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LIGAND ABBREVIATIONS

acac - acetylacetonato
bipy - 2,2'-bipyridyl

C,0y - oxalate

en - ethylene diimine
phen - 1,10-phenanthroline
tu - thiourea

OTHER ABBREVIATIONS

assoc. - associative

dissoc. - dissociative

DMSO - dimethyl sulphoxide

EtOH - ethanol

is - initial state

nu - nucleophite

soly. - solubility

t-BuOH - t-butanol (2-methylpropan-2-ol)
ts - transition state

Xorg - mole fraction of organic cosolvent
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1.1 INTRODUCTION

In any chemical reaction, the rate constant and the various transition

*, TAS*, AV*) reflect barriers

. . E3
state theory activation parameters (AG , AH
between initial and transition states. Solvent effects on reactivity can
be analysed into initial state -transition state contributions. It is

aimed to show how trends in kinetic parameters taken at face value often

mask more camplicated changes in initial and transition state parameters.

If the mechanism of a reaction in solution is to be campletely defined,

an analysis along these lines is imperative. An initial state -transition
state ‘analysis of solvent effects on reactivity clearly requires thermo-
dynamic information as well as kinetic. Indeed the thermodynamic
information is doubly important, because it not only quantifies solvent
effects on the initial state, but is also essential for the calculation
of transition state transfer parameters fram the kinetic data, as

indicated below.

Fram this, Sgu® = Smu® + AC;T - AG,Y

Solvent effects on initial and transition states, and on
the activation barrier.



It is of importance to note that it is often assumed, as dn ~_. =
1, that the transition state comes at the same position along the
reaction coordinate axis in both solvents. This of course need not
necessarily be so, in which case the arithmetical analysis is still
valid but the discussion of solvation changes now has to include one
more variable. This matter has previously been discussed, with
particular application to Menschutkin reactions.1 Change of solvent
sametimes has the more dramatic effect of changing the mechanism of a
reaction. Such extremes are not encountered in this thesis.

The analysis of solvent effects on rate constants is conveniently
made using the formalism of transition state theo::y2 whereby the rate
constant for a particular reaction in a given solvent at fixed
temperature and pressure is related to AG*, the activation Gibbs
function. Same indication of the camplexities which can emerge in the
analysis of solvent effects on AG* is shown in Figure 1 where a sumary
is made as to what might happen to AG* for a hypothetical reaction,
initial state » transition state.

The centre vertical line shown in each summary represents the
activation processes (in temms of AG¥) for each reaction in a reference
solvent. Figure la shows how on going to a different solvent an increase
in rate constant (i.e. a decrease in AGY at fixed temperature and
pressure) can stem fram either ('i) a destabilisation of states with the
initial state being stabilised to a larger extent, or (ii) a stabilisa-
tion of both states with the transition state being stabilised to a
larger extent. In Figure 1lc, cases are shown where on changing the
solvent, initial and transition states are affected diffe.rentiy leading
to an increase in AG'. The trends illustrated in Figure 1b show that,

when AG* remains unchanged on going to a different solvent, this may be
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due to either both initial and transition states being stabilised or
destabilised to the same extent or that both states remain unchanged.

However, it is clear fram Figure 1 that an understanding of the
factors which control the dependence of kinetic parameters on solvent
requires an identification of the direction and magnitude of the changes
in the properties of initial and transition states. Indeed, this kind
of analysis is required in order to analyse the role of the solvent
structure, for example in binary aqueous mixtures (see Chapter 3), in
kinetics of reactions. However, it also follows that measurements of
rate constants (and hence AG*) as a function of solvent cannot yield
detailed information concerning.the underlying trends in initial and
transition state stabilities; In other words, information fram other
non-kinetic measurements is required. It must be appreciated, however,
that if such non-kinetic data are unavailable, other approaches to the
analysis of solvent effects on kinetics are extremely valuable.3 These
include drawing correlations involving solvent Y values (these being a
measure of the ionizing power of the solvent) and, for reactions in
aqueous mixtures, possible correlations between AG* ard the excess molar
Gibbs function of mixing for the binary solvent system.4

The next sections show the backgrourd theory for this analysis and
indicate how the necessary experimental information is obtained. The
analysis is straightforward for reactions involving neutral reactants,
as for example in Menschutkin reactions, i.e. R3N + RI (see Table 2).
However, for reactions involving ions, the analysis is not as straight-
forward and extrathermodynamic assumptions must be made in order to
obtain the dependence of solvent on single-ion quantities. A more
detailed account of these assumptions is given in Section 1.4.

The historical background to this subject can be fourd in the



literature relevant to physical-organic chenistry.5’6 In addition, the

importance of initial state solvation in determining activation para-
meters has been emphasised by Moelwyn—Hughes7 and Glew8 and, more
recently, by Robert:son.9 The analyses of rate data,10 enthalpies of
activation11 and, though not used in this thesis, volumes of activation,12

are all discussed in the subsequent section of this Chapter.

1.2 PRINCIPLES OF THE ANALYSIS

In order to outline the principles of the analysis, it is important
to list the knowledge required of the reaction in question. Firstly, the
essential features of its mechanism must be well established. Of course,
as described in Chapter 6, the analysis may be used to back-up a proposed
mechanism where there is controversy over the mechanism, e.g. whether
first- or second-order. Also, the kinetic data obtained must have been
analysed correctly to yield the rate constants and related parameters
for the reaction.

Consider a single step reaction where the reactants are A and B and
(AB)* is the transition state (see equation 1).

A+B-~— @B’ — products eeee [1]

For reactions in solution, the solvent plays a key role in determining
the energetics of activation. However, it is not always obvious how

this role can be formulated. One approach is to use the concept of
solvent co-spheres along the lines suggested by Gur.ney.13 Hence each
solute (i.e. reactants A and B, and transition state (AB)* in equation

1) is surrourded by an imaginary sphere which encloses solvent molecules
whose organisation depends on the nature of the solute.14 The associated
co-sphere contribution to the reaction is therefore contained within

equation 1. At fixed temperature and pressure transition state theo::y2



provides the link between a rate constant (which describes an irrevers-
ible process) and AG* (which can be treated using the principles of

reversible thermmodynamics) in the manner shown in equation 2.

kr=<]s—§>exp(—AG*/K[') e 121
where ky = rate constant,
k = Boltzmann's constant,
h = Planck's constant.

If the solvent is a binary mixture where the mole fraction of one
camponent is X2, then in this solvent ac? (x2) is given by equation 3.

06t xa) = 1t - @) + 1@ eenn 3]

Here, ue (a) and ue (B) are the standard chemical potentials of the
reactants A and B and their sum make up the initial state. Also, u*

is the chemical potential of the transition state. Hence, AG¥ (x,) is
given by the difference between the chemical potentials of the transition
ard initial states in their respective solution standard states: i.e.

if the rate constant is expressed in dm® mol™! s~!, the relevant standard
state is the hypothetical solution where the concentration is 1.0 mol
dn™? and the corresponding activity coefficient is unity. The standard
state is symbolised by ¢. Because the transition state is a camposite
quantity and cannot be measured directly, equation 3 is usually rewritten
as equation 4.

e nf@) +10%m) + 86T ) ... (4]

The Gibbs function is, however, just one of a group of thermodynamic
variables and so, for example, equation 3 may be generalised as shown
in equation 5.

AT (x5) = xF-[X°@) + X ®)] oo [5]

Here X may represent G, H (enthalpy), S (entropy), V (volume), Cp (heat



capacity) ..., these being derived from the appropriate deperdence of

rate constant on temperature and pressure.z’12

Though the major part
of this thesis only concerns itself with G, the analysis has been done
fran enthalpy data for the reaction of nickel (IT) and 2,2’'-bipyridyl
(see Chapter 5).

To avoid any confusion which might arise on using the symbol A to
indicate changes resulting fram both chemical reaction ard medium
effects, it is convenient to use a solvent operator 8m for the latter.15
The term 6m has no numerical value but denotes that the term which it
precedes is solvent deperdent. Thus for a thermodynamic variable X, it
may be defined by equation 6.

SmX = Xmedium M ~Xreference solvent eee. [6)

More specifically, if the Gibbs Free Energy of activation of a certain
reaction in a reference medium (1) is AGT and in a different medium is
AG: then
* * #
SmAG = AG, - AG, cees 7]
Linking equation 7 with equation 2, gives

k
$pAGT = —RP1n —2) ... (8]

k(1)

where k(1) and k(2) are the rate constants in media (1) and (2) respec-
tively.

In this thesis, the reference solvent has usually been water, though
sametimes, when one or both of the reactants are not soluble enough in
water, it is not possible to measure the required kinetic and/or thermo-
dynamic data. Such a case arises in Chapter 4 with ferrocene and hence
a more convenient reference solvent was chosen.

Fram equation 6 therefore, equation 3 may be rewritten thus:

SuAGT = s - [6mn® @) + 6m®(®)] venn 19]



If the rate constant increases on going fram the pure solvent to a
mixture, then the term (SmAG=i= will be negative, i.e. the activation
barrier reduced. Conversely, if the rate constant decreases a positive
effect results on GmAG*, i.e. increase in activation barrier.
Similarly, if a solute (i.e. initial or transition state) is stabilised,
then 6mu® is negative, but if it is destabilised then Sgu® is positive.
It is important to note that the standard chemical potential of a salt
A may either be expressed as Gmug(A) or by GmAGG(A) .

The next step is to calculate the value of the standard transfer

chemical potential for a campound on going fram one solvent to another.

1.3 COMPONENTS OF THE ANALYSIS

1.3.1 Standard Transfer Chemical Potentials

If one of the reactants (e.g. A in equation 1) is involatile, (Smue(A)
can be obtained fram the dependence of the solubility of the pure solid
on solvent. Similarly, if reactant A is volatile, then cSmue (A) can

again be obtained fram solubility measurenents.ls’17

All the work in
this thesis deals with involatile reactants. The required transfer
chemical potential parameter is given by equation 10, where the usually

reasonable assumption that the ratio of activity coefficients is unity;

i Y(Al X2 =0)
l.e. —_—————— -
Y(Ar X2)
o _ S (A,x,=0)
Smu (A) = -RT1n {T(!A,X_z)} eees [10]

where S is the solubility of ;:he uncharged reactant. [Where the
reactant is charged, S is replaced by Ksp - the solubility product, as
is discussed in Section 1.3.2.]

Fram Beer's Law (equation 11) it follows that the absorbance of the

saturated solution of reactant (made up as described in Section 2.1



of Chapter 2) at a particular absorption maximum, is directly proportional

to its concentration and, hence, solubility.

Absorbance = ¢ xeg x £ eeo. [11]
where ¢ = concentration,
€ = extinction coefficient,

£ = path length.
The absorbances were measured on a Pye Unicam SP8-100 spectrophoto-

meter, as described in Chapter 2.
o

where Kgp = solubility product
e (SmAGe = -RT1ln Ksp (x2) - [’m‘ ansp(X2=0)]
K
= - RT 1n —SR(X2) eev. [12]
Ksp (x2=0)

A typical salt used in this thesis is cobalt (III)trisphenanthroline
perchlorate, i.e. Co(phen); (C104)s and this will now be used as an
example to show exactly how to calculate the standard transfer chemical
potential of a salt fram the reference solvent (e.g. water) to methanol.

1.3.2 Calculation of the Standard Transfer Chemical Potential of
Co(phen) ; (C104) 3 fram Water to Methanol

Let concentration of Co(phen);** in water and methanol be 4 and =z
respectively. Then concentration of ClO,” will be 3y and 3z respeci:ively.
Ksp = [Co(phen);3*][C10,7]°
<. Kgp(water) = y(3y)® = 27y"
Similarly, Kgp(methanol) = z(3z)*® = 272"

Therefore, fram equation 12,

AGS s [Co(phen) s (C104)5] = -ern(f-,)“ ven. [13]

Since, from Beer's Law (equation 11) concentration is directly

proportional to absorption, equation 13 is rewritten as equation 14.



AS
AGtrans

eee. [14]

[Co (phen); (C104)3] = -4 RT 1n {abs (methanol) }

abs (water)

More generally, for a salt A with n ions dissociated:

abs (x7) }

o
AGtrans (A) = -nRT 1n {m

ee.. [15]

For neutral campounds like, for example, ferrocene, n is always
unity. Different authors use different standard states and scales
(mole fraction, molality, molarity). The suitability of the molar scale
has been camented on by Ben—Naim.18 It is also the most convenient for
kinetic applications, and this is the scale used throughout this thesis.

Fortunately, inter-scale conversion is arithmetically simple.19

1.4 SINGLE TION TRANSFER PARAMETERS

So far in this discussion only the transfer chemical potentials of
the whole salt have been mentioned. However, for the analysis of
kinetic data, the required parameter is the contribution of the
individual ion. Hence, single ion transfer values must be estimated.

For a salt AB,

Gmu.grans (AB) = (Smugrans (A+) + Gmli?rans (B-) ceo e [16]

Unfortunately, however, camplications arise when attempting to split
the salt into its constituent ions. There is no single experiment by
which the absolute free energy of transfer of a single ionic species
fram one solvent to another may be determined. Many different approaches
have been used but each one has to make use of an extra thermodynamic
assumption. The approaches used fall into two fundamental types:

(1) The transfer is analysed in terms of electrical interactions

between the ion and the solvent. Here the solvent is often

characterised by its dielectric properties, so |

spu(ion) = £ (Aegp), ... 17

-10-



where e€r is the relative permittivity of the solvent.

(2) The assumptionl is made that certain large ions are only lightly
enough solvated for an anion and cation of similar size, charge
and exterior to have equal transfer parameters, i.e.

suu®(aY) = dmu®B7) = % s (aB) e.. [18]

When a value has been calculated for one ion, the rest can be
obtained by cambination with values for the salts. The second of the
two approaches is the more popular. Same of the different methods used

are reviewed in the next section.

1.4.1 Single Ton Splitting Assumptions

One method, being an extrapolation procedure based on the Born
equation,20 was put forward by Feakins et a_l_.21 This was based upon

equations 19 and 20.

S (HX) SmuCHY) + 1/ra een. [19]

smn¥mcl) = sp® 1) + 1/re eee. [20]

where ra and r¢ are the crystallographic radii of the anions (X) and
cations (M) respectively. Hence, for example, if dmue(M:l) is plotted
.against 1/rc, the intercept of the fitted straight line, where 1/x¢ =0
is taken as being smu(C1l7). This method, and indeed all such extra-
polation methods, have limited application.

One of the first methods of obtaining single ion values assumed that
émue(K+) = Gmue(Cl-) . In another approach, the free energy charge in
transferring an individual ion from the gas phase into bulk solution
has been measu.red.22 The results are then cambined with similar ones
for pure water23 to obtain values for émue(ion) from water to mixed

solvents. Wells24 26

makes use of the Born equation and the apparent
change in pK for p-nitroaniline to estimate the Gibbs free

energy of transfer of a proton. The calculation is made by considering

-11-



the solvation of the proton as a two-step process. First is the
transfer of a tetréhedral aquo—-proton fram water into the mixture
(obtained using the Born equation), and then the subsequent replacement
of a water molecule in the tetrahedron by, in the case of methanol/

+) thus

water mixtures, a methanol molecule. The values of Smu° (H
derived were then used to estimate Gmue(halide ion) for the appropriate
hydrogen halides. Values of other anions and cations were then deduced
for a relatively large number of cosolvent mixtures up to 50% w/w. The
problem with this approach is that it is based on an assumed model for
solvation of the proton in water and water/methanol mixtures. Bearing
in mind the proton's unique nature among cations, this ion is probably
the most difficult for understanding and modelling its solvation.
Another method which is similar to Wells' is that adopted by

de Ligny. 27-29

Using the Born equation, free energy of transfer is
calculated for large cations, e.g. cs*. Again, as in Wells' theory
for the proton, quadrupole interactions and orientation of solvent
molecules are taken into account to obtain sets of transfer parameters
over the whole range, i.e. 0 to 100%, of organic cosolvent. Both the
approaches adopted by Wells and de Ligny yield single ion values which,
after appropriate scale conversion, are in good agreement, at least
over the range 0-40% v/v methanol, i.e. the range over which values for
both sources are available.

In the equality assumptions, large organic ions of the type R,N* and
BR, are used as reference ions. These seem to be the most reasonable
in attempting to estimate single ion transfer parameters since the
peripheries, magnitude of charges and ionic radii of these ions are very

similar to one another. One version of this assumption assumes that the

Gibbs free energy of transfer of tri-isocamylbutylammonium tetraphenyl-

-12-



boronate can be equally divided. Using this method Popovych and Dil1>°
have reported singie ion values for transfer into ethanol/water nuxmres
The reason why these two ions were used is that they both have the same
Stokes radii. The most camonly used reference ions, however, are
Ph,As® and BPh,” . Using this assumption, named the TATB assumption,
single ion values have been published by several workers to transfer
fram water to many of the more cammon pure organic solvents.31—38
| Abraham39 has shown that for transfer fram water to pure methanol
transfer values for Ph,P* are, within experimental error, the same as
those for Phi,As®. Gibbs free energies of transfer based on this
assumption have been obtained for transfer to a number of aqueous

40-43

organic solvents. Single-ion AG?, AH? and AS? values have also

been determined for transfer fram water to aqueous organic solvents.39"’1‘3"45
Despite these values obtained, only the methanol/water picture is anywhere

near campletion for single ion values of AG%.39

For all other aqueous
organic mixtures, only a limited range of mixtures and ions have been
covered at present. It is worth noting at this stage that in contrast
to Wells and de Ligny, who together only report parameters for Gibbs
free energy charnges, Cax and Abrahams also tabulate parameters for
enthalpy and entropy changes, though, at present, only in a limited
range of mixtures.

Clearly initial state -transition state analysis of ionic inorganic
reactions will improve as estimates of single ion values improve. All
the single ion values used in this thesis have been based on the TATB
assumption, though the experimental methods of obtaining them are not
necessarily consistent. Nevertheless, though future adjustments will

make a difference to the actual single ion values, it is not likely that

the overall patterns which emerge fram the analysis will change to any

-13-



significant extent. Looking forward at further develomments to improve
estimations of single ion values is the possibility of using the
Cr (C204) (H20) 4" /Cr(C204) 2 (H20) 5~ pair as a hydrophilic counterpart to

the hydrophobic R,N*/R,B” type splits.

1.5 REVIEW OF INITTAL STATE - TRANSITION STATE DISSECTIONS

In order for a camplete initial state -transition state analysis to
be successfully and confidently carried out, several aspects of the
reaction must fulfil certain conditions. For example, unimolecular
reactions must be rapid enough for convenient kinetic monitoring, but
not so fast that it is impossible to obtain accurate thermodynamic
information on the initial state fram calorimetric (for enthalpy values)
or solubility (for Gibbs energy values) measurements. Bimolecular
reactions are generally preferred, both because their rates can
generally be varied by suitable concentration control and because
thermodynamic parameters for the initial state can be obtained by
measurements on the reactants separately. Reactions which do not
involve ions are also more attractive, as no extrathermodynamic assump—
tions for obtaining single-ion values have to be introduced.

Initial state -transition state analyses have been carried out for
a number of different types of reactions and same of these are now

reviewed.

1.5.1 Racemisation and Isanerisation Reactions

Table 1 lists a selection of racemisation and isamerisation reactions
of established mechanism and varying characteristics. These processes
range fram intramolecular organic cases to intermolecular inorganic
reactions with the exception of Co (phen) 3% which proceeds via a redox-

catalysed mechanism. The reactions also cover the range fram hydrophobic

-14-



TABLE 1

Racemisation and Isamerisation Reactions

COMPOUNDS NATURE OF PERTPHERY MECHANISM
Hindered biphenyls Hydrophobic (usually) Intramolecular
Metal B-diketonates Hydrophobic Intramolecular*
Fe (phen) 32* Hydrophobic Intramolecular
Ni (phen) 32* Hydrophobic Intermolecular
Co (phen) 3** Hydrophobic Redox-catalysed
Cr (oxalate) 33"~ Hydrophilic Intramolecular*
Ge(acac)s* Hydrophobic Intramolecular*
Co(en),Cl,”* Mixed** Intermolecular
Pt (PEt3)2 (CeHuX)C1 Mixed** Intermolecular

*
x4 Though may involve unidentate intermediates/ts

Hydrophilic leaving group.

to hydrophilic as well as mixed substrates. Also covered are both
charged ard uncharged species.

The hindered biphenyls could prove ideal substrates for initial
state - transition state analysis of solvent effects on reactivity for
an intramolecular process of a hydrophobic organic nonQelectrolyte. The
problem for such analyses is the lack of kinetic and solubility data on
any such biphenyl. There are a few early kinetic data on internal

46,47 due to

rotation within campounds of the type shown in Figure 2
early investigators showing more interest in varying the substituent
than in varying solvents.47 Solvent effects on rate constants for the

48,49 ard Figure 450 have been discussed

ionic species, shown in Figure 3
qualitatively in terms of initial state - transition state contributions.

A quantitative analysis will not be possible until suitable solubility

-15-



data have been obtained. There has, however, been one quantitative
initial state-tran#ition state analysis of enthalpy, for hindered
rotation of Figure 5.51 The conclusion- reached for transfer fram
water to both pure acetone and pure acetic acid, is that transition
state solvation daminate

Metal B-diketonates provide a convenient link into inorganic chemistry.

Metal (III) tris-g-diketonates are uncharged, have a hydrophobic periphery,
52-54

and racemise intramolecularly. Though an abundance of solubility
FIGURE 2 R O,N
X HO,C
FIGURE 3 NMe,
Me,N
FIGURE 4 0 OiN
NO, O
1
FIGURE 5 OMe R
>
R MeO

R = COOH, COOMe

-16-



data exist the considerable difficulties in resolving these camplexes
have resulted in limited kinetic data. There is, however, a general
impression that barriers to racemisation are fairly insensitive to
solvent.>? Gibbs free energies of transfer range up to about 15 kJ mol™!
for, e.g. tris-acetylacetonatochramium(III). This suggests that small
solvent effects on rates are the small difference between larger changes
in chemical potentials of initial and transition states. The mechanism
of racemisation of the tris-acetylacetonatogermanium(IV) cation is
thought to be intramolecular, but involving unidentate ligand inter-
mediates and solvent interaction with the germanium.
Tris-diimine-iron(II) complexes [e.g. Fe(phen);%*] are related to the
tris-f-diketonates. They have hydrophobic peripheries and racemise by an

intramolecular mechanism.55 »56

This has to be via a trigonal twist as a
one-end-off mechanism is sterically hindered. The diimine camplexes of
the tris-1,10-phenanthroline-iron(II) type differ fram the metal (III)
tris-p-diketonates in their 2+ charge. In practice this does not affect
their solvation characteristics dramatically, i.e. Gibbs free energies
of transfer fram water into non-aqueous solvents still result in the
stabilisation of the transition state due to greater interaction of the

hydrophobic periphery with the solvent.57’58

In contrast, formation of
the transition state for racemisation of tris-oxalato-chramate(III) also
involves expansion (one-end-off mechanism), but this time the camplex has
a periphery of hydrophilic oxygen atams. Thus, in this case, the
transition state is destabilised as the proportion of organic co-solvent

9

is increased.5 Another interesting camparison with the tris-1,10-phen-

anthroline-iron(II) cation is its nickel (II) analogue. The weaker nickel
(d%)-nitrogen bonding pemmits intermolecular isamerisation in contrast

0

to intramolecular for low-spin d® iron(II) 6 Unfortunately, no transfer
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data exist for the nickel camplex but if the extremely similar iron(II)
canplex is used as- a model, then an initial state -transition state
analysis for racemisation reveals greater destabilisation of the initial
state than of the transition state as the proportion of organic co-
solvent increases.61 A rather different racemisation mechanism involving
electron transfer operates in the Co(phen);®*-catalysed racemisation of
the tris-1,10-phenanthroline-cobalt(III) cation. This is more fully
discussed in Chapter 4 but the observed charges in reactivity can be
ascribed to relatively small differences between marked stabilisation
of the initial state and slightly less stabilisation of the transition
state, as the proportion of organic co-solvent increases.

The controversial isamerisation of cis-[Pt(PEts), (p~C¢H4CH;3)Cl] (see
Chapter 6) shows how an initial state - transition state analysis makes
a positive contribution towards solving the mechanistic differences.

The results of the analysis are found to favour a dissociative mechanism.

1.5.2 Substitution Reactions

Initial state - transition state analyses of solvent effects on rate
constants for substitution are camplicated by the need for single-ion
assumptions when the camplex or a leaving group are charged. However,
many substitution reactions, both organic and inorganic have been
analysed in terms of initial state -transition state contributions and
a brief sumary of the conclusions reached are given in Table 2. 1In
all cases, the reference solvent is water. It is interesting to note
that in these reactions the initial state contributions either daminate

or are camparable in magnitude to transition state contributions.

1.5.3 Redox Reactions

Two distinct mechanisms for redox reactions of camplexes are recog-

nised. These are called the inner-sphere and outer-sphere mechanisms.
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Extension of initial state -transition state contributions into the area
of redox reactions essentially began with the study of the peroxo-
disulphate oxidation of the Fe(bipy)2 (CN). ccxnplex.78 It is found that

for this, and many other redox Irlechanisrrls,79’80

transition state effects
dominate reactivity trends. This is in direct contrast to substitution
reactions where initial state effects are found to dominate. For the
purposes of detemmining reactivity trends, an outer-sphere mechanism is
much preferred due to its simplicity. In this thesis two outer-sphere
redox reactions are analysed into initial state -transition state
contributions. The first (Chapter 3, Section 3.8) is peroxodisulphate
oxidation of an iron(II) cage camplex. One problem with peroxodisulphate
oxidation reactions is the possibility of radical formation in binary
aqueous solvent mixtures. This was minimised by using aqueous acetone

as the solvent mixture. The second redox reaction dealt with is that
between Co (phe.n)ael+ ard ferrocene. The outer-sphere nature of the
mechanism was supported by conformance to the Marcus cross—relationship.81
This is, in summarizing, the linear connection between free energies of
activation of redox reactions and their overall free energy changes if
the reactions are outer-sphere in character.

Inner-sphere mechanisms, though not studied in the work in this
thesis, are interesting in their own right. The mechanism is of a two-
step nature, being a cambination of a substitution step with a redox
step. Taube's original inner-sphere reaction82 between Co (NH;)sC12* and
Cr?* is unsuitable for the type of initial state - transition state
analysis outlined. However, replacement of the chramium(II) as reductant

84,85 and transfer parameters86

by iron(II)83 gives systems whose kinetics
have been obtained. Again, transition state solvation is found to

daminate, using the TATB assumption. However, if Wells' single ion
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assumptions are used, initial state solvation is found to dominate.87

The importance of having consistent single ion assumptions and values
is clearly evident here.

A summary of initial state -transition state analysis for same redox

reactions is given in Table 3.
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CHAPTER
2

Experimental



This Chapter describes very briefly the equipment and experimental
details required to collect the necessary data for the work in this
thesis. 1In all, three spectrophotameters were used to measure absorbances,
record spectra and collect kinetic data, and one calorimeter, used for
measuring the enthalpy data for Chapter 5. The spectrophotameters used
were all double beam instruments made by Pye-Unicam, model numbers

SP 800, SP 8-100, SP 1800 and covered the visible (700 to 400rm) and
ultraviolet (400 to 200 rm) range. The cells used in all three spectro-
photameters were 10mm (i.e. of path length 1cam) block silica uv/visible
cells fitted with teflon stoppers. The volume of reagent placed in

each cell was 3 an’. For enthalpy of solution measurements, an LKB 8700
calorimeter was used. The samples were contained in self-made glass

ampoules, as described in Section 2.4.

2.1 SP 8-100 SPECTROPHOTOMETER

This instrument is capable of measuring absorbances over the rarge
800 to 200 nm and gives an accurate digital reading from 0.000 to
2.000 £0.001 at any particular wavelength. Before measuring the
absorbance of a campourd, a saturated solution must first be prepared
in the desired solvent mixture. Saturated solutions were obtained by
vigorously shaking sealed vessels containing the solvent and a large
excess of the solid. The vessels were then thermostatted by placing
them in a constant temperature bath, maintained at 298.2 K and, where

* used in

light-sensitive campounds were concerned, e.g. Co(phen) ;°*
Chapter 4 and Pt!! used in Chapter 6, covered with aluminium foil. The
vessels were left in the bath for about four hours, periodically shaking
them to ensure the solvent was campletely saturated. Aliquots of the

'saturated solution' were next centrifuged to separate any urdissolved
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solid and then thermostatted again to maintain a temperature of 298.2 K.
The saturated solution was carefully decanted fram the solid and diluted,
if necessary, with a known volume of the pure solvent until it was of
sufficient concentration for the absorbance to be monitored spectro-
photametrically.

To calculate the solubility of the solid in a particular solvent
mixture, its extinction coefficient must be known. This is done by
measuring the absorbance of a known concentration (expressed in moles
per litré) of the solid in solvent mixture. Using the Beer-Lambert
equation (see Introduction) the extinction coefficient can be calculated.
It is important to note that all the work in this thesis is done on the
molar scale and, hence, when calculating solubilities the concentration
is expressed in moles per litre. For each solvent camposition, two
saturated samples were made and each monitored spectrophotametrically
three times to check for consistency. The absorbances presented in
this thesis are the mean of the above detemminations at each solvent
canposition.

The SP 8-100 may also be used in the initial stages of a kinetic
study, to assess the suitability and nature of absorbance changes and
to select a wavelength at which to monitor the reaction routinely.
However, the initial kinetic measurements made in this thesis (see
Chapter 3) were obtained using the SP 800 (see Section 2.2).

The cell holder of the SP 8-100 is thermostatted by circulating water
from a built-in temperature controller which may be set to give a
temperature within the range 273.0 K to 318.0 K+0.1 K. In this thesis,
all absorbances were measured. at 298.2 K. The temperature is monitored
by a platinum resistance thermameter placed in the cell holder and

gives a digital reading of the temperature.
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2.2 SP 800 SPECTROPHOTOMETER

This instrument was used to produce a scan spectra either in the UV
or visible range. Fram the spectrum a wavelength was selected
(corresponding to the wavelength at which absorbance was at a maximum)
at which the kinetics of a reaction may be monitored using the SP 1800
spectrophotameter. Also, this instrument has a SP 825 timer attachment
fitted which allows spectra to be scanned repetitively on the same
piece of chart paper at any pre-selected time interval up to 15 minutes.
This is a very useful facility as it enables one to estimate first-order
rate constants by measuring the half-life of a particular reaction. The
importance of this will becamne apparent fram Section 2.3.

Consider a reaction that proceeds to campletion in which the concen-
tration of only one reactant, A, charges appreciably during the reaction.
Such a case may arise because:-

[1] only one reactant A is involved;

[2] all other reactants are in a much larger concentration
than A;

[3] the concentration of all other reactants is kept constant
by buffering.

In this thesis only case [2] is relevant where one other reactant is
involved. The change of concentration of reactant A as the reaction

proceeds may often be expressed by:
-d a
— [A] = k[A ceee [1
dt[] [A] [1]

A first-order dependenéé occurs when a=1. The rate of loss of the
reactant A decreases as the concentration of A decreases. The differen—
tial form of [1] leads to several equivalent integrated expressions,
e.g. [al; = [A]l, exp(-kt) ceee [2]

[Alo
l = kt e e 00 3
n Bl [3]
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Also, Sin @l =k e 14]

where [A]lo = initial concentration of A
(Al¢

concentration of A at time t

o
i

rate constant under the given conditions of T,
P, [Xi] .

A quantity characteristic of a first-order reaction is ti, the half-
life of the reaction, which is the value of t when

A A
[A]t = '[—'2]'9 or [A]t*’tl.‘; = [_2]12

Hence, .
tli - —lI].{-l—'z- LRI ) [5]

Fram estimating the half-life one can thus calculate an approximate
value for the first-order rate constant. The half-life of a first-order
reaction remains constant over the camplete reaction.

In this thesis, the observed first-order rate constant varies with
the concentration of the other reactant and enables the second-order
rate constant to be calculated as described in Section 2.3, using the

SP 1800 spectrophotameter.

2.3 SP 1800 SPECTROPHOTOMETER

This instrument has been equipped with a dedicated mini-computer
(Hewlett-Packard HP 9825A) with an attached graph plotter (Hewlett-
Packard HP 7245A). This spectrophotameter is similar to the SP 8-100
in that it possesses many similar features. The main difference is
that the cell holder is thermostatted by circulating water fram a constant
temperature bath (298.2 K) maintained by a contact thermameter, heater
ard cooling coil rather than the internal thermostatting of the SP 8-100.

The development work on interfacing the mini-camputer with the

spectrophotameter was carried out by Dr. M. J. Blandamer and is fully
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described in the 1iterature.1

The camputer pfogram allows up to 4 cells to be monitored in success—
ion and requires to know the number of cells, an estimated initial and
final absorbance and an estimated rate constant. These estimations
were cbtained fram the SP 800 spectrophotameter as described in the
previous section. The estimated rate constant is used by the camputer
to calculate a suitable time interval for measuring the absorbance at
a chosen wavelength as the reaction proceeds.

The reaction is then monitored over 2% half-lives after which time
the camputer calculates the observed first-order rate constant and
standard error. The plotter may then be used to draw the log (to base
10) of the absorbance against time (in seconds) which, for a first-order
reaction, should give a straight line. The program used by the camputer
is documented elsewhere along with typical camputer outputs.2

As the kinetic work in this thesis involves bimolecular reactions,
the concentration of the other reactant, B, is altered repeatedly and
other values of the observed first-order rate constants are obtained.
The reactions encountered all follow a cammon pattern as a straight-line

of the form

Kops = k1 + k2 [B] eeo. [6]
where k; = first-order B-indeperdent path
and k, = second-order path: A + B -+ P.

The second-order rate constant may thus be measured. This type of
behaviour is illustrated in Chapter 3 where it was found that k; was

effectively zero.

2.4 1KB 8700 CALORIMETER

All enthalpies of solution values given in this thesis were measured
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using this instrument. The calorimeter is incorporated into a
Wheatstone bridge érranganent, with a Kipp-Zonen BD-5 recorded used
to monitor bridge balance. This apparatus was assembled in the
Chemistry Department Workshop; its details have previously been
published. >

The calorimeter consists of an insulated thermostatted tank containing
water maintained at 298.20 +0.01 K. Into this tank is placed a closed
chramium-plated metal container into which is fitted a 25ml capacity
thin-walled glass bottle, as shown in Figure 1. The bottle has a spike
fused into the bottam and two thin-walled glass wells, the first of
which contains a 1000 @ thermistor and the second a 30.48  calibration
heater. Both wells are filled with paraffin oil to give good thermal
contact with the contents of the calorimeter and are sealed at the top
by epoxy resin plugs. The thermistor (which also acts as a resistor),
whose resistance changes due to any change in temperature, forms one
arm of a d.c. Wheatstone bridge. Any imbalance in the bridge due to
change of resistance is detected by the Kipp-Zonen Micrograph BD-5
chart recorder.

The sample was kept in glass ampoules (Figure 2). These were made
from 5mm diameter glass tubing. The glass tube was fitted into the
end of a glass blowing tube and the end of the glass heated in a gas/
oxygen flame until a small round white hot mass of glass is formed. At
this point the end of the tube is quickly placed in position in an
ampoule mould (Figure 3), the mould snapped closed and the ampoule blown
into shape. The newly-formed ampoule is then removed fram the mould,
allowed to cool and the excess glass tbe cut off leaving a neck on the
ampoule of about 3mm. Next, an accurately weighed sample, typically

0.0200 +0.0002g, is placed in the ampoule, silicone stoppers pushed into
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the neck of the ampoule and then these sealed with microwax. The
ampoule is then attached to a stirrer rod (Figure 4), again with micro-
wax, and the rod attached to the 1lid of the metal container of the
calorimeter. After this the stirrer rod and attachments are carefully
placed inside the calorimeter bottle, containing the solvent at a
temperature just below 298.2 K, and the bottle screwed onto the 1id of
the metal container. The heater and thermistor on the calorimeter-bottle
are next connected to the main circuit of the calorimeter. The base of
the container is now attached to its 1id and the whole case sulmerged,
stirring cammenced and the calorimeter left for about an hour to reach
thermal equilibrium. Just before the start of the dissolution the

chart recorder is started and a base line traced by the pen for about

2 minutes. Dissolution is initiated by pushing the stirrer down,
thereby breaking the ampoule against the spike at the base of the
calorimeter bottle. The onset of the dissolution is accampanied by

a deflection of the pen. Once the dissolution is camplete, the pen
starts to trace a post-reaction line. This line was traced for about

2 minutes. The direction of the deflection indicates whether the heat
change is positive or negative, i.e. endothermic or exothermic, as shown
in Figures 5 and 6 respectively.

The pre- and post-reaction lines are extrapolated and a horizontal
line drawn through the mid-point of the deflection, intercepting both
extrapolations. The true deflection is the horizontal distance between
the two extrapolations, as shown in Figure 7. The calorimeter system
is next calibrated several times by introducing a known quantity of heat
into the calorimeter by means of a heater of known resistance. Both
time of heating and deflection are noted.

The enthalpy change for the reaction of a campound thus monitored is
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