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OPTIC% AND RAMAN SNDIES OF EXPLOSIVES UNDER VARYING PRESSURE AND 
lT2-PERAluF.E 

C.M. Pereira and M.M.Chaudhri 
Cavendish Laboratory, Madingley Road, Canbridge, (383 OHE, England 

Recent studies of the effect of pressure and temperature on the  

optical and Raman spectra of the azides of potassium, thall ium, 

silver and lead have been made using a diawnd anvil cell, helium low 

temperature cryostat and high temperature furnace. With increasing 

temperature or decreasing pressure potassium azide w a s  found t o  show 

stiffening of the latt ice rrpdes. Thallium azi& however, shows both 

pressure and temperature induced phase changes w h i c h  lead t o  a 

doubling of the unit cell i n  the c d i rec t ion .  S i lver  azide does 

not show any phase change with temperature although some of 

i t s  Raman modes s t i f f e n  and some sof ten with temperature. 

Optical  absorption a t  low temperatures i n  s i l ve r  azide show 

s t rong  exc i ton ic  f ea tu res  near t h e  band edge and with 

pressure the  c r y s t a l s  a r e  found t o  darken i r r eve r s ib ly .  

Some recent resul ts  on the  Raman and o p t i c a l  spec t ra  of 

pure and sens i t i sed  nitromethane a re  a l so  reported. - 
A study has been made of t he  o p t i c a l  absorption and 

Raman phonon spec t ra  of various explosive and explosive 

re la ted  mater ia ls .  I n  par t icu lar  s ing le  and polycrystal l ine 

samples of pocdssiun, thall ium and s i l v e r  azides and pure 

and sens i t i sed  nitromethane have been studied. 
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O f  p a r t i c u l a r  i n t e r e s t  i n  t h e  s tudy of t h e  metal 

azides  i s  why small differences i n  t h e i r  c rys ta l lographic  

s t r u c t u r e s  can cause l a rge  d i f fe rences  i n  t h e i r  r e l a t i v e  

s t a b i l  it ies l ,  * . 
Nitromethane (CH3N02), a l i qu id  a t  room temperature and 

pressure  i s  a r e l a t i v e l y  simple explosive and has been 

ex tens ive ly  s t u d i e d  f o r  many years  a s  a model f o r  

pred ic t ing  the  behaviour of more complex molecules. One 

c h a r a c t e r i s t i c  of nitromethane i s  t h a t  t h e  add i t ion  of 

small amounts (-5 t o  10% by weight) of an amine such as  

diethylamine (DEA) o r  diethylenetriamine (DETA) can grea t ly  

enhance i t s  shock s e n s i t i v i t y ' ~ ~ .  Cook4 has  r e c e n t l y  

reported t h a t  i n  a gap t e s t  t he  thickness  of t he  b a r r i e r  

for  a 50% probabi l i ty  of i n i t i a t i o n  of detonation increases 

from -15mm f o r  pure nitromethane t o  -55mm f o r  nitromethane 

sens i t i sed  w i t h  5 t o  25% DETA. 

The optical absorption spectra of both the solid and liquid 

explosive samples were measured using a Perkin Elmer Lambda 9 W-NIR 

spectrophotcrneter running in t h e  transmission d e .  

The Raman spectra were abtained on either a Coderg T800 tr iple 

grating high. resolution spectrmter  or a Dilor QMr 98 multichannel 

spectrometer with an Ar' laser tuned t o  5145A (above the  absorption 

edges for the azides). For the metal azides, laser powers of less 

than 5mW were used to  avoid sample decomposition and only unpolarised 

War spectra were o5tained because of :he smll s i z e s  of the single 

c r y s t a l  smples. 
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The Raman spectra taken f ran  nitranethane were found to  be 

insensitive to  laser intensities so that intensities of up to  2 0 W  

could be used t o  obtain good quality Raman spectra. However, when 

nitranethane was sensitised by the addition of a smll munt of 

diethylenetriamine (DETA), it was foiid that these samples decoxpsed 

and changed colour after about one hour so that for consistency 

freshly mixed samples were used for each m. 

Samples were either mounted i n  a continuous flow low 

tertperature He cryostat ( to 4K), a high temperature furnace (to 600K) 

or  a high pressure d i m d  anvil cell (to 50kbar). 

P 

BztalAZides 

A t  pressures above 4 kbar -3 was found t o  darken irreversibly 

so that accurate transmission measvrements could not be obtained. It 

is suggested here that this darkening i s  due t o  partial  

decorcposition of the samples leading t o  the  precipitation of metallic 

silver. kkasurements from X-ray diffraction photographs of sanples 

before and af ter  pressurising give similar lattice paramters 

indicating that the bulk of the silver azide does not undergo a 

permanent phase change w i t h  pressure. Preliminary X-ray diffraction 

studies made under hydrostatic pressure in  a dianond anvil cel l  

suggest a possible reversible phase change a t  4kbars, although the 

nature of this change has not yet been fully determined. Electrical 

conductivity measurenwts on pressed powder pellets of silver azide 

under pressures do not show any evidence of a phase transition a t  low 

pressure, suggesting that i f  silver is precipitated, the number of 

silver atoms are to3 f e w  t o  cause a change i n  the electrical 

conductivity 
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Figure 1 shows the change i n  the o p t i c a l  absorption spectra of 

AgN3 as a function of temperature. At low temperatures three bands at 

3.44, 3.46 and 3.51eV are seen which are found t o  sharpen and shift 

to higher energy as the temperature is lowered. 

Previously, D e b  and Yoffe6 had reported t w o  very weak bands at 

3.44 and 3.46eV. These were explained, following the i n i t i a l  work of 

McLaren and Ftcqersl, as Wannier type excitons w i t h  n=3 and 4 .  This 

interpretat ion has been disputed by Gora et  al .8 who argued on the 

absence of n=l and 2 excitons. Fran our r e s u l t s  the masured bands do 

not f i t  the G=l/n2 relationship expected for Wannier type excitons 

and the energies of the bands are also too l o w  t o  be exci ted states 

of t h e  cation or aniong. In  conclusion, the nature  of the exciton 

bands is still unresolved. 

By c a p a r i s o n  &-Pb(N3)2 is found t o  remains clear under 

increasing pressure up to  40- and the band edge s h i f t s  l i n e a r l y  

with a gradient of -5.9 x l o 4  e V  kbar-l as shown i n  f i g u r e  2 .  In  

our samples no exci tonic  features  were resolved near t h e  absorption 

band edge. On very t h i n  p l y c r y s t a l l i n e  films, a sharp band a t  3.3eV 

has been reportedlo. This shifts by 4 ~ 1 0 - ~ e V  kbar-l and has  been 

a t t r i b u t e d  t o  an exciton. 

-sDectra 

Unplar i sed  R- spectra w e r e  obtained frun potassium, 

t h a l l i u m  and s i l v e r  azides under conditions of varying pressure or 

temperature. With laser i n t e n s i t i e s  of over 5mW t h e  ‘Rarnan spectra of 

both AgN3 and TlN3 w e r e  found t o  change w i t h  t i m e  as t h e  samples 

decomposed. As the wavelenqth of the argon ion laser used (514.5n.m) 

was above the crys ta l s  &,sorption band edges ( typ ica l ly  -360nm) it is  
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probable that sample decomposition init ially takes place due t o  

absorption by inpurities Within the crystals. 

Potassium azide, with one of the sinplest azide structures has 

been well characterised using Fmwm spebroscopy11r12. It  has a 

tetragonal unit cell  (~184,). Group theory predicts 5 adive 

modes i n  total, 2 internal modes associated with the azide group 

( A I ~ , B ~ ~ )  and 3 external metal-metal (Eb) and azide-azide modes 

( B Q , E ~ ~ ) .  Under increasing temperature, up t o  its melting point (623 

K), or with decreasing pressure the potassium azide phonons W v e  in 

an expected way with the modes softening, figure 3 and figure 4 

respectively, with the temperature dependencies of the internal modes 

given in Table 1. 

TABLE 1 

Rate of Change in Internal Mode Frequencies in potassium azide with 
Pressure and Temperature. The E$ mode is a cation latt ice mode and 
the EZS and Blg modes azide libration modes (not resolved with 
temperature). 

W e  R.T. Freq. Temp. Dep Pressure Dep. 
an-1 an-l/K cn-l/kbar 

Elg 105.7 -0.014 0.023 

E2g 146.5 1.506 

Big 153.1 1 . 4 4 1  
-0.091 

A t  R.T. TlN3 has the tetragonal crystallographic structure of 

potassium azide so that a similar Raman spectrum is seen. Below 240K 

there is  a phase change to  lower symnetry phase w i t h  an orthorhcxnbic 

unit cell  (D202h). This i s  accompanied by a doubling of the unit cell  

from two to  four formula units’3. Figure 5 shows the  change i n  
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t he  Raman spectrum of the  ex terna l  modes and figure 6 the 

change in the internal mdes. 

Correlatian between the zone centre phonons in the  R.T. and L.T. 

phases, Figure 7, show that the original r m  temperature phonons are 

s t i l l  Ranran active in the L.T. phase. This can be Fmmn 

spectrum covering the external rodes, Figure 5, where although the 

the original room temperature Ramn modes spl i t  they do not vanish. 

The internal modes, Figure 6, are not greatly affected by the phase 

change although these also spl i t  by the doubling of the unit cell in 

the c d i rec t ion  below the transiticm temperature. The Rmm spectra 

suggests that the phase change i n  thallium azide occurs in two 

stages, the first stage being a rotation of the azide groups in the a 

and b planes, giving r i se  t o  the shifting of the Raman modes 

associated with the external azide modes and then a subsequent 

doubling of the unit cell in the c direction w h i c h  gives rise t o  the 

splitting of both the new external rrodes and the original internal 

azide mves. Preliminary pressure Paman studies on thallium azide up 

t o  45wW: also show a structural phase change starting a t  l o w  

pressures (-5kbar) Here there also appears t o  be a doubling of the 

uni t  cell  i n  the c axis similar t o  that found a t  L.T. phase. 

seen in the 

Silver azide i s  similar crystallographically to potassium azide. 

However because the neighbouring azide ions which l ie  above each 

other in the c direction are not a t  right angles, as they are i n  

potassium azide but are slightly distorted, the lengths of the a and 

b axes are different. Th i s  lowers the crystal s v t r y  t o  

orthorhcmbic, Dz6&ls .  The change i n  azide-azide angle is thought to  

arise from a smll degree of covalent bonding between the metal and 

azide ions  i n  the layer perpendicular t o  the c d i rec t ion  so tha t  a 

l aye r  type structure i n  the b direction is fonned. Correlation 
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between the potassium azide and  AgN3 c r y s t a l  symmetr ies  predict  

that the potassium azide E (doubly degenerate) modes s p l i t  in t h e  

AgN3 s t r u c t u r e  as shown i n  f igure 8. There are now nine Raman ac t ive  

modes; 2 in te rna l  (Q,B2g) and 7 external (Ag + 3Blg + BzS + 2B3g) . In 

our sanples seven Ramn modes were seen and t h e i r  frequencies 

measured; f i v e  external (f igure 9) and two i n t e r n a l  ( f igure 10) .  

These were assigned by correlat ion between t h e  AgN3 and potassium 

azide zone centre  mdes and t h e i r  terrperature dispers ion measured, 

Table 2 and f igure 11 (external modes) and figure 12 (internal Irodes) 

TABLE 2 

Frequencies of the Famn Active Phonons Measured in Si lver  Azide. 

Frequency TenP- DeP Assigrmnt 
70K R.T. Af /AT ( X ~ O - ~ )  

65 56 -4 .7 
77.5 76.5 -0.52 
149 160 4 . 1  
209 189.5 -7.3 
226 230 2 .3  
1248 1245(250K) -2.352 
339 1334 -2.096 

The direct ions of the shifts of the lattice mdes suggest that, 

sanewhat unusually , the  c r y s t a l  lattice tends ' towards a higher 

symnetry phase on cooling. Although the azide rocking 1 m d e s , B ~ 2 ~  B2%, 

( w h i c h  are derived fran the  s ingle  doubly degenerate rrode in t h e  

potassium azide s t ruc ture) ,  tend t o  converge a t  low t e r p r a t u r e  

suggesting t h e  f o m t i o n  of a te t ragonal  potassium azide l i k e  

l a t t i c e .  The A l l g  m&e hosrever, does not converge t o  t h e  sam 

frequency as in potass im azide but remains a t  a lower frequency as 

seen i n  thal lous azide. On cooling t h e  daninant e f f e c t  is t h e  

303 

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



anharronic interaction between the  x-orbitals of the stacked azide 

groups which stop the angle between them, i n  the b direction, from 

reducing as the lattice contracts. 

Why s e n s i t i z a t i o n  occur s  wi th  t h e  a d d i t i o n  of an amine 

is n o t  w e l l  unders tood .  An exp lana t ion  based on a chemical 

t y p e  s e n s i t i s a t i o n  has  been has  been proposed by Engleke3. 

T h i s  :s suppor t ed  by Cook4 who has c o n j e c t u r e d  t h a t  t h e  

s e n s i t i z a t i o n  i s  n e i t h e r  p h y s i c a l  no r  mechanical.  H i s  high- 

speed  f r aming  pho tographs  show t h a t  t h e  f a s t  r e a c t i o n  

i n i t i a t e s  a t  ‘hot s p o t s ’  which are also seen  away from t h e  

b a r r i e r / e x p l o s i v e  bo rde r .  

According t o  Engleke ,  t h e  a d d i t i o n  o f  DETA produces  

‘ ac i - ions ‘ ,  f i g u r e  13, which are r e s p o n s i b l e  f o r  c a u s i n g  

t h e  s e n s i t i z i n g  o f  t h e  n i t rome thane .  The fo rma t ion  o f  t h e  

a c i  i o n s  have a l s o  been  s e e n  by NMR i n  UV i r r i d i a t e d  

n i t r ~ m e t h a n e ’ ~ .  In  n i t rome thane  a t  h i g h  p r e s s u r e  it i s  

thought  t h a t  t h e y  are r e s p o n s i b l e  f o r  an  i n c r e a s e  i n  t h e  

r e a c t i o n  rate and t h e  subsequent  g e n e r a t i o n  of h e a t .  

It h a s  been p red ic t ed16  t h a t  t h e  p r e s e n c e  of t h e  aci  

i o n s  c a n  be d e t e c t e d  by UV a b s o r p t i o n  and  Raman 

s p e c t r o s c o p y .  E n g l e k e  has  c a l c u l a t e d  a UV a c i - i o n  

abso rp t ion  band a t  -233nm, and a Raman a c t i v e  phonon mode 

a t  -3336~m-l’~.  

Because n i t romethane  absorbs  s t r o n g l y  i n  t h e  nea r  UV a 

s o l u t i o n  of a few p e r c e n t  of n i t romethane  i n  methanol was 

i n v e s t i g a t e d .  T h i s  i s  founa  t o  have a s t r o n g  a b s o r p t i o n  

band c e n t e r e d  a t  210nm and pure  DETA d i l u t e d  i n  methanol 
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shows a s t r o n g  band at 215nm. A m i x t u r e  of DETA and 

n i t rome thane  i n  methanol show a band a t  205nm s u g g e s t i n g  

some chemica l  change t o  t h e  sys tem a l t h o u g h  no  new band 

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

p r e s s u r e  pu re  n i t romethane  i n  t h e  diamond a n v i l  ce l l  shows 

a s t r o n g  abso rp t ion  edge a t  325nm and it is found t o  f r e e z e  

a t  l 4kba r s  wi thout  a l a r g e  s h i f t  i n  abso rp t ion  band. 

Raman s t u d i e s  were made b o t h  p u r e  and  s e n s i t i s e d  

n i t romethane  (DEA and DETA), f i g u r e  1 4 .  Near t h e  p r e d i c t e d  

f requency  for the a c i - i o n  p u r e  n i t rome thane  does not have 

any Raman bands.  DETA however shows a Raman band a t  3296cm- 

l .  In  a mixture  of a few pe rcen t  of DETA i n  n i t romethane  a 

band appea r s  a t  3 3 1 5 ~ m - ~ .  f i g u r e  1 4 .  P h i s  band i s  w i t h i n  

20cm-1 of t h e  p r e d i c t e d  ac i - ion  frequency and may be due t o  

t h e  fo rma t ion  o f  t h e  a c i - i o n .  The Raman spec t rum a r i s i n g  

from t h e  n i t rome thane  does  n o t  appea r  t o  change when a 

small  amount o f  DETA i s  added. A f t e r  abou t  24hours t h e  

nitromethane/DETA mix tu re  appea r s  t o  decompose, changing  

c o l o u r  and s e p a r a t i n g  o u t  i n t o  a mixture  of a l i g h t  brown 

l i q u i d  and a r a t h e r  dense r  da rk  brown l i q u i d .  The i n c r e a s e  

i n  shock s e n s i t i v i t y  seen  i n  nitromethane/DETA mix tu res  is 

a l s o  r e p o r t e d  as b e i n g  r educed  a f t e r  a b o u t  2 4  h o u r s .  

However, t h e  band is st i l l  seen  i n  t h e  s h i f t e d  p o s i t i o n  i n  

s e n s i t i s e d  samples  ove r  24  hour s  o l d .  I n  a mix tu re  o f  

n i t romethane  and DEA a s i m i l a r  Raman band i s  measured a t  

3310cm-1 but  t h e  p o s i t i o n  of t h i s  band i s  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  t h a t  seen i n  p u r e  DEA (3312cm-l) t o  be 

conc lus ive .  
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AND 

The exper iments  have shown t h a t  a l though t h e  

monovalent metal  az ides  s tud ied  have s i m i l a r  c r y s t a l  

s t ruc tu res  the re  a re  l a rge  d i f fe rences  i n  t h e i r  r e l a t i v e  

temperature and pressure s t a b i l i t i e s .  

Potassium azide has a te t ragonal  u n i t  c e l l  (a  = b) 

and i s  non-explosive. I t  is  the  most i o n i c  of t he  metal 

az ides  s tud ied  w i t h  t h e  angles between t h e  stacked azide 

ions being 90° and showed no s t r u c t u r a l  phase t r a n s i t i o n s  

i n  t h e  temperature  and p res su re  ranges inves t iga t ed .  

Thallium az ide  i s  l e s s  ion ic  and has t h e  same te t ragonal  

space group as potassium azide a t  room tempeture. However, 

it i s  found t o  explode when heated or shocked mechanically. 

A t  low temperature  (240K) and h igh  pressure  ( l l k b a r )  

t h a l l i u m  a z i d e  w a s  found t o  show s t r u c t u r a l  phase 

t r a n s i t i o n s .  These t r a n s i t i o n s  appear t o  involve s l i g h t  

ro ta t ion  of t he  stacked azide groups i n  the  a-b plane which 

r e s u l t s  i n  a reduct ion  i n  t h e  c r y s t a l  symmetry t o  

orthorhombic. S i lve r  azide,  which i s  the  l e a s t  ion ic  of the  

az ides  s tud ied ,  i s  a l s o  the  most explos ive .  Here the  

s tacked aa ide  ions a r e  ro ta ted ,  i n  t h e  a-b plane,  from 

t h e i r  potassium a z i d e  t e t r a g o n a l  p o s i t i o n  a t  room 

tempera ture .  There i s  a l s o  evidence” of some e x t r a  

bonding, covalent i n  nature ,  between t h e  s i l v e r  atoms and 

t h e  azide end ni t rogen atoms ( N 1 1 1 )  in t he  b d i r e c t i o n  

forming a ‘ l a y e r ‘  type s t ruc tu re .  This bonding has been 

a t t r i b a t e d  t o  hybridisat ion between the outer  f i l l e d  metal 

dxy, dyz o r b i t a l s  and t h e  N l l l  py o r b i t a l s .  Although i t  does 

not show a s t ruc tu ra l  phase t r ans i t i on  a t  l o w  temperature, 
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t h e  t empera tu re  dependent Raman spectrum sugges t s  t h a t  t h e  

a z i d e  i o n s  rotate, as seen i n  t h a l l o u s  az ide ,  caus ing  t h e  

o r tho rhombic  s t r u c t u r e  t o  t e n d  towards t h e  t e t r a g o n a l  

po tass ium a z i d e  type  s t r u c t u r e  a t  low t empera tu re .  I t  i s  

sugges t ed  t h a t  t h e  t e t r a g o n a l  s t u c t u r e  i s  never  a c t u a l l y  

reached a t  low tempera ture  because of t h e  e x t r a  metal-azide 

bonding and because t h e  r a d i i  o f  t h e  s i l v e r  i o n s  are t o o  

large t o  allow t h e  a z i d e  i o n s  t o  r o t a t e  f r e e l y  wi thout  a 

l a r g e  i n c r e a s e  i n  t h e  u n i t  cel l  dimensions.  

The Raman s t u d i e s  of nitromethane/DETA m i x t u r e s  

i n d i c a t e  some chemica l  a c t i v i t y  l e a d i n g  t o  a band a t  

3315cm-1 without a f f e c t i n g  t h e  o r i g i n a l  n i t romethane  bands. 

Whether t h i s  band i s  due t o  t h e  format ion  of an  ac i - ion  i s  

s t i l l  unc lea r  a l though it i s  nea r  t h e  p r e d i c t e d  f requency .  

The UV a b s o r p t i o n  s t u d i e s  have nor: y e t  shown ev idence  o f  

any chemical change. 

We would l i k e  to  thank Dr. W.Y. Liang and D r .  A.D. Yoffe for  

t he i r  helpful carments and suggestions and the S.E.R.C., 

M.O.D.Procurement Executitive and U.S .  Governxrent for  t he i r  support. 
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FIGURE 1 
Change i n  the optical absorption of a single crystal of 
silver azick w i t h  temperature. 
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FIGURE 2 
Shift of the absorption band edge with pressure i n  B-Lead 
Azide 
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FIGURE 3 
Temperature dependence of the external Raman active modes 
of potassium azide 
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FIGURE 4 
Pressure dependence of the external Raman active modes of 
ptassium azide. Here the two azide libration modes are not 
resolved 
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FIGURE 5 
Raman spectra of the external modes of Thallous hide as a 
fuiiction of tenperature 
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FIGLIFE 6 
Raman spectra of the internal modes of Thallous Azide as a 
function of temperature 
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E x t e r n a l  

I n t e r n a l  

E x t e r n a l  

FIGURE 7 
Corz la t ion  between t h e  zone centre  phonons i n  the R.T. 
@184h) and, L.T. (D202h) phases of Thallws azide. (R) 
M o t e s  Raman ac t iv i ty .  

31 5 

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



Potassium Azide 

D184h 

Silver Azide 

D262h 

FIGURE 8 
Correlatioh between the zone centre  phonons i n  the 
potassium azide (DI84h) and silver azide (D262h). (R) denotes 
Paman ac t iv i ty .  
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FIGURE 9 
Raman spectra of the e x t e r n a l  modes of S i l v e r  Azide as a 
f u n c t i o n  of t e m p e r a t u r e  
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FIGURE: 10 
Raman spectra of the internal modes of Silver Azide as a 
funct ion of temperature 
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FIGURE 11 
TBnperature dependence of the external Raman active modes 
of silver azide 
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FIGURE 13 
The 'noLmdL' form of nitranethane (1) and t h e  aci ion '  (2) 
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FIGURE 14  
Raman spectra of pure nitromethane, DETA and a mixture of 
10% (approx) DETA i n  nitromethane 
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