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ii. 

ABSTRACT 

This research was suggested by scattered 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, 

{Co(NH3)5X12+  (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. 

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 fCo(NH3)5)(1 21". Catalysis by silver bromide 

and mercuric sulphide was studied quantitatively as a 

function of the mass of catalyst and the concentration of 

1-Co(NH3)5X12+. The rate of the catalytic reaction was 

controlled by equilibrium adsorption of iCo(NH3)5X124- 

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 equation, to the catalyst surface. Again, 

the catalysis was surface-controlled, and subsidiary 



experiments showed that the platinum potential affected 

catalytic efficiency. 

A diffusion-controlled redox reaction between 

`Co(NH3)5X12+ and solid silver was discovered, and studied 

at 25°C and 0°C using a silver rotating disc. 

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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v. 

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 

Gibbs free energy 

H Enthalpy 

h Planck's constant 

het heterogeneous 

hom homogeneous 

I 	ionic strength 

K equilibrium constant 

k 	velocity constant 

No 	Avogadro's number 

R 	universal gas constant 

T 	absolute temperature 

t 	time 

✓ volume 

zi 	no. of units of electronic charge on ion i 



vi. 

6 	thickness of Nernst diffusion layer 

molar extinction coefficient 

viscosity 

Gi 	degree of coverage of surface by species i 

X 	equivalent conductance 

micron (mp = millimicron) 

rate of reaction 

v
s 	kinematic viscosity 

a 	sticking probability 
T 	time interval 

speed of rotation 
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PART I 

1. 

INTRODUCTION 



2. 

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 heterogeneous 

catalytic processes are extremely common in both gas-phase 

and liquid-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 heterogeneous 

catalysis of gas reactions and homogeneous catalysis of 

liquid 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 available to the reactants. In 

simple terms, it reduces the heat of activation, Alla, for 

the reaction, thus increasing the velocity constant, k, 

according to the Van't Hoff equation 



3. 
dln k = /Ha  
•••••••••••••••••••• 

dT 	RT2  

In the more detailed analysis of the theory of absolute 

reaction rates, since the rate at which activated 

complexes cross the energy 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 therefore 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 100m2  in 1 ml. to be equal, AGhet  must be less by 

16-17 kcal mole-1  than AGhom at room temperature. This 

disparity in AG
*
must rise as the reaction temperature 

rises to maintain parity of rates. 

Both homogeneous and heterogeneous catalysts contain 

molecular or atomic or ionic species which interact 

physically with the reacting species, weakening chemical 

bonds in such a way as to lower AG
* 
and increase the rate 

of reaction. In the case of heterogeneous catalysis, 



4. 
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 

therefore a valuable complement to the study of hetero-

geneous catalysis, at least of surface-controlled 

processes. (A surface-controlled process is one 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 surface, the rate of the reaction itself on the 

surface, or the desorption of products from the surface.) 

Chemisorption is not usually the precursor to heterogeneous 

catalysis in mild conditions, as such sorption is normally 

irreversible except under drastic treatment. 

The effect of finely divided solid catalysts on the 

rates of non-ionic processes occurring in the gas and 

liquid 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 

vaporised or partly vaporised crude petroleum on solid 

acids, such as synthetic silica, has produced the vast 

petrochemical industry. On the surface of a heterogeneous 



5. 
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 

required 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 

does. 

Beck (3) has classified the various catalytic 

phenomena that are observed in the catalysis of complex 

formation reactions, which of course includes the 

substitution reactions of inorganic complexes with which 

this thesis is concerned, as shown in Table I. Beck's 

classification is printed in capitals, and that section 

of the Table investigated in the research reported in 

this thesis is outlined. 

As the surfaces of insoluble ionic salts or metals 

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 catalyst for ion processes occurring in 

solution than the latter. This tendency may, however, 

be masked by the very high specific surface areas of 



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

REDOX CATALYSIS HETEROGENEOUS CATALYSIS 

I 

TABLE I : CATALYSIS OF COMPLEX FORMATION REACTIONS (based on Ref. 3). 

CATALYSIS OF COMPLEX FORMATION REACTIONS 

1 

LIGLND CATION COORDINATION ELECTRON INDUCED Heterogeneous ADSORPTION SOLUBILIS1 
ATALYSI3 CATALYSIS CHAIN TRANSFER COMPLEX catalysis of EFFECTS. -TION 
• e.g. (c.g.heavy REACTIONS CATALYSIS FORMATION redox reactions. (In general EFFECTS. 
effect metal ions (Interchange (e.g.Cr(II) (formation A widely adsorption (e.g. 
of OH catalyse of chclating catalyses of occurring loosens detergent 
on aquation ligands certain complex is phenomenon, bonding in increase 
Cr3+:4SCN of several 	 greatly reactions accelerated proceeding via reactant the 
eaction) halo accelerated of Cr(III) by simulta- electron complex) solubility  

complexes) by free 
ligand 
thro ugh 
chain 
mechanism). 

complexes) neous 
redox 
reaction) 

transfer 
through the 
catalyst. 
See Ravnd and 
Spiro (L a) 

of some 
ligands) 

CFN 
• 
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some "molecular" solids, like charcoal and silica. 

The electric double layer at the surface of the 

former type of heterogeneous catalyst can polarise 

intermediates and reactants, and in some cases, reaction 

products appear which differ from those formed homo-

geneously. This is often the case with catalytic 

hydrogenation of organic compounds on metals such as 

platinum. Thus Hoijtink (5) rationalises the hydrogen-

ation products of anthracene derivatives by the 

hypothesis that the catalyst causes heterolysis of H2  

molecules: 

2(x+y)H2  + Cat -.2  Cati-g x 	Y"
u
solvated (1.2) 

The catalyst, negative with respect to the solution, 

transfers one or two electrons to the organic substance, 

and then addition of 51-  usually occurs within the electric 

double layer. This moans that the overall orientation of 

the hydrogen addition may be affected by the double layer 

and by the electron deficiency of the metal catalyst. 

Similarly, oven 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 

of this thesis, it is known from numerous typos of experi-

ment that ions do adsorb on a wide variety of solid 

surfaces. These experiments include those in the fields 
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of electrophoresis, polarography, electrocapillarity, 

colloid chemistry and ion-exchange chromatography, although 

the latter is strictly a bulk, not a surface, phenomenon. 

It seems not unlikely that surfaces which adsorb ions 

could also catalyse ionic processes such as redax reactions 

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 dismissed 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 II : SURVEY OF LITERATURE REFERENCES TO THE  

HETEROGENEOUS CATALYSIS OF IONIC PROCESSES IN SOLUTION)  

AND RELATED TOPICS. 

II.1. Heterogeneous catalysis of substitution reactions. 

The present study is restricted to inert complexes 

of the transition metal 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 d 

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) 

(d6) and Cr(III) (d3) in the first transition series and 

those of Rh(III) (d6), Ru(III) (d5) and Pt(IV) (do) in 

subsequent transition series: more metal ions in the 

later series are low-spin, and hence form inert complexes, 

than in the first transition series. There is, of course, 

no necessary connection 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 greater 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 compared 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 

majority of the examples that follow are for Co(III) 

complexes,whose reaction kinetics have been extremely 

thoroughly investigated. Moreover, the phenomenon of 

heterogeneous catalysis is most likely to be observed 

with solids of large specific surface area. This is why 

many 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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II.1.1: Heterogeneous catalysis of ligand substitution 

reactions of cobalt(III) complexes. 

The kinetics of the aquation and other types of 

substitution reaction of the Co(III) ammines have been 

extensively investigated. The general reaction is of 

the type 

) X6_11] + Y # [CoIII(NH3)nX5_nY] + X (2.1) 

where n may be 1-6, and the ammonia ligands may be replaced 

by the appropriate number of ammine derivatives. 

Bjerrum (7a) noted several examples of the hetero- 

geneous catalysis of cobaltammine reactions by mercury 

and charcoal, and determined the equilibrium constant 

for the reaction 

• [Co(NH3)03+ + H2O # [0o(NH2)50H]2+ + N114.1-  (2.2) 

in ammoniacal ammonium salt solutions using carefully 

Purified active carbon as catalyst. A common preparative 

method for cobalt hexammine salts is based 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, strongly, by colloidal palladium, provided a trace 
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of Co(II) ions was present. 

It may be mentioned here that, in the course of the 

present work, decolourising charcoal was found to reduce 

the complex [Co(NH3)5Br32+ 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 a 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 that charcoal is 

an excellent catalyst for the inter conversion of various 

Co(III) ammine complexes, despite the unconsidered 

possibility that a slight redox reaction may also occur. 

Bjerrnm points out (7c) that [Co(NH3)5C•1]2+ cannot be 

formed when [Co(NH3)0013  is shaken with carbon or silica 

gel in slightly basic solution, as concluded by Schwartz 

and Krdnig (9), since [Co(NH2)5C1]2± is rapidly hydrolysed 

in basic solution. Despite their wrong assumption as to 
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the nature of the product, Schwartz and Krdnig 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 increase 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 charcoal surface, 

is proposed in Part III. 

Carbon has also been found to catalyse the reaction 

of Co(III) amines with ethylenediaminetetraacetic acid 

(10), and the very striking catalysis by carbon of the 

racemisation of several optically active Co(III) complexes 

has been investigated: Erdman and Douglas (11) found 

that [Co(EDTA)] 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 charcoal, but 

very little with the sugar charcoal. 

Isomerisation (12) and racemisation (13) of 

cobalt(III)ethylenediamine complexes is markedly catalysed 

by active charcoal, andagain, small amounts of Co(II) 

are formed. [Pt(en)3]+ is less readily racemised, while 

[Rh(en)3]3+ is stable to charcoal treatment even on 

boiling for some time (34). As Pt(IV) is less readily 



reduced than Co(III), while Rh(III) is reduced only 

with difficulty, this suggests that the charcoal is 

involved in an intermediate redo.x process. Dwyer and 

Sargeson (15) suggest that the charcoal converts small 

mounts of the low-spin [Co(en)8]3+ into a high-spin 

state, which is then reduced to high-spin [Co(en)3]2+0 

This complex exists as a racemic mixture because of its 

lability, and it catalyses the racemisation of [Co(en)3]3+ 

by an electron transfer process. This mechanism explains 

the increase in catalytic action of carbon that Bjerrum 

observed (7c) on addition of Co(II) to his systems. 

Bailar and 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 workers recommended a new preparative method for 

ECr(en)3]C130  using charcoal as a catalyst for the reaction 

of hydrated chromic chloride and aqueous ethylenediamine. 

The preparation of the six-coordinated chelated ion 

[Co(EDTA)] from [Co(NH3)6]3+0_ [Co(en)2C12]+  and [00(0x)03-

in the presence of EDTA and carbon-supported -palladium was 

reported by Schwarzenbach (17). 

Various interactions of cobalt(III) complexes with 

platinum, usually in the form of an electrode, have been 

reported in the literature. 	Lamb and Larson (18), in 
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an attempt to determine the redox potentials of various 

cobalt(III) cmmines, found that the aquation of [Co(NH3)6]34-0  

[Co(NH3)5H20334" and [Co(NH3)4(H20)2]8+ was catalysed by 

smooth, but more markedly by platinised, platinum 

electrodes. 

Brdnsted and Livingston (19) measured the rate of 

the bimolecular reaction between [Co(NH2)5Br]2+ and OH 

by a conductance method, but recorded that the cobaltammines 

in the system appeared to be somewhat unstable in the 

presence of platinum electrodes. A similar reaction, the 

aquation of halobis(dimethylglyoxime)aquocobalt(III), 

[Co(H20)(DG)2X] 	H2O -4  [Co(1120)2(DG)2]-1-  + X7, 	(2.3) 

is also catalysed by platinum (20). 

Catalysis of substitution reactions by electrodes of 

other materials has not frequently been observed, but 

Stranks (21) reported that [Co(en)2C101-  interacted with 

an Ag—AgC1 electrode, but did not give details. Certain 

polarographic observations on the rate of reduction of 

[Co(NH2)8X]2+ at a dropping mercury electrode have been 

explained by the hypothesis that the exchange 

[Co(NH3 ) 5X]2+ + C174-2  [Co(NH2)5C1]2+ + XT 
	

(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 catalytic 

effect of barium oxide and silver oxide on the aquation 

of [Co(NH8)5C1]2+ to [Co(NH3)5112073+ by Mrgenson (23), 

but this could have been the homogeneous effect of Ba2+ 

and Ag+ rather than heterogeneous catalysis. 

11.1.2: 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 (24) reported that the exchange reaction 

[PtF6]2# + 61-  = [FtI6  ]2-  + 6F 	(2.5) 

was 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 and 

ethylenediamine ligands to lose some chloride, which was 

presumably replaced by water. 
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Burwell (26) and 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 water behaves as a weak acid ion exchanger, with 

mSi-0 and *Si(OH)2-  anionic sites. The negative charge 

carried by the surface was thought to be the reason why 

the pH-independent hydrolyses of [Co(en)2N0201].1-  and 
1 [Pt(dien)BrJ+  were only one-fifth as fast on silica gel 

as in solution. These workers saw "no sign whatever that 

silica gel can 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. This 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. 

Finally, 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 

EtI + Ag+  + H20 -4  Et0H + AgI + 	(2.6) 

and found the silver halides and charcoal to be very 

effective catalysts and other substances, such as powdered 
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Pt, Pd, Ag and Au, to be moderate catalysts. 

The catalysis of reaction (2.6) by silver iodide 

and charcoal was investigated quantitatively in 

subsequent work (28), and it was concluded that a 

Langmuir-Hinshelwood mechanism, with adsorption of both 

EtI and Ag+ onto the catalyst, was operating. 

Walton's thesis (27) also contains an extensive 

compilation of literature references to the hetero-

geneous catalysis of the hydrolysis of alkyl halides 

and a-halo-acids. 

Kolthoff (29), in an early systematic investigation 

into the catalytic effects of charcoal, found that the 

bromination of phenol was inhibited when both reactants 

were sorbed on charcoal, but the iodination of 4ydroquinoue 

was greatly assisted. This superficial contradiction 

invites further study of the reactions: catalytic 

efficiency might well be dependent on the mobility and 

polarisAbility of the adsorbed reactants. 
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11.2. Topics related to the heterogeneous catalysis 

of substitution reactions. 

11.2.1: Catalysis by ion exchange resins. 

Ion exchange resins are insoluble substances that 

have been synthesised especially to absorb and exchange 

ions. It is therefore not surprising that cation exchange 

resins are able to catalyse the substitution reactions of 

some cationic complex ions. 

Indelli and Bonora (30) found that the acid hydrolysis 

of [0r(H20)6NO2-1-  was catalysed by several cation exchangers, 

the most effective being Dowex 50 in the HI-  form. In a 

system of unit ionic strength and pH 1 at 30°C, Swaddle 

and King (31) found the first order aquation rate constant 

of the complex to be 2.66 x 10-7  sec-i: this value 

increases as the pH decreases. In the presence of Dowex 

50 in the acid form, Indelli and Bonora found a value of 

115 x 10-7  sec-i. The rate enhancement might well be due 

to the very high 114-  "concentration" in the resin beads. 

The amount of resin used and the particle size had little 

effect on this value. Resins in the Na+  form were much 

less effective than those in the H+  form. The action was 

fairly specific, Dowex 50 being much the most effective. 

HN3  is a weak acid and Indelli and Bonora 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 H+. According to Davies and Thomas (32)0  

this is due to preferential sorption of ester on the resin. 

(The heterogeneous catalysis is somewhat retarded by the 

products, which are also sorbed.) In organic solution, 

however, the esters are negatively sorbed, and the ion 

exchange resin is then a less efficient catalyst for the 

ester hydrolysis than 	in the bulk medium. 

11.2.2: Catalysis by polyelectrolytes. 

Polymer solutions are macroscopically homogeneous 

systems, but because of the size of the molecules, there 

is an intrinsic heterogeneity in such systems, somewhere 

between the heterogeneity of a colloidal dispersion and 

the true homogeneity of a simple solution. Polyanions 

and polycations in solution 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 reaction 

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 

polyion catalysts (33). 

The theory of the effect of polyelectrolytes on the 

rates of reaction of simple ions in solution has been 

developed as a means 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 (34). 
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The predicted catalytic effect of polyions has 

been observed for reactions of some bulky organic 

reagents (35-39)0  but in some of these cases, at least 

(38,39), the hydrophobic nature of the reactants is 

important as well as their electrostatic attraction to 

the polyion. Recently, a system free from this compli-

cation has been investigated, and the results will be 

summarised here in some detail, as they illustrate many 

of the salient points of the nature of the heterogeneous 

and quasi-heterogeneous catalysis of ionic processes. 

Vogel and Morawetz (L40) found that the polyanions 

polyvinyloulphonate (PVS) and polymethacryloxyethyl-

sulphonate (PMES) 
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were extremely effective catalysts for the reaction 

between Hg2+ and [Co(NI-3)5C1]2+: 

Hg2+ + [Co(NH8)5Cl]2+  + H2O 
in cid [Co(NH

3)51120]3+ + solution 

[HgC1]+  (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 systems containing 5 x 10-6  M [0o(NH3)501]2+, 
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5 x 10-5  M Hg2+, and 5 x 10-5  M pOlyanion, PMES 

accelerated reaction (2.6) by a factor of 24,700, and 

PVS by 176,000. These concentrations are such that 

there is neither so much polyanion that the adsorbed 

reactant ions have small chance of being adsorbed as 

near neighbours, nor so little that the "heterogeneous" 

reaction occurring at the polyion surface is swamped 

by the slow, homogeneous reaction, so that there is 

little observable 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 ions over more polymer 

domains. 

Addition of simple salts reduced the effect of the 

polyions on the reaction rate, since the added cations 

competed with [Co(NH3)5C1]2+ and Hg2+ for polyion sites. 

Addition of more Hg2+ also reduced the effectiveness of 

the catalytic reaction, because, once the polyions were 

saturated with reagent ions, further Hg2+ addition 

displaced bound [Co(NE3)5C1]2+0  and the reaction rate 

decreased. 

Polyion catalysis is very closely related to catalysis 

by micelles, which are ordered aggregates of large organic 

ions in solution. For example, micelles of the cationic 



24. 

surfactants [Ci6H33N(CH3)33 Br-  and [Ci2H25N(CH3)3]+C1-

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). 

11.2.3: Catalysis by heterogeneous buffer systems. 

Bell and Prue (43) found that heterogeneous or partly 

heterogeneous systems such as zinc hydroxide : zinc 

sulphate in molar proportion 3:1, and 1:1 quinine : 

quinine sulphate in potassium sulphate solution, acted 

as acid-base buffers in aqueous solution. In the first 

system, as zinc hydroxide is sparingly soluble, the value 

of [0H-3 in the 3Zn(OH)2:ZnSO4  system 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 

quinine, 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 bases and may have undesirable 

side effects. 
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Bell and Prue used 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 CH2CI000Me and HCOOEt. (Initial 

concentration of ester was 0.025M in the presence 

of not more than 6 g. buffer). 

(ii) With zinc buffer (pBz17.16), the base catalysed 

iodination of acetone. (Acetone concentration was 

0.07M: amount of buffer used not stated). 

In neither of these systems was there any indication 

of heterogeneous catalysis on the surface of the solid 

phase, although Bell and Prue considered the possibility, 

and were surprised to find none. 

In the light of the present research, the reason for 

this seems clear. Unless the heterogeneous reaction is 

diffusion controlled, if the number of species 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 

swamped and its effect on the overall kinetics is negli-

gible. This has long been obvious from work on hetero-

catalysdd gas reactions. This in practice restricts work 

in solution to low concentrations, of less than about 

l0-8M. Bell and Prue's work does not satisfy these 

requirements, so the existence of heterogeneous catalysis 

of reactions (i) and (ii) remains unproven, rather than 

disproved. 
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11.2.4: Heterogeneous catalysis of solution phase 

redox reactions. 

The heterogeneous catalysis of substitution reactions 

such as those given in Sections II.1.1. and 11.1.2. must 

be due to a chemical attraction of the catalyst surface 

for the reacting ions, which results in rate enhancement 

by concentration enhancement (for reaction orders higher 

than one) and by encouraging heterolysis through bond 

weakening. 

The mechanism of the heterogeneous catalysis of 

inorganic redox reactions is not always so specifics  as 

shown by Spiro and Ravnd (4b) for platinum. For seventy 

aqueous catalytic studies from the literature and their 

own works  and with only one definite exception, they 

concluded that the platinum catalyst acted simply as an 

electron conductor. This has now been quantitatively 

substantiated for one reaction (44). 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. Manganese dioxide is a case in 

point. The reduction of permanganates in alkaline or 

neutral solution to Mn02  often proceeds autocatalytically, 

and Mn02  is known to catalyse other redox processes ouch 

as the decomposition of hydrogen peroxide, probably via 
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a free radical mechanism (45)?  and the reduction by 

Cr(II) of perchlorate (L46). The reaction intermediates 

in such reactions probably involve valence states of 

manganese other than four, and there is an analogy with 

the charcoal catalysed substitution reactions of Co(III) 

discussed in Section II.1.1. 

11.2.5: Homogeneous catalysis by metal ions of inorganic 

substitttion reactions, and related topics. 

It is well-known that metal ions with an affinity 

for halide accelerate the aquation reactions of many inert 

halide complexes. The accelerating effect of the ions 

Agt, Hg2+ and na-Fon the aquation of [Co(N112)5X]2+ 

(X=CI, Br, I) is a case in point (L47). The role of the 

metal ion is not, strictly speaking, catalytic, as stable 

complexes are formed between the metal ion and released 

halide or pseudo-halide: 

[Co(NH3)501]2+ + Ag+  + H2O -' [Co(N112)61120]3+ + AgOl ± (2.8) 

[Cr(NH3)501]2-1-  + Hg2+ + H20 -4[Cr(N112)8H20]3+ + HgC11- 	(2.9) 

However, if metal ions such as Ag+ and Hg2+ 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 ligand, the 
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phenomenon would be genuine heterogeneous catalysis. 

A survey of literature references to homogeneous 

"metal ion catalysis" was therefore a useful guide in 

the present work as to which solids might act as hetero-

geneous catalysts for substitution reactions. The 

survey is reproduced in Tables Its  III and IV on pages 

29, 30 and 31. 

As is seen from these Tables, Hg2+ is the metal 

ion most effective in removing coordinated halide or 

pseudo-halide ions. This probably reflects the very 

high stability of the Hg(II)-halide complexes: the 

step-wise stability constants, Kil  for the equilibrium 

+ 01 	mci(n-04- 	(2.10) 

for various metal ions in aqueous media at 25°C are 

reproduced below (48): 

Metal ion : Hg221-  Pb2+ Ag+  T18+ Hg2+ 

log Ki  : <1.3 1.6+0.1 3.4+0.1 —6.2 7.0+0.2 



TABLE  II :  METAL ION ASSISTED AQUATION REACTIONS OF  COBALT(III) COMPLEXES 

Metal ion. Induced aquation reaction, Remarks. Ref. 

Ag+0Hg2+0  
T124-  

[Co(1Th13)3Xi2+  ~ [Co(NH3)81120324  L,C1,Br0I Hg2+ is more effective than 	+ or 
T121-. 	Evidence for [Co(NH3)3  3+ 	.1.  
intermediate with Hg2+, but not Ag' 
or T13+. 

(47,99) 

Hg2+ 

.[Co(en)2(N3)X]+  

[Co(en)2(H20)X]2+  ~ [Co(en)2(H20)2J2+ 

~ [Co(en)2(N3)(H20)]2+ 
(49)  

Ail- 	' 2+  [Co(EDTA)BA 2- 	~ [Co(EDTA)]-  Spontaneous reaction quite fast, 
and induced reaction instantan-
eous. 

(17) 

Ae,Pb2+, 
Hg2* 

Ba2+0Ni2+, 
Cu24-,Co2+ 

[Co(NH3)5CO2J+  ~ CCO(NH3)5112033+ 

If 

Induced reaction very rapid. 	O-C 
fission, i.e. GD2  removed. 

Induced reaction less rapid. 	Co-0 
fission. 	These metal ios polarise 
C042-  group less than Ag , Pb2+ 
and Hg2+. 

(50)  

(50) 

Eg2+ 1(n+ i)+ [CoA.1,X01]n+  - [CoA4XH20..1 

A = amine derivative. 

X = NH3, H2O 

Excellent correlation between 
rates of spontaneous and induced 
aquation reactions. 

(123) 

ND 
a 



TABLE III : HETAL ION ASSISTED AQUATIDJ  REACTIONS OF CHROMIUM(III) COMPLEXES 

Metal ion.I 	Induced aquation reaction. Remarks. Ref. 

Hg2+ LOr(NH3)50132+ .4  ter(1113)5H20J3+ (51)  

Ail-  

Agl-,Hg2+ 

[Cr(H20)4C12]1-  -' ECr(H20)5C1]2+ 

ECr(H20)5C172+ -4 [Or(H20)03+ Hg2+-,EHgC1J-1-  and [HgC12]°  all 
effective. [HgC13] 	and [HgC1412-
ineffective. 

(52)  

(52,53) 

Hg2+ ECr(H20)5ONJ2+. -4  Eer(1120)6]3+ 
- 	..... 

(54) 

Ag-4-,Hg21-  ECr(NH3)sNCS]2+ -4 [Gr(NH8)5H20]3+ Hg2+ especilly effective. 	Neither 
Hg2+ nor Ag 	catalyse aquation of 
analogous complex LCo(NH3)5SCN]2+, 
probably because of the extreme 
kinetic inertness of this ion. 	cf. 
spontaneous actuation rate constants: 
Ler(NH3)5NOSJ2+ ; 1.0x10-7sec 1  
[Co(NH3)5SON]2+ : 4.0x10-i°sec-1  

(56) 

(55) 

ag2+ ECr(CH2C1)(H20)5]3+ -4  COr(H20)6]3+ 

and similar reactions. 

CHgOH2C172+ formed. 	Ag+  has no 
action in cold, but reaction occurs , 
on warming. 	• 

(57)  

Ai3+ [Cr(011)3]3-  '-' [Cr(042(H20)2T etc. 

Ox = oxalate. 
• 

Example of interation between unpolar 
isable ("hard") metal ion and ligand. 

(3a) 

Fe3+ [Cr(NCS)673-  - [Cr(NCS)51120]2-  Fe3+-SCN-  complexes are very stable. (58)  



TABLE IV : METAL IOi ASSISTED AQUATION REACTIONS OF OTHER INERT  COITLEXES 

Metal ion. Induced actuation reaction. Remarks. 

Hg2+ [Fe(CN)6]-  [Fe(CN)5H2032-  etc. Effectiveness of Hg2-1-  studied in 
presence of various amounts of 
halide, X . Hg24-0[HgX] and 
[HgX2]° approximately eaually 
effective. [HgX3Tand LHgX./.1 2-
completely inactive. 

Fe3+ 

h. 

[AsFsH20]° i[AsF4(H20)2]+  etc. Example of interaction between 
unpolarisable ("hard") metal ion 
and ligand. 
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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 HETEROGENEOUS 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 ions 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: 

The homogeneous reaction should occur in a matter 

of hours or days at a convenient temperature. 

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 reaction. 

(Titration of released halide by Ag+ or Hg2+, for 

example, is obviously unsuitable, as is the use of 

an Ag/AgX electrode.) 
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(iii) The praduct(.$)- of . the reaction should _not-  be 

affected by the heterogeneous catalybt 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 mcnodentate ligands 

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 



X k25°0(sec-1) kc 	mole. aV Reaction 
conditions. 

Ref. 

I 8.4x10-' 23 1=1 (64) 
Br 4.3x10-6  24 	1=1 (65) 
Cl 2.8x10-7  2L1. 	1=1 (64) 
NOS 9.1x10-9  28 	1=0.15 (66) 
F 6.2x10-1° 29 	1=1 (64) 
N3  5.6X10-8 	32 	I=1 (31) 

I 1.0x10-3  21 	pH=1.1,I=0.1 (67) 
Br 1.0x10-4  21 	pH=1.1,1=0.1 (67) 
Cl 9.3x10-6  22 	p1=1.1,1=0.1 (67,68 
NCS 1.0x10-7  25 	pH=1.1 (56) 

I 8.3x10-8  19 	pH 3,I=1 (69) 
Br 6.7x10-9  24 pH=1 (70) 
Cl 1.7x10-8  23 pH=1 (70) 
NO3  2.6x10-5  25 pH=2 -4 (19) 
NCS 4.0x10-1° 30 pH=1 -2.7 (56) 
F 8.7x10-8  21 (71) 
N3  2.1x10-9  34 (72) 

IUI L 

Cr H2O 

Cr 

35. 
TABLE V : UNCATALYSED AQUATION OF [ML3X32t IONS. 

-r, 	= ionic strength. 
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to heterogeneous catalysis. A reaction with a considerable 

heat of activation should therefore be chosen. 

In Table V, on page 35, are reported the kinetic 

data for the spontaneous aquation of some complex ions of 

the type [ML8X)24", where M is Co(III) or Cr(III), L is 

H2O or NH3, and X is the mononegative labile ligand. 

Table V is taken from the compilation by Monacelli (63) 

of various literature values. Monacelli showed that there 

is a strong correlation within each series of the aquation 

rate and the base strength of X-. All the aquations 

follow first order kinetics: the first order rate 

constants are designated k. 

The aquation reactions of [Co(N112)5C1]2+ and 

[Co(NH3)5Br]2+ 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 [Co(NH3)5C1]21-  and [Co(N118)513A24-  in the presence of 

various heterogeneous catalysts is described in Part III. 

As a heterogeneous catalyst for the reaction 

[ML6X)24-  + H2O 	[ML5H2O]a± + 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 hexaquochromium(III) by 

thio cyanate, 

[Cr(H20)03+ + SCN- 	[Cr(H20)5NCS]2+ + H20, (3 2 ) 

and experiments on this system, which were not very 

fruitful, are discussed in Part II. 



PART II 

38. 

HETEROGENEOUS CATALYSIS OF CHROMIUM( III) REACTIONS 
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CHAPTER IV : HETEROGENEOUS CATALYSIS OF THE ANATION 

REACTION [Cr(H20)6)3+ + SON- -4  [Cr(H20)5NCS324-  +  H2O (4.1) 

IV.1: The homogeneous reaction. 

Bjerrum (73) showed the existence of complexes of 

the type [Cr(NCS)n(H20)6_11.](3-n)+  (n=0-6)0  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 (74a) and by 

Poulson, 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 [Cr3-1] and in [SCN-], 

up to the highest thiocyanate concentration studied, 

0.1M. At this concentration, the net rate of reaction 

(4.1) is still only 4% of the rate of water exchange by 

COr(H20)034-  (75), so there is competition between H2O 

and SCN for an intermediate of the type H2O ...[Cr(H20)5i3-1-. 

Hydroxide ion labilises substitution by thiocyanate: 

the fraction of the anation that occurs by paths 2 and 3 

(equation (4.2) ) is somewhat greater than the fraction 

of Cr(III) existing as [Cr(H20)450H]2-1-  and [Cr(H20)4(01)2]+  

(74a). 
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TABLE VI : DATA AT 25°C FOR REACTION  54.1)0  

Cr3+ + SCN 	[OrNCS]2+ + H200  

IN ACID SOLUTION. 

Analytical F9 Spectrophotometric estimation of [CrNCS]2+ 
procedure. 58 Estimation of free SCN by titration with Ag 

Anation 
rate law. 

From reference (7/4a): 

d [CrNCS]2+ = {kii+k2i[1.11-3-i+k21[e]-2/[Cr34] 
dt 

ESON] (4.2) 

= k2[Cr3+][SCN-] M per unit time(4.2a) 

k2  is the observed second order rate constant. 

The 3 terms correspond to 3 different reaction 
paths: path 1 predominates at pli<3. 

kiisk21and k31  are dependent on the ionic strength 

I. (Az2  for reaction (4.1) is -6). 

k14. = 1.12x10-5  Prisec-d. at I = 0 

	

k21  = 7.2x10-9  sec-1 	at I = 0.3M 

	

7.4x10-9  sec-i 	at I = 0 

k2i r:J4.2x10-12  M sec-i 

For I 0.3M9 

log kii = log 1.12x10-5  

From reference (58): 

k2  = 6.2x10-9  M i sec-i at I = 1.0M for [1141 
0.02M- 

k2  = 3.1x10-5  M i sec-i at I= 0 	0.10M. 

(These values are respectively 4- and 2-fold 

higher than values calculated from equation (4.4 

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

i 
3.03712  
1+2.47512  

(4.3) 
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TABLE VI (contd.) 

(74a)1 
AH° =-1.4 	If 	 at I = 1.0211 

	
(58) 

Enthalpy 	I AH° = 2.13 kcal mole-1  at I = 0 
of reaction 

Enthalpy 
of activation'  

at I = 0.08M 	(74a) 
(path 1) 

at I = 0.08M 	(74a) 
(path 2 

at I . 0 , (74a) 
(path 1) 

AHi *= 25.7 If 	 If 

LH2 = 32.8 tf 
	

tf 

AH1'i2 = 26.0 
	

tf 
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AH
* 
= 25.0 if 

	
It 	at I = 1.02M 	(58) 

AHD  = 21.4 If 
	

If 	at I = 0.12M 	(58) 

Stability 
constant of 
[OrNOS]2+ 

K1 = 1230 M-1  

K1  = 200 M-1  

K1 = 74M-1  

at I = 0 	(74a) 

at I = 0.5 	(74a) 

at I = 1.0M 	(58) 

Stability 
constant of 
outer sphere 
complex 
[Cr(H20)6]+ 

[SON-] 

Kiout = 0.1 M-1  

(i.e. extent of association negligible 

in dilute solutions). 

(77) 

Acid 
dissociation 
constant of 
[Cr(H20)6]3+ 

Rate of 
formation V 
[Cr(NOS)2]  

Kai = 1.58x10-  M 
	

(76) 
4ai = 1.5x10-4  M 
	

(66) 

No literature data. 

Stepwise stabi- v  
' lit y constant 	2 + 

of LOr(NOS)23 

130 M-1 	 (58) 

Rate of aquation 1st. order rate constant = 9x10-9  sec-1  
of [er(H20)5LTCS]2+ for [111-]>0.05M and I = 0.3-1.0M 	(714-4) 
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Both [Cr(11:20)084-  and Cer(H20)5NCS72+ 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 

first ligand atom of each periodic group, i.e. No 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). Class (a) ions are more electro-

positive than class (b) ions, and form their most stable 

complexes with unpolarisable$  electronegative ligands. 

Cra+ is a class (a) ion (80)9  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) amines 

by X-ray crystallography (81,82,83) and by examination of 

C-N stretching frequencies by IR spectroscopy (81,84), 

and also for the compound Eic-(C5H6)Cr(N0)2(NCS)]° by IR 

spectroscopy (85). 

No aauothiocyanato complexes seem to have been examined, 

but Cr-N bonding can be considered a virtual certainty in 

the ion [Cr(H20)5NCS32-1-. 
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IV.2: Experimental procedure. 

IV.2.l: 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. 

(1) 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 vacuum. Solutions were made up 

roughly by weight (the solid is deliquescent) and 

standardised by titration with silver nitrate, using 

eosin as adsorption indicator. The stock solution 

was 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. 



The method employed by Poulsens  Bjerrum and 

Poulsen (58), dissolution of freshly precipitated 

chromic hydroxide in perchloric acids  produced greenish 

solutions. The simple [Cr(H20)6)31-  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 [Cr(H20)6]3+. Stock solutions 

approximately 0.5M in Cr(C104)3  and 0.5M in HC10.1  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 

start the reaction 

2 Cr03  + 3H202  + 61-11- 	2 Cra+ + 302  + 6H20 	(4.4) 

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. Excess hydrogen 

peroxide was destroyed by heating gently 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 analysed 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 37241, absorbance 

peak, at which ecr02- was found to be 4.89x103. 

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. Local 

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 (4.1) was followed spectro-

photometrically at the intense ultra-violet absorbance 

peak of the product ion at 292mA. 

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

thiocyanate and chromium(III) perchlorate solutions used 
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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 [Cr(H20)5NCS]2+. 

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 0.5cm. or 1.0cm. 

IV.2.3: Kinetic runs. 

Suitable volumes of chromium(III) perchlorate 

solution, and extra perchloric acid if required, were 

placed in a 500m1. volumetric flask, and the volume of 

solution made up to about 450m1. with doubly distilled 

water. This solution, and some sodium thiocyanate stock 

solution, were equilibrated separately in a water tank 

thermostatted at 25.0+0.05°C. At time to, a known 

volume of thiocyanate was added to the volumetric flask, 

the volume made up to 500m1. and the flask shaken. 

Initial concentrations in the reacting solutions 

were in the ranges: 

[Or(H20)6]2+ 2.5x10-2  5.0x10-2  M 

[SCN-] 3.6x10-2  5.2x10-2  M 

[114] 2.5x10-2 8.0x10-2 m 

Ionic strength 0.22 
	0.44 M 
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Molar 
extinction 

- coefficient 
(6  ) 
a 

6 2,2 = 2.90x103  



ECr(H20)5NCS] 2+ 570mA 

410 

292 

(89) 

(89)  

(74b) 

31.5 

33.7 

2.90x103  

Spectral 
maxima. 

e 	 Reference 

575mA 

570 

575 

408 

408 

407 

r[ 292 

292 

13.3 

13.4 

13.9 

15.5 

15.6 

16.1 

0.7 
0.7 

Present work 

(86) 

(88) 

Present work 

(86) 

(88) 

Present work 

(74b) 

[Cr(H20)6]3+ 

Onset of general 
absorbance below 260mA 

11 	 91 

Present work 

(90)  

SON 
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TABLE VII : SPECTROPHOTOMETRIC DATA FOR THE IONS 

[Cr(H20)6]3+, [Cr(H20)5NCS]2+ and SON. 
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The reaction at 25.000 was followed for 4-5 hours 

at the spectral maximum of the product ion [Cr(H20)5NCS]2+. 

During this time, about 0.2% of the chromium(III) reacted 

and caused the optical density, D, at 292mA, to increase 

by about 0,3 units per cm. cell length, from an initially 

low value due to the Cr3+ and SON. As the change in 

[Ora-1-J and [SON-] during each run was small, plots of 

D292  against time were linear, and the rate constant, k2  

in equation (4.2a), was calculated from the slope of the 

plots by the equation 

k2  = Increase in D222,per cm. cell length per unit time 

e product [Cr(H20) 6  J.3tlio  [SCN-]t 	(4 ) 

The position of equilibrium in the Cr3+ - 

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 thiocyanate ligands, it was calculated that at 

equilibrium, roughly one-third of the total Cr(III) was 

present as [Cr(H20)6331-0  one-third as [Cr(H20)5NCS]2+ and 

-one-third as [Cr(H20)4(NCS)2]+. 

The back reaction, the aquation of [Cr(H20)5NCS324-$  

can be ignored in these experiments, as shown by the data 

of Table VI, pages 40-41. There xre no literature data 

on the rate of reaction of [Cr(H20)5NCS]24-  with NCS-: 

it was assumed that this reaction was also negligible. 

Measurements at 292m, were made using water as a 
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reference liquid. The literature value of e product, 

2.90x103  (74b), was used in equation (4.5). 

The shape of the 292m1' product peak is not reported 

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 

260mA obscuring the 292m1a. peak. During each run, the 

shape of this peak, and the visible spectrum between 

500mA and 600mp 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, 2.5x10-2  - 8.0x10-2  119  

was such that path 1 (equation (4.2), page 40) was the 

predominant reaction path: only -2.5% of the reaction 

occurs by path 2 when [ii] = 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<1. Even so, reaction mixtures left over a 

period of days invariably smelt of hydrogen sulphide. 

Although k2  varies with ionic strength, no background 

electrolyte was used, as it was thought that heterogeneous 

catalytic effects might thereby have been modified or 

suppressed. Experimentally determined values of k2  varied 

between 1.64x10-6  and 2.23x10-6  M-isec-i„ according to 

[1141 and I. Heterogeneous runs were therefore always 

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

negligible. 

Experimental values of k2  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 Cr3+ and SON. 

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 500m1. solution prepared at time to  into a 

500m1. conical flask containing a weighed amount of 

solid 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 

solid and reacting solution. 

Small aliquots (<3m1.) were removed with a plain 

pipette from the reaction vessels at roughly 25 minute 

intervals and D292  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 aliquots 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 

centrifuges  heterogeneous plots tended to be rather 

more scattered 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 III, page 57. Arbitrary quantities 

of each substance were used: in the case of powdered 

substances, the quantity taken was related to the apparent 

fineness of the powder, so that 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 reaottan. It was found that insoluble silver salts 

and silver itself were without effect, although they had 

a pronounced effect on the aquation rate of [Co(NH3)5X]2+ 

(see Part III). Similarly, HgS, and the mercuric halides, 

although the latter are rather soluble, had no effect, 

although [Hg2+] in both the homogeneous and heterogeneous 



[Cr(H20) ]o+  = 4.91111x10-2  M i[Cr(H20)030+ = 4.945x10-2  M 
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CONS ]0 = 3.636x10-2  M 

[e] 
	

= 8.096x10-2  M 
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I 	= 0.n)128 M 
	

I 	=0.384.1M 
L._ 

TIME TIME 
	

D29211111  112921V' 

RUN 1. RUN 2. 

0.047(extrap.) 

0.0808 

0.0990 
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0.1500 

0.1738 

0.1982 
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0.3100 

0.3480 
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It 

96 
	

It 
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263 It 
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0.0656 
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0.1103 

0.1248 

0.1390 

0.1522 

0.1700 

0.1842 

0.1950 

0.2105 

0.2180 
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37 

59 

84 

111 
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2178 
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It 

II 

It 

II 

It 

11 

11 

II 

it 

11 

301  it 

1 355 It 	0.2305 . 
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TABLE VIII : TYPICAL KINETIC DATA FOR THE REACTION 

[Cr(H20)6]3+ + SCN -4 [Cr(H20)5NCS]2+ + H2O 

IN ACID MEDIA AT 25.00C. 

Experimental k2=2.20x10-6  
M isec-i 

Calc.from equation (4.2)a  t 
k2.2.02x10-6  M-isec-i I 

Experimental k2=1.69x10-6  
M-isec-i 

Calc.from equation 04.2), 
k2=2.19x10-6  M-isec-i 

Optical measurements taken in cells of path length 
1.0cm. against a water blank. 
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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). 

Solid 

Pd powder 

1 Au powder 

Ag powder 

Ag foil 

AgSCN 
Ag2S 
AgI 

Si 
Si02  

S 

Activated de-
colourising 
charcoal. 

Source 

Johnson hatthey. 

fl 	U 

Freshly precipitate 

B. D. H. 

B.D.H. ;purified fro4 
iron in laboratory. 

Freshly precipitate 

Hopkin and Williams. 

Quantity 

0.4g. 

0.85g. 

0.65g. 
Surface area 39cm2  

0.65g. 

1.6g. 
0.65g. 

1.2g. 

0.25g. 

1.5g. 

0.65g. 

HgS 	 1.0g. 
TlI 	 0.75g. 
CuBr 
BaSO4. 	 1.3g. 

i 
Crushed pyrex glass. 	2.0g. 
Stainless steel 

	
0.5g. 

turnings. 
1.• 

B.D.H. 
tt 

fl 

11 



TABLE X  : SOLIDS WITH AN EFFECT  ON THE ANATION REACTION.' 

Solid 	. Mass used 
in 500m1. 

Overall 
k2,M-isec-i. 

Homogeneous 
k2,M-isec-1  

Remarks Conclusion 

CdS 0.10g. 2.25x10-6  2.15x10-6  . 
Slight catalyst. 

PbS 

m•Ma.. a.,.1.1romwlk 	 — 	1 

0.84g. 2.85x10-6  

-- 

2.15x10-6  D.0  at 292mil rather high 
due to slight solubility 
of PbS. 

1 

Slight catalyst. 
iPb21-3 in solution 
is limited by [SON-3 

IgCl2tHgBr2, 
HgI2  

"0.5g. 2.18x10-6  2.18x10-6  Some solid dissolves 
giving slightly high Do, 
but no other effect. 

Llig24-3 in solution_ 
is limited by [SON 3. 
[Hg2+J not a homogen-
eous or a heterogen-
eous catalyst. 

1g2C12,Hg2Br2, 
Hg2I2  

SO.Olg. 

eg.O.lg. 
Hg2Br2  

8.46x10-6  1.64x10-6  

Apparent 5-10 fold 
increase in reaction rate. 

SCN-  induces dis-
proportionation of 
H.n:224-. 	Apparent 
rate constant 
decreases when surfac( 
reaction complete. 

Pt pouder. 2.15g. 2.51x10-6  2.23x10-6  

.......... 

Slight catalyst. 

ig( re-distilled) 
1 
27.5g. 2.09x10-6 1.69x10-6  

- i  
Slight catalyst. W; 

* All coFc)ounds supplied by BDH; Pt supplied by Johnson Matthey. 



FIGURE III: KINETIC PLOTS FOR REACTION (4.1) IN THE 
	57 

PRESENCE OF CATALYSTS (see Table X). 

100 
	

200 
	

300 
	

400 
minutes 

Lolar conc. 102  [Cr1 10a  [SON] 10a FH1 Ionic strength 
a) Hg 4.959 3.636 4.933 0.3841 
b) Pt powder 2.479 5.023 2.467 0.2236 
c.) CdS 	1 
d) PbS 	j 

4.008 5.042 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 acluation of 

[Co(NH3)5X]2+. Charcoal has long been known as an 

effective catalyst for the interconversion of various 

cobaltnmmines (see Chapter II) but it had no effect on 

the anation reaction. 

Insoluble salts of the ions Hg(II), Tl(I) and 

Cu(I)0  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 [FeSCN]2+ absorbance peak at 450mµ 

(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?  

Surprisingly, stainless steel turnings did not produce 

[FeSCN]2+ 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 heterogeneous 

catalysts. The appearance of the [Cr(H20)5NCS]2+ 

absorbance peak at 292m11 was followed for each, no side 

effects were observed, and the rate returned to the 

homogeneous value on removing the catalyst. Figure III 

illustrates runs carried out in the 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 30cm2  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: EFeSCN]2+  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 292mA 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 
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and ill-defined absorbance peak with a maximum at 

about 280mil 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 

Do  values at 292m11. 

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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1V.4: 	Discussion of results. 

IV.4.1: Discussion of the nature of the heterogeneous 

catalysts. 

Cadmium and lead sulphides, platinum and mercury 

were found to be catalysts for the reaction between Cr34" 

and SON. Figure 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 and 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 ("soft") 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 metal ion, 

as the order of stability of the aqueous complexes formed 

with halide is F>Cl>Br>I (48,79). However, the differences 

In stability are comparatively slight, and Or is not so 

typically (a)-class as, say, Li+  or Me+ (80). Transition 

metal ions with less than 5d 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 	Ne r 0  S - C 72,  N 

Nitrogen is more electronegative than sulphur, pild 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), Pd(II), Ag(I) and Hg(II)0  

through 5, and (a)-class metal ions, such as Cr(III), 

and even Zn(II), Od(II) and Ni(II), through N (96). 

Thiocyanate also readily forms bridges between Ag(I), 

Pd(II), Pt(II)o.Hg(M'Elnd Tl(I) ions, so the different- 
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iation between the S and N atoms is not great (96). 

According to the SHAB hypothesis, a catalyst for 

the anation reaction should possess sites which adsorb 

both Cr3+ and SON-. 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 7c-orbital overlap occurs, the catalyst requires 

"soft" acid sites, but if the N end is adsorbed, fairly 

"hard" acid sites are required. 

It is proposed that the catalysts for the Cr3+ SCN 

reaction possess the two kinds of site required. 

Both cation and anion sites in the non-catalysts 

HgS, T1I, OuBr, Ag23, AgI and AgSON(?) are soft, and 

these substances are non-catalysts. Both sites in 

BaS0,1, are extremely hard (Ba2+  does not form amine 

complexes in aqueous solution) and this substance is also 

a non-catalyst. 

Cadmium(II) and 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 Cr3+ could then 

follow. However, sulphide is rather "soft" and does not 

complex with Cr3+ in aqueous solution;  so this explanation 



is not wholly convincing. 

The existence of two types of site on platinum 

surfaces at rest potential in aqueous solution has 

been suggested (97), to account for the observation 

that Tl+ and T13+ are additively, not competitively, 

adsorbed on platinum. T13+ appears to adsorb speci-

fically on oxidised Pt(OH)2  sites*  T1-1-  on vacant Pt 

sites. By analogy, 0/.3+ could adsorb on the "hard" 

oxidised sites, SON-  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.4.2: Discussion of the magnitude of the catalytic 

effects. 

The heterogeneous catalysts found for the reaction 

of 01'3+ with SON 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(NH2)5X]2+ 
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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 

0/.3+ and SON-  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 Cr3+ and 

SON is 

"het 	A khet[Ora+)ads[SON]ads s 
	(4.6) 

where\)het = no. of moles [Cr(NCS)]2+ produced per unit 

time, 

A = area of catalyst surface., 

[Cr3+]adss[SON]ads = no. of moles of Cr3+, SON 

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 expressed: 

whom = V k2Cer3+]bulk  [SON )bulk (4.7) 

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(N113)5X324-  (see Part III), 

and also to the rate law for the heterogeneously catalysed 



0 Ci  02  BulkCI  . 

Henry's 
Law 
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T1-1/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 Langmuir adsorption isotherm for a species 

i is shown in Figure IV: 

FIGURE IV : THE LANGMUIR ADSORPTION ISOTHERM. 

Amount 
i sorbed 
on   monolayer 
(catalyst) 	 coverage 
surface 

In the concentration range 0 to Ci, Henry's Law is 

obeyed, i.e. [Ci]ads 	is proportional to Eci3 bulk' 
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Assuming [Cr3+] ads  and [SON-3ads  in equation (4.6) to 

be governed by Langmuir isotherms, then the ratio whet/ 

vhom in this concentration range is a constant. Equations 

(4.6) and (14.7) show that this ratio will then depend on 

the ratio khet/k21  (i.e. khet/khom). 

In the concentration range Ci  to C2;  [0.] ads 

increases less rapidly with [Ci  310111k  than indicated by 

Henry's Law. The ratio vhet/vhom therefore drops 

continually. 

Above the concentration C2, monolayer coverage 

of the surface is achieved. whet therefore remains 

substantially constant, butvhom  will increase as some 

funotionofC.The ratio 	may therefore become C . 	 vhet/vhom 
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 ratiovhet/vhom will be negligibly small even at very 

low concentrations. However, even if khet  is quite large, 

the overall catalytic effect will appear small if experi-

ments are confined to the concentration region Ci  >>02. 

Comparison of equations (4.6) 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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(i) decreasing the bulk concentration of reactants, 

until,CI  . is not greatly larger than 029  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. 

lowering the temperature. As explained in 

Chapter Is  Millet  is always less than ANom, so 

khet becomes larger compared withnom  as the 

temperature is lowered. Again, the overall rate 

may become inconvcL_:::It.7: .77,1—.T.  unless the catalytic 

reaction is rather fast. 

It is retrospectively apparent that the concentrations 

of Cr3+ and SON used in these experiments did not fulfil 

the conditions set out in (i) above. Assuming, as a 

rough guide, that Or3+ and SCN each occupy half the 

surface at monolayer coverage, and that each ion occupies 

25 A2, then [Cr2+]adsand [3e11  ]ads are both roughly 
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3x10-i° moles cm-2  at monolayer coverage. In 500m1. 

of solution, there were altogether roughly 2x10'2  moles 

of each reactant. Even with a catalyst of surface 

area 106cm2, 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 khet/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+ - SON reaction. 

(i) The catalytic effect of platinum could be further 

investigated, using heavily platinised platinum 

surfaces, as did Jonasson and Stranks (97). 

lcm2  of smooth surface can be platinised to yield 

a real surface area of over 103cm2, 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 considerably faster in proportion. 
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(iii) The heterogeneous rate should be investigated 

as a function of both [Cr3+3b ulk and [SC11.-]bulks 

and this related to the separately determined 

adsorption isotherms. 

(iv) The activation energy of the heterogeneous reaction 

should be determined from experiments over a 

temperature range of 20-300. It should be larger 

than for a diffusion controlled reactions  but 

smaller than for the homogeneous reaction. 

(v) A 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 COr(H20)672+ + Cl- -4[Cr(H20)5C1]2+ + H2O 

As thiocyanate is not particularly stable, and as it 

causes disproportionation of mercurous compounds, use of 

a halide as anating ligand might seem preferable. 

[Cr(H20)5Br12+ and [Or(H20)8I12+ are too unstable thermo-

dynamically for Br or I to be used (98,64)0  but use of 

Cl-  is possible. Production of [Cr(H20)5C132+ can be 

followed spectrophotometrically in the ultra-violet (64). 

The rate of anation of Ora+ by Cl-  is not much slower 

than for SON but the position of equilibrium is less 

favourable (99). If [0/.2+210ulk   is to be kept low, this 

means rather high bulk concentrations of Cl-  will have 

to be used. 

The catalytic effect of Hg2+, HgC11-  and HgC12  (53) 

on the aquation of Cer(H20)601]2+ was mentioned in 

Table III, page 30. 	It may be added, however, that 

freshly precipitated Agel did not catalyse the aquation 

of [Cr(H20)80132+ (52). 



PART III 

72. 

HETEROGENEOUS CATALYSIS OF Co ( III) REACTIONS 
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CHAPTER V : THE HOMOGENEOUS AqUATION OF [Co(NH815Br124-

AND [Co(NH31.50132+. 

The reactions 

ki  

	

[Co(NH3)5Br32+ + H2O 	[Co(NH3)5H2033+ + Br (5.1) 
k_i  

ki  

	

and [Co(N112)501]2+ + H2O 	[Co(NH3)5H2033+ + Cl-  (5.2) 
k-1  

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 homogeneous and 

heterogeneous catalysis of reactions (5.1) and (5.2) were. 

mentioned in Chapter II. 

Preliminary work on the catalysis of reactions (5.1) 

and (5.2) was qualitative, and is described in Chapter VI. 

The best catalysts 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 introduction to the quantitative work. Chapter XI 

describes work carried out with a silver rotating disc on 

the redox reaction between silvet and [Co(NH3)5X32+. 
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Aquation of the iodo-complex [Co(N113)5I121-  was 

not studied because this complex also undergoes a slow 

autonomous redox reaction in solution, producing Co(II) 

and iodine (100). Reference to [Co(N113)5X]2+ in this and 

subsequent chapters is a reference to [Co(NH3)5BA21-  and 

[Co(NH3)3C1]2+ only. 

V.1 : Kinetics and mechanism of the homogeneous aquation 

of [Co(N113)5X]2+ in acid solution. 

The aquation 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. 

Log-log plots show that ki  correlates well with Keq 
and also with the basicity of X7, where X = NCS, F, H21304, 

Cl, Br, I and NO3  (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 is the sane 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 (NH3) 533+ 

is probably square pyramidal in shape: this shape involves 



[Co(N118)8Br]2+ [co(NH3 )5c13 24.  

For asuation 
reaction 
AH 
ASt  

24 kcal.mole-i 
-4 e.u. 

(70) 	23 kcal.mole-i (70) 
(70) 	-9 e.u. 	(70) 

3.9x10-4min-1  
4.02x10-4min-1(?) 
(3.70+0.03)x10-4min-1  

(present work) 

1.38x10-4min- i (101) 
1.02x10-4mia-i (70) 
1.007x10-4min-1 (102) 
0.96x10-4min-i (60) 
0.97x10-4min-i (103) 
(1.01+0.01)x10-4  
min-r 

(present work) 

(101) 

(70) 

Actuation rate 
constant, ki  

3.80+0.2)x10-4M- lmin-i 
at I=0.01M (present 
work) 

4.0x10-4M-imin-i 
at I=0.05M 	(102) 

3.0x10-4M7imin-1  
at I=0.12M 	(102) 

Anation rate 
constant, k 

K 	rk - eq=1 

L k-t 

0.98+0.07M at I=0.0IM 
(present work) 

2.7M at I=0.5M 	(107) 

0.13M at 

0.17M at 

0.8M at 

I=0.0145M 
(103) 

I=0.0156M 
(103)  

I=0.5M 
(104)  

75- 
TABLE XI  : DATA FOR REACTION (5.3), 

[Co(NH2)5X]2+  + H2O 7i'  [Co(NH2)51120]3+ +  

at 25°C. 
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TABLE XI (contd.) 

ECo(NH3)5Br32+ L0o(NH3)50112+ 

Base hydrolysis 
constant 

3.72x102M-'min-i 89.4M-imin-'. 

at 1=0 	(105) at 1=0 	(105) 

First acid 
dissociation 
constant 

<10-14M 	(106) <10 -i4M 	(106) 



77 

loss of less crystal field stabilisation energy than 
the alternative trigonal bipyramidal shape.' In some 

assisted aquations (!47,111), a true [Co(NH0533+ 
intermediate is formed. 

All Co(III) complexes are octahedral and all 
(except [CoF03-) have a low-spin t:G  configuration of 

d electrons, giving rise to large crystal field stabili- 
sation energy. 

Base hydrolysis of [Co(NH3)6X]2+ is a rapid second 

order process (70,107), but the base-dependent path is 
negligible in media of pH<5. 

The product, [Co(N113)6H2033+, is stable indefinitely 
in acid solution, but tends to become colloidal in media 

of 	(19). It is a weak acid (pKe6.2) (108)9  and 

exchanges water slowly in solution (kex  = 3.533x10-min-i) 
(108) at 25°0. 

: Preparation and analysis of reagents. 

The salts LCo(NH3)5BrIBr2  and [Co(NH3)8013C12  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 halide. 
In diluta,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 throughout the 

e7meriments, and A.R. perchloric acid solutions were 

standardised by titration against sodium carbonate. 

[Co(Nli315BABr2  was prepared by oxidation of Go(II) in 

the presence of ammonia and bromide (112a): 46g.CoBr2  

(0.21 mole), 50g.NHJr(0.51 mole) and 250m1. concentrated 

ammonia (3.5 mole) were dissolved in water. 40m1. of 

30% H202  (0.39 mole) were added slowly, with stirring. 

When vigorous effervescence ceased, the oxidation of 

Co(II) to the Co(III) complex [Co(NH2)5H20334-  was complete: 

Co2+ + 5NH3  + H2O + 2  H202  -.' [Co(NH3)5H203°+ + 0117 

(5.5) 

Excess H202  rapidly decomposed in the alkaline 

solution. Excess ammonia was removed by passing nitrogen 

through the solution for 3 hours. Concentrated HBr was 

then added until a precipitate of [Co(NH3)8H203Bra  

persisted. Another 50m1. HBr was added, and the whole 

heated gently for 2 hours. Heat and the hirch bromide 

concentration caused quantitative conversion of 

[Co(NH3)5112033+ to [Co(NB6)5Br324-, and [Co(NH3)5Br3Br2  

was precipitated. This was filtered off and purified by 

dissolving 25g. in 500m1. of 1M NH40H at 90°C. 

[Co(N113)81120334-  was instantly re-formed, and again 

converted to [Co(NH3)5Br]2+ by heating with 60m1. concen- 
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trated HBr. The precipitate of [Co(N113)3Br]Br2  was 

filtered off, washed in a little water and ether and 

dried at 110°C. 

[00(NH31,3013012  was prepared and purified by an exactly 

analogous method (112b). 

[Co(NHplABr301041.2  was prepared by s:I.ow addition of cold 

concentrated perchloric acid to a saturated (-10-2M) 

solution of [Co(NH3)5Br]Br2  in 3M H0104  at 10°C. The 

precipitate was filtered off, washed with cold water and 

methanol and dried at 110°0 (113). 

[Co(NH3)5E20](01041.3  was prepared from [00(NH3)30033(NO3) 

(112c). The latter was prepared by dissolving 100g. 

00(N002  and 150g. (NH4) 2003  in 200m1. water and 250m1. 

concentrated NH40H, and passing air throtvh the solution 

for 24 hours. Co(II) was oxidised to [Co(NH3)3003](NO3), 

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 

[Co(N113)511203(0104)3, a 0.5M solution of this salt in 

2M H0104  was boiled (1)4). The product separated on 

cooling, and was recrystal)ised from dilute porchloric 

acid, and 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. 00) and the aquopentammine 

salts are freely soluble (115). The [Co(NH3)5H2013+ ion 

is light red, the [Co(NH3)613r32+ ion purple and the 

[Co(NH3)5C112+ ion is a somewhat reddish purple. These 

colours are not apparent in solutions more dilute than 

5x10" 4M. 

These salts were analysed by the following general 

method: 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 weights  were: 

[Co(NH3)513r1Br2  Co 15.0(theor. 15.36) 
Br 61.6 (theor. 62.5) 

[Co(NH3)50l3012  Co 23.2 (theor. 23.53) 
Cl 42.1 (theor. 42.5) 

[Co (NH3) 5H2030304.) 3 CO 12.6 (theor. 12.7) 

LOo(N113)5Br1(Cl04.)3.xH20 	Co :Br = 1:1.01 
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V.3: Spectro pho tome tric data. 

The experimentally determined ultra-violet and 

visible spectra of the ions iCo(NH3)5Br]2+, [Co(N118)50132+ 

and [Co(NH3)5H20]3+ are given in Figure V. They are in 

quite good agreement with literature data, as shown in 
Table XII on page 83. 

The [Co(NH3)5X32+ ions have an intense charge-transfer 

band in the ultra-violet, which is absent in [Co(NH3)51120]3+. 

All three have weaker d-d bands in the visible region. 

Linhard and Weigel (117) showed that Beer's Law was obeyed 

throughout the range 200-700m4 by all three ions. 

The aquation reactions were followed by measurements 

of the optical density, D, at a wavelength at which, in 

general, both reactant and product absorbed. 

The wavelengths used in kinetic runs are shown in 

Table XIII on page 814.. 
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400 200 300 500.  
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200-300 mr 
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FIGURE V: SPECTRA_ OF THE IONS [Co(NH3)5.-Par, CoNH054 

2+ 

AND [Co 11113)5-H.7 0]34-IN 16214 HCl04  

Reference liquid doubly distilled water. 
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TABLE XII  : SPECTROPHOTOMETRIC DATA FOR [Co(NH3)8B1-]24-

[Co(NH3)5C1]2+ and [Co(NH3)51120)2+ IN ACID SOLUTION.  

Ion 
Absorbance 

peak e 	' Reference 

[Co(NH3)5BA2  253mj. 

255mµ 

iPresent 1.744x104  

—1.7 	x104  

work, 

(121) 

255.5m4 1.862x104  (117) 

500mµI  9.865x102  Present work 

550mA 55.56 u 	u 

549mA 58.9 (117) 

1-.00(NHO5C132+ 228mA 1.835x104  Present work 

227.541. 2.04x10 (11'7) 

563m4 48.56 Present work 

363.6mA 52.5 (117)  

360mA 45.0 (118)  

363mA 48.3 (120)  

534mA 51.9 Present work 

552mil 50.8 (119)  

550mA*  46.86 Present work 



Concentration range**  
c3<1.5x10- M 

1.5x10-1  - 2x10-3M 

c0<2x10 -314 

<1.5x10-4M 

c0  <2x10-3M 

WAS FOLLOWED. 
x 	e 
	 JPE 
253 .x. 	4.946x10-3  

(n- taken as 0) 

300mp. 	6.812x10-3  

559E34 	0.3679 

22844, 

550. 

AQuation of 
[Co(NH3)5Br]2+ 

[Co(NH3)501)2+ 0.2014 

0.4362 

TABLE XII (contd.) 

Ion 
Absorbance 

peak c Reference 

[Co(NH3)5H20331-  228mµ*  3.696x103  Present work 

2531411  86.26 It 	it 

300mµ*  6.72 it 	it 

3461.111 43.44 It 	it 

3451114 44.8 (120) 

492mµ 46.8 Present work 

49213011 47.6 (119) 

55014*  20.44 Present work 

550421  20.3 (122) 

Not peaks. 

TABLE XIII : WAVELENGTHS AT WHICH AQUATION OF [Co(NH3)5X32+ 

* 	 f pr = product, r = reactant 	co  = [Co(NH3)8X)2+ 
z=0 
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Most experiments were carried out in-the concentration 

region lx10-8<co<1.5x10-114, the concentration of 

[Co(NH2)6X32+  being followed at the ultra-violet charge 

transfer peak. To observe the production of [0o(NH3)51120321-, 

spectra of reacting solutions in the region 350-700mp, were 

recorded graphically on a Perkin Elmer 350 spectrophoto-

meter. Use of a X20 or X50 scale expansion accessory 

and 5cm. cells was necessary, as extinction coefficients 

in the visible region are rather small. 

The concentration of [Co(NH2)5H2033+ was deduced from 

the decrease in D at 550m4. Provided that the sum 

([Co(NH2)5X]2+  + [Co(NH3)5H20)3+) was equal to c0, as it 

was for all homogeneous and truly catalytic heterogeneous 

runs, it was assumed that no reaction other than aquation 

was occurring. If the sum was less the co, another process 

(usually reduction of the Co(III) complexes: see Section 

(V..6) ) was also occurring. 

V.4: Rate of the back reaction and position of equilibrium 

in the [Co(N112)513r32+ / [Co(NH3)5112033+ system. 

The equilibrium constant, K__eq, of reaction (5.3), 

[Co(NH3)5X324-  + H2O 41 [0.011051120]3+ x7, 	(5.3) 
k-i  

is well established for X=C1 (see Table XI, pages 75 and 76) 

but not for X=Br. The rate of reaction of [Co(NH3)5H2038+ 

with Bra  was therefore measured, to determine k...1  and 
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and hence Keg! at 25°C, 

Suitable volumes of [Co(NH3)5H20](C104)2  solution 

and KBr solution of known concentration 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(NH5)5Bri2+ was followed at 253mµ for 
4 days, after which time less than 2% of the [Co(N112)5H20]8+ 
was converted. The initial slope of a graph of D253  versus 
time therefore sufficed to give k-i  with reasonable accuracy 
from. the relationship. 

	

Slope 	=  	5.4) 
er.[Co(N112)5H20] -10.[Br-lt=0  

Seven runs were carried out: the details are given in 
Table XIV below. 

TABLE XIV  : ANATION OF [Co(NH3)5H20]3+  BY BROMIDE. 

.••••••/.M...ineawie 

Run 
[Co(NH3)5H20]31-

at to 
[Br] 
at to  

Ionic strength 
at to  k_ 

2x10 0.987x10-2M 2.107x10-2M 3.38x10-
M-imin-i 

1.007 

1.974 

2.014 

3.012 
3.021 
4.028  

2.137 

3.094 

3.12111- 

4.140 

4.151 

5.288  

3.29 

3.00 

2.72 

2.74 

2.72 

2.39 

It 	It 

_It 	II 

II 	It 

It 	II 

II 	ft 

If 	II 

2 

3 

5 

6 

7 

II 

II 

It 

It 

It 

4x10-4M 

II 

II 

It 

It 

II 

It 

iI 

It 

II 

II 
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Each k-i  value is subject to an error of + 5%, as 

the increase in D253  was too slight to be measured with 

great accuracy. Runs 1, 3 and 6 of Table XIV are 

illustrated in Figure VI, and a Bronsted plot of 

log k-i  versus I6(1+I1)-1  is given in Figure VII. Extra-

polation to I=10-2M gives k-i=(3.8+0.2)x10-4.  M-imin-1, 

and hence Keq=0.98+0.07M. 

Knowledge of Keq at the appropriate ionic strength 

enables the position of equilibrium in each run to be 

calculated by standard algebraic methods. Four typical 

runs are given in the table below. 

Initial concentration of 
[Co(NB:3)5X3X2  in 10-2M 
HC104  

Percentage of [Co(N113)5X)2+ at 
equilibrium at 25°C. 

X=Br X= C1 

1x10-411 0.03 0.3 

2x10-3M 0.5 5 
1x10-2m 1 10 

1x10-4M, in presence 0.1-0.4 1-4 

of l0-3M added Br- 

or [Co(NH3)8112033+ 

Nearly all  the runs carried out in these experiments 

were for co 10-4M, for which aquation proceeds almost to 

completion. 



88 FIGURE VI: THE ANATION OF [Co(1111s )s-H20]3+  BY BROMIDE. 

PLOTS OF D.21.2  vs. TIME, FOR RUNS 1,3 and 6 

(See Table XIV). 
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FIGURE VII: BRoNSTED PLOT OF k_, vs. 

FOR THE ANATION REACTION.  
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I = ionic strength 
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IT.5: The calculation of ki. 
90. 

The rate equation for the opposing first and 
second order reactions 

[Co(NH3)15 X224-  + H2O 
ki 

 [Co(NH051-120]3+ + X7 
k_ i  

is dc = -k1  c + k_ i  (co-c) Lx 72 
dt 

(5.3) 

(5.5) 

where c is the concentration of EOo(NH3)5X32+ 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 

b173 = [no  was therefore made. 

Integrating equation (5.5), 

In co  - Cc, = kObs t (5.6) 

    

am 

where kobs = ki  + k-i  [no , and where co, is tho concen-
tration of [Co(NH05)021-  at equilibrium. 

For spectrophotometric measurements at a given 

wavelength, therefore, since Do  = erco 

D = 0rc + 0
Pr 

 (co-c) 

31),Q  = r 	+ epr (co-c.), 

2.303 log Do-Dw = kobs 
	(5.7) 

D 



91. 

Plots of log (D-Dc.) versus time far all homogeneous 

runs were linear. 

Dm  was calculated on the assumption that equation 

proceeded to completion, except for a few runs with 

i0o(NH3)aC132+ at high co. kobs was assumed to be equal 

to ki, except in these few runs. The errors introduced 

by these two assumptions were partly self-compensating, 

and did not affect the values of ki  obtained. 

Data for a typical run with [Co(NH0aBr32+ and a 

run with [Co(NH3)8C132+ at exceptionally high co  are 

tabulated in Table XV and plotted in Figure VIII. 

ki  values were found to be independent of co, of pH 

in the range 1-4 and also of the nature of the anion 

(either 27 or 0104-) also present. The presence or 

absence of laboratory fluorescent lighting had no effect. 

The experimental procedure was very simple. 500m1. 

10-2M perchloric acid were equilibrated at 25°C in the 

thermostat. At time to, a weighed amount of complex was 

added, and the flask shaken. The solid quickly dissolved. 

Readings of Dx were taken at suitable time intervals by 

removal of small aliquots (<3m1.). co  was calculated 

from Do, obtained either,  directly or by extrapolation, 

as the mass of solid used was too small to be weighed 

accurately. 



TABLE XV : DATA FOR AQUATION OF  

1) [Co(NB.3)5Br32+, followed at 253mA 

2) [Co(NI13)50132+, followed at 550E34 

In both experiments, temperature = 250C 

Dm043 = 10-2M 

cell length = lom. 

[Co(NH3)5X3X2  used. 

92. 
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TABLE XV  (contd ) 
.... 

RIIN 1 
,-- 

RUN 2 

co=3,,38x10-514 
(from Do) 

D. taken as 0 

c0=9.72x10-3M (from Do) 
cect P.,' 	lx10-3M (from Keq) 

Dco=er  c.,+€pr  (co-c,..,) 
=0.2243 

k 	LX-1,3  e't'e  8x10-6min-i -± 

Time D253  log D Time D5 a 0 	D-D. log(D-Dw) 

0 0.589 1.7701 0 0.4555 	I 0.2312 1.3640 
9 0.5855 T.7676 1.93 0.454 0.2297 1.3611 

78 0.571 1.7566 34.00 0.4344 0.2101 T.3224 
104. 0.568 1.7543 19.25 0.427 0.2027 1.3069 

234 0.5595 1.7478 21.55 0.4215 0.1972 T.2949 
171 0.553 I.7427 24..17 0.4215 0.1972 2.2949 
231 0.541 1.7332 26.62 0.4195 0.1952 1. 2905 
269 0.532 1.7259 30.95 0.L425 0.1882 1.2746 

293 0.527 1.7218 42.73 0.3975 0.1732 1.2386 

328 0.522 1.7177 
359 0.516 2.7126 Slope of graph log (Do-D.)vs.t 

393 0.5105 2.7080 =. 1!..78x10-6  min-i 

i.e. kobs = 1.10x10-4.  min-i 
Slope of „g.aph log i.e. ki 	= 1.02x10-4  min-i 
D vs.t 

= 1.63x10-4  min-  i 
i.e.ki= 3.75x10-4  min-i 



FIGURE VIII: FIRST ORDER PLOTS FOR AQUATION OF  

(1) po(NH3)3.Bri:*  (2)  pD(1111.0s.C1 

(Data from Table XIV). 
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V.6: Reduction of [Co(NH3)5X32+ 

Although cobaltammines are much rorc stable than 

the simple cobaltic ion, they are readily reduced by, 

for example, Cr2+, Fe 2+, V2+ and Eu2+ (124). In the 

course of the present work, silver and charcoal were 

also found to be reducing agents and these redox reactions 

were investigated. 

Co(II) was estimated spectrophotometrically after 

complexation with chloride, forming complexes of the type 

[coo10.7(2-n)+, n=--1-4. The ratio of total chloride to 

total Co(II) was at least 10'1, 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 Law applied, 

provided the total chloride concentration was always the 

sane. 

Experimentally, sr all aliquots (2-5m1.) of Co(II) 

solution were mixed with concentrated AR hydrochloric 

acid (-11•6M) in the proportion 1:4 by volume. The spectra 

of these solutions were observed using HC1 solution of 

the same concentration as reference liquid. The highly 

characteristic spectrum in the region 600-700mA is shown 

in Figure IX, on page 96, with the spectrum of aqueous 

Co2+ for comparison. 



FIGURE IX: SPECTRUM OF Co(II) IN ca. 10M HCl AID IN 

10.1 M H0104, AT ROOM TEMPERATURE. 
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Co(II) in the BC1 solution was estimated at 

69041, at which e=449.7 up to the highest Co(II) 

concentration tested, 10-3M. Using a spectrophoto-
meter with a scale expansion accessory, the limit of 

detection of Co(II) in the chloride solution was about 
2x10-3M. 

Attempts to determine the paramagnetic Co,2+ both 

as the aquo- and as the chloro-complex, by ESR spectro-
scopy at -196°C, failed, as the signal heights were 

not sufficiently reproducible. 

The redox potential of the [Co(NH3)6X32-1-  ions was 
calculated from literature data as follows: 

For the redox couple 

[Co(NH3)6520]3+ + e 	[Co(N118)81120]2+, 	(5.8) 

Yalman (125) found H3=0.35+0.021% at 25°C, I=1M. From 

this value, and using data from Table XI for K at eq 
1=0.51/4 it is found: 

[Co(NH3)5Br32+ Co(II) = 0.38+0.02V. 

E° [Co(NH3)80132+ / Co(II) 	= 0.34+0.02V. 
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CHAPTER VI  : SEMI-QUALITATIVE WORK ON THE HETEROGENEOUS  

CATALYSIS OF TUE AQUATION OF [Co(NH3)6X32+ 

Preliminary work on the catalysis of the aquation 

of [Oo(NH3),5X32-1-  by various solids is reported in this 

chapter. The results are designated semi-qualitative, 

because the specific surface areas of the catalysts 

investigated were not determined: quantitative comparison 

of the catalytic efficiency of different solids was 

therefore not possible. Quantitative work is reported 

in Chapters VII - X. 

VI.1. Choice of solid. 

Since heterogeneous catalysts were sought, work was 

restricted to insoluble compounds which did not dissolve 

in perchloric acid. This excluded investigation of the 

mercuric halides and several metals. Anion exchange on 

the solid surface was also to be avoided. If, for example, 

solid AgCl is added to a dilute solution of [Co(NH3)6Br]Br2, 

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 

purification in the preliminary work. Powders, if much 

coagulated, were lightly crushed with a pestle, and 
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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 +5%. 

VI.2. Experimental procedure. 

A weighed amount of solid was placed in a 500m1. 

conical flask with a magnetic stirrer, and the empty 

flask placed in a holder and immersed to its neck in a 

water thermostat at 25°C. 500n1. of 10-2M perchioric 

acid were separately equilibrated in the thermostat. 

At time to, a weighed amount of [Co(NHO5Brhr2  or 

[Co(NH3)5011012  was dissolved in the acid, and the 

solution quickly poured into the conical flask, which 

was then stoppered. This operation took less than a 

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 aquation reactions were followed spectrophoto-

metrically for 5-8 hours, in the case of [Co(NH3)5Er]2+ 

and 2-3 days, in the case of [Co(NH3)501]2+, by removing 

1 ml. aliquots from the reaction vessels at suitable 

time intervals. Sometimes the magnetic stirrer was 

switched off for a minute before removal of each aliquot, 

to allow the solid to settle, and sometimes the stirrer 

was left on throughout the run, and aliquots were 
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centrifuged to remove solid before measurement of 

optical density. Reduction in volume, due to removal 

of aliquots, did not amount to more than 5%, and no 

sampling corrections were made. The time required for 

each optical measurement was 30-90 seconds. 

A Unicam SP 500 spectrophotometer and lcm. matched 

silica microcells were used for all optical measurements. 

The reference liquid was doubly distilled water. Spectre:-

photometric data are given in Chapter V, Section V.3. 

Nearly all runs were carried out in low concentration 

(3ta7x1.0-5M) by following the optical absorbance of the 

reactant. 

If a catalytic effect was observed, tie 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. In all cases, the rate returned to the 

homogeneous, uncatalysed value, to within -15%. The rate 

enhancement was therefore concluded to be due to 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(NH3)5X]2+ and the solid, and this was tested for 

separately. 
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VI.3. Experimental results. 

Data from catalytic runs were plotted according to 

a first order law. These runs during which only 15-30% 

of the complete aquation reaction was followed, gave good 
first order plots, as exemplified by line 1, Figure X, 

page 105. The first order rate constant for the catalytic 
reaction, 'shot, was calculated from tho overall rate 
constant, kobs, by the relationship. 

khet = kobs ki 
	(6.1) 

Incidentally, any other treatment of the kinetic data, 
such as a zero order plot, would require a more complicated 
correction for the homogeneous contribution. 

The effects of miscellaneous solids on the aquation 

of [Co(NH3)5X32+ arc tabulated in Tables XVI - XIX, and 

three typical plots of kinetic data are illustrated in 

Figure X. 

First order plots for catalytic aquation reactions 

followed to completion sometimes showed downward curvature 

(e. g. line 2, Figure X). It is also clear from Tables XVI 

and XVII that khot  decreases as co  increases. This 

variation is discussed in the next chanter. 
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TABLE XVI  : SOLIDS WITH CATALYTIC EFFECT ON THE AQUATION 

OF  [Co(NHq.)6C13V.  DATA FOR 25°C. 

Solidlsgurceraw5c0  
in 88111. 

10'Ikhee 
min-i 

104k 	. het ! Comments 

meat 

AgC1,BDH 1.04g. 5.6 0.06 0.06 Subject to 
photochemical 

2.08g. 9 0.12 0.06 effect. In dar 
1.2g. 1000 0 khet 	0  

3.2g. 9 0 

AgCl,freohly 
ppted.(1) 1.73g. 5.6 0.31 0.18 

3.0g. 9 0.53 0.17 

(2) 1.0g. 9 0.43 0.43 

AgBr0BDH 3.0g. 2.8 4.41 1.47 
II 5.6 1.71 0.56 

AgI,BDH 3.0g. 5.6 3.66 Subject to 
1.17 photochemical 

It II  3.43 effect. In dazi 
khet z 0.85x  
10- min-i 

HgS,BDH 2.0g. 3.0 2.38 1.19 

Hg2C12,BDU 2.9g. 5.5 0.58 0.2 

Pt powder, 3.5g. 2.25 3.36 0.95  
Johnson 
Matthey. 



103. 
TABLE XVII  : SOLIDS WITH CATALYTIC EFFECT ON THE AQUATION 

OF [Co(N11,1)5Br]2t DATA FOR 25°C. 

Solid,sJurce 
1 

neat in 500m1. 
105c0  

min-i  
10'Ikhei Comments 1"khet 

moat 

AgC1,BDH 2.0g. 3.0 1.59 0.795 Cl-Br exchange 
on surface: 

I/ 5.6 0.92 0.46 

AgBr,BDH 3.0g. 3.1 30.84 10.28 Catalysis sub- 
ject to photo- 

2.0g. 3.34 22.14 11.07 chemical effect 
and repression 

3.0g. 5.8 10.17 3.39 by Br . 	Soe 
also Chapter Ix 

AgI0BDH 1.54g. 3.0 27.4 17.79 Catalysis sub- 
ject to photo- 

2.0s. 3.1638.0 19.00 chemical effect 
and repression . II 3.63 32.75 16.38 by I-. 

3.0g. 5.6 31.25 10.42 

HgS,BDH 1.0g. 2.9 8.73 8.73 Catalysis sub- 
ject to slisht it 7.4 6.23 6.23 pbotochonicra 
effect and 
repression by 
Br . 	See also 
Chapter VIII. Hg2Br2,BDH 2.9g. 3.5 25.9 8.93 

2.2g. 5.8 8.27 3.76 
/4.4g. " 18.7 4.25 
3.3g. 100. 0.26 0.08 

Pd powder 1.1g. 3.5 11.8 10.7 
Au 	" 0.4g. 2.74 0.6 1.2 
Pt 	" 
(Johnson 

0.65g. 3.6 1.1 1.7 Catalysis inves 
tigatcd quanti-
tatively with Matthey). Pt rotating dis. 
See Chapter X. 
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TABLE XVIII : SOLIDS WITHOUT CATALYTIC EFFECT ON TEM 

AQUATION OF [Co(N113,)5BrT1- 

Solid Source Mass used in 
500m1. 
solution 

co  

PbS BDH 1.3g. 3.5x10-5M 

BaS4 Freshly ppted. 2.0g. ft 

BN BDH 1.0g. ii 

Crushed 10.0[..,. el 
Pyrex 
glass. 

Stainless 
steel 
turnings. 

Surface area 
pe. 50cm2  

li 

For these substances, koba  = (3.7+0.2) x 10 -4min -i. 

TABLE XIX : SOLIDS ,!RICH REDUCE [Co(NH3)5Br32+ to Co(II) 

Solid Source Mass used 
in 500m1. 
solution. 

co  First order 
rate constant 
for disappear-
ance of 

[Co(NH3)813r32+ 

Hg Re-distilled Li..g. 3.5x10-5M 10.6x10"min-i 

Activated 
decolouri- 

Hopkin and 
Williams 

0.5g. 3.5x10-5M -65x10-4min-i 

sing 
charcoal. 

0.7g. 5.6x10-511 88.5x10-4.min-i 

Ag powder Johnson 0.85g. 3.5x10-5M ,-125x10-4min-1  
Matthey. 

See Chapter XI. 
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VI.3.1: Heterogeneous catalysis. 

All results given in Tables XVI - XIX were for the 

first 15-25% of aquation in normnl laboratory lighting. 

Catalysis by the silver halides was found to be subject 

to a considerable photochemical effect, which is further 

discussed in Chapter IX. 

Inspection of Tables XVI and XVII shows that for a 

given system (catalyst, complex, co),khet is proportional 

to mcvt, as would be expected. For example, khet  for the 

catalysis of COo(NH2)5Br)2+ aquation by Hg2Br2  at co = 

5,8x10-5M is 8.27x10-4min-i for 2.2g., and 18.7x10-4min-i 

for 4.4g. of catalyst. This relationship was more string-

ently verified for the catalysis of [Co(NH3)6Br32+ aquation 

by AgBr (sec Chapter IX). 

The proportionality of khet to meat  is good for a given 

batch of one solid, but as shown for the AgCl/LCo(NH3)50132+ 

system, the difference between differently prepared batches 

of the same solid can be striking. A freshly precipitated 

batch of. Agel had roughly three times the catalytic effect 

of the BDH substance, while a very carefully prepared 

second batch had seven times the effect. Unfortunately, 

some AGM_ became colloidal and ruined spectrophotonetric 

measurements during most runs with these freshly prepared 

batches. 
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The greater effect of the freshly prepared batches 

of AgC1 was thought to be due to their greater specific 

surface area. This was verified for the AgBr / [Co(NH3)5  
Br224-  system, from experients with different AgBr batches 

of known specific surface area, and the intrinsic hetero—
geneous rate was found to be independent of the particle 

size of the catalyst (See Chapter IX.) 

There is little point in ouantitative comparison of 
the catalytic effects of different solids, since these 

probably had widely differing surface areas. Indeed, even 

had these been known, direct comparison of ki,et  would still 

not be meaningful, as the sticking probability of 
[Co(NH3)5X]2+ on the different solids is also different. 

It is interesting to compere the effects of the same 
catalyst on the aquation of the two complexes. Comparison 

roust obviously be carried out at the sane value of co, 

and the relevant data are reproduced from Tables XVI and 
XVII below. 

105c0 fort*I1Br) 2+ 
khp, 	m , 

for IgkIaC1]2  

AgCl(BDH) 5.6 0.L.6 0.06 
AgBr( " ) 5.6 3.39 0.56 

"3.0 10.28 1.47 
AgI(BDH) 5.6 10.42 1.17 
HgS( " ) —3.0 8.73 1.19 
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All catalysts have roughly eight times the effect 

on [Co(NH3)5Br]2+ that they have on [Co(NH3)801]2+. There 

is possibly, therefore, a correlation between the rates 

of spontaneous and catalysed aquation reaction. Bifano 

and anck (123) found an excellent correlation of this 

type for the spontaneous and homogeneously Hg(II)- 

catalysed aquation of various cobalt(III) chloroammines. 

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 effect. Bromide ions had, for example, a greater 

repressive effect on catalysis by AgBr than did [Co(NH3)45  

H2O]3+ ions (see Chapter IX). 

Figures XI and XII illustrate the repressive effects 
of Br-  and 1-  on the catalysis of [Co(NH3)5Br224-  aquation 

by AgBr and AgI respectively. The effect of iodide above 

10-3M was not investigated, as reduction of [Co(NH3 )0A2-1-

interfered. Below 10-3F4 starch tests for iodine carried 

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 accelerating effect 

upon ki. The latter is due to ion-pair formation (61). 

khet  at each halide concentration was therefore calculated 
by subtracting from kobs  the ki  value appropriate to that 
halide concentration. 
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Figure XI indicates that the repressive effect of 

extra bromide produced by the aquation of [Co(NH3)8Br3Br2  

at c° 10-4M is negligibly small. 

VI.34,3: Heterogeneous reduction of [Co(NH3)5X]2-1-. 

It was discovered by application of the routine test 
for Co(II)„ that iCo(NH3)5Br121-  was reduced by mercury, 

charcoal and silver. The overall rates of disappearance 
of [Co(N118)5Br321", measured at 	253rnp., were all rather 

fast, as shown by the final column of Table XIX, page 104. 

The mercury surface became covered with a fine powder, 

which was assumed to be Hg2Br2  (E° Hg2Br2/Hg,Br-  = 0.34V. 

at 25°C). 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 

Williams, with [Co(NH3)8Br324-  at co  = 5.6x10-8M was 
investigated. The production of Co(II) and the disappear-

ance of [Co(NH3)5Br32+ were followed spectrophotometrically 

for 5 hours, after which time 95% of the [Co(NH2)6Br32+ 

had reacted to form Co(II). Reduction was stoichiometric, 

and the rate constant for the disappearance of the complex 

was 88.5x10-4min-i. Very little Co(II) was "lost" by 

permanent adsorption on the charcoal. The small amount 

of [Co(NH3)5112038+ that might have been formed by sponta- 
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nexus equation was not detected: it was probably also 

reduced by the charcoal. 

The nature of the oxidising reaction undergone by 
charcoal (or possibly some sorbed impurity) was not 

investigated. As mentioned in Chapter II, charcoal is 

an excellent catalyst for interconversion of Co(III) 
complexes at much higher concentration, and it may be that 

the stoichiometric redox reaction observed at co  = 5.6x10-5M 

is no more than a negligible side reaction at higher co. 

[Co(NH3)6X12+ is reduced by Ag, Co2+ and AgX being 

formed. (El° AgCl/Ag, Cl = 0.22V., E° AgBr/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 [Co(NH8)5Br32+ in the 

presence of 39cm2  of silver foil, is linear and not down-

ward curving as for a surface-controlled reaction. 

VI.3.4: The use of Ag/AgX electrodes to follow the 

equation of [Co(NH3)/5X]2+. 

The course of ionic reactions is often followed 

potentiometrically or conductiraetrically. Unforeseen 

interaction with the electrodes may, however, affect 
results. Silver-silver halide electrodes, for example, 
may both reduce [Co(M13)5X324-  and catalyse equation in 
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the vicinity of the electrode, increasing the rate of 
production of 

The production of Br by aquation of [Co(NH3)aBr]2+ 

was followed potentiometrically with a small wire form 

Ag/AgBr electrode in two experiments at co  = 10-3114 In 

stirred solution, the correct homogeneous rate constant 
was obtained, but in unstirred solution, although 

spectrophotometric measurement of the rate still gave 

the homogeneous value,[Brlin the region of the electrode 

was higher than in the bulk solution, and potentiometric 

determination of ki  therefore gave a high value. 

The cell used was 

- Ag„Aer 1 5x10-3KBr 1 0.2M KNOo  1 [0o(NH3)5134Br2  lAgt.Aglir+ 
solution 	salt bridge solution in 

(reference) 	10-3M HC104, 

co  = 10-3M. 

Ignoring the liquid junction potential, the cell 
e.m4f. is given by 

RT In jdyfi ref 
t 

where {Br 1 t   is the activity of bromide ions in the right J 
hand side at time t. 

• •• 	 fBr-} ref e 
 -FEIRT 
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Aslprjrat  is constant, and the variation in 

activity coefficients in the right hand half cell will 
be small, 

[Br-]t  = Ae FEVRT 

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

reaction rate constant from a knowledge of [Mt  : 

At time t, In co 
3c0-[Br-2t  

At time (t+T), In co  
3c0-1 t+T 

kobs t. 

-okbs (t+T) 

r[Br3t+T 	t = In A [e-FEt+T/RT  -e-E2t/RT ] 

= -kObs t + In co  (1-e-kobsT) 

re 	.0„/RT _e-FEIRT A graph of log 	 versus time should 
therefore be linear, with gradient kob J2.303. Figure XIII, 
page 114, shows a graph of this function for a run carried 
out in unstirred solution. T was taken as 2 hours. As 
seen, kobs  is ten times greater than the homogeneous 
aquation rate constant, which dramatically illustrates the 
unreliability of the potentiometric method in this end 
similar cases. 
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VI.3.5: Effect of ion exchange resins upon [Co(NH3)6X]24". 

It was thought that absorption of [Co(NH3)5X32+ 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 

sulphonate resin Zoo-YPrb 225 in the H form that this 

was so. [Co(ii3)5Br]2+ and [Co(NH3)5C1]2+ were rapidly 

absorbed from solution, but no [Co(NH3)8112033+ appeared 

in the solution. In fact, the aquation reaction seemed 
to be hindered by absorption of [Co(NH3)53024-, since the 

distinct colours of the occupied resin remained the same 

over a period of weeks, instead of changing within a few 

days to the quite distinct colour of [Co(NH3)5H20)8+. 

The sorbed [Co(NH3)5X]2+ ions were, strangely, not eluted 
by 3M La(NO3) 3  or sdureded ktkOd a3  

Discussion.. 

The dependence of khet  on the bulk concentration of 

reactant is discussed in the next Chapter. 

VI.4.1: The mechanism of the catalytic and redox reactions. 

Homogeneous "catalysis" of the aquation of 

[Co(NH3)5X]24-  by a mtal ion Mn+  produces MX(4-1)+' 
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as the latter is either insoluble or labile, this does 

not prove that a halide-bridging mechanism operates. 

However, the repression of the heterogeneous catalytic 

effects of the insoluble silver and mercuric salts by 

halide strongly suggests that [Co(NH3)5X32+ is adsorbed 

on metal 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)-17 bond in LCo(NH3)5X)2+ is weakened by adsorption, 

so that production and desorption of ECo(NH3)8H20334-  and 

X follow rather rapidly. The essential mechanism is 

thus the same in homogeneous and heterogeneous catalysis. 

However, localised adsorption of [Co(NH3)6X32+ on a 

heterogeneous catalyst could precede a mobile transition 

state. Catalysts normally have particularly active sites 

at crystal imperfections, and thus adsorption and catalytic 

reaction of [Co(NH3)5X32+ at low coverage may not be 

representative of the entire surface. 

The oxidation of solid silver by [Co(NH3).5X32+ 

produced a coherent layer of AgX on the silver surface 

(see Chapter XI). Similarly, the redox reaction between 

[Co(NH3)5X32-1-  and Cr2+ in homogeneous solution produced 

inert CrX2+ 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 Co+ to form a stable complex with Ail-

or 0r3+. 

There is therefore a formal similarity between the 

mechanisms of these catalytic and redox reactions, as 

illustrated in Figure XIV, page 118. However, although 

there is correlation between the rates of the spontaneous 

and catalysed aquations, there is no such correlation 

between the rate of aquation and of reduction (123). 

It is not known whether the incoming water ligand in 
the heterogeneously catalysed aquation reaction is sorbed 

on the catalyst surface or not. It seems likely that 

bond breaking between Coni  and 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 mixture of both. 
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FIGURE XIV : MECHANISMS OF SPONTANEOUS  AND CATALYSED 

AQUATION AND OF INNER-SPHERE REDUCTION OF LC0(N1181.53021-.  

1 = spontaneous aquation. (Sec Chapter V, Section V.1). 

2 = aquation induced by homogeneous g14-  (e g. 	Hg2+). 

3 = catalytic aquation on surface of insoluble Del+ salt. 
4 = redox reaction between [Co(NH3)5X321-  and Mn+  (eg.Ag0cr2+) 

1. LCo(NH3)5X]2+ + H2O 	) 2+-4  ECO(NH3)5H2033+ 	X7 

H2O X 

2. [Co(NH3)5)(]2+ + H2O + Mn+ 

III 
( 

H2O 

•mn+ 

2+  [CO( 3)5H2033+  MX(n-1)+  

3. [Co(NH3)53021-  + H2O + catalyst 

CoIII(i ) s 2+ -4  [CO(NHO5H20]3+  X7 
catalyst. 

H2O. X ; 
:ar - 
Ye 

 

4. No(NH8)5424.  + le+  

 

 

CO21-  + 517113  + Mel+ 

catalyst 	 
surface 



119. 

VI*4.2: 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 

aouation reaction. The same broad conclusion applies to 

the heterogeneous catalysts. The nature of the catalyst 

anion is considered irrelevant, and the catalyst cation 

attracts halide from [Co(NH3)51624-. After reaction, 

however, most of this halide must be released, as other-

wise a macroscopic charge would build up in solution and 

on the solid. 

Hg2+ and Ag+, which form stable halide complexesare 

thus a part of heterogeneous catalysts. However, PbS 

(see Table XVIII) was not a catalyst and Hg2X.2  was, 

although. Pb2+ complexes with halide more than Hg221-  (see 

page 28). The crystal structure of a solid may, however, 

modify the catalytic effect of the cation. 

The noble metals Pt, Au and Pd were also catalysts. 

Interaction with [Co(NH3)5X)24-  and X cannot in this case 

be so specific, but halide ions are capillary active, and 

are therefore probably adsorbed to some extent on these 

metal surfaces. 
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CHAPTER VII : INTRODUCTION TO QUANTITATIVE WORK ON THE  

CATALYTIC AQUATION OF [Co(N1-1825X121". 

VII.l: Surface control of catalytic aquation reactions. 

The decrease in khet with chalk  is 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 chulk, 

but its magnitude would be much greater than is actually 
observed. 

The rate of a diffusion-controlled heterogeneous 

repction (either catalytic or redox) is, by definition, 
equal to the rate of diffusion of the slowest moving 
reactant to the surface. For a single species i, this 
is given by Fickls first law, which may be stated to the 
general form 

-dN. 	= 10-3Di  A dci 	 (7.1) 
dt 	 dx 

where -dNi is the flux (in mole 00,01g) of species i, due 

to a concentration gradient dci, across a plane of area A. 

ci dx  is expressed in mole 	litre-i and Di  is the 
diffusion coefficient of species i. If the system is 
well-stirred, then 

dci 	- = Cbulk Cs 
	 (7.2) 

dx 



-dN. = khet Ni 
dt 

Therefore khet = 10-3  . Di  

(7.40 

(7.5) 
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where 8  is the thickness of the Nernst diffusion layer, 

and cs is the concentration of i at the surface. For a 

diffusion-controlled process, ce  = 0, and equation (7.1) 

becomes 

-dN. = 10-3Di  A obulk 	(703) 
dt 

8 

If species i undergoes a pseudo first order hetero-

geneous reaction, then 

 

v 

  

where V litres is the volume of solution. 

Ilhet 1$ therefore independent of cbulk  for a first 

order diffusion-controlled reaction. Moreover, the 

mRsnitude of khet  given by equation (7.5) is much greater 

than the value obtained from any of the present work on 

catalysis of the aquation of ECb(NHO5X)24". For example 

lg. of silver bromide of specific surface proa 

4.5x103cm2g-1  acting on 500m1. of, stirred [Co(NH3)5Bri2+ 

solution (co  = 2.0x10-3M) gave khet  = 11./!8x10-4min-i 

(data from Chapter IX). 
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For this catalytic reaction, therefore 

Whet = 2.55x10-7  min-1  cm-2  surface 
	(7.6) 

Taking 6, for a well-stirred solution, as 2x10-acm, 
and D for LCo(NH3)01-324-  as 6.85x10-6  cm2  sec-i (see 
Chapter XI), equation (7.5) gives for a diffusion-
controlled reaction 

khet = 4.11x10-4  mini cm-2  surface 
	(7.7) 

Comparing equations (7.6) and (7.7), it is clear 
that the rate of hetero3encous catalysis is governed by 
some process much slower than the rate of diffusion of 
the reactant, ECo(NII3)6Br724-  to the surface. The rate 

of diffusion of the other reactant, water, is certainly 

not the rate-determining factor, as water is the bulk 
medium. Moreover, since the mobilities of [Co(NH3)8X32+ 
and [Co(N113)5H2022+ cannot be greatly different, the rate 
of diffusion of the product away from the catalyst surface 
cannot he the rate-controlling step. The slowest step 
must therefore be the adsorption of reactant, the 
desorption of product, or the rate of reaction of the 
reactant once adsorbed. Evidence will be presented that 
the latter is the slowest step in the heterogeneous 
catalysis of [Co(N110513r124-  aquation. 
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The importance of stirring in systems containing 
catalysts is clear from equation (7.5). In unstirred 

solution, 6 may have quite a large value, so that 

observed catalytic rates for relatively fast surface-
controlled processes may be partially dependent on the 
rate of diffusion, and results are irreproducible. 

VII.2. Preliminary consideration of the variation 

of khet with cbulk' 

Experiments, reported in Chapters VIII-X, with 

HgS, AgEr and Pt catalysts of known surface area acting 

on [Co(NH3)5Br121-  solutions of concentration cbuik' all 
gave the same general result: first order rate constants 
for the catalytic reaction decreased as 	increased 

accordinE to the law 

1 

khet 
= p cbulk 

	q 
	 (7.8) 

het 

 

\\\\\ 	 1 
khet 

   

	a 

   

cbulk 
	 cbulk 
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This form of variation of khet with cbk
, illustrated 

on page 1239  was immediately reminiscent of a Langmuir 

adsorption isotherm, and suggested that the adsorption 

of reactant on the catalyst surface was in accordance with 

an equilibrium isotherm of this type. 

It was concluded that the aquation of adsorbed 

[Co(NH3)5X]2+  was the rate determining stop of the catalytic 

reaction: 

fast 
[Co(NH2)5X32-1-  + Catalyst 	[Co(NH2)5X]2-1- ads 

+H2
0 [Co(NH3)5H20]3+ + X7 + Catalyst (7.9) 

slow 

[Co(NH2)5X3,!L is thus equivalent to the activated 

complex of the theory of absolute reaction rates. 

A similar reaction scheme was proposed (123) for the 

homogeneous reaction between Hg2+ and several cobalt(III) 

chlorammines: 

Hg2-1-  + [Co(en)2XCl]n+ w  [CO(en)2XC1Hg] (n+2)+ 

+H20 
[Co(en)2XH203(11+1)+  +[HgC1T+, 

( and also for the rate of Tl(WT1(III) exchange on platinum 

(97). 

The form of equation (7.9) prompts two questions: 

whether it is reasonable to assume that the rate of 
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adsorption of [Co(NH3)5Xi2+ is faster than its rate of 

reaction once adsorbed, and what the correct form of 

adsorption isotherm is. Once these are answered, then 

the observed kinetics can be related to the mechanism 

of catalysis by equation (7.9). 

VII.3. Asorption of [Co(NH3)5X]2+ on catalyst surfaces. 

VII.3.11 Rate of attainment of adsorptive equilibrium. 

The rate of chemisorption is generally quite slow 

at moderate temperatures, because the heat of activation 

required for formation of a chemical bond is considerable. 

Halide-bridged bonds are thought to be responsible for 

the adsorption of [Co(NH3)8X32+ on catalysts: since 

permanent bond formation between X and the catalyst does 

not result, this has the character of physical adsorption, 

which is a rapid process involving a low activation energy. 

For example, adsorption equilibrium of T11-  r‘ald T13+ on 

platinised platinum was reached in less than 15 seconds (97). 

Moreover, in many polarographic experiments, equilibrium 

uptake of capillary-active species is assumed within the 

fall-time (3-6 seconds) of the mercury drop. Parsons (127) 

concluded from a mathematical analysis that physical 

adsorption equilibrium was reached in about 5 seconds in 

conditions of forced convection. 
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In comparison, the first order rate constant, Ile  

for the aquation at 25°C of [Co(NH3)3Br32-1-  sorbed on 

HgS, was -5x10-3  mini (Chapter VIII) so the half-life 

of adsorbed [Co(NH3)0r221-  was -240 minutes (in homo-
geneous solution ti  r4.1 31 hours). The ion [Co(NH3)3BA2+ 

2 

must therefore adsorb and desorb mEny times on the catalyst 

surface before reacting, and adsorptive eTilibrium is 

established at a fast rate compared to the catalytic 

aquation rate. 

Moreover, as experiments on the repression of catalysis 

by addition of the products, Br-  and [Co(NH3)31120331-, showed 

that these ions wore not strongly adsorbed on any of the 

catalyst surfaces, it was assumed that the rate of desorption 

of the products from the catalyst surface was not the rate-

determining step either. 

VII.3.2: Adsorption isotherm of [Co(NH3)3X)2+ on catalyst 

surfaces. 

Multilayer uptake of a relatively small ion such as 

[Co(NH3)3X3 -1-  is very unlikely. The adsorption isotherm 

probably has a plateau region corresponding to monolayer 

coverage, as is the case: for several ionic or polar species 

adsorbed on polar solids (eg. [Co(NH3)511203°4.  on HgS 

(Chapter VIII), dicarboxylic acids (128) 	resorcinol 

(129) on A1203?  stearic acid on A1203?  TiO2  and Si02  (13O) ). 
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The experimental variation of khet  with %Ilk  conformed 

to the Langmuir and Freundlich isotherms almost eoually well. 

The assumptions implicit in the Langmuir isotherm, which is 

for monolayer uptake only, are that the adsorbent surface 

is energetically uniform, and that adsorbed species do not 

interact with each other. The Freundlich isotherm corres-

ponds to a system in which the heat of adsorption decreases 

logarithmically with the degree of coverage of the surface 

(2). 

Derivation of the relationship between -n k,et and 

cbulk° 

Consider the ion [Co(NH3)8X32+ undergoing a catalytic 

aquation reaction. 

Let cbulk = blAk concentration of LCo(NH3)5X32+. 

cads 
	no. of moles [Co(NH3)5X]2+ adsorbed per 

square cm. catalyst surface. 

cmono 
	

cads at monolcwer coverage 

e 	
Cads/mono  

fraction of catalyst surface covered with 

reactant. 

A = specific surface arca of catalyst (cm2g-i) 

'cat = mass of catalyst used. 

V = volume of solution in litres. 
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khet =  observed first order rate constant for 

catalytic reaction 

k, 	= first order rate constant for reaction of 

adsorbed [Co(NH3)8X32+ ions (assumed 

independent of e). 

The rate of the catalytic reaction ray be expressed 

in two ways: 

-d °bulk = khct °bulk 
	(7.11) 

dt 

-d cbulk =  k cads Amcat 
	(7.12) 

dt 	V 

cads in equation (7.12) can be replaced by some 

function of cbk by use of a suitable adsorption isotherm, 

and expressions (7.11) and (7.12) equated. It is assumed 

in cQuation (7.12) that [Co(N118)5/d2+ is the only 

adsorbint7 species. 

(i) The LrIngmuir model. 

The Langmuir adsorption isotherm is 

e/(1-0 	a cbulk 
	 (7.a3) 

where a is a constant proportional to the sticking 
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probability of [Co(NH3)6X324-  on the catalyst surface. 

From (7.13), = c -ads 	a °bulk  

dmono 1 °bulk 

Substituting for cads  in equation (7.12), 

d cbulk = ks cmono. 
dt 

Equating (7.15) and (7.11), 

khet = ks cmono. scat  	(7.16) 
7"-----  • 1 + a 

. 
. . 	1 V 	V = cbulk. El-- + 	 (7.17) khet E7 cat s mono 	aks cmono scat 

(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 ilkhst  against 	yield 

the values of a and ks, provided that cmono is known. 

(ii) The Freundlich model. 
a, 

The Freundlich isotherm is cads = aF cbulk (7.18) 

where a is a constant greater than 0 and less than 1. 

Substituting for cads in equation (7.12), 

(a-1) 
dt cbulk = ks. Amcat. F cbulk V 

(7.20) 

(7.l.) 

Amcat. 
a 

1 
°bulk 	(7.15) 

cbulk 

  

a 

°bulk 
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• 
• log khet 	(a-1) log cbulk  + log (ksjimcataliV) 

(7.21) 

Plots of log khet  vs. log cbulk  should therefore 

be linear with negative fractional slopes: it is, 

however, not possible to deduce the value of ks  from 

the intercept, as op  cannot be determined separately. 

For this reason, the Freundlich plot, although it fits 

experimental data quite reasonably, is not very useful, 

and applicability of the Langmuir isotherm is assumed 

in further theoretical considerations. 

VII.5. Catalytic aquation in the presence of added 

electrolytes. 

The product of the aquation reaction, X and 
CCo(NH3)5H20]3+, added in concentr:Aions of 10-31, 
exerted a repressive effect on most catalytic reactions. 

It is assumed that this is because they competed, although 

not very effectively, with [Co(NH3)5X]2+  for adsorption 

sites. The Langmuir treatment is readily extended to 

this situation, the adsorption isotherms becoming 

= a cbulk 

Y 
c 
 Y 

(7.22) 

(7.23) 

  



131. 

where 8, a and cbulk  have their former meanings, and 

the subscript y refers to the added electrolyte, 

From (7.22) and (7.23), 

8 = 	c  cbulk (7.2k) 

  

1 	a cbulk ay cy 

and substitution into equations (7.11) and (7.12) 

gives the relationships 

khet 	ks cmono Amcat  
a (7.25) 

    

V 	1+ac 	4- 	c bulk y y 

and 1 =  cbulk 	V 	cy 	
a 

V 

khet k c s mono 	Amcat k c 0 mono 	
a 	Amcat 

V 

G(7.26) 
ks cmono Amcat 

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 1 /khet  versus cbk' which should 

still be linear, will be unchanged. The intercept will 

be greater by addition of the term 

cy 	
a 
• V 

ks cmono 	Amcat 

These conclusions are borne out only moderately 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 cbulk  linear with 

time over a wide range of °bulk' 

Aspreviously mentioned, first order plots of data 

from catalytic runs are linear over rather short ranges 

in  cbulk (<20%) but tend to show downward curvature if 

a large part of the aquation reaction is followed. By 

use of equation (7.8), a function of cbulk  which should 

be accurately linear 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(NH3)5Br324-. 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 concentration of [Co(NH3)5X]2+, 

the rate of reaction is given by the expression 

-d °bulk = (ki khet)  cbulk 	(7.27) 

dt 

Substituting for khet  the Langmuir expression (7.8), 

d cbulk = (ki 	1 	cbulk 	(7.28) 

dt 	Pcbulk q 

Rearrangement of (7.28) gives expression (7.29), in which 

the subscript has been dropped-. 
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pi dc 
J 

= -(1 + kiq) dt 	(7.29) 

 

1 + kiq + kipc 

 

Integration gives the relationship 

1 log (1 + kiq + kipco) + log co  = (1 + kiq) t 
kiq   • 

(1 + kiq + kipc ) 	c 	2.303q 

(7.30) 

The function on the left-hand side is linear with 

respect to time. The gradient of the plot should be 

(1 + kiq)/2.303q. The values of q and p are obtained 

from a graph of 1/khet  against c. 
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V11.7. 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 

electrochemical and fast homogeneous reactions. Large 

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 cm2  was used 

to study the catalytic aquation of [Co(NH3)5Br]2+ (Chapter 2) 

and a silver disc of area 12.57 ce to study the hetero-

geneous reduction of [Co(N1-13)8C1]2+ and [Co(N.113)5Br]2+ 

(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 6, through which diffusive flow to the actual 
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surface occurs. The magnitude of 6 is the same at all 

points on the disc, and its value for a species i is 

given by the Levich expression 

s= 1.613Di  a vs 	Li + 0.354(Di/vd04361 s (7.31) 

where Di  = diffusion coefficient of species i (cm2  sec-1) 

vs = kinematic viscosity (=viscosity/density) of 

the bulk medium (poise ml.g-i). 

= angular speed of rotation of disc (radians sec-i). 

The term in brackets is a correction, which affects 

8 by less than 3%. It is seen that in a given system, 

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 

-dNi  = 10-  D A i-(s -c  bulk cs  
dt 	6 

(7.32) 

The maximum flux occurs when cs = 0. 

The flux to a rotating disc surface can therefore 

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

Equation (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-Lcm. below the 

surface of 500m1. solution contained 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. 

Equation (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 a surface with irregularities of the order of 

10-4cm. This is only about 1/20th of the value of 6 at 

1000 rpm, and can be ignored (133). 

711.7.2: 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 	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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FIGURE XV: ROTATING DISC 
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end of a vertical steel shaft connected through cone 

roller bearings, B, and a three speed gearbox, G, to 

a d. c. motor, M, coupled to a Servomex M.0.43 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. 
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CHAPTER VIII : CATALYSIS BY MERCURIC SULPHIDE OF THE  

AQUATION OF iCo(NH32.5Br3 21". 

All experiments were carried out at 25°C, using 

samples of the same batch of HgS. The variation of k. .net 

with the concentration of reactant, [Co(NH3)6Br]2+, was 

investigated, and also the repressive effect of the product, 

[Co(NH3)51120]a+. The latter was complemented by deter-

mination of the adsorption isotherm of [Co(N118)6H20]°"1-

on HgS. The equations derived in Chapter VII were tested, 

and found to fit experimental data quite well, and the 

efficiency of Hg2+ in the homogeneous and heterogeneous 

states as an aquation catalyst was compared. 

VIII.1. Mercuric sulphide 

Red mercuric sulphide (cinnabar) has a helical chain 

structure, in which each Hg atom has two neighbours at 
0 	 0 

2.36A, two more at 3.10A and two more at 3.3A (134). 

(The Goldschmidt radii of Hg2+ and Sa-  are 1.11 and 1.8L 

respectively). The surface area occupied per HgS molecule 
0 

is therefore in the region 22 - 44.0. 

The solubility product at 25°C is 2.915x10-i5M, 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)m2  g-i. Mr. 

J.D.W. Hudson kindly undertook this measurement. The 

powder had a uniformly fine appearance, and formed a 

suspension in water even on gentle stirring. 

VIII.2. Experimental procedure. 

The procedure was as described in Section (V1.2.). 

Aliquots were removed without stopping the stirrer, and 

therefore no sampling correction was applied to the results, 

since the amount of HgS per unit volume remained unchanged. 

The production of [Co(NH3)5H20331-  was followed in 

several experiments. Conversion of [Co(NH3)5BA 2-1-  to 

[00(NH3)5H20]3+ was always quantitative for at least the 

first 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(11) after 4 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 aquation 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 ECo(NB3)5Br]2+ 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 mcat. 

Equation (7.16) predicts that khet  should be 

proportional to mcat, other factors being equal. This 

proportionality was verified by the three experiments 

shown in Figure XVI below. 

FIGURE XVI : PLOT OF khet vs. mcat  AT 25°0. 

104khet- 

Mass HgS in 500m1-
solution. 

105  co  Mass HgS in 
500m1. 

104khet'mini 

2.9 0.5005g. 5.65 

2.9 1.000g. 9.65 

2.9 2.001g. 21.12 
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VIII.4. The dependence of khet  on chulk. 

As the concentration of [Co(NH3)6Br]2+ 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 necessary 

to choose a single value in order to present the results 

graphically. The mean concentration, C, was therefore 

calculated for each run from the optical densities at 

the beginning and end of the run. The range of abulk in 

each run is then c + (co-C). The quantity c 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 c was unimportant. The term c 

is taken to be synonymous with the term cbulk  used in 

Chapter VII. 

This series of experiments was carried out in the 

range c = 6x10-6  2.4x10-3M. 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 7,/khet 
versus C., 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 khet, and the concentration 

range in each run, are shown for representative points 
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TABLE XX  : THE PSEUDO FIRST ORDER RATE CONSTANT  khet  
AS A FUNCTION OF THE CONCENTRATION OF [Co(Nli3l5BA 24-.  

co  = initial concentration in each run. 
mean concentration in each run. 

khet - obs ki = kobs 3.7x10-. 

All results for 1.000g. HgS in 500m1. solution at 25°C. 

105c0, M. 105c, M. 10'lkhet' min-i. 

0.903 0.60 21.6 + 0.5 
1.26 0.97 18.0 + 0.5 
1.54 1.23 11.5 + 0.3 
2.87 2.36 8.73 + 0.3 
3.87 3.00 8.60 + 0.3 
7.37 6.08 6.23 + 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 93.0 0.60 + 0.11 
134.7 127 0.71 + 0.11 
200.0 187 0.31 + 0.11 
254.6 222 0.34 + 0.11 
254.6 237 0.28 + 0.11 

‘,, 
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FIGURE XVIII: LANGMUIR PLOT IN RANGE 6 = 0 - 2.5x1031,1 
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FIGURE XX: FREUNDLICH PLOT 
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on each graph. 

khet is calculated as kobs ( 	-ki). The error in •  
kobs is +2% for all values of c, but the error in khet 
increases as kobs decreases, from +2.5% at c = 6x10-5M 

to +40% at c = 2.5x10-5M. 

VIII.4.1: Validity of first order plots of kinetic data. 

The curvature of the graph of khet  vs. C (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 

1 7 	= 6.7x102  + 1.56x107c. 
'het 

Combining this with the equation 

kobs = khet  + ki = khet  + 3.7x10"'4 min-i 

the percentage change in kobs due to a given percentage 

change in c at any value of c can be evaluated: 
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c Percentage 
decrease in c 

in run. 

Percentage change 
in khet 

Percentage 
change in kobs  

10-5M 50 10 7 
25 4 3 

10-4M 50 42 21 

25 18 10 

10-3M 50 63 7 

25 26 2 

The change in khet  increases with increasing c, for 

a given percentage change in c. However, the overall 

magnitude of khet  decreases, so the observed change in 

kobs passes through a maximum in the region of 10-4M 

(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  kobs 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  = 2x10-4  5x10-5M, deviate 

somewhat from a first order law: the appropriate linear 

function, equation (7.30), in such cases is tested in 

Section (V111.4.40. 
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VIII.4.2: The Langmuir plot. 

There is considerable 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 over a wide range 
IPS 

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)x107M7imin, 

and the intercept at C = 0 is (6.7+0.3)x102  

Therefore, from equation (7.17), 

(1.56+0.5)x10' M-1  min-ki Irlks cmono meat = 

( Waks cmono scat =6.7+0.3)x102  min+i  

(8.1) 

(8.2) 

In these experiments, V = 0.5 litre, scat = 1.000g., 

A = (2.5+0.5) m2  g-i. 

The value of cmono is required to calculate ks. 

Summation of ionic radii shows that the radius of 

[Co(NH3)5Br721-  is -3.01. Close packing of spheres  of 

this radius gives the value cmono  = 2.8x1014  ions cm-2. 
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The adsorption isotherm of [Co(NH3)51120]3+ on HgS 

gave the value cmono  = 2.2x10" ions cm-2  (see Section 

VIII.5.1:). The value of cmono for [Co(NH3)5BA2+  on 

HgS was therefore taken as (2.5+0.3)x10" ions cm-2, 

which is (4.2+0.5)x10-i° moles cm-2. (By comparison, 

the number of Hg2+ sites on the HgS surface is (5.7+1.8) 

x10-i° moles cm-2). 

Substituting in equations (8.1) and (8.2), 

a = (2.33+0.55)x104  M-1  

ks  = (3.0±1.2)x10-3  mini 

Substituting this value of a in equation (7.14), 

8  = 6ebulk/(14-6cbu1k)) 
	(7.34) 

the approximate shape of the adsorption isotherm for 

[Co(N110)6BA2-1-  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 

No. of moles sorbed = cads Am  

= ecmono Amcat 

where 13 is the degree of coverage at any given bulk 

concentration. For lg. of HgS in 500m1.1  this formula 
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shows that quite appreciable fractions of the total 

amount of [Co(NH3)5Br32+  in the system are sorbed in 

the lower range of c: 

c 10-3  5x10-5  10-4  10-3  

Percentage total 
reactant sorbed 
at equilibrium. 

27 18 13 1.7 

Several experiments were undertaken to detect 

adsorptive uptake of [0o(1 H3)5Br]2-4-  by HgS. Adsorption 

is not sufficiently rapid to produce a discontinuity in 

the concentration-time plots at the time of addition of 

the solid, but the rate of disappearance of [Co(NH3)513r]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 normal 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.4.3: The value of ks  : comparison of Hg2+ as a , 

homogeneous and heterogeneous catalyst. 

The value of ks is about eight times the value of 

ki, so a [Co(NH3)5Br]2+ ion sorbed on HO 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 aquation 

of [Co(NH3)8BA2+, as shown by the following calculation. 

The heterogeneous catalytic reaction may be considered 

as a second order process between [Co(NH3)5Br32+ and 

Hg2+, which occurs within the diffusion layer of the 

solid. The effective "concentration" of Hg2+ in this 

layer is 

No. of Hg2+ sites per sq.cm./No  6 moles 

F.̀e. 5.7x10-V6 M for HgS. 

The second order rate constant,  (k2)het,' 	is given by 

(k2)het 	kJ [Hg2+] 

ksV5.7x10-7  147-1- mini 

If 6 is given the reasonable range of values (l-5)x10-3cm, 

then 

(k2)het 	5 - 25 M-1  min-i at 25°C. 
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By comparison, 

(k2)hom = 2.6x102  M-i min-i at 25°0, I = 10-2M 

(19,121). 

The homogeneous reaction is at least ten times faster 

than the heterogeneous reaction, possibly because the 

attraction of the Hg2+ ions for bromide is decreased 

more by the adjacent S2-  ligands in the solid than by 

H2O 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 6, which 

would increase (k2) het  by a factor of -105. 
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VIII.4.4: Test of function of cbulk  linear with 

respect to time. 

As shown in Section VII.6, a function of c 

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+5.77x103co] log co  . 

1.248+5.77x103c  

A plot of F4.034 log[1.248+5.77x10301 + log c 
versus time should therefore be linear, with gradient 

-8.09x10- win-I. A plot of this function, together with 

a normal first order plot, is shown in Figure XXI, for a 

run in which co  was 1.115x10-411, and the aquation was 

followed over 3 days to 95% completion. 1.000g. HgS was 
used and the volume of solution was 500m1. The result 

shown is typical: although the "linear 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(NH3)5H20]3+ or to 

a gradual loss in activity of HgS. 

4.034 log 8.09x10-1t (8.3) 
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/FIGURE XXI: TEST OF LINEAR FUNCTION (7.30) 
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VIII.5. The adsorption of [Co(NH3)5H20]3+ on HgS. 

Adsorption experiments showed that the product of 

the aquation reaction, [Co(NH3)51-120]8+2  was adsorbed by 

HgS„ although not nearly so strongly as [Co(NH3)15BA24". 

The [Co(NH3)61120331-  ion can, in principle, adsorb either 

on S2-  or Hg2+ sites. If it adsorbs on sulphide sites, 

then it is not in direct competition with [Co(NH3)8Bri2+, 

which it is if it sorbs on Hg2+ sites. As Hg2+ forms 

more stable complexes with Br than with NH3  or H2O (48), 

the triply charged [Co(NH3)020]2+ ion should not be 

nearly so strongly sorbed on Hg2-1-  as the doubly charged 

[Co(NH3)5Br32+ ion. 

VIII.5.1: Determination of the adsorption isotherm. 

25m1. aliquots of [Co(NH3)511203 (C104.)3  solution 

in l0-2M HC104  were shaken in stoppered bottles with 

known weights of HgS for one day. 5m1. aliquots were 

then withdrawn and centrifuged thoroughly before analysis. 

The optical density at the [Co(NH3)31120]3+ peak of 

4924, was measured for the equilibrated and original 

solutions. The difference gives the amount sorbed. As 

the extinction coefficient at 492mil 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. 
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The plateau region, (9+1)x10-8moles [Co(NH3)5H20)2+ 

sorbed per gm. HgS, is assumed to correspond to monolayer 

coverage. Since the specific surface area of the HgS is 

(2.5+0.5)m2  g-i, this means monolayer coverage is 

(2.2+0.8)x10i4ions cm-2, and each ion occupies an area 

of (46+13)12: 

To compare the sticking probabilities of [0o(NH3)5H20]2+  

and [Co(NH3)5Br]2+„ Figure XXII is assumed to conform 

to a Langmuir equation, 

8/(1-e) = Gcbulk 
	(7.13) 

The reciprocal of °bulk  at half coverage therefore gives 

the value of a, which is then (4.5+0.5)x102  117i. By 

comparison, the value of a for [Co(NH3)5BA24-  on HgS 

was (2.33+0.35)x104' 14-i (see Section V111.4.2:), so this 

ion has a much higher sticking probability. 

VIII.5.2: Repression of the catalytic aquation reaction 

by [Co(NH3)5H20]3+. 

A series of experiments was carried out on the 

repressive effect of [CO(NH3)81120]2+ on the catalytic 

effect of HgS. The experimental procedure was the same 

as before, except that the runs were carried out in 
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[Co(NH3)5H20](C104)3 solution in 10-2M H0104. The 

amount of E0o(NH3)5H20331-  produced during the runs 

was ignored. The results are presented in Table XXI 

and Figure XXIII. 

Figure XXIII is plotted as l/khet  vs. C. The form 

of this graph was deduced in Section (VII .5), assuming 

that the added ion and [Co(NH3)5Br]2+ competed for 

adsorption sites. The equation connecting 1/khet  and c 

is (7.26). This equation, in which the various constants 

are replaced by their determined values, becomes 

I

1 + 4.5x102[0o(NH3)5H20]3+  

(8.4) 

expression 

1 = 1.56x107.cbulk + 6.7x102  khet 

The slopes and intercepts calculated from this 

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

the table below 

[Co(NH3)51-120]3  Intercept 
obs. 	calc. 

Slope 
obs. 	calc. 

0 6.7x102  6.7x102  1.56x107  1.56x107  

5x10-4M 9.0 " 8.2 " 1.67 " If 

1x10-3M 12.5 " 9.7 " 2.45 " u 

2x10-3N 
14.6 " 

12.7 " 
2.93 " If 

5x10-311 21.8 " 
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TABLE XXI  : CATALYSIS BY HgS OF [Co NH31.5Bri2+ AQUATION 

IN PRESENCE OF [Co(N1101.8H20] (010413....  

All results for 1.000g. HgS in 500m1. solution at 25°C. 

[Co(N118)5H2O]3+ 105c0 1 105c 104khet' min-i 

0 See Table XX. 

5x10-4M 4.21 3.60 6.02 

" 7.29 6.41 5.06 
It  10.3 9.21 4.16 

1x10-3M 1.98 1.71 6.47 
ii 3.96 3.52 4.62 
11 10.0 9.10 2.89 

2x10-3M 4.06 3.56 4.11 
II 

6.93 6.13 2.97 

9.95 8.90 2.47 

5x103M 2.29 1.99 4.93 
II 5.17 5.27 3.08 

I' 10.0 9.11 2.56 

. , 



FIGURE XXIII: PLOT OF  liikhet  vs. "d IN PRESENCE OF 
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The repressive effect of [Co(NH3)3H20]"" is greater 

than calculated from its sticking probability, and the 

results for 2x10-3M and 5x10-3M are practically the 

same. There is probably competitive, not additive, 

adsorption of [Co(N113)5Br]2+ and [Co(NH3)51-120]3+, and 

it is quite possible that the term ks, considered to be 

a constant in equation (8.2), actually decreases with 

increasing [Co(NH3)51120]3+ concentration. 
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CHAPTER IX : CATALYSIS BY SILVER BROMIDE OF THE AQUATION  

OF [Co(NH31ABri2+. 

Experiments were carried out at 25°C with several 

batches of silver bromide. The variation of khet  with 

c was investigated, and also the repressive effects of 

[Co(NH3)51120]3+ and Br-. The equations derived in Chapter 

VII were tested. The rate of reaction of [Co(NH3)5Br]2+ 

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. 

IX.1. Silver bromide. 

Silver bromide has a sodium chloride crystal structure. 

The crystal radii of Ag+  and Br are 1.21 and 1.951 

respectively. According to Johnston, the cross sectional 

area per molecule in the solid is 13.312  (136), so the 

concentration of surface Ag+  sites is 1.25x10-  moles cm-2. 

The solubility product of AgBr at 25°C is 5.3x10-13M2. 
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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 10-3M HC104, 

filtered, washed and dried at 11000. 

2 BDH product, stirred for 30 minutes in 0.1M EN030  

filtered, washed, dried at 1100C and sieved through 

a sieve of <76 p, mesh. 

3 BDH product, ground and sieved (<76 11 mesh), stirred 

for 30 minutes in 0.1M HNO3, filtered, washed and 

dried at room temperature under vacuum. 

L. As 3, except 0.01M HNO3  used. 

The specific surface areas of batches 1, 2 and L 

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 aqueous solution, one 

molecule of p-nitrophenol is adsorbed with one molecule of 

water, and the effective cross-sectional area per phenol 
0 

molecule is 25A2. 

GPR p-nitrophenol was re-crystallised from 2% HCl 

according to the procedure of Vogel (138). All experiments 

were carried out in 10-2M 11010.k, as the phenol tends to 

resinify in alkaline solution. 
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A series of solutions in the concentration range 

5x10-' lx10-2M was made up by weight and by dilution in 

10-2M HC104. The concentration was estimated spectro-

photometrically at an intense peak at 316m4, at which e 

was found to be 9.72x103. 

25m1. or 50m1. 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. 5m1. aliquots were then 

withdrawn and centrifuged thoroughly before analysis. 

The optical density at 3l6m4 of the equilibrated and 

original p-nitrophenol solutions were measured against water. 

Volumetric dilution of samples of concentration greater 

than 2x10-4M 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 	: 	2x10-6  mole g-i 

tr 	2 	: 3.3x10-7 
	

If 

	

L. 	: 	5x10-7 
	

It 



FIGURE XXIV: ADSORPTION OF  p-NITROPHEKOL ON BATCHES  

1,2 and 4 AgBr AT ROOM TEMPERATURE 

1 .5 x10-4  

AgBr = moles p-nitrophenol 
adsorbed per gm. AgBr 

= concentration of p-
nitrophenol in solu- 

- 	-tion at equilibrium 

Batch 1 (in light). 
Batch 2 (in light) 
Batch L. (in dark) 

0.5x10 6  

2 10 104-c eq 

1.0x10-6  
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FIGURE XXV: LANGMUIR PLOTS OF p-NITROPHENOL ADSORPTION DATA  

10-Vceci  

cAgBr = no. of moles of p-nitrophenol adsorbed per gm. AgBr 

= concentration of p-nitrophenol in solution at equil- eq 	 -ibrium 

Batch 1 (in light) 

o 

	

	Batch 2 (in light) 

Batch L. (in dark) 
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As each p-nitrophenol molecule occupies an area of 
0 

25A2  (133), the specific surface areas are: 

Batch 1 • 
	

3x103 
 cm2C1 

2 
	

5x102 
	11 

4 
	

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 L. is anomalous, in that less 

p-nitrophenol is adsorbed on it than on batch 2 at the 

same concentration, although it has a larger surface area 

(and greater catalytic activity under comparable conditions). 

The adsorption experiments on batch 4 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 silver bromide in the presence of 

light than in its absence: this result is considered 

significant because the catalytic effect of silver bromide 

on [Co(N1-13)5BA24-  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 (VI.2). 

Aliquots 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 Neoprene 

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. 

All the silver bromide batches had low specific surface 

areas, so experiments were confined to very dilute solutions 

of [0o(NH3)5BA2+, which made spectrophotometric estimation 

of the products very difficult. Conversion to [0o(NH3)51-120)31:  

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 khet  on c (in the dark). 

A series of runs was carried out at 25°C to 

determine the first order catalytic rate constant, khet, 

for co  values in the range (1-7)x10-5M. The repressive 

effects of [Co(NHO5H20] (010.0o  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 

increased. 10-3M [Co(NH3)5H20331-  had a slight repressive 

effect, and 10-3M Br a greater effect. By comparison, 

2x10-3M Br had a disproportionately large effect. 

Figure XXVII is a plot of Jlkhet  vs. 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 m (see equation (7.18) ), which could indicate 

increasing heat of adsorption with increasing degree of 

coverage of the surface. 



Background electrolyte 105c0  105; 	10 

0.906 

1.58 

2.05 

3.10 

4.11 

5.10 

7.07 

0.813 
1.48 
1.95 
2.96 
3.88 
4.89 
6.7 

3.58 

3.15 

1.15 

1.06 

0.67 

0.48 

0.32 

10-2M H0104  

10-2M HC104, 

10-2M[Co(NH3)5H203(C104)3  

0.929 0.856 

3.99 	3.78 

7.09 	6.79 

2.66 

0.61 

0.30 

10-2M HC104, 	0.800 0.745 	1.96 

1.01x10-3M KBr 	3.92 	3.72 	0.55 

	

7.17 	6.90 	0.27 

1.06 

1.87 

3.13 

4.05 

7.00 

1.00 

1.76 

2.96 

3.87 

6.69 

1.57 

0.62 

0.23 

0.22 

0.07 

10-2M HC104, 

2.02x10-211 KBr 
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TABLE XXII  : THE PSEUDO FIRST ORDER RATE CONSTANT kilet  AS A 

FUNCTION. OF THE CONCENTRATION OF [Co(NH31.0,Br]2-1-, IN THE DARK. 

co  = initial concentration in each run. 

c = mean 	tt 
	

11 It It 

All results for 2.000g. batch 4 AjBr in 500m1. solution in 

the dark, at 25°C. 



FIGURE )CXVI: PLOT OF khet  vs. 

(All data for 25°C and batch 4 AgBr in dark) 

/73 

6-- c 10  

BACKGROUND ELECTROLYTE  

10-'z  M HC10 

0 	10-'1  M HC101i_ plus 103M [Co (NH3  )3- Ha0 (C1003  

102  Fl HC104. plus 1 .01)(103  M KBr 

10 M HC10,t_ plus 2.02x103  Fl KBr 



--  FIGURE XXVII : LANGivIUIR PLOT  

(All data for 25°  C and. batch Lt. AgBr in dark 

BACKGROUND ELECTROLYTE 

10-2  M HC10,t_ 

El 	10-2  M HC10,t  plus 10 3  Id Do (NH3  )5- 0} (C1011. 

10-'2  M HC104. plus 1 .01x 10-3  M KBr 

V 	10-2  M HC10,t_ plus 2 .02x 1 0-3  M KBr 



FIGURE XXVIII: FREUNDLICH PLOT. 

(All data for 25°C and batch 

175 

4 AgBr in, dark) 

log k het 
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0 10a-  M HC104_ 

8 10'1  HC10q. plus 10 M [Cp(N11.3 )5.H 0 (C104,)3  

102-  li HC104. plus 1.01x10-3  M KBr 

p 10 z  rd HC104. plus 2.02x10 3  KBr 
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To determine the value of ks, the slope and 

intercept of the Langmuir plot is required. Negative 

intercepts are obtained by extrapolating the curves in 

the region c = (3-7)x10-5M; these are meaningless in 

terms of the theory set out in Section (VII.4(i) ), so 

extrapolation is made in the region C = (1-3)x10-311. 

In the absence of repressive electrolytes, the slope and 

intercept for the low concentration region are 2.1x103min.Fri 

and 1.2x103min. respectively. Substituting V = 0.5 litres, 

moat = 2.000g., A = 7.5x102cm2g-1  and cmono = 4.2x10-io  

moles cm-2  in equation (7.17), the values of ks  and a for 

the [Co(NH3)5Br]2+/AgBr system at low concentration in the 

dark are calculated to be: 

= 1.7X105Dri  

ks = 3.8x10 -3m 
-± 

The ion [Co(NH3)81120]3+ had only a slight repressive 

effect on AgBr, compared with HgS (cf. Figures XX and XXV). 
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IX.4. The dependence of khet  on C (in the light). 

Several series of runs were carried out in normal 

light (fluorescent lighting and daylight) before the 

photochemical 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 

A meat = 	cbulk 	1 	(9.1) 
Vkhet 	ks cmono 	a ks cmono 

A plot of the left-hand side against c 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 XXIIZ  : THE PSEUDO FIRST ORDER RATE CONSTANT khet  
AS A FUNCTION OF THE CONCENTRATION OF [Co(NH3)5BA2+1  

IN THE LIGHT. 

All results foT. 500ra1. solution in ordinary light, at 25°C. 

Background electrolyte = 10-2M H0104. 

Batch 
No. scat 105c0,M 105C, M  1°41thet'Thin-i  

1 3.000g. ' 	2.01 1.65 34.4 

3.000 3.10 2.47 30.8 

2.500 3.75 2.97 19.3 

4.650 4.15 3.36 23.3 

3.000 4.65 3.96 11.8 

3.000 5.79 4.90 10.2 

2 3.000g. 4.01 3.60 2.05 

3.000 5.89 5.35 1.47 

4 2.000g. 0.900 0.685 21.6 
If  1.57 1.38 12.8 
II 2.72 1.57 11.6 
ti 3.98 3,67 3.11 
is 4.46 3.95 3.85 
it 5.03 4.59 5.73 
u 6.41 5.61 4.58 



FIGURE XXIX: LANGMUIR PLOT  - 

Ameat/Vkh t  

28 7  

1,0
s 

Batch *1 : A = 3. 0 Xi cm'  

Batch 2: A = 5.0x1e It tt 

Batch 4: A = 7.5x101 
 

It II 
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ascribed to random fluctuations in light intensity, 

since experiments with batch 4 AgBr showed that merely 

altering the position of the reaction vessel in the 

thermostat could change khet  by 40% (for C = 3.5x10-5M) 

and 20% (for c = 5.0x10-5M). 

The lowest line in Figure XXIX corresponds to the 

highest catalytic rate. The slope and intercept of this 

line give the values ks  = 2.3x10-2min-i, a = 1.5x105M-i. 

By comparison, the values for the same batch of AgBr 

(batch 14.) in the dark were ks  = 3.8x10-3min-i, a = 

1.7x108M-i, at low concentrations. The sticking proba-

bility of [001(NH3)5BA2+ on heir is therefore 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(NH3)5Br]2+ is therefore 

greater in the light than in the dark. 

Adamson (139) investigated the photochemistry of 

[C0(11118)5Br324-  in homogeneous solution in the wavelength 

range 370-600m11. He concluded that the primary process 

at all wavelengths was homolytic fission, producing 

Co(II) and •Br. At low wavelengths, a photoredox reaction 

ensues (quantum yield 0.12 at 370mp, 0.03 at 450mit) and 

at longer wavelengths, some photoaquation occurs (quantum 

yield -1.5x10-3  in range 520-600mp). 

In ordinary light, these photochemicalmactions are 

negligible in homogeneous solution, but evidently are not 
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for [Co(NH3)5Br]2+ sorbed on Aer. It may be that the 

phot.:,chemios3 ouartum yields are substantially higher 

for the sorbed complex, so that an increased rate of 

aquation is observed, and a little Co(II) is also 

produced. 
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IX.5. The dependence of khet  on mcat. 

A series of runs was carried out with batch 0 AgBr 

to verify the first order dependence of khet on moat° 

At the time of the experiments, it was not realised 

that khet changed with bulk concentration, and therefore 

co  was not constant throughout this series. The variation 

.was slight, however, and was corrected for by plotting 

khet (1+6c) against mcat  . As shown by equation (7.16), 

this plot should be a straight line passing through the 

origin. 

The results are tabulated and plotted in Table - XXIV 

and Figure XXX respectively. First order dependenCe is 

maintained up to 3g. solid in 500m1. If more solid than 

this is present, then efficient stirring of the whole 

is impossible and the catalytic rate is irreproducible. 



200 - 
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TABLE XXIV  : THE DEPENDENCE OF khet_DLEcatL  

All results for 500m1. solution (background 10-2M 10104) 
and batch 0 AgBr in the light, at 25°C. 

G = 1.5X105M-i 

105c0  105c moat 1"khet2min-i  

3.59 2.89 0.917g. 10.6 
3.83 3.16 10)1)13 12.3 
3.34 2.50 1.994 18,4 
3.54 2.56 3.049 30.4 
3.88 3.32 4.407 23.7 
4.08 3.08 6.953 42.7 

250_ khet  (1 + aC) 	FIGURE XXX. 	 0 

0 

4- 	m. 	cat 
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11.6. Comparison of Ag+ as a homogeneous and heterogeneous 

catalyst. 

Although Ag+  in homogeneous solution is known to 

accelerate the aquation of [0o(NH3)6Br]2+ (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(NH3)5Br]2+. 

The reaction is 

Ag++[Co(NH2)5Br]2+ + H2O .4  [Co(NH3)5112033+ + AgBr 

(9.2) 

Low concentrations of [Co(NH2)5Br]2+ (5x10-' 4x10-510 

were used, so that the small amount of AgBr produced had 

a negligible autocatalytic effect. 

All experiments were carried out at 25°C, in the light. 

500m1. AgNO2  or AgC104  solution, which also contained 10-2M 

HC104, were equilibrated in the thermostat, and at time to, 

a small quantity of [Co(NH3)5Br](C104)2  was added, and a 

stirrer started. The solid dissolved rapidly, and the 

disappearance of [Co(N112)0A2+ was followed spectro-

photometrically at 253m4, using the appropriate AgNO2  or 
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AgC104  solution as reference. Aliquots_ were centrifuged 

to remove any AgBr before each measurement. As Ag+  ions 

were present in large excess, the reactions were pseudo 

first order, and the .second order rate constant, k2, was 

calculated from first order plots by the relationShip 

kObs = ki  + k2 
	

(9.3) 

The' experiments carried out are summarised in Table 

XXV, (see below), First order plots of data from runs 

1, 4 and 6 are shown in Figure XXXI, and Figure XXXII is 

a Brdnsted plot of log k2  against 12/(1+12). It is seen 

from the latter plot that AgNO3  and AgC104  have rather 

specific effects. 

TABLE XXV : DATA FOR REACTION (9.2) AT 25°C. 

Run  [Ag+] k2, 
M-i mini 

7- 
Ionic 

strength. 

1 3.83x10-5M 5.00x10-°M 0.160 1.52x10'2M 

2 3.75 	" 9.99x10-3  0.183 2.01 	U 

3 3.69 	" 2.00x10-2  0.249 3.01 	" 

4 3.66 	n 4.00x10-2  0.353 5.12 	" 

5 3.68 	" 3.64x10-3  0.171 1.36 	" 

6 3.34 	" 7.27x10-3  0.178 1.73 	" 

7 3.04 	" 9.09x10-3  0.178 1.91 	u 

Runs 1 - 4 with AgN0a  

Runs 5 — 7 with AgC104 



FIGURE XXXI: PSEUDO FIRST ORDER PLOTS FOR REACTION 

(9.2) at 25°C 

(Data from runs 1,4 and 6, Table XXV 



FIGURE 	BRoNSTED PLOT OF RESULTS OF TABLE XXV 

0:08 0.10 0.18 0.12 0.14 	0.16 
.12/0+12) 

Runs with AgNO3  
.a Runs with AgClOif  
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According to the Brdnsted theory of primary Salt effects, 

the gradient of a plot of log k2  against I2/(1-1.1) should 

be 2.04 for this reaction, whereas for AgN08 it is actually 

4.7 and for Ag0104  1.2. Ten pair formation between 

[0o(NH3)61 4-  and NOnr  could possibly enhance the rate 
of reaction with Ag+0 (0.111 NaNN raised the aquation rate 

of [0o(NH8)0112-4-  by 3.4% (60) )4 

The value of k2  at I = 1Q-2M was taken to be 
(0.15+0.02)M7i 

IX.6,2: The value of k 

The value of k for AgBr eras 3.8x10-3mini in the 
dark and 2.3x10-2min-4. in the light. Treating these v:7011es 
as for jigS (see Section (VIII.4.3) 

)het in the dark 	3 - 17 1171  min" i 

'(k2)het in the light = 18 - 90 	tt 	er 

(k2)hom 	 = (0.15+0,02) M-i min-i 

All values are for I 	The diffusion layer 

was taken to 	(1-5)x10-3cm., and Johnston's value of 

2.25x1079  moles em .2  (l36) for the surface concentration 

of .154t on Agar 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 reaction between 

[Co(NH3)8Br]21-  and Ae. 

Silver ions are adsorbed by AgBr„ presumably on 

bromide sites (cY 	2.3x102  (27) ). Since [Co(NH3)5Br]2+ 

is also sorbed, it was thought possible that AgBr would 

catalyse the bimolecular reaction between Ag2+-  and 

[Co(NH3 )5Br]2+, However, no significant catalysis (or 

inhibition) was observed in three series of runs with 

batches 3 and 4 AgBr, with [Ae]in the range (3-10)xl0-211 
12+ 

and [Co(NH3)5BrJt_o  in the range (3-4)x10-514. It would 

seem, therefore, that Ag+  and [Co(NH3)6Br)24-  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 discs. 

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 Mattheyoas glued onto a former to make a 

rotating disc of active surface area 28.27cm2. Experi-

ments with 500m1. 5.6x10-8M [0o(NH3)5eliC12  showed that 
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the catalytic effect of this disc, even at high rotation 

speeds, on the aquation of [Co(NH3)601]2+ was negligible. 

The catalysis of [Co(NH8)5BA2+ 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 (J40) 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 AgI disc of 

surface area 30cm2  had a considerable effect upon 

[Co(N118)5BA2+1  its use was discontinued. 
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CHAPTER X : CATALYSIS BY PLATINUM OF THE AQUATION OF  

[Co(NH31.5BA2+. 

A platinum rotating disc of active surface area 

25.16cm2  was used in a series of experiments at 25°C with 

ECo(NH3)5Br32+. 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(NH3)51120]34-  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. 

X.1. The platinum rotating disc. 

The shape of the rotating disc is illustrated in 

Figure XXXIII, 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 lamina was 1mm. 

and the area of the plane face was 25.16cm2. The sides 

of the lamina 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 disc in the lacquer 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 platinum surface 

was removed, a test run was carried out at 500 r:p.m. 

The disc had no effect on the aquation rate of CCo(N118)8Br]2+, 

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 

geometic area. The roughness factor (real geometric 

area) for smooth platinum has been estimated from 1.5 to 

3.0, with a value of 2.0 often being used (141, 142, 143). 

However, Laitinen and Enke (1)i)j)  deduced the lower value 

of (1.12+0.10) from gas adsorption experiments. 
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X.2. Apparatus 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 (A), 

was passed through the right hand circuit by means of a 

9V. grid bias battery (B) and a Beckman 104  ohm precision 

helipot (B). The disc potential with respect to a 

Radiometer type E401 saturated calomel electrode (0) was 

measured on a Radiometer pH meter L1., 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 with the disc contained 0.1M 

NaC104  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 withdrawn from solution, 

rinsed with distilled water and spun rapidly to fling off 

excess water. It was then lowered into the reaction vessel, 

containing 500m1. 10-2M H0104  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 

constant speed, and at time to  to a small quantity of 

solid [Co(NH3)45Br3Br2  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 (-10-9  amp.). 

X.3. Electrochemical pretreatment of platinum disc. 

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 (346). Cathodisation (0) 

produces reduced surfaces, in which hydrogen may be 

occluded. The state of maximum activity of the surface 

depends upon the nature of the heterogeneous process. 

James (146)0  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, Baker 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 (148). Table XXVI, on page 198, gives a 

summary of this, and other information, for pH 2 (used 

in the present series of experiments). 

In a series of preliminary experiments, the catalytic 

activity of the platinum disc for the aquation of 

[Co(NH3)5Br]2+ was examined. The results are summarised 

in Table XXVII, on page 199. A.11  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 50% decrease in khet  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)513A2+, (Ai-a) treatment was discontin-

ued. 

(C+A) treatment did not produce a very active surface, 

but kinetics were accurately first order and the catalytic 

rates were reproducible. This method was therefore 

developed. During pre-treatment 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 processes are at least partly ' 

diffusion-controlled. Further increase was negligible 

above 100 r.p.m. The finally adopted pre-treatment 
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TABLE XXVI : SURFACE STATE OF SOLID PLATINUM AT 

pH' 2 „and 25°O,,, 

Potential (versus 
normal hydrogen  
electrode). 

Surface State. Reference  

    

Hydrogen evolved on smooth Pt. 

Reversible H2  evolution 

potential. 

Pt is stable surface phase. 

Pt(OH)e  is stable surface phase 

Formation of electronically 

conducting chemisorbed layer 

of oxygen. 

Reversible Oe  evolution potent-

ial: severP1 monolayers 

taken up. 

Pt0e.xlie0 is stable surface 

phase. 

Oxygen evolved on smooth Pt. 

Pt03.x$1. 20 is stable surface 

phase. 

<-0.2V. 
-0.12V. 

< 0.84V. 

0.84-0.92V. 

0.88V. 

1.11V. 

O.92-1.87V. 

<-1.6V. 
< 1.87V. 
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TABLE XXVII : CATALYTIC ACTIVITY OF PLATINUM DISC AFTER 

ELECTROCHEMICAL PRETREATMENT. 

Run 
No. 

Disc pretreatment*  105co  
(Disc speed 
= 400r.p.m. 

104k1, 4., 
mdiri"e" 
at 250C. 

1 No pretreatment. 4.8 1.61 
2 C 5 mins. at 0.28V., A 5 mins.at 

2.0V. 4.8 1.26 
3 C 5 mins. at 0.28V., A 10 mins.at 1 

1.1V. 4.8 2.37 
4 A 2 mins. at 2.0V., C 10 mins.at 

0.28V. 4.8 4.80 
5 A 10 mins. at 1.1V., C 20 mins. at 

0.08V. 1.20 12.79 at 
to. 

6 11 	 If  2.35 8.13 at 
to. 

7 H 	H 4.8 7.28 at 
to. 

8 it 	It 9.51 6.16 at 
t o. 

*All potentials on normal hydrogen scale. 

A = anodisation. 
0 = cathodisation. 
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procedure was: 

With disc rotating at 100 r.p.m., in 10-2X H0104  

at 25°C, 

(i) C 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 passing during this procedure fell with 

time, as shown in Figure XXXV, on page 201. Cathodisation 

carried out immediately after a run with [Co(11113)6Br)2+ 

always required larger currents than when the disc was 

left to soak in 10-2M HC10,1  before-hand, presumably because 

the disc surface is "dirtier" 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 500m1. of the 

background electrolyte to be used in the following run. 

At least 1-2 hours were required for the disc to attain 

rest potential. No loss in activity was observed after 

time lags of 3-48 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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change in the activity might not be masked by a systematic 

change in the reaction conditions. 

2:,4. Sampling corrections. 

ca. 
During each run, 9-12 samples of s...Q.3m1. and occasion-

ally c...a..5m1. 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-10  is unaffected by this, 

but the heterogeneous rate, thus expressed, increases, so 

the value of kobs obtained could be greater than if no 

samples 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(N1-12)6Br]2+„ is cn  at time tn. The 

times ti, t2  .... are the times of taking samples 1, 2 eti 

The following table may be constructed: 

Time interval No.of moles reacted in Mean reaction rate in 
this interval (=AN) 	this interval (=d11/dt) 

to  to ti 	-V(ci-co) 	AN00i/(ti-to) = vo,i  

ti  to t2 	-(V-AV)(c2-ci) 	AN1,2/(t2-ti) = 

to to tn+1 -(V-nAV)(cn  1-cn) 	AN.n.n+1/(tn+1 tn)  

n, n+1. 
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The "mean reaction rate" refers to the mean 

concentrations during the sampling intervals, i.e. 

(co  + ci)/2, (ci  + c2)/2 etc., and must be corrected 

for the homogeneous contribution (i. e. the spontaneous 

aquation of [Co(N112)5Br]2+) to obtain the mean heter-

geneous rate in each time interval: 

het 	hom 
vn,n+1 = vn,n+1 	vn n+1 

hom 
vn,n+l = ki(V-nAV)(cn + cn+1)/2 

Now for a first order process, dN/dt = -kN. A plot of 
het 
vn,n+l versus the mean number of moles of reactant 

(R) present in the time interval to  to tn+1  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 khet  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 = 500m1. 

Aliquots = 5m1. 

Co = 1.091x10-51/1  (in 2.02.4x10-3M HBO 

khet =  19.0x10-4min-i(from lst.order plot). 
khet 	19.4x10-4min-i(from Figure XXXVI). 
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Run 2: 

Initial volume 	500m1. 

Aliquots = 3m1. 

c0  = 15.08x10-8M (in 2.024x10-3M KBr) 

khet = 2.21x10-4min-i (from lst.order 

plots). 

khet = 2.2x10-4min-1  (from Figure 

Davi). 

The data from Run 2 were smoothed in order to plot 

Figure XXXVI, as the change in c during each interval was 

so small. No smoothing was applied to the much faster 

Run 1. In both cases, rather scattered plots are obtained. 

However, in either case, as the khet  values above show, the 

"corrected"valueofkneT  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 of the first order reaction is less. No sampling 

corrections have therefore been applied to the data reported 

in this chapter. 
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TABLE XXVIII SAMPLING CORRECTION OR RUNS 1 AND 2. 

Readingi 	Time, 
number., 	min. 

4_05c,M. In time 
interval. 

-109  vhet 106171-  

RUN 1. (unsmoothed 
0 

data) 
1.091 0 

1 	5 1.089 0-1 -ye 5.45 
2 20 1.0144 1-2 12.9 5.28 

3 34 1.010 2-3 10.0 5.03 

4 46 0.983 3-4 9.13 4.84 
5 55 0.965 4-5 7.76 4.68 

6 67 0.935 5-6 10.4 4.51 

7 80 0.908 6-7 8.12 4.33 

8 93 0.882 7-8 7.69 4.16 

9 105 0.863 8-9 5.75 4.02 
••••••11...••••••••••••.......... 

RUN 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 74.1  

3 70 14.48  2-3 13.4 72.1 

4 90 14,30 3-4 18.0 70.7 

5 110 14.24 4-5 13.4 69.4 

6 129 13.98 5-6 15.6 68.2 

7 149 13.81 6-7 16.2 66.9 

8 169 13.65 7-8 34.0 65.8 

9 189 13.49 8-9 24.2 64.6 

10 214 13.29 9-10 14.4 63.3 

11 235 13.13 10-11 12.8 62.1 

12 249 12.94 11-12 14.5 60.9 
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RESULTS. 

X.5. Surface 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 

Di  = 6.85x10-6c 	c- m2sei (see Chapter XI) and A = 25.16cm2, 

the limiting rate of flux of [Co(NH3)5Br32+ to the disc 

rotating at W  radians sect is 1.205x10-2  w2 cbLilkmoles 
sec-1. Therefore khet for a system of 500m1. would be 

2.41x10-5 w2  sec-t. This is 46.8x10-4  min-1  at 100 r.p.m. 

and 93.6x10-4  mini at 400 r.p.m. 

The highest observed value of khet  was only 

25.7x10-'1  mini, considerably lower than the diffusion-

controlled value. In runs 4 and 7 (Table XXVII) and 

11 (Table XXIX) there was no dependence of khet  on rotation 

speed in the range tested, 100-1',000 r.p.m. However, khet  

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.p.m. This preliminary observation, however, isolates 

one of the several factors that control the disc potential. 
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X.6. The dependence of khet  on c. 

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)x10-8M. The effects 

of [Co(NH3)5H20] (0104)3  and KBr were also investigated 

in this concentration range. The results are summarised 

in Table XXIX on page 209, and Figures XXXVII and XXXVIII 

on pages 210 and 211 respectively. 

As for the other catalysts, khet  decreased as c 

increased. However, the ions [0o(NH3)5H20]2+ and Br- 

increased khet' instead of decreasing it as for AgBr and 

HgS. Figure XXXVIII is a Langmuir plot of 1/khet vs. Co 

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(NHO5H.2032-1" 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 10-2M HC10.1  (system A) are 4.5x10/  min.M-i 

and 7.8x102  min. respectively. From equation (7.17), the 

values of ks and a can be calculated, substituting the 

disc area, 25.1,6=2,  for Amcat, V = 0.5 litre and 



TABLE XXIX  : THE PSEUDO FIRST ORDER RATE CONSTANT khet 
AS A FUNCTION OF THE CONCENTRATION OF [Co(NH315Br324- 

co  = initial concentration in each run. 

c = mean 	fl 

All results for Pt disc (area = 25.16cm2) at 400 r.p.m. 

in 500m1. solution at 25°C. 

Background electrolyte. Run 
No. 

105c09M 105c,M 10 .khets*min-i 

10-2M HC104  9 0.895 0.732 20.7 

(A) 10 2.35 2.11 5.70 

11 4.82 4.31 3.63 

12 6.89 6.21 2.66 

13 9.77 9.10 2.15 

14 14.4 13.7 1.42 
6 

10'2M HC104  plus 15 2.32 1.99 8.40 

1.00x10-3M 16 5.05 4.74 3.76 

[Co(NH3)5H20](C104)3  17 9.98 9.33 2.78 

(B) 18 10.1 9.58 2.15 

19 15.1 14.2 1.43 

10-2M HC104  plus 20 1.01 0.765 25.7 

1.012x10-2M XBr 21 5.80 5.38 4-.17 

(C) 22 J4.6 13.7 1.71 

10-2M H0104  plus 23 1.09 0.995 19.0 

2.024x10 -3M EBr 24 4.79 4.34 7.48 

(D) 25 9.83 9.20 3.27 

26 34.8 13.8 2.21 



Background electrolyte 
o A 10 M HC1OS  
B 	10-2  M HC104. plus 1.00x10-3  • [Co (NH3  )s-HBO ] 0104)3  

C 10 2  M. HC10+ plus 1.012x10-3  M KBr 
D 10-2 M HMO, plus 2.024x10 4M KBr 

- --Adsorption isotherm of [Co(NH3)6Brj on Pt see text) 



FIGURE =VIII: LANGMUIR PLOT 

(Data from Table r_kIX) 
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cmono = 4.2x10-10  moles cm-2  (as for HgS and Agl8r). 

The values are = 5.8x104 	ks  = 1.05 min-i. (If 

the roughness factor of the platinum disc were 2, this 

value of ks would be halved). The significance of 

these figures is discussed in Section (X.8). 

Substituting the above value of a in the Langmuir 

adsorption isotherm 

e  = Gebulk / (1-1-Gcbulk)P 
	(7.34) 

the isotherm for the adsorption of [Co(NHOsBr32+ 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. 

X.7.1: 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'i.p.m.„ the speed at which the 

runs were carried out. The potential was steady during 

this time. At time to, a small amount of [Co(NH2)5Br]Br2  

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 234. 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 hydrogen scale 

are obtained by adding 0.2415V. The potential data are 

summarised in Table XXX, on page 215. The term Ei  is the 

potential of the rotating disc before addition of 

[Co(N112)3Br]Br2, E2  is the highest potential reached after 

the addition, and -dE/dt is the potential drop thereafter. 

(E2-E1) is the rise in potential on addition of the reactant. 

El.  and E2  are expressed with respect to the saturated 

calomel electrode. 
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FIGURE MIX: DISC POTENTIAL DURING CATALYTIC RUNS AT:25°C  
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TABLE XXX  : DISC POTENTIAL DURING CATALYTIC RUNS AT 25°C. 

Disc rotating at 400 r.p.m. throughout in 500m1. solution. 

Potentials expressed with respect to the saturated calomel 

electrode. 

Background electrolyte 105c0IM EismV E2,10.  Ei-E2,m7 -dE/dt, 
mV hr-i 

A 0.895 563.0 590.8 27.8 15.7 

10-2M H0104  2.35 573.5 609.2 35.6 4.8 

3.22 550.0 608.3 58.3 14.4 

4.82 609.8 664.2 54.4 3.5 

6.89 581.2 677.7 96.6 2.0 

9.77 574.0 687.6 113.5 3.4 

14.4 590.0 676.6 86.6 4.4 

14.5 568.0 678.4 110.5 1.7 
, 

B 5.05 563.3 581.3 18.0 2.7 

10-2M HC104. 9.98 562.2 597.6 35.5 3.3 

plus 10-3M 10.1 572.0 619.5 47.5 5.0 

[Co(N113)51-120](0104)8  15.1 563.3 624.0 57.7 -0 

C 1.01 404.2 525.0 125.8 22.1 

10-2M HC104  5.80 484.0 701.8 217.8 3.4 

plus 34.6 449.0 704.2 255.1 -0 

1.012x10-3M KBr 34.8 434.5 672.2 236.6 1.3 

D 	-- 1.09 440.0 645.6 205.5 3.7 

10-2M HC104  4,79 438.0 681.2 243.3 ? 

plus 9.83 L42.8 688.1 253.2 3.0 

2.024x10-3M KBr 14.8 438.5 700.0 261.5 5.5 
1 



FIGURE XL:  (E -E )  = POTENTIAL RISE ON ADDITION OF 
REACTANT 

= HIGHEST POTENTIAL REACHED ON  
ADDITION OF REACTANT  

1100 

111111111 
0 	2 	L. 	6 	8 1.0 12 14 1,6 1,8 	104-co 

400 



217. 

(Ei-B2) and E2  are plotted as functions of co  

(in this case, co  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 + 7mV 

C 	440 + 40mV 

D 	440 + 2mV 	it 

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 marked fall in potential, 

no doubt because bromide ions are electrocapillary- 
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active. 10-3M [Co(NH3)511203(C104)3  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 co. Inspection 

of lines B, C and D, Figure XL (2), shows that the 

small concentration of product ions produced in each 

33,0=w 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(NH3)5Br]2+ 

during the run was the major factor. 

iii) 10-3M [Co(NH3)5H20] (C104)3  lowered both the initial 

potential, Ei, of the disc, and the potential rise, 

(E2-Ei), so that E2  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 Ei  to be 

lowered, the value of E2  was much the same whether 

bromide was there or not, above co  = 4x10-3M. Below 

this value of co, E2  was lower in the presence than 
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in the absence of bromide, and the,  effect of bromide 

on khet  (see Figure XXXVII) was more pronounced. 

Two extreme cases may be postulated: either 

[Co(NH3)5Br]2+ 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 ks and a for [Co(NH3)5Br]2+ 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 E2  at higher co  values should be the same in 

the absence or presence of bromide. It is concluded that, 

at higher co, [00(N113)5Br]2+ displaced essentially all 

of the bromide initially adsorbed on the disc, but, at 

lower co, only part of the bromide was displaced. The 

disc potential was lower because of this, and khet was 

greater. 

X.7.2: Catalytic experiment at controlled disc potential. 

This run was carried out to test the hypothesis of 

Section (X.7.1:), that lowering the disc potential caused 

khet to increase. The disc was maintained at a potential 

higher or lower than its equilibrium potential by passing 

a small anodic or cathodic current during the run. 

Preliminary experiments showed that the current (of the 

order of 10-5A) required to maintain the disc at a poten- 
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tial displaced by a given amount from its equilibrium 

potential was the same in the presence and absence of 

[Co(NB.3)5Br]Br2. It was concluded that [Co(Nli3)5BA2-1-

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.e. 

no current was passed). Once the rate at the equilibrium 

potential was established, the current-carrying circuit 

was closed and the potential maintained first above, 

and then below, the open circuit potential. The dis-

appearance of [Co(NH3)5Br]2+ was followed as usual. 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(NH3)81120]3+. 

X.7.3: Significance of the surface potential. 

The catalytic aquation of [Co(NH3)5Br)2+ is accelerated 

by lowering the potential of the platinum catalyst. This 

may be due both to an increase it 4-he adsorption of the 

cation (346,153) and to an increase in ks, 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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the structure of the ionic double layer, the catalyst 

potential, ks and 0 are all interdependent, and dependent 

on the bulk ion concentrations. It was 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(NH3)5Br]2+  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 electrons in the solid, so 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 is rather different. 
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X.8. Comparison of catalysis by HgS, AgBr and Pt of 

the aquation of [Co(NE[05BA21". 

The values of a and ks for these three catalysts 

at 25°C are: 

a,M-1  ks'min"- 

HgS 2.3x104  3.0x10-3  

AgBr in dark 1.7x106  3.8x10-3  

" 	" light 1.5x105  2.3x10-2  

Pt 5.8x104  1.05 

The high value of ks, and the important role of 

the surface potential, differentiate platinum from the 

other catalysts. 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 a 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 means would be advantageous. The specific 

surface area of platinised platinum is a factor of 

102-104  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 [Co(NH3)5C1321-  under 

similar conditions might be rewarding. 
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CHAPTER XI : THE REDUCTION OF [Co(NlislABr32+ AND  

[Co(NH31.501]2+ BY SILVER. 

The discovery that solid silver reduced [Co(NH3)8X]2+ 

to Co2+: 

[Co(NH3)5X]2+ + Ag° 0°2+ + 5NH3  + 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 000. 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 process. 

XI.l. 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 12.57cm2. 

The former of disc 2 was made of Teflon, into 

which a thin silver lamina was forced by heating. The 

active surface area was 47.8cm2. 
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 

(d = 12.5cm.) or a round-bottomed vessel (Quickfit 

Q-FR 2LF, d = 15.0cm.). 

The complete rotating disc rig is illustrated in 

Figure 2V, on page 137. 

Silver atoms in the solid metal are closely packed 

in a face-centred cubic crystal structure. The inter- 
0 

atomic distance is 2.88A (155). Each surface atom 
0 

therefore occupies an area of 7.74A2„ so there are 

2.16x10-9  moles of silver per sq.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 10-2M H010.1. Before each run, the disc to be 

used was rinsed in distilled water and attached to the 

rotating shaft, the reaction vessel and lid were clamped 
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into place, and the empty apparatus was lowered into 

the thermostat. At time to, a small weighed quantity 

of [Co(NH3)5XJX2  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 [Co(NH3)5X32-1-  was followed 

spectrophotometrically by periodic removal of aliquots 

of ca. 3m1. The reactions were followed for 2-3 hours 

to 70-80% completion. In some runs, the appearance of 

Co2+ was similarly followed by diluting 2m1. aliquots 

with 8m1. concentrated HC1 and measuring D at 690m4 

(see Section V.6). Because of sampling the ratio of the 

surface area of silver to the volume of solution 

increased during all runs, and sampling corrections, as 

explained in Section (L4)0  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 c0  and a uniform dark grey completely 

coherent deposit at higher c0. During one series of runs, 

this deposit was allowed to build up, to test its 

inhibiting effect on the redox reaction, but otherwise 

the discs were cleaned before every run by abrasion 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 mA for a few hours (AgX + e- -4  Ag + X). 

10-2M HC104  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(1\TH3)5X32+. The aquation product, 

[Co(NH3)5112032+, was found to be unaffected by silver, 

and khet9 the first order rate constant for the reduction 

of [Co(NH3)5X]2+, was therefore calculated from the 

observed first order rate constant, kobs, by subtracting 

ki, which was always small compared with kobs. (Co(II) 

concentrations of 5x10-4M and lx1073M were found to have 

no effect on ki). On removing the disc from a reacting 

solution, kobs  immediately fell to the value of ki. 

11.3. 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 
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calculated from the Nernst equation for tracer diffusion, 

Di  = RTy 1z1F2 	(11.2) 

The equivalent conductivities at 25°C are 51.5cm2  ohm-i 

for LCo(NH3)5Br]2+ and 54.4cm2  ohm-i for [Co(NH3)501]2+ 

(101), and the diffusion coefficients at 25°C are calcu-

lated to be 6.85x10-6  cm2  sect for CCo(NH3)5113r)2+ and 

7.24x10-6  cm2  sec-i for LCo(NN3)501]2+. 

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 

-dNi  = -V dci  = 10-2DiAci/6 
	

(7.32) 
dt 	dt 

The first order rate constant for the heterogeneous 

reaction is therefore given by 

khet = 10 -8DiA/V6 
	

(11.3) 

The value of 6  can be calculated from equation (7.31), 

taking the kinematic viscosity of water at 25°C as 

8.929x10-2  poise ml. g-ip to be 

6  = 1.43x10-2  wicm. for [Co(NH8)5Br]2+ 

6 = 1.46x10-2  wicm. for [Co(NH3)5C1]2+, 

where W  radians sec-i 1s the speed of rotation of the 

disc. 
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Substituting for 6  in equation (11.3), 

khet = 4.79x10-7  A 1.02/V sec-1  for [Co(N118)6Br]2+ (11.4) 

khet = 4.96x10-7 A wk/V sec-1  for [Co(NH3)50112+ (11.5), 

both equations referring to a temperature of 25°C. 
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RESULTS  

XI.4. 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(NH3)5C1]2+ and the appearance 

of Co2+ were followed spectrophotometrically, and the 

silver chloride deposited on the disc was estimated 

at the end of the run. The particulars of the run and 

the results are given in Figure XLIV, on page 234. 

The reaction was first order in [Co(NH3)5C1]2+, and 

the amount of Co2+ produced was within experimental 

error, equal to the amount of [Co(NH3)5C1]2+ consumed, 

as shown in Table XXXI. 

At time 5 hrs. 48 mins. a final reading of c, the 

concentration of [Co(NH,25C1]2+ 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 50m1. 10-2M HC104. At the end of this time the disc 

was rinsed and the solution and rinsings made up to 

100m1. Aliquots of this solution were neutralised with 

Ca003  and titrated against 10-2M AgN08, using dichloro-

fluorescein as indicator. There were 2.804x10-4  moles 

of chloride in the solution, which came from the disc. 
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TABLE XXXI : STOIGHIOMETRY OF THE REDOX REACTION. 

Time 
(mins) 

Conc.of COo(NH3)8C132+ 
x104  

Conc.of Co2+ 
x104  

104Ec 

0 5.97 0 5.97 

35 3.40 2.42+0.2 5.82+0.2 

70 1.99 3.80+0.2 5.79+0.2 

106 1.10 4.53+0.2 5.63+0.2 

182 0.28 5.70+0.2 5.90+0.2 

'At the end of the run, c was found to be 0.179x10-ql. 
At the start of the run, co  was 59.65x10-5M. 

If [Co(NH3)5C1]2+ is converted to Co2+ and 

[Co(NH3)8H2035+ in the ratio khet/ki  (.162:1), then at 

the end of the run, [Co21-] should be 5.91x10-4M and 
[00(NH3)5H2033+ should be 0.04x10-4M. The amount of 

chloride deposited on the disc should be equal to the 

amount of Co2+ produced. The solution volume at the 

start of the run was 500m1, and at the end, due to the 

removal of samples, it was ca. 460m1. It was calculated 

that (2.90+0.05)x10-4  moles of silver chloride should be 

formed on the disc. In fact, 2.80.1x10-4  moles were formed, 

so the stoichiometry of reaction (11.1) 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 400 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-k1), the "corrected" values, 

which take account of the solution removed in sampling, 

were calculated as explained in Section (X.4). 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 limits of experimental error, khet  for 

the reduction of [Co(NH8)6C1]2t was independent of pH 

in the range 1-4 and of added chloride up to 10-2M: 

the mean value of khet for  V = 0.5 1.  and disc speed 

400 r.p.m. was (48.5+2)x10-1  min-i. The value calculated 

from equation (11.5), substituting A = 12.57cm2  and 

= 45.48 radians sec-1, is 48.4x10-4  mini, so. the 

actual rate is in excellent agreement with the diffUsion-

controlled value, calculated from the Levich theory. 



237. 

TABLE XXXII  : REDUCTION OF rao(l\TH815X) 2+  BY DISC 1  

AT 25°C. 

co  = (5.5+0•1)x10-5M in all these runs. 

1 
Reactant 	IDisc 

speed 
_r.p.m.) 

Volume 
V litres 

Background 
electrolyte 

104.kh  4. 
uncoil. 

min-± 
corr. 

[Co (Nlia  ) 5a1] 012  400 0.500 10-±M 11010. 48.2 
u u 10- 211 	tt 49.9 49.8 

• It tt 10-3X 	" 4660 ) 1 )105 
tt It 10-$M 	" L7.6 

400  0.500 10-2M HC104-f- 50.7 48.8 

' 10-2X K01 

tt It 10-2M HC104.+ 48.3 

10-2M K01 

400 1.000 10-2M HC10.1  22.2 
II 0.250 it 102.2 105.0 

[Co (NH3  ) 6Br]Br2  400 	0.500 10-2M 11C10 48.6 1 	51.0 , 
200 	if it 37.0 	i 39.8 

I 
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The agreement for [Co(NH3)8Br]2+ is not quite so 

good. The values of khet  calculated from equation (11.4) 

at 400 and 200 r.p.m. are 46.8x10-4 	and 33,3x10-4  

mini respectively, whereas the experimental values were 

48.6x10-4  min-i and 37.0x10-4  min-i. 

As required by equation (11.4), the value of khet  

was inversely proportional to V, other factors being 

equal. 

A. few runs, summarised in Table XXXIII, were carried 

out at 25°C with [Co(NH3)5X3X2  and silver disc 2, of 

surface area 47.8cm2. It is seen that the values of 

khet calculated from equations (11.4) and (11.5) are in 

some cases appreciably different from the experimental 

values, calculated as (kots  - ki). This is thought to 

be due to the difficulty of producing a uniformly smooth, 

clean surface on such a large disc. No systematic study 

of the dependence of khet  on co  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  = 5x10-5  and 60x10-5M for [Co(NH3)501]2"1". 
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TABLE XXXII' : REDUCTION OF [Co(NH315X)2+ BY DISC 2  

AT 25°C. 

Bdckground electrolyte = 10-2M BM% in all these runs. 

Reactant Disc speed 
(r.p.m.) 

Volume 
V(litres) 

105c09M 104khet,min-i 

exp. 	caic 

[Co(NH3)5Br]Br2  100 1.000 6.98 34.2 	41.2 

200 1, 3.38 45.4 	62.7 

400 It 4.82 79.6 	82.3 

[Co(NH3)501]C12  400 0.500 59.65 162.0 	184.0 
or ir 5.54 189.8 	184.0 

XI.6. Reduction on a clean silver surface at 000. 

Two runs with disc 1, freshly cleaned before each 

run, were carried out at 0000  to determine the heat of 

activation of the redox reactions. The runs were, as at 

25°C, first order in [Co(NH3)5302+, and the results are 

summarised in Table XXXIV on page 240. 

The experimental values of khet  at 0°C were calculated 

as (kobs-k):  ki  values at 000 were calculated to be 

9.6x10-6  mini for [Co(NH3)5BA24-  and 2.6x10-6  mini for 

[Co(NH3)5C1]2+, from the values at 25°C and the heat of 



TABLE XXXIV : All rate constants refer to reduction by 

silver disc 1, V = 0.5 1., background 

electrolyte = 10-2M HC10.1, disc speed = 

400 r.p.m. 

I 
[Co(NH3)501]24-  [0o(NH3)5Br]2+ 

kobs at 0°C 27.9x10-4min-1  28.4x10-4min-1  

khet at 0°C 27.9 	" 	" 28.3 	" 	" 

khet at 25°C (from Table XXXII:mean values) 
48.6 	" 	" 48.5 	" 	" 

AHa 3.59 kcal. 3.L.8 kcal. 
mole-1. mole-1. 

Theoretical estimate of 

khet at 0°C. 

25.8x10-4min-1  24.9x10-4min-/ 

activation of the aquation reactions (see Table XI, page 75). 

The heat of activation, AHa, of the redox reaction was 

calculated from khet at 25°C and 0°C by the Arrhenius 

equation. For both complexes, the value is low (-5.5 kcal. 

mole-1), which is characteristic of a diffusion-controlled 

reaction. 

The final entry in Table XXXIV is a rough estimate 

from the Levich theory of khet  at 0°C. The value of 

khet  is equal. to 	 A/ (10-2  .DI  VO)„ from equation (11.3). The 
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terms Di  and 6 are temperature-dependent, and their 

values at 00C were calculated by assuming Walden's 

Rule, which states xino  = constant, where 110  = solvent 

viscosity. The equivalent conductivities of [Co(NH3)5C132+ 

and [Co(NH3)813r32+ at 00C in water are calculated from 

Walden's Rule to be 27.1 and 25.7 cm2  ohm-i respectively, 

so the diffusion coefficients are 3.31x10-6  and 3.13x10-6  

cm2  seri 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 1.789x10-2  

poise ml. g-i„ the values of khet  given in Table XXXIII 

were calculated. 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(NH3)5C1]C12  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 Agel was untouched. The disc was 

allowed to stand in 10-2M HC10 between runs. The AgC1 

on the disc was assumed to have a negligible catalytic 

effect on the aquation reaction. 
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TABLE XXXV : REDUCTION OF [Co(NH315C1)2+ AT SILVER DISC 1, 

ALLOWING AgC1 DEPOSIT TO BUILD UP ON DISC. 

In ail these runs, 	V = 0.5 litre 

background electrolyte = 10-2M HC104  

temperature = 25°C. 

khet values are calculated from equation (11.5), and 

determined experimentally as (kbbs  ks), from 1st order 

plots. 

Run 
No. 

Disc 
speed 
(r.p.m.) 

105  c°'11  1"khet'rnin- 
experimental calc 

,Moles AgOli formed 
x105  

Comments. 

1 200 5.85 32.9 34.3 1.49 
Reaction 

2 

3 

200 

400 

5.73 
5.76 

35.1 

47.7 

34.3 

48.4 

1.75 

1.37 

diffusion-
controlled, 
within 
experimenta 

4 200 2.42 34,2 34.3 0,27 error. 

5 400 5.22 51.6 48.4 2.56 

6 400 
it 

15.35 44.5-23.2 48.4 6.50 First order 
plots show 

7 10.16 19.0-12.4 " 2.12 upward 

8 II 

II 
5.68 14.8-10.4 " 0.76 i.e. 

curvaIc,ture, 

decrea F.,.g 
9 5.85 10.3,decr. " 0.41 continuous]; 

slightly. 
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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 AgC1 deposit was 

electrolysed off the disc as completely as possible. 

By volumetric estimation of the chloride solution so 

produced, it was estimated that 1.18x10-1  moles of AgC1 

were formed on the disc during runs 1 - 9. The amount of 

Aga that should be formed in each run was calculated 

from knowledge of khet„ ki  and the initial and final 

concentrations of [Co(NH3)5C1324-0  as explained in Section 

(XI.4). Summation of these values, shown in Table XXXIV, 

gives 7.44x10-5  moles (runs 1 - 5 incl.) and 1.72x10-4  
moles (runs 1 - 9 incl.), The discrepancy between the 

experimental and calculated values for the total AgC1 

deposit possibly indicates that the AgC1 deposit did have 

a significant catalytic effect on the aquation reaction: 

unfortunately, the formation of Co2+ and [Co(NH3)8H20]".  

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.W4x10-5  moles Agel 

on disc 1. 

The cross sectional surface area of Aga in the solid 
0 

is 12A2  per molecule (136). Monolayer coverage of disc 1, 

of area 12.57cm2, therefore requires ca. 1.75x10-8  moles, 

so a diffusion-controlled redox reaction can occur through 

ca. 4625x103  monolayers of AgCl. This probably mainly 
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because AgOl deposited on Ag is rather porous (156). 

(In the latter stages of electrolytic deposition of 

Ael on Ag, the electrode reaction occurs beneath a 

layer of porous Agel (157). ). Moreover, because of 

the great number of Schottky (lattice vacancy) defects 

at Agel/Ag interfaces, the conductivity of AgOl is much 

enhanced (156): the redox reaction could therefore be 

occurring by electron transfer through a thin layer of 

Aga. 

XI.8. Rate of reduction of [Co(ITH3)5X121-  by silver, 

compared with homogeneous reducing agents. 

The present work on silver as a reductant and some 

literature data on homogeneous reductants in aqueous 

solution, are summarised in Table XXXVI, on page 20. 

This Table provides an illustration of the general rule 

that the activation energy (or enthalpy) of a reaction, 

and not the overall energy change, governs the reaction 

rate. Silver is, thermodynamically, a less powerful 

reductant than Cr2+, Eu2+ or V. However, the low 

energy of the halide bridged ("inner spbere") pcttvted 

complex (see Section (V1.4.10 ) in the reaction betueen 

[00(NH3)5X]2+ and 0r2+ and Ag, means that these reactions 

are very fast, while the outer sphere reaction with V2-1-

is slow by comparison. (Eu2+ is thought to react by an 
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inner sphere mechanism, but the lability of EuX2+ 

apparently prevents this reductant from acting as fast 

as the thermodynamically similar Cr2+). 



TABLE XXXVI : REDUCTION OF [Co(NH31.5X]24-  TO Co(II): ALI VALUES FOR 25°C. 

Oxidant Reductant E° of reducing 
couple (48). 

k 	Frisec-1  Heat of 
activation, 
kcal.mole-1  

Mechanism Referent:: 

[Co(NH3)5C1]2+ Cr2+ CrC12t/Cr2+,-0.41V >2x106  Inner sphere. (124) 

E° = 0.34V. Eu24-  Eu3t/Eu2+„-0.43V. 3.9x102  5.0 If 	 11 II 

(See Section Ag Agel/Ag, 	0,22V. Diffusion 
controlled. 

3.6 II 	it Present work 

V.6) 	). V2+ V3+/V2+, 	-o . 25v. - 5 Outer sphere (124) 

Fe24-  Fe3+/Fe2+, 0.75V. 1.4x10-3  12.5 it 	it it 

ECo(NH3)5Br]2+ Cr2+ CrBr2t/Cr2+,-0.40V >2x106  Inner sphere (124) 

rEo = 0.38y. Eu2+ 2.5x102  4.7 u 	11 

i 

If 

Ag AgBr/Ag,0.07V. Diffusion 
controlled. 

3.5 il 	11 Present work,  

V2+ -25 Outer sphere. (124) 

Fe24-  7.3x10-  13.3 it 	ll 11 
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