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INTBoalguoti 

IOC CQDQE 

te Deralis in CLY§SaLia 

It is nenerai.ly recognised that all ionic crystals 

contain lattice defects. 	In a crystal the (thermal) 

lattice vibrations will result in a displacement of any 

ion from its mean position at any moment. 	Such dis- 

placements, hotrz,v r, re not regarded ns defects. 	Two 

main types, Frenkel rand Schottky defects, have been 

postulated. 

In the former, an ion has left its normal lattice 

position, and occupies an interstitial position at some 

point in the lattice sufficiently remote for there t 

be no interaction between the intrstitial atom and the 

ions surrounline the vacancy. 	Thus the Frenkel defect 

consists of one int-nstitial ion an one vacant site. 

In a Schottky defect, two ions of opposite sign have 

left their normal positions, and taken up new lattice 

positions on the surface of the crystal. 	Thus the 

volume of the crystal has increased, although the lattice 

constants may be unaffected. 	This defect consists of 

two vacant sites. 

The concept of lattice defects ha 's proved of great 
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value in interpreting many phenomena shown by solids, 

notably ionic conductance and solid decomposition. 	The 

success of the model of the conduction process is per-

haps the best evidence for the existence of the defects. 

This is considered in the next section. 	Various 

experimental tests have been applied to solids in order 

to obtain additioml evidence for the existence of 

defects. 

Mott and Gurney (2) have calculated the fr'ctional 

number of interstitizi ions in sliver bromide, obtain-

in the figures shown below:- 

111)  

ILLU=4;ILIr2 QC 

1)0 	1 io-:2 

20 8.3. 10-6  

213 7.6. 10-4  

250 1.8. 1.0-3  

300 4,0. 10-,  

426 2.0. 10 

The very high value of x at 426°, the melting point 

of silver bromide, led them to predict an anomalous rise 

in the specific heat at this point, since 400 cai . mole. 

are required to form this number of intsrstiti&l ions. 

This effect hs been verified by A.anzoki (1) 
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It has been noted that the presence of ;:chottky 

defects should lead to an increase in the volume of the 

crystal. 	If a crystal is rapidly cooled from a high 

temperature, then it is to be expected that the number 

of defects present would be in excess of the equilibrium 

number, due to the low mobility of defects at room tem-

perature. Accurate density-determination experiments 

(1) on such crystals have, however, revealed no anoma-

lous effect which can be ascribed. to the presence of 

defects. 	This, however, cannot be taken as evidence 

of the non-existence of defects, since the limits of 

accuracy of the experiment are,  too small to detect the 

number of vacancies. 	Calculations have shown tha • at 

1,0000K, the fractional number of vacant sites in 

potassium chloride is ca. 5.10-5; the limits of 

accuracy of the experimental density determinations are 

given as one part in 104. 

Evidence for the existence of defects has also 

been obtained from dielectric-loss measurements. 	The 

dielectric constant of a perfect crystal is the sum of 

two quantities: 1. an electronic contribution due to 

the distortion of the electron clouds of the individual 

ions relative to their nuclei; and 2. anatomic contri-

bution due to the displacement of positive and negative 



Iona relative to one another. 	The resonan..., frequencies 

of 1. and 2. U ir the ultra-violet and Infra-red 

regions respectively. 	Both thse reFions being far 

removed from the range of ordimry electric measurements, 

dielectric courts 	independent of frecluency and. 

accompanied by very 3m.:LL losses soul 	observed. 

In a crystal containing vacant sites there should. 

be an anomalous dielectric effect due to the motion of 

vacancies in an alternating field. 	This effect has been 

exprimentally .1bserv,id. by Breckenbridge„ (5), with 

quenched crystals of alkali lvdides .1d. silver chlorides. 

Breckenbridge attributes the effect to the jumping of 

positive ior:s into vacnnt Lattice sites., and hes 
co.iculated the number of lzAtice defects present in his 

crystis, end the activ4tion energy for diffusion, 

of the positive loll in the crystal. 	For. Ag al, U was 
found to be. 0421, e.v. in good agreement with the 
value obtz,..ined From conductivity meanurements 

&soh and Wagner (3) 
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lieasuremeAL.21-QQ/11Iii= 
In first published work on the measurement of 

conductance in crystals consisted in placing a slice 

of crystal between two electrodes connected to a high 

voltsge supply, in series with a fibre electrometer. 

If the potential measured by the electrometer after 

isolation from earth for a time t, was V, then 

C -"f- t 

current flowing through the crystal 
c = Total capaejty of system 

If Vo = applied voltage, ten the specific conduc- 
tance is given by 

Voa 

thickness of cyrstal slice 

a = Area of crystal slice. 

PolarisaIl2n 

It was noticed that i was a function of time, 

decreasing to a constant value, sofaetimes over a period 

of days.Jeffe' and Rontgen (6) showed that this was due 

to a polarisation voltage, Po  acting in opposition to 
the applied voltage. 

i.e. o' = (V
-P)  
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The polarisation voltage was measured by application 

of a voltage of opposite sign end of magnitude just 

sufficient to prevent the flow of secondary current. 

An obvious step to obviate danger of polarisation 

is to use an A.C. bridge for measurement of conductance. 

This method was used by Phipps an co-workers in the 

measurement of the conductance of alkali-metal halides. 

The disadvantages of A.C. Bridges is their restriction 

to low resistances. 	Phipps and Partridge (7) used 

a simple A.C. net for resistances - from 0-  5 MW., 

and a D.C. Bridge for resistances greater than this 
figure. 	They found polarization difficulties in 

this region, and attributed to this the irreproducible 

results obtained at high resistances. 	By using a 
very sensitive galvanometer they attempted rapid 

measurements, when P was very small. 	This principle 
was also applied by Phipps and Ginnings (8) using a 
sensitive ral.ronometer, and small currents. (e-,a10-8  amp.). 
Eature of ]rystial  

In contrast to metalsit was found that the 

specific conductance of ionic Folies was often markedly 

sensitive to the thermal history and physic-1 form 

of the sample (9). 	After repeated crystal isations 
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under controlled conditions it was possible to obtain 

reproducible values of forcrystals, individual 

values for which had previously varied by a factor 

of :f 1. 	The dependence ()felon crystal form is of 

importance, since many substances, such as those used 

in the present investigation, cannot be prepared in 

single-crystal form, and hence compressed pellets 

are used. 	The effect of compression appears to vary 

with the substance considered. 	Thus, G6thals (10) 

reported identical values of‘ for pellet and single 

crystal modifications of potassium nitrate. 	Conversely, 

von Hevesy, (11), stated that the specific conductance 

of a single crystal of sodium nitrate at 2100C was 

10 8  ohm/cm., whilst that of a pellet at the same 

temperature was 11410-7  ohm.Cm-3. 	The problem has 

been thoroughly investigated by Tamman and Veszi (12) 

and Phipps, Lansing and Cooke (13). 	The results of 

the latter indicate that at high compressions, of the 

order of 5 tonsisq.inch, differences between pellet 

and individual_ crystal are reduced to the limits of 

reproducibility shown by individul crystals. 

The effect of field strength on conductivity 

has been investigated (14,15) and it has been shown 
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that for field strengths less than 10 kv. am. „ Ohm's 

Law is operative. 

Tran4122rt_Egmbers and V,,.lidity 21Ezzadayf 

Quantitative studis of the migration of ions in 

solids have been carried out by Tubandt and his school 

(16,17,18). 	The method used is analogous to those 

employed in aqueous solutions. 	Frequently the metal 

constituent is not deposited on the surface of the 

crystal, but forms dendritic growths within the crystal. 

This may he prevented by inclusion. of a pellet of 

"protective electrolyten, such as- A Cl or BaCl2,  

between the crystal and cathode. 	The choice of pro- 

tective electrolyte is limited by the temperature range 

throughout which the crysti phase is stable. 	A 

typical experimental set-up used by Tubandt is shown:- 
Aer 	 

AgI----
Agr  

f-  ff -AgI 
Pt  	lAg 

The work established that alkaline nld alkaline 

earth halides were pure ionic conductors end some 

oxides and sulphides showed electronic conductivity. 

Some compounds, e.g. Cuprous chloride and4.-silver 

sulphide showed mixed conductivity. 	Generally, 
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uni-bivalent salts, e.g. BpC12, show anionic con-

duction, whilst in uni-univalent salts, e.. A, CI, 

cationic conduction is operative. 	As the temperature 

is raised, the anion transport number becomes signi-

ficant in uni-univalent salts. 

aaLdug_tanal_alth  TaMalrAtun 
The equation relating the variation of conduc-

tance with temperature, first formulated by Ranch 

and Rendrikson (19),  has been repeatedly verified. 

;.-z. loge = log A -4_ 
The graph of logc5i--- +frequently shows two 

distinct parts, as shown in the diagram, correspon-

ding to different values of the constants A and B. 

A . 1  T Smekal pointed out that the curve could be repre- 

sented throughout the entire range by the expression 
-B1 Al  e 	*  A2  

The exponential constant is usually written R, 

where E is the activation energy associated with the 

conduction process. 

If precautions are taken to prevent dendritic 

-B2 
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metal growth, the upper portion of the curve, BC, is 

found to he reproducible. 	The region represented by 

this portion of the graph is hence known as the region 

of "permanent conductancev. 	The lower portion of the 

curve, however, (A3is found to be sensitive to the 

history of the crystal, and is referred to as the 

nstructure senaktiuur region. 

Smekal (20) suggested that 2 referred to the 

energy necessary tu move an ion from the ivrfecti 

lattice to the electrode. 	The first term in the 

conductance equation was due to the cragsand inter-

nal surfaces present in real crystals, at which the 

energy needed to move an ion is less than that 

required to move an ion in a perfect crystal lattice. 

ThusE,<F andA„,>>. A1, asis found experimentally, 
4  

and the nature of the structive sensitive region is 

ualititatively explained. 	Joffe - and Zee movtritzer (21) 
c_ 

showed4whan a single crystal was caused to become 

microcrystalline by plastic deformation the conductance 

remained uncharged. 	Jost (22) showed that if the 

number of ions conducting was proportional to the 

e- EAT, and if El, S2, were the activation energies 

necessary to liberate ions from 'surface' and lattice 

position respectively, the 	absurdly absurdly high values of 



malility must be assumed to account for the measured 

conductance. 

An alternative.  explanation, (23,2)4) based on the 

mioration of lattice defects under an electric field 

has been developed: This accounts for the two acti-

vation energies, and the structive sensitive region. 

This will now be discussed! 

That ionic movement takes place near lattice 

defects is indicated by a consideration of the ener- 

getics of the process. 	In a 	rfectn ionic lattice 

i.e. a lattice wherein each lattice-point is occupied, 

ionic migration is only possible if ions interchange 

positions by "squeezing" past one another. 	This 

wo,.ad necessitate an extremely high energy, of the 

order of the cohesive energy of the crystal (25). 

A Schottky defect will consist of two separate 

vacant lattice points; if W is the work necessary to 

remove an anion and a cation from the interior to the 

surface of the crystal, then the number of (double) 

Schottky defects is given by:- 

n 	N e-  41tT 
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=() '.) s~ .~ wher e ~ = vibra tiona l fre~uency

o f t h e c ry s t .el. , an d. i' = vi br.::tional f r equ en cy o f an

ion ad jacen t t o a va cant si t e ( 29).

Lut r~) = number o f Scho t tk:Y def ec t s a t oCj u i l i b r i uTJ ,

:,:!} t? suppo s e t ha t i n j ump i n g I'r om c. l at t ic 's- potn t into

t he defe c t a pot er.t i &l barri e r Es i s sur mou n t ed . Th e

j ump fr equ ency ;o i s gi ven by:
k1

"~:: S h
0* - Es
Q e... KT

Q~ = pc> l"· ti t i on fun c t i on of t he i on i n it s t.r ans.l t ion

r. l! Tl 11 " tl II tl normal'(,( =
S = symm e t r y f'a c tor J si n c ~ t har-e are S 1=(i1.:d va l en t

energy b a r r i e r s r 01"nd t he defec t .

t ate

1 -
Ib :

e. ---
= s i

- Es
e k T

Wh en a1 e ec t r o s ta t i c f i eld of i nten sity F i s

appl i ed t he n e t j ump

f~i eld i 3 gi ven by

f r equ an cy i n t hs di r ec t i on t h o

- ~\. e. -

a = di s t ance b etwe en t ro s uccessige eQui " i bri um

po ai t i ons of t he sadd- e- point .



if F is mail, efPu<xT 

• 
	 e- kT eFa/kt 

The average velocity in the direction of the 

field is V 	hence the neidAity, 	given by 

U e. ais 
kT 

e. -Es kT 

Hence the specific conductanc 	given by 

O'j  = na2a41 	- Es 
XT e kT 

oum Generally, n 	of 	the impurity 

defects Y 

I 	.'. (53 	Ye2i& A-Es 4- rio2a2* 	EaliWs 
kT -c TZT 	kT 	e 	kT 

Suppose tlat2t Es, Ws, are linear functions of 

temperature (3) 
d 

	

U . Ws = Wo 4V  - V dWs/dV
Ws 

 Wo 	VoT av- 
ec:  Coefficient of thermal expansion of the 
crystal and Wo, Vo, are energies of formation of P 

Schottky defect and the volume of the crystal at 

7-  = 00K 

Y..1 so, s 	Ec 4c2CVoT(PU 



L121.1T0  .tir 
kT 	e a 	kT 	(1 	kT 

where B = _y° /1 
e. 	av 1 2k and C = exp. -<o  Vo 

As indepen,:ent values of y, 	and Cl are not 

available, i direct check of the equation (II) is 
not possible. 	It is, however, possible to calculs.te 

v-lues of p and C, assuming the validity of the 
ecution. 

Suppose to a uni-univelent salt a mole-frection 

x of bivalent cation impurity is added. 	The number 

of impurity defects, xN, is greater than NO2 the 

e:;uilibri= number of defects at any temperature, arc: 

hence the conductivity is given by the first term in 

II, yip- 

calc. 

which may be compared with the experimental value of 

0-1 Wagner and Hantlemann, (32),  measured the conduc-

tance of.  potassium chloride with added strontium 

chloride and Etz 1 and c.)-workers performed similar 

work on sodium chloride. 

xNeL2k - El 
ka 	e 41 



Subs . 3 C Author ToX- 

KCl. 10-10.7 76.4,  'W. 	L.,,,nd 	ri. 923- 

NaCI. 5.1 188 E. 	and. 14. 730-600 

T-3xnerimental values of the co: uotance of the salt 

containing a .nown amount of impurity are used to 

calculate the molibity J from the equation: 

	

xNeU 	xFpu M 

F = Faraday 	e 7. Density 	M = Molar. wt. 

xs 
	

Fractional number of cation vecancie in the 

pure salt, 

xs - 	 tk  M/p FU 

tk 
	

transference number of the cation. 

It is expected that B) C since, for Schottky 

	

rects it is expected that S) I 	Y is defined by 

Dutting s = 6, and ifl = 0. 34, P= 4. If 
\111  

	

64. 	It is conciwled that for a value 

)6 of the order of 10, 

The only other information relting to the deter- 

mination 	hEs been due to Jost and ehl a (34) 

who measurer  the variation of 6 with pressure. 

niffernti4tion of Equation I at constant tempera- 

ture gives: 

A (loge) I = 	log 	- 	4/.1.(s4. Ws) c1p 6LP 	kT 
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he first term may be neglected in comparison. 

with the se-ond. 

hence  i g Cr? = (i Ws4 E$ 

where - • 
/ 	

Compressibility of the crystal. 

.:,ubstitutirg for n,c, this reduces to: 

d 	log d = 	log BC 
U5 

And hence (BC) may be found:rhe results of Jost 

and Nehlep on the conductance of silver chloride at 

300 atmospheres at 3000C. showed an increase in resis- 

tnoe :If• 7%. 	Similar experiments on silver bromide 

showed an increase of 10%. 	Some of their results are 

tabulated below. 

Ag Cl 	Ag Br 

log 45 	/kg) 	2.5.10  

24 (!m2,4 	6.0.10-7 	9.10-7  

c)( 	3.3.10-5 	3.5.10-5  

From these results, the value of BC for silver 

chloride was estimated to be ,\-350. 

Throughout the foregoing discussion it 	been 

su ed that each defect is capable of contributing 



(17) 

to the conc:uctivity. 	Evidence for association of 

chtion vac4noi-:s has, however, bcr, obtained by 

Dreckenbridge (5). 	Furthcr„ the failure of the 

-instein relationship between specific conC,.uctance 

snci the coefficient of diffusion has been ascribed 

by Mapother, Crooks a,nd Mat,rer (27) to the association 

of divz,lent impurity ions and cation vacancies. 
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Ira OD#C.Call,r, 

• DECOPOITIOE.:  O ST4I7S 

•nae.rq-0-TrZadiklt.10D,_Pr,• oDi• 

Before considering specific examples of solid 

thermal and photochemical decompositions, so,e'relevant 

work on the action of light. on crystals will be 

summarised, 

. • If an Okeli-halide crystal is exposed to ultra-

violet irradiation, or to an electron ham, a cherac 

terietic colour, whicia can be thermally bleached. is 

plouced. (Zg), 	simIlar effect is produced by heating 

the crystj in the vapour of its metallic constituent, 

in this case„ the coloration is stable to heat, and the 

.presence-  of a. stoicheiometric excess of metal may be :. 

d.emonstrated by chemical analysis. 	Such colorations 

a.re 

 

ttributed. to the existence of-centres, which 

consist of an electron trapped at a vacant anion site, 

It is  PTesumed  that the excess metal atoms diffuse into 

the crystal as surface lattice cations, 	The electrons 

Simultaneously released wander through the conduction. 

band of the crystal, 	The surface cation is stabilised 

by an. anion, which migrates to. the surface, leaving 

behind a vacant site, which by trapping an electron can 

form anF-centre,. 	she production ofF,centre,s by 



Irradiation is explained by the -presence of vacnt 
uwsriu, 

anion sites in the original 	which trap photo-excited 

electrons from the lattice anions. 	Each F -centre 

nroduced leaves a free positive-hole in the full hand 

01 the crystal. 	These holes are mobile and. may be 

tr 	aed at ve cant cation sites, for- ina v -centres. 

Kvifence for this is provided by the close r isemb1=Ince 

b-tween the (V) tn .:Td the band pro:;uced by heating 

r)otessium broWo in bromire vapour (ZIO. 

Irradiation of 1:4tFlium chiori'e by X-Rays leads 

to the production of a third band, the M-banr:, at 8200 - 

If the crystal is subsecuently irradiated in either the 

F- or M- bands, the bands 7r; transformed, one into th 

ether, with a loss in intensity. 	A new band, the R- 

ipen'. appears rit this st-ge. 	Seitz (30) has suaae.stod 

that an M-centre is a Fs-centre plus a (coupled) pair of 

anion and c7,tion sites. 	n -Icntres consist of rairs of 

vacant anion sites with one or two tranped electrons, 

i.e. F or Fl-centres. 	Capture of a second electron 

by an F„..± centre or by an 	centre loads to an F2' 

centre, Fend F1 -centres  can revert to nsTative ion 

vcarcies by centqrinr positive bole- bi,t r'o not 

liberate photo-electrons when irradi- tee. 

The mobility of F-centres has been discussed by 
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Mitchell (SO. 	Ar electron can. transfer from arjr- 

centre to a neighbourinz anion vacancy, by the tunnel 

effect. 	This represents a net movement of the r=- 

centre. 	If twoF-centres diffuse to,571ther, then 

resonance of the two electrons' between the two sites 

rill lead to a. lower ground state than. in a singleF- 

centre. 	Further aggregation can occur, 	thus an 

F- centre aggregate can be formed., the deeth of the 

trap increasing at first with the size of the aggreaate. 

Irradiation of a c175tal by a clintum of ii7ht of 

inafficient energy to produce a free positive hole 

and a. free electron;, may result in the production of 

an texcitont. 	Thi is ragzrded as a positive hole and 

an electron coupled together, in such a manner that 

movement as a whole through the crystal is possible. 

An exciton level lies between the ground state and the 

conduction band. 	Irradiation of a crystal may, there- 

fore, produce either electrons in the conduction band, 

which will be reflected in photcenductance, or excitonsp 

when no nhoto-conuctance will occur. 

Thee 1 I o 2ositiQL Q.  olids 

The term "solid decomposition." 1:1 here restricted 

to reacti.ens which can be rapresonted by the following 

equation: AsBs Cg 	 



S'Ich reactions may be endothermic or exothermic; 

no latter -lass may further be subdivided into 

reactions the course of ,7hich is markedly affected by 

preeirrodition with ultra-violet light, e.g. silver 

Oirlate, barium ozide)  and those which are relatively 

unaffected by such pre-treatment. e.g. potassium„ 

silver,  permanganate. 

In general, solid reactions are observed to start 

from specific points (nuclei") in ti.e solid, end 

proceed at the interfrce between reactant and reaction.  

product. 	The elucidation of the mechanism of such 

reactions is concerned, therefore, with a))  the origin 

and nature of the nucleus, and b))the rate of growth 

of reaction product round the nucleus. 	As the reactIon  
proceeds, the,  number and size of nuclei increase, and 

after 	certain fraction, of solid has decomposed, the 

growing nuclei 'interfere' with one another. 	Thus 

the rate of reaction, after reaching a maximm, decreases. 

It is on the Initial, acceleratory7  period that most 

attention is fecesred. 	Nuclei may be v- sible 

discrete pL,rticles, e.g. in barium azide, or optically 

non-ohserveb10 as in silver oxalate. 	In the latter 

case, it is assumed that the nuclei are either very 

small or grow in one or two dimensions. 	No nuclei 
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are visil4o in evlver oxalate at any stage in the 

decomposition, but as has been pointed out by Tompkins 

(S19), individual centres containing 1010  kg atoms 

would .remain.mi rg4pplolly indetectable, . General-1Y, 

nucleus formation is favoutednt eriCke and aissn, 

tinuities in the crystal lattice. 	That nucleus - forma- 

• tion is struoture,sensitive 4 shown by different 

reaction rates in samples of silver oxalate which have 

been prepared unThr different experimental conditions 

(.S3). 	Thus silver oxalate prepred In the presence 

of ecess ox,- late ions is of the tunctble acceleratoryt' 

type; th,t prodaced with excess nitrate ions is con-

siaerabiy mere stable. 	Direct observation of the rate 

of growth of nuclei are difficult, and few experim;ntal 

observations have been resorted. 	Two general conclu- 

sin;,., any, however, be drawn. 	1) In the early stres 

of growth, nuclei grow slowly,ana,2),After s critical 

size is reached, the rate of growth is constant. 	If 

the nucleus in the early stage is anF - centre ar'grec, 

(Si), then, as has been pointed out by Mitchell, the 

larger the aggregate, the deeper the trFn, and hence 

the increased later rate of growth Ts exnlained. 

These coneiaerat ,s may he expressed digrammaticaily, 

as shown. 	The shape of the portion of the curve A-B is 
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C. 

e_ 

$ out k 

	

;4..; 
	Slow, variable growth Of nucleus. 

	

7), - C 	Cowtant rate of growth of ruclous. 

Thom&s, has obtained an activpAion energy of f9 i:cai 

for .growth in the errly stages of reaction. of barluin 

lzie, whilst that fnr '.visible" growth is 275.5 kcal. 

decompositionso4. the type represerte(S by 
br 

sqn. I have been stufAed o4orimentail4yeasuring the 

nresr,ure-time (p. t) curves obtained clurinz reactlea. 

Th000 curves are usually fittsd. by one of threo :-;onerai 

c.. -..).nF)  the 1nterprettIsn of sch equations epon- 

the marnsr in which th:', nucleus is assumed to 

crow. 	A neneral 	rInoton of these equtionswill 

he giver., follore by.  applications to some reactions 

for which consilereble ex.ocrinental ,iata are available. 

	

Some views 	the ooer,tive nec,,A,2.nisms will be discussed 

later. 

Power_Lar: 	This is usually written.: 

Ctx  /here C Is P constant. 

This e-juation has proved useful in. syetems where 



tf+) 

discret nuclei are visible, e.g;. in barium azifio. 

theoretical derivation of this equation is possible 

i it isa.3-Cillad a) The number of nuoldi increase as 

	

palueT Of the time, and 	the. rtes of linear growth 

of nuclei in each Cflrection are c•Qint 

Lot th- numbor of nu.clai formed. in time t be given. by 

n Bt 

Then the rate of nucleus formptien at timeTis 

dza = 
U717—. 

If th.c.)• rate 
	

linear •advaheement in one dimension 

	

is V at time to  then:the 	r,,,n 	of a nucleus formed 

at time 

Corist,r,t, V (t 
610 

where 	= 1, 2, or 7, corrcsponing 

to growth dn 1, 2, or 3 Jimerlsiono. 

T%.,,  total. $ize of all nuclei, V0  at time t is 

V = 	x dn- 	0 44 0 6 6 0 4 • 1% 

.•ASUrning that the pressure, p, Is proportional to 

the volume of all tho nuclei 
(3-I 

P - Con a' 1 	7 (t4") 1- 	(.1 .. 

whence 2 .7.,  Ct 

co.7.cres.rlonding to tha 	er 

0 

.1 

L a  equation. For nuclei viSible as discrete -.)1rticies — 

7 
1 • In barium azid ischin (?p) bas founI that 



($) 

the nuiber of nuclA increases L5 the thir power of 

the time, hence 
	

7 	The for barium azie the 

Txres,sure is 0)0eeted to Increase as the sixth. power of 

the time. 	For ground.. azide Thoth 	(3,) found a power 

varying from 65 to 6.8'. 	By making:  a correction for 

Slow growth this figure was re'5,ue• by 	and 

hence 	good approximation t6 the predicted result was 

obtained, 

Benton and Cunningham also obtain, a Dower law 

;or the thermal deca.cnosition of silver oxalate. 	They 

aumed three-dimenslonal linear growth of nuclei 

as above, but trete the problem of nucleus fomwtion 

differently. 	They assumed that ,dal 	(N -n) 

where n is the number of nuclei formed at timelr- and.  

Y is the number of centres where nuclei may form. 

TIJI leads to 

ex, = k (N -no) a -114 1- tere no 7. number 

of molecules present at the start. 	Hence by substi-

tutinc in qquation 1. 

V 	1Contant V5  (t-7.) k(y_nos  -kt d 

, 
= 	N-no t4 kl

-t 
+ kt2/5 ,( 

	

o 	Oireo 

i.e. o - Et4  

Ihse inv'astit‘iSs.fourd that their results were 



C.escribed by an equation of this form, with a value 

of the power eerual to 3.5 for early portions of the 

curve. Pretreatment with ultraviolet light caused a 

progressive decrease in. the power of t. 	The mailer 

power pf t may be explained by overlapping of growth, 

a general theory for which has been given by txrami 

(SQ. 	If random formation of nuclei within. the 

crystal is assumed, then the actual voluMe of nuclei 

produc,d may be expresned by I - e-Vu, where 

Vu 7  V/ 1-V. 	This correction has been applied by 

Tompkins to the Benton and, Cunningham equation. 

Moreover, Tompkins consiers each. oxalate radical to 

be a potential nucleus-forming centre. i.e. N = 

total number of molecules. 	This once again- leads to 

an equation of the form p = Ct for Mall values of 

t. 	The .0maller values of t actually found, viz. 

3.9 to 3.27/  are explained by coalescence of nuclei 

i.e, impinging nuclei continue to grow except at the 

area of mutual contact. 

B. BrAnchin— hain Theery Garner and Hailes (37)• 

p = ce  kt 

This ecuation holds throughout. 50% decomposition 

of lead azide, lead eetyphnate.and ground mercury.  

fulminate, reactions in which the power law in. its 



cx~eri~ ental r esul ts .
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t he cha i n s m~y branc h .

I f B := number c·~ nll c l ~i :> ~o1i.. c a d i n t t n '3 t

\.

1 £: n = k.t "" 1 0 ' B
lQ.

s ince cr.o i s pro)o r t io!1 al t o n
at

10 .> P :: Kt "'" 0. S ( '1t

Th ~ t heory has b een e. t nde~ bj?r t ~nj To ~kin _

( :s~ ) , who mode a Ll.o can e fo " i r.t f9r on '. b ot ween t :le

c h ein s a s r es ction pro ceede : .

,.,
~.

= k t + C ns t cln t

.l. ~!1.~ r2, t e 0 , Lnc r ea s e .i ? O t e ti a.lly -r ~ ,. cti v e

eX.. = r-ob ab l Lf,t y of r,mc hing

n = number of molec zLe s t .Lme

d t - a verag e t i me bet(" e sn p r oduc t l on an :If 0 '-iJ0 ::':: t i on .

f t er r eactio. . has pr-o ceed ed f or a gi v n t i me t h e r e



garite trout iid 	pin £'ound. tA 

*• . t 	) 
= 	(I 

yl 

eists a 7r6bability/3„ tht the chins will interfere. 

dr, - no 	) n • 

Bounary relationships botweerleA, 	.•.re assumed as 

follows: 
r 	.--- 

Put /1f -4.-  4.,. 

. 	 n t = 0, 	= 0 	... 4 = o . 
:11. At t.i

, the point of in Loction: of the :- curve, 

• 11- 

Let x = amount decomnosed at any ins .an.  

x. 	amount zlecomposed at ti  -1 - 

Assume 

, 
= l- x) 	II = 	- 4A3.) 

is proortion 	to x, 	'c pot 	 p,-rman- 
Df 

- 7- 

Pf 	kdt • 

- xt C 
1• 1f-1' 

MIT c7ution .has extenrde the usefulness of the 

chain theory of naetion to much later stvzes in the 

doe Ulu :o,a tion. 	The equation holds throughout the 

decomposition of potassium nermanf!ante, and for 901 

the deoom'oosition of riercury fulminate. 	It may be 
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rtc 	IFprobahJy not constant, but mEy vary 

with. time. 

Tr the -orecedins sections it has been shown how 

7,e11s'ation of the ideas of nucleus formation and 

rreth could provide a.. basis for the 7,.:',-xoerittenttaly- 

fsland n-t curves. 	The actual ,mcohaniame governing 

	

cis..reestions rill now be examined. 	In seneral,. 

tso main. modes.of reaction l':!ve beer lostulatedl 

A characteristic festure of reactions to which, 

Hn oritronic nechsrism has been successfully appld„ 

is their sensitivity to pre-irradition. 	In all 

cssee the subestent thermal ,r.te is increased, And 

the effsst of the irration is .7dearly to increase 

th. number of nuclei or potential nucleus-forming 

sertres. 	The first explenation of this type of reaction 

T'S 	ty.Ictt (9)1  it terms of lattice-defect 

theory., snd 	1IIE  to baritm azide. 

A mechanism which depons on the erytJ. structure 

of the decomposirs solid, And A. An electronic 

mechanism 	some kind of internal electrolysis. 

7. mey be further subdivided into brenehirg mechanisms 

nd non-branchins mees.risms. 

Mott 7sStmed that at room temperpture barium 

azi(!e is ?71. ionic corexictor, the com!uctrInce erising 
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from. interstitial barieT ions. 	An electron., prouced 

therrally from 	azide radical is released to the 

conduction band of the - metallicnucleue. 	The nega- 

tively-charged nucleus attracts further interstitial 

barium ions. 	The positive holes are assumed to have 

sufficient mobility to diffuse to the surface, where 

two of them react to F:ive three molecules ot•gaseous 

nitroen. 	The formatIon of nuclei is exelained by 

-postulating a slow, uncetalysed)smission of nitrogen 

from the surface, the excess barium oing into solution 

ss irterstitlal Da4-4-. 	The free electrons travel 

inn the conuction band until two are trapped by a. 

•• +4 Ion, giving a metallic nucleus. 	5,xeerimental 

moasurements of the iorin conductivity of barium azide 

WI have shorn, however, that the conductance is too 

low by..  fctor of 10 to account for the measured 

rates nf nucleus growth (3).. 	The theory has con- 

seuently been modified by Themes and Tompkins.  (L4.1). 

An electron excited. thermally from a surface azide 

anion is trapped, probably et a. vacant anion site. 

If 2,n azide ion adjacent to the first is suffici ently 

excited, the tro positive holes react to for a nucleus. 

The aggregate can trap electrons thermally excited 

from adjacent azide ions. 	This Is followed by reaction 



of the azide raicals at the interface, leavinf two 

anien•sittPJ which became incorporated in the nucleus. 

s growth procees, the arregata of F-centres and 

Ba .4.4• ions eventually reaches a critical size, at 

which it collapses away to form a Metallic nucleus. 

Tha growth mechani3m may be represented, by the follow 

ma equation, where hI represents a positive hole, CJ 

a vacant-  anion situ, Fm an F4-centre aggregate, EID 

an electron. 

2N3 -- 	?a° 

2:o0 '4- F , 

+ 7 a 

2 	F 	4- 2) 

In this mechni , the existence of interstitial 

barium ions is not assumed. 

•ltother method of decomposition is that wherein 

the reaction spreads rapidly•over the surface from - 4 

number of initial centres of reactivity, after which the 

rate is governed by the linear pr000getion of the 

reactant/product - interface downwards. 	If IT = number 

of radicals in the interface, the rate of reaction is 

given by the.  Polangi-Wigner eqn., 

-7!•rti 	 0 



an. ep:uation which 	 ropreeTts t 	dehydration 

kinetics of ro.' oer esul,Ihte (42), but not, for ex.v.r!ple, 

the :dehydration of•calcium oarbon7,to "oe=iludrete (a). 

.ng and St4.n, (44) have 	sto that the energy 

.fctor iy be sp it i 	t.170 terns, silch 

rz 
=.0e 

Fr 
	

A • 	s 	1,7'. t may be ,ignificantly 

.rge in 	rjrner (0-) has sugi:7ested that the 

process of aotivtion may involve blocks of ITcrystel-

litesP, with groups of . '4dicals. 

Colvin zild Hume (41;) have deduced ecuat ons for 

this type of mechanism, taking two special cases 1) 

Thre .the whole surface becomes rapidly covered with 

nuclei aril 2) There one nucleus is present on. each 

.p.2ta.1 fce t thH? outset. 	They 77, ssume that the rate 

of formLtion of nuclei is given by an expression of 

tho form IV 	k (no - n) 
'it 

no = nu.Alor of centres where nuclei can form and 

= no (1•- 

The fractionl decomposltion at ary time is then 

r'alculato from the locus of the movement of the inter- 

fce across the criveti. 	Thus for the model of a. 

cor,tracting sphere, the fractional decompositioroGat 

thorefore n 
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~ time t is ~iv2n by

W~18 r e u 1 13 the l i n e a:c r a t e o r p :::J:.lt:: t :r"'. t l of; o f t h e nu cl eu s

a na r i s th~ r adi u s of

Cecomposi t i on i s incrs &ssd . Af t er ~ sho r t ~~lia J

IDe.! n t., n J. t o

Th i s i s'::on -

~ ~ l) In the gr oup or rea c t i oD3 f o r whi ch no ele c t r oni c

Civi si on i nto decomp Qsi ti on s whi c h 2ppe a r t o b0 un-
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that the lattir'e constant of the surface of any 

heteroptiar crystal is ca.•5:?7, less than thet in the 

interior of the crystal. 	Lateral strains, which. may • 

be relieved by the formation of E71.11ekal cracks, are 

therefore set up. 	Furthor„ the production of solid • 

reaction product on the surface of the crystal will 

Jo bs accompanied by such cracks, the larger the. 

product molecule, the greater. being the strain 

Further reaction will lead.-  to cracks spreading ftor. 

the internal "parent cracks, and thus there will 

occur moranchinr in. the crystal. 	This, then, in 

a physical interpretation. of the ibranching,-chairl 

theory of solid decomposition. 	The initial number 

of nuclei present *ill depend on the history of the 

crystal. 	Grindir. r1(1 scratching of the $urfeco, 

7111 fe.v17.r. the DrodlaCtion of nuclei, pne: the iitiaL 

rate of reaction will hence he increased. 	The 

acCeleratory process, however, is not altered in tyoc, 

;arid thus for potassium permanganate ?rout and. 

Tompkins (4J)  have rerorted the same accoleratory 

coefficients for ground and whole crystals. 

• 
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COL .oe-Jno have been 1nvestigate4 detailed 

t photolysis o silver 

a-rium and possum 

zidos.j Char.:,sLeic feature of the photolysis 

of ioniccopsa:'h-e is L. 	production of d;serete par-

01 rea.ction prouaot, despite uniform ii 

nation. 	MOt successZul iC iJ3is 	 ch photo- 

lytic decompositions arc based on lattice-defect 

theory. 

The formation of the iateLt imag in silver 

bromide ha$ been explain by Mott and Gurney (0), 

'as follows: 	Photo-oi,eQtrons aro trap-cad at ;144 6 

usansitivity” specic,s. 	Ihe oh4red speou trags 

interstitiai Ag, :Lone and olectrone Laternateiy form-

nacieus which grovs. by further trapping 

of ions 	electrone. 	The positive hole are 

asumed to have sufficient mobility to allow broe 

ineufficient to permit reaction. with the 

(SO) has 

Enlested that in non-eheitissd oryztais of ,Lilver se 

bromid, 	t of17 -cetre aggre6atez. 

itft.3r a critical size 	reached the azgrogate 1;reak5 

I A 
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from the lattice to form mtA.lic silver. 	This 

can then.. ?-Ow in the mariner sugested above. 

The photolysis of barium azidehas been investi-

jeted by Garner and Mags (1) an by Thomas and. 

Toapkins 4r). . era,  the results show similarity.  to • 

tlia 	obtained for silver bromide, but no evidence, 

vie conductance measurements, (0), could be obtained 

for the existence of interstitieJ B.1 ions, or far 

Aoto-conductance. .The latter authors have sur;gested 

that irTdiation results in the production of excitons, 

and not cond.:action electrons. 	It is ',, sumeej. tat 

excitons may be trapped at points in the lattice. 

k4acent trapping of excltons may lead to decompositl.on, 

the energy deriving from the energy liberated during 

the trapping process. 	This theory bee leed to a rate 

eeuLtion of. the form: 

2 constant (b 4 e 

whila has been shown to be in accord with experi-

rientsi results obtained for the photolysis of barium 

:6;xl.d potassium azides. 
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THE DEcomLgmioN OF SIi.VER  OX AL  

Tbezmial DRgom22siti2n 

The first systematic investigation of the thermal 

decomposition of silver oxalte was due to MacDonald 

and ainshelwood W;c) rho followed the reaction by 

measurement of the gas evolved into a vacuum system. 

They showed that the reaction was quantitatively 

expres ,d by the equation 

Ag2  CO = 2Ag 	2CO2  

The course of the decomposition which is appreciabl 

at temperatures above 7000, is profoundly modified by 

a variety of factors. 	Oxygen, and excess of nitrate- 

ion decrease the rate of decomposition. 

In a later paper (336-) MacDonald continued studies 

of the thermal rate, using several different specimens 

of silver oxalate, corresponding to samples prepared 

with an excess of nitrate or oxalate ions. 	As noted 

in his earlier paper, presence of oxalate ions increased 

the rate, whereas that of nitrate had the reverse 

effect. 	However, the general features of the curves 

obtained were Amilar for each preparation, in contrast 

to earlier work (334, where differently-shaped curves 

appear to have been obtained. 	The decomposition of a 

gelatine emulsion followed the same pattern as powder- 



decomposition, indicating that reaction did not spread 

from one crystal to another by infection. MacDonald 

carried out decompositions on single crystals, and on 

precipitated silver oxalate, under paraffin, smd in 

vacuum. 	The rate of decomposition of the crystal was 

found to be the same in either environment; the rate of 

decomposition of the powder, however, was reduced by 

the paraffin. 	MacDonald considers that the unit of 

decomposition is .vcrystallitel 	Macro-crystals are 

supposed to contain many, and micro-crystals of preci- 

pitateu oxalate few, such crystallites. 	The essential 

difference between large crystals and precipitated 

powder is that the external surfaces of the microcrystals 

become internal surfaces of the macro-crystals. 	In 
large crystals these surfaces are not accessible to 

paraft, hence decomposition proceeds as in a vacuum. 

Microscopic examination of silver oxalate during thermal 

decomposition showed uniform darkening with no observable 

nuclei. 

Although in general each run, was chracteristic of 

the preparation used, it was found impossible to dupli-

cate any experimental ,curve, variations in rates of up 

to 2O being found. Most of the preparations used by 



MacDonald involved a high exc 
	of one reect&nt in 

concentrated solution during precipitation, and 

Tompkins (3a) has suggested that the lack of repro-

ducibility may be attributed to the inhomogeneity of 

crystal produced under such conditions. 

MacDonald has given the folloviin analysis of 

his results: The decompovition is divided into four 

parts, 

The first part, 	amounts to some 3% 

decomposition, 1,9 controlled by nuclei which are 

present at the outset. 	The number of nuclei may 

be increased by grinding, or by irradiation with ultra- 

violet light, the fundamental ec,uation being: 

an ktx Ut 
Ezonesr, 	The second process, which accounts for 

th.s naln course of the reaction, is of an exponential 

form. 	This process may be yuppressed by carrying out 

thd decomposition in paraffin, or in air. MacDonald 

considers that this process is due to the production 

of nuclei which grow in two dimensions and which may 

branch, leading to an exponential law. That the points 

at which branching occurs are confined to "surfacesf' is 

indicated by the sensitivity of the process to 



paraffin olmd, absorbed ions. 

EIgSOSS III. 	A. third process is postulated to explain 

the reduced rate, and shape of the curve obtained by 

decompositions of the salt under paraffin wax. Mac-

Donald assumes that nuclei are formed spontaneously 

at the edges of newly-formed crystal blocks. 	As the  

reaction proceeds, the blocks become smaller, and the 

length of edge correspondingly greater. 	This process 

is possible in reactions calTied out under vacuum, but 

fn this case is the rate-detemining factor. 

In general, the, the results of MacDonald may be 

summarised as follows: 	The reaction starts from a 

number of nuclei present in the crystal; the nuclei 

spreed by two-dimensional growth in plates through 

ineividaal crystal blocks, which are the units of de- 

c*mporltion. 	Branching of the plates leads to an 

exponentlai type of decomposition. 

In a third paper MacDonald rd Sand son 41) 

measured the electrical conductivity of the parti 	y- 

decompo,, , salt. 	If the nuclei grow in plates, then 

the su.bstaxice should conduct, due to crossing of the 

plates, at a much earlier stage in ths decomposition 
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than if th 	grow in 5°1:1,4 dicret,e, form. . Their 

resultaindicAted that the mtcloi 	In the form of solid 

spots.)  7andnot ,o • The arfect ,;.)f various 

on the. decomposition 'q..:45.0.  14U410a. 	 the • 

of r5aCIdo.1"1 	r‘t .0f.°tm profoundly aiteredl  the 

sb 	of t lurves rewanedtht 	ner441y, it - 

1/M3 found that .1.11;ids with rative groups (z.ueed 

acsiert.on of the mction. 

effected r,Aaciati0n..0 

Benton and Cunningham (tI) conducted experimehts on 

the thermal '4'ecomposition of sliver o.nlate whieh z4,,J been 

pre4irradi4ted !ith uitra-vliet 	Their oxalte 

samples. were prepared 	slat; 	 dilute solutions 

of 	oxt.e..d oit 

stoicheiometricl droportiox. 	 affect or 

enviramc,nt cohfirme th 	 but different 

p-t curve Arere•obtcie. 	It =s -found that the ,?.cura ot 

tha rc:action could be deseribad - the eqution 	Ct 
Where x — 	for unirriited sanpls, but decrad. 

proi;ressively for lAoresiz-,c.. .2.-rposure. 	ibey tt 

re4ction trti fro).a a nurab-4r of Luc:lei, the nurzber 

which could be increased by-pra-irrAition. 	 '60)01.1 

shown, by ussumin inapendut 1wr growth in three. 

6-1.4 n 1011.24 011 	tion. P 	Ct .  •wS 4erlyed for unexposed 
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First, two nuclei may coalesce to form. a larger, 

growing grain.. 	Secondly, where there are many 

centres, growth may be sufficiently rapid along one 

dimension to become virtually two-dimensional. 

Thus the exponent is expected. to decrease as the 

reaction proceeds, as Is found. 

The thermal reaction after irradiation• is accel-

erated„ but is still (-iescribed by the -Power law, 

P = Ct. 	The constant C is found to vary as 
3.25 2 8 i 	where 1 = intensity of incident irra- 

diation. 	Tompkins suggests that as silver spots are 

formed, there is e tendency for a lattice more in 

conformity with the nktal state to be set up by ad-

justment of the Ag-Ag distances. This results in 

ditortion of the Ag2C204  lattice„ with. preferred 

re(Jions of growth, and of fragmentation along . 

cleavage planes. 

Recently, Suchow and Tiersh haleinvestftga. .,,: the 

flpheto-thermal" decompositions of intimate mixtures 

of silver .11d mercurous. oxalates. 	Their experimen-

tal technique was quite different from that employed 

by other workers in this field. 	The materials tested 

were suspended in gelatin, and the relative rates of 

decomposition determined by photographic sensitometric 
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methods. 	Thus the extent of darioning of the Dolid 

I s tken s pro:iortioni to the amount of decomposition. 

They found that co-precipitated mixtures of the two 

c'alts containing 5u-50 mole per cent of mercurous 

0461ate exhibitd much higlr decomposition rates 

than did the separate components. X-ay powder-

diffraction patterns indicate that  11.0 compound or 

solid solution ws formed, 	he results arc attributed 

to the catalysis of the silver oxalate decompo*ition 
, by Hg nuciei 	iron idbotolysis or thcAsercurous 

salt. 	,f,inc e a close intimacy of mixing is require.„ 

decompobitiondoes not spread to unexposed areas. 

Finally, some evidence is av&ilable from X-ray 

powder diffraction photographs taken airing reaction 

Griffith2. WO, 	These indicatethat the product is a 

ptlietworpn of the oriEinal salt; the 4 atoms occupy- 

i 	the $ale positions as in the .or4Inill 

compound. 	incre is no evidence for the existenoe of 

piates of silver. 

Zi6LI4itAs"-Y*.-44J4All 

£Lth ou0.1 photolytic decomposition had been noticed 

by  Mconald and by 3elut011 and Cunningham, the only 

cuantitative investig tion is due to TomAinf, The 
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pno lyais was measured at varying te,  p ratures and 

int nsit1es of irradiation. 	Gas evolution commenced 

immediately, any after about twenty minutes was almost 

constant. 	Lvolution ceased immediately on cessa-

tion of illumination, and the constant 'rate was re- 

produced on subsequent irradiation. 	The variation 

of rate with temperature ehowed an activation energy 

of 850 cal. 	The rate varied as the 1.67 power of 

the intensity, the value increasing somewhat at high 

intensities. 	The following explanation of the 

photolysis has been given: Absorption of light is 

presumed to give free electrons and free positive 

holes. 	Some of the electrons may be trepped by silver 

atoms adjacent to the positive hole, and if the life-

time is short, the concentration of such "sites will 

be proportional to I. 	Decomposition occurs when 

a free electron is trapped, giving C00-  Ag COQAg, 

which breaks up into silver atoms and. one oxalate 

radical by transfer of the additional electron to a 

neighbouring silver ion. 	This process shouia lead to 

a rate proportional to the 1.5 power of the intensity. 

The power found, 1.670  is explained, by additional 

trapping of electrons Cy Ag2  atoms. 	if pl = the 
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probablity thatsite will react, and p2 = the 

probability.  tat the trapped electron will be transferred 

to a positive hole, then the rate E is given, by: 

R-• P1 • 
P1732 

if P2> P1 	R = 

Put Pl = CLeth
. 

E2 P2 - C2e - 
ET 

21 -112=11) 
.*. R = C2 e 	RT 

Thus the sma I activation energy actually found, 350 

cal., appears as the difference between El and E2. 



(41) 

Decoaaosition o Orauria 2.4Aliap • 

This haa been studied by Prot and Tompkins, 4-0 
who snowed that the best representation for the over- 

a-1 reaction is;- 2Hg2C204-4  ag 4  HO 3CO2  4 Co 

the volume of gv-being 144of that calculated theore- 

ticaliy. 

Neither the addition of the end-products of 

previous runs, nor allowini, the reaction to proceed in 

presence of its gaseous or solid products had any 

'affect on the decomposition. 	Pre-illumination with 

ultra-vioiet light increased the initial rate of decom- 

position. 	As has been mentioned before, this is a 

surface effect. 	Si' iarly„ water-vapour was found to 

reduce the initial rate, the rection proceeding -Ifter- 

in normal 'vacuum" decompositions. 	Direct 

servation of nuclei showed them to be spherical;  with 

an average radius of 1.3,10 	cm. 	The thermal reaction 

is a surface process, which spreads rapidly over the 

face of the crystal, after which the rate 1S controlled 

by. the linear propagation of the face inards. 	The 

activation aeries for the two processes are 25.6  and 

37.i kcal. r spectively. 	It is suggezted that the 

increase in t11,  initial rate by pre-treatment with 

ultra-violet light is due to the production of mercurous 



oxalate. . hn electron is freed from a surface ox 1. 

group. 	ThIs is trpped by an HET 5'ion" in the second 

layer of the. crystal. 	The process thus correponds 

to. an. electron transfer which, when follwed by an 

intramolecular change ...can result in the production of 

v!mercurous" oxalate. 	This salt is known to be colla. 

erably less stable than the divalent compound- 	An 

extension of the process.)  i.e. epture of two electrons, 

leads to the . roduction, of metallic Hg, 
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since A.C. bridges are not practicable for the 

measurement of resistances greater than 100 ohm, 

preliminary experiments had shown the order of resis-

tance o the compounds investigated to be of the order 

12 
of IO 	ohm,. a D.C. circuit was used.As ha A been 

pointed out, this may involve complications due to 

polarization, ara hence a low-frequency pulse circuit 

was used. 	The snaJ. currents obtained were amplified 

by a 1:.C. aplifier, using an electrometer valve having 

- :rid current of 1515  amp. 	Full details of the 

circuit &nd component parts are given elsewhere (S5). 

iifier  Clrcuit 

This is given in Figure 1. 	The circuit, is con-

ventional, six 2-volt 123 A.B. accumulators being used 

to provide the power. 	The anode current is compensated 

by a current in the opposite cdrection 'by adjustment of 

RI?, :A.1. 1  the coarse and fine ;ero controls. 	R9, B13, 

used to provide the recommended cathode and.screen 

voltage f 	7 volts respectively. 	'By o 	and  

insertion of an Avo acli into J the heating current 
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can 
	set to 225 ma, by manipulation of the 7otentio- 

meter R11, 	The accumulators were charged each night 

during runs, and v:ere switched on thirty minutes before 

a aeasurerrent was made. 	Jnder these conditions the 

amplifier was quite stable, 	The electrometer valve, 

switch S2 and resistor RS, were mounted in a brass 

cylinder connected to the low-vacuum line via a pho 

phous pentoxide tube. 	Ali lead,, in the high-resis- 

tance part of the circuit were of shielded polyethylene-

insulated cable, and connections were effected by 

direct soldering to the appropriate terminal. 	The 

polarity of the voltage of the potentiometet P, and 

of the potential divider circuit, is controlled by 

the relays C and D respectively. 	The potential 

divider circuit is discussed later. 

The Count.7:r Cir.Quit 

This 	shown in Fig. II. 	The actual pulse 

recurrence freriu ncy used was very low, the polarity 

being reversed every 25 or 50 seconds. 	In practice 

the latter time interval was employed, as it was found 

that the shorter time was insufficient for the attain-

ment of a steady reading, duo to the inertia of the 
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measuring instrument. 	The circuit operated the relays 

C., D(Figure I), which reversed, the applied voltage and. 

.•that from the potentiometer every 50 seconds. 	.V4, vs , 

are the two halves of a double triode connected so 

that a frction of the voltage on each anode is applied 

to the grid of the opposite part of the double) valve. 

Although the component parts in the valve circuit are 

identical, there is sufficient tolerance in. valve 

characteristic and component valves. for one valve to 

conduct.  first. (V5). 	The anode voltage of V5 falls 	to 

ca. 100 volts, and the grid of V4. is held below cut-

off by the potential divider . circuit R1.5„ R17, and the, 

cathode bias generated by the valve current through R12. 

The anode voltage of V4 is the supply voltages 

(ca.210 volts) and the fraction applied to the grid of 

V5 is sufficient to keep the tube conducting. , the anode 
current being.  limited to ca. 10 ma, by the resistor R..12. 

The circuit remains in the above stable state until V5 

receives a. negative pulse of suf icient magnitude to 

cause it to cease conducting. 	This causes the ano- 

voltage of V5 to rise, lifting the bias on V1  which 

becomes conducting and immediately applies a negative 

bias to V5 via.. the potential divider R16, R18. 	The 
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circuit remains in this state until the next impulse 

i received. 

The i.iulse generator consists of a high-resisti:nce 

centienser Cl, 14hich is chargeL up to th,,  firing 

otehti- of the mean tube Vi tnreuh the 10() Urr  

). 	'hen firing occurs, a negative 

iee to the Lrid of V2 throu01 the coupling 

circuit c2  Er 	Thc: pulse is amplified and inverted 

in V2, passes through the circuit C3115, and is applied 

to the gria of V, which is biased to cut-off by '1  

f7 Rd limits the grid currant in V. 	The negative 

pulse from the anode of V is passed to the appropriate 

vie the contacts of relay D. 	Vhen V5 is conduc 

Ling, k operates, a. closes, and re.Lays 3, C, D opsrite 

so that V2 closes and the next pulse cuts off V. 

The change-over contacts on C and D thus switch the 

a.2.1,1,id voltage and that from the potentiometer each 

trine the counter opertres. 

Uza11.1.1 

:his is shown in 2-grj.re I. 

In order to measure resistance greater than 1011  

ohm, e supply voltage of more then one volt is 

necessary. 	The niu voltage read on the p 	o- 

m,Dter is 1.900 volt, hence suitable potential 



dividers were conetructed to calibrate voltages above 

this figure.: 

• The two voitge sources, 4- 120 and 4 .4 volt, are 

clibrated with switch Si in positions, 2, 
8 
 respec- 

tively. 	In any other position, •the applied voltage 

is equal to the product of the uly voltage and the 

resistance ratio .. = Rl/Rif'esistance, 

All resistors, R1 R7, were individually 

calibrated, on a D.C. Wheatstone bridge, and. E table 

of values constructed. 

The actual applied voltage used is. hence the 

calibration voltage multiplied by a factor dependent 

on. the position of the switch Si. 	The method of 

caiculation may be seen from the follovinz example:-

Lt s = voltage supplied by the potentiometer 

to zero the micrioammeter with switch 52 in position 2. 

same quartity for. position 3 of 52. 

Actual voltage applied across the cell and 

standard resistor in series. 	This is the call-

bration voltage s multiplied by the factor, app- 

...roptiate• to:  the position. of Si in measuring U. 

7.-1.ce the resistance. 	Is given by: 

Li • 1.02.10i°  ohm. 
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All meaurements were carried out in hard vacuum 

to ensure complete bsence of moisture from the om- 

ounds being. investigated. 	A Pyrex. vacut line, shown 

diagramMaticaIly in Figure 24 was constructed. 

The pumping system consists of - a two-stage mereury-

diffusion pump, 131  backed by a rotary-oil (Illyvtot) 

becking. pump A. 	The usual liquid-nitrogeh trpe, Ni, 

N2, and oil-trap 0 are included. 	Pressure was 

measured on a. M.cheod CaUge -C. 	Although pressure 

measurements were not neeed for this section of the 

work, the a)paratus was designed. for later use in.. 

kinetic measurements and the Mc'.aeod was calibrated in 

the usual manner. The pressure was given by the 

following formula:- 

where hm 

hc 

2.:,J 	Ho 4. 2.17) )1710-4.io 

position of the mark on the closed capilbary 

height of meniscus in the closed. capilliary 

H 	IT 	 TI 	 H If open capilliary 

The lowest pressure obtaintffile was of the o c. 

mm„ arid wasconAstently obt,in.cd during runs. 

The conductivity cell -was attachd to the line at 
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Th coryluctivity cell is shown in diagram (3). 

The framaworS: consisted of two 4.  2.5cm brass plates, 

], and two 0.2% cm. brass rods, secured. by lock- 

nuts. . A circular brass cup, external diemeter 1.4 era. 

height 0.3. cm. was silver-soldered. to the upper. 

plate B. 	The cup is machinod. to fit the qllartz 

insulating. disks-D 021: A similar cup, silvenrsoldered. 

to a threaded brass rod, terminated in a knurled. bead 

Both quartz disks, DI, 1)2, were of grsde-B 

'plate-glass finish:II fused quartz, of heIght 0.7 cm. 

and. diameter l.4 cm. 	The electrodes consisted of 

smooth platinum foil, spot-weled to 0.05 ram. 21Rtinum 

wire, which was soft-soldered to the co,eper com1Dcting 

leads. 	The call was ::lupported in the a-:oaratus by a 

length of 13 2.T.0. copper wire silver -soldered to the 

centre of the 1.)se of slate B. 

The contl 	ceJ-1 c-risted of a nyrex tube, 

fitted with s. thermocouple inlet Tc, and terminatinP, 

in a 5-50 pyrex proun-i-glass ,ocKet. 	Connection to 

the main vacuum-lire w Vic the T-niece T. 

TIne ce_l was hoFted by an electric Nrnacoe of 

conventional design opsratl g off 110v. %C. mains, 

the tem?erature b irJ1,  11=d-reFulated by a rheostat in 
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series with the furnace. 	11--2 f‘:rnce was eced in 

fibre bo". packed with asbestos wool. 

In any run, the pellet under investif,ation was 

firmly cla-,ped in position by movement of the knob H. 

The copper support and the platinum leads were then 

soIt-solfr?re-: to the copper-wire hooks, 

The B-50  joint was originally secured by Apiazon 

vacuum grease., but Bruc trouble was exporioncod through 

the joint stickinL: on subsequent dismantling of tho 

coil. 	;-,fter ex?ertmentine  with vrious creases, 

dicein vacuum wax was adopted; this worked very 

s,tisf,ctorily. 	The cell thus hung freely in vacuum, 

the only leak being through the quartz insulator 6,isks. 

7h theTnocoupl inlet was arranged to lie ,,dj,- cnt to 

the pellet, and the whole ysten was evecuatd for CS. 

eighteen hours before any measurement. 

Th thermoeoupiP used was of chromel-alumel and 

ws calibrated at the following points: 1edtint-ico, 

boiling-water at Known exterr,i pressure, meltinr point 

of till, 111-_Iltdu point of lead. 	The calibration was 

checked ufter ca. twe months; no correction was 

necessary 

?r.22=iic/11_0 
	

es 

All compounds were prepared in a standard manner. 



c9) 

1:4..s:lutiono of A.R. •oxalic acid ihydrate and 

aoluble compound of the metal required. were added at 

the same slow rate to 500.ml. of water in a three- 

litre beaker, with vigorous mechanical stirring. 	The 

crystals were washed by decantation, transferred to 

idckner funnel washed with distilled-water„ and dried 

at the pump. 	The compounds were stored over phos- 

phorous pentoxide. 	All operations were carried out 

under dark-room conditions. 	The quantities used are 

shown below, with relevant experimental details. 

a) SlIxer ' alLie 10000 ml, each of silver nitrate 

and. oxalic acid.. solution were run into water at 3000. 

b) 10000 ml. each of lead acetate 

and oxalic acid solutions were mixed at the boiling- 

point. 	The precipitate was dried in an electric oven 

11000. 

c) Mrcri 011R1Lt_ 74qual volumes of mercurdc 

acetate -3.elution ••nd oxalic acid seiution were mixed 

0°C. 

d) hlous OLL ,ate 

-t- 	Euivqlert c7uantities of thallous suiphato 

ad oxalic acid 7ere mixed and the solution 

allowed to crystallise. 	The crystals were twice 

rapidly recrystallised from hot water., and dried 
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at 11'))0 in an electric over nO Ff- cor-ed over phos- 

phorous pentoxide. 

An attempt to prepare samples of thallous sulphate 

containin, foreign ions was made. 	Thallous oxalate 

ir,"a selected since 

it crystallises well. 

(b) No intcrferencsdue to t;,t,,r-ssl a-c,,m-

poition is likely an,:.  temperatures below 

&t least 500°C. 

(c) it possesses a conductivity whose 

magnitee is easily measureble at normal 

wor4ing tampertrres. 

. 	:cuivalent (luantities of thallous sulphete 

1.1Ation containing bariu„: oxalate and oxalic acid %ere 

allowed to crystallise. 	B:rium vas selected since the 

closenessin size of the barium and thallous ions 

(1.4% 1.1 9 res7sctively) made incororstion of the 

barium ion into the lattice seem possible. 	The crys- 

tals 	not further purified. 

3. Crystals in  t: Crystals of thallous ox4-Alate were preTs 

d), 1. 	The crystals were recrystEllised 

a) iuic1y arid b) slowly, from M/50()_i8actia 

L;;xium ou.lvte 1,000 ml. solutions of barium e) 
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c7olor1de and oxalic .1.d solution.. were mixed at the 

bailinoint. 	The precipitate was washed and dried. 

t; 50°C in an electric oven, 

Since none of the compounds were available., in 

single crystals sufficiently large to permit direct 

Iroasurement„ compressed pellets were used. 	The pellets 

were ore7eared In s. Millen hydraulic MountinE Press, 

un3er. a pressure of ca. 10 tonsisq.inch. 	The pellet 

produced were all IcerfactIy white and hard- 	Pellet 

of the 	oxalate were translucent, as were pellets 

of sailum chloride and potassium bromide. 	At first 

difficulty was emparienced in making pallet- of barium 

oxlate, but it was found that satisfactory pellets 

were formed by a very slow increase of pressure in the 

press. 	All pellets were stored in the dark, over 

phosphorous pcntozide. 

tal Eroecdu= 

A pellet ras placed in. the cell, and clamped. in 

position by turning the knob H (P17.k1.4) untilftn7er- 

tight. 	The ce.,_1 'was soldered in position. to te 

leads end cop . er support. 	The apparatus was evacuated 

for ea- eighteen hours before.. any run, at a temperature 

cletermined b.y the decomposition temperature of the 

compound. concerned. 	Tirns silver oxalate was outgassed 



at room-temPeratures. whereas lead • oxalate was cutgassed 

at 1200c. • MeasurerLents were made at both ascending 

and deScending .points in, the temperature rare used, 

about one hour being allowed at each tamperature to 

ensure establishment of thermal equilibrium. 	At 

the end of each run the pellet was removed and its 

thickness Measured. 

Results were tabulated and platted with logd as 

function of 1 	„„,::„ 	The variation of conduction. 
To K 

with temperature is given by the Arrhenius-type en.: 

Ae- E  
RI A exp. rT 

whence the pre-exponential term A, and. the 

activation energy R, were found from the graph of 

log.ci 

The specific conductance was calculated from the 

formula 

= 

Measured conductance 

thicaness of pellet in cm, 

cross-sectional area 
. 

1.7 6 cm". 

The apparatus wys tested by measuring the conduc-

tance of a pellet of ik.n. potassium bromide in the 
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._T,n712tur1 TC lirJ°  to 220°C, 	Potassilt bromide 

vaS selected, einoe a direct c,smparisor could he made 

with the results of Jacobs 40) using  the same tech-

nique, and the results of ti')pe :,nd Partridge (7 ), 

who used a simple P.C. bridge with a. sensitive galva- 

nometer. 	The results obtained are shown below. 

Since the measurements were in. the .region: .of structure- 

sensitivity, the agreement with the results obtained. 

by other workers was r-onsidered satisfactory. 

Values of the energy of activation do not in 

general vary because. of structure-sensitive effects. 

The value of the pre7exponentii factor, however, may 

vary considerably. 	Thus for .11a Cl Smekal (57) 

reported values for A, of 0.055, 0.42 and 0.67 for  

stecimens corresponding to .i fferent single crystals. 

The actual measurements are shown in. Table  

T/-71 123  

TABLE 

s u 11 

1 -4 

log , 

384,6 2.60 1.201 0.05 5 11786 

406.5 2.46 1.220 .985 9 17.51 

460.0 2.175 1.200 .640 2 17.05 

500.0 2.00 1.200 1.09 2 11.99 

460.0 2.0,n 1.-!.!10 0.92 2 10.50 

474.8 2.50 1.210 0.278 2 1t.16 
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From the r-rh, the characteristic eqution for 

the conuctivity of potassium. bromide was derived, viz.; 

400)  = 0&.0 - 
T 

1 

The results obtained are compared below with 

tliose obtained by otter orkers. 

TAL72; XI 

Br 	A 	log A 	Ek.ctls 	Author 

ft 

 

9.63 	0.934 	'22.40 	Phipps & Partridge 

6.85 	0."336 	25.76 	P. Jacobs 

7.0,3 	0.350 	24.00 	e5,4,7 

The reproducibility of tne conductance 

i affected by three factors:- 

a) Vari-tion in conductance due to measurements et 

different applied voltages. 	This ir an instrument 

error, which in no case was found to be greater than 17;, 

and. was, :s Jacobs reports, frequently much <-,mt. ier. 

Ohm .  •Law was verified for each compound use 
	

this 

showed that the orecautlons taken to avoid polarisation 

were effective. 

b) Variations due to .difference, in physical form of 

pellet or electrode. -The process for maklng pellets. 

eTyleared satisfactory. 	Density determinations.  ware 

carried out on potassium bromide pellets; the 
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vFriation between. two pJ.iet mounted to ca. 2%. 

The,  actual üenty ia comparerl below with the repor-

te Value (2.45) for the cryvtai modification. This 

indicates ca. 10% "Space" in the pellet, 

Pellet I 	Pell t 2 Mean Crystal 

Density 7.455 	25O5 2.480 7.756 (250)c. 

The ,;,.1(;ctrQdes were of salooth pt 1m fc,1 1  

re wahe. with alcz,hol between runs. 	Cr e wcs 

taken to mount the piits in a stindard manner. 

c) 	Vp,riatin due to the nature of the structure-

sQ.noitive temp ernture-vynEe in whiCh .;11 measuremert 

were made. 	Tills varirition is indeterminate, and 

reference t.e,:,ch particular compound is necessary. 

ThE: IcLic conductances of sliver, mercuric, th:Illous, 

lead and baritim oxalates were mcoured in the temper% 

ture range of stability of each 1.1-.)mpound., and the 

eiaracteristic equation reltine; conduct&nce to tem- 

perature derlve. 	two further series of experiments 

were attem7te. 
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iiret an attempt to find a relation between con-. 

ductance and: method of preOaration of thallous oxalate 

was made. 	.Pre'04ration (d) 1 	n were employed. 

It was expected, by analogy'. wit previous•investigators, 

.(sI osy) that a marked•difference in the otructure-sen- 

sitive concluctanoe would rseult. 	The esuite obtained, 

however, varie(1 from the vstoich,,eioMetic results" by 

no more tIlan the normal exporimctai limits of repro- 

ducibiiity. 	 In .ienor, the resuitce are similar to 

those obtained by JaCObS (0) in work on the conduc- 

tnce of potassium azide. 	The results obtained are 

sumiarieed below. 

d i Run 3 	6,-55 

(.1 	9 	5.96 

6.10 

10L_A LL4raL) laL_L_Wan) 

	

7.65 	6.15 	75/ 

7. 

	

7.79 	5.77 	7.46 

iii () 

(7, 	(b) 5.70 

Hence the average valuo of the pre-exponential 

factor ie not significantly incroased by any of the 

different Methods of preparation. 	By comparison, the 

of 
	 to A.g el was found to increase 

toe conductivity more than 1,000 times (60). 
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Secondly, the effect of pre-irradiation or the 

conductance of silver oxalate was studied. 	This experi 

merit is of especial interest, since the lack of positive 

evidence for photo-conductance in barium azide (*0), 

has led to a new theory of photolysis er), which does 

not postulate the existence of electrons in the con-

duction band. 

The experiments were crriod out in two 

In. the first, light from a 150-watt tungsten-filament 

amp was focussed on a slit, plad passed throug.h a 

quartz cell containing distilled water. 	This served 

a$ a filter 
	

infra-red radiation.. 	T 	slit of 

light was adjusted to fall on the side of the pellets 

mounted on the press, such that a band of ca. 1-2 mm. 

was illuminated. 	Care wee taken to prevent illurAnation 

of the electrodes. 

In the second modofi alion a. small hole was blown 

in the wall of the pyrex tube, enclosing the pellet, 

a quartz window sealed thereon with picein vacuum 

wax. Light from a low-pressure mercury-vapour lamp 

was focussed through a slit onto the pellet in the 

ap?aratu3. 	It was found possible to el:lase slight dis-

colouration of the pellet in a strip correspoa!lin to 

the incident light, showing that some decomposition. had 



occure.. 

In neither mo(aifieation of the apparatue Tas•it 

foun pospible• to deonstrate an.dij:ferene in conduO,.. 

'Lance on. switchinK on the 1Lht1 	It is conclued, 

therefre, t4t i.Lver 	t shOr photo- 

co4ctco, of cuTrert 	'14 .amp. under 

the above conditions. 



•. 
The pumping system used in the conductance 

measurements was retained and extended i as shown in 

Figure (1)• 
	The reaction cell C consisted of a 

6.5 x 2.5 cn. pyrex tube, connected to the, vacuum line 

in a B-10 ground gloss joint. 	The upper ed ges of the 

cell were extended to a rim, with two small inr'enta- 

tions„ for thermocouple wires. 	. 1.0 mm. Grade "PI' 

*plate-glass-finish' quartz plate was sealed to the 

mtm by picein vacuum wax. 

The Pirsni gauges were constructed as shown in 

Figure (4r), 	The tungsten filament consisted of a 

spiral unflashed electric-light bulb filement, resis-

tance 2k0 ohms, welded between two strips of nickel 

foil, chic', in turn were welded to 1 mm. diamoter tung- 

stri wire. 	The Pirsni heads consisted of 20 x 2.5 cm. 

pyrex tubing, and were immersc *n a D war containing 

ethanol and solid carbon dioxide, the level of the 

liquid bein kept above the internal seal. 	TTo attempt 

was made to flash the wires, as this rssulted in a 

loss of elosttoity; a small amount of mercury was 

condense: in each gauge and hence all measurements 

were see with th) Uranis in an atmooDhere saturated 

with mercury vapour. The gauges were operated at a 



FIGURE: 	APPARATUS USED FOR TIDTOLYSTS. 
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constant current of ten. ma. 	71easurements were made 

using a conventional Wheat tone net circuit, compon- 

ent .parts for which are given in -Figure W). 	The 

Piranis were calibrated against :decomposition gas and 

carbon dioxide from commercial solid 'cardice', intro- 

duced into the apparatus via the finger f. 	The 

reference Pirani was maintained permanently at high 

vacuum by direct connection to the diffusion pump, and 

the reading taken to balance the bridge with both. 

'gauges in hard vacuum was, taken es the resistance zero 

Re. 	After initial fluctuations, the difference 

(Ro 	whereoR = the resistance needed to 

balance the bridge at a pressure P, remained constant. 

A graph of400,-13  was constructed, and used in the sub- 

sequent measurements. 	The gauge had a sensitivity 

of ca. 10.i ohms/micron and the bridge could be 

balanced accurately to within 0.5 ohm. 	Pressures of 

10-5 mm. could, therefore, be measured to 

The temperature of the photolysis cell was 

measured by a•copper/constantin thermocouple stan-

dardised at the following fixed points: Boiling-rater, 

melting-ice: boiling. oxygen and the temperature of a 

water-bath measured by an Y.P.L.-calibrated thermometer. 

Several cm. of the thermocouple wire were Coiled 
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inside the cell, to minimise conduction along.  the leads, 

and the spot-welded metal junction arr-nged to lie in 

the centre of the surface of the oxelate layer. 	The 

cold junction was maintainmd at et in a Dewar of 

melting-ice. 	Variation ir temperature of the cell was 

effected by immersion in various temperature-baths. 

:bove 00C, a water-bath, the temperature of which was 

controled to-4-0.051C by a conventional toluene regu- 

lator was employed. 	At lower taTperros, Dewar s con- 

taining suitable refrio.orant mixtures, 2.g. melting 

ice ethanol and solid carbon dioxide, meltin7 carbon 

tetr.achloride leer*,  used. 

FT-,erimentgl orm.gedure: 	This was startiled as far 

as los'ible. 	! thin layer of oxalate was spread over 

the base of the cell, and the position of the th?rmo- 

coilplm adjusted, 	The quartz window Was sealed, and the 

apparstus allowed to out-gas for ca. 18 hours before 

any run. 	Dark-room conditions were observed. 	Before 

beginning a run, the cell was isolated from the pumps, 

and the outgassing rate measured. 	The lamp was 

switched on for (I.,. 10 minutes befo-e irradiation, and 

the current in the primary winding of the lamp trans- 

former measured. 	The cell was opened to the oumns, and 

the resistance-zero checked. 	The shutter was removed) 



P.P—measuring lk compeasetinti heads 
R. — decade resistance box,0-10000 ohms 

— 5000 ohm resistence 
H 	twe s 2—volt,170 A.R. raccimuletore 
G — Tinsley gelironometer,eeneitivity 

of 1.6 TOleetp/rrer. 

C 
73 
rn 

in 
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the reaction System isolate= from the pumps/  and  a stop- 

clock started. 	P.eadings were taken at suitable time- 

intervals, usually of one minute. 	At the end of a run, 

the :latter was replaced, and readings continued in 

order to test for the existence of a dark-rate'. 	In 

the reactions considered, evolution 	s ceased with 

cessation. of irradiation, and the small original out- 

gassing rate was Tehtablished within a. few m flutes, • 

Photolysis rates were measured both at different tem-. 

,Jeratures and at different intensities of incident 

order to preserve unaltered the relative 

positions of lamp and reaction-cell, the intensity was 

varied by adjustment of the primary lamp-current. 	It 

was found. by aligning the lamp with a Kipp th,:.r.mo211e0  

that a square-law lationship between pri 	current 

tr and intensity I existed, although a point source was 
not eraloyed. 

2 
i.e. iP oKe.m.f. cKintensity 

Annixatus used In  2Ie-Irradlation 

The apparatus used in the .photolysis experiments  

was modified as shown in F . (s), a reaction-tube and 

calibrated volume being aclded. 

The sample was contained in a quartz bucket, the 

bottom of which was plane, and of "plate-glass-finish". 
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The bucket was suspended from the winch by 0.01 cm. 

platinum wire. 	Apiezon-N grease was used as lubricant 

for the movable joints in the winch, due to its 

plasticity at working temperaturos. 	The bucket could 

be raised to the centre of the furnace, so es to touch 

the thin-walled tip of the thermocouple inlet. 	The 

thermocouple was of copper-constantin, and was cali- 

brated at the melting-points of lead, tin and 1,-e. 	The 

temperature of the reaction vessel was m.-Intined by an 

electric furnace which fitto!1 closely over the reaction 

tube. 	The core of the furnace consisted of en iron 

tube, 26 x 2.2 cm. end of thickness 0.3 cm. 	The 

furnace was constructed for use with an electronic 

control unit, and was made of three separate winjings. 

In practice it was perfectly satisfactory to operate on 

one Yarding, control being obtained manually by 

500 ohm. lamp series rheostat. 	The winding used was 

the external winding, of 140 ohms of 18 ohm/metre 

nic'crame, and the 110 D.C. mains were employed as power 

supply. 	Used thus, the temperature of the reaction 

vessel remained constant for.-,everel hours at temoera- 

tures between 90° and 1300C. to within 1- 	The 

irradiation call was provided with a In rim at the 

lower end to facilitate sealing of the quartz window 
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by picein vacuum wax. 	To prevent infra-red irrf=d- 

i tion a ouertz cell filled with distilled water was 

fastened to the window by elastic bands. 	A fibre box 

shielded the lower portion of the reaction vessel from 

draughts during irradiation, which was always carried 

out at room temnerature. 

P,zneriNegtal 212azaluxa: 	A fixed rfuantit7 of silver 

oxalate was weighed into the snartz bucket, and mounted 

in the irradiation cell. 	The anparatus Was pumped for 

ca. 18 hours before ony rum. 	Before a run, the out-

gassing rate was measured, and the Pirani zero checked. 

Irradiation was carried out with the cell open to the 

pumps. 	The cell was then raised to the centre of the 

furnace by a known number of revolutions of the winch, 

the apparatus closed to the pumps, and a stop-clock 

stErted. 	Readings of pressure were noted at convenient 

time intervals. 

2r:2;azation  of Silver =late: 	All samples were 

prepared in dark-room conditions, washerl by decantation 

end then at the oump, and stored over phosphorus pen-

toxide in a desictor. 

1. 	ITIalcheiam 	Silve  0=1P 	200 ml. of 

N/5 A.R. oxalic acid dihy'.rate, and '700 .11.silver 

nitrate were run into 400 ml. of water at 30 C. at the 
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same slow rate, with vigorous mechanical stirring. 

2. IlazalaIg=famage Silvex Dmlate: 2,000 ml. of 

N/20 oxalic acid solution were run into 400 ml. of 

N/20 silvor nitrate solution, with vigorous mechanical 

stirring. 

3. nEitmaie R.40esstoSilver Ozalgts: 	500 ml. of 

N/5 silver nitrate solution were run into 50 ml. of 

17/5 oxalic acid solution, with vigorous mechanical 

stirring. 

L. 	I'LlItraig=Lxzeg,er_LiiI2r_Tv„.1r,to: 	500 ml. of 

N/5 silver nitrate solution were run into 50 ml. of 

N/5 A.1?. sodium oxalate solution, with vigorous 
mechanical stirring. 
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The ultra-violet lamp wLs placed before a Ki p 
thermopile, in. the same position as it had been with 

respect to the ce.L.I. 	The e.m.f. registered was 

masured or. a Doran potentiometer. 	Th,, reqits are 

tabulated below. 

i 	amp. 
P .M.F. my. 

0.0 0.00 0 

3.4i 0.41 61.1-o 

0.36 o.600 

0.30 0.32 0.546 

0.25 0.30 0.500 

0.20 0.26 0.447 

0.15 0.21. 0.3o/ 

0.06 0.14 0.240 

0.36 0.38 0.61.6 

Results are shown on FiEure Jj 



FIGURE  7 CALIBRATION OF IAItP 
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A y)ic-1 ?irani cibration cur1ve is shown in 

Fiore 	It i, soy that the curve is strictly linear 

in th rnEe required. 	The curve was indoendent of 

whether the gas was prepreL by ',leafing silver oxalate, 

or from commercial solid carbon c]ioxide 

P mm-1- 	R ohms. 

37.51 7r r  

33.50 340,0 

29.49 293.0 

19.20 190.0 

17.50 175.0  

12.42 124.0 

2.50 	25.0 
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loge 

(g 3  

The condLctance of ilarcuric oxalate is thus given 

by the following equation: 

loge = 	6.42 - 
Th4ipus Oxalate 

Run 15 

T°K 

3,4.o 1.204 .857 

336,7 1.208 .901 8 

362.0 1.212 1.036 B 

3804 1.209 1.058 

377.4 1.209 1,079 

3690 1,210 1.018 3 

356.1 1.208 1.037 8 
356.o 1.207 .980 

Run 16 T4N44 ;4,I1 

293,4 1,212 247 3 
310.6 1,202 .587 8 

315.5 1.210 .662 

3270 1.210 .755 8 

333.4 1.213 .814 6 
342.5 1.211 .878 0 

352.1 1.214 .940 8 

357.3 1.212 .962 8 

295.9 1.209 ,1T0 8 
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Run 19 
T°K 

ILP. 

299. 3.30 

308.6 2.240 

317.5 3.150 

329.5 3.035 
341.3 2.930 

352.5 2.837 

365.6 0.735 

1,stoicheiometricn 

BuuPrar 

pellet, 

15 d ± 6.35 
16 d1 5.96.  

17 d 11 6,10 
Q.  d iii (a) 5.50 

19 d iii (b) 5.7 	. 

1 = 0.% 17 

log Crj  

11 70 

11.98 
10.075 
16.20 

17.32 
17%425 

The values for E and , are collected in Tab 
.12.1d compared with the values obtained from the 

LoiA  Man  

	

7.65 	6,15 

.49 

7.79 . 5.77 

	

7.11 	7.76 

Thus the mean values of log.  A. de riot differ by.  as' 
much as individual values for to A ocrried Out under 

identical conditions. 
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5. 	Bzr.11421_azal:II2 

log 1 .. 	., 	R 

.710 

10-.  
T- 

111..4n 20 iA14..i.1.;ii 
T°K 

	

S 	U p 

350.9 1.205 .540 10 '17.25 265.0 

370.. 1.200 1.63 10 342.75 270.0 

400.0 1.208....)d.e.g 5 - !T.25250.0 
....— 	, 

425.9 1.210 .513 1103 235.2 

408.2 1.205 .814 5 11.37 245.0 
360.2. 1.212 .393 5 4,0 263. 
357.1 1.205 .755 10 12.4 280.0 

From these results the following constants viere 

evaluated: 

kcal. 	log A 

4.7 	5.71 
The specific conductance of barium azide is thus 

elven by: 

log O 
A700  

/.1.5 
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eil=a11,1-1 	 

. 	Pho  

The hotolysis of AsIver oxaate was carried oat 

t temperatures ranting from "O°C to 4 'QC and at 

vary in interisi ties. 

The p t curves were accu ately linear, with slight 

acceleration. 	Gas evolution commenced immediately On 

witchini;: on tho light, and ceased on cessation of -rra- 

dition. 	The ratio obtained from any one sample were 

strictly reproduciblc within * 	and it was not, 

thereforel  found necessary to determitle re-ative rates 

of photolysis. 

A.,  

Runs 26 7  2 give the results 0,..:.:Jtained for photly-

sis at varyinT intensities, the ce.,1 beitif•immersed 

throughout in• a Dewar of meltinf,; ice. 	Ail ruts were 

'performed or the same sample without letting down. the 

Vacuum. -• The 'evolution of gas I :4ver. in units of 
10 	mm, or mercury. Rates of CVOaution, kc  are ex- 

- 
pressed in units of 10 6 

 mm. of erbon dioxide evolved 
:71  

in an apparatus volume of 705 cm pirminute, and are 

collected in Table ('7i 	A curve elating ip, the 

primary lamp current, take, together with a typical run, 

/3 given in Figurei8. 
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Run il3  a. 	imi-o/ minute 

26 .40 25.4 

27 .27 17.3 

28 .18 11.5 

29 .32 20.4 

30 .23  ...t." 

31 .15 .6 

32 .10 400, 
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4 

6 

8 

10 

14 

13 

22 

26 

30 
34 

38 

.t3 
50 

(qf )  

3. YaziaIlau_ag RLI:2_21_47:=121.7.1As wkth  lemPeWalala 
The restdt of runs v:'; to 43 show the influence of 

temperature or the rate of photolyvis• 	The primvry 

current was fixed at 40 ap. for runs 33 to 36, rare at 

mp.,  for runs 39 to 4 3. 	vka.u.es  of 	for differnt 

temperture 	re coilected in Table ((7) .LA71d are 

plotted in Figure 9. 	From th4 'graphs, the en.,..)rgy, or 

-- tlAration of photoiysis was found to ba '20. and 

562 cal.- 

Run 	Run 34 
	

Run 35 
T = - 70°C 
	

T 7: -.10 

t 	0 

•.52 

.8 

t 

0 

2 

4 

p 

0 

.3 

.7 

t 

0 

6 

0 

.9 
1.55 

1.1 .6 1.10 10 2.30 
t.35 6 1.45 12 2.50 
1.95 10 1.7 i63.75. 
2.51 12 2.20 20 4.75 
3.07 24 2. 5 24 5.74 
3.65 20 3.77 2E 6.65 
4.2  1,7 32 7.66 
4.75 25 5.26 trx 8.6o 

5.34  32 6.00 40 9.60 
n 6.75 44 10.55 

/.05 44 r4,4,  
* 	5 

48 
52 



0%) 
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Run 36  

_ 	1°C 

t 

0 

Run 37 
T = 25°  

p 	t 

Run 

T = 	350  
p 	t 
2 	.51 

2  .49 1.0u. 1.15 
4 .95 1.75 6 1.75 
6 1.45 8 2,30  2.40 
8 1.95 10 2.95 In 3.02 
10 2.45 12 3.55 12 3.60 
12 2.96 14 4.15 14 4.21 
14 3.47 16 4,75 16 5.80 
16 3.97 18 5.116 18 5.35 
18 4.47 20  5.95 80 6.07 
20 5.30 22 6.55 

4... 6.66  
22 5.50 24 7.15 24 7.25 
24 6.00 26 7.-o 

26 7.85 
26 6.50 28 8.37 28 8.5o 
28  7.30 30 8.95 30 9.06 
30 7.50 32 9.55 32 9.67 
TrN 

8.05 3 10.17 34 10.25 
34  ba60 36 10.85 
36 9.10 4o 12.05 
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Run 39 

T-  = 	. -47°C 

P 	t 

25 
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7C„ 	6 
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1.50 12 
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2,60 . 	20 

3.10 	. 	24 

... - ...=. 
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4.62 	36 

5.15 	• 4o 

5.65 	44 
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T = -110  
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.3 

.65. 
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2.52 

I,. 20 ...., 	• 
3.80 

5.07 

5.70 

6.35 
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7.6o 

7.80  

1.60 7 

• 

6 • 

20 

.4 

2 
32 

:76 

1.0 

44 

46 

8'',  

• Run .41 
fl,  1 = i 

.70 

.95 
2.15 

, 
,„ t: ..i•-...- 

 .4,„" ,,„ 	.-47. 

5.00 

5.70 

6.40 

7.10 

3.55. 

9.25 

9.97 

10.70 

1; 
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12 

_1.6 

20 
. 2 

28 

7'7, .."*. 

36 

40 

48 
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.30 
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12 .08 12 n 	f7t!-, 

16 3.20 16 3.45 

4.30 20 .30 
24 4.50 24 5.15 

5.60 LP 6,33 
32 6:42 32 6,90 

..;,0 7.20 36 7.75 
4o 8,0o 40 8.6o 
4), 8.80 44 9.14.7 
' 3 9,60 4" 10,35 

50 D.75 
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4.1.1 .29 la 8 1.274 
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- • .1.J .,4 24.0 1.360 

274- 3065 
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298 7 
.1*  29.9 1.476 

30 30•3 1.468 

TAi31L Z4 0 

.27 amp. 

231 4.33 14,9 

22 "3.62 15,C  

274 3065 17.6 

295 

31/ 3.'21 21.i; 

Run T0  C 

33 -70.0 

3 	-)0 
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37 254 
35.0 
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FIGURE  9 PHOTOLYSIS OP SILVIR OXALATE 

2.4 3.0 4.0 5 c. 

ip 0.40 amp. 

i 0.2? amp. 
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2hot2lyziLI Pr_2e2=Zic  OL 
This 	carried out in exctly the me inner as 

.17r silver oxalate. 	The:rates of photolysis were - lower 

tbanior the sL,,vr stlt,„ but the nctivation energy of 

rhotoi• sis in the se tpmperture rr,pfe, —70 to 

V776Ufh still small, wz..s much larger, , 	beore rates 

of i*tolysi were found,,. to be reproducible to. 1,, and 

were proportional to the,squ 	of the Intensity of 

irradivtion. 	Durinf photolysis, the sz.,::,1t chnge from 

n. perfectly while to c. light—brown colour. 

Runs 44 to 48 show the wriation of rate rith 

intensity. 	Results cre collected ir Mble 	ne, 

plotted or. Figure 12A 

suns 49 to 53 show the variatio of rp..te with 

temperature. Results are plottea on Figure 11 Lld 

t6:buiated in Table. (F„Z). 	From the curv124 the activation. 

onrgy of photolysisis 1.55 keel. 
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t 	p 

'''',% ,c,. 

1,. 

0 
7  0,0 

.7 

1 	1 r 4„...... 1. 

*4) 

.90 

55  

2 

6 

12 

.18 

.85 

1.25 

6 1.57 10  1.75 

10 2.00 16 16  2.5: ,.7,0 2.20 

12 2...7,5 20 3.20 -14, 2.60 

1."-  3.20 24 7  6o ..,.. 26 3.05 

20 4 00 26 4,50 32 3.50 

24 4.60 32 5.15 56 3.95 

z 57  .6 36 5.7. 40 4.40 

v.....r,  6.5o 4o 6,40 )!-4, 4.8o 

36  7.20 44 7.0 46 5.25 

40 8.0o 4::: 7.70 c-,,,, 5.70 

lo,, 8.Lo 52 56 6.15 

46 o'o 56 6o 6.60 
60 

56 
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8. .40 
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1.20 20 1005 
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24 1.80 28' 4.  

23 2.10 1.70 
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•Z• 00 od 44, 2.37 
3.35 48 2.60 
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Run. 49 Run. 50 

T -18°  

Tun 51 
T - 10 

t 

2 

.9 6 

.52 

1.20 6 

.65 

1,10 

12 1.4 12 1.3o 8 ....„,, 

16 1.65 16 2.5 10 1.90 

20 2.35 20 3.05 12   7,30    

24 2.50 24 3.64 16 3.05 

28 3.25 7t6 4.30 20 3.35 

32 •/.75 It-„, d,  4.90 24 4.65 
76 , 4.2o 36 5.50 20 5.44 
lin 4.67 tr) 6.Io 32 6.20 

5.15 41',. 6,75 56 7.00 

46 ;-, ..,.,...5 1.,:. ,,,, 7.35 40 7.3o 
,, ...,, 6.1 52 7.9/  

0 55 60 9.15 48 9.-i5 
*0 7.05 
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Run 52 

t 

'I : 22°  

p 

1J r .'ti 

Run 53  

t p 

g' I •,, 

_ 4 .76 4 .90 
8 1.85 6 1.145 

10 4 ,,,,, . c „ 8 2.00 

12 2.80 10 2.50 

20 4.75 14  

24 5.70 16  
28 6.70 16 4.55 
...„ 7.65 20 .10 

8.63 24 6.10 

llo 9.60 2.8 7.15  

30  7.64 
104 ..., 8.70 
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• .22 
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ip •ara p • 
.40 

Run T°C 
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10T  
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log k 
1.07 

.40 50 255 3.92  i5.). 1.103 
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.40 53 3'? 306 3 a 27 25.7 1.41 
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Photolysis of 

kercutic Oxalate. 



it was 	that the ;.Jhotolysis rte ohtainud 

from lead oxalate were not strictly rcprodolble over 

a long perio, of time, 	2uo offects contributing to 

this we a di.tinguished: A 	The rates of ga 

evelution, though at firt linar, decrT:,ased progress- 

ively after ca. thirty painuti-3s irradiation. 	It was 

foun that 4f. the sample were pumped for so ,  hours and 

irrn.diated„ the constant rate Itia5 reproduce. 

B) 	i,fter prolonee(i photolysis, the alt' layer 

Oecame quite brown, and the rate of photolysis decreased 

ate dily, finally reaching very =all constant value, 

Jrther irradiation and pumping had no effect on the 

rate, 	it was not found po sible to reproduce the 

time taken to reach this saturation ataze, but the onset  

of tne reduced rate occure after ca. 3  .to 4i hours 

irradiation at a 14mp currat of .4 ;',imp. 	The irra- 

iation of rate with Intensity was, therefore, iLvilsti- 

gated with rw's of short duration, (^-2.0 minutes). 	At 

the enc. - the 2ztries of runs the originl rvIte zt the 

first intensity used was _measured to Chc whethr or 

not ths effect hac', becoT2 operative, 	Due to the low 

rte of photolysis4  measurement7 bziow 0°C were of 

insufficient accuracy to permit the temperature variation 



(10T) 

to h.*, studied. 	Reu1t7, 	to 59 are surmarised 

in Table ZS)yi -)Lotts.d ir FiGare 15. 	1s f,:r tL 

Run 54 

. 

t 

z 

-,. j 

IA ,, 

12 

14 

16 

18 

20 

7 1,..i..'Cig'  

)i n -rd- 	amp. 

p - 

• 20 

.31 

.70 

Lao 

1.37 

1.65 

1.92 

2.20 

2.50 

2.76 

Run 55 

11) 	.r. 	. 

t 

2 

J 

6 gr.' 

8 

1 0 

12 

14' 

16 

. 13 

20 

.4., 

p 

.20 

or 	,. -1' 

.k0 

. ,N, 

.65- 
1 	Ar; -4..,,,,; 

1.26 

1.50 

1.70 

1..90 

2.15 

1 

Bun. 5 

4. ". 

4. 

6 

8 

lo 

12 

1 

..i. 
If 
Q 

13 

20  

'411vernd tyscrcx'le 3elts, teas rat of reaction. 

4 )1 tioral to the  square Qf tae. irituf:ity of irr,adiation. 

. I? 

.15 

.30 

.45 

.6o 

.75 

.87 

1.00 

1.15 

1•,712 



Pam 58 

t 

), 

. 20 	. 

9 

• 1 

• 

• 25 

• 40 

t 

6 

8 

P  

0.10 

.17 

.25 

•37 

10 .45 

13 12 .55 
12 .8o 14 .65 

.941 16 .711- 

15 1.05 18 .82 
1 	1U", ..i. 0.....,„? nr, 096 

7) 1030 
24 3 

Run i p Rate 
54 . 	2 13.3 

55 .3.1. lc 4 

56 f),..,. S' ., .3 
32'i ..,,,.., ,-- t.i.:.) 

1 	- 

59 . 	4  13.3 
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(1o6) 

Ti. therml !..eco(nAtion of sliver'oxalate 

investirteC over the temperature. r&n7e 105°-  to 125° C. 

In runs 7 to 12 are shown the results obtaAned .f 

decompositions on vstoichelom tricv sample. 	A 

typical curvy Is shorn in Figrs 1. 	it was four d that 

the -t curyeF were well. fitted fter the first five 

cekt minutes by 	expression of to form D 	 where t. 

time,anC1 ap:,414  &re constants. 	Orns of lor, 	t for.  

two runs are Shown ir Figure 15,  and are linear throuhout 

the range of decomposition studied., viz. up to 0 

('1.acomposdtion. 

Tbe constant k 	reproducible to within - 

at constint tempor ..;.ure for samples of oxalate selected 

from the same preparation. 	The constfmt C vas found to 

be sensitive to pre-Arr9di •t: on; this effect as tuied 
12t r. 	?or n unirrdinted sample, C vrrie1 

from run. to run. 	:ever, since the valve of ell. was 

vary anii, this variation his little effect or the 

subsequent decomposition. 	Constants from runs 7 to 12.  

are collected in. T. ble (24) and plotted ir Figu7c 

From the graiTh. an 	tivation energy of 77.5CC 	wss 

derived. 	Prem re 	iver throughout in. 

units of i0-'mm. of meraury. 	Tirrt,a readings are given. 

in minutes, 
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ElkGURP  14 A 

Unirredisted salt 

THERMAL DECOMPOSITION OF SILVER OXALATE 

VARIATION OF RATE WITH TEUPERATURE 
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3pecimns %. hich had b7.:1r1 	f.or 	con,..tet time 

pelfrmd (Ruils 1-6). 	ourves f011owed C;i4 saile 

for un11s1d 	pl tg of 

;jr: 11ne;Ar. -.1Ulues of l 	C 

throuqbout the Series ..of ruLsi the A41111,:bolng 

thn. 

 

or W7,-irra.dliTyt, 	2At, 	Reults-  1.re 7iven'il 

(24.0 	iire•plotted in 	An  a.....tivtion 

27- 7.  of 74  2 kcal. is r,9[2orted.. 	Plot of tryiejai, 

showu in Figure 154 
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TABLE 2116 
10' 

Run T°C T0K 2 7.-,-o- - K.10 log I 

1 105.5 378.5 2.6,f- 6.115 5.81 

115.9 388.9 2.71 19.0 7.2'0 

3 114.0 387.0 2.584 16.0 

4 110 385.0 ,  
2. C.,.1 11.0 7.05 

5 106.1 .379.0 2.03 7.24  '5.36 
170 393.0 2.544 30.2 2.40 
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IhermaI deco-LI-positions were carried out with samples 

or oxalate prepared a) in presenoe of excess oxalate ion 

and b) in presence of excess silver ion. 	it was found 

tliat although Vas fang of p-t curve was Ilnaltere, the 

rate of reaction as markeclly altered, tlle rate being 

increased and reduced respectivaiy. 	Ilues of log C 

remained - small, ae for non-irradiated ”stoicheiometric" 

salt. 	Lctivation energy curves are plotted in Figures 

4 :'iad. l$ 	The values of activation energies reported 

are a) 27.0 and b) 27.,7,- kcal. 
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DISCUSSION 

The conductance of a number of metallic oxalates was 

measured as part of a general programme of research con-

cerning the solid-phase decomposition of a re1atck series  

of compounds. Since modern theories of both ionic 

conductance and solid decomposition involve the number 

and mobility of lattice defects, it ws hoped that some 

correlation between the two phenomena might be obtained. 

Thu- as a result of the measured conductance of barium. 

azidel  (40) Thomas and Tompkins were able to show that 

the Mott theory of the rate of growth of nuclei could not 

be applied to the thermal decomposition of this salt (61). 

Moreover, the lack of evidence for the existence of 

photoconductance in barium and potassium azide cannot 

be explained on the besis of Mott's theory, a.nd this has 

led to a new theory of photolysis for these compounds 

(35). Before undertaking further research on the decom-

position. of metallic oxalates, therefore, it ws of value 

to see whether similar conclusions would follow as a 

result of the study of the ionic conductance of these 

compounds. 

The ionic conductances of lead, silver, mercllric, 

thallous and barium oxalates were all measured in the 



( 1 2

s ·~~ c ture- s~n si ti ve r egi on of t m~ er~ ture . F r 80ch

compound t he characteri stic cons t &l t s ir t he equ t i c

expr e s si ng the va r i a t i on of corlliuct~nc e with temp er~ture

v"er e cie r i v ed .. 'Ihe oon s t .sn t s for t he thr ee dival ent

me t 1 compounds ar e l ist ed bel o=:

B rium ,.'::.: r ur i c L ead

w kc al . 2.7 14 0 1 15 . 0...
{OJ A - 4.. 3 - 6. 4 -6. 0

As cs n b e s een , the speedf i e eonduc t an ce i :'3 v ery

lo~ a t norm' t emp r a ture .. Com r e LI_Cl , KB r , B N ~I

valu~ s fo r . luch ar e sho n:

Li Cl KBr BaND

~ A 2 . 98 - 6.. 0
r1' kcal 13.6 22 . )~ 11 .. 6w

The v I u s f r E her e r f r to · he ~ c tiva tion

ene r gy for mobi li y of t he condu c t dng speci e s , since

he m asur-ement s er e made in t he s t r uc tur e- sensi t i ve

r :. gi on . The n& t 'r ~ of the con l c t i ng ~p ecie s CBn onl y

ue de t er mi n ed by trans ort number mea sur ement s which r e
I

i mpr a cti cab:" e du . to t he 10 condu t an c of t he 3e

compou..id s a t t em' er a t llres b eLow tt e decompo sdtd on poi n t .

Ho {ever , by anal ogy ,i t h I e d °nd b~ r1llin ha i de s , fo r

w11cb t ti = 0 , it is presumed t hat .anioni c conduc -e a- . on

t ' nc - pr edomi na t e s . It ' y be noted f rom the l i s t
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that the value of E decreases, as expected, with increasing 

size of cation i.e. in. the order EBa K E 	< E 

	

Hg 	Epb 

The constants obtained for silver and thailous 

oxalates are: 

Thallium 	Silver 

keel. 	6.15 	10.7 

/03 A 
	-6.45 	-6.0 
The small value of E obtained for thallous oxalate 

is surprisingjand may mean that surface conduction is 

operative. 	The value of the specific conductance of 

silver oxalate is of the same order as that of the analogous 

property for barium azide (E = 11.6 kcal.;ky .7. 6.0). 

No observations of nuclei in silver oxalate have been 

recorded, and hence quantitative calculations of ion con-

ductance from experimental rates of nucleus growth are 

not possible. 	Nevertheless, since both conductance and 

rates of decomposition of the two compounds are comparable 

in order of magnitude, it is reasonable to expect the 

conclusions derived for barium azide to be applicable to 

silver oxalate. 	Thus. it is almost certain that the 

measured conductance is too small to account for the rate 

of reaction actually found, and hence Mott's theory of 

internal electrolysis can not apply to silver oxalate. 
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An attempt was made to see whether different methods 

of preparation would result in the inclusion of different 

numbers of defects in the lattice. 	Although the fecom-

position of silver oxalate Was of most interest in this 

investigation, the solubility of this compound is so 

small that it was thought advisable to attempt first to 

introduce foreign ions into the lattice of the more 

soluble thallous oxalate. 	Thallous oxalate was selected 

since it is freely soluble and is quite stable at 

temperatures below at least 500°C. 	Barium was chosen 

as interstitial ion since 1) barium oxalate is fairly 
soluble, end 2)), the ciosens in size of the barium and 

thalaous ions made inclusion of the former into the 
lattice of thallous oxalate seem possible. 	Theliou 
oxalate was, therefore, allowed to crystallise from 

solutions or barium oxalate. 	The results obtained, 
however, were neeative, i.e. the values of conductance 

were within exeerimental error equal to that of npurelq 

thallous oxalate. 	Although at this stage it seemed 

evident that similar results would be obtained from 

experiments on similar oxalate, a sample of silver 

oxalate was prepared by precipitation from a solution 

containing calcium ion. 	As before, however, no increase 

in conductance was detected, and it is concluded that 
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incorporation of a significant number of ions into the 

lattice is not effected by this means. 

It ws shown that no photo-current as large as 

10 12  amp. could be detected when a pellet of silver 

oxalate was irradiated with ultra-violet light. 	The 

significnce of this result is discussed nore fully in 

the photolysis discussion, but the conclusion is that 

irradiation results in the formation of excitons, and 

not of electrons in the conduction band. 

In general, then, the results of the conductance 

measurements are analogous to those found for the tzi,',es. 

Similar conclusions can be drawn, and..s as will be shown, 

theory for their decomposition can be developed. 	The 

thQnry, whilst in terms of lattice defects, differs from 

the Mott tory, nd is consistent both with conductance 

and decomposition results. 
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lamp" of interisity-,--'1.01t71  c',Ju.aritaisec.0  em2. 

electrons are in the concluc,tion 'cant, 

10-2  x I 
 

A 	10-1° 

x 109 

If irradia-

and all 

photo-crreqt 

tier/ results n the proCLotion of electrons, 

th,1,.Ln a 

. 	1 X 10 

would be expected. 

amp. 

F:7:flee either irradiation does not 

( /3,3) 

The area exposed to irmictlen in the photo4.ysis 

2 cell = f..5 cm -1  and the intensity crrepondd to 

10 

,tA= 2357s, = 7.5; x lo-12  erg., iO the intensity 
uc,-, --fa is equivalent to 1.9 x 10 - cl.ianta/cm2  secon(, since 

tie rL;diation Is almost entirely concentrated in this 

line. 

The rats at this intensity is equal to 4.%5 x 10 

.dipiecules of CO9 per second, hence assuming ?0 	f the 

liOat is scattered by ths quartz window,  

7.6 x 10-2  
The value previously recordsa is of t-le order ,)f 

0.1, in sati factory a grocueht with the present reult, 

Since it has been sho= that 	ecreases with time ;i0). 

No photc-current as large as 10-12  amp, could be' 

observed when a pellet of sliver oxalate was, ir.mdl&ted 

with the full intensity of low pressure mercUry-vapour 

erg./am. sec. • The energy of I quantum. of 



produc,0 elsrons, or t 	ictrcr, are 1.1.1obi1ise• in 

traps.:  

The .maximum fraction4 o free electrons which 

'actually reahe te elctrode is p:iven. by 

Ap 	x lo 
	

lo -7 

The mean rare w of the photo-electrons is given 

by the formula 
7 

(11)
t  where 1 = width of the pellet illuminated. 

i.ere 	.2 cm. 

hence W 2 x 10-8 

suppose that there are N traps of cross-sectional 

area a., then the me= life, t, of an .J-lectron in the 

conduction band will be given by 

t 	I 	v,here v 	velocity 
TTTV 

t x v 
1 

N z  Trg 
If 	value of 10-15 em2  i asigned to arthis 

v3lue corresponds to that for a vacant anion cite - then 

2 
h 	 5 x 10 2/cm- 

2 x 10 x 10 

which means that approximately every ion In the crystal 

acts as a trapl which is highly improbable. 	It is, 

therefore, concluded that absorption of light does not 

. . 
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rezAllt in the production of electrons in the conduction 

Sine the reheral features of the reaction show 

tron{ lmiisr1ty to Ahose exhibited by barium and 

otassiam .re.:PfeE, a simiir mechanisz might be ap.t_li- 

c- ble.fbr barium azie it was a;,.-sued th6t ecomposition 

occuffed 69 	result of interaction of two ecitec:, 

racaln,. 	It was shown that *C:. niflic!als oitd 
of ,;citons, z-,nd not positive holes. 	Locomposition 

occuiled Ellen two excitons wero trapped at noighbouring 

positions in tLo 	(-nd the 12  term was explined 

b:V the bimolecular rebotion of two species. 	The 

i7.nE.10Golas ration hero would consist in the interaction 

of two ox_iLtt- excitors. 	This process will now be 

considered. 

For brium azide it 	s thOWR that the rate, no  woe  
given by 

E 
R = 	22  Ns ••• e-ITT 

(L 
ti 	dlie 414" 

where p 	probability of trping.  en exci.ton/sec. 

N 	Pambor of traps 

t2 	life-times of excitone at centres where 1 

of them were trapped. 
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lattice frequency 

Itivtion energy in cal./mole. for 

decomposition of two trapped excitons 

entropy term 

In orc1r to convert this equation - into a form which 

compared with the etperimental expression, it is 

necessary to assume tht the steric factor is,-- 1 

in order that E j 1 
TT t2.) togive 

RI R = s-)Np2 	, e 

For 3iiver ex_late th3 rate is lAell fitted by the 

_900 

R 	151 x e FIT 
Tptl) 

bin:.e the rLte in equation I re.feri to the number 

of -)xciton complexec dscomposin.: per second, 

7.- RBacppi.  Factor 

Factor - 	x L(22 2Z4 1016 

?2.4 x /6 x 	x 2 x 296 

1.9 X loli 	95 
whence 	R . 2.9 x 	e 

On comparison. with equation I 
_ 1Z sp -ti  t2 	2.9 x 

necessary r..3trictioh in thederivation of I was 

that p< 1 , 1. 	It is reasonable to suppose thLt t1:-.-z-;t2, 1-  T2 

equation 
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6 

and hence D 2  tit 10 . 	= 5 x 10-12 and hence on 

substitution 

10x 10- 12  x 104  x 10+2 17  

N-- 6 x106  

By analogy with Ag Br and Ag Cl, the ionic conductance 

of silver oxalate is supposed to be due to the motion of 

vacant cation sites. 	The number of these vacancies, 

Ns, may be calculated from the conductance results by 

substitution in the equation 

= 
- 

Nse
2a2 C  e RT 

where 

K 	= Value of the conductanco at 

-1 

 

om 	t 2710K. 
a 	= Lattice constant 	6 x i0-8  cm. 

x - Lattice frequency 	1012  51.
C 	

5 
▪ A constant involving the variation of the activation 

energy for conductance, E, 	10.65 kcal., with the thermal 

expansion of the crystal. 	For bulk conductance in the 
alkali halides, this is of the order of 102  (Jacobs and 

Tompkins (A) and this value is considered appropriate here, 
-7 hence Ns  —, 1.91  x 10 cm 

This value refers to the number of cation vacancies 

in the bulk of the crystal. 	To a first approximation, 
the number in the surface is given by (n2) 2/3  = 
1.5 x 105  cm-2 

-15 
M (-) r 
I 	= 3,0 X 10 
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This number also represents the,  number of anion v.:-.cancies 
in the surfce, since in order to preserve electro-

neutrality, an equal number of positive and negative 

sites is required. 	The discussion is thus independent 
of which species acts as a trapping centre. 	On comparison 
of this figure with N, the number of traps calcullAed 

from the photolysis results, it is seen that good agree-
ment between, the two values is obtained, 

Thus the theory developed for barium azide can des-
cribe the 4inetics of the silver oxalate photo-decompo- 
sition. 	There are, however, two factors which have not 
yet been considered, 	There is some evi.Cence from Mac, 
Donald that the (C00) 2  ion is stable in the solid state, 

angss,reti_e:kri b,:.,.twuen. two (COO); excitons would require 

F,reater activation energy than the small value actually 
found, 	Further, if, as suggesteci later, an electron 
from the oxiUate excitor is partially trapped by a 
vacant anion site, then the resulting t  130 Si tive-holet 
would bear a not negative charge. Considernble electro-
static repulsion between two such charged radicels is 

expected, and once again a bimolecul'ar reaction of low 
itctivation energy (900 cal.) is unlikely. 	In the aside 
theory, this difficulty does not arise, since the ezide 

ion has only one valency electron, Au alternative 
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mechanism is, therefore, proposed. 	It is suggested that 

reaction occurs by the unimolecular decomposition of a 

single (divalent) oxalate radical. 	The dependence of 
2 rate on I -  is explained by the double excitation of the 

oxalate radical to form an unstable complex which decom- 

poses into two molecules of carbon dioxide. 	A theory 

based on. these two assumptions will now be formulated. 

The first cuestion which must be considered is 

whether or not the excitation results in the formation 

of positive holes or of excitons. 	The former possibility 

will not be considered. 

Absorption of light by an oxalate radical Of, is 

assumed to produce a npositive-hoien Ox-, which is treoped 

="rip-mo point in. the lattice. 	Receipt of further 

irradiation by the trapped Of causes the production of 
an unstablettruel positive-hole Oxo  which breaks up into 
two molecules of carbon dioxide. 	The decomposition may 
be formulated as follows: 

xi 
/1.-  4 Ox 	Of 	 1st :ticitetion 

kz 
n1 	Ox 

- 	k2 Ox t n 	na 

n1 n 	 
k5 

Dissociation of trapped Of 
Trapping of Of 

formation of 
unstable Ox 

k4 n2 	 Decomposition of unstable 
complex. 
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where n = number of empty traps 

1 number of trapped Ox-

n2 = number of trapped Of 

k1 to k5  '-72.E 	Appropriate rate constants. 

= Intensity of irradiation 
	

N = number of Ox radicals. 

Applying stationary state methods 

k2(0x) z 

d ni 
dt 

d n2 = 
dt 

- ki)x-n -k3n1-k  

k4Ini.46112....k5n2 

d co2  - Rate R 3 	
= k6n2  

k612  at 
Solving R - 	 

(k.34.k4ITTk5  

RX_I 21  1144 	k3 

4-k,) 

Now k, 

and hence 

Ln,f, hence R = kjkik6I 2 

(k5 6)k3  

k6, refer to rates of thermal dissocition, 

where 	E5, E6 are appropriate activation energies 
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-E6 
7T 2 

.a. 	e 
-E 2  

- 
4. e RI) 

If it is aa._imed that the rate of decomposition of 

the complex is small compared .1th the rate of thermal 

dissociation of the trapped Ox, 

constant 	-E6 	4. 785) 
R 	A e  

and hence in 'order to obtain a positive temperature co-

efficint, , as found experimentally, 

E6> E5  E3  

Since E6 is approximately 900 cal. E5, E3, must 

each be very small. 	In that event, a high concentration 

of positive holes would be expected, which is contrary to 

the photo-conductance results. 	Thus it Ooes not seem 

that excitation of the oxalate results in positive-hole 

formation. 

The theory will no be re-formulated on the basis 

that neutral excitons rather than charged positive holes 

are produced. 

Rx Let Ox 	= A surface oxalate radical 

Oxx 	= An exciton 

Ox 	= Unstable excitan complex 

N 	Number of oxalate radicals in the surface 

n =  Number of empty traps 
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Number of trapped Ox  

n2 Number of Ox complexes 

I = Intensity of irradiation 

Then 

1. 

.-) 
4 0 

3.  

4.  

. 
Ox 

4 

ni 

n1 

n2  

kl 
144.9 

x 	
Production of exciton Ox 

Trapping of exciton 

Reversion of exciton to ground state 

Reversible formation of trapped 
unstable complex Oxxx  

Decomposition of complex. 

n x Q
, X 

k2 
k7 

n 
k5 

k6 
2 CD 2  

!dere ki, kio  represent th;.; transition probabilities 

of excitation to exciton level k3, k5, represent the 

probability of the radical remaining in an excited state 

i3, t5  = 15  are identified as the life-times of the 

trapped exciton and complex respectively. 	If the complex 

can receive sufficient thermal energy from the lattice 

during its life-time it will decompose unimolecularly to 

form two molecules of carbon dioxide. 	Since there are 

several ways in which the complex may lose its excess 

energy, e.g. by partial return to the ground state, k5  

may be a composite term. 	This, however, will not affect 

the subsequent discus5ion. 	Without defining the nature 

of the trapping species, or the structure of the complex 

Oxxx, a general treatment of the theory will be given, and 
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some orders of magnitude derived for the different 

processes. 

Applying stationary state method:- 

d (0 xx) 7. 0 = ki NI - k2  Oxx  n 
Ct 

dni 	 xx  n k7  ni  - kit  ni 1 

dn2 = k4n1I - k6n2 	- 

dc02 = Rate, R k6 n2 
at 

3olving for n2 

R = 	
(k3 4 k7) -(k5 k6) 

ki k4k6 NI 

In order to attain the experimental condition that 

it is required that kL14:k3, i.e. that the proba-
bility of loss of an exciton from a trap be much greater 

than the probability of performing the second excitation 

process. 	This latter entails the exciting of an 

electron from a resultant Orongly positive field, and 

hence this condition appears reasonable. 	In the previous 

theory of the decomposition of silver oxalate, a depen-

dence of R on I to a power between 1.67 and 2 was found. 

If the applied intensity in this work were sufficiently 

large, then the term (441) might not have been completely 

negligible in comparison with k3. 	Thus the present 
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mechanism could still be operative. 

However, for the present discussion, it is required 

that 
ki k4 k6 NI 

R = 
k3kk5 ko 

The final process, (6), is a thermal decomposition, 

and the rate R, may, therefore be expressed, using 

conventional symbols, by 
-E 

R 7.... k6  n2  7, s ---3 e 11T 

For a unimolecular decomposition the steric factor 

---- anity; ---0 = 	x  1012; the values in the exponential 

term are all known, and at 300°K, exp. ,---, .5 
2 x 1012  .. k 

The quantum efficiency, 
Y 	

previously defined, is 

given by 
CO evolved  per seconl 

= 7.6 x 10-' = Radiation absorbed/cm' 

k4 n2 

kl  k, NI 4  
(k41 4k-Trk - 

   

) 
writing the exact expression, i.e. not neglecting (k4I) 

6.6 x 10-2 = kik4N12  k6 
(4I 4k37k5  4.10k1Ni 

klI k 
(R5116 (k4 

4 4,  
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1 
= EF are the life-times of the trapped 

excitons. 	Calculations by Jacobs and Tompkins (5:5) 

by two different methoC.s have shown that in potassium 

a2i1e 	t5 	2 x. 10-11s. 	It is reasonable to 

suppos similar order of magnitude here. 	Writing 

x 1010  s-1  and k6 2 x 1012s- 

6.6 x 10 	k)i x 2 x 1012  

2.05 x 1017  (5 x 10 4441) 

3.3 x 109  4. 6.6 10-2  ktiK g k 

jptI 	3.5 x 109  

It has previously been shown that in orciar to obtain. 

the experimental relationship 	2 it is necessary that 

k4I < k20  which is now found to be in agreement with 

the-C4lculated result 3.5 x 109‹ 5 x 101° 	Moreover, 

the value calculated for the quantum efficiency probably 

reresents e maximum value, since it has bz;en shown (4.0) 

that ir decreases with increasing exposure. 	Hence the 

approximation does seem to be consistent with the orders 

of a4.gnitude expected on the present theory. 
xx, 

The number of (Ox ) formed is thus of the order of 
3.5 x  1090  wz. ereas from the conductance measurements a 

maximum number 	x 105  traps was calculated. 	This 

discrepancy is not surprising in view of several factors 
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which have not yet been considered. 	In the first place, 

it was assumed that the number of defects in the bulk of 

the crystal could be converted to the number of defects 
2/3 

in the surface by the simple relationship (n Bulk) 

n(surface). 	This could only lead to a minimum value 

since a) The number of defects on the surface is expected 

to be higher than the number in the bulk, due to nsurfacert 

absorption, and b)The surface is hot expected to be plane. 
s,tves 

In actual facto  since/oxalate is composed of micro- 

crystals a much larger surface area is expected in the 

photolysis experiments than in the conductance measurements, 

where 	compressed pellet was used. 	It is frequently 

observed that in irradiation of fresh samples of silver 

oxalate a short initial acceleration appears, befere the 

normal constant rate is established. 	This may be due to 

the creation of defects. 	Since the conductance measure- 

ments were performed in dark-room conditions, this effect  

would not appear, and hence once again a minimum number 

of defects would be measured. 

In order that a photo-decomposition will predominate  

in process four, it is necessary that the activation 

energy for an analogous thermal reaction be very high. 

If thermal reaction could take place, then in the present 

would be expected, mechanism a dependence of Rate on 11,Q 
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A, 	 tirste of the therm -1 gmerry can he made ss follows: 

Tritin process four z, a thermal process 
(thermal) 

e R 

44 has been calculated to b— O, and -: 5 x  1012. 

= 4.570  	300, an writing a value of 102  for the 

inequality factor 

0 	...: 5 x 10. 
12 

• . . - 10 g 
RT 

• • 

thralairs-ko kcal.,which represents a minimum value. 

Ihe expectec v4lue would in fact be consiaerably larger 

tiara this, so that no 	filiti 	arie* 	Since 441-109$  

in order to account for the mea$1.treu rates*  it may be 

u5SUMVLi Qither that a hl6her fredency than the 2.537A line 

is used for the excitationl  hence the effective intensity 

is much less tnan the ,ppie, intensity, or that the I 

term i5 correct in orcler of 	but that few Ox 

comple4es are proqucec. 	if th secon',' process is 

of the first excitation process this woul,,: explain V,e 

magnitude. 	since the lamp is al_taost monochromc.tic, very 

little raalation of higher frequency would be avilLble 

for decomposition. 

It l thus seen that a Coruisterit explamtion of the 

4inetic resu ts cane given in terms of a theory involving 
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either 1) bimolecular reaction. of two adjacent oxalate 

excitons, or 2) unimplecular decomposition of an unstable 

complex produced by the double excitation of a single 

oxalate anion. 	It is not possible, by kinetic measure- 

ments alone, to distinguish between them, but it is con-

sidered that the latter is the more likely process. 

Since an azide ion is univalent, double excitation is 

not possible, and in order to. explain the dependence of 

rate on'I2  0  reaction of two separately-excited radicals 

must be assumed. 	Thisis consistent with the fact that 

ecomposition of a single azide radical is energetically 

unlikely. 	The oxalate radical is divalent, and as had 

been pointed out1the exciton radical Oxx  may be expected 
to possess considerable stability. 	There is no meeson, 
therefore, to consider process(1) preferable, and in fact 

the electrostatic repulsion between two adjacent trapped 

oxalate le)tcitonst renders this process unlikely. 
Nature of the  Trans 

The previous discussion has. been independent of the 
nature of the traps. 	An attempt will now be made to 

suggest reasons for identification of the trapping centres. 

Since an exciton carries no net charge, both vacant anion 

sites (Y.A.S.) and, vacant cation sites (V.C.S.), and., in 

fact, any &periodicity in the lattice can act as trap. 
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However, the life-time of a trapped exciton is very small, 

and a distinction must be made between those traps which 

act as decomposition centres, and those which merely 

serve as temporary exciton traps. 	Vacant cation sites 

will first be considered. 

In alkali-halides, a V.C.S. can trap an exciton; 

reaction of the site and the positive hole, to form a V- 

centre and a mobile electron follows. 	This process is 

not so likely with silver oxalate since the "positive- 

hole" still retains a negative charge. 	A V.C.S. has a 

net negative charge; immobilisation of the exciton by 

trapping of an electron from the exciton will be energeticaiiy 

very difficult. 	The life-time of a trapped exciton at 

a V.c.s. is expected to be very short and receipt of 

further photo-energy is more likely to result in further 

excitation of the same electron rather than cause produc- 

tion of an unstable complex. 	It is not expected, there-

fore, that V.C.S. function as effective exciton traps. 

Capture of an exciton by a V.A.S. will now be con- 

sidered. 	Since the V.A.S. bears a net positive charge, 

the transition probability of an electron tunneling 

through to the site is high. 	In alkali halides, there- 

fore, trapping of an exciton by a V.A.'3. results in the 

formation of an F centre and a positive hole, which 
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diffuses away. 	In silver oxalate this is unlikely since 

a), there is no reason to assume mobility of the 
'positive-hole', and b, the radical will have lost only 

one valency electron. 	It Is, therefore, assumed that 

trapping of an oxalate exciton at a V.A.S. will result 
in the formation of an FG'_centre_OP complex, with an 

electron existing in a resonance state between V.A.S. 

and the parent exciton. 	The first excitation and trapping 
process may be represented as follows;- 

0x=  4 	Oxx  

Ox + 	(10OX9_1 P 	complex 
1i-centre 

o 
• == an 

eD 
The term F centre is used only for convenience, 

and it is not implied that capture of the electron by 

the site is complete. 	The electron functions as a co- 

valent bond between the F -centre and the remaining radical. 
Since the Ox radical is expected to be chemically stable, 

further irradiation is necessary to cause decomposition. 

The second irradiation is supposed to raise a second 

electron into the exciton band. 	An eaer ?;etic diagram is 
shown overleaf. 

where 
1.,ne 

a V.A.S.. 
electron, 



2nd excitation 
T(70  

Ground State 

Electron associated 

with V.A.S. 
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. 	e citation 

    

When this occurs, the (COO remaining breaks up into 

two molecules of carbon dioxide. 	The second valency 

electron can jump into the V.A.S. with formation of a 

true F-centre, i.e. two electrons tr pped at a divalent 

anion site. 	This is presumed to remain associated with 
the two Ag ions left by the decomposition, the 

association being of a character precisely analogous to 

that envisaged for the first excitation complex. 
1.e, (Ag OM. Agll 

As these sites accumulate, eventual collapse from 

the lattice matrix to form silver atoms and vacant sites 
will probably occur. 	In this mechanism each decomposition 
will release a vacant anion site (from the decomposed 

(C00) 2) and hence the trapping centre is regenerated. 

Thus the constant rate of photolysis is explained. 

The ionic conductance of silver oxalate is very low,  
less than that of Ag Br by a factor of about 108. 	An 
obvious explanation of this is that the low conductance 

is due to the formation of associated V.A.S, —e V.C.S. 
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to form 'pairs? which do not participate in ion movement. 

The above theory may be applied to such pairs considered 

as trapping centres. 	The first excitation complex will 

consist of an F( centre-V centre complex, the "positive 

hole" being assumed to be linked to the V.C.S. in the 

same sense as applied to the bond between the V.A.S. and 

the electron. 	As before, further irradiation results in 

the formation of an unstable complex which decomposes 

unimolecularly. 	Here the net product will involve an 

F-centre, 2 Ag 	a V.C.S., and a V.A.S. 

Let 0  

i.e. 	0 0 + 0x— 

Unstable complex''' 

In order to account for the formation of associated 

pairs, mobility of V.C.S. must.be , assumed. 	Hence either 4 in the product can interchange positions with the 
Ag 

vacant cation site, which will then be in a position to 

form an associated pair with the V.A.S. formed from the 
decampositionofthe (c00),:radical. 	Once aga4,there- L 

fore, the trapping centre is regeneratedp and a constant 
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rate predicted. 	Thus the present theory is applicable 

to trappinr: either by a V.A.S. or by an associated 

complex. 

This theory differs from the preVious theory since 

the negative photo-conductance evidence has indicated 

tl' t formation of 'mobile' electrons or positive holes 

in sufficient numbers to account for the measured rates 

of reaction is impossible. 	An explanation of the 

measured small temperature coefficient w that the 

experimental E was a true value, i.e. not a difference 

term, but was insufficient to produce the photo-reduction 

without further energy. 	It was suggested that the extra 

energy was derived from lattice vibrations, e.g. that 
gggnniatod with the escape of the CO2  from within the 
lattice. 	Here it is also assumed that the small E is 

a true activation energy, but it is now identified as the 

energy needed to cause the decomposition of the complex. 
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The Eh2t2lYsis of Lead  sliaL Maraumic 
It was decided to investigate the photolysis of 

lead end mercuric oxalates in order to see whether the 

theory developed for silver oxA.ate could be applied to 

these compounds. 	Neither coTeound decomposes simply 

into metal plus carbon dioxide, and, by analogy with the 

thermal decompositions, the reaction is not expected to 

be stoicheiometric, as is the decomposition of silver 

oxalate. 	Nevertheless, it is possible to compare the 

kinetics of the overall decompositions in the three 

systems. 	Thi will now be done, the lead and mercuric 
corrnounds being heated together. 

Both mercury and lead oxalates evolve gas immediately 

on irradiation, and the evolution ceases simultaneously 

with cessation of irradiation. 	The rate of decomposition 
is slow 	the rate decreasing in the order Agt) Hg4 >Pbi.4  
Both compounds change colour, from pure white to brown, 
as reaction proceeds, and at no stage are discrete 

nuclei observable, i.e. as with silver oxalate it appears 
that the rate of formation of nuclei is greater than their 

rate of growth. 	However, the colour of the irradiated 
salt suggests that the products do not consist solely of 
mercury metal and lead metal respectively, but probably 
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include oxides. 	This is expected by analogy with the 

thermal reactions, which have been formulated. 

Ng (000)2  = Ng0 -I- 2g 4 CO 4 CO2 

and Pb (000) 2  = Pb 4 Pb0 4 CO 4- CO2  

The temperature coefficient of both decompositions 

is small. 	That for mercuric oxalate is,,,  1500 cal. 

(cf. Ag (C00)2  where E,-'900). 	The energy of activation 

of lead oxalate was not measured, owing to the low rates 

in the available temperature range (-700  to 4. 40°0), but 

on the evidence of some few measurements is not expected 

to show an anomalous value. 

Irradiation of mercuric oxalate gave rise to linear 

p-t carves, which like those obtained with silver oxalate, 

were strictly reproducible, and it was found that the 
rate of reaction at constant temperature varied as the 
square of the intensity. 

Irradiation of lead oxalate, however, showed some 

features which were not observed in the other compounds. 
The rate of evolution of gas was found to decrease pro-

gressively with time, in a manner which wxs experimentally 

separable iktb two effects. 	In the first place, a 
decrease in rate was noticed after ca. 30 minutes irra- 
diation. 	The onset of the reduced rate was not repro- 
ducible, nor was the 	rate constant. 	It was 
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found that if irradiation was stopped, and the sample 

pumped for some hours, theni on re-irradiation, the 

original constant rate was reproduced. 	Hance it is 

evident that the slowing of the rate is due to some 

surface recovery process. 	In addition to the recovery 

process, however, it was noticed that the rate continued 

to decrease, and after prolonged photolysis the rate 

of reaction dropped to a very low value. 	This effect 

was permanent and irreversible, i.e. a saturation stage 

had been reached, when further illumination had no 

effect. 	Photolysis generally is recognise(' to be a 

surface process, and consecuently -3 similar stage when 

further irradiation has no effect is reached in all 

nom/mu/1AS. 	In lead oxalate, however, the appearance of 

this effect is very much sooner than in the other oxalates. 

By performing rune on samples during the time-range when 

this process is not sIgnificant, it was possible to 

investigate the rate-intensity relationship. 	As before, 

the rate was found to vary as the square of the intensity. 

Hence the general features of the silver oxalate 

photo-decomposition are shown by the two other comoounds. 

The kinetics of the Ag and Hg oxalates are very similar, 

,lthoh the rates of reaction and nature of the product 

differ. 	It is suggested, therefore, that the theory 
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developed for silver oxalate can be applied to mercuric 

oxalate. 	'Receipt of irradiation is expected to raise 

an oxalate molecule into an excited state. 	The energy, 

in the form of an exciton, is trapped t- vacant anion 

site, where an electron is shared between the site and 

the oxalate (Ox-) radical. 	Further irradiation results 

in the formation of an unstable exciton complex, which 

by co-operation with thermal (lattice) energy, decomposes. 

It has already been stated that it is probable that some 

oxide is formed as reaction product. 	I,f the decom-

position of the complex were formulated as for silver 

oxalate, then Hg 4 Co2  would be formed. 

i.e. /00C 
Ngc 	= Hg 4 2 CO2 

'00C 

It now appears that this reaction is not a complete 

representation of the final process. 	Since the decom-

position temperatures of Ag20 and HgO are 2900  and 400°C 

respectively, it is evident that the Hg-0 bond has 

greater stability than the Ag2-0 bond. 	This is 

qualitative explanation of the different nature of product 

in the two salts. 	In mercuric oxalate, the Ng-0 bond 

is sufficiently stable for the reaction 

,00C 
fig< 	 - 0 4 CO 4' CO 

000 	 2  
to occur, vhereas in silver oxalate the production of Ag 
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and carbon dioxide is energetically preferable. 

natively, it may be that the crystal structure of :istrZic 

oxalate is such that a particular mode of decomposition 

will be favoured. 	An analogous reaction is the dehy-

dration of copper sulphate pentahydrate, where the 

1-s7:Icw1 of the final water-molecule is much more difficult 

then the removal of the first four molecules. 	No 

information regarding the structure of mercuric oxalate 

is available, but by analogy with the cyanide and chloride, 

it As expected to posses a layer lattice. 	The con- 

ductance at 000 of mercuric oxalate is less than that of 

silver oxalate by a factor of about 103. 	This may mean 

that there are fewer vacant sites,which would account for 

the lower rates of reaction. 

In a previous investigation of the decomposition of 

mercuric oxalate (38) the effect of u.v. pre-irradiation, 

followed by subsequent thermal decomposition, was also 

studied. 	Here, however, irradiation took place in a 

larger aPparatus designed for thermal decompositions, 

which were followed by measurement of gas pressure on a 

McCleod gauge. 	Under these conditions detection of the 

small pressure of gas evolved in photolytic decomposit;rr 

ions would be unlikely, in agreement with the reported 

result that absorption of irradiation appeared to take 
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place without evolution of gas. 	It was, therefore, 

suggetted that the production of mercurous oxalate, by 

transfer of an excited electron from a surface molecule, 

might occur. 	This possibility has not been considered 

in the present discussion although the excited complex 

might in fact correspond in bond distribution to a 

"mercurous" compound. 	loreover, it is expected that 

any thermal effect of decomposing mercurous salt would 

be completely masked by the photo-process. 	Moreover, 

there are insufficient available data for this matter to 

be considered 2arther, 

The kinetics of the lead oxalate photolysis are also 

analogous to those exhibited by silver oxalate. 	In 

however, there occur two phenomena, a recovery 

process and a (comparitively) rapid attainment of a 

saturation stage, which are not shown either by mercuric 

or silver oxalate, and the rates of reaction are slower. 

The general theory proposed for silver and mercuric 

oxalates is expected to apply to lead oxalate. 

Thus irradiation produces an unstable complex which 

decomposes unimolecularly, with interaction of a small 

amount of thermal energy derived from the lattice. 	By 
analogy with the silver oxalate decomposition, the final 

stage of the reaction is assumed to produce one Pb 
4 4 
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ion, one vacant anion site containing two electrons, and 

a V.A.S. produced from the decomposing (C00) 2  radical. 

In silver oxalate it was shown that if the electrons were 

shared between the Ag ions, and the original trapping 

centre as Ag  	then one V.A.S. would be left to 

function as a new trap. 	Thus a net regeneration of the 

original trap had occurred, and hence the constant rate 

of photolysis was explained. 	In the present case it is 

suggested that a reversible electron 'transfer' occurs 

viz: 

'CD Pb 	Pb 1:1  

The forward. process repr.;s3ncs the first decay 

process noticed in short-time photolysis. 	The back- 

reaction, which is a trap-regenerating process, is iden- 

tified as the vacancy process. 	The complex of Pb and 
2 vacant anion sites plus electrons whether formulated as 

or as (Pb 4.  7 1. 	 / 
' 

 44 	
) 	

4 

is not believed to at rs trap. 	Oniy V.A.S. can act z,s 
traps, and hence the constant rate depends on the regen- 
eration of these sites. 	Since Pb0 is stable at high 

temperature.; it is expected that the product of irradiation 

will contain this compound in high proportion. 	If this 
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happens, then regeneration of traps becomes impossible, 

since ono V.A.S. will be occupied by two electrons, and 

the other by Pb-O. i.e. no V.A.S. will have been pro-

duced by decomposition of (C00)2  to replace the original 

trap. 	An irreversible decrease of rate with time is, 

therefore, expected. 	The saturation stage is thus 

envisaged as that wherein all effective trapping-centres 

have been destroyed. 
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Eefore fiscussion their interpretation, the experi-

mental results obtain d will be summarised. 

The thermal decompositions were carried out at tem-

peratures in the range 1050  to 12000, since at these 

temperatures it has been shown (33%) that errors due to 

self-heating are negligible. 	A small, constant weight 
of oxalate was used, and all mounting operations were 

performed in a standard manner in dark-room conditions. 

It was found that the p-t curves were exponential in 

character. 	Attempts to fit the curves to expressions 
of the Power-Law type, i.e. p = Ct were made. 	These 

were unsuccessful, even with attempted corrections to 

p term, (c4), or to the , t term, i.e. the expression 
(p -pe) 	C (t-ts,))

x 
did not aa liately represent the 

experimental results. 	it was found that after a short 

initicl period of about five minutes, the graph of log 
p-t gave a good straight line up to the point of highest 
decomposition ( ,).bout 3C). 	The equation P 	cekt was 
found to hold in all decompositions studied. 	The pre- 
exponential factor C was indel-)en'ent of temperature, in 
distinction to MacDonald, (M4 who found that in the 

wsecondfl (exponential) process the analogous term increased 

with. increasing temperature. 	In the present investigation 



C is identified as the number of decomposition centres in 

the crystal. 	Reasons for this will be. discussed later. 

The constant k was found to increase proressively with 

increasing temperature, and was, therefore, interpreted 

as a rate-constant. 	Values of the activation energy E 

for the process were obtained from graphs of log k -- 

where T - temperature in degrees K. 	The effect of _ pre-

irradiation with ultra-violet light on the subsequent 

thermal rate was studied quantitatively by systematic 

variation both of the time (ti) and intensity (I) of 

illumination. 	As expected, the rate of reaction was 

increased by the pre-treatment and it was foun(f, that 

log (C - Cu) = 1.1 log (I2ti) 

(C - C) u 	i2  t 

where Cu  = value of C for unirradiated salt. 

The value of k remained unaltered during a series 

of runs carried out on samples which had been subjected 

to varying amounts of pre-treatment. 	The variation in 

rate of reaction was, therefore, entirely controlled by 

the change of the pre-exponential factor. 

Runs on samples prepared under different experimental 
conditions were performed. 	It was confirmed that samples 

prepared with an excess of oxalate ion were less stable 

than those prepared under stoicheiometric conditions. 
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Conversely, specimens precipitated from •solutions con-

taining excess silver ion were more stable than stoieh- 

eiometric samples. 	Surprisingly, such treatment did 

not affect the value of C, the variation in the rate 

constant k determining t;ie new rates of reaction. 	The 

pt results were still fitted by th, equation 

p = cek#„; similar results were obtained by MacDonald 

who fund that the shape of the p-t curve was unaltered 

by different methods of preparation. 	Further evidence 

that the mode of decomposition was not altered is derived 

from the fact that values of activation energy calculated 

for such samples were, within experimental error, equal 

to that obtained for the stoicheiometric salt. 

The thermal decomposition of silver oxalate has 

been studied by many workers, notably MacDonald, Benton 

and Cunningham, and Tompkins. 	In general, the results 

obtained by different workers have not been consistent 

and frequently it has not been found possible to obtain 

agreement between runs performed by one worker on samples 

of silver oxalate from the same preparation. 	Benton 

end Cunningham used varyin6 weints of approximately 1 g. 
of sample, and although many of their curves were fitted 

by the equation p etl  it alJpears that for some runs 

the plot of log p-log t showed considerable deviation 
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frot; a straight line. 	Similarly, MacDonald reported 

vriatiors of up to 20% in rate between specimens of 

eclual weight decomposed in identical manners. 	After a 

systematic investigation of possible causes or irrepro-

ducibility, MacDonald concluded that only by standar-

isation of the method of preparation could consistency 

by obtained. 	This was confirmed by Tompkins, who Prepared 

Pstoicheiometricti specimens in solutions of hi ol: 'ilution 

under dark-room conditions, and obtained p-t curves 

which were indistinguishable after the first 4-  of 

reaction. 	In the present work, this method of preparation 

was duplicated as far as possible, and the condition: of 

mounting and decomposition standardised. 	Values of k 
4 

were reproducible to within - 2%; the value of C was 

small, and did not vary much in absence of irradiation. 

Reproducible results were, therefore, obtained. 

The mean features of the thermal decomposition of 
silver oxalate are in general agreement amongst different 

workers. 	The essential difference lies in the different 

expressions which have been used to represent the experi- 

mental curves. 	From an analysis of the previous work, 

and also the present investigation, it is concluded that 

two general conclusion 5 may be made. 	(1) That nuclei 

are produced and grow in three dimensions, though not 
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necessarily at. th ".salsC). 	1n-ea,04direction. or, (2),  
That nuclei grow in two-dimensions, and, at certain 

points in the lattice)  branching occurs, i.e. the plane 

of reaction divides and mo-ves into the crystal, along, 

foriexample„other lattice planes. 	Formal mathematical 

expressions for these two processes have been made and 

will row be discussed. 

I. 	Growth Ecuation 

It is assumed.that the rate of formation of nuclei 

is given by fn 	ki  (N-1) 
at 

where n 	number of nuclei 

N - Number of centres where a nucleus may form. 

For silver oxalate, N is expected to equal the total 

number of oxalate radicals in, the crystal. 

• • riy (-1 
	it 

Hence the volume V of nuclei formed in time t is 

given by 

ic27' (t-:7");)  IT(1-e 

where 	time at which a nucleus came into existence. 

V 	Average- rate of linear growth in three•dimensionS. 
-k t 

For small values of t, N)>n, and N(1-e 	)-3T. 
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On integration, the result is the power law equation 

P 	CtX where x = 4, which is the equation used by 

Benton and Cunningham and Tompkins to describe their 

results. 	In this equation, the term k9  is a rate- 

ronstynt associated with the growth of nuclei in three 

dimensions. 	Values of activation energy derived from 

this expression, therefore, refer to growth, and the 

values obtained by both workers, viz. 25.4 and 24.6 kcal. 

respectively, agree well. 	In the "first process!' of 

macDonald, which he identified as two-dimensional growth 

of nuclei from the surface, an activation energy of 

71.6 kcal. was obtained. 	This is surprising, since it 

is expected that the latter process would have been 
energetically easier. 	In general, the crystals used 

by MacDonald were prepared with an excess of either 
component. 	Such crystals are known to be smaller and 

of more regular shape than 'normal' crystals, and this 

may explain the higher activation energy. 	However, in 
MacDonald's second paper, where three-dimensional 

growth is assumed, the reported value of E, calculated 

from a temperature coefficient of 2.48/100  is 2473 kcal. 
in fair agreement with the above values. 

2. 	Using similar nomenclature, the second mechanism 

may be formulated as 



it a 
s - 4.11  

-klt -1rIt 
wN(l-e 2 )e di 

where the first term refers to a two-dimensional plane 

of nuclei, growing with velocities u,v. 	The contribution 

due to branching is given by the second term, w being 

the velocity of propogation of the new plane, and k here 

is the probability that branching will occur. 	When the 
• 

probability of branching is small, k‹.1c1 and the equation 

reuces to 	form similar to equation I. 	Conversely, 

where the branching process predominates, the exponential 

term determines the shape of the curve, and an exponential 

rise in pressure is expected. 	In this case, the 
constant k is a branching coefficient, and measured 

energies of activation will refer to the energy necessary 

for branching and not for growth. 	The mean value for E 
obtained in the present investigation, neglecting one 

alamolously high value, is 2/.3 kcal. 	Comparison of this 
Value with the values obtained by Benton and Cunningham, 

and by Tompkins, is not possible, since, as shown by Mott, 

different equations were used. 	However, the closeness 
of the figures seems to indicate that 

E E  
branching" 	growth 

The value of E branching is expected to vary with 
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T -  • 

t 

where ti 	time of irradiation. 	3int,e t;-1E,,  the al rate 
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negligible at the temperatures et which photolysis was -

conducted, the. pressure is proportional solely to the 

number of decomposition centres produced by irradiation 

number of centrepv< I ti 

Now the result of the pre-irradiation. investigation 

was that 

C 	Cu 	(T2 ti)  

where i time of pre-irradiation, and hence (C-C11) is t 

i d entified as the number of decomposition centres produced 

during illumination. 	Since these are assumed to be 

vacant anion sites, Cu  = number of vacant sites present 

in the crystal before illumination. 	The pre-exponential 

factor in the ecuation used to describe the experimental 
p-t curves, viz. p 	cekt is, therefore, presumed to 

renresent the total number of vacant anion sites present 
at time t, 	This is quite consistent with the results 

obtained for barium azide, where it was found that the 

corresponding "C factor" varied as (Iti). 	Since the 
oxalate radical is presumed to require t-o excitations, 
whereas the uni-valent azide radical requires only one, 

an additional I term is needed. 	Thus an analogous 

reciprocity" law is obtained. 	The effect of pre-irra-

diation is thus to increase the number of positions from 

which reaction can take place, the rate constant k 
remaining unaffected. 



It ras hoped that an investigation of the decomposition 

rfsmnles prepared under different experimental 

conditions might give added data. 	It was found, however, 

that the shape of the p-t curves remained unaltered. 

The value of the pre-exponential factor remained unchanged, 

Thus it appears that the number of Vacant sites is not 

materially affected by the different methods of precipi- 

tation. 	Since the process of cecomposition in the 

present case seems to involve production of two-dimensional 

planes of nuclei which later branch, it was expected that 

surface absorption of excess ions would, result in the 

production of vacancies which would act as centres for 

new planes. 	An increase in vacancies would be reflected 

in en increase in. CI  and so It is assumed • that some other 

reason. is responsible for the altered rates of reaction. 

The renral features of reaction• 	same for &11 
kt 

preparations, i.e. the expression P =.Ce 	fits the 

experimental results and the altered rate is determined. 

solely by the variation in the value of k. 	The activation 

energy of the process is, within experimental error, equal 

to the value obt ired for the stoicheiomotric salt, and 

so no change in mechani m•i- indicated. 	A rate constant 

k may he written, using conventional symbols as 

- AFT•  4S e 	;IT 	• 
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that•of - the.energy tfactivation..reMains conatant,. 	This 

can only be accounted for by c.Dmpansatio# changes in the 

tropy term in equation 3. 	J somewhat analogous case 

is the denaturing of proteins and de-activ,-tion of some 

enzyme (4,(). 	The a tivation energies of these pro- 

cesses are very large, of t' order of 100 kcal., but 

the reactions occur with appreciable velocities at normal 

tamperatures. 	The heat of activation is found to vary 

greatly, e.g. from 52 to 110 kcal for the invertase 

reaction, nhilst the free energy of -ctivation remains 

nlmost constant. 	It is, therefore concluded that 

changes  in the value of AS*  are responsible for the 

experimental results. 	The high entropies of activation 

are explained as a result of the breakingof some of 

the salt brides in the oricinal protein, the resultant 

loosening' of the structure being accompanied by a large 

increase in entropy. 	It is assumef that all bridges 

:Pe not equally important in this respect, and -1-;:lat the 
process of activation consists in the breaking of those 

bridges which are not accompanied by a large increase in 

entropy. 	Those bridges which are significant break 

soontaneously. 	 A4derations may apply to 

"oxalate-exces silver c,late. 	 oxalate 



radical is large, and may be "shared" by several ions. 

Removal of such a "bridge" radical by decomposition may, 

therefore, lead to a considerable change in structure, 

which, if accompanied by a large positive change in 21s 

can result in the formation of new points from which 

decomposition may subsequently proceed. 	shat the 

process is not due to vacancies is further indicated by 

the fact that addition of Ag reduces th rate. 	Since 

this is normally presumed to be accompanied by the 

production of a corresponding number of vacant anion 

sites, which could act as nuclei, an increased rate would 

have been expected. 	it has been noted by MacDonald that 

addition of sulphate ion during preparation results in 

an even more marked decreaserate than does givQrtions. 

Since the ocelusion into the lattice by the sulphate ion 

will presumably be less than that of the (common) nitrate 

ion it is suggested that in this case the effect is 

associated with the double-charge on the anion. 	The 

effect is clearly quite different from that operative 

when the oxalate anion is present in excess, in which case 

the rate is increased. 	Moreover, the sulphate radical 

is quite stable, and hence removal of the excess ion by 

decomposition is not here possible. 

The reason for the two modes of decomposition 
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a)pLrDntly found by different workers is still in doubt. 

Since in the present investigation the method of 

preparation corresponded as nearly as possible with that 

employed by Tompkins, this factor does not appear to be 

si-nificFnt. 	Similarly, the various forms of pre-

treatment which have been studied do not seem to favour 

particular mechanisms. 	A possible cause which has not 

as yet been the subject of investigation, may be that due 

to agVin of the sample. 	This is known to be of 

considerable importance in other compounds. 	Thus it 

has been found, for barium azide (3s1, that the exponent 

in the ecuation p 	ctx  falls from 6 to 2 with increasing 

age of the sample. 	This indicates quite clearly that a 

different mechanism is operative. 	Similarly, the ageing 

of silver bromide (66) resalts in a decrease of surface 

area, and a parallel lowering of the ionic conductance. 

The rate of exchange with radio-bromine is also 

considerably reduced. 	Unfortunately it has not been 

realised that this effect might be of interest in silver 

oxalate, and no comparison can, be made with other workers, 

At present, the cause of reaction appears to be 

governed by the relative importance of three dimensional 

growth of nuclei, or two-dimensional growth followed by 

branching. 	Since silver oxalate has a molecular layer 
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It may be noted that silver oxalate is intermediate 

in structure between truly ionic compounds such as barium 

and potassium aziae, and compounds such as mercuric 

oeJ_Ltk--;,, which possess a molecular-layer lattice, and, by 

analogy with similar compounds, are expected to be largely 

co-valent in character. 	The mode of decomposition is,  
therefore, expected to show similarity to both these 

compounds, as is found. 	In such a case thu state of the 

crystal lattice will be of importance in deciding the 

degree of approximation to which the reaction will be 

represented by different mechanisms associated with the 

two types of compound. 
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A. For a recent review of ionic Conductance in 

Solid Salts see Tompkins and Jacobs, Quarterly 

Rev., Vol Vi, No. 3, p.278. 

B. The electronic circuits used in the measurement 

of ionic conductance were designed by Dr. P.W.M. 

Jacobs. 	Full details of construction and use 

are given in reference 
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