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Young Jay Ryu PhD WSU 6/2016

Junghun Nam PhD WSU 6/2019

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Commonly available nonconventional energetic materials such as peroxides, ammonium nitrates (AN) and 
reactive materials (e.g., mixtures of metals and metal oxides), as well as conventional plastic explosives pri-
marily made of PETN, RDX, HMX and TATB, are often the materials of terrorist acts and become threats to 
homeland security. Thus, characterizing thermochemical properties of these materials at the blast-relevant 
conditions of pressure, temperature and composition is critical for developing chemical methods to mitigate 
the associated threats. Our approach is to investigate phase and chemical stabilities of selected energetic 
materials at high pressures, temperatures and chemical environments, help characterize critical aspects of 
the energetic processes such as de lagration and detonation, and develop novel chemical mitigation methods 
that make it dif icult to formulate detonable quantities of explosives. 
We have completed the investigation of chemical sensitivity of ammonium perchlorate (AP) and the main 
group I peroxides, including  Li2O2 and Na2O2 adding to our previously studied H2O2.  The experiments employ 
diamond anvil cells (DAC), confocal micro-Raman spectroscopy and third-generation synchrotron X-ray dif-
fraction. The results on both AP and peroxides are signi icant not only to understanding fundamental proper-
ties of these high-value energetic materials, but also to gaining insights into what causes chemical sensitivity 
in energetic materials and inding the conditions limiting blast or detonation of AP and peroxides.
The project has resulted in one new PhD graduate, Mihindra Dunuwille, in Chemistry, WSU (May, 2015),whose 
thesis subject was “Pressure-induced Physical and Chemical Changes of Non-conventional Energetic Materi-
als: Nitrate, Perchlorate and Peroxide Chemistries at High Pressures and High Temperatures”, as well as two 
major technical manuscripts reporting the major indings: (1) “Phase Diagram of Ammonium Perchlorate”; 
and (2) “Structural Phase Transitions in Li2O2 under High Pressures”, both are being prepared for publication 
in J. Chem. Phys. (2015).   
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B. State-of-the-Art and Technical Approach

Static high-pressure properties such as melting, phase transitions and crystal structures are important to 
gaining insights into chemical stabilities and reaction mechanisms of energetic materials in general. Melting, 
for example, most strongly affects the chemical sensitivity and decomposition kinetics of energetic materi-
als, ranging from simple burn to de lagration and detonation. Unusual melt anomalies are often observed, 
yet theoretical predictions of melt curves are dif icult even for simple inert solids. Thus, the melt curves 
of energetic materials provide the most critical constraints for developing and validating reliable thermo-
chemical models describing energetic reactions. High-pressure polymorphism and phase transitions, on the 
other hand, have wide ranging consequences on basic properties of energetic materials such as intermo-
lecular interaction, chemical bonding, crystal structure, thermoelastic properties and chemical sensitivity. 
Two different polymorphs of the same energetic material often display substantially different properties 
and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase transition in 
energetic materials often triggers the chemical reaction leading to de lagration and detonation and, thus, is 
related to shock (or chemical) sensitivity in very fundamental ways. The phase diagram provides the most 
concise and fundamental information to understand the static and dynamic response of energetic solids and 
to develop chemical methods to mitigate the associated threats. Hence, our approach is to investigate phase 
and chemical stabilities of selected energetic materials at high pressures, help characterize critical aspects of 
the energetic processes and develop novel chemical mitigation methods. This year, we have made signi icant 
accomplishments on two types of energetic materials: AP (described in B.1 below) and the main Group I Per-
oxides (described in B.2 on the following page).

B.1. Phase diagram of ammonium perchlorate

AP (or NH4ClO4) is the salt product of perchloric acid (HClO4) and ammonia (NH3). It is a powerful oxidizer 
and has long been of interest to the propellant community because of its wide-spread use in solid rocket 
motors [1]. Even though it is a widely used energetic material, AP is one of the least understood [2]. The pres-
ence of chlorine in AP makes it completely different from other propellant and explosive ingredients, leading 
to further complications in its decomposition. Mixing AP with a fuel generates a self-sustained combustion. 
Thus, when AP is mixed with a polymeric binder and aluminum powder, it forms a powerful propellant that is 
utilized in rocket launching [3]. Explosions involving 
AP have caused signi icant damage, demonstrating 
its disastrous effects [4].
In order to gain insight into AP’s reactivity and its 
sensitivity to external stimuli, it is imperative to de-
velop a single, concise and complete account of AP 
such as the phase diagram.  Therefore, the present 
study has focused on investigating the phase di-
agram of AP in an extended region of pressures to 
50 Gegapascal (GPa) and temperatures to 420 °C, as 
presented in Figure 1.
The present phase diagram of AP underscores the 
stability of six solid polymorphs including two pre-
viously known phases (I and V) [5, 6] and four new 
phases (II, III, IV, and VI) found in this study, and 
presents the solid-solid phase boundaries and the 
decomposition line, replacing the melting curve of 
AP. The Raman spectral evidence was used to infer 
the presence and stability region of each phase. Ex-
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cept for phase V, all the other solid phases are ordered by orientation.  With the limited data, it is interesting 
to note that the ordering transition from phase V to VI occurs in the pressure range of around 20-30 GPa 
above ~250 °C, which makes the melt/decomposition line turn over.
The pressure-dependent Raman shifts indicate that the strength of hydrogen bonding increases across the 
phase I → II, III → IV, and III → V transitions, whereas it weakens across the phase II → III transition. Even 
though the hydrogen bonding weakens with pressure within the same phase as the pressure is increased, the 
high-temperature high-pressure phase VI shows evidence of maintaining similar hydrogen bonding strength 
with increasing pressure. It is very interesting that this high-pressure high-temperature phase exhibits 
such consistent strong hydrogen bonding. In contrast, the 
high-temperature phase V shows weakening of hydrogen 
bonding with increasing temperature. The presence of 
different initial phases at increasing pressures and at low 
temperatures could also have an effect on the transition dy-
namics.
Combining the present observations together with those 
in literature at low pressures [7], we propose the reaction 
scheme for the decomposition of AP. As the intermolecular 
interactions between  and  units are signi icantly 
weaker in phase V, it is possible to have relatively mobile  

units diffusing through a matrix of slowly rotating  
ions [8]. Thus, there is a transfer of protons to the latter, 
forming NH3 and HClO4, initiating the AP decomposition [9]. 
Further oxidation of both NH3 and HClO4, similar to AN [7, 
10], leads to the decomposition products, as illustrated in 
Figure 2.

B.2. Structural phase transitions in the main group I peroxides

Like nitrates and perchlorates, peroxides are strong oxidizers also often used as improvised explosive devic-
es (IED). Their chemical sensitivities are greatly altered in various thermochemical conditions; ammonium 
nitrate (AN), for example, when mixed with a small amount of fuel oils (ANFO), becomes an explosive, arising 
from an enhanced chemical reactivity in the nitro group. The absence of such nitro or perchlorate groups in 
the main group I peroxides (X2O2 where X=H, Li, Na), on the other hand, makes them unique in understanding 
the chemistry related to explosive behaviors of energetic materials in general.  
The main group I peroxides are simple molecules, yet their properties are rather complicated arising from 
strong hydrogen bonding and high ionization potential. The latter makes hydrogen peroxide a strong oxidizer 
and dif icult to obtain at high purity. In fact, pure (or highly concentrated) hydrogen peroxide is stable but 
highly reactive with many materials it comes in contact with at the ambient condition and it will detonate 
under the right conditions (and is therefore a high explosive) [11]. The in inite-diameter detonation velocity 
of highly concentrated (>97.5wt%) H2O2 is estimated to be ~ 6.7 km/s [12] and is even higher than that of 
  neat nitromethane, 6.26 km/s [13]. H2O2 has also been shown to be detonable in mixtures with simple alco-
hols [11, 13] with detonation velocities in the range of 5.5-6 km/s.  Due to the highly reactive nature of highly 
concentration H2O2 solutions, most studies have been on diluted H2O2 water solutions [14] or at low tempera-
tures [15] – not on pure H2O2 at high pressures.  This is unfortunate considering the fact that the structure 
and stability of H2O2 are not known at high pressures, static and dynamic alike.
During the phase I of this project, we studied the pressure-induced phase transition and chemical decom-
position of hydrogen peroxide and its mixtures with water to 50 GPa, using confocal micro-Raman and syn-
chrotron X-ray diffraction [16]. We found that pure hydrogen peroxide crystallizes into a tetragonal structure 

Figure 2: Reaction Scheme: The proposed decom-
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(P41212), the same structure previously found in 82.7% H2O2 at high pressures and in pure H2O2 at low tem-
peratures. The tetragonal phase (H2O2-I) is stable to 15 GPa, above which transforms into an orthorhombic 
structure (H2O2-II) over a relatively large pressure range between 13 and 18 GPa. Inferring from the splitting 
of the s(O-O) stretching mode, the phase I-to-II transition pressure decreases in diluted H2O2 to around 7 
GPa for the 41.7% H2O2 and 3 GPa for the 9.5%. Above 18 GPa H2O2-II gradually decomposes to a mixture of 
H2O and O2, which completes at around 40 GPa for pure and 45 GPa for the 9.5% H2O2.  Upon pressure un-
loading, H2O2 also decomposes to H2O and O2 mixtures across the melts, occurring at 2.5 GPa for pure and 1.5 
GPa for the 9.5% mixture. At H2O2 concentrations below 20%, decomposed mixtures form oxygen hydrate 
catharses at around 0.8 GPa – just after H2O melts. The compression data of pure H2O2 and the stability data 
of the mixtures seem to indicate that the high-pressure decomposition is likely due to the pressure-induced 
densi ication, whereas the low-pressure decomposition is related to the heterogeneous nucleation process 
associated with H2O2 melting.
This year, we have extended our previous studies on H2O2 to two other main group IA peroxides, Na2O2 and 
Li2O2, to obtain a more systematic understanding of the pressure-induced chemical decomposition in these 
main group I peroxides and the effect of hydrogen bonding. The results show similar pressure-induced phase 
transitions and the associated chemical decom-
position to O2 and X2O (where X=H, Li, Na).  How-
ever, the transition pressures are quite different 
as summarized in Table 1, presumably resulting 
from a delicate balance between hydrogen bond-
ing and covalent bond strengths.   The absence 
of hydrogen bonding in the alkali metal peroxy 
compounds dictate higher transition pressures 
compared to H2O2.
Our synchrotron X-ray diffraction data indicates that 
the phase I → II structural transition follows the rear-
rangement of the peroxy oxygen to form a dimer, which 
is denser. This dimer formation further assists in the 
subsequent chemical decomposition to O2 and Li2O or 
Li metals, which we also attribute to being driven by 
densi ication as suggested previously for H2O2. This 
conjecture is primarily based on the fact that the mix-
ture of the decomposition products, 2Li + O2 is denser 
than the unreacted Li2O2, in a wide pressure region as 
illustrated in Figure 3. It is believed that the kinetics 
associated with the chemical decomposition of Li2O2 
→ Li2O + O2 at high pressure retards its occurrence 
to the point where phase transition occurs in Li2O2 at 
around 30 GPa. The large volume change associated 
with the phase I → II transition is likely responsible 
for providing the mechanical energy to overcome the 
kinetic barrier. Our results show that the activation 
energy barrier for decomposition reactions, inferred 
from that driven by the phase transition energy is 47 
kilo-joules (kJ)/mol for Li2O2, in comparison to 20.6 
kJ/mol for H2O2 estimated based on our previous 
work [16].

Table 1: Pressure-induced phase transition for H
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C. Major Contributions

The fundamental research outlined here will also result in scienti ic discoveries and technological innova-
tions of great value to defense research needs and, thus, enable DHS to respond to both short- and long-term 
national needs in the areas of explosive characterization and evaluation. Major contributions of this project 
to the overall ALERT research program are as follows:
Year 1:
• Completion of the investigation of chemical sensitivity of ammonium nitrate mixtures at high pressures 

and temperatures, including ANFO and Ammonal. 
• Work in progress on the systematic studies of main group I peroxides – Li2O2 and Na2O2, in comparison 

with H2O2.
Year 2:
• Completed the phase diagram of ammonium perchlorate (AP) over the extended region of pressures and 

temperatures. 
• Accomplished the systematic understanding of high pressure-temperature behaviors of the main group 

I peroxides.
One of the major research accomplishments during Year 2 was the quantitative evaluation of the activation 
barrier energy associated with chemical decomposition, based on the compression energy associated with 
the pressure-induced phase change in peroxides (see Fig. 3) which are,
• P∆V (Li2O2) = 47 kJ/mol (or 0.49 eV)
• P∆V (H2O2) = 20.6 kJ/mol (or 0.21 eV)
Note that this value of Li2O2 is in excellent agreement with the 
activation barrier energy for Li+ ion migration in Li2O2 0.4 eV [20] 
– the primary chemical process to induce the chemical decompo-
sition. 
This is a signi icant development as the activation barrier of the 
decomposition reaction in energetic materials is related to chem-
ical sensitivity at extreme conditions and, to an extended degree, 
the detonability of energetic solids, as illustrated in Figure 4. 
This is because the rate-determining step associated with the de-
composition process is independent from the state of stress. The 
rate-determining step, for example, is the step to dissociate weak 
chemical bonds and diffuse ions in a compressed state regardless 
the shock or static condition.  This is despite the fact that static 
and shock compressions lead to different end states, respective-
ly, of high-density polymeric and low-density gaseous states [2]. 
Therefore, the activational barrier of the decomposition can be 
estimated by measuring the PV in static conditions.

D. Milestones

• Continue to determine static properties of other energetic materials of high value to DHS – including re-
active metals, composites and thermite mixtures.

• Investigate dynamic properties of reactive and energetic materials that are emerging threats to home-
land security.

Figure 4: A main chemical concept devel-

oped in this study is to exploit the deton-

ability of small quantity energetic materials 

under static high pressures in DAC, through 

the determination of the activational barrier 

associated with the decomposition.  Note 

that the rate-determining step of the decom-

position (i.e., the bond scission) occurs in a 

compressed state, which can be measured 

statically by the PΔV.
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E. Future Plans

Continue to characterize the static properties of non-conventional energetic materials as we have done in 
the past two years. We plan to investigate the dynamic properties of energetic and reactive materials in the 
coming year, utilizing a dynamic-diamond anvil cell and time-resolved X-ray and spectroscopic methods.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

We are training three PhD students with hands-on experience in the state-of-the-art high-pressure and spec-
troscopic and structural diagnostics. The expertise being developed in the present project will help enhance 
the future workforce needed for fundamental defense research within DHS, DoD and DOE.
This project has also yielded a new PhD graduate this year: Dr. Mihindra Dunuwille, PhD in Chemistry, WSU, 
2015, whose thesis topic was “Pressure-induced Physical and Chemical Changes of Non-conventional Ener-
getic Materials: Nitrate, Perchlorate and Peroxide Chemistries at High Pressures and High Temperatures”. She 
is now at the University of Utah, continuing her high-pressure research on energetic and simple solids as a 
postdoctoral research fellow.

IV. RELEVANCE AND TRANSITION

The present project is signi icant in understanding the fundamental properties of energetic materials of high 
value to DHS interests: melting, phase transition, chemical stabilities, Equations of State (EOS), etc.  These 
data are critical to developments in: 
• Predictive capabilities for explosive initiation
• Improved EOS models for better assessment of blast effects
• Blast-/shock-mitigating materials and methodologies
• Related basic science needs for materials in extreme conditions

A. Relevance of Research to the DHS Enterprise

• Providing fundamental data for energetic materials libraries and thermochemical models over a wide 
range of phase space – critical to developing a predictive capability.

• Providing high-pressure data of energetic materials in relation to shock sensitivities and detonabilities 
for other efforts within ALERT and other defense programs in DoD and DOE.

• Timely and “small-scale (<1 μg)” evaluation of detonability and sensitivity of newly developed and/or 
emerging energetic materials, prior to more elaborate shock-wave experiments, without incurring safety 
concerns associated with large-scale synthesis.

B. Potential for Transition 

• Fundamental data to chemical data libraries to improve/validate thermochemical models such as 
CHEETHA and Reactive Models developed by our collaborators (Drs. Fried and Tarver) at LLNL.  These 
codes are used in integrated hydro-codes such as AL3D, SHAMRC, etc. used by DHS.

• Laser spectroscopic and X-ray diffraction methodologies to detect and characterize reactive materials in 
extreme conditions.

• Forensic (<1 μg) evaluation of energetic materials under dynamic conditions.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-A.2



C. Transition Pathway

The major transition pathway of the present research is through scienti ic publications, student training for 
future homeland security and defense workforce and the data incorporation into the energetic materials data 
library and the data base of various thermomechanical codes.

D. Customer Connections

The relevant technologies such as fast time-resolved x-ray diffraction and dynamic-DAC are of great interest 
to the scientists at DOE and DoD laboratories, including our collaborators at LANL (Dr. Dattelbaum) and 
LLNL (Drs. Evans and Zaug).

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending-
1. Dunuwille, M. and Yoo, C. S. “Phase diagram of ammonium perchlorate.” J. Chem. Phys. to be submit-

ted (2015).
2. Dunuwille, M. and Yoo, C. S., “Structural phase transition in Li2O2 under high pressures.” J. Chem. 

Phys. to be submitted (2015).

B. Other Presentations

1. C.S. Yoo, Transformations in Dense Carbon Dioxide: Chemistry (Kinetics) vs. Physics (Thermody-
namics), a seminar at Earth and Planetary Science, UCLA, May 27th, 2015.

2. C.S. Yoo, Barochemistry, an invited talk to the user meeting at the NSLS-II, May 18-19, 2015.
3. C.S. Yoo, Superconductivity in Dense Carbon Disul ide, an invited talk to Deep Carbon Observatory, 

Extreme Physics and Chemistry, UCLA, CA, Oct. 3-5, 2014
4. C.S. Yoo, High Energy Density Solids: Novel Materials Design and Discovery at Extreme Conditions, a 

Material Research Lecture, Caltech, CA, Oct. 1st, 2014
5. C.S. Yoo, Novel Material Design and Discovery at Extreme Conditions, a Colloquium at Department of 

Chemistry, Eastern Washington University, Cheny, WA, Nov. 6th, 2014.
6. C.S. Yoo, Predictive Solid State Chemistry at Extreme Conditions, an invited talk to HPSTAR (High 

Pressure Science and Technology Advanced Research), Shanghai, China, Nov. 14th. 2014.

C. Student Theses or Dissertations

1. Dr. Mihindra Dunuwille, PhD in Chemistry, WSU, 2015, “Pressure-induced Physical and Chemical 
Changes of Non-conventional Energetic Materials: Nitrate, Perchlorate and Peroxide Chemistries at 
High Pressures and High Temperatures”.
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