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I, INT RODUCTION
This Annual  Summary Report for the period ending July 31 , 1979

presents results of the mass spectrometric invest igat ion of the ignition
of severa l advanced propellant s and the vaporization and thermal
decomposition of the TATB and HMX molecules . The investigation included:

1. Thermal decomposition of lead additive chelates and ignition
*of propellant formulat ions prepared at the Na val  Ordnance Station;

**2.  Vacuum subl imation and thermal decomposition of TATB; and
***3. Vacuum subl imation and decomposition of HMX .

Modified Knudse n e f fus ion  and Langmuir  evaporation experiments
were performed employing the specially desi gned and constructed dual
vacuum chamber mas s  spectrometer sys tem.

Propellant compositions containing the addit ive , lea d chelate
of Uvinul 400 , produced some methyl radicals in addition to low and
intermediate range species , a s well as h igh  mass  range Pb , PbO and PbNO 2 .
The ignition products of N-S propellants were determined.  Also , results
were obtained on the thermal decomp osition of chrysazin  and a l i zar in
lead chelates .

The unusua l  crystal lographic structure of the TAT B molecule wi th
its extremely large C-C bond lengths and inter- and intramolecular
hydrogen bonding results in considerable thermal decomposition as
well as its molecular evaporation . The ef fus ion  and Lang mui r  mass
spectrometer studies in the temperature r ange 200 to 300 C showed that
TATB both sublimed and decomposed . The effusion experiments showed
ring fragmentat ion as well as the rupturi ng of the single bonds of the
ring consti tuents . Decomposition produced radical fragments due to the
structure of the molecule , which included double bond resonance wi th in
the ring and also to the ring constituents .

* Propellant samples obtained from the Naval Ordnance Station , Indi an
Head , Maryland , Dr. A. T . Camp.

** Propellant samples obtained from Rockwell International , Rocketdyne
Division , Dr. Glenn Art z.

~~~ Propellant samples obtained from the Naval Weapons Center ,
China Lake, Dr. Thomas Boggs
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During this report period , the  FIMX eva porati on and thermal
decomposition effusion-mass  spoctrometr ic experiments were compli ted .
Sublimation and decomposition were observed in the tempera ture  r ange
175 to 275 C. In addit ion to the observation of the gaseous IiMX
molecule , the major  mode of deco mposit i on was found to be sp l i t t i ng
of the molecule into two equal f ragments  of a mu  148. The lower a tomic
mass molecul ar  and r adical  f r agmen t s  were produced by secondary
de composition . An ac t ivat ion energy of 175 kJ/mole (42 kcal/mole)
was obtained for the thermal decomposition .

The following sections present detai ls  of the exper imenta l  ap p ar a t u s
and procedures and a discussion of the resul ts  obt ained .

II.  EXPERIMENTAL APPA RATUS AND PROC EDURCS
The ignition and thermal  decomposit ion of the advanced prop c l ] an t ~

were investigated by the e f fu s ion -mass  spoctrometric mc~th od .  The
ni t roarom atic  and n i t r am i n e  evaporat ion and thermal  d c~ mco.~it i o n ~tad~ .
we re conducted by both the e f f u s i o n - m a s s  spectrornetr ic  an d  the
Langmu ir  evapora t ion—mass  spectrometric methods . In e f f u s~~ :~ cxp ri~ . : . t

the mater ia l  is placed wi th in  an effusion cell h aving  a sma l l  o r i f i c~
(le ss than 1 mm diameter)  which allows th e pressure of the •~as produced
from evaporat ion or decomposition to be much higher  (3 or more o~Jers
of magni tude)  wi th in  the cell than  the su r r ound ing  v a c u u m  (see f l u .  1)
The gas products collide wi th  each other , the cell wal ls  and w i t h  th ~.
condensed phase many t imes prior to their  e f fus ing  from th ccli into
the mass spectrometer chamber . This may cause secondary decampo si t ion
and f ra gmenta t ion .

The evaporation (L ang mu ir ~ method is one in which the m ater ia l
is heated within the main vacuum chamber and allowed to enter the mass
spectrometer cha m ber wi thout  fur ther  decomposition or collision with
other gaseous molecules .

Details of the dual vacuum chamber-quadrupole mass spectrometer
system (Fig .  1) used in these experiments have been presented previously.  1

The samples were contained in an alumina effusion cell 25 mm long , with
an inside diameter of 6.8 mm; an elongated orifice 0 .75  mm in diameter

2
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by 5. 5 mm long was employed for beam collimation . The cell was
positi oned within  5 cm of the ionization chamber of the mass spectromet r,
allowing species leaving the solid or l iqu id  surface to be measured
withi n 10 microseconds . The a lumi na  cell was heated by a res is tance
furnace and t emperature  measureme nts  were made by means of thermo-
couples imbedded in the cell body . The ion intensit ies were ident i f ied
by their masses , isotopic distrib utions , and appearance poten t ia l s .
The method of determining the ma s s  spectrometer resolution , as well
as the measurement  of the isotopic abundance ratios , has been presented
previously . 2 All qu adrupo le experimental  mass d iscr iminat ion  effects
were taken into account and the necessary corrections to ion in tens i ty
pressure relat ionships were made . Only the chopped , or shut terable ,
por tion of the intensities was recorded , since the mass spectrometer
was equipped with a beam modulat o r and a phase sensit ive amp l i f i cr .
The concentration of each species is obtained from a knowledge of the
cross—sections and other parameters , n 1 .— 11T/g’ 1(E — A .) S , whe re n .  =

concentrat ion of species i , I~ = ion intensi ty  for species i , “ = relative
cross-section at the max imum of the ionizat ion eff ic iency curv e , A =

appearance potential  in eV , E energy of ionizing electrons in eV ,
S = mult ip l ie r  e f f i c i u n c y ,  corrected for molecular  be am ef fec t s  if necessary ,
a nd T = absolute  temp era ture . The resolution of the mass  spectrometer 2

127 254is 1 in 500. 1 a n d 12 were employed for amu cal ibra t ion .
It was necessary to ascertain wi th  a high degree of confidence

that  the measured ion intensit ies were those from the p arent  species
and not from th e  f ragments  of the larger molecules . Therefore , the mass
spectrometer was operated at an ionizing voltage 1 to 2 eV above
the appearance potenti a l , which in nearly all cases allows only the
formation of the ion from the parent species since a f ragmenta t ion  process
usually occurs at higher ionization voltages .3 6

The ionization energies employed were between 14 and 18 eV.
Fragmentation of ring consti tuents requiring the rupture  of a single bond
by electron impact will occur at lower ionization energies than will
fragmentation of the ring itself requiring the rupture of multiple bonds .
For example , Figure 2 shows the effect of electron impact ionization

4
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Fig . 2. Electron Impact Fragmentation Pattern of the TATB

Molecule . The peak at amu 212 is produced wi th in  the

ionization chamber of the mass spectrometer wi th  varying

relative intensit ies as a funct ion of the ion izing voltage.

Relative In tens i ty  Rat1oJ258/2 12)
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30 eV 3
20 eV 6
14 eV > 100
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energies on the relative in tens i t ies  and single bond f r a g m e n t a t i o n  of
the gaseous TAT B molecule.  At an ion izat ion energy of 50 eV the  r t m o v i l
of an NO 2 gro up from th L? ring is readily accomplished and p r o d u c t s a
frag ment at a in u  212 appro x imalc l y half  the in t ens i t y  of th e  TAT B r o l ca le .
At 30 oV the f ragment  pe ak at a mu  212 is only one — th i rd  th e  TAT B p a k ,
a nd at 20 eV is one-s ixth  the TATB . F i n a l l y ,  at 14 eV , whi c~i i s  on ly
2 eV above the appearance potent i a l  of TATB , the  f r a g m en t  cnt ir eJ y
di sappears . The f r a g m e n t a t i o n  of the n i t r amine  r in u  re quires  a h ig her
electron impact  energy than  tha t  required for the r emova l of a group
attached to the ring by a single bond.  An example  is given in Figur e  3 ,
which i l lus t ra tes  the effect of electron impact  ion iza t ion  en ergies
on FIMX decomp osition products .  At an energy of 50 eV a number  of
peak s a re seen , which di sappear  at 30 eV.

III . RESULT S AND DISCUSSION
A. Advanced Lead Addi t ive  Pro~p l l a n t  Comuos i t ion s

Ad vanced lead addi t ive  prop ei1~ nt co:npu ~~it ions prepare d

at the Naval Ordnance Stat ion , In dian He ad , and i n v c : : t i ~~j t J  du r i n a

this report period included Uvinul  400 , wh ich  is the l ead  ch o l a t e  of

2 , 4 , di—hydro xy benzophenone , t he lead cholates  of c l i z a r in  cud c h r y s a z in ,
a nd N—5 prope llants wi th  and wi thout  lead add i t ives .

1.
The previous decomposi t ion i n v e s t i g a t i o n  ~ t he  l i d

chel ate of Uvinul 400 showed this  compound to he o x t r o m ly s tab l e , w i t h
7no app arent  decomposition below 400 C. Dur ing  dccomp os t ion abev

4 00 C the b enz cne rings did not break up into smal ler  f r a g m e n t s , but

released volatile species connected to the ring such as carbon monoxide

and hydrogen . A quant i t a t i ve  determinat ion of the residue rem a in ing
behi nd showed that  it consisted entirely of solid carbon and lead.  Th~
gaseous species that  evolved upon the decomposition of the molecule
above 400 C included H2, H 20 and CO . and , at temperatures above 700 C,

elemental lead.

The propellant containing the lead cholate of Uvinul
400 (3 .5%) consists of the Nav al Ordnance Station Matrix No. 1 (93%)

6
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Fig. 3. Thermal Decomposition of HMX in Effusion Cell at 22 5 C
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with  Cazuu laa  1 (0 .3% ) and MRC [3 R (3 . 2%) . Tb components  i _ I  • iseCi

at igni t io n are sho~vn in F igure  4 . In the low mass  n u m b e r  r a n ; e  ~~OI ~~

CH 3 r a d ic a l s  w c r  seen in the ma ss spectra in a d d i t i o n  to the

species 11 2 1 011 and H 20. Th e  CH 3 r adica ls  did not a pp e a r  in pr vious

lead a d d i t i v e  p~op~ l l an t  ign i t i on  spectra . I n t e rmed ia t e  mole cu lan

wei ght  sp e c ie s  i nc lud i n  CO . NO , °2’  CO 2 and NO 2 v.’ - r  f o u n d .

In the h i g h  mass  ran ge  some PbO was  observed along w1th  e1’~m : n t a l

Pb and PbN O 2 .
2 .

Mass spect r ometr ic  i nves t i g at i ons  wec~ cond act e i

on the thermal  decom p o si t ion  of the lead chelates  of al~ :~j r in  and

chrysaz in . I t was determined tha t  decomposi t ion of th e  ch r y s a z in

chelates results  in the  vapor iza t i on  of the orqanic molecule , w i th  th e

lead bei ng left  behind in the cell.

OH 0 011 OH 0 OH

- 

0 
2 

-~ 2 + Ph( s , 1 , :) ( 1;

Only two peaks were ident i f ied  d un n  th e  decompos i t i on  of t h i s  che late

(Figure 5), on e at a m u  24 0 at  300 C , and t h e  vapor ized  Pc a tom at

900 C.  The molecul ar weight  of the che la t e  is 687 .  A sam p l e  w e i g h i n g

34 .3 mg was decomposed at 350 C un t i l  n o fu r the r  chrysaz in  peak  was

observed in th e n ia ss  spec t rum.  The residue weighed 11 .0  m q,  i nd i c at i a

a 68% weight  lo.; r. . This  is in good agreement  wi th  the theoret ic a l

value of 70% , a s s u m i n .; e lemental  lead as the  only res idue .

U n l i e ~ the  chry saz in  chelote , the lead chelate  of

a l izar in  decompo d UO Ofl  hea t in g  wi thout  prior vaporizat ion . The thermal

8
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decomposition products are shown in Figure 6. H2 ,  H 20, CO , and CO 2
can be seen at 500 C; at 750 C the Pb atom appears . The chelate
decomposition may be postulated as

O OH OH

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

OH] Pb 
~ f Q=]+

{

~

Q

~~
OHJ + 2C0 ~

2 intermediate radicals
6H 2 (g) + 2H 2O(g) + 2C0(g) + 2002 (g) + 24C(s) + Pb(s) (2)

final decomposition products

A sample with an initial mass of 136.6 m g  was decomposed at 550 C ,
with a residual mass of 104.4 mg, indicating that  76% of the chelate did
not leave the effusion cell at 550 C. On the assumption th at the decomposi-
tion path is the breaking of the anthrecene structure into two benzene
fragments , the theoretical amount of carbon atoms (C 24) and Pb which
would remain behind would be 73%. Thus the postulation of the decompos i-
tion shown by equation (2) is a reasonable one . As a result of the placement
of the hydroxy groups the thermal decomposition of the two chelates is
completely different . The symmetrical placement of the OH radicals on
the outside phenyl rings of the anthraquinone stabilizes the molecule .

3 .  N—5 Propellant s_
N—5 propellants with and without lead additives

were investigated. In previous work Involving mass spectrometric
identification of the ignition products , 8 the species derived from the
N-5 propellant were compared to those from JPN , an ordinary double base
propellant without lead additives . Figures 7 . a . ,  7 .b . ,  and 7 , e .  depict
the low mass range ignition products of JPN , N-S without lead additives ,
and N—S with additives , respectively . The ignition products of the
two non—additive prope llants are similar , except those of the N-5
propellant include methyl radicals whereas those of the J PN do not .

11
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No CO , N

Fig . l. a .  Mass Spectra Resulting from Ignit ion of JPN Double Base Propellant
at 180 C in the 0 to 50 amu Range

~/k~j4LJLJ\~*PfL
Fig . 7 . b .  Mass Spectra Resulting from Ignition of N-5 Propellant without

Lead Additive in the 0 to 50 amu Range

CO

CO 0

~~~~~~~ 
C 2H 2 

H 20 0H 
CH 3

Fig . 7 . c .  Mass Spectra of N-5 Lead Additive Double Base Pro pellant
Showing Species Released at I gnition in the 15 to 50 amu Range
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Also , the NO 2 and CO2 peaks are more prominent in the JPN propellant .
(However , the relative intensities are not quant i ta t ive  and may vary
somewha t with each determinat ion. )  The ignit ion products of the
lead additive N —S propellant (Fig . 7 .c . )  are s imilar  to those of the
non-additive N-5 , with the exception that  C 2 H 2 radicals as well as
methyl radicals were observed in the lead addit ive propellant .

B. Subl imation and Thermal Decomposi t ion of TATB
1, 3 , 5— Tr i amino—2 , 4 , 6—trin itrobe ri zene (TATB) has been

described as an unusual  molecule. 9 ’ 10 Its structure is quite distortive ,
with C-C distances of 1.441 ~ uni ts , considerably larger than the
average C-C bond lengths in other benzene rings .9 I t has n o obse rva ble
melting point ’0 and ha i considerable hydrogen bonding .9 ’ 1° Its
activation energy h a -  been reported by Bailey ” as 250 .6  kT ’mole ,
its heat of formation ~ -154.2  kJ/mole by Hardesty and Kennedy , 12

and its heat of sublimE~ ion as 168.3 kI/mole by Shaw 13 a nd by Rosen
and Dickin son . ’4 VacL ~m sublimation studies by the Lar igmuir  te chnique
were conducted by Rosen and Dickinson 14 in the temperature  range
129.3 to 177.3 C , with vapor pressure s of 7 .33  x io 8 and 1.67 x 10~~
mm Hg, respectively.

The sublimation and thermal decornpo ~ ition of TAT B were
investigated at this laboratory by two combined mass  sp o ctrom ~~r :r
techniques: the evaporation (Langmuir experiment) method , an 1~ t i c

effusion (modified Knudsen cell) method . Below 200 C the TATB molecule

was found to be quite stable , with little vaporization; vapor pressure
measurements agreed with the results of Rosen and Dickin son . 14

The direct evaporation and decom position of TAT B were
studied by the Langmuir  method , in which the TAT B was directly heated
In a high vacuum (10 8 atm) in the temperature range 200 to 300 C. At
250 C the molecule sublimed readily, with some thermal decomposition
taking place . The product s of sublimation and decomposition are shown
In Figure 8. The molecule at amu 258 is the dominant  species, wit h

decomposition products appea ring at lower concentrations.
The Knudsen method was employed to study the decomposition

products at much higher intensities resulting from beam collimation and

14
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from a higher effusion cell pressure (seven-a l orders of magnitude greater
than the Langmuir method). At 250 C considerable decomposition of the
TAT B molecule was produced within the effusion cell . The entire mass
range from 1 to 258 amu was scanned. The largest decomposition product
which reached the mass spectrometer had an amu of 144 . Other
large fragments appeared , with mass numbers of 114 , 98 , 86 and 70.
These are shown in Figure 9. The molecule ini t ia l ly  f ragments  into
three equal part s or into two unequa l mass f ragments . An examinat ion
of the Figure 9 ion intensities indicated tha t  the uneven spl i t t ing  into
amu 114 and 144 fragments is favored over the spl i t t ing into three
even fragments of amu 86. The two phases of thermal decomposition
may be depicted as:

NH
NO~~~~~ ’~~~NO 2 

O
\\ • • 

H

I .  = 3 N C C N  and
NH 2 ,  - NH 2 O

f” 
H

NO 2
amu 86

0 0  H HNH
2 H N H 0 N 0

I • / \\ I • //II . ~~‘2 ~ ~~‘2 = N — C = C — C — N  + N — C = C — C — N
/ • • • •

NH 2 NH 2 H H 0 0

N0
2

amu 114 amu 144

Secondary decomposition of the major fragments  also produced
prominent peaks. The Phase I. decomposition fra2ment loses an amine

group, producing the peak at amu 70 ,

16

__________ — — - - .  -- -~ _



~ --- - — ~~~~-— - -

t
0

o .

c.-1 E
o go

c—a
0

0
C
C’)

o Co

m

~4.1

0
cI~c—I -

O. 0

a-’ 2c—i
C

o CD 0

— ~~ — — — a a a
E
0
0c—I C)

0
-4 —— Ct,

C—.) E
1’) C)

Co
~./

Co
- E

-~1
‘I0..

0~;

0

—(4) -4

C’)
o

17

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~~ ~~~~~~~ ~~~~~~ 
_



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
•1

0 H 0
S S / • •N — C = C — N  = N — C C + NH• 2

o H 0 -

amu 86 amu 70 amu 16

The Phase II . large fragment at amu 114 undergoes fur ther  decomposition ,
also losing an amine group to produce the prominent p eak at amu 98 ,

0 0  0 0
“IH N H N H

I , .‘ • I • /N — C C — C — N  = C = C — C — N  + NH/ • • -—‘ • • 2
H H H

ann u 114 amu 98 amu 16

From the studies at this laboratory it appears certain tha t  decomposition
of solid TATB produces radicals . The radicals may or may not have
long half-lives since they are sampled in less th an a millisecond by the
mass spectrometer. Continued collisions within the effusion cell
proba bly produce smaller stable fragments , such as those shown
in Figure 10. CO 2 and H 20 are produced by the larger primary
decomposition fragments which , through numerous collisions within the
cell , react to produce these species .

Sublimation and thermal decomposition res ults have been repor ted
by Cady and Larson , 10 who investigate d the structure of the solid
TAT B molecule . Fr om crystallographic experiments they determined the
structure and bond lengt hs (In A units) as

18
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1.246 .85

cC~—(~~N N C } 0H
~
‘ 1.239 .86

/ 1.417 1.310
/

/ 1.448
H C C 0

.76 1.435 1 .243
1.436

1.320 1 417N C C N

1.446 1.450
1.06 1.236

H C C 0
/

/
1.422 1.310 /

,
.—... 1 .243 /

O~~J N N .96 H

1.253 .87

0 H

Note: Bond lengths are not drawn to scale .

The bond lengths are completely distorted with a considerable amount
of hydrogen bonding both within the molecule and to adjacent molecules .
Considerable hydrogen bonding and ring stretching was also reported
by Deopura and Gupta .~ Pertaining to the unusual  behavior of the

20
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molecule , Cady and Larson ’° commented that the molecule contained
extremely long C-C bonds in the benzene r ing,  very short C-N bonds ,
and 6 bifurcated hydrogen bonds . Thermal decomposition would be
expected as a result  of the stretched bonds in the unusua l  s tructure ,
as determined in the mass spectrometer s tudies at th is  labora t ory
and by other investigators .

‘5Britt and Mon iz have studied , by mea ns of electron spin
resonance , the formation of free radicals resul t ing from the irradiat i on
by ultraviolet of TATB. They recently reported tha t  a considerable
concentration of unknown free r adicals was observed by means of
ESR of the thermal decomposition of TATB at a temperature  of 350 C and
at a pressure of 1 a t m .  16 The free radicals ident i f ied  mass
spectrometrically at this  laboratory were obtained at somewhat
lower temperatures ari d at pressures less than  10~~ at m .

C. Sublimation and Thermal  Decom oos it i on  of HMX
During this  report period the evaporat ion and t h e r m a l

decomposition studies of 1 , 3 , 5 , 7 — te t ran i t ro— 1, 3 , 5 , 7 —te t raa  zacyclooctane
(HM)Q employing the effusion cell technique described in the
Experimental Section were completed.  The ~ form of HMX , whi ch
Is stable at room temperature , 17 was used in all experiments and is
referred to as HMX in this report . The resul ts  obtained , including
activation energies and probable modes of decomposition , are
presented in this  section . Probable mechanisms  of HMX evaporation and
decomposition will be discussed upon completion of the f ina l  phase
of the studies employing the La n gmui r  evaporation t echnique.

The results from fairly low t emperature  effusion cell
measurements by Rosen and Dickinson ’4 and by Crookes and Taylor18

indicate that HMX evaporates without appreciable decomposition . Rosen
and Dickinson reported a vapor pressure range of 10

_ li 
to lO 10 atm

In the temperature range 98 to 130 C for HMX , and Crookes and Taylor
determined vapor pressure data varying from 10~~ to JO ~~ atm in the
temperature range 188 to 213 C. Our effusion experiments were performed
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in the range 175 to 275 C , with cell eva poration and decomposition
- —7 — 3pressures varying from 5 x 10 to 5 x 10 atm .

Between 175 and 200 C the evaporation of HMX was
pre dominant . Figure i i  shows the relative intensi ty  of HMX at 200 C ,
with a smaller relative concentration appearing at amu 2 2 2 .  As the
temperature approached 22 5  C considerable decomposition occurre d
(Figure 12) . Relative concentrations at  amu 148 , 128 , 120 and 102
are also depicted . The relative concentration of the peaks  at amu 74
and 56 at 22 5 0 are shown in Figure 13. The peaks appearing in the
low amu 18 to 46 range are depicted in Figure 14.

The apparent primary mode of HMX decomposition is
ri ng splitting , as

N0
2

H 2C 
~~~~ 2 H 2

—
~~~ 2 H 2 C — N — C — N — N 0 2

2
amu 148

NO2
amu 296

or possible j oining of the split C and N bc..nds result ing in

—4 2 H C - N — N O2 i 2
N02 — N — C H 2

amu 148

22
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amu 296 amu 222

- Fig . 11. Evaporat ion and Thermal  Decomposition of HMX
in Effus ion Cell at 200 C
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a rn u 148 emu 128 arn u 12 0 a~~u 102

Fig . 12. Thermal  De composi t ion of HMX in E f f u s i o n  Cel l
at 225 C
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amu 74 amu 56

Fig . 13. Thermal Decomposition of HMX in
Effusion Cell at 22 5 C
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Apparently N-NO 2 bond splitting is not a primary mode of decompos ition ,
since the amu 250 fragment was not observed in these and other
studies .~~

9

Another mode of decomposition is

H C >~~~~~~~~CH 
H2

/ NO 2 —~~~~~~~~~N _ N ONO
2

— N N — NO
2 

H CH 

2 
+ H2 C = N - NO 2

H C CH 2 2 
amu 74~~~~~~~~~~~ 2 

N02
2 

amu 222
amu 296

Further decomposition may occur as

H 2 H2H C — N - C - N _ N O  — * H C _ N _ C _ N _  + NO2 i I 2 2 i ‘ 2NO2 NO2

amu 148 amu 102

or wIth bond closure resulting in

H C - N — N O2
1 I 2

— N —  CH 2
amu 102

27
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The 102 fragment splits off another NO 2 group, yielding

112 1  -

H 2C = N — C — N —

• amu 56

which can rearrange to form a more stable resonating mot ecule ,

H

H N = C — N = C H 2
amu 56

This molecule can split to produce two H 2C = N. radicals .  The
amu 148 fragment  can also split into two equal s table molecules ,

H 2
H C — N — C — N — N O  —

~~~ 2 H C = N — N O2 i I 2 2 2
NO 2

amu 148 amu 74

The peaks at amu 120 , CH 2 N 304, and at amu 128 , C3H 2 N 402 ,  are

apparently produced in the ef fus ion  cell as a result of the reaction
of the gas with the condensed phase and with each other.  These

- - peaks have also been observed by Goshgariari , 19 Stals , 2° and
Suryanarayana , et a l . 21

Beyer 22 in ESR studies found considera ble free radicals
produced from the decomposition of HMX at 260 C. He attributed this
free radica l spin resonance to the formation of H 2CN. at arn u 28.
FIgure 14 shows a high concentration of the amu 28 peak which , in all
probability, is a mixture of the decomposition products CO . N 2 ,  and H2CN.
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Beyer 22 postulated that the radical , H 2CN , is derived from

H 2C =  N — N O 2 
—b H 2C = N . -  + NO 2

amu 74 amu 28

Our studies yielded an activation energy of 175 kJ/mole
(42 kcal/mole) for the decomposition to NO 2 gr oups , as shown in
Figure 15. Goshgarian 19 reported activation energies of

159 4- 8 kJ/mole (38 -f 2 kcal/mole) from 250 to 270 C and 175 4- 8 kJ/mole
(42 ± 2 kcal/mole) from 271 to 280 C. McGuire 23 repo rted an La
of 175 kJ/mole (42 kcal/mole) from the decomposition of HMX to

H 2C =  N — N O 2

amu 74

The enthalpy of sublimation obtained by Taylor and Crookes 18 was
163 kJ/mole (39 kcal/mole) .

lv. PUBLICATIONS AND MEE TING PRESENTATIONS
The following publica tion appeared during th is  report period , and

is included as Appendix I:
Milton Farber and R. D . Srivastava , “Mass  Sp~ ct rometric

— Investigation of the Thermal Decomposition of RDX , ” Chemical Physics
Letters , Vol . 64 , p. 307 (1979) .

A paper entitled “Mass-Spectrometric Investigat ion of the
Chemistry of Advanced Composite and Double Base Propellants ” was
presented at the 15th JA N NAI’ Combustion Meeting held at the Naval
Underwater Systems Center , Newport , Rhode Island in September 1978 ,
and published in Volume II of the Proceedings (CPIA Publication 298,
February 1979, p. 423).
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APPENDIX I

Volume 64 . numt ’~ r ~ (Ill MR AI . I’ t l i  SI( S I I  1fl RS I Ju ly 197,

MASS SPFCTROM [ 1RI( INVE STICSV1I0 ~ OF TI lL 1 III R~ IA L l)R OMPOSI 11ON OF Rl ) X

M ilcot i  FARBER . inj  R D .  SRI V- \S T AV- ~
Sp~t~c ~ i s  us s r  lOs • its . - ( ~tii ri,w q 1 ( 1 1  is ( :~

Reecire d 2 3 1  t t ’t t i ~ t~ I

11w produets ~t tti.t t h i l t  di ~siiipsn.ti t i s i t  ‘ - 1  I .3.5 t C Iflit 10IlL ~\ .tli ’. s Itu 1 . 3 .~ :11th RI I\) ICC .55 51 1, 11 .5 e t ’ec n si~ c C-

min ed mu c’ ~pee ironic Ct .1k  t’u~k,~s an I .jhove th c i t te l t  tic p ‘I f l i  - Eru pt ’’ - fl~ a ~t1I it Ii an ci. C) cit C C  . Isir ft Cl

~oUinj utvsI hea so . L& U \ , ssoi pi .~h i S fit C ~ etc  ~tc itt it ted it it t i n  •i fet. ft  tn SCCOfl 5I , f t t T  lcuv m u ’ t ilt ecU \ r.i.s~
mode of rIt e dt~i ,,:tpo’.it on ii .o C he spl it C tnt i s ’  t lit K I )X inokcuk If ici C i t . ’  U l~~l e I ru, flen t Cli 1 4 5 • n~i •. n . sit -
terininesi by m~-,s - ,; i t  sm e l t  v 1 t c ~. ft ~~t iiie itt • onde r\s tn t  I u t t h e t  tI t t  m u  ps ’~ ut ion in to ms CC u~ cmuat cr ~pceic~ A~ ‘it d
mode of dct~ mit pssiu ‘fl W I  • C e ret lh ’vu I ‘ii the \( C ~~‘ oup~ t roin Ch~ nn~ - te at inu~ d t h~’ st C s -  s \ r im - t m,,, lie a .i pr t u e I N

s’ ot the P UN tui . .ks -tile si r. ISSUI IJ in th e p r  ph ase .

I. Introd ucti on . melting p oin t .  l i t  ~t e idI1 ~otl ti t h e  1sl .C i s )  ~ t 1 C — ’ s S c I . i s t
products t h ey a I -u  obser ’. td laree r I racineli I W C  it .~

11w thermal dec&titi ;t. is m t msni  -~ ,3.~ - t r j t i t t ro lmtxa-  va lues as hich as I 4~ . Tlc~ e m p loyed a tsvs l-c i ait s ’ ~~l
hs dtu I 3 5 . t t i j i i t t ~~. Rl)\. It . ts tie ~~it •t u s tj tj  ut winc h t T t ~ hu r s t  ccli ssas Lctit at I ‘S ( ~ hd -~ the
stve ly. Th irty ~~cars j~~o ~~~~~~~ I I invtst t ~a teml second cCli v .iuitsl f t i im ~ I 7~ S I  ~~~~ wi ll: i t s  oni f Ice ~
the decomp osit ioti ii RDX .ibuvc ~s t t i ~~h u t t e  pt i i imi , ) 1tCfl  t o th e i t t ~.S s~~ t ronieter - rhey e ’b t a , t i i J s ihd—
and de pe r i t uutied that t htt ~i~s .mliu ~- r ~ tic .. ,inI% ~uIiitll phase icat lm ot , ~ w it h n~ ort tu cell st ie l  ~~ -l il as t  i t—

mokeuks , NO. N,O. 111 , CO. ( 1  I, ( ari d CO2 • 1 h i s  .~ t imtfl~ w It.. ti I~ i~ . cells wt it ~~~~ SIC!1 j o j . I i i  .1 t l ;I’ .s

atLity SIS kd to t h e  c. ‘t i c  I u~~.. .~ ti ~~t ~I ~ ,~~~~~~~ nt~ m ~ t spec ii t i t i  t i e ,  ~.i dv of RI tX ii e. - I po isu I • . ‘t ia  ~ie a t —

decom position wj 5 tI.~ tr ai ist . .’r ot ~ i ix ~~~etl  ~~~~ em i r a t e  nu~s C l i . . C ; r e t m t t t i h  ii .‘ ~
j , tit ill 1I11

f,t rii the dinutro erou~’ Iii 1 t t t t i l th i i r j t t tY ca rl~t ’t i d ’ i I I i t . I 1.2 fl U t f l I CC L

c i t l I t i r i C I t i n g  1”.2 0 t td ( 11,0 N i t  N O ,  ~~~ (i 1) SCI%Cti. ( ; t ) s Iu ’.m r h u j~ itt ~..’t !e . . l  .u C ’Lf sS i ’r~ he ts ’ C l ( t i i 1 ~
Kaudi and Fimne t li j 2 1  - c’,lt~ cotudit1 - tni  s tC Jdiu -s be- the RI)X s , t m : C p Ic s i rectI) h u t s  the q i tadrstpst c i s t~’
tv.een 207 and 2~7r C, above the t i te lt utig point - re- spect r. t t t t e U I is i t t  •OUi cc to !tIiutuuh/C pa ~-rh-tse reac-
porI~dIy obsc rsu ’d M) ) j t t j  ,m t i tmhte r o i •i~lier g~~

_ I to t i S .  1k i tpoitc ~I sl i t ’ l i t t s  d ;~t cr erut lti.tltei tioleciilii r
eons rro dmic t s, including N,O, NO , Cl I~ 0, (0 , CO2 - wci~iht spu- ..ucC. hc k w  and above the ntet i i t i~’ Is s i t i m  . The
112 0 and hI(’N. Gosligttrian (3 alsu elisc’mved NO2 ltcav t cst ts~ Cs C~ observed was .it t4~ anlu.
and lhtst gaseous prod uc ts in ~ im m v es (~-.~iti , l n bct we~n The stud y at this labora t or y was per lornued to ik-

200 and 205°C, below the mitcl t itw poi nt • (‘osgrove ter mi ne wheihtet the mech anistic react s in of RDX
and Owen f4 1 f rom I her n ia l dc..’ttntpt ~ ition at I~

) S ’C, t hermal deconips -s it ion involved r in e f r a gmue n at hum
repo r lcd NI I., and Cl 1,0, in additi on to the low-muo~ followed by fr.m~’mcnt dccomnposut ion to s ttma tle r mmii-
lecular-weight gases tsbse~ved by Rau ’-b and Fanelli (2 1 ceules and radical s . An effusion cell which allowed
and Goshgarian (3 1- Othcr investigal irs reported situ- gas.sanip!in~i times on the order of microsec o nds by
ilar pr oducts and also deter m ined varying activ ati on the mass spectrome ter was employed for t h is hives-
energies [ 5-7 1- tigat ion. S

Bradley etiil. (S~ enmp loyin~ a mass ~pcct rortmete r . 5’- 
•

for product identification, invcstig:ited the thermal ~~~~~ 
-. • •

decomposition of RDX under high vacuum bclow the
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2. Experimental mass sl iectio nheter is I iii 500 antI details have been
given previously [I I J -

The dual Vacuum chamber quadrupoic mass
spectr ometer used iii t h ese ex pe ri tne nts has heemi de-
scribed previously [10 1 1 lie Rl)X s:itiiplcs wer e to lmi- 3. Discussion
ta m ed in an aI u nmina e I usicin cell 2 ~ mtint (mifl t - t i l t
an inside dia m eter of (‘~~~ mlt i t iC an tlsif lgCi tCJ ur i t t te Empl oying t h e  te ch t i i ques described iii seCtion 2,
0.75 mum in d iammme t cr h~ ~ 5 mmli i i  sing ss .t~ e m im p luiv ed mass spc ctr o iu m ie t r m c studi es w er e  ntade heli w a:m d
for h~am colli niamt ’ mt . The cel l cc. ’ po sit ion e d w i t h i n  abuse time mmtel t u i t g p01111 of 204 .5 (’ . Fit I shoits the
5c m of t he ionm lat uoit thiatuthei of t luc it ia~~ s pe ut rott i — peaks sslt 5em ve ~ helocs m I te iiiu’ l tutue point at ant i salmies
eter , a llowimmg s~ccme s leav i mm g c h ic solid 5 5 1  luquimsI s t i r -  of 25 , 30, 42 , 44 , 4ii , ~ 4 amid ~3. I- it 2 depicts
face to be measured w it h in 10 sat. s i  less. lIie a l u m ina the peaks at 25 to 74 tun I tIp. 3 shows reaLs appeanmne
cell was h eated by a resistance tu r uiacc am id temi s pera— In the m a i m . ~e 52 t o  I 45 , al l il’ t i  t h e  t n eht uui _ ps ’ i t t t  • at

ture measure tile n t s cc crc made h , m ite _ u its o - I I htet must 220 0 C. The spec u es s 1 ’ scm itt these st u..~ its at mt
couples imbedded in t h e  cell body . agreen uem it - Ion t h e  it iost pau t - ii it hi tluose pies iouslv

T he ion int e iustt m c s were udenttt ied by their uu.is ~..’s , repoi ted tnuimt i i l t aS S S~~C~~i ri l1Ct ~t it l iuves t tot ,u t f t t t t s
isotopic distr ibut i ons . and ap pe.umtt ttce piite iitu,t k lime (3 8 t )j  -

method uI detcitiuntut the muass s pec t io mue ter reSt ’ - The arrival of the t’~~ l:ti~e I t .u-atiemits of RUX at
luliun, j t  sv..’l .ms t I m e t t iea s utcl i ieiu t ill t!IC isotop ic t h e  t im _ ust  spu ’ctnt u i t e te i  mi s..-sem a l mi i cro s ecuttm ~ls Su ij i

abundari~e ratm o s , has been puesen t esl previously II 1 I. ports a mc c hitmmtsm in ~t It — tuo letuk wt J ..:  :5 cc

All quadrupohe ~~pcrimmtct iu ~l mm:a ~s d is ertmmn a t iotu e l— imuguitcutatusi t i  by s p hit tuut ~ m i  tV . t t  p . t ~ at 145 ami d
fec ts w e re tak en um i to . i u c s C : i t t  at:5! the r ic c essatv con - 74 ami l t i :
rections to ion imite r ts i tv Pressu re re lationsh ips cs - c r c
made. Only the ch opped . or shiuttciab k, portion ot
t he intensi ti es was record ed , su ite the it tass sped mo nt - C~~~~, ~~- - — . -
eter was equipped ss ith a beam modula tor and a - 

H
’

~
’
\ ~~~ 

- ii~~~~~~ 5
• - C i

.
- .

- -

phase-s ensm tuve atti plihler. 
~~~~~~~

‘ 

- 

S - - - 
It was necessary to as certai n with a h i g h degree of 

— ,
cont lderice that t h e  measured on intensities w ere -

those front the parent species and not m o m  the frag- These t w o  fra~ umtents ate unstah he species and titus I d
ments of t he larger molecules. Therefore , the mass will rapidly fra gu m me nt t , s  sum ; .iI!e r ra rt ucks. The obser-
Spect rometer was operated at an ionIzing voltage ui ca tion of the 75 mi i u m peak h~ presious im ise stt ut a tors
I to 2 eV  .uhovc the appearance potentia l , which in 13. S1 woimi l ttdi t . i te thi s’ i s i d i t i o t fl of atm II atom 1v
near ly all cases allows only the formation of the iou the 74 atniu tr autulie nt , Cl I-,N.O, - to turin t h e  more
from t he parent species su ite a f ra gm iteu it u t ton process ~~~~~~~ _ — —~
usually occurs at higher iofli/j ti i’n vo ltages ( 12 -  I S -
The concentration of each species cami the rm be ob-
taine d from a ktmow ledge of t h e  cross sections arid
oi lier pa ram eters ,

n1 u I 1T/o1(E - ~~~~ 
- - — - -where n5 is the concentrat ion of species :, /~ t he ion - -

intensity for species i, u t he relative cross section at - S 

~~ 
42 30 1~

the ma x i mum of the iliniztulmi ’i i eff iciency cu ,ve ,4 1 ~~~~~~~~~~~~~~~~~ 

_________________ - - _________________ __________________

t he appearance po tem i t itil iii ..V, !~ time energy oh ion — ~~~~ I - I)cc.,iiipiuc utj .,n of RI)X h~1ow the umuelting poimim at
I/mg elc ciw ns in cV S ,li~ u m iu l i mp hui r  v f lu..mLn ~y cu r 200 j munin~.t ’b S~ t ;i.h’ ;cpc utronmetr lu p: kc c.irre

re cted for molecular beam eff ects if necessary, am id N2 0, 46 = NO2, 56 = C2 1I 4 N2 , 74 C1l 2 N202, 82 =
Tthe absolute te m perature . The res o lution of the C3 N3hI 4 and K3 C3 N311 5.
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74 • 46 44 4 3 3 2S~~~ V ‘- .- ~ I - ~\ ~ C
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Fig. 2. Deconiposimi n ui tt l )X al uss’ the mi’tiunu? p•nnm ~ui OS ‘ 3?  QS 130 ‘0? -

220 C;aniu rj um ~e 2S 74 . iiia ~ s spee m r , Iul isi r uc pt.m k i t ir e - —— — - — -  — . ~~ -— -  — — -  — - - - -— — -  - — — -

spond to : 28 = CO, 30 = (iI a O, 42 ( 2 I I 4~~, 
~~ “:~~ - i i ;  3. I~~~ u :t . s

~m m u - r :  s t  KDX ,l’ sse  t i m e niel it nut poi nt it
46 NO 2 and 74 CII: N�Oa . 22 55 ( . .untu rj ,::c 52 145 . iu~u5’ ij e .  i t t T f l C t I h t  peaks ~ s ’li e-

i. = ~~~~~~~ S3 C 3 N3 I t ç ~ t ( 12
stab le molecule , Cll~N,O1. The large st gaseous lr:utZ - t ~: ( t t ~ N3 O4. 125 1 3 1t 4 \ 4 C, , 132  ~lt 4 \ 4 u3 .tmid

ment obser v ed in these studies , at  l4~ :iim t tu , c im mit irnis 14 5 ( t t 4~o4 O3.

the resu lts of previous experim ental ilis es t ieaiiuins
(3 ,8).

The strong peaks at ~2 :111th 53 tu tu fou nd in t ! i t s  5 
“

‘C — —

and previous studies indicate a sec uii~h itu de tml de- :. __
~

_ H2
composition in whith the ring is stri pped ft ~ t i t  i t -  NO, -.: /

group, forming ~h ihiydis- ~ it i - t r i a /ut t e is scell as a i)tit i i Furt h e r  dccu mp si t is ’ t t  of t h e  I 4~. : o m slm s pes its I - -
her of low molecular we isthi t spe c ies. Two peaks at 52 suIts mit release of NO- tnsiIe~iik~. s

and 83 are cccii as a result of t h e  RI)X ring ct rmp p mm ig
of two NO, groups: C ,5 . C . .  

~~~~~~~~~~~~ 
-

- . 4 -  . - . . .  Vt ...~~ . - 4 -

/ \ C H N O , — *  H . ,. •
H — C S  N -~

I • 3N ‘ SI -~ - -  . - -- C
- H —- - C C —-- 55 2

H2 
‘N The removal of ami 0 ~totn ~e sCu 1t s iii the amnu 132

/ .s . - 83 species . C, 11 4 N4 03. l Ime ( h h , N~O4 pea k a t  120 rut ty

—— N 
t

N 
he the ies uht of further d is i t t t e t r a t t i m m u f  the 145 frtue -

H — C C — H 

2 nmen t - This appears to cortti rtn lie p ~i uhare of Sta bs
2 

~ 
2 [9 ) that the RDX r u mi tl undergoes cmiii! i action t i  th t e

148 amu species , w hich re leases Cl 1 N . and tirmally re-
2 

~~2 suits in a molecule at anni I 20.
In summary , it may be conc luded t h at the RDX

K — 
• 15 • mo lecule does not appear iii the v ap s i m phiase; instead ,

H — C.~ ~C - it breaks into at least two large t rag nte mit s . These frag-
N ments , which are unstable . t hi em i undciu zo fu n titer de

.,.m.~ . 82 - -composition to numerous stab le species with relatively
In t h is decomposition t ime NO, groups are strip ped low niass values. I lots-ever , rimi ~t st i im ipi mi g of t he I(DX
from the RDX molecule. The other shecu mttp os it io r i molecule also occurs , lou ru ing dm hi y d r o -s ym -t r i at m n c.
species identified below the melting point were (‘0 at
amu 28, C1l 20 and NO at 30 , (, 1l 4 N at 42, N-,O at
44, NO2 at 46 , and C,114 N, at 56. Inco mp let e strip - ,tck,iow ledgctncnt
ping of the ring resulted in a peak at 128 as u m utens e
as t hose at 82 and 83. This may he caused by time re- This research was supporte(I by the l)epart ment of
niov iu l from (lie RUX ring of two NO2 molecules and the N:ic ~- , Office of Naval Res earch , Material Sciences
an Ill molecu le , leavi ng I)iv ision , Power Program. 
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