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SUMMARY

The effect of ultraviolet radiation on sieved powders.and-
pellets of barium‘azide in the tempefature range:27,0° - 135,0°C and
of strontium azide.in the temperature range 30;00_- ]35,0°C has been
studied. Decompositions in the temperatﬁre fange _27,0O - 100,09C for
barium azide’and 30,00 - 90;000 for Stronffum'azide have beeh termed
photolytic decompositions, while reactibns_in the temperature range
110,00 - ]35,0°C (the therma] decombosition temperature range) for
.bothFCOmpoundsVhave-been tefmed_co-irradiated‘decompdsitions.

o The ultraviolet light soufce}used/was a very high intensify
100 watt "point source" high‘pressure mercury arc ]ahp. The extent |
of decomposition waé almost the same as a simp]e_therma1 decomposi-
tfon. |

Kinetic analyses, activation energy determinatibns, studies
of the depéndence of reactfon rates on light fntensity, the effect of
water vapour on the sample at various étages of reéction and the ob-
sekvance‘of the colour of the sampTe at various stages of reaction
have been carried ouf; Ana]ogous.resﬁlts were obtained for the two
compounds .
| In the photolytic temperafure range two distinct modes of '
decqmposition are poéfu]ated to occur, the transition temperatﬁre
occurring at 60,0°C for barium azide dnd ét 50;0°C for'strontium,azide.

During co-irradiation it is proposed that decomposition occurs
via the expected thefma] decompositibn procéss:and the photolytic
mechanism or a slight vafiation thereof, above 60,0°C for barium azide

and above 50,0°C for strontium azide.



1 INTRODUCTION

Since the work presenféd in this fhesis invoTves the photd]ysis
of-barium and strontium azides>and the effect of irradiating.these salts
with ultravid]et 1ight during the thermal decomposithn (co-irradiation)
it is necessary to discuss the effects‘of_the 1ntefaction of light with
solids and the meéhanisms of thermal decdmposition. Fiha]]y.the effects
 of treatment of solids with u]travio]etllight pr{or to-therma1 decomposi-

tion (pre-irradiation) will be reviewed.

1A THE PHOTOLYSIS OF SOLIDS

(i) The effects of the interaction of ultraviolet Tight with solids

When crystals of certain inorganic solids are irradiated with
uTtravio]et 1ight of wavelength correspondihg to a characteristic ab-
sorption band of the solid, photochemical décompbsition (photolysis)
takes place. The course of the reaction is genera]ly folTowed by
pressure measurements of the evolved gas at fixed time intérva]s during
the photolysis. g | | | | |

Photo]ytic decompositionsbof solids have been interpreted from
two'différent viewpoints (1); In the first approach the solid prober-
ties are kegarded as relatively unimportant except as a mafrix for hon-k
ing the featting 1nterfate. This chemita1 approach provides an explana-
tion for only some decomposition effect§. .The second approach ihvo1Qes

all the properties associated with solids, in particular the electronic
properties. It assumes thaf all the electronic properties usually
associated with that of semi-conductors and non-metals may be 1nv01vedv
in the photodecomposition of solids. The approach_provides a natural
exp]anafion for a 1arge’segment of the effects observed during photo-

Tytic decomposition of some substances. -



When crystals are exposed to light capable of photo]yéing the
sample, it 1s'absorbed within a few microns below the incident surféte
where photolysis occurs, and after'pkolonged irfadiation decomposition
'takes.place below the surface at well'defined_individual locations.

This has beeh observed in the photo]ysis of sodium (2) and potassium
(3) azides. Decomposition.occurs initial]y at crystallographically
related lTocations on the crysté] surface which resemble etch pits, ahd
at the intersections of slip and twin p]anesvand the crystal surface.

| PhotolySis involves an energy carrier;‘produced by the}actioh of
light on solids, to.transport the energy ihparted by én'individual photon

to the point in the Crystal where decomposition occurs. Since the
energy of irradiation is of the order of the energy of the chemical

bond and that of the energy gap betweén-the valence and conduction
bands in ionic crystals, the rate determining step in photelysis

occurs by a low energy mechanism involving these energy carriers.

In order td obﬁain an‘insjght‘ihto the interaction of light with
solids one must understand the behavioﬁr of electrons in so]ids i.e. the
structure of solids (4). | |

The modern theoky of the electronic structure of solids follows
from the SChrﬁdihger equation with a periodic potential arising from
the Tattice atoms. If the valence electrons are considered to be free
to move throughout the volume of the solid with the metal ion embedded
in a sea of electrons with no periodic potentia1.of the lattice, then

the solution of the Schrodinger equation is of the form:
| Yy = e ' o : '
with all values of k allowed, k béing the wéve number. and related to

the wavelength of the electron by:

k = 2n/x .



The energy of the free electron is giveh_by
E = p?/2m

where p is the momentum and m is the mass of the electron.
From the de Brog]1e re]at1onsh1p momentum is related to wave-

number by
p= tk.
(fi2/2m)k?

tt

Thus E
which gives a quadratic dependence of energy on wavenumber

| If the per1od1c potent1a1 of the lattice atoms is taken into

account solut1ons to the Schrédinger equation are of the form

v = e"* u (x)
where.uk(x) is the periodic function with the same periodicity as the
potential i.e. its period is the lattice constant a. ‘

‘The function uk(x) depends generally upon k. At ve]ues of k
qua1 to.f ﬂ/a, T 2n/a, ¥ 3n/a etc., discontinuities occur in the energy
thué givihg rise to energy bandé ahd forbidden energy gaps. ' This arises
since the condition for Bragg ref]ect1on of the electron wave in the

- crysta] is met, i.e.
k = nw/a

becomes equivé]ent to the Bragg condition
2a Sin6 = nh .

Accordingly at values of k near nn/a_there are an increasing number of
components of reflected waves, in the solution'of the wave equation,
corresponding to an increase in transfer of momentum between the electron

and 1attice At va]ues of k far from t n7/a the'energy of the e]ectroh

is free from any per1od1c potential of the lattice and the energy can be -

given by the free-electron quadrat1c dependence on k.

—_—



| The zones (or bands) defined by values of k which are integral
multiples of n/a are called Brillouin zohes. Discontinuities in the
energy (energy gaps) occur at the zone boundaries. The first zone

includes the segment
- -m/a and +mw/a .
The second zone includes the two‘segments
| -2n/a < k < -m/a and | m/a < k < 2n/a etc.,

the zones being separated by a few e]ectron volts

The energy states within these bands are d1str1buted in a quasi-
| continubus fashion. Electrons progressive]y fill all the allowed states
starting with those 1owest in energy and continuing until the suppjy of
electrons is used up. The topmbst band that contains electrons (valence
e]ecthons) will be completely or partially filled depending on the
nature of the constituent atoms in the solid. In the filling of these
states the Pauli Exclusion Principle holds i.e. only one electron can
occupy a given a]]owed.state at a time, spin being taken into account.

If the highest oecupied band contaihs-on]y a §ma11 concentra-
tion of occup1ed or empty states the material is an n-type or p-type
semi-conductor respect1ve1y When the h1ghest occup1ed band contains
large fract1ons of both occupied and empty states the so]1d is a metal.
If the bands which contain electrons are completely filled, the mater1a1
is an insulator. The completely occupied band is called the "fu]l band"-‘v
- and is separated from the comp]etely-empty band (cohduction band) by a
few electron volts, the magnitude of the energy gap depending on the
electronegativity of the const1tuent atoms. Owing to the Pau11 Exclusion
Principle electronic conductivity is impossib]e since_accompaning’any
change for one e]ectron there are changes in thejdther‘e]ectrons whi¢h |

add up to an exactly opposite counter‘ba]ancﬁng change. Thus all ionic



solids are insulators, ignoring the poSsibi]ity of,ibnié cdnduction
which tan possibly occur. |

Chemical.aciivity within solids is closely connected to physic-
al properties such as transport of matter, electrical conductivity,
optical béhaviour, and magnetic, thermal and mechanica]vproperties.

These physicéi.prpperties in turn depend upon defecfs in electronic
structure and deviation from ideal atomic arrangements in solids (5)..
Lattice defects which are arbitkari]y scattered throﬁghout the crystal
give rise to_regions of disturbance localized about individual points.
Crystal defects such as inhomogeneities, point and 1ine defects, inf]u-_
encé the energy ieveis available for é]ectrons and the properties of
growth of new phases. In addition these defects actias traps for
energy carriers.

Optical properties of solids are related to}bulk properties and
impérfections.. Several kinds of transitions characteristié of the host.
atoms or electrons of a solid give rise to optical absorption. An
electron on absorbing a quantum of electromagnetic energy may acquiré
sufficient energy to be raised to a higher-lying (empty) state and
absorption by atoms can raise them to higher-lying rotational and vibra-
- tional states.: Also, the electronic and atomic levels may interact,
allowing excitation of both by the absofption of light. |

If an insulator is irradiated with light of a suitab]e.waveléngfh
an electron from the full band can be excited to the empty band above it,
enabling the excited electron tb move freely thrbugh the conductioh band;
- The positive hole, remaining behind in the valence band on removal of the
excited e]ectron;vmay remain at the point where it originated or migrate:
thrbughout the vé]ence band.

| On irradiating an’insulétor with light of wavelength 1éss than

that of the gap between the valence and conduction bands, electrons from



an anion may be excited into the exciton levels which exist between the
valence and conduction bands. These levels can be thought of as cor-
responding to possible "Bohr oOrbits" with their conVergence limit at

the Towest level of the conduct1on band. In th1s case an electron-hole
pair is produced, the electron being bound to the positive hole by
coulombic attraction. This excited electron-hole pair can remain at

the point of production and is then called a molecular exciton, or'migrate
throughout the crystal when it is ca]]ed an exciton. With this movement
no charge tkansport occurs but only energy transfef, therefore it does
not contribute to electrical conduct1on However they may aid photo-
conductivity indirectly by thermally d1ssoc1at1ng to yield positive holes

and electrons in the conduction band. These exciton levels can be ob-

served from the long wavelength edge in the low temperatureboptical ab~
sorption spectra. Exciton transitions have been observed in the obtica]
absorption spectra of sodium, potassium, rubidiumand caesium azides (6)
as well as thallous and silver azides‘(7,8) in‘the wavelength range 1400
- 2200 R. From these spectra the spacings between the exciton levels
and their separation from the valence band havé been calculated.

Due to the pfoduction of imperfections-such as free electrons
and their conjugate positive holes or excitons, from. the absorptioh of
light of characteristic wavelengths, the total energy of theicrysté] is
increased and can now dispose of its energy in various ways. Thus}these,
imperfections can be consideréd.as energy carriers for the trahsport of
energy imparted by an 1nd1V1dua1 photon

‘The existence of an exc1ted ion or exc1ton in the crystal produc—
es a change in the interaction of this ion with neighbouring ions, and
the lattice will not be in its configuration of minimum energy. This
- excess energy can be transferred thermally to the lattice through vibra-
tion about the new equilibrium position. Excitons move through the

crystal with velocity corresponding to an energy of the order of a



thermal electron (i.e. ~‘kT). This will lead to-intefaction with the
~vibrational modes of the lattice'resulting in conéiderab]e scattering
and loss of kinetic energy. The lifetime of an unperturbed exciton is
10" %sec., but can be shortened by collisions with imperfettions'fn |
radiationless processes (9). “ |
Other'méthods by which this thermal dissipation occurs is

dependent onithe relative positions of_the‘ground and excited staté
potential energy curves. When the two curves intersect, but the”excif-
ed state hés a minimum within the ground stéte-curvé; after opticé]
excitation fheke will be a radiatidn]ess transition to the point where
the two curves 1ntersect. But if the minimum'ih thé pbtentia] energy
curve of the excited state lies outside the potential énergy of- the
"ground state, an electron could remain in the excited state until a
radfation]ess transition occurs. This would then correspond to a metaf.
étable state.‘ » |

 Besides thermal dissipation of energy absorbed during 6ptica1
excitation, an electroh can revert to the ground state by luminescence
i.e. emission §f radiation. Thfs includes fluorescence and phosphores-
ceﬁce; The former involves spontaneous fe-emission of quanta of the
same transition or of photons resulting from a return fo the'ground
state by a different route. Phosphorescence occur§ wheﬁ the excited 
electron is frénsferred to a meta-stable State from wHich‘a dirgct trans-
ition to the gkound stateléannot occ&r. |

OWing to electron traps, hofé traps and/of recombination centrés"

on the surfaces of crystals, electronic pfocesses occurring at theée
-surface sites of'surface states, can releasé'sufficient energy'to pro-.
duce reactions at the crystal surface. Also defects_or'impUrities ih
the crystal lattfce or Tamm states (]0) (a consequence ofvthe quantum
mechanical nature of the e]ectrénic properties of}the crystal) are

responsible for trapping free electrons and their tdnjugate positive



holes and excitons. In particu]ar, decomposition sites are.carrier
traps. When the decomposition site contadns the initially trapped_
carrier (an e]ectron. hole or exciton) it is in the'first excited'
state. The lifetime of the first exc1ted state must be finite and
'cou]d range from a few nanoseconds ‘to many hours or even days. In
this f1rst excited state the trap is capable of trapp1ng a carrier
whose charge is opposite of the initial]y:trapped"charge, or of trap-
ping an exciton and'facilitating the release of the exciton potential
energy. Alternatively it may produce an additiona] decomposition site
without destroying itself. The f1na1 step occurs when the energy re-
1eased fac111tates a photo]yt1c react1on |

An electron excited into the conduct1on band can be trapped '
immediately or migrate through<the band and then be trapped at the
trapping centre, ‘The pertinent defect}in this casevresponsible for
the trapping, is the absence of an anion from its normal negative
lattice site. The result of the trappfng is the production of an F-t
centre, one of the simplest colour centres. An F-centre absorbs in
the visible region of the spectrum, and.is.observed when ionic solids,
in partdcu]ar the a]ka]i halides, are exposed;to‘ultraviolet light,
X-radiation and electron bombardment, exhibiting'a deep colouratfon
characteristic of the crystal as a whole. The optical absorption of
an F-centre arises from an electronic dipoTe transition‘to a bound
excited state of the F-centre (11),t This co]ouratton.has been shown
by Pohl (12) to be due to a be]] shaped.absorption band about 4000 to
8000 R. The electronic structure of an F-centre viz‘an_electron_bOUnd
to a negative ion vacancy was first suggested by De Boer (13). This
| description has been found to be correct from e.s.r. data (9)t F;centres
have been identified by e.s.r. methods in sodium azide when irradiated

“with ultraviolet light at 77%K (14, 15, 16).



The'bositive hole, produced on}remdva] df the electron from
the valence band can be trapped by a hoTe}trap,,the lifetime:df the
‘ migrating ho]e generally being shorter than that of the migrating
electron. The character of this trap muét neceséari]y be the absence
of a cation from the bositive site, the colour centre befng called al
V-centre according to Seitz (9). | _- |

Five V- bands (V, to V5) have been d1st1ngu1shed in the ultra—

'violet absorption of potassium brom1de_exposed to-brom1ne vapour (17),
and are identified with the centres formed by the interaction of posi—e'
tive holes with cation vacancfes. V-centres have been observed from
the ultraviolet absorption spectrum of sodium azide at 77% (15).

- When crystals containing chentres are irradiated Wfth Tight
within the F-band photoconductivity can result owing”to the close
proximity of the excited state to the conduction band'alloWing electrons
to be thermally ionized. The free electron can now migrate through the |
crystal until it is once again trapped; The 1ifetime of this wandering
e]eetrdn has been.found}for KC1, at F]OOOC, to be inversely propoktiona]
to the F-centre concentration. This has proved that the trapping
centreé are themse]ves‘F—centres Hence an anion vacancy can trap tno
e1ectrons Th1s effect has. been observed in optical spectra (4).

During irradiation with light w1th1n the F- band at low tempera-
tures there is an appearance of a broad band on the long. wave1ength re-
gion of the F-band, with a correspond1ngrd1sappearance of the F-band.
The new band is called an F'-band which is'only stable at low tempera—
tures and decomposes on warm1ng, the F- band being regenerated The
quantum y)e]d in this process is two (18) since each quantum 11berates

'an‘electron from an F'-centre and on combination with an anion vacancy

a second F-centre is formed
el By Fae



10.

where {3 represents a vacant anion site.

On irradiating crystals within the F—band at Tow temperatures,
thus ‘causing the formation of F'-centres, an absorption band ca]]edi
the a-band appears simultaneously while thé B-band bleaches at the |
same rate as the F-band. The B-band reappears on warming to a,temp-.
erature which decomposes the F'-centres and there is a corresponding
| disappearance of the:a-band. The a-band appears superimposed on the
normal Tattice absorption edge. This absorption band is due to
perturbation caused to the firsf‘excited anion levels (exciton 1eveis)
by»a neighbouring anion vacancy, leading to exciton levels somewhat
Tower than the normalrexciton Tevels. bThe B-band occurs between the
a-band and the main exciton level and is due t0‘pfomotibn of electrons
to perturbed exciton levels in the immediate neighbourhood of F-centres.
Thus exciton formation occurs in the a-band and not. the B-band on
irradiation within the F-band, owing torenhancemenf of perturbations
on ions adjacent to fhose bieéched F-centres_(i.é. anion vacanciés);

Fluorescence occurs on irradiation within the a-band which -
indicates that the formed exéiton is trapped by the anion vacancy but
the resulting complex does not dissociate into an F-centre and a free
positive hole. ‘ | »

The a- and 8- bands have been observed in KI, KBr and RbC1 (19).

Irradiation within the F-band ét room temperature with light -
or X-rays produces new bands on the 10ng-wave1éngth side of the F-band.
These bands are designated the R,-, Rgf and M-bands. An M-centre is the
combination of an F-centre with a cation-anion'vécanéy pair (9). Capture
of a second electron causes inétability and the positive.ion Vacancy"
will diffuse away leaving a doub]e.F-centre called the R,-centre, An
Ry-centre is formed ff the}Rz-centre 1oseé one of its electrdns through_
being trapped by‘an anion vacancy, Mfcentre or a vacancy pair. These

bands have been observed in KC1 (20) and sodium aZide'(16).
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~ Symbolically the process may be represented by

o _. @O0 | &
D-}-e# — Ei+o

&
M R2
{J = anion vacancy
O = cation vacancy.

Irradiation of KC1 at 100°C within the F-band produées a
broad band (21) called the R'-band, on the Tong wavelength side of the
F-band. This band is made up of a large nﬁmber‘of components since on |
cooling to 78K no résolution was foundQl Af.100°C there‘is an increase
in vacancy mobility resulting in electrons combining with groups of
vacancies including R,-, R,~, and M-centres. R'-centre formation from F-
centres incfeases with temperature up to about 500°C at which tempéra—
ture there is a dissociation of R'-centres to F-centres.

V-bands are bleached when crystals are irradiated within the
F-band. A V;-centre appears when a crystd] is X-irradiated at liquid
kair temperatures, but warming of the crystal causes this band>to be
bleached with a marked reduction in the size of the'F-bahd. This results
N in~photoconductancé énd luminescence suppokting the model of a positive
hole trapped at a cation vacancy for the Vl-centré. -B]eaching 6f the
F- and V,-bands occurs with 1ow‘quantum yie]d owing to Tow probabi]ify,
of thermal ionization of an.electron from the excited state of an F-
centre. Thésé free electrons annihilate the trapped holes. V,- and
F-baﬁds are bleached simu]taneous]y by irradiation within the Vl-band
through recombinatioﬁ of_e]ectrons and holes. The V,-centres ére bleach-
ed by irradiation wifhin the F-band at room temperaturé which is too_
high a temperéture for the Vl-centres to be stable. femperatures‘great—
er than_room‘temperature are needed to bleach the Va-band.‘ This band

is bleached when thevcryStal is irradiated simultaneously with F-]ight |
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and V-1ight. This supports the theory by Seitz (9) that V.- and
V3-centres comprise a hole trapped by two cation vacancies, and two
holes trapped by two cation vacancies respectively.
" Since about 2 e.v. is required to bleach F-centres thermally,
no bleaching is expected at room temperature. fhis arises from the
small probability that a trapped e]ectrﬁn can escape from an F-centre
on acquiring a sma]i thermal enérgy. Bleaching can occur by tunnelling
through the potential barrier. A process of recombination with nearby
positive holes and with V,- and Vj;-centres then océurs.
These phehomena, observed when 1ight interacts with solids,
have been used by many workers in thé field of photolyéisfto explain
the bhotolytic results obtained. The first theoretical mechanism was
postulated by Mott(22) for -the photo]ysié of barium azide and was based
on the work of Garner, Maggs and Wischin (23, 24). o
Barium azide was treated as an ionié conductor with mobile
metal jons in intekstial positions. Irradiation produced electrons and
positive hb]es capable of diffusing through the crystal lattice. Neufra]-
jzation of the mobile metal ions was cauéed by trapping of electrons at
unspecified "sensitivity specks". Thus metal atoms accumulated. A
secondary growth mechanism for the pfoduct now operated whereby further
electrons were trapped by the metal to form metal anions which cpuld
then neutralise the mobile metal cations. This‘méchanjsm‘supported the
observed formation of nuclei on the surface of cryspals.accqmpanied by
evolution of gas. |
This mechanism has also beeﬁ the basis for the'explanation'of
photolytic decomposition of other inorganic compounds,'although,in recent
years'subsequent workefs have criticised and modified Mott's original
mechanism 6r replaced it with new concepts.“ | .v
| .vAt this stage it would bevapproprfate to réviéw the_work done on

the photolysis of barium azide and to put forward some of the evidence
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for these changes in the origina] postu]ated mechanism The application
of the Mott Principle to other ionic 1norganic compounds, with develop-

ments of new mechanisms for these compounds w111 then be d1SCUSS€d

(ii) Tne photolysis of barium azide

Fo]]owing the mechanism proposed'by Mo tt (22), Thomas and
Tompkins (55) restudied the.photolysis of barium a?ide using a Tow
pressure mercury arc in the temperature range -1060 to'45°C. They'-
found that the rate of photolysis was constant at constant temperature ‘
and constant 1ight intenSity, when 1ight of . wave]ength 2537 R was used
The rate varied as the square of the Tight intensity at constant temp-
erature but increased in a complex manner with variation of temperature
at constant intensity |

A mechanism for the photo]y51s was proposed, 1nvo]v1ng the
production and trapping of excitons, to satisfactorily fit the found
results. Nitrogen was produced from the interaction of excitons at the
imperfections, possibly vacant lattice sites. o

It was suggested by Baidins (56) that metallic reaction
product produced during the photolysis of barium azide, wa;?:nert
This 1ead'to a re-investigation of the photo]ySis_of barium azide (57,
40). New kinetic measurements were made (57) using high and low pres-
sure mercury lamps over the temperature range -25° to.25°C. The reac-
tions appeared to be more'complex than first realized and a'theory'
involving the production of both excitons and positive holes was postulat4
ed. The rate of the chemical reaction was proved to be dependent on the
nature of the 1ight source, the extent of the decomposition and the :
intensity of the ultraviolet radiation. It was observed (40) that the
rate of photolysis with time first decreased then increased after which |

it became constant, when'light of wavelength 2537 R or a Tamp emitting a
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more or less continuous spectrum With spectra] lines superimposed was
used. |

The initial rate was fouhd to be proportional to the square
of the light intenéity and had an activation ehergy of 5 Kcal.mo1-1,
A mechanism which involved a bimolecular recombination of excitons at

an unidentified trap T was proposed

N3~ (NsT)7* SN Ns-*(NaT)-*‘ = (N3TN;) 2% |
Ba”ls kcal.mol.”?
3N2 + Ba + 20

" where O3 fepresents a vacancy
‘and * the excited state of the anion}or complex.
After prolonged photolysis the sduare law Was not appiicable

and the rate of hitrogen evolution increased. They assumed that in
the initial deceleratory reacfion the traps T were completely cqnsumed
and thué in the fol]owing'acceleratony period a new mechanism was takfng
place. The consiant rate of gas evolution had an activation energy of
20 Kcal,mol. !, |

~ The possibility of photo-emission from barium atoms, formedAin
the first parf'of the reaction, was considered the reason fof the increas-
ing rate period. Tﬁese generated é]ectroﬁs caused an dcceferation-of the
reaction by facilitating the combination of excitons and radica]s.1 Barium

metal was thought to form via aggregation of barium atoms
- viz Ba Vs Bat+e
Bat + N; —— Ba + N,

3
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-

N3* + N3 —'—) 2N3 + e
N, —y 3,

Ba + Ba’* + 2¢ ——  Ba,

The dark rate observed when the light was switched off was

exp]ained'by postulating the following thermal decompositionﬁ

Ba + Ba2* BLUNETRS
(Bay )2+ + 2N; — vBaz + ZNa,
2N3 "’—‘é 3N2

The efféct of filteking the 2537 R wavelength from the source
(with the use of a Chance 0Y10) was investigated. It was concluded that
the 2537 R wavelength was responSib]e for the’acce]ekatory react{on.

In another ihvestigétion into the impprtance of wavelength of
ultraviolet Tight on the photochehical decomposition Qf'barium azide
Verneker'(52) found that light of wavelength 1849 + 2537 R or light of
wavelength 2000 - 3000 R gave rise to the rate-time plot previously
reported (40);‘ However qn]ike,the results found by Jacobs (40), Tight
of que]ength 2537 2 produced no acce]eratqry reaction and the'product
after each reaétion, regard]eSS‘of temperature, gave a pqsitivé nitride
tést. Barium nitride showed an acceleratory réaction when photolysed
with Tight of wéve]ength betWeeh 2000 - 3000 R; This 1ed'tb the
development of a new mechanism. '

Vernekgr maintained that the initial decreasing rate waé due
to consumptibn of defects, as previously reported. Consumption of these
defects'should cause the rate to proceed to zero but sincé this was not
‘observed a photo-emission procéss-was envisaged viz.e]ectrons‘from.

metal specks,-produced_in the process of consumption of defects, keep
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the reaction going. 'After the minimum value, the acceleratory period .H
was proposed to be due to photolysis of the nitride formed.
Tompkins (58) has recently suggested that photolysis of barium

azide could involve the trapping of excitons at anion vacancies:

Ns ;223 N, ™* Yacy  N,* vacT

The trapped exciton can decay via two proCesses:

/'Nz- Vac- + N°
Na-*”vac—' »

N

3 .
N, + F!

where an F'-centre is two electrons tfapped at'an}anibn‘ |
vacancy . This' F'-centre may now reaﬁt with Ba?t to form the embryo
nucleus Ba®. At the surface bimolecular combfnation of N atoms
produces gaseous nitrogen. |

In order to ciear up the anoma]dus results found previously
for the photolysis of barium azide, Prout and Sears (61) have recently
‘made a study of the photolysis of pe]]efs of_powdered dehydrated barium
azide monohydrate. The_temperature range of photQ]ysis was 20° to
-197°C and the effect of both high and low pressure mercury arcs was
investigated. High reproducibility was obtained when 8 mg pe]]éts
- (0,3 mm thick and 5 mm in diameter) were used. |

The pressure-time plots obtained when using a high intensity
arc comprised two main features viz a short aCCeléfatory region and a
decay fegidn which was vehy‘protracted and incdmp]ete'after'zo hr 6f: |
irradiation; In the 1ater stages of photolysis the plot appeared to
be linear. In the température range_Oo to 20°C an'éctivation energy
of 3,0_K;a},WoT.'1 and 2,3 Kcal;_rno]..“1 was obtained for the.aCCe1erat4

,ory'and decay reactions respectiVely.- The acceleratory and decay
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reactibnsv{n the temperature range 0° to -197°C had activqtibn énergies
of 1,1 and 0,9 Kcal.mol.™? respectively.

"The acce]eratdry reaction appeared to vary as the square of
the light intehsity and the decay reaction varied linearly with light
intensity. | | |

The use of filters with the high pressure lamp indicated that
the effective wavelength for phtolysis lies in the narrow region 2000
- 2200 §. | |

The ‘low pressure lamp gave similar rate-time plots. The
activétion energy in the rangehZIolto -10°C was found to be 2,5 Kcal.
moi,".

- Mechanisms were proposed to fit the above exber{mental results.

Since the acceleratory reacfion depended on the square of the intensity
of radiation, a bimolecu]ar reaction invo]vihg two excited jons was
proposedJ The acceleratory reaction in the temperature range 0° to 22°C
was thought to be initiated at points of thermodynamic instabilityisuch
as emergent grainfboundaries and dislocations on the surface. The |

fo]lowing'scheme was proposed:

Ng~™ LN N;7* (excited ion)

——

N, + B ——  (N;E)7* (trapping of excited ion

at anion vacancies).

These entities are thought'to react on heithOuring sites, the reaction

being bimolecular with respect to azide jons:
2NsE)™  —  (NsEIN)*T
then (N3 @ Ns)2™* —> N7 +2N, +3@ +e o

Owing to the temperature of irradiation F-centres wére not postulated.
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Barium atoms are formed by
Ba’t + 2¢ . —> Ba .,

This mechanism has been supborted by e.s.r. measurements which have
detected N~ ions (59, 60). |
In the temperature range Oo-to -197°C a free radical type

rea¢tion wés‘proposed:
Ny~ E;QLE Ng~*
2Ng™* —5 2N + 2e
e+ Eﬂl — eQ
Ny + N3° —— N~ +'N2
Ny — N +N,
vN + N7 — N, + Ny -

The decrease in the rate of reaction was thought to be due to the
consumption of reactive surface material. The initia] layer of product
could consist of Ba atoms. After a particular time aggregation of

thése to form discrete nuclei of metal can take place i.e.

Ba, ;;Qéa Ban+ +e  (photo-electric effect)
r - h\) =%
N;)_ = N2

+ N — Ny o+ Ban'o

This'is a unimolecular reaction with respect to N,  ions in accordance
with the observed dependence of the deCay reaction on light intensity.

‘No dark rate was observed when the 1ight was switched>off, but
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an increaselin.photolytic rate was observed following the dark period.
This was accounted for by assuming aggregation of barium atoms con-

tinues to take place in the dark period and some crystallization occurs.

(i) The photolysis of other inorganic azides

Following the oniginal investigations, andtproposals of mechan-
isms, for the photolysis of barium azide an investigatien was made into
the phdto]ysis of other azides. Mechanisms‘for the observed photolytic
decompqsitions were postulated with'correlations to the atready'pro-‘
posed mechanisms forvthevphotolysis of barium azide. |

The first comparative study was made at the International
Symposium on the Reactivity of So]ids’in 1964 by Jacobs, Sheppard and
Tompkins (39). The kinetics of sodium, potassium and strontium azides
were comnared w{th data previously obtained for barium azide (40).
Photd]ysis of potassium and strontium azides showed an initial de-
celeratory reaction followed by an acceleration aftervwhich the rate of
photolysis became constant, as was observed for barium azide (40).v For
sodium azide the rate-time curve showed no acceleration after the ini-
tial deceleration and f11ter1ng the arc made no d1fference to the rate—
time plot, The acceleratory reaction was removed from the rate-t1me plot
of strontium and‘potass1Um azides, by f11tering the ultraviolet Tight.
This Ted to the conclusion that the acceleratory reattion'in _potassium
azide is dependent on 11ght of wave]ength 1849 R and the correspond1ng
region for stront1um az1de dependent on 11ght of wave]ength 2100 R
The initial deceleratory reaction was found to be dependent on light of -
wavelength 2537 B. Tnis 1nd1cated that at least two mechan1sms were
1nv01ved in the photo]ys1s of these az1des Thus a mechan1sm was pro-
posed for sod1um and potass1um az1des based on measurements from absorp-

tion spectra (41), photo-electric properties (41, 42),.c010ur centre:
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absorption bands (43, 15, 44, 45) and electron spin resonance data
‘V(46, 14, 47, 16, 48, 49, 50) to date. ‘No mechanism was proposed for
strontium azide since no information was as yet available on colour
centres or e.s;r. results.

The mechanism for'fhe deceleratory region involved the pro?
duction 6f N:;™* (excited azide ionS) and their destruétion at adjq—

cent imperfections in the following way

N3

I

(N37)*

(N)* + (N7 —> N+ Ble s Ny o (1) |

(Ns7)* + (N;‘)* — N+ Be+ 2N; cee (2)
—

(N37)* + (N37)*

el + 3N, ..., (3)

where {=1 s an anion vacancy,
e =1 95 an F-centre

and {7 e (=1 1is an F2+-centre.

Mechanism (3) is most Tikely for sodium azide since F-centres
and F,*-centres have been identified from e.s.r. measurements (14, 16);
while paths (1) and (2) are possible for potassium azide since N, and
Ny  ions have been identified from e.s.r. measurements (48, 49, 50).

On warming potassium azide the N~ bands have been obServed to
‘decrease while the Ny~ fesonance band increases, thus the reaction could

be

No~ # N,” —> N+ Ele

followed by aggregation of F-centres with the eventual formation of
metal specks- |
For sodium‘azide aggregatioh of F- and‘F2+—ééhtres leads to the

formation of metal Specks.



21.

~ The dark reaction observed in potassium azide was thought to

be due to the reaction of Nu; jons viz

Nq- C— N3~ + N

P

N +N —_— N, .

The aﬁce]eratofy phase was thought to be catalysed by the metal
product produced in the deceleratory phase. Invcrystals containing
metal specks, photons of the requisite energy were thought to produce
electrons through photo-emission from the metal into the conduction band,
as was proposed for barium azide (40). Production of nitrogen occurs -
 when azide ions adjaéent to metal specks decompose.

Since the absokption-spéctra of sodium and potassihm azides are

: }similar Jacobs and Tariq Kureishy (51) concluded that the lack of the

| acceleratory procéss'in.sodiUm azide was not due to the band structure

of the salt. They tried to determine whether two mechanisms were takfng
place during the phdto]ysis of the sodiuh salt as observed in the case

| of potassium, strontium (39) and barium azidesv(40). This was investigat-

ed by successive intérruptions of photolysis.in the'constant rate period

_ followed by furthér irradiation;

It was found that, if during the interruption the salt was'Teft
in cdntact with nitrogen, the rate_incféased and then reached a constant‘
rate on further irradiation. The rate of photolysis after interruption
remained constant when-the sample was pumped'during the interruption.
~ These results indicated that two mechanisms were taking place and the
second mechanism (constant rate) is dependent on sodium metal.

| The increase in rate_éftervjnterruption when the sample is kept v}
in contact with nitrogén was thought to be“due to chehisorption of
nitrogen on ﬁhe metal during interruption. This chemisorption is suf-

ficient to prevent the catalysis of photolysis by sodium metal until
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the metal has been reformed.
They found the pr1mary dece]eratory reaction to be proport1ona1

to the square of the 11ght 1ntens1ty and thus proposed the f0110w1ng

mechen1sm.
Ny S NGTYE (1)
(N3~)*+4S ;::55 N;eS 7..............; (2)
(Ns)* + N;es — 3N, + Ejeé +ST L. (3)
where e  1s an electron,

* represents an excited state,
S represents a trapping site

and =) represents an anion vacancy.

This process has been supported by e.s.r. measurements which
have shown that F,'-centres are the major products (16).
At room temperature the F2+-centre reacts with a sodium jon to

give two anion vacancies
je. Nat+ @el® ~— Na+20E coenrnn... (4)

The electron attached to the site S can'élso react with a'$odium,

atom viz_
ST4+Nat  ——  S'4+Na ... . (5)

where_thevtrapping site S' does not have the sahe.properties_as S since
it is associated with two sodium atoms and two anion vacancies. Thus
S' is now unreactive. The rate of nucleus formatiqn is therefore a
dece]eratoryvprocess sinee potential nucleus-forming sites S are being

consumed during reaction.
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The subsequent constant rate'reaction is associated with growth
of these nuclei. During this constant rate period photo-emission takes

place. from sodium metal specks

i.e. Na ;;Qée Nat +e .......... (6)
(Ng=)* +-Na; — | Nan_+vN3 .......... (7)
(Ns™)* + Ny —> 3N, + 203 +e ..... (8)

The electrons produced in (6) and (8) are trapped by anion vacancy
pairs to form F,-centres which then react to form Na atoms. The net

result being:

' +
Nan + 2e + 2Na* _— Nan+2

Theveffect of different wavelengths on the photoiysis of sodium,
potassium, barium, lead and silver azides has been investfgated by
Verneker (52). The rate of photolysis of sodium; potassium and barium ‘
azides became constant after a deceleratory reaction followed by an
acceleratory reaction when ligﬁt of wavelengths 1849 R + 2537 R was used.
Silver azide showed an acceleratory reaction on]y'when 1ight'bf
: wave]engths between 2000 X - 3000 R was-used .Leaddazide'showed no
acce]eratohy reaction when light of either 1849 R + 2537 R or
2000 & - 3000 R was used.

Pos1t1ve nitride tests were obtained when the products.of photo-'
_1ysed sod1um potass1um, barium and s11ver az1des were tested. |

~on f1]ter1ng ]1ght of wavelength 1849 R the acceleratory re-
actioh was removed from sodium and barium azides. F1lter1ng the Tight
did not change the bhoto]ytic curve of potassium azide;

The decrease in photolytic rate was~thought,'as befdfe; to be

due td cdhsumptioh of defects. The fact that it did not decrease to
Zero was exp1a1ned by photo em1ss1on from metal specks produced through

| consumpt1on of defects.
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| To exp]éin the accé]eration~the value of the work functions were
considered for all the mefa]s of the salts studied. Itmwas concluded
that photo—emission was possible from thesevmeta]s if light of wavelength
1849 R + 2537 X was used for photolysis. But since no acceleration was
observed with 1igﬁt of wavelength 1849 R + 2537 K in lead and silver
azides the ionization potentials of the metal atoms were thought to be
important. This wpu]d account for the loss of electron release from
lead and silver azides. The n{trides of sodium, potassium and silver
all showed acceleratory reactions when irradiated with 1ight of wave-
lengths ranging from 2000 Rv-'3000 R, thus it was proposed that the
acce]eratipn observed is due to photodécomposition of the nitride.
Caesium and rqbfdium azides héve been subjected to ultraviolet
photolysis by Jacobs and Tariq Kureishy (53). The rate of photolysis
of rubidium azide resembled that of potassium azide viz avconstaht rate
after an initial decay and acceleratory reaction. - Caesium azide showed
an initial decrease in rate followed by a bkief constant rate period
after which the rate.decreased once mbre.before becoming constant again.
It was suggested that three mechanisms were responsible for -the
rate-time curves. The first two mechanisms ‘as proposed for barium azide
by Jacobs andcoworkers (40),.was thought to be valid. A third mechan-
ism was proposed in addition which involved the reacfion df excitons

and excited azide:ions at metallic nuclei, with the formation of N,” ions.

Thé observed dark rate was thought to be due to thermal decomposition of .
N,  ions. The following mechanism was proposed for the acceieratory
reaction (the third mechanism of photo}ysis) .

N, ;i&ée N.™* (exciton)

Mo Vs  M: +e (Mn = metal nuc]ems)

=  (NJ7)* (gxsjted azide ion)

(Ns™)* + m¥ — N
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Ns™* + N3Mn — Mn’+ Nu‘ + N, + [Z1(anion
: vacancy)

+ .
Mn +M +e . — Mn+1 .

.Recently the photolysis of ]ithium azide pellets has been
investigated by Prout and Sears (54) in the temperature range -60° to
20°C. A high pressure mercury arc of 100 W was used as the source of
ultraviolet 1ight‘ A plot of pressure of nftrogen gas evolved against
time Was found tb be sigmoid in shape. The acceleratory reaction obgy—»
ed the Avrami-Erofeyey equation with the exponenf n taking the value 3,

kt + c.

while the decay reaction was fitted by the equation log o
Activation energies were calculated and found to be 816 cal.mol.”?
and 852 cal.mol.™* over the temperature range -60°C to -30°C. Over the

temperature range -20° to 20°C activation energies of 1000 cal.mol.™?!

and 1050vca1.m01.'? for the acceleratory and decay reactions respect-
ively were found. Both the rate of the acceleratory and decay reac- |
tions were found to be dependent on the square of the light intensity.

This led to the proposal of the fo]]owing mechanism :

e e N
Ny 4 E:l —> Ny =)™ .
These entities react on nefghbourihg sites as fo]léwéﬁ
’Z(Nstj)'* ' ;——§‘ (“aEa?Ns)éf*v
(N EIN)2™*  — 2N + 2e[E]

2N, ——) 3N, + 2121

where e[E] is an F-centre,
N;~* s an excited azide ion

and =}  is an anion vacancy.
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Lithium metal forms via the reaction

+

2LiT + 2e®m — - 2Li o+ .ZGJ'.

Pre-irradiation withgy- or X-rays caused a decrease in the
acce]erétory reaction but did not markedly change the decay reaction.
This was thought to be.duevto F-centre formation by the y- or X-rays
thus decreasing the concentratioh of vacancies - thevpropagating

entity in the acceleratory reaction.

(iv) The photolysis of other inorganic compounds

In the study of the photolysis of silver halides the mechanism
of decomposition has been based on the Mott Principle (4, 25). It was
_postulated that the absorption of energy occﬁrred principally»within fhe
vo]ume.elements of the substructure of the silver.halide crystal, with
the subsequent photochemical change taking plaée at the surface thfough
secondary effects, resulting in the formatioﬁ of either excitons or
pairs of electrons and positive holes. Due to their mobility they can
decay transfering their energyvto lattice vibrations or'by_either
interacting with pho;ons to dissoéiate into frée.electrons and positive
holes or interacting with atoms, ions or molecules on the bounding
surfaces of the volume elements of the substructure of the silver halide -
crysta] and so produce‘a photochemica] change.' |

With the photblysis of silver bromide the excitons are'postulat— .
ed to trénéfer their energy at room temperature to bromide jons occupy- |
ing either kink sites on tﬁe free surfaces of the crysﬁai or -jogs along
édge dislocationvlines on kink sites associated with internal surfaces,
to eject electrons from thém. This results in the formation of bromine
atoms. Owing to the small range of the electron it can possibly com-

bine with an adjacent silver ion which represents a localized excess
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positive charge. From the‘Frank-Condon Principle it was deduced thétA
the probability of an é]ettroh being immediate]y trapped by silver
jons on the surface is émall,- Thus the silver joh.éan diffuﬁe from
the bromine atom to an,adjacent subboundary. It may then combine with
the electron to form a silver atom. This separation-of.bromine atoms
and si]ver fons can only oécur when the_bromihe atoms diffuse to the
surface ahd escape, without combiﬁing with previously separated silver
atomS. | | | |
If free electrons and pdsitive holes are created directly by
the absokption of Tight then the mechanism for photolysis has been
postu]ated‘to be similar to the above mechanism. The holes would be
trapped by bromide ions, pfior to electrbns being trapped by.si]?er
ions, pfoducing bromine atoms at the free surfacé or on internal suf4',
faces. _The silver ions w{th positive charge can now combine with elec- ‘
trons. _ o | | '_f
The quantum yield of bromine pfbduction at various wavelengths
and temperatures during the photoiysis of silver bromide, has been
investigated by Luckey (26). He found an increase in quantum yield
with decrease in wavelength And a decrease with increase in témberature.
Irradiations with-shorf wavelengths was fhought td produce a higher
concentrdtion of positive holes and electrons than irradiation with 1ong_
'wavelengths of'light. Since the quantum yield was high it was concluded
“that recombination cahnot oécur at short wavelengths. This increase in
yield hés been attribﬁted to increased absorption of the incident
radiation_at the surface with decrease in wavelength, since most absorp-
tion which is effective in producing gaseous bromine occurs in a layer
of 0,3g. High_yields at long wave]éngthsvwas only observed with thin
crystals with thickness comparable with that of-the active layer. With
increase in temperature of irradiation there is a decreaée in the stab-

ility of the'trapped é]ectkons thus leading to decreased quantum yields,
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the decrease being most marked at short wavelength. At short wave-
lengths the.concentration of holes and e]ectrons, already large, 15‘
increased by increase in absorption coefficient with temperature. Thus
the number of e]ectrqne in shallow traps at short wavelengths would be
larger than those at long wave]engths»resU1ting~in the rate of recombina-
tion of bromine to increase and a decrease in yield.

In the study of photolysis of lead halides (27) the absorption
of a photon has been assumed to lead to the production of an electron-
hole péir. Due to this éssumption three modes of photelysis have been _
postulated:

i) transport and trapptng of photogenerated electrons apd holes -
colour centre mode,

'ii) transport of ionic motion at room temperature irradiation - print
out mpde, and

'iii)'the substance is comp]eteTy evaporated from the surface - photo-
enhanced evaporation mode. - | |

Holes generated'photolytically in'PbBrz are trapped at surfaee
bromide ions forming bromine atoms which are desorbed ~either directly
or after combination with other ha]ogeh atoms to give halogen molecules,
the rate.of desorptton being dependent on ambient conditions. Anion
vacancies remaining are transported through the crystal resetting
bromide ion sites at the surface for subsequent trapping of_e hole and
desorption of bromine. Aggregates of lead atoms are formed by pp2*
ions trapping electrons produced by the photons.. Monovelent cation
impurities'have been fopnd to increase the rate of phptolysis owing to
anion vacancy production (28). This increase in rate is due to the masé
transport_current.of anions to'the surface by anion vacancieé. The
enhanced ahion vacancy concentration is accompanied by a reduction of

cation vacancy, VPb2+ concentration. Since VPb2+ are shallow traps for
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holes, the reduced concentration increases the hole current to the
surface. ‘Also annihilation of anion vacancies supp]ie§ room for fhe
Tead nuclei since lead atoms have a larger radius than lead ions.

A transition from one mode of photolysis to another has beén

vobserved during the photolysis of‘PbC12 (29),'the mechanism operating

during photolysis being dependent on,£253222€upe of irradiation. At
1ow_1ight intensities holes are trapped at surface halogen ions which
| can be desorbed. The excess metal condenses inside the crystal (print-
out mode). ‘At higher intenSities there is an 1ncreasé-in phbtoiysis.
'.Complete‘P5012 molecules are deéorbed_from the surface (photo-enhanced
evaporafion mode),~.This change in photolytic mechanism at high intens¥
ity has been explained by Levine (30). A potential barrier, set up atv
the surface by trapped holes, causes the acceleration of photogenerated
electrons towards the sdrfate. The electrons will not reach.the surface
when their lifetime is shorter than the transit time to cross the baf—
rier. This transit time is reduced with increase in intensity of radia-
fion. When electrons produced during the photo]ysis of PbCl, cross
the potential barrier and become trapped at surfacé states connected
with Pb2* jons (Pb+ states (31)) recombfnatibn céntres fof holes and |
electrons may form. Pb* states have been_identified from e.s.r. meas-
urements during irradiation with u1tra9iole£ light at liquid nifrogen
temperatures (32). | | |

When molecular-Tike structure between a Pb¥ state ahd a Cl atom
(formed by a hole trapped ét a neighbouking lestaté) is forméd, surface
~ breakdown by evaporation occurs.  | v |

The intensity dependence of photolysis forvPbBrz and PbC1, was
found to be a function of irradiatidn time. For PbBr, the rate was |
'proportional to intensity for 1rfadiation times shorter than one second.

At 10w.intehsity values the rate of photolysis of PbCl, was proportiona1
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to 1°:17 " and 1%s2 (29) at high intensities. |

From the ionic conductivity of PbBr. (27) and PbCl, (29)
‘and from samples doped with cation impurities (27) it was concluded
that the anion vacancies are the dohinant mobile lattice vacahcy.

Using u]travio1ef light centred around 5000 R for the photo-
lysis of PbIz'mobile excitons are thought to be created near
the surface. The raté of photbdecomposition was found to vary as the
square of the light intenéity indicating that photolysis is a bimole-
cu1ak process in which two excitons are trapped at anion vacancies
situated at surface imperfectionS'(such as surface kink sites at the
edges of crystals and at the edges of.cracks ih crystals) to give an
iodine mo]ecu]e,vtwo electrons and two anion vacancies. This inter-
action with imperfections leads to the production of both charge
.separated carriers forming a positive hole and an electron which can
be trapped at an anion vacancy to form an F-centre. When two such
positive holes react a molecule of iodine gas is formed. If the FF
centres are stable at the temperature of decomposifion aggreéation of
such centres will lead to the férmation of metallic nuclei, but when‘
the F-centres are unstable two electrons are trapped.by lead ions to
form lead atoms. Lead nuclei have been postulated to grow by two
mechaﬁisms depending on temperature; At high températuresvexéitons
decompose into electrons and positive ho]es»causing'the growth of lead
nuclei to proceed via alternate trapping of intefétitia] lead ions and
paifs of electrons. At Iow temperatures there is a transport of neutral
éxcitons rather than charged lattice ions. Pairs of excitons decomposev
at a surface adjacent to a_nué]eus of lead.. | ”

~! was obtained for photo--

An activation energy of 4 Kcal.mol.
lysis of PbI, and thought to be related either to the reaction of two
excitons or for the diffusion of iodine molecules through a surface lay-

er.
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The impdrtance of anion vacanciés in.photqusis of PbI, has beén
veriffed by-fhe inckease in rate of samples doped with Ag+ idns..

PhotodécOmpoéitions have been carried out on several perchlor-
ates. Photo]ysis_of nitronium perchlorate (34), using a high pressure
Tamp, yielded 0, and NO identified by mass spectrometry methods. _Thé
‘rate of’evo]utiOn.of gas reached a finite constant value with time after
an ihifial acceleration and decay. The rate of gas evolution at all-
stages was found to be proportional to the square of the 1ight intens-
ity. The'acceleratofy and decay reactions were thought to be depend-
ent on fhe existence of impurity trapping centres. After total con-
sumption of these centres the reéctioh dies dut and a second process
continUes_independent of trapping centres. During acceleration excit-
ation of a C10, ion in the vicinity of an electron acceptor trap (T) E
causes a transférvof the electron to the trap

viz €100 W (010)F = (T C1047)*.

The bimolecular rate determining step_propoSed is:
(C104)* + (TC10,7)% —> T + Clz + 40z + 2e .
The free electrons are abSorbed.by N02+ ioﬁs‘f
2N05++ 2e} —f——> 2NO, + 2 vacanciés.‘

Thus the trap is_associated with two anion Vacéncies'and'cannot
 particfpate_as before, causing a‘decfease in photoiytié rate. The NO2
produced'may be photoiysed directly by incident radiation, may evolve
as a gaé‘or remain as an impurity inrthe crystal lattice. The activa-

tion energy for this méchanism was found to be 9 Kcal.mol.”!.
The second process taking place simu]taheous]y with_the-above

process has no self consuming features and can be represented by .

hv
NO,+ =  (NO*)*
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€10, ===  (C10, )*

(N02+)* + (C]OQ")* D —) .NO + C10 ¢ 20, -bimolecular

B ' * decomposition.

The'kinetic$ of gas evolution from anhydrous silver perchlorate
(35) using a jow'pfeSsure lamp has been studied by Verneker and Maycock.
As foundeith nitronium'perchlqrate the rate became constant after an
initial acceleration and decay - The rate of eVo]utiOn of oxygee at all
"stages of the reaction was found to be proport1ona1 to the first power
of 1ntens1ty of radiation.

A mechen1sm for the acceleratory reaction was postulated to.
involve the productioh of a defect centre:

S Em Yy 000 @

€10,° —— products + (=]
| A + ‘ (o]
g +E] —> A+ =D

For the deceleratory reaction a mechaniem involving consumable
trapping centres was posfu1éted. These centres were concluded to be
anion vacancies since samples doped with gs;;'ions sHowed an increase
in the maximum rate. Tﬁus the defects created duringracceleration'must
_be anion vacancies. Since the deceTeratory reaction did not decrease '
to zero but became a finite constant value a new mechanism, not 1nv01v—
ing consumab]e trapp1ng centres; was thought to become actxve The
activation energy for this process was found to be 4,5 Kca].mo].'1 and

has been associated with photo-emission of electrons from silver metal

formed during the initial acceleration.
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Thus the process

Agg _ﬂ29 Ag+ + e

o

Ag; + C10; —o AgC + C10,°

C]Ouo — products

Agom + Ag+ + e — AgO can take place.

m+1

Agom1 represents the growth of colloidal metal.

The‘photoiysis of sodium bromate has been investigated by Herley
and Levy (36) using a high pressure mercury 1ampi The rate of evolution
of oxygen at 300%K was found to decrease during the first 100 minutes
of the reaction and then reach a constant rate. This constant rate per-
iod deviated slightly from a second order dependehce on light intensity.
(The rate depended on‘I"e).' A phenomenological theory was proposed to
account for the photochemical decomposition. A steady state rate equa-
tion was derived with the assumptions that:

1) photolysis is essentially a solid state electronic process includ-
ing charge trapping; sites géneratedr(by'precursors'such as
impurities) or destroyed; sites rendered:ihactive by precursors,
etc. and |

i) photoiytic decomposition occurs wheh én unSpecified crystal defect
acquires a'second eicitation after'having first acquired an initial
excitation. | _ | |

The rate equation represented, in a]gebraic'form, the most
:general rate equation thét could be obtained from these assumptions. A
tentative mechanism was proposed involving excitons since'photoconduct—
ivity was not detected. These excitons have beén thought to be mobile

electron-hole pairs or stable excitons. The mechanism involves the
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genération of new decbmposition sites from exiSting sites, with the
centres generating the new sites maintaining.their initié] charaéter-
istics. A sequence of decompositions taking into'accouht an overall
bimo]ecu]ar'character was proposed.
| The photo]ysis‘of potasgium permanganate, in the form of small

crystals (approximately 250 um), powdered crysfa]s (particle size:
40 pym in diameter) and pellets (5 mm in diameter and made under a pres-
sure of 2000v]b/sq.in.) has been inveétigated by Prout and Lownds (37),
A high-intensity ultraviolet source which franémitted light of mainly
2537 R’wés used; }Photolysis was confined to the temperaturé range
20° - 180°c. - |

The pressure-time plots for the'photolysis of wholé’crystals
and powder exhibited an initial puff fo]]owed by a short acceleration
and a decay lasting longer than 400 min. The decay period of photo-
lysed pe]]été passed into an extended region where the gas was evolved
at a constant rate. The volume of gas liberated was found to be pro-
portional to the area of salt being irradiated. |

Photo]ysis was thought to be confined to a surface layer and
penetration of reaction was estimated to be edUiva]ent to approximately
1000 unit cell layers for‘the pe]]et-after_400 min. of‘photolysis,
' It has been thought that the acceleration is associatéd with
‘.exéitétion of Mn0,~ ion§ at defect.sukfaces with excitatioh'proceeding
until the ion dissociates thermally. Reaction‘then proceeds in a 1inear'
branching manner acfoss the surface; reaction'being favoured at'the lead-
ing reactantFprodUcf interface by the strain induced by'the product in
the original lattice. The decay reactioh takes place at 1éSS'rea§tivev
sites on the surface which are being steadily consumed during phofd]ysis.

The ihtensity dependence of the photolytic rate was fohnd to bé

proportional to I1258% at 80,0°C and 125°% at 140,0°C. A mechanism was.

postulated in which either three photons (at 80,09C) or two photons
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(at 140,0°C) are required to raise the energy of the permanganate ion
to a level at which the excited ion dissociates thermally.

Activation energies of 4,5 Kcal.mol.”! and 13,6 Kcai.mo].;i
were found over the temperature ranges 20,00 - ]10,0°C and 120,00'-

180,0°C respectively. These activation energies were concluded to be

associated with the thermal dissociation of the excited ions.



- 36.

1B THE THERMAL DECOMPOSITION OF SOLIDS

The majority of therma]\decompositions which have been studied
are of the type
Atsorid) ~  Bisorid) *t Cgas) -

As with the sthy of the photolysis of solids, a convenient
way of following a thermal decomposition is fo measure the pressure
of the gas evolved at specified time intervals. The genera] features
of the curve are f]]bstrated in Fig. 1, although any of these features
may be absent in specific cases. Featureé of fhe decomposition curve
. include (i) an initial rapid evolution of gas, represented by A
followed by (ii) an induction period (rebresented by B) in which
gas may or may not be.evo]ved,
(iii) an acce]erafony period following the induction
period (shown in C) énd
(iv) a decay reaction represenfed by D.
Boldyrev (62) divided thermal decompositions into two groups
viz (f) therma]_decomposition taking place via bond cleavage in an
anionic or cationic lattice compoﬁént and accompanied by
‘no transfer of charge. This mechanism depends mainly on ‘
defects on'the surface and along 1iﬁes (edge or screw
dfs]otatioﬁs). | | | |
(i) Decompositioh proceeds-vié the traﬁsfer of electrons from‘
an anion to a cation and is mainly dependent on point
defects (vacancies, 1ntérstitials, impurity atoms, excitons,

free electrons and holes).
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- In either case but in the first to a lesser extent, the
electronic environment at the sitévof decomposition of an individual
mo]ecu]e.will inf]uence the activation'energy of its decomposition.

Lfne defects p]ay‘an important pért in the thermal decomposition
of solids since réaction commences at the point of emersion of dis]oca-
tions at the crystal surface and at the boﬁndaries‘of the groupings
(43, 63, 64, 65). The emergence of edge dislocations, bent crystals,
| twisted crystals, incipient cleavage cracks, and similar families 6f
edge dislocations at the surface of crystals of platinum phthalo-
cyanine has been dbserved by Mehtgr (134). The concentration of these
line defect$ is dependent bn the age of tﬁe crystal, thus the rate of.
thermal decomposition being'depehdentvon age. Wifh.age formation of
groupinés of dis]ocations is annihilated. The thermal deComposftion
- of carbonates (66) and the azides (67, 68).ha9e been shown to be favour-
ed at dislocations. B |

The scheme of charge transfer in the thekmai decomposition'of
ionic solids was originally postulated by Mott (22) to be the capture
of an electron from the conduction band of the ckysta] by an impurity
centre with the subsequent octurrence of contraction process towakd the
capture site of intergtitial_ions and‘e}ectrons,-éhd the decomposition
of a positive hole, formed as a result of thevbreaking aWay of an elec-
tron from an anion of the radical, after its,éscape to the sufface of |
the'crysta]!i This scheme has been Oéed to explain topochemicaT proces-
ses accompanied by charge transfer, and has value in many caSes at the .
present time, although, as in the case of mechanisms proposed for photo--
lysis, chahges and additions have been made.'

Charge trénsport within an jonic lattice is dependent on the
defect structure of the solid and is achieved by jonic conductivity

i.e. migration of ions. Ionic conductivity through the crystal results
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throygh migratidn of either interstitials or by the counter migration
of vacancies. Migration rates,vfor both the interstitial and Vacancy
mechanisms, depend directly on the concentrations of these point de-

- fects. The result of ionié mobj]ity is the migration of prbduct atoms
or molecules through‘thé Tattice.

Semiconductivity can aTso influence chargé transport in cryst-
als. Intrinsic semiconductivity results when electrons in the valence
band are thermally excited to’the conduction band leaving behind posi-
tive holes in the va]enée'band. Extrinsic semiconductivity is due to
impurities which act either as acceptors or donors of electrons. The
energy levels of thése donors and acceptors lie in the forbidden
energy gap near the conduction and valence bands respectively. Promo-
tion of an electron from a level within the forbiddeh zdne into the
conduction band is'n~type semicbnductivity; 'p—type semiconductivity
arises from the demofion of a positive ho]e from the forbidden band
into the valence band. Of particular relevance to solid decompositions
is the type of sehitonducfivity described by Bb]dyrev, London and
Zhuravlev (70), where the product phase, if it has a work function dif-
ferent from that of the reactant wf]l act as an electron dohor or ac-
ceptor, depending on the relative values of the work functions._

Exciton formation during thermal decomposition results through
thermal excitation of an electron"to'a non-conducting excited state or
-~ alternatively from the partial combination Qf'ah electron and a pqsi—
tive hole, wfthoqt'reversion to the electronic ground state. As
“discussed under photolysis, where they play a more significant role,
excitons are mobile and can dissociated into free electrons and posi-
tive holes, thus aiding charge transport.

A characteristic feature of the thermal_decomposition of solids

is the initiation and propagation of the reaction from a number of
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préfefred sites termed nuclei formed at the above mentioned imperfect-
ions in the lattice (either at the surfaée or in the bulk of fhe
reactant matrix) since the activation energy of decomposftion is Tow-
est at these sites. -

Many wdrkers have obtained‘photogkaphs showihg discrete, non-
random nucleation on crystal surfaces. It has been obsekved from
thesé photographs that the nuc]ei'fbrm'in the regions of emergence of
dis1ocations and grain boundaries on the crystal surface. For .
example this has been shown by Herley and Levy (83, 84, 85, 86) to .
occhr during the thermaT decompositionvof ammonium perchlorate.

The nature of these nuclei is not always c]eaf but they are
thought to be composed of so]id‘reaction products. Movement of reac-
tion through.the lattice is due to strain produced by differences in
physical properties between product and parent phases. Chemical |
transformation is facilitated at defects on the internal and external-
surfaces of the crystal because both the chemiCa] potential and
stereochemiba] envirqnmént df ionic species in the immediate vicinity
of these points differ from those'of similar species at "ideal" lattice
sites. ” .} | | _

- Nuclei are classified either as compact or diffuse. The latter
are spread tthUghdut the sd]id,and are not directly observable since
they do not grow to a visible size. An examp]e.bf this occurs in the
thermal decdmposition of mercury fulminate (71).

Compact ﬁUc1ei are directly observable and are generally favour-
ed since the activation energy for nucleus growth is less than that for
nucleus formation. They have characterisfic shapes dependent on the
- physical properfies of the solid. In sodium azide pellets (72) they

‘were observed to be two-dimensional and approximately circular, and
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were.formed on preferred crysta11ographic'faces. Spherical nuclei
have been observéd in the therma1 decomposition of barium azide (24)
and horn-shaped nuclei in the dehydration of copper su1phate penta-
hydrate (69). | |

The number of nu;]éi formed during thermal decomposition can
be increased by the pre-reaction treatment af'tae sample,»thereby
increasing greatly the number of potential nucleus forming sites,
fok examp]é grinding (73, 74) or scratching of the érysta] surface
(75). Pre-irradiation of the solid prior to décomposition with
ionizing radiations (y? and'X-rays‘(76 —-79)),_u1travio]et light

'(23), electrons (80) or réactor:radiatioﬁ (81,v82) has généra]]y
been found to enhance the subsequent thermai decohposition of the
solid as a result of the formation of crystal defects and deposition
of radio1ysis products in the crystal lattice.

The indaction,period (B Fig. 1) is cohsidered to bé tﬁe time
durihg which nucleus formation takes place. At the end of the induc;
tion period the produétionvof nuclei is at a criticaT stage, and the |
reaction bécomes autocafalytic during the acceleration. At the end
of the inductionjperiod the crystal is a function of the number of
nuclei and their spatial distributibn, the size and shape of the nu-
clei and a'variety of properties df the nuclei themselves e.g. their
chemical, crysta]]ogfaphic and electronic structure. vGrowth of these
nuclei takes place during the'acceleration, although somé nucleus
formation hay also“occur during this stage of the reacﬁion. “

Beyondvthe inflection point the decay stage begins. vNut]eus :
growth ceases and the rate of‘reaction aecreaseé when the nuclei have
expanded far enough to bégih to overlap and theréby»décrease the.

interfacial area betweeh the reactant and product.
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The mechanism of a partiéu]ar decomposition and the kinetic
equation which will describe the acceleration of the reaction will
be dependent upon two featureé viz : the rate of nucleus formation
and the rate and mode of growth of the nuclei. |

Nucleation can involve either a single step and can then be
described as a linear or exponential function of time, or involve
multiple steps and then be described as a power of the time. A
1inéar increase in nuclei with.time has been observed with the
dehydration of copper sulphate dihydrate (69). Photographs of
nucleation in ammonium perchlorate crystals have been obtained by
Herley, Levy and Jacobs (83, 84, 85, 86). They observed discrete
nuclei on the surface of the crystal in preferred crystallographic
directions, the nuclei being different on different crystal facgs.
It appeared that once the nuclei had reached a critical size growth
stopped during which time the smaller nuclei continued to grow until
they too had reached the critical size. Once decomposition over the
external faces was complete nucleation on the subsurfaces was observ-
ed. |

The kinetics of simultaneous nué]eus formatiqn’and}nuc]eus
growth, or the'growth of a constant numbef of nuclei i.e. the ac-
celeratory region can be described by.the following mathematica1
relationships: (i) power law, | |

| (ii) exponential law,
(iii) the Prout-Tompkins equation and
(iV) the Avrami-Eroféyev equation.
If nucleation proceedslaccording to a power law, and if it is

assumed that nucleus growth is constant, it can be shown that (4)

where p 1is the gas pressure at time t during an

~isothermal decomposition,
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k is the rate constant
and n = B + X where B is an integer representing the
number of successive molecular decompositions at
a single site required to form a stable growth
nucleus; X has values 1, 2 or 3 dependihg‘Oﬁ whether
the nuclei grow 1-, 2- or 3-dimensionally i.e. linear, -
plate-1ike or spherical.
In the derivation of the equation overlap of the growing nuclei
has been neglected. |
| The power. law Cén bevapplied to the acceleratory reaction in
the form p]/n = kt, thus enabling the determination of the rate con-
stant for the reaction. The equation has been found most usefu] since
it dispenses with the knowledge of the final pressure. The accelera-
tory reaction of the thermal decomposition.of Tithium (87), calcium
(88) and stéontium (89) azides have been analysed using the power law -
with n = 3. It has also been applied to zinc oxalate (90) with n
varying between 1 and 2. Wischinv(24) deduced a value of n = 6
corresponding to spherical nuclei increasing in number_as the cube
of the time in the therma] decombosition of single crysta]é of barium
azide. |
The exponential law.takes into account constant rate of nuclea-
tion, growth of nuclei and.branching chains and was derived by Garner

and Hailes (71). It has been applied in the form

p = c exp(kt) e (2)

where c = constant and is a funcfion'of temperature and
contains the cdnstants for nucleation, growth and
branching. | |

A]though it has been applied to the decomposition of mercury

~ fulminate éhd large crysta]é of lead styphnate (91), thé concépt of

propagation of Tinear chains through the crystal and hence a division
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of the'crysta] into mosaic_b1ocks resulting‘in s]ow-decompoéition,
was not thogght to be a favourable mechanism. ThUS‘a nodification
postulating tnevprnpagation of branching plate-like nuclei through
the crystal (92), was made to the theory. This idea was app]ied to
silver oxalate (93) and it was suggested that decompos1t1on pro-
ceeded along grain boundaries and dislocation 11nes, with branch1ng
occurring at intersections of these defects in the crystal lattice.
| Interference between these branching nuclei has been consider-
ed by Prbut_and Tompkins (94) which is a modification to thevtheory
Qf»tne eprnentia] lan. Thus a tenm'for the probébi]ity of chain
tenninatfon_was introduced into the eguation formulated by Garner
and Hai]és (71) for linear branching chains. The Prout-Tompkins
equation was thained on.integrating the equation derived to re-

present the rate of decomposition do/dt and has ‘the form

1og(p/pf-p) =kt+c ......... (3)
where p is the pressure at time t,
p¢ is the final pressure

and k is the branching coefficient.

It has been applied to the thermé] decomposition of unirradiat-

ed and pne—irrédiated permanganates (95) as wél] as the co—irradiateg
ldecomposftion of potassium permanganate (96). In addition the equa-
tion has been used fon the analysis of the entire therma] decomposi-
~tion of nitronium perchlorate (97) and lead oxalate (78); ‘and the
acce1eratofy reactions of potassium metaperiodate (99), lithium per-
chlorate (100) and pre-irradiated ammonium perch]o}ate (98).

The equation was modified for the thermal decdmposition of

sf]yer permanganate (101). In this case the branchjng coefficient was

vnotvassumed to be constant but to vary inversely with time. Thus the
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equation became

‘Iog(p/pf -p) =k't+c' ..., Cetereeaea. (4)

The Avrami equation takes into‘account theveffects of
ingestion of poténtia] nucleﬁs formihg sites by growing nuclei or
the overlappfng of such nuclei. Avrami (102) in a mathematical
study of the kinetics of phase chénges ané]ysed reaction-time curves
using the'concept of a random nucleation process at potential nucleus
forming sites, followed by nuclear growth. The potential nucleus
forming sites were termed "germ nuclei" and those which became active
and Started growing were termed "gréins" or "growth nuclei. "Phantom
nuclef“ were the sites ingested by growing nuclei thus never becoming
active. | | |
He deVeioped an equation which represented a general Sblution
to the problem of random nucleation followed by three-dimensional

growth.. It had the form:

kl v.

Tog(T-a) = 65Ny k3* e b o 14 kit - (kit)2 + (kit)®|....(5)
_ 3 2. 3! '
vVO k,
where S = shape'factor,_
Vo = fina] volume of product obtained from complete
. decomposition of reactant;
No = total number. of génn.nuclei at time t = o,
ki ‘= constant -
and a = fractional decomposition = P/pg-

Several limiting cases wéré obtained from this equation. When
a is small the contribution df overlapping and phantom nuclei were
considered to be negligible and the geﬁéral equétioh reduces to the
power law i.e. | .

0= et e, S e (6)
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where n haS‘tHe same meéning as before.

In}particular n = 4 corresponds to random nucleation of three-
dimensional nuclei, n =.3 corresponds to 1nstantaneous-n0c1eation
followed by three-dimensional. growth and n = 2 corresponds to linear

grbwth. | |
| When t is large i.e. in the décay period, the general equation

reduces to

-log(1-a)

H

[§No.k;3/vo']t3 ......... ‘;{ (7)

kta '. ................... (8):

| Using a different approach Erofeyev (103) first derived a

general kinetic equation

.o = 1-exp(- '}'pdt) ......... (9)
6
v v ¢
or -log(l-a) = [ pdt ...l (10)
0
a = fractional decomposition.
~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
a=1-exp(-kt") ....oio... (11)

corresponding to three-dimensional nuclei increasing in number at a

constant rate. For cylindrical nuclei

1

a=1-exp(-kt®) .. ... ... (12)

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

of increase

o
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=
~—

or -log(1-a)

which is of the same general form as derived by Avrami. Equations
7, 8 and 15 are the general equations for the kinetits of reactions
which proceed by way of formation and growth of reaction nuclei in
a solid. These equations are known as the Avrami-Erofeyev equation.

The-Avrahi*Erofeyevveqﬁation has been found to be versatile
because of the variable n. Using the equation with n = 3 it has
been applied to the acce]eratioh of sodium nitrate (104). The
acceleratory reaction of barium azide (68), ammonium perchlorate (105)
and silver oxalate (106) have been desﬁribed'using this equation with
n =4,

During the decay reaction contraction of the area of the inter-
face between the reactént and product phases takes place. In ceftaih
" cases the product phase may catalyse the reaction as a result of
intimate'contact between the two solid phases. Topokinetic equations
'abplicable to the decay therefore describe a contracting envelope of
productrehclosing a volume of reactant which is free of defects such
as dislocations, since these represent sites of preferential de-. _
composition, and are usually consumed by the product during thevacgeler-
ation.

Analysis of the decay may be achieved uéing the AVrami—Erofeyev

equation in the form
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- This eduation is only applicable when the interfacé rémains
intact. ‘Thus the value of n is necessarily 3 since in the decay -
stage ingestion of potential nucleus forming sites will be virtually
complete. However this situation is not always the case since
strain produced by differencés in the mo]ecd]ar volumes of parent
and product phases produces a collapse of the intérface thus leav-
ing isolated blocks of reactant cohtaining'no nuclei in which the rate

of reaction is proportional to the amount of substance undecomposed.

k(]-a)> .............. (17)

Hence | - da/dt =
-log(1-a) = kt (unimolecular law).. (18)
or 1og(pf/pf-p) =kt .. (19)

The decay reaction was considered by Prout and Tompkins (94)
to be proportional to the number of unreacted molecules i.e. pro-
portional to (pf-p). Also only those molecules adjacent to product

molecules will be able to decompose. Thus the rate of reaction is

dp/dt = k(p¢-p)P e ceee (20)

- where P is the probability of the favoured situation and is determined -

by a = p/pf. Thus
dp/dt = k(pf-p)p/pf ......... (21)
Integration befween 1imits led to the equation

1og(p/pf-p) =kt+cCc .o, (22)

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

tions except that the two rate constants, k, are different,
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An examination bf_the t0polo§icaf change of a contracting
enve]ope'with time leads to several possible kinetié equations for the |
description of the decay stage. An example of this is the contracting
sphere equation. This equation describes the rate of penetration of
the product interface into paftic]es which have become coated.with a
layer of product in the.ear]y stages of the reaction. It has the

algebraic form
1
1= (-a)® =kt (23)

Other shapés of contracting interféces are for example a
" contracting parallelopiped, or rectangle, or circ]e depending dn the
geometry of both the partic]esvand the interface. |

These equations, developed for the decay reaction have, as in -
the case of,fhe équations for the acceleratory region, been extensive-
ly used. The deéay reaction Of-sbdium nitrate (104) and ammonium
perchlorate (105) have been described using the Avrami-Erofeyev equa-
tion with n = 3. The decay stége of lithium perch]ofate_(]OO) and pre-
irradiated ammonium perchlorate (98) have been described by the uni-
molecular decay law.

Prout and coworkers have applied the contracting sphere equa;
tion to the decay stage of the decomposition of Tithium azide (87),
calcium azide (88),nickel oxalate (107) and‘barium-ézide (68).

When none of the standard equations described above fit the.i
experimental data,empirica] equations (82; 105), or a. general method
for the ca]Cu]étion of rate constants described by Jacobs and co-
workers (108) have been used. It must be noted thaf.wheré an_empiric—
al equation is used to describe thé kinetics of a particular stage of

decomposition, the rate constant has no physical meaning.
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It musf be noted that the applicability of a particular equation
to an actual decomposition should not be regarded as proof of the | |
feTévancé of the model from which the equation was derived, but rather
as a postulate upon which experimentation designed to support this
postulate can be based. Also the observed behaviour of a particular
so]id'need not be describable by only one kinetic equation. An
example of this is the use of the Prout-Tompkins equation, by Prout and
coworkers (94) and the Avrami-Erofeyev equafion (n = 4) by Boldyrev
(109) to the kinetics of the thermal decomposition of potassium perman-
ganate. |

However thé theoretical approach to the decomposition kinetics
of solids has led to greatek understanding of the macro-processes
oécurring during the reactions, and has also provided equations which
yield rate constants. Regardless of}their significance these rate
constants can be used to investigate the'dependence of reaction rate
on a variety of experimental variables e.g. témperature of decomposi-

tion, size of particles and age or history of the material.
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1C  THE EFFECTS OF PRE-IRRADIATION WITH ULTRAVIOLET LIGHT ON THE

THERMAL DECOMPOSITION OF SOLIDS

Much work has been done in the field of treatment of ionic
solids with radiation at room temperature pridr to thermal decomposi-
tion. This has led to a better understanding of the mechanism of
thermal decomposition of unirradiated salts since photo- and thermal
processes can frequently be equatéd. This is especially the case for
the processes of nuclear formation and growth in solid state decomposi-
tion. .

- Of particular importance to this work is the pre-treatment of
the solid with ultraviolet 1ight. Thus a detailed review of the
effect of pre-irradiation of solids with ultraviolet light at room
temperature on the subsequént thermal decomposition will be undértaken.'

The general effects of pre-irradiation on the-subsequent therm-
al decomposftion are:

(i) a shortening of the induction period,

(ii) acceleration of the reaction,

(iii1) changes in the activation energies associated with the

decomposition process and v

(iv) changes in mathematica] analyses governing the pressure-

time pTots, and their extent of fit.

Since.therma1 decomposition of many inorganic solids has been
thought'to proceed via an electron transfer it can be concluded,
when the effects of the interaction of ultraviolet light on ionic "
'solids is taken into account, that pre-irradiation with ultraviolet
Tight will have a positive effect on the subsequent thermal decomposi-
tion. -In order to observe the effect of pre¥irrédiétion, irrédiation 

nuclei must create sufficient strain to crack or fracturevthe solid
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and thus create new reactive surfaces.

The inorganic azides were the first class of ionic solids to
be subjected to pre-treatment with ultraviolet light, the barium_and |
strontium salts being the initial salts, studied by Garner and Maggs
(23). They fouhd that the induction periods of these two azides
were shortened in the subsequent thermal decomposition and in the
- case of barium azide an increase in rate constant in the equation
a = kt® was observed. These workers concluded that the nature of-the
reaction mechanisms was not markedly affected by pre-illumination
with u]traVio]et light. They proposed that ultraviolet light produc-
ed "holes" and diffusion of metal atoms to these holes resulted in
thé formation of nuclei, from which the reaction was initiated.

Following this study Thomas and Tompkins (55) studied the
effect of high and Tow doses of ultraviolet light at room temperature
on the subsequent thermal decomposition of barium azide. As found
by the previous workers, a decrease in induction period and an in-
crease in thé rate of the acceleratory reaction was observed. At
high irradiation doses the exponent changed from 6.fo 3. These
results were explained by assuming that with Tow doses of irradiation
there is an increase in the number of potential nucleus forming sites,
assumed to be anion vacancies. As the dose increases these sites
could become activated'by trapping electrons and so relaxing the re-
quirement for thermal activation. In the limit thié'means that all
the potential nucleus forhing sites become both activated and equi?a;
lent, and acéordfngly a cubic acceleratory period is obtained.

Prouf and Moore (]14) found that the Avramf—Erofeyev equation
with n = 4 fitted the acceleratory reactioh of the thermal decomposi-

tion of barium azide. With pre-irradiation at room temperature (111)the
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exponent chénged from 4 to 6. During pre-irradiation it was assumed
that a large number of F-centres were formed which, during heatihg,
aggregate and co]Tapse to give barium atoms. These atoms migrate |
and accumulate at favourable sites (dislocations) td give metal
nuclei. The increase in exponent was accounted for by assuming that
after irradiation the number of nuclei no longer increase 1inear1y 1
with time but with the cube of the time.

Pre-irradiaiton of potassium azide (74) had no subsequent
effect on the thermal decomposition. Following ikradiatfon, evolu-
 tion of nitrogen was‘detected; A blue colouration was observed after
irradiation which disappeared on heating. The colouration waé thought
to be due to the formation of F-centres and positive holes. During
irradiation mobile excitons are formed and the electron from the
exciton can * tunnel to a vacant site to form a single entity. A sec-
ond exciton can then form a complex adjacent to the first resulting
in a reaction to give three molecules of nitrogen. Heating presumably
reversed this process through the bimolecular combination of e]ectrbns
from F-centres by'the tunnel effect.

Colloidal sodium has been identified from electron spin resonan-
ce studies during the thermal decompgsition of sodium azide following
pre-irradiation with ultraviolet light at room temperature (46).
Colloidal sodium was thought to form due to photochemiéa] reduction by
irradiation c]uéters during therha] diffusion. Aggregation took place
via vacancy 6r e]éctron_diffusion.

A shortening of the iﬁduction period and an increase in the ac-
celeratory rate constant with no effect on the decay constant was ob-
served when lithium azide, pre-irradiated with ultraviolet 1ight, was

decomposed thermally'(110).
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The acceleratory reaction of unirradiated lithium azide was
described by the Avrami-Erofeyev equation with n = 3, and thus nuclear
growth was considered to be two-dimensional with the number of nuclei
increasing linearly with time. The decay reaction was described by
the contracting sphere equation. With pre-irradiation the value of n
decreased to 2, while the contracting sphere still fitted the decay.

) 'It was supposed that pre-treatment with ultraviolet light

produced F-centres as for potassium (74) and barium ézides (111).

This was concluded since the salt turned a buff colour after irradia-
tion. Collapse of F—centres takes place during heating resulting in
1ithium atoms and finally lithium metél cenfres. The change in n
from 3 to 2 with pre-irradiation was ascribed to a saturation number
of nuclei at the end of the induction period. Thus during the accel-
eratory period further formation of nuclei would be swamped by the
already growing nuclei. The thermal decomposition of pre-irradiated
lithium azide thus proceeded via two—dimenéiona] growth of nuclei,
growth occurring from a fixed number of nuc]ei. Since the decay
showed little dependence on irradiation it waslconC1uded that the
topochemistry of this stage of the reactionvwés similar to that of the
unirradiatéd material, and after surface nué]eation and. coverage the
product reactant interface moves inwards on the particles of the powdér.

By pre-irradiating pellets of equal diameter but varying in
weight; the ultraviolet light was found to affect the surface only
since thermal decomposition producéd‘the same initial burst of gas
irrespective of weight. | | _ _

Calcium (73, 88, 111) and strontium'(23, 111, 112) azides havé'
shown similar results when pre-irradiated with ultraviolet ]ighf. |
Garner and ReeQes (112) found that both the unirrddiated and pre~1rrad-‘

iated decomposition of calcium and strontium azides could be described
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by the power law with n = 3. The fit of the power law was better
for the prefirradiéted than the unirradiated decqmposition and an
increase in rate constant was observed when the sahp]e was pre-
irradiated. The nuclei at the end of the induction period of the
Un{rradiated decomposition were assumed to be almost all the same
size. Pre-irradiation was thought to cause all the nuclei at the end
of the fhduction period to be the same size hence the better fit bf
the power law. The increase in rate was concluded to be due to the
development of nuclei at dislocation sites which would not have
developed quring thermal treatment.

| Fresh samples of calcium azide (73) showed an increase in rate
constant with increase in ikradiation dose. The rate constant for
aged samples was found to be constant for all ddses.up to 10'* photons/ |
cm?. The difference was aftributed to the activation of excess bulk
. vacancies in the fresh calcium azide. For the.aged material it was
supposed that an excess in electrons due to irradiation wefe captured
by.surface clusters and these transformed into grthh nuclei.- Iﬁ the
unirradiated material, the rate was controlled by the slow rate of
production of electrons which were always in short supply. In fresh
material containingvexcess grown-in vacancies, pre—irradiafion was
reported to activate germ nuclei throughout the system. However,
Prout and Brown (88) did not find any evidence of this ageing effect
for unifﬁadiated calcium azide when kept for a peripd_of_four months.
They have suggested internal nucleation on pre-ikradiating the salt.

Using high ultraviolet doses, Prout and Mqore (]11) found the

pressure-time curves obtained for the thermal decombesition of calcium
and strontium azides could be»ana]ysed successfully using the power

law with n-= 2. The point of inflection was found to decrease with

increase in ultraviolet dose. It was suggested that surface damage
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occurfed with two-dimensional nuclei growing linearly with time for
high doses of irradiation. The change in n from 3 to 2 when high

doses 6f ultraviolet Tight were used, was assumed to be due to thé'

" high concentration of surface nuclei, due to heavy irradiatibn doses,
and any increase in the number of surface nuclei with subsequent
thermal decomposition is virtually "swamped" by the pre-irradiation
effect.

The oxalates have been another class of inorganic So]idsvwhich
have been extensively subjected to pre-thermal treatment with ultra-

'violet light. Prout and Tompkins (113) were the first to study the

- effect df pre-irradiation on mercuric.oxalate;. They stated that the
pre-irradiated salt decomposed at a higher rate than the unirradiated
salt.. Thevacceleratory reaction in the thermal decomposition was re-
placed by an inifia] burst of gas followed by a short constant rate
period“@ﬁéh £hé pré-irradiated.salt was decompdsed. A later investiga-
tion by Prout and Moore (135) indicated that both the unirradiated and
pre-irradiated thermal decomposition could be mathematical]y represent-
ed by the power law with n = 2. They proposed that ultraviolet irradia-
tion produced an unidentified irradiafion product, possibly mercurous
oxé]ate, by an e]ectrqn transfer process which formed and then grew

.under the action of light on the surface of the mercuric oxalate.

The acceleratory perﬁod of the thermal décomposition of unifrad—

jated silver oxalate (115, 116) was described by the power law in the

" where 3,5< n <4. It was found that pre-irradiation

form o = k(t-to)
with ultraviolet 1ight caused an increase in the rate constant with a

decrease in the value of n to 3,0. The effects were attributed to the.
first order formation of certain.sites of compact nuclei which grow in

three-dimensions, the number of unfertilised sites decreasing as the
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ultraviolet dose is increased. The decompositidnvfor silver oxalate
has a]sQ'been postulated (92, 93, 117) to react Qia 5 branching

chain mechanism. No change in kinetics was found by these workers,
other than a change in the pre-exponential factor when the salt was
pre-irradiated with sma11 doses of ultraviolet ]ight._ Decompositions
of single crysta]s.of the unirradiated salt (118) were later observed
to follow a cubic law. In Tlater years Haynes and Young (119) have
indicated that the exponential law provides the most suitable analysis
and explanation of the decomposition behaviour. For the thermal |
decomposition of pre-irradiated si]ver oxa]ate'they propose that
pre-treatment with ultraviolet Tight results in an increase in the
number of starting points on thé surface and these can then develop
into growth nuclei with simultaneous decomposition along a line join-
ing tWo of these nuclei. This explained the use of the exponenfia]
equation. ‘Russian workers (120, 121) have cohc]uded that the effect

of pre-irradiation on silver oxalate with ultraviolet light is a pure-

ly surface one and affects onTy the initial decomposition.
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2  OBJECTS OF RESEARCH

Previous investigations into fhe.photolysis of barium and
‘strontium azides (39, 40, 55; 61) have been confined to temperatures
below 25,0°C. The ultraviolet light sources empToyed have been of
low intensity which has resulted in surface reaCtions only. Con-
sequently it was considered necessary to examine the photodecomposi-
tion of barium and strontium azides at temperatures above 25,0°C
using 1ight sources of high light intensities in order to attempt to
propagate fp]] decomposition of the salt.

Previously only the effect of irradiation with X-rays (122) and
radium (123, 124) during the thermal decomposition of.barium and
strontium azides has been investigated: Thué it was decided that a
study of irradiation of barium and strontium azides with'ultraviolet
light during thermal decomposition would be of interest. This study
would also be beneficial in the 1inking of the mechanisms of photo-
lysis and thermal decomposition sfnce both thévlowvtemperature photo-

lysis (61) and thé thermal decomposition (114) of barium azﬁde have

been found to be characterised by sigmoid curves.
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3 APEARATUS AND EXPERIMENTAL METHODS

3A CONSTRUCTION OF HIGH VACUUM SYSTEMS

(i) High vacuum ljne for photolysis and co-irradiation of powdered

material

The course of all photoTytic decompositions of powdered
material were foT]owed using a high vacuum constant vo]dme line. This
vacuum line consistedvessentially of a'pumping system, a preééure
meésuring device and a decompositibn cell. The line is illustrated in
Fig. 3. |

| The Tine was pumped by a Pfeiffer TVS 250 turbomolecular pump
capable of producing a vécuunlof],o x 107¢ torr. The pressure was
measured by an Edwards "Speedivac" Pirani gauge. This gauge was
coupled to.a Phi]ips fTatvbed recorder, PM 8100. Each range of the
recorder (1mV,_2mV, 5mV, 10mV) was calibrated against the ;Efééd gauge
using dry,nitrogen'in the line. The ca]ibratibn was performed on:
three different occasions. All three curves were reproducible in the
pressure range 0,00 to 0,02.torr. At pressures aboveA0,02 tof? the
gauge was highly inaccurate for théTWOrk to be undertaken. These
curves;ére illustrated in Fig. 2. Thus decqmpositions were done 1in
thevpressure range 0,00 to 0502 torr i.e. where the gauge millivolt
output is linear. - ; | | | |

Two ten litre bh]bs were included in the construction of the
line. This ensured the use of fhe linear,rangerf the pirani gauge
when samples not larger than 2mg were decompoSéd. ‘These bulbs were
placed s@ch that, when the rate of decompositioh was at its maximum,

the time required for pressure equi]ibration_throughout the large
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volume was negligible.

A decomposition cell, glass blown from silica glass, was used
for all decompositions. The cell used to determine activation |
energies for the photolysis of barium azide powder in the temperetUre
range 27,0° -\100,0°C, and the dependence of photqutic rate on in-
tensity of ultraviolet source is shown in Fig; 4. This cell was
tapered to 5mm in diameter at the bottom and had a plane window glass.
blown on to the top. A water filter (to remove infrared eomponents
from the 1light), made from silica glass with plane faces lcm apart,
was supported 5mm above this plane window. This cell had many limit-
etions; which will be elucidated later, which called for a modifica-
tion of it and the water filter. The design was altered and is
illustrated in Fig. 5. Essentia]iy it was the Eame as the old cell
but had the water filter glass blown on top of the plane window. Both
cells were attached to the 1inevvia a greaseless ball and socket
joint with a neoprene ring. |

The furhace consisted of e brass cylinder (diameter 6cm,
height 9cm) with a bore (1,8cm diameter) through the centre to take
the decomposition cel], This furnace was mounted on a silver steel
rod so that it could be moved freely in a vertical direction and
swing freely in a horizontal plane. Thevce11 fitted midway into the
furnace and rested on a brass plug which was machiﬁed to the shape of
the bottom of the cell. The furnace was held in pbsition around‘the
cell by means of a taper pin (see Fig. 4 and 5). Electrical power
was supplied te the fufnaceFWindihgs by a CNS Sirect Mk II propoftion-v
al temperature controller, which hed a platinum resistance thermometer
as temperature sensor. - The temperature’of the‘furnace was measufed'by

a copper/constantan thekmocouple placed in an evacuated pyrex cell
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Key to Fig. 4

Cross-sectional view of manufactured lamp housing, water filter,

decomposition cell and furnace.

A Water inlet

B Water outlet

C  Aluminised mirror

D Lamp housing and water jaéket

E- Ultraviolet lamp

F  Lens holder

G Water filter

H Plane window

I Ball and socket joint with.neoprene ring
J» Decomposition cell

K Furnace

L Platinum resistance thermometer

M Brass plug
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Key to Fig. 5

Cross-sectional view of constructed lamp housing, water filter
glass blown to decomposition cell, furnace, cell holder for intensity

determinations and perspex support for photometer detector.

A ~ Lamp housing (workshop manufacture)
B Ultraviolet Tamp

C Plane window

D Water filter

E Inlet for flow of water through filter

F. Plane window

G Ball and socket joint with neoprene ring

H Deéomposition cell

I Furnace

J Platinum resistance thérmometer

K- Brass plug

L Holder for cell during intensity measurements
M~ Collar over window

N 'Photometer detector

0 Perspex support for photometer detector
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with basevreéemb1ing the shape of the decomposition cell. The
thermocouple was connected to a precalibrated scalamp thermocouple
galvanometer. It was found that the temperature was contro]]ed to
within * 0,3°C in the temperéture range 25,0° - 135,0°C.

The ultraviolet source used for photolysis and irradiation’
during therma] decomposition was an Hanovia U.V.-100 source. The
intensities of the principal radiations of wavelengths 2970 R and
3650 R were 11,96 andl11,86 Micm™2 respectively. The 100 watt
high pressure mercury arc lamp gave a "point" source of 1ight which
could be focused to a lcm disc at 12cm from the Tens or at 30cm,v
using an alternative lens. An aluminised mirror brought the Tight
propagated away from the sample back to.focus at the centre of the
source. The 1$mp housing provided by the manufacturers. was es-
sentially a water jacket which a]TOWéd the heat dissipated by the
source to be’ removed from thersystem (see Fig. 4). The housing
‘allowed an inlet and an out]et for a flow of N, gas to prevent
ozone formation due to'u]travfo]et light passing through the atmos-
phere. The lamp in the hanufactured'housing, and with the lens that
gave a 1cm disc of light 12cm from the lens, was mounted on a rack
in a vertical position sﬁch that the beam passed through the bore in

the furnace and the lens was 12cm from thé'sample, This system was

-'_ used for the determination of activation energies for the photolysis

of barium azide.powder in the temperature range 27_,00 - 100,0°C .
The intensity of 1ight at the sample could be 1ncreésed by
moving the lamp HOusing gradually away from the samp]g, but on So
doing the size of the focused spot decreased until it was an intense
‘point of light with a large area of diffuse light Surrounding it. VAé

the distance of the lens from the sample decreased, the size of the
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focused spot increased and became less intense. With the water
filter supported above the window of the decomposition cell, the

lens was prevented from moving to less than 7cm‘from the sample,

(the focused spot at this'positioh was larger than Tcm in diameter).
The variation of Tight intensity with thé lens at a distance of 7cm
from the sample and at a disténce which gave a focused diéc 5mm in
diameter (the smallest focused épot that could bé used since this
just covered the area of the bottom of the decomposition cell), was
extremely small (28,0 - 22,0 units). Since a larger variation was
required in the determination 6f the variation of the rate of reac-
tfon with variation of light 1nten$ity, the lens which gave a lcm

(in diameter) focused disc at 30cm from the lens was used. A lcm
diameter disc of focused light on thé sample gave an intensity of
26,0 units at the sample. With the lens at its minimum distance

from the sample a minimum intensity of 9,0 units was obtained. This
variation of intensity was used to determine the variation of rate

of reaction with variation of light intensity for barium azide only
at a constant photolytic decomposition temperature of 80,0°C. This
system was not satisfactory for the abbve détermination at a constant_
photolytic decomposition temperature of 50,0°C, since at intensities
much below 15,0 units the reaction at 50,0°C was extremely slow.

This necessitated the use of the lamp without the lens and mirror and
.the construction’of.a new decomposifion cell so that the distance
between the lamp and.sample would be minimal, thus increasing the in-
tensity to greater than 26,0 units. The redesigned cell has been
described earlier. A new lamp hodsing was constructed from a cobper
pipe 4,0cm in diameter. The lamp was mqunted inside the housing at
an angle of 45° from the horizontal. This was done to ensure thaf

droplets of unvapourised mercury did not sit in the bowl of the Tamp
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while in operation. The pipe was open to the air at the top end air
holes were drilled in the pipe to faci]itete cooling. No mirrors‘or
,ienses-wene used to focus the light. Nitrogen was not used to
remove ozone since the amount formed while the Tamp was in operation
was found to bevnegiigibie. The construction is illustrated in'Fig.
5. | |

This system allowed the Tamp to be moved as c]ose as 5mm from
the water filter that was glass blown to the decomposition cell. The
ma ximum intensity that could be obtained was 65,0 units. The intens-
1ty was varied by varying the distance of the ]amp from the samp]e
This system was used for all tests on barium azide, (other than the
,determination of the activation energy of photo]ysis of barium azide
in the temperature_range 27,00 —,]OQ,OOC and the variation of‘the

photolytic rate of barium azide with light intensity at 80,0°C) as

IS

.
44
=,

well as ai] tests on strontium azide powder.
The intensity was measured by USing a "Photovolt" photometer
(model 220A) incorporating a photomultiplier probe head. The follow-
ing construction was made to_féci]itate accurate readings, (see Fig.
5). A brass cy]inder of one'halt the length of that of the furnaee
was constructed. This was mounted on a rack such that it could be
movedbfreely in the same manner.as the furnace. It was pinned in
position by means of a taper pin, when in use, such that the oottom |
of the cylinder was at the seme position as the samp]e during
decomposition. The inside of the cy]inder was machined to the shape
of the decomposition cell, the aperture at the bottom of the cy]inder
being 5mm in diameter, the diameter of the bottom of the ce]i'over
which the sample lay. The window of the detector_was covered with a
brass cOi]ar machined to fit the brass cylinder. An aperture, Smm
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in diameter,vwas'cut in the co]Tar such that the ohening at the
bottom offtﬁe»brass cyTihder and thus the-botfom of the decomposition
cell, fitted’over‘the aperture in the collar, when the_detectok WAS _
. pOsitionéd. Intensity readings were.taken with the cell (under |

~ vacuum) surrounded by the brass cylinder. The probe . head WQS support-
ed'uhdervthe'cell by means of»avpekspex stand.

- Due tp théif short ]1fé, ﬁéw Tamps were uséd for each new

series of runs which cbnstituted a particular test. Intensity

measurements weke made éfterieach-run and adjustments Were made if

nécessary by adjusting the distance Qf the 1ight from the sample.

(i) High vacuum line for photo]x;is and co-irradiation of

pelleted material

| A high vacuum'line,'simi]ar to that used.to_study decdmposif
tions of powder, was constructed to study the phofodecompositidn and
co-irradiation of barium azide pellets (seevFig.‘G).‘ The pumping -
system and decomposition ce]]-désfgns were the séhe as that used for
powdér - the secoﬁd cell constructed was used for all decdmpositions
and the lamp was used in the housfng tonstructed in the workshop.
The essential difference between the lines was the pressure measuring
device. The minimum weight of powder thafvcou]d be used to make
pe}]ets was 8mg. The pressure,of'the gas produced during decomposition
far exceeded 0,02 torr. As shown before thevPifani gauge was inaccur-
ate for measurement of préssures in excess of 0,02 torr. Thus all
decompositions of pellets were followed using a calibrated McLeod
gauge (vol.123,1cm®) to measure the pressure of nitrogen evolved. This

line contained one expansion bulb of volume one Tlitre.
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3B EXPERIMENTAL PROCEDURES

(i) Preparation of hydrazoic acid

The'hydrazoic acid was prepared by an ijon exchange method
using "Analar" cationic resin in the HY form. A 10% solution of
B.D.H. "Analar" grade sodium azide was passed through the bed of
resin. This resulted in a 3% solution of hydrazoic acid. It was
found to contain no iron or sodium ions using Ferron reagent and

flame photometry.

(i1) Preparation of barium azide

Commercial grade barium azide was recrystallized in conduct-
ivity water'(specific conductance 2,0 x 107¢ ohms~'cm™! at 20,0°C)

at a temperature of 70,0°C. 3% Hydrazoic acid solution was added

to make the solution acid. More acid was added,‘to prevent the
formation of barium hydroxide, during evaporation.

Pure barium-azide monohydrate was recrystallised from this
acid solution and dfied over P,0s5 in a vacuum dessicator, with
constant pumping for 48 hours, to dehydrate it. The dehydrated samp-

le was stored over P,05 in a black vacuum dessicator at all times.

(iii) Preparation of strontium azide

Sik grams of strontium hydroxide were dissolved in hydrazoié
acid, 3%, until the solution was acid to phenolphthalein (external
indicator). The solution was evaporated to dryness, the pH being
kept just acid by the addition of hydrazoic acid. The resulting pre-

cipitate of strontium azide was then dried for 48 hours over P,0s in
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a black vacuum dessicator with constant pumping. It was stored in
a black vacuum dessicator at all times to prevent hydrolysis of the

salt and its interaction with light.

(iv) Grinding of barium and strontium azide crystals

In order to obtain powders of barium and strontium azide,
500mg of the required crystals were ground for 4 min. in a grindex,
using an agate capsule and one nylon ball. The resu]tihg powder was
passed through a selection of Endecott test sieves. The powder .
between mesh size 63u to 125u was collected and stored over P,05 ih
a black vacuum dessicator. For each series of decompositions, which
constituted a particular test, a new sample from the orig{nal batch
of crystals was ground and sieved. A small spoon shaped spatula was
constructed to deliver a constant 2mg of powder of either salt into

the decompdsition cell.

(v) Pelleting the powders of barium and strontium azides

- The sieved powder was used to make pellets. A glass scoop,
constructed to hold a constant mass of 8mg of thé required powder
was used to deliver the sample into an evacuable KB-R die. The die
was evacuated for 10 .min. before a pressure of 2000 1b/sg.in. or'
600 1b/sq.in. was applied for 15 min. by a ten-ton Apex Type 341/4
hydraulic press. The resulting pellets were 5mm in diameter and ‘

0,25mm thick.
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(vi) Decomposition procedures

The sample in the silica decomposition'cell‘was attached to
the 1ine and pumped for 1 hour before decomposition. This was found
to be thebminimum time required tovobtain_a good vacuum. During the
pumping stage the sample was shielded from day]ight by aluminium
foil wrapped around the cell. After a one hour pump the pump was
iso]ated and the furnace, préset at the desired témperature for de-
composition, was brought into position around tﬁevcell. With the
shuttervclosed the Tight was arced and the whole system was allowed
to come to equilibrium over a period of six minutes. The shutter
was then.opened and decomposition began. For powders the reaction
was followed by monitoring the pressure of gas evolved with the Pirani
gaUge coupled to the recorder. The McLeod gauge was Qsed to follow
the reactﬁon of the pellets. During the pumpdown and decomposition
the cold-trap was filled every 10 minutes. At the end of each
decompositibn the light intensity was measured. The decomposition
cell was cleaned with a dilute solution of hydrafluoric acid then

washed thoroughly with disti]Ted water and pumped dry.

(vii) Interrupting a'decomposition and admitting water vapour onto

‘the salt

A decomposition was allowed to broceed to a certain stage and
then interrupted in order that the sample could be exposed to water
vapour for a fixed time, after which the run continued. Before
connecting the decdmposition cell to the Tine Iml distilled water

was introduced into the cold trap, the water was then solidified by
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1iquid-nitrogen. After connection.of the'decomposition cell to the
line the'systém was pumped for 1 hour after whiéh decomposition pro-:
cedures took place as usual. At the se]ectedvpoint of interruption
the shutfer was closed_and the furnace removed from the sample. The
expansion bulbs and.decompoéition section were now isolated and the

| liquid nitrdgen removed; On vapourization of the water it was allow-
ed to come into contact with the éample for a spécific 1éngth of

time (1imin.), after which the water vapour was pumped from the line
for 1 hour. After isolation of.the pump, the 1iquid nitrogen trap

was replaced_and the furnace repositioned around the sample. After

allowing 6 min. for the sample to reach decomposition temperature, the

expansion bulbs and shutter were opened and decomposition continued.
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4 RESULTS

The results obtained for the photolysis and c6~irradiation of
barium and strohtium azides (powder and pe]iets) will be reported
together sincg a marked simi]arity.in the behaviour of the two
compounds was nqticed. v' |

Decompositions of barium azide in the temperature range 27,0O
- 100,0°C and strontium azide in the temperature range 30,0O - 90,0°C
are referred to as photolytic decompositions. Irradiated decomposi-

: tibné, for both barium and stFontium azides, in the temperature range
110,0° - 135,0°C_are referred to aSvcd—irradiatéd decompositions (122).

The variables p]otted in the diagrams for barium and strontium
: azides area vs t where t = time and a = p/pe (p = pressure at t and
Pe is the.obserVed final pressure), except where indicated.

Throughout this thesis powder of either azide reférsvto
material of particle size ranging ffom 63u to 125u. Pelleted material
is powder pressed at either 600 1b/sg.in. or 2000 1b/sq.in. in a
5mm die for 15 min., after evacuation of the die for 10 min.  For all
decompositions using either barium or.strontium azide powder, 2mg
was used. For the making of pellets 8mg of thé required powder was
used which resulted in pellets 0,25mm thick. For each set of decomposi-
tions which constituted a particuiar test, freshly ground and sieved
powder was used. Pe]]ets were méde when required.' |

Percentagé decompositions were calculated assuming the equations

for decomposition to be

Ba(Nj3), -~ Ba + 3N, for barium azide

and Sr(N3), = Sr + 3N,  for strontium azide.

Intensity units are arbitrary. Due to the short Tife of the
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lamps, new ones were used for each series of decompositions which

constituted a particular test.:

4A PHOTOLYSIS‘OF BARIUM AND STRONTIUM AZIDES

(i) Powder

A temperature range of 27,00 - 100,0°C was chosen for the
photolysis of barium azide since no dark rate could be detected in
this temperatufe range when the sample was screened from the light.
Similarly a.temperature range of 30,00 - 90,0°C was chosen for the
'photolysis of strontium azide. Fof both these azides the percent-
age decomposffion was foynd to bé the same aﬁvthat of a corresponding

thermal decomposition at 130,0°C, viz 95,0% (114) for barium azide

and 71,2% (89) for strontium azide.

(ia) Reproducibility

For both bariumvand strontium azides, whole crystals and
crystals grdund for 4 min. in a grindex did not give reproducib]e
Eesu]ts; The crystals of both compounds ground for 4 min., were then
sieved and the powder between sieves of mesh‘size 63p and 125p se]ecf—
ed. To test the reproducibility of barium azide, three decompositions
~of the sieved samples were done at 50,0°C (intensity 37,0 units) and
thrée af 83,0°C-(intensity 25,0 units). When the sets of curves were
superimposed, satisfactory reproducibility was obtainéd. The two sets
of curves are shown'in Fig. 7 and 8. Similarly the reproducibi]ify
of sieved powder of strontium azide was checked by superimposing three

photolytic decdmpdsition curves'(decomposition temperature of 80,0°C,
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and intensity of 33,0 units). Satisfactory results were found. This
is illustrated in Fig. 9. The rate constants for barium azide are
tabulated below in Table 1; Table 2 shows the rate constants for
strontium azide. The Avrami-Erofeyev equation (n = 2) and the uni-
molecular law were used to obtain the rate constants of the accelerat-
ory and decay reactions respectively, for both barium and strontium
azides. The applicability of thesevequations will be shown later.

For all the fo]]owing tests, on either azide, only powders of |
particle sizes 63p to 125u were used since these gave reproducible

results.

Table 1
Reproducibility constants for the photolysis of barium azide powder,
Température Intensity Induction k x 102 | k x 102
period acc decay
¢ _units min. minT? min7!
10,0 5,21 4,32
50,0 37,0 16,0 5,50 4,40
14,0 5,20 4,29
7,0 6,05 4,25
83,0 25,0 6,0 6,57 4,54
4,0 6,34 4,23
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Table 2

Reproducibitity constants for the photolysis of strontium azide powder.

Temperature IntenSjty Induction kaCC'X 10 kdecay X IO
| _ ' period -
% units ~ min. min~? min7?
2,3 2,46 1,11
80,0 33,0 2,2 2,65 1,06
2,5 2,40 1,01

(ib) Mathematical analyses

4

Photodecomposition curves of barium azide in the température

0
range 27,00 - 100,0 C showed a well defined induction period during

which there was no evolution of gas, followed by an acceleratory and

decay reaction. The inflection point occurred at o = 0,43.

The acceleratory reaction was described by the Avrami-Erofeyev

equation with n =2

e, (-log(1-e))? =k _t+c; a=p/ps .

a

This equation fitted the curve from.0,01 < a < 0,43.

The unimo]ecular Taw

i.e,. : _-109(1-a) = kdecay

t+c;a-= p/pf

fitted the decay reaction from 0,43 < o < 0,92.

Since no gas was evolved during the induction period no |

mathematical analysis for this part of the decomposition was pbssib]e.
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For comparative pukposes the duration of the ihduction period i.e.
the time taken for the reaction to reach o = 0,01, was used as the
rate constant. |
: Typica] a vs t curves of the photolysis of barium azide pbwder, 

with mathematical analyses are indicated at 50,0°C (intensity 20,0 o
units) and at 80,0°C (intensity 10,9 units) in Fig. 10 énd 11.‘

Photolytic curves of strdhtium azide, in the temperature kahge
30,00 - 90,0°C shbwed the same features as-thoseof barium azide i.e. an-
induétion period, acce]erafory period_and decéy period. Howevervfhe
decay reaction was more protracted than that of the barium salt.

The kinetic equations which were tested; Where'relévént, were
“the Avrami-Erofeyev, the Prout-Tompkins, the contracting sphere, the
exponenfia] laws of acceleration and the unimolecular decay equations,
including the poWer laws ofvacce]eration and decay.' The Avrami-
Erofeyev equation with n = 2 was found to fit the acceleratory reac-
tion. No mathematical analysis could be obtained for the decay
reaction of the photolytic decomposition when the observed final pres;
sure (pf) was used in the appropriate equations. Thus in order to
find an analysis for the decay reactidn a final pressure p%vwas
estimated for this reaction and substituted in the above mentioned
kinetic équations. Using.this'estimated final pressure the Avrami-
Erofeyev equation wfth n=2, (i.e. (-109(1—0')]é =k ot +es
o = p/pfs p;-= estimated final pressure) was found to fit the
acceleratory period from 0,01 < o < 0,36, as was found using the
observed final p}essure; and the unimolecular decay law (i.e.
~lTog(1-a') = k

“decay
was found to fit the decay reaction from 0,36 < o < 0,95. The

t+c; a' =p/pe, Py = estimated final pressure)

inflection point occurred at a = 0,36. (Note: the o values quoted
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were calculated from p/pf where p = pressure at time = t and Pe is
the observed final pressure and not the estimated.fina] pressure).
A typical o vs t curve showing the photolysis of strontium ézidé
powder at 80,0°C (intensity 33,0 units) with analyses, is shown in
Fig. 12. Curve A shows a plot of a.vé t (o= p/pf). The position
in the decay reaction where the fina]'pressure was estimated is
indicated on this curve (pg). Curve B is a plot of the Avrami-
Erofeyev equation (n = 2) against time, when Pe the observed final
pressure was substituted in the equation, while B' shows a plot of
the same equation with p%, the estimated final pressure substituted
for the final pressure. Curves C'and C' are plots of the unimo]ecu]af

law against time. C was obtained by substituting the observed final
pressure pc into the equation; while the .latter curve C' was obtained
by substituting the esfimated final pressure p% into the equatioh;
Thus for the determination of all rate constants for the photolytic
decompositions of stronfium azide powder a final pressure p% was

estimated.

(ic) Evaluation of activation energies

Aétivation energies for barium and strontium azides were obtain-
ed by decompoéing samples at various temperatures in the photolytic
temperature range. The Tight intensity wasvkept at a constant value
throughout the determination; In order to obtain the critical
increment of the process(es) occurring during photolysis, the
Arrhenius equation was applied. For the induction period the
-log(induction period (min.)) was plotted against 10%/T, and for the

acceleratory and decay reactions Tog kaCC

and log kdecay respectively

were plotted against 103/T where T is the temperature‘of decomposition
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in “K.

A constant Tight intensity of 25,0 ﬁnits was chosen for barium
azide while a velue of 40,5 units was chosen for strontium azide for
the determination ef rate constants throughout the respective temper-
ature ranges.

For barium azide a change in activation ehergy occurred at
60,0°C, thus activatfon energies were calculated in the temperature
ranges 27,0° - 60,0°C and 60,0° - 100,0°%. For strontium azide a
change in activation energy occurred at 50,0°C. Thus similarly, |
activation energies were calculated in the temperature.ranges 30,0o
- 50,0°C and 50,0° - 90,0°C.

Table 3 and Table 4 indicate the rate constants for barium
and strontium azides respectively while Tables 5 and 6 show the
activation energies for barium and strontium azides respectively.
Fig. 13 and 14 illustrate the plots of -log I.P., log k and

acc

log k against 10°/T in the temperature ranges 27,0° - 60,0%

decay
and 60,0° - 100,0°C respectively for barium azide. The plots of

-log I.P., log k__.and Tog k against 103/T, for strontium azide

decay
in the temperature range 30,0° - 90,0°C, are illustrated in Fig. 15

16 and 17.
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Table 3

Rate constants for the photolysis of barium azide powder.

Temperature range 27,00 - 100,0°c. Light intensity 25,0 units.

Temperature Indqction period kacc x 102 kdecay x 102

° min. min7! min7!
27,1 41,6 0,67 0,42
35,2 35,0 0,87 0,49
38,0 26,0 1,14 0,65
45,8 24,0 1,46 0,83
60,1 15,0 2,33 1,22
65,5 10,8 3,12 2,13
70,5 9,0 4,15 2,43
75,0 5,4 4,70 7,07
80,5 4.9 6,35 v4,48
80,5 4,7» 5,13 3,89
83,0 6,0 6,57 4,54
85,0 4,8 7,07 5,79
90,0 3,4 10,20 6,83
95,1 3,5 10,77 9,25
100,0 3,1 14,75 10,50
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Table 4

Rate constants for the photolysis of strontium azide powder,

Temperature range - 30,00 - 90,0%. Light intensity 40,5 units,

Temperature Inductfon period Kace X 102 kdecay x 102

% min. min! “minT!
30,2 30,0 12,60 2,18
35,0 29,0 2,75 2,42
40,1 28,0 3;25 2,93
45,5 26,0 3,39 3,26
51,0 22,5 3,55 4,70
56,0 20,0 5,70 5,61
61,2 16,0 5,85 - 7,00
66,2 15,8 9,60 9,92 |
72,0 12,8 14,30 12,42
76,3 11,5 16,82 20,08
82,0 10,0 21,50 21,90
87,5 8,0

28,10

30,00
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Table 5

.Activation'energies for the photolysis of barium azide powder,

Intensity 25,0 units.

Température Induction period| Acceleratory period{ Decay period
range Kcal.mol.™! Kcal.mol.™! Kcal.mol.™!
o
27,0 - 60,0 6,2 7,6 6,6
60,0 - 100,0| 11,4 1.3 12,9
Table 6

'Activation energies for the photolysis of strontium azide powder.

Intenéity 40,5 units.

Temperature | Induction period | Acceleratory period| Decay period

range Kcal.mol.”! . Kcal.mol.™! Kcal.mol. !
°c
30,0 - 50,0 2,6 3,2 5,7

50,0 - 90,0 6.5 12,9 12,9
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(id) The effect of variation of intensity of ultraviolet light source

In order to determine the molecularity of the photolytic pro-
céss(es) taking place, for both barium and strontiﬁm azides in the two
photo]yfic temperature ranges, the rate of photolysis was measured at
different light intenéities, keeping the decomposition temperature
constant. The method of variation of light intensity has been describ-
ed under section 3 on apparatus. For barium azide decomposition
temperatures of 80,0°C and SO,OOC were chosen Whi]e for stroﬁtium éiide
decomposition temperatures of 40,0°C and 70,0°C were chosen. Thus the
dependence of the duration of the induction perfod‘and rate constants
for the acceleratory and'decayfreactions, on the intensity of the‘u1fra-
violet light source was determined for both azidéé.

fn the equation

k=1I"+c (c= constaht)
the mo]ecu]arity m was determined by rewriting the equation in the form
log k =m 109 I + log c.
The value of m was obtaihed by a method of least squares. Table 7
gives the kate constants at SO,OOC and 80,0°C at various light intensit- -
ies for barium azide, and Table 8 gives the corresponding rate constants
for strontium azide at decomposition temperatures of 40,000 and 70,0°C.

Table 9 gives the values of m for both compounds.
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Table 7
Rate constants for the'photd]ysis of barium azide powder ét
various light intensities. |
‘Temperature | Intensity|Induction period| k, . x 102 kdecay x 102
¢ units min. min. ! min."!
50,0 41,0 9,5 13,33 10,60
| 35,5 7,0 12,80 9,34

33,5 7.8 8,60 8,30

30,0 8,4 - 8,70 7,19

27,2 9,5 3,62 4,1

25,0 9,0 7,30 5,73

22,0 11,0 4,70 3,43

20,0 14,0 2,75 2,83

15,1 19,0 1,98 1,27

80,0 25,9 28,0 3,54 3,42

21,5 32,0 2,83 2,35

20,8 25,0 2,81 2,19

19,2 35,0 2,68 2,65

14,6 35,0 2,19 1,69

10,9 34,0 1,39 1,07

9,1 58,0 1,18 1,00
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Table 8

Rate constants for the photoTysis of strontium azide powder at

varijous light intensities.

Temperature | Intensity | Induction period kacc x 102 kdecay x 102

° units min. min, ™} min. "}
40,0 64,0 1,5 35,70 14,21
58,0 2,1 28,75 11,78

52,0 2,8 22,40 10,61

46,0 3;8 16,00 7,60

42,0 4,0 15,25 6,43

38,0 5,0 10,52 5,30

35,2 6,0 8,98 4,50

30,0 8,8 5,75 3,75

70,0 38,0 3,0 19,05 13,37
34,0 3,6 15,00 9,51

29,5 5,2 13,00 8,25

26,1 5,4 10,92 7,00

21,5 8,0 7,37 4,62

18,6 10,0 5,08 3,57

10,4 24,0 2,00. 1,06
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Table 9

Thevva]ue of m in the equation k = I+ c.
Sg]t‘ Temperatufe Induction | Acceleratory| Decay period
period period ' '
°c
BaNg | 50,0 0,7 2,0 | 2,
80,0 0,6 1,0 1,2
SrNe | 40,0 2,0 2,3 1,9
700 | 1.6 1.8 1,9

Plots of k vs I" (m corrected to the nearest whole number)
have been plotted in Fig. 18, 19 and 20 for barium azide and_Fig. 21,

22 and 23 for strontium azide.

(ie) Visual observations

~ The colour of the powder was observed at various stagesrof the
photolytic decomposition. For bariuh azide photodecompositioné were
performed at SO,OOCAand 80,0°C ét an.intensity of 33,0 units. The
results wére foundrto be identical at both femperatures. The salt
had turned 1light brown 6n the surface facing the light by the end‘,of=
.the induction period; tﬁe lower surfaces were unchanged in colour af
this point. At o = 0,08 the surface of the salt facing the light had
turned dark brown while the surface away from the light had then B
turned 1ighf brown. The two surfaces changed slowly from these Sigwn

shades through to a charcoal black by the time the reaction had .
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reached o = 0,30 and at o = 0,50 all the'external surfaces of the
particles were dafk black. No further change in tﬁe colour of the
particles was observed in the decay stage of the reaction.

The change in colour of strontium azide during a photolytic
decomposition was obserVed at decomposition tempérafures of 40,0°¢
and 7O,OOC, using a 1ight intensity bf 33,0_unfts, As for barium
azide the results at both temperatures were identical. However the
changes in colour were different for strontium azide. At o = 0,01
‘the upper surface.had turned ]ight grey. The Tower surface chénged
to thié'colour af o = 0,09 by which time the upper surface had changed :
to a darker gréy. As the reaction c0ntinuéd these grey surfaces
became darker and by the time the reaction had reached o = 0,40 all
the external surfaces 6f the particles wére dark black. No further.
change in the éo]our of the particles could be observed in the decay

stage of the reaction.

(if) Interruption of a photodecomposition : dark rate determination

A11 photolytic decompbsitions of barium‘ézide be]ow']OO,OOC
and»strontium azide below 90,0°C ceased the moment the light was
‘switched off. Thus there was no measurable dark rate. On fecommencing
photolytic decompbsitiohs the runs coﬁtinued as though no interruptionl

had occUrked.

(ig) Admittance of water vapour following an interruption

To investigate the'presence of metallic nuclei at various
stages of the photolytic decomposition'of barium and strontium azides,

water vapdur (17 torr pressure) was introduced éftér the reaction had
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- reached a certain point,‘ThesevdeeompositiOns are_catled 9water
interruptions". |

The general procedure has been- described under‘the'experimental-
section. Prior to performing these tests an-investigation was made
of the effect of removing the samp]e.from the furnace and‘allowing it
to cool to room temperature after which photodecompdsition was recom- V
menced at the same temperature as before. The method was as foT]ows,

A photodecomposition was allowed to proceed to a desired point and.
then the shutter was closed and the furnace removed from the samp]e
FOnce the samp]e had coo]ed to room temperature, the furnace was |
repositioned around the sample which was given 6 min. to reach.the.
decomposition temperature before the shutter was opened and photo- |
decomposition resumed. It was found that the reaction continued as if
no interruption had taken place. This test was done on barium azide
at SO,OOC and 80,0°C using a 1ightvintensity of 27,5 units, as these
.were'the decomposition temperatures and 1ight intensities used when
investigating the effect of water vapoﬁr.' The same results were found
when this teet was carried out on strontiﬁm azide at decompesitioh

~ temperatures of 40,0°C and 80,0°C using a 1tght intensity.of‘33,0 units.
Thus remoVa] of the furnace from the sample and then replacing'the :
furnaee after the sample had cdo]ed to room temperature, did not
affect the-kinetics of the’subsequent reaction of either azide.

For bar1um azide water vapour was 1ntroduced for 1.min.-at t - 0;
m1dway along the induction per1od and at o values of 0 01 -0,08; |
0,21; 0,39; 0,43; 0,55 at the decomposition temperature of SO,OOC;
Using.a deeompositiOn temperatﬁre ot 80,0°C "water interruptions” for
1 mtn, were made at t = 0; midway a]ong the induction period and at
a valuee ofl0,0l;-0,08; 0,17; 0,30; 0,43;'0,58 on different samplesvof"‘
barium azide. Simi]arly “water fnterrdptions" for 1 min. oh strontium

azide were made at t = 0; midway along the'induetion period and at o .
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values of 0,01; 0,12; 0,31; 0;42 vat the decpmposition.témperature of
40,0°C. At the decomposition temperature of 80,0°C "water interrUptions"
were made for 1 min. at t = 0; midway a]ong the induction'pekiod and
at a valnes of 0,01; 0,14; 0,315 0,40. | |

The results of these "weter interruptions" were‘identiea1 for both
barium and stronttum azides. At t =0 and midwey along the induction per-
 iod water vapour appeared to have no effect on the subseqUent feaction. ‘A
new induction period was_détected'(shorter than that of the uninterrupted
run) when water vapour was introduced at o = 0,01. The subsequent reaction
tshowed a eecrease‘in kacc.énd kdecéy' Water vaponr introdqced‘at;pbsitions
further aldng tne decomposition curve caused subsequent reactions to pro-v‘
ceed aftér ionger'induction periods followed by acce]eratofy and decay reac-
tions. _The durations ot the-new induction periods increased in time and

the rates of kacc and k

“decay decreased as the point of interruption along

the curve increased. Water vapour introduced at the inflection point and
at positions in the decay reaction destroyed any further reaction. The
final‘pressure of reaCtidnslfollowing “water interruptions” at o = 0,01 and
at positions further along the decomposition curve was reduced from that of
an uninterrupted decomposition.

These resu]ts:for barium azide are.illustréted in Fig. 24 (decompo-
sition temperatufe 80,006; intensity 27,5 units) and 25 (decomposition temp-~
erature 50,0°C, intensity 27,5 units); and for strentium ézidé in Fig. 26
(decomposition temperature 40,0°C, intensity 33,0 Units)'and Fig. 27 (decom-
position temperature 80,0°C, intensity 33,0 units). The curves have not been

normalized so as to show the effect of Water vapour on the final pressure.

~ (ih) The effect of filtering the high intensity arc with blue and

ultraviolet transmission filters .

In order to determine which wavelengths of ultraviolet raqiation

were most effective for the photd]ysis of barium and strontium azides,
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various Schott filters were ehp]oyed.
- Photodecompositions were done at'5030°C and 80,0°C for barium
azide and at 70,0°C for strontium azide. An incident light intensity
of 27;0 units was used for both salts. | | |

Table 10‘1ists_the:Schott filters and their Chance equivalents.

Thé light intensities transmitted by the filters are also listed.

Table 10

Filters used during the photolysis of barium énd strontium azide

powders.

Schott_fi]ter} Chance'filter Transmjtted A | Transmitted intensity

R

3mm UGS 0X7 2200 - 4200 | 0,16

Tmm UGT - 2800 - 4200 | 0,20

5mm BG12 0Y10 3300 - 4900 - 0,26

~ The effects of the filters weré_identical'forvboth barium and
strontium azides. No reaction was.observed when the 5mm‘BG12 fi]tef.
was used. The 3mm UG5 and the.lmm UG]Ifi}ter caused a reduction in
reaction rate, the latter fi]ter caﬁsing a Qreater'reductiQn than the
vformer. These results are illustrated in Fig. 28 and 29 for barium

azide and Fig. 30 for strontium azide.

ii

(ii) The determination of the nature of photolytic nuclei

At the end of the induction period the;chysta] is a function of

the number of nuclei, their spatial distribution , the size and shape
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of the huc1ei\and a variety of properties of the ‘nuclei themsé]ves
(e.qg. chemical, crystallographic and electronic structure). It was
desired tb'ascertain Whether the photodecompositibn of barijum and
~strontium azides would invoive similar reacfion'centres i.e. nuclei,
to those invo]ved in therma] decompositioh. Th{svinformation was
-~ obtained in.the following manner-. :
| Barium azide was decompdsed thermally at 116,0°C'until the reac-
tioh had reached the end of the induction period. -The furnace was theh
removed from the sampTe. Once the furnace had coo]ed to 85,0°C it was
rep]aced in position around the ce11., Aftef_a'warmfup fime,of 6 min.
photo]ysis commenced using a light intensity of 27,5 units. It wés
found that photolysis commenced without an ihductfqh'period and the
rate of reacfion was - the same as that expected if the decombdsition_
had been entirely photolytic. On reversal . of the procedure:i.e. photo-
Iysis of barium azide at 85,0°C (intensity 27,5 units) till the end of
the induction period and then thermal decomposition at 116,0°C, the
thermal reaction of pre-irradiated barium azide began without an
induction period. | |

Similar treatments were.carried out on strontium azide. A
thermal deCOMposition‘temperature of 126,0°C was used and photolysis .
was carried out at 73,0°C (light intensity 33,0 units). The results

for strontium azide were identical to those found with barium azide..
(i1) Pellets

Photodeéompositions in the témperature range 30,0° - 100,0°C
for barium azide pellets and strontium azide pellets in the temperature
 range 30,0° - 90,0°C‘were found to have the'same'percentage decombosi— |
tion'as a therma] deéomposition of powder at 130,0°vi.e. 95,0% for

~barium azide (114) and 71,2% for strontium azide (89);' These pellets
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weighed 8mg, were 5mm in diametér and 0,25mm thick. -However pellets

of either.barium or strontium azide, weighing 800mg and having a thick-
ness andvdiameter of 1,0mm and Smm respective]y had percentage
decombositions of 90,0% for barium azide and 65,0% for strontium azide.
' The reaction of these pellets of both azides, was extremely slow for
the 1a$t 10 - 13% of decomposition. (This could be due to the increased
opacity of the layer of barium orvstfontium metal to the u]travio]ef

light.) Pellets weighing 8mg were used for all tests described below.

(iia) Shape of decomposition curve, mathematical anélyses and

reproducibility

The shape of the decomposition curves obtained from photolysed

pellets of barium or strontium azide (pressed at either 600 1b/sq.in.

or 2000 1b/sq:in.) differed from those obtained from photolysed powder.
The shépes obtéined from pellets of the two azides were almost
'identical,ifrespective of'pelleting pressure. After an induction period
a constant evo]ution of gas occurred unfi] a = 0,22 for barium azide
andba'= 0,20 for strontium azide. This in tdrn.was followed by a decay |
reaction which‘bbeyed the'unimo]ecular decay law. The fit oflthis
analysis was from 0,22 <ac< 0,96 for barium azide and 0,20 < o < 0,93
for strontium azide. Fig;531,and 32 show typical d vs t curves, with
aha]ysis for barium azfde'pellets decomposed at 80,0°C (pelleting pres-
.-sure of 2000 1b/sq.in.) and 50,0°C (pelleting pressure 600 1b/sq.in.).
A Tight inteﬁsity of 25,0 units was used for both decompositions. : :
Similar cﬁrves for pellets of‘strontium azide are shown in Fig. 33 and
34. Fig. 33 shows a pellet (pelleting pressure 2000 1b/sq.in.) photo-.
lysed at 73;0°C;' Fig. 34 shows a pe11et (pe]]eting preséure 600']b/sq.
in.) photd]ysed at 47,0°C. A light intensity of 30,0 units was used

for the decomposition of both pellets.
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Photolysis of barium azide be]]ets irrespéctive of pelleting
bressure,showed no reproducibi]ity. The nature of the irreproducibil-
ity of the photolysis of three pellets éach pressed at 2000 1b/sq.in.
and decomposed at 80,0°C with a Tight intensity of 25,0 units is |
shown in Fig. 35. Two of these curves show a burst of gas after the
~ induction period fo]]owed by a smooth decomposition curve. This burst
of gas coincides with the fracture of the pellet. Analyses for these
curves were unobtainable. When a completely smooth decomposition
curve was obtained, the pellet was found to be unfractured at the end
of the decompo#ition. Reproducibility for the photolysis of
strontium azide pellets was also not obtainable. The ﬁaturevof the
drreproducibility is indicated in Fig. 36 for a pellet pressed at
 2000 1b/sq.in. and decomposed at 70,0°C with a light intensity of

30,0 units.

(iib) Evaluation of activation energies

Since no reproducible results could be obtained for either
bariumvor strontium ézide pellets, activation energies wefe determined
using the spTit run technique. Due to the néture of the curve the
split run fechniqde Was used on the decay reaction, and only on
vpe1léts which did not fracture at the end of the induction period.
With this methbd the deCdmpoSitibn wés a1]owed-to‘proceed at the
lowest temperature at-which the first rate constant was to be calculat-
ed. After an appropriate time the run was interrupfed by closing the.
shutter and removing tﬁe furnace from the sample. The-temperature of
the furnate was then adjusted to the next higher temperature; while
the samble'was allowed to cool to room temperature. When the furnace

had reached the new temperature it was replaced in position around the
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decompositjon cell and photodecomposition Qas comménced after{the
sample had been givén 6 min. in whfch‘to reach the temperature of

the f&rnace. Five or six rate constants could be found for the decay
reaction using one pellet. | |

Before the split run technique was app]ied for determination of

actiVation energiés a check was made that interrupting a run had no
effect on the subsequent photolytic decomposition of both barium and
strontium azide pellets. This was done by allowing a decomposition

to proceed till a certain point and then interrupting it by rembving
the furnace from the samp1e after fhe shutfer had been closed. When
thé samb]e had cooled to room temperature the furnace was replaced
around the sample. After 6 min. the shutter was opened and photo-
decomposition was allowed to continue. It was found that the reaction
for both barium and strontium azide pellets continued as though no
interruption had taken place.

| Activation energiesvfor the decay reactions of both barium and
strontium azide pe]]ets pressed at 600 1b/sq.in. ahd 2000 1b/sq.in.
were determined. It was assumed, from the résu1ts obtained from
powdered'barium azide, that a change invactivation energy would be.
expected ét‘GO,OOC. Thus activation enekgies were determined fn the
temperature ranges 30,0° - 60,0°C and 60,00_- ]OO,OOC'for pellets of
barium azidé. Sfmi]arly_it_was expected that a change in activatioh
energy»at'50;0°C would Be observed for strontium azide pe]iets, thus
- demanding the determination of activation energies in the temperature
ranges 30,0° - 50,0°C and 50,0° - 90,0°C. A Tight intensity of 25,0
units was used for the split runs on barium azide pellets while a light
intensity of 30,0 unﬁts was used for the split kﬁns on strontium azide
pellets. | |

The reépective Togarithms of the rate constants were plotted

against the:inverse of the absolute temperatures of:décomposition.
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This is illustrated in Fig. 37 (temperature renge 30,00 - 60,0°C,
intensity 25,0 units, pelleting pressures 600 1b/sq.in. and 2000

1b/sq.in;).and 38 (temperature range 60,00'— 100,0°C, intensity 25,0
units; pe]]eting'pressures 600 1b/sq.in. and 2000 1b/sq.in.) for barium
azide and for strontium azide in Fig. 39 (temperature range 30,00 -
50,0°¢C, intensity 30,0 units, pelleting pressures 600 1b/sq.in. and 1
2000 1b/sqg.in.), 40 (temperature range 50,0° - 90,0°c, intensity 30,0
units, pelleting pfessure 600 1b/sq.in.) and 41 (temperature range
- 50,0° - 90,0°, intensity 30,0 units, pelleting pressure 2000 1b/sq.;-
in.).Tables 11 and 12 give the rate constants for barijum azide and
Tables 13 and 14 give the rate constants for sfrbntium azide'pellets
- pressed at 600 1b/sq.in. and 2000 1b/sq.in. respeetively. Tables 15
and 16 1ist the activation energies for the decay reactions of barium

and strontium azide pellets respectively.

Table 11
Rate constants for the decay reaction of photolysed barium azide pellets,
Pelleting pressure 600 1b/sq.in. Intensity 25,0 units.
Temperature range Temperature decay x 10
of split run
% ' c | ' min. ?
30,0 - 60,0 : 37,1 _ 0,13
‘ - 44,0 0,16
49,0 s 0,21
53,1 , 0,26
58,1 - ' 0,34
60,0 - 100,0 o 67,0 0,83
' ' | 78,0 1,49
82,0 1,66
88,5 ' 2,75
92,3 4,00
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Table 12
Rate constants for the decay reaction of photolysed barium azide
pellets. Pelleting pressure 2000 1b/sq.in. Intensity . 25,0 units,
Temperature rgnge Tgmpgrature kdecay x 104
of split run “C C min, ™!
30,0 - 60,0 32,0 0,047
’ ' 37,9 0,070
43,1 0,090
48.1 0,11
53,4 0,15
58,1 0,21
60,0 - 100,0 67,1 1,00
73,0 1,32
78,0 1,78
88,0 3,47
93,8 6,05
Table 13

Rate constants for the decay reactioh of photolysed strontium azide

pellets. Pelleting pressure 600 Tb/sq.in.

Intensity 30,0 units.

Temperature range Tempegature kdécay x_loz_
of split run °C C min.
30,0 - 50,0 30,0 0,028
34,0 0,034
38,0 0,039 -
42,5 0,048
47,1 0,061
50,0 - 90,0 54,0 0,27
' 63,0 0,46
73,2 0,96
82,5 1,83
87,5 - 2,46
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Table 14

‘Rate constants for the decay reaction of photolysed strontium azide
pellets. Pelleting pressure 2000 1b/sq.in, Intensity 30,0 units.

2
Temperature range Tempgrature kdecay x 10
of split run C C min. !
30,0 - 50,0 30,0 0,060
34,0 0,069
38,0 0,10
42,8 0,11
_ 47,5 0,19
50,0 - 90,0 - 54,0 0,29
63,0 . 0,55
74,0 - 1,54
83,0 3,15
88,0 4,15
Table 15

Activation energies for the decay reaction of photolysed barium

azide pellets.

Pelleting pressure

Temperature range

Activation enerqgy

1b/sq.1in. Oc Kcal.mol.7!?
600 30,0 - 60,0 9,4
2000 30,0 - 60,0 12,4
600 60,0 - 100,0 14,8
2000 60,0 - 17,0

100,0
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Table 16

Activation energies for the decay reaction of photolysed strontium
azide pellets. |

Pelleting pressure |- Temperature range Activation energy
1b/sq.in. o - Kcal.mol.™!
600 30,0 - 50,0 _ 8,8
- 2000 30,0 - 50,0 1,7
600 50,0 - 90,0 16,1
2000 , . 50,0 - 90,0 v 18,9

(iic) Visual observations

This involved the observation of the co]our'of the pellet at
various stages of photolytic decomposition. A temperature of 72,00C
and 1ight intensity of 25,0 units was chosen for a barium azide pellet,
pressed at 2000 1b/sq.in. The colour changes.were similar to those
found fof barium azide'powder.

By the end of the induction period the surface opposite the
light had tufned unifbfm]y brown; the lower face wés unchanged at
this point. By the time the reaction had reached o = 0,18 the Tower
~surface had turned to this light brown colour and the upper surface
had'cﬁanged to a darker bfown colour. These surfates changed slowly
from these Brdwn shades to dark black on all externé1 surfaces by the
tihevthe reaction had reached o = 0,22. By examination of the pellet
in éidry box, f]ushed with,dry.nitrogen, it was found that the interior
of the pellet was white at a = 0,22. Each external black layer was
estimated to be 50 000 unit cell layers thick. At,the end of the reaé-
tion the interior of the pellet was dark black. | | |

A similar result was found for a barium azide pellet presséd at

600 1b/sq.in.
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.The change in colour of a strontium azidevpelfet.during photo-
lysis was also found to be simf]ar to that of strentium azide powder.
At a decomposition temperature of 70,0°C and light intensity of 30,0
units,. a pellet pressed at 2000 1b/sq.in. was tound to turh uniformly

~light grey on the surface facing the light by the_end of the induction
.period. The Tower face had changed to this colour by the time the
reaction had reached o = 0,15 while the upper face had.changed to a
darker grey at this point. These grey shédes changed progressive]y to
darker shades until at o = 0,20 bothvfaces were dark black. Examina-
tion of thevpellet at this stage in a dry bdx, f]ushed with dry nitro-
Qen, showed that the interior of the pellet had not changed’co]pur.
Each black surface was estimated to be approximately 30 000 unit cell
layers thick. At the end of the reaction the interior of the pellet
was dark black. A similar result was found for a strontium azide

pellet pressed at 600 1b/sq.in.

" (iid) Interruption of a photodecomposition: dark rate determination

For both barium and strontium azide pellets no measurable
dark fate could be observed at any stage of the photolytic. reaction.
The reaction ceased the moment the 1igﬁt was switched off but commenced
as though ho 1ntefruption had taken place once the light was switched

on again.

(iie) Admittance of water vapourfollowing an interruption

~ In order to obtain an insight into the effect of metallic nuclei
on the»photo]ytic decomposition of barium and strontium azide pellets,
watek vapour (17 torr pressure) was admitted at various stages of the

deeombosition. The-method‘used was identical to that for "water
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interrdbtions" with powder. Using a temperature of 72,0°C and 1amp
intensity of 25,0 units a pellet of barium aiidel(pelleting pressure
2000'1b/sq.im.) was decomposed ti]]za = 0,22 (i.e. at the poiht where
the pellet had turned black on all external faces), and then the water
vapour was reacted for 1 min. with the pellet. The subsequent reaction
was'found to be complete]y destroyed. The same result was found with
. strontium azide pellets (pelleting pressure 2000'1b/Sq.in.) when water
'Vapour Was'al]owed to react for 1 min. with/d pellet which had decom-
posed to o = 0,20 (i.e. at the boint where the pellet hed turnedl
complete]y black on all external faces). Introduction of water Vapouf
before o = 0,22 for a barium azide pellet and-befere a = 0,20 for e
strontium azide pellet, caused the subsequent reaction to proceed
after an induction period of the same duration as the uninterrupted
pe1]et. The subsequent photo]ytic reaction proceeded as though no
1nterrubtidn had been made when the water vapour was introduced at zero
time and midway along the induction period of either barium or sfrontium
azide pellets. |

| It was found that remo?a] of the furnace from the cell and the
replacement of it once the cell had cooled to room temperature had

no effect on the subsequent reaction,'thus validating the above results.

(iif) The decomposition of two pellets simultaneoﬁsly

'It was desired to ascertain whether the u]travfo]et light soukce
could acfivate two pellets (of either barium aéide‘or’strontium azide)
resting Toosely on top of each other and cause them to decompose
simu]faneous]y, or separately. |

Two pellets of barium azide (pelleting pressure 2000 1b/sq.in.)
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resting on top of each other, were decompdsed at 72;09C using a light
intensity‘of 25,0 units. The reaction was found to proceed in two
stages. This is illustrated in Fig. 42. | |

When both surfaces of the top pellet had turned black (pressure
= 0,26 torr), the pellet beneath had not changed CO]OUF; When the |
pressureAhad reached 1,25 torr the underface of the.loner pellet had
just turned iight brown, by which time:the'upper surface had turned
dark brown.v These brown shades had changed to,avdark b]ack=when.the
pressure of.gas evolved had reached a value of 1,65 torr. 'The ' |
_ percentage decompos1t1on of the tota] reaction was found to be 93,0%.
| No dark rate was detected at any stage of the react1on

A similar result was obta1ned when two pellets of strontium
azide (pe]]eting.pressure_ZOOO.]b/sq.in}) resting on each other were
deCompbsed'at 73,0°C and with a light intensity of 30,0 units. The
two stages of reaction are illnstrated in Fig. 43. The bottom pellet
had notbchanged colour when the top pe11et was totally bfack on all
external surfaces (pressure = 0,25 torr). The upper surface of the
bottom pellet changed to a dark brown and the lower surface to a light
brown when the.preSsure of gas evolved had reached a va]uebof 1,15 torr.
These brown shades had changed to dark b]ack by the time the pressure
had risen to 1,30 torr. The percentage decomposition of the two
pellets was.found‘to be 69,0%. As with the reaction of}tno barium
azide. pe]]ets rest1ng on each other, no dark rate was detected at
any stage of the react1on of two pe]]ets of stront1um azide. ,

The effect on photolysis of 8mg of barium az1de powder pe]]eted
between two barium metal pe]]ets was now investigated. The pressing
- of the*nowder between the two metal pellets was to ensure good contact -

‘between product and unreacted material. The metal pellets were
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obtained by decomposing two barium azide pe11et§ (pelleting pressure
2000 1b/sq.in.) each weighing 8mg, thermally at 130,0°C. In an
atmosphere of dry nitrogen the pellets were transferred from the line
to a dry box flushed with dry nitrogen. The Barium metal pe]]efs
were.p]aced‘in the die with 8mg of barium aiide_powder between them,
The die was removed from the dry box and pressed at 2000 1b/sq.in.
for 15 min. after the die had been evacuated for 10 min.  The

| die was then replaced in the dry box and the "sandwich" placed in

the decomposition cell. The cell was attached to the line and, after
~pumping the system, photodecomposition took place at 72,0°C (intensity
25,0 units) after thé usual procedures. The rate of photolysis
appeared to be much reduced. This was thought to be due to the pre-
ventiqn of diffusion of nitrogen from between the two barium metal

pellets. At all stages of the reaction no dark rate could be detected.
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48 IRRADIATION OF BARIUM AND STRONTIUM AZIDES WITH ULTRAVIOLET LIGHT

DURING THERMAL DECOMPOSITION (CO-IRRADIATION)
(i) Powder

Thermal decompositioﬁs of barium or sffontium azide powders in
the temperature range of 1]0,00 - 135,0°C during which thé sample is
irradiated with ultraviolet 1ight, are called *co-irradiated” decomposi;
tions, after Skorik,Boldyrev and Kamarov (122). The principal feature
of this type of decomposition is the existehce'of'a dark rate due to
the thermal decomposition of the azide under study. - -

It was found that irradiation with ultraviolet light of either
azidé during thérmal decomposition had a marked effect on the rate of
decomposition viz a decrease in.the induction period and an increase
in the rate of the acceleratory and decay reaétions. A comparison
‘between a thermal decomposition}and,a co-irradiated decomposition for
barium azide powder (decomposition temperature 120,0°C and intensity
- 15,5 units) is illustrated in Fig. 44 and for strontium azide (de—
composition.témperature ]22,0°C and intensity 15,25 units) in Fig, 45.
~ The percentage decomposition of either azide was found to be unaltered
by irradiation with u]travio]et light during thermal decomposition i.e.
percentagé decdmposition was found to be 95,0% for barium azide and

71,2% for strontium azide, the same as for a’puré'therma] decomposition.

(ia) Reproducibility : g .

To investigate the reproducibility of co-irradiated decomposi-
tions three decompositions of barium azide were done at 110,0°C using

a Tight ihtensity of 15,5 units. The resulting decomposition'cufves
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obtained were superimposed and satisfactory reprodUcibi]ity‘was found.

Similarly the reprodﬁcibility of co-irradiated strontium azide was

investigated at a temperature of 116,0°C using a light intensity of 16,0 '

units. Satisfactohy results were found but the reproducibi]ity was not

as good as was found for the barium salt. The curvés of barium and

strontium azides are illustrated in Fig. 46 and Fig. 47 respectively.

~ Both sets of curves were analysed using the Avrami-Erofeyév eduation,

with n = 2 for the atce]eratory périod and the unimolecular law for the

decay period. The applicability of these equations to the co-irradiated

decomposition will be illustrated later. The rate constants for barium

azide are tabulated in Table 17 and those found for strontium azide are

tabulated in Table 18.

Table 17

Reproducibility constants for co-irradiated barium azide powder.

’ . . . 3 . 3
Temperature Intensity | Induction period kaCC x 10 kdecay x 10
o units sec. sec. ! sec. ™!
204,0 3,80 3,51
-110,0 15,5 216,0 3,88 3,67
211,2 3,86 3,66
Table 18

Reproducibility constants for co-irradiated strontium azide powder.

x 103

8,65

. - - 3
Temperature Intensity | Induction period kacc x 10 kdecay
° units sec. sec. b sec. !
‘ 108,0 7,23 9,30
16,0 16,0 120,0 6,53 8,33
_ _ ‘
‘ ’ ‘ 108,0 ¢ 8,00
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(ib) Mathematical Analyses

The shape of the co-irradiated decomposition curves of barium
azide, wds_simi]ar to that obtained from the photolysis of the powder.
' As for photolysis, the Avrami-Erofeyev equation-with n =2 (i;e.
d(-log(l-a))é = kacet + c) fitted the acceleratory reaction and the
decay reaction was fitted by the unimolecular law (i.e. -log(1-a)
kdecayt +c). The former equation fitted the curve from
0,01 < a < 0,47 and the latter equation fitted the curve from
0,47 < o <‘0,97. .The inflection po{nt in the~curVe occurred at
=‘0,47. Since no gas was evolved during the induction period no .
_ mathematica] equation couid be applied to it. The inverse of the dura-
tion of the induction period was taken as the constant for that part
of thevcurve. A typical'd vs t plot for co-irradiated barium azide,
at 120,0°C (intensity 15,5 units), is illustrated with analyses in
Fig. 48.
" The co-irradiated decomposition curves of strontium azide were
Similar_in shabe to those obtained for the photolysis of the powder.
eHowever, the decay reaction for co-irradiated decompositions of stron-
tium azide was less protracted than that found for the photolysis of |
the powder " Mathematical ana]yses for the co-irradiated decomposition,
_curves were found us1ng the Avram1 Erofeyev equation with n =2 for
the acce]eratory per1od and the un1mo]ecu]ar 1aw for the decay react1ons’
These ana]yses were obta1ned by us1ng the observed f1na1 pressure Pg-
A final pressure was not est1mated for the decay react1on as was done
for the photolysis of the powder.
“The inf]ection point in the curve occurred at o = 0,48. The

it of the Avrami-Erofeyev equation (n = 2) was from 0,03 <a< 0,48
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“and the unimolecular decay law fitted the equation from 0,48 < o < 0,98.
A typical a vs t curve with analyses is illustrated in Fig. 49 for a
co-irradiated decompositioh at 116,000 using a light intensity of 16,0

units.

(ic) Evaluation of activation energies.

A serfes of runs.was done for both barium and étrontium azides
in which the ‘intensity was kept constant but the decomposition temp-
erature was varied over a temperature range of 110,0° - 135,000; ~Thus
Arrhenius activation energieé were determined for both'compounds by
.plottiné the logarithms of thé rate constants against the inverse of
the absolute témperatures,of decomposition. |

In order to find the effect of different Tight intensities on
the value of the activation energies of co-irradiated decompositions;'
critical inéreménts for the chemicaT process(es) taking place during
co—irradiatiqn of barium and strontium azides were deterhined using
different conﬁtant light intensities. Activatioh energies for barium
-azide were determined using Tight "intensities of 6,4\énd-15,5 dnits,
while the activatioﬁ energies for strontium azide were determined'using
light intensities of 7,0 and 15,25 units. An attembt was made to
determine activation energies for barium azide at a constant light
intensity of 26,5 units. A value for the actjvation energy of the
indUction périod only could be obtained. Activation energies fdr the
acceleratory and decay reactions could not be determined at this high
intehsity sihce the rates of reaction were ektremely fast and the time
required for préssure equilibration throughout the large volume of the
line was considerable. No attempt was made to determine activation
‘ enérgies for strontium azide at this high 1ight intensity. Fig. 50,

51 and 52 show plots of the logarithms of the rate cbnstants against
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the absolute temperatures of decomposition using constant light

intensities of 6,4; 15,5 and 26,5 units respectively for barium

azide. Fig. 53 and 54 show similar plots for strohtium azide using

constant light intensities of 7,0 and 15,25 units réspective]y.

Both barium and strontium azides showed a decrease in

activation energy with increase in light intensity.

Table 19 and Table 20 fndicate the rate constants for barium

and strontium azides respectively and Table 21 and Table 22 show the

activation energies for barium and strontium azides respectively.

For comparison Tables 21 and 22 show the activation energies

for the therma]‘decomposition of barium (114) and strontium (89)

azides respectively.

Table 19

Rate constants for the co-irradiation of barium azide powder.
Temperature range 110,0° - 135,0°C. '

Intensity Temperature | Induction period _kacc x 103 kdecay x 103
units 9 sec. sec.”! sec. !
6,4 110,0 402,0 2,26 1,55

14,9 324,0 2,97 2,26
120,9 210,0 4,58 3,50
126,1 168,0 7,16 5,48
130,2 120,0 8,75 7,33
15,5 110,0 211,2 3,86 3,66
115,5 163,2 . 4,58 4,47
120,5 108,0 7,23 6,13
125,9 96,0 9,26 8,00
130,8 72,0 13,88 9,81
26,5 110,0 108,0 - -
| 115,5 96,0 - -
120,0 81,0 - -
125,1 54,0 - -
130,0 48,0 _ -
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Table 20
Rate constants for the co—irradiatioh of strontium aiide powder,
Temperature rahge 110,00 - 135,0°c.

L. . . 3 3
Intensity | Temperature | Induction period kaCC x 10 decay x 10
units - o sec. sec.”! sec.”!
7,0 " 110,0 336,0 2,25 1,77

115,8 228,0 3,12 3,29

120,3 153,6 5,16 5,61

126,0 108,0 7,45 7,83

131,0 72,0 13,23 13,40

15,25 110,0 182,4 5,59 4,49
114,8 139,2 9,57 7,83

120,8 103,2 10,08 10,17

- 125,0 87,6 14,13 12,17

131,0 62,4 22,50 20,71

Table 21

Activation energies for the co-irradiation of barium azide powder.

‘Temperature range 110,0° - 135,0°C.

Intensity Induction period { Acceleratory period | Decay period
“units Kcal.mol. ! KcaT,mo].'l Kcal.mol. !
0,0 (114) 26,5 26,8 26,1
6,4 18,5 21,7 24,1

15,5 16,5 19,2 15,6
26,5 12,1 To- -
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Table 22

Activation energies for the co-irradiation of strontium azide powder.
Temperature range 110,0° - 135,0°C.

Intensity Induction period Acceleratory period Décay period
units Kcal.mol. ™! Kcal.mol.™? Kcal.mol.!
0,0 (89) | 23,0 25,0 21,7
7,0 22,6 25,9 28,3
15,25 15,4 . 18,8 A 20,9

(id) The effect of variation of intensity of ultraviolet light source

The mo]ecu]arity of the co-irradiation process in barium and
strontium azidé_powderS’was determined by_doing a series of decomposi-
tions at a constant temperatuke of 115,0°C for Barium azide and 116,5°C
for strontium ézidé, at various light intensities. Thué thé dependence
of induction period and subsequent acce]eratoky and.deéay reactions of
the two azidés,-on the intensity of light source coUldvbe determined.
>The method of Variation of light intenéfty has been described under  '
section 3 on appgratusf

The mo]ecu]arfty (m) of fhe co-irradiation process was calculat-

ed from the equation .

rewritten in the form
“Tog k = mlogl + Togc.

The value of m could now be ca]cu]atéd by a method of least squares. -
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Table 23 and Table 24 list the rate constants for barium and

strontium azides respective]y at various light intensities.. Table

25 gives the value of m for both compounds.

Table 23

Rate constants for co-irradiated barium azide powder at various
light intensities. Temperature 115,0°C.

: . . . 3 . 3
Intensity Induction period kacc x 10 | kdecaybx 10
. units sec. sec.” ! sec. !
25,8 114,0 7,95 6,45
21,9 130,0 6,95 5,85
16,6 150,0 5,33 4,24
10,8' ~ 216,0 3,86 3,58
6,8 288,0 2,97 2,45
Table 24

Rate constants for co-irradiated strontium azide powder at various

light intensities. Temperature 116,5°C.

Intensity Indu;tion_period kacc-x 103 | kdecay x 103
uhits sec. sec." sec. !
27,2 67,2 9,61 11,80
23,5 80,4 8,75 10,53
20,0 90,0 8,23 9,43
18,0 100,0 7,06 7,66
15,0 24,2 6,53 7,66
13,5 130,2 6,66 - 6,48
10,25 156,0 4,76 4,55
7,5 204,0 4,90 - 4,83
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Table 25

The value of m {n the equation k = M+ c.
Salt| Temperature| Induction beriod Acceléfafory period| Decay period|
°
BaNo|  115,0 | 0,7 0,7 I 0.7
SrNg| - 116,5 - 0,8 | '0,6 ' 0,8

Plots of k vs I™ are shown in Fig. 55 for barium azide and Fig.

56 and 57 for strontium azide.

(ie) Visual observations

Samples of barium and strontium azides, each decompbsed at 115,0°C
énd at a light intensity of 14,0 units, were 6bsefved at various stages
of the éo-irradiated decomposition. Both salts showed the same colour
changes during decomposition. At o = 0,01 i.é. at the end of the
~induction period, the surfaces facing the 1ight had changed to a light
‘grey colour which then turned to a darker grey by the time the reaction
hadjreachéd o = 0,20. No colour change of the lower surface was notiée-
able until « = 0,20 - a_Change to light grey was noticeable at this
_point. These grey shades changed Slowly.to black and af a = 0,50 all
external surfaces, of either salt, were dark b]ack,. No further change
- in the colour of the particles could be observed_fn the decay stage

of the decomposition of either salt.
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(if) Interruption of a co-irradiated decomposition : dark rate

determination

For decompositions of either barium or strontium azide above

100;000 the reaction did not cease When the. 1ight was switched off -
the dark rate was considerable. After co-irradiation had ceasedvi.e.
when the shutter was closed during co~irradiation,'the samples did
‘not decompose as they would have done had the initial decomposition
been entirely thermal. This is due to the high sensitivity of
either azide to pre-irradiation by ultraviolet light.

Dark'rates are ilfustrated in Fig. 58 (decomposition temperature
122,0°C and light intensity 14,25 units) and Fig. 59 (decomposition
temperature 130,0°C and light intenéity 6,4 units) for barium azide.
Fig. 60 and 61 show dark.rates for strontium azide when temperatures
of ]20,0°C_(intensity‘15;25 units) and 130,0%C (intensity 7,0 units)

are used for decomposition.

(ig) Admittance of water vapour following an interruption

' water vapour (17 torr.pressure) was introdueed at various stages
-of co-irradiated decompositions of barium and strontium azides in
order to investigate the presence.of metellic.nue1ei; The procedure
~has been_déscribed under the experimental section. |

| A deeomposition temperature of 115,0°C and 1ight intensity of
13,0 units were ehOSen for the "water interruptions“ of barium azfee
and a decomposition temperature of 116,00Cvand 1ight ihtensity of 16;0
units for strontium azide. -

Water vapour was allowed to react with both ezides for 1 hin;

at the desired,poiht'of interruption. For barium azide water vapour
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was introduced at t = o; midway aTong the induction period and at o
values of 0,01 0,105 0,22; 0,38; 0,47; 0,53. Water vapour was
allowed to react with strontium azide at t = 0; midway along the induc-
tion period and at o values of 0,01; 0,18; 0,31; 0,50.

The results of the interaction of water vapour at Various
‘stages of decomposition‘were the same for both compounds and similar
to those found for the correspoﬁding reactions in the photolytic
temperature range. Water vapour infroduced at t = d and midway along
the induction period had no effect on the subsequent co-irradiated
keaction i.e. the:run continued as}thOUgh no interruption had occur-
red. Water vapour introduced ét the end of the inducfion period and
at positions further along the decomposition curve caused the sub-
sequent reaction to proceed after an induction period. The'1engthv0f
the new induction period'following.an interruption‘at a= 0,01 was
shofter than that of the uninterrupted run. These new induction
periods increased in duration as the point of interruption along the
decomposition curve increased. The acceleratory and-decay reactions
fd]]owing the new induction periods were slower thaﬁ that of an un-
interrupted decbmposition. Water vapour introduced at fhe inflection
point and in the decay period destrdyed the subsequeht reaction, The
final pressure of the réactions following a "water ihterruption“ was
much Tower thah that of an uhinterrupted decompositioﬁ, The results
for barium azide are illustrated in Fig, 62 and those fbr étrontium
azide'arg.fliustrated in Fig. 63. Thé curves.have.beén plotted aé
pressure against time and not the USual‘cxvs‘t, td show the effect of

water vapour on the final pressure.
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(ih) The effect of filtering the high intemsity arc with blue and

ultraviolet transmission filters

The high intensity_u]travio]ét_arc was.filtéréd:with.various
Schott filters in order to determine thedwave]engths-mOStieffectivef
for the co-irradiation of barium and strontium azides. For barium
azide a decomposition temperaturé of 115,8°C was chosen and fdrv
: strontium_azide a temperature of ]]6,0°C.was chosen. An incident
light intensity of 27,5 units was chosen for bdth compbunds. Table
10 in the corresbonding sedtion on photoiysis, lists the blue and
u]travio]et.transmissions used,.giving the Chance equivalents for
reference purposes; The intensity of the transmitted wavelengths
s also listed. |

The results for barium and Strontium azidés were anaTogous.
The rate of the reaction decreased in the order of 3mm UG5 > 1mm UG1
> 5mm BG12. The results are plotted out in Fig. 64 and Fig. 65 for'i

barium and strontium azides respectively.
(ii) Pellets

It was found that irradiation of barium aﬁd strontium.azide

| pellets (8mg; 0,25mm thick and‘3f5mm in diameteri with ultraviolet
light during thermal decomposition (110;00 4[135,09C) had the same
effect as found with co~irradiated pqwder viz alahortEnihg-of'the _
induction period and an increase in the rate of the acceleratory and
decay reactions. A significant dark rate was measurab]e with both
azides throughout this temperature range due to thevthermal decomposi-

tion of the pellet. The percentage decomposition‘of a pellet
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irradiated during fherma] décomposition was found to be the same as
that of an unfrradiéted pellet in thfs temperature range viz' 95,0%
for barium azide and 71,2% for strontjum azide. A éomparison between
a thermal and a co-irradiated decompositioh of barium azide pellets is
éhowh in Fig. 66 (decomppsition temperature,]]S,SOC,‘intensity 14,0
units) and Fig. 6? for strontium azide (décomposition temperature
115,006, intensity 15,0 units). A pelleting pressure of-ZOOO 1b/sq.in.

was used for all pellets.

(iia) Shape of decomposition curve, mathematical analyses and

reproducibility

The shape of the co-irradiated decbhpOsition curves, of both
_barium and strontium azides with be]]eting pressure either 2000 1b/
sqg.in. or 600 1b/sqg.in., did not resemble that obtained from photo-
lysed pellets but rather the shape of the cd—irradiafed»powder
decomposition curves. These curves of co-irradiated pellets showed
an induction period, during which there was no evolution of gas,
fo]]dwed.by an acceleratory and decay réactioh.

The mathematical analyses for these curves were identical to
those found for_co-irradiated powder i.e. the Avrami-Erofeyev equa-
~ tion with n =A2 fitted the acce]eratqry period and the UnimolecuTar
law fitted the decay period. The fit of these:énalySeé for the curves
obtained from co-irradiated barium and strontium azide pe]]eté, was
identical. The inflection point on the curves‘obtained'from either
azide occurred at o = 0,54. The AvramiQErofeyev equation fitted:the
curves from 0,01 < o < 0,54 while the unimoiecular.decay Taw fitted

the curves from 0,54 < o < 0,98.
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A typical o vs t curve with analyses for a barium azide pellet
(decomposition temperature 115,8%C, inténsity 14,0 units) ié illustrat-
ed in Fig. 68 and for a strontium ézide pellet (decompositioh tempera-
ture 115,0°C, intensity 15,0 units) in Fig. 69. |

| Reproducibility for co-irradiated barium and strontium azide
pellets was unobtainable. The nature of the irreproducibility is
shown in Fig. 70 for barium azide (decomposition temperature 112,0°C
and intensity 15,5 units) and Fig. 71 for strontium azide (decdmp0514

tion temperature 115,0°C and intensity 15,0 units).

(iib) Evaluation of activation energies

Since the reproducibility of co-irradiated decompositions was
not at all good for either barium or strontium azide pellets,
activation energies could not be determined using individual runs. An
attemptlwas made to find rate constants for the acceleratory and decay
periods of pellets of the two azfdes 051ng thebéplit run technique.
The procedure was identiéa] to.that used for the determination of rate
constants for the decay reaction of photolysed pellets.: TheAmethod |
was not successful since on returning the furnace into position around
the cell, for the determination of the second rate constént, a large
volume of gas was given'off during the warm-up stage due to thermal
, deéomposition of the pré—irradiated,pe]]ét. This resulted in the pel-
let being in the decay stage when the cell had reached the temperature
required for the determination of the second rate constant for the
acceleratory period. Thus the attempt to determine rate constants
for the pellets failed and consequently novacfivation energies could be

found.
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(iic) Visual observations

_The colour of barium and Strontiuh azide pellets pressed at
both 600 1b/sqg.in. and 2000 1b/sq.in. was observed at varioos stages
of the co-ifradiated decomposition. A temperature of 115,00C and
light intensity of 10,0 units were employed for both azides. The
results wéke-simi]ar to those found for co-irradiated powders of
barium and strontium azides.

‘Irrespective of pelleting pressure and .compound preosed, the
upper surface of the pellet changed to a light greyvcoTour when the
reaction reached the end of the induction period, the lower surface
showed no change in colour at this stage of reaction. At o = 0,25
the Tower surface had changed to a light grey while the upper surface
had changed to a dark grey oolour. The‘surfaces continued to darken
as the reaction progressed and af a = 0,54 the pe]]ét wos dark black

on both surfaces.

(iid) Admittance of water vapour following an interrupfion

Water vapour (17 torr pressure) was allowed to react with-
barium azide pellets (pressed‘at 2000 1b/sq.in.) for 1 min. at various
stages of a co-irradiated decomposition.' This was done in order to-
determine the importance of barium metal at various stages of the
decomposition, The method employed and results obtained Were identic;
al to those obtained for co-irradiated powder. A decomposition -
temperature of 1]5,0°C and 1ight intensity of 10,0 units were chosén.

The subsequent reaction. following an interruption at o = 0,54,
the inflection point, was completely destroyed. Reactions after

interruptions between 0,01 < a < 0,54, proceeded after a new induction
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period. Wafer vapour was found to have no effect on the subsequent

reaction when the interruption occurred during the induction period.
Identical results were obtained when strbntium azide pe]]ets

(pressed 2000_1b/sq.in.) were reacted with water vapour forF] min.

A decomposition temperature of 115,0°C and 1light intensity of 10,0

units were chosen for these tests on strontium azide pellets.
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5 DISCUSSION

Both barium and strontium azides were subjected to ultra-
violet radiation from a high intensity 100 watt "point source" high
pressure mercury arc lamp, over a wide range of temperatures : 27_,00
- 135,0°C for barium azide and 30,0° - 135,0°C fof strbntium azide.
Decompositions of»barium azide in the temperaturé.range 27,00 - 100,0°C
and strontium azide in the témperatuke range 30,00 - 90,0°C with ultra-
vio]etllight are referred to as photolytic decompositions, while de-
.compositions of both azides in the temperature rénge 110,00 - 135,0°C
with u]travio]et light are referred to as co-irradiated decompositions
(122). The results obtained on the effects of ultraviolet light on
powdered and pelleted barium azide will be considered initially and -

will be followed by a Simi]ar discussion for strontium azide.

5A  PHOTOLYSIS OF BARIUM AZIDE

(i) Powder

The. pressure-time plots obtained from barium azide powder when
photo]ysed in the temperatuke range 27,00 - 100,0°C wére sigmoid in -
shape, as was found for the low temperature photo]ysis using a .Tow
intensity lamp (61)7

| Repfoducibi]ity of the acceleratory and decay_reactions in the
photolytic temperature range was satisfactory. Due to variationAin
fhe defect surfaces‘of'the powders the induction period did not prove
to be highly reproducible.

‘The pressure-time curves of photolysed barium azide powder

exhibited true induction periods during which there was no eVolution
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of gas. ‘This period was followed by anracce1eratory.period, describ-
ed by the Avrami-Erofeyev equation with n = 2, and fina]]y a decay
period which conformed to thé unimolecular decay law. |

The volume of gas obtained during photo]ysis was found to be
the same‘as that expected if the test sampfe had been therma]ly de—
composed at 130,0°C. Another feature of_the'phdto]ysfs was that the
decay reaction commenced the moment the particles df the powder_had
turned black on all external surfaces.

Investigation of the dark rate at all temperatures in the photo-
lytic temperature range Showed that it was non-existent.

Photolysis of a sample afterbtherma1 pre-treatment, for a period
of time equal to that of the thermal induction period, resulted in
the usual photolytic reaction but without an induction period. Reversal
of this procedure by photolysing the sample to the end of the induction
period and then decomposing it thermally, resulted in a normal pre-
irradiated decomposition with the absence of an induction period. This
‘leads to the conclusion that thermal centres and photo1ytic centres are
similar in nature. |

In the temperature range 27,00 - 100,0°C two distinct activation
energies were found for the photolysis of the barium salt, the transi-
.tion temperature occurring at 60,0°C. At this temperature theiactiva-
tion energy increased from 6,2 Kcal.mol.”! to 11,4 Kcal.mol.”! over
the induction period and from 7,6 Kca].mb]." to 11,3 Kcal.mol."! over
the acceleratory period and from 6,6 Kcal.mol.™! to 12,9‘Kca1;m01.;i
over the decay period. The dependence of the recipréca]s of the dura-

tion. of the induction periods on intensity (I) were found to be 10’7 '

0,6

below 60,0°C and 1°°° above 60,0°C. In view of the bad reproducibility

of the induction period the relationship may be approximated to I]’O.

The rate constants for the acceleratory and decay reactions depended
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approximately on the square of the light intensity at temperatures
‘below 60,0°C and on the first power of the light intensity at
temperatures above 60,0°C. The results in these two temperature

ranges will be discussed sepafate]y.

(ia) Photolysis in the temperature range 27,00 - 60,OOC

A brown colouration, marked by the first év01ution of gas at
the end of the induction period of photolysed samples of barium azide
powder, was observed. This colouration can be attributed to barium
metal which is formed at the end of the induction period. It is
assumed that the sites at which decomposition can take place are those
where severe strain exists such as at localities on the surface of
the particles e.g. surface cracks or lines wheré disorganization
or mechanical damage has taken place and'where there is a higher
thermodynamic instability and unsaturation of cohesive forces. At
the core of an emergent edge dislocation, either isolated or in
emefgent grain boundaries terminating at the surface, large stresses
exist. The chemical potential and stereochemical environment of
ionic species in the immediate vicinity of a dislbcation differ from
those of simi]a} species at ideé] lattice sites.}

In the samples of barium azide used, large stresses exist
through dehydration and grinding, leading to the formation of dis-
Tocations which will have grouped to form high angle grain boundaries.

Since the crystal structure of barium azide is known to be
layered (125) it is likely that a large number of incomplete planes of
the edge dislocations in an émergent grain boundary will contain.only
azidé ions or Ba?* jons. Thus decomposition will commence when azide

ions at positions of stress on the surface and along the planes of the
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particles become optically excited.

The qptical absorption spectrum, obtained by Deb (41), of
~thin films and pellets of barium azide showed three bands with multiple
structure in the wavelength region 1400 - 2500 R. The spacings in the
band structure were shown fo correspond with the fundamental vibration
frequencies of the.azide ion, which led to the conclusion that each of
the absorption peaks is associated with the azide ion itself. From
the appearance of the well-resolved vibrational structure of the bands
at 2000 R and 1800 R and the low magnitude of the absorption co-
efficient of these two bands, it was concluded thaf the e]ectronfc
transitions would be forbidden. Thus after comparison with the elec-
tronic spectrum of the isoelectronic molecule N,0 (126) it was decided
that absorption bands in the rahge 1400 - 2500 R could be interpreted
as transitions involving excited states of the.aiide jon itself. More-
over the absence ofbany photocurrent at wavelengths longer than 1700 R
indicated that eIectronic transitions in this region involved bound
eXcited or exciton states. But due to the fact that the exciton
fransitions are associated with vibrational structure, it was concluded
that the exéitons are trapped on the mo]ecu]eaan which they are formed
(127). . |

The“absorption peak at 1550 R showed a Targe absorption co?
efficient indicating allowed optiéa] transitions of electrons from the
valence bandvto the conduction,band i.e. the prqduction of free elec-
~trons and positive holes.
Froh the results of filtering the high intensity u]traviolet'arc

it can be seen that the rate of decomposition with the 3mm UG5 filter

was reduced from that of the unfiltered arc. This lowered rate is not
dueventirely to the change in wavelength of ifradiatibh, but also due

to the reduction in the arc intensity by simple reflection from the
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polished fi]ter.surfacef If this is considered to be constant for all
filters used then.the reduction.in rate with the UG]vand the BG12 filt-
ers is very marked. This leads to the assumption that the most effective
wavelengths from the ultraviolet spectrum for the photo]yéis of barium
azide would be in the region 2200 - 2800 R. From the above discussion
it can be conc]uded.that the most effective wavelengths used were of
lTess énergy than'that required for the-formation of positive holes

and electrons, and it can be assumed that absorbtion leads to excited
azide ions rather than excitons. The absorbed energy is localized at
the favoured sites in the form of vibrational or internal electronic
excitation. A similar assumption has been made for nitronium per-
chlorate (34), silver oxalate (93) and sodium bromate (36). It was
concluded for these compouﬁds that the primary excitations, which
eventually lead to decomposition, result in the localization of energy
in a trapped anion.

The reduction in rate observed with the use of the UGl and the

BG12 filters (i.e. reduced rates with the use of long wavelengths) is
most probably due to the very low absorption coefficient of long wave-
lengths as comparéd with the shorter wavelengths and consequently a
low rate of excitation of the internal transition.

The reaction scheme proposed here for the formation of nuclei
dUring the induction period, is simiiar to that proposed by Jacobs

et.al. (40) for the photolysis of barium azide:

Na™ s Ny e e (1)

The excited azide jon N3 * will only decay to the ground state N;~
when the azide ion is situated at an ideal lattice site. An excited

azide ion'adjacent to a ground state azide ion at a surface defect S
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(most probably an anion vacancy) reacts with a barium ion, Batt

NaTSN.™* + Batt By Ba 4+ 3N, +S L....... (2)

! js associated with

The measured activation energy of 6,2 Kcal.mol.~
this second step.

It is considered that the nuclei formed during the induction
period of "a photolytic decomposition are similar to those formed during
the corresponding period in a thermal decomposition. From the studiés
of pre-irradiation of barium azide with ultraviolet light (111), it
wés proved that formation of barium metal nuclei during thermal de-
composition occurs on the surface of the azide particles and along the
core of a dis]océtidn as it climbs along the surface. However with
the high intensity ultraviolet arc used it is expected that barium
atoms, formed in step (2), will be Tocated on the surface and on the
planes of the crystal, each plane stérting at the surface at an emerg-
ent grain boundary. These atoms will initially be ét the interatomic
spacing of barium azide. With time diffusion will take place and at
a critical concentration the barium metal atoms will aggregate to
form barium méta] specks i.e. nuclei. The duration of the inducticn
period is broportional to the time reqﬁfred for the aggregation of
metal atoms, which in tﬁrn is dependent upon the temperature of de-
composition and intensity of 1ight source used. Ffom the mechanism
proposed,vthé duration of thé-induction period wi]]lbe inversely -
proportional to the light intensity which is in accordance with the
observed experimental result. | |

With the aggregation of barium metal étoms to_form metal speckc"
growth proper will begin, causing the reaction to accelerate from
the rapidlyvexpanding metal/salt interface. |

The existence of metal at the end of the induction period has

been indicated by "water interruption" photolytic decompositions.
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Water vapour introduced at'tﬁe end of the induction period caused
the barium metal on the surface to be destroyed. The subséduent
reaction proceeded‘after a new induction peribd, §horter than‘that of
the uninterrupted decomposition. This indicates thaf water vapour only
reacted with the nuclei on the surface, leaving those in the bulk of
the material i.e. along the planes of the particles, 1ntact; These
are possib]y newly formed and sha]]. It is assumed that after reaction
with watef vapour, reaction then proceeds from growth nuclei still
present in the bulk of the material. The Tength of the new induction
period is the time required for these growing nuc]ei to reach a sig-
nificant cfiticaT size. Reaction of water vapouf‘with the salt before
the end of the induction period had ho effect on the subsequent photo-
lytic reaction, supporting the postU]ate that barium metal nuclei are |
formed at the end of the induction period only.

From the work done on the structure and properties of thin
films of metal (128), it can be concluded that the barium metal formed
at the end of the induction period will have eleCtronic properties
associafed with the meta]. Thin films of metal haVe been shown to have
 the same characteristics as those of the bulk metal. These films are
formed by lateral growth of nuclei and may become continuous at
‘thicknesses as low as 50 R. ‘The character of the conductivity of such
metal films corresponds very_c]oﬁe]y’to that of the maésive meta].vThus_
it seems-]ike]y that very thin 2-dimensional plates of metal nuclei with
eTectronic properties bf the bulk metal will form on the surface of the
pakticles and along the planes of the cryéta] at discrete centres by the

end of the induction beriod.

At the end of the induction period growth of the nuclei commences
and the reaction accelerates. The accé]ératory period was described

“mathematically by the Avrami-Erofeyev equation with the exponent taking
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the va]ue of n = 2. The génera] equation takes.intd acﬁount centres
of decomposition which are increasing in number according to a fixed>
power of time and growing 1-, 2- or 3- dimensionally, and includes
the effeéts of ingestion of potential huc]eus forming sites by grow-
ing nuclei or the overlapping of such nuclei. The value of n = 2 in
the equation can be ascribed to one of the fbi]owing: |
(1) one-dimensional growth of nuclei increasing in number linearly
with time, or |
(i) twofdimensiona1 growth of nuclei increasing from a fixed number
of éentres. | |
| The former mechanism for nuc]eUs growth is thought to be highly
un]ike1y sihce the decay reaction commences at a = 0,43, and such a
mechanism would not accbunt for this high fractional decomposition.

Due to the high intensity light source used it is thought that
the effecf of the radiation would be very pfonounced. Therefore if
there was-any linear increase in the number of nuclei wifh time during
tHe acceleratory period it would be swamped by the very large number
of nuclei formed at the end of the induction.period. Thus mechanism
(i1) is thought to operate. The growth centres of metal are consider-
ed to be plate-like in nature advancing along the grain boundaries in
which they were initiatedf |

Tﬁesé metal nuclei are discrete at the onset of the acceleratory
period,vbut as the acce]éfatory feaction progressés independent growth
of the individual reaction centres is no longer ensuréd and overlapping
occurs, as is indicated by‘the excellent confofming of the acceleratory
reaction to Avrami-Erofeyev type kinetics.

~ The dependence of the acceleratory period on the square of the

light ihtensity below 60,00C, indicates that the overall mechanism must
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involve the decompositioh of two éxcfted azide 1ions.

The most 1ike1yvprocess by which the mefa] nuclei, formed at
the end of the induction bériod, can grow is,poétu]afed to be one
which involves the décomposition of two singly excited azide ions.
The barium metal nué]ei fbrmed during the induction period undergd
reaction via the photo-electric effect to produce barium ions and
electrons. A singly excited azide ion resu]fs through the absbfptioh
of a photon. As'before it can be assumed that.the absorbed electro-
magnétic energy is localized at the favoured sites in the form of .
_vibratioﬁa] or interhal'electronic excitation. This excited azide ion -
may then either revert to the ground state (if situated at an ideal
lattice position) by the tunnel effect or react with a barium ion
formed through the photo-electric effect to give.barium metal and an
- azide radical (positive hole). The radical fhen reacts with an ad-
jacent singly excited azide ion to give three molecules of nitrogen and
an e]ectron}and two anion vacancies. The reactioh is therefore an
acceleratory one in which the barium metal 1s.fegénerated. The reac-

tion scheme (i) is thus:

_ hv + o
vBan = Ban + e SERRERTELEREETRORERE (1)
- hy -% :
N~ ===  N;7% .. s (2)
Ban+'+ Ny A Ba N, Ll ST s (3)
Ng  +N;7* — 3N, +e+28A 93N, +F+A .. .. (4)

where A anion vacancy

and F

it

F-centre.
Growth of barium metal nuclei to the interface occurs via the collapse

of these F-centres as fo]1ows:
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2F —3 2h+28 ... . (5)

Ban +2 +B't — Ban¥] Ceeeens .. (6)

A similar process, for the growfh 6f sodium metal nuclei, has
been proposed by Jacobs and Tariq Kuréishy'(SI) to occur during fhe
photolysis of sodium azide.

Step (3) 1is considered to be thé rate determining step and
has an actiVatibn energy of 7,6 Kca].mo].‘ivaSSOCiated with it during
the acceleratory phase. | |

It is a]sd possible .that the gfowth of barium metal nuclei
below 60,0°C can take place via an overall mechanism which involves
the'decomposition of an excited intermediate which has absorbed
difect]y or indirectly, the energy from two photons of the incident
light. Two basic schemes, (ii) and (ii1) can be postulated for this
type of mechanism. | |
(ii)  This mechanish involves the successive}absorption of two photons
by an azide ion. The barium metal nuclei formed during the induction
period undergo_reaction via the photo-electric effect to produce barium
ions.and electrons. A singly excited azide 16n resu1ts through the
absorption of a photon. This excited azide idn may'then revert to the
ground state by the tunnel effect or become doub]y excited by the
absorption of another quantum of light emergy. A second excitation will
océur of only singly excited-ibns‘situated at a defect site since at
such positions the imba]ance,of forces wi11'a11ow'the absofbed energy -
to be localized on a particular ion long enough»for a secondary excita-
- tion to occur. Azide ions located at ideal lattice points, on absorp-
tion of enefgy will revert aftef a time to the groUnd state by communica-
tion of thefr energy to the vibrational modes of adjacent ions. This
doubly excited azide ion may either become therma11y ionized}to prodﬁce

an electron and a pbsitive hole or be de-excited to the singly excited
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state. Ifﬁtherma]»ionization occurs the electron reacts-witﬁ an ad-
jacent'Ba+'ion, formed yia the photo#e]ectric.effect, to give barium
metal, and the positive hole reacts with an adjacent ground.state
azide idn'to give three molecules of hitrogén, an electron éhd two
additional anion vacancies. The reactiqn is therefore an acceleratory
one in which the barium metal is regenerated. This mechanism can be

written schematically as

hv, +

_Ban = Ba +e photo-eiectric effect ..... (1)
N,™ _%%; N, * primary excitation ........ (2)
N,* K2, Ny de-excitation ............ (3)
N, * -{%%9 Ng** secondary.excitation ...... (4)
N;'** Kuy Ng~* : de-excifation ............. (5)
N;f** —%%i) Ni +e | decomposition ............ (6)

The foTlowing fast reactions follow.
An electron, produced through thermal ionization in step (6),

combines with an adjacent barium metal ion formed in step (1)

+

Ban +e —> Ban ....... EERERERERREE SREREE EEERRRTERY (7)

The positive hole formed in step (6) reacts with an adjacent ground
state azide ion in the strainedrregion at the_interfate in a fast ﬁeac-

tion

Ny  + Ny —> 3N, +e+28 —> 3N, + F+ A .......(8)

where F and A have the same meaning as in process (i), and growth of

barium metal nuclei to the'interface occurs as before by the collapse
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of the F-centre complex which is bound to the nucleus, on attaining a
critical size i.e.
2F —> ZA+2 ... )

+

Ba, +2e +Ba' <~ Ba (10)

n+1

Step (6) is considered to be the réte determining step.

The overall rate can be expressed as
- R = ks(Ng-**] .

On application of the steady state conditions

div 1 )

dt - o - dt
it can be shown that the rate equation can be written as
R =ki ks ks (N37) 1%/ (ky + ksI)(ky + ks).

Since Ral? it can be assumed that k, >> k;I and since there is a single
experimental activation energy ki >>Kks. Thus the rate equation reduces

to
R= ki ks ks (N37) 12 / K, K

Thus the proposed mechanism is in accordance with the observed depend-
“ence, of rate of reaction on the squaré of the light intensity.
(iii) This scheme involves the transfer of energy from an excited

“ion to an adjacent ion:

Ban FQ&Q‘ Ban+ +e photo-electric effect ... (1) .
Ng"' ~§%ﬁ Ny ™ : primary extitatation ..... (2)

-

N,™* ;—EQ% N de-excitation  .c..-.-. (3)
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Ng™* + Ng~° 5519 N3 ™** 4 Ny~ energy transfer .... (4)

N, ** Kuy N | de-excitation ...... (5)
| kK k , .
Nj ~Z19 N3 +e. decomposition ...... (6)

As for process (11) the electrons generated in step (6) react with Bat

ions formed via the photo-e]éctric effect in step (1)

na +
Ban_ +e — Ba, et ittaieste et (7)

and the ppsitfve hole formed in step (6) reacts with an adjacent azide

ion to givé three molecules of nitrogen and an electron

Nym +Ng — 3N, +e+2h — 3N +F+A ..., (8)
2F - A+ 2 e, (9)
' ' ++

Ban‘+ 2e + Ba — Ban+] Pt (10)

This reaction is an acceleratory process in which the barium metal is
regenerated. The rate determining step is considered to be step (6).
When the steady state conditions, as defined above, are applied

again, itrcah be shown that
k)T = C(NTME 4 ()

where C, and C, are constants expressed in_tefms of the rate constants.
If it is assumed that CZ(N3"**)<<], then by substituting in the overall

‘rate equation
R = ks(N;7™™)
a rate equation of the form

CR= kaksC (NaT)I2
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is obtained, where Ck is a combinatibn of the raterconstants. As
before the proposed mechanism has been prdved to be proportional
to the sduare of the 1ight intensity as found experimentally.

‘Thus for both processes the incident energy is absorbéd by
the electrons of the N3~ ions. Absorbing ions sifuated at normal
lattice sites will be de-excited by communication of their energy to
the vfbrationa] modes of the ion, while for those at positions of
stress the energy will be Tocalized long enough for secondary excita-
~ tion to océur. Both processes are in accordance with the observed
dependence of rate ofvreaction,on the square of the Tlight intenéity.

" These two processes ((ii) and (iii)), in which an excited
intermediate has absorbed directly or indirectly the energy from two
photons of incident light, can be modified to fit the experimental
results obtained for the photolytic reactions in thg temperature range
60,0° - 100,0°C i.e. an increase in the activation energy and a linear
dependence of reaction rate on light intensity. In each scheme the
reaction steps (1), (2), (3) are unaltered while the step governed by

ks is now the rate determining step and becomes

N, ¥ 23}' N; +e - . decomposition  ....... (4)

As for reactions below 60,0°C, the electron generated in step (4)
reacts with'an adjacent Ba' ion formed via the photo-electric effect

to give barium metal

4
Ba, +e — Ban R SORAERLLLEL R (5)

and the pdsitive hole reacts with an adjacent azide ion to give three

molecules of nitrogen

Ny +# N3y — 3N, + e+2h — M, +F+A ....,_(6)
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2F = A28 eeririinnnn. (7)

+

Ba + 2e + Ba —> Ba ., ... (8)

As_fOr the lower temperature range, it can be shown after
application of the steady state condition

dN:™) 0

dt

that R o I. Thus the overall rate equation
R = ks(Ns™)

becomes
R = k;kl(Ng‘)I / (ks + ka).

Since there is a single experimental activation energy it can be

assumed that k.>>ks; and therefore the rate equation reduces to
R = k3k1(N3—)I / kz .

Thgs the rate of reaction is proportional to I and the measured
activgtibn energy of 11,3 Kcal.mol.”! is associated with step (4).

These latter two mechanisms satisfactorily fit the experimental
resh]ts (increase in activation energy'but decrease in the molecularity
of the reactions as the temperature of decomposition is increased)
obtained from the photolysis of barium azide powder in the température
range 27,00 - 100,0°c. However, on comparison of the results obtained
from the photolysis of barium and strontium azide powders it was found
that although both compounds showed that the energy required for the
rate determining step increased with increase in decomposition temp-
eraturé, barium azide showed a change from a bimolecular dependence

on light intensity to a lineaf dependence on intensity above 60,0°C
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:whi1e stron;iﬁm azide powder showed afconstant bimolecular dependence
on light intensity throughout the photolytic temperature range. This
dependence of reaction rate, of photo1ysed strontium.azide powder,
on the square of the light intensity throughout the photolytic temp-
erature range forces one to conclude fhat'a decompoéq%ioéugyocess in-
vo]ving the decomposition of an excited intermediate which has absorb-
~ed, directly or indirectly, the energy from two photons of incident
light, is more than likely not possible for the photolysis of barium
azide since such a process was not Found_adaptab]e to the resu]ts ob-
tained from the photolysis of strontium azide powdef. It is assumed
that the“most probable mechan{sm occuring during the photolysis of
barium azide in the temperature range 27,0° - 60,0°C involves the de-
composition of two singly excited azide ions i.e. scheme (i).
| However the processes (ii) and (iii),invoiving the decomposi-
tion of an excited intermediate which has absorbed directly or in-
.directly.the energy from two photons of incident 1ight, has been wide-
ly uséd by many workers in the theoretical postulation of the process-
es occuring during'photb1ysis. |
| A similar scheme to process (ii) has been invoked by Finch;
Jacobs and Tompkins (93) for the photo]ytic decomposition of silver
oxaiate, taking place more'thén‘likely by aﬁ interface reaction.
They envisaged that.a single oxalate radical may decompose fb Carbon
dioxide. Excitation of the silver oxalate by:the u]tra?io]et Tight
resu1ts‘in.a mobile exciton which is then trapped at an anion vécancy -
invo]vihg the capture of the excited electron by the vacanty which may
accommddate two e]ectrons. The complex formed may have two fates:
eithér it can become further excited by 1light absorption so that a
second electron is captured by the anion vacancy giving an oxalate
radical associated with an anion vacancy containing two electrons; or

it may bé destroyed by the tunnelling effect from the anion vacancy
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back to the singly charged ion. The oxaiate radical formed in the
first possibility can decompose to give two molecules of carbon di-
oxide or revert to a singly charged oxalate ion by regaining an
electron from the anion vacancy. The pkoposed mechanism can be

summarized as follows:
(0x27) s (ox27)*
(OXZ-)* hv y (OXZ-) %

(Oxz')** —> 2€0, + 2e  (anion vacancy +
2 electrons).

Process (ii) has also been applied to the photolysis of
pofassidm permanganate in the temperature range 30,00 - 180,0°C by
Prout and Lownds (96). Account was taken of the fact that the rate
of reaction below 110,0°C was dependent on the cube of the light
intensity and above 110,0°C dependent on the square of the light
intensity i.e. a mechanism was postulated in which either three
photons (below 110,0°C)vor two photons (above']]O,OOC)'are required

to raise the energy of the permanganate ion to a level at which the

~excited jon dissociates thermally.
Thus below 110,0°C - M LN
e Y M *

M** hv . Mk

wers A ‘Products
and>above 110,0°C : | M ;!Qéé M*_
W s e
A

M** —_> ~ Products



where M = Mn0,” ion .
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Thus the overall photolytic reaction below 110,0°C was thought

to be
MnO,~

3hv

F——’e

and at temperatures above 110,0°C

MOy~ <oV
Mn0,° —
Mn0,” + e —

(Mn0, ) *** L5 Mn0,” + 0,
Mno, ) Ly Mn0,° + e
MnO, + 0,

Mn0q= .

The reaction product ions MnO, and Mn0,”~ have been detected

spectrophotometrically by Lee (38) during flash photolysis of potassium

permanganate at Tow ihtensity (and thus Tow temperatures) and high

intensity light sources (and thus high temperatures), thus justifying

the mechanism for product formation.

Herley and Levy (36) have considered that sodium bromate will

photolyse by either process (ii) or by process (iii).

(i) they propose
| Br03'.
| | (Br0s7)*
or process-(iii)
Br0;~ .

2(Br0s™)*

hv
=

hv

i )
e

hv .
o—r

(Br03_)*

(Br03')**

(Br0s)*

(Br03")** + Br03' .

This doubly excited site can now either

(i) generate an additional singly excited site

(BFOQ—)** + Br03’

—

(Br03™)* + (Br0;")*

Using process
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or (ii) cause decomposition
(BrO;™)** —>3  Br0 + 0, .

- These mechanisms, postulated by other workers for the photolysis
of some ionic solids, illustrate the feasibility of a reaction scheme
which involves either successive excitations of a single ion by direcfv
absorption of photons,or transfer of energy from one excited site to.
another fo account for rate equations of the form R a 1" whefe.n>1.

~ The importance of the metal nuclei during the acceleratory
period has been illustrated by the effect of interrupting a decomposi-
tion during,fhe acée]eratohy period and then continuing it after
va]]owing.a reaction with water vapour to occur. Water vapour was
found to destroy the reaction and a new induction period of length
shorter than that of the uninterrupted decompositfon, but increasing
in length as the position of interruption along the curve increased,
was observed. The acceleratory rate of the subSequént reaction was
found fo have decreased. The_new reaction is presumed to begih from
growth nuclei not destroyed by the water vapour. The growth nuclei
are assumed to be situated on the planes of the particles and the'new
induction periodbobserved is the time réquired for the growth of these
nuclei to a critical size. Thus the water vapour is assumed to attack
only those meta] nuclei on the surface of the particles. The fall in
the acceleratory rate after admission of water vapoUr is due to the
commencement of reaction from'fewer centres. The value of fhe ac-
celeratory rate constant is dependent on the number of nuclei at the
start of the reaction and a decrease in the numbek,wi]] decrease the
rate of reaction. |

Interruﬁtion of the reaction at the'inf1ection'point and at

positions further along the decomposition curve was found to destroy
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all subsequent reactions. .At the inflection point the particles are
completely covered by a 1ayer of barium metal, observed as a black
coating on the external surfaces of the particles. A formation of a
Tayer of barium hydroxide results from the destruction of the barium
metal by water vapour. This layer of hydroxide is opaque to ultra-
.violet Tight, thus even if growth nuclei are present below the surface
they cannot be activated by the 1ight and reaction ceases. The ob-
served final pressures were lower than expected on exposing barium
azide to;water vapour and this is attributed to partial hydrolysis of
the azide. Thus it can be concluded that barium metal nuclei have a
"catalytic" effect oh the photolytic reaction. The-observance of a
continual darkening of the salt from the end of the induction period
ti11 the inflection point indicates the increase in the metal nuclei
concentration as the reaction proceeds. | |

The decay reaction commences when the 2-dimensional nuclei
overlap and the surface of the small particles are covered by reaction
product. vDuring this period penetration of the product ihterface.
into the partjc]es takes b]ace according to fhe unimo]ecu]ar decay law.
Because of the difference in molecular vo]umefbetwéén product and
reactant phaseﬁ, the fnterface collapses leaving isolated blocks of
material %n which no nuclei are present. This arjses.from the extens-
ive growth of p]atef1ike'nuc1ei. In these isolated blocks each mole-
cule has én equal probability of decomposition,and the rate of reéctiohv
becomes proportional to the amount of unreacted substance. Thus tﬁe
decay reaction conforms to_the.unimolecular decay Taw.

The mechanism operating during the decay reaction is thought to
be similar to that during the acceleratory period since the‘energy _
required fbr the rate determihing step and the dépehdence of the ex-
perimehta] rate.constant on intensity of 1light source is within ex-

‘perimental error analogous to that found for the acceleratory period.
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(ib) Photolysis in the temperature range 60,0o - 100,0°C

The genera]ized reaction schemes postulated for the decomposi-
tion be]ow 60, 0 C have to be modified to describe the s1tuat1on above
60,0 % where the rate of react1on varies llnearly w1th 11ght 1ntens1ty
" and the activation energy 1ncreases from 6,2 Kcal.mol. ! to 11,4 Kcal.
‘mol.” ! for the induction.period, 7,6 Kcal.mol.”! to 11,3 Kcal.mol.™?

for the acceleratory period and 6,6 Kcal.mol.-lito 12,9 Kcal.mol.™
for the-decay period. | - |

.‘The mathematical analyses, visual observations, and the eftect
hof water vapour at various stages of react1on were found to be ana-

1ogous to the results obta1ned in the temperature range 27, 0°
: 60,09C._ Thus it is thought that the topochemical decompos1t10n in
the higher temperatdre range isvsimilar to that.fn_the lower tempera-
ture range. |

Format1on of bar1um metal nuc1e1 dur1ng the 1nduct1on period .

is postulated to occur accord1ng to the fol]ow1ng mechan1sm

- hv -
N3 ) ﬁ\) N3 . (])
++ - A
Ba  + Ny —>. . - Ba + N3y ............. (2)
N3 + N;7* — Nz + € viriiiennn. (3)
Ba* + e > BA e, (3)

Th1s mechan1sm is in accordance w1th the observed linear depend—
ence of the inverse of the duration of the 1nduct1on period on Tlight |
1ntens1ty Step (2) is cons1dered to be the rate'determ1n1ng step,
'the energy of activation be1ng 11,4 Kcal.mol.

" The mechan1sm fornuc]eusgrowth below 60 OOC can be modified for

nucleus growth above 60,0° C where the rate of reaction varies Tinearly
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with intensity and the activation energy increases from 7,6 Kcal.mol.™!"

to 11,3 Kcal.mol.” !, The proppsed mechanism is as follows:

~ hv +
Ba, == Ban S - T (n
- “hv -
Nj — N."F (2)
Ba N —539 Ba+Ns ... e (3)

‘The positive hole formed in step (3) reacts with an adjacent singly

excited azide ion
SN+ NgF > Ny te 428 —> N, +F4A ..., (4)

Through the collapse of aggregates of F-centres barium atoms

are formed, which add to the interface
F+F —» 2A+ 2e ferererieneaneea.. (5B)
++ : :
Ban + 2e + Ba — Ban+] e (6)

Step (3) is considered to be the rate determining step with an activa-
“tion energy of 11,3 Kcal.mol. }. At temperatures above 60,0°C there
is sufffcient thermal energy'for the thermal transfer of an é]eﬁtron
from a ground state azide ion to a Ba® ion formed via the photo-
electric effect. |
This mechanism proposed for the photo]ytic decomposition .of
barium azide above 60,0°C, is. in accordance with the linear dependence
of photolyti; rate on 1ight intenéity and is similar to the mechanish
proposed by Jacobs et.al. for the photolysis of barium azide (40); |
It is assumed that the mechanism occurring during the decay
reaction is analogous to that Q;curking during the acte]eratory}region

since the activation energy for the acceleratory period and the decay
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beriod are similar and both reaction rates vary linearly with light

'intensity when the experimental error is taken into account.
(i) Pellets

The pressure-time plots obtained from photolysed pellets: showed
an ‘induction period in which there was no evolution of gas, followed
by é linear rate of evolution of gas.till a = 0,20, and a decay
réqcfion fitted by the unimolecular decay law from 0,20 < o < 0,96.

| The reproducibility waS'fouhd fb be highly unsatisfactory at
all temperatures of decomposition and pelleting pressures used. Very
often the pellets were observed to explode at the énd of the induction
period.

Pelleting fhe ground material results in the production of
large anbers of crystal defects throughout the pellet. This process
“will also cause the aééumu]ation of dis]ocatfons to form new high
vang]e grain_boundaries. Steps will be formed at the surfaces of the
pellets and in genera]va'hjgh1y damaged pé]]et.wi11 be produced with
a high cohCentrafion of poinf ahd line defects. These defects wil]
vary in concentration from pellet tb pellet, thus the decomposition of
each,pellet will vary. Pellets containing 1érge conCentrations of de-
fects Wi]] be most 1ike1y to explode at the end of the induction period.

During the induction pefiod barium metal nuclei are.fOrmed on |
the surface of the pe]Tet at emergent grain boundaries and'a1ong in-
ternal grain boundaries and dislocations in the pellet. As with the
photolysis of powder, decomposition will commence when azide ions at
positions of stress become optically excited. Barium metal nuc]ej ére
assumed to form, during the induction period, via the same mechanisms

“as proposed for the photolysis of powder in the temperature range
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27,09‘- 100,0°C. The duration of the induction périod will be pro-
portional to the time réquired for the barium meta] atoms, formed
initialiy'at the interatomic spacing of baridm azide, to aggregate to
barium metal specks. The presence of bariumlmetal on the surface of
the pellet is confirmed by the appearance of a brown colouration at -
the end of the induction period.  Furthermore interaction for 1 min.
.with water vapour at the end of the induction period caused the sub-
sequent reaction to proceed after a new induction period of duration
equal to that of the uninterrupted pellet, indicating the presence df.
barium metal at the end of the #nduction period. Interactfon with
.water vapour before the end of the induction period had no effect on
the subsequent decomposition, indicating that no metal nuclei exist
before the end of this period.

The reaction proceeds into the acceleratory phase on the ag-
gregation of the barium atoms. The acceleratory pekiod of photolysed
pellets was observed to consume only a small fraction of the total
reaction i.e. 0,01 < a <0,22 as compared with the acceleratory period
of photolysed powder i.e. 0,01 < o <0,43. The difference can be |
accouﬁted for when the areas of the two specimens are taken into
account. The surface to volume rétiovof be]]ets is small compared
with the same value for powder. Thus the time required to cover the
complete surface with product would be expected to be a small fraction
of the time required for comp]éte decomposition. The linear ac-
celeratory period is assdmed to result from rapid surface reaétions
which cover the faces of the pellet With produét. The acceleration is
assumed to proceed in the form of Tinear chains, solely from fhe nuclei
formed during the induction period and each nucleus is assumed to grow
in one—dimension.» The rate of reaction will then be a constant. The -

growth ofvthe nuclei will be small before overlap occurs and at over-
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lap the product interface moves into the pellet following the unimole-
cular decay 1ew.
| At the onset of the decay reaction the pellet was observed

to be black on all external surfaces, the 1nteridr being white. The
thiekness bt the black layer on each_faCe was estimated to be
50 000 unit cell layers thick. Interaction with water vapour at this
~stage killed any further reaction, indicating.the importance of metal
for the continuation of the reaction, the hydrox1de formed being
opaque to ultraviolet Tight. Interact1on with water vapour between
0,01 <a<0,22 resuited in the reaction being returned to zero time.

Due to the irreproducible nature of the photolysis of pe]]ets}
activatiqn energiesifor‘the decay reaction only were obtained using
the split run technique, over the temperature ranges 30,0O - 60,0°C
and‘60,'0O - 100,09C. The linear acceleratbry period was too short to
determine activation energies by thie method. The effect of pelleting
pressure on activation energy in these}two temperature ranges was also
investigeted Act1vat1on energ1es were found to 1ncrease W1th pe]]et1ng
the powdered mater1a1 and increased as the pelleting pressure 1ncreased
The increase can be accounted for if it is assumed that diffusion of
vnitrogen.will be hindered by high compression. The vaiues of activa-
tion energies for the decay reactione were found-to be 9,4 Kcal.mol.™?
b-and 14,8 Kcal.mol.” ! for pel]ets pressed atv600 1b/$q in. in the temp-
erature'renges 30,00 60 0°C and 60, 00 - 100, 0°c respect1ve]y At a
pelleting pressure_of 2000 1b/sq.in. activation energies of 12,4 Keal.
mo]."vand ]7;0 Kcal.mol.” ! were measured in the temperature ranges
30,0° - 60,0°C and 60,0° - 100,0°C respectively. The mean activation
energies for the powders in these temperéture ranges were 6,8 Kcal.
mol.” ! and T],9 Kcal.mol.” ! respectively. The difference between the
~ mean activation energies for the powder fn the twovtemperature ranges

is 5,1 Kcal.mol.”%; for the 600 Tb/sq.in. pressing, 5,4 Keal.md];”‘,
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and for the 2000 1b/sq.in. pressing'4,6 Kcal.mol.7!, This suppofts
the assumptﬁon that the increase in activation energy with pelleting
pressure is due to the hindrance of the diffusion of nitrogen gas from
the pellet. | | :

~ The two stage photodecomposition observed when two pellets
resting on each other were decomposed, indicates a possibi]fty of
trahsparency of the productlof barium mefa] to ultraviolet light. Only‘
on completion of the decomposition of the upper pellet does the lower
one commence to react. The rate of decomposition of the latter is
sTower because of the attenuation of the light beam in passing through
the top pe11et. A further point indicating the possible transparency |
of bariUm metal product to uItravio]et light is the result found when
barium azide powder is pressed between two barium metal.pellets. The
powder between>the barium metal‘pellets was found to decompose but
more slowly than expected for a usual pellet. This decrease in reac- |
tion rate is attributed to the diffusion of nitrogen being hindered By f
compression, and the attenuation of the light beam in passing through |
‘the top pellet.

The mechanism of decomposition occurring during the acceleratory

and decay reactions is assumed to be the same as that occurring during

the corresponding reactions of photolysed powder.
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58 CO-IRRADIATION OF BARIUM AZIDE

Garner and Moon (123) were the first to study the effect of
’radiation:during the thermal decomposition of barium azide. Irradia-
fion with a radium needle during thermal decomposition was found to -
‘have a four-fold increase on the reaction rate. The nuclei on the
faces of the crystal nearest the needle were larger than those on
~other faces. The main effect of the emission was on the nucleus
growth‘and not on the formation of nuclei. |

Maggs (124) studied the effect of emissibn from a radium needle
on the thermal decomposition of strontium azide. A large reduction in
the duration of the induction period and an increase in k in the
equation log p =.kt + Cc was observed. It was postulated that the
~ effect of the radiation was either to increase the rate of growth of
the nuclei or to increase their rate of.formation.

| The effect of X-rays at the instant of thermal decbmposition :
of barium azide hés been ihvestigatéd to some extent (122, 129, 130).
'BoldyrevvandSkorik(]29) found}thét the pre-irradiation effect was
greater at decomposition temperatures thanbat ambient temperatures.
They suggested that nuclei, which were only stable above a critical
size, were formed and grew by trapping of e]éctrons fo]]owed.by.neutr—_
alization of_the charge by migrating vacancies. .The nuclei were
_ ijgina]]y aggregatés of'atoms or F-centres. At'rodm temperatufe.it
was thought that the mobiTity of vacancies was ‘Tow and hence.only a
fewvstébTe nuclei were formed, whiTe at the_thréshb]d temperaturevtheir
»mobi]ityihad,increased. Thus a large number of}stable nuclei could
form and.hence a higher rate of decomposition took place.
’ | Theée authors (130) later exfended their study to include

Si]ver_aiide.' No influence on the rate of thermal decomposition was
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'observed when a silver azide pellet was irradiated with X-rays or ultra-
violet Tight at the moment of decomposition.

In a further study of the decomposition of bar1um azide, irradiat-
ed with X-rays.at the moment of decomposition (130) an jncrease in maxi-
mum rate and decrease in duration of the induction peijd was observed.
This led to tﬁe belief that the process of excitation of electrons, from :
the valence band iﬁtovthe eonduction band is the Timiting step, operating:

“at the stage of the.decomposition when the reaction fs.catalysed by the
decomposition products. o |

~ The effect of X-rays during the thermal decompos1t1on (co-irradia-
tien) (122) of bar1um strontium and ca1c1um az1des has been investigated.
Pre-irradiat1on with X-rays had a greater effect than co-irradiation on
‘the thermal decomposition of calcium and strontium azides, Whereas co-
iefadiation'of bariUm azide had a more marked effect on the thermal decom-
position than pre-irradiation. 'They stated that the proportional effect
of pre-irradiation and co-irradiation on the thermal decomposition is de-
pendent on the sensitivity of the salt to irradiation and the temperature}
dependence ofbthe.pre-irradiation effect. Pre-irradietion of barium azide
was found te have a larger temperature dependence than strontium or cal-
cium azide,_whfch would account for the greater Sensitivity of barium
az1de to co-irradiation. -

The permanganates of potassium and silver have a]so been subjected
to X-radiation during thermal decomposition (122). No effect on the therm—
aT decomposition was produced by either pre-irradiatjon or co-irradiation
of the potassium salt with an X-ray dose of 400 rad/min.'The'rate of
thermal decomposition ef silver permanganate inereesed five times when
pre-irradiated or co-irradiated with this dose. » |

Pre-irradiation with u]travio]et light at-embient temperature on
barium, strontium (111), calcium (73), potassium (74) and 1ithium azides

(110) was found to shorten the duration of the induction period and
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increase the rate of reaction, when the salts were decomposed isothermal-
ly. .The u]travio]et radiation was assumed to produce large numbers of
anion vacancies which enhanced feaction rates:of the subsequent thermal
deoomposition of strontium (111) and ca]cium'azides (73). Thé effects of
pre-irradiatioh on barium (111 , 112), potassium (74) and iithium azides
(110) however have been attributed to F-centre formation; .

The results found when barium azide is irradiated with ultraviolet
light during thermal decomposition will now be discussed. The extension of
photolysis into the region HO,O0 - ]35;O°C in which the thermal decomposi-
‘tion of barium azide has been investigated is called co-irradiation after
Skorik et. al. (122). |

-The essential feature of this decompoéition is the existence of ‘a
dark rate.at all temperatures in the decomposition temperature range due to
the thermal decomposition of the pre-irradiated azide. The effects of co-
irradiation on barium azide powder will be discussed initially followed by

a discuséion of the results obtained from the co-irradiation of barium azide

pellets.
(1) Powder

" The pressure-time plots obtained from co-irradiated decompositions
were sigmoid in shape as'founo for the unirradiated decomposition (114). The
reproducibiiity of the powdered matéria] of uniform particle.size, Was found
to be satisfactory when the pressure-time p]ots-of'threé runs at the same
'temperaturé énd-]ight intensity were sypefimposed._ The curves exhibited a
true induction period in which there was no evolution of gas, followed by an
acceleratony.oeriod fittéd by the’Avrami—Erofeyev equation with o = 2 and
finally a decay period conforming to the unimolecular decay law.
| The percentage decomposition of a thermal run was found to be un-
‘altered by coeirradiation i.e. irradiation with ultraviolet light during

thermal decomposition'had no effect on the pércentage decomposition of a
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thermal run.

Irradiation of the sample with ultraviolet 1ight during thermal
decomposition had the effect of shortening the induction period and
éausing an increase in the rate of the acce]erétory_and decay reac-
tions. |

The overall mechanism of.thermal decomposition in terms of
topographical considerations Was found to be aftered by co-irradiafion.
Also the activation energies of thé process(es) occurring dufing co-
irradiatioh.were found to be lower than that of an unirradiated decpmpo-
sitidn. At Tow light intensities the activation energies were found to
approkimate to those of the thermal decompositidn of the azide. The
'activétion energies of the inverse of the duration of the induction
beriod and the acceleratory and decay reactions were foundvtb be
18;5 Kcal.mol."!, 21,7 Kcal.mol.”! and 24,1 Kcal.mol.™} respectivé]y
| when a ]iéht intensify of 6,4 units was used, While.the éctivatidn
energies changed to values of 16,5 Kcal.mol.”1, 19,2 Kcal.mol.”! and
15,6 Kca].mol'."1 for the induction ﬁefiod,and_atce]eratdry and decay
reactions respectively when a light intensity'of 15,5 units was used.
The thermal activation énergies (114) for these three reactions were
found -to be 26,5 Kcal.mol.™", 26,8 Kcal.mol.”! and 26,1 Kcal.mol. !
respeétiVely. o | |

The dependence of the inverse of the duration of the induction
period and the rates of acceleration and decay on the intensity of the -
u]travio]et 1ight source were found to be'0,7_ Q} a method of least
squares. This value was appfoXimatéd to unity. |

- Due to the approximations of the co-irradiated activation ener-
gies to the thermal activation energies at low light intensities and
- to the photolytic activation energies in the temperature range 60,00 -
‘ 100,0°C at high 1ight intensities, it is proposed that parallel reéc—

tions, namely the photolytic reaction proposed for the temperéture range
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60,0° - 100,0°C and the thérma1 reacfion occdrring in the temperature
range 110,00 - 140,0°C for barium azide (174) occur simu]tanéous]y :
during co-irradiation.

Three-dimensional nucleus formation is assumed to oécur during
the induction period of a purely thefma] decomposition (114). These
nuclei are formed at positions of stress such as along the core of an
ehergent edge dislocation. Frdm the layered stfucfure.of barium azide
(125) it can be expected that incomplete planes of edge.dislocations
in an.emergent grain boundary will contain only Ba*t ions or only N3~
ions. Two such adjacent surface azide jons at the core of_the dis-
location will be favourab]y_situated for decomposition pfoducing a

barium atom and three molecules of nitrogen i.e.
N~ +Ns™  —> 3N+ 2.

The freed electrons will combine with a barium jon on the

surface in the rate determining step to form barium atoms

++

Ba @ + 2e —>  Ba.

More barium atoms will be formed, initially at the interatomié
spacing ih barium azide, as the dislocation climbs along the surface
and down the core. At a'critica1 concentration -the barium atoms will
aggregate to give barium metal specks i.e. nuc]ei.

: During the indu@tion period of a photolytic decomposition of
- barium aiide‘in the temperature range 60,00 - IOQ,OOC a fhermalvtrané—
fer of an electron from a ground state azide ion to a barium metal |
ion, Ba++, occurs resulting in the formation of a Bat ionvand a‘posi-'
tivélhole.. This positive hole then reacts with an adjacent single
optically ektited azide ion to give three molecules of nitfogen and an
electron. Barium metal atoms are formed initially.at the interatomic

spacing in barium azide, by the combination of the freed electron with
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the Ba+ ion;

The barium metal atoms are assumed to form in thin plates
starting on the surface and moving down the coré of the dislocation.
Aggregation of barium atoms, as during thermal decomposition, to
give'barium metal nué]ei, occurs at the ehd of the induction period. -
This mechanism is.consistent with the observed linear dependence of
the reciprocal of the duration of induction period on light intensity
i.e. the rate of formation of barium metal nuclei will be 1ineaf1y
dependent on light intensity.

Thus the end of the induction period of a thermal or photolytic
decomposition of barium azidé is marked by the aggregation of.barium'
atomé to give barium metal nucléi.' It can be assumed that the photo-

lytic and thermal processes for barium metal nucleus formation pro-
| ceeds concufrently during a co-irradiated decompositibn. |

It caﬁvbe seen from the comparison (see Fig. 44) of a thermal
decomposition and a decompoSitfon irradiated during thermal decomposi-
tion that therdecdmposition curve obtained from the unirrédiated
material indicates a gradual transftion frpm the induction period to
the acceleratory period and the rate of change during the initia]Ipart
of the region'fs sma]].. With co-irradiation the transition from the
induction period.to the acceleratory period is very‘abrupt. The slow
reaction ih the thermal decomposition represents the time required for
the nuclei to grow to a critical size before the reaétion accelerates.
Irradiation with ultraviolet 1ight during the thermal induction period
accelerates the growth of the nucTei to the critical-size, thué reducr..
ing the growth time and the transition fromvthe induction beriod'tb the
acceleratory period. Alternatively the increase in rate with co-irfadia-
tion cou]d be due to ah increase in_the number of nuclei 6rigina11y formed.
Thus the reduction in time for the transition from tﬁe induction period |
to the acce1erétory period with co-ikradiation can‘be’attributed to

either a reduttipn in growth_time of the nuclei or to an increase in the
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number of nuclei originally formed.

Once ‘the nuclei have reached a critical sizé or extent the
induction period processes become unimportanf and are superseded by
the acceleratory process. On the reaction entering the écce]eratory
period the salt has "forgotten“ whether the induction period nucleus
formation was induced by heat or radiation, although the thermal and
rédiation induced formation may not be descfibed'by the same equation.
It must be assumed that the irradiation effects do not modify the
heating effects and vice versé i.e. it must be assumed that the
combined effects are additive. This accounts for the observed de-
crease in dﬁration of the induction period with co-irradiation since o
the time required to create barium metal nuclei during thermal de- |
compositipn will be decreased by the added action of light.

The energy for the rate defermining step for the creation of
metal nuclei will therefore be expected to be somewhere between the
energy for pure thermal decomposition and photolysis above 60,0°C._

This was found experimenta]Ty by fhe decrease in activation energy

| from the thermal value of 26,5 Kecal.mol.”! to 12,1 Kca_l.mol.'1 when

a light intensity of 26,5 units was used, and a deéreaée to 16,5 Kcal.
mol. ! using a light intensity of 15,5 units and a decrease to 18,5
Kcal.mol.”! when a light intensity of 6,4 units was used. The activa-
tion energy for the induction period of samples photo]ysed above 60,0°C
was found to be 11,4 Kcal.mol. !,

: Irradiation of barium azide with ultraviolet light during therm-
al decomposition was found to Chahge the topography of the acceleratory
and decay feaétions of the pure thermal decomposition. The acceleratory
period of the pure thermal decomposition was found to obey the Avrami-
Ekofeyev equation with the exponent taking the value of 4. The value of
n = 4 was interpreted as the growth of three-dimensional nuclei, the

‘nuclei increasing in number linearly with time. The fit of the equation
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was from 0,01 < a < 0,66; the inflection point oCcUrring.at o = 0,62.
However pre-irradiation of barium azidé with.q1travio1et Tight was
found to increasé the exponent in thevAvrami-ErofeyeQ equation from 4
to 6 (111). This increasé was accounted for by assuming that after
_ irradiation the number of nuclei increaséd as the cube of the time.
Pre-irradiation has the.effecf'of changing the}nomber of potehtia]
nuclei and the linear rate of growth of these nuclei. The growth of
" the additional nuclei over the acceleratory period will accelerate the
decomposition and the growth rate increases from a linear re]atiooship
_‘with time to a cubic relationship with time with pre~irradiat{on. This
change in growth rate can be expected since the growth procesS invo]veé
a charge transfer mechanism. Pre-irradiation is thought to form F-
centres which aggregate and collapse on heafing_with the formation of
barium otoms, thus accelerating thermal decomposition by increasing
the number of barium nuclei at the end of the induction period. The
activation energies for}the indoction period and the acceleratory and
decay reactions of ultraviolet pre-irradiated decompositions were found
to be approximately equal to that of the thermal decomposition, indicat-
ing that“although the rate of reaction was increased by pre-irradiation,
the rate determining step is identical in the two modes of decomposition
i.e. thé_mode of reaction was found to be unaltered by pre-irradiation
with ultraviolet. light. |

| The acceleratory periodvof a co-irradiated deoompositioo was
fitted by Avrami-Erofeyev type kinetics with the exponent taking the.
value of 2. The extent of the fit was from 0,01 < a < 0,47, the in-
f]ection.point occurring at o = 0,47.

Thus the exponent n, in the Avrami-Erofeyev equation, changes

from 4 for a purely thermal decomposition to 6 for a thermal decomposi-

tion pre—irradiated with ultraviolet 1ight and to 2 for a co-irradiated
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decomposition.'

The value of n = 2 for a co-irradiated decbmpbsition indicates
that growth.of two-dimensional nuclei wiil occur from a fixed number
of nuc]ei; The irradiation effect is very pronouncéd since a high
intensity 1ight source was employed. Thus it would be expeéted that
growth ofkthese nuclei produced rapidly and in‘1akge numbers at the:
end of the induction period on the surface énd'dowh the pianes of the
- particles would swamp any further formation of new nuclei during
the acceleratory period. This discounts the pdsgibility that n = 2
_represénts-one-dimensiona] growth of nuclei increasingvlihearly with
time. The growth of these additidnal nuclei, produced through co-
irradiation, over the acceleratory period will cause an acceleration
of the decdmpositioh and decrease the time required to reach the decay
stage of reaction i.e. decrease the va]de of the inflection point. The
growth centres of metal are considered, as in the case of photolysis,
to be plate-like in nature advancing along the grain boundaries in
which they were initiéted; The activation energy of therma] decomposi-
fion was found to be lowered by co-irradiation, indicating that a- _
different mode of reaction occurs during co-irrédiatioh.

The -mechanism for the growth of metal nuclei during the ac-
celeratory period of a thermal decomposition (114) invb]ves the trans-

fer of an electron from an azide ion (N37) into the Towest level (con-
ductibn band) of the metal nuc]eus; This resuits jn a‘pOSitive hoiei A
 :(a2ide radical) which is stable to decompositioﬁ;; This hole may then |
-react with an adjacent azide ion whén the 1attervhaé received sufa«
ficient>therma1 energy to raise oné of the electrons to an excited
state with the production of three molecules of nitrogen, according to

the equation

NT)F N > 3N+ AT
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where | A = anion vacancy,
F = F-centre
and  {N;~)* = thermally excited azide ion (internal excitation).

Aftef liberation of the nitrogen the freed é]ectroné are
trapped at the newly formed anion sites forming an F-Centre'cdmplex
which:is bound to the nucleus. On aftaining a critical size the
aggregate collapses to yield bafium atoms which add to the nucleus.

The rate determining step in the reaction is considered to be
the elevation of the electron from a ground state azide ion to the
conduction band of tHe metal nutieus.and hasvan'activation energy of
26,8 Kcal.mo1.™!. | - |

For phbtodecomposition below 100,0°C, the rate determining
step is considered to be thé thermal transfer of an electron from a
- ground state azide ion to a positively charged Ba* ion, formed via

thevphoto-electric effect when barium metal formed at the'end of the
“induction period, is irradiated with ultraviolet light. This pro-
duces barium metal and an azide radical. This pdsitive hole then
reacts with an adjacent azide ion which has absorbed the energy from -
a photon (fesu]ting in a singly excited.azide ibn) producing thfee_
molecules of nitrdgen, an F-centre and an aniqn Vacancy. As for therm-
al decdmposition, barium metal atoms add tovthe nﬁc]eus on collapse of
these F-centres. This reaction is unimolecular with respectito azide
ions. For photodecomposition exciton fofmation or photo-ionizafion
was not postulated since the wavelengths of light used were of insuf-
ficiénf energy to create these energy carriers.

Thus it appears that during c0eirradiétion, where the reaction
raté shows a linear dependence on light intehsity, the mechanism pro-
posed.fbr the photolysis of barium azide in the temperature range
60,00 - 100,0°C and the mechanism proposed for the thermal decomposif_

tion in the temperature range HO,O0 - 135,0°C (114) coqu occur
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concurrently.

In the thermal decomposition temperature range considerab]e"
thermé] ionization of the azide ion will occur in thé absence of
ultraviolet light and electrons will be promoted therméi]y into the
conduction band of the metal nucleus with an actjvatibn energy of
26,8 Kcal.mol.”'. However irradiation with ultraviolet light will
cause the barium metal formed at the end of the inducfion,period to
become positively charged through the photo—e]eétric effect.
Electrons ffom adjacent Qround state azide ions can.now be thermally
vtranéferred to the positively charged méfal.ions, with an activation
energy of 11,3 Kcal.mol.”!. Thus during co-irradiation growth of
barium metal nuclei occurs either from the thermal ionization of
electrons from a ground state azide ion into the conduction band of
the barium heta] nucleus or the thermal transfer of electrons from
a ground state azide ion to a positively charge bérium metal ion Ba+.
The measured rate of a co-irradiated decomposition will be prdportion—
al to the concentration of azide radicals formed. Since two parallel
reactions are responsib]é for the creation of these positive holes,
the“measured'rate of reaction of a co-irradiated decomposition at a
pafticu]ar temperature in the decompositioh temberature range can be

expressed as

R = RT ¥ Rco
where RT = rate of decomposition if thermal ioniiation'of an electron
from a ground state azide ion into the éonduction band of -
the barium metal nucleus takes place exclusively
-and RCo = - rate of decomposition if thermal transfer of an electron

from a ground state azide ion to a positively charged
barium metal ion formed via the photo-e]ectric effect,

takes place exclusively.
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‘Thé experimen£a1 rate constant of the acce]eratofy period of a
co-irradiated decomposition was found to be prbportional to the light
intensity. It can be shown that the measured rate of é co-irradiated
decomposition at a particular value of a, is propoftiona] to the light -
intensify.

The activation energies associated wifh the'aCceleratory and
. decay reactions of a co-irradiated decbmpositjon, at a particular
constaﬁt 1ight intensity are found té be approximately the same value.
A similar statement can be said about a purely therma] decompbsition.
Thus it can be assumed that the kinetic processes outlined above for
. a'co—irradiated decomposition occur during'both the acceleratory and
decay periods.

The rate of decomposition at o = 0,55 is described by the uni-

molecular decay law

-log(1-0) = kt
do _, _ _
or —d—f—R = k(] O’.)

i.e. the rate is'probortional to the amount of undecomposed material.
Thus for avparticular value of o in the decay sﬁage, the measured rate
is proportidna] tb the experimental rate constant. A linear depend-
ence of the rate constant on light intensity was found for the decay
period of the co-irradiated decomposition. Thus the dependence of_

rate constant on intensity can be written as -

311 + b1

k

or. : R al + b,

where a and b are constants.
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- From the above discussion the overall rate can be expressed

as the sum of the rates of two parallel reactions. Therefofe
RT + RCO = a,1 + b, .

_ The‘dark rate measured at any stage of the co-irradiated
decomposition fs the rate of thermal decompositibn'of the pré-ifradiat;'
" ed salt. It can be taken thét this will be constant at.constant temp—
eratuké and all values of 1ight.intensity. The powerfd] 1ight source
used will saturate the sample with decomposition centres, and the dark
rate will be a constant at all the intensities used, |

Thus at constant décomposition femperature but varying 1light
“intensity RT will have a constant value at a particular value of a.

The rate vs intensity relation can now be rewritten as

Rco_='aéI + bj

which implies that the reaction

hv

Nis™  —= N;™* —Ilié - My +e+2FA = 3N, +F +A
S ' radical

is difect]y proportional to the light intensity. Thu5'bn]y one optical
excitatiqn occurs before reaction with an N3 radical which is in
accordance with the observed linear dependence of reaction rate on
light intensity.

Since the reaction mechanism in the acceleratory period js
idgntical to that in the decay stage, it would be expected simi]ar]yf
that the co-irradiated rate, Rco’ at a particular value of a.in the aé-

celeratory period, would be directly proportional to the light intensity.
| | The above mechanism for the co-irradiated. decomposition is con-
sistent with the.observed behaviour of the Arrhenius activation energy

for the acceleratory and decay reactions. Fkom the sfudy of photo-
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decomposition below 100,0°C it was found that an energy of 11,3
Kcal.mol. ! was required for the thermal transfer of an electron
from a ground state azide ion to a positively chafged barium metal
jon (Ba+); while an energy of 26,8 Kcal.mol.™? was'requifed for.
the thermal ionization of an electron from a ground state azide ion
into the conduction band of a barium metal nucleus during thermal
decomposftion. Thus the energy required for cb—irradiation, in
which these two reactions are occurring, should be a value somewhere
between 11,3 Kcal.mol.”! and 26,8 Kcal.mol.”!. The Arrhenius equa-

tion applying to parallel reactions can be written as

ky + k = AT exp (-ET/RT) + ACO exp (-ECO/RT)

co

where the subscripts T and co have the same meaningsbasvbefore. As
kCO increases with respect to kT as the light intensity increases,
the measured activation energy of the parallel reactions should ap-
proach Eco' The occurrehte of parallel reactions during co-irradia-
tion is then verified by the decrease in the actiQation energy from
21,7 Kca]l.mol.'1 to 19,2 Kcal.mol.”! for increases in light intensity
from 6,4 unifs to 15,5 units fespective]y. |
The.mechanism for photodecompdsition in the_temperature range
60,0° - 100,0°C could perhaps (as outlined in the discussion on photQ- .
lysis) be taken to be the‘single excitation of an azide ion, through |
the absorption of one photon, followed by the rate determining‘stepv
in which the excited azide ion undergoes therma]vionizatiqh'with an
activation energy of 11,3 Kca].mo].".' The gener&fed-e]ectron com-
bines With a Ba® ion formed through the photo-electric effect and the
positive:ho1e feaéts'with an adjacent ground state azide ion in a

strained position to yield nitrogen. The reaction mechanism can be
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summarised as

_ - 4 - .
= -1 i .
Ny~ DV N, A=11,3Kcal .mol .\ (N5 + e) Ban_ + N, Ba + 3N, + F 4 A

slow reaction fast reactions

Addition of barium metal to the nucleus occuré;as during thermal de-
composition Via the co]Tapse of aggregates of-F-¢ehtres.

This mechanism proposed for the photolysis of barium'azide in
the temperature range 60,0O - 100,0°C and the mechanism for thermal
decomposition in the temperature range 110,0O - 135,0°C (outlined
earlier) (114), could occur concurrently during co-irradiation. Dur-
ing thermal decomposition, considerable ionization of azide ions
(producing electrons and positivé holes) will occur in the ébsence of
ultraviolet light. Irradiation with ultraviolet 1ight will-cause'
 e1éctrons df suitably situated azide ions to be optically excited in-‘
to the vibrational and electronic energy levels of the ions. These
excited azide ions can then be thermally ionized resu]ting in electrons,
which combine with Ba* ions formed via the photo?e]ectric effect, and
positive holes. Hence barium metal nuclei wi]1 be able to grow during
a co-irradiated decomposition by two processes: (i) thermal transfer
of electrons from a ground state azide ion into the conduction band of
a barium metal nucleus and (ii) by the thermal transfer of electrons
from a single optically excited azide ion to a Ba' jon. Thus during
co-irradiation the two thermal ionization processes of the azide ion

can be represented by the following equations:

N3~ _1&9_ N + e for a pure thermal ionization of the
N~ ion
and : N3’*-4Q> N; + e for an optically assisted thermal
| jonization of a singly excited azide

ion.
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These two parallel reactions are responsible for the creation of
positive holes and hence as before the measured rate of reaction of
a co-irradiated decomposition at a particular temperature in the de-

composition temperature range can be expressed as

T co'

where RT' the rate of decomposition if therma1 ionization of the
N3~ ion occurs exclusively, and |
Rcd' = the rate of decomposition if optically assisted ionization
~ of the N3~ ion occurs exclusively.
By fb]]owing the argument put forward earlier it éan be shown
again that Rco'; at a particular va]ﬁe of a in either the acceleratory
orAdécay reactions, {s directly pfoportiona] to the light intensity.

This implies that the reaction

N5~ ;iﬁié Ny ~* -ﬁﬁé N; + e

is directly proportional to the light intehsity and only one optical
excitation occur§ before thermal ionization of the excited azide ion
gives an azide radical.

Again this mechanism for the co-irradfated'decomposition is
consistentrwith the observed behaviour of the}Arrhenius activétion energy
for the acceleratory and decay reactions.. From the study of the photo-

vdecompoSition‘be]Qw.100,0°C it was postu]atedvthét the energy requiréd
_'for the reaction |
N3~ * -_ﬁL, N; +e

is 11,3 Kcal.mol.”!. For the reaction

N3~ ;éa N; + e
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accurring during thermal decomposition (114), the energy has béen
found to be 26,8 Kcal.mol.”!. Therefore thé'energy required for co-

jrradiation in which the reactions

Ny~ -Jla Ns + e

and  Ny7* Ly N, +e

are postulated to occur simu]taheous]y,‘should be a value somewhere
between 26,8 Kcal.mol. ! and 11,3 Kcal.mol.”!. Since the Arrhenius

equation applying to parallel reactions can be written as

kp + k_, = Ap exp (-ET/RT) + Aco. exp (-E__,/RT)

T  “co' co'

(subsCfipts T and co' have the same meanings as before), the occur-
renﬁe 6f parallel reactions during co-irfadiation is verified by thé
decrease in the activation energy from 21,7 Kcla‘].mo].'1 to 19,2 Kcal.
mol. ! for increases in light intensity from 6,4 units to 15,5 units
respectively. |
However the mechanism for photolysis below 100,0°C,in which

there is a thermal transfér of an electron from a singly éxcited
azide ion}to an adjacent Ba® ion, has beeh poiﬁted out in the dis-
cussion on the photo1y§is of barium azide bowder,'to be highly un-
likely. If this mechanism is discounted for photolysis in the tempera-
ture range 60,00_-_100,0°C, then it is not probable that it will con-
stitute part of the mechanism occurring dqring'chirradiatioh and the
first theory forwarded for the processes occurring during co-irradia-
tion is postulated to be the most 1ikely mechanism,

A similar approaéh has been made by Prout ahd Lownds (131)'to
explain the co-irradiated decomposition of pofassium permanganate. The

~ thermal decomposition has been proposed by Boldyrev (132) to proceed
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via the rate_determining step

M0w~ 25 M0l +e ... e (1)

The activation energy of this step was found to be 39 Kcal.mol. !,
The rate detefmining step for photolysis of potassium permanganate

above 110,0°C was postulated to be

| (Mn0,, ~)*= Ly M0 +e ... (2)

in the temperature range HO,O0 ~ 180,0°C. The -activation energy of
this step was found to be 14 Kcal.mol.”!. Thus during photolysis,
‘thermal jonization occurs following the successive absorption of two
photons by a~permanganate ion. The mechanism for photolysis below
' 180,0°C was modjfied to apply to the co-irradiated decomposition._ A
linear dependence of rate bn the light intensity at constant tempera-
ture was found for cd—irradiation, indicating that one.excitation of
the MnOQ“ ion occurs beforeltherma1 ionization of the electron into

the conduction band occurs i.e.

MnOz\;- e:huxn)é (Man_)* ‘—A‘—) MnO;,.O +"e N (3)

Thus the two para11el reactions, (1) and (3) were thought to be
responsible for‘the creation of the MnOu0 radical during the co-
irradiated decomposition.: The measured rate of decomposition at a

particujar temperature and fractional decomposition was expressed as

R=Ry+ Ro'
where RT1and Rolare the rates of formation of Mn0,° radicals by therm-

al ionization and optically assisted thermal ionization respectively.

Therefore it was postulated that the average energy of reactions (1)
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and (3) which both occur during co-irradiation should be something
between 14 Kca].‘mol.;1 and 39 Kcal.mol.”!. The values of the activa-
tion energies for the decomposition of KMnO, above 195,0°C were
39 Kcal.mol.7!, 33 Kca].mol..'1 and 29 Kcal.mol.”! for Ifght intensit-
ies of 0, 10 and 44 units respectivély. | |

Since the .activation energies and dependencé of reactibh ratés
on light intensity associated with the detay reaction of co-irradiated
barium azide pqwder are approximately equal to those of the acceleratory
period, it is aésumed that mechanisms analogous to those occurring
during the acceleratory period occur dﬁring the'decay period; The
decay reaction commences when the surface nuclei touch and reaction
takes place according to the unimolecular decay law, ihdicating that
the raté of reaction in the product coated grains,is proportional to
the amount of undecomposed material. As postulated for the decay
reaction of photolysed powder, due to extensive growth of plate-like
nuclei with the use of a high intensity 1light source, the interface
co]lapﬁes through differences in volume between product and reactant
phases leaving isolated blocks of material in which no nuclei are
present. In tHese isolated blocks each molecule has an equal pfobab-
ility of decomposition and the rate of reaction becomes proportional
“to thé amount of substance undecomposed. Thus decay follows the uni-
mb]ecular decay law.

For a purely thermal decomposition (114) or a thermal decompo-
-sition pre-irradiated with h]travio]et tight (111) of low intensity,
the decay reaction cpnformed to the contracting spheré equation. This
_1svdué to rapid efffcient surface nucleation of the parfic]es, causing
them to become coated with a layer of product on the surface only. The

decay reaction corresponds to the penetration of the continuous
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| interface iﬁto the particles according to the contracting sphere
formula. With the high intensity 1light source used for co-irradiation,
nuclei are formed on the surface and dn fhe planes of the particles
resulting in different topographical kinetics. |
The presence of barium metal nuclei at the end of fheAinduction
period of a co-irradiated decomposition is supported by the observa-
tion of a grey colouration on the}surface of the particles. It can
‘be assumed that no nuclei are preSent until the end of the induction
period since water vapour, when interacted with the salt before the
end of the induction period, had no effect on the subsequent reaction,
also no changes in the colour of the salt were observable unti1 the
~end of the induction period. For a pure thermal decomposition of
barium azide (114) it'has’been reported that barium metal nuclei haVe
been detected at positions midway'élong the thermal induction period
in which there was nd détectab]e evolution of gas. However a slow |
evolution of nitrogen was detected, after a period in which there was
no evo]utfon of gés and befofe the reaction entefed.the'acceleratory
stage, when a sensitive preésure gauge was used to monitor the course
of the reaction instead of a McLeod gauge (see Fig; 44). It can be
assumed that the metal nuclei destroyed midway along the apparent in-
duétion period, of a thermal decomposition, are those in the process
of growth to the'critical size before acceleration proper can commence.
This slow growth period is insignificant when the sample is subjected
to co~1ffadiat10n. | |
- The importance of the presence of metal nuclei during co-
irradiationIWas agaih illustrated by thé interaction of the sample with
'.wafér vapour at variOuS stages of decomposition. - Interaction with water
- vapour at the end of the induction period and at positions in the |

acceleratory stage was found to destroy the metal nuclei on the surface
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only s{nce the reaction following a water interruption proceeded after
an induction period shorter than that of an uninterrupted.decomposi-
.tion. This sUpports the proposal that growth nuclei are formed on the
surface and on planes below the surface of the particles. Water
vapour fs assumed to cause the déstruction of the surface nuclei only
- and leave the nuclei in thé bulk of the sample intact, the new reac-
tion proceeding from these cenfres. The duratfon of the induction
period represents the‘time for those nuclei remaining in the bulk of
the sample to grow to a criticél size. The decrease in the accelera-
tory and decay_féacfion rates following a new induction period can'be'
attributed, as before, to the commencement of the acceleratory reaction
from fewerrcentres; |

The ‘increase ih meta] nuclei concentration as the reaction pro-
vcéeded was observed by the gradual darkening of the sé]t through the
acée]eratory stage of the reaction. Reaction with water vapour at the
inf]ectibn pdfnt was found to destroy any further reaction. A]thddgh
after the inf]ectidn point Qrowth nuclei may exist be1ow‘the surface,
they cannot be actfvated by the light due to the opaque.]ayer of
bérium hydroxide (produced through the reaction of bariﬁm metal with
watef vapour) formed on the surface of the particles. The decrease
~in the acceleratory rate constant after a water interruption,is due to
the removal of'potential nucleus sites by the water vapbur, when al-
ready growing nuclei are destroyed. The decrease in the expected f{n—=
al preséure after a water interruption is due to the bartia] hydroiysis

of the azide by the water vapour.
(ii) Pellets

The pressure-time curves obtained from cb-irradiated pe]]ets
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were found to resemble those of co-irradiated powder. The character¥
istics of the curves were an induction period during which there was

no evolution of gas, followed by an acceleratory reaction obeying the
Avrami-Erofeyev equation with n = 2 and finally a decay reaction con-
fdrming to the unimolecular decay lTaw. Co-irradiation was found to ac-
celerate the thermal decomposition of the pellet.

Since the resﬁ]ts of mathematical analyses, visual observations
and the effect of water vapour at various stages of decomposition were
found to be analogous with the results obtained from co-irradiated
powder it can be assumed that the topochemistry of the feactidn.dccur-
ring during éo—irradiation of pellets wi]ivbe similar,

No activation-energies could be obtained for the co-irradiated
decomposition of the pellets due to the irreproducible nature of the
pressure-time curves. The split run technique was found fo be -unsuc-
cessful since the pellet was highly susceptible to pre-irradiation
with ultraviolet 1ight. This caused the pé]]et, after the determina-
tion of the first velocity cbhstant, to begin decomposing during the
Warh~up period reqdired for the pellet to reach the second decomposi-
tion temperature, thus preventing the determination bf a second veloc-
ity constant. The irreproducibility of the co-irradiated decomposition
can be accounted'for in the same way as was done for the photolytic

decomposition of pe]]éts.
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5C PHOTOLYSIS OF STRONTIUM AZIDE

The discussioﬁ that has applied to the photo1ysi§ and co-
ifradiation of barium azide‘powder and pellets can, in general, be
applied to the décomposition of strontium azide powder and bel]ets.

The photolysis of. the strontiuh sa]t_wi]] be discussed follow-
ed by a discussion of the co-irradiated decomposition pointjng out
the essential differentes;between the behaviour of the barium and
strontium salts when exposed to ultraviolet Tight over the tempera-

" ture range 30,0° - 135,0°C.
(i) Powder

Two distinct.activation energies were obtained in the photo-
1ytic temperature range (30,0o - 90,0°C); the transition temperature
occurring at 50,0°C. The change in activation energywat this,temp+
erature was found to be from 2,6 Kcal.mol.™! to 6,5'Kca1‘.mol.'1 for -
‘the induction period; 3,2 Kcal.mol.”! to 12,9 Kcal.mol.”! for the
acceleratory period and from 5,7 Kcal.mol.”! to 12,9 Kcal.mol.”! for
the decay period.

Unlike barium azide, the dependence of the photolytic rate of
sfrontium azide on the intensity of the ultraviolet Tight source was
not found to change at the transition temperature. The reciprocals |
of the duration of the induction periods and the rates of acceleration
and décay Were found to vary approximately as the square of the 1light
intensity over the whole of the photolytit temperature range (30,00 -
90,0%C). - N |

o Tﬁe topography ofvthe photolytic reaction of strontium azide

" can be assumed to be analogous to that described for barium azide
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since the kinetic equations;, uSéd to describe the photolysis of
~strontium azide, visual observations and the effect of thé intér—
aCtion.of water vapour at various stages of phqtolytic decomposition
of strontium ézidé were identical to those found fbr bariuhlazide.
A variétidn in the photolytjc methanism is needed to explain the bi-
- molecular dependence of photolytic reaction on the intensity of the
y]travfo]et Tight source. |

The formation of strontium metal nucTei at-the end of the
induétion period of ﬁhoté]ytic decomposition in the temperature range

30,0° - 50,0% is assumed to proceed via the following meéhaniSm ,

Ny~ s N,

As proposed for barium azide this primary excitation corresponds to an
internal transition on the azide ion. Reaction now takes place with
an Sr** jon when there are two singly excited azide ions at a surface

defect S (possibly an anion vacancy)
Ny™* SN ™ 4+ sr™ By an, +Sr+ S L. (2)

Step (2) is considered td be the rate determining step with an
activation'energy of 2,6 Kcal.mol,™? assoéiated with it. The stront-
jum atoms formed in fhis step are located on the surface and on the
planes of the‘crystai initially at the interatomic spacings in stron-
tium azide. With'tihe diffusion of these strontium atomé will occur -
fesu]tiﬁg in aggrégatibn to give strontium meta} nuclei. The aggrega-

“tion of meta] a£oms to metal nuclei marks the end of the induction
peripd.-

This mechaniém, proposed for the production of strontium metal
nuclei, is in accordance with the observed dependence of the inverse
of the durationvof the induétion period on the square of'the.light

intensity; the duration being dependent on the time required for the
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“strontium atoms to aggregate, threugh diffusion, to form strontium
ﬁeta] nuclei, this in turn being'dependent on the intensity of the
’.iight source. |

A variation of.this mechanism for the production of stkontium
metal nuclei, is needed for photolysis in the.temperature raege
50,0° - 90,0°C, to account for the observed increase in'aCtivation
energy but the same square dependence of the duration of the inverse
of the induction period on light intensity. The following mechanism

is proposed:

From the increase in thermal energy due to the increase in deeomposi-
tion temperature, there is sufficient thermal energy now for the trans-
fer of an electron from an excited azide ion thermally to an adjacent

_ sr*t jon

++ - A

Srim + Ny ¥ = srt 4 U (2)

The positive hole formed in this step can react with an adjacent

excited azide ion
Ny + Ng™F  —> 3N, +e TR (3)

and the generated electron can now combine with the Sr' ion formed in

step (2)
e+Srt > S¢ e (8

Step (2) is. considered to be the rate determining step with an
activation energy of 6,5 Kcal.mol.™ associated with it. The strontium
metal atoms formed ih step (4) are again assumed to be formed on the

surface and on the'planes of the crystal, the metal nuclei being’
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formed after diffusion of these atoms. The duration of the induction
period is still inversely proportional to the square of the light
intensity and dependent on the fime required for the concentration

of strontium atoms. to aggregate to strontium metal nuclei.

‘The growth of the strontium metal nuclei during fhe'accelera-
tory period of photo]ysis'in'fhe temperature range 30,0o - 50,0°C is
postu]ated to take place via an overall mechanism which involves the
decompdsition of an excited intermediate which has absorbed, directly
or indirectly, the energy from two photons of incident light since the
mechanism must be in accordance with ‘the observéd dependence of reac-
tion rate on the squére of the light intensity. The two basic schemes
| by which this can occur have béen outlined under the section on photo-
1ysis of barium azide, but for completeness will be repeated briefly
here again. |
(1)  This firéf scheme involves the successive absbrption of two
]photons'by‘an azidé.ion. The strontium metal nuclei formed at the
~end of the inductiohfperiod undefgo reaction via the photo—e]ectfic .'
effect to produce pbsitive‘strontium ijons. A single excitation of
an azide ion results on the ébsokptfon of a photon. This singly
eXcited azide ion if.s{tuated at a defect sfte will absorb a second
photon of 1light energy to give a doubly excited azide ion. The ab-
sorbed energy is assumed to be localized in the form of vibrational
or internal é]ectronic excitation. This doubly excited azide ion
can now undefgo'therma1 ionization to give an electron and an excited

positive hole or revert to the singly excited state.

' hv, . + . ' :
.Thus Srn = Srn + g | vphoto—electr1¢ effect ..... (1)
N;” —lg—) CNp* ' primary excitation ....... (2)

'hv
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N, * _E£9 Ny~ de-excitation ..... P (3)
N, * ~§i+l Ny %% secondary excitation ;f" (4)
N, ** ‘—519 NG E de-excitation ........... (5)
N, ~** -1365..N3*‘+ e : decomposition ';.....;... (6)

As proposed for barium azide the electron, produced through thermal
ionization in this step now combines with an adjacent srt ion formed
in step (1) |

&h +e — &h ......... i”f”.(7)

The positive hole created in step (6) is highly energetic i.e. it
retains energy received from the 1ight, and can react with an adjac-

ent azide ion in a strained position to give nitrogen

N~ #Ng* —> 3N, +e+28 —> N, +F+A  ..... (8)

where A = anion vacancy

and F F?centre.
Strontium metal nuclei, which add to the interface, are formed
via the collapse of the F-centres (which are attached to the nucleus)

on attaining a critical size

2F — 2A+2 R e (9)

' ++ , . : '
Sr. f 2e + Sr'- > SP e PP (10)

Steps (7), (8), (9) énd (10) are fast reactions following the rate

determining step (6);‘
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The overall rate can be expressed as
R=ks(Ng**)

When the steady state .conditions

.d N3-* - d(Na-**k‘! =0

dt ' dt
are applied it can be shown that the rate equation reduces to
R = k1k3k5(N3'}I? / kaky

‘when it is assumed that k2>>k3I and k,>>ks and when it is remembered
that R a 12, Thus fhe proposed mechanism is 1in accordahce wifh the
observed dependence of reaction rate on the square of the light
intensity.

(ii) The second scheme involves the transfer of energy from an ex-

cited ion to an adjacent azide ion :

Srn' ;igée Sr'n-+ +e photo-electric effect SELE (1)
_Na'- ':—\l)> Ny™* " primary excitation »-.--- (2)
N:7* —1939 'N3' - ' de-excitation e (3)
N3™* + NQ** -JSLa N37** + N3-‘ energy ;ransferv .......... (4)
Ny ** —Kia N;~* ' de—excitatfdn ; .......... (5)
Ny ~** .'_%i; No* + e décbmposition . e (6)

" As before the electron, generated through thermal jonization in
step (6), combines with an adjacent Sr+ ion formed in stép (1) and the

exci ted positive ho]e, Na*,'reacts with an adjacent N;~ ibn in a strained
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position to give nitrogen. Thus the fast decomposition reactions are
+ ' .
Srn +e — Sr AP (7)
No* + Ny~ — 3N, +e + 28 —> 3N, + F+ A e (8)

where F and A have the same meanings as before;
On- aggregation of these F-centres to a critical size collapse occurs,

yielding strontium metal atoms which add to the nucleus. Thus

2F — 2A+2¢ ... i . (9)
Srn + 2e + Sr —> Srn+] chansesseseareaneae . (10)

The rate determining step is considered to be step (6). When the
steady state cbnditions defined above are applied and the overall

'ratevequétion is assumed to be
R = k()

a rate equation of the form -
R = kiksC(N57) 12

can be obtained, where Ck ié a combination of the rate constants.. The
mechanism is therefore in accordance with the observed dependence of
reaction rate on the square of the light intensity.

| Thus for bofh'processes the incident enérgy is abéorbed by the
electrons of the N3~ ions. Absorbing ions situated af normdi-]attite
sites will be de-excited by'communiéétion of their energy to the
vibrational modes of the ion, while for those at.positions.df stress
the energy wi]]vbe localized Tong enough for secondary‘excitafion to
“occur. |

. . /"
The measured activation energy of 3,2 Kcal.mol.”! for
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photolysed strontium azide powder below 50,0°C is associated with the
rate determining step (6) in processes (i) and (ii). The mechanisms
proposed are in actdrdance with the observed dependence of rate of
“reaction with the square of the light intensity. |
As shownvunder the section on‘photolysis of barium azfde, these
}reéction schemes have been uséd by other workers to éxp]aih photb-
1ysis of ionic salts and it is thought that these are the most 1ikeiy
mechanisms whereby stfontium azide photolysis, in the températufe
range 30,0° - 50,0°C occurs.

For photolysis of strontium azide in the temperature range
50',00 - 90,0°C, modificatiohs to the mecﬁaniéms postuiated for photo-.
1ysis_in the lower temperature range are needed to account for the
~increase in activation energy although the reactiqn remains_dependent
upoh the squére of tHe light intensity. The following mechanism is |
proposed: the strontium metal formed at the end of the induction
period undergdeé féaction via the photo-electric effect to give
strontium meta],_Sr+, ions. A singly excited azide ion resu1t§ through
the absorption of one photon of electromagnetic energy. Again it can
be assumed that the energy is localized at the favoured sites in the
form of vibrational and internal electronic exéitation. An azide ion,
- located. at a normal 1atfice point, which has absorbed a photon will re-
~vert to the ground'state by communication of its energy to the vibra-
tional modes of an adjacent ion. However azide ions situated at defect
‘sites,on absorbing auphoton, due to the imbalance of forces will allow
the absorbed energy to be localized at a particular ion 1ong enough for
reaction to occur with a Sr* jon to produce an azide radica]vénd stron-
fium metal. The azide radical will then react with an adjacent single
optica11y.excited azide ion to give nitrogen, an electron ahdvtwo newly

formed anion vacancies.
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Thus Srn

LU sr_ . NPT (1)
N.~ hv -% - '
3 oD N2™% e (2)
+. - A
| Srn + N;7% - Srn + Ny g.(3)
Ny + Ng7* — My +e+2h — M, +F+p ... (4)
where A = anion vacancy
and F = F-centre.

Strontium_meta] atoms add to the nucleus on the collapse of the F-centre

| complex (which is bound to the nucleus) on it attaining a critical size

2F —> 2A +2e L. (5)

Srn + 2e + Sr —_> Srn+] ....................... (6)

Step (3) is considered to be the rate determining step with an

! associated with it. This reac-

‘activation energy df.12,9 Kcal.mol.”
tion is bimo]ecuiar with respect to azide ions and is an acceleratory
one in which the strohtium meta1 is regenerated.

It is thought thaf the reaction, occurring during the decay
stage of photo]ysed-samb]es of strontium azide powder, follows the same
mechanism as proposed for the photolytic accelératory period.in the
corresponding decomposition temperaturevrange. The slight increase in
activation energy from 3,2 Kcal.mol.™! for the acceleratory period to

5,7 Kcal.mol.”! i.e. an increase of 2,5 Kcal.mol.™? for the decay reac-

~tion in the Tower decomposition temperatufe'range, is thought ;o'be'due

to a change in cnyétal structure of the product causing possible hind-
rance to the diffusion of'nitrogen from the partiéles of baft]y decom-
posed powder. Thus the fncrease in activation energy is due to the

activation energy of diffusion of nitrogen. At the higher decomposition
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temperature range it is thought that the increase in activation energy
of the deéay feaction due to the diffusion of nitrogen from the partly
decomposed powder islnot observed owing tQ experimental error; The
protracted nature of the decay reaction is thought to be caused by the

~ hindrance to the diffusion of nitrogen from the partly decomposed

powder.
(i) Pellets

The discussion applying to photolysed pellets of barium azidevv
can be appTied to photolysed strontium azide pellets sfnce the shépe
of the photolytic deComposition curVe obtained from strontium azide
pellets, the chénge in activation enérgies with change in pelieting
pressure 6f the stfontium azide pellets, and the results obtained
when two‘strontiuh azide pellets are decomposed simultaneously, is '
analogous to that_found for the corresponding testé on barium azide

pellets.
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5D CO-IRRADIATION OF STRONTIUM AZIDE
(i) Powder

The results obtained frdm the irradiation oflstrohtium azide
“powder with u]fravio]et light during thermal decbmposition were
similar to those obtaihed.from the barium salt when co-irradiated. Co-
irradiation of strontium azide was found to decrease the duration of
the induction peribd and fncrease the rate of the acce]eratOry.and
decay reactions of a purely thermal decomposition. At all sfages of
-the acceleratory and decay reactiohs a dark rate was detected due to
the thermal decomposition of the pre-irradiated azide.

A changé.in the topography of the thermal reaction was found to
- occur with co-irradiation. As with the co-irradiation of barium azide
the activation energies 6f the process{es) occurring during co-
irradiation were found to be on the whole lower than that of an un-
irradiated decomposition. At Tow values of light intensity the activa-
tion énergies were found to approximate to those of thermal decomposi-
‘fion while at hfgh values of 1light intensity the activation energies
weré found to approximate fo those occurring in the photolytic decombo-
sition temperature range 50,0o - 90,0°C.. The activation'ehergies of
the iﬁduction period and the acceleratory and decay reactions were}.
fqund to be 22,6 Kcal.mol.”!, 25,9 Kcal.mol.”! and 28,3 Kcal.mol."!
respectively when a light intensity of 7,0 units was emp]byed, Whi]e
a decréése to 15,4 Kcal.mol.7!, 18,8 Kcal.mol.”! and 20,9 Kcal.mol.™!
was obsérVed for thé stages of reaction when a light intensity of 15,25
units was used. The activation energies for the inductj@n period,
fand the acceleratory and decay reactions of a purely thermal decomposi-

tion (89) were found to be 23,3 Kcal.mol.™!, 25,0 KCaT;mQ];'l and
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21,7 Kcal.mol.7?! respectively. The.actiVation energies, found for the
acceleratory and decay reactions of a co-irradiated decbmposition when-
a light intensity of 7,0 units was employed, are in fact s1lightly high-
_er than that of the corresponding values of the pure thermal decomposi-‘
| tion. This is due most prabably to the slightly irreproducible nature
of the co-irradiated powder and thus the increase can Be attributed
to experimental error. |

The dependence, of the inverse of the duration of the induction
period and rates of acceleration and decay on the 1ntensity,of the

0’8,10’6 and 1°°8 respective-

u]travjolet 1i§ht source was found to be I
Iy.‘ These values were approkimated to I]’O for all stages of reaction.

As for the co-irradiation of barium azide, it can be proposed
for the co-irradiation of strontium azide that the parallel reactions:
(i) a modification of the photolytic reaction occurring in the temp-
erature range 50,0° - 90,0°C and (ii) the thermal reaction occurringv_
in the temperature range HO,O0 - 135,0°Cvfof strontium azide both
occur during co-irradiation. |

Two-dimensional reaction ceﬁtres are assumed to form during the
induction period bf a pure1y thermal decomposition (89) of strontium
azidé. These nuciei are produced most probably at localities on the
surface of the particles where disorganization or mechanibal damage.has-
takén p]acevSUCh_aé at ah emergent edge dislocation, either isolated
~or in a grain boundary tefminatiﬁg at the surface. From the layered
structure of strontium azide (133) it is probable that a large number
of incomplete b]anes of the‘edge dislocations in an emergent grain
50undary will contain only azide ions or sr2t fons. The decomposition'
of two adjacent azide 1onsbat the core of a dislocation will be favoﬁr-’

ed, particularly if they both 1ie on the surface.  Decomposition will
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produce a strontium atom and three molecules of nitrogen i.e.
Ny~ # Ny~ —> 3N, 428 el e (1)

The freed electrons will combine with a strontium ion on the

surface to form strontium atoms in the rate determining step

srtt oy 2e —  Sr ,..' .................... (2)'

These strontium atoms will be at the interatomic spacing in
strontium azide. More strontium atoms will form as the dislocation
climbs along the surface. When a critical concentration of strontium
atdmévis reached, a stronfium'meta] speck will crysta]]izé to form a
nucleus. _ |

During fhe induction period of a photolytic decomposition of
strontium azide above 50,0°C there is a thermal transfer of an electron
from an-azide ion which has absorbed one phofon from the incident
light, to an adjacent Sr++ ion_resu]ting in a Srt jon and an azide
radical. Strontium atoms result when the electron generated in the
reaction between the azide radical and a singly excited azide ion,

. . L + . . .
combines with an adjacent Sr ion. The reaction scheme can be written

as
Ny s N RO (1)
srtte N, Ay Skt 4 Ny rrereeeeeeeeees (2)
N, + Njf*b — 3N2 S -2 (3)
Sri o+ e o Sr .. ()

These strontium metal nuclei are at the interatomic spacing in
strontium azide and are assumed to form as in the case of the photo-

- lysis of barium azide, in thin plates starting on the surface and moving
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down the core of the dis]ocation. Aggregation of the metal atoms

to form strontium metal nuclei as described for thermal decomposition,

takes place when the concentration of atoms reaches a critical value.

The rate of formation of metal nuclei will be dependent on the square |
~of the light intenéity. |

It appears that the mechanism proposéd for strontium metal
nucleus formation above 50,0°C can be modified to apply to the co-
irradiated decomposition where the duration of the induction period
i.e. the time required for the strontium metal atoms to reach a
critical concentration for aggregation to metal nuclei, is dependent
on the first pdwer of intensity.

With an increase in thermal energy through an increase in de-
composition temperature, sufficient thermal energy is now available
for the thermal transfer of an electron ffom a ground state azide ion
to a Sr++‘ion, resulting in the formation of a srt jon and a positive
ho]e.v As for photolysis above SO,OOC, nitrogen and an electron are
produced when the positive hole reacts with an adjacent singly excit-
ed azide ion. Strontium atoms are formed by the combination of the
generated electron and the srt jon. Thus the reaction scheme for the
production of strontium metal nuclei during a co-irradiated decomposi-

tion can be written as

Ny s NTR . )

st 4 N34 by | Srt e N e, (2)
Ny + N7 — N, + 80 tiiiiiiinnn. (3)

Sk+ +e —> Sr - .......; ...... (4)

The rate of formatidn of strontium metal will be proportional to the

~ first power of light intensity.
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Thus the end of the induction period'of a co-irradiated
decomposition is marked by the formation of strontium metal nuclei,
the nuclei being formed by the thermal process and a modification to
the photolytic'pr0cess occurring below 90,0°C. As was stated in the
discussion on. the co-irradiation. of barium azide,‘once the nuclei have
reached a critical size or extent the reaction will eﬁter the accelera-
tory period, thé induction period processes becoming unimportant i.e.
the salt hés “forgotten" whether the induction period nucleus forma- -
tion was induced by heat or radiation at the onset of the.acceleratory
reaction. The combined effects of the radiation must be taken:as
additivé with either process not modifying the other. A slow transi-
tion from the induction period to the acceleratory period was_noticéd
when é purely thermal decomposition was carried out on strontium azide.
A mérked reductioh,in this transition from the induction period to the
acceleratory period was noticed with co-irradiation of the salt. This
cou]d»be attributed; as was done for barium azide, to either a.reduc-
.tion in the time required for the metal nuclei to grow to a critical
size or to an increase fn the number of nuclei originally formed.

‘The énergy of the rate determining step of nucleus formatioﬁ
was found to be between that expected if the reaction was a purely
vthermél one and that expected if the reaction was a purely photo-
lytic decompositioh'in the temperature range 50,0o - 90,0°C. This is
feasible if it is assumed that nucleus formation occurs by the purely
thenn31 processkand by a modificationvto the photo]ytié process occur-”
ring during photolysis in the temperature range 50,00 - QO,OOC,

A change in the topography of the acceleratory and decay reac-
tions occurring during thermal decomposition was found with co-
irradiation of strontiﬁm azide powder. During thermal decomposition

(89) the acceleratory period was found to obey the power law with the



250.

| . exponent taking the value of 3. The expresﬁion was found to fit the

whole of the acce]eratory period, which led to the conclusion that

no significant overlap or ingestion of nuclei occurred béfore the

decay reaction commenced. If waS assumed that reaction procéeded

from a sféadi]y expanding 2-dimensional reaction Centre, the nuclei

increasing in number linearly with time. The decay reaction commenc-

ed when the surface nuclei touched, reaction then proceeding by the

inward progreésion of the interface. Thus the kinetics of the reac-

tion was described by the contracting sphere formula. The activa-

tion energies during the coufse of reaction were found to be 23,3 Kcal.

' mol.”!, '25,0 Kca].mo].'l_and»21,7 Kcal.mol.”! for the induction period
and acceleratory ahd decay reéctions respectively. When the salt was
pre;irradiated (117) with a Tow intensity ultraviolet light source, tHe
exponent in the power law expression was found to change from 3 to 2.

‘The exponent taking the value of 2 was assuméd to represent the growth
of two-dimensional nuclei occurring from a fixed number produced at the
end of the induction period. The power law with n = 2 fitted the
comb]ete.acceieratory period, indicating again that even with pre-irrad-
iatioh no significant overlap or ingestion of nuc]ei.occurred before
the decay reactioh commenced. It was concluded that this changevin the
exponent from 3 to 2 was duevto a large number of surface nuclei, pro-
duced at the end of the induction period through preFirradiation, caus-
ing any further increase with time to be virtually swamped. The decay
reaction fo]]owed'the'contraéting sphere formula, as was found for the
purely thermal procéss.- The activation energies for fhe'thermal de-
composition of ultraviolet light pre-irradiated strontium‘azide (111)

~ were found to be 19,5 Kca].md].'l, 23,0 Kcal.mol. 'and 25,7 Kcal.mol.™?

for the induction pekiod, and the acceleratory and decay reactions
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respectively and can be said to be, within experimental error, com-
parab]e’with the activation energies obtained for the corresponding
reactions of a purely thermal decomposition. This indicates that the
mechanism of thermal decomposition is unaltered by prefirradiation of
~ the material. | |

The acceleratory period of the co-irradiated decomposition was
found to obey Avrami-Erofeyév type kinetics, the exponent taking the
value of 2 in the equation. The app]icabf]ity of this equatﬁon in-
dicates that significanf'overlap or ingestion of nuclei occurs before
the decay reéction commences. With the powerful light source employed
'fbr co-irradiatibﬁ studies it is expected that the number of nuclei
created at the end of the induction period of a co-irradiated decomposi-
tion is significantly larger than with pre-irradiation, consequently
o over]ép and ingestion of nuclei occurs. It can be concluded as was
done for barium azide that n = 2 represents the growth of two-dimension-
al nuclei from a fixed number of nuclei, and the growth centres can
agéin be considered to be plate-like in nature advancing.along the grain
boundaries in wh{ch they were initiated. As for barium azide a general
decrease in the thermal activation energies were observed with co-
irrédiation indicating that a different mode of reaction mechanism from
that occurring during thermal decomposition occurs during co-irradiation.

The growth of strontium metal nuclei during the acceleratory
period of a thérmal decomposition (89) is assumed to follow the same
mechanism as proposed for barium azide i.e. an electron is transferred
from the'fu]] band of the azide ion to the Towest vacant'ieve] (con-
duction band) of the strontiuh métal nucleus which has crystallizedvat
the énd of thé induction period. The activation energy for growth is
identified with the energy difference of the electron in the full band

and in the lowest level of the metal. The generated positive hole
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reacts with an adja;ent azide ion whenever sufficient thermal energy

is available to raise one of its electrons to an excited state. After
lTiberation of the nitrogen, the freed electrons are trapped in newly
formed anion vacancies, forming an F-centre complex which is bound to
the nucleus. Collapse of the aggregate occurs on it reaching a critic-
al size to yield strontium atoms which add to the nucleus.

For photodecomposition be]md90,0°Cthe rate determining step
~during the acceleratory reaction is considéred to be the thermal trans-
fer of an electron from a singly excited azide ion to a srt jon fokmed
f via the photo-electric effect when ultraviolet Tight acts on strontium
- metal. The positive hole produced then reacts with an adjacent single
optically excited azide ion to produce three molecules of nitrogen, an
electron and two anion vacancies. The electron combines with one of
the newly formed anion vacancies to produce an F-centre which is bound
to the nucleus. As durihg thermal decomposition, strontium atoms
add to the nucleus on collapse of the F-centre aggregate on it attain-
ing a critical size. This reaction is bimolecular with respect to azide
ioné. '

- It appears that the mechanism proposed for the decompqsition be-
Tow 90,0°C can be modified for the co-irradiated decomposition whefe
the reaction is unimolecular with respect to azide ions. With the in—.
'crease in temperature to that of  the the?ma] decomposition temperature
range, fhere is now:sufficient thermal energy for the thermal transfer
of an electron from a ground state azide ion to a srt jon formed via
the photo-electric effect. The bositive hole formed reacts with an -
adjacent single opticé]]y excited azide ion to give three molecules of
nitrogén. Thus the reéction scheme éan be written as

sp NV Srrv:.}ev i, (1)

n ‘
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Ny e NSTR e (2)
+ - A
Sr_" + N, - Sro+ N3 e e (3)
Ny + N;7% — N, +e+ 28 —> 3N, +F+A ... (4)
where F = F-centre'
and A = anion vacancy.

Strontium metal nuclei add to the interface when the F-centres (which

are bound to the nucleus) collapse after reaching a critical size.
Thus CF — 2A+2 ... S (5)
: o .
Srn + 2e + Sr — Srn+] ................. (6)

-The reaction is thus unimo]eculaf with respect to azidevions.

Thus it can oe expected that the thermal ionization of an electron
from a ground,staté azide ion into the conduction band of the strontium
metal nucleus and the thermal transfer of such an electron to a positive-
1y charged strontium metal ion occurs concurrently during co-irradiation,
both reactions producing azide radicals. As for the co-irradiation of
barium azide, since two parallel reaotions are responsib]é for the pro-
duction of azide radica]s,vthe measured rate of reaction of a co-irradiat-

.ed decomposition at a particular temperéture in the decomposition tempera-

ture range can be expressed as

R = RT + RCo

n

where R; rate of decomposition if thermal ionization of an electron
| from a ground state azide ion into the conduction band of the

strontium metal nucleus takes place exclusively, and

;U
il

o rate of decomposition if thermal transfer of an electron from
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a ground State azide ion to a positively charged strontium |
metal ion fofmed via the photo-electric effect takes place
exclusively.
- As for barium azide it can be shown that the measured rate of
v a‘co—irradiated decomposition of strontium azide at a particular value
- of a, is proportional to the Tight intensity, from which it can be

concluded that the reaction

N3~ s N+ Moy N, +e +28 —> 3N, + A+ F

radical
is direétly proportfonal'to the Tight intensity. Thus only one-
- optical excitation occurs before reaction with an N; radical which is
in accordance with the‘observed linear dependence of reaction rate
on light intensify.

The activation energy for the thermal decomposition has been
found to be 25,0 Kcal.mol.™! i.e. it is associated with the thermal
jonization of an electron, from a ground.state azide ion, into the
conduction band of the metal nucleus :

A —> Nj + (electron in
25,0 Kcal.mol.

N;~ + strontium méta]
conduction band of
strontium metal) .

The reaction

Ng™* + srt A Y Ny +Sr
12,9 Kcal.mol.~

which occurs during_photolysis'in the temperature range 50,0° - 90,0°C
has an activation energy of 12,9 Kcal.mol. ! associated with it.

- Therefore the average energy of the reactions

N,~ + strontium metal -Jée Na + (electron in conduction band of
strontium metal)

and Ny~ +srt By N, 4 Sr
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which.both‘occur_during'co;irradiation,should be some value between
12,9 Kcal.mol.”" and 25,0 Kcal.mol.™ . As shown for barium azide, it
can be expected that as kcd increaées with respect to kT (i.e. as the
light intensity»increaSes) the measured activation energy of the paral-
Jel reactions should approach Eco‘ The activation energy ofvthe ac-
celeratory stage decreased from 25,9 Kcal.mol.™! to 18,8 Kcal.mol. !
for light intensities of 7,0 units>and 15,25 units respectively, which'
vérifies this situétion of parallel reactions, and indicates that Eco
is Tess than 18,8 Kcal.mol. !, but by the prevfous argument, is greater
than 12,9 Kcal.mol. !, Therefore the observed actiQation'energies and
}the dependence of Eeaction rate on intené{ty show that the following
‘situatioﬁs app]yi
(i) 50,0° - 90,0°C, E_ = 12,9 Kcal.mol. ",
thermal ionization of an e]ectroh from a single opfica]ly excited
azide ion which has absorbed one photon, to a positively charged srt
ion to give a strontium metal atom and an azide radic&f;
(1) 110,0° - 135,0°C, 12,9 Keal.mol. P§E, €18,8 Keal.mol.™ %,
thermal fonization of an electron from a ground state azide ion
to a positively charged Sr+ jon to give strontium heta] and an azide
~radical, | |
(4i1) 110,0° - 135,0°C, E_ = 25,0 Kcal.mol.™} ,
o thermal ionization of an e]ectron from the full band of the azide
ion to the lowest Qacant level of fhé strontium metal nucleus which has
crystallized at the end of the induction period.

It can be assumed that the mechanish of decomposition occurring
during the detay'stage of co-irradiated strontium azide powder is analog-
oUs_to that océukfing during the aéce]eratory period, as was assumed for
the co;irradiat{on of barium azide. The activation energies of the

decay reaﬁtions, when light intensities of 7,0 units or 15,25 units were
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employed, are greafer than the activation energies of the correspond-
ing acceleratory periods by 2,4 Kcal.mol.”! and 2,1 Kcal.mol. !
respéctive]y. This increase in activation energy during the decay
stage is thought to be due to hindrance to the diffusion of nitrogen
from the partly decomposed pafticles of powder caused by a change in
the crystal structure of the product. A similar increése in'actiya-
tion energy (by 2,5 Kca].mo].'I) was observed for photolysis in the
temperature range 30,0° - 50,0°C.

- The decay reaction of a co-irradiated decomposition followed
the unimolecular law while the decay reaction of a purely thermal
decomposifion (89), or a‘thermal decomposition following pre—tréatment
with a low intensity ultraviolet light Source, was found to obey the
contracting sphere equation;' The use of a high intensity light source
with co-irradiation leads to the growth of plate-like nuclei causing a
'collapse of the interface due to differences in vo]uhe between product
and reactant phases. This leaves isolated blocks of material in which
no nuclei are present, each molecule now having equal probability of
decomposfng and the rate of reaction becomes proportional to the amount
of substance undecomposed. Thus decay follows the unimolecular law.

Dufing the thermal decomposition of either a pure sample or one
pre—treatedkﬂith ultraviolet light, rapid efficient surface nucleation
of the partic]eé occurs, causing a coating of product to form on the
surface only. The decay reaction corresponds to the penetration of the
continuous interface into the particies according to the contracting
fsphere formula. withvthe'high intensity light source used for co-
1rradiation,’nuc1ei are formed on fhe surface and on the planes of the

particles, resulting in different topographical kinetics;
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(i1) Pellets

The discussion applying to co-irrédiated pellets of strontium
azide follows similarly to that of co-irradiated pellets of barium
azide since the results obtained were analogous for pe]]éts*oflghe

two salts,



6 COMPARISON TABLE OF THE EFFECTS OF ULTRAVIOLET LIGHT ON

BARIUM AND STRONTIUM AZIDES (POWDER AND PELLETS)

Note: Throughout the tablé a = p/pf (pf = observed final pressure);

and a'= p/ps

(p¢ = estimated final pressure)

A PHOTOLYSIS

(i)  Powder

Barium azide

Strdntium azide

Kinetic

equations used

Acceleratory period

Avrami-Erofeyev equation:

Acceleratory period E

Avrami-Erofeyev equation:

Decay period

0,43 < a < 0,92

for analyses (?]Og(]-a)]é =k t+e (-109(1-a‘)% =k tHe

Decay period | Decay period

Unimolecular Taw: Unimolecular Taw:

- “log(1-a) = kdecayt e ~tog(1-a') = kdecayt e

Inflection 0,43 0,36
point o
Fit of Acceleratory period Acceleratory period
analyses 0,01 <o <0,43 0,01 <o <0,36

Decay period

0,36 < o < 0,95
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Barium azide

Strontium azide

Activation
energies

Kcal.mol. !

Temperature range

- 27,0° - 60,0°C

- Induction period 6,2

Acceleratory period 7,6

Decay period 6,6

Temperature range
60,0° - 100,0°C

Induction period = 11,4
Acceleratory period 11,3

Decay period 12,9

Light intensity used for

Temperature range
30,0° - 50,0°C

Induction period 2,6
Acceleratory period 3,2
Decay period 5,7
Temperature range

50,0° - 90,0%

Induction beriod | 6,5
Acceleratory period 12,9

Decay period 12,9

Light intensity used

both ranges
25,0 units

for both ranges

40,5 units

Dependence on
intensity

(m in the
equation

k= 1"+ c)

Temperature 50,0°C

Induction period 0,7
Acceleratory period 2,0

Decay period 2,1

Temperature 80,0°C

Induction period 0,6

| Acceleratory period 1,0

Decay period' 1,2

Temperature 40,0°C

- Induction period 2,0

Acceleratory period 2,3

Decay period 1,9

Temperature 70,OOC

Induction period 1,6
Acceleratory period 1,8

Decay period 1,9

Type of nuclei

Two-dimensional growth of

p]ate—]ike nuclei, increas-
ing from a fixed number of
centres.
and ingestion of nuclei.

Marked overlap

As for barium azide.
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Barium azide

Strontium azide

Mechanism

(i) Nucleus
formation

(ii) Nuclear

" growth
over the
accelerat-
ory period

Ba atoms formed on the
surface and on the planes

of the crystal, each plane

starting at the surface at
an emergent grain boundary.
Nuclei form by aggregation
at the end of the induction
period.

Temperature range

27,0° - 60,0°C

N, hv

N _
Ba + e

+ A
Ny"SN,~* + Batt ——»

Ba + 3N2 +S

Temperature range
60,0° - 100,0°C

Ny~ s N,

t + N3-‘Jgﬁ Ba+ + N3

Ba
Ny + N7 —3 3N, + e

— Ba

Temperature range

27,0° - 60,0%

hv

Banv

+
Ban + e
Ny~ s N,

3 - 3

Ba * + N;7* ~éa Ba_ + N,
-n n
N3 + Ng-* —_ 3N2 +e + 2A

—3> 3N, + A+ F

As for barium-azide.

Temperature range

30,0° - 50,0°C

Ny~ e Nyo*

Na"*SN;™* + Spt 4y

Sr + 3N, + S

Temperature range

50,0% - 90,0%

hv
EEAA Y

Ns~

Ny~ *
srtt 4+ Ny * Ayt N,
Né + N3‘* — 3N2.+ e

Sr+ + e —> Sr

Temperature range

30,0° - 50,0°%

Srn —_— Srn + e
N;~ v, N,~*
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Barium azide

Strontium azide

2F —> 2A + 2e

++
Ban + 2e + Ba fa Ban+1'

Temperature range

60,0° - 100,0°C

Bah = Ban + e

Ny~ s Ny

Bat +N,” L5 Ba + N,
st n

Ny + N37* — 3N, + e + 2A

—» 3N, + F + A

' ++ .
v Srn +2e +Sr — Srn+

Ns—* .h\), P

Ns %% + spt Ly gp iy g

Na* + Ny© —> 3N, + e + 24

—> 3N, + F + A

oF —> 2A + 2%

] -

Ay

No* + Ns™  —> 3N, + e + 2A
—> 3Nz +F +A
N

2F 2A + 2e

++
Sro + 2 +Sr" — L

Temperature range

50,0°% - 90,0°C

Srn BLIUN Sr ©~ + e

cn

hv

N7 &=== N3 *

A

TEN,T Sry, + Ny

Srn
Ny + Ns™* —» 3N, + e + 2A

33N, + F + A
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Barium azide

Strontium azide

(ii1) Reaction

2F =) 2A+ 2e

: ++
Ban + 2e + Ba ——)Ban+]

Temperature range

OF —3 2A + 2e

T e+t '
Srn + 2e + Sr f—>Srn+]‘

Temperature range

in decay 27,0° - 60,0°C 30,0° - 50,0°%

A continuation of the A continuation of the
reaction occurring during reaction occurring during
the acceleratory period. the acceleratory period. -
Temperature range Temperature range
60,0° - 100,0°C 50,0° - 90,0°C
A continuation of the A continuation of the
reaction occurring during reaction occurring during
the acceleratory period. the acceleratory period.

Percentage

decomposition

95,0%

71,2%

(i1) Pellets

Kinetic
equations used
for analyses

Acceleratory period

Constant rate of evolution
of gas.

Decay period

Unimolecular law:

-log(1-a) = k t+c

decay

Acceleratory period

Constant rate of evolution
of gas. '

Decay period

Unimolecular law:

-1og(j-a) = kdecayt.+ c

Fit of analyses

Acceleratory period

0,01 < o < 0,22

Decay period

0,22 < o < 0,96

Acceleratory period

0,01 <a < 0,20

Decay period
0,20 < o < 0,93
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Barium azide

Strontium azide

Activation
energies

(decay reaction)
Kcal.mol1.7!

Temperature range

30,0° - 60,0°C

Pelleting pressure
600 1b/sq.in.

9,4
Pelleting pressure
2000 1b/sq.in.

12,4

Temperature range

60,0° - 100,0°C

Pelleting pressure
600 1b/sq.in.

14,8
Pelleting pressure
2000 1b/sq.in.

17,0-

Light intensity used

for both ranges

- 25,0 units

Temperature range

30,0° - 50,0°C

Temperature range

Pelleting pressure
600 1b/sq.in.

8,8
Pelleting pressure
2000 1b/sq.in.

' - 11,7

50,0° - 90,0°C

Pe]]etingvpressurel
600 1b/sq.in.

16,1
Pelleting pressure
2000 1b/sq.in.

Light intensity used

for both ranges

30;0:units

Type of nuclei

One-dimensional growth
of nuclei (from the

- nuclei formed during the

induction period) in the
form of linear chains.

" As for barium azide.

L]

Assumed to be the same

Mechanism As for barium azide.
| - as that occurring during '
~ the corresponding
- reactions of photolysed
powder.
Percentage 0,25mm thick pellet 0,25mm thick pellet
decomposition 95,0% 71,2% '

Tmm thick pellet
+90,0%

1mm thick pellet

65,0%
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B CO-IRRADIATION

(i) Powder

Barium azide

Strontium azide

Kinetic
equations used

Acceleratory period

Avrami-Erofeyev equation:

Acce]eratory‘period,

Avrami-Erofeyev equation:

for analyses
Y (-109(1—a))% = kacct +cC (:199(1-a))é = kacct +C

Decay period Decay period
Unimolecular law: Unimolecular law:
-log(1-a) = kdecayt +C ~log(1-a) = kdecayt +C

Inflection 0,47 0,48

point o

Fit of ~ Acceleratory period Acceleratory period

analyses 0,01 < a< 0,47 0,03 <o <0,48

Decay period

0,47 < o < 0,97

Decax¥period

0,48 < o < 0,98

Activation

energies

Kcal.mol. !

Temperature range

110,0° - 135,0°C

" Intensity 0,0 units (114)

Temperature range

110,0° - 135,0°C

Intensity 0,0 units (89)

Induction period 26,5
Acceleratory period 26,8

Decay period 26,1

Intensity 6,4 units

- Induction period 18,5
- Acceleratory period 21,7

Decay period 24,1

~ Induction period 23,0

Acceleratory period 25,0

Decay period : 21,7

Intensity 7,0 units

Induction period" 22,6
Acceleratory period 25,9
Decay period 28,3
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Barium azide

Strontium azide_

Intensity 15,5 units

-~ Intensity 15,25 units

Induction period 16,5 | Induction period 15,4

Acceleratory period 19,2 ‘Acceleratory period 18,8

Decay period 15,6 | Decay period 20,9

Intensity_26,5.units

Induction period '12,1

'Acceleratory'perjod - .

Decay period -
Dependence on- Temperature 115,0°C Temperature 116,5°Cl
intensity . Induction period v :0,7' Induction period 0,8
(m 1nmthe equation Acceleratory period 0,7 | Acceleratory period 0,6
k= 1"+¢) Decay period 0,7 - 0,8

Decay period

Type of nuclei

Two-dimensional growth
of plate-like nuclei,
increasing from a fixed
number of centres.
Marked overlap and in-
gestion of nqc]ei.

As for barium azide.

Mechanism
(i) Nucleus
formation

Atoms formed on the

surface and on the planes |

of the crystal, each
plane starting at the
surface at an emergent
grain boundary. Nuclei

form by aggregation at

| - the end of the induction

period. .

As_for barium azide.
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Barium azide

Strontium azide

(i1) Nuclear
‘growth
over the
accelerat-
ory period

| period.

Temperature range
110,0° - 135,0°%

Thé following two processes
occur concurrently:
(1) |
- - A
N3 +N3 —3> 3N, + 2e

Ba++ + 2e — Ba

and (i1)

N3~ h#\) N;3™*
éa++ + N3'-Jgé Ba® + N;
Ny + N3 — 3N, + e

Ba+ + e —> Ba

Both processes produce Ba

atoms which aggregate at
the end of the induction

Temperature range

110,0° - 135,0%C

(1)

The following two processes
occur concurrently:

Ns™ + Ba(meta])é4(e1ectron

in conduction]
band of barium

metal) + Ng
Ny .+ Ng” — 3N, + e + 2A

—> 3N, + F+ A

Temperature range

110,0° - 135,0%C

The following two processes

occur concurrently:

(1)

No™ 4 Ny™ 25 3N, +2¢

srtt 4+ 26 — Sr
and (i1)
- h\) “*
Nj Pestee ] N3
srtt e N,T 25 set e,

Ni +vN3‘* — 3N2.+ e

Sr+ + e — Sr

Both processes produce Sr
atoms which aggregate at
the end of the induction
period.

Temperature range
110,0° - 135,0%C

The following two processes
occur concurrently:

(1)
N3~ + Sr(metal)s(electron

in conduction
band of strontium

metal) + Ns
N3y + N37 — 3N, + e + 2A

—» 3N, + F +A
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Barium azide

Strontium azide

(i1i) Reaction

2F 3 2A + 2e

++
Ban +2e + Ba — Ban+]

~and (i)

Ns + N37*— 3N, + e + 2A

~— 3N, + F + A
2F — 2A + 2e

++ '
Ban + 2e + Ba ——§Ban+]

A continuation of the

o ++ .
_Srn +2e +Sr 4 Srn

.2F — 27 + 2e

' ++
Srn + 26 +Sr - Srn+]

and (if)

+ .- A |

Srn + N, “—)SY‘n + Nj

Ny + Na ™% —» 3N, + e + 2A
—3> 3N, + F+ A

2F — 2A + 2e

+1

A continuation of the

in decay reaction occurring during| reaction occurring during.
the acceleratory period. the acce]eratory period. :
Percentage 95,0% 71,2%

decomposition
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(ii) Pellets

Barium azide

Strontium azide

Kinetic
equations used
for analyses

Acceleratory period

Avrami-Erofeyev equation:
. N2 =
(-1og(1-a))* = Kaeet * €

Acceleratory period

Avrami-Erofeyev equation
_ kL o :
(-Tog(1-0))* = k.t +tc

Decay period Decay period
Unimolecular law: Unimolecular law:
-log(1-a) z'kdecayt +C -log(1-a) = kdecayt +C

Inflection . 0,54 0,54

point o

Fit of Acceleratory period Acceleratory period.

analyses

0,01 < o < 0,54

Decay period

0,54 <0 <0,98

0,01 <o < 0,54

Decay period

0,54 < a < 0,98

Type of nuclei
and mechanism

Most probably the same as
for co-irradiated powder.

As for barium azide.

* Percentage
decomposition

0,25mm thick pellet

95,0%

0,25mm thick pellet

71.,2%
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