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ABSTRACT 

Study was made of factors affecting the transition paths between ammonium 

nitrate solid state phases IV, III and II. The effect of the sample preparation 

method was investigated by differential scanning calorimetry (DSC), transition 

mechanisms were explored with simultaneous DSC and Raman spectrometry 

developed for in situ investigation of the transitions, and the relationship between 

phase IV structure and the transition paths was studied by X-ray powder 

diffraction (XRD) and DSC. The results were analysed by partial least-squares 

regression (PLS) and principal component analysis (PCA). 

Three categories of transitions were observed: a) the principal transitions IV 

.. III .. II and IV .. II, b) the parallel transitions IV ➔ III ➔ II and IV ➔ II on 

heating or II ➔ III ➔ IV and II ➔ IV on cooling and c) the forward-and-back 

transitions IV ➔ II ( ➔ III ➔ II) on heating and II ➔ IV ( ➔ III ➔ IV) on cooling. The 

phase transition paths were shown to be influenced by the sample preparation 

method, which evidently affects the degree of disorder of phase IV. 

The existence of an intermediate phase II* between phases IV and III was 

confirmed. The life-time of II* was seven minutes maximum and decreased with 

decreasing transition temperature. 

The multivariate analysis of XRD and DSC data showed that a relationship 

exists between the XRD patterns and the transition paths and confirmed that PLS 

could be used to predict the transition path that the sample would undergo on 

heating. PCA indicated seven per cent of the variation in the XRD patterns to be 

related to the structural factors connected with the phase transition path selection. 
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1. INTRODUCTION

9 

Ammonium nitrate, NH4N03 , was first synthesised by J. R. Glauber1 from 

ammonium carbonate and nitric acid in 1659. Industrial production was started 

by BASF in 1913. Today the ammonium nitrate process utilizes ammonia 

produced by the Haber-Bosch process and nitric acid obtained by the Ostwald 

process. The raw materials for the production are air and water. The main uses 

of ammonium nitrate are as a nutritive agent in fertilizers and as an oxidizer in 

explosives. 1 •2 

If the ammonium nitrate granules used in fertilizers are heated and cooled 

several times, they may crack. This decreases the bulk density, breaks down the 

granules and increases the porosity. All these factors lower the quality of the 

fertilizer. The high porosity also constitutes a safety risk, as decomposition by 

thermal reactions and explosions in the presence of organic compounds are then 

more likely. For this reason the amounts of heavy metals which can catalyse 

decomposition reactions, the amounts of organic compounds which may trigger 

explosions and the total amount of ammonium nitrate in fertilizers are regulated 

by law.2•3 

Solid ammonium nitrate has eight phases with differing crystal structures.4-
11

On heating and cooling between 270 and 370 K, solid-to-solid phase transitions 

occur11 between phases IV, III and II. Basically, two alternative phase transition 

paths are possible: IV .,. III "' II and IV .,. II. The transitions are difficult to 

reproduce and particularly the transitions IV .,. III are responsible for the 

degradation of fertilizer granules.2•11-13 

Two explanations of the poor reproducibility have been proposed. It has 

been argued that samples containing water would always undergo transitions to 

phase III, while the transitions IV .,. II would take place only in very dry 

samples.14-17 There are contradictory reports as well, however. 18 The other

proposed explanation is the thermal history of the samples: it has been proposed 

that the samples would undergo different transitions according to their thermal 

history. 11
• 19 

This work deals with the notoriously poor reproducibility of the phase 

transitions IV "' III "' II and IV "' II in experimental work and with the factors 

affecting the transition paths. Ultimately, the goal was a better understanding of 



10 

the effect of these transitions on the physical and quality properties of ammonium 
nitrate fertilizer. New approaches offered by recent developments in laboratory 
techniques and data analysis methods were applied. The paths were studied by 
differential scanning calorimetry (DSC) and details of the transition mechanisms 
were examined with a novel combination of DSC and Raman spectrometry 
developed for simultaneous measurements allowing in situ investigation of solid 
state transitions. I-IV These studies showed that sample preparation method can 
affect the degree of disorder of ammonium nitrate phase IV and that the disorder 
plays a significant role in the transition path selection. The disorder of 
ammonium nitrate phase IV was evaluated and the transition paths were predicted 
from X-ray powder diffraction (XRD) data by methods of partial least squares 
regression (PLS) and principal component analysis (PCA). v

Chapler 2 summarizes the methods reported in the literature for determining 

the crystal structure of ammonium nitrate and describes the structures in a general 
way. Chapter 3 reports the experiments on ammonium nitrate solid phase 
transition paths undertaken in the present investigation and discusses the results 
in the context of the literature. Conclusions and some proposals for further work 
are recorded in Chapter 4. 
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2. STRUCTURAL STUDIES ON AMMONIUM NITRATE

This chapter surveys the large number of studies on the crystal structure of 

ammonium nitrate. Because of the dynamic nature of some of the ammonium 

nitrate phases, discussion is not limited to the crystallographic crystal structure 

determinations. First the methods of investigation are reviewed, and then the 

presently accepted structures are described with the detail needed to understand 

the problems of the present work. 

2.1 Methods employed in the structural investigations 

X-ray powder and single crystal X-ray diffraction were the first diffraction

methods applied in investigation of the structure of solid ammonium nitrate. All 

but one of the space groups resolved with X-rays were correct, and the X-ray 

studies are still usually quoted7
•
11

•
14 for the phase I. The ammonium protons 

proved a stumbling block for the X-ray investigations, however, and for the other 

phases the X-ray studies have now yielded to neutron diffraction results. 4-
7 

Neutron diffraction reveals the protons so much better that the wrong space group 

was shown to have been assigned to phase V in the X-ray studies. 7,20
-
22 

Vibrational spectroscopy methods - infrared, 23
-
25 Raman26

-
37 and inelastic 

incoherent neutron38 spectroscopy - have thrown light on the rotations and 

heteroionic coupling of the two sets of ions. Electrical conductance 

measurements have shown that the ionic movements occur on a different level in 

the different phases, 14,
39

-
41 and NMR has revealed much about the dynamics of the

ions. 42
-
47 Magnetic susceptibility measurements have show that the magnetic

anisotropy varies with the phase, further revealing the dynamics of the ions. 48 

Optical microscopy was one of the earliest methods to reveal the existence of the 

phase transitions and allowed the transition mechanisms to be proposed. 1 4 ,49-51 
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2.2 Crystal structures of ammonium nitrate 

Ammonium nitrate has eight crystal phases stable at different temperatures 

and pressures.4
-
11 Crystal structures of phases I to V are known and are stable at

both normal and higher pressure.4
-
7

•
11 Structures of the high pressure phases VI 

and VIII and the normal pressure phase VII are not known and the existence of 

phase VII has been disputed.1
-
9

•
21

•
22

•
52 Phase VIII has been reported only once and 

has not been confirmed. 10 

Table 2.1 summarizes the crystal structures of ammonium nitrate. The 

structures of phases IV and V have been determined in single crystal neutron 

diffraction and phases II and III in powder neutron diffraction experiments. 4-
7 

The structure of phase I has been determined by X-ray diffraction and confirmed 

by neutron diffraction studies. 11
•
53 As explained below, the ordering column in 

the table refers to the dynamics of the phases. 

Pure protonic ammonium nitrate was used for the structure resolution of 

phases I, II, and IV and the fully deuterated compound for phases V and III. The 

phase III structure resolved from the pure ammonium nitrate samples was 

confirmed by single crystal neutron diffraction experiments6•54 where ammonium 

nitrate was doped with 5% KNO3 . At 5% concentration, KNO3 causes 

ammonium nitrate to crystallize in phase III at room temperature. 55 

Characteristically the structures of the phases differ in the dynamic disorder 

of the ions, which originates in ionic rotations and reorientations. 4-7,11,14 In the 

higher temperature phases I, II and III the movements of the ions are significant 

and no simple set of structure coordinates can describe the positions of the 

atoms. 4•5• 11 

Hendricks, Posnjak and Kracek11 suggested back in 1932 that in phase I 

both sets of ions rotate with a constant angular velocity in the three orthogonal 

planes. These early experiments were carried out with X-ray diffraction. The 

proton positions of the ammonium ions could not be determined and the positions 

of the oxygen atom could not be fixed. Later Shinnaka56 and Yamamoto and 

Shinnaka57 suggested that there were 3, 6, 8 or 12 equivalent orientations for the 

nitrate ions to rotate among. Ahtee et al., 53 in their neutron experiment, 

presented evidence supporting a model of nearly freely rotating ions. 

The fact that lattice vibrations were not seen in Raman measurements of 

phase I is further evidence for the rotation of the ions. 35 Moreover, the magnetic 

anisotropy drops to zero in the phase transition II ➔ I, and since the anisotropy in 

ammonium nitrate is due to the planar nitrate ions, the drop also supports the 
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rotation of the nitrate ions.48 Likewise, NMR measurements support the model 

of freely rotating ions. 43
•

44 

Ammonium nitrate phase I is plastic in physical appearance and can be 

moulded to some degree. 42 The other phases are brittle and the crystals break if 

handled too roughly, as was verified during the present investigation. The 

plasticity of phase I is caused by the ionic rotations. Whatever the manner of 

rotation of the ions in phase I, it is clear that there are no fixed orientations for 

the ions and that they move more or less freely in their positions. 11• 14•53•56-58 

Table 2.1. An overview of the structure data of ammonium nitrate solid phases. 

Phase Unit cell Space group Ordering Reference 

Temperature Crystal NH°t NO; 

range system 

I a= 4.3655 A Pm3m Rotating Rotating 11 
398 - 442 K Z = 1 Cubic 

II a = 5.7193 A P42,m Disordered Disordered 4 
357 - 398 K e = 4.9326 A Tetragonal 

Z=2 

III a = 7.7184 A Pnma Disordered Ordered 5 
305 - 357 K b = 8.8447 A Orthorhombic 

e = 7.1642 A 
Z=4 

IV a = 5.7574 A Pmmn Ordered Ordered 6 
255 - 305 K b = 5.4394 A Orthorhombic 

e = 4.9298 A 
Z=2 

V a = 7.98 A Peen Ordered Ordered 7 
? - 255 K b = 8.0027 A Orthorhombic 

e = 9.8099 A 
Z=8 

VI Unknown 

VII Unknown 

VIII Unknown 
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In phase II the ions do not rotate.4 Neutron diffraction studies4
•
59

•
60 have 

shown that the nitrate ions reorientate in their own planes between two extreme 

orientations separated by 60° and that the ammonium ions move between two 

alternative orientations separated by 90 °. Raman measurements35
•
36

•
61

•
62 indicate 

that the H ... O bonds between the ions prevent such large movements as in phase 

I. The magnetic anisotropy48 is greater than in phase I. Likewise, as NMR

studies43 have shown, the nitrate ions are more highly orientated in phase II than

in phase I.

Phase III differs from all the other structures in the positions of the central 

nitrogen atoms relative to each other, these being less regular. 1 1 • 14 The amplitude 

of the reorientations of the nitrate ions54 is negligible compared to phase II, but 

the ammonium ions reorientate between two alternative orientations separated by 

42 °. Raman, NMR and magnetic susceptibility measurements also support the 

disordered structure. 35
•
36

•
48

•
61 

•
62 

In phase IV each nitrate ion is bonded from one of the oxygens to a 

hydrogen of two ammonium ions.6 Through the bonding of another hydrogen of 

the ammonium ions to an oxygen of a nitrate ion a chain of ions is formed. The 

chains are then connected by weak hydrogen bonds into a sheet. There is no 

reorientation of the ions in phase IV. The thermal motion of the ammonium ions 

continues to be large, but the interactions are sufficient to prevent the rotation of 

the nitrate ions. 6 

In phase V one half of the nitrate ions are turned orthogonally to the other 

half. 7•
22 No reorientations take place. 7•

22 When Amoros et al. 
20 first determined 

the structure with X-rays, they wrongly defined the space group as P42• This has 

caused confusion,28 but is now corrected by Ahtee et al. 
7 and Choi and Prask.22 
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3. SOLID PHASE TRANSITIONS BETWEEN AMMONIUM NITRATE

PHASES IV, III AND II 

On heating, ammonium nitrate may undergo transitions" IV ➔ III ➔ II or it 

may bypass phase III and undergo transition IV ➔ II. The literature offers no 

straightforward explanation for the path selection, but the most frequently 

mentioned factors are the water content and thermal history of the sample. 11 • 14•19 

It has been argued that samples with more than 0.1 % water would always 

undergo transitions to phase III, while the transitions IV p II would take place 

only in very dry samples. 15 There are contradictory reports as well, however. 18 

The thermal history refers to the temperature profile that a sample has 

acquired since crystallization. Hendricks, Posnjak and Kracek11 have suggested 

that ammonium nitrate has a thermal memory - a mechanism for remembering the 

thermal history. In connection with this they have proposed the existence of 

phases IV' and II' distinct from the phases IV and II. Whereas phases IV' and II' 

undergo transitions IV' p III p II', phases IV and II undergo transitions IV p II. 

The attempts of this group to determine the structures of phases IV' and II' did 

not prove successful. 11

The present investigation demonstrates that the concentration of water is not 

critical for the phase transition path selection; more important is how the water 

concentration of the samples changes. 1 It also shows that there is a clear 

connection between the thermal history of the samples and the transition paths. 1 

However, instead of the distinct phases IV and IV', ammonium nitrate phase IV 

can exist as a continuous series of structures differing from each other in the 

degree of order, which is the dominant reason for the different transition paths .1 
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3.1 Evaluation of experimental methods 

The transitions between ammonium nitrate phases IV, III and II were 

investigated by differential scanning calorimetry, combined differential scanning 

calorimetry and Raman spectrometry, and X-ray powder diffractometry. i-v 

Samples for the investigation were prepared in several different ways. i,v 

3.1.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) gave information on the phase 

transition onset temperatures, changes of enthalpy and changes of heat capacity. 1 

The rapidity of DSC allowed the generation of a large number of measurements 

and made it easy to replicate these using either the same sample, i.e. by doing 

temperature cycling, or separate samples. The sample size was 1 - 10 mg. 

Larger samples gave rise to inaccuracies in the temperature and enthalpy change 

determinations. 63 The small sample size had the disadvantage that it was difficult 

to compare the DSC results with those of other methods or to handle real world 

problems where larger amounts of ammonium nitrate are involved. 

The most serious disadvantage of DSC was that the amount and the changes 

in the amount of water could not be controlled during the measurements. 

Moreover, the samples were too small to allow Karl-Fischer titrations to check 

the concentration after measurements. Determinations of the concentration from 

the melting point in DSC gave contradictory results from those obtained by Karl

Fischer titration. The problem in determining the water content from the melting 

point was that the melting tended to occur simultaneously with the phase 

transition II --. I, at about 400 K, even though it should have occurred at higher 

temperature. Thus, the only reliable measure of the water concentration of the 

DSC samples was the concentration obtained by Karl-Fischer titration before the 

DSC measurements. 

The transitions between phases IV, III and II could be identified reliablyi by 

observing the transition temperatures, changes of enthalpy, changes of heat 

capacity and all transition peaks in the DSC curves between 283 and 373 K. 

Great care was necessary in the interpretation, however, as there was a danger of 

confusing the transitions IV --. III and IV --. II on heating, and after transitions IV 

--. III --. II on heating, of interpreting transition II --. IV as transition III --. IV on 

cooling. In the latter case, the transition temperature of II --. IV may be several 

degrees below IV --. III, so that the two peaks look like the transitions IV .,. III. 
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Yet one further misinterpretation could easily take place: if the transition III ➔ IV 

did not occur at all because of insufficient cooling, the transition II ➔ III could be 

mistaken for II ➔ IV. The DSC equipment was easily cooled below the 

temperature of transition III ➔ IV, which helped in interpreting the curves. 

3.1.2 Combined differential scanning calorimetry and Raman 

spectrometry 

Complex transition peaks appeared in the DSC curves at 318 to 333 Kon 

heating and at 328 to 303 K on cooling. 1 The transition mechanisms of these 

transitions were deduced from the onset temperatures Ta, changes of enthalpy ilH 

and changes of heat capacity ilc
P 

in the transitions. 1 To understand the DSC

curves better, combined DSC and Raman equipment was constructed to monitor 

the energy transfer simultaneous! y with the structure. n,m,iv 

During the parallel XRD and DSC measurements, it became evident that the 

phase transition paths between phases IV, III and II might not be the same in 

different equipment, and a method providing in situ information on transition 

energies and the structure of the samples would be desirable. The only 

techniques used in combination with DSC in the literature were XRD and Fourier 

transform infrared spectroscopy (FTIR). 64
•
65 In the case of XRD, the sample size 

and the comparatively long measuring times required for the available equipment 

made it unsuitable for simultaneous investigations. In FTIR-DSC the 

transmittance is measured, and KBr windows are therefore used.65 Unfortunately, 

not only may ion exchange occur between KBr and ammonium nitrate,55 but the 

sample dilution methods of FTIR are not suitable for ammonium nitrate. 

By 1990, however, when the simultaneous method was sought, FT Raman 

spectrometry had developed into a routine, commercially available method. The 

introduction of charge coupled device (CCD) detectors had also made the 

dispersive Raman spectroscopy easier. In both FT and CCD Raman methods the 

spectra were faster to collect than by conventional scanning dispersive 

spectrometry. Basically, one spectrum can be acquired in just seconds. Sample 

dilution is not required and the sample size is much smaller than in DSC. 

The combined DSC-Raman equipments were built by removing the DSC 

oven assembly from its original place and putting it into the sample compartment 

of the Raman spectrometers.11 ,m 180 ° collection geometry was used in both 

spectrometers. 11 ,m Figure 3 .1 illustrates the arrangement in the FT Raman
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spectrometer. A cooling device for the DSC was constructed at a later stage to 

allow investigatioas below room temperature. N,66 

The alignment of the invisible near infrared laser beam in the FT 

spectrometer required special attention. For the rough alignment, the sample 

oven was first covered with a paper that had been coloured black with a graphite 

pencil. The beam burned small holes into the paper and with the help of the 

holes the sample was moved into the beam. The paper allowed the sample 

compartment lid to be closed during the exposure, which was not possible with 

the commercial NIR to VIS converters generally used for visual detection of NIR

radiation. The paper also was easier to use than the IR TV cameras often 

employed for the purpose. When the beam hit the sample, an x-y-z fine 

adjustment was done with the help of the interferogram peak search facility to 

find the position for maximum scattering. The computer could not do the Fourier 

h 
e 

g 

Fig. 3. I. The arrangement of the DSC oven assembly in the FT Raman spectrometer seen 
from the side. a) sample oven, b) reference oven, c) laser beam, d) prism, e) scattered 
radiation, t) collecting lens of the spectrometer, g) glass covers, h) springs holding the 
covers and i) cable to the DSC equipment. 
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transform in real time and the interferogram was therefore used instead of a peak. 

For the same reason, the FT spectra could not be followed during the temperature 

scanning collections; the time scale was badly disturbed if the transform was 

made simultaneously with the collection. Sample adjustment was easier in the 

CCD Raman spectrometer than in the FT Raman spectrometer, as the beam was 

visible and the work, viewed through safety glasses, could be done with low laser 

power. It also was possible to see the actual spectrum immediately after it had 

been collected. 

In the CCD Raman equipment the sample compartment was partially open 

and the laboratory air fluctuations totally disturbed the DSC measurements. This 

problem was overcome by installing an open cylinder to protect the ovens so that 

the laser beam could be directed into the sample and the scattered radiation could 

be collected. In the FT Raman spectrometer the sample compartment was closed 

and there was no air fluctuation to interfere with the DSC measurements. 

The CCD Raman proved to be more suitable than the FT Raman because 

of the fast spectral collection and easily accessed lattice vibrations. m,IV The

spectral range of the CCD Raman was limited to about 1000 cm-1 at one go if no 

compromise with the resolution was sought. rn This limitation could have been 

overcome by using spectral windows that make it possible to measure successive 

spectra in different ranges, but longer collection times would then have been 

required. FT Raman had a wide spectral range, but the lattice region below 

about 80 cm- 1 was not accessed.u,rn Unfortunately, working time on the CCD

Raman equipment was limited and, in the end, fewer measurements were made 

than with the FT Raman. 

3.1.3 X-ray powder diffractometry

X-ray powder diffractometry (XRD) measurements at room temperature

were made to compare the degree of order of the ammonium nitrate phase IV 

crystals with the transition paths on heating in DSC. v The data were analysed by 

means of partial least-squares regression (PLS) and principal component analysis 

(PCA).v Some experimental factors were especially taken into account: samples 

were sieved to equal grain size to minimize packing problems, water content was 

allowed to stabilize in the same atmosphere as where the XRD measurements 

were carried out, and the heating effect of the X-rays was reduced by exposing all 

samples to the X-ray the same length of time. The transition paths were 
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investigated in DSC before and after the XRD measurements, to note any changes 

in the phase transitions taking place during the XRD measurements. v 

Diffuse scattering X-ray diffraction of single crystals has been used to study 

the disorder of phase I and phase II ammonium nitrate single crystals.57
-
59

•
67 

Single crystal studies were not possible in our case, however, because the single 

crystals do not tend to undergo transitions to phase III, and if they do undergo 

such transitions, the crystals crack. 35•68•69 

XRD was also used to identify the phase of the ammonium nitrate samples 

at different temperatures. The patterns were compared with the literature data.70

Parallel XRD and DSC measurements showed that samples, even though of 

similar origin, could undergo different transitions in the two instruments. This 

meant that the sample temperature is no guarantee of the phase of the sample and 

that isothermal methods cannot give reliable information about the path without 

monitoring of the transitions during heating or cooling by another method. 

Compared with DSC, XRD revealed fewer details of the transition taking place 

during heating or cooling. Nor was XRD suitable for temperature cycling since 

the samples could not be cooled below room temperature in the XRD equipment, 

and the transition III ➔ IV did not take place in a reasonable time. Owing to the 

thermal expansion, the results were also affected by dramatic changes in the 

sample packing in the sample holder. 

3.1.4 Sample preparation 

The ammonium nitrate samples were recrystallized from deionized water 

because their thermal history had to be known. 1-v 

Sometimes a sample that first underwent transition IV ➔ II could after one 

or more heating and cooling cycles undergo the transitions IV ➔ III ➔ II. When 

the investigations began the only way to make a certain transition occur was to 

repeat the experiments as many times as needed. The effect of the sample 

preparation method first became evident when a correlation was noticed between 

the age of the samples and the phase transition paths IV ➔ III ➔ II and IV ➔ II of 

the trial-and-error experiments. The samples that had been untouched for longer 

times more often underwent transition IV ➔ II. Since the age of the sample could 

be presumed to affect the order of the crystals and thereby the transition paths, 

the sample preparation method was varied with a view to the ordering of the 

crystals: namely the ammonium nitrate melt was cooled at different rates.1 The 

desired result was achieved and the samples undergoing specific transitions could 
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from thereon be produced with a high probability. 1 The effect of ageing of the 

samples also was systematically tested at different temperatures.' 

The water concentration was shown not to correlate with the transition path, 

but as water clearly had something to do with the paths, drying experiments were 

combined with the heating tests. 1 Moist samples undergoing transitions IV ➔ II 

were dried at different temperatures and the path was compared with reference 

samples that had the same thermal history but were not dried. 1 

3.2 Observed phase transition paths between the ammonium nitrate solid 

phases IV, III and II 

The phase transition paths between solid state phases IV, III and II of 

ammonium nitrate observed in the present work fell into three categories: a) the 

principal transitions IV "' III "' II and IV "' II, b) the parallel transitions, where 

the samples may undergo transitions IV ➔ III ➔ II and IV ➔ II on heating or II ➔ 

III ➔ IV and II ➔ IV on cooling and c) the forward-and-back transitions IV ➔ II ( ➔ 

III ➔ II) on heating and II ➔ IV ( ➔ III ➔ IV) on cooling. 1 

The category a) paths are frequently reported in the thermal analysis 

literature. 71
-
78 The double arrows '"'' refer to the equilibrium reactions and are 

used to shorten the expression. 79 They should not be taken to mean that the path 

would be the same on heating and cooling; rather, any combination of the above 

paths is possible. Thus, in category a) there are two possible paths on heating 

and two on cooling. 

The parallel transitions of category b) are seen on a DSC curve as separate 

or overlapping peaks of transitions IV "' III and IV "' II. 1 These transitions may 

partly reflect the inhomogeneity of the samples, especially where the peaks are 

separate. 

The forward-and-back transitions of category c) were seen on heating as 

complex peaks starting with an endothermic peak at onset temperature of 

transition IV ➔ II and followed by an exothermic peak after the first peak. 1 The 

exotherm may begin immediately after the endotherm or it may be delayed by 

several degrees as in Fig. 3.2. These transitions also appeared on cooling. 1 In 

the literature80 this phase transition path has been associated with the formation of 

a metastable phase III. The mechanism of the transition is discussed in section 

3 .5 below, with a conclusion drawn that is contradictory to the literature. rv,so 
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Fig. 3.2. An example of the forward-and-back transition peaks in DSC. An endothermic 
peak of transition IV ➔ II is followed, after several degrees, by an exothermic peak of 
transition II ➔ III. 

3.3 Transition temperatures and energies 

Figure 3.3 shows some of the transition onset temperatures and energies. 

The onset temperature of the transition IV ---+ III was 314 - 331 K. The transition 

energy decreased as a function of temperature from 1500 to 1000 J moi- 1
. The 

solid line in Fig. 3.3 is the least-squares fit of the values of the IV ➔ III 

transitions. The deviation of the onset temperatures is so great that it cannot be 

a random error of the temperature determinations but must be a true transition 

temperature variation. 

The onset temperature of the pure transitions IV _. II was 329 - 331 K and 

the transition energies 1400 - 1800 J moi-1. Most of the deviation in the transition 

temperature is of random origin. The mean value of the temperature and 

transition energy of transition IV ---+ II is indicated by a solid circle. 
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Fig. 3.3. Examples of transition onset temperatures and energies of the transitions starting 
from ammonium nitrate phase IV. Pure transitions x = IV ➔ III and + = IV ➔ II; parallel
transitions o = IV ➔ III or IV ➔ II; forward-and-back transitions * = IV ➔ II (➔ III). The
solid line is the least-squares fit of transitions IV ➔ III and the solid circle the mean value of 
transitions IV ➔ II. The dotted lines indicate the difference of the enthalpy between the 
phases a) IV and III; b) IV and II and c) II and III. 81 

The forward-and-back transitions IV ➔ II ( ➔ III) at 329 - 330 K had energies 

1200 - 1600 J mo1-1
• In general, the pure IV ➔ II transitions had higher onset 

temperature and transition energy than the forward-and-back transitions at 

maximum. 

The parallel transitions IV ➔ III and IV ➔ II are scattered over the plot and 

there are two or more points for each sample. There would be no statistical sense 

in calculating the mean values for the parallel or the forward-and-back transitions. 

The dotted lines in Fig. 3.3 present the values of Nagatani's experiments 

with an adiabatic calorimeter. 81 Line a) is the enthalpy difference between phases

IV and II, line b) that between IV and III and line c) that between phases II and 
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III. The observed transition energies for transitions IV -+ III and IV -+ II are 10

- 30% smaller than the literature values. 81 The enthalpy difference between

phases II and III, line c, is referred to again in section 3.5 where the transition

mechanisms are discussed.

Predominant in Fig. 3 .3 is that the onset temperatures of the principal 

transitions, IV -+ III and IV -+ II, range widely between 314 and 331 K. The only 

systematic difference between the samples was the cooling rate of the melt. Since 

the samples were of the same origin, there could have been no difference in the 

impurity concentrations. Moreover, the water content was shown not to be 

related to the transition path. 1 

As will be noted in section 3 .4 below, the disorder of the crystals evidently 

varies with the cooling rate of the melt and is responsible for the variation in the 

onset temperature of the transitions. 1 The wide variation of the onset temperature 

indicates that instead of distinct phases IV and IV', as proposed in the literature, 11 

phase IV can exist in different degrees of order. The degree of order determines 

the transition temperature and thereby the energy. The structure changes between 

two extremes: at the one end are the disordered structures undergoing transition 

IV -+ III and at the other end the ordered structures undergoing transition IV -+ II. 

3.4 Effect of the sample preparation method 

There was a clear connection between the transition paths and some of the 

sample preparation methods.1 Cooling the samples at different rates from the melt 

had the clearest effect. Past cooling of the ammonium nitrate melt caused the 

phase transitions IV -+ III to predominate, whereas slow cooling favoured the IV 

-+ II transitions. Between the two extremes were the parallel transitions IV ➔ III 

and IV -+ II and the forward-and-back transitions IV -+ II (-+ III). The effect of the 

cooling rate, it was concluded, was to create samples with different degrees of 

disorder. 1 The difference then caused the variation of the transition temperature 

and the different transition paths. 

The water concentration did not affect the phase transition path and any of 

the paths were likely to occur at any concentration. 1 However, change in the 

water concentration occurring under certain conditions did affect the transition 

path. 1 Such an effect was observed when DSC sample pans with and without 

holes were tested. In the pans with holes, samples that underwent transition IV 

-+ II on first heating to 373 K and whose water concentration was over 0.5% 

underwent transitions IV -+ III -+ II on the second heating. The change in 
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transition path did not occur, however, if sample pans without holes were used.1 

When these experiments were repeated in large scale where it was possible to 

determine the water concentration after the treatments, it was found that drying 

the samples at elevated temperature affected the transition paths. 1 When samples 

that underwent transition IV ➔ II and whose water concentration was over 0.5 % 

were dried at 373 K, the transition path changed to IV ➔ III ➔ II. If the samples 

were dried at room temperature or were heated under cover and therefore not 

dried, the transition path was not affected. 1 

Systematic ageing tests were carried out at different temperatures.' 

Temperature had no effect, but there was a slight tendency for older samples to 

follow transition IV ➔ II. Some remarks on the effect of sample age, or 

annealing, on the kinetics of the phase transitions can be found in the literature, 

but no explanation has been offered for the mechanism. 66•68•82 The observations of 

Tang and Torrie35 and Walton et al. 
83 give a reason to suppose that the age could 

affect the ordering of samples in phase IV. 

3.5 Mechanisms of the phase transitions between ammonium nitrate phases 

IV, III and II 

The phase transitions between solid phases IV, III and II of ammonium 

nitrate are order-disorder transitions where the dynamical orientational disorder 

decreases as the temperature decreases.4
-

1 1
.

14 Brown and McLaren14 have proposed 

a solution-recrystallization mechanism for transitions IV +> III, arguing that there 

is water in crystals undergoing transitions to phase III and virtually no water in 

crystals undergoing transitions IV +> II. Supporting evidence for the mechanism 

was offered from optical microscopy, where an interface between phases IV and 

III was observed in moist samples. 14

As was explained above, in contrast to reports in the literature, 14•
15 samples 

undergoing transition IV +> II may, in fact, contain substantial amounts of water .1 

This means that the paths IV +> III and IV +> II cannot be distinguished by the 

solution-recrystallization mechanism. 

Another mechanism, proposed by several groups, is that the transition 

passes through a solid intermediate phase between phases IV and III. 29•5 1•84 This 

interpretation is based on X-ray diffraction and Raman measurements, which 

indicate that the interface seen in the optical microscopy studies is an intermediate 

phase II* between phases IV and III. The Raman spectra suggest that the 
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structure is close to the structure of phase II and that its life-time is one minute 

at maximum.29 

The existence of the intermediate phase II* was confirmed in the combined 

DSC-Raman investigations. n,m ,IV Depending on the onset temperature of the

transition life-times up to seven minutes were recorded. Nor was it demonstrated 

that the life-time could not be even longer; the life-time could be increased simply 

by reducing the heating rate of the samples. Transition IV -+ III without II* was 

also observed. IV Since the life-time of the intermediate II* decreased when the 

onset temperature decreased it was reasonably assumed that the life-time became 

too short to be seen in the spectra. IV 
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Fig. 3.4. Examples of ammonium nitrate phase transition peaks in DSC. a) and b) of 
transition IV -+ III at two different temperatures, c) forward-and-back transition IV -+ II (-+ 
III) and d) pure transition IV -+ II.
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The intermediate phase was not seen in the DSC peaks1 of transition IV ➔ 

III. This would suggest that the observed DSC peaks are the product of two

opposite peaks overlapping: one for the endothermic transition IV ➔ II* and the

other for the exothermic transition II* ➔ III. In Fig. 3.4, curves a and b represent

transition IV ➔ III at two different temperatures. Line c is the forward-and-back

transition, where the transition II ➔ III is seen as an exothermic peak after the

transition IV ➔ II peak. Line d in Fig. 3.4 is the pure transition IV - II.

Figure 3.5 shows the simulated deconvolutions of the peaks b and c in Fig. 

3.4. The solid curve represents the total transition as observed. The upper dashed 

line represents the transitions IV ➔ II* and IV ➔ II and the lower dashed line the 

transitions II* ➔ III and II ➔ III. The peak areas are evaluated from the values 

presented in Fig. 3.3. The enthalpy values of phases IV, III and II are presented 

in Fig. 3.6 as reported by Nagatani.81 When the onset temperature decreases, so 

do the enthalpy change of transition II* ➔ III and the life-time of phase II*. The 

enthalpy change value becomes zero at about 305 K, which is, interestingly, the 

equilibrium temperature of phase transition IV .,. III. 

There is no sharp distinction between the transitions IV ➔ II* ➔ III, IV ➔ II 

and IV ➔ II ( ➔ III) in DSC.1·IV This, and the fact that phases II* and II could not

be distinguished by their spectra, suggest that the structure of phases II and II* 

may be the same. IV It can be concluded that the transition between phases IV and 

III always takes place through the intermediate II*. Transition IV ➔ II is an 

extreme case where phase III does not form by transition II* ➔ III because of the 

strong bonds between nitrate and ammonium ions in the well-ordered crystals. IV 

The strong bonding enlarges the hysteresis of the overall transition IV ➔ III so 

much that the transition IV ➔ II becomes more favoured. 
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Fig. 3.6. The enthalpy values of ammonium nitrate phases IV, III and II. The figure is 
plotted from Nagatani's values.81 

3.6 Statistical evaluation of the effect of disorder on the transition paths 

between ammonium nitrate phases IV, III and II 

In the preceding sections it has been argued that the disorder of the 

ammonium nitrate phase IV crystals1-rv is the dominant factor in the selection 

between the transition paths IV ➔ III ➔ II and IV ➔ II. The proposal of 

Hendricks, Posnjak and Kracek11 regarding the phases IV and IV' and some other

remarks as to the possible disorder of phase IV, have suggested what the nature 

of the structural factors affecting the transition path might be, but no relationship 

between any such factor and the transition paths has been demonstrated. 35•83•85 

The Raman studies of Tang and Torrie,35 and the NMR studies of Walton 

et al. , 83 have suggested that in phase IV the ions may be fixed in two different 

orientations. Above 292 K, as compared with temperatures below that, the 

movements of the ammonium ions would be significantly faster and the ions 
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would move between the two alternative orientations more freely. No attempt 

was made by either group to find a correlation between the different structures 

and the transition paths. Since single crystals such as used their work do not 

easily undergo transitions to phase III, their experiments were not reproduced. 

Brooker85 reports a broadening or a shoulder of the nitrate symmetric 

stretching Raman peak at 985 - 1065 cm-1 for a variety of nitrates. This could 

not be explained in terms of the isotopic effect but was attributed to nitrate 

disorder. For ammonium nitrate, his results indicated disorder in phases I, III, 

IV and VII. The effect of disorder on the peak shape was significantly smaller in 

phase IV than in the other phases. Brooker's experiments were repeated to see 

if the Raman spectra would reveal a correlation between the disorder in phase IV 

and the transition paths, but no correlation was observed. 

Parallel XRD and DSC measurements, with XRD giving information about 

the structure and DSC about the transition paths, eventually offered a fruitful 

approach to the study of disorder. v The XRD curves did not reveal any clear 

structural differences between the samples. This was as expected from the 

literature and the presumption that structures would differ only slightly. 11 XRD 

patterns are known to be affected by factors such as sample packing, particle size 

and orientation of the crystals and these factors were also expected to interfere 

with the measurements. Partial least-squares regression (PLS) and principal 

component analysis (PCA) were therefore employed to extract information from 

highly complex data. v It was shown that there is, in fact, a relationship between 

the XRD patterns and the phase transition paths. v 

PLS and PCA are advanced multivariate data analysis methods widely used 

in chemometrics. 86•87 PLS has two main uses: to describe the correlation between 

independent and dependent variables and to predict the unknown dependent 

variables of samples whose independent variables are known. PLS has already 

proved itself in quantitative spectroscopy and in quantitative structure-activity 

relationship (QSAR) calculations. 87•88 PCA is often used to group samples 

according to their properties, i. e. as a pattern recognition method. 86•87 

In this investigation the matrix of the independent variables was composed 

of one XRD curve on each row and one 20 value in each column. v The matrix 

of the dependent variables was a single column matrix containing the transition 

energies of transition III --+ II of each sample as measured by DSC.v 

PLS score plots with two first components showed distinct clusters 

according to the phase transition paths IV --+ III and IV --+ II.v A three-dimensional 

score plot of three first components showed the clusters even better. This means 
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that the XRD patterns contained information on the structure factors correlating 

with the phase transition path. v 

To test the predictive ability of PLS, the transition class and transition 

energy of a test set were predicted from the XRD patterns.v·87 The prediction of 

the transition class succeeded well and showed that PLS could be used for 

semiquantitative prediction of the phase transition energy of transition III .... II 

from XRD data.v 

The energy of transition III .... II was predicted from the whole XRD 20 

range measured and from smaller 20 ranges.v The number of PLS components 

that was suggested for the model by the cross-validation and the correlation 

between the observed and predicted energy values varied from one range to the 

next. v This may mean that the disorder is more pronounced in some parts of the 

lattice than in others, but more investigation and development of the data analysis 

methods is needed before such can be concluded.v At maximum the correlation 

was 0.7. 

According to the PCA, 7% of the variation in the XRD patterns is of origin 

related to the phase transition path selection. v This means that the difference in 

the XRD patterns is mainly caused by other structural factors than those affecting 

the phase transition path. This also explains why the visible evaluation of the 

XRD patterns did not lead to any conclusions.v 
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Close study of sample preparation method allowed samples that would 

undergo specific transitions to be produced in a controlled manner.' The sample 

preparation methods influenced the disorder of the sample, and thereby the 

transition path. '·v When the method created disorder in phase IV crystals, the 

path on heating was dominantly IV ..... III ..... II. If the crystals were ordered, the 

path tended to be IV ..... II. The disorder also affected the onset temperature of 

transition IV ..... III, which ranged anywhere between 314 and 331 K. 

The disorder was investigated not only by sample preparation methods but 

by X-ray powder diffraction studies.'·v The diffraction results were analysed with 

partial least-squares regression and principal component analysis, and a 

correlation was found between the diffraction data and the phase transition 

paths.v 

The PLS and PCA analyses of the phase transitions and crystal data offered 

a novel approach to the classical problem of the poor reproducibility of 

ammonium nitrate phase transitions IV ..... III ..... II and IV ..... II. The methods have 

rarely been applied to the interpretation of XRD data, but they performed well 

and deserve to be used more widely. v Better methods of prehandling the data 

should be developed for the purpose. 

The simultaneous Raman and differential scanning calorimeter investigations 

confirmed the existence of the intermediate phase II* between phases IV and III. 

The variation in life-time and the Raman spectra of this phase strongly suggested 

that phases II and II* are identical in structure and are, in fact, the same phase. N 

The simultaneous DSC and Raman measurements proved to be an effective 

way of obtaining calorimetric and structural information about the ammonium 

nitrate phase transitions.11,
m

,
N The method can be recommended for other similar 

problems where the reactions are difficult to reproduce, for the analysis of 

samples available in only minute amount and for cases where supplementary 

information is needed to interpret the results of thermal analysis. 

Some areas of the basic research on ammonium nitrate are in need of more 

attention. Resolution of the crystal structure of phase II* and detailed 

investigations on the disorder of phase IV have so far been technically impossible, 
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but the recent developments in X-ray and neutron diffraction techniques for 

powder samples should allow them. 

The impetus for the work described was to understand better the solid state 

transitions of ammonium nitrate that affect the physical and quality properties of 

ammonium nitrate fertilizer. The investigations were carried out with pure 

ammonium nitrate under controlled conditions and focused on the reproducibility 

of certain of the phase transitions. The results suggest a new approach to 

fertilizer investigations, and expanding the methods of this investigation to real 

world samples is strongly recommended. 
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