst•• (Compare Table V and 

Table VJ.II) • {See also Figure No. 41.) 

( o) The amount of amino nitrogen unaccounted for in the 

Ba.cbmann reaction is roughly proportional to the quantity 

of BSX produced (Figure No. 23). This relationship would 

be unlikely if ammonium nitrate were being destroyed by 

the acetic anhydride. 

The manner in which amino nitrogen is lost to the system. forms an 

interesting topic tor speculation. Closely linked with this is the 
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question of the presence of distillable amino nitrogen in the diluted 

mother liquor of a run to which no a::mm.onium. nitra.te has been added. 

In the opinion of the author, the amino nitrogen which oa.nnot be 

accounted for in the material balance is lost to the systs through the 

formation of iniaola.ble ni tramines which decompose upon dilution to give, 

in part, nitrous oxide, fol".!Daldehyde and acetic acid. This may be illus-

tra.ted by the example of the diace'tate of dimethylolni tramine: 

OHsCO..O-aH2-v·CB2..0-00CH3 + H20 -+ N20 + 2CH20 + 2CH3COOB •. • • • • 207 
N02 

.1t is also the opinion of the author that the presence of distillable 

amino nitrog('lll in the dilut~ mother ll.quor of a run to which no am-

monium. n1 trate is introduced can be accounted for by supposing a:n. al-

temate type of decomposition for the diacetate of di:meteylolnitr&mine 

(and similar compounds).: 

'Wbile this t.vpe of decomposition 1s not general for nitramines, it hAs been 

reported that RDX is decomposed in dilute alkali to give amnonium. ni tra.te 

along with nitrous oxide{ lOO) • 

S.:>m.e support tor these postulated decompositions lies in the proper-

ti.onality of {1) the amount of amino nitrogc unaccounted for, and (2) 

the amount of he»UD.ine a.mi.no nitrogen in the diluted mother liquor~ to 

the calculated amount of easily-decomposable ni tram.ines (Figures Nos.25 

and 24). This latter factor is obtained by aasum.ing that the two typea 
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ot decomposition shown above represent the fate of all ot the ea.sily

deoamposa.ble n1 tram.inesJ the number ot moles of hexamine amino nitrogen 

in the mother liquor plus the number of moles of amino ni trogan unac

counted tor is thus ta.ken as the number of moles ot ni tramino nitrogen 

present in the easily-decomposable ni tramines. 

Further explanation ot Figures Nos. 24 and. 25 is necessary. If, 

instead of the hexamine amino nitrogen in the mother liquor, the total 

amount of ammonia in the mother liquor is used, it will be observed tlat 

as the reaction passes from a condition of ammonium ni tra. te def:i.oi enr:y 

to a. oondi tion of ammonium nitre. te excess. the curves in both Figures 

Nos. 24 and 25 show discontinuity. J.£11 however, only the amino ni trogeu 

an sing from the hexamine 1 s considered (as estimated from curve B' in 

Figure No. 12), the curve is not cb.sconti.nuous and the proportionality 

holds throughout the range of ammonium nitrate ooncentrat:i.ons investigated. 

Further support for the postulated decomposition represented in 

equa ti.on 208 is found in Figure No. 15 where the amino nitrogen present 

in the diluted mother liquor is plotted as a f\mction of the ava1la.b1e 

fo:rma1dehyde in the mother liquor. Fonaaldehyde is produced i:n the de

oompos:z. tion ot the pos-tnlated eastly-deoomposable ni t:ramines and. while 

not all •£ the torm&ldeb¥de need be derived trom. 't2li s source. these two 

factors should be related. This relationship is observed i:n the pro

portionality of the quantity of hexamine &ml.no nitrogen to the quantity 

of formaldehyde in the diluted mother liquor. 

An alternate explanation for the loss of amino nitrogen. lies in the 
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postulation that heu.mine is oXidized during tile reaction to oxides 

ot nitrogen. This is considered unlikely. Other ax.pl.an.ations for the 

presence o1' amino nitrogen in the diluted mother liquors of runs to which 

little or no ammonium nitrate is 1ntroduced are possible. One of these 

explanations is that some of the hexamine introduced into the systsa sur-

vivea the treai2nent with acetyl nitrate or the Bacl::ld:Dn rea.gents and gc-

e:r&tes ammonia or methyl amine at some s-tage subsequent to dilutl.on. 

W1:Dkler(90) has shown,. howcrver,. that hexamine disappears in the reaction 

0 
liquor extranely rapidly even at 35 c. Further, experiments involVing 

the belated addition ot aJ~UJX>nium nitrate indicate that no appreciable 

.unount of hexa.m.ine survives treai2nent with acetyl nitrate. A second al-

terna.tive is that some rea.otion by-product or internudiate containing 

unni t:ra.ted amino nitrogen may generate ammonia subsequent to dilution. 

This ex:plana tion is not without merit. J.n particular, it is possible 

the tria.oeta te of trimethylolamine exists in the re~.cti.on liquor and 

that, due to its s)'Dlllletry, it is able to real.st the attack of nitrating 

agents. 

carmaok, in his series of papers {92, 93, 94, 95,. 96), dJ.s(J.lsses the 

ammonia balance in the Bachmann reaction in some detail. From the yield 

of RDX(B) and the qua.ntl. ty of ammonia recovered trom the mother liquor, 

he has calculated the total number of moles of amino nitrogen recoveredJ 

by au.btracting this from the number of moles of amino nitrogen introduced, 

a figure representing am1no nitrogen unaccounted for was obtained. It 

•s assumed that the amino nitrogen not recovered had escaped as nitrous 

oxide during the hydrolyS:Ls of the by-product linea.r ni tramines and,. on 
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this basis. the percSlt hexamine converted to linea.r compounds •s oal .. 

culated. When this figure •s added to the yield of RDX(B) (i.e. the 

percent he:a:amine converted to cyclic canpounds) • a nerr figure rE!presCJ.ting 

the percent conversion o£ hexamine to ni tl"&mines •s obtained. oarmack 

found that at high mole ratios oi' ammonium nitrate (i•e• greater than two 

moles per mole of hexamine), all of the he:x:amin e 1 s converted to ni tra

mines, but at low mole ratios, the conversion may be as low as 80 perce:1t. 

This behaviour is shown in Table VJ. and in Figure No. 26. J.n the work 

rE!ported herein, however, it was f:ound that at high mole ratios ot' a.m.

m.onium. nitrate figures were obtained representing hexamine conversions 

considerably greater tbaa lOO percent (Table V.U and Figure No. 26(b)}. 

cal'DI&ck' s discussion o1' the ammonia balance :favours the va.lidi ty of 

the equivalence between RDX production and ammonium. nitrate consumption 

as determined by Da.vy. a point o£ v1ew which is contested in this thesis• 

J.n the first place, it holds that, while at low ammonium n1 trate oonoen

tratl.ons heDm.ine is incan.pletely nitrated and the ratio betweEJD. RDX and 

ammonium. nitrate is meaningless, at high oonoentrati.ons, the hexamine is 

oompletely nitrated and the ratio is significant. And seoondly, Carmack 

points out that if hexamine conversions o:r greater tJ:lan lOO percent are 

observed 1t is 1nd1oati.ve of incomplete recovery of ammonia (or RDX) • 

J.n view of these statan.ents, the reasoning or (;ar.mack •s subjected to 

cri tioal analysis• 

J. t should first be snphasized that, while oarma.ck spea.ks of "hexa

mine incompletely nit:re.ted" and this thesis of "a.m.."DDnia generated by the 

heDmine", the difference in terminology or interpretation is not of 



.: 

'd 
CP 

~ 
~ 
0 
0 

~ 
·r-1 

il 
?< 

~ 
+> 
~ 
Q 

~ 

llOr-------~---------r---------r--------,---------~------~ 

lOO L------+----

80 

60~------~--------~ 

40~-------+---------r--

20 ~-------+-

Figure No. 26 0 
A 

Percent Hexamine Converted to Linear Compounds 
B. Percent Hexamine Converted to Cyclic Compounds 
c. Percent Total Conversion of Hexamine 

vs. 

MOles NH4N03 Introduced 

(Carmack) 

0--------~------~----------------~------~------.-o 1 2 3 

Moles NH4No3 Introduced 

N ..... 
CO 
• 



' l i I~ .auwl r~•t: la· ~ l.L.l.;A~ LJ_ L · ~R Alar:-.J 12la1 ;...... · B\Ac.i .... ~~-~ ,.~ "''· r'c~~.~, ... r ,...~~·~--rt •rr ... -,- : :!" ~~ .... c.E 
avr i-1. .,.., ~,... 1 li" · E-1 .a.l.o.l.. ... ~ltf ·r•: r 1 lA~ I r 1 

........ lrt• '""" f' •. (ljl1~ .-.. I• ;'10.,f'\ :0~: C.,,.,. ,- ·-j• g;£•j -~ !'' I ~·a.r- .. X. 

2.2.0· 

1-··~:.·1 ... ~~:~111itr.J ,.L~·~.~~~~ M' i cl· ~~~J~~:~j~~l~.·u:~~~ 
'.· 

111• £:W.. · -.t •~ ic o v £ R ti• I ~- I • I I ~•llvEtn·E.:a 
i,, ll ' ~ ·~ ' I : • . . : ~: - -~ •• ~ : I ! • ~ 

: .I I J l Jl~ '~ 1 
...j i tiC ·t )( 

· '~ ·.it -:~. ; -~.- l.= « r~· i .. ! i ~J ,~ ~~ i
1 

1 

; :! :.~~-- E. ·.: i :: ~: a -•~ ~-~:-f ;J • :1 i 
.... }• ~- ~- :- • :• !tl I• ~= 1t-i t-. ii • 
' ; .... ~lA~ 1.~ ' : I : I 'I p ... ~!! it ; -~ ·~- . .. p jlll[( I~ ill~ l!i~U"T 
-lf \ii•t~ .J,Itt .... ~ Gf5t I I il of41 1 • 7~ ~.!~ ~,_k . ~·~ ~~ I~ I' 
- 1f ~·ii ~t~ 111·1is =~:~r: ,·~aoJ•~ .,~ l ... l,.. ,.;~,.. ~t ~· :,r, .,,, 
' 3 !left~ 0 f~11ti ~" itflt~ u~ elo~ I '' 13' ...... i~ I: Hs 1·.. :q ~ 'f .. 

H ~ ~ •1u!'~ 'it jl!: '*~ If i• ol' it I '~ 13, • r. . ·r I ~·IS ~·~ ,_,,-~ '1'1 
15 ~ ~~~~ f11lit ·1i tf1~ f 'it~~~ 2: » :i.f1• rnr ~·r ··1 I Oil 18 

.,~ ~·::: :;~ :~: ~:~~:i:~~i!!:~: ~~~ ~* t,fs ~·: ::!: ~: 
i • .. ;~, tfiu;~~ ~11Ji;ilt ifJJ lt·~ •lh 31j5 ,:,.~ ~·J ,,~ "" 

T" ~ ·~· I ~1 ss .,,~31 .... ~ •jd it ,~ 'l~2. I iliA~ '~"i'li •'•)1 I .. 

I' 0 .. ·~ 1fl f & 2~ 'fJ.~ ill l~ 111·!2. lt iJ If j f; 7 12 ,;. 1'115 16·0 I 11 fs 'l 'I 

.~ i! .. ,:, 1·~~~, ~~ •.. t·.· .. ~ .. ~2.~. ..: .. , ~ ,~ •t•r- 12 ltJ ,i,.~ _,,., •. ~ .. " 
t: 1[ ~~-o:o 2.~' 11 6 ':• -~t•J• .. 11'~ •·t•IS '~ ~4 t2sls 1~. ·rS s-r 1 ~~ 1 • 
1' 31 ~1.0'0 1·11 '"1!1 1~2~ .. 3~ 0~2 I 5 I~ 1f J I .JrJ.• 1!1·~ rs-' I e S I 0& 

7i;l ~·110 jlijl 1•1i' '1(.5 i it! .... OfU ' I~ ~~ .. 1J 12 .. jS'Jitr -~~ I • ~ 'I 1 
tS! ltftt 3•~t ,._. I~&' ~.5'1 it t1l5 &jltil 1~1'1 lt.~l 1511 jH. Ill~ I IlD 

I' ~·00 3~8!• 1f-ll ~LJ.~ ... Sje •~113 '7t01. ~~irA. f! t·~ 1sj• !51 1 o:1 'f 1 



lf~--,------:--r---~2=21~. •:!" 
;:.q ,;, 

=~ .. ...J 

;J 

t;,l !,,\ ,, . . , 
--i 

e .::. 
\l:l (;rt 

f···.: !"ot; 

<r· 

,,., 
' 

·' 

··~ 

, ... 



222, 

t\mdamenta.limport&noe. The impori:ant fact is that amino nitrogen 

which onginatei in the hexamme appea.rs in the mother liquor • 

.1n ca.lcula.ting his yield of linEar nitram:ine, carmack used the 

following ba si o equa. tion: 

N(hexamine)+ N(ammonium. ni tra.te} : 

if(BDX(B)) + i'(mother liquor)-t- i( linear ni tramines) •••• •• A 

where if : amino nitrogen, 

and where the so-ca..lled linear ni ti8Jilines are assumed to have quanti-

ta.tively decomposed during the simmering process giving nitrous oxide. 

l t is obvious that the amino nitrogen in the mother liquor origin& tell in . 
both the heDmine and ammonium nitrate (although in a given run either 

of these :factors may be zero): 

if(mother liquor) : ifhex(mother liquor}+ if..n(mother liquor) •• •• • B 

where • hexamine amino nitrogen m the mother 
liquor, and 

= &.mm';)nium. ni tra.te amino nitrogen m the 
mother liquor • 

.1f it be assumed that the Da.vy mechanism is correct, then equation A 

may be wr1 tten 1n the following form: 

N(hexamine) : N(RDX(B)) + Nhex{mother liquor) 

+ if{ linear ni tra.mines) ••••••• c 

1n this oase, if the hexamine canversion is :found to be quanti tttive, 

the quantity of ammonia generated by the hexamine must be zero and the 



223. 

ratio ot RDX production to ammonium nitrate consumption \'ldll be va.lid 

tor this particular run. Furthermore, in this case, it the hexamine 

conversion is found to be represented as being gr-.ter than 100 percent, 

loss of ammmia. (or RDX) during analysis is implied. ~f, however, the 

meohanidll o£ the reaction is assumed to be a two-atage process (e.g. 

niti"Qlys1s and synthesis), the derivation of equation C tran equation A 

is invalid, since, for example, RDX may be produced without the incor-

pore. tion of two moles of heD.lll.ine amino nitrogen. In this case, the 

extmt of the hexamine conversion as calculated by Camaok is not sig-

nificant since it can tall below lOO percct when the nitrolysis reao-

tion predominates and ca.n rise above 100 percEilt when the synthesis 

rea.ction predomina. tes.-1:; 

As a result of the critical analysis, 'then,. it may be stated ttat 

Oarmack' s argument is not conclusive since he used his conclusion as a 

major prsnise. No ·explanation is volunteered for the fact that on cal-

culation he obtains figures representing a quantitative conversion of 

hexamine. ~n this connection,. however. 1.t should be pointei out that 

in Table VII, when the calculated yield of linear nitramines is added 

to the yield of RDX (not RDX(B)), a quantitatl.ve conversion of hexamine 

is obtained. Had Ca:nna.ck' s method of calculation been sound, it lVOUld 

ba.ve indicated that, 'While RDX may be produced by the mechanism of Da.vy, 

HMX is produced by a synthesis process and by & synthesis process alone. 

1\ r t should be pointed out, however, that the mere evaluation of the 
percfSlt conversion will not alone tell the extent of the Ui trolysia 
and synthesis steps since the lrhex{mother liquor) tactor is also 
important in this resp eot. 
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In view of the .tact that Cannack suggested that calculated he:xamine 

conversions of greater than lOO percent were indicative of a loss of am

monia, it is interesting to observe that the quantities of ammonia re

covered in experiments carried out in this laboratory were somewM.t less 

than those reported by Cannack. It is believed that, in vievt of the 

foregoing discussion, these values are not in error due to ammonia loss. 

but are indicative of a h1gher overall conversion of hexamine to ni t:ramines 

(in the terminology used by Carmack) or of an increased proportion of 

linear ni tramines as compared with cyclic ni tramines (on the basis of 

the explanations volunteered on P• 213). If Carmack1 s calculations had 

been valid, it would have indicated that linear nitl'!lii"..ines yield ammonium 

nitrate during the simmer process or that the crude reaction product con

tains some as yet unidentified product which either has a free amine group 

or else ca.n generate ammonia on hydrolysis. 

Ni trio Acid:- The total recovery and the peroen t recovery of ni trio 

acid were calculated fran. the yield of RDX, the yield of BSX, the yield 

of HMX and the total quantity of ni trio acid recovered from the diluted 

mother liquor. The results of these calculations are given in Table V 

and the percent ni trio acid accounted for is plotted as a fUnction of 

the mole ratio of ammonium 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 enabled the 
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prediction that the losses of amino nitrogen and ni trio acid e. re re

lated.• ni trio acid probably rea.ots with hexamine amino ni trogc to give, 

ult:lmately. nitrous oxide. This deduct;ton is in accord with the earlier 

postulation (p.213) that amino nitrogen 1s lost to the systEIIl via the 

deoom.posi t1.on of iniaolable. easily-b;ydrolyse.ble Jli tremines into ni i;rous 

oXide, tozmaldehyde and acetic acid. 

Acetic Anhydride~- The total recovery and the percent recovery ot 

acetic anhydride were caleulate::l tran the yield of BSX and the quantity 

ot acetic aeid in the diluted mother liquor. The results of these cal

culations are givm in Table V and in Figure No. 20. The curve repre

senting the quantity ot anhydride accounted tor is irregular and in many 

cases it indicates that more anhydride oan be recovered than •s intro

duced into the reaction. The reasons for this condition have alrea.dy 

bem pointed out on P• 177. No explanation is volunteerEd for the gen

eral shape ot the curve. 

4. Miscellaneous Consideze.ti.ons COnoel"'Jling the Reaction .Mechanism 

As ha.s alrera.dy bem indicated, the principle o~ect:lve of this 

resea.rch is the attempt to determine the validity ot the equivalence 

between RDX production and ammonium nitrate consumption (as presented 

by J.Avy and C&rmack). 

In Table v, six different possible values or the ratio are given 

for each of the sixteen concentrations of ammonium nitrate studied. 

The first set of three values 1 s based on the yield of RDX while the 

second set et 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 ra.tio of each set of three. ttuNOORR.• (Figure No. 28 ) • 

is derived by using the value for the ammonium ni tra.te consumption as 

obtained directly by difference= ammonium ni tra.te introduced minus the 

amino nitrogen recovered from the diluted mother liquor. This value of 

the ammonium nitrate cCl'l.sumption is givEil in Table V and is plotted as 

a fUnction of the mole ra.tio of ammonium nitrate in Figure No. 27 • .1t 

will be observed that, since at low concm.tra.tions of 8.Dll00nium nitra.te 

more a.mmonia is recovered than is ammonium nitrate introduced. the value 

of the ammonium nitrate consumption (and hence the value of the ratio) 

is negative. The w.lue of the ratio increases numerically to minus 

in:f'ini ty • is di scontimous, decr-.ses numerically from plus inf'ini ty to 

a minimum value of about 0.8 (at a concentration of 1.25 moles of am

monium nitrate per mole of he:xamine) and then incr-.ses slightly to a 

value of about 0.9. That ca.:nnack obtained the same resUlt is shown in 

Table VJ. and in Figure No. 29. 

The second ratio in each set of three. •ooRR..x• (see Figures Nos. 

30 and 31 for the ratios based on RDX and RDX(B) respectively) • is 

derived by using the corrected value for the ammonium nitrate consump

tion. As was shown previously (p.l98) • the corrected value is equal to 

the uncorrected value plus a correction. Cx • C0 • f:r/t0 • which is de

signed to compenaa.te for the tact that sane of the aDIIlonia recovered 

Only the ratio based on RDX(B) is shown. 
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came frc:m the hexamine rather than trom. the ammonium nitrate. The 

oor.reoted value for the ammonium nitrate consumption is given in 

Table V and is plotted as a function of the mole ratio of ammonium. 

ni trs. te in Figure No • 27 !' Using tbi s oorr ected value.. the 'Whole aspect 

of the ratio of RDX production w ammonium. nitrate consumption is al• 

tered. The value or the ratio increases slowly from o.s to o.s as the 

mole ratio o:t ammonium nitrate is increased from zero 1» four moles per 

mole or he:xamine. 

The third ratio in each set or three .. "CORR.li" (see Figures Nos. 

30 and 31 for the ratios based on RDX and RDX(B) respeetively), is de-

rived by using the corrected value for the ammonium. ni tra.te consumption 

as previously; an additional correction is made, however, by subtracting 

from the molar yield of RDX and RDX(B) a blank equal to the amount of 

RDX and RDX(B) produce:! in a run in which the mole ratio of amnonium 

nitrate is zero. The reason for this correction lies in the possibility 

that the RDX(B) produced in sudl a run arises by a different mechanism 

f'rcm the one which produces most of' the RDX(B) whs ammonium nitrate is 

present (e.g. direct ni trolysis). This correction rfllloves irregularities 

in 'the ratio in the region of low ammonium. nitrate concentrations. It may 

be that this correction is not justif'led at high mole ratios of ammonium 

nitrate, but it should be pointEd out that the correction is snall in 

"this region anyway. 

lJ:; .Lt should be pointed out that the corrected values of the 8JIIllonium. 
nitrate consumption (as shown in Figure No. 27) provide strong 
justifioa tion f'or the correction 1 tself' and for the theoretical 
considerations already presented wi 1h regard to ammonia recovery: 
the curve representing these values shows that, at low concentra
tions of ammonium nitrate, all of the amm;mium nitrate introduced 
is consumed. {See also Table V.) 



The conclusion "\:hat oan be reached by an examination of these da:ta 

is that the ratio of RDX production to ammonium nitrate consumption is 

not equal to unity over any wide range of ammonium ni tra.te concentra• 

ti.ons. Further, since ammonia may be recovered fr<Jil the diluted mother 

liquor when no ammonium nitrate is introduced, evtll the most carefUlly 

determined values of the ratio are open to question. Again• while there 

is no direct evidence that amnonium nitrate is being destroyei or con

sumed in side-rea.ctions, the :tact that not all of the amino nitrogen 

can be accounted for in terms of solid r-.ction products or distillable 

amino nitrogen ea. sts fUrther doubt on any positive conclusion that may 

be dra'Wll in this connection. And lastly, the arguments of Ca.:rmllck in 

favour of an equivalence be'twem RDX production and ammonium nitrate 

consumption may be shown to be inconclusive. In vieW" of these facts, 

there seans to be 11 ttle evidence to support any mechanism which assumes 

that the two moles of RDX are formed by identical or similar processes 

and these facts certainly do not exclude mechanism.s which assume that the 

two moles o:t RDX are fonned by diff'erErlt processes. 

lf one accepts a mechanism for the formation of RDX based on the 

two processes of ttoa.-t.lysed nitrolysis" and '*synthesis", 'the values of 

the ratio of' RDX production to ammonium nitrate consumption as herein 

detennined and corrected may take on real significance. While it is 

not possible to evaluate accurately the quantities of RDX produced in 

the Bachmsnn reaction by ni trolysis. catalysed ni trolysis 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 o1' the ratio, the more ei'ficiEil.t is the catalysed nitrolysis 

process \dth respect to the synthesis process• The values given in 

Table V oonfl.nn previous discussions: the catalysed nitrolysis process 

is inefficient at low mole ratios of ammonium nitrate but the synthesis 

process is efficitnt at all concentrations of ammonium nitrate. 

B· Effect of Simultaneously Varying the Ammonium 
Nitrate and Aoetio Anhydnde Concentrations 

It has been pointEd out (p. 204) that in the preceding senes of 

runs insufficient acetio anhydride was introduced to ens1re the presence 

of an excess at hl.gh mole ratios of ammonium nitrate. Three addJ. tional 

runs were carr1 ed out iX> show the effect of restoring the anhydride ex-

cess and are herein reported. In run 11 Table V, the ammonium nitrate 

mole ratio -was 2.44 and the a oetic anhydride mole ratio 'WI!I.s 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 7 .20, 7.70 and 8.20 respectively. 

The experimental and analytical procedures us6i were identical with 

those reported in the previous section. No analyses for total nitrate., 

free nl. trio acid, acetic aneydnde or acetic acid were carried out. 

The results of this senes of experiments are presented in Table 

VII! and are discussed briefly in the following pa11igraphs. 
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Discussion 

1. Variation in Yields of Solid Products 

For a g1ven ammonium nitrate concentration, an increase in the mole 

ratio of acetic anhydnde results in increased yields of RDX and RDX(B) 

(Figures Nos. 32 and 36), but there is an indication that the anhydride 

concentration is optimal. This does not agree with the results r~orted 

by other workers. 

The yield of HMX and the concentration of HMX in the RDX(B) decrease 

slightly as the acetic anhydnde mole ratio is increased (Figures Nos• 33 

and 34}. The yield of BSX decreases as the acetic anhydn.de concentra

tion 1s increased lFigure No. 36) • 

ln terms of a. mechanism based on the two processes of oa. talysed nit

rolysis and synthesis, these results indicate that the increased yields 

of RDX are due to the increased efficiency oi' the caialysed nitrolysis 

step 1n the presence of an excess of acetic anhydride. 

2. Recovery of Reagents from the Mother Liquor 

The quant:L ty of formaldehyde recovered from the diluted mother 

liquor probably does not vary appreciably as the acetic anhydride con

centration is inorea.sed {Figure No. 37). The quantl.ty of ammonia re

covered f'rom this source, too, varies but little as the acetic anhydride 

mole ratio is increased (Figure No. 39) • 

3. Material Balances 

The formaldehyde balances in this series of runs are less sat:Ls-
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f'B.ctory than in the previous ser:tes. Of the three runs, one indicates 

a. balance of 104 peroe:1t and another, 98 percEilt (Figure No. 38). No 

explanation other than tha.t of experimental ina.ocura.oy is volunteered 

for this behaviour. 

The ammonia balance, too, is somewhat irregular but it seems that 

more amine nitrogen can be accounted for in terms of solid products 

and d1stillable amino nitrogeJ. when the acetic anhydride oonoentre.tion 

is inore&sed {Figure No. 40) • This same pio·bue is presented by Figure 

No. 41 where the moles anu.no nitrogen not accounted for is plotted as 

a f\motion of the ammoniwn nitrate mole ratio. !n run 2 Ta.ble VIII,. 

96 poroSl.t of all of the amino ni trogEI'l introduced could be accounted 

for: this represEI'lts one of' the highest reooven.es recorded in this 

laboratory. 

The percent he»UnJ.ne convertsi to linear ni tramines, the percent 

hexamine converted to cyclic ni trami.nes and the percEilt tota.l conversion 

of hexamine were oaloula ted according to carmack ( 92) {See also p. 217). 

It was found tha.t, in general, at higher concentrations of acetic anhy

dnde a smaller percenta.ge of the hexamine introduced was converted to 

linear ni tramines and a greater percen ta.ge to cyclic ni tra.mines (Figures 

Nos. 42 a.nd 43). The calculated peroEn t total conversion of hexamine 

was somewhat irregular but was invariably less than in the runs at lower 

mole ratios of acetic anhydride {Figure No. 44). .a.n terms of Carma.ok' s 

views .. this indicates better reeovery of RDX and of d1stillable amino 

nitrogen from the mother liquor. J.n terms of the vi 8W's presented in 
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the preceding section, however, it is ind.J.oa.tive of-

(l) decreased production of amino nitrogen during the hydrolysis 

of linear by-products, or 

(2) inorea.sed efficiency of the catalysed nitrolysis process as 

compared with the synthesis process. 

This latter interpretation is supported by other daUl. presented in this 

seot:Lon. 

4. Mi soellaneous Considerations Conoeming the Reaction Mechanism. 

As the acet:Lo anhydnde mole ratio is increased for a gJ.VEil con

centration of ammonium ni t:ra.te, the ap~rEilt consumption of ammonium 

nitrate (i.e. unoorrected) and the corrected consumption of anmonium 

ni tra.te decrease very slightly {Figures Nos. 46 and 46). Further, as 

the mole :ra.ti.o of anhydnde is increasei, all values (i.e. correct~ 

and uncorrected) of the ratio of RDX production to ammonium ni t:ra. te 

consumption increase (Figures Nos. 47-60). J.n runs 2 and 4 (Table VIII) 

the uncorrected values of the ratio approach unity. These values SUP

port the arguments of carmaok, particularly s1noe they correspond to 

the "near quanti"b.lti.ve" conversions of' hexam1.ne as calculated above. 

In defence of the stand adopted in this thesl.s li•e• that no equivalence 

exists over any wide range of operating conditions), it should be pointed 

out that an increase in the efficiency of the catalysed nitrolysis pro

cess with respect to the syntheSJ.s process would account for both the 

higher ratio and for the calculated perc&t total conversion of hexamine. 

Thus, while the expenments with increased quant:L ties of acetic 

anhydnde changed the yields of solid products somewhat and altered the 
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ratJ.o of RDX production to ammonium nitrate consumption,. they in no way 

invalidated any of the theoretical oonsJ.dere.tions previously advanced. 

c. Effect of Tsnperatu.re when Zero Moles of 
Ammonium Nitrate J.ntroduced 

.&.n this senes of experiments .. the effect of varying the reaction 

tempera'blre between 40°0. and 80°0. for runs of zero mole ratJ.o of am-

monium. nitrate is investigated. 

The exper:i.men'l:al and a.na.lytJ.oal procedures used were identical with 

those reported in Section A above except that the tEI!I.pera'blre of the 

Bachma.nn reaotJ.ons was modJ.f'ied as indJ.cated in Table .LX and that, after 

dilution of the reactJ.on liquor, at least three days were allowed to 

elapse before fJ.ltratJ.on. The results of these expenments are presented 

in Table .LX and are dJ.soussed in the succeeding paragraphs. 

Discussion 

1. VariatJ.on J.n Yields of Solid Products 

As the reaotJ.on tenperature is increased (for runs to which no am-

monium nitrate is added), the yield of RJJX {and R.UX(B)) decreases (Figure 

No. 51). The yield which is always very small decrea.ses more rapidly 

at hl.gher tempera'blres. 
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Since the yield of RD.X:{B) is small6 HMX values cannot be accurately 

detenni.ned. While small values are reported 1n Table .LX for the HMX 

content of the RDX(B), l. t may be that these are 1n error and that, since 

the concentxat1on is small, Ellll.X may :£\l.il .to crystallize out of the 

diluted mother liquor at all. 

As the reaction tan.pexa'blre is increased, the yield of BSX deerea.ses 

(Figure No. 52). This decrea.se is more pronounced at high tan.peratures• 

2. Recovery of Ree.gen ts from. the Mother Liquor 

Fonnaldehyde:- As the reaction tenperature is l.ncreased (for runs to 

whl.ch no ammonium nitrate l.s added), the amount of recoverable formalde

hyde in the mother liquor remains relatively constant (Fl.gure No. 53). 

~~;-As the reaction tan.pera'blre is l.noreased, the quanta.ty of 

recoverable ammonia in the mother liquor rsnains constant (Figure No. 53). 

Cal"mt\ok (92,93 6 94,94,96) has siated that the presence of distillable 

amino nitrogen in the diluted mother liquor of a run into which no am

monium nitrate is introduced is due to the fact that hexamine is inoo~ 

pletely nitrated. An alternate explanation has been advanced in this 

thesis: the amino nitrogen is a product ef the hydrolytic decomposition 

of inisolable nitramines. The t'aot that the quantity of ammonia recovered 

from. the d1luted mother ll.quor does not vary with tEID.perature would seen 

to aonstJ. W.te some measure of support for the latter alternative. It 

seams unlikely th.a t heJ!Bmine would be ni tra ted to the same extent over 

the whole range of tEmperatures studied. On the other hand, the quanti -cy 
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of inisole.ble ni tra.mines produced (ass1.m1mg the hexanu.ne to have been 

completely ni trated) would be expected to rEJilllin consi:ant since the 

yields of RDX and BSX are relatJ.vely constant. The quantity of amino 

m trogEil produced on hydrolytic decom.pos1. tion of these ini solable 

ni t:ra.:mines would, then, be fairly constant also. 

On the basis of' ex.perimeni:al results previously reported {p. 195), 

it was stated that the ratio of' heDmine am1.no nitrogen* to furmalde-

hyde in the dl.luted mother liquor is a constant for all conoentrs.tions 

of ammonium nitrate. The values for the ratio obtained in this series 

of expenments, too, are relatively oona'tant (Table .1.X). The average 

value for the seven runs reported is 0.167. This compares with a value 

of' 0.165 calculated from Table v. 

0 
Nitric Acid:- As th.e reaction tenpers.1:ure is increased from 40 c. 

to 80°C. (for runs to which no a.mmonium nitrate J.s added), the amount 

of free (i.e. ti t:ratable) n1 trio acid lll the mother liquor increases 

slightly (Figure No. 54) • This corresponds to a slight deorea se in the 

amount of ni trio acid oonSl.mled (Figure No. 55). 

As the reactl.on tsnpera1:ure is inorea.sed11 the quantity of combined 

ni trio acid in the mother liquor deorea.ses {Figure No. 56). Since the 

quantJ. ty of ammonia in the mother liquor is cons-tant, and, sinoe it 'WILS 

previously postulated (p.l99) that the ammonia and the combined nitric 

aoid existed in the diluted mother liquor as ammonium ni trs.te. this faot 

* Amino n1trogEil which onginated in the he:xamine rather than in 
ammonium m tra. te. 



249. 

( . 
"'\ 

.f)_ 

u n (~ 

-. 



250. 

is rather startling. .L t was suggested that, if the ratio of ammonia 

to combined nitric acid were grea. ter tmn unity • hexamine dini tra te 

might be present in the mother liquor; this would indicate that he:xa-

mine had survived trea.iment with nitric acid and aoeti.o anhydride. 

Since, in this sen es of experiments, the ratio of ammonia to combined 

nitno acid {Figure No. 56) increases with temperature, this explanation 

would app~r to be invalid. An alternate explanation J.s based on a re-

consideration of the proposed mechanism of formation of the ammonium 

nitrate. 

The di stillable amino nitrogen in the mother liquor of runs into 

whJ.ch no ammonium nitrate is introduced is not presCillt in the undiluted 

reaction liquor in the form of ammonium nitrate since it wuld have 

gEilera.ted RDX. It has been postulated (p. 213) that it arises after 

dilution by the hydrolytic deoomposi tion of inisolable ni tramines such 

as the diaoetate of dimethylol ni tramine: 

N02 
I 

AcO-CH 2-N-CH2-oAo + 3H20 ----+ NH4No3 -t- 2 CH20 + 2 AoOH •••••••• 208 

l t may be supposed that these ni tra.mine link:a.g es result from the a. tta. ck 

of acetyl nitrate upon meteylenea.mine linkages: 
OAc 
I 

CH2 I 

AoO-cH2-N-CH2-oAc + AcON02 ~ AcO-CH2-~-CH2-0Ao + CH2(0Ao) 2 • .. 209 

N02 

Now, by analogy, if it be supposed that acetic anhydnde rather tbln 

acetyl nitrate is the active agent, an acetamine rather than a nitramine 

will be produced; 
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OAo 

' ~:H2 
AcO-CH2-N-CH2-oAc ~Ac20--+ 

rtmay be assumed that the aceblm.:i.ne will undergo an analogous hydrolytic 

deoamposi tion 1x> that of the ni tram.l.ne' 

••••• 211 

On the basis of these considerations it may be seen that amino 

nitrogen wi 11 be p reduced on hydrolysis of both ni tramines and aoetamines. 

while ni trio ac1.d will be produced on hydrolysis of' n1 tramines only. 

Thus there need be no equivalence between the ammonia and combined 

ni trio aotd. l t will be seen that the value of the ammonia -

oanbined nitric acid ratio 'Will be a semi-quantitative measure of' the 

number of methyleneamine linkages split by acetic anhydride rather than 

by acetyl nitrate. Since, in this series of runs. the value of' the ratio 

increases wi i:h increasing tanpera'bn-e (Figure No. 56), relatively more 

methyleneamine linkages are broken by acetic anhydride at high tanpera-

While they have never advanced the vi 6'N that ni tramines can decam-

pose in accordance w1 th equation 208 1 the above di souasion is in general 

agreement with the views of' the researchers at the University of Michigan{ 60) s 

11 It is probable that, in the simmer, both 
0 - acetyl and N-aoetyl canpounds are hydrolysed. 
When 0 - acetyl compounds hydrolyse, the quantity 
of aoetio acid is 1noreased but the nitric acid re
mains unchanged. The hydrolysis or N-aoetyl oanpounds, 
however, not only increases the amount of' acetic acid 
but liberates basic nitrogens capable of neutralizing 
free ni tnc acid. This increases the consumption of 
free ni trio acid. " 
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per&tures. This has not been observed. Nor does the ratio of unre-

covered amino nitrogen to unrecovered ni trio acid deorea.se. 

Acetic Anhydride:- The total recovery and the percent recovery of' 

acetic a.nhydride were oa.loula.tod as prttVioualy described (p. 225) and 

the percent recovery is plotted as a fUnction of the reaction tsnpera-

tu re in Figure No. 58. 

The recovery of' anhydride as herein described gives values in excess 

of lOO percent. This behaviour h&s been observed in other series of ex-

perimSlts a.nd reasons for this condition have been suggested on P• 177. 

D. Effect of TEmperature on 
Yields and Material Balances 
{4.74 Moles Aum.onium Nitl'tl.te) 

In this section, the variation in yields and material balances is 

investigated w1 th respect to tspera.ture for Ba.cbmann runs into 'Which 

excess ammonium nitrate is introduced. 

Experimental 

1. Experimental and Analytical Procedures 

In general, the same experimental and analyt:Loal precodures were 

used as were reported in section Ill A (p.l60). The Ba.ohmann pro-

cedure used was modified somewhat, however, and the reagents introduced 

into the systsn were carefully analyse:l where&s prmously i:hey were 

merely weighed in bulk:. Chronologically, this series of runs was the 

la.st to be carried out. For i:his reason and in n.evr of the careful 
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analyses performed, these experiments are probably somewhat more 

accun. te than others report~ herein. 

AnalySJ.s of Reagents:- Acet:Lc anhydride v.ras analysed by the dif

ferential alkali t1 tra tion of two weighed samples after solution in 

aniline and water. The strength o£ the acetic anhydride was found to 

be 99.2 percent. 

Acetic acid was ti·l;ra.ted with alkali and the total acidity (cal

culated as acet:Lc acid) was found to be 99.3 percent. 

The acetic acid - hezami.ne solution •s analysed £or (1) tot&l 

acid ( 61.3 percent as acetic acJ.d), (2) formaldehyde (37 .3 percent 

as heDJD.ine) and (3) amino nitrogen (37 .3 percent as hexamine). By 

difference it was estimated that there wa.a 1.1 percent water in the 

solution. 

The ammonium. nitrate- nitric acid solution was analysed for 

(1) total acid (44.2 percent calculated as nitric acJ.d) and (2) &m• 

monia (55.3 percent calculated as ammonium nitrate). By difference 

it was est:lm&ted that there W'8.S 0.5 perof!llt water in the solution. 

Baohmann Procedure~- The procedure wsed •s similar 1xl that con

tinuous,. three-feed addition technique previously described (pp. 121 & 

161). The procedure was modified with respect to the quanti. ties of 

reagents used. The pot was charged wi tb 25 ml. glacial acetio acid, 

5 ml. aoe'tic anhydnde and 2.5 g. ammonium. nitrate. To this charge 

were added 73 g. acetic anhydride, a solution of 14 gJ 1 •• hexamine dis-
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solved in 23.5 g. acetic acid. and a solution of 35.5 g. ammonium 

nitrate dissolved in 28.6 g. strong nitric acJ.d. On the basJ.s of 

these quanti tl. es and the analyses reported above, the exact mole 

ratios of reagents used were as follows: 

H e:x:a.min e 
.Ammonium N i tra. te 
N i tn c Acid 
Acetic Anhydride 
Acetic Acid 
water 

1.oo 
4.74 
4.50 
7.62 
8.32 
0.51 

The experimental procedure used was :further modJ.t'ied w1 th respect 

to tile holding time after dJ.lution• at least three days were allowed 

to elapse before £11 taring off the crude solid product. The reason 

for this will be apparent after examination of the results of section 

J..LI F• 

Analytical Procedures:- The analytical procedures used were iden-

tioa.l with those previously reported (section IJ.l A). New oa.librat:ion 

curves were drawn up for the RDX{B) and HM.X analyses, however. and more 

advantageous use of blank detexm.inations was made in tile analysis of 

the mother liquor. 

2. EXperim.S'ltal Results 

The results of the above-described serl. es of runs are presented 

in Table X and are discussed in the sucoeeding paragraphs. No attempt 

has been made to obtain a.n acetic a.nhydnde balance in view of the 

unsa. tistaotory results obtain$1 in other senes. 
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Discussion 

1. Va.riation in Yields 01' SOlid Producta 

As the reaction temperature is increase! from 40°c. to 70°C. 

(tor runs into which an excess of a.mmonium nitrate is introduced), 

the yields of RD.X, RD.X(B) and ma increa.se a.nd the yield of BSX de

crea.ses. The percent I:lMX 1n the RDX(B) rsn&ins relatively constant. 

(see Figures Nos. 59, 60, 61, 62). 

The most sig:nif:Lca.nt features of these curves are the great increase 

1n the yield of RDX(B) and the slight decrease J.n the yield of BSX in 

the region 40°C. - 50°C. This indi.ca.tes that the rate of the posiu

lated synthesis process (supposing a two-stage mechaniam) is increas-

ing more rapidly thlln is the ef'fio1.ency of the catalysed ni trolysis 

process• This is in accord with other sperimenta.l dai:a presented 

in this section. 

2. Recovery of Reagents from the Mother Liquor 

Formaldehydes- The recovery of forma.ldehyde from. the diluted 

mother liquor decreases rapidly to a cons1:a.nt value as the reaction tan

perature is increased (Figure No. 63). This obse:rva.tion is in accord 

with the above deduction that the rate of ihe synthesis process in

creases very rapidly between 40°C. and 50°0. 

Ammonia.:- As the reaction temperature inlcreases, the quant:J.ty of 

amino nitrogen in the dilutEd mother liquor decreases (Figure No. 63) • 
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!his is in accord wiih the increased ef'f1c1enoy of the whole reaction. 

In Figure No. 63, the curve represeting amino nitrogen in the 

mother liquor is broken down into two components representing ammonium 

ni tra.te amino nitrogen and hexamine amino nitrogen. !his resolutLon 

has been carried out on the basis of previous tileoretical discussions. 

(See PP• 195 and 213.) 

Ni trtc AcidJ- As the reaction tsnpera'b.lre is increased, the quan

ta. ties of wtal ni trio and oonb1ned ni tnc acids in the mother liquor 

decrease (Figures Nos. 63 and 64). These observations are in accord 

with the general increase 1.n the efficiency of the reaction. It is 

observed that, for all reaction temperatures, the ratio of amino 

nitrogen tD combined ni tnc ac1.d in the mother liquor equals uni V• 

This is not very significant from a theoretical point of view since 

such an equivalence sesned almost certain in view of the large excess 

of ammonium ni t:rate introduced into tile reaction. 

As the reaction tenperature is increased, the amount of free nitric 

aoid in the mother 11qu.or apparently decreases slightly (Figure No. 64). 

This corresponds to a sll.ght increase in the amount of ni tri.c aoid con

sumed (Figure No. 65) • Some doubt is cast on the validity of this ob

servation when it is realized that the analyses represent the consump

tion as be:Lng somewhat greater than four moles per mole of hexamine. 

This does not agree with the resu.l ts fo.nnerly obtained (Tables V, V.LII 

and .LX~ Nor does it agree with the observatl.ons ot Baohm.ann (61}. 
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3. Ma tena.l Balances 

Forme.ldehydes- The formaldehyde balance apparently increases sl1ghtly 

as the rea.ctl.on temperature is increas$i (Figure No. 66). At higher tsn

pera.'blres posi t:ive balances are obtained. 

Ammonia:- As the reaction temperature is increased, the quant:L ty 

of llml.no nitrogen that can be acoountei for in terms of solid re&Lction 

products and distillable amino nitrogen incre&Lses (Figure Uo. 66) • This 

is in genera.l agreement vdth the increased efficiency of the process as 

a whole. 

When the :material balance is made according t..o the method of carma.ok(92) 

(p.217), J.t is :round that the percent he:mmine converted t..o linear nitra.

m.ines decreases and that the percent he:mmine converted to cyclic ni tra.

m.ines increases (Figure No. (;){). While the calculated total conversion 

of heJ!8mine generally increases with increasing tenpera 'blre, the values 

of the individual results support the viempoint advanced in this thesis 

(p. 223) that, while these calculated conversions are a measure of the 

n extent of the ni trolysis of the hexamine'' and of the relative efficiency 

o1· the catalysed ni trolysis and synthesis processes (supposing a two-s'blge 

meah.anisn), they are not a measure of' the accuracy of the analysis of 

of the reaction products. As was previously pointed out, calculated 

conversions of greater than 100 percent are ind1eative of an efficient 

synthesis process as compared with the ea'bllysed ni trolysi s process. 

T~ experimEilta.l results indicate that at 50°0. the synthesis process 
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is very much more ef'f'ioiEll.t than is the catalysed nitrolysis process - -

the oaloul.a.ted total conversion of hexamine being high even though it 

is likely that the he:xamine is not "oanpletely nitrated.t'. At higher 

tsnperatures, the two processes appa.rEiltly proceed to approximately 

the same extent. 

Ni tno Acid:- As the reaction tenpera ture is increased, the quantity 

of ni trio acid accounted for in terms of solid reaction products and 

nitrate ion in the mother liquor decreases (Figure No. 66). Th1 s ia in 

agreement with the increased eff1cit:11oy 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 oonstl.-tntes support 

for the postulation (p. 213) that the loss of these two substances is 

due to the evolution of nitrous oxide on eydrolytic decomposition of 

the by-product. inisolable ni tra.mines. 

4. Miscellaneous Considerations Concerning the 
Reaction Mechanism 

As the reaction temperature is increased, the apparent consumption 

of ammonium nitrato increases fran a negative value (minus one-half 

mole) to a positive value of about 1.7 moles per mole of heJCllmine; 

the corrected~ value for the ammonium n1 trate consumption. however. 

increases fran a small positive value (Figure No. 68). 'lhe fact tha.t. 

* See P• 198 for the method of correcting the apparent consumption 
of ammonium ni tra. te. 
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on applying the snperical correction suggested in 1hi s thesis~ sig-

ni.f'.i.oa.nt values for the ammonium nitrate consumption are obtained 

over the whole range of tsnpera.'blres studied provides strong support 

for the theoretical considerations advanced wi-th regard to the re-

covery, consumption and material balance of amino nitrogen in the 

reaction (pp. 191, 207 and 225). 

In Table x, six different values for the ratio of RDX (and 

RDX(B)) production to ammonium ni tl1lte consumption are given for each 

reaction tsnpera.W.re investigated. The first set of three values is 

based on the RDX(B) yield while the second set of three values is 

* based on the yield of RDX· 

The first ra ti.o ( "UNCORR. ") in each set of three values is un-

corrected in any way and is based on the RDX(B) {or RDX) yield and 

the apparent consuuption of ammonium nitrate. It will be seen (Figure 

No. 69) that, as the reaction tanperature is increased, the value of 

the ratio increases numerically from a small negative value to minus 

infinity, decreases numeri. cally fr(lll. plus infinity to a f8.irly con-

sill.nt value representl.ng (approxim tely) an equivalence between the 

two factors. 

The second !1lti.O in each set of three {"CORR.I") is obtained by 

using the corrected value for the ammonium ni t:rate consumption. ln 

this case, as the reaction tanpera'blre is increased., the ratio :falls 

* Since the two sets 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 posi tave value to a. minimum (at approximately 

50°C.) and then :n.ses to a. constant value (Figure No. 70). 

The third ratio in each set of three ( 11 CORR .. II") is obtained by 

using the co:rr ected value for the ammonium ni tl1l te consumption as 

before and, in addition, subtl1lcting from the yields of RDX and 

RDX(B) the base value representing the yield of RDX obtained at a 

given tsnpe:raiure when no ammonium nitrate was present in the reaction 

(see Table IX) • The reason for this corr eotion has already been pointed 

out (p. 232). In this case, the graph showing the variation in the 

value of' the ratio with clllnging tanpera-ture is similar to the above 

ratio {"CORR.I") but is displaced dOlmwa.rds somewhat over the whole 

range of tflllperatures investigated. (Figure No. 70). 

The unusual shape of the curves shown in Figure No. 70 is very 

significa.nt. The initial high values in the curves show t:tat, at 

low tflllperai:ures, the catalysed ni trolysis process (even though very 

inefficient) proceeds to a much greater extent thl.n does the synthesis 

process. The rate of the synthesis process, however, increases very 

zapidly until, in the region of 50°C • 55°0 •• 1 t proceeds almost 

quanti tatavely J.n the short reaction times used and certainly to a 

greater extent than does the catalysed nitrolysis process at these 

tanperaiures: this is shown by the minimum in the cunes in Figure 

No. 70. The effJ.cienoy of the catalysed ni trolysis process, however, 

increases steadily until in the region of 00°C. - 70°C. it approaches 

maximum efficiency; the value of the ratio thus increases again until 
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a. region is reached where the two processes are relatively insen-

si ti.ve to tsnpera.ture and the value of the ratio re:nains constant. 

The f'ina.l value i>r the coiTected ratio indicates that the synthesis 

process produces sligh. tly more RDX than does the ea talysed ni trolysi s 

process under optimum conditions. 

The variation in the corrected ra.tio of RDX production to a.mmonium 

ni tra.te consumption with changing temperature was not unexpected. The 

initial high values of this ratio were prEdicted &a early as a ytJJJ.r 

be.fore these experiments were carried out in the reoogni tion (on the 

basis of independent experimental evidence) tla t RDX produced in low

tsnpera.ture runs of short holding time is largely the product of a. 

catalysed nitrolysis :rather tmn a synthesis reaction (p. 145) • Again, 

with refercce 1:o the rapid inorea se in the rate of the proposed syn

thesis process in the region of 40°C. - 50°C., the exceptionally high 

tsnperature ooef':fioifllt of both the MoGill and Ba.ohms.rm reactions at 

these tempe:ra.1ures has long been recognized. 

The rapid increase in the rate of the synthesis process in the 

region 40°C. - 50°C. is also evidenced in an examination of the curves 

representing RDX production, BSX production and tozmaldehyde recovery 

and was independently predicted on the basis of the calculated percent 

conversion of he:xamine (p.Ult-). 

An examination of all these data sh0'1118 that the ratio of RDX (or 

RDX(B)) production is not necessarily equivalEnt tD the ammonium nitrate 

eonsumption. The tact that at high tempera. tures the value of the un-
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corrected rat:l.o approximates unity constitutes sane support for the 

views of Davy and Cannaek. The successful interpretation of' the values 

of the ratio over the whole range of tEmperatures s'bldiei in terms of' 

the proposed "catalysed ni trolysis - synthesis" mechanism, however, 

oonsti'bltes support for the opposing views advanced in this thesis. 

The conclusion that may be reached, then, with regard to the mechanism 

of the reaction is that the values of the ratio obtained at different 

tan.pe:ratures do not exclude mechanisms l'lhioh assume that the two moles 

of RDX are formed by different processes. 

E· Effect of Holding Time before Dilution 
on Yields and :Material Balances 

(2.86 Moles Ammonium Nitrate, T!DP. 40°C.) 
(CABMAat} 

Carmaok (93, 94, 95, 96) has investLgated the effect of varying 

the holding time before dilution for low-tsnperature Baohnann runs. 

Exper1lllen tal 

The experimental and analytical procedures used were essentially 

the same as those previously described (p. 178). 

The Bachmann procedure •s modified with respect to tEmperature 

in that the runs were oarrie:l out at 35°C. - 40°C. The time of ad-

di t:l.on of the reagents w s 25 minutes instead of the 12.5 minutes pre-

viously reported. In addi t:l.on, the holding time between the completion 

of' the addition of the reagents and dilution was varied as indicated in 



273. 

Ta.ble XI. The concentration of ammonium. ni tra.te was 2.86 moles per 

mole of heJill.IIline. 

The results of these experiments are reproduc~ in Table XI and 

are discussed in the following paragraphs. All results have been cal

culated on the basJ.s o1' one mole of he:mmine. 

Discussion 

1. Yields of Solid Products 

The yield of RDX(B) incrf.fil.ses slowly w1 th an increa.se in holding 

time (Figure No. 71). This result -.s previously observed in this 

laboratory (Table III). It is believed that the initial yield of 

RDX(B) (i.e. the RDX(B) obillined in runs of very short holding time) 

is produced mainly by a caialysed nitrolysis rea.oti.on. The increase 

in RDX(B) yield with increased holding time is regarded as being due 

to a synthesis prooess. This process is slow at low tenperatures. 

2. Reeovecy of Reagents from the Mother Liquor 

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 

or some hours. 

3. Material Balances 

The qua.ntJ. ty of amino nitrogen accounted for in terms of solid 
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re&ction products and di sti.llable amino nitrogen remains constant 

(Table Xl) as the holding time is incree.sed• This indicates that, 

at these low tEmperatures, ammonium nitrate is not consumed in re-

actions other than those leading to RDX(B). 

No attempt has been made to oalculate the percEnt hexamine con-

verted to linear and cyclic nitramines or the percent total conversion 

of heDm.ine. In View of the comparatively large yields of by-product, 

inisolable nitramines (wiu.ch generate amino nitrogen on hydrolytic 

decomposition), the percent total conversion of he:xamine would be low 

and without significance. 

4. :MiscellaneOUs Considerations Conoeming the 
ReactJ.on Mechanism 

As the holding time before dilution is increased, the apparEnt 

oonswnption of am:nonium nitrate increases from a small negative value 

to a positive value of about 0.5 moles per mole of hexamine (Figure 

No. 73). It is not possible to calculate the corrected values for the 

ammonium nitrate consumption since no data on the formaldehyde recovery 

are available for these reaotLon cond1tions. 

As the holding time is increased, the ratio of RDX(B) produced w 

ammonium nitrate consumed increases numerically from a snall negative 

value to minus infinity, is discontinuous, and decreases numerically 

from plus infinity w a 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 ra.pl.dly .from a large posi t1. ve value to a :fairly oon

sUI.nt value som.evrha t below the 0. 7 level. 

Carmaok, in a discussion of these results., has failed w assign 

thsn any theoretical significance. He points out that they do not 

agree with the requirenEnts of the proposed Davy mechanism., but a.t>

tEmpts to show that the deviations from unity are due to experimenUI.l 

inaccuracies. He suggests., a.s a. 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 possibili t.Y as 

a.n unlikely one since it has beEn shown that the qua.ntl. ty of amino 

ni trogEil accounted for does not decr6lse with increased holding tlme 

(Figure No. 73). Furthermore, if this were true, it would invalidate 

many of the ratios at higher tsnperatures., data whl.ch constl.tute almost 

the only support for the proposed Da.vy mechanism. Carmack has shown 

that the presence of formaldehyde and formaldehyde-producing substances 

during the simmer interfere with the recovery of ammonia. Even if thl.s 

is so, however, it is dl.fi'icult 1:D see why the interference would be 

greater after long holding tl.mes (in the undiluted condi tl.on) since 

the quantities of formaldehyde and fol'lll8.ldehyde-producing substances 

are almost the same, if' not sanew'hat less, a.s a.t short holding times. 

Actually it seEms that, while the results may not be accurate in 

an ab so lute sEnse, the general trend of the ratio is beyond doubt and 

is of theoretical sl.gnif'icanoe. 
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It b&.s been postulated (p. 145) that the RDX(B) produced in low

tanperature runs of short holding time is generated mainly by a oa.U..lysed 

nitrolysis process• If' this is so, one would expect that the ratio of 

RDX(B) production w ammonium nitrate consumption would be very high 

since no ammonium nitrate is consumed in the ea talysed ni trolysi s re

action. l t b&.s been further postulated tha.t, as the holding time is 

increased in such a run, additional RDX 1 s slowly generated by a 

synthesis process. If' this is so, one would expect the ratio of' 

RDX(B) production to ammonium nitrate consumption to decrease since 

either two or three moles of ammonium ni t:rate are cmsumed in the for

mation of one mole of RDX. These predictions are in agreemEnt with the 

e:xperimental results of carmaok. 

It may be concluded, then, that for low tanperature runs, the ratio 

of RDX(B) production to ammonium nitrate consumption decreases with in

creasing holding time and is not equal 1:D unity over any wide range of' 

oomil. t:J.ons. This fact oarmot be accommodated by the symmetrioa.l fis

sion theory of Da.vy but is in complete accord with the requirements 

of the proposed "catalysed nitrolysis - synthesis" mechanism.. 

It J.s noteworthy tmt, J.f one calculates the increase in RDX(B) 

yields and the in or eased q ua.n ti t1. es of ammonium ni tra. te consumed in 

the later stages o£ the reaction (e.g. beyond the twEilty minute hold

ing per1od), in general, three moles of ammonium ni tra. te are consumed 

for each mole of RDX(B) that is fonn.ed. When based on Run 3, for 

e:xample, the average consumption for Runs 5 - ll is found to be 2.96 

moles ammonium nitrate per mole of RDX{B). {See Table Xi). This 
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:tact. which oa.nnot be explained on the basis of the proposed Davy 

theory. is one of the principal criteria for the existence of a 

synthesis process. 

F• Effect of Holding Time after Dilution 
on Yields and Material Balances 

0 
(Zero Moles Am.monium Nitrate; Tanp. 40 c.) 

In this series of experiments. the effect of' varying the length of' time 

between dilution of' the reaction liquor and filtration was investigated. 

In these experiments no am.onium nitrate was introduced into the reac

tion liquor. The reaction tanpere.ture -.s 40°0. 

One of' the principle objectives of this series of' runs was to gain 

sane insight into tile mechanism of generation of' the amino nitrogen 

which can be shown to be present in the diluted mother liquor or a 

run into which no ammonium nitrate is introduced. 

Exp erimenta.l 

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 nr and are 

discussed in tile following paragraphs. 

Discussion 

1. Variation in Xields of solid Produota 
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Total solids:- The variation in yield of total solids is a very 

interesting factor. J. t will be seen from Table XI I and from an eJC&.mi• 

nation of Figure No. 75 that the weight of solid products obtained 

w.hen the mother liquor is tlltereil immediately after dilution is about 

50 peromt greater than is the case when the mother liquor is filtered 

lOO 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 relationship. 

From these facts it may be concluded that some compound is pre

cipi tated on dilution of a crude Bachmann reaction liquor (into w.hich 

no ammonium nitre.te 'V'Ifl.s introduceil) whl.oh is not RDX, tfMX or BSX and 

tha.t this compound is unstable and will slowly decompose in the di

luted mother liquor. That the decomposition products of this compound 

a.re fonu.ldehyde, acetic acid, ni trio acid, ammonia and nitrous oxide 

may be sec from a more extensive examination of the material balance 

data. 

On the b&sis of the theoretical considerations of many workers in 

this field, it was postulated that this compound is bis-aceto:x:y:m.etlzy'lni tra.

mine (or, the diacetate of dimethylol ni tlWJlline), hereinafter designateil 

as~· At the time that this newpoint was t~rst reported, BAMN was 

unknown. Evidence tor its e:xistenoe in the crude reaction product 

{other than tm t reported in tlu. s section) was obtained and 1 s pre-

sented in an appendix to this thesis• SUbsequently '?fright (53) was 

able to isolate BAMN in 39 percent yield from thl.s source; the propel'\oo 
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ties of this compound corresponded to those properties predict~ on 

the ba.s:Ls of the ea.rli er experiments reported herein. 

RDX(B) ;- As the holding time after dilution is increased, the 

yield of' RDX(B) rEJllj..ins constant (Table XI.). This would be expects! 

since RDX(B) is siable to-wards dilute acids. It will be observed that, 

for the rtm. of one hour holding time, a somewra t smaller yield of RDX 

was obtained. This is believt:Ji to be due to a secondary ef':f'ect such 

as incomplete preoipi 'bltion. No ds.ta are available concerning the 

composi tl.on of' the RDX{B). 

BSXJ• In this series of experilnents it is assumed that the yield -
of BSX is constant as the holding time after dilution is varied. This 

assumption seems justified in that after 100 hours no further loss in 

yield of solid product is observed even though BSX is present. 

The value of' the BSX yield is -taken as b«Ulg the diff'erErloe between 

the weJ.ght of the crude product for runs of' long holding time (when all 

the BAMN has been destroyed.) and the Weight of RDX{B) (as detennined 

by a :f.'um.e-off). For a run in which the holding time after dilution is 

96 hours. it is oaloulated. that the yield of BSX is 0.512 moles, and 

after 120 hours, 0.517 moles. These values show good agreement with 

the oalculated yield of BSX of 0.51 moles ob-tained under similar con-

d1 tions in another ser1. es of' runs (Table .1X) • 

BAMN*: .. .1f the difference between the weight of' the crude pro

duct and the sum of the weights of RDX and BSX is oaloulatsi and is 

*: Bi s-acetoxymethylni tre.mine. 
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diVided by a fa.ctor of 206. a value for the molar yield of BAMN 

is obtained. These values are shown in Table Xli and are plotted 

as a .fUnction of the holding time after dilution in Figure No. 76. 

It will be seen that the yields approximate 0.6 moles for short hold

ing times and that these fall off very rapidly and approximate zero 

moles after 90 hours. The w.lue of 0.5 moles corresponds closely to 

the yield of BSX in the reaction. This might be significant since 

BAMN has bem posmlated as a by-product of BSX formation. On the 

other hand, the correspondence between the two values might be for-

1:ui taus and the initial yield of BAMN might be considerably higher. 

suoh a oond1.t1.on could be explained on the basis t:tat BAMN is the 

logic&l end-product for any degradation process or hexamine., ·whether 

or not BSX is produced. 

2. Recovery of Rea.goo.ts from the Mother Liquor. 

Formaldehyde~- As the holding time after dilution is inoree.s«L, 

the quantl. ty of formaldehyde in the mother liquor increa.ses to a oon

s'blnt value (Figure No. 77). The final value is attained after about 

10 hours s'blnding of the dilut«L mother liquor. The increase in tho 

quant:L ty of formaldehyde (provided that the correctEd ini t:tal w.lue 

is tUed - - see below) corresponds to about 30 percent of' the final 

value. Furthennore, this increase is estimated to be of the order 

of one mole. This is significant in that the calculated yield of 

BAMN is of the order or one-half mole. 

Reference has beoo made to the ••oorr eotei" ini ti.al value of the 
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recovered fonnaldehyde and it will be observ«i that in Table x.u 

run l alternate values are suggested for this factor" for the moles 

to-tal recavery of fonnaldehyde, for the percent formaldehyde ao

oounted for and for the ra.tio of amino nitrogen in the mother liquor 

w fonnaldehyde in 1:he mother liquor. These "co:rr' ectad" values are 

suggested ~n 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 extrapolation of the curves of the 

four, above-men:tioned variables. The values for these :tacwrs (wtn.ch 

are included parenthetically in Table XJ.), then, are the values ob

tained by ext:ra.pola.ti.on or the other experimental data. 

It should be enphasiz ed (1) tba. t 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 formaldehyde balance is thought to be 

adsorption of foxmaldehyde diacetate by the crude solid product. It 

has been pred.l.cted that t.hl.s compound will be formed to a greater or less 

extent in the modified Bachmann reaction into which no ammonium. ni tra. te 

is introduced. If this compound has any real existence in the Bacbnann 

reaction liquor, it will undoubtedly be hydrolysed very rapidly on 

d:l.lutJ.on. It 1.s possible, however, that one hour 1s not sufficiently 

long to allow complete hydrolysis. ln this case the methylene 

bisa.oetatewouldappearin the crude solid product (either due to 

precipi 1a tion or adsorption). On standing in air (in a moist or dry 

conch tion), this product would lose formaldehyde and aoet:Lo aoJ.d to 
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the atmosphere. Tlnls, formaldehyde which would normally appear in 

the mother liquor is lost to the systsn. 

SUpport for these theoretical considerations 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 anhydnde balance is 

much lower than usual 1f no account J.s taken of the postulated exis

tence of the formaldehyde diacetate. 

Ammonia:- As the holding time after dilution is increased, the 

quantl. -cy- of ammonia in the diluted mother liquor increases to a con

stant value (Figure l~o. 77). The final value is attained after about 

25 hours standing of the diluted mother liquor. 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 con

siderations (p. 213} which supposed tlll.t BA:MN decomposes slowly in 

the diluted mother liquor 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 ratio of amino ni trogan in the mother 

liquor to formaldehyde in tile mother liquor is a constant (1) as the 

ammonium nitrate concentration is varied (provided that an excess of 

ammonium nitrate is not presStt) and (2) as the reaction tenperature 

is varied when no ammonium nitrate is introduced. It will be seen 

that, as the holding time after dilution is increased, this ratio 

deorea.ses 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 detenuined in Table V and Table lX respectively. The 

value of the ratio is plottei as a function of the holding time after 

dilution in Figure No. 78. 

Ni trio Acid;- As the holding time after dilution is increase:!, the 

quantity of nitrate ion in the mother liquor increases (Figures Nos. 77 

and 79). The quantitrf of combined nitrtc acid also increases (Figure 

No. 79). The behaviour of both of these factors is in accord with the 

postlllate:i decamposi tion of BAMN in the diluted mother liquor. It will 

also be observed that, as the holding time is increased, the ratio of 

amino ni trogm to combined ni trio acid in the mother liquor rttnains 

relatively oons'bl.nt (Table ni). The fact that this ratio has a value 

grea.ter than unitjy shows that acetylation of amino nitrogec. has taken 

place during the reaction (see P• 250). 

The behavio,:- of the free nitric acid in this series of experiments 

is somewhat less certain. It seEDs as if there ml.ght be an increa.se 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 terms o:r the theoretical considerations 

thus far advanced. If this behaviour is valid, it corresponds to the 

genera ti.on of free ni trio acid on standing in the diluted mother liquor. 

Acetic Anhydride:- As the holding time after dilution is increa.sed, 

the quantii:zy' of acetic anhydride recovered from the diluted mother liquor 

as acetic acid increases (Figure No. 80). The final value seems to have 

bem attained after 24 hours standing. Using the extrapolated value 



? 
' \ 

r' \ 
\ 

\ 

~ 
.. : .. ; 

'' 

.. 

t • .. .. 

.. 
·, . . 

i .. 

I I 

60 

291. 

' . J 
lOO 

A 

B 
B = Comblnt~d )lltrtc Ad.d 

30 
:tr.,· Timt' A . .f'ter Dilutlon .... Hours 

60 80 100 

"" ... 

120 

120 

110 



for the one hour holding time, the increase in the quantity of anhydride 

approx:ima tes 0.8 moles. This agrees rea.sonably well with the decri!J!'.se 

in BAMN yield of about 0.5 moles. The behaviour, in general, is in 

accord with the other experimen Ui.l da u.. 

As has alrea.dy been pointed out, the value for the quant:t. ty of 

acetic anhydride in the mother liquor of the one hour holding time run 

as obtained by analysis differs considerably with the value obtained 

by ~ra.polation of the other points in the curve. The extrapolated 

value is included parenthetically in Table X.1.I. The deviation between 

the two values is thought to be due to the precipitation of methylene 

bisaceta te in runs of :short holding time after dl.lution. 

3. Material Balances 

Formaldehyde:- The number of' moles of formaldehyde accounted for 

and percent total recovery of formaldehyde were calculated from the 

yields of RDX(B), BSI and B.AMN and the quantity of formaldehyde 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. Bl. 

In six out of the seven cases, a formaldehyde balance of' about lOO 

percent 1 s indicated. This tact strongly aupports the postulation of' 

the precipitation and decanposi tion of bis-aceto.xym.ethylni tramine 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 formaldehyde balance ha.s been found to be a dependable criterion 

of the accuracy of the experimental methods used. 

ln the run of one hour holding time after dilution,. however, even 

with the difference between the total solids and weight of RDX plus 

BSX being calculated as .BAMN, only 90 percent of the fonnaldehyde in

troduced can be accounted for. This :fact sesns to indicate that the 

crude solid product probably con'ba.ins, in addition to BAMN, some com

pound with a higher :formaldehyde equi va.len t than BAMN. .1. t ha. s been 

suggested that this compound is met.hylene-bis-ace'ba.te and that it de

composes very rapidly on dilution to give :formaldehyde and acetic acid. 

This compound would probably decompose even after :filtration and the 

:formaldehyde evolved would be lost to the system. .Ln view of' this 

situation, a.n altel':"nn'lte value ha.s been obtained :for the amount of' 

:formaldehyde in the diluted mother hquor by extrapolating the ourve 

passing through the other experimen'ba.l points• .L:t' this value is used, 

lOO percent of the formaldehyde can be accounted for in this run, too. 

Ammonia:- The number of moles of ammonia accounted for and the 

perol!rlt to'b\1 recovery of ammonia were calculated f'rom the yields of' 

RDX, BSX and BAMN and the quantity of' amino nitrogen present in the 

diluted mother hquor. The results are presented in Table XI.L and 

1:he peromt a:nu.no nitrogen aooounted :tor is plotted as a function of' 

the holding time after dJ.lution in Figure No. 81. 

As the holding tilne a:t'ter dilution is increased, the quantity of' 
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amino ni troge:1 accounted for in terms of solid res.otion products 

and disti.llable amino nitrogen deorea.ses• This behav1our is in agree

mSlt wi. th. the pos-tulated deoanposi tion of BAMN with the evolution of 

nitrous oxide. 

Nitrto Acid~- The number of moles of nitric acid accounted for 

and the percSlt total recovery of ni trio acid were oaloulate:i from the 

yields of RDX, BSX and B.AMN and the quanti. ty of (total) ni trio acid 

present in the diluted mother liquor. These results are presented in 

Table XIJ. and the percEilt nitric a.c1d accounted for is plott;ed as a 

!\motion of the holding time after d1luti.on in Figure No. 81. 

As the holding time after dilution is increased, the total recovery 

of ni trio ac1d decrea.ses. This cor.responds to loss of nitrous oxide 

during the decornposi tion of B.AMlh This postulate is i'Urther supported 

by the fact that the ratio of anu.no nitrogen not recovered to nitric 

acid not recovered approximates unity. 

Acetic Anhydride:- The number of moles of acetic anhydride accounted 

for and the percent total recovery of acetic anhydnde were calculated 

from the yields of B SX. and BAMN and from the quan t:L ty of acetic acid 

presSlt in the d1luted mother ll.quor. These results are presented in 

Table XJ.! and the peroenta:Ceti.e' ac1d accounted for is shown as a func

tion of the hold1ng time after dilution in Figure No. 81. 

The percent wtal recovery of acetic anhydnde is calculated to 

be greater than lOO percent. Possible explanations for thl.s condition 
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have been advanced (p. 177). In spite of the obvJ.ous inaccuracies 

in the determinations, it is evident that the consistency of the 

resUlts is improved (1) by allowing for the press:~.ce of the postu

la.ted BAMN in the crude solid product and (2) by recognizing that 

the acetic acid w.lue for run 1 as detemined by analysis does not 

coincJ.de wi tb the value obtained by extra.pola tion of the other ex

penmen tal points and using this latter w.lue. These facts support 

the postulated generation and decomposition of BAMN and methylene

hi s-ac eta te. 

A survey of the data prescmted in th1s section of the thesis 

indicates that at least one, and poss1bl' two, compounds are produced 

in add1 t1on to RDX, HM.X and BSX in BachmAnn runs into which no al'll.lllOnium 

nitrate is introduced. These compounds are precJ.pitated on dilution. 

One of these appears to be hydrolysed vecy rapidly 1n the diluted mother 

liquor (i.e. one to six hours) and it is suggested that it is methylene

bis-aoeta.te. The other appears to be hydrolysed more slowly in the 

dJ.luted mother liquor (i.e. 24- 48 hours) and it is suggested that 

it is bis-aoetoxy:methylnitramine. At least one of these compounds 

appears to genera.te ammonia and ni trio ao1d on hydrolysis, although 

not in any SJ.mple stoiohiometnc quanti t1.es• Both of these compounds 

liberate formaldehyde and acetic aoJ.d on hydrolysis, apparently in 

nea r-qus.n ti ta. tJ. ve amounts. 

These indJ.cations oonst:L tute strong support for the theoretical 
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considerations wh.J.ch postulated that the amino ni trog«~. recovered from 

the moi:her liquor of a run in to which 11 ttle or no ammonium nitrate 

was 1ntroduced is generated during the hydrolyt:l.o decompos1. tion of 

low molecular we1.ght. ini solable ni tram.ines (p. 213). The streng-

thening of this postulate,in turn,adds weight ix> the stand that 

there is no equivalence bet'neEil. RDX production and ammonium nitrate 

oon sumpt:l.on over any w:i.de range of oond1. tions. 

G. Eft' ect of W1 thho lding Am.moni um. and 
l4onanethyl.am.monium Ni t.ra tea on 

Yields and Materia! Balance• 

In these ser1.es of experJ.menta .. the effect of belatedly adding 

various quanti. ties of ammonium and &DUne ni tra tea to Baohmann runs 

oa.rried out in the absence oi' ammonium nitrate is investigated. The 

effect of the tsnpera ture of the prelimJ.nacy reaotl.on involving acet:l.c 

anhydride, ni trio acid and hemm.me is also studied. Specifically • the 

follOW1.ng senes were earned out: 

(1) Prehmina.ry reaction at 40°c •• subsequct addition of 

va.nous quanti ties of ammoru.um n1 trate w1 th heating at 

(2) Prehmin&ry reaction at 700c., subsequent add1.tl.on of 

various quanta.t1es ot· amm.oru.um nitrate (ma.in·auned at 

( 3) Prel..Lllll.nary reaction at 40°c., subsequent addl.tJ.on of 

vanous quantJ.t:Les of monom.ethylarnmonium ru.trate Wl.th 
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As the va.n.a.t.t.ons of' the orJ.gJ.nal Ba.ohmann procedure increase in 

complexity, the dl.f'f'l.oulty of' interpreting the material balances in 

terms of' the various proposed meoha.n1.sms for the rea.cti.on increa.ses 

ra.pidly. Furthermore, as the ong1.na.l rea.ot:Lon 1 s mod:LfJ.ed more and 

more, the expen.mental results derived £ran these mod:L!'l.ed procedures 

are less and less sJ.gnifioa.nt tran a. pol.nt of Vl.ew of the on.gma.l re

action mechanism. For these reasons, the three series of experJ.ments 

are considered together rather than separately and not d1.soussed as 

exha.ustl.vely as has been the case in the other material balance studl.es• 

E:!cpen.men1:al 

1. E:!cperimental and Analytioa.l Procedures 

J.n general, the expen.mental and ana.lytl.oa.l p·rocedures used were 

the same as those described prenously (SectJ.on .LJ.J. A). Certa:Ln modi

fioatl.ons of the or..LgJ.nal Bachmann prooedure were instituted, however, 

in View of' the nature of the runs, and a new analytical procedure was 

introduced J.n order that separate values could be obta:Lned ror the 

am.Jn.onia &nd monamethyl.a.mine salts in the diluted mother liquor. Fur

thermore, in anticipation of' an extended stud7 involving the use of 

other amine nitrates, values l'Tere obtained for total ammonia and 

pnma.ry ammes (as distinct from secondary and tertiary amines) by 

the method of van Slyke. Since the other series of experiments did 

not materialize, these results are not reported and the analytiea.l 

procedure is not detailed here. 
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Bachna:nn Procedure~- The preliininary part of the run was carried 

out in the usual manner; nitnc acid, acetic anhydride and a solution 

of' h~mine in acetic acid were added slowly, proportionately and 

continuously to an ini ti.al charge of acetic acid, acetic anhydride 

and nitric acid. The "rea.ction tenperature" was eii:il.er 38-40°0. or 

68-71°0. (as indicated in the -tables of' results). After the oaupletion 

of the addition of these rea.gents, the reflction mixture was held on 

tanperature f'or an additional 20 minutes. At the conclusion of this 

time, a. weighed amount of ammonium ni tre.te or monomethyl.a:mmonium. ni tre.te 

was added to the reaction mixture and the whole was hea.tei as rapidly 

as possible 1x> 68-71°0. ("holding tenperatu.re") if it was not already 

at -this ti\Sllperatu.re. The mixture was held for 20 minutes and was then 

diluted with water and worked up in the uusual manner. 

AmmoniM- J.n the runs where ammonium nitrate was added in the 

second s-tage of the reaction., ammonia was dete:nnined in the diluted 

mother liquor in the usual manner (i.e. by distilling the a..mmonia from 

the alkaline solution after previous acid distillation) • In runs where 

monomethylammonium nitrate vas added, however, the above procedure was 

considered w be a. measure of the 11 tote.l ba.se" • and em:monia was deter

mined separately by a. modification of the widely-used nesslerization 

procedure. 

The Nessler rea.gent used was made up as follows; Five grams potas

sium iodide •s dissolved in 3.5 ml. distilleD water. and sa:b.lrated 

aqueous mercuric chloride was added to the point of incipient pre-
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oipi 1»-tion. Forty millilitres of 00 percent KOH was then added and, 

after 24 hours standing. the supem.atent liquid was decanted and stored 

in a. brown-glass bottle. 

The ammonia was estimated as follows. A one millilitre sample of 

the diluted mother liquor ooni:ain83. in a test tube 1Vf1s treated with 0.10 

ml. of the Nessler rea.gmt. If a precipitate {cloudiness) appeared after 

30 seconds. the mother liquor was greater than 0.006 N. with respect to 

ammonia. In this case 0.5 ml. <b.stilled wa.ter wa.s added to 1 ml. of 

diluted mother liquor in another test tube and 0.15 ml. Nessler rea.g«lt 

was introduced. If the solution turned cloudy. this ope:ra.tion was con-

tinued., the dilution of the mother liquor being increased 0.6 ml. per 

ml. and the quanti'Gy- of Nessler reagent by0.05 ml. The solution which 

. just gp.vea positive test for ammonia (i.e. precipi-tate) was con-

sidered to be approximately 0.005 N. with respect to ammonia. Then, 

Moles :lll'H3 in Mother Liquor :. 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 and the results 

must be aooepted with reserve. 

Jfr SUggested by W .. E. ·Scheer·, Technical Service Division, Commercial 
SOlvents Corporation. 
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One fUrther comment is necessary in connection with the analy-

t:i..oal results obtained 1n this section of the thesis. The formalde-

eyde and ammonia ( wtal base) analyses were not carried out by the 

author personally but by a technioian. A survey of the results will 

show that some of these values do not fit into series. 'While it may 

be tl:at, due '00 the complexity of the experimental procedure, these 

variations are genuine, there is a distinct possibility that they may 

be due '00 experimental error. Outstanding oases, then, are regarded 

with suspicion. 

2. Experimental Results 

The results of the above-described series of experiments are 

presented in Tables nn, nv and XV and are disoussed in the follow-

ing paragraphs. In gen.'eral, it is found advantageOus to oanpa.re the 

data in both Tables XJ. V and XV to the data in Table XIII. 

D1soussion 

1. Variation in Yields of' Solid Products 

RDX (RDX(B)):- For the belated addition of ammonium nitrate, 

the yield of RDX(B) increases to a. maxi.mum. as the mole ratio of am

monium ni tra.te is increased at both 40°C. and 70°C~ (Figure No. 82.) 

The maximum yield is appro:xinla.tely twice as great for the 40°C. nm 

* The tEillperatures refer to the preliminary reaction. 
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as for the 70°C. run. It is interesting to observe that the maximum. 

yield of RDX(B) in these runs bea.rs no relationship to the quantii:o' 

of amino nitrogen whl..eh would have been obtained on dilution of the 

mo-ther liquor just before -the time of addition of the ammonium nitrate 

(Table lX). :Run l, Table IX, shows tlat after holding the undiluted 

liquor for 20 minutes at 40°C., the diluted liquor ms an amino 

nitrogSl content of 0.63 moles; Run 4 Table IX shows that in the 

corresponding 70°C. run, 0.69 moles will be present. In the belated 

addl.ti.on runs, the maximum yield for the 40°C. procedure approximates 

0.5 moles while i:he 70°C. procedure approximates 0.3 moles RDX(B). 

It is ihus evident that the production of RDX(B) does not depend on 

the quanti tor of amino ni trogEil in ihe mother liquor (i.e. upon the 

"heJ!flmine incanpletely ni trated"). J.n view of' these facts, there can 

be no rea.sona.ble doubt concerning the validity of the proposed "syn

thesis" process under these reaction conditions and it seans highly 

likely that, in Bachmann runs into which no ammonium nitrate is 

introduced, the amino nitrogen in the diluted mother liquor is pro

duced during the hydrolytic decomposi ti.on of ini sola.ble, by-product 

ni tramin es, and i s no i; due -to the survi n.l of unni tra ted amino nit

rogen in the rea-ction liquor. 

For the belated addition of monaneteylammonium ni tra.te, the 

yield of RDX (RDX(B)(?)) increases relatively rapidly at the beginn

ing and -then more slowly as the mole ratio of monomethylammonium 

nitrate 1. s increased. l t seems that the two portions of the 01.1rve 

represent different mechanisms• The slow increase at high Slllt 
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ooncent:t:1ltions is probably due to the presence of ammonium. nitrate 

in the monomethylammonium nitrate. (See P• 147). The rapid initial 

rise (comparable in ma.gni blde to th.a t when ammonium nitrate is used) 

cannot be attributed to this cause, however. It may be supposed, then. 

that there survives a little precursor (corresponding to 0.07 moles 

RDX) whl.ch can give rise to RDX through a catalysed nitrolysis pro

cess. One other possibility also exists. The ini tia.l n se in RDX 

yield corresponds to,roughly,about 0.2 moles of ammonium. nitrate (by 

synthesis) • It will be observed th& t the ni trio acid excess intro

duced into these runs was of the order of 0.4 moles. In view of these 

qua.n ti ties, the possibility of ammonium nitrate being generated by 

interaction of nitric acid and monomethylammonium. nitrate cannot be 

discounted. This point may be tested experimentally, however. 

~~- J.t has been stated previously i:hat the .ftlte of the hexamine 

is decided in a very ffiW minutes after the start of the reaction in the 

absence of ammonium nitrate (p. 151). This 1 s not strictly true. For 

i:he 40°0. run, the belated addition of a small quantity of ammonium 

nitrate increases the yield of BSX. while the addition of larger quan

ia ties reduces 1 t to its original level. (Figure No. 83). Monomethyl

ammonium. nitrate has e:xactly the same effect. Tbis phenomenon is very 

interesting. particularly !'ran a point of view of' Linstead1 s mechanism 

wh1ch assigns to the ammonium nitrate the role of modifying i:he rea.o• 

tion liquor in the ni trolysis stage of the Baohma.nn reaction. 

For the 70°0. run, the belated add1tion of ammonium ni tl1lte de-
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creases the yield of BSX. This was unexpected. What is even more 

startling is the .fact that this decrease is equivalent w the increase 

in RDX(B) yield. Thi a is in direct contradiction to previous evidence 

(p. 151). No*explanation is volunteered for the very differEnt be-

haviour of tile BSX yield for the two ammonium nitrate series. 

2. Recovery of Reagents from. the Mother Liquor 

Formaldehyde:• 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):- Data concerning tile recovery of ammonia 

(total base) are presented in Figure No. 85. For the belate:l addition 

of a.mmonium nitrate, the quanti tu of ammonia in the diluted mo1:her 

liquor decreases at first and then increases as the mole ratio of am

monium nitrate is increased. This is true of both the 40°C. and 70°C. 

runs. The initial decrease in ammonia recovery is probably due to the 

decreased yield of by-product, ini solable ni tramines (see P• 213) re-

aul ting from increased ~thesis of' RDX(B). The later increase is due 

directly to the presence of excess ammonium nitrate and represents t;.lmost 

* The initial value of the BSX yield in Table XIV (Run l) seems to 
be extraordinarily high. This statem.Er>.t is based on an emmira
tion of results formerly obtained (Table II) and seems to be 
borne out by the i'act that the corresponding va.lues for the 
total recovery of fol'D'.aldehyde. amino nitrogen, ni trio acid 
and aoetic anhydride are all high. (These depend., in part, on 
the BSX yield). If this is so, the BSI yield decrease would only 
be "apparen-t?' and the results would coincide more closely with 
those predicted on the basis of previous experiments. 
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quanti-tative recovery of this excess. lt is also interesting to 

observe that the difference in level of the two curves (they are pa.ral

el a.t high concentra.tions of 8llllll.onium ni tra.te) represents a. consumption 

of 0.6 moles ammonium. nitra.te while the difference in level in RDX(B) 

yields is 0.2 moles (Figure No. 82). The consumption of three moles 

of a.mmonium ni tra.te per mole of RDX(B) formed is a. criterion of a. 

syn thesis reaction. 

For the belated addition of monan.eth;y'lammonium. ni tra. te, the be

ha.viour of the total base recovered from the mother liquor is essen

tially the same as that for corresponding runs involving the use of 

ammonium nitra.te if allowance is made for the grea.ter RDX yields in 

the latter series. The initial decrEase in recovery seems to be due 

to the slightly decreased yield of iniaola.ble ni tra.mines. The subse

quent increase represents a nea~quantiiative recovery of excess mono• 

methylam.monium ni tra.te. It is ra.ther s-tartling to observe, however. 

that extrapolation of the curYe to zero recovery of a:m.ino ni trogc 

shows that at least 0.4 moles of monometb.ylammonium nitra.te is con

sumed dur1ng the reaction. It i a not known whether this monometh;y'._ 

a:mmonium nitra.te unaccounted for is destroyed by the action of nitric 

acid or acetic aneydride, or whether it is consumed during the formation 

of RDX, BSX, MS[ or inisola.ble ni tra.mines. 

The resolution (Figure No. 66) of the toial base into ammonia and 

methyla.mines by the nesslerization tests shows that there is an initial 
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drop in ammonia concentration (posSl.bly due i:o decreased formation 

of' inisolable nitl'8lnines although this decrease seems to be too great 

to be accounted for in this manner alone) but that at high concentra

tions of' monomethylammonium nitrate about one-half' of' the ammonia ex.

peoted (on the basis of' comparison w.it.h Table IX) is still present. 

The recovery of monomethylamine (calculated by difference) increases 

slowly at first but more rapidly at higher mole ratios. These results 

show tlll.t there is a considerable loss of the amine nitrate; this loss 

is greater than 0.5 moles at high mole ratios of monomethylammoniu:m. 

nitrate. It is of considerable interest to note that tile van Slyke 

detenninations* indioa.te that all of the "wtal base" JI!:.&Y not be pre

sEnt as ammonia and primacy amine sa.lts in the diluted mother liquors 

of' the monanethylamm.onium. nitrate runs. 

Ni trio Acid;- Data oonceming the recovery of combined n1 trio acid, 

free ni trio acid and total ni trio acid are plotted as a :t\mction of the 

ammonium or monomethyla.mmonium n1 trate concentra.tion in Figures Nos. 88, 

89 and 8? respectively. The only significant feature of' these date is 

that the recavery of free nitric acid is appreciably hl.gher for runs in 

whi oh monom.ethylammonium nitrate is used. This eo rr esponds to deer ea sed 

ni trio acid consumption. 

The calculated oonsum.pt:Lons of' ni trio acid (moles per mole of 

hexamine x 0.25) are given in the tables. 

1\ Results not presented here. 
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The ratio or ammonia l total base) in the mother liquor to oan-

bined ni trio a.o1d in the mother liquor has been calculated for ee.oh 

run. The values of th1s xatio are all greater tha.n unity and all show 

an initial rise and subsequent deorea.se as the mole ratio of ammonium 
"ni.'tl-ate 

or monometlzy'lammonium.,.is increased. The deorea.se is undoubtedly due 

to the esiablislment of amine or ammonium ni t11Lte excesses. The initial 

increase indicates increased N-acetylation (rather than ni tra.tion) as 

the mole ra t:i.o of ammonium or monomethylammonium nitrate is increased 

(p. 250). The reason for this is not clear. 

A,oetio Anhydride:- Data concerning the recovery of acetic anhydride 

in the diluted mother liquor (as acetic acid) are presented in the 

iables but are not believed to be 11gnificant. 

3. Material Balances 

Formaldelzy'des- The number of moles of formaldehyde accounted for 

and the peroSlt toial recovery of formaldehyde were calculated as pre-

viously described (p. 204) and the results are presented in Tables 

XLII, Xi V and X!l. 

The calculated 'W.lues are scmewha.t more irregular than were ob

iained in other series• It will be observed that, for the 70°C. runs 

involving the belated addl tion of ammonium ni t11Lte, the quantJ. ty of 

0 
fonnaldehyde recovered is sanewhat less than for the 40 c. runs. This 

phenomenon has been previously observed (p. 252). J.n Table XLV, the 

initial value of the total recovery is unusually high: thi. s could have 
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beSl 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 percmt total recovery of total base were calculated 

as previously described (p. 207) and the results are plotted as function a 

of the mole ratio of ammonium or monomethylam:monium. nitrate in Figure No. 

90. 

The only significant result obtained seems to be that, whereas in 

the runs involving belated ad<h tion of ammonium nitrate the percent tota.l 

recovery of amino nitrogen increases, the peroSJ.t total recovery {of 

tota.l base) remains constant in runs involving the belated addi t:Lon of 

monomethylammonium. nitrate. The meaning of i:his is not clear. lt will 

be further observed that the initial value for the 70°0. runs involving 

the belated addJ.tion of ammonium nitrate is high. As has been pointed 

out in the case of the formaldehyde material l:alanoe, this derlation 

could have been caused by an error in 1:he BSX determine. tion • 

.ln Figure No. 91, the calculated recoveries of ammonia, meteylamine 

and U:»ial amino ni trogm are plotted as a tuncti.on 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 loss of methylamine in 

these 1'\ms h&s already bes mentioned and, at present, its fate is 

unknown. 1 t may be represented in the diluted mother liquor by methyl 

acetate. 
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Ni trio Acid:• The total recovery or ni trio acid and the percEilt 

ni trio ac:Ld accounted tor were calculated as previously described lP• 

224) and the results are presented in Tables XLH. XLV and xv. The 

total recovery o t ni trio acid olo sely para.ll els tha. t or the amino 

nitrogen. Furthermore, the ratio of the number of moles of amino 

ni trogs:1 not accounted for to the number of moles of ni trio acid not 

accounted for approx:Lma.tes unity. This :Lndicates that the two losses 

are related and that nitrous oxide is produced. 

Acetic Anhydride:- The total recovery and the percct acetic an

hydride accounted for were calculated as previously described (p. 225) • 

The results are not believed to be s1gnificant. 

4. Miscellaneous Considerations Conoeming 
the Reaction Mechanism 

The values for the apparent consumption of anuoonium ni tra. te, in 

runs characterized by the belated a.dd1t1on of ammonium nitrate, in-

orea.se from about - 0.5 moles to a constant positive value (Figure No. 

92). The corrected values for the consumption (see P• 198) increase 

f'ram approximately zero moles w a constant value (Figure No. 93). 

The uncorrected values for the ratio of RDX production to ammonium 

ni t:rate consumption (Figure No. 94) show ohara.oteri stic discontinuity 

in the region of low ammonium ni tra.te mole ratios but attain fa.irly 

constant positive values at higher mole ra.tios. The w.lue for the 

40°C. run approxim.a.tes 0.5. This indicates that almost all of the 
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RDX formed is the product of a synthesis process. The value for 

the 70°C. run a.pp.roxima.tes unity. This fact is rather disturbing 

in that it indicates that the RDX is fo:nn.ed, at least in part, by a 

ni trolysis process. While the relationship may be fortuitous, it 

seems the values for the uncorrected ratio for the belated addition 

experiments are approx:ima tely the same as those for the normal a.ddi tion 

experiments a. t corresponding temperatures. J.n both types of runs, the 

values for the 40°C. runs support the "catalysed nitrolysis- synthesis~ 

0 mechanism while the values for the 70 c. runs lend at least some sup-

port to the Da.vy mecha.ni sm. 

The corrected values for the ratio (Figures Nos. 95 and 96) are 

all very much less than uni tu and many of these lie beilveen 0.3 and 

0.4. This is in canplete agreanent with the requirements of the 

"catalysed lll. trolysis .. synthesis" mechanism. 

The calculated consumptl.ons of monomethylam:monium nitrate* and 

ra. tios of RDX produced to monomethyla.mmonium. nitrate consumed a. re of 

somewhat doubtful value a.nd are difficult to interpret theoretically. 

1 t had been antioipatei that no amine ::J:l.lt l'AOuld be consumed. It is 

appar4!fnt, however, that monom.ethyla.:mmonium ni tra. te is consumed durbg 

the ree.ction (Figure No. 93) and that, at high mole ratios, it is con-

sumed to the approx:ima. te extmt of four to five moles per mole of RDX 

produced (Figures Nos. 95 and 96). Thus, it may be that the consumption 

* l t should be pointed out that the value for the consumption 
of monomethyla:mmonium nitrate corr' esponds to the corrected 
value for the ammonium. nitrate consumption. 
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of the amine nitrate is not theoretically related in any way -a, the 

production of RDX. It may be, however, tJ:a t monomethyla.mmonium 

ni tra.te is consumed during the production of RDX, but it is certainly 

consUilled in other reactions as well. 

In sU!lllll&ry, then, it may be statEd that the results of the 

experiments dea.ling with the belated addition of am..."''lonium and amine 

nitrates, in general,· support the view that the RDX produced in these 

reactions arises largely through synthesis. 'fhis is in accord with 

previous pred1.ctions. 

H. Miscellaneous Material 
Balance E."ltferiments 

(cannaok) 

In order to present as complete a picture as possible, several 

experiments of Cannack ( 92, 95, 96) are herein reported dealing with 

variables in the Bacbm.ann reaction wh1oh have not, as yet, been con-

sidered in this thesis. In Table XVI, results dealing with the effect 

of a la.rge excess of ni trio aoid and the effect of' varying the holding 

time before dilution of a 75°C. run (into 'vhich only 0.52 moles o:f am-

monium nitrate per mole of heJaUD.ine 1 s introduced) are investigated. 

In Table XV!I, a ~ry of Carma.ck' s study of the gaseous products 

ot the reaction and simmer is presented. 



Effect of Excess Nitric Acid 
on Yields and Material Balances 

Dupll.cating (on large scale) the modJ.fJ.ed reaction describEd by 

Bachm.a.nn (83) in connection with his tracer studies,(see P• 98, pro

cedure No. 3), Can:nELck has investigated the e:t'f'ect of a large excess 

of' nitno acid on the yield of RDX(B), the recovery of distillable 

amino nitrogen and the ratio of RDX(B) production to ammonium nitrate 

consumption. The mole ratios of rea.gents used were a.s follows s 

Heamine 
Ammonium Nitrate 
Ni trio Acid 

1.00 
3.27 
7.80 

Another run of C&!Tll&ok's was selected from Table VJ. to form the basis 

tor oanpa.nson. The mole ratios of reagents used in this case were: 

Hexamine 
Am=nonium Ni trs. te 
Ni trio Acid 

1.oo 
2.86 
4.90 

J. t may be seen from an emmina.tion of Table XVJ. that the in-

creased ni trio acid concentration reduces the yield of RDX(B) and 

increases the recovery of amino nitrogen frcm the diluted mother 

liquor. The re. tl.o of RDX(B) production to ammonium ni tra.te consun.P-

ti.on approximates uni-ey. WhSl a ratio (corrected) o£ um.ty is ob-

iained it may be interpreted as meaning (1) that the two moles of 

RDX(B) are produced by :Ldentica.l or similar processes, or (2) that, 

if' the two moles of RDX are producEd by differEilt processes, these 

proceed to approximately the same extent. Neither o£ these two oon

dJ.tlons coincide with the a.ss.un.ptions which Young (84) made in his 

interpretation of Bachmann' s tracer e:x:perims.'l:ts. Young was able to 
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interpret the results of these exper.i.m.ents in terms of a "two-

process" mecha.ni sm, rut in so doing a. ssumed tha. t the ea talysed nit-

rolySl.s process proceeded ix> a greater extent than did the synthesis 

process when a. large excess of ni trio acid was used. .1. t may be re-

marked that, since the yield of RDX(B) is relativel~small, the yield 

of ini solable ni tra.mines (genera. ting ammonia on hydrolytic decomposi

tion) will be large and that the correction for the amrnom.um nitrate 

consumed :factor will be large (p. 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 ratio: this indicates 

greater eff'1.cienoy of the synthes1s process as canpared Wl. th the nit-

rolysi s process. 

It should be anpmsized that these re!Jllts, while they undennine 

the argumEilts of Young, do not prove that the bolo moles of RDX arise 

through identical process1 On the contrary, the results still strongly 

f.'avour a two-process mechanism (see p. 107). 

Effect of' Varying the Holding 
Time Before Dilutlon on Yields and Materifjl 
Balances (0.60 Moles Ammonium. Ni tra.te, 76 c.) 

Carmack observed t:Mt analySl.S of the dJ.luted mother ll.quor of a 

Bachma.nn run (into which little or no ammonium ni tra. te had been intro-

duoed) showed that more amino nitrogen could be recovered than was a.m-

monium. nitrate introduced. This am1.no nitrogen obnously onginated in 

the heJW.m.ine molecule and carmack assumed that the he:xa:mine had been 

incompletely nitra.ted. l.n v1.ew of this assumption he supposed that 
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the quanti -cy of amino nitrogEn in the diluted hquor would decrease 

if the holding time before dJ.lution were increas~. On experiment, 

however. it was found that, on increasing the holdi11g tl.me before 

dilution from ten to thirty minutes1 the yield of RDX dJ.d not in-

crease and that the quant:l. ty of amino nitrogen in the diluted mother 

liquor dJ.d not decrease (Table XV!, runs 3 and 4) • The results o:t 

these experiments support the Viewpoint advanced in this thesis that 

small quanti tl. es of a:m.monium nitrate introduced are quant:Lt2l. ti vely 

converted to RDX and that the amino nitrogEn in the diluted mother 

liquor of these runs is not due to the incanplete ru.tration of the 

hexamine but arises dunng the hydrolytic decom.posi tion of the by

product, inisola.bl e ni tra.mines. 
f\ 

Recovery of the Gaseous Products 
of the Reaction and of the 
SUbsequent Simmer Process 

It has been observed tm.t not all of the amino nitrogEil intro-

duced into the react1.on can be accounted for in terms of solid re-

actLon products and dist:i.llable 8J'DJ.no nitrogen in the mother ll.quor. 

It •s postulated by the author (p. 213) 'that the amino nitrogen un-

accounted for had be«1 lost to the systsn during the formation and 

subsequent decanposition of inisolable nitre.m.ines, nitrous oxide 

being produced. This assumption seems to be correct since C&rmaok 

( 95, 96) has been able to collect the gaseous products by the rea.ction 

and. calculating the nSltral gas obtained as m trous oxide, "MU able 

to account for 94 -98 per cent of all of the amno ni trogEil. introduced. 

The results of these experiments are reproduced in Table MI. 
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The Mechanism of RDX Formation 

The e:xper:unental results presented in this thesis can, in general, 

be suocesaf\llly interpreted in terms of a mechanism supposing the two 

processes of "catalysed nitrolySJ.s" and "synthesis"• Many of these 

results cannot be interpreted in terms of a mechanism postulating that 

the two moles of RDX are formed by identical or similar prooesses. 

Thus far, reference 1xl the postulated mechanism of catalysed nitroly-

sis and synthes1S has only been made in very general terms• The experi-

ments descnbed in this thesis were not speol.fioally designed to ex-

plicitly define the mechanism but were only designed to decide whether 

the two moles of RDX in the Bachm.ann reaction are formEd by id en ti oal 

or different processes• Nevertheless, during the research, certain 

eonoepts were developed which contribute to the knowledge of the step• 

wise mechanism. In order to enunciate these oonoepts and tcD illustrate 

the two processes, the meohani sm is discussed more extensively below. 

In general, the mechanism of Linstead (5) (see PP• 72-80) sati.s
"the 

fie:S the reqUirEments of A two-process meohanism necessary to explain the 

experimental results obtained. There are two important dJ.fferenoes, 

however, between the mechanism of Linstead and the proposed "catalysed 

ni trolysis - synthesis" mechanism. Both of these differences centre 

around the def:uli tion of the function of the ammonium nitrate. 

The first point ot• difference lies in the postulated function of 
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the ammonium ni tra. te in the degra.da tion of hexamine. With regard 

'00 the mole of RDX produced during the degradat:Lon of hexamme1 

Linstead makes the following s~tenent: ''The ammon1um nitrate modifies 

the nature of the reagent, for eJa.tm.ple, by preventing the formation 

of the act:Lve agent wh1ch attacks the nng". While it is not unlikely 

that the reaction m1xbl.re dl.ffers somewhat when ammonium nitrate is 

present, the author does not believe that this .factor alone will ao

count for the different results obtained using d1f'ferent anu.ne nitrates 

and for the .fact that salts, other than ammonium and amine nitrates, 

do not give n.se to RDX· It is considered that the ammonium or amine 

nitrate must alter the nature of the intermediate compounds. 

It is suggested that any modification of the reagent 1s based on 

simple mass law prinoiples such as the following: 

HN03 + Ac20 

2 HN03 + 2 Ac20 

2 HN03 + N!4J~03 

A.cON02 -r AcOH 

N2o5 + 2 AcOH 

Ufi4N03. 2 HN03 

212 

213 

214 

The ammonium (or amine) ni tra. te, then., may aot in suoh a manner as to 

increase the active conoentrat:Lon of nitric acid. It is suggested, 

how·ever, that the true 11 cata.lyt:Lo" effect is a £'unction of (1) the 

ability of the ammonium or amme nitrate to condense with methylol 

groups in the presence of acetic anhydride and (2) the relative 

eleotronegativity of the result:Lng ionic group. This effect is 

further discussed below. 

The first fissl.on of the three-dimensionally symmetrical hexamine 



is arbitrary and. if ni tnc ac:~.d be supposed to be the active agent, 

the resulting compound must be 

Two possibilities notv present thEJ!I.selves. 

(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 a.nhydnde. the free hydroxy grou.p will esterify with the acetic 

anhydrides 

The subsequEnt fissions will be determmed by the relative polarization 

of the var..~.ous methylenea.mine linkages; this will in turn be dicta. ted 

by the relative aleotronegatinty of the acetyl and nitro groups and 

by their pOsl. tion in the molecule. 

(2) lf ammonium or amJ.ne nitrate is present, and if tlns nitrate can 

readily condense with methylol groups in the presence of acetic a.nhy-

dride, the free hydroxy group nll not esterl.fy but will condense with 

this nitrate. In the case of ammonium nitrate the resulting compound 

will be 



The subsequent fissions will be determined, once again, by the relative 

polarization of the various methyleneamine linkages; this will be die-

tated by the relative eleotronegativity of the amine and nitro groups. 

No a ttanpt J. s made here to predict the order of bond fi ssions. 

Simple tests show ths.t there is no reason for not considering than as 

proceeding in the same sequence as in the mechani l:lRS of Linstee.d. 

The second point of di fferenoe between the mechanism of Linstead 

and the proposed "catalysed ni trolysis .. syntheSJ.sn mechanism lies in 

the postulated function of the ammonium nitrate in the synthesl.S reaction. 

Linstee.d points to the experiments of Winkler (64) (who was able to 

isolate hexamine dJ.ni tra. te after rea.cting pars.form with ammonium ni tra. to 

in the presence of glacial acetic acid) and postulates a resynthesis or 

partial resynthesis of heJtSmine in the second stage of the Ba.ch!n.ann re-

action. This postulation is very artificial and i'8.ils to take into account 

the function of the acetic anhydn.de. J.n the opinion of the author~ the 

synthes:l. s reaction involves the following rompounds; 

and 

- + + 
N03 NH3-CH2-NH3 N03 

(methylenediammonium nitrate) 

- + + 
N03 NH3-CH2-N-CH2-NH3 N03 

I 
N02 

( bi s-methyl.aminom. tra.mne d1.ni tra. te) 



The corresponding acetates !'f.JJa.Y also be capable or taking part in the 

synthesis reaction. It sesns lJ.kely that the condensation rea.ct:Lons 

are of the following type~ 

_+ + -+ + +-
2 N03 NH3-CH2-NH3 N03 ~N03 NH3-CH2-NH2-CH2-NH3 N03j"llli41~03--- 215 

N0-
3 

This secondary amine nitrate will be dehydra.ted"* upon format:Lon with 

the production of bi s-metl:zy1aminom tramine dini tra. te (see above) which 

will in turn undergo condensation and decy'dra.t:Lon. PCX will be an intet~-

mediate in this process. 

HMX in the Baclma.nn reaction probably arises through WPT and by 

synthesis altoough there is some evidence (53) (see also P• 153) that 

it may an se by synthesl. s alone. BSX, AcA.n, TAX and QDX are postulated 

to be products of the degra.d.a. tion of heJai.ml.ne. It seans more likely, h01.-

ever., that TAX and QDX will be produced in the synthesis procesS by ace-

tylation of PCX and the analogous eight-msnbered ring compound. MSX 

may be produced by the synthesis reaction when monomethylammonium ni tra. te 

is used: 
-H + CH3 NOs 

' I N 
CHz~ ~CH2 
I I 

N02-N N-N02 
~CH/ 

2 

AoON02 

---~) CH:;N-CH2-N-CH2-N-CH2-0A.c 
I I I 
NOz N02 N02 

+ HN03 ------- 216 

* Since chloride catalysts are considered necess&r'J' for this reaction., 
this mechanism has often been questioned. Ho'V'rever, W'right (101) 
has preliminary evidence tl'at certain types of disUbsti tuted amine 
nitrates may be dehydrated in yield in the absence of chlorides. 
The case of PCX itself may also be cited. 



The experimenta.l results of these res~rohes may be summarized 

as follows: 

1. When the a.rnmonium nitrate of the sillndard Baohme.nn reaction is 

replaced with various amine nitrates, RDX may be produced in considerable 

quantity, but never in a quantity exceeding one mole per mole of h~ine. 

2. When the ammonium nitrate of the standard conversion of DNPT to 

HMX (and RDX) is replaced with various &.mine nitrates., HMX may be pro

duced in considerable quantity but RDX is not produced. 

3. When the Bachma.nn reaction is carried out in the absence of am

monium or &.mine nitrates, a very snall yield of RDX is obi:ained. This 

base value is unaffected by changes in temperature. In this reaction 

large yields of BSX may be produced. 

4. When the DNPT conversion 1 s carried out in the absence of ammonium 

or amine nitrates, a very small yield of HMX is obta.ined. The magnitude 

of this yield appears to be only slightly a.t'fected by temperature. In 

this reaction large yields of AcAn r.ray be produced. 

5. When ammonium nitrate is withheld from the Bachm.ann reaction until 

the other reagmts have been added, considerable quantities of RDX may 

still be produced. 

6. I t a:nmoni um nitrate is omitted from a Ba. cl:mann run and if an ami ne 



nitrate is added after the complete addition of all the other re

agents, little or no RDX is produced. 

7. A Bachmann run carried out at 40°C. gives snall yields of RDX 

and BSX· These yields increase slowly with increased holding time. 

a. When less than the theoretical requirement of ammonium or amine 

nitrate is added to a Bachmann reaction in the usual manner, consider

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 increa.sed. 

9. In a modified Ba.ohm.a.nn run, the sum of the BSX yield plus one

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

10. In a 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 Baohmann :nm 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 1s substi W.ted for the ammonium 

nitrate of a regular Ba.ohma.nn reaction., large yields of MSX are pro

duced in addition ix> the RDX. 

13. When monomethylamm.onium nitrate is substi W.ted for the ammonium 



nitrate of a regular Bachmann reaction, very 11 ttle by-product 

HMX is producsi. 

14. When urea nitrate is added belatsily to the reaction mixture 

of a run int.o which no ammonium nitrate was introduced, large quan

ti ties of urea-formaldehyde polymer a.re produced. 

15. The yield of RDX in the Baohmann and modified Bachrnann reactions 

is :f\:)und to vary with the following fact.ors: the mole ratio of ammonium 

nitrate t.o he:xamine, 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 

temperatures, the quantH:y of ammonium or monomethyle.mmonium nitrate 

added belatedly to the reaction mixture (when the initial reaction 

was carried out in the absence of ammonium nitrate), and the mole 

ratio of nitric acid to heJalJD.ine. 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 nitrate was introduced per mole of 

hexamine. 

16. The yield of BSX varies with the mole ratio of ammonium 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 w1 th the quanti ties of ammonium or monanethyl

e.mmonium. nitrate introduced belatedly. The yield of BSX does not 

va.ry with the holding time after dilution for runs of zero mole 

ratio of am.monium nitrate. 



17. The yield of' EMX varies with the mole ratio of' ammonium nitrate, 

with the mole ratios of' ammonium nitrate and acetic anhydride, with 

the rea.otion temperature at high ammonium nitrate mole ratios, and 

with the quantity of ammonium nitrate added belatedly. The yield of 

HMX apparently does not vary with the re1.oti.on temperature at a. zero 

mole ra ti.o of' ammonium nitrate. 

18. The quanti. ty of' f'ol."Dlaldehyde which can be shown to be present in 

the diluted mother liquor varies with the mole ratio of' a.mnonium nitrate, 

with the mole ratio.sof ammonium nitrate and acetic anhydride, with the 

re1.cti.on temperature at high mole ratios of ammonium nitrate, with the 

holding time af'ter dilution at a zero mole ratio of' ammonium nitrate 

and with the quantity of' ammonium or amine nitrate added belatedly. 

The quantity of' f'ormaldehyde recovered does not vary with the rea.oti.on 

temperature f'or a zero mole ratio of' ammonium nitrate. 

19. In general,. approximately lOO percent of the formaldehyde intro• 

duced can be accounted for in terms of solid products and formaldehyde 

in the mother liquor. The total recovery of fo:nna.ldehyde, however, 

varies slightly with the mole ratio of ammonium nitrate, with the re

action temperature both at zero and at high mole ratios of ammonium 

nitrate, with the holding time after dilution for a. zero mole ratio 

of ammonium nitrate and with the quantities of ammonium or monomethyl• 

ammonium nitrate added belatedly. 

20. The quantity of di stillable amino nitrogen which can be shown to 

be present in the diluted mother liquor varies with. the mole ratio of 



ammonium nitrate~ with the mole ratios of ammonium nitrate and 

acetic anhydride., with the r~otion tsnperature at high mole 

ratios of ammonium nitrate., with the holding time before dilution 

at 40°C. 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 monomethylammonium nitrate 

added belatedly, and with the mole ratio of nitric acid. The quan

tity of amino nitrogen recovered does not vaey with the rea.ction 

tsnperature at a. zero mole ratio of ammonium nitrate or with the 

holding time before dilution at a high temperature and a low mole 

ratio of alilliDnium nitrate. A.mino nitrogEn may be recovered from 

the diluted mother liquor evtn when no ammonium n1 tre.te ·1.s· intro

duced. 

21. The amino nitrogEn balance cannot be made unless the quantity 

of nitrous oxide evolved is measured. The quantity of amino nitro

gen accounted for in tenns of solid products and distillable amino 

nitrogen in the diluted mother liquor is al-ways less than 100 per

cent and varies with all of the reaction variables smdied except 

that of holding time before dilution at 40°C. for high mole ratio 

of ammonium nitre. te runs. 

22. The quantity of free (titratable) nitric aoid present in the 

diluted mother liquor va.ries only slightly with the various pro

cedures used. The recovery corresponds, in general. to a. ni trio 

aoid consumption of a little less th8n four moles per mole of 

heD.mine. 
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23. The quantity of canbined ni trio acid present in the diluted 

mother liquor varies considerably as the Baohmann procedure is 

varied. The ourve representing this fa.ctor is always found to 

parallel the curve for the recovery of amino nitrogen from the 

di lu t$i mother liquor for a oorr esponding series. 

24. The ni trio acid balance,. like the a.mino nitrogen balance. can• 

not be made unless the quantity of nitrous oxide evolved is measur$i. 

The quantity of ni trio acid accounted for in tenn.s of solid products 

and nitre.te ion in the mother liquor is always less than lOO percent 

and is found to approximate the value for the amino nitrogen recovery 

(total) · . ' under oorr esponding oondi tions. 

25. The quantity of acetic acid in the dilut$i mother liquor and the 

total recovery of acetic anhydride factors are found to vary at ran• 

dom and the results are not believed to be signU.'.loant. 

26. The ratio of the quantity of formaldehyde in the dilut$i mother 

liquor to the quantity of amino n1 trogen in the diluted mother liquor 

is found w be a constant (in the runs not involving belated addi ti.on 

of ammonium or amine nitre.tes) provided that ammonium nitrate is not 

present in excess of the actual requirement. 

27. The ratio of &.mino n1 trogen in the mother liquor to combined 

nitric a.oid 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 or amino nitrogen unaccounted for to ni trio acid 

unaccounted for is, in general, equal to uni -cy. 

29. The apparent ammonium nitrate consumption varies widely with 

all reaction variables studied. This apparent consumption may be 

negati.ve.at low mole ratios of ammonium nitrate (either in the re

gular or belated addition of tb.i s subs'ta:nce) and in runs characterized 

by low reaction tanperatures and short holding times before dilution 

even in the presence of excess ammonium nitrate. 

30. The corrected. umonium nitrate oon sump ti on varies widely with 

changJ.ng condltions. This corrected consumption is never negative 

in value and is al\9Rys greater than the apparent consumption of am

monium nitrate. 

31. The uncorrectEd ratio or RDX production to ammonium nitrate 

consumption varies 'Widely with all reaction var:u;.blea swdie:de I·t 

may be negative (corresponding to negative ammonium. nitrate oonau:mp

tions) or greater than uni-tvr 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 m&:f 

be much less than unity for reactions characterized by low tempera• 

tu res a.nd long holding times and for rellcti.ons characterized by the 

belated addl tion of ammonium or amine ni tru.tes. 1 t is seldom equal 

to unity (except while changing from high to low values) but may be 

somewhat less than unity at high mole ratios of ammonium nitrate and 

at high tanpera.tures (i.e. optimum conditions) and fbr the belated 

addition of la.rge quantities of ammonium nitrate at high temperablres. 



32. The value or the ratio of RDX p:rodttcti.on to amnonium nitrate 

consumption oorreot~ with respect to the latter tactor i a ni!Wer 

negative a.nd is always leas than unity. It IOB.y, howi!Wer, approach 

unity at optimum conditions of ti!Jllpera 'blre and ammonium. nitrate con

cent.xa tion. 

33. The value Of the ratio or RDX production to ammonium nitrate 

consu.."'lption corrected with respect to bot..lt factors is never negative 

and is always less than the value corrected wi i:h respect to the am

monium. nitrate consumption alone. 

34. :Monam.ethyla.mmonimn nitrate is cansum.ed when added belatedly to 

a Bachma.nn run ea.rried out in the absence or ammonium ni t:rate. The 

ra.tto of RDX produced to monomethylamm.onium. nitrate consumed is 

generally less than the corresponding value in a run c}la.raoteri&ed 

by the belated addition or ammonium. ni t:ra te. 

35. When the amino nitrogEn una.ocounted ibr in te:rms of RDX, HMX 

and distillable amino nitrogen in the mother liquor is oaloul&ted 

as yield o£ linear ni tra.mine, the calculated total conversion of 

hexamine may be less than, equal to, or grea.ter th&n lOO peroant. 

The :majori -cy of these te.cts can be sucoessi\llly interpreted in 

tenus or a meohani sn for RDX formation involving the two prooesaes 

of "catalysed ni trolysis" and ''synthesis". :HMX may be produced either 

by catalysed nitrolysis (of DNPT) or by s~thesis. Same RDX (the 



base value) is produced by unoatalysed (direct) nitrolysis. BSX 

and AcA.n are produced by unoatalysed nitrolysis modified by inter

mediate 0-acetyla.tion, but the possibility of scme BSX. and AcA.n 

arising through synthesis is not excluded. QDX and TAX resalt from 

the process of acetolysis (a.na.logous to a.nd competing with ni troly

sis) • but the possibility of these compounds ar1.sing by the syn

thesis process (through POX) is not excluded. 

The proposed "catalysed nitrolysis • synthesis" mechanism is 

sohe:natioally similar to that of Linste&d except with. respect to 

the synthesis process. Since secondary amine nitrates can undergo 

dehydration in the presence of acetic anhydride (evSt in the ab

sence of chloride catalyst (101)), it sesms unlikely that hexamine 

or hexamine dini trate a.re intermediates in the synthesis process • 

.l t sesns more likely tha.t intermediates will be of ihe nature of 

methylenediami.ne, the "ammonium nitrate derivative" of dimethylol• 

ni t:ramine, and PCX. The proposed mechanism also differs with th&t 

of Linstead in respect w the speciflo role assigned to the ammonium. 

nitrate in the degradation o£ hexamine. Linstea.d believes that the 

sole function of the ammonium. ni tra. te is to modify the nature of i:he 

rea.otion mixb.tre. The proposed catalysed ni trolysi s process holds 

tha.t the ammonium. nitrate actually alters the nature of the inter

mediate compounds. 

J4any o£ the experimental results listed above oa.nnot be ex

plained on the basis of any other meoha.nism hitherto proposed. 
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CLA..lMS TO ORLGINAL RESFARCH 

l. The effect o£ tEmperature, holding time and mode of addition on 

yields o£ RDX, HM.X, BSX and .MSX ha.s been investigated for the no:rmal 

Bachm.ann reaction and for the modified reactions involving omission 

of the ammonium nitrate and substitution of amine nitrates £or the 

ammonium nitrate. The experiments involving the belated addition o£ 

ammonium nitrate are based on similar studies by Winkler. Experiments 

involving the su.bsti tution 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 tEillperature, holding time and mode of addition on 

yields of HM.X, RDX and AoA.n has been investigated for the standard 

DNPT - EMX conversion and for the modified reactions involving omis

sion of the ammonium nitrate and substitution of amine nitrates for 

the ammonium nitrate. 

3. The yields of RDX,. HM.X and BSX and the concentrations of fo:r:lllAlde

hyde, amino nitrogen, free ni trio acid, total nitrate ion, acetic acid 

and acetic anhydride in the mother liquor have been measured as the 

following factors were vari eds 

(a) the mole ratio of ammonium nitrate, 

(b) the mole ratios of ammonium nitrate and acetic anhydride, 

(o) the tEIIlperature (for zero moles of ammonium nitrate), 

(d) the tEillpera ture (for excess ammonium ni t:ra te), 



(e) 

(f) 

(g) 

(h) 

the holding time after dilution (for zero moles 
of ammonium nitrate at 40°c.)~ 

~45. 

the belated addition of various quanti. ties of ammonium 
nitrate (reaction tenperature 40°C., holding tEmperature 
70°c.)~ 

the belated addition of various quanti ties of ammonium. 
nitrate (reaction tEmperamre 70°C., holding tenperarure 
70°C.), and 

the add.l. tion of various quanti ties of monomethylammonium 
nitrate to a Baohtnann run oarri ed out in the absence of 
ammonium nitrate (reaction tempera'blre 40°C.~ holding 
tEmpera tu.re 70°C.) • 

From the above analyses~ reagent oonsumptions and material balances have 

beEil calculated. In addition, the ratios of forma.ldehyde to amino nit-

rogen in the mother liquor, amino nitrogen to combined ni trio acid in 

the mother liquor and amino nitrogen unaccounted for '00 ni trio acid un-

accounted for have been evaluated. The ratios of RDX production '00 

ammonium nitrate consumption have been calculated and a method for 

correcting these ratios for the amount of hexamine amino nitrogen in 

the diluted mother liquor has beSl devised. 

4. The interpre-tations placed on these experimental results are unique. 

5. A mechanism has been proposed .fbr the Bachmann reaction. This 

11 oa1:alysed nitrolysis- synthesis" mechanism incorporates features of 

both the mechanisms of Linstead and Davy but is distinct from either 

and from any other mechanism thus far proposed for the Bachtnann reaction. 



APPl!NDIX 

A ttsn.pts to Demonstra:De the Presence ot N fllf 
By-Prcducts in Modified Bacbnann Reactions 

346. 

T110 experiments are described which were designed to dSilonstrate 

the presence ot a. by-product in the reaction liquor ot a modified 

Baollnann run into which no 8Jmll0nium nitrate is introduced. It J:as been 

observed ( 64) tha.t, on dilution. the reaction products of this type ot 

run settle out as an oil rather than as an insoluble solid; this oil, 

however, rapidly changes over into a solid mass. It this solid is 

filtered ott atter only a. short time in contact with the diluted mother 

liquor, the crude prcduot is sticky in oonsistmoy, slightly yellow in 

colour and snells strongly ot tormaldeJvde. It the solid is allowed 

'00 stand in contact with the diluted mother liquor tor several da.ys, 
~ 

however, the crude yield decreases considerably but the prcduot can 

be shown to consist ot only BSX and RDX(B). This behavior indicates 

that some easily-decomposable by-product is precipitated on dilution. 

It •s considered possible that this by-product might be the 

preour$0r ot the RDX obtained in runs characterized by the belated 

addition of ammonium nitrate. In order to test this point., the oily 

substance -.s extracted out of the crude solid product and was treated 

with the Bachmann reagents. No RDX •s obtained. 

In vievt of the experimmtal data reported in Section III-F, it 

•s thought that the by-prcduct might be bis-a.ceto:x:ymethylni tramine. 

Since this substance was known to deoompo•e in the presence of the 

diluted mother liquor, it was considered that there would be a better 

clance of isolating the methoxy derivative (bis-methoxy.m.ethylnitramine) 1 
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this compound may easily be prepared from the dia.ceU,:x:y derivative 

by treatment with strong nitric acid and thm methanol. While this 

research was never oonoluded, there were indications that these 

t:rana.formations were successfully oa.rri ed out. 

1. A modified Ba.chmann run was oa.rried out at 40°C. in the absence 

o.f ammonium. nitrates (this run -.s idc tl.cal wi tb. the run described 

in Table II, RUn 8). The rea.ction mixture 111&.8 diluted with 1500 ml. 

o.f cold water, stirred vigorously .for twS'l.ty seconds and allowed to 

settle .for two minutes. At the end o.f this tLm.e the sUpematent 

liquid and the suspended solid were deoanted away from the g~ mass 

which had settled to the bottom of the beaker. This material was 

extracted with three 250 ml. volum.es of etherc:: The ether-insoluble 

traction was a. white solid smelling atrongly of formaldehyde. The 

yield was 31 g. {Sof'tl!tls l05°C •• melts ll4-ll5°C.). 

On evaporation o.f the etherous solution to ha.lf-volum.e, 2.5 g. 

o.f a white, crystalline solid Wits obtained (So.ft&s 125°0., melts 

129·132°0.) • :,sva.poration to one-quarter of the original volume 

yielded 1.4 g. of a sticky, solid material (Softens 85°c., melts 

90-100°0.). Complete evaporation of the ether left a residue o.f 

50 g. of a yellowish liquid whioh smelled strongly of nitrous and 

acetic acids. To this residue was added 28.6 g. s.o-o acid and 

10 g. acetic anhydride. This solution •s trellted with the Baobnann 

reagmta (ni trio acid, ammonium nitrate and acetic anhydride) at 70°C. 

in exactly the same manner as is the hex:amine-aoetio acid solution 
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in the regular BachrnliLnn reaction. Near the cd of the reaction. 

a deco:m.posi tion reaction set in. This reaction was not violent but 

the tsape:t'lture rose to l00°C. and large volumes of a colourless 

gas were giv& off. The undiluted reaction liquor -.s filtered 

but the solid product obtained dissolved readily in hot -wa.ter; 

this substa.nce was believed to be unreacted ammonium ni t:ra.te. 

On dilution of the filtrate, no preoipi 1:ate appeared immediately, 

but after three days at room tsaperature, a yellow gum appeared. 

The yield was 6 g. ( sottens 86°C ., melts 90-100°0.). 

2. In another run,. instead of being extracted with ether, the 

gummy residue was trea.ted with 200 g. of strong nitric acid at 

- 40°0. The material readily dissolved and the resulting solution 

showed no tendC!lloy to deoomp9se even when heated to 0°C.. On 

dilution with ten volumes of ice-water, a. large quantity of white 

precipi-tate separated out and was filtered off immediately. This 

substa.nce oould not be dried since it began to decompose with 

evolution of formaldehyde. The dry weight wa.s estimated at about 

100 g. This material dissolved readily in 600 ml. methanol at 60°0. 

On evaporation of the methanol, about 20 g. of material mel ti.ng 

around l00°c. was filtered off (1,7-dinitroxy-1,3,5,7-tet:ramethylene-

2,4,6-trinitra:m.ine (?)). EVaporation on a steam oone over a period of 

t& hours gave a liquid residue of about ten grams. This product 

was not characterized. 
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