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ELECTRON PARAMAGNETIC RESONANCE OFULTRAVIOLET IRRADIATED 
HMXSINGLECRYSTALS 

M. D. PACE 
Chemistry Divis ion,  Code 6120, Naval Research Laboratory,  
Washington, D.C. 20375-5000 

The secondaryexplosiveHMX (octahydro- 
1,3,5,7-tetranitro-l,3,5,7-tetrazocine) undergoes 
thermal  andphotolyticdecompositiontoproduce 
f r e e  r a d i c a l  products .  This  i s  f i r m l y e s t a b l i s h e d  
by s t u d i e s  us ing  e l e c t r o n  paramagnetic resonance 
(EPR) spectroscopy.  I n  t h i s  s tudy  paramagnetic 

.NO2 molecules a r e  shown t o  form dur ing  u l t r a v i o l e t  
p h o t o l y s i s o f  s i n g l e c r y s t a l s o f H M X a t 7 7 K .  The 
.NO2 molecules a r e  h ighly  ordered i n  t h e  monoclinic 
c r y s t a l  l a t t i c e o f  HMX. E P R s p e c t r a o f d i f f e r e n t  
a l ignments  o f t h e H M X c r y s t a l r e l a t i v e t o t h e  
a p p l i e d  magnetic f i e l d  d i r e c t i o n  i n d i c a t e  *NO2 
f o r m a t i o n a t t h e N ( 3 ) - N ( 4 )  bondloca t ionof theHMX 
molecule. T h i s d i f f e r s  f r o m o u r p r e v i o u s  s tudy  of 
RDX (hexahydro-lI3,5-trinitro-s-triazine) which 
i n d i c a t e s  .NO2 formation a t  t h e  a x i a l  and 
e q u a t o r i a l  N-Nbondposi t ions OftheRDXmolecule 
as a resultofultravioletphotolysis. 

INTRODUCTION 

Nitramines arewell  known f o r t h e i r a p p l i c a t i o n a s  
explos ives .  The chemical r e a c t i o n s  which precede t h e  r a p i d  
changeof  s t a t e a n d e x o t h e r m i c  r e l e a s e o f h e a t  and l i g h t  
d u r i n g d e f l a g r a t i o n  o r  de tona t ion  a r e n o t k n o w n w i t h  
c e r t a i n t y .  I n s i g h t  i n t o  initialreactionscanbegainedby 
looking a t w h a t  bonds a r e b r o k e n a n d w h a t  newproducts  are 
formedwhilethesematerials  r e t a i n  t h e i r  c r y s t a l l o g r a p h i c  
o r d e r  i n  t h e  condensedphase. E lec t ronparamagnet ic  
resonance is i d e a l  f o r t h i s  taskwhen f r e e  r a d i c a l  p roducts  
a r e  involved. Recent s t u d i e s  have p r o v e n t h a t  f r e e  
r a d i c a l s  o c c u r d u r i n g t h e r m a l  a n d p h o t o l y t i c  decomposition 
of s o l i d s t a t e n i t r a m i n e s .  These r a d i c a l s h a v e  s t r u c t u r e s  
which resemble fragments o f t h e i r  paren t  n i t ramine  
molecules. ResearchonRDXhas s h o w n t h a t i n  u l t r a v i o l e t  
i r r a d i a t e d  s i n g l e  c r y s t a l s  paramagnetic -NO2 f r e e  r a d i c a l s  
areproducedhavingasymmetrical conformations i n  t h e  
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168 M. D. PACE 

orthorhombic c r y s t a l  l a t t i c e . ( l )  U l t r a v i o l e t p h o t o l y s i s  of 
RDXandHMX i n s o l u t i o n g e n e r a t e s  n i t r o x y l r a d i c a l s  and a 
paramagnetic r e a c t i o n  product  of .NO2 w i t h  t h e  s o l v e n t . ( 2 )  
I n t h e r m a l  decomposition s t u d i e s  a n i t r o x y l  r a d i c a l a n d a  
proposed n i t r o n y l n i t r o x y l  r a d i c a l  have been d e t e c t e d  us ing  
EPR. ( 3 , 4 )  This  a r t i c l e  r e p o r t s  t h e  s tudy  of -NO2 f r e e  
r a d i c a l s  formed by u l t r a v i o l e t  p h o t o l y s i s  of p-HMX s i n g l e  
c r y s t a l s .  The s p a t i a l  l o c a t i o n s  of t h e  .NO2 free r a d i c a l s  
i n  t h e  c r y s t a l  l a t t i c e  a r e  determined andcompared t o t h e  
.NO2 formation i n  RDX. 

EXPERIMENTAL 

S i n g l e  c r y s t a l s  of p-HMX were rece ived  from t h e  Naval 
WeaponsCenter, ChinaLake, CA. andweregrownby slow 
evaporat ion of a roomtemperature ( 2 5 ' C )  s a t u r a t e d  s o l u t i o n  
of n e a t  ,9-HMX i n  acetone. C r y s t a l l i z a t i o n  r e q u i r e d  2-4 
weeks toproduce  c r y s t a l s w i t h l e n g t h s  of4-6mm. The 
assignment of c r y s t a l l o g r a p h i c  a x e s t o t h e s e  c r y s t a l s w a s  
m a d e b y u s i n g a  Zeiss o p t i c a l  t ransmissionmicroscope 
equipped with an x-y g r i d  over lay  t o  d i g i t a l l y  record  
coord ina tes .  T h i s  w a s  u s e d t o m e a s u r e  i n t e r f a c i a l  angles  
and interaxialanglesofthecrystals. F r o m t h i s  
information a x i a l  assignments weremadeby comparisonwith 
documented dimensions and i n t e r a x i a l  a n g l e s  of p-HMX.(5) 
The  c r y s t a l s w e r e m o u n t e d o n t o  ImmdiameterMacorrods to  
f a c i l i t a t e h a n d l i n g  dur ing  i r r a d i a t i o n a n d d a t a  c o l l e c t i o n .  
Three c r y s t a l s a m p l e s w e r e u s e d .  E a c h c r y s t a l w a s  
separatelymounted f o r  r o t a t i o n w i t h  r e s p e c t  t o t h e  
polar iz ingmagnet ic  f i e l d d i r e c t i o n  (Ho) by a l i g n i n g t h e  
c r y s t a l  with t h e m a j o r  a x i s  o f t h e m o u n t i n g  rod 
p e r p e n d i c u l a r t o t h e a b o r b c *  o r c * a g e o m e t r i c p l a n e ,  
r e s p e c t i v e l y .  Spec t rawere  recordedus ing  a BrukerER2OOD 
spectrometerandaNicolet1275 s i g n a l  processor .  The 
typicalinstrumentsettingswerea sweepwidthof2OmT, a 
sweeptime of 0 . 5  sec (50time-averaged s c a n s ) ,  apower 
s e t t i n g o f 2 m w ,  a n d a m o d u l a t i o n o f  0.8mT. Each sample 
was irradiatedwithunfilteredultraviolet l i g h t u s i n g a  
500Wmercury flashlamp. The i r r a d i a t i o n w a s  c a r r i e d o u t  f o r  
30minutes  a t 7 7 K u s i n g l i q u i d  n i t r o g e n t o p r o d u c e  a f r e e  
r a d i c a l  concent ra t ion  g iv ing  a 20:lsignal-to-noise ratio. 
The samplesweretransferredunderliquid n i t r o g e n t o  a 
f ingerdewar  i n a T E l o 2  x-bandEPRcavi tyandmain ta ineda t  
a t e m p e r a t u r e  of 77Kthroughout the  experiment. Spec t ra  
wererecordedatdifferentangles of  alignment o f t h e  
c r y s t a l  re fe rence  axes (a o r b  o r  c*) with r e s p e c t t o H 0 .  
The a n g l e s v a r i e d b y  increments of 1 0 ' .  This  provided 
s u f f i c i e n t  d a t a  t o  compute t h e  1 4 N  hyperf i n e  coupl ing 
t e n s o r s  a n d g - v a l u e t e n s o r s  o f t h e  f r e e r a d i c a l s .  Theg- 
va lues  and s p i n  concent ra t ionswere  c a l c u l a t e d  r e l a t i v e  t o  
a O.O0033%pitchinKClstandardhavinga s p i n  
concentrationof2.5x1015spinsandag-valueof2.0028. 
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m 

I 69 

F I G .  1 a)  The first-derivativeEPRspectrumofapowder 
sample of  p-HMX fol lowing u l t r a v i o l e t  p h o t o l y s i s .  b) The 
f i r s t - d e r i v a t i v e  s i n g l e  c r y s t a l  EPR spectrum of photolyzed 
f;;Hygoyith H o  havinq d i r e c t i o n  cos ines  of ( 0 . 0 ,  +0.643, 

EPR SPECTRA 

TheEPRsignalofaphotolyzedpowdersampleofHMX 
h a s  apatternwhichmatchesthepowder spectrumof randomly 
o r i e n t e d  *NO2 r a d i c a l s . ( 6 )  
la. B y m o n i t o r i n g t h i s s i g n a l ,  t h e  ra te  of format ionof  
t h e  *NO2 f r e e  r a d i c a l s  i n  the HMX powder sample w a s  
determined. The r a t e  of formationwas f o u n d t o b e  f i r s t -  
o r d e r d u r i n g t h e  f i r s t 3 0 m i n u t e s o f p h o t o l y s i s  a t 7 7 X w i t h  
a r a t e  cons tan t  k=0.036 min.-l .  This  g i v e s  approximately 
3x1Ol3 spins/min a s  t h e  r a t e  of  product ion.  A f t e r  30 
minutes t h e  s p i n  concent ra t ion  approached 1. 6x1Ol5 s p i n s  as 
a l i m i t  d u e t  omass  deple t ion .  The rate of f o r m a t i o n w i l l  
varydependinguponthecondit ions of i r r a d i a t i o n .  

same condi t ions ,  gave EPRspect rahavinghighly  reso lved  
s i g n a l s  c l e a r l y  showing two sites of t h e  *NO2 f r e e  r a d i c a l s  
i n t h e m o n o c l i n i c  l a t t i c e .  A s i n g l e c r y s t a l  EPRspectrum 
withHohavingdirect ioncos ines  of (0 .0 ,  +0.643, +0.766) 
i n t h e b c * p l a n e  i s s h o w n i n F i g . l b .  This  p a t t e r n  is 
e a s i l y  understood. The fundamental *NO2 spectrum is 
composedof 3 t r a n s i t i o n s  f r o m t h e  i n t e r a c t i o n o f t h e  

This  spectrum is  shown i n  Fig.  

The p-HMX s i n g l e  c r y s t a l s ,  when photolyzed under  t h e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
01

 1
9 

Fe
br

ua
ry

 2
01

3 



170 M. D. PACE 

0 

E Y). ': /,- 
- 

+ ,  
z 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
01

 1
9 

Fe
br

ua
ry

 2
01

3 



UV IRRADIATED HMX CRYSTALS 

D I S C U S S I O N  

Themaximumprincipal va lues  oftheg-tensor andthe 
1 4 N  hyperf i n e  coupl ing t e n s o r  c o r r e l a t e  w i t h  t h e  C2 
symmetry a x i s  of t h e  -NO2 molecule. 
v a l u e  of  t h e  1 4 N  hyper f ine  coupl ing t e n s o r  is p a r a l l e l  t o  
C 2  symmetry a x i s .  ( 8 )  The maximum g-value o f  t h e  g t e n s o r  
is o r t h o g o n a l t o t h e C 2  symmetryaxis andtheo-N-0 
molecular  p lane .  Thisprovidesawaytomeasurethe 
o r i e n t a t i o n  of t h e  .NO2 free r a d i c a l  from t h e  d i r e c t i o n  
c o s i n e s  of t h e  g and 1 4 N  p r i n c i p a l  va lues .  The f i r s t  s t e p  i n  
forming t h e  .NO2 f r e e  r a d i c a l  is cleavage of  an N-N bond by 
the effect  of u l t r a v i o l e t  l i g h t .  I f  t h e  o r i e n t a t i o n  o f t h e  
-NO2 free r a d i c a l  remains unchanged from t h e  o r i e n t a t i o n  of 
the -NO2 g r o u p o f t h e  parentmolecule ,  t h e n  e i ther the  
N ( l ) - N ( 2 )  bond d i r e c t i o n  o r  t h e  N ( 3 ) - N ( 4 )  bond d i r e c t i o n  
must c o r r e s p o n d t o t h e d i r e c t i o n  of themaximumvalue of 
t h e  I 4 N  hyper f ine  coupling. There a r e  only two N-N bonds 
t o b e  cons ideredbecause  t h e  asymmetr ichalves  oftheHMX 
m o l e c u l e a r e  r e l a t e d b y  an i n v e r s i o n c e n t e r .  FromTable1.  
t h e  maximum v a l u e  of t h e  1 4 N  hyper f ine  coupl ing,  7.04 
m T , h a s d i r e c t i o n c o s i n e s  (0.178, -0.752, -0 .635) .  This  
directioniscomparedtotheN(l)-N(2) andN(3)-N(4) band 
d i r e c t i o n s  l i s t e d  i n T a b l e  2 .  N e i t h e r d i r e c t i o n e x a c t l y  
matches t h e  maximum 1 4 N  h f c  d i r e c t i o n .  However, t h e  

The maximum p r i n c i p a l  

171 

TABLE 1 
PRINCIPALVALUES ANDDIRECTIONCOSINES OFTHE 1 4 N  
HYPERFINE COUPLING TENSOR AND g-VALUE TENSOR O F  .NO2 

Di rec t ion  Cosines 

a 
1 4 N  h f c  va lues  

b 
* 

C 

4.89  rnTayb -0.596 ZO. 596 t o .  538 
5.32 to. 783 t o .  283 -0.554 
7.04 t 0 . 1 7 8  70 .752  -0.635 

g-values - 
1 . 9 8 9 ~  t o .  290 t o .  628 -0.722 
2.004 to. 789 LO. 584 -0.190 
2.007 -0.541 ~ 0 . 5 1 5  -0.665 

a 
b 
C 

lmT= 1 0  Gauss 
a c c u r a t e  t o  +0.2mT 
a c c u r a t e  t o  tO.001 
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I72 M. D. PACE 

TABLE 2 
COMPARISON O F  .NO2 EPR DIRECTIONS TO THE 

b-HMX CRYSTAL STRUCTURE DIRECTIONS 

Angle from 

Direc t iona  
Direc t ion  Cosines 1 4 N  h f c  

Bonds a b c' 

N ( l ) - N ( 2 )  -0.870 +0.186 -0.458 90 

N(3)-N(4) +0.678 -0.640 -0.363 30' 

Planes 

N ( 2 )  -N ( 1) -0 ( 1) -0 ( 2 )  

N ( 3 )  -N ( 4 )  -0 (3)  -0 ( 4 )  

87 * 

11" 

amaximum 1 4 N  h f c  d i r e c t o n  (f0.178, -0.752, -0.635) 

maximum14NhfcdirectionismuchclosertotheN(3)-N(4) 
d i r e c t i o n  (angle=30') than t o  t h e  N ( l ) - N ( 2 )  d i r e c t i o n  (angle=90 ' ) .  
I f  t h e  l eas t  amount of r e o r i e n t a t i o n o f t h e C 2  symmetryaxisof  
t h e  *NO2 r a d i c a l  is assumed, then  the N(3)-N(4) bond is assigned 
a s  t h e  l o c a t i o n  of *NO2 formation. 

A s i m i l a r a r g u m e n t a p p l i e s  i f  t h e  geometr ic  p lanes  N ( 2 ) -  
N 1) -0( 1) -0(2)  and N (  3 )  - N ( 4 )  -0( 3 )  -0(4)  are compared t o  t h e  maximum 
l b N  h f c  d i r e c t i o n .  An average p lane  w a s  computed fo r  each set  of 
atoms. The d i r e c t i o n  or thogonal  t o  t h e  N ( 2 )  -N (1) -0 (1) -0 (2)  p lane  
is (-0.200, 0.718, 0.666). ThedirectionorthogonaltotheN(3)- 
N ( 4 ) - O ( 3 ) - O ( 4 )  p lane  is (-0.467, -0.759, 0 .454) .  Themaximum14N 
h f c  d i r e c t i o n  makes an angle  of 11' with t h e  N(3)-N(4)-0(3)-0(4)  
p lane  and an a n g l e  of 87' with t h e  N(2)-N(1)-0(1)-0(2) plane.  
This  i n d i c a t e s  t h a t  t h e  C2 symmetry a x i s  of  t h e  .NO2 r a d i c a l  l i es  
almost wi th in  theN(3)-N(4)-0(3) -0(4)  p lane .  This  g i v e s  
additionalsupportforcleavageoftheN(3)-N(4) bondassuming 
m i n i m u m r e o r i e n t a t i o n o f t h e C 2  axis. 

N ( 4 )  bonddis tance  (1.373A) islargerthantheN(l)-N(2) bond 
d i s t a n c e  (1.3541) indicatingaweakerN(3)-N(4) bond. The c r y s t a l  
s t r u c t u r e d a t a  also i n d i c a t e  s t h a t  t h e r e  i s h i g h e r  s t r a i n  a long 
theN(3) . . .N(3 ' )  d i r e c t i o n  t h a n  a l o n g t h e N ( 2 ) . . . N ( 2 ' )  d i r e c t i o n .  
(Primes i n d i c a t e t h e  a t o m r e l a t e d b y  t h e  i n v e r s i o n  c e n t e r  o f t h e  

Fromthe c r y s t a l  s t r u c t u r e d a t a  of Choi a n d B o u t i n t h e N ( 3 ) -  
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UV IRRADIATED HMX CRYSTALS 173 

molecule) .  This  is a t t r i b u t e d t o  c l o s e r  packing of atoms a long  
t h e N ( 3 ) . . . N ( 3 ' )  d i r e c t i o n .  Higherstrainandaweakerbondfavor 
N(3)-N(4) bond cleavage.  

The formation of -NO2 a t  only one of  t h e  N-N bond p o s i t i o n s  
of p H M X  is s u r p r i s i n g  when compared wi th  *NO2 formation i n  s i n g l e  
c r y s t a l s  of RDX. U l t r a v i o l e t p h o t o l y s i s  of s i n g l e  c r y s t a l s  of RDX 
under t h e  same condi t ions  produces .NO2 r a d i c a l s  a t  each N-N bond 
p o s i t i o n o f t h e m o l e c u l e .  Thehighersymmetryandlowerstrainof 
t h e  HMX r i n g  may be r e l a t e d  t o  t h i s  f ind ing .  Another important  
f a c t o r  i s  t h e c o u n t e r  r a d i c a l  whichmust be formedbyhomolyt ic  
c leavage dur ing  t h e  formation of aNO2.  This  r a d i c a l  is n o t  
c l e a r l y o b s e r v e d a t 7 7 K .  Lowertemperaturesmayhelpto i s o l a t e  
t h i s  r a d i c a l .  Fur ther  s t u d i e s  arep lannedto inves t iga te the  
influenceofsymmetryandringstrainonthe f r e e  r a d i c a l  
f o r m a t i o n i n n i t r a m i n e s .  
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