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Abstract

The effect ionizing radiation, specifically gamma, has on three of the most well known

explosive materials; HMX, PETN and TATB, has been studied experimentally and com-

putationally. Samples of these explosives that had been irradiated in vacuum to a total

dose (equivalent to water) of 200 kGy by an average incident energy of 1.25 MeV, showed

changes to their explosive and physical properties to varying degrees, with sensitivity to

impact being most notably changed for PETN and HMX.

Changes to the thermal properties of HMX and TATB, alongside the detection of long

lived radicals for TATB and PETN, suggests alterations to each material’s chemistry.

Changes were only detectable in solid state analytical methods, indicating that alterations

to these materials are isolated within this state. Through comparison with other data,

these changes appear to be highly dependant on the gaseous environment in which they

are irradiated, with vacuum having the most significant effect.

The widely reported greening of TATB under the influence of gamma (and ultraviolet

and x-Ray) irradiation was found to be reversible upon re-crystallisation, with the process

also appearing to remove the long lived radical that had existed in the material for over

eight years. Radical concentration appears to correlate with total absorbed dose along

with the level of green within the material. Computational investigation attributes the

discolouration of TATB to the cationic radical derivative of TATB, which is stabilised by

de-localised pi-bonding resonance of the constitutive aromatic ring, it is also suggested

that this is the source of the radical signal observed in ESR analysis.
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vi ABSTRACT

Further computational investigation suggests that purported decomposition products of

TATB such as the mono-furazan, mono-nitroso and phenoxyl radical are not the source

of the discolouration and are also not thermodynamically favourable, unless the mono-

furazan or phenoxyl derivatives are in a cationic form. Thermodynamic evaluation of

potential decomposition pathways for PETN and HMX yield a selection of energetically

favourable products, however the significant majority are, like TATB, in the cationic rad-

ical form.

Simulated ESR spectra for purported HMX decomposition products did not agree with

those observed in literature, attributed to their short lived nature. However a measured

long lived radical in TATB is attributed to the cationic radical form of TATB, the pur-

ported source of the discolouration. A long lived radical in PETN was also measured and

assigned to the cation derivative of PETN by comparison with computational predictions.
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Chapter 1

Introduction

In order to assure, assess and ultimately predict the safe working life of energetic ma-

terials, the quantification and physical understanding of potential effects that arise from

external stimuli present in the surrounding environment, must be well understood. En-

ergetic materials are employed in numerous and varied applications, often resulting in

exposure to a wide array of differing environments. In all of these applications, life as-

sessment of these materials focuses on predicting and understanding any physicochemical

processes which may occur through life, and may potentially alter the three main charac-

teristics of an explosive’s suitability; performance, safety and mechanical properties.

1.1 Relevance

In cases where energetic materials are utilised within nuclear or space applications, ad-

ditional processes that would not typically be considered need to be assessed as to their

potential to affect the material, due to the exposure to radiation. Of the potential types of

radiation that energetic materials may experience through their life, those that are highly

penetrating, such as gamma radiation, are of particular interest. This is due principally to

the relative ease of which an energetic material could become exposed to such radiation,

despite shielding, housing or other materials being employed within a device, which of-

1



2 CHAPTER 1. INTRODUCTION

fer little protection. In contrast, the effect from radiations such as ultraviolet and visible

light (UV-Vis) light, as well as some x-rays, will be significantly reduced if not nullified

by such surrounding materials and shielding. There is one main exception to this and

that is in the case of an explosive material being intimately and directly mixed with a

radionuclide, most likely for the generation of a so called “dirty bomb”. These two ex-

treme cases offer significantly different scenarios. Explosives utilised for nuclear weapon

applications will typically be well characterised, of high power and will be comparatively

much safer; they will likely experience long-term low level exposure to well characterised

radiations. In contrast, explosives utilised within “dirty bombs” are more likely to be in-

herently poorly characterised, of comparatively low power and of high sensitiveness; they

will typically be exposed to high levels of radiation, for short periods of time [1].

The research presented within this thesis focuses on the former scenario, the effect that

long term low-levels of highly penetrating gamma radiation has on well characterised,

military grade explosive materials. This topic of research has been active since the advent

of nuclear weapons in the mid 1940s, but is becoming increasingly relevant due to en-

hanced service life requirements and associated life extension programmes (LEP). These

programmes typically feature more traditional thermally accelerated ageing experiments,

where the rate of chemical degradation is artificially increased through temperature. This

process yields materials with an equivalent age significantly greater than the material’s

actual age. This, in turn, allows characterisation and subsequent mathematical relation-

ships that are a function of both time and temperature to be derived, allowing properties

of the material to be predicted at and beyond a required service life.

An analogous process can be used to assess the effect of radiation on these materials,

where increased dose rates (relative to a service environment) are utilised to achieve the

required total dose over significantly shorter time scales. This approach, alongside ther-

mally accelerated ageing, has its drawbacks. In the case of increased temperature, chem-
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ical reactions which may be dormant at service temperatures may be accessed, giving an

unrepresentative kinetic description of the processes which may occur. For significantly

increased dose rates, a similar effect is likely through the generation of increased con-

centrations of excited and/or radical species, allowing for recombination reactions which

may not occur in service.

Nuclear weapon life assessment programmes need to consider the effect that both ther-

mally and radiologically driven processes (as well as other physical factors where appro-

priate e.g. humidity) have on energetic materials. The best way to address the shortcom-

ings of both thermally and radiologically accelerated ageing is to be able to mathemat-

ically describe all the processes as a function of time, temperature and radiation envi-

ronment, often described as an explicit predictive model. This approach acknowledges

that accelerated ageing is not representative of a service environment, but data gathered

from the characterisation of such accelerated aged materials provides model validation,

alongside data from surveillance programmes which enhances confidence in model pre-

dictions. This approach also allows the consideration of synergistic effects, for example,

the generation of daughter products through radiological means, which may then catalyse

a thermally driven process, previously thought not to occur.

The research presented within this thesis aims to understand and describe the interac-

tions and subsequent effect radiation has on explosive materials so that it may be in-

corporated within such a model. This is achieved through a combination of literature

review, to identify purported decomposition products and pathways, experimental analy-

sis of bulk materials, to validate end time daughter products and their associated effects

on the material, and the development of an in-situ gamma irradiative Electron Spin Res-

onance (ESR) technique, to identify early time radical generation. This is complemented

by computational modelling which is used to predict daughter product speciation through

thermodynamic analysis and the generation of associated characteristic electronic spectra.
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1.2 Selected materials

Due to time and resource restrictions, a select few materials have been studied in specific

radiological environments. However, it is envisioned that the research presented within

may be used as a framework for other materials to be irradiated and analysed in a similar

fashion.

Pure bulk explosive powders were selected over mixtures/composites, due to the added

complexity of multi-material interactions, although some relevant Polymer Bonded Ex-

plosives (PBX) materials were irradiated as part of a parallel study allowing for some

comparison. The three materials selected for this research were HMX (1,3,5,7-Tetranitro-

1,3,5,7-tetrazoctane), TATB (1,3,5-Triamino-2,4,6-trinitrobenzene) and PETN (Pentaery-

thritol tetranitrate) as shown in Figure 1.1. These pure bulk explosive materials were

selected due to their acknowledged use within nuclear applications [2]. HMX - based

secondary explosive compositions typically provide comparatively higher performance at

an increased sensitiveness over TATB; which is one of the most commonly known insen-

sitive secondary explosives. PETN is comparatively more sensitive than both TATB and

HMX, but is less powerful than HMX. For this reason it is typically used in detonator

applications and was used in the bridgewire detonators within the first atomic bombs [3].
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(a) HMX (b) TATB (c) PETN

Figure 1.1: Selected explosive materials

All three materials were sourced from AWE plc. The HMX supplied for this work was

from batch MC/3/806 and of the beta polymorph [4, 5, 6, 7], which is the highest density

variant at 1.90 g cm-3, offering the greatest explosive power per unit volume and improved

shock propagation [8]. The material is known to be very pure and has been milled from

HMX type A to HMX type B, resulting in a very fine powder with a poly-modal par-

ticle size ranging from sub-micron to approximately 100 microns. The PETN supplied

for this research was certified as Explosive Division Composition (EDC) 40 of the alpha

polymorph which has been re-crystallised to provide 0.5 mm sized particles [9, 10]. The

TATB supplied was in powder form, from batch number AD/6/12, and of the type B vari-

ety, although some materials used were also of the type C variety, which has a much finer

particle size.



6 CHAPTER 1. INTRODUCTION



Chapter 2

Radiation and its interaction with

matter

Radiation is abundant in nature, as unstable stable states of matter decay through de-

excitation; this is often achieved by the expulsion of energy and/or matter. Depending

on the magnitude of the ejected energy and/or matter, the corresponding energy can be

classed either as ionising (where electrons can be ejected from a subjected material), or

non-ionising (where electrons can be promoted into higher energy levels within the elec-

tronic structure of their binding atom).

This research focusses on gamma radiation which is purely electromagnetic in nature

(i.e. no mass), of high frequency and low wavelength. Gamma radiation photons are of

very high energy, especially when compared to other species of electromagnetic radiation

such as visible and UV light. Typical gamma energies range from thousands of electron

volts to tens of million, which is classified as ionising. Gamma-rays and x-rays have his-

torically been defined by their energies, with gamma-rays being at the higher end of the

spectrum. However, with the advent of more powerful x-ray generators that can produce

emissions of order 25 MeV, this distinction is no longer applicable.

7
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A more accurate distinction comes from the source of the energy, whereas gamma-rays

are produced from transitions/relaxations within the nucleus of an atom, x-rays are gen-

erated through transitions/relaxations of electrons external to the nucleus. Regardless of

the source, it is the magnitude of the energy emitted that determines the subsequent inter-

action, alongside the ionisation potential of the absorbing medium, which is typically of

the order of single electron volts, for organic matter. The three main interactions of elec-

tromagnetic radiation applicable to the range of energies potentially emitted as gamma

radiation with increasing energy are; the Photoelectric Effect, Compton Scattering and

Pair Production.

2.1 Photoelectric effect

The Photoelectric effect, as shown in Figure 2.1, is achieved when electromagnetic radia-

tion greater than the order of single electron volts is incident on matter; like all radiolytic

interactions, it is highly material dependant. The phenomenon describes the absorption of

incident electromagnetic energy by an electron that is greater than that of the energy bind-

ing the charged particle to the atom, often referred to as the work function of the material.

The absorption causes ejection of the electron, and ionisation of the parent molecule/atom

results. Any excess energy from the incident photon is transferred to the kinetic energy

of the ejected electron. Following this initial interaction, a local electron may relax to

replace the lost inner electron through florescence.

The majority of gamma-rays are orders of magnitude greater in energy than that required

to cause photoelectron ejection. Resultantly gamma-rays do not themselves typically in-

teract via the Photoelectric effect, rather they interact through higher energy processes.
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Figure 2.1: Photoelectric effect [11]

2.2 Compton scattering

Compton scattering, as shown in Figure 2.2, is a more energetic process than the Photo-

electric effect. The process involves the inelastic interaction between an incident photon

and an electron, which is typically treated as free (i.e. unbound) due to the several or-

ders of magnitude difference between the incident photon and electron binding energies.

The interaction causes the scattering of both the electron and the incident photon where a

quantity of the incident photon energy is transferred to an electron in the form of kinetic

energy. This results in a net loss of energy for the photon and the ejection of the electron

from the parent atom, i.e. ionisation. According to the Planck-Einstein relationship [12]

this change in photon energy corresponds to a new wavelength.

The most significant difference between Compton scattering and the Photoelectric ef-

fect is that the incident photon is not absorbed, rather it is scattered as the name suggests.

The net result of both interactions is that the parent molecule/atom becomes ionised.
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Figure 2.2: Compton scattering [13]

Interpretation of the Compton equation [12] shows that an angular distribution of ener-

gies will be transferred to electrons within a subjected medium as well as to any scattered

photons. It also suggests that several subsequent interactions are possible between a scat-

tered photon and other bound electrons of which lower energy interactions could result

in a lower energy process such as the Photoelectric effect, or potentially a non-ionisation

process, such as photo-isomerisation.

2.3 Pair production

Pair production, as shown in Figure 2.3, details the interaction of high energy photons

with an atomic nucleus creating an electron and its antiparticle, a positron. The creation

of such matter and anti-matter, is possible only when incident quanta has an energy greater

than that of the combined rest mass energies of the electron and positron pair, 1.022 MeV.
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Figure 2.3: Pair production [14]

Any excess of this energy manifests itself as kinetic energy, equally shared between the

electron and positron. The probability of a pair production reaction is proportional to the

proton number (z) of the subjected nucleus squared, hence low z material are significantly

less affected by this interaction. Electrons and positrons can under go a reverse reaction

called annihilation where two back-to-back photons of 0.511 MeV are created, which may

go on to interact with the exposed media via Compton scattering and follow through to

other lower energy processes. Pair production reactions are therefore possible in nuclear

weapon environments due to the use of high z materials, however the two most commonly

used fissile materials; uranium-235 and plutonium-239 [2], do not have gamma emissions

of sufficient energy.

2.4 Probability of interaction and linear mass attenua-

tion coefficient

The probability for each of the forementioned reactions occurring is directly related to

the incident energy of the electromagnetic radiation as well as the atomic structure of the

exposed media. An example of the relative probabilities for each reaction, as a function of

incident energy and the atomic number of the absorber, is shown in Figure 2.4. This high-

lights that the vast majority of any interaction between organic matter such as explosives
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and gamma radiation will be through Compton scattering, because the atomic number for

the elements in an explosive composition at typically low, i.e. hydrogen (1), carbon (12),

nitrogen (14) and oxygen (16), ignoring isotopes.

Figure 2.4: Energy dependence of interaction [15]

This relationship informs of the relative probabilities for each type of nuclear reaction to

occur when electromagnetic radiation interacts with a medium; it does not inform on the

probability of that interaction actually occurring within the medium.

The linear attenuation coefficient, µ , offers a solution. It describes the proportion of

incident energy that is lost (through both scattering and absorption interactions) for a spe-

cific material; the coefficient also varies as a function of incident energy. The linear mass

attenuation coefficient µ/ρ is a close relative, that also varies as a function of incident

energy, but takes into account the density, ρ , of the subjected material. This is very im-

portant as without the consideration of density, most explosives would appear to have near

identical absorption properties, as described by just the linear attenuation coefficient, due
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to their similar atomic constituents (namely Carbon, Nitrogen, Oxygen and Hydrogen).

The linear mass attenuation coefficient is often used within the Beer-Lambert Law, as

shown in Equation 2.1, to assess how much radiation may penetrate a material of a cer-

tain thickness and is often used in shielding calculations.

I = I0e−µ/ρl (2.1)

Where I is the intensity of photons from a collimated uniform beam of known flux de-

noted by I0, µ is the mass attenuation coefficient and l is the reference thickness.

In addition, a further derivative of the linear mass attenuation coefficient is the linear

mass-energy attenuation coefficient µen/ρ , which rather than describing the total inter-

actions for a material and incident radiation, describes only those that interact through

absorption mechanisms. This is a very useful and powerful parameter as it can be used

to ascertain, with the Beer-Lamber law, how many quanta of radiation will be absorbed

and therefore how many molecules will become ionised, as a function of thickness and

incident energy.

The linear mass and mass-energy attenuation coefficients are derived from the relative

probabilities of the forementioned interactions of radiation and matter occurring for a

given incident energy and atomic make-up of the material. An example functional form

of how the linear mass and mass-energy coefficients vary as a function of incident energy,

is shown for hydrogen in Figure 2.5. It can be seen that interactions with radiation up

to 0.01 MeV will be dominated by the photo electric effect, interactions between 10 keV

and 1 MeV will be dominated by Compton scattering and interactions greater that 1 MeV

begin to involve pair production, which dominated beyond 10 MeV. The diagram also

highlights the difference between the mass and mass-energy attenuation functions. Due

to the low z of hydrogen, pair production is not favourable and this is why both attenua-
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tion coefficients decrease rapidly after 1 MeV, as shown in Figure 2.4.

Figure 2.5: Mass and mass energy attenuation coefficient function of hydrogen [16]

The attainment of the mass and mass-energy attenuation coefficients as a function of in-

cident energy has a further advantage for supporting experimental work as it is required

in order to calculate the actual number of interactions that will occur from an exposure,

rather than having values equivalent to a reference standard, such as water. It is also key

in being able to relate any historical and future irradiative experiments, often undertaken

using different sources, incident energies, dose rates and total doses, to the target radio-

logical environment of a nuclear weapon. This is a key point, as without it, irradiations

undertaken in radiological environments that differ from a nuclear weapon would be hard

to relate, the determination for the mass and mass-energy attenuation coefficients as a

function of energy is therefore highly desirable.
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2.4.1 Theoretical determination of µ/ρ and µen/ρ

The theoretical determination of both the mass and mass-energy attenuation coefficients

is actually reasonably simple and is based upon the published x-ray mass attenuation co-

efficients by the US National Institute of Standards and Technology (NIST) [17].

The published data consists of tables of data that detail the mass and mass-energy co-

efficients as a function of incident energy for atoms with atomic numbers ranging from

z=1 (hydrogen) to z=92 (uranium). The data combines the various probabilities of an

interaction occurring via one of the forementioned interactions (as well as some more

specific reactions beyond the scope of this work) for each atom. If the molecular structure

of a medium is known, then these tables can be utilised to calculate the required atten-

uation coefficients by simply summing the corresponding atomic attenuation coefficient,

multiplied by its relative abundance within the molecule, i.e. in accordance with Equation

2.2.

µ

ρ
= ∑

i

wi(
µ

ρ
)i (2.2)

Where wi is the weight fraction of the ith atomic constituent.

The linear mass and linear mass-energy coefficients can therefore be derived for a ma-

terial of interest. This is achieved by iteratively calculating the mass and mass-energy

calculations between 0.001 MeV and 20 MeV (the range in the tables); linear interpola-

tion is used for calculations of values between explicit energies. The linear attenuation

and linear-energy coefficients can then be calculated by multiplying the mass and mass-

energy attenuation coefficients by the material density, as shown in Figure 2.6.
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Figure 2.6: Linear and linear energy attenuations vs. energy for materials of interest

2.5 Likely physical effects of gamma radiation of explo-

sives

From consideration of the physical effects of gamma radiation on organic explosive ma-

terials, it can be seen that the applicable reactions for gamma interactions are the Photo-

electric effect, and most likely Compton scattering, both of which will cause ionisation

and hence free radical formation. Pair production is deemed not relevant due to the com-

paratively low energy of the incident energy, and low proton number of the materials in

question. The rate of ionic free radical formation will be proportional to the flux of inci-

dent radiation as well as the material properties (as described by the linear mass-energy

attenuation coefficients). Generated free radical species are likely to be short lived in-

termediate states, with some being longer lived through mechanisms such as molecular

resonance, mostly applicable for aromatic species, such as TATB [18].

Daughter product speciation resultant from ionisation is likely to follow various relax-
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ation pathways as such radical species seek to relax to ground energy states. It is likely in

cases where radicals are longer lived that relaxation will follow fewer, more specific path-

ways to daughter products, as the initial ionisation of a parent molecule will have time to

relax to the most energetically favourable ground state radical, regardless of which elec-

tron is initially ejected from the molecule.

In molecules where radicals are very short lived, daughter product speciation may po-

tentially be effected by the location of the ejected electron as molecular reactions may

occur prior to the radical relaxing to a ground state. The probability of radical-radical

coupling reactions will be more favourable for longer lived radicals that have been gen-

erated in high radiation flux environments, when compared to service levels, producing a

comparatively higher density of radicals per unit time.

In order to assess the effect of radiation on these materials in a useful time frame, an

increased level of gamma radiation flux will have to be utilised in order to accelerate the

effect, compared to a typical environment experienced by these materials in a nuclear

weapon application. This can be achieved one of two ways: exposure of these materials

to a significantly increased mass of plutonium or uranium, relative to a nuclear weapon

environment; or the exposure of these materials to other, more active gamma emitting

source(s). Where other radiolytic sources are utilised, not only will the activity differ, but

so will the incident energy. Emission spectra for plutonium and uranium, are towards the

lower end of the energy spectra for gamma radiation, therefore utilisation of other sources

is likely to result in a exposure to more energetic gamma quanta.

This presents a contradictory issue to using a more active source in that, as shown by the

linear mass and mass-energy attenuation coefficient functions, the more energetic quanta

are less likely to be absorbed, reducing the number of interactions, therefore a trade off

is required. However, this point emphasises the usefulness of knowing the linear mass
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and mass-energy attenuation coefficients as a function of incident energy, in that the num-

ber of interactions for varying incident energies can actually be equated/approximated,

rather than being made equivalent to an arbitrary material such as water. Knowing this

functional form also has significant advantages when evaluating pieces of literature which

contains a significantly varied selection of different radiolytic environments and materials

and allows trials to be undertaken using other radionuclides over large quantities of plu-

tonium and uranium, which is somewhat hard to come by.

Having considered the process of which gamma radiation will interact with matter, it

is necessary to undertake a comprehensive literature review to assess previous works that

consider how such radiation interacts with energetic matter.



Chapter 3

Prior Art

Despite the comparatively niche research topic, there have been numerous studies cov-

ering the effect(s) that radiation exposure has on energetic materials. Perhaps unsurpris-

ingly, the significant majority of published works correspond in time with the advent

of nuclear weapons, when energetic materials were first being intimately placed along-

side selected radionuclides. Consideration has been given in the published literature to

a significantly varied selection of energetic materials and all major forms of radiation,

including Alpha, Beta (Positive and Negative), Gamma, x-ray, neutron, electron as well

as UV-Vis light. The aforementioned works detailed within this review focus on the en-

ergetic materials HMX, TATB, PETN as well as any close relatives, and their exposure

to Gamma (and some x-ray) radiations. Even within this confined scope, a significantly

varied selection of radiation environments exists, with materials being exposed to gamma

radiations of energies and dose rates that vary by orders of magnitude. This variation

presents difficulty in comparing results, however, the forementioned understanding of in-

teractions of gamma radiation with matter and the associated mass-energy coefficient,

help.

19
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3.1 Previous studies on the irradiation of explosive mate-

rials

One of the first published works studying the effect of direct gamma radiation exposure

to energetic materials, was a preliminary investigation between Los Alamos Scientific

Laboratory, (now known as Los Alamos National Laboratory LANL)and Oak Ridge Na-

tional Laboratory (ORNL) of the United States of America [19]. The study looked at

exposing various explosives to a total (assumed gamma) dose of 86 kGy over ten days,

although some neutron radiation was also present due to the use of activated Uranium as

the radionuclide. The explosives selected for the study consisted of Tetryl, TNT, RDX

and composition B 1. Although the selected materials are not the same as those consid-

ered in this thesis, their interaction with gamma radiation is believed to be analogous as

both aromatic compositions are similar to TATB and the RDX is an analogous nitroamine

to HMX. The report did not find any evidence of a significant change in either physical

appearance, gas evolution or melt temperature, indicating that the explosive materials had

not been notably influenced by exposure to the radiation. A second study was report-

edly [19] commissioned in parallel by Aberdeen Proving Ground, where a selection of

various explosive formulations and mixtures, including TNT and Tetryl, were exposed to

approximately 400 Gy of 1 MeV γ-rays. Findings were similar, in that no increase in

sensitivity or change in thermal properties were recorded post irradiation. However, both

studies were limited and were by no means comprehensive, likely due to the availability

of analytical techniques as well as materials at the time.

Continuation of the research was reported in 1955 in conjunction with Picatinny Arse-

nal [20], where a technical report was commissioned despite the limited findings of the

previous studies. This work focused on a similar selection of explosive materials, again

including TNT, Tetryl and RDX, but also included PETN. However, irradiations were

1Composition B is mixture a 59.5 % RDX 39.5 % TNT and 1 % paraffin wax
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achieved by neutron activated gold rods rather than Uranium fuel slugs. This change of

radionuclide generated a significantly different incident gamma energy (410 keV), as well

as emission of Beta (960 keV) radiation from the modified gold rods. Further complica-

tions arise from the comparatively short half life of the gold rods of 2.69 days, implying

that the activity of the radiation environment would have changed significantly during the

exposure, which lasted 90 days, resulting in a total dose of 2 MGy. This significantly

non-linear activity would have likely affected results due to the differing levels of radical

concentration through time. Specimens were held in bespoke glass ampoules which were

deemed sufficient in blocking emitted Beta particles, allowing any material changes to

be attributed to gamma radiation only; however, this was not confirmed. The ampoules

were monitored during the irradiations for gas evolution whilst being held in vacuum to

test stability. Conclusions were limited in the report, however the published gas evolution

results for the various explosives provides an interesting insight into comparative radia-

tion resistance. The amount of gas evolved for TNT and Tetryl was significantly lower

than that of the nitroamine RDX and the nitro-ester PETN, possibly due to the purported

radiation resistance of aromatic based compounds, due to resonance; this suggests that

TATB could also be comparatively resistant. A notable difference was also observed be-

tween TNT and Tetryl as shown in Figure 3.1, suggesting that radiation resistance due to

resonance through aromaticity is likely to be material specific, and in the case of Tetryl,

likely to be attributed to the nitroamine group and its distance from the aromatic ring in

Tetryl.
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Figure 3.1: Gas evolution of RDX, TNT and Tetryl, reproduced from [20]

Changes in thermal properties were also measured for all materials with PETN showing

the most significant difference of a 3.8°C decrease in melting point temperature that the

researchers attributed to a radiolytic decomposition product, however this was not isolated

or confirmed. It was also noted that the TNT samples changed colour after irradiation,

darkening from their standard light yellow to a shade of brown; a similar change was

also confirmed for Tetryl but appeared to be less dramatic. Again suggested radiolytic

daughter products were not isolated or confirmed. A publication by Kaufman followed

[21] which summarised the results found from the joint work and evaluated a general

statement that “the lower limit of γ-radiation dose at which decomposition could be de-

tected under the conditions employed was 106r” (approximately 10 kGy), and is most

likely referring to the data from Lead Azide which released significant amounts of gas. In

his review, Kaufman comments on the colour change exhibited by some of the energetic

compounds used within the study with TNT being specifically mentioned, suggesting an
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alteration to the molecule causing a change in the material’s chromophore; however, no

mechanism or daughter product is suggested.

Work continued at Picatinny Arsenal where a report was issued in April 1962 in con-

junction with Brookhaven National Laboratory, which considered the effects of gamma

radiation from a cobalt-60 source on five polymer bonded explosive formulations [22].

The reported work was not the first undertaken under this collaboration, as a preliminary

study is referenced that considered the effect of gamma radiation on the Polymer Bonded

Explosive (PBX) PBX94042. Irradiations were carried out at rates of either 0.45 or 2

kGy hr-1, up to a maximum total dose of 3.5 MGy; some irradiations were undertaken

continuously whereas others were carried out incrementally, making comparisons of re-

sults difficult. Beyond the preliminary study, five HMX based formulations including

PBX9404 were selected for the irradiation, each with differing polymeric binder systems.

It is likely that these materials were investigated due to their potential use in nuclear

weapons that were being developed at the time, although this is not confirmed in either

report. If this assumption is accurate, then the selected radiation environment was signifi-

cantly different than that expected within a weapon (i.e. dose rate, total dose and incident

energy). The results focused on the physical changes on the materials as well as the ef-

fect on detonation velocity and on plate acceleration (further adding to the assumption of

nuclear weapon use), however no identification of potential radiolytic daughter products

through analytical techniques was attempted. Irradiating samples of PBX9404 resulted

in embrittlement, with the irradiated material containing cracks and chips with a strong

odour of NO2 also being reported, however this is particularly subjective with no positive

identification on the gas formed.

Later that year, Urizar et al (Los Alamos National Laboratory (LANL)) published his

work on the irradiation of raw explosive materials [25]. This paper exposed TNT, Tetryl,

2PBX9404 - 94 % HMX, 2.9 % Nitrocellulose, 3 % tris-β chloroethylphosphate (CEF)) 0.1 % dipheny-

lamine (DPA) [23, 24]
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NC, RDX, HMX and PETN as well as four mixtures (PBX9404, PBX90103, PBX94074

and Composition-B) formulations to neutron and gamma radiations from enriched Ura-

nium slugs within a power reactor. The irradiations consisted of a combination of a very

high neutron flux coupled with gamma radiation, meaning that noted changes could not

be solely attributed to either the interaction of gamma or neutrons. This is a significant

draw back of the work in terms of its applicability to the effect of just gamma radiation,

but it does further suggest that it was focused on nuclear weapons research. Irradiations

were undertaken at two doses with dosimetry yielding approximate total gamma doses of

45 kGy and 2 MGy. Initial physical results were negligible for the lower dose sample,

however significant differences were found for the higher dose, with TNT being notably

discoloured from yellow to brown (in agreement with work undertaken in the previous

decade [20]). The NC containing PBX9404 was also noted to have changed colour from

blue to yellow, which was attributed to reactions of the stabiliser. Although no chemical

analysis was undertaken to confirm, this was not reported in Mapes work [22], so could

be due to the neutron radiation or the substantially different Gamma environment. Results

were highly qualitative with reductions in density observed and gaseous products formed.

Results offered little in terms of chemical identification of degradation products formed.

The raw explosive materials showed little change at the lowest level of irradiation. HMX,

PETN and NC showed significant susceptibility to gamma radiation when compared to

that of TNT and Tetryl, again suggesting aromatic structures are much more resistant.

A couple of years later, Berberet [27] undertook a study on the irradiation of a selec-

tion of aromatic and heterocyclic explosive compounds including TNT, Tetryl, TNB,

RDX and HMX under cobalt-60 to a maximum total dose of approximately 20 MGy.

It was generally noted that the radiation stability of the aromatic compounds were “sig-

nificantly greater” than the heterocyclic, a point which is in agreement with previous

studies [20, 25]. Berberet acknowledged in his work that “of order” 99% of energy associ-

3PBX9010 - 90 % RDX, 10 % Kel-F Elastomer [24]
4PBX9407 - 94 % RDX and 6 % Exon 461 [26]
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ated with an incident electromagnetic radiation is absorbed through electron perturbation

methodologies, i.e. ionisation of atomic and molecular structures through Photoelectric or

Compton phenomenon. His studies also considered the effect of fast nuclear electrons on

the materials, i.e. the effect due to ejected electrons from a previous Compton interaction.

The experimental set-up for Berberet’s irradiations was different to previous works, with

samples pressed into pellets and irradiated in ampoules which were sealed under Helium.

It is thought that the specimens were placed under Helium due to the gas’s known inert

properties, however this inert characteristic is chemical in nature only and not physical.

As such, a noble gas can be ionized under gamma radiation to form free radicals, thus

potentially causing side reactions within the samples being irradiated.

The irradiation environment utilised for this work consisted of eight stainless steel canned

cobalt-60 rods which, alongside the sample itself, were contained underwater. Two con-

figurations were available with irradiations within the central tube yielding a dose rate

of 90 kGy hr-1, whilst irradiations undertaken in the outer tubes obtained a dose rate

equivalent to 23 kGy hr-1. Samples were irradiated to a variety of doses, ranging from

approximately 200 kGy to 20 MGy, with analysis being undertaken in the form of weight

loss and dimensional changes as a function of total dose and rate. The axial deformation

of the heterocyclic compounds differed significantly with RDX crumbling at low doses,

and HMX changing significantly; where the RDX measurements were successful, i.e.

did not crumble, they exhibited a similar response to that shown by HMX at the same

doses. Dimensional data from the HMX experiments is reproduced below in Figure 3.2,

which specifically highlights the effect of dose rate, with the lower yielding the greatest

observable effect. The axial dimension, however, remained significantly less effected for

the aromatic compounds, with the cause again most likely due to the resonance induced

stability of potential aromatic centred formed free radicals.
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Figure 3.2: Axial dimension change of HMX exposed to cobalt-60, reproduced from [27]

The effect on the masses of the selected materials was also investigated, with the great-

est effect being measured for the heterocyclic compound HMX. Unfortunately, measure-

ments were not possible for RDX (with the exception of a couple at very low dose), due to

prior noted loss of physical integrity for the pressed irradiated samples. It is noted that the

successful low dose measurements of mass loss for RDX were in close agreement with

HMX. The resultant mass loss as a function of total dose and rate have been reproduced

from [27] below in Figure 3.3.
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Figure 3.3: Mass loss of HMX exposed to cobalt-60, reproduced from [27]

The mass loss data for HMX shows a strong dependency on total dose but not on exposure

rate, leading the author to suggest that the potential gaseous products formed within the

material are done so at a rate which is lower than that of diffusion through the sample.

Contrarily, within the experimental error there is an observable difference between the

two dose rates, again with the lower yielding a greater difference. The report makes lim-

ited conclusions as to the mechanisms involved which cause the reported observables in

both dimensional change and mass loss. The similarity in chemical make-up and observ-

able results between HMX and RDX (albeit at low doses only) suggests a similar mech-

anism is responsible between the materials. One of the hypotheses made is that evolved

gaseous species create areas of stress within the materials, causing a plastic deformation

and hence the observed increase in dimension. The theoretical hypothesis continues with

fissures which are created by this process, relieving built up pressures within the material

causing contraction after certain total doses. The hypothesis is supported by the gathered

experimental data for the heterocyclic compounds, however the data for some of the aro-

matic materials refutes this theory.
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A second hypothesis is also presented where incident radiation causes a change in the

crystal’s polymorphic phase, which could potentially explain the contraction seen for

some of the aromatic samples being irradiated. The author acknowledges that the theory

is “very hypothetical” and has not taken into consideration other effects, such as radiation

induced heating, yielding thermal expansion. However, the data shown from HMX would

counter this suggestion as the lower dose causes a greater increase in dimension. Unfortu-

nately, as the paper does not delve into any temperature measurements, coupled with the

fact that samples were irradiated in different locations and that materials were potentially

submerged during the irradiation which offers a large heat transfer, it makes explicit con-

clusions hard to draw. No additional information is available within the report, despite

the high values of dose which were achieved. Hazard and performance analysis would

have been highly desirable, however it is likely, as with most similar experimentation,

that irradiated material was scarce, limiting additional testing.

The effect of gamma radiation on the surface activity of HMX in the gamma polymor-

phic phase was investigated by Castorina, et al in January 1968 [28]. The work describes

measurements of surface area via Braunauer-Emmett-Teller (BET) methods and surface

activity measurements by adsorption of Carbon-14 labelled stearyl-trimethyl-ammonium-

bromide (STAB). Samples of HMX were irradiated in vacuum (one of the first examples),

as well as under vapours of nitrous oxide, nitrogen dioxide and water, with all irradia-

tions undertaken in a water bath closely monitored at 20°C ± 1°C. The surface activity of

the samples of HMX which were irradiated increased when compared to a control sam-

ple and correlated with total dose. The phenomena is attributed to strong polar daughter

groups/products of HMX being formed which purportedly increased the chemical bond-

ing between the surface of HMX and the adjacent STAB molecules, however considera-

tion that the surface of the HMX has become charged through ionisation is not made. An

assumption is made within the work that, as the control HMX specimens are apparently

non-porous to Nitrogen and Argon gas, interactions between HMX and the much larger
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(when compared to the gases) STAB molecules are confined to the surface. However, if

other mechanisms are to be considered, (such as the creation of gaseous fissures within

the HMX crystals, as reported by Berberet [27]), it is possible that this would also in-

crease the measured adsorption of STAB. Contrary to this argument, however, is that the

measured surface areas of the irradiated HMX samples appeared to decrease with a dif-

ference of 22% being noted for the 640 kGy irradiated material.

A chemical analysis of head-space gases was also undertaken via mass spectroscopy (MS)

from a selection of evacuate ampoules which contained HMX; these were irradiated to an

equivalent total dose of 160 kGy at a rate of 10 kGy hr-1. Samples were taken at three

days post irradiation, with successive sampling undertaken at 4, 6, 10, 24 and 26 days to

investigate whether off-gassing continued after irradiation; data has been reproduced in

Figure 3.4 below.

Figure 3.4: Gaseous products of HMX irradiated by cobalt-60 under vacuum to 160 kGy

hr-1, reproduced from [28]

The volumes and types of gas produced for irradiated HMX begin to identify potential

degradation mechanisms with significant quantities of nitrogen gas being measured. In

addition, various oxides of nitrogen and carbon are also recorded albeit at significantly

reduced concentrations; very small quantities of hydrogen are also measured. There does

not seem to be a significant change from successive measurements taken at increasing

time intervals after irradiation, indicating that the production of gases does not appear to
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be hindered by diffusion through the material. Water was also attempted to be measured

under the same conditions, however due to the difficulty in quantification, measurements

were omitted from results. In addition to the raw data presented in 3.4 at 160 kGy, a

graph displaying the total amounts of gas formed at varying total doses is presented and

reproduced in Figure 3.5. The graph shows that whilst other gases appear to be created as

a linear function of total dose, nitrogen and carbon dioxide potentially could have a more

complex relationship, assuming no atmospheric leakage occurs as the containers degrade.
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Figure 3.5: Gaseous products of HMX irradiated by cobalt-60 under vacuum as a

function of total dose, reproduced from [28]

The research went further to consider the effects of radiation on HMX contained within

various gaseous mixtures. This was undertaken to try and explain the lack of an effect

from gamma radiation on the surface activity of HMX at low doses of 10 kGy. It was pos-

tulated that the observed increase of surface activity may be partially or solely attributed
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to the presence of gases created from irradiation of HMX. Initial measurements of con-

trol samples of HMX in the presence of H2O, NO and NO2 did show a marked increase

in surface activity, with no difference being measured once the mixtures were irradiated

to 10 kGy. It was observed that mixtures of H2O and HMX yielded the same gaseous

degradation products under radiation as evacuated specimens, but in significantly greater

concentrations. This is not unexpected as water was detected as a degradation product

of HMX irradiated under vacuum, therefore the available water would increase with dose

as would secondary reaction products, which suggests that the presence of water signifi-

cantly enhances radiolytic decomposition of HMX.

The irradiation of water is known to produce numerous radical, ionic and oxidative species

as shown by Byungjin et al [29]. It is therefore not surprising that, in Castorina’s work

[28], all detected gaseous daughter products were affected by the presence of water. This

signifies one of two possibilities: 1) the random formation of numerous daughter prod-

ucts derived from irradiated water, may cause a variety of secondary reactions yielding

an increase of all detectable gases; 2) one of the daughter products of water is rate deter-

mining, which causes the HMX molecule to undergo degradation yielding the recorded

gaseous products. A third option potentially exists where the degradation of HMX in vac-

uum proceeds through a different mechanism when compared to HMX in the presence

of H2O. Unfortunately, as there are very few repeats and significant variability within the

experimental data set, it is difficult to provide conclusions. However, the atmosphere in

which materials are irradiated appear to be significant.

In December 1973, Louis Avrami et al, of Picatinny Arsenal, published one of his first

pieces of work which is often cited in proceeding works [30]. His work considered several

energetic material that were irradiated using cobalt-60 and focused upon quantifying the

direct effect of the radiation primarily on the thermal stability, purity, sensitivity and ex-

plosive performance of the materials. Selected samples were irradiated to doses of almost
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10 MGy, at a dose rate of approximately 8.8 kGy hr-1. Samples selected for irradiation

were prepared as both pressed pellets and loose powders, which were irradiated within

quartz vials that were closed using glass wool and were subsequently placed within alu-

minium containment vessels to shield the cobalt-60 source from any potential damage

resulting from an explosive event. The materials are assumed to be irradiated under at-

mospheric conditions due to the sealing method, however it is not confirmed within the

work. This also does not provide any gaseous containment for daughter products which

was shown by Castorina to be an important consideration, however this may have been

deliberate. Numerous explosives were used in the study, of which HMX, PETN and TATB

feature as well as other related materials. The general and overarching conclusion, which

has been cited in several successive works, is an order of explosives in terms of their abil-

ity to withstand the effects of gamma radiation, as shown below.

TACOT ≥ TATB ≥ DATB ≥ HMX ≥ Tetryl ≥ TNB ≥ TNT ≥ RDX ≥ PETN ≥ NGu

≥ BaN6

The ordering of these explosives is surprising upon consideration of the forementioned

mechanisms, specifically aromatic resonance, with HMX purportedly offering more re-

sistance to radiation than Tetryl, Trinitrobenzene (TNB) and Trinitrotoluene (TNT), a

finding that does not agree with that of Urizar [25]. Consideration of the non aromatic

species show a correlation of increasing resistance with increasing density, (acknowledg-

ing the exception of Barium azide, thought to be due to its highly stressed ionic molecular

arrangement). This correlation is contrary to that which is expected as such high energy

gamma rays (1.17 and 1.33 MeV) should be indiscriminate in their ionisation location

and, as shown by the mass-energy coefficient, higher density should correlate to a greater

absorbed total dose, i.e. more decomposition reactions.

The dimensional change in the materials was recorded as a function of total dose which

allows for a comparison to the work undertaken by Berberet [27]. Unfortunately, as with
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the majority of literature available, direct comparisons are difficult as experimental condi-

tions are often dissimilar. The reported dimensional change in Avrami’s work is approx-

imately 1.2% for HMX which compares poorly to the 8% from Berberet. Avrami quotes

a dose rate for these experiments (assumed equivalent to water) of around 7 kGy hr-1 to

his total dose of 1.14 MGy, which compares poorly to Berberet’s 23 kGy hr-1 but well to

total dose of 1 MGy. The difference in total dose can be considered negligible, however

the dose rate cannot. Furthermore, consideration of Berberet’s work, which showed for

HMX that an increase in dose rate tended to reduce any change in dimension, signifies

a contradiction of the findings between the works. The differences between the respec-

tive experimental set-ups are too significant to make meaningful critical comparisons, for

instance sample size, pressing conditions and irradiative environments. A very similar sit-

uation arises upon consideration of mass loss data between Avrami and Berberet, with 1%

and 7% being recorded respectively. Similar deviations between dimension change and

mass loss can be observed between both authors for a selection of other materials such as

TNT and DATB, suggesting that it is not material specific, but more likely experimental

set-up differences.

Results from varying total doses on the vacuum stability of TATB, HMX and PETN were

notable with some recorded spontaneous deflagrations, mass loss was also significant, es-

pecially for PETN at the higher total doses. Changes in thermal properties of HMX and

PETN were notable, specifically a large reduction in the onset temperature of the first

endotherm and changes to melt temperatures and profiles. This could be due to a phase

change, but the report does not comment. Values tend to fluctuate at various total doses

which may perhaps be attributed to the rather high heating rate of 20°C per minute. De-

spite this, the main exothermic peaks for HMX and TATB appear to be sharp and clean

with no evidence of daughter/secondary products until approximately 9 MGy irradiations,

where HMX showed a notable change in phase transition and exothermic behaviour. The

thermal behaviour of PETN appears to be much more susceptible to radiation as shown
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in the comparative thermograms that have been reproduced below in Figures 3.6, 3.7 and

3.8 respectively.

Figure 3.6: Thermograms of HMX, reproduced from [30]
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Figure 3.7: Thermograms of PETN, reproduced from [30]
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Figure 3.8: Thermograms of TATB, reproduced from [30]

Impact sensitivity appeared to be significantly effected by exposure to gamma radiation.

In particular, HMX with values of impact (US Fall Hammer) reduced from a control

height of 14.04 to 11.04 inches for the 114 kGy dose; this reduced further to 8.96 for 1

MGy. These are significant differences in impact sensitivity, however as shown by the

thermograms, no daughter products or significant deviations are detectable. A possibility

may be that the gamma radiation is causing a phase change within the HMX crystals to a
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more impact sensitive variant such as alpha. This could potentially explain the difference

in the initial endotherm. However, with limited repeats and such a high temperature ramp

rate, it is difficult to draw solid conclusions. A further potential cause may be the evolution

of gases causing fissures within the crystals which would not show up on thermograms,

but could explain the increased impact sensitiveness, however this is not commented upon

within the work.

Avrami continued his work in conjunction with Henry [31] as to the effect of low level

gamma radiation from cobalt-60. The total dose was obtained at a rate of 2 Gy hr-1 (sig-

nificantly lower than his previous work) over a maximum exposure of 150 Days; this

equates to approximately 7 kGy. These low level long duration exposures were designed

to mimic several of those undertaken by Piantanida and Piazzia [32] which showed neg-

ligible changes to the materials even after long term ageing, post irradiation. Avrami se-

lected RDX, HMX, mixtures of the two at 9:1, 1:1 and 1:9 ratios respectively, and compo-

sition B for his second study. Samples appeared to be sealed using a different mechanism

when compared to Avrami’s earlier work as ampoules were equipped with hand-tightened

end caps. In keeping with his previous work and that of Piantanida and Piazzia, samples

were irradiated under ambient i.e. non-evacuated conditions, with it being noted in the

report that high humidity was prevalent at the time. Results obtained by Avrami were in

agreement with those of Piantanida and Piazzia, with the general conclusions that “long

term low-level gamma irradiation had no significant effect on the thermal stability ther-

mal and impact sensitivities of RDX, HMX, selected mixtures and Comp B”. Despite this

statement, there were observable differences in the thermal properties of some materials

and a possible difference in the impact sensitivities, albeit within experimental error. The

endotherms, which can be attributed to delta polymorphic phase change and the crys-

talline melt prior to decomposition, for the HMX samples appear to increase in onset and

peak temperatures as did the main decomposition exotherm by values between 5 to 15

degrees, indicating a potential effect; such effects were not seen in samples exposed to
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the lowest dose.

It is noted within Avrami’s work, through private communication with E.D. Loughran,

that he had detected a small exotherm that was observed prior to the endotherm attributed

to the HMX β to δ polymorphic change. It is acknowledged that a similar exotherm was

detected by Urizar [25] during his gamma and neutron irradiations of RDX and HMX. A

general conclusion hypothesised that this exotherm could potentially be the decomposi-

tion of a HMX derived daughter product or the potential escape of trapped gas evolved

from decomposition. In keeping with his previous work, Avrami ran the DTA experi-

ments at a rate of 20°C/min, which is very fast compared to modern standards of 2°C/min

[33] for such a test, and may be responsible for some of the differences in various data sets.

In 1980 Avrami published a review on radiation effects of Explosive, Propellant and Py-

rotechnic materials [34]. The review holds a quote which summarises the general find-

ings to date regarding the exposure of such materials to gamma radiation; “Steady-state

γ-radiation of any expl[osive] has not been known to initiate a detonation. The effect of

such irradiation appears to result in slow decomposition with a deterioration in the func-

tional properties of the expl[osive], or more generally energetic materials”.

The effect of gamma radiation on the shock initiation sensitivity of single PETN crystals

was investigated by J.J. Dick at Los Alamos National Laboratory in mid-1982 [35]. The

crystals of PETN were subjected to total doses up to 10 kGy from a cobalt-60 source, a

marked reduction compared to the majority of previous studies. The sensitivity to gamma

irradiation was measured by differences in run to detonation distances with 10 kGy re-

portedly shortening baseline values by up to 40%. A threshold of 6 kGy was determined

to be the maximum dose PETN crystals can receive before detectable changes in shock

sensitisation occurs. This is orders of magnitude lower in terms of total dose compared

to previous works, where measurable effects had been attributed to gamma exposure.
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Optical microscopy was undertaken resulting in the observation of fissures, purportedly

formed through gaseous molecule generation, within the crystal of order 10 µm sug-

gested from decomposition of the PETN which is in agreement with [27]. Unfortunately,

no additional testing was carried out on the irradiated material such as thermal, hazard

or chemical characterisation, which may have further indicated an effect. It is noted in

the work that the irradiated crystal remained perfectly translucent and there was a notable

yellowing of which Miles et al [36] theorised NO2 radicals were the cause. It is observed

in the work that the yellowing reduced over a period of days, signifying that the radicals

had decayed. Once the yellowing had subsided, the run to detonation values remained

unchanged, signifying that the presence of radicals was not the cause and that the effect

was permanent.

Miles and DeVries undertook a study considering free radical generation in RDX and

HMX by both mechanical and irradiative methods [36]. Generation of free radicals

through the application of mechanical stress was unsuccessful, however radicals were

generated and confirmed by electron spin resonance (ESR) for samples exposed to gamma

irradiation, undertaken in sub-ambient conditions in an effort to freeze in the radicals al-

lowing time for detection. The source used in this work was Caesium, most likely the

137 AMU isotope, up to a total dose of 100 kGy, however dose rate was not detailed. Ex-

plosive samples were contained within sealed quartz tubes which were evacuated prior to

irradiations; likely selected for ease of subsequent analysis in the ESR, spectra were suc-

cessfully generated for HMX and RDX. Although there is no attempt to try and model the

spectra using computational methods, the almost identical spectra observed in the RDX

and HMX samples were attributed to NO2 radicals, from comparison with literature. Due

to the similarity in spectra, it was concluded that there existed a common dominant rad-

ical between the two materials upon gamma irradiation, this is not surprising consider-

ing the similarities in chemical structure, and the gamma energy emitted (assumed to be

660 keV). Work was undertaken on the effect of annealing on concentrations of radicals
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for irradiated materials. Samples which were irradiated at sub-ambient conditions were

transferred quickly and measured within the ESR, samples were then warmed to room

temperature with subsequent measurements undertaken. It was noted that the HMX radi-

cal was more stable than that of the RDX, however radicals generated were reactive even

at low temperatures in the presence of binders.

One of the most pertinent points made in this paper is the reported significant increase

in sensitivity of both the gamma irradiated RDX and HMX. The statement, which often

gets reproduced in later works of “we encountered frequent accidents wherein irradi-

ated HMX and RDX crystalline powders spontaneously exploded”, indicates a significant

change in the material’s behaviour. Such accidents were typically observed when sub-

ambient samples of HMX were taken from liquid nitrogen dewars and allowed to warm,

resultantly the sudden activity of radicals upon warming was initially attributed as the

root cause. In addition to these “accidents” the authors undertook some sensitivity test-

ing of irradiated HMX samples and found a “marked increase in the sensitivity of HMX

to impact when irradiated in vacuum”. Only impact testing was undertaken, no addi-

tional information into the effects of gamma radiation on other hazard properties, such

as temperature of ignition or spark sensitivity, are available from this work. The initial

investigation was limited in its conclusion, suggesting it was the sudden activity of the

radicals that caused the explosions, however later work [37] which focused on the change

in impact sensitivity of gamma irradiated HMX, suggested that it was more likely due to

physical defects within the material and not the concentration and sudden annealing of

the NO2 radicals. The reported change in impact sensitiveness is much more apparent

from Miles’ work when compared to that of Avrami, where HMX showed a only a slight

change in impact sensitiveness at an equivalent total dose of 130 kGy, further signifying

that incident energy, dose rates and gaseous environment must have a significant impact.

Miles and DeVries also acknowledge in their initial work that the detected NO2 radical

was not likely to be the initially generated, but chain terminating radical due to the in-
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evitable period of increased temperature when exchanging samples from their radiation

source and ESR equipment.

Miles and DeVries’s second work focused on increased sensitivity and studied irradiated

HMX powder at both ambient and sub-ambient conditions. Samples were reportedly irra-

diated to 75 kGy, i.e. 75% of that undertaken in their previous work, and were reportedly

irradiated under vacuum and ambient atmospheric conditions. The sub-ambient vacuum

irradiated samples suffered the same notable increased sensitiveness, with some sponta-

neously exploding. However, for samples which were not evacuated but still irradiated

at sub-ambient conditions, i.e. with atmospheric gases present, the marked increase in

sensitiveness was not apparent, as show in Figure 3.9, where F is the explosion frequency.

There is a noted “modest increase in sensitivity for HMX irradiated at room tempera-

ture” whilst in the presence of atmospheric gases, however results are close to a baseline

measurement, especially when considering the scatter. Miles and DeVries’ conclusions

are limited and although they identify a possible link between increased sensitiveness and

vacuum irradiations potentially due to a lack of Oxygen and subsequent peroxy radicals,

they acknowledge that they did not undertake irradiations at room temperature in vacuum

to confirm this finding to rule out the effect of low temperature.
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Figure 3.9: Impact sensitivity at room temperature, reproduced from [37]

In order to test the theory from their previous work that the spontaneous detonations and

increase in sensitiveness was due to the accumulation of free radical species, the sensitiv-

ity to impact was measured for sub-ambient vacuum irradiated HMX, which was stored

for a period of weeks then subsequently annealed at 50°C in warm water for several hours

to remove all radical species. Specimens were analysed using ESR to confirm that all rad-

ical species had been removed. Impact testing was carried out and data compared against

a suitable baseline of HMX samples irradiated under vacuum and sub ambient conditions.

A comparison of the data obtained, as shown in Figure 3.10, shows a negligible difference
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between the materials.

Figure 3.10: Impact sensitiveness at Sub-Ambient Conditions [37]

This result essentially signifies that the alteration to hazard properties of HMX under

these conditions cannot be attributed, as previously thought, to an accumulation of radi-

cals, but to a fundamental and apparently permanent change to the material. Despite this

conclusive work, it is unfortunate that Miles et al did not investigate this effect at room

temperature to determine whether this change in sensitiveness is isolated to sub-ambient

conditions alone. Additional analysis techniques would have been especially useful on ir-

radiated materials, such as microscopy to confirm if gaseous fissures had been generated

which may be the cause of the increased sensitiveness, or other chemical characterisation
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in an effort to identify potential daughter products.

Miles and DeVries furthered their research into the effects of gamma radiation on ex-

plosive materials by investigating the effects of such radiations on PETN [38]. Contrary

to their previous work, samples of PETN were irradiated only to 20 kGy, however in

keeping with previous work, samples were irradiated under vacuum and in sub-ambient

conditions. ESR spectra were obtained for PETN which suggested, as with RDX and

HMX, the presence of the long lived and likely chain terminating NO2 radical. However,

a significant difference in spectra was noted for samples of PETN immediately after ir-

radiations, with spectra decaying to those observed for HMX and RDX after a matter of

hours. The initial spectra were attributed to a short lived unstable radical which formed

before the chain terminating NO2 radical.

The radiation sensitivity of Nitrotriazolone (NTO) was investigated by Beard et al in

1989 [39], but also considered the explosives TATB, RDX and HMX. Although the work

mainly focuses on the effects of x-ray and UV sources, the results are still relevant. The

work concluded that the radiation sensitivity of the explosives in order of most sensitive

proceeds as RDX; HMX; NTO; TATB, with the response of RDX and HMX being noted

as very similar, again most likely due to their analogous chemistry. The work does not

offer any analysis of the gamma radiation sensitivity of the materials, which is disap-

pointing considering its title. However, the work does suggest decomposition products,

which is more than some previous studies. Consideration of the most likely mechanism,

non-ionic photo-dissociation, suggests a rearrangement and the paper informs of three

possible degradation products including a nitroso-based derivative as potential candidates

for NTO daughter products.

The sensitivity of RDX to x-ray radiation, including hypothesised decomposition reac-

tion pathways, was presented by Beard in 1991 [40]. In his work, RDX was exposed to
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x-rays with resultant photoelectrons being analysed using an x-ray photoelectron spec-

trometer (XPS) resulting in the potential identification of daughter products formed at

both room temperature and -50°C. The rate employed was significantly greater than pre-

vious research at approximately 300 kGy hr-1. Temperature rises were detected within the

irradiated material with a 12°C increase being measured for the maximum eleven hour ir-

radiation equivalent to 3.3 MGy. It was reported that thermally unstable and volatile

products were formed at low temperature irradiations, with residual gases being analysed

by the warming of degradation products from -50°C to room temperature. The identi-

fication of a nitrite ester intermediary was hypothesised (sub-ambient only) along with

nitroso and triazine derivatives.

One of the major differences between x-ray and gamma rays is their ability to penetrate

materials prior to interaction; any x-ray damage deposited into the materials would likely

be confined to the surface. This fact is also valid when measurement of daughter product

XPS spectra was undertaken, this technique is constrained to the surface of exposed mate-

rials for identical reasons. Beard acknowledges this and notes that the technique is limited

to approximately the first 5 nanometres (nm) of a sample. Samples of claimed high pu-

rity were ground and spread as a thin film onto an adhesive tape prior to exposure and

subsequent analysis. Exposures were undertaken in the presence of atmosphere, imply-

ing that interactions of free radicals with atmospheric bodies such as Oxygen were likely,

this too is acknowledged in that the Nitrogen chemistries of the decomposition were the

focus. Unfortunately as shown by Miles [36, 37, 38] the presence of atmosphere signifi-

cantly alters the resultant products being formed and most likely the degradation pathway.

The percentage loss of nitrogen (NO2), was measured as a function of total dose at both

room and sub-ambient temperatures. This shows that at room temperature over 90% of the

nitrogen has been lost at total doses of approximately 3 MGy. This result, however, is in

disagreement with previous research which considered gamma radiation [21, 30, 35, 36]
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at similar total doses, where the materials were still very much energetic and therefore

nitrogen containing. It is most likely that this discrepancy is due to the difference in the

penetrating ability of x-rays vs. gamma rays. Beard’s work does imply that gaseous de-

composition products are expected (and for gamma more likely within the crystal vs the

surface, due to this more penetrating ability), giving theories of internal fissures and/or

cracking of HMX and RDX pellets exposed to gamma radiation, more weight.

Beard does comment on the overall effect of radiation dose on the physical and explo-

sive properties of relevant materials and makes comparisons to Avrami’s work in 1973

[30], but rather than suggest that it is the generation of gaseous products which causes

the physical integrity to fall for RDX, he suggests it is the loss of NO2 from the bulk

material and resultant loss of hydrogen bonding which causes the change. This argument

is questionable due to the previous point regarding the explosive properties of such ma-

terials; if the material were 80% depleted of Nitrogen, the explosive properties would be

significantly hindered, which is not apparent. Beard also attributes Avrami’s measured

increases in impact sensitivity to the presence of hypothesised daughter products, rather

than gaseous fissures. This is a valid argument, however the presence of daughter prod-

ucts if in a high enough concentration to sensitise, should have altered the thermographs

from Avrami’s DTA experiments, acknowledging the high heating rate.

Residual gas analysis of RDX irradiated at -50°C was undertaken by allowing the sample

to warm to room temperature and analysing gases through mass spectrometry. Results

signified typical gases evolution for these products of water, and oxides of carbon and ni-

trogen. It was noted that the presence of NO2 and HONO (Nitrous acid) was absent from

the measurements. Unfortunately, gas analysis of samples irradiated at room temperature

were not undertaken so these results can only be assumed to be valid in sub-ambient con-

ditions.
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Based on the XPS and gas analysis data, Beard hypothesised a selection of routes to

which RDX, and by association HMX, may undergo radiolytic degradation. This is re-

produced in Figure 3.11. The initial and most likely rate determining step is the scission of

the N-N bond. Subsequent reactions are then hypothesised based upon the XPS and mass

spectrometry as well as evidence available in the literature, mostly derived from combus-

tion of RDX which is a notably different mechanism. This basis for such a hypothesis

is questionable as no NO2 gas was detected in the mass spectrometry. Furthermore, the

hypothesised presence of nitrous oxide was not detected using the gas analysis. The sam-

pling of these gases, if generated on the surface only, will be difficult. In the case of

gamma radiation, if these degradation pathways are valid, gases may become trapped in-

side crystals and be easier to sample (assuming a low rate of diffusion). The presence of

the nitrite ester was only confirmed at sub-ambient conditions which was attributed to the

low bond energy and suggested thermolysis to an oxidised ring oxygen. Results indicat-

ing the presence of a nitroso compound are discredited by the loss of corresponding XPS

signals upon warming to room temperature, with the acknowledgement from Beard that

nitroso-derivatives are known to be stable at room temperature.
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Figure 3.11: Proposed degradation pathways of RDX, reproduced from [40]

The degradation mechanisms presented are very hypothetical with no understanding of

radical pathways presented. The suggested products are also non-ionic suggesting that

the exposure to x-rays simply causes excitation of electrons and not expulsion (unless

they are re-captured, which is unlikely with x-rays). In the case of ionising radiation, par-

ticularly gamma, it is known that per interaction only one radical and one ion are formed

[41]. Based upon this theory, it is likely that most of the above products will be invalid or

ionic.

C. Skidmore et al, published a summary paper on the ageing of PBX95025 [42]. The

paper summarises effects of natural ageing out to approximately two decades worth of

service in undisclosed nuclear weapons systems, as well as the effect of radiation on a

TATB and fluoropolymer based PBX. Skidmore comments on previous research which

5PBX9502 - 95 % TATB, 5 % KelF-800 fluoropolymer[42, 43]
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shows the darkening/greening of TATB when exposed to electromagnetic radiations of

wavelength lower than 450 nm, and references works which have isolated decomposi-

tion products from other stimuli, such as impact and shock. Skidmore comments on the

work undertaken by Britt et al [44], who showed the stability of detected free radicals in

TATB from UV exposure can exceed over two years, and associates the detected spectra

to a simple hydrogen adduct of TATB, although this was later disputed [45]. The work

also comments on the instability of free radicals observed within the cyclonitamine RDX,

which decay rapidly at temperatures above approximately -60°C.

Skidmore et al also reported irradiations of TATB materials by gamma rays and proton

beams. Proton beam irradiations were undertaken on pressed pellets of TATB, whereas

gamma irradiations were undertaken on powders which were subsequently pressed. To-

tal doses of 90 and 700 kGy were obtained for TATB materials exposed to gamma rays

at a rate of approximately 600 Gy hr-1, noted to be equivalent to “thousands of years of

stockpile life”. Samples analysed by Scanning Electron Microscopy, infrared (IR) and

mass spectrometry yielded null results when compared to baseline; most likely due to

concentrations of daughter products and the sensitivity of the selected tests. It would have

been valuable to have undertaken SEM analysis of pellets which were pressed prior to

irradiations to evaluate the presence of gaseous fissures as reported in previous research

[27, 35]. Slight changes to thermograms were observed, and results from thin layer chro-

matography suggested that a furazan derivative could be responsible.

The investigation into the effect of radiation on TATB was continued by Manaa et al

[46] who aimed to demonstrate experimentally along with supporting computational mod-

elling methods, that a mono-nitroso derivative of TATB resulted from UV exposure rather

than the purported furazan from Skidmore. Manaa also suggested that this daughter prod-

uct was the cause of the much reported greening of the insensitive explosive when exposed

to electromagnetic radiation. The UV-Vis spectra was calculated semi-empirically along-
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side the purported decomposition products, i.e. the mono-nitroso, mono-furazan and a

di-furazan derivative, in an effort to identify which compound contained the chromaphore

responsible for the widely reported green TATB. Manaa reports a calculated absorption

around 600 nm for the mono-nitroso derivative but does not provide a spectra. No further

comment is made as to the UV-Vis properties of the derivative, however it is possible that

these absorptions are responsible for the greening of the material, as absorptions at 600

nm correspond to orange light which intensifies the reflection of blue light from the mate-

rial [47]; this could mix with the reflected yellow light of TATB, making it appear green.

It is also noted that Manaa employed semi-empirical computational methods which are

significantly less accurate than techniques such as time-dependent density function theory

(TD-DFT) [48], calling into question the accuracy of the results.

Computational vibrational analysis of the mono-nitroso molecule was undertaken and a

resultant IR spectra provided, but there is no equivalent for the mono or di-furazan prod-

ucts presented. Manaa does however acknowledge that experimental determination of the

IR spectra would be significantly difficult due to concentration effects and questions if

experimental comparison is achievable. Manaa does not detail the computational meth-

ods employed other than to say that the UV-Vis spectra were obtained semi-empirically;

it is also assumed that all calculations are undertaken in the gas phase, limiting the appli-

cability of findings when comparing to the solid phase. Manaa also describes a synthetic

procedure for the production of the mono-nitroso derivative of TATB and details a selec-

tion of tandem MS experiments that suggests the molecule is the purported decomposition

product of TATB by comparison of baseline, synthesised and irradiated materials.

A few years later, Padfield undertook a scoping study [49] into the effects of gamma

radiation from a cobalt-60 source on a selection of materials, including TATB. Materials

were irradiated to a total dose of between 10 and 100 Gy at 275 Gy hr-1 under vacuum and

atmospheric gases at 30°C. Samples were analysed by differential scanning calorimetry
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(DSC), gel permeation chromatography where appropriate, and head space gas was anal-

ysed using gas chromatography mass spectrometry (GC-MS). In addition to these tests,

in support of safety concerns, an impact (rotter) test based on the Langlie statistic was

undertaken to obtain a Figure of insensitivity (FoI). No significant differences in the FoI

were measured for any material with the exception of a TATB containing equivalent to

PBX9502, which was recorded to have a slight reduction in FoI at 80, compared to the

baseline value of 100. However, as noted in the work, due to the limited amount of mate-

rial and resultant number of firings on the rotter the confidence of this change is small.

Results for the irradiated samples of greater than 90 % HMX based PBX were negligible

when compared to baseline, with the exception of thermal results from DSC testing, where

samples irradiated under both atmosphere and vacuum showed an earlier onset and peak

temperatures for decompositions. Considering previous works, it is also surprising that,

for a formulation mainly consisting of HMX, no increase in sensitiveness was observed

when irradiated under vacuum [36, 37, 38, 25, 27, 31, 30]. However it is thought that the

vacuum was lost during these irradiations. This indicates a significant radiation resistance

of the materials, most likely due to the aromatic plasticiser and stabiliser present. Un-

fortunately, data from the GC-MS head space analysis was unsuccessful. Padfield’s work

was very much a qualitative study on bulk materials properties with no attempt to iden-

tify chemical degradation mechanisms and associated products, which may be formed in

small enough quantities to have a negligible effect on the material immediately, but could

manifest themselves under natural ageing.

As a continuation of Padfield’s work, one of the most recent pieces was undertaken by

one of his students, Connors, in 2014 [43] who investigated the effect of gamma radiation

on TATB, a selection of fluoropolymers and a related insensitive polymer bonded explo-

sive. The work, alongside Padfield, is particularly relevant as it was carried out at the same

institution as the current research, which has allowed for quick adoption of experimen-
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tal work. Connors undertook chemical analysis of the pre and post irradiated specimens

but was heavily experimentally based and offered no theoretical degradation mechanisms

or computational modelling. Despite this, and in disagreement with the work under-

taken by Manaa [46], “A mono-furazan derivative of TATB” was suggested as a possible

degradation product, which was attributed to a measured increase in explosives impact

sensitiveness. As with Padfield’s work, head space analysis of irradiated samples were,

for the most part, unsuccessful despite some further development. The determination of

the mono-furazan contaminant was achieved using High Performance Liquid Chromatog-

raphy (HPLC) negative electrospray Mass spectrometry with the identification of a peak

in the chromatogram that was not present in baseline non irradiated material. This peak,

of which area correlated to total dose, corresponded to a mass loss of 18 atomic mass

units (AMU), allowing Connors to conclude that water has been eliminated from TATB

yielding the mono-furazan derivative. Despite the synthesis of the mono-nitroso being

available in Manaa’s earlier work, no attempt was made to isolate the suspected impurity

or confirm it with analytical sample comparison.

The work undertaken by Connors and his supervisor Padfield confirmed the previously

reported observation that TATB, when exposed to gamma radiation, changed colour from

yellow to green. This reported change was observed throughout irradiated pellets of

pressed TATB, indicating the penetrative power of gamma radiation to these materials;

especially when one considers the numerous reports of TATB turning green just on the

surface, when exposed to UV-Vis radiation [50]. Padfield, in conjunction Williams of Sam

Houston State University [51], attempted to quantitatively correlate the colour change

within the irradiated TATB pellets to the total absorbed dose (equivalent to water), with

the resulting correlation being shown in Figure 3.12.
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Figure 3.12: TATB discolouration as a function of absorbed dose to water [51]

Using a UV-Vis spectrometer, the exact reflectance spectra of the individual pressed TATB

samples was measured at various dose levels as shown in Figure 3.13. The previous work

by Manaa [46] suggested an absorption (i.e. lower reflectance) at approximately 600 nm.

Whilst this cannot be seen explicitly, the data presented by Padfield does suggest a gen-

eral increased absorption in orange/red wavelengths greater than 600 nm, which would

cause a material to appear green/blue. Manaa’s conclusions were limited and no UV-Vis

spectra was presented in his work for comparison. Furthermore the equivalent spectra for

the mono-furazan is not presented for an equivalent comparison. What can be drawn from

both the HPLC and UV-Vis spectra is that the concentration of the degradation product

appears, perhaps unsurprisingly, to correlate with total dose. No work was undertaken to

assess the effect of dose rate in a similar manner.
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Figure 3.13: TATB reflectance as a function of absorbed dose to water [51]

Investigating the effect of radiation on TATB using computational chemistry techniques,

Ying et al [52] claimed to identify the free radical formed by photolysis of TATB in Au-

gust 2014. In his work, Ying also refutes the findings of Britt [44] in that the concluded

H-adduct of TATB is not the formed radical of TATB resultant from irradiation. The work

correctly identifies that quantum chemical calculations need to be of suitable complexity

in order to provide accurate predictions and details a selection of calculations undertaken

at the time dependent Density Functional Theory (TD-DFT) level of theory utilising the

B3YLP and 6-311++g(d,p) functional and basis set. Whilst the computational calcula-

tions appear sound, Ying only considers ground, first singlet and triplet excited states of

TATB and a selection of daughter products; thus this work is only applicable to low energy

non-ionising processes i.e. photolysis through molecular rearrangement, due to the pro-

motion of bonding orbitals into anti-bonding states. The conclusion was that a phenoxyl

radical derivative of TATB was the thermodynamically most favoured radical due to pho-

tolysis. Ying complemented his work with some UV irradiations of some TATB material

and showed a growth of an absorption between 600 and 750 nm, which he corresponded

to a calculated UV spectra (specifically an absorption at 611 nm) of the purported phe-

noxyl radical. This is quite a tentative conclusion as there is a fair difference between the
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predicted and measured absorption, with the shape of the predicted spectra enhanced by

Gaussian fitting; nevertheless the absorption is in the correct region in terms of wavelength

to impart the greening seen in TATB. As with other computational chemistry calculations

of this nature, they are undertaken in the gas phase and there is no mention in Ying’s work

that considerations or approximations to the solid state have been made.

Taking a different approach, Tian, et al. [53] hypothesised, supported with some lim-

ited visual evidence, that the green colour of TATB was not caused by the presence of a

daughter product, but rather due to crystalline structure changes resultant from disrupted

hydrogen bonding. The evidence presented in the paper is very limited and an ESR spec-

tra of what is assumed to be UV irradiated TATB is presented alongside a baseline sample.

The typical simple spectra of the irradiated and baseline TATB only differ in magnitude,

with Tian concluding that the spectra supports his theory of disruptions in crystalline

structure causing a simple radical to be formed. This is unlikely to be the cause as crys-

talline disruptions do not cause paramagnetic species to be formed. Tian’s assessment that

the colour change is due to alterations in the crystalline structure is flawed as changes to

the colour of a material require alterations to a colour centre and not just the structure. An

example of this is the gamma irradiation of Topaz, where the gamma radiation induces

a change in the colour of the material, but only when aluminium is present as its ionic

form is responsible for the change. Tian also does not comment on the published thesis

of Connors or Skidmore, who provided significant evidence of a chemical species being

generated upon irradiation.

3.1.1 Brief summary

Literature in this field is very hard to compare as the vast majority of studies vary in in-

cident energy, total dose, dose rate, selected material and environment. These differences

are likely to have an impact for different reasons, i.e. a higher dose rate will increase the
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likelihood of radical-radical reactions due to their short lived nature.

HMX and PETN appear to be comparatively sensitive to gamma radiation under cer-

tain conditions, sometimes yielding spontaneous detonations [36, 37, 38]. It is unclear

as to the underlying mechanism to this sensitisation, however its identification is a key

objective of this research. A key area of investigation will be to irradiate HMX in vacuum

at room temperature to complete Miles’ work [36, 37, 38], and confirm his hypothesis

that it is not the temperature, but the gaseous environment that causes the increased sen-

sitisation. Equivalent irradiations should also be undertaken on PETN followed by a suite

of analytical techniques to identify possible daughter products that may have formed.

TATB appears to be comparatively resistant to radiation, although increases in sensitive-

ness to impact is reported alongside HMX and PETN. However, unlike the nitro-ester

and heterocyclic nitroamine, TATB presents a significant colour change upon irradiation.

The aromatic nature of the molecule is likely the source of the explosive’s resistance to

radiation, a mechanism which will allow for molecular rearrangement and likely daugh-

ter product speciation. Computations generation of UV-Vis spectra using more complex

levels of theory than that presented by Manaa for both purported species could be under-

taken to provide additional evidence, as should synthesis of marker compounds allowing

potential confirmation by HPLC-MS of the findings of Connors.

Various literatures [27, 35] have suggested that explosive crystalline materials may un-

dergo changes and/or defects within the crystal structures, which may be the cause of

increased sensitivity and, in the case of TATB, colour changes. Optical and Scanning

Electron microscopies could be undertaken on baseline and irradiated materials to inves-

tigate if this is a potential cause.

There have been numerous studies on detection and characterisation of radical species
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formed from UV, x-ray and gamma-ray sources for HMX, PETN and TATB; however all

of these studies involve the detection of late time, chain-terminating and in some cases

long-lived radicals. This is principally due to the very short life span of such species and

the time taken between irradiation and subsequent analysis by ESR techniques, despite

some efforts utilising sub-ambient irradiations. The ability to undertake in-situ ESR anal-

ysis of irradiated samples would prove to be highly advantageous in identifying early time

radical generation, however this will take significant development work.

With the exception of Manaa’s work [46], there has been little use of computational

methods to aid the prediction of potential daughter product speciation from gamma ir-

radiation, rather they have, for example Ying’s [52] work, been used to calculate the

mechanisms and resultant speciation of non-ionising processes, such as photolysis. As

shown in these works, computational chemistry can be utilised to calculate thermody-

namically favourable routes for chemical decompositions and importantly in the case of

mechanisms which start with ionisations, initial starting points for the calculations must

be taken from the optimised ground states of the ionised and radical parent TATB, PETN

or HMX molecules, which will be, by definition in the doublet state. Furthermore, consid-

eration as to both the charge and spin state needs to be made for all daughter products and

fragments suspected to be resultant from ionisation as charge must be conserved through-

out any purported mechanism. As long as these considerations are made, such methods

can be employed as a means of elucidating the formation of potential daughter products

resultant from irradiation. In addition to thermodynamics, the electronic structure charac-

teristics such as UV-Vis and IR spectra, as well as Nuclear Magnetic Resonance (NMR)

and, for radical products ESR spectra, can also be generated. This can be compared to

experimental data, providing increased understanding and evidence.
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3.2 Computational methods

Modelling methodologies can be categorised into regimes according to the length and

time-scales over which they are applied. At the smallest of length and time-scales, quan-

tum chemistry calculations are utilised which are often used to determine electronic struc-

tures of atoms and molecules in ground and excited states, with transitions often happen-

ing on the femtosecond time-scale [54]. A many-bodied atomistic/molecular problem is

considered to be the next hierarchical level in terms of length and time-scales, with mod-

elling strategies such as molecular dynamics being utilised. At this level, interactions

between bodies are often treated using classical Newtonian physics and force potentials

that are either calculated explicitly from quantum chemistry calculations or approximated

by force fields calculated by molecular mechanics.

At larger length and time-scales, models begin to operate on a micro-structural/meso-scale

level, where a model is discretised into elements of length, area or volume depending on

the number of dimensions. A suitable time step is selected to solve numerous differen-

tial equations over a selected time period using explicit or implicit integration techniques.

Modelling at this level is not relevant for this study as degradation resultant from ionisa-

tion is expected to be concentrated at the molecular and atomic scale. A final modelling

methodology which is often used and can span all length and time-scales is determinis-

tic modelling [54]. Such models are derived from known relationships and often rely on

mathematical functions which can be solved either explicitly or numerically.

Quantum chemistry modelling is clearly a very applicable technique due to its ability to

calculate predicted ground and excited electronic states as well as corresponding thermo-

dynamics for parent and daughter molecules, especially when considering that the main

interaction of gamma radiation with matter is with the electronic structure of the irradiated

material. It is acknowledged that recent work [53] suggests that the greening of TATB is a

result of crystalline deformation, and that molecular dynamics simulations could be used
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to explore this phenomenon. However, due to the number of bodies required to be simu-

lated within a crystal, individual molecules would need to be treated with semi-empirical

quantum mechanics or force field methods due to the significant computational cost; this

would cause a considerable reduction in the fidelity of the electronic structures of indi-

vidual molecules within the system.

It is known that imperfections within a material’s crystal structure, such as point-defects,

grain boundaries or dislocations sites, affects the sensitiveness of explosive materials [55].

Observations within the literature detail increased sensitiveness, particularly to impact, for

explosive materials that are exposed to gamma radiation [43, 51, 30, 36, 37]. It is there-

fore quite possible that the observed increase in sensitiveness is due to the generation of

such crystalline defects. The use of methods such as molecule dynamics could elucidate

the as to a potential formation of such defects.

Meso-scale modelling is quite applicable in order to assess the global affect that radiation

has on a composite material, such as a PBX, where, as shown by the linear mass attenua-

tion coefficients, differing rates of absorption may be calculated for each constituent. It is

foreseen that such a model would be complemented by Ab Initio calculations which can

be used to calculate rates of reaction and hence rates of formation of daughter products,

based on the calculated number of interactions resultant from the radiation field. Whilst

the generation of such a meso-scale model is interesting and would be based upon deter-

ministic modelling methods, it is beyond the scope of this work.

Upon consideration of the applicability and the strengths and weaknesses of the avail-

able computational methods, it was decided that modelling efforts would focus on Ab

Initio methods that can be used to directly predict the affect of gamma radiation on in-

dividual energetic molecules through predictions of ground, elevated and radical states.

Such calculations will provide electronic and nuclear structure information in addition to
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thermodynamic and spectral characteristics. It is acknowledged that this will omit the

ability to determine the effects of radiation on the crystalline structures of the selected

materials, but it is envisioned that once the effect of radiation has been determined on a

individual molecule basis at this high level of fidelity, results may be incorporated into a

larger simulation, perhaps utilising a molecular dynamics strategy, within future work.

Ab Initio modelling methods contain a significant number of sub-methods, often referred

to as “different levels of theory”, usually trading accuracy for computational demand. In

order to select the correct level of theory, a review of the available methods and their as-

sociated advantages and disadvantages is required.

3.2.1 Quantum chemistry methods

Quantum chemistry simulations typically focus on atomistic and molecular length scales,

where electronic and physical properties can be calculated by application of quantum

mechanics to describe fundamental interactions of electrons and nuclei within a system.

The foundation to this method is that each individual component can be represented as a

wave and as a particle, according to wave particle duality [54]. Each component may be

described according to its wavefunction ψ(r, t), a probabilistic description of a particle’s

location within an area of space. A measurable observable, such as energy, may be cal-

culated from a particle’s wavefunction by the use of operators and Schrödinger’s equation.

A unique operator is required for each observable, with the Hamiltonian H the corre-

sponding operator for energy. Schrödinger’s equation is considered solved when a wave-

function is operated upon and equates to the product of the observable and the wavefunc-

tion. Only for very simple models such as the hydrogen atom, can Schrödinger’s equation

be solved. For multi-bodied systems, approximation methods must be used [48]. Two

main methodologies are suitable for such approximations, these are variational and per-
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turbation methods, with one of the first successful models being the variational Hartree-

Fock method.

Hartree-Fock

The Hartree-Fock method calculates an approximation to the wave function of an atom,

or system of atoms, and applies it to Schrödinger’s equation in order to test the solution,

by calculation of the total energy of the system. Approximations to the wave function

are made in the stationary state where the affect of Coulombic forces through electron-

electron interactions (often referred to as electron correlation [48]) are not calculated ex-

plicitly; rather the average field of the system is used to account for this affect. It is for this

reason that the Hartree-Fock methods were originally called self-consistent field methods,

as the calculated solution to Schrödinger’s equation needed to be self-consistent with the

assumed initial mean electronic field [54, 48, 56].

This approximation of Columbic interactions is the key drawback of the Hartree-Fock

method, as is the method’s very poor rate of computational convergence for solutions,

yielding significant resource requirements for relatively simple calculations. The method

is also only capable of calculations based upon the ground state of an atom or system,

signifying that transition, and more importantly excited state calculations, are not valid

for this method, limiting the usefulness of this method.

Post-Hartree-Fock

The issue of explicit Colombic interactions within the Hartree-Fock method were over-

come using a selection of techniques collectively called post-Hartree-Fock methods. Each

of these techniques utilises different treatments of electron-electron quantum interactions

with the main three being Møller-Plesset Perturbation theory, Configuration Interaction



3.2. COMPUTATIONAL METHODS 63

and Coupled Cluster.

Møller-Plesset Perturbation Theory

Møller-Plesset Perturbation theory addresses the short-comings of the Hartree-Fock method

by explicitly calculating the affects of electron correlation by Rayleigh-Schrödinger Per-

turbation Theory, where the Hamiltonian operator H is broken down into an unperturbed

Ho and perturbed operator V . It is this perturbation which describes the electron corre-

lation within a system; where λ is a parameter which can vary between zero and unity,

describing how close the overall Hamiltonian is to the true solution.

The method can be used to calculate a variety of differing orders of electron correlation

correction, with the summation of the zeroth and first order-corrections corresponding to

the Hartree-Fock energy. It is therefore necessary to correct to at least the second level

(MP2) of Møller-Plesset perturbation theory [54, 48, 56, 57] in order to obtain any in-

crease in computational accuracy when compared to Hartree-Fock methods. Additional

levels of correction i.e. MP3 and MP4 offer increased accuracy due to the calculation and

incorporation of energies from triple and quadruple excitements; these calculations come

with a significantly higher computational cost.

Configuration Interaction

One of the most idealistic approaches to address the lack of electron correlation within

Hartree-Fock calculations is to include explicit excited states within the calculation of

the system. This is achieved by the representation of the wave function as a linear com-

bination of ground and excited state wave functions called configuration state functions

[48, 56, 58, 54]. Unfortunately such methods are incredibly computationally intensive

and are hence limited to very idealistic systems, ruling this method out for this study.

Reduced accuracy configuration interaction methods are also available and offer an at-
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tractive mid-ground when it comes to a trade off of accuracy and computational resource

time. These methods, such as CID (Configuration Interaction Doubles substitutions only)

and CISD (Configuration Interaction Single and Doubles substitutions only) essentially

limit the number of excitations that are included in the wave function. CID calculations

place a limit on double excitations only, whereas CISD calculations also include single

excitations [56, 58, 48, 54].

Coupled Cluster

This technique again accounts for electron correlation and is typically more accurate than

Configuration Interaction and Møller-Plesset Perturbation methods; with a comparable

resource requirement to the former [59]. Much like Configuration Interaction treatment,

excitations are limited to single, double, triplet and/or quartets, utilising a similar naming

convention, i.e. a coupled cluster calculation involving single, double and triplet substitu-

tions would be named CCSD(T), with parenthesis an indication of the triplet excitations

being treated by perturbation theory. While offering some of the most accurate results

available, the computational requirement is massive and therefore limited to simple sys-

tems and is therefore not applicable to this study.

Density Function Theory

The calculations considered so far (referred to either Hartree-Fock or post Hartree-Fock

methods) are based upon calculating the wavefunction for each individual electron within

a system; Density Function Theory (DFT) does not. The theory is based upon the knowl-

edge that the total spatially dependant electron density is related to the total electronic

energy of the system. As a result, DFT by itself, is significantly less accurate than the

other forementioned methods, unless only the simplest of systems, i.e. a Hydrogen atom,

is considered.
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The incorporation of mathematical descriptions (often called functionals) for electron

exchange and correlation, addresses this shortfall, whist maintaining computational ef-

ficiency. Some of the most accurate and up-to-date functional descriptions of electron

correlation and exchange are found in Metta-GGA (Generalised Gradient Approxima-

tion) functionals which contain the second derivative of electron density in addition to the

actual density and the first derivative of the corresponding electron-exchange potential, as

found in standard GGA functionals [48, 56, 60].

Taking these approximations further are hybrid functionals, where a proportion of the

electron exchange energy is calculated explicitly using Hartree-Fock methods, providing

some of the most accurate computational calculations available today with only a mod-

erate increase in computational demand over standard DFT. The Minnesota hybrid func-

tionals are examples of these cutting edge approximations, with the M06-HF functional

offering 100 % of the electron exchange energy being calculated using the Hartree-Fock

method. These are known to provide some of the most accurate data in computational

chemistry [61] with only a comparatively moderate computational cost which lends the

method to semi-complex systems, such as those being considered within this study.

3.2.2 Basis-sets

Computational chemistry calculations of all types require a mathematical formalisation

to describe the molecular orbitals being studied. This is typically achieved using basis

sets where mathematical functions (usually Gaussian) are used to describe molecular and

atomic orbitals. Basis sets vary from simplistic to complex, and can describe different

physical phenomena, i.e. the inclusion of polarisation and diffuse effects. Numerous ba-

sis sets exist [48, 59] and the selection must be driven by a trade off between accuracy,

computational efficiency and suitability. Numerous DFT calculations are reported in the
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literature using Pople basis sets such as 6-31 and 6-311++(d,p), as two common exam-

ples. These basis sets are considered to be reasonably accurate, with the latter being a split

valance triple zeta basis set with polarisation and diffuse descriptions for all elements [59].

Despite their complexity, Pople basis sets use a fixed number of functionals per orbital.

This was addressed by Thom Dunning who formalised his correlation consistent basis

sets, which are considered state of the art [48, 59, 56]. Designed to converge to an in-

finitely complex basis (aka complete basis set limit), these basis sets use extrapolation

techniques to calculate the number of functionals required to give results where the addi-

tion of more would not increase the accuracy of the calculation.

Like the Pople basis sets, various different flavours of the correlation consistent basis

sets exist, where additional physics, such as diffuse (necessary for describing ions) and

polarisation functionals (necessary for hydrogen bonding), can be added along with more

functionals for valence orbitals. It is noted that the triple zeta basis set offers significant

advantages over double in terms of accuracy. However, increasing numbers of functionals

for the valence electrons above three (i.e. triple) yields diminishing returns at significantly

increased computational cost [48, 56, 59].

3.2.3 Methods to approximate solid state

Computational chemistry calculations are normally undertaken on single molecules in

the gas phase where influence from surrounding molecules are not considered. Infer-

ring results from gas phase calculations for molecules that are in reality liquid or solid in

nature is a significant approximation and can cause considerable discrepancies between

computational and measured results. An example of this is often seen in optimised ge-

ometries, where different crystalline polymorphs, such as the boat configuration of the

alpha polymorph of the HMX molecule, may be calculated in the gas phase, rather than
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the chair configuration of the beta polymorph of the HMX molecule, that may be present

in the solid [62]. These alternative molecular geometries can give significantly differ-

ent electronic structures, which in turn may yield inaccurate thermodynamic and spectral

properties.

This does call into question the appropriateness of using data generated from calcula-

tions based upon structures optimised within the gas state, when in real life, the selected

molecules exist in the solid phase. The ideal solution is clearly the generation of an

optimised structure derived from the interactions bourn from explicit simulation of ev-

ery molecule within a typical unit cell of the solid, i.e. utilising such quantum chem-

istry calculations within a molecular dynamics simulation. As elucidated to earlier this is

prohibitively computationally expensive and beyond what is currently possible and why

most molecular dynamic simulations require a reduced mathematical treatment for each

molecule. However, as with most computational modelling methods, approximations can

be used in order to improve accuracy of a simulation at a palatable computational cost,

compared to that of the perfect explicit solution.

In the case of increasing the applicability of the gas phase computational chemistry cal-

culations mentioned so far, a few options exist, namely the ONIOM, periodic boundary

conditions (PBC) and implicit solvent methods. The first, ONIOM (short for our Own

N-layered Integrated molecular Orbital and Molecular mechanics) [63, 48] utilises a com-

bination of quantum chemical and molecular mechanics calculations, where molecule(s)

of interest are treated with a higher level of theory i.e. quantum chemical methods such

as DFT or HF, and surrounding bodies are treated with a lower level, i.e. molecular

mechanics. Whilst this approximation does close the gap between gas and solid phase

calculations, there is still a significant computational penalty associated with such a treat-

ment. This increased computational cost often results in the reduction in the complexity

of the quantum chemistry treatment of the problem, either with a reduced level of theory
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or a smaller basis set.

The second option is to utilise periodic boundary conditions, where molecules within the

unit cell of the crystal structure in question are used. These periodic boundary conditions

are effectively reflective and allow the approximation of the interactions of an infinite

number of adjacent unit cells on the individual molecular geometries being considered.

Whilst this method is perhaps the closest approximation to the solid state, again it has a

significant computational cost. This expense is not due to the method itself, but rather

the requirement to simulate the numerous molecules within a unit cell. As a result, due

to computational limitations, the level of theory and basis sets used is often significantly

reduced for all but the most simple of molecules.

The third option is to employ an implicit solvent method such as the Polarised continuum

model (PCM) [48, 64], where the influence of surrounding molecules is treated implicitly

rather than explicitly. Such an option is only applicable when the influence from surround-

ing bodies may be considered as an isotropic continuum. Originally developed to increase

the appropriateness of simulations of molecules within the liquid phase, the methodology

can be applied to the solid. One of the most attractive properties of this method is the

comparatively low additional computational cost over the previous two methods, permit-

ting high levels of theory and complex basis sets to be used.

3.3 Experimental methods

As with the experimental investigations undertaken in the literature, new irradiations and

subsequent analysis of materials that would support this study is subject to the availability

and suitability of available facilities and methods. This is particularly relevant to the irra-

diation of high explosives for two main reasons; firstly the provision of a facility in which



3.3. EXPERIMENTAL METHODS 69

explosives may be irradiated safely and legally is very difficult and only a few facilities

in the world offer such an opportunity and secondly, the inability to transport irradiated

explosives to other facilities for analysis as they are considered insulted. Resultantly, ex-

perimental investigations are limited to those available at Cranfield University’s Shriven-

ham campus, which has a comprehensive analytical capability and a facility called the J.J.

Thomson facility where the exposure of high explosives to gamma radiation is possible.

3.3.1 J.J. Thomson facility and cobalt-60

The JJ-Thomson cobalt-60 irradiation facility at the Shrivenham Campus, which is co-

located at the Defence Academy of the United Kingdom shown in Figure 3.14, was used

throughout this project to expose the selected materials to known doses of gamma radia-

tion. The facility houses an irradiation cell that contains an array of cobalt-60 rods within

a cylindrical aluminium vessel which, due to the close proximity of the individual rods,

may be treated as a single point source that is capable (at the time of writing) of dose rates

up to a 1 kGy per hour, equivalent to water.
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Figure 3.14: JJ-Thomson irradiation facility

Cobalt-60 is a synthetic isotope of cobalt and is not found naturally. The radionuclide

is produced by the neutron activation of cobalt-59, with the resultant isotope decaying

via beta(-) and gamma radiation to nickel-60 over a comparatively short half-life of ap-

proximately 5.3 years. The decay, as shown in Figure 3.15, results in an almost equal

distribution of two gamma quanta with energies of 1.17 MeV and 1.33 MeV; due to this

equal distribution, the gamma energy of cobalt-60 is often quoted as 1.25 MeV [43].

Beta(-) emission consists of an electron and an anti-electron neutrino, which may cause

concern that such particles generated from the cobalt-60 source may interact with exposed

materials. However, these concerns are unfounded as the emitted electron interacts very

readily with matter and hence has a very large probability of being captured by the alu-

minium containment can, whereas the anti-electron neutrino almost doesn’t interact with

matter implying that it will be released from the can, but it is very unlikely to interact with

exposed material [12]. For these reasons, the Cobalt-60 source within the JJ-Thomson fa-

cility can essentially be treated as a pure point source of gamma radiation.
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Figure 3.15: Cobalt-60 decay Scheme [65]

The decay of radioisotopes by disintegration cannot be slowed, stopped or accelerated,

the rate is fixed and is described by the material’s half life and an exponential decay law.

Cobalt-60 is no exception, and therefore the activity of the source within the JJ-Thomson

is also fixed at a given time. Resultantly the only pragmatic way to control the exposure is

to increase or decrease the distance between the sample and the source, as radiation flux

approximately (i.e. not considering interactions with air) obeys the inverse square law

where an increase of 10 times the distance would yield a 100 times reduction. In order to

control the distance and hence the radiation environment, samples need to be secured ap-

propriately using a repeatable and safe method. Such a method has already been designed

and developed for use with explosive materials within the facility.

Sample containment

Connors and Padfield [43, 66, 51, 49] both utilised the JJ-Thomson facility for their exper-

iments which considered the effect of radiation on various explosive and inert materials.

Padfield initially designed an explosives containment unit that would safely house small

quantities of energetic materials (0.75g NEQ), that if initiated accidentally would pose no

danger to the radiation source. Within the explosive containment unit itself, samples were
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held inside typical analytical glassware sealed with a polymer septum that often degraded

under long durations of radiation exposure, causing gaseous leaks.

Connors took this design and refined it, opting for bespoke glass ampoules, as shown

in Figure 3.16, that were individually flame sealed, offering more durability than the

polymer septum seals used by Padfield permitting a much stronger and more permanent

vacuum to be placed within the ampoule. This design also benefited from a “fine glass

break tube” which permitted gas sampling of the head space by analytical means.

Figure 3.16: Glass ampoule (taken from [43])

The design of the explosive containment units remained mostly unchanged from Pad-

field’s and featured a dual ammunition box construction, Figure 3.17, with a heater plate

within the inner container, Figure 3.18, allowing the temperature of any irradiations to be

controlled by a control box unit connected to a thermocouple within the inner container.

As with Padfield’s design, space between the ammunition boxes was again filled with ver-

miculite, used as a blast mitigant, to reduce the effect in the event of an accidental ignition.

However, during his design work, Connors also took the opportunity to up-rate the explo-

sive containment units by undertaking some live trials which proved that if five grams of

explosive material were spontaneously detonated, both inner and outer ammunition con-
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tainers become distorted, but remained intact and contained the explosion without rupture.

Figure 3.17: Full containment unit (taken from [43])

Figure 3.18: Schematic of inner containment unit (taken from [43])

Of primary concern when irradiating explosive samples within the JJ-Thomson facility

is an incident which would cause either dispersion of the radionuclide or the failure of

the retraction mechanism used to bring the cobalt-60 rods into and out of the aluminium

retaining can; this is the mechanism that shields the source which negates the significant

majority of radiation within the cell. Whilst a dispersion incident is highly improbable
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and mitigated by the use of gram quantities of explosives, the impingement of the can

resultant from the deformation of the outer ammunition container was seen as a much

more likely outcome. Connors foresaw this, and took measurements of the maximum

deformation of the outer explosive container during his live trials. He reasoned that by

limiting the maximum quantity of explosives per box to 4 grams within the JJ-Thomson

facility (i.e. one less than what was undertaken in the live trial) the deformation of the

outer ammunition can within the JJ-Thomson facility would be less than the live trial.

Therefore, by applying a minimum distant requirement of 5 cm between the source can

and the outer side of ammunition box greater than that seen in the deformation of box

from the live trial of 1 cm, the risk to the source would be acceptably small. As the dose

rate within the JJ-Thomson facility is controlled by distance alone, this effectively limits

the maximum possible dose rate which an explosive sample can experience.

3.3.2 Analytical methods

Differential scanning calorimetry (DSC)

DSC is a standard thermal analysis tool that enables the direct heating of both a sample

and a known reference in order to accurately determine the thermal properties of the sam-

ple, including onset and peak temperatures of thermal transitions. Changes in a material’s

chemical structure and chemistry often have a significant effect on a material’s thermal

properties, and as such DSC offers an excellent tool for identifying potential changes in

an material, induced through radiation.

High performance liquid chromatography (HPLC)

HPLC is a wet chemistry analytical method that separates different molecular species

contained within a liquid phase. This is achieved by passing the solution through a col-
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umn which is packed with a medium designed to interact with the constituent molecules

at differing extents, depending on each molecule’s chemistry. The methodology lends

itself very well to the separation of organic substances and is often used to detect trace

explosives for forensic applications. This ability of the technique to separate out trace

quantities of molecular species is very useful for the analysis of daughter products poten-

tially induced by radiation that if generated, are likely to be in low concentration. The

analysis of separated molecular species is then achieved by a detector(s), for which both

UV-Vis and MS are available.

The UV-Vis light detector provides evidence as to the number of species within an elute,

and can therefore be used qualitatively to ascertain if a daughter product has formed as

a result of radiation, assuming the species have been separated. The detector may also

provide electronic structure data that may be used as evidence alongside the TD-DFT

analysis undertaken computationally.

The MS detector allows the determination of molecular masses of species eluted from

the HPLC column. This is achieved by the ionisation of the molecules in question and the

subsequent application of an electric field used to accelerate the ions towards a magnetic

field that affects the trajectory of each molecule according to its mass and charge. The

method of ionisation is very important with hard ionisation causing fragmentation of the

eluted molecules, which requires significant analysis effort to hypothesise what the initial

molecule was. Soft ionization, such as positive and negative electrospray, uses a high

voltage electric field to cause droplets of ions to move towards the mass spectrometer.

Negative and positive electrospray does not usually cause fragmentation, and therefore

permits identification of a molecule much more easily. However, the ionisation process

itself is complex, with positive mode requiring a reduced pH to encourage protonation and

resultant ion formation, whereas the negative electrospray methodology utilises a much

higher pH to cause de-protonation.
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Gas chromatography - mass spectrometry (GC-MS)

GC-MS is an analogous technique to LC-MS, where typically gas samples are separated

using specialised gas chromatography columns which can then be eluted into a mass spec-

trometer for analysis. The method is typically used to separate volatile, gaseous compo-

nents either by direct injection of a gaseous specimen or by the injection of a specimen

dissolved in a solvent, which is subsequently vaporised, usually by a hot filament. Un-

fortunately HMX, TATB and PETN are not suitable for direct liquid injection, as they are

either too unstable (HMX and PETN) or too insoluble (TATB) for the method to work.

The method is however more suitable for analysing head space gasses, such as those

present within irradiation ampoules.

Nuclear magnetic resonance (NMR) spectroscopy

NMR is a spectroscopy technique used to fingerprint chemical compounds according to

local magnetic fields resultant from unpaired nuclear spin. Typically, as with electrons,

proton spins pair up in an opposing (anti-parallel) direction, in order to minimise the net

angular momentum of the spin system of that atom, hence producing a lower and more

favourable energy state. The same occurs for neutrons, however despite protons and neu-

trons aligning against themselves in an anti-parallel manner, protons and neutrons align

their spins together in a parallel direction due to the quark structure of each nucleon.

The result is a net spin of zero for atoms with an even number of protons and neutrons, but

more importantly a non zero value for atoms with an uneven number of these nucleons.

NMR spectroscopy is hence limited to species with unpaired nuclear systems, with proton

(hydrogen), carbon-13 and nitrogen-15 often used in organic material analysis.

Nuclear spins, just like electron spins, have directionality and can therefore occupy ei-

ther a spin up or spin down state, usually denoted by a plus or a minus in front of the

spin quantum number i.e. for a half spin system s = +1/2 or s = -1/2, there is no net
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energy difference between these two states. In cases where an atom has a non-zero value

of nuclear spin, it will also have a non-zero magnetic dipole moment. This is exploited

for NMR spectroscopy where unpaired spins within a sample can align parallel (lowest

energy state) or anti parallel (higher energy state) to an applied external magnetic field, as

shown in Figure 3.19.

Figure 3.19: NMR energy level splitting (taken from [67])

Electromagnetic radiation can be absorbed by such systems in the presence of a magnetic

field, causing the unpaired nuclear spins to align anti-parallel and thus occupy the higher

energy level. The frequency of the absorbed electromagnetic radiation is a function of

the strength of the applied magnetic field and is typically in the radio wave region of the

electromagnetic spectrum. In order to exploit this phenomenon for spectroscopy, a sam-

ple is usually pulsed with a broad spectrum of radio waves, whilst a static magnetic field

is applied. Unpaired nuclear states will absorb and emit radio waves at a specific resonant

frequency that is dependant on the applied filed. In a sample with numerous different

nuclear spins, this will cause as many simultaneous absorptions and emissions of char-

acteristic radio waves. This complex spectra is then processed as a Fourier series which

separates out the individual absorbed radio wave frequencies into a characteristic spectra.

The characteristics of the resultant NMR spectra come from shielding, where the local
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electronic structure of a molecule changes the energy levels between the nuclear spin

states of an atom relative to the same type of atom on a dissimilar molecule. Without this

phenomena, the NMR signal generated by an atom from one molecule would be identical

to that of the same atom on a dissimilar molecule, significantly reducing the usefulness

of this technique. The generation of characteristic spectra is very useful for identify-

ing possible daughter products generated, however NMR is not particularly sensitive for

analysing impurities, and samples must be dissolved into a solvent, as solid state NMR

is not locally available. This presents problems for materials that are particularly insolu-

ble, such as TATB. Additionally, as HMX, PETN and TATB are solids, it is possible that

changes induced through irradiation may be altered or lost by dissolution of the materials

within a solvent.

Electron spin resonance (ESR)

Electron Spin Resonance which is also known as Electron Paramagnetic Resonance (EPR)

is an analogous analytical technique to NMR, but quantifies the effect of unpaired electron

rather than unpaired nuclear spin. In instances where electrons are unpaired, for example

in free radicals, the subatomic particle will have a non-zero magnetic moment which, by

the application of a magnetic field, can have its energy levels split in the same manner as

NMR, i.e. Figure 3.19. Resonant electromagnetic radiation, in this case microwave rather

than radio, can be absorbed by an unpaired electron, which is again a function of the the

magnetic field strength. Much like NMR, the spectral characteristics which aid identifica-

tion come from the interaction of the unpaired spin with local environments, in this case,

the interaction between the unpaired electron and nuclear spins, called hyperfine coupling.

There are many combinations of microwave frequency and magnetic field strength that

can yield an electron resonance and hence produce an ESR signal, which can significantly

complicate identification. As a result, most modern ESR spectrometry is undertaken at
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either a fixed microwave frequency and with swept magnetic field, or the opposite; the

former is available for solids, liquids and gaseous samples using an X-Band microwave

source.

One of the key advantages of ESR spectrometry is its sensitivity, with the ability to gener-

ate spectra for paramagnetic species in very low concentrations. This is partly due to the

lack of competing signals and subsequent noise generation as other paramagnetic bodies

are unlikely to occur naturally for long lifetimes, unlike NMR where there is a natural

abundance of unpaired nuclear spins (especially for protons), for even for the most well

controlled specimens.
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Chapter 4

Computational Investigation

Suitable calculations need to be selected in order to support the research topic presented

within this thesis. As previously mentioned, computational chemistry can be used to

calculate characteristic electronic spectra, as well as thermodynamic properties. Unfor-

tunately, no computational chemistry method is available that directly predicts the prod-

uct(s) resultant from ionisation of a molecule. Rather, by using chemical understanding,

literature review and experimental evidence, the thermodynamic properties and electronic

spectra of a selection of potential daughter products (as well as the parent molecule) can

be calculated, in order to assess if they are credible products resultant from ionisation. It

is acknowledged that there is a shortcoming in the method, as potential daughter prod-

ucts/species may be overlooked and hence not considered, which may cause the incorrect

conclusion to be drawn. There is no solution to this potential shortcoming other than to

try and cover as many possible relevant daughter products that time permits in order to

minimise the risk.

All calculations need to be available within a suitable software package in order to im-

plement them for the study. Gaussian 16 a.03 [68] was utilised for all computational

chemistry calculations with results visualised within the GaussView 6 [69], unless other-

wise stated.

81
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4.1 Optimisation

Computational chemistry calculations are based heavily upon the geometry and structure

of the molecule in question. As a result, calculations need to be undertaken on molecules

that have the most appropriate geometry and structure to real life as possible. As such,

one of the first calculations that must be undertaken is a geometry optimisation, where the

structure of a molecule is adjusted using the requested method, level of theory and basis

set, in order to find a minimum in terms of the molecule’s potential energy, as described

by the net force and displacement across the molecule.

Spin-state and charge also need to be considered and separate optimisations are required

for similar molecules that differ in these parameters, as the resultant structure and geom-

etry will be significantly different, i.e. HMX in the ground state and HMX excited to the

first triplet state require separate optimisations prior to any further calculation. This has an

obvious impact when considering possible daughter products generated by fragmentation

of an ionic parent molecule due to charge convention. In the case of an ionised molecule

fragmenting into two species, it is unknown which species will remain charged, therefore

optimisations (and subsequent calculations) will need to be undertaken for each daughter

species and fragment in each possible spin-state, significantly increasing the number of

molecules being optimised.

In addition to providing the correct structure for subsequent calculations, geometry op-

timisations of radical species will, by their very nature, identify the most energetically

favourable location for the radical to be located on the molecule in question. This is

achieved without inputting any information that may bias the outcome other than that the

molecule is a radical by simply selecting the correct charge and spin-state of the molecule.
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In the case of ionisation through gamma radiation, this results (prior to fragmentation) in

ionic radicals that are in the doublet state (spin multiplicity of 2) which have a charge of

+1.

The location of the radical (visualised by subsequent calculations that generate anisotropic

hyperfine coupling) on the resultant optimised parent molecule can then be used to sug-

gest which bonds may break/rearrange forming daughter products through fragmentation

and/or rearrangement. Using this methodology to predict potential mechanisms does have

a key approximation, in that upon ionisation the parent molecule undergoes internal re-

arrangement to the ground state of the ionised molecule, prior to any fragmentation. De-

spite the random nature of gamma radiation (i.e. any electron including non-valence could

be removed upon interaction), this approximation is believed to be sound, especially for

TATB where the conjugated system permits a radical resonance that induces stability [41].

In the case of a non-valence electron being removed, is it well documented through the

Franck-Condon principle [52] that a valence electron can replace the lower energy orbital

(through mechanisms such as florescence which may cause secondary interactions) much

faster than a molecule may re-arrange, i.e. valence and non-valence ionisations can be

treated the same.

The optimisation of a molecule is non-trivial and is heavily dependant on the starting

structure of the molecule, level of theory, basis sets and shallowness of the potential en-

ergy surface. Optimisations are typically achieved by guessing the molecular geometry

based upon a starting structure and a matrix of the second-order partial derivatives of the

energy function of the molecule, also known as the Hessian matrix. Optimisations are

usually undertaken with an approximation of a molecule’s Hessian matrix, which typ-

ically proves effective. However, in difficult cases i.e. radical, ionic and other highly

stressed states, the approximation may not be suitable and can often yield failed optimi-

sations. In such cases, the explicit calculation of the Hessian matrix may be required for
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each guessed structure to achieve optimisation; this is very computationally expensive. A

somewhat less demanding methodology is to calculate the explicit Hessian matrix for the

initial starting structure only i.e. not the subsequent guess, which may result in a con-

verged optimisation.

Symmetry is often used in computational chemistry to reduce the cost of each calcula-

tion by only requiring analysis of a portion of a molecule. Whist this method is useful, it

can often yield failed optimisations, where such a treatment causes the global minima on

a molecule’s potential energy surface to be missed. In order to ensure that optimisations

(and subsequent calculations) are successful, symmetry was explicitly ignored for all cal-

culations.

Molecular optimisations require target parameters in order to define whether or not a

molecule is optimised. This is typically related to the potential energy of the molecule,

more specifically the net force and displacement across the molecule, with values closer

to zero indicating a higher probability that a minima has been achieved. Tightening the

convergence criteria therefore has obvious benefits in that the resultant geometry should

yield more accurate structure and results in subsequent calculations, but will require addi-

tional computational resources. Gaussian 16 permits three pre-set values of convergence

tightness (standard, tight and very-tight) against four parameters; force, displacement,

Root Mean Squared (RMS) force and RMS displacement, with very tight being the most

desirable.

Due to the trade-off between accuracy, computational resources and the importance of ge-

ometry, optimisations are often completed using a stepwise methodology, gradually build-

ing the complexity until optimisation is achieved at the desired level. Where optimisations

fail, the Hessian of the starting structure shall be explicitly calculated and the optimisa-

tion re-attempted. If this fails, the matrix shall be re-calculated at every guessed structure
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within the optimisation. Resultantly, every selected molecule will be optimised using the

following stepwise method towards the desired level of theory (DFT using MH06-HF hy-

brid functionals) using the selected target triple zeta basis set (Dunning’s aug-cc-pVTZ)

and achieving a very-tight level of convergence.

1. Optimise to a tight criteria using the Semi-Empirical (PM6) Level of theory [48]

2. Optimise to a tight criteria using the DFT (MH06-HF) level of theory and Pople

Basis set 6-31

3. Optimise to a ttight criteria using the DFT (MH06-HF) level of theory and Pople

Basis set 6-311++g(d,p)

4. Optimise to a very tight criteria using the DFT (MH06-HF) level of theory and

Dunning Basis set aug-cc-pVTZ

A further consideration for optimisation (and subsequent calculations) is the use of re-

stricted and unrestricted methods. In cases where there are unpaired electrons within

a molecule, by definition there will be molecular orbitals that are singularly occupied.

Conversely, in cases where all electrons are paired, all molecular orbitals will be fully

occupied. Where there are singularly occupied orbitals i.e. radicals, these must be treated

with unrestricted methods as restricted methods will not account for the unpaired orbital,

slightly increasing the computational requirement.

After the successful optimisation of a molecule, it will then be analysed vibrationally

to confirm that the optimisation was successful.

4.2 Vibrational

The vibrational analysis of the structure/bonds of a molecule that has been successfully

optimised, affords two pieces of vital information; the thermodynamic, and IR absorption
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properties of the molecule. Of primary importance are the IR absorption properties as, in

addition to providing an excellent fingerprint of the molecule’s electronic structure, they

permit a check as to whether or not the prior optimisation was successful. This check

is achieved by the consideration of any negative or imaginary frequencies resultant from

the vibrational analysis. If one such frequency is observed this is typically indicative of a

transition state [48]; any more than one imaginary frequency suggests that the structure is

non physical.

As transition states are not being considered, any vibrational analyses resulting in one

or more negative/imaginary frequencies are considered not to be representative and must

be re-optimised and re-analysed vibrationally until no such frequencies exist. The chance

of negative/imaginary frequencies being present is related to how representative the struc-

ture is to ideal, and is hence why the optimisation convergence is tightened prior to this

and other subsequent calculations.

In order to ensure accuracy and a true test of a molecule’s structure, the vibrational anal-

ysis must be undertaken using the same level of theory and basis sets as those used to

optimise the structure, i.e. DFT (MH06-HF) and aug-cc-pVTZ basis set.

If the vibrational analysis proves the optimised structure to be sound, then the thermo-

dynamic properties, also calculated as part of the vibrational analysis, can be assumed

to be representative for the molecule. Thermodynamic calculations have been used in

computational chemistry for a number of years, with rates of reaction, heats of formation

and activation energies all being readily calculable. These methods can be used to predict

daughter product speciation based upon favourable thermodynamic properties between

parent and daughter molecules, i.e. where the net enthalpy of reaction is negative, and

therefore contributes rather than requires energy from the system.
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In quantum chemistry these calculations are reasonably easy, as contributions from ro-

tation, vibration, translation and electronic motion are afforded through vibrational anal-

ysis. Therefore calculating the enthalpy and/or free energy of reaction can be undertaken

using simple addition and subtraction according to Equation 4.1. Careful selection of the

correct contribution must be made in order to calculate the correct property. For heats

of formation, the sum of the calculated electronic ε0 and thermal enthalpies HCorr should

be used and for the free energy of reaction, the sum of the calculated electronic ε0 and

thermal free energies GCorr should be used, as described within [70].

∆rH
◦ = ∑

Products

∆ f H◦
Prod − ∑

Reactants

∆ f H◦
React (4.1)

Using this methodology, purported reactions can be tested to see if they are thermodynam-

ically favourable. However, as previously mentioned, this research considers ionisation

processes and as such, consideration must be given to the spin-state and charge of any

molecule being tested. Calculation of the thermodynamics of the optimised ground state

of the parent explosive materials and their ionic radical counterparts, does not offer any

insight into potential daughter product speciation, however it does provide a measure as

to the amount of energy required to ionise each molecule, i.e. the ionisation potential

energy. This does provide useful insight as to the lowest amount of energy required to

ionise the parent explosive.

4.3 Electronic

After successful optimisation and vibrational analysis, electronic properties (in addition

to the IR) may be calculated based upon the optimised structure. This may be used along-

side experimental evidence to elucidate any daughter product speciation resultant from

the ionisation of a parent molecule. Of particular note is the provision of nuclear spin

data (hydrogen, carbon, nitrogen, oxygen) that may be determined experimentally using
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a NMR spectrometer. Anisotropic electron spin data can also be calculated which may be

measured using an Electron Spin Resonance (ESR) spectrometer (also known as Electron

Paramagnetic Resonance (EPR) spectrometer). UV-Vis light absorption data (UV-Vis)

can also be calculated and may be measured by a spectrometer; this is is of particular

importance for TATB as a colour change is well documented.

4.3.1 Nuclear magnetic resonance (NMR)

NMR shielding tensors may be calculated for each optimised structure utilising the same

level of theory and basis set as that used to optimise. The Gauge-Independent Atomic

Orbital (GIAO) method was selected (default in Gaussian 16) as it is acknowledged to

provide accurate results as long as the initial optimisation was undertaken at a sufficiently

high level of theory. As with experimental NMR, a suitable reference is required in order

to calculate the chemical shifts of the molecule with respect to that reference. For hydro-

gen and carbon, the standard Gaussian 16 tetramethylsilane (TMS) reference was used.

For nitrogen, the standard Gaussian 16 ammonia (HN3) reference was used. Although

rarely used, for oxygen, the standard Gaussian 16 water (H20) was used. Each of these

standards were available pre-optimised using DFT, the B3YLP hybrid functional and the

Pople 6-311+g(2d,p) basis set.

4.3.2 Electron spin resonance

The anisotropic hyperfine coupling and electron spin g tensors may be calculated for

molecules that have a non-zero net electron spin. The computation of such parameters

affords two key pieces of information; firstly an ability to generate an ESR spectra which

may be used alongside experimental evidence to fingerprint radicals (such as those poten-

tially generated through gamma ray irradiation) and secondly, the ability to identify the

potential location of the radical on the molecule in question after optimisation.
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The same level of theory (DFT MH06-HF) may be used to calculate the various ESR

electrostatic properties, however an ESR specific basis set should be used in order for

calculations to be as representative as possible. This is an acknowledged departure from

using Dunning’s correlation consistent basis sets. However, as with the vibrational and

NMR analysis, the ESR specific basis sets are simply testing the structure which has been

optimised using the complex Dunning basis set. The basis set selected for the analysis

needed to be compatible with DFT and resultantly the double zeta with polarisation func-

tionals of Barone [71] called EPR-II, was selected. As with all other computational chem-

istry calculations so far, the various ESR constants may be calculated using the Gaussian

16 software package [68], however the visualisation of the radical location and the gener-

ation of an ESR spectrum is not possible in the GaussView visualisation software [69].

In order to visualise the location of the radical, a piece of software called Spinach [72]

may be utilised to read the output of any ESR calculations undertaken with Gaussian 16.

Both nuclear (NMR) and electron (ESR) couplings (J and Hyperfine) may be read into

the software along with other related data (chemical shifts and the G-Tensor), allowing

visualisation of both phenomena. However, the ESR properties (anisotropic hyperfine

coupling constants and the g tensor) are of main interest for this calculation to enable

radical location identification. This is highlighted in Figure 4.1, where the nuclear and

electron spin couplings can be visualised for the neutral Phenyl radical.
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Figure 4.1: J-coupling (blue) and hyperfine coupling (orange) of the phenyl neutral

radical [72]

Care must be taken upon the interpretation of results from Spinach, as it generates anisotropic

hyperfine tensors based upon isotopes of atoms, and does not take into account relative

abundance. Consider the phenyl radical example in Figure 4.1, an unpaired electron re-

quires a non-zero nuclear spin in-order to interact, carbon-12 has a net nuclear spin of

zero and therefore would give rise to no hyperfine coupling. Its isotope carbon-13, on the

other hand, does have a net nuclear spin of I = 1/2 and therefore can give rise to hyperfine

coupling interactions.

By default, Spinach assumes that all atoms are in an isotopic state such that it will lead

to the generation of hyperfine coupling interactions. This can be corrected by normalis-

ing the coupling against the relative abundance of each isotope. An example of this is

shown in Figure 4.2, where it can be seen that once relative atomic abundance is taken

into account, the majority of hyperfine coupling originates from the unpaired spins of the

hydrogen atoms.
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Figure 4.2: Corrected hyperfine coupling of phenyl neutral radical

The generation of uncorrected hyperfine coupling tensors is actually very useful as it does

provide excellent evidence as to the location of the radical. This is because hyperfine

coupling will be greatest the closer a radical is to a body with unpaired nuclear spin.

Therefore the strongest hyperfine couplings will occur when a radical interacts with its

own unpaired nuclear spin. Without the utilisation of isotopes, this detail would be missed

for atoms that are abundant with no net nuclear spin, for example carbon-12 or oxygen-16.

The generation of predicted ESR spectra for radical molecules is also very valuable, af-

fording useful comparisons to those typically obtained experimentally using ESR spec-

trometers. As with the generation of the visualisations of the nuclear and electron cou-

plings, this cannot be achieved within the Gaussian software. Such simulated spectra can

however be obtained through a MATLAB [73] toolbox called EasySpin [74], which can

take the various electrostatic parameters from the ESR calculation, as well as experimen-

tal parameters such as spectrometer characteristics.
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EasySpin [74] has a selection of different simulation functions available, which differ

in applicability based on the type of analysis required. The pepper function was selected

for all analyses as this is most suitable for the measurements and materials that are de-

tailed within the latter experimental section, i.e. the generation of continuous wave (CW)

ESR spectra for powders and crystals.

EasySpin computes the predicted ESR spectra based on each molecule’s spin system,

the so called g value and associated anisotropic hyperfine coupling. This is quite simple

for isotropic systems which can be defined by single values for these three parameters,

however this is a significant simplification and not applicable to complex systems such

as the ionic radical species being considered. Resultantly the full g and hyperfine tensors

calculated by Gaussian need to be utilised.

This does however come with a significant computational penalty and is practically im-

possible to calculate if contributions from the electron systems of each atom is considered

for systems containing more than 6-7 atoms. A compromise needs to be achieved between

treating the molecule isotropically versus using the anisotropic hyperfine tensor of each

atom’s electronic spin system.

This can be achieved by using the full g and hyperfine tensors but only for electron sys-

tems with significantly large anisotropic hyperfine coupling values within the tensor, i.e.

only considering electron systems that have a significant contribution to the resultant sig-

nal. This methodology permits the calculation of an ESR signal using the full detail of

the electronic systems of key atoms rather than significantly simplifying the electronic

structures of every atom, of which the majority have little to no influence on the resultant

signal.

An example of this is shown in Figure 4.3 where the top most spectra is generated from
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the hyperfine coupling of the two closest (to the radical centre) hydrogen atoms only, with

the bottom most spectra considering all five hydrogen atoms. It can be seen that the spec-

tra are quite different.
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(a) Non-complex ESR spectra

(b) Complex ESR spectra

Figure 4.3: Comparative predictive spectra of the phenyl radical
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In addition to experimental parameters, EasySpin [74] requires a finite value of line broad-

ening, otherwise the calculated spectra will be infinity sharp and uncharacteristic of real

life measured spectra. This is quite a subjective parameter and care needs to be taken not

to under or over broaden the calculated spectra. For all calculations, these broadenings

must be considered on an individual basis, and shall be treated isotropically and defined

by the peak-to-peak distance between the first derivative of the spectra.

An example of an over-broadened spectra can be seen in Figure 4.4, which is derived

from the same hyperfine coupling contributions and g-tensor of the five hydrogen atoms

that generated the spectra seen in Figure 4.3b.

Figure 4.4: Over broadened predicted ESR spectra of phenyl radical
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4.3.3 UV-VIS

The UV-Vis absorption spectra of predicted species can provide additional evidence that

may be used alongside experimental data. There are numerous computational methods for

obtaining the UV spectra, the vast majority of which are based upon the Franck-Cordon

principle [48] which states that electron excitation/de-excitation processes occur within

a molecule over such small time scales, that the geometry and structure of the molecule

remains unchanged throughout the process. This approximation is key in permitting the

calculation of electronically excited states of molecules based on the optimised structure

of the molecule in its ground state. Without this approximation, such a calculation would

require optimised structures for each electronically excited state, massively increasing the

computational cost to the point of it being out of reach, except for only the most simple

of systems.

There are four main types of calculation available in order to generate the UV-Vis absorp-

tion properties of a molecule; Semi-Empirical, Configuration Interaction (singlet excita-

tions only) (CIS), Time Dependant Hartree-Fock (TD-HF), and Time Dependant Density

Functional Theory (TD-DFT).

Semi-empirical calculations, such as those undertaken by Manaa [46] are of comparably

low accuracy, with CIS, TD-HF and TD-DFT methods considered to be significantly more

accurate [48]. However, for open shell systems such as radicals that require unrestricted

methods, errors become significant for calculations undertaken at the semi-empirical, CIS

and TD-HF level of theory and are much more acceptable for TD-DFT [48, 75]. In addi-

tion to this advantage, all ground state optimisations are undertaken using DFT, meaning

that all structures would not need to be re-optimised at a different level of theory in order

to obtain an accurate UV-Vis spectra. It was therefore concluded that the same level of

theory, DFT, including electron-exchange hybrid functional MH06-HF, would be utilised

for the required time dependant calculations.
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One of the key questions with excited state calculations is the type and number required to

be calculated. In real life, there are a huge number of potential excited states that an elec-

tron can be promoted to; calculation of all of these states is computationally prohibitive

and almost impossible for all but the most simple of molecules. A compromise therefore

needed to be achieved between the low fidelity pre-set of Gaussian (six singlet states) and

the attempted calculation of all states. This compromise was the computation of the first

fifty excited states, equally split between singlet and triplet excitations i.e. twenty five of

each. This does not necessarily mean that the first fifty states are real and some calculated

transitions may have a zero intensity, indicating that they are quantum mechanically for-

bidden. Therefore the correct interpretation of the simulation is that the first twenty five

states are tested in both the singlet and triplet state to see if they are real. If they are, the

corresponding absorption wavelength and magnitude are calculated, and spectra provided.

4.4 Approximation of solid state

One of the key advantages of employing an implicit (i.e. PCM) method vs explicit (i.e.

ONIOM, PBC), is that the computational cost is comparatively minute, permitting the

treatment of a molecule with very high levels of accuracy. However the disadvantage is

that phenomena such as directional specific interactions, such as pi stacking, which is a

known for TATB, will be treated as a unidirectional average interaction. Consideration

was given to all methods, and despite the disadvantage of the implicit solvent method,

its advantages of using a higher level of theory and reduced computational requirements

(especially considering the number of molecules requiring simulation) led to its selection

over the ONIOM and periodic boundary conditions.

For explosive molecules that are part of complex crystal structures consisting of massive
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numbers of identical molecules in every direction, this is believed to be a fair approxi-

mation to determine thermodynamic and spectral properties. It is acknowledged that as

daughter products and possible crystal defects grow with increasing radiation dose, this

approximation may become less suitable and molecular dynamic simulations more so. It

is envisaged that the utilisation of implicit solvent methods on individual molecules will

be utilised to ascertain the main interactions of gamma radiation on the selected materi-

als, with the results of this study informing future work that is beyond this study, which

can then focus on a reduced number of molecules using either molecular dynamics or

ONIOM/PBC methods, with high levels of quantum mechanical treatments.

Specifically, the implicit solvent method selected was the Polarisable Continuum Model

which considers contributions from electrostatic, dispersion-repulsion and cavitation, due

to its relative simplicity and availability within Gaussian for DFT (and HF) methods. The

required inputs for the model are the solvent’s stoichiometry, used alongside the Universal

Force Field method [48] to calculate the cavitation radius, and the dielectric properties ε0

of the solvent. Literature values were obtained for TATB [76], HMX [77]and PETN [77]

and are shown in the below Table 4.1. For vibrational calculations only, the dynamic di-

electric properties ε are also required, however, these could not be found in the literature

for these materials, and as such were approximated to the static dielectric constant.

Name Stoichiometry ε/ε0

TATB C6H6N6O6 4.0

HMX C4H8N8O8 3.81

PETN C5H8N4O12 2.71

Table 4.1: PCM model parameters

In an effort to understand the impact of applying the implicit solvent approximation, all

calculations were undertaken in both the gas and pseudo solid state, effectively doubling
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the required number of calculations for each molecule.

4.5 Employed process flow for computational investiga-

tion

Figure 4.5 shows a summary process flow for the computational chemistry calculations.

Steps 1 and 2 are required for each molecule, however step 3 is discretionary and appli-

cable to select molecules, i.e. ESR calculations shall only be undertaken on species with

unpaired electron systems and UV-VIS calculations on materials with a suspected chro-

mophore.

Figure 4.5: Modelling flow diagram



100 CHAPTER 4. COMPUTATIONAL INVESTIGATION

4.6 Selected molecules

As alluded to previously, no computational method exists that will predict the decompo-

sition mechanisms or resultant product(s) from gamma ray ionisation, rather a selection

of daughter products need to be tested to see if the thermodynamics are favourable for

them to exist. This information, coupled with any derived electronic structure data, and

corroborating experimental data ultimately provides evidence that a purported mechanism

and daughter product is real. Resultantly, a list of molecules was generated from as many

literature sources as possible in order to determine the most likely daughter product(s)

and mechanism resultant from ionisation of the three parent molecules, TATB, HMX and

PETN.

As charge must be conserved, any decomposition product(s) resultant from gamma ray

ionisation must be positively charged. This net charge must remain as further decompo-

sition steps occur. However, in cases where fragmentation occurs, it is unknown which

fragment will retain the charge and which will not. As a result each fragment will need

to be simulated in each state, with the combination yielding the most favourable thermo-

dynamics the most likely. This causes a significant increase in the number of molecules

required to be simulated, which is again exacerbated with each molecule being simulated

in both the gas and pseudo solid states. This is highlighted in Figure 4.6, which considers

molecule A being ionised and fragmenting to molecules B and C. With the inclusion of

the implicit solvent model, this interaction requires twelve molecules to be considered.
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Figure 4.6: Example fragmentation

As seen from Chapter 3, only a very limited amount of computational modelling has been

undertaken which considers the effect of gamma radiation on explosive materials. Pub-

lished works mainly focus on predicting various properties of purported decomposition

products [46], with few papers additionally considering the thermodynamic requirements

to form the suggested daughter products resultant from gamma radiation i.e. from an

ionic and radical state [78, 79]. Of particular note is Nguyen [79], who used compu-

tational chemistry to predict the fragmentation of TNT that has been ionised through

negative and positive electrospray (i.e. not gamma radiation), used in mass spectrometers

that are often coupled to analytical techniques such as liquid and gas chromatography. He

correctly considered the thermodynamics of the purported fragmentations and decompo-

sitions from the parent ionic and radical TNT molecule.

TATB

TATB has been perhaps the most studied explosive with regard to gamma radiation, with

a selection of works [46, 80, 43, 52, 44, 42, 49, 53, 78] experimentally and theoretically

exploring, suggesting and potentially identifying a number of daughter products. Two

key molecules have been strongly suggested as possible daughter product resultant from

the exposure of TATB to ionising gamma radiation in a debate covering decades; a mono-

furazan and a mono-nitroso derivative of TATB. There has also been suggestions that
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the degradation of TATB continues past the mono-furazan and mono-nitroso derivatives,

resulting in di-furazan and di-nitroso equivalents [42]. One of the more recent pieces

of work, Ying [52], suggested that a phenoxyl radical is also a possibility. These five

molecules form the basis of the daughter products to be tested for the degradation of

TATB through ionisation, however a few additional molecules have also been added as

potential hybrids. These include reactions that consider the isomerisation of a nitro group

to a nitrite prior to rearrangement and/or fragmentation as well as complete loss of NO2

and NH2 groups.

The reaction pathways have been mapped out, as shown in Figure 4.7, with the first reac-

tion A representing the initial ionisation of TATB. It can be seen from the map, that there

are a significant number of molecules requiring simulation, at first glance it would appear

that 20 such species exist if small fragments such as H2O and O2 are included. How-

ever as previously alluded to, it is unknown which species will retain the positive charge

in the case of fragmentation, therefore each molecule needs to be simulated in both the

ground and ionic radical state. The only exception to this is where molecules do not un-

dergo fragmentation but undergo re-arrangement, where the charge must be retained by

the molecule. These bodies are identified within the maps by a set of square brackets. In

total this takes the number of species required to be simulated to 37, which effectively

doubles to 74 due to the analysis being undertaken in both the gas and pseudo solid states.
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Figure 4.7: TATB decomposition map

HMX

HMX has garnered a similar amount of interest to TATB with regard to its interaction

with gamma radiation up to and including the 1990’s [28, 30, 31, 36, 37, 40]. There is

a fair amount of literature available addressing potential thermal, UV and organic (bac-

terial) decomposition mechanisms of HMX, however most of this work concludes that

HMX is markedly resistant to such reactions. There are limited works covering poten-

tial daughter products resultant from gamma radiation of HMX. Perhaps most notably is

Miles [36, 37], who tentatively identified the generation of the chain terminating NO2 rad-

ical and Thomas [28] who measured a significant generation of gaseous N2 amongst other

gasses to a lesser extent. Beard [40] undertook X-Ray irradiations of RDX (considered

applicable to HMX due to their chemical similarity), and suggested some purported de-

composition pathways based upon the photolysis i.e. non-ionisation of the N-NO2 bond.

Despite this difference, Beard’s suggested decomposition pathways can be tested using
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the computational technique to investigate if they are favourable for decomposition due to

ionisation. Consideration of the cleavage of bonds other than N-NO2, potentially suggests

the loss of hydrogen from the C-H bond, and also potential ring opening resultant from

the breakage of the C-N bond.

Based upon these works and consideration of other possible bonds breaking, a decompo-

sition map for HMX resultant from ionisation has been generated and is shown in Figure

4.8. As with TATB, consideration must be made as to the charge and spin-state of all

fragments and resultant combinations in order to find the most energetically favourable

pathway, increasing the number of required simulations. In cases where a re-arrangement

occurs prior to fragmentation, the molecule can only possibly exist in the ionic doublet

spin-state, resultant from the loss of an electron; these are shown by square brackets in

Figure 4.8.

Figure 4.8: HMX decomposition map
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PETN

PETN has received interest comparable to that of HMX, with more attention being given

to the material in the previous century than the current. One of the more pertinent find-

ings was that of Miles et al [38] that identified a long lived chain terminating radical when

PETN is irradiated, which was purportedly assigned to the NO2 radical. This suggests that

the O-N bond may be the most susceptible to cleavage upon gamma radiation, however

this was identified as a chain terminating radical, with other spectra observed prior.

As with the other materials, the relative ease of exposing PETN to UV over gamma

radiation has caused an increased wealth of literature covering decomposition through

processes such as photolysis. One of the more relevant papers is the computational and

experimental study of Yu and Bernstein in 2011 [81] which considers the decomposition

of PETN resultant from electronic excitation. Whilst this work does not cover ionised

electronic states, the decomposition pathways may be valid for ionised PETN, and have

therefore been considered. Figure 4.9 details the summarised decomposition pathways

and products that are considered plausible for ionised PETN that will be tested using

computational chemistry.
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Figure 4.9: PETN decomposition map

4.7 Results

The following details key computational results obtained from this part of the study for

TATB, HMX and PETN. A brief discussion of the results is presented where appropriate,

however a more in-depth analysis and discussion can be found later in Chapters 6, which

considers both computational and experimental evidence for each material independently.
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4.7.1 TATB and derivatives

Due to the significant number of species being considered, presentation of each molecule’s

optimised geometry, thermochemical and electronic structure (IR, NMR, ESR and UV-

Vis) data and spectra is of limited value and hence data for only key molecules of interest,

namely TATB, mono-furazan, mono-nitroso, mono-nitrite and the mono-phenoxyl deriva-

tives are presented at this level of detail. Extensive data and spectra for each molecule can,

however, be found in the appendix.

The thermochemical data for all molecules will be considered in order to assess the ther-

modynamically favourable decomposition route for TATB upon irradiation.

TATB baseline and ionic radical

TATB and its ionic and radical equivalent (charge +1, doublet spin state) were both suc-

cessfully optimised in both the gas and pseudo solid states to the required level of theory

and to the required convergence threshold. The optimisation for the gas phase ground

state TATB molecule was particularly difficult, believed to be attributed to a very shallow

potential energy surface. This is unsurprising as TATB is a symmetrical molecule that has

complex intra-hydrogen bonding with nitro groups that are free to rotate and contort, with

small adjustments to both of these parameters generating numerous local, but not global,

minima on the potential energy surface. This is exacerbated in the gaseous ground level

state, as no external force is applied to constrain the molecule through use of the PCM

model, or asymmetry present due to the lack of an electron.

Optimisation for the gas phase ground state equivalent required the Hessian matrix to

be calculated explicitly at each optimisation iteration; almost 300, each taking approxi-

mately 5 hours to complete on a 500 processor cluster. The other three molecules were

comparatively simple to optimise, however the pseudo-solid state did require the explicit
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Hessian to be calculated at the start of the first optimisation iteration, in order to achieve

a successful optimisation at the required very tight criteria.

The resultant ground state molecules appear as expected, with the difference in geometry,

electron density and electrostatic properties, as shown in Figure 4.10 being negligible be-

tween the gas and pseudo solid states. There is a notable difference, also shown in Figure

4.10, when compared to the equivalent structures of the ionic TATB in both the pseudo

solid and gas states. There is an obvious twist on one of the nitro groups compared with

the baseline molecule, and perhaps unsurprisingly, a reduction in the the electron density

and subsequent electrostatic properties of the molecule.
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(a) TATB - gas phase
(b) TATB - pseudo solid state

(c) Cation radical derivative of TATB - gas

phase

(d) Cation radical derivative of TATB - pseudo

solid state

Figure 4.10: Optimised structures, electron densities and electrostatic potentials of TATB

and its cation radical derivative

Both structures were submitted for vibrational analysis which yielded no negative fre-

quencies for all four molecules, indicating that the structures had been successfully opti-

mised. There was a negligible difference in the calculated vibrational/IR spectra between

the gas and pseudo solid states, which is unsurprising as the analysis is undertaken on the

optimised structures which were very similar. There was, however, a notable difference

in the data obtained for the ionic radical when compared against the baseline; again this

is unsurprising as there was a clear difference between the optimised structures. Corre-
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sponding IR spectra for baseline and ionic TATB in the pseudo solid state can be found

in Figure 4.11 with the resultant calculated thermochemical data for all four vibrational

analyses shown in Table 4.2.

(a) TATB

(b) Cation radical derivative of TATB

Figure 4.11: Predicted IR spectra of TATB and its cation radical derivative
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Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 1 -1012.0148 0.162840 0.17725 0.178194 0.115935 54.087

Solid 0 1 -1012.0235 0.162199 0.176592 0.177536 0.117709 54.392

Gas +1 2 -1011.6635 0.162601 0.177502 0.178446 0.117825 55.728

Solid +1 2 -1011.7290 0.162424 0.177301 0.178245 0.118361 55.926

Table 4.2: TATB thermochemical data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy

(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity

(cal mol-1 Kelvin-1)

The differences between the gas and pseudo solid states for both TATB and its ionic and

radical equivalent are reasonably small, and in line with expectations from the small dif-

ferences seen in the corresponding spectra obtained through vibrational analysis. There

is, however, a much more notable difference in the calculated energies between the base-

line and ionic radical species of TATB which corresponds to the loss of the electron and

is equivalent to the first ionisation potential energy E1 of TATB, which is calculated as the

difference in the total electron energy between TATB and its ionic radical and is presented

in Table 4.3.

The calculated numbers for the ionisation potential of TATB are orders of magnitude

lower than that of any gamma ray, indicating that ionisation will be all but certain upon

such an interaction. Using the Planck-Einstein relationship [12] the equivalent ionisation

wavelength may also be calculated and is also presented within Table 4.3. The resultant

ionisation wavelengths sit towards the higher end of the UV spectra in terms of energy

and tentatively suggest that the affect of gamma and UV radiation on TATB may be com-

parable, a point that is not surprising considering the reported greening for both UV and



112 CHAPTER 4. COMPUTATIONAL INVESTIGATION

gamma ray exposures [46, 52, 43, 66].

Phase E1 (eV) λ (nm)

Gas 9.56 129.71

Pseudo Solid 8.01 154.81

Table 4.3: First ionisation potential of TATB

The UV-Vis wavelength spectrum is of particular interest for TATB, due to the widely

reported discolouration seen in the material when exposed to ultraviolet, x-ray and/or

gamma radiation. The optimised structures of both baseline TATB and its ionised equiva-

lent were analysed in both the gas and pseudo solid states using Time Dependant Density

Functional Theory to generate an absorption spectra in the UV-Vis region.

As with the vibrational analysis, differences between the calculated spectra of the gas

phase and pseudo solid state were negligible with the main difference being in the magni-

tude rather than the frequency/wavelength of the absorption peaks. There was, however, a

much more notable difference, as shown in Figure 4.12, between the TATB and its ionised

equivalent regardless of being simulated in either the gaseous or pseudo solid state. Both

spectra are dominated by absorptions within the ultraviolet region and lower wavelengths

of visible light, unsurprising for TATB which, when pristine, appears whitish-yellow. The

significance of the UV-Vis spectral results will be examined in more detail later on, how-

ever it is noted that two absorption are present around 500 nm which corresponds to the

colour red. Such absorptions make a material look comparatively more blue, which could

mix with the yellow of TATB to look green overall.
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(a) TATB

(b) Cation radical derivative of TATB

Figure 4.12: Simulated UV-Vis absorption spectra of TATB and its cation radical

derivative

The nuclear magnetic resonance properties for both molecules in the gas and pseudo solid

states were successfully calculated. The predicted NMR spectra mirrored that which had

been observed within the vibrational analysis, in that there was a slight difference be-

tween the gas state and pseudo solid states for both the TATB and its ionic radical degra-

dation product, where spectra generated in the pseudo solid-state suffered some expected

anisotropy compared to the much more symmetrical gas phase predictions.

In keeping with the previous analyses, a marked difference was observed in the spectra

between the baseline and ionic radical variants of TATB. The chemical shifts, relative to

the appropriate reference, of the hydrogen, carbon, nitrogen and oxygen atoms closest to

the twisted nitro group of the ionic radical species showed a significant difference when

compared to the atoms of other equivalent groups of the molecule. This difference, as

highlighted for the predicted proton chemical shifts against TMS in Figure 4.13, indicates

a significantly different local magnetic field for atoms within the twisted nitro group. As
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these local magnetic fields are dominated by the local molecular orbitals/electrons, this

difference suggests a significantly different local electronic structure which, in this case,

must be indicative as to the location of the withdrawn electron.

(a) TATB

(b) Cation radical derivative of TATB

Figure 4.13: Simulated proton NMR spectra of TATB and its cation radical derivative

The electrostatic properties of both the ground and ionic radical states were also calcu-

lated successfully for both the gas and pseudo solid states. Although the calculation is

redundant on molecules with no net electron spin, it was deemed valuable to undertake

on one non-radical molecule as well as its ionic radical equivalent to show that any differ-

ences can be attributed to the lack of an electron. The calculations successfully generated

an isotropic g-tensor and no hyperfine coupling constants for the non radical baseline

TATB, indicating that there is no net unpaired spin in the molecule. For the ionic radical
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equivalent, anisotropic hyperfine coupling and g tensors were generated indicating the

presence of a non-zero net spin for the molecule.

The output from both files was processed through Spinach [72] which highlighted the

lack of hyperfine coupling for the non radical but also the strong coupling of the electronic

structure of the carbon atom connected to the twisted nitro group, indicating the location

of potential electron deficiency in the molecule; this was also confirmed by the analysis of

the atomic charges of the molecule, derived using the Mulliken population analysis [48].

Representations of the molecules can be found in Figures 4.14a and 4.14b, where the blue

field indicates the NMR chemical shift tensors and the orange field indicates the electron

hyperfine coupling tensor. The resultant electronic anisotropic hyperfine coupling struc-

ture for the ionic derivative of TATB suggests that the radical species should be carbon

centred and located at the bottom of the twisted nitro group. There are small contributions

from the anisotropic hyperfine coupling of adjacent carbon atoms, suggesting that this is

the most energetically favourable position for the radical and lends itself to the theory of

radical stabilisation through pi-bonding resonance.
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(a) TATB
(b) Cation radical derivative TATB

Figure 4.14: Structure of TATB and its cation radical derivative with hyperfine (orange)

j-coupling (blue) tensors

As mentioned previously, care should be taken when interpreting hyperfine coupling ten-

sors produced from Spinach. The large contributions suggested from the carbon atom are

based upon the radical interacting with the unpaired neutron present within a carbon-13

isotope. Whist this technique is useful for identifying the preferential location of a radi-

cal, relative abundance must be taken into account in order to ascertain real life couplings,

the significant majority of coupling comes from the adjacent nitrogen of the twisted nitro

group, as shown in in Figure 4.15.
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Figure 4.15: Structure of TATB cation radical with hyperfine coupling adjusted for

atomic abundance and anisotropy

The computed g-factor (g) and hyperfine coupling (A) constants for the nitrogen atom

(both in tensor form) are presented below. Both the g and the hyperfine coupling tensors

were corrected for anisotropy before spectra generation:

g =













2.004794 0.000000 0.001373

0.000000 2.004035 0.000000

0.001373 0.000000 2.004989













A =













−0.601308 0.000000 0.036090

0.000000 −0.636255 0.000000

0.036090 0.000000 −0.562404













A simulated ESR spectra was generated using these derived computed parameters. In

an effort to make the simulation as comparable as possible to future experimental evi-

dence, additional variables (such as a cavity frequency of 8.97 GHz) were derived from

the available ESR spectrometer. The resultant symmetrical three peaked spectra is shown

in Figure 4.16 and is typical for a single unpaired electron interacting with a nitrogen-14

atom, which has a nuclear spin of 1.
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Figure 4.16: Simulated ESR spectra for cation radical derivative of TATB

Mono-furazan TATB derivative

Optimisation was successful to the required level of theory for both the ground state

mono-furazan and its ionic radical derivative, in both the gas and pseudo solid states.

Resultant molecular geometries appeared to be very similar between the ground and ionic

radical state molecules with the exception of a slight twist to one of the nitro groups of the

ionic-radical compared to the ground state, in keeping with that observed for the TATB

molecule and its ionic radical derivative. A similar difference was observed within the

electron density and electrostatic potentials between ground and ionic radical states, as

shown in Figure 4.17, and only small differences could be seen between each molecule in

the gas and pseudo solid state.
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(a) Mono-furazan TATB
(b) Cation radical derivative of

mono-furazan TATB

Figure 4.17: Optimised structures, electron densities and electrostatic potentials of

mono-furazan TATB and its cation radical derivative

Vibrational analyses were undertaken successfully for both molecules in both states yield-

ing no negative frequencies, indicating a successful optimisation. The subsequent thermo-

chemical data is presented in Table 4.4, with ionisation potential in both phases calculated

and presented in Table 4.5 alongside the equivalent wavelength of light.

Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 1 -935.56176 0.136401 0.149053 0.149998 0.095899 48.120

Solid 0 1 -935.5739 0.135869 0.148538 0.149482 0.095342 48.195

Gas +1 2 -935.22192 0.135535 0.148279 0.149223 0.09407 47.973

Solid +1 2 -935.28876 0.135536 0.148357 0.149302 0.093555 48.066

Table 4.4: Mono-furazan TATB thermochemical data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy
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(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity

(cal mol-1 Kelvin-1)

Phase E1 (eV) λ (nm)

Gas 9.25 134.04

Pseudo Solid 7.76 159.77

Table 4.5: Mono-furazan TATB first ionisation potential

The optimised structures were successfully submitted for analysis by TD-DFT and GIAO

NMR, affording UV-Vis and NMR Spectra. Continuing the theme observed so far, dif-

ferences in properties between gas and pseudo solid states were observable but small,

whereas differences between ground and ionic radical states were much more significant.

As observed with TATB, the calculated UV-Vis absorption spectra for the mono-furazan

derivative, Figure 4.18, shows a significant difference between the ground and ionic states

with the latter having absorptions in the 500 nm region.
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(a) mono-furazan TATB

(b) Cation radical derivative of mono-furazan TATB

Figure 4.18: Simulated UV-Vis absorption spectra of mono-furazan TATB and its cation

radical derivative

The electrostatic properties of the ionic and radical derivative of TATB was derived and

processed through Spinach [72] and EasySpin [74] to generate structures with hyperfine

coupling tensors. In keeping with ionic TATB, it can be seen from the structure, as shown

in Figure 4.19a, that the main contributions to the ESR signal come from the carbon atom

adjacent to the slightly twisted nitro group, and appears to be a likely candidate as a radi-

cal centre. However, as with the TATB ion, this tensor is based upon the radical coupling

to the carbon-13 isotope, and as with the ionic parent molecule, once relative abundance

is taken into account, the main contribution to the signal actually originate from the adja-

cent nitrogen atom of the twisted nitro group. The nitrogen and hydrogens of the adjacent

amine group also contribute to the coupling, as shown in Figure 4.19b.
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(a) Un-adjusted (b) Adjusted

Figure 4.19: Structure and hyperfine coupling of mono-furazan TATB radical cation

Like ionic TATB, the resultant spectra should feature three lines as the unpaired electron

couples to the spin of the nitrogen-14 atom, however, with the inclusion of the additional

coupling from the adjacent amine group the spectra becomes exceedingly detailed. This

is shown in in Figure 4.20, where the top most spectra considers just the contributions

from the nitrogen, and the bottom most spectra also considers the amine group.
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(a) Part complexity

(b) Full complexity

Figure 4.20: Predicted ESR signal of cation radical derivative of mono-furazan TATB
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The computed g-factor (g) tensor is presented below, the hyperfine coupling tensors for the

adjacent nitrogen is also presented. Additional hyperfine coupling tensors for the adjacent

amine group may be found in the appendix. Both the g and the hyperfine coupling tensors

were corrected for anisotropy before spectra generation:

g=













2.011054 −0.002760 −0.002112

−0.002760 2.007970 0.000738

−0.002112 0.000738 2.002906













A=













−0.578500 −0.029503 −0.029707

−0.029503 −0.565749 0.031330

−0.029707 0.031330 −0.705902













Mono-nitroso TATB derivative

The mono-nitroso TATB derivative and its ionic radical equivalent were successfully opti-

mised to the required level of theory in both the gas and pseudo-solid states, with the ionic

radical derivative providing some resistance in both phases which required explicit initial

Hessians to be calculated for the aug-cc-pVTZ optimisation step. Both molecules in both

states produced planar molecules, with no evidence of the nitro-group twist that has been

seen for the ionic radical derivatives of TATB and the mono-furazan daughter product.

In keeping with these two molecules, the mono-nitroso and its ionic radical derivative

also showed notable but small differences between the gas and pseudo solid states, with

a more significant difference observed between the two electronic states. The optimised

structures with electron densities and electrostatic potentials can be found in Figure 4.21.
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(a) Mono-nitroso TATB (b) Cation radical derivative

Figure 4.21: Optimised structures, electron densities and electrostatic potentials of

mono-nitroso and its cation radical derivative

Vibrational analysis on both molecules in both states successfully yielded no imaginary

frequencies, suggesting that the optimised structures were at a global minima, with re-

sultant thermochemical and ionisation potential data presented within Tables 4.6 and 4.7

respectively.

Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 1 -936.81547 0.157733 0.171412 0.172356 0.11587 52.329

Solid 0 1 -936.82406 0.156822 0.170615 0.17156 0.114506 52.630

Gas 1 2 -936.50492 0.15863 0.172485 0.173429 0.115613 52.605

Solid 1 2 -936.56939 0.158296 0.172186 0.17313 0.115036 52.686

Table 4.6: Mono-nitroso thermochemical Data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy

(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity
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(cal mol-1 Kelvin-1)

Phase E1 (eV) λ (nm)

Gas 8.45 146.73

Pseudo Solid 6.93 178.91

Table 4.7: Mono-furazan first ionisation potential

As with the other molecules considered so far, the optimised structures were submitted

for TD-DFT, GIAO NMR and, where applicable, (i.e. ionic radical species) electrostatic

property analysis, yielding UV-VIS and NMR spectra as well as hyperfine coupling and g

tensors. The resultant UV-Vis spectra continues the trend where differences between gas

and solid states for both molecules is negligible. However, in contrast to what has been

seen for the other two molecules, there is also a negligible difference between the baseline

and the ionic radical derivatives of the mono-nitroso molecule (in both simulated states)

as shown in Figure 4.22. The resultant predicted UV-Vis spectra for both molecules in

both simulated states, lacks any absorptions in the correct visible region for them to ap-

pear green. This disagrees with the semi-empirical analysis undertaken by Manaa [46],

as absorptions in the 600 nm range are not observed.
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(a) Mono-nitroso TATB

(b) Cation radical derivative of mono-nitroso TATB

Figure 4.22: Simulated UV-Vis absorption spectra of mono-nitroso and its cation radical

derivative

The output from the electrostatic properties calculation was processed through Spinach

[72] resulting in visualised hyperfine coupling (and chemical shifts) of the structure as

shown in Figure 4.23a. The unadjusted hyperfine coupling suggests that the radical could

be centred on either the nitrogen or oxygen of the nitroso group, or even the adjacent car-

bon within the aromatic ring in keeping with previous observations, although the coupling

is strongest on the oxygen. This data, corrected for relative abundance, is shown in Figure

4.23b, where it can be seen that any coupling will be dominated by the nitrogen atom.
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(a) Un-adjusted (b) Adjusted

Figure 4.23: Structure and hyperfine coupling of mono-nitroso TATB radical cation

The predicted ESR spectra for the mono-nitroso derivative of TATB would be expected

to feature mostly contributions of the nitrogen atom within the nitroso group, resulting in

three clean peaks. This is indeed observed, as shown in Figure 4.24a, where just the nitro-

gen hyperfine coupling is used to generate a spectra. Consideration of small contributions

of coupling from adjacent hydrogens results in superposition and a much more complex

structure, as shown in Figure 4.24b.



4.7. RESULTS 129

(a) Simple

(b) Complex

Figure 4.24: Predicted ESR signal of cation radical derivative of mono-nitroso TATB
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The computed g-factor (g) and hyperfine coupling (A) constants for the nitrogen atom

(both in tensor form) are presented below, additional hyperfine coupling tensors for the

hydrogen may be found in the appendix. Both the g and the hyperfine coupling tensors

were corrected for anisotropy before spectra generation:

g=













1.957062 −0.042279 −0.002862

−0.042279 1.963710 −0.003036

−0.002862 −0.003036 2.008249













A=













3.399647 −1.045038 −0.093746

−1.045038 2.534987 0.038949

−0.093746 0.038949 2.129146













Phenoxyl radical

Optimisation of the phenoxyl racial in both ionic and ground states was successful but

difficult and often required re-starting at various points. In order to achieve optimisation

the utilisation of the computationally expensive quadratically convergence method for the

Self Consistent Field (SCF) calculations within each optimisation step, was required. The

spin state of this structure is a departure from that of previous molecules as the ground

state molecule is a radical, meaning that the spin state will be doublet for the ground state

and singlet for the cationic derivative. In keeping with the other derivatives so far, min-

imal differences were noted between gas and solid states, and in this case between the

ionic and ground state structures, although some atomic distances are notably different.

Structures, with electron density surfaces and electrostatic potential contours are shown

in Figure 4.25.
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(a) Mono-phenoxyl TATB radical (b) Cation derivative

Figure 4.25: Optimised structures, electron densities and electrostatic potentials of

phenoxyl radical and its cation derivative

Vibrational analysis on the optimised structures yielded no negative frequencies, indicat-

ing optimisation success, and produced the thermochemical data presented in Table 4.8,

which was used to generate the ionisation potential shown in Table 4.9; in keeping with

previous calculations minimal differences were noted between gas and pseudo solid states.

Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 2 -882.105128 0.153086 0.165932 0.16687 0.112323 49.729

Solid 0 2 -882.114165 0.152336 0.165274 0.166218 0.111342 50.000

Gas 1 1 -881.831312 0.154815 0.167722 0.168667 0.113690 48.953

Solid 1 1 -881.896192 0.154997 0.167783 0.168727 0.114594 48.841

Table 4.8: Phenoxyl radical thermochemical data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy
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(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity

(cal mol-1 Kelvin-1)

Phase E1 (eV) λ (nm)

Gas 5.685 218.08

Pseudo Solid 5.9314 209.03

Table 4.9: Phenoxyl radical first ionisation potential

UV-VIS and ESR calculations were undertaken successfully on the optimised structures,

again with minimal differences being noted between gas and pseudo solid states. The

resultant UV-Vis spectra, as shown in Figure 4.26 for the uncharged radical, and Figure

4.26b for its positively charged equivalent, show no absorptions greater than 450nm. Al-

though discussed in greater detail in the conclusions section, it should be highlighted that

these calculated UV-Vis spectra are in disagreement with those published by Ying et al

[52] who saw a strong peak at 611 nm that led him to conclude that the ground state phe-

noxyl radical was the cause of the greening of TATB.

Despite using the same level of theory i.e. TD-DFT, albeit with a basis set much reduced

in complexity (Pople 6-311++g(d,p)) and a lesser hybrid function (B3LYP), Ying claimed

that the peak seen at 611 nm was from the second singlet excitation, and as such would

have been considered by the calculation presented here, which consider the first 25 singlet

(and triplicate) states. Although not particularly visible in the spectra presented in Figure

4.26a, there is a calculated absorption at 631nm. However, the strength of this absorption

is negligible (10 orders of magnitude less than the strongest peak) and contributes little to

the spectra, and hence suggests that this cannot be the cause of the greening seen in TATB.
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(a) Mono-phenoxyl TATB radical

(b) Cation derivative of mono-phenoxyl TATB radical

Figure 4.26: Simulated UV-Vis absorption spectra of mono-phenoxyl TATB radical and

its cation derivative

The calculated electrostatic properties were successfully processed through Spinach with

the resultant structure shown in Figure 4.27. Unsurprisingly, the uncorrected structure

suggests that the radical is located on the lone oxygen atom, as shown by the unadjusted

structure with hyperfine coupling based on oxygen-17 being present. Taking into account

relative abundance, the coupling of the radical appears to be dominated by numerous

hydrogen and nitrogen atoms on adjacent amine groups, this results in a multi peaked

spectra, as shown in Figure 4.28.
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(a) Un-adjusted (b) Adjusted

Figure 4.27: Structure and hyperfine coupling of mono-phenoxyl TATB

Figure 4.28: Predicted ESR spectra of phenoxyl TATB derivative

The computed g-factor (g) for the molecule is presented below, as the hyperfine coupling

is based on multiple tensors (i.e. from contributions of several hydrogen and nitrogen

atoms) these have not been reproduced, but are available in the appendix. Both the g and

the hyperfine coupling tensors were corrected for anisotropy before spectra generation:
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g =













1.957062 −0.042279 −0.002862

−0.042279 1.963710 −0.003036

−0.002862 −0.003036 2.008249













Preferential thermodynamic pathway for TATB

The remaining molecules, as identified within the purported TATB decomposition path-

ways, were each successfully optimised in both the gas and pseudo solid states and sub-

mitted for vibrational, NMR, TD-DFT and Electrostatic properties analysis (where appro-

priate). The most pertinent data is the thermodynamic data obtained from the vibrational

analysis which allows an insight into the decomposition pathway that ionised TATB may

undergo.

Each reaction (A→S), as identified within the TATB decomposition pathways shown in

Figure 4.7, was tested using appropriate thermodynamic data calculated from the molecules

in question. Any reaction that resulted in a net loss of energy to the system was determined

to be energetically favourable. Any reaction that required energy was deemed not to be

energetically favourable, allowing an insight into the potential decomposition pathway for

TATB once ionised. The calculated thermodynamic data for each reaction is summarised

in Table 4.10.
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It can be seen from the above table that there are only a select number of the decompo-

sition pathways that are energetically favourable, where the enthalpy and/or Gibbs free

energy is negative; namely subsets from within reaction pathways E, G, K, L, O and R.

Investigation of these reactions leads to the conclusion that only reaction pathways E, O,

R and G may be credible, as the precursor molecules for reactions K and L are unlikely to

be formed as their preceding reactions are not energetically favourable. The investigation

of thermochemical data of the each reaction permits the generation of an updated TATB

decomposition pathway, as presented in Figure 4.29.

Figure 4.29: Energy favourable decomposition of Ionic TATB

It is of particular note that the mono-nitroso derivative does not feature in updated de-

composition pathways and upon inspection of the associated thermochemical data, ap-

pears to be one of the most energetically unfavourable decomposition products. The pur-
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ported phenoxyl radical also does not appear to be energetically favourable, however its

nitrite based pre-cursor and its ionic non-radical equivalent appears to be energetically

favourable, with the latter marginal.

Interestingly, the mono-furazan derivative also appears to be energetically unfavourable,

however, much like with the phenoxyl, its positively charged radical equivalent does ap-

pear to be energetically unfavourable. Further decomposition to the di-furazan is marginally

unfavourable with the exception of the Solid state calculations, where the Gibbs Free

energy of reaction crosses into the energetically favourable region. It is noted that all

purported decomposition products are ionic, with the exception of the phenoxyl radical,

suggesting that long lived radicals are likely to accumulate in the material, a known ob-

servation from experimental analysis [53].

4.7.2 HMX and derivatives

HMX baseline and ion

Both HMX and its ionic radical equivalent were successfully optimised to the required

convergence criteria using the highest level of theory (DFT MH06-HF) and basis sets

(aug-cc-pVTZ) requested. In keeping with TATB, there was negligible difference be-

tween optimised structures in the gas and pseudo solid phases. In contrast to TATB, there

was negligible difference between the ground state and ionic geometries, however, the

same significant reduction in electron density and electrostatic potential can be seen be-

tween both states, as shown in Figure 4.30.
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(a) HMX (b) Cation radical derivative

Figure 4.30: Optimised structures, electron densities and electrostatic potentials of HMX

and its cation radical derivative

Both structures in both phases were submitted for vibrational analysis which yielded no

imaginary frequencies, suggesting that the four structures were at a global minima on their

potential energy surfaces. In keeping with observations from TATB, the predicted vibra-

tions for both HMX and its ionic radical equivalent were negligibly different between gas

and pseudo solid states. However, a more notable difference can be seen between the

baseline and ionic radical species themselves, regardless of the simulated state. The pre-

dicted IR spectra between HMX and its ionic radical equivalent, in the pseudo solid state,

demonstrates this difference, as shown in Figure 4.31.
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(a) HMX

(b) Cation radical derivative of HMX

Figure 4.31: Predicted IR spectra of HMX and its cation radical derivative

Thermochemical data was successfully generated from the vibrational analysis and is

summarised in Table 4.11. From this data, the ionisation potential for HMX in both states

and its equivalent wavelength of light was calculated, and is presented in Table 4.12. In

keeping with TATB, it can been seen form the ionisation potentials that ionisation can be
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achieved by application of UV light as well as gamma radiation, implying that the inter-

action will be similar between the two radiations.

Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 1 -1196.763947 0.200143 0.216562 0.217507 0.154605 59.475

Solid 0 1 -1196.777604 0.199882 0.216360 0.217304 0.154114 59.516

Gas 1 2 -1196.367438 0.197813 0.216111 0.215055 0.15245 60.214

Solid 1 2 -1196.430566 0.197961 0.214211 0.215155 0.152766 60.164

Table 4.11: HMX thermochemical data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy

(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity

(cal mol-1 Kelvin-1)

Phase E1 (eV) λ (nm)

Gas 10.79 114.91

Pseudo Solid 9.44 131.34

Table 4.12: HMX first ionisation potential

HMX and its ionic radical equivalent were not selected for TF-DFT analysis as a UV-Vis

spectra was deemed not to be required as there has been no reported changes in colour

with gamma radiation. Both molecules in both states were, however, submitted for NMR

analyses which were successful in their generation of chemical shifts and associated spec-

tra. As with TATB and its ionic radical equivalent, there were small differences between

the gas and pseudo solid states, with the latter inducing some anisotropy. Unsurpris-

ingly and in keeping with TATB, there was a notable difference between ground and ionic
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electronic states for both gaseous and pseudo solid states, as highlighted in the predicted

proton spectra for ionic HMX, shown in Figure 4.32. The spectra shows significant dif-

ferences between the proton signals indicating potential radical locations.

Figure 4.32: Simulated proton NMR spectra of the cation radical derivative of HMX

The ionic radical derivative of HMX, in both the gas and pseudo solid states, was also sub-

mitted for electrostatic property analysis in an effort to generate the hyperfine coupling

and g tensors which provide evidence as to the location of any unpaired electrons and

the ability to generate simulated ESR spectra. The calculations were successful and the

output processed through Spinach [72] providing a visualisation of the potential locations

of any unpaired electron spins; this is shown (for the solid state) in Figure 4.33. As can be

seen from the calculation, hyperfine coupling is present on half of the hydrogen internal

nitrogen atoms of the molecule. In stark contrast to the TATB derivatives, none of the

carbon or oxygen atoms couple to the radical, indicating that the radical is likely centred

on one of the internal nitrogen atoms, and is probably the result of lacking an aromatic

centre that supports resonance.
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The output from Spinach was corrected for relative atomic abundances and processed

through EasySpin [74] with the resultant spectra shown also in Figure 4.33. As expected

from the multiple contributions of the hyperfine coupling of nitrogen and hydrogen super-

imposed upon each other, a very detailed ESR spectra results. Inspection of the atomic

charges of the structure, derived from the Mulliken population approximation [48], con-

firmed that the internal nitrogen atoms were each both partially charged (i.e. +0.5 each)

and are therefore likely locations for a potential radial to reside. This may then lead to the

N-NO2 bond fragmenting, which may be supported by the thermodynamic analysis.

(a) Structure with adjusted hyperfine

coupling
(b) Predicted ESR signal

Figure 4.33: Electrostatic properties of HMX radical cation

The computed g-factor (g) for the molecule is presented below, as the hyperfine coupling

is based on multiple tensors (i.e. from contributions of several hydrogen and nitrogen

atoms) these have not been reproduced, but are available in the appendix. Both the g and

the hyperfine coupling tensors were corrected for anisotropy before spectra generation.

g =













2.006901 0.003343 0.000637

0.003343 2.006569 −0.000080

0.000637 −0.000080 2.002873















146 CHAPTER 4. COMPUTATIONAL INVESTIGATION

Preferential thermodynamic pathway for HMX

As for TATB, each reaction (A→I), as identified within the HMX decomposition path-

ways, Figure 4.8, was tested by using appropriate thermodynamic data calculated from

the molecules in question. A summary of reaction thermodynamics can be found in Table

4.13.
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As can be seen from the table, aspects of pathways C, D, E, G and I are favourable with

the latter being marginally unfavourable, but due to the small values, it has been included.

This data has been used to generate updated decomposition pathways for Ionised HMX

as shown in Figure 4.34.

Figure 4.34: Energy favourable decomposition of ionic HMX

All but one of the purported energetically favourable products results in the much larger

molecule remaining ionised, a continued theme from the calculations of TATB. Despite

the four hydrogen atoms being a significant source of the anisotropic hyperfine coupling

on the parent HMX ion, the hydrogen eliminated derivative is particularly unfavourable.

The charge being centred around the internal nitrogen atoms may explain why the deriva-

tives from reaction paths C and G are favourable.

A further inspection is possible of the radical species, by the analysis of the hyperfine

coupling through Spinach and the subsequent generation of predicted ESR species as

shown in Figures 4.35, and 4.36 and for the non charged NO2 radical that may form as

part of path D shown in Figure 4.37. Unfortunately the NO radical that may be formed as

part of path I would not converge using the EPR-II basis set despite numerous attempts,

whilst this suggests that the radical would be very unstable, it does mean that a spectra
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and hyperfine coupling constants could not be generated for this molecule.

A couple of interesting observations can be made from the structure and spectra of the

cationic c-nitroso radical derivative of HMX, as shown in Figure 4.35. Firstly, is that

during the optimisation the fragmentation of N=O has resulted, indicating that the target

molecule is very unstable and would almost immediately degrade by release of the N=O

fragment.

Further observations suggest that the positive charge is split between the unpaired ni-

trogen on the larger molecule and the nitrogen of the gaseous fragment. This is further

supported by the hyperfine coupling being present on both atoms and the generation of a

complex spectra.

(a) Structure with adjusted coupling
(b) Predicted ESR signal

Figure 4.35: Predicted electrostatic properties of c-nitroso HMX radical cation

The computed g-factor (g) for the c-nitroso derivative is presented below, as the hyperfine

coupling is based on multiple tensors these have not been reproduced, but are available in

the appendix. Both the g and the hyperfine coupling tensors were corrected for anisotropy
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before spectra generation.

g =













2.019927 0.025281 −0.011645

0.025281 2.049788 −0.025438

−0.011645 −0.025438 2.016709













Analysis of the cationic nitrite derivative, as shown in Figure 4.36, continues the trend

from the c-nitroso, where the fragmentation NO appears to result from the optimisation.

Inspection of the atomic charges, suggests that the radical sits either on the nitrogen or

the oxygen of the resultant C-N-O moiety. This is in agreement with the thermochemistry

that suggests that further decomposition from the nitrite to the R-C-N-O derivative, results

in the larger molecule being cationic but the NO becomes the radical.

The resultant ESR spectra is complex and is dominated by the hyperfine coupling from

the three highlighted hydrogen atoms in Figure 4.36.

(a) Structure with adjusted coupling

(b) Predicted ESR signal

Figure 4.36: Predicted electrostatic properties of HMX nitrite radical cation
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The computed g-factor (g) for the nitrite derivative is presented below. As the hyperfine

coupling is based on multiple tensors these have not been reproduced, but are available in

the appendix. Both the g and the hyperfine coupling tensors were corrected for anisotropy

before spectra generation.

g =













2.022090 0.014979 0.001840

0.014979 2.022051 0.007003

0.001840 0.007003 2.006010













The only two energetically favourable products that are a radical, are the NO and NO2

fragments. Firstly, the NO2 radical, as shown in Figure 4.37, produces a very charac-

teristic three peaked spectra as the unpaired electron couples to the unpaired spin of the

nitrogen atom.

(a) Structure and coupling
(b) Predicted ESR signal

Figure 4.37: Predicted electrostatic properties of NO2 radical

The computed g-factor (g) for the NO2 derivative is presented below, as is hyperfine

coupling tensor for the nitrogen atom. Both the g and the hyperfine coupling tensor were
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corrected for anisotropy before spectra generation.

g=













2.006493 0.000771 −0.001560

0.000771 1.984046 −0.012408

−0.001560 −0.012408 1.998010













A=













4.994610 −0.548664 0.929933

−0.548664 4.486348 −0.748622

0.929933 −0.748622 5.317571













4.7.3 PETN and derivatives

PETN baseline and ion

As with TATB and HMX, the baseline PETN molecule and its ionic equivalent were suc-

cessfully optimised to the required level of theory with comparative ease. The resultant

structures showed negligible difference between gas and solid state calculations, however

a marked difference could be noted between ground and ionic states, this is shown in Fig-

ure 4.38 for the pseudo solid state only.

(a) PETN (b) Cation radical derivative

Figure 4.38: Optimised structures, electron densities and electrostatic potentials of

PETN and its cation radical derivative

The optimised structures were submitted for vibrational analysis which afforded an IR

absorption spectra with no negative frequencies, as shown in Figure 4.39. Thermochem-
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ical data was analysed as presented in Table 4.14 from which the ionisation potential of

PETN was determined, as presented in Table 4.15.

(a) PETN

(b) Cation radical derivative of PETN

Figure 4.39: Predicted IR spectra of PETN and its cation radical derivative
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Phase Charge Spin ε0 εZPE Etot Hcorr Gcorr Cv

Gas 0 1 -1316.67299 0.198027 0.217752 0.218697 0.144404 66.172

Solid 0 1 -1316.683719 0.197973 0.21762 0.215864 0.144926 66.136

Gas 1 2 -1316.225629 0.196198 0.215102 0.216046 0.145256 66.721

Solid 1 2 -1316.283308 0.231632 0.247552 0.248496 0.186378 59.969

Table 4.14: PETN thermochemical data (DFT MH06-HF - aug-cc-pVTZ)

Where ε0 - Electron Energy (Hartrees), εZPE - Zero-point Energy Correction (Hartrees),

Etot - Thermal Correction to Energy (Hartrees), Hcorr - Thermal Correction fo Enthalpy

(Hartrees), Gcorr - Thermal Correction to Free Energy (Hartrees) and Cv - Heat Capacity

(cal mol-1 Kelvin-1)

Phase E1 (eV) λ (nm)

Gas 10.6030 116.93

Pseudo Solid 10.896 113.79

Table 4.15: PETN first ionisation potential

As with TATB and HMX, an electrostatic property calculation was undertaken on the

ion to determine the hyperfine coupling and g-factor tensors. These were then processed

through Spinach [72] to generate a visualisation of the hyperfine coupling of the molecule,

which may be used to identify potential radical locations. The calculated tensors were

then processed through EasySpin [74] to generate predicted ESR spectra, both structure

and predicted spectra are shown in Figure 4.40.

Analysis of the ESR tensors and spectra that were not corrected for atomic abundances

coupled alongside the atomic charges, suggests that two of the outer most oxygen atoms

are likely radical centres. The significant majority of the contributions to the ESR spec-
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tra are generated from the two nitrogen atoms once atomic abundances are taken into

account, as shown by the hyperfine coupling tensors (orange) in Figure 4.40. This poten-

tially suggests that the external N-O bond of the nitrite ester group of PETN may be the

most susceptible to fragmentation.

(a) Structure with adjusted

coupling

(b) Predicted ESR signal

Figure 4.40: Predicted electrostatic properties of cation radical derivative of PETN

The computed g-factor (g) for the cationic PETN radical is presented below, as the hyper-

fine coupling is based on tensors from two atoms these have not been reproduced, but are

available in the appendix. Both the g and the hyperfine coupling tensors were corrected

for anisotropy before spectra generation.

g =













1.999302 −0.014312 0.047468

−0.014312 1.998744 0.013447

0.047468 0.013447 1.970902
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Preferential thermodynamic pathway for PETN

Each reaction (A→H), as identified within the HMX decomposition pathways shown in

Figure 4.9, can be tested with the appropriate thermodynamic data calculated from the

molecules in question to ascertain weather the reaction is energetically favourable, allow-

ing an insight into the potential decomposition pathway.
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As can be seen from Table 4.16 several reactions are favourable, as highlighted in green.

As with TATB and HMX, this information has been used to generate purportedly favourable

decomposition pathways, as shown in Figure 4.41, with each energetically favourable

product being examined in more detail.

Figure 4.41: Energy favourable decomposition of cation radical derivative of PETN

The ionic form of the CH2ONO2 eliminated PETN is not a radical and the molecule

appears to have closed the NO2 group onto the internal carbon during the optimisation

process, as shown in Figure 4.42.
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Figure 4.42: Structure of ionic CH2ONO2 eliminated PETN

The ground state CH2ONO2 fragment is a radical and, as shown in Figure 4.43a, the resul-

tant hyperfine coupling tensor of the molecule strongly suggests that it is Carbon centred.

As per previous examples, this hyperfine coupling is then corrected for atomic abundance,

resulting in a the hyperfine coupling shown in Figure 4.43b, which is dominated by the

two protons either side of the suspected radical centre.
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(a) Un-adjusted
(b) Adjusted

Figure 4.43: Structure and hyperfine coupling of CH2ONO2

The corrected hyperfine coupling and g-factor tensors were then used to generate a pre-

dicted ESR spectra as shown in Figure 4.44, which is typical for a single electron interact-

ing with two hydrogen atoms that are non-equivalent, which results in two doublets and

thus, four peaks.
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Figure 4.44: Predicted ESR signal of CH2ONO2 eliminated PETN radical

The computed g-factor (g) is presented below. The hyperfine coupling tensors for both

hydrogens (and the small contribution from the Nitrogens) are available in the Appendix,

however both were corrected for anisotropy before spectra generation.

g =













2.001660 0.000049 −0.000315

0.000049 2.002621 0.000875

−0.000315 −0.000875 2.004093













Also energetically favourable, the non-ionic form of the CH2ONO2 is again a radical, with

the optimised structure shown in Figure 4.45a. Again uncorrected for atomic abundance,

the structure shows significant hyperfine coupling to the central carbon atom suggesting

that this is where the radical is situated. Applying the correction for atomic abundance

reveals that the main interactions for this carbon centred radical is with three hydrogen
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atoms of which two have equivalent hyperfine coupling tensors.

(a) Un-adjusted

(b) Adjusted

Figure 4.45: Structure and hyperfine coupling of CH2ONO2

The corresponding predicted ESR spectra, shown in Figure 4.46, demonstrates the two

similar and one dissimilar hyperfine coupling tensors, where the two large peaks are from

the singular dissimilar tensor and the three peaks are from the two similar hydrogen atoms.
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Figure 4.46: Predicted ESR spectra of CH2ONO2 radical

The ionic and non-radical ONO2 eliminated derivative of PETN is energetically favourable,

along with the ground state and radical ONO2 fragment. During the optimisation, it ap-

pears that the outermost carbon atom bonds with the lone pair of electrons on the adjacent

oxygen, as shown in Figure 4.47.



4.7. RESULTS 165

Figure 4.47: Structure of energetically favourable ONO2 eliminated PETN cation

The resultant ONO2 fragment is a radical, and its structure with uncorrected hyperfine

coupling tensors is shown in Figure 4.48a alongside the structure with corrected hyper-

fine coupling tensors in Figure 4.48b. The uncorrected tensors suggest an oxygen centred

radical, that will couple to the internal nitrogen atom, as shown by the corrected tensors.

(a) Un-adjusted (b) Adjusted

Figure 4.48: ONO2 radical structure

The corrected hyperfine coupling and g-factor tensors were then used to generate a pre-

dicted ESR spectra as shown in Figure 4.49, which is typical for a single electron inter-
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acting with a nitrogen atom, consisting of three distinct peaks.

Figure 4.49: Predicted ESR spectra of ONO2 radical

The computed g-factor (g) and hyperfine tensor of the nitrogen is presented below, both

of which were corrected for anisotropy before spectra generation.

g=













2.001698 −0.007558 0.000000

−0.007558 1.991801 0.000000

0.000000 0.000000 2.007985













A=













−0.371701 0.001757 0.000000

0.001757 −0.369399 0.000000

0.000000 0.000000 2.007985













NO2 eliminated PETN appears to be energetically favourable regardless of whether the

main product or the smaller NO2 fragment is a cationic and the other a radical. However

it is significantly more energetically favourable to form the larger fragment as a cation

and the NO2 fragment as a ground state radical. Starting with the least energetically
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favourable, where the much larger NO2 eliminated PETN is a radical and the NO2 frag-

ment is cationic, it can be seen that the radical is likely centred on the outer most oxygen

atom. This is shown in Figure 4.50a, by the location of the uncorrected hyperfine cou-

pling. When the correction for atomic abundance is applied, the majority of the hyperfine

coupling can be seen to originate from the two adjacent protons, as shown in Figure 4.50b.

(a) Un-Adjusted
(b) Adjusted

Figure 4.50: Structure and hyperfine coupling of NO2 eliminated PETN

The g-factor and hyperfine coupling tensors of the hydrogen atoms were used to generate

a predictive ESR spectra, as shown in Figure 4.51. The observed triplet is typical for a

single electron interacting with two similar protons.
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Figure 4.51: Predicted ESR spectra of NO2 eliminated PETN radical

The computed g-factor (g) and hyperfine tensor of the identical hydrogens is presented

below, both of which were corrected for anisotropy before spectra generation.

g=













2.000587 0.003141 −0.005710

0.003141 1.996035 0.010280

−0.005710 0.010280 2.018092













A=













3.367390 0.039117 −0.138635

0.039117 3.744196 −0.377662

−0.138635 −0.377662 3.601687













The more energetically favourable equivalent, where the larger NO2 eliminated PETN

molecule becomes cationic and the NO2 fragment is a radical, was difficult to optimise

and, as shown in Figure 4.52, appears to be quite unstable. The structure suggests pos-

sible further release of NO2 from an adjacent nitro group followed by the capture of a

hydrogen atom from a CH2 group.
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The initially released NO2 radical is well known, with the radical being centred on the

nitrogen. The structure and corresponding predicted ESR spectra have already been dis-

played for the NO2 radical as it was a suspected fragment resultant from HMX ionisation,

it is shown in Figure 4.37.

Figure 4.52: Structure of NO2 eliminated PETN cation

The NO eliminated derivative of PETN is also energetically favourable, resulting in a

potential oxygen centred radical derived from the uncorrected hyperfine coupling tensors

of the optimised structure, as shown in Figure 4.53. Correcting for atomic abundance

essentially nullifies any hyperfine coupling on the oxygen atom, indicating that the vast

majority of coupling will come from the closer protons within the molecule, as shown in

Figure 4.53b.
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(a) Un-adjusted (b) Adjusted

Figure 4.53: Structure and hyperfine coupling of NO eliminated PETN radical

The g-factor and hyperfine coupling tensors of the hydrogen atoms were used to generate

a predictive ESR spectra. As shown in Figure 4.54, the observed spectra complex and

upon inspection of the individual tensors, consists of two singlets from dissimilar hydro-

gens and a triplet from two similar hydrogen atoms.
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Figure 4.54: Predicted ESR spectra of NO eliminated PETN radical

The computed g-factor (g) is presented below and the hyperfine coupling tensors for the

hydrogens is available in the Appendix, both of which were corrected for anisotropy be-

fore spectra generation.

g =













1.988991 0.013205 −0.000873

0.013205 2.002803 0.009890

−0.000873 0.009890 2.007827













The isomerisation of PETN to a nitrite derivative does not involve fragmentation, and

as such cannot exist in an electronic ground state. The resultant optimised structure, as

shown in Figure 4.55, is quite interesting as it suggests the potential release of NO2. The

remaining fragment is therefore equivalent to the NO2 eliminated PETN fragment that

has previously been considered.
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The structure of the fragmented nitrite derivative suggests that the radical is located on the

oxygen adjacent to the site of the NO2 loss, as shown by the uncorrected hyperfine cou-

pling in Figure 4.55a. This is in agreement to the previous analysis of the NO2 eliminated

PETN fragment. Correcting for atomic abundances yields strong hyperfine coupling to

only one of the hydrogen atoms adjacent to the radical centre, with a small contribution

from the adjacent hydrogen, as shown in Figure 4.55b.

This suggests that for the nitrite derivative, the presence of NO2 group that appears to

fragment from the parent molecule, is influencing the calculation.

Further analysis of the charge distribution suggested that the NO2 fragment was cationic,

and therefore the larger fragment would need to be a radical for the charges to balance.

Additional evidence comes from the linear geometry of the NO2 fragment which is only

achieved when it is in the cationic state, whereas in its non-ionic radical state, it has a

bond angle of approximately 134°, as shown in the previous structure analysis, Figure

4.37.

(a) Un-Adjusted (b) Adjusted

Figure 4.55: Structure and hyperfine coupling of radical nitrite derivative of PETN

The hyperfine coupling tensor for the two hydrogens was used, alongside the g-factor
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tensor to generate a predicted ESR signal, as shown in Figure 4.56, which generated a

typical doublet. This is in contrast to the previously generated triplet seen in the predicted

spectra of the NO2 eliminated PETN derivative, Figure 4.51.

Figure 4.56: Predicted ESR spectra of ONO2 radical

The computed g-factor (g) and hyperfine tensor of the identical hydrogens is presented

below, both of which were corrected for anisotropy before spectra generation.

g=













2.001953 −0.000358 −0.001698

−0.000358 2.019301 −0.007596

−0.001698 −0.007596 1.991887













A=













5.528688 −0.154322 −0.283668

−0.154322 5.112822 0.210308

−0.283668 0.210308 5.636513
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Chapter 5

Experimental Investigation

Evidence gathered from any computational calculation, such as those undertaken in the

previous chapter, should be validated against experimental evidence where possible, to

demonstrate its validity. This is especially true considering that most models/calculations

often do not explicitly represent all the known physics/chemistry occurring for a given

scenario, and therefore approximations are often made which may likely induce error.

The calculations that have been undertaken so far are no exception and several approxi-

mations have been made.

Experimental evidence is therefore required to support or refute the calculations and any

conclusions that are drawn. Where dependencies lie between modelling and experimental

evidence, consideration must be made to both the modelling and experimental effort to

ascertain if they are correctly representing each other. If they are, then experimental data

must take precedence as it provides true-to-life evidence with no approximations.

Chapter 3 provided some literature evidence as to the effect of gamma radiation on TATB,

HMX and PETN. These experimental investigations are quite varied and all have been

limited by the availability of a suitable gamma emitting source, meaning that most data

sets have experienced different radioactive environments. As highlighted earlier in Chap-

175
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ter two, this does not just effect the total dose, but the dose rate as well. Variations con-

tinue in both the thermal and gaseous environments employed within these investigations,

sometimes causing significant differences [36, 37]. It was decided that additional exper-

imental and analytical evidence over that present within the literature would enhance the

available evidence to validate models and support conclusions. However, these experi-

mental investigations would need to be well controlled in terms of thermal, gaseous and

radiolytic environments in order to make them as applicable as possible.

5.1 Experimental plan

An experimental plan was drawn up based upon material, facility and analytical availabil-

ity, in order to provide experimental evidence of the effect of gamma radiation on TATB,

HMX and PETN. It was decided that an effort should be made where feasible to make any

experimentation as physically simplistic as possible for two reasons; to maximise read-

across between experimental evidence and any computational predictions and secondly,

to ensure that an understanding of the interaction in these cases could be ascertained be-

fore consideration of more complex scenarios.

The experimental plan was broken into three areas. The irradiation of bulk materials

followed by their subsequent analysis; the development of an in-situ gamma irradiative

ESR technique; and some additional wet chemistry, targeted towards TATB, including the

synthesis of a suspected daughter product which could be used as a marker compound

during analysis.
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5.1.1 Bulk material irradiation and analysis

As elucidated earlier, the ability to analyse HMX, PETN, and TATB that has been ex-

posed to gamma radiation provides perhaps the best possible evidence as to the effect. In

order to make any resultant data as applicable as possible to a nuclear weapon environ-

ment, consideration needed to be made to the appropriate radiation, gaseous and thermal

environments. The exact environment encountered within different nuclear weapons is

undoubtedly variable and (unsurprisingly) not available in the open literature due to se-

curity restrictions; however, a few approximations can be made: Firstly that a chemically

inert gas would be present, as it is unlikely anything else would be used; the temperature

would be elevated from ambient due to radiological heating effects; and finally, that the

radiation environment would be dominated by gamma emission from either Uranium-235

or Plutonium-239, the two most commonly used fissile materials [82].

The gaseous environment initially presented difficulty as consideration was given to the ir-

radiation of bulk material in chemically inert gasses such as nitrogen, argon or helium, but

it was quickly realised that these gasses would become ionised themselves in the presence

of gamma radiation, presenting the possibility of unknown side reactions. As a result, and

in an effort to keep the investigation simple and make any subsequent data/findings more

suitable for model validation, the most appropriate gaseous environment was considered

to be a vacuum and was hence selected for any irradiative experiments. The thermal

environment was decided to be set at 40°C as service representative temperatures were

unknown and 40°C was deemed to be sufficiently far away from ambient that it should be

easy to achieve and control accurately.

The radiolytic environment posed the most significant challenge as dose rates would need

to be much greater than those observed within weapon environments in order to accel-

erate the effect. In order to obtain an increased dose rate of radiation that is comparable

in incident energy to that of a nuclear weapon environment, significant quantities of the
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same fissile material contained with such weapons would be required; this was clearly

unachievable. Consideration of the available sources lead to a decision between utilising

the JJ-Thomson facility cobalt-60 source, which has a significantly higher incident energy

than that of Plutonium or Uranium, or using smaller, much lower activity laboratory point

sources of other radio nuclides, including Uranium-235, and Americium-241, that have

more comparable energy spectra.

It was decided that the JJ-Thomson facility would be used over point sources, due to

its immediate availability to irradiate explosive samples safely in a proven way, with dif-

ferences in the incident energy compared to service being addressed by the calculated

mass attenuation function of each material. The use of such an active source permitted

much greater dose rates and hence total doses to be achieved over a fixed time period.

Values of dose rate needed to be reasoned, with increases in dose rate reducing facility

demand and hence cost, whilst providing data earlier. However, concern was raised that

higher dose rates would significantly increase the probability of radical-radical reactions

that would not likely be seen throughout weapon service. The total dose that materials

were to receive was equally challenging as relevance to service was desirable, however a

sufficient enough effect to the material was required in order to undertake successful ana-

lytical investigations. Resultantly, a total dose of 200 kGy (dose equivalent to water) was

agreed as this was the maximum permitted for explosive materials for the facility. Irradi-

ations would be undertaken at the maximum dose rate that could be achieved throughout

the project, i.e. 750 Gy hr-1.

These decisions were also heavily influenced by the fact that a number of irradiative ex-

periments had previously been undertaken in the JJ-Thomson facility, namely by Padfield

and Connors [43, 66, 51, 49] and keeping the same experimental conditions allows not

only read across to their data, but also access to samples of TATB that had already been

irradiated to total doses varying between 10 kGy and 400 kGy. Although these samples
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had been irradiated at a higher dose rate than what was achievable for this work, due to

source decay, it was decided due to facility availability and cost not to repeat the irradia-

tion of TATB as all other parameters were identical.

The provision of samples of raw PETN and HMX irradiated to 200 kGy at a dose rate

of 750 Gy/hr was therefore planned to be undertaken within the JJ-Thomson facility. The

explosive containment units, control unit and glass ampoules were used in an unmodified

state to improve read-across, with the exception of a data logger being incorporated onto

the control box with a secondary thermocouple channel to ensure irradiation temperatures

were consistent. A total of 4 grams of each material was irradiated and split between six

vials, that were evacuated then flame-sealed prior to being irradiated for approximately

266.7 hours at 40°C.

In order to have confidence in the dose rates and associated total doses, detailed dosimetry

of the JJ-Thomson facility and the associated apparatus was also undertaken, as this had

only been completed reasonably crudely several years prior to the start of this investiga-

tion.

Post irradiation, specimens were withdrawn from the facility and visually inspected prior

to sampling and analysis of the gaseous head space, afforded through the break arm on

the side of each ampoule and subsequent direct injection into a GC-MS. Samples were

then removed from the ampoules by scoring and targeted breakage of the flame-sealed

end of the glass ampoule. Collected material and a baseline sample was initially sent for

hazard analysis, which consisted of a 10-shot Rotter test, to measure impact sensitiveness

and spark test to ascertain the electrostatic hazard properties of the material; additional

bulk hazard testing could not be afforded due to limited material availability. Materials,

including remnants of irradiated TATB from Connors and Padfield [43, 66, 51, 49] and

appropriate baselines were then also analysed using DSC, FT-IR, HPLC-MS, NMR and
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ESR, where possible.

Analysis of the materials by DSC was undertaken at a heating rate of 2°C per minute in

accordance with the compatibility STANAG [33] and were used to ascertain differences in

phase change, decomposition onset and peak temperatures and infer changes in the ther-

mal hazard properties. NMR would also be undertaken on dissolved specimens, which

was acknowledged to be challenging for TATB due to its poor solubility and HPLC-MS

would be undertaken, where specialist bi-phenyl and phenyl-hexyl columns were selected

to separate the aromatic TATB from possible decomposition products.

ESR analysis was also planned to be undertaken on samples withdrawn from the JJ-

Thomson facility, however due to the time period between retrieving a specimen and

analysis, any detected radicals will be long lived chain terminating radicals, so any evi-

dence of early time radical formation would likely be lost.

5.1.2 In-Situ ESR

The irradiations undertaken within the JJ-Thomson facility are acknowledged to focus on

bulk changes resultant from large quantities of absorbed gamma radiation; with findings

from subsequent analytical investigations providing evidence as to the end product of the

interaction. As shown from the purported decomposition maps, there are potential inter-

mediate steps, mostly involving ionic and radical species, that are likely to exist prior to

the formation of the reaction terminating daughter product. The ability to detect some an-

alytical evidence of intermediate states is highly desirable, as it would provide evidence

to corroborate the computational chemistry predictions.

Due to the short lived nature of the suspected intermediate radical species, detection and

quantification presents challenges. Irradiations undertaken within the JJ-Thomson facility
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can only be achieved at ambient or higher temperatures, meaning that any short-lived rad-

icals will likely have decayed to long lived daughter species, in fractions of a second after

the cobalt-60 source is retracted, i.e. significantly longer than that required to retrieve

and test the irradiated material. As a result, in-situ methods were considered which could

provide some analytical evidence during the irradiation.

The only method that was considered potentially viable for samples under irradiation

in the JJ-Thomson facility was using FT-IR with the light sent through fibre-optic cables,

permitting the spectrometer to sit outside the radiation cell. A few trials were undertaken

that showed that the method was not viable, due to the darkening of the glass ampoule

upon irradiation and the decomposition of the fibre-optic cables, attributed to the intensity

of the radiation field.

Consideration was then given to the possibility of undertaking ESR analysis of materi-

als immediately after irradiation in the JJ-Thomson facility. This option was favourable

as it would provide evidence that could directly corroborate predictions from the computa-

tional chemistry analysis. However, due to the lack of ability to undertake the irradiations

at low temperature and the time required to access the samples, it was concluded that any

detections would simply see chain terminating radicals. As an alternative, spin trapping

was considered.

This methodology involves mixing a chemical species with a radical, which subsequently

react together to form a more stable, albeit different, radical species. This longer lived

spin-adduct may then be analysed within an ESR spectrometer. However, the main draw-

back with this method is that the identity of the short lived radical must be inferred from

the spectra of the spin-adduct, adding significant complexity. In addition to this issue, the

spin trap would have to be added to the sample prior to irradiation, meaning that the spin

trap would then be exposed to exactly the same amount of radiation as the sample. The
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spin trap would likely itself become an ionised radical and decompose to an unknown

product. This methodology was therefore not considered further.

It became apparent that there was no viable method for in-situ analysis of samples be-

ing irradiated within the JJ-Thomson facility, mostly due to its power but also due to

the multi-directional nature of the radiation field, i.e. equipment and/or other chemicals

would be exposed along with the sample. The availability of smaller, lower activity point

sources was investigated, with several options being viable for more ’bench-top’ appli-

cations; this allowed additional in-situ methodologies to be considered. However, these

point sources were of much lower activity compared to the JJ-Thomson facility, hence

why they were not selected for bulk material irradiation, and as a result the analysis tech-

nique needed to be as sensitive as possible.

Fortunately, ESR analysis is known to be one of the most sensitive analytical techniques,

with spectra achievable at very low radical concentrations as low as 10-6 molar percent

[83]. It was therefore considered that ESR would be the best technique to develop an in-

situ methodology for irradiating samples, and would provide excellent evidence to com-

pare against the predicted ESR spectra of any intermediate species.

Typical ESR spectrometers, such as the one available at Shrivenham, are designed so

that an external stimuli, such as ultraviolet radiation, can be applied to a sample whilst

it is inside the spectrometer, i.e. in an in-situ arrangement. The instrument also has an

environmental controller capable of reaching -170°C. This arrangement was adapted so

that a gamma emitting source could be placed in-line with the sample whilst it was within

the spectrometer, with the aim of irradiating samples of interest at the lowest achievable

temperatures. These low temperature irradiations would significantly extend the lifetime

of intermediate radicals when compared to room temperature, and permit the generation

of an ESR spectra without having to raise the temperature of the sample.
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As discussed previously, ESR spectrometers contain powerful electromagnets in order

to generate the required characteristic spectra. Many radionuclides, such as cobalt-60,

are ferromagnetic, which presented a potential safety concern where the application of a

strong magnetic field could cause heating or even rapid movement of the radionuclide,

both of which have the potential to cause unplanned dispersal of radioactive material

within the laboratory; this was clearly not acceptable. A method was developed which

allowed the electromagnet to be physically switched off and isolated whilst allowing the

thermal controller to function. This allowed a sample to be irradiated at a controlled tem-

perature, without the application of an electromagnetic field.

Consideration was also given to the radionuclide selected for the in-situ measurements,

with two available types, cobalt-60 and americium-241; with the former having gamma

quanta an order of magnitude greater in energy. The cobalt-60 option had the obvious

advantage of being the same incident energy of the irradiations undertaken in the JJ-

Thomson facility. However, as shown by some of the computationally calculated ion-

isation potentials, the interaction between the lower energy americium-241 should be

identical, i.e. ionisation through Compton scattering. In fact the lower energy of the

americium-241 was one of its advantages, as radiation at this energy would be absorbed

more readily as a function of material thickness than that of cobalt-60. This was especially

useful considering the limited quantity that would be exposed due to the small diameter

(3.4 mm) of the ESR tubes. An additional advantage for the americium was that it is para-

magnetic and not ferromagnetic like the cobalt, meaning that if the electromagnet were to

accidentally become enabled, the effect on the material would be significantly reduced.

As a result, americium was selected as the source of choice for these experiments.

Four americium-241 sources were available in varying activities ranging from 40 kBq

to 1 GBq. All four samples were of different geometry and therefore needed to have
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unique fixtures manufactured such that they could be mounted onto the ESR cavity and

provide a collimated beam of gamma radiation to the sample. A standard approach was

used, whereby an aluminium fixture would be attached to the ESR cavity port using ny-

lon grub screws to secure. Each fixture would mount the radionuclide and collimate any

emitted radiation through a hole 5 mm in diameter towards the sample in the cavity. Each

fixture was manufactured in two parts, allowing the incorporation of the radionuclide into

the fixture prior to its mounting onto the ESR. An example of one of the fixtures can be

seen in Figure 5.1, and the port on the spectrometer on which it would mount can be seen

in Figure 5.2.

Figure 5.1: Schematic of source holder (courtesy of Brian Duguid - Cranfield University)
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Figure 5.2: ESR spectrometer sample and source mounting

In order to provide read-across to the irradiations undertaken within the JJ-Thomson fa-

cility, samples of HMX, TATB and PETN would need to be sealed under vacuum. This

presented a small challenge as ESR vials are typically manufactured from quartz or an

equivalent, to reduce any signals from impurities found in typical laboratory glassware.

A technique was developed that allowed powdered samples to be added to an ESR tube,

which would be subsequently evacuated and then flame-sealed in an manner akin to the

method used for evacuating and sealing ampoules used within the JJ-Thomson facility. In

order to achieve this, the ESR tubes were modified using graded glass seals which allowed

the addition of a section of lab-typical borosilicate glass at a much greater diameter. This

permitted sample addition, evacuation and flame-sealing, whilst ensuring that only quartz

was present alongside the sample in the microwave cavity. Using this method, samples

of HMX, PETN and TATB were all sealed under vacuum, each containing approximately

0.5 grams of material.

One of the significant issues with the designed arrangement was that dosimetry was not
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possible, primarily due to the fact that a detector could not be incorporated into the mi-

crowave cavity based on size restrictions. It was therefore impossible to measure the

amount of radiation, from any source, that was reaching the sample. A measurement be-

tween the location of source and the sample within the cavity was made using a calliper

(76.82 mm), permitting an approximation of the amount of radiation likely to be incident

on a sample.

This was based on the known activity of each radionuclide, the inverse square law and

the expected absorption from air. Based upon the activity of the most powerful point

source (approx. 1 GBq) and the inverse square law, it can be calculated that the expected

activity at 76.82 mm would be 74,158 Bq per square millimetre. This is achieved, as de-

tailed in Equation 5.1, by dividing the activity of the point source ȦSource by the area of a

sphere with radius 76.82 mm, the distance from the source to the sample. This results in

an areal activity, ȦShpere, of 13,500 Bq per square millimetre.

ȦShpere =
ȦSource

4πr2
(5.1)

The total activity that would be incident of the sample ȦIncident is therefore simply this

value ȦShpere multiplied by the area (3.4 mm by 50 mm) of the ampoule, the resultant

calculated activity is approximately 2.29 MBq.

This value reduces further, due to absorption from the 76.82 mm of air between the point

source and the sample. Using literature values for the mass-absorption coefficient µ/ρ

for air 60 keV of 0.1888 [17] and the Beer Lambert law as shown in Equation 2.1, this

corrects the incident activity ȦCorIncident to approximately 541 kBq, as shown by Equation

5.2, where x is distance.

ȦCorIncident = ȦIncidente
−µx/ρ (5.2)



5.1. EXPERIMENTAL PLAN 187

The wall of the glass ampoules also presents a further absorption prior to the actual spec-

imen, this consists of 0.8 mm of silicon dioxide. Again by using literature values for the

mass-absorption coefficient for silicone at 60 keV, 0.2417 [17], the reduction was calcu-

lated and determined to be minimal, resulting in an activity of 530 kBq actually incident

on the sample ȦSampleIncident , as per Equation 5.3.

ȦSampleIncident = ȦCorIncidente
−µx/ρ (5.3)

Knowing that approximately 530 kBq would be incident on the sample, a further calcu-

lation was undertaken to determine the proportion of the incident radiation that would be

absorbed by a sample. This calculation was again based upon the Beer-Lambert law, but

rather than using a material’s mass-attenuation coefficient, the mass-energy attenuation

coefficient was used to calculate the amount of radiation that would be absorbed, rather

than what would be lost through interactions such as absorption and scattering.

PETN has the lowest calculated mass-energy attenuation coefficient compared to TATB

and HMX, and hence was used as a worst case. Using the the theoretically determined

value for the mass-energy coefficient detailed within Chapter 2 of 0.0289 and the sam-

ple thickness of 3.4 mm, an activity ȦPET NAbsorbed was calculated as per Equation 5.4,

resulting in an activity of 525 kBq.

ȦPET NAbsorbed = ȦSampleIncidente
−µenx/ρ (5.4)

Unfortunately, this final step proved to be flawed and led to an incorrect assessment of the

number of interactions that a sample would expect to experience. This is explored in more

depth in the next chapter, but was only discovered after the experiment was attempted.
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5.1.3 Synthesis of marker compounds

One of the key findings of Connors’s work was a purported mono-furazan derivative of

TATB. This conclusion was born from finding a peak in the chromatograph of irradiated

TATB vs pristine that gave a peak in the mass spectrum of 240 atomic mass units, which

is 18 less than TATB, signifying the loss of water. Whilst this is strong evidence for

the presence of such a compound, positive identification against a marker compound was

deemed highly desirable for the material. Unfortunately, a synthesis for the mono-furazan

derivative was not found in the literature. However, one was found [46, 84] for TATB’s

other popular purported degradation product from gamma radiation; the mono-nitroso

derivative. Synthesis of this compound would allow a study to be undertaken alongside

irradiated samples of TATB, providing evidence for or against its generation.

5.1.4 Re-crystallisation

The work undertaken by Tian [53] suggested that the discolouration of TATB was not

caused by the generation of a daughter product with a green or blue chromophore, but was

caused by dislocations within the crystal structure. In addition, numerous literature have

suggested that the increase in sensitiveness seen for some irradiations of TATB, HMX and

PETN especially to impact, may be caused by the generation of gaseous fissures within

the crystal structures. As a result, the re-crystallisation of irradiated samples of TATB,

HMX and PETN were planned in order to see if changes were reversible through refor-

mation of the crystal structure.
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5.2 Experimental results

Dosimetry

Prior to any experimental work being undertaken, the radiological activity of the cobalt-

60 source within the JJ-Thomson facility needed to be fully characterised. This was to

ensure that the radiolytic environment to which selected materials may be exposed, was

well understood. This characterisation would not only allow an understanding of the total

amount and rate of radiation a sample may receive, but it would also allow future calcu-

lations, for example using mass-attenuation coefficients to calculate the actual received

dose, to be based upon accurate initial data. In addition, and due to the relatively short

half life of cobalt-60, the activity of the source at the planned end date of the research

project needed to be accurately predicted so that experiments could be irradiated at the

same dose rates throughout the duration of the project. This predicted activity required

calculation based upon well founded predictions of typical radioactive decay [12], and

again needed to be based on accurate, traceable data.

Various methods exist for conducting dosimetry of point sources of gamma emitting ra-

dionuclides with subsequent measurements providing different physical meanings. Air

KERMA (Kinetic Energy Release per unit MAss) is often used as standard in gamma ray

spectroscopy and hence most electrometers are calibrated to this standard. The physical

meaning of air KERMA is essentially the amount of energy transferred to a unit mass

of standard air from an incident photon beam, which has the SI unit of Gray (Joules per

Kilogram).

Dosimetry was undertaken using a PTW Unidos Webline Electrometer and a NE2571 0.6

cm3 ion chamber, which are typical for such measurements, both of which were loaned

and calibrated to a traceable standard by the Atomic Weapons Establishment (AWE) to

Air KERMA [85]. Measurements of dose and rate were taken as averages across three
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readings, of a period of sixty seconds. A longer exposure time would have potentially re-

duced uncertainty in measurement, however it was not advisable due to the activity of the

source, as it would have reduced the life of the ion chamber. Measurements were under-

taken at three distances relative to the closest side of the aluminium can of the cobalt-60

source. This was undertaken in both free air and inside the explosive containment units

where the ion chamber was placed within the central sample location.

Air KERMA readings were then converted to dose equivalence to water in accordance

with ISO 4037-2:1996 [86], specifically Equation 5.5. Source data for the relevant vari-

ables is summarised in Table 5.1, with measured values for the explosive unit presented

in Table 5.2.

(Dw)r = MrNk[(L/ρ)w,a][(1− ḡa)kattkm]c (5.5)

Symbol Units Meaning Value for cobalt-60

(Dw)r Gray Dose rate to Water NA

Mr.Nk Gray Air KERMA Dose Rate NA

(L/ρ)w,a Unit-less Restricted-mass collision-stopping power 1.1325[86]

1− ḡa Unit-less Factor for Bremsstrahlung Radiation 0.9970 [86]

KatKm Unit-less Factor for NE2571 ion chamber 0.985[87]

Table 5.1: Air KERMA to dose equivalent to water parameters
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Distance from source Dose rate air KERMA Dose rate to water

(M) (Gy hr-1) (Gy hr-1)

0.177 1079 1200

0.210 833 927

0.220 757 842

0.300 479 533

Table 5.2: Dosimetry values

Knowledge that the activity of the source can be described by standard exponential decay

as per Equation 5.6, and that radiation flux will also decay as a function of distance ex-

ponentially according to the Beer-Lambert law, repeated here in Equation 5.7, predicted

dose equivalences to both Air KERMA and water may be calculated as a function of both

distance (from the source) and time.

Ȧ = Ȧ0e−λ t (5.6)

Where Ȧ = Dose Rate at time = t, Ȧ0 = Dose Rate at time = 0, λ = Decay Constant and t

= time

Ȧ = Ȧ0e−µx/ρ (5.7)

Where µ is the mass attenuation coefficient of air and x is the reference thickness.

Using this principle, it can be calculated that the highest achievable dose rate in July

2018 for explosive samples, i.e. samples contained within the explosive containment unit

placed at the minimum stand-off to the side of the aluminium can of 5 cm, is approxi-

mately 750 Gy hr-1, dose equivalent to water. This is achieved by plotting the measured

activity from the dosimetry measurements against distance from the source can on a nat-

ural log plot. A linear function can then be plotted, which is essentially the Beer-Lambert
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law from Equation 5.7, this is shown as the red dotted line in Figure 5.3. This line is then

adjusted to take into account changes in activity by using Equation 5.6, and results in the

dotted blue line in 5.3. The equation for this line is then used to calculate the achievable

dose rates at the requested date of irradiation.

Figure 5.3: Activity vs. distance at time of dosimetry and on 31st July 2018

It is acknowledged that there is some uncertainty in the values measured during the

dosimetry, which will propagate through to any predictions of dose and/or distance to

the source. It is thought that the largest source of error would have been the measurement

of distance within the JJ-Thomson facility as this was undertaken as accurately as pos-

sible with metre rule, with millimetre markings. Repeat measurements of the dosimetry

were not possible due to the significantly large activity of the source, which would have

reduced the life of the ion chamber. However, during the sixty second exposure time the

dose rate was very stable, indicating good accuracy.
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5.2.1 Sample preparation

Twelve ampoules, six of HMX and six of PETN, were successfully flame-sealed using

the methodology developed by Connors. Three modified quartz ESR tubes containing

HMX, PETN and TATB were also successfully evacuated and flame sealed for the In-Situ

ESR experiments. Irradiations within the JJ-Thomson facility were not undertaken con-

currently. With HMX being irradiated approximately three months prior to the PETN,

slight adjustments were made to the distance between the explosive containment unit and

the cobalt-60 source to address the slight reduction in activity between the two dates.

Historical samples from Connors and Padfield were inspected, where pressed pellets and

powders of TATB that had been gamma irradiated from 10 to 400 kGy dose equivalent to

water, were found to be in good condition (and still of various shades of green). In ad-

dition, baseline un-irradiated TATB, and a sample of powder that has been UV irradiated

for a total of 120 days (that had an almost blue/blackish appearance) was also obtained.

5.2.2 General findings

In keeping with findings from Padfield and Connors, the radiation environment had turned

the glass ampoules a very dark brown which impeded the ability to use FT-IR techniques

to analyse the head-space. The head-space of each irradiated ampoule was retrieved using

a modified method to that of Connors. A design was generated where a glass side arm was

mounted to a number of standard gas GC-MS vials of volume 10 mm3 that were sealed

with a septum. This was then connected to the side break tube of the sample ampoules by

plastic tubing, fitted with vacuum grease. The modified GC vial was flushed with argon

(spiked with krypton) for five minutes, as this was the carrier gas selected for the GC-

MS. Due to the density of argon (and krypton) the apparatus was arranged such that the

irradiated ampoule was held directly underneath the modified GC vial during flushing to

ensure that all atmospheric species would be removed.
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After five minutes, flushing was halted and the side break arm on the irradiated ampoule

was broken through the connecting plastic tubing. Upon breakage of the side arm on each

sample of irradiated HMX and PETN, the septum of the modified GC vial became slightly

concave indicating that a vacuum was still present in each of the vials. The sample was

then left for a further 15 minutes to allow equilibration between the irradiated ampoule

and the GC-MS vial, before being sampled manually by a 1 micro-litre gas syringe which

was injected directly into the sample port on the GC-MS. Unfortunately, only atmospheric

gas species were detected in their typical ratios for air, indicating that either gasses were

generated in such minute quantities that they were below the limit of detection, or, more

likely, the gas sampling method was flawed.

In order to test if the sampling methodology was at fault, four samples of nitrocellu-

lose wetted by 30 % isopropyl alcohol were vacuum-sealed within pristine glass irradia-

tion vials and subjected to three weeks of accelerated ageing at 90°C, known to generate

significant quantities of NOx species that should be detectable using the GC-MS method-

ology. Upon retrieval from the oven, two of the samples had undergone what was likely

autocatalytic decomposition, where the material has turned from white and fluffy to a

black solid; the other two samples retained their white and fluffy initial appearance. Gas

sampling was undertaken using the same methodology, except when the break arm was

fractured on all four vials the septum became slightly convex, indicating the presence of

a significant quantity of a decomposition gas. However, upon injection of the same vol-

ume into the GC-MS, the same atmospheric species were detected, suggesting that the

methodology was flawed. The equipment and chromatography method(s) were checked

by testing a prepared gas standard that yielded expected results, indicating the equipment

was working correctly. All samples of HMX and PETN were tested as the material needed

to be retrieved for hazard testing, meaning that method development could not be under-

taken on these materials. It was decided that the methodology would be re-visited prior
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to future planned irradiations of HMX and PETN, using thermally aged nitrocellulose as

a test.

Unfortunately during the course of the experimental programme, the JJ-Thomson facility

suffered a mechanical failure rendering it unavailable after the first set of irradiations of

PETN and HMX, meaning that future gas head-space analysis was not possible. Further-

more, and as will be explored in further detail below, the hazard properties of the retrieved

irradiated samples of PETN and HMX were significantly affected. On safety grounds, the

significant majority of these materials were disposed of, permitting only a very limited

set of experimental analyses on the recovered material.

5.2.3 Bulk material irradiation analysis - TATB

Hazard properties

Due to the limited quantities, no hazard testing was possible for the 400 kGy gamma or

120 day UV irradiated samples. Connors and Padfield demonstrated notable changes to

the hazard properties of the exact same TATB irradiated by gamma radiation to 200 kGy,

therefore it was expected that the hazard properties of the 400 kGy and 120 day UV irra-

diated TATB would likely be worse; the material was therefore handled accordingly and

minimal quantities used.

Thermal properties

Samples of baseline, 400 kGy and 120 day UV irradiated TATB were analysed by DSC

undertaken with a heating rate of 2°C in a 40 micro litre aluminium sample holder with a

pierced lid, as per the compatibility STANAG 4147 [33]. The resultant thermograms are

shown compared against each other in Figure 5.4. A notable difference between the ma-
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terials is observed with the onset of decomposition and peak decomposition temperatures

being reduced for UV and gamma irradiated TATB, when compared to its baseline.

Figure 5.4: TATB thermograms

Microscopy

Optical microscopy was undertaken on samples of pristine, 400 kGy gamma and 120 day

UV irradiated samples of TATB that were prepared on optical glass slides. Images were

obtained at a magnification of x500 and an effort was made to obtain focused images as a

function of depth by imaging every 5 microns over a total depth of 200 microns and apply-

ing reconstructing techniques. The resultant images are presented in Figure 5.5, where no

crystal fissures can be observed and the greening of the material is clearly visible. There

appears to be a notable difference in the powder morphology and particle size between

the three images (same scale), with perhaps the most pronounced being with the UV aged

material. It appears that the baseline material has a greater particle size than the 400 kGy

irradiated which itself appears greater than the UV irradiated sample, the same trend can

be said regarding the fluffiness of the crystals. All three materials were labelled with the

same batch number and described in the documentation as TATB Type C, suggesting that
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the change might be the result of irradiation, or perhaps samples had been miss labelled.

(a) Baseline

(b) 400 kGy gamma irradiated

(c) UV irradiated

Figure 5.5: Optical microscopy of TATB
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NMR

Due to the poor solubility of TATB in typical NMR solvents such as d-chloroform, d-

acetone or even d-DMSO, specialist deuterated concentrated sulphuric acid (D2SO4) was

obtained. Samples were prepared by dissolving pristine, 400 kGy gamma and 120 day

UV irradiated TATB powders into this solvent, that were then submitted for proton, car-

bon and nitrogen NMR analysis using 128, 1024 and 1000 scans respectively. Even for

the most sensitive proton scans, as shown in Figure 5.6 for the UV irradiated sample,

no difference was detected between the three materials with identified peaks typical of

pristine TATB. In the carbon and nitrogen scans, spectra could not be detected for even

pristine TATB, highlighting the poor solubility of the material, even in D2SO4.

Figure 5.6: Proton NMR spectra of UV irradiated TATB in D2SO4



5.2. EXPERIMENTAL RESULTS 199

ESR

Samples of the baseline, 400 kGy gamma irradiated and 120 day UV irradiated TATB

powders were submitted for analysis by ESR. The microwave cavity was successfully

tuned prior to sample preparation where materials were transferred into specialist quartz

ESR vials that were inserted into the instrument at room temperature, at which a magnetic

field sweep measurement was undertaken at the fixed microwave frequency of the cavity.

Spectra were observed for all three powders, where a maximum signal strength was ob-

served for the UV irradiated sample, an intermediate level for the 400 kGy sample and a

barely detectable signal for the baseline TATB, assumed to be attributed to the accumula-

tion of radicles from stray sunlight.

Figure 5.7 shows individual spectra generated after a period of ESR parameter optimi-

sation. Figure 5.8 shows the spectra of the 400 kGy and baseline samples using the

optimised parameters from the UV irradiated sample, permitting a comparison between

all three materials as to their radical concentration. It can be seen the 400 kGy spectra

is much weaker than that of the UV irradiated sample and that a signal cannot even be

detected for the baseline TATB.
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(a) UV irradiated (b) 400 kGy gamma irradiated

(c) Baseline

Figure 5.7: ESR Spectra - individual optimised settings

(a) 400 kGy gamma irradiated (b) Baseline

Figure 5.8: ESR Spectra - UV irradiated optimised settings

UV-VIS

UV-Vis analysis was undertaken on samples of un-irradiated, 400 kGy gamma irradiated

and 120 day UV irradiated samples of TATB dissolved in DMSO. The resultant solutions
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all appeared to be the same straw yellow colour with the resultant spectra not containing

any characteristic differences, as shown in Figure 5.9, where differences are likely due to

concentration alone.

Figure 5.9: UV-Vis analysis

5.2.4 Bulk material irradiation analysis - HMX

Hazard properties

The impact sensitiveness of the irradiated HMX increased significantly when compared

to the baseline material, which had a Figure of Insensitiveness (FoI) of 65. An equivalent

value could not be ascertained for the irradiated sample as the material was initiating from

even the lowest drop heights available on the Rotter apparatus. This indicated a FoI of less

than 20, comparable in impact sensitivity to primary explosives. Resultantly, the material

was immediately quarantined with no additional hazard testing permitted. Aside from a

very small sample (approx. 100 mg) that had been kept for concurrent thermal analysis,

the remaining bulk of this material was destroyed on safety grounds.
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Thermal Properties

DSC analysis was undertaken at 2°C per minute in pierced 40 micro litre aluminium pans

in a Mettler DSC 30, in accordance with the chemical compatibility STANAG 4147 [33].

A suitable baseline of non-irradiated material, from the same batch of HMX, was run

concurrently for comparison. DSC results for baseline and irradiated HMX are shown in

Figures 5.10 and 5.11 respectively.

Figure 5.10: Thermal response of baseline HMX
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Figure 5.11: Thermal response of HMX irradiated to 200 kGy in vacuum

NMR

Samples of irradiated and baseline HMX were prepared and submitted for NMR analysis

in deuterated acetone. Initial NMR scans yielded a negative result, as generated spectra

were indistinguishable from the baseline. These were repeated with the irradiated and

baseline HMX being dissolved into deuterated dimethylsulfoxide in case any daughter

products had decreased in solubility. Extensive proton, carbon and nitrogen scans were

undertaken using 190,000, 1280 and 120 scans respectively. Results showed negligible

difference between baseline materials which were run at the same time. Example proton

results (in d-DMSO) are shown in Figure 5.12 for the un-aged baseline and in Figure 5.13

for 200 kGy irradiated HMX.



204 CHAPTER 5. EXPERIMENTAL INVESTIGATION

Figure 5.12: Proton NMR spectra of un-aged HMX in d-DMSO

Figure 5.13: Proton NMR spectra of 200 kGy irradiated HMX in d-DMSO
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HPLC

Samples of irradiated and baseline HMX were prepared for analysis by HPLC, by disso-

lution in acetonitrile to a concentration of 50 parts per million. Samples were run through

the HPLC with UV and MS detectors. No difference between the baseline and irradiated

material was observed despite a concentrated analysis on the UV detector output across

the main peak of the chromatogram. An example output from the detector can be seen in

Figures 5.14 and 5.15, where negligible significant difference can be observed.
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Figure 5.14: Baseline
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Figure 5.15: 200 kGy gamma irradiated

ESR

Due to samples being disposed of, analysis by ESR was not possible despite a small quan-

tity of material remaining available.
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5.2.5 Bulk material irradiation analysis - PETN

Hazard properties

In a similar manner to HMX, the impact sensitiveness of the irradiated PETN was altered

significantly, reducing from a baseline FoI value of 81 to 26, which is again in the re-

gion of some of the most sensitive explosive materials. The PETN was tested prior to the

HMX, but within the same series of hazard testing. As with the HMX, the PETN material

was quarantined and ultimately disposed of, again on safety grounds, with only a small

(approx. 500 mg) sample retained for some small amount of testing.

Thermal properties

Despite the similar alteration in impact sensitiveness as seen in HMX, the PETN thermo-

grams showed negligible difference between baseline and irradiated samples, as shown in

Figure 5.16; analysis of the irradiated material was repeated, confirming the observation.

Figure 5.16: Combined thermogram of baseline and 200 kGy gamma irradiated PETN
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NMR

As with HMX, a sample of the irradiated and baseline PETN was dissolved in both deuter-

ated acetone and DMSO and submitted for proton, carbon and nitrogen NMR analysis.

In keeping with the observations from HMX, no difference was observed between the

irradiated and baseline NMR spectra for any scan type despite a significant change in the

impact sensitiveness. The proton NMR spectra is shown in Figure 5.17 for 200 kGy irra-

diated PETN in d-acetone, which is typical of standard PETN.

Figure 5.17: Proton NMR spectra of 200 kGy gamma irradiated PETN

HPLC

A sample of irradiated and baseline PETN was prepared for HPLC analysis using the

same method used for HMX, dissolution in acetonitrile to 50 parts per million. As with

the HMX, no difference could be ascertained between the baseline and highly irradiated
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material despite a significant effort to improve separation and detection.

ESR

Due to more irradiated PETN being available compared to the HMX, (after the bulk had

been quarantined and disposed of due to the concerning impact hazard results), an analysis

of the material within the ESR was possible. The PETN material was irradiated approx-

imately one year prior to the ESR spectrometer being available at Shrivenham. Despite

this significant period of time, a long lived radical that differed from that observed for

TATB was detected, as shown in Figure 5.18. This measurement was repeated again over

a year later, resulting in an identical spectra signifying that the radical is particularly long

lived.

Figure 5.18: Long lived radical in 200 kGy gamma irradiated PETN
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In order to confirm that this radical was due to the irradiation, a sample of baseline PETN

was run using the same variables for the ESR spectrometer. This yielded no spectra

indicating that no radicals were present, as shown in Figure 5.19.

Figure 5.19: Nil spectra for baseline PETN

5.2.6 In-Situ ESR

Samples of PETN, HMX and TATB vacuum-sealed in ESR ampoules were subjected to

sub-ambient irradiations using the 400 kBq Americium source. At intervals of 15 min-

utes, the radionuclide was removed and the electromagnet and microwave bridge powered

on in order to undertake an analysis. Unfortunately, at each interval, no spectra was ob-

served and were identical to that shown in Figure 5.19, with the exception of TATB which

had a detectable spectra in the baseline material identical to that shown in Figure 5.7c

that did not change with the periodic irradiations, attributed to radicals formed from stray

sunlight. After an hour, the samples were gradually returned to room temperature and the



212 CHAPTER 5. EXPERIMENTAL INVESTIGATION

400 kBq source was swapped for the more powerful 1 GBq radionuclide.

As with the 400 kBq source, spectra were attempted to be ascertained every fifteen min-

utes and in keeping with the lower activity source, no spectra were obtained, that differed

from the baseline (i.e. no spectra for PETN and HMX, as per Figure 5.7 and a low con-

centration simple single peak spectra for TATB, as per Figure 5.7c). Further irradiations

were attempted that yielded negligible results with the limiting factor being the availabil-

ity of liquid nitrogen. The maximum duration at which the spectrometer could operate

at low temperature i.e. less than 150°C was determined to be approximately 1.25 hours.

This was due to the available quantity of liquid nitrogen in the attached bespoke dewar

which could not be topped up mid-irradiation without causing the instrument to return to

room temperature, which would remove any generated short term radicals, invalidating

the experiment.

5.2.7 Synthesis and analysis of mono-nitroso TATB derivative

The synthesis of the mono-nitroso derivative of TATB (2,4,6-triamino-1,3-dinitro-5-nitroso

benzene) was taken from literature sources [46, 84] where TATB, dissolved in DMSO, is

held at 60-90°C for three to four hours in the presence of the strong base sodium ethoxide

and the reducing agent hydroxylamine hydrochloride, after which the reaction mixture is

neutralised by the addition of acid.

The synthesis was achieved with prior preparation of sodium ethoxide by the reaction

of sodium hydride and ethanol. 5 g of sodium hydride (40 % oil wet by mass i.e. 3 g

of sodium hydride) was added under inert atmosphere (nitrogen) to a round-bottom flask.

To remove the oil, the sodium hydride was twice washed with hexane, which was itself

removed by syringe, prior to the drop-wise addition of 5.76 g of ethanol at 40°C, under

stirring. The reaction was left for one hour to ensure completion. A 0.25 M solution of
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hydroxylamine hydrochloride was then prepared in 500 ml of DMSO, which was subse-

quently added to the sodium ethoxide within a 1 litre round bottom flask. The reaction

mixture was then heated to 70°C, at which point 0.45 g of TATB was then added to the

mixture, calculated to be the maximum quantity that could be dissolved in 500 ml of

DMSO at 70°C [88], where the reaction mixture turned from an off white colour to or-

ange, immediately upon the addition.

The reaction mixture was allowed to progress for four hours, by which point the reaction

mixture has turned to a vivid orange/red (Figure 5.20), rather than the purple observed

previously. The solution was allowed to cool to 50°C at which point it was neutralised

by the drop-wise addition of concentrated hydrochloric acid. 250 ml of distilled water

was then added to the mixture causing a solid precipitate to form. The mixture was then

added to 1 litre of distilled water to crash precipitate as much solid as possible and was

left overnight to settle.

Figure 5.20: Initial reaction products
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The following day, a solid was clearly observable at the bottom of the mixture which was

recovered by gradual filtration through a buchner funnel. The yellow/lime green solid

residue was washed with water and hexane in an attempt to remove any remaining re-

actants or impurities, such as oil from the sodium ethoxide preparation, and was dried

within a desiccator. The dried product was weighed at a calculated yield of 46.67 % ±

1.63 %.

Characterisation of the synthesised product was undertaken by NMR by preparation of a

sample dissolved in deuterated sulphuric acid. The resultant spectra (proton is presented

within Figure 5.21) showed significant differences when compared against baseline, 400

kGy and UV irradiated TATB samples which were themselves indistinguishable from

each other.

Figure 5.21: Synthetic mono-nitroso TATB proton NMR spectra
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Additional characterisation by means of DSC was undertaken on the synthetic material

and is shown in Figure 5.22, combined with the thermograms from baseline, 400 kGy

Gamma and UV irradiated samples. A clear difference can be seen between all four

traces, with the potential trend of increasing concentration of the mono-nitroso with de-

creasing onset and peak decomposition temperatures being observed.

Figure 5.22: Combined thermogram

5.2.8 Recrystallisation of irradiated TATB

The most heavily gamma irradiated TATB (400 kGy) was selected for recrystallisation

as it was thought that any differences would be most apparent for this material. As with

the synthesis of the mono-nitroso TATB derivative, DMSO was selected as the solvent

of choice, due to TATB’s poor solubility in other easily accessible laboratory solvents.

0.46 g of 400 kGy irradiated TATB was added to 500 ml of DMSO at room temperature

in a round-bottom flask under stirring, which resulted in a green mixture with most of

the TATB remaining undissolved as a solid matter in suspension. The mixture was then

heated to 70°C and held under these conditions for two hours.
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During the first 30 minutes, the majority of remaining solid irradiated TATB success-

fully dissolved into the solution. A further 250 ml of DMSO was added to ensure that

all the remaining solid matter dissolved. This was successfully achieved once the solu-

tion had retuned to 70°C after the addition. Over the course of the following hour, the

mixture turned from a lime green colour (Figure 5.23a) to golden yellow/orange which

subsequently turned to yellow (Figure 5.23b) upon cooling to room temperature, where a

solid particulate could be observed within the solution.

(a) Time zero (b) 90 minutes later

Figure 5.23: 400 kGy TATB during recrystallisation

This mixture was then poured into a conical flask containing 1 litre of distilled water in an

effort to crash precipitate a solid from the mixture. A translucent white/yellow solution

resulted (Figure 5.24a), suggesting a very fine solid precipitate had formed. This mixture

was then filtered using a buchner funnel, however the solid could not be recovered and

appeared to remain in the solution. A further 1 litre of distilled water was added along

with sodium chloride and magnesium sulphate in an attempt to drop the TATB from the

solution, due to their higher affinity for DMSO and water than TATB. The solution was

left in the dark (wrapped in foil to minimise subsequent decompositions resultant from

stray UV and visible light) for one week, at which point a solid particulate was observed
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to have separated from the solution, yielding a clear liquid above a yellow precipitate

(Figure 5.24b).

(a) Time zero (b) After one week

Figure 5.24: 400 kGy TATB Re-crystallisation

The solution was then gradually filtered through a buchner funnel using a 2.5 micron filter

paper, resulting in the successful recovery of a pale yellow solid particulate (Figure 5.25)

and a clear filtrate. The recovered material was then washed with copious amounts of

distilled water ensuring that residual traces of sodium chloride and magnesium sulphate

were removed; the solid was then dried in a foil wrapped desiccator for approximately

four weeks. After drying, the recovered material was weighed at 0.4546 g compared to

the initial 0.46 g of starting TATB, indicating a yield of 98.826 % ± 1.55 %. Unfortu-

nately, the measurement of the initial 400 kGy TATB was undertaken on a balance of poor

accuracy (to 0.005 g) causing most of the uncertainty in yield.
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Figure 5.25: Recovered solid particulate

Analysis of the recovered solid was undertaken by DSC as it was technique which has

proven to be the most sensitive method for detecting changes induced through radiation.

The DSC thermogram for the recovered product, is shown in Figure 5.26 against the

equivalent prior to recrystallisation.
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Figure 5.26: Thermogram of re-crystallised 400 kGy TATB
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Chapter 6

Discussion of investigation

Observations from both the experimental and computational investigation into the effect

of radiation on TATB, HMX and PETN were varied and shall be discussed in more de-

tail below. However, beforehand a few general, material non-specific observations can be

discussed.

6.1 General

Firstly is the calculated ionic potentials for all three materials, which were of order 10

electron volts. This signifies the minimum amount of energy required to achieve ionisa-

tion and can be equated to specific wavelengths of light, for all molecules this was within

the lower region of ultraviolet radiation. This is significant, as it suggests that incident

photons of light, whether they are from x-ray, UV or gamma ray, that are greater in wave-

length/energy than this threshold should result in the removal of an electron from the

molecule. Upon the ionisation, the subsequent reactions should be identical regardless

of the source. However, the higher the energy of the photon, the less likely the ejected

electron can be recaptured. In short, ionisation should result in the same fundamental

chemistry for each molecule. This allows future work to be undertaken using UV lamps,

which are much more easy to access than high output gamma ray sources.

221
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6.1.1 In-situ ESR

Based on the limitation placed on the total radiation time by the liquid nitrogen dewar of

one hour, and the calculations previously detailed, an approximation as to the maximum

number of radical generating interactions (worst case, based upon PETN) that a sam-

ple could experience without returning to room temperature was made at approximately

2.4x106. This number was derived by using the calculated rate of absorptions (525 kBq)

for the material with the smallest mass-energy attenuation coefficient, PETN, and multi-

plying it by the maximum achievable period of irradiation time of one and a quarter hours

in seconds (4500 s). This was believed to be sufficient in order to generate a signal within

the ESR cavity.

Upon the unsuccessful ESR experimental campaign these were reviewed and a mistake

identified which considered the amount of radiation a sample would absorb. This was the

application of the Beer-Lambert law across the 3.4 mm of sample in the cavity, where

it was initially thought that by using the mass energy-attenuation, rather than the mass

attenuation coefficient, the calculation would describe the amount of radiation absorbed

by the material. This is incorrect and the calculation, shown in Equation 5.4, represents

the amount of radiation that would not be absorbed by the material and would actually be

the resultant activity incident on the back wall of the ESR tube.

The correct calculation is to take the difference between the activity incident on the sample

and the resultant activity using the mass-energy attenuation coefficient. This difference

must be the activity absorbed by the material and therefore result in radical formation, this

is shown in Equation 6.1 which should have been used rather than Equation 5.4, where

x = 0.34 cm, the thickness of the PETN sample. This results in a rate of absorption two

orders of magnitude lower than that originally calculated, 5.180 kBq compared to 525
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kBq.

ȦPET NAbsorbed = ȦSampleIncident − ȦSampleIncidente
−µenx/ρ (6.1)

As a further step this number can be used to approximate the molar concentration of the

radicals within the sample. Firstly, the number of molecules of the material within the

ampoule of which is exposed to radiation needs to be approximated. Utilising the same

geometries of a inner radius (r) for the ampoule of 3.4 mm and a sample length (l) of 50

mm, an exposed sample volume (V ) can be determined by Equation 6.2.

V = lπr2
≈ 454 (6.2)

Using the density (ρ) of PETN (again the worst case due to its low value), of 1.77 x10-9

Kg mm-3 [89], a mass (m) can be calculated by Equation 6.3.

m =V ρ ≈ 8.04 x10−7 (6.3)

By using the molar mass (M) of PETN, the number of moles (Mol) within this mass can

be equated using Equation 6.4, with the factor of 1000 converting between Kilograms and

grams.

Mol = 1000m/M ≈ 2.54x10−6 (6.4)

By using Avagadro’s constant Na and the number of moles (Mol) of PETN, the number

of molecules of PETN (NPETN) within the ampoule can be equated by their product as per

Equation 6.5.

NPET N = NaMol ≈ 1.53x1018 (6.5)

Finally the maximum molar concentration (Mconc)after a period of irradiation (t=4500)

can be equated by Equation 6.6.
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Mconc = ȦPET NAbsorbedt/NPET N ≈ 1.52x10−9 (6.6)

This calculated value is very low, and beyond the limits of detection for ESR spectrom-

eters [83]. Based upon this number, in-situ irradiations would need to be undertaken for

approximately 50,000 hours (over 5 years) using the current source and sample size in

order to achieve recommended levels of radical concentration.

6.2 Material specific

6.2.1 TATB

The computational results for TATB and its purported daughter products provides some

significant insight into the effect of ionising radiation on the material. The calculated

geometry of the parent TATB ionic radical and associated hyperfine coupling tensor, as

shown in Figure 4.14, indicates that the radical will be located within the aromatic struc-

ture of the molecule, suggesting that radical stabilisation though aromatic resonance is

indeed likely to occur. The resultant structure suggest a twisting of the nitro group closest

to the radical centre. Such a twist may also affect the graphitic crystalline structure, due

to a potential disruption in the complex intra molecular hydrogen bonding. However, this

twist may not occur in the solid state, due to this hydrogen bonding.

As with HMX and PETN, thermodynamically favourable decomposition products of TATB

resulted in the larger fragments remaining cationic, with only the mono-furazan and nitrite

derivative being energetically favourable, before they themselves may fragment to further

decomposition products. The stability of the ionic TATB parent molecule is demonstrated

by the low number of energetically favourable decomposition products, and resultant dif-

ficulty in optimisation due to many local minima being apparent, as the radical resonated
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around the constitutive aromatic ring.

Looking towards some of the experimental evidence and despite the visually observed

greening of TATB, the liquid state experimental UV-Vis spectroscopy showed negligi-

ble differences between the baseline, 400 kGy and UV irradiated samples of TATB and

broadly agreed with the computationally predicted UV-Vis spectra of pure TATB. A com-

parison is shown below in Figure 6.1, where a dependency of 100 nm is apparent between

the predicted and liquid measured UV-Vis results, potentially due to differences in states.

(a) Predicted

(b) Measured

Figure 6.1: UV-Vis Spectra of TATB
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This observation is in contrast to previous work undertaken by Ying [52] and Padfield [49]

who showed differences in solid state UV-Vis reflectance between 0 kGy, 50 kGY, 100

kGy, 200 kGy and 400 kGy gamma irradiated TATB, as shown earlier in Figure 3.13. Pad-

field’s reflectance data was located, re-processed and converted to absorbance, as shown

in Figure 6.2. This enables direct comparison to computationally derived UV-Vis spectra,

and to the measured spectra of Ying [52]. These converted spectra agree with that of Ying,

where a broad peak, with a maximum at approximate 650 nm, can be seen to increase as

a function of radiation dose.

Figure 6.2: UV-Vis analysis of irradiated TATB

The calculated UV-Vis spectra of the ionic derivative of TATB, is of significant interest,

as it contains by far the most prominent absorption peaks in the region on the electromag-

netic spectrum that corresponds to the colour blue, as shown here in a reprocessed form

for clarity, in the below Figure 6.3. Equivalent calculations of the mono-furazan, mono-

nitroso and the phenoxyl radical derivatives of TATB have not shown such absorptions,

despite the calculations made by Ying [52] and Manaa [46]. The methods undertaken
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within this research are more complex, by virtue of a more complex theory, hybrid func-

tional and much larger basis set. This improved complexity does not conclusively prove

that this is the source of the colour change, as more complex calculations are available

than those undertaken within this research. However, whereas it is likely to see significant

changes between lower and mid level calculations i.e. between semi-empirical and DFT

with low basis set complexity, it is unlikely to see changes between high and extreme

levels of accuracy as the results converge to real life representation, for this reason these

results can be interpreted with moderately high confidence.

Figure 6.3: Reprocessed UV-Vis analysis of TATB cation radical

The calculated UV-Vis spectra of the ionic TATB agrees well with the converted spectra

of Padfield, as shown in Figure 6.2, and that of Ying [52], improving confidence in the

result of the simulation. Looking at the predicted UV-Vis spectra of the ionic TATB in

more detail, it can be seen that the two absorption peaks of interest appear at 616.3 nm

and 614.1 nm which actually correspond to red light in the visible spectrum. However,

consideration must be made to the fact that the simulated spectra represents spectral ab-
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sorptions and not emissions. Using this correct interpretation, any light incident on the

material that is reflected back will be comparatively deficient in the red wavelength than

its TATB baseline counterpart.

This interplay between colour through absorption and reflection of light is perhaps counter-

intuitive, but is well described visually by a simple colour wheel, which highlights the

phenomenon where light that is deficient in one colour/wavelength will appear to be of

the opposite colour. Using this relationship, which is shown pictorially in Figure 6.4, it

can be seen that light which is deficient in red, such as the cation radical TATB derivative,

will likely appear blue. It is thought that mixing of the blue ionic TATB derivative, with

the yellow of the unadulterated parent TATB, is potentially why irradiated materials ap-

pear green, and why in some extreme cases discolouration does indeed appear to progress

further to a blue/black colour [42].

Figure 6.4: Colour wheel showing red absorption

Padfield [51] showed that the change in colour was a linear relationship with the absorbed
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dose, as shown earlier in Figure 3.12. This makes sense, and corroborates the ESR signals

that were measure experimentally that also increase with dose. Within experimental error,

Padfield’s correlation suggested a near unity relationship with dose and colour, indicating

that a relative dose twice that of another, would make that TATB twice as green. This

again makes perfect sense as the data used to generate the relationship was derived from

samples that had experienced differing multitudes of exposure time to the same irradiation

source. Therefore, and as shown by the Beer-Lambert law and the calculated mass-energy

attenuation coefficient for TATB, the samples had experienced ionisation interactions at

the same rate, just for different periods of time. Due to the apparently long lived nature

of the TATB radical, the concentration of radicals within the material is also going to be a

linear function of the dose, i.e. twice as long exposure to the source causes twice as many

radicals to be formed, causing the TATB to look twice as green. Perhaps unsurprisingly,

the observed strength of the ESR spectra and hence inferred radical concentration appear

to correlate linearly with absorbed radiation dose. This ESR data also suggests that the

radicals are very long lived, with no depreciation of the signal observed within years of

measurement, further supporting the theory of the radical being stabilised through aro-

matic pi bonding resonance.

Some past works [43, 46, 53] have suggested that concentrations of impurities within

TATB may be very low as the impurity may be acting as a dye, where low concentrations

are used to change the colour of a material due to a particularly strong chromophore.

Whilst there may be some truth in this assessment, the radical concentration in the UV

irradiated TATB was so high it was clipping the detector in some cases, and was com-

paratively 50 times in magnitude when compared to a laboratory standard of tempol at a

concentration of 10-5 M. Although quantification of radical concentration by this compar-

ison is not possible due to differences in microwave absorptivity for example, it allows

a qualitative assessment that significant concentrations of radicals are present within the

irradiated material.
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The fact that both the greenness and radical concentration within irradiated TATB appear

to strongly correlate linearly with total dose, evidences that the discolouration observed

within TATB must be due to a species that has unpaired electrons. Theories that suggest

ground state decomposition products such as mono-nitroso and furazan products are re-

sponsible must be incorrect as these products cannot give rise to the observed ESR signal,

unless these molecules are formed from a parent molecule that has an unpaired electron.

This is feasible, as it has been shown that the cationic derivative of TATB may decom-

pose to various products. However, if the parent cationic TATB were the cause of the

ESR signal, but a further decomposition product, such as the mono-nitro derivative were

responsible for the change in colour, then the colour of TATB should continue to change

with time beyond the initial irradiation; this is not observed.

Two possibilities remain feasible; the first is that the radical and discolouration are un-

related (i.e. a species with a green/blue chromophore and a paramagnetic species are

formed independently) and form coincidentally at the same rate. Whilst this is plausi-

ble, it is also very difficult to prove or disprove. Consideration of the evidence gained

from the computational UV-VIS analysis of these products, where none of them appear

to be strongly coloured, coupled with visual observations that the synthetic mono-nitroso

and reported synthetic mono-furazan [90] were not strongly coloured, suggests that these

products are not the source of the discolouration. Although evidence from these synthetic

products is not proven (i.e. conformation of them being the target species), this evidence

does suggest that the cause of the discolouration in TATB is potentially due to the second

feasible possibility, a paramagnetic and coloured impurity.

Of all the potential paramagnetic decomposition products formed from irradiating TATB,

it is simply the cationic radical derivative of TATB that has UV-Vis absorptions in the cor-

rect region corresponding to blue. Ying [52] had a similar conclusion, that his purported
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phenoxyl radical was the source of the discolouration and, by nature of being a radical,

was responsible for the widely reported ESR signal. Although the work undertaken in this

investigation does not corroborate Ying’s [52] claims that the phenoxyl radical is blue, the

work presented here questions this further, as the predicted ESR signal does not match

that observed experimentally. In contrast, the cationic radical derivative of TATB appears

blue, but also doesn’t match the experimentally derived ESR spectra well, as shown again

in Figure 6.5.

(a) Experimental (b) Predicted

Figure 6.5: ESR signals of TATB

The simulated ESR signal for cationic TATB features three distinct peaks typical of a

single electron interacting with an adjacent nitrogen atom. The experimental spectra of

one peak suggests no hyperfine coupling, implying that the signal is generated from a free

electron that is isolated from protons and nitrogen atoms, which simply cannot be true. A

potential explanation as to why a single peak is observed, is due to the purported radical

resonance of the molecule, where at any one point in time, there will be a broad distribu-

tion of signals from ionic TATB that are too varied in order to view all of the significantly

intricate hyperfine coupling, thus generating a comparatively broad singlet peak. This

is highlighted in Figure 6.6, where increased broadening results in a single peak that is

similar to experimental measurements.
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Figure 6.6: Broadened predicted ESR signal of TATB cation

Providing further evidence that it is the cationic TATB radical responsible for the dis-

colouration and the ESR signal, is the result of the recrystallisation of the 400 kGy TATB,

where a colour change from green to yellow was clearly visible during the dissolution.

It is much more likely that the cationic radical derivative of TATB, once freed from its

crystalline state, recaptures an electron and reforms the parent TATB, rather than the phe-

noxyl radical being present and converting to another non coloured impurity, as it could

not possibly return to TATB. This is mainly backed up through the DSC thermogram,

(Figure 5.26), which shows that the thermal properties of irradiated TATB reverted back

to its unaltered baseline, after the recrystallisation.

A couple of issues exist with this evidence; firstly, is the possibility that the impurity

was significantly more soluble than TATB and was therefore not collected and that the

accuracy of the balance used for the initial weighing out of TATB limited the accuracy

of the reported yield, only allowing an indicative but not firmly conclusive assessment

that the mass was recovered in its entirety. Unfortunately, whist this should be looked at
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in the future, due to TATB’s solubility, undertaking a recrystallisation and achieving full

mass recovery is significantly challenging. However, the fact that the collected washings

from the recrystallisation were clear and subjected to copious amounts of water, sodium

chloride and magnesium sulphite, it is unlikely that other dissolved products were within

the solution and if present, they were colourless and not responsible for the blue in TATB.

The second issue is that the re-crystallisation procedure potentially quenched the ionic

TATB radical by forming a radical spin-adduct and it was performed in DMSO, a known

radial scavenger and spin-trap [91]. In order to test this theory, a small sample of the

re-crystallised TATB was submitted for ESR analysis, where no signal was observed, in-

dicating that either the ionic TATB radicals have captured unbound electrons and returned

to TATB, or that the spin adduct was soluble in a salted 75:25 water to DMSO mixture.

Moving on to the NMR results, these were particularly disappointing, especially con-

sidering the efforts to obtain specialist solvents to increase the solubility of the material.

The spectra showed no daughter product speciation, although good agreement between

simulated and measured NMR spectra of baseline TATB was achieved, as shown in Fig-

ure 6.7.

(a) Measured
(b) Predicted

Figure 6.7: TATB NMR spectra



234 CHAPTER 6. DISCUSSION OF INVESTIGATION

The synthesis of the mono-nitroso derivative was of questionable success, although the

synthesis was followed successfully and a lime green coloured material recovered, only

DSC and NMR analysis was available in order to characterise the potential decomposition

product. The NMR result was inconclusive and did not compare well to that predicted us-

ing the same methods that gave good comparison for pure TATB, this is shown in Figure

6.8.

(a) Measured

(b) Predicted

Figure 6.8: Mono-nitroso NMR

The thermal properties of the synthetic material, as determined by DSC, does show a re-

duction in the onset of decomposition, a trend seen in irradiated TATB as a function of

total dose. However, the onset for the synthesised product is much lower than both UV and

400 kGy which are significantly more discoloured than the mono-nitroso when compared

to unadulterated TATB. These observations, coupled with the fact that the mono-nitroso

derivative is not paramagnetic, further suggest that it is not the source of the discoloura-

tion.
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Summary

One of the most perplexing issues around the effect of gamma irradiation on explosives is

the numerous analytical investigations, which have concluded that changes to the physical

and explosive properties are caused by the presence of trace levels of impurities, and that

this is why techniques such as NMR, HPLC FT-IR are unsuccessful, despite significant

changes to some properties such as impact sensitiveness. In terms of TATB’s thermal,

explosive and optical properties, which become markedly altered upon irradiation, it is

likely that these changes may simply be attributed to the presence of the cationic radi-

cal derivative of TATB. It appears that the resonance structure of the molecule may be

stable enough to accommodate a radical centre for prolonged periods of time and give

rise to the widely reported colour change. However, despite this stability, this cationic

radical structure is comparatively much more stressed than that of unadulterated TATB.

This comparative reduction in stability is potentially the cause as to the observed reduced

explosive hazard [43] and thermal properties.

It appears likely, through observations made within this investigation and those preceding

it, that changes to TATB through gamma (or UV) radiation are limited to the solid state,

and that once irradiated TATB is no longer in the sold state, the damage appears to be

reversible. This explains why most analytical methods in the liquid state are unsuccess-

ful in detecting a change to the material, whilst solid state measurements such as impact

testing, ESR and DSC are successful in doing so. This is further evidenced by the UV-Vis

result that showed negligible change in the liquid state but significant change in the solid.

This theory does not explain some historical results where decomposition products have

been detected in the liquid state, namely that of Connors and Skidmore [43, 42]. De-

tections of very small quantities of mono-nitroso and mono-furazan decomposition have

been inferred from experimental results. The computational investigation suggests that

the formation of some daughter products (although not the mono-nitroso) are energeti-

cally favourable. It is therefore perfectly plausible that observed bulk material changes
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are caused by the presence of the cationic TATB radical when it is in the solid state, but

upon dissolution, a small fraction of the radicals degrade to energetically favourable de-

composition products, although the vast majority are likely to simply recapture unbound

electrons are reform TATB.

6.2.2 HMX

One of the most significant findings of the experimental section of this work was the

marked increase in the sensitivity to impact of the irradiated HMX, when compared to

the baseline. This marked increase in sensitivity is not surprising considering the work

undertaken by Miles et al [36]. This measurement informs on the missing data in his work

as noted by the comment “We have not yet studied the vacuum room temperature irradi-

ation”. This result certainly indicates that, in the presence of gamma radiation and under

vacuum, the sensitivity of HMX can be greatly increased independently of temperature.

As the experimental evidence gathered here cannot be directly compared to that of Miles

due to differences in total dose, temperatures, grade of HMX and more, it is highly rec-

ommended that the same batch of HMX is irradiated under identical conditions within a

representative gaseous atmosphere i.e. no vacuum, and the hazard properties determined

for comparison.

The computational study of the influence of gamma radiation on HMX suggested that

a potential radical could be located in one of two central nitrogen atoms. Hyperfine cou-

pling was observed between these nitrogen and surrounding hydrogen atoms yielding a

complex spectra. This is a marked difference from TATB, where the coupling was lo-

calised, and is most likely caused by the lack of aromatic resonance for HMX. This lack

of resonance may mean that the decomposition of HMX by gamma irradiation is much

more random in nature when compared to TATB, as the initial ionisation may cause frag-

mentation/isomerisation prior to the electronic stabilisation through pi bond resonance.
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The potential location of the nitrogen based radical centre in ionised HMX suggests that

the N-NO2 bond is susceptible to breakage, which is supported by the thermodynamic

investigation.

The analysis of energetically favourable decomposition products suggests a number of

potential molecules that, in agreement with TATB, favour the larger fragment remaining

ionised with the smaller in its electronic ground state. Although ESR analysis of irradiated

HMX was not achievable due to sample disposal, the analysis undertaken by Miles et al

[36] provided spectra for short lived radicals within the gamma irradiated HMX, this has

been reproduced below in Figure 6.9. The computationally predicted ESR spectra from

the energetically favourable decomposition products of HMX do not match the spectra

observed by Miles well, with the exception of the NO2 radical, which Miles tentatively

assigned to the signal, this is also displayed in Figure 6.9.

(a) Experimental, reproduced from [36]
(b) Predicted

Figure 6.9: ESR Signal of suspected NO2 radical

Consideration of the energetically favourable pathways studied within the computational

investigation and the potential presence of the NO2 suggests that the D path may be ac-

tive upon irradiation of HMX, which results in an cationic (but non-radical) derivative of
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HMX. This, unfortunately, does not agree with the work of Avrami [30] who detailed gas

generation results of irradiated HMX (as shown in Figure 3.4), that were dominated by

the generation of N2 gas.

The ESR signals observed by Miles were very time and temperature dependant, indicating

a marked reduction in radical stability, when compared to TATB. This suggests that either

further decomposition reactions are occurring, or unbound electrons are being recaptured

by the material. The experimental (hazard and thermal) analysis of irradiated HMX that

was undertaken as part of this work that showed a significant change in the properties

from a baseline sample was achieved approximately three months after the irradiation. It

can be inferred from Miles’s work that it would be expected that all radicals will have

decayed within this time, and therefore changes to the thermal and hazard properties must

be attributed to non paramagnetic decomposition products. This could be caused by the

NO2 eliminated cationic derivative of HMX with the NO2 undergoing further decompo-

sition reactions to form N2.

The DSC scans of irradiated HMX provides an interesting insight into the effect of the

radiation on the thermal properties of the material. The thermogram of HMX irradiated

in vacuum offers three key pieces of information; a small exothermic peak at approxi-

mately 154°C, a sharp endothermic peak akin to a melt rather than the expected beta to

delta phase transition at approximately 176°C, and a double humped exothermic decom-

position peak that starts at 220° and continues up until 270°C. It is interesting to note

that the small exotherm at 154°C has been observed previously in irradiated materials by

Avrami [30], but has not been commented upon. It is also interesting to note that this is the

approximate temperature that nitrous acid (one of the predicted energetically favourable

fragments) boils, potentially indicating the presence of the imine derivative of HMX [92].

Furthermore nitrous acid is unstable and can disassociate, potentially producing the NO2

radical, the same radical that Miles attributed his ESR spectra to.
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The sharp endothermic peak is also of interest, potentially indicating an impurity, or

perhaps simply a stressed state of HMX, i.e. the ionic form, rapidly re-arranging itself

to a more stable state once the crystalline state is able to move. One of the initial the-

ories for the increased sensitiveness of the HMX was a potential phase transition from

beta to alpha, known to be much more impact sensitive [89]. This would not explain

the significantly altered main decomposition peak as any alpha HMX would have transi-

tioned to delta HMX prior to decomposition. A further potential theory is the presence

of linear nitroamines that may have been formed by chain opening due to bond scission.

This theory may explain the apparent melt observed in the material rather than the beta

to delta phase transition and also the double peaked main exothermic decomposition peak.

As detailed by Miles [36, 37] changes to the impact sensitivity of HMX can be achieved by

gamma irradiation. His work covered irradiations at low temperature in both atmospheric

and vacuum conditions as well as at room temperature in atmospheric conductions only.

The hazard results achieved within the investigation work presented here complete his test

regime by showing that irradiations at, albeit slightly elevated temperature compared to

room of 40°C, in vacuum significantly effect the sensitiveness to impact for HMX. Upon

assessment of both sets of data, it can be concluded that it is not the effect of temperature,

but rather the use of vacuum to irradiate HMX that significantly alters the impact sensi-

tivity of HMX.

Returning to the thermal properties of irradiated HMX, they also appear to be signifi-

cantly affected by the atmosphere (or lack of) in which HMX is irradiated. An analo-

gous study undertaken by Padfield [51] showed negligible change in thermal or hazard

behaviour when HMX was irradiated to 100 kGy in air. Additionally, and as part of a

parallel investigation, a PBX containing 91 % HMX was also irradiated to a similar level

in the presence of air and in vacuum. The sample irradiated in the presence of air showed
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no change to the thermal properties when compared to a baseline. However, the PBX

sample irradiated in vacuum showed equivalent thermal behaviour to the HMX irradiated

in vacuum from this investigation; this is shown in in Figure 6.10.

Figure 6.10: PBX baseline and 200 kGy gamma irradiation

Consideration of the liquid phase experimental investigation, NMR and HPLC analysis

of irradiated HMX showed no difference when compared to baseline samples despite nu-

merous runs and some method development. If the nitrous acid, suggested by the small

exothermic peak at 154°C in the DSC was present, this should have been clearly detected

on proton scan of the NMR. Similarly, any generated decomposition product such as the

purported NO2 eliminated HMX cation or linear nitroamine should have a completely

different retention time compared to the parent HMX in the HPLC.

Summary

There are significant similarities and differences between the computational and experi-

mental results of HMX, when compared to that of TATB. It is clear from the hazard and

thermal properties that the presence of atmosphere is of significant importance, with all
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data from irradiations undertaken in atmosphere showing negligible differences to these

properties, whereas in vacuum significant changes are observed; these differences must

therefore at least initially, be chemical in nature. The liquid experimental analysis pro-

vides strong evidence that daughter products are not being generated in any appreciable

quantity. The evidence from Miles’ work on the short lived (compared to TATB) ESR

signal of the NO2 radical suggests that any paramagnetic species are short lived, however,

and this is key, these measurements are believed to have been undertaken in atmosphere

and not in vacuum.

The ESR result shows that the NO2 radicals decay over a matter of minutes, and are

suggested to react with atmospheric oxygen to form more stable proxy type radicals that

will escape into the head space, and allow the HMX to reform to its ground state, and

original hazard and thermal properties. In the absence of atmosphere and more specifi-

cally oxygen, these radicals cannot form more stable radical moieties and it is suspected,

although not evidenced, that ESR analysis of vacuum irradiated HMX would yield a long

lived radical that is responsible for the measured differences in thermal and hazard prop-

erties that are not observed for irradiations undertaken in the presence of air.

It is thought that when HMX is irradiated in vacuum, any highly reactive radicals such

as those hypothesised within the computational section cannot react with oxygen, and

the crystalline structure must therefore compensate electronically by sharing electrons

between adjacent molecules, by rearrangement and by the decay of the short lived to po-

tential longer lived radical species. This causes the HMX crystal to be within a pseudo

stressed state, that is responsible for the altered thermal and hazard properties observed

only for vacuum irradiated materials. Post irradiation, when crystals are exposed to at-

mosphere, any radical species still present will likely be much more stable due to this re-

arrangement and are likely long lived and will not react with the oxygen or other species

within the atmosphere, i.e. HMX properties will not return to their original state and
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changes are permanent.

This theory goes on to explain why any liquid (NMR and HPLC) experimental inves-

tigation yielded negligible results, but testing in the solid state (DSC and impact testing)

yielded notable differences, as once dissolved, the HMX molecules are free to reform by

capturing unbound electrons. This theory is very similar to that of the TATB, however

changes to the properties of TATB are much smaller in magnitude with the exception

of the colour change, both of which can be attributed to the aromatic resonance of the

molecule. The presence of this resonance allows TATB to suffer significant loss of elec-

trons without significant alterations to its physical and thermal properties, however it does

so at a cost to its colour. As HMX does not benefit from such aromatic resonance, HMX

in the crystalline state is much more susceptible to ionising radiation.

As a final note on HMX, a concern was that changes to the thermal and hazard prop-

erties may have been resultant from the material being stored in a vacuum at elevated

temperature for the approximately 11 day period of irradiation, i.e. the effect was not due

to the radiation, but the vacuum storage. In order to test this theory, two ampoules of

HMX were evacuated, flame-sealed and stored for 266.7 hours at 40°C. Thermal testing

was undertaken, as the method had proved to be sensitive for the irradiated HMX, with

the resultant thermogram, Figure 6.11, showing no difference between the baseline and

these new samples, suggesting that observed changes can be attributed to the exposure to

gamma radiation alone.
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Figure 6.11: PBX baseline and 200 kGy gamma irradiation

6.2.3 PETN

PETN showed similarities and differences in both experimental and modelling investiga-

tions when compared against both TATB and HMX. Of particular note was the marked

increase in sensitiveness to impact, resulting in a Figure of Insensitivity of 26, reduced

from the baseline measurement of 81. This is comparable to that observed in the HMX

sample and resulted in a material that was highly impact sensitive, resulting in its disposal.

With only a small quantity left, the same techniques that were employed for the investi-

gation of the limited quantities of irradiated HMX were used, which yielded a null result

for both HPLC and NMR analyses. This indicates that the effect again may be limited to

the solid state.

DSC analysis, however, showed a marked difference for the irradiated PETN when com-

pared to HMX and TATB, as no significant change was observed between baseline and

irradiated PETN. There is potentially peak depression observed in the thermograms for

both the decomposition exotherm and the melt endotherm which would agree with other
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literature evidence [30], however there is nothing to suggest significant alterations in the

material’s chemistry, caused by either daughter product speciation or potential stressed

crystalline states.

Despite the disposal of the material due to its sensitivity to impact, more was retained

when compared to the HMX. This material permitted an ESR measurement that yielded

a small but detectable radical signal indicating the presence of a long lived radical. Miles

[38] recorded two long lived radicals in PETN and attributed one to NO2 and the other to

an unknown, he also claimed that they were still in detectable concentrations days after

irradiation. The PETN irradiated as part of this work was analysed almost three years

after the initial irradiation and showed that significant concentrations of the radical were

still present. However, the measured spectra here does not agree with that published by

Miles, despite both reportedly being irradiated under vacuum, albeit with different inci-

dent energies.

Despite the lack of an altered DSC thermogram, HPLC chromatogram and NMR spectra,

the ESR spectra does suggest changes in the chemistry of the PETN, whilst in the solid

state. The change to impact sensitiveness was measured at the same time as the HMX,

approximately three months after samples were irradiated, however a significant period

of time, of order years, had passed prior to the thermal and ESR analyses. It is possible

that the radical is responsible for the altered hazard properties, and that the concentration

had decreased to such a low level that the thermal characteristics had not been altered, or

simply that the radical does not effect the thermal properties. Unfortunately, the scarce-

ness of this material means that re-analysis is all but impossible as changes appear to be

time dependant, with properties perhaps reverting as radical concentrations reduce. This

continues the theory that changes to these materials are dominated by the fact they are in

the solid state.
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The computational study on PETN suggests a variety of differing initial decomposition

reactions, with several of them identifying the release of NO2 either in an ionic or radical

form. The most energetically favourable decomposition product was the loss of the NO2

radical, resulting in an unstable ionic derivative of PETN that appeared to further decom-

pose to a secondary intermediate and the subsequent release of ionic and non radical NO2.

Calculation of the electrostatic response for the purported radical species generated ESR

spectra of varying complexity that can be compared to the long lived signal observed ex-

perimentally.

The oxygen centred radical of ionic PETN showed two potential equivalent sites for the

radical to be located within the molecule which gave rise to a complex spectra. In real life

radicals cannot be split, so it is likely that there will be a distribution of these locations.

The simulated ESR spectra of the parent cation radical takes this into account, and reveals

arguably the best agreement between the experimentally obtained and theoretically pre-

dicted spectra, this has been reproduced below in Figure 6.12.
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(a) Experimental derived spectra

(b) Predicted

Figure 6.12: Experimental vs predicted ESR spectra of ionic PETN

Despite the thermodynamically favourable decomposition pathways, the possibility that
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the long lived radical in irradiated PETN is simply just the PETN cation, fits with the ob-

servations from TATB and HMX and the theory that changes to the physical properties of

these materials, is due to stressed charged equivalents, rather than daughter products, that

are trapped within the solid state. Such cations would essentially revert to their parent

form, once released from their crystalline structure, hence the liquid state analysis was

unsuccessful whilst the impact properties were significantly altered.

Summary

The computational and experimental investigation for PETN was very similar to that of

HMX, with the exception of the unadulterated thermal properties of the irradiated ex-

plosive crystal. It is thought that the same mechanisms are at play and that a stressed

crystalline state of PETN is at fault for the observed increased sensitiveness to impact. It

is possible that the lack of an effect on the thermal properties of PETN may be attributed

to its comparatively low and broad decomposition temperature and that the presence of

radical stressed states simply does not effect this property as much as HMX.
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Chapter 7

General conclusions and future work

Throughout the literature there is no general mechanism that describes the interaction be-

tween gamma radiation and explosive materials. This is not particularly surprising, as

although grouped together as a selection of materials by an intended application, their

chemistries are quite different. Of particular note is the difference between explosive ma-

terials that contain aromatic groups, such as TATB, and materials that do not, i.e. HMX

and PETN. It is well documented [41] that aromatic structures afford radiation resistance

through radical resonance throughout the conjugated pi bonding structure, there is no rea-

son that explosive materials would not follow this trend. There are two primary schools

of thought as to the cause of measured changes to the explosive and physical properties

of irradiated materials; firstly the formation of daughter products [43, 52, 46, 42, 51] and

secondly, the generation of stressed crystal structures [27, 30, 22].

It has been shown by the computational calculations presented within Chapter 4, and by

some that are detailed within the literature [79, 52], that the formation of several purported

daughter products may be energetically favourable from an ionised parent PETN, HMX

or TATB molecule. These calculations are significant approximations to what may occur

in the solid state, and despite tactics to increase the relevance of the calculations, such the

use of Implicit Solvent Methods, there is significant uncertainty as to the applicability of

249
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these methods to the solid state of which these materials exist. It is perfectly plausible

that the formation of these decomposition products is hindered by the trapping of these

molecules in the crystal lattice in which they are located. Furthermore, ionising radiation

is indiscriminate, and as such any electron and hence bond within a molecule is vulnera-

ble to scission through ionisation, questioning whether the interaction causes repeatable

and predictable decompositions or whether they are random, akin to the incident radiation.

In an effort to ascertain whether the interactions are random or predictable, the com-

putational chemistry optimisations undertaken of the ionic species considered within this

work, have demonstrated energetically favourable locations for radicals to reside on these

molecules. However, this is based upon the approximation that upon ionisation, such

molecules will re-arrange to obtain this energetically favourable state prior to fragmen-

tation/isomerisation and hence potential daughter product formation. This is perhaps

most valid for molecules that contain aromatic moieties, such as TATB, where radical re-

arrangement may occur through resonance, prior to fragmentation/isomerisation, if such

movement is permitted in the solid state. A further, and potentially more credible possi-

bility considering the experimental evidence, is that disruptions to, and the presence of,

stressed crystal structures are responsible for the apparent bulk property changes.

Some general observations can be made from literature as well as the computational and

experimental effort undertaken within this work. Firstly is that raw explosive materials

that are exposed to large quantities of gamma radiation appear to become more impact

sensitive with dose; secondly, the gaseous environment in which they are irradiated ap-

pears to have a significant effect on the resultant impact sensitiveness; and thirdly, com-

putation of the ionisation potentials of TATB, HMX and PETN suggest that interactions

of these materials with gamma radiation should be identical for X-Rays and UV photons

above approximately 2 eV.
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Irradiation of HMX, PETN and TATB in vacuum has been shown to affect the physical,

thermal and hazard properties to differing extents, with the hazard properties of HMX

and PETN and the optical properties of TATB being the most striking. Changes to these

materials are almost always detected within the solid state. The main exception to this

is TATB, where a number of external literatures have found chromatographic evidence of

daughter product speciation. Long lived radicals of PETN and TATB (and short lived for

HMX from literature [36, 37]) suggest that cationic species are present within these mate-

rials and are believed to be the cause of the increase in sensitivity, particularly to impact.

This is further evidenced by the computational study of TATB, which concluded that the

greening, which unsurprisingly correlates with total dose and radical concentration, ap-

pears to be attributed to the simple cationic radical derivative of TATB, and not a daughter

product. This theory is supported by the evidence that the greening of TATB is reversible

by re-crystallisation, with the resultant material devoid of any radical signal in the ESR,

and a DSC thermogram that is practically identical to the initial baseline material.

It is thought that the aromatic resonance of TATB allows its cationic radical derivative

to last for significant periods of time in the solid state and that, once dissolved, it may

return to TATB though electron capture, or decomposition to a daughter product such as

mono-furazan or mono-nitroso. It is likely that there is no one single daughter product,

and that there will be a distribution of products formed within solution. As none of these

daughter products are highly coloured, this may explain why decomposition products can

be detected through analytical methods such as HPLC, whilst the recrystallisation reverted

the colour from green to yellow.

Radicals seen in PETN and those reported for HMX [38, 37] appear to be more time sen-

sitive than TATB and indicate decomposition in the solid state, although this is markedly

more rapid for HMX compared to PETN. The decomposition reactions computationally

predicted for HMX and PETN are complex and signify a collection of potential daugh-
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ter products that may be responsible for the increased sensitivity, however it is possible

that the strained cationic derivatives of the parent molecules are responsible for the bulk

changes to the material.

The first ionic potentials of HMX, TATB and PETN are all of order single electron volts,

which correspond to the mid Ultraviolet. Despite several different physical mechanisms,

the interaction of electromagnetic radiation above this energy will result in the ionisation

of the material, up until extreme energies in excess of 10s of MeV where pair production

dominates and does not result in ionisation. This essentially means that radiations of these

materials should have the same behaviour whether it is by X-Rays, Gamma rays or most

UV quanta, allowing future work to be undertaken without requiring very specialised

gamma irradiative facilities. As shown by the calculations of the mass and mass-energy

linear attenuation coefficients, increased energies of incident electromagnetic radiation

correspond to a lower rate of absorption, meaning that UV irradiation (of the same flux)

represents a worst case in terms of the effect on the material. Again, as shown by the atten-

uation coefficient functions, the main difference between these electro magnetic quanta is

the fact that higher energy photons are much more penetrative, due to their poorer rates

of absorption, when compared to lower energies.

This fact means that future experiments can be undertaken using much more easily ob-

tainable UV and X-Ray sources when compared to those that emit gamma radiation. Care

must be made as to volumetric effects due to the poorer penetrative ability of these quanta,

and as such experiments should be designed such that sample thickness is minimised in

order to reduce this effect.
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7.1 Future Work

A question remains as to whether the changes in physical and hazard properties are caused

by alterations in the chemistry of each molecule, either by the presence of decomposition

products or by stressed cationic states, or whether they are caused by changes to the crystal

structure of each material. It is therefore suggested that future work should be undertaken

on these materials to ascertain whether changes to the physical crystal structure are re-

sultant through gamma irradiation, with analyses such as X-Ray diffraction and Scanning

Electron Microscopy being suggested techniques.

Investigations into potential crystalline defects and stressed states induced through gamma

radiation may also be complemented by further computational work that utilises molec-

ular dynamic simulations or computational chemistry simulations that utilise ONIOM or

periodic boundary conditions; these simulations may also be validated by potential x-

ray diffraction experiments. Further decomposition products of TATB, HMX and PETN

could be evaluated using the same computational method detailed within this work, as it

is unknown if the purported products are final. Furthermore, as only initial and suspected

final states are considered, the energy barrier and hence activation energy could also be

calculated between these states, by the consideration of transition intermediaries.

Recrystallisation of TATB should also be undertaken in other materials, such as ionic

solvents, where the solubility of TATB is increased relative to DMSO, allowing the re-

crystallisation to occur at lower temperature (i.e. room).

The computationally derived ionic potentials for TATB, HMX and PETN shows that an

electron can be removed with energy of order 1 eV, indicating that mild radiation should

have the same effect on these materials as gamma radiation, with the only significant

difference being the penetrative power of gamma vs UV. It is therefore recommended

that the in-situ ESR experiments at low temperatures are re-attempted using UV light, as
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not only will the flux of ionising radiation be orders of magnitude greater than that of the

most powerful AM-241 source currently available, but the absorption of this lower energy

quanta should be much improved. This investigation can continue the understanding of

the initial chemistry that occur when these materials are irradiated, and may help validate

the purported decomposition pathways within this work.



Appendix A

Computational Data

A copy of the outputs from computational chemistry calculations may be found in the

GaussianOutputData folder, within the attached CD. A naming convention has been used

in order to identify the correct file, this is summarised within Figure A.1. In keeping with

he modelling flow diagram shown in Figure 4.5, there are four main types of calculation,

optimisation (OPT), vibrational (FRQ), time-dependent DFT (UVVIS) and electrostatic

properties (ESR).

Figure A.1: Computational chemistry naming convention

A copy of the spreadsheet, including all raw data and the linear interpolation code devel-

oped to generate the predicted mass-attenuation functions can also be found within the

accompanying CD, as MassAttenuationCalculations.xlsm.
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A copy of the spreadsheet used to determine the thermodynamics of each of the consid-

ered reactions can also be found on the accompanying CD, as ThermochemistryCalculations.xlsx.

A copy of the MATLAB scripts used to generate the predicted ESR spectra may also

be found within the accompanying CD, within the EasySpinMatlabCode folder.



Appendix B

A Note On Hotspots

Throughout this study, various references to daughter products, stressed states and crys-

talline defects have been made with regard to the observed increased explosive sen-

sitiveness, especially to impact stimuli. The underlying explanation of why such de-

fects/imperfections causes this increased sensitiveness can be explained by “hot spot”

theory [55]. This details a selection of mechanisms that describe localised heating within

an energetic material, bourn through adiabatic collapse of gaseous voids and frictional

effects, which, under mechanical strain, can be aided by plastic flow. If this localised

heating reaches a critical temperature for a particular duration, it will cause decomposi-

tion of local energetic molecules, releasing additional thermal energy. This in turn, causes

the temperature to raise further and can result in the deflagration of energetic materials,

which, under the correct circumstances can transition to detonation.

In cases where the crystalline structures of energetic materials are compromised, either

with point defects, stacking faults, dislocations or grain boundaries, this can increase the

probability of successful deflagration/detonation through “hot spot” formation. This is

due to a combination of increased hot spot locations, due to pockets of gas trapped within

a crystal, and the increased probability of frictional heating thought adiabatic shear band-

ing and plastic flow of the material itself. When considering radiation damage on en-

257
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ergetic materials, the formation of daughter products, whether they are solid or gaseous

is likely to cause such compromising defects within the crystal structures which may be

attributed to the observed increase in sensitiveness to impact.
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