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1 SUMFARY

The effect of very high inteﬁsity ultraviolét radiation on
powdered calcium, barium, strontium and iithium azides in the temperature
range -80,0° - 35,0°C has been studied; Powdered and pelleted calcium
azide was also irradiated with ultraviolet radiation in the temperéture
range 35,0° - 90,0°C and powdered‘lithium azide in thevtemperature'
range 24,0° - 170,0°C. All theée decompositions were.purely photolytic.

Powdered and pelleted calcium azide was also subjected to ultraviolet

. radiation in the temperature range 110,0°'— 140,0°C. This latter

decomposition was termed co-irradiation due to the fact that both thermal
and photolytic mechanisms were operative in this temperature range.

Except at low temperatures, the extent of the decomposition was almost

the same as thatof a simple thermal decomposition.

Kinetic analyses, determination of activation energies, studies of the
dependence of reaction rates on light intensity, the effect of introducing

water vapour to the sample at various stages of decomposition and the

observance of the colour of the sample at various stages of reaction have

" been carried out. Analogous results were obtained for all four azides at

low temperatures and the results obtained for éalcium and lithium azides
at ambient and higher tempefatures were énalogous to those obtained for
barium and strontium azides under similar conditions by previous workers.

: During,photolysis‘the activafion energy undérwent transitions, in all
four azides, in fhe region of 0°C and in the region of 60°C. .

Co—irradiatibn studies of calcium azide éommenced at temperatures

greater than 100°C. Similar studies were not carried out on lithium azide
since even at temperatures in the region of.180°C the rate of photolytic
decomposition was very much greater than that of a purely thérmal decomp-

osition at the same temperature.



2 INTRODUCTION

The work presented in this thesis involves a study of the photolytic
and co-irradiated decompositioné of various azides. Before presenting
the_resulté obtained in this study'it is necessary tQ discuss the
effects of the interaction of light with solids and the méchanisms of
thermal decompdsition. The effects of irradiation priof to thermal
decomposition (pre-irradiation) and of irradiation during thermal

decomposition (co-irradiation) will then be reviewed.

3 THE PHOTOLYSIS OF SOLIDS

(i) THE EFFECTS OF THE INTERACTION OF ULTRAVIOLET LIGHT WITH SOLIDS

_ A_largelnumber of cr&stals»ofvinorganic solids caﬁ be decomposed by
exposure to intense ultraviolet light e.g. azides and oxalates.! This
photochemical decomposition or photolysis ié-favoured when the irradia-
tion corresponds to a characteristic absorption band of the éoiid. The

reaction is usually followed by pressuré measurements of the evolved gas at

~ fixed time intervals during photolysis. When this photolytic' decomposition

1s examined in detail two general features become obvious.2  Firstly,
in most'of the cases the photolysis-producing iight is not absorbed .
at the crystal sufface but in a distribution below the surface.
Seéondly, in a number of cases, the decomposition process clearly takes
place on the surface. Ultimately, hoWever, some decémposition begins
to take place in the interior, especially after prolonged exposure to
light. When decomposition takes pléce inside the crysfal, it is not
_ uniformly distributed but.occurs at well defined individual locations.

These observations have been interpreted from two viewpoints. Firstly,



the solid properties are regarded as relatively unimportant except as
a matrix for holding the reacting interface. Secondly, all the proper-
ties.associated with solids, in particular the electronic properties,are
considered. This latter viewpoint, in which the electronic properties
usually associated with that of semi-conductors and non-metals are .
lassumed to be invoIVed provides a natural explanation for a_large
number of the effects observed in the photolytlc process R

By using ultraviolet light just W1th1n the fundamental absorptlon
edge, the radiation is, for the most part, uniformly absorbed within the
first few microns below the incident surface Such stimuli are then
transferred to specific surface sites at whlch decomposition is 1n1t1ated.3
This has been observed in the photolysis of sod1umL+ and pota551um5 azides.
These surface sites are specific crystallographic locatlons that closely
. resemble etch pits. They also exist at crystal edges, and'at the
intersection of dislocations, and slip and twin planes, with the surface.

The transference of the stimuli referred to above implies tne
presence of_an energy or charge carrier which‘transports the energy
imparted by the individual photon to the point in the crystal where the
decomposition occurs.?2 The Easic fact to be considered is that by the
absorption of a photon, thevtotalvenergy of the crystal has been increased,
and the crystal, being now in an excited state, may dispose of this energy
in varilous ways. Before cons1der1ng the means whereby the energy is
‘transferred it is necessary to conslder the behaviour of electrons in
solids. 67 |

Consider an extra electron introduced into an ionic crystal. vawe
imagine the electron to migrate from a metal ion to a neighbouring
netal ion, then the‘potential field in which the electron moves is the

average of the field created by all the other nuclei and electrons. A B



reasonably approximate treatment of such a field can be achieved by
considering a constant potential inside the crystal.modified by a
superimposed periodic potential having the periodicity of the lattice.
For a one-dimensional periodic potential field, the solutions of the

Schrodinger equation have the form

' \ oy tikx
b ) = ou () TS
where Up (x) is periodic with a periodicity equal to that of the
lattice, and k is the wave number corresponding to the number of

wavelengths contained in one full period, that is,
k = 2u/x.

'The function uk'(x) depends genefaily on k. At values of k equal to
ir/a, th/é, +3n/a, etc., where a is the lattice constant,
discontinuities occur in the énergy thus giving rise to energy bands
and forbidden energy gaps. This arises since the condition for Bragg

reflection of the électron wave in the crfstal is met, 1i.e.
k = n'rr/a
becomes equivalent to the Bragg condition
2; sin § = DA,

The zones defined by values of k which are infegral multiples of
m/a (in one‘dimension) are Brillouin zones.v The energy gaps occur at
the zone boundaries. The first zbne includes the segment between
-m/a and +n/a;:the second iﬁcludes the two segments ?Zw/a < k< fw/a

cand n/a < k < 2n/a, etc.



The energy states within these bands.are distributed in a
quasi-continuous fashibn. Electrons progressively fill all the
allowed states starting with those lowest in energy and'continuing
until the supply of eleCtrons>is exhausted. In ionic solids, all
the energy states in the first band are occupied hence it is termed
a 'full' band. The full band is separated by several electron volts
from the néxt band which is completely empty. In the‘full band, every
state contains its maximum number of twd electrons and, in accordance
with the Pauli'Exclusion.Principle, electronic cdnductivity is
impossible. Such substances are, therefore, insulators apart from
possible ionic conductivity. If an insulator.is irradiated with light
‘of suitable wavelength, frequently in the ultraviolet region, an
electron in the full bénd may be given sufficient energy fo.be raised
into the next band where there is an abundance of empty states. The
excited electron can, therefore, move freely through the crystal in
the so-called 'Conduction' band.

When an electron is elevated from the full band info the conduction
band, the gap in the full band from which an electron is missing is
called a positive hole. When, for example, a positive hole is localized
on any halogen ion, the latter becomes a halégen atom. Aﬁ:electron on a
neighbouring ion can tunnel through to the atom, thus exchangiﬁgvplaces
with the positivévholé. Thus mobile electrons in the conduction band and
mobile positive holes in the full band can contribute to the electronic

| conductivity of insulators. | |

The chemical activity within solids is cldsely connected to
physical properties such as transport 6f matter, electrical conductivify,
optical behaviour,.and ﬁagnetic,thermal and mechanical properties. These

physical properties in turn depend upon defects in electronic structure



and deviation from ideal atomic arrangements in solids. Latticé
defects which are arbitrarily scattered throughout the erystal give
rise to regions of disturbance localized about individual points. |
Crystél defects, sﬁch as inhomogeneities, point and line defects,
influence the energy levels available for electrons and the
pfopérties of growth of new phases. In addition these defects act as
traps for energy carriers. Consideration will>ndw be-giveﬁ to the
various imperfections present in solids. |
Seitz has classified six'primary types of crystal imperfecfionssz

(a)v Phanons |

(b) Electrons and holes

(c)  Excitons |

(d) Vacant lattice sites and interstitial atoms

(é) Foreign atoms in either interstitial or substitutional

positions

(f) Dislocations.
In addition to these he lists three transiént imperfections:

(a) = Llight quanta'. |

(b) ’Charged'radiations

(c) Uncharged radiationé.
Seitz stateé that it is possible to generate the prhnary tYpes of
imperfections listed above by irradiating the'perfect or imperfect
solid with the above three radiations and that two or mote imperfect-
ions of the same or different types may interact to generate other
imperfections. Sdme of the properties of the crystal imperfections
will be discussed with special emphasis given to. those particularly

'relevant to the phenomenon of photolysis.



(a) Phonons: - A phonon iska’particle associated with unit quantum
excitation of one of the modés of elastic vibration of an ideal
crystal. bPhonQns of a given frequency are introduced into a crystal
by linking the specimen with a piezo—oscillatdr.

(b) Electrons and holes: At low temperatures, an insulating crystal
does not displéy appréciable ohmic conductivity. If however one |
excites electrons thenﬁally, or otherWise, the crystai will.behave
like an ohmic electronic conductor. The electron is excited from the
filled valence band to the empty conduction band, leaving behind a-
hole. Successive jumps of valence electrons into empty positions
produce an opposité net motion of the hole, in the direction of the
~electric field. Hence the term.positive hole is used to indicate thét
the entity moves in a field as though it has a positive charge;
although what'éctually.happens is a net shift of the vaience band
electronsin the opposite.direttion. |

(c) Exciton: ~ On irradiating an insulator with light of wavelength
less than that of the gap between the valence and conduction bands,
electrons from an énion may be excited to exciton levels which exist
between thé valence and coﬁduction band. These levels can be thought
of as corrésponding to possible Bohr orbits Qith their convergence
.limit at the lowest ievel of the conduction band. An electron-hole
pair is produéed and the electron-is bound to thé positive hole by -
coulombic atfraction. If this eﬁcited electron-hole paif remains
fixed at a specific location in the crystal it is usually called a
molecular exciton. If, however, it migrates throughout the crystal it
is called an exciton. These mobile excitons have the important
property that they éan tfansport energy without any charge transport

occurring. Once formed the mobile excitons migrate throughout the



crysfal until they interact with any centre or defect which upsets

the coulombic attraétion between the two charges. .Once this inter-
action occurs, the two charges recombine, or neutralizé, with the
release of a certain amount of.energy. Usually the energy released
when an exciton is déstroyed is tenths of an electron-volt less than
the.band-gap’energy. - Excitons can also dissociate thermally to yield |
stitive holes énd eiectrons in the conduction band and thus |
aid photoconductivity. The exciton levels referred to above can be
observed from the long wavelength edge in the low temperature optical
absorption spectra. Exciton transitions have been observed in the
optical absorption spectra of sodium, potassium, rubidium and caesium
azides? as well as silver and thallous azideslp’ll in the wavelength
. range 140 - 200 nm. From these spectra the spacings between the |
exciton 1eveis-and their ‘'separation from the valence bahd have been
calculafed.

(d) Vacant lattice sites and interstitial atoms:.

(1) Imperfect crystals: The simplest defect solids are imperfect

crystals which are defined as having a stoichiometric composition, but
having misplaced atoms or ions throughout the structure!?. Such crystals
do not have every atom in a position of minimum potential energy.
Schottky defécts consist of a vacant cation site and a vacant anion
site. The two miséing atoms are COnsiGered to have migratéd to the
surface of the crystal. Frenkel defects consist of a vacant lattice site |
with the atom which ideally should have occupied thaf site occupying

a different position in the lattice such as is vacant in the perfect
crystal. The concentration of defects of either type'is dependent upon

the energy required to produce them and upon the absolute temperature.



(ii) Non-stoichiometric crystals: Non-stoichiometry is

characterised by a solid showing ah excess or deficiency of one
component, as indicated by composition. In order to satisfy charge |
balance, any excess or deficit of cations is accompanied by a
'corresponding excess orbdeficit of eléctrons. Cation and anion
vacancies will tend, other things being equai, to form é vacancy pair
by being attracted to each other. These vacancy pairs can capture an
electron to form the so-called 'F-centre' and a cation vacancy in the
bulk of the crystal.

(e) Foreign Atoms : These are included in the crysfal, occupying-
either interstitial sites or normal lattice sites, in the latter case
-substituting for the atoms of the host crystal.

(f) Dislocations:  These are line defects and-two basic types can be
, distinguished. One type is an edge dislocation iﬁ which an extra half
plane of atoms is inserted into. the crystal lattice. Thé other kind
is a screw dislocation which results from a displacementbof the atoms.
in one part of a_crystal relative to the rest of the crystal, fofmings

a épiral ramp around the dislcocation line.

As a result of the production of imperféctions such as excitdns
or ffee electrons and their conjugate positive holés, by the absorption
of light of characteriétic wavelengths, the total energy of the crystal
is increased. This excess energy can now be disposed of in various
ways. Thus these imperfections can be considered as energy carriers
for the transport of energy imparted by an individual photon. .

When an exciton is formed, the excited ion will intéract differ-
ently with its neighbours so thaf, at first, the lattice in its vicinity
is not in its configuratioﬁ of.minimum energy. Consequently, the

excited atom will vibrate about its new equilibrium position, and some



éf the absorbed‘ehergy will be communicated thermally to the lattice.
There are two main possibilities for the relative positions of the
potential energy cufves for the ground and excited states!3 Either
the excited state has a minimum insidé or outside the curve represent-
ing the ground state. ' In the former case the_electron 1s excited
opticéllyrand then loses eﬁergy to the lattice while thé ions take up
new equilibrium positions. An electron can remain in‘an excited
state for about 1078 secondé éfter which it révérts tb fhe}ground
state by an optical transition. Since the re-emission of radiation
- has never been observed in the first absorption band, the excited
electron must.make a radiationlesé transition to the ground state in |
less than 10'8 seconds.  In the latter case, the electrén could
remaih in the excited stéte until a radiationless transitioh occurs. -

The excitdn is in fact moving through the lattice at about the |
same speed asvé thermal electron, interacting with the vibrational
modes of the crystal and thus undergoing considerable scattering and
losing kinetic enefgy. According to Seitz,!* unless the exciton
becomes trapped in a metastable staté; it may transfer its'energy to
imperfections since it must pass over at least 107 iOné in a lifetime
of 10-8 seconds. |

An electron can also revert to the ground state by luminescence
i.e.>emission of radiation. This.includes fluorescence and phosphor-
escence. The former inﬁolves a sbontaneous re-emission of quanta of
the same transition or of photons resulting from a return té the
ground state by a differentvroute. Phosphorescence occufs when the
excited eiectron is transferred to a metastable state‘ffom thch a

direct transition to the ground state cannot occur.
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When a photon is absorbed by a crystal the absorption process
usually involves one ér more defect centres, The defect centres
include colour centres, trapﬁing centres,'impufity ions, etc. When
an interband absorption occurs an électron is removed from the
valence band and, providing the energy is sufficient, is injected
into fhe conduction band. In the conduction band the electron then
migrates until trapped by one of a variety of different kinds of
trapping.centres. The hole may also migrate and be trapped by a hoie
‘trap. The lifetime of the migrating hole is usually less than that
 of the migratiﬁg electron. Hole traps have a high probability of
capturing electrons. Hence holes and electrons recombine and energyb
is released.

Owing to the electron traps, hole traps and/or recombination
centres on the surfaces of crystals, electronic processes occurring at
these surface sites or surface states can release Suffiéient energy to
prbduce'reactions at the crystal surface. Also defects or impurities
in the crystal lattice or Tamm states!> (a consequence of the quantum
mechanical nature of the electronic properties of the crystal) are
responsible for trapping free electrons and their éonjugate positive
_holes,vand excitons.

In»é photolytic reaction, the nature of the tfap,,i.e. the
particulaf defect, impurity or surface state acting as a decompqsition.
éite, need not be identified. The electronic processes associated with
the decompositién.site are, however, quite speéific. The first step
in the electronic process occurs when the site traps an electroﬁ,

é hole of an>exciton after which it is considered to be in-its

first excited state which may last for a few nanoseconds or even a few
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deys.- The excited.site is now capable of trapping an oppositely
charged carrier, for example, or an exciton and of releasing
sufficient exciton potential energy to facilitate a photolytic
reaction.

An.eleetron excited into the conduction band can be trapped
.hmnediately or migrate tnrough thevband and then be trapped at a
trappingvcentre. The pertinent defect responsibie for this trapping
1s thevabsence of an anion from its normal negative lattice site. A'The
result of the trapplng is the production of an F- centre onerof the
51mp1est colour centres The existence of F-centres was flrst
suggested by de Boer.l16 ‘Evidence'that.anion vacancies are actually
formed was derived from precise density measurements!’ and theoretica1 
calculations'® which shoved that the number of F-centres determined |
optieally agrees with the number of anion vacanciee required to give
the observed changes in density. An F-centre absorbs in the visible
 region of the spectrum and is observed when ionic solids, in particular
‘the alkali halides, ere exposed to ultraviolet light, X-radiation or -
electronic bombardment, exhibiting a deep Colouration.characteristicv
of.the crystal as a whole. The optical abscrbtion of an F-centre
arises from an electronic dipole transition to a bound excited statev
‘of the F-centre.19,20 Extensive work carried ont by Poh1?! has shown
this colouration to be due to a bell shaped absorption band in the
_ region 400 —.800'nm. 'A‘structure of an F—eentre as an electron
bound to an anion'vacancy has been confirmed also by e.s.r.rdatalq
‘and the centres have'been identified by e.s.T. methods in sodium

azide when irradiated with ultraviolet light at 77K.22,23,2%
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When, for example, a stoichiometfic_alkali halide crystal is
coloured, electrons are elevated from the full band into the éonduction
~ band by radiation and are subsequently trapped at anion vacancieé.

Each F-centre must be accompanied by the formation of a positive hole:
in the full band; ‘By analogy, we would expect that the holes could
_become'tfapped-at'cation vacancies and thus give rise to a different
type of absorbing centre. Similarly, cfystals containing a
stoichiometric excess of the electronegative'constituent nght.to
contain the same centres. - Potassium bromide was annealed in bromine
'Vapour and a néw set of absorption bands at the short wavelength side
6f the F-band appeared25,26  These have since been called the V-bands.
(V; to Vs have been distinguished)* and identified with centres
formed by the interaction of positive holes with cation vacancieé.
V?centres have been observed from the ultraviolet absorption spectrum
- of sodium azide at 77K. 23

Photoconductivity can arise when crystals containing‘F-centres
are irradiated within the F-band. The excited state must therefore be
~sufficiently close to thé conduction band for the electrons to be
ionized thermally. The free electrons will then wander through the
crystal in a Brownian motion manner until refrappéd. In the presence
of an applied field, the effective distance travelled in the direction
of the field to the point of retrapping will have a certain average
value w. In potassium chloride at 170K, the Value.of w 1is inversely‘
proportional to the concentration of F-centres, and consequently it
follows that an anion vacancy can trap two electrons. Irradiation in
the F-band has confirmed this.l* The band is bleachéd, and at
sufficiently low témperatures,-a.broad band called the F'-band appears

on the'long wavelength side with a peak between 600 and 800 nm.27,28



14

The band decomposes on warming, the F-band beingregenerated. The
quantum efficiency for the destruction of F-centres is found to be
two?7 as it should be since each electron liberated combines with a
setond F-centre to form an F'-centre. If the crystal is now-
irradiated in the F'-band, the F-band is regenerated and the quantum

yield for the conversion of F'- to F-centres is again two. Thus we

have
hv
by > O+ e
e+ 0 -
where [J = anion vacancy (] = PF-centre - [J' = F'centre

(This symbolism for anion vacancy, F-centre and F'-centre will be
adhered to throughout this théSis unless otherwise stated.)

It has been shown that a potassium iodide'crystal possesses an .
absorptionApeak just on the edge of the fundamental absorption band.?29
When the crystal is irradiated in the F-band such that F'-centres are
formed, the B-band, as it is called, is also bleached. Simultaneously
a new band called the a-band emerges on the long wavelength side of
the g-band, but still close to the main lattice absorption edge.
Heating to decompose the F'-centres causes the «-band to disappear and
: resUltsvin an.increase of the g-band and the F-band, which are testored
to their original value. Crystals irradiated at very low temperaturés
show an a-band but no F'-band, hence excluding thebpossibility of -
these two bahds being dﬁe to the same centre. The g-absorption band
is caused basically by an exciton being trapped at an F-centre,
xvhéreas the a-absorption band fesults from an exciton being trappéd at

30

- an anion vacancy. This a-absorption band is due to a perturbation

caused to the exciton levels by a neighbouring anion vacancy, leading
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to exciton levels somewhat lower than the normal exciton level so
that-a new peak, theba—band,.ap?ears superimposed on the normal
lattice absorption edge.: The B-band occurs between the o-band and
the.main exciton level and is due to promotion of electrons to
perturbed exciton levels in the immediate neighbourhood of F-centres.
Thus exciton'formatioﬁ occurs in the a-baﬁd.and not- the B-band on
irradiation within the F—band, owing to enhancement of perturbations
on ions adjaceht to those bleached F-centres or anion vacancies.

Absorption within the a-band is accompanied by fluorescence.

This observation implies that the exciton formed_is trapped by the
anion vacancy and the resulting complei does not dissociate into an
F-centre and a free positiVe hole.

The a- and B-bands were first foﬁnd in potassium iodidé where the
Vpoiarizing4effects of the vacancies on the anion would be most dimportant,
buf they have since been observed in potassium chloride and bromide
as well as'in rubidium chloride.3! |

After irradiation within the F-band at room temperature a rather
.broad band at the long wavelength side of the F-band is often developed
simultaneously. This band has been called the M-band.32 Usually other
absorptioﬁ bands, situated between the F-band and thevaband, the so-
called R- and N- bands aré formed simultaneously. The R1~,'R2—"and
M-centres are found to be clearly associated with various cbmbinations
of electrons with vacancies. An M-centre 1s formed by the combination

1% If an M-centre

of an F-centre with a cation-anion vacancy pair.
captures a second electron it will be unstable and the cation vacancy
may diffuse away leaving a double F-centre, identified with the Rp-

centre. If an Rp-centre loses one of its electrons to a nearby trap

e.g. an anlon vacancy, M-centre or a vacancy pair by the tunnel effect,
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it becomes the Rj-centre. Thus we have:

+0 < [Ho

) uf
F M
[Ho+e < [ o0 > b +0
O ] (]
M Ry
O +0 -~ O + 0
-] [l
R, Ry F
_Where 0 = cation vacancy | [ = F-centre (] = anion vacancy

These R-, M- and N-bands have been found in potaséium chloride32,33
-and in sodium azide.?* At about 373K irradiation in the F-band yields
a very broad band calied the R'-band on the long wavelength side of
the F—band. At low temperatures it is mnot resolved and probably
contains a large number of components formed by the combination of
electrons with groups of vacancies including the R;-, R,- and M-centres.
The rate of conversion of F-centres to R'-centres increases with
.température but beyond the equilibrium point at about 773K the
dissociatién of R'-centres into F'-centres and vacancies is Virtually
complete. | | | |
Irradiation,wifhin the F-band also causes some bleaching of the
V-bands. A V;-centre apbears when a crystal is irradiated with X-rays
at liquid air temperatures, but warming to 128K céﬁses this band to
be bleached with a marked reduction in the size of the F-band. This

results in the photoconductance and luminescence - thué-supporting the
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model of a positive hole tfapped at a cation vacancy for the V;-centre.
: Bleaching of the F- and V;-bands occurs with low quantum yield owing
to the low probability of thermal ionization of an electron from
the excited state of an F-centre. These free electrons annihilate the
trapped holes. Vl; and F—bandé are bleached simultaﬁeously by
irradiation within the V;-band through recombination_of electrons and
holes. The V,-centres are bleached by irradiation within the F;band
“at Toom temperature which is too high a temperature fbr.thé V, -centres
tb‘be stable. Temperatures greatervthan Toom temperature are needed
to bleach the Vi-band. This band is bleached when the crystal is |
irradiated simultaneously with F- and V-light. This supports the
theory that V,- and Vs-centres comprise two holes trapped by two
cation vacancies, and one holé tfapped by two cation vacancies respect-
ively. The Vi-ceﬁtre is the antimorph of the F-centre, the V,- and
V3-centres are the antimorphé of the Rréentres and the V,-centre 1s
the antimorph of the M;centre. Other centres which have also been
 _inveétigated‘arebH—centrés,3” which are possibly holes frapped by
vacancy pairs, U-centres3® and Z-centresl* which consist of electrons
;éptured by divalent ions.:

| In order to free electroné thermally from F-centres, energies of
about 2 eV in the alkali halides are required.® Thus no bleaching is
expected:af Toom temperatures because of the small probability that
‘a trépped electron can escape from an F-centre on acquiring a small
amount of thermal energy. Bleaching can occur by tunnelling through
the potentiél barrier. A procéss of recombination with nearby positive
holes and with Vy- énd V3-centres then occurs. |

The phenomena described above all represent effects of irradiation

on Crysfals. ’The sigﬁificant feature of prolonged photolysis of salts

such as azides, for example, is that uniform illumination of the
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surface results in the separation of discrete metéllic'nuclei. The
rate of photolysis is constant and is unaffected either by discontinu-
ous irradiatioﬁ or by the continued separation 6f the métallic
pfoduct. The basic fact to be explained is how uniform illumination
results in the growth of discrete nuclei. Mott37 in 1939 was the
first to put fbrward a real theoretical explanation of photolysis
when he proposed a photolytic mechanism for the photoiysis‘of barium
azide, based on the work of Gérner,'Maggs and Wischin, 38,33

Mott treated the solid barium azide as an ionic conductor with
mobile metal iohs in interstitial positions. On irradiation, electrons
and positive holes were formed, which were able to diffuse through
the crystal lattice. Unspecified 'sensitivity specks' caused trapping
of the electrons, resulting in neutralization of thé mobile metal
ions at thésévtrapping sites. ’This led to an accumulation of metal
- atoms, producing product_nuclei which grew. He then postulated a
secondary growth mechanism whereby further electrons were trapped by
the metal to form metal anions, which then neﬁtralized the mobilé metal
cations, leading to further product formation. |

'bett's mechanism was able to account for the observed formation

bf nuclei on the surface of crystals, acéompaniedAby the evolufion of_‘
a gas. Subsequent workers have criticized and mbdified Mott's original
mechanism and many 6ther mechanisms have been postulated.

A review will now be made of the work done on the photolysis
of barium, stfontium, calcium and lithium azides. The photolysis of
'other'inorganic azides in particular and inorganic compounds in general

will then be discussed.
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(ii) THE PHOTOLYSIS OF THE ALKALI-EARTH AZIDES

(a) -:Photolysis of Barium Azide

Thomas and Tompkins made a detailed analysis of Mott's theory3’
of the mechanism of decomposition of metallic azides and proposed an
alternative approach involving the production and trapping of
excitons.*® Using a low pressure mercury arc in the temperature
range -106° — 45°C they found that, when light of wavelength Z53,7 nm .'
was used, the rate of photolysis was constant at constant'temperature
and constant light intensity. The rate varied as the square of the
light intensity at constant temperature but increased in a compleX
manner withivariation of temperature at constant intensity. The
primafy excitation process was cbnsidered to be exciton formation and
the production of nitrogen. This resulted from the Bimolecular |
‘reaction of excitons at impeffections which were identified tentatively
as vacant lattice sites. The metal product épparently‘played no
significaﬁt_part in the reaction.*? Boldyrev et al.%5 have proposed

that the minimum processes in the photolysis of any azide are

ky
N3~ v N3% o+ e
K2y kg
N,

The rate of these elementary steps depénds on energy criteria, the
lifetime of the excitations and the concentration and mobility of
thé excitations.

Baidins suggested that the metallic feéction product of the
photolysis of barium azide is not bhotoéhemically inert.*!  Further
investigations werevmade of the photolysis of barium azide'*?,%3,%% and new.

kinetic measurements were made using high and low pressure mercury lamps
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over the temperature range -25° - - 25°C, The barium product formed
as a result of photolysis was found to play an important role.
Jacobs et ai.”” conSequentlyAproposed two mechanisms. The firsf
mechanism, found to occur chiefly in fresh salt, concerned the form-
ation of Barium atoms (pre-nuclei) and the second mechanism concerned
the thermal production of holes by the .transfer of electrons to
barium pre;nuclei which have been ionized by the photdemission of an
electron into the conduction band. The rate of photolysis first
decreased and then increased after which it became‘constant, when 1ight.
of wavelength 253,7nm or a lamp emitting a more or less continuous
spectrum with the principal.mercury lines superimposed was used. -
The initial rate was found to be proportional to the'sqﬁare of
-the intensity and initially the activation eﬁergy was about 5 Kcal./mol.v
This is interpreted in temms of the bimolecular recombination of

excitons at an unidentified trap T,

hv . —%
Ny T 2 N3 T 2 [N3T]

' ﬁepetition of this process within the (relatively long) life-time of
[N3T];* gives two adjacent excited azide ions, |

-%

hy |
N3~ [NgT]7*% Z N3™* [N3T]™* 2 [N3TN3]_*

which can either revert to the ground state or undergo chemical

detomposition,
[N3TN3] ™" Ba?? > Ba + 3N, + (T
S 5 Kcal./mol.
where [J = anion vacancy © % = excited state of the anion

. or complex.
As photolysis proceeds, the rate decreases to a minimum value at which

stage the square law ceases to apply. It is thus clear that the



ﬁumber of traps T decreases steadily. After the minimum, the rate
of evolution of nitrOgén increases'again atvconstant intensity to a
constant rate proportional to the intensity. |
- Developing Baidins' suggestion, the possibility of.photoemission ..
from barium atoms was considered the reason for the increasing rate
period, fhe generated electrons‘causing an écceleration of the
'reaction by facilitating the combination of excitons énd radicals.

Barium metal was thought to form via aggregation of barium atoms.

hv .
Ba I Ba + e
Ba® + N3~ 5 Ba + N3 20 Kcal./mol.
‘hy _%_ )
N3© <« N3~

Ba + Ba¥ + 2 Béz

A study of the dark rate indicates the following purely thermal

mechanism.

kT
~Ba + Ba?2* -+ (Ba,)?"

Electrons are then transferred from azide ions to the positively

charged barium and the positive holes react together.
(Ba)?" + 2N3T  + Ba, + 2N
2N3 > 3N2

This cycle of events can continue until all the pre-nuclei have grown
into large specks of barium.
The importance of the wavelength - of the ultraviolet light on

the photochemical decomposition of barium azide has been widely
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investigated. In the study by Jacobs et q7. referred to above,““.
the effect of filtering the 253,7 nﬁ wavelepgth from the-soufce was
investigatéd.' It was concludéd that the 253,7 ﬁm wave1¢ngth was
responsible for the acceleratory feaction. Verneker found that
light of wavelength 184,9 + 253,7 nm or light of wavelehgth 200 - 300 nm
gave rise to the4fate—time plot reported by Jacobs et ql. ébove.
However, he found that, unlike the results of Jacobs éi al., 1ight_of
wavelength 253,7 nm produced no acceleratory reaction and the product
after each reactibn, regardless of temperature, gave a ppsitive
nitride test.. Barium nitride showed an acceleratory reaction when
photolysed with light of wavelength between ZOO - 300 nm. Verneker
stated that firstly, the initial decrease in photolytic rate seemed |
to be caused by the gradual consumptidn of defects originally present
which are helpful to the reaction. As the reaction proceeds metaiiic _
specks are produced which initiate a second proéess, This process is
based on the photoemission of electréns from.tﬁe metal and keepsvthe‘
phdtolytic'process going. After reaching the minimum, aﬁ acceleration in :
the photolytic process is caused by the photodecomposition of the
nitride. Thus an acceleration in the photolytic rate can be expected
if light Capable of photoionizing the metal aioms'(formed during
.photolysis] is used as a photolyzing sourcé}‘ During irradiétion with
X > 170 nm, no photocurrent was detected and thus the,trahsition is
"to a bound excited or exciton state. Moreover, Since the band has
vvibratiénal structure, the excitons must be trapped on thevmolecuie on
which they are fbrmed, i.e. the‘excitation is probably an ‘internal transition
to a low lying éxcited state of the azide ion. - Irradiation at below»'
- 155 nm gives a temperature—independeht photocurrent that probably results

from a direct electron transition from the valence to the conduction band
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Tompkins3 has suggested that the photolysis of barium azide
~could involve theitrapping ofbexcitoﬁs at anion vacancies. This
incorporates the production of the N, ion which is stable at room
temperature and of which the rate of production is linearly depend-

ent at first on intensity. The existence of the N,~ ion has been

identified by e.s.r. methods.*? Thus the trapped exciton is formed -
as follows: |

Ng© Yot P e
‘and can then:decay in twé ways:

(i) | NF O~ Ny~ O+ N'_A

(i1) N37=[J + N3 > 3N, + []

where [] = anion vacancy

[[]'= two electrons tfapped at an anion vacancy (F'-centre).

The F'centre may now react with a 1atfice Ba?* to give the embryo
nucleus, the Ba atom.‘ At the surface, bimolecular combination of
nitrogen atoms produces gaseous nitrogen.

Prout and Sears“® have studied the photolysis of the péllets of
powdered dehydrated barium azide monohydrate in the temperature range
-197° - 20°C using both high and low pressure mercury lamps. Under
certain condifions good feproducibility.was obtained. The resulting
presSure-tihe plots alﬁays displayed pefiods of acceleration and
protracted decay. The acceleratory reaction varied as the square of
the light intensity implying a bhnqlecular reaction involving two
excited ions. The following mechanism was proposed for the initial
acceleratory reaction in the temperature range 0°1~ 20°C; initiation’

occurring at points such as emergent grain boundaries and dislocations.



hv. _
T N3O)F (excited ion).

These excited ions are trapped at anion vacancies

W;)* + O - )%

These entities may react on neighbouring sites,

2Ny )Y s (N Dst):*Q

Then,

(N3 [JoN3) °* + N7 + 2N, + 3[0 + e

The formation of separate anion vacancies and electrons are postulated
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rather than isolated F-centres owing to the instability of the latter -

at the temperature of irradiation. Barium atoms are formed by the

reaction

Ba2* + 2e Ba.

This ﬁechanism.has been supported by-e;s.r. measurements which have

- detected N, ions.%7:49 Thelreaction accelerates because of the

" production of new anion vacancies. The layer of product consists of
colloidal Ba in a matrix of Ba(Njy),. Aggregation.will eventually take
place.follbwed by tﬁe formation of discrete nuclei of the metal. o

Photoemission then occurs'*

Ba hw gy + e
n <«
hv
N, < Nt
Bat + N¥  » N, + B
a0 2 Ny an

This is a unimolecular reaction with respect to N,~ 1ons in accordance



~with the observed dependence of the decay reaction on the first
power of the light intensity. No dark rate was observed when the

light was switched off, but an increase in the rate of photolysis

was observed following the dark period. This fact was explained by :‘

assuming that during the dark period aggregation of Ba atoms continues
and some aggregation occurs. |
At the lower temperature range (0° — -197°C) a free radical
type of reaction was proposed: | | |
hv
N3~ 2 N3

2N~ >  2Ng + 2e

N .+ N3_ -)- - Nz + NZ'

Proﬁt and Shephard5° have recently studied the photolysis of
barium azide in the temperature range 27° — 100°C. Two definite
temperature dependent regions Were studied i.e. 27° — 60°C and 60°
— 100°C. In the 27° — 60°C region, and indeed over the whole range,
the most effective wavelengths for the phofolysis of barium azide were
in the region 220 - 280 nm.  These wavelengths were of less energy

than that required for the formation of positive hoiee and electrons .
and it was assumed that abeorption leads ‘to excited azide ione rather
than excitons. Ba‘atoms were formed on fhe_sufface and en the planes
~of the crystal, each plane‘starting at the surface at an emergent |
grain boundary, Nuclei were formed by aggregationvat the end of the

induction period. Between 27° and 60°C the following mechanism was

25
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proposed:

&

hv
Z‘ N3

N3~
The excited azide ion adjécent to a ground state azide ion at a
surface defect S (probably an anion vacancy) then reacted with a barium
ion:
A
>

Ba + 3N, + S

Ny SNg™ + Ba2*

Formation of barium metal nuclei during the induction period in the

60° —~ 100°C range was thought to occur according to the following
mechanism:
1,1_)\-) *
Na— - NB!
A .
Ba?* + N3~ + Ba + N

Below 60°C the rate of nﬁcleUs‘growth was fouhd to be dependent'on the -
square of the light inténsity, indicéting that the overall mechanism
must dinvolve the decomposition of two excited azide ions. The
mechanism proposed involves the formatioh of barium ions aﬁd electrons

via the photoelectric effect and subsequent reaction with excited -

‘azide ions:
hv . o ‘
Ba Z Ba =~ + e )
hv « ' -
N3~ z N3~ (2)
+ % A '
Ba + _N3 > Ban + N3 | (3) .
Ny + N3™% = 3N+ 20+ e N CY



- The F-centres collapse as follows:
20 > 2[1 + 2e | (5)
and then the barium metal nuclei grow,

Ba, + 2 + Ba | > B?n+1 _ Qﬁ)
Between 60° and 100°C the mechanism proposed for the éccelératory
périod is identical to that shown above except for step (3). At
temperatures above 60°C there is sufficient thermal energy for the
thermal transfer of an electron from the ground state azide ion to a

Ba® ion formed via the photoelectric effect. Thus in this step we

have:

27

Ba * + Nj- 4 'Ba_ + N3 . Rate determining step.

n

This mechanism is in accordance with the observed linear dependence of
the rate of photolysis on light intensity.

OVer the whole temperature range the decay period was simply
‘considered to be a continuation of the process occurring during the
acceleratory period. Similar mechanisms were proposed»for the
decomposition of pellets in this-temperature.fange.

There i1s much spéculation‘on the existence of the various
‘.radicals pfbposed in the different mechanistic patﬁways suggested
' Qhereby azides undergo photolytic decomposition. The radical N3 still
eludes e.s.r. spectroscopists. It is well khdwn'in the gasiphase and
has probably been formed in liquid‘phase pulse experiments with
aqueous azide ions. At 77K, ﬁsing gléssy aqueous solutions, no Nj
~was obtained, possibly due to molecules dissociating to give nitfogen

molecules and atoms.>! N3 has been reported in an infrared study of
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discharged nitrogen deposited at 4,2K. 52 N32~ has been characterized
in a study of barium azide irradiated with ultraviolet light.>3
According to Symons et al.®%,%> N; radicals have life times long

enough for them to interact with neighbouring azide ions:
N3 + N3 >N N
and . Ny + Ng© > NpT o+ 2N,

Both these reactions have a similar probability of occurring and both

are considered more probable than
N + N3 - Ny~
and - N + N3~ > N, + Ny,

The existence of the N,~ and Ny~ species has been well established7,61.62
Thus, in the case of barium azide, the following initial process was

propbsed:

(b) Photolysis ofVStrontium and Calcium Azides

Most of the studies on strontium azide have been done in conjuhc-
tion with barium azide and analogies séught between the two in their
modes of decomposition.56,38,43,57 Prout and Shephard5® have recently
investigatéd the photolysis of strontium azide in the temperature
range 30° - 90°C. The process of photoiysis differs in‘the.regions
30° — 50°C and 50° — 90°C. In the temperature range 30°~ 50°C, the
rate of photplysis is found to be proportional to the square of the

light intensity throughout the reaction. In the range 50° — 90°C the
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same relationship is observed, The plate-like nuclei are considered
to grow two-dimensionally, increaéing from a fixed number of centres
as was found for barium azide. The formation of the strontium metal

nuclei at the end of the induction period of photolytic decomposition

in the temperature range 30° — 50°C was assumed to proceed as follows:
v &
N3~ p N3~

Reaction then takes place with an Sr2* ion when there are two singly

excited azide ions at a surface defect S

Na-® SN+ sr2* & 3N, + Sr o+ S
This mechanism is in accordance with the dependence of the rate of
photolysis on the square of the light intensity. 1In the temperature
range 50° — 90°C, the following mechanism is proposed for the

corresponding period of decomposition.

B " hv %
Ng» 2z N3~
sr2t o+ NgF 4 Sr* o+ Ni
N3 + N3™% = 3N, + e
Syt o+ e .} - Sr

Two mechanisms are postulated for the growth of the strontium nuclei
during the accelerétory period of photolysis in ‘the temperature range
30° — 50°C. Both are in accordance with fhevdependence of rate-on the
-square of the light intensity. The first mechanism is as follows:

Chv . :
Srn < Sr,” + e . (1)
-~ hv : o . .
Ny~ 2 N3~* (@)



x Dy U |
N3—- z N3-—7<7€. (3)
) + A . »
Ny~ %% + Sr > Sr + N3¥ (4)

N3® + N3 > 3N, + e + 20 (5)
> N, + [+ 0O (6

2] - ZDY+ 2e _ (7

S, o+ 2 o+ Sr¥* o osr @
where [1 = anion vacancy [(] = FE-centre.

In the second mechanism, step (3) above is replaced by

i.e. energy is transferred from an excited ion to an adjacent
excited azide ilon.
In the temperature range 50° — 90°C an increase in the activation

energy requires a modification to the mechanism postulated above:

hv .
St < Srn+ | + e
. - h\) Y.
N3 T N7
. A .
sr,t o+ NgP oo St o+ N
) .N‘3 + N3—* - 3N2 + e‘ + 2 D
"*. 3N2 + E] + D

28 - 20+ 2e

n+l
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The decay period is considered to be a continuation of the acceleratory
period and the same mechahisms are proposed.

" Little work has been done oﬁ the photolysis of calciﬁm azide
although Tompkiné and Young 58,59 have studied the thermal decomposition
of the salt after pre-irradiation with ultraviolet light. The result
of the pre-irrédiation was, firstly,'to increase the number of growth
nuclei as a resu1t of the additional production ofvanion vacancies.
Secondly, it was found that the.growth, as well as the formation, of
these nuclei took place during irradiation. |

Prout et al.137,168 haye also made é'study of the thermal decomposition
of unirradiated calcium azide as‘well as of the azide pre-irradiated with

y-, X- and ultraviolet radiation.
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(1ii) THE PHOTOLYSIS OF THE ALKALI-METAL AND OTHER'INORGANIC AZIDES

~ Mechanisms for the observed photolytic decompositions of sodium;
potassium and lithium azideshave been postulated with correlations to
the already proposed mechanisms for the photolysis of barium azide.
Jacobs et al.60 have compared the kinetics of sodium and potassium azides
with data previously obtained for barium azide.bt Potassium and sodium
‘azides bothshowed an‘initial'deceleratory reaction. Potassium azide
showed a subsequent acceleration after which the rate of photolysis_
became constant. Sodium azide showed no subsequent acceleration. |
Filtering the arc with water made no difference to the rate-time plot of
sodium azide but Compietely fembved the acceleratory period of potaésium
azide. Presumably the acceleratory period of the latter depends on light
of wavelength 184,9 nmand the initial deceleratory reaction on light of
wavelengtih 253,7nm. Two mechanisms appeared to be involved in the
photolysis of these azides. A mechanism was proposed based on measure-
ments from absorption spectra,“3 photo-electric properties,*3,63 colour -
centre absorption bands®%,6°,66,23 and e.s.r. data22,2%,67,68,69,70,71,53 |
to date{ The primary process involved 253,7nm'radiatioh and prdduced the
excited azide ion Ny~ *. These excited ions were destroyed at adjacent

imperfections as follows:

.-‘v . hv
N3™ & NgF
Ny e N;‘* > N7 [j + ‘Nz - o
O N3F +_.N3_* > Nz-. + B oeo2N, (2)
rNs_* + N3~* ) - [0 -+ 3N, B )

- .where [] = F-centre 100 = F,*-centre
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In route (3) the extra electron must be trapped by the site or by a
_metal atom. The e.s.r. evidence‘indicafes that (Z)Idomiﬁates in
potassium azide at low témperatureé.53;69:7° Route (3) is impbrtant in
~ sodium azide.?" Nufvand Ny~ have not been identified in sodium azide but
F- and F;-centres have been detected. Symons et al.>> have proposed that
in fhe case of sodium azide the following occurs:
N3~ <« N3 + e
Ny + e + [0 » Ny + [

On warming irradiated potassium azide from low temperatures V-centres
bleach, the N,” resonance decreases, the N,~ resonance increases but nitrogen

is not evolved. Possibly the following reaction occurs:

N2~ + N~ - Ny~ + []
~ followed by aggregation of F-centres with éventual formation of metal.
For sodium azide aggregation of F- and F,*-centres leads to the formation
of metalispecks. The measured life-time of the Ng; ion in potassium azide

at room temperature means that it is in all probability responsible for

the dark reaction:

The acceleratory procéss_in potassium azide involves‘the metallic product.
“In crystals coﬁtaining metal specks, photons of the requisite eﬁergy will
result in photoemission of electrons'from the metal into the

conduction band. Presumably azide ions.adjacent to the specks then
decompose and nitrogen is produced. Owens’2 has found that the rate of

growth of paramagnetic centres in potassium azide is proportional to the



square of the light intensity. He proposed that tﬁe first step in the
photolytic process is the excitation of the azide ion by light of
wavelength 225 nm. The ability of this ion to decompose is determined

. by the density of the excitations, involving presumably an exciton and |
an associated impurity defect .

The absorption spectra® of sodium and potassium azides are very
similar and thus.if seemé unlikely that the explahationvfor the lack of
the acceieratory process in sodium azide lies in fhe energy band structure
of the .salt. Jacobs and Tariq Kureishy?3 showed thét two mechanisms are
operative for the decomposition of'sodium azide. The salt showed that,
after exposure to nitrogen gas, an acceleratory reaction, followed by a
constant rate, occurred. Exposure of the photolyzed azide to nitrqgen
resulted i1n diffusion into the partly decomposed crystal and reaction
with the metallic’product. - This surface chemisorption is sufficient to.
prevent the catalysis ofvthe photolysis by sodium metal until the'metal
has been reformed. |

.Thé deceleratory reaction was proportional to the square of the -
light intensity and the followihg mechanism was propoéed:
hv
>

N3~ T NgTF

N3 + 8§ < NyeS
Ng=* + Nz eS = 3N + [0+ 5

where S = special trapping site - B0= E*-centre.

F,*-centres have been shown by absorption spectra and e.s.r. measure-
ments2* to be the major'product at low temperatures. This centre is

unstable at room temperature and we get:
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Nat + O > N + 2[]
where {] = anion vacanéy.

Whether or not the site S can hold an extra electron permanently

depends on its nature. It may shed it to form a second Na atom.
S” + Na* > Na + §!

wheré S' differs from S éince it is now associated with two sodium
atoms and two anion vacancies. Eventually a stable.nucleus of sodium
forms, the:rate of formation being a deceleratory process sincé
potential mnucleus-forming éites S are being steadily consumed during
the‘reaction. |

The‘subsequent constant-rate reaction in the phbtolysisbof sodium.
azide is due to the growth of these nuclei and the fofmationAof
colloid ceﬁtres.57 Photoemission from the sodium specks occurs and
electrons may tunnel from excited azide ions to be trapped by nuclei

which have becbme ionizéd by the light.

hv .
Nan Zz Nan + e
Na-x + Na_*t > Na + N3

N3"* + N3 > 3N, + 2[3 + e

The electrons produced are trapped by anion vacancy pairs forming
F2+fcentres which then react with Na®* to form Na atoms, the net result
being

J + 2e + 2Na > ]
han ) | han+2 

Repetition of this cycle leads to growth of the nucleus.



Jacobs and Tarig Kureishy73 have studied the photolysis of
rubidium and caesium azides. Rubidium azide resembles potassium
aiide in that the rate of photolysis at first decreases, passes through
a minimum and then increases, finally attaining a constant value. The
rate of photolysis of caesium azide decreases, becomes constant for a
 brief period and then decreases again before becoming constant.
Three mechanisms are thought to be résponsible for the.rate;time curvé§5
The first two mechanisms as proposed above for barium azide are
considered vé1id.”” The third is considered to involve the reaction
of excitons and exéited azide ions at metal nuclei and to produce
Ny~ ions. The subsequent thermal decomposition of these ions is
responsiblé for the dark reaction that occurs on Switching off the

‘lamp.  The following mechanism was proposed for the acceleratory

reaction:
- hv : _
N3~ < N3 (exciton)
hy o _
M, < ,Mn+ + e (M, = metal nucleus)
hv
N3~ T Ng°F (excited azide ion)

Ng™® + NaM > M+ Ny o+ N, + [
(anion vacancy formed)

Mn - M+ Toe 7 Mn+1

Prout and Sears have studied the photolysis of lithium azide’* The
azide was‘photolyzed in the temperature range -60° = 20°C and a
markedly sigmoid, highly reproducible plot was obtained. Activation

energies in the region 1 Kcal/mol were obtained over the whole range
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for both the acceleratory and decay period. The rate constant varied
as the square of the light intensity indicating a bimolecular reaction

involving two excited azide ions. The following mechanism was proposed:

oo

hv
< NgTF

N3P+ O - (NaO)7F
These entities react when on neighbouring sites as follows:

_ ' »

2Ny )% - (N3 o N3 )T

-
(Ns 2Nz )™*  » 2Nz + 2[]

2Ns o+ 3N, + 20

anion vacancy .

il

where N3‘* = excited azided ion ' []
The lithium metal then formed as follows:
21it + 2 - 2w o+ 203

The effect of the pre-irradiation with X;réys and y—rays.was>to decrease
the acceleratory reaction only - probably by forming F—centfes andi
thus decreasing the'concentration of vacantiésiwhich are propagating
entities in-the'abbve mechanism. |

The effect of radiation of different wavelehgths on}the photolysis
of sodium, potassium,‘bérium, lead and silver azides has beén invéstij
gated by Verneker75 The common feature of the photolytic decomposition
of these azides is that when irradiated with the above sources, the
rate of gas evolution initially decreases to a minimum value. Irradia-
tion with light of waveléngth 184,9 nm + 253,7 nm causes the potassium,

sodium and barium salts to show an acceleration which is missing when
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the latter two are irradiated with light of wavelength 2537 nm. Silver‘
.azide showed an acceleratory reaction dnly whén light of wavélengths
between 200 and 300 mn was used, Lead azide showed no acceleratory
reaction when light of either 184,9 nm + 253,7 mm or 200 - 300 nm was
used. All these azides, except lead azide, showed a positive nitride
test. As_expléine& previously, photoemission from metal specks
 produced thfough the consumption of defects.prevented the photolytic
rate from decreasing to zero. The work functions of the metals éf all
these azides are such that light of wavelength 184,9 nm is sufficiént to
cause the photoemission of electrons from the metal. Thus the
. acceleration in the rate-time plot could not be attributed to this
process. However, since no acceleration was observed with light of
wavelength.184,9nm + 253,7 nmin 1ead.and silver azides, the ionization
potential of the metal atoms were thoﬁght to be important. A study of |
the relation between acceleration rates and ionizatioﬁ potentials then
clearly indicated that the absence of acceleration in leéd and silver
azides isdue to the inability of light of wavelength 184,9 nm to lonize
Pb and Ag atoms. Further, iight of ﬁavelength 253,7 mm alone is énough
to ionize K atoms henée accounting for the acceleration of potassium
~azide when irradiated.with this wavelength aiohe. Irradiation in the
.range 200 - 300 nm  caused an acceleration to occur and this was
thought to be due to the decomposition of the nitride formed.

.Thé partially covalent,:conducting azides have not been studied as
“intensively -as barium azide. ~ However lead; thallous and silvér azides
have been investigated and their photolytic decompositions Will be
discussed. The  rate of photolysis of lead azide has been found to be
proportional to the intensity but pre-irradiation has not been found to

enhance the rate of thermal decomposition. The wate of photolysis of
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thallous azide was found to assume a constant value proportional to the
intenéity of the radiation.'® The mechanism proposed by Deb et al.
involved, as thke essential step, the promotion of an electron to the
conduction band thus foxming an azide radiéal. The mechanism postulated

for the photolysis at long wavelengths (A > 400mm)!. is:

hv
N3~ < Ng* (exciton formation)
Ng"* > N3~ + g  (reversion of exciton to
' ground state)
N3+ N3 + e (thermal dissociation of
~ exciton)
N3+ e =~ N3~ + q' (recombination of exciton
and hole)
2N3 > 3N, + Q = (combination of two positive
| | -holes)
T, + T1I" + e -~ TL ., (e-trapping and metal
' formation) .

At short wavelengths (1 = 330mm) the first three steps are replaced by:
N3 + e

With silver azide an exciton can also be dissociated thermally. Silver

. specks distributed throughout the azide can be-thermally ionized:
n

Ag N3~ > Ag T N3~ o+ e

An electron from an adjacent ion can tunnel thfough the interface and

be trapped

Agn+ N3~ - Agy Ny
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Two mechanisms are then postulated:

(1) Interfacial excitation:

- hy :
: - -> - - -
Ag N3Ng -A;’f ANGNE >t 3Ny ¢ Ag, OO
Agn+1 D + e > Agn+2
(ii) Mobile exciton :
i
N3~ h Ngn*.
<+
N Ag
-~

Ag N3 + N37° Ag NgNg* > Ag O+ 3N,

Both these mechanisms are consistent with the observed steady fall in
the rate of photolysis as the piiotolysis proceeds,.and the initial
dependence of the rate oﬁ the quare of the intenéity.

The photolysis of ammonium azide has also been investigated.’®
The reaction mechanism incorporates the species NZ;, N,”, N and N32-
all identified by e.s.r. measurements as already referred to above.

The scheme proposesf

The N3~* and N, then react with the ammonium ion, producing ammonia
which reacts with N,~ to produce nitrogen and NHj~.

Then follows: -
NH;© + NH,t > 2NH; + H
N + H. > -NH

2N > N, o+ Hy
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NH + NH3 g NHzNHz
N N

" Deb et al.’’ have investigated the photolytic decomposition of
‘meTcurous azide. The rate ofbdécomposition is proportional to the
iight intensity. Nitrogen gas and a.brown product, probably a ﬁitride,
are formed. Decomposition brobably takes place by bond fission within
the azide_group.

A study has also been made.of the photolytic decomposition of
zinc azide.’® The rate of decomposition was found to be proportional
to the first power of the intensity and the following initial mechanism »

was proposed:

Ny Se* + Ny~ =+ 3Ny

N3Se*

0
&
+
W
+
o

wheré S is a trapping site.

Pai Verneker et al.l%7 have studied the photblySis of a-lead azide at
ambient aﬁd low temperatures.. Metal pfesent}in the form of nuclei or
small specks and produced during the phofolysis, presumably'initiates a.

new process. The photolytic reactions in sequence are:

hv ~ : o .
Ny~ < (A N, )* . A= trap
(AN;)® + Nj° > - 3N, + (eAe) + 2 vacancies

Pb2*  + (e Ae) - PO+ aggregate of traps
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| an g? pb_ " '+v e : photo-electric effect -
: an + N3_ -> Ph, + N3
N3 + Ny > 3Ny + e + vacancies.
The mechanism as proposed is in accordance with the experimentally
determined linear dependence of the rate on the light intensity.
Speculations were made regarding the mechanisms at low tempefatures. It

was postulated that Ny~ and N~ ions were present, although they were not

detected. It was thought that the reaction
Nq_ > 2N,

occurs at 10°C and the reaction

occurs at 25°C.
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(iv) THE PHOTOLYSIS OF OTHER INORGANIC COMPOUNDS

(a) Halides

In certain salts, notably the silver halides, the effect of
irradiation is permanent and results in a definite chemical change; in
this case the separation of photolyfic silver. Experimental and
theoretical work on the photochemical reduction of solids has been
dominated by the attention given to the silver halides. The prolonged
exposure of dry crystals of silver halides to irradiation is accompanied
by the release of halogen and the separation of silver.’? The radia-
tion is considered to be absorbed principally within the volume
elements of the sub-structure.’ This energy produces mobile excitons
which can either decay, transferring their energy to lattice vibrations,
or interact with phénons and dissociatevinto a free electron and
positive hole or, thirdly, interact with atoms, ions or molecules on
- the bounding surfaces of the volume elements to produce photochemical
changes. In the case of silver bromide, excitons are assumed to
transfer their energy to bromide ions occupying kink sites on the free
surface of the crYstal or jogs along edge dislocation sites. These
ions then eject electrons to form bfomine atoms and an‘adjdcent silver
‘ion would then represent a localized excess positive charge with which
an electron might ultimately combine to produce a silver.atom. The
probability of this happening immediately is small so that an intervai
will be'availéble during which the silver ion can diffuse awayvfrom
the bromine atom most probably into and along an adjaéent sub-boundary .
It may there combine with the electron to form a silver atom.8% It has
been shown that, in the photolysis of 511Vér halides, silver particles .
form in the first seconds of_irradiatioﬁ. This is followed eventually

by a definite decay period in which the particles reach maximum size,
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‘are round; coalesce and become mobile.8l If bromide ions associated
with jogs along the internal surface dislocation lines interact with
éxcitons a similar process to that shown above occurs. This requires,
however, that the bromine atom diffuses to the surface and escapeé
without combining with a previously separated silver atom. Precisely:
the same changes would result if electrons and positive holes were
‘created directly by‘the absorption of energy in the crystals and

the holes were then trapped before the electrons by bromine ions on
the free surface or on internal surfaces. Atoms of bromine would again
be produced togethef with excess silver ions which could combine with
the electrons. Saunders®? has shown that, in the photolysis of silver
halides, holes escape as halogen from a certain diffusion layer

which is dependent upon the type of halide, the intensity of the light
and the absorption constant. The.rate of photolysis has been found to
be proportional to the square of the light inteﬁsity83 and in the case
of the bromide the activation,energy of dissociatibn to be edual to
approximately 1 eV.8%

Ina study of the photolysis of silﬁer bromide in Vécuum,es.if was
found that a decrease in wavelength was accompanied by an increase in
quantum yield; At short wavelengths the incident radiation is -
absorbed in a thin surface layer of silver bfomide. The concentration
of positive holes and electrons in the'region‘of the crystal in which
photolysis ocCufs 1s much greater at shoft'ﬁavelengths and considerable
recombination should take plate; The high yields at short wavelengths
show, howeﬁer, that such'recbmbinafion does not occur.and that  vacuum
is a very goqd.halogen acteptor. The increase in yield has been
attributed to increased absorption of the incident radiation at the

surface with decrease in wavelength, since the most effective absorption’
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occurs in a thin surface layer, about one-third of a micron thick.
High yields at long wavelengths were only observed in thin crystals
with thickness ccmparable to that of the active layer. With an
increase in fhe temperature of irrédiation there is a decrease in the
stability of the trapped electrons thus leading to decreased quantum
yields. This is most marked at short wavelength where the surface
‘concentration of holes and,electfons is the greatest.. Therefore the
number of eléctrons in shallow traps will be greater at short wave-
lehgths than at long wavelengths, the rate.of recombination with
bromine will be greater, and the yield will decrease.

The photochemical behaviour of the lead halides has been shown té
be very similar to that of the silver haiides. The MOtt—Gurney
mechanism proposéd fof the latter has been used. in explaining the
phdtolysis:df lead halides. Absorption of a ﬁhoton causes an eiectron
to be excited into the éonduétion band whefe.it combines at a‘trapping”
site with a metal ion, the holes‘being trapped'at-surface halogen ions
followed by the desorption of halogen atoms. Verwey86 has proposed
that following‘absorption of a photon to give an electroﬁ—hole pair,
three modes of photolysis may be discerned. The first mode, the colour
Centrefmode, consists of the transport and tfapping of photo-generated
electrons and holes. At liquid nitrogen‘temperature reaction products
of electrons and holes with lattice defects have been detected by
e.S.T. measurements.87 The»second.mdde, the print-out mode, results
from mass transport by ionic motion. 'On.irradiation at room temperature
small lead particles inside the crystal near the surface are produced.
Thirdy, the photo-enhanced evaporation mode is where the substance

is completely evaporated from the surface.



46

In lead bromide and chloride the photq—generatéd hole is trapped at
a surface halogen ion giving a halbgen.atom which is desorsed. The
electrons are trapped at Pb2* ions, giving ultimately aggfegates of
lead atoms. Ahigher concentration of énion vacancies facilitatesv
photolysis in three ways. Firstly, they carry the mass transport
current of anidns to the surface, secondly, an enhancedAanion'vacancy>
.concentration is accompanled by a reduced concentration of cation
vacancies because the latter trap holes, and, thirdly,'annihilation' 
of anion vacancies supplies room‘for the lead nuclei sinée lead atoms
have a larger radius than the lead ions. |

In the photolysis of lead chloride®® a transition from one mode of
photolysis to another has been observed, fhe mechanism operating during
photolysis being dependent on the intensity of irradiation; At 16w
.intensities holes are trapped at surface halogen ions producing
“surface halogen atoms which can be desorbed. The excess lead condenses
inside the crystal. At higher intensities more or less complete PbCl,
molecules are-desorbed from the sﬁrfaceT This has been.explained in
the following way.89 Holes trapped at the éurface.during the photo-
chemical process develop a potential barrier causing an acceleration
of photogenerated electrons towards the surface. When the lifetime Of,
an electron is shorter than the tfansit time to cross the barrier, the
electrons will_nbt reach the surface. This.transit time iérreduced
with an increase in intensity of radiafion..'When electrons procuced
during the photolysis of lead chloride cross the potential barrier and
" become trapped at surface states connected with Pb2+ ions, calied
Pbt states,?0 recombination centres for holes and electrons may form.
These states have been identified from é.é.r; measurements.87- An

electron trapped at a Pb+_state and a hole at a nearby Cl~ state form
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a surface Cl atom and a Pb* ion. These in turn may form a molecular-
like structure facilitating the surface breakdown by evaporation.
Reber et al.?! have recently proposed a mechanism for the photolysis
of lead chloride which is very similar to those proposed above. Afterv
absorption of a photon.to yield an electron and a hole, the latter
' diffuses to the crystal surface where it is trapped by a surface chloride
ion and is desorbed as chlorine; The photoelectron is tfapped at ‘the
crystal Surface by one of the numeroﬁs chloride ion vacancies to form an
F-centre. These,beingunstable at room temperature, are discharged on to
the Pb2" ions to form unstable [ O. Pb+] complexes which aggregate to

form a lead atom, two chloride ion vacancies and a Pb2* ion:
2.1 Qd.m"7 > PbO + Pb2t + 20

For both lead chloride and lead bromide the intenéity dependence
of photolysis was found to be a function of irradiation time. At low
intensities the rate of photolysis of the chloride was proportional to
:10’17 and at high iﬁtensities.to 13’2.92 The rate of photolysis of |
lead bromide was proportional to intensity for irradiation times
shorter than oné second. ,

Dawood et al.23 have studied the photolyéis of lead iodide. The
rate of photolysis was found to vary as the sqﬁare yoot of the
irradiation time. Aésuming the radiation is centred on 500 nm,
excitons are_prdduéed which are free to migrate in the specimen. The
concentration of these excitons will be greater near the surface. One
of these excitons may be trapped at a suitable site (probably at the |
surface) and will be stable for a certain periﬁd before reverting to

the ground state. If, before this Lappens,a second exciton is trapped

at the same site, then a finite probability exists that the two will
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react since most of the activation energy for the reaction is
present as excitation energy. If reaction occurs we get:
_ hv _
-z I

I* o« 1% 5 I, * 2[00+ 2

Then either -

20 + 2e > y | : if F-centres are
. stable (1)
or
Pb2* + 2e > Pb ' if F-centres are

unstable (2).

Inbtl),.aggregation of F-centres will lead to tﬁe formatién of lead
nuclei which is therefore the net iesult in bofh cases. This mechanism
‘inciudgs the poésibility that the reaction of two excitons proceeds
thrbugh intermediate stages. | |

Albrecht ‘et al.%* have recently also made a study of the photolysis
of lead iodide. They found the rate to be dependent oh the first power
of the light intensity and proposed the following mechanism; A hole

created by irradiation is trapped at a surface cation vacancy, O,
h + 0 =+ 0O

This species, 0O', is the well-known V;-centre which then reacts with an

adjacent iodide ion

o'+ I 17+ 0

adj

producing ultimately an excess of anion vacancies at surface sites.



. -
| 0+ I
The iodine atoms combine to form molecular iodine which desorbs:

21 2 I,(g)

Electrons are then trapped at anion vacancies within a space charge

region to create F-centres
O+e < 00 .
~ Also anion vacancies diffuse from surface sites into the bulk

o. + 1I- +I‘1,+D

s , adj

where I_adj indicates an iodide ion adjacent to the surface anion
vacancy [1_ .
Finally metallic' lead is formed by the reaction of lead ions with the

~unstable F-centres:
P2t + 20  + Pb o+ 20

~ The sites where decomposition occurs aré considered to be anidn
vacancies situated at kink sites, cracks, etc. The importance of anion
vacancies in the decomposition has been demonstrated by experiments. on |
films of lead iodide doped with suitable impurities such as Ag” ions.
The growth of the lead nuclei can proceed by at least two mechanisms.
Firstly, electrons produced by the decomposition of excitdns may react
with trapped interstitial lead ions although at low temperatures this
prdcess is rather slow. Secondly, pairs of excitons decompose at a_;
surface site adjacent‘to é nucleus of lead. This procesé requires the
'vtrénsport of neutral excitohs and not charged lattice ions and is

considered the predominant process at low temperatures.
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(b)v Bromates

Herley and Levy?s?5,9% have made a study of the photolysis of
sodium bromate. The rate of decomposition or produotion of oxygen
decreased until a constant rate was attained in a manner analogous to
the photolysis of sodium azide. The constant rate was almost dependent
on the second power of the light‘intensity; The absence‘of photo-

. conductivity indicated that the photolytio process probably involves
excitons. The analogy with sodium azide's behaviour, led to the assump-
tion that initially the concentration of the entities that become
excited decomposition sites (which could‘be reaction products) is high -
and approachés an equilibrium concentration during the piiotolysis

process. The following sequence of decomposition reactions were

proposed:
BrO;~ + & (excitation). ‘i BrOé"*_
Bro3"% R  BrO;~**
or ' Bro3?* + BrO;~* 2 - BrOg~**% .

‘The doubly excited site may now generate an additional singly excited

site i.e.
BrOs~#* + BrOs~  + 2Bro3-* 
or it may produce decomposition
| BrQg~** - BrO” o+ O, .

The generation of new decomposition sites from existing sites is
similar to the process observed in the alkali halides for the generation
of vacancies from centres that resume their initial characteristics after

each additional vacancy is formed.
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(c) Perchlorates

Verneker et al. have studied the photolytic decompositién of'“
nitronium®’ and silver?®® percﬁlorates. In the former case the effects of
irradiation as a function of intehsity, temperaturé and time of
irradiation have been investigated. The predominant gaéeous products

found have been Oé and NO. The results indicated.that two photolYtic
processes were taking place. The rate of decompositipn increased .
initially to a maxiﬁum and then fell to a constant value. It was also
found to be dependent throughout on the square of the light intensity.
The first mechanism proposed occurs rapidly and depends on the existence
of impurity or trapping centres which are consumed in this reaction.

Hence we have
Cl0,~ <  (Cloy")*
‘('c1oq_-)*, * T2 (T c1of)_*
Ciou -2 (Cibq )%
(T ClO,7)* + (Cloy)* > T 4 Cly+ 40, + %
..2N02+ + 2 - '2.NOVZ + 2 'vacancies
where T = trap'(eleCtron'acceptOr).

The amount of oxygeﬁ evolved is prop@rtional to the'squafe of the light
- intensity. The traps, associated at the énd with two anion vacancies,
can nonlongér pérticipate in the mechahism'and the rate then decréases.
This procedure probably accounts for the acceleratory_and deceleratory
parts of the rate—time curve. This procesélcauses twé electrons: to
ehter the conduction band where they are eventually captured by Otﬁer

traps or by the nitronium jon.



52

The second mechanism proposed occurs simultaneously with the first.
It is slower but does not have the self-consuming features of the first
mechanism. - In this case, the following mechanism is proposed:

hv
Nt T (N0

_ . hv
Cloy~ < (C104,7)*

(NO,T)® 4+ (ClO,5)* - NO + ClO + 20,

" The existence of this second mechanism was supported by_thé absence of a
deceleratory period when an already photolysed éamplevwas subjected to a
"second pnotolysis.

In a similar investigation of the photoiysis of silver perchlorate?®
thrée different mechanisms were considered to be operatiﬁgf The.réte of
~gas evolution increasedvinitially to a maximum and then fell to a constant
value. The first mechanism proposéd involved the creation of defect

centres leéding to an accelerafion in thevrate of‘photolysis: |
cio,~ + 0O - C10,- + [
C10,% '+ products + []

Agt + [ Agov + [

The deceleratbry mechanism depends on the existenée of trapping centreé
which are consumed in carrying out their part of the reaction mechanism.
Doping experiments indicated that the trappingvcentre is likely to be
an anion vacancy;:>Since'the deceleratory reaction did not decrease to
zero but became a fiﬁite constant value, a new mechanism was thought to
become active,.ihvwhith no cbnsumable trapping centres afé involved and.
which presumably continues until the crystal is consumed. The rate is '

proportional to the intensity of light and the silver metal formed in the
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first mechanism is thought to initiate the reaction by photoemitting an

electron.
Agmo . hf. Agm+ + e
Agm+ + Qo - Ag 0+ ClOy
Cl0y" > produéts
Ay + A e Agf

where Agm+10 is representative of the growth of colloidal metal. Thus
the threé mechanisms are (i) the creation of defect centres, (ii) the
consﬁmption of defect centres, and (iii) a steady-state rate.

Boldyrev99 has recently made a study of the photolysis of ammonium
perchlorate and found that, during the actelerétory period,-C103', Cl0,
and C10” are formed. He also found that the induction period decreases
on the introduction cf protoﬁ-—donor additives and increases with proton
acceptor additives. In a study of sodium chlorate!00 no photoconductivity
was detected which implied the'ébsenée of the existence df any holes or
elecfrons. The fellowing mechanism was proposed:

hv .
“Clog” - - (C10377

C103™% + ClO3™*  »  Cl03™** + Cl03”

Clog™** > Cl0” + 0,

v

C10;7%% + (105" 2€10,~%

where the last reaction is the regeneration step. In the photolysis of

sodium perchlorate the following mechanism has been postulated!®!:
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~ hv
C10y~ +  Cloy~*

C10,7% =+ Clog~ + O
0 + O > 0.
The overall reacfion is-

NaCl0, > NaCl + 20,.

(d) Permanganates

Prout and Lownds!02 have investigated the photolysis of potassium
permanganate in thebform of crystals, powdered crystals and pellets in
the temperature fange 20°‘-—4180°C. Initially a small volume of gas was
rapidly liberated, followed by a short acceleration of the reaction and
then a decay period. The initial "puff'' was thought to be associated with

>reaction at highly-defec£ surface sites where the MnO,~ ions are more .
easily raiéed to excited states than at.positions of greater crystal
perfection. Excitation proceeds until the ion dissociates. The main
decay reaction represents the reaction at lesslreactive, but still
favoured, sites which are steadily consumed dufing phetolysis. The rate
of the reaction sho&ed a dependence on the square and the cube of the
intensity. |

~ The reaction mechanism proposed involved the successive excitation .
-and &eQexcitation of MnO,”, Nmoq'* and MnO,~** culminating in the. |

decomposition
- MnQ, ~*#% +  Products.

The number of excitations was dependent on the relationship between the

rate of the reaction and the light intensity. The overall photolytic
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reaction below 110°C was proposed as
3hv o
MOy~ -+ MnO,” + 0O,
Between 120° and 180°C only two photons are required to raise the energy
of the permanganate ion to a level at which the excited ion dissociates
thermally. Thus the following was proposed:
v A, '
’MnOL,-** > MHOL}O + e
M0, - MO, + 0O,

M]'qu T+ e > MnO.+ 2"

‘the species Mn0,2* having been detected at high flash intensities.103
The activation energies found over the indicated temperature ranges were
considered to be associated with the thermal dissociation of the'extited_

ions..

(e} Oxalates

Finch et ql.10% have.investigated the photolytic decomposition of
- silver oxalafe. The kinetics of photolysis aré'explained by an exciton‘
mechanism similar to, but not identical with, that previously applied to:
the decomposition-of barium and potassium azides.'0 On prolonged
photolysis by ultraviolet light, the oxalate decomposed into silver and
carbon dioxide. After an initial raﬁid réte; the rate of gas evolution
was practically constant. The rate was found to vary as the Square of
the intensity. The process envisaged was the_papture‘of évsingly
excited oxalate ion at an anion vacancy. This compléx could either be
- further excited by light absorption so that a sécénd electron’is
captured by the anion Vaéancy or it may be destroyéd by the electroﬁ

~ returning by tunnel effect from the anion vacancy back to the singly-'



- charged ion. The possible prbcésseﬁrarg'giVen’By the following ]

-~ yeaction scheme:,

Ox2- “ EY, ' [QX']‘»V'(sfabilized.excitonj -

O oxl- s ol
o 6r': ;_: L   fl“';?[oxfj- -; Ey  1 [Ox]2‘__-(doﬁble:eXéitonI'
RCSE +i Colox) |
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4 THE THERWAL DECOMPOSITION OF SOLIDS

Since it was proposed to examine the simultaneous effects of
thermal decomposition and photolysis (i.e. co-irradiation) it is necessary
- to discuss the thermal decomposition of solids. The majority of reactions

which have been studied are of the type
A(s) >  B(s) + C(g)

where the start of the reaction involves the formation of a new phase B
at special points in the lattice of A. Decomposition commences when local
fluctuations provide favourable circumstances for the formation of B.

An experimental study of a fhermal decomposition usually cbmmencés
with the determination, isofhermally, of a curve representing the plbt of
the fraction decomposed, o, (usually a measure of the'pressure’of gas
.evolﬁed) as a function of time, t. The general featuresvof typical avs t
curves are shown in Fig. 1.

In general they are sigmoid as shown in (a). Some substances e.g.
lead styphnate and mercuric oxalate, have a relatively shorter acceleratory
period and a more pronounCedvfiﬁal decay périodvas shown in (b). Curve
(c) is typical of lead azide»where there is virﬁually no induction period.
Curve (d) shows all the general features which can be present:

(i) initial rapid evolution of gas, represented by A;.

(ii) . an induction period in which gas may or may not be evolvéd,

repfeSented by B;
(iii) an acceleratory period following the induction period, represent-
~ed by C; and ' |

(iv)  a decay period, | represented by D.

Boldyrev!?> has divided thermal decomposition into two groups.



(a)

Fig. 1

" General features of

Decomposition Curves

8S
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(1) Thermal decomposition proceeding via cleavage of bonds in an
vanionié or cationic lattice component and accompanied by no
transfer of charge. This mechénism depends mainly on defects
on the surface and élong lines (edge or screw dislocations).
An exaﬁple of this type of decomposition is that of KMn0,.106,107

(11) Thermal decomp051t10n proceeding as a result of ‘the transfer

of an electron from an anion to a cation. ThLS mechanism is
mainly dependent on point defects such as vacancies, inter-
stitials, impurity atoms, excitons, free electrons and holes.
An example of this tYpe of decompoSition is that of the

inorganic azides.108

In both of these cases the electfonic environment at the site of
“decomposition of an individual molecule will influence the.activation
énergy of its decomposition.

Line defects play aﬁ important role in the.thermal decomposition of
SOlldS since reaction commences at the p01nt of emergence of dislocations
at the crystal surface and at the boundarles of groupings®t,109,110 BER
The emergence of edge dlslocatlons, bent crystals, twisted Crystals,
incipient cleavage cracks, and similar families of edge dislocations at
the surface of crystals of platinum phthalocyanine have been observed by
Menter.!12  The concentration of these line defects is dependent on the
age of the crystal, and consequently so is the rate of thermal decompOsitionf.
dependent on age. With ageing in a crystal, the forn@tich of groupings of |
dislocations is annihilated. The thermal decomposition of carbonates!!3
and azides!!%,115 has been shown to be favoured at dislocations, growth
defects and mosaic block boundaries.

The process of thermai deccmposition may also be influenced by point

defects in the lattice, such as anionic or cationic vacancies, interstitial
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ions, impurity atoms or ions and electronic defects (free electrons,
excitons, colour-centres and positive holes).

- The charge transfer scheme in the thermal decomposition of ionic
" solids was first postulated by Mott,37 Elé;trons from the conduction band
of the crystal are captured by an impurity centre. An adjacent ion almost’
immediately hands over an electron to this newly formed radical and the
' positivg hole.so.formed diffuses away to the surface, estapes and
decomposes. - The impurity_centre which has re;eived an electron grows by‘
attracting interstitial positive ions. This scheme has been used to
explain topochemical processes aCcompanied by charge trénsfer although
changes and additions have been made as.in the case of mechénisms
proposed for photolysis. |

Charge transportvwithin aﬁ ionic lattice is dependent on the défect y
structure of the solid and is achieved by ionic conductivity i.e? |
migration of ions. Ionic conductivity through the crystal is a result
of migration of interstitials or a counter-migration of vacancies.
~ Migration rates, for both interstitial and vacancy mechanisms ,are directlyv
dependent on the concentrations of these point defects. The result of
ionic mobility is the migration of product atoms or molecules through the
lattice.

Semi-conductivity also influences charge transport in crystals. When
electrons are thermally excited from fhe valence to the conduction band,
ieaving positive holes in the valence band, we hav¢ intrinsic semi-
conductivity. The phenomenon of impurities either accepting or donating
electrons is known as extrinsic semi-con&uctivity. The energy levels of
these donors and acéeptors lie in‘the forbidden energy gap néar the
conduction and valence band respectively, Promotion of an electron.from

a level within the forbidden zone into the conduction band is n-type
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semi - conductivity ; promotion of an electron from the valence band
into a nearby level within the forbidden zone is p-type semi-conductivity.
With reference to the solid decompositions it is important to note that
type of semi-conductivity resulting from the product phase having a
different work function to the reactant phase. In this.case the phases
act as proton donors or -acceptors depending on their relative work
functions.116 | R

Exciton formation during thermal decomposition results from thermal
excitation of an electron to a non-conducting excited state or alternately
from the partial combination of an electron and a positive hole, without
reversion to the electronic ground state. As discussed under photolysis,
where they play a more important role; excitons are mobile and can
dissociate into free electrons and positive holes, thus aiding charge
transport.

A characteristic featufe of the thermal decomposition of solids is
the initiation and propagation of the reaction from a number 6f‘preferred'
sites termed nuclei formed at the abovementioned imperfections in the
lattice. AThesé nuclei may be distributed over the surface of; or
embedded in, the bulk of the reéctant matrix and their activation energy
of decompositioﬁ is lowest at these sites. - Further decomposition is
localized at the interface between the nuclei and the reactant matrix, -
so that the nuclei grow in size as the reactiqn proceeds. - As the nuclei
gTOW, the area of this interface increases. Photographs have been
obtained whiéh'shOW'discrete, random nucleation on crystal surfaces. It
has been observed from these photographs that the nuclei form in the
- regions of emergence of dislocations and,grain Boundaries on the crystal
surface. Herley et al.l8 have shown that this occurs during the therméi

decomposition of ammonium perchlorate.



62

These nuclei are thought to be composed of solid reacfion products.
Differences in the physical properties between product and reactant phases
cause strain which results in movement of reaction through the lattice.
Chemical transformation is facilitated at defects on the internal and external
surfaces of the crystal becauée both the chemical potential and the stereo-
chemical environment of ionic species in the immediate vicinity of these points
| differ from fhose of similar species at 'ideal' lattice sites. |

Nuclei may_bélclassifiedﬂas (i) diffuse and (ii) compact.

(i) Diffuse nuclei. These are spread throughout the solid and afe not directly

observable since they do not grow to a visible size. This occurs, for example,
in the thermal decomposition of mercury fulminatel“0

- (11) Compact nuclel. _Generally the activation energy for nucleus formation is

greater than that for nuclear growth with the consequence that compaét'nuclei
are formed. They are directly observable and have charactéristic shapes
dependent on the physical properties of the solid. In sodiﬁm azide pellets!l?
they were observed to be 2-dimensional and approximately circular and were
formed on preferred crystallographic faceé. Spherical nuclei have been
observed in the thermal decomposition of barium azide,3° horn-ghéped nuclei
in the déhydrétion of CuSO,.5H,0'1® and hexagonal nuclei in the thermal
decomposition of potassium hydrogen phthlate.119

‘The number of nuclei formed during thermal decomposition may be greatl}
influenced by the pfe—reaction treatment of the sample, thereBy increasing -
greatly the number of potential nucleus‘forming sites. Grinding58’12°;
scratching of the crystal surface!2! and the method of sample preparation!?22
“have been shown to play an important role in.this respect. ?re—irrédiation of
the solid prior to decomposition with ionizing radiations (y- and X-ralys),l'”sl:zl+
125,126 yy 1ight,38 electronl?? or reactor radiation!28,129 has been found in

general to enhance the subsequent thermal decomposition of the solid as a
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result of the formatibh of crystal defects and decomposition of
radioleis products in the crystal lattice.

.Nucleus formation is considered to take plaée during fhe induction
period (B in Fig. l(d)). At the end of the induction period the |
production of nuclei is at a critical stage, and the reaction becomes
auto-catalytic during the acceleration. At the end of the inductiQn
period'fhe crystal is a function of the number of nuclei and their
'spatialv distribution, the size and shape of the nuclei and a variety
of propertieszof the nuclei themselves e.g;‘their chemical,vcrystal~
lographic and eléctronic structure. Growth of these nuclei takes place
during the acceleration, although some nucleus formation may also occur
during this stage of the‘reaction, |

Beyond the inflection poiht, fhe decéy stage begins. Nucleus growth
ceases and the rate of reaction decreases when the nuclei have ekpanded4
.far enoﬁgh to begin to overlap and thereby decrease the interfacial area
between reactant and product.

- The mechanism Of'a‘particular decomposition and the kinetic equation
which describeé the acceleration of thé reaction depeﬁds on two factors:

(i), the rate of nucleus'formation, and

(i1) the rate and mode of growfh of the nuclei.

When nucieus formation involves a single step it can be described
as a 1ineaf or exponential function of time. When it involves multiple.
steps it can be described as a power of the time. A linear in;rease in.
the number of nuclei with time has been observed with the dehydratidn
of CuS0y . 5H,0.130  Photographs of nucleation in ammonium perchloratei
crystals have been obtained by Herley, Levy and Jacobsl}3!,132,133,13%4
Discrete nuclel on the surface of the crystél Were observed in preferréd>

crystallographic directions, the nuclei being different on different



crystal faces. Nucleus growth stopped once the nuclei reached a
_vcritical size. At the.same time the smaller nuclel continued to grow
until they too had reached the critical size. When decomposition over
the external faces Qas-complete nucleation on the subsurfaces was

observed.

A.  Analysis of Accélerqtory Period

The kinetics of simﬁltaneous nucleus formation and growth, or the
growth of a constant number of nuclei, i.e. the acceleratory region,
- can be described by the following mathematical relationships:
(1) The Power Law,.
~ (ii) The Exponential Law,
(iii) The Prout-Tompkins equation, and

(iv) The Avrami-Erofeyev equation.

(1) The Power Law

This class of thermal decomposition comprises those in which
multiple steps are required for nucleus formation. Nucleus growth is
assumed constant and overlap of the growing nuclei is neglected. It

can then be shown!3 that

p = k™ 1)
where p = the gas pressure at time t during an isothermal decomposi-
tion,
k = the rate constant,
and n = g+ i B is an integer representing the number of

successive molecular decompositions at a single

site required to form a stable growth nucleus,
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. X has values 1, 2, or 3 depending on whether
the nuclei grow 1-, 2-, or 3-dimensionally
i.e. linear, plate-like or sphericai.
The power law has been applied successfully in the above form, and‘in

the form p/L

kt, to a number of compounds. Its usefulness is

' enhanced-in thét the final pressure is not required,' The acceleratory
réaction of the thermal decomposition of 1lithium,?33 éalcium58:59s1363137l
and strontium ézides have been analysed usihg the power law With n =3,

Tt has been applied to zinc oxalatel3® with 1 < n < 2, to silver

oxalatel3® with 3,02 < n < 5,30 and to barium azide3® with n = 6.

(ii) The Exponential Law

This law, derived by Garner andHailes!*?, in the process of
studying the concept of linear branching chains, assumes a constant
rate of nucleation and a constant branching chain coefficient k. We

thus have
p = cexp (kt) @

where - c.= constant, is.a function of temperature, and contains the
constants for nucleation, growth and branchihg.

Although the equation was applied with success to the_decomposition
of mercury fulminate and large crystals of lead styphnatel*! it is now
generally accepted that thebconcept of linear chains requireé séme

'ﬁodification. The rapid propagation of linear chains through the
crystal would tend to separate it into mosaic blocks, which would then
decompose slowly. This was not considered to be a favourable mechanism
and thus a modification was postulated Qhereby the branching plate-like
nuclei were propagated throughout the crystal.!®? This concept was

applied to silver oxalate!®* and it was suggested that decomposition



proceded along grain boundaries and dislocation lines, with branching

occurring at intersections of these defects in the crystal lattice.

(iii) The Prout-Tompkins Equation -

Prout and Tbmpkins noted that the original form of Garner's
linear branching chain theory did not take into account the overlap of
branching chains at higher degrees of decomposition. -They thus
introduced a term for the probability of chain termination into Garner
andHailes''"*0 linear branching chain formula. The Prout-Tompkins
equation was obtained on integrating the equation derived to represent

the rate of decomposition de¢/dt and has the form

_ b
log —— = kt + ¢ - (3)
Pf - P :
where p = pressure at time t
Pe = final pressure
k = branching coefficient.

This equation has been applied to the thermal decomposition of
unirradiated and pfe—irradiated permangénates;1“3 the co-irradiation
decomposition of potassium permanganateltt the analysis of the entire
thermal decomposition of nitronium perchloratel4S and lead oxalatel?5,
and the acceleratory reactions ofvpotassium metaperiodate,1t® lithium

perchlorate1“7‘

and  pre-irradiated ammonium perchlorate.l48
Prout and Tompkins found that analysis of the decomposition of
silver permanganate. was improved if the following modified form was

used:

log — = ‘klogt + c ' (4)

606
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This equation takes into account the fact that the branchihg coefficient

k was not constant but varied inversely with time.

(iv) .The Avrami-Erofeyev Equation

Avrami,'*? in attempting to obtain a more generai kinetic
equation, dealt with the nucléation process in a study of the kinetics
of phasevchange. He assumed that the new.phase, as a result of the
thermal decomposition of thé solid,is nucleated by tiny 'germ nﬁclei”
which alréady exist in the old phase. These germ nuclei are capable
of developing into observable.“growth nuclei'" after commencement of the-
transformation. The number of germbnuclei decreases in two ways as the
reaction préceeds. The first effecf is the normal activétion and |
growth. of the nuclei and the second.effect is the ingestion of germ
nuclei by actively growing growth nuclei, which thus renders the germ
nuclei inoperative. | |

Avrami developed an equation which represents a general solutioﬁ
to the problem of random nucleatidh followed by 3-dimensional growth.
It had the form: .

'(k' t)z (kl t)3

6 SNy kp'3 | iy o |
-log(l-a) = ————} e 1 " -1+k"t- + (5)
v k'3 : 21 31 |
where S = Shape factor,
Vo = final volume of product obtained from complete decomposition
df reactant, |
"Ny = totél numbef of germ nuclei at time t = 0,
ky' = constant,
and Iav = frational decomposifion {(p/pg) -

Several limiting cases were obtained from this equation.
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(1) o small: When a << 1, the contribution of overlapping and
phantom nuclei will be negligible-and the general equation reduces to

the power law i.e.
@ = ct | O ®
where n has the same meaning as before.

In'particular‘n =4 correspondsi to random nucleatioﬁ of three-
dimensional nuélei, n=3 cofresponds to instantaneous nucleation
followed by thfeeQdimensionaijgrowth'and n = 2 corresponds to linear
growth. |

(ii) o lafgeﬁ. When o is large i.e in the decay period, the general

eguation reduces to

I

“108(1;a) [S Nog kp3/Vgltd o - @
= . kt3 o A D 8)
Using a different appréach Erofeyeyis0 first‘derivéd a generél kinetic
eQuation |
,d - 1 "1 e%p(-fgt p dt) o (9)

ot
o

or  -log(l-a) pde Qo

fractional decomposition,

where o

It

and P | probability of the reaction of an individual molecule in

an interval dt. -

The equation was then applied to the - formation and growth of nuclei in

the solid state. He obtained the equation |

« = 1 - exp(-kt®) - (1)
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corresponding to 3-dimensional nuclei increasing in number at a

constant rate. For cylindrical nuclei
o = 1 - exp(-kt3) - (12)

and for flat nuclei

Q
1

1 - exp(-kt?) . L a3)

Thus in general according to the shape of the nuclei and their rate of

increase

Q2
i

1 - exp(-kth ,. e

or -log(l-a) k™ ‘ (15)

which is the same general form as derived by Avrami. Eqﬁations 7, 8

and 15 are general equations for the kinetics of reactions which proceed -
by way of formation and growth of reaction nuclei in a solid. These

are forms of the Avrami-Erofeyev equation.

The Avrami-Erofeyev equatibn is versatile because of the vafiable
nls1,154,115,155-157,148 and has been used in the analysis of the
acceleratory region in the thermal decomposition of sodium and potassium
hydrogen carbo.nates,ly+ nickel terephthalate,!5® sodium nitrate,158
barium azide,!!> ammonium perchlorate!®® and silver oxalate!l®® where n

has assumed values of 2, 3 and 4.

B. Analysis of Decay Period

During the decay period, overlap of the compact nuclei has
occurred and the reaction then proceeds from a shrinking of the inter-
face between the reactant and product phases. In certain cases the

product phase may catalyze the reaction as a result of intimate
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cbntact between the two solid phases. Topokinetic equations
applicable to the decay period thus describe a contracting envelope
-of product enclosing a volume of reactant which is free of cdefects
such as dislocations since these.represent sites of preferential»
decomposition and are usually consumed by the product during the
acceleratory period.

" The decay period may be analyzed by usé of the foiiowing equatidnsf

(1) Avrami—Erderev equation . | |
(ii) Unimolecular Decay-Law
.(iii) Prout-Tompkins equation, and

(iv) Contracting sphere equation.

(i) The Avrami-Erofeyev Eguation

The form
@ = 1 - exp(-kt?) ' (16)

is used in the énalysis of the decay period providing the contracting
interface remains intact. Because of the differehce in molecular
volume between prodﬁct and reactant phases, a collapse of the interface
may occur leaving isolated blocks of material in which no nuclei are
present. Ihe‘rate is thus proportibnal to the amount of substance
undecomposed. |

Hehce

R (R B o

(i1) Unimolecular Decay Law

From equation (17) we get the unimolecular decay law

log(l-a) = kt S 18)
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P
or log —f . kt . , - (19)
Pg - P

(111) Prout-Tompkins Eqﬁation

This equation considers the decay reaction to be proportional to
the number of unreacted molecules.16l Only those molecules adjacent
to product molecules will be able to decompose. Thus the rate of

reaction 1is

& = klpg-p) P -' (20

where P = the prdbability of the favoured situation and is detérmined
by o = p/pg.

Thus
P = kg - ) p/og o (21)

Integration between limits led to the equation

P B
log = -kt +c - (22)
Pg - P : ‘

which is the Prout-Tompkins equation as found for acceleratory reactions

with'a different rate constant k.

(iv) Contracting Sphere Equation
Iﬁ the cases whére there is rapid and efficient surface nucleation
of particles, the surfaces of the particles become céated with a layer
of produ;tﬁin the:eérly stages‘of the reaction. The rate detefminihg
step could then be the.rate of penetration of this interféce into the

particles. The form of the equation is then
1- (-3 = xe. - (23)

A similar method to the contracting sphere method may be applied for

contracting interfaces in geometrical shapes other than spherical.
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Many applications have been found for the above equatibns. The
' Ayrami—Efofeer'equation}with n = 3 has been used in the study of the'
~ decay reaction of sodium nitrate!58 and ammonium perchlorate;159 and
the equation with n = 1 in the study of the decay stage of lithium
perchloratel®’ and pre-irradiated ammonium perchlor'.;l’ce..ll“8 The
Contracting'sphere equation has been used by Prout and co—workers'in
the study of the decay of lithium azide,135 calcium azide,!36 nickel
oxalatel®? and barium azide,!lS

When none of the standard equationé has been found Suitable,
empirical equations have been used!285159 or a general method for,fhe
calculation of rate constants as described by Jacobs and c¢o-workers!®3
have been used. The rafe constant in these cases has no physical
‘méaniﬁg however.

Mathematical analysis of the acceleratory énd decay pericds of
pressure-time plots for isothermal decomposition of solids can thus
vield much information on the reaction mechanisms, such as thé process
of nucleation, shape of nuciei and mechanism by which they grow in
Size. Appiicability of an equation, however, does not necessarily
imply that the model, from which the equation Was derived, is relevant
but rather as a postulate upon which experimentation designed to
support this postulate can be based. Furthermore, it is possiblé for
more than one equation to apply to some given data. For example both
the Prout-Tompkins equation161 and the Avrami-Erofeyev equation with
n = 4164 have been applied to the kinetics of thermal decomposition of
potassium permanganate.

The theoretical approach to the decomposition kinetics of solids
has led to a greater understanding of the macro—proCesses occurring .

~ during the reactions, and has also provided equations.which yield rate.
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constants.iuTheSe in tﬁrh,_fegafdlessvof their significance, can be
used to investigaté the dependence of reaction rate on a variety of v
experimental variables Such as temperature of -decomposition, size of

“particles and age or history of the material.
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5  THE EFFECTS OF PRE-IRRADIATION WITH ULTRA-VIOLET LIGHT
O THE THERMAL DECOMPOSITION OF SOLIDS

The results and conclusions of pre-irradiation studies are
naturally of significance in any stgdy-involving cb~irradiatioﬁ effects
and thus'a review of the former is appropriate at fhis"point.'

The effect of pre-irradiation on thé thefmél decomposition of many
crystalline solids, in particular the azides, has been studied in
considefable detail5,37,38,57,58,165 Theée studies have led to an
increased knowledge of the mechanism of the thermal decomposition of
unirradiated.solids and also to é better understanding of the naturé of
radiation damage. Almost every type of radiation has been ﬁSed but a
~large fraction of the published work describes effects produced by
ultraviolet light, X-ray, f-ray, and reactor irradiations."Studies on
irradiated material are usually performed for one or both of two
reaéons. Firstly, the material may have been irradiated to investigate
one or more features of the decomposition process. Ultraviolet iighf
may, for example, produce effects which would indicate whether a
particuiar decomposition involves onevdr more electronic processes.

- Secondly, it may have been included in a ''radiation damage' study in
order to.deterndne 1f irradiation can modify one or more properties of
the material in any important way. For example; irradiatidn could

‘poSsibly'intfoduce lattice defects or ttapped charges.166

The general effecfs of pre-irradiation on the subsequent thermal
decomposition of the solid are: |

(1) shortening of the induction period,

(i1) acceleration of the reaction,
(iii)' changes 1in thé activation énergies aséociated with the

decomposition process, and
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(iv) Changes in the mathematical analysi§ governing the pressure-
‘time plots, and fheir extent of fit.

The effects of the pre-irradiation ére generally of long auration but
may undergo aging. Some substances suCh'as silver permanganatei57vare
- insensitive to pre—irfadiatioh whereas others such as strontium azide
- are eitremeiyvsensitive.168v Since thermal decompositibn of many
inorganic solids has been thought to proceed via an electron transfer,i
the effects of the interaction of ultraviolet 1ighf on ionic solids leads
to the conclusion that pre-irradiation with ultraviolet light will have
‘a positive effect on the.subsequént thenﬁél decomesifion.' The inorganic
azides are a clear illustration of this. When barium and Strontium
‘azides were subjected to pre-treatment with uitraviolet light, the
induction peribds were found to be shortened in the subéequent thermal -
decomposition3® and in the case of barium azide an increase in the‘rate
constant k, in the equatioﬁ a = k(t - t0j6,>was observed. No attempts
- were made to measure the activation energies when the pre-irradiated
specimens were thérmally decomposed, and it was assumed that the nature
~of the'reaétion‘me;hanisms was not markedly affectéd-by the’pre-irfadia--
.tion with ﬁltraviolet light. It was postulated fhat ultraviolet
irradiation produced "holes' and diffusion of barium atoms, in the case
of barium azide,.to these ”hOles”vrésulted in the formation of nuclei
from which the reaction started. Mott37 proposed that the ultraviolet'
_ irradiation caused eiectronsvfrom azide ions to enter the conduction
band where fhey wandered.until trapped by a metallic barium speck which
thus grew by a brdcess of internal photolysis. | | |
| Later investigation by Thomas and Tompkins“® into the effect of
ultraviolet light af room‘temperature'oh the subsequent thermal "decomposi-

“tion of barium azide confirmed the above findings. The induction period
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decreased and an increase in the rate of the accelératory réaction was
.observed. With large doses of irradiation the exponent in the rate
equation éhanged from six to three. This was explained. by propésing

that at low doses, more potential nucleus forming sites are created,
these sites being assumed to be anion vacancies. At higher doses these
sites were thought to become activated by trapping eiectrons and thus
relaxing the réquiremeﬁt for thermal activation. Eventually all the -
potential nucleus fomming sites become both activafed and equivalent and
thus a cubic acceleratory period is obtained. | |

When barium azide was pre-irradiated with ultraviolet light, the

exponent in the Avrami-Erofeyev equation was found to change from four to
six.168 Pprout and Moore proposed the formation of large numbers of
F-centres on irradiation, which aggregate and collapse on heating, with»
the formation of barium atoms. These then migrate énd crystallize at
favourable sites to yield metallic nuclei, from which the reaction then
‘proceeds. They proposed the same gfowth mechanism for these nuclei as
they proposed for the unirradiated azide.!!> The exponential.change

was accounted for by assuming that after irradiation the number of nuclei
no longer increased linearly with time but rather with the cubé of time.

'Pre—irradiation of potassium azidel?0 had no subsequent effect on

the thermal decomposition. The salt was coloured blue buf this rapidly
faded on heating. It was postulated that mobile excitons are formed and
the electron from the exciton tunnels to a vacant site forming a single
entity, the colouration complex, which comprises an F-centre and'a.
pbsitive hole. A second exciton then forms a complex adjacent to the
first and a reaction takes place in which three molecuies of nitrégen are
formed. On heating it was proposed that the reverse process in fact

occurred when both the bimolecular combination of positive holes and the



unimolecular recombination of electrons from F-centres with positive
holes took place by the tunnelling effect. This accounted for the
absence of photoconductance.

Treatment of sodium azide with ultraviolet light at room femneratufe
followed by thernal decomposition results in the development of centres
of collqidal.sodium.67 These particles are theught to form as a result
iof the photochemical reduction by irradiation, leaving an excess of
sodium in thé lattice which forms clusters during thermal diffusion;
Aggregation of the metal was proposed Vialvacancy or electron diffusion.

" Prout and Liddiard!6? have etudied the effect of pre-irradiation on
~ the thermal decomposition of lithium azide. The irradiation effect is
confined to the irradiated face only. The thermal decomposition‘is
“accelerated by pre-irradiation with ultraviolet light and the induction
periodvis drastically reduced; The changes in lithium azide were
considered analogous with those in potassium®® and sodium? azides. The
excited azide ions are trapped at -anion vacancies and react together to.
yield F;centres and F-centre aggregates, the latter possibly collapsing
to form lithium atoms. Excited azide ions mayvalso react with an
adjacent azide ion to produce N, ions. High doses of pre-irradiation
:resultvin the elimination of the induction and acceleratory periods,
indicating the creation of a large number of 'thermal decomposition'
nuclei which touch soon after heating commences. The observed exponential
change in the Avrami-Erefeer’equation from three with unirradiated to
two with pre-irradiated azide is a result of the high cqncentration of
" nuclei at the start of the acceleration.. The thermal decomposition of
pre-irradiated lithium azide thusAproceeds viavtwo-dimensional growth
of nuclei, growth occurring from a fixed number of nuclei. Since the
decay showed little dependence on irradiation it was concluded that the

topcchemistry of this stage of the reaction was similar to that of the
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- unirradiated material, and after surface ﬁucleation_and coverage the
prodﬁct reactant interface moves inwards on the particles of the powder.
Calcium®®,136,168 and strontium38,168,57 azides have shown
similar results on being pre;irradiated.A Garner and Reeves57‘found
that the power law with the exponent n = 3 held for the unirradiated
and pre-irradiated decomposition of both these azides. Pre irradiation
resulted in a shortenlng of the 1nduct10n period and an increase in the
rate constant for-the acceleratory period. Pre-irradiation with
ultraviolet light was thought to resultvin the development of sites iﬁto
_ nuclei of approximately the same size, the end result being the same as.
that observed at the end of the induction period of thermal_decomposition;
Tompkins and Young>® examined the effects of pre-irradiation on aged and
annealed calcium azide and on the fresh material. The former yielded
a rate constant which wastconstant for all doses up to 10%* photons/cm2
whereas the latter yielded a rate constant increasing continuously with
the irradiation dose. The differences observed were attributed to the
activation of excess bulk vacancies in the fresh azide. In the case of
_ the aged material an excess of electroﬁs due to irradiation were thought
to be captured by surface clusters and these transformed into growth
nuclei. In fresh azide containing excess grown-in vacancies, pre-
irradiation was reported to activate germ nuclei throughout the system.
Prout and Moore168 investigated further the effects of ultrav1olet
pre-irradiation on calcium and strontium azide and found the results'for
both salts to be very similar. Heavy ultraviolet doses resulted in
pressure-time curves for thermal decomposition which could be analyzedb
_ u51ng the power law with n = 2.. No darkening occurred, the induction
perlod was shortened and an increase in the rate constant for the

acceleratory region was observed. The 1nf1ect10n point was found to
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decrease with an increase in the pre-irradiation dose. It was

suggested that surface damage occurred with the resultant two dimensional
nucleus'growth.for the highly ifradiated"azidés. Heavy irradiation doses
caused a change in n from three to tWo_presumably due to the high . |
concentration of surface nuclei. A study of the effects of pre—irradiétion
on the thermal decomposition showed no detectable éhange in the induction-
period or the rate of the reaction.ll

Prout and Tompkins!70 have investigated the pre-irradiation effects
on mercuric oxalate. vThé irradiated azide décomposgd at a higher rate,
the acceleratory peribd showingzﬂlinitiai burst of gas followed by a short
constant rate period. Later investigation!lS showed that the unirradiated
and irradiated decomposition could be repreéented by the power law with
n = 2. An unidentified irradiation product created by an electron
transfer processrwhich formed and grew under the action of iight on the
surface of the mercuric oxalate was postulated, the product tentatively
- thought to be mercurous oxalate.

The effects.bf pre-irradiation on the thermal decdmposition of
silver oxalate have also been investigated.171,172 It was found that
pre-irradiation caused an increase in the rate constant of the acceleratory
period with a decrease in the valﬁe of n in the expression o = k(t —to)n
from approximateély four to three. These effects were attribﬁted to the
first-order formation at certaih sites of compact nuclei which grow in
three dimensions, the numbér of unfertiiized sites decreasing as the
intensity of the ultraviolet light increases. Othef researcherslo“si”z'
prdposed a branchihg chain mechanism for the silver oxalate decomposition.
The fate consfant was unchénged after the pre—irradiatibn but the pre-
exponential factor varied. Haynes and Young!73 have proposed that in
irradiated silver oxalate the number of starting points on the surface

are increased by pre-irradiation. These then develop into growth nuclei,
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with simultanedus'décomposition.along'alliﬁe'joining two of these nuclei,
" hence explaining the use of the exponential equation. Russian workers151;
152 have concluded that the effect of pre-irradiation on silver oxalate

is a purely surface one and affects only the initial decomposition. -
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6 THE CO-IRRADIATED DECOMPOSITION OF SOLIDS

Co—irrédiated decomposition is the term used to describe the
simultaneous thermal and phdtolytic decompositions of solids. Phofolytic
decompositions of solids imply the absence of any'dark rate i.e.
removing the source of radiation causes the decomposition to cease, there
being no thermal decbmposition taking place ér the rate of themmal |
decomposition being negligible compared to that of photolysis. Garner
Iand Moon 175 have made a study of the effect on the rate of decomposition
of placing 1 mg of radium in close proximity to a crystal of warium azide
at a temperature of 110°C. They found that the induction period halved
and the rate of decomposition increased fourfold compared to that of a
straight‘thermal decomposition. In the accelerated reaction the nuclei
present on the face ofvthé'crystal nearest to the radioactive source were
found to.be much larger than those of the other faces of the crystal.

The maiﬁ influence of the emission was thought to lie ndt iﬁ nuclear
formation but in an acceleration of the.rate of propagation of the reaction
through the solid.

Boldyrev et al.176-178 have studied the éo—irradiated decomposition
of a number of ionic salts including barium, silver, calcium and strontium
azides. In all cases X-ray irradiation was used. The effect of irradia-
tion was to increase the rate of decomposition. The acceleration of -
thermal decomposition by irradiation in the case of barium azide was found
to be related to the formation, during irradiation, of incipientA
decomposition centres. These centres may occur as stable_interstitiai
aggregates formed according to the mechanism of M’o_tt36 or aggrégates of
F-centres fornuyiacéording to the mechanism of Frenk¢1.179 X-ray
irfadiation causes the concentration of free electrons in the crystal

lattice to increase thus leading to the formation of large numbers of
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stable aggregate nuclei. When the irradiation is carried out at the
threshold decompoéition temperaturé, the high cencentration of free
electrons in the lattice is accompanied'by a risé in the concentration

of ion defecfs interacting.with electrons, and their mobility thus
increasés. ‘Consequently, a large number of Sfablevaggregate nuclei are formed
with a greater ﬁrobability of critical dimensions- for éach. This is
evidently tﬁe cause of the increase in the rate of decomposition

achieved by irradiation at this threshold decomposition temperature. In
another stody178 Boldyrev found that co-irradiation accelerates decomposi-
tion only of substances for which the dissociation is acoelerated by
pre-irradiation. Calcium, étrontium and barium azides show an increaée in
rate of decomposition but silver azide shows no change with co—ifradiation.
From the data obtained experimentally it was conciuded that all the effects
observed during decomposition in a radiation field can be expléineo from
the viewpoint of the méchanism proposed for explaining the effect of pre-
~irradiation on the thermal deoompositionvkinetics. The meohanism of the
irradiation effect is due to activation of the solid phase by the X-rays,
for example by formation of radiolysis products which activate thermal
decomposition. The absence of a specific irradiation effect during
decomposition, as opposed to prefirfadiation; is considered to be an
indication that during‘thennal'decomposition of these substances the
electron-excitation stage is not the limiting stage. Pre-irradiation with
X-rays had a greater offect than Co;irfadiation on the thermal decomposi-
tion of calcium and strontium azides, whereas Co—irfadiation of barium
azide had a moré marked effect on the thermal decompositioh than pre-
irradiation. The proportional effect of pre-irradiation and co-irradiation
on the thermal decomposition is dependent>on the sensitivity of.the salt

to irradiation and the temperature dependence of the pre-irradiation effect.
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Pre~irradiatioﬁ.of barium azide was fqund fo have a larger temperature
dependence than strontium or calcium azides which could account for the
- greater sensitivity of the former to co-irradiation.
Permanganates of potassium and silver have also been subjected to X-
- radiation during thermal decomposition. Beldyrev et al.l7® found that
no effect on the thérmal decomposition resulted from either pre-irradiation .
or Co—irradiation of the potassium salt with an X-ray dose of 400 rad/min.
The rate of thermalldecomposition of silver pemmanganate increased five |
times when pre-irratiated or co-irradiated with this dose.

Prout and Lownds!** have also studied the co-irradiated decomposition

of potassium permanganate. They proposed that photolytic decomposition

and thermal decomposition occurred concurrently and postulated the following

mechanism:
N hv
(1) MnOy, ~ > (MnO, ") *
(11) (Mn0,, ") * > Mn0,0 + e

- The activation energies_for,the co-irradiated decomposition were found to

‘lie between thosé found for photolytic decompositions and those for
thermal decompositions. |

Prout and Shephard®? have recently made a study of the-co;irradiated
decomposition of barium and strontium azides. In the former case the
percentage decomposition was unaltered. At 16w light intensities the
activation energies approximated those of the thermai'decomposition of the
‘azide and with increased light intensity fhe values of the activation

energies decreased. They proposed that parallel reactions took place i.e.
the photolytic'reaction proposed'for the lower temperaturé ranges and the

~ thermal reaCtion.bccurring in the temperature range under discussion.

Analysis of equations used implied the occurrence of two-dimensional growth
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of plate-like nuclei increasing from a fixed number of centres. During
the induction'period atoms are formed on the surface and on the planes of
the crystal, each plane startihg at the surface at an emergent grain
boundary. Nuclei are fbrmed by aggregation at the end of the induction

period. The following mechanisms were proposed to take place concurrently:

- (1) N3~ + N3~ by 3N+ 2e
Ba?* + 2e o+ Ba
: o _ hv _
(i) | Ny 2T NgTE
Ba?t + Nj° 4 Rt +- N3_
N3 + N3g™% =~ 3N, + e
Ba* + e >  Ba

~ The process of nuclear growth over the acceleratory period was

explained by the following concurrently occurring mechanisms:

(i) N3~ + Ba (metal) 3 N3 + (electron in conduction band
| of barium metal)

N3 + N3~ > N + e + 2[
N 3N, o+ [+ O

2 [1] ~ 20 + 2e

Ba, + 2e + Ba?t > Ba_ .,
T hv .
.. -
(ii) - | Ban pa Ban +oe
hv ‘
N3~ e N3~ %
Ba ¥ + Ny© 5 Ba, + N
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> 3N, + O+ O
2O > 2[] + 2e

B + 5+ 2+ >
a, Ze | Ba Ban+l

For the decay period the same mechanisms were postulated as those for the
acceleratory period. In the case of strontium azide the same mechanisms
were proposed in all three stages of the decomposition as for barium

azide.
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7 OBJECTS OF RESEARCH

The object of this research was to ﬁake a,defailéd study of the
.photolysis of Calcium, strontium, barium and lithium azides és well as
the co-irradiated decomposition of caltium azide. - A new technique, used
by Prout and Shephard®% involving the use of very high intemsity lamps
was to be employed. With this ﬁethod the‘samples, hitherto only studied
in terms of surface decompesition, decomposed throughout the mass, resulting
in a high percentage decomposition. Work had been done by Prout and Shephard
~on barium and stfontium azides at ambient and'higher temperatures. The
programme here was to extend the range of tempefatures to between approx-
imately -70,0°C and ambient temperature. Prout and Moorelés and Prout and
Brownl37 have studied the thermal decomposition of calcium azide and the -
effectvthereon of pfe—irradiating the sample with ultraviolet radiation. It
was proposed that the photolysis and co-irradiated decomposition of calcium
azide between apﬁroximately -70,0°C and 140,0°C should be studied. It was
also considered to be of value to make a study of the photolysis of lithium
azide in order to draw comparisons, if any, between the azides of divalent
metals,.normally barium, strontium and calcium, and a monQvalent metal,

namely lithium.
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§  APPARATUS AND EXPERINMENTAL METHODS

(1) HIGH VACUUM SYSTEMS

The course of all phétolytic decompositions of powdered and
pelleted.matérial wefe followed using a high vacuum constant volume 1iﬁe.
The vacuum line consisted essentially of a pumping system, a pressure
measuring device and a decompositidn cell. The line is illustrated in
Fig. 2. | |

Tne pump used in evacuating the line wasaPfeiffer TVS 250 turbo-
molecular pump. This was capable of producing avvacuumvof 1,0 x 107° torr.

In the case of decomposition of powdered material the pressure was |
measured using an Edwards ''Speedivac' Pirani Gauge Control Unit Model 8-2
with gauge head G5C-2. The gauge was linked to a Phillips PM 8100 flat—.
bed recorder fér automatic recording of_pressure changes with time. * The
Pirani gauge was caiibrated agaihst é Mcleod gauge. Thé ranges of the
Vrecorder used in the stﬁdy (5 mV and 10 mV) were then calibrated against

the Pirani gauge. It was found that above 0,02 torr the rélationship between
_ preésure and millivolt feéding was non-linear and thus decompositions were
limited to the preséure range 0,00 to 0,02 torr. Fig. 3 illustrates a plot
of pressure against tﬁe recorder millivolt reading.

In the casé of the decomposition of.pelléted material the pressures
invdlved were greater than the maximum of 0,02 torr allowed for-accurate
meésurement using the Pirani gauge. In these decompositions the pressure
~ was measured using a McLeod gauge of Volumé 123,1 cm3.' The Mcleod gauge -
was joined to the 1iﬁe'at’the same position used‘by.the Pirani gauge head.

The vacuum line consisted of three ten litre buibs. This aliowed the
volume of the line to be varied for different decomposition conditions

and different compounds. In this way the pressures were always maintained
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within the correct range for optimum'accuracy; The bulbs weré
positioned so as to ensure that, when the rate of decomposition was at
its maximum, the time required for pressure eduilibration to take place
throughout the large volume was negligible.

A quartz glass_decomposition cell was used for all decompositions.
The cell was specifically designed to fit exactly into the furnace used’
in the high temperature work. The cell was 80,0 rm in length and 18,0 mm
in diameter. It was tapered over the bottom 10,0vmm to a diameter of
10,0 mm as shown in Fig. 4. A silica qﬁartz cylinder 10,0 mm
in height was glassblown on top of the cell with an inlet and outlet
tube. This served as a water filter. The windows (upper and lower) of
the cell were vitreosil optically polished quartz discs. The cell was
attached to the.line by means of a ball and socket joint with a neoprene

- ring.

- (1i) TEMPERATURE CONTROL SYSTEMS

Two different systems were used in order to obtain accurate temperature
control during decoﬁpositions. The high temperature system involved é
furnace cohsisting_of a solid cylindrical braés block (diameter 60 mm,
height 90 mm) bored through the centre (19 mm diametér) and machined so as
to accomodate exactly tﬁe decomposition cell. The cuter surface of the
brass cylinder was wound with nichromé wire and insulated with asbestos
and plaster of paris. The furnace was mounted on a_éilver steel rod so
that it could be moved freely in a vertical direction and swing freely in
a horizontal plane. The cell fitted midway into the_furnaée and rested on
a brass plug which was macﬁined to the shape of the bottom of the cell.
The furnace was held in position around the cell by means of a tapered

pin (Fig. 4). The temperature was controlled by means of a (NS Versicon
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Temperature Controller Type 101. This consisted of a source of electrical
power for heating and a ﬁlatinum resistance thermometer which was inserted
into the side of the furnate so as to be as close as possible to the
bottom of the decomposition Cell; The temperature of the furnace was
measured By a copper-constantan thermocouple placed in an evacuated pyrex-
cell identical in shape to the decdmposition cell. The thermocouple was
conneéted to a pre-calibrated Scalamp Thermccouple Galvenometer with a-
range of 0-300°C. The temperature was controlled in this manner té within
+0,5°C over the temperature range Q° —-200°C!

The low témpérature Sysfem is illustrated in Fig. 5. The furnace
~used in the high temperature work was répiaéed by a 5 litre Dewar flask.
Liquid nitrogen.wés passed through a copper coil inside the flask which.

" was filled with absolute alcohol. Immerséd in the flask was a.stirrer
which was operated by means of a belt driven by a variable speed induction
motor. This stirrer was crucial in ensuring minimum fluctuations in

~ temperature. .The temperature was controlled by a sensifive temperature
controller, the circuit of which is shown in Fig. 6. The sensor consisted
- of two GZZ thermistors in parallel each having a resistanée of 1729 at 22°C.
At temperatures above -70,0°C only one thenmistof was fequired but bofh
were connected for temperatures lower fhan —70,0°C. ;The control of the
temperature was effected by means of an Alco 100RA éolenoid valve whicﬁ
opened or closed according td the fluctuation in femperature. The
temperature was measured.by means of a -120° - 10°C thermometer

immerséd into the liquid so that the bulb‘was at. the position normally
ocCQpied by the bottom of the decomposition cell. The temperature was
monitored by means of a Thermocoax iron-constantan thermocouple connected .
to a Phillips PM 8100 flat-bed recorder. Attempts were made to measure

the temperature by cdnverting the emf to °C using appropriate tables, butv

this method was not found to be accurate. The degree of temperature
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control obtéined was excellent and the tempeiature was accurate to
well within i0,5°C. The top of the flask was covered with a circﬁlar
aluminium'plafevdjjlthe necessary apertures to allow entries for the
various Compoﬁents. The cell was positioned.as illustrated in the
figure. The aluminium plate was attached to the flask in suchva,way as
. to achieve cptimum insﬁlation.

Temperatures in the range 5,0° — 20,0°C were Controlled.by‘usiﬁg a
Lauda K4R electronic coéler. Water at the required temperature was
circulated thfough the copper coil in the same way as the 1iquid nitrogen .

was in the lower temperature range.

(11i) DECOMPOSITION AND MONITORING PROCEDURES

Different ultraviolétvsources were used for the high temperature
and low temperéture work. - The ultraviolet soﬁrce used for ambient and
high femperature photolyéis and co—irradiation studies was a 100 W short
arc mercury lamp. The power came from a Hanovia D.C. compact power
supply. The_luminous.intensity of this lamp was 260 candelas with an
efficacy of 22 1m/W. The lamp was housed in a copper pipe, 407mm in
diameter, in such a way'that it was positiéned at an angle of 45°f This
was done fo ensure that.droplets of unvapourized mefcury'did not sit in
~ the bowl 6f the 1amp'while it was in operatidn. The pipe was open to
the air at the top and air holes were drilled into the pipe to facilitate
cooling. The const;uction 1s illustratéd in Fig. 4.

The low_temperatﬁre photolysis studies were Cohducfed.\&iﬂa an HBO
200 W/4 super pressﬁre mercury lamp using an HBO.ZOO W power supply.
The luminous intensity of this lamp was 1000 candelas and it had an |
efficacy of 50 1m/W. .This lamp was.housed in a Coppef pipe similar to
that used for the 100.Wvlamp but was positioned at an angle of 60° with =

the horizontal. In both cases an aluminized concave mirror was placed
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approximately 50 mm above the centre of the 1amp'to reflect back any
light propagated away from the sample. The above arrangement enabled
~ the lamp to be brought within 5 mm of the decomposition cell. The
intensity was varied by varying the distance of the lamp from the
sample.

The intensity of the ultraviolet radiation was measured by using a
"Photovolt'' photometer, model SZOA; incorporating a photomultiplier
pfobe heéd. Accurate readings were facilitatéd by mounting a brass -
cylinder half the length of the furnace on a rack. This cylinder was
capable of moving in the same manner as the furnace. The cylinder and
rack were positioned by means of a taperéd pin so that the bottom of the
cyliﬁder was then in the exaot same position as the sample was during
decomposition. The inside of the cylinder was machined to the shape of
the decomposition cell, the aperture at the bottom being 5 mm 1n diameter this
beingthe diameter of the bottom of the decomposition cell. The window
of the detector (probe head) was covered with a brass collaf machined to
- fit the brass cylinder so that the bottom of the_decompositioh cell
fitted over the aperfure in the collar when the detector was in position.
Intensity readings were taken with the cell, under vacuum, surrounded by
the brass cylinder. Tho probe head was supported under the cell by
meens of an accurately constructed perspex stand. The readings on fhe
photometer were found to vary unduiy if the opéniﬁgoof the shutter on the
probe head was too lafge. It was also found necessary to storeithe probe
head in a desiccator at all times. New lamps were used for all the
activation energy determinations and studies of the variation of the rate
of decomposition with intenéity. ‘Intensity measurements were made after
each.run. | |

Decompositions were carried out in the quartz decomposition cell

attached to the line. The powdered sample was introduced into the cell
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by means of a glass iod at the end of which was a carefully constructed  .'
trough designed to hold z?,O md. of the powder. In fhe case of lithium
azide this process:was éarried out in a dry box and the cell sealed off
until attached to thevevacuated line. The vaéﬁum'line was pumped down
until the mininum pdssible preésure was reached and*thén, after isolating
‘the pﬁn@,‘the pressure Qas monitored for apprbximately 10 mins. to ensure -
thélabsence of leaks. The fumace, or the alcohol in the fiask in the

case of the low temperature studies, was preset at the desired temperature

%]

and then brought into position around the cell. The shutter separating
the 1amp housing from the decomposition cell was closed and the ultra-

'violetllamp switched on. At least fifteen minutes were allowed for the
1émp.to warﬁ up to its maximum ihtensity and for the samplie to aftain
the temperaturé of the furnace or alcohol. The suction was then opened
and decomposition commenced. The pressure was monitored by a Pirani
gauge coupled to a recorder in the case of powders and by a McLeod gauge
in the case of pellets; ~ The Pirani was.used fogethér with the McLeod
gaugé for pellet runs for the purpose of measuring the indu;tion period.

- During the course of decomposition the liquid nitrogen around the cold
trap was kept at a constant level by means of an automatically controlled:
feeding device incorpdrating a solenoid valve and a thermistor. Thé

latter was fixed at 20 mm below the top of the Dewar flask sﬁrrounding the
vtrap. The 1light intensity was measured at the end of each run. The
cell was Cieahéd by using a dilute solution of hydrofluoric acid. It was
then rinséd wifh distilled water and acetone -and pumped dry. The

_proCedures iﬁvolved in interrupting a decomposition and admitting water

vapour onto the salt are discussed in section 9.
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(iv) PREPARATION OF HYDRAZOIC ACID

Hydrazoic acid waé prepared by an ion exchange process using
"Analar'' cationic resin viz. Permﬁtit ""Zeo-karb'" 225 (SRC 13) cation
exchange resin. Inmuritieé were removed from the column by alternate
.washings‘with 2M HC1 and 2M NaOH, and washing with glass distilled
water between each acid or alkali washing. The Tesin was converted -
tb the HY form by paséing two bed volumes of 2M HCl through the colum
followed by six bed Volﬁmes df glass diétiiled water. . 500 ml. of a 104
solution of B.D.H. "Analar" grade sodium azide Waé then passed through the
bed of resin followed by 400 ml. of glass distilled water.  The middle
porfion of the eluent was collected and found to be an approximately 3%
solution of hydrazoié acid. Ferron reagent and flame photometry tests

“indicated the absence of ions of sodium or iron.

(v)  PREPARATION OF THE AZIDES

The barium azide and strontium azide used in this study were taken
from samples prepared two years priof to this work. The méthod whereby
if was prepared is described in reference 50. It had been stored in |
vacuo over P,Os,

" Calcium and lithium azides were prepared in a similér manner to the
above azides. To a sldrry of approximately 10,0 g of the hydroxide of
calcium or.lithium (A,RJ), was added 3% hydrazoicvacid until the selution
was acidic to phenolphthalein. vThe colour was pale orange with a small
amount of precipitate pfesent. All indicator tests were ﬁerformed
'externally. The solution was transferred to a RotaVapor immersed in a
water_bath at 60,0°C. Hydrazoic acid waé centinually added in order to
ensure that the solution was acidic. When the solution had been reduced’

‘to a slurry, the latter was transferred to an evaporating dish and placed



101

“in an oven at 45°C. Dry air was allqwed fo bleed through the oven to
a vacuum pump, In the‘case df calcium azide clear white crystals were
formed and in the case of lithium azide two separate preparations
produced clear white crystals and straw.;oloured crystals respectively.
The former batch alone was used. The crystals were then pumped to |
dryness, in a.Blackehed desiccator, over P,0s. The P,05 was regularly
replaced and the desiccator pumped down regularly. The 1ithium azide
was very hygroscopic and was handled at all times ih a dry box under

a posifive pressure of dry.air. The_desi¢catornwas placed in the box

and pumped down continuously.

(vi) GRINDING.AND PELLETING PROCEDURES

In order to obtain powders of the various azides small'quantities
of the Cryétais were ground for 5 min. in a grindex using.an agate
capsule and a nylon ball. The resulting powder was passed through a
selection of Endecott test sieyes. The powder between mesh size 63y
and 125u was collected and stored over PZOSVin a black vacuum desiccator.
This whole procedure was carried out inside a dry box in thé case Qf
lithium azide. The sieved powder»was placed in an evacuable KB-R
die. The die was evacuated for 10 min. and'then a pressure of 2000.
1b./sq.in. was applied fof 15 min. by a 10 ton Apex Type 341/4 hydraulic

'press. The resuiting pellets were 5 mm in diameter and 0,25 mm thick.



, : ‘ 102

9 RESULTS

Decompositions of the various azides are divided into two categories
i.e. ﬁhotolytic decompositions (photolysis), which take place ét'tempera—
tufes below those at which a dark rate Can be detected, and co-irradiated
decompositions, which take p1ace at temperatures where dark rate is |
observed. In the case of calcium azide co-irradiation commences af about.
105,0°C and in the case of 1lithium azide at above 180,0°C.

Photolytic decompositions at low temperafures i.e. from below -70,0°
— 30,0°C were carried out on ca1cium, strontium, barium and lithium
azides. At temperatures higher than these only calcium and lithium azides
-~ were studiéd, the former in powder and pellet form and the latter in
powder form only. |

- The variables plotted in the decompééition diagrams are o and time
where a = p/pf (p = pressure at time t and pg = observed final pressure).
In soﬁe instances the final pressure used in the calculations was other
than that observed.

Throughout thié study powder refers to material of particle size
ranging from 63y to 125y, Pelleted material 1s powder pressed at 1500
1b./sq.in. (or in some instances 2000 1b./sq.in.) in a 5 mm die for
approximately 10 hinﬁtes whilst simultaneously evacuating the die. For
all powder decompositions +2,0 mg of compound was‘used and in thé
manufacture of pellets £8,0 mg of pow&ered material was ﬁsed resulting
in_pelletg-S,O mn in diameter and 0,25 mm thick. Percentage decompositions
vere calculafed assuming the equations.for decomposition to be
M(N3), =+ M + 3N, for barium, strontium and calcium azides where-M
represents the metal and ZLiN3Y + 2Li + 3N, for 1ithium azide. Ihtenéity

units are arbitrary and are only'comparable in a particular set of rums.



(i) PHOTOLYSIS OF POWDERED CALCIUM AND LITHIUM AZIDES AT AMBIENT

AND HIGHER TEMPERATURES

The photolysis of éalcium azide was studied in the temperature range
35,0% — 95,0°C as no dark rate was detected in this temperature range
and hence it could be safely assumed that the thermal effects were-
negligible. Similarly the photolysis of lithium azide was studied in the
range 24,0° — 170,0°C for the same reésons. In the latter case the
thermal effects, as shown by the thermal decomposition of lithium azidé
at 180°C, were considerable but the photolytic decompositions in this
temperaturé fange were completed in a time shorter than the
inductibn périod 6f the thermal decomposition. For this reason it was
not found possible to make a study of the co-irradiation of lithium
azide. The percentage‘décomposition fof calcium azide was 90,0% and for

lithium azide 77,9%.

(7.a) Reproducibility
In.the casé of both calcium and lithium azides large particlés or

~even those ground in a grindex gave irreproducible results. Crystals of
.calcium azide were ground in a grindex and then seived between seives of
mesh size 63p and 125#. The powder thus obtained yielded reproducible
results. In the éase of lithium azide, the compound was found to be
extremely hygroscopic and it was necessary to handle the Salt at all times
in a dry box which was under positive pressure frbm'air which héd initially
passed thirough phosphorus pentoxide, calcium chloride and silica gel.
Initially the method of grinding and pellefing set out by'Lidcliiard”‘+ was
used in which the ground powder.was pelleted and re-ground. It was later
' found,>howeVer, that>equally good reproducibility was obtained when the

powder was ground and sieved in a mamner identical to that described for
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calcium azide. The reproducibility of calcium azide was tested by
analyzing three successive photolytic decompositionsvat a temperature
of 75°C and an intensityiof 24 units. The sets of curves in.which o
is plotted againét time were éuperimposed and satisfactory reproducibility
was obtained. Tne three superimpésed curves are shown in‘Fig. 7. Ina
similar manner the reproduéibility ofilithimn azide powder was tested by
analyzing three successive photolyticidecompositions at temperatures of
30°C and 127°C and light intensities of 37 units and 35 units respectively.
As in the case of calcium azide the three plots of o againét time in each
set were superimposed and the resulting curves are shown in Fig. 8 and 9.
As can be seen, satisfactory reprocducibility was obtained. The rate
constants for calcium azide are tabulated in Table 1 and those fcr lithium
azide in Tablé 2. In both cases the Ayrami-Erofeyev equafion withvn =2
was used for the acceleratory period and the ﬁnimolecular law was used for
the decay period. The applicability of these equations and the determina-
tion of the final pressures will be discussed in the next section. The
above conditions with respect to size and handling of powder were adhered
to in all subsequent tests since they were found to yield reproducible
results:

It Will be observed from a study of the tables showing reproducibility
constants as well as the figures illustrating the reproducibility of the
photolysis of calcium and lithium azides,that the induction period is not

as reproducible as are the values of kaﬁ and k

c decay” This was found to

be especially so at lower temperatures. Nevertheless, throughout

this work,.analyses are always made.of thé induction periods if only to

to illustrate, in some instances, the irreproducibility of this part of

. the decbmposition process. Clearly results obtained from sets of experimenta

in which the analysis of the induction period indicates considerable

irreproducibility, should be treated with caution.



Table 1

azide powder
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Reproducibility constants for the photolysis of calcium

- ; : ; 2 ¢ 162
Temperature | Intensity Inductlpn Period kacc x 10 decay X 10
°C Units min. min-!. min~!
75,0 24 6,80 3,45 3,29
5,40 3,58 3,33
5,30 .3,75 3,32

Table 2 = Reproducibility constants for the photolysis of lithium

azide powder

; - - | 2 | x 2

Temperature | Intensity | Induction Period | kaCC x 10 kdecay-x 10
°C Units min. min~1. min-1l.
30,0 37 3,60 11,70 5,60
3,00 12,00 5,50
4,40 12,40 5,80
127,0 35 0,90 6,40 2,00
0,90 6,30 1,70
1,00 6,10 1,80
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In all mathematical analyses where slopes of graphs had to be
determined, a least squares method was used whereby slope and intercept

were obtained.

(z.b) Amthématical Analyses

Photodecomposition curves of calcium azide in the temperature range
35,0°-95,0°C showeda well defined induction period during which there
was no evolution of gas. There then followed an acceleratory period and
a decay period. The inflection point occurred in the region of o = 0,35.

No mathematicél analysis of the induction period was possible since there
was no measuratle évolution of gas. For purposes of comparison, however, the
inverse of the duration of the induction pericd i.e. the time taken for thev
reactioﬁ to reach a - 0,01 waé used as a rate constant.

The acceleratory reaction was described by the Avrami-Erofeyev

equation with n = 2

= T
i.e. [-log(l-a)1* = Koot *c o =p/pg.

This equation fitted the curve in the fegion 0,01 < o < 0,35,

The decay reaction was analyzed using the unimolecular law
i.e. - -log(l-a) =: kdecayt +C . o = p/pf

This equation fitted the curve in the region 0,35 < <' 0,90.
Atypicala vs t curve for the photolysis of calcium azidevpowder, with
mathematical analyses, at a temperature of 75°C and light intensity of
24 units is shown in Fig. 10.

The photolytic decomposition of 1ithium azide in the temperature range = .
25° = 170°C showed the same characteristics as that of calcium azide
powder. An induction period was present Which was followed by a definite

acceleratory period and finally a decay period. The decay period was found
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to be very protracted particularly at lower light intenéities. The

kinetio equations which were testod were the Avrami—Erofeyev equation,

the Prout-Tompkins equation, the contracting sphere equation, the
exponential laws of acceleration and the unimolecular decay equations,
_including the power laws of acceleration and decay. The Avrami-Erofeyev
equation with n = 2 was found to fit the acceleratory reaotion. The
prolonged décay period presented a problem regarding the value of the

final pressure tovbe used in nommalizing the pressures. By using the
observed final pressure, even after é prolonged period, no highly
satisfactory fit of equation could be obtained. This necessitated
estimating a value of the final pressure. This estimated value was given
:the value p‘f as opposed to the observed final pressure Pg- The estimatod
value was obtained by plotting the pressure-time curve on. graph péper using
a compréssed scale on the time axis and then tapering off the decay period
at a point where o had a value of approximately 0,90. This method is
illustrated in Fig. 11. Care had to be taken fhat in analyzing a series

of runs this estimation of p'e was done in as highly reproducible a

manner as possible. Using this estimated value of the final pressure the
Avrami-Erofeyev equation with n = 2 (where o é'p/p'f) was found to fit the
acceleratory period in the region 0,01 < o < 0,25. This represented no.
chaoge from the analysis of the acceleratory period using the observed .
finallpressure. The decay reaction wao analyzed using the unimolecular
bdecayvlaw as in the case of calcium azide except that o = p/p‘f in the

case of lithium azide. This equation was found to fit the decay period in
~ the region 0,25 < a < 0,90. The inflection point thué‘occurred at o = 0,25.

Of particular interest in analyzing the decay period was the equation

1

—= =kt
~ (-log a)
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- which had been used by Prout and Sears in a previous study of lithium

azide’?%. Ultimately the unimolecular law was found to fit equally well
and was used in the analysesvfor the sake 6f consistency in view of the
fact that Prout and Shephard®? had used it in the analysis of barium and
strontium azides and that it had been found to fit calcium azide in the
present study. | | |
| The protracted deéay reactioh remained a source ofAintefest,-however;
and a study wéé made of this paft of the reactioh.using the split-run
technique. .The methods involved and the results obtained in thisbstudy
will be discussed in the next section. The unimolecular iaw was also.
used in the aﬁalysis of the split-runs. In the plots shown of a Vs t in
. the case of lithium azide the valués of o were obtained ﬁsing the observed
finalvpréssure and not the estimated final pressure.

Typicai a vs t curves of the phofolysis of lithium azide powder, with
‘ mathemétical énalyses at temperatures of 30°C and 127°C and light
intensities of 37 unité and 35 units respectively are shown in Fig. li
and 12. Curvé A shows a plot of o vs t (a = p/pf). The position in the
decay féaction where the final pressure was estimated is indicated on:
this curve (p'f). Curve B is a plot of the Avrami-Erofeyev equation
- (n =.Z)'against time with Pe> the observed final pressure, being used in
the equation. Curve B' shows a plot of the same equation except that p'f
‘was used as thé final pressure value. Cuives C and C' are plots of the
unimolecular:laﬁ against time. C was obtained by.using the observed final
pressure p. in the equétion while the curve C' was‘obtéined by using the
estimatéd final pressure p'f. Thus for the determination of all rate
- constants for the photolytic decompositions of lithium azide pdwder, a

final pressure p"f was estimated.
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(i.c) Evaluation of ActivatiOnIEne.r.gies
Activation energies for calcium and lithium azideswereobtained by

- decomposing samples af various temperatureé in the photolytic temperature
range. The light intensity was kept at a constant value throughout the
determination.- In order to obtain tiie critical increment of the process(es)
occurring during photolysis,.the Arrhenius equation was applied. For the
induction period the logarithm of the reciprocal of thé induction period
was plotted against 103/T,‘and for the acceleratory and decay reactions

,v <41 R ) . ieet 103/7T
the logarithms of kacc and kdecay respectively were plotted against 103/1T

where T 1s the temperature of decomposition in K.

A éonstant light intensity of 24,0 units was chosen for calcium azide
and a value of 35,0 units for lithium azide for.the detemmination of raté
constants throughout the respective temperature ranges.

In the. case of calcium azide if was found that a change oécufred in
the activatioh energy at 60,0°C and activation energies were calculated
separately for the 35,0 - 60,0°C amd 60,0 —>95,0°C rénges. For lithium
azide the change in activation energy occurred at 71,8°C and thus activation
energies were calculated in the ranges 24 ,6° - 71,8°C and 71,8° - 170°C.

As already mentioned the photolytic decomposition of lithium azide
was extremely rapid at the temperature of 170,0°C and for this reason the
possibility of éo—irradiation was aisregarded. Fig. 13 illustrates the
difference between the thermal decomposition énd photolysis of lithium

| azide at 180°C. The decomposition curves shown in this figure indicate
clearly that at this temperature thermal effects are negligible;_

Table 3 gives the rate cbnstants for calcium azide and Table 4‘thosen
for lithium azice. _Tﬁe activation énergies for the photdlysis of calcium
azide are shown in Table 5 and the activation energies for the photélysis

of lithium azide in Table 6.



1,0

0,8

0,6

0,4

0,2

Photolysis

Fig. 13

LiN3 Powder

Comparison between thermal decomposition
and photolysis

Temperature: 180,0°C
Intensity : 14 units

Thermal DecompositEEE___4:}—_—_'——{:*' :

T

.vq

Time (min.)

6

g 10

911



Table 3 Rate constants for the photolysis of calcium aiidevpowder

Temperature range: - 35,06°- 95,0°C

Light intensity : 24 units
Temperature Induction Period LS xv102> kdecay x 102
°C | min.  minl. ‘min-t.
35?0' 52,0 0,85 0,44
40,0 31,8 1,05 0,59
| 45,0 31,0 1,50 0,60
50,0 21,5 1,62 0,74
'55,0 | 25,5 1,77 0,68
60,0 16,6 2,20 0,88
65,0 11,7 2,80 1,30
70,0 12,0 4,10 2,20
75,0 8,0 5,20 3,00
80,0 7,0 6,50 3,20
85,0 6,0 7,70 5,40.‘
90,0 4,0 8,90 7,90
95,0 3,5 14;70 '11,40
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Table 4 Rate constants for the photolysis of lithium azide powder

Temperature range: 24,6°- 170,0°C

Light intensity : 35 units
Temperature Induction Period kécc x 102 | - kdecay x 102

°c " min. ~ min-1. min-!.
24,6 ) 13,8 1,61 0,56
33,2 16,0 1,70 0,48
44,8 6,0 2,36 | 1,10
53,5 9,0 2,67 1,19
60,0 58 3,13 1,06
66,0 | 3,6 4,72 - 1,53
71,8 4,0 - 3,43 | 1,44
76,2 28 | 4,32 1,18
82,5 1,6 5,08 1,55
88,1 38 6,12 1,87
90,0 1,85 8,04 | 2,02
95,2 - : 1,6 8,34 2,24
00,2  { . 1,0 10,00 3,02
101,0 1,4 - 10,81 | 3,08
106,0 - 0,7 13,00 : 3,10
112,2 0,75 15,14 6,14
117,2 | 1,0 17,86 12,25
34,8 - | 0,32 133,81 | 16,48
146,5 C0,12 42,95 19,10
153,0 . 0,06 1 60,26 .| 21,93
158,0 - ' - 0,07 54,95 . 36,22
164,0 0,06 - 65,77 26,06
170,0 0,05 | 90,99 48,19
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Table 5 Actlvation energies for the photolysis of calcium azide
| powder
Intensity : 24 units -
Temperature | Induction Period| Acceleratory Period | Decay Period
Range 3 - .
. bcg Kcal./mol. Kcal./mol. Kcal./mol.
35,0 - 60,0 7,78 7,30 4,67
60,0 - 95,0 10,80 12,52 17,36
Table 6 Activation energies for the photolysis of lithium azide
powder
Intensity : 35 units
Temperature | Induction Period | Acceleratory Period | Decay Period
Range - Kcal./mol. Kcal./mol. Kcal./mol.
- °C . o '
24,6 - 71,8 6,10 4,20 3,20
71,8 - 170,0 © 11,50 9,90 - 11,60
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The plots of -log I.P., log k___, and log k against 103/T in

decay
the various temperature ranges'for the'photolysis‘of calcium azide are
shown in Fig. 14-16. The corresponding plots for the photolysis of

lithium azide are shown in Fig. 17-20. |

A split-run study Qas made of the decay reaction in the photolysis
of lithium azide. With this method the decomposition was allowed to
proceed at the lowest temperature at which the first rate constant was
‘to be calculated. After an appropriate fime‘the TUNn was interruptéd by
shutting off the ultravioiet radiation and removing the furnace from the
sample. The temperature of the furnace was then adjusted to é higher
temperature_while the sample was allowed to cool to room temperature.

When the‘fﬁrnaée had reached the new temperature it was replaced in
position around the decomposition cell and photodecomposifion was.startedb
after the sample had been given 5 minutes in which to reach»tﬁe temperature
of the furnace. Five or six rate constants could be found for the decay.
reaction using one sample of lithium azide'powder.'

Before the split-run technique was used to determine the activation
energy, 1t was necessary to ensure that the interruption in the run had no
subsequent effect on the'photolytic decomposition of the cbmpound. To this
end a decomposition was allowed to proceed to a certéin point and then
interrupted in the manner described in the previods paragraph. It was
found that the subseduent‘reaction continued as though no interruption had
taken place.

The activation energy for the décay reaction in the photolysis of
lithium azide powder was thus determined. The range of temperatures over
which the rate constants were calculted was 55,0° .- 126,6°C and a light
intensity of 35,0 units was used. The change in the activation energy was

found in the region of 78,0°C. Table 7 gives the réte constants for the
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Table 7 - Rate constants for the decay reaction of photolysed
lithium azide powder (Split Run Technique)

Temperature range : 55,0°- 126,6°C

Light intensity : 35 units
' . - 3
VTemperature Range Temperature kdecay x 10
of Split Run °C °c min-t.
55,0 - 78,0 . 55,0 1,3
‘ 65,0 1,4
74,0 : 1.6
78,0 - 126,06 ' 85,0 : 2,1
| 95,0 4,4
106,0 _ 4,1
116,0 ' - 5,4
126,6 ' 7,0
Table 8 Activation energies for the decay reaction of photolysed
lithium azide powder (Split Run'Technique)
Intensity : 35 units
Temperature Range | 7 Decay Period
°C ' _ Kcal./mol.
55,0 - 78,0 _ 2,48
78,0 - 126,6 - , 8,44
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decay reaction using the sbi@t run technique and Table 8 the corresponding

=

activation energies. Fig. 21 shows the plot of log k vs 103/T for

decay
these runs.
j%té) The éffect of vartation of intensity of ultraviolet light Source

N

The rates of photolysis of calcium and 1ithium azideéxWerqi}mgggggg&i

at different light intensities with the temperature beingnkept constant
for the purpose of determining the molecularity of the processes taking
place. The method used to vary the intensity of the‘light has already
been explained in section 8(iii). The effect of varigtion of light

3 Ty
intensity in the photolysis of calcium azide was studied at 55,0°C and 90,0°C .7

-~

TR e

and, in the case of lithium azide, at 30,0°C and 127,0°C.

The equation

k = "m+c¢

where k = rate constant
I = intensity
m = molecularity
c = constant

was used to analyze the results and thus a value for m was obtained for
each of the induction, acceleratory and decay periods by ignoring ¢, and
rearranging the equation to

log k = m log I.
Log k was then plotted against logil.

Table 9 gives the rate constants for the photolysis of calcium azide
at 90,0°C and355§0°C at various light intensities and Table 10 gives the
rate constants For the photolysis of lithium azide at 127,0°C and 30,0°C
also at various light intensitieé%“\i%blég;iiiandllépgiyélﬁﬂe_Yéiéésbéiiié

s -
- R g

“for calcium azide.and lithium azide respectively. Fig. 22-25 and Fig. 26-28

o

show _plots of k against fﬂjf§i;g§lgi§@?an§;Iiphiuﬁ éiiaés feééé?tively. In

e S e

all graphs the value of m has been corrected to the nearest whole number.



Table 9 Rate constants for the photolysis of calcium azide powder

at various light intensities

Temperature Iﬁtensity Induction Period ke X 102 kdécay x 102
°C _ Units x10 min. min~1, min-1,
90,0 8,5 10,7 3,8 3.3
1125 7,7 5,4 3.8
14,0 | 5.7 6,0 4,7
16,0 - 5,5 6,4 3.6
19,0 4,5 9,9 6,5
20,0 4,4 8,0 4,2
24,0 4,8 9,5 8,4
30,8 3,0 11,8 7,5
36,0 2,8 12,7 10,6
38,0 3,4 13,6 9,9
41,0 1,6 13,6 13,1
65,0 1,3 23,2 17,7
55,0 20,0 34,8 1,2 0,65
23,0 26,6 T 1,6 - | 0,77
25,0 | . 25,2 2,0 0,74
30,0 17,4 2,4 1 0,80
32,0 17,4 2,6 1,70
37,0 23,2 3,8 2,10
42,5 - | 10,4 4,9 | 2,70
47,0 | 9,3 4,5 | 2,70
50,0 - 8,0 6,2 4,10
56,0 | 8,2 7,2 L 4,00
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Table 10  Rate constants for the photolysis of lithium azide

powder at various light intensities

Temperatur§ Intensity | Induction Period Kjec X 102 kdecay x 107
°C Units x 10 min. min~1. min-? .
127,0 7,5 6,5 4,3 0,62
13,5 6,1 5,3 1,10
22,0 5,0 9,9 1,70
29,5 6,0 19,2 2,80
35,0 3,4 22,6 4,10
30,0 4,0 52,0 0,46 0,22
‘ 6,5 67,6 0,70 0,50
12,3 8,2 2,87 1,70
13,1 15,2 3,50 1,70
18,0 7,2 6,17 3,80

Table 11 Value of m in the equation k = IM + ¢ for calcium azide

powder
Temperature ‘
oC Induction Period Acceleratory Period Decay Period
90,0 0,89 0,84 0,90
55,0 1,46 1,70 2,00

Table 12 Value of m in the equation k = ™ + ¢ for the iithium azide

powder
Temperature . _
°oC Induction Period Acceleratory Period . | Decay Period-
127,0 1,14 1,14 1,18
30,0 1,54 1,81 1,86
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(i.e).VisddZ observations

The colour of the calcium and 1lithium azide powders was observed at
various stages of photolysis. Observations were carried out on calcium
azide at a temperature of 47,0°C and a light intensity of 5 units. An‘
opthalmascope was used in order to improve the qﬁality of the observation.
At o = 0,01 vefy little change had talken place and when o = 0,07 the
powder had become iight brown on top but was still white underneath. At
o = 0,14 the sample had become light brown throughout progressively
becoming a darker brown colour until'at.a ='0,28; which was near the
inflection pdint, the powder was almost black on top with individual part-
icles becoming clearer; 'Thié pfocess of blackening,with the presence of
what appeared to be large particl=s, continued untilkat o= 0,61 the
sample was black throughout and continued as such to the énd. The final
product reacted viclently on exposure to the atmosphere or to a weak acid
solution. |

The sample of lithium azide was observed at a temperature of 30,0°C
énd an intensity of 35 units. At the end of the induction period the
sample started to turn a light brown colcur. Immediately after the end of
the induction period one or two small "explosions' occurred. The colour
of the sample then became a darker brown. Throughout the photolytic.
decompositibn proceSS‘af this stage the '"explosions' became progressively
more violent. At o * 0,20 the state of perturbation, as it were, reached
a maximum. The peak of activity at o z 0,20 was just prior to the inflec-
tion point. Subsequently the sample became a darker brown énd'the activity
subsided. When the sample had re-settled dark brown spots formed and-ét
the end of the decompdsition a dark brick red to black sample remained which-
reécfed violenfly on.the addition of'a weak acid .solution.

Lithium azide was élso observed at a temperature of 127,0°C and an

intensity of 35 units. The observations were basically the same as those”
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made at 30,0°C. The final product was a black colour and, like the
final product of calcium azide, reacted violently on exposure to the

atmosphere, a bright flash and white fumes being observed.

(Z.f) Inierrupiion'of’a photodecomposition: &ark.rate determination

Al photolytic.decompositions of.calcium azide below 110,0°C_and_of
lithium azide in the temperature range Stgdied ceased the moment the
ultraviolet radiation was removed. No measurable dark rate could bev
observed in these fanges. On recommencing photolytic decomposifionS'the

runs continued as though no interruption had occurred.

(i.g) Admittence of water vapour following an interruption

In érder to investigate the pfesence of metallic nuclei at various
stages of the photolytic decomposition of calcium and lithium azides,
water Vapouf (17 torr pressure) was introduced after the reaction had
reached a certain point. These decompositions are called 'water
.interruptions’. This was achieved by introducing 1 ml of distilled water
into the cold trap before the-décomposition cell was connectéd to the
line. The water was then solidified by the liquid nitrogen surfoundihg
the trap. After thé cell had been connected to the line, the system was
pumped down and decomposition commenced in the normal manner. At the- |
selected point.of interruption the ultraviolet radiation was shut off and
the furnace removed from'thé sample. "The expansion bulbs and the

decomposition cell were then isolated and the liquid nitrogen flask

- removed. When at least half of the water present had vapourized it was

- allowed to come into contact with the sample for a peridd of 1 minute,
after which the water vapour was pumped from the line. The pump was then:
isolated, the liquid nitrogen trap replaced and the furnace repositioned

around the sample. The sample was then allowed 5 min. in which to reach
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the decomposicion temperature, the expansion bulbs were epenea, the sample"
exposed‘co the ultraviolet radiation and the deccmbesition continued.

Prior to cafrying out the water interruptiou tests the effect of
interrupting a decomposition was examined. The method of studying this
effect has already been explained in section 9(Z.c). This test was carried
out on both‘compoundsvat a variety ef_temperatures and'light intensities.
It was found in the caee of both calcium and lithium azide that fhe inter-
ruption Had no effect on the subsequent reaction which centinued as if no
interruption had taken‘piace.

Water interruption tests were carried out on calcium azide at a
.temperature of 75,0°C and a light incensity of 6,5 units as well as on |
lithium azide at a temperature of 30,0°C and light intensity of 35 units
and at a teﬁperature of 96,5°C and a light intensity of 22 units. In the
case of calcium azide the water vapour was introduced at time t = 0,
midway along the 1nduct10n period and at a values of 0,01; 0,135 0,27; 0,40
~and 0,59. With lithium azide at 96,5°C the water vapour was 1ntroduced at
time t = 0, midway along the induction perlod and at o values of 0 02
0,17; 0,37 and 0,61. _

The results of these investigations were similar for both calcium andv
lithium azides. The 11terruptlons during the induction perlod had v1rtua11y
no effect.on the subsequent reaction other than to lengthen the induction
- period slightly compared to that of an uninterrupted run.. When water
vapour was ihtroduced at o = 0,01 a new induction period, sqmewhat shorter
than that fér an uninterrupted run, was observed. Interruptiens at Othef
positions along the decomuosition curve caused this new induction period,
observed at o« = 0,01, te become more protracted. In all cases the
subsequent reaction showed the ueual accelefatory and decay regions -

- although the values of kac and k decreased as the point of

decay

interruption along the curve increased. = When water vapour was
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introduced at.values'of o greater than.that of the iﬁflection point,
the.induction_period became extremely long relative to that of an un-
interrupted rﬁn end the subsequent reaction reduced to a point where it
could be considered to have been virtually destroved. 1In all cases of
interruptions taking place after the normal induction period, the final
pressure was observed to be less than that of an uninterrupted run, the
reduction being greater the later the'interruption. The results for
calcium azide are shewn in Fig. 29 and those for lithium azide at 96,5° C in
Fig; 30. The pressures have not been nonnallLed so that the effect of the

interruptions on the final pressure can be observed..

(Z.h) The effect of filtering the hiéh intensity arc zJith.EZue ond
" ultraviolet transﬁission filtere | .

In order to determine which wavelengths of ultraviolet radiation
were most effective for the'photolysis.of caicium and lithium azides,
- various Schott filters were used.

Photodecompositions'were‘carried out on calcium azide at temperatures
’of 55,0°C and 90,0°C and a light intensityof 35,0 units in both cases.
The effect of filters on.lithium azide was‘studied at temperatures of 30,09C'
and 127,0°C and light intensities of 27 ,o and 23,0 units 1espect1ve1y The
Schott fllters and their Chance equivalents as well as the radlatlon and the
light intensities transmltted by these filters are llsted in Table 13.

.The effect of the filters was_found to be similar for both compounds.
The 5 mm BGlZ filter caused the reaction to slow down drastically, its
deereasing effect on the reaction relative to a normal reaction being ferY'
much more than that of the other-two filters. The 3 mm UG5 and the 1 mm
UGi filters both caused & reduction in the reaction rate, the latter more
"o than the former although, in the case of calcium aZide,‘the difference in

the effects of these two filters was not as great as in the case of 1ithium
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Table 13 Filters used in the photolysis of calcium and lithium azide
powders.
Schott filter Chance filter Transmitted A Transmitted
S : m Intensity
3 mm UGS 0X 7 220 - 420 - 0,16
1 mm UGL \ - 280 - 420 | 0,20
-5 mm BG12 oYy 10 | 330 - 490 | 0,26

azide. These results are illustrated in Fig. 31 and 32 for calcium azide

and in Fig. 33 and 34 for lithium azide.

(2.7) The determination‘of the nature of photolytic nuclet
At the end of thé induction period the crystal is a function of the

numbef of nucléi, their spatial distribution, the size and shape of the
nuclei and the variety‘of properties of the nuclei themselves (e.g.
~ chemical, crystallographic and electronic structure). In order to deter-
‘mine whether tﬁe photolysis of calcium and lithium azides involved similar
reaction centres, i.e. nuclei, to those involved in thermal decomposition
the following tests were performed. | |

The compound was decomposed thermélly (at 119,0°C for Calcium-azide
~and 147,0°C for lithium azide) until the reaction had reached the énd-of
the induction pefiod. ' The furnace was then.removed from fhe sample. Once
the furnace had cooled to a lower temperature (85,0°C in the case of both
calcium and lithium azides)it was replaced in position aroﬁnd the cell. A
 warm—up time of 5 min. was allowed and then photolysis comménced (the light
Aintensities were 10 units for calcium azide and 22 units for lithium azide).

It was found that photolysis commenced without an induction period and that
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the rate of the reaction was the same as that expected for a purely
photolytic decomposition. The reverse procedure of photolysis until the
end of the induction périod followed by thermal decomposition at the
higher temperature showed a similar effect in that the thermal decomp-

osition commenced without an induction period.
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(ii) PHOTOLYSIS OF PELLETED CALCIUM AZIDE AT AMBIENT AND HIGHER

'TEMPERATURES

The photolysis of,caicium azide pellets was studied in .the temper-
ature range 25,0°- 90,0°C. The péllets had a mass ofi8,0 mg, were 5 mm
in diameter and 0,25 mm thick. The method of.preparing‘theée pellets has
Been described in section 8(vi). The percentage composition was found to

be 73,4%. .-

(ii,a)ﬁeproducibility
The shape of the decomposition curve obtained from the photolysis

of pelleted calcium azide differed from that obtained for photolyzed
- powder. The most marked change was a less distincfi?e acceleratory
period. .The inflection point in photoiytic decompositions of pelleted
calcium azide wés at o« = 0,27. Fig. 35 illustrates three typical]a"ys t
curves for the photolysis of calcium azide pellets at a temperature of
55,0°C and a lightvintensity of 30,0 units. The'induction pefiod and
acceleratory period are not as reproducible as in the case‘of the powdered
~form and, as will be seen from the reproducibility constants in Table 14,

the reproducibility obtained is not as good as that for the powder. On a
number of occasions the pellet fractured dufing or shortly after the end
~ of the induction period. This was particularly frequent at high‘teﬁperé;
tures or'light'intensitieé. The fracturing was accompanied by a sudden
burst of gas often}to an o value of 20,50 and was followed by a smooth

. decomposition curve. Such decompositions were never used in this study.

(72.b) Mathematical Analyses
The decomposition curve of the unfractured pellet was analyzed as
for the powdered calcium azide. The inverse of the duration of the

induction period was Used as a rate constant for this part of the reaction.
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The acceleratory reaction was found to obey the Avrami-Erofeyev equafion
‘with n = 2 and the decay reaction was analyzed USing the unimolecular law.
The former equation fitted the curve in the region 0,01 < o < 0,27 and

the latter equation fitted the curve in the region70,27 <:& < 0,90. .No
significant difference was found to arise in the mathematical analyses of
the decomposition_cUrvé when the pélleting pressﬁre was varied. Ih general
a pelleting_préssufe of 1500 1b./sq.in. was used but in some_instances‘a
- pressure of 2000 1b./sq.in. was ﬁsed‘mainly for the purpése of illﬁstrating
‘the similarity of the results. The rate constants obtained using the above
‘methods of analysis.are listed in Table 14 and Fig. 36 shows a typicél

o vs t cufve for the photolysis.of a calcium azide pellet, with mathemaficai

analyses, at a temperature of 55,0°C and a light intensity of 30,0 units.

.Tablevl4 Reproducibility constants for the photolysis of calcium azide
pellets.

Pelleting pressure: 1500 1b./sq.in.

: 3 ; 2 2
'Temperature Intensity Induction Period kacc x 10 kdecay x 10
°C - Units min. min-!. min~!.
55,0 | 30 [ 17,0 : 4,6 7,0
| 13,6 | 4,5 7,2
17,2 s | 4

(iZ.c) Evaluation of activation energies
Activation energies were determined in the usual manner as described
in the case of the powder. ‘However, 'in view of the relatively poor reprod-

ucibility obtained in the case of the pelleted calcium azide, activation
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energieé were also determined using a split-run technique. This latter
method implied necessarily a study of the decay reaction oniy._ As
previously mehtioned the results of any decomposition in which’a pellet
fractgred were discarded. The technique involved iﬁ the split-run study
has already been described in Section 9(Z.c) with respect to the study
of the decay period of lithium azide powdef. The necessary tests to
ensure that iﬁterrupting a run had no adverse effecf on the subsequeiit
decomposition were performed. It was found that the decoﬁposition.
continued as if no interruption had taken place._.

Activation energies were determined for the induction period, the
:‘acceleratory period and the decay period for calcium azide .pellets
- pressed at 1500 1b./sq.in. These pellets were decomposed separately and
wefe phofolyzéd in the temperature range 25,0°- 50,0°C with a light
intensity of 30,0 units. Table 15 gives the rate constants obtained from’
this set of runs. The activation energies were obtained using the
Arrhenius equation and these values are listed in Table 18. Fig. 37

illustrates the plots of -log(I.P.), log kacc and log k against 103/T'

decay
for the abovementionedylight intensity and temperature range.
Actlvation energies were determined for the décay reactions at pellet-
ing preséures of 1500 lb./sq.in. and 2000 1b./sq.in. reépectively. It was
assumed, from the results obtained for powdered calcium azide, that a change
in activation energy would be eXpected at £60,0°C. Activation energies
were determined in the temperature range 30,0°- 60,0°C at 1ight intensities
of 41,0 and 30,0 units, and in the temperature range 6O,O°-H90,O°C at light
intensitieé of‘30,0 and 12,0 units. Table 17 lists the. rate constants
for these various sets of runs and Table 18 gives the activation energies
obtained for the various temperature ranges over the decay period by plot-
ting log k g |

decay

against 103/T. Fig. 38 illustrates the plot of log Kaecay
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Rate constants for the photolysis of calcium azide pellets
(Separaté TUNS) | |
Pelleting pressure: 1 500 1b./sq.in.
Temperature range : 25,0°- 50,0°C
Light intensity 30,0 units
Témpgrature Induction Period koo X 102 kdecay x 102
°C min. min~t, min~t.
25,0 44,2 1,30 1,20
30,0 35,6 1,60 1,60
35,0 42,0 1,40 1,20
40,0 31,2 2,00 3,40
45,0 22,6 1,70 - 1,40
50,0 18,0 4,50 5,60
Table 16  Rate constants for the photolysis of calcium azide pellets
' over the decay period (Split Runs) A
Pelleting pressure: 2 000 1b./sq.in.
Temperature range : 30,0°- 80,0°C
Intensity |- Temperature Range ‘Temperature kdecaylx 102
of Split Run
Units °C °C min~t.
41 30,0 - 60,0 29,5 0,12
| 35,0 10,13
40,5 . 0,19
47,0, 10,32
51,5 . - 0,41
56,0 0,44
15 60,0 - 80,0 61,0. 0,24
’ 67,5 0,37
73,5 0,71
79,5 1,28
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Table 17 = Rate constants for the photolysis of calcium azide pellets
over the decay period (Split Runs)

Pelleting pressure: 1 500 1b./sq.in.

Temperature range : 30,0°- 90,0°C
Intensity Temperature Range ' Temperature  : kdecay x 102
of Split Run ‘

Units . - °c - . °C - min7t.
41 30,0 - 60,0 |- 34,9 : 0,62
o ' 40,0 0,89

45,5 1,15

50,0 1,69

55,5 6,83

60,0 7,26

30 | 60,0 - 80,0 61,0 1,30
66,7 1,50

73,0 3,40

79,0 6,70

30 30,0 - 60,0 30,0 . |- 0,16
35,0 . 0,24

40,0 0,33

46,2 | . 0,49

50,0 0,74

55,5 1,26

61,0 3,27

12 60,0 - 90,0 60,0 . 0,12
' ' 65,5 ', 0,18 -

72,0 | 0,31

78,0 0,86

84,0 1,99

90,2 2,35
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Table 18 Activation energies for the photolysis of calcium azide
| pelléts
‘Pelleting pressure: 1 500 1b./sq.in.
Intensity | Temperature | . Induction Acceleratory Decay
~ Units Rangé Period _ Period Period
°C Kcal./mol. Keal./mol. | Kcal./mol.
30 25,0 - 50,0 6,39 - 7,07 12,11
30 30,0 - 60,0 - - 12,87
41 30,0 - 60,0 - - 15,34
30 60,0 - 80,0 - - 22,75
12 60,0 - 90,0 _ ; 26,06
Table 19 Activation energies.for the photolysis of calcium azide
pellets (Split run)
Pelleting'pressure:' 2 OOO'lb./sq.in.
Intensity Temperature Rangé Decay Period
' Units °C Keal./mol.
41 30,0 - 60,0 12,25
15 60,0 - 80,0 22,75
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vs 103/T forvthe temperature range 30,0° - 60,0°C and the relevant light
»ihtensities and Fig. 39 the same plots for the temperatufe range 60,0° -
- 90,0°C and the relevant light intensities.

Another set of split-runs over the decay period was carried out at
avpelleting pressure of 2000 1b./sq.in. and over the temperaturé range .of
30,0° - 80,0°C. The lightv intensity was 41,0 units in the range 30,0° - N
60,0°C and 15,0 units in the range 60,0° - 80,0°C. Table 16 lists the rate
consfants.qbtained for the‘decay period. The activation energies for this
decay reaction‘at a pellefihg pressure df 2000 1b./sq;in. are 1ist¢d in
Table 19. Fig. 40 illustrates the plots of iog kéecay against 103/T over
the temperature range 30,0° - 60,0°C and 60,0° - 80,0°C at the abovementibned

light intensities.

(i1.d) Visual observations

A pellet of calciﬁm azide was observed visually during various_stages
of the photolytic decomposition. The decomposition took place at a
temperature of 47,0°C and a light iﬁtensity of 20,0 units. The pelleting
pressure wés 1500 1b./sq.in. During the course of the induction periéd the
surface facing the light source turned a brownish colour and the opposite
side of thevpellef showed the appearénce of brown spots. By the end of the
induction'periqd the whole upper surface had turned dark brown whereas the
lower surface.was covered with lérge brown.pétches; At o = 0,30 the upper
surface of the pellét‘had turned almost‘black on tdﬁ and the 1owér sUrfacé
dafk broﬁn.in pat;hes. By breaking a pellet open inside:the celi at this
stage, the interior of the pellet was seen to be ﬁhité. At a = 0,62 the
éiternal sﬁrfaces of the péllet were black. At the end of the reaction, a

broken pellet revealed some very small edges still white.
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(ii.e) Interruption of a photodecomposition; dark rate determination

No measuréble dark rate could be observed at any stage'in a photo—.
lytic decomposition of a pellet of calcium azide in the given tempefature_
fange. Ihe.reactioﬁ ceased the moment the light was switched off but
commenced as though no interruption had taken place once the light was

switched on again.

(éﬂjﬂAdmittaﬁce of water ﬁapour‘fbllowing én interruption

In order to investigate the presence of metallic nuclei, water
vapour (17 torr pressure) was admitted at_vafious stages of the decomposi-
tion. The method used was identical to that for 'water interruptions' in
the powder. Pellets of calcium azide pressed at a pressure“of 1500 1b./sq.in.
wefe photolyzed at a temperature of 74,0°C and a light intensity of 2,5 units
and,subjécted to ﬁater interruptions at.time t = 0, midway along the induct-
tion period and at o values of 0,05; 0,41 and 0,48. Prior to the 'water
interruptions' it was confirmed that an interruption in a decomposition had
no effect on the subsequent reaction. A$ can be'seen from Fig. 41 inter-
ruptions at points beyond the inflection point of o = 0,27 virtually caused
the'subsequ¢nt reaction to be éompletely,destroyed. Inferruptions at
points prior toru = 0,27 caused the appearance of a new induction period,
followed by a normal decomposition with a slight reduction in the value of
the acceleratory and decay rate constants as well aé of’thevfinal pressure.
Interfuptions at time t.= 0 and dufing thé induction period had virtuallyr
no effect on tile subsequent reaction compared to that fof aﬁ uninterrupted

run.
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(iii) IRRADIATION OF POWDERED CALCIUM AZIDE WITH ULTRAVIOLET LIGHT DURING

THERMAL DECOMPOSITION (CO-IRRADIATION)

Co-irradiation is the term used to describe photolytic decomposi-

tions which take place in the temperature range in which a dark rate

exists i.e. where thermal decomposition is taking place at a comparable

rate. The temperature.range over which the co-irradiation.of calcium
azide was studied was 110,0° - 140,0°C. Irradiation with ultraviolet

light during thermal decomposition had a marked effect on the rate of

"decomposition. The induction period decreased and the rates of the

acceleratory andAdecay reactions increased. Fig. 42 dépicts'the difference

between the thermal decomposition of calcium azide powder at 122,0°C and

the co-irradiated decomposition of caicium azide powder at the same
temperature and with a light intensity of 11,5 units. The abovementioned
effects are clearly illustrated. The percentage decomposition was found

to be 91,05.

(iii.a) Reproducibility

To investigate the.reﬁroducibility of co—irradiated decompositions,
three decompositions of calcium azide were catried.out at a temperature of
122,0°C and a light intensity of 11,5 units. The resulting decomposition
éurves were superimposed and satisfactory reproducibility wés obtained for

the induction and accelératory.periods but the decay period did not yield

equally good results. The curves obtained'are illustrated in Fig. 43.

(Z22.b) Mathenuticai analyses

The decomposition curves for co-irradiafion of calcium azide powder
were analyzed as for the photolyzed.powdered and pelleted fbrms. The
inverse of‘the duration of.the induction period was considered as the~r3te'

constant for this part of the reaction. The acceleratory reaction was
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énalyzéd using the Avrami-Erofeyey eQuation withn = 2 and the decéy
reaction was analyzed usiﬁg the unimolecular law. The former equation
fitfed the decomposition curves in the range 0,05 < a.<‘0,52 and the
latter equation fittéd the curve in the range 0,52 < & < 0,95. The
inflection poinﬁ occurred at o = 0,52. A typical avs t Curveijr
co-irradiated calcium azide at a temperature of 122,0°C and a light
intensity of 11,5 units is illustrated in Fig.}44 together with analyses
of the acceleratory and décay periods. Reproducibility constants using
the method of analysis for the co—irfédiated decompositions described in

section 9(<iz.a) are listed in Table 20.

Table 20 Repfoducibility constants for co-irradiated calcium azide 
powder
Temperatur¢ | Inténsi?y Induction Period. | k . x 102 kdecéy x 102
°C A Units " min. ' min~!. min~1.
122,5 | 11,5 1,20 5,31 1 7,20
1,24 | 5,46 8,40
1,22 5,39 5,40

' (iii.e)  Evaluation of activation energﬁes

A series of runs was carried out in which the intensity was'kepfv
Constént.and the decbmposition temperature'varied over the temperature
’range 110,0°- 132,0°C. Rate constants weréﬂdetermined ané the Arrhenius
equation used in the usual manner to determine the values of the activation _
energiles fbr the various stages of the reaction. Three sets of runs were

carried out, each at a different but constant light intensity,'in order to
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Table 21 Rate constanfs for the co-irradiation of calcium azide
powder | | ‘
- Temperature range : ‘109,0°— 132,0°C
| intensity Temperatﬁre 'Inducti011 Period Koo X 10t kdecay x 10%
Units . °C | min. min~! .‘ min~1,
7,0 | 110,0 3,26 1,36 1,88
114,6 2,20 1,77 2,31
119,9 1,68 3,02 5,59
1259 1,17 4,38 7,72
| .131,5 0,68 6,89 11,40
11,5 110,5 2,51 2,44 2,75
113,9 2,00 3,20 4,14
120,0 1,40 5,06 6,08
125,4 0,86 6,81 9,20
151,0 0,66 8,10 1,64
17,5 109,0 2,20 1,54 3,52
| 113,1 - | 2;15 2,13 5,16
120,0 1,20 4,05 : 8,59
124,7 1,07 4,38 11,20
128,5 0,80 7,16 13,80
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examine the effect of a more intense radiatioﬁ on the activation energy

of the co-irradiated compound. - Activation energies were thus determined
using light intensities of 7,0; 11,5 and 17,5 units respectively.

Highef intensities were of no value since the decomposition took place so
rapidly that the thne_taken forﬂthe reaction to go to completion was less
than the time téken for the pressure equilibration throughout the line.
fable 21 1lists the rate constants obfained for the co-irradiated deéomp-
osition of calcium azide powder in the temperature range 110,0° - 132,0°C
and light intensities of 7,0; 11,5 and 17,5 units. Table 22 iists the
activétion energies obtained at each light intensity. .As can.bevseen from
these values, the activation energy tends fo decrease slightly in all

stéges of the reaction.with an increase in.light intensity. -Fig. 45

shows plots of the logarithms of the rate constants against the_réciprocals
of the absolute temperatures at a light intensity of 7,0 units in the
temperature range 110,0°- 132,0°C. Fig. 46 shows a similar plot at a‘

light intensity of 11,5 units in the temperature range 110,0°- 131,0°C,

and Fig 47 aplot at a light intensity of 17,5 units in the temperaturé range

109,0°- 130,0°C.

Table 22  Activation energies for the co-irradiation of calcium azide
pbwder .

Temperature range: 110,0° - 140,0°C

Intensity Induction Period Acceleratory Period Decay Period
" Units 1 Keal./mol. Kcal./mol. _ ‘ Kcal./mol.
7 : .21,31 , 24,01 : 27,51
11,5 20,65 22,64 25,60
17,5 ' 14,04 v - 23,18 - ' 21,606
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(iii.d)b The efféct of variation of intensify of ultraviolet light source

The molecularity of the mechanism involved in the co-irradiation of
calcium azide powder was detérmined by examining a series of decompositions
at a constant temperature of‘115,0°C at various light intensities. In
this way it was possible to determine the dependence of the induction
period and the subsequent accelerétory and decay reactioné of co-irradiated
calcium azide on the intensity of the light Sburce. The method involved
in this study has been described in section 8.

The molecﬁlarity,'m, of the process of co-irradiation was Calculated.'
frém the equation |

k = Im + C.
Fdr the purpose of‘determining m, ¢ was ignored and.the’equation rewritten -
in fhe form | |
o log k = m log I.

A plot of log k vs log I yielded a graph of slope m which was determined
by a method of least squares. Table 23 lists the rate constants at various
light intensities and Table 24 gives the value bf m fdr.each period. ~Plots

of k vs I" for each period are shown in Fig. 48.

‘(iii.e) ViSuai observations

A sample of calcium azide powder, decompdsed at 120,0°C and at a 1ight
intensity of 7,0 units, was observed at various stages of'decomposition;‘
At the end of the induction period the poﬁder had sfarted‘to darken in.'-
colour and af a = 0,20 the.upper surface of the sample had tﬁrned a greyish
.browﬁ colour. The coiour then changed rapidly to dark brown/black and at
a values beyond 0,60 the sample had turned black throughout. No further

changes could be observed visually during the remainder of the decomposition.



Table 23 Rate constants for co-irradiated calcium azide powder
at various light intensities

Temperature: 115,0°C

Intensity | Indﬁction,Period. k cc X 10! kdecay x 101
Units | min. | min-1. ... min~1,

10,0 2,04 1,60 1,78
13,0 | 1,76 2,09 | 3,03
15,3 1,73 1,99 2,49
20,0 1,35 314 | 2,84
24,5 - 1,16 - 3,66 4,88
28,0 1,14 | 4,90 6,32

Table 24 Value of m in the equation k = I

calcium azide powder

Temperature | Induction Period | Acceleratory Period Decay Period

°C

115,0 | 0,61 | 1,02 1,07

178
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.(iﬂifv Interruption of a co~irradiated decomposition: dark rate determination-
It was found that at.temperatufes greater than i100,0°C decomposition

did not éeasé when the source of ultraviolet radiation was removed i.e.
the dark rate was considerable. It was also observed that wheh the ultra-
violet source was removéd, decomposition did not continue as would have
been expected had the initial decomposifion been entirely thermal. This
was a result of the pre—irradiation effect which the ultraviolet radiation
had on thé subsequent thermal decomposition. Fig. 49 illustrates the dark

rates at a decomposition temperature of 120,0°C. The light intensity used

in this study was 10,5 units.

(1it.g) Admittance of water'vapbur following an interruption
At various stages of the éo—irfadiated decomposition of calcium azide,
water vapour (17 tofr pressure) was introduced in order to investigate the
presence of metallic‘nuclei. The method used in this study has alréady
~-been described in section 9 (Z.g). A decomposition temperature of
‘ 115,0°C and a light intensity of 2,0 units were used for the 'water inter-
ruptions'. The water vapour was allowed to react for 1 min. at the point
~of interruption. The water Vapouf was introduced at time t = 0 and at o
values of 0,01; 0,10; 0,38 and 0,44,

" The results were similaf to those found for the corresponding reaction
in the photolytic_temperature.range. Water vapour introduced at t = 0 had
no effect on the subsequent co-irradiated reaction i,e.’the run continued
as though no interruption had occurred. Water vapour introdﬁced at the end
of the inducfion period and at positions further along the decomposition
Curve.caused the subsequent reaction to proceed after a new induction period.
The length of this induction period Wasvinitially shorter than'that>of an
uninterrupted fun but betame progressively longef as the point of interrup-

‘tion along the decomposition curve increased. The acceleratory.and decay
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reactions were also progressively slower than than of an ﬁninterrupted
decomposition. Water vapour introduced‘at the inflection point and
'beyond destroyed the subseqﬁent reaction. The final pressure of the
feactions foilowing a 'water iﬁterruption"was much lower than that of an
uninterfﬁpted decomposition. The results are illustrated in Fig. 50
where the curve iéva plot of pressure, not a, against time in order to

illustrate the effect of introducing water vapour on the final pressure.

hiiﬁ) The effect of filtering the high intensity are with blue and
ultraviolet transmission'filters o
The effect of filtering the high intensify ultraviolet light source
with various Schott filters was investigated in order to defermine the
most effective wavelengths for the co-irradiation of caléiﬁm'azide. A
~ decomposition temperature of 115,0°C and a light infensity of 20,0 units
was used. The filters used and their Chance equivalenté as well as the
“intensity of the transmitted wavelepgth are listed in Table 13 in section
9 (i.7). |
The results are shown in Fig. 51. The rate of the'féaction decreased.

in the order of 3 mm UGS - 1 mm UGl - 5 nm BG12.
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(iv) IRRADIATION OF PELLETED CALCTUM AZIDE WITH ULTRAVIOLET LIGHT

DURING THERMAL DECOMPOSITION'(CO*IRRADIATION)

Irradiation of pelleted calcium azide with ultravioiet light
during thermal decomposition was found to have the_same'effect as found
with co-irradiated powder. The induction period Shorfened and there was
~an increase in‘the rate_ofvtﬁe acceleratory'and decay reactions.v These
deCompositions were carried out on pellets of weight:8,0 mg and diameter
5,0 mm and over the temperature range 100,0°- 130°C. A‘Considerabie
dark rate reaction was obéerved in this temperature range due to the
thermalvdecomposition of the pellet. Fig. 52 illustrates the difference
between thermal décompdsition ahd co-irradiation of calcium azide .
peileted at a pressure of 1500 1b./sq.in. The.percentage decomposition

varied but on the average was 78,0%.

(Zv.a) Reproducibility and mathemafical'analyses

The shapes of the co-irradiated decomposition curves of pellets of
calcium azide decompoéed at a temperature of 103,0°C énd'a light intensity.
of 0,2 units are shown in Fig; 53. ThelCUrves show the usual induction _
period followed By an acceieratory and a decay feaction}

.Thé mathematical analyses for fhe curﬁés were the same as those- found
for co-irradiated powder i:e. for the acceleratory beriod_the Avrami-
Erofeyev equation was used with n = 2 and for the decay period the unimol-
ecular law. The inflection point océurred at o =.0,44. The Avrami-
Erofeyev equation fitted the curve in thé‘rangé 0,02 < o < 0,44 and the
unimolecular law in the range 0,44 < o < 0,93.

Fig. 54 shows a typical o vs t curve with analyses for a pellet of

calcium azide at a decomposition temperature of 103,0°C and a light-
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intensity of 0,2 units. As 1s clearly shown in this figure and in Table
25 no highly reproducible'results were obtainable for the co-irradiated

decomposition of these pellets.

Table 25 Reproducibility constants for co-irradiated calcium azide
pellefs.

Pelleting pressure: 1500 1b./sq.in.

D s 3 3 2 . 2
Temperabure | Intensity | Induction Period | kaCC x 10 | kdecay'X 10
°C Units min. min-!. _min'l.
103,0 0,2 6,0 1,20 3,90
8,0 1,30 3,00
8,2 | 1,39 - 3,40

(iv.b)Evaluation of activation energies

Considerable effofts were made in ofder to determine the éctivation
energies of co-irradiated decomposition of pelleted calcium azide. The
lack of reproducibility’illustrated above necessitated the use of the
split-run technique in determining the activation energies; This method
proved»unsuccessful however as at temperatures beyondvt105,0°C'the pellets
exploded." Various pelleting pfessures were used in order to oVercome this.
Pellets made atvpressﬁres 600, 1000, 1500 and 2000 lb./sq.in; were
decomposed but-at temperatures above 105,0°C these exploded. Another.
problem was that the dark rate was so greatlthat‘in cases where explosion
did nbt occur the pellet virtually completely decomposed during the period’
in whichrit was attaining the required temperature. Thus hé raté‘constants

could be determined and consequently no activation energies could be obtained.



(iv.c) Visual observations
A pellet of calcium azide pressed at a pressure of 1500 1b./sq.in.
was decompdsedvat'a temperature ofv98,0°C and a light intensity of 2,5
units. At o = 0,10 the upper surface had turned a light grey colour.
This surface then began turning a dark brown colour with gfeyish spots
interspersed. Whereas the lower surface became light brown, darkening
v‘graduélly. At o = 0,40 the uppef surface was a charcoal colour whilst the
lower surface continuéd to darken progressively,until at.a = 0,50 the'
lighter spots disappeéred. Beyond o = 0,50 the pellet was black on both

" surfaces.

(Zv.d) Admittance of Qater vaéour following éﬁ interruption  :
In order to investigate the presence of metallic nuclei, water

vapour (17 torr pressure) was admitted at various stages of the decomposi-
tion. Pellets pressed at 1500 1b./$d.iﬁ; were decomposed at a temperature
of 100,0°C and a light intensity of 1,0 units. The method employed and
the results obtained weré similar to those obtained for coiirradiated
powder. Interruptions prior to the inflection point (o = 0,44) caused a
new, eVer—lengthening induction period to be observed with a lowering of
the final pressure. Interruptions at.a values greater than 0,44 virtually
destroyed any subsequent reaction. Water vapour had ho effect when

introduced during the induction period.
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(v) ~ THERMAL DECOMPOSITION OF CALCIUM AND LITHIUM AZIDES

(v.a) Caleium azide

Calcium azide was thermally decomposed in‘brder to determine the
activation energies of the induction period and the subsequent acceleratory
and decay reactions. These activation energies were nécessary to facili-
tate the study of the differences between the mechanisms of ﬁhotolysis and
co-irradiation. It'wés also éonsidered of interest to compare the valuesv
obtained with those of previéus workeré.

Two sets of decompositions were Carrigd out. Freshly prepared calcium
azide was thermally decomposed in the temperature range 100,0°- 130,0°C and
then calcium azide which had been stored in vacuo over P,0g for two years
was thermally decomposed in the temperaturevrange 110,0° - 140,0°C.

The reciprocal of the‘induction period wés used as a rate constant for
_ this part of the decomposition. The acceleratory reaction was analyzed
using the Avrami-Erofeyev equation with n = 2. The decay reaction was .
analyzed using the unimolecular law. Previous workers!37-168 have used the
equation (l—a)1/3 = kt + ¢ in analyzing the deéay reéctionr As can be
seen from Fig. 55vboth eqUations fit eqUally well., 1t was decided to use
the unimolecular law as this had already been successfully used in the study
of the photolysis and co-irradiated decomposition of calcium azide powder.
Tables 26 and 27 list the'rate constants for the thermal decomposition of
the fresh and aged matérial,respectively. The activation energy was.also.
calculated using the latfer'equation for comparison purposes.

Table 28 lists the values obtained for the activation energieé for the
induction, aéceleratory and decay periods using the above analyses. Also
listed are values obtained by‘pfevious workers for the purposes of compar;‘
ison. A marked difference occurs in the values obtained for the decay

‘reaction.:
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Table 26 Rate constants for the thermal decomposition of calcium

azide powder (Fresh material)

- - 2 - 2
.Temperature Induction Period ‘kacc x 10 kdecay x_lO
- °C min. min~!. ' min~!.
102,2 | 20,00 0,83 1,20
107,0 - 18,71 1,27 | 1,44
114,0 | 10,20 2,16 2,79
120,0 8,00 4,16 4,90
126,80 | 3,45 | 7,40 9,71
Table 27 Rate constants for the thermal decomposition of calcium

azide powder (Material 2 years old)'

Temperature | Induction Period ko X 102 kdetay x 102
°C ' min. _ min~!. | - min”1,
'110,0 | 7,20 | 2,30 | 3,10
1s,8 | 4,40 | 4,80 4,40
1210 | 2,56 | 5,00 6,50
126,5 2,10 ;' 9,40 | 8,70
132,0 'f__1,88 13,70 | 16,10
137,2 o130 25,50 27,90
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Table 29 Activation energies for the thermal decomposition of

calcium azide powder

lithium azide powder 174

Temperature Induction Acceleratory Decay
Material Range Period Period Period
°C . Kcal./mol. Kcal./mol. Kcal./mol.
(i) Freshly |100,0 - 126,8 21,70 27,30 26,16  (a)
prepared 25,39  (b)
(i1) Aged 110,0 - 137,2 18,94 25,94 25,10
(2 yrs.)
(1iii) Aged 110,0 - 125,0 20,60 26,90 21,00
(L yr.) | |
Ref.168
(iv) Freshly |105,0 - 130,0 18,00 26,90 21,40
prepared ’
Ref.137
(a) Unimolecular Law
(b) Contracting Sphere Equation.
Table 29 - Activation energies for the thermal decomposition of

Temperature Range

°C

Induction Period

Kcal./mol.

Acceleratory Period

Kcal./moi.

Deéay Period
Kcal./mol. -

185,0 - 205,0

21,0

28,0

29,0

b
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Fig, 55 illustrates a typical o vs t curve for the thermal decomp-
osition of powdered calcium azide at a temperature of 126,8°C. Also
shown are analyses of the acceleratory and decay periods. Fig. 56 and

57 showvthe plots of -log(I.P.) and log k vs 103/T for the fresh and

acc

aged.matérial respectively and Fig. 58 shows plots of log k vs 103/T

decay

for the fresh and aged material. .

(v.b) Lithium azide

As referred to in section 9 (¢¢.c) the rate of photolysis of
lithium azide powder at 170,0°C Qas so rapid as to make the rate of thermdl
decomposition at that temperature negligiblé;i Hence it wasrdecided not
to make a study'of co-irradiation of lithium azide. F§r this reason it was
-vnot considered necessary to determine the activation energies of the-
thermal'decdmpqsition of lithium azide. The values obtained by Proﬁt and

Liddiard!7* are given in Table 29 for reference purposes.
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- (vi) . PHOTOLYSIS OF POWDERED CALCIUM, BARIUM, STRONTIUM AND LITHIUM -

- AZIDES AT AMBTENT 'AND LOWER TEMPERATURES

The photolysisvof.calcium; barium, sfrontium and lithium azides was
carried out in the temperatufe range‘—80,0°- 30,0°C. No dark rate was
detected and thexmal effects were thus negligible. The percentage
decomposition for calcium azide was 62,0%, for barium azide,85,0%, for
strontium azide 58,0% and for lithium azide 57,0%. These were lower than

the values expected from décompositions at ambient temperatures.

wi.a) Réproducibility
Iﬁ'the case.of all four azides the crystals were ground for 5 minutes

in a grindex and then sieved. The powder collected between sieves of mesh
size 63y and 125y was selected for decomposition purposes. The ﬁowder thus
obtainedvyielded reproducible results. Wholeicrystals or unéieyed powder |
did not yield reproducible. results. The barium aﬁd strontium azide
powder used was‘from bétchés four years old. These had been stored in
vacuo over P205; The calcium azide had been similarly stored for two years
and the lithium azide was freshly prepared. The absence of any. Signiiicant
effect of aging on decomp051tion in prev1ous photolysis studies of these
comppunds180 enabled a comparable study to be made of these samples. In
order to test the reproducibility, three decompositions of sieved‘samples -
were done at 30,0°C and -19,2°C for lithium azide at light intensities of"
37,0 and 45,0 units respectively (Fig. 59 and 60); at 2,5°C and a light
intensity 0f115 0 units for ca1c1um azide (Fig. 61); at 4,0°C and a lightv
intensity of 75,0 units for strontium azide (Fig. 62); and at 5,9°C and
-12,8°C for barium azide ét light inténsities of 23,0 and.38,0 units -
respectively.(Fig. 63 andb64). The rate constants obtained for thesét
decompositions are listed iﬁ Table 30. The reciprocal of the induction

period was used as a rate constant for this period and the Avrami-Erofeyev
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equation with n = 2 and the unimolecular law were used to obtain rate
constants for the acceleratory and decay reactions respectively. The

applicability of these equations will be shown in the next section.

(vi.b) Mothematical analyses
Photolysis curves,bf all four azides in the témperature range.—80,0°—

36,0°C showed all the characteristics already observed in the studies of
the photolysis of -these compounds at ambient and highér temperétures
(sectioﬁ 9 (i;b) and Ref. 50). There‘was a well defined induction period
duriﬁg which no measurable evolution of gas occurred. This was followed
by an acceleratory reaction and a rather prolonged.decay period. |

The acceleratory reaction of all four azides was analyzed using the
‘Avrami-Erofeyev equation with n = 2 | |

, L | o
ie. [-log(l-e)]1* = k  t+c o= p/pg

- The determination of the final pressure was made difficult owing to the
prolonged decay reaction particularly at fhe lower temperatures in the
range. Fig. 65 illustrafes a typical plot of recorder lefage against
time for a decomposition of calcium azi&e at a temperature of 2,5°C and a
light intensity-of 115,0 units. Also illustrated is the method used for
determining an estimatéd final pressure, p{f, as opposed. to the observed
final pressure, Pg The identical method was used onall four azides. In
the case of barium.and lithium azides the prolonged decay reaction was not
as considerable as. in the Cases}of calcium and strontium azides. However in
all calculations the value of the final pressure used in the equations
was determined in the manner shown above. No reference will be made
“henceforth to a value p'f, it.being presumed that, Pes the final pressure,
was either taken as observed (in the absence of a prolonged decay feactidn)

or as estimated as shown in the abovementioned figure.
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In all cases the unimolecular law

il.e. '—log(l-a) = kdecayt + C ‘ a = p/pf

was used to analyse the decay reaction. As mentioned earlier, the
induction period was analyzed byvusing the reciprocalvof-the durétionbof
the induction pefiod as a raté constant. A typical o vs t curve for the
photolysis of lithium azide powder, with mathematical analyses, is shown at
-19,2°C and a light intensity of 45,0 units in Fig. 66. The inflection
poinf occurs at o =.O,43_ The Avrami-Erdfeyev eduation (n = 2) fits the
acceleratory reaction in the range 0,03 <a< 0,43 and.the unimolecular
law fits the decay reaction in the range 0,43 < o < 0,96. Fig. 67 shows
an a Vs t curve, with mathematical analyses, for calcium azide at 2,5°C
aﬁd a light intensity of 115,0 units. The inflection point occurs at o =
0,38 and the relevant equations fit in the rangés.O;OS <o < 0,38 and
0,38 < a < 0,88. Fig. 68 shows én a Vs t curve, with mathematical
analyses, for strontium azide at 4,0°C and a light intensity of 75,0 units.
The inflection point occursbat a =0,43 and the relevant équations fit in
the ranges 0,03 < « < 0,43 and 0,43 < a < 0,95. Fig. 69 and 70 show
- typical o vs t curves, with mathematical analyses, for barium azide at |
5,9°C (light intensity 23,0 units) and ;12;8°C (light intensity 38,0 units).
The inflection point occurs at o = 0,32 and the equétions for the acceler-
atory ahd decay reactions fit in the ranges 0,03 < a < 0,32 and 0,32 < a <
0,90. | | |

:Table 30 lisfs the repfoducibility consténts obtained'using the above
"~ methods of analysis. Throughout this low température study, the degreé of

reproducibility‘was inferior to that obtained at higher temperatures. This
was particulérly so in the- induction period. Notwithstanding this fact, |
all decémpositions were analyzed in the induction period if only to

illustrate the degree of irreprbducibilify. The results obtained for the



Table 30 Reproducibility constants for the photolysis of various

azide powders

3 i : i 2| x: 2
Substance Temperature | Intensity Igiﬁggéon kaCC x 10 decay x 10

°C Units min. “min~!, min-!
LiN3 30,0 37 3,60 11,70 5,60
3,0 - 12,00 - 5,50
4,4 12,40 5,80
-19,2 45 5,6 8,40 6,10

B 3,4 8,80 6,00
6,4 9,10 6,30
CaNg 2,5 115 3,7 26,80 11,50
’ 3,8 28,60 11,20
1,9 28,40 10,90

SrNg 4,0 75 3,6 17,40 3,80
- 3,6 16,40 4,20
4,0 16,30 - 4,20

BaNg 5,9 23 7,2 2,36 1,32
‘ 8,0 2,22 1,31
6,6 2,17 1,52
12,8 38 3,5 4,00 1,82

3,6 4,11 . 2,70
2,8 4,25 2,15
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induction period will thus be of less importance than those obtained

for the acceleratory and decay reactions.

(vi.c) Evaluation of activation energies

Activation energies for all four aZides wefe obtained by photolytic-
ally decomposing samples af Qarious temperatureé in the range under
consideration.: The light intensity was kept Constant throughout the
determination. As described in previous sections, the Arrhenius equation
‘was applied to'each of the three processes occurring during photolysis
i.e. during the induction, acceleratory and decay periods. In each case
the logarithm of the rate constant was plotted against 103/T.

Constant light intensities of 14,0; 28,5; 35,0 and 14,0'units were
used.fqr calcium, barium, Strdntium and lithium.azides respectively. In
the case of calcium and barium azides a change occurred in activation
energy in the region of 7,0°C ahd 17,0°C respectively, and in the case of.

- strontium and lithium azides the change occurred in the region of -4,0°C
‘and -19,0°C respectively.v These changes were not always cleariy_defined
and the températuré at which they are said to occur are reélly,faifly
accurate approximations.

Tables.31e34 list the rate constants and Tables-35—38 the activation
energies for calcium, barium, strontium and lithium azides respectively.
Fig. 71-81 i1llustrate the plpts of -log(I.P.), log kécc and 1ogdecay |
against 103/T in the relevant temperature ranges for Calcium,.barium,

strontium and lithium azides respectively.

hﬁ.d)I%e effect of variation of intensity of uZtraﬁiéiét light source

The rates of photolysis of calcium, bérium, strontium énd lithium
azides were measﬁred at different light intensities with the teﬁperature
being kept constant for the purpose of determining the molecularity of the

processes taking place. The method used to vary the intensity of the .
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Table 31 Rate constants for the photolysis of calcium azide powder

Temperature range: -70,0°- 22,0°C

Light intensity : 14 units
Temperatﬁre Induction Period - kaéc x 102 kdécay x 102
°C . min. . min“l. ~ omin"!l,
68,0 1,4 | 20,0 18,5
-62,2 - 0,7 ' 26,0 15,0
-52,7 o 1,4 24,1 | 1 i9,7
-42,6 1,4 | 27,5 17,1
-42,0 7' S,z 24,4 16,4
-34,5° 0,6 - 24,0 16,6
33,7 1,7 32,8 17,6
20,5 | 0,7 | 28,0 18,5
-2,7 2,7 | 31,5 19,6
3,2 1,0 | | 30,8 | 20,3
7,2 0,4 32,5 26,0
10;0 : 0,8 35,6 27,6
13,6 0,6 | 39,7 | 284
21,1 0,9 | 47,6 32,0 -
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Table 32 Rate constants for the photolysis of baiium azide powder

Temperature range: -70,0°- 35,0°C
Light intensity : 28,5 units
Temperature Induction Period kaCC x 102 kdecay x 102
°C | min. ~ min-l. | min-l.
-68,5 ' 13,5 1,16 o '"‘0,82
63,0 10,0 1,3 | 0,88
60 | 10,0 1,8 .0,89
-41,8 [ 10,0 1,20 1,07
-35.5 | 7,0 | | 1,35 I ',1,00
~27,9 | 8,9 s ] 1,4
-16,2 ! 6,4 Lo | 143
55 | 8,0 1,92 1,56
7,8 8,0 1 2,00 1,64
12,57 12,0 2,00 1,49
15,5 . | 8,0 2,14 1,51
17;0 - 12,0 - 2,19 ©1,57
19,9 12,0 g 2,07 1 1,55
26,3 :. 6,4 2,66 1 1,7
28,0 8,0 | 2,95 2,09
34,1 7,2 | 3,80 2,43
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vTa.blé 33 Rate constémts for the photolysis of strontium azide powder
| | Temperature range: -80,0°- 32,0°C |
- Light intensity 35,0 units
Temperature Induction Pericd | kﬁ cc X 102 kdecay- x 102

°c o min. min~+. min~*,
-78,0 44,0 4,33 . 3,55
-69,1 32,0 4,49 _5;61
-62,2 4,0 5,62 4,06
-48,0 9,4 6,17 4,55
-40,0 8,0 8,34 4,33
-31,3 10,0 9,27 - 5,14
-19,5 8,4 10,30 5,45

4,0 7,6 15,14 6,90

5,0 6,0 14,29 9,81

9,2 6,4 16,94 6,97

14,1 6,8 20,75 9,55
18,8 6,8 22,49 7,01

23,1 3,45 24,43‘ 10,99

27,0 4,0 24,43 10,42
'31;5 3,9 26,67 13,71 .
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Table 34 Rate constants for the photolysis of lithium azide powder -

Temperature range: -72,0° - 17,0°C

Light intensity - ‘14,0 units
Tempefature Ipducfion Period | _kac o X 10_2 k decay x 102
°C : min. min~?. min~!.
71,2 16,0 o136 | 1,67
62,2 | 16,0 | 1,85 1,82
48,2 | 12,0 2,24 1,85
-40,2 6,4 2,43 2,07
31,0 0 | 40 2,78 232
18,8 40 3,60 270
-6,3 i 2,4" 5,37 | 4,17
4,5 1,6 6,98 6,90
16,7 1,7 10,23 9,77
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Table 35  Activation energies for the photolysis of calcium azide
powder

Light intensity: 14,0 units

Temperature Range | Induction Period | Acceleratory Period | Decay Period
- °C : Kcal./mol. " Kcal./mol. Kcal./mol.
-70,0 - 7,0 0,34 v 0,56 0,42
' 7,0.- 22,0 | 5,70 4,18 3,76
Table 36  Activation energies for the photolysis of barium azide
powder

Lightiintensity: 28,5 units

Temperature Range | Induction Period { Acceleratory Period | Decay Period

°C | Kcal./mol. Kcal./mol. | Kcal./mol.

-70,0 - 17,00 | = 0,24 S 0,82 0,97

17,0 - 35,0 6,48 - 5,47 _ . 5,19
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Table 37 - Activation energies for the photolysis of strontium azide

powder
Light intensity: 35,0 units
Temperature Range| Induction Period | Acceleratory Period | Decay Period
°C Kcal./mol. Kcal./mol. Kcal./mol.
-80,0 - -4,0- 2,38 1,58 0,69
-4,0 - 32,0 4,00 3,73 3,96
Table 38 Activation energies for the photolysis of lithium azide
powder |
Light intensity: 14,0 units
Temperature Range | Induction Period Acceleratory Period | Decay Period :
°C Kcal./mol. Kcal./mol. Kcal./mol. -
- -72,0 - -19,0 3,14 1,71 0,88
19,0 - 17,0 4,98 4,25 5,44
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light has already been explained in section 8. The effect of variation
of light intensity in the photoiysis of calcium azide was studied at -
19,5°C and -20,5°C; - barium azide was studied at 22,0°C and -21,0°C;
strbhtium azide at 18,2°C and -20,2°C and lithium azide at 30,0°C and
-19,8°C.- |

‘The equation

k = m+c

was used to analyze the results. The value of m was obtained for each of
the -induction, aCceleratory.and decay reactions by plotting log k Vs 1dg I
and deﬁerminingvthe slope by a method of 1east'équares.

Tables 39-42 give the rate constants for the induction period,-thé
accéleratory and the decéy reactions for the photolysis'of calcium, barium,
lithium and strontium azides at the abovementioned‘temperatures at various |
1ight'intensities. Tables 43-46 give the values of m for calcium, barium, -
lithium and stroiitium azides respectively. | |

'Fig. 82-89 show plots of k against Im for calcium, barium, lithium
and strontium azides respectively for the indﬁction period and the acceler-
atory and decay reactions in each case. The values of m have been correct-

ed to the nearest whole number for each azide.

(vi.e)Visual observations

~ The colour of the powder was observed at diffefent stages of the
photolytic decomposition. All observations were carried out atla.tempera—'
ture of ~19,8°C.. The results for all compounds were similar to observa-
tions made at higher temperatures. At the end ofbthe induction period in.
the photolysis of calcium azide the powder had turned a pale brown colouf
which darkened as the decomposition progressed. As the inflection point.
was reached the upper surface tufned dark browh.andbthe lower surface was

a somewhat lighter Shade_of brown. ‘Beyond the inflection point the sample
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Table 39  Rate constants for the photolysis of calcium azide powder

at various iight intensities

Induction Period

Temperature.‘ Intensity LS & 102 kdecay x 102
°C Units min. min~!. min-1!.
19,5 3,5 8,2 4,40 1,80
6,5 6,4 13,90 8,60
7,0 3,9 22,50 14,20
9,5 2,6 41,90 16,10
-20,5 ‘2,9 27,6 1,20 1,20
4,0 ‘_ 4,4 2,50 2,30
7,5 6,0 . 7,30 5,50
9,0- 3,4 18,20 8,70
12,8 4,4 24,50

32,30
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Table 40 Rate constants for the photolysis of barium azide powder

at various light intensities

Temperature Intensity induétion Period | k. x 10? kdecay X 102v

°C | Units | min. | _ﬁin"l. | min-1.
22,0 | 13,5 6,6 | 5,50 4,20
| 15,5 . 2,0 520 | - 4,80
18,5 o 4,2: | 11,10 7,00
22,0 | 2,0 15,80 13,80
26,5 1,2 19,90 16,10

-21,0 2,7 16,0 | 180 | 1,30
| 50 4,6 "4,20 3,95
4,5 | 1,3 [ 400 | 3,80
5.5 0,8 _ . 6,20 5,30

6,7 | 0;4 ] 20,80 ol 10,70
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Table 41 Rate constants for the photolysis of lithium azide powder

at various light intensities

Temperature | Intensity Induction Period koo X 102 kdécay x 102

oc [ Units min. min~!. min~!,
30,0 4,00 | 52,0 0,46 0,22
6,50 67,6 0,70 | 0,50
12,32 | 8,2v" 2,87 . 1,70
13,03 15,2 3,50 1,70
18,00 7,2 6,17 3,80

-19,8 s | 78,0 0,82 0,25
7,50 36,0 1,60 0,33
11,00 | 22,0 12,80 0,81
13,50 | 14,0 BE 4;15 | 1,20
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Rafe constants for the photolysis of strontium azide powder |
at various light intensities, |
Temperature | Intensity Induction Period ‘ K oo X 102 kdecay x 102
- °C Units min. min-1, min~1.
18,2 5,5 16,0 3,10 2,30
| 7,0 12,8 5,20 3,10
9,5 7,0 7,40 5,30 -
10,5 3,0 9,70 6,30
13,0 1,3 23,30 18,80
20,2 3,50 20,0 - 0,56 0,19
6,50 40,0 1,80 1,20 -
9,75 8,0 3,10 1,80
11,85 9,9 10,80 | 5,10
15,00 7,0 14,00 8,20
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Table 43 Value of m in the equation k = ™ + ¢ for calcium azide
powder
- Temperature Induction Period Acceleratory Period Decay Pefiod_
o C »
19,5 | 1,21 , 2,21 2,30
-20,5 - 1,00 2,23 , 2,00 .

m

' Table 44  Value of m in the equation k = I + ¢ for barium azide»
powder
Temperature Induction Period Acceleratory Period Decéy Period
°C ‘ l ‘
22,0 | 1,9 | 2,24 | 2,15
-21,0 2,50 2,02 1,69
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Table 45  Value of m in the equation k = I™ + ¢ for lithium azide

powder
Temperature Induction Period Acceleratory Period Decay Period
°C
30,0 .| 1,54 | 1,81 1,86
19,8 | 1,71 - 1,69 1,70

Table 46 . . Value of m in the equation k = ™+ c for strontium azide.

powder
Temperature Induction Period Acceleratory Period Decay Period
°C |
182 | 2,71 L 22 L1,60
20,2 | 0,75 2,12 2,35
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became a charcoal black colour and at the end of fhe deoompositioﬁ the
compound was dark broﬁn/black wherever visible, |
Barium azide showed similar colour changesto that described above for

calcium azide as did strontium azide. Both compounds had turned a light
brown at the end of the induction périod and as the reaction proceeded
violent explosions were observed and a continual darkening of the colour
of the sample occurred. In_the region of the inflection point the |
violence of the reaction diminished énd the sample became a very dark

. brown colour. After prolonged exposure to oltraviolet radiation the
sample eventually turned almost completely blaok. Lithium azide also
showed similar characteristics to calcium azide. At the end of fhe
decomposition'the particles varied in colour from a very dark brown to

black.

(vi. f) Inferruption of a photodecompoéition: d@rkvrate determfndtion
A1l photolytic decompositions of calcium, barium; strontium and
lithium azides, in the temperature range under consideration, ceased the
moment the éource‘of the ultraviolet light was removed. No measurable
dark rate could be observed in these rangés. On recommencing photolytic
deoompositions the runs continued as though no interruption had taken

place.

(vi.g) Admittance of water vapour beZowing an interruption
- In order to investigate the presence of metallic nuclei af various
~ stages of the photolytic decomposition of the fourvazides, water vapouf“
(17 torr pressure)_was introduced after the reaction hadAreached é certain
point. These decompositions, calléd 'water interruptions', were carriéd
out according to the method described in section 9 (z.g). The prior

investigation regarding the effect of an interruption on the subsequent
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decomposition,-as explained in section 9 (Z.c), was carried out. No
effect was observed.

Water inteiruptions were carried out on calcium azide at a temperaturé
of 25,0°C and a light intensity of 42,0 units. Fig. 90 illustréteé the
results for calcium azide. Water vapour was introduced for 1 minufe at

t

It

"0 and at « values of 0,02; 0,15; 0,30 and 0,52. Interruptions at

it

t = 0 had no effect on the subsequent reaction. A new induction period,
shorter than that of the uninterrupted run, was detected when water vapour
was introduced at « = 0,01. The subsequent reaction showed a decrease

in k and k

. Wat i iti
acc decay "ha er vapour introduced at p051tions.further along

. the decomposition curve caused subsequent reactions to proceed after
longer induction periods followed by acceleratory.and decay reactions.
The duration of the induction period became progressively greater and the
rates of the acceleratory and decay reactions decreased as the point of
interruption along the curve increased. Water vapour introduced at the
infleotion point and at various positions during the decay reaction
destroyed ahy further reaction. The final pressure of.decomposition
.which followed 'water interroptions' at o = 0,01 and at positions further
along the decomposition Curvé, was reduced from that of an uninterrupfed
decomposition. Fig. 91 illustrates the resuits obtained for 'water

- interruptionsi'on strontium azide powder.ttemperature 25,0°C.and light
intensity 37,0 units) at o values of 0,04; 0,14 and O,Sl; Fig. 92
illustrates the results of barium azide (temperature 23,0°C and light
'intensity 22,0 units) at o valuss of O,ﬁl; 0,10; 0,36 and 0,52. Fig. 93
illustrates the results of lithium azide (temperature 30,0°C and light
intenéity 35,0 units) at a values of-O,lS and 0,49; "As is clearly shown
in these figures the effects of 'water interroptions' on these ézides

" are almost identical to those obtained for calcium azide powder. Fig. 94
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illustrates the results obtained for 'water interruptions‘ on calcium
azide powder at o values of 0,01; 0,20; 0,42 and 0,48 for the decomp-
ositions at —19,8°C and a light intensity of 35,0 units. The effects of
'water interruptions' at this temperature are the same as at higher

temperatures i.e decrease in the value of kac' and k

c decay and lengthening

of the induction period at progressively greater values of o and a
virtual desfructidn of the reaction when the interruption takes place -
beyond the infleétioﬁ pbint. Water interruptiohs during the photolysis
of barium, strontium and lithium azides at temperatures in the.region of

-20,0°C yielded similar results to those shown for calcium azide.

(vi.h) The effécts of filtering the high infensity arc with blue and
~ultraviolet transmiésionvfilters. | | ' |
Various Schott filters were employed in order tonetérmine which
waveiengths of.ultraviolet radiation were.most effective for the.
photolysis of calcium, barium, strontium and lithium azides at ambient
and lower temperatures. The filters dsed, their Chance equivalents and
the waveléngths and intensities transmitted have already béen listed in
Table 13. | | | |
Photodecompositions were carried out on calcium azidé (decomposition-
temperatures 20,0°C and -20,0°C at iight intensities of 50,0 units and
28,5 units respectively), lithium azide (decompdsition temperatures of
30,0°C and -19,8°C at light intensities of 27,5 units and 35,0 units
reSpectively), barium‘azide (decomposition temperatures of 21,5°C and
-20,2°Cand at light intensities of 33,0 units and 22,0 units respectively)
aﬁd strontium azide (decompoéition-temperatures of 25,0°C and -19,5°C ata
light intensity of 37,0 units in both.cases). -
The effect,of the filters were in all cases a reduction in the feaction

rate. With the 5 mm filter either no reaction or a negligibly slow reaction
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occurred, In the.case of barium, stréntium and lithium azides the

reaction with the 1 mm filter was considerably slower than that With the

3 mm filter. In the cése of calcium azide the difference in the rates
ﬁsing‘these two filters was not as marked as with the other azides.

| Fig. 95-102 illustrate the effect of filters on the photodecompositions

of the various azides under the conditions described above.
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10 DISCUSSION

Calcium and lithium azidesvwere bothvsubjected to ultraviolet
radiation from a high intensity 100 watt "point source" high pressure
mercury lamp. Photolyticvdecompositions took pléce in the temperéture
range 35,0° - 95,0°C in the case of powdered calcium azide and in the
range 24,6° - 170,0°C in the case of powderéd lithium azide. Co-irradiated_
decompositioﬁs were carried out on powdered calcium azide iﬁ the tempera-
- ture range 110,0° - 140,0°C using the same source of ultraviolét fadiation._
Moreover, photolytic decompositions of pelletéd calcium azide were carried
out in the temperature'range 25,0° - 90,0°C. Photolytic deqpmpositions |
vwere.also carried out on powdered calcium, barium, strontium énd 1ithium
azides at temperatures between‘-70,0°v— 35,0°C. In these decompositions a
200 watt high pressuré mercury arc lamp was used; Initially the results of the
photolysis of each azide in.the powdered form will be considered and then
the photolysis of pélleted calcium azide and the cé—irradiated decomposition

of calcium azide will be discussed.
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A.  PHOTOLYSIS OF AZIDES IN THE POWDERED FORM

(i)  PHOTOLYSIS OF BARIUM AZIDE

The photdlysis of pcwdered barium azide has been studied by various
workers over a wide range of temperatures.5,37,40,48,50,188 The present study
investigated the photolytié deComposition of barium azide in the tempera-

N ture range -70,0° - 35,0°C.

The pressure-time plots obtained were sigmoid in shape and in this
respect were similar to those obtained by previous workers.*8,°0 As has
already been seen in section 9(vi), the reproducibility obtained for the
acceleratory and decay reactions was good but that obtained for the induct-
ion.period did not prove to Be highly satisfactory and the results obtained
for that part of the decomposition process should be treatedlaccordingly.
The unsatiéfactory reproducibility is probably a result of a variation in
the defect surfaces of the powders.

Photolysis over this temperature range was characterized by an
- induction period during which there was no measurable evolution of gas,
fbllowéd by an acceleratory period which was analyzed by means of the
- Avrami-Erofeyev equation with n = 2, Finally there was a decay period
which wa§ analyzed by means of the unimolecular 1aW..

- The percehtage decomposition at -20°C was fouhd to be 85,0% which was
slightly less than that obtained for a purely thermal decomposition at 130°C.
Throughout the temperature range of this study no dark rate was detected and
thus any pﬁreiy thermal effects were négligible. Visual observations of the
photoiytic process indicated that the commencement of the decay reaction
coincided with a blackening of the powder on all surfaces. No studies were
carried.out to determine the nature of the photolytic nuclei_but previous

- workers®? have found that, under conditions of decomposition similar to
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those present in this study, thermal Centree and photolytic centres were
similar in nature.

In the temperature range -70,0° - 35,0°C two distihct activation
energies were obtained for the photolysis of barium azide. The transition
temperature occurred at 17,0°C. In the temperature range.-70,0°_- 17,0°C
the activation energies for fhe inductien, acceleratory and decay pefiods
were foundvto be 0,24 Kcal./mol.,0,82‘Kcal./mol; and 0,97 Kcal./mol.
respectively. In the'temperatﬁre range 17,0° - 35,0°C the activation
energies for the same periods were found‘fo be 6,48 Kcal./mol.a 5,47 Kcal./mol.
and 5,19 Kcal./mol. respectively. | | |

The reciprocals of the duration of the induction_peried were found tev
be proportional to the intensity to the power of 2,50 for temperatures .
below 17,0°C and to the pewer'of 1,99 for temperatures above 17,0°C. The
value of 2;50 in the lower temperature range was approximated to 2,00. The
‘ambiguous value was largely a result of poor reproducibility. The value of
3,00 was ot considered feasible in view of the fact that a dependence of
rate on the cube of the light intensity was extremely unlikely since no |
mechanism involving three excited azide ions or.a triply excited ion was
thought possible for this period. Thus over the whole‘temperature range
the rate depended on the sduare of the iight intensity during the induction
‘period. |

The rate of the acceleratory reaction was found to be‘propbrtional to

2,02

Intehsity2’24 for temperatures above 17,0°C and to Intensity for

temperatures below 179C. ‘The rate of the decay reaction was proportional'to
Intensityz’15 and Inteﬁsityl’69 for temperatures above and below 17,0°C
respectively. Thus throughout the temperature range in which the photolysié
of barium azide was studied the rates of both.thevacceleratory and decay

reactions were dependent upon the square of the light intensity. The results

obtained in the two temperature ranges will be discussed separately.
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(Z.a) Photolysis in the temperature range ~70,0° - 17,0°C

Visual observations méde during photolysis'in this temperature range
showed avlight brown colour at the end of the induction period. This is
attributed to the presence of barium metal at the end of this period. It
is assumed that decomposition sites are those where severe strain exists
suchh as at surface cracks or lines. The grinding and dehydration of the
powder cause these stresses to be present in increased concentrations,
thus leading to the formation of dislocations. These eventually group to
form nign angle grain boundaries. The layered crystal strocture'of barium
azide implies that a large number of incomplete planes of edge disiocations
in an emergent grain boundary will contain only azide ions or barium Ions.
Thus decomposition will commence when azide ions at positions of stress on
the.surface or along the planes of the particles become optically excited.

" In a study of the optical obsorption spectrum of thin films of barium
azide, Deb“3 has shown the presence of three bands with multiple.structure
~in the region 140 - 250 nm. The spaeings in the band structure closely
corresponded with the fundamenta1 vibration frequencies of the nzide ion
and each of the absorption bands wés associated with the azide ion itself.
The magnitude of the absorption coefficient of the'peaks is low for an |
allowed electronic transition of an ionic‘crystal such as barium azide.
Moreover, the appearance of a well resolved vibrational structure in these
bands suggests that the tronsitions would be forbidden ones 'since such
transitions‘would intefact only weekly with the snfroundingé in the
crystal.l‘jl By analogy with the electronic spectra of an isoelectronic
molecule euch as N,01%2  the absorption bands of the ezide'ion in the range
140 - 250 nm may be interpreted in terﬁs of transitions involving different
excited states of the azide ion itself. The absence of any measurable’

photocurrent at wavelengths longer than 170 nm indicates that the electronic
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transitions in this region involye bound excited‘state; of the azide ion.
The association of such transitions with vibrational structure implies
that the éxcitons are in effect trapped on the molecules on which they ére
formed.193

Results obtained from filtefing the high intensity ultravioiet arc
showed that all three filters reduced the rate of decomposition relative to
that obtained usiﬁg unfiltered radiation. The lowered rate is to éome
extent due to the reduction in the arc intensity as a result of simple
reflection from the polished filter surféée. This factor‘can however be -
considered constant for all the filters. The most marked reduction in rate
took place with the 5 mm BGl2 filter and, only slighfly less. so, with the
1 mm UGL filter. The‘effect,of the 3 mm UG5 filter was much 1e§s'drastic
than that of thé other two. This 1eéds to the cbnclusion that the most
effective Wavelengths for the photolysis oflbarium.azide are in the region
220 - 280 nm. Heﬁte'it follbws that the méchanism of decomposition does not
involve electrons and positi&e holes since‘these effective wavelengths’
representbenergyless than that required for their formation. Thus it can be
concluded that excited azide ions rather than excitons are formed, the
absorbed energy being localized at favoured sites in the form of vibrational
or internal electronic excitation. The reducéd rafeé observed With the UGL
and BG12 filters are probable due to the very.lbw ébsorption coefficient of
long'wavelengths compared with the'shorter wavelengths and consequently are
due to a low rate of excitation of the.internél tranéition.' | |

The rate of phofolysis in this temperature range is conéiderably
lower thahvat highertemperétures. This difference can be accounted for by
postulating that at these lower temperatures fewer defects are produced.
Moreover it must be noted that the rafe—determining step at low tem?eratUres
could posSibly be-the diffusion of reactants to é reaction site or diffusion

of product gas to the ambient.
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Jacobs et al?* have suggested that; during the 'warm-up"
period at -35,0°C, following the oltraviolet irrédiation of barium azide
at -70,0°C, two holes, tropped at a common site, decompose to form N
ions, nitrogen gas and an electron. They also proposed that at -5,0°C

the Ny~ ion decomposed as follows:

Deb®3, in commenting on these mechanisms,.observed tﬁat no ﬁitrogen was
~evolved in this 'warm-up' period following ultraviolet radiation. There
is much speculation on the existence of the N,  ion. Some \/;rorkérs3’”'+
postulate its existence as a producf io the decomposition of barium azide
but it has»only been definitely observed in the_photolysis of potassium
and rubidium azides. Marinkas!% has shown in e.s.r. studies that
irradiation atiiow températures produces a new centre which is identified
as N32~ rather than N,~. These ions result from electrons forsaking an
N, ion to reside on an N3~ ion, the product, an N, - N32~ complex,

- existing as a pair, thus:
No™ + N3~ & N0 - Ng2T

‘These results therefore’do ﬁotvsupport mechanisms which propose Ny~ ions
- as products. The sz_ion, howeﬁer, haé been detected in the photolysis of -
 barium azide at ambiéﬁt and liquid nitrogen temperatures.*? Thus mechanisms
'postuiated for the photolysis of barium azide ought to ihcorporate thev
formation of this ion and, by implication,the N,0 - N32~ complex.

Prout and Shephard®? have proposed a meohanism for the induction: period
in the photolysis of barium azide‘at ambient temperature in which an excited

azide ion is trapped at an anion vacancy together with a ground state.azide
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ion. - This complexthen.reacts with a barium ion to produce a barium atom,
three molecules of nitrogen and an anion vacancy. This step hés an |
activation energybof 6,2 Kcal./mol. 1In the temperature raﬁge under
discussion the activation énergy is much less viz. 0,24 Kcal./mol. but the
moleCularity.changes from one at ambient temperature to two. Hence the

following mechanism is proposed:

NgT Ny . )
NgTF T NgTRE L@

This doubly excited ion is trapped at a trapping site ,such as an anion
vacancy, together with a ground state azide ion. This complex then reacts

. + .
with a Ba?2” ion.

'Ba2t + N3~ SNy ¢ 2

| Ba + 3N, + S 3
The activation,energy of 0,24 Kcal./mol.,is associated'with_step (3).
Alternatively, the complex N3~ & Né‘*] could have been postulated. This
~ would have allowed for the dependence oflthe rate on the.square of the light
intensity. Howevef, on the basis of Prout and Shephérd's work the thermal
energy required for thisicomplex, inVolving two singly excited azide 1ions,
to reactvwith a Ba2" ion to form barium atoms, would possibly be more
than the 0,24 Kcal./mol. determined for the reaction taking place auring
the induction period. 'The_doubly excited azide ion is assumed to be located
Aat an imperfectioniand will presumably be relatively more stable at low
temperatures. If located at an ideal lattice site it will return to its
ground state or to-a singly excited state. | |
This_mechanism, proposed for tﬁe formation of barium metal nuclei, is
in accordance wifh.the observed dependence of the inverse of the duration

of the induction period on the square of the light intensity, the duration
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being dependent on the timé required for the bafium atoms to aggregate,
through diffusion, to form barium metal nuclei, this occurrence iﬁ turn
being dependenf.on the light source.

Experimenfs in which water vapour was introduced to the sample during
a photolytic decomposition have indicated thé presenée of metal at the
end of the inductiocn period. Water vapour introduced at the end of the.
induction period caused the barium metal on the surface to be destroyed,‘the
subseddent.reéction continuing after a new, Shorter induction period. This
subsequent reaction presﬁmably proceeds from growth nuclei still present in
the bulk éf the material. The absence of any difference in the pattern of
decompbsitioﬁ subsequent to an interruption during an induction period,:
indicated that barium metal nuclei are formed only at the end of the
induction period. This barium metal has characteristics which are the same
as those of the bulk metal, At the end of the induction period nuclear
growth commences and the reaction accelerates. The nitrogen gas evolved
is not observed to escape duriﬁg the induction period but is absorbed on the
powder. .

- The accelefatory reaction was analysed using the Avrami-Erofeyev
equation with n = 2. The inflection point occurred at a = 0,32. Due to the
very intensé light source used in the low temperature studies the effect of
the irradiation is‘very pronounced. Thus any linear increase in the number
- of nuclei during the'acceleratory period would be much less significant than
the largé number of nuclei formed at the end of the induction period. Hence

it is assumed that.thié value of n implies a two-dimensional growth df nuciei
increasing from a fixed humber of centres.
The metal nuclei are initially discrete but, witﬁ the progress of the
acceleratory réaction, overlapping occurs,'as indicated by thé'fact that thé

acceleratory reaction conforms to Avrami-Erofeyev type kinetics.
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The acceleratory period has been found to be dependent upon.the
square of the light iﬁtensity over the temperature range uhder discussicn
‘and. hence the errall mechanism must involye'the decomposition of two
singly excited azide ions or a single doublyvéxcited ion.

Prout and Sears"® have proposed a free radical type of réaction for
temperatﬁres below 0°C, involving the formation of F-centres and the reaction-
of holes and azide ions to form Ny~ and N,. ‘This mechanism,howevef, does
ndt postuiaté any reactions resulting in the production of barium metal
nuclei. Moreover, as stated above, the Ny~ ion has not been detected in the
ﬁhotolysis of barium azide and mechanisms postulating.its production are not
‘reliable. The following mechanism is proposed. Initially an-azide ion is
excited and is trapped at a trapping site S which is probably a defect sich.
as an anion vacancy. Another'singly excited ion is trapped at the same
site. In each case the excited ion may revert to the ground state if
located at an ideal lattice position. The two singly excited ions at a
“common trap then react with a barium ion formed via the‘photoelectric effect
o form barium metal, two positive holes and an electron. ‘The trapping site
is regenerated. If this site is an anion vacancy it will form.an F-centre
with the electron. The posifive holes react with ground state azide ions
to produce Ny~ ions and nitrogen gas. These ions and molecules then react
to form more nitrogen gas and F-centres. The F-centres formed may move
through the léttice at‘a rate determined mainly by_thé mobility and concent-
ration of such vacancies. When two F-Centres meet, aggregation to double
F—centreé results because such aggregates are more._stable than single F-
centres as a result of the resonance enérgy of the electrons in fhe two -
~identical defects. Ultimately, the F-centres collapse ét a certain critical
concentration. The electrons produced as a result of this collapse react’

with Ba2* ions and the barium metal nuclei formed grows to the interface.
‘ g ‘ _
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As mentioned previously,rﬁarinkas at al.t’ have detected in é.s.r.
studies the N32~ ion. Thusvthe N2~ ion, postulated to be formed in this
‘mechanism, will react to some extent,-however small, With grouhd state
azide ions to form the N,0 - N32~ complex. Thus the mechanism proposed
for the acceleratory reaction in the photolysis of bérium azide in this

o L

‘temperatUre‘range'is as follows:

N B N ()

Ba* + Ny¥SN;* 2 Ba + 2N3 + e + S ®)
| Ng + zﬁg' s T+ AN, - )

Np™ + .Na- N0 - N2 (5)

NoTo+ Ny > 3N 4 D,i*_e | (©

e M [l O

2 [:]‘ > 2] + 2e - (8)

Ban' + Baz4 + 2ev' > Bap,, - | (9)

.Stepr(Sj is Considered.to Be the rate determining Step and has an activa—
tion energy of 0,82 Kcal./mol. associated with it. The mechanism is seen
to be dependent 6n the Square of the light intensitybas determined

v éxperimentally. Step (4) éppears to be a relatively fast step due to the
coulombic attraction of the positive holevand the ground state ion.:
Moreover, step (3) must require some thermal energy sinée it is unlikely

to take place spontaneously. - The interprefation of the activation energy .
in this mechanism is difficult. The rate determining step, as has been

stated earlier, could be the diffusion of the reactants to a reaction site
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or the diffusion of the nitrogen to the ambient. Step (5), the forma-
tion of the N® -N32~ complex, occurs as a result of radiation of
wavelength 325 nm}®*  The most effective wavelengths for photolysis of
barium azide in this temperature range have been.shown to lie betwgen

220 - 280 nm. Hence this reaction is not crifical to the overall photo-
lytic proceés and will only occur to a ﬁinimal degree.

Water interruptions during the acceleratory period have illustrated
the impdftance of metal nuclei during this period. The water.vapour
destroyed the reaction and a new induction periodvof duration shorter thanv
that of an uninterrupted decomposifion was observed. This duration -
increased as the position of interruption along the Curﬁe progressed.

- The rate of the subsequent acceleratory reaction decreased and the new
reaction is presumed to begin from growth nuclei not destroyed by the
water‘vapoﬁr. - The gfowth nuclei are situatéd on the planes of the part-
icles and the new induction period observed is the time required for these
nuclei to grow to a critical size. ' Thus the water vapour is assumed to
attack only those metal nuclei on the Surface of the partitles; The droﬁ
in the rate of the subsequent acceleratory reactionis due to the commence-
ment of reacfion from fewericentres.

| Interruptions beyond the inflection point caused decomposition to
cease. At and.béyond the inflection point all the external surfaces of
the parti;les were observed to be black. This indicated a completellayer
Qf barium metal. Introduction of water vapour causes the formation of a
layer df barium hydroxide which is opaque to ultraviblet light. Growth
nuclei present under the surface are thus unable to be activated by the
radiation and reaction ceases. Partial hydrolysis of -the azide by
introduction of water vapour at positions prior fo the inflection point

causes the observed final pressure to be lower than that expected. Hence,
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durihg the acceleratory péridd, the concentration of the barium metal
nuclei is increasing‘aé indicated by the visual observations made and
these metal nucléi are seen to have a Catalyti¢ effect as it were on the
photolytic reaction.

The decéyvreaction-commences when.the th~dimensionai nuclei
overlap aﬁd the surface of the small particles is covered by reaction
product.. During this period the producf intefface penetrates intQ.the
particles. The decrease in molecular volﬁme as the product forms causes
the interface to collapselléaving iéolated blocks_of material in which nd
nuclei are present. Thislarises from the extensive growth of plate-like
- nuclei. In these isolated blocks each molecule has an“equal‘prObability'
of decomposition and the rate of reaction becomes proportional to the
“amount of unreacted substancé. Thus the decay'reactiOn»conforms to thé
unimolecular decay law. | |

 The éctivation energy for the decay reaction was found to be 0,97
, Kcal. /mol. and the rate of the reaction wés depéndent upon the'squaré of the
light intensity. These results Were very similar or_ideﬁtical'to those: 
obtained for the accelerétory reaction. Hence it was assumed that the
mechanism of the decay reaction is the same as that occurring during the
acceleratory period. The reduced réte of production of nitrogen is a
result of the gradual COhsumption of defects which are'helpfu1'to'the

reaction. -

(z.b) Photolysis in the temperature range 17,0° - 35,050-

As meﬁtioned previousiy the activation energies for thé pﬁotolysié'
of powdered barium azide changed at 17,0°C. The value for the induction
’ﬁeriod changed from 0;24 Kcél./mol? to 6,48 Kcal./mol., that for the
acceleratory period from 0,82 Kcal./mol. to 5,47 Kcal./mol. and the value

for the decay périod from 0,97 Kcal./mol. to 5,19 Kcal./mol. The rateSAof
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reaction for each period were found, as in the lower- temperature rangé,
to be depéndent uﬁon fhe square of the light intensity., The mathematical
~analyses, visual observations, the effect of.filters and the effect of
introducing water vapour at various stages of reaction were analogous
to the results obtained in the temperature range -70,0° - 17,0°C.
Moreover the results obtained were very similar to those found in a -
previous study over a similar temperature range by Prout and Shephardsc
except that in the induction period they found the rate to be 1inear1yv
dependent on the light intensity. Activation energies found by them for
thé induction, acceleratory and decay reactions were 6,2 Kcal./mol.,
7,2 Kcal./mol. and»6,6 Kcai./mol. respectively.

The mechanism for the formation of nuclei in this temperature range
involves the trapping of two singly excited azide ions at a site, S, such
as an anion-vacancy. The complex [Ng~* S N3 *] then reacts with Ba2" ions

to form metal atoms which aggregate into nuclei at the end of the induction

period.
hv . '
N3~ % N3~ - ‘ (1
Ba2* + N3* SN37* §  Ba + 3N, +S . (2)

Step (2) is considered to be the rate determining step and has an activa-
tion energy of 6,48 Kcal;/mol. aséociated with it. As mentioned above,
some workers”“’3 have proposed the formation of the N,~ ion in the

photolysis of barium azidei No evidence exists for its presence, however.
In any event, in the cases where it has been detected, viz. potassium and -
rubidiwm azides, it is not observed at room temperature.

The marked similarity which exists‘between the resuits shown in the

present study and those obtained by Prout and Shephard®? in previous work
under'similarhconditions impliés that the same mechanism of nuclear growth

is .occurring, viz.:
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‘N3~ }-(% N3~7f ' . (l)
| hy + S
'Ban < Ban + e ' , (2)
+ - 4 o R ‘
Ba_" '+ Nj > Ba =+ N3 (3)
N3 + N3™% 3N, + 2[7] +e (4)

s N, o+ [+ [0 (5)
2 > 2 v oze [OF

‘Ba, + Ba®" + 2 > Ba : -

Step (3) 1is considered to be the rate determiniﬁg step and has an
activation energy of 5,47 Kcal./mol. associated with it. The Ba® ion is
formed in step (2) as a resuit of the photoelectric effect; The F-centres
formed in step (5) will aggregate until they reach a critical concentra-
tion at which point they collapsé as in step (6). The reaction is'an -
accelerétOry one in which the bafium metal is regenerated. As.has already
_been_discussed7in the section on the phofolysis of barium azide ‘in the

low temperature range, there is much evidence for the existence of the.Nz"
ion.i}This ion'is a stable product in the photolysis of barium azide at
room temperatﬁre, even parfially surviving annealing at 100°C for 45 
minutes..181 'fhus it is possible thét, parallel with step (4),the followiﬁg

reactions take place:
N3 + N3y7 ' 5  Np + 2N
- 3N2 + [:l + e

.o, + [T

N2 + N3- Z 'NZO - N32—
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These reactions will probablyvinvolvé only a relatively small number of
positive holes and stép (4) will be‘the dominant reaction inyolving the
N3 radical. The mechanism is seen to be in accordance with the observed
dependence of the rafe-of the reaction on the squére of the light
intensity. |

| The simiiarity:in the values of‘the activation energy and the
molecularity in the acceleratory and decay. reactions leads to the conciusion
that'the‘same mechanism as proposed above for the acceleratory reaction is

occurring during the decay reaction.
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(i1) PHOTOLYSIS OF STRONTIUM AZIDE

The photolysis of powdered strontium azide has been investigated
over the temperature range -80,0° - 32,0°C. The discuésion of the
results obtained.in the photolysis of barium azide over thié temperéture
range is,.in‘genéral, applicable to strontium azide. The pressure -time
plots‘were sigmoid in shape and the reproducibility was good over the
acceleratory and decay periods but was not highly satiéfattory over the
induction period. Thus, as in the case of barium azide, mechanisms of
photolytic decomposition postulated on the basis Qf data'obtained during
the induction period, heed to be treated with caution. This unsatis-
factory reproducibility was again probably a result Qf a variation in the
defé;t surfaces of the powders. |

The characteristics of the photolysis and fhe methods of mathemati-
cal analyses were the same as for barium azide. The methods of
matheﬁatical analyses were also the same as thoée used'byAProut and
Shephard®? in their study of the photolysis of stréhtium'azide over the
tempefature range 30,0° - 90,0°C. 'Thé percentage decomposition at-
-20,0°C was 58% which was 14% less than that obtained by other workersso
during photolysis at higher temperatures. Throughout the temperature
range ﬁnder discussion no dark rate was observed and the visual>observa—
tions made were almost identical to those made during the photolysis of
barium azide in a similar temperature rangé.>‘Prout at al.>% have found.
that during photolysis at ambient and higher temperatures'thermal centres
‘and photolytic centres were similar in nature. It was assumed that this.
is also the case in the température range under.diséuésion.

In the temperature range -80,0° - 32,0°C two distinct activation
energies were found for the photolysis bf strontium azide. The transition

temperature occurred at -4 ,0°C. In the temperature range -80,0°- -4,8°C



the activation energies for the inducfion, acceleratory’aﬁd.decay
reactions were found to be 2,38 Kcal./mol., 1,58 Kcal./mbl..and 0,69
Kcal. /mol. respettively. In the temperature range -4,0° - 32,0°C the
activation energiés for the same periods were 4,00 Kcal./mol., 3,73
- Kcal./mol. and 3,96 Kcal./mol. respectively. |
In determining the'molecularities.of the various stages of the

reaction the'exponent m in the eQuation k = I™ + ¢ was taken to the
nearest whole number. 'The rates Qf reaction throughout the induction,
acceleratory and decay périods were found to‘bé dependent on the square
of the light intensity with the exception of the induction period in the
temperature range -80,0° —v~4,0°C where the rate was found to be iinearly
dependent on the light intensity.‘ A value of 2,71 was obtained for the
Vinduction period in the temperature range -4,0° - 32,0°C. This value

was interpreted as representing a bimolecular reaction since it was
considered unlikely that a.triplyvexcited ion would be involved in the
mechanism of photolytic_decbmpositidn. Moreover,.the value obtained by
Prout et aZ.5°_in a similar study was 2,0. The poor reproducibility
obtained during the inductibn period accounts for tﬁis inéccuracy aﬁd,_
in view of this known irreproducibility,.this approximation to 2 is
permissible. The_results obtained in the two tempefature ranges will be

discussed separately.
(iZ.a) Photolysis in the témperature range -80,0° - -4,0°C

The topography of the photolytic decomposition of strontium azide
can be assumed to be analogous to that described for barium azide in the
temperature range -70,0° - 17,0°C. This is reasonable since the kinetic

equations used to describe and analyse the photolysis of strontium azide,

the visual observations'made, the effect of filters and the effect of the:
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interaction of water Qapour at various étages'of photolysis were
identical or.very similar to those obtained for barium azide.

The formation of ﬁetal nuclei was found to be linearly dependent
on the light intensity. As indicated in the case of barium azide,_i
mechanismsvpropoSing the formation of the Ny~ lon must be treated with
caution since there is no evidence for the existence of this ion in
these compéunds;. Prout et ¢l.°0, in their study of the photolysis of
strontium azide at ambient temperatufes, postulated a mechanism for the
induction period in which the rate detérmining step involved the reaction
of a strontiumion with the complex [N3 * S N3 *] and had an activation
‘energy of 2,60 Kcal./mol; associated with it. This value .is Qery similar
to that obtained in the temperature range under discussion and hence a
similar‘mechanism is postulated in which the complex is [N3~ S N3 *] in
ofder to allow for the linear dependence of the rate on the'iight:
intensity. | | |

Initially a primary excitation corresponding to an internal
transition on én azide ion.occurs. | |

hv ‘ , : ‘
Ng© T NP . (1)

This excited azide ion is trapped af a surface defect S:

Ng™ + s 2~ Ny*¥s )

where S is probably an anion vacancy.
The excited ion at the defect, if adjacent to a ground state ion, forms

~ the complex [N3~ S N3~ *] which reacts as follows with an Sr2* ion.
Sr2* + N3" SNg™* £ sr + 3N, + S ; (3)

Step (3) is considered to be the rate determining step and has an

activation energy of 2,38 Kcal./mol. associated with it.
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The formation of nuclei probably oCcufs at the point of emergenée
of dislocations on the surface of crystals. These will be mainly spiral
dislocations and the discontinuities associated with the mosaic
structure. The strontium atoms formed diffuse with time fesulting in
aggregation to produce strontium metal nuclei. This aggregation of
metal atoms marks.the end of the induction period. The mechanism proposed
is in a;cordance with the observed dependence of the inverse of the
- duration of the induétion period on the first pewer of the light intensity.
The auration of.the induction period is itself a measure of the time
required for the strontium atomé to aggregate, through diffusion, to form"
strontium metal nuclei.

In the abovementione& study of the photolysis of strontium azide
at ambient temperatures by Prout et al.59, they postulated, for the
acceleratory reaction, a mechanism in which a strontium ion, formed as a-.
result of the photoelectric effect, reacts with a doubly excited azide ion

viz,

This was considered the rate determining step and had an activation
energy of 3,2 Kcal./mol. associated with it. In the same Study an

induction period mechanism
Sr2* + Ny *SNy™® 4 sy o+ 3N, + S

was postulated,huving an activation energy of 2,6 Kcal./mol; In the present
study of the_photolysis of strontium azide in the temperature range

-80,0° - —4,C°C, the activation energy for the acceleratory period is-

.1,58 Kcal./mol. The mechanism proposed earlier for the acceieratory

reaction in the photolysis. of barium azide in the temperature range
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-70,0° - 17,0°C involves a cdmplexf[N3'f S Ngf%]_ as in the éecond

equatioﬁ above. This Complei reacts with a Ban+ ion to foym a barium

afom, positive holes and an electron. This was considered to be the

rate determining step. It is uncertain whether the change in activa-
tidn”energy in the case of strontium azide from 3,2 Kcal./mol. at
- ambient temperatures to 1,58 Kcal./mol. at lower temperatures ié a

result of a change in mechanism. As explained in the case of barium

azide, interpretation of the activation energy is not simple and.it

could be associated with the rate determining step, the diffusion of'
reactants to a reaction site or the diffusion of molecular nitrogen to the
ambient. In any event the mechahism.postulated here must involve either

two singly excited ions or a single doubly excited ion. Hence the following
mechanism is proposed for the acceleratory reaction in the photolysis of
strontium azide in this low temperature range. Two singly excited ions,
present at a common defect site S, probébly an anion vacancy, react with a
strontium ion formed through the photoelectric effect to yield strontium
metal, two positive holes and an electron. The trapping site is regenefated
and, if an anion Vacancy; will form an F-centre with the electron. The
positive holes produced react with two .adjacent gfound state azide ions as.
in the case of barium azide. The products of this reéction are the N~ ion
and molecular nitrogen. No e.s.r. studies of strontium azide have yet been
carried out and hence the proposed reaétion, involving the production of
bthe N>~ ion, is complete speculation. However, there appear to be suffic- :
ient similarities in the results obtained for thevphotolysis of barium and
strontium azides to justify this proposed reaction which has already

been postulated in the case of barium azide. The Ny~ ion reacts with ah
adjacent ground state azide ion to form,vultimately, nitrogen and an F-centre.
The F-centres tend to aggregate as a result of the increased stability

arising from the resonance of the electrons in the identical defects. At a
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critical concentration the F-centres collapse and the electrons thus

2% jons to form strontium atoms. These atoms

produced react with Sr
aggregate forming metal nuclei which then add to the interface. Hence

the following mechanism is proposed:

hﬁ %

N3~ < N3 (L)

‘ h_\)) + ' -

Srn <« Srn + e (2)
sttt o+ NyFsNgt A srooeaN; v e +0S (3)
2N + 2Ng= o 2N,T o+ 4N, @)

Np~ + N3~ 2 Np0o- Ng?T (5)

S NpT o+ 2Ny > 3Ny o+ []+* e (6)

> 3N2 + D (7)

ZEI e 2[:]"‘ 2e - | (8)

Sr, -+ sﬁ* * 2+ ST, - - (9

Step CS) is considered to be the fate determining step and has an
actiVation energy of 1,58 Kcal./mol. associated with it. The mechanism
is seen fo be dependent on the square of the light intensity involving,
as ‘it does, two singly excited azide ions.

~ The small difference”between the Vélues of the activation ehergy
for step (3) of the above mechanism and those of the ratexdetermining
steps mentioned abiove, as proposed by Prout et al.°? at ambient temperature,
make the assignment of this step difficult. It is not really pbssible to
distinguish between'the.energies associated with the excited states |

[N3=**] and [N3~* S N3~*] since this excitation is associated with the ion
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or complex as a whole, quever,vstrontium ions, formed via fhe photo-
electric effect, ére more reactive than lattice Sr?* ioné.' This possibly
favours a lower value of activation energy for stepv(S) relative to the
value of 2,6 Kcal./mol. obtained by Prout et a1.50 for the reaction of
the same complex [N;*S Ny*] with Sr?" as outlined above. The difference
in these values is so slight, however, that any such comparative reason-
ing must be very tentative.

Since the activation energy and the molecularity for the decay
reaction are either similar or identical to those values obtained for the
acceleratory.reaction, the same mechanisms as those proposed for the

“acceleratory period are proposed for this period.

(ii.b) Photolysis in the temperature range =4,0° - 32,0°C

The values of the activation energies obtained for the induction,
acceleratory and decay periods in the temperature rdnge -4,0° - 32,0°C,
as well as the dependence of the rates of the reactions on the light
intensity, have aiready been presénted; The méthematical analyses, the
visual observations, the effect of filters and the effect of introducing
Qatér vapour af various stages of decomposition were similar-or identical
'tp“the results obtained for stfontium azide over the lower temperature
%ange. The values of activation energies obtained for the inducion,
acceleratory and decay periods by Prout et aZ.°0 in a similar temperature
fange and under similar conditions_were 2,6 _Kcal./mol., 3,2 Kéal./ﬁol.
and 5,7 Kcal;/mol..with the rate dependent throughout on the square of
the iight intensity. The similarities between their results and those in
the present work are so marked that their postulated mecﬁaniéms are also

proposed to occur in this temperature range.
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The formation of the strontium metal nuclei at the end of the
induction period is assumed to proceed via the following mechanism.
Initially an azide ion is excited:

: h\)
->
-«

Ny N, ¥ (1)

This excited azide ion, corresponding to an internal transition on the
‘ion, is then trapped at a common defect site S with another excited azide

ion. This complex then reacts with an Sr2* ion, thus:

Szt 4+ Ny SN;TF 2 Sr o+ 3N, + S (2)

.where S ié ptobably an anion Vacancy. This is the rate determining step -
and has an activation energy of 4,00 Kcal./mol.

Two mechanisms are proposed for the growth of nuclel durlng the '
acceleratory period. These mechanisms are Vlrtually identical and both
postulate the formation of a single doubly excited azide ion. The
difference in the mechanisms lies in the mannerlin which this ion is
formed. In the first case the doubly excited ion is produced as a result
- of the successive excitation of the séme ion. In the second case the ion
~ is formed as avresult of the transfer of energy from one singly excited
azide ion. to another singly excited ion. The douBly excited ion then
decomposes in the rate determining step to proouce an excited hole and
an electron. The electron thus generated through thermal ionization reacts
'with an Srt ion formed via the photoelectric effect. The exC1ted p051t1ve
hole reacts w1th a. ground state azide ion occupying a stralned position to
- yield nitrogen, an F-centre .and an anion vacancy. As explained above,
“these F-centres aggregate to a critical size at which point they collapse.

Ultimately strontium metal atoms are formed and these add to the interface.
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Sr
n

" Then either (i) N3~*

or (i’i) N3"* +

2]

Sr. + Sr2t + 2e
n . _

The above mechanism can be shown to agree with the experimentally .

M

.- hv

+4

14

S

+4 ++

>

3N+ [

Sr o+ oe photoelectric foett

Ny ™% primary excitation
N3~ de-excitation

N3 ** v.se§ondary excitation

N3~ ** * Néf energy transfer

N3’* o de-excitation

N;* + e detompositioﬁ

Srn

3Ng v+ 2] + e

+ [:]
2] + 2e

STheq
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1)
(2)
(3)

4)

®)
(6)
(7
(8)
’(9)
(10)
.,(11)

(12)

determined dependence of the rate on the square of the light intensity.

The detailed calculations with respéct to a similar mechanism are presentéd

in section 10 (ZZZ.a) in the discussion of the photolysis of calcium azide.

Step (7) is considered to be the raté determining step and has an activa-

tion energy of 3,73 Kcal./mol. associated with it.

The values of the activation energy and the molecularity for the

decay reaction are similar or identical to those obtained over the accelera-
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tory period. Hence the same mechanisms as those postulated above for
the aéceleratory reaction are assumed to be applicable to the decaY-h '

-reaction.
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(iii) PHOTOLYSIS OF CALCIUM AZIDE

No comprehensive studies héve as yet been made of the photolytic aécomp—
osition of calcium azide. In the present work activafion energies and mole-
cularities were determined in the temperature range -70,0° - 95,0°C. Visual
observations were made and the effects of filters and introduction of
water vapour during photolysis were also examined. .The'reproducibility
obtained was satisféctory over the.acceleratory and decéy reactions
throughout this témperature range. At the lower temperaturés, however,,
viz. below amBient temperature, the repfoducibility obtained during the
induction period was hotvgood. .This was probably due to variations in
the defect surfaces of the powders. The induction period atvhigher
femperatures was more reproducible. This improvement however appeared
to be due to the fact that the short duration of .this period at these
temperatures disguised the irreproducibility.

The.pressure—time plots obtained throughout this temperature
range were éigmoid in shape and in this respect were similar to the
decomposition curves obtained for the thermal decombosition of
calcium azide by previous workers§8s168s137b The curves showed a true
induction periqd during which no measurable amount of nitrogen was
evolved. The subsequent acceleratory period and decay period’wére
described by the Avrami-Erofeyev equation with n = 2 énd by the unimol-
ecular law respectively. The percentage decompbsition at ambient |
temperature of 90,0% was similar to that obtained for the thermal
decomposition of calcium azide powder viz. 93,4%.168 The point at which
the decay reaction commenced occurred at o ~ 0,35. Beyond this point the

powder was observed to be completely black on all the external surfaces.
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Throughout the temperature'fange —70?0° - 95,0°C no'dark rate
.was observed, thus indicating the relative absence of any thermal
effects. v |
A study of the photolytic decompoéition subsequent to the end of
the induction period of a purely thermal decompoéition and vice versa
revealed that the centres formed at the end of the induction period
during photolysis and during thermal decomposition are similar in nature.
The photolysis of powdered calcium azide was studied over four
distinct temperature ranges. The initial study fook place in the range .
35,09'- 95,0°C and revealed a Change_in the activation energy at 60,0°C.
In the region 35,0° - 60,0°C the activation energies for the induction, .
acceleratory'and_decéy pefiods were 7,78 Kcal./mol., 7,30 Kéal./mol. and
4,67 Kcal./mol. respectively.and the molecularities (to the.nearest whole
.number) 1, 2 and 2 respectively. The corresponding activation energies
and moiecularities for the temberature range_60,0° - 95,0°C were 10,80
~ Keal./mol., 12,52 Kcal./mol., 17,36 Kcal./mol. and (to the nearest whole
number) 1,1 and 1 respectively. o |
- Subsequently the photolysis was studied in fhe temperature range
-70,0° - 22,0°C. Two distinct éctivation energies were found with the ~
transition'temperature at 7,0°C. In the température range -70,0° - 7,0°C
the activétion energies for the inductibn, acceleratory’andvdecay periods-
were 0,34 Kcal./mol., 0,56 Kcal./mol. and 0,42 Kcal./mol. resﬁectively |
and the molecularities (to thé nearest whole number) for th¢ corresponding -
periods were 1, 2 and 2 respectively. The photdlysis of calcium azide
powder was also studied:in the temperature range 7,0° - 22,0°C in order to
investigate whether any other transitions in the activation energy occurred.
Within the limits of experimental érror it appeared that no Changes in |

activation energies occurred until the previously mentioned transition
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temperature of 6Q,Q°C was reached. -The activation energies for the
induction, acceleratory and decay periods in this temperature rangevwere
5,70 Kcal./mol., 4,18 Kcal./mol. and 3,76 Kcal./mol. and the molecularities
(to the nearest whole nunber) for the corresponding périods were 1, 2 and

2 respectively. The results obtained in these four temperature ranges

will be discussed separately.

(iii.a) Photolysis in the temperature range 35,0° ~ 60,0°C

Phofolyth:decompésitionof powdeied calcium azide is assumed to
take place at specific sites in the crystal. These are sites where severe
strain exists such as at surface cracks or at lines where mechanical-
damage has taken place resulting in a highef thermodynamic instability.
Thus fhe chemical potential and stereochemical environment in the vicinity
- of a dislocation are not the same as at an ideal iattice site. Pairs of
vacancies of opposite sign separated by a few unit cells,‘isolated |
vacancies near edge dislocétions and, more particularly, vacancies near
jogs in dislocations are in the most favourable positions energetically
for photolytic decomposition to occur.‘

The grinding and dehydration of the calcium azide iS thus beneficial
to the decompositon process since many more imperfections are generated.
Excited ions which migrate to jogs or dislocations will not revert to .their
ground state as would occur at an ideal lattice site. These defect centres -
are thus responsibie for trapping charge carriers suéh as'excitons and
ultimately facilitaté the decomposition process. |

Calcium azide crystallizes in an orthorhombic F ddd space group!8l
with eight molecules per unit cell. The mblecular packing is a layer
structure type. As a result of this, incomplete planes of the edge dis-

locations will contain only azide ions or calcium ions. These dislocations



293

could serve as reaction sites or generate vacancies.. They may also trap
electrons. Decompgsition will commence when azide ions at'poéitions of
'stress become optically excited. |

No studies have been made of the_opficallabsorpfion spectrum of
calcium azide. Deb”? has studied the photoconductivity and phdtoemiséion
properties of some Group 1 azides as well as barium azide. Photocurrent
ié absent in each case at wavélengthsgreater than 170 nm. It can be
assumed that since the band gap energies of these azides and of calcium
azide are similar, no photocurrent will.occur in the latter at wavelengths
~ greater than.l70 nm. Whatever photocufrent there is, is ascribed wholly
to the motion of vacancies5® The band gap energy of calcium azide is
8,5 eV corresponding‘to 145;8 nm. Thus radiation at this wavelength
.would imply  the promotion of electrons into the conductibn band resulting
“in free electrohs and positive holes and thus photoconductivity.

The filtering of the uitraviolet radiatioh in the photolysis of
" calcium azide has shéwn that the rate of decompbsition decreases when
filters are used. The lowered rate is not solely due to the change in
the wavelength of irrédiation but another contributory factor is the
reductioh in the arc intensity as a result of reflection'from the polished'
filter surface. This factor is, however, considered constant for all
three filters used. The 5 mm BG12 filter virtually caused the reaction_
to cease, implying that wavelengths greater than 330 nm played no rolelin 
‘the photolytic decomposition. The 1 mm UGl filter had a slightly'greater
retarding.effect than did the 3 mm UG5 filter. From these fesults it can
be concluded that the most effecfive wavelengths for photolysis are those
between 220 - 280 nm with a slightiy reduced efficacy on the range 280 -
330 nm. These wavelengths are equivalent to an energy range>of 5,63 éV -

4,43 eV - 3,76 eV which represent less energy than that required for the
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formation of pooitive.holes and olecfrons. Excitons are expected to
“form only at a wavelength of = 170 om (7,3 oV). vHence it can be
concludéd that the most effective wavelengths for photolytic decomposition
are of less energy than that required for the formation of excitons. The
most probable occurrence is an internai transition on the azide ion.

This excitation will be the primary photochemical process on irradiation.
The much lower rates which have been observed at long wavelengths are due
~ to the very.low absorption coefficient and consequently the»low rate of

excitation of the internal transition at these wavelengths.**

The energy
which is absorbed is thus localized at the favoured sites either in the
form of vibrational energy or internal electronic excitation. Simiiar
assumptions have been mado for barium and strontium azides,5% nitronium
perchlorate®? and sodium bfomate95 in which the primary excitations, which
“eventually lead tovdeoomposition, result in the localization of energy in
a trapped anion. |

The following reaction mechanism is proposed for the forﬁation of -
"npclei during the induction period:
}_1*\) —%

N3- £ Nj . ' (1)

If the excited azide ion Ng'* is situated at an ideal lattice site it will
decay to the ground state N3~. However, if located at a surface defect S,
it will form the complex [N3' S N3~*] with an adjacent ground state azide

ion. The following reaction will then occur:

A

Ca2* + N3~ S Ny 2 ca + 3N, £ 5 @

The measured activation energy of 7,78 Kcal./mol. for this period is
associated with step (2) since only this step requires thermal energy.
The pertinent defect in this reaction mechanism is probably an anion

vaoancy. This proposed mechanism is similar to those postulated by Jacobs
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et ql.** and Prout et al,°? for other large band gap azides. Calcium
atoms wiil be formed as calcium ions combine with freed electrons,
Initially these atoms will be at the interatomic spacing of calcium atoms
in calcium azide but when a critical concentration is reachea, they will
aggregate to form calcium metal. Thus a metal speck, with all the
assOéiated electronic properties of a metal, wiil be fbrﬁed. WOTk or: the
structuré and properties of thin films of metals!®3 indicates that the
structure of a metal in the thin film is the same as that of bulk‘metal,'
and that pseudomorphism is generally not known. Films are formed by
lateral growth of nuclei and may become continuous at thicknesses as low
as S nm. The character of the conductivity of such metal films corres-
ponds very closely to that of the massive metal. Preéumably,»therefore,
by the énd of the induction period, very thin two-dimensionai platés of
metal nuclei, with electronic properties of the bulk metal, will form on
the surface of the particles and along the planes of the>crysta1 at
discrete centres. |

~ The duration of the induction period is proportional to the time
taken for the calcium atoms to aggregate which, in turn, is dependent
upon ‘the temperature of the decomposition and the ihtensity of the light
source used. The mechanism pbstulated pfesumes that the duration of thé
induction period.will be inversely proportional to the light intensity and
this is in accordance with the experimentally determined linéar depend;“:
ence of the rate on the light intensity. |

The nitrogen gas evolved will not necessarily escape during the

induction period but will be largely absorbed on the powder. If escape
1s not easy, this gas can cause strain at the reactant/product interface,
Photolytic decompositions, which have been interrUptéd to allow for the

introduction of water vapour, have indicated the presence of metal at the
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end of the indUctiqn period. Water'vapour introduced at the end of this
period caused.the calcium metal on the surface to be destroyed._.Thé
subsequent reaction ﬁroceedéd after a new induction period shorter than
that for an uninterrupted decomposition. This showed that water vapour
oﬁly reaﬁted with nuclei on the surface and left those in the bulk of

thé material intact.' These huclei, along the plénes.of the particles,
are possibly newly formed and small. It is postulated that after the
introduction of wafer vapour, reaction then proceeds from growth nucléi‘
“which are still present in the bulk of fhe material. The duration of the
new induction period is a measure of the time required for these growing
nuclei to aggregate and reach a significant critical sizé;. In view of
the fact that the reaction of water vapour with the powder before the enﬂ
of thé induction period had_no effect on the sﬁbsequent photolytic | |
decomposition, it is assumed that calcium metal nuclei are only formed

at the end of this period,_‘

Gfowthlpropér begins when the calcium metal atoms aggregate to form
metal specks. This represents the end of the induction period and the reaction
accelerates from the rapidly expanding reactant/product interface.

: Itvhas already been shown that the acceleratory period fits the
Avrémi—Erofeyev equation with the exponent taking the Vahle n = 2. The
value of n in this equation indicates the nature of the eentres of
' decompésition which increase in number according to a fixed power of
timé and grow 1-, 2- or 3-dimensionally.  The equation also includes
the effects of'ingestionvof potential nucleus-fdrming siteé'by growing‘
nuclei or by the overlapping of such nuclei. Thus the value of n = 2‘
indicates either one-dimensional growth of ﬁuclei increasing in number
linearly with time or two-dimensional | growth of nuclei increasing frbm

a fixed number of centres. The former alternative is considered highly
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unlikely as any linear increase in the number of nuclej With time
during the acceleratory period would be swamped by the very large number
of nuclei férmed at the end of the inductibn period. Moreovef, 1t was
considered highly unlikeiy that a one-dimensional growth could be
sustained at such a high intensity of irradiation for the entire
acceleratory period which represents 35% of the decomposition. Thus
plate¥like growth centres are postulated,‘theée centres advancing aldng
the grain boundaries in which they were initiated. During the initial
stages of the acteleratory period these growth centres are discrete
nuclei, but, as the reaction progresses, independent growth of the
individual reaction centres is no longer ensured and overlapping occurs.
This is indicated by the use of the Avrami-Erofeyev equation over the
acceleratory period. |

'The rate of the accelerafory reaction was_found to ‘be’ dependent
on the square of the light intensity thus indiéating that the overall
mechanism must involve either two singly excited azide ions or one doubly
excited azide ion. There are three possible mechanisms which can be

postulated.

(i) The possibility of photoemission from fhe metal nuclei formed at the
end of the indﬁction period (the photoelectric effect) has been widely
postulated*l,**  Calcium ions and electrons are thus formed. At the
same time a singly excited azide ion ié formed through the absorption of
a photon. .The absorbed eleétromégnetic energy is .localized at favoured
sites in the form of Vibratiohal or internal electronic excitation. If
this excited ézide ion is located at an ideal lattice point, it wiil
revert to the grdund state Ly communication of its energy to the
.vibrational modés of'adjacent ions. If located at a defect site, the

imbalance of forces will allow the absorbed energy to be localized on
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thié particular ion long ehough for it to undergo subsequent reaction. -
The relevant reaction occurring is that of the excited azide ion with a
calcium ion, formed througﬁ the photoeléctric_effect, to give calcium |
metal and an azide radical (poéitive hole). This positivelhole then
 reacts with an adjacent singly excited ion to give three molecules'of
nitrogen, an electron and two anion vacancies. The overall reaction is
acceleratory iﬁ'viéw of the fact that calcium metal is being regenerated.
The electron is captured by an anion vacancy to form an F-Centfe.
Although F—ceﬁtres have no ihtrinsic mébility,vby a process of association
with a mobile anion vécancy and subsequent dissociafion, they may move
through the 1attice at a rate detefmined mainly By.the mébility and
concentration of such vacancies. When two F-centres ''collide aggrega-

~ tion to double F-centres results because such aggregates are mofe stable
than single F-centres since the electron in the two identical defects

may resonate i.e. this centre is stabilized by reason of the resonance
enefgy; Thus the F-centres tend to aggregate?3 Ultimatély the F-centre
| éggregate breaks away from the azide matrix. At é critical Conceﬁtration,‘
collapse of the F-centre occurs and electrdns are producéd{ These react
. with calcium ions resulting in the growth of calcium metal nuclei to the

interface. The reaction scheme is as follows:

}1,\) s . . ]
‘N3~ < N3 - o - (1)
vCan <+ Can_ +. € : »' 2y

Ca * + N37* 5 Ca, + Nj | (3)

Ns + N3™* o 3N, + 2[] + e (&)

> 3Ny o+ ]+ [] (5) 
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2l - 20+ e - (6)

" . ,
Can + ‘Ca + 2e > Can+1 (7)

Jacobs et ql.18% and Prout et al.50 have postulated a similar process
for the growth of sodium and barium'ézides fesoectively. Recently de -
Panafieu!8> has proposed a similar mechanism for the photolysis of .
potassium azide. Jacobs et ql.“23%% and de Panafieul®> have both
proposed the formation of molecular'nitrogen via the combination of two

holes at the surface, viz.
2N3 (surface) +~ 3N,

Thomas and Tompkins!®> have considered this unlikely, however, in a
discussion of the photolysis of barium azide. This reaction necesSifates a
the radicals occupying adjacent anion sites and, while they remain
incorporated in the lattice, they carry oositive charges. Considerable
, activation would thus.be required in order to_overcome'the high repulsive
interaction between the radicals whereas the experimental value is only
7,30 Kcal./mol. If, however, as in step (4);'the radical is to react
with an excited azide ion, the céntre as a whole will be neutral and there
would be little steric hinderance to the reaction.
| Most workers are in agreement that the acceleratory reaction is
attributable to the develooment of metal nuclei which form after suffic-
ieht decomposition has occurred.'

No comprehensive.optical_absorption or e.s.r. studies have been
made of calcium azide. E.s.r. studies of barium, sodium and potassium

azides have shown the presence of N~ and N,~ ions.*7 If these are

produced in this case they probably form as a.result of the reactions:
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N3 + N3- > NL}«_ + N2 | (8)
and N3 + Nj -> No™ + 2N, . | (9)

These reactions are possible in view of the fact that the Nj fadical_

has a life time long enough to interact with a neighbouring ground staté
azide ion. There is, however, no éxperimental evidence for the formatioﬁ
of Ny~ and N,~ in the photolysis of éalcium azide. In any event step

(4) of the reaction mechanism, in which the hole reécts with én excited .
azide ion, will be by far the dominanf reaction involviﬁg the N3 radicals
formed in step (3).

Step (3) is considered to be-thé rate determining stép during the

acceleratory reaction and has an activation enérgy of 7,30 Kcal./mol.

associated with it.

(ii1)  This mechanism involves the successive absorption of two photbns”"
by an azide ion. As in the first mechanism fhe calcium metal nuclei

which are formed during the induction period undergo reacfion.viathe photo-
electric effect to produce calcium ions and electrohs. Absorption of a
photon results in a singlylexcited azide ion being formed. Two possibli-
ties then exist for this excited ion. It may return to the ground state by.
- the tunnel effect. This, as explained in the discussion of the previous
mechanism, will only occur if the éxcited ion is iocated‘at an ideal lattice
site. The second possibility is that it may become doubly excited by the

- absorption of another quantum of light energy. This. will only happen if the
~excited ion 1is situated at a defect site. At such sites, e.g. jogs,
dislocations, vacancies, etc., the imbalance of forces allows the absorbed
energy to be localized on é parti@ular ion long'enough for secondary excit-

ation to occur.. The same possibilities, i.e. reversion to the singly
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excited state or subsequent reaction dependihg on the site at which it
is_located, also exist for this-d0ubly excited azide ion, If located

at a defect sité the subsequent reaction which occurs will be thermal
ionization; resulting in the formation of an electron and an excited
positive hole. The electron so produced reacts with the Ca+'ion,

7 producéd as a result of the photoelectric effect, to form calcium

metai. The excited positiVe hole reacts with an adjacent gfound state.
azide ion to ﬁroduce three molecules of nitrogen, an electron and two
additional anion vacancies.‘ The regeneration of calcium metal indicatéé
the acceleratory nature of the mechanism. Thus the mechanism proposed

is as follows:
Ca <« Cat* + e  photoelectric effect - 1)

N3 > Ny~ primary excitation (2)

N3‘* + N3~ de-excitation o _ (3)

secondary excitation (4)

N3 ** 5 Ng7* de-excitation (5)

oo 4  N3* + e. thermal ionization (0)

Step (6) is considered to be the rate determining step. As explained
above, the electron produced in step (6) combines with the Ca* ion

formed in step.(l),

Ca® + e » Ca (7)

and the excited positive hole reacts with a ground state azide ion in
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the strained region at the interface,

*

Ng* +N3T > 3N, + e + 2[] (8)
> 3N, + [+ [] . | O

Aggregation of F-centres then takes place.When a region consists almost
exclusively of F-centres a collapse of the lattice occurs and colloidal

metal is formed és follows:-
2[ - 2[] + 2 S a0
Ca + Ca2f‘ t2 > Ca, . ) (11)

By applying steady state conditions we tan assume that

d[N3—*] d[N3-**]
dT ar ,
VNOQ
d[Ns—*] -% R% .
L = ki [N3~JT - k5 [N3™") - k3[N3~*]I + ky[N3™"7] (ii)
ar . | |
d[N3—**] . ' .
———— = kyNgTF] - ks[NgTH] + kg [NgT*]1 (iii)
dr |

Thus it fbliows that, from (i) and (ii),
(kp + k3I)[N3™*] = ky[N3g™**] + k3 [N37]I

and, from (i) andb(iii),

C(ky + kSJ[Na;**]

tl

[N3~*]

(iv)
k31 '

Heﬁce, by substituting the value of [N3 *] from (iv) into (ii) we obtain:
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kl ks [N37] 12

{N3~*%] =

. . W)
(o + ksT) (ky + ks)

Since step (6) is the rate determining step we can express the rate of

the ovérall reaction as:
R. = ks [Ng™%] . . - (vi)
- Thus, from (v) and (Vi) we obtain -

ky k3 ks [Ng7] 12

. - (vii)
(k2 + k3I) (ky + ks)
The singly excited azide ion formed in step (2) will tend to revert to
the ground state more readily than be doubly excited and thus k» >> kjI.
Moreover since there ‘is dnly a single experimental activation energy
k, >> kg. Thus (vii) reduces to the form

k; k3 ks [N37] I2

R = -
k, ki

and it follows that, according to this mechanism, the rate of the
reaction is proportional to the square of the light intensity. This is
in accordance with the observations made experimentally with respect to

the relationship between rate and light intensity.

(iii) This scheme is similar to that described in (ii) above except that
energy is transferred from one excited azide ion to another excited azide
ion to form the doubly excited ion:

hv
-+
<

Ca Cat + e photoelectric effect (1)

n . n
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hv '
Ny~ Ny primary excitation @
NyE, N3 . ‘de-excitation (3)
Ko '
Ng* o+ Ny N PR \ énergy transfer (4)
_ s : )

N3~ %% 5 N3 ¥ de-excitation ' - (5
NgEE 4 N3¥ 4 e ‘thermal ionization - (6)

ks S |

The electron 'produced in step (6) reacts with the formed Ca ions in step (1)
and the positive hole formed in step (6) reacts with an adjacenf azide

ion to give three molecules of nitrogen and an electron. Thus

Can+ te o Ca, . o ‘ . (7)
N e N s BN, voe v 2] 8)
s om, v Qg - (9)

The F-centres aggregate, collapse and co11oida1 metal is formed.
2 - 2[] + 2e o 10
n+1

Ca + Ca* + 2¢ =+  Ca, - - B | -

Thus the calcium metal is regenerated and the whole protess is acceleratory.

By applying the steady state conditions it follows that

d[N3™*] d[N3~**] |
= =0 . o (1)
dT . aT ' '
Now .
d[N3™%]

ar T N3TIT - kpIN3 7] - Kk3IN3 ™12 + ko [N3™*%]  (id)
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and '
d[N3=*%] " ' L '
— = k3[N3~ %1% - k, [Ny *¥*%] - ko [N;7*¥%] | (iii)
T o ) .

From (iii) it follows that

-
' ’ : kg + ks 2 1 .
(N3~*]. = , [N3=**]* . (iv)
_ , k3 . _ .

Substitution of the value for [N3~*] obtained in (iv) into equation (ii),

yields
- L o kR ) | . :
ki[N371T = Ci[Ng™*¥1% + Gy N5~ - RGN
' L L
where - G = ko(ky * ks)z k3'2
and . C, = ks

Being associated with the rate determining step,ks is very small and the

term Cp [N3~**] is negligible. The rate of the overall reaction is
"R = kg [N3~**] . | : - (vi)

and thus by substituting for [N3~**] from equation (V) into equation (vi),

it follows that
R = ke.k12.C172. [N37]2 12

This mechanism thus yields an equation in which the rate is seen to be
directly proportional to the Square of the light intensity; This ié
again in accordance with the relationship between rate and light intensity
observed experimentally. |

Mechanisms (2) and CS) have been proposed by a number of workers.
Prout and Shephard®? proposed both of these mechanisms for the accelera-

tory reaction in the photolysis of strontium azide. The azide ion was
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doubly excited.in either of the two methods outlined and then the rafe
determining step was the thermal ionization of the N3 ** ion which
reacts with an Srn+ ion. e latter ion had been formed as a result of
the photoelectric efféct. Thus the rate determining step in this
mechanism is:

Srn+ + Nz~ ** 4 Sr, + N3* ; , _ '3,20 Kcal./mol.

Maycdck et al.?7 proposed the transfer of energy between an excited Cl04~
ion and a similarly excited ion trapped at a defect site in the photolysis
of nitronium perchlorate. Herley and Levy®> studied the photolysis of
sodium bromate and proposed the folloWing reactions: |
. hy »
BrO;~ < BrOz~*
: v . }})\_) ‘
Then either: BrO3™" <  BrO; **

or:Br03™* + BrO;™* ¥ Broz **.

The doubly excited site then undergoes decomposition

 BrO3"**  » Bro- + 0y

'vIbmpkiné et al.l0% in studying the photolytic decomposition of silver
oXalate, postulated the production of a singly excited oxaléte ion by

- ultraviolet radiation such that the excited.electron is still associated .
with the pareht ioﬁ. .The mobile exciton is trappeC at an anion vacancy,
a.process that'ihvolves the capture of the excited elecfron by thé |
vacancy which.may accbmodate twc electrons. - This complex may either be
furtheruexcited by absorbing a second photon or may'be destroyed by the
electron returﬁing,_ﬁy the tumnel éffécf, form the anion vacancy back
to a singly charged ion, Further this doubly excited oxalaﬁe radical

may either revert to a singly excited state or decompose to give tio.
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hv

h
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Briefly therefore they proposed:

[0:27] < [0x?7]%

[0x27]% < [0x27]%*

[0x27]%% »  2C0,

+ :2e-

Prout and Lownds!92 have prbposed a similar mechanism in the photolysis

of potassium permanganate. Two different dependencies of the rate on the

light intensity were observed

. Below 110,0°C the rate depended on the

cube of the light intensity and above this temperature on the square of

the light intensity. Thus the following mechanism was postulated where

M represents the MnO,~ ion:

hv :
M oZ M
hy
M* z - MEX

at temperatures above 110,0°C.

continued thus:

Mc% T MERk

At temperatures below 110,0°C the reaction

* Decomposition of the doubly or triply excited ion then occurs:

M#* or M#%% 4 Products.

Such mechanisms are thus considered feasible for photolytic decompositions

involving either successive excitations of a single ion by direct absorp-

tion of photons or by transfer of energy from one excited ion to another

in order to account for rate equations of the form R o 1" where n > 1.



In making a choice of one of the three mechanisms proposed it
‘must be borne in mind that, at 60,0°C, the molecularity changes from -
‘two to one. This implies that in théllower temperature range either two
singly excited azide ions of one doubly excited ion is involved in the
photolytic process and that . in the highervtempérature range only oﬁe
option existé ViZ; a singly excited azide ion. Hence it would aﬁpéar
more likely that mechanism (1), which involves singly excited azide ibns,
rather than (2) or (3), is operative in the photolytic decompositioh of
calcium azide in_this temperature range. This is,because_mechanism 9]
is more easily adaptable to the processes occurring in the highef
temperature range in that in both temperature rangés only-singly excited
ions would be postulated. The cése for accepting mechanism (1) is further
strengthened when the results for célcium azide are compared with the
results for barium azide obtained by Prout and Shephard.50 The rate

- determining step in mechanism (1), viz.
Cat + Ny°% [ Ca + Na.
3 ' n 3.

has an activation energy of 7,30 Kcal./mol. In the mechanism of photolysis.

of barium azide proposed by these workers the rate determining step, viz.

Ba* + Ny7* % Ba_ + N

has an activafion energy of 7,60 Kcal./mol. Moreover in both compounds
the molecularity changed from tWo to one in.goihg from the accteleratory
reaction at ambient températures to the acceleratory reaction ét higher
temperatures. Hence mechanism (1), identical to that proposed by these
workers for Barium azi&é, is postulated for calcium azide. ‘Mechanisms

(2) and (3) éré rejeéted since they require a more drastic amendment at

higher temperatures than does mechanism (1). These mechanisms have been
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applied to the photolysis of strontium azide50  In this compound the
molecularity of the acceleratory reaction thrdughout the temperature
range 30,0° - 90,0°C is two.‘ Heﬁce né drastic change in mechanism was
required to:explain thereactions occurring in the temperature ranges
above and below 60,0°C.v |

Introducing water Qapour on to the samplé during the acceleratory
period of the photolytic decomposition has clearly illustrated the
~ importance of metal nuclei dufing this period. Water vapour was foﬁnd-
- to destroy the reactiqn. A new induction befiod, shorter than that for
an uninterrupted.decomposition, foilowed and the acceleratory rate of the
subsequent reaction decreased. Growth nuclei, situated on the planés of
the particles, which were not deétroyed<by the water vapour, were éonsidered
to be the péints of origin of the new reaction. The new induction period
observed is the time required for these nuclei to grow to a criticél size.
' The water vapour presumably‘only attacks metal nuclei on the surface of
the particles. The decreése in fhé acceleratery rate after admission of
_water vapour is due to the fewer centres which ate avéilable from which the
reactién may'coﬁmence. The acceleratory rate constant is dependent on
the number of nuclei preéent at the stait of the reactioh and a decrease
in this number will decrease the rate of the reaction. When water vapour
was introduced at or beyond the inflection point, the reactién was déstroyed;
This wés'presumably due to the fact that calcium hydroxide forméd froh the
‘reaction of calcium metal with_thé water which was introduced, is opaque to
ulfraviolet light. Thus, if all the particles are covered with calcium metal
“at or peyond the inflecfion point,.this will result in a complete covering
of calcium hydroxide subseguent to the introduction of water vapour. |
Owing to'tﬁe latter's opaqueness, growth nuclei present below the surfaée

cannot be activated by the ultraviolet radiation and reaction ceases.



- Another effect of iﬁtroducing water vapour was a decrease in the

observed final pressure . This was probably a fesult of thé calcium
azide being partialiy hydrolyzed, It‘would appear fherefore that calcium
metal nuclei have a 'catalytic'.éffect.on the photolyticlreaction and

' thét during the acceleratory périod the layer or coating of calcium metal
is continually-gfowing.‘ At the end of the acéeleratory period all the
pérticles‘aré coated with a layer of calcium metal.

-Thé decay reaction commences when the two-dimensional nuclei
overlap and the surface of the‘small pérticles are covered by the react-
ion product of calcium metal. it has been shown that during this period
the penetration of the product interface into the partigles-tékes place
according to the unimolecular deéay law. The product and'reactant phases
have different molecular volumes and the interfaée»thus cbllapses_leaving
isolated blocks of material in which no nuclei are present. Thié occurs
as a result bf the extensive grthh of plate-like nuclei. In these
isolated blocks-éach molecule has an equal probability of decomposition
and the rate of reactiﬁwrthus becomes proportional to the amount of unreact-
ed substance. "

The activation energy and the molecularity of the decay reaction *
have been found to be 4,67 Kcal./mol. and 2,0 respectively. ‘These values
are very similar or identical to the values obtained for thé acceieratory
‘reaction. Hence the same mechénismvas that proposed for the acceleratofy
reaction is proposed for the décay reaction. The reduced rate of product-
ion of nitrogen is a result of the gradual consumption Qf defects which

are helpful to the reaction.

(7i7.b) Photolysis in the temperature range 60,0° — 95_,0°C

The photolysis of calcium azide in the temperature range 60,0° -

95,0°C was found to be linearly dependent throughout on the light inténsity.
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This linéar.dependente necessitates a change in the mechanisms .
postulated for photolytic decompoéition in thé temperature tange
‘3S,O° - 60,0°C." The activation energies are greater for each period.
The activation énergy for the induction ﬁériod ié 10,80 Kcal./mol.,
for the accelerétory peribd 12,52 Kcal./mol. and for the decay period
17,36 Kcal./mol. These iﬁcreased values of activatibn energy a1so
‘require postulating different mechanisms for photolyéis.

In this températuré rangé the mathematical énalyses, visual observa-
tions, the effectiof filters and of introducing water vapour at various stages
of decomposition were found to be analogous to the results obtained in the
lower temperature range. As a resﬁlt.of this it is assumed that the
topochemical decomposition.in this femperature range is similar to that
in the tempéerature range 35,0° - 60,0°C.

Formation of nuclei in the induction period initially involves
the fofmation.of a singly excited azide ion. The activation energy of
10,80 Kcal./mol. represents sufficiént thérmal énergy for the transfer of
an electron frdm a ground state azide ion to a Ca®* ion. The positive hole
formed as a result of this electron transfer then reacts with an adjacent
singly excited azide ion to form three moléculés of nitrogen and an
electron. This electron then combines with a Ca* ion formed earlier to

yield_calcium metal. Thus

hy L
N3~ <« N3~* N - ' ey
Ca*" + NgT B cat o+ Ny | | (2)
Ny + N3* » 3N, + e  ‘ | | (3)
ca* . e » Ca . o : ; 4)

Stép (2) is considered to be the rate determining step and has an activa-

tion energy of 10,80 Kcal./mol. The mechanism is seen to be in accordance
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with the linear dependence of the inverse of tﬁé duration of the
induction period on fhe light intensity. |

As already mentioned nuclear growth has beén found to be depend-
ent on the first power of the light intensitf.and thus the mechanism
proposed for the lower temperature range needs to be modified accord-
ingly. Moreover the activation energy of 12,52 Kcai./mol. represents
.sufficient‘thermal enefgy té_transfer an electron from an azide ion to
an adjacent.Can+ ion formed as‘a result of the photoelectric effect._
This traﬁsfer of an electron results in the formation of a positive hole,
the latter then reacting with an excited azide ion in a mamner similar

to that proposed in the lower temperature range. Thus:

hv
=

N3~ <« N3™% . - | 2e

hy N ; _ _ .

Can < Can + e _ | o (2)

Ca ™ + Ny 5 Ca_ + N | - o (3)

Ny + N37% > 3N, + 2[] + e | (4)

> 3Ny + [] + D ' | (5)

2[] ~ 2] + 2 | o (6)

Ca, + Ca?®™ + 2 - Cape, . | - (D

© Step (3) is considered to be the rate determining step and haé an
activafion enefgy‘of 12,52 Kcal./mol. The mechanism postulated is Seen
to be in accordénce with the observed linear dependence ofvthe photolytié
rate on light intensity. |
The activation,energy for fhe decay period in this temperafure
" range is 17,36 Kcal./mol. This value is quite considerably higher than

that for the acceleratory period. The mechanism is still linearly
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dependent on the light intensity. The activation energy far thermal -
decomposifibn over this period is approximately 20,0 Kcal./mol. which is
about the.same as the value obtained for the thermal decomposition over
the acceleratory period. The rate determining step in the thermal

decomposition is
Ng™ 5 Ny + electron in conduction band

The value of 17,36 Kcal./mol. is not considered sufficient for thié'
thermal ionization to occur. Prout ei_al.137’168 have obtained a
value of 18,8 Kcal./mol. for the decay period in the thermal decomposi-
tioﬁ of calcium azide.. They associated this activation energy with the

reaction

They chsidered'that the decay reaction commenced when the surface

nuclei touch .and reaction takes place at the contracting interface.

The metal sheath around the‘ézide particle exérts compressivé stresses on
the azide-lafticé and disfortion of adjacent azide ions at the reactant/
product interface is a maximum. - The adjacent azide ions interact in»fhis
region of strain. Two separate studies (bne on aged material and the
other on fresh materiél) were carried out to determine the activation
~energy of the thermal decomposition of the sample of calcium azide-used>b
in this study. Using two diffefent mathematical analyses on the fresh
materiai, a value of = 26,0 KCal;/mol. was obtained in the case of both
the frésh and the aged material. Furthermore, the subsequent studies
carried out on the Co—irradiatéd decompoéition of calcium azide powder
yielded values-fbr tﬁe_activafion energy of the decay reaction between
17,0 Kca]./mdl;- and 26,0 Kcaig/mol. which are to be expected in the

light of the value obtained in this photolytic study. If the value for
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the thermal decompositiqn quqted ébove, viz, 18,8 Kcal./mol.; were to
be accepted, this would imply that the activation energy‘for co-irradiated
decomposition was higher than thaf for purely thermal decomposition which is -
improbable. Hence the value of 17,36 Kcal./mol. obtained for.the
photolysis of ;alcium azide powder in the decay period over the temperéture
range under.discussion is presumably associated with the reaction

: :

Ca + N3'

n Cay + N3

n

which is the rate determining steb in tﬁe acceleratory period. The
difference between this Value-of 17,36 Kcal./mol. and the value of 12,52
Kcal./mol. obtained for the_acceleratory period could be due to experiment-
al error. This difference in value is not very excessive when one considers,
for example, the large discrepancies existing in.the literature for the
thermal decomposition of calcium azidé§8,137,168,195

Possibly a more plausible reason for the discrepancy iﬁ the
activation energies for the acceleratory and deéay reaction - if the sainé
mechanism_is to be postulated for both periods - is that during the decay
periodlreaction is taking place predominantly beléw the surface. It has
already been shown that, beyond the inflection point, the surface of the
particles is completely covered with metal. There is also evidence to
show that many azides‘deCOmpose'eithef at the surface or at internai

cracks. 196

It is, therefore, to some extént an oversimplification to base
a mechahism, which-isvopérating at an interface, on the bulk properties.
For example, the optical energy of sodium chloride ié 216,0 Kcal./mol. -
lower at the surface.3® The difference between bulk and surface energies
is expected to exist in azides as well aﬁd will be strongly dependent upon

the crystallographic orientation of the decomposing sample. Moreover the

process of diffusion of the gas to the surface requires energy. This



incréase in the activation energy of the decay reaction at these
temperatures is possibly due to thé difficulty experienced by the
nitrogen formed at internal cracks or dislocations to diffusé to the
surface. |

Thus the same mechanisms afe>postulated for both the_acceleratory
~and décay reaction and the difference in the values of the activation

eneigies is ascribed to the fact that during the decay period the reaction
+ ' ‘_ Q ‘ L
Can + N3 | Can + Ny

is taking place predominantly in the bulk of the material whereas during
~the acceleratory reaction it is taking place predominantly at the
- surface cracks, jogs or dislocations or along planes which emerge at the

surface.

(iii.c) Photolysis in the temperature range -70,0° — 7,0°C

No pfevious work has been carried out dn the photolytic decomposi-
tion of Calcium azide in this temperature range nor have>any pre-irradiatién
studies been made. No data exisfs frbm e.s.r. studies and thus mechanisms
proposed will depeﬁd to a considerable extent on.work done on other azides,
notably barium azide. |

Sigmoid pressure-time plots were obtained and the reproducibility
~was found to be good over the‘acceleratory and decay reactions but Qéé nof -
highly satisfactory over the- induction period. This was probably a fesult
of a variation in the defect éurfaces of the powders. Results obtained
during this period should thus be treated with caution and mechanisms
proposed for the induction period should be similérlyvviewed.

The accéleratory reaction Qas analyzed by means of the Avrami—
Erofeyev equation with ﬁ = 2 and the decay reaction was analyzed using the

unimolecular law. The percentage decomposition at -20,0°C was 62%,
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considerably less than the 93,4% obtained for a purely thermal decomposi-
tion. No dark rate was detected in this temperature range and thus a
purély photolytic decomposition process was at work. Visual observations
showed a continuaily darkening colourvduring the induction and atceleratory
peridds and beyond thé‘inflection point the particles were completely
black. |
The activation energy for the induction period 6ver'this temperature

range was 0,34 Kcal./mol. and the molecularity was 1,00. The éctivation
energy for the acCeleratory reaction‘was 0,56 Kcal./mol. énd the molecularf
ity 2,23. The rate of photolysis in this period can therefore be
considered td'vary as the square of the light intensity. The decay reaction 1
activation energy was found to be 0,42 Kcal./mol..and'the-value of the
molecularity 2,00. Again, the rate of ﬁhotolysis varies aslthe'square of
the light intensity.

| The visual observations referred to ébove indicaté the preseﬁce
of calcium metal at the end of the iﬁduction period énd during . the
aéceleratory period. The dafkehing of the colour indicateé an ever
- increasing amount of metal present and the black colour of the sample
subsequent to the inflection point indicates that the particles are covered
on the surface with a calcium‘metal layer. These facts were further
illustrated by introducing water vapour during a photolytic decompositibn.
Introducing water vapour on to the sample at the end of the induction
.period caused the calcium metal on the surface to be destroyed. The reaction
.continued after a ne& shorter_indUction periOd, the new reaction proceeding
presumably from growth nuclei still present in the bulk of the material. |
Water vapour introduced during the induction period had no effect on the .
subsequent reaction, indicating that calcium metal nuclei were only formed
at the end of this period. The thin film of calcium metal has the séme

characteristics as those of the bulk metall®3 and it appears that by the
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end of the rnductioﬁ period very thin two-dimensional plates of metal
nuclei, with electronic properties of the bulk metal, will form on the
surface of the particles and along the planes of the crystal at discrete
centres. |

Filtering the ultraviolet radiation has shown a reduction in the rate
ef decomposition relative to that.obtained‘for unfiltered decompositions.
Reflection from the polished surfaces accounts partially for this reduction
in rate but if this factor is cohsidered constant for the three filters
then it is observed that the 5 mm BG12 filter causes a virtual end to the
photolytic decomposition. The 3 mm UG5 and 1 mm UGL filterd both lower
‘the rate, the latter slightly more so. From this it can be concluded that
the most effective wavelengtiis for the photolysis of calcium azide in this‘
temperature range are in the region.ZZO - 330 nm. These wavelengths |
represent energies which are too.small to ¢ause the formation of positive
holes and free electrons. Thus the mechanism must involve the formation
‘of an excited azide ion. Low absorption coefficients at the longer wave-
1ehgths probably account for the reduced rates resulting in a 1ower rate
of,eﬁcitation of the internal transitions.

In the temperature range 35,0° - 60,0°C it wae proposed that the
' rate determining step for the iﬁduction period involved the reaction
between a Ca2+.ion and the [N3'vS N3~#] complex where S is probably an
anion vacaney; This mechanism:was linearly dependent on the light intensity
and had>an activation energy of 7,78 KCal./mol..associated with it. In
this low temperature range the moleeularity is still one but the activation
energy is only 0,34 Kcal./mol. The following basically similar mechanism is
thus’proposed. A more logical exﬁlanation ef the decreased.activation‘energy
could.have'been»postulated had the molecularity been 2. This would have
required a doubly excited complex/ion and hence the smaller’activation energy

~ would have been more meaningful. The poor reproducibility during this period
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makes this proposed mechanism suspect.

v | |
NN W

Ny SNg™* & 2N, o+ N, + s" B | @
2N, . ZNZ. ¥ 2 . o (3

Ca®* + 2e = c; o S ».(4)

This mechanism_incorporétes a reaction in which the Nz‘ ion is produced.
No e.s.r.' or optical absorption spectfum studies have been made of
calcium azide and hence no evidence exists for its production. It has
been observed in the low-temperature photolfsis of potassium, sodium
and barium azides.®!,62,53,47  The many similarities which exist in the
results obtained for the photolysis of»barium and calciumvazides do,
however, support the proposed formation of this ion. The rate of formation
of the'Né; ion hasvbeen found to be linearly dependent on the light
intensity as is the case in this mechanism. Moreover it was produced
by radiation of wavelength 225_nmf*‘7 which is within the range of wave-
lengths found experimentally to be effective for photoleis.v Step‘(Z) is
considered to be the rate determining step'and has an activation energyvof
0,34 Kcal./mol. .associated with it. |

The equations used in the mathematlcal analyses of the photoly51s
of calcium azide are the same as those used in the case of barium and
strontium azides at these low temperatures. Thus the topography of the .
photolytic reactions involved can be assumed to be the same as that for
these two azides. Calcium atoms formed in step (4) aré located on the
surface and on the planes of the crystals_ Eventually diffusion of the
atoms results 1n aggregation to give calcium metal nuclei. This’aggregatiOn

of atoms indicates the end of the induction period. 'Nitrogen gas evolved
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will not necessarily escape during this period butvwill-bé largely
absorbed on thé powdei.. | |

The‘acceleratory reaction was analeed using the Avrami-Erofeyev
équation with n =.2. The pronouﬁced effect of the intense irradiation at
low temperatures leads to the assumption‘that_fhe value of n = 2 implieslb
a two—dimenéionai growth of nuclei increasing from a fixéd number of
‘centres. The visual observafions made, the mathematicél analyses, thé
effect of filtefs and the effect of introducing water vaﬁour on to the
sample are all found to be virtually identical to those found for barium .
and strontium azides in the same temperature range and.thus the topography,
once again, is considered to be the same. |

The activation energy for fhe acceleratory reaction in this
temperature rangé is 0,56 Kcal./mdl.'and the molecularity is two. The
mechanism proposed for the growth of calcium metal nuclei is similar to
that proposed for Earium azide in this temperature range. vA.singly
excited azide ion is trapped af:a sité S which is probably an anion
vacancy. .Another singly excited azide ioﬁ is trapped at.thé same site and
the complex [N3‘*[]N3‘*] reacts with a Can+ ion formed via the photoelectric.
effect toiform.a Caicium atom, two‘positivevholes and an electron.. The
defect S is‘regenerated. If this defect is an anion vacancy if will form
an F-centre with the electfon. The positive holes react with ground staﬁe
azide ions to form nitrogen and N, ions. Light of wavelength 325 nm will

cause the reaction

Ny© o+ Nz?T T N0 - Ng?T
to occur. The predominant reaction involving the N, ™ ion, however, will

- result in the formation of nitrogen and, ultimately F-centres. Eventually

‘the metal nuclei grow to the interface when electrons, formed as a result



320

of the collapse of F—centres; react with Cz—1~.2Jr ions to form calcium atoﬁs.
The excited ions are presumed to be located at defect sites since they
will revert to the ground state if located at ideal lattice positions.
The F-centres aggregate initially as a result of the increased stability
due to resonance and then, at a critical concentration, Coilapsé-to
produce vacancies and electrohs. Thus the mechanism for the acceleratory

‘reaction in this temperature range is as follows:

N3~ < N3-* ‘ . . . : (1)

}}y . .

Ca <« Ca '+ e - | | (2)

Ca + Ny*SN3™™ % ca + 2Ny + e + 5 , (3)
2N; + 2N3~ »  2N,T + 4N, | . N 5)

Np© o+ NyT o ZON0 CNg2T | . (5)
Np” ¢ 2Ny - 3Np+[] +.oe | - (6)

> 3N, o+ [ (7)

2] » 2] + ‘2 . | (8)

Ca+ Ca2’ + 2 + Ca , | (9

n n+l

Step (3) is considered to be the raté determiniﬁg‘step and hés an
activation énergy of 0,56 Kcal./mol. associafed with it. The mechanism is
in accordance with the dependence of the rate on the square of the light
intensity. |

The decay reaction commenceé when the tﬁo-dimensional nuclei o?erlap
and thé'surface of the particles are covered with the reaction product.

This period was analysed using the unimolecular decay law. Introducing
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water vapour during the decay period caused the reaction to cease.
This was presumably a fesult of the formation of a layer of calcium
hydrexide on the surface. This layer is opaque to ultraviolet light and
hence the reaetion ceases. The visual observations, mathematical
analyses and the effect of introducing water vapour is the same as that
. for barium azi&e and the topochemistry of the reaction is consideréd to be
the same. o

The mechanism pfoposed for the decay period is the same as that
for the acceleratory period. The activation energy for the decay
reaction 1s 0;42 Kcal./mol. and is very similar to that of the.acceleratory e
reaction. The rate 1s also dependent .on the squarc of the iight intensity -

as in the case of the acceleratory reaction.

(217.d) Photolysis in the temperature range 7,0° - 22,0°C

The activation energies obtained for the photolysis of celcium |
azide powder in this temperature range are 5,70 Kcal./mol., 4;18 Kcal./mol?
and 3,76 Kcal./mol. for the induction, acceleratory and decay reactions
respectively. The molecularities for these stages of the reaction are
(to the nearest whole number) 1, 2 and 2 respectively. These values were
obtained in a study Compietely iﬁdependent from that carried out iﬁ the
temperature range 35,0° - 60,0°C: ~The values for the activation energies
and molecularities.ebtained in each temperature range are Vefy eimilarbor'
identical.- The visual observations; mathematical analyses, the effect
of the.use of filters aﬁd the effect of introducing water vapour were .
also found to be the same. Hence it is concluded that the mechanisms
proposed for the photolysis of calcium azide in the temperature~range
35,0° - 60,0°C are aisovapplicable in this temperature range, and the"

general discussion pertaining to these mechanisms is the same.
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(iv) - PHOTOLYSIS OF LITHIUM AZIDE

Powdered lithium azide was decomposed photolytically in the
temperature range -70,0°‘— 170,0°C.  Throughout this temperature range
the photolysis was charactefized-by an initial induction period during
which no measurable amount of nitrogen was evolved; This waé followed by
an ‘acceleratory and decay reaction. The reproducibility obtained over
the acceleratory and decay periods was good but no highly satisfactory
reproducibility was obtained over the induction period, particula%ly at
‘ low temperatures. Powdered samples were ground and sieved fepeatedly
in an effort to improve repfoducibility over thi$ period but variations
_in the defect surfaces, crucial to the decomposition process, are not
readily eliminated. The pressure-time graphs were sigmoid.'in shape.

The acceleratory period was described by the Avrami-Erofeyev equation with
n = 2 and the decay period was analyzed using the uniﬁolecular.decay law.
The degree of fit of the mathemétical equations was virtually the same at
all temperatures under study and the inflection point occurred consistently
in the region of o = 0,25 in the higher temperature range and.at o = 0,43
in the lower temperaturé rahges. The percentageidecomposition was 78%

iﬁ the'higher temperature range and 57% in the lower teﬁperatﬁre range;
These are to be compared withva value of 82% obtained in the thermal
decomposition of lithium azide powder at 2005C}7“" |

In the study carried out over the temperature range —70,05 - 17,06C
two distinct activation energies were detérmined, a change ih the value: |
occurring at -19,0°C. The actiﬁatioh energy for the induction period wés
3,14 Kcal./mol. below -19,0°C and 4,98 Kcal./mol. above that temperature.
The activation enefgy for the acceleratory period was 1,71 Kcal./mol. and
4,25 Kcal./mol. for the temperature ranges below and above —19,0°C

respectively and for the corresponding temperature ranges
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the activatioh energy for the decay'period was 0,88 Kcalu/moi. and 5,44 |
Kcai./mol. resbectively. ‘The values of m for the induction, acceleratory-
and decay periods respectiVely were 1,71, 1,69 and 1,70 in the |
temperature range below -19,0°C and 1,54; 1,81 and 1,86 in the temperature
ranges above'-19,0°C.

.In the study carried out in fhe temperature'range 24 ,6° —-170,09C
the éctivation energies were found to change at 71,8°C.‘ Below this
temperature the activation energies for the induction, écceleratory and-
decay reactions were found to be 6,10 Kcal./mol., 4,20 Kcai./mol. and 3,20
‘Kcal./mol. respectively. Above 71,8°C the activation energies were found
to be 11,50 Kcal./mol., 9,90 Kcal./mol. and 11,60 Kcal./mol. The décay
reaction was also analyzed using the split—run method. Below_78,0°C the -
activation energy was found to be 2,48 Kcal,/mol. and above 78,0°C the
‘activation énergy was 8,44 Kcal./mol. The>m01ecu1arity of the inducticn,
acceleratory and decay reactions Belowv7l,0°C were found to be 1,54, 1,81 -
and 1,86 respéctively and above this temperature the molecularities for the

corresponding reactions were 1,14, 1,14 and 1,18.

(iv.a) Photolysis in the temperature range 24,6° - 71,8°C

As stated above the photolysis Comménced with an induction period,:
during whiéh there was no measurable evolution of gas, followed by an |
acceleratory and decay period. The acceleratofy pefiod was anélyzed using
the Avrami-Erofeyev eguation with n = 2. ‘The value of n = 2 can be

ascribed to one of the following types of nuclear growth F

. (1) one-dimensional growth of nuclei, increasing in number linearly
with time; oxr
(ii) two-dimensional growth of nuclei increasing from a fixed number

of centres.
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The first type qf growth does ﬁot appear .acceptable because the relatively
high value of the inflection point»ihplieé that it is highly uniikely '

that a one-dimensional growth could be sustained at such a high intensity

of irradiation for the entire acéeleratory period.

| If is'during the induction period that the formation.of nuclei
takes place. Metallié nuclei were not present at the commencement of
heating since admission of water vapour at t = 0 had'no.effect on the
sﬁbsequent.photolysis other than to lower the final pressure. -This

latter phenomenon was probably due fo the partial hydrolysis of ézide by
the water vapour. Introducing water vapour at subsequent pbints during

the induction period similarly héd no effect on the photolysis. However,
introductién of water vapdur at the end of the induétion period hadbthe
effect of causing a new inductidn period tb_occur with a subseqﬁent lower-
ing 6f the acceleratory rate. This iﬁdicates-that it was only at the end
of the induction period that metallic nuclei were formed. The nuclei are
Considéred to be surface ones and are discrete. Clustering of nuclei occurs
at the end of the induction period and the sites preferred for this are on
the surfacé of the particles, such as surface cracks or lines of strain
where disorganization or mechanical damage hasrtaken place and where there
is a higher_thérnmdynamic instability and unsaturatioﬁ of cohesive forces!7"
This mechanical damage 1s enhanced by thevgrinding and dehydratioh process |
which precedeé decomposition.' Grihding produces a large nﬁmber of‘disloca—
tions-whiéh grbup to form high angle grain boundaries.

It was found that the effect of filtering the ultraviolet radiation
caused the rate of the reaction to decrease. The extent of the decrease in
rate depended on the type of filter used. The decrease in rate experienced
with all three filters was partially a reéult of simple reflection of the

radiation from the highly polished surface. | Disregarding this, however,
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as being a constant_factor,'it uas found that there was a much greater
decrease iu.rate when the 1 mm UGl was used compared to the 3 mm UGS.

The 5 mm BG12 filter had such a dramatic decreasing effect that the
photolytic decomposition virtually appeared to cease. The conclusions.
that areidrawn from these observations are that the most effective wave-

- lengths. for photolysis are those in‘the range 220 - 280 nm. As has been
explained previously in the discussion on the pﬁotolytic decompositions
of the other azides, these wavelengths do not represent'energies of the
magnitude required for the formation of.free electrons and holes and it

is considered that the ultraviolet radiation causes a transition of low‘
probabilitf to a low-lying excited state of the azide ion.® This absorbed
energy is localized at the favoured sites in the form of vibrational or
internal electrouic excitation. This primary excitation‘which ultimately_>
leads to'decomposition, thus results in the localization of energy in a
trapped anion.

The mechahism proposed for the formation of nuclei during the
induction period must be in accordance with the observed dependence of the
 rate on the square of the light intensity. . Since no e.s.r. or optical
absorptioh spectrum studies have been carried out on lithium azide to date,
the proposition that certain specific ion.s or colour centres are products
of photolysis is speculative. Lithium azide has the same crysfal structure
‘as a—sodium-azide aud,is‘simiiar in structure to barium azide. All three
are monoclinic, barium azide being P21/m anddthevother two are C2/m.192

Lithium and sodium azides.are both basicélly distdrted sodium chloride
type crystals, ih which the azide ions stack perpendicularly. No photoe
~ current has been observed with sodium azide at the wavelengths which were
found to be effective-for photoiysis of lithium azide. This ¢bservation
strengthens the proposal that excited azide ions are formed in lithium'

azide. F-centres have been observed in the halides as well as in sodium
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and many other azides. Sodium and lithium azides have élso been,shown té_
have virtually identical properties in Vibfationalkstudies.le_2

Prout and Liddiard!”"%, in a study of the thermal and pre-irradiated
decomposition of lithium azide, have proposed an induction period mechanism
involving the decbmposition of two azide ions to give three molecules of
nitrogen and two electrons. The activation energy determined for this'is_
22,0 Kcal./mol. “The activatibn energy of photolysis for the same period’
in the temperature fange under discussion is much less and thus the rate
determining step is clearly diffefent. Initial absorption of a photon
leads to the formation of an excitéd azide ion. . This’excited ion is
- probably trapped. at a defect such as an anion vacancy. A second.excited
azide ion is trapped at the same site in a manner analogous to that
postulated for‘barium, stronfium and calcium azides. Reaction then takes
place with a Li+.ion to form the metal. Nitrogen gas produced is prébably
absorbed on the very large surface of’the particles-of the powder. The

defect S is regenerated. Thus

N3—' z N3-* o (1)
.+ - -k é- . - . . ' ’
2Li* + N3T* S N 2Li + 3N, *+ S | 2)

The rate deterﬁining sfep is step (2) and the activation energy of 6,10
Kcal./mol. is associated with this step. As aiready stated, introducing
water vapour at the end of the induction period causes a new induction
period to appear but does not markedly alter the subéequent rate of
decomposition. This indicates firstly that métal atoms are present at the
,end.bf the induction pericd and secondly that the water vapour does not
affect the decomposition sites.

The lithium atoms formed in step (4) diffuse over the surface and,

at a critical concentration, aggregate to form lithium metal nuclei with
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all the associated electronit,properties of a metal. The structure of
a metal in a thin film has been shown to be identical to the bulk metal.
The films, formed by léferal growth of nuclei, may become continuous at
thicknesses as low as 5 nm. The character of the conductivity of such
metal films corresponds very closely to that of the massive metal. Thus
it wili be possible for a very thin two-dimensional metal ﬁucleus with
the électrbnic properties of the bulk metal to form on the surface of
the particles at.discrete centres.

At the end of the induction period growthvof the nuclel commences
“and the reaction accelerates. During this period reaction occurs at a
rapidly expanding reactant/product interface and an increasing number of
nuclei. | |

The acceleratory period has a rate which is dependent on the :’
square of the light intensity. Thus a mechanism,muét be postulated
involving thevdétomposition of two excited azide ions. Prout and Sears?%
in a study of the photoiysis of lithium azide in the temperature range
-60,0° - 20,0°C have found a dependence throughout this range on the
square of the light intensity. They have proposed a mechanism which
-involves the bimolecular reaction between two.excited ions each trapped.at

_ : —% _

a different anion vacancy. ' The complex formed, viz. [N3 [LzNé]—*, subsequently
-decomposes to yield two‘pdsitive holes and two F-centes. vThe F-centres |
eventually aggregate, collapse and react with Li* ions to form iithium metal.
It is not clear, however; to which specific period of the decomposition hor
to which part of the temperature fange'studied this mechanism was applied.
If it is assumed that in general lithium and sodium azides can be treafed
analogously then the mechanism postulated should preferably account for the
formation of F-centres and F,*-centres both of which have been detected in

sodium azide. The latter has also been observed in the photolysis of
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potassium and»barium azides.“7e61;62’7°519° Thus a mechanism can oe
proposed in which an excitedcazide ion reacts with an Lin+ ion, formed
via the photoelectric effect, to produce Li, end the positive hole Nj.
A second excited azide ion would react with an adjacent ground state azide
ion to produce nitrogen-and, ultimately, F-centres. The positive hole
decomposes to yield eventually, with a ground state azide ion, two molecules
of nitrogen and an N,~ ion.

However, there is no evidence for the formation of the Nz; ion
in the photolysis of lithium azide and, if anything, it is more likely to
be produced at low temperatures where it has been detected in the case of
sodium, potassium and barlum.321des P and F,*-centres have been observed
in the photolysis of sod1um azide and the former in the photoly51s of
virtually all inorganic azides. F,*-centres are, however, not stable at
ambient temperature ‘and are not postulated to form here. Hence the
following mechanism is proposed for the acceleratory reaction in the
photoly51s of lithium azide. Initially a ground state azide ion 1is
excited by absorption of a photon. This excitation is an internal
transition on the ion itself. ‘If it is situated at an ideal lattice site
1t will revert to the ground state. If 51tuated at a defect site, the ‘
“excited ion will be stable and w1ll then react with a 11th1um ion formed
as a result of the photoelectrlc_effect. A second singly excited azide
ion reacts with a positire hole to form three molecules of ﬁitrogen, two
anion.vacancies and an electron. Electrons are then trapped et single
anion vacancies to form F-centres. These centres aggregate because of the
increased stabiiity thus obtained as-a result of resonance of the electrone
between identical defects. The aggregate coliapses on reaching a critical
size and the electrons thus produced react with lithiom ions to form

lithium atoms. = Eventually metal nuclei form and these grow to the interface..
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Hence the mechanism proposed is:

N3 = <« N3~ . . (1)

Lln < L1n + e - (2)

Ligh + NgTF R L+ N I ®
N3 ¢ NgTF o> 3N, + 2] + e _ ‘ 4)
. > 3N, + D + D _ ' (5)

Collapse of the F-centres produces anion vacancies and electrons, the

latter reacting as follows:

. ’ .+ . ’ . ) . .
Lip o+ L5+ e > i, o | | (6)

Step (3) 1is considered to be the rate determining step and has an activation
energy of 4,2 Kcal./mol. associated with it. Similar mechanisms have been
proposed by Prout and Shephard in the case of barium and strontium azides,39
and by Jacobs et al. in the case of sodium azide** and in the presént work
in the case of calcium azide.

The importance of the metal nucleus during the acceleratory period
has been illustrated by the éxperiments in whiéh water vapour has been
introduced on to the sample. ' Exposure to water vapour during this pericd
caused the reaction to be destrpyed and resulted in a new induction period
slightly shorter than that for an uninterrupted decomposition. The rate
‘constant of the subsequent reaction decreased. The destruction of the
reaction implies the presence of metallic nﬁclei on the surfaces of
particles. The new induction period implies that new nuclei had to form
to enable the reaction to continue and the lowering of the rate constant
is considered to be due to the removal of pofentialnucleiforming sites by

the water vapour.
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~ Interruptions at the inflection point and at positions futther
along the deconposition curve destroy any further feaction, thus
indicating that no new growth nuclei are possible beyond this stage of
‘the decomposition. Visual observations made indicate that all surfaces
‘are very dark brown after the inflection point indicating that all
particies are covered.with a layer of lithium metal. Introduction of
water vapour during the decay reaction causes lithium hydroxide to be
formed.: This is opaque to oltraviolet radiation and thus no new growth
nuclei can be formed and the reaction ceases.

The decay reaction commences when the surface nucleivtouCh and the
surfaces of-the small particles are coverec by reaction product. - The value
of n = 2 used during the acceleratoxy reaction in the appllcatlon of the
Avryami- Erofeyev equatlon has 1nd1cated that the growth centres of the metal
are plate—llke in nature advancing along the grain boundaries in Wthh
they were initiated. This results ultimately in a difference in molecular
volume between product and reactant phases. The interface may then
collapse leavihg isolated blocks of material in which no nuclei-are present.
If each molecule in these isolated blocks has an equal probability for
decomposition, then the ratedof reaction is simpiy proportional to thei
amount of substance undecomposed This is tne topography associated w1th
~the unlmolecular law which has been found to fit the decay reaction.

The activation energy for the decay perlod-was 3,2 Kcal./mol. and
the'moleoularity_was two: These valoes are very similar or identicalvto
the values obtained during the acceleratory perlod Hence, the same
mechanlsm as that proposed for the acceleratory reaction is postulated
for the decay_react10n.> The evolution of nltrogen is decreased as a result

of the gradual consumption of defects which are helpful to the reaction.



(iv.b) Photolysis in the temperature range 71,8° - 170,0°C

In this temperature range the acfivation energies for the induction;.
'acceleratory and decay reactions were 11,50 Kcal./mol., 9,90 Kcal./mol. and
11,60 Kcal./mbl. respectively. The rates of induction, acceleratory and
deéay reactions were linearly dépendent on the light intensity.

Thevmathematical analyseé, visual observations_and the effect of
the introduction of water vapour at various stageé of the reaction were
found to be analogous to the reéﬁlts obtained in the temperature range
24,6° - 71,8°C. It is consequently assumed that the topochemical
decomposition in the higher temperature>range is similar to_that in the
‘temperature range below 71;8°C.

| The rate of the induction period changes at 71,8°C from a depend-
encé on the square of the light intensity to a iiﬁear depéndencé on the
light inténsity.' In order to account for this change as well as to account for-
the increase in the activatiqn energy from 6,10 Kcal./mol. to 11,50 Kcal./mol.
an alternativé mechanism is proposéd.' The rate determining step ié
considered to be one in‘which an electron is transferred from an azide ion
to a-lithium ion. Sufficient thermal energy is available for this to take
place. The . resultant positive hole_feacts with an excited azide ion to
: ﬁroduce nitrogen and an electron. The electron then féactS'with another

1ithium ion.

N3” < Ng™° , - | | .(1)

;>L'1+ ‘+ AR S E R | - . @
Ny + N3 =~ ;3Né +e . | 3 (3)
Lt e e oo 1 . | N _. o 4)

Step (2) is the rate determmining step and has an activation energy of 11,50
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Kcél./mol. associated with it, The mechanism is seen to be in accordance
with the observed linear dependehce cf the rate on the light intensity.

The acceleratory reaction in this temperature range is also linearly
dependent on tﬁe light intensityias opposed to the depeﬁdehce on the square
of the light intensify below 71,8°é. This change in molecularity as well
as the increase.in activaticn energy ffom 4,20 Kcél./mol. to 9,90 Kcal./mol.
necessitétes a new mechanism. As in the induction period, sufficient
thermal energy is considered to.be available for the transfer of an electron
from a ground state azide ion to an ion of lithium which has been formed via
the photoelectric effect. The positive.hole thus fofmed reacts with an
~ excited azide ion to form three molecules of nitrogen, two anion vacancies'
aﬁd an electron. Eventually there is an aggregation and a subsequent
‘collapse of F-centres at a critical concéntration; Ultimately lithium

metal nuclei form and grow to the interface..

<

N3- -Z N3—* ) : . (l)

hy. .+ \ ’ |
Li. 2 1t + e - - (W
Li* o+ Ny~ 3 1o+ Ng o (3)
Ny + N3 % o SNy, + 2[] ¢ e o (4)
> 3N, o+ [+ 0 o | ()

5> O+e ©

Lig + Li + e » Li, . | N

Step (3) is considered to be the rate determining step and has an activation

energy of 9,90 Kcal./mol. associated with it. The mechanism is in accordance

with the linear dependence of the rate on the light intensity.
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Thé mechanism of photolytic decomposition during the decay
reaction is considered to be the same as that occurring during the
acceleratory reaction. The activation energy of 11,60 Kcal./mol. is very '
similar to that obtained during the acceleratory.period and the dependence
of the rate on the light intensity is also the same. This mechanism iS
_the.same ésithat proposed by Prout and Shephard for the photolysis of
barium azide in a'similar temperéture range5? and the same as that proposed

for calcium azide in the present work in the range 60,0° - 95,0°C.

(tv.e) Photolysis in the temperature range ~70,0° — -19,0°C

The phofolysis of lifhium,azide powder in this temperatufe rahge
has been found to have most of the characteristics that have already been
seen to be associated with the photolysis of Calciuﬁ, barium and stronfium
azides in this temperature range. The general'mathematical analyseé of
the various parts of the photolytic decomposition are the same. The
' reCiprocal of the duration of the induction'perioa wés taken as the rate
constant for this part of the reaction. The acceleratory period was
anélyzed using the Avrami-Erofeyev equatioﬁ with n = 2. The deéay reaction
was analyzed using the unimoieCulaf decay law. In a‘comparatiVe study of
the photolysis of lithium azide by Prout ‘and Sears”* the acéeleratory reaction
was analyzed using the Avrami-Erofeyev équation with n = 3. Prout and
Liddiard!®® in a study of the thermal decomposition of lithium azide also ..
used the Avrami-Erofeyev equatioh with n = 3 to analee the-acceleratory
reaction. The latter workers,‘however, in a study of the thefmal decomposi-
tion of lithium azide pre-irradiated with y-rays, X-rays and ultraviolet
radiation, used in éach case a value of n = 2. Attempts were made to
analyze the acceleratory reactioh.ﬁsing a value of n = 3 but the fit was not

as good as with n = 2. This latter value implied therefore a two-dimensional



334

_ growth of nuclei from a fixed number of centres. In the photolytic
study referred to above’* the decay reaction was analyzed using the
equation log o = kt + c. This effectively yields the same results as the
unimolecular decay law. This law is based on the principle that the rate’
of a reaction is proportional‘fo_the amount of substance undéédmposed
" whereas the above equation has as its Basis the deﬁendence of the rate on
.the amoﬁnt df substance decdmposed. |

The activation energies for the indﬁction, the acceleratory and
the decay reactions for thé'photolysis 6f lithium azide in this temperature
range are 3,14 Kcal./mol., 1,71 Kcal./mol..and 0,88 Kcal./mol..respectively.
vThe moleéularities for the same periods in the same temperature range .
are 1,71, 1,69 and 1,70 respectivély.

o The visual observations, the effect of filters and the'effect of 3
introducing water vapour during a decomposition were all similar to the
observations made in_the'cases’of-calcium, barium and strontium azidés in
the same temperature range. The diécussibn of the topography-of the
photolytic decomposition for.each period will therefore be the same as for
‘the other azides. |

The rate of the reaction during the induction period is depéndent
on the square of thellight intensityvand'hencé.the mechanism postulated must
involve éither two'singly excited azide ions or a éingle doubly_ekcited ion.
The rate determining step in the formation of nuclei at ambient temperatures
involves the reéétion betkeeﬁ a complex containing two singly excited ions
and a lithium ion and has an activation energy of 6,10 Kcal./mol. In the
present temperature range the decreased value of the activation energy
viz. 3,14 Ktal./mol. is thought to imply a reaction with a singie dbubiy
excited ion. Thus nﬁclear growth is proposed to occur according to the |

following mechanism:
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N3_ < Ns‘—i{ . ) (1)
N3 - YN3 x%k » . o . (2)

The doubly excited ion is trapped at a trapping site, such as an anion
vacancy, together with a.ground state azide ion. This complex then

reacts with a lithium ion.

2Li* + Ny SNy ¥ 5 211 + 3N, + S - | (3)

where S is a trapping site, probably an anion vacancy. Step (3) is the
rate determining step and has an activation energy of 3,14 Kéal./mol.
associated with it.
| The acteleratOry reacfion also depends on the square of the light

intensity. Both the molecularity and the activation énergy for the
acceleratory reaction in this temperature range are identical or very
similaf to the values obtained for calcium,barium and strontium azideés in
this temperature rénge. Prout and Sears’" also found the rate to‘bé
dependent on the square of the light intensity and, in.this temperature
range, found the activation energy for»the acceleratory reaction to be
0,82 Kcal./moi. The mechanism proposed by thém has»alréady been discussed
in the previous section. It basically involves freé radicals. The
mechanism proposed here is similar to that already proposed earlier in the
cases of barium, strontium and calcium azides. ‘Initiaily an azide ién s
excited and is trapped at a defect site S, such as an anion Vacancy.
Another singly excited ion, trapped at the same site, forms the.compiex,
[1\13“"c S N3~*]. This cbmplex reacts with an Lip* ion; formed via the photo-
electric effect; to yield a lithium atom, two positive holes and an
“electron. The defect site is regenerated. If it is an anion vacancy it

will form an F-centre with the electron produced. The two holes formed



react with two ground state azide ions to'produce N, ions and molecular
nitrogen. The Np~ ion has been detected in the photolysis of both sodium
and potéssiwn azides. The N, ions react to alvery small extent with Nj~
ions to yield the N0 -.V32" complex. The ion reacts_mainly, however, with
molecular nitrogen to yield more nitrogen and F-centres or Fé+—centres.
These reactions,involving the‘NZ' ions, have beén postulated in the case of
calcium, barium and étrontium azides. Th¢ Fp- and F—centfes aggregate,
reach a critical size and then cqllapse to produce electrons and anion
vacancies. These electrons react with lithium ions to form lithium.metél

nuclei which grow to the interface. Thus the mechanism is:

hv T .

Ny~ ¥ Ng°F - | (1)

L, < L~ +e | | (2)

it o+ N3:‘*SN3'V* ! Lij. 2N34','+ e + S o R (3)

Ny + 2Ny N Ny~ + 4N2 | N (4j

N, + N3~ & N0 - Ny2- - | - ‘(5)

N,” + 2N, +. 3N, + .2 ]+ 2 - o ‘ (6)

> 3N, o+ 2[] o

e awmemee  o®
B+ O« e | |

é_r DZ] > 2+ e N

i o+ Li* + e > Li : S ‘(10)'

n , n+1

“The F-centrevformed in step (7) and the F,*-centre formed invstep 8)
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are both relatively stable and will tend to aggregate as a result of the
increased stablilty arising from resonance of the electron. Ultimately,
however, they collapse to Yield electrons which.combine with the lithium
ion as shown in step (10). Step (3) isvconsidered to be the rate deter-
mining step and has an activation energy of 1,71 Kcal./mol. associated with :
it. The effects of introducing water vapour dufing photolysis and of |
filtering the ultraviolet radiation are identical to those observed at
ambient temperaturés and thus the discussion outlined in Secion 10 (iv.a):
is equally applicable heré.v

The decay reaction is also dependent on the square of theilight
intensity and has an actifation energy of 0,88 Kcal./mol. Prout and_Searsﬁ+
have obtained similar dependence on light intensity and an activation
energy of 0,85 Kcal./mol. for this period. The values obtained iﬁ this
work are identical or similar to those obtained for the acceleratory

reaction and consequently the same mechanism is postulated.

(tv.d) Photolysis in the temperature range -19,0° - 17,0°C

The activation energies found for the photolysis of powdered
lithium azide in this temperature range were 4,98 Kcal./mol.,.4,25 Kcal./mol.
and 5,44 Kcal./mol. for the induction, acceleratory and'decay periodé
.resﬁectively. These values were very similar to theAvalues of 6,1 Kcal;/mol.,
4,2 Kcal./mol. and 3,2 Kcal./mol. obtained for the same periods in the
temperature range 24,6° - 71,8°C. The value of the molecularity,of the
induction, acceleratory and decay periods in the temperature ranges —19,0°_—
17,0°C and 24,6° - 71,8°C was two throughoﬁt. Ih view of the marked
similarities between the results obtained in these two.temperaturé ranges
and the similarities in the topcchemistry as indicated by the use of the
same equations in tne mathematical analyses, it is proposed that the same
‘mechanisms as posfulated.in Section 10 (7v.q) for the temperature range

24 ,8° - 71,6°C are also applicable in this temperature range.
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5. PHOTOLYSIS OF PELLETED CALCIUM AZIDE

The photolysis of pelleted calcium azide was carried out in the
temperature range 25,0° - 90,0°C. The pressure-time ﬁlots showed similar
characteristics to those obfainedvfor pdwdered samples. They were sigmoid
in shape and showed distinctive indﬁction, acceleratory and decay periods.
During the induction period there was no measurable evolution of gas. The
acceleratory period was analyzed.using the Avrami-Erofeyev equation with
n = 2 and the unimolecular law was used to analyze the decay period. The
reproducibility obtained was not very good notwithstaﬁding the use of
- different pelleting pressures. -

The poor reproducibility is presumed to be a resulf.of the randomness -
of the effects resulting from the pelleting process. When the powdered azide

is pelleted large numbers of crystal defects are created. New high angle-
grain boundaries will élso arise as a resuit of an accumulation of
dislocations. Thus a pellet with é high concentration of point and line
defects will result but the concentration of these defects will vary from

‘pellet to pellet in a random manner. Thus the decomposition of-the pellet,
which is highly dependeﬁt on the concentratibﬁ of defects wili vafy accordingly
and hence the observed unsatisfactory reproducibility. The phenomenon of
pellets exploding can be ascribed to a particularly high ConcentratianOf
defecfs. |

- The mechanism whereby the éalcium metal nuclei form during the induction
period ié.presumed to be the same as that postulated’for the powdered form »

in the temperature range 35,0° - 95,0°C. The metal nuclei form on the
surface of the pellet at emergent.grain boundaries and also along intérﬁal
grain bqundaries and dislocations in the pellet. The duration of the
induction period is proportional to the time required for the calcium metal

atoms, formed initially at the interatomic spacing of calcium azide, to
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aggregate'to_calcium metal specks, The process of decomposition commences
when azide ions, present at defect sites, become excited by the absorption
of a photon; Visual observations made of the pellet during photolysis show .
the appearaﬁce of a brown colour at thé end of the induction period. This
is presumably an‘indication of the presence of calcium metal at the end of
this period;' Intrpducing water vapour on to the pellet at various stages
of the induction period provided further evidence of this; The effect of
‘water vapdur introduced at the commencement of the induction period as well
‘as half-way along this period had no effect on subsequent decomposition,
' indicating that no metal nuclei exist at these étages. Wéter vapour
introduced at the end of the inductibn period, however, caused a new induct-
ion:periddvto appear of dﬁration almost equal to that of the original
period} This phenomehon_indicated.the presence of calcium metal at the end of
the induction period. |

The acceleratory period was analyzed in the’same way as ih the-case
of the powdered form. A difference was observed in the position of the
infleétion point. ‘In the case of fhe powder this point occurreq at 0,35 and>
in the case of the pellet at 0,27. Two reasons cah be proposed for this
observation which implies that the decay reaction commences mdre rapidly
.in the pelleted form than in the powdered forﬁ. The decay reaction, as has_
béen seen in the study of the powdered azide, commences when all the pafticles
are covered on the surface with metallic‘caléium. Clearly the surface tbv
volume‘ratio.of pellets is small compared to that for powder and thus the
~ time taken to coﬁer the surface of the pellet with.metallic nuclei will be
considerably less than that observed in the Cése of powder. This time will
represent aconsiderably smaller fraction of the time faken for complete
decomposition to occur than in the éase of powder. The other factor which
can account for the rapid onset of the decay reaction is that, as a result'

of the pelleting process, there will be extreme disorganization of the



340

surfaces of the'pafticles as fﬁey aré pressed together; thus forming new
"internal surfaces". These regions are considered to be likely zones
for the formation of F-centres, In addition some F-centres will also form
‘at the grain boundaries in the individual particles, and it is assumed that
the concentration of centres in the new "internal surfaces' is Very high.'
By postulating for pe11ets the same mechaniém as that proposed for the
acceleratory.period of powdered calcium azide, it can be seen that a
'higher.concentration of F-centres will lead to a more rapid formation of
calcium atoms which then chstallize to form metal nuclei.
The decay reaction commences when the two-dimensional nuclei overlap

and the product interface moves into the pellet obeying the unimolecular .
decay law. The pellet was ebsérved to be black wherever viéible. This was
.due to the layer of metal on the surface as was shown by experimeﬁfs in
which watef‘vépouf was.introduced anto the sample during the decomposition.
This‘caused.the reaction to cease completely presumably as a result of the
formation of calcium hydroxide thch, belng opaque to untfaviolet light,
causes photolysis to Cease; Interruptions at values of o less than'0,27
caused a new,progressively longer, induction period to occur and in all
caées the final pressure was lower than that of an uninterrupted run. .This
was probably due to.hydrolysis of the azide..

| As has already been outlined in the results section, both 'separate'
run' and split-run' techniques were used to determine the activatidn energies.
The pressure at which the pellets were pressed was also varied in these
studies. In the temperature range 25,0° - 50,0°C the activationvenergy of
the induétion period was 6,39 Kcal./mol. compared to a value of 7,78 Kcal./mol.
for powdered calcium azide in the same temperature range. The activation
energy for the acceleratory period in the 25,0° - 50,0°C range was 7,07
Kcal./mol. compared to 7,30 Kcal./mol! in the same teﬁperature range for

the powdered calcium azide. It would seem therefore that pelleting the



341

sample has little or nq-effect on the activation energy for the induction
and écceleratory periods of the reaction although the poor reproducibility
during the induction period necessitatesvthe'value for that region being
treated with caution.

The average value of the activation enérgy for the decay period in
the femperature range 25,0° - 60,0°C was approximately 13,5 Kcal./mol. and
the average valﬁe in thé temperature range 60,0° - 90,0°C was approximatély
24 Kcal./mol. . No marked differences could be detectéd in the values when
the pelleting pressure changéd from lSOO'lb./sq.in. to- 2000 1b./sq.in. The
activation energy for the powdered form in the corresponding temperature
ranges is 4,67 Kcal./mol. and 17,36 Kcal./mol. respectively. Prout and |
Shephard®0 in a comparable study of pelleted barium and stréﬁtium azides in
these temperéture ranges have‘noted similar trends in the activation energy
of the decay period. They also observed a fairly marked increase in the
activation eﬁergy with increased pelleting pressure.

| The photolytic decomposition of pellets wiil occur in the bulk of the
pellet and on the external surface. The particles cbmprising the pellet
behave as if they were isolated particles. The increase observéd in the
activatiqn ehergy on pelleting the sample may be due to the formation of
pockets 6f nitrogen in the bulk of the pellet implying that energy is
required for diffusion as well as for the relevant feaction.

In general therefore it is proposed that the same mechanism postulated
for the photolysis of pOWdered calcium azide in the temperature range 35,0° -
'95,0°C are applicablé td the photolysis of pelleted calcium azide in the

temperature range under discussion.
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C.  CO-I1RRADIATED DECOMPOSITION OF CALCIUM AZIDE
(i) POWDER

A study of the co-irradiated decomposition of calcium azide powder
’prodﬁced results whicn resembled in the various ways the results obtained
'fof the photoiysis of powdered calciﬁm azide at high tempefature i.e.
60,0° - 95,0°C and those obtained for the ﬁure]gfthermal decompoSition of
powdered ﬁalcium azide. This particular study was carried out in the
temperature range 110,0° - 140,0°C. The essentiél feature of this decomp-
osition is the existence of a dark rate at all tempefatures.in the decomp-
osition temperature range.' This dark rate which is observed'is basically
a resﬁlt of the phenomenon of pre-irradiation which means that, when the
‘azide is irradiated prior to thermal decomposition, the latter occurs at
an increased rate for reasons which have’been eXplained.in sections 5 and
6. | |

The co-irradiated decompositions were found to.yieid satisfacfory
reproducibility. The Avrami-Erofeyev equation with n = 2 Was found to fit:
the acceleratory reaction as it had in the case of pure photolysis.;_The
decay reaction also was analyied in the same manﬁer as in the case of pure
phofolysis‘i.e. the unimolecular law was used. The inflection point occurred
~at a slightly higher value than in the case of phofolytic decompositions.
Activation energies were determined at three different intensities. - These
results indicated clearly that the lower the intensity theicloser the value of
the activatioh enérgy approximated that for a purely thermal decomposition.
For the induction period the activation energy of photolysis in the
temperature range 60,0° - 95,0°C was 10,80 Kcal./mol. and the activation
energy éf thermal decomposition in the température range 110,0° - 140,0°C

was approximately 20,0 Kcal./mol; The value obtained for co-irradiated
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decompositions in the temperature.rdnge 110,0° - 140,0°C Vériéd frqm

21,31 Kcai./mol. at an intensity of 7,0 units_to 14,04 Kcal./mol. at an
intensity of 17,5 units. - The activatidn energy for the acceleratory
reaction in photolysis in the temperature range 60,0° —i95,0°C.is 12,52
Kcal./mol. and‘the corresponding value for thermal decomposition in the
temperature range 110,0° - 140,0°C is approximately 26,70 Kcal./mol. The

~ values for the co—irradiated decomposition in the temperature range

110,0° - 140,0°C varied from 24,01 Kcal./mol. at an intensity of 7,0 units to
23,18 Kcali/moli at an intensity of 17,5 units. Similar trends occurred

~ over the deéay period where the activation energy for photolysis (60,0°.—
95,0°C) was 17,36 Kcal./mol., for thermal decomposition (110,0° - 140,0°C)
was 26,0 Kcal./mol. and for co-irradiated decomposition (110;0° - 140,0°C)
was:27,51 Kcal./mol. (intensity 7,0 uﬁits) and 21,66 Kcal./mol. (intensity'
17,5 units). From_thése results it can be concluded, és was done by Prout
’and Shephard®?, that two concurrent mechanisms are takihg p1ace during
~co-irradiation. A§ the intensity of the ultraviolet radiation decreases

the thermal decomposition mechanism becomes dominantiin the 1light of the
activation energy trends. Conversely, as the intensity of ultréviolet
radiation increases the photolytic mechanism tendS’to.dqminate; The
méthematical analyses of the acteleratory réaction in the thermal decomp- .
osition made use of the Avrami-Erofeyev equation with n = 2 which,héd been .
used tovana1YZe photolytic decomposition. Previous workers!37>168had used
the equation (1¥a)1/3 = ktv; c but the former equation was found to fit
equally well. Therefore it was concluded that the topology of the reactions
in thermal decomposition, photolysis and co-irradiation is the same in view
of the fact that the same eqﬁation was used to analyze all three reactions.
Similarly, the decay reactioﬁ wasianalyzed thioughout‘ using the unimolecu-

- lar law.



As had been found in the photolysis of calcium azide in the
temperature range 60,0° - 95,0°C, the rate of the induction, acceleratory
and decay reéctions were linearly dependent on the light intensity in |
the co-irradiated decomposition. This evidence serves to streﬁgthén the
proposal thatvthe same mechanisms as those occurring dﬁring highvtemperature__
photolytic decomposition are taking place during co-irradiation together
with thermal decomposition processes.
| The percentage decompoéition for co-irrédiated photolytic and thermal
decompositions.were all very much the saﬁe. ‘Many of the effects alreédy
observed in pre-irradiation studies!37,168 were characteristic of co-
irradiated decomposition. These included a shortehing of the induction
period and an increasé in the rate of the acceleratbry‘and decay reactions.

Prout and Brown!37 have made a detailed study of the thermal decomp-
osition - both unirradiated and pre-irradiated - of calcium azide. The
proéess of formation of nuclei is observed to take place on the external
surface and, to a lesser extent, within the cryétal.' Formation may be
preferred at certain sites such as surface cracks dr lines of strain where
disorganization haé taken place and where there is a higher thermod&namic
instability and unsaturation of cohesive forces. They proposed that the
'induction period during thermai decomposition is reallyba slow decomposition

in which nitrogen is slowly liberated, thus:

Wy~ 3 3N, ¢+ 2e . N ¢

The freed electrons combine with calcium ions to form calcium atoms which
eventually aggregate to form metal specks with all the associated electronic

properties of a metal.. Thus:

Ca2* + 2 > Ca. _ ' o 2)
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Step (1)‘is conéidered to be the raﬁe determining step. No measuréble
vémount of nitrogen is seen to be evolved in view of the fact that it ié
absorbed on the powder. In a study of the thermal decomposition of calcium
azide subsequent to pre-irradiation with ultréviolet radiation, the same
workers observed that the shortening of the induction period following
irradiation was_é result of the effect of the aggregation at the surface
of the vacancies which the radiation produces. These alter the surface
topography and thus additional centres are created at which strained azide
radicals will &ecompose. Therefore the fime taken to reach the critical
concentration of calcium atoms for aggregation to a metal nucléus-will be
shortened. The additional anion vacanciesvresult in a larger number of
surface clusters which are transformed}to active growth nuclei by the
capture of eleCtréns.

The mechanism of nﬁcleus formation during photolysis in the temperature
range 60,0° - 95,0°C has been shown to inyolve, as the rate_determining step,
the thermal transfer of an electron from a ground state azide ion to é
calcium metal ion, Ca?®. The result of this reaction is the formation of
a Ca* ion and a positive hole, Nj. The lattér then reacts with an adjacent
singly excited azide ion fo give three molecules of nitrdgen and an electron.
The freed electron then combines with thé Ca® ion to form calcium metal
atoms. These atoms, formed in thin plates on the surface and moving down -
the core of the dislocation, aggregate fq form célcium metal nuclei at the
end of the induCtion period. This mechanism is consistent with the observed '
linear dependence of the'rate-on the light ihtensity ~ Both the tlermal
- decomposition and photolytic decomposition mechanism are therefore seen to
_ result eventually in the aggregation of calcium atoms to glve caIC1um metal
nuclei and both mechanisms are postulated to occur concurrently durlng co-

1rradlat10n.
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It has been observed in the pfesentvstudy that the duration of the
induction period during co-irradiation is much shorter that that during
thermal decomposition. It is hot clear, however, whether the increased
rate is due to.the more rapid appearance of reaction nuélei or whether an
additional number of nuclei is formed by accumulation of photolytic prodqcts.'
In both cases the change in theldécomposition velocity 1is due to the appearance
in the initial substancé of decompdsition products which catalyze the
process. - For the same reasons the transition from induction period to
acceleratory period is very much more dramatic in the case of co-irradiation
than in‘the.case of thermal decomposition.'

In summafy, therefore, the calcium metal nuclei formed at the end of
vthe-induction period are a resulf of separate thermal‘and photolytic
mechanisms, although the end result is the same. The ultraviolet radiation

has not changed the thermal effects, nor the temperafure affected the
photolytic processes. The two mechanisms are additive as.shown by the
relative activation energies of the photolytic, thermal and cb—irradiated
decompositions. The results of introducing water vapour have shown that at
the end of the induction period calcium metal is present as also have the
Visualvobservations which were made. Thus two mechanisms are broposed to
take place simultaneously during the induction period in the co-irradiated

~decomposition of powdered calcium azide.

(i) Photolytic:
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(ii) Thermal:
2N3" % 3N, o+ 2e

Ca?2t + 2 4+ (Ca

The acceleratdry period commences when the'metal nuclei are formed.

In thevpufely thermal process!3? nitrogen is evolved by a mechanism in
which an electron from the azide ion is elevated into the COndﬁction band
of the metal,. followed by the reaction of a adjacent azide ion and the
azide radical when the former receiveé sufficient thermal energy. As a
result of this reaction nitrogen and F-centres are formed. The latter will
aggfegate as in the case of photolysis and eventually collapse to produce
anion vacancies and electrons. The electrons react with Ca2* ions to
form calcium atoms which add on to the interface. The rate détérmihing
step is cOnsidered to be the first step i.e. transfer of.én electron to the
conduction band and has an activation energy of 26,70 Kcal./mol. associated
with it. Water interruptions have illuétrated the presence of calcium
metal during‘this period and the effects are the same as those usually
" associated with photolysis studies. .

| Previous workersl37o}68:57 have used a third power law in analyzing
the acceleratory reaction in the thermal decomposition of calcium azide and

hqve concluded thatthis implieé‘the two-dimensional growth of nuciei
increasing in number, linearly with time. In the presenf stﬁdy the
écceleratory reaction in thé thermal decomposition was analyzed using the
Avrami-Erofeyev eduation with n = 2 which implies, host likely, a two;
dimensionalrgrowth of nuclei increasing from a fixed‘numbef of centres.
The third power law was aléo.used”6 in the analysis of the acceleratory
reaction in the thermal decomposition of calcium azide subseqﬁent to

ultraviolet radiation. Tompkins and Young®® found that when pre-irradiated
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material 1s decompqsed above 97,0°C the cubic law ceased to apply énd was’
replaced by a contracting envelope topochemistry. Prout and Moore!®8
found that with higher doses.of ultraViolet radiation the power law with
n = 2 appltied which represents the same topochémistry as the Avrami- |
Erofeyev equation with n.= 2. The latter equation has also been used by
Prout and Liddiard!®? in a study of the thermal decomposition of lithium

razide subsequent to ultraviolet radiation. The present study thus
seems to indicate that in the co-irradiated decomposition of calcium azide
the predominant feature of the frowth of nuclei is two-dimensional growth
from a fixed number of nucléi. The irradiation effect is very pronounced
since a high intensify light source is emp]oyed..,Irrespective of the
Validity of the cubic or square laws in thé thermal decomposifion or pre-
irradiation studies, the growth of these nuclei from fixed centres would -
swamp the latter effect and in general cause anbacceleration of the decomp-
osition and decrease the time required to reach the decay stage of the
'reaction.. These growing centres are considered to by plate-like in nature
advancing along the grain boundaries in which they were iﬁitiated.

| The mechanism of photolytic decomposition in the temperature range
60,0° - 95,0°C has been seen to involve the thermal transfer of an electron
from a ground sfate azide ion to a positiﬁely charged Ca* ion. The Ca*
ion results from the metal nuclei formed at the end of the induction period
being subjected to the photoelectric emission of an electron. Hence,
calcium metal and a positive hole, N3,-ére.formed. ’This positive hole
| then feacté with an adjacent azide ion which has absorbed energy from a
photon and three molecules of nitrogen, an F-centre and an anion vacancy
aré formed. Aggregétion and subsequenf collapse of the F-centres results
in formation of calcium metal atoms which then add to the nucleus. The

mechanism is consistent with the linear dependence of the rate on the light
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intensity. The same dependence was found with thé co-irradiated
'decomposition. The discussion pertaining to formation of excitons, excited
azide ions or free holes and electrons as eXplained in photolysis 1s
equally applicable here. The results of using filters are the same as in
the case of photolytic decompositions although the decrease in rate is less
dramatic becaﬁse of the thermal effects at the higher temperafure. Never-
theless it is clear that the most effeétiQe wavelengths during co-irfadiation
are in the 220 - 300 nm range. This precludes thé}possibility of electronsv
beipg excited fo the conduCtion-band or of excitons being formed. It 1is
postulated therefore that, as in the case of the . induction period, the
mechanism ofvphotolysis and thermal decomposition are taking place con-
.Currently. | |

The mechanism proposed for thermal decomposition involves, as the rate
determining step, the promotion of an electron fr@ﬁ an azide ion into the -
_coﬁduction band of the metal nucleué reqﬁiring an activation energy of
. 26,7 Kcal./mol. The raté determing step in photolysis involves the
thermal transfer of an electron from an azide ion to a Ca® ion, which has
been formed via the photoeléctric effect. This procesé requires 12,52
Kcal./mol. .In,either case the_mechanism involves‘an azide ion loéiﬁg an
electron to fofm a positive hole. Ultimately, also, in either case the net
result 1is fhe formation of calcium metal via either thermal ionizationvdr
thermal transfer. For a particular reactant - product topdgraphy at a .
particular temperature the measured rate 1is thus proportionél to the
concentration of positive holes. Two parallel reactions are responSible:for '
the creaﬁion of this N3 radical. Therefore the measured reaction'rate of
a co-irradiated decomposition at a particular temperéture can be expressed-

as

R = RT+RCO
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where
RT o= fate of decomposition if thermal ionizationvof an electron
from a ground state azide ion into the conduction band
‘of calcium metal nucleus occurs exclusively, and
'RCO = rate of decomposition if thermal transfer of an'eiectron

- from a.ground state azide ion to a Ca* ion occurs exclusively.

It has already been shown éxperimentally that the rate constant of the |
acceleratory poriod of a co-irradiated decomposition 1is proportiohal to
the light intensity. It is necessary to examine the relationship between
the experimentol rate constant and the cofresponding measured rate constant
“at a particuiar value of a. |

In view of the similarities of fhe values of -the écfivation energies
for the‘acceleratory and decay reactions atzlpérticular light inténsity in
co—irradiated and thermal aecomposition, it can be assumed that the kinotic
processes outlined for a co-irradiated decomposition occur both during
the acceleratory ond decay periods. Hence at a particular value of o great-
~er than the value of the inflection point, therunimoleculér law describes

the rate of decomposition.

i.e. -log(l-a) = kt
S‘ﬁ’- ’ .
& - R = k(-0

It is seen, therefore, that the‘rate of the reaction is proportional to
ﬁhe amount of undecomposed material. Thus the measured rate for a value
of a in the:decay stage is directly proportional to the experimental rate
constant. |

The rate constant was found to be linearly dependént.on the.light
intensity throoghout the co-irradiated decomposition. Hence the reiation-

ship between k and I 1is
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k=a1_I+c1

~and since R is proportional to k

R = ayl + Cy

where a;, a,, C; and ¢, are constants.
It has been seen that the overall rate of the reaction is the sum

of the rates of two parallel reactions. Therefore

Ry + R = azl + Cp.
Siﬁce at all light intensitieé, at constant temperaturé, RT at a particular.
value of a is constant, the rate vs intensity relationship_can then be
© rewritten asi |

Rp = ap I + Cg3

The above argument implies that the rate, at a particular value of o, of

the reaction

¥

3Ny + 2[] + e

L N+ ] o+ ]

is directly proportionai to the light intensity. Thus it is seen that only
one optical excitation process occurs before the reaction with the positiﬁe
hole occurs. This is in agreement with the observed linear dependehce of
‘reaction rate onvlight intensity. The reaction mechanism dufing the
acceleratoryvand'decéy periods are identical and thus it is to be expected
that RCO’
point, is directly proportional to the light intensity..

at a particular value of o less than the value of the inflection

The above mechahism is consistent with the observed behaviour of the

Arrhenius activation energy for the acceleratory and decay reactions when
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calcium azide 'is irradiated with ultraviolet light during thermal

decomposition. The study of the photolytic decomposition in the temperature

range 60,0° - 95,0°C has shown that the energy required for the reaction

'A+ Ca+N3

is 12,52 Kcal./mol., while the energy required for the reaction

N3~ =+ N3 + (electron in conduction.band.of calcium
metal nucleus),

which takes place during thermel decomposition, is 26,70 Kcal./mol.
Therefore the energy fequired for co-irradiation, during which both these
reactions are occnrring concurrently, should lie between 12;52 Kcal./mol.
and 26,70 Kcal./mol. The observed activation energy.of the co-irradiated.
decomposition was intensity dependent but Varied'from 23,0 - 24,0 Kcal./mol.
Clearly the Arrhenius equation applying to parallel reactions of this type
~ should be written | | |
| kT + kCO = AT exp(- ;%.) + ACO exp(- ;%9;)

where the subscripts T and CO.have their previous meanings provided that
the rate constants are obtained from the same rate equation. As the light
intensity increases, kCO increases with respect to kT and the measured
activation energy of the parallel reactions should approach ECO;vThis:fact
has been verified experimentally as has been shown by the values of the
activation energy for co-irradiation at different intensities quoted at the
beginning of this section.

Prout and Lowndsl“%, in a study of co-irradiated potassium permanga-
nate, adopted a similar approach in explaining the decomposition process.

The rate determining step of the thermal decomposition was
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AN ' :
MnOL, lies l\m.oqo + e | : ) » (.1)

which had an activation energy of 39 Kcal./mol. The rate determining
step in the photolysis of potassium permanganate at high temperatures, i.e.

just below the range in which thermal décomposition dccurred, was
(MO, )** & Mi0,° + e , (2)

which had an activation energy of 14 Kcal./mol; This mechanism involved
the double excitation of an Mnoh; ion whereas the co-irradiated décomposition
was linearly dependent on light intensity. Thus the co-irradiated decomp-
osition involvéd
i hv A

MnO,~ >  (MnOyT)F > Mn0,® + e : 3)
Thus.both reactions (lj and (3) were postulated.tb occur and the activation
energy of reaction (3) was expected to lie within the range 14,0 - 39,0
Kcal./mol. The experimental values, depehdent as in the case of calcium
azide on.the light intensify, were found to lie between 29,0 Kcal./mol. and
33,0 Kcal./mol.

Prout and Shephard®?, in a study of the co-irradiated decomposition
of bafiumvand strontium azides, also postulated mechanisms on the basis of
a concurrently occurring ﬁhdtolytiC'and thermal process. In the case of
both azides the rate detgrmining étep in the photolytic decomposition below

the range in which thermal decomposition occurred was
M, o+ Ny o o )

where M represents the relevant metal. The thermal decomposition process .

as postulated by other workersi®8 has as its rate determining step



354

- A . L
M + N3” > (electron in conduction band of metal)

+'N3 . | ‘(5)

The actlyatlon energy. associated. with step (4) was appr0x1mate1y 11,5

Kcal. /mol for the two azides and that associared with step (5) was
approximately 25,5 Kcal./mol. for each azide. The value expected f01 the
co—irradiated decomposition, in which both éteps were proposed to Occﬁr
concurrently; was bétween these purely thermal and purely photolytic
Valﬁes. The activation energiés obtained experimentally were again depend-
ent on the light intensity and were.in thé region of 20,0 Kcal./mol.

In View of the similarity between the activation energies and
dépendénce on light intensity for fhe acceleratory reaction and for the
decay reactioh in the co-irradiated decoﬁpositibn at a fixed light intensity,
the same mechanisms are:postulated to bccur during'the deéay period. Thus
it is proposed that the following mechanism holds during the acceleratory

" and decay periods of co-irradiation:

(i) ' Photolytic: hy _ .
| Mo T - e
: hv - ) ' _
Can e Can + e | (2)
' | - | -
Can+ * N ? Can * .N3 . v . (3)
N3 + N3'* > SNZ + 2 U + e . . ) » . (4)
. > 3N2 + E[ + D : ‘ . (5)
Can + Caz"' + »2e —)l Can+1 : | . - E | (7)
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(ii) Thermal:

. _ N A . B . . .
N3~ + Ca(metal) > N3 + (electron in conduction band of calcium

metal) | o ®)

Ny Ny 3N + 2]+ e o O

>,  +' o + a o -  an

’Z'El > -ZD voe | - - (11)

| cén K Ca2* + 2e N | camll o o an

The decay reaction was.analyzed using the unimolecular decay law.
This had.also'been used in the analyses of purely photolytic and thermal
decompositions. Ahdreev197 au.ldllw‘elrke”“+ in previous studies of the thermal
decomposition of calcium azide had also used.the unimolecular decay 1aw.v
The use of this law implies that th¢ extensive growth of plate-like nuclei
- has caused a difference in molecular volume between the product énd
reactant phases. This results in collapse of the intérface leaving'isolated
blocks of material in which no nuclei are present.’ If eaéh molecule . in.
‘.these isolated blécks.has an equal probability for decomposition, then the
rate of reéctipn is simply proportional to the amount of substance
'undecompoéed.» This situation is described by the unimolecular decay law.

Other workers!37,168 have used the contracting sphere equation in
analyzing unirradiated or pre-irradiated thermal decompositioﬁ; This is
due.to thevtapid efficient surface nucleation of fhe particles, causing
them to become coated with a layer of product on the'sufface only. The
‘decay reaction corresponds to fhe penetration of the continuous interfaée_
into the particles according to the contracting sphefe'eQuation.' In the
case of co-irradiation the high intensity light source used.causes nuclei
to form on the surface énd on the planes of particles resulting 1in a

different topochemistry.
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Introducing water vapour on to the sanple at various stages of
co-irradiated decomposition has shown the same effects as were observed in
the case of photolysis. At the end of the induction period and at values
of a below the inflection point, the water vapour_déstroyed the mefal
nuclei which had formed on the surface by forming calcium hydroxide. The
vsubsequent reaction involved a new induction period and a decrease in the
rate of the acceleratory and decay reactions. .The new reaction commences
from nuclei in the bulk of the sample which have not been destroyed. The
new induction period represents the time required for these nuclei to grow
to critical size and the decreased accelératory and decay rates‘are a
result of the reaction commencing from relatively fewer centres.

Visual observations were also similar to those made in the case of
photolysis. The sémple was seen to darken gradually and beyond the inflection
point was black on all surfaces. This was interpreted to indicate that all
surfaces were covered with a metal layer. Introducing water vapour beyond
the inflection point virtually destroyed any subsequent reaction presumably
due to the formation of a coating of calcium hydroxide which is opéque. Any
subsequent reaction, however small, which occurred is a result of thermal |
, decomposition. In all cases of water interruptions the final pressure was
less than that for an uninterrupted Tun as a result of the partial hydrolysis

of the calcium azide.



(ii) PELLETS

The co-irradiated decomposition of pelleted calcium azide showed
similar differences ielative to photolyzed pelleté as had been observed
in the comparison of co-irradiated and ﬁhotolyzed powdered calcium azide.
The induction period shortened, the rate of the acceleratory and decay
reactions increased considerably and a definite dark rate was observed.
The deéomposition curves were énalyzea using the Avrami-LErofeyev equation
~ with n = 2 for the acceleratory reaction and the unimolecular decay law
for the decay reaction. These equations had been used in the photolytic
decompositions of the powdered azide. Thus the topochemical aspects of the
co-irradiated decomposition-of pellets are identical to those of the powder-
ed form. | |

The reproducibility obtained was not satisfaétory. Hence a split-
run method was used in an attempt to determine activation energies. This
proved unsuccessful,'however,}sinée at temperatures greater than 105,05c
the pellets exploded. Moreover, in cases where the pellets remained
intact, the dark rate was so great that the pellet decomposed fhermally
while attaining the desired teﬁperature. | |

In general it is thought that the diécussion pertaining,tobthe
bhdtolytic decomposition of pélleted calcium azide also applies to the
co—ifradiated decompositioﬁ.. It is probable that the same mechanisms
proposed for the co-irradiated decomposition of powdered calcium azidé

are also applicable to the pelleted form.



11. SUMMARY OF RESULTS AND DISCUSSION

(i) PHOTOLYSIS OF AZIDES IN THE POWDERED FORM AT LOW AND AMBIENT TEMPERATURES -

COMPOUND

BaN6

SrNe

C&NG

LiNs

Kinetic equations

(1) Induction Period

: The rate constant is the inverse of the duration of the induction period

. . : b
used for analyses (11) Acceleratory Period: Avrami-Erofeyev equation: [-log(l-a)]? = kacct + C
(117) Decay Period ; Unimolecular law -log(l-a) = decayt,+_c‘
-Inflection Point oy 0,32 0,43 0,38 0,43
‘Fit of Analyses (1) Acceleratory Period (i) Acceleratory Period (2) Acceleratory Period (7) Acceleratory Period
. 0,03 < a < 0,32 0,03 < a < 0,43 0,03 <o < 0,38 0,03 < o < 0,43
(i17) Decay Period | (17) Decdy Period (1Z2) Decay Period (1) Decay Period
0,32 < a < 0,90 0,43 < o < 0,95 0,38 < a < 0,88 0,43 <a < 0,9
Temperature Range Temperature Range Temperature Range Temperature Range
Activation Energies (z) -70,0° - 17,0°C (z) -80,0° - -4,0°C (z) -70,0° - 7,0°C (z) -70,0° - -19,0°C
(KcalQ/mol.) Induction Period 0,24 | Induction Period = 2,38 | Induction Period 0,34 | Induction Period 3,14
Acceleratory Period 0,82 | Acceleratory Period 1,58 | Acceleratory Period 0,56 | Acceleratory Period 1,71
Decay Period 0,97 | Decay Period - 0,69 Decay Period 0,42 | Decay Period 0,88
(zz) 17,0° - 35,0°C (z2) -4,0° - 32,0°C (¢2)  7,0° - 22,0°C (i) -19,0° - 17,0°C
~ Induction Period 6,48 Induction Period 4,00 | Induction Period 5;70 | Induction Period 4,98
Acceleratory Period 5,47 | Acceleratory Period 3,73 | Acceleratory Period 4,18 | Acceleratory Period 4,25
Decay Period 5,19 | Decay Period 3,96 | Decay Period 3,76 | Decay Period 5,44
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Dependence on light

intensity (m in the

equation
k=1"+c)

Temperature

(z) -21,0°C

Induction Period 2,50
Acceleratory Period 2,02
Decay Period 1,69
(¢1) 22,0°C

Induction Period 1,99
Acceleratory Period 2,24
Decay Period 2,15

Temperature
(7) -20,2°C

Induction Period 0,75
Acceleratory Period 2,12
Decay Period 2,35
(<7) 18,2°C

Induction Period 2,71

Acceleratory Period 2,22

Decay Period

1,69 |

© Temperature
(<) -20,5°C

Induction Period 1,00
Acceleratory Period 2,23
Decay Period 2,00
(i) 19,5°C

Induction Periéd 1,21
Acceleratory Period 2,21
Decay Period 2,30

Temperature

| (4)-19,8°C
| Induction Period 1,71
Acceleratory Period 1,69
Decay Period 1,70

(172) 30,0°C
Induction Period 1,54
Acceleratory Period 1,81
1,86

Decay Period

Type of nuclei

Two-dimensional growth
of plate-like nuclei
increasing from a fixed |
number of centres.
Marked overlap and

ingestion of nuclei.

As for barium azide.

AS for bariﬁm azide,

As for barium azide.

Mechanism
(Z) Induction Period

(Formation of nuclei)

Temperature Range
(z).-70,0° - 17,0°C

hv
N3~ 2 Ny~ ¥
hv
Ny 2N
Ba?* + N3~ S N3~ **
4Ba+ 3N, +5S

' Temperature Range
(<) -80,0° - -4,0°C

‘hv
N3~ 2 Ng~*

- Sr2* + N3~ S Ny

£ sr+3N, +5S

Temperature Range
(<) -70,0° - 7,0°C

hv .
N3_ Z Na_*

N3"SN3~* 4 2N,” + N, + S

C2N,T 2N, +2e

Ca?t + 2e » Ca

Temperature Range
(z) -70,0°C - -19,0°C

hv
. N3— -~ N3-*

hv
NB_* z NB_*k-
2Li% + N3~ S NgF*
| S 2L + 3N, + S

65¢




(12) Induction Period

(Formation of nuclei
(cont.)

(11) Acceleratory
. Period
(Growth of nuclei)

(1¢) 17,0° - 35,0°C

5 Ba+3N, +8

Temperature Range
(Z) -70,0° - 17,0°C

Bat + e
n < 3

Ba_* + Nyi* S Ny~
BBa +2N;+e+S

2N3 + 2N3_ +

N,™ + Ng <« NZO - N32-.

Nz- '*'ZNZ-> .

2[]> 2]+ 2e

2+ f
+ +
Banv Ba 2¢ > Ban+1

(iz) -4,0° - 32,0°C

N3~ }:—g) N3__,*

Sr2* + Ng% S N,
S sre N, +S

Temperature Range
(7<) -80,0° - -4,0°C

hy
N3° < Na-*
hv

1)
<
»Srn Srn

+_+_e

Srn+ + N3—:'c S N3—*

Bt + 3 +e+s

2N3 + 2N3- l—) ZNZ— + 4N2
N~ + N3~ < Np0 - Nj2-
N2- + 2N2 -> 3N2 + D"‘ e

2> 2]+ 2e

o )
Srn + Sr + Le,+ Srn+1_

(11)°7,0° - 22,0°C

Ny~ Ny
Ca2* + N3~ S Ny~*
Sca+ 3N, +S

Temperature Range
(¢) -70,0° - 7,0°C .

hy
Na— ha Na-*
hf
Ca, < Can+ + e

Can+ * N3—* S N3_*

=g

Ca, + 2Ng + e+ s
2Ng + 2Ng~ > 2N,~ + 4N,
Nz'V+IN3'z'N2°}' N32~
Np™ + 2Np> 3Np + [+ e
> 3Nz + [

2 []+

2+ R
) + + 2e
Can Ca e ~ Can+1

2]+ 2e

(i2)  -19,0° - 17,0°C

Ny~ %V Ny~ *

2Li% + N3™*% § Nj-*

8 2Li + 3N, + S

Temperature Range
(¢) -70,0° -~ -19,0°C

Li
n n
. 4 _ -k
Lln‘+ + N3 * S. N3
8 Li_ + 2Ny + e + §

Ny~ + 2N, -

09¢




(1) Acceleratory

Period

(Growth of nuclei)

(cont.)

(i22) Decay Period

(2) 17,0° - 35 0°C

hﬁ

N3~ < N37*

 hy

Ba_ < Ban+ + e
Ba *+ Ny ¥ 5 Ba_ + N3

n

) N3 + Ns_* -> 3N2.+ 2 []+ e'

¥

3N, + [+ [
_zB+ZD%Ze

2+ ’
+ + -
Ban _Ba | ze Ban+1

Temperature Range
(z) -70,0° - 17,0°C
A continuation of the

reaction occurring during
the acceleratory period.
(zz) 17,0° - 35,0°C

A continuation of the

reaction occurring during

the acceleratory period.

(72) -4,0° - 32,0°C

Temperature Range
(z) -80,0° - -4,0°C
A continuation of the

the acceleratory period.

| (<3) -4,0° - 32,0°C

A continuation of the
reaction occurring during

the acceleratory period. |

hy
N3_ ha N3_*
hy
St « Srn+ + e
- .
cither Ng~#* & N3~ **
T N3 #+ N5 F Ny TR+ NG
o ek A '
SI‘n +Nj =""-—*Sl‘n"'N3""
N™ + N3~ > 3N, +2 [J+e |
—>3N2+ D+D
2[]» 2]+ 2
Srn + Sr- + Ze » Srn+1

(zZ) 7,0° - 22,0°C

hy
N3- b N3_x
hv
Ca, + Cdn+ + e
Ca t+N, ¥ 8 ca + N
n 3 n 3
Ny +N3 ® > 3N, +2[]+ e
3N, + [+ []

2 H-+

a2t
+ + >
Can Ca Ze Can+1

2]+ 2e

Temperature Range
(<) -70,0° - 7,0°C

A continuation of the

reaction occurring durin% reaction occurring during

the acceleratory period.

(i) 7,0° - 22,0°C
A continuation of the

reaction occurring during

the acceleratory period.

(%) -19,0° - 17,0°C

hv
N3~ < N3~*
R\ I
Lln +_L1n + e
CLi NS L+ N

Ny + N3 ™" >3N+2[]+ e

Temperature Range
(<) -70,0° - -19,0°C

A continuation of the

reaction occurring during
the acceleratory period.
(z¢) -19,0° - 17,0°C

A continuation of the

reaction occurring during

the acceleratory period.

19¢




(ii)  PHOTOLYSIS OF AZIDES IN THE POWDERED FORM AT AMBIENT AND HIGHER TEMPERATURES

COMPOUND

CaNg

LiN;

Kinetic equations used

for analyses

() Induction Period .: The rate constant is the inverse of the duration of

the induction period

(27) Acceleratory Period.: Arvami-Erofeyev equation: [-10g(l-aj]%

117) Decay Period - ¢~ Unimolecular law

kacct +C
-log(1l-a) = kdecayt +C

Inflection.Point‘ai

0,35

0,25

For of analyses

(i)'AcceZeratory Period
0,01 < o < 0,35
(iz) Décay Period
0,35 < o < 0,90

(7) Acceleratory Period
0,01 < a < 0,25

(1Z2) Decay Period

0,25 < a < 0,90

Activation Energies
(Kcal. /mol.)

Temperature Range
(1) 35,0° - 60,0°C
Inductioﬁ Period 7,78'
- Acceleratory Period 7,30

Decay Period , 4,67
(z2) 60,0° - 95,0°C
Induction Period 10,80

Acceleratory Period 12,52

- Decay Period 17,36

Temperature Range
(¢) 24,6° --71,8°C
Induction Period 6,10

Accéleratory Period 4,20
Decay Period 3,20
(z7) 71,8° - 170,0°C

Induction Period 11,50

Acceleratory Period 9,90

. Decay Period ’ 11,60
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Dependence on light intensity
(m in the equation
k=1"+¢)

Temperature

(z) 55,0°C

Induction Period 1,46
Acceleratory Period 1,70
Decay Period : 2,00
(zz) 90,0°C , _
Induction Period - 0,99
Acceleratory Period 0,84
Decay Period 0,90

Temperaturé
(z) 30,0°C
Induction Period 1,54

Acceleratory Period 1,81

Decay Period 1,86
(22) 127,0°C

Induction Pertod 1,14
Acceleratory Period 1,14

Decay Period 1,18

Type of nuclei

- Two-dimensional growth of plate-like

nuclei, increasing from a fixed
number of centres. Marked overlap

and ingestion of nuclei.

As for calcium azide.

Mechanism
() Induction Period

(Formation of nuclei)

,Teﬁperatufé Range
(z) 35,0° - 60,0°C -

. I}} : %
N3™® < N37"

<

Ca?* + N3"SN3™ 4 Ca + 3N, + S

(iZ) 60,0° - 95,0°C

hy
N3~ < N3~*

Ca?t + N3~ 8 cat + N

Temperature Range
(z) 24,6° - 71,8°C

hy -,
N3~ < N3™

2LiY + N3 * SNy "% 4 2Li + 3N, + S

- (zz) 71,8° - 170,0°C

Y .
CN3T T NgTE

Li* + N3~ 4 Li + N3

¢o¢




' (4{) Induction Period

- (Formation of nuclei) (cont.)

(11) Acceleratory Period

(Growth of nuclei)

Ny + N37% > 3N, + e
Cat + e > Ca

Temperatufe-Range
(<) 35,0°-60,0°C

N3~ FN37F

Ca, = Ca ™+ e
Cal+ + Ng'* 5 Ca, + N3
N3 + Ng™® > 3N, + 2[J+ e
N + [+ [
2> 2]+ 2

+ Ca2t + 2e »
Can Ca € Can+

¥

3

(i)  60,0° - 95,0°C

hy
N3_ < N3_*
hy
Ca + Ca.n+ + e

N3_* + N3 -> 3N2 + €

i .
Li +e~» 11

Temperature Range -
(Z) 24,6° - 71,8°C

_L;n+ + N3 % Li + Ny
N3 + N3_*-> 3N, + 2 D"‘ €
> 3N2+'E]+D4
-+ e
4 ‘

i +Li +e~> Li .
n n+l

(4i) 71,8° - 170,0°C
N3~ <« N3™"
hv

. > ..+
-~ +
Lln Lln e

Li ¥+ N3~ 314+ N
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(i1) Acceleratory Period
(Growth of nuclei) (cont.)

(ii%) Decay Pez’iod_

N3 + Ng"* > 3N, + 2[]+e
A

2Ee 200 26
Ca + Ca2* + 2e - Ca,,

Temperature Range

(z) 35,0° - 60,0°C

A continuation of the reaction

occurring during the acceleratory

period.

(¢2)  60,0° - 95,0°C

- A continuation of the reaction

occurring during the acceleratory

period.

Ny + Ny 3N, ¢+ 2[]+ e

| > 3N, + 2 []+ ]
BESNENC

I.Jin+'L.i+ .+ e ;_Liml

iTemperature Range
(<) 24,6° - 71,8°C

A continuation of the reaction
occurring during the acceleratory

period.

(z2) ~  71,8° - 170,0°C

A contiuation of the reaction
occurring during the acceleratory

period.
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(iii) CO-IRRADIATED DECOMPOSITION OF CALCIUM AZIDE - o PHOTOLYSIS OF CALCIUM AZIDE

FORM - S _"_v POWDERED CaNg . . - PELLETED CaNg : PELLETED CaN6
Kinetic equations =~ (1) Induction Period : The rate constant is the inverse of the duration of the
used for analysis - ' . induction period

_ N _
(i2) Acceleratory Period: Avrami-Erofeyev equation: [-log(l-a)]? = kct*c
(217) Decay Period : Unlmolecular law : -log(l-o) = kdecayt + C
Inflection Point a; | 0,52 . | 0,44 o | 0,27
Fit of analyses : (2) Acceleratory Period (1) Acceleratory Period - (2) Acceleratory Period
0,05 < o < 0,52 ‘ 0,02 <a<0,48 0,01 <a < 0,27
(11) Decay Period (1) Decay Period A (i1) Decay Period
0,52 < a < 0,95 0,44 < o < 0,93 0,27 < a < 0,90
Activation Energies Temperature Range Temperature Range Temperature Range
(Kcal./mol.) 110,0° - 140,0°C : (z) 25,0° - 50,0°C
() Intensity 7,0 units > 100,07C Pelleting pressure 1500 1b./sq.in.
Induction Period - 21,31 Induction Period - Induction Period 6,39
Acceleratory Period 24,01 Acceleratory Period - Acceleratory Period = 7,07
Decay Period 27,51 | Decay Period - | Decay Period 12,11
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(i¢) Intensity 11,5 units

Induction Period 20,65
Acceleratory Period 22,64
Decay Period 25,60

‘(727) Intensity 17,5 units
Induction Period 14,04
Acceleratory Period 23,18
Décay Period 21,66

(12) 30,0° - 60,0°C

Pelleting pressure

1500 1b./sq.in.

Decay Period (30,0
Decay Period (41,0

Pelleting pressure

units) 12,87
units) 15,34

2000 1b./sq.in.

Decay Period (41,0

| (4i1) 60,0° - 90,0°C

Pelleting pressure

units) 12,25

1500 1b./sq.in.

Decay Period (30,0

" Decay Period (12,0

Pelleting pressure

units) 22,75
units) 26,06

2000 1b./sq.in.

Decay Period (15,0

units) 22,75

Dependence on light
intensity (m in the
equation

k=1"+ c)

Temperature
115,0°C
Induction Period 0,61
- Acceleratory Period 1,02
Decay Perzod 1,07

Type of nuclei

Two-dimensional growth of
plate-like nuclei,
increasing from a fixed
number of centres. Marked
overlap and ingestion of

~nucleil.

:(i) Probably as for

lco-irradiated decomposi-

co-irradiated calcium
azide powder.
(ii) The mechanism for

tion of pelleted calcium
azide is probably as for

the powder as outlined
below.

As for poWdered calcium azide.
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- Mechanism Temperature Ranger 110,0° - 140,0°C

(z) Induction Period The following two processes occur concurrently: ' ' Assumed to be the
(Formation.of nuclei) () 2Ny 4 2N, + 2 S (4E)] N3;}E)N3“* - same as that occurring
' o . ‘ during the correspond-| .
Ca?* + 2e » Ca ' Ca?™ + N3~ 8 cat + N3 ing reactions of

) photolysed powder.
N3+N3_i'>3N2+e '

Cat + e > Ca

(i1) Acceleratory Peribd  (Z) N3 -+ Ca(metal) : (<) -

(Growth of nuclel) E N3 + electron in the

conduction band of ‘ Ca, Can+ + e
calcium metal. . a
Can + Nj Can + N3
N3+N3'—>3N2+2D_+e N3+N3—* + 3Ny + 2[}"‘6

> 3Ny + [+ [ | C = 3N + [+ [
2[]> 2]+ 2e 2> 2]+ 2e

24 2+ o
Can f Cas™ + 2e » Can+ Can + Ca¢ + 2e » Can

1 +1

111) Decay Pertod A continuationof the reactions occurring during the acceleratory
' period. '
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(iv) THERMAL DECOMPOSITION OF AZIDES

COMPOUND

CaNg

LiN317“_

Kinetic equations

used for analyses

(2) Induction Period : The rate
constant is the inverse of the
duration of the induction period

(1) Acceleratory Period: fvrami-Eroerev

equation: [-log(l-a)]? = kacct +C

Decay Period

law: -log(l-@) =k

(227) : Unimolecular

decayt tc

(i1iz)

Induction Period ; The rate

()
constant is the inverse of the
duration of the inductibn'periéd

(i17) Acceleratory Period: Avrami-Erofeyev
equation: [—1og(1—a)]1/3 = kacct +C
Decay Period

equation: 1—(1—&)1/3 = kdecavt

Inflection point oy

0,40

0,50

Fit of analyses

(%) Acceleratory Period
0,05 < a < 0,40
Decay Period

(1)
- 0,40 < o < 0,95

(1) Acceleratory Period
0,02 < a < 0,50
Decay Period

0,50 < o < 0,95

(21)

Activation Energies
(Kcal./mol.)

Temperature Range '
() 100,0° - 126,8°C (Fresh material)

Induction Period 21,70
Acceleratory Period 27,30
Decay Period 26,16

Temperature Range
() 185,0° - 205,0°C

Induction Period

21,0
Acceleratory Period 28,0

Decay Period 29,0

; Contracting sphere
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Activation Energies
- (Kcal/mol) (cont.}

(<¢) 110,0° - 137,2°C (Aged material)

Induction Period 18,94
Acéelératory Period 25,94

Decay Period 25,10

0.8
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12 COMPARATIVE DISCUSSIONV OF THE PHOTOLYTIC, 'CO-IRRADIATED
AND THERMAL DECOMPOSITION OF CALCIUM, BARIUM, STRONTIUM
AND LITHIUM AZIDES

In Tabie 47 the values of the acfivation energies and the molecular-
-ities in the photolytic, co-irradiated and thermal decomposition of calcium,
barium, strontiﬁm énd 1ithium azides obtained in both the present work and
'by previous workers are.listed.‘ The values for photolytic and co-irradiated
.decomposition are of particular interest because they have been obtained
using ultraviolet sources of extremely high intensity causing, in most
instances, remarkably high percentage decompositions. '

A study of the activation energies reveals that thesé.values increase
with increasing temperature. In varicus temperature ranges different
mechanisms are proposed to occur. In all four azides the first transition
in activation énergy occurs in the region of 0°C and the second in the
region.of 60°C. At the same time the dependence of the rate of the reaction
on the light intensity (molecularity) changes, in general, from 2 at lower
temperaturés to 1 at higher temperatures. This implies that at higher
- temperatures mechanisms involving singly excited azide ions together with
increased activation energies are applicable to the process of photolytic
- decomposition. In Virtﬁally all cases the values of molecularity -and
activation energy obtained for the acceleratory and decay reactions were
identical or similar and hence the same mechanisms are thought to be opera-
vtive during these two periods.

The pressure-time curves were sigmoid in shape in all femperature
ranges. EBach curve showed a distinct induction period during which there
was no measurable evolution of gas. This was followed by an acceleratory
and decay period. .The‘inverse of the duration of the induction period was

taken as a measure of the rate of reaction during this period. The
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acceleratory reaction was in all cases analysed using the Avrami-
: Erofeyev equation with n = 2 and the decay reaction was analysed using
thé unimolecular law. This implies that duriﬁg photolysis of all fourb
azides the nuclei are plate-like iﬁ nature growing two-dimensionally from
a fixed number of centres. There is marked overiap and ingestion of nuclei.
- During the induction period atoms fbxnlon.the_surface and on the planes of
of the crystal,_each plane startingvat the surface at an emefgent grain
boundary. EVentuaily nuclei.form by aggregation at the end of this period.

~ A comparison of the values obtained for the azides of the alkaline-
~earth elements with those of the azides of monovalent lithium do not
indicate that the mechanisms of photolysis are related to the charge or
nature of the cation. All four compounds are, howevér, large band gap
azides. Moreover there appéars to be no correlation between the process of
photolytic decomposition and crystal structure. Calcium and strontium
~azides have identical structures (orthorhombic, F ddd, D;;) and barium ahd
iithium azides are both monociihic. No similar correlations exist in the
Correéponding values of activation energy and molecularity. These crystal
‘structures are, however, not very different from each other and they may
atcount-for the general overéll similarities of activation energies and
molecularities | |

Co-irradiation studies yielded activation energies whlch were greater

than those obtalned for photolysis in the hlgher temperature ranges but less
than those obtained during a purely thermal decomposition. This'implied
- that during co-irradiation two parallel mechanisms were taking place - one
photolytic and one.thermal. |

‘Therefore it can be_conCluded that a'lérge number of similarities are
observed when caicium, barium, strontium and lithium azides are photolyzed

using sources of high intensity ultraviolet light and, in general, similar
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mechanisms of photolytic and co-irradiated decomposition are postulated

for all these azides in a particular temperature range.



Table 47.

Activation energies and molecularities for all four azides

Compound

Calcium Azide

Barium Azide

‘Strontium Azide

Lithium Azide

' Photolysis

Activation Energy
(Kcal./mol.)

() Low Temperature
(i2) Ambient Temperature

(211) High Temperature

Dependénce on Light
Intensity '

(7) Low Temperature

Induction Period
Acceleratory Period

Decay Period

Induction Pertod
Acceleratory Period

Decay Period

| Tnduction Period

Acceleratory Period

| Decay Period

Induction Period
Acceleratory Period

Decay Pertod

0,3
0,6
0,4

7,8
7,3
4,7

10,8
12,5
17,4

1,0
2,2
2,0

0,2
0,8
1,0

6,250
7,6
6,6

11,450
11,3
12,9

2,5
2,0
1,7

2,4
1,6
0,7

2,650
3,2
5,7

6,550
12,9
12,9

0,7
2,1
2,3

3,1
1,7
0,9

6,1
4,2
3,2

11,5
9,9
11,6

1,7
1,7
1,7
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Decay Period .

Photolysis (11) Ambient Temperature|Induction Period - 1,2 0,759/2,0 2,050 1,5
(cont.) Acceleratory Period 2,2 2,0 2,3 | 1,8
Decay Period . 2,3 2,1 1,9 1,9
(1i%) High Temperatures |Induction Period - 1,0 0,6°0 1,650 1,1
o Acceleratory Period 0,8 1,0 1,8 1,1
Decay Period 0,9 1,2 1,9 1,2
Co-irradiation| Activation Energy Induction Period 14,0 16,550 15,450 -
(Kcal./mol.) ' . = .
Acceleratory Period 23,2 19,2 18,8 -
Decay Period 21,2 15,6 20,9 -
Dependence on Light Induction Period 0,6 0,7°0 0,850 -
Intensity . VAcceleratory Period 1,0 0,7 - 0,6 -
Decay Period 1,1 0,7 0,8 -
Thermal Activation Energy Induction Period 21,7 26,51¥5 23,0199 21,0174
Decomposition (Kcal./mol.) Acceleratory Period 27,3 - 26,8 25,0 28,0
26,2 26,1 21,7 29,0
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Percentage (1) Photolysis (i) Low Tenperature | 625 85% 585 575
Decomposition _ Coy g ' ' ' '
(27) Ambient ‘ 90% 950/50 71950 : 78%
Temperature ° ’ : °
(i%) Co-irradiation . 01 95450 7150 -

(111) Thermal ' 905 932168 |- ';71'§168 89a 174
Decomposition . . i ' °
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