
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 16 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

An investigation of the thermal decomposition of 1,4-butanediammonium
dinitrate
R. L. McKenney Jr.a; S. R. Strucka; D. S. Ellisonb; S. D. Maegerleinb; R. Ciminoc

a Air Force Armament Laboratory AFATL/MNE Eglin AFB, FL b Naval Weapons Support Center
Explosives Sciences Branch (Code 3025), Crane, IN c Divisione Aerea Studi Ricerche, E Sperimentazioni
Reparto Armamento Aeroporto Francesco De'Bernardi Pratica Di Mare, Rome, Italy

To cite this Article McKenney Jr., R. L. , Struck, S. R. , Ellison, D. S. , Maegerlein, S. D. and Cimino, R.(1990) 'An
investigation of the thermal decomposition of 1,4-butanediammonium dinitrate', Journal of Energetic Materials, 8: 3, 205
— 236
To link to this Article: DOI: 10.1080/07370659008012573
URL: http://dx.doi.org/10.1080/07370659008012573

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370659008012573
http://www.informaworld.com/terms-and-conditions-of-access.pdf


AN INVESTIGATION OF THE THERMAL DECOMPOSITION OF 
lI4-8UTANE0IAMMONIUM DIN1  TRATE 

R.  L. McKenney, J r .  and S .  R .  S t r u c k  
A i r  F o r c e  Armament L a b o r a t o r y  

AFATL/MNE 
E g l i n  AFB, FL 32542-5434 

D. S .  E l l i s o n  and S .  D. M a e g e r l e i n  
Nava l  Weapons S u p p o r t  Cen te r  

E x p l o s i v e s  Sc iences  B r a n c h  (Code 3025) 
Crane, I N  45T22-5030 

R .  C im ino  
D i v i s i o n e  Aerea S t u d i  R i c e r c h e  E S p e r i m e n t a z i o n i  

Repar to  Armamento 
A e r o p o r t o  F rancesco  De'  B e r n a r d i  

P r a t i c a  D i  Mare 
Rome, I t a l y  

ABSTRACT 

T h i s  paper  d e s c r i b e s  t h e  i n v e s t i g a t i o n  o f  t h e  t h e r m a l  

d e c o m p o s i t i o n  o f  1,4-butanediammonit~m d i n i t r a t e  (BDD). 

A n a l y t i c a l  t e c h n i q u e s  used f o r  t h i s  work were  

d i f f e r e n t i a l  scann ing  and a c c e l e r a t i n g  r a t e  c a l o r i m e t r y ,  

t h e r m o g r a v i m e t r y ,  tandem gas chromatography /mass  

s p e c t r o m e t r y  and h i g h  pe r fo rmance  l i q u i d  chromatography .  

I t  was shown t h a t  BDD decomposes t h e r m a l l y  f rom t h e  

m o l t e n  s t a t e  v i a  a m u l t i s t e p  p r o c e s s  t h a t  p roduces  a 

v a r i e t y  o f  condensed phase and gaseous p r o d u c t s .  The 

n a t u r e  o f  t h e  p r o d u c t s  sugges t  t h a t  a p r o t o n  t r a n s f e r  

205 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



r e a c t i o n  f r o m  c a t i o n  t o  a n i o n  f o l l o w e d  by C-N bond 

r u p t u r e  o c c u r s  e a r l y  i n  t h e  d e c o m p o s i t i o n  p r o c e s s .  The 

p r e s e n c e  o f  e a r l y  h e t e r o c y c l i c  r e a c t i o n  p r o d u c t s  

d e m o n s t r a t e s  t h a t  o n e  o f  t h e  r e a c t i o n  m e c h a n i s m s  

i n v o l v e s  c y c l o e l i m i n a t i o n .  Later  r e a c t i o n s  a p p e a r  t o  b e  

c o m p e t i t i v e  a n d  may p r o c e e d  t h r o u g h  t r a n s i e n t ,  p r i m a r y  

n i t r a m i n e  a n d  n i t r o s a m i n e  s p e c i e s .  

I N T R O D U C T I O N  

Organodiammonium d i n i t r a t e  s a l t s  h a v e  b e e n  o f  

i n t e r e s t  t o  t h e  e x p l o s i v e s  c o m m u n i t y  a s  a n  i n g r e d i e n t  i n  

c o m p o s i t e  e n e r g e t i c  m a t e r i a l s  f o r  many y e a r s . 1  

p a r t i c u l a r ,  1 , 2 - e t h a n e d i a m m o n i u m  d i n i t r a t e  (EOD) was o f  

i n t e r e s t  b e c a u s e  i t  f o r m s  a l o w - m e l t i n g  e u t e c t i c  m i x t u r e  

w i t h  ammonium n i t r a t e  (AN).2 

c h e m i s t r y  o f  A N  h a s  b e e n  e x t e n s i v e l y  ~ t u d i e d , ~ - ~  o n l y  

m i n i m a l  i n f o r m a t i o n  i s  a v a i l a b l e  on o r g a n o d i a m m o n i u m  

d i n i t r a t e  s a l t s .  I t  i s  g e n e r a l l y  c o n c l u d e d  t h a t  t h e  

i n i t i a l  s t e p  i n  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  A N 6  and  

s i m p l e  a l i p h a t i c  ammoniun  n i t r a t e s ,  [RNH3]N03,7,8 i s  

? r e d o m i n a n t l y  d i s s o c i a t i o n  f o l l o w e d  b y ,  o r  i n  c o n j u n c -  

t i o n  w i t h ,  e x o t h e r m i c  d e c o m p o s i t i o n .  The i n i t i a l  s t e p  

i n  t h e  d e c o m p o s i t i o n  p r o c e s s  f o r  more  c o m p l e x  ammonium 

n i t r a t e  s a l t s  , e. g., p e n t  aery  t h r  i t y 1 t e t r am m on i u  m t e t - 
r a n i t r a  t e  (PTTN) , 9a €DO, 95 a n d  1 , 4 - b u t a n e d i a m n o n i u m  

d i n i t r a t e  was  a l s o  f o u n d  t o  be  s i m i l a r .  The 

resul ts  o f  e a r l y  t h e r m o l y s i s  e x p e r i m e n t s  w i t h  ED0 show 

I n  

W h i l e  t h e  t h e r m a l  

206 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



t h e  d e c o m p o s i t i o n  t o  be a u t o c a t a l y t i c .  W h i l e  t h e  

r e a c t i o n  r e s idue  was n o t  f u l l y  c h a r a c t e r i z e d ,  t h e  d a t a  

s u g g e s t e d  t h a t  b o t h  n i t r a m i n e -  and  n i t r o s a m i n e -  

c o n t a i n i n g  compounds  were f o r m e d  d u r i n g  t h e  EDD 

d e c o m p o s i t i o n  p r o c e s s . "  

T h i s  p a p e r  d e s c r i b e s  t h e  r e s u l t s  o f  a n  

i n v e s t i g a t i o n  of  t h e  thermal  d C c o m p o s i t i o n  o f  BDD t h a t  

were o b t a i n e d  by u s i n g  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  

(DSC), d e u t e r i u m  l a b e l i n g ,  t h e r m o g r a v i m e t r i c  a n a l y s i s  

( T G A ) ,  t a n d e m  g a s  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  

(GWMS), h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  (HPLC), 

a n d  a c c e l e r a t i n g  r a t e  c a l o r i m e t r y  ( A R C ) .  P a r t i c u l a r  

a t t e n t i o n  was p a i d  t o  t h e  i n d u c t i o n  p e r i o d  o f  t h e  

i s o t h e r m a l  DSC d e c o m p o s i t i o n  c u r v e  f o r  m o l t e n  BDD. The 

i n d u c t i o n  p e r i o d  i s  d e f i n e d  a s  t h e  time e l a p s e d  f r o m  t = O  

a t  i s o t h e r m a l  t e m p e r a t u r e  u n t i l  t h e  i n i t i a l  d e f l e c t i o n  

o f  t h e  e x o t h e r m i c  a c c e l e r a t o r y  p h a s e  f r o m  t h e  h o r i z o n t a l  

b a s e l i n e .  G a s e o u s  and  v o l a t i l e  p r o d u c t s  h a v e  b e e n  

i d e n t i f i e d ,  and  d e g r a d a t i o n  s t e p s  a r e  p o s t u l a t e d  t o  

a c c o u n t  f o r  t h e i r  f o r m u l a t i o n .  

EXPERIMENTAL 

DSC and TG a n a l y s e s  were p e r f o r m e d  w i t h  a DiJPont 

I n s t r u m e n t s  1090 Thermal A n a l y z e r  e q u i p p e d  w i t h  M o d e l s  

910 DSC and 951 TGA p l u g - i n  n o d u l e s ,  r e s p e c t i v e l y ,  and  a 

P e r k i n - E l m e r  DSC-4/Thermal A n a l y s i s  D a t a  S t a t i o n  System. 

The ARC t e c h n i q u e  was d e v e l o p e d  by t h e  Dow C h e m i c a l  
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Company, a n d  ARC i n s t r u m e n t a t i o n  i s  l n a n u f a c t u r e d  

c o m m e r c i a l l y  by C o l u m b i a  S c i e n t i f i c  I n d u s t r i e s  

C o r p o r a t i o n .  Mass s p e c t r a  were a c q u i r e d  w i t h  a C h e m i c a l  

D a t a  S y s t e m s  Model 310  C o n c e n t r a t o r  a n d  a F i n n i g a n  Model 

4500 GC/MS. I n f r a r e d  s p e c t r a  were o b t a i n e d  w i t h  P e r k i n -  

Elmer Model  683 a n d  B i o r a d  ( D i g i l a S  D i v i s i o n )  Model FTS- 

50 I n f r a r e d  S p e c t r o p h o t o m e t e r s ,  T G A  a n d  DSC r e s i d u e s  

were t r a n s f e r r e d  t o  t h e  GC/MS from a c o n c e n t r a t o r  o v e n  

a t  1 5 5 O C  w i t h  h e l i u m  f l o w  a t  20 cm3/min.  

c o m p o n e n t s  were c o n c e n t r a t e d  o n  a Tenax  G C  t r a p  a n d  t h e n  

f l a s h  h e a t e d  t o  2OO0C t o  e f f e c t  t h e  t r a n s f e r  t o  t h e  GC. 

V o l a t i l e  

A 15 meter,  0.53 m m  I.D. J & W S c i e n t i f i c  D B - 1  ( m e t h y l  

s i l i c o n e  c o a t i n g )  f u s e d  q u a r t z  c a p i l l a r y  c o l u m n ,  

programmed t o  1 8 O o C  a t  20°C/min, was' u s e d  t o  s e p a r a t e  

t h e  c o m p o n e n t s .  The h e l i u m  c a r r i e r  g a s  was p a r t i a l l y  

removed Prom t h e  GC e f f l u e n t  p r i o r  t o  r e a c h i n g  t h e  MS by 

u s i n g  a n  i n - l i n e  j e t  s e p a r a t o r .  

A R C  s a m p l e s  were h e a t e d  i n  s p e c i a l l y  mounted  0.25- 

i n c h  I . D .  P y r e x  g l a s s  t u b e s .  P r i o r  t o  h e a t i n g ,  e a c h  

s a m p l e  was p u r g e d  w i t h  h i g h  p u r i t y  h e l i u m ,  p r e s s u r i z e d  

t o  2 3  p s i a  a n d  l e a k - t e s t e d  t o  i n s u r e  t h a t  n o  a i r  w a s  

p r e s e n t .  The r e a c t i o n  t u b e  was e q u i p p e d  w i t h  a 0.25 m m  

I.D. e m p t y  f u s e d  q u a r t z  c a p i l l a r y  t u b e  f o r  g a s  s a i n p l i n g .  

G a s e o u s  p r o d u c t s  were t r a n s f e r r e d  f r o m  t h e  A R C  t o  t h e  

GC/MS t h r o u g h  a 20 m e t e r  l o n g ,  0.53 m m  I . D . ,  c a p i l l a r y  

Column ( i n e t h y l - s i l i c o n e  c o a t i n g )  a t t a c h e d  t o  a N u t e c h  
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Model 320 s a m p l e  i n j e c t i o n  valve.  Care was t a k e n  t o  

i n s u r e  t h e  a b s e n c e  o f  i m p u r i t i e s  and  l e a k s  d u r i n g  t h e  

t r a n s f e r .  

Anion and  c a t i o n  s e p a r a t i o n s ,  r e s p e c t i v e l y ,  w e r e  

a c c o m p l i s h e d  by u s i n g :  ( I )  a W a t e r s  A s s o c i a t e s  Model  

I L C - 1  C h r o m a t o g r a p h  e q u i p p e d  w i t h  a n  IC-PAK A c o l u m n  a n d  

( i i )  a W a t e r s  A s s o c i a t e s  M o d e l t I L C - 2  C h r o m a t o g r a p h  

e q u i p p e d  w i t h  IC-PAK C co lumn.  S a m p l e s  were f i l t e r e d  

t h r o u g h  Waters Associates Sep-Pak C 1 8  c a r t r i d g e s  p r i o r  

t o  i n j e c t i o n  i n t o  t h e  c h r o m a t o g r a p h  t o  remove  n o n i o n i z e d  

o r g a n i c  components .  

8DD-1,1,4,4-d4 and  BDD-2,2,3,3-d4 were p r e p a r e d  

a c c o r d i n g  t o  t h e  p r o c e d u r e s  d e s c r i b e d  e l s e w h e r e . ”  

T h e s e  ma te r i a l s  were u s e d  t o  h e l p  e l u c i d a t e  mass 

s p e c t r a l  d a t a .  

PN was p r e p a r e d  by  r e a c t i n g  p y r r o l i d i n e  (PYR) w i t h  

c o n c e n t r a t e d  n i t r i c  a c i d  i n  a 1:1 m o l e  r a t i o  i n  a m a n n e r  

s i m i l a r  t o  t h a t  d e s c r i b e d  by McKenney.13 

p r o d u c t  was a v i s c o u s  o i l  t o  s e m i s o l i d  a t  room 

t e m p e r a t u r e ;  I R  ( n e a t )  3000 ( v s ,  b r ) ,  1 7 5 0  ( w ) ,  1709 

(m), 1 6 1 3  ( m ) ,  1 3 7 5  ( v s ,  b r ) ,  1 0 3 0  ( s ) ,  9 1 2  ( m ) ,  880 

( w ) ,  8 2 6  ( s ) ,  7 1 6  ( w )  c m - l ;  ’H N M R  ( D M S O - d 6 )  6 1.9 (in, 

4 H ) ,  3 .2  ( t ,  4H) ,  8.9 ( b r  s ,  2H);  m a s s  s p e c t r u n  ( 7 0  e V ) ,  

- m/e ( r e l a t i v e  i n t e n s i t y ) :  ( n o  m o l e c u l a r  i o n ) ,  7 1  ( 9 . 3 ) ,  

7 0  ( 1 2 . 8 ) ,  4 6  (24 .91 ,  4 3  ( 1 0 0 1 ,  4 2  ( 1 7 . 4 ) ,  4 1  (15.31, 3 9  

(9.S), 3 0  ( 1 9 . 8 1 ,  2 7  (11.2). 

The t a n  
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RESULTS 

Dynamic TGA Exper imen t  

BDD (20 mg) was h e a t e d  i n  a TG a n a l y z e r  a t  a r a t e  

o f  5OC/min. A A g C l  d i s p o s a b l e  IR p l a t e  was exposed t o  

t h e  f u r n a c e  exhaus t  p o r t  e f f l u e n t  d u r i n g  t h e  t e m p e r a t u r e  

range  200-215°C. T o t a l  w e i g h t  l o s s  d u r i n g  t h e  exposure  

p e r i o d  was a p p r o x i m a t e l y  40 p g: 

f r o m  t h e  m a t e r i a l  c o l l e c t e d  on  t h e  I R  p l a t e  c o n t a i n e d  

s t r o n g ,  b r o a d  a b s o r p t i o n  bands a t  3100 and 1380 cm-l .  

O the r  weak bands were  obse rved  a t  2410, 1750, 1580, and 

830 cm-l .  

3 1 2 5  ( s , b r ) ,  3020 ( s h ) ,  2380 ( v w ) ,  1750  ( v w ) ,  1360  

( v s , b r ) ,  830  ( w )  a n d  7 2 0  ( v w )  cm-’. 

I s o t h e r m a l  TGA Exper imen t  1. 

The s p e c t r u m  o b t a i n e d  

AN e x h i b i t s  c h a r a c t e r i s t i c  a b s o r p t i o n s  a t  - 

BDD ( 6 1  mg) was h e a t e d  a t  23OoC f o r  400 min, d u r i n g  

w h i c h  t i m e  t h e  sample  l o s t  66% o f  i t s  o r i g i n a l  we igh t .  

V o l a t i l e  m a t e r i a l  was d e p o s i t e d  on  t h e  c o o l e r  p o r t i o n  o f  

t h e  f u r n a c e  t u b e  t h a t  ex tended  beyond t h e  h e a t e r ;  a 

w h i t e  s o l i d  b e i n g  c o l l e c t e d  n e a r e s t  t h e  h e a t e r .  The IR 

spec t rum o f  t h e  s o l i d  e x h i b i t e d  a b s o r p t i o n s  a t  3000 ( s ,  

b r ) ,  2000  (w ,  d), 1 7 4 0  (n), 1 6 1 5  ( s ) ,  1 5 9 0  ( s h ) ,  1 5 0 5  

( v w ) ,  1 4 7 0  ( v w ) ,  1 3 4 5  ( v s ,  b r ) ,  1105  ( w ) ,  1 0 3 0  ( w ) ,  9 1 0  

( w ) ,  8 8 0  ( w ) ,  825  ( w ) ,  755  ( w )  and  7 2 0  ( w )  cm-1. 

B D D  ( K B r )  e x h i b i t s  b a n d s  a t  3 0 1 0  ( s ,  b r ) ,  2010 ( w ) ,  1980  

( * ,  b r ) ,  1 7 4 5  ( w ) ,  1 6 2 0  (m) ,  1 5 9 0  ( s h ) ,  1510  ( v w ) ,  1 4 6 5  

(vw) ,  1 3 5 0  ( v s ,  b r ) ,  1105  ( m ) ,  1 0 2 5  ( w ) ,  9 1 0  ( m ) ,  875  

( m ) ,  830 (m), 755 (w)  and 725 (w)  c m - l .  The p r o m i n e n t  

P u r e  
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a b s o r p t i o n  a t  1105 cm-l i s  c h a r a c t e r i s t i c  o f  BOD. 

I R  s p e c t r u m  o f  t h e  brown v i s c o u s  l i q u i d  t h a t  was 

c o l l e c t e d  beyond t h e  s o l i d  showed n o  e v i d e n c e  o f  BOD. 

I s o t h e r m a l  TCA E x p e r i m e n t  

The 

BOD (28 mg) was h e a t e d  a t  229OC f o r  8 4 0  m i n ,  d u r i n g  

w h i c h  time t h e  s a m p l e  l o s t  84% o f  i t s  o r i g i n a l  w e i g h t .  

A brown v i s c o u s  e f f l u e n t  was d e p o s i t e d  on  t h e  f u r n a c e  

t u b e .  The v i s c o u s  e f f l u e n t  was a n a l y z e d  by c h e m i c a l  

i o n i z a t i o n  ( C I )  mass s p e c t r o m e t r y  u s i n g  m e t h a n e  ( C H 4 )  a s  

t h e  r e a g e n t  g a s .  

c h r o m a t o g r a m  ( R I C )  t h a t  was o b t a i n e d  f o r  t h e  v i s c o u s  

e f f l u e n t  r e v e a l e d  t h e  p r e s e n c e  o f  f o u r  r e l a t i v e l y  m i n o r  

p r o d u c t s  ( I ,  11, 111, I V )  a n d  o n e  m a j o r  p r o d u c t  ( V )  ( S e e  

F i g u r e  1). As a n  a i d  t o  i n t e r p r e t a t i o n ,  s p e c t r a  were 

a l s o  o b t a i n e d  u s i n g  (1) CD4 r e a g e n t  g a s  and  (2 )  p r o d u c t s  

from d e u t e r i u m  l a b e l e d  sa l t s . 12  P r o d u c t s  111, I V ,  a n d  

V were i d e n t i f i e d  as b e i n g  1 , 3 - d i n i t r a t o b u t a n e  (1,3- 

The GC/MS CCI /CH4)  r e c o n s t r u c t e d  i o n  

DNBu), 1 , 4 - d i n i t r a t o b u t a n e  (1,4-ONBu) a n d  N - n i t r o s o -  

p y r r o l i d i n e  (PNSA), r e s p e c t i v e l y .  P r o d u c t s  I a n d  I1 

were n o t  i d e n t i f i e d .  Mass s p e c t r a l  r e s u l t s  a r e  

s u m m a r i z e d  i n  Table  1. 

I s o t h e r m a l  D e q r a d a t i o n  E x p e r i m e n t  

800 (2.0 mg) was hea ted  i n  a p a r t i a l l y  e v a c u a t e d  

g l a s s  b u l b  a t  210°C u n t i l  t h e  l i q u i d  a t  t h e  b o t t o m  o f  

t h e  b u l b  S e g a n  t o  b u b b l e  and  d a r k e n .  The v o l a t i l e  

m a t e r i a l s  t h a t  e m a n a t e d  f rom t h e  b u l b  were t r a n s f e r r e d  
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t o  t h e  m a s s  s p e c t r o m e t e r .  T h e  RIC, shown i n  F i g u r e  2 ,  

i s  composed  o f  f o u r  s i g n i f i c a n t  p r o d u c t s  (111, IV, V a n d  

X) a n d  t w e l v e  m i n o r  p r o d u c t s  ( I ,  VI, VII, VIII, IX, XI, 

XII, XIII, XIV, XV, XVI a n d  XVII). The mass s p e c t r a  

(CI/CH4) a s s o c i a t e d  w i t h  compounds  I ,  111, IV a n d  V o f  

F i g u r e  2 a r e  i d e n t i c a l  t o  t h o s e  o b t a i n e d  f r o m  t h e  

s i m i l a r l y  l a b e l e d  RIC p e a k s  shqwn i n  F i g u r e  1. 

The EX and C I  m a s s  s p e c t r a l  f r a g m e n t  p a t t e r n s  f o r  

p r o d u c t  X a r e  shown i n  T a b l e s  2 a n d  3 ,  r e s p e c t i v e l y .  

A l s o  i n c l u d e d  a r e  t h e  p r e d i c t e d  f r a g m e n t  p a t t e r n s  f o r  4- 

n i t r a t o - 1 - b u t e n e  a n d  i t s  e x p e c t e d  d e u t e r a t e d  a n a l o g s .  

Minor  p r o d u c t s  f o r  w h i c h  s u f f i c i e n t  m a s s  s p e c t r a l  

d a t a  t o  s u p p o r t  t e n t a t i v e  i d e n t i f i c a t i o n  c o u l d  b e  

o b t a i n e d  a r e  l i s t e d  i n  T a b l e  4. T h e ' i d e n t i f i c a t i o n  o f  

compounds  VIII ( t e t r a h y d r o f u r a n )  a n d  XV ( N - n i t r o -  

p y r r o l i d i n e ) ,  as shown i n  F i g u r e s  3 a n d  4 ,  r e s p e c t i v e l y ,  

is  s u p p o r t e d  by €1 mass s p e c t r a l  d a t a  t h a t  c l o s e l y  

m a t c h e s  t h a t  o f  a u t h e n t i c  s a m p l e s .  The mass s p e c t r a l  

(CI/CH4) p a t t e r n  a s s o c i a t e d  w i t h  compound XIV e x h i b i t s  a 

b a s e  i o n  a t  m / s  = 1 0 1  a n d  i o n s  o f  l o w  t o  m o d e r a t e  

a b u n d a n c e  a t  m/e = 7 3 ,  7 6  ( C H 2 N 0 3 ) ,  8 7 ,  118 (M-N03)  and 

181 (M + H ) .  T h i s  s u g g e s t s  y e t  a n o t h e r  d i n i t r a t o b u t a n e  

(DNBu) i s o m e r ,  t h e  m o s t  l o g i c a l  c h o i c e  b e i n g  t h e  2 , 3 -  

i s o m e r .  

A summary o f  t h e  i d e n t i f i e d  c o n d e n s e d  p h a s e  

r e a c t i o n  p r o d u c t s  f r o m  t h e  D S C  e x p e r i m e n t  i s  shown i n  

T a b l e  5 .  T h e  r e m a i n i n g  n i n e  m i n o r  p r o d u c t s  (I, VI, 
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V I I ,  IX, X I ,  X I I ,  X I I I ,  X V I  and X V I I )  canno t  be 

cha rac t e r i zed  s u f f i c i e n t l y  w i t h  t he  a v a i l a b l e  mass 

s p e c t r a l  da t a  f o r  t e n t a t i v e  i d e n t i f i c a t i o n .  

- Ion Chromatoqraphy Experiment 

S e v e r a 1 2 . 0  mg samples  o f  BDD were s e a l e d  i n  

p a r t i a l l y  evacuated g l a s s  b u l b s  and heated t o  19OoC.  

Samples were viewed by u s i n g  a*microscope  and were 

removed from the  hot s t a g e  a t  var ious  s t a g e s  of 

decomposition a s  sub jec t ive ly  determined by d i s c o l o r -  

a t ion .  The samples were analyzed w i t h i n  10 min.  a f t e r  

removal. The r e s u l t s  o f  chromatographic a n a l y s i s  are .  

shown i n  Table 6. 

- ARC Experiment 

BDD, 200 mg, was heated i n  an ARC r e a c t i o n  vesse l  

No s i g n i f i c a n t  s e l f - h e a t i n g  a t  176-184OC f o r  266 m i n .  

occurred d u r i n g  t h i s  t ime;  hence, t h i s  t ime is 

considered t o  be w i t h i n  t h e  induct ion  per iod.  Al iquots  

o f  t he  helium atmosphere above the  molten sample were 

removed a t  30 min .  i n t e r v a l s  and then analyzed by GC/MS. 

The gases  found ( N 2 ,  N O ,  N 2 0 ,  C02, and H2D) were a l l  

evolved a t  r a t e s  between 0.98 and 2.0 x mole/min. 

Nitrogen d ioxide  could n o t  he de t ec t ed  r e l i a b l y  f rom 

e i t h e r  sample a l i q u o t  o r  s tandard  gas ;  however, o the r  

r e sea rche r s  have v e r i f i e d  i t s  presence.14 

n i t rogen  (N) evolved, ca l cu la t ed  f r o m  t he  t o t a l  amounts 

o f  N2, N O ,  and N20 evolved d u r i n g  t he  course o f  t he  

The t o t a l  
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e x p e r i m e n t ,  was 0.10 p e r c e n t  o f  t h e  t o t a l  n i t r o g e n  

( N )  a v a i l a b l e  f r o m  BDD. 

A n o t h e r  A i i C  e x p e r i m e n t  w a s  c a r r i e d  o u t  u n d e r  

c o n d i t i o n s  s i m i l a r  t o  t h o s e  d e s c r i b e d  a b o v e .  A n a l y s i s  

o f  t h e  p r o d u c t  m i x t u r e  u s i n g  G C / M S  revealed t h e  p r e s e n c e  

o f  e t h e n e ,  p r o p e n e ,  1 , 3 - b u t a d i e n e  a n d  c a r b o n  m o n o x i d e ,  

i n  a d d i t i o n  t o  t h e  p r o d u c t s  s h o w n  a b o v e .  GC r e t e n t i o n  

t imes a n d  mass s p e c t r a l  p a t t e r n s  a s s o c i a t e d  w i t h  t h e s e  

c o m p o u n d s  c o r r e s p o n d e d  w i t h  t h o s e  o b t a i n e d  f r o m  

a u t h e n t i c  s a m p l e s .  

C u m u l a t i v e  I n d u c t i o n  P e r i o d  (DSC) S t u d y  

C u m u l a t i v e  t h e r m o l y s i s  e x p e r i m e n t s  were c a r r i e d  o u t  

w i t h 8 0 0  a t 1 9 0 ° C i n  a i r .  

t h e  h e a t  s o u r c e  a n d  q u e n c h e d  o n  d r y  i c e  a f t e r  a t i m e d  

f r a c t i o n  o f  t h e  i n d u c t i o n  p e r i o d  h a d  o c c u r r e d .  T h e  

s a m p l e  was t h e n  r e h e a t e d  t o  1 9 O o C  a n d  h e l d  u n t i l  t h e  

e n d  o f  t h e  i n d u c t i o n  p e r i o d .  T h i s  e x p e r i m e n t  was r e p e a t e d  

two more t imes .  T h e  a v e r a g e  o f  t h e  c o m b i n e d  t imes  f o r  

e a c h  e x p e r i m e n t  w a s  c o m p a r e d  w i t h  t h e  a v e r a g e  i n d u c t i o n  

t ime o S t a i n e d  f r o m  s i x  e x p e r i m e n t s  c a r r i e d  o u t  a t  t h e  

s a m e  t e m p e r a t u r e .  T h e  r e s u l t s  a r e  s h o w n  i n  Tab le  7. 

T h e r m o l y s i s  of P y r r o l i d i n i u m  N i t r a t e  (PN) 

T h e  s a m p l e  was r e m o v e d  f rom 

PN ( 0 . 1  mg) was i n t r o d u c e d  i n t o  t h e  G C / M S  t h r o u g h  a 

c o n c e n t r a t o r  o v e n  a s  d e s c r i b e d  p r e v i o u s l y .  The 

r e s u l t i n g  R I C ,  s h o w n  i n  F i g u r e  5 ,  i s  c h a r a c t e r i z e d  b y  
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o n e  m a j o r  p r o d u c t .  The  mass s p e c t r u m  ( C I / C H 4 )  o f  t h i s  

p r o d u c t  i s  i d e n t i c a l  t o  t h a t  o f  p r o d u c t  V f r o m  t h e  

d e c o m p o s i t i o n  o f  BDD a n d  i s  i d e n t i f i e d  a s  b e i n g  

N - n i t r o s o p y r r o l i d i n e  (PNSA).  

DISCUSSION 

The d a t a  g e n e r a t e d  f r o m  t h i s  i n v e s t i g a t i o n  s u g g e s t  

t h a t  t h e  €300 i n d u c t i o n  p e r i o d  is c h a r a c t e r i z e d  by 

c o m p e t i t i v e ,  e n d o t h e r m i c  r e a c t i o n s  t h a t  c r e a t e  

c o n d i t i o n s  t h a t  u l t i m a t e l y  l e a d  t o  e x o t h e r m i c  

d e c o m p o s i t i o n .  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by t h e  

r e s u l t s  o f  t h e  c u m u l a t i v e  i n d u c t i o n  p e r i o d  s t u d y  w h e r e  

i t  was d e m o n s t r a t e d  t h a t  t h e  i n d u c t i o n  p e r i o d  is 

a f f o r d e d  a 9*memory.*' I s o t h e r m a l  DSC e x p e r i m e n t s  w i t h  

BDD i n  v e n t e d  s a m p l e  p a n s  a r e  t y p i f i e d  by s u b t l e  

e n d o t h e r m s  o f  l o n g  d u r a t i o n  f o l l o w e d  by r a p i d  e x o t h e r m i c  

d e c o m p o s i t i o n .  Loss o f  v o l a t i l e s ,  t h o u g h t  t o  o c c u r  

d u r i n g  t h i s  e n d o t h e r m i c  p e f i o d ,  was c o n f i r m e d  by 

i s o t h e r m a l  TGA a t a t e m p e r a t u r e  a s  l o w  a s  180°C i n  a 

f l o w i n g  N2 a t i n ~ s p h e r e : ' ~  

t o  c o m p l e t e l y  d i s s o c i a t e  i n t o  1 , 4 - b u t a n e d i a m i n e  ( B O A )  

and  HN03 a t  e l e v a t e d  t e m p e r a t u r e  i n  h i g h  vacuum w i t h  n o  

o t h e r  d e c o m p o s i t i o n  r e a c t i o n s  a p p a r e n t . "  The p r e s e n c e  

o f  BDO i n  t h e  e f f l u e n t  f r o m  i s o t h e r m a l  TSA E x p e r i m e n t  I 

s u g g e s t s  t h a t  dissociation/association a l s o  o c c u r s  t o  

soine s m a l l  9 x t e n t  a t  a t m o s p h e r i c  p r e s s u r e .  The s h a p e  o f  

BDD h a s  b e e n  shown p r e v i o u s l y  
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r e l a t i v e l y  low t e m p e r a t u r e  T G A  c u r v e s  a t  a t m o s p h e r i c  

p r e s s u r e ,  h o w e v e r ,  s u g g e s t s  r e a c t i o n s  o t h e r  t h a n  

d i s s o c i a t i o n  a r e  o c c u r r i n g .  W h i l e  A N  was n o t  d e t e c t e d  

i n  t h e  e f f l u e n t  f r o m  i s o t c h e r m a l  T G A  e x p e r i m e n t s ,  t h e  

e f f l u e n t  f rom a s p e c i f i c  t i m e / t e m p e r a t u r e  p e r i o d  o f  a 

d y n a m i c  T G A  e x p e r i m e n t  y i e l d e d  a w h i t e  s o l i d  t h a t  

p r o d u c e d  a n  I R  s p e c t r u m  t h a t  i n d i c a t e d  t h e  p r e s e n c e  o f  

AN. Even t h o u g h  t h e  t o t a l  w e i g h t  l o s s  o v e r  t h i s  p e r i o d  

was m i n i m a l ,  t h e  p r e s e n c e  o f  A N  i n d i c a t e s  t h a t  C-N bond 

r u p t u r e  o c c u r s  e a r l y  i n  t h e  BDD d e c o m p o s i t i o n  p r o c e s s  a t  

a t m o s p h e r i c  p r e s s u r e .  The d e t e c t e d  A N  i s  t h o u g h t  t o  

r e s u l t  f r o m  t h e  r e a c t i o n  o f N H J  w i t h  HN03 i n  t h e  v a p o r  
p h a s e .  1 4  

I n  a n  e f f o r t  t o  i d e n t i f y  m o r e  o f  t h e s e  e a r l y  

p r o d u c t s ,  BOD was d e c o m p o s e d  i n  a s e a l e d  b u l b  u n d e r  

p a r t i a l  vacuum a t  19OoC, a n d  t h e  r e a c t i o n  r e s i d u e  was 

a n a l y z e d  by c a t i o n / a n i o n  c h r o m a t o g r a p h y .  The r e a c t i o n s  

were q u e n c h e d  a t  v a r i o u s  s t a g e s  o f  r e a c t i v i t y  a s  j u d g e d  

by q u a l i t a t i v e  o b s e r v a t i o n  o f  c o l o r  c h a n g e  i n  t h e  

r e a c t i o n  r e s i d u e .  Very s m a l l  p e r c e n t a g e s  ( r e l a t i v e  t o  

t o t a l  s a m p l e  r e a c t e d )  o f  ammonium a n d  p y r r o l i d i n i u m  

c a t i o n s  were d e t e c t e d  w i t h  t h e  f o r m e r  b e i n g  d e t e c t e d  

f i r s t .  T h e  o r d e r  o f  a p p e a r a n c e  i s  c o n s i s t e n t  w i t h  t h e  

f i n d i n g s  o f  B r i l l 14  a n d  a p p e a r s  t o  s u p p o r t  t h e  e x i s t e n c e  
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o f  t h e  f o l l o w i n g  e a r l y  r e a c t i o n s :  

(1) [H3N(CH2)4NH312N03 G [H3N(CH2)4NH21N03 + HN03 

3 O D  BDM 

(2) BDM H2N(CH2)4NH2 4 HN03 

80 A 

( 3 )  BDM __* [EH2CH2CH2CH2NH2]NO3 4 NH3 

PN 

( 4 )  PN EH2CH2CH2CH2AH * HN03 

PYR 

( 5 )  NH3 H N 0 3 s  NH4N03 

AN 

BDM a n d  PN h a v e  n o t  b e e n  d i r e c t l y  c o n f i r m e d  as 

i n t e r m e d i a t e  r e a c t i o n  p r o d u c t s  i n  t h e  c o n d e n s e d  p h a s e  by  

a n a l y s i s .  BOM, h o w e v e r ,  is a l o g i c a l  c h o i c e  a s  a 

p r e c u r s o r  t o  t h e  c y c l o e l i m i n a t i o n  r e a c t i o n  t h a t  l e a d s  t o  

PYR. T h i s  r e a c t i o n  is c o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  

f i n d i n g s  o f  P o l i t z e r , 1 6  w h e r e i n  a C-NH3* b o n d  was 

c a l c u l a t e d  t o  b e  weaker t h a n  a C-NH2 b o n d ;  h e n c e ,  t h e  

former i s  f a v o r e d  f o r  C-N b o n d  f i s s i o n .  PN, on t h e  

o t h e r  h a n d ,  h a s  b e e n  i d e n t i f i e d  b y  B r i l l 1 4  i n  t h e  

a e r o s o l  a b o v e  d e c o m p o s i n g  B D O ,  b u t  i t s  f o r m a t i o n  i n  t h e  

c o n d e n s e d  p h a s e  d o e s  n o t  seem l i k e l y .  I t  i s  u n s t a b l e  

a b o v e  100°C a t  a t n o s p h e r i c  p r e s s u r e  a n d  w o u l d  n o t  b e  

e x p e c t e d  t o  be  s t a b l e  i n  t h e  c o n d e n s e d  p h a s e  u n d e r  t h e s e  

e x p e r i m e n t a l  c o n d i t i o n s .  Rased o n  these  d a t a ,  i t  i s  

p r o b a b l y  b e s t  t o  d e s c r i b e  t h e  e a r l y  d e c o m p o s i t i o n  o f  BOD 
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i n  t e rms  o f  e q u a t i o n s  l t h r o u g h  5 p l u s  e q u a t i o n s  6 

and 7 .  

( 6 )  BDM-PYil * A N  

(7) BDA + P Y R  + N H j  

The f i n d i n g  o f  PNSA among t h e  r e a c t i o n  p r o d u c t s ,  

c o u p l e d  w i t h  t h e  f a c t  t h a t  PN y i e l d s  s i g n i f i c a n t  a m o u n t s  

o f  PNSA upon t h e r m o l y s i s ,  s t r o n g l y  s u g g e s t s  t h a t  PN is 

formed as  a t r a n s i e n t  s p e c i e s  a t  s o m e  p o i n t  d u r i n g  t h e  

e a r l y  BDD t h e r m o l y s i s  p r o c e s s .  S u b s e q u e n t  d e c o m p o s i t i o n  

o f  PN t o  f o r m  PNSA may t h e n  o c c u r ,  p e r h a p s  t h r o u g h  a 

d e h y d r a t i o n  r e a c t i o n  t o  f o r m  t r a n s i e n t  N - n i t r o p y r r o l - -  

i d i n e  (PNA). S m a l l  a m o u n t s  o f  PNA h a v e  b e e n  d e t e c t e d  i n  

t h e  BDD r e a c t i o n  p r o d u c t s ,  b u t  PNA h a s  n o t  b e e n  

d e t e c t e d  among t h e  p r o d u c t s  o f  PN d e c o m p o s i t i o n .  I t  i s  

p o s t u l a t e d  t h a t  PNA d e c o m p o s e s  i n  a manner  s i m i l a r  t o  

t h a t  o f  d i m e t h y l n i t r a m i n e , ”  t h e r e b y  f o r m i n g  PNSA a s  t h e  

p r i m a r y  d e c o m p o s i t i o n  p r o d u c t .  

T h e  p r e s e n c e  o f N 2 0  a n d  N 2 i n t h e B D D d e c o m p o s i t i o n  

e f f l u e n t  s u g g e s t s  t h a t  t r a n s i e n t ,  p r i m a r y  n i t r a m i n e  a n d  

n i t r o s a m i n e  f u n c t i o n a l  g r o u p s  may a l s o  a p p e a r  d u r i n g  t h e  

t h e r m o l y s i s  p r o c e s s .  N i t r o u s  o x i d e ,  h o w e v e r ,  may a l s o  

r e s u l t  v i a  d e g r a d a t i o n  o f  A N ,  w h i c h  h a s  b e e n  s h o w n t o  

form e a r l y  i n  t h e  p r o c e s s .  T h e  d e g r a d a t i o n  of 

r e l a t i v e l y  u n s t a b l e  p r i m a r y  n i t r a m i n e  a n d  n i t r o s a m i n e  

s p e c i e s  i n  t h e  p r e s e n c e  o f  H N D 3  may a l s o  a c c o u n t  f o r  t h e  

p r e s e n c e  o f  t h e  t h r e e  DNBu i s o m e r s .  T h e  d e g r a d a t i o n  may, 

f o r  e x a m p l e ,  p r o c e e d  v i a  t h e  c o r r e s p o n d i n g  d i a z o n i u i n  a n d  
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d iazon ium o x i d e  i o n s ,  t h u s  l e a d i n g  t o  f o r m a t i o n  o f  t h e  

DNBu i s o m e r s  t h r o u g h  s o l v o l y s i s / e l i m i n a t i o n  r e a c t i o n s l a a  

coup led  w i t h  ca rbon  t o  c a r b o n  m i g r a t i o n  o f  h y d r i d e  

i o n .  lab 

Based on condensed phase and gaseous p r o d u c t s  

i d e n t i f i e d  f r o m  BOD t h e r m o l y s i s  e f f l u e n t  and r e s i d u e ,  

a d d i t i o n a l  r e a c t i o n s  a r e  p o s t u l a t e d  t o  o c c u r  l a t e r  i n  

t h e  t h e r m a l  d e c o m p o s i t i o n  p rocess .  W h i l e  t h e  d e c o m p o s i t i o n  

c h e m i s t r y  o c c u r r i n g  i n  m o l t e n  BOD i s  b e l i e v e d  t o  be 

complex ,  many o f  t h e  p roposed  r e a c t i o n s  shown be low are 

p r e s e n t e d  a s  u n i m o l e c u l a r  and, i n  some cases, i n  a 

s t e p w i s e ,  s i m p l i s t i c  manner for purposes  o f  c l a r i t y . ' '  

( 8 )  PN __* CH2CH2CH2CH2NN02 b. H20 

PNA 

(9) PNA+ kH2CH2CH2CH2NN0 + o t h e r  p r o d u c t s  

PNSA 

(10) BDD 02NNH(CH2)4NHN02 * 2H20 

BDNA 

(11) BDNA--+&CH2CH2NN(O)OH]2 

( a )  

(12) EDNA--+ ONNH(CH2)4NHN0 o t h e r  p r o d u c t s  

BONSA 

(13) BDNSA- -€-CH2CHZNNOH]2 

( b )  

S p e c i f i c a l l y ,  e q u a t i o n s  ( 1 4 )  t h r o u g h  (19) may be 

r e p r e s e n t a t i v e  o f  t h e  r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  

condensed phase l e a d i n g  t o  t h e  p r o d u c t s ,  l ,4-DNBu, 
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1,3-0NBu1 2,3-DNBu, 1-nitrato-4-butene and lI3-butadiene. 

Electron paramagnetic resonance studies2' have con- 

firmed the presence of free radicals in the exothermic 

decomposition process that follows the non-radical (prob- 

ably ionic) induction period. Equations 17-19 reflect a 

possible radical mediated route to known products. 

+ N Q  
S O  

0' H 

(14a) ( a )  -b 

L *  
(C) 

(15b) ( 5 )  ,-b +CH-CH*-N=N-OH-+N* 7-cH-cH3 * H20 
k-f 0 

+Ckl=CH2 (l-Nitrsto-4-Sutenel 
1,3-Butadiene) 

(16) (c) 

+CH-ON02 (lI3-DNBu, 2,3-ONBu) 
CH3 
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(18) ( f )  __+ Z[CH~=CHNHJ]NOJ-  H2C=CH * NH3N03 

( g )  ( h )  

(19) ( h )  __+ H2C=CH2 1 , 3 - b u t a d i e n e  

As shown e a r l i e r ,  o t h e r  p r o d u c t s  f r o m  t h e  

d e c o m p o s i t i o n  p r o c e s s  were f o u n d  i n  m i n o r  q u a n t i t i e s ,  

b u t  m o s t  were  n o t  t e n t a t i v e l y  i n d e n t i f i e d  d u e  t o  l a c k  o f  

s u f f i c i e n t  mass s p e c t r a l  d a t a .  I t  i s  b e l i e v e d  NO, CO, 

C02 a n d  NO2 a r e  p r o d u c e d  by a t t a c k  o f  HN03 on t h e  

b a c k b o n e  o f  t h e  o r g a n i c  c a t i o n .  T h i s  o x i d a t i o n  p r o c e s s  

a l s o  a p p e a r s  t o  o c c u r  e a r l y ,  b u t  n o t  t o  s u c h  a n  e x t e n t  

t o  cause m e a s u r a b l e  s e l f - h e a t i n g .  

CONCLUSIONS 

I t  h a s  b e e n  shown t h a t  BOD d e c o m p o s e s  t h e r m a l l y  

f rom t h e  m o l t e n  s t a t e  v i a  a m u l t i s t e p  p r o c e s s  t h a t  

p r o d u c e s  a v a r i e t y  o f  c o n d e n s e d  p h a s e  a n d  g a s e o u s  

p r o d u c t s .  T h e  n a t u r e  o f  t h e  p r o d u c t s  s u g g e s t  t h a t  a 

p r o t o n  t r a n s f e r  r e a c t i o n  f rom c a t i o n  t o  a n i o n  f o l l o w e d  

b y  C-N bond r u p t u r e  o c c u r s  e a r l y  i n  t h e  d e c o m p o s i t i o n  

p r o c e s s .  T h e  p r e s e n c e  o f  e a r l y  h e t e r o c y c l i -  r e a c t i o n  

p r o d u c t s  d e m o n s t r a t e s  t h a t  o n e  o f  t h e  r e a c t i o n  

m e c h a n i s m s  i n v o l v e s  c y c l o e l i m i n a t i o n .  The  r e a c t i o n s  o f  

t h i s  l a t t e r  p r o c e s s  a p p e a r  t o  b e  c o m p e t i t i v e  and  may 

p r o c e e d  t h r o u g h  t r a n s i e n t ,  p r i m a r y  n i t r a m i n e  and  
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n i t r o s a m i n e  s p e c i e s .  The d e g r a d a t i o n  o f  

t h e s e  r e l a t i v e l y  u n s t a b l e  s p e c i e s  i n  t h e  p r e s e n c e  o f  

H N 0 3  may a c c o u n t  f o r  t h e  p r e s e n c e  o f t h e  t h r e e  DNBu 

i s o m e r s ,  a s  wel l  a s ,  1 - n i t r a t o - 4 - b u t e n e  and  1,3- 

b u t a d i e n e .  F u t u r e  work w i t h  B D D  i n c l u d e s  a s t u d y  t o  

d e t e r m i n e  t h e  k i n e t i c s  a s s o c i a t e d  w i t h  i t s  t h e r m a l  

d e g r a d a t i o n  p r o c e s s  a n d  a n  a t t e m p t  t o  r e l a t e  t h e  

k i n e t i c s  t o  t h e  t h e r m a l  and  i m p a c t  s e n s i t i v i t i e s  o f  i t s  

c o m p o s i t e s  w i t h  ammonium a n d  p o t a s s i u m  n i t r a t e s .  
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TABLE 1. MIS Spectral O a t a  For Products I-Y 

Original 

BOD 

Sdlt 

BOO 

BOO 

BOO 

BOO-1.1 ,4.4-d4 

BDO-2.2,3,3-d4 

BOO 

BOO- 1 , I  . 4 ,  4-dq 

B00-2,2.3.3-dq 

Predicted 

Pro- 
duct 

I 
M'61 

~ 

71 76 99[bare](M+H) 127(M+C2Hs) 139(M+C3H5) 

71 73 76(CHzNO3) 88 101 llB(base](M-NO~) 18l(M+H) 

71 73 76(CHZN03) 88 102 118[bare](M-N03) 18l(~+H)l82(f4*0) 

3 74[base] 75 90 I01 122(H-NOj) 185(M*H)- 

73 74 76(CHzNO3) 9 2  104 121 IZt[ba~e](M-N0~) 185(H+H) 

43 46[bdre](N02) 74 73 76(CH2N03) PO(CzH4NO3) 

46[base] ( N O t )  7B(CD2NO]) 9Z(C2H202NO]) 

46[base] ( NO2) 76(CH2NO3) 90(C202H2NO3) 

46 76 90 

Type 
€apt 

CllCh4 

CIICOq 

CIICH4 

CIICH4 

CIICDq 

C I l C H ~  

CllCH4 

El' 

El 

E l  

El 
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TABLE 1. Mass Spectral Oata For Products I-V (cant.) 

Original 
Salt 

BOO 

BOO 

800-1 , I  ,4.4-d4 

800-2.2.3.3-d4 

800 

800- I, 1 .4,4-d4 

E00-2,2.3.3-d4 

Authentic 
Sample 

BOO 

800 

BOO 

Authentic 
Sample 

a. Spectrum c 

Pro- 
duct 

IV 

H-180 

‘1-184 

M-I84 

1,4- 
ONEu 

V 

H=100 

PNSA 
__ 
sisten 

m/e (tentative assignment) 

71[base]73 76(CHzNOjl 88 101 118(H-N03) 18l(H+H) 

7l[base] 76(CHzNO,) IlB(H-NO3) 181 (M+H)l8Z(M+O) 

74[base] 89 lZZ(H-NO3) 185(M*H) 

7 4  75[base] 76 92 lZZ(H-HO3) 185(H+H) 

46[base](NOZ) 76(CHzNO,) 

46[base](N02) 78(CD2NO~) 

46[base](NO2) 76(CH2N03) 

46 76 

~ ~ ~~ 

70 84 ~IOl[basel(H+H) 129(H+C~H5) 141 (M+C3Hc,) 

lOZ[base](H+O] 134(H+C205) l46(f4+C3O5) 

39 41[base]42 4 3  68 69 100(M) 

39 41[base]4Z 43 68 69 100 

ith ion fragment pattern expected from 1,3-dinitrdtobutane (I,3-ONBuJ 

b. 

c. 

Spectrum Consistent with ion fragment pattern for authentic 1.4-dinltratobutane (I,d-ONBu) 

Spectrum consistent with ion fragment pattern for authentic N-nitrosopyrrolidine (PNSA) 
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TABLE 2. Mass Spectral ( E I )  Data For Product X (4-Nitrato-I-butene) 

mle (tentative assignment) 

39 41[base](CH2CHCH2) 4 6 W 2 )  55( CH~CHCHZCH~) 76 ( C H ~ O N O Z  ) 

41 46 55 76 

40 41 42 43 (CO~CHCHZ) 46[base](N02) ~ ~ ( C D Z C H C H ~ C O Z ]  78(C020N02) 

41  43 46 59 78 

40 41 42 43 44(CH2COC02) 46[base](NOZ) 58(CH~COCDzCH2) 76(CH25N02) 

44 46 58 76 

Source 

Source 

800 

Predicted 

800-1 , I  .4,4-d4 

Predicted 

BD0-2.2.3,3-d4 

Predicted 

nle (tentatjve assignment] 

800 

800-1.1.4.4-d4 

800-2.2.3.3-d4 

7 1  [bdse](CH2CHCH2CH20) 76(CH20N02) 87(C4H702) 118(Holecular ion+H) 

75 78[base] 90 122 

74 76[base] 90 121 
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TABLE 4. Mass Spectral Data For Products VIII, XIV 
and XV 

ID # COMPOUND MW MS/(CI/CH4) - 
VIII Tetrahydrofuran 72 73(M*H) 101(M*C2H5) 

XIV 2,3-Dinitratobutane 180 181(M*H) 

XV N-Nitropyrrolidine 116 117(M*H) 

TABLE 5. Products Identified From BDD Thermolysis 
Residue 

Pr 0 duct II Product Name 

I11 1,3-Dinitratobutane 

IV l14-Dinitratobutane 

V N-Nitrosopyrrolidine 

VIII Tetrahydrofuran 

X 4-Nitrato-1-butene 

XIV 2,3-Dinitratobutane 

xv N-Nitropyrrolidine 
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TABLE 6 .  I o n  Chromatography Da ta  From BOD T h e r m o l y s i s  
Res idue 

2 
1 2 FH2CH2\NH2' 

Sample O b s e r v a t i o n  N03- NHq+ CH2CH; 

1. Not h e a t e d  1.00 0.0000 0.000 

2. Sample s p l a t t e r e d  1.05 .0.0001 0.000 
on t o p  o f  b u l b  
t u r n e d  d a r k  y e l l o w  

o f  b u l b  t u r n e d  
y e l l o w  and s t a r t e d  
t o  b u b b l e  

t u r n e d  red-brown 
and b u b b l e d  
v i g o r o u s l y  

3 .  L i q u i d  i n  b o t t o m  1.05 <0.0001 0.000 

4 .  L i q u i d  i n  b o t t o m  1.00 0.0001 0.002 

5. L i q u i d  i n  b o t t o m  0.35 0.0004 0.006 
t u r n e d  d a r k  brown, 
no f u r t h e r  e v i -  
dence o f  r e a c t i o n  

(1) Norma l i zed  areas .  
( 2 )  P e r c e n t  o f  o r i g i n a l  sample we igh t .  
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1 'ABLE 7.  C o m p a r i s o n  o f  C u m u l a t i v e  a n d  N o n - C u m u l a t  i v e  
I n d u c t i o n  P e r i o d  Times F o r  BOD i n  Air a t  
1 9 O o C  

E x p  ' t 

1 

2 

3 

4 

I n d u c t i o n  P e r i o d  i m i n . )  

Segmen t 1 S e g m e n t  2 T o t a l  

3.73  3.87 7 . 6 0  

3.73 

4.35 

3 .88  7 . 6 1  

3.54 7 . 8 9  

A v e r a g e  7.70 

7 .7020.76  7 . 7 0 2 0 . 7 6  
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100,o 

RIC 

V 

20 40 60 80 100 120 
Scan 

FIGURE 1. R e c o n s t r u c t e d  I o n  Chromatogram o f  ED0 
D e c o m p o s i t i o n  P r o d u c t s  From I s o t h e r m a l  T G A  
E x p e r i m e n t  11. 

140 

229 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



100.0 

RIC 

X 

100 290 390 
SCAN 

V 

111 

X V I  
/ 

X V I  I 

500 600 

FIGURE 2. R e c o n s t r u c t e d  I o n  Chromatogram o f  BDD 
Decompos i t i on  P r o d u c t s  From I s o t h e r m a l  DSC 
Exper imen t .  
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SAMPLE V I I I  

FIGURE 3. E I  Mass Spect rum o f  Compound V I I I  Compared t o  
That  o f  T e t r a h y d r o f u r a n .  

SAMPLE X V  

FIGURE 4. E I  Mass Spect rum o f  Compound XV Compared t o  
That  o f  N - N i t r o p y r r o l i d i n e .  
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FIGURE 5. Reconstructed Ion Chromatogram o f  PN 
Decomposition Products. 
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LIST OF ABBREVIATIONS 

AN 
ARC 
BDA 
BDD 
BDM 
BDNA 
BDNSA 
CI 
DNBu 
DSC 
EDD 
EI 
GC/MS 
HPLC 
IR 
P N  
PNA 
PNSA 
PTTN 
PYR 
RIC 
TGA 

Ammonium Nitrate 
Accelerating Rato Calorimeter 
1,4-Butanediamine 
1,4-Butanediammonium Dinitrate 
1,4-Butanediamine 'HN03 
1,4-Butanedinitramine 
1,4-Butanedinitrosamine 
Chemical Ionization 
Dinitratobutane. 
Differential Scanning Calorimeter 
1,2-Ethanediammonium Dinitrate 
Electron Impact 
Gas Chromatography/Mass Spectrometry 
High Performance Liquid Chromatography 
Infrared 
Pyrrolidinium Nitrate 
N-Nitropyrrolidine 
N-Nitrosopyrrolidine 
Pentaerythrityltetrammonium Tetranitrate 
Pyrrolidine 
Reconstructed Ion Chromatogram 
Thermogravimetric Analysis 
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