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CHAPTER 1

INTRODUCT ION



The aim of this study was to investigate the role of
mixed aqueous solvents in the kinetics of chemical reactions
in order to probe possible relationships between rates of-:
reaction and the properties of fhe mixture.

The fmportance of solvent structure on the behaviour
of a chemical reoction was realised as early as 1890 by
Menschutkin]. The problem is, as it was then, to determine.

] v
how the structure of the solvent can best be expressed in «
quantitative manner. For many years rates of reaction were
related to physical parameters such as dielectric constant,
dipole moment and refractive index. The success of these
treatments was not outstanding and lgdi to the development
of the so called 'polarity' of the so]ventz, solvent Y
volues3, X volues4, Z valuess, and ET vo]ues6. These
parameters have been reasonably successful at relating
solvent effects on particular reactions. For example, sojvent
Y values have been used to correlate the solvent effect;'oh
mechanistically related reactions. They have also been used
to help in mechanistic studies e.g. the solvolysi; of halides
of,phosphorus7. Solvent Y values have been less sucéessfui
in correlating data for reactions in mixed aqueous media.

In a study of solvent effects éﬁ a reaction, the latter
must satisfy certain requirements in order to-be suitable.
These requirements are as follows:="

1) The reaction must be sufficiently sensitive to changes

in solvent that detectable changes in reaction rates can be

measured,



The reaction must proceed at a convenient rate for which

techniques are available,

The mechanism of the reaction must be well established.

Reactions that were initially thought to meet these

requirements were:-

o) The hydrolysis of cis-dichlorobis (ethylenediomine)

Cobalt(l1ll) chloride to cis-d ihydroxo bis*(ethyl ened iam ine)

Cobalt(l11ll) chloride. This 1is a two step process and

the solvent may affect both steps.

b) Aqguation of substituted 1,10-phenonthroline iron(1l1l)

chloride complexes. The rates of aquation of these

complexes, particularly the s5NO2 complex, are sensitive

solvent. In addition, the mechanism of the reaction has

been carefully studied.

c) Ligand substitution at the square planar complex

chloro (diethylenetriami ne) platinum(1l1l) chloride. In

this complex the solvent can interact with the metal atom

from either side of the plane of the molecule. Also

during ligand substitution the solvent may interact uQitW We.

leaving group 1.e. chloride.

d) Ligand substitution at chloro (N,N,N**, N** -

tetraethyldiethylenetriami ne) palladium (11) chloride.

Models of this complex hove 1indicated that the ethyl

groups are arranged such that they lie above and below

>

the paUa&tum atom. Thus the solvent effects on the

leaving of the chloride can be monitored.



e) Finally,

that between Nickel

pyridine-2-azo-p-dimethyl

involves the

a different type of

(11)

substitution of

substitution reaction,

or Cobalt (11) with the 1ligand

aniline (pada). This reaction

solvent molecules in the

primary solvation layer around the metal atom with the

ligand, pada. The rate of this substitution 1is too

rapid to be measured by conventional techniques but can

be easily determined using a stopped-flow or temperoturcg.

jump apparatus.

In the mixed solvent systems used in this study, water
was one component. Water 1is one of the most interesting

solvents and 1s 1important

in biological

systems. The co-
solvents were chosen to produce the widest spread of
behaviour of the mixed solvents. The solvent systems chosen
were hydrogen peroxide + water, acetonitrile + water, acetone
+ water, dimethyl sulphoxide + water and glycerol + water.



CHAPTER 2

AQUEOUS MIXTURES



1, Introduction

When considering the properties of aqueous mixtures it
is inevitable that to understand them fully the nature of -
water itself must be first considered. After a suitable
describtion of liquid water is found progress can then be
made in understanding aqueous mixtures.

A useful approach to the study of aqueous mixtures is
througk their thermodynamic properties which provide useful

insights into the nature of solute -solvent interactions.

2. Mater

The investigations on the structure of water are very
extensive but they have not yet led to a complete under-
standing of this liquid. Several models have been suggested
for the structure of water which explain some properties more
or less adequately. No experimental proof unequivocally. |
supports the acceptance of one of the suggested models and
eliminates all the others. Some models have been found that.
are in agreement with a group of properties. No simple model
explains all of the properties of water and aqueous solutions,

although in recent years considerable progress has been made.

3. Structure of Liquid Water

Water has several properties which differ from those of
‘normal’ liquids, the best known being the increase of
density on melting and the further increase of density as

the temperature is raised to 277K. The heat capacity of



liquid water is almost twice that of ice; the thermal
expcﬁsion coefficient of water increaseé with increasing
pressure in the 273-318K temperature range (in general the
therdal e*pqnsion eoefficient decreases with increasing
pressurg); over the same temperathre range the compress-
ibility of water decreases with increasing pressure
between 273 and 298K, the dielectric constant and self=-
diffusion rates of water also change anomalously with
pressure. The large heat of evaporation coupled with large
positive entropy change indicate that water is a highly
qssoCiuted liﬁuid with a high degree of order.

a) Theories Based on the Structure of lce

Bernal and Fowler] tried to reproduce X-ray diffrac-
tion measurements by comparing different arrangements of
water molecules. They put forward the proposal that each
water molecule was surrounded by 4vother water molecules at
the corners of a tetrahedron. They considered water to be
homogeneous at all temperatures and that the change in
properties of water was due to a gradual change in its
structure from basically an ice-like structure through a
quartz like structure, to a more closely packed structure
‘then an open quatz structure.

Bérnolz in later years published a modification of this

theory. Again the co-ordination number of water is 4 but

the water molecules forming predominantly 5-membered rings.



These rings are then arranged in ordered groups.

Other X-ray diffraction investigationsby Morgan and

3 4 ) .
Warren”, Brady et al” and Danford and Levey™ seem to confirm
the existence of short-range order which resembles a
modification of the structure of ice. This structure breaks
down with increasing temperature.

b) Bent Hydrogen Bond Model"

Pople6 assumed that all water molecules in the liquid are
hydrogen bonded to 4 other water molecules but the hydrogen
bonds can be bent and stretched to produce irregular and
varied networks.

This theory assumes that there are no broken hydrogen
bonds. Infra-red and Raman spectroscopic investigations
have been carried out on water to determine the ratio of
hydrogen bonds present and the fraction of the molecules
bound to one, two, three or four of its neighbours. Due to
the difficulty of interpreting the spectra contradictory
conclusions are drawn by different researchers.

Raman work by Wall and Hornig7 and infra-red work on
water by Falk ondAFord8 suggest there are no broken bonds.
However the Raman work carried out by Wa]rafen9 indicates
that there are broken hydrogen bonds and their number increases
with temperature.

Buijs and Choppin]0 in their study of the infra-red

spectrum of water conclude that 42 per cent of the hydrogen



bonds are-broken on the melting of ice. Luck1], however,
interprets the infra-red absorption to show that the
majority of hydrogeﬁ bonds break only above the normal
boiling point.

| From these studies it seems that a better under-
standing of the nature of hydrogen bonding in water is

required.

c) Flickering Cluster Model

Frank and Wen]z proposed the idea of clusters of
water molecules that were made and broken up on a fast
‘time scole,’\{10-11s, to explain the properties of water.
They put forward the idea that formation and rupture of
hydrogen bonds is a co—Opercfive process i.e. if two
water molecules are attached to each other by a hydrogen
bond, a third molecule joins this more readily than it
would a monomeric molecule and this proeess continues
leading to the formation of clusters., Similarly if a
water molecule leaves a éluster then this will facilitate
its break down. The result is, theréfore, "flickering
clusters', Between the clusters are monomeric water
molecules., Nemethy and Schercnga]3 carried out a statist-
ical thermodynamic calculation on this model to obtciﬁ
cluster size and ratio of monomeric water to cluster water,

This calculation has come under criticism from various

workers.



14 .
Symons in his paper on water refutes the idea of
co-operative break-down of clusters in water to producé
water molecules.

d) Model chosen for this work

For this work the structure of water is diécussed in

terms of the following equilibrium:
(Hzo)b:___—*(HZO)d '

(H20)b describes water molecules hydrogen bonded to each
other, in a low density ("bulky water") state. The other
_ speciés (H20)d is non hydrogen bonded and therefore will
allow shorter 0-0 distuncgs ("dense water"). This model
has been chosen as it seems to be able to explain the effect
of solutes on water more clearly than the other models.
Raman Spectra9, X-ray diffraction studie55 and simulated
Raman spectrc9 seem to support thi; mode]. Frank suggests
that (H20)b has a structure similar to ice - l1h and
(H20)d describes water molecules in voids in the "lattice".
This model is thus a mixture model, comprisfng ¢ guest and
host. The life time of (HZO)b is around 10_1L as estimated

from dwelectric, ultrasonic and n.m.r. relaxation times.

4, Thermodynamic Properties of Liquid Mixtures

An insight into interactions in aqueous mixtures can
be obtained from the molar excess thermodynamic quantities.
An excess thermodynamic function is defined as the difference

per mole between the value of a function in a given mixture.



and that in an ideal mixture at the same composition and the
same temperature and pressure.
An ideal mixture can be defined as a liquid mixture
for which the chemical potential of each component can be
: L. 16
described by the equation

)J‘i (Plex) = )JT- (P,T) + RT]nxi

X, = mole fraction of component i
P;'= chemical potential of pure i

For a real solution the chemical potential is given by the

equation -
¥ (P, T x) = )g*(P,T) + RT1na

a = activity = X, fi fi = activity coefficient such that

fi——+] as x.—» 1.

To calculate the excess thermodynamic functions of mixing
for a binary mixture, the ideal thermodynamic function is sub-
tracted from that for the real. For example, in the case of

the Gibbs free energy for the mixing of n, moles of component

1

1 and n, moles of component 2, we have

. - e
G (ideal) = n](y1 + RTlnx1-j) + n2(p2 + RTlnx2)

¥y S '
G (real) =« nl().l.| + RTlnx]f]) + n2(p2 + RTlnx2f2)
GEV=[§(reol) - G(ideu]):] /(n1 + n2) = x]RT]nx]f1 +

szTlnxzf2

Then it follows that + - Ytaoa ., .« excess molar

enthalpy, HE, and the molar entropy st are related by

6E = HE - TsF
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The enthalpy of mixing for the mixture equals HE
because the enthalpy of mixing of an ideal mixture is zero.

Aqueous mixtures can be classified %nto two main groups
according to the relative magnitudes of the excess enthalpy
>

and GE > 0 then the mixture is said to be 'Typically Aqueous';

of mixing HE and the entropy of mixing TSE. I f ITSE

if IHE, :?’,TSE,then the mixture is said to be ;Typicully Non

Aqueous']7.

5. Typically Agueous

In these mixtures the solution thermodynamics are
dominated by a large negative entropy of mixing and a posit-
ive excess Gibbs free energy. For these co-solvents there
is a pronounced concentration depéndence of all physical
properties in the very dilute solution range. The thermo-
dynamic behaviour exhibited by this solute 1is only found in
aqueous systems; hence their name. Solutes which exhibit this
type of behaviour include monohydric alcohols, acetone and

ammines.

Hydrocarbons exhibit typically aqueous behaviour. These
apolar solutes have large negative entropies of solution
and a small negative enthalpy of solution. Thus they are
insoluble due to the dominant entropy change.

- .

To explain the excess thermodynamic quantities for the

hydrocarbons Frank and Evonsil9 suggest that the presence of



Plot of H" Against Mole Fraction for t-Butyl Alcohol +

Water (a Typically Aqueous System)
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FIGURE 2-1



~the apolar molecule causes the order of water around it

to increase, building up an ‘'iceberg' around itself by
enhancing water-water ihteractions. Alternatively the
hydrocarbon could be said to move the equilibrium of water
in favour of (H,0),

Various theoretical studies of aqueous solutions of
apolar solvents have been reported. The key feature of all
calculations is the extent to which the solute affects the
solvent. Frank qnd Reid20 point out that the maximum %n
solubility of apolar solutes in water occurs at roughly the
same solute radius as required for maximum stabilfty of the
clathrate hydrate.

Alcohols are one of the most studied solutes in this
class. Their thermodynamic behaviour has been reviewed by
Frank and lveszj. These mixtures have a bositive 6 and the
plot of HE against mole fraction is typically S- shaped
(figure 2-1) At low a]coho] mole fraction (x2) HE<:0 but
as x, is increased HE goes through a minimum. In some cases,
when X is further increased, HE goes through an endothermic
maximum. The actual shape of HE(xé) curve depends on the
shape and size of the alkyl group and the temperature. The
excess molar heat capacity CpE has a positive maximum at Tow
X

For dilute solutions of alcohols there is a similarity

between their thermodynamic properties and those for the



Different Types of Partial Molar Volume Behaviour

FIGURE 2-2

DM30

Di oxan

Alcohols

.13



14

alkanes. The enthalpy, Gibbs free energy and entropy show
a similar trend. Alcohols are sometimes referred to as.
. cy s 17 (b) :
solubilised hydrocarbons . However, a recent paper
by Oakes22 draws attention to the importance of the hydrogen
bonds between alcohol and water.
The dependence of the partial molar volume on con=-

centration (figure 2-2)17(0)

shows that three types of
behaviour can be identified.

1) a negative slope, i.e. dV2/dx2 £ 0, is an indication
of long range co-operative 'structure making'

2) a zero slope combined with the knowledge that

© o . . . eps .

V2 - V2 is negative signifies no co-operative structural
effects.

3) a positive slope indicates structure breaking
effects.
17(a)

For alcohols dV2/dxi:0 at low mole fractions and
this is taken to indicate that the alcohol exerts a 'structure
making' effect. The structure of the aqueous solutions can

be described in terms_of effectively cob]in923 the water or

in terms of a clathrate arrangement of water molecu]e524.
Propénents of the clathrate model argue that when alcohol is
added to water the system remains homogeneous due to a]éoho]-
water hydrogen bonding. Of greater significance is the

enhancement of water-water interactions around the alkyl-

group, the resulting structure resembling a clathrate hydrate.



TABLE 2-A

Solute

Ethanol
Isopropyl Alcohol
t=Butyl Alcohol

Acetone

0.09
0.06
0,04

0.06

L 3 3

0,20

0.18

@.1e

0.35
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As the amount of alcohol is increosed the co;spheres of
enhanced water structure around the alcohol overlap and
mutually.enhance the water structure. This continues until,
at a mole fraction, xzf, there is insufficient water to |
mafntuin this clathrate structure. The value of x2* is
dependent on the size and shape of the alcohol. After this
point, cs.the mole fraction of alcohol is increased the
water tries to maintain a three dimensional hydrogen-
bonded network which causes loéclvcéncentrution fluctuations,
the effect maximising at a mole fraction x2**. In the
table 2-A some examples of x2*.and x2** are given. At the
mole fraction x2** the system has the greatest tendency to
phase separate and this mole fraction approximately coincides
with the minimum in HE. Both x2* and x2** are dependent on
co-solvent and temperature.

Evidence for the structuring effect is available from

several experimental sources.

Ultrasonic Absorption

Ultrasonic absorption of aqueous mixtures containing
t-butyl alcoholz4 or n-propyl alcohol shows a maximumwhich
correlates with x2**. At low mole fraction there is little
change in absorption but at x2* there is a sudden rise. These
observations are explained in terms of the model described
previously., The alcohol at first fits into the clathrate
cavities in the water and therefore has little effect on the

sound absorption but when these sites have all been filled
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(i.e. Xp = x2*) then changes will be brought about in the
watetr hence altering its sound absorption. The maximum near

x2** corresponds to a situvation where the concentration fluct-
vations of; extensfve, the system beingvclose to phase separ-
ation.
N.M.R.

N.M.R. re]axotion19 studies have shoﬁn that in dilute
solutions of typically aqueous solutes, e.g. alcohols, an
increase in the solute concentration is accoaponied by a
general slowing down of the diffusional motions of water.
However, the rotation of the solute molecules is hardly
§ffected and resembles that which is found in the vapour
state. These observations are consistent with the idea that

the_solute is accommodated into the voids of water.

Neutron Scattering

This technique has been cpplied23 to t-butyl alcohol
mixtures. The addition of t-butyl alcohol has a marked
effect on the spectrum of water. The discrefe struciure
disappears and is replaced by a broad intense scattering
maximum. The effect was explained by proposing that the
water had taken up the properties of a supercooled liquid

i.e. a glassberg, when small amounts of alcohol had been

added.



Heats of Mixing at 298 K for (a) Aocetonitrile + Carbon

Tetrachloride and (b) Acetonltrile + Water
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19

6. Typically Non-Aqueous

~

Thé properties of this group resemble non-aqueous systems
e.g. carbon tetrachloride and methyl alcohol with respect
to their excess thermodynamic properties (figure 2-3)
i.g. the sign and mdgnitude of GE are determined by HE.
Soluteé which give rise to this behaviour are often poly-
functional e.g. hydrogen peroxidé'and glycerol. For aqueous
mixtures containing such’cd-solvents there is a.specific
interaction between their polar groups and water i.e. they
are hydrophilic. Little is known about these co-solvents as
they do not show such varied or dramatic effects as are
exhibited by the alcohols.

Typically non-aqueous mixtures can be sub-divided into
twp groups -

a) mixtures where 6F is positive (TNAP)

e.g. acetonitrile + water
b) mixtures where oF is negative (TNAN) e.g. Hydrogen

Peroxfde'+water; Dimethyl sulphoxide + water

a) TNAP Mixtures

The only common co-solvent which falls into this
category is acetonitrile. Ultrasonic and spectroscopic
studies have been carried out to investigate the structure
of this mixture. The ehthalpy of mixing of acetonitrile and
water was compared to the properties of methyl alcohol +
carbon tetrachloride i.e. the mixing of an 'inert' component

and a highly polar component. The results of the study
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Excess Thermodynamic Parameters for Hydrogen-Peroxlde +

Water at 298 K

-1000

FIGURE 2-4
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suggest that there is a continuous breakdown of the water

structure as x2 increases.

’ ﬂ'gb) TNAN Mixtures

These mixtures have GE<:O and a small SE; which
corresponds to an increase in order in the solution (figure
2-4). For these types of mixtures intercomponent association
occurs- between the co-solvent and water.

The association between water and hydrogen peroxide
was shown in a study of the basity of the solvent mixture26.
N.M.R. studie527 on dimethyl sulphoxide (DMSO) and water
indicated there was a strong intercomponent association
between DMSO and water. A maximum in re]oxation28 time at
a mole fraction of DMSO Xy = 0.65 was thought to be caused
by a 2:1 H20: DMSO associated species.

Thermodynamic studies of DMSO + water29 show that there:

is a positive deviation from ideality which again strongly

-suggests association between the two components.

Viscosity and density have maximum deviation from a
ratio of 2 moles of H,0 to 1 mole DMSO. The results show
there is a greater degree of association in H20 - DMSO
mixtures than in water alone.

For TNAN mixtures the water structure is again broken

but unlike TNAP mixtures this results from interaction

between the co-solvent and water.



CHAPTER 3

REACTION KINETICS
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‘1. The Arrhenius Law

In 1889 Arrhenius proposed that the dependence of a rate
constant on temperature should conform to an equation similar
to that for ihe corresponding dependence of an equilibrium

constant (van't Hoff equation)

i.e. d lnk. - Eexg 3 -1
dT RT

where Eexp is the activation energy for the reaction. This
equation has been found to be obeyed with high accuracy for

all types of chemical reactions over small temperature ranges.

2. Transition State Theory

Transition state theory1 assumes that a reaction passes
through a high energy intermediate state or activated compjex.
This complex is regarded as being situated at the top of an
energy barrier lying between the initial and final states.

The rate of the reaction is, therefore, controlled by the rate

at which the complex travels over the top of the barrier.

3. Derivation of Transition State Thermodynamic Parameters

Consider, for exémple, the simpie case of two molecules
coming together tovgive a product -

i.e. A + B =—= AB“—products

If the activated complex, Ag', is in equilibrium with
the reactants, then the equilibrium constant for the formation

of the complex is given by the following equation =

K* = '[L‘fx]aﬂtel 3 -2
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From which the concentration of the activated complex is

[a8*] = k*[a] [B] . 3.3

The rate of the reaction is dependent on the concentration
of the activated complex and the rate at which it decomposes.
The activated comple¥ will break up when one of its modes of
vibration. is converted into a translational motion i.e. what
was %ormer]y one of the bonds of the complex is simply the
line of cent-'s between separating fragments. The frequency
of decomposition, v, is equal to E/h where E is the average
energy of the vibration that leads to breakdown of the complex;
At temperature, T, this vibration, a thoroughly excfted
Vibrution, has a classical energy [ = k f. Thu$ the fréqﬁency

of decomposition is given by :-

- 3 - 4

v =

The rate of reaction can be expressed as:-

- _d_-[rA] =k, [AlB] = K [A][B] kT 3 -5

h
Thus the rate constant is:- _
- Kk | 3 -6
Equation 3 - 6 can be used to introduce thermodynamic
parameters, by using the relationship between the equilibrium

constant and the change in the Gibbs free energy in equation

3 -6
j.e. AGY = —RTInk? 3 -7
substituting for K¥ in equation 3 - 6
~act -
k] = kT e RT 3 - 8

h
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[&G* is the difference between the Gibbs free energy of
the activated complex and that of the reactaﬁts when all are
in their standard states. Equation 3 -8 can be used to
introduce further thermodynamic parameters as:-

AG* = MH® - Tas* 3-9

The rate constant can now be expressed as

kg = KT [+As*} [-AH*J 3-10
h L RO [T

From equation 3 - 10 it can be seen that the temperature
dependence of the rotg constant, k], will enable the activa-
tion enthalpy,AAH*, to be calculated. |If the rate constant
is measured over a large temperature range then the temper-

ature dependence of AH¥ needs to be considered i.e.Ac;, dAH*’)
: dT

and possibly dACp*/de's. Indeed ACp4= has proved to be of

. . . . . . 4
considerable interest in organic solvolysis reactions .

4, Effect of Solvent on Reaction Rates

a) Empirical Relationships describing the Effect of Solvent

on Kinetics

These equations are the so called Iineﬁr free energy
relationships and have been developed lurgely by the organic
chemists. The aim was to produce a quantity which is
characteristic of the solvent. Perhaps the best known of
these equations is the one developed by Grunwald and Winstein5
who derived solvent'Y values'. These equations measured the

ionising power of the solvent.
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These relationships were reasonably successful as they
are concerned with the Gibbs free energy of activofion, NGF,
which is a 'well behaved' function. In contrast the enthalpy,
AH%, and entropy, AS¥, are not "well behaved' and show much
more complex behaviour. Thus, if relationships based on AH¥
or AS* had been attempted, correlations would not have been
so readily obtained.

b) Effect of Solvent Structure on Rates of Chemical Reactions

The first studies in this field were in the realm of
organic chemistry. Winstein and Fainbergé, és well as others,
showed that £he Gibbs free energy of activation for hydrolysis
reactions varied monotonically with solvent composition of
aqueous binary mixtures. However, the enthalpy and entropy
of.activation showed extremum behaviour as a function of
solvent'composition. For examplei the behaviour of AH¥ with
mole froction for the solvolysis of t-butyl chloride and for
ester hydrolysis show extrema' in AH* in aqueous rich mixtures4.
These extremq' have been correlated with extrema in the
enthalpies of solution for solutes in these mixtures.

The .influence of'solvent structﬁre on inbrgonic-reuction
kinetics has not béén studied in as much detail. Ca]din7 has
used the solvent structure to interpret solvent effects on
the rate of ligand substitution at nickel (11). Caldin in
his interpretation of solvent effect uses the Frank and Wen8
model for the solvated ion; Briefly in this model, an ion

is surrounded by three regions:- the solvent next to the ion
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which is highly ordered; next to this is a disordered region
and. finally the bulk solvent. The rate of solvent exchange
is governed by, in Caldin's terms, .the 'stiffness' or
"looseness' of the solvent. For the reo&tion to occur a
solvent or ligand ﬁo]ecule must break away from the ion,
travel through the disordered region and into the bulk
sol;ent. The ease with which the ligand or solvent is incor-
porated into the bulk solvent will. depend on the 'stiffness®
of the solvent. The stiffness of the solvent is compared
‘with the enthalpy of vapourisation and its fluidity. A
linear correlation was found between the.entha]py of activ-
ation for 2, 2' - bipyridyl substitutioﬁ at nickel (11)
relative to that for solvent exchange, Al&Hf in various
solvents and the heat of vapourisation.

Coetzee9 has also interpreted his results for the
so]vent dependencé)of ligand suEstitution kinetics of nickel(11)
in a similar manner. He agreed with Caldin that the structure
of the solvent is important and "the solvent effect on rates
mirrors the rhythm of molecular reorganisation of the liquid"
HoWever, Mackeller and Rorobackerlo interpretf their results
for the solvent dependence of the rate of reaction between
nickel(11) and ammonia in methyl alcohol-water mixtures in
terms of changes in composition of the inner solvation sphere.

Recently Bennettoll has tried to correlate the rate of
reaction on nickel(11) with pyridine-2-azodimethylaniline

in various pure solvents with the heat of evapor-isation
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and with solvent fluidity. However, he did not achieve as
good a correlation as that obtained for the reaction between

T
nickel(11) with 2,2 -bipyridyl.

5. Analysis of Activation Parameters

- A Usefui approach when studying the variation in activ-
ation parameters, £5X*; in various solvents is to adopt the
- kinetic parameters for the reaction in water as a reference.
The difference in AX¥ between that in water and that in the
binary solvent mixture can be calculated and the change
represented by SmAx*® ]!2, Qhere&m is the solvent operator

EmAXx® = Ax*t (x2) - Ax* (x2=0)

The variation in AX¥ is the result of several factors.
The properties of both the initial state and final state will
vary with mole fraction of co-solvent, Xo 1 but not necess-
arily in the sam; manner. The change in solute properties
(reactant or transition state) can be brought about by diréct
co-solvent solute interactions or by the co-solvent caﬁsiné
variations in water - water interactions which in turn modify
solute-water interactions.

In order to interpret the uctivation'purumeters it is
necessary to separate the solvent effects on the transition
state and the initial state. The solvent effect on the
transition state, Sth is impossible to measure due to the

nature of the transition state. However, the solvent effects
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on the initial state can sometimes be measured. Arnett et -
0113 devised a method for measuring the enthalpy  of solution
for reacting substances, before any appreciable reaction had
occurred. The enthalpy of solvation of the initial state,
AH;, was obtained. The activation en‘-;‘;\'q\\,fy‘A H*, can then
be obtained in the normal Qay. The enthalpy of solvation of
the transition state can be obtained. The activation energy,
AH*, can then be obtained in the normal way. The enthalpy
of solvation of the transition state can be obtained by the
difference -

AHt = AHY +AH;

If it is not possible to measure values for actual
reactants it is often possible to draw tentative conclusions
from measuring the transfer quantities for similar solutes.
This technique -was used in the analysis of solvent effects
on the solvolysis of alkyl halides, which are in general
hydrophobic solutes, using the solubilities of hydrocarbons

14

and other gases in pure solvent .

6. Correlation Between Rate of Reaction and Thermodynamic

Parameters

A classification of liquid mixtures has been outlined
in Chapter 2., If this classification is used, then a
pattern can be identified between the variation of the rate
constant, for some reactions, in a solvent mixture with the

class of the mixture]5. For example, in the SNI solvolysis
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of organic halides and 1; aquation of Co(1M) ammines16'or
ammine halide compexes, the rate decreases when TAknon-
aqueous component is added., The rate also decreases when
TNAP co-solvent acetoﬁitrike is added and when the TNAN
co-solvent DMSO is odded17'18. However, for TNAN co-solvent
hydrogen peroxide the rate increases]9.

A similar pattern has been recognised for the variation
of the-rate of aquation of tris (5N02 - 1,10- phenanthroline)
iron(11) in various mixed solventszo. In TA nﬁxture$ the
rate of aquation increases markedly with increasing X0

in TNAN mixture acetonitrile + water there is a less dramatic
“increase in rate. :However, the rate in formic acid decreases
with fncreosing X The tris (4,7-dimethy1—1,10-phena¢hroline).
iron(11) does not show this variation of reaction rate, the
rate of aquation decreases with increasing concentration of
the co-solvent for all classes]g.

There also. appears to be a correlation between GE for
the binary mixture and the trend in 8mlkG*15. For the hydro=
lysis of t-butyl chloride smAGY at a fixed mole fraction
increases as GE increases in TA aqueous rich mixtures. The
TNAP solvent acetonitrile complies with this pattern but not
however water + DMSO mixtures. The-feaction of nickel(11)
with 2,2’- bipyridy121 in methanol, ethanol and t-butyl
alcohol aqueous mi*tures appears to show a correlation between

Sm[kG* and GE.

The (5N02-1,10-phenathroline) iron(11) complex displays
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the opposite type of behaviour to that of £-butyllchloride
i.e. SMAG* decreases as GE incr.eases when TA co-solvents
are added. The different behaviour of the rate of dquation
of the 5N02 iron complex and the hydrolysis of t-butyi
chloride with solvent mixture can be explained in terms of
the different nature of the initial and transition states of
the two reactants. For the hydrolysis of t-butyl chloride
there is a hydrophobic initial state and a hydrophilic
transition state but for the 5NO2 iron complex the initial
state is hydrophylic and the final state is more
hydrophi\iczz.

Thus the solvent structure has been shown to play an
important role in determining the rate of reaction. The
basic problem has been how best to represent the structure
of the solvent as the reacting molecule experiences it.

The excess thermodynamic functions appear to be able to give

a good indication of such structure.



CHAPTER 4 -

ENDOSTATIC ANALYSIS
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1. Intfoduction

The variation of kinetic parameters with composition
for reactions in mixed aqueous solvents is often very complex‘.
As outlined in Chapter 2 the excess thermodynomi§ functions
provide useful informotion about the structure of mixed
aqueous solvents. Indeed there appears to be a qualitative
link between 6mNG™ and the excess Gibbs free energy GE
for some recctions2 in mixed aqueous solvents. A more
quantitative approach of relating excess thermodyncmic
qualities and derived activation porumeters,[&X#, has been
put forward by Grunwa]dS. Grunwald applied the method to
analyse the activation parameters for the solvo]ysfs of
t-butyl chloride in ethanol + water mixtures. This analysis
has been applied to the kinetics of aquation of tris
(5N02 -1,10 - phend¢hroline) irgn(115 with some intersting
results (Chapter 7). This chapter summarises the background

to the theory.

2. Solutes in Binary Solvent Mixtures

When a solute is added to a mixed solvent, marked
changes in the properties of the components can occur. In
thermodynamic terms, the solute will significantly alter the
activities of the two solvent components4. The effect,.
therefore, of uddiﬁg the solute to a binary mixture is complex
and the properties of the solvent components differ from those

in the binary mixture. Thus the properties of the simple
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binary ﬁixture cannot be readily used to interpret kinetic
a;éo for reactions in mixtures. Grunwald suggests that by
comparing systems at constant activity rather than constant
composition the situation may be easier to understand.
Grunwald in his paper reminds us of £he simple system
comprising a mixed solvent contdining a solute separated
by a semi-permeable membrane from the mixed solvent at the
same composition. When osmotic equilibrium is reached theﬁ
it is the activity and not the composition of the solvent
that is equa]5 on either side of the membrane. A more
'natural' way, therefore, for dealing with binary solvents
might be at constant activity rather than constant compos-
ition, The problem, of course, is how to realise such a
situation. The next section outlines the method for con-
verting conventional thermodynamic quantities to comparable
values at constant activity.

In order to distinguish conventional therquynamic
quantities from corresponding ones calculated at constant
activity the term endostatic will be used for the ones
calculated at constént activity (endo=internally statics

staying constant).

3. Endostatic Conditions

As stated previously the mostbimportant condition is that
the activities of the two solvent components are kept constant
i.e. the ratio 1/u is constant (q]_'xlfl,o = X, ) For

brevity this ratio will be given the symbol oc.
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When a solute is added at constant activity then
Scatchard5 has shown that the solute behaves ideally
i.e. it obeys Raoult's Law. |

If a solute is added to a binury solvent then it is
obviously necessary to allow the composition of the two
sb]vent components to vary. For ease of calculation the

total number of moles of solvent (n] + n2) is kept constant,

4, Endostatic Thermodynamic Functions

Figure 4 - 1 gives the process for defining endostatic
molar funcfions. It comprises the simﬁltaneous transfer of
dn3 moles of pure solute, dn] moles of solvent 1 and dn2

= - dn]) of component 2 to the binary solvent.
For the endostatic transfer of dn3 moles of pure solute

the total change in any thermodynamic quantity is given by

Total change in X dXs - dX, - dX, - dX

3= A B C
Xé = extensive property of pure 3
'Xu3 = endostatic partial molar function in the mixed solvent
or for the transfer of An3 moles
&x3 - X3 = a(X3 - XA - XB - XC) v 4 -2
dn, oL,(n1 + n2)

5. Definition of Functions Used

The standard state of a component of a mixed solvent

is taoken to be the pure component symbol x°.
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For the solute the reference state is a hypothetical

solution of unit mole fraction

i.e. Py = p: + RTlnng3 where F3——)1 as x3———?0

4 -3

Here ;pg is a function of solvent composition.

-

X1 and 72 will be used to denote partial molar quantities

in the mixture. X —X{ , are relative partial molar

1

quantities. The differentials required for equation 4 - 2

are as follows =

d Xz = X dng + %pdn, + Xydng 4 - 4
dX, = X'3 dn, ' 4 -5
dXg = Y](B) dn, 4 - 6
dX. = Yé(c) dn, 4 - 7

suffixes represent the source.

Substituting these equations into equation 4 - 1

Ky - Xy = [(23 - X3 ) dng + (X, - X,(B)) dn, -+
(%, - X,(B))dn, ]
4 - 8

But dn] = --dn2

Therefore

. _ _ ~ - dn
Xyg = Xg + [(x] - X1(B))— (xz-Yz(B))] [ . 1 ]
ng do¢,nqtn,
4 -9
The difference in the partial molar quantities,

Xy - 7](8) is required. We consider first the simplest case

of the chemical potential,
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In B p(B) = p} + RTIn (1 - x,) 4 2 10(a)

In solution ‘p](s) =‘p; + RT]no1(5)'(]-X3) 4 - 10(b)
Therefore ‘pl(s) - y](B) = RT]na](s) | 4 - N

i.e. the difference between P (s) -)J.I(B) =S)J]
' 4 - 12

SP] = relative chemical potential.

It can also be shown that the difference in the other
partial molar quantities is the relative partial molar
quantity.

Equation 4 - 9 can therefore now be expressed as

. v 7 dn; |
Xgg = Xg  + (sx] - sxz) | 4 - 13
- ’3n3
X onen
where SY} = relative partial molar quantity.

In order to evaluate equation 4 - 13 the differential
dn]/dn3 is required. This differential cannot be calculated
directly but requires two stages.

The first stage makes use of the equation defining the

mole fractions X4 and Xq R
17 _M 3 % _ "3 4 - 14
ny + ny n]+n2+n3

Differentiation of these equations at constant o« and

ny + n, followed by multiplication gives:-

dn, = (1 -x3)2 hx1 4 - 15
bn3 Xy + Ny S-x-;
(L8

The next problem is to evaluate 5x1/6x3. It is
convenient to introduce Inx in place of« and thereby convert

the differential, as expressed in equation 4 - 16



D Xq S;;

[Bﬂ ] —[Bx‘] - Qe /) 4 - 16
- Tk ~

Plne/d xl) x3

The quantity (blnu4/6x1)x3 can be calculated by using

the following relationships.

Ar3 - O 3y - 33
Bn.l bn3 bn3 bnz

4 - 17
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The chemical potential of each component is then treated

“as a function of two vcfiab]esx] and X,.

3

iation of chemical potential results in the following equa-

tions:-

X

dpz dpg [ x4 14 33
bn] Bxl .n]+n2 bx3

1 2 [T %
5n3 bxs | ny+nytng

byz zby] (1 - X3
dn bx3 nq+n,+ng

Xq 4 - 18
ny+ny+ng

4 - 19

21

Ops -3 [ _
dn, 6x] ny+n, ' 6x3

Xy 4
| ny¥ngytng

By using the relationships given in 4 - 17 and subtracting,

we obtain -

dppp) - 1

) Xo ('I-x3)2éx]

since P1 = y; + RT]na]

and )12 = )12 + RT]nc:l2

then y1 - r22= ya —yé + RTln&

By differentiating 4-23 and equating

differential is obtained 4-24 -

4 - 22

4 - 23

with 4-22 the required

Partial different=-



38

RT dlnee 1 dp, 4 - 24
E;; i]-xs)z Sx1

If this equation together with 4-16 are substituted into

4-13 then we have

Xqg = X3 -(Sx] - 6X,) =Ay§'/dx1 4 - 25
(RTd]na/dx1)x

3

This equation expresses an endostatic thermodynamic
parameter in terms of quantities that are either measurable

.or calculable,

6. Expressions Relating Conventional and Endostatic

Thermodynamic Parameters

Consider firstly the case of the Gibbs free}energy.
By combining equations 4-11, 4-12, 4-16 and 4-24, we obtain
)Jo':'a = )J;' - (lnx) (0}J3 /ax]) / (b]n&/bxl)
| 4 - 26
Qther thermodynamic functions can be calcu]ot;d from 4 -25,
Endostatic activation parameters are oBtained by
writing the endostatic equation for the reactant and the
activated complex, and then subtracting, which gives the
fo“owing expressions for AGi and AH:
Ack

AHY = aH* - (1F - H,5) - (30GY/dx,) / RT dinec/dx,
4 - 28

AGY - (1nx). (dAG*/dx]) / (dinx /dx,) 4 - 27

The endostatic entropy of activation can be found by
using the equation:-

a6k = AHY - TasE -4-29
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Thus endostatic activation parameters can be calculated

from conventional AG¥ quantities.

7. Calculation of Parameters Required for Endostatic

Calculation

Activation parameters were inifia]ly calculated in the
usual manner (Chapfer 6). In al]'the equations for eagost—
atic values the differential of the activation Gibbs free-
energy with respect to the mole fraction X is required.

A small BASIC programme was written to calculate this
quantity using a simple running parabola procedure. The
programme used the first three points fitted them to a
parabola.and calculated the slope at the middle point.

The programme then dropped the first point. and used the
fourth to calculate the slope at the third point, the
programme working along the curve finding the slope at each
point.

The values of Inx " and din« /dx1 weeobtained by

differentiating the excess Gibbs free energy with respect

to x]
E oy
G = RT (x] 1nf 1 * lenf 2) 4 - 30
d6" _RT In f .
dx, -
1 f2
Therefore
lnw =1 4G + Inx 4 - 31
RT dx] ~
2
2_.E

dlnet =] d°G + 4 - 32
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E . .
The values of G are normally obtained from vapour
pressure data., These data can then be fitted to an algebraic

equation, the Guggenheim Scatchard equation6.

i .
6" = x;(1-x,) > A, (1-2x)) i-1 4 - 33
i<l

i=
'An ALGOL programme (MARY A) was written to fit published’
values of GE. The number of coefficients, n, was increased
until the standard deviation between calculated and input |
values of GE was a minimum., Using these coefficients it was
possible to calculate GE at the required values of Xy and
also to co]cu?ate.the quantities Tnk and dlnek /dx. In
order to evaluate equations 4-31 and 4-32 the first.and
second differential of GE with.respect to x, are requirted,
These can be calculated from the differentials of equation
4-33 with respect to x

in the GE fit. The differentials of equation 4-33 are :-

d6=/dx, = (1-2x) Z%i(uzx‘)i" - x{1-x) ;%Ai(m) (1-2x) "2

1 and the Ai coefficients calculated

| 4 - 34
%65 /dxy® = ax(1-x) g A G=1) (i-2) (1-20)"7°
-4 (1-2x) 1};; A, (i-1) (1-29) 772
-2 Z.j‘,- (1-20) "  4- 35
!

A small BASIC programme was written to evaluate the
equations 4-34 and 4-35.

The remaining parameters required are the partial molar
quantities. These are calculated by differentiating the

required excess function with respect to the mole fraction Xy



For the case of the excess enthalpy:-
= (l-x,) Hg + XJjHg
a = (l-x,) DbHg -Hg +x,eH, + H,
o x# b Xg b x*

But from the

(1-x7)

Equation

673t
bx,

To evaluatedH”/dx"

Gibbs-Duhem Equation

SN A x”

becomes

to the Guggenheim-Scatchard equation

= x, (1-x,) E

This equation

found previously are used to calculate its

required mole

(l_le)l\\/\

literature values

M

4 - 36

4 - 37

are fitted

is thendifferentiated and the wvalues of A.

fractions.

8. Importance of Endostatic Approach

This approach of analysing kinetic data

in combining

expressed 1in terms of activation parameters

dynamic behaviour of the mixed solvent.

information

value at the

succeeded

two sets of information,the kinetic data as

is combined in a gquantitative

and the thermo-

Moreover this

manner.



CHAPTER 5

EXPER IMENTAL
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1. Introduction

This chapter %s concerned with the preparation of the.
complexes used in these studies, together with the constr-
uction and operation of the apparatus.

Due to the differences in the rate constants of the
reactions used two separate techniques were employed.
Conventional spectrophotometery was used to study reactions
with half-lives of the order of 10 seconds up to a number
of hours. The other technique was used to study 'fast
reactions' i.e. reactions with half-lives of the order
107" seconds. Due to the different nature of these two

methods they will be described independently in the follow-

ing sections.

2. Spectrophotomefr.y Kinetics - Basic Principles

The rate of any chemical reaction is def%ned as the
rate of disappearance of a reactant or the rate of appearance
of a product. The change of concentration can be monitored
spectrophotometr ically because the absorbance. of a solution \
varies directly with concentration as given by Beer's Law

concentration

A==cleg where A = absorbance c

1

extinction
coefficient

path length &

]
]

By following the dependence of the absorbance of the reaction
mixture on time, the rate of change of concentration of one
of the constituents can be determined and from this

information the rate constant calculated,
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For each reaction 1investigated a suitable wavelength

at which to follow the reaction had to be chosen. The

spectrum of the reactants was taken over the whole ultra-

violet and visible range covered Dby the spectrophotometer.

The spectrum was then taken at regular time intervals. Hence
the wavelength at which the maximum change in absorbance w*S
found. This procedure was carried out 1in all solvents used

to check that the reaction went to completion and also that

the products of the reaction were unchanged by the solvent.

3. Fast Reactions

The bulk of the work in this part of the investigations
was carried out on a stopped-flow apparatus (Applied Photo-
physics, designed by P Moore). A small amount of work was
undertaken using the temperature Jump apparatus at the
University of Kent with the help of Dr. D. Hogue.
(a) Principles of the Stopped-flow Method

In this technigque two reactant solutions are rapidly
mixed by a specially designed mixing chamber. The mixed
solutions flow down a tube and then the flow 1is suddenly
stopped (within one or two milliseconds). The reaction 1is
then followed by measuring the absorbance of a fixed element
of the stopped mixed solution. The response signal from the
photo-multiplier con then be applied to a storage cathode
ray oscilloscope. By suitable adjustment of the time base

on the oscilloscope a curve representing the extent of



reaction against time can be displayed on the screen from

which the half-1ife of the reaction can be measured.

(b) Principles of the Temperature-Jump Technique

The temperature jump technique of fo]lowingrfast reac-
tions is a relaxation techniqug. The system is allowed to
come to equilibrium and is then disturbed by a sudden rise
in temperature. If this change is made sufficiently rapidly
there is a time lag during which the system approaches the
new equilibrium position. This time lag is related to the
rate constants for the forward and back reaétions. The
response deﬁends on the standordrentha]py change,[&Hez for

the reaction according to the following equation

d 1n K _ _AHY
dT = "R12

The rate of response in terms of a relaxation time
which is related to the rate parameters.
For example consider the reaction

K¢

A +B——AB

kb‘

The rate of reaction can be described by

d [ag] -4 [a]_-a [l kf'[A][B]-kb (B ]
at  © dt at .

If the reaction is allowed to equilibrate and is then dis-
turbed by a sudden change in temperature then the concentr-
ation of the components as the reaction proceeds can be

described by the following equations =~
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[a] = [a] + afal
(8] [Be] + Als]
(8] (48] A [a8)

subscript e designates equilibrium concentrations

D's are the deviation from the equilibrium concentra=:-
tions,.

A quantity AC is defined such that

Ac = Als] = -A[a] = - A 8]

‘then -d dL\.c = (kf ([a] + [B]) +k)DcC)- kf[Ae][Be]
t

sk [AB ] - K, [A'c]2

Ky (A.1[B]
If AC is small the [AC]? can be ignored

dAC_ = -(kf([Ae] + [Be]) +kIAC
lntegrgf’ing

In »Ag,_, = [(k'f([Ae] +[8.]) + kb)t]
The relaxation time, L, is defined as the time at which
the distance from equilibrium to 1/e of the initial

concentration

therefore T =

1
kf [[Ae] + [Be]] + kb

4, Experimental Details

(a) Preparation of Compléxes

(i) cis - Dichlorobis (ethylenediomine) Cobalt(111)

1
was prepared as described in the literature .



46

The preparation involves the transformation of the analogous
trans complex which is formed according to the following

equations:-

+8HC1+02 —

4 trans—[Co(en ),Cl, JCI.HCI

4 CoCl, + 8C.H, (NH

2 24 2)2

+ 2H,0

2

A ' - heat
trans - [Co(en)2 C12]-C1 - HC1 >

: | trans={Co(en),C1,] €1 + H CI

en = .ethylenediamine

An excess of 10% solution of ethylenediamine was added
to a 3M solution of Cobalt chloride. A vigorous stream of
air was drawn through the solution for 10 to 12 hours.
Concentrated hydrochloric acid was added and the solution
wa§ evaporated on a steam bath until a crust was formed.
The solution was allowed to cool and bright Qreen crystals
of the hydrochloride slow]y'formed which we+e filtered,
washed with alcohol and dried in an oven at flOoC overnight.
The crystals crumbled to give dark green powder of
trans - [Co(en)2C12] Cl.

Conversion to the cis form was accomplished by evap-
orating a neutral sblution of the trans form to dryness on
a steam bath. This was repeated twice to try to ensure
complete conversion. However, it was found later that
100% conversion was not obtained and therefore gave rise

to irregularities in the kinetics of aquation.
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(ii) Tris (5-nitro-1,10-phenanthroline) iron(11) was
prepared in solution by adding a stoichiometric amount of
ligand to a freshly Fmﬁpuvc& aqueous solution of iron(11)
sulphate. The purity of the product was checked by deter-fm.
mining the rate of aquation which was found to agree with -
published data and also by checking for the pemsistence of
first-order kinetics over numerous half-lives.

(iii) Chloro(diethylenetriamine) platinum(11) chloride
was prepared as described by previous workersz. The synthesis
involved several stages; preparation of platinum(11) jodide
monohydrate followed by the conversion to (iododiethylene-
Vtriomine) platinum(11) iodiae qnd conversion of-the iodo
complex to the chloro complex.

Platinum iodide monohydrate was made by adding
potassium jodide to a solution of sodium tetrachloroplatinate
(11). Platinum iodide was formed as a dark grey precipitate
with a metallic sheen. The precipitate was filtered, washed
with water, dried and weighed., The platinbm jodide was made
into a thick paste with water. A stoichiometric quantity
of.diethy]enetriomine (dien) was added, the paste becoming
dry and turning an orange /brown colour., The mixture was
heated on a water bath for several hours. Any unreacted
pjatinum iodide was removed by adding water at 90°C in which
it is soluble but the dien complex is not. The hot mixture
was filtered and allowed to cool. Yellow crystals of

(iododiethylenetriamine) platinum(11) jodide were formed.



48
These crystals were filtered, washed with water and dried in
vacuo over potassium hydroxide for 2 hoprs. The product was
weiéhed.

To convert to the corresponding chloro complex, the iodo
complex, 1l.1g, was dissolved in 50mjs of Quter to which 1.9g
of silver nitrate in 1.5mls of 6M Hydrochloric acid were
added. This mixture was stirred in the dark for 48 hours.
The liquid was filtered., The clear yellow filtrate was
evaporated to ca 5ml on a steam bath., On cooling, in an ice-
bath bright yellow crystals of the chloro complex slowly
fﬁrmed. The crystals were filtered, washed with acetone
and dried in vacuo for lhr over potassium hydroxide. A
second crop of crystals were obtained by dilytion of the
filtrate witg acetone.

(iv) Chloro (N,N,N",N}; - tegtraethyldiethylenetriamine)
palladium(11) chloride was prepared by a previously described
method3.. The synthesis involved mixing 2g of palladium(11)
| chloride with 5ml of concentrated acid followed by 15ml1 of

water, The mixture was stirred at room temperature until
the palladium chloride dissolved forming a deep red/orange
solution. The solution was filtered and 2ml of

N,N,N\',N" t ctra ethyldiethylenetriamine (E.t4dien) was
sloQ]y added to a stirred filtrate., As the amine was added
an orange precipitate was formed. After all the é t4 dien
had been added the mixture was heated on a steam bath for

about 10 minutes during which time the solid dissolved to
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form an orange solution. Lithium chloride (2g) was then
added followed by evaporation of the solution to 15ml on a
steam bath. On cooling a yellow solid was formed, This was
filtered washed with ether and left to dry overnight.

The purity of the productlwcs checked by monitoring the
spectral changes during the reaction of the complex with
iodide ion at 298K and then comparing with the published
spectras. Excellent agreement was obtained.

(b) Solvent

A1l solventsused were highest quality reagent grade.
A1l solutions were made up by weight except for hydrogen
peroxide solutions. Hydrogen peroxide so]ufions were made
up by volume. The céncentration of the hydrogen peroxide
was determined by standard sodium thiosulphate and iodide

titration as described by Vogel4.

5. Experimental Details of Spectrophotometry Kinetics
(a) SEectrol |

A1l kinetic measurements were undertaken on a Unicam
SP800 spectrOphotomefer fitted with a cell change unit SP125,
The cell block was thermostated by pumping water through the
cell holder from a thermostated tank.

(b) Data Logging

It was decided that for ease of calculation and for
greater accuracy the SP800 should be linked to a data logging

system, The first system was made up from pieces of equipment
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that had been in the department for a number of years. Due
to their age and neglect in previous years, this initiﬁ] set
up proved very unreliable. Thus about half-way through
this study a new data logging system was purchased., The two

systems will be déscribed separately.

(i) First Data Logging System

’A Solartron D.V.M. (LM14202) was joined to a digital
clock (LU 14636), a data logging unit and an Addo punch.
To connect the data logging equipment to the SP800 an
'electronic black box' was designed by Mr, Clemenson of this
Jeportment.'

There were a number of problems with this equipment,
One major problem was electrical interference between the cell
change unit of the SP800 and the punch drive unit thch caused
the system to record spurious readings. To ovércome this |
problem optical fso]ators were used in the electronic
circuit combining the two,

Figure 5 = 1 is a block diagram of the system. Blocks.
A,B and C made up the interface unit. The required time
interval was set on the digital clock., At preset time
intervals the clock provided a signal, via an isolating relay,
to the cell change unit, on the SP800, which initiated a
cycle. Simultaneously the clock provided the punch drive
unit with time information which was punched onto the
paper tape. The cell change unit then selected each cell in

turn in the SP800 and provided a command signal for the
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digital voltmeter via an optical isolator and delay (to allow
the absorbance reading to stabilise) to read the absorbance
signal., The absorbance signal was taken from a variable
potentiometer which was connected to the recording pen. The
voltage obtained from the potentiometer depended on»the pen
position and therefore the absorbance. The voltage reading
on th; D.V.M. was fed to the puncH via the pungh drive unit.
In this way the absorbance of all four cells was recorded on
the punched tape. The tape produced was therefore made up

of a series of blocks of readings consisting of time followed
by the absorbance readings of the four cells.

There were a number of problems with this set up which
prompted the purchase of the second system. The Zolatron
D.V.M, used a standard cell to measure voltages but the
actual voltage drifted from the specified voltage. On a
kinetic run lasting for several hou}s this drift was found
to be quite large.

The time intervals available on the digital clock were
- very limited i.e. 1 minute, 10 mins., 1 hour and 10 hrs. A
more flexible system was obviously required.

A time delay between selecting the cell and recording
the absorbance was produced by the electronic interface
unit. This tjme interval was set by the circuit and thereforq
difficult to change. This time interval was important as if
it was too short a reading was taken before the pen had

stabilised or if it was too long the pen was moving again.



g0

r-4

h! o

86

53



54
Due to difficulties in determining the optimum time lag in
the design of a second system a variable time delay was
incorporated into the circuit;
The major criticism of this old arrangement was tEe
unreliability of the Solatron digital voltameter. The
frequent breakdowns were a cause of much frustratibn.

(ii) Second Data Logging System

This system, a very much improved version of the first
system, incorporated a {olatron D.V.M. (220), a Solatron
Recorder Drive Unit (A295) and a Facit high speed punch.
There was no internal clock on the D.V.M.; an Advance Time
' Unit was therefore used. An interface unit was designed to
avéid the faults of the old system. |

A block diagram of the data logging system is given in
Figure 5 - 2. Blocks A, B, C and D make up the interface
unit, The Timer unit supplied 1 second pules to binary
dividers in the interface unit. Time intervals were there-
fore available in powers of 2, the range béing 2° to 212
seconds., The required time interval was set on the inter-
face unit, The binary dividers combined the pulses until
the required time interval was reacﬁed. A signé] was éhen
sent to the automatic cell chuﬁger as before. The absorbance
of each of the four cells was recorded on the punch tape as
in the previous system.

In this arrangement the time was not recorded on the

tape, only the absorbance readings were recorded,
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Readings could be taken at quite short time inter&a]s
and hence reasonably fast reactions could be followed
i.e. reactions with half-lives of the order of 10 seconds,
The time taken to record the absorbance readings of all four
cells was 32 seconds. Hence four cells could not be used to
follow fast reactions. However absorbance readings of only
one cell could be taken, a facility for this being built
into the system. A switch on the interface unit by-passed
the cell selection circuits.,

(b) Experimental Procedure

Preliminary Spectra were recorded to détermine a suitable
wavelength at which to follow the reaction, and also a
suitable time interval between readings. Also the spectra
checked that the correct products were formed and that
isobestic points were unaltered.

' The temperature of the thermostated cell block in the
SP800 was measured using a copper-constantan thermocouple.

For all complexes except cis~dichlorobis (ethylenediam-
ine) cobalt chloride, stock solutions in water were prepared.
The concentration of the stock solution was such that 0.5ml
was required in a_]Omm cell (total volume 3ml) to produce
a solution with an absorbance in the region 1.2 - 1.6 when
mixed with the mixed solvent. The stock solutions were
brought up to the correct temperature by placing them in the
thermostat tank that provided the water to the cell block of
the SP800. The mixed solvents (2.5mls in each cell) were

measured out into the cells by means of a graduated pipette.
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The procedure for a normal kinetic run was as follows:-
1) The Unicam SP800 was set to operate at fixed wavelength.
2) The wavelength was set to the pre-determined value.
3) The link motor in the SP800 was disconnected. Normally )
on fixed wavelength scanning the table moves from right to
left and then stops when the table reaches the,ena.of the
scan, This is not required as it w9uld stop the experiment
prematurely.,
4) The automatic §e11 change was activated by setting the
cell change switch to "Auto" and the programmes switch to
the "on" position (If one cell was being used, only one cell

" position). The cell block was

sQitch was put in the "on
always set so cell 1 was being sampled.

5) A variable resistor was adjusted by means of a control
marked 'set 0.D;' so that the readings of the 'ubsofbance'

as read by the D.V.M. varied from O to 20,000 corresponding
to absorbance readings of 0 to 2.0, This was achieved by
manually moving the pen to an absorbance of 1.0 and
adjusting the variable resistor so that the reading on the
D.V.M. was 10,000. The pen was then moved to zero
absorbance to check that the reading on the D.V.M. was

also zero; if not, the variable resistance was adjusted
again,

6) The required time interval wasAset on the interface unit.

7) The recorder drive unit was set for external sampling.

The number of reud%ngs per line recorded on the punch tape



57

was set to the number of cells being used; this was useful
when the tape was edited which was occasionally necessary.
8) The punch was switched on and a length of clear tape run
out. The 6umber of cells and time interval were punched onto
the tape by means of the recorder drive unit (The recorder
drive unit has a manual punch unit).

9) Then 2.5mls (usually) of mixed solvent were pipetted into
eight 10mm ultra-violet cells, four reference, four sample.
Then 0.5mls of water put in each reference cell. The cejls
were put into the.cel1 block and allowed to thermostat for
about 15 minutes.

]O) The required amount of stock soluti§n was added to the
sample cells (usbu]ly 0.5m1).

11) Initiation of the kinetic run was achieved by turning
the switch on the pen carriage to 'scan' and moving the .
'set run' switch on the interface unit to the run position.
Once started the avtomatic cell changer was triggered to
move position to cell 2, The cell remains fn position for
5 seconds in which time an absorbance reading was taken,
The absorbance of the remaining three cells was recorded in
a similar manner. Once the fourth reading was taken the
system waited for the set time interval to be reached when
the next start cycle pulse was sent out.

12) The system was allowed to run for at least three half-
lives.

13) At the end of the run the system was stopped by turning



the switch on the pen carriage to "Stop" and putting the
switch on the interface unit to "Set".

14) A stop code for the mmputer,99999, was then punched
on the end of the tape. Séme clear tape was run out and
the tape torn off. This tape was possed.directly into

the computer to be analysed.

6. Fast Reactions

The bulk of this work was carried ouf on a stopped-
flow apparatus designed by P. Moore (University of
Warwick). A small amount of work was undertaken using a
temperature-jump dpparotusvat the University of Kent with
the assistance of Dr. D. Hague.

The reaction studied on the stopped-flow apparatus
~was the formation of nickel(11).pyridine-2-azo-b-dime#hy]
aniline from nickel nitrate solution and pada solution.
The reaction of cobalt(11) and pada was used in the temp-

erature jump study.

7. The Stopped-~Flow Apparatus

A diagram of the stopped-flow apparatus is given in
figure 5 - 3. The reagents were introduced into the
driving syringes D] and 02 by means of R] and R2 using

values V] and V5. To mix the twb solution valves V2 and

V, were opened and then the piston drive unit was pushed

manually so that the reagent passed through the mixer, M,

into the observation chamber (figure 5 - 4); also into the
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2ml stopping syringe (S.S.)« The flow was abruptly stopped

by allowing the plunger of the stopping syringe to impinge

onto a stopping plate (S.P.). At the same time a microsv”1lVjA

(M.S.) sent a pulse to the external trigger of a recording

oscilloscope.

A monitoring 1light beam was focused onto the centre

of the observation tube; the transmitted 1light was

detected continuously by a photomultiplier. The output was

fed to the Y plates of an oscilloscope. The voltage (V),

from the photomultiplier, was directly proportional to

the intensity of the 1light transmitted from the observation

tube.

The monochromatic 1light was supplied from a SP 50D

spectrophotometer and the output of the photomultiplier

was connected to on oscilloscope.

8. Requirements of the Reaction

Using the stopped-flow system, the reaction between
the nickel (11l) ion and pada was studied. This 1s a simple
formation reaction;

kf
i.e. Ni + pada ~ n Ni (pada)

The rote constant for this reaction 1s given by the

following expression (which can be derived 1in an analogous

way to that used in the example for the temperature Jump

method) ”®
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k=ke C [INMNOD]  + [pada] ) + K,

where k overall rate constant

k.= rate of forward reaction
k, = rate of backward reaction
If the concentration of pada is small compared to
that of the nickel(11) then the expression simplifies
to - _ |
k=ke [NMOD] + K,
To obtain both kb and kf, the rate constant must be
determined at several concentrations of nickel(11). If
these rate constanfsure then élotted against concentration
of nickel, the slope of this graph is kf and the intercept
is kb.
At o given concentrqtion of nickel(11) ions the reac-
tion obeys simple first order kinetics. The rate constant

can therefore be determined from the half-1life.

{._1__ = ]n2
2

&

where t

half=1ife

=

~
n

rate constant

9. General Experimental Procedures

Stock solutions of nickel nitrate (~ 1 x 10-2M)
and pada (~ 1.5 x 10-4M) were made up in 500ml quantities.
The solution of pada was buffered by adding a few drops
of collidine ( 2,4,6 - trimethy]ﬁyridine) to this stock

solution. This prevented protonation: but, because of the
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2 methyl groups does not complex with the nickel(11),
Nickel nitrate wos standardised by titration against
disodium ethylenediaminetetracetate. (EDTA).

The pada solution used in the reactions was half the
concentration of the stock solution, the latter being
diluted with the required amount of co-solvent and
water. Nickel solutions were made up to the required
@icke] concentration and co-solvent concentration.

The visible spectra of both reactants and products
were recorded on the SP800 in order to find suitable wave-
]eﬁgths at which to monitor this reaction. The wavelength
was 550n.m. |

The stopped-flow apparatus valve block and observation
tube were thermostated by cifcu]oting water from a thermostat
tank.

The ﬁﬁgger circuit was set up as shown in figure 5 - 3.
The trig level and stability of the oscillbscope had to be
carefully adjusted so that when the microéwitcH was closed
the oscilloscope was triggered. At the beginning of a
series of reactions, the time base of the oscilloscope was
set to a suitable guessed value, usually about 50ms. The
line position was then adjusted to a suitable position of

the screen i.e. near to the bottom of tHe screen if the
amount of light absorbed was expected to increase.

The slits of the SP500 were set so that, sufficient
light was detected by the photomultiplier. |If the intensity

was too great, however, the line on the oscilloscope was
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too broad. -

The operation of the stopped-fléw apparatus has been
described previously. Each operution of the apparatus
producés a trace on the oscilloscope. The first trace
was normally unusable as the guessed time base was proBcbly
not correct. An infinity reading could be obtained by
triggering the circuit again whilst the sample was still
in the observation chamber. - The half-l1ife for the reaction
could then be easily measured from the curve.

/

10. Temperature~jump Apparatus

The temberuture jump apparatus, built in G8ttingen
(Germany), is drawn schematically in figure 5 - 5. The
sudden rise in temperuturé was produced by the discharge
of a capacitor which had previously been charged to a few
thousand volts. The relaxation of the systeh back to
equilibrium was recorded on a sto;age oscilloscope, the
traces being then photographed. Thevrelo§ation times
were then determined by projecting the photographs onto
graph paper and then recording times and absorbances. These
were analysed by a basic computer programme to obtain

relaxation times.

11. Experimental Procedure

The formation of cobalt(11) pada was followed by this

technique, as the reaction is too fast to be followed by
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stopped-flow. PADA stock solution was made by dissolving

1.5 x 10—4M of pada in 2mls of AR methanol (it is slow to
dissolve in Qcter) then diluting this to 500mls with water.
A few drops of collidine were added to the solution.
Cobalt nitrate stock so]utiqné (FV1O*2M) was standardised
using disodium EDTA.

Solutions were prepared in 25 ml quantities, the
ionic strenth being kept constant at 0.3M using sodium
nitruté. The concentration of the cobalt(11) was varied

from 10-3M to 4 x 10-3M.



CHAPTER 6

ANALYSIS OF KINETIC DATA



1. Rate of a Reaction

The rate of a chemiéa] reaction is the rate of change
of the compontnk.s '
of concentrotioanhich make up the reaction i.e. it is the
rate of decrease of :concentration of the reactants or tHe
rate of increase of concentration of the products.

The variation of the rate of a reaction with concen-
tration of reacting substances can often be indicated»by
stating the order of the reaction. Often the rate of a
reaction is proportional to the a th power of the concen-

tration of one reactant A] to the bth power of concent-

T‘d'tion Of B eveo e

a . b
B

The overall order n is then given by the sum of the

i.es Rate = k ¢ k ='rate constant 6 -1

A

powers -

ioe- n::Cl-l-b....., 6—2

2. First-Order Reactions

A first order reaction is one where the rate of
reaction only depends on the concentration of one component.

Consider, for example, the simple cose.of the following
reaction

A ——>B +C

Then -dA = k [A] | 6 -3
dt

If the initial concentration of A is a, and after a
time t x moles of A have decomposed, then the remaining

concentration of A is ao-x and x moles of B and C will
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have been produced. The rate of formation of B or C is
thus dx/dt and for a first-order reaction this is proportional

to the instantaneous concentration of A, so that

dx = k] (ao - x) 6 - 4

t
integrating equation 6 - 4 gives

k=1 1n a 6 -5

- —_—
t a - x

o
Reactions for which the rate depends on the cqncentration
of two or more components can be made to obey first order
kinetics by having one component present in much lower
concentration than the others. This will result in the. rate
being dependant only on the coﬁcentration of the component

which is not in excess and therefore the rate will obey

equation 6 - 4,

3. Analysis of Data from a First Order Reaction

Data for any chemical reaction are usuvally in the form
of a series of measurements of some physicdl property (whicH
is linearly related to concentration) at various times. Often,
as in this study the physical property used is the absorbance.

An analysis to determine first order rate constants was
devised by P, Moore]. This analysis was used because of its
great flexibility. It does not require that initial or final
concentration are known nor does it require constant time

intervals (cf the Guggenheim Method).
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This method makes use of the following relationship:-

In (At- Aoo) = - kt i 6 - 6
ZA - A 5
o oo
where A, , A and A are the values of Aat t = t, o0 and 0
t ©0 o

respectively.
Equation 6 - 6 can be rearranged to express the

absorbance A at any time t in terms of A

-kt) + Aoe_kt 6 -7

oo+ k and Ao'

A£= A°° (1 - e

The absorbance A can be treated as a parameter dependant
on the three variables Aoo' A° and k. The three variables
Aoo' Ao and k can be found by solving equation 6 - 7 by
an iterative non-linear least squares procedure.

In mathematical notation the absorbance A at a time t
can be expressed as

A= A (Aoo’Ao’k) ' 6 - 8
Differentiating 6 - 8 gives

24, = [a__g ] 6A__ +[5_AJ 6A_ +[bAJ §k 6 -9

bAoo Aok bA,Aook Qk A A
) o o0

For the best values of Aoo' Ao and k the difference

between the left and right hand sides of equation 6-9 should

be a minimum when summed over all points taken i.e. -

[N [dA;QA §A_ - dA 8A-§_ASI<]2= minimun 6 - 10
i=1 0A, ¥R, ° ¥k

= partial differential i.e. all other variables are kept
constant.
In order to find the minimum in expression 6-10 the
partial derivatives with respect to Ao' Aoo and k are

required. These partial derivatives are then equated to
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zero and give rise to *the so called normal equations of the

~least squates method.

v E [%]2% +£N [%%] [brf\ml 8A°°+ZN[%€‘] [Q%o] SA°=£N E. [g"ﬁ']

i=1 i=1 i=1
6 - 11
B TR Tle T
L k] PA L DA = BA LA, —~ A
6 - 12
[Ng_/i A 8k+ENﬁ YA 1sA +):Ng_4 8A=ENE\}_A
. k| DA 3 A L [d g 'ISA
i=1 o i=1 o o i=1 o i=1 o
6 - 13

Ei is the difference between thé observed absorbance and that
calculated from'equation 6-7 using estimated values for the
unknown parameters; N is the total number of observations.
The three equutioné 6-11 to 6-13 together with the partial
derivatives of equation 6-7 can be solved to give values for
Skf SAO and 8qu. The estimated values of k, Po and Poo are
then altered as in equation 6-14, |

k (improved) = k (previous)+ &k 6 - 14
Tne initial estinates fof Ao' Aoo and k are determined as
follows -

Ao = First absorbance reading 6 - 15

k 6 - 16

= 2
(Time of last observation)

A, =1.25 x (1ast observation) - 0.25 A, 6 - 17
The values of the three parameters Aoo’ Ao and k are

. ) g N L 13 * o )
adjusted until z:' Ei2 is a minimum, which is taken to

i=1



71
be reached when E:T Ei2 < 10-6.

i=1

4, Computation

The basis for the computer programme (ALGOL) was
Forwin which was c.programme written by P. Moore. This
programme was modified and developed to meet our requirements.
A listing is given in appendix 2 (Rogue). As explained in
chapter 5 the data prodﬁced from our kinetic studfés were
printed out on punched tape. Each tapeAconsisted of a total
of N sets of absorbance readings of nc cells (nc variedvfrom
1 to 4) at preset time intervals. This information was read
into a nc by N array. Each column, which contains the
information for one cell, was then analysed separately.

It was found necessary to have a special procedure to
locate the end of the tape. The ordinary stop code used for
paper tape was insufficient for our computer. [If this was
used the computer still demanded more information on paper
tape. Therefore, at the end of each tape '99999' was punched
and a procedure was designed to locate this number.

The analysis calculated the rate constant and its
standard deviation, together with the infinéty reading Ao

and initial reading Ao.



5. Series F?rst Order Reaction

Series first order reactions are reactions of the type

A > B Z > C 6 - 18

The concentration of components A,B and C at any time t

can be found from the following differential equations.

dA_ -k,A 6 - 19
at - '
dB = kA - kB 6 - 20
n \ 2

dt = kB 6 - 21
dt -

Integration of 6-19 produces an expression for A

-k, t
e

A = A 1 6 - 22

o
where Ao is the initial concentration of A.
Substitution of equation 6-22 into 6-20 followed by

integration leads to equation 6-23

B =A k (e—th _ e-kzt) 6 - 23

The relationship for C can be found by using the

72

following equation which follows from the mass balance of the

system,

dA + d + dC = A
dt dt t 0 6 -24

Then using the expression for A and B
-k, t ~kot
= - 2 -
C=A [ 1 + 1 (k2e 1 ke )] 6 - 25

k1+k2
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6. Analysis of Spectroscopic Data from series first order

reactions

A method of analysing spectroscopic data for a series
first order reaction has been devised by P. Moofez. The
analysis is similar to the one developed for the first-
order réoction.

The absorbance of a solution at any time 't at a ngen
wavelength (.0 length lcm) is given by

D= ¢e,[a]+ e 8]+ e fc] 6 - 26

Where EA' € aﬁd E.C are the molar extinction coefficients
of A, B and C respectively. An expression relating the
absorbances‘D and the two rate constant k.| and k2 can be
obtained by substituting equation 6 - 22 and 6 - 25 into
6 - 26.
~kqt .

~kot -kt
k (aA-ec)(e -e )

(k]'kz)

D/A, = (e, -g.) e

o

+£C 6 - 27

Values of'gA and €. can normally be measured. However -
a value forgfgis often very difficult to obtain. The
absorbance is therefore treated as depending on three
parameters &B, k] and k2.

The calculation is then very similar to that descr%bed
for the first order reaction case. The analysis is carried

out by an iterative non-linear least squures procedure. The

three normal equations are given below =~
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ZN %%] A 6 - 28

1=1 1
E’: [gg]] [b__EzlSk] + ?;': [bD ] 6k, +E:J[ ][ ]553 =
;g:ﬂ [%%2]13 6 - 29

[;i is the difference between the calulated absorbance
as found from equation 6 - 26 QSing approximate values of
eB"k1 and k2 and the measured absorbance. The approximate
values oflﬁ, &B and k2 are then altered by using the
calculated values of Sk], 8k2 and SeB.

k](improved)= k] (previous) + 6k 6 - 31

1
If the values of k] and k2 are close then the analysis

needs to be modified, because equation 6 - 27 contains terms

in (k1 - k2) which become very small and therefore make the

equation indeterminant. In order to remove this expression

from the equation the substitution R = k] is made. Equation
k, -k

2 - 26 then becomes - 1 72

-k1t -kt k1Rt
D= (g, -t 1 4 (eg-ede ™ (TRE) /R4 g
| 6 - 32

then e 1R can be expressed as a series neglecting all terms
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larger that R .

6 - 33

Moore found that this substitution was only necessary
if R<0.01,: -+ & o

An ALGOL programme (TIGER Appendix 2 ) was written
to dno]yse spectroscopic data from a series first order
reaction. The data were fed into the programme in the form
_of absorbances and times together with the concentration of
starting material for a number of cells (usually f to 4).
],k2 aﬁd&B also the

-values of the extinction coefficients of reactant and product.

The analysis required estimates of k

The estimates of k k2 and &€ . can be made from preliminary

“I

investigations of the system involved. It proved important

B

that good estimates are made for fhese values, otherwise the
correction term became véry large; which could prbduce
negative rate constants. |

In order to obtain a good value for k1 sufficient data
are required to define the first stage of the reaction. The
analysis, in fact, requires good data for both stages of the
reaction, as the method can not produce an estimate for one
rate constant and a good value for the other. This require-

ment leads to restrictions on the temperature range that can

be used to study a . reaction.
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TABLE 6-A
Rate consants for the Reaction of Rhenium Pentacarbonyl Halides

with Cyanide Ion in Aqueous Methanol.

First Stage | Second Stage
) 107k, /5" ok, | 10t /s 10tk
/ded ool / s
Re(C0) T 10°[KCN) /mol an®
fk 1.0 1.5 2.0 2.5 1.6, 1.5 2.0
293.2 - - 1.09 1.0 0.55 - - 1,07
298.2 1,17 1,81 2.8 2.8 1.4 1,02 1,35 1.75 ©0.29
303.3 2.1 3.5 by 5.1 2,00  1.48  1.9% 2.4 0.45
308.1

2.5 k.9 6.7 10.3 L.99 2.4 2.9 %49 0.66
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The data from the series first order reaction chosen in
this study were found to be unsuitable for this progrohme
due primarily to the larée difference between the rate
constants for the two stebs. The programme has, however,
proved a useful tool for the department. For example itwas
used to analyse the kinetics of the following two stage
reoctiona, the results of which are given in Table 6-A

Re(C0)5 X + CN™ ————)Re(CO4) (CN)2 -

7. Calculation of Activation Parameters

Definitions of activation parameters are given in
chapter 3 . The method used for calculating these parameters
was based on the analysis suggested by Clarke and G]ew4. The
programme (Tempan Appendix 2 ) has been described previouslyﬁ;
Briefly the analysis extended the well known equation
(6 - 34) refating the rate constant to the activation
parameters to a more extended form by using addi%idno]

temperature variables

Rln k = As* - An¥ 6 - 34
: |

The method fits the data about-a refefence temperature,
B, which is usually taken to be the mid-point of the
experimental temperature range used. A least squares
procedure fs used to fit N experimental measurements of k to
various forms of the following equation =~
R 1n k = bO + b1U1 + b202 + bou, +b,u, +bu. 6 - 35

373 474 575

0 % +
where b_ = AGB/B b, = AHB/B b, = Ach b, = B dACp



b, =[ 82 4 A cp, b, = [82] [d®ace,
6 dTZ 8 24 dT9 0
The variable vy to ug are dependan% on perrs of the
ratio T - 6 . Depending on the temperature range used
9 .

varying numbers of coefficients, 1 to 6, may be required

to produce the best fit for the experimental data.

8. Parameters Required for Endostatic Calculation
The differential dlkG*/dx is required for the endostatic
. : 2\ k2 . "
calculaotion. This was calculated as was dAG /dx“using the

method explained in chapter 3.



CHAPTER 7

RESULTS
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Results for the aquation of Tris (5-nitro-1710-phenathro-

line) iron(ll) cation

The aquation of this complex con be represented Dby the

following egquation

Fe (5NOg-phen)g””® + 3H" + ag--———-- >Fe?"*"(aq) + 3 phen

In aqueous solution the complex forms on equilibrium

between the complex and Fe™'*'(aq), In order for the reaction

to proceed to completion a scavenger for the outgoing pV'ea

must be added. This can be ions, as expressed in the

equation, Dbut both nickel(ll) ~ and hydrogen peroxide are

effective scavengers.

(a) Acetonitrile + Water

Acetonitrile was chosen as a co-solvent as it forms a
TNAP mixture (chapter 2) with water and therefore complements
the previous studies of Fe (5NOg phen)”~"* in t-butyl alcohol
and ethanol + water mixtures.

All solvent mixtures were made up by weight using Anal or

acetonitrile to a specified mole fraction and the required

amount of concentrated sulphuric acid to produce a 0.5M

solution. The hydrolysis of Fe (5NOg phen)”*"”* was followed

at four different concentrations of acetonitrile each at

six different temperatures. The rote constants ore given
in Appendix 1 but they are also plotted in figure 7-1. The
highest mole fraction of acetonitrile was Xg= 0.28. At

higher concentrations the reaction reached equilibrium.

The graph (figure 7-1) of rote constant against mole
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First - order Rate Constants for Aquation of Trlg~(R-nltro-

1,10-phenanthroline)iron(ll) in Acetonitrile + water

k X lo'*'
(sec"?)

100

60

40

20 299.6 K ——

298.15 % ———

0.04 0.08 0.12 0:16 0.20 0.24

FIGURE 7-3



TABLE 7-&

Activation Parameters for Acetonlitrile + Water

Mixtures at 298.2 K

X, - a6t IN: Tas*
/kJmol™ /kJmol™ /kJmol™
0.0 91.5 120 ' 28,5
10,02 91,0 124 +1.2 33,0
0.08 90,4 119,8 +3 29,4
0.18 89. 4 115,8':2.8 26,5

0.28 88.9 110.0 *4 21.1
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Activation Parameters for the Aquation of “ris- (5-nitro-

1,10-phenanthroIlne)lron(ll) in Acetonitrile + Water

kJmol_l

AH

AG

0.08 0.12
X1
FIGURE 7-2
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fraction of acetonitrile shows that the rate of hydrolysis

of the 5NO, complex varies smoothly with increase in concen-

2
tration of acetonitrile. These rate: data were used to
calculate the activation parameters AH¥, TAS¥, and AGY
(chapter 6).These parameters are given in Table 7-A and also

in figure 7-2.

(b) Hydrogen Peroxide + Water

Hydrogen peroxide is a rather unusual co-solvent as it
is an inorganic co-solvent. |[n hydrogen peroxide + water
mixtures the presence of hydrogen ions is not necessary.
Hydrogen peroxide-is a scavenger for the out going phen.

"Thus any change in the rate of hydrolysis of the 5NO, complex

2
is due only to the effect of the solvent and not on the
solvent mixture ; acid. Although this is, of course, useful
it does . -1 present difficulties when making comparisons with
otherldatc. Also the rate constant ﬁt a mole fraction
hydrogen peroxide, Xy = O, is impossible to obtain.

Various hydrogen peroxide + water mixtures were made
up by volume. The concentration. of each mixture was
determined by standard iodine-thiosulphate titration.
Titrations were also periodically carried out on the stock
solutions to check for any decomposition of hydrogen peroxide.

Problems were experienced due to the hydrogen peroxide
decomposing in the reaction cell. This was especially

marked above room temperature. For this reason the maximum

temperature used for this solvent mixture was 306 K. Bubbles

of oxygen produced from the decomposition would occlude to



First-order Ra\e Constants, k, for Aquation of Trls-
(3-nitro~1,l10-pherianthrollne )Irondl ) in Hydrop,en Peroxide

+ Water

k X 10+ (seo"”

20

12

10

0.02 0.10 0.12 0.

FIGURE 7-3
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TABLE 7-B

Actlvatlon Parameters for_Hydrogen.Peroxide + Water

Mixtures at 298.2 K,

X, AG* AHT . Tast
/kImol™ /ngnol“‘ /kJmol“
0.015 90,96 114 + 2 23
0.020 91.12 115 + 3 24
0.040 91,43 118 + 3 26
0.057 . 92,16 122 + 3 29
0.090 93,48 132 + 4 38
0.110 94.14 141 * 4 | 47

0.150 95.02 146 + 5 51
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Activa*-,Ion Parameters for the Aquation of Tris-(5-nitro-
1,10~phenan“hroline)lron(1ll) In Hydrogen Peroxide +

Watey The Points at x =0,D, Denote Values for Acid

Solution

-1
kdmol TAS
50

40

30
IT (@)

OV
cM-"
20

AH'
145 (0]

135

125

115.

94

92 o)

90
0.02 OTH4 0;06 8Téd o'.10 0712 oTiT

FIGURE 7-4
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the cell walls and therefore give rise to spurious readings

of optical density. Provision for these readings was made

in the computer programme (ROGUE). This was achieved by

ignoring in the calculations, obviously low readings of

optical density as compared to the previous recorded readings.

The rate of hydrolysis of the 5NU2 complex was studied

in seven different hydrogen peroxide + water mixtures each

at four different temperatures. The rate constants are given

in Appendix 1 and plotted in figure 7-3. An 1interesting

point about these data, is tfiat the rate constant at very

low hydrogen peroxide concentrations 1s, 1in fact, larger than

the rate of hydrolysis 1in water + acid at the same temperature.

This 1is despite the overall trend for rote constant to fall

with increasing concentration of hydrogen peroxide.

Activation parameters werecal cul ated from the rate data

and are given 1in Table 7-B and in figure 7-4.

(c) Glycerol + Water Mixtures

Glycerol + water, like hydrogen peroxide + water 1is a

TNAN solvent mixture.

Anal or glycerol was used to make up all mixtures, each

of which was made up by weight to a specified mole froction,ana

concentrated 7*250" was added to produce a 0.5M solutioniw

The aquation of the 5NO2 complex was followed at five

concentrations of glycerol each at 5 different temperatures.

The rate constants are given 1in Appendix 1 and plotted 1in

figure 7-5. The graph of rate onainst mole fraction



First - order Rate Constants, k, for Aquation of Trls-

(5-nltro-1,10-phenanthrollne)lron(ll) In Glycerol + Water.

k X 10'
(Bec"")
(a) 314.0 K
(b) 308.4 K
(a) o (o) 306.4 K
.(d) 303.6 K
(e) 302.4 K
(f) 298.2 K
50
40
(b)
30
(c)
20
(d)
(e)
10
(£)
0
0.04 0.08 0.12 0.16 0.20 0.24

FIGURE 7-5



Actlvation Parameters for Glycerol + Water Mixtures

0,03

0,07

0,17
0.21
o.27

at
AGF
/kJmol™

91.76
92,11

92.89

93.27
93.72

TABLE 7-C

298.2 K
AH*
/kJmo1™

118.4
126,3

I+

2.5
3.0
136.8 + 2,8

|+

136.8 + 3.0
138,8 + 4.0

(7
“

TAST
[kImol™"
26,6
34,2
44.0

43,6
45.1

89



Activation Parameters for the Aquation of '"rig-f5-nltro-

1,10-phenanthroline )irondl ) in Glycerol + Vater

kdmol
TA3"
AG
93.
0.08 0.20

FIGURE 7-6
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of glycerol shows that there is a very small variation of
the rate constant with mole fraction of glycerol. The
activation parameters, Table 7-C and figure 7-6, show a

rather more complex deperidence on x, than that of the rate

2
constants themselves.

The only difficu]ty encountered with this solvent mixture
was in mixing the stock solution of the 5N02 complex with
the gfycero] + water mixtures. For the more concentrated
mixtures the mixing took a few seconds (30 se;. to 1 min.).

Therefore the first few readings of absorbance were ignored

by the computer programme.

(d) Acetone + lWater Mixtures

This solvent mixture was chosen because of its close
similaritytet-butyl alcohol + water mixtures with respect to
thermodynamic parameters. The hydrolysis of the 5NO2 iron
complex in t-butyl alcohol + water2 mixtures has been studied
previously. There is extensive thermodynamic information
about both solvent mixtures hence they were chosen for the
endostatic analysis.

BDH Analar acetone was used to make up all solutions,
all of which were made up by weight to a known mole fraction
and sufficient concentrated H2$04 was added to produceAa
O.5M solution@#&Eight different mole fractions of acetone
were studied each at four temperatures. The rate data are

given in the appendix but they are also plotted in figure

7-7 L



Flrst-oriier Rate Constants, k,

(5~nl*:rQ-1.10-phenanthrolIne )lron(1ll) In Acetone +

Water
k X 10*»
(sec—%*)
(a) 314.
240
(b) 308.
(c) 304.
200 (d) 298.
IbO
120 ,
0.04 U.08

15 K

16 K

65 K

15 K

FIGURE 7-7

for Aquatlun of Tris-
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TABLE 7-D

Activation Parameters For Acetone + Water Mixtures

at 298 X
x, AGF AE* TAS*
/xImo1 feTmo1™" [eFmol™

.007 91,12 122,6 + 1,12 31,4
.048 90,97 121.9 + 2,8 30, 6
,078 90,59  116,6 % 2,4 26,0
.10 90,21 - 115,5 * 1,9 “25,3
.140 89,87 113,5 +. 1,1 23,6
160 - 89,63 112,@ + 2,8 22.4
.200 89,02 108.2 + 4.0 18,2

.280 88,20 102,0 + 3,2 13.8



Activation Parameters for the Aquation of Trls- (5-nltrO'’

1 ,10-phonanthrollne )lron(1ll) In Acetone B "/Bter
-1
kdmol
TAS
120
110
100
AC

0.08 0.12 0.i6 0.20 0.24

FIGURE 7-8
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Comparison of Conventional and Enédostatlc Activation
Gibbs Free Energy, and AG*, at. 298.2 K as a

Function of Mole Fraction of Acetone,

kJdmol !
92
90
AG
88
86
0 0.10 0.20

FIGURE 7-9
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Comparison of Conventional and EnAostatlo Activation
Enthalpy and Entropy at 298.2 K as a Function of Mole

Fraction of Acetone

O Conventional Parameters

. @Endostatic Parameters
kJmol

35

15 -

10 &

TU3'

IPO

110

100 ,

90

FIGURE 7-10



Comparison of Conventional and Endostatic Activation
Gibbs Free Energy, AG”andAG*, at 289.2 K as a

Function of Mole Fraction of t-Butvl Alcohol.

kdmol

AG

AG'

X2

FIGURE 7-11
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Comnnr”r,on o Conventional mn-i Enios”atic Activation

Enthalpy and Entropy at 298.2 K as a Function of Mole

Fraction of t-Butyl Alcohol.

O Conventional Parameters

©Endostatic Parameters
kJdmol

120.

110

100

20
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12

FIGURE 7-12
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The variation in rate with concentration of acetone is

very similar to the variation obtained for f-buty] alcohol
and water mixtures. Both co-solvents only have an oppreciab]é
effect on the.rote constant after the mole\fracfion xé“
(chapter 2). The rate data were used to calculate activat-
ion parameters (Table 7-D and Figure 7-8).

" An endostatic analysis on the rate data for both acetone
+ water and t-butyl alcohol + water was performed as
described in Chapter 4. Thermodynamic parameters required
weteobtained from the literature. The set of data.given by
Ken’ tamaa et 013 was used for t-butyl alcohol + water
mixtures. The parameters obtained by Blandamer and
Waddington4 in their analysis of vaper pressure5 and
enthalpy of mixing dot06 were used for acetone + water
mixtures. The values of the iﬁportant parameters calculated
in this analysis together with the endostatic activation
parameters are given in Tables 7-E and 7-F for the two solvent
systems. The endostatic octivutiop_parameters are also

drawn in figures 7-9 to 7-12.

2. Reaction between Nickel(11) and PADA

This reaction was followed using the stopped flow tech-
nique as discussed previously (chapter 5) and results in the

formation of a 1:1 complex which has an intense purple colour
i
Ni(11) + pada s >Ni (pada)

kp
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TABLE 7-0

Formation Rate Constants for Nickel + PADA at 298 K

Cosolvent ,
/dmA mlAlslA

o' 814,3
acetonltrlle

.038 721.24

,186 663.09
dimethyl sulphoxlde

.059 907.4

.144 1367.7
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The Dependence of Observed First-Order Rate Constant on
Nickel Concentration for N1(l1l) B palAa at 298 K In aqueoug

Solution.

$0b8 ~»

0.86 1.72

f14] X 10*M

FIGURE 7-13
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The Dependence of Observed First-Order Rate Constant on
Nickel Concentration for N1(11l)' ¢ pada at 298 K in

Acetonltrlle + Water.

koba * 10

1.72 2.58 1.44 4.10

fvr™]x
FIGURE 7-14
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The Dependence of Observed First-Order Rate Constants on
Nickel Concentration for N1(l11l) 4 pada at 298 K in

DI/.30 4 Water.

kobs 10

4.30
N1'™ X 10'*M
FIGURE 7-15
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Stock solutions of nickel nitrate (0.017M) and pada

(3 X 10~"M) were prepared as previously described. The

concentrations are such that first order conditions were

obtained in all reaction mixtures.

The reaction follows the rate equation -

rate = k~» + k*© A NI ]

Hence by determining the rate of reaction at several

concentrations of nickel (l1ll) the two rate constants can be

obtained by plotting observed first-order rate

nickel(ll) concentration.

All measurements were carried out at 298K. The wvalues

of k* and K" were determined 1in water and were found to agree

with previous published data.

kf
/dm* mol s"” /s™
This work 814.3 ,08
7
Previous work 890 .1

The rote constant k” was subject to a large error os

its wvalue 1s found from the intercept of the graph observed

first order rate constant against Ni(ll) concentration and

only a small change 1in slope produces & large error 1in the

intercept.

The reaction was then studied in acetonitrile + water

and DMSO + water mixtures the results are given in Table 7-0

and in figures 7-1 3 to 7-15. Unfortunately both glycerol +

water and hydrogen peroxide + water mixtures could not be

used 1in this apparatus. Glycerol + water mixtures have a
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high viscosity and are therefore unsuitable. Hydrogen per-

oxide + water decomposes to give bubbles of oxygen which
therefore make the mixture unsuitable. The two co-solvents
acetonitrile and DMSO were chosen to complement'the data for
this reaction8 and also there is fhamodynumic information
available for these two’solvent systems.

From the results given in Tqb]e 7-G it can be seen that
acetonitrile retards the formation of the complex whereas

DMSO accelerates its formation.

3. Cobalt + PADA

| A tentative study was undertaken using the réactipn
between cobalt(11) and pada. This reaction is thought to
proceed by a very similar mechanism to that for the reaction-
between nickel(11) and pada. This reaction was followed using
a temperature jump technique,(?arried out at the University
of Kent with the assistance of Dr. D. Hague). The reaction
was studied in glycerol + water to complement the range of
solvents used. Hydrogén peroxide + water mixtures are, of
course, unsuiidble‘for the temperature jump technique.

Stock solutions of pada (1.5 x 10-4M) and cobalt nitrate
(10-2M)_were made up as described earlier. In all reaction
mixtures the metal ion was always in large excess relative
to the pada solution. Therefore first order conditions were
obtained.

Solutions for the kinetic runs were prepared in 25ml

graduated flasks and the ionic strength was maintained by



Dependence of the Relaxation Tlme”1lT,
Concentration for Go(1ll) pada in (a)

and (b) Glycerol Water at 278 K

Tx 10"' 8-~

(b)

1.0 2.0 3.0

on Cobalt

aqueous solution

[Co*] X 10" M

FIGURE 7-16

no



111,
adding 5mls of sodium nitrate (1.5M) to each flask and Bmls
of glycerol were added to each flask. These solutions were
used to fill fhe cell of the temperature jump apparatus. The
cell had two specially shaped e]ectrodes9 which have been
designed to produce a near-uniform field. The cell was
allowed to thermostat. The temperéture was recorded by means
of a thermocouple. The capacitor was ;haréed to such a
voltage (the apparatus having been previously calibrated)
that the temperature was raised by 2K to 298K. The traces
‘produced on the storage oscilloscope were photographed.

The rate constant was calculated by enlarging the photo-
igraph and measuring values of time andlight transmitted.
These were then computed to obtain the relaxation time (T ).
The graph of k against concentration of cobalt(11) is given
in 7-16. Also givén in the diagram are the corresponding
values for the reaetion in water]o. From figure 7-16 it can
be seen that glycerol accelerated the rate of formation of

the complex.

4, Aquation of cis Dichlorobisethylenediamine Cobalt(111)

cis - Dichlorobisethylenediamine Cobalt(111) in acid
solution forms bisaquobisethylenediamine Cobalt(111) in two

stages as follows -

- k
cis cc(en)?_mz" + H,0 — 1 cis Co(en)z(HZO)Cll++ c1”
k

3+ -
cis ca(en)?_cmzo’* + H20——g—>cis Co(en),(H0), + CI
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It was originally hoped that both rate constants and
k~ could be obtained. A computer programme was written to
analyse absorption data (chapter 6) for a series first order

reaction but difficulties in the analysis were encountered.

These can be summed as follows.

(a) The preparation of this complex 1involved converting

the trans complex to the corresponding cis complex by

evapo—rat ion of the former to dryness. The kinetic results

obtained indicated that there was still some unconverted trans

complex in the <cis. Hence there were parallel first order

reactions occurring.

(b) The second stage was very much slower than the first

stage. Due to these difficulties no further work was under-

taken on this complex.

5. Chlorodiethylenetriamine Platinum(ll) Chloride

The reaction studied can be represented by the follow-

ing equation -

[pt(dien)Cl] + + YY" - >[pt(dien)Yyj * + CL1"

where Y = I or Br

The rate law, which applies to many square planar

complexes, is given by

Rate = j~k™ + k° [Y] Pt (dien) X

where k”» and k” are first and second order rate constants

respectively.

All kinetic runs were carried out at constant ionic

strength, I =0.1. The concentration of reagent Y was



greatly in excess of the complex

maintain first order conditions.

The reaction of the complex

the bromide ion had an induction

113

concentration in order to

both with the iodide and

period. Initially it

was thought that this could be due to impurities in the

diethylenediamine used in the preparation of the complex.

A purity check was carried out by means of a C13 NemMm.T,

(carried out at the University of Warwick thanks to P. Moore).

The induction period may stem from the formation of a

5 co-ordinate intermediate which has a relatively short life-

time. The intermediate could not be isolated. |[If an inter-

mediate is formed then it will have an absorption spectra.

The absorption at different wavelengths will then be modified

by different amounts.

Therefore if an intermediate is formed

the calculated rate of substitution will vary with wavelength.

The rate constants were calculated at six different wavelengths

for the reaction between the complex and | at 293K.

A

Jen™)

38,500
37,500
36,500
35,500
34,500

33,500

k x

3.7
3.0
2.3
3.3
5.1

5.1

104

AL
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The fact that the rote did vary with wavelength

indicated that a 5 co-ordinate intermediate was formed.

The existence of an intermediate has been observed for

the reaction between NO® and cis Pt (NH~)2 Cl1~*. The inter-
mediate showed up spectrophotometrically””. A 5 co-ordinate
intermediate was suggested p in forming the
aquo complex ''of Pt(dien)X.

The fact that this reaction had an induction period
made it an unsuitable probe reaction andiVwas therefore studied

no further.

6. Ligand Substitution at Stericolly Hindered Pol ladiurn(ll)
Comp lex
The complex wused was JAd (Et”"dien)ClJd where Et”dien =
N,N,N", N~ tetraethyl edi thylenetriamine. The spectra and
rate constant for the complex Dbetween J"P<4 (E t~dien) C1 ~ ©
(8 X 10 "M) and iodide (8 x 10 ~M) were found to be in good

lag.
agreement with previously reported data . The rate constant

for this reaction was found to be k = 2.08 x 10_3;1and for
the previous study k = 1.9 x 10 "*s \

This reaction was studied 1in acetonitrile + water
mixtures; with increase 1in mole fraction of acetonitrile
isobestic points on the spectra were changed. At mole frac-
tions above x”= 0.1 there v/as no 1isobestic point, suggesting

that a 5 co-ordinate intermediate was formed, as occurs in

pure acetonitrriels
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The results together with previous data are given in figure

7-17.

16

Molecular models of this coﬁpiex showed  that the two
axial positions of palladium are blocked by two ethyl groups
that are bound to the terminal nitrogen atoms of the ligand.
From n.m.r. data it was shown that the ability to displace
the cxial.etﬁy] groups and interact with the palladium

> >
20 > CH3OH C2H50H DMSO >

decreases in the order H
CH2C12.

Activation parameters indicate that there are probably
two different mechanisms by which the complex can react.

One that is thought to occur in aqueous and alcohol solutions

is an associative mechanism
(Et,dien)Pd—X | ¥ + sol 212" - | (gt dien)Pd/SO]
49er — 7 |\ 4 X

fast | [(ft4dien)Pd - sol] 2+ X" ——fﬂii[%t4(dien)Pd—Y] * tsol
v-
In aprotic solvents such as DMSO and DMF the reaction

is thought to proceeﬂ by a dissociative interchange mechanism

i.e. [(Et4di.en)Pd-X] . éol _‘_sigw__)[(E t4dien)Pd----X]f-—.-—501-
;.i?_i“__,[(g t,dien)Pd - ‘sol]z” '
The pattern for the 'variation in rate constant is very
s{;ilar to that obfdined for the hydrolysis of t-butyl
chloride inAvariousAmixed aqueous solvents, It is unf&rtunate
that the reaction of Pd}(EtAdien)Cl with | could not be
followed in hydrogen perokide + water mixtures as this would

confirm the pattern (hydrogen peroxide oxidises iodide to

jodine); this suggests that the mechanism for the two orc
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similar, This indicates that the pathway for the substitution

reactions i$ predominantly dissociative in character as is
the hydrolysis of t-butyl ch]orideja. The decrease in rate
on the addition of afcoho]s to water in the hydrolysis of
t-butyl chloride is rationalised in terms of vuria&ion of
solvation of the initial state (1.5S.) and transition state
(T.S.). The initidl state of the hydrolysis of t-butyl
chloride is predominantly hydrophobic; the addition of

alcohols therefore leads to increased solvation and hence

stabilisation of the initial state and thus an increase in

AG¥ .

Tee. T.S. —T.5.
AG* DGF
I.S.
'.S.
in water ‘ in aqueous alcohols

For [Pd (E't4 dien),C]]j+ complex the initial state
will be more hydrophobic than the transition state; as the
large Et4_dien molecule will undergo hydrophobic interaction
with the water. In the transition state the C1~ ion is
leaving and will therefore have more charge associated with
it hence will be more hydrophil ic than the initial state.
This is an analogous situation to that of t-butyl chloride
and opposite to the aquation of the tris phenanthroline

iron(11) complexes.



CHAPTER 8

DISCUSS ION
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1. Aquation of Tris (1,10-phenanthroline) iron(11) Complexes

The reaction in aqueous solution is represented by the

following equation
2+ + ’ 2+ '

(Fe phen3) + 3H + ag —— Fe aq + 3phen H

Loss of the first ligand from the tris complex is the
rate determining step. Aquation rates have been shown to
be independent of the pH; the ligand is p;otonated after the
rate determining severence from the iron1. Other scavengers
have been used for the outgoing phen; nickel(11) or hydrogen
peroxide are both effectivez. The mechanism has been debated

2+ . 6 .
for some years. The (Fe phen3) is a 1st Row d” low spin
complex. Comparison with cobalt(111) complexes, leads
one - to expect it to react via a dissociative mechanisms.
However, rate laws and activation parameters for the reaction
2+ . ..

of many complexes of Fe(phen)3 indicate
bimolecular attack by cyanide and by hydroxide4. It has been
propoﬁedS that in the cases of both cyanide and of hydroxide
the attack of the incoming nucleophile occurs at the phen ring

rather than at the iron atom.

The reactivity patterns for the aquationd(Fe(5N02'phen)32+
~and  Fe (4,7 dimethyl phen)3 2+ can be rationalised by

their different dégrees of SN2 character. The nitro group
of the 5NO2 phen is strongly electron withdrawing and will
therefore make the iron more susceptible to nucleophilic
attack than the dimethyl complex. This explanation appeared
to rationalise the experimental information on the mixed

solvent work. The rate of aquation of the 5NO2 iron complex
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is accelerated by those co-solvents that break up the ’
structufe of water and which therefore increase the availa-
bility of water to react with the complex (e.g. t-butyl
alcohol + water, ethanol” + water). The rate of.cquation
decreases for the co-solvents that interact with water and
therefore reduce its availability to react with the complex;
However the regu]tg can be equally well explained in terms
of changes in solvation of initial state and transition
state in a dissociative mechanism,

Volume of u;tivotion studies of tris (1,]0;—phenan-
thro]ine).iron(11) complexes Huve been carried out6 to
probe the mechanism. Thevvoluhes of activation for aquation.

of the complexes in aqueous solution were as follows =~

AV*cmSmo]-]
phen H 15 ¥ 0.4
5NO,, 17.9 ¥ 0.3
4,7- dimethyl 11.6 ¥ 0.6

These are all large positive values which indicate that
all these reactions are dissociative in character. These
values compare well with those obtained for water exchange

by apresumed Id mechanism (ld = dissociative interchange)

at trans [CO(en)z (0H22] 3+ for which AV¥ = 413.1 to.14.3cm3
MO]_] at 298K (value dependent on pH)7. These volumes of
activation togethér with inspection of molecular models of
the (phen)3 Fe complexes led.workers to conclude that the

most probable mode of dissociation is the simultaneous

stretching of both Fe - N bonds of the bidentate chelate.
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The transition state, therefore, has two stretched Fe-N
bonds. The effect of added salts on the aquation of the 5N02
iron complex has been studied8 and the results were also
explained in terms of @ dissoci;tive mechanism. Assuming
that the two Fe-N bonds are stretched then in the transition
state more of the hydrophobic pBen is exposed to the solvent-
than in the initial state. [If a hydrophobic co;soivent is
added then the transition state.will Se better solvated than
in pure water and therefore the reacfion will be more rapid
than in pure water.

The results for each of the solvent mixtures in which

the aquation of the 5NO2 iron complex was studied will be

discussed separately below.

2. Acetonitrile + Water

The addition of acetonitrile enhanced the rate of
aquation at all mole fractions studied. Before the effect
on the rate of aquation is discussed the nature of the
mixed solvent will be considered. Acetonitrile is a TNAP
co-solvent (chapter 2) due to the fact that it does not |
possess either an oxygen atom or a polar hydrogen and‘it can
not hydrogen bond with water. Excess volume VE, studies
on water + acetonitrile were used to calcu]afe the partial
molar volumes. When the partial molar volumes for acetonitri{e
are plotted against mole fraction the graph shows no minimunm,

unlike that of the monohydric alcohols (chapter 2). The
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effect of acetonitrile on the infro-red absorption of HOD
is very different from the effect of #—butyl alcohol. The
latter systems show an isobestic point in the near |.R. and
it is tHought that the change in spectra is due to a change
in the equilibrium between H20 free and H20 hydrogen bonded.
Acetonitrile mixtures, however, have no tendency to show a
comparable isobestic point. It therefore, must have a
different effect to that of t-buty] alcohol on the étructure
of water.

The excess molarenthalpy, HE, for acetonitrile + water
shows a trend simf]brg to that for fhe HE data expected for
a éolur solvent mixing with an inert solute. Thé conclusion_
drawn from the behaviour of acetonitrile + water mixtures
is that acetonitrile has a depolymerising effect on water
i.e. it breaks up the hydrogen bonded network in liquid
water. This conclusion was also arrived at using an electro-~
lytic study10.‘ Seve;a] kinetic studies have been ;ndertoken
in acetonitrile + water mixtures; D;H*'is greater in
acetonitrile + water ﬁixtures than in wafer for the hydrolysis
of dimethylsulpha oyl ch]oridel], the hydrolysis of t-butyl
chloride’z, the rate of solvolysis of organic hulides13 and
the 1d aquation of Cobalt(111) ammine or awyine halide
comp]exes]4. The decrease in the rate constant for solvol-
ysis OF.organic halides has been explained in terms of
differences in solvation of the initial and transition states

The initial state is hydrophobic and will be stabilised by

the addition of an organic co-solvent.
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G For glyoerol - Water Mixtures
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Jmol

FIGURE 8-1
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IKQJ,. aquation of Fe(5N02 phen)” in acetonitrile + water

mixtures was greater than the rate of agquation 1in water at

all concentrations studied i.e. A was decreased. If the
reaction proceeds by the dissociative mechanism discussed
earlier then the transition state will Dbe more hydrophobic
than the - state. The addition of acetonitrile will,
being an organic co-solvent, solvate the transition state
better than water which will result in a stabilisation of

the transition state and thus to a decrease in A G”".

3. Glycerol + water

Glycerol + water 1s a polyfunctional solvent and there-
fore falls into the category of TNA co-solvent. Glycerol +
water 1is in this group Dbecause each glycerol has 3 hydroxyl

groups which can undergo extensive hydrogen bonding with

water and with other glycerol molecules (hence its high
viscosity) . Unfortunately there is little thermodynamic
information on this system. The excess Gibbs free energy,

15
figure 8-1, was calculated from some early work by Scatchard

on osmotic,coefficients by means of on ALGOL programme

SUNNY (Appendix 2 ); unfortunately these data only reached a

mole fraction of x"-0*2.. No other thermodynamic information

could be found on this system. The excess Gibbs fTee energy

G~ 1s negative 1indicating association between glycerol and

water, the association presumably occuring by hydrogen

bonding between the three OH group on glycerol and the water.
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The other excess thermodynamic functions, H, V™ etc. have
not- yet been determined. The structure of pure glycerol is
thought to involve hydrogen-bonded co linear chains which
are hydrogen bonded laterally thus giving rise to a three
\
dimensional structure.

The structure of glycerol + water mixtures was compared

to the structure of methanol + water mixtures due to similar
effects on the transference number of H+/in water/HCl mixtures.
From this study it was suggested that glycerol depolymerises
water and becomes embedded into the water structure. Around |
the alcohol, increased hydrogen bonding will occur and the
effect maximises at 10 - 30 & (w/w) glycerol.

~ There have been few kinetic studies undertaken in aqueous
glycerol. Rates of solvolysis of benzyl chforide in g]ycefo1—
water mixtures have been determinedls.

The rate of solvolysis decrecsgd with increase in con-
centration of glycerol and had a minimum at about 40 vol ¢
of glycerol. There was a shallow minimum in Z&H# (as opposed
to a very large minimum with t-butyl alcohol).

Ca]din19 has carried out kinetic studies on ligand sub-
stitution of nickel(11) and other metai(T]) ions inApure
glycerol. The results of this investigation showed that in
pure glycerol the dominant factor in the energetics was the
structure of glycerol. This was shown by similar rates for
several different metal (11) ijons with different ligands and
with a large increase in AH¥ for the reactions as compared

to that in water.
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The rate of aquation of the iron complex was

decreased by the addition of glycerol. The effect oA G~

con again be explained in terms of changes in solvation of

the transition state. Glycerol is a hydrophi ¢ co-solvent

and therefore can not stabilise the transition state. The

glycerol interacts with water and will therefore causes a

break down of water structure and possibly give rise to a

more structured network. This will presumably make it more

difficult for the bulky phen ring to 1leave, thus A G~ was

increased 1in glycerol + water mixtures.

The activation parameters TAS*ond AH"v/ere calculated for

the mixtures used. There iso very shallow minimum in A

at ca. 0.03mf (figure 7-6) which is similar to the results

of previous work . This shallow minimum could indicate that

glycerol at low mole fraction has a depolymerising effect on

water. Due to its large size and three hydroxyl groups it

will interfere with some of the hydrogen bonds in water.

Hydrogen bonding 1s a co-operative process (chapter 2),

therefore the presence of glycerol initially 1leads to a break

down in water structure making 1t easier for the phen to leave

and thus causing a decrease in A H " . But as the amount of

glycerol 1is 1increased the solvent Dbecomes more structured

making it more difficult for the phen to leave and thus

causing A H to increase.



' . 126
"4, Hydrogen Peroxide + Water ,

Awmmm,Hydrogen peroxide is a unique bfnury system. Hydrogen

peroxide is one of the few inorganic co-so]ventQ; it has a
high dipole moment and the difference in dielectric constant
between water and hydrogen peroxide is so small that they can
be considered isodie]ectriczo. Hence in hydrogen peroxide
mixtures the effect of‘permﬂiivity on reactivity will be
minimised. Thus the effect of solvent structural effects on
fhe reactivity can be clearly observed.

DQe to its close chemical similarity with water it will
hydrogen bond with water. A water molecule has 2 bonding
protons and é acceptor sites whereas hydrogen peroxide has
2 bonding protons and 4 acceptor sites.

All excess thermodynamic properties have been determined
and are drawn in figure 2-4, The thermodynamic behaviour is
verybdifferent from that of the alcohols. There is only a
small chqﬁge in entropy of mixing and a large change in enth-

alpy which is a good indication of intercomponent association
This cssociat%on is reflected in the change of acidity of
hydrogen peroxide molecules and the bascity of water mo]ecu1§;
both of which change Qery rapidly wifh composition of the
solvent. In an eqﬁimolur mixture of the two ligands the
bascity is 1/360th.that of water and the acidity about 1/40th
that of hydrogen peroxide.

Few kinetic or other studies have been undertaken in

this solvent mixture. The enthalpy of transfer of sodium

chloride from water to aqueous hydrogen peroxide at 298K has
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been determined™™. In this study it was concluded that hydro-

gen peroxide had a simflar effect to that of urea on the stru-
cture of water i.e. it is a structure breaker. An n.m.r.
study of alkali metal halides in hydrogen peroxide + water
mixtures investigated the change of composition of the solv-
ation shell around the alkali metal ions in water + hydrogen
peroxide mixture523.

Hydrogen peroxide + water mixtures offer one unique
advantage over other binary aqueous solvent systems for the
study of the kinetics of aquation of the tris (5NO2 phen)
Fe(11) éation as Eydrogen peroxide can act as scavenger for
the Teleased ]igcnd24 as well as co-solvent for the reaction.
Normally an extra component needs to be added to the reaction
mixture to act as scavenger for the released ligand which
could cause pertu+bations of the inker solvent and intra sol-
~ute interactions especially when it is necessary to use a
large concentration of acid. Hence the kinetics of aquation
of these iron(11) complexes can be studied in hydfogen per-
oxide + water without ény other reagent.

Ouwerall the rate constant, for both the 5NO2 iron complex and
the 4,7 dimethyl ion complex, = . ;1¢ decreases with increas-
ing hydrogen peroxide concentration. The Gibbs free cnerqy
of activation increases continuously as the mole fraction
increases from Xg = 0.015 to 0.15 for the 5NO2 iron complex.
There was a 10-fold change in the rate constant which is sim-

ilar to the change produced by other aqueous organic solvent

mixtureszs, despite the small variation in dielectric constant,
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The change in aquation rate was presumably due to changes in
initial staté and transition state solvation.

Extrapolation of the trend of aquation rate constants for
mole fractions 0.15 to 0.015 hydrogen peroxide back to pure-
water produces a rate constant markedly greater than that
reported for aquation in acid aqueous solution; indeed rate

< 0.015) of

constaﬁts for aquation in low mole.fraction (52
hydrogen peroxide were also greater than that for acid cqueous
medium. This fact seems to suggest an extremum at low mole
fraction of hydrogen peroxide but this in fact may not be the
case as the ionic.strength in acid + water and for hydrogen
peroxide + water will be somewhat different. The‘trend in
rate constant for hyarogen peroxide + water mixtures all con-
taining sulphuric acid was one of continuous decrease26.

The reason for the difference is hard to rationalise. Alth-
ough possible in the case of the 5NO2 iron complex, the same
rationalisation does not hold for other substituted 1,10-
phenanthroline and 2,2'-bipyridyl complexes. The ratio of
rate constant extrapolo&ed from hydrogen §eroxide + water
mixtures to those for aqueous acid vary from ca 0.8 to

ca 1.1 with no pattern in the substftuents nature.

The activation parameters AHF and T O S"*', like AG#',
show a continuous trend with variation in composition with no
evidence for extrema within the hydrogen peroxide mole fract-
ion range 0.015 to 0.15. This lack of extrema for the TNAN

co-solvent contrasts with the typically aqueous systems. In

the latter cases,as for example alcohol +woter systems, there
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are marked extrema at relatively low mole fraction of
organic co-solvent.

The activation parameters AH* and TAS* for the aqua-
tion of the 5N02 iron comp]éx show considerable compensat-
ion to give a less rapidly varying‘AG*} In th%s respect
hydrogen peroxide + water mixtures show similar behaviour
to TA mixed solvent systems.

The decrease in ;ate constant must arise from an
increase in AG* caused by differences in solvation of the
initial and transit.ion states. The chemical potentia] of
transfer for some ions from water to hydrogen peroxide +
water mixtures is negotive:2zmdiich shows the process is
favourable. Hence the fonic solutes will be more solvated
in hydrogen peroxide mixtures than in water. The 5N02 ion -
comp]ek will therefore be better solvated in hydrogen
peroxide + water than in water and thus the :.chemical poten-
tial of the initial state Qi]] be lowered. The effect on
the hydrophobic transition state will be small. The
activation Gibbs free energy’Aﬁ# will therefore be increa-
#ed. The enthalpy of activation increases reflecting the
increase in solvation of the initial sfafe, as the phen
ring will experience more difficulty in expanding the more .
solvated the complex ion. There is an increase in entropy

which fits in with the transition state of the 5N02 phen

ring being loosely attached to the iron.
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Comparison of for (a) t-Butyl Alcohol * Water

and (b) Acetone * water.

-1
kJdmol

(a)
200

(b>

FIGURE 8-2
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5, Acetone + Water

.-Acetone + water mixtures behave similarly to alcohol +
water mixtures. This is reflected in the values for the
excess thermodynamic properties, the HE curves for acetone +
water and t-butyl alcohol + water are very similar (figure
8-2). Hence acetone + water is a TA mixture. Acetone
enhances the structure of water at low mole fractions, this
effect maximises at X = 0.06 (xZ) after which acetone has

a structure breaking effect which maximises at x,= 0.35

2
* % ,

(x2 ). Acetone + water mixtures exhibit similar properties

to those of the alcohols but in a less dramatic way than say

t-butyl alcohol.

Acetone itself is a relatively structureless liquid,
its dielectric constant is less than that of water. It has
an oxygen atom and can therefore partake in hydrogen bonding
with water. Acetone + water mixtures have not been as well
studied as alcohol + water mixtures. The enthalpies of

+ - . : . 28
transfer of H and OH .into acetone have been determined™ .
The chemical potential of transfer for the solvated proton29
was determined. This was then used to calculate the values
for other single ions; a slight curvature was found in the
: ° - o/ -+
curve of mole fraction of acetone vs AGt(C]) and AGt(H )
‘ . _
at x2;50.1 i.e. at X The kinetics of the aquation of
penta-amminechlororuthenium (111) dichloride and cis-~

dich]oro-bis(ethy]enediammine) ruthenium (111) chloride

hydrateso have been studied in several mixed water organic



132

solvents including acetone + water. This study found a
good fit of the rate data to the Grunwald - Winstein-rela-" .
- 31
tionship
log k/k = mY
o
- and used this to help in a mechanistic study of the reaction.
For the aqbction of cis-dichlorobis (ethylenediamine)
Cobalt(111) in mixed aqueousAsolvents, including acetone,

the rate data fit the Grunwald-Winstein equation.

The rate constant for the hydrolysis of tris (5NO,-1,

2
10-phenanthroline) iron(11) cation plotted against mole
fraction of qcetone is givenrin figure 7-7. At low mole
fractions of acetone X, = O to 0.1, acetone has very little
effect on the rate of hydrolysis; in more concentrated
solutions ( x2:>0'])' ' the rate of aquation variés more
rapidly. This behaviour is similar to that obserwed in

t-butyl alcohol + water mixtures?z. Unfortunately unlike

the case for t-butyl alcohol mixtures the mole fraction
* %

2

be studied as aquation of the complex does not gb to

corresponding to x (x2 = 0.35) for acetone could not
completion at high organic mole fractions. The activation
parameters for acetone + water mixtures and t-butyl alcohol
mixtures were used to calculate endostatic activation

parameters and are discussed below.
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6 Endostatic Analysis

The analysis (chapter 4) requires good thermodynamic
parameters. Two important quantities d]ﬁm/dx], and Ine,

are derived from derivatives of GE with respect to x

1
(equation 4-27 and 4-29) hence putting a heavy burden én the
reliability of the G data. Indeed the second differential
cannot be calculated with absolute confidence from
published GE data in all cases. However, some tests can be
applied for thermodynamic consistency, for exc_lmp]e33 if
d In (f1/f2) /dx1 is negative then d lnm/dx] must be
p&sitive. Grunwald and Effio reported that this test fails
for the data they used for the t-butyl alcohol + water
mixtures, although for the data used in this analysis this
criterion is satisfied for the water rich mixtures over the
range for which the kinetic data are available. It is a
annoying feature of this analysis that AG¥ for o reaction
can be more readily determined than GE, the latter requiring
for example careful determination of vapour'pressures.
Alternatively HE for the mixtures can be directly measured
using calorimetery whereas AH¥ requires kinetic data over
a range of temperatures.

If, as argued previously, the primary step of aquation
is the simultaneous stretching of the Fe-N bonds resulting
in a more hydrophobic transition state, the reaction will

be sensitive to changes in water structure as this will
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affect[the hydrophobic interactions between the initial

state and transition state. Addition of acetone or

t-butyl alcohol has a dramatic effect on the structure of

water and therefore it would be expected that these changes

would be reflected in A G~© . The effect of acetone or

t-butyl alcohol is determined by their concentration,

initially both co-solvents have a structuring effect on

water up to x"* (x” = 0.1 for acetone = 0.04 for
t-butyl alcohol). For N2 co-solvents have a
structure breaking effect which maximises at x** (x™"
= 0.35 for acetone x"" = 0.1 for t-butyl alcohol).

Despite the dramatic changes 1in the properties and structures
of these agqueous mixtures 1in the water rich range, A G *

for the reaction in these aqueous mixtures gradually decreases
as Xg 1increases. This behaviour stems from compensation34
between changes in solvent dependence of A and TAS".

The solvent dependence;of the activation Gibbs free energy

(A G~ ), figures 7-9 and 7-11,provide some clear indication
of the changes 1n mixture organisation near the mole fractions
discussed above. In particular the pattern observed for

Sm ~ G*in ttie t—butxl alcohol + water mixtures shows in

a striking way the importance of changes in the solvent

structure 1in the x° 0.04 and 0.1 regions. Thus the

endostatic quantity AGJ is more sensitive to solvent than
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A.G’* for the aquation of the iron complex and for the
oquation of t-butyl ch]oridess. Since the latter reaction
is dissociative thebsimilarity of pattern is in agreement
with the proposal that the aquation of the iron complex
occurs by a dissociative mechanism. Interpretation of the
related dependence of AH: and T AS: on solvent
composition is not clear cut. The difference between the

two curves is small,

7. Fast Reactions

Both reactions that were followed by fast reaction
techniques were ligand substitution reactions. A scheme
for the mechanism of substitution was put forward by Eigen

and Wilkin535 which can be summarised by the following

equation K K
2+ 0 2+ 1 2+ 2+
L + MS, ——¢ LMS =" ————Le e M5 e S—LMS 7 S
where L = pada K°,= equilibrium constant
M=Co ! or Ni|| ~ fot first step
S = Solvent Mé]ecu]e k.I = rate constant for

second process
Thus there is rapid formation of an outer sphere complex,

followed by the rate determining formation of an inner sphere
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complex. The rate consant k1 is assumed to be equal to that

of the first order rate constant for solvent exchange, kex

ie. . S + M562+-————-»M562+ + S

The rate of ligand substitution is given by the following

expression (under the normal experimental conditions of

excess ligand)-

]

kL Kok] where kL = rate of ligand substitution

or kL = Kokex replacing k] by kex'

A similar mechanism was put foward by Langford and Gray36

which was-

L + M562+-——-a L......M552+......S —-—-»LMS52+ +S

This scheme does not.consider the formation 6f an outer
sphere complex.

Caldin and Bennett037 tested this mechanism by calculating
Ko and using values of kex which had been determined by n.m.r.
for water and several non-aqueous so]ventsas.

The value of Ko was calculated using the theoretical

relationship-

K = 4 TTN o3 mU(a)KT

3. 10°

N AvoadAro% N¢ -

a = centre to centre distance of closest approach of

the solvated metal and the ligand.

where U(a) = Z]Zze2 7.2 e2k

172
Da D i1+k°)

For neutral ligands such as pada U(a) = O,
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If a value of a = 5A, which is considered to be a
reasonable approximation, is used for the distance of closest
approach then Ko=;0.139. This value of Ko,,together with

experimentally determined values of kL’ were used to calculate

kex using the following relationship-

eX

Xlr_x'

(o)

For ligand substitution reactions at Ni(11), it was
found that kL/Ko agreed with kex to within a factor of 10 for
many ligands. However, the model does predict little change
wi£h charge on the ligand whereas there is a 40-fold variation
in rate for L2— ligands, 5-fold for L~ and 20-fold for neutral
ligands.

The mechaqism was ?urtherAtested by Co]din37by using the
fact that kL/Kokex should be approximately equal to 1 or some
constqﬁt value in a particular solvent for a variety of ligands.
This was found to'.hold for water and for methano], but varied
200-fold when the solvent was changed from acetonitrile to
DMSO. Overall the highest and lowest values of the ratio
differed by a factor of about 104. Also the differences in
activation enthalpies between ligand substitution and solvent
exchange should be approkimately zerb but varies from -20kJmel
to +20kJ|nol—]

An approximate linear relationship was found between the
logarithm of the ratio of kL/O-l X kex(n) and the heat of

‘evagporation of the solvent Q&Hevop) and also between log n
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and the fluidity (density/;iscosity) of the solvent. There

was also a fair correlation between the difference in
activation enthalpies Dbetween ligand substitution and solvent
exchange. To explain these correlations Caldin, as discussed

in Chapter 3, wuses the Fran”® and Wen model of the solvated ion.

Caldin has therefore introduced the important feature of
solvent stucture into the discussion of the mechanism and
solvent effects on the rote of ligand substitution. Further
work in this field”” with the substitution reactions of Ni(ll)

I
with pyridine, 2,2 - bipyridine, 1,10-phenonthroline, and
2,2',2" '"-terpyridine 1in acetonitrile and DMSO shows a 1link
between solvent structure and variation 1in reaction rote.

More recent work on the reaction between Ni(ll) and pada
again concluded that the solvent structure plays on important
port in ligand substitution41. A fair correlation was obtained
betweenZ\Hevap and the ratio of rates but this was not as
good as that obtained for the previous work. Solvent structure
was found to be the dominant factor in the kinetics of the
reaction between pada and Co”\ Ni~*, Zn”*" and Cu”™” 1in
glycerol

The reaction of Ni(1l) with pada was studied in DMSO +
water mixtures and in acetonitrile + water mixtures and the
results will Dbe discussed 1in terms of the Eigen-Wilkins
inechan ism below.

DMSO has a negative excess Gibbs free energy and also

has a negative excess enthalpy (hence is a TNAN co-solvent)

which indicates there 1is strong interaction between DMSO and
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and that there 1is a greater degree of association in water +

DMSO mixtures than 1in water alone. DMSO can hydrogen bond with

water due to 1ts oxygen atom. Volume change on mixing together

with wviscosity data and enthalpies of mixing suggest that

water and DMSO form a 2:1 associated complex””. The result

therefore of adding DMSO to water 1is a breakdown of water

structure but a more tightly bound structure replaces water's

own structure.

The nature of acetonitrile 4+ water mixtures has Dbeen

discussed previously. Briefly acetonitrile + water is a TNAP

, l.e. acetonitrile breaks down water-water i1interac-
tions but there 1is no interaction between water and acetoni-
trile.

The two solvents have opposite effects on the rate of

reaction between nickel (1l) and pada due presumably to their

different effect on the structure of water. The reaction

proceeds in two main stages and therefore the effect of the

solvent structure can 1influence either stage or both of the

reaction.

Figure 8-3 gives the results of this study together with

previously published data for ligand substitutions at Ni (11)

From the diagram it can be seen that TNAN co-solvent and the

TA co-solvents t-butyl alcohol, ethyl alcohol and methyl

alcohol (except for low mole fractions of t-butyl alcohol

for the reaction between Ni(ll) and pada) decrease the rate

of substitution.DMSO a TNAP co-solvent increases the rate of
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substitution.From these data it appéars that an increase .
in the amount of disorder in the solvent causes a de;reose in
the.rate of substitution,

Thgse solvent effects can be explained in two ways. One
is to consider the solvation of the initial and transition
states ond-the other is to consider changes in the solvent
structure, Firstly, with referen;e to the solvation of the
initial and transition states, the ligands used are all large
organic molecules and are hydrophobic. The addition of organic
co-solvents to solutions of the ligands will presumob]y result
in a decrea§e in their chemical potential.lf fé'( ligand ) de-
_créases , thi; will result in an increose in AG¥.

With reference to structures of the various solvent
mixtures, the Eigen-Wilkins mechanism for ligand subsfitution
proposes that the rate determining step is loss of a solvent
molecule from the solvation shell of nickel(11). Thus any
change in solvent structure that will assist in this step will
enhance the rate of reaction. DMSO interacts stroﬁgly with
water; its presence as a co-solvent could therefore help pull
off a water molecule. Likewise,at low mole fractions of
t-butyl alcohol, the structured water could help pull off a
solvent mo]ecu]e. In unstructured solvents the solvated
molecules of.so]vent will not have this assistance to leave
and thus the rate will be less than that in water.

In order to decide if changes in solvation of the pada
or other ligand mo?ecu]e can explain the pattern of rates in

the various mixed solvents, the solubilities of the ligands
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in the mixed solvents needi_to be determined. It would also be
interesting to have the rate of ligand substitution in hydroron
peroxide + water to compare with the DMSO results.

The rate of ligand subséitution between cobalt and pada
was enhanced in the Tow mole fraction of glycerol used .
Glycerol, as discussed earlier, bredks down water's own
structure but intéracts with water forming a more structured
solvent. Assuming cobalt(]]) reacts with pada via the same
mechanism as that for ligand substitution at nickel(11), then
the structured glycerol + water can assist in the loss of the
§o1vent molecule from cobalt{11) resulting in an increase in

rate.

Conclusion

The understanding of the nature of mixed solvents is
fundamental to interpfeting solvent effects on reaction
kinetics. This study has indicated how useful the considerat-
jon of the excess thermodynamic properties of the mixed
solvents is in rationalising their effects on reaction
kinetics. The most useful thermodynamic function appears
to be GE for prediction and rationalisation of kinetic
results.

Also there appears to be a quontftative link between
the excess thermodynamic functions and the activation

parameters, as shown in the endostatic analysis. Endostatic
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parameters, particu]arly[&Qf, show up the effect of solvent
structure'oh reaction rates.

In all studies of solvent effects on reaction rates
well understood reactions are required, otherwise the problem
becomes too complex. The reaction of nickel(11) + pada showed
up the difficulties in interpreting solvent ef%ects due to
uncertainties in the mechanism. Good thermodynamic data for
the mixed solvents are essential but, unfortunately, are

not always available.
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SHOP
"RATCH
SALGOL;
LTIBRARY
ALGOL
&LIST: -
1 MARYA}.
2 "BEGIN"
3 "INTEGER® 1,J N K.HW;
4  “"READ" N3
5 “BEGIN"
6 “COMMENT" N TS HO, 0F DATA POINTS INCLUDING Xs= 0 AND X1 -
7  X. IS MOLE rRAchou 0F WATER}
8 "ARRAY" X, XEE1 (33
SUNLIST:

1FEM INSERTED
1FEM [NSERTED

SLIST? | o | ‘
§7  “"REAL" "PROCEDURE" SUM(A.K,N);
88  "VALUE" K;

89 "INTEGER" N, K;

90 U"REAL" "ARRAY" A}

91  "BEGIN" AINTEGER" T;
92  "REAL" Si

93 Sj=0F - o a
94  “FOR" T:21 “STEP® 1 “UNTIC" N wpov
95 t3S+ALT32K; -

96 SUM:=S3
97 . "END";
98  "REAL" "PROCRDURE" SUMPROD(A,B,K;N);
99 "VALUE" K; :
100 "INTEGRR" N,K;
101 "REAL" "ARRAY" A.Bj
102  "BEGIN"
103 "INTEGER" T;
104  "REAL™
105 Si=0}:

106  "FOR" Yi21 wSTEPM f WUNTIC® N wDOv

107 S*{AETJ*BEI]fK)S
108 SUMPROD:=S:

109 “END"™; - .

110 “PROFEDURE“ HEAD;
111 “BEGIN"



112
113
114

115
116
117
lia
119
120
121

122
123
124
125
126
127
128
129
130
131
132
133
134

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
15~
160
161
162
163
164
165
166
167
168
169
170
171

12
"PRINT" *'F' ANALYSIS OF EXCESS FUNCTIONS'7''L' M,U, BCAMDAMERS'
''"L' X IS MOLE FRACTION OF WATER'7
"'L,' NUMPER oF DATA 30INTS=', SAMELIME/ SCALED (4)%N1I
"FOR" t:=1 "STEP" 1 ”Uxr'TTL" N "DO" "PEGIN"
XCI]:=XE[I1l;=0;
"READ" XCI17XECI];
"PRINT" SANECINE7 scatLep (9), I,''S3''7X[Ii,''S3't,XEC1l];
"END";
"END";

"PROCEDURE" EIT(X,XE,N,K);

"INTEGER" N7K;

"ARRAY" X.XE;

"BEGIN"

"INTEGER" 1i7j;

"ARRAY" Y1,%2,Ylu7xl,y2,DEV,XC[1:N],P,PI[1iK],C,B[1;K,1:K17A[1;K,1
"REAL" RNS%STo;ulFF,]; K
"FOR" 1;=1 "STEP* 1 "UNTIL" N "DO" "BEGIN"

7CIJis 1-2*XCl];

YCI3:- X[13*(1-XCl1]1);

ij[il;= Y[ii1i*XECi3;

Yicn:= Y[T]4YCI];

"END";

"FOR" I:= 1 "STEP" 1"UNTIL" K"DO" "BEQTN"
P[171]:=0;

"FOR" J:= i "STEP" 1 "umL" K"DO"
ACi;j1:=0;

"END";

"PRINT" '"'L' FORM MATRIX';

"FOR" f;=1 "STEP* 1 ."UNTIL" X "DO" "BEGIN*

B[171] :=SUMp9dD (U, Z,r-1,Nr;

"FOR" J:=1 "STEP" 1 "UNTIL" K "DO"

AC I»J3:=SUMpRQO(Y17Z,I+J-2,N);

"END";

"PRINT" "L ' MATRIX SET UP';

NSYMDET (x 72; 010-37;A.RMS, I,C,FAIL) ;
UNSYMSOLIK’I .A /CVB) ;

"PRINT" ''L5' OUTPUT-NUMPER OF COEFFICIENTS:'7 SAMEL INE7TSCALED«3)
"PRINT" ''I ' PARAMETERS'; K-
"FOR" I:=1 "STEP" 1 "UNTK" K "DO" "BEGIN*

"PRINT" f'L ' COEFFICIENT, S SAMEL I;NE7SCALED (2)71I,*£fS3'="'7
SAMEL INE.scaLED (0)7BcCc1,11;

"END"; DTFE; :0;

"PRINT" ''F' COMPARISON OF INPUT t OUTPUT»7''L'»;

"FOR" I;=1 "STEP* 1 "UNTIL" N "DO" "BEGIN"

"FOR" J;=1 "STEP* I "UNTIL" K "DO" "BEGIN*

PCJ]:= BCj;n*ZCIlt ( J-1) ;

"END";

Q ;= SUM(P,17K);:

XC[Il;=YE11*0;

NrFF:=((XEf11-XC[I])» (XEril-XC[I1l))+niFF;
"PR PIT" ''L't7SAMELINE,SCALED(9)71,"''S2"'',XE[I1l, '<S2't7XCE1l];
"END" ,.

R,MS;= SURTfOlFF/N) ;

STD;= SORT (RMS*RMS*N/ (N-K)) ;

"PRINT" ''L' ERRORS ON XF FITTING',''L' RMS DEVIATION:'7
SAMELINE7SCALED (0) 7RMS, ''L' STANDARD DEVIATION='7
SAMELINE,SCALED(9)7sSTD;

FATL:

"END";



172 . HEAD}

173 Wi=N-23

174 "EFORY r -1 uc‘TrPu 1 "U”TIL" W »po©
175 FIT(X XE+N> 1Y;

17() ‘ "END"'

177 “END";

178 "END";

600 MC
1590 CODE
2190 TOTAL

SRUN;
MARYA
PRO

"BEGIN"
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8J0B;

CHQ01050R0OGU; MJURL6}

SALGOL ;-

L }BRARY

ALGOL

SLIST:
1 ROGUE;
2 . VYBEGIN®
3 “INTFGFR”I TJaHJALTFEM,FJ HH, Y,
4  VV,CONT,K, NC!
5  "REALNTS TNEWFNTFF 4TH TH,
6  TC,DUMMY}
7 READFR(l);"READ"Ng,TS}"BEG!N"
8 YARRAYM T[1:15003,G6(1¢NC,%:1500]),T¥F,PEL:15001;
9 .

S

PR EARAFEFAFAFARARENAT SFOVENE VR SEVIHVE SR \VEVE Cf Wk o F el o o Nl ol o
OCYUNOUDBDUNHOOINOTUVHLWNROYVINGOTLUNPAO

B
N

"PROCEDURE" SETUP{

"BEGIN" FJi=8 ' ' ’
“FOR" Ts=1 "STEP" I "UNTIL® K "DO" “BEGINY

"TF" ][44 "THEN" M"GOTO" HELL;

FJ3=FJ+13 TTEFII$sTC123 PEFJII=GIM, 1D}

HECL:

"END®; “PRINTM (|, *NUMPER OF POINT&=*,BAMELINE,
SCALED(9) ,FJi "END"SETUP}

"PROCEBURE" INVMX(B)}

TARRAY" B} "BEG¥N9 "REAL"MAX,EPS}

“"INTEGER" SSL,.V QZQRS
R323;EPS1=22(102(=37))}
"BEGTN”“fNTEEER“"ARRAY"RR BRC1: R]g

"FOR" §St=1 YSTEPNI “UNTICH RNDO"HBEG]NY
MAX3=03}

"FOR"[¢=1 "STERMINUNTIL" RﬂDO"qBEG[N"
"FOR"Y s1"STEPYLMUNTIL"SS=1"DO"

“"IF"Ls BREV]"THFN""GOTO"L@}

“IF" ABS(MAX1 ~ABS({RLL, 13’"LE"U"THEN“"BhGIN"
BRESS]i= Lc“AXr=BEL¢13l"END"'

Ltl"END"}

"lE" ABS(HAX)(EPS"?HFN""BEGINH

"PRINTM /[ “TNUMX ERRORIQTOP"ENDY ;V§=BREGS]}
“EOR" Li=1 "STEPMINUNTIL"R"DOY
BLL,R+TIt=" RN =V "FHEN"L"ELSE! 0}
"FOR"L$=1"STERTLMUNTIL"R"DO"
BCEV,L3$=BLV,L+11/MAX}

"FEOR?L§=1"STEPMAPUNTIL"R" DO "BEGIN"MAX:=BEL, 1]}

“TF LANENV"THENANFGR"Z =4 NSTEP L UNTIL"R" DB "
BEC:Z]15BLL;Z4T15MAX®BLV, ZI5 "END § "END? ;
"FOR"Z1=1"STEPTLMUNTIL"R"DO"RREZI:5Z;
“FOR"Z$51"STEPILNUNTIL"R=1{"DO!"BEGIN"

" IF*BREZI=RREZINTHEN"YGQTO"LOOP " ELBE"
*FOR"L$=2+1 STEPYLNUNTIL"R" DO
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*"IF"RRELI=BREZI"THEN""GOTQ"SWOP;

SWOP:NFOR"V:=11STER"APUNTFL"RNDONMBEG]N"

MAX3:=BEZy VI

BEZ,VI3=BLL,VIiBEL VIIaMAXS"ENDYS
RRELI$ERR[Z]

QAP "END" {

"FOR"Z1= 1"srapw1vuwrIL"R-1"DD“"BEGIN"
TFQR"L1=2"STEPNLMUNTIL"R"DO"
"TFE“BRELISZ"THENNPTBEG]N®
“TFYZZL"THENT1GOTO"0OUT}

"FOR"Vi=1"STEP"YL YUNTIL"RADO"NBEG]N"
MAX3ZBEVSZA:BEV,Z381=B[V,LI1BLY,L31=MAXiNEND"S

aRELg;:BRcZanEan;DUTz"END"z

"END® YEND" INVMX}

*REALN"PROCEDYRE"PEALC (PP INF KK TTPPQ);
TREACMRPINF (KK TT, PP05"BEGIN"vREAL"SSS
sss.-Expf-KKﬁTr);PGALC:~PPINF#(1~SSS)+HP0¢SSS MENDY;

"PROCEDURE"FORWIN(LABEL N, T,P)}
"INTEGER"LABEL Nt "ARRAY"T, P} "BEGINI
"ARBAY"EEL3337A[1:3,11411"800LEANNDK:
"INTEGER" I, Jy CYCLE,SI}

"REACHURINF; Pq K .DPBK,DPDINF,DPOP,DPDKUPDRO,
DELK,DELINF, DELPD ¥F, SDEL,DEL¥A SSBEL,
STK,STINF,STRO;S; INC,LARGET}
"PRINT""L?‘PIRST GRDER REACTJONZY;

"PRINT" ¢’ RUN NUMBER="‘,SAMEL INE,SCALED(9],
CABEL}

PPRINTM ¢ /L ROINTY,’fS5'TIME",/ ‘S5 0BSERVED";
CYCLE}#01SSDEL! -psa INC ngARGET 203
"FOR"I3=1"STEPMLMUNTIL"N"DO" "BEGTNY
“TFUISInTHENN"REGIN"PO:=PE1]s
"TFYTETI>20 THEN® INCI=TE T35 YEND" S

“TF*TLT1<INGTTHEN" BEGINWRO: PC1T] INC{STE] 25 "ENDY |

"TE*TETI>LARGETNTHEN"MBEGIN"S]3=T:iLARGET: =?£!J!“ENv“3

"END";K:=22ARGETI{RINF1=1,25#P[ST]50,25%P0}

"IF"TNG)w%"THEN""BEGIN"

"FOR"] 1"STEPW1nUN71g"N"DD"T;1Jz s¥C1J=ING}

WEND™ § YPRINTY/ 22 GYCLE RATE CONSTANT INFINITY*;

'!PRIN‘F"SAHELme,!'Sa\zFRO‘ *IST NENW SUMy 9!55‘(}[_]] buwwq_»

"PRINT""S7‘SEGONDSt-1)‘,9'86!READING‘=

LE3ErL3:=5EL233EE33:=SDEL§=0s

“FOR"]1= 1"STEPn1nqNTIg"3"DO"

“FOR"J§=1"STEPILUNTIL"3"DOALT,J]1=0¢

“FDR“Ixqi"STEPQ1ﬂUNTIL"N"DO""BEGTN"
PEEXP{-K#TLY1Y); nPBK,~TE13*s«gPtNF P0O) 3

DPDINF:-in DPDPG

ACIpl}--ACIﬁIB‘DPQK*DPDK!

AE2:2]13=AC2:214DPDINF«DPNINF}

AES:SaowAts 33*DPDRD#DPDPO,

ALT,233sA02,T3¢2A01,2]+DPDK*DPDINF}

ALT,333=AC3,13:=AC1,3])+DPDK«DPDPO;

AC2,331=AL3,211=A[2,3]+DPDINF&DPORO;

DE(’.TA::P[IJ PCALEC(RINF,K,TLI3,POY;

SDEL $=SDELYDELTA#DELTAS :

ECII:zE[1I%DELTA*DRDK}

EL21:2EL2]+DELTA#DRDINF}

EC31:=E[3]+DELTA#DRDPO}

"END® ;" IF"CYCLE=0"FHEN""PRINT?
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122
123
124
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126
127
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129

130
131

132

133
134
135

136

137
138
139
140
141

142 .

143
144
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147
148
149
150
151
152
153
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155

156
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158
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$erY Y, SAMEL INE; scALengo),cvcgE.'«ssv',K
$4531 ;PINF; l‘S?".PO,"SS‘ ¢ SDEL ,
!'sst~*'«ss~t."g%*"quenuPRxNT«qAMEL1NE.§CALEU(9;,
CYCLE #S3¢ (K 7SIV PINF,’*52',P0;

FES2YNISDEL 1LY

INVYMX(A)}

 “FOR"[$s1"STEPTLMYUNTIL"3"DO"

"FORPJI=1"STERPIANUNTIL"3"DO""BEGTIN®
MTF ICT " THENYAGT ¢ J3:=ALd, J 35 "ENDY;
DELK:SAC1,119EC134AC1 2 1%EL2]+ALT,3I%EE3]}
DELINF$=A[2, IJ*EE13+A[? 23#EL2)+AL2,3]4EL3];
DEEPO:—AES:13*FC11+AL3:23‘EC25*A[5,3]%&[3]}
CYCLE:=CYCLE*1}
“IF"AQS(SDEL%SSDEL)"LE“mﬂé"THEN""GQTO“tXITi
"IF“QQEL(SSDEL"THEN""BFGlN"STK K;STINF--PINFi
STPO;iPOlSSDEL “SDEL:"FN“WSKS—K+DELK.
PINF3:2DELINF#PINF jROt=PQ+DELPQ}
“TE"CYELESSLMTHENY
PPRINTH [ 450 GYCLES COMPLETED‘ L WL H
“"TF"CYCLE= 51WTHEN"“GOTO"FXIT3"COTQ"Ll EXIT?
"PRINTU/IL2'RQINT", "85“ fYSITIMEY, ¢ '858'CALCULATED
SAMECINE; ' SO ERROR f /L ¢ S S
"PRINT"SAMELINE, ! S8 Y(SECONDS) ", * 85 'REANDING?,
SAMECINE;* 7S5 READINGY, ¢ #S6°IN READING®, ¢S24y
"POR"I'"1"8TEPW1“UNTIL"N“D0""BEGTN" '
EPR?S$EC;§;12F iSTK,TLI3,STPO) § |
"D TS(2) ,SAMELINE ;¢S4 9 +

"S4““PEIJ”!'S4“ e 1'@4;\ PEIJJSC¢EEQ§')¢T[lJ INC,
"END" i"PRINT""L?‘ESD;OB?ERVATION-PpSAMElINE.
SCALED(5) s SQRTISSDEL/(N=3});
“PRINT“"L“ T1SOYRATE CONSTANT~‘,8AMELINE,
SGALED(9), STK."SS!‘ 1/ SYSECONDS(=1)";
"RRINT"/ ¢ *ESDIRATE CONSTANT)=',SAMEL]N CALED(9
SQRT(AE1,13*SSDEL/!N-3)),1'S~SEEQQBS(11§'? RREOL
“PRINT""L CALG INF READING=?',SAMELINEY
§gQ%F$(9) ¢STINF: '

NTn o[ ESDEINFINITY) =Y, SAME SCA
SQRTFAEZ;ZlussnéLZGNws))a"L?!‘EINE’ HERES)
FINISH;"END"FQRWIN}

"PROCEDURE"RUNEND(FRED) § "[ABEL"FREN: "BEGIN"
“TF"GLJ,13¥ 99999"THEN"“BEGIN"K=-I 13

"PRINT""LZ NUMBER OF POINTS=?!,SAMELINE,SCALED(9) K;
“GOTOMFRED;"ENDNJPEND"

ViE10;

:PRINT"“F ANALYSI§ FOR RATE DATA FROM SPECTRA';
'PRINT"’ (| L*UNIVERSITY OF [EICESTER##*M;J,BLANDAMER®;
TE=039PRINTN /| *SYSTEM J"BEGIN"

“PRINT""L‘NUHRER OF CELLS=':SAMELINE,;SCALED(9),

NGy’ fL TS=?Y « SAMEL INE,SCALED(9),TS; "BEGIN"

T{50;BAKERIT$=T#1;FC11:=TS%] JCHARLIE:

SgoR" Ji= 1 WSTEPN 1 CUNTIL® NC *Dp* MBEGIN®
D3

"READ" GEJT I3}

RUNEND(FRED) |

“IF" GEJ;11<200 "THEN® »GOTO" DANg

“TF® I3V "THEN" "BEGIN"

ViEv+10;

MEND® ;
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1812
2422

§RUN§
ROGUE
DRO

"END";"GOTO"BAKER; "END";FRED!
"END"}
"FOR"M$=1"STEPWLIMUNTIL"NCHDO""BEGIN"SEFUP}
FORWINCH FJ, FT,PYNEND" ; "END" } "END"ROGUE
MC
GODE
TQTAL
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g.nk;CHO0i1054HJIP;

S'JCP
BATCH
3ALGOL;
LIBRARY
ALGOL
\L1ST;
1 TIGER ;
2 "BEGIN"
3 "INTEGER"
4 JA, TE,
5 Ww, VvV, CONT, V,
[ K, NC;
7 "REAL" TS, TNFW,NIEE,TB,TM,
6 SA,SB, SC,0U,
9 R,
10 TC, DUMMY, EXB, SEK1, SEK2, SEE6;
11 "ARRAY" T(1:1000],G[1:10,1:10007,
12 DK1,DK2,DE!J, AOQO,K1G,
13 K2G,E8G[1:101,
14 K1,K2,EBri:517,
15 EC, EA,
16 DDK1iR, DDDR, DDFBn, P, DCALC, DELTAD,
17 nUELTA,

16 DDK1l,DDK?,uDESri: 1000 7],
19 C,ACi:3,1:3],BCi:4,1:47];

20

21

22 "PROCEDURE" MXCnPY (B,A);

23 "ARRAY"A,D;

24 "BEGIN"

25 "INTEGER" O0,S;

26 "FOR'Tj :=1"BTEP"1"UNT IL" W"DO"
27 "FOR"S :=1"STEP"1"UNTIL"W"OO"
2b R[0,S]:= ALO,S]I;

29 "END" MXCOI'Y;

30 "PROCEDURE" INVilX(O);

31 "ARRAY" n;

32 "BEGIN"

33 "REAL" MAX, EPS;

34 "INTEGER" SS,L,V,Z,R;

35 R:=W;
36 EPS:=2.0*»-37;

37 "BEGIN"

36 "INTEGER" "ARRAY" RR,BR[1:R];

39 "FOR" SS;=1 "STEP" 1 "UNTIL" R "DO"
40 "BEGIN"

41 MAX;=D;

42 "FOR" L:=1 "STEP" 1 "UNTIL" R "DO"
43 "BEGIN"

44 "FOR" V:=1 "STEP" 1 "UNTIL" SS-1 "DO"
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"IE" L=OPrV] "T’IEl" "GOTO" Li;
"IE" ABS (MAX)-ADS (BCL,1])

"IE" 0 "T‘Pm’"

"BEGIN"

BRCSS1 := ;

AX:: PCL,11 ;

"END" ,.

Li: "END";

"IEF" ABS(.j/'X)<LPS "THEN"

"BEGIN"

"PRINT" ''L' IN'/MX ERROR';

STOP;

"END",’

V:= RRCSS1;

"F'OR" L:=1 "STEP" 1 "UNTIL "w R "m"
B[L,R+1];="IF"L=V "THEN" 1 "ELSE" O;
"FOR" L:=1 "STEP" 1 "UNTIL" R "DO"
R[V,L]:=P[V,L+1]/NAX;

"FOR" L :=1 "STEP" 1 "UnTIL" R "DO"
"BEGIN"

MAX := B[L,11;

"IF" L "m" V "TI_EN" "FORH Z : =l "STEP
B[L,z]:= B[L,Z+1]-MAX*P[V, 71

"END"

"END LAl ’.

"F'OR" Z :=l "STEP" 1 IVIJNTIL " R "m"
RRCZ1:=Z;

"FOR" Z:=1 "STEP" 1 "UNTIL" R-1 "DO"
"BEGIN"

"IF" BR[7]=RR[Z1 "THEN" "GOTO" LOOP "
"FOR" L:= 2Z+1 "STEP" 1 "UNTIL" R "DO"
"IF" RRCL1= PPrzi "THEN" "GOTO" swop;
SWOP: "FOR" V:=1 "STEP" 1 "UNTIL" R "
"BEGIN"

MAX :=BCZ,V] ;

B[Z,v] :=P[L,Vi;

BEL,VI: =1AX

"END",'

RRCL1 :=RRCZ1;

LOOP:"END " ;

"FOR" Z:=l "STEP" i "'[JNTIL " R_l "m"
"BEG I 1"

HFOR" L:=Z "STEP" 1 "'[JNTIL " R HDO"_
"IF" BRCL1=Z "TUEN"

"BEGIN"

"IF" Z=L "Tl_m'" "GOTO" o‘[JT

"F'OR " V:=l "smf) " 1 "UN'TIL " R "m"
"BEGIN"

MAX:=B[V,Z21;

B[V,Z2]:=0[V,L];

BCV, L1 :=MAX

"END";

UR[L] :=RR[Z]

"mD";

OUT: "END"

"mD";

"END" INVNX;

"PROCEDURE" MXPROD (C,A,P);
"ARRAY" A,B,C;
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105
106
107
108
109
110
111

112

113

114
115

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

132"

133
134

135
136

. 137

138 -
139

140
141

142

1143
144

145
146.
147
148 -

149

150 -

151

152

153

154

155

T 156
157
156
159
160
161

162

163
164

,"PROCEDUnE“WXoFT._ , , e o
S UwBEGIN® . - R o T e A SR
__”COMM:NT"P>O 01; e
.“FOR" -I"‘1"STEP"1"UNTIL"K"DO""BEGIV"_—:Mj—
7_"IF" T[IJ O“THFI""GJTO"POOLE, o
S DDKLCI:=((ERCHISECIWINA(KLIWI-K2EHIN42) o ((KLLHI-K2LW )% 7

nBEpI'\ju’ ' , 157
"INTEGER" 1,J,K; - ' - . o
"FOR"I -1“‘)Tl:P"1"UITIL""""DO"

"FOR"J "1"JT;P":L"UNTIL"N"Dou

uBFDI\’n

CC0I,J1:=0;

FORMK =10 STER LM UNT IL W DO

CCI,J1:=CLI,J1+ACL,KI%BLK,J];

CUENDY
'"END" MXPRDD; i
"PROCEDURE" PRINTMX(C,HM);

"INTEGER" 3

- "ARRAY" C;

“BEGIN“ S
"INTEGER" 1,U,K,L,M,HMil;
"INTEGER"™ "ARRAY" LIMIN:71;
FREEPOINT (11); DIGITS(3);

::N u‘DIVu Q; . .
LIMENT:=N=-9%1;
Kiz03; - - ‘ '
"FOR® J1=1 "STEP® 1 “UNTIL® 1 "DO" LIMCJD:=9;
"FOR" "J:=1] ur\TFpu -1 HUNTILH g "DO“
"BEGIN" S
"PRINT" ;'L\\ CIrG6N;
"ITF" LIMOJT >0 “"THEN" "BEGIN"

S FOR" L:=1 "STEP" 1 “UNTIL" LIMCJI “DO* -

"PRIMT" SAHELINE ,DIGITS (7),L+K, 'S5 ;
"FOR" M:=1 ngTEPu 1 nl“\TILu N “DO"-""

C“BEGIN"

"PRINT™ “/L*Y,SAMELINE,DIGITS(2),7/83Y, M; , -
"FOR™ Mi:=K+1 “STEP" 1 "UNTIL" K+LIM[J] “DO"

C“PRINT" SAMELIME,SCALED(9),CLH,MMI;
‘"EP.JD";

EK493 WPRINT® fTLev; S D -
"END" ;. . .. e ‘
" END" e LT B .‘_ Lo . ) 4 A':,

) “END" PRIuwa,__

(EXP(-K2LWI#TLI1)~EXP(- KlEN]*T[IW)+K1[W]*TFI]*FXP(-K1EW]*T[I]D
~K1LWI# (EXP(=K2[WI#TLI1)-EXP(-K1LWI*TL11))) - .
=~TCId*(EALW]-ECLUHI)#EXP(-K1LWI+TCLI]1);

‘lDDKZFIJ.-((Kltwl*(EBEWJ ECLW1))/((KLTWI-K2IW1)*2))
C#CCEXP(=K2LUT*TLID) =EXP(-KIEWI=TEI]) = (KIOHI-K20WDI»TLID
*EXP(-K2[HI*TLI1I N & % e

DDEBLII: KIEN]*(EXP(-K2EN]*T[IJ) EXP(-Kl[N]*TEI])—

" EXP(<K1[H1* *TCID) ) /Z(KITWI=-K2C0WI) s 5
MPOOLF‘"EHD“'"ENW"MXSLT’_u;:_

"PROLEDUPC"MXSFTUP.

i
{
i

C “BEGIN P T UES D T 0 A
“COMMENT*R<0.01; L
“FOR"I:=1"STEP"1“UNTIL"K"DO""BEGIN"

"IF*TCI= O"T%EN""hOTO"°OTON, ,
Re=(KILWI-R2LWII/KICKHI; e

CUDDKARCTI T f(FXP( Kl[NJ*T[I]))*(:B[NJ ECENJ)*(T[I]+R*K1EWJ*T{I]?



lab
166
167
166
169
170
171
172
173
174
175
176
177
176
179
180
181
182
183
184
105
186
187
188
189
190
191
192
193
194
195
196

197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
216
219
220
221
222

223
224
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((RE3*KL[WJIE3*T[I]T4)/A))

-T[I]*((K1LW]*T[I])+

((R*KL [WLEJ*T[I]£2)/2)

+((R?2*K1 [W]T3*T[1]£3)/6)

+( (RE3*KL [w] T4*" [I]T4) /24))

—T[I]* (EXP(-Kir*]*T[I])) * (EA[W]-ECLW]) ;

HDDRC I]: = (2B[WJ-EC[W]) * (FXP (-K1 [W] *Tri]))* ( ((K1[W]£2*T[I]T?)/2)
+ ((R*KL[W] £3*T[T] £3) /3)

+ ( (R*KL[W] ?4*Trntd) /8) ) ;
DDKir I] :=DUK1Rr II+ (DDDRCI] 2[W]/KLQJ]12);
i)DK2[ I3:=DJDRCn - (-1/K1CW: ) ;

nDER[I] :=(EXP (-K1[W]*T[I]))* (KL[W]*T[I]+ ((R*KL[W]£2*T[i]T2)/2)
+((RE2*K1 [W] £3*T[13t3) /6)

+((RE3*KL [W] £4*" [I]T4) /24)) ;

SOTowMm :"Ef'D" ;"END" ;

" PROCENURE "MXMAKF ;

"REGI'I

"FOR"I =1"3TEP"1"UNTIL"3"DO"

"F'OR" :=1 |'STEP" 1 "UNTIL" 3 '|DU|'
A[I, B =n;

"FOR"I =1 " STPP" 1"UNTIL"K"D0 " "BEGIN"
AC1,13 =A[1l,13+ ((DDKin 3)t2) ;
AC1,23 =A[l,23+(DDKL[23*nDK2ri3);
AC1,33 =A[1,33+ (DDK1[I3*nOEB[I3);
AC2'23 = AC2'23+ ((DDK20I3)t2);
AC2,33 =A[2,33+(nOK2CI3*DOEB[I3) ;
AC3,33 =A[3,33+((UUEBCI3) t2) ;
LONDON "END";

AC2,13 =A[1,23;

AC3,13 =A[1,33;

AC3,23 =A[2,33:

"END" ;

"PROCEDURFR ' COLUMN ;

"BEGIN"

SA:=S8:=SC:=01

"FOR" I:=1"STEP" 1"UNTIL" K"DO""BEGIN"
"IF"TC I3=U"THEn""GOTO"NEUYORK;

DCALCCI3:= (EACU3-ECCW3) *EXP (-K1CU3*TCI3) - ( ( (EBCW3-ECCW3) *
K1CW3* (EXP (-K2CU3*TCI3) -EXP (-K1CW3*TCI3)))/ (K1CU3-K2CW3) ) +ECCW3
DELTAUCI3:=PCI3-DCALCCI3;

SA:=SA +DELTADCI3*DDK1CI3; ' ' -
SB:=SB+DFLTADCI3*DDK2CI3;
SC:=SC+DFLTADCI3«DDEUCI3;

NEWYORK :"EUD" ; "END";

"PRUCEDURE " TiME;

"BEGIN"

"FOR" 1 :=l "STEPH 1 IIIJNTIL" K "DQ 11 "BEGIN"
TC:=T[ I];

TH:=EMTIER (TC/100) ;

TM:=TC- (1UO0*TU) ;

TH:=60*TH;

TN:=T 1+TH;

TCI3:=60*TM;

"END",.

"END"TINF;

"PROCEDURE"TINECHECK (BAKER) ;"LAQEL"BAKER ;
"BEGIN"

"IF" I>1 "THEM" "BEGIN"

V:=I-1;
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255
256
257
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"IF" T[I]=T[V]+"S "THEN" "GOTO" ABLE;

"PRINT" ''L' TIMEOUT*1=',6 SAMELINE, SCALED (9),I;
"READ" DUNHY; "GOTO" BAKER;

ABLE:

"END"

"END" TIMECHECK;

"PROCEDURE"RUNE. ) D (FRED) ; "LABEL"FRED ;

"BEGIN"

"IF" TCI] <1 "THEM" "BEGIN"

K:=I-1;

"PRINT" ''L2' NUMBER OF POINTS =', SAMEL INE,SCALED(9), K:
"mD" "END";

"PROCEDURE"ADJUST (CHARE IE) ; "LA3EL "CHARLIE;
"BEGIN"

"FOR" W:=J "STEP" 1 "UNTIL" NC "DO" GCN,I]:=0;
NW:=T-i;

"FlOR" W:=J HSTEP" _1 "UNTIL" 1 "m" "BEGIN"
"IF" GCW;UJ]=TCn-TS "THEM"

"GOTO" VICTOR; GCW,WW]: =0 ; "END"; VICIOR-*

"PRINT" ''L' A OUT OF SEQUENCE »I=',
SAMELIME ;SCALED (9) ,I;
1:=I+i;

TCI]:= TMEN; "GOTO" CHARLIE; "END";

"PROCEDURE" SCAHOUT;

"BEG I,I"

"PRINT" ''L'ABSORBANCE OUT OF SEQUENCESAMEL INE,
ScALED(9) ,I,''s'8'',J;

"END";

"PROCEDURE" CHECK;

"BFGIiN"

"COMMENT" IF CONT=1,UAND GROWS BUT IF CONT=0
BAND DECAYS; e eee e eaaean e
"IF" CONT=1 "THEN" "BEGIN" ~

"FOR" 1:=1 "STEP" 1 "UNTIL" NC "DO"

"BEGIN" EIA
llF!OR" J:=2 "STEP" 1 "UfJTH." K "m" "HEGINH
JA:=J-1i;

"IF" GCI,JA]=0 "THEM" "GOTO" MEXICO;
DIFF:=GCI,J]+(GL I,J1/10);

"IF" DIFF<GCI,Jl "THEN" "BEGIN"

GCI,J]:=0;

TE:=TE+i;

SCAWOUT ; .. H1

"END";

MEXICO:

"END",’

"END" ; Li- - .
"mD";

"IF" CONT=0 "THEM" "IEGIN"

"FOR" 1l:=1 "STEP" 1 "UNTIL" NC'DO" "BEGIN"
"FlOR" J:=2 "STEP" 1 "'[JNTIL" K"DO" "
"BEGIN"

~59

"GOT
HIO) ;



T

JAT=J-1;

160

“IF" GLI,JAl=0 "THEN" “GOTO" BRAZIL;
DIFF:=GCLI,J1-(GCI,J1/710); o
“IF" DIFF>GLT,JA] “THEN" “BEGIN"

GL1,J]:=

TE:=TE+1;

SCANNJT;
"ERD"; .

MPRINT"¢

"PRIIT™
"PRI”T" .
TE:=0;

“PRINT®

MPRINT®
. IIBEGIN“
"INTEGER" I,J w HH

V,K,NC:

CBRAZIL:
WEND" "END" WEND® WEND";

'FYAMALYSIS FOR RATE DATA FROM. SPECTRAY;
f'LMUHIVERSITY OF LEICESTER®#=M.J, RLANDAlFR"
(/L DATA FROM TAPE +CARDS': '

e LASYSTEMY;

IILA\\;

C"REAL" TS, TNEW, WUMHY.
"ARRAY"

TC1: 1ﬂ°O] GL1:10,1:10001;

"READ" NCj; .
"READ" TS;
"READ" COHT;

“PRINT" ¢

) "PRI?JT“ ’

"BEGIN"

B B
‘READER (

3AKER:
“PRI?‘IT" ]

IOFORII Jo

© "READ" GCJ,115 . : e S
i_w"PRIlT"SAMtLINF.SLALFD(9),ffSS",4 "53“51»"83‘ngEJqJ
S WIEYGLd, K I ST T

"‘.,".‘END“ .. e T RTIUTLTLS T coT T
HES 5 ISP

. "GOTO" BAKER;

“ E‘Qb" ;.

_FRED:
b "PRI'(JT"I

IIF‘Ole ) I .

- UPRINT".S
. "FOR" W
‘Tf';n‘PRIt]Tu.
_H"EVD"'
CUPRINTY T
," E“D " H o
nENDu;"T':_” B

CHECK;

<"COMMENT?VINPUT K RtAUINGS FOR Ne CELL%.,

T UREADER(6)imoa ot e AE
_ "FOR® Wi

=1"STEP"

L MO CELLS=',SAMELINE,SCALED (9),NC; -
‘L TS=',SAMELINE,SCALED(9),TS;

1) -

'L TAPE NOW INPUT;

. "READ"_ TLI1; TNEW:=TC11+TS;
N ”PRIYJT"

HEN

LMY, SAMELTING, SCALED(9), “1,7/S5%Y, TCI11:-
 CHARLIE:
,__RUVE:D(FPru), e e ;
TIMECHECK (BAKER) ;- . S

—1 unFPu 1 "L”TIL" NC "DO" "BFC[N"M_ o

TI=THEH"THEN"ADJUST(CHARLTIE) -

CUNTAPE SUMMARY S5 oo mEERER LT
—1 HSTE [\ll)lu lllJ[!TILll K HD()N "RFGIrl“ .
SAMELINE S SCALED (9 »TLI T, 7483 v 0

1 "UNTIL" NC _"DO"
SAﬂELIN-,SCALtn(Q) GLW, 133:

IIL\\;

__1 V"QTFPH 1 NUUTIL" N(‘ "DO_" .Btrl'\’".



245 "READ"AQLWI,K1GLW]I,K2GLWI,EBGIWI,EALW], EC[NJ:..,_ 161

246 "COMHENT" & MEANS GUESSED###=

.38 T MPRINT"//L 50 CYCLES:50-0UT : ~© =

247 #eueA0,EA,EC, AR KNOWN; , ‘
248 "PRIMT"*’/L5*ANALYSIS OF DATA FOR CELL=‘,SAMELINE,SCALED(9),wW.
249 K1[lWl:=K1GIW1; : . .
250 "PRINT"’*L GUESSED K1=',SAMELINE,SCALED(Q),K1[WI;
251 K2LW1:=K2GIWT;
252 - EBIWI:=ERGLWI;:
353 ilFoRuI ~1":JTFP"l"Ur\jTIL“K"DO"
254 - - PCI3:=GLM,I13/A0CHT; . o R :
355 "PRINT"’*L CYCLE STARTFD**NUMBER ,SAMELINE.SCALED(Q),H;M
256 "FOR"V:=1"STEP"{"UNTIL"50"DO""BEGIN" ,
- 257 ,"PRIJT"”L-‘CYLLF NUM3 fR“"SAMELiNF QCALFD(Q),V;
1358 =(K1lW1- Kztwj)/K1£wJ, -
359 FXB"EB[UJ,
260 "IF"R=0,01"THEN"MXSETUP;
261  "IF"R>0,01"THEMN"MXSET; _
362 “IF"RKO. 01"THEH"MXQETUP.
263 MXMAKE; o
1264 . "PRIMT" /L 'MXSETUP',’’L*‘;
265 MXCOPY(A,B); I
266 . "PRINT™ ‘YL “MATRIXA ;7/LYY5
267 PRINTHX(A,3); .
.268 "PRINT" L MATRIX By /L ";
269 INVHYX(B); -
270 MXPROD(C,A-B)Y; L
371 "PRINMT™ " MATRIXC PR R
~372 - PRINTHX(C,3); - ° T
373 COLUMN ‘ L
274 CPRINY"/ZLNCOLUHN IS SET UPM; /7L ;.
275 “PRINT"‘’L'MX PROCEDURFS COMPLETE®; L
276 DK1LW1:=SA#B[1,11+SB#Bl1,21+SC*BL[1,31:+
377 DK2CW1:=SA#3[2,21+58#8L2,21+SC*BL2,3]; . .
278 - DEBLW1:=SA=#BL3,11+S8#B[3,21+SC*BL[3,31;. 2
279 VVizi+l; )
280 - KILVVI:=KLiLWI1+DK1L{WI;
281 K2LVV]:=K2LWI+DK2[W];
282 - EBLVVZY:=ERLWI+DPEBCWI; -~ - 7 Co e _
283 "PRINT"/ L 'CYCLE HUMBER =‘,SAMELINE,3CALED(9),V;
284 “PRINT™’ /L ESTIHATED Kt=*,SAMELINE,SCALED(9),K1[VV1;
285 UPRINT"/ ‘L ESTINATED K?—é,SAMELINE SCALED(9) ,K2[VV1;
5286, - "PRINT®"’¢L EST EXT-COEF OF 8=2%V,SAMELINE;,;SCALED(9),EBLVVI;:
387  "IF"V=50"THEN“"DBEGIN" =

289  "GOTO"PETERZ;"END";

.290 “IF"ABS((K1LWI~KLCVVI¥*100/K1L[A1)<0. 01" THEN""GOTO"PETER; .~

391 "END";PETER:
292 - "PRIMWT*‘/L2‘ANALYSIS= CUMPLETF"
393 “PRINT* /L2 CALTZULATED Ki="',SAMELINE, SLALFW(Q) Kl[N]'

T ..294 "PRINT"’ L CALCULATED K2=',SAMELINE,SCALED(9),K2CW1;

295  "PRINT"/’L2‘CALCULATED EXB=‘,SAMELIWr,S”ALFD(9) EBLW];

"-396 “COMMENT"HUW CALCULATE. STANDARD FRRORS; "

B ’3 9§ "FOR"1: _1"bTFP"1"UMTIL"K"DO" "BEGIN" s

S400  AD:=0D+((DDELTALII) #2) 55

397  _QD:=0;

299  MIF*TCI1= O“THFN“"GOTO"LFFDQ'“

401 LEEDG: “EiD"; o
402 - SEK1:=SQRT((B[1,11#QD)/ (K-

. 3))
403 _SEK2==SQRT((3[2:2]*@D)/(K—3 )

.
’
.
’

404 SEEB::SQPT((%[3,3]*QD)/(K—3))g7



: 162
405 "PRINT"/‘L3 STA!IDARD ERROR ON Ki1=‘,SAMELINF,SCALED(9),SEK1:
406 - "PRINT"/‘L3*STAHDARD EPROR ON K2=‘,SAMELINE,SCALED(9),SEK2;
407  “PRINT"‘/L3'STANDARD EFRNR ON EB=‘,SAMELINE,SCALED(9),SEEB;
408 "END"; . ' ' . .
409 "PRIMT" /L CHANGE;
410 "END"; ‘
- 878 MG
.. 3406 CODF
4284 TOTAL

SEND; | | | | o
CFIVE = 0001 28 o SR
A
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<SXB; CilO010SOTEKPil-1JB16;

«ALGOL;
LIBRARY

ALGOL

«LIST;

OO0 J o Ul W -

L]
BB D AN DWW WWWWWWWWNNNNNODNNNNNDNRE R P PR e e e
O WNRKMODWLO JOOUPdWNRFRFOWOWOJIONUD WNRPROWOJOO D WwEHEDS

TEMPAN;

"BEGIN"

"INTEGER" I,NVM,n,S,7,72,22%2.2227Z2,V,W;

"REAL" THETATDTHETA,USA,USB,USC,USD,USE;USSA7USSB7USSC,U5SD,
BO,DGT,KRCALC,

USSE; UAM7URM;UCM; UDM, UEM, YM; 5A, SR;SC, Sn; SE, BA, BB, BC, RD, GE
QD,DF,DGT!IETA, TEMP,UTEMP, U SAT; xTEMP, USBT ,USCT,USDT,USET,U;
1SSCT,USSi) T, USSET, UAT,UBT/7/UCT7UDT7UET7KRCALT7DSTHETA7DHTHETXT
nuCPTHETA, nDDCPTHETA, DnDDCPTHETA, VARRA, VARBB, VARBC, VARBD, VARR

DKR, LDKR,

VARDG, VARDH, VARCP, VARDGP, VARDS, VARDDCP, VARDDnCP7DHT,
nCPT7DST;D1CPT, r) ?2CPT;D3CPT, KRCAL, KRTHETA;

Q;=S:=5;

"READ" M;

"READ" THETA;

"READ" DTEMP?

"READ"Z;
"READ" Z2;

"READ" ZZZ;

"READ" ZZZ7;
"BEGIN"

"ARRAY" KR,KG7KRC,
YC,

KGCAI:,X7Y, YCALC,T,UA7UR7UC,un,UECi:M]7AC1;0,i:S17
BCli0O-»-ia:5"1],CCi;0,1:81;
"READ" DTUETA;

"PRINT" ''F', cLARKE AND GLEW ANALYSIS OF RATE DATA AND DERIV
OF PSEUDC THERMODYNAMIC FUNCTIONS'; -TloiK
"PRINT" ! J, BLANDAMER***UNIVERS ITY OF LEICEISTER';
"PRINT" '"'I2'7 SYSTEM';

"PRINT" ''L2'7 THETA= ',SAMELINE7SCALED (p )TTHETA ?

"PRINT" "1.2% TEMPERATURE RANGE FOR MEASURED RATE CONSTANTS:
"FOR" 1;=1 "STEP" 1"UNTIL" N "DO"

"BEGIN"

"READ" KHCI]7 TCI]:

"END";

"FOR"Q:=1"STEP"1"UNTIL"5"DO"
"FOR"S:=1"STEP"1"UNTIL"5"DO"

B[07S]:=0;

START :

"IF" Zz=0 "THEN" "BEGIN"

27:= 7727Z:= 272727 :=0;

w ;=1

"PRINT" ''12', ANALYSIS USING TWO CONSTANT EQUATION';

"GOTO" DAN;
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"END";
uIFu 22=0 ?THEN" “REGIN“
7273= 72772:=0}

1=2; '
"PRINT" "@2‘; ANALYSIS SING THREE COMSTANT ENQUATION?*;
"GOTO" DAl '
"END";
“IF" ZZZ=0 “THEN" “BFGIN®
Z2773=0;

1=3%
"PRINT" “/L2%, ANALYSIS 'ISING FOUR CONSTANT EQUATION®;
“GOTO" UA”;
"END"; .
“IF" 72772=0 "THEN" “BEGIM"
Wi=4;
"PRINT® */L2%;
“GOTO" DAN3}
“END“;
“IF" ZZ2Z2=1 "THEN" "REGIM"

ANALYSIS JSING FIVE CONSTANT EQUATION';

e =D

"PRINT" "%2?7 ANALYSIS USING SIX CONSTANTS;
"GOTO" DAN;

“END";

NDAN;

!IF‘ORH ::1 lISTEP“ 1 "uNTIL" l\l "DOI!
"BEGIN®

KGLI3t= (KROCIJ/TCIN#(6,626196/(1,380622#1011));
YOIJ:i= 8.31434=2LN(KGLI1);

XCIJs= (TCIJ-THETAY/THETA;

llEND";

uF‘ORu I::l MSTEPQI 1 ICUNTIL" NMDO.I
‘QBEGIN“

USSA:=0;

USSB:=0;

USSC:=0;

UsSsSDs=0;

USSE:=0;

Vi=0; \

JILiVizv+1;s

USAi=(=-XLI1)t(v=1);

USSA:= USSA+USA;

“IF" ABS (USA/USSA)>1W-1? "THEN" "GOTO" JIL "ELSE"
UACIJ:= XCIJ#USSA;

Vi=0; :

urru Z=0 ”THEN" "BEGIN"

UBCIJ:= LCCId:= UDCIJ:= "NECID;=0;
"GOTO" PETF;

nEr\]D“; )

LIZivei=v+1:
USB;=((=XLCTI)+(V=1))=(V/(V+1));
USSB:= USSB+USR;

"TF" ABS(USB/USSB)>1w=12 "THEN" "GOTO" LIZ "ELSE"
UBCI13¢= USSB=(X[1]*2);

Vi=0;

“IF" ZZ=0 fTHENﬂ "BEGIN"

UCCIJes= UDCITs= UECID;=0;

"GOTO" PETE;

"END"; ,

MIK;Vi=v+1;

USCi= ((~XLIA)~(V=1))u(V/(V+2));
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106  USSC:i= USSC+ USCi , :

107 “IF" ABS(USCZUSSC)>1w=12 "THEN" "GOTO" MIK “ELSE"
108  UCCIIs= USSC#(X[T11t3); :

109 Vi=0;

110 "IF" ZZZ=0 “"THEN" “BEGIN"

111 uUDCI3:= UECI13:=0:

112 “GOTO" PETF;

113 “END"; ,

114 MARiVi=v+13

115  USDi= ((~XCI1)e(V=1))u(V/(V+3));

116  USSDs3= USSN+USD; -

117 “IF » ABS(USD/USSD)>1,-172 “THEN" "GQTO" MAR “ELSE"
118  UDCI13:=USSD=¢XCI13t4); :

119  Vi=0; "

120 “IF" ZZ2Z=0 "THEN" "REGIN"

121 UECI3:=0:

122 "GOTO" PETE;

123 HEND“; )

124 BRIiVi=v+1;

125 USEs= ((=XL[I1)+(V=-1))u(Vv/(V+4));

126  USSE:= USSF+USE; : :

127 “IF" ABS(USE/USSE)>1w~-12 "THEN" "GOTO" BRI “"ELSE"
128  UECI1:=yUSSF=(X[131+5);

129  PETE:

130 “END";

131 UAM:=0;
132 UBM:= 0;
133 UCM:=0;
134 UDM:=0;
135 UEM; =03

136 YM:=0;

137 "FOR“ I:=1 “STEP" 1 “UNTIL" N"DO"
138 “BEGIN" , A

139 UAM;= UAM+UACI)

140 UBM;= UBM+UBCI1]
141 UCMi= UCM+ uyCLI
142 UDMi= UDM+UDCI]
143 UEM:= UENM+ UELI
144 YMi= YM+ YOI
145 "END";

146 UAM:= UAM/N;
147 UBMi= UBVM/NW;
148 UQMs= UCM/N;
149  UDMi= UDM/N;
150 UEM3= UEM/M;
151 YMi= YM/N;

152 "BEGIN" '

153 "FOR" Q:=1 "STEP" 1 “UNTIL" 5 "DO"

154 “FOR" S:=1 “STEP" 1 "UNTIL" % *DO"

155  ALQ,S1:=0;

156  “END";

157 "FOR" I:=1 "STEP®" 1 "UNTIL"N "DO"

158 "BEGIN" _ '

159 ACL,13t= AC1,10+CCUACTI=JAM) 12); ‘
160 AC152]:= AC17,2] #(C(URLTI-UBM)®(UALI]=~UAM)

i
i
1i
i
]

.
4

)i
161 AL1733:= AC1,33 ¥((UCLTI-UCM) = (UALTI=UAM));
162 = AC1,41:= AT1741 +((UDETI-UDM)#(UALTII-UAM);
163  AC1;53:= AL1,51 #((UFLII=UEM)#(UALII-UAM));

164 AL2,2]:

;218= AC272] F((URLTI~UBM)12);
165 AL2,31:=

AC2731 #((URLII-UBM)*(UCLII-UCMI);
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AC2,41:= AL2,41 + ((UBCIJI=-UBM)#(UDCII-UDM));
A[2,5] := A(2;5] +((UBCI1=UBM)*(UECII=-UEM));
AL3,31 3= AC3,3] + ((UCCII-UCM)Yt2);
AL37,4) := AC3,4] +((UCCIT-UCMI=#(UDCII-UDM));

AL3751:= AL3,51 #((UCLTII~-UCM)#(UELTI-UEM) )
AC4,43:= AL4,41 F((UDCTI-UDM)*2);
AC4,51:= AL4:51 +#((UDLTI-UDM)*(UELI]-UEM));
AL5,51:= AL5,5] +((UFLT11-UEM)12);:
"END"; R

AE2;1]3= A[liZ]i

AL3,11:= AL1,313;

AC4:11:= AC1,43;

ACL472]:= AL2,41;

AC3,21:= AL2,31;

AC4,33:= AL3:41;

ACS5,11:= AL1,51;

AC572)1:= AL2:51;

AL5731:= AL3:51;

AC5:41:= AL4:57;

SA:=0;

SBi=03

SC:=0;

SD:=0;

SE$=0;

"FOR“ If=1 "STEP" 1 "UNTIL" N "DD"
"BEGIN" '

SAi= SA + ((UACI3I-UAM)=*(YLIJ=-YM));
SB3= SB +((UBLII-UBMI&(YLII-YN));
SCi= SC + ((UCLIA=UCM)=(YLI11-YM));
SDi{= SD +((UDCIJ=UDM)Y®(YLCII-YM));
SEi= SE + ((UECI3A=-UEM)#(Y[I11-YM));
"END";
"PRINT" YLYYUSAMELINE,SCALED(9),SA,Y“S2Y,SB, " *S2*",SC,
’+382* ,SC,’" 52", SF;
“BEGIN"
"PROCEDURE" MXCOPY(B,A):
"ARRAY" A,B;
"BEGIN"
"INTEGER" 0,S;
”FOR"Q:=1"STER"1"UNT1L"N"DO"
"FOR"S:=1"STEP"1"UNTIL"W"DO"
BCO,S1:= ALQ:S);
"END" MXCOPY;
"PROCEDURE" THVMX(B):;
"ARRAY" B;
"BEGIN"
"REAL" HAX,» EPS:
"INTEGER" SS:L,ViZiRs

t=W:
EPS:#Z'Oﬁw"37=
“BEGIN" : :
"INTEGER" “ARRAY" RRYBRC1:R1;
"FOR" SS:=1 "STEP" 1 "UNTIL" R "DQ"
“BEGIN"
MAX:=03
“FOR" L:=1 "“STEP" 1 "UNTIL" R ®DoOo*
“BEGIN®
"FOR" V:i=1 “STEP" 1 “UNTIL" SS~1 "DQ"
“TF" L=BRCV] "“THEN" "GOTN" L1;
"IF" ABS(MAX)=-ABS(RCL,13)
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. 227
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RURL 0 "THEN"

lIBEGIN"

BRLSSJ:=L;

MAX3= BLL,13i

"END";

L1 "END";

"TF" ABS(MAX)<EPS “THEN"
"BEGIN" -

"PRINT" /L INVMX ERROR‘;
STOP; . . o

MEND";

Viz BRLSS]S

"FOR" L:=1 “STEP* 1 “UNTIL" R "DO"
BLL R+1J3="IF"L=V “THEN" 1 “ELSE" 0;
"FOR" Lo-i "STFP" 1 “UNTIL“ R "DO“

CBLEVSLI:=BLV,L+1]2MAX:

“FOR" L:=1 “STEP" 1 "UNTIL" R "DO"
“BEGIN"

CMAX;s BCL,13i :
an’,? L u'\Eu V uTHENu |IFORM Zoal "STEP" 1 ':UNTIL"

BLL:ZJ:= BLL:Z+13~-MAX#B[V,Z]

"_END“

"END";

"FOR“ z:zi "STEP” 1-"UNTIL" R wHovw

‘RRLZ1:=Z:

*FOR" Z:=1 “STEP® 1 “UNTIL" R-1 "DO"
“BEGIN" _ ﬂ
“"IF" BRLZ1=RRLZ] "THEN" "GOTO" LOQP “ELSE"
“EOR® L:'-_-_- Z+1 uSTEpu 1 lf”NTlLu R nDQu
“IF" RRCLJ= BRCZ3I “THEN" “GOTO" SWOP;
SHOP:. "FCP“ v.-l "STFP“ 1 “U'\,TIL" R “DO"
“BEGIN"

- MAX3=BLZ7VI;

BEZ;V1:=BIL,VI1;
BLLFVI:=MAX
"END";

RRCLI:=RRCLZ1:

LOOP: "E{D"} A » ,
"FOR" Z:=1 “STEP" 1 “UNTIL" R=1 “DO"
"BEGIN" _ o

"FOR" L:=Z “STEP" 1 “UNTIL" R DO
“IF" BRCLJ=Z "THEN" :
“BEGIN" |

"IF" Z=L "THEN" "GOTO" OUT

] - .
“FOR" Vi=1 "STEP" 1 “UNTIL" R "DO"
"BEGIN" _ :
MAX;=BLV,Z);

BEV,Z1:=BLV,L1]:;

BLV,L1:=MAX

"END";

BRLL1:=BRCZ]

"END";

OUT: “END"

MENDY;

"END" IHVMX; _
“BEGIN® “
MXCOPY (EB,A);
INVMX (B);

“"END";
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BA§=BL1,11#SA+B[1,21#SB+A[1;31+SC+B[1,41#SD+B(1751%SE;
BB:=BL[2,11#SA+B[2,21%SR+3[2,31#SC+B[2,41«SD+B[2,51#SE}
BC:=B[3,11%SA+BL[3,21#5B+8[3,31#SC+B[3,41#SD+BL3,;51+SE;
BD:= BL47;11#SA + B[4,21#SB + B[4,31%#SC + B[4,41%SD + B[4,5]
*SE:

BE:$= BLS5;13#SA + BL5,2)%58 + B[5,;31+#SC +B[5,41#SD
+ stoSJ*SEn
BO:= YM-(BA#UAM)=(BB*UBM)=(BC*UCM)-(BD*#UDM) - (BE=UEM);
"PRINT® 2/L2° Bozz‘, SAMELINE,;SCALED(9), BO; :
"PRINT" ‘/L2% BA=‘,SAMELINE, SCALED(9),BA;
“PRINT™ ‘‘L2*BB=°, SAMELINE, SCALED(9),B88;
"PRINT" ‘’L2" BC‘ 5 SAMELINE, SCALED(9),BC:
"PRINT" /“L2'BD= -. SAMELINE, SCALED(9),BD;
"PRINT" “*L2'BE=*, SAMELINE, SCALED(9), BE;
WPRINT™ f*12% YMZ',SAMELINE,SCALED (9),YM;
“PRINT®"* ‘L CALCUCATECD RATE CONSTAMNTSY,’’L*'*;

- QD3=0;

“FOR* [:=1 “STEP® 1 *UNTIL" N "DO"

C“"BEGIN"

YCCI3:= BO + (BA®UACIJ)» + (BB=UBCTI1) + (BC#UCLI1)
+ (BD#UDLI]) + (BE®=UEEI1); .

QD3 =QD+(C(YL1I=-YCLID)*2);

KRCLIJ:=(TL13#(1:380622,411)/6,626196)+«EXP(YCL11/8,31434);

DKR$=(KRCCI1/KRLT11);

LDKR:=(UN(DKR))/£2,3026);

"PRINT" SAMELINE, SCALFD(6), T[I1, "84“7 KR[IJI t1S4n,

KRCCI1,7/S4  ,Y[T1),°*S4  \;DKR, /1S4 ,LDKR7" 'L Y;

“END";

“PRINT" ‘‘L*,RESIDUAL S!M OF SQUARES Q(RLNK)

ABOUT REGRESSION FOR N OBSERVED VALUES OF RLNK=‘;

SAMELINE; SCALEDt9),0D;

“PRINT" ‘‘L‘NUMBER OF DATA POINTS =\, SAMELINE ;SCALED(9); Ni
“IF* Z=0 "THEN" “BEGIN"

DF :=N=-2; A ,

"PRINT" '’L‘DEGREES OF FREEDOM:?TSAMEEINEISCALED<9).DF;_

AD§=QD/(N=2); ‘ ‘

- "GOTO" JESS:

WEND";
"IF" 77=0 “THEN" "BEGIN®
DF§=N=3;

""PRINT" ‘‘| ‘DEGREES OF FREEDOM=*}
SAMEL INE;SCALEN(9); DF ;

QDi=QD/(N=3);
“GOTO" JESS;

C“END": : .
WIF® 77Z=0 “TFHEN" “BEGIN",

DF ¢ =N=-4; , A
“PRINT" ‘’L°DEGRFES OF FREEDOM=?!,
SAMEL INE;SCALED(9)5DF;
D:=AD/(N-4);

_"GOTO" JESS;

"END"; ) ,

"1FY Z7Z27=0 “"THEN" "BEGIN"

DF 3 =N-53 _ , , ,

“PRINT"  */L*DEGREES 0OF FREEDOM=t,SAMELINE,;SCALED({9),DF;
QD:=0D/(N~5§;

“GOTO" JESS;

“END"3;

“IF"™ 7Z7z=1 "THEN" “BEGIUY

DF{=N=6;
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"PRINT" "L'DEGREES OF FREFDOM= 'VSAME LINE ,SCALED (9)7DF;
On;=0D/ (k-6) ;

"GOTO" JESS;

"END";

JESS:

"PRINT" "I 'RESIDUAL MEAN SQUARE ERROR:',
SAMELINEVSCALED (9) ;an;

QOD: : SQRT (QD) ;

"PRINT" ''L'STANDARD ERROR SIGNA ON A SINGLE
OBSERVED KL NK= ',SAMEL INE ,SCALED (9),0D ;

DGTHETA: : -THETA*BO;
VARDG:: GD*THETA*SORT (1/N) ;

KRTHETA: : EXp (-nGTNETA/ (8,31434*TNETA) ) * ( (THETA*! .380622*11) //
"PRINT" "I-'DELTA G AT THETA= ',6SAMEL INE/SCALED (9)7DGTHETA ;
"PRINT" ''Sj'SE=',SAMEL INE,SCALED (o) ,VARDQI
DHTHETA:= THETA *BA;
VARDH:= CD*THETA*SORT (P[171]);

"PRINT" ''L'DELTA H AT TilETA =',SAMEL INE ,SCALED (9) ,DHTHETAJ
"PRINT" ''S3'SF=%saMEL TIE,SCALED'!Q) ,VARDH:
"PRINT" ''I 'RATE CONSTANT AT THETA:', SAMELINE,

SCALED! 9) ,KRTHETA;
DSTHETA:: (DHTHETA-DGTHETA)/THETA ?
"PRINT" ''L'DELTA S AT THETA 7SAMELI NE ,SCALED !'9) ,DSTHETA;
"IF" Z:0 "THEN" "GOTO" ANN;
DCPTHETA?: BD;
VARDCP:: OD”SQRT (BT2,2])?
"PRINT" ''L3' DELTA HP AT THETA :', SAMELINE,
SCALED'9) ,DCPTHETA;" S3'SE=',6SAMELI NE/SCALED (9) 7VARDCP;
"IF" ZZ:0 "THEN" "GOTO" ANN;
DDCPTHETA:: (2/THETA) * (WC) ;
VARDDC:: OD*!2/THETA) *SQRT (B[3,3]);
"PRINT" "L'DDELTA C* AT THETA :',SAMEL INE ,SCALED (9)',DDCPTHET
SE='7SAMELIHE7SCALFD!9) 7VARDDC; A
"IF" ZZZ=0 "THEN" "GOTO" ANN;
DDDCPTHETA:: (6/(THETAt2))*BD;
VARDDDC:: OD” !6/! THETA~2))*SDRT 'R[4 ,4]);
"PRINT" "L'D2DECTA Cp AT. THETA='/SAMEL IME7SCALED'9)7
DDDCPTHETA,' 'S3 'SE= ',SAMEL INE, 'SCALED (9 )VVARDDDC ;
"IF" ZZZ7:0 "THEN" "GOTO" ANN;
DDDDCPTt1ETA;: !'24/( THETA:.3))*BE ;
VARDDDDC:=(24/'THETA?3) *SQRT (B[575]) )?
"PRINT" "I.'DSDECTA CP AT THETA : ', SAMEL INE ,SCALED !9)7
DDDDCPTHETA, "S3'SE= SAMELINE, SCALED!9) 7VARDDQDC;
ANN;
TEMP;: 273.15;
"PRINT" ''I 'CALC TD PARAM AT FIXED TEMP INT';
NEW: "PRINT" ''L 'TEMPERA TORE: '7SAMEL IME,
SCALED (9), TEMP?
XTEMP: = !TEHP-THETA)/THETA;
ussa;:0;
USSB: :0;
ussc; :0;
UsSsSD: :0;
USSE: :0;
V::0;
AT;V::V+1l;
USA; : ' -XTEMp) £ (V-1) ;
HSSA ;= USSA+USAi
"IF" AB3(USa/U5SA)>1.0-12 "THEN" "GOTO" AT "ELSE"
UAT ;= XTEMP*USSA;
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406 i=0;

407 “IF" Z=0 "THEN" “GOTO" [AN;

408 BT:Vi=V+1; ,

409 USBi= ((=XTEMP)ttV=-1))%(V/(V+1));

410 USSB:= USSB+ USB; :

411 "IF" ABS(USB/USSB)>1.-12 "THEN*" “GOTO" BT "ELSE"
412 UBT:= USSB#*((XTEMP)t2):;

413 vo— l .

414 “IF" ZZ=0 "THEN" “GOTQ" TAN;

415  CTiVi= V+1;

416 USCi= ((=XTEMP)*ttV-1))a(V/(V+2));

417 USSC:= SSC+USC: ‘

418 “IF" ABS(USC/USSC)>1w=12 "THEN" "GOTD" CT "ELSE"

419 UCT3= USSC=(XTEMPt3):;
420 Vi=0; E
421 “IF" ZZZ=0 "TFHEN" "GOTO" IAN;

422 ‘DTiVi=V+l;

423 USDs= ((-XTEMP) iV~ 1))*(V/(V+3)),

424 UssSD:= USSD+ USD;

425 “IF" ABS(USDAUSSN)>1e-12 "THEN" “GOTO" DT "ELSE"
426 UDTi= USSD#(XTEMPt4);

427 Vi=0;

428 “IF" Z2Z2Z2Z2=0 “THEN" "GOTO" IAN;

429 ET: V.-V+1.

430 USE; ((~ XTEMP)'(V 1))#(V/(V+4)).

431 USSE:_ USSE + USF;

432 “IF“ ABS(USEZUSSE)>1w=12 "THEN" *“GOTO" ET "ELSE"
433 UET:= USSE#(XTEHP*5)3

434 TAN;

435 “TF»W=4 “THEN" "REGIN"

436 BE:=03;

437 UET.-UEA,-O AC1,5]¢=R[2, GJ’-8[3 5]'-BE4 SJ.~BE5 51:=0;
438 BES,1]:=E[5,2]:=R[5,3]1:=B[5,4]1:=B[5,5]¢=0;

439 “END";

440 anuw 3 "THEN" "BEPIN"

441 BE;=BD:=0; ‘ ‘

442 B£1,5):=6[2,51:=B[3,5]:=BL4, 53:=R
443 B{1,41:=R(2,41:=R[3,4]:38[4,41:=0;
444 BE5.1].-BCS 21:=R[S5, 33,—8[5 ,41:=0
445 BL4,1]:=R[4,2]:=R[4, 1]"

446 uENDno

447  “IF" W=2 "THFN" "BEGIN"

448 BE;=BD:=EC:=0}

449 B[1,51:=B[2,51:=R[3,5]1:=8[4,51:=B[5,51:=0;
450 BE1?4J:=BE2;4J:§B[3;4J'-BE4 41:=0;
451 BL5,11:=B[C5,21:=BL5,33¢{=B[5,41:=0;
452 BE4,11:=E[4,21:=BL4,3]):1=0;

453 BL1;31:=R[2,31:=RP[3,3]:=0;

454 BL3,1]):=E[3,21:=C;

455 "END";

456 "IF" W=1 “THEN" PBEGIN*

457 BE:=BD:=BC:=8BB:=0;

458  B[1,51:=5[2,5]:=B(3,533=RC4,5]¢=B[
459 BL1,41:=B[2,41:=R[3,4):=BC4,41:=0;
460 BL5,11:=B[5,2):=R[5,31:=80(5,41:=0;
461 BL4,11:=BL[4,21:=BL4,3]):=0;

462 . BEl -‘Jo—BEZ 3]--8[3 33""0( .
463 BL3,11:=E[3,23:=B[1,213=83[2, 23.-8{2,13'-0.
464 "END"; : N

465 NGT;= —TEMP*(YM+BA*(UAT%UAM)*BB*(UBI-UBM)



466
4677
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
500
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

171
+BC* (UCT-UCM) BD* (UDT-MDM) +9E* (UET-UEH)) ;
VARDG;= CD* (-TEMP) *SORT1 (1/N)+9[1/1]* ((UAT-UAM)T?)
+2*Bri, 2 3*(JAT-UAN) * (UPT-URM) +9[?;2J«( (URT-URM) ?2)
+2i"Bri, 3] * (UAT-UAM) * (UnT-UCM) +2*R[2, 3] * (UBT-UUM) * (UCT-UCM) .g""" _
+9[3/3]*( (UCT-UCM) 12)+ [1/43* (UAT-1) AM ) * <UDT-UUM )+2*B C2, 4 J« (UE
AN (UDT-UDK) +2->BC3/4 3* (UCT-UCM) * (UDT-UDM) +RC4, 4 3*( (UDT-UDM )12)
+2*Bri.33*% (UAT-UAM) * (UFT-UEM) +2*BC2; 5 3* (L1BT-UBM) « (UET-UEM)
+2*B[3,53* (JCT-UCM) * (UFT-UEM) +2*B[4;5 3* (MDT-MDM) * (UET-UEM)
+B[5/53* ((UET-UEM) t2));
KRCALC:= EXP(-DGT/ (8.314 54*TEMP) ) *TEMP* (1,380622*10f11)/6;6261S
"PRINT" "I.'RATE CONSTAN?:'/SAMELINE,
SCALED(9), KRCALC;
LDKR:= (LN (KRCALC)) /2;3026;
"PRINT"''L'LOG KR=',SAMELINE,SCALED(9),LDKR;
"PRINT" ''L'DELTA G AT TEMP= '7SAMELIME 7SCALED(9)7DGT;
"PRINT" SAMELINE', ''S3'SE= ', SAMEL INE/SCALED (9),VARDG ;
DMT;= THETA* (BA+BB*XTEMp+BC* (XTEMP'2) +BD* (XTEMP13)
+BE* (XTEKPf4)) ;
VARDH:: GD*THETA*SQRT (RL1,13 +2*B[1,23*XTEMP +RL272]
* (XTEMPf2)+2*B[1/33* (XTELPf2)+2*B[2,33* (XTEMP£3) +
R[3/33*% (XTFMPf4) +2*3C1,4]1* (xTEMP t3)
+2*B[2,43% (XTEMpt4) +2*R[374]* (XTEMPt5)
+B[474 3% (XTEMpt6) +2*R[1753* (XTEMP£4)
+2*BC2,53* (XTEMP£5) +2*R[3753* (XTEMP£6)
+2%*BC4,53% (XTEMpf7) +P[575] % (XTEMP£8));
nST;= (DET-:DGT)/TEMP;
"PRINT" 'M. 'DELTA H AT TEMP= '7SAMELI ME,SCALED (9)7
DHT/' 'S3'SE='/SAMELINE, SCALED (9), VARDH;
"PRINT" "L' DELTA S AT TEMP= ', SAMEL IME ,SCALED {9)', DST ;
"TF" 7=0 "THEN" "GOTO" NIL;
DCPT:= (Rn+2*XTEHP*BC+3* (XTEMPt2) *BD+4* (XTEMPf3) *BE) ;
VARCP;= CD*SDRT(R[2,2]+2*Br2,33*2*XTEMP+BC3,33*4* (XTEMP12)
+2*%BC2,43*%3*% (XTEMP2)+2*R[3/43%6* (XTEMP£3)
+BC4743%9% (XTEMPf4)+P[275]*8* (XTEMPf3)
+2*BC3,53%8*% (XTEMPT4 )+2*R[ 4/53*%12* (XTEMPf 5)+RC575] *16* (XTEMRE 6))
"PRINT" ''L'DELTA CP AT T£MP=',SAMELI ME/SCALFED (9)7
DCPT/ ''S3 'SE="',SAMFLINF/SCALED (9) 7VARCP;
"IF" 77Z=0 "THEN" "GOTO" NIL;
DICPT;= (2/THETA)* (JC+RD*3*XTEMP+BE*6* (XTEMPf2)) ;
VARDDCP:= (2*0DZTHETA)*S1RT(B[3,3]+2*B[3,4]*3*XTEMP
+8[474]%9% (XTEMP?2) +2*RL3753*%6* (XTEMPf2)+2*B[4,53
*18*% (XTEKPf3)+B[5,53*36* (XTEMPt4));
"PRINT" "I'DDELTA CP=', SAMELIME/SCALED (9)/
DICPT, ''S3'SE=',SAMELINE, SCALED!9),VARDDCP;
"IF" 777=0 "THEN" "GOTO" WIL:
D2CPT;= !6/(THETA)t2)* (8D+4*XTEMP*BE) ;
VARDDDCP:= !QD*6/ (THFTAL12))*SQRT (BC4,43
+8*B[4,53*XTEMP+R[5,5]*16* (XTEMPf2));
"PRiriT" ''l 'D2DELTA CP=', SAMEL INE/SCALED (9) ,
D2CPT, ''S3'SE="',SAMEL IME,SCALED (9), VARDDDCPT:
"IF" 777%z0 "THEM" "GOTO" WILi
D3CPT:= 24/ (THETAL13)) *BEJ
VARDDDDCP:= (QD)* (24/ (THETAt3)) *SQRT (DC5753);
"PRINT" "D3DECTACP =',SAMEL INE/SCALED (9),
D3CPT, ''S3'SE="',SAMELIME.SCALED(9),VARDDDDCPT;
NIL:
TEMP:=TEMP+DTEMP;
"IF" TEMP<371.15 "TriFN" "GOTO" NEW "ELSE"
"IF" 7777=1 "THEM" "REGIM"
7277:=0;
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526 "GOTO" START;
527 “END";
528 "IF" ZZZ=1 “THEN" "BEGIN"
529 22Z:=0;
530 "GOTO" START;
531 “END";
532 . “"IF" ZZ=1 “THEN" "BEGIN"
533 . ZZ:=0;
534 "GOTO" START:
535  "END“; '
536 “IF" Z=1 "THEN" "BFGIN"
537 i=0: -
538 "GOTO" START:
539 "END";
540 "PRINT" “‘L2" caALCULATIQ!Y COMPLETE FOR A GIVEN THETA ‘i
541 THETA:= THETA + DTHETA:;
542 “IF" THETA <353 "THEN®" »50T0" START “ELSE"
543 "END": .
544 "PRINT" “’L.3* END OF GLEY TYPE ANALYSIS‘;
545 “END";
546 "END";

836 MC
4732 CODE
5568 TOTAL

$RUN;
TEMPAN

DRO



«Jop; cnnoii50SUMrii ¢ Hiio;

«ALGOL;
LIBRARY

ALGOL

«LIST;

1
2
3
4
5
6
1
A
9

SUNRv;
"BEGJN"
" INTEGER" ¥YJKI'T,VM,T;
"REAH" U ;
"COMMENT" N IS HUNGER OF DaT/v POINTS;
"BEGIN"
"ARRAY" K,P7GE,XI,X2,LFl,LF2[i:N]T
A;H7CC1:40.1: 4n]J]BMuEVri; ;In ;
"REAL" NW7T,1,Nb/RMS,PPEn7niFF;

auNLiST;

ITEM INSERTED
ITEM INSERTED

«LIST;
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112

"REAL" "PROCEDURE" SUilPROD (A, BM<7N)
"INTEGER" N/K:

"ARRAY" A/B;

HBEGIN"

"INTEGER" I;

"REAL" s;

S:=4;

"FOR" I:= 1 "STEP" 1 "UNTIL- f£fj-oo"
S:=S+A[I]*(BClIf(K-1) );

SOMPROD :=S:

"ENDII;

"REAL" "PROCEDURE" SUM(A,K,N);
"INTEGER" K/J;

"ARRAY" BA;

"BEGIN"

"INTEGER"I ;

"REAL" s;

s:=Q;

"FOR" I;=l "SEI" ] 1 "UNTIL" N"OO"
S;=S+(A[I]/K);
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113
114
115
116

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159
160
l6l
162
163
164
165
166

167
168
169

170
171

172

174

siM;=s;
" END LAl ’.

"PPUCEnuPE" 1IEAD;

"3EGTN"

"PRINT" ''F' CALFULATIfiN OF OR FROM OSMOTIC CUEFF'/
'"'L'M/J, HL ANDAMI-R',<M 'INPUT DATA FOR SYSTEM***';
"FOR" 1:=1 "ITFP" 1 "UriTTL" "00" "BEC IN"

"READ" PC II;

"ENDH ’.

MW ;= 18,015;

R:=8.31434:

T:=298.15;

M3;=(10t3) /MN;

"FOR" I :=l HSTOR" 1 VIIJI ITII." N " DO " "REGIN"
X2C1J;=NC1l1l/ (Mil]+NS) ;

X1Cll;= 1-X2CI1;

LF1Ci3;=- (PCIi3*i!Cil/MS)-LN (XUrJ) ;

"PRINT" "I SAMELINE,SCALED'!'9 ) 7 S'I=',I,''S' PHI='/
PC 137' 'S'XI ='7X1CI3,''S'X2=",X2CI],

' 'S'LNF1="'.LF1CI3;

"END";

"END" HEAD:

"PROCEDURE" riT (K) :

"INTEGER" F; *

"DEGIN"

"F!OR" I,.=l "STEP" 1 "UNTIL" K "m" "BEGIN"
RCi713 ;=SUMPRUD (LF1,X2,i +2,N) ;

"FlORH j :=l HSTEPH 1 HUNTILH K Hm" "REGIN"
AC17j];=SUM(X2,i;j+2,N) ;

"END";

"END",'

UNSYMUET (K,2:0~-37,A,RMS,I,C,FAIL) ;
iINSYMSOL! K,1,a7c,R);

"PRINT"" L ' COEFFICIENTS';

"FOR"I ;=1 "ST£n" i "UNTIL" K"DD" "BEGIN"

"PRINT" "I ' A-COEFFICIENT-',6SAMELINE75CALFD(9)7'AS'I='711

'"'sin" ,BC1713 ;

"END";

"PRINT" ''I ' OOtlPARIO!' OF INPUT + OUTPUT';
nlFF:=0;

"FOR" 1:=1 "STEP" L1'N'NTIL" N "00" "BEGIN"
PRFU :=0;

"FOR" Z:=1 "STFP" i "UPTIL" K"O00"

PRED ; =PRED+ (RCZ71] 9X2C13» (2+1)) ;

OEVCI 3:=LF1CT3-PRED;

"PRINT" "1 "7SAMELINL.SCALEn(9)71'S'LNFl=',6LF1LI3,
''S'PRED=',P?EO;

niFF!=D1FF+ (DE9LI3t2);

HENDH;

niFF:=SURT (U1FF/ (N-K)) ;

"PRINT"''L' STANDARD DEVIATION ='/SAMELI ME,6SCALED (9) DiFF ;



177
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
203
209
210
211
212
632
1667
2294

«END;
O9ESULT
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"END " ;

"PROCEDURE" EXCLS (K) ;

"INTEGER" K;

"BEGIN"

"REAL" iJiQ.D.M;

"PRINT" ''l' EXCESS FUPCTinN';

"F'DR" I:=i "STEP" 1 "Uj-rl,TIl" N "m" "PEC ml'
3§j;=0::n::|1%=0;

"FOR" J:=3 "STEP" 1 "‘[JNTIL" K "m" "REG mll
z:=J-2;

N;=u+B[z,ii*X2riif (J"1i) ;

o:=o+D[z,ii;
n;=u+(((j-1)/(j-2))*RLZ,1]*X2il]T(J-2)):
H;=H+(((J-1)/(J-2))*R[7,1]);

"END" ;

LF2C13 ;=L-N-D+N;

GE[1l1l:=(Xiril*LFiClU) t(X?[Tj*LF2rii) ;
CECI1:=R*T*GE[I];

"PRINT" ''1'',saMEL INE,SCALED!9 ) 'S'!=', 1!,
''S'X2= 'VX2C Ii;" G'LMF1l=';LF1l[T]7
''S'LNF2="'.LE2CI 3,

''S'GE="',GE[IU;

"END" ,.

"END" EXCES;

HEAD ; .
"FOR" K:=1 "STEP" 1 "UN"IL"20 "DO" "REGIN" ‘t7
"PRINT" '"TLi' iiNHREP OF PARAMETERS =' , SAMEL INE7SCALED
FIT (K);
v;=K+2;
EXCES (V) ;
FAIL:

"END m" ,.

"END" ;

"mD"; _&

MC
CODE
TOTAL

= A

CRU TIME =nUOO 10.154
REAL TlnE =0000

SLAVE SIZE= 51712
CARDS READ = 014i
PRINT LINES: 0167

DISC TRANS = 0131
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ABSRACT

Rate constants for some inorganic reactions in mixed

Thé rate of aquation of the tris-(5-nitro—1,10-phenuntH-
roline)iron(11) cation was determined in acetonitrile +
water, hydrogen peroxide + water, g]yeérol + water and
acetone + water.From the rate data thermodynamic activ=-
ation parameters were calculated.The results were disc-
ussed in terms of the thermodynamic properties and
structure of the aqueous mixtures. The rate data for
acetone + water and t-butyl alcohol + water mixtures
(data for this mixfure were obtained from previously
published work) have been analysed to obtain kinetic
éctivation parameters for reaction in corresponding
mixtures where the ratio of activities of the two solvent
components is constant i.e. under endostatic conditions.
A method is described for calculating endbsatic activat-
ion parameters from kinetic data and molar thermodynamic
excess functions for the binary mixture. The results of
these calculations are discussed in the light of the known
properties and structures of the solvent mixtures. The
solvent dependence of the activation Gibbs free energy
AG, calgu]ated under endostatic COnLitions for the
aquation of the iron complex reflectkéhqnges in solvent

structure more markedly than the conventional activation

!



activation pcrometer[&G* calculated from transition state
theory. The rate of ligand sﬁbstitution at ch]orbe(N,N,' A ”
Nﬂ‘,N"-tetraethyldiethylenetriumine) pc]ladfum(]]) chloride |
was measured in'acetonitrile + water mixtures. Rate constants "
were obtained for the reaction between nickel(11) and pyridine- ‘
2-azo-p-dimethyl aniline(pada) in dimethyl sulphoxide + water;

also for colbait(11) and pada in glycerol + water. These result

results wre interpreted in terms of the structures of the

mixed solvents.

.l‘



