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A kinetic study of the sintering of siliea xerogel
wae made by Lfollowing the dehydration of gel sphewolds
(2000812, 11 and 8i1-~420 m) using & thermogravimetrie balance.
The scope of the work was extended to include the effects of
- small additions (usually 5 g. lom %) of minewvalisers on the
reactlion rete. The additives used were WapWia, WaCl, LiClL,
LiBr, LlghH0s, BaClg, Callg, Algly, Wi0, Cd0, Zn0, Crals and
Culo

In most cases it was shown that the additives inecresse
the rate of dehydration, this effect being purely ecatalytic
below the Tammenn tempevaiture. However there was a marked
tendency for solid-solid interection to occur above this
temperature. One of the important surface characteristics
measured was surface area by low temperature gas adsorption
(fa at 90°K). This showed a feature characteristic of
gintering vizg. fall in surface ares with increase in
temperature, The method of Cranston and Inkley was used
to caleulate pore size distributions of the gel systens.
Contrary to the normal method of caleulating pore size
distributions from the desorption branch of a B.E.T.

lsotherm, this method employs the adsorption branch as well




ag leading to un independent determination of the surface

area. The surface areas calculated in this fashion were withi

2% of thet calovlated using the B.E.T,. equation. An

apparatus was desligned to give a measure of the bulk ox

mercury densgitv of the xerogel spherolds. The values derived

showed an increase in density with temperalure increase,

which is & characteristic property of sinbering reactions.
X-wray powder photorraphs were taken in an attempt to

indentily new phases formed by solld-solid interaction bebtween

the gol and the minerslizers.

DE?%. 4 f%

SO e s T

The object of the work was to meke a generul study of the
prepavation and physlcal properties of selected trensition
metal complexes in nop-agueouws solvents. The metals examined
were Cuf{ll), Co(IT1}, Ni(II}, and Zn(II) as either the
big=perchleorate, chloro-perchlorate, bis-tetrafluorchorate, or
the chlorg~-tetrafluoroborate in ether solution. The mefhod of
preparation of the solution consisted of shaking the metal

nalide with silver perchlorate {(tetrafluoroborate) in ether.

The ligends which were added %o the above solutlons were

triphenyl-phosphine, itriphenyl-arsine, triphenyl-stiblne,




tiiphenyl<-bismuthine, trimethyl phouphite, +Hriethyl

phosphite, triphenyl phosphite, triethyl amine and Le-methyl-

2,6, T=twiona=l~phosphabicyelol2.2.2.] oetane. In cevrtain

casen veagtion took place between the ligand end the metal

salt, but in the wejority, normal. complexés of the bype

wtd ()
Ael

. (c10&>ﬁ or m-H(1) 10104, and the

p OF 198 OF @
corresponding fluoroborutes were formed.
The phyasloal properties of the resulting complexes

were then examined using infrared, ultraviolet(solution ox
reflechance speotra), far infrured wad by the analysis of the

compound. Using thEstdats, possible structures arg posiulated.
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GHAPTER X

Insroduection

A-da e o ol

Very 1little work has been done on the thermal -
dehydration of silica gels, and no studies have been
reported in which the effects of solid additives, or
impurities, on the course of dehydration have been
exanined. No previous studlies have bheen made of the
chemissyry of the thermal dehydration other than those
which may be inferved from publications primarily
concerned with sintering processss. Poxr example,
Goodman and @r@gga have shown that sintering of silica
gel is consistent with dehydration and consequent logs
of surface area and pore volume. Therefore, in the
present studlies, attention has to be given to the
linked processes of chemical change due to0 dehydration-
catalytic and non-gcatalyitic - and physical change
brought about by agglomeration or sintering.

Sintering is a broad term buit may be considered as
the adhesion of parﬁi@léa of & solld %o form aggregates.
It occurs most readily in © high temperature® rogions
and for metals and metalllic oxiddes, this Indicates a
region from 0.4 to 0.5 Tm where Tm = temperaiture of

meliing in °K. It involves g reduction of free energy
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content along with a reduction in the specific surifasce
of the so0lid.
The mechanlsm of alntering ls extremely complex and

&

. ; o 3 N
may be dnfluenced by variouns factors.

) & K
° Huttig et al

were among the Tivst to investigate the progess systemsb-
ically, and deduced & mechanism involving adhesion,
surface diffusion and lattice diffusion. High temperst-
ure sintering has been investigeted by o nuwber of
workers * 000000t couse of the wide range of
indusitrial Importance vegardling semi-conductors, Lerrites
and powder metallurgy, attasched to the bulk movement of a
golld, whether by surface Qiffusion, ¢vaporation-
condensation, volume diffusion, viscous or plastiec flow.
More recent 1av@atiga%orwxggﬁa have subdivided sintering
processes into three steges, viz. {(a) initial,

(b) intermediate and (¢) Ffinal, In the initlal stage,
neck growth commences besiween pariicles. I the
intermediate stage there is a combtlnuous pore pheso and
the pores are intersected by grain boundarivs.

When the pores are sealed the final stege sets in.

Ia contrast, however, to axplanations of the

L6 28
plntering behaviour of metals -~ which can be

related purely to changes of surface {rse energy -
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chemical interaction has to be considered in the case

of sllice xevogel and related hydrous oxide systems.

atlon

In the synthesls of minerals prepared by heat
treatment or sintering rea@tionspiﬁsaﬁ”aa the rate of
reactlion may become large well below the fusion point
of the reactants. Such processes may be completed
some hundreds of degrees below the eutectic temperatures
of the systems involved. However, no quantitative date
is available as to the mechanism of this solid-state
catalysis,

At the same time, silica and sillca gels are often
used ian mixtures or as medtal * supports’™ in many
heterogeneous catalytic reactions, Hence, 1% is
valuable to observe whether the properties of silica
and silica gels may be inflvenced by the inclusion of
catalytic agents such as oxide and halide additives,

Silica gel represents a velatively simple chemical
system and its properities In the presence of such
additives at tenperatures above 240° are not known.
Thus, information on {(a) the energetics of dehydration,
(b) chemical and (c¢) physical properties would be of

considerable value in understanding the behaviour of
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pimple silica systems as these are gpplied in progesses
involving (1) hot gas—drying (ii) cracking eatelysis
‘and (1i1) adiabatic debumidification.

lineralliszers

The use of crystallising agents or minevalizers
ég;@ been employed in order to accelerate ¢rystal growith.
The modes of action of such processes are divernsg, and
-gan best be understood by reference to specific sczamples

i 10
which have been weviewed by Taylor  aund Gohn' o

Iin these vreviews 1% has been shown that the sintering
of amorphous alumine to give corundum is greatly
accelerated by calcium fluoride. It is suggested that

aluminiuvm fluoride is formed
3CaP, + Aly05 &= 300 + 2A1F;

and that crystalline Al,0y; then results from the
reverse reaétion, the minerallzer acting by Lorming an
intermediate compound,

Barrer *e has shown that e hydro-thermal synthesis
of a zmeolitic species has been observed in which
alkaline=garth halides, viz. barium chloride or bariunm
fluoride were specific mimeralizers, The malte acted

a8 space fillers to permit and stabllise the growth of




an open aluminosiiicaté  framewerlk. The barium
chloride or barium fluoride may subsequently be
extracted from so0lid solution throughout the Interstlces
of the framework %o leave the sali-free zeolite.

Hot all mineralizers act by forming such intermediate

compounds. ryrolytic or puneumatolytic crystallisations
are affected by water in two main waymig viz. (1) by
lowering the viscosity of a magma with which it is
aggsociated and (1i) by lowering the fusion temperature
of crystalline specles im equilibrium with the magma.
It might be anticipated that other volatile compounds
such as hydrogen fluoride, hydrogen chlorxide, sulphur
dioxlide, hydrogen sulphide, ammonia or carbom dioxide
would tend to give similar results to water.

The actual structure of silica gel has received much
discussion, Vailgg hes pointed out that in silica gel
the partlcles grow in size, become more anisotropic,
and coagulate by aggregationy il.e. in the same volume
of gel the indlvidual particles may decrease in number
and increase in size, Slgner and Egligg concluded
that the framework of silica gel was not made up of
gimple chains of Sl—= 0=541 linkages. It is very

likely that the network gel structure is composed
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initially of polysilicic acid units containing an
average of 3 to & 510, units each, since as shown by
Ilexr  , the silicic acid liberated from this silicate
by acid is already polymerised at least to this degree,
On the basis of the thermal ageing of silica gels,
Shapiro and K@l%hoffgg confirmed that the structure

of sillce gel could best be visuszlised as being made
up of discrete particles.

From the above considerations, along with the
existing knowlesdge of gel formation, it is indicated
that silica gels consist of three=dimensional networks
of polymerised siliciec acid, Jjuncitlion points of these
glliclc scid macromolecules consist of chains of
micelles arranging themselves in lattice order.

On the basis of the concept that silica gel is
composed of dlscrete particles, Plank and Drakezs
point out that, in view of the mechanical strength
of dry gels, the particles must be firmly bonded
together, These authorxrs visualise that, at least
inltially, the ¥ micelles' are bonded together in
chains, probably by hydrogen bonding. However, in
view of the fact that the surfaces of perticles of
colloidal silica is composed of S1(O0H), groups, it is
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likely that, when these particles come together,
condensation between spllancl groups occurs and
slloxene bonds are formed betwesen ithe particles, as
postulated by Garmamqaﬂ

If the process of oxygen sharing is exitended, so0
that each sheet is linked to the neighbouring sheets
above and below, a three—dimensional neitwork is
obtained im which every oxygen atom is common to two
tetrahedral S10, groups. The whole network then has
the composition S10,, and represents one giant molecule
of silica. The three primecipal crysitalline fLorms of
gilica = crisiobalite, tridymite and quartz - are
based on this kind of structur@ogs Crigiobalite and
tridymite are built up in exactly the manner described,
and differ in the way thé cross-linking is achieved.
In quartz, the regular arraungement is somewhat
distorted, so that spirals of 0=81=0«= Si-0 = chains
lie around itrigonal screw axes of symmei$ry.
ggggiﬁe aof Exggg&gggﬁg&wgpgroach

The effects of heat treatment ° '@ °70¢*% ¢
silica gel has been investigated by a number of workers

but these studles have been restricted aimost entirvely
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to techniques based on physical adsorption of gases
soch as nlitrogen.
Since 1t has been shown that forelgn long affect

50 ,32 .82
the sintering of active solids,

great caxe
wes taken to ensure that the silica gel was Ifree Lrom
guch impurities, Pregvious work on the thermal
dehydration of silica gel has besen carried out in
these 1ab@rat@ri@sog$ However, it was decided that
an essential feature of the kimetic work was to have
regular geometry of partlcles so that purely chemical
effects might be separated from physical ones.

Begides studying the kinetics of dehydration by
means of a thermal balance, the surface properiies
and pore structure of the gol were investigated using
a number of techniques, viz. (i) mercury or bulk
density to obtain pore volume data, (il) surface area
measurements from B.E.T. isotherms and (iii) X-ray
powder photography.

The thermal balance was employed for several
reasons: viz.,
(1) it showed the quantity of volatile matter lost

and the rate pattern of the loss,
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() 1%t was used %o follow sintering at steady
temperatures,

(3) it gave am easy and accessible methed of following
changes in the rate of siantering at different

temperatures, with or without minerslirers.

Luap or mercury density was measured since the
Jump volume of a8 80lid consglistes of the true volume
of the solid phase together with the pore volume.
Thls was of prime importance since bulk movement of
2 s80lid is consistent with a drastlic reduction in pore
volume, and immersion in mercury glves an indication
of the temperature at which bulk movement commenced.
Low temperature gas adsorpiion has long been used
for the evaluation of structural data, especially with
regpect to surface aveas and pore siructures.
Structural effects caused by heat treatment wevre
examined by taking X-ray powder photographs and by
photomicrographs. The X=way technique was useful
for ldemtifying the formation of new so0lid phases,
while photomicrographs supplied confirmatory evidence
that the first stage of sintering had been reached.

18
This point s defined by Coble. = (Sec page 2)
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Details of the applleastion of the above technique
are given in the experimental section.

By an analysis of the resulits obtained from the
above methods, 1t was hoped %o elucidate the behaviour
of mildca gel on sintering and alse to relate the
importance of 1its surface cherascteristics in its

spplications to heterogencous catalysis.




Experimenial,

RIS R

A brief review of the general szxperimental
approach has been given in Chaptexr I, In the presentd
chapter the practical detalls invelved, and the mode
of interpretation of the vesults will he considered

more fully.

(1) Preparation of silics xerogel

Microspheroids of silica gel wereg prepared by a
method aimilar to that of Marigacoi@ This consigted
of passing a fine jot of a‘mixtur@ of amodium silicate
(8.8, 1.10) and sulphuric acid (8.8, 1.10 « 1.18),
at approximately the gelling pH (4.5) down o six fool
columa of oll (8.8. 0.76 = 1.00) at 60-70°,

T™he hydrogel formed into microsphevolds in fallling
down the oll phase and then set in an underlylng
water layer contalnlng a surface active agent.
Experiments were carvied out with various itypes of
cationic, anlonic and non-ionic detsrgents to £ind the
vest surface active additive. Finally, the one

chosen was o saiurated solution of sodium dioctyl
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sulphosuccinate dissolved in nethylated spirits, as

a 2% v/v solution in the water phase. On removal
of the spheroids from the column = by downward
flushing - the water was drained off and the hydrogel
varticles were allowed to synerxise for 24 hours.

The sulphate in the hydrogel was then removed by
Soxhlet exiraction with water for 20 hours.

This was followsd by extrection of any surfacse oll
and sodium dioctyl sulphosuceinate wiith bensene oy
1624 hours. Pinally, the spheroids wewre weshed in
goetone and dried slowly at H0°, before beling
separated Into the required slze ranges by sieving.
The Soxhlet extraction times taken were shown to hm%a
removed the oll and detergent by the absence of

" yigible chavring of the surface on heating in a

grucible to arvound 400°CY ,

(2) Thermal balence

The rate of dehydration was sxsnined on & T.R.
modegl Stanton thermobaelance equipped with o michrome
furnace; o chart speed of 12"/ hour was used.

As in previous experimenﬁﬁgsg the sillice ga%/

additive chavge was varlied by a small amount in the
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region of 0.9 « 1.1 g Within these limiits no real
mass effect was observed om the dehydration rate
resulits which were converted to a mg%/ga basis as

Fj

shown in Table 2.1,

Pable 2.1,  Toss in weight of 2000 - 8431 # spherolds

of gilica xerogel at 5HO0Q®.

Wte of semple B .at

Wi. of sample & at 240° = 1,000 g, 24.0° = (0,905 m,
Time Wt. loat Wto lost . W, lost Wt. Lost
(sees) o fmg) Smefe) lme ) Soele)
75 5077 5.50 5,07 5,60
100 7 o 24 6,90 6020 6.85
150 11,97 11,40 1.0, 56 170,45
200 16,80 16, 00 14,48 16, 00

In order to study th@ dehydration, the temperature
was raised o 240° and held there until all physically
adsorbed water from the gel spherolds had been driven
@ifoaﬁ The semple was removed and kept over activated
moleculay sleves in a desiccator. The furnace was ralised
0 the regqulired temperature and held constant before
quickly replacing the sample in the furnace.

The welght loss was then recorded until s steady value

CHANGE
was resched (il.e. less than 0.5 mg., in 10 minutes).
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In general, the time taken to reach the steady value
was no more than 30 minutes.
(3) Low Tempersture Gas Adsorpilon

(a) The sdsovptlion of nitrogen abt 909K

At present, there is no method available by
which the absolute value of surface ares can be
determined, though gas sdsorpiion technlques give
the most reproducibvle results for relative surface
aread.

When a gas is admlitted to an outgassaed molld
surface there 1s a charge atiraction at the gag/%oliﬂ
interface which causes the ges to be retalned, i.e.
adsorbed. This process ls always accompenied by a
decrease in energy. By plotting the volume of geas
adsorbed, at;or near its bolling point, for a series
of relative pressures we obtaln an adsorption isotherm.
The first theoretical derivation of sn equation to
describe this phenomens was made by Langmuirgﬁ uvaing
kinetic theory. However, this squatlion is restricted
in its application because of the assumptions made in
1%s derdvation, At present, the Brurauver, Emmett and

56
Peller  (B.E.T.)} theory of multimolecular adsovption,
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though over-gimplifylng the problem, ls generally
agreed as the best method of obtalning surface
$7,80 ,89 40

areas.

The B.E.T. equation is usually expressed in

the form
rd
2 pomo) = (e=Bdp,” ... (2.2)
y Po=P Vi€ /f%mcﬁb

where ¥ = volume adsorbed at equilibrium pressure p

pg = salturated vapour pressure of sdsorbate

Vi = monolayer volume

¢ = constant depending on the heats of adsorption
and llguefaction of the gas.

.\ pl@t of %/% {po=p) ogainst %/%0 should give a
stralght line of slope cf}/vm@ and intercept® %/%mﬁp
from whence ¥y and ¢ may be cbtained. This equation
is found to hold experimentally in the range 0,085 £
P/po € 0.35,  the surface area $ is found from Vy by

means of the equation
S%me.&ﬂ 060000 QRGQCGCD (202)

where N = Avogadro's number

Ao = area occupled per molecule in the adsorbed phase.

¥
Livingstone proposes that Ae may beat be evaluated

from the relatlionahlp
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G
Agkﬁ.{"[ Xﬁ/ﬁgtjm]/ﬂ CONOODIOOO (2@5)

where M = molecular welght

wﬁg = Liguid density of the adsorbate
and P varies from 1,000-1,091, depending on the type
of molecular packing.

Living&tanﬁﬂﬁasuggests furthexr that for nitrogen
4o = 16.54° at 90,59 and this value has been adopted
in the pr@a@ht gtudye.

In addition to surface areas, low ftemperature
gas adsorptiom isoptherme can provide data on pore
alze distributions,  For this type of information
the usual approach has been to apply the Kelvin
equation (Bquation 2.4) with various vefinements %o

' 26 588 908 584 4486
the desorpilon branch of the isotherm.

Vm JCcoB «
/\gm %Q N éy / X’lg; R 00060 (204:)

where p = equilibrium pressure
Po = sabturated vapour pressure

g = auyrface tension

VY = molar volume of the adsorbate
& = angle of contact of the adsorbate In liguid
form wiith the adsorbent
R = gag constant
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T = absolute temperature

Ty = value of a single pore radius,

However, Cranston and Imkl@yag have proposed an
improved method of deriving pore-=size distributions
from the adsorption branch of the isotherm,

The method is & development of that by Barrett et alﬁﬁ
but is more exact and provides an estlimate of the
total specific surface, which is almost independent
of the B.B.T. walue, and also leads 10 a comparison
of pore volumes calculated in two ways. In terms of

pore diameters the working equation becomes

Umax
d = 2%
Vyg = Reglvyy = kyq s gt Vg Aa) ... (2.5)
Gq ot B4

where & d = an increment of pore diameter

¥d 8 @ = volume of pores having dlameters between
(@ =2Ad) ana (@ + & & a)

Appyx = dlametexr of largest pore

Vi = volune of pores having radil beitween
v, and ¥g4

Tables of values for Ry ,, k4 and the factor (@“2%;/%%

are provided in the appendix.
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The values of pore gtatisitics dervived Lfrom the
isotherme were computed using the English Electric

KDP9 computer at Glasgow Unlversity.

{b) The meesuvement of adsorphion isotherns

A constant volume apparatus similar to that of
Joyn@rkw was uged Tor the measurement of the
adsorption of nitrogen at low temperatures (Pig:2.1).
Egsentlial features included o swell dead space, and
& plug of gold foll to prevendt mercury vepour
contacting the adsorbate.

“he sample was welighed lnto a bulb, X, and @mi-
gaswed for vane hour at 200° and to a pregsure of
lmw mm of Mercury. Gas was then admitted alowly to
the adeorption section via the fine control needle
valveao Before any calculations can be made the
dead space in the system was measured, This exbtended
from the zero mark on the buretie through all the
interconnecting tubes between the needle valve and
tap C, with Hap D c¢logaed. This spece plus the
volume of the flesk (l.e. with tap C open) was then

caleulabed from the ldesl Gas Lew, for voom amd Iiquid

RLtrogon temperaituires. At the same time the average
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temperature of the sample flask whoen lmmevsed in
liguid nitrogen was estimated. Application of the
gaa lawe showaed that the amount of ges adsorbed,

V moles, was glven by the equation

[ %
v o &%ﬁz%?{g;ﬁ' e %}% [%@% = %‘2‘@’] DV OOO0COOD0O B O (806)

where & pd = sum of succesgive doser pressures (mm Hg)
Vd = volume of doser (oe)
p = equilibriuvm pressure (mm Hg)
v = room temperature {(°K)

Vo = dead space above liguid nitrogen (cc)

-3
£
B

Te = tewmperature of oryostat (°K)
R = gag constant (cc mm °K7°2)
A Tull description of the method employed is
best understood by referring to table (2.2) which

wag smployed For all measurements taken

Table (2.2), Caleuwlation of Surface Areas

Column Headdng Degeription
1 Pressure The presesures measured ab
different pointe during the
isotherm.
2 Volumne The volumes measuraed omn the

burette at the same poinds
Guring the isotherm.




Table (2.2)(contd.). CGalculatlion of Surface Areas.

Column

D

iy

H

i

10

11

Heading
Volume + dead space
?‘1‘ )
Volume + dead space
{R. TP, )

Preassure correction

TlLask voluns

Gas remaining

Total admitited

Yolume adsorbed

)

PO

S
eSS

Dascription

The volumes ln column 2 +
dead space with sample at
liguid nitrogen temperaturse.

The wveolumes in column 3
corrected to NoT.P.

The pressures in colwm 1
corrected for deviations
from the ldeal gas laws.

The flask volume at

Liguid nitrogen temperature
corvyrected to0 N.T.P. from
the average temperature

of the flask at the

various pressures in

golumn S,

The volumes in columns 4
ang 6,

The wolume (top line in
column 4) less the volume
of the bottom line of the
previous point. Thasge
volumes are added for
adsorption curves and sub=
tracted Lor desorpition
curves,

Volume in column 8 (bhottem
line) less the volume imn
columm 7,

The volumes in ¢golumn 8
divided by the welght of
the sample.

Pressures in column 1
dlvided by the saturation
Pressure.
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(4) Mepsuroment of Inmp Density

M@r@ury hags 8 high aurface tenslon and a laprge
contact sngle and is thus unable to entexr poves of
radins below ca. 50,000 3 whan a presauye of one
abtmosphere exists across the menlocust’  The reciprocal
of the mereury or lump denslty, viz. the lump volume
includes the volume occupled by the crystel lattice,
all the micropores and mest of the macropOTes.

It is customery to distinguish as microporesg those

pores which sre so small es to become filled at pfpo
avound Q.83 auch pores usually have a diswmeter smellier
than about 30 30

The sppavatus uséd for the lump density (fig. 2.2)
was o modification of that gealigned by J@p&@moﬂ@
The velume of the sample container was calibrated by
finding the weight of mercury reguired to £i111 1.
A known welght of sillica gel was weighed into the
pample holder and the system was oudtgessed for an hour
at 200°, Preshly distilled mexrcury was then introduced
until the level was esbove the eteh mark en the capillawy.

Af%er cooling, excess mercury was removed till the level

was at the eteh mark. The lump density jﬁ T, wawn
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calculated frem the equation
W,
3] R ST R IR Y
ft\l v ‘h"ﬁ'g OO0 0GUNGOo0U (?‘;077)
T
where w, = woelght of gel
Wy = welght of mercury in sample holder
¥V = volume of sample holdew
dp = denslty of meveury at room temperature
Duplicate determinations were within an ezperimental

error of l«2%.

(8) X-Ray Analvsis

Y-ray powder photographe were tokem on a Phillips
PW 1009 genewrator using Cu-Ke radiatlon, The d-vailuen
of any new phases formed by the intevaction of alllca
gel and additive were caleulated using the Pexranti

Sdrius compuiter at the University of Strathclyde.
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CHAPTER IIL

Section 1

The Bffect of Sodium Tungstate Additiong

Before examining the effects of additives on
the dshydration rate of silica gel, the first
experiments were designed to study and elucldate the
kinetices for the asintering of silicse gel alone.

For sffective comparison, the surface properties
measured in the latter came are iacluded in that
sectlon deallng with the physical properties of gels

as affected by the presence of addltives.

Starting materials

Silleca gel = the preparation of microspherolds waa

described in detaill previously (Chapter II).
Irregular gel particles were prepared by allowing a
mixture of E@dium allicate and sulphuric scid to gel
at pH = @65 in a large container. The gel was then
broken up, and sisved to glve particles of the same

dimenslion vange as the spherocids.

Analpr sodium tupgsitate (Na,W0,.2H;0). The sodium

tungatate hydrate was heated to 120° on the thermal
balance before each run, to drive off the water of

crystallisation,.




o s

Three different methods of studying the effect
of sodium tumgstaie (d.e. Ne,W0,) on the dehydration
of silica xerogel were attempted. In 2ll cases the
&moﬁnt of sodium tungstate was calculated as gram ion %
of tungstate lon on the welight of 810, obtained from
1 g. silica gel activated at 260° and subsequently
galcined at 1500° Lor several hours. This is shown

in the following typical calculation,

Tynical Caleculation

Wt. of gel activated at 240° = 0,9868 g.

Wt. lest at 1500° = 0394 o
.°. Volatile water comtent = 2292& w 300 w 4%

0 9868
Since the volatile matter contemt = 4%
1 g. gel activated at 240° contalns 0.96 g. 810,

%o 0,96 go 510, = 0°966§Qgg°96 g. Silicen

fl

0.445 go. Sillicon and
o 0.B1D go oxygen.

Bl
i
|
j

0,445 g S1 = BE—oh g2 00,0158 go atoms Silicon
Similarly we have Q.0322 g. atoms oxygen.

go atoms Na™ ana
Bo lons W0, %~

£ 0034,
048 3, 0068 L0084 ¥ 400

Now 1 go. Na W0, = 0.0068
&

o

oo g donn % for L g. Na,W0, =

= 5,845

ez AT
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This caloulation was repeated Lfor various welghts of
godium tumgs%é%@ and o plot of g. jond tungstate Lon
againet welght of sodium tungstate was draws,
Thus depending on the starting welght of activated
gal we can readily find the welght of sodium tungstate
required for a definite g. lon % of tungetate lon.

Mixing in the principal series of esuyperiments
was by hand--gtlirring and shaking the gel and fungstate
for about 5 miputes. {The smount of mixing was
Ffound to be of prime loportance. At 500°C widsh
efficilent mixing, the rate of dehydration was
30,8 ng./g. alter B0O secs., while at the sane
vemperature, the rate of dehydration with poor mixing
was 21.5 mgc/ka and 85,7 mgﬁ/éc in two separatec caBes.
1% was concluded thet continuous shaking and stirring
for & minutes by hand, geve a degree of mizing which
gould not be improved on, as Jjudged by the consistency
gehieved in the thermo-dehydration resulis.

In the second series of experiments, the xerogel
gpheroids were bedded cawvefully on a layer of sodium
tungstate, and in the third, physical contact between

gel and tungstate particles was excluded, so that the
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effect of modium tungstate vepour could be examined.
This was sarvied out by susgpending a fine mesh
platinum container of sodium tungstate in the
furnace, Jjust below the level of the orucible

containing the xerogsl spherolds.

Thermal dehydration of sllica xerogel

The pattern of weight losses Tor silica
werogel was examined from 400-800° with spheroidal
and irregular partlcles of size ranges 2000 - 8%%/?
and 841 - 4204 .  Pigs. (3.1) and (3.2) show the
variation of welght loss with temperature fow
spheroidal and irregular xerogel of slze range
8414204 . As shown, there is a tendency for
the irregular form to achieve o higher degree of
dehydration, at each tvemperature, than that of the
ppheroidal form of the same size range. Thus the
ateady weight loss for microspherolds at 750° wasm
40,33 mg./8. at o temperature 50° lower.

This feature is also illusitrated in table (3.1),
which shows the welght loss achleved at three
different temperstures with the large slize range.
The results show an increasing degree of Qehydration

with tempersture Loy both paritlicle shspes.
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Toble (3.3). . Loss in welshi of sphexoidel and

irreguler particles of silica gel at diffevent

Semperatures.

P P T

Wio loss (mg%igl

Temp.{°0) Time (secws.) 2000-8414  2000-8414
ppherical  drregulax

7H 5,80 .80

500 100 6,90 12,60
1650 11,40 18,85

200 16.00 22,70

75 16,40 26,60

700 160 19,88 830 30
150 23040 40,20

200 24,66 43,00

75 23,20 39,70

100 26,60 44, 40

800 180 28,20 48,85
200 29,00 HL.40

Por spheroldal zerogel, a plot of dehydration
rate agalnst weight of volatile component (i.e. Hy0)
retained by the gel showed that the dehydration
behaviour could be represenied by a firvst order
kinetic expression. Oxn this basis, reactlon rate
deta were evaluated fyom the Lfollowing representatien

of the dehydration reactlon:



Ll
= g:’ ;Zn&

Siﬁg u?&’ﬁg@(f&i)mﬁ‘ 8:&.@3(3“’3’)&:@@{@) '*9’ yﬁiae(g) [« I« I - B B« B+ (gol>

where the sillica gel actlivated at 240° is represented
by Sdo0poily Qo The wate of dehydration te
810, . (m~-y)H, 0 was then followed experimsntally by
determining the wate at which water molecules were
lost by the reactant.

In order teo esteblish a value for rate consbanits
in this type of dehydration resction, use wos made of
the generalised eguation of Ewaf@y@véﬁ and Avramiﬁg

for nucleation and growth, vis.
o
VAT SRR (@" j E]a'&s) PooGooo (302)
o .

where ¢ = reected fraction of the sample.
Emmf@y@v&ﬂ has shown the generalised @quati@mﬂg ()
be spplicable dn determining the kinetics of
decompesition of potessium pevmenganate and ammonium
dichromate. This was then adapied for the case of
a moniemolecular reaction, 1.8.,

1

m[l@@(lmﬁjzy) ] n o k.& Opnoogoo (30 3)

where @ = 1 and ¥y = fraction dehydrated.

6
This ls same foxm of the eguation which Jacobs et al
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uged for invesblgating the kivnetlos of thermal
decomposition of nickel oxelate, and which was
applicable over the wenge 0.08 { ®/y { 0.885,
Those Limits of applicability were used For all
the experiments in the following studies.

The wate constants eveluated from this edapted
gquation are listed i table (3.8).

Toble (35,2), Rete conssants for the dehydration

of (a) 2000-843 4 snd (b) BA)L-420 & ailica eal

,@wh@r@i@wo
di ange (4 ) Towp. { °C) kipwe, ™) = 107
S500 BoWY
2000541 FO0 &, 00
THO 10,60
800 135,00
480 G363
841420 H20 5000
BHO Dol
600 G 73
o0 117

Plots of these rate constants (fig. 3.3) in
the Arrhenius mamner led o an activetlon encrgy of

2.4 k cal.mole ¢ for the ﬂﬁﬂﬁmaﬁxfﬁ revogel apheroida.
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Plg.(3.3) showed that the valus of the activetion
enexrgy was however, depewndent on pariicle size,

and for the 841l-420 4 spheroids, By waes 5.6 k cal mole i,

Thermal dehydretion of silics gel ln the presencs

of sodiuvm bunestale,

The next step was to lnvestigate the effeotd
of a selected transition metel anilon (viz. in the
forin of sodivm tungastate) on the dehydration rote
of silics gel. In this series of eoxperiments the

glze range of the spheroids was resiricted %o 200@w84%/% o

{a) Bilioy mel & Ne W0, : mixed.

Anplysls of the thermal balance experiments led
to o pattern of welght losses as shown in fig.(3.4},
for the additlion of 5 g.ion % Wﬁmgwo Pig.{3.5) now
showed that the dehydration rate was proportionsl te
the helf poweyr of the welght content of volatlle
water retained by the gel at any lnstant.

Thus in ovder to establish rate constents for

. B8O o049
thils reactlon, the Avrami-Irofoyev aquation
was modlfied as shown belows-
i
y xg . 1]
ml@g[(lm}%f )j = kb ©ooeco0oo (Qo“‘z‘.‘)

where n = 2,
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The valuss of the rate constants derived ave
given in Table (3.3}, and when plotted in the
Arrhenius fasbion led to an activetion energy of

6,3 k eal.mole™, Flg.(B.6).

Teble (3,3}, BRate constents for the dehvdretion of

gilice werocel im the vresence of 8 g.ion % W0, _

Temp . (26) k(mole %'maaamg) % 1.0
4850 2,08
500 B.82
550 4, (S
BP0 468
600 4,586
620 5,00

Txperiments were carried out im which the
amount of additive mixed with the gel was varied,
In £ige.(3.%7) the vespotion rate at HO0°C was pletied
ggaingt the percentage of sodium tungsitate sdded
for 15, 20, 25 and 30 mg. g. loss im weight Lvom
the hydrogel. In all cases the rate climbs initially
te a meximum velue which lies at epproximately
2B golon % Wﬁhgwo The rate then falls off with

{;g etz . ) .
inereasing % WO, and sterts o level out at 10 g.ion %.
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In each caese this level lies slightly above the

dehydration rate found in the absence of fungstate.

(b) Silica gel + Ne,Wl. 3 layer,

SN 2

This layer technligue was carried out to
illustrate clearly, the extent to which physical
cgontact between the zevogel and addltive affects the
dehydration. The results showed that the rate of
dehydration incereased, but to a lesser extent than
that found in experiments with thorough mixing of
the gel and addlitive. Thug, a2 plot of rate sgalinet
welght retained by the gel seemed te show that an
apparent half order rate relatlonship was again
applicable. However, further calculations showed
that in this case, the rate of dehydrationm could
equally well be interpreted by a first power
relationship. This is clearly shown im figs. (3.8)
and (3.9) for Avrami-Erofoyey plots where n = 2, and
n = 1 respectively. The calculated values of the

rate constants are listed in table (3.4).
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Table (3.4}, Rate consiants for the dehyvdratlon of

gilioa xerosgel dn the dresence of & g.ion % W0,

AR RTUA P ST

{layer).

ist order ¥o order
Tempo (°C) k(gee, ) g 10 kimole® gec, *)z 10°
500 4,10 30T
550 5,758 4,90
570 Colf ho2d
00 6. 9L God?

The Arvhenius plots devived from thess values are
shown In £fig.{3.10) and led to activation energles
of 6.2 k cal.mole * for the lst power relationship
and 6.4 k cal.mole * for the Jz power relationship.
Interpretation of such wresults presented
difficulties, but 1t way be concluded that the
extent of conbvact between the gel and the additive,
could affect the formation and stabllity of possible
intermediate phases formed during the reaction.
Thus the anomaly of two possible power relationships

may arise, eimply Lrom geometrlic Lactors.
(e) 8ilica gel + Na, WO, 2 (vapourw)

(e) 8ilica gel + Na,W0, : (vapour)

Pinally the rate of dehydration of the xerogel

spherolds was examined in the presence of *° sodium


mailto:T@mp.CO
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tungstate vapour® 1i.e. the selld additive was
removed from the melt. Once agaln the rate of
Qehydratlion had increased but to & lesser extent
than in the previous twe cases. Analysis of the
results again showed that the dehydration obeyed
g bhalf-ordeyr powsr Law. The wvalues of the rate

constants ave shown in table (3.5).

Table (3.5}, Rate congtante fov xerogel dehyvdration

in which the gsodium tungstate was removed from the melt,

A -
Tamp (°0) {mols 72 _sec,”1) x 10°
500 Go &G
D60 & 37
270 4,72
500 4,90

Pig.(3.11) Lllustrates the conparative rates
of dehydration for the different methods of
tungstate addition at BOO°, It is clearly shown
that the amount of dehydration achieved by sodlium
tungetate decreased in the experimental series 3

mixed 2 layer > vapour » no additive.

(d) 8ilice gel + tungstic oxide (mixed),

Two experiments were carylied out, in which the
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effect of 6 g.lon % WO; om the dehydration of the

gel was exanined. Pig.(3.11) shows that the

welght loss in this case virtusily coinclded with

the ‘layer’ curve for sodium tungstate at the sasme
temperature. This was ageln shown for a dehydration
experiment at HY0%,

Thege results indicate that in the experiments
with sodium tungstate, acceleratlion of dehydration
was not schileved simply by the asction of tungstic
oxlide arising Trom the decompesition of sedlium

tungstats.

(e} Analytical observatlong

-ray powder phetographs were taken for a large
range of somples. These showed that there was no
apparent lomg-range interaction betwsen the gel and
tungatate, a8 Juldged by the absence of lines,

The gel and the tungstate were separated by sleving
before taking the photographs. This separation was
possible since the sodium tungstete particles were
af a smaller slze range than the gel spheroids.

It should be noted that at 650° fer a thoroughly
mixed sample, the resulting X-ray photograph yilelded

de-values shown in table (3.8) from the lines ef



greatest intensity. Those indicated the formation
of a-tridymite at a somewhat lower temperature than

83
that quoted by Peyronel,

Pable (3.6)e d=values for s-tridymite.

Experimental (650°) Standard
4,083 4,350, 4,08
Do 44 B.8L, J.28
2,770 Bo968, 2.4%
20108 2.37, 2,89, 2.07, 2,03
1.870 1,97, 1.87
1. 760 o768, 1.68
1,616 1,61, 1.58
1.539 1,53, 1.D2
1,390 1:39, Lo37, 1,33, 1.29

The yrecovery of sodium tungsitate from the
mixed solids was exemined sifter separate dehydration
rung at-500°, 550° and 600° with Sg. iom % W0, %~
additlions,. The mixture was shaken up with water,

boilad ané the filtrate evaporated to dryness.

The results all showsd a 99-100% racovery . of tungstate.
These results were confirmed by the oxine method and
indicate that the increase in dehydration rate in

the tungstate experimenis was primarily of a cstalytic

nature.
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Pable (B.7). Parcentsee vecovery of tupgstate Lrom

dshydrated samples of 2000-841 4 rarosel.

Paun, (°0) % recovery ef tunssiate
Qxing Eveporatlon
H00 29,9 994 ¥
630 Q0.7 99,7
600 Q8.1 89,5

Physiceal Properties of Sillca Gel

-

Physical Properéies of Sillca Gel

(=) Smff&@@ ares and bullk dengltv. Zﬂﬁﬁmﬁé%f%
gel spheroids over a wide renge of temperature as
shown in fig.(3.12). The values of surface arsa
derived Lrom this type of isotherm are listed in
table {(5.8) elong with the veluwes of the bulk
denslty. The trend of these values is betier
illuatrated by Fig.{3.13). Also listed in table
(3.8) are the values of the surface avesm (8')
caleulated by the method of Cremnston and Iﬂkl@yaﬁg
The values for 8%1m¢z0fﬁ' spheroids, though not
covering such a wide temperature range ere also listed

in table (3.8).



Sovq

SOREACE ARER (=g )
o
LI |

A
8

=47

n) Sov’c
8) §o0°c

© ApseRPTion
@ dEsMtITIont

SHEAE APEA (P g =
-
]

L
3
—_

sop~

350

“ 3 ¥ 5 3
teariee  ARessorE (M)

F16.(0.13) B.E T /SoTHERMS For .nvn-.u/u DS

L 4
=%
O SWEACE  AREA
® refety DENSITY
-[*
™
t
W
™
3
3
ria
L
%
/0
-o.r
i T = i T T T — B B -
S0 0 foo oo

TEMPER ATVRE (*C)
Fia (3.03) PHYSICAL  FROPERTIES — oF 40WD - §4 p SINERo)S



¢m‘gg€“:) B

Pable (3.8). Surface arep end bulk denslty values

for xzerogel spheres of size ranges goooma4%g? and

841420 4 .

Lamp..{ o0, Size range
. 2000=-841 (/) 8414 20(4)
Surface MQraiiy Surface Mercgry
area denpity ares donpilty
(0 /g) g0 (%j@@) (mi/g) 8¢ (glee)
240 612 508 0,690 - = -
450 - - - 565 569 0.882
BOO 574 586 0,888 B50 B54% 0,905
580 - - . 531 518 0,922
850 o s = 502 491 0, 840
600 4G H3L 0,926 - e -
700 503 500 0,942 - - -
750 457, 46% 1,035 403, 437 1,065
8OO JA36 318 1,086 2900 299 Lol40
200 291 260 1.049 - - -
960 120 1086 1.8285 - - -
1200 a —_ 1.840 s . o

Fig. (H.13) 1lustrates the fall in surface area
with temperature for EOOOwﬁa%ﬁf xerogel spherolids,
there being a gradual decresss in surface area and
thon a very marked decrease around 760-800°,

The melting point of the xervegel is not known, since
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there i a trensformation et around 1150°C bhefore
meltings Tt for approximate purposes, it hag been
apsumad to be the same as that of cristobalite vig.
1996°K. = in sgreement with the resulis of Goodmen
and Greggd for precipitated silice, ihe density
shows & sharp increase arovnd 780-800°, The bulk

Pammony temperature (& = 0.8} of the gol will be

-

around 780°, A% sbout 7H50° the pore volume of ihe
gol falle sharply, showlng that bulk movement of the
golid starts at this dempersture, so that the repid
reduction in surface ares colncides with this bulk
movement oFf the solld. 'Ab@ve the Tammann
temperature there was o repld inﬁr@a&e in density ab
200° and greater. This wes oxpected from the

f-rey date which showed that thers was converseion te
eristobalite and also from the eliminatlon of porves
an indicated by gas adsorpition.

Pable (3.9) shows the values of surface area
end meroury density of the xerogel Tfor the fouwr
different types of additive experiments.

As expected, there was a Lall in surface ares and
inereage in lump density, with increasse in tempereature

For 21l four sets of experiments,



Pable (3.9). Physlcal measurements of xerogel
samples in the p cetate and
JIungoten oxlde.

regence of sodium tung

Tomp o Surface mﬁrcuryjf
Gomdition (@ﬁ§ Area 8'  (gfoc)
R €7

Gel + Sg.lend WQ," 450 514  BLY o797
MIXED 500 489 499 819

850 450 463 s 854

870 431, 422 862

600 420 413 - 881

820 395 S590 o912

Gol + Bg.iom % WO, 400 563 573 820
5080 536 &84 o837

LAYER HHO 518 510 B42

570 501 489 859

600 4358 436 87D

645 408 400 896

F ‘

af Eﬁﬁigwaﬁ S5H0 H38 520 834
570 H14 501 o846

610 464 462 .87

GY@I. ‘;}. 5@0 i@n % WO@ 500 531 58? 083‘1?

570 OO 509 863
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The decrease in surface area 1s greatest in the
mixed and least in the  non-eontact®” experiments.
This might be antlclpated, since the rate of
Gehydration decreases in the order mixed » layer =
tungstic oxide mixed 2 vapour.

In the experimenits in which the percentage of
tungatate ion was varied from 0.2-12,0 goion %, at
500°, the surface area Gid increase slightly with
incressing concentration of tungstate ion, but the
meroury denslty remained substantlally constant at
0.81-0.82 go/o.ce

Pore size distribution curves were calculated
from the adsorption branch of the B.E.T. isotherms
by the method of Cranston and InkleyoM The xerogel
gpheroids showed a maximum pore diameter around 60 ﬁ
and a secondary maxima at 35-40 Ao Pig.(3.14) shows
the pore size distrlbution curve for spherolds of
gize range 2000m84%ﬁ4dehydraﬁed at 600°, The insect
in fig.(3.14) shows the pore size distribution curves
ever the narrower range 30-100 ﬁg fTor xerogel
particles treated at 240°, 5009, 600%, ¥H60®, 800°
and 9260°,
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The height of the peak at 60 K tended to
increase wlth increase of tempersture of sample
inltially, but began to fall very rapidly at 780,
1.8, around the bulk Pammann bemperature (0.5 Tm).
Above 7H0°, the distribution pesks become broader,
consistent with cellapse of the gel fremework and
with the decreased surface aves and high mercury
density already found. Ultimately, eamples treated
at 960° give s neavr-Lflat diatributlion curve Lfrom
30-100 4.

Por samples activeted by the presence of sodium
tungstate, the strongest peak was also at 60 Ko
A similar pattern of behaviour to that of the simple
xerogel was found with inerease in temperature.

The height of the peaks in distributlion curves for
gamples treated gt H00° in presence of varying
concentrations of sodium tungstate, did not follow
any specific pattern. These curves may be btaken 4o
omphasise the difficulty of efficient mixing and the
pesslbility of having localised concentvrations of

additive,
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Pig.(3.15) of the derivative Av/Hd against
temperature for a concentration of pores of 60 3
shows the steady rise of the pore volume 40 & maximam
at 600=Y00°, the wapid fall getting in above TO0® and

the vltimate near-zere value at 960°,

Seetion LI

section IT
}md:mwm&'zwatmgﬁa

&ééggfgg%%gmggggﬁ%%%wn in these lagboratories that
for small additions of a&kéliﬂe earth halldes to
silica x@f@gelgaﬁ #amt o temperature demarcation
aone exists, at which trensltion from catalytic to
80lld--s0llid interaction takes place. It would seem
0 be valuable if these situdies were extended to
other inorganic compounds such as oxildes to see if
any general behaviour pa%%@rn could be established,
Previous work on so0lid state investigations of
mizxed oxide systems has been very much of an
empirical nature. Huttigfﬁ proposed that the
following six stages exioted In the life time of an
oxide mixture, e.g. for Zn0 + Cr,05:-
() This iz denoted by the term " covering™ sbage

in which the oxides are mized at room Hemperature,



(b)

{e)

(a)

(o)

(£)

B 5

anG is mainly distinguished by having intimate
suriace centé@t of the two compounds.

This is the agtivaﬁi@n stege and is due to the
formation of éSwitter-molecules and to molecular
covering of surfaces, The molecules of the
mobile component {(Cr,0;) diffuse over the

surface of the less mobile component (2Zn0d).

This comprises a aﬁag@f@f deactivation of the
Zwitter-molecules and of molecules covering the
surfacs. This process may be regarded as
similayr to Tayler“&ﬁa switeh {rom van der Waal's

adsorption o activated adsorption.

This 1s a stage due to internal diffusion.
Increase in temperature causes diffusion of the
mobile oxide into the crystal latitlce of the
less mobile oxide. This is the fireat stage in
which the melecules of the less mobile oxide
actually contribute t¢ the catalytic activity ef

8 mixture.

This stag@‘ig the formation of less ordered

erystalline aggregates of the addition eompound.

This occurs with the £illing of crystal defects.
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In order to exemine such oxide systvems, the
effect of addition of selected oxides on the

dehydration of silicea xerogel was investigated.

Sterting meteriels

Silica xevogels-  2000-841 # spheroids of silica

gel were prepared as described previously (p.ll).

Nickel oxide:= OGreen nickel oxide (W10) was

prepared by rossting nickel nitrate (NL(NO;),.6H,0)
to 1L000°,

Zine oxides- The zinc oxide (Zn0) used was

supplied by Hopkin and Williams.

Cadmium oxides- The cadmium oxide was snhydrous

grade supplied by B.D.H,

Cuprie oxldes-  The cupric oxide (Cul) was A.R. grads

supplied by Hopkin and Williama.

Berylliium oxides- The beryllium oxide was prepared
by heating the baslc carbonate to 600°,

Alumivm oxides—  The alumlna (Al,0y) used was Grade H

supplied by Spence,

Chromiec oxides=  The greem chromic oxide (Cr,05)

was prepared by heating B.D.H. chromic hydroxide to

Ba. 200°,



The above oxides were all of a particle size £ 309ﬂ£°
The cholice of the oxides used wae made primarily to
examine 1f valency or lonlsatlion effecis were
important. Another Feature of the selegtion of
oxides wasg t0 distinguish beitween transition metal
oxides with free d-orbitals, viz., Cr,05;, N10 and Cul,
and non-transltion metal oxides, via. Al,04, Zn0 and
Bal.

In 211l cases the amount of oxide added was
calculated as go.ion % of metal ion (5 g, iom %)
on the weight of 510, obtained from 1l g. silica gel
activated at 240° and subsequently calecined at 150Q°
for several hours. As for the tungstate experiments,
mixing was by hand-stirring and shaking for 5 minutes.
The methods of investigation were identical to the
tungstate experiments. One significent difference
was that pore size distribuitions were omitted, since
BoBoT. isotherms were measured only to a relative
pressure value of ca. 0.3

Silica gel svheroids

Plota of rate of loss in weight with tims

[fig.(3.16) ], agein showed an increasing degres of

dehydration with time over the four temperatures
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examined, viz. 500°; 800°, 850° and 900°,

It has been shown that the Aveami-EBrofoyev ' .
equation was applied successfully for the silica ge%/
godium tungstate system. Tor the oxide experiments,
caleculations of rate constants were carvied out
using classical kinetlc expressions and these resulis
conmpaxred with Avrami-Erofoyev constants.

The clsgsical differentisl expression for lst order

kinetics is8s-

arg%g- =3 m’{i CO0OOG0OOO0 G (305)

where w = welght retained by the gel

and t = time

Integration of equation (3.5) between wy to wy and

time € = 0 %o ¥ = ¢ gives
log wg = 108 Wo = Kt ocecvoccao (3.6)

where w¢ = weight retained at time t.
Therefore a plot of log w¢ against © should give a
gtraight line of slope =k.

The results obitalned by this method were in very
good agreement to those obtained using the Avrami-
_=Brofoyev equation as can be seen in tablea (3.10)

and (3.12),
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A plot of log wg against © is shown in
£ig.(3.17) foxr QOOOm@%;fM gel spheroids.
The sections of the graph lebelled AB indicate
poasibly that there might be two conseoutive first
order reactlons taking plsce which wesult im a
comnon product. However, further study leads to
the ceonclusion that this feature is probably inherent
in the system snd ls meybe an inducition pexriod.

The rate constants calecunlated by Loth methods

are listed in table (3.10).

Toble (3.10). Rete constents for the dehydration

of 2000-841 4. e, ephorolds.

~ R(m@@omﬂ) o K(&@cowa) x 169
o
Zomp. (°C) elagsioal Avzemi-Trofoyey
500 4oldd 4,18
800 1G. 91 10,47
850 11.65H L1.%&
900 12,08 18,81

he above valuss when plotted in the Awrrvhenius

moaner (£ig.3.18) gave a best straight line whieh

showed the activation energy to be 5.3 k cal.aole™,
The decrease in sctivation eunergy Trom the

garlier hateh vesulis, was supporied by surface area
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and bulk density measurements. This phenomenavwas
agsumed 1o be due to differences arising in the
preparation, such as volatile matier comtent.

A comparison of the two batches of g@i are given in

table (3.11),

Table (3.11). Comporison of properties of different

zgal -batehes.

Bateh 3 Batth 2
Tomp. k(sec, *}] Surface Neroury k(sec, ®} Surface Mercury
(°C x 109 exrea . Jdenslty ® 108 area  dengity
‘ (m?fe)  (gfcc) (m3/ ) _(efec)

H00 2.%%7 B4 0.886 4,12 Go8 1,021
790 10,60 451 L. 036 s - .

800 L3, 00 336 1.086 10,93 444 1,200
850 - - = 11,686 394 10314
900 - 271 1,049 12,92 296 10474

Sildca pel + selected oxides

arves of loss in welght against time showed
that in general, the addition of an oxide increased
the total amount of dehydrationg the ilncresse was
of the ordey of 311 mga/éo at 900%, depending on

th@ additive.
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Rate constants oveluated im the mannevs
fdeseribed ave shown in table (3.12), uwsing o

£irst power vPote law.

Teble (8. am Rote _constents fox 2000-841 A ol

m@h@v@lﬁa in presence of B g.lon % ondde additiven,

PRI PRI et o RIS LR

. € = t] e £
Onide  Pomp.(ee) B8} x 107 k(see,"d) x 10

¢loasical —  Avrani-Brofovey

500 4, 80 %o B0

Cud 800 9,69 9.08
ano 13,18 11,00

200 12,54 18,93

HOG 4o 40 4o 48

A5 Oy 800 10,71 L0691
8560 11,78 L1 9L

P00 18,%5 12,68

500 3.83 He?0

Be 800 LG, 2L 9,89
BHO LY. 3% LL78

900 13,91, L2.6H

H00 4,00 4010

Cry Oy - 800 18,20 12,78
8950 13,19 1356 L

900 1472 14,75

500 .68 J.88

&no 800 9. 90 9,86
850 L0489 L1.04

900 11,86 12,03
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Table (35.12).(contd.). Rate constants for

2000-841, # gel spheroids in presence of & g.ion %
R 4

oxide addlilvag.

- =4 51 “3i &
Oxide  Temp.(°C) kissc.”*) x 10 ki(sec, %) x 10

clagsical Avrami-Brofoyey
500 3o 35 Jo 28
Ni0 800 12,59 12.2%
850 13,50 13,95
‘900 17,24 17,99

The best straight lines fvom the Arrhenius
plots of the k velues in table (3.12) led to the
following sctivation energles, viz. Cul, 4.8 + 0.1
NiQ, 7.2 4 Qsl3 Oralz, 5.8 1 0.1 Bel, 5.4 + 0,23
n0, 5.2 + 0.1y and 81,05, 4.8 ¢ 0,13 k cal.mole %,
Pable (3,12) shows that rate comstants calculated by
the two methods are pumerically close. Henee 1t is
not surprising that the activation energlies obitalned
from Arxrhenius ploits of classical rate constants and
Avrami rate constants were invarlably of the same
value. This point is illusitrated in fig. (3.19) for
Cul, Cry0z, Zn0 and Ri0, in which both classical and
Avrami=-Krofoyev raite constonts are plotted against

1fr °K.
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At the end of each experiment, the remaining
cxlide was separated from the xerogel by sieving.
Por the three high temperature examinations, i.e.
800, 850 and 900° fox all additive systems, sieving
revealed that shrinkage of the xerogel particles had
occurred. Although those observations were purely
. ﬁmpirlcal and secondary, the degree of ahrinkag
seemed to be connected with the extent of crystallm
isation of the spheroidﬁg this belng greatest for
additions of Al,QO; and C¥,04 at 900°, ¥-Ray powder
photographs showed +that there was no interaction
between the gel and oxides at 500°, and in fact, the
patterns were very weak below 900°; (ca. 8% wfw of
naterial required before detection by X-rays).
It has beea shown in thie department over the past two
years that in general, our X-ray equipment will only
show a material diffraction pattern when 8% or more
af that material is present. However; at 900° g
reproducible pattern of lines was obitained,
It was interemtling to mote that the d-values obtalned
did not exactly conform tm listed values for the

sllicates which are likely to be formed.
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fn this connection 1t is lmportant to note,
that at certain concantrations of additives in
other sllicate systeme, no X-ray pattern has been
observed. Milliken et algg have shown that in a
@ai@iﬂ@é silice aluminae mixture conteining 24
alvmina, a c¢lear patternior eristebalite was
observed. 0n imcreasing the percentage of alumina,
the pattern became weaker, and at 1L6% alumins
dissppeared completely. Millilken explsinsg this
by congidering that the stabllising effect which
silica exhiblits for the sluminae struciure is
deopendent on the relative micelle size of the silica
and aluming componenitn, and on the amount 0f alumina
present. Incregsing the alumine content reduces
the relative amount of slumina in contact with
gilica, Thus, much of the alumins in silica-aluming
nixzture of high slumine content cennot be influenced

by the silica,

Silica gel + CGAO
The dchydration reaction in the presence of CAQO
wasg undgue in several aspects, comparsd to that of

the other oxides examined. The weight loss curves
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shown in £ig.(%.20) illusitrate two poinbe. Mrstly,
the plot for B00° mhows that there was a greater
amount of dehydration bthan for any other oxide
aystem examined at this Temperature. The second
feature shown ia that for the higher vemperatures,
the indtial rate of d@hydrati@ﬁ was in the oyrdeyr

900° F 850° » B800°, but after a relatively short
time (ca. 100 seconds), the weight lost reaches the

mane equilibrium valus at each temparsiure.

The xevogel spheroids which had been in contact
with €40 at the highey temperatures were opagus, aad
there was very 1liittle umattacked CAQ, if any, left in
the reaction vessel at the end of the experiment.
{In the othexr cases, the xerogel spheroids remain
cleay except for the crysialllsstion (ca. L0-20%)
mentioned previously l.

K-ray photographs yield d-values of 4.1090,
R.8117, 3.1420, 2,95688, 2.8560, 2.6993 and 2.4985
from the lines of greatest dntensity Loy the sample
heated to 900°. Codmium oxide was heated alone te

1000° with no perceptible change in the material.

It must therefore be concluded that some well-Gefined



801id-n011d interacticon was taking place, very soon

after the Tammann temperature had been gurpassed.
Prom thige short investigetion it was not

possible to ascribe any defindie kinetiec data for

this systen.

Physleal vroperties

Table (3.13) shows the values of surface avesg
and bulk density for the mixed oxide syatems.

Toble (3.13). Physigel messurements of spherolds

after oxlide sddltlons

Oxdide  Pemp.(°G) Suriace ares Hercury density

And g e Bf808 )
H60 513 =

(#1718 800 4.4 1,112
850 400 ' L. 284
900 256 1.4382
500 S¥L3) Lo 035
Al Oy 800 443 1,187
850 BHB Lo 376
200 240 1458
HOO HH8 Lo Q07
Zndd 800 483 1. 801
850 £4.6 1,308
900 370 Lo416
. 500 - 1,140
Cwg Oy 800 459 L. 17]
850 338 10351

900 28% 1.418



=t Lam

Pable (B.13), (contd,). Physical messurements of

after oxide additiong

Oxide  Tewp.(°C) Surface area Mercury density
Am®/z) | (g/o.c.)

ST TN

500 575 1,067

BeO 800 451 1,129
850 390 1.0 305

900 24,0 1. 348

500 - 1,203

W40 800 853 1,256
850 428 1. 259

900 375 1,416

500 652 1,021

Gal 800 444 1.6 200
alone 850 594 1. 514
200 296 1,474

- 500 591 1. 036
Cao 800 485 1,088
850 597 1,249

900 336 1. 524

The physical nepsurements once agein showed the
gxpectad trend, viz. fall in surface arca and
increase 1n bulk density, conslistent wlith bulk

movement of the molid avound the Tammann temperature,



=% Qe

Sectdon IIT

Bffect of selected halides on the dehydration of
gillica xerogel.

Previous work,®? ghowed that alkaline-agarth

halides catalysed the dshydration. A brief study
was therefore made to investlgate the effect of
some alkall halldes and several traunsition metal

halides on the dehydration.

{a) Transition metal halides

When transition metal halides were heated with
gel spherolids on the thermal balance, there was a
gontinual loss in welght even after two hours in
BOME CAa86S8. It was thus presumed that a large
percentage of this weight loss was dus to HOL gas and
several experiments were conducted with a view to
determining this,

Ixemination of Gaseous Resction Products

The method conslisted of heating s mixture of
gel plus halide to around 500° in a horliszontal
furnace. Nitrogen wes bubbled over the sample and
then through s Mmown volume of standard sodium hydroxide.

VTolumes of this soldium hydroxide were taken and titrated



B

with hydrochloric aclid and againat silver nitrate
(after acidification with nitric acid).
A typical @élculation is shown for +the
addition of WiCl, as 5 g.ion % Nig¢ to gel spherolidss
80 ml. WaOH taken

Wé, of NiCly = 0,29 go Wto 810, = 0.854 g,
{(2) 15 ml. NaOH (before heating) = 16.2 ml. 0.1033N8 HCL

15 ml., NaOH (efter heating) = 13,756 ml. 0.1033W HC1

Difference (due to absorption of HCL) = 2.45 mlo

o - - . - 80 x 20%_5 X 35D X 910%@3
Gl from HCl evolved = B % 1000

= 0,04798 g,

(b) 15 ml. NaOH(neutralised) = 2,6 ml. 0.1002F AgNO,

o pm= o . - 80 x 2.6 x 35,5 x 1002
o o 01 from chloride in solution = B a 1000

L=~

= Oo QQ’QS £o

o’ % CL (from original NiCl,) vecovered as HC1
004?92mx”100,x"129_6

Prom the other transition metal chlorides added to
the gel, the recovery as percentage chloride was asg
followss CxCly, 80.84%; CulGly, 40.38%; and

CoCl,, 24.b2%. Thie type of experiment confirmed
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that a large amount of the weight loss was due %o
the evolution of HC1.

An attempt was made to obtain some structural
ovidence on the xerogel gphoroids heated at 500° in
the presgence of selected transition metal halldes,
using infrared, far Ilafrarved, and uwlitravioled
reflectance specitra, but virtually we information
was obdtained, The ultraviolet was, i1f anything,
the most helpful but mersly showed the presence of
the metal. However, it was impossible to
distinguish whether the metal was piresent as the
c¢hloride, oxide or sven a mixture. It was also
imposeible to determine whether the envirvonment of
the metal was teitrahedral or octahedral.

The transition metal halides used as additives were
NiCl, (m.p. 1001°), CuCl, (mo.p. 498°), CxCly (m.p.
1150°) end CoCl, which sublimes at greater than 500°,
The conciusion which may be drawn from such systems

ig that so0lid solutions are readily Corwmed.

(o) Alkall helides

The sodium halides did not appear to show any

great Qifferences in the vates of dehydration sas



illugstrated in £ig.(3.21), though thelr effect was
manifegt in the physical properties listed in

table (3.14). X-Ray powder photographs did neot
produce anffi&n@s from all of the samples examined.
On the other hand, lithiuvm halides showed marked
differences in the dehydration rateg this difference
appearing to be some function of the melting point of
the halide (fig.3.22).

In the case ef LiBr, the sample was etill
losing welght when the experiment was terminated.
Ixamination of the spheroids on cooling showed that
a large percentage were white, while the rest
retained thelr original glassy appea@ancéo

I=Ray powder photographs on the whitse spheroilds
vyielded d-values of 4.8086, 3.6637, 3.3580, 2,7393,
2.4218 and 2.361l3 from the lines of greatest intensliy.
These values corrvesponded to a Lithium sillcate, the
composltion of which was unknown. The AcS.T.No
d=values for this lithlium silicate were 4.85, 3.39,
BoT4d, .50, 2,35, 2,11,

An attempt to calculate the vecovery of Br
gimilar to the transition metal halides showed only

0.79% of the weight loss waé due to evolution of HBr,
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and that some other mechanism was therefore
responsible for the continuing loss in welght.
One possibility may be that the conitinuous welght
loss was due to distillation of LiBr. If this is
the case; only part of the welght loss will be due
to the normal dehydration process.

The physicel properties for the lithium halide
axperiments are also ahcﬁn in table (3.14),

Table (3.14), Physical proveriies of the gel in

pregence of melected hallde additives alter treaiment

at 500°,

STt

adaitive  BiOM P goa.(md/g) Hg (gfoc)  M.P.(°C)

don SN
Hall S 562 0,8858 801
Nall 10 509 0. 9120 801
Haly H 430, 457 0.8072, 0.B651 755
NaF 5 528 0.8938 980
Lip B 425 0.8218 870
Ll o580, 5 466 0.8226 860
Lici o 4E9 0.8381 613
LiBy 5 346 0,.8b382 H47
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CHAPTER TV

Discussion

The amount of thermal dehydration of silica
zerogel achieved by temperature lncrease is
conslstent with surface area loss, poxre collapse
and density increase. Such effects are recognlimed
conseqguences of sintering processes. Mechanisms of
sintering have been suggasted by several Workeragomia
and these mechanisms are generally based om a break-
down of the process into several stages. Thus Cobl@ig
subdivides the procegs into three stages, viz.

(a) initial, () intermediate and (c¢) final (p.2).
Photomicrographs (X20, X40 anéd X100) of xerogel
gpheroids showed that they had begun to coalesce in
runs (with no additive) at around 950-1000°C,

Hence a point near the end of the ilanltlial stage of
gintering had been reachsed.

in contrast, however, to explanations of the
gintering behaviour of metal@ﬂagﬂg - which can be
related purely to change of surface free energy -
chemlical interaction has to be comsidered in the

case of silica xevogel. Prevlously, chemical gintering
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hes been shown %o be the preferred process in
ptudies of Berthollide eampcunﬂ@oﬁg With zine
oxide am activation energy vaiue of 18.0 k cal.mole™
was obtained, and the schematic model for chemical
sintering of thils oxide led to an equation similay

to that of Erof@y@vﬁg and Avwami@@ which fits the
experimental data for sllica xerogel, At the same
time, c¢lassical raite laws for chemical elimination
reactions it the xerogel data, also. Rate constants,
at various temperaturss, calculated from the twe
equations led in every example 10 sxcellent agreementy
on the value of the activation energy. Thus with
2000-841 # spheroidal xzerogel the valus of E& was

9.4 k cal.mele %,

Conmsidering also the low temperature employed
here it seemns reasonable Lo expect that most
information concerning the sintering should be
inferred to be via chemical elimination reactions,
This wag, of course, confirmed by the thermockinetic
experiments and by the obvious link between the
degree of surface dehydration of the xerogel and its
surface ares and bﬁlk density. _

bpsentially the dehydration may be comsidered an em

@1imina%£on Qf'ﬂﬁﬁiv) from-peighdbounring silenol groups.
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These conld be in adjacont positions on the same

particle surface, or at the higher teuperature when
. . 83

coaleacence sBets in, on neighbouring particles.

The dehydration may be represented asse

N -0 HO_ N, 0 e

S&jy ““Sifiw@ §1= %%%%Si + Hy O ads)

‘0/ %@ogmooégf” \ f %L‘Q,Gaooom@cﬁ?y “ﬁoueao (%01«3
J a J (i

(b) —8i=0H + HO=8i= =§ —8i—0=Bi-1¢ H,0(ads)
{ l { i cacoone (&o2)

(a)

In thie reproseniation, @gua%i@n (4.1) denotes the
dehydration of a single coxpuscle and equation (4.2)
that fLow éiff@rénﬁ @@Epuaglé@ am%/%x the situation
which allows dehydration across a narrow caplllary.

The dotdted lines denote bonding of the x@a@%ing silicon
gsoms through o single oxygen atom oxr thwough several
surface S1i=0 tetirahedra of the same corpuscle.

This would roepresent the first complete reaction

stege and omite consideration of the formatlion and
possible nature of any intermediate surface complex

invelving the silanol groups,

in the next step, water has to be desorbed into

the vapour phapes-
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Hg@(&d%’ﬁ) e Hﬁ@(v') PC00ROCEOO0OD (403)

Reactlion such am (4.3) are often foumd t0 be rate
controlling in many atudieas of the gas/sollid dnterfaca.
For example, in the decemposition of ;0 on cuprous and
other similar oxides, Hauff@ﬁv has shown that the slow
step is the desorption of products from the oxide
surface, |

this could alse be the camse in silieca xevogel
dehydration. It 48 worth aoting that the activation
energy for the desorption of water from simllar smilica
xerogel aurf&ceaﬁg i 4.5-5,85 k calomgl@maa Thip is
gimilar to the activation energy of dehydration found
for the smallest microspherolids using the Avrami~
Brofoyev vate constants (5.6 k Qalom61@m3§o However,
particle geometry and contact area cannot be excluded
from these comsiderations. This is emphasised by the
differences in the degrees of dehydration obtained at
the same temperature foxr different particle shapes
{(Pable 3.1) and also by the increase of activation

energy to 9.4 k cal.mole °

with gn increase in particle
size range from 841-4204 %o QOOOmS%}/ﬂ 0
4 plot of the k values (table 3.2) ageinst

temperature for BQOQBQQ/M and 8%1m42QyM Kerogels,
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aross av avound 800°C. This might asen shat surfsce
eontatt effects of the gel avre belng ohssuved, and
ayve now playing a minor rele to the bulk er hody
dehydrabtions. This im a parvieulerly intersesting
point pince 1t shows up at %h@-ﬁammamn TOMPETatUYe
and thus leads to the comclusion thet particle size
effects might only be important below 8009G,

I we nove the clensicel expressilons-
Ew A eRp (mﬁgﬂjﬁm) P00REOODOAD D (‘@:0‘%)

then these surves soem 40 show a2 "' compensation
offecws " between EA anid A below BOCCG, which could
well be explsined on & “ points of contact’™ theowry.
A  the fregueney facter belng welated to ° poinits of
contact” will heve a grepitery value for the smaller
glze vange, which has the lowest astlivation eneprgy EAO
Thus & onall EA i * gomponeated™ by e high A and
Vi08® VOr8e.

In the experiments in which sodiuvm bupgstate
was used a8 an additive, the smount of dehydration of
the werogel at ony spoecliiic temperature increancd, and
the activation energy wes lowered. That this was
prinarily a ecatalytic efifect bolew 8009, was confirmned

by the almost 100% recovery of the sodium tungstate in



i3 on

several selected runs, end to a lesser extent by
the X-way data. g;ﬁelavﬁg has shown %hat for the
adsorption of mathanal'am& water, formation of
double hydrogen bonds on the surface of the gel is
possible as in equation (4.5):- He A
- L NN

, OH HO e PN
Nga “s17 4 B0 817 Nga”
/ \QOG&@Q/’ \ ‘ / Nnéc:amwwmmeamm/ \

$5000 (4.5)
Thue in the tungstale experiments it is feasible to
postulate the tungdtate being similarly involved in
hydrogen bonding éi?&ng rise to en intermediate

complex séructure of the type

o
—{i 0 - \‘*sgzi.m sosoo  (408)
i ]

It 4% kmowm that the Si-0-8i distance is 3.28 .°°
Hydrogen bonding between the hydroxyl groups of the
gel and oxygen atoma of the WG@ﬁ octahedron is a
possibility since the O-H distance would be well
within the limit set hy Paulingma for such bond
formation. Specifically it appears that the
dehydration is catalysed by the presence of omall
amounts of * modium tung@%éﬁ@ vapour® , as shown by

the vapour gxperimsnts. Although the vapour



=B

catalyses the reagtion to a much smaller extent than
in the solid contact cases, poor vapour mixing with,
and pen@%xati@m through the solid, could account for

83
these differences. Weissg has suggested previously
that many so-called soli@/solid reactions are in
fact controlled by solid/vapour contact much as

i ;18 .80

enunclated here, Examples of note, in

which solid vapour contact has a controlling effect

onn the reactions between solids arez—

4 :
Ba@@s L SiOg @% EaS'iOs 4+~ QG‘(} t:'.v,o g e eQ (4::75?)
Cald + 810, =y CaSiQ, poaoaoe (4o8)

in which the presence of water vapour causes
sccelerations of 228=fold and 8.5 fold, the effect
being manifested on the term kg only, in the rate

constant k = k@émE/RTQ

Anhydrous sodlum tungstate melts at 698° and
according %o Spitsyngég it is only at around 1200°
that 1t begins partially Yo decompose. However,
dehydration of Na,W0,.2H, 0 may give rise to a mixed
oxide system Na,OWO,. duch a system could act

 symergetically on the xerogel with the Na,0 acting
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as the principal " water getter” . This would
explain that at 500°C, the dehydration rate for
tungstic oxide additions was 30 mg%/éa and for sodium
tungetate additlons it was 33,5 mg./g. after 300
segonds in both casgses.

Tungntiec oxide, ltseli, has a high chemical
affinity for water, as shown in the work of Glemser
and W@adlam@ﬁfg. Thus, at 1L323°K, these workers have

ghown that the resgtionse
wgg)(@) i Hgg(g) “cgﬁ;%‘:'—? WGE(Qﬁﬁﬂ(g} oo.ac«caoo &%09)

proceeds readlly. The asmount of WO; transporited as
the ga&@@ué oxide is high. Polynuclear oxides have
been detected in the vapour above selid W0z.

Glemwer and Wendlamdt state that in the reaction WOg(wm)
with Ho0(g) 1% would be possible to have a ring
ptructure with a coordination number § fer the
tungsten atom or a non-linear c¢hain formuls with a
coordination numbeyr 4, They alse propose that a
coordingtion number of 4 for all the tungsiten atoms
te attalined in the monomer WO, (OH), @ud this
represented the most pyobable féfmulaﬁicmo Hence 1%
would be possible for several intermediste ﬁﬁwu@tgr@g

t0 exdgt dnvelving hydregen bonding between the monomer
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H0-g~w0H and the xerogel.

Therefore, 1t scems entirely posslble that
sodium tungstate does acé synergetically and that
intermediate hydrates are formed by both the Na,O
and WOy components. The increase in dehydrsiion
rates due to the two components will, of course, be
superimposed on each other, The contributions that
the components make to the acceleration would be
extremely difficult to separate.

The kineticse of the dehydration in the mixed
tungstate experiments are best described by a half
order relationship. The rates of dehydration are
greater than in the absence of tungstate. After
300 seconds at 500°C, the rate 1n the presence of
tungstate 1s 33.5 mgwfgo and in 1ts absence 20.1 mg./g.
Kinetic relationships such as these could he explained
if two adjae@ﬁﬁ silanol groups were involved in
formation of a single intermediate complex with the
additive, as suggested by equation (4.6},  Thus
a terminal W=0 bond could be involved in hydrogen
bridge fowmatiom‘with twe adjacent silanols.

Simllar formatlions have been suggested o @xplain
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66
the stolchiometry of tartrato-tungstate complexes,

involving hydrogen bonding between carboxyl and
terminal W-0 groups. Elimination of water across
the bridge could then ¢ccur by several mechanisms.
These would all involve a final water desorption
step inte the vapour phase. Generally, in solid-solid
reactions, the directlon and driving force of a
reaction are measured by the free energy which can
be expressed in terms of the lattice oxr crystal
energy of the constitu@nﬁsoﬁg The reactivity will
be enhanced by such factors as heat, structure
rearrangement at transition ﬁ@mperaﬁuresg ionic
distortion, solid solutions étc., which will weaken
the inter-ionic foxrces. Thermodynamically for the
oxide systems studied, it aoppears that the lattice
energy of the Tfinal ‘compound’ formed between the
oxlde and the gel is greater than the lattlce energy
of the gel alone,

It is knowm?ﬁ in a mixed oxlde system, that
one possible cause of the activity may be the value
of the poteniisl energy of the exide mixture in
relation to that of its products. For such, we do

not have a regctlon which preceeds discentinuously,
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but through intermediate states which are not the
original system nor yet the final products.

The activation energies for the oxide additions
were
Cul, 4.8 + 0ol Wi0, 7.2 + 0.1y Cry05, 5.8 + 0.13
BeO, 5.4 4 0.85 2Zn0, 5.2 4 0.1 and Al 05, 4.8 + 0.1
X cal.mole © .

Ixamination of the activation energies do not
in general show any great differences due to valency
or to the effects of free d-orbltals. ﬁoweverg the
results do lead to another possible explanation based
on a classification of the oxldes azs insulators and
semiconductors,

Ingulator oxides such as Al,0; and BeQ appear
to owe ‘theixr activity to their surface acidityoﬁ@
They are usually used as porous particles or as a
gel and it appears essential to have e mixture of
the oxides for catalytic activityo .

It is known that with semiconductor oxides,
melecules awre often adsorbed (with or without
disscciation) as surface ioms. = These oxides all
have lonic crystals and may be classed as n- or p-—

72
type semiconductors. It has been shown by Wagner
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for nitrous oxide ﬁaéampaaifione, that the least
active oxiﬁea are all negative hole aemiconductors
such a8 Zn0 and Alaoa, with intrinsic semiconductors
guch as Crgﬂa having approximaialy the same activioyo
The present gtudles have shown that the p-type
gemiconductor W10 was very mweh diffevrent from the
other oxides, and thiﬁ iz aseribed to the presence
of ceriain types of lattles vacaney, This suggestion
does not take into account the activation energy
(4.8 & 0.1 k cal.mole ') for the intrinsic semi-
conduector GuQ, especlally as Schmid and Kellarws
heve shown that the actlivity of oxides in N, 0
decomposition is in the order Cul > N10 > Aly Qg3 > Znl.
However, this diacreban@y in the present resulis may
be due to the presence of very small amountes of cuprous
exide en the cupric oxide surface which would greatly
affect the activity. Thig becomes apparent from the
work of Dell et alwﬂ on the carbon mgn@xidgfhxygen
oxidation reaction.

The present work has shown that €40 additions
are most a@tivé in attacking the xerogel. Apart
from Cug¢9 the cﬂ8+ iom ie the largest of all the

cations used, G40 is a defect lattice which



crystallises in the sodiufi chloride structure.

It is also oxygen deficient, i.e. an n-type semi-
conductor. Thus 1t may act as e reducing agent on
the gels stiripping oxygen from Si(o)n groups into
vacant anlon sites In the €d0 lattice, while Siﬂ¢ ions
could also be accommodated in interstitial posiitions,
This would be expecied to happen at the surface of the
gel spheroids gliving a cadmium oxide rich layer om the
spherold surface. This 1s a possible explanation of
the anomalous vesulis obiained using CA0 additions.
Some of the diffiliculty in imnterprsting the present
results may be due to impurity levels in raw materials.
R@bert&?@ et al have already shown that because of such
impuritlies, the obgserved effects of additives on
sintering rates cannot be consistently interpreted

in terms of changes of defect structure according te
the valence of the additive,

Examination of the gaseous products using the
horizontal furnace showed that HCl was liberated in
the reactions of Hransition metal chloxrides with the
gel spheroids. As shown by Bavarez"ﬁwa experiments
with anhydrous HCL on outgassed sillica gel there are

two possible simultaneous mechanlsms, vis.,
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{ _ !
m%i==0H + HCL -» m%iemﬁl + Hp0 soscoso (4.10)

and o® c1 Cl

S ® | i e
wss:i-aensé; ~ & ZHCLP =Si = 0« Si -+ Hy0 (4.31)

At first the acid will react with all the accessible
hydroxyl groups on thé surface, and then will attack
the ‘double oxygen bridges'. Bavares . showed that
the hydrogen chloride attacked the hydroxyl groups
more readily than the oxygen bridges. However, as
siloxane bridges will be formed during the heat
treatment (4.1), thén reaction (4.11) takes over
from (4.10). Thus the combination of both reactions
probably accounts for the greater and contlinued loss
in weight which was observed with the transition
metal halide additives. This suggested mechanism is
unlike the omne proposed earlier for alkalline-earth
halides above 800@933 and in fact, X-ray powder
photographs showed a variety of diffuse lines but
aid not give a clear mechanistic plecture. oy the
cupric ehloride additive, X-rays showed that there
tended to be cuprous chloride present in the spheroids.
As stated previously, the sodium halide additives
did not show any great differences in their rates of

+
dehydratlion. However, with the smaller cation Li
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{0.60 A ap comparod to Na® 0.95 3)9 the rate of
dehydration appéareé t@i@haw that the lower the
melting peint of the halide, the grester was the
smount end rate of dehydration. The fact that the
smaller molecule will move reedily reech aceensiblo
pliens of adjacent silanol groups, combined with the
groater mobility of the 1lithium halides from LiP to
LGl to LiBr accounts for the dehydretion incressing
in the order LiBr » DACL » LiP,.

The wesulits of the 1lithium bromide oxperiments
are not totally explained by the above suggestions
or the proposalsa put Lforxward for the transition metal
halide addlitives. The nein reason fovr those
hypotheses belng unsuiteble, is that X-vrey photographe
show that a 1ithium silicaete is clearly formed as low
as 500°, Por some Tegson it eppears thet iv ie much
cagler for the 1ithlum ion from lithium bromide %o
gater the eooxdination sphere of sillicom im the gel.

The difficulties im this itype of work ave
obaerved from the wesults of several workers = ° 0
2 well as the present investigation. e types of
procenses involved soom to dopend oa the ‘affinities®

which the meactants (particulerly the @xid@@i have fow
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each other, this belng purely an experinental
obsexrvation. Heny such catalytic reections involve
digsocliative adsorption of the wreactants and it
would be of interest to determine the extent of such
a step in similar systems. A sulteble sot of
experiments for thils type of determination wounld
ireclude owidations taking place upon oxide surfaces.
Disgoclative adsorptlon could then be followed using
isotopes to Telleow any ewchange of oxygon helween
the reactants. At the same time, investigations of
the mode of dehydration of simllay gelatinous oxlde
sysiens, @.g. slumine and titania, would add furither
information to the present date obbained with silics

xgrogel. Such studies should yield patterns of

soma of the less traciable phenomens obaexrved in this

Work.
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APPENDIX
I, Programme 1.
Data X-ray photographe computed on Perranti-Siriugcomrurer

Values of © , Bin. O ; d-spacing and sin Yn
are calculated from line position measurements taken
from Dgbye powder phetographs obtained using a Van
Arkel type camsra. I3 19 possible to suppress the
printing of sin €/> if +his is not required.

©
low angle high angle low angle
¢ i 14 7
The programme calculates the data by reading in
measurements for each line c%%aﬁ a time, Ie @) is X

the camera constant, » the X-ray wevelength, i,
the distance betwﬁan the knife edges, 1, and i, the
left and right hand line readings respectively (ig > 14),
then
@ = [T -(dp-4,) = 9”’9/3;@] x 57.295 degiroes
d = %?% min O



(2) DPata pequired

The progreamme réquires the following data,

in order:
(1) camers constant: one quarter of the angular

(i)

distance im radlans between the Inife odges of
the camera (l.e. about 1.5).

X=ray wavelengzihs 0 be used in caloulating

d-spacings,

(1i1) Knife edge readingss smaller reading firss

(iv) Lipe datas on integral estimate of the line

(v)

intensity follewed by two line position veadings
are needed for sach line, The intensity can be
any integer from 0 to 9999, The line position
readings must have the smaller one fivst foxr
gach line, and 1% is necessary 1o measure from
low to high angle systematically.

Ind of datas the last line measurement nust

be followed by the warmring character L, and

the last set of data by 4.

(3) Output

uwndex

The resulis are printed out in tabular form

the following headingss



LINE
INT,
DIFP,

THETA

SIW TH.8Q.
D=Y ATao

SIN TH, L

s 7 (e

lines arco numbered 1ln order.
copled direectly from the input tape.

distance beltween Llines of diffraction
cone, to 3 decimal places.

Bragg angle to 3 declmel places im
degroes.

ain” @ %o 5 decimel Pleces.
d-gpacing o 4 decimgl pleces in the
pame vaits as A o

sin Q%ﬁ to 3 docimel places.

The most significant diglt (Do) of the keyboard

may be set t0 have the following effects

Do
O

&

Biffeot

All deta is punched out

sin > ig suppressed

AlY printing except @im@ € 1o suppressed.

Computer stops and proceeds on Tesetiing
keyboard and pressing continue,

8
in the case of Do = B, the sin € wvelues are preceded

by 6 inches of blemk tape, and followed by I and

Thiree erases,
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Plow Disgrem for Progremme J

: READ ,
| C,W,Ku,KR |

B TR R gL
RS T Ty

e
READ KEYB@ARD'Réi CF

:Kriq'{li SRR
WoX,LR-LL,O, é
oine®?® and D)

ETYDY

)

T =T=(IR=IL) x P

0 = T x 57,295

C = Camera constans

L, KR = L.H. and R.He knife edge
read ings

W = Xevoy wavelength
I = intensisy

LL, TR = Lo.Ho. and R.H. line
readings.
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II, TJebles of constants used in the determination of

Pore stxggturea from Nitrogen Adsorption Isotherms.

The following tables give the constants used
in equation (2.5),
Tghle J,

Yalues of P Pa, Rie and k,, for Standard Increments of
Poxre Diasmeter,

Pore Pore
diameter dlameter
A PlPo s  Reg b PfPo iy Ry,
300 0,951 . .. 1,19 1,478
1,212 110 0.809

290 0,929 1.30 1,518
0.50 1.219 100 0,787

280 0,926 1,44 1,565
0,52 1.286 90 0,764

270 0. 924 1,60 1,624
0,54 1.235 B0 0,734

260 0. 921 1.80 1,696
0,56 1,241 70 0.696

250 0,918 2,08 1,791
0,58 1.249 60 0,646

240 0,915 2.44 1,917
0.60 1.258 B0 0,578

230 0,911 1,40 2,070
0,62 1,268 45 0.535

220 0. 907 1.56 2,180

0,65 1,879 40 0.484
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Pore Pove
diamcten diameter
A ®/Po kg Ryo A BfPo K  Tag

210 0,902 1.76 2,515
0,68 1,206 35 0,423

200  0.897 2,00 2,495
0,71 1.304 30 0350

190  0.891 2,34 2,740
0.75 1,318 26 0,265

180  0.885 2,86 3,060
0,79 1.333 20 0,168

170 0,879 1.36 3,580
0,84 1.350 18  0.130

160  0.871 L.49 3,580
0.89 1,369 16 0.090

150  0.861 1,68 3,710
0,95 1.3%9L 14 0,088

140 0,850 1,93  B3.690
1,02 1.416 128  0.036

130 0,838 2,26  8.300

1,10 31,445 10 0,016
120 0.824

Programme £

Dota from edsorpilon isothgrms computed on KHF9,

Value of pore volume, surface area, cumulative
gsurface aren, specifi¢ pore volums, and the
derivative 4EV Aa sre caleulated using equation

(2.5) and the constants tabulated previeusly.
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(1) Data required

Ryoo Kigo (amzt)//ﬁap and A velues given in tables

Y and II, corresponding to decresses im the pore
diameter of 300, 290 ccocoo B0y 45 s00oceo 20, 18 coooo
10 ir Ao Values of ¥/, from the adsoxption

isotherms corresponding to 3/%@ values in table I,

(2) ouiputd
The results are printed out im tabular form

under the following headlngs:

PORE VOLUME (Vyg) Phis is the pore volume im
mlo(NoTo§a»/go corresponding
to pore dlameters (A) glven
in table 1.

SURFACE AREA (Sg5) The velues of suriace arca
in m* g. are obtained by
converting the values of Vg,
using the velationship

4 4
Sip = ;ﬁ§§&& x 10

where & = 1,584 x 10 °, the
ratio of the density of
gaseous altrogen at WNoT.P, to
that of liquid nitrogen.

4’ is the mean diemeter of
the increment A.

COM. S,h. (mi/é) This is the cumulative surface
area obtained by asccumnlating
the values S5,

8P, PORE VOL.(V*) The mpecific pore volume is
obtained by multiplying Vg,
by ‘2°(1.884 x 1@m3¥0
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PORE DIAHM.(A) Copied directly from input
tape.
DERIVATIVE Cav/Qld) This is simply the specific

pore volume divided by the
pore diameter.

Detall of programme in algol language

bagln grrsy R,D,K,d4,0c[1:36)s integer i,j.k,hzopen(30);

open{20);

for 1s= 1 step 1 until 36 de R{1] s= road(20);
for d:= 1 step 1 until 36 de D[i] s= read(20);
for = 1 gtop 1 wntil 36 do Kli] s= vead(20);
for 3= 1 gtep 1 until 36 do &[i] 2= read(20)
foxr hs= 1 gtep 1 untll 33 do

begin

bepln array ¥ox.a,b[Ls37]s

write text(30,[[ccec 158 ]Table™))swrita(30,format
nde 1) )3

for is= 1 gtep 1 wntil 37 do y[ils= read (20);
for is= 1 ghep 1 until 36 de ylils= y[i+1]-y[1]:
x[1]s= O3

Lor Js= 1 ptep 1 wntdl 36 de
begin aljls= x[3] = K[3]s
bljls= =y[3] = aldls
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if b[j1€0 then begin k:=j ; gole L end
efdle=v[3] = ®[315
x[J+1)e= x[3] + e[3] x B[j)s
k= J3

e
=5

g
|

end

9o

Libegin array s,v [0:36] ; real a,b ; integer Tl

as= 63,363 8[0] s= O3

Fl s= Fformat([+ndd.dddsssssas])s

for i:= 1 gtop 1 undil k-1 do

begin v[1]l:= a x e[i]/a[1];
sli)s= sl[i-1]) +« v[i];
write(30, #1, e[i])s
write(30, F1, v[i]);
wrdte(30, 1, s[i]);

br=if 1426 hen 310-10xi glee if if 32 then
50-(1-26)=zbH

elael0-(i-32)x2;
write (30, format([nddsesssas]) ,b);

write(30,format([d.ddds, o +ndc]) (eli)x
0.001584) b)s

onds
ends
close(20)s close(30);
ends
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Datroduction

Az medern wesearch expands, the use of
nen—-agueous solvents is becoming more important in
the examination of inorgenic species in solution,
and in the preparation of otherwise unobitainable
anhydrous éompoumdao Many new compounds, which
cannot exist in agueons solution, avre readlly
obtainable in a stabillsed form in the absencs of
waters One difficulty in the erystelllisation of
inerganic compounds from organic solvents ls that
the compound formed very ofien containg solvent of
crystallisation which is extremely difficult to
remove 1f decomposition of the parent compound isg
to be avolded.

Hon-aqueous solvents containing atoms with an
unshared palr of electrons possess remarkable
golvents properties despite having a low dieleciric
congtany. It is well known that many salts arve
goluble in ether, e.g. covalent m@rcufic chloride
and bromlde; and that etherates such as HgX,.28H,0
where ¥ = Gl or Br are veadily formed. Sidgwicka
1istes many cowpounds which dissolve imn ather and

Lorm etherates, thus establishing the donor properiies
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of ether.

The solubllity of salts in other must be due
to the selvation of the ioms by the ether, c¢oordin-
ation arising from the lone paly of elecirons on the
oxygeor atom of the ethewv.

Silver salte are rather unigue imn that
relatively few ecomplexes containing o metal-oxygen
bond exisi. Examples of thie type of metal-oxygen
bond are illustrated in the work of Sharp asnd Sharp@ﬁ
on complexes of fluoroe aclds end perchlorates in
other solutlion, Using copper powder Lor the
displacement of sillver, these authors wewre able to
prepare cuprous Tluoroborate aund hexalluoropheosphate.
SQMWarm@nbach§ hag weported thatv nickel peorchlorate
maey be obitained in solution by nsutralising a
suspension of nickel ammoniuvm perchlorate im ether
using anhydrous perchloriec aecid.

In the present work, solutions of perchlorates
and setrafluoroborates of some Lirst row tranasition
metals have been prepared in ether. These solutions
were prepered by reacting an ether solutiom of the
appropriate anhydrous sllver salt with excess metal
halide or by using stolchiometric gquantities of sach

aalt. The selutionsg thus obtained wers then veacted
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with the following series of lligands, viz, {triphenyl-
phosphine, triphenylarsine, triphenylstibine,
triphenylblssuthine, trimethylphosphite, triethyl-
phosphite, triphenylphosPhi%@g triethylamine and
4omethyl=2,6,7=trioxa-l-phosphableyclol 2,2,2 Joctane
(hereafter referred to a9 MoToPo).

The formation of complexes between trieryl
derivatives of Group V elements and metal loms is
well @wtabliah@&gﬁ the ease of formation being in
the oxder PPhy > AsPhg » 8bPhg., Little work
appears to have been done on transition metal
complexes with BiPhg although Futtell ot al have
claimed that well-defined complexes such as
AgClQ, o Py Bl are readily formed from ether seluition.
Thers avre two possible sources which can glve riase
to coordination in trislkyl derivatives, viz. (a)
the Group V element, and (k) the 1 —electron system
of the asromaitlc ring. Since Sharp and Sha?p@@ have
shown that aromatic systems glve wrise only to weak
complexes with copper and sllver, it is therefore

expected that the most important sontribution to

complex formation will avise from the Group V elements.
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A Tocoent roview artlcle by B@@ﬁhw dliscussen the
pregent knowledge of ph@@phimé-a@mpl@x@aa Tertiary
phosphines show z marked Hendency to form non-ionic
complexes which aré readlly soluble in organic soelvents.
Phosphines, in gemeral arve particuvlerly ussful end
versatile ligands; in that they form compounds
centalning both the highent ond lowest valsncy svates
of trensltion metals. Phosphorus hes smpty 34
orbltels capeble of zccepting Il —electrons, amd im
addition, they have a lone palr of elecirons capable
of forming & ¢ bhond, Thues phnosphings sre strong
bases, snd combine strong sigma bond donor functions,
gsuch as sre found im amines, with sitrong W -bend
accoptor propervien. The Ilmportence of d-orbitals
in covaelent bonding has Deem a subject of much
discussion sinee Paulimgf@@ peper on the hybridisation
of atomic orbitals in molecule formation.

The effects of I -bonding involving d-orbitals on
the propexities of transition metal compounds

including some complexes forxmed by tertiary phosphimes,
arsines snd stibines, have beem explained by smeveral

. 2540
anthors,
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The above eifsets ave alse evident in
phopphites. H@w&%@rg proavious attompts O prepere
complexaes with trielkyl phosphiites heve met with
only limited succens. The regction of fivet row
transition metels such es Col(Il) and NA(IIX)
invariably yield only oila though some roscition is
indilcated by celeuw @haag@ﬁoaﬁ Avbusov - ot ol
have prepared complexes with trialikyl phosphites
and heavy transition melals such os PE(IL) and a
fow of the pogit-trennition metels such es Hg(IT).
The diffdienlty in fowming complexes of transition
metale and alkylphosphltes sppears to be & sveric
offect, nince a new alkyl phosphite (M.P.P,) fived
prepaved by Verlkade and R@ym@ld@ﬂg hag shown
remaviable complexing p@w@r®93®§£$ The ability
of M,P.P. %o Torm stable complexes in comtirash
o trisllkyl phosphites, arisges from its low steric
hindrance and stronger sigma- and T -bonding
abilities. The alkyl part of the molecule im a
Ting gystemnm which is essentially strainleas.
Studies by nuclear magnetic relonence @p@@ﬁ?ﬁ@@@pyaﬁ
show the molecule to have the structure deplcoited in
PaEe{2o3)o
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The most netable aspect of Verkade's waxﬁég ip thad
the maximum coordination number for transltien matal
perchlioretes was achleved with only M.T.P. moeleculos
in the first coordination sphere, which is strong
avidence for a reducition of ligend-Ligand steric
ropulaion. However, work by Cotiton emnd ageég&magq
om perchloretes of Ag(I) snd Cu(li) has shown thet
complexss ave formed in which 4 PPh,; melecules were
found in the coordingtion sphere of the metal
although the suion could also have boen ceordinated.
Bending in triethylamine complexes with
transition metals will differ from the other Group V
alements already discussed in twe aspects. Br@wmﬂ@
has shown the existence of back straim in
trisilkylamines profduced by packing three alkyl groups
rvound the welatively small nitregen atom as compared
to the phosphorus atom. Thus there is a deorease in
besicity due to sterdic facktors. The other difference

arises since NEt; has ne orbltale avellable fovr
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foedback end must therefore be comnsidered as @
pure sigma donovr.

The complexes formed in the present werk were
investigated wsing infrared, far infrared and ulivs-

vielet reflectance spectrascory.
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Dinengeion

The most interesting feature of the ether
polutions of trensition metal p@r@himraﬁam and
setrafluoroborates has been the discovery of a
new type of @ompaumdoﬁg © It was found thet on
addition of enhydrous eupric chleride to silver
perchlovate in ether solution, an immediate
colouration was observed, This was blue but om
prolonged sheling the colour changed ¢ green.
Baillie @% ala@ investigated this colounr change
by wldraviolet specitroscepy snd conduetivity
NeABVrenents. The conclusions which were drawn
wore that two speelss existed in solution

covresponding te the formuls
Cu{ 01X and CuXg
(1) (I1X)
where ¥ represented the strong ascld anion.
Solution (1) may be converted to II by

titrating with silver perchlovate dissolved im

wiher, and the repotions Tormmlaeted as
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excens halilde
CuCl, + AgCLO, > Cu(C1)CL0; + AgCl

\
mm@lk E AECLO,

T ou(C10, ), + AgCL

As far as the solution formed using silver
tetrafluoroborate and copper(ll) chleoride was
concerned, 1t appeared that the ysllow-green
solution was szclusively of type I, viz., Cu(GLl)BP,.
Details of the preparation and properiies of the
other solutions are given in the experimenial
seetion.

The above types of solution when reacted with
the ligands listed in Chapter I gave a series of
complexes which were of the general formula MXzL,,
MXpTy o MHaLy, MALg, MXL,, ML, , M(CL)XL, end
M{CLIXYL, where X = perchlorate or tetrafluocrchorate.
The stereochemisitry of the cobalt and nickel
complexes was investligated by measuring the
nltraviolet reflectance spectra [Table (3.1), (3.2)
and (3,3)] end are dimcuwssed, wheve appropriate, in
the section dealing with the infrared spectrum of a

particular complex.
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In goneral, the yield of complex obbtained wase
not very large. The enalysis for the stable
somplexes prepared are given im the experimental

section,

(4A) Monosubniituted phenyl ligsnds

The infraved spectra of the ligands used in
this study, PPhg, AsPhy, SbPhg and BiPh, asre guiie
gimilar to one ancth@rogi Howesver, the infrared
gpactra of the complexes formed are quite
gomplicated due to the mesking effect of the
perchlorete and tetrafluoreborate anioms,
Conssquently nething can be sald about Ligend

o

vibrations ia the regioms 1200-950 cm. = and
630-520 @ma“a Sueh veriations in ligand vibrations
as are cbserved are @@nfin@& to the peaks in the
reglons T40-720, 700--680, 500-450 and the reglon
below 500 em. = [Pables (2.1), (2.2), (2.3) snd

(2.4) ],



Complex

ABPhg
(010, ), ( AsPhy ),

@M( @1@@ )_53 ( A@Eh@ )@
Co(610, ), ( AoPhy ),

W(CLO, Vo (AP )y
Za(BP, ), (AsPhy ),

CuCLBE, ( AsPhy ),
CuC1BP, (AsPhy ),

@@clﬁﬁm/ﬁs?hg

Somplox

SbPhy

N4.(C10, ), (BbPhy )5

Co(010, ), (SbPhy ),

GuGLO, (SbPhy )4

=l e

Bable (£.1)

Absorpiien frequency (om. )

G310

314
329

323
320

320
313w )

320

326

467
475

467

470

462
472

470
480

452,
463,
455
465

460

Toble (2.2)

690

693

6928
689

696
684

692

691

889

Absorpiion frequeney (om,

2035
267

240
240
267
267

455

4395

453 =

&58

693

690

€87

893

752
735

P35
735
PLOF
735

P43
7507

727
FBHE

725
P36%

V45
P50

!

)

729

?30(@h§ -
?éﬁﬁah “
?60(®)

730 .

758

729




Camplex

Cus10, (SbPhy ),
4m( €10, ) o/ SVEhg

CuGlBF, (8bPhg ),

Zn( BF, ) 5/ S0Phy

PPhg
{010, ) 5 (PPhy ),

Gé(@l@@ o (PRhg )4

@M@l@@ @.P‘:Ehg}, )g
Hi(ﬁlﬁ@ }gg (P?mﬁ )4}

an( B8, ) o /PP,
Coc1EP, [/ PPR,

CuGLER, (PPhg ),

=180

Table, (2.8)

267
240

267

454
458

445
468 =
457

4 35

250 (W)

Teble {2.3)

Absorptien freguency (eme )

692

687 _
694 %

729
Too

?50(ah) *

728

787
736

&

490
496
510
493
297
610
491
51.0
500
616

290( sh)
5@03@)
51L0( sh)
BO7
500(w)

ﬁ@ﬁ(wj

690

626

G92

695

687
692

680

740

P4,
PAT

726 ,
740

720

PLD
755( ah)
720

745 =
755

T35
?22(&% o
7H50( w

?21(3% .
F45(m) ™

an

[z
i
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Table (2:4)
Compiex

BiPhy 232(m) 450 694 723
Go(G10, ), (BiPhy), 238 444 680 720 &
WA(C10, ), /BiPhy  234(w) 444 690(w) 732
CuC1010, /81PN, 232(w) 437(ah)  690(w) oo (m)
Cu(C10g ),/ BAPh;  234(w) 4a3(w)  685(w) %32

7a( BT, ), [BiPhy 243 4L (m) g3 7se
Cuo1Br, [BiPh, 236(w) 458 695 783

{p) = atrong (m) = medium (w) 2 weak (sh) = shoulder

Unlesa designated otherwlse, the absorptions given
in the above tables are sirong. Tables (2.1}, {(2.2)
(2.3) and (2.4) show that any alteration in the
position of the ligend vibratiens appears to be
@m%im@ly random. TPivst impressions given by the
absorptions marked with an anterisk, were that the
observed splitting was a crystal £ield effect.
However, closer examimation of coordinated cemplexes
revealed that some of these poaks may im Lfect be due
w0 the anlon being elther monodentate or bildemntete..

This will be dealt with later on in the discwvesion.
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Pable (2.4) in which some of the strong ligand
absorpitions are reducsd to medium or woek peaks on
complexing, supports the vliew obdtained from analysie,

that with BiPh; there is dephenylation taking place.

(B) Anlon Absgwptioms

The princlipal absorptions which were of
interest in the present investigations were those
due te perchlorate and tetrafluorsborate iomns.

B3 88 24 ,806 3G 587
pET e e and Raman °  spectra

The infrared
of perchleorates have been studied and sssignments
mad@oﬂﬁ The unperturbed perchlorate lon has a
regular telvrahedral structure, and possesses nine
modes of vibration giving fouyr fundamenital moldes.
Hatheaway and Un@@rhillag have tebulated the nature,
gymmetry and approximate typleal frequencies of the
observed modes for the tetrahedral lon as well as

the effecitn of coordination through ome or beth

oxygen atoms of the perchlorate group [Table (2.5) .
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TABLE (2.5)
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Q % 3 %‘23 @{E?%‘@D ﬁ{éﬁﬁ g{%ﬁ} REER) &’%&’?

- 05 . STR, . BEW, & 8CnD  A8EMD
L38 78 Reetwls S 5 (3@&@ tng‘g f’ﬁ{g

T 17 N/ N/
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- AR Va . 3
o @ S, e ke
8 $7fe 5. 8885 Q. S8, &. C5p) »
gIa e oddes” 20 e’ 886 &=

. L /Y JIN LN

T S N . T
0 Gy Yo W Y Y b VG s Vg
M 0 a0 as) AAP COOSEA RER 4D L8R

o X X0

& B o ) )
C¥y” €19 wavew €0 o € Roeionds

G678, LD L5 OSTR, O5R, SCED

A and B, non-degenerate; B, doubly degenerates
P, triply degenerates I, infrared actives
R, Remen active; s, symmetrics By afsymmetrics
0" refers to coordinated oxyg@éo |

In genexal, the iriply degenerate modes J;a and
J ¢ ave infrared active imn lomlic perchiorates, g4
aB & Strong, broad absorption with & poorly defined
maximum, which is occaslionally ﬁplitoaﬁ
The non-degenerate mode  , which is theoretieally
forbidden im the infrared usually eccurs very |
=4

waakly at 930 em. Thin absorption becomes weakly
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allowed owing to distertion of the lon in a crystal
field of lower symmetry than iteslf.

Similar syguments apply equally well to other
tetrahedral systems such as BF, , though nos a
great deal has been published in this direstion.

80 483
. Several anthors

have gqueted valuss of ea. 1020
end 530 cm.™? (Jy and o 4) for the infrared
active meodes of the tetrafluoroborate ion.

The fundamental frequencies Tfor s perchlorate
or tetrafluoroborate group with (g, symmeitry are
not agecurately predictable. Hewever, the infrared
active frequencles for other (v symmetrical
compounds, ©.g. perchloric ascid®® and perchloryl

as
fluoride have been reporied and may be taken an a

guide.

Ja Ja Vs Ja Js v}@ (@mogﬁy

HC10, 10352 739 D74 1312 o8BS 426

Ci0,® 1061 715 549 1315 H8BD 405

In the caese of two oxygen atomg belng invelved in
covalent boading, il.e. & bidentate perchlorato group,
the symmetry is lewered to Ogy. A similar type of

guide to the frequencies may be obtalned Lrom studles
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56
of the bidentate aulphate donr and sulphuryl
fluoride.

Ja Jo Js Jo ds Jo Jo J@ J@

80,%7 1066 995 641 462 -~ 1108 610 1176 &M
80,F; 1269 848 8§44 300 - 1508 653 885 539

Jg is enly Raman active, the rest being observed
in the ianfrared.

The absorption frequencles lListed in tables
(2.8), (2.7), (2.8) and (2.9) ave those due ite the
anion, plus sbsorpilons which cannot be related to
sinple ligend vibrations.

The asbsorptions marked wilith anssterisk are
diffienlt to assign. Thewme absorptions may be
due t0 a crystal field effect or to the aniom
being coordinated but will be considered in the

discussion of the complexes where this occurdg.
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The ultraviolet reflectance specitrum of the
blue complex Co(CLO, ), (AsPhy), has shown the
cobalt to be in a tetrahedral environment.
Table (2.6) shows this complex to be lonic though
the absorption at 860 cm.”* may be due o some
covalent character. Although the infrared specitrun
of Wi(CL0,),(48Phg), seems to show the complex as
ionic, the reflectance specirum indicates a complex
of octahedral symmetry. This mesns that for
ectahedral symmetry the perchlorate must be
coordinated in s symmetrical fashlon and therefore
does not manifest itself by splititing. Using the
values of Hathaway et algﬂ and Wickenden and
Kr&u@@a? for coordinated perchlorates as a guilde,
it aeppears that Zn(01l0, )s(AsPhy), 18 coordinated
through twoe of the oxygen atoms of each pevrechlorvate
group (CGuy)e  The peaks at 620 and 647 em. * in the
zine complex could be assligned o the non-degenerate
rocking fregquency J‘7 and the non-degonerate GLO,
symnetrical bending fraguency J g respectively.
This i in contrasit to the two peaks at 735 and
740 cm. ® in the cobalt complex which muat be due

t9 a orystal field effect, In the case of
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Cu(C10, )5 (AsPhg ), , the perchlerate is monodentate
(Cy)

A white complex amalysing to CuClQ, (SbPhy),
wae prepared from copper(ll)bisperchlorate,
whereas c@pper(II)@hl@fOp@r@hlgfat@ yielded another
white s0lid but this enalysed to CuC10, (SbPhg ), ,
both of which appeer donle from thelr infrared
gpecitra. Similar to other copper(l) complexes
these might be expected to be tetrahedral, though
this wonld mean that the perchlorvate in the former
would have €0 be coordinated. The triplet around
450 cmowﬁ and the weak peak at 930 emo may be
interpreted as evidence of covalengy fLor
CuGlo, (SbPhg )g o

The ultraviolet reflectance spectrum of
Wi(CLO, )5 (SDPhy ), suggests that this complex is
octahedral, and the lnfrared spectrum indicates
coordingtion of the perchlorate group.
Co(C10, )3 (SbPhy ) 19 shown from table (2.7) ¥e have
& bidentate perchiorate group. One of the peaks at
730 and 758 cm. =, probably the latter is due %o
coordination though the doublet at 240 and 267 cmo

is to0 low foxr this iype of assignment, and appears



=, 3=

e be elther & slight shift in the ligand vibratiop
{aée toble (2.2)] or a meital-oxygem vibration.
The complex formed between Zn{0l0;), aud triphenyl-
stibine, although not charscierised by analysis
appears from its infraved spectrum o comtain a
woakly coordinated perchlorate group.

0f the complexes formed between triphenyl-
phosphine and the varilous perchlorate solutiona,
GuCl0, (PPhy), eppears o be ienic [table (2.8)]
but 41 is difficult %o put forward a2 defimnite
gtructure for this complex 1f copper has a sensible
coordination number of four, Zn( 010, ) g (PPhy )5
pimllar to Zn(CLO,),(A8Phg), , 16 phown to contain
a bidentate perchlorato group of €y, symmetry.
The wpeetrophotometric measurvements of Co(CRO,),(PPhg),
are somewhat anomalous in that the ulitravioclet
reflectence spectrum shows teotrshedral symmetry,
whereas the Infrared specitrum appears to show the
endon to be strongly coordinated. The complex
Wi({C10, ) (PPhy ), yielded a poor refleciance
specirum which did neot help to elucidate the symmesry,
and the infrared spscirum suggested only weak

coordination of the anion.
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The perchlorate-triphenylbismuthineg @@mpléxea
appoer from table (2.9) o be lomic, though some
doubt exists about the Co(CLO, ),(BiPhy ), complex
which was the omnly one te fit satisfastory snelysils
figures,  Both Cu(C10,), and Cu(CL)CLO, ether
golutions gave green solids on addition of
triphenylbismuthine. Theose complexes appsared to
dephenylate, though table (2.9) shows the ?r@@@n@@
ef ionic perchlorate from the abgorptions at ¢a.
625 @moag and the broad peaks around 1100 @mo@ﬂ
However, the peaks around 290 @momﬂ might be taken
a8 indiceting metal-halogen bridging similar to
the distoried octahedral complexes suggested by
GClark et alss for coppor<hallde complexes of
pyridine.

The infrared spectra of CuClBF, (AsPhgls end
CuClBr, (ApPhg ), shown im teble (2.6) suggest that
these complexes are lonic, The absorpitions asround
260 @mowi for these complexes epproximately coerresponds
to valueos observed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>