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ABSTRACT

This research was suggested by scatterecd references
in the literature, surveyed in this thesis, to the
catalytic effects which many solids have upon homogeneous
substitution reactions. A systematic investigation of
the heterogeneous catalysis of slow inorganic substitution
reactions was accordingly undertaken,

The aquation of the acidopentamminecobalt(III) ions,
[€o(NHs) sX12% (X=01 or Br), was studied at 25°C and pH
2 or 3. Preliminary studies were carried out with a wide
variety of solids, such as metals and non-metallic elements,
insoluble salts and silicates. v

The insoluble salts of silver(I) and mercury(II)
were found to be the most effective catalysts, which was
not unexpected, as Ag(I) and Hg(II) in solution induce
aquation of [Co(NHj)sX?t. Catalysis by silver bromide
and mercuric sulphide was studied quantitatively as a
function of the mass of catalyst and the concentration of
{Co(NHz)sX|2*. The rate of the catalytic reaction was
controlled by equilibrium adsorption of [Co(NHj)sX]2+
prior to reaction.

Platinum was also a catalyst for the aquation reaction,
and a platinum rotating disc was used to study reaction
kinetics in conditions of controlled diffusion, according
to the Levich équation, to the catalyst surface. Again,

the catalysis was surface-controlled, and subsidiary
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experiments showed that the platinum potential affected
catalytic efficiency.

A diffusion-controlled redox reaction between
[Co(NH;) sX |2t and solid silver was discovered, and studied
at 25°C and 0°C using a silver rotating disce.

Attempts were made to find a heterogeneous catalyst
for the monoanation of hexaquochromium(III) by thiocyanate:
although platinum, mercury and some heavy metal sulphides
were found to be slight catalysts, the effects were too
small for quantitative investigation. It was concluded
that for a surface-controlled catalytic process to have a
striking effect; the number of molecules reacting homo-
geneously must not be much greater than the number reacting

heterogeneously: this restricts work to dilute solutions.
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SYMBOLS AND ABBREVIATIONS.

A area
ads adsorbed
c molarity
D optical density
Di diffusion coefficient of species i
E electromotive force
F Faraday's constant
G Gibbs free energy
H Enthalpy
h Planck's constant
het heterogeneous
hom homogeneous
ionic strength
X equilibrium congtant
velocity constant
No Avogadro's number
R universal gas congstant
T absolute temperature
t time
v vo lume
2. no. of units of electronic charge on ion i
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=

vi.

thickness of Nernst diffusion layer

molar extinction coefficient

vigcosity

degree of coverage of surface by specieg i
equivalent conductance

micron (mu = millimicron)

rate of reaction

kinematic viscosity

sticking probability

time interval

speed of rotation
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CHAPTER I : GENERAL CONSIDERATION OF CATALYTIC PHENOMENA.

A catalyst is a substance which increases the rate
of a chemical reaction, without itself being chemically
changed in the process, and without affecting the position
of chemical equilibrium, Homogeneous and heterogencous
catalytic processes are extremely common in both gas—phase
and liguid-phase systems. Catalysts are very widely used
in industrial and laboratory preparative chemistry, and
the extensive fundamental study of catalysis that has been
carried out in this century perhaps reflects the practical
importance of catalysts.

Work in the past has dealt mainly with heterogencous
catalysis of gas reactions and homogencous catalysis of
liguid reactions. The subject of this thesis, the hetero-
geneous catalysis of reactions occurring in solution, is
practically a novel topic. The present work is restricted
to catalysis at solid surfaces. Catalysis and reaction
kinetics at liquid interfaces have been reviewed by
Davies (1).

A catalyst acts by providing a reaction path of lower
energy than is otherwise évailable to the reactants. In
simple terms, it reduces the heat of activation, AHas for
the reaction, thus increasing the velocity constant, k,

according to the Van't Hoff equation
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dlnk = AH,

(1.1)
dT RT=
In the more detailed analysis of the theory of absolute
reaction rates, since the rate at which activated
complexes cross the encrgy barrier to reaction is the
universal frequency RT/NOh, it is the steady-state
concentration of activated complexes which determines
the rate of reaction. A catalyst thercfore acts by
reducing the free energy of activation, AG$, for the
reaction.

Clearly the catalytic reaction will become more
significant the greater the reduction in AG* and, in the
case of heterogeneous catalysis, the larger the surface
area. It has been shown by Thomas and Thomas (2) that
for the rates of the heterogeneous and homogeneous
reactions in a system containing a catalyst of surface
area 100m? in 1 ml. to be equal, AGﬁet must be less by
16-17 kecal mole™* than AGﬁom at room temperature. This
disparity in AG*must rise ag the reaction temperature
rises to maintain parity of rates.

Both homogencous and heterogeneous catalysts contain
molecular or atomic or ionic species which interact
physically with the rcacting species, weakening chemical
bonds in such a way as to lower AG* and increase the rate

of reaction. In the case of heterogeneous catalysis,
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the concentration of reacting species at the interface
is likely to be enhanced, and this also increases the
rate of reaction by a numerical effect. The study of
physical adsorption of substances at interfaces,‘and
especially at the surface of finely divided solids, is
thercfore a valuable complement to the study of hetero-
geneous catalysis, at least of surface-controlled
processes. (A surface-controlled process is onc in which
the rate of overall reaction is determined by some process
other than diffusion of reactants to the catalyst surface:
the slowest step may be the adsorption of reactants onto
the surfacc,; the rate of the reaction itself on the
surface, or the desorption of products from the surface;)
Chemisorption is not usually the precursor to heterogencous
catalysis in mild conditions, as such sorption is normally
irreversible except under drastic treatment.

The effect of finely divided so0lid catalysts on the
rates of non-ionic processes occurring in the gas and
liguid phases is often most striking. Hydrogen and oxygen,
for example, react imperceptibly slowly without a catalyst,
but can form an explosive mixture in the presence of
platinum black. The efficient catalytic cracking of
vaporiscd or partly vaporised crude petroleum on solid
acids, such as synthetic silica, has produced thc vast

petrochemical industry. On the surfacc of a heterogencous
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catalyst, even covalent molecules must be polarised,
and ionic intermediates may be produced.

The situation with ionic processes occurring in
polar solution is rather different. A catalyst is not
reguired to generate ionic intermediates, but merely
to interact with ions already present. This implies
that the catalytic species, either homogeneous or
heterogeneous, must either interact specifically with
the reacting ions, or that it must electrostatically
lower the free energy of the ions more than the solvent
docs.

Beck (3) has classified the various catalytic
phenomena that are observed in the catalysis of complex
formation reactions, which of course includes the
substitution rcactions of inorganic complexes with which
this thesis is concerned, as shown in Table I. Beck's
clasgification is printed in capitals, and that scction
of the Table investigated in the rescarch reportcd in
this thesis is outlined.

As the surfaces of insoluble ionic salts or nmetals
in the massive state both carry more surface charge than
the surfaces of molecular solids, it is probable that
the former type of solid will be intrinsically a better
heterogeneous catzlyst for ionie processes occurring in
gsolution than the latter. This tendency may, however,

be masked by the very high specific surface areas of



TABLE T :

CATALYSTS OF COMPLEX FORMATION REACTIONS (based on Ref. 3).

CATATYSIS OF COMPLEX FORMATION REACTIONS

I

COORDINATION CATALYSIS
(formation of complex
-preceded by temporary
formation of another

complex)
| f |
LIGAND CATION COORDINATION
ATATYSIS CATALYSIS CHAIN -
“evz. (ce.geheavy REACTIONS
effeet  metal ions (Interchange
of OH catalysc of chelating
on aguation ligends
Cretigey Of several greatly
eaction) balo - accelerated
, complexes) by free
ligand
through

chain
mcchanism) .

REDOX CATATYSIS

HETEROGENEOUS CATATYSIS

}

ELECTRON
TRANSFER
CATATYSIS
(eogo CI‘( II)
catalyses
certain
recactions
of Cr(IIIg
conmplexes

INTUCED
COMPLEX
FORMATION
(formation
of

complex is
accelerated
by simulta-
neous
redox
reaction)

Heterogeneous
catalysis of
redox reactions.
A widely
occurring
phenomenon,
procceding via
electron
transfer
through the
catalyst.

See Ravnd and
Spiro (4a)

ADSORPTION
EFFECTS.
(In gencral
adsorption
loosens
bonding in
reactant
complex)

SOLUBILISA
~-TION
EFFECTS.
(e.g.
detergenf
increase
the y
solubili?t
of some
ligands)
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some "molecular! solids, like charcoal and silica.

The clectric double layer at the surface of the
former type of heterogencous catalyst can polarisc
intcrmediates and reactants;, and in some cases, reaction
products appear which differ from those formed homo-
gencously. This is often the case with catalytic
hydrogenation of organic compounds on metals such as
platinum. Thus Hoijtink (5) rationalises the hydrogené
ation products of anthracene derivatives by the
hypothesis that the catalyst causes heterolysis of H,

molecules:

+

1 = -
5(xty)H, + Cat Catﬂi + YH  1vated (1.2)

The catalyst, negative with respect to the solution,

transfers one or two electrons to the organic substance,
and then addition of H' usually occurs within the electric
double layers This mcans that the overall orientation of
the hydrogen addition may be affected by the double layer
and by the electron deficiency of the metal catalyste

Similarly, even if the heterogeneous catalyst does not

alter the course of an inorganic substitution reaction, it

may well alter the stereochemistry.
To return to the general consideration of the subject
0f this thesis, it is known from numerous types of experi-

ment that ions do adsorb on a wide variety of solid

surfaces. These experiments include thosc in the Ffields
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of elcctrophoresis, polarography, clectrocapillarity,
colloid chemistry and ion-exchange chromatography, although
the latter is strictly a bulk, not a surface, phenomenon.

t geoms not unlikely that surfaces which adsorb ions

could also catalyse ionic processes such as redox rcactions
and the substitution reactions of ionic complexes,
especially such of these processes as occur rather slowly
in homogeneous solution because their energy of activation
is high. Some of the literature references to such
catalytic processes, usually dismiésed in the past as
annoying side reactions, are given in the next chapter.
This survey is almost certainly incomplete, as the references
generally occur in papers whose titles do not mention
catalysis.

A brief survey of other ionic processes which bear

relevance to the central theme is also given in the next

chapter.
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CHAPTER I : SURVEY OF LITERATURE REFERENCES TO THE

HETEROGENEOUS CATATYSIS OF IONIC PROCESSES TN SOLUTION,
AND RELATED TOPICS.

II.1l. Heterogeneous catalysis of substitution reactions.

The present study is restricted to inert complexes
of the transition mctal ions. As pointed out by Taube (6),
the d electron structure of the central metal ion partly
determines the lability of a transition metal complex.
In general the labile complexes are, in valence bond
terminology, either of the outer orbital type or of the
inner orbital type with at least one vacant lower energy 4
orbital; inert complexes are those in which no d orbitals
are vacant, although some may be singly occupied. In
crystal field terminology, the greater the crystal field
stabilisation of the complex, the greater the activation
energy required to pass to a transition state of different
stereochemistry, and so the more inert is the complex.
Thus, inert complexes include those of low-spin Co(III)
(d8) and Cr(III) (a®) in the first transition series and
those of Rh(ITI) (d®), Ru(IIT) (a%) and Pt(IV) (4aé) in
subsequent transition series: more metal lons in the
later series are low-spin, and hence form inert complexes,
than in the first transition series. There is, of course,

no necessary conncction between thermodynamic stability
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and kinetic inertness in homogeneous solution. There
may be more basis for such a connection for the hetero-
geneously catalysed reaction of an inert complex. Thus,
the extent of bond weakening induced in the reacting |
complex by adsorption should be grcater the less stable
the complex. The more the incipient bond rupture in
the reactant complex is thus enhanced, the more effective
should be the collision of the incoming ligand with the
adsorbed complex conpared with the same collision in
bulk solution.

Clearly, heterogeneous catalysis of ligand substi-
tution reactions will only be observable for inert
complexes, and it is therefore not surprising that the-
najority of the examples that follow are for Co(III)
complexes, whose reaction kinetics have been extrcmely
thoroughly investigated, Moreover, the phenomenon of
heterogeneous catalysis is most likely to be observed
with solids of large specific surface area, This is why
mony of the literature examples cite charcoal and platinum
black as heterogeneous catalysts, although there are
occasional references to the catalytic effects of other

powdered solids.
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IT.1.1: Heterogeneous catalysis of ligand substitution

reactions of cobalt(III) complexes.

The kinetics of the aguation and other types of
substitution reaction of the Co(III) ammines have been
extensively investigated. The general reaction is of

the type

[COIII(NHE)nXS—n] + Y = [COIII(NHa)nxs-nY] + X (201)

where n may be 1-6, and the ammonia lisands may be replaced
by the oppropriate number of ammine derivatives.»

Bjerrun (7a) noted several examples of the hetero-
geneous catalysis of cobaltammine reactions by mercury
and charcoal, and determined the equilibrium constant

for the reaction

loo(NH)elo+ + H,0 = [Co(NHs)s0HI2+ + NH,' (2.2)

in ammoniacal ammonium salt solutions using carefully
purified active carbon as catalyst. A common preparative
method for cobalt hexammine salts is baged on the rapid
establishment of equilibrium {(2.2) in the presence of
charcoal (8). Bjerrum also reported (7b) some minor
experiments showing that the reverse of reaction (2.2)
was catalysed by a bright platinum electrode, by mercury

and, strohgly, by colloidal palladium, provided a trace
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of Co(II) ions was present.

It moy be mentioned here that, in the course of the
presént work, decolourising charcoal was found to reduce
the complex LCo(NH;)sBrl2+ stoichiometrically to Co(II)
at low concentrations. However, no mention of possible
redox reactions is made in Bjerrum's work, although the
significance of trace amounts of Co(II) is mentioned in
more recent work with carbon referred to in this section.
The reasons for this are possibly two-fold. The charcoal
used in the present work was not so carefully purified
as that used by Bjerrum; and could have contained a sorbed
reducing impurity. Moreover, Bjerrum worked with much
higher concentrations of Co(III) complexes than were
used in the present work, so that, even had the entire
catalyst surface been oxidised by 2 redox reaction, the
amount of Co(II) formed would have been insignificant in
comparison with the amount of Co(III) present.

It is clear from Bjerrum's work thet charcoal is
an excellent catalyst for the inter conversion of wvarious
Co(III) ammine complexes, despite the unconsidered
possibility thet a slight redox reaction may also occur.
Bjerrum points out (7c¢) that [Co(NH;)s01ll2+ cannot be
formed when [Co(NHz)glCls; is shaken with carbon or silica
gel in slightly basic solution, as concluded by Schwartz
and Kr¥nig (9), since [Co(NHg)sCllet ig rapidly hydrolysed

in basic solution. Despite their wrong assumption as to
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the nature of the product, Schwartz and Krénig did
consider the possibility of a redox reaction with the
charcoal, but were unable to detect any Co(II) with
.the relatively insensitive means at their disposal in
1923. It is worth mentioning, however, that Bjerrum (7c)
found a considerable incrense in the catalytic action
of carbon by the addition of cobaltous salt in an
atmosphere of nitrogen. A possible explanation of this,
that Co(II) lowers the potential of the charconl surface,
is proposed in Part III.
" Carbon has also been found to catalyse the reaction
of Co(III) ammines with ethylenediaminetetraacetic acid
(10), and the very striking catalysis by carbon of the
racemisation of several optically active Co(III) complexes
has been investigated: Erdmaon and Douglas (11) found
that [Co(BEDTA)]™ was racemised very rapidly by wood
charcoal; and less rapidly by sugar charcoal, which has
a smaller specific surface area. Some reduction of the
Co(III) complex occurred with the wood charcool, but
very little with the sugar charcoal.

Isomerisation (12) and racemisation (13) of
cobalt(III)ethylenediomine complexes is markedly catalysed
by active charcoal, and again, small amounts of Co(II)
are formed. L[Pt(en),l%+ is less rendily racemised, while
[Rh(en) 5 )3+ is stable to charcoal treatment even on

boiling for some time (14). As Pt(IV) is less readily
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reduced than Co(III), while Rh(III) is reduced only
with difficulty, this suggests that the charcoal is
involved in an intermediate redax process. Dwyer and
Sargeson (15) suggest that the charcoal converts small
amounts of the low-spin [Co(en)z13+ into o high-spin
state, which is then reduced to high-spin LCo(en)sl2+.
This complex exists as a racemic mixture because of its
lability, and it catelyses the racemisation of [Co(en)gl3+
by an electron transfer process. This mechenism explains
the increase in catalytic action of carbon that Bjerrum
observed (7c) on addition of Co{II) to his systems.

Bailar end Work (16) found that Raney nickel and
silica gel;, as well as activated charcoal, catalysed
many reactions involving the coordination of nitrogen to
cobalt and chromium, immaterial of whether the nitrogen
was part of a nitro group, a primary amine or ammonia,
These workefs recommended a new preparative method for
Ler(en) 51014, using charcosl as a catalyst for the reaction
of hydrated chromic chloride and agqueous ethylenediamine,

The preparation of the six-coordinated chelated ion
Lco (EDTA) 1™ from [Co(NH;) 13+, [Co(en),0L,1" ond [Co(0x)g1e-
in the presence of EDTA and carbon-supported valladium was
reported by Schwarzenbach (17).

Vorious interactions of coboalt(III) complexes with
platinum, usually in the form of an electrode, have been

reported in the literature, Lomb and Iarson (18), in
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an attempt to determine the redox potentinls of various
cobolt(III) ommines, found that the aguation of [Co(WH;)g13T,
[Co(NH;) sHZ013% and [Co(NH5) ,(H,0),13% was catolysed by
smooth, but more markedly by platinised, platinum
electrodes. _

Bré¥nsted and Livingston (19) measured the rate of
the bimolecular reaction between LCo(NHy)sBrl2+ and OH
by o conductance method, but recorded thot the coboltommines
in the system appeared to be somewhat unstoble in the
presence of platinum electrodes. A similar reaction, the
aquation of halobis(dimethylglyoxime)aquocobalt(III),

[Co(H,0)(DG) gX1 + H0 ~ [Co(H,0),(DG) 1" + X7, (2.3)

is also catalysed by platinum (20).

Catalysis of substitution rezctions by electrodes of
other materinls has not frequently becn observed, but
Strenks (21) reported that [Co(en),Cl,]" interacted with
an Ag-AgCl electrode, but did not give details. Certain
polarographic observations on the rate of reduction of
LCo(NH,;) sX18t at a dropping mercury eclectrode have been

explained by the hypothesis that the exchange

LCo(WHg)sX12+ + 7= [Co(WHy)sCLl2t + X~ (2.4)

is efficiently catalysed by the mercury surface (22).
All electrode reactions are, of course, heterogeneous

reactions at charged surfaces, and the material of the
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electrode is frequently designed to catalyse the electrode
reaction. Usually, however, this is a redox,; rather than
a substitution, process,

There is an isolated reference to the catalytiec
effect of barium oxide and silver oxide on the aquation
of LCo(NHs)sC112+ to [Co(NH,)sH,013+ by Jdrgenson (23),
but this could have been the homogeneous effect of Ba2t

+ .
and Ag , rather than heterogeneous catalysis.

IT.l.2: Heterogeneous catalysis of other ligand substi-

tution reactions.

Not many literature references to the heterogeneous
catalysis of the substitution reactions of metal complexes
other than those of Co(III) have been discovered during
the present work, which was mainly concerned with Co(III)
complexes.

Waind (2l4) reported that the exchange reaction

(PtFs12# + 617 = [PtIg 12~ + 6F (2.5)

wag catalysed by platinum black, but not by charcoal,

and Zhukov and Shipulina (25) found that activated charcoal
caused several complexes of Pt(IV) with chloride ond
ethylenediamine ligands to lose some chloride, which was

prevunably replaced by water.
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Burwell (26) ond others investigated the adsorption
and reaction of various labile and inert coordination
complexes on silica gel, and found inhibition of some
substitution reactions. This is, of course, in a way,
as revealing as positive heterogeneous catalysis., Silica
gel in woter behaves as a weak acid ion exchanger, with
28i-0" ond *Si(OH), oanionic sites. The negntive charge
carried by the surface was thought to be the reason why
the pH-independent hydrolyses of [Co(en),N0,01]¥ and
[Pt(dien)Brl™ were only one~fifth as fast on silica gel
as in solution, These workers saw '"mo sign whatever that
silica gel con catalyse solvolytic reactions®, It might
be thought that a negatively charged surface would
facilitate the expulsion of‘a halide ion from a positively
charged complex adsorbed on the surface. Thig was not
the case, Burwell et al. suggested, because the silica
gel modified the structure of the water near the interface,
though why this would inhibit the reaction they did not
say.

I'inally, it may be mentioned that the heterogeneous
catalysis'of organic substitution reactions is also a
well-established phenomenon. Walton (27) investigated

the effect of many solids on the reaction

EtT + Ag' + H,0 ~ EtOH + AgI I + H' (2.6)

and found the silver halides and charcoal to be very

effective catalysts and other substonces, such as powdered
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Pt, Pd, Ag and A, to be moderate catalysts.

The catclysis of reaction (2.6) by silver iodide
and charcoal was investigated quantitatively in
subsequent work (28), and it was concluded that a
Lonmgmuir-Hinshelwood mechanism, with adsorption of both
Etl and Agﬁ onto the catalyst, was operating.

Walton's thesis (27) also contains an extensive
compilotion of literature references to the hetero-
geneous catalysis of the hydrolysis of alkyl halides
and a~halo-acids.

Kolthoff (29), in an early systemotic investigation
into the catalytic effects of chorcoal, found that the
bronination of phenol was inhibited when both reactants
were gorbed on charcoal, but the iodination of hydroguinone
was greatly assisted. This superficial contradiction
invites further study of the reactions: catalytic
efficiency might well be dependent on the mobilityAand

polarisability of the adsorbed reactants.
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IT.2. Topics related to the heterogeneous catalysis

of substitution reactions.
IT.2,1: Catalysis by ion exchange resins.

Ton exchaonge resins are ingoluble substances that
have been synthesised especially to absorb and exchange
ions. It is therefore not surprising that cation exchange
resins ore able to catalyse the substitution reactions of |
some cationic complex ions.

Indelli and Bonora (30) found that the acid hydrolysis
of Lor(H,0)4Nsl2% was catalysed by several cation exchongers,
the nost effecctive being Dowex 50 in the H forn. In a
systen of unit ionic strength and pH 1 at 30°C, Swaddle
and King (31) found the first order aguation rate constant
of the complex t0 be 2.66 x 107 gec™t: +this value
increases ags the pH decreases. In the presence of Dowex
50 in the acid form,; Indelli and Bonora found a value of
115 x 10™7% gec~?. The rate enhancement might well be due
to the very high H' "concentration" in the resin beads.

The amount of resin used and the particle size had little
effect on this vnlue. Resins in the Na' form were much
less effective thaﬁ those in the H' form. The action was
fairly specificy, Dowex 50 being much the most effective.
HN; is o weak acid =and Indelli and Bonorea therefore

suggested the mechanism shown
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in which the spacing of the cation sites in the resin
is critical for the catalytic ability.

Cation exchangers in the acid form are more effective
catalysts for the hydrolysis of several simple esters
than aqueous ut, According to Davies aond Thomas (32),
this is due to preferential sorption of ester on the resin.
(The heterogeneous catalysis is somewhat retarded by the
pro%ucts, which are also sorbed.) In orgenic solution,
however, the esters are negatively sorbed, and the ion
exchange resiﬁ is then o less efficient catalyst for the

egter hydrolysis than H in the bulk nedium.
IT.2.2: Catolysis by polyelectrolytes.

Polymer solutions are mocrescopically homogeneous
gystems, but because of the size of the nmolecules; there
is an intrinsic heterogeneity in such systems, somnewhere
between the heterogeneity of a colloidal dispersion and
the true homogeneity of a simple solution. Polyanions

and polycations in soiution present long (on a molecular
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scale), flexible surfaces, along which charges are

spaced at regular intervals. The analogy with ion
exchange resins, electrode surfaces and indeed with
‘all interfaces, which are normally electrostatically
charged, is obvious. As would be expected from this
analogy, it has been found that polyelectrolytes can
catalyse ionic reactions in solution.

In the vicinity of a poly-anion or -cation, the
electrostatic potential energy gradient is very high,
and counter ions (i.e. ions of charge opposite to the
charge of the polyion) are strongly attracted. A
polyion should therefore strongly catalyse any reaction
between two types of counter ion, and could also, by a
bond weakening effect, increase the unimolecular reanction
rate of one type of counter ion. Enzymes, for example,
particularly those of low specificity, whose only probable
interaction with the substrate is electrostatic, are
rolyion catalysts (33).

The theory of the effect of polyelectrolytes on the
rates of reaction of simple ionsg in solution has been
developed as a ﬁeans_of characterising the distribution
of electrostatic potential round the polyions (33). The
theory successfully accounted for the inhibition of the |
hydroxide ion hydrolysis of uni- or di-positive cationic
esters in the presence of partially ionised polycarboxylic

resins (ig)g



22.

The predicted catalytic effect of polyions has
been observed for reactions of some bulky organic
reagents (35-39), but in some of these cases, at least
(38,39), the hydrophobic nature of the reactonts is
inportont as well ag their electrostatic attraction to
the polyion. Recently, a systen free from this compli-
cation has been investigated, and the results will be
summarised here in some detail; =8 they illustrate nany
of the salient points of the nature of the heterogeneous
and quasi-heterogeneous catalysis of ionic processes.

Vogel end Morawetz (40) found that the polyanions
polyvinylsulphonate (PVS) and polymethacryloxyethyl-
sulphonate (PMES)

SO ‘ 0C,H4805"
~CH—CH,— | — CHMe— CH— 0
PVS PMES

were extremely effective catalysts for the reaction

between Hg2t and [Co(NHz)sCkl12+:
' in peid

+ +
Hg?t + [Co(NHg)s0112+ + HL0 solution

LCo(NHg) sH 018 +
[HgC&]+ (2.7)

The course of the reaction was followed spectrophotometri-
cally at very high dilutions of the reagents. This is

probably one reason why such enormous catalytic effects

were found. In gystems containing 5 x 107¢ M [Co(NH;)sC1l2+,
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5 x 10-8% M Hg2+, and 5 x 10~% M polyenion, PMES
accelerated reaction (2.6) by = faétor of 24,700, and
PVS by 176,000. These concentrations sre such that
there is neither so much polysnion that the adsorbed
reactant ions have small chance of being adsorbed as
near neighbourg, nor so little that the "heterogeneous"
reaction occurring at the polyion surface is swanped
by the slow, homogeneous reaction, so that there is
little obgervable effect on the reaction rate. Vogel
and Morawetz found that as the polyion concentration
was increased from zero, while other variables were
unchanged, the reaction rate at first increased, and
then decreased sharply. The decrease is due to the
"dilution" of adsorbed reactant iong over more polymer
donains.

Addition of simple salts reduced the effect of the
polyions on the reaction rate, since the added cations
competed with [Co(NH,)sCll2+ and Hg®t for polyion sites.
Addition of more Hg?t also reduced the effectiveness of
the catalytic reaction, because, once the polyions were
saturated with reagent ions, further Hg?t addition
displaced bound [Co(NHz)sC1ll2+, and the reaction rate
decreased.

Polyion catalysis is very closely related to catalysis
by micelles, which are ordered aggregates of large organic

ions in golution. For example, micelles of the cationic
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surfactants [, ¢HasN(CHg )] Br™ amd [0, ,H,sN(CHg)slT02™
catalyse the reaction between the two anions bromoacetate
and thiosulphate to form bromide (41). Anionic and
cationic detergents above the critical micelle
concentration increase the rate of fading of cationic

and anionic dyes respectively (42).
IT.2.3: Catalysis by heterogeneous buffer systems.

Bell and Prue (L43) found that heterogeneous or partly
heterogeneous systems such as zinc hydroxide : zinc
sulphate in molar proportion 3:1, and 1l:l quinine :
guinine sulphate in potassium sulphate solution, acted
os acid-base buffers in agueous solution. In the first
system, as zinc hydroxide is spaoringly soluble, the value
of L0A ] in the 3Zn(OH).:ZnS0, systenm is determined by
the value of [Zn2+], from the soluble zinc sulphate. In
the second system, the solution is simultaneously saturated
with the sparingly soluble quinine sulphate and with
guinine, which is basic. The concentration of sulphate,
from the potassium sulphate, therefore controls the pH of
the solution. Use of heterogeneous buffers reduces the
homogeneous'concentration of buffering species; which are
inevitably weak acids or bages and may have undesirable

gide effectso.
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Bell and Prue uged these buffer systems to study
two base-catalysed reactions in media of constant pH:
(1) With quinine buffer (pH~8), the alkaline hydrolysis
of the esters CHyClC00Me and HCOOEt. (Initial
concentration of ester was 0.025M in the presence
of not more than 6 g. buffer).
(ii) With zinc buffer (pH~7.16), the base catalysed
iodination of acetone. (Acetone concentration was

0,07M: amount of buffer used not gtated).

In neither of these systems was there any indication
of heterogeneous catalysis on the surface of the solid
rhase, although Bell and Prue congidered the possibility,
and were surprised to find none.

In the light of the present research, the reason for
this seéms clear. Unless the heterogeneous reaction is
diffusion controlled, if the number of speciles reacting
homogeneously is very much greater than the number that
can be adsorbed on the limited catalyst surface to react
heterogeneously, then the heterogeneous reaction is
swanped ond its effect on the oversll kinetics is negli-
gible. Thigs has long been obvious from work on hetero-
catalysed gas reactions. This in practice restricts work
in solution to low concentrations, of less than about
1078M. Bell and Prue's work does not satisfy these
requiremnents, sa the existence of heterogeneous catalysis
of reactions (i) and (ii) remains wnproven, rather then

disproved.
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I1,2.4: Heterogeneous catalysis of solution phase
redox reactions.

The heterogeneous catalysis of subgtitution reactions
such ags those given in Sections IT.l.1l. and IT.1.2. nust
be due to a chemical attraction of the catalyst surface
for the reacting ions; which results in rote enhancement
by concentration enhancement (for reaction orders higher
than one) and by encouraging heterolysis through bond
weakening.

The mechanisn of the heterogeneous catalysis of
inorganic redox reactions is not always so specific,; as
shown by Spiro and Ravnd (4b) for platinum. For seventy
agueous catalytic studies from the literature and their
own work, ond with only one definite exception, they
concluded that the platinum catalyst acted simply as an
electron conductor. This has now been quantitatively
substanticated for one reaction (L4). In such cases, there
is-little relevance to the catalysis of substitution
reactions. The role of the heterogeneous redox catalyst
cannot be so simple, however, for solids that are not
electronic conductors. DMmonganese dioxide is a caose in
point. The reduction of permangenates in alkaline or
neutrel solution to MnO, often proceeds autocatalytically,
and MnO, ic known to catalyse other redox processes such

as the decompogition of hydrogen peroxide, probably via
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a free radical mechanism (45), and the reduction by
Cr(II) of perchlorate (46). The reaction intermediates
in such reactions probably involve valence gtates of
monganese other then four, and there is an analogy with
the charcoal catalysed substitution reactions of Co(III)

discussed in Section II.l.1l.

IT.2.5: Homogeneous catelysis by metal ions of inorganic

substitition reactions; ond related tdpics.

It is well-known thot metal iong with an affinity
for halide accelerate the aquation reactions of many inert
halide complexes. The accelerating effect of the ions
Ag', Hg2t and ms+on the aquation of [Qo(NH,)sXl2+
(X=0%, Br, I) is a case in point (47). The role of the
netal ion is not, strictly speaking, catalytic, as stable
conplexes are formed between the metal ion and released

halide or pseudo-halide:

[oo(NH, ) s01)2+ + Ag' + H,0 — [Co(NH)sH,012+ + AgCy | (2.8)

Lor(NH, ) g0%12+ + Hge+ + H,0 ~lor(NHy) sH,013+ + Hgol™  (2.9)

However, if metal ions such as Ag+ and Hg?t could,
while bound on the surface of an insoluble}salt, induce
aquation and similar reactions without being able to form

permanent complexes with the released ligond, the
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phenomenon would be genuine heterogeneous catalysis.

A survey of literature referenceS'to honogeneous

"metal ion catalysis" wags therefore a useful guide in
the present work as to which solids might nct as hetero-
geneoug catalysts for gubstitution reactions. The
gurvey is reproduced in Tables II; III and IV on pages
29, 30 and 31l.

As is seen from these Tables, Hg®t is the netal
ion most effective in removing coordinnted halide or
pseudo-halide ions. This probably reflects the very
high stability of the Hg(II)~halide complexes: the

step~wice stability constants, K,, for the equilibrium

Mty ol” = mep{n)+ (2.10)

for various netal ions in aqueous media at 25°C are
reproduced below (48):

-+

Metal ion : Hggat Pb2t Ag T1.3+ Hg2™t

(1]

log K, <1l.3 1.640.1 3e41+0.1 ~6,2 7.040.2



TABLE II :

METAT, TON ASSISTED AQUATION REACTIONS OF COBALT(III) COMPLEXES

Metal ion.

A = amine derivative.

X = NHa, Hzo

rates of spontaneous and induced
aquation reactions.

Induced aguation reaction. Remarks. Ref.
Ag ,Hg2*, | [Co(NH,)sX12t ~» [Co(NH,)sHg018% X=C1,Br,I | Hg®t is more effective than A§+ or | (47,99)
P13+ T13+, Evidence for [Co(NHz) l3+ N '
intermediate with Hg2t, but not Ag
or T1s8+,
Hg?+ [Co(en) o (H,0)X12T = [Co(en),(H,0) 13+ o)
[Co(en)z(Ns)X]+ - [Co(en) o(N;) (HL0) 12t
4g?,Hg2+ [Co(EDT4)Brl2- - [Co(EDTA)1™ Spontaneous reaction quite fast, (17)
o and induced reaction instantan-
eous.
Agt, Poet, | [Co(NHs) 500517 = [Co(NH,) sH 013+ Induced reaction very rapid. 0-C (50)
Hg23r fission, i.e. 0, removed.
Ba2+,Ni®t, " Induced reaction less rapid. Co-0 (50)
Cu2t, Co2t fission. These metal ions polarise
(042~ group less than Ag , Pb2™
and Hg=t,
Hga+t [Coa, xC1]P - [CoA4XHQO](n+1)+ Excellent correlation between (123)

g

*68



TABLE IIT : WETAL ION'ASSISTED‘AQUATIOH REACTIONS OF CHROMIUM(III) COMPLEXES
Metal ion. Induced aquation reaction. Remarks. Ref,
Hg2t Lor(NHy) sC112+ - [Cr(liH; ) sH,013+ (51)
Agt (or(H,0) ,01,1% = [or(H,0)s01]2+ (52)
Agt,Hz2t | lor(3,0) 50112+ = [or(H,0) 18 Hg2+, [HgC11" and [Hg01,1° 211 (52,53)
effective. [HgClgl and [Hgcl, le-
ineffective. :
Hg=t Lor(H0) scil2+ - [or(H,0) 13+ (54)
Agt,Hg2t | [or(NH,) sWoslet - [Cr(NH,) sH,019+ Hg2t especiglly effective. Neither
_ Hg?t nor Ag catalyse aguation_of
analogous complex LCo(NH;)sSCNI=T,
probably because of the extreme
kinetic inertnegs of this ion. cf.
spontaneous aguation rate constants:
Cr(NHg ) sNGST2+ ; 1.0x10~7sec™t (56)
[Co(NH;) sSCN]I2+ ¢ 4,0x10~10gec~1 (55)
Hg2+ [Cr(CH,CL) (Ha0) 513+ = [Cr(H,0)el3+ [HgCH,C1]2+ formed. Ag' has no (57)
4 similar reaction action in cold, but reactiqn occurs
an sSimiLiar ca Se on Warming. . R
a8+ lor(0x)g13- = [or(0%) ,(Hz0) 517 ete. Example of interation between unpolarf (3a)
isable ("hard") metal ion and ligand.
Ox = oxalate.
Fedt Ler(mes) gl3™ = [or(NCs) sHp012- Fe3+t-SCN  complexes are very stable. (58)w




TABLE IV :

METAL TON ASSISTED AQUATION REACTIONS OF OTHER INERT COMPLEXES

Metal ion.

Induced aguation reaction.,

Remarks.

Ref.

e

[Fe(Cil) 14~ - [Fe(CN)gH,013~ etc.

BEffectiveness of Hg?t studied in
presence of varioug amognts of
halide, X . Hg2t,[Hgxl

lHgX, 10 approx1mately eouall
effective. [HgXyl CHgX, 12—
completely inactive.

(3a)

Fea+

*

[AsFgH,010 - [AsF,(H,0),1" ete.

Example of interaction between
unpolarisable ("hard") metal ion
aIld ligal’ld s

(3a)

*T¢
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Metal ions are; of course, catalysts for many
solution processes other than the substitution reactions
mentioned above. They accelerate a wide variety of
organic reactions (59), and catalyse a great many
redox reactions, for example. There‘seems no reason
why metal ions bound on the surface of insoluble salts
should not act as heterogeneous catalysts for such
processes. It should be noted, however, that homo-
geneous metal ions involved in such reactions can alter
the position of equilibrium, whereas, as heterogeneous
catalysts; they cannot. This implies that, hetero-
geneously, they must catalyse the back as well as the
forward reaction, whereas, homogeneously, they need have
no effect on the back reaction.

Finally, it may be mentioned that anions, as well
as cations; can affect the rates of substitution
reactions. This effect is comparatively slight, and is
due to ion-pair formation between cationic complexes
and the anion, which affects the lability of the
complex (60,61,62).
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CHAPTER III : CHOICE OF SUBSTITUTION REACTIONS TO BE

STUDIED FOR HETEROGENEQUS CATALYTIC EFFECTS.

More is known about the reaction kinetics of Co(III)
and Cr(III) complexes than about those of any other metal
ions,; and the choice was therefore made from among the
substitution reactions of these two ions. The possi-
bility of studying some of the reactions of iéns-of:the
second and third transition series was considered,; but
rejected as these reactions are usually too slow to study
except at higher temperatures, when side reactions and
decomposition tend also to occur; moreover they often do
not proceed to completion except under forcing conditions.

A ligand substitution reaction that is to be studied
for possible heterogeneous effects should have, for
greatest convenience and accuracy, the following

characteristics:

(i) The homogeneous reaction should occur in a matter
of hours or days at a convenient temperature.

(ii) The course of the reaction should be easily followed
at quite high dilutions by an analytical method that
does not provide a possible catalyst for the reactioh.
(Titration of released halide by Ag+ or Hg®t, for
example, is obviously unsuitable, as is the use of

an ‘Ag/ AgX electrode. )
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(iii) The product(s) of the reaction should not be
affected by the heterogeneous catalytt at least
during the course of the experiments.

(iv) Autocatalytic reactions should be avoided: the
homogeneous mechanism should be as simple as
possible.

(v) The reaction should proceed to completion, or only
that portion of it free from a simultaneously
occurring back reaction should be studied, Although
a back reaction is not an insuperable obstacle, its
occurrence means that the position of equilibrium
in each experiment must be determined in order to
calculate the actual rate of the forward reaction.

(vi) Substitution reactions involving monodentate 1igands
are more suitable than those involving polydentate
ligands, for which ring-opening and bridge-building
reactions are an additional mechanistic complication.

(vii) As most ligand-substitution reactions are pH-
dependent, pH changes during the course of experi-
ment should be avoided. If hydrogen ions are
produced or consumed during the reactions, this
means a buffer must be used, As buffers contain
weak acids or bases,; they are likely to interact
with catalyst surfaces, as well as to affect the
homogeneous kinetics; so their use is to be avoided.

(viii) In general, only exothermic reactions are subject
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TABLE V_: UNCATALYSED AQUATION OF LML X])2+ IONS.

-

' H |
A i L e )

Cr! H Ol I | 8.4x10-° 23 I=1 * (6y)

| Br | 4.3x1076 2l I=1 (65)

C1 | 2,8x10~7 2l I=1 (ey)

NCS| 9.1x10-° 28 I=0.15 (66)

F | 6.2x10-10 29 I=1 (64)

Ns | 5.6x10-8 32 I=1 (31)

Cri NHgj I | 1.,0x10-2 21 pH=1.1,71=0,1 (67)

’ Br | 1.0x10~% | 21 pH=1.1,1=0.1 | (67)
Cl | 9.3x%10-¢ é 22 pH=1.1,1=0.1 (67,68}

l NCS| 1.0x10-7 § 25 pH=1.1 , (56)

! Cof NHzy I | 8,3x107° 19 | pH=3,I=1 (69)

? Br ! 6,7x10"6 2l pH=1 ¢ (70)

5 Cl | 1,7x10-e 23 pH=1 | (70)

§ NOg| 2.6%10-5 25 pH=p-; C (19)

S NCS| 4,0x10-1° 30 pH=1-2.7 (56)

| F | 8.7x10-8 21 - (71)
Ny | 2.1x107° | 3y - (72) ;
| | |

* I = ionic strength,
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to heterogeneous catalysis. A4 reaction with a considerable

heat of activation should therefore be chosen.l

In Table V, on page 35; are reported the kinetic
data for the spontaneous aguation of some complex ions of
the type LMLgX]2*, where M is Co(III) or Cr(III), I is
Hz0 or NHs, and X is the mononegative labile ligand.
Table V is taken from fhe compilation by Monacelli (63)
of various literature values. Monacelli showed that there
is a strong correlation within each geries-of the aguation
rate and the base strength of X . All the aquations
follow first order kinetics: +the first order rate
constants are designated k.

The aguation reactions of [Co(NHz)sC1ll2+ and
(Co(NH;) sBrl2t were selected for study, because these
reactions fulfilled criteria (i)-(viii), and because the
literature observations on them cited in Chapter II held
out hope of observing heterogeneous effects. This hope
was indeed realised, and experiments on the aquation
of LCo(WH5)sC1l2t and [Co(NHg)gBrl2* in the presence of
various heterogeneous catalysts is described in Part III.

As a heterogeneous catalyst for the reaction
bmexlet + H,0 - [MIgH, 012+ + X (3.1)

must also be a catalyst for the reverse, anation,
reaction, it was decided that such a reaction should also

be studied. Anation reactions which fulfil criteria
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{i)=(viii) are few, and the most suitable was considered
to be the monoanation of hexaguochromium(III) by

thiocyanate,
Lor(H,0)gd2+ + sCN — L[or(H,0)sNCslz+ + H0, (3.2)

and experiments on this system, which were not very

fruitful; are discussed in Part 11,
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PART IT

HETEROGENEOUS CATALYSIS OF CHROMIUM(III) REACTIONS
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CHAPTER IV : HETEROGENEOUS CATALYSIS OF THE ANATION
REACTION [Cr(H,0)g12+ + SCN - [Cr(Hz0) gNCSI2t + H0  (4.1)

IV,1l: The homogeneous reaction.

Bjerrum (73) showed the existence of complexes of
the type [Cr(NCS)n(H20)6_n](3—n)+ (n=0-6), and developed
classical methods for separating the six complexes.

They are fairly inert in acid solution, and rapidly
hydrolysed in alkaline solution.

The homogeneous reaction (4.1) in acid solution has
been investigated by Postmus and King (7hia) and by
Poulsen, Bjerrum and Poulsen (58). Their results are
only in fair agreement, and are summarised in Table VI,
together with other relevant data.

The reaction is first order in [Cr®¥] and in [SCN ],
up to the highest thiocyanate concentration studied,
0.1M. At this concentration, the net rate of reaction
(4el) is still only 4% of the rate of water exchange by
Lor(H,0)12t (75), so there is competition between H,0
and SCN for an intermediate of the type Hg0 ...LCr(H,0)sl13+.

Hydrqxide ion labilises substitution by thiocyanate:
the fractibn of the anation that occurs by paths 2 and 3
(equation (4.2) ) is somewhat greater than the fraction
of Cr(ITI) existing as [0r(H,0)s0HI2+ ana [or(H,0) (0H),1*
(74a).
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TABLE VI : DATA AT 25°C FOR REACTION (4.1),

Cre+ + soN .- LerNesl2+ + H,L0,

IN AGID SOLUTION.

| . ——

Lnalytical g7u; Spectrophotometric estimation of [CrNCslet

procedure. | (58) Estimation of free SCN by titration with Ag+.
Anation From reference (7ha):
rate law.
% LorNoslet = {k11+k21[H+]“i+k31[H+]'3}[Cr3+]
t .

[sen™ ] (4.2)
= kplore+1lsci™] M per unit time(L.2a)

ky; is the observed second order rate constant.

’ The 3 terms correspond to 3 different reaction
i paths: path 1 predominates at pH<3.

| kiykotand kst are dependent on the ionic strength,
I. (Az® for reaction (L4.l) is -6).

kyt =1.,12x107% M igec™® at I =0

kgl = 7.2x10-° gec™? at I = 0,3M
7431072 gec—t at I =0
kgt = 4.2x10-22 M gec™t

For I = 0.3M,

—».
DN Y s e ik ot e ¢

log k,* = log 1.12x10-5 - 3,037I5 (4.3)
i
1+2.14, 7513

! From reference (58): l

k, = 6.2x107% M1 sec™t at I = 1.0M) for [H']
; Oo OQM—
ky = 3.1x1075 M-t gec~? at I =0 0.10M,

i

———

(These values are respectively L- and 2-fold

higher than values calculated from equation (L.2),

which however was not tested for I>0.3M). '

L e 4 wlmn e e e
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TABLE VI (contd.)

]

l

Rate of aquatlon
of [Cr(hzo)sNCS

— R e D P S

1st. order rate constant = 9x10™° gec—t f

for [H'1>0,05M and T = 0.3-1.0M

o Es St - . .
i E?thalpi' AH® =.2,13 kecal mole~t at I =0 (7&&)1
0 reaction
AHC =.1,4 m i at I = 1,02 (58)
Enthalpy AH1*= 25,7 " at I = 0,08M (7uag
of activation (path 1
AHz*z 32,8 " at I = 0.08M (7ua§
(path 2
AH, = 26,0 " at I =0 (ZMag
(path 1
AT = 25.0 ® " gt T = 1.02M (58)
st o1y " a4 I = 0,12M (58)
Stability | Ky = 1230 M1 at I =0 (74a)
consgtant o
LerNes]e+ K, = 200 M~ at I = 0.5 (7ha)
, K, = 74 M2 at I = 1,0M (58)
Stability K%t _ 0,1 m-t (77)
constant of
outer sphere (i.e. extent of association negligible
complex
ler %2056%?+ in dilute solutions).
sen- '
Acid ny = L1.58x107% M (76)
dissociation
| constant of L. = Le5x107¢ M (66)
! (Cr(H,0) 13t
- Rate of ; No literature data.
Tormation_of
[Cr(nCs) .17 }
Stepwise sgtabi- _
llt{ constant K, = 130 Mt (58)
Cr(NCS)2

(T4a)l
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Both [Cr(H,0)413+ and [Cr(H,0)sNCS12+ are octahedral,

high-spin complexes. Thiocyanate is an ambident ligand,
which tends to form isothiocyanates (N-attached) with

class (a) metal ions and thiocyanates (S-attached) with
class (b) metal ions (78). Class (a) metal ions are those
which form their most stable complexes in water with the
firgt ligand atom of each periodic group, i.e. {; 0, F.
Class (b) metal ions are those which form their most stable
complex with the second or a subsequent ligand atom in
each periodic group (79). Classv(a) ions are more electro-
positive than class (b) ions, and form their most stable
complexes with unpolarisable, electronegative ligands.

Cr3* is a class (a) ion (80), and there is abundant
evidence in the literature that it complexes to the linear
thiocyanate ion through the N atom. This has been
established for various thiocyanatochromium(III) ammines
by X-ray crystallography (81,82,83) and by exemination of
C-N stretching frequencies by IR spectroscopy (81,8L),
and also for the compound [x—(CzHs)Or(N0),(NCS)I1° by IR
spectroscopy (85).

No acuothiocyanato complexes seem to have been examined,
but Cr-N bonding can be considered a virtual certainty in

the ion [Cr(H,0)gNCsl2*.
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Iv.2: Experimental procedure.
IV.2.1: Preparation of reagents,

All solutions were made up in doubly distilled
water, the second distillation being from alkaline

permanganate solution in an all-glass apparatus.

(i) Perchloric acid solutions were made up by suitable
dilution of AR grade perchloric acid supplied by
British Drug Houses Ltd. The solutions were
standardised by titration with sodium carbonate,

using methyl orange as indicator.

(ii) GPR grade sodium thiocyanate was recrystallised
twice from conductivity water, and dried in a
desiccator in wvacuum, Sclutions were made up
roughly by weight (the solid is deliquescent) and
standardised by titration with silver nitrate, using
eosin ag adsorption indicator. The stock solution
wags stored in the dark and kept for not longer than

a fortnight, to avoid possible deterioration.

(iii) Considerable difficulty was experienced in preparing

a stock solution of pure chromic perchlorate.
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The method employed by Poulsen, Bjerrum and
Poulsen (58), dissolution of freshly precipitated
chromic hydroxide in perchloric acid, produced greenish
solutions. The simple [Cr(H,0)¢l3% ion is violet, and
the green species were found by ion-exchange and
spectrophotometric (86) experiments to be partly
hydrolysed polynuclear species of Cr(III). These were
troublesome to separate from the solution, and they
interfered with the spectrophotometric procedure for
following the reaction with thiocyanate.

The reduction of chromium trioxide dissolved in
perchloric acid by formic acid or hydrogen peroxide
was found to produce pure L[Cr(H,0)gJ)3+. Stock solutions
approximately 0,5M in Cr(Cl0.)s and 0.5M in HC10, were
prepared by modification of the method of Phipps and
Plane (77):

To prepare 1 litre of stock solution, 50g. (0.5 moles)
chromium trioxide were added to 2.0 moles perchloric
acid and 0.8 moles hydrogen peroxide in less than 1 litre
of water, and the whole heated gently on a water-bath to

gtart the reaction
2 0r0y + 3H,0p + 6H' = 2 Crd+ + 30, + 6H,0  (4.L)

The solution was stirred without heating for at least
12 hours, after which time the reduction of orange
dichromate to violet Cr(III) was complete. BExcess hydrogen

Peroxide was destroyed by heating éently with powdered
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platinum. The platinum was then filtered off, and the
solution made up to 1 litre,

The stock solutions were anslysed for chromium
by oxidation with hydrogen peroxide of a diluted
alkaline aliquot to chromate. The excess hydrogen
peroxide was destroyed by heating, and chromate
estimated spectrophotometrically at the 372mu absorbance
peak, at which ECrO*Q— was found to be L.89x103,

The acid in the chromium(III) perchlorate solutions
was estimated by a modification of the method of King
and Neptune (87). Chromium(III) was converted to the
inert oxalate complex by dissolving 15g. potassium
oxalate (an excess) in 25ml. aliquots of solution. Acid
was then estimated by potentiometric titration against
sodium hydroxide, using a Radiometer pH meter, a glass
electrode and a reference calomel electrode. TLocal
excess of base, which hydrolysed the chromium(III)
oxalate complexes, was avoided. The pH at the end point

was about 7-8.
IV.2.2: Spectrophotometric data.

The anation reaction (l4.1) was followed spectro-
rhotometrically at the intense ultra-violet absorbance
veak of the product ion at 292mu.

The spectra in the region 200-700mu of the sodium

thiocyanate and chromium(III) perchlorate solutions used



L6,
in these experiments are shown in Figure 1. They agree
well with spectral data in the literature, as shown in
Table VII, which also gives literature data for the
ion LCr(Hy0)sNCSl2+,

All spectral measurements were made with a Unicam
SP.500 spectrophotometer or a Hitachi Perkin-Elmer 139
spectrophotometer, using matched silica cells of path

length O0.5cm. or 1l.0cm.

IV.2.3: Xinetic runs.

Suitable volumes of chromium(III) perchlorate
solution, and extra perchloric acid if required, were
placed in g 500ml. volumetric flask, and the volume of
solution made up to about 450ml. with doubly distilled
water., This solution, and some sodium thiocyanate stock
golution, were equilibrated separately in a water tank
thermostatted at 25.0+0.05°C. At time t,, a knowm
volume of thiocyanate was added to the volumetric flagk,
the volume made up to 500ml. and the flask shaken.

Initial concentrations in the reacting solutions

were in the ranges:

Lor(H,0)¢l3+ 2.5x10"2 - 5.0x10"2 M
fsoN™1 3.6x10-2 - 5,2x10-2 M
[gt]  o2.5x10-2 - 8.0x10-2 M

Ionic strength 0.22 - 044 M
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TABLE VII : SPECTROPHOTOMETRIC DATA FOR THE IONS

e o

Lor(H0)¢13+, [Cr(H,0)sNCS12t and SCN™.
2 2

) Speqtral i € Refe?gnce
maxima.
LCr(H,0) 13+ 575mu. 13.3 Present work
570 13.4 (86)
575 13.9 (88)
408 15.5 Present work
108 15.6 (86)
L07 16.1 (88)
[ 292 0.7 Present work
292 0.7 } (74b)
Lor(H,0) sNCS12+  570my 31.5 (89)
110 33.7 (89)
292 2.90x10% (740)
S ggzgibgicieggigé 260myl Present work
" " (90)
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The reaction at 25.0°C was followed for L4=5 hours
at the spectral maximum of the product ion [Cr(H,0)sNCsle2+,
During this time, about 0.2% of the chromium(III) reacted
and caused the optical density, D, at 292mp, to increase
by about 0.3 units per cm. cell length, from an initially
low value due to the Cr®* and SCN . As the change in
Core+] and [scN™] dquring each run was small, plots of
Do, against time were linear; and the rate constant,’k2
in equation (4.2a), was calculated from the slope of the

plots by the equation

k, = Increase in D,g._per cm. cell length per unit time

e product [or(H:0)6 137 [sen™l () .5)

The position of equilibrium in the Cr3+ - SCN
solutions used in these experiments can be calculated by
standard algebraic methods, from knowledge of the stability
constants. Ignoring the formation of complexes with more
than two thidcyanate ligands,; it was calculated that at
equilibrium, roughly one-third of the total Cr(III) was
present as [Cr(H,0)¢13+, one-third as L[Cr(Hg0)sNCS12+ and
- one-third as [Cr(H,0).(NCs),17.

The back reaction, the aquation of [Cr(H,0)sNCSlzt,
can be ignored in these experiments, as shown by the data
of Table VI, pages LO-41l. There mre no literature data
on the rate of reaction of LCr(H,0)sNCSlet with NCS™ :
it was assumeq that this reaction was also negligible.,

Measurements at 292mu were made using water as a
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reference liquid. The literature value of € product,
2.90x108 (74b), was used in equation (L4.5).

| The shape of the 292my product peak is not reborted
in the literature. To observe the developing shape
during a run, thiocyanate solution was used as reference
liquid to avoid the onset of thiocyanate absorbance below
260my. obscuring the 292my. peak. During each run, the
shape of this peak, and the visible Spectrum between
300m and 600my were checked. The latter was changed
negligibly by 0.2% of the anation reaction, and any
distortion therefore indicated that another reaction
was occurring.

The hydrogen ion concentration, 2.5x1072 - 8.,0x10-2 M,
was such that path 1 (equation (4.2), page 4O) was the
predominant reaction path: only ~2.5% of the reaction
" occurs by path 2 when [H'] = 2,5x10-2 M, and the
contribution of path 3 is negligible. Higher concentration
of acid were not used as thiocyanate deteriorates in
media of pH<l. Even so, reaction mixtures left over a
period of days invariably smelt of hydrogen sulphide.

Although k, varies with ionic strength, no background
electrolyte was used; as it was thought that heterogeneous
catalytic effects might thereby have been modified or
suppresseds Bxperimentally determined values of k, varied
between 1l.6L4x10~¢ and 2.23x107% M~igec~?, according to
(7] and I. Heterogencous runs were therefore always

compared with homogeneous runs under identical conditions,.
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The chenge in ionic strength during each run was
negligible.

Experimental values of k, were reproducible to
+0.5%. Agreement with values calculated from Postmus'
and King's expressions (4.2) and (4.3) was sometimes
no better than +25%, but these workers used background
electrolyte and lower concentrations of Cr®t and SCN .

Experiment showed that the homogeneous reaction
was not subject to photochemical effects; so all experi-
ments were carried out in normal laboratory lighting,

Heterogeneous runs were performed by immediately
pouring the 500ml. solution prepared at time t, into a
500ml. conical flask containing a weighed amount of
so0lid and a magnetic stirrer encased in Teflon. The
conical flask was placed in the thermostat at 25°C, and
the system stirred during the run to form a slurry of
s0lid and reacting solution.

Small aliquots (<3ml.) were removed with a plain
pipette from the reaction vessels at roughly 25 minute
intervals and Dgg, measured, Heterogeneous samples were
centrifuged for 30-40 sec. at top speed in a Gallenkamp
Junior Centrifuge. Samples were not returned to the
reaction vessels, which were stoppered except during
removal of aliguots for analysis. By removing a small
quantity of solid with each heterogeneous aliquot, the

amount of solid per unit volume remained roughly unchanged,
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and therefore no~sampling correction was applied to
these heterogeneous results. Despite use of the
centrifuge; heterogeneous plots tended to be rather
more scatbttered than homogeneous ones; but they were

clearly linear.

IV.3: Experimental results.

Kinetic data for two typical homogeneous runs are
tabulated in Table VIII; and plotted in Figure II.

The effects of various solid substances on the
rate of the anation reaction were investigated, and the
results are summarised in Table IX, page 55, Table X,
page 56 and Figure 111, page 57. Arbitrary quantities
of each substance were used: in the case of powdered
substances, the quantity taken wasg related to the apparent
fineness of the powder, so tha; comparison might be
made between samples with, very roughly, the same
overall surface area.

Table IX lists the solids with no effect on the
anation regetion. It was found that insoluble silver salts
and silver itself were without effect, although they had
a pronounced effect on the aguation rate of [Co(WNHj)zX12+
(see Part III). Similarly, HgS, and the mercuric halides,
although the latter are rather soluble, had no effect,

although [Hg2t] in both the homogeneous and heterogeneous
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TYPICAT KINETIC DATA FOR THE REACTION

[er(Hg0)eJ3+ + SON ~ [Cr(HL0)NCS12+ + H_0

IN ACID MEDIA AT 25.0°C.

.

| RUN 1. : RUN 2. !
[or(H,0)6Ty = L.Olhxl0=2 M | [Cr(H,0)4)5 = L.ousxlo-2 I
[ [ens™ 1, = L.721x1072 M | [ews™], = 3.636x10-2 M
(H'] = 8.096x10~2 (E"] = 4.933x1072 M
I  =0.4428 M ' I  =0.3841M
TIME E Dzszmux TIHE Do omy
0 min. g 0,047(extrap. ) 0 min, 0,0y (extrap.)
37 E 0.0808 Lo 0.0656
59 v | 0.0990 Ioey 0.0763
8y " | 0.1250 g 96 0.0933
1 v 0.1500 '5 128 0.1103
o139 ¢ 0.1738 153 o 00,1248
. 166 0,1982 I o181 0.1390 f
v 210 v 10,2360 | 207 041522
b 028 1 | 0.2625 ! 239 n 0.1700
. 266 " | 0.2860 263 0.1842 :
293 v | 0.3100 } 286 M 0.1950
L 336 0.3480 | 306 0.2105
A 1T 0,3750 | 330 0.2180
| | 355 | 0.230 i
f Experimental k,=2,20x10-¢ | Experimental k,=1,69x10~° E
{ a M *sec™t g M-igec~1 %
f Calc.from equation (4.2), f Calc.from equation (4.2), ?
L~ kp=2.02x10"€ M~ igec-t f kp=2,19x10"8 M-igec—1

*Opticel measurements taken in cells of path length

l.0cm. against a water blank.
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' (Data from Table VII)
| Percentage of reaction that has occurred in

- Run 1 = 0.23%

Run 2 = 0.13%
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TABLE IX : SOLIDS WITH NO EFFECT ON THE RATE AND

COURSE OF THE ANATION REACTION (4.1).

- p g T -
Solid Quantity ; Source

o i - 1
Pd powder | 0.2 Johnson Matthey.

| .AU. powder 0.85g. 1 1
Ag powder 0.65g. " i

: |

i Ag foil Surface area 39cm® i "

z ‘

!

! ,

. AgSCN 0.65g. Freshly precipitateq
Ag,S 1l.6g. n u
.A.gI O. 65%0 BuDoHo
Si l.2g¢ B.DJH, jpurified from

: iron in laboratory.
Si0, i 0.25g.

| )
S 1.5g. Freshly precipitated
Activated de- 0.65g. Hopkin and Williams.
colourising -

. charcoal.

!

. HgS 1.0g. B.D.H,

! T1I 0.75g. "

i CuBr Oulig. "

} BaSO0, 1l.3g. "

!

F

; !

1 Crushed pyrex glass. 2,084

‘ Stainless steel Oe58g4

[ turnings.

T o et st & st e A By s TV e s St

L




TABLE X

SOLIDS WITH AN EFFECT ON THE ANATION REACTION.?

. SN : : .
- Solid™ ™. fMass -used Overall | Homogeneous Remarks Conclusion
in 500mle|ks,M~tsec™ | ky,M~tsec™t
cas 0.10g. | 2.25x10-8 2+15x10-6 Slight catalyst.
PbS 0.8lg. | 2.85x10-¢ 2.15x10-8 | Do at 292mu rather high Slight catalyst.
due to slight solubility {Pb2+] in solution_
of PbS. is limited by LSCN ]
HaCl,,HeBr,, ~0.58. 2.18x10"¢ 2.18x10-6 | Some solid dissolves (Hg2+] in solution_
31, giving slightly high Do, is limited by [scn l.
but no other effect. [Hg2t]) not a homogen-
eous or a heterogen-
eous catalyst.
HgoCl,,HggBrg,| <0.0lg. Apparent 5-10 fold SCN~ induces dis-
HgoI, increase in reaction rate.| proportionstion of
a,2t. Apparent
eSe0elge| 8.Ub6x10-6 l.84x10-6 ate constant
HgoBry decreases when surface
reaction complete.
Pt pouder. 2¢15g. | 2.51x1076 2.23x10-¢ Slight catalyst.
Ha(re-distilled) 27.5g. 2.09x10~6 1.69x10~8 Siicht catalyste o

% A1l comnownds supnlied

¥ BDH; Pt :supplied by

Johnson Matthey.



o FIGURH III KIU“TIC PLOTS FOR QAACTION (u 1) IN THE o

RESVRCH OF CATALYSTS (see Table K)

> D
292 m .
(heme=0.1 unlts)

1 ] . B . L

<

100 o 200 300 | LoOO
C » T ' minutes

Holar conc. | 10° [or*] {410* [sow?] | 10* [#*] | Ionic strength

a) Hg | 11.959 3.636 11.933 0.3801

b) Pt povwider 2.1479 5.023 2,467 0.2236

c) Cas - , ‘ 4

. LL.OO8 .0‘2 : . ’

[ @) Pos } _ - 5 .L | 3.850 | 0.3294

At time t, the heterogeneous catalyst is removed.
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states was found to be a catalyst for the aquation of
{Co(NH;) sX12+, Charcoal has long been known as an
effective catalyst for the interconversion of various
cobaltammines (see Chapter II) but it had no effect on
the anation reaction.

Insoluble salts of the ions Hg(II), T1(I) and
Cu(I); all of which complex with thiocyanate in homo-
geneous solution, were also without effect,

Contamination of commercially supplied silicon and
silica with iron was discovered by the appearance of
the characteristic L[FeSCN12* absorbance peak at L50mpu
(91) during runs, and confirmed by spot tests. After
thorough washing in perchloric acid to remove iron,
silicon and silica were found not to be catalysts,

Surprigingly, stainless steel turnings did not produce
LFeSCN12% complexes: their surface was presumably .
passivated,

Table X lists the solids which had an effect on
the anation reaction. Re-distilled mercury, platinum
powder, CdS and PbS were found to be heterogencous
catalysts. The appearance of the [Cr(H,0)zNCSI2+
absorbance peék'at 292my. was followed for each, no side
effects were observed, and the rate returned to the
homogeneous value on removing the catalyst. Figure III
illustrétes runs carried out in tﬁe presence of these

solids.
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One square inch of shiny or of platinised platinum
foil had no catalytic effect, presumably because their
surface areas were too small. The effect of a platinum
rotating disc, of active surface area of about 30cm?® was
also investigated. It was found that thiocyanate caused
corrosion of the stainless steel former of the disc,
which became discoloured in a few pin-holes around
previously invisible holes in the protective Araldite
coating on the former: [FeSCN]2T appeared in solution.
Use of the disc was therefore discontinued.

Mercury was rather a slight catalyst, despite the
fact that vigorous stirring during the run caused it to
separate into a great many small droplets. Chrono-
coulometric measurements have shown that thiocyanate and
mercuric thiocyanate are adsorbed on a mercury electrode
(92).

The mercurous halides were at first thought to be
excellent catalysts for the anation reaction. However,
the product peak at 292mu was distorted in their presence,
and it was discovered from subsidiary experiments that
thiocyanate in solution induces a slow disproportionation
of insoluble mercurous compounds to Hg(II) and Hg(0).
Induced disproportionation of Hg(I) in solution was found
to be very rapid by comparison, but the net result was
the same. A greyish precipitate, a mixture of mercury

and mercuric thiocyanate, was formed, and a rather broad



60.
and ill-defined absorbance peak with a maximum at
about 280my appeared, This was due to the formation
of intensely absorbing, very stable Hg(II)-SCN complexes
in low concentration in solution (93). Formation of
these complexes was thought to be the reason why the
slightly soluble mercuric halides gave rise to high
D, values at 292mu.

It is possible that mercurous salts are hetero-
geneous catalysts for the anation reaction; but because
of the slowness and irreproducibility of the induced
disproportionation, experiments to prove or to disprove

catalysis could not be devised.
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IV.lye Discussion of results.

IV.4.1l: Discussion of the nature of the heterogeneous

catalysts.

Cadmium and lead sulphides, platinum and mercury
were found to be catalysts for the reaction between Cr3+
and SCN . TFigure III, page 57, illustrates the kinetic
data summarised for these substances in Table X. Mercuric
and silver halides and sulphides, among other substances,
were non-catalysts.

Very tentative and qualitative rationalisation of
these observations is possible by use of Pearson's SHAB
(soft and hard acids =nd bases) hypothesis (94). This is
an extension of the Ahrland-Chatt classification of metal
ions as (a)- or (b)-type. Pearson divides bases and
acids (i.e. electron donors and acceptors) into those
that are non-polarisable, or "hard", and those that are
polarisable, or "soft"., The SHAB principle is that acids
and bases of the same’class react together more quickly,
and form more stable complexes, than do acids and bases
of different classes: this is rationalised by elementary
considerations of bonding compatibility. These requirements
may not be very rigorous; however, as all Lewis—type
interactions are composed of some electrostatic ("hard")

and some covalent (Msoft") contributions, and "hardness"
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and "softness" are not mutually exclusive. For example,
an electrostatic interaction must always exist between
donor and acceptor if ions are involved.

As discussed in the next section, it is necessary
that a catalyst should adsorb both Cr3* and SON  to some
extent to catalyse the anation reaction.

Chromium(III) is a "hard" or (a)-class metel ion,
as the order of stability of the agueous complexes formed
with halide is F>C1»Br>I (48,79). However, the differences
in stability are comparatively slight, and Cr3t is not so
typically (a)-class as, say, Li' or Mg?+ (80). Transition
metal ions with less than 54 electrons are (a)-class
because they do not have enough polarisable electrons on a
high energy level to exhibit (b)-character (95).

Thiocyanate has an electronic structure described in

valence bond terminology:
s=c=1 = ®_-¢czy

Nitrogen is more electronegative than sulphur, and the
permanent dipole on the N atom is larger. The lone pair
on sulphur is more easily polarised than the lone pair

on nitrogen. Thiocyanate therefore complexes to (b)-class
metal ions, such as Pt(II), PA(II), Ag(I) and Hg(II),
through S, and (a)-class metal ions, such as Cr(III),

and even Zn(II), CA(II) and Ni(II), through N (96).
Thiocyanate also readily forms bridges between Ag(I),

PA(II), P+(II),.Hg(II) and T1(I) ions, so the different-
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iation between the S and N atoms is not great (96).

According to the SHAB hypotﬁesis, a catalyst for
the anation reaction should possess sites which adsorb
both Crd+ and SCN . The catalyst should therefore
possess '"hard", or fairly hard, base sites for
adsorption of Cr3+, If SON is adsorbed by the S end,
or with the linear molecule parallel to the surface so
that m-orbital overlap occurs, the catalyst requires
"soft" acid sites, but if the N end is adsorbed, fairly
"herd" acid sites are required.

It is proposed that the catalysts for thé Cr3+ - SCN~
reaction possess the two kinds of site reguired.

Both cation and anion sites in the non-catalysts
HgS, T1I, CuBr, Ag,S, Agl and AgSCN(?) are soft, and
these substences are non-catalysts. Both sites in
BaS0, are extremely hard (Ba2+ldoes not form ammine
complexes in aqueous solution) and this substance is also
a non-catalyst.

Cadmium(II) oand lead(II), however, have rather weak
(b)-character, because the full d-electron shells are
rather well shielded by the outer two s electrons (80).
(Lead(IV) shows more pronounced (b)-character than lead(II)).
CdS and PbS could be catalysts by adsorbing Cr3+ on
sulphide sites; and thiocyanate through N on metal ion
sites. A cis—~attack of thiocyanate on Cr®+ could then
follow. However, sulphide is rather "soft" and does not

complex with Cr8+ in aqueous solution. so this explanation
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is not‘wholly convincing.

The existence of two types of site on platinum
surfaces at rest potential in agqueous solution has
been suggested (97)9 to account for the observation
that T1" and T18+ are additively, not competitively,
adsorbed on platinum, T18+ appears to adsorb speci-—
fically on oxidised Pt(OH), sites, T1' on vacant Pt
sites, By analogy, Cr®* could adsorb on the "hard"
oxidised sites, SCN on the "softer" metal sites,

However, why platinum and mercury, but not the
similar noble metals gold, silver and palladium, should
be catalysts, is not clear. The difference may not be
as absolute as suggested by these experiments, which,
as discussed in the next section,; were not carried out

under optimum conditions.

IV.he2: Discussion of the magnitude of the catalytic

effects.

The heterogeneous catalysts found for the reaction
of Cr®+ with SCN™ all had rather small effects. At the
time at which the work was done;, it was not realised how
the experiments might have been modified to observe
greater effects; and consequently, no quantitative
investigation of the catalysts was carried out. Subse-

quent experiments on the catalysis of the [Co(NHZ)sx12*
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aquation reaction, however, threw light on the importance
of factors disregarded at the time, and these will now be
discussed.

The rate-determining step of the reaction between
Cr3% and SCN on the catalysts is clearly a surface step.
In a vigorously stirred solution, diffusion-controlled
catalysis would be a much faster process.

The most simple and most probable rate law for the
surface~controlled catalytic reaction between Cr®t+ and
SCN is

Vpet = A khet[0r8+]ads[scm’]ads s (4a6)

where V 4 = no. of moles Ler(wes) 12+ produced per unit
time,

A = area of catalyst surface,
[Or3+]adS,[SCN_]ads = no., of moles of Cr3%*, SCN_
respectively adsorbed on unit area of catalyst surface.

This rate law is similar in form to the homogeneous
rate law (4.2a) which may be expresscd:

Voo = V kplora+] [son™]

ho bulk (e 7)

bulk
where V litres is the volume of solution.

Although the validity of equation (4.6) has been in
no way tested, it is proposed because it is exactly
analogous to the rate law found for the heterogeneous
catalysis of the aquation of [Co(NH,)s;Xl2+ (see Part III),

and also to the rate law for the heterogeneously catelysed
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71%/T13+ electron exchange on platinum (97). These
are discussed in detail in Part III. The important
point is that the concentration of adsorbed reactants
should be well described by Langmuir or Freundlich
adsorption isotherms. In other words, the reactants
quickly reach adsorptive equilibrium on the catalyst
surface, and then react, the rate constant khet varying
only slightly with large changes in the bulk reactant
concentrations,

A typical Lengmuir adsorption isotherm for a species

1 is shownm in Figure IV:

FIGURE IV : THE LANGMUIR ADSORPTION ISOTHERM.
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In the concentration range O to Ci, Henry's Law is

obeyed, i.e. [ci]ads is proportional to [ci]bulk.
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Assuming [Cr3+]ads and [SCanadS in equation (L4.6) to
be governed by Langmuir isotherms, then the ratio Vhet/

v,
hom

(4e6) and (4.7) show that this ratio will then depend on

the ratio ly _./ks, (i.e. o/ Wom) *

In the concentration range C; to Cp, [Ci]ads

increases less rapidly with [Ci]bulk than indicated by

in this concentration range is a constent. Equations

Henry's Law. The ratio vheﬁ/Yhom therefore drops
continually.

Above the concentration C,; monolayer coverage
of the surface is achieved, Yhet therefore remains
substantially congtant, but Vhom will increase as some
function of Ci' The ratio vhet/\{hom may therefore become
very small.

The concentration range in which a search for
heterogeneous catalytic effects is made is therefore
most important. If khet is very small, or zero, then

the ratio Vhet/vh will be negligibly small even at very

om
low concentrations. However, even if ko4 18 quite large,
the overall catalytic effect will appear small if experi-
ments are confined to the concentration region Cy > Cghe

Comparison of equations (L.6) and (4.7) shows that
the overall rate of the heterogeneous reaction may be

increased compared to the overall rate of the homogeneous

reaction by the following means:
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(1) decreasing the bulk concentration of reactants,
until Ci is not greatly larger}than Csy as explained
above., However, this may make the actual rates of
reaction inconveniently slow, and analytical
methods difficult to apply.

(ii) increasing the surface area of the catalyst. If the
catalyst is powdered, the maximum amount that can
be used is limited by the amount that can be
properly stirred.

(iii) decreasing the volume of solution. However, the
smaller the volume, the greater the sampling
correction that may have to be applied to quanti-
tative work,

(iv) lowering the temperature. As explained in
Chapter I, AHﬁet is always less than AHﬁom, S0
khet becomes larger compared with khom as The

temperature is lowered. Again, the overall rate

may become inconve..lc-tlz zlow unless the catalytic

reaction is rather fast.

It . is retrospectively apparent that the concentrations
of Cr®+ and SCN used in these experiments did not fulfil
the conditions set out in (i) above. Assuming, as a
rough guide, that Cr®+ and SCN each occupy half the
surface at monolayer coverage, and that each ion occupies

Q -
25 A%, then [0r3+JadS and [SCN‘]ads are both roughly
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3x10710° moles cm~ 2 at monolayer coverage. In 500ml.
of solution, there were altogether roughly 2x10~% moles
of each reactant. Even with a catalyst of surface
area 10%cm?®, the '"homogeneous'" concentration is still
at least 102 times greater than the "heterogeneous"
concentration, so the ratio Vhet/vhom is bound to be
slight unless the ratio khe_b/khom is rather large.

It is therefore not surprising that the hetero-
geneous catalytic effects observed were rather slight.
There was, regrettably, no time to carry out a modified
series of experiments, but the following suggestions are

made for possible future work on the Cr3+ - SCN reaction.

(i) The catalytic effect of platinum could be further
investigated, using heavily platinised platinum .
surfaces, as did Jonasson and Stranks (97).
lem? of smooth surface cen be platinised to yield
a real surface area of over 10%cm®, so high surface
areas are readily available.

(ii) The bulk concentrations of reactants should be
reduced by at least ten~fold. This would reduce
the rate of the homogeneous reaction by 100-fold,
so days rather than hours would be required for
each homogeneous run. The heterogeneous reaction,

however, should be congiderably faster in proportion.
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(iv)

(v)

70.
The heterogeneous rate should be investigated
as o function of both [C?s+]bulk and [seN™), ;.0
and this related to the separately determined
adsorption isotherms,
The activation energy of the heterogeneous reaction
should be determined from experiments over a
temperature range of 20-30°. It should be larger
than for a diffusion controlled reaction, but
smaller than for the homogeneous reaction.
4 Langmuir-Hinshelwood mechanism for the catalytic
reaction, as expressed by equation (4.6) seems
much more likely than an Eley-Rideal mechanism,
in which only one of the two reactants is adsorbed
on the catalyst surface. However, both possibili-

ties should be borne in mind.
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IV.5: The reaction [Cr(H,0)¢l3t + €17 ~LCr(H,0)sC1]2+ + H,0

As thiocyanate is not particularly stable, and as it
causes disproportionation of mercurous compounds, use of
a halide as anating ligand might seem preferable.
(or(H,0) sBrl2t and [Or(H,0)sI]2+ are too unstable thermo-
dynamically for Br or I to be used (98,64), but use of
01 is possible. Production of LCr(H,0)sC1l2+ can be
followed spectrophotometrically in the ultra~violet (64).
The rate of anation of Cr®+ by C1~ is not much slower
than for SCN but the position of equilibrium is less
favourable (99). If [Cr°+l .. is to be kept low, this
means rather high bulk concentrations of Cl will hawve
to be used.

The catalytic effect of Hg?+, HgCl' and HgCl, (53)
on the aguation of [Cr(Hz0)s0112+ was mentioned in
Table III, page 30. It may be added, however; that
freshly precipitated AgCl did not catalyse the aquation
of [Cr(H,0)sC112+ (52),
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PART IITI

HETEROGENEOUS CATALYSIS OF Co(III) REACTIONS
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CHAPTER V : THE HOMOGENEOUS AQUATION OF [Co(NH,)sBrlzt
AD_[Co(NH,)sc1l2t, L

The reactions

k -
[Co(NHg)sBrle* + H0 = [Co(NHg)sH, 013+ + Br (5.1)
1

and LCo(NHg)sC1]2t + H,0 gi LCo(WH5) sH,013+ + €1 (5.2)
i
are suitable for the study of heterogeneous effects, for
the general reasons given in Chapter III. The forward
reactions proceed virtually to completion in dilute
solution, and the reaction rates at 25°C are convenient
and independent of pH in the range 1-4. The course of
the reactions is easily followed spectrophotometrically.
Several literature examples of the homogenecus and
heterogeneous catalysis of reactions (5.1) and (5.2) were.
mentioned in Chapter II.
Preliminary work on the catalysis of reaétions (5.1)
and (5;2) was gualitative, and is described in Chapter VI.
The best catelysts were then studied in more detail, and
quantitative work with HgS,AgBr and Pt is reported in
Chapters VIII, IX and X respectively. Chapter VII is a
general introductipn to the quantitative work. Chapter XI
describes work carried out with a silver robtating disc on

the redox reaction between silver and [Co(WNH;)zX12+,
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Aquation of the iodo-complex LCo(WHz)sIl2* was
not studied becausejthisucomplex alsobundergoes a slow
autonomous redox reac%ion,in.solution, producing Co(II)
end iodine (100). Reference to [Co(NHg)sX12+ in this and
subsequent chapters is a reference to L[Co(NH;)gBrl2t ana

LCo(NHs) 50112+ only.

Vel : Kinetics and mechanism of the homogeneous aquation

of LCo(NH;)sX12+ in acid solution.

The aguation is a reversible process, as indicated
in equations (5.1) and (5.2). The forward reaction is
first order, the back reaction second order. Some data
for reactions (5.1) and (5.2) are listed in Table XI.

| Iog-log plots show that ky, correlates well with Keq
and also with the basicity of X , where X = NCS, F, H,PO,,
Cl, Br, I and NO; (109). From correlations such as these,
the mechanism of the aquation reaction has been classified
as "solvent assisted dissociation" (109). That is, the
mechanism is predominantly bond-breaking, and the nature
of the X group in the transition state islthe Same as
that in the product (110). The rate of aquation of a
series of Co(III) complexes with chelating ligands shows
that the incoming water ligand enters cis to the leaving
group. The five-coordinate “intermediate" [Co(NHp)g13+

is probably square pyramidal in shape: this shape involves
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TABLE XI : DATA FOR REACTION (5.3), -

[Co(WH,)sX12F + H,0 = [Co(NH,)gH,013+ + X,

at 25°C.

LCo(NHy) zBrla+t

1
! Leo(WH,) s0L]=t
;

Aguation rate
constant, ky

3.9x10-*min—1
L.02x10~%min~2(%)
(3.7040.03) %10~ #min—*

(present work)

(101):

(70)

1.38x10"*min-1 (101)
1.02x10"%min~* (70)
1.007x10"*min~-1(102)
0.96x10-*min-1 (60)
0.97x10-4min-% (103)

(1.01+0.01) x10~%
min-T

]
t

]
(present work)

¥

Anation rate
constant, k

1

(3+8040.2) x10~#M"imin-1
at I=0,01M (present

work)

1

l; .0x10~4M~1min~1 l

at I=0.05M (102)
3.,0x10-*M"imin—1
at I=0.12M (102)

¢

Kéq__ka ‘ 0.981007M &t I=0.01M 0.13M at I=o.%1u5¥
1T — _ . 103
k_ (present work) o
Y 0.17M at I=0.0156M
| 2.7M at I=0.5M  (107) (103)
0.8M at I=0.5M
(104)
i —
: For aquation | !
reaction ; :
am’® | 2 kealomole™®  (70) 23 kealmole~t (70) |
as’ L eane (70) -9 eole

(70) |




TABLE XI (contd.)
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LCo(NH; ) sBrlat

LCo(WH, ) s0c1le+

Base hydrolysis
constant

Se 72Xlo 2M~ 1mj.11~ 1

~at I=0 (105)

89 . 4M-1gin~*

at I=0 (105)

First acid
dissociation
constant

<10~314M (106)

<10-%i4M (106)
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loss of less crystal field stabilisation energy than
the alternative trigonal bipyramiéal shape. In some
assisted aquations (47,111), a true [Co(WHZ)sle+
intermediate is formed.

411 Co(III) complexes are octsahedral and all
(except [CoF¢13-) have a low-spin tgg configuration of
d electrons, giving rise to large crystzl field stabili-
sation enexrgy.

Base hydrolysis of [Co(NH;)sX12+ is a rapid second
order process (70,107), but the base-devendent path is
negligible in media of pH<5.

The product, [Co(NH,)sH,013*, is stable indefinitely
in acid solution, but tends to become colloidal in media
cof pEL (19). It is a weak acid (pKa™6.2) (108), and
excﬁanges water slowly in solution (keX = 3.533x10"*min—1t)

V.2 : Preparation and analysis of reagents.

The salts [Co(NH;)sBrlBr, and [Co(NHy)s01lC1l, were
used for most experiments, as they are easy to prepare and
purify. Unlike the perchlorates, they contain no water
of crystallisation to exchange with the complexed halidee
In dilute solution, the free halide had a negligible

effect on the position of ‘equilibrium (see Section (V.4)).
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Doubly distilled water was used throushout the
experiments, and A.R. perchloric acid solutions were

standardised by titration agsinst sodium carbonate.

LCo(NH,) sBrlBr, was prepared by oxidation of Co(II) in

the presence of ammonia 2nd bromide (1l2a): L6g.CoBr,
(0o21 mole), 50g.NH, Br(0.51 mole) and 250ml. concentrated
ammonia (3.5 mole) were dissolved in watere. UOml. of
30% H,0, (0.39 ﬁole) were added slowly, with stirringe.
When vigorous effervescence ceased, the oxidation of

Co(II) to the Co(III) complex [Co(NH3)5H20]3+‘Was'complete:

Co®t + BNHz + H 0 + % Hy05 7 LCo(NHg ) sH,012F + OH~
' (545)

Excess Hy0, rapidly decomposed in the alkaline
solution. Excess ammonis was removed by passing nitrogen
through the solution for 3 hours. Concentrated HBr was
then added until a precipitate of LCo(NHg)sHm0JBrs
versisted. Another 50ml. HBr was added, and the whole
heated gently for 2 hours. Heat and the high bromide
concentration caused quantitative conversion of
Loo(NH; ) sH,013* to [Co(NHy) sBrl2t, and [Co(NH;)sBrlBr,
was precipitated. This was filtered off and purified by
dissolving 25g. in 500ml. of 1M NH,OH at 90°C.

Loo(NH;) sH;013t was instantly re-formed, and again

converted to LCo(WH;)gBrl2+ by heating with 60ml. concen-
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trated HBr. The precipitate of [Co(NH;)sBrlBr, was
filtered off, washed in a little water and ether and

dried at 110°C.

[Co(NH,) 501101, was prepared and purified by an exactly
analogous method (112b).

LCo(NH;)sBrd(C10,) , was prepared by slow addition of cold

concentrated perchloric acid to a saturated (~10~2M)
solution of [Co(NH;)sBrlBry in 3M HC10, at 10°C, The
precipitate was filtered off, washed with cold water and

methenol and dried at 110°C (113).

[Co{NH,) sH,01(C10,) s was prepared from [Co(NHg)s0051(W0,)

(112¢). The latter was prepared by dissolving 100g.
Co(NOz), and 150g. (NH.),005 in 200ml. water and 250ml.
concentrated NH.OH, and passing alr througsh the solution
for 2l hourse Co(II) was oxidised to [Co(NHg)sC031(NOg),
which was precipitated. The solution was cooled in an
ice-salt bath overnight, and the deep red salt filtered
off and washed with a little cold water. To convert to
LCo(NH;) sHZ01(C10,) 5, a 0.5M solution of this salt in

2M HC10, was boiled (114). The product separated on
:éoéling, and was recrystallised from dilute perchloric

acid, end dried in a vacuum desiccator.
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All salts were stored in the solid form in a
desiccator.

The acidopentammine salts are moderately soluble
in water (0.02-0.10M at 25.°C) and the aguopentammine
selts are freely soluble (115). The LCo(NH5)sH,013+ ion
is ligsht red, the LCo(NH5)sBrl2t ion purple and the
[Co(NH;) sC112+ jon is a somewhat reddish purple. These
colours are not apparent in solutions more dilute +then
5x10~4M,

These salts were analysed by the following general
methods a known weight of complex was destroyed by
boiling in alkaline solution. The solution was then just
acidified with nitric acid, and sulphur dioxide passed,
to ensure Co(III) was completely reduced to Co(II).

Excess sulphur dioxide was then boiled off, and the
solution made up to a standard volume. The solution was
analysed for halide by titration with silver nitrate,

and for Co(II) by titration in a buffered alkaline solution
with EDTA, using murexide as indicator (116). The results,

expressed as percentages by weight, were:

LCo(WH, ) sBrlBry Co 15.0 étheor. 15.36)
Br 61.6 theor. 6265)
[Co(MH,)sC1l01, Co 2342 itheor. 23+53)
Ccl L2.1 theore 12.5)
LCo(WH;)sH,01010,)s Co 12.6 (theor. 12.7)

[Co(NH; ) sBrd(C10,) 5 .xH0 Co:Br = 1:1.01
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Ve3: BSpectrophotomeiric data.

The experimentally determined ultra~-violet and
visible spectra of the ions LCo(NH;)sBrle+, [Co(NHg)sC1l2*t
and LCo(NHs)sH,013* are given in Figure V. They are in
auite good agreement with literature data, as shown in
Table XII on page 83.

The L[Oo(NH;)sX]2+ ions have an intense charge-transfer
band in the wltra-violet, which is abscunt in [Co(NH;)sH,013+,
All three have weaker d-d bands in the viéible region.
Linhard and Weigel (117) showed that Beer's Law was obeyed
throuvghout the range 200-700mp. by all three ions.

The aquation reactions were followed by measurements
of the optical density, D, at a wavelength at which, in
genersl, both reactant and product absorbed.

The wavelengths used in kinetic runs are shown in

Table XIII on page 4.
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SPECTROPHOTOMETRIC DATA FOR [Co(NHj)sBrl2*t

LCo(NH,) 0112t and [Co(NHy) sH,0J8t IN ACID SOLUTION.

Absorbance
Ion peak € Reference
LCo(NHg) gBrlat 253m Lo 74lix10% Present work
253my ~l.7 x10% (121)
253«5mu 1.862x10% (117)
300mu* 9.865x10%2 Present work
550my 55+56 " "
g SLOmy, 589 (117)
e (WH,) sC112+] ( 228w 1.835x10% Present work
g 227<5mu 2.0, x10% (117)
363mu 11836 Present ﬁork
363, 6ms 5245 (117)
360m 11540 {118)
363my L8.3 (120)
53L.mu 5149 Present work
532mu 50.8 (119)
550mux L6.86 Present work




TABLE XTI (contd.)

Absofbance -
Ion peak € Reference
[Co(NHg ) sH,013%| 228mu* 3.696x103 Present work
253mu ™ 86.26 " z
300mu* 6.72 " n
3L6mu L3 olily " "
3L5my, lipe8 (120)
Lo2mu 16,8 Present work
L9l 117.6 (119)
550mp.5‘t 204l Present work
550mu> 2043 (122)

% Not peakse

TABLE XIII : WAVELENGTHS AT WHICH AQUATTION OF [CO(NH3)5X]2+
WAS FOLIOWED.
Acuation of A e I/ e, X Concentration range 3
LCo(NHs ) sBrlat | 253mu L4 946103 Co<Le 5x10-
(D® {taken as 0)
300mu 6,812x10-3 1.5x107% - 2x1073M
550ms | 0.3679 6, <2x10-2MN
Loo(NH,) 50112+ | 228my 0.201L ¢, <1,5x10™ M
;. 550my 0.4362 ¢, <2x10~3M
*

pr = product, r = reactant =~ Frc, = [Co(NHa)GX];?;:O
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Most experiments were carried out im—%he concentration

region 1x10~5<g,<1.5x107*M, the concentration of

[Co (WH, ) sX12F being followed at the ultra-violet charge
transfer peak. To observe the production of [Co(WH;)sH,013,
spectra of reacting solutions in the region 350-700my. were
recorded graphically on a Perkin Elmer 350 spcctrophoto-
meter. Use of 2 X20 or X50 scale expension accessory

and 5cm. cells was necessary, as extinction coefficients

in the visible region are rather small.

The concentration of LCo(NHg)sH,013+ was deduced from
the decrease in D at 550mu. Provided that the sum
([co(NH;) X127 + [Co(NH;) sHg0131)  was eaual o coy a8 it
was for all homogeneous and truly catelytic heterogeneous
runs, it was assumed that no reaction other than aqﬁation
was occurring. If the sum was less the cy, another process
(usually reduction of the Co(III) complexes: see Section

(Veb) ) was also occurring.

V.li: Rate of the back reaction snd position of equilibrium

in the [Co(NH3)sBrl2+ / [Co(NH,)sH 013+ system.

The equilibrium constant, K_, of reaction (543),

[Co(NH,) 512+ + H,0 #t [Co(NH,)sH,013+ + X7, (5.3)
=41
is well established for X=Cl (see Toble XI, pages 75 end 76)

but not for X=Br. The rate of reaction of [Co(NHj)sH,013+

with Br was therefore measured, 1o dcternine k_, and

E
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and hence Kéq’ at 25°C,

Suitable volumes of L[Co(NH;)sH,01(C10,), solution
and KBr solution of known concentratioh were separately
equilibrated at 25°C. At time to they were mixed together:
The pH of. the resulting solution was always 2. The
production of [Co(NH,)sBrl2+ was folloved at 253my. for
i days, after which time less then 2% of the LCo(NH; ) sH 013+
was converted. The initial slope of a graph of Dy55 versus
time therefore sufficed to give k-y with rezsonable accuracy

fron the relationship.

K, = Slope - (5el4)
€r. [CO(NHa)stoj%-i—o’[Br ]'t:o |

Seven runs were carried out: the details are given in

Table XIV below.

TABLE XIV : ANATION OF [Co (NHs) sH,0]3+ BY BROMIDE.

[Co (NH, ) sH,0]3+ LBr ] Tonic sirength

Run at t, at t, at to ko,
1 2x10- %M 0.987x10~2M 2.107x10-2M |3,38x10-¢
M~ imin=-4
2 o 1.007 * 2.137 3.29 1
3 " Lom v 3.0 " |3.,00 7
L y 2,01 v 3004 v 2.72 "
5 . 3.012 L. 2.7 n
] 3.021 v L.151 2,72 M
7 4x10~4M L o028 » 52288 ¢ 2,39 1 0
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Each k-; value is subject to an error of + 5%, as
the increase in Dys5 was too slight to be measured with
great accuracy. Runs 1, 3 and 6 of Table XIV are
illustrated in Figure VI, and a Brdnsted plot of
log k-; versus I%(.'l.+1%)"1 is given in Figure VII. Extra-
polation to I=10-2M gives k_,;=(3.840.2)x10~¢ M~imin~3%,
and hence Keq=0.98ip.O7M.

Khowlgdge of Keq at the approprizte ionic strength
enables the position of equilibrium in cach run to be
calculated by standard algebraic methods. Four typical}

runs are given in the table below.

Initial concentration of IPercentage of LCo(NH,)sX12+ at
;go(NHa)lexa in 10—2M equilibrium at 25°C.
X=Br X=Cl
1x10- M 0.03 0.3
2x10~-3M 0.5 5
1x10~—2M 1 10
1x10~%M, in presence 0e1-04Lt 1-L
of 10-3M added Br
or [Co(NH;) H,0l3+

Nearly all the runs carried out in these experiments
were for c¢,=<10"%M, for which agquation vroceeds almost to

comnpletione.
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PLOTS OF Dy, vs. TINE, FOR RUNS 1,3 and 6 =

(see Table XIV).
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 FIGURE VII: BRONSTED PLOT OF k_,vs. I2/(1+I%)
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Vo5: The calculation of ky.

The rate equation for the opposing first and

second order reactions

X
[Co(NHy)sX13+ + H0 = [Co(NHg)sH,01%+ + X~ (5.3)
kg

B8l ok, (ore) UF) (5.5)

where ¢ is the concentration of [Co(NH,)sX12t at time t.

The position of equilibrium in these experiments
lay well to the right hand side of (5.3), and the second
term of the rate law was always small, and usually
negligible, compared with the first. The approximation
x7) = [x"], was therefore made.

Integrating equation (5.5),

% (5.6)

where k = ky + key [X lgs =nd vhere c, is the concen-
tration of LCo(NH,)sX13T at equilibrium.
For spectrophotometric measurements at a given

wavelength, therefore, since Dy = €_cgo

r
D = erc + epr (CO—C>
Doo = ercco + epr (Qo—cm)’
2,303 log DgDo = k. b (5.7)

D =Dy
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Plots of log (D-D,) versus time for all homogeneous
runs were linear.

D, was calculated on the assumption that aquation
proceeded to completion, except for a few runs with
LCo(NH, ) 5C113* at high cge kg Was assumed to be equal
to ks, except in these few runs. The errors introduced
by these two assumptions were partly self-compensating,
and did not affect the values of k,; obtained.

Data for a typical run with [Co(NH;)sBrl2t and a
run with LCo(NH;)sC1ll2t at exceptionally high ¢, are
tabulated in Table XV and plotted in Figure VIII.

k, values were found to be independent of ¢y, of pH
in the range 1-4 and also of the nature of the anion
(either ¥ or (10, ) also present. Thc presence or
absence of laborafory fluworescent lighting had no effect.

iﬁe experimental procedure was very simple. 500ml.
10~2M perchloric acid were equilibrated at 25°C in the
thermostats At time {o, a weighed amount of complex was
added, and the flask shaken. The solid cuickly dissolveda
Readings of D, were taken at suitable time intexrvals by
removal of small aliquots (<3ml.). co was calculated
from Dy, obtained either directly or by extrapolation,
as the mass of solid used was too small to be weighed

accurately.
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TABLE XV : DATA FOR AQUATION OF

1) [Co(WH;)sBrl2t, followed at 253mu
2) LCo(NH;)sC1l2t, followed at 550mu

In both experiments, temperature = 25°C
| (C10,] = 10-2M |
cell length = lcm.
LCo (NH; ) sX1X, used.
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RUN 1

RUN

2

c °=3 . 38 XlO- 5M

(from Dg)

D, taken as O

Co=9.72x10~3M (from D)
~ -3
~ 1x1073M (from Keq)

c

eq

Do=€_cCt€

T pr

=0.2243

k [X]1, ® 8x10™8min-1
-1

(co-cm)

Time Dyss log D | Time | Dsso D-De, log(D-Dw)
(min) (hr)
0 |0.589 |I.7701 0 [0.L555 ! 0.2312 | 1.3640
9 | 0.5855 |1.7676 | 1.95 {o.u5L | 0.2297 | T.3611
78 | 0,571 |1.7566 |14.00 |0.434L | 0.,2101 | TI.3224
04 | 0.568 |T.7543 |19.25 [0.427 | 0.2027 | I.3069
134 | 0.5595 (1.7478 |21.55 [0.h215 | 0.1972 | T.2949 |
171 | 0.553 i.7g27 24.17 | 0.4215 | 0.1972 T.2949
231 | 0.541 |1.7332 |26.62 |0.4195 | 0.1952 1.2905
269 | 0.532 |I.7259 [30.95 |0.4125 | 0.1882 T.2746
293 0.527 |1.7218 |L42.73 | 0.3975 | 0.1732 1.2386
328 0.522 | I.7177
359 0.516 Te7126| Slope of groph 1og (Do=~Dw)Vsed
393 0.5105 | T.7080 = 11, 78x10~% min~%

Slope of graph log

D vset

= 1.63x10-% min-t

i. eoki = 30753(10_4 min—1

ileca kOb

8

ile€e ki =

1.10x10~% min~—%

1.02x10~% min-?




FPIGURE VIII: FIRST ORDER PLOTS FOR AQUATION OF
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(1)_[cotm,)s ] (2) [olrm,) 00" -

(Data from Table XIV).
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V.6: Reduction of [Co(NHZ)sXla+

Although cobaltammines are much rorc stable than
the simple cobaltic ion, they are readily reduced by,
for cxemple, Cr2t, Fe2+, V2t and Bu3t (1l24). In the
course of the prcsent work, silver and charcoal were
also found to be reducing agents and these redox reactions
were investigated,

Co(II) was estimated spectrophotometrically ofter
complexation with chloride, forming complexes of the type
[000151(2‘n)+, n=1-4. The ratio of totsl chloride to
total Co(II) was ot least 10%, so that the concentration
of free chloride was negligibly affected by complex
formation. The degree of formation of the complexes was
therefore unaffected by [Co(II)], and Beer's Low applied,
provided the total chloride concentration was always the
SaIlCe

BExperinentally, small aliquots (2-5ml.) of Co(II)
solution were mixed with concentrated AR hydrochloric
acid (~11.6M) in the proportion L:4 by volume. The spectra
of these solutions were observed using HCL solution of
the some concentration as reference liquid. The highly
characteristic spectrum in the region 600-700mu. is shown
in Figure IX, on page 96, with the spectrun of agueous

Co2t for comperisone.



. - PIGURE IX: SPECTRUM OF Co(II) IN ca. 10K HC1 AND IN

. 10"M HC10,, AT ROOHM TEHPERATURE.
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Co(II) in the HCOL solution was estimated at
- 690mu, at which €=4419.,7 up to the highest Co(II)
concentration tested, 10-3M, Using a spectrophoto-
neter with n scale expsnsion accessory, the limit of
detection of Co(II) in the chloride solution was =bout

2x10-6M,

Attempts to determine the paramagnetic Co2t, both
as the aQuo— and as the chloro-complex, by ESR spectro-
scopy at -196°C, fniled, as the signal heights were

not sufficiently reproducible.

The redox potentinl of the [Co(WNH,)sX]2T ions was

colculated from literature dota zs follows:

For the redox couple
LCo(NHs) sH013+ + ¢ = [Co(NHg)sH012t,  (5.8)

Yolman (125) found E°=0.35+0.02V. at 25°C, I=1M, From
this value, and using data from Table XI for Keq at
I=0.5M, it is found:

B9 [Co(NHs)sBrle+ / 0o(II) = 0.3810.02V.

E° [Co(NHg)s0112+ / Co(II) 0.34+0.02V.
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CHAPTER VI : SEMI-QUALITATIVE WORK ON THE HETEROGENEQUS
CATALYSIS OF THE AQUATION OF LCo(NH,)xl2t

Preliminary work on the catelysis of the aguation
of LCo(WH;)sX12t by various solids is reported in this
chapter. The results are designated semi-qualitative,
because the specific surface aress of the catnlysts
investigated were not determined: quantitative comparison
of the catalytic efficiency of different solids was
thereforc not possible. Quantitetive work is reported

in Chapters VII - X.
VI.l. OChoice of solide.

Since heterogeneous catalysts were sought, work weas
restricted to insoluble compounds which did not dissolve
in perchloric acid. This excluded investigation of the
mercuric halides and several mctals. Anion exchange on
the solid surface was also to be avoided. If, for example,
solid AgCl is ndded to a dilute solution of [Co(NHg)sBrlBry,
some AgBr will precipitate onto the solid surface, as
AgBr is less soluble than AgCl. It is then uncertain
whether the effective catalyst surface is AgBr or AgCl.
Commercially obtained solids were used without further
purifieation in the preliminsry work. Powders, if much

coagulated, were lightly crushcd with o pestle, and



99

batches of each solid were shaken and stirred to obtain
powders of uniform appearance. The effect of solids

homogenised in this way was reproducible to i5%'
VI.2. Experimental procedure.

A weighed emount of solid was placed in a 500ml.
conical flask with o nmagnetic stirrer, and the enpty
flask placed in a2 holder and immersed to its neck in a
water thermostat at 2550. 500ml. of 10—2M perchloric
acid were separately equilibrated in the thermostat.

At time 1o, a weighed amount of [Co(NHg)gBrlBr, or
[Co(NH;) 501101, was dissolved in the acid, and the
solution quickly pouréd into the conical flask, which
was fhen stoppered. This operation took less than 2o
minute. The magnetic stirrer was started at such a
speed that all the solid, which was usually in the
powdered form, was agitated in the solution.

The aguation reactions were followed spectrophoto-
metrically for 5-8 hours, in the case of [Co(NHa)BBr]2+
and 2-3 days, in the case of LCo(NHz)s0112*, by removing
1l ml., aligquots from the reaction vessels at suitable
time intervals. Sometimes the nognetic stirrer was
switched off for o minute before removal of each aliquot,
to allow the solid to settle, and sometimes the stirrer

was left on throushout the rum, and alicuots werc
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centrifuged to remove s0lid before measurement of
optical density. Reduction in volume, due to removal
of aliguots, did not amount to more than 5%, and no
samnpling corrections were made. The time required for
each optical measurement was 30-90 seconds.

A Unicam SP 500 spectrophotometer snd lem. matched
silica microcells Were.used for all optical measurements.
The reference liquid was doubly distilled water. Spectro-
photometric data are given in Chapter V, Section V.3.
Nearly all runs were carried out in low concentration
(3+7x10-5M) by following $he optical absorbance of the
reactant.

If a catalytic effect-was observed, the solid was
separated from the solution by rapid filtration before
the end of the run, and the remainder of the reaction
studied at 25°C. 1In all cases, the rate returned to the
homogeneous, uncatalysed value, to within +5%. The rate
enhancement was therefore concluded to be due t0 a
heterogeneous effect, and not to catalyst dissolved in
solution. However, this check did not exclude the
possibility of a heterogeneous redox reaction between
[Co(NH;) 5X]2+ and the solid, and this was tested for

separately.
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Vie3e Experinental results.

Data from catalytic runs were plottcd according to
a first order low. These runs during which only 15-30%
of the complete aquation rcaction was followed, gave good
first order plots, as excmplified by line 1, Figure X,
prge 105 The first order rate congtont for the catalytiec
reaction, tht’ was calculated from the overall rate

constont, kobs’ by the relationship.

khe.t = kObs - k:i (60 l)

Incidentally, ony other trentment of the kinetic date,
such as a zero order plot, would require o morc complicated
correction for the homogeneous contribution.

The effects of misceilaneous solids on the =aquation
of [Co(WH;)sX)2+ arc tobulated in Tobles XVI - XIX, end
three typical plots of kinetic datn cre illustrated in
Figure'X.

First order plots for catnlytic aquation reactions
followed to completion somctincs showed downword curvaturc
(cege line 2, PFigure X). It is olso clear fron Tables XVI
ond XVII that khet decrecases as ¢ increanses. This

varioction is discusscd in the next chrpter.
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SOLIDS WITH CATALYTIC EFFECT ON THE AQUATION

OF LCo(NH5)sC112+ DATA FOR 25°C.

: he : .
Solid, source | mgaa 105¢c, loékhef lo&khetf Comments
in ol. min—t ;
n
cat
AgCl,BDH 1.04g. | 5.6 0.06 | 0.06 f[Subject to
, photochenical
2-0875 n 0012 0006 Cffecto In dﬂrk
khet =0
l.2g 1000 0] ,
302{3- u 0]
AgCl,freshly '
ppted. (1) le7380 5.6 0.31 | 0,18
B.Og. " 0‘53 ) O.l?
(2) 1.0¢g. " 0.13 | 0.L3
AgBI‘,BDH 3008‘- 2.8 Ll-cl.{l lo).}.?
" 5.6 l.71 | 0.56
AgI,BDH 3.0g. 5.6 3.66 ) Subject to
‘ ' 1,17 |photochenmicel
" 1" 343 % effect.s In dark
kﬁ ~ 0.85x
et
10~ “4nin-1
HgBCla,BDH. 2'o9g. 5.5 O¢58 002
Pt nowder, 34580 2.25 3436 | 0.95
Johnson
Matthey.




TABLE XVII :

SOLIDS WITH CATALYTIC EFFECT ON THE AQUATION

OF [Co(NH,):Brl2% DATA FOR 25°C.

Solid,source Hegt 10%¢c,| 10%k 104k Comments
? in 500ml. °l s hot
Deat
AgCl,BDH 2.0g, 360 | 1459 | 0.795 Cl-Br exchange
on surface?
" 5.6 0092 O¢L].6
AgBr,BDH 3+0g. 3e1 | 30,84 }10.28 Catalysis sub-
ject to photo-
2.0g. 3.34) 22,14 |11.07 chemical effect
and repression
340g. 5.8 |10.17 | 3.39 by Br . Sce
also . Chapter IX|
AgI,BDH 1.5hge | 340 {2740 |17.79 Catalysis sub-
ject to photo-
2.0z, 3416{ 38,0 19,00 chenmicol effect
and repression
" 3463| 32.75 (16,38 by I”.
3008. 5.6 31025 lO.L,LZ
HgS, BDH 1.0g. 2.9} 873 | 8.73 Cetalysis sub=~
: Jject to slisht
" Telt | 6423 | 6423 photochenical
cffect and
repression by
Br . Sce also
. Chopter VIII.
Hg,Br,, BDH 2.98 365 | 2549 8+93
202@'0 508 8.27 3076
Lelige "o118.7 Le25
303%. 100 . 0426 0008
Pa pOWdeI' lolgo 35 [ 11.8 1007
Au " 0 oug- 24 7L] 0,6 1.2
Pt " 00658'0 306 l.1L 107 cat&lys:i.s inves
‘ tigated quenti- |
( Johnson tatively with
Matthey). Pt rotating disd
See Chapter X.
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TABLE XVIII : SOLIDS WITHOUT CATALYTIC EFFECT ON THE
AQUATION OF [Co(WH,) Brl®"
Solid Source Mass used in Co
500ml.
solution
PbS BDH 1.38. 3.5x10-5M
BaS0, Freshly ppted. 2.0g. "
BN BDH 1.0g. n
Crushed 10.0¢. "
Pyrex
glass.
Stainless Surface area H
steel ~ 50cm?
turnings.
For these substances, Kopg = (3.740.2) x 10~ *min—1%.
-~ TABLE XIX : SOLIDS JHICH REDUCE [Co(NH,)sBrl2* to Co{II)
Solid Source [Mass used Co First order
in 500ml. rate constant
solution. for disappear—
ance of
[Co(NH; ) sBrlat
{

Hg Re~distilled| 4.5g. |3.5x10~5M|10.6x10~4min~1
Activated Hbﬁkin and ' 0e5ge [365x1075M|~65x10 4min—1
decolouri-| Williams :
sing O0e78e [5+6x10-5M]88.5%10"4min—1
charcoal.

Ag powder Johnson 0.85g. |35x%10~5M|~125x10" *nin—1
Matthey.
See Chapter XI.
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VI.3el: Heterogeneous cotnlysise

All results given in Tobles XVI - XIX were for the
first 15~25% of aguoation in normnl laboratory lighting.
Cetolysis by the silver halides was found to be subject
to o considerablc photochemicel effect, which is further
discussed in Chapter IX.

Inspection of Tables XVI and XVII shows that for a
given system (catalyst, complox, Co)s khet is proportional
to D42 A0 would be expecteds TFor exanple, khet for the
cotnlysis of LCo(NH3)sBrl2t sguation by Hg,Bry ot co =
5¢8x1075M is 8.27x10-*min~% for 2.28., ~nd 18.7x10~*nin-*t
for Liellge of catalyst. This relatidnship was nore string-
ently verificd for the catclysis of LCo(WH;)gBrl2+ aquotion
by AsBr (sce Chepter IX).

The proportionality of khet to m is good for o given

“cat
batch of onc solid, but ns shown for the AzCl/[Co(NHz)sC1l2t
system, the difference between differently prepared batches
of the sanc solid con be strikinge A freshly precipitatéd
batch of AgCl had roughly three times the catalytic effect
of the BDH substance, while a very carefully prepared

second batch had seven times the effect. Unfortunately,
sone AgCl became colloidal nnd ruined speétréphotometric

nensurcnents during nost runs with these freshly prepared

botches,
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The greater effect of the freshly prennred botches
of AgCl wos thought to be duc to their grerntor specific
surfnce oren. This wns verified for the AgBr / [Co(NNHg)s
Brl2t gystem, from experiments with different AgBr batches
of known specific surface area, ond the intrinsic hetero-
geneous rate was found to be independent of the porticle
size of the catolyst (See Chapter IX.)

Therc is little point in quantitetive comparison of
the catalytic effects of different solids, since these
probably had widely differing surface orens. Indced, cven
had these been known, direct compeorison of khet would still
not be menningful, aos the sticking probability of
LCo(WH,) sX12+ on the different solids is also differcnt.

It is interesting to compere the effects of the saume
catalyst on the aquation of the two complexes. Conparison
rust obviously be carricd out at the sane volue of co,
and the relevant dato are reproduced from Tables XVI sond

XVII below.

105¢, forkﬁj(;?ﬁ?fﬁr]ﬁ fork?%o%ﬁﬁz'scscﬂz*
ApC1{BDH) 546 0.46 0,06
AgBr( ") 5.6 3.39 0.56

~3,0 10.28 147
AgI(BDH) 5.6 10,42 | 1.17
Hgs( " ) ~340 873 | 1.19
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All catalysts have roughly eight times the effect

on [Co(NH;)sBrl2+ that they have on [Co(NH;)s0112*. There
is possibly, therefore, a correlation between the rates

of spontaneous and catalysed aquation reaction. Bifano
and Linck (123) found an excellent correlation of this
type for the spontaneous and homogeneously Hg(II)-

catalysed aquation of various cobalt(IIT) chloroamminese

VI.3.2: Repression of catalysis by halide ions.

Any ions which adsorb on the catalytic sites will
repress catalysis, the more strongly sorbed ions having
a greater effecte Bromide ions had, for example, a greater
repressive effect on catalysis by AgBr than did [Co(NHz),
H,013*" jons (see Chapter IX).

Figures XI and XII illustrate the repressive effects
of Br and I on the catalysis of L[Co(NH;)sBrl?®t aguation
by AgBr and AgIl respectively. The effect of iodide above
103N was not investigated, as reduction of LCo(NHg)gBrla3+
interfered. Below 10-3M, starch tests for iodine cerried
out at the end of each run were negative.

It is seen that halide exerts a considerable repressive
effect upon khet’ and also a slight accelersting effect
upon ky. The latter is due to ion-pair formation (61).
khet at each halide concentration was therefore calculated
by subtracting from kbbs the k, value appropriate toc that

halide concentration.
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Figure XI indicates that the repressive effect of
extra bromide produced by the aquation of [Co(NHs)sBrlBr,
at 00510“4M is negligibly small.

VI.3.3: Heterogeneous reduction of [Co(NH,)sX12+.

It was discovered by application of the routine test
for Co(II), that [Co(NHy)sBrl2* was reduced by mercury,
charcoal and silver. The overall rates of disappearance
of [Co(NH,)sBrl2t, measured at  253mu, were all rather
fast, as shown by the final column of Table XIX, page 10L.

The mercury surface became covered with a fine powder,
which was assumed to be Hg,Br, (BE° Hg,Br.,/Hg,Br = 0.14V.
at 259C). The stoichiometry of the redox reaction was
not, however, investigated.

The stoichiometry of the reaction of 0.7g. of purified
activated charcoal, obtained from Messrs. Hopkin and
Williems, with LCo(NH;)zBrl2* at co = 5.6x10-5M wos
investigateds The production of Co{II) and the disappear—
ance of [Co(NH,)sBrl2t were followed spectrophotometrically
for 5 hours, after which time 95% of the [Co(NHj)Brla+
had reacted to form Co(II). Reduction was stoichiometric,
and the rate constant for the disappeerance of the complex
was 88.,5x10"%min-*. Very little Co(II) was "lost" by
permanent adsorption on the charcoal. The small amount

of [Co(NH;)sH,013+ that might have been formed by spounta-
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neous aquatioﬂ was not detected: it was probebly also
reduced by the charcoal.

The nature of the oxidising reaction undergone by
charcoal (or possibly some sorbed impurity) was not
investigateds As mentioned in Chapter II, charcoal is
an excellent catalyst for interconversion of Co(III)
complexes at much higher concentratioﬁ, and it may be thal
the stoichiometric redox reaction 6bserved at cp = 5.6x1075M
is no more than a negligible side reaction at higher cge

LCo(NH, ) sX12t is reduced by Ag, (o2t and AgX being
formed. (E® AgCl/Ag, CL = 0.22V., E® AgBx/Ag, Br = 0.07V.).
This redox reaction was investigated in detail by use of
a rotating disc (see Chapter XI). The rate of reaction
was found to be diffusion-controlled. This explains why
line 3 of Figure X, page 105, which shows the first order
plot for the disappearance of LCo(NHp)gBrl2+ in the
presence of 39cm? of silver foil, is linear and not down—

ward curving as for a surface-controlled reaction.

VIe3el: The use of Ag/AsX electrodes to follow the
aquation of LCo(NHg)sX]}2+,

The course of ionic reactions is often followed
potentiometrically or conductimetrically. Unforeseen
interaction with the electrodes may, however, affect
results. Silver-silver palide electrodes, for example,

may both reduce [Co(NH;)sX12+ and catalyse aquation in
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the vicinity of the electrode, increasins the rate of
production of X . |

The production of Br by aquation of [Co(NHg)sBrlat
was followed potentiometrically with a small wire form
A¢/ AgBr clectrode in two experiments at co = 107°M. In
stirred solution, the correct homogeneous rate constant
was obtained, but in wastirred solution, although
spectrophotometric measurement of the rate still gave
the homogeneous value,{Br7]in the region of the electrode
was higher than in the bulk solution, and potentiometric
determination of k, therefore gave a high volue.

- The cell used was

- Ag,AgBr | 5x107°KBr | 0.2M KNO, | [Co(NH;)sBr}Br, |AgAghr+
solution salt bridge solution in
(reference) 1073M HC10,,
Co = 1073M, -

Ignoring the liquid junction potential, the cell
e.m, £, is given by
B, = RI1n {Br_} vef
F {Br {4

-}
b

where {Br It is the activity of bromide ions in the right

hand side at time t.

o« . - ~FE,/RT
e o {Br }t = -{Br } ref © 4



11l3.

As{Bri} ¢ 18 constant, and the variation in

re
activity coefficients in the right hand half cell will

be small,

[Br—]t = Ae_FEt/RT

where A is a constant.
Guagenheim's method was used to determine the

reaction rate constant from a lmowledge of [Brﬂt :

At time t, in Co = kObS t-
3co-lBr 1,
At time (t+T), 1In - cg = kg (6+7)
BCo—tEr;]t+,r

' In !:[Br_]_t_i_.r - [Br-]t] - 1n A {e—mtﬂ/m ¢ FBy/RT]

= -k

- T
ops Tt 10 Co (1-e Kovs )

A graph of log ge—FEt+T/RT —e_FEﬂ/RT! versus time should

therefore be linear, with gradient kO;S/Q.BOB. Figure XIII,
page lli, shows a graph of this function for a run carried
out in unstirred solution. T was taken as 2 hours. As
scen, kbbs is ten times greater than the homogenecus
aguation rate constant, which dramatically illustrates the

unreliability of the potentiometric method in this ¢nd

similar casese



114

. PIGURT XIIT: THE USE OF AN Ac/AgBr ELSCTRODE TO FOLLOW THE

— :
AQUATION OF [Co(1H,) Br] at 25°C
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VI.3.5: BEffect of ion exchange resins npon [Co(NHgz)sXl2t,

It was thought that absorption of [Co(NH,)sX12+ by
a cation exchange resin might weaken the complex ion
and catalyse the aquation reaction. There was, however,
no evidence from four experiments with the strongly acid
sulphonote resin Zeo-Karb 225 in the H form that this
was s0e LOo(WHg)sBrl®+ and [Co(NHs)sCLll2+ were rapidly
absorbed from solution, but no [Co(NH;)sH,013t appeared
in the solutione. In fact, the aquation reaction secmed
to be hindered by absorption of [Co(lNH;) X12T, since the
distinct colours of the occupied resin remained the same
over a neriod of weeks, instead of changing within a few
days to the quite distinct colour of [Co(NHz)H,013T,
The sorbed [Co(NH3)sX12t ions were, stransely, not eluted
by 3M La(Noa)PorAa Skturated [4»0%)1] dy

VI.i. Discussione.

The dependence of ky .4 on the bulk concentration of

reactant is discussed in the next Chapter.
VIe4el: The mechanism of the catalytic and redox reactions.

Homogencous “catalysis! of the aquation of

[Co(NH,) sX12+ by a metal ion MY produces Mxtd™1)+,
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as the latter is either insoluble or labile, this does
not prove that a halide-bridging mechanism operatess
However, the repiession of the heterogeneouscatalytic
effects of the insoluble silver and mercuric salts by
halide strongly suggests that LCo(NHz) X132+ is adsorbed
on metél ion sites on the catalyst surface through the
halide. Free X in solution can also adsorb on these
sites, and therefore specifically repress catalysis. The
Co(III)-X bond in [Co(NH;)sX)2+ is weakened by adsorption,
so that production and desorption of [Co(NH;)gH,013+ and
X follow rather rapidly. The essential mechanism is
thus the same in homogeneous and heterogeneous catélysis.
However, localised adsorption of [Co(NH,)X12* on a
heterogeneous catalyst could precede a mobile transition
state. Catalysts mormally have particularly active sites
at crystal imperfections, and thus adsorption and catalytic
reaction of [Co(NH5)sX12t at low coverage may not be
representative of the entire surfaces

The oxidation of solid silver by [Co(NH;)gXl2t
produced a coherent léyer of AgX on the gilver surface
(see Chapter XI). Similarly, the redox reaction between
LCo(NHg)sX12% and Cr®* in homogeneous solution produced
inert CrX®*t complexes (126). The Co(II) produced in both
cases forms labile complexes with X . The mechanism of
the redox reaction is therefore concluded to be halide-

bridged, an electron passing through the bridge and X
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transferring from Co3t to form a stable complex with Ag'
or Cr%, |

Therc is therecforc a formal similarity between the
mechanisms of these catalytic and redox reactions, as
illustrated in Figure XIV, page 118. Howecver, although
there is correlation between the rates of the spontaneous
and catalysed aguations, there is no such correlation
between the rate of aquation and of rcduction (123).

It is not kmown whether the incoming water ligand in
the heterogeneously catalysed aguation reaction is sorbed
on the catalyst surface or note It scems likely that
bond breaking between Coitl snd X is the important
transition step, attack of water following rapidly.
Although, by analogy with the spontaneous reaction, this
has been depicted as cis attack, it could in fact be a

trans attack, or a mixturc of both.
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FIGURE XTIV : MECHANISMS OF SPONTANEQUS AND CATALYSED

AQUATION AND OF TNNER-SPHERE REDUCTION OF [Co(NH,) X12t.

1 = spontancous aguation. (Scc Chnpter V, Scction Val).
2 = agu~tion induced by homogencous MYF (eg. Ag', Hg®t).
3 catalytic aquation on surface of insoluble Ul salt.
L = redox renction between [Co(NH,)zX12t+ ona MY (egeAg®, Crat)
1. [Co(NH,)sx12t + H 0 = [0t 1 (NH,) 512+~ [Co(NH, ) sH,000F + X
H,0L X

2. [Co(WH,)sx)et + H 0 + MY =

_quII(NHB)s] 2t - [0o(NH ) gHy018+ + Mxé®1)+

N

HiO| X))
'.'Mn'!'

3+ LOo(WHZ) X122t + H0 + catalyst =

Ue

surface

- -

X

-

Co™ T (1H,) 6 |2t -+ [Co(NH, ) sH,01%% + X +
catalyst.
H,0 |

o<

catalyst Ve

[Co(NH,) sX12% + W = | oot l(mm, ) |2t | cotT(umm,) s ("

| N
| X X
: |
o+ platl) +

= Oo2% + BNH, + Mt
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VI.4e2: The nature of the heterogeneous catalysts.

It was shown on page 28 that the catalytic effect
of a metal ion in solution was related to the stability
of the complexes formed with halide released in the
acuation reaction. The same broad conclusion applies to
the heterogeneous catalysts. The nature of the catolyst
anion is considered irrelevant, and the catalyst cation
attracts halide from LCo(NH;)sXJ2t, After reaction,
however, most of this halide must be released, as other-
wise a macroscopic charge wowld build up in solution and
on the solid.

Hg?t end Ag', which form stable halide complexes,arc

thus a part of heterogcneous catalysts. Howevcer, Pbsf
(see Table XVIII) was not a catalyst and HgpX, was,
although Pb2+ complexcs with halide more then Hgp3t (see
pase 28). The crystal structure’of a solid may, howover,
modify the catalytic effect of the cations

The noble metals Pt, Au and Pd werc also catalystse
Interaction with [Co(NHz)sX]2+ and X cannot in this case
be so specific, but hélide ions are capillary active, and

are therefore probably adsorbed to some extent on these

metal surfacese
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CHAPTER VII : INTRODUCTION TO QUANTITATIVE WORK ON THE

CATATYTIC AQUATION OF [Co(NH,) Xl=F.

VII.1l: Surface control of catalytic aquation reactions.

The decrease in Ky ot with Cpulx 18 evidence that
the rates of the catalytic reactions are surface-
controlled. As shown below, not only would khet for a
diffusion-controlled process be independent of Chulic?
but its magnitude would be much greater than is actually
obscrved.

The rate of a diffusion-controllcd heterogencous
resction (either catalytic or redox) is, by definition,
equal ta the rate of diffusion of the slovest moving
reactant to the surface. TFor 2 single svecies i, this
is given by PFick's first law, which may be stoted in the

general form

- — -3
iN_i = 107°D, ’A icii (7.1)
dat dx

where —dN, is the flux (in mole ##%#) of species i, due
to a concentration sradient ggi, across a plane of area A.

¢; is expressed in mole dx

litre™ % and D; is the
diffusion coefficient of species i. If the system is

well-gtirred, then

i o= cpk T S (7.2)
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where 8 is the thickness of the Nernst diffusion layer,
and ¢y is the concentration of i at the surface. For a
diffusion-controlled process, ¢ = O, cnd aguation (7.1)

becomes

" = 207D, 4 ey (7.3)
at —

If species i undergoes a pseudo first order hetecro—

geneous reaction, then

”f;li];i = klie't Ni (7‘2-!‘)
dt
Therefore Ik . = 107°D; A | (7.5)
v §

where V litres is the volume of solution.

khet is thercfore independent of Chulk for a first
order diffusion-controlled reaction. Moreover, the
megnitude of ky . given by cquation (7.5) is much groater
than the value obteined from any of the prescnt work on
catalysis of the ajuation of LOo(WHs)sX12*. For example
1ze of silver bromide of specific surface rrea
L.5x10%cm?g~1 acting on.500ml. of stirred [Co(NHg)sBrlat
solution (¢, = 2.0x1075M) gave Kot = 11e1:8x10~*min~*

(data from Chapter IX).
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For this catalytic rcaction, therefore
Kot = 20551077 min~% cm~? surface (76)

Taking ®, for a well-stirred solution, as 2x10™%cm.
and D for LCo(NH;)Brl®t as 6.85x10"¢ cm® sec~t (sce
Chapter XI),; equation (7.5) gives for a diffusion-

controlled reaction

k%et = U611x107¢ min~1 cm2 surface (7+7)

Comparing cquations (7.6) 2nd (7.7), it is clear
that the rate of heterogencous catnlysis is governcd by
gome process much slower than the rate of diffusion of
the reactant, LCo(NH;)gBrl3t +o the surface. The rate
of diffusion of the other reactant, water, is certainly
not the rate-dctermining factor, as water is the bulk
medium. Morcover, since the mobilitics of [Co(WNHj)sx12+
and LCo(NH;)sHo012% connot be greatly different, the rate
of diffusion of the product zway from the catalyst surface
cannot he the rate-controlling step. The slowest step
must therefore be the adsorption of reactent, the
desorption of product, or the rate of reacition of the
rcactant once adsorbed. Evidence will be prescented thet
the latter is the slowest step in the heterogencous

catalysis of L[Co(lNH;)sBrl2* aguation.
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The importance of stirring in systems containing
cetalysts is clear from cquation (7.5). In unstirred
solution, ® may heve quite a large value, so that
observed catalytic rates for relatively fest surfece-~
controlled processes may be partially dependent on the

roate of diffusion, =nd results are irreproducible.

Vil.2. Preliminory consideration of the variation

of khet with Cbulk’

Experiments, reported in Chapters VIII-X, with
HgS, AgBr and Pt catalysts of Imown surfacc areca acting
on [Co(NHs)sBrl2t solutions of concentration Cpane? o1
gave the same general result: first order rate constants
for the catalytic rcaction decrcascd as Coullc incrceased

according to the law

1
——— o= P chlk + Qq (7‘8)
khet
T - N
Kpet 2
1’-‘het
\\\\\\\\\‘ Gradicnt p
[N q‘... »

“bulk
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This form of variation of khet with ¢ s illustrated

b
on page 123, was immediately reminiscent ofuikLangmuir
adsorption isotherm, and suggested that the adsorption
of reactent on the catolyst surface was in accordance with
an equilibrium isotherm of this type.

It was concluded that the aquation of adsorbed

[Co(WH;) sX12" was the rate determining stcp of the catalytic

reaction:
fast
[Co(NH;)sX12T + Catalyst = ECO(NHS)SX]gES
+H,0 -
- (Co(WHy ) sHZ013+ + X + Catalyst (7.9)
slow

[co(NHS)sxlggs is thus equivelent to the activated
conplex of the theory of absolute reaction ratese.

A similar reaction scheme was proposed (123) for the
homogeneous reaction between Hg2t and several cobalt(III)

chlorampines:

Hg2*t + [Co(en),X011Rt = £Co(on)2xolﬂg](n+2)+
+H,0
- [Co(en)zxzigo](“*l)+ +[Hg011T,
(7.10)
ond also for the rate of TL(I)/TL(III) cxchenge on pletinum
(97).
The form of cquation (7.9) prompts two qucstions:

whether it is reasonablc to ocssumc thet the rate of
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adgorption of [Co(NH;)sX12+ is faster thon its rate of
reaction once adsorbed, and what thce correct form of

adsorption isotherm is. Once these are onswered, then
the observed kinetics can be related to the mechanism

of catalysis by equation (7.9).
VII.3. Adcorption of [Co(lHg)sX)2t on catolyst surfaccse
VII.3.1t Rotc of attainment of adsorptive couilibriun.

The rate of chemisorption is generslly quite slow
at moderate temperatures, becazusc the heat of activation
required for formntion of a chemical bond is considerablces
Halide-bridged bonds ~re thought to be resnonsible for
the cdsorption of [Co(WHy)sXJ2t on catalysts: since
permenent bond formation between X snd the cotalyst docs
not result, this has the char=cter of physicel adsorption,
which is ~ rapid process involving o~ low activation encrgye.
For exemple, rdsorption equilibrium of TLY ~nd T13+ on
piatinised pletinum was reached in less than 15 seconds (97).
Morcover, in maﬁy polarographic expcriments, cquilibrium
uptake of crpillary~active specics is assuned within the
fall-time (3~6 seconds) of the mercury drop. Parsons (127)
concluded from = mathcmatical analysis that physical
cdsorption couilibrium was reached in ahout 5 seconds in

conditions of forced convectione
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In comparison, thce first order rafe constnnt, ks’
for the aquation at 25°C of [Co(NH,)sBrl2* sorbed on
HgS, was ~5x107% min—* (Chapter VIII) so the half-life
of adsorbed [Co(NH;)sBrl2t was ~140 minutes (in homo-
gencous solution t% ~ 31 hours)s The ion [Co(NH;)gsBrla*
must thereforc adsorb ond dcsorb}many tines on the cntalyst
surface before rcacting, ond adsorptive earilibrium is
cstoblished at o fast rate comparcd to the catalytic
aguation ratce.

Morcover, as cxpcerimcnts on the repression of catalysis
by addition of the products, Br and [Co(NHy)sH 0]2t, showed
thet these ilons were not strongly adsorbed on any of the
catelyst surfoces, it was assumed that the rate of desorption
of the products from the catelyst surfrce was not the rate-

determining step cither.

VITe3.2: Adsorption isothorm of [Co(NHy)zX12+ on cotolyst

surfacesea

Multilayer uptake of = rclatively smell ion such as
(Co(NH;)sX)2* is very unlikely. The adsorption isotherm
probably has a plateau region corresponding to monoloycr
coverage, as is the casc for scveral ionic or polar specics
edsorbed on polar solids (eg. [Co(NHy)sH,0]3+ on HgS
(Cheptor VIII), dicarboxylic acids (128) s~nd rcsorcinol
(129) on Al,0,, stearic acid on Aly05, Ti0, ond Si0O, (130) ).
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The cxperimentesl veriation of khet with Cpulic conformed
to the Langmuir end Freundlich isothorms nlmost coually well.
The sssumptions implicit in the Langmuir isotherm, which is
for nmonolayer uptake only, arc that the =dsorbent surfacc
is cncrgetically uniform, and thet adsorbed species do not
interact with cach other. The Freundlich isotherm corres—
ponds to ~ systom in which the heat of adsorption dccreascs
logarithmically with the decgrcec of covernge of the surface

(2).

VITelie Derivetion of the relationship betweon khot a2nd

“pulk’

Considor the ion LCo(NH;)sXJ2+ undcrgoing a cotolytic

aquation reaction.

Let e,y = bulk concentration of LCo(NHj;)sXl2+.

.4 = no. of moles [Co(NHz)sX12t adsorbed per

sguarc cme catalycst surfocc.

= at n 2ye ( AgZe -
Cono C.ds at monoleyer coverage
& = Cads/cmono
= fraction of catoalyst surface covered with
rcactant.
4 = gpecific surfacc arca of catalyst (cm2g1)
m,.4 = WDoss of catelyst used.

V = wvolunmc of solution in litrcse
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khet = obscrved first order ratc constant for
catolytic rcaction

k

first ordcr ratc constant for reaction of

%)

adsorbed [Co(NH5) sX)2+ ions (assumed
indcpendent of G).

The rate of the cotalytic rcaction may be cxprcascd

in two ways:

"9 Cuik T het Sbulk (7.11)
at

—E,cbulk = Cads‘AmCat (7.12)
dt v

Cogg I equation (7.12) cen be replaced by some
function of Cyullk 0¥ usc of a suitnble adsorption isothorm,
and expressions (7.11) end (7.12) couatcde It is assumed
in covation (7.12) thet [Co(NH,)sX12t is the only

adsorbing spccicse
(i) The Longmuir modcl.

The Lengmuir adsorption isotherm is

o/(1-8) = 0o gy (7.13)

where ¢ is o constant proportional to the sticking
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probability of LCo(NH;)sX12t on the catalyst surface.

From (7.13), 6 = e,q5 = 9 Cpuyy (7.14)

dﬁono 1+0 Spulk

Substituting for e_;  in equation (7.12),

3]

"4 Couar = K Cuono. Aeat. 7 Cbulk (7.15)
dt vV 1 +0 Chulk

Equating (7.15) and (7.11),

%net = ¥s Cmono. eat (7.16)
v 1+9 ek
© 0 g = Chulk, e 4 v (7.17)
het s cmono cat Gks cmono Amcat

(7.17) is of the same form as equation (7.8), which, as
stated, fits the experimental data quite well. The slope
and intercept of linear plots of l/khet against Cpulk yield
the values of C and ks, provided that Cmono is knowne.
(ii) The Freundlich model.
a .

The Freundlich isotherm is ¢ 4. = Op € q; (7.18)

where a is a constant greater than O and less than 1.

Substituting for ¢, in equation (7.12),

_ (a-1)
Couik T ks. Amcat. 0F Coulk (7.20)
V

~d
It
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e « log khet = (a~1l) log Chulk * log (ksAmcatoF/V)
(7.21)

Plots of log khet vss log Cyulic should thcercfere
be lincor with ncgative fractional slopces: it is,
however, not possible to deduce the volue of k, from
the interccpt, as OF connot be determined geperstely.
For this renmson, thc Freundlich plot, =lthough it fits
experincntal data quite rezsonsbly, is not very uscful,
and applicability of the Langnuir isotherr is asswued

in furthoexr theorctical considerationse

VIT.5. Catalytic aquation in the prescnee of added
electrolytcs.,

The product of the squation rcaction, X and
(o (NH, ) sHo018%, ndded in concentrotions of 10-8M,
cxerted o repressive offect on most catalytic reoctions.
It is assumed that this is beerouse thoy conpeted, although
not very offcctively, with [Co(NHS)gX12t for ~dsorption
sitess The Langmuir frcatmcnt is rcadily cxtended to

this situntion, thce adsorption isotherms beconming

8 = 0 Cpuik (7+22)
l1-6-6

e < ' .

e = %oy (7.23)
1-6-96
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where 6, 9 and Cpulk Pave their former meanings, and
the subscript y refers to the added electrolyte.

From (7.22) and (7.23),
o = ° Chulk (7.24)
l1+0 Chulk T Oy cy

and substitution into equations (7.11) and (7.12)

gives the relationships

Kpet = K ®mono | Aot . ° (7.25)
Vv 1+ccbulk+cycy
and 1 = _%pwik V. _+ % % ¥
khet ks ®mono Amcat ks Cmono © Amcat
+ v

c Am

ké mono cat (7.26)

Equations (7.25) and (7.26) should be compared with:
equations (7.16) and (7.17) respectively. In the presence
of a constant concentration of repressive ions, the |
gradient of a plot of l/khet Versus Cp . i which should
still be linear, will be unchanged. The intercept will

be greater by addition of the term

C o
—_— . X . v
ks ®mono ° Amcat

These conclusions are borne out only modcrately well by

the experimental results for HgS and AgBr, as shown in
Chapters VIII and IX.
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ViI.6: Derivation of a function of Chulk linear with

time over a wide range of Chulk®

Aspreviously mentioned, first order plots of data
from catalytic runs are linear over rather short ranges
in ey (<20%) but tend to show downward curvature if
a large part of the aguation reaction is followed. By
use of equation (7.8), a function of ¢, 1} Which should
be accurately linecar with respect to time can be deduced.
This function is given in equation (7.30) below. When
it is applied to data which give curved first order plots,
a linear plot is obtained, as shown on page 156 for HgS
acting on [Co(NH;)sBrl®t. Data which give linear first
order plots also give linear plots of the derived function,
but this is not so sensitive a test.

At any particular bulk concentra&tion of [ Co(NH;)sX12t,

the rate of reaction is given by the expression

~d cpire = (ke ot ko) oy (7.27)
at

Substituting for k, . the Langmuir expression (7.8),

- d ooy = (kg o+ 1 ) Chulic (7.28)
at

Plpuix * 4
Rearrangement of (7.28) gives cexpression (7.29), in which

the subseript has been dfoppe&.
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P de + qJ’ de = (1 + kyq) dt (7.29)
1+ kyq9 + kype c

Integration gives

1 log (1 + kiq

the relationship

+ kypeg) + log co = (1 + kyq) t  (7.30)

kyq

The function
regpect to +tine.

(1 + kyq)/2.303q.

————

+ kype ) c 2+303q

on the left-hand side is linear with
The gradient of the plot should be

The values of q and p are obtained

from a graph of J./kheJG against ce
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V1l.7. Use of rotating discs to investigate catalytic

Phenomena.

The hydrodynamic equations for fluid flow and mass
transport to the surface of a horizontal disc rotating in
a fluid have been solved by Levich (131) and reviewed by
Riddiford (132): +the rate of mass transport to the disc
surface is controlled by the speed of rotation of the disc.

Rotating disc electrodes are now widely used to
determine diffusion coefficients and the mechanisms of
electrochcmical and fast homogeneous reactions, ILarge
discs, of several centimetres diameter, not used as elec-
trodes, can be used to study relatively slow heterogeneous
processes undergone by species in solution. In the present
work, a platinum disc of surface area 25,16 cm?® was used
to study the catalytic aquatioh of [Co(NH;)sBrl2+ (Chapter X),
and a silver disc of area 12.57 cm® to study the hetero-
geneous reduction of [Co(NHg)sC1l2+ and [Co(INHg)sBrlz+
(Chapter XI).

VII,7.1: Theory of the rotating disc.

The main points will be briefly outlined.
Mass transport to the rotating disc¢ surface occurs
convectively up to the so-called "transport boundary layer",

of thickness 9, through which diffusive flow to the actual
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surface occurs. The magnitude of 8 is the same at all
points on tvhe digsc, and its value for a species i is

given by the Levich expression

1 o.as‘
b4

5= 1.613D; & v dud [—1 + 0.354(D,/v) (7.31)

where Di = diffusion coefficient of species i (cm® sec™1)

i

v kinematic viscosity (=viscosity/density) of

S
the bulk medium (poise ml.g~1).

® = angular speed of rotation of disc (radiens sec™1).

The term in brackets is a correction, which affects
5 by less than 3%. It is seen that in a given systen,
6 is inversely proportional to the square root of‘the
speed of rotation.

The rate of mass transport to a rotating disc surface
of area A, from equations (7.1) and (7.2), is

~aN; = 1073D;A(c, gy ~ ©) | (7.32)
at 5

The maximum flux occurs when ey = 0.
The flux to a rotating disc surface can therefore

be calculated by combining equations (7.31) and (7.32).

BEquation (7.31) was deduced for an infinite horizontal
lamina rotating with constant angular velocity in a fluid

of infinite extent., In real systems, edge effects can
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interfere. In the present work, the discs on inert
trumpet~shaped formers were immersed 2-Lecm. below the
surface of 500ml, solution cﬁntained in a cylindrical
vessel of diameter 10cm. Johnston's extensive investi-
gation of edge effects (133) shows that they are quite
negligible under these circumstances.

Bquation (7.31) is valid only for streamlined flow.
Turbulence set in at the periphery of the discs used in
the present work above 1000 rpm. Experiments were
confined to the range 100-1000 rpm: at very low rotation
speeds, behaviour is, not surprisingly, erratic (133).

The surface of the discs must be smooth for equation
(7+31) to apply. Abrasion with finest grade emery paper
produces o surface with irregularities of the order of
10~%4cm, This is only about %/20th of the value of % at

1000 rpm, and can be ignored (133).
VII.7.2: Rotating disc apparatus.

The characteristics of the platinum and silver discs
are described in the relevant chapters. The discs were
mounted on the assembly shown in Figure .XVe. The electrical
connection to the disc surface from the top of the rotating
shaft was used with the platinum disc, but not with the
silver disc.

The discs were detachably mounted onto the lower
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end of a vertical steel shaft connected through cone
roller bearings, B, and a three sﬁeed gearbox, G, to
a dec., motor, M, coupied to a Servomex M.C.43 controller.
The motor speed could be read directly from the Servomex
dial, but frequent calibration with a stroboscopic disc
was necessary, and it was simpler to set the controller
unit by reference to the stroboscope than to the dial.

- The rotation of the shaft, and the discs, which
were both carefully balanced, was true to the eye.

The assembly described above was mounted on a metal
frame, upon which was also mounted a platform, P, to
support the reaction vessel, into which the disc was
lowered. The height of the platform and the shaft were
separately adjustable, so that the apparatus could be
readily assembled, and the reaction vessel partially

immersed in a thermostatted water bath.



139,
CHAPTER VIII : CATALYSIS BY MERCURIC SULPHIDE OF THE
AQUATION OF [Co(NHj)sBr) 2T,

All experiments were carried out at 25°C, using
samples of the same batch of HgS. The variation of khet
with the concentration of reactant, LCo(NHg)sBrl2t, was
investigated, and also the repressive effect of the product,
[Co(NH,) sHz0 13+, The latter was complemented by deter—
mination of the adsorption isotherm of [Co(NHg) H,0 3+

‘on HgS. The equations derived in Chapter VII were tested,
and found to fit experimental data guite well, and the
~efficiency of Hg?t in the homogeneous and heterogeneous

states as an agquation catalyst was compared.
VIIL,1. Mercuric sulphide

Red mercuric sulphide (cinnabar) has a helical chain
structure, in which each Hg atom has two neighbours at
2,364, two more at 3.104 and two more at 3.34 (L3L).

(The Goldschmidt radii of Hg2?' and S%" are 1,14 and 1.8uZ
respectively). The surface area occupied per HgS molecule
is therefore in the region 22 = uuﬁﬁ.

The solubility product at 25°C is 2.915x10715M, so
a saturated solution contains a negligible concentration
(~6x10~8M) of Hg2* ions.

A uniform batch of mercuric sulphide was prepared
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by vigorously stirring 50g. of the product supplied by
BDH with 1 M nitric acid for 1 hour, This broke up lumps
into a fine powder, and, it was hoped, removed any
oxidisable impurities. The solid was filtered and washed
with much water and dried under vacuum. The specific
surface area of this batch of HgS was determined by B.E.T.
uptake of nitrogen, and found to be (2.5+0.5)m® g~%. Mr.
JeDeW. Hudson kindly undertook this measurement. The
powder had a uniformly fine appearance, and formed g

suspension in water even on gentle stirring.
VIII,2., Experimental procedure.

The procedure was as described in Section (VI.2.).
Aliguots were removed without stopping the stirrer, and
therefore no sampling correction was applied to the results,
since the amount of HgS per wnit volume remained unchanged.,

The production of [Co(NHg)sH,013t was followed in
several experiments. Conversion of [Co(NH;)sBrl2t to
[Co(NHg ) sH,013% was always quantitative for at least the
firgt twelve hours, the maximum time required for hetero-
geneous runs. Thereafter, a slow secondary reaction
producing Co(II) occurred, such that ~5% of the total
cobalt was present as Co(II) after L days. Solutions
after this time gave a slight positive test for sulphate,

and it was concluded that a slow redox reaction between
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the Co(III) complexes and S2” was responsible, This
does not interfere significantly with the much faster
catalytic aguation reaction.

The rate of the catalytic aquation was found to be
subject to a slight photochemical effect, The rate in
the dark was roughly 70% of the rate in normal laboratory
lighting. A much more pronounced effect was found for
silver bromide (see the next chapter) and it was concluded
that light enhanced the reaction rate, rather than the
adsorption of [Co(NHz)gBrl2t on AgBr. The same phenomenon
could be operating for HgS. However, it has been reported
that red mercuric sulphide adsorbs six times as much
phenolphthalein in the light as in the dark (135). All

the experiments with HgS were carried out in the light.
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RESULTS

VIII.3., The first order dependence of khet on m,, ..

Equation (7.16) predicts that L

other factors being equal. This

+ should be
proportional to M40
proportionality was verified by the three experiments

shown in Figure XVI below.

. 0
FIGURE XVI : PLOT OF khet VSe M, AT 25°C.

10%k) ot

N

20 |

10-

B : i i s Mass HgS in 500ml.

0 1 2 solution.
10% ¢, Mass HgS in lO*khet,min’i
500m1,
2.9 0.5005g. 5.65
249 1.000g. 9.65
2.9 2.001g, 21.12
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VIII.Lt, The dependence of Kot OB Cplqy®

As the concentration of LCo(WNH;)sBrl2t decreases
during each pseudo first order run, each value of khet
obtained is appropriate to a range of concentration,
rather than to a single value. However, it is necesgsary
to choose a single value in order to present the results
graphically. The mean concentration, E, was therefore
calculated for each run from the optical densities at
the beginning and end of the run. The range of Chulk in
each run is then ¢ + (co-c). The quantity ¢ is clearly
somewhat arbitrary, as it depends on the extent to which
the catalytic reaction was followed. However, this series
of runs was carried out over such a large overall range,
that the uncertainty in ¢ was unimportant. The term ¢
is taken to be synonymous with the term Chulk used in
Chapter VII.

This series of experiments was carried out in the
range ¢ = 6x1078 - 2,4x1073M, The values of khet in this
range are tabulated in Table XX and plotted in Figure XVII,
Figures XVIII and XIX are "Langmuir plots" of 1V ot
versus ¢, and Figure XX is a "Freundlich plot" of log khet
versus log c. The equations leading to the Langmuir and
Freundlich plots were derived in Chapter VII. The
experimental uncertainty in kyo¢s and the concentration

range in each run, are shown for representative points
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TABLE XX : IHE PSEUDO FIRST ORDER RATE CONSTANT ky .
AS A FUNCTION OF THE CONCENTRATION OF [Co(NH,)gBrla®,

Co = initial concentration in each run.

c = mean concentration in each run.

Ket = Kops ~ K1 = Kypg — 3.7x107%

All results for 1.000g. HgS in 500ml. solution at 25°C.

10%¢cqy, M. 105¢c, M. | 10%k, ., min~i,
0.903 0.60 | 21.6 + 0.5
1,26 0.97 18.0 + 0.5
1454 1.23 11.5 + 0.3
2.87 2.36 | 8.73 + 0.3
3.87 3,00 | 8,60 + 043
7437 6.08 6423 + 0.2
11.15 9.15 5.13 + 0.2
30,96 28.0 2.31 + 0,15
58,89 53.6 | 0,71 + 0.11
100.0 9340 l 0.60 + 0.11
134.7 127 0.71 + 0.11
200.0 187 | 0,31 + 0,11
25L.46 222 0.34 + 0.11
25446 4 237 0.28 + 0,11
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on each graph,.

ko is calculated as (kobs—ki). The error in

k

bs 1S 2% for all values of ¢, but the error in Ky ot

increases as kobs decreases, from +2.5% at ¢ = 6x10™5M

to #10% at ¢ = 2,5x1073M,
VIIT.he1l: Validity of first order plots of kinetic data.

The curvature of the graph of k. Vs. ¢ (Figure
XVII) is so pronounced that it seems suprising that the
value of khet does not increase in each individual run,
causing first order plots to be curved. On reflection,
however, the reason for this is clear.

Figures XVIIIand XIX show that the data are fitted

by the expression

z = 6,7x102 + 1,56x10%c.

Combining this with the equation

= = -4 in~ 1

the percentage change in kob due to a given percentage

s
change in ¢ at any value of ¢ can be evaluated:
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c Percentage Percentage change Percentage
decizaisn}n c in khet change in kbbs
10-8M 50 10 7
25 . L 3
10~ 50 L2 21
25 18 10
1073M 50 63 7
25 26 2

The change in k. increases with increasing c, for
a given percentage change in c. However, the overall
magnitude of khet decreases, so the observed change in

k

obs Passes through a maximum in the region of 107#M

(the region of greatest curvature in Figure XVII). A
change in kobs of less than 10% is not apparent on a

first order plot if the data are at all scattered, but

the curvature of a first order plot will be clear if the
change in k.  during the run is much greater than 10%. |
Thus, runs followed for ~25% of their total course are
always pseudo first order, but runs followed to completion,
especially in the range co = 2x10~% - 5x107°M, deviate
somewhat from a first order law: the appropriate linear
function, equation (7,30), in such cases is tested in

Section (VIII.h.h:).
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VIII.L4e2: The Langmuir plot.

There is congiderable scatter both in the Langmuir
plot and in the less sensitive Freundlich plot. There
is, however, no systematic deviation from linearity in
the Langmuir plot, which fits the data dver a wide range
of e quite well, except for the points for the two lowest
concentrations. These fall significantly off the straight
line, khet being greater than predicted. This is
possibly due to a small proportion of especially active
sites on the catalyst. These two points are not considered
representative, and the line drawn is the best fit for
all the other data.

The slope of the Langmuir plot is (1.56+0,15)x107M imin,
and the intercept at ¢ = 0 is (6.740.3)x102 min*t.

Therefore, from equation (7.17),

Vi Cpone Mooy = (105640.5)x107 M=% mintt  (8.1)
= st
'V/Gks Crono Moy = (6+740.3)x102 minTi (8.2)

In these experiments, V = 0.5 litre, fmcat = 1.,000g.,
A = (2.51‘_005) m® g—’-.

The value of c is required to calculate ks.

mono
Summation of ionic radii shows that the radius of

0
LCo(NHy) sBrl2t is ~3.04. Close packing of spheres of

this radius gives the value Crono = 2.8x101% jons cm™2.
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The adsorption isotherm of [Co(lHs)sH,0]3t on HgS

gave the value c, = 2.2x10%%¢ ions cm 2 (see Section

ono
VIII.5.1:). The value of Crono IOF [Co(WH5) sBrl2t on
HgS was therefore taken as (2.5+0.3)x101% ions cm™2,
which is (4¢240.5)x1071° moles cm™ 2, (By comparison,
the number of Hg?®'T sites on the HgS surface is (5.7+1.8)
x10™1° moles cm™ %),

Substituting in equations (8.1) and (8.2),

C = (2033ip~35)X104 M-
k, = (3.041.2)x1072 min~*

Substituting this value of ¢ in equation (7.1l4t),

& = Gobulk/(l+ocbulk)’ (7-lh)

the approximate shape of the adsorption isotherm for
[Co(WH; ) sBrl2+ on HgS can be calculated, and it is’
plotted as a dashed line in Figure XVII.

The amount of reactant that is adsorbed at each
concentration can be calculated from the isotherm by

the relationship

Noe. of moles sorbed = ¢ An

cat

Am

ads

i

e

®mono cat

where © is the degree of coverage at any given bulk

concentration. For lg. of HgS in 500ml., this formula
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shows that quite appreciable fractions of the total
amount of LCo(NHz)sBrl2t in the system are sorbed in

the lower range of c:

c 10-8 5x10~5 10~% 10-3

Percentage total
reactant sorbed 27 18 13 1.7
at eguilibrium.

Several experiments were undertaken to detect

adsorptive uptake of [Co(WH;)sBrl2t by HgS. Adsorption

is not sufficiently rapid to produce a discontinuity in
the concentration-time plots at the time of addition of
the s0lid, but the rate of disappearance of [Co(NHa}gBr]2+
from solution during the first few minutes of runs at low
concentration was up to twice the rate for the rest of

the run. Since in normel runs, the first reading was not
taken for about 30 minutes, this initial uptake was not
usually observed. However, when measuring the rate of a
heterogeneous reaction by the rate of disappearance of the
reactant, it is clearly necessary to check the rate of
appearance of the product, to show that adsorption of the
reactant is not responsible for the apparently fast rate

of reaction.
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VIII.4e3: The value of k, @ comparison of Hg2t as a

-

homogeneous and heterogeneous catalysta

The value of ks is about eight times the value of
k,, s0 a LCo(NH;)sBrl2t ion sorbed on HgS has only one
eighth of the life expectancy of an ion in homogeneous
solution. However, mercuric ions are much more efficient
homogeneous than heterogeneous catalysts for the aguation
of [Co(lHz)sBrl2™, as shown by the following calculation.

The heterogeneous catalytic reaction may be considered
as a second order process between LCo(NHs)sBrl2t and
Hg?t, which occurs within the diffusion layer of the
solid. The effective "concentration" of Hg?t in this
layer is

‘No. of Hg?t sites per sq.ch/No 5 moles ml™%

~ 5,7x10"7%/6 M for HgS.

The second order rate constant, (kz)het’ is given by

(s = o/ WEe"]

ksé/5.7x10-7 M-1 min~1

1

If 8 is given the reasonable range of values (1-5)x10"3cm,

then

(kz)het ~ 5 - 25 M™f min~i at 25°C.
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By comparison,

(ka)pom = 2.6x10% M1 min=% at 25°C, I = 1072M
(19,121).

The homogeneous reaction is at least ten times faster
than the heterogeneous reaction, possibly because the
attraction of the Hg®+t ions for bromide is decreased
more by the adjacent S2- ligands in the solid than by
H 0 in homogeneous solution.

However, it should be added that a case may be
made for using the double layer thickness, rather than
the diffusion layer thickness, as the value for 8, which

would increase (kg)het by a factor of ~10°5.
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VIII.LhWt: Test of function of Cpulk linear with

respect to time.

As shown in Section VII‘6,,5 function of ¢ )0
which should be linear in time even if a first order
plot of the data is curved, can be derived, assuming
the validity of the Langmuir treatment. The general
function is given in equation (7.30): for the HgS
system, p = 1.56x107 and q = 6.7x102, so the function
becomes

- 1.248+5,77x103¢,, |

1,03l log + 198 Co = 8,09x10~%t (8.3)
| 1.248+45.77x10%¢ c

A plot of [—M.OBM logll.248+5.77x10%¢c] + log c]
versus time sho;ld therefore be linear, with gradie;t
~8.09x1074min~%, A plot of this function, together with
a normal first order plot, is shown in Figure XXI, for a
run in which cqo was i.llelO’*M, and the aquation was
followed over 3 days to 95% completion. 1.000g., HgS was
used and the volume of solution was 500ml. The result
shown is typical: although the "lineaf function
substantially corrects the curvature of the first order
plot, the latter is not so great as would be expected from
Figure XVII, so the gradient of the linear function is
somewhat less than its theoretical value. This effect
could be due to the formation of [Co(NHz)sHZ013% or to

a gradual loss in activity of HgS.
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VIII.5. The adsorption of [Co(lNHs)sH,013+ on HgS.

Adsorption experiments showed that the product of
the aquation reaction, LCo(NH;)s;H,01%*, was adsorbed by
HgS, although not nearly so strongly as [Co(NH3)sBrl2t,
The [Co(NH;)sH,0131 ion can,in principle, adsorb either
on S2 or Hg2+t sites. If it adsorbs on sulphide sites,
then it is not in direct competition with [Co(NHy)sBrlat,
which it is if it sorbs on Hg?t sites. As Hg2®" forms
more stable complexes with Br than with NH, or H,0 (48),
the triply charged [Co(NH;)sH,012t ion should not be
nearly so strongly sorbed on Hg2®t as the doubly charged
Lco(NHg) sBrlet ion.

VIIT.5.1: Determination of the adsorption isotherm.

25ml, aliquots of L[Co(WH3)sH,0] (C10,.)s solution
in 1073M HC10,. were shaken in stoppered bottles with
known ﬁeights of HgS for one day, 5ml. aliquots were
then withdrawn and centrifuged thoroughly before analysis.
The optical density at the [Co(NHy)sHy012+ peak of
h92my was measured for the equilibrated and original
solutions. The difference gives the amount sorbed. As
the extinction coefficient at 492mu is rather low (46.8),
the accuracy of measurement is rather poor. The

adsorption isotherm determined in this way is shown

in Figure XXII, on page 158.



P ST ST T S

FIGURE XXIT: THE ADSORPTION ISOTHERI OF -

© [Co(m,) 1,0 o Hgs

©°(Temperature = 20%1°C, pH = 2)

S Moles sorbed
' per gm. x 10°

AT

/ } Half c.:voverage
L"," / :

/
/

T I T >
o . 2 L 6 8 40 ' 12

10> Equilibrium
concentration
in solution



159,

The plateau region, (9+1)x10~®moles L[Co(NHj) Hz013*
sorbed per gm. Hgd, is assumed to correspond to monolayer
coverages Since the specific surface area of the HgS is
(2.5#0.5)m® g%, this means monolayer coverage is
%2.219.8)x101*ions cm~2, and each ion occupies an area
of (uéi;s)ﬁzz

To compare the sticking probabilities of [Co(NHZ)zH,013T
and LCo(WNH;)gBrlat, Figure XXII is assumed to conform

to a Langmuir equation,

e/(1-8) = 9y ulk (7.13)

The reciprocal of Chulk at half coverage therefore gives
the value of O, which is then (4.5+0.5)x102 M"i, By
comparison, the value of 0 for LCo(NHz)sBrl2t on HgS
was (2.3340.35)x10¢ Mt (see Section VIIL.L.2:), so this

ion has a much higher sticking probability.

VIIT.5.2: Repression of the catalytic aquation reaction

by [Co(NH,)sH,01%+.

A series of experiments was carried out on the
repressive effect of LCo(NHs)sH,012+ on the catalytic
effect of HgS. The experimental procedure was the same

as before, except that the runs were carried out in



LCo(NH5) sH,01(C10,), solution in 10~2M HC1O,.

160 .

The

amount of [Co(WHz)sH,01%+ produced during the runs

was ignored. The
and Figure XXIII.
Figure XXTIII

of this graph was

that the added ion and [Co(NHz)sBrlet+ competed for

results are presented in Table XXI

is plotted as l/khet vs. c. The form

deduced in Section (VII .5), assuming

adsorption sites. The equation connecting l/khet and ¢

is (7.26).

are replaced by their determined values, becomes

1

het

This equation, in which the various constants

= 1.56x107 ‘cp 4 + 6.7x102 | 1 + L.5x102[Co (NH, ) sH;013

(8.4)

The slopes and intercepts calculated from this expression

do not agree well with the observed values, as shown by

the table below

[co(NHa)5H2018¥

Intercept Slope
ObSo Ca—lCo ObSo CalC. '
0 6.7x10%2 6. 7x102 1.56x107% 1.56x107

5x107 %M 9,0 " 8e2 M 1.67 * "
1x1073M 12.5 1 9.7 % 2.45 1 "
2x10~3M 12,7

U6 2,93 i
5x1073M 21,8 ¥
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TABLE XXI : CATALYSIS BY HgS OF [Co(NH,),Brl®+ AQUATION
IN _PRESENCE OF [Co(NH,)sH,0] (C10,), .

A1l results for 1.000g. HgS in 500ml. solution at 25°C.

|
[ Co (NH, ) sH,015F 1 10%¢, 105¢ 10%k, ., min~t
3
0 ' See Table XX,
5x1074M L.21 3.60 . 6,02
" L 7429 6.41 5.06
" 10.3 9.21 L.16
1x10-3M 1.98 1.71 v 6.7
' " i 3.96 3052 L’-'62
" 10.0 9.10 2.89
2x10™3M { L.06 3.56 Lell
" | 6.93 6.13 2,97
{ 9.95 8.90 2.7
5x10™3M 2.29 1.99 .93
" 5.17 5.27 3.08
" 10.0 9,11 2.56
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The repressive effect of [Co(WH;),H,013t is greater
than caiéulated from its sticking probability, and the
results for 2x1073M and 5x10-3M are practically the
same. There is probably competitive, not additive,
adsorption of LCo(NH;)sBrl2+ and [Co(NHs)sH,013+, and
it is quite possible that the term ks, considered to be
a constant in equation (8.2), actually decreases with

increasing [Co(NH,)sH,012+ concentration.
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CHAPTER IX : CATALYSIS BY SILVER BROMIDE OF THE AQUATION
OF [Co(WHs)sBrl2t,

Experiments were carried out at 25°C with several
batches of silver bromide. The variation of khet with
¢ was investigated, and also the repressive effects of
LCo(NHy) sH,013+ and Br . The equations derived in Chapter
VII were tested. The rate of reaction of [Co(WNH;)gBrla+
with Ag+ in homogeneous solution was measured, and compared
with the rate of heterogeneous catalysis.

Heterogeneous catalysis was found to be subject to a

considerable photochemical effect.
IXe1l, Silver bromide.

Silver bromide has a sodium chloride crystal structure.
The crystal radii of Agt and Br~ are 1.2X and 1.954
respectively. According to Johnston, the cross sectional
area per molecule in the solid is 13.3%2 (136), so the
concentration of surface Ag+ sites is 1.25x107% moles cm™=,

The solubility product of AgBr at 25°C is 5.3x10"18M=,
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The following batches of silver bromide were used

in these experiments:

0  BDH product, lightly ground.

1 BDH product, stirred for 3 days in 1073M HC1O,,
filtered, washed and dried at 110°C.

2 BDH product, stirred for 30 minutes in 0.1M HNOg,
filtered, washed, dried at 110°C and sieved through

" a sieve of <7& u mesh.

3  BDH product, ground and sieved (<76 u mesh), stirred
for 30 minutes in 0.1M HNO5;, filtered, washed and
dried at room temperature under vacuum.

L  As 3, except 0,01M HNO; used.

The specific surface areas of batches 1, 2 and 4
were determined by adsorption experiments with p-nitrophenol
which was recommended by Giles et al. (137). This adsorbate
is highly polar, which ensures strong attachment to the
whole surface of polar solids. From agueous solution, one
molecule of p~nitrophenol is adsorbed with one molecule of
water, and the effective cross—sectional area per phenol
molecule is 252’3.

GPR p-nitrophenol was re-crystallised from 2% HCL
according to the procedure of Vogel (138). All experiments
were carried out in 1072M HC1l0,, as the pheﬁol tends to

resinify in alkaline solution.
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A series of solutions in the concentration range
5x107° - 1x1072M was made up by weight and by dilution in
1072M HC1O4. The concentration was estimated spectro-—
photometrically at an intense peak at 316my, at which €
was found to be 9.72x10%8,

25ml. or 50ml. aliquots of these solutions were shaken
at room temperature in stoppered bottles with known weights
of solid. Experiment showed that adsorption equilibrium
was reached well within 12 hours., 5ml. aliquots were then
withdrawn and centrifuged thoroughly before analysis.

The optical density at 316mu of the equilibrated and
original p-nitrophenol solutions were measured against water,
Volumetric dilution of samples of concentration greater
than 2x107%M was necessary.

Figures XXIV and XXV, on pages 167 and 168, show the
adsorption isotherms at room temperature (21+1°C) and the
Langmuir plots of the reciprocal of the amount of
p—nitrophenol sorbed vs. the reciprocal of the bulk concen-—
tration.

Both plots are very scattered, because the concentration
difference between the original and equilibrated solutions
was very small.» From intercepts on the Langmuir plot the
amount of p-nitrophenol adsorbed at monolayer coverage is
taken to be:

Batch 1 :  2x107% mole g%
"2 : 3.3x1077 "

4] LI- SXlO"' 7 1"
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As each p—nitrophenol molecule occupies an area of

0
2542 (133), the specific surface areas are:

Batch 1 3x10% cmRg™2
" 2 5x103 "
"L 7.5x102 "

The absolute accuracy of these figures is no better
than +20%, but the relative accuracy should be considerably
better,

The adsorption on batch 4 is anomalous, in that less
p—nitrophenol is adsorbed on it than on batch 2 at the
same concentration, althodgh it has a larger surface area
(and greater catalytic activity under comparable conditions).
The adsorption experiments on batch L were carried out in
the dark, while those on batches 1 and 2 were carried out
in normal laboratory lighting. It is concluded that more
p-nitrophenol adsorbs on gilver bromide in the presence of
light than in its absence: +this result is considered
gsignificant because the catalytic effect of silver bromide
on [Co(WH; ) sBrl2t was found to be about ten times as great

in the presence of light as in its absence.
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IX,2. Experimental procedure.

The procedure was as described in Section (Vvi.2).
Aliguots were removed without stopping the stirrer, and
" no sampling corrections were applied.

The catalytic reaction was subject to a photochemical
effect. Experiments in the dark were carried out in
- reaction vessels completely masked in black ﬁeoprene
rubber. Experiments in the light were carried out in
glass vessels exposed to laboratory fluorescent lighting
and daylight, which entered the thermostat tank through
the open top and through two windows in the side.

A1l the silver bromide batches had low specific surface
areas, so experiments were coufined to very dilute solutions
of [Co(WH,)sBrl2*, which made spectrophotometric estimation
of the products very difficult. Conversion to [Co(WHj)sH,0l12*
seemed always to be quantitative in the dark., In the light,
some Co(II) is also formed in some runs, but it could not

be estimated quantitatively.
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RESULTS
IX.3. The dependence of k. on ¢ (in the dark).

A series of runs was carried out at 25°C to
determine the first order catalytic rate constant, khet’
for c, values in the range (1-7)x107°M, The repressive
effects of [Co(NHZ)sH,0] (C10.)s and KBr were also investi-
gated in this concentration range. All runs were followed
for less than 20% of their course, and the reaction rates
were pseudo first order. The results are summarised in
Table XXII, on page 172, and Figures XXVI - XXVIII.

As for the other catalysts, khet decreased as C
increased. 1078M [Co(NH5)sH,01®t had a slight repressive
effect, and 1073M Br a greater effect. By comparison,
2x10~38M Br had a disproportionately large effect.

Figu:ée XXVII is a plot of J/khet vSe C. All four
lines are distinctly curved, indicating that the hypothesis
of Langmuir adsorption of the reactant prior to reaction
does not fit the facts so well for AgBr as for HgS (or Pt).
Figure XXVIII, the Freundlich plot, shows less curvature,
but the slope of the dotted line gives a negative value,
-0.3, for o (see equation (7.18) ), which could indicate
increasing heat of adsorption with increasing degree of

coverage of the surface.
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TABLE XXIT : THE PSEUDO FIRST ORDER RATE CONSTANT Khet A3 A

FUNCTION QF THE CONCENTRATION OF [Co(NH,)sBrl®t, IN THE DARK.

Co = initial concentration in each run.
P = mean 1 1 1 1
A1l results for 2.000g. batch L AgBr in 500ml. solution in

the dark, at 25°C.

Background electrolyte | 105¢, § 105¢ 10%k, ,min~?
10™2H HC10, - 0.906 % 0.813 3.58
1,58 | 1.8 3,15
2.05 ;_1.95 1.15
3.10 | 2.96 1.06
L.11 | 3.88 0.67
5.10 j L+ 89 0.48
7.07 | 6.7 0.32
10-2M HC10,, 0.929 | 0.856 2,66
10~3M Co (NHg ) sH,01(C10,) 5l 3.99 | 3.78 § 0.61
7.09 | 6.79 0.30
1072M HC10,, 0.800" 0.745 | T 1.96
1.01x10~3M KBr 13492 | 3.72 0.55
%7.17 6,90 ! 0.27
1072M HC10.,, 51.06 1.00 ! 1.57
2,02x1073M KBr i1.87 1.76 5 0.62
| 3013 | 2.96 ! 0.23
4.05 | 3.87 | 0.22
i 7.00 i 6469 } 0.07

b
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To determine the value of ksg the slope and
intercept of the Langmuir plot is required. Negative
intercepts are obtained by extrapolating the curves in
the region ¢ = (3-7)x1075M; these are meaningless in
terms of the theory set out in Section (VII.L(i) ), so
extrapolation is made in the region ¢ = (1-3)x10-5M,
In the absence of repressive electrolytes, the slope and
intercept for the low concentration region are 2.1x10%min.M %
and 1.2x10%min. respectively. Substituting V = 0.5 litres,

m .+ = 2.0008., A = 7.5x10%cmg™* and ¢ = [,2x10719°

ca mono

moles cm™2? in equation (7.17), the values of k, and 0 for
the [Co(NHg)sBrl2+/AgBr system at low concentration in the
dark are calculated to be:

o 1.7x105M ¢

k, = 3.8x107%min~%

The ion [Co(NH3)5H20]3+ had only a slight repressive
effect on AgBr, compared with HgS (cf. Figures XX and XXV).
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IX.4o The dependence of k4 on ¢ (in the light).

Several series of runs were carried out in normal
light (fluorescent lighting and daylight) before the
phofochemical effect was discovered. The results of
these series can be combined, as the specific surface
areas of the different batches are known. Preliminary
experiments showed that khet was roughly ten times as
great in the presence as in the absence of light and
that the results conformed quite well to the Langmuir

equation (7.17). This equation may be re-written

Amooty = Chulk + x (9.1)
thet ks ®mono ° ks Cmono

A plot of the left-hand side against ¢ for all the runs
should therefore be a single line., This is illustrated
for runs carried out in the presence of light with batches
1, 2 and 4 AgBr in Figure XXIX, on page 179, and the
results are tabulated in Table XXIII, on page 178.

Figure XXIX shows that the scatter between runs with
the same batch of AgBr was as great as that between runs
with different batches. In other words, once the difference
in specific surface areas had been taken into account,
there is no significant difference between the activity

of the three batches. The scatter in the plot was
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TABLE XXITI : THE PSEUDQ FIRST ORDER RATE CONSTANT ko
AS A FUNCTION OF THE CONCENTRATION OF LCo(NH,)gBrl2™,

t

IN THE LIGHT.

All results for BOOml, solution in ordinary light, at 25°C.
Background electrolyte = 10~2M HC10,.

E??ch IS | 105¢,,M | 105G,M | 10%k, _,,min-4
1 3.000g. | * 2.01 1.65 3Lk
3.000 3,10 2,147 30.8
2,500 | 3475 2.97 19.3
L1, 650 L,15 3.36 23.3
3,000 L. 65 3.96 11.8
3.000 5.79 14.90 10.2
5 3.000g. 1401 3.60 2,05
3.000 - 5.89 5435 1.L47
N 2.000g. 0.900 | 0.685 21.6
L 1.57 1.38 12.8
" 2.72 1.57 11.6
“ 3.98 3,67 3011
" Lot6 3.95 3485
" 5.03 4,59 5.73
" 641 5.61 L.58
|
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agcribed to random fluctuations in light intensity,
gince experiments with batch L AgBr showed that merely
altering the position of the reaction vessel in the

thermostat could change k by L0% (for ¢ = 3.5x1075M)

het
and 20% (for ¢ = 5.0x1075M),

The lbwest line in Figure XXIX corresponds to the
highest catalytic rate. The slope and intercept of this
line give the values k = 2,3x1072min-%*, 0 = 1.5x10°NM~%.
By comparison, the values for the same batch of AgBr
(batch 4) in the dark were k, = 3.8x107%min"%, 0 =
1.7x10%M~1, at low concentrations., The sticking proba-
bility of LCo(WH3)sBrla+ on AgBr is thefefore much the
same in the light and the dark (although that of
p-nitrophenol seemed to be greatly affected). The rate
of reaction of adsorbed [Co(NHz)gBrl2t+ is therefore
greater in the light than in'the dark.

Adamson (139) investigated the photochemistry of
[Co(NH,s ) sBrl2t in homogeneous solution in the wavelength
range 370-600my. He concluded that the primary process
at all wavelengths was homolytic fission, producing
Co(II) and +Br., At lbw wavelengths, a photoredox reaction
ensues (quantum yield 0.12 at 370mu, 0.03 at 450mu) and
at longer wavelengths, some photoaguation occurs (quantum
yield ~1.5x10-2 in range 520-600mu) .

In ordinary light, these photochemical wmactions are

negligible in homogenedus solution, but evidently are not



181,
for [Co(NH,);Brl2+ sorbed on AgBr. It may be tﬁaﬁ the
photachemiecal cuartum yields are substantially higher
for the sorbed complex, so that an increased rate of
aguation is observed, and a little Co(II) is also

produced.,
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IX.5, The dependence of khet on M, e

A series of runs was carried out with batch 0 AgBr
to verify the first order dependence of khet on m, 4o
At the time of the experiments, it was not realised
that khe
co was not constant throughout this series. The variation

t changed with bulk concentration, and therefore

~was slight, however, and was corrected for by plotting
Ky ot (1+0¢c) against m .. As shown by equation (7.16),
this plot should be a straigh+ 1line passing through the
origin.

The results are tabulated and plotted in Table -XXIV
and Figure XXX respectively. First order depéndéncé is
maintained up to ~3g. solid in 500ml. If more solid than
this is present, then efficient stirring of the whole

is impossible and the catalytic rate is irreproducible.
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TABLE XXIV : THE DEPENDENCE OF khet ON m

at=
A1l results for 500ml. solution (background 10=2M HC10,)
and batch O AgBr in the light, at 25°C,

0 = 1,5x105M~1%

105¢, 105¢ m, 4 10%k, . ,min”t
.-3.59 2.89 0.917g. 10.6

3483 3.16 1oLl 12.3

3.3l 2,50 1,994 18,1t

3.5l 2.56 3,049 30.l

3.88 3.32 L4070 23.7

L.08 3.08 6.953 L2.7

|

250 kg o (14 00)  promn e

— ]
200 4
-
pd
150 (o,
100
50-
0 // | 2 -2 + & 9m Lopt
- [74
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IX.6. Comparison of Ag+ as a homogeneous and heterogeneous

catalyste.

Although Ag+ in homogeneous solution is known to
accelerate the aquation of [Co(NHj)gBrl2t (47), no kinetic
data have been reported. The rate of the homogeneous
reaction was therefore measured, so that comparison might

be made with the catalytic effect of AgBr.

IX.6.1: The rate of the homogeneous reaction between

Ag" and [Co(NH,)sBrle+.

The reaction is
Ag+100 (WH, ) sBrla*t + H,0 - [Co(NHs)gH,013+ + AgBr
(9.2)

Iow concentrations of [Co(NH5)zBrlzt (3x10-5 - quO"SM)
were used, so that the small amount of AgBr produced had
a negligible autocatalytic effect.

- A1l experiments were carried out at 25°C, in the light.
500ml, AgNOz or AgClO, solution, which also contained 10~2M
HC10,, were equilibrated in the thermostat, and at time t,,
a small quantity of L[Co(NHZ)sBrl(C10,.), was added, and =z
stirrer started. The so0lid dissolved rapidly, and the
disappearance of LCo(NH,)sBrl®t was followed spectro-

photometrically at 253mu, using the appropriate AglOg or
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A4gC10, solution as reference. Aliquots were centrifuged
to remove any AgBr before each measurement. ,As:Ag+pions
were present in large‘exéess, the reactions were pseudo
first order, and the second order rate constant, ks, was

calculated from first order plots by the relationship

I = k, + ky [agT] (9.3)

obs_

The experiments carried out are sumarised in Table
XXV, (see below), First order plots of data from runs
1, 4 and 6 are shown in Figure XXXI, and Figure XTI is
o Brénsted plot of log k, against I%/(l+1%). It is seen
from the latter plot that AglO; and AgC10,. have rather

specific effects,

TABLE XXV : DATA FOR REACTION (9.2) AT 259C.-

Run | [Co(NH, ) 5Brl, Lagt] kg, Tonic

, M™L min~41 strength.

1 | 3.83x10-5M 5.00x107%M| 0,160 | 1.52x102M
2 3.75 o 9.99x107® | 0.183 | 2.01
3 3.69 " 2.00x10"2 0.249 3,01 ¢
3,66 L4 .00x10~= 0.353 5.12 ¢
5 3.68 3.64x107® | 0.171 1,36 o
6 3,34 7.27x1073 0.178 1.73
7 3.04 9.09x10"3 0.178 1.91 ©

Runs 1 - L with AgNOg
Runs 5 - 7 with AgClO,
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Aceording to the Brénsted theory of primary salt effects,
the gradient of a plot of log kg against Ié/(l+1%) should
be 2.04 for this reaction, wherecas for AgNO; it is actually
L7 and for 4gC10, 1,2, Ion poir formation between
Lo (H; ) sBr12* and M0s™ could possibly enhance the rate
of reaction with Ag*, (0.1M NaNQg raised the aguation rate
of LCo(WHy)s0112+ by 3.4% (60) ).

The value of kg at I = 10-2lM was taken to be

(0,1540.02) "¢ min~i,

IX.6,2: The value of ks‘
The value of k, for AgBr <as 3.8x107%min~! in the

dark end 2.3x107%min~% in the light. Treating these volues

as for HgS (see Section (VIII.L.3:) ),

ki

(kz)het in the light = 18 =~ 90 1 o

(0,1540,02) M™% min=4

Ll

(kz)hom

A11 values are for I = 10"2M, The diffusion layer
was taken to be (1-5)x10"3%cm., and Johnston's value of
1.25x107° moles cm™2 (136) for the surface concentration
of,Ag+ on AgBr was used,

It appears that the heterogeneous reaction is
considerably faster than the homogeneous reaction, even

in the dark. The opposite was true for HgS.
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IX,6.3: The effect of AgBr on the reactién between
[Co (NH, ) sBrl2+ and Agt.

Silver ions are adsorbed by AgBr, presumably on
bromide sites (0 s~ 2.3x102 (27) ). Since [Co(NH;)zBrla+
is also sorbed, it was thought possible that AgBr would
catalyse the bimolecular reaction between Ag+ and
LCo(NH;) sBrl2+, However, no significant catalysis (or
inhibition) was observed in three series of runs with
batches 3 and L AgBr, with [Ag'lin the range (3-10)x10~3M
and [Co(NHs)sBr]z:O in the range (3-4)x1075M. It would
seem, thercfore, that Ag' and LCo(WH,)sBrl2t ions are
adsorbed additively rather than competitively, and that
sorption does not enhance the bimolecular reaction rate,
possibly because juxtaposition is not sterically favourable,
In contrast, silver iodide efficiently catalysed the

reaction between ethyl iodide and silver ions (27).
IX.7. Use of silver halide rotating disecs.

Attempts were made to study catalysis by the silver
halides by use of rotating discs of these materials.

A circular lamina of fused silver chloride, obtained
from Johnson Matthey, was glued onto a former to make a
rotating disc of active surface area 28,27cm2, Experi-

ments with 500ml. 5.6x10~5M [Co(NH,;)sC11C1, showed that



12Q.

the catalytic effect of this disc, even at high rotation
speeds, on the aquation of [Co(NHg)sCL12+ was negligible.
The catalysis of [Co(NH;)sBrl2+ aquation was not followed
for fear of contaminating the disc surface with AgBr.

It was originally thought that AgBr and AgI could
be studied in disc form by depositing a thin layer of
silver on a platinum disc electrolytically, and then
bromidising or iodinising this layer anodically. Unfortu-
nately, experiments at controlled potential (140) showed
that before conversion of Ag to AgX was complete, the
potential invariably rose and bromine or iodine was formed
at the anode. Discs formed in this way are therefore not
only probably contaminated by halogen, but also contain
unchanged silver, Therefore, although an Agl disc of
surface area 30cm® had a considerable effect upon

LCo(WH;) sBrl=+, its use was discontinued.
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CHAPTER X : CATATYSTS BY PLATINUM OF THE AQUATION OF
LCo(NH,) sBrl2+,

A pletinum rotating disc of active surface area
25.16cm? was used in a series of experiments at 25°C with
[Co(WHy) sBrl2+. The catalytic aquation reaction was found
to be surface-controlled., The effect of electrochemical
pre treatment on the activity of the disc was investigated.
The addition of Br and [Co(NHg)sH,013+ was found to
enhance the rate of the catalytic reaction. It appeared
from this and other observations that the surface potential
of the disc played an important part in determining its

catalytic activity.
Xels The platinum rotating disc.

The shape of the rotat;ng disc is illustrated in
Figure XXXITI, on page 194, The disc was prepared by
soldering a circular lamina of pure platinum (Engelhard
Industries, Ltd.) onto a trumpet-shaped stainless steel
former. The thickness of the platinum laming was 1lmm.
and the area of the plane face was 25.16cm?, The sides
of the laming and the steel former were protected by two
coats of Araldite clear lacquer AR 1501 (Ault and Wiborg
Paints, Ltd.). Each coat was applied by carefully

immersing the diéc in the lacguer to just below the screw
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holes, draining for 30 minutes, and then curing the
coating at 180°C for 30 minutes.

Before the lacquer covering the pletinum surface
was removed, a test run was carried out at 500 r.p.m.

The disc had no effect on the aquation rate of [Co(NH;)sBrl2t,
and it was concluded that the Araldite coating was satis—
factorily inert. It was also non—-conducting.

The coating was then removed from the platinum face
of the disc by brushing on Stripalene 713 (Sunbeam Anti-
Corrosives, Ltd.). The disc surface was then gently.
abraded with finest grade emery paper, which produced a
surface almost smooth to the eye. During the series of
runs carried out with this disc, no further mechanical
treatment was applied to the platinum surface.

Microscopic imperfections are bound to render the
actual surface area of the platinum greater than its
geometfic areas. The roughness factor (real/geometric
area) for smooth platinum has been estimated from 1.5 to
3.0, with 2 value of 2.0 often being used (141, 142, W3).
However, Laitinen and Enke (14)) deduced the lower value

of (1.12+0.10) from gas adsorption experiments.
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X.2. Apperatus and experimental procedure.

Before each run, the disc surface was cleaned by
anodising and cathodising it at controlled potential, in
the apparatus shown in Figure XXXIII, on page 194. A
controlled current, measured by the d.c. microammeter (4),
was passed through the right hand circuit by means of o
9V. grid bias battery (B) and a Beckman 10% ohm precision
helipot (H). The disc potential with respect to a ,
Radiometer type K401 saturated calomel electrode (C) was
measured on a Radiometer pH meter L, used as a potentio-
meter (P)., The potential was maintained at a constant
value by suitable adjustment of the helipot.

To reverse the polarity of the disc, the helipot
connections were reversed. The salt bridge connecting
the reference electrode ﬁith the disc contained Q,1M
NaCl04 in agar gel. Both ends of the bridge tapered into
fine, upturned capillaries, to minimise diffusive contamin~
ation. The disc was rotated at 100 r.p.m. throughout the
pre-treatment.

After cleaning, the disc was disconnected from the
current-carrying circuit and wifhdramn from solution, -
rinsed with distilled water and épun rapidly to fling 6ff
excess waters It was then lowered into the reaction vessel,
containing 500ml. 10~3M HC1l0, or other background electro-

lyte. The whole was lowered into the thermostat as shown
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in Figure XXXIV, on page 195, The disc was rotated at
constent speed, and at time to to a small quantity of
solid [Co(NH;)sBrlBr, was added through S. The reaction
was followed spectrophotometrically by removing aliquots
for analysis through S. The reaction vessel was closed
to the air except when removing samples. The potential
of the platinum disc was monitored before and during each
run by means of the potentiometer (P), which drew only

very small currents (~107° amp.).
X34 Electrochemical pretreatment of platinum disec.

There is extensive literature on the electrochemical
activation of platinum electrodes and catalysts (145).
Anodisation (A) produces oxidised surfaces and causes
most surface impurities to desorb (146). Cathodisation (C)
produces reduced surfaces, in which hydrogen may be
occluded, The state of maximum activity of the surface
depends upen the nature of the heterogeneoué processs
James (146), for example, found electrodes pre-anodised
at 2.0V (nhe) had maximum activity for the Fe(III)/Fe(II)
electron exchange reaction, On the other hand, Bakér and
MacNevin (147) found cathodised surfaces were roughly ten
times as active as anodised ones for the electrolytic
oxidation of arsenic and iron.

The thermodynamics of surface phenomena on platinum

"as a function of potential and pH have been summarised
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by Pourbaix (1&8). Table XXVI, on page 198, gives a
summary of this, end other information, for pH 2 (used
in the present series of experiments).

In a series of preliminary experiments, the cétalytic
activity of the platinum disc for the aquation of
[Co(NH;) sBrl2t was examined. The results are summarised
in Table XXVII, on page 199. All pre~treatment was carried
out on the disc while stationary, and the disc was left
for 30 minutes before starting each run.

Pre~cathodisation produced the most active surface.
However, the disc activity seemed to be rapidly lost, as
first order plots showed up to HO% decrease in K o in
one hour: the values in Table XXVII are for the initial
rate of the reaction; For this reason, and also because
it was feared that hydrogen occluded during pre—cathodisation
might reduce [Co(NH3)gBrl2+, (4+C) treatment was discontin~
ueda

(C+A) treatment did not produce a very active surface,
but kinetics were accurately first order and the catalytic
rates were reproduciblé. This method wes therefore
developed. During pfe—treatmént experiments at fixed
potentials, it was discovered that both anodic and cathodic
currents increased if the disc was rotated: this is to be
expected if the disc ﬁrocésses are at least partly
diffusion-controlled. Further increase was negligible

above 100 r.p.ms The finaily ndopted pre-treatment
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TABLE XXVI : SURFACE STATE OF SOLID PLATINUM AT

pHi2nand 2590, .. .

Potential (versus

normal hydrogen
electrode).

Surface State.

Reference

<"‘Oc 2Vo

—0 L] 12V°

< 0.84V.

0.,84-0.92V,
0.88V,

1.11Vv.

0 . 92—10 87V|

<~1.6V.

< 1. 87Vo

Hydrogen evolved on smooth Pt.

Reversible Hgy evolution
potentiale

Pt is stable surface phase.

Pt(0H), is stable surface phasq

Formation of electronically
conducting chemisorbed layer
of oxygene.

Reversible Og evolution potent
ial: several monolayers
taken up.

Pt0,,xH,0 1s stable surface
phase,

Oxygen evolved on smooth Pt.

Pt0g3.xH,0 is stable surface

phasea

(118)
o (18)
(),
(149)=(151)

(1ul) ((152)

(148)
(119)

(148)




TABLE XXVIT :
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CATALYTIC ACTIVITY OF PLATINUM DISC AFTER

ELECTROCHEMICAT PRETREATMENT.

Run Disc pretreatment® 10%¢c, 0%k, s
No. (Disc speed| mirihe
= 400r.p.m.| at 25°C,
1 No pretreatment. L8 1l.61
2 | ©5 mins. at 0.28V., A 5 mins.at
2.0V, L8 1.26
3 C 5 mins. at 0.28V., A 10 mins.at
1.1V, 14,8 2.37
L A 2 mins. at 2.,0V.; C 10 mins. at
0.287V., .8 L .80
5 A 10 mins., at 1.1V., C 20 mins. at
OOOBV. 1.20 12079 at
toe
6 ] 1 2‘35 8‘]_3 at
to‘
7 i 1 L)..8 7'28 at
to.
8 " " 9.51 6.16 at
toe

)11 potentials on normal hydrogen scale.

A
C

i

anodisation.

cathodisation.




procedure wag:
With disc rotating at lOO_r.p;m., in 107=2M HC1O 4
at 25°C,

(i) € 15 mins. at 0.4V. (i.e. low enough to reduce
surface completely to Pt, but not to cause hydrogen
evolution).

(ii) A 10 mins. at 1.11V. (the reversible oxygen evolution
potential).

The current paséing during this procedure fell with
time, as shown in Figure XXXV, on page 201l. Cathodisation
carried out immediately after a run with [Co(lNHg) sBr ]2+
always required larger currents than when the disc was
léft:to soak in 1072M HC10, before-hand, presumably because
the disc surface is ﬁdirtier" in the former case. The
anodisation current curve, on the other hand, was always
the same, and it was therefore assumed that the final
state of the disc was reproducible.

After pretreatment, the disc was rinsed and left to
soak overnight in the reaction vessel in 500ml. of the
background electrolyte to be used in the following rumn.

At least 1-2 hours were required for the disc to attain
rest potential. No loss in activity was observed after
time lags of 3-148 hours between pre-treatment and the
catalytic run.

The runs with the pre-treated disc were purposely

carried out in random order, so that any systematic
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FIGUQ& XKV 3 CURRENT—DIMu CURVES FOR DISC PRETREATMDWT
e (1) CATHODISATION AT 0.4V., 100 r.p. m.;
. (2) ANODISATION AT 41.141V., 100 r.p.m. .

~ Current, S S R

ANODISATION

" Increasing soak
time before cath-
odisation

CATHODISATION




202.

change in the activity might not be masked by a systematic

change in the reaction conditions.
X.ls Sampling corrections.

During each run, 9-12 gamples of cfé.Bmlo and occasion-
ally é&é.Bml. each were removed from the reaction vessel
for spectrophotometric analysis. The ratio of the surface
area of the platinum catalyst to the volume of solution
‘therefore increased by up to 7% during runs. The spontaneous
aquation rate;, expressed in M min™1, is unaffected by this,
but the heterogeneous rate, thus expressed, increases, soO
the value of kobs obtained could be greater than if no

gamples had been taken. A method of correcting experimental

data for this sampling effect is derived below.

Let the initial volume of solution be V‘litres and
let AV litres be removed per aliquot. The concentration
of the reactant, [Co(NH,)sBrls+, is c  at time t,. The
times t;, T5 eece are the times of taking samples 1, 2 4s4s

The following table may be constructed:

Time interval No.of moles reacted in Mean reaction rate in

this interval (=AN)  this interval (=dl/d%)
to to ty -V(cy-co) | Mg,/ (5.=t0) = Vo,4
ty to ty,  =(V-AT)(cpmcy) AN, o/ (B=t4) = Vi,
tn to tn+l _(V;nAV)(Cn+l-cn) ANn,n+I/(tn+lftn)

=V .
n,n+l.



203.
The "mean reaction rate" refers to the mean
concentrations during the sampling intervals, i.e.
(co + c4)/2, (4 + ¢y)/2 etc., and must be corrected
for the homogeneous contribution (i.e, the spontaneous
agquation of [Co(NHz)sBrl2t) to obtain the mean heter—

geneous rate in each time interval:

het ' honm
vn,n+l = vn,n+l - vn,n+l
hom - .

Now for a first order process, dW/dt = -kN, A plot of
het

Viopel Versus the mean number of moles of reactant
t e

(N) present in the time interval t, to t,,; should
therefore be a straight line of gradient khet’ where the
value of khet is corrected for sampling effects. This
plot is illustrated for two runs, one in which k ot Was

large and one in which it was small, in Figure XXXVI,

Details of the runs are given below and in Table XXVIII.

Run 1:
Initial volume = 500ml.
Aliquots = S5ml,
Co = 1,091x10-5M (in 2,02lx10-3M KBr)
Kot = 19.0x107*min~*(from lst.order plot).
k = 19;ux10'4min‘i(from Figure XXXVI).

het
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Run 2: )
Initial volume = 500ml.
Miquots =  3ml.
co = 15.08x10~5M (in 2.024x10~3M KBr)
Kot = 2,21x1074min~* (from lst.order
plots).
Kot = 2.2;x107%min~1 (from Figure
XXXVI).

The data from Run 2 were smoothed in order to plot
Figure XXXVI, as the change in ¢ during each interval was
so small. No smoothing was applied to the much faster
Run 1. 1In both cases, rather scattered plots are obtained,
However, in either case, as the khet values above show, the
"corrected" value of khet is only slightly different from
the value obtained from a normal first order plot of
experimental data. It is concluded that the effect of
sampling is largely self-compensating: removal of an
aliquot increases the heterogeneous reaction rate, so that
at the end of the next time interval, there is less reactant
left than if no sample had been taken, and the overall
rate 6f the first order reaction is less. No sampling
corrections have therefore been appl;ed to the data reported

in this chapter.
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TABLE XHVITT : SAMPLING CORRECTION FOR RUNS 1 AND 2,
RUN 1. E(unsmootlrled data)
0 E 0 1.091
1 5 1.089 0-1 ~ve 545
2 20 1.04kL 1-2 12.9 5.28
3 3L 1.010 2-3 10.0 5.03
L L6 0.983 34 9.13 L.8Yy
5 55 0.965 L-5 7. 76 1,68
6 67 | 0.935 5-6 10.L Le51
7 80 0.908 6-7 8412 L4e33
8 93 0.882 7-8 7,69 l1416
9 105 0.863 8-9 575 L.02
“—liUN‘ 2. | (smoothed data)
0 0 15.08
1 10 | 14.98 0-1 22,2 75.1
2 29 | 14.83 1-2 11.9 Thal
3 .70 L.48 2-3 13.h 72.1
4 30 14.30 3=l 18.0 70.7
5 110 | W.1y L5 134 69.1
6 129 | 13.98 5-6 15.6 6842
7 149 13.81 6-7 16.2 66.9
8 169 | 13.65 7-8 1.0 65.8
9 189 13.49 8-9 W2 .6
10 21h 13.29 9-10 Upaly 63.3
11 235 | 13.13 10-11 12.8 6241
12 29 12.94 11-12 1.5 - 60.9
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RESULTS.
Xe5. Burface control of catalytic aquation.

The rate of a diffusion-controlled reaction at the
platinum disc can be calculated from equations (7.31)
and (7.32). Substituting in these equations the values
D; = 6.85x107%cm?sec™? (see Chapter XI) and A = 25.16cm%,
the limiting rate of flux of [Co(NHZ)sBrla+ to the disc
rétating at @ radians sec™® is 1.205x1072 wh Cpifiic moles
het for a system of 500ml. would be

4 .
2«LI-1X10—5 w2 SeC—i. This is 4608}(10—* min~% at 100 T'sPellls

sec~2., Therefore k

and 93,6x107¢ min™* at 4O0 r.p.m.

The highest observed valu3 of khet was only
25.7x107% min~%, considerably lower than the diffusion-
controlled value. In runs 4 and 7 (Table XXVII) and
11 (Table XXIX) there was no dependence of ky o4 OB rotation
speed in the range tested, 100-1,000 r.p;m. However, Ik .
increased by 15% in run 23 (Table XXIX) on reducing the
rotation speed from 400 to 100 r.p.m. This change is in
the wrong direction to be due to partial diffusion control,
and was attributed to a discontinuous fall of 20mV. in the
disc potential that occurred when the rotation speed was
decreased. All experiments were therefore carried out at
400 r.pem. This preliminary observation, however, isolates

one of the several factors that control the disc potential;
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X.6. The dependence of Ky ot O1 Ce

A series of runs was carried out at 25°C to
determine the pseudo first order rate constant, khet’
for co values in the range (1-15)x10-5M, The effects
of LCo(NHs)sH,0] (C10.)s and KBr were also investigated
in this concentration range. The results are summarised
in Table XXIX on page 209, and Figures XXXVII and XXIXVIII
on pages 210 and 211 respectively.

As for the other catalysts, k, , decreased as °
increased. Howe#er, the ions [Co(NH;)5H2013+ and Br
increased k, ., instead of decreasing it as for AgBr and
HgS. PFigure XXXVIIf is a Langmuir piot of l/khet VSe Cs
It is seen that all four systems gave good linear plots.
However, according to the theory set out in Section (VII.5),
the effect of the ions [Co(WH5)sH,018+ and Br means that
these ions have negative sticking probabilities on
platinum. This is meaningless, and it is shown in
Section (X.7.1:) that the effect of these ions is probably
connected with their effect on the potential of the
platinum surface. |

The slope and intercept of the Langmuir plot in the
presence of 1072M HC10, (system A) are 4.5x107 min.M-?%
and 7.8x10% min. respectively. From equation (7.17), the
values of ks‘and 0 can be calculated, substituting the

disc area, 25.16cm?, for Am, ., V = 0.5 litre and
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TABLE XXIX : THE PSEUDO FIRST ORDER RATE CONSTANT k"le %

AS A FUNCTION OF THE COWCENTRATION OF [Co(NH,)sBrl2+

Co = initial concentration in each run.

¢ = mean " #oou "

A11 results for Pt disc (area = 25.16cm?) at 40O r.p.m.
in 500ml. solution at 25°C.

Background electrolyte,[vRun 108¢c,,M{105¢,M 10%k, 4 omin~t
. No.
10™2M HC10, 9| 0.895| 0.732 2047
| (4) 10 2.35 | 2.11 5470
11| L4.82 | L4.31 3.63
12 689 6.21 2.66
13| 9477 | 9.10 2,15
U | el (137 l.h2
10~2M HC10, plus 151 2.32 | 1.99 8.40
1,00x1072M 16 505 | Lo7h 3.76
LCo(NH, ) sH,01(C10,) 5 17 9.98 | 9,33 2.78
(B) ' 181 10.1 | 9.58 2.15
19| 15.1 |14.2 1.43
10~2M HC10, plus 20| 1,01 | 0.765 25.7
1.012x10-3M KBr 21| 5.80 | 5.38 Lel7
(C) 22| 1.6 |[13.7 1.71
10™2M HC10, plus 23 1.09 | 0.995 19.0
2.024x1073M KBr 2k Le79 | La3L 7.48
(D) 251 9483 | 9.20 3427
26 14.8 [13.8 2,21
1

LSO AR
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Crono = 4+2x10710 moles cm™2 (as for HgS and AgBr).
The values are O = 5.8x10% M"%, k_ = 1,05 min~%. (If
the roughness factor of the platinum diéc were 2, this
value of k, would be halved). The significance of
these figures is discussed in Section (X.8).

Substituting the above value of 0 in the Langmuir

adsorption isotherm

8 = chulk/ (l+00bulk), (7.14)

the isotherm for the adsorption of [Co(NNH;)sBrl2t on Pt
can be calculated, and it is plotted as a dashed line in

Figure XXXVII, on page 210.
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X.7. The surface potential of the platinum catalyst.

XeT7el: The disc potential during runs.

The disc potential during all the runs in Table XXIX
was measured as described in Section (X.2). The pre-
treated disc was left soaking in background electrolyte
for several hours, and shortly before the start of the
run, it was rotated at 400 r.p.m., the speed at which the
runs were carried out. The potential was steady during
this time. At time 1o, a small amount of LCo(NH;)sBrlBr,
was added. This caused a rapid rise in potential of
20-250mV, followed by a much slower fall, as shown for
two typical runs in Figure XXXIX, on page 2Mt. Despite
this slow fall, first order plots of the reaction rate are
accurately linear, as also shown in Figure XXXIX. All
potentials are expressed with respect to the saturated
calomel electrode; values on the normal hydrdgen scale
are obtained by adding 00,2415V, The potential data are
summarised in Table XXX, on page 215, The term E, is the
potential of the rotating disc before addition of
[Co(NH,)sBrlBr,, B, is the highest potential reached after
the addition, and -aB/dt is the potential drop thereafter.
(Eg~E,) is the rise in potential on addition of the reactant.
E, and B, are expressed with respect to the saturated

calomel electrode.
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TABLE XXX : DISC POTENTIAL DURING CATALYTIC RUNS AT 25°C,

Disc rotating at 400 r.p.m. throughout in 500ml. solution.

Potentials expressed with respect to the saturated calomel

electrode.
Background electrolyte|105cq,M|E, ,mV|E,,nV|E,~Ey,nV -dB&/dt,
mV hr—1
A 0.895 |563,0{590.8| 27.8 15.7
10™2M HC10, 2.35 |573.5/609.2| 35.6 4.8
3.22 |550.0{608.3| 58.3 ULl
L.82 |609.8}66L.2| Bl 3.5
6.89 |58L,2|677.7| 96.6 2,0
9.77 |57h.0]687.6{113.5 3.u
Uy {590.0|676.6] 86.6 Ly
.5 |568.0{678.4]110.5 1.7
B 5.05 | 563.3|581.3 18.0 2.7
10~2M HC10, 9.98 | 562.2|597.6| 35.5 3.3
plus 10~3M 10.1 | 572.0}619.5[ L47.5 5.0
LCo(NHs) sH;01(C10,)s | 15.1 563.3| 62440 57.7 ~0
C 1.01 | L0L.2|525.0] 125.8 22.1
10~2M HC10, 5.80 |L484.0|701.8] 217.8 LN
plus 1.6 L9.0| 70L.. 2] 255.1 ~0
1.012x1073M KBr U8 [ 43L4.5[672.2] 23646 1.3
D 1.09 | 440.0|645.6] 205.5 3.7
10~2M HC10, 4.79 | L438,0{68L.2] 243.3 ?
plus 9.83 | 442.8|688,1] 253.2 3.0
2,024 x10-3M KBr '1u.8 1138.5| 700.0] 261.5 55
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(E;~BE,) and E, are plotted as functions of cg
(in this case, ¢, is more appropriate than c¢) in Figure

XL, on page 216.

Several points may be made from Table XXX and
Figure XL:

i) Before addition of the reactant, the mean disc
potential in the presence of various background

electrolytes was

A 575 + 25mV  (vs. SCE)
B 565 +  mV "
C W0 + LOmV "
D Lo +  2mV "

The potential is bound to be susceptible to stray
impurities, etc., as there were no couples in these
solutions to exert a poising effect. Potassium
bromide caused quite a markedbfall in potential,

no doubt because bromide ions are electrocapillary-
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active. 107°M [Co(NH; ) sH,01(C10,)5 also caused
a slight,but significant, drop in potential,

ii) The rates of potential drop during each run were
scattered, not surprisingly, as they were small, and
the potential profile was by no means always so
regular in outline as shown on page 217. The trend,
for system A at least, was for the potential drop to
be smaller, the greater the value of cy. Inspection
of lines B, C and D, Figure XL (2), shows that the
small concentration of product ions produced in each
£g§ was unlikely to be the whole cause of the potential
drop: the curvature of line A of this Figure suggests
that the decrease in the concentration of [Co(WHz)sBrl2t
duiing the run was the major factor.

11i) 10~3M [Co(NHg)sH,0] (C104)s lowered both the initial
potenfial, Ey, of the disc, and the potential rise,
(E,-E,), so that E, was significantly less for system
B than for A, C or D. Why a tripositive ion should
have this effect is not known, but it was concluded
from the experiment described in the next section that
this lowering of the disc potential was the cause of
the increase in khet in system B.

iv) Although 1x10-3 and 2x10~3M KBr caused E, to be
lowered, the value of E, was much the same whether
bromide was there or not, above co = 4x107°M. Below

this value of cgy; E; was lower in the presence than
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in the sbsence of bromide, and the effect of bromide
on ky . (see Figure XXXVII) was more pronounced.

Two extreme cases may be postulated: either
[Co(NH,)sBrl2t on addition displaced Br from the surface,
or it displaced none, being present on different sites
or maybe in the outer Helmholtz layer. Determination
of k, and 0 for LCo(IH, ) sBrl2t as a function of added
bromide should in principle distinguish between these
two models, but in the latter case, it is difficult to
see why E; at higher cy values should be the same in
the absence or preéence of bromide. It is concluded that,
at higher co, LCo(NHg)sBrl2t displaced essentially all
of the bromide initially adsorbed on theldisc, but, at
lower cg, only paft of the bromide was displaced. The
disc potential was lower because of this, and khet was

greater.
XeT7e2: Catalytic experiment at controlled disc potential.

This run was carried out to test the hypothesis of
Section (X.7.1:), that lowering the disc potéhtial caused
khet to increase. The diSQ was maintained at a pqtential
higher or lower than its eéuilibrium potential by passing
a small anodic or cathodic current during the run.
Preliminary experiments showed that the current (of the

order of 10754) required to maintain the disc at a poten-—
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tial displaced by a given amount from its equilibrium
potential wés the same in the presence and absence of
[Co(NH@)sBr]Brz, It was concluded that L[Co(NH;)gBrlet
was not involved in the electrode process at the disc.

The apparatus used in this run’ is illustrated in
Figure XLI. The disc was pretreated as described in
Section (X.2) and the run was started normally (i.ea
no current was passed). Once the rate at the equilibrium
potential was established, the current-carrying circuit
was closed aﬁd the potential maintained first above,
and then below, the open circuit potential. The dis-
appearance of [Co(NHa)sBr]2+ was followed as usuals. The
result is shown graphically in Figure XLII. The rate of
the heterogeneous reaction was clearly retarded by anodic
polarisation of the disc, and accelerated by cathodic
polarisation, as concluded from catalysis in the presence

of Br~ and [Co(NH)sH,013+,
XoT7¢3: Significance of the surface potential.

The catalytic aquation of [Co(NH;)sBrl2t is accelerated
by lowering the potential of the bléfinum catalyst. Thig
may be due both to an inereasc ir *he adsorption of the
cation (146,153) and to an increase in k_, i.e. to a
decrease in the free energy of adsorption and reaction.

The platinum potential is affected by sorbed ions, so
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FIGURE XLI ROTATING DISC APPARATUS

EXPERIMENT AT CONTROLLED DISC POTENTIAL

(See also Fig.wkﬁul p,137)'
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the structure of the ionic double layer, the catalyst
potential, ks and 0 are all interdependent, and dependent
on the bulk ion concentrations. It ﬁas not possible to
separate these effects with the platinum disc. However,
if a platinum catalyst of larger surface area were used,
the dependence of 0 on potential for stable divalent ions
similar to [Co(NHg)sBrl2t could be determined.

The surface potential of the non-conducting catalysts
HgS and AgBr must be very restricted in range by the lack
of mobile electroné in the sblid, 80 sorbed ions simply
reduce the effective surface area of the catalyst without
greatly affecting the free energy of the catalytic'process..
Consequently the behaviour of conducting and non-conducting

catalysts 4s rather different.
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X.8. Comparison of catalysis by HgS, AgBr and Pt of
the aquation of L[Co(NHz)gBrlat,

The values of 0 and ks for these three catalysts
at 25°C are:

g,M~1 ks,min i

HgS 2.3x10% 3.0x1073
AgBr in dark |1.7x10° 3,8x10"3
"M light|1.5x10% | 2,3x107%

Pt 5.8x10% 1.05

The high value of ks’ and the important role of
the surface potential, differentiate platinum from the
other catalyéts. The catalytic mechanism in this case
is possibly temporary electron transfer from metal to
complexed bromide, which assists heterolytic fission.
Such temporary transfer also occurs in many other compounds,
and is responsible for charge-transfer spectra. Movement
of charge across oxidised platinum surfaces is hindered
and hence platinum when anodically polarised is a less

active catalyst than when cathodically polarised.
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X.9. Future work with 2 platinum catalyst.

As the catalytic aquation is surface, not diffusion,
controlled, there is small advantage in using a platinum
disc. Use of a platinised platinum catalyst which is
fixed in the reaction vessel while stirring is effected
by some other meang would be advantageous. The specific
surface area of platinised platinum is a factor of
102-10% greater than that of smooth platinum (154).

The catalytic aquation could therefore be followed at
much higher concentrations, with consequent easier
identification of products. It might be advisable to

- conduct future experiments in the dark. The effect of
'the catalyst pretreatment and potential on the catalytic
reaction merits further attention, and the heat of
activation of the heterogeneous reaction should be
determined. A comparative study of L[Co(NH;)sC1ll2t under

similar conditions might be rewarding.



226,

CHAPTER XI : THE REDUCTION .OF [Co(NH;),Brl2t AND
[Co(NH,) 5C112+ BY SILVER.

The discovery that solid silver reduced L[Co(NH;)gxl2t
to Co=t: v

[Co(WHy) sX12+ + Ag® ~ Co2+ + 5NH; + AgX (11.1)

was mentioned in Chapter VI. As two silver rotating discs
were available, it was decided that this redox reaction
should be investigated.

Experiments were carried out at-25°C and 0°C. Reaction
with a clean silver surface was diffusion-controlled, but
the rate decreased as the thickness of the silver halide
deposit on the disc increased. The heat of activation of.
the redox reaction was small, as expected for a diffusion-

controlled processe.
XI.1l. The silver rotating discs.

The silver discs used in these experiments are illus~
trated in Figure XLIII, on page 227. The silver used in
both discs was chemically pure (99.98% +, obtained from
Johnson Matthey).

Disc 1 consisted of a thick silver lamina soldered
onto a brass former. The sides of the silver disc and

the former were protected by two coats of Araldite clear
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lacquer AR 1501. The active surface area of this disc
was 12.57cm®.

The former of disc 2 was made of Teflon, into
which a thin silver lamina was forced by heating. The
active surface area was 47.8cm®,

Experiments with disc 1 were carried out in a
Quickfit FVIL reaction vessel, of diameter 10.5cm. Those
with disc 2 were carried out either in an FV2L vessel
(4 = 12.5cm.) or a round-bottomed vessel (Quickfit
Q-FR 2LF, d = 15.0cm.).

The complgte rotating disc rig is illustrated in
Figure XV, on page 137.

Silver atoms in the s0lid metal are closely packed
in a face-centred cubic crystal structure. The inter-
atomic distance is 2.884 (155). Each surface atom
therefore occupies an area of 7.7&32, so there are
2.16x107° moles of silver per sg.cm. of surface.

Silver is stable in non-oxidising, non-complexing

aqueous solutions at all pH values (148).
XI,2. Experimental procedure.

The silver discs, when not in use, were allowed to
stand in 10—=M HC1l0,. 3Before each run, the disc to be
used was rinsed in distilled water and attached to the

rotating shaft, the reaction vessel and 1lid were clamped
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into place, and the empty apparatus was lowered into
the thermostat. At time to, a small weighed quentity
of [Co(NH;)sX1X, was dissolved in a known volume of
background electrolyte previously equilibrated in the
thermostat. The solution was poured quickly into the
reaction vessel, and the disc started.

The disappearance of LCo(NHg)sX12+ was followed
sﬁectrophotometrically by periodic removal of aliquots
of ca. 3ml, The reactions were followed for 2-3 hours
to 70-80% completion. In some runs, the appearance of
Co®t was similarly followed by diluting 2ml. aliquots
with 8ml. concentrated HCl and measuring D at 690my
(see Section V.6). Because of sampling the ratio of the
surface area of silver to the volume of solufion
increased during all runs, and sampling corrections,  as
explained in Section (X.lL), were applied to results where
indicated.

During runs, the silver surface became coated with
a layer of silver halide, producing a slight and uneven
discoloration at low co and a uniform dark grey completely
coherent deposit at higher co. During one series of runs,
this deposit was allowed to4build up, to test its
inhibiting effect on the redox reaction, but otherwise
the discs were cleaned before every run by abraéion with
finest grade emery paper and washing in ether, alcohol

and water.
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Nearly all the deposit could be removed from
the discs electrolytically by passing a cathodic
current of ca.l mh for a few hours (AgX + € = Ag+ X ).
1072M HC10, was used as electrolyte, and the anode was
a platinum wire. The halide in solution was then
readily estimated volumetrically or gravimetrically with
Ag*. However, even after prolonged electrolysis, the
discs always appeared faintly discoloured, some AgX
seeming "trapped" under the silver surface. Abrasion
was therefore necessary to produce a completely clean
surface.

The redox reaction was found to be accurately first
order in [Co(WHy)sX12+, The aquation product,
LCo(NHg ) sH,013+, was found to be unaffected by silver,
and khet’ the first order rate constant for the reduction
of [Co(NH;)sX12t, was therefore calculated from the
observed first order rate constant, kobs’ by subtracting

ky, which was always small compared with X, (Co(1I)

be*
concentrations of 5x10~%M and 1x1072M were found to have
no effect on k,)., On removing the disc from a reacting

solution, kobs immediately fell to the value of ky.

XI.3. Calculation of the rate of a diffusion-controlled
reaction at the silver discs at 25°C.
This calculation requires knowledge of the diffusion
coefficients of the reactant ions. These do not appear

to have been directly measured, but they are readily



231.

calculated from the Nernst equation for tracer diffusion,

D, = RTA/ hllea (11.2)

The equivalent conductivities at 25°C are 51.5cm® ohm—?
for LCOo(NHy)sBrl2* and 5h.hcm® ohm~* for [Co(NH,)sCL]l2t
(101), and the diffusion coefficients at 25°C are calcu-
lated to be 6.85x107¢ cm® sec™* for LCo(NHz)sBrl2t and
7.24x1076 cm® sec~* for [Co(NH;)sCll2+,

The theory of the rotating disc was outlined in
Section (VII.7). The maximum flux of species i to the

disc surface is given by

- —_ - — -3
dN, = -V de, = 107D 4e,/8 (7.32)
at at

The first order rate éonstant for the heterogeneous
reaction is therefore given by
— -3

The value of & can be calculated from equation (7.31),
taking the kinematic vigcosity of water at 25°C as

8.929x1073 poise ml., g %, to be

o
Il

-1
1.43x%10"2 & 2cm, for LCo(WH;)gsBrlet+

o
1

o
1.46x10-2 w 2cm, for [Co(NHg)sC1ll2+,

where W radians sec™% is the speed of rotation of the

disc.
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Substituting for & in eguation (11.3),

k, _y = L4e79%10-7 A 03/ sect for [Co(WH,)sBrlst (11.4)

h
Ik, ¢ = Le96x1077 4 W3/V sec~t for [Co(NH,)sCllz+ (11.5),

both equations referring to a temperature of 25°C.
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RESULTS

XI.he Stoichiometry of the redox reaction.

The stoichiometry of the redox reaction was
verified by a run at 25°C with disc 2., Both the
disappearance of [Co(NHz) 0112+ and the appearance
of Co2t were followed spectrophotometricelly, and the
gsilver chloride deposited on the disc was estimated
ét the end of the run., The particulars of the run and
the results are given in Figure XLIV, on page 23L.

The reaction was first order in [Co(NHZ)sC1l2+, and
the amount of Co2®t produced was within experiméntal
error, equal to the amount of [Co(NH,)s0112+ consumed,
as shown in Table XXXTI,.

At time 5 hrsg. 48 ming. a final rea@}ng of ¢, the
concentration of [Co(NH,);C112+ was taken, and the
disc removed from solution., To remove the silver
chloride deposit, a cathodic current of 0.65mA was
passed for 18 hours while the disc was rotated slowly
in 50ml. 1072M HC1O,. At the end of this time the disc
was rinsed and the solution and rinsings made up to
100ml. Aliquots of this solution were neutralised with
CaCOz; and titrated against 1072M Agl0;, using dichloro-
fluorescein as indicator. There were 2.804x107% moles

of chloride in the solution, which came from the disc.
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TABLE XXXT : STOICHIOMETRY OF THE REDOX REACTION.

Time Conce.of [Co(NHz)sCll2t ! Conc.of Co2t | 10%Zc
(mins) x10% - x10%
0 5.97 0 5.97
35 3.0 2.4240.2 528240,2
70 1.99 3.8040.2 5.7940.2
106 1.10 he5310.2 5.6340.2
182 0.28 5.7040.2 549040, 2

L
‘At the end of the run, c was found to be 0.179x10-FIM,

At the start of the run, cy was 59.65x1075M.

If [Co(WHy)sC113+ is converted to Co2t and
lCo(WH; ) sH,0 1t in the ratio Yy /%4 (=162:1), then at
the end of the run, [Co2?t] should be 5.91x1074M and
[Co(WH) sH,013t should be 0.04x10"#M. The amount of
chloride deposited on the disc should be equal to the
amount of Co®t produced. The solution volume at the
start of the run was 500ml. and at the end, due to the
removal of samples, it was ca. 460ml. It was calculated
that (2.9040.05)x107¢ moles of silver chloride should be
formed on the disc. In fact, 2.80,x107%* moles were formed,
so the stoichiometry of reaction (1l.l) was considered

to be verified.
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XI.5. Reduction on a clean silver surface at 25°C.

A series of runs at 4OO r.p.m. with disc 1, which
was cleaned before each run, is summarised in Table
XXXII, The uncertainty in each value of khet is only
+0.5%. It is seen that the scatter between runs is
appreciably greater than this, possibly because the
effective surface area of the disc varied slightly from
run to run. The "uncorrected" values of khet were
calculated simply as (kobs—ki), the "corrected" values,
which take account of the solution removed in sampling,
were calculated as explained in Section (X.l4). As for
the platinum disc, the correction plots were scattered,
and correction sometimes increased the value of khet’
and sometimes decreased it. Further discussion will
therefore be confined to the "uncorrected" values.

Within the iimits of experimental error, k, . for
the reduction of [Co(NH5)s;C1l2t was independent of pH
in the range 1~4 and of added chloride up to 10~ =2M:
the mean value of khet for V = 0,6 1. and disc speed =
1,00 r.p.m; was (48.512)x10“4 miﬁ;i. The value calculated
from equation (1l.5), substituting A = 12.57cm? and
W = 45,48 radians sec™1, is L48.4x10~% min~%, so. the
actual rate is in excellent agreement with the diffusion-

controlled value, calculated from the Levich theory.
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TABLE XXXII : REDUCTION OF [{Co(NH,)sXl2" BY DISC 1

AT 259°C.

co = (5.540.1)x1075M in 211 these runs.

]
Reactant Disc Volume | Background [10%k + min—1
lspeed |V(1litres)  electrolyte unco?%. Corr.
(ropome )
Loo(NH,) sc1lc1,| 400 0.500 | 10~iM HC10, | 48.2
g L 10-=M ¢ 49.9 49.8
1! tt 10-3M i} 4600 )_44_5
] 1 10— 4 i 4706
¥
L00 0,500 |} 107=M HClO.+| 50,7 48,8
' 10—3M KC1
" n 1072M HC1O,.+| L8,.3
10—=M KC1
1,00 1.000 | 10—2M HC10, | 22.2
ol 0.250 7 102.2 |105.0
[Co(WHg) sBriBr, LOO :é 0,500 ! 10-2M HC1O0, | 48.6 | 51.0
i 4 i
200 i " 37.0 39,8
: !
s | |
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The agreement for [Co(NH;)sBrlet is not quite so
K good. The values of k, . calculated from equation (11.4)
at 400 and 200 r.p.m. are u6;8x10~* min~1, and 33,3x107%
min=% respectively, whereas the experimental values wére
[;8,6x10”% min-* and 37.0x10"% min~%,

As required by equation (1l.4), the value of K ot
wag inversely proportional‘to v, qther factors being
equal,

A few runs, summarised in Table XXXIIIT, Were carried
out at 25°C with [Co(NH,)sX1X, and silver disc 2, of
surface area 47.8cm®, It is seen that the values of
khet‘calculated from equations (1l.4) and (11.5) are in
some cases appreciably different from the experimental

values, calculated as (k - ky). This is fhought to

obs
be due to the difficulty of producing a uniformly smooth,'
clean surface on such a large disce No systematic study
of the dependence of khet on cgo was undertaken: it was
assumed that khet<would be independent of co until the
AgX deposited on the disc during the run was sufficient

to impair the progress of the reaction; this is evidently

somewhere between co = 5x1075 and 60x10~5M for [Co(NHZ)sC1l2+
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TABLE XXXTII : REDUCTION OF [Co(NH,) X1+ BY DISC 2

AT 259C.

Background electrolyte = 1072M HC10, in all these runs.

Reactant Disc speed| Volume 105¢,,M| 10% min~%
(repem,) |V(1itres) °? “het?
€XDe calg
LCo(NH ) sBrlBr, 100 1.000 6.98 3h.2 ul.%
200 u 3,38 L5,.4 62,7
1,00 " 11.82 79.6 82.3
LCo(MH,) scalcl, L00 ] 0.500 . 59.65 |162,0 18440
n " 5¢54 1189.8 184,0
& 1

XI,6. Reduction'on a clean silver surface at 0°C.

Two runs with disc 1, freshly cleaned before each
run, were carried out at 0°C, to determine the heat of
activation of the redox reactions. The runs were, as at
250C¢, first order in [Co(NH3)sX12+, and the results are
summarised in Table XXXIV on page 240.

The experimental values of khet at 0°C were calculated
as (kbbs-ki): ky, values at 09C were calculated to be
9,6x107% min~%* for [Co(NHZ)sBrlet+ and 2.6x10-6 min—t for
LCo(NH3) 50118+, from the values at 25°C and the heat of
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TABLE XXXIV : A1l rate constants refer to reduction by

silver disc 1, V = 0.5 1., background

electrolyte = 1073M HC1O0,, disc speed =

40O r.p.m.

[oo(NHg) g01)et

[CO (NHa ) 5Br] 2+

: )
kbbs at 0°C

khet at 0°C

kot at 259C¢ (from Table
XXXII:mean values)

AHé

Theoretical estimate of

khet at 0°C,

27.9x10™ 4min~4

27'9 ] 1

L'_8‘6 H] i

3659 kcal,
mOle—i .

25,8x10™ *min™ 1

28,4 x107 4min—1

28,3 1

LLB.S 1l 1

348 kecal.
mole™%.

2l . 9x10™ 4min—1

activation of the aquation reactions (see Table XI, page 75).

The heat of activation, AHa, of the redox reaction was

calculated from k, . at 25°C and 0°C by the Arrhenius

equation.

For both complexes, the value is low (~3.5 kcal.

mole~%), which is characteristic of a diffusion—controlled

reaction.

The final entry in Table XXXIV is a rough estimate

from the Levich theory of k 4 at 0°C. The value of

Ky

ot 1S equal to (lO'aDiA/V5), from equation (1l.3). The
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terms Di and 8 are temperature-depenaent, and their

values at 0°C were calculated by assuming Walden's

Rule, which states MM, = constant, where Mo = solvent
viscosity. The equivalent conductivities of [Co(NHj)sC1l2+
and L[Co(NH;)gBrl2+ at 0°C in water are calculated from
Walden's Rule to be 27,1 and 25.7 cm® ohm~! respectively,
so the diffusion coefficients are 3.31x107% and 3.13x10-6
cm? seé 2 respectively, from equation (11.2). Substituting
these values into equations (7.31) and (11.3), and taking
the kinematic viscosity of water at 0°C to be 1.789x10~=
poise ml, g %, the values of k ot &lven in Table XXXIII
were calculateds In view of the approximations involved

in the calculation, the agreement with the experimental

values is good.
XI.7. Reduction on a silver-silver halide surface at 25°C.

A series of runs, summarised in Table XXXV, on page 242,
was carried out at 25°C with [Co(NHz)sC11Cl, and disc 1,
to investigate the inhibiting effect of a deposit of
silver chloride on the redox reaction. The silver disc
was cleaned before run 1, but thereafter, the ever—
thickening layer of AgCl was untouched. The disc was
allowed to stand in 1073M HC1lO, between runs. The AgCl
on the disc was assumed to have a negligible catalytic

effect on the aquation reaction.
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TABLE XXXV : REDUCTION OF [Co(WH,)sCll2t AT SILVER DISC 1,

ALTOWING AgCl DEPOSIT TO BUILD UP ON DISC.

In all these runs, V = 0.5 litre
background electrolyte = 10—=2M HC10,
temperature = 25°C.,

k, .+ velues are calculated from equation (11.5), and

determined experimentally as (k:obS - k,), from lst order

plotse.
i
Run| Disc |10%¢cqy,M lO*khet,min"1 Moles AgCl .
No. | speed ' formed Comments .
(Tepelte) experimental calcd  x108
1 200 5.85 3249 3l43 .49
) Reaction
2 200 5.73 35,1 3.3 1.75 )diffusion-
controlled,
3 400 5.76 47.7 480 1.37 within
_ experimental
{ b 200 2.h2 3,2 3.3 0,27 error. i
| 5 100 5422 51.6 U8y 2,56
6 L}.OO 15035 LJ-LI-O5_2302 L}.B.L}. 6050 First order
: plots show
7 " 10.16 19-0"12.LI- H 2,12 u_pward
: t
8 ! 5.68 | 14.8-10.0 | 0.76 ‘{?ZYak;re’
- decrea iﬁg
9 " 5.85 | 10.3,decr.! ¥ 0.41 continuously.
i slightlye.
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As seen from Table XXXV, the rate of the redox
reaction was equal to the calculated diffusion-controlled
rate, to the end of run 5, but the rate thereafter
decreased steadily. After run 9, the AgCl deposit was
electrolysed off the disc as completely as possible.

By volumetric estimation of the chloride solution so
produced, it was estimated that 1.18x10-%* moles of AgCl
were formed on the disc during runs 1 - 9. The amount of
AgCl that should be formed in each run was calculated
from knowledge of khet’ ky and the initial and final
concentrations of LCo(NH;)sCll2t, as explained in Section
(XTeh)s Summation of these values, shown in Table XXXIV,
gives 7.44%1075 moles (runs 1 - 5 incl.) and 1,72x10—%
moles (runs 1 - 9 incl.). The discrepancy between the
experimental and calculated values for the total AgCl
deposit possibly indicates that the AgCl deposit did have
a significant catalytic effect on the aquation reaction:
unfortunately, the formation of Co2+ and [Co(NH,)gH,018+
was not followed during this series of runs. However, it
appears that the redox reaction occurs with unimpaired
efficiency through a layer of ca. 7.44x107° moles AgCl
on disc 1, '

Thé cross sectional surface ares of AgCl in the solid
is 1242 per molecule (136). Monolayer coverage of disc 1,
of area 12.57cm?, therefore requires ca. 1l.75x10-° moles,
so a diffusion-controlled redox reaction can occur through

cas U4.25x10% monolayers of AgCl. This probably mainly
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because AgCl deposited on Ag is rather porous (156).
(In the latter stages of clectrolytic deposition of
AgCl on Ag, the electrode reaction occurs heneath a
léyer of porous AgCl (157). ). Moreover, because of
the great number of Schottky (lattice vacancy3 defects
at AgCl/Ag interfaces, the conductivity of AgCl is much
enhanced (156): the redox reaction could therefore be
occurring by electron transfer through a thin layer of

AgOl.,

XI.8. Rate of reduction of [Co(NHy)sX12* by silver,

compared with homogeneous reducing agents.

The preseﬁt work on silver as a reductant and some
literature data on homogeneous reductants in aqueous
solution, are summarised in Table XXXVI, on page 240.
Thigs Table provides an illustration of the general rule
that the activation energy (or enthalpy) of a reaction,
and not the overali energy change, governs the reaction
rates Silver is; thermodyhamically, a less powerful
reductant than Cr2+, Eu2?t or V2+t, However, the low
energy of the halide bridged ("inner sphere") setivated
complex (see Section (VI.4.l:) ) in the reaction betwzen
[0o(WH, )sX]2+ and Cr2+ and Ag, means that these reactions
are very fast, while the outer sphere reaction with V2+

is slow by comparison. (Eu®+ is thought to react by an
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inner sphere mechanism, but the lability of EuXe™
apparently prevents this reductant from acting as fast

as the thermodynamically similar Cr2+).



TABLE XXXVI : REDUCTION OF [Co(WH,) X12F TO Co(II): ALI: VALUES FOR 25°¢.

Oxidant Reductant| E° of reducing [kp,M fsec™t Heat of Mechanism | Referencs
couple (48). activation,
kcal,mole 1
[Co(NH,) 50112+ Cr2+ CrClzt/Cret,-0.41V  >2x106 Inner sphere. (124)
E° = 0.34V. Eu=t Eudt/Burt,-0.43V. | 3.9x102 5,0 i " it
(See Section Ag' AgC1l/Ag, 0,22V, | Diffusion 3.6 i " Present work
controlled. .
V.6) ). Vet Ve+/vat, -0.25V. ~5 Quter sphere (12)
. ' Fezt | Fes+/Pe2t, 0.75V. | 1.4x1073 12.5 L 1 "
LCo (1iH, ) sBrle* Crat CrBr2t/Cre+,~-0,40V  >2x106 Inner sphere (124)
EO = 0.367. Euz+ 2,5x10%2 b7 " " "
Ag AgBr/ 4g,0.07V, Diffusion 3.5 L g Present workh
controlled. ;
Vat ~05 Outer sphere. (124) |
Feat 7.3x10~% 133 1 n it

"91E
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