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ABSTRACT 

Exploratory Nitrogen-15 nuclear  magnetic resonance (NMR) 

s t u d i e s  of ammonium n i t r a t e  (AN) have been undertaken using both 

conventional and magic angle spinning (MAS) methods. The chemical 

s h i f t  anisotropy is  measured by two d i f f e r e n t  methods a t  room 

temperature, and a p rec i se  measurement of the d i f f e rence  i n  i so -  

t r o p i c  chemical s h i f t  occurr ing a t  t he  phase t r a n s i t i o n  IV t o  111 

i s  reported.  F i n a l l y ,  t he  a c t i v a t i o n  energy f o r  the motion of 

both ions  i n  the room temperature phase are obtained. No evidence 

i n  d i scon t inu i ty  of n i t rogen  r e l axa t ion  times ac ross  the  phase 

boundary a t  32OC was observed. 

~~ 

*Visi t ing S c i e n t i s t  a t  the  U.S. Army ARDC during Summer, 1983. 
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INTRODUCTION 

The inany commercial and military uses of ammonium nitrate 

(AN) have resulted in considerable attention by researchers to the 

interesting crystallographic phase transformations of this sub- 

stance. Two problems in its applications, namely hygroscopicity 

and dimensional instabiltty, are closely related to some of its 

temperature dependent phase transformations. Our aim in this work 

is to determine the usefulness of nitrogeh-15 nuclear magnetic 

resonance (NMR) and magic angle spinning (MAS) NMR in understand- 

ing the properties of this substance with respect to its phase 

transformations. 

Below its melting point at 169"C, AN exists in a succession 

of solid phases' ** characterized by decreasing mobility of the 

ions. Transitions among these phases have been studied by several 

techniques in the past, including x-ray3 and neutron diffractions4 

and Raman scattering.' *6 In previous NMR studies' pertinent to 

this work, translational and rotational diffusion of the ammonium 

ion has been studied in some detail by proton and deuteron spin 

relaxation times (ref 7 and references therein). On the other 

hand, the nitrate ion has received much less attention, probably 

because of the complications presented by the quadrupolar interac- 

tion present in the abundant species of nitrogen and the poor 

natural abundance of Oxygen-17. With the advent of MAS-NMR tech- 

niques, however, Nitrogen-15 NMR studies in solids have become 

more possible, and together with the commerical availability of 
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15X-enriched ammonium n i t r a t e  they provide us with the primary 

means t o  undertake t h i s  study. 

Table 1 sunmarizes the well-known charac ter l s t l c s  of the 

phase t rans i t ions  of AN for  convenience i n  the following discus-  

s ions.  

TABLE 1 

Polymorphism of Ammonium Nitrate 

Transit  ion  Temperature, "C 

v + IV -18 

IV + I11 32.1 

111 + I1 84.2 

11 + I 125.2 

I + Liquid 169.6 

V - Tetragonal ( a )  Brittle 

I V  - Orthorhombic (p) B r i t t l e  

111 - Orthorhombic ( y )  Brittle 

I1 - Tetragonal (6) B r i t t l e  

I - Cubic ( E )  P l a s t i c  

A Volume, 9: 

-0.9 

3.4 

-1.6 

+1.9 

- 
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EX P8RIMENTA.L 

A l l  t h e  exper imenta l  d a t a  inc luded  i n  t h i s  r e p o r t  were 

obta ined  a t  t h e  NMR f a c i l i t y  a t  t h e  U.S. &my kmament Research 

and Development Cen te r  (ARDC),  which c o n s i s t s  of a Var ian  Assocl- 

a t e s  XL-ZOO NXR spec t romete r  w i t h  a super -conduct ing  magnet. This  

ins t rument  is equipped w i t h  a Nitrogem-15 s o l i d  sample probe wi th  

a MAS head and t y p i c a l  t u r b i n e  speeds  of 2200 Hz are ob ta ined  f o r  

packed p o l y c r y s t a l l i n e  samples.  Pu l se  sequences  t o  perform cross-  

p o l a r i z a t i o n  and high-power p ro ton  decoupl ing  (100 w a t t s )  are 

a v a i l a b l e  f o r  u s e  w i t h  t h i s  probe. Approximately 0.6 g o f  sample 

i s  packed i n t o  a Kel-F r o t o r  for each  series of exper iments .  I n  

a d d i t i o n ,  a conven t iona l  broad-band probe  f o r  h i g h  r e s o l u t i o n  work 

is a v a i l a b l e  which is capab le  of sample tempera ture  v a r i a t i o n  and 

c o n t r o l  i n  t h e  range  of -150' t o  200°C. This probe  u s e s  s t a n d a r d  

10 mm diameter  g l a s s  t u b e s  f o r  samples f i l l e d  t y p i c a l l y ,  t o  3 cm 

height .  

RESULTS AND D I S C U S S I O N  

born Temperature S tud ie s  

The Nitrogem-15 NMR spectrum of p o l y c r y s t a l l i n e  AN a t  room 

It w a s  ob ta ined  w i t h  t h e  broad- tempera ture  i s  shown i n  F igu re  1. 

band probe  of the  Var i an  XL-200 spec t romete r  i n  a sample w i t h  99% 

Nitrogen-15 enrichment by s i g n a l  ave rag ing  10,000 scans .  Two 

wel l - reso lved  b u t  broad f e a t u r e s  were observed, cor responding  t o  

t h e  two chemica l ly  d i s t i n c t  n i t r o g e n  s i tes  i n  AN. The l i n e s  were 

cons ide rab ly  broadened by t h e  d i p o l e d i p o l e  i n t e r a c t i o n  wi th  t h e  
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protons  i n  t h e  sample and, i n  t h e  c a s e  of t h e  p l a n a r  n i t r a t e  i o n ,  

by cons ide rab le  chemical s h i E t  a n i s o t r o p y .  

B o t h  of t h e s e  sou rces  oE broadening  could  be d r a s t i c a l l y  

reduced by combining t h e  t echn iques  of MAS of sample and h i g h  

power decoup l ing  (FID).  The r e s u l t i n g  spectrum was shown i n  F i g u r e  

2. The d r a s t i c  r educ t ion  in l i n e w i d t h  f o r  each  l i n e  is t o  be 

noted  as well  as t h e  appearance  of  s idebands  a t  reduced ampl i tude  

a t  m u l t i p l e s  of t h e  sample sp inn ing  f requency .  A consequence of 

t h e  r e d u c t i o n  i n  l i n e w i d t h  i s  a n  enhancement o f  t h e  peak s i g n a l  t o  

n o i s e  ( s / n )  r a t i o .  F igure  2 was t h e  r e s u l t  of a s i n g l e  NMR s c a n ,  

conpared t o  10,000 f o r  F i g u r e  1. Examination of the s p e c t r a  shown 

i n  t h e  f i r s t  two f i g u r e s  enab le s  one t o  draw t h e  fo l lowing  con- 

c lu s i o n s  . 
The i s o t r o p i c  chemical s h i f t  f o r  t h e  ammonium and n i t r a t e  

ions in p o l y c r y s t a l l i n e  AN are no t  s i g n i f i c a n t l y  d i f f e r e n t  from 

t h o s e  of the  i o n s  i n  s o l u t i o n .  This r e s u l t  was n o t  unexpected, 

bu t  i t  impl i e s  t h a t  no p a r t i c u l a r  i n s i g h t  about  t h e  s t r u c t u r e  of 

t h e  s o l i d  i s  o b t a i n e d  from t h e  i s o t r o p i c  chemica l  s h i f t .  

The an i so t ropy  i n  t h e  chemical s h i f t  of t h e  n i t r a t e  i o n  

ob ta ined  from F igure  1 is approximate ly  200 ppm. However, 

t h e  "NO; peak shows a shou lde r  on t h e  down f i e l d  s i d e  which 

i n d i c a t e s  ax i a l  asymetry.  

The v a r i a t i o n  i n  t h e  ampl i tude  o f  s p i n n i n g  s idebands  as a 

func t ion  of t h e  sample sp inn ing  speed  i n  a MAS experiment can  

y i e l d  a n  independent v a l u e  o f  t h e  chemica l  s h i f t  anisotropy' .  We 
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undertook t h e s e  measurements o b t a i n i n g  t h e  s p e c t r a  d i s p l a y e d  i n  

Figure 7. Analys is  of t h e s e  d a t a  y t e l d s  t h e  r e s u l t s :  

033 - ~ 1 2  = 220 f 15 ppm 

011 + ~ 3 3  - 2022 = 120 f 40 p p  

F i n a l l y ,  r e l a x a t i o n  t i m e  measurements i n  AN were under taken  

i n  p r e p a r a t i o n  € o r  tempera ture  dependence work. T l ,  t h e  s p i n  

l a t t i c e  r e l a x a t i o n  t i m e ,  was found t o  be i n  e x c e s s  of 100 s f o r  

bo th  s i tes  i n  AN.  Before such  e l e v a t e d  v a l u e s  can  be t aken  seri- 

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

procedures be under taken  t o  i n s u r e  t h e  absence  of e f f e c t s  from 

paramagnetic s p e c i e s .  I n  t h e  absence  of t h e s e  p r e c a u t i o n s ,  we 

t a k e  100 s as t h e  lower  l i m i t  f o r  T1. T I P  t h e  s p i n  l a t t i c e  r e l a x -  

a t i o n  t i m e  i n  t h e  r o t a t i n g  frame, is s e n s i t i v e  t o  motions a t  much 

lower f r e q u e n c i e s  t h a n  T1. The MAS s o l i d s  probe a l lowed conveni- 

e n t  measurement o f  t h i s  parameter  w i t h  t h e  f o l l o w i n g  r e s u l t s :  

15NO; : Tlp  = 10.3 s 

15NH4+ : T l p  = 19.2 s 

Temperature Dependence R e s u l t s  

Re laxa t ion  Time Measurements Near Room Temperature 

A t empera tu re  dependence NMR s t u d y  of hte m u l t i p l e  phases  of  

A N ,  u s i n g  t h e  AN,  using t h e  two t echn iques  exempl i f i ed  i n  F i g u r e s  

1 and 2 ,  are s u b j e c t  t o  the fo l lowing  c o n s t r a i n t s .  The a v a i l a b l e  
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broadband accessory allows temperature v a r i a t i o n  and c o n t r o l  up t o  

200°C. However, the poor s / n  r a t i o  means t h a t  each r e l axa t ion  

t i m e  measurement w i l l  t ake  t a n s  of hours of i n t e g r a t i o n  t i m e .  Gn 

the other  hand, the a v a i l a b l e  MAS probe, which produces s i n g l e  

scan  s p e c t r a  wi th  s /n  c l o s e  t o  300, i s  a f i x e d  temperature u n i t .  

A p a r t i a l  s o l u t i o n  t o  t h i s  problem was obtained by con t ro l l ed  

h e a t i n g  o r  cool ing of t he  MAS t u r b i n e  a i r  supply.  To avoid possi- 

ble  damage t o  the MAS probe, t h i s  method was used t o  vary the  

temperature only wi th in  t h e  temperature range from -18OC t o  45°C. 

In t h i s  way, values  of T i  were obtained and p lo t t ed  versus t h e  

r ec ip roca l  nbsolute  temperature (Fig. 4). From t h e  s l o p e  of t h i s  

graph i t  was concluded t h a t  t he  a c t i v a t i o n  energy f o r  t h e  process  

responsible  f o r  t h e  r e l a x a t i o n  is 

Ea - 4.5 f 0.3 KCal Mole-' 

It w a s  noted t h a t  w i th in  the  r e s o l u t i o n  of t h i s  experiment no 

d i scon t inu i ty  w a s  observed in T1 across  t h e  phase boundary a t  

32°C. 

Phase 111 t o  Phase IV T r a n s i t i o n  

In t h e  course of t hese  r e l a x a t i o n  t i m e  experiments,  i t  was 

poss ib l e  t o  observe simultaneously t h e  high r e so lu t ion  MAS NMR 

s p e c t r m  of both phase I V  and phase 111 material as they coexis ted 

in t he  sample volume. These observat ions confirm the  r e p o r t s  i n  

t h e  l i t e r a t u r e  t h a t  t h e  t r a n s i t i o n  from t h e  room temperature phase 
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(IV) t o  t he  high tempera ture  phase ( [ I t )  i s  analogous t o  a 

"meLting" t r a n s t t i o n .  I n  f ac t ,  as t he  tempera ture  of our WR 

sample was allowed t o  d r i f t  from about  40" t o  coon temperature 

over a 2 hour pe r iod ,  i t  was observed t h a t  t he  spectrum of one 

phase g r a d u a l l y  decreaed  i n  ampl i tude  as t h e  spectrum of t h e  o t h e r  

phase g radua l ly  inc reased .  These r e s u l t s  a r e  shown in Figure 5. 

The thermal p r o p e r t i e s  of AN have been w e l l  c h a r a c t e r i z e d  by 

d i f f e r e n t i a l  scanning  c a l o r i m e t r y  s t u d i e s 1  and i t  is presumed on 

t h a t  b a s i s  t h a t  t h e  obse rva t ions  shown in Figure  5 r ep resen t  

" f reez ing"  of phase I11 i n t o  phase IV material. This e f f e c t  w a s  

e a s i l y  r ep roduc ib le  i n  e i t h e r  d i r e c t i o n  by h e a t i n g  or cooling. Of 

cour se ,  due t o  c o a r s e  tempera ture  c o n t r o l ,  we could not  confirm 

t h e  l a c k  of h i s t e r i s i s  i n  t h e  phase  t r a n s i t i o n .  

As a consequence of t h e s e  o b s e r v a t i o n s ,  i t  was p o s s i b l e  t o  

measure t h e  d i f f e r e n c e  i n  t h e  i s o t r o p i c  chemical s h i f t  in t h e  

s o l i d  phases XI1 and I V  to  c o n s i d e r a b l e  p r e c i s i o n .  The results 

i n d i c a t e  u p f i e l d  s h i f t s  of t h e  f o l l o w i n g  magnitude in going from 

BROADBAND NMR STUDIES 

Encouraged by the NMR r e s u l t s  in t h e  v i c i n i t y  of room temper- 

a t u r e ,  i t  w a s  dec ided  t o  ex tend  r e l a x a t i o n  t i m e  measurements t o  

t h e  h ighe r  tempera ture  phases.  The s l o p e  of t h e  T i p  d a t a  v e r s u s  
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r ec ip roca l  temperature obtained by HAS-NMR seemed t o  imply t h a t  i t  

might be possible  to  observe a m i n i m i n n  in T1p a t  higher  tempera- 

t u r e .  This observation would have been very i n t e r e s t i n g  because 

i t  could y i e l d  the  c o r r e l a t i o n  time of  t he  motions r e spons ib l e  f o r  

re laxat ion;  however, such a minimum w a s  not observed. 

Because t h e  MXS s o l i d s  probe could not  be modified t o  ope ra t e  

a t  tempertures much above room temperature, it w a s  decided t o  u s e  

the Varian XL-200 broadband probe temperature c o n t r o l l e r ,  r a t e d  up 

t o  200'C t o  continue the  study. In the absence of t he  narrowing 

power of MAS wi th  high-power decoupling, however, t h e  NMR s p e c t r a  

were very broad, and their  s in  r a t i o s  were poor. Each T i  and T i p  

measurement required s i x  t o  ten runs of 2 t o  15 hours each f o r  a 

given temperature point .  h i s  disadvantage w a s  no t  p re sen t  in t h e  

highest  temperature s o l i d  phase (phase I) ,  however, because i t  was 

a " p l a s t i c "  phase. In t h i s  phase t h e  ions  are undergoing tumbling 

s u f f i c i e n t l y  f a s t  so t h a t  t h e  NMR spectrum is motional ly  narrowed, 

as  in a l iqu id .  The spectrun of AN in Phase I is shown i n  F igu re  

6. 

The th ree  spectra given i n  Figures 1, 2, and 6 toge the r  

c o n s t i t u t e  an e x c e l l e n t  example of t h e  two methods for l i n e  nar- 

rowing: motional narrowing and high-power proton decoupling w i t h  

magic-angle sample spinning. 

CONCLUSIONS 

A l l  t h e  r e l axa t ion  t i m e  d a t a  obtained a r e  p l o t t e d  versus  

These d a t a  a r e  t o  be compared r ec ip roca l  temperature in Figure 4. 
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t o  the lH :MR r e l axa t ion  times reported in r e f .  7 ,  and reproduced 

i n  Figure 7 for convenience. The following conclusions may be 

drawn: 

The T1 d a t a  were uniformly high f o r  a l l  phases measured, with 

the except ion of t he  p l a s t i c  phase 1. As was remarked e a r l i e r ,  

these values  above 100 s were suspec t .  In phase I, however, t h e  

g e n t l e  temperature dependence was in t h e  d i r e c t i o n  expected f o r  

the high temperature l i m i t ,  woz >> 1, where wo is t h e  15N NMR 

frequency and T is t h e  c o r r e l a t i o n  t i m e  f o r  t h e  motion. T va lues  

f o r  phases 111, I V ,  and V were observed t o  be uniformly high as i n  

phase 11. Because these  va lues  d i d  no t  r e f l e c t  any r e l a x a t i o n  

process of i n t e r e s t  t o  t h i s  s tudy,  p r e c i s e  va lues  were not  mea- 

I 

sured, nor were they p l o t t e d  i n  Figure 4. 

In o rde r  t o  exclude the  p o s s i b i l i t y  of c ros s - r e l axa t ion  

between t h e  two chemically d i s t i n c t  n i t rogen  si tes,  T i p  measure- 

ments were undertaken using s i n g l y  l a b e l l e d  samples of AN. 

Measurements a t  s e v e r a l  temperatures  above t h e  ambient y i e lded  t h e  

same value of T i p  i n  both s i n g l y  l a b e l l e d  (i4NH415N03) and doubly 

l a b e l l e d  (i5NHqi5N03) AN. 

The constancy of T i p  va lues  f o r  t h e  ''NO; as t h e  temperature 

was va r i ed ,  i s  i n  sha rp  c o n s t r a s t  t o  t h e  s t e e p  temperature depen- 

dence of t h e  proton HMR work ( f i g u r e  7)  descr ibed I n  r e f .  7. The 

proton work was performed a t  an NMR frequency c l o s e  t o  20 M H z ,  

roughly t h e  same frequency f o r  t h e  15N NMR of t h i s  work. The nea r  
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equivalence of t h e  NMR f r equenc ie s  meant t h a t  t h e  mininun in p l o t s  

a€  r e l axa t ion  time versus r e c i p r o c a l  temperature ought t o  occur a t  

c o q a r a b l e  temperatures,  i f  t he  r e l a x a t i o n  processes  were the  

same. But, comparing f i g u r e  4 t o  f i g u r e  7, one must conclude t h a t  

t h e  r e l a x a t i o n  process f o r  proton NMR in t h e  high temperature 

phases of AN, namely t r a n s l a t i o n a l  d i f f u s i o n  of t he  ammonium ion’ 

was not e f f e c t i v e  in providing 1 5 N  NMR r e l a x a t i o n  of e i t h e r  

ammonium o r  n i t r a t e  sites. 

C l e a r l y ,  a proper 1 5 N  NMR study of t h e  phase t r a n s i t i o n  of AN 

would r e q u i r e  a v a r i a b l e  temperature NMR s o l i d  probe. F a l l i n g  

back on broadband NMR techniques,  as was done he re ,  meant t h a t  t h e  

r e s u l t s  were somewhat less conclusive.  

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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l5 NO; l5 NH: 
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FREQUENCY, Hz 

FIGURE 2 
M A S  Nitrogen-15 NMR spectrum of 15N-labeled AN at room 
temperature obtained with the solids probe using CP and HPD 
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FIGURE 3 
MAS Nitrogen-15 NlR spectrum of double l5N-labeled AN for various 
spinning speeds (Hz, numbers in the figure) 
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FIGURE 4 
Nitrogen-15 NPiR relaxation times T1 and TIP for the nitrate and 
ammonium sites of AN versus reciprocal temperature 
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NH, NO3 IV + 111 PHASE TRANSITION OBSERVED BY "N - NMR 

.-WC 

A 

FIGURE 5 
Observations of the "melting" phase transition in AN (111 -t IV) by 
CP/MAS/HPD NMR 
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