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ABSTRACT 

The i s othe rm al, endothermic, stepwise decomposition of ammonium 

metavanadate (AMV) in inert (ar gon or nitrogen), oxidising (air or 

oxygen) and reducing (ammonia ) atmosphe r es as well as under high 

vaCuum (pr e 0 s nre <. IOn bar) condi tion s ha .< be en i n ve s ti ga ted. The 

reverse r eaction, the i sothe rm a l recombination of V Z0 5 with ammonia 

and water v apo ur has also been investigated. 

The d ecompo sition and recom bination r eac tion< were followed by 

continuou .<ly rec0rding the mas s lo ss of the sample with t i me using a 

Cahn R . G. Automatic Electrobalance. This enable d .<mall samples 

( ~ lO mg ) to be us ed and consequently any se lf cooling of the sample 

during the decompo sition \vas minilnizcd. The int e rmediate s and fina l 

product< formed h ave been characterized by chemical analysi s, X-ray 

powder diff ractio n s tudies , infrared spec troscopy and the mass lo ss 

invo lved in t h ei r formation. The changes in the phys ical properties of 

the sample s during decomposition and recombination h ave been 

investigat ed by su rface area measureme nts (u sing the BET meth o d 

and k rypton ad so rption) and e Ie c tron mic ro scopy . Value s for the 

enthalpy change s invo lved in the decompo s i ti o n have been obtained by 

differential scanning calorimetry. 

The stoichiometry of the isothermal decomposition of ammonium 

metavanadate, under the var ious c onditions of eurroun ding atmosph ere 

has been discussed. Excep t for the later stages of the decompositi on 

in ammonia, the results correspond well to the gradual reduction of the 

ratio of "(NI-I4 )ZO" to "V Z05" units from the original 1: 1 ratio in 

ammonium metavanadate to pure V ZOS' with "mmonia and "'later being 

evolved throughout the d e compo sition in the mole ratio of Z: 1. T h e 

viii 



The final product of the decomposition in vacuum, argon and air is 

V 205 and in ammonia, below 360
0

, V02 . 

The kinetic parameters for each of the stages of the decompo,ition 

of AMV in eac h of the atmo'pheres studied have been determined. The 

mechaniom of the fir.et stage of the decomposition under the different 

conditione of ,urrounding atmosphere has been discussed from both the 

kinetic and the thermo dynamic points of view. The absolute reaction 

rate theory h as been applied to the decomposition in inert atmospheres 

enabling the formulae of the activated complexes formed during each 

stage to be calculated. 

It ha, also been shown that the detailed atomic movements occurring 

during the fir,t 'tage of the decomposition in ammonia can be predicted 

from a knowledge of the stoichiometry of the reaction and of the 

detailed cry,tal structures of the s tarting and product materials . 

The kinetics and mechanism of the recombination of V 205 with 

ammonia and water vapour to form AMV have also been discussed in 

detail . 
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I 

I I KTRODUCTIOK 

1. I The Thermal Decomposition of Solids 

The majority of solid thermal decomposition reactions which 

have b d · d(I,2) f h een stu Ie are ate type 

A(s) - B ( s ) + C (g ) 1. 1 

in which the reaction commences with the formation of the new phase 

B at specific points in the lattice of A. The se points are lattice 

imperfections such as vacancies, interstitials, jogs in dislocations, 

Smekal cracks etc., as well as the surface of the crystal. The 

number of nuclei (init ia l decomposition centres) formed in any given 

time depends on both the number of these points and on the activation 

energy for nucleus formation. The nature of th e nuclei is not always 

clearly defined but it is generally accepted that they are composed of 

previous ly formed solid reaction product; e . g . in t he decomposition 

of barium azide (3) and silver oxalate(4) nuclei of metallic barium and 

silver, respective l y are formed. Because of the differences in the 

mo l ecular dimensions of the product and reactant phases , strain in 

the reactant lattice develops. Since smalle r fragm·ents of B will be 

more unstable than larger fragme nts, further r eactio n will tend to 

occur at the i nterface and the product phase thus spreads out from the 

nuclei. It is clear that once the nuclei overlap and solid A i s depleted, 

the decomposition rate must decelerate. 

The rate/time, pressure/time (pressure of the evolved gas C) or 

0( /time (where 0( is the fraction of the compound decomposed) curves 

obtained in kinetic studies, can gi v e sorne information on the process 
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of nucleation, the shape of the nuclei formed and their mode of growth. .1 

Basically these curves are sigmoidal and most of the forms encountered I 
are merely variations of the sigmoidal type. (Fig. 1. 1). Curve (a) 

shows a symmetrical type where the point of inflexion and maximum rate 

occurs at c/.. = 0.5, but such behaviour is not typical and in genera l the 

value of 0( at the point of inflextion is not O. 5. This is shown in (b) 

where the initial accele ratory period is of relatively shor t duration and 

the final decay period more pronounced. This type of curve is 

obtained for the thermal decomposition of lead styphnate (5) or mercuric 

(6) 
oxalate . In (c) the induction period is virtually absent and the 

maximum rate occurs at the beginning of the reaction; this is typical 

of cases where the nucleation process is very efficient and there is rapid 

coverage of the external surface with small nuclei e.g. lead azide(7). 

With other substances (e. g. whole crystals of pota ssium azide(8) and of 

lithium aluminium hydride (9) ) there i s , in addition, a small evolution of 

gas at the beginning of the reaction (d). This initial evolution of gas 

appears to be a characteristic that is not directly related to the thermal 

decomposition process. It is caused most likely by the physical 

desorption of gases, water vapour, etc., from the crystalline surfaces 

or the accessible interior . 

The importance of these curves is almost self -evident. For 

example an Arrhenius plot of a parameter such as the length of the 

induction period (the choice of which is consistent but arbitary ) will be 

of significance in deciding just how easy nucleus formation is. On the 

other hand an Arrhenius plot of some parameter associated with the 

decay region will u sually describe the activation energy for the pure 

growth process since at this point the influence of new nuclei is 

. (1 2) 
negli gible. Mathematical analyses' of the d. /time curves can, 



Figure 1. 1 

(b) 

t t 

(cl (e1 ) 

~~-- -
t t 
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thus, supply information on the process of nucleation, the approximate 

shape of nuclei and the mechanism by which they grow in size as the 

reaction progresses through the solid . It must be stressed however that 

obedience to a particular kinetic equati on is not proof that the mechanism 

on which the equation is based is actually occurring. All additional 

information possible, such as X-ray data, infrared spectra, vi sible and 

electron microscopy of the solid, etc., has to be taken into account. 

Growth may be from a fixed number of centres or from centres whose 

number is increasing as a function of time. The occurrence of 

branching chains of reaction can a l so be detected(l8). 

The two main sections of the ct/time curve are the acceleratory 

and the deceleratory or decay section. These divisions are usually 

associated with the production of nuclei, their growth and the overlap 

of the nuclei followed by the shrinking of the product/ reactant interface. 

Each of these will be dealt with separately below. 

1. 1. 1 The Produc tion of Nucle i 

The laws of nucleation may be divided into those where nucleation 

only involves a single step or those where nucleation involves more 

than one step . 

1.1.1.1 Nucleation Involving a Single Step 

Nucleation may occur as a result of the decomposition of a single 

. (12) 
molecule or ion. If this applie s to the case in question It can be shown 

that nucleation occurs according to the exponential law. 



dN/dt = kN e xp (-kt) 
o 

4 

1.2 

where N is the number of nuclei at time t, and N IS the number of 
o 

pote nti al n ucle u s - fo rming s ite s . k i s the probability f acto r for a 

single decomposing molecule to form a nuc l eus. Thus we find for k 

small (i. e . at the start of the reaction if the activa ti on energy for 

nucleu s formatio n is high) we can expand the exponential term in 

equation 1.2 to obtain the a p proximate relationship. 

or 

N = kN t 
o 

dN 
dt 

= kN . 
o 

i. e. the number of nuclei increa ses linearly wi th time . 

found to occur in the initial stages of t h e dehydration of 

This has been 

co pper sulphate 

(I 0) 
pentahydrate . Similarly for k large, N = N o i. e . nucleation is 

ins tantaneo u s. 

1. 1. 1. 2 Nucleation Involving more than One Event 

When mo r e than o n e event is necessary for nucleus fo rmation we 

find that the exponent of t in equation (I . 3) is greater than unity. T his 

can b e accounte d for in two ways . 

Either a stable nucleus may result from a bimolecular proc ess 

involving the combination of two active i ntermediates , each of which 

is fornled a t a con s tant rate) or several successive decon1positions may 

be re quired to form a stable nucleus. 

the same power law(ll ). 

n 
clN/clt = kt 

Both of these hypotheses lead to 

1.4 

where k is a constant and n u sually an integer. 
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The formation of a nucleus, however, does not nece ssarily mean 

that the nucleus will grow to a size where it will, in effect, represent 

appreciable decomposition of the solid. If the activation energy for 

nucleus growth is less than that required for nucle us formation, rapid 

growth of nuclei occurs at certain locali sed points on the crystal, 

resulting in the autocatalytic nature of curve (a) (Figure 1. 1). However , 

if the activation energie s of nucleus growth and nucleus formation are 

both of the same order, then a large number of s mall nuclei are 

formed as in curve (b). A reduction in, or the virtual r e moval of, 

the acceleratory region by grinding or crushing will yield a curve 

similar to curve (c l. Curve (d) is simply a combination of (a) and (c) 

and represents two reaction processes one of which is initiated 

extreme l y rapidly. 

1. 1. 2 The Acceleratory Region 

In this region the growth of nuclei is the most important factor. 

No general mechanism covering all d ecompo s ition s has, as yet, been 

obtained. A few generalisations have , however, been made. The 

most important of these general mechanisms for the acceleratory region 

a r e given below. 

1.1.2.1 The Power Law 

(1 2 ) . 
It can be shown that the tota l volume, V(t), of all nucleI at 

time t, is given by: 
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v (t ) G (x ) dx r dy 1.5 

o 

where G is a shape f acto r 

G(x) is a growth function 

/I is the number of dimensions of the nucleus 

N is the number of nuc lei at time t=y 

dN 
Now when dt ' or its appropriate form, ·as well as G(x), is known, 

then V(t) can easily be evaluat ed and hence the degr e e of decomposition 

i s obtained. 

Thus if power law nucleation and a l inear growth rate are assumed 

then the degree of decomposition 'can be shown to be 

1. 6 

where C is a constant and n is usually an integer. 

1.1.2.2 

n = 3, 

n = 4, 

corresponds to two dimensional growth 

e . g. Barium styphnate monohydrate 
(13 ) 

corresponds to the formation of a fixed 

number of nucle i which grow three-

dimensionally; or linear growth of two-

dimensional nuclei e. g. aged mercury 

fulminate (14) 

corresponds to the for m ation of compact, 

spherical n ucle i which grow along a 

specific dil'ection e. g . ammonium 

chromates(15) 

The Exponential L aw 

The decomposition of many substances (e. g. silver oxalate(16 ) ) 
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could not be explained by the above theory. 

Garner and Hailes(17) derived the concept of linear branching 

chains of nuclei in order to explain these exceptions, and further 

postulated a constant branching coefficient, k', assuming that the rate 

of nucleation i s constant. 

The nett rate of nucleus production is then 

dN 
crt = kN + k'N 

and it can be shown that in this case 

1.7 

1.8 

This concept of linear branching chains would however result in 

the crystal separating into isolated mosaic blocks which would then 

decompose slowly. Branching plate-like nuclei of constant width were 

then postulated and it can be shown that the same general exponenti a l 

expression still applies in this case. 

1. 1. 2. 3 The Prout- Tompkins Equation 

In the above treatment , however, interfe rence of chains during 

growth was neglected and Garner's linear branching chain theory, in 

the form in which it was originally presented, could not account for the 

deceleratory or decay region. 

P d T k · (18). h ' k . rout an omp ms 1n t en wor on potasslUm permanganate 

evolved a mechanism to allow for this factor. In place of Garner's 

original equation it was proposed that the rate of nucleus formation 

dN /dt should be corrected by including a term for the proba bility of 

chain terminati on proportional to N, th e number of nuclei at time t. 

J 

1 
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Thus 

1.9 

where k2 is the probability of chain branching and k3 is the probability 

When k
l

, the nucleation constant, is large, the 

original sites N are soon exhausted and 
o 

of chain termination. 

I. 10 

This also holds when kl is small if it is .assumed that.the branching 

process p r edominates. If one consider s strictly linear nuclei then a t 

any instant 

de( 
dt = 1.11 

These last two equations cannot be integrated until the functlonal 

dependance of 0( on k3 and k4 is introduced. Prout and Tompkins 

considered the case of a symmetrical sigmoid for which 

01. 
inflexion 

_ 1 
- z · Now at t =0, oi = ° and k3 = ° since 

interference is impossible at this stage. At 0(. fl . ,dN/dt changes In eXIon 

sign, thus at 0( -! k - k where it is consistent to \vrite infl exion - z' 2 - 3 

/ 01.. fl . . in eXlon 

From these considerations the differential form of the Prout -

Tompkins equation may be derived 

i. e. d 0<. / d t = k2 0( (1- Q() I. 12 

and on integration we get 

log 
I. 13 = 

1- c< 

A modification of the Prout- Tompkins equation allowing for the 

inverse variation of the branching coefficient with time was introduced 

by Prout and Tompkins in order to describe the decomposition of silver 

(21) 
permanganate . This resulted in equation 1-14 
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log = k Z log t + Cz 1.14 0( 

1 - Cl 

Y (19) 't" t' 1 13' . d 'b h k ' . oung cn lClses equa lon. Slnce lt escn es t e lnehcs 

of a reaction pro g r e ssing via linear branching chains which can be 

terminated on reaching any part of the product phase, thus it suffers 

from the same crystallographic limitations as does the original equation 

of Garner. A more serious defect arises from the necessity in 

practice of two different rate constants for the acceleratory and 

deceleratory regions. These constants may even have different 

temperature coefficients, suggesting that k3 = k2 . 0( / c< . fl . In eXlon 

is not a valid assumption. 

These critici sms of Young's do not affect the concept of chain 

termination and it is in his opinion still valid to analyse the accel eratory 

regions of decompositions by the Prout- Tompkins equation, provided 

that it is recognized that branching is essentially a surface process 

which will be superceded once a complete envelope of product is 

(20 ) 
formed. Young and Haynes have also shown that a d e composition 

curve which can be analysed by the Prout- Tompkins equation during 
I 

the decay period can frequently be better analysed by a contracting 

sphere expression (see later). 

1.1.2.4 The Avrami-Erofeyev Equation 

Quite apart from the special case of branching chains, an analysis 

of random nucleation leading to the experimental law must allow for the 

.(22) (23) 
ingestion of potential nucleation s ites . Avraml and Erofeyev 

working independently derived an equation which took this into account. 
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Avrami dealt with the nucleation process in a study of the kinetics 

of pha se change. He u s ed the terms "nuclei" {germ nuclei} and 

" g rains" (g rowth nuclei), for centres below and ab.ove the critical size 

for s t eady g ro wth respectively. The n umber of nucl e i d e creases 

in two ways with time. Some became activated for g rowth and othe rs 

are ingested by growing g rains. The typ e of g r ain interaction applic a ble 

to crystalline solids is the adh erence of grains at common interfaces 

while continuing to grow normally e ls ewhe re. Using this approach she 

d e riv e d a general equation for random nucleation f ollo wed b y isotropic 

thr ee -dimens i o nal g rowth a t a linear rate k
2

. 

3 
{k

l
t)2 (k 1 t) 

3 
-lo g (l- 0(.) = b-<;; ' Nok2 

[ e -klY-l+klt- J + L 15 
3 2! 3! 

Vokl 

\vhere S is a shape factor 

Vo is the final volume of product obtained after decomposition 

No is the number of nucl ei randomly distributed/unit vol at 
time t = 0 

kl is the rate of increase of No 

At the start of the decompos ition (O« < 1) we find that this equation 

reduces to the power law 

i. e . 0( = C tn with n = 2 , 3 , 4 depending on the shape of the 

nuc lei. 

During the deceleratory or d ecay region, whe n t is l arge then the 

equation reduces to 

[

. 3 
GNok2 

exp 
Vo 

1. 16 
0( = 1 -

Ero[eyev approached the problem in a differ e nt manne r. He first 

derived a general kinetic equation: 

:1 
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( 
01. = 1- exp (- J 

o 

pdt) 1. 17 

where p is the probability of the reaction of an individual molecule in an 

interval dt. This equation involves no assumptions regarding the 

properties of the reacting system. After differentiating he applied the 

general equation to the growth o f reaction nuclei in solids. For three-

dimensional growth, in general, the probability pdt is proportional to 

the total volume of the spherical layers t"raced, at the instant t, around 

the nuclear centres that have arisen at the instant t. 

Thus,in genera l,depending on the shape of the nucleus 

1. 18 

This is known as the Avrami-Erofeyev Equation . 

SharpIe s (24) d i scu sse s the Avrami equation and its application to 

the crystallisation of polymers in some detail. He sho ws that the 

exponent n is in fact made up of two contributions : (il the number of 

dimensions in which growth takes place, and (iil the time dependence of 

the nucleation process. 

TABLE 1. 1 

Value s for the Avrami exponent, n, for various types of nucleation a nd 

growth 
(24 ) 

(from Sharples ) 

n I Type of nucleation and growth 

3 + I = 4 Spherulitic growth from sporadic nuclei (n oC t) 
3 + 0 = 3 S pherulitic growth from ins tantaneous nuclei 
2 + I = 3 Disc -lik02 gro \vth from sporadic nuclei 
2 + 0 = 2 Disc-like growth from instantaneous nuclei 
1 + 1 = 2 Rod-like growth from sporadic nuclei 
1 + 0 = I Rod-like {;Towth frotr} i nstantaneous nuclei 

:"[uch use has been made in the past of Avr a mi plots for determining 

mechanisms through application of the rela ti onships in the table above. 
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Stringent tests are, however, necessary if it i s to be established that 

a given set of c r ystallisation data c onform accurately to an Avrami 

equation. 
(25 ) . 

Gent has shown that the dIfference be tween two plots, 

one with n = 3 and the other with n = 4 is not v e r y g reat so that 

con side r <lb l e care is necessary if any weight is to be attached to the 

conclu sion that the value of n determined for a given process is 

accurately kno"-n. 

The essential requirements of the Avrami equation are; random 

nuclea tion, depe nde nce of nucleation on the z eroth or first power of 

time, constan t growth rate and uncha n ging density of the growing 

mate rial. Sharples found on checking thes e requirements with polymer 

crystallis ation that when n <. 4 , even if the result was an inte ge r, no 

unambi g u ous conclusion could confidently be made . 

1. 1. 3 The Deceleratorv or Decay Region 

In the decay region of the decomposition curve, overlap of nuclei 

results in a contracting interface. If this remains intact then the 

Avrami-Erofeyev equation may still hold. Because of the difference in 

molecular voluITle between product and reactant phases, the interface 

may coll apse , l eaving isolated blocks of material in which no nuclei are 

pres ent . The same condition may ari s e from extensive growth of plate-

like nuc l e i. In these i so lated blocks, if each ITlolecule has an equal 

probability of decomposing, the rate will be proportional to th e amount 

of d ecomposed mater ial. 

i. e . d c< felt = le(J - c< ) 

-lo g (1 -. ex ) = kt 1. 19 
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which is known a s the U NIlVIOLECU L AR DECAY LAW. 

If the rate- determining factor in the decay becomes the number 

of remaining unreacted molecules then not all of the molecules will be 

favourably situated next to a product molecule and one obtains all 

equation which reduce s to the Prout - Tompkins equation with a constant 

k' different to that applying over the accele r atory period . 

The progres sion of the reactant/ product interface may also become 

the rate-determining step. When the surface of a particle of ma t e rial 

has become covered with product and the i n terface progresses inwards , 

the rate will obviously dep end on the geome try of the particle and of 

the interface. Much work on this type of mechanism has b een done by 

Bradley, Colvin, Hume (26 ) and o th e r s in the period 1928 -1 938 . This 

type of tr eat m e nt may thus lead to a contracting paralle lopiped or a 

contracting sphere . If nucleation is confined to certain faces of the 

crystal only, then the mechanism may be a contracting rectangle or 

circle. 

The most commo n of these is the contractin g sphere a nd has been 

. (27) 
apphed amongst others by Spencer and Topley , to s ilver carbonate 

(see later) and Gregg a nd Razouk(28) in their discussion of th e 

decompo s ition of magnesium hyd roxide. For the contracting sphere 

model, assuming spherical particles of initial radius a , the fraction 

d ecompo se d at time t is 

cJ. = 

'13 TT . 
3 

a 

= 1 (a - kt/ 
a 

= 1 - (l _ k 't)3 

I 

or 1 - (l - Q( )3 = k't 1. 20 
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which is the usual form of the contracting sphere equation. 

The nuclei, however, may not cover the surface and the rate of 

reaction can be governed by the spherical growth of single nuclei from 

points on the surface into the particle. As suming a single nucleus per 

spherical particle it Can be shown that the maximum rate would occur 

a t c(" O. 593. 

If nucleation is a random process and this i s followed by rapid 

two-dimensional growth on the surface then this leads, as has been shown 

by Jacobs and Tompkins(29 ), to a linear function of log (1- c< ) plotted 

against t . Bradley, Colvin and Hume (26 ) have obtain ed go od linear plots 

in accordance with this equation u sing data for the dehydration of calcium 

carbonate hexahyd r a t e . 

1. 1. 4 Diffusion Controlled Reactions 

A comprehensive treatment of diffusion controlled reactions in 

general has been given by Harrison(30 ) and the ma thematics of the 

diffusion equation has been discussed in detail by Crank . (31). It is, 

however , only necessary in the pre sent instance to outline some of the 

aspects and e quations of diffusion controlled reactions which have been 

applied to decomposition reactions. 

The law of diffusion proposed by Fick in 1855 arose from the 

recognition that there is a close analoGY, in terms of mathematical 

treatment , between diffu sion and heat conductiun. Fick's hYr)othesis was 

that the rate of transfer, F, of diffusing material across unit area of 

cross - section is proportional to the concentration gradient in the dircctlon 

.j 
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of diffusion, viz. 

F = - D ( de / 0 x) L 21 

The analagous equation for the r ate of flow of heat is 

L 22 

If equ ation L 21 is converted into a partial differential equation for time 

dependant flow then, 

OC t at = DV
2

C L 23 

Now if the concentration and temperature gradients are present 

simultaneously then D, T and t are all inter-related and it is necessary 

to apply the complete Laplacian operator to D as well as to C viz 

de / (It = L 24 

This is the most general form of the differential equation for diffusion. 

Solutions of this equation are, of course, as numerous as the possibl e 

boundary conditions but in p ractice a few situations are very much more 

frequently encountered than others. 

One of the more common methods of studying self - diffusion in solids 

is the exch ange method where a solid sample is in contact with a well-

stirred fluid (ga s or liquid) and the labelled species diffuses either into 

or out of the solid. If the total amount of mater i al which has diffused 

in to or out of unit area of the solid by time t is M t , which is proportional 

to 0( , then it can be shown that if the concentration of the diffusing 

material in the su rrounding fluid is zero 

dC / 0 x)x=o dt 

1 

2 Co {Dt/ TI' )2 L 25 
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where Co is the initial concentration of diffusing material in the solid. 

This is one instance of the parabolic law which can also arise in a 

different way by considering the case of diffusion of some species across 

a growing layer of product . Here one must consider the product to form 

a layer on the surface of the material and the advance of the interface 

so formed to be controlled by the diffusion of some species through this 

layer. 

A clas sical example of this is the formation of a film of oxide on 

the surface of a metal, and the diffu s ion of oxygen through thi s l ayer . 

If the thickness of this film at time t is X, the su rfac e concent r ation of 

oxygen is Co and the volume of the oxide containing one mole' of oxygen 

atoms is V lvi' then by using a quasi stationary sta t e treatment it Can 

be shov"TI (30) that 

I 

X = (2DCoV lvIt )2 1. 26 

which is the parabolic law for tarnish reactions . These were studied 

extensively by Wagner(32) in the 1930's . 

In mo s t practical circumstances the parabolic law is a very good 

approximation and the condition fo r its validity is 

Co 1. 2 7 

as 

If one considers the reaction of spherical particles in the above 

context one finds that three equations sometimes referred to(33, 34) 

the Jander(35) , Ginstling-Brounstein(36) and Diinwald-Wagne r(37) 

equations are used. In references to these equation s there is not always 

a clear indication of the nature of the approxima tions involved in them or 

of the fact that they do not all refer to the same situation . 
. (30) 

Harri s on 

does however clarify th .., se po ints in his discussion. 

The Dlinwald- Wagner equation, 
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1. 28 

where a is the radius of the spherical particles, is applicable to 

diffusion with constant D into or out of a system of spheres of uniform 

radius with constant surface conce!ltration of the diffusing species , It 

is not appropriate to the situation of a sharp reaction interface advancing 

into the spherical particles but it is obeyed in certain Cases of 

, d'ff' h . 1 f t' (3 8) h th .. l' t f Inter 1 USIon sue as SpIne orma Ion were . e orlglna In er ace 

gradually becomes blurred and finally disappears altogether, 

The Jander and Ginstling-Brounstein equations are both attempts 

to treat, by the "quasi-stationary state" approach, the case of an 

advancing reaction i ntedace considered in spherical geometry, 

In Harrison's opinion the Jander equation is a very rough 

approximation to this situation and Can only be applied for 0<" 0,15 

while the Ginstling-Brounstein equation is the proper ana logue in 

spherical geometry of the parabolic law, The Gins tling- Brounstein 

equation is 

where b 

C 

1 -
2 = 2DC V

M 
t /b 

is the initial radius of the sphere 

1. 29 

is the concentra tion of the diffu s ing species at all t imes 

is again the volume of immobile re a ction product 
containing one mole of the diffusing species, 

The validity of this equation d e pends on the constancy of D and the 

degree to which the system approaches spherical geometry, The 

linearity of a plot of the Ginstling-Brounstein function a gainst t is shown 

by Harrison(39)and his co-workers not to be very sensitive to either 

of these conditions since linear G instling-Brounstcin plots are obtained 

for the exothermic reaction of SrC1
2 

with F 2 wher e there was a large 
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tempe rature gradient across the reacted material and the sampl e was 

a large crystal of rather irregular shape. He does however point out 

that the Ginstling-Brounstein plot expands the region occupied by the 

second half of the reaction ( cA -;, i) greatly at the expense of the first 

half of the reac tion. Also during the second half of the reac t ion, the 

interface is much more likely to have acquired a regul ar shape than at 

the start of the r eaction and the temperature gradients would a l so have 

diminished with the dimini shing rate of reaction. 

1. 1. 5 General 

It must be emphasized that conclusions from results merely 

expressing the extent of total reaction with time e. g . the amount of gas 

produced in a thermal decomposition study, or the change of an average 

macroscopic property such as density, must be, to some extent, 

speculative for both the ma thema tical relationship and the activation 

energies derived from the associated temperature coefficients often 

change with increasing extent of reaction. Moreover, the r ate equation s 

used in describing the results are often non-discriminatory and are 

found to be only approximately valid over part of the time period of the 

process. Indeed, the derivation of activation energies from the usual 

Arrhenius relation, based on an exponential dependence of some rate 

parameter on temperature, is often invalidated by the fact that 

equilibrium between activated and non-activated species in the rate 

determining process according to a Boltzmann distribution is not 

attained. Kinetic expressions derived from overall reaction velocities 

are thus insufficient to characterize the mechanism of the reaction with 

confidenc e. 

I 
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1. 2 The Importance of Crystal Structure m Controlling Solid·-State 

Reactions 

An important serie s of pape rs by Cohen and Schmidt(40) and their 

co-workers has stressed the thesis that, at least in certain types of 

solid- s t ate reactions , reactivi ty is determined principally by the 

geometry of the reactant lattice; this is termed topochemical control 

or topotacticity. Although th i s has been applied in the main part to 

solid- state reactions of organic compounds (i. e. compounds of low 

symmetry) it will be shovm that it can also be applied to those reactions 

of inorganic compounds where there are no major changes in the 

crystal structure or, more specifically, in the relative positions of 

atoms or groups of atoms, during the reaction. Perhaps one of the 

clearest examples of topochemical control is the photochemical 

d · . . f h t . . 'd (4 1) J b (12) . h Imerlzatlon 0 t e ranSClnnamlC aCl s. aco s agrees Wlt 

Cohen and Schmidt and gives the thermal decomposition of calcite(43,44) 

as an example of a topotactic reaction . In the decomposition of calcite 

the decomposition nuclei are generally hexagonal in shape with their 

sides along the < 110) , (110) and (lOa) directions. This 

means t hat during growth the reactant-product interfaces lie on £ 1 1 t}, 
{I I t] and [100] type planes. On these planes there are Ca 2+ - Ca

2+ 

distances in rhombohedral calcite which approximate closely the 

corresponding separations in cubic CaO. This implie s strong 

topochemical influence during nucleus growth and sugge sts that anionic 

d ecomposition procp.eds so as to allow the formation of product with a 

minimum of ionic displaceme nt . The analogy with the work of Cohen 

and Schmidt on the photochemical c1imerization of the transcinnamic 

acids, where again reaction proceeded with the minimum of molecular 

movement, is clearly very close. 
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T 1 1(45 ). h' . f . . ay or et a In t en r evlew 0 topotactlc r ea ctions of inorganic 

oxy-compounds show that many hydroxides and oxide-hydroxides, such 

as magnesium hydroxide , have layer structures based on shee ts of 

hydroxyl a nd sometimes also oxide ions. The arrangement of these ions 

approximates in varying deg r ees t o eit her cubic or hexa gonal close 

packing, the cations occupying the octahedral interstices. Dehydration 

of these to the oxides usually occurs topotactically on heating in ail'. 

The oxides also have structures based on approximately close packed 

oxi de ions e . g . magnesium oxide. Because there are no hydrogen ions , 

more int ers tices are occupied by metal ions than in the hydroxides . 

The orientation relationships observed in the dehydration reactions seem 

always to allow the best possi ble fit between close packed oxygen planes 

of starting material and product. Other hydroxides and oxide-hydroxides 

which undergo topotactic reactions on heating are those of aluminium 

and
' (45,47,48) 
iron . 

Another good examp l e of a topotac tic reaction is the dehydration 

of gypsum (49 ) which takes place in three steps 

gypsum 

CaS04 · tH zO 

hemihydrate 

The first two steps are rever sible as indicated. 

1. 30 

anhydrite 

Orientation is well 

preserved in the second and third steps , but only partly preserved in the 

first. The reaction has b e en interpreted in terms of th e preservation 

z+ z-of the chains of Ca and S04 ions which occur in all foul' structures. 

The structures of the hernihydrate, 0 -CaS0
4 

and anhydrite can 

2+ alternatively be described i n terms of analagous sheets of Ca and 
z-

S04 ions. One structure can then change into another by small 

relative displacements of these sheets, together with loss of water. (50 ) 
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The occurrenc e of <5 -calcium sulphate, metastable under all 

conditions, is an example of the structural control over the phase 

for med. 

In general, for a topotactic transformation to take place the r e must 

b e a three-dimensional similarity betwe e n the structures of the 

s tarting material and the product. If the re is only two-dimensional 

similarity in the structures then the re ac tion is epitactic . This 

similarity need not be very great and the compositions may di ffer 

radically. The mere similarity be t ween structures is, however , not 

in itself sufficient to guarantee that a reaction will occur topotactically. 

Experimental evidence is always needed. 

So me reactions are topo tac tic unde r all conditions, some only 

under certain conditions and others not a t all. Factors which may 

influence the degree of orientation in any particular reaction include 

t emperature, pressure, physical stat e, surrounding atmosphere and 

other specific experimental conditions s u ch as time and rate of he at in g 

used to induce thermal changes. 

It i s interes ting to note that almost all of the topota ctic reactions 

which have been studied are endothermic and thus are pote nti a lly 

reversible. This is what would be intuitively expected si n ce , for 

a reaction to be reversible , there s h ould be no profound structu ra l 

change during the reaction i . e . the structure of the starting material 

and of the product should be similar. This do es not mean that all 

endothermic reactions will be topo tac tic or vice versa , but it do es 

suggest that when a n endothermic reaction is being i nvestigated 

attention should be focussed on the pos s ible topotactic nature of the 

transfo rmation in order to ducidate the mechanism of the reacti on. 
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1. 3 Endothermic Decompositions 

Previous reviews of the thermal decompositon of solids(l, 2) have 

b een divided into considerations of exothel'Inic and of endothermic 

decompo sitions . 
. (J) (2) 

Th e reVIews by Garner and by Young cover mainly 

the endothermic di s socia tions of hydrate s and of car bonate s. Some 

coverage has J however, also been given to the dissociation of the 

I h (53) h d . 1 (54) , . d (55) su pates , y rOXHes ana OXl es . 

(51) .. (52) 
The DTA traces of Erdey et al a nd Tamguchl and I ngraham 

indicate that the thermal decomposition of NH4 V0 3 (AMV) to form 

V 2°
5 

can be clas sified as a n endothermic proce ss, and some aspects 

of wo r k on endothermic decompositions will be reviewed . 

1. 3. I Endothermic Dec:ompo sitions of Cornpounds Containing ~6,JYllTIOnia 

Endothermic decomposit'on s which involve the evolution or 
A. . 

absorption of ammonia are of special inte res t, a nd cOlnpounds which 

u ndergo this type of reaction are the ammoniates (5 6 ), nickel hexamine 

perchlorate(57), ammonium phosphate(58) and the ammonium-exchanged 

y . (59 ) 
z eolIte . 

The decompositon curves of the isothermal decomposition of 

ammonium phosphate and the initial stage of the decomposition of 

nickel . h examine pe rchlorate are both best fitted by the contracting sphere 

equation (Section 1. 1. 3). The reverse reaction for the initial stage of 

th e decomposi.tion of nickel h exalnine perchlorate has also been 

inves ti gated(57) and the progress of the reaction was found to be 

proportional' to the square-root of the time . This together with the 
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low ac tivation energy ( < 2kcal/mole) (lkcal "" 4.184 kJ) implies that 

the reaction is a diffusion controlled process. 

The thermochemi s try of ammonium-exchanged Y- zeolite has bccn 

studied by Bolton and his co-workers(59). T h ey found that the 

deamination, dchydroxylation and desorption of physically absorbed water 

which constitute the thermal decomposition of alTImonium-exchanged 

zeolite overlap to a considerable extent and separa te steps for the 

evolution of ammonia and water vapour cannot be isolated. 

1. 3. 2 Endothe rmic Decomposition of the Carbonates and Hydrates 

There are many features which the present investigation has in 

COmlTIOn with the investigations performed by various workers on the 

carbonates and hydrates, and it i s necessary to discuss these furth er 

in order to provide a background for the discus sion of the results of 

the present investigation. 

In the endothermic solid r eactions of thes e compounds the energy 

of activation is often approximately equal to the overall enthalpy change 

. (62) 
e. g. dehydratlon of Alum crystal s . This means that the rever se 

reaction must occur with a very small energy of activation, provided 

that no profound st ructural change takes place during the decomposition. 

There are, however, notable exceptions to this general rule e. g. the 

d · " db" f' b ( 63 ) d f . ( 64 ) lssoclatlon an recom Inatlon 0 Zlnc car onate an 0 magnesIte . 

In some cases (magnesite) the fonTIation of active products is the Cause 

of this .since they influence the overall kinetics by introducing false 

equilibria (one of the largest problems in carbonate studies) and raise 

the apparent activation energy. 
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Endothermic decompositions are almost exclusively interfacial 

in character. One of the very few exceptions is lvlnC03 where the 

kinetics of decomposition follows the Prout-Tompkins equation . 

L . (65) h f ' d . h' f h angmulr waS t e lTst to rav .. ' attentIon to t e llnportance ate 

interface between the t wo solid phases for dynamic equilibrium in 

svstems of the type, A. ( s\ :=:;;. B( s ) + C ( ~) d u an his suggestion was 

(66 ) 
applied by Crowther and Coutts to explain the results obtained in 

a study of the dehydration of certain salt hydrates. The basic 

assumption of the interface type of mechanism is that the only molecules 

(i ons or ionic groups) which react a re those in a layer immediately 

adjacent to the molecules (ions or ionic groups) in the space lattice of 

the re sult ant solid phase. Furthermore it can be assumed that the 

actual com me ncement of the chan ge is restr i cted to the surface of the 

particles, which are mutually independant. The propaga tion of the 

change th e n takes place from the surface inwards. The different type s 

of decomposition curve to be expected in these circumstances have 

(67) 
been discussed by Tapley and Hume and are as follows: 

(i) The surface rapidly become s cove red with nuclei of 

the product phase and the resulting interface will 

move inwards at a constant rate. The type of equation 

that holds in any specific case of this sort is dependent 

on the geometry of the particles and the int erfa ce. By 

far the most common expression is the contracting 

sphere equation . 

(ii) If the rate at which the change spreads throu gh the particle 

is very much l arger than the rates of form at ion of nuclei 

on the surface, then the average curve will conform to 

the unimolecular law. 
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(iii) A c a se which is intermediate between these two is a l s o 

pos si ble i, e, when the r ates of nucleus form ation and 

propagation of the interfa ce are such that the majority 

of the particles have at least one nucleus before more 

than a very sma ll fracti o n of the tota l r eac tion has 

taken place, If this is the Case then the area of the 

interface must pass through a maximum as the 

reaction proceeds and the r a te of the reaction will be 

proportional to this area , 

The recombination or reverse reaction has not, especially in 

the case of the hydrates, had much attention devoted to it; the 

rehydration of the zeolites has, however , been studied in some detail. 

Seyewitz and Br i ssaud(68) classified the products of dehydration into 

fiv e n1ain groups acco rding to whether dehydration proceeded 

(i) fully, (ii) partially and independently of the percentage relative 

water vapour pressure, P l' over the crystal, (iii) to an extent re 

dependent on PI' (iv) until the product was deliquescent, or 
, re 

(v) not at all. They studied numerous salts and found that the rate of 

rehydration (under fixed conditions) was constant for considerable 

periods but that in some cases inflexions in the rate curves indicated 

the po ssibility of the form a tion of intermediate hydrates , This 

' b'l't h 1 b t db th th k' 'th ~ " SO (69) POSSI 11 Y as a so een no e yo er au ors wor Ing WI ' hI 4 

(70 ) 
and CuS0

4 
but these infl exions did not correspond to the composition 

of any stable hy drates, In the cas e of the carbonates the r e verse 

reacti on is a single stage and no intermediates a re suspected to be 

form ed in the recombination, but th e recombinat ion can be divided into 

three consecutive sec tion s viz" (i) the che m isorption of CO
2

, 

(ii) the production of nuclei, and (iii) the OCcurrence of an interface 
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reaction. 

Thus for hydrates one usually has decomposition via several 

stable intermediate h'{drates while recombination occurs without the 

formation of any stable hydrate. In the case of the carbonates both 

the decomposition and the r ecombination involve a single stage. One of 

(71 ) 
the few exceptions to this is lead carhonate which has been shown to 

decompose via several stable intermediate carbonatE". 

The kinetics and mech a nism of the reverse reaction have been 

studied in iso l ated cases and can conveniently be divided into two 

main groups . 

(il The recombination is a diffusion controlled process (the 

I d . 'I I (62) ) r e 1Y ratlon 01 a un1 crysta 5 

(ii) The recombination is an interface type of reaction (the 

recombination of Ag
2 

C0
3 

(2 7) ) 

(il A diffusion controlled r eaction 

Bielanski and Tompleins (62) fo~nd that the rehydration of alum 

crystals at constant temperature and relative water vapour pressure 

follows the relationship 

, 1 
eX = (let» + B 1. 31 

(where ex' is the fraction of the material recombined) 

over most ( ~ 80%) of the reaction until a recrystallisation process 

occurs, The applicability of this relationship indicate s that the 

hydration is not the inward progress of a well-defined interface and 

that the rate det ermining process is not the formation and g r owth of 

nuclei of the hyd rated product, since thi s would give a sigmoid plot 
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, 
of c( against t, which \'las not obtaine d. The applicability of this 

relation ship is, however, consistent \vith diffusion along a net\vork 

of interstitial channels su c h as are present in dehydrated zeolites . 

They concluded that the rate-controlling process was the diffusion 

of water molecules from higher adso r bed layer ~ but could not 

accurately assess , by the wei ghinb technique employed, the number of 

mole cules in these layer s . It waS for this r eason that Benson and 

Tompkins(72 ) later investigated the sorption of ammonia by dehydr ated 

potash alum using n'1easurements of the pressur e of gaseous ammonia. 

They found that the amount of ammonia sorbed at constant pre ssure 
1 

is a lin ea r function of (time)' but that a p ro ce ss involving either 

diffusion into non-interconnectin g channels or of diffusion from a 

network of interconnec t ing channe ls into spherical zones is inadequate . 

An alternative theory i nvolving the cor:eept of different type s of 

sorption sites , however , \Vas found to be consistent with the 

experimental results . There are like ly to be many different s ites for 

ammonia att ac hment wh ere the energy of binding of the sorbate molecule 

varies with the nature of the site . For simplicity the authors con s idered 

t hese sites to comprise t\\'o main categories (X and Y) which differ in 

t he degree of order and thus in the sorption energy of the s ite . Using 

this model they s how that the equation 

1. 32 

is valid for the complete reaction. 

Where a = 

k = 

K = 

C = 

p = 

1 

moles of ammonia adsorbed/mole of alum / min. ' 

rate constant of the sorption reaction 

equilibrium consta nt for the exchange of residual 

H
2

0 between the two types of site. 

constant form the Freundlich absorbtion isothe rm of 

anl1TIOnia at the surface 

pressure of anl1nonia 
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Application of this equation yields an activation energy of 

9 kcal s I mole (l kcal = 4. 184 kJ ). This energy tern1 however is a 

composite one reelecting the temperature coefficient of the product 

K, k and C and is thus the algebraic sum of; the activation e nergy of 

the rea ction , 

the heat of r eaction of, 

and also a term involving the heat of absorpt ion of NH3 at the surface. 

The results also suggest that the process is initiated by a critical 

quantity of sorbed ammonia and is then accelerated by the he a t released 

durin g sorption . The process has, in fact, the properties of a metastable 

phase transitio n. It seems likely that it involves a disintegration of the 

amorphous zonE:S and a creation of sorption sites. Similar disintegrations 

are obtained by the sorption of polar molecules in other systems e. g . 

. b h b . (73) d b '1' 1(74) ammonIa yea aSlt e an \vater . y 81 lea ge . 

(ii) An interface type of reaction 

A good example of this type is the reaction 

1. 33 

. (27 ) 
which was studied by Spencer and Topley . They found that the 

contracting sphere expression held for both the forward and reverse 

reactions. Further evidence that the reactions are essentially interfacial 

in character is supplied by the fact that both the decomposition and the 

recombination curves were sigmoid in shape under the best experimental 

conditions i. e. low temperature for the decomposition and pressure of 
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CO
2 

not greatly in excess of the equilibrium pressure for the 

recombination. The m e chanism which they propo se d for the reverse 

reaction involv e s the " nsorption of CO2 

1. 34 

The formation of the carbonate only occur where the adsorbed CO
2 

happe ns to be in immediate juxtapo s ition to the ions vibrating from 

the oxide onto the carbonate lattice. This type of mechanism depends 

on the assumption that there is rapid diffusion of the adsorbed molecules 

in the interface. This mechanism Was tested by applying an equation 

of the Langmuir type. 

Another example o f an interface-type of reaction is the 

decomposition and recombination of calcite studied by Britton, Gregg 

. (75) 
and Windsor . One factor of interest to the present investigation 

which aro se during their inve stigation was the fact that when calcium 

oxide, which had been formed by decomposition of calcite in vacuo, 

is exposed to CO
2 

(at a pressure of one atmosphere) at 8500 C it 

rapidly ab80rbs 50-70% of its original CO2 content. When such a 

reforn"led specimen is subsequently decomposed in VaCuo at the 

original d e composition temperature, a rate 4-6 times the original 

rate ie obtained but the contracting sphere expression is still obeyed. 

Repetition o f this procedure does not further enhance the rate. 

behaviour is quite consistent with the findings of Zawadzki. (63) 

This 
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1. 4 Previous Work 

1. 4.1. The Thermal Decomposition of Ammonium Metavan a date 

Although there have been a number of investigations of the 

I 1 d .. f' d (7 5 - 84) d " t 1erma ecomposltlon 0 an1mOnlUlTI 111ctavana ate I an It IS 

clear that the decomposition is complex and involves several stages , 

t here is no general agreement on the stoichiometry of these stages and 

little infor mation on the mechanism of the reaction. Previous 

investigations may be conveniently summarized and compared by 

dividing th em according to the atmosphere prevailing during 

decompo sition. See Table 1. 2. 

1. 4.1. 1 The Decomposition i:1 Air or Oxidising Atmospheres 

Th ' 11 (75- 7 7,52 ) h . d ere IS avera agreement t at amn10nlum metavana ate 

(AMV ) de composed to (l\:H4 )2 V 6 ° 16 (ammonium hexavanadate or AHV) 

o 0 (77) 
b elow 200 C and further to V 2 05 above 250 C. Trau has detected 

. ano ther intermediate , (l\:H
4

)2 V 4011' (ammonium bivanadate) which is 

for n'led at lower temperatures. La,""ure and Co lin(7 8 ) found that 

formation of this intermediate (ammonium bivanadate) is dependent on 

the sample mass, the heating rate and the carrier gas flow rate used 

in a thermogravinetric anal ysis. Small sampl es, a slow heating rate 

and a rapid flow of carrier gas favoured i ts formation. Dubois and 

Breton (7 9 ) found that in addition to AHV there was some indication of 

th e formation of another intermediate of variable compos ition which 

approximate s to (NH4 )2 0. (V 2 0 5 )8. 3 at higher temperatures . 

Dila tometric examina tion gave simila r re sult s . 
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Taniguchi and Ingr aham (52) have poin ted out the danger of using 

any t echnique ba sed entirely on thern10gravimetric n1ethods to detcrn1ine 

the stoic hiometr y of the decomposition stages, as, for e x a m ple , the 

form a tion of AI-IV, HV0
3 

a n d J~H 3' HZO. (V 20 5 )Z fron: AMV would a ll 

r esult in almost i d e ntic a l mass-losses. Thus we find Duva l(80) and 

Erdey, Gal and Liptay(SI) incorrectly reporting that a ll the ammonia 

is lo s t between 130°C and ZOO oC and tha t the residue is HV0
3 

which is 

° uns table. Above 200 C dehydration beg-ins and the conver sion t o V
2

0
S 

° is co mplete by 4S0 C. 

The interme diate (V
2

0
5

)2'l\H
3

. H
Z

O has be e n re por ted by S esbes (81 ) 

who s t ate s that this intermediate was formed b etwe en Z800C and 320°C. 

This then decomposes fu rther above 320°C and by 460°C was entirely 

tr ansformed into V 20S' 

1. 4.1. 2 The Decompo s ition in Inert Atmospheres 

Taniguchi a nd Ingraham (S2) found that the inter mediate formed 

during the decomposition in flowin g N
Z 

was the same as tha t fo r med 

when 02 was used as the carrier gas . The first stage of the reaction, 

° in the temperatur e range Z10 -21S C , takes place in t wo steps. A 

gaseous product is evolved in both steps, but th e gas analy s is trace 

does n ot differentiate b e tween the gas evolved from each step . T he 

intermediate for me d (AHV ) i s stable up to 260°C after which the 

material unde r go es an endothermi c reaction , evolvi ng a· gaseous produ c t 

a t maximum rate a t about 32SoC. The solid product t h en undergoes a 

further exother m ic reaction at 37SoC. The fi nal solid product i s a 

dark-colour ed v an adium oxide in \vhieh the average vanadiutTI valence 

is v ery sli ghtly less than S. 
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(76) 
Under the conditions of inert at.mosphere used by Satava 

AMV decomposed in three successive stages. The mass-loss of 

16.5 % and the X-ray diffraction pattern for the first stage corresponded 

to partially reduced AHV. The second stage (3S0
0

C), with a mass-loss 

of 20. 50/0 , re sulted in an intermediate of the approximate formula 

The fin al product (500
0

C), with a mass-loss of 26. 5%, 

corre s ponded to V0 2 . 17 or V 6013' When this product was heated above 

750°C the powder lines due to V 6013 disappea red and tho s e of V0
2 

and 

V ZO 5 appeared. The DT A trace showed a double endotherm around 

700°C which probably corresponds to this stage . 

1. 4.1. 3 The Decomposition in Ammonia or Reducing Atmospheres 

S (7 6 ) f d · " 1 h .. h f atava oun stages SInn ar to t asc 1n Inert atrnosp ere o r 

th e deconoposition in ammonia. The product of th e first stage 

(lSO-ZO OoC , mass- lo ss 15.50/0) is par ti ally reduced AHV which 

decomposes fur ther at abou t 300°C to give NH4 V 6015' T h e product 

at 400°C was V 60 13 and further reduction of this to V Z03 occur s in 

thr ee stages. By 500
0

C the V 6013 i s converted to V0
2 

whic h 

decomposes above 600
0

C to give VOl. 67" The final product of the 

decomposition is V
2

0
3 

which is fornoed a t 700°C with a total mass-loss 

of 36. 1 %. 

The decomposition in hydrogen was very simil ar to that in 

ammoni a(76 , 82). The produc t s of the first three stages were identical 

to those formed during the decolnposition in anonoonia, but none of the 

internoediates in the further r eduction of V 6013 to V 2°3 could be 

isolated. 
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Sata, Komada and 1to ( 82) reported a new intcrn,ediate oxide 

which they found to be a modification of V0
2

. 

1. 4. 1. 4 The Decomposition in Vacuum 

( 83) 
Only Deschanvres, Nouet and Ra\'eau have studied the 

d ecomposition of AJ\1V in vaCuum. They found that AMV decomposed 

to g i ve AHV at first (1 80
0

C ), 

1. 35 

and that at higher temperatures (2300
C) the hexavanadate decomposed 

without inte rmediate to give the bronze of limiting compo si tion 

1. 36 

When this intermediate was heated further (300-350
0

C) a new phase, 

V0
2 

. yH
2

0 , re sulted with Y = O. 04 . 
max 

On heating to 5000
C 

monoclinic V0
2 

was formed. 

Deschanvres and Nouet (84 ) studied the kinetics and mechanism of 

the fir st stage of the decomposition in vacuum, i. e . the conversion of 

AMV into AHV, reaction (1. 35) above and used a mass spectrometer 

connected directly. to the decomposition vessel to follow the gas 

evol ution. Ammonia and water vapour were e v o lv ed simultaneously 

in the ratio of 2: 1. Th e contracting sphere model (Equation 1. 20), 

i. e. rapid surface coverage by reaction product followed by progression 

of the reactant-product interface at a constant rate into approximately 

spherical particles, he l d fairly well for the major portion of the 

decompo sition. The apparent activation energy for the process over 

o 0 -1 
temperature range 130 C - 180 C was fo und to be 28 kcal mol . 



TABLF: 1.Z 

Summary of Previous Work on the Thermal Decomposition of Ammonium Metavanadate 

I I Flow rate Type of Tempera - Heating Sample 
Atmosphere ( /., (hr J ture range rate (oe!h0 mass(g:) 

Product Reference 
analysi s (Oe) 

Oxidising 3 DTA • .EGA Z10-Z15 180 - (NH4 ) fl . 3V Z05 Taniguchi and 
X - ray (5Z) 

V
Z

0 5 
Ingraham 

, 
I 

360 - 600 10 . Z5 - 0.50 (NH
4

)0 . 3V Z0
5 1St (76) - TGA. DTA Z50 

'X - ray 34fl 
a ava 

unspecified 4Z0 
VZ0 5 

I I (77) - TGA ZOO Z5-300 O. 10 (NH4 )ZO. ZV Z0 5 Trau 
ZZ5 

(NH4 )Z 3V Z05 Z85 

Z05 

I 30 TGA. 100-Z50 17-300 0 . 10-0.40 I (NH4 )Z=' ZV Z05 Lamure and 
X - ray 

or (NH4 )Z e I' (78) o In 
-

0.3V Z0 5 

I 
depending on 

I 
condi tions 

Z50 - 350 VZ0
5 I 

- TGA 198 - Z00 Not linear O.ZO HV0 3 
' Duval (80) 

Z06 - 450 V Z0
5 

o. lo -o,zol HV03 
i - DTA.DTG 130-Z70 300 I .Erdey. Gal and 

Z70- 470 V Z0
5 

I L · t (51) ! lp ay 
I • 

, 

, 

I 
I 

, 

w 

"" 



TABLE 1. 2 (continued) 

Atmosphere 
Type of !Tempera- Heating 

Flow rate analysis ture range rate 

I I 
Oxidi sing - TGA, DTA 280 - 320 240 

Reducing NH3 - DTA,TGA I I S0-200 360 - 600 
X - ray 300 

400 
SOO 
600 

I 
700 

H2 12 DTA,TGA I 300 300 

------- -

Sample 
Product mass 

, 
I - NH3H20 2V 2 O S 

V 2 0 S 

0.25 - 0 . 50 partially reduced 
AHV 
(NH4)20.2V02 

SV 2 0
S 

V 6013 

V0
2 

VOL 67 

V 2 0
3 

O. 30 2 unspecified 
inte rmediate s 
V

2
0

S 

V203viaV60 13 

and modified V02 
V 203 via modified 

V02 and new 
unspecified oxide 

I 

Reference 

Sesbes(811 

S t (76) a ava 

Sata. I<o mada I 

and Ito (82) 

I 

I 
! 

GO 
U> 



TABLE 1. 2 (continued) 

Type of Tempera - Heating 
Atmosphere Flow rate analysi s ture range rate 

I 

Inert - DTA, TGA 2S0 360 - 600 

I 
3 DTA,EGA 2 10 - Z1S 180 

I X -r ay 260 - 37S 
I 

Vacuum - I sothe r mal 130 -1 80 -
230 
300 - 3S0 

I 
SOO 

I I , 

Sampl e 
mass 

0 . 2S - 0.S0 

-

order of 
sev eral 
mg. 

I I I Product Reference 
I , 

pa r tially reduced S t (76) I 
AHV I a ava I 
(NH4 )202VOZSV20S I 

I 
V 6013 I 

I VOZ + V2 0 S 
, 
i 
I 

AHV Taniguchi and I 
V 20

S 
(SZ) ! 

. Ingraham I 

(NH4 )20· 3V20S Deschanvres J 

I NH4 V
4

0
10 

Nouet and 
(83) 

I VOzyH2 O Raveau 

J 
V02 

w 
m 
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At the end of the stage represented by reaction (1.35) a linear 

portion as a function of time appeare d, corresponding to a slower 

reaction than if it were controlled by the rate of advancement of the 

interface. This phenomenon was attributed to the diffusion of gas 

across the layer formed by the hexavanadate on the surface of each 

grain. 

1. 4 . 2 The Crystal Structure of Some Vanadates and Vanadium 
Oxid es 

1. 4. 2 . 1 The Metavanadates 

(85) 
The structure of AMV, proposed by Luke sh ,and l a ter 

f · d d f' d (87, 88 , 89) . f h d 1 h' f con lrme an re lne , consIsts 0 tetra e ra c alns 0 

V0
4 

groups (Fig. 1. 2) linke d by vertices . 
(88) . 

Evans pomted out 

th at all the anhydrous metavanadate s, with the exce ption of Na V0 3 , 

the structure of which has been ' shown (86) "t'o resemble that of 

diopside 

Pbcm. 

CaMg(Si0
3

)2' are 

+ In AMV the NH4 

isostructural with AMV, with s pace group 

cation is irregularly surrounded by ten 
o 

oxygen atoms at distances varying from 2.85 to 3.40 A and while 

there are several relatively short N-O distances the oxygen atoms 

do not approach aJ).y tetrahedral configuration around the ammonium 

ion, thus it is not obvious where the hydrogen bonds, if any, lie. 

In the chains of tetrahedra ther e are two types of V -0 bond. 

Within the tetrahedron, two bonds of one type extend to th e oxygen 

atoms which link the tetrahedra together and have a length of 1. 8 1.±. 
o 

0.01 A V-O
I 

(Fi g. 1. 3.) Two other bonds of the second type extend 

to unlinked oxygens in the mirror plane V-On and V - O
nI

. Although 
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these are not crystallographicall)" related, they all have lengths of 
o 

1. 66 + O. 01 A. The configuration of the chains is simi l ar to 

that of the silicate chain in diopside, with the bonds on the linked 

oxygen bent at an angle of approximately 144
0 

(angle VQr V) (143 0 in 

KV0 3 , 145
0 

in NH4 V0
3 

and 141
0 

in diopside). rn the silicate chain, 

all the tetrahedral bonds are nearly equal in length and in character, 

in contrast to those in the metavanadate chain. The as symmetry of 

the vanadium tetrahedron must re sult from the tendency of vanadium 

to form multiple bonds with oxygen. 

It ha s been shown(90) that in a tetrahedral environment the d 

shell ' is split so that the dE orbitals have a higher energy close to 

the 4s and 4p she lls. Therefore it may be expected that the three dE 

orbitals of vanadium may form a hybrid for bonding of the d! s 

type, which has tetrahedral configuration . The d 3' orbitals may play 

an additional role in the formation of 1T bonds about two of the 

tetrahedral c5 bonds, thus accounting for the seve re sho rtenin g of 

these bond s which is observed . 

1. 4. 2. 2 The Hexavanadates 

(91) 
Kelmers pr epared K2 V 6016, lI ... '-!V, Rb 2 V 6016 and CS 2 V 6016 

as precipitates fro m acidified solutions of the metavanadates. They 

are a ll monoclinic, space group P2
1

/ m and undergo a linear 

expansion in the a and c dimensions as the ioni c radius of the cation 

increases. The cell dimensions for AHV are estimated to be 
000 

a=7 .87 A , b=8.43A, c=5.01Aand fl> =96
0
45'. These were 

estimated on the assumption that p remains unchanged for all the 
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h exavanadates {~ for )(2 V 6016 was obta ined from the res ults of 

Bl ock(92). Small changes in j'> would not affect the calculation since 

~ i s close to 90
0

. 

Th e structure of K2 V 6016 is a c1earcut l aye r type consistent with 

th e perfect (laO) cleavage and l arge n egative birefringence observed 

for this crystal. The layers con s ist of highly dis tort ed V0 6 octahedra 

li nked to ge ther by sharing corners and edges. The cations occupy 

position s between the l ayers, in irregular 12- fold co-ordination with 

n e i ghbouring oxy gen atoms. In K2 V 6016 the VII atom s (in Fig. 1. 4a ) 

are in double pyramidal group s V 208 ' in which the pyramids are 

j oined by an edge with apices directed opposi t e to each o ther. Thes e 

double groups are joined into z i g-zag chains a l o n g the b axis by 

sharing corne rs, through 0Jr' a nd the se chain s are linked into sheets 

by VO groups represented b y VI and Or (Fi g . 1. 46). 

distance is equal to the apical V-O distance VnOrv ' while the opposite 

V-O di stances (A and B ) throu gh the pyramida l base are corr e spondin gl y 

lon ger and s horte r. 

(52 75 - 78) 
AHV has be e n re po r ted ' to be one of the intermediate s i n 

th e th e rm a l d ecompo sit ion of AMV. The;e is some dis agreement in ' 

the x-ray powde r diffr act ion data reported for AHV. (See Table 1. 3 ) 



Figure 1. 4a 

I 

6 

Fi gure 1. 4b 

~ 

.('0' ',:0:, ' 
,/x t' : ','-, - , 

'v 

to' 
o 

c 

The symbols for vanadium oxygen and nitro ge n atoms a re 

the same as for fi gu r e 1. 3 
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TABLE 1. 3 

Reported X-ray Powder Data for AHV Using Cu KD( Radiation 

Lamure & Colin(78) 

and Kelmers 

7.84vs 

5.75 5 

4.98 w 

4.21 w 

3.91 m 

3.55 5 

3.26 m 

3.21 m 

3. 04 w 

2.92 m 

2.90 m 

2.87 m 

2.49 \V 

2.40 w 

1. 80 w 

(91) 

w = weak 
moo medium 
5 = strong 

Satava (76) 

7.35 

5.3 m 

3. 39 m 

3.22 w 

3.05 vs 

2. 86 m 

2.71 m 

2. 12 5 

1.975 

1. 48 5 

T . 1 '&1 J (52) anlguc 11 ngra 1alTl 

8.2 vs 

6.2 vw 

5.7 vw 

4. 1 m- broad 

3 .46 m 

3.34 m 

3. 17 5 

2.88 vw broad 

2.61 m 

2.21 m 

1. 80 5 
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1.4.2.3 The Vanadium Oxides 

Vanadium Pentoxide 

Two basic crystal structures for vanadium pentoxide which differ 

in space group and, to some extent , in atoluic parameters have been 

proposed (94-9~ (Fig. 1. 5a and b). 

(94) . 
Ketelaar ,on the basls of the kno\vn crystal class and the 

systematically absent reflections, deduced the space group to be 

either Pmn2
1 

or Pmnn1. On the basis of the hemimorphic symmetry 

of some of his crystals; the difference in the rates of solubility in 

dilut e sodium hydroxide solution at opposite ends of the y-axis and some 

of the etch figures produced by this reagent on the (01O) face, he 

concluded that the space group must be the non-centro symmetric Pmn 2
1

. 

Ketelaar interpreted his structure in terms of chains o f oxygen 

t et r a hedr a around V, sharing corners and extending parallel to (001) 

(Fig 1. 5a ), and cross-linked by additional corner sharing along (lOa) 

to form two-dimensional nets. This constitutes four-fold co - ordination 
o 

of a a r ound V (01, On' alII & 0lV) (v - a, 1. 57-1. 83 A ) although he 

does point out that inclusion of an oxygen atom (OV) in an adjacent ccell, 

and at a slightly greater distance from V, would increase the co-

ordination to five-fold. 
. (9 7) 

Machatskl contends on morphological 

grounds that Ketelaars structure should be considered sole ly in terms 

of single chains of tetrahedra parallel to (0011 linked laterally along (lOa) 

by oxygen bridge s. 

Bystrom et al (95) , dissatisfied with the very short (2. 14 X) distance 

b etween ccertain pairs of oxygen atoms (all and 0ln Fig. 1. 5a) in the 

structure proposed by Ketelaar, repeated the structurce determination 



1. 5a is structure according to Ketelaar 

1. 5b is structure according to Bystrom et a l 

Both are projections on (00 1). The arabic figures 

d enote the height of the atoms in per cent of C. 

Superimposed oxygen atoms are symmetrically 

di splaced . Roman numerals are used to denote 0 

a toms referred to in the text. 



Figure 1. 5a 
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F igur e 1. 5b ' 
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:t 50 f O 
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and found nothing to suggest that the space group should be Pmn2
l 

rather than Pmnm. They did not consider that arguments for 

hemihedral symmetry based on crystal habit were valid for Y205 

grown from the melt because of the manner in which the crystals are 

attached to the walls of small cavities. 

Bystrom et al describe their structure in terrus of disto rted 

trigonal bipyramids sharing corners along (lOa) and (001) (Fi g. 1. 56). 

. Thus the oxygen atoms (Or --+ Oy) are considered to be five-fold 

co-ordinated in Y 205' They also show that a very di sto rted octahedral 

co-ordination could be achieved by the inclusion of a sixth oxygen atom 
o 

(Oyr) at the very much greater y-O distance of 2.81 A but that this 

would imply stronger bonds between successive Y-O layers along 

(010) than would be expected from the perfect (010) cleavage. Finally 

it may b e noted that the adjacent pairs of corners of the trigonal 

bipyramids of Bystrom et al which are shared along (001) define the 

edges of the bipyramids so that it i s more convenient to describe the 

structure as composed of double, or zig-zag, chains of trigonal 

bipyramids sharing edges along (001) and cross-linked along (100) 

throu gh shared corners. 

Magneli and Blomberg(98) 

(96) Bachmann, Ahmed and Barnes and 

agree that the st ructure proposed oy 

Bystrom et al is the correct one. 

Yanadium Dioxide 

Andersson (99) . . d h 1 f YO b lnvestlgate t e crysta structure 0 2 Y x-ray 

methods and found that it belongs to the monoclinic space group P2
l
/C , 

000 
wi'th unit cell dimensions of a = 5.743 A, b = 4.517 A, c = 5.375 A, 

o -1 1'> = 122. 6 and a density of 4. 65 g.cc . , corresponding to a cell 



Figure 1. 6 

o 
o ~ 0 

52·5 

o 
Projecti o n of the structure on (010). The Arabi c numerals 

give th e l eve l s of the atoms in per cent of b 
octahedron is marked out and it s 0 atoms a r e denoted with 

Roman numerals. 
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content of four formula units of VOz' The structure may be described 

as built up of distorted V0
6 

octahedra joined by edges to form strings, 

which are mutually connected by corners to form a thr ee dinlensional 

network of a deformed rutile type (Fig. 1. 6). The metal atoms within 

the strings are grouped pairwise to form doublets, as in the MoOZ 

structure. 

The interatomic distances and angles in the V06 octahedra of 

VOZ a re comparable to tho se in the Ti06 octahedra (rutil e ) in spite of 

the distortion of the rutile type of the former structure . Thus the 

(Fi g . 1. 6) forming the edge 

common to the two V0
6 

octahedra of a metal atom pair (V ~ & Vb) 

are somewhat forced apart when compa red with the 

corresponding oxygen atoms of TiOZ whereas all the other ° atoms 

in the V0
6 

octahedra are closer together than the corresponding ° 
atoms in the Ti06 octahedra of rutile. The conservation of the fairly 

regular arrangement of the oxygen atoms implies that the metal atom 

in vanadium dioxide is somewhat removed from the centre of gravity 

and approaches one face of the V0
6 

octahedron. 

1. 4.3 Infr ared Spectra of the Vanadates and Vanadium Oxi des 

Structural assignments for the infrared spectra of a large number 

of vanadium-oxy ge n compounds have been made by Fredrickson and 

Hansen(lOO}. 



44 

1. 4. 3. 1 The Metavanadates 

A wide variation in individual patterns for changes in the 

substituted cation was found for thes e compounds. The substituted 

cation has no consistent effect on the spectra. Several absorptions, 

(825 - 975cm- l ) appear which are apparently the result of V-O stretching 

modes for each of several, different oxygen atoms according to the 

particular location or arrangement within the lattice. No attempt 

has been made to explain the variation of the V -0 stretching frequency 

with the arrangement within the lattice. At lo wer frequencies, 

-1 -1 
(600cm - 750cm ), a broad general absorption occurs. 

Some of the metavanadates gave slightly different spectra depending 

on whether the KBr disc or the Nujol mull technique was used. Sodium 

and ammonium metavanadate s are partially metathe sized in KBr disc s. 

These KBr pellet spectra of the metavanadates are, in most instances, 

reproducable and suitably distinctive for use in qualitative identification. 

1. 4. 3. 2 The Hexavanadate s 

Two strong absorptions in the V -0 stretching frequency region 

-1 -1 of these polyvanadates occur near lOOOcm ,and near 960cm . 

These bands are little affected by the mass or radius of the cation. 

The spectra also show the presence of a strong V -0 band of lower 

-1 frequency, located near 750cm ,with minor variation in its location 

from compound to compound. No attempt has been made to assign 

these frequencies to particular V -0 bonds in the hexavanadates . 
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1. 4. 3. 3 The Vanadium Oxides 

(j00 101) 
Two strong bands are observed ' in the infrared spectrum 

, - 1 
of V

2
0

5
' one located at 1020cm and the other, which is a broad band, 

-1 
centered at 825cm . The V 205 structure has been described(95) as 

a double chain of distorted, trigonal bipyramids joined at the corners 

to form layers, the latter held together by l attice or residual forces. 

-1 
The 1020cm band has been assigned to the V-O bond which is 

considerably shorter than the other bonds in the structure, viz., 

that contained in the V=O groups projecting perpendicularly to the 

V-O-V net plane, i. e. the (010) plane. -I The 825cm band arise s f rom 

the stretching modes of the longer V -0 bonds, i. e. those in the V -0- V 

net plane. 

In addition to the primary oxide V 205' the oxide V02 has been 

(1 00) . 
shown to possess an Infrared spectrum. The bands appearing in 

this spectrum are weak when compared with those in the spectrum of 

The main absorptions occur at 900cm -I and 850cm- 1 

respectively but no assignments have been made to these absorptions. 

+ 
1. 4. 3. 4 The Infrared Spectrum of the NH4 ion 

+ 
The fundamental vibrations of the NH4 ion have been assigned 

f h · d (j 02) f h . f d f . rom a compre enSlve stu y 0 t e In rare spectra 0 ammonlum 

chloride, bromide and the corresponding deuterated compounds. The 

- I 
lo w frequency bands at 1403cm in the chloride is assigned to the 

triply degenerate bending mode \)~ of the tetrahedral model. The 

triply degenerate stretching mode V, is ass i gned to the doublet mean 
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- 1 at 3080cm . 
-1 

The band at 1794cm is NH4 Cl has sometimes been 

. (103) 
asslgned. to the doubly degenerate bending vibration ))2 

. (102) 
Wagner and Hormg , however, showed by means of the frequency 

ratio between the deuterated and the undeuterated compounds, that the 

- 1 " wave-number 1683cm should be assigned to v, for NH
4

Cl. The 

band at 2828cm- l is assigned to the first overtone of ))'j but the 

-1 -1 -1 
bands observed at 1794cm ,2020cm and 3223cm cannot be 

accounted for in terms of intramolecular frequencies. These can, 

howeve r, be interpreted as a combination between the totally symmetric 
+ 

mode V, of the NH4 ion (assigned to 3048cm -I on the basis of the 

Raman spectrum(104) ) and the optical branch of the lattice spectrum. 

1. 4 . 4 Relative Order of the Environment of the NH: lOn and its 

Effect on the Infrared Spectrum 

Co-operative order -disorder phenomena associated with the 

relative orientations of adjacent ammonium ions in ammonium halide 

1 h b h b · f . .. (10 5 -114) crysta save een t e su Ject 0 many mvest>gabons . The 

fact that the phase tr ansitions are o r der-diso rder phenomena and not 

the onset of essentially free rotation has been firmly 

t bl ' h d O Ol, 104 , 10 8, 115-118) es a 15 e . 

On studying the infrared spectra of these halides it is found that 

associated with the strong 'J4 fundamental band (~ 1400cm- l ) there is 

an anomalous high-wave-number component ( ~ l 435cm- l ) the intensity 

of which has an unusual temperature dependance. The behaviour of 

this component has been carefully studied for NH
4

Cl(11 4 ) and clearly 

related to the breakdown of tr anslational symmetry caused by the 



47 

disordering of the NH: ion orientations. The intensity of this 

component is proportio nal to p(l-p) where p is the probability that a 
+ + 

nearest-neighbour NH4 - NH4 pair are orientated "parallel" to each 

other. Similar re sults 
. (113) 

have been obtamed for NH4 Br . 

The fact that this splitting of the \i}1 mode is an extr emely 

sensitive measure of the distortion of the crystal lattice is shown by 

the splitting of 28cm -1 in the case of NH4 Br where it is known from 

x-ray data that the Br ions are displaced only two percent of the 

unit lattice dimension fro m their lattice position in a simple CsCl cubic 

lattice in which \)" would be degenerate. 

The triply degenerate stretching mode, 'Ii, , also loses its 

d egeneracy with distortion of the latti ce . Thi s change is mo re 

difficult to detect in the infrared spectrum as the splitting is smaller 

-1 ) {of th e order of lOcm and the resolution in thi s region is not as 

good. 
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2. OBJECTS OF THE RESEARCH 

The investigation of the stepwise thermal decomposition of 

AMV to form V
2

0
5

, for wh ic h the overall reaction is 

2. 1 

was undertaken since the pr epa r a tion of V 205 by this method is of 

so me commercial importance as V 20 5 is used extensively as a catalyst 

in oxidat ion reactions. 

This research was thu s undertak en with three primary aims; 

(i) . to inve stigate fully the stoichiometry of, and s om e 

of the structural change s involved in, both the forwa rd 

and the reverse reactions under variou s conditions of 

surrounding atmosphere; 

(ii) to obtain as many of the kinetic parameters for both 

the forward and the r everse reactions as possible and , 

usin g thes e , together with the result s from (il; 

(iii) to po stulate probable mechanisms fro m the kinetic 

point of view for part, if not the whole of the forward 

and revers e reactions. 

It is also intended, since the dec omposition is endother mic, to 

inves ti gate the po ss ibility of illustrating th e mechani s m f o r pa r t of 

the forward reaction from the molecular point of view by consideration 

of the crystal structures of ammonium metavanadate and ammonium 

hexa vanadate . 
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3. APPARATUS AND GENERAL EXPERI MENTAL PROCEDURES 

3.1 The Isothermal Decomposition and Recombination 

Powder samples of AMV (BDH) were used throughout the 

investi gation since powder samples from another manufacturer 

(Hopkin s and Williams) gave similar 

suitable single crystals according to 

results and attempts to obtain 

(85 ) 
the method of Lukesh were 

unsucc e s sful. 
(84) 

Deschanvres and Nouet have reported that even 

when larger single crystals were prepa red , the se tended to break up 

at the start of the decomposition into small crystals with dimensions 

and decomposition kinetics simila r to the material before 

re c ry stalli zation . 

The AHV samples were prepared according to the method of 

Kelmers(91l except that instead of preparing the one molar starting 

solution of AMV from (NH
4

)2 C0
3 

and V 2 0
S

, it was prepared from 

BDH Analar AMV. 

The commercial samples of V2 0
S 

used in some of th e 

recombination experiments were powder material from Hopkins and 

Williams. Large crystals of V 205 were prepared from this material 

by slow cooling of the melt. 

A Cahn R . G . Automatic Electrobalance was used in conjunction 

with a Beckman 10" linear recorder (model 1005) in order to follow 

the isothermal decomposition of AMV by means of the mass-loss of 

the sample with time. The sample was placed in a platinum bucket 

suspended by fine platinum wire from the balance. The balance was 

contained in a thick walled glass bottle (Fig 3. 1) which could be 
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-6 
evacuated to 10 mmHg (throughout this thesis ImmHg = 

13.595 x 980 . 665 x 10- 1 Nm -2) through a vacuum line consisting of 

an Edwards Speedivac three - stage oil diffusion pump (model 203 B), 

backed by an Edwards Speedivac gas ballast rotary high vacuum pump 

{mode l 25C20A). The pre ssure of the system was measured with a 

Pirani gauge (Pye In struments Cat. No. 11018), a McLeod gauge, and 

a mercury manometer. The volume of the bulb of the McLeod gau ge 

. 3 0 
was 108.0 cm at 25 C. Liquid air traps were incorporated into the 

system in order to protect the decomposition chamber and the b a cking 

pump frorn contamination by mercury vapour and the product gases. 

The sample bucket waS suspended in the centre of a microfurnace 

based on the one used by Perkin-Elmer in their TSG- I 

thermogravimetric analysis system (see FIg. 32). The furnace 

element (18 gauge Nichrome wire) was wound in a spi ral and this 

spiral e l eme nt was wound onto a ceramic cylinder to form a coiled 

coil to yield a non-inductively wound furnace. The whole cylinder was 

then given a thin coat of Alundum cement to fix th e element onto the 

cylinder. A Pt/Pt 10 % Rh thermocouple was cemented into position 

as shown in the diagram. The furnace power leads were sealed onto 

heavy gauge Pt wire and the furnace and thermocouple sealed in 

position in a "Py rex" glass hang-down tube which was fixed by a ground-

glass joint (B34) onto the glass vacuum bottle containing the balance. 

The axial temperature profile of this furnace at 200
0

C is given in 

Fig 3 . 3. The temperature of the furnace was controlled by means of 

a Eurotherm digital t emperatu re controller (model DHS/ PID/SC R/FC ). 

Calibration curve s of sample temperature against set millivoltage for 

each of the atmospheres used during decomposition were determined 
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. (119) 
by making use of the Curie pomt method . An example of these 

curves is given (Fig. 3.4). 

The sample (12. 00 mg"+ O. 10 mg in all case s) was weighed in a 

platinum bucket in position in the furnace, and the apparatus was 

evacuated. During any decomposition in vacuo the decomposition 

chamber was evacuated continuously to prevent the accumulation of 

the product gases in the region around the sample. The furnace was 

then switched on and the mass-loss curve at the relevant temperature 

recorded. 

During decomposition in flowing streams of various gases 

(N
2

, °
2

, Ar or NH
3

), the liquid air trap was not used in order to 

prevent condensation in the decomposition chamber of any of the 

gase s used . After the decomposition chamber had first been 

evacuated and isolated from the pumping system, the required gas 

was bled in via a moisture trap (liquid air, P205 or BaO) until the 

press u re of the gas in the decomposition chamber was slightly greater 

than one atmosphere, when the outlet tap was opened. The flow of gas 

adjusted to 6 litre / hr, the furnace switched on , and the mass-loss at 

the relevant temperature recorded. 

A slightly different procedure had to be adopted for the expe r iments 

perfo.rmed in flowing NH3 s ince prolonged exposure of the balance to 

NH3 would be detrimental to its performance. After evacuation the 

decomposition chamber was fi lled with dry N
2

, taps Band C (Fig. 3.1) 

were opened and the flow rate was· adjusted to 15 litre/hr. Ammonia 

was then passed into the decomposition chamber through tap B at a 

flow rate of 6 litre / hr. After NH3 had been detected at tap C for 

+ 10 rninutes the furnace was switched on and the decomposition 

performed as before. The gas flow in this case is 
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in Fig. 3. 1. 

When an atmosphere of varying pNH3 (partial pressure of 

. NH
3

) or pH
2

0 (partial pressure of H
2
0) was required, use was made 

of the apparatus shown -in Fig. 3. 5. Dry N2 waS used as the carrier 

gas which was bubbled thrugh ammonium hydroxide of known 

concentration kept at a constant temperature by means of a thermostat . 

The partial pressures of ammonia and water vapour in the nitrogen 

carrier were determined from tables in Lange-Handbook of Chemistry 

10th edit i on page 1455. The concentration of the ammonium hydroxide 

solution was checked before and after the experiment by the following 

volumetric method. An excess of standard HCl was added to an 

aliquot of the ammonium hydroxide. This excess was then back­

titrat ed with standard sodium hydr oxide using the mixed indicator 

methy1red- bromocre sol gree n. The determination was al ways 

performed in triplicate. 

3. 2 The Analysi s of Sample s 

The above method of following the i sothe rmal reaction by means 

of mass loss or gain with time facilit a ted the interruption of the r eaction 

at fixed points in any stage of the reaction in order to obtain samples 

for x-ray, infrared or micro-Kjeldahl analyses. 

The x-rayinvestigation of the samples was confined to standard 

powder diffraction techniques. A Hilger-Watts microfocus and 

semimicrofocus x-ray gene rator (mode l Y33) and a Unicam single 

crystal goniome ter (model S25) were used with Cu K", radiation. The 
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separation of the reflections was measured by a travelli n g microscope 

and the intensity of the reflections was estimated by eye relative to 

that of the reflection with the highest intensity on the photograph. 

The infrared investigation was performed using a Beckman IR 8 

spectrophotometer in the double beam mode with a range of 625-4000 

- I cm The instrument waS calibrated using a standard polystyrene 

film. The spectra of all samples were taken using the KBr di sc 

technique with a concentration of I mg of sampl e to 400 mg of KBr . 

The nitrogen content of the samples was determined by a 

standard micro-Kjeldahl method(l20). The percentage vanadium was 

calculated directly from the initial composition of AMV and the mass 

loss for the particular sample, assuming no vanadium loss. The 

calculation of the empirical formulae of the intermediates i s based, 

as far as possible, on the mass spectroscopic evidence of 

Deschanvres and Noue t( 84 ) that, at least in the earlier stages of the 

decomposition NH3 and H
2

0 are evolved in the mole ratio of 2:1. 

The sample s used for the ana lyses were the combined products 

of several replicate decompositions for the maximum sample mass used 

in a particular run was limited by the dimensions of the bucket and 

furn ace. It was deemed undesirable to use differ ent heating conditions, 

e. g. l arger furnaces, for preparation of larger samples for analysis as, 

on account of self cooling, these samples could then not b e accurately 

( 711 ) 
correlated with those prepared on a small scale; Lamure and Colin 

have demonstrated that th e nature of the products obtained is dependent 

on the sample mass. 
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4. R ,ESULTS 

Throughout this thesis I kcal = 4. 184 kJ 

4. I The Isothermal Decomposition of Ammonium Metavanadate (A)I.·1V) 

The decomposition of AMV is an endothermic reaction and as 

such can be expected to show some degree of reversibility. The 

results for the decomposition in vacuum, where recombination will be 

minimized, will thus be of particular importance. These results 

will be compared, in later sections, with those of parallel studies in 

inert, oxidi sing and reducing atmo sphere s. 

4. 1. 1 The Isothermal Decomposition of AMV 111 Vacuum 

The decomposition of AMV in vacuum occurs in three separate 

sta'ges which occur over different temperature ranges. The total mas s-

losses at the ends of these stages are 14.7-14.9%; 16.9-17.2%; and 

22.3-22.4% respectively. These mass-losses were found fro m the 

decomposition experiments performed near the lower limits of the 

temperature ranges given in Table 4. I, since at temperatures near the 

upper limit of the range there is a tendency for some of the stages to 

overlap. 

4.1. 1. 1 Characterisation of the Intermediates 

The products formed at the end of each stage were characterized 

by their x-ray powder diffraction patterns, infrared spectra and nitrogen 

analysis. The empirical forn1ulae and the nitrogen content of the 
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inte rmediates , to gethe r with the total mass-losses at th e end of each 

stage a r e listed in Table 4 . 1 

TABLE: 4. 1 

The Thermal Decompo 5ition of AMV in Vacuum 

Temp'lo Empirical formula of 
Mass lo ss ( 0/0 ) 

Ni tro aen Stage Range C ( cr, ) 0 product 

expec- wt 
jexpe cted found t ed found 

~ 

1 10 5-135 NH4 V 308 (AHV"' ) 14.83 14. 7-14.9 4. 68 4.77 

2 135-155 NH4 V 4°10.5 16.66 16.9-17.2 3 . 59 3 . 48 

3 1 65-200 V20 5 22.23 22. 3-22.4 0 0 

Thus the course of the reaction v a cuum is: 

stage stage stage 
NH4 V0 3 

~ NH4 V 308 ~ NH4 V 4°10.5 
~ V

2
0

5 1 2 3 

AMV .,. * AHV ') 
NH4 V 4°10.5 • V

2
0

5 

with the r emoval of ammonia and wat er in the ratio 2 1 during each 

stage. 

The x-ray powde r patterns of the first two stages in vacuum have 

f ew reflections and are complicated by fluorescence fr om the CuK", 

r adiation, and also by the broadnes s of the lines resulting from the 

smallness of the particles of material formed during the first stage in 

vacuum (see surface area measur ements, section 4,1. 9 ). The x-ray 

powder diffraction pattern and infrared spectrum of the product of the 

fir st stage (AHV* ) shows that, even though it has the same formula, it 

c annot be ammonium hexavanadat e (AHV) (Figure 4. 1). There are no 

significant changes in the x-ray powder diffraction pattern of the sampl e 

i , , , 
I 
I 
I 

I 
I 
I 



Figure 4.2 Chan ge s in the infrared spectrum during 
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material in going from the end of the first stage to the end of the second. 

The x-ray powder diffraction pattern and infrared spectrum of the 

product of the third stage show it to be similar to V 205 ' the only 

difference in the powder patterns being the absence of the strong 
o a 

reflection at d = 4 . 21A and of the reflection at d = 3.15 A, which are 

present in the powder pattern of V 2 0 5 . (The x-ray powder diffraction 

patterns of the products of each stage as well as those of AMV, AHV 

and V 205 are given in F i gure 4 . I.) Tables of the x-ray powder diffraction 

patterns of all the materials investigated are given in Appendix B. 

4. I. I. 2 Chan!;!e s in the Infra red Spectrum of the Material during 

Decomposition in Vacuum 

The changes in the infrared spectrum of the material during the 

decomposition in vacuum are shown in Figure 4.2. The sampl es used 

to obtain t h ese spectra were collected by interrupting the decomposition 

at known value s of 0( during each stage . Points of interest which arise 

from these results are: 

(i) The similarity of the spectra of the products of the first and 

the second stage of the decomposition (and the x-ray patterns 

are a lso very similar )' 

(ii) The broadness of the bands in the spectrum of the final product 

in comparison to the bands in the spectrum of commercial 

V 205' (Hopkins and Williams. ) 

(iii) The appearance and disappearance of the anomalous high 

- I 
frequency component at 1435cm , associated with the triply 

+ -1 
degenerate bending mode of the NH4 ion at ,.. 1400cm ,during 

the first and third stages of the decomposition respectively. 
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Figure 4.5 Changes in the infrared spectrum of VZ05 
fornled in vaCllurn on annealing it in vacuum 
at 550°C 
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4. 1. 1. 3 The Effect of Annf'alinQ: the Final Product of the Decomno eitior, 

in Vacuum 

As can be seen from the X-ray powder diffraction patterns and the 

infrared spectra, the product of the third stage in vacuum is a defective 

The effect on thi s product of annealing at highe r 

t emperatures waS thu s investi gated . 

The V 205 product of the third stage in vacuum was first annealed 

in air at 360
0

C for two hours. There was no further mass-loss but the 

x-ray powder diffraction pattern and infrared spectrum of the product 

obtained in this manner are compared with those of the same material 

before annealing and with tho se of commercial V
2

0
5 

(Hopkins and Williams, 

Laboratory Reagent) in Figures 4 . 3 and 4 .4 r espectively. Annealing 

for longer periods had no furth er effect on the material. 

a 
When the product was annealed in vacuum at 550 C for 30 minutes 

there was again no mass-loss but the x-ray powder diffraction pattern 

and the infrared spectrum are changed (Fi gures 4.5 and 4. 6). Annealing 

at 550
0

C for longer periods in vacuum had no further effect on the product 

but if this product (after annealing in vacuum) is annealed in argon at 

5500 C for 30 minutes then th e infrared spectrum and the x-ray powder 

diffraction pattern are found to have become identical to that found 

normally for V 205' Annealing the V 205 formed in Vacuum at 400
0

C 

for several hours did not, however , have any effect on the structure of 

this material. 

4. 1. 1. 4 The Isothermal ex - time Curves for the Decomposition in 

Vacuum 

The 0( - time curves, where ol. is the fraction of the total mass-loss 
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for the particular stage, for each of the three stages in the 

decomposition in: vacuum are c1eceleratory throughout . The 0( - time 

curve for the fir st stage is shown in Figure 4. 1 curve A; this type of 

0< - time curve will be referred to as a "Type I" curve. Each of the 

curves were tested with the usual m a thematical expressions for kinetic 

mode ls of solid decompositions (S ee Chapter 1). The contracting 

sphere expression, 

1 

1 - (l - 0<)3 = kt + C 

k N 
(where k =(- ) and a-is the radius of the particles ) 

a 

4. 1 

was found to apply over vir tually the complete curve for each stage 

(0 .10 < 0< < 0 .95) (Figur e 4.7 curve B) with , of cour se, different values 

of the con s tant s k and C for e,ach stage at each particular temperature . 

The reproducibility of the rate constants obtained from the above 

expression were tested for the first stage in vacuum and found to be 

satisfactory ; for three decomposition experiments a t 123 . 3"+ O. 30 C ,the 

" - 3 -1 % values were 7.8, 8. I, 8.0 x 10 min respectively. 

4 . 1. 1. 5 The Effect of Temperature 

The effect of temperature on the rate of each s t age of decompositio n 

h as been studi ed. The temperatur e ranges which gave conve niently 

measurable rates of d ecomposition fo r each of the thre e stages have been 

a lready given in Table 4. 1 and the variation of the rate constant for the 

first stage of the deco mposit ion with temperature is given in Table 4 . 2. 
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TABLE: 4.2 

The Effect of Temperature on the Rate of Decomposition of the First 

Stage in Vacuum 

r -1 Rat (min ) Temperature/oC 

0.78x10 
-3 

1.30x10 
-3 

2.90 x 10 - 3 

3.72 x 10- 3 

7.95x10 
-3 

11. 50 x 10- 3 

10.71 x 10- 3 

16.2 0 x 10 
-3 

Application of the Arrhenius equation, 

k = Ae -E/R T 

i. e. lo gk = -2.303 %.T 
, 

+ A . 

105.0 

110. 0 

116. 6 

120.0 

123.3 

126.6 

130. 0 

135.0 

(4. 2) 

results in an approximately linear plot (Figure 4.8) from which an 
,(was 

apparent activation energy for the first stage in vacuum of 30. 8 kca1 mol-'ll:'"' ''''': 

The apparent activation energies for the second and third stages in vacuum 

obtained in thi s manner are 38.2 kca1 mo1- 1 and 23.4 kca1 mo1- 1 

respectively. 

4. 1. 2 The Isothermal Decomposition of AMV in Inert Atmospheres 

There are again three separate successive stages in the thermal 

decomposition of AMV in inert atmospheres (ar gon or nitrogen). The 
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tot al maSs los ses , with re spect to AMV, at the end of each stage are 

11. 7-11. 8%, 15.9-16% and 22. 3-22.4% respectively. The products of 

and structural changes involved in each of these stages as well as the 

kinetic analysis of the 01. -time curves have been investigated in the 

same manner as for the decompo sition of AMV in vacuum. 

4. 1. 2. 1 Characterisation of the intermediates from the decomposition 

in Inert Atmospheres 

The products formed at the end of each stage were characterized 

by nitrogen analyses)x-ray powder diffraction patterns, and infrared 

spectra. The empirical formulae together with the nitro ge n content of 

the intermediates are given in T able 4. 3. 

TABLE: 4.3 

The Thermal Decomposition of AMV in Inert Atmospheres 

Temp/, Empirical formula of Nitrogen wt 
Range °c Stage product Mass-loss ( % ) ( % ) 

expect J 
found 

expect 
found ed ed 

1 160-180 (NH4 )2 V 4011 (ABV) 11. 10 11.7-11.8 6 . 74 6. 82 

2 180-210 NH4 V30 8 
(AHV ) 14. 83 15.9-16 . 0 4. 68 4 . 45 

3 270-300 Vi05 22.23 22.3-22.4 0 0 

The course of the decomposition reaction in inert atmospheres is 

thus 

i. e. AMV 

stage 
) 

1 

stage 
(NH4 )2 V 4011 -2 NH4 V 308 

ABV ----". AHV 

stage 

'" 3 

1 



Figure 4.9 X - r ay powder pat t erns of t he intermediates 
fornl ed in argon 

1. 0 2 . 0 3 . 0 4.0 5.0 6. 0 7. 0 8 . 0 
I r I 1 

AMV 

I 
Prod uct of the 
1 s t satage in 
a r go n (ABV ) 

Jill 
P r oduc t of t he 
second stage i n 
argo n 

(AHV ) 

I r 

A H V
SOLN 

I I I 

P roduc t o f t he 
3 r d stage Il1 

a r go n 

II III 

V20 5 

111 ! I I , 
1. 0 l.. 0 3 . 0 4 . 0 5. 0 o. 0 7 . 0 8. 0 



61 

with the rernoval of alnmonia and water in the ratio of 2 1 during each 

stage. 

The x-ray powder diffraction patterns of the intermediates were 

fairly clearly defined (Figure 4.9) and showed more reflections than the 

x-ray powder photographs of the intermedia tes formed in vacuum. 

The x-ray powder diffraction pattern of th e intermediate (ABV) 

formed at the end of the first stage in inert atmospheres shows that it is 

structurally similar to the intermediate formed at the end of the first 

stage in vacuum (AHV·). 

The x-ray powder diffraction pattern and infrared spectrum 

(see next section) of the intermediate formed at the end of the second stage 

in inert atmospheres, together with its empirical formula, show it to be 

identical to AHV (prepared by Kelmers 

The powder pattern of the V
2

0
5 

formed at the end of the third 

stage in argon shows that it is similar in defectiveness to that formed 
o 

in vacuum; this is shown by the absence of the reflections at d = 4.20 A 
o 

and d = 3.15 A present in the x-ray powder pattern of a commercial 

sample of V
2

0
5 

(Hopkins and Williams). 

4. 1. 2. 2 The Changes in the Infrared Spectrum of the Material During 

Decompo sition in Ine rt Atmo sphe re s 

The change s in the infrared spectrum of the material during the 

decomposition in inert atmospheres are shown in Figure 4. 10. The 

sample materials used for these spectra were obtained at the end of each 

of the stage s and by interrupting the decomposition at the indicated values 

of c( during each stage. 



Figure 4. 10 Changes in the infrared spectrum during 
decomposition in argon 
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Points to be noted in these spectra are: 

(i) The similarity of the spectrum of ABV formed at the end of 

the fir st stage to that of AHV formed at the end of the fir st 

stage in vacuum, even though the empirical formulae of the 

two intermediates are completely different. 

(ii) The narrowness of the bands in the spe ctrum of the final 

product formed in inert atmospheres compared with the bands 

in the spectrum of the final product formed in vacuum. 

(iii) The appearance and disappearance of the anomalous high 

frequency component as sociated with the triply degenerate 

bending mode of the NH~ ion at Ca. 1400 cm -1 during the first 

and second stages of the decomposition. 

(iv) The gradual appearance of the bands due to V 20S as the bands 

due to AHV disappear . 

4: 1. 2. 3 Annealing the Final Product Formed in Inert Atmospheres 

Annealing the final product formed in argon in air at 360
0

C 

results in no further mass loss, but the x-ray powder diffraction pattern 

shows that, as for the fina l product in vacuum, the defective nature of 

the structure is reduced; this is shown aEbefore. by the appearance of 
o o 

the reflections at d· = 4.20 A and c\ = 3. IS A. 

The fact that the final product formed in an inert atmosphere is 

not as defective as the corresponding product fo rmed in vacuum is 

evident since, when the inert atmosphere is annealed in vacuum at SSOoC 

for several hours, there is no change in the infrared spectrum and the 

only change in the x-ray powder diffraction pattern is the appearance 
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a 
of the strong reflection at d = 4. 20 A which has been as sumed to be 

associated with the formation of a more regular structure. 

4. 1. 2 . 4 The Isothermal o(-time Curves 

The eX -time curves for all three stages of the decomposition in 

inert atmospheres consisted of a linear region 

o(=k't+C' 4. 3 

followed by a deceleratory region (Figure 4. 11 curve A). This type 

of curve will be referred to as a "Type II" curve. The linear region 

for the first and third stages extended over 0.01 .( 0( <. 0.6+ 0.1 and 

for the second stage over the reduced range 0.05 <0( < 0.35. The 

contracting sphere expression (equation 4. 1) was found to apply over 

almost the whole of each deceleratory region (Figur e 4. 11 curve B). · 

4. 1. 2. 5 The Effect of Temperature on Decomposition in Inert 

Atmospheres 

Activation energie s were estimated from the slope s of 

Arrhenius plots of the temperatu re variation of the rate constants 

k (=~') (equation 4.1) and k' (equation 4. 2) for each stage except the 
a 

second, where the linear region is too short for accurate measurement 

of k'. 

The results are listed in Table 4.4. 
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TABLE: 4 .4 

The Activation Ene rgies for a ll of the Stage of the Decomposition of AMV 

in Inert Atmo spheres 

Stage Atmosphere Region tctivation Ene r gy I 
ke n 1 mol- 1) 

1 dry argon linea r 31. 9 

contracting sphere 

1 dry nitrogen linea r 32.0 

contractinp" snhere 31. 6 

1 nitroge n + 55mmHg linear 32. 1 

water vaoour contracting sphere 31. 8 

2 dry argo n contracting sphere 25. 2 

3 dry argon linear 28 .4 

contracting sphere 2 8. 6 

It is see n from Table 4.4 that the apparent ac t ivation e n e r gies for 

the linear and d e celeratory re gions of the curves for any particular 

stage are identical , within the limit s of experimental error. The 

Arrhenius plots for both of these re gions for the first stage in argon a re 

given in Figure 4. 12. It m a y also be s e en from Table 4.4 that changin g 

the surrounding gas from argon to nitro gen h a s no effect on the 

activation energies, 

It is also notic e abl e that, although the pr esenc e of water vapour in 

th e iner t atmosphere surrounding the sample reduces th e ra te constant 

for the fir s t stage of the decomposition at a p articular telnperature 

(S ee Table 4. 5 ), the a ctiva tion energy of the first stage is not affected. 
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TABLE: 4.5 

The Effect of Water V a pour on th" Rate of the Decomposition of the First 

Stage in Nitrogen 

(Total pressure: one a tmo sph ere ) 

Tempjoc Region Rate /lmin -1) 

Dry N2 
N2 +55.3 mmHg water 

v apour 

157 linear 1. 4 1 x 10- 2 
1.18x10 

-2 

contracting 0.88 x 10- 2 
0.71x10 

-2 

sphere 

160 linear 1. 88 x 10 
-2 

1. 34 x 10 
-2 

contracting 1.l3x10 
-2 

0.80 x 10- 2 

sphere 

165 linear 2.75xlO 
-2 

2 .0 6xlO 
-2 

contracting 1.67xlO 
-2 

1. 23 x 10- 2 

sphere 

170 linea r 4.08 x 10- 2 
3. 10 x 10- 2 

contracting 2.52 x 10- 2 
1. 84 x 10- 2 

sphere 

175 linea r 6.67 x 10 
-2 

4.69x10 
-2 

contracting 3. 66 x 10 
-2 

2.79x10 
-2 

sphere 

4. 1. 3 The Isothermal Decomposition of AMV in Oxidising Atmospheres 

As for the decomposition in vacuum or inert atmospheres, there are 

thre e separate successive stages in the thermal decomposition in air or 

oxygen, with total mass losses at the ends of each stage of 11. 4 - 11. 6%, 

15.3 - 15.6 % and 22. 3 - 22.4 % r espectively. 
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4. 1. 3 . 1 Cha.rilctcri sation of the Interm e diate s 

The empirical formulae of the products each of the stages of the 

decompo sition of Al\·lV in oxidising atmospheres together with the 

relevant data on which they are based are given in Table 4.6. 

TABLE: 4.6 

The Thermal Decomposition of AMV in Oxicli sing Atmosphere s 

S Tempi d Empirical formula 
Mass loss( % ) Nitrogen wt tage . 0 f d l ange 0 pro uct % 

expect I 
expectec found ed found 

1 150-180 (NH4 )2 V 401 1 (ABV) 11. 10 11.4-11.6 6. 74 6. 82 

2 180-210 NH
4

V
3

0
8 

(AHV) 14. 83 15.3-15.6 4 . 68 4.44 

3 260-300 V
2

0
5 

22. 23 22.3-22.4 ° ° 

The x- r ay powder diffraction patterns and infrared spectra of the 

intern1ediates formed at the ends of the first and second stages of the 

decomposition together with their empirical formulae, show them to b e 

identical to the corresponding intermediates formed in inert atmospheres. 

Thus the course of the reaction in oxidising atmospheres i s 

identical to that in inert atmo sphere s 

AMV 

Stage 
) 

1 

• ABV , AHV 

with the removal of ammonia and water in the ratio of 2 1 during 

each stage . 

The V 205 product formed at the end of the third stage is shown 

by its infrared spectrum and x-ray powder diffraction pattern to be 

identical to a commercial sample of V 20
5 

(Hopkins &. Williams , 
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Laboratory Reagent). 
o 

Annealing in an or in vacuum at 550 C for 

seve r a l ho u rs had no effect on the x-ra.y powder diffraction pattern 

or the infrared spectrum of this product. It is thus not as defective 

as the final products in either vacuum or in inert atmospheres. The 

x-ray powder diffraction patterns of these final products are compared 

in figure 4. 13. 

4. 1. 3. 2 The I sothe rmal 0< -time Curve s 

The cI- -time curves found for the decomposition in oxidising 

atmospheres differ from those foun d in inert atmospheres only in the 

third and final stage; thus, the 0< -time curves for the first two 

stages of the decomposition in oxidising atmospheres are "Type II" 

curve s . The linear region extends over 0.01 ..(0< <. 0.6+ O. 1 for 

both stages and is followed , for both stages, by a decelaratory region 

over which the contracting sphere equation again applies. 

The 0< -time curves for the third stage of the decomposition, 

however, consist of several regions: 

(i) an initial burst of gas to 0< = O. 15 + O. 03 

(i i) an apparently acceleratory region to r:I- = O. 50 + O. 5 

(iii) an approximately linear region (0. 50 ..( 0<..( O. 60 ), 

leading into 

(iv) the deceleratory region. 

This type of curve will be referred to as "Type III". (Figure 4. 14 

curve A. ) 

The contracting sphere expression was onCe again found to apply 

over almost the whole of the deceleratorY region, Figure 4. 14 curve B . 
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No attempt was made to make a detailed mathematical analysi s 

of the initial stages of the "Type III" curves as it is apparent that 

overlapping proce s se s are occurrin g . Thi s region is only found in 

oxidising atmospheres and any conventional approach involving 

formation and growth of nuclei at this stage seems inappropriate wh en 

there may be changes in the nature and or ratio of gaseous p r oducts 

through possible interaction of oxygen with the vanadium-oxygen 

lattice; continuous maSs spectrometric analysis of the gases is cle?rl,. 

indicated for the se conditions. The infrared spectrum of material 

obtained by interrupting the decomposition after the initial bur st of gas 

was found to be unchanged from that of A HV. 

4. 1. 3. 3 The Effect of Temperature on the Decompo s ition in 

Oxidising Atmospheres 

It was found that when the precautions of predrying the air or 

oxyge n and facilitating the removal of the product gases by the pre sence 

of a liquid air trap adjacent to the decomposition chamber were 

neglected then the same mathematical expressions and r egions of fit 

applied but the activation ene rgy for each stage was altered. The 

results of the investigation s performed using a predried atmosphere 

are obviously the more important since most control over the reaction 

was exercised in this case. 

The study of the effect of temperature on the rate constants for 

the decomposition determined from both the linear and deceleratory 

regions of the first two stages in air , of the first stage in flowing 

oxygen and from the deceleratory region of the third stage in air, l e d 

to the activation energies in Table 4.7. 
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T ABLE: 4 .7 

The Activation Energies of all of the Stages of th e Decomposition 

in Oxidisin f! Atmosphere!!. 

Atmosphere Stage Region Activation Energy;1kCa1 mol- I ) 

liquid air trap no liquid air trap 
p r e sent 

flowin g 02 1 linear 41. 8 

contracting 
sphere 42 .0 

air 1 linear 40 . 8 53. 2 

cont racting 
sphere 42. 1 53.4 

ai r 2 linear 32.0 38 . 9 

cont racting 
sphere 31. 2 36 . 1 

air 3 contracting 
sphere 34 . 2 15.6 

Details of the variation of the rate constants with temperature for 

the first stage in a ir (p r edried) are given in Table 4 . 8 

TABLE: 4.8 

The Effect of Temperature on the Rate of Decomposition of the First 

Stage in Drv Ai r 

Temperature joc Rate constant/ (min -1) 

linear contracting sphere 

1 52 6. 73xlO 
-3 

4 . 4 1x l O 
-3 

155 O.0 6xlO 
- 3 

6 . 08x lO 
-3 

158 13.60x lO 
- 3 

9. 58xl 0 
-3 

162 19. 32xlO 
-3 

13.90xlO 
-3 

1 67 32 . 82xlO 
-3 

22. 83x l O -3 

, 
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An Arrhenius plot for these two regions shows that the activation 

energy for both the linear and the deceleratory region are again 

virtually identical (Figur e 4. 15). 

4 . 1. 4 The Isothermal Decomposition of AMV in Reducing Atmospheres 

(Ammon ia) 

This investigation was of interest since ammonia is t h e major 

product gas evolve d during the decomposition of AMV, the other being 

water. There a r e again thr ee stages in the d e composition of AMV 

in ammonia at temperatures be low 400
o

C. The tota l mass -los ses at 

the end of each of these stages are 14.6-14.8% , 19.8-20.0% and 

28. 2-28.6%. It has been shown (S ection 1) tha t at temperature s above 

400
0

C th e reaction involves fi rs t the form a tion of the l ower oxides, 

followed by the form a t ion of VN. The pr esent inve sti ga tion waS 

confined to the fir s t three stages of th e d ecomposition in N H3 b e low 

400
o

C . 

4 . 1. 4. 1 Characterisation of the Intermediates Formed in NH3 

The products·formed at the e nd of each stage in NH3 we re 

characterized by nitrogen a n a lyses, x-ray powder diffraction patterns, 

and infrared spectra . The empirical formulae and th e nitrogen-content s 

of the inte rme di ates together with the total mass-losses at the end of 

each stage a r e listed in Table 4.9 . 
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TABLE: 4 .9 

The Ther m al De c om position of A:-',lV in Amm onia 

Stage 
Temp. dEmPir i cal formula of 
R a n ge 0 product Mass-loss( % ) 

Nitro ge n wt 
(," ) 

I 
expect e d found 

e xpe ct I 
ed 1 found 

1 170-190 NH4 V 308 (AHV) 14.83 14. 6 - 14. 8 4. 68 4 . 27 

2 280-300 NH4 V 6015 19.95 19.8- 20.0 2.48 2.63 

3 340-360 V0
2 

29.05 28.2-28.6 0 0 

The cours e of the reaction in ammonia up to 400
0

C is thus 

Stage Stage Stage 
NH4 V0 3 1" NH4 V 30 8 2' NH4 V 60 15 3'" V02 

ie. AMV ---"" AHV 

with ammoni a and wa ter being evolved in the ratio of 2 1 during the 

first sta g e only. 

The x-ray powder diffraction patterns and infrared spectra of the 

products formed at the e nd of the first and third stage s show them to be 

. . (91) 
ldentlcal to AHV (prepared by the method of Kelmers ) and to V02 

(Alpha Inorganics Ventron) respectively as outlined in the reaction 

scheme above (See Figure 4. 16 and 4 .17 ). 

4. 1. 4. 2 The Cha nQ:e s in the Infrar e d Spe ctrum of th e Material 

during Decompo s ition in NH3 

The change s in the infrared spectrum of the material during the 

decomposition in ammonia are shown in Figure 4. 17. 
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It is interesting to note the total absence of the anomalous high 

frequency component associated with the triply degenerate bending 

+ -1 
mode of the NH4 ion at '" 1400 cm during the first stage of the 

decompo sition. 

4. 1. 4. 3 The Isothermal cI. -time Curves 

The curves ar e basically "Type II" for all the three stages studied, 

i. e., a linear and a deceleratory re gio n. In the first stage the line a r 

region extends up to cJ. =0 . 75 +" O. 05 while in the second and third stages 

it is very short, i. e., only to cI. = 0.40. The fit of the contracting sphere 

expression is not as good as it is for the decomposition in other 

atmospheres, but it still provides the best fit of any of the usual 

mathematical expressions for kinetic models of solid decompositions, 

i. e. those described in Chapter 1. The reason for the poor fit is 

apparently that during the later stages of the decomposition in ammonia 

the material is bein g reduced as well as decomposed. 

4. 1. 4. 4 The Effect of Temperature 

Analysis of the variation of the rate constants for decomposition 

with temperature for each r egion (linear and deceleratory) of the first 

stage and for the deceleratory re gions of the second and third stages, 

by application of the Arrhenius equation (Equation 4. 2), enabled the 

activation energy for each stage to be calculated (Se e Table 4. 10). 
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TABLE 4.10 

The Activatio n Ene rgies for a ll of the Stages in the DecolTIposition of 

AMV in Ammonia 

Stage Region Activation Energy/(kc a l lTIol - l ) 

1 linear 32. 5 

contrac ting sphere 35. 0 

2 contracting sphere 80.2 

3 contracting sphe r e 67.3 

Accurate values for the activation energies for the short linea r 

regions o f the second and third stages of the decolTIposition could not be 

calculated. 

The activation energies for the second and third stages of the 

d ecolTIposition in alTIlTIonia are seen to be lTIuch greater than any of the 

activa tion energies for any of the stages of the d e colTIposition in the other 

atlTIo s pheres studied . 

COlTIparison of the Results for the DecolTIposition of AlvfV in the Various 

AtlTIospheres 

The r esults describ e d in d etail in sections 4. 1. 1 to 4. 1. 4 are 

sUlTImarized in Tabl,e 4. 11 and presented dia g ralTIlTIatic a lly i n 

Figure 4 . 18 . The products ar e classified according to their structura l 

silTIilariti es in the last colulTIn of the table; the subscripts indicate that 

the product possesses a re l atively disorder e d structur e , and different 

subscripts for the same general structure type, i. e. (ABV)a and (ABV)i:, 

indicate minor differences in the r e lative d egree of structural 'disorder, 

as shown by the infr a red and x-ray powder studies. 

The abbreviation s in the p enultimate column of Tabl e 4. 11 are clearly 

d efined by the elTIpirical forlTIul ae o f the corresponding products. 
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Figure 4. 18 Diagrammatic :representation of the course of the reaction in the various 

atmospheres 
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TABLE 4. 11 Summary of the General Results of the Decomposition of AMV in Various Atmo s phere s 

Temp. Empirical formula of 
Product ty p e 

Range 
Activation Energy Total mass loss a c cording to 

Atmo sphe re Stag e -1 product struc tur a l 

°c kcal mol 0/0 a nalysis 

Expect - Abbre -

Region Value ed Found Formula viation 

Vacuum 1 10 5-135 cont. sphere 30. 8 14. 83 14.7-14.9 NH4 V
3

0
8 

AHV I (ABV) 
a 

2 135-155 cont. s phere 3S. 2 16.66 16. 9-17.2 NH4V4010.5 -

3 165-200 cont. sphere 23.4 22.23 22.3-22 . 4 V 2 0
5 -

Inert I 160-1S0 linear 32.9 II. 10 11.7-11.8 (NH4 )2 V 4 011 ABV (ADV) b cont. s phe r e 31. 6 

2 IS0-210 cont. sphere 25.2 14. S3 15. 9- 16 . 0 NH
4

V
3

O
S 

AHV (AHV) 

3 270 - 3001 line ar 2S . 4 
22. 23 22.3 - 22.4 V

2
0

5 (V 2 0 5 \, cont. sphe r e 28.6 
-

I 

Oxidising I 150-1S0 line ar 40. S 
d.10 11.4-11.6 (NH4 )V 4011 ABV (ABV)b cont. sphere 42. I 

2 lS0-210 linear 32.0 
14. S3 15.3-15.6 NH4 V 30S AHV (AHV ) 

cont. sphere 31. 2 

3 260 - 300 cont . sphere 34. 2 22 . 23 22.3 - 22.4 V 20
5 - I (V 205) 

Ammonia 
I I 165 -1 90 linear 32.5 

14 . 83 14. 6 - 14. S N H4 V
3

O
S 

AHV (AHV) 
cont. suhe re 34. 0 

2 280-300 cont. sphere 80. 2 19.95 19. S- 20 . 0 NH4 V 6015 I - I 
3 

I 
340 - 360 cont. sphere I 67 .3 29.05 28 . 2-2S . 6 V02 

I 

I I -

i 

1 
I 
I 

~ 

I 

--J 
>I>-



75 

4. 1. 5 The Isotherma.l Decomposition of Ammonium Hcxavanadate iJ. nd 

of "AHV-tvpe" Intermediates 

Since the empirical formulae of several products (p roduct types 

(ABV)a and (AHV) in Table 4. 11 ) were a ll NH
4

V
3

0
S

' and since AHV 

can also be prepared from solution, it was decided to compare the 

kinetics of decomposition of the various compounds of thi s empirical 

formula in each of the atmospheres studied. 

The AHV preparation (AHV SOLN) and the intermediates formed in 

a ir (AHV
A

. ) and in inert atmospheres (AHVI t) all have similar Ir . ner 

structures, as shown by their virtu3.11y ident ical infrared spectra and 

x-ray powder data. Each of these samples was decomposed in air, 

argon and vacuum. Decomposition to V 205 takes place in a s i ngle 

stage u nde r a ll condition s. 

The rat e constants and the activation energies for the decomposition 

under various condit ions of atmosphere were determined for each sample . 

The general shape of the 0( -time curves depends largely on the 

conditions of atmosphere under which the decomposition is performed. 

The d. -time curves for all of the decompositions performed in Vacuum 

were Type I curves, those performed in argon were Type II curves and 

those performed in air were Type III curves . 

k" 
A comparison of the rate constants k(=- ) for the contracting 

a 

sphere r egions of decomposition curves of the various AHV - type sampl es 

in each of th e atmospheres is given in Table 4 . 12, together with the 

corresponding activation energies. 



TABLE 4 . 12 

Atmosphere 

Vac 

Ai r (dry) 

Argon 

The Isothermal De compo sition of Variou~ AHV's in Various Atmospheres 

AHV prepared in: 

AIR I ARGON I SOLUTION 

Rate Act. Energy Rate 
Act. Energy Rate 

Temp erature conztant -1 constant Act. Energy 
x l O (kca l mo l ) x 102 

(kcal mol- Ii 
conszant - 1 

°c . min - 1) min-I) 
x 10 1 (kca1 mol ) (min - ) 

220 2. 37 2. 39 0.46 

225 3. 30 2.98 o. 34 

235 5 . 97 28.2 3.58 15.2 o. 80 28.6 

240 

I 
8. 45 4 . 57 1. 15 

245 5. 32 1. 38 

265 1. 58 0.997 o. 62 

270 2 . 15 1. 14 O. 84 

275 3 . 35 cont. sphe re 1. 35 c ont. sphere 1. 12 cont. sphe re 
r egion region region 

280 3.45 34. 2 1. 70 22 . 0 1. 49 34. 6 

285 4.99 1.96 1.96 
I 
I 

268 . 5 o. 38 linear region o. 94 linear region 1. 41 
I 

linear region 

2 7 3 o. 60 37 . 5 1. 14 29 . 2 2. 19 44 . 3 

279 O. 89 cont. sphere r eg 1. 514 cont. sphere r eg. 3.49 cont. sphere reg. 

284 . 5 1. 22 1. 95 28. 6 5. 27 

295. 5 2. 32 36.4 
I 

3 . 22 11. 67 45 . 4 

I 

-J 
a--
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The infrared spectrum and x- ray powder diffraction data for 

the intermediate formed at t h e end of the first stage in vacuum (AHV') 

indicate that thi s sample is structurally diffe rent from the AHV -type 

samples describe d abov e , and corresponds to the bivanadate in 

structure. The further decomposition of this sample is also consider a bly 

differ e nt in argon or in a ir. D e composition to V
2

0
5 

occurs in two 

stages. 
o 

At about 220 C, decomposition to a total mass loss of 19. 6 ~ ~; 

occurs and the final stage to V 205 (22.-4 % mass loss) takes place at 

o about 300 C. The infrared spectrum of the i ntermediate formed at 

19.60/, masS loss shows that it is not the same as the NH4 V 6015 formed 

in ammonia, even though the total mass loss involved in the formation 

of these two intermediates is the same . 

When AHV\s decompo s e d furthe r in ammonia then three furthe r 

stages are detected in the decomposition. At about 220
0

C, decomposition 

to a total mass loss (with respect to AMV) of 16. 17% occurs. The 

infrared spectrum of this intermediate is similar to that of AHV. 

Further decomposition leads to a total mass loss of 19.8-20.4% at 3100 C, 

o 
and to a total mass loss of 29.6"1, 'at 350 C. The products formed during 

these two stages are identical to the products formed at the end of the 

second and third stages of the decomposition of AMV in ammonia i. e . 

NH4 V 6°15 and V02 re spective1y. 

" The x-ray powder data and infrared spectrum of AHV (mass loss 

14.9 %) suggest a structural similarity to the intermediates formed at 

the end of the first stages in air or argon (ABV) (mass loss 11. 7%), 1. e . , 

all of the reflections in the powder photograph of AHV'" are present in 

the powder photograph of ABV. The powder diffraction pattern of 

ABV has, however, many more reflections than has the powder pattern 

There are virtually no differences in the infrared spectra in 
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ABV, formed at the end of the first stage 

in air, howe ver , decomposes further in vacuunl in a single stage at 

about 180
0

C to give a defective form of V 205' similar to the product 

of the thi rd stage in vacuum. 

4 . 1. 6 The Effect of Pressure on the First Stage o f the Decomposition 

The mass l oss involved in the first stage of the decomposition in 

oxidising or inert atmospheres is different to that of the first stage of 

the decomposition in vacuum althollgh these intermediates ABV and 

* AHV are st r ucturally similar. A series of decompositions were thus 

performed under various pressures of nitrogen. The results are 

given in Table 4. 13. 

TABLE 4. 13 

First Stage of the Decomposition under Various Total Pressures of 
Nitrogen 

Pressure{mmHg) Temp.oC I % Mass loss 

10- 5 105-1 35 (AHV':' ) 14.7-14.9 

o. 18 137 15.0 

0.49 143 15.0 

1. 31 147 14. 2 

52.9 151 12.68 

202 15 3 12. 18 

402 154 12.08 

720 (atmo spheric 160 - 180 (ABV ) 11.7-11.8 
pressure) 
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The series of decompositions could not be performed at a single 

temperatur e since the t emperature at which decomposition commences 

is approximately 30 0 C higher at atmospheric pres sure than in va cuum 

(See Table 4. 11). 

It can be seen from Table 4. 13 that under the se conditions of sample 

size (d. Lamure and Colin(78)) th e pre~sure under which tho decomposition 

is performed h as little effect on the mass loss of the first stage of the 

decompo sition, below about 1. 0 mmHg. 

4 . 1. 7 The Effect of the Pressure of NH3 in the Surrounding 

Atmosphere on the First Sta Q'e of the Decomposition 

An ABV . intermediate, which is the product of the first stage of the 

decomposition in inert or in oxidi sing atmosphere s, cannot be isolat ed 

when the decomposition is carried out in an atmosphere of ammonia. 

AHV is form ed directly from Al\-!V in ammonia and the infrared spectrum 

of the sample after interruption at the appropriate mass los s did not 

corre spond to ABV (Figure 4 . 19). 

A series of decompositionEunde r various partial pressures of 

NH3 in the nitrogen carrier gas were performed and the changes in the 

infrared spectra with partial pressure of ammonia for a maSs loss of 

11. 8% in the formation of the samples are given in Figure 4. 19. 

It can be seen from the infrared spectra that ABV can be 

isolated during the decomposition if the partial pressure of ammonia 

in the nitrogen is le 55 that about 200 mmHg. If the partial pressure of 

ammonia in the nitrogen is greater than about 350mmHg then ABV 



Figure 4. 19 Changes in the infrared spectrum dur i ng 

decomposition with increasing P NH 3 
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cannot be is olated at all. 

4. 1. 8 The Effect of Pre-ir r adiation on the Decomposition of AMV 

Samples (l Og) of AMV were sealed in Pyrex ampoul es u nde r 

vacuum and were given a 100 ;"·\rad dose of l(-rays in the 60 Co source 

at the Atomic Energy Board, Pelindaba. 

Only the first stage of the decomposition in Va Cuum wa s studied 

and compared with that of cont rol samples . The 0( -t curves were 

found to be of Type I (i. e . deceleratory throughout) as before. The 

r a te constants of decompo sition determined from the application o f the 

contrac ting s phe re expr e s sian to the 0( -t Curves are given in Table 

4. 14. 

TABLE 4 . 14 

The Effect of Pre-irradiation on the Ra t e of Decomposition of the First 

Sta g e in Vacuum 

R a te cons tant 
Sample Temperature 3/ -1 xlO (min ) 

irr a diated 123. 5 6. 94 

contr o l 123. S' 7. 11 

irradi a ted 12 0.0 3. 70 

contro l 120.0 3. 62 

It is thus apparent tha t pre-irrad iation with .l) - rays h as no s i gnificant 

effe c t on th e kinetics of the first stage of the decomposition in vacuum. 
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4. 1. 9 The Surface Areas of Various Intermediates and Products 

The surface areas of some of the intermediates and final products 

forn1 ed during the d ecompositio n were determined by Dr V. M. Lovell 

at the National Institute for Metallurgy by the B . E. T. method using 

krypton adsorption. The results are given in Table 4. 1 5. 

TABLE 4. 15 

The Surface Areas of Various Intermediates and Products 

1. 

2. 

3 . 

4. 

Sample 

V 2 ° 5 from 3 I'd stage in air 

V
2

0
5 

from 3rd stage in vacuum 

(3) annealed in air 

5. V
2

0
5 

from decomposition of AHV 

in air 

6. V 2° 5 from decompo sition of AHV 

7. 

8 . 

9. 

10 . 

in vacuum 

V
2

0
5 

from Hopkins and Williams 

AHV prepared from solu tion 

AHV f rom 2nd stage in air 
~ 

AHV" from 1 st stage in vacuum 

4. 1. 10 Differential Enthalpic Analysis 

Surface area 

Im2 g- 1 ) 

O. 365 

5.26 

25.9 

27. 6 

2. 86 

3. 20 

3 . 15 

1. 30 

3. 82 

18.58 

Differential enthalpic analyses (DEA) were performed by 

Dr M . E . Brown a t Queens University , Belfast, using a Perkin Elmer 

DSC- IB scanning calorimeter. Heating rates of 20°C/min a nd gas 

flow rates of 0.2 l/min were used. 
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In order to correlate the endotherms with the various stages 

obtained in the isothermal study of the decon1position, infrared spect ra 

of the san1pl es obta ined by interrupting the thermograms after each 

- 1 
endotherm were recorded in the range 4000-250cm . 

The DEA thermograms for AlI.IV in nitrogen and in air are 

illustrated in Figure 4.20. The thermograms are basically the same, 

d · . I bl' h d DTA It (51,52) an are In agreement WIt 1 pu IS e re SU S • 

M easurement of the areas under the "peaks" and relation to 

therm o g raD1s of sample s with known enthalpies of fusion, run under 

similar conditions , yielded the value s for the enthalpy change s given 

in Table 4. 1 6, all referred to one mole of NH4 V03 . 

I nfrared spectra show that endotherD1 A corre sponds to 

decompos ition r eaction (4 . 4). 

+ 

4AMV 

4. 5 

If the enthalpy cha nge for reaction (4 . 3) is taken as 12.5.± 0 . 2 kcal/mole 

, AMV, (calculated from area under "peak" A), the enthalpy of formation 

of the intermediate ABV; (NH
4

)2 V
4

0
1l 

over the teD1p e rature range 

(l 50-2100 e) is -870.± 5 kc a l/mole. 

Infrared spectra show that endotherm B represents further 

reacti'on to form AHV i. e. r ea ction (4.4) 

3ABV 4AHV 

From Table 4. 16 it can be seen that the scatter in the [:,. H values for 

endother D1 B is far greater than for endothe rm A. For thi s r eason the 
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enthalpy of formation of AHV waS calcu lated from the DE1\. of a 

crystalline sample of AHV prepared from solution (91). A singl e 

endotherm only, corresponding to endotherm C in the DEA of AMV 

(and a very small subsequent exothernl D ) appear s in the 

the r mogram, and this is ascribed to reaction(4. 6) 

2AHV 

4. 6 

From a measured enthalpy of reaction of 8. I + 0 . 2 kcal/mole AMV and 

the standard enthalpies of formation of the products(12 1), the enthalpy 

of formation of AHV in the temperature range 300-340
G

C is esti mated 

to be -625.± 2.5 kcal/mole AHV. 

Now, using the estimated enthalpies of formation of ABV and 

AHV leads to an expected value for the e nthalpy change for reaction 

(4.5 ) of the order of 4 kcal/mole AMV. This is slightly lower than 

the measured values of 4. 9 - 9.5 kcal. 

The standard enthalpy of reaction (4 . 7 ) 

2NH4 V0 3 (s) --'>- V 205 ( s) 

i. e . 2AMV --;, V 205 

+ 

+ 2NH 
3 

+ 

+ 

4. 7 

calculated from the standa rd enthalpie s of formation (121) in 26. 5 kcal/ 

mole AMV. 

6. Cp ~ for reaction (4.7)(121) is -5.8 cal K- 1. 

If it is assumed that 6 Cp9 is independent of temperature over the 

range 298-500 K then D H9 (500k) for reaction (4.7) is given by 

6 He (500k) = + 

= 25.9 kcal/mole AMV 
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The diffe rence b e tween /~ He and t::, H, the enthalpy of reaction under 

the actual conditions, is likely to be less than the cxperilnental errors 

. (122) 
Involved . 

This standard value is slightly greater than the maximum value 

of about 21. 5 kcal obtained in the present study. 

The exotherm D has b e e n ascribed (52 ) t o the oxidation of the last 

traces of ammonia trapped in the V 205 product. It could also be 

a recrystallisation effect, as has been observed in DT A studies of the 

. (123) 
dehydr atlOn of hydrates , or, of course, a cOlnbination of these 

t wo processes. 

TABLE 4. 16 

EnthalpyChanQ"es Associated with the Stages of Decomposition of 
AmmoniUln l\1etav a nad a te. 

/::, H/kcal (mol AMV)- l 

!Atmosphere 
Exo -

Sample Endotherm therm Total 

A B C D 

AMV N 
2 

12.8 5.3-9.5 0.8 1.4 17 -21.5 

Air 13.0 4 . 9-8.0 1.0 1.0 17 . 5-20.5 

!AHV N - - 8.1-9.2 0 -2 
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TABLE 4. 17 

Standard Enthalpies of Formation 

Temperature {'\He 
- f 

]( kcal mol 
-f Reference 

NH4 V03 (s) (AMV) 298 -251. 1 121 

V
2

0
5 ( s ) 

298 -373 121 

NH3 (g) 298 -11. 04 121 

H
2

O ( g) 298 -57.84 121 

(NH4 )2 V 4011 Is) 
(ABV) 420-480 -870+ 5 this work 

NH
4

V
3

0
8 Is) 

(AHV) 570-610 -625+2.5 this work 

4.2 The Recombination, or Reverse Reaction 

The endothermic nature of the thermal decomposition of AMV is 

well established{52,7S). It was decided to study the reversibility of 

the overall reaction because of the results obtained for other 

I 
I 

endothermic decompositions such as the dehydration of crystal hydrates{62. 

and t~e decomposition of hydroxides{5I,) and carbonates(27) 

+ + 4. 8 

Each of the intermediates formed in nonreducing atmospheres 

recombined on exposure to damp ammonia to form a product with 

infrared spectrum and x-ray data identical to AMV. (Fi gu res 4.21 and 

4. 22). Although the decomposition to V2 0 5 involves several stages, it 

was found that the recombination reaction occurred in a single stage. 

Of the decomposition intermediates in ammonia, only the product of the 

first stage recombines completely to form AMV. This is expected as 
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reduction occurs during the later stages of the decomposition in ammonia. 

The product of the second stage of the decomposition in ammonia 

NH4 V 6015' only gains 57.3% of the mass expected if it were to recombine 

completely to AMV, and the product of the third stage of the 

decomposition in ammonia, V02 , does not react with damp ammonia 

at room temperature. 

In Figure 4.23, the decomposition of AMV to ABV, in an at 

175 0 C i. e. 

i. e. 4AMV <i.-==:::? ABV 

is represented by curve "A" and the reaction of the solid product of 

reaction 4. 9 with damp ammonia at 21
0

C, by curve "B". 

The AHV intermediates formed do not recombine as readily as 

does the bivanadate ( A3V ) . The infrared and x-ray powder 

photographs indicate that the AHV has the rnore ordered structure. 

4. 9 

AHV prepared from solution (91), AHV SOLN ) combine s extremely 

slowly with damp ammonia. The V 205 product formed by decomposing 

AHV 50LN in air recombines with damp ammonia, in a single stage to 

give AMV and not the hexavanadate . AHV cannot be isolated by 

interrupting the recombination of any sample of V 205 at the appropriate 

mass' gain and the infrared spectrum (Figure 4.24) and x-ray powder 

photograph (Figure 4.25) of the sample at this point correspond to a 

mixture of AMV and V 20 5. 

4. 2. 1 The ex I -t Curves 

It was found more convenient to plot 0( I_t curves rather than ex.-t 
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curves \vhen analysin g the recolnbination reaction, where 0<'=(1- <>< } 

and 0( is the fraction of the decomposition reaction completed. The 

curves so obtained were tested with the usual mathematical expressions 

for both an interface and a diffusion controlled process (see Section 

1.1.4). The parabolic law 
1 

ex' = (kt) ' 4. 10 

was found to apply over almost the whole reaction (0. 2 ~ 0('':;;;' 0.96). 

This is consistent with diffusion along interstitial channels as is found 

. (59) (62) 
for the zeolItes and alums . A plot of 

1 

against t' for the 0< ' 

recombination of V 205 (obtained from the final product of the 

decompo sition in air) to give AMV at 2l
o

C is shown in Figure 4 . 26 

as curve B. 

4. 2. 2 Dependence of the Rate of Recombination on the Defectivene 5S 

of the Starting Material 

A commercial sample of V 20 5 (Hopkins and Williams) combined, 

at 2l,oC, with damp ammonia to give AMV, with a rate constant which 

could be increased somewhat by preheating the sample to 300
0

C in 

vacuum, followed by cooling, but which was still less than the r ate 

constant for recombination of the V 205 decomposition product . 

TABLE 4 . 18 

Sample Rate constants for recombina-
. /(' fl Ion mIn 

Final product of decomposition in air 1. 42 
-2 

x 10 

Hopkins and Williams V20 5 1. 19 x 10 - 2 (l) 

Hopkins and Williams V 2 05 preheated in 
10- 2 

vacuum 1. 32 x (2 ) 

(I) Only recombines to oZ' = O. 85 
(2) Recombine s completely 
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4. Z. 3 The Temperature Dependence of the Rate of T\p.combinRtion 

The value of the rate constant for the recombina tion of V ZOS 

(final product of the decomposition in air) with damp ammonia 

(P = P = 70mmHg) is seen from Figure 4 . Z7 curve A to 
HZO . NH3 

pa ss through a maximum with increasing temperature and then to 

decrease. The posi tion of the maximum value of the rate constant 

is at about 3S
o

C for this material. An arrhenius plot of log k from 

equation 4. Z against li T for the temperature interval lS-30
0

C for 

- 1 this material yields an activation e nergy of Z. 0-4. 0 kcal mol for 

the recombination process at these temperatures. 

It is also seen from Figure 4. Z7 curve E that the rate of physical 

adsorption of HZO vapour (PH ° 
Z 

= 70 mmHg ) on V ZOS formed i n 

air decreases with increasing t emperature over the same temperature 

range (the maSs of HZO adsorbed during a fixed time interval waS 

tak en as a measure of the rate of absorption of HZO vapour). It should 

be noted that curve E is parallel to the last portion of curve A. 

If relatively dry ammonia (PNH _ 7Z0 mmHg, PH ° L.. O. lmmHg) 
3 - Z 

is used for the recombination of V ZOS (final product of the deco mposi tion 
, 

in air ) then the rate constant for the recombination increases with 

increasing temperature over the temperature range 3S-70
0

C (Figure 

4. Z 7 curve C). Application of equation 4 . Z again yields an activation 
_ 1 

energy of about 3 kcal mol ,which suggests that curve Cis 

equivalent to the initial portion of curve A. 

The rate constant for the recombination of V ZOS' formed at 

the end of the decomposition in vacuum, with da.",p ammonia 

(PNH = l Z. S mmHg, PH ° = 70 mmHg) was however found to decrease 
3 Z 

with increasing temperature over the temperatu re range lS-30
0

C 
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(figure 4. Z 7 curve B) and thus to parallel curve E and the i nitial 

portion of curve A . 

Curve D was estilnated in ord e r to illustrate th e effect that 

P
NH 

would have on the position of the curve. The estimation of the 
3 

position of this curve was based on the results of the investigation into 

the effect that P
NH 

would h ave on the rate constant for recombination 
3 

at constant temperature which is discussed in the next section. 

4. Z. 4 Th e Effect of Surrounding Atmosphere on the Recombination 

Water vapour alone can be physically absorbed at ZOoC on the 

V Z 05 product in amounts greater than stoichiometrically required for 

the recombination reaction. It waS not possible to establish that 

ammonia alone is not absorbed by V Z 05' on using the normal experi-

mental procedu r e of a flowing gas stream, since with the driest 

ammonia used (PH ° ::::; 0.004 mmHg) recombination still occurred, 
Z 

a lthou gh at a much reduced rate (total recombination took several days). 

To t est whether this r ecombination occurs because, with the gas 

flowing, enough HZO eventually passes over the sample for recomibation 

to occur, a sampl e of V Z0 5 was placed in a vaCuum desiccator which 

was evacuated and baked to remove all traces of moisture. Dry 

ammonia (% ° '" 0.004 mmHg) 'Yas then bled in until the pressure 
·Z 

i ns id e the desiccator was one atmosphere. Over a period of ten days 

the sample gained only Z% of the mass corresponding to complete 

recombination. X-ray and infrared inve s tigation of this material 

sho wed that it was a mixture of VZ0 5 with a small amount of AMV. 
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It thus seems conclusive that ammonia alone cannot be absorbed by 

V 205 to any substantial degree but only reacts with it in the presence 

of water vapour, to fonn AM\'. 

The rate constants for a series of recombinations at constant 

temperature (21
0

e) and constant water vapour pressure (PH ° = 

P NH / 2 
70 mmHg) are plotted against the ratio Z = 3 P and 1 

H
2

0 Z 

in figure 4 .2 8 . It is clear that under these conditions the rate constants 

for the recombination pass through a maximum when Z = i = 1 1. e. 

i. e. = 

This investigation was extended further and recombinations were 

1 
performed over a wide range of values of Z and Z . A contour map 

of the reaction was estimated on the basis of these result s (Figure 4.29). 

In this map, contours of constant values for the rate constants for 

recombination are plotted against the ratio Z, or its reciprocal, and 

the water vapour pressure PH 0' 
2 

The map may be divided into two regions as s hown. It is clear 

that in region I the value of the rate constant for the recombination 

depends almost entirely on P
NH 

and is virtually independent of 
3 

In region II the position is more complex and it appears as 

thou gh the value of the rate constant for the recombination depends on 

both :PNH and PH 0' 
3 2 

The overall dependence of the rate constant for r ecombination on 

the ratio Z i s also clear and over a wide range of P b' d'= com Ine 

P NH + PH ° maximum values of the r ate constant for recombination 
3 2 

were obtained for Z approximately equal to one i. e. P NH = PH 0' 
3 2 

It is also clear from the map that ,at low PH ° values in region II, 
2 
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the decrease in the rate constant for r e combina tion, with a fixed 

PH 0' as Z decreases below one i. c. low proportions of NH 3 , is 
2 

more m a rked than is th e decrease for high proportions of NH 3. 

4 . 2. 5 The Effect of Pre adsorption of H 20 on the Recombination 

When the stoichiometric amount of H 2 0 required for the complete 

recombination was preadsorbed on the V 205 product before ammonia 

was admitted, the kinetics of the subsequent reaction with ammonia 

were found to depend on both the pressure of the ammonia and the partial 

pressure of water in the ammonia. In discussing the results the time 

when the amrnonia was admitted has been taken as t = 0. 

4. 2 . 5. 1 Damp Ammonia 

When damp ammonia (P NH 3 
= 70 mmHg) is admitted 

after preadsorption of half of the stoichiometric amount of water 

required for the complete recombination then equation 4 .10 still applies 

over the whole reaction and the rate constant for recombination is 

identical to that obtained with no preadsorption of H 20. If all the 

water required for recombination is preadsorbed then the rate constant 

for recombination is slightly reduced. (S ee Table 4. 19. ) 



, 
A: 0( -t curve for recombination of V 205 without preabsorption 

B: 
, 

c<. -t curve for recombination of V 205 after preabsorption of 

iH20/mole V 20 S 

, 
C: eX - t curve for recombination of V2 0 S after preabsorption 

I 
I 

I 
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Figure 4 . 30 Effec t of Pre- Absorption of HZ ° Vapou r on V Z 05 in various Stoichiometric 

Proportions on the o(l_t Curve for the Recombination 

P
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4. 2. ' 5. 2. Drv Ammonia 

When dry ammonia (PNH
3 

~ 70 mmHg, P 1-!2 0 < 0.1 mmHg) was 

admitted after preadsorption of amounts of water ranging fron, a half 
1 

to the fu ll amount required for recombination, the Q(' - t 2 plots for the 

reaction showed two distinct regions. The rate constant, k 1 for 

th e earlier p eriod is greate r than that, k2' f or the later part of the 

re action. Both rate constants are independent of the amount of 

preadsorbed water. (See Table 4 . 19. ) 

The point at wUch the changc-. in dope occurs, ho weve r, does 

depend en the ar.,ount of preadsorbed water, and corresponds 

approximately to unity for the ratio (NH 3 reacted0H2 ° pread sorbed). 

4. 2. 5. 3 Dry Ammonia at Atrr;ospheric Pressure 

When dry ammonia {H 2 0 ..( 0.1 mmHg) at atmospheric pre ssure 

is admitted after preabsorption of either half (Figure 4. 30 curve B) or 
" 

all of the water (Figure 4. 30 curve C) required for recombination 

there are again two successive processes. Initially the re is a very 

rapid reaction (duration < 60 sees. ) followed by a slower reaction for 

which equation 4. 10 for ';i diffusion controlled process applies with a 

single value of k. In both cases, the rapid reaction holds until the 

ratio (NH 3 reacted) / (H2 0 preadsorbed) is approximately one. The 

infrared spectrum of the lnaterial obtained by interrupting the 

recombination reaction at the end of the rapid process is given in 

Figure 4. 31. The x-ray powder diffraction pattern of this material is 

compared with those of AMV and V 205 in Figure 4. 32 . 
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. When an excess of H 20 was preadsorbedonto the V 20 S (It tinc"s 

the stoichiometric amount of H 20 required for complete recombination) 

a nd th e n dry NH3 at one atmosphere pressure admitted, rapid re action 

occurred until 1 mole of NH3 per mole of V 205 had reacted with the 

V 2 0 S and water. 

AMV is slow. 

Further reaction with another mole of NH3 to form 

Thus when preadsorption of H 2 0 is followed by the admi ssion of 

dry NH3 to the systerr., the course of the reaction appears to be: 

slow 

tNH 3 " 

rapid 

4 . 11 

Adsorption of an equimol ar quantity of wat e r onto the surface of 

? - 1 
the V 20 S product of the decomposition in air, ( surface are = 5. 26m- g ) 

woul d correspond to the formation of approximately 30 layers (c alculated 

b y considering th e wate r molecules to be spheres eac h with an 

effective radius(I24) equal to 1. 31 ~ 10- 10 m). 

4. 2. 6 The Effect of Surface Area on the Recombination Reaction 

Si n gle crystals of V 205' grown frorr. the rr.elt, did not react veith 

damp ammonia over several hours. When crushed, the finely po wdered 

fr agments showed signs , under the microscope, of reaction on the 

dama ge d surface. Grinding in a vibrating ball mill gave a sample 

similar in reactivity to the commercial sample of V 2 0 S' The rate 

constant for recombination were 1. 14 and 1. 18 x lO-2 min -1 respectiyely. 



TABLE 4. ]9 

The Effect of Pre-adso rption of the Stoichiometric Proportion of Water Indicated on the Rate 

Constant for Recombination 

Composition of the .gas a dmitt ed after Rate constants for recombination' after preadsorption 

pre adso r ption of the stoichiometric aJ.l~ C "kulil-ted proportions of 

water indicated 
( . -. -2 ) 

",In .10 

P
NH 

/ mmHg 
PH ° / mmHg No HZO I i H

ZO 3/4 HZO ] HZO 
3 Z I 

k] k] k Z k] k Z k] k Z 

70 70 1. 90 1. 96 - - - 1. 30 -
, 
• 

70 ( O. ] O. 10 0.Z7 O.OZO O. Z3 0.OZ6 0.Z5 0.014 

720 < o. ] 1. 30 50 .0 o. 19 - - 50. 0 O. ]4 

k] 

k Z 

refers to rapid process) 
) - Both are for diffu s ion controlled reaction 

refers to s low process) 

--0 ... 
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The V Z05 product of the decomposition in vacuum has a surface 

area approximately five times that of the product formed in air (Z5. 9 

Z - 1 and 5. Z6 m g respectively, see section 4. 1. 9) but because of the 

difference in structural order of these materials the effect of surface 

area alone could not be assessed . The rate of recombination, under 

the same conditions, is however found in general to be greater for 

the material with the la rger surface area. 

4. Z. 7 Sealed Tube Experiments 

o 
When AMV is heated in an evacuated sealed tube to ZIO C, 

followed by cooling, the product is recombined AMV of a light grey-brown 

colour. A temperature of ZlOoC in vacuum would lead to complete 

decompo sition of AMV to V Z05 ( Table 4. 11), but in the tube used, . 

complete decomposition of the AMV present would result in a total 

pressure of about 3 atmospheres of ammonia and water vapour. From 

the results for the decomposition in damp ammonia (l atmosphere ) 

(Table 4. 11), only the first stage of the decomposition of AMV to AHV 

will have occurred at Z lOoC. 

On heating to higher temperatures (300
0

C ), the infrared spectrum 

of the solid product was similar to that of the product of the second stage 

of the decomposition of AMV in ammonia which had recombined as far 

as possible. i. e. partial reduction had occurred and compl ete 

recombination to AMV was no longer feasible. 

The infrared spectrum of the product obtained on heating an 

equimolar mixture of AMV and V Z05 to Z lOoC in an evacuated sealed 
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tube corresponded to a mixture of AMV, AHV and V
2

0
S

' This shows 

that this treatment is equivalent to the first stage of the decomposition 

in ammonia, as AHV is not formed on recombination of V 205' The 

ammonia and water released in this stage combine with the V20 S to 

form AMV. 

4. 3 Decomposition of the Recombined Material 

4. 3. 1 General 

Throughout thi s section, "normal" AMV refer s to AMV before 

any d ecomposition has taken place; "recombined" AMV refers to 

AMV prepared by the following reaction: 

and "combined" AMV refer s to AMV prepared by 

------'i7 3 AM V . 

The following results clearly show that the formation of AHV 

during the decomposition is the point of highest structural order 

reached during the.reaction and onc e this has been destroyed by further 

decomposition it canno t be regained. During the decompo s ition in 

vacuum AHV is never formed and the degree of structural order is low 

throu ghout the reaction. We thus find that on decomposing "normal" 

AMV in vacuum to V 2°5' r ecombinin g a nd decomposing the material 

a second time, the intermediates found are identical to those formed 

during the first decomposition in vacuum. 



Figure 4.33 
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the decomposi t ion of AMY in Ai r 

B: Inte r me di ate formed a t t he end of t he fir st sta ge of 
the decomposition of " r ecombined" AMY in air 
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(;) When AMV is decomposed to V20
S 

in alT, recombined and 

then decomposed a second time in air, the decomposition is 

again found to proceed via the formation of two intermediates 

to a final product of V 205. The mass loss involved in the 

formation of, and the infrared spectrum of the intermediate 

isolated at the end of the first stage of the decomposition of 

"recombined" AMV in air, are identical to those for the 

material isolated at the end of the first stage of the 

decomposition of "normal" AMV in air . The x-ray powder 

pattern of this material is, however, different (Figur e 4.33). 

(ii) Neith er the mass·loss nor the infrared spectrum of the 

intermediate formed at the end of the second stage of the 

decomposition of "recombined" AMV correspond to those 

of AHV (the product of the second stage of the decomposition 

of "normal" AMV in air) (Figure 4.34 spectrum A ). 

(iii) When the decomposition of the "recombined" AMV in air is 

interrupted at a mass loss of 15% (corresponding to the 

formation of AHV in the decomposition of "normal" AMV) then 

the infrared spect r um (Figure 4.34 spectrum B) shows the 

presence of an anomalous high frequency component at 

~ l 440cm -1 associated with the triply degenerate bending 

" + 
mode of the NH4 ion at 

-1 
~ l 400cm . This is only found 

below a masS loss of 13% in the decomposition of "normal" 

AM\! in air. 

(iv) When the "recombined" AMV is decomposed in ammonia to the 

end of the first stage (14.9% masS loss) then the product 

formed has again a different infrared spectrum to that of 

AHV (Figure 4.34 spectrum "C). If the successive decomposi-

tion in air is repeated then no further changes are observed in 

the intermediates formed. 



Figure 4. 34 Infrared spectra of intermediates i so l a ted 
during decompo sHion of recombined material 
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(v) If the initial decomposition is only carried out as far as 

the end of the second stage in air, i. e. to form AHV, 

(Figure 4. 34 spectrum D), then on recombining to form 

"combined" AMV and performing the decomposition a secone; 

time, the intermediates formed are found to be identical to 

those formed during the decomposition of "normal" AMV 

(Figure 4. 34 spectrum E). 

4. 3.2 The Effect of Repeated Recombination and Decomposition on the 

Rate Con s tant for the First Stage of the Decomposition of AMV 

in Air 

The rate constant for the forward reaction o f the first stage 

when AMV is decomposed in air , 

forward 
4 AMV > 

< 
reverse 

is increased considerably on decomposing the material obtained from 

the reverse reaction (Fi gure 4 . 35). On r epeating the successive 

dec ompos ition and recombination processes, no further increase in 

the rate constant was observed (Table 4.20). 

TABLE 4.20 

Increase of the Rate Constant of Decomposition with Succes sive 
Decompo sition and Recombination of the First Stage of the Reaction in Air 

Rate constant (min) / -1 x 10- 2 

1 st decomposition 2. 53 
2nd de compo sition 6. 06 
3rd d e compo s ition 6.08 
4th decomposition 6. 05 



i 
0< 

1. 0 

o. 8 

o. 6 

0.4 

o. 2 

Figure 4 . 35 Successive Decomposition to AMV in Air at 175
0

C 

B 

10 20 

A 

30 

A : 1 st decompo sition 

B: 2nd decomposition 

Note: 3rd and 4th decompo sition 
curve s are indi stingui shable 
from B 

40 50 60 

Time in Minutes 



99 

The rate constant for the recombination was, however, found to remain 

unchanged during the series of successive decompositions and 

recombinations. 

4. 3. 3 Differential Enthalpic Analysis of the Recombined Material 

This work was performed by Dr M. E. Brown at Queens 

University, Belfast using a Perkin-Elmer DSC-IB scanning c a lorimeter. 

The flow of dry N2 was 0 .2 litres / min and the heating rate was 20
0

C/min. 

The DEA thermogram of "recombined" M1V from V20
5 

formed 

by the decomposition of "normal" AMV in air doe s not show the third 

endotherm C see Figure 4.36 curve I (c. f. section 4. 1. 10). The [} H 

value s for th e endotherms A and Band exothe rm D are given in 

Table 4. 21 below. These values are very close to those for the 

d ecomposition of "normal" AMV. A further reco mbination after 

decomposition does not alter these values significantly although the 

exothe rm D is diminished. 

AHV prepared from solution also combines with ammonia and 

water vapour to give AMV. The DEA thermogram of this "combined" 

AMV does however, show endotherm C . (Figure 4.36 curve II) 

The most noteworthy point arising from the differential enthalpic 

analys es of the "recombined" AMV and the "combined" 'AMV is thus 

the absence of the endotherm C in the thermo gram of the former. 



I: "Recombined" 
AMV 

II: "Combined" AMV 

Figure 4.36 DEA Thermograins of "recombined" AMV and "combined" AMV in N Z 
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TABLE 4.2 1 

Enthalpy Changes As sodated wi th the S t age s of Decomposi t ion of Recombined Material in N2 

( 6.H/kcalmol- 1 AMV) 

Sampl e Endotherm Exotherm Total 

A B A+B C D 

"normal" AMV 12.8 5.3 - 9.5 17.8 - 22.3 O. 8 -1. 4 17-21. 5 

"combined" AMV 12. 3 5. 2 17 . 5 2 . 1-3.0 -1. 7 18-19 

"recombined" AMV 11.8 6. 8 18 . 6 0 - 1. 3 17. 3 

"twice recombined" AMV 11. 8 6. 0 17 . 8 0 -0.8 17 
.... 
o 
o 
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4. 4 Electron Microscopy 

The electron microscopy was performed by Dr M. E . Brown 

at Queens University, Belfast. Two replication methods were used: 

(a ) direct application on cellulose acetate which had been softened 

with acetone, and 

(b) replic ation via a preliminary imbedding stage in Perspex heated 

o 
to about 120 C. 

There was very little difference in the results obtained with the 

two different methods of replication except that on the harder Perspex 

the crystallites did tend to li e flat f or replication. 

The electron micrographs illustrated in Plates 1-4 are: 

Plate 1 - the original samples of AMV and AHV, 

Plate 2 - the final products of the decompo sition of AMV under low 

vacuum (~ O. ImmHg) and in nitrogen, 

Plate 3 - the final products of the decomposition of AMV and AHV in 

air, and 

Plate 4 - recombined AMV and combined AMV. 

The original AMV Plate 1 consisted mainly of fairly well-

formed crystallites with smooth surfaces and edges , some intergrowth 

and attachment and very little irre gular material. The crystallites of 

AHV are similar in size to those of AMV but are l ess r egular. The 

faces of the crystallites are gene rally smooth with some fine "needle" 

type growth and the edge s are rounded. 

The micrograph of the product of the decomposition in vacuum 

(Plate 2) shows that basically the crystalline form is r e tained and some 

faces on replication are as smooth as the original while others 



PLATE 1 

AMV 7100 X 

o 

.~ / 

AHV 14200 X 

" 

f · • . ~. 
" , 

.- I 

" 

" 

, ~ . 
• . F-. . 

~' 



PLATE 2 

PRODUCT IN VACUUM 21300 X 

PRODUCT IN NITROGEN 21300 X 



PLATE 3 

AMV DECOMP. IN AIR 14200 X 

AHV DECOMP. IN AIR 14200 X 



PLATE 4 

RECOMBINED AMV 14200 X 

COMBINED AMV 35500 X 



102 

show considerabl,; pitting. Fracture of some of the crystallites 

does occur (either during decomposition or durin g replication) and the 

surfac es exposed are very rough. There is also a considerable 

amount of material of small particle size. 

The micrograph of the produc t formed in nitrogen (Plate 2) 

shows that, while some faces are again more pitted than other:;, the 

crystallites seem l ess susceptible to fracture. 

The micrographs of the product formed on decomposing either 

AMV or AHV in air (Plate 3) show that the surface appears to have 

been etched. 

to crumble. 

The crystallites are well formed and show little tendency 

The micrographs of "recombined" AMV and "combined" AMV 

are completely different to one another (Plate 4). Some of the 

crystallites of "r ecombined" AMV remain unshattered and have very 

rough surfaces, but the main tendency is to break up (either during 

reaction or during replication). There does not seem to have been 

any recry stallisation during the r ecombination of V 205 to form A~..!V 

The particles of "combined" AMV show no direct relationship t o e ithe r 

AMV or AHV in either shape or size. There is definitely a 

recrysta llisation process in the recombination of AHV to form "colubined" 

AMV. This is shown by the fact that the crystallites are intergrown 

with smooth surfaces and rounded edges. 

The main points of interest arising from this investigation are:-

1. The product formed in vaCuum appears to be more distrupted 

than the product formed in nitro gen, but as this waS a relative ly 

soft VaCuum (~ O. ImmHg) the full effe ct of vacuum conditions on the 



103 

decomposition is unlikely to be noticeable. The product 

form ed in air is the least disrupted of all, and the etching is 

definite evidence of a specific interaction of air with the surface 

of the mate rial. From the micrograph of the product formed 

by decomposing AHV (prepared from solution) in air it is seen 

that this interaction certainly occurs during the third stage of the 

decomposition of AJ-,,1V in air. Whether this interaction also 

occurs during the earlier stages of the decomposition cannot be 

verified without micrographs of the earlier intermediates , 

ABV and AHV. 

2. I t is obvious from the retention of general shape and size by the 

crystallites, during the decomposition and recombination that 

there can be no profound changes in the basic structure of the 

material. The removal and re-admission of gaseous products 

appear to be from a basically unaltered V -0 framework . This 

is evidence that the decomposition and the recombination reactions 

are effectively topotactic or at least epitactic in nature. 

3. The fact that the "combined" AMV is obviously recrystallised 

material while the "recombined" AMV is not, l ends strength 

to the hypothesis that AHV is the point of maximum structural 

order reached during the decomposition and that once 

decomposition has proceeded beyond this point, such a degre 

of structural order is never regained by subsequent 

recombinations and decompositions . 
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5 . . DISC USSION 

5. 1 The Stoichiome try of the Decompo si t iori 

The intermediate s formed du ring the decompos ition of AMV in 

vacuum, argon, ammonia and air have all been characterized by m ean :: 

of x - ray powder diffraction photograph s, infrared spectra and chemical 

analYf=.e~, a!=: \vell as by the mass-losses involved in their formation. 

It is only by combining all of the .e techniques that it is po.sible to 

diffe r ent iate among the courses of the decompositions unde r the various 

conditi o ns o f surrounding atmo.phere; the re sults of the above 

investi gatio n . permit detailed diocu.sion of the stiochiome try of the 

decompo.o ition under the variou. atmospheric conditions . Some of 

the structural changes occurring durin g the decompo s ition, illustrated 

by the changes in the infrared spec tr a a nd x-ray powder diffraction 

photograph!' of the !'ample material, will also be discu!'sed under thi s 

he a ding. 
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5. 1. 1 Summarv 

The stoichiometry of the decomposition in the various atmospheres 

s tudi ed is: 

1 st Sta ge 2nd Stage 3rd Stage 
N H 4 V0

3 
". NH

4
V

3
0

8 
> NH

4
V

4
0

10
. 5 )- V 2 0

5 
In vacuum, 

(disordered ) (disorde r ed ) (defective) . 

~. 

i. e. AMV AHV 
' . ' 

--'>-,) NH 4 V 4 ° 1 O. 5;C-- "" V ° -2 ~VAC 

In in ert or oxidir.dng atmo~phere~ 

1 s t Stage 2nd S ta ge 3rd Stage 
NH4 V0 3 > (NH4 )2 V 4011 ) NH4 V 308 ---~:>.,. 

(disordered ) (orde red ) 

i. e. AlviV > ABV ) AHV 

1 st Stage 2nd Stage 3rd Stage 
In ammoma, i\:H4 V03 ~ NH4 V 308 ) NH4 V 6°15 > V02 

(ordered) 

i. e. AMV AHV 

(ordered ) 

----0)"" VO 
2 

Each ~tage of the decompo si ti on in non- reducing atmo sphe re s i s 

accomp a ni ed by the evolution of ammonia and water in the molecular 

ratio 2 :1. 
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5. 1. 2 The Formation and Decomposition of Ammonium Bivanadatc (ABV) 

ABV ie the product of the first stage of the decomposition of AMV 

in both inert and oxidising atmospheres, 

> + + 

or 4AMV --,. ABV + + 

The infrared spectrum of ABV (figure 4. 10) is seen to include a 

+ -1 satellite NH band near 1440cm . 4 This satellite band has been shown 

(Section 1. 4. 4) to h ave its origin in the loss in degeneracy of the 
+ -1 

asymmetrical bending mode of the NH4 ion near 1400cm ,and can be 

interpreted 
+ 

of the NH4 

as indicating a disordered, non-degenerate structure in terms 

ion arrangement. This interpretation of the presence of the 

satellite band will be used throughout the discussion and the use of the 

term "dieordered" when referring to the s tructur e of any of the 

intermediatee will mean that the structure is disordered with respect 

to the NH! ion arrangement. 

The satellite band is only detected in the infrared spect rum near 

the end of the fi r st stage in ine rt 0 r in oxidi sing a tmo sphe re s, when 

0( > O. 75. Further decomposition of the bivanadate (ABV) in inert 

or in oxidising atmospheres fir st leads to the formation of ammonium 

hexavanadate, AHV (see below). When ABV is decomposed in vacuum, 

h owever, a single stage at about 180°C occUrs with the formation of a 

form of V 2 0 5 which is shown to be hi ghly defective, by the broadne ss 

of the bands in the infrared spectrum and by the absence of the strong 

° 0 
reflections at d = 4 .21 A and d = 3.15 A which arc pre sent in the 

x-ray powde r diffraction photograph of a commercial sample of V 2°5 

(Hopkins and Williams). 
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5. 1. 2. 1 The Formation of Ammonium Hexavan a date (AHV) from AB\' 

The formation of AHV from ABV forms the second stage of the 

decornpOf:ition in inert and in oxidising atmospheres, with the 

stoichiometry: 

or 3ABV ) 4AHV 

+ 

+ 

2NH 3 + 

+ 

The satellite band near l440cm -1 in the infrared spectrum cannot 

b e detected after about the halfway mark for this stage ( 0( > 0.5). The 
+ 

hexavanadate is thus not disordered in terms of the NH4 ion arrangement. 

The AHV intermediate is seen to be structurally identical to AHV prepared 

from solution (91) by their infrared spectra and x- ray powde r patterns. 

5 . 1. 3 The Formation of AHV - type Intermediates Directlv from A\IV 

AHV - type intermediates are formed at the end of the first stage 

in vacuurn, 

) + + 

or + + 

and In ammonia 

3 AMV > AHV + + 

:::~ 

AHV IS shown by its infrared spectrum and x-ray powder pattern to be 

structurally different to AHV and is disordered (a s shown by the 

+ - 1 ~, 
pre se nc e of the sattelite NH4 band at 1440cm ), but AHV is 

structurally similar to ABV according to these same criteria. 

+ 
The satellite NH4 

-1 
band at about 1440cm and hence a disordered 

+ 
structure in terms of the NH4 ion arrangelnent is not detected during 

the decomposition in ammonia if, for a sample of about 12 mg, the partial 
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pressure of ammonia in the atmosphere surrounding the sample exceeds 

about 300 mmHg. This is clearly ssen fro m figur e 4. 19. This 

formation of AHV wi thout the p rio r formation of a disordered struct.ure 

h as a l so been reported (78) to oc cu r du r ing the decomposition of AMV 

in nit rogen and in air when large sample s ( > 200 mg), a rapid h eating 

r a te and a s low fl ow of carrier gas are used during the the rmogravime tric 

a n alysi s . 

5 . 1. 4 The Further Decompo s ition of the Two Type s of Inte rmedi a te, 

AHV'~ and AHV 

~~ 

The furthe r de composition of the two typ es of intermediate, AHV 

and AHV, takeR place in consider a bly differ e nt s tages reflecting their 

different ctructures . When the decompo s iti on of AHV 
::' 

i s continued in 

air, two st ages are detected: at about 2200 C, decomposition to a to'tal 

mass loss of 19. 60/0 o ccur s and the fina l s t age to V 2 0 5 takes place 

o at about 300 C. AHV, howeve r, decomposes in a single s ta ge in air 

to form V 2 0 5 (see b eloW). If AHV* is d e compose d furth e r in ammoni a 

then three further stage s in the decomposition are found. Fi r st, an 

intermedi ate with an infrare d spect rum identical t o that of AHV is 

formed (mass los s 16.90/0 empirica l formula NH4 V 4°10.5) at about 220
0

C, 

after which the decomposition proceeds via identical inte rm edi ate s to 

thos e for med a t the ends of the second and third stages in ammonia 

(see below). It thu s appears that under sufficient ammonia pressure an 

ordering proces s can occur. 

1.: 
When the decompo sition of AHV is continued in vacuum, two 

stages a r e detected: at l3 5 -l60
0

C deco m p os ition to a to tal mass lo ss 

of 16.9 - 17.2 0/0 occur s, with the f o rmation of the disordered intermediat e 
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Further decomposition in the range l65-Z00
o

C leads to 

the formation of a highly defective form of V Z 05 (as seen from the 

infrared epectrum and x-ray powder pattern). The x-ray powder 

photographe of the products o f the first and second stages in vaCuum 

(AHV':' and NH4 V 4°10.5) are very similar (figure 4. 1), and this, 

together with the constancy of the V -0 bands in the infrared spectra 

figure 4 . Z, suggests that the changes during decomposition in vacuum 

are occurring within a basically unaltered V -0 framework. 

5. 1. 5 The Formati on of V Z05 from AHV 

Further decomposition of AHV, in a ny of the atmospheres studied, 

leads directly to V Z05. The relative defectivene ss of the final produc t 

i s dependent upon the conditions of the surrounding atmosphere used 

during its formation. This will be discussed further below. 

+ + 

o r + + 

In addition to forming the third stage in inert and in oxidi sin g 

atmospheres, this reaction may also be studied by decomposing AHV 

in v aCuum although it is not f o rmed in the vaCuum de compo si tion of A~v!V . 

It may also be studied directly in the single stage of the decomposition 

of the AHV material prepared from solution. The AHV':' inte rmediate 

formed as the product of the first stage in vacuum, however, decomposes 

further) in vacuum and in atmosphere~ of air and argon , in two ptages . 

The relative defectiveness of the final V Z05 product as shown by 

the x-ray powder diffraction patterns and infrared spectra is very dependent 

on the conditions of a tmo sphe re that surrounded the AHV starting 
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material during the d ecompo sition (see section 4.1 ). The V Z 05 formed 

in a ir (V Z0 5 AIR) is the least defective, and the V
Z

0
5 

formed under 

condition s of hard vaCuu m (V Z0 5 ) i s the most defective, while the 
VAC 

V Z0 5 formed in inert atmospheres (V Z0 5 ) i s intermediate b etween 
INERT 

the two in i t s degree of defectiveness . 

TheFe d ifferences in the final products formed are clearly shown 

by the relative structural ch anges which occu r on annealing in vacuum 

or in ai r. 

Ii) 
V ° Z 5

VAC 
When V Z0 5 

VAC 

o 
1S annealed in air at 360 C for two 

h o ur s the defectiveness is removed, alth ough no mass lo ss 

occurs; the infrared spectrum and x-ray powder pattern of t h e 

annealed sampl e are ide ntic al to those of V ° 
Z 5 AIR 

When V Z0 5 is annealed in vaCuum at 5500 C for 30 minutes 
VAC 

then x-ray powder pattern and infrared spectrum are again c h anged, 

also with no mass l oss (fi gures 4 . 5 and 4 . 6 r espectively). The 

changes are most n oticeable in the infrared spectrum of the VaCuum 

-1 . (l 00 ) annealed V Z0 5 whe re the band at 8Z5cm ,ass1gned to 
VAC 

the .tretching modes of the longer V-O bonds in the V-O-V net 

plane in the standa r d spect ru m of V Z0 5, has been repl aced by a 

l arge number of bands. Thi. implies that the structural changes 

occurring during the annealing of V Z05 in vacuum are likely 
VAC 

t o involve the fracture of at least some of the V -0- V cros s-

li nkages which occur in V Z0 5 ' If this material is now further 

anneal ed in either i ne rt or oxidising atmospheres at 5500 
C then 

the defectiveness i s e n tirely r emoved and t he infrared spectrum 

and x-ray powder diffraction pattern are again identic a l to those 
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(ii) V
Z

0
5 

Annealing V Z0 5 in air at 360
0

C or in 
INER T INERT 

(iii) 

-v-a-c-u-u"'m"'-"',;t"--5500 C results merely in removing the defectiveness 

of the f'tructure with no accompanying Inass loss and without the 

appearance of the large number of bands found in (i) above. 

Annealing V Z 05 in air or vacuum at high 
AIR 

V ° Z 5 AIR 
temperatures h as no effect on either the infrared spectrum or 

on the x-ray powder diffraction pattern of the sample. 

The relative defectiveness of the V Z0 5 samples formed in vaCuum 

and in inert or oxidising atmospheres i s also shown by the electron 

micrographs of the samples (Plates Z and 3, Section 4. 4). The 

tendecny to crumble and the degree of disruption of the material 

is seen to be greatest for the VZ0 5 
VAC 

The brittlene s s and de gre e of di s ruption 

between the se two. 

andleastforV Z0 5 . 
AIR 

of V ° lies 
Z 5INERT 

5. 1. 6 The Further Stages of the Decomposition of AHV in Ammonia 

Further decompo s ition in ammonia of the AHV intermediate 

involves partial reduction of the sample and formation of V()Z as the 

product at the end of the third stage. AHV thus decomposes in 

ammonia in the temperature range Z80 - 300
0

C to form NH4 V 6015 

(total mass loss 19.9 % ). The third stage of the decompo siti on to 

VOZ (total mass loss Z8. 4-Z8 . 6%) occurs in the temperature range 

340 - 360
0

C. That partial reduction of the sample has occurred during 

the second and third s tage s of the decomposition in ammonia is clear 

since complete recombination of th e products formed at the e nds of 

these f'tages with Ammonia and water, to reform AMV , is no longer 

possible. 
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5. 1. 7 AHV - The Highest Point of Structural Order Reached During 

the Decompo s ition 

The p o in t in the decomposition at which AHV is formed is clearly 

shown by the re sults in secti o n 4. 3 to be the point of maximum s tructu r a l 
+ 

order (r elative t o the N H4 ion) reached in the decomposition of Al\IV 

Once decompo s ition ha s proceeded beyond this point, 

such a degree of order cannot be re gained during a second decomposition, 

after recombination with ammonia and water v apour . 

AHV i s, however, never isolated during the de co mpostion in vacuum. 

It is thus found ( section 4. 3. l), on recombining V 205 with 
VAC 

ammonia and water vapour and decompo sing the "recombined" AMV so 

formed in v a Cuum once more , that the intermediate, i,olated during 

thi , second decompo sition are identical to tho se formed during the 

first decomposition. 

5. 2 The Kinetics a nd Me chanism of the Decomposition Reaction 

The r esults of the kinetic studies have been reported in sections 

according t o the nature of the surrounding atmosphere. In discus sing 

the signifi Cance of the s e re sult s, howeve 1', valid detailed compari sons 

of kinetic behaviour ' Can only b e made for re a ctions invo lving similar 

reactant s and products. Some general trends are , however, apparent. 

The inhibiting effe ct of a gaseous atmo s phere on the decomposition, 

which has been shown to be endothermic and reversibl e , is evident from 

the fact that decomposition in vacuum, wher e gaseous products are 

continuo uc ly removed, comm enCe, at a measurable rate ,ome 50
0

C below 

the tem;:>e r a ture required for the decomposition in the various gases . 
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The shape of the isothermal 
. .. 

01 -tlmocurves IS also altered from 

"Type I" for all stages in vacuum, to "Type II" for all stages in 

gaseous atmospheres (except for the third stage o f the decomposition 

in ')xidieing atmospheres, for which the curves are "Type III"). 

The contr acting sphe re equati on (e quation 4. 1), which applie s ove l' 

the complete "Type I" curve and over the deceleratory region of the 

" Type II" and" Type III" curve s , 
. (26) 
IS based on the model of a narrow 

s i ze-range of approximately spherical (or cubic) particles which 

decompo se by initial rapid cove rage of the surface with product , f ollowed 

by progression of the reactant product interface inwards at constant 

rate towards the centre of t he particle. With continuous rapid removal 

of gase'ous products it appears that this model is closely obeyed as the 

movement of the reactant/inte rmediate I interface is followed by a 

similar process for the intermediate I/intermedi ate II interface and 

so on, with little overlap of the stages . The surface area acce ssible 

t o krypton increase s dramatically during decompo sition in VaCuum from 

2-1 * 2-1 2 -1 the original AMV (0. 36m g ) to AHV (l8.6 m g ) to V 2 0
S 

(26m g ) 

showing that there will be little r esistance to removal of the gaseous 

products through the solid products infrared and x-ray data confirm the 

disordered nature of these intermediates. 

When the removal of gaseous products is impeded by the pre sence 

of a surrou nding atmosphere the decomposition follo ws a different course, 

v ia more structurally - ordered solid intermediates. The "Type II" 

()( -time curves obtained for all stages in gaseous atmospheres, except 

the third stage of the decomposition in oxidising atmospheres, comprises 

an initial approximat ely linear region and a deceleratory or decay region. 

The extent of the linear region depends on the conditions of surrounding 

atmosphere under which the decomposition is performed, being greater 

the higher the pressure of NH3 surrounding the sample. 
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Two interpretation s of this linear region are possible. O 
(125). 

ne lS 

that it has its origin in initial decomposition along dislocation lines into 

the crystallite s. The other i s that it has its origin in the effect of the 

order ing o'r re-crystalli sation process on the rate of evolution of the 

gaseou8 products . The latter explanation is not acceptable in the light 

of the present results since this would require an ordering or re-

crystalli sation process to occur during each stage of the decomposition, 

unde r all except hard vacuum conditions. Since this would be an 

exothermic process it would be entirely different to the d ecomposition 

process, which is endothermic, and the activation energy for this process 

would not be expected to be the same as the activation energy for the 

decay region of the Type II curves which is what is observed. It would 

also modify the values of the enthalpies of reaction for the various 

stages of the decompo sition and it will be shown in section 5.2 . 2 . 3 that this 

modification only definitely occur s during the third stage of the decomposi-

tion in inert or oxidisin g atmospheres. 

It will be shown in section 5.2.1, however, that an adaptation of 

the former explanation (decomposition along dislocation lines) is 

consistent with the experimental observations. 

The activation energies for the various regions of each of the stages 

in each of the atmosphere s studied have been obtained from the temperature 

dependence of the relevant rate constants. It is noticeable that, for 

any particular stage with a "Type II" curve, the activation energies 

calculated from the temperature variation of the rate constants of the 

k" 
linear (k') and the contrasting sphere (k=_ ) regions are the same , 

a 
within experimental error . 

Self-cooling is often a problem in studying the kinetics of endothermic 

decompo sitions , but the small samples used (12mg) and the resulting 



115 

reasonable linearity of the Arrhenius plots obtained show that any 8el£-

cooling effect is not marked. 

Theenthalpies of reaction h ave been determined for each of the 

stage s of the de compo sition in ine rt and in oxidi sing atmo sphere s, by 

differ ential enthalpic analysis. Thi s inve stigation has pe rmitted the 

calculation of the enthalpies of forn1ation of the intermediates formed 

du ring the d e compo 8ition in ine rt and in oxidi sing atmo sphe re s. 

5. 2. 1 The Mechanism of the First Stage of the Decomposition, from 

the Kinetic Point of View 

The mechanism of only the first stage of the decomposition under 

the various conditions of surrounding atmosphere 

i. e. vacuum 

oxidi s ing or inert atmospheres AMV ---'> ABV 

ammonia AMV --;> AHV 

will be discussed below, since it is only for the first stage of the 

decomposition that a common starting-point occurs, in that the sampl.e 

material is identical in all atmospheres at the com111ence111ent of the 

stage. 

It Can be seen fro111 the electron microscopic investigation ( section 

4.4) that even at the end of the third stage of the decomposition the 

external shape of the crystallites has been 111aintained, although the 

surface area has increased by a factor of at least ten (section 4 .1. 5. 6). 

This i111plies that there must be pores and/or channels into the ll1aterial 

created during the de C0111pO sition reaction. It must be noted that the 
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increaf:e In surface area is greateEt during the decomposition in vacuum. 

It can be seen from Table 4. 11 that the apparent activation ener gies 

for both the linear and deceleratory regions of the Type II Curves are 

always equal , although the rate constant k' for the linear region is always 

k" greater than k (=-), the rate constant for the deceleratory region, for 
a 

anyone curve. It is also seen that the apparent activation energies for 

the first stage of the decomposition in vacuum (30.8 kcal mol- I), 
kc..J =1 -' 1 1 

N2 (30. 9
/
/- N 2+ H 2 0 (32.1 kcal mol- ) Ar (31. 8 kcal mol- ) and 

NH3 (33 kcalmol- l ), are identical within the limits of experimental 

error. The activation energy for the first stage of the decomposition 

is much greater in air (53 .4 kcal mol- I). When the re moval of evolved 

product gases is facilitated, and the atmosphere is dried, the activation 
atMo;,".U'~. _ 1 - 1 

energy in oxidisingAis lowered (Air 42 .0 kcal mol ,°2 41. 8 kcal ITlol ) 

but it is s till greater than E,j. . (where E,jo represents the activation 
ammonIa 

energy). 

The se results suggest that the rate deterITlining step is the same 

for the first stage of the decomposition in vaCUUITl, inert atmospheres 

and ammonia but is different for the decomposition in oxidising atmospheres . 

The existence of an initial linear region in the OI./time curve for 

the d . . f l'd h . 1 b l' d(l25) b' ecomposltlon 0 so 1 s as preVIOUS y een exp alne as elng 

cau sed by initial decomposition along dislocation line s (of which there 

must be many in a microcrystalline powde r, such as the sample material 

used during the present investigation), which must result either in the 

production of pores and channels into the crystallite s or in the fracture 

of the crystallites. It was found in the present investigation that during 

the decomposition in vacuum (where the evolution of the product gases 

is not hindered, and NH3 and H
2

0 are evolved simultaneou o ly(84) in 

the molecular ratio 2: I), the linear region was absent altogether, while 



117 

during the decomposition in AI'. N2 and N 2+ H 2 0 it extended to 

cI. = O. 50 +" o. 10. During the decomposition in ammonia, however, 

the linear region extended right to co( = 0.75 + O. 10. From thi s it 

i s clear that it is the hinderance of the evolution of NH3 which influences 

the extent of the linear region and not the hinderance of the evolution 

of H 2 0. which i " consistent with the information from E ": 

The ro.te controlling process is probably the same for both the 

linear and the contracting sphere r egions since the activation energy 

is the same for both regions. The frequency. A. in the Arrhenius 

equation will however. be different for each of the regions and from the 

value s of the rel ative first-order rate constants for the linear and 

contracting ephere regions i t is seen that the fre quency factor is always 

greater for the linear re gion (see Table 5. 1 below). 

The rate determining step for both the linear and contracting 

, sphere regions of the decomposition in non-oxidising atmospheres is 

thus the evolution of ammonia. 

The mechanism of the first stage of the decomposition in non-

oxidising atmospheres . from the kinetic viewpoint. is expected to be 

as follows. Initial decompo"ition on the surface of the crystallites 

and along dis location lines creates pores into the material. with the 

diffusion of NH3 and H 2 0 to the internal surfaces of these pores. Once 

the pressure of NH3 in these pores and channels has risen to such a 

point that decomposition via the formation of further pores is no longer 

more rapid than evolution of the product gase s from the external 

surface of the crystallite s(during the decomposition in ammonia or inert 

atmosphere,, } or when the material is so porou s that there is no difference 

between the evolution of the product gase s vi a the se pore" and the 
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evolution across the product layer formed on the external su rface 

of the crystallites (the d ecomposition in vacuum) then the product -

reactant interface advances inwards into the relnaining undecomposed 

material of the particles, and the contracting sphere equation applies. 

The reason for having differing explanations for the terminat ion of the 

linear region of the kinet.ic curve in inert atmospheres or in ammonia, 

and in vacuum is that the surface area increases most during the 

decomposition in vacuum and the linear region, if present at all, is 

found only for 0(,(0.10 . The crystallite s thus break up at the beginning 

of the decompositon reaction in vacuum, since the removal of the 

evolved gases from the region around the sample is rapid. This 

disruption of the sample material at the beginning of the decomposition 

(84) 
h as also been observed by Deschanvres and Nouet in their study of 

the decompo s ition of lar ger crystals in vacuum. 

The same general mechanism applies to the decomposition in 

oxidising atmospheres as that discussed above for non - vacuum conditions 

since the rY. / time curve s are again Type II curve s and the inte rmediate s 

formed at the end of the first stage of the decomposition in oxidis in g and 

in inert atmospheres is the same i. e. ABV . The rate determining 

process must, however, be different since the activation energy for the 

first stage of the decomposition in oxidising atmospheres (5 3.4 kcalmol- l ) 

is much greater than that for the decomposition in non-oxidising atmospheres 

(maximum value of 33 kcal mol-I). When the removal of the evolved 

product gases is facilitated and the atmosphere surrounding the sample 

(air or oxygen) is dried then the activation energy is lowered (42 kcal mol -I) 

from its high value, but is still higher than when NH3 evolution is rate-

determining. The values for A, the frequency factor, are also much 

greater for the first stage of the decomposition in pre-dried oxidi sing 
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atmo sphc r c e Z 1 -1) 
~ 10 sec than for the decomposition in non-oxidising 

atrno !==ph e re ~ while the frequency factor is greate st for 

the de con,po oi tion in u ndried 26 -1) air ( ~ 10 s e c . This suggests that 

the evolutio n of HZO is the rate determining process in oxidising 

atmo ephe re s. The value of 4Z kcal mol- l obtained for the activation 

energy for the fir e t stage of the d e compo sition in dry oxidising atmo spheres 

is thus the activation energy for the evolution of HZO via the pores and 

cracks created during the linear region , and across the product layer 

formed on the external and internal surfaces for th e contracting sphere 

region. 

The ability of the oxygen atoms in the V Z05 lattice to exchange with 

d 'h . 11k (1 Z6) d' gaseou~ oxyge n an Wit \vater is 'lle nOVJIl an is re sponsible 

for the catalytic activity of V Z0 5 in o x idation. It must be an interaction 

of this type which is preventing the escape of the ammonia and which 

thus force s the rate determining proce ss to change from the evolution of 

NH3 to the evolution of HZ 0 . 

In general, the strong interaction between the solid decomposition 

product and atmospher ic oxygen could 

(i) hinder the removal of gaseous products 

or (ii) facilitate the cry s tallisation or ordering process 

resulting in a more stable product, which in turn has 

a higher activation energy for its further decomposition 

or (iii) alte I' the nature of the activated complex involved i n the 

decomposition stage (see later ). 

The activation energy for the evolution of HZO might be expected 

to be higher than the activation energy for the evolution of NH 3, since 

the format ion of H 20 requires the fracture of strong V-O bonds whereas 

the generation of NH3 merely requires the fracture of hydr ogen bonds. 
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5. Z. Z The Thermodvn amic, of the De co,,;pos iton 

5. Z. Z. 1 The F irst Stage of the D ec ompo s iton 

The decomposition is assumed to be a homoge neous, unilnoleculal' 

proces s . I · h l'd t 1 f 11 ' l' h' (jZ7) tIS t us va 1 0 u s e t 1e 0 oWIng re atlOns IpS 

~ 

k' e kT 
fJS/R -E 

exp/ R T = e e 
h 5. 1 

-E / 
k' = A 

exp RT 
5. Z 

-1 (where k'i s the rate constant in sec for the decomposition at temperature 

T) to calculate values for the e ntropy of activation ( 6S*) and the 

frequen cy factor ., (A ) using the experimentally determined activation 

energie s . Values of A and 65*for the first stage of the decompositon 

are given in Table 5. 1. 

TABLE 5. 1 , 

Value, o f the Freguency Factor and EntroDv of Activation for the Fir,t 
Stage of the Dccompo ,ition unde l' the Variou s Conditon, of Atmo s phe r e 

Atmosphere . -1 
A/ sec 6'S"/cal K- 1mol- 1 

linea r region contracting sphere contracting s pher e 
re Qion region 

VacuUln - 44 . 7 x 10
15 

15.8 

Ar Z.i.5 x 10 15 13. 7 x 10
15 

13.5 

N Z 
10.9 x 10

15 6. 7 x 10 15 1Z. 0 

N Z + HZO 14.9 x 10
15 10. Z x 10

15 
1Z.9 

NH3 8. Z x 10
15 

1. 1 x 10
15 8. 5 

Oz 1. 3 x 1 OZ 1 LOx 10 Z1 35. 6 

Ai r L8x 10Z1 1.Z x 10
Z1 

36. 1 

undried Air lZ.4 x 10
Z5 6.8 x 10

Z5 
57.7 
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If the first stage of the decompositon in v acuum, N 2 , N2 ;- H 20, 

Ar, and NH 3 , fo r which it ha s bee n shown that the mechanism and rate 

determining step are ident ical in each atmosphere, a r e con sidered then 

it i s n o tice a bl e that the 6S"values decrea s e in the order 

VacuUln 

If the rela tive order of the intermediates formed at the end of the 

fir s t stage of the decomposition with re spect to the ammonium ion 

arran ge ment (from infrared s pectra) isnow considered it i s seen that 

the relative order increa s es. 

VacuUln 

The se trends are as wo uld be expected from the hypothe s i s drawn 

in Section 5. 2. I that the rate deter m ining s tep for the fir s t stage of 

the decomposition in the se atmo s pheres is the evolution of ammonia. 

5. 2 . 2. 2 The Formation of V2 0 5 from AHV 

It has be e n found that AHV, in addition to being one of the inter -

mediates formed during the decomposition in both inert and oxidising 

atmo spheres, can be prepared from solution (91). The decompositon 

of AHV IN ER T' AHV AIR and AHV SOLN' each in vacuum, argon and air 

were thus inve s ti gated. 

The activation ener gie s and h ence the frequency factors a nd entropies 

of a ctiva tion we r e calculated in each case, as b efore, for the contracting 

sphere re gion of the curves . Th e values of these parameters are given 

in Table 5.2 . 
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TABLE 5.2 Activation energies, frequency facto).- s and e ntropies of 

activation for th e decomposition of e ach of the AHV's in 

each of the atmospheres 

• E"# - I! Sample Atmosphere A / sec- l t:, S" / caIK- lmol - l \ / kcalmol 

AHV
SOLN 

Vacuurn 28.6 5. 3 x 109 -15.9 

Argon 45.4 5. 2 x 1015 11. 4 

Air 34. 6 1.7 x 10 11 

I 
- 9. 0 

AHV AIR Vacuum 28.2 1.9 x 10 10 -13.4 i 
I 

Argon 36. 5 5. 1 x lOll 
I - 6. 9 

1.8 x 10 13 . 
Air 34. 2 i o. 2 

, 

AHVINERT Vacuum 15.6 6. 2 x 104 
-38 

Argon 28.6 9. 8 x lOll -5.5 

Air 22.0 1.7 x lOll -9.0 

In the first in s tance, only the d e composition of the AHV's in argon 

a nd in vacuum will be considered since it h as been seen from the electron 

microscopy investigation (Plate 3 Section 4.4) and from the shape of 

the kinetic curves that the decompostion in air involves some strong 

interacti o n between .the oxygen in the air and the surface of the material. 

(126) . 
It ha s been shown by other workers th at V 2 0 5 r eadily exchanges 

it s oxy gen atom~ with those in the s urrounding atmos phere at these 

temperatureo (280-300 0 C) and i t must be thi s interaction which alter s 

t he decomposition process in air. The decomposition process in vaCuum 

and argon are, h owever, assumed to be the same, with the evolution 

of the product gase s being hindered in argon and not in vacuum. 
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The rel"tive values of the activation energies for the decomposition 

of the AHV'" in argon, vacuum and ai r are illu st rated in figure 5. I. 

The following expla nation is an attempt to rationalise theee values 

and their relation~hip to one another, but it must be borne in mind that 

other explanations are po ss ible and, without more d ata , a definitive 

mechanism for th e decomposition of AHV and a positive explanation of 

these values is not po ss ible. 

The AHV and AHV AIR may be considered to have had the same 

oxidising pretreatment, i. e. previous interac tion of the surface with 

the solution in the one case and with the air in the other Case. The 

AHV INER T' on the othe r hand, has unde rgone no such inte raction in 

its formation. If this pretreatment and consequently the state of the 

surface of the material has a strong influe nce on the decomposition 

process in vaCuum then it would explain why the activation energies 

for the decomposition of AHV SOLN and AHV AIR in vacuum are similar 

and greater than the activation energy for the decomposition of AHV
INER 

T 

in vacuum. 

The decomposition in argon, on the other ha"d , must depend more 
, 

on the relative physical nature of the AHV s than on the pretreatment 

since, in this case , the activation ene rgy for the decomposition of 

AHV
SOLN 

(surface area = 1. 30 m 2 g- l ) is greater than the activation 

energy for th e decomposition of AHV AIR (Surface area = 3.82 m
2

g- l ). 

Thi s depende nce mu st be linked to the fact th a t the evolution of th e produc t 

gase s du r ing the decompo sition is hinde red in argon and not at all 

hindered during the decomposition in vacuum. 

It is seen from T able 5.2 that the relative value s of the entropie s 

of activatio n f o r each of the AHV's are less for the decomposition in 



Figure 5. 1 Activation ene r gi es of the decomposition of t h e AI-IV 
in te r nlcdiates i n argon, vacuu m and ai r 
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vacuum than for the deconlposition in argon. It hae been assumed above 

that the decompoeition processes in argon and in VaCuum are essentially 

the ~ame. Howeve r, the trend in the " 65 values suggcste that the 

activation process is different, viz., that the activation process in 

vacuum i~ a concerted process and so s l o\ve r that the activation process 

in argon. 

The decompoeition of each of the AHV ' s in au ha s been 5ho\,,''11 , by 

the shape of the kinetic curves (Typ e III) and the electron micrographs 

(Plate 3 Section 4.4), to proceed throu gh an entirely different process 

to the decomposition in either argon or vacuum. It is thus not po s s i ble 

to compare the activation energy or entropy of activation valves for 

the decomposition i n air with those for the decomposition in either argon 

or vacuum. It is seen from Table 5. 2 , however , that the activation 

energie e for the decomposition of AHV SOLN and AHV AIR are equivalent 

(within the limits of experimental error ) and are greater than the 

activation ene rgy for the decomposition of AHV ARGOl\: in air . It will 

be assumed that the above explanation fo r th e relative values of the 

'activation ene rgy for the decomposition of the various AHV ' s in VaCuum 

and in argon is a l so true for the decompo s ition in air. It is clear on 

the basi s of thie assumption that the rate determining process for the 

decompoeition of the v ar ious AHV's in air is also dependent on the 

oxidising pretreatment or lack of it that the AHV's have undergone. 

5. 2. 2. 3 The Application of Abeolute Reactioll Rate Theory to the 

Decompo sition of AMV in inert atmosphere s 

Some of the difficulties encountered in the application of absolute 
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reaction rate theory (ARRT) to reactions i n solids have been discussed 

(128) 
by Shannon. A basic as !'umption of ARRT is that the whole reaction 

consists of the repetition of a fundamental unit step wherein a small 

nurnber of atomE or molecules fo "rm a ne\V configurat i on via an 

intermedi?te of hi gher energy than the initial or final states. There i s 

a critical configuration which must be attained if the final state is to 

be reached and the energy required to form this configu ration is supplied 

by a local fluctuation in the thermal energy of the assembly. In solids 

the energy increase should be tre a ted as a temporary lo cal concentration 

of phonons, caused by interference of wave packets , and the the o ry 

require s that the li fetime of the transition state s h ould be long in 

comparison with the time of thermal relaxation in the lattice. It 1 S 

doubtful if this is so. Th e reactants thus nece s sarily inte ract with 

all the other atoms, molecules or ions present in forming the activation 

complex and the approximation involved is thus that of treating a many -

body problem as a s ingle - body problem. Such treatments have , however, 

proved fair ly succesdul. 

The experimental activation energy for a decomposition stage then 

may b e assumed t o refer to a "mole" of activated complex for that 

particular stage . The enthalpies of reaction , however, determined 

from DEA (Section 4. 1. 10) and related by infrared data to particular 

stages, are measur ed with respect to the sampl e mass and thus have to 

be suitably scaled for inclusion on a potential energy diagram. 

i. e . E t represent8 an activa tion ene rgy in kcal/mol of 

activated complex 

and 

DH represents an enthalpy cha~ge in kcal/mol o f startinQ' 

material 

= n, the number of moles of starting material needed 

for the formation of 1 mole of activated complex, where n 



126 

i~ some integer such that n .6. H does not exceed Et 

and will be assumed to be the largest such integer. 

It i~ convenient in this section to write the formula for the starting 

material (AMV) in the form (j',H4 )Z 0. VZOS eince empha~is will be 

placed on th e concept of "(NH4 )Z ° units" (i. e. ZNH3 + HZO ) and 

"VZOS unit s" (note th at (KH4 )ZO VZOS = ZNH4 V0
3 

= ' ZA:-'·1V). 

For the first sta ge of the decomposition in inert atmospheres. L,H 

6 / 
oF-l 

i~ Z kcal mol (NH
4

)Z OV ZOS and E i~ 3Z kcal mol The value 

of the integer n i. thus one and the formula of the activated complex is 

6H for the .econd stage of t he decomposition. although variable. 

i s approximately half th at of the first stage (say lZ kcal/rr.oJ(NH4 )Z 0\'Z03) 

while the activation energy E + for the second stage (Z6 kcal mol -I ) i s 

only slightly less than for the fir s t stage. The valu e of n is thus two and 

two moles of sta rting material (Z( NH4 )Z ° VZOS) are needed for the 

formation of the activated complex. It i s known from the discussion of 

the stoichi~etry of the reaction that NH3 and HZ ° are evolved in the 

r at io of Z: 1 in every stage of the reac tion i. e . there is a gradual 

reduction in the ratio of "(NH4 )Z 0" to V ZOS units from the original 1: 1 

ratio in A:-'lV to pure V Z OS ' It is thus n o t unreasonable to assume that 

the activated complex for each stage will contain one "( NH 4 )Z ° unit" 

and this will, in any event represent the empirical composition of the 

activated complex. The formula for the activated complex for the 

second stage of the decompo.ition is thus taken to be (NH4 )Z 0 . ZV ZOS 

(or ABV). 

. The L H value for the third stage of the decomposition is very small 

( ~ Z. 0 kcal/mol (NH4 )Z 0 . V ZOS )' while E'" remains at approximately 

at the same level as befo re o The low 6. H value for the third stage of 
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the decolnpo "ition is propos ed to be the resulta nt of concurrent exothGrmic 

and endothermic p ro ce sses , the exotherm (s) possibly arisin g from some 

form of recrystalli sation. It would thus not b e valid to calculate n f rom 

thi s value of f::, H. The values of [;,. H of 16-18 kcal/mol (NH4 )2 ° '1 2°5 

and the activation energy (45 kcal mol -I) obtained for the decompo sition 

of AHV SOLN in inert atmospheres have thu s been used to calculate the 

formula of the activated complex for the third stage. It i s seen tha t 

n = 3 and, if the activated co m plex is again as sumed to contain one 

" (NH4 )2 ° unit", then the formula of the activated comple x is (N H 4 )2 

The enthalpy change accompanying the decompositi on reaction in 

inert atmospheres is thus approximately 8 kcal/mol (NH4)20 and the total 

energy barrier to be surmounted i s of the order of 40-50 kcal. The 

reaction scheme for the formation of one mole of V 2 0
5 

i s thus 

where the supe rscrip t indicates the activated complex. In orde r to 

illu s trate thi" reaction scheme by means of a potential energy dia gr am, 

the experinlental values of both the activation energy and the enthalpy 

of reaction mus t be ad ju sted to refer to one mole of V 2 0 5 . The 

potential energy curve for the formation of are mole of V 20S by the 

decomposition of AMV in inert atmospheres is given below. 
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Number of mole s of NH3 evolved 

5. 2. 3 The Mechanism of the Decompositi on from the Molecular Point 

of View 

The first stage of the thermal decomposition of AMV is ammonia, 

+ + 5. 3 

has b een chosen fro m the present work to examine in detail in respect 

of the atomic movements since it is a reversible process, without complete 

disruption of the structure. The possibility of this analysis hin ges on 

the fact that the crystal structures of both reactant and product materials , 

is known. 
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L egen d fo r Figure 5. 2 

Fi gure 5.2 is an illustration of t he cry stal structu re of A,,1V 
viewed in the direction 
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V atoms in the rear chain 
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Fign r p 5.3 1 s an illu s tl'atioll o f HI(; crYfJtal structure of AJ-I\' 

vi(~ wed in tLe n. dir eciioll 

o V atoms 

o Forward 0 atoms 

O Rear 0 atoms 

o Forwa rd N atoms 

... .. 
Rear N atoms ...... 
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The cryetal structures of AMV and AHV are illustrated in Figures 

5.2 and 5.3 respectively . These structures have already been discussed 

in some detail in section 1. 4. 2 and it \.nll suffice here merely to 

delineate the major feature s of each structure. 

(il AMV, Figure 5.2, consiste of zig-zag chains of tetrahedra of 

oxygen about vanadium, linked by their corner. and stretching in 

o = oxygen atoms 

It ie seen from Figure 5 .2 that the apices of the tetrahedra in any 

one chain point in the same direction and that the apice s of the 

t etrahedra in neighbouring chains in the' 6' direction are pointing 

in di rections opposite to one another, 

(ii) AHV , Figure 5.3, consists of square pyramids of oxygen about 

vanadium joined by corners and edges to form sheets stretching 

in the'b' and'c'directions; (OAly the b"s;c outl'Ae of th .. sheds " 5'''''' ) 
N N 

.~( 
/ ) / 

) \ 

'\ 
,.j N N 

N N 

"L~ 
"\ 

/ N N 
By conside ring the stoichiometry of the reaction 5. 3 it is seen that 

the tetrahedral chains of the AMV must break into units comprising 

three vanadium and eight oxygen atom s each, as shown in Figure 5.4. 



Fi "\l re 5.4. is an il1ust r al ion of ho '."! the t e trahedral chains 
" 

of A!,lV brea1:: up du.rin,:; the d{ · curnpo!.:)ition in tunrnonia 

o V at0111 S 111 the fo rVla rtl chain 

o V atorns in the rear chain 

o 0 atoms in the forward chain 

o 0 atom s in the rear chain 

o N atoms in front of the forward V -0 chain 

o N atoms behind the forward V-O chain 

o N atoms in front of the rear V -0 chain 

1 ~._~) I.\..."" .... , ....... ,. v- n rh ;.);n 
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This fracture of the chains is accompanied by the evolution of two moles 

of ammonia and one of water for every three moles of AlvIV. On this 

basis , a detailed mechanism is proposed. The relative po s itions at 

which the neighbouring chains are chosed to break is arbitrary and the 

pOcitionc for fracture shown in Figure 5.4 were chosen simply to 

facilitate the rearrangement to form AHV, with the minimum amount 

of atomic movement . For this to occur, the fracture of the chains 

must be acsumed to be a co-operative process. It is felt that thi s 

assumption is reasonable since it would be energetically favourable , 
for the decomposition and subsequent rearrangement to involve the 

leapt possible aton.,ic movement consistent with the change in structure . 

Each of these V 308 units rotates (about an imaginary axis joining 

the two terminal vanadium atoms (VII) ) in the opposite direction to 

that in which the apice s of the tetrahedra point through either 1350 or 

450 alternately. This rotation is followed by a contraction in the 'a' and 

'b'directionc resulting in the orientation of these units shown in Figure 5.5 . 

The orientation is followed by the cro s s linking of the se units to 

form AHV. 

ABV is formed during the first stage of the decomposition in 

oxidising o r inert atmospheres according to the r eac tion. 

5.4 

4AMV ABV + 

i. e. the evolution of two moles of ammonia and one of water for every 

four moles of AMV . 

The detailed crystal structure of ABV has not, to the author's 

knowledge, been determined but it is seen from the infrared spec trum 

of the materia l that the arrangement of the surroundings about the 
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NH~ ion mu~t be asymmet ric a l in order to res ult in the l oss of 

de ge neracy of the asymmetrical bending mode of the NH~ 10n at about 

-1 
1400 cm . It is also known from the present work that the intermediate 

form ed at the end of the first stage of the decompo sition in vacuum 

(AHV" l, although h aving the same empi ri cal formula a s AHV , is 

structurally 'imilar to ABV. Since further d e co mposition of ABV in 

ine rt or oxidising atmospheres results in the formation of AHV, 

3(NH )2V4011--NH4V30S + 2NH3 + 5. 5 

3ABV ) 4AHV + 2NH3 + H2 0 

it is felt that the structure of ABV must be inte rlnediate between that of 

AMV and AHV . 

Lamure and Colin(7 S ) have found that ABV i s rela tiv ely much more 

soluble in water than C\.<e. Al\IV, AHV or V 205' T hi s sugge s t s that the 

structure of ABV is unlikely to consi st o f infinite groups of vanadium 

and oxygen atoms but rather of discrete ionic n (V
4

0
1l

)2- unit s, where 

n i s some integer . There i" a lso a strong possibility, from a conside ration 

of the "toichiometry of reaction 5.5, that n is 3 or some multiple of 3. 

It does not seem possible to predict a definite st ructure for ABV, 

merely from considerati on of the abov e facto r s , and all that i s really 

clear is that the decompositon of AMV to form ABV must be essentially 

a "bond-breakino" proce ss , while fur the r decomposi tion of ABV to form o . 

AHV lnust be e"s entially a " bond-making" process. 

5 . 3 The Kineti c" and !vlechanism of the RecOlnbination Rea ction 

In order to facilitate the discussion of the recombination reaction 
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+ -7 5. 6 

the following point~ ari sing from the re sults should be noted. 

(il 
, 

The fact that the '" -time curves for the recombination Can be 

analysed by application of the parabolic law (equation 4. 10) implies 

that the reaction is controlled by the diffusion of " ome ~pecie s into 

the V 2 05 rather than by the advancelnent of the product- reactant 

interface. 

(ii) Both ammonia and water are needed for the reaction to occur, but 

the water must be adsorbed before the ammonia can react, since it 

is seen (section 4.2.3) that dry ammonia neither reacts with nor 

is adsorbed onto V 205' 

(iii) If the otoichiometric amount of water required for the re action is 

adsorbed onto the surface of the V 205 (product of the decomposition 

in air) then this would correspond to Ca. 30 l ayers of water molecules . 

This, togethe r with the fact that more water than the s toichiometrically 

r equired amount can be adsorbed, leads to the conclusion that the 

water must be diffusing into the V
2

0
5

. 

(iv) It is seen from the results of section 4 . 2 . 4 that preadsorption of the 

stoichiometric amount of H
2

0 r equired for recombination onto the 

V
2

0
5

, followed by reaction with NH
3

, results in an initial rapid 

reaction until the amount of NH3 reacted is such that the mole ratio 

in the sample of V 2°5 : H 2 0 : NH3 is about 1 : 1 : 1 . Thi sis followed 

by a ~ 10 we l' re action until AMV is form ed. It is thus likely that the 

recon1bination reaction progresses vi a the forlnation of an "active" 

complex in which the mole ratio of V 2 0 5 : H 20: NH3 is about 1:1:1. 

This is oupported by the results of section 4.2.3 where it Was found 

that, ove l' a wide range of combined pre s sur e s, the rate con stant 

for recombination is a maxin1um for a ratio of 
PN" "3 

PH ° in the 
2 
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atnlOsphere surrounding the sample of approximately 1 

PH ° is not very low. 
2 

1, when 

(v) From Figure 4.30 it can be seen that the time required for the 

adsorption of the amount of wate r stoichiometrically required for 

reaction 5. 6 is greater than the tilne required for complete 

recombination to AMV using damp alnmonia. 

(vi) The temperature dependence of the rate s of recombination of 

sample s of V 2 05 (Figure 4.27) shows that the surface area of th e 

material and/or the re lative order of the s tructure playa major 

part in dete r minin g the rate of re com bination. 

(vii) The roughness of the surface and the tendency to crumble of the 

"recombined" AMV (Flate 4, section 4. 3) which, unlike the 

"combined" AMV , has not und ergone a definite recrystallisation 

process, suggests that when the V 2 0 5 is recombined with damp 

ammonia some strain, possibly resulting in crack!', is introduced 

into the mate rial. 

The overall n1echanism of the recombination reaction, derived by 

consideration of the above points together with the detailed results in 

Chapter 4, is that (il the adsorption and (ii) diffusion of H
2

0 into the 

V 2°
5 

followed by (iii) the formation of th e "active" complex 

V 2°5. H
2

0. NH3 are the rate determining steps of the reaction. 

If Figure 4 . 27 curve Ai s considered, it is seen that the rate constant 

for recombination passes through a maximum with increasing temperature 

and then decreases. At low temperatures and high PH ° the rate 
2 

determining step is thus (ii) above. The low activation energy of 2- 4 

- 1 kcal mol for the process at low temperatures is in keeping with this. 
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As the temperature is raised in the range l S-60
0

C the rate begins to 

be controlled by the d eso rpti on of H
2
0. T his is shown by the similarity 

of Curve E (tempe rature dependence of the rate of de sorpti on of wate l' 

from V
2

0
S

) to the last part of Curve A. 

Sinc e the sample material (V 2 05 formed in vacuum) used for the 

d e termina ti on of Curve B in Figure 4.27 has a much smalle r particle 

size and a relatively disordered st ructure, diffusion of water in the lattice 

is rapid and the d esorption of water fro n1 the material becomes the rate 

controlling factor at much lo wer temperature s than for curve A. Thus 

temperature, structural order and particle size all influence the rate 

of recombination, and variou s curves are poss ible. The influence of 

on the po si tion of the curve is shown by Curve D . The influence 

the curve is more marked. When r elatively dry ammonia 

is used for the recombination it would be expected, on the basis of the 

above mechanism, that diffusion of water would remain dominant to 

higher temperature s , although the activation energy for the process 

should remain unchanged. This is found expe rimentally (curve C ). 

Complete recombination with damp ammonia i s more rapid than is 

the adsorption of the stoichiometric amount of water required for 

recombination. Thus when damp ammonia is used for the recombination, 

the adsorption of water and the reaction with ammonia probably occur 

in close sequence and the resulting formation of a nucleus of AMV at 

an active site create 's strain, which distorts the lattice, most probably 

creating cracks or channels which facilit ate further diffusion of the 

reactant gase~ into the material. Thi s explanation doe s not imply that 

• 
the early part of the 0< -time curve should be acceleratory as there is an 

initial rapid period. 

The results of the investigation into the effect of preadsorption of 
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water onto the san1ple material on the recombination (Section 4. Z. 4) show 

that the recombination proceed, via the formation of a complex in which 

the mole ratio .of V 205 : H
2
0: :\!H3 is 1 : 1 : 1. The formation of this 

con1plex is very rapid if the watcr has been pre adsorbed, \vhile further 

reaction of this complex with ammonia is relatively slow. 

If the contour map for the r ecombination at a fixed temperature 

(Zloe) (Figure 4.29) is con sidered it is seen that it may be divided into 

two regions. In region I it i s clear that the rate con s tant is strongly 

dependent on PNH and ·virtually independent of PH 0' In region II, 
3 2 

however, the rate constant is dependent on both PNH and PH ° in some 
3 2 

complex way. It is evident, however that the averagc effect in both 

regions I and II is that the rate constant is dependent on the ratio 

The influence of the formation of the 1 1 : 1 complex 

on the rate constant for recombination at this temperature is clear 

since over a wide range of combined pressures the rate constant is a 

maximum when Z is approximately one. 

The process of recombina tion oCVZOS with ammonia and water to 

give AMV thus first involves the absorption and diffu s ion of water into 

the sample material. This is controlled by the particle size and order 

of the s tructure at lower temperatu res and by desorption of the water 

from the material at elevated temperatures. These processes are 

followed by the formation of the complex V Z 05' HZ 0. NH 3, and finally 

there is reaction of this complex with more ammonia to give AMV. 

i. e. VZOS + HZO -'J> (HO)Z V Z0 4 

(A) 

NH 
-·---4 

K2 

where A acts rather like a di basic acid with KZ"::< Kl 

NH+ 
4 
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6 FUR THER INVESTIGATIONS 

Although it has been possible to give rational explanation s for many 

experimental observations it has not been possible to propose a definite 

mechanisnl for the whole of the decomp~sj,tion reaction. It is believed, 

however, that the present work has indicated several profitable lines for 

further investigation into the reaction; 

+ + 

In connection with the decomposition, or forward, reaction, a 

continuous determination of the gases evolved throughout the decomposition 

in each of the atmospheres studied is imperative in order to ,elucidate 

the mechanism in more detail. 

It has been shown that it is possible to propose a mechanism, from 

the molecular point of view, for the first stage of the decomposition of 

AMV in ammonia by consideration of the crystal structures of AMV 

and AHV. The detailed crystal structure of ABV is now needed in order 

to carry this investigation further. There are, however, inherent 

difficulties in this investigation since ABV is only obtained as a 

microcrystalline powder and any attempts to recry stallise it have led to 

the formation of AHV. It would also be of interest to extend these ideas 

further and to see whether the mechanism of other endothermic 

decompositions could be explained in terms of the atomic or molecular 

movements involved in proceeding from the sta rting to theproduct 

Inaterial. 

In connection with the reverse or recombination reaction, the main 

investigation of interest would be into the structure of the intermediate 

"compound" V Z0"HZo.NH
3

. Determination of its structure would lead 

to the proposal of a mechanism outlining the atomic movements during 
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recombination, on the same lines as has been proposed for the first 

stage of the decomposition in ammonia. 

An investigation into the effect that relative structural order and 

particle size of the V2 0 S sample have on the rate of recombination 

would a lso be interesting. It should be possible to sepa rate the s e 

two e ffects since V 20
S 

formed in vaCuum and annealed in air has a 

l arge r surface area than , but appears to be as ordered as , V2 0 S fo r med 

in air. 
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APPENDIX A THE DECO~'lPOSlTIO!\' OF, AND RECO!\!BINA TIO!\' 
TO A;V!V 

In the table s given below 0( refer s to the fraction of the 
0/' 

decomposition reaction of a particular stage completed andArefers 

to the fraction of the recombination reaction completed, t refers to 

the time in minutes . In all cases both eX and 01. ' have for 

convenience been multiplied by a factor of 1000, and T r epresents 

the temperature in degree s centigrade. 



TABLE Al First StaRe o f the D e composition in Vacuum 

T 110°C I 
--; 

105°C 1 16.6°e 120°C 123 . 3°C 123. 3° C 

0( t 0<. t ::x ~ ()I. t d. t ex t 

45 - 40 53 20 69 10 34 10 38 3 45 3 
106 80 113 40 141 20 143 20 104 6 115 6 
186 120 179 60 212 30 241 30 163 9 176 9 
264 160 245 80 278 40 320 40 218 1 c. 228 12 
342. 200 314 100 340 50 393 50 2.74 15 2.79 15 
416 240 383 12.0 400 60 472. 60 327 18 32.7 18 
484 2.80 443 140 457 70 548 70 378 21 374 2.1 
548 32.0 497 160 512. 80 612. 80 429 2.4 423 24 
606 360 541 180 563 90 669 90 477 27 465 27 
655 400 582 2.00 609 100 72.5 100 521 30 508 30 
702 440 622 220 653 110 773 110 565 33 549 33 
759 480 658 240 694 120 814 120 607 36 587 36 
789 52.0 689 260 732 130 849 130 646 39 624 39 
812 560 7 19 280 765 140 87 9 140 683 42 661 42 
834 600 743 300 796 150 903 150 718 45 695 45 
850 640 767 320 823 160 924 160 750 48 725 48 
864 680 787 340 846 170 940 170 780 51 756 5 1 
876 72.0 804 360 865 180 952. 180 809 54 783 54 
887 760 818 380 882 190 960 190 836 57 810 57 
897 800 831 400 896 200 967 200 858 60 834 60 
905 840 841 42.0 908 210 975 210 878 63 855 63 
912 880 849 440 918 22.0 981 2.20 895 66 877 66 
919 920 857 460 928 230 987 230 914 69 897 69 
925 960 863 480 937 240 99 1 240 928 72 9 13 72 
931 1000 868 500 946 250 995 250 942. 75 942 75 
936 1040 873 520 954 260 1000 260 954 78 955 78 
941 1080 878 540 962 2 7 0 964 81 965 81 
945 11 20 882 560 969 280 973 84 976 84 
949 11 60 886 580 976 2. 90 981 87 983 87 
952. 1200 890 600 981 300 988 90 989 90 
955 12.40 986 3 10 994 93 993 93 
958 1280 991 320 998 96 997 96 



T ABLE Al (continued) 

, 

T 123.30 e 126.6°e 1300 e 135
0

e 

01 t <X t 0( t oX t 

41 3 56 4 24 4 44 2 
108 6 196 8 127 8 119 4 
170 9 296 12 223 12 188 6 
224 12 391 16 314 16 259 8 
276 15 482 20 399 20 325 10 
325 18 567 24 475 24 387 12 
376 21 640 28 550 28 447 14 
426 24 706 32 618 32 505 16 
4 7 1 27 760 36 68 1 36 561 18 
5 13 30 809 40 737 40 610 20 
556 33 851 44 787 44 657 22 
596 36 88 7 48 832 48 700 24 
636 39 916 52 869 52 743 26 
672 42 94 1 56 903 56 782 28 
708 45 959 60 929 60 820 30 
738 48 972 64 952 64 852 32 
769 51 980 68 970 68 881 34 
798 54 988 72 985 72 907 36 
82 1 57 993 76 996 76 931 38 
842 60 997 80 1000 80 956 40 
864 63 999 84 972 42 
885 66 989 44 
906 69 999 46 
920 72 
940 7 5 
952 78 
963 81 
97 5 84 
982 87 
989 90 
993 93 
99 7 96 



TABLE A2 S e cond Stage of the Decomposition in Vacuum 

T 135°C 140°C 145°C 150°C 152°C 155°C 

ex t C)l t 0( t ex t QI. t d t 

202 5 190 3 171 2 70 1 12 1 1 137 1 
328 10 352 7 317 4 183 II 236 2 252 2 
425 15 451 11 427 6 268 21 33 1 3 33 1 3 
493 20 528 15 506 8 345 31 408 4 4 17 4 
537 25 584 19 567 10 415 4 1 478 5 496 5 
582 30 634 23 622 12 479 51 54 1 6 568 6 
619 35 662 27 665 14 535 61 592 7 626 7 
649 40 697 31 695 16 577 71 631 8 683 8 
672 45 7 32 35 732 18 613 81 669 9 727 9 
694 50 761 39 762 20 648 91 701 10 763 10 
724 55 782 43 793 22 683 101 732 II 799 II 
746 60 817 47 817 24 711 lli 758 12 835 12 
761 65 845 5 1 841 26 739 12 1 783 13 870 13 
784 70 866 55 866 28 761 131 809 14 899 14 
806 75 894 59 890 30 789 141 828 15 928 15 
821 80 908 63 915 32 810 151 853 16 957 16 
836 85 937 67 933 34 838 161 873 17 978 17 
858 90 965 71 951 36 859 171 892 18 992 18 
881 95 993 75 975 38 873 181 91 1 19 999 19 
903 100 999 79 9 88 40 887 191 924 20 
918 105 999 42 901 201 943 21 
933 llO 923 211 955 22 
948 115 937 221 968 23 
963 120 958 n 1 98 1 24 
978 12 5 972 241 994 25 
985 130 986 251 999 26 
993 135 993 261 

999 140 999 271 
2 



TABLE A3 Thi r d Stage of the Decomposition in Vacuun:> 

T 165°C 170°C 175°C 180°C 185°C 190°C 

.y. t 0( t 01. t Cl- t ex: t 0<. t 

77 5 89 4 35 2 86 2 89 2 93 1 
14 1 10 174 8 13 3 4 166 4 187 4 166 2 
217 15 254 12- 206 6 256 6 279 6 233 3 
291 20 331 16 279 8 345 8 381 8 313 4 
364 25 409 20 349 10 435 10 473 10 383 5 
438 30 486 24 4 19 12 511 12 562 12 450 6 
508 35 557 28 486 14 581 14 632 14 511 7 
636 40 631 32 549 16 652 16 695 16 572 I 8 
693 45 694 36 38 1 18 7 12 18 756 18 626 I 9 
748 50 754 40 6 10 20 767 20 810 20 677 10 
786 55 803 44 670 22 815 22 85 1 22 725 11 
821 60 846 48 721 24 856 24 883 24 7 64 12 
856 65 883 52 765 26 882 26 908 26 808 13 
885 70 911 56 803 28 907 28 930 28 837 14 
911 75 934 60 841 30 927 30 949 30 865 15 
923 80 95 1 64 86 7 32 943 32 959 32 891 I 16 
936 85 966 68 889 34 955 34 972 34 910 17 
949 90 977 72 908 36 965 36 981 36 929 I 18 
959 95 986 76 924 38 974 38 991 38 946 i 19 
965 100 997 80 93 7 40 98 1 40 99 7 40 959 20 
971 105 1000 84 949 42 987 42 968 21 
976 110 959 44 994 44 974 22 
981 115 968 46 997 46 981 23 
986 120 975 48 984 24 
990 125 981 50 987 25 
9 93 130 984 52 990 26 
996 135 987 54 993 27 
998 140 99 1 56 996 28 

994 58 999 29 
997 60 



TABLE A4 First Sta ge of the Decomposition in Damp Air 

T 160°C 165°C 170°C 175°C 180°C 

ex t 0:- t 0' t 0( t 01 t 

55 20 68 10 66 5 54 2-'-2 28 2 
120 40 132 20 143 10 130 5 104 4 
193 60 197 30 229 15 206 7-'-2 183 6 
261 80 263 40 312 20 265 10 253 8 
332 100 331 50 397 25 326 12i- 3i5 10 
407 120 380 60 47 7 30 379 15 380 12 
477 140 437 70 546 35 434 17 i- 442 14 
544 160 488 80 607 40 482 20 500 16 
599 180 544 90 668 45 536 22-'-2 557 18 
658 200 589 100 7 17 50 584 25 606 20 

. 71 7 220 645 11 0 765 55 627 27-'-2 654 22 
765 240 688 120 812 60 674 30 698 24 
809 260 727 130 851 65 715 32i- 736 26 
849 280 766 140 883 70 754 35 774 28 
884 300' 800 150 914 75 79 1 37i- 808 30 
918 320 840 160 942 80 824 40 840 32 
946 340 867 170 959 85 861 42-'-2 87 1 34 
970 360 899 180 974 90 891 45 898 36 
99 1 380 917 190 988 95 919 47-'-2 922 38 
999 400 940 200 997 100 940 50 944 40 

955 210 999 105 960 52-'-2 96 1 42 
968 220 1000 11 0 974 55 975 44 
983 230 984 57-'-2 986 46 
989 240 993 60 992 48 
994 250 998 62-'-2 996 50 
99 7 260 1000 65 999 52 



TABLE A5 Second Sta ge in the Decomposition ·;n Damp Air 

-
T 185°C 190°C L~.;;oc 195°C 2 0 0°C 

d t <X t 0< t oi t 0<- t 

89 5 126 5 85 2 126 3 17 3 2 
168 10 301 10 208 4 263 6 335 4 
274 15 492 15 344 6 4 16 9 470 6 
368 20 634 20 453 8 568 12 589 8 
442 25 72 1 25 542 10 674 15 69 7 10 
526 30 782 30 6 18 12 747 18 7 57 12 
62 1 35 836 35 670 14 800 2 1 8 11 14 
689 40 874 40 7 17 16 842 24 854 16 
7 53 45 902 45 755 18 879 27 886 18 
800 50 918 50 7 92 20 9 16 30 913 20 
842 55 940 55 825 22 932 33 930 22 
868 60 956 60 854 24 94 7 36 946 24 
889 65 973 65 882 26 963 39 962 26 
905 70 984 70 90 1 28 974 42 97 8 28 
921 7 5 995 75 920 30 984 45 985 30 
93 7 80 1000 80 934 34 989 48 99 1 32 
947 85 943 36 995 5 1 996 34 
958 90 948 38 1000 54 1000 36 
.968 95 958 40 
979 100 967 42 
989 105 976 44 
995 11 0 98 1 46 
999 11 5 986 48 

99 1 50 
99 5 52 
999 54 



TAI3LE A6 Third Stae-e of the Decomposition in Damp Air 

T 275°C 280°C 285°C 290° C 295°C 300°C 
, 

cI. t 0( t 0< t cI. t 0: t .:x t 

24 3 24 2 28 2 43 2 29 1 23 1 
56 6 39 4 81 4 97 4 55 2 65 2 
98 9 78 6 116 6 133 6 83 3 127 3 

144 12 112 8 144 8 169 8 107 4 190 4 
176 15 139 10 162 10 225 10 131 5 245 5 
263 18 163 12 202 12 305 12 154 6 301 6 
334 21 198 14 233 14 387 14 187 7 359 7 
4 10 24 239 16 284 16 4 70 16 232 8 414 8 
507 27 293 18 349 18 562 18 280 9 475 9 
607 30 346 20 419 20 654 20 334 10 537 10 
707 33 410 22 500 22 743 22 393 11 590 11 
805 36 476 24 584 24 823 24 450 12 644 12 
890 39 549 26 675 26 896 26 502 13 704 13 
944 42 622 28 756 28 949 28 552 14 759 14 
968 45 695 30 835 30 968 30 614 15 810 15 

, 

978 48 768 32 900 32 981 32 668 16 852 16 
985 51 837 34 949 34 988 34 718 17 896 17 
990 54 898 36 975 36 993 36 763 18 931 18 
993 57 934 38 982 38 995 38 8 13 19 96 1 19 
995 60 956 40 989 40 998 40 858 20 975 20 
998 63 971 42 996 42 100 0 42 896 21 984 2 I 

1000 66 981 44 998 44 924 22 991 22 
985 46 1000 46 950 23 993 23 
990 48 967 24 996 24 
995 50 976 25 998 25 
998 52 984 26 1000 26 

1000 54 99 1 27 
995 28 
997 29 

1000 30 



TABLE A7 F i rst Stage of the Decomposition in Dry Air 

T 152°C 158°C 162°C 167°C 

{)( t ex. t 0<- t 0( t 

42 10 69 5 4 1 3 44 2 
109 20 14 1 10 106 6 117 4 
18 1 30 206 15 170 9 183 6 
255 40 276 20 235 12 246 8 
322 50 347 25 297 15 3 14 10 
388 60 4 16 30 356 18 376 12 
456 70 482 35 414 2 1 43 7 14 
522 80 548 4 0 468 24 502 16 
584 90 612 45 520 2 7 556 18 
638 100 674 50 570 30 607 20 
69 1 11 0 73 1 55 622 33 659 22 
740 120 780 60 670 36 707 24 
7 90 130 825 65 7 12 39 755 26 
826 140 869 70 756 42 797 28 
869 150 905 75 797 45 836 30 
901 160 945 80 83 1 48 877 32 
930 170 97 1 85 865 51 9 10 34 
956 180 986 90 90 1 54 . 940 36 
971 190 992 95 927 57 963 38 
9 85 200 996 100 952 60 980 40 
990 2 10 999 105 971 63 990 42 
994 22 0 1000 11 0 9 85 66 995 44 
99 7 23 0 99 1 69 997 46 
999 24 0 996 72 100 0 48 

100 0 250 100 0 7 5 



TABLE A8 S e c ond Stacce of the D e composition in Drv Air 

I 

T 180°C 185°C 190°C 195°C 

IX t ex t ;)(" t 0<. t 

93 6 62 4 89 3 150 2 
2 18 12 158 8 2 12 6 385 4 
352 18 301 12 355 9 590 6 
487 24 445 16 507 12 71 0 8 
596 30 574 20 631 15 7 90 10 
674 36 665 24 714 18 825 12 
756 4 2 742 28 773 2 1 855 14 
798 48 799 32 813 24 890 16 
839 54 837 36 852 27 910 18 
870 60 87 1 40 882 30 930 20 
896 66 900 44 906 33 940 22 
917 72 919 48 926 36 950 24 
938 78 933 52 941 39 960 26 
953 84 943 56 956 42 970 2 8 
969 90 952 60 965 45 979 30 
97 9 96 962 64 975 48 985 32 
989 102 971 68 985 51 990 34 
995 108 981 72 994 54 994 36 
997 11 4 991 76 997 57 997 38 

1000 120 995 80 1000 60 1000 40 
997 84 

1000 88 



TABLE A9 Third Sta r! e of the Decomposition in Dry Air 

T ° ° 275')C 28(]oC 285°C 265 C 270 C 

IX t 6i.. t ex t ()( t ()( t 

96 5 100 4 65 3 61 2 29 1i 
149 10 148 8 127 6 110 4 63 3 
160 15 184 12 173 9 139 6 88 41 

2 

182 20 217 16 223 12 163 8 11 7 6 
2 12 25 263 20 276 15 193 10 160 71 
24 7 30 315 24 341 18 227 12 2 16 9 
289 35 375 28 424 21 268 14 249 101 
318 40 43 7 32 516 24 317 16 330 12 
368 45 523 36 648 27 366 18 386 131 
415 50 625 40 791 30 4 15 20 454 IS 
465 55 728 44 904 33 47 1 22 528 16 -~ 
517 60 835 48 940 36 537 24 6 13 18 
583 65 91 7 52 959 39 607 26 692 191 
658 70 948 56 969 42 685 28 764 21 
750 7 5 957 60 973 45 766 30 836 221 
836 80 96 7 64 981 48 849 32 908 24 
906 85 976 68 986 51 9 10 34 964 2 - 1 ='"2 
952 90 983 72 990 54 944 36 980 27 
974 95 99 1 76 995 57 954 38 986 ? 8L 

- 2 
988 100 995 80 998 60 966 40 99 1 30 
995 105 998 84 1000 63 976 42 995 311 
998 ll O 1000 88 983 44 9 98 33 

1000 11 5 990 46 10 00 3-11 • 2 

995 48 
998 50 

1000 52 



T 

TABLE AI0 First Stag" of the Decomposition in Oxyge n 
(d r y) 

° 160°C 164. 5°C 169.8° C 156 C 

0:. t oi t 0< t oZ t 
-

74 10 58 6 63 3 29 2 
162 20 135 12 134 6 110 4 
255 30 210 18 202 9 190 6 
351 40 296 24 270 12 272 8 
44 1 50 380 30 336 15 359 10 
526 60 464 36 402 18 432 12 
610 70 539 42 470 21 507 14 
684 80 612 48 533 24 568 16 
746 90 681 54 597 27 633 18 
809 100 746 60 654 30 696 20 
869 110 801 66 705 33 7;;4 22 
916 120 855 72 758 36 806 24 
948 130 900 78 806 39 855 26 
969 140 940 84 851 42 900 28 
984 150 968 90 891 45 938 30 
993 160 982 96 926 48 966 32 
997 170 993 102 961 51 984 34 

1000 180 998 108 981 54 994 36 
1000 114 990 57 997 38 

996 60 1000 40 
999 63 

1000 66 



TAB L E All Fir s t Stae e of the Decomposition in Areon 

T "157°C 163°C 165°C 170°C 175°C 

()I t CI-- t Q( t ()I t cx.: t 
, 

45 5 30 3 38 4 53 2 22 2 
122 10 75 6 104 8 11 9 4 86 , 

-r. 

203 15 133 9 189 12 194 6 186 
, 
D 

284 20 191 12 268 16 266 8 288 8 
359 25 247 15 35 1 20 33 7 10 400 10 
436 30 304 18 442 24 4 10 12 508 12 
504 35 360 21 528 28 475 14 6 10 14 
568 40 4 17 24 604 32 533 16 696 16 
629 45 470 27 678 36 592 18 779 18 

I 689 50 522 30 745 4 0 654 2 0 852 20 
741 5 5 569 33 803 44 708 22 9 12 22 
785 60 618 36 854 48 764 24 950 2-± 
823 65 664 39 903 52 806 2 6 96 7 2 6 
855 70 709 42 938 56 849 28 976 28 
882 7 5 7 5 1 45 964 60 888 30 982 30 , 
900 80 789 48 97 5 64 92 1 32 98 7 32 

I 92 1 85 822 5 1 98 1 68 95 1 34 992 3-! 
938 90 854 54 9% 72 971 3 6 996 36 
951 9 5 880 57 990 7 6 980 38 998 38 
9 58 100 904 60 993 80 986 4 0 1000 40 
966 10 5 92 5 63 996 84 989 42 
97 0 11 0 946 66 999 88 992 44 
976 115 963 69 1000 92 994 46 
982 12 0 974 72 997 48 
98 5 12 5 984 7 5 100 0 50 
988 130 988 7 8 
992 135 99 1 8 1 
995 14 0 9 94 I 84 
99 7 14 5 997 I 87 I 
999 150 1000 I 90 

1000 15 5 I 



TABLE A12 Second StaQe of the Decomposition in Argon 

T 180°C 185°C 190°C 200°C 

()( t c<. t ex: t 01- t 

53 5 74 3 201 2 82 1 
127 10 197 6 392 4 155 2 
212 15 345 9 539 6 233 3 
323 20 463 12 637 8 318 4 
423 25 571 15 711 10 392 5 
503 30 653 18 760 12 465 6 
582 35 714 21 799 14 559 7 
646 40 764 24 833 16 625 8 
704 45 803 27 873 18 661 9 
751 50 842 30 897 20 694 10 
799 55 872 33 917 22 727 11 
831 60 895 36 931 24 755 12 
857 65 917 39 946 26 784 13 
889 70 938 42 956 28 812 14 
910 75 955 45 966 30 837 15 
926 80 970 48 976 32 857 16 
942 85 980 51 985 34 878 17 
952 90 987 54 990 36 894 18 
963 95 993 57 995 38 910 19 
974 100 996 60 998 40 927 20 
984 105 998 63 . 1000 42 939 21 
995 llO 1000 66 951 22 

1000 115 963 23 
972 24 
980 25 
985 26 
996 2 7 

1000 28 



TABLE AI3 Thi rd Sta ge of the Decomposition in A r gon 

T 270°C 280°C 290°C 300°C 
I 

d. t '" t 01. t 0<. t 

45 5 44 4 45 2 30 I 
90 10 148 8 101 4 73 2 

144 15 259 12 172 6 118 3 
202 20 375 16 242 8 170 4 
259 25 489 20 327 10 225 5 
311 30 590 24 409 12 285 6 
373 35 691 28 489 14 360 7 
435 40 778 32 565 16 425 8 
500 45 852 36 638 18 500 9 
572 50 901 40 699 20 568 10 
642 55 926 44 760 22 635 II 
709 60 951 48 812 24 693 12 
776 65 965 52 864 26 753 13 
836 70 975 56 906 28 795 14 
891 75 985 60 944 30 838 15 
931 80 990 64 974 32 870 16 
958 85 993 68 983 34 895 17 
968 90 995 72 991 36 918 18 
975 95 998 76 995 38 933 19 
983 100 1000 80 998 40 948 20 
990 105 1000 42 960 21 
995 110 973 22 
998 115 983 23 

1000 120 988 24 
993 25 
998 26 

1000 27 



TABLE A14 First Stage of the De c omposition in Dry N2 

T ° 160 C 165°C 170°C 170°C 17 5°C --
0( t ex t ex t ex t CY t 

45 3 57 3 52 2 57 2 28 1 
102 6 156 6 137 4 143 4 76 2 
160 9 270 9 221 6 225 6 137 3 
222 12 367 12 310 8 305 8 194 4 
279 15 448 15 404 10 393 10 251 5 
342 18 527 18 479 12 473 l2 300 6 
397 2 1 598 21 545 14 545 14 354 7 
451 24 665 24 618 16 619 16 409 8 
508 27 72.9 27 681 18 685 18 461 9 
560 30 786 30 746 20 742 20 510 10 
611 33 841 33 805 22 800 22 564 11 
655 36 887 36 861 24 848 24 617 12 
700 39 928 39 905 26 896 26 661 13 
740 42 955 42 942 28 931 28 706 14 
778 45 971 45 973 30 960 30 747 15 
813 48 979 48 988 32 974 32 785 16 
846 51 983 51 994 34 980 34 820 17 
874 54 988 54 997 36 986 36 852 18 
90 1 57 992 57 999 38 992 38 885 19 
926 60 995 60 1000 40 996 40 913 20 
946 63 998 63 998 42 936 21 
960 66 1000 66 1000 44 955 22 
97 1 69 969 23 
977 72 978 24 
983 75 986 25 
987 78 991 26 
990 81 995 27 
993 84 998 28 
995 87

1 

1000 29 
997 90 
999 93 " 

1000 96
1 



T 

TABLE A15 First Stage of the Decomposition in 
N2 + 55.3 mmHg of H

2
0 

157°C 162°C 170°C 178°C 

()I. t ()I. t d- t 0< t 

44 6 84 6 86 3 27 1 
107 12 185 12 192 6 82 2 
188 18 284 18 288 9 134 3 
267 24 377 24 376 12 189 4 
338 30 463 30 472 15 245 5 
408 36 548 36 547 18 299 6 
475 42 626 42 622 21 356 7 
540 48 697 48 695 24 411 8 
697 54 765 54 756 27 463 9 
650 60 828 60 8 10 30 514 10 
7 14 66 880 66 861 33 562 11 
762 72 918 72 903 36 610 12 
806 78 945 78 938 39 658 13 
847 84 963 84 965 42 704 14 
881 90 970 90 981 45 744 15 
915 96 977 96 986 48 784 16 
941 102 984 102 992 51 822 17 
960 108 989 108 996 54 859 18 
975 114 993 114 1000 57 892 19 
986 120 996 120 921 20 
993 126 999 126 941 21 
997 132 1000 132 960 22 
999 13 8 974 23 

1000 144 980 24 
985 25 
991 26 
993 27 
996 28 
999 29 

1000 30 



TABLE A16 First Staee of the Decom pos ition in Ammonia 

T ° 
, 

i 172 C 185°C 190°C 195°C 200°C 

d. t .;J.. t CI- t Ci- t DI. t 

110 10 69 5 40 21 
2 75 2 61 2 

245 20 165 10 14 6 5 202 4 144 4 
371 30 260 15 260 7t 341 6 255 6 
505 40 351 20 379 10 492 8 357 8 
617 50 439 25 493 12t 636 10 466 10 
700 60 521 30 595 15 845 12 568 12 
743 70 603 35 676 ]71 

2 914 14 661 14 
781 80 681 40 741 20 944 16 747 16 
801 90 749 45 789 221 2 959 18 820 18 
820 100 805 50 812 25 968 20 875 20 
835 110 846 55 822 271 

2 973 22 924 22 
853 120 883 60 832 30 978 24 955 24 
866 130 909 65 844 32t 981 26 975 26 
882 140 929 70 855 35 984 28 987 28 
896 150 942 75 864 371 

2 986 30 992 30 
910 160 950 80 871 40 988 32 994 32 
922 170 957 85 878 42t 99 1 34 996 34 
933 180 962 90 885 45 993 36 999 36 
942 190 966 95 892 471 

2 995 38 1000 38 
951 200 971 100 900 50 997 40 
959 210 975 IDS 910 52 1 

2 998 42 
967 220 978 lI D 919 55 999 44 
975 230 982 115 926 571 

2 1000 46 
982 240 985 120 934 60 
988 250 989 125 940 62 1 

2 
993 260 992 130 947 65 
996 270 995 135 957 70 
999 280 997 140 968 75 

1000 290 999 145 977 80 
1000 150 985 85 

994 90 
1000 95 



TABLE A 17 Second Stage of the Decomposition in Ammonia 

T 285°C 290°C 295°C 300°C 305°C 

0< I t 01 t ex t ()I. t OZ t 

381 10 311 5 241 4 100 2 43 1 
480 20 431 10 419 8 219 4 136 2 
530 30 501 15 ' 518 12 366 6 218 3 
556 40 555 20 578 16 I 459 8 296 4 
576 50 594 25 627 20 516 10 379 5 
596 60 636 30 675 24 563 12 450 6 
616 70 693 35 711 28 609 14 518 7 
642 80 725 40 747 32 644 16 575 8 
666 90 753 45 783 36 678 18 636 9 

_ 685 100 778 50 8 13 40 713 20 679 10 
705 110 806 55 843 44 750 22 7 14 11 
725 120 831 60 873 48 781 24 750 12 
745 130 852 65 903 52 816 26 786 13 
762 140 884 70 946 56 843 28 821 14 
785 150 908 75 970 60 875 30 854 15 
805 160 922 80 982 64 906 32 882 16 
828 170 933 85 996 68 934 34 900 17 
844 180 947 90 1000 n 953 36 918 18 
864 190 954 95 975 38 932 19 
881 200 961 100 994 40 950 20 
897 210 983 105 1000 42 964 21 
9 11 220 990 110 975 22 
924 230 997 115 986 23 
934 240 1000 120 993 24 
944 250 997 25 
954 260 1000 26 
964 270 
970 280 
977 290 
983 300 
987 310 
990 320 

• 



TABLE A18 Third StaQ'e of the Decomposition in Ammonia 

T ° 340 C 34SoC 350°C 355°C 360°C 

0< t cl- t c;{ t ex t C>'- t 

209 5 15 7 5 171 5 333 4 211 2 
409 10 355 10 325 10 629 8 461 4 
550 15 480 15 427 15 735 12 608 

, 
0 

629 20 545 20 500 20 797 16 676 8 
675 25 589 25 555 25 810 20 725 10 
707 30 624 30 607 30 874 24 771 12 
729 35 658 35 651 35 890 28 810 14 
745 40 691 40 698 40 906 32 846 16 
758 45 720 45 733 45 923 36 873 18 
767 50 745 50 767 50 935 40 896 20 
776 55 764 55 800 55 946 44 917 22 
785 60 781 60 825 60 955 48 931 24 
795 65 795 65 845 65 964 52 944 26 
804 70 806 70 864 70 970 56 956 28 
811 75 823 75 876 75 975 60 963 30 
8 18 80 835 80 889 80 980 64 973 32 
826 85 844 85 900 85 984 68 981 34 
833 90 854 90 909 90 988 72 988 36 
839 95 864 95 916 95 991 76 994 38 
844 100 873 100 924 100 995 80 996 40 
850 105 883 105 932 105 998 84 998 42 
857 110 892 110 940 110 1000 88 1000 44 
861 115 898 ll5 948 115 
864 120 902 120 955 120 
868 125 905 125 960 125 
872 130 9 11 130 965 130 
875 135 915 135 970 135 
879 140 921 140 974 140 
881 14 5 927 145 978 145 
883 150 93 1 150 982 150 
885 155 935 155 985 155 



T 

TABLE A19 De composition of AHV (f r om the sec ond stage 
in a.ir) in A r fon 

0 0 0 0 

268. SoC 273 C 279 C 284. 5 C 295. 5 C 

0I- I t 0( t 0( t o~ t I 0<- t 

156 8 182 7 92 3 122 3 59 3 
249 16 266 14 185 6 229 6 122 6 
329 24 333 21 250 9 312 9 190 9 
398 32 415 28 298 12 395 12 I 273 12 
459 40 504 35 344 15 469 15 I 36 1 15 
525 48 588 42 388 18 536 18 454 18 
586 56 666 49 434 2 1 596 21 542 21 
637 64 748 56 478 24 654 24 639 24 
688 72 817 63 531 27 712 27 727 27 
73 7 80 879 70 573 30 767 30 800 30 
774 88 910 77 619 33 804 33 866 33 
805 96 928 84 663 36 834 36 922 36 
835 104 941 91 700 39 866 39 956 39 
854 112 952 98 735 42 896 42 976 42 
878 120 961 105 774 45 917 45 983 45 
896 128 972 11 2 809 48 935 48 988 48 
908 136 981 11 9 839 5 1 949 51 993 51 
917 144 988 126 866 54 961 54 998 54 
92 7 152 992 13 3 894 57 973 57 998 57 
932 160 995 140 9 13 60 982 60 1000 60 
939 168 997 14 7 929 63 989 63 
947 17 6 999 154 943 66 993 66 
952 180 1000 16 1 952 69 998 69 
957 192 96 1 72 1000 72 

968 75 
975 78 
979 8 1 
983 84 
986 87 
990 90 
993 93 
996 96 



T 

TABLE A20 Decomposition of AHV (from second stage 
in air) in Vacuum 

2Q50C I 215°C 220 0C [ 0 
225 C 

oi. t ex t of I t I of. I t 

62 4 52 4 34 3 19 2 
137 8 167 8 123 6 47 4 
2 17 12 279 12 237 9 99 6 
294 16 398 16 365 12 182 8 
381 20 520 20 530 15 283 10 
456 24 637 24 637 18 413 12 
530 28 742 28 743 21 548 14 
605 32 827 32 840 24 656 16 
680 36 884 36 900 27 758 18 
752 40 921 40 939 30 833 20 
807 44 944' 44 961 33 890 22 
852 48 959 48 973 36 935 24 
877 52 966 52 983 39 958 26 
901 56 971 56 987 42 975 28 
914 60 974 60 992 45

1 
982 30 

926 64 976 64 995 48 987 32 
934 68 979 68 997 51 991 34 
939 72 i 981

1 

72 999 54 996 36 
944 76 I 984 76 1000 57 9991 38 
949 80 i 987

1 . 
80 1000 40 

954 
, 

84· 990 84 
96 1 88 992 i 88 
968 92 995 92 
974 96 997 96 
980 100 999 100 
985 ! 104 1000 104 

! I 



T 

TABLE AZI Decomposition of AHV (prepared from 
solution) in Air 

2.74oC I Z830 C , 1 
Z910 C ° 300 C 

CA 
1 

t I eX I t 
1 

IX I t I d t I 
; 

42 5 33 ' 3 12 2 14 1 
93 10 110 1 6 4 2 4 31 2 

161 15 1991 9 82 6 55 3 
24 1 20 300 12 150 8 99 4 
322 25 405 15 217 10 166 5 
410 30 512 18 289 12 231 6 
493 35 605 21 363 14 296 7 I 576 40 699

1 

24 438 16 363 8 ; 

661 45 776 27 524 18 421 9 I 
8·411 30 606 48 7 10 

, 
72 7 50 20 i 
78 8 55 889 1 33 680 22 56 1 11 1 
841 1 60 924

1 
3 6 749 24 629 12 ! 

886! 65 953 1 39 810 26 698 . 13 1 
9 19! 70 964 ! 42 867 28 759 , 14 I 
946

1 

7 5 975 : 45 906 30 8 12 ' 15 
i 966

1 
80 9 88 1 48 , 936 ;~ I 

8601 16 
980 85 993 · 51 1 96 1 898 ' 17 I 
985 ! 90 997 1 54 973 36 927 , 18 i 
9 881 

, 
944 i 95 9991 57 983 38 19 I 993 1 100 1000 , 60 986 40 954 ' 20 

997 10 5 990 42 963 21 i 

1000 110 993 44 970 22 
996 46 975 1 23 
998 48 982 I 24 

1000 50 985 25 
988 26 
992 27 
995 28 
997 29 
999 30 

1000
1 

31 , 
I I 



T 

TABLE A22 Decomposition of AHV (prepa r ed from solution) 
in Argon (damp) 

258°C 
28 

268°C I 273°C 

1 279°C 

ex t ex t ", I t 1 ex I t 0< \ t 
I 

7 8 8 104 6 44 4 49 3 53 2 
171 16 217 12 166 8 14 3 6 146 4 
289 24 346 18 296 12 286 9 271 6 
423 32 489 24 4 31 16 43 2 12 406 8 
538 40 614 30 543 20 559 15 561 10 
649 48 727 36 648 24 677 18 687 12 
745 56 816 42 744 28 773 21 787 14 
823 64 875 48 819 32 848 24 8 63 16 
912 80 94 3 60 915 40 938 30 947 20 
927 8 8 957 66 940 44 954 33 1 965 22 
940 9 6 969 72 9 57 48 96 8 36

1 
975 24 

952 104 97 8 78 968 52 978 39 I 983 . 2 6 
966 112 1 983 84 971 56 983 421 987 28 
980 120 988 90 9 84 60 988 45 990 30 1 
988 12 81 992 96 989 64 1 991 48 1 992 32 

, , 
99 5 13 6

1 
995 102 992 681 995 5 1 I 993 34 I I 

998 144 998 . 108 996 72 : 998 54 j 995
1 

36 I 
1000 152 1000 i 114 1000 j 76 1 1000 57 i 997 38 I I 

I 1000 I 40 
! I I , 



T 

TABLE A23 Decomposition of AHV (p repare d from solution) 
in Ar~~n (drv) 

258°C 268°C 273°C 
1 

° 278C 

eX t ~I t eI, I t 0- t , 

24 10 7 3 6 27 4 40 2 
64 20 167 12 136 8 119 4 

10 9 30 275 18 276 12 238 6 
161 40 395 24 409

1 
16 340 8 

221 50 501 30 556 20 44 1 10 
279 60 606 36 697 24 544 12 
335 70 701 42 804 28 648 14 
398 80

1 
783 48 873 32 7 30 16 

471 90 ' 853 54 921 36 8 10 18 
537 100 901 60 948 40 870 20 
606 110 943 66 9651 44 908 22 
678 969 

I 
48

1 
120 72 970: 93 5 24 

744 130 980 7 8 9801 52 I 957 26 
808 14 0 985 84 9851 56 975 28 
86 8 150 988 90 9891 60 1 982 30 
913 160 992 96 992

1 

64
1 

987 32 . 
944 170 995 102 995 68 991 34 
969 180 997 10 8

1 
998

1 
72 994 36 

986 190 1000 114 1000 76 996 38 
992 200 99 8 40 ' 
998 210 1000 4 2 

1000 2 20 
1 1 

I 
, 



T 

TABLE A24 Decomposition of AHV (prepared from solution ) 
in vacuum 

220°C 226°C 235°C 240°C 245°C 

0< I t Cli t oi.. t (j t 0< \ t 
, 

169 10 III i 8 67 5 135 4 841 2 
353 20 294 ' 16 193 10 291 8 179 4 
510 30 3131 24 375 15 445 12 282 6 
637 40 639' 32 568 20 574 16 420 8 I 
734 50 744' 40 719 25 676 20 534 10 
804 60 818! 48 811 30 756 24 629 12 
849 70 875' 56 865 35 820 28 709 14 
886 80 908

1 64 904 40 865 32 763
1 

16 
910 90 933 72 931 45 893 36 806

1 

18 
931 100 947 80 941 50 917 40 843 20 
945 110 963 88 949 55 938 44 873

1 

22 
955 120 970 96 959 60 953 48 896 24 
962 130 975 104 968 65 964 52 9 15 26 
969 140 982 112 974 70 969 56 929 2.8 
974 150 987 120 978 75 977 60 943 30 
980 160 992 128 981 80 984 64 953 32 
985 170 996 136 985 85 988 68 963 34 
988 180 998 144 988 90 991 72 971 36 
992 190 1000 152 991 95 995 76 975 38 
995 200 995 100 998 80 98 1 40 
998 210 998 105 1000 84 985 42 

1000 220 1000 110 988
1 

44 
9911 46 
994 48 
996 50 
998 52 
999 54 

1000 56 



T 

TABLE A25 Decomposition of AHV (from second stage in 
Argon) in Air 

° I 265°C 270°C 275°C 280°C 260 C 

c<. t 0<. t ex I t 0( t oZ I t 

134 8 23 6 92 5 78 3 99 3 
200 16 114 12 165 10 153 6 169 6 
234 24 177 18 199 15 182 9 211 9 
27 8 32 207 24 234 20 226 12 278 12 
351 40 238 30 284 25 260 15 342 15 
425 48 299 36 345 30 304 18 4 17 18 
505 56 369 42 401 35 355 21 501 21 
598 64 447 48 459 40 411 24 590 24 
695 72 530 54 530 45 469 27 682 27 
793 80 615 60 612 50 518 30 774 30 
869 88 702 66 685 55 576 33 851 33 
920 96 785 72 770 60 627 36 900 36 
944 104 855 78 855 65 683 39 925 39 
957 112 906 84 914 70 739 42 947 42 
964 120 936 90 957 75 790 45 960 45 
97 1 128 953 96 977 80 843 48 972 , 48 
976 136 960 102 987 85 889 5 1 980 ; 51 
98 1 144 967 108 992 90 923 54 987 ! 54 
986 152 974 114 996 95 943 57 992 57 
991 160 979 120 1000 100 95 7 60 996 60 
998 168 984 126 96 7 63 998 63 
995 176 989 132 977 66 1000 66 
997 184 994 138 984 69 
999 192 996 144 99 1 72 

1000 200 998 1 50 996 7 5 
1000 156 999 78 

1000 8 1 



T 

TABLE A26 Decomposition of AHV (from second stage 
in Ar gon) h1 VaCUtllTI 

220°C 225°C ° 230 C 235°C I 245°C 

QI t ()( I t 0( t oi. t I 0<\ t 
, 

50 3 49 3 29 2 57 2 9 Ii 
175 6 209 6 139 4 191 4 40 3 
308 9 406 9 253 6 342 6 135 41 

2 
463 12 610 12 411 8 513 8 253 6 
608 15 761 15 564 10 665 10 448 71 

2 
7 30 18 855 18 697 12 774 12 625 9 
818 21 904 2 1 795 14 853 14 760 101 

2 
875 24 928 24 860 16 910 16 843 12 
908 27 940 27 908 18 942 18 904 131 

2 
930 30 949 30 940 20 962 20 944 15 
945 33 958

1 

33 953 22 975 22 961 16i 
960 36 966 36 962 24 985 24 972 18 
970 39 973 39 970 26 990 26 977 19i 
975 42 980

1 

42 974 28 993 28 984 21 
980 45 986 45 978 30 996 30 989 22 1 2 
984 48 991 48 982 I 32 998 32 994 24 
909 51 995 5 1 984 i 34 1000 34 996 25i 
993 54 998 54 987 I 36 998 27 
995 57 1000 57 989 38 1000 281 

2 
997 60 991 40 
999 63 994 42 

1000 66 996 44 
998 46 

.1000 I 48 



T 

) 

TABLE A27 Decomposition of Irradiated AMV 
jn Vacuum 

Irradiated I Material Contro l 

123.50 C 

()( t eX t 

6 1 10 67 10 
217 20 228 20 
366 30 383 30 
500 40 520 40 
612 50 641 50 
705 60 749 60 
786 70 835 70 
856 80 896 80 
907 90 939 90 
947 100 968 100 
975 110 982 110 
989 120 994 120 

1000 130 1000 130 
I 



T 

TABLE AZ8 Decompo sition of Irradiated AHV 
(prepared from s olution) in Air 

Irradiated I Irradiated 
Control Meteriel I :-'1aterial 

Z750C 

eX t 0( t ex I 
28 3 Z8 3 28 
67 6 63 6 49 

112 9 94 9 95 
176 IZ 149 IZ 145 
238 15 ZZ2 15 ZI9 
379 18 288 18 293 
446 2 I 364 2 I 38 1 
509 24 444 24 462 
572 Z7 513 27 530 
635 30 576 30 593 
69 1 33 632 33 643 
741 36 684 36 699 
793 39 732 39 738 
835 42 777 42 780 
867 45 8 16 45 822 
902 48 854 48 847 
927 51 874 51 875 
948 54 899 54 900 
972 57 923 57 924 
983 60 947 60 946 
990 63 96 1 63 964 
997 66 972 66 974 

1000 69 982 69 98 1 
989 72 988 
996 75 994 

1000 78 997 
999 

1000 

t 

3 
6 
9 

I Z 
15 
18 
21 
24 
27 
30 
33 
36 
39 
42 
45 
48 
51 
54 
57 
60 
63 
66 
69 
72 
75 
78 
8 1 
84 



Sample 

TABLE A29 Recombination of Various V20 5 Samples Under a High 

Pressure of Ammonia 

V 2 05 f~rmed in V 205 formed in V 205 (Hopkins & V 205 Hopkins & 
Blr Vacuum Willi ams) 

Willi'lms pre-
I II III heated in vaCuum 

I I I 
, I 

ol t 01. t ol t ot t 

107 10 197 20 85 20 96 20 
237 20 284 40 175 40 235 40 
358 30 362 60 260 60 362 60 
460 40 425 80 338 80 474 80 
548 

I 
50 478 100 417 100 571 100 

624 60 526 120 495 120 654 120 
691 

I 
70 564 140 567 140 726 140 

750 80 605 160 630 160 78 6 160 
802 90 641 180 685 180 831 180 
847 100 675 200 735 200 861 200 
883 llO 703 220 775 220 883 220 
917 I 120 730 240 798 240 896 240 
944 130 756 260 810 260 904 260 
966 140 779 280 822 280 913 280 
984 150 800 300 830 300 9 18 300 
993 160 821 320 I. 838 320 923 320 
998 170 842 340 845 340 927 340 

1000 180 870 360 852 360 930 360 
887 380 858 380 933 380 
903 400 863 400 936 400 
919 420 868 420 938 420 
934 440 873 440 940 440 

460 

I 
948 878 460 942 460 
960 480 882 480 944 480 

I 

I 

I 
I 
I 

i 
I 

I 
I 



TA BLE A29 continued 

V 205 formed from decomposition 

Sample of AHV (pr epared from s olution ) 
in air 

IV 

, 
d. t 

8 1 10 
166 20 
2 71 30 
385 40 
495 50 
582 60 
664 70 
729 80 
793 90 
839 100 
877 110 
910 120 
935 130 
951 140 
963 150 
974 160 
984 170 
992 180 
996 190 
998 200 

1000 210 



TABLE .11.30 Recombination of Various V 2 0
5 

Samples under Damp Ammonia 

Sample 1\'0 

from 
Table .11.29 

I 

cJ. ' 

79
1 182 

266 
337 
400 
45 9 
5 14 
566 
6 14 
658 ' 
713

1 742 
779 ! 
814 
845 
874 
899 
920 
937 
95 1 
966 
974 
981 
987 
99 1 
994 
996 
998 

1000 

t 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 

II 

, 
D< 

119 
218 
290 
353 
408 
454 
502 
548 
595 
642 
689 
734 
778 
820 
858 
894 
924 
945 
959 
972 
98 1 
987 
991 
993 
995 
998

1 1000, 

III 

t 0: 
, 

5 60 
10 121 
15 183 
20 242 
25 302 
30 354 
35 401 
40 445 
45 , 490 
50 533 
55 576 
60 617 
65 654 
70 692-
75 725 
80 750 
85 , 767 i 
90 781 1 

95 793 : 
100 801 1 

809 1 105 
110 815 I 
115 821 ' 
lUJ 828 I 
125 833 
130 ! 837 
135 : 841 

844 
847 

, 

V 205 from 
IV 3rd Stage in 

Ar go n 

t D<' 1 ;r; t 

5 110 5 III 5 
10 293 10 230, 10 
15 40 2 15 333 ! 15 

20 1 487 20 437 20 
25 553, 25 517 25 

30 I 62 1
1 

30 576 30 
35 682 35 628 ' 35 
40 736 : 40 6761 40 
45 780 1 45 7241 45 
50 825 ' 50 768 ' 50 
55 8621 55 8101 55 
60 889 i 60 845[ 60 
65 917 65 880' 65 
70 944 70 90S

1 
70 I 

75 966 75 9 31 1 75 
80 983 , 80 9481 80 
85 993 ' 85 962 ' 85 
90 997 1 90 973

1 
90 , 

95 1000 : 95 982
1 

95 
100 100 990, 
105 996 105 
110 999 110 
115 1000 115 
120 
125 
130 
135 
140 
145 , 

! 



T 

TABLE A31 Recombi,Hltion of V20 5 Formed in Air Using 

Damp Ammonia (pNH 3 = pH20 = 70mrnHg) 

15°C I 30°C 40°C 50°C 60°C 
-

~' I \ 

, , , , 
Cl- t t ()I t c< t at t 

178 10 246 10 272 10 211 10 220 10 
326 20 421 20 44 5 20 343 20 356 20 
454 30 569 30 583 30 448 30 450 30 1 

562 40 687 40 700 40 539 40 534 40 
660 50 783 50 793 50 617 50 600 50 
752 60 858

1 
60 86 1 60 680 ' 60 662 60 

I 837 70 914 , 70 906 70 731 70 715 70 
907 80 949 1 80 932 80 778 80 754 80 I , 
9 67 90 966 j 90 945 ' 90 811 90 . 788 90 , 

100 ! , 
978 I 100 976 . 100 954 100 837 811 100 1 

983 110 1 980,110 960 110
1 

854 110 I 824 ! 110 ! 
988 i 120 I 982 120 963 i 868 120 1 845 120 I 

120 I I 
993 I 130

1 
985 : 130 966 877 130 856 130 I 

140 \ 
130 . , 

997 987 i 140 968 140 884 \ 140 866 140 I 1000 150 ' 989 1150 970 1 50 891 150 873 150 j 
990 160 973 160 897 I 160 880 160 , 
992 170 976 170 170 886 170 

, 
903 I 

! 994 180 978 180 909 ! 180 892 180 
995 190 980 190 914 i 190 1 898 190 i 919 i 200 I 904 200 ! 

923 ! 210 I 910 210 

I 927 I 220 915 220 
93 1 230 9 19 230 

I 934 240 923 240 , , 
, 



TABLE A32 Recombination of V20 S Formed in Air Using Dry 

Ammonia (pl'\H3 = 720mmHg; pH20 0( O. I mmH5) 

T 
0 

35 C 
0 

50 C 70 0C 

, , , 
cl- t r::I- t ex t 

129 20 170 20 240 20 
190 40 300 40 411 40 
261 60 404 60 528 60 
340 80 493 80 605 80 
4 13 100 567 100 669 100 
468 120 629 120 

721 I 120 
522 140 680 140 762 140 
570 160 725 160 785 160 
618 180 758 180 802 180 
659 200 787 200 815 200 
695 220 804 220 I 824 220 
731 240 819 240 832 240 
7 60 260 829 260 838 260 
7 86 280 840 280 844 280 
808 300 847 300 I 

826 320 855 320 
838 340 858 340 
850 360 , 861 360 
858 380 I 864 380 
866 400 I 866 400 
872 420 

, 



TABLE A33 

T 15°C 

I I 0' t 

161 15 
297 25 
415 35 
498 45 
580 55 
658 65 
731 75 
802 85 
815

1 

95 
920 105 
965 I 115 
985 125 
993 135 

1000 145 

Recombination of V Z0 5 Formed in Vacuum 

Using Damp Ammonia ( pNH3 " IZ. 5mmHg 

( pHZO ~ 70mmHg 

Z 1°C 30°C 

, I 

cJ. t cl- t -
162 15 174 15 
Z83 25 Z56 Z5 
392 35 354 35 
470 45 4Z4 45 
546 55 499 55 
617 65 573 65 
680 75 634 75 
744 85 694 85 
805 95 747 1 95 
860 105 797 105 
905 115 843 115 
945 125 889 125 
970 135 930 135 
985 145 965 145 
994 155 989 155 

1000 I 165 998 165 
1000 175 



T ABLE A,~ Recombination of V 2 05 Formed in Ai r at 21 0 C Using 

Various Vapour Pressures of Ammonia and Water 

pNH3 

pH20 

700mmHg 

4.58mmHg 

of t 

134 10 
196 20 
274 40 
351 60 
418 80 
479 100 
532 120 
581 140 
622 160 
670 180 
706 200 
741 220 
775 240 
807 260 
834 280 
861 300 
885 320 
909 340 
930 360 
948 380 
960 400 
971 420 
979 440 
983 460 
988 480 
990 500 
992 520 
994 540 

700mmHg 70 0mmHg 

0.53mmHg 0.00 4mmHg 

, 
I I 01' I of t t 

163 20 282 120 
270 40 341 240 
357 60 387 360 
442 80 430 480 
518 100 466 600 
583 120 501 720 
642 140 531 840 
694 160 554 960 
742 180 576 1080 
776 200 595 1200 
809 220 611 1320 
843 240 624 1440 
867 260 638 1560 
897 280 650 1680 
914 300 664

1

1800 
927 320 675 1920 
938 340 68712040 
949 360 697 , 2 160 
950 380 708 2280 
961 400 720 2400 
968 420 733 2520 
974 440 742 2640 
978 460 750 2760 
981 480 760 2880 
984 500 

700mmHg 700mmHg 

88.8mmHg 52 mmHg 

I 
, I ",' I of t t 

67 5 72 5 
147 10 154 10 
223 15 2 18 15 
295 20 280 20 
361 25 334 25 
423 30 402

1 

30 
480 

1 

35 467 35 
534 40 525

1 

40 
585 45 570 45 

I 634 50 633 50 

1

681 55 694 55 
726 60 747 60 

I 770 65 796 65 

I 813 70 84 1 70 
850 75 882 75 

1

885 80 917 80 
913 85 943 85 
937 90 959 90 
959 95 974 95 
974 100 982 100 
982 105 98 7 105 
990 110 992 11 0 
993 1 15 996 115 
997 120 998 120 
999 125 1000 125 

10 00 130 



TABLE A34 (C ontinued ) 

100 mmHg 100 mmHg\1 100 mmHJ 

29 mmHg 14.7 mmHg 6.9mmHg 
, 

c< 

79 
182 
266 
337 
400 
459 
5 12 
566 
613' 
657 \ 
700 i 

74 1 ' 
776 1 , 
8]3 i 
845 : 
874 : 
898 ! 
922 i 
936

1 950 , 
964 1 
974 . 
980 
986 
99 1 i 

994 
996 
998 

1000 

t 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
11 5 
120 
12 5 
130 
13 5 
140 
i 45 

eX' I tid' I t 

86 
156 
21 6 
273 
32 8 
381 
429 
476 
520 
560 
599 
639 
676 
716 
753 
78 9 
824 
855 
884 
910 
933 
953 
968 
981 
991 
996 
998 

1000 

5 
10 
15 
20

1 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70· 
75 
80 
8 5 
90 
95 

100 
10 5 
110 
115 
120 
125 
130 
135 
140 

84 
168 
237 
294 
347 
44 0 
485 
52 8 
572 
609 
647 
682 
712 
741 
771 
798 
825 

.849 
8 73 
890 
909 
925 
940 
95 1 
961 
967 
974 
979 
982 
986 
990 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
6 5 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
13 5 
140 
145 
150 
155 

35 mml-Ig 

16 rnml-Ig 
, 

ex: t 

51 
126 
193 
256 
3 11 
366 · 
415 
467 
51 5 
558 
60 1 
638

1 676, 
70 8 1 

748 1 
788 1 
823

1' 859 
892 1 
918 ' 
945 1 

96 1 
972 
983

1 
990' 
994 
997 

1000 

5 
10 
15 
20 
25 
30 
35 

40 1 

45 1 50 
55 , 

60 I 
65 i 
70 1 

75 I 
80 I 
85 I 
90 
95 

100 
105 
110 
115 
120 
125 
130 
]35 
140 

23 rnrnl-Ia I o 

17 rnmHg 

eX t 

11 6 
242 
357 
452 
534 
606 
668 
728 
775 
817 
852 
884 
9 11 
934 
954 
974 
987 
993 
998 

1000 

10 
20/ 
30 1 

4 0 
50 
60 

70 I 
80 
90 ! 

100 ! 
110 I 
120 I 
130 ! 
14 0 i 
1 SO I 
160 I 
170 I 
180 I 
190 I 
200 



TABLE A35 Recombination of V 2 05 formed in Air Using a Fixed 

Pressure of H
2

0 (= 70 mmHg) and Varying th e Pressure 

of Ammonia 

pNH3 

(mmHg) 
1. 56 
, 

I of. t 

2 16 20 
342 40 
425 60 
495 80 
552 100 
605 120 
654 140 
700 160 
742 180 
779 200 
8 16 220 
847 240 
877 260 
904 280 
928 300 
951 320 
975 340 
993 360 
997 380 

1000 400 

3. 13 

c< ' I t 

132 20 
219 40 
293 60 
357 80 
417 100 
473 120 
522 140 
565 160 
608 180 
65 1 200 
685 220 
721 240 
757 260 
791 280 
820 300 
850 320 
877 340 
900 360 
924 380 
946 400 
966 420 
983 440' 

1000 460 

6.25 12. 5 "~ , 

1 
, 

cL I t 0' t o! t 

112 20 64 10 63 10 
198 40 124 20 12 1 20 
271 60 175 30 180 30 
335 80 225 40 237 40 
395 100 268 50 291 50 
454 120 306 60 343 60 

~~~ 1 ~:~ 346 70 396 70 
382 80 456 80 

602 180 4 17 90 51 1 90 
649 200 450 100 563 100 
692 220 4811110 614 110 
733

1
240 51 1 120 665 120 

774

1

260 542 130 713 130 
814 280 575 140 758 140 
851 300 605 150 804 150 
884 320 641 160 848 160 
917 340 677 170 891 170 
946 360 708 180 931 180 
969 380 739 190 963 190 
990 400 769 200 986 200 
998 420 799'210 999 210 

1000 440 826 220 1000 220 
852 230 
87 8 240 
901 250 
923 260 
944 270 
963 280 
980 290 
996 300 

1000 3 10 



TABLE A35 (Continued) 

pKH 3 {m mH g ;It-___ 5_ 0.-_+-__ 9,8_---t __ l,4;-0_---tI __ l_8T6 __ I;-_,3,1_' - l 

d' t 01.' t I OI ' t ",, ' t d- t 

] 02 10 
219 20 
332 30 
432 40 
5 19 50 
604 60 
685 70 
756 80 
820 90 
8 80 10 0 
926 110 
96] ] 20 
981 130 
993 140 

1000 150 

141 
265 
371 
473 
559 
637 
714 , 
782 : 
839 1 

8 91 ! 
9 30 1 

958
1 

974

1 
984 
993

1 1000 , 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
1 10 
120 
130 
140 
150 
160 

140 
2 4 0 
328 
410 
488 
56 1 
625

1 69 1 I 
7561 
813 ' 
876 
925 
960 
982 
995 

1000 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 

9 5 
187 
276 
357 
43 4 
501 
567 
628

1 691 
74 5 
794 
834 
87 8 
909

1 936 
954 
969 
980 
992 
997 

1000 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 

76 
153 
228 
299 
360 
419 ,I 

479 
532 
583 
632 : 
695 
717 
754 , 
791 i 
825 t 

855 i 
884 I 
909 I 
928 
945 I 
957 
964 
970 
975 
980 
984 
988 
99 1 
994 
997 

1000 

10 
20 
30 
40 ! 
50 i 
60 I 
70 Ii 
80 
90 

100 
110 
12 0 

130 II 140 
150 
160 I 
170 I' 180 
190 
200 
2 10 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 



TABLE A3 6 R e combination of V
2

0
5 

for me d in air after p reabsorb ti on 

of varyi ng aIy(ou n t s of \vater 

Amount pr eab s orbed: H alf the a m ou nt stoichiometrica lly required for 
corrplete r ecorr bination to AMV 

pNH3(mmHg) 

pH
2
0(mmH g ) 

70 

70 

, 
IX 

67 
94 

115 
128 
150 
165 
127 
330 
514 
665 
797 
906 
980 
997 

1000 

t 

10
1 20 

30 
4 0 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 

100 

29 

, 
I ot t 

62 10 
93 20 

116 30 
133 40 
153 50 
167 60 
148 70 
341 80 i 
515 I 90

1 665 100 · 
793 110

1 895 120 
972 130

1 995 140 
1000 150 I 

720 70 

O. 1 0.004 

0( f I . 
I t 0< t 

65 10 63 10 
94 20 96 20 

115 30 117 30 
130 40 134 40 
152 50 153 50 
167 60 166 60 
34 1 63 266 70 
3 6 5 65 376 80 
491 75 433 90 
574 85 473 100 
625 95 499 110 
663 105 ! 523 120 
693 115 I 545 130 
719 125 560 140 
743 135 573 150 
761 145 585 160 
778 155 596 170 
794 165 605 180 
808 175 614 190 
820 185 621 200 
831 195 628 2 10 
841 205 635 . 220 
850 215 640 230 
860 225 646 240 
869 235 651 250 
878 245 : 655 260 
885 255 i 659 270 
892 265 ' 662 280 

1 
898 275

1 

666 290 



TABLE A36 (Continued) 

Amount prea.bsorbed: All th e H 20 stoichiometrica.lly required for 

complete recombination to AMV 

pI\'H3 (mrnHg) 

pH2 0(rr.mHg) 

• 

, 
eX 

95 
123 
166 
193 
220 
243 
262 
2 84 
305 
325 
346 
352 
336 
472 
615 
736 
839 
921 
983 
997 

1000 

70 

70 

t 

20 
40 
60 
80 

100 
120 
140 
160 
180 
200 
220 
240 
250 
26 0 
270 
280 
290 
300 
310 
320 
330 

720 

< 0.1 
, 

of. 

94 
12 8 
165 
191 
221 
245 

I 264 
286 
308 
321 
345 ' 
353 
570 
64 1 
729 
772 
805 
832 
855 
880 
897 
913 
924 
933 
942 
951 
959 
966 
970 
973 

70 

0.004 
, 

t eX t 

20 96 20 
40 134 40 
60 166 60 
80 196 80 

100 224 100 
120 246 120 
140 263 140 
160 287 160 
180 310 180 
200 324 200 
220 348 220 
240 405 230 
242 460 240 
245 505 250 
255 554 260 
265 602 270 
275 640 280 
285 672 290 
295 698 300 
305 719 310 
3 15 737 320 
325 752 330 
335 765 340 
345 774 350 
355 780 360 
365 784 370 
375 788 380 
385 792 390 
395 796 400 
405 799 410 



TABLE A37 Successive Decorr.position and Recorr.bination of AMV in Air 
(fo r De composition) and Dry Ammonia (for Recorr.bination) 

First dccompo- ISecond decorr.-
, 

Third decom- First recom- Second re-
sition to V20 5 position to position to bination in combination 

in air tv205inair V 205 in air dry l'iH 3 in dry l'iH3 

I I , , 
01 t d- t 0< t I eX t ci t 

63 4 80 4 126 4 107 10 137 10 
367 8 555 8 573 8 237 20 269 20 
554 12 604 12 610 12 358 30 393 30 
601 16 636 16 638 16 460 40 497 40 
639 20 665 20 661 20 548 50 587 50 
659 24 687 24 682 24 625 60 660 60 
671 28 702 28 700 28 691 70 731 70 
678 32 715 32 713 32 750 80 791 80 
682 36 727 36 726 36 802 90 849 90 
686 40 736 40 739 40 847 100 893 100 
688 44 744 44 743 44 883 110 932 110 
690 48 750 48 751 48 917 120 961 120 
691 52 753 52 754 52 944 130 978 130 
691 56 755 56 756 56 966 140 990 140 
714 60 756 60 756 60 984 150 996 150 
791 64 756 64 756 64 993 160 1000 160 
897 68 794 68 829 68 999 170 
975 72 958 72 984 72 1000 180 
996 76 1000 76 1000 76 

1000 80 



TABLE A38 Successive Decomposition and Recombination of the Fir s t 
Stage in Air (pNH 3 = 715 rnrnHg , pH20 < 0.1 rnmHg) 

First decompo- Second decom- Thi rd decom- F i rst re-. I Second re-
sition position position combination 1 corrbination 

, ; 
c< t 0( t LX t eX t <x t 

24 21 
2 54 21 

2 53 21 
2 174 10 176 10 

80 5 18 1 5 178 5 318 20 319 20 
143 71 

2 308 71 
2 305 71 

2 464 30 465 30 
204 10 462 10 459 10 588 40 585 40 
270 12t 61 1 12t 611 12t 694 50 690 50 
334 15 758 15 756 15 773 60 770 60 
393 17t 873 17t 870 17 t 833 70 829 70 
457 20 944 20 943 20 88 1 80 878 80 
530 221 2 959 221 2 960 221 2 919 90 9 15 90 
582 25 967 25 966 25 953 100 949 100 
644 27 1 

2 972 271 
2 973 271 2 972 110 971 110 

700 30 977 30 978 30 986 120 985 120 
750 32 1 

2 981 32t 980 32 1 
2 994 130 993 130 

804 35 986 35 984 35 998 140 997 140 
846 37t 988 37t 986 371 

2 1000 150 1000 160 
885 40 991 40 990 40 
920 421 2 994 421 2 994 421 2 

948 45 997 45 997 45 
968 47t 1000 4 7 t 1000 4 71 

2 
982 50 
988 52 1 

2 

992 55 
99 5 571 

2 

998 60 
1000 621 

2 



APPENDIX B X-Ray Powder Dcffraction Reflections 

The radiation used for all of the photographs was Cu K", 

In the tables below s is the diffraction cone diameter in em 

at the camera radius and. d is the interplanar separation in Angstrom 

units. The relative intensities of the reflections are given in the 

diagrams in Chapter 4 . 

- 1 
( 1 Angstrom unit = 10 nm) 

, -



TABLE Bl Reflec tions of Substanc e s Related to AMV 

AHV dccom- 3rd s tage air 1 st stage air 
B.D.H. AMV 

posed to V 205 recombined recombined to 

recombined to to AMV AMV 

AMV 

s d s d s d s d 

1. 622 5. 80 1. 580 5.95 1. 57 8 5.96 1. 577 5 . 96 
1. 936 4 . 86 1. 895 4.98 1. 913 4. 97 1. 877 5.02 
2 . 292 4. 12 2.298 4. 10 2.265 4. 16 2.225 4.24 
2. 528 3. 74 2 . 5 12 3 . 76 2. 505 3.77 2 .457 3 . 84 
3 . 004 3. 15 2.960 3.20 2. 985 3 . 17 2. 950 3.2 1 
3.282 2. 89 3. 23 1 2.95 3. 250 2.92 3. 222 2. 94 
3.496 2.72 3.496 2.72 3.492 2 . 72 3 . 586 2. 65 
3 . 620 2 . 63 3.610 2. 64 3. 601 2 . 64 3. 859 2.47 
4 .512 2. 13 4. 508 2. 13 4. 520 2 . 12 
5. 630 1. 73 5 . 256 1. 84 
5 . 990 1. 63 5.372 1. 8 1 
6. 322 1. 55 5.582 1. 74 

5 . 938 1. 65 
6 . 296 1. 56 
6 . 694 1. 48 



TABLE B2 Reflections of Substances Related to ABV 

Product 
of: 

1st stage of lIst stage of lI st stage of 
decompositio decomposition decompo s itio n 
of AMV in of AMV froIT'. in air of AMV 

air recombined from recom-

V
2

0
5 

bined ABV 

s I d s I d s . d 

1. 182 7 . 94 1. 995 4.72 11. 177 7 . 98 
1. 630 5.77 2 . 855 3.31

1

1.6 10 5. 84 
1. 890 4 . 98 3.44 5 2.76,1.930 4 . 88 
1. 964 4 . 7 9 4 . 063 2. 35 ! 2 . 739 3.45 
2.254 4 . 19 4. 520 2. 12 i 2. 909 3.25 
2.748 3. 44 5.416 1. 79 3.3 10 2. 87 
2. 924 3. 24 5. 780 1. 68: 3.924 2.43 
3.270 2 . 90 6.095 1. 60 3.728 2 . 03 
3. 344 2 . 84 
3.924 2.43 
4.740 2 . 03 
5.266 1. 84 
5. 654 1. 72 

1 st stage of 
decomposi-
tion of AMV 
in vaCUUll1 

s d 

1. 954 4. 82 
2.278 4 . 14 
2. 762 3.42 
3. 340 2.84 
3 . 924 2.43 
5 . 268 1. 84 

, 

2nd stage of 
decon1position 
of AMV in 

vacuum 

s d 

1. 946 4. 84 
2 . 182 4 . 32 
2 . 758 3.43 
3. 314 2 . 87 
3 . 910 2 . 44 



TABLE B3 Reflections of Sub stance s related to AHV 

AHV prepared 2nd stage of 1 st stage of 
fro m the decompo - the decompo-

solution sition in air sition in NH 3 

s d s d s d 

1. 166 8. 05 1. 170 8. 03 1. 238 7.59 
1. 232 7.62 1. 222 7.72 1. 658 5. 67 
1. 598 5. 88 1. 610 5. 84 2. 240 4. 22 
1. 672 5. 62 2.662 3. 55 2. 684 3. 52 
1. 906 4 . 94 2. 890 3.28 2. 938 3. 22 
2. 394 3. 94 2. 938 3. 22 3. 394 2. 80 
2. 474 3. 82 3.250 2. 92 3. 850 2.48 
2. 636 3. 59 3. 844 2.48 4. 376 2. 19 
2. 70 2 3. 50 4.296 2. 23 4 .754 2. 02 
2.912 3.25 4. 710 2 .04 
2. 962 3. 20 
3.000 3. 16 
3.292 2. 98 
3 . 346 2. 84 
3. 896 2.45 
4. 368 2. 20 
4.796 2.0 1 



TABLE B4 Reflections of Substances Related to V 205 

Hopkins and 

Williams 

s 

2.138 
2. 242 
2.778 
3. 296 
3.440 
3. 640 
4. 362 
4. 836 
5. 040 
5.450 
5. 904 
6. 260 
6.498 
6. 602 
7.612 
7.850 

d 

4.41 
4.21 
3. 38 
2. 88 
2.76 
2. 62 
2.20 
1. 99 
1.92 
1. 78 
1. 65 
1. 57 
1. 52 
1. 49 
1. 32 
1. 28 

3rd stage of 

the decompo­

sition in air 

s 

1. 626 
2. 120 
2.240 
2. 754 
2.977 
3. 289 
3. 382 
3.618 
4. 340 
4.988 
5.401 
5. 864 
6.431 
6. 539 

d 

5.78 
4.44 
4.22 
3.43 
3. 18 
2. 90 
2.81 
2.63 
2.21 
1. 93 
1. 80 
1. 66 
1. 53 
1. 51 

3rd stage of the 3rd stage of 

decomposition 

in argon 

s 

2. 146 
2. 805 
3.312 
3. 444 
3. 660 
4.418 
4. 907 
5. 062 
5.459 
5. 902 
6.228 
6.508 
6. 600 

d 

4. 39 
3.37 
2. 87 
2.76 
2. 60 
2. 17 
1. 97 
1. 91 
1. 78 
1. 65 
1. 57 
1. 51 
1. 49 

the decomposi­
tion in vacuum 

s 

1. 613 
2. 107 
2.789 
3. 290 
3. 629 
4. 384 
5. 046 
5. 405 
6. 582 

d 

5. 83 
4.47 
3. 39 
2. 89 
2.62 
2. 19 
1. 91 
1. 79 
1. 49 

Final product 

in vacuum 
annealed in 
vacuum at 

5500
C 

s 

2.084 
2. 151 
2. 580 
2.756 
3.245 
3. 384 
3. 586 
4. 334 
4. 744 
4.965 
5. 171 
5. 365 
5.896 
6. 144 I 
6.400 I 
6.526 j 

d 

4. 52 
4.31 
3. 66 
3.43 
2. 93 
2.81 
2.65 
2.21 
2. 03 
1. 94 
1. 87 
1. 81 
1. 65 
1. 59 
1. 53 
1. 51 

I 



TABLE B5 Reflections of the Products of the Various Stages of the 

Decomposition in NH3 

Product of: 
2nd stage of 3rd stage of V0

2 
de compo si tion decomposition (AHa Inor-

ganic s) 

s d s I d s d , 
2 . 705 3. 50 1. 59 1 i 5 . 90 1.602 5 . 87 
2.960 3.20 2. 669 

I 
3.53 2 . 684 3. 52 

3. 3 11 2. 87 3.045 3. 09 3. 045 3. 09 
3. 632 2.62 3 . 172 i 2.99 3. 251 2 . 92 
5. 024 1. 92 3. 552 I 2. 67 3.641 2.66 
5.288 1. 83 4.' 760 i 2. 02 4. 842 1. 99 

5. 193 1. 86 5.290 1. 83 
6. 236 1. 57 6. 301 1. 56 

7.367 1. 35 
I 



TABLE B6 Photograph s Taken at Various 
, 

0( Values During the 

Recombination of V 205 to Form AMV 

, , V 20 5+H
2

0 + 
d.. = 0.33 v<. = 0.76 

NH3 to end of 

the rapid 

reaction 

s d s d s d 

1. 620 5. 80 1. 602 5. 87 1. 135 7 . 14 
1. 89 1 4.98 1. 907 4 . 93 1. 6 1 1 5 . 84 
2. 11 6 4.45 2 . 268 4 . 16 1. 854 5 . 07 
2.292 4. 11 2.480 3.8 1 2.2 70 4 . 15 
2.777 3 . 41 2 . 987 3.17 2 . 721 3. 48 
2.993 3. 16 3.237 2 . 93 2. 956 3 . 20 
3. 265 2 . 9 1 3.568 2 . 67 3.2 14 2. 95 
3.422 2. 78 3.870 2 . 47 3. 550 2 . 68 
3. 628 2.62 4 . 485 2. 14 3. 865 2.47 
4 . 805 2.00 4 . 945 1. 95 5 . 355 1. 81 
5.002 1. 93 5. 345 1. 81 
5. 180 1. g7 
5 . 43 7 1. 7 8 
5 . 89 1 1. 66 
6 . 245 1. 57 
7 . 634 1. 3 1 




