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ABSTRACT 

The aim of the t h e s i s was t o produce accurate r a t e 
measurements, from which an accurate value of ACp* at 
constant atmospheric pressure could be c a l c u l a t e d and so 
o b t a i n more i n f o r m a t i o n concerning the a c t i v a t i o n process 
f o r the S n l s o l v o l y s i s of benzhydryl c h l o r i d e . I t was 
hoped t h a t the data would be accurate enough t o determine 
any possible temperature c o e f f i c i e n t o f flCp*. 

The s o l v o l y s i s of benzhydryl c h l o r i d e can be followed 
a c c u r a t e l y v i a the development of a c i d i t y , e i t h e r by 
t i t r i m e t r i c a n a l y s i s or conductance measurement of the 
r e a c t i o n mixture. I t was c a l c u l a t e d assuming t h a t con­
ductance and concentration are l i n e a r l y r e l a t e d , t h a t 
conductance measurements were capable of producing r a t e 

_4 
c o e f f i c i e n t s w i t h a f r a c t i o n a l e r r o r b e t t e r than 1 x 10 

Whilst such an assumption has been used i n the past, 
i t was found not t o be a p p l i c a b l e i n t h i s case. I t was 
t h e r e f o r e decided t o computer f i t the r a t e data using 
equation I , a r e l a t i o n s h i p between conductance (L) and 
concentration ( c ) : 

c = AL + BL 3/2 + C I 
t o gether w i t h the r a t e equation, equation I I : 

I n (£. - P) = A - kT I I 

which when combined together y i e l d equation I I I 
which was computer f i t t e d : 

y = l n ( l - X) = A-jT + Ag - I n (1 - ky 
1 + X 2 

I I I 
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where X = L/L^ 
A x = -k 
A 2 involves a l l the Xo terms 
A ? = A* / l + A* 

A* = B/A. 

The r a t e c o e f f i c i e n t s c a l c u l a t e d from equation I I I had 
a f r a c t i o n a l e r r o r i n the range 0.001 t o 0.0008, w h i l s t being 
an order of magnitude b e t t e r than any obtained i n the past, 

_4 
were not as good as the 1 x 10 t h a t had been expected. 
This i n t u r n meant t h a t the a c t i v a t i o n parameters, p a r t i c u l a r l y 
£Cp*, had d i s a p p o i n t i n g accuracies. One of the causes i s 
without doubt the l i m i t e d temperature range (now 25°, normally 
50°), over which the r a t e c o e f f i c i e n t s were determined due t o 
experimental d i f f i c u l t i e s . Also the i n t r o d u c t i o n of the 
parameter B/A, i s also p a r t l y responsible f o r the poor accuracy 
of the a c t i v a t i o n parameters. I n the event, no conclusions 
as t o the magnitude o f d/dT (^Cp*) were possi b l e . 

I t was also the aim o f t h i s t h e s i s t o study the same 
r e a c t i o n under co n d i t i o n s of constant volume, since suggestions 
had been made t h a t a c t i v a t i o n parameters at constant volume 
might be easier t o i n t e r p r e t . However, even gr e a t e r e x p e r i ­
mental d i f f i c u l t i e s were encountered, i t was t h e r e f o r e decided 
t o l i m i t the study t o o b t a i n accurate r a t e data at constant 
atmospheric pressure. 
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CHAPTER I 
INTRODUCTION AND GENERAL DESCRIPTION OF SN1 AND SN2 

REACTIONS 

1.1 N u c l e o p h i l i c S u b s t i t u t i o n Reactions 

This t h e s i s describes an accurate study of a s o l v o l y t i c 
r e a c t i o n of an organic h a l i d e , benzhydryl c h l o r i d e , i n 70$ 
aqueous acetone. Since the l e a v i n g group, the halogen, i s 
attached t o a saturated carbon atom, such rea c t i o n s are 
termed n u c l e o p h i l i c s u b s t i t u t i o n r e a c t i o n s , and designated 
S . ̂" A n u c l e o p h i l i c s u b s t i t u t i o n r e a c t i o n i s a h e t e r o l y t i c 
r e a c t i o n i n v o l v i n g the f o l l o w i n g general scheme:- a group X 
c a l l e d the l e a v i n g group, i s displaced from the r e a c t i o n 
centre by a n u c l e o p h i l i c reagent Y; there i s a t r a n s f e r o f 
a p a i r o f elec t r o n s from the reagent Y t o the r e a c t i o n centre, 
and from t h a t t o the l e a v i n g group X:-

Y: + R - X > Y - R + :X 
Given t h a t t h i s t r a n s f e r of charges can be accommodated, the 
charged states of the r e a c t i n g species need not be r e s t r i c t e d , 
the above scheme i s w r i t t e n g e n e r a l l y . Indeed, s o l v o l y t i c 
r e a c t i o n s are not the only r e a c t i o n s occurring by an Sn mechan­
ism. Other r e a c t i o n s t h a t occur by t h i s same general reaebion 
are the F i n k e l s t e i n r e a c t i o n , the Williamson ether synthesis, 
the Menschutkin r e a c t i o n , the Hofmann degradation, the various 
'Onium i o n exchange r e a c t i o n s . 

Although many reactions do occur by t h i s mechanism, i n 
many instances the solvent acts as the nucleophile and such 
reac t i o n s can be r e f e r r e d t o as s o l v o l y s i s r e a c t i o n s . This 
type of r e a c t i o n i s , k i n e t i c a l l y , the most deeply stu d i e d ; 
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indeed, accurate a c t i v a t i o n parameters have i n the main 
only been c a l c u l a t e d f o r such r e a c t i o n s . 

1.2 Mechanism o f N u c l e o p h i l i c S u b s t i t u t i o n 

I t has g e n e r a l l y been accepted t h a t n u c l e o p h i l i c 
p 

s u b s t i t u t i o n can occur v i a one of two general mechanisms. 
•5 

This widely held view has r e c e n t l y been questioned^ and 
f u r t h e r evidence shows t h a t the o r i g i n a l scheme could be 

56 6"5 
an o v e r s i m p l i f i c a t i o n . ' ^ I t i s however, convenient 
t o consider the c l a s s i c a l scheme f i r s t and t o defer 
c o n s i d e r a t i o n of the modificationsand a l t e r n a t i v e proposals 
u n t i l l a t e r ( s e c t i o n 1-5)• 

1 . 2 . 1 T h e Bimolecular Mechanism (S„2) n ' 
I n the bimolecular mechanism both the substrate RX and 

the s u b s t i t u t i n g group Y undergo simultaneous, although 
not n e c e s s a r i l y i d e n t i c a l covalency changes in both molecules. 
An example of t h i s type o f bimolecular s u b s t i t u t i o n i s 
furnished by the r e a c t i o n of e t h y l bromide w i t h hydroxyl ions 

4 
i n ethanol : _ 

HO + EtBr OH Br C EtOH + Br 

H 

T r a n s i t i o n State 

1.2.2 The Unimolecular Mechanism (S 1) n 

I n the second type o f mechanism the products are 
formed by a two step process. The scheme i s shown below. 



The r a t e determining step, process one, i s the i o n i s a t i o n 
o f the s u b s t r a t e RX, t o give the carbonium i o n R+. The 
second step, i s merely a r e v e r s a l of the f i r s t . The 
carbonium i o n , then i n a t h i r d and f a s t step co-ordinates 
w i t h the n u c l e o p h i l i c s u b s t i t u t i n g agent Y, which could 
be a solvent molecule. 

R - X s . 1 1 R + + X 

, _ Y 
R + X > Products 

K 3 
Under these circumstances only the s u b s t r a t e undergoes a 
covalency change i n the r a t e determining step, and f o r t h i s 
reason the r e a c t i o n i s termed unimolecular and i s designated 

V -
The h e t e r o l y t i c cleavage o f the carbon halogen bond i n 

the S n l mechanism i s r a t e determining, since t h i s process 
i s normally endothermic. The l a r g e energy requirements o f 
the r a t e determining step was one o f the e a r l i e s t arguments 
against such a mechanism and t h a t the carbonium i o n would 
be too unstable. I t was argued, however, t h a t the energy 
of the h e t e r o l y s i s could be compensated f o r by the energy 
o f s o l v a t i o n o f the ions produced, thus the i n t e r a c t i o n s between 
the i o n i c species and the solvent were of primary importance. 
T e r t i a r y b u t y l c h l o r i d e has been shown t o hydrolyse v i a t h i s 

2b 
mechanism i n aqueous acetone. 

(CH^-jC-OLF^ [ ( C I V 3 ^ + 0 1 *"J*= i(CH ; 5) ; 5C + + C I " slow 

T r a n s i t i o n State 

(CH^)^ C + + H20 > (CH^)^ C - OH + H + f a s t 
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1.3 The C h a r a c t e r i s a t i o n o f Mechanism 

1.3.1 K i n e t i c Form o f the Mechanism 

When both species, t h a t i s the subst r a t e , RX, and the 
s u b s t i t u t i n g agent, Y, are i n small c o n t r o l l a b l e concentra­
t i o n s , then the k i n e t i c form of the r e a c t i o n can be used t o 
determine the r e a c t i o n mechanism. 

Thus an S 2 r e a c t i o n , under normal circumstances, n 
unambiguously requires second order k i n e t i c s since there 
are two molecules involved i n the r a t e determining step. 

Rate = k 2 |RX J £ Y J 

However, when s o l v o l y t i c r e a c t i o n s are considered, the 
s u b s t i t u t i n g agent, Y, i s i n large and almost constant 
excess, under these circumstances the r e a c t i o n reduces t o 
f i r s t order. 

The S 1 r e a c t i o n scheme i s shown below:-n 
k, 

RX ,v
 x * R + + X" slow 
k 2 

k, 
R + ROH + H + f a s t 

H20 
For t h i s r e e a c t i o n scheme, the r a t e o f disappearance of 
the a l k y l h a l i d e may be obtained by a steady s t a t e treatment 

o 
o f the very r e a c t i v e carbonium i o n : --JL .(RX) = k, (RX) / 

I f k 2 (x) / k, « 1 throughout the r e a c t i o n then the equation 3 
p r e d i c t s f i r s t order k i n e t i c s : -
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However, i f the term kg/k^ i s s i g n i f i c a n t , then the 
magnitude of kg/k^. ^ X ~ ^ w l l l increase as the r e a c t i o n 
progresses. The e f f e c t w i l l be t h a t the instantaneous 
r a t e constant decreases as the r e a c t i o n proceeds and 
de v i a t i o n s from f i r s t order k i n e t i c s w i l l be observed i n the 
presence o f small amounts of added X~ i o n . Such an e f f e c t 
i s c a l l e d the mass law e f f e c t , and kg/k^ i s c a l l e d the 
mass law constant and i s normally denoted as <X . 

I n a d d i t i o n i o n i c species are believed t o s t a b i l i s e 
the p o l a r t r a n s i t i o n s t a t e more than the non-polar i n i t i a l 
s t a t e so t h a t added e l e c t r o l y t e s accelerate the r a t e o f 

g 
r e a c t i o n . This i s the i o n i c s t r e n g t h e f f e c t and does not 
ne c e s s a r i l y occur w i t h a common i o n . Such an a c c e l e r a t i n g 
i o n i c s t r e n g t h e f f e c t could cancel a r e t a r d i n g mass law 
e f f e c t so t h a t the net r e s u l t w i l l depend on the r e l a t i v e 
sizes of each. Thus, the S n l s o l v o l y s i s could occur by 
a f i r s t order r a t e equation from which there w i l l be d e v i a t i o n s . 
The e f f e c t of the a d d i t i o n of e l e c t r o l y t e s i s discussed i n 
more d e t a i l i n s e c t i o n 1.3-2(v). 

I r r e s p e c t i v e o f mechanism, then, the r a t e equation 
reduces t o f i r s t order. The k i n e t i c form of the mechanism, 
under these circumstances, cannot be used as an i n d i c a t i o n 
of the mechanism, and other methods must be used. 

1.3.2 Other C r i t e r i a 
7 

Hughes has reviewed the several methods which may 
be u s e f u l i n the determination of the mechanism o f a 
s o l v o l y t i c r e a c t i o n . I t i s important t o note, however, 
t h a t each has l i m i t e d usefulness and i t i s e s s e n t i a l t h a t 
they be used together and not i n i s o l a t i o n . 
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l Q . 2 ( i ) E f f e c t o f the s t r u c t u r a l changes i n R 

I n a n u c l e o p h i l i c r e a c t i o n , the l e a v i n g group departs 
w i t h a p a i r o f e l e c t r o n s which were f o r m e r l y bonded t o the 
r e a c t i o n centre R. The r e s u l t i n g e l e c t r o n d e f i c i e n c y i n 
R i s then made up by c o - o r d i n a t i o n w i t h Y, e i t h e r con­
c u r r e n t l y - the S n2 mechanism - or a t a l a t e r stage g i v i n g 
the S 1 mechanism, n 

I f the n a t u r e o f R i s now v a r i e d such t h a t t h e r e i s an 
increase i n e l e c t r o n release t o the r e a c t i o n centre t h e r e 
w i l l be an i n c r e a s i n g tendency t o r e a c t v i a the S n l mechanism. 
However, the e f f e c t i s ambiguous i n the b i m o l e c u l a r mechanism 
since i t simultaneously f a c i l i t a t e s bond f i s s i o n and i n h i b i t s 
bond f o r m a t i o n . Therefore, such changes i n R w i l l have l e s s 
pronounced e f f e c t s i n S n2 and, depending upon whether bond 
f i s s i o n o r bond f o r m a t i o n predominates, the r a t e may be 
decreased or increased. A negative charge on Y w i l l 
accentuate the importance o f the i n h i b i t i o n t o bond f o r m a t i o n . 

Since methyl groups release e l e c t r o n s by the i n d u c t i v e 
e f f e c t and such e l e c t r o n release t o the r e a c t i o n centre 
f a c i l i t a t e s the S n l mechanism, i t f o l l o w s t h a t .the f o l l o w i n g 
s e r i e s should show i n c r e a s i n g tendency t o rea c t by t h i s 
mechanism:-

?b ? H 3 
H - CHo - X . CH, - CHQ - X CH - X , CH, - C - X 

CH^ CH^ 

For t h i s s e r i e s (X = B r ) , the r a t e s o f r e a c t i o n i n aqueous 
ethanol are i n the order Me > Et > i - P r < t — Bu. The r a t e 
sequence i n the f i r s t three compounds may be due t o p o l a r 
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e f f e c t s as a l r e a d y d i s c u s s e d , a l t e r n a t i v e l y s t e r i c 

hindrance to the S n 2 a t t a c k may be r e s p o n s i b l e s i n c e 

e l e c t r o n i c e f f e c t s when the a t t a c k i n g reagent i s n e u t r a l 

a r e l i k e l y to be s m a l l . However, s i n c e the o v e r a l l e f f e c t 

i s small both e f f e c t s may be operative. Furthermore, added 

hydroxide ions a c c e l e r a t e the r e a c t i o n of the f i r s t three 

compounds i n the order 

and have no e f f e c t on the s o l v o l y s i s of t - b u t y l c h l o r i d e . 

I t would appear from these data that t - b u t y l c h l o r i d e 

s o l v o l y s e s by the S n l mechanism, even i n the presence of 

added hydroxide ion, and that the other compounds r e a c t by 

S n 2 mechanism, t h e i r r e a c t i v i t y d e c r e asing methyl, e t h y l , 

and i - p r o p y l . The bimolecular a t t a c k of hydroxide ions on 

i - p r o p y l bromide does not r u l e out bimolecular s o l v o l y s i s 

by water, a weaker n u c l e o p h i l e . On t h i s b a s i s the s o l v o l y s i s 

of t h i s compound could be i n the mechanistic b o r d e r l i n e , 

t h i s i s d i s c u s s e d f u r t h e r i n s e c t i o n 1.4. 

A s i m i l a r t r a n s i t i o n of mechanism i s found f o r the 

s o l v o l y s i s of the ok-phenyl s u b s t i t u t e d s e r i e s , e l e c t r o n 

r e l e a s e i s by a conjugative process: 

CH^X > CIUCILJC > ( C H , ) 2 CHX 

Ph Ph 

H - CH 2 - X Ph - CH 2 X CH - X Ph - C - X 

Ph Ph 

( I ) ( I I ) ( I I I ) ( I V ) 

S ince there i s i n c r e a s i n g e l e c t r o n r e l e a s e along t h i s 

s e r i e s , there i s a l s o i n c r e a s i n g f a c i l i t y f o r r e a c t i o n 
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by the S I mechanism. I n t h i s s e r i e s i t i s b e l i e v e d n 
t h a t compounds I I I and IV r e a c t by the unimolecular mechanism, 

w h i l s t compound I r e a c t s b i m o l e c u l a r l y . Whilst the s o l v o l y s i s 

of benzyl h a l i d e i s not c l e a r l y defined and f u r n i s h e s a 

good example when the mechanistic c r i t e r i a must be appli e d 
5,6,10,11. 

with care, s i n c e ambiguous conclusions could be reached. 

However, from the a v a i l a b l e evidence and measurements of 
-X- -X-

the flCp /&S r a t i o (see s e c t i o n 1 . 3 . 2 . ( v i ) ) s o l v o l y s i s i n 
both 50% aqueous ethanol and 50$ aqueous acetone takes place 

12 
mainly i f not e n t i r e l y by the S n 2 mechanism. 

The v a r i a t i o n of e l e c t r o n r e l e a s e to the r e a c t i o n centre 

can be studied without the added s t e r i c complications which 

may r e s u l t from s u b s t i t u t i o n at or near the r e a c t i o n centre, 

by the i n t r o d u c t i o n of polar s u b s t i t u e n t s i n t o the benzene 

r i n g a t a s i t e r e l a t i v e l y d i s t a n t from the r e a c t i o n c e n t r e . 

These meta or para s u b s t i t u e n t s a l t e r the r a t e of r e a c t i o n 

by mesomeric and i n d u c t i v e e f f e c t s . 

The fo l l o w i n g s e r i e s of para s u b s t i t u e n t s -

N0 2 H Me p - M eC 6H^ PhO Mfi0 

shows i n c r e a s i n g tendency to e l e c t r o n r e l e a s e to the r e a c t i o n 

centre, and hence an i n c r e a s i n g tendency f o r r e a c t i o n by the 
13 

unimolecular mechanism. I t has been shown that the p-phenoxy 

and the p-methoxy s u b s t i t u e n t s induce the S n l mechanism along 

the p - s u b s t i t u t e d benzyl h a l i d e s i n aqueous acetone. The 

p - a n i s y l and the p-methyl d e r i v a t i v e s are regarded as border­

l i n e w h i l s t the parent compound and p - n i t r o d e r i v a t i v e appear 
14 

to undergo the bimolecular r e a c t i o n . 
A c o n s i d e r a t i o n of the e f f e c t of such s u b s t i t u t i o n on the 
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bimolecular process i s ambiguous, s i n c e e l e c t r o n r e l e a s e 
to the r e a c t i o n centre i n h i b i t s bond formation w h i l s t a t 
the same time promotes bond f i s s i o n . The ease of bond 
formation becomes e s p e c i a l l y important when the a t t a c k i n g 
reagent c a r r i e s a negative charge. When the a t t a c k i n g 
reagent^ Y, c a r r i e s no formal charge, the e f f e c t of such 
a s u b s t i t u t i o n would depend mainly on the ease of f i s s i o n 
of the C - X bond. As a r e s u l t one would expect an i n c r e a s e 
i n the r e a c t i o n r a t e , as i n the S n l process, but to a s m a l l e r 
extent s i n c e the i n f l u e n c e of bond formation i s i n the 
opposite d i r e c t i o n and not e n t i r e l y n e g l i g i b l e , see Table 1.1. 

TABLE 1. 

Su b s t i t u e n t e f f e c t of k^/k^ f o r p«— X-benzyl c h l o r i d e and 
p — X — b e n z h y d r y l c h l o r i d e f o r s o l v o l y s i s i n aqueous 

acetone 

X = N0 2 H Me Mechanism 

p - X - C 6H^CH 2Cl a 9.16 x 10" 2 1 8.15 S n 2 

p - X - CgH^CHgPh1' 1.25 x 10 - i* 1 21.2 S n l 

a ) a t 50° i n 50$ aqueous acetone ^ 

b) a t 25° i n 70$ aqueous acetone 

When Y c a r r i e s a negative charge, the e f f e c t of p o l a r 

s u b s t i t u e n t s on the bond forming process i s now important. 

T h i s i s shown i n the bimolecular r e a c t i o n of radio bromide ions 
15 

with p - s u b s t i t u t e d benzyl bromides i n ethylene d i a c e t a t e and 

i n the F i n k e l s t e i n r e a c t i o n of benzyl c h l o r i d e , see Table 1.2. 

TABLE 1.2 
Su b s t i t u e n t e f f e c t , k k„ f o r p - X - benzyl h a l i d e s ' — x — n • * |- s 

f o r s o l v o l y s i s i n ethylene d i a c e t a t e and acetone 
Solvent X = NCU CN CI H Me t-Bu OMe 
Ethylene d i a c e t a t e 1172 10.0 - 1 - - BT2 
Acetone 6.19 - 2.12 1 1.17 1-35 
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I t i s noteworthy that the r a t e c o e f f i c i e n t s have a 

minimum value f o r the parent compound. E l e c t r o n 

a t t r a c t i n g s u b s t i t u e n t s i n c r e a s e the r a t e c o e f f i c i e n t 

s i n c e they f a c i l i t a t e the approach of the n e g a t i v e l y 

charged s u b s t i t u t i n g agent, Y; w h i l s t the e l e c t r o n 

r e l e a s i n g groups f a c i l i t a t e the f i s s i o n of the R - X 

bond. 

Unless used with care, t h i s c r i t e r i o n of mechanism 

i s capable of g i v i n g ambiguous r e s u l t s . For example, 

the r a t e of s o l v o l y s i s of methyl, e t h y l and i - p r o p y l 
17 

bromides decrease along the s e r i e s Me>Et> i - P r even 

though there i s i n c r e a s i n g e l e c t r o n r e l e a s e . An a l t e r n ­

a t i v e explanation could be s t e r i c r e t a r d a t i o n caused by 
18 

i n c r e a s i n g hindrance to the bimolecular a t t a c k . I n 
19 

the case of the neo - p e n t y l h a l i d e s congestion i n the 

bimolecular t r a n s i t i o n s t a t e i s so great that i t i n h i b i t s 

r e a c t i o n by the S n 2 process, and the observed r a t e of 

r e a c t i o n a r i s e s from decomposition by the S 1 mechanism. 

1 . 3 . 2 ( i i ) E f f e c t of S u b s t i t u t i n g Reagent Y 

I n an S n l r e a c t i o n the r a t e determining step - the 

i o n i s a t i o n of the R - X bond - i s independent of the 

n u c l e o p h i l i c power of Y. I f the n u c l e o p h i l e i s an i o n i c 

s p e c i e s there may be a small medium e f f e c t . 

On the other hand the bimolecular process r e q u i r e s that 

the n u c l e o p h i l e i s incorporated i n the r a t e determining 

step. On t h i s b a s i s i f an added n u c l e o p h i l e i s stronger 

than the s o l v e n t , then the r a t e should be s u b s t a n t i a l l y 

i n c r e a s e d . A f u r t h e r consequence i s that f o r a s e r i e s of 
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r e a c t i o n s i n which the only v a r i a b l e i s the n u c l e o p h i l e , 

the r a t e of the S n 2 process w i l l decrease as the nucleo-

p h i l i c s t r e n g t h of the a t t a c k i n g group decreases. I t 

may even be reduced to such an extent t h a t i t w i l l be 

slower than the r a t e f o r the i o n i s a t i o n step. The 

mechanism w i l l now be unimolecular and independent of the 

n u c l e o p h i l i c s t r e n g t h . For example, the decomposition of 
p 

t r i m e t h y l sulphonium s a l t s i n ethanol by the fo l l o w i n g 

s e r i e s of n u c l e o p h i l i c reagents 
OH' > OPh" > C0^~ T?T B r " C l ~ 

the r e l a t i v e l y r a p i d second order r e a c t i o n s with hydroxide 

and phenoxide ions were i n t e r p r e t e d as i n v o l v i n g the S n 2 

mechanism. The l a s t three carbonate, bromide and c h l o r i d e 

lead to f i r s t order k i n e t i c s having the same r a t e c o e f f i c i e n t . 

T h i s could be explained as a unimolecular r e a c t i o n or a 
20 

bimolecular r e a c t i o n with the solvent ethanol. 

From these f i n d i n g s , the e f f e c t of an added n u c l e o p h i l e 

may provide a u s e f u l t e s t of mechanism. I f on the a d d i t i o n 
• 

of a strong n u c l e o p h i l e the r a t e i s not changed, then the 
21 

o r i g i n a l r e a c t i o n occurred by the unimolecular mechanism. 

For example benzhydryl c h l o r i d e i s s t e r i c a l l y hindered to 

bimolecular a t t a c k because of the bulky phenyl groups; i t 

has a r a t e of h y d r o l y s i s i n aqueous ethanol p r a c t i c a l l y 
22 23 24 

unaffected by added hydroxide i o n . ' I t i s not 

p o s s i b l e to apply the converse of t h i s , s i n c e the a d d i t i o n 

of a powerful n u c l e o p h i l e to a r e a c t i o n o c c u r r i n g unimolecu-

l a r l y w i th the solve n t , may change the r a t e c o e f f i c i e n t by 

providing an e n e r g e t i c a l l y more favourable r e a c t i o n path, 

f a c i l i t a t i n g r e a c t i o n by mechanism S n 2 . For example chloro 
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dimethyl ether s o l v o l y s e s by the unimolecular process i n 

e t h a n o l i c s o l v e n t s , but r e a c t s predominantly by an S n 2 
25 

process i n the presence of ethoxide i on. 

1 . 3 . 2 ( i i i ) The E f f e c t of Solvent Changes 

Only a simple q u a l i t a t i v e treatment of the e f f e c t of 

solvent changes i s attempted at t h i s stage. A more d e t a i l e d 

d i s c u s s i o n i s found i n s e c t i o n s 2.).1 and 2.3.2. 

The charges d-eveloped on passing to the t r a n s i t i o n s t a t e 

of an S_ r e a c t i o n are s t a b i l i s e d by solvent s o l v a t i o n , and n 
a change of solvent w i l l tend to i n c r e a s e or decrease the 

r a t e of r e a c t i o n , depending on whether the t r a n s i t i i o n s t a t e 

i s more or l e s s p o l a r than the i n i t i a l s t a t e and whether the 

solvent i s more or l e s s p o l a r . There w i l l be an opposing 

e f f e c t due to changes i n the entropy of a c t i v a t i o n , but t h i s 

may g e n e r a l l y be assumed to be dominated by the change i n the 
1 l 1 ! 

enthalpy of a c t i v a t i o n . ' ^ 

Three assumptions must be made regarding the amount of 

s o l v a t i o n expected i n the presence of charged s p e c i e s 

i ) s o l v a t i o n w i l l i n c r e a s e with the magnitude of the 
charge 

i i ) i f there i s an i n c r e a s i n g d i s p e r s a l of a givencharge, 
the s o l v a t i o n w i l l be l e s s 

i i i ) the decrease of s o l v a t i o n due to d i s p e r s a l of a charge 
w i l l be l e s s than t h a t due to charge d e s t r u c t i o n 

C o n s i d e r a t i o n of the four p o s s i b l e charge types and the charge 

d i s t r i b u t i o n i n the i n i t i a l s t a t e and the t r a n s i t i o n s t a t e , 

lead to the fol l o w i n g p r e d i c t i o n s f o r changing to a solvent 

of i n c r e a s e d p o l a r i t y . These are shown i n Table 1.3* 
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TABLE 1.3 

The p r e d i c t e d e f f e c t of s o l v e n t changes on r a t e 

c o e f f i c i e n t s of S n r e a c t i o n s 

a ) S 2 r e a c t i o n s ' n 

Charge Type Charge D i s p o s i t i o n Charge e f f e c t 
i n going 
I . S . > T.S, 

P r e d i c t e d 
e f f e c t of 
i n c r e a s e d 
s o l v e n t p o l a r i t y 

1 
2 

4 

Y" + RX Y* ~" * R-
Y + RX Y4---- R-
Y" + RX + Y4"-- R • 
Y + RX + YS-"i"- • • R • 

•X ~ d i s p e r s e d 

X 
i n c r e a s e d 
d i s p e r s e d 

X^~ d i s p e r s e d 

s m a l l decrease 
l a r g e i n c r e a s e 
l a r g e decrease 
s m a l l decrease 

b) S I r e a c t i o n s ' n 

1 2 RX R X i n c r e a s e d l a r g e i n c r e a s e 
3 4 RX + R̂ "1" X'*~ d i s p e r s e d s m a l l decrease 

i 

There i s much evidence to show t h a t these p r e d i c t i o n s are, 
26 27 

to a f i r s t aproximation, c o r r e c t . ' 1 I t i s p o s s i b l e t h a t 

a change of s o l v e n t may a l s o change the mechanism of the 

r e a c t i o n i n question, and f o r example the r e a c t i o n mechanism 

may change from S n2 to S n l i n changing to a more s t r o n g l y 

i o n i s i n g s o l v e n t . 

28 
1.3.2(lv) The Stereochemical course of the s u b s t i t u t i o n 

For a b i m o l e c u l a r r e a c t i o n i t can be shown t h a t the 

arrangement of the t r a n s i t i o n s t a t e which has the minimum 

energy occurs when the a t t a c k i n g group Y, approaches along 

the C - X a x i s , thus: 
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where R-^ R 2 and occupy a plane perpendicular to the 

Y - C - X plane. S u b s t i t u t i o n v i a t h i s symmetrical 

t r a n s i t i o n s t a t e w i l l lead to o p t i c a l i n v e r s i o n at the 

c e n t r a l carbon atom. On the other hand i f s u b s t i t u t i o n 

occurs v i a the unimolecular mechanism, racemic products 

should be produced, u n l e s s there are a d d i t i o n a l asymmetric 

carbon atoms not at the r e a c t i o n s i t e . Under these 

c o n d i t i o n s , a planar carbonium ion i s formed when there i s , 

t h e o r e t i c a l l y , an equal p r o b a b i l i t y of f r o n t s i d e and back­

s i d e a t t a c k by the a t t a c k i n g reagent, l e a d i n g to racemic 

products. I t has been observed that p a r t i a l i n v e r s i o n 

does occur i n some cas e s . As a r e s u l t of t h i s Hughes and 

Ingold postulated s h i e l d i n g by the l e a v i n g group, s i n c e 

they found that the longer the l i f e of the carbonium ion, 

and the g r e a t e r i t s s e p a r a t i o n from i t s s h i e l d i n g group, 

the g r e a t e r the degree of racemisation. 

However, net r e t e n t i o n of c o n f i g u r a t i o n , accompanied 

by a v a r i a b l e amount of race m i s a t i o n may be observed and 

t h i s has been a t t r i b u t e d to the p r o t e c t i o n of the r e a c t i o n 

centre by a mainly weak e l e c t r o s t a t i c bond a r i s i n g from 

another group w i t h i n the molecule. T h i s i s a type of 

neighbouring group p a r t i c i p a t i o n . Such examples have 
29 

been reported i n the l i t e r a t u r e . 

The stereochemistry of n u c l e o p h i l i c s u b s t i t u t i o n has 
"50 

been d i s c u s s e d i n g r e a t e r depth by Bunton. 

1.3.2(v) The E f f e c t of s a l t a d d i t i o n s 

I n the case of n e u t r a l r e a c t a n t s the t r a n s i t i o n s t a t e 

f o r both S I and S 2 r e a c t i o n s are more po l a r than the 
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i n i t i a l s t a t e s 

S n l RX R*+- X*~ T.S. 

S n 2 Y: + R X 5 = ± Y ^ - R \*~ T.S. 

The a d d i t i o n of an i n e r t e l e c t r o l y t e should t h e r e f o r e 

i n c r e a s e the s t a b i l i t y of the t r a n s i t i i o n s t a t e by analogy 

with ion atmosphere s t a b i l i s a t i o n of f u l l y developed io n s . 

T h i s s t a b i l i s i n g e f f e c t causing an i n c r e a s e i n the r a t e of 
18 

the r e a c t i o n i s c a l l e d the " i o n i c s t r e n g t h e f f e c t " . 
Since there i s g r e a t e r charge development i n the t r a n s i t i o n 

s t a t e of an S 1 r e a c t i o n compared with the S 2 r e a c t i o n , n n 
the a d d i t i o n of an i n e r t s a l t should give r i s e to g r e a t e r 

i n c r e a s e i n the r a t e i n S I r e a c t i o n s than S„2 r e a c t i o n s . 
n n 

I n a d d i t i o n to t h i s e f f e c t , i f the added e l e c t r o l y t e 

contains the common ion, X", a r e v e r s a l of the i o n i s a t i o n of 

the organic c h l o r i d e RX can occur, when S n l h y d r o l y s i s i s 

retarded. T h i s i s the "mass law e f f e c t " and obviously 
g 

cannot operate i n S 2 r e a c t i o n s . 
n 

During unimolecular h y d r o l y s i s of an organic h a l i d e , 

both the common ion and the mass law e f f e c t w i l l operate 

even without added e l e c t r o l y t e and common ion s a l t s , s i n c e 

h a l i d e ions are formed during the r e a c t i o n . The two e f f e c t s 

a c t i n opposite d i r e c t i o n s and the o v e r a l l r e s u l t w i l l 

depend on the r e l a t i v e s i z e s of each. F o r example the 

s o l v o l y s i s of benzhydryl c h l o r i d e i n aqueous acetone g i v e s 
31 

good f i r s t order k i n e t i c s , whereas the corresponding 

r e a c t i o n of t - b u t y l c h l o r i d e i s a c c e l e r a t e d as the r e a c t i o n 
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"52 proceeds, w h i l s t that of dichlorod!phenyl methane i s 
33 

p r o g r e s s i v e l y retarded. ^ 
•55 "56 

Recent work^'^ has shown that the a c t u a l behaviour 

of some e l e c t r o l y t e s i n mixed organic s o l v e n t s i s more 

complex than o u t l i n e d above. I n a d d i t i o n to causing 

common ion and mass law e f f e c t s some e l e c t r o l y t e s are 

capable of causing a s a l t induced medium e f f e c t which 

can be regarded as a change i n the e f f e c t i v e composition 

of the solvent caused by s p e c i f i c s o l v a t i o n of the s a l t 

by the more p o l a r component of the s o l v e n t . Thus the s a l t 

may tend to "dry" the solvent by a t t r a c t i n g water molecules 
i n t o a t i g h t l y held s o l v a t i o n s h e l l . I t has a l s o been 

35 36 
shown^'^ that e l e c t r o l y t e s have a p p r e c i a b l e and d i f f e r e n t 

e f f e c t s on both the i n i t i a l and t r a n s i t i o n s t a t e s ( i n both 

the e l e c t r o s t a t i c and the s a l t induced medium e f f e c t s ) and 

i t i s the combination of these e f f e c t s which i s observed. 

I t i s t h e r e f o r e evident that a c o n s i d e r a t i o n i n terms of 

t r a n s i t i o n s t a t e e f f e c t s only could t h e r e f o r e be misleading 
1 . 3 . 2 ( v i ) The R a t i o A Cp*/AS* 

Th i s r a t i o f o r a given solvent and temperature i s 

1 
36,37 

independent of the nature of the s u b s t r a t e i f the S n l 

mechanism i s operating. T h i s has been demonstrated 

f o r a v a r i e t y of s u b s t r a t e s showing widely d i f f e r i n g 

e n t r o p i e s of a c t i v a t i o n . Under the same conditions a 

much s m a l l e r value f o r the S 2 mechanism has been observed. 
n 

T h i s s u b j e c t i s d i s c u s s e d i n more d e t a i l i n Chapter 2. 
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1.4 The Mechanistic Change from S n l to S n 2 - The 

B o r d e r l i n e Region 

Si n c e t h i s t h e s i s i s concerned s o l e l y with S i 
n 

r e a c t i o n s only a b r i e f o u t l i n e of the problem i s given 

below. 

1.4.1 The B o r d e r l i n e Region - General C o n s i d e r a t i o n s 
A great d e a l of a t t e n t i o n has been paid i n the previous 

s e c t i o n s to compounds which r e a c t uniquely e i t h e r by the 

S I or the S 2 mechanism. There i s however no sharp n n 
break between the two mechanistic processes. I f , f o r 

example, a compound RX undergoes bimolecular s o l v o l y s i s 

and the group R i s a l t e r e d so that there i s i n c r e a s e d e l e c t r o n 

r e l e a s e to the r e a c t i o n and i n c r e a s e d s t e r i c hindrance to 

bimolecular n u c l e o p h i l i c a t t a c k then RX w i l l e v e n t u a l l y 

r e a c t v i a the S n l mechanism. The b o r d e r l i n e region i s that 

region i n which the mechanism i s n e i t h e r S n l or S n 2 and has 

been s u b j e c t to much controversy and s p e c u l a t i o n . The 

d e t a i l s of the a c t i v a t i o n process i n the b o r d e r l i n e region 

have often been d i s c u s s e d and two d i f f e r e n t views have 

emerged. ̂ '•^•^ 

F i r s t l y some workers consi d e r that a l l the i n d i v i d u a l 

a c t s of s u b s t i t u t i o n occur v i a i d e n t i c a l t r a n s i t i o n s t a t e s 

and these r e q u i r e a s u b s t a n t i a l c o n t r i b u t i o n from the 

valence bond s t r u c t u r e I , and a small but d e f i n i t e 

c o n t r i b u t i o n from s t r u c t u r e I I : 

HS R + X" HS- R X" 

I I I 

Since the s t r u c t u r e I has the g r e a t e s t c o n t r i b u t i o n t h i s 
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type of r e a c t i o n should show many of the f e a t u r e s 

a s s o c i a t e d with an S n l r e a c t i o n . Although showing 

unimolecular c h a r a c t e r i s t i c s , the r e a c t i o n must s t i l l 

be regarded as bimolecular as long as I I c o n t r i b u t e s to 

the t r a n s i t i o n s t a t e , s i n c e solvent p a r t i c i p a t i o n i s an 

e s s e n t i a l f e a t u r e of the S n 2 r a t e determining step. 

Secondly, a v a r i e t y of paths may be a v a i l a b l e to the 

r e a c t i o n system, some r e q u i r i n g a c o n t r i b u t i o n from I I 

w h i l s t others do not. There i s i n e f f e c t a concurrent 

operation of S 1 and S 2 mechansisms. n n 

I t i s t h i s question of determining whether a s i n g l e or 

concurrent s i n g l e mechanisms best d e s c r i b e such r e a c t i o n s 

i n the b o r d e r l i n e region that has aroused considerable 

i n t e r e s t . 

38 

Winstein, Grunwald and Jones^ studied solvent e f f e c t s 

on a number of s o l v o l y t i c r e a c t i o n s thought to proceed by 
•zO 

the S n l mechanism. They proposed a f r e e energy r e l a t i o n ­

s h i p of the form 

log k = log ko + mY 

k 0 i s the r a t e of s o l v o l y s i s of the p a r t i c u l a r compound i n 

the standard s o l v e n t , 80$ ethanol; k i s the r a t e of s o l v o l y s i s 

of the same compound i n a given s o l v e n t . Y i s a measure 

of the i o n i s i n g power of the s o l v e n t , m i s the slope of the 

plot of log k v e r s u s Y, and may be i n t e r p r e t e d as the 

s u s c e p t i b i l i t y of the given compound to the i o n i s i n g power 

of the solvent used, r e l a t i v e to t - b u t y l c h l o r i d e . The 

m values f o r the s o l v o l y s i s of a l k y l h a l i d e s were found to 

be lower than those found f o r unimolecular r e a c t i o n s . 
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"3Q-41 
T h i s type of c o r r e l a t i o n has severe l i m i t a t i o n s - ^ 

and any conclusions based on such a c o r r e l a t i o n must be 

made with c a r e . ^ 

41-44 

An a l t e r n a t i v e explanation of the b o r d e r l i n e region 

takes the view that one mechanistic pathway i s s u f f i c i e n t 

f o r a l l s o l v o l y t i c r e a c t i o n s . The gradual v a r i a t i o n s that 

occur i n behaviour can be accounted f o r by the v a r i a t i o n s 

i n n u c l e o p h i l i c and e l e c t r o p h i l i c p a r t i c i p a t i o n i n the 

t r a n s i t i o n s t a t e . T h i s view i n e f f e c t denies the 

e x i s t e n c e of the b o r d e r l i n e region and s i m i l a r conclusions 

have been reached from gradual v a r i a t i o n s i n the values of 

the Hammett r e a c t i o n c o n s t a n t , p , f o r a wide range of 
4 "3 45 

s o l v o l y t i c r e a c t i o n s . ^ Gold ^ pointed out that the 

v a r i a t i o n i n ttie^ values would be expected i f on approaching 

the b o r d e r l i n e region S n 2 r e a c t i o n s g r a d u a l l y become more 

S n l l i k e from a s u b s t i t u e n t point of view, s i n c e bond 

breaking becomes p r o g r e s s i v e l y more important i n the 

t r a n s i t i o n s t a t e . 

47 

Kohnstam, Queen and S h i l a k e r 1 showed that i n the 

presence of azide ions, the r a t e of h y d r o l y s i s of p-

methoxybenzyl c h l o r i d e was reduced w h i l s t there was an 

i n c r e a s e i n the r a t e of the l o n i s a t i o n of the l a t t e r 

compound. T h i s i n c r e a s e i n the r a t e of i o n i s a t i o n was 

always l e s s than the t o t a l r a t e of disappearance of the 

s u b s t r a t e . Prom t h i s data i t appears t h a t p-methoxybenzyl 

azi d e i s formed v i a both S„l and S 2 pathways. I t has been 
n n 

f u r t h e r shown that although p-methoxy and p-phenoxybenzyl 

c h l o r i d e s were b i m o l e c u l a r l y attacked by n u c l e o p h i l e s i n 
70$ acetone, some i o n i s a t i o n of the C-Cl bond takes place 
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51c 
before n u c l e o p h i l i c a t t a c k . For the weakest 

n u c l e o p h i l e s , n i t r a t e and benzensulphonate ions the 

t r a n s i t i o n s t a t e f o r i o n i s a t i o n has almost been reached 

before covalent i n t e r a c t i o n begins. 

48 49 

The work of Fava and co-workers 3 * provides f u r t h e r 

evidence f o r the concurrent mechanism, s i n c e they reached 

s i m i l a r conclusions by studying the exchange r a t e s of 

s u b s t i t u t e d benzhydryl thiocyanates (with thiocyanate i o n s ) 

and s u b s t i t u t e d t r i p h e n y l methyl c h l o r i d e s (with c h l o r i d e i o n s ) 

i n p o l a r s o l v e n t s . 
47 50 51 

I n conclusion, the a v a i l a b l e evidence seems to 

support the operation of the concurrent mechanism i n the 

b o r d e r l i n e region f o r r e a c t i o n s i n v o l v i n g n o n - s o l v o l y t i c 

n u c l e o p h i l e s . But f o r s o l v o l y t i c r e a c t i o n s p e r s u a s i v e 

evidence i n favour of e i t h e r view has not yet been published. 

I n view of the i n c r e a s i n g accuracy with which k i n e t i c s t u d i e s 

of s o l v o l y t i c r e a c t i o n s a r e being made the question of the 

mechanisms i n the b o r d e r l i n e region may w e l l be r e s o l v e d . 
1.4.2 Recognition of the Mechanism i n the B o r d e r l i n e Region -

* 
The use ofaC i n t h i s Region 

The use of the c r i t e r i a d i s c u s s e d i n s e c t i o n 1.3 i s 

l i m i t e d i n the b o r d e r l i n e region, s i n c e i t i s here that 

r e a c t i o n s w i l l show the ge n e r a l c h a r a c t e r i s t i c s of both 

mechanisms. I t i s under these conditions that the value of 
the ratioAC /aS may be extremely u s e f u l . I t has been 

51 
shown that t h i s r a t i o has separate values f o r S 1 and S 2 

n n 

r e a c t i o n s . D e t a i l s of the behaviour of t h i s r a t i o i n the 

mechanistic b o r d e r l i n e region a r e given i n Chapter 2 where 
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i t i s shown that i f even i n the b o r d e r l i n e region they 

a l l go through the same type of t r a n s i t i o n s t a t e i t would 

be expected that there would be a smooth v a r i a t i o n of the 

r a t i o from i t s S n l value to the S n 2 value, provided of 

course the s t r u c t u r e of the t r a n s i t i o n s t a t e does not a l t e r 

as the temperature i s changed. Any such change i n the 

t r a n s i t i o n s t a t e s t r u c t u r e would be expected to be i n the 

d i r e c t i o n of a t r a n s i t i o n s t a t e i n v o l v i n g l e s s covalent 

p a r t i c i p a t i o n by the n u c l e o p h i l e (showing S n l c h a r a c t e r i s t i c s ) 

as the temperature i s r a i s e d and i n turn would r e q u i r e a p o s i t i v e 

c o n t r i b u t i o n to 4 C p ( and hence a reduction i n the value of 

AC /AS ) s i n c e the enthalpy of the t r a n s i t i o n s t a t e tends 

to i n c r e a s e abnormally with i n c r e a s i n g temperature (the 

g r e a t e r the S n l c h a r a c t e r of the r e a c t i o n the g r e a t e r the 

e n t h a l p y ) . As a r e s u l t AC /AS r e l a t i v e l y c l o s e to zero 

would be observed. 

However such an observation i s a l s o to be expected f o r 

the concurrent mechanism s i n c e the processes would have 

d i f f e r e n t a c t i v a t i o n energies and would lead to a p o s i t i v e 

c o n t r i b u t i o n to AC . 

1.5 I o n - P a i r Intermediates • 

1.5'1 I o n - p a i r Intermediates i n S o l v o l y s i s 

Whilst the presence of ion p a i r s i n systems i n v o l v i n g 

e q u i l i b r i a between a n e u t r a l s u b s t r a t e and i t s f r e e ions 

has been known f o r sometime, the i n t e r v e n t i o n and i o n i s a t i o n 

of intermediate i on p a i r s has been postulated i n c r e a s i n g l y i n 
•3 

the l a s t few y e a r s . The s i t u a t i o n i s complicated f u r t h e r 
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s i n c e the d e f i n i t i o n of an ion p a i r i s r a t h e r obscure and 

can be defined i n v a r i o u s ways. For example, Bjerrum, 

suggested that two ions could be regarded as an ion p a i r 

i f they are c l o s e enough together to ensure that e l e c t r o ­

s t a t i c energy i s g r e a t e r than t h e i r mean thermal e n e r g i e s . 

The d i s t a n c e s involved i n such an ion p a i r would be about 

3.5ft i n water, but over lOofi i n a non polar solvent such 
53 ^4 as benzene. ' Another d e f i n i t i o n of an ion p a i r by Fuoss 

r e q u i r e s that the i o n i c c o n s t i t u e n t s be i n intimate contact. 

Evidence f o r t h i s type of intermediate i n the i o n i s a t i o n of 

organic s u b s t r a t e s , the s u b j e c t of the present t h e s i s , whether 

they are of the former or l a t t e r type comes from the c o n s i d e r ­

a t i o n s shown below. 

The i o n i s a t i o n step of a unimolecular r e a c t i o n leads to 

a planar carbonium ion, which i s e n e r g e t i c a l l y the most 

s t a b l e c o n f i g u r a t i o n . I t should t h e r e f o r e follow that 

o p t i c a l l y a c t i v e s u b s t r a t e s give r i s e to racemic products 

when they undergo unimolecular s o l v o l y s i s . I t has been 

found necessary, however, to p o s t u l a t e some s o r t of 

s h i e l d i n g of the carbonium ion by the departing group, to 

account f o r the p a r t i a l i n v e r s i o n that has been observed 

i n , f o r example, the S n l s o l v o l y s i s of oc-phenylethyl c h l o r i d e . 
56 

Contrary to t h i s , Winstein suggested that i f i o n i s a t i o n 

were complete enough f o r the r e a c t i o n to be c a l l e d unimolecular, 

the planar carbonium ion would be f r e e from s h i e l d i n g e f f e c t s , 

so that a completely racemic product would be formed. I t 
57 

was f u r t h e r suggested by Hammett ' t h a t an explanation of 

t h i s s o r t of behaviour may l i e i n the formation of an ion 

p a i r p r i o r to complete i o n i s a t i o n . The r e a c t i o n of t h i s 
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type of intermediate with the solvent, would lead to 
inversion of the o r i g i n a l configuration. Hence the 
r e l a t i v e rates at which t h i s ion pair and the carbonium 
ion react would determine the extent of inversion. I n 
addition i t has been considered possible that an i n t e r ­
mediate ion pair may return to the i n i t i a l state either 
with retention or inversion of the o r i g i n a l configuration. 

I n discussing t h i s p o s s i b i l i t y , the following scheme 
i s of use to define each c o e f f i c i e n t : -

let 
RS + HX 

^1 - FIX + hi - RS 
krac „ d l - RX 

w 

The rate of solvolysis i s given by the rate constant k̂ ., 
whether measured by t i t r a t i o n , conductance or any other 
method. The observed loss of o p t i c a l a c t i v i t y i s described 
by the polarimetric rate constant k„. The difference 
between the rate constants k̂ . and k^ gives the rate constant 
f o r racemisation of the substrate during the solvolysis. 
For some o p t i c a l l y active compounds i t has been found that 
the rate of racemisation i n acetic acid occurs more rapidly 
than solvolysis, suggesting that inversion may occur by ion 
pair return as w e l l as by solvolysis. 

I t was found that f o r reactants producing long l i v e d 
carbonium ions, a two f o l d increase i n the rate of acetolysis 
was induced by the addition of l i t h i u m perchlorate: 

1) an i n i t i a l steep r i s e i n the f i r s t order 
t i t r i m e t r i c rate c o e f f i c i e n t f o r small concen­
t r a t i o n s of s a l t , called "the special s a l t e f f e c t " . 

RX 

(+) -RX 

(+) -RX 
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l i ) a subsequent increase which was almost l i n e a r 
w i t h concentration, the normal s a l t e f f e c t . 

56 
Bearing these factors i n mind, Winstein^ proposed that 
f o r S n l solvolyses of certain substrates i n media of low 
d i e l e c t r i c constant, the normal i o n i s a t i o n of a neutral 
molecule RX i s complicated by the i n t e r v e n t i o n of ion pairs 
and occurs e s s e n t i a l l y i n three stages. 

RX [ R + X ^ ] ? = ^ R + / / X ' R + + X " 

I I I I I I 
Structure I i s called an intimate or i n t e r n a l ion p a i r and 
both ions are surrounded by a common solvation s h e l l . I t 
can return to the i n i t i a l stage by i n t e r n a l return. 
Structure I I i s an external solvent separated ion p a i r which 
can return to structure I or form the f u l l y developed • 
carbonium ion, structure I I I . Both ion pairs are capable 
of reacting with nucleophilic species but the i n t e r n a l form 
( i ) i s much less reactive. 

The special s a l t . e f f e c t was a t t r i b u t e d - ^ to the suppression 
of the return from an intermediate ion p a i r , that i s capture 
of the ion p a i r by the added s a l t . This compound immediately 
reacts with acetic acid to form the products. Hence external 
r e t u r n i s i n h i b i t e d and a higher rate of acetolysis i s 
observed,-'. The presence of the i n t e r n a l ion p a i r was 
deduced from the fact that the special s a l t e f f e c t only 
p a r t i a l l y closed the gap between the polarim e t r i c rate 
constant and the t i t r i m e t r i c rate c o e f f i c i e n t . I t has 

60 
also been shown that the racemisation of p-chlorobenzhydryl 
chloride proceeds more rapidly than exchange w i t h l a b e l l e d 
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chlorine and more rapidly than hydrolysis i n 80# acetone. 
Similar results have been reported f o r the reactions of 
unsymmetrically deuterated benzhydryl chlorides i n 70$ 
acetone. The results are consistent with i n t e r n a l return 
since benzhydryl chloride reacts by the S n l mechanism. 

Two ion pairs were therefore necessary to explain the 
63 

observations. ^ Both the i n t e r n a l and external ion pairs 
were capable of returning to the covalent substrate with 
racemisation. Only the external ion pair was capable of 
reacting with l i t h i u m perchlorate causing the special s a l t 
e f f e c t . This however has been questioned by Hughes and 

64 
Ingold, who suggested that i n the region of the special 
s a l t e f f e c t , the acceleration was approximately proportional 
to the s a l t concentration to the power of one h a l f , thereby 
representing that the free ions present at low concentrations 
are i n equilibrium with ion pairs of the s a l t . At higher 
concentrations, the acceleration could be a t t r i b u t e d to the 
ion pairs of the s a l t . This i s consistent with a poor 
ion i s i n g medium such as acetic acid. 

The reaction of ion pairs with nucleophiles i n aqueous 
and organic solvent systems has not yet been unambiguously 
demonstrated. Indeed i t has been concluded from studies of 
the effects of mixed chlorides and bromides on the rate of 

65 
hydrolysis of dichloro diphenylmethane i n aqueous acetone, 
that the results of these experiments only require that the 
free carbonium ion reacts with water and anions i n such a 
solvent. Further data, on the other hand has come from 
Winstein and Appel from t h e i r study of the rates of 

18 

hydrolysis, azide formation and 0 e q u i l i b r a t i o n f o r 
triphenylmethyl benzoate i n acetone containing small 
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66 amounts of water. They concluded that the proportion 
of reaction occurring via the free carbonium ion increases 
with increasing v/ater content of the solvent. 

Goerjng and h i s co-workers^ also studied the rate of 
oxygen e q u i l i b r a t i o n , k (see below), using d i s c r e t e l y 

ey 
labelled esters of 4- nitrobenzoic acid. The rate of 
e q u i l i b r a t i o n was that which occurred under s o l v o l y t i c 
conditions of the unsolvolysed ester: 

R - 0^ 8 R - 0 1 8 

St - Ar ea ^ f - Ar 

Label Randomised 
The rate of e q u i l i b r a t i o n , k , provided an independent 

eq 
measure of ion pair return, since k „ could be simultan-

rac 
eously determined i f the substrate was o p t i c a l l y active. 
For the solvolysls of trans-5-methyl-2-cyclo-hexenyl-4 1-
nitrobenzoate, the r a t i o k /k „ — 2 was observed i n 80$ 

eq' rac ' 
acetone. These re s u l t s have been explained by invoking 
return from two intermediate ion pairs. Only the external 
ion p a i r returns with racemisation and e q u i l i b r a t i o n . The 
excess e q u i l i b r a t i o n (k „ > k „ ) i s also explained as 

eq rac 
return from an i n t e r n a l jon p a i r w h i l s t r e t a i n i n g i t s 
configuration. The external ion p a i r also has equivalent 
oxygen atoms and also returns with oxygen e q u i l i b r a t i o n . 

Data r e l a t i n g to k substituted benzhydryl-4'- n i t r o -
benzoates (substituents CI, H, Me, MeO) i n 90% acetone are 

68 
worthy of mention. 

Whilst the solvolysls rates vary over the range i n excess 
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of 2,500,. the r a t i o s k _/k, and k /k _„ have the same 
eq G eQ rac 

68 
order of magnitude. Goering argued that s i m i l a r 
variations i n rates of solvolysis, racemisation and 
e q u i l i b r a t i o n with substrate and solvent changes implied 
that these processes share a common rate c o n t r o l l i n g step 
f o r unimolecular solvolysis. Thus the i o n i s a t i o n step 
f o r S n l solvolysis has been interpreted i n terms of two 
ion pairs, p r i o r to the formation of the carbonium ion R+ 

f o r many systems. 
However Ingold argues d i f f e r e n t l y . 1 Thus these results 

can equally w e l l be explained by the fact that at a l l 
degrees of separation a f t e r the free energy maximum has 
been passed, there i s a p r o b a b i l i t y that the counter ions 
w i l l recombine. Thus as the distance increases the 
p r o b a b i l i t y of R+ reacting with the solvent increases, 
whilst the s t i l l f i n i t e p r o b a b i l i t y of return decreases. 
Similar explanations are possible f o r racemisation and 
e q u i l i b r a t i o n . 

This type of i n t e r p r e t a t i o n i s contrary to the require-
70 

ments of the Transition State Theory which considers that 
a chemical reaction occurs when a p a r t i c u l a r v i b r a t i o n a l mode 
of the activated complex becomes t r a n s l a t i o n a l motion. The 
activated complex, at the saddle point of the p o t e n t i a l energy 
curve, i s then required to react once t h i s t r a n s l a t i o n a l 
freedom i s achieved. However, i t may be that intramolecular 
processes such as these are beyond the scope of the Transition 
State Theory, with i t s inherent assumptions of the activated 
complex, and the stereochemical course of a unimolecular 
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s u b s t i t u t i o n must s t i l l be regarded as being unsettled. 

Ion pair intermediates i n S n l solvolyses may explain 
the observed racemisation and oxygen e q u i l i b r a t i o n during 
so l v o l y s i s , but i t would appear that f o r solvolysis i n 
aqueous organic solvents ther e i s nothing to suggest that 
they are capable of being captured by external reagents. 
However, i n poor i o n i s i n g ; solvents such as acetic acid, 
where ion pairs may be more stable r e l a t i v e to a f u l l y 
developed carbonium ion R +} such capture of ion pairs might 
explain the special s a l t e f f e c t . 

I t has been suggested^' ^ c that ion pairs are generally 
capable of capture by external reagents i n aqueous organic 

67 c 68 
solvents. Goering and co-workers ' ' - c i t e d experiments, 

18 
mentioned e a r l i e r , using 0 labelled substrates, which were 
evidence of ion pair- return from the two types of ion pair. 
The e f f e c t of adding the strong nucleophile, azide ion, was 
also investigated, and provided the s t r i k i n g r e s u l t that the 
seven-fold acceleration of the decomposition of the 4-chloro 
oompound on the addition of azide ion was accompanied by the 
complete suppression of the racemisation of the substrate, 
observed i n the absence of azide ion. There was l i t t l e 
or no change i n the rate of e q u i l i b r a t i o n . These results 
were i n t e r p r e t e d ^ 0 i n terms of two ion pairs i n the i o n i s a t i o n 
process. The f i r s t ion p a i r formed i s capable of return 
with e q u i l i b r a t i o n . The second ion pair i s capable of return 
with racemisation. I t was suggested that the l a t t e r had been 
captured by the azide ion, thus suppressing racemisation. How­
ever i t i s possible that attack on the "oenzhydryl compound by 
the azide ion may we l l take place by the S 2 mechanism and, 
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investigations made at t h i s laboratory ^ are consistent 
with the hypothesis of Sn2 attack by azide ions on the 
deactivated 4-nitrobenzhydryl chloride. Although the 
studies of Goering were not on such deactivated substrates, 
the use of a r e l a t i v e l y "poor" leaving group and the poorly 
i o n i s i n g solvent (90$ acetone) would tend to favour Sn2 
attack. 

1.5.2 The Ion Fair Mechanism 

Prom the above discussion i t would appear that ion pairs, 
under certain conditions, can intervene i n S n l processes and 
authors proposing t h i s view have mainly accepted that bimol-
ecular reactions occur via the one step mechanism o r i g i n a l l y 
proposed by Hughes and Ingold.^'^ 1 3 However Sneen and Lars en-
have recently suggested that a l l nucleophilic substitutions 
proceed via intermediate ion pairs, also called the u n i f i e d 
mechanism. 

Results from selected nucleophilic substitutions of 
2-octyl sulphonates i n 25$ and 30$ dioxan have been explained 
by suggesting that an intermediate ion pair i s involved i n 
the reaction and nothing else. Furthermore these workers^ 
have postulated that t h i s single mechanism i s operative over 
the entire range of nucleophilic s u b s t i t u t i o n reactions, 
and the mechanism becomes indistinguishable from S n l and 
S 2 mechanisms. The central feature of t h i s reaction, see n 
below, requires an ion pair as an intermediate 

RX 
H~0 ROH 

I 
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whose formation i s rate determining at the S n l end; 
that i s when x = k_-j/kg « 1. Whilst the destruction 
of t h i s ion pair by nucleophilic attack i s rate determining 
at the Sn2 extreme, that i s x » 1; borderline behaviour 
presumably occurs when the rates of formation and destruction 
by nucleophilic attack on the intermediate ion p a i r are 
s i m i l a r . 

The' rate profiles, pMsof free energy, G, against the reaction 
ordinate, h i g h l i g h t these defining conditions which are shown 
overleaf. A ch a r a c t e r i s t i c of such schemes would be a 
t r a n s i t i o n i n mechanistic type from Sn2 l i k e to S n l l i k e as 
the strength or concentration of the nucleophile i s increased. 
This would place a maximum l i m i t on the observable acceleration. 
No such behaviour has yet been reported. 

Sneen and Larsen^ have extended t h e i r conclusions to 
res u l t s previously reported f o r the hydrolysis i n 70$ acetone 

74 
of 4-methoxybenzyl chloride. This i s i n d i r e c t contrast 

74 
to a previous i n t e r p r e t a t i o n which suggested concurrent S n l 
and Sn2 processes f o r t h i s reaction system. However, the 
reaction of 2-octyl sulphonates l i k e those of 4-methoxybenzyl 
chloride occur i n the neighbourhood of the mechanistic 

75 
borderline region and a re-examination has recently shown 
that both sets of resu l t s are equally consistent w i t h both concurrent S i and S 2 processes and the unique ion pair n n 
mechanism. 

•5 

Sneen and Larsen^ have considered t h e i r scheme to be of 
general v a l i d i t y , but a detailed i n v e s t i g a t i o n ' ^ has shown 
that i t leads to serious inconsistencies since"they assumed 
•that d i r e c t S 2 nucleophilic attack on the substrate does n 
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not occur and they did not envisage the existence of 
free carbonium ions. Some examples of the inconsistencies 
are given below. 

I f t h i s scheme i s generally v a l i d , then the p r i n c i p l e 
of microscopic r e v e r s i b i l i t y requires that any reaction with 
a common ion, X", can only occur with the same ion pair, 
R+/X~ to produce the ion pair. This w i l l therefore have 
no e f f e c t on the hydrolysis rate, there w i l l be no mass law 
e f f e c t . Retardation by common ion has, however, been 
observed on a large number of occasions and though i t could 
be that a small e f f e c t arises from a negative s a l t e ffect 
by added X~ anions, such an explanation could not account fo r 
the substantial retardation which frequently require mass law 

77 
constants i n excess of 100.' Simi l a r l y the observed 
retardations of the hydrolysis of benzhydryl chloride and 

78 
bromide by l i t h i u m chloride and bromide respectively and 
the acceleration of the hydrolysis of the organic chloride 

78 
by l i t h i u m bromide are p e r f e c t l y consistent with reaction 
by the S n l mechanism. The ion pair scheme requires an 
explanation of why l i t h i u m bromide retards the i o n i s a t i o n of 
the organic bromide but accelerates the i o n i s a t i o n of the 
s t r u c t u r a l l y s i m i l a r chloride. I n addition the a c t i v a t i o n 
parameters f o r the hydrolysis of 4-methoxy and 4-phenoxy 

79 
chloride i n aqueous acetone strongly suggest an e n t i r e l y 
S n l process. Reaction by ion pair mechanism would require 
k_^/k:2 « 1, but the results i n the presence of azide ions 
then require that k_^/kg-2 f o r the methoxy compound, and 
greater than ten f o r the phenoxy compound.^ These apparent 
inconsistencies disappear i f the strongly nucleophilic azide 
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ion also undergoes bimolecular reaction with the substrate. 
Since reaction centres are s t e r i c a l l y favourable to Sn2 

7 Q 
a t t a c k , 1 * t h i s explanation seems reasonable. 

The ion pair ( u n i f i e d ) mechanism has, however, gained 
80 

wide acceptance and has been used to correlate the rates of 
sub s t i t u t i o n of a series of nucleophiles with methyl halides 
i n water, using an empirical l i n e a r free energy relationship. 
A requirement of t h i s u n i f i e d mechanism when applied to such 
simple substrates i s that the free energy of a c t i v a t i o n f o r 
the ove r a l l reation AG should be greater than that f o r the 
formation of the ion pair. I t has been calculated that 
t h i s i s not l i k e l y to be f u l f i l l e d f o r simple methyl and 
ethyl halides and therefore they are u n l i k e l y to undergo 
solvolysis via an ion pair i n water. 

The considerations outlined here cast considerable doubts 
on the existence of any s i g n i f i c a n t reaction between the 
intermediate ion pair and external reagents i n aqueous organic 
solvents. No such disadvantages arise on the basis of 
mechanisms S I and S 2 i n t h e i r o r i g i n a l form, and i t i s n n 
proposed to discuss the present reaction i n these terms. 

1.6 Present Study 

The present work was aimed at obtaining more information 
1 2̂ 5 ^51 82 84 

fo r the s iJ-»«:-'»^J-*0«:*0*t solvolysis of benzhydryl chloride 
from accurate rate c o e f f i c i e n t s leading to the calculation of 
accurate a c t i v a t i o n parameters. 

Recently there has been some discussion that the conventional 
a c t i v a t i o n parameters f o r s o l v o l y t i c reactions i n solution, 
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when determined from k i n e t i c data obtained under constant 
atmospheric pressure conditions are d i f f i c u l t to i n t e r p r e t 
and that parameters r e f e r r i n g to reactions at constant 
volume might provide more i n f o r m a t i o n . ^ ' ^ I t was 
i n i t i a l l y intended to determine both parameters at constant 
volume and at constant pressure f o r the solvolysis of one 
substrate (benzhydryl chloride), although i n the event 
experimental d i f f i c u l t i e s prevented the determination of 
the constant volume parameters ( t h i s i s discussed i n chapter 
3). 

The d e t a i l s of the considerations essential f o r the 
determination and i n t e r p r e t a t i o n of a c t i v a t i o n parameters 
at constant pressure and the reason f o r the choice of the 
present substrate are given i n chapter 2. 



35. 

REFERENCES - CHAPTER I . 

1. INGOLD; "Structure and Mechanism i n Organic Chemistry", 
B e l l and Sons, London, 2nd Edn. Chapters 5 and 7, 1969. 

2. a) HUGHES, INGOLD AND PATEL; J.Chem.Soc. 1933, 526. 
b) HUGHES AND INGOLD; i b i d . 1517-
c) GLEAVE, HUGHES AND INGOLD; J.Chem.Soc. 1935, 235, 

244, 255. 

3- SNEEN AND LARSEN; J.Amer.Chem.Soc. 1969, £L, 362, 6031. 

J.Amer.Chem.Soc. 1966, 88, 2593. 

4. GRANT AND HINSELWOOD; J.Chem.Soc. 1933, 258. 

5- NORRIS AND BANTA; J.Amer.Chem.Soc. 1928, 50, 1804. 

6. NORRIS AND BLAKE; J.Amer.Chem.Soc. 1928, 50, 1808. 

7. HUGHES; Quart.Revs. 1940, 925. 
8. BATEMAN, CHURCH, HUGHES, INGOLD AND TAHER; J.Chem.Soc. 

1940, 979. 

9. BATEMAN, COOPER, HUGHES AND INGOLD; J.Chem Soc. 1940, 
925. 

10. OLIVIER AND WEBB; Rec. Trav. Chim. 1934, 53, 867. 

11. HAMMETT AND McCLEARY; J.Amer.Chem.Soc. 1941, 63, 2254. 

12. BENSLEY AND KOHNSTAM; J.Chem Soc. 1957, 4747. 

13. FOX; Ph.D.Thesis Durham 1962. 

14. SHILLAKER; Ph.D. Thesis Durham I96O. 

15. SUGDEN AND WILLIS; J.Chem.Soc. 1951, 1360. 

16. BENNETT AND JONES; J.Chem.Soc. 1935, 1815. 



36. 

17. BALFE, KENYON AND WICKSJ J.Chem.Soc. 1946, 807. 

18. EVANS; Nature 1946 157 438 
EVANS, EVANS AND POLYANI; J.Chem.Soc. 1947, 558. 
REEVE, McGAFFERY AND KAISER; J.Amer.Chem.Soc. 1954, 76, 
2280. 

19. WHITMORE AND FLEMING; J.Amer.Chem.Soc. 1933, 55, 4l6l. 

20. STREITWIESER; "Solvolytlc Displacement Reactions" 
McGraw H i l l , New York, 1962. 

21. HUGHES; Transactions, Farad.Soc. 1941, 3_7, 603. 

22. HUGHES, INGOLD AND SHAPIRO; J.Chem.Soc. 1936, 288. 
See also reference 7-
DOSTROVSKY, HUGHES AND INGOLD; J.Chem.Soc. 1946, 173. 

23. WARD; J.Chem.Soc. 1927, 2285. 

24. BENFEY, HUGHES AND INGOLD; J.Chem.Soc. 1952, 2494. 

25. BALLINGER, DE LA MER, KOHNSTAM AND PREST; J.Chem.Soc. 
1955, 3641. 

26. LOBRY, DE BRUN AND STEGER; Rec. Trav. Chim. 1899, 18, 
41. 

27. See reference 2(c) 

28. HUGHES; Trans. Farad.Soc. 1938, 34, 202. 

29. COWDREY, HUGHES AND INGOLD; J.Chem.Soc. 1937, 1208. 

30. BUNTCN; "Nucleophilic Substitution at a Saturated 
Carbon Atom", Elsevier, 1963, Chap. 3. 

31. CHURCH, HUGHES AND INGOLD; J.Chem.Soc. 1940, 966. 



37. 

32. BATEMAN, HUGHES AND INGOLD; J.Chem.Soc. 1940, 960. 
33- BAKER AND NATHAN; J.Chem.Soc. 1935,-1844. 

34. BAKER, NATHAN AND SHOPPEE; J.Chem.Soc. 1935, 1$47. 

35. JACKSON AND KOHNSTAM; Chemm.Comms, I965, 1 ^ 279. 

36. KOHNSTAM; "The Transition State". Chem.Soc. Spec. Publ. 
1962, 179. 

37. BENSLEY AND KOHNSTAM; J.Chem.Soc. 1956, 287. 

38. GRUNWALD, WINSTEIN AND JONES; J.Amer.Chem.Soc. 1951, 
J2, 2700. 

39. SPIETH, RUEBSANNEN AND OSLO; J.Amer.Chem.Soc. 1954, 
26, 6253. 
WILLPATTERN-STEINERT AND FIERENS; B u l l . Soc. Chim. Beiges 

. 1955, 64, 308. 

40. STREITWIESER; Chem Rev. 1956, 51, 571. 

41. See reference 30. 

SWAIN AND MOSELY; J.Amer.Chem.Soc. 1955, TL> 3727. 

42. SWAIN; J.Amer.Chem.Soc. 1948, JO, 1119. 

43. SWAIN AND LANGSDORF; J.Amer.Chem.Soc. 1957, 29, 2813. 
44. SWAIN AND EDDY; J.Amer.Chem.Soc. 1948, JO, 2989. 

SWAIN AND PEGUES; J.Chem.Soc. 1958, 80, 813. 

45. GOLD; J.Chem.Soc. 1956, 4633. 

47. KOHNSTAM, QUEEN AND SHILLAKER; Proc.Chem.Soc. 1959, 157-

48. ' MIOTTI AND FAVA; J.Amer.Chem.Soc. 1966, 88, 4274. 



38. 

49. CECCON, PAPA AND PAVA; J.Amer.Chem.Soc. 1966, 88, 4643. 

50. POCKER; J.Chem.Soc. 1959, 3939, 39^4. 

5-1. KOHNSTAM; "Adv. i n Phys. Org." 1967, 5, 1^3. 

a) KOHNSTAM; e t . a l . Chemm.Comm. I966, 113. 
b) COWIE; e t . a l . Proc. Chem.Soc. 1961, 222. 
c) KOHNSTAM, QUEEN AND RIBAR; Chem. and Ind. 1962, 1287. 

52. BJERRUM; Trans.Farad.Soc. 1927, 2^, 445. 

53. INGOLD; Proc.Chem.Soc. 1957, 279-

5^. FUOSS; J.Amer.Chem.Soc. 1958, 80, 5059. 

55. COWDREY; e t . a l . J.Chem.Soc. 1937, 1252. 
BATEMAN; e t . a l . J.Chem.Soc. 1940, 925-

5'6. WINSTEIN; J.Amer.Chem.Soc. 1939, 6 l , I635. 

57. HAMMETT; "Physical Organic Chemistry" McGraw H i l l , 19^0, 
1972. 

58. FAINBERG AND WINSTEIN; J.Amer.Chem.Soc. 1957, 78, 2763 
2767 , 2780. 

59. WINSTEIN; e t . a l . J.Amer.Chem.Soc. 1952*, 76, 2597* 

60- WINSTEIN AND GALL; Tet.Lett. I96O. No.2, 31. 
WINSTEIN, HOJO AND SMITH; Tet.Lett. I96O, No.2, 212. 
WINSTEIN, GALL, HOJO AND SMITH; J.Amer.Chem.Soc. 1960, 
82, 1010. 

61. POCKER; Proc.Chem.Soc. I96O, 216. 

62. KOHNSTAM; J.Chem.Soc. I96O, 2066. 

63. WINSTEIN AND SCHREIBER; J.Amer.Chem.Soc. 1952, 74, 2165. 

6"4. HUGHES, INGOLD, MOK, PATAI AND POCKER; J.Chem.Soc. 1957, 

1265. 



39. 

65. BENSLEY AND KOHNSTAM; J.Chem.Soc. 1955, 3408. 
KOHNSTAM AND SHILLAKER; J.Chem.Soc. 1959, 1915. 

66. WINSTEIN AND APPELL; J.Amer.Chem.Soc. 1964, 86, 2720. 

67. a)G0ERING AND POMKO; J.Amer.Chem.Soc. 1960, 82, 2515. 
b) G0ERING AND DOI; J.Amer.Chem.Soc. I96O, 82, 5850. 
c) G0ERING AND LEVY; J.Amer.Chetn.Soc. 1962, 84, 3853. 

68. GOERING AND HOPF; J.Amer.Chem.Soc. 1971, j£5, 1224. 

69. WINSTEIN, APPELL, BACKER AND DIAZ; Chem.Soc. Spec. Publ. 
1965, No. 19. 

70. EYRING; J.Chem.Phys. 1935, 2> 1°7-
J.Chem.Phys. 1949, 17, 65. 

EVANS AND POLYANI; Trans.Farad.Soc. 1935, I I , 875. 

71. DE LA MER, MANGE; Rec. Trav. Chim. 1968, 87, 1394. 
1 

73. GREGORY AND KORNSTAM; unpublished observation. 

74. KOHNSTAM, QUEEN AND SHILLAKER; Proc. Chem.Soc. 1959, 157-

75. GREGORY; e t . a l . Chem.Comm. 1970, 1032. 

76. KOHNSTAM; private communication. 

77. BAILEY; e t . a l . Chem.Comm. 1966, 122. 

78. BENPEY, HUGHES AND INGOLD; J.Chem.Soc. 1952, 2488. 

79. KOHNSTAM, QUEEN AND RIBAR; Chem. and Ind. 1962, 1287. 

80 . SCOTT; Canad. J.Chem. 1970, 48, 3807. 

81. ABRAHAM; Chem. Comm. 1973, 51. 

82. FARIACCI AND HAMMETT; J.Amer.Chem.Soc. 1937, 59, 25*12. 



40. 

8^. BALIGA; e t . a l . Trans.Farad. Soc. 1965, 6l, 517. 

8.̂ . KOHNSTAM; J.Chem.Soc. 1960, 2066. 

85. WHALLEY; "Adv. In Phys. Org". 1964, 2, 93-



41. 

CHAPTER TWO 

THE TRANSITION STATE THEORY AND ACTIVATION PARAMETERS 
OF SOLVOLYTIC REACTIONS 

2.1 Introduction 

As long ago as 1887 van't H o f ^ Indicated that the 
rate of reaction varied with temperature. This idea was 

p 
l a t e r extended by Arrhenius who showed that the v a r i a t i o n 
of the reaction rate could be expressed by an equation of 
the form 

k = A.e" E / R T 2.1 

where k i s the rate constant f o r reaction, T i s the absolute 
temperature, and R the gas constant. A and E were found to 
be constant f o r each p a r t i c u l a r reaction. The development 
of the c o l l i s i o n theory many years l a t e r related A to the 
" c o l l i s i o n number" or "frequency factor". The quantity E 
has now become known as the energy of a c t i v a t i o n and represents 
the energy that a molecule i n the i n i t i a l state must aquire 
before i t can take part i n the reaction. 

The relationship required by equation 2.1 has been shown 
to be v a l i d w i t h i n the l i m i t s of experimental error on 

•5 
numerous- occasions. However, Hinselwood^ pointed out that 
E would be temperature dependent i f the additional energy of 
the activated molecules was d i s t r i b u t e d among more than two 

4 
square terms. I t was pointed out a few years l a t e r that 
any difference between the heat capacity of normal and 
activated molecules would re s u l t i n temperature dependent 
values of E. The t r a n s i t i o n state theory has led to 
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s i m i l a r conclusions, and has been very successful i n r e l a t i n g 
rate data f o r reactions i n solution to ac t i v a t i o n parameters. 
Because of the temperature dependence of E, the Arrhenius 
equation i s now better defined i n i t s d i f f e r e n t i a l 
forms: 

E = RT2. Ink 2.2 

E . -R. * < l n k> 2.3 

2.2 The Transition State Theory^ 

The theory i s based on the pr i n c i p l e that the reactants 
are considered to pass through a continuous series of 
configurations en route t o the formation of the products. 
At some stage a state of maximum free energy i s reached, the 
configuration i s called the t r a n s i t i o n state or the activated 
complex which i s assumed to be i n equilibrium with reactant 
molecules. The activated complex i s regarded as a perfectly 
normal molecule, possessing the usual thermodynamic properties 
except that motion i n one d i r e c t i o n - along the reaction 

5 
ordinate - leads to decomposition at a d e f i n i t e rate. 

From the s t a t i s t i c a l treatment of reaction rates i n the 
t r a n s i t i o n state theory, the rate c o e f f i c i e n t of a single 
step reaction i s given by:-

k - K. kT. exp(-Aq*/RT) ^R^R 
h f * 

where i s the standard free energy change associated with 
the a c t i v a t i o n process, K i s the transmission c o e f f i c i e n t , the 
pr o b a b i l i t y that the activated complex w i l l form the products, 
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i t s value I s normally assumed to be unity. k i s 
Boltzmann's constant, h i s Plank's constant, f_ and f are 

n 
the a c t i v i t y c o e f f i c i e n t s of the reactants, and activated 
complex, respectively. I n practice, they are assumed to 
be unity f o r non-electrolytes i n d i l u t e solutions. 

By replacing AG by i t s equivalent AH - TAS equation 
2.4 can be w r i t t e n i n the form:-

l n k = In kT + A_Ŝ  - AH^ 2.5 
h R RT 

where AH and AS are the enthalpy and entropy of a c t i v a t i o n 
respectively. D i f f e r e n t i a t i o n of t h i s equation with respect 
to temperature and comparison with equation 2.2 shows that: 

E = ^ H + RT 2.6 

Equation 2.5 can be w r i t t e n i n the form: 

Ink = In kT + 1 + AE£ - _E_ 2.7 
h R RT 

This l a s t equation i s the form of the absolute rate equation 
usually used i n the determination of entropies of a c t i v a t i o n 
fo r reactions i n solution. Using Kirchoff's equations and 
equation 2.6, the relationship between the heat capacity of 
act i v a t i o n and the energy of a c t i v a t i o n can be w r i t t e n : 

ACp* *E - R 2.9 

where ACp i s the heat capacity of a c t i v a t i o n which represents 
the heat capacity change associated with the a c t i v a t i o n process: 

Reactants > Activated Complex 
with a l l the substances i n t h e i r standard states. 

The derivation given above assumes that the quasi-
thermodynamic parameters AH and AS show a l l the properties 
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of normal thermodynamic functions so th a t : -

T. (AS ) ^ (AH*) 
ST ST 

A Cp 2.10 

Thus the t r a n s i t i o n state theory predicts a temperature 
dependent AH and hence a temperature dependent E i f ACp 
d i f f e r s from zero. This conclusion p a r a l l e l s that reached by 
De la Mer before the development of the t r a n s i t i o n state theory 
provided the normal and activated molecules possessed d i f f e r e n t 
heat capacities. 

Experimental evidence i n d i c a t i n g a s i g n i f i c a n t temperature 
dependence of E, and hence a s i g n i f i c a n t value of ACp has 
only become available i n the l a s t twenty years, although some 

4 9 
e a r l i e r workers claimed to have observed such behaviour. 

A f u r t h e r equation expressing ACp can be obtained by 
d i f f e r e n t i a t i n g equation 2.2 with respect to temperature: 

Equation 2.11 demonstrates quite w e l l the d i f f i c u l t y of 
obtaining accurate values f o r flCp from rate data since i t 
i s the second d i f f e r e n t i a l of the rate c o e f f i c i e n t with 
respect to temperature. 

The methods f o r evaluating the energy, entropy and heat 
capacity of a c t i v a t i o n are discussed i n Appendix 5-

* 6 2.3 ACp i n Solvolytic Reactions 

By f a r the most studied class of reactions, from the 
ki n e t i c point of view, are the s o l v o l y t i c reactions involving 
the mechanisms S^l and S 2. The main reason f o r t h i s i s the 

- R. <i 
*T 

/ T > 2 } ( l n k) \ R 2.11 

n n 
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ease and accuracy with which rate measurements are made for 
such reactions and the magnitude of ACp i s such that i t 
f a c i l i t a t e s measurement i n such systems. Associated with the 
acti v a t i o n process f o r these type of reactions, i s considerable 
development of e l e c t r i c a l charge, and therefore considerable 
solvent reorganization. This accounts almost exclusively 
fo r the observation that ACp has a range of values from -20 

-17 8 

to -100 c a l . deg.~ ' . Smaller values are to be expected 
when the reactions involve less drastic changes of p o l a r i t y 
i n the a c t i v a t i o n process, as for example the reaction taking 
place between a neutral substrate and an ion. 

I t must be stressed that the attempt made below to 
int e r p r e t the observations i s based «n the i m p l i c i t assumption 
that the f i r s t step i n the reaction sequence determines the 
rate of reaction so that the observed a c t i v a t i o n parameters 
(AH, AS, and ACp ) are I d e n t i c a l with the corresponding 
parameters f o r t h i s step. When t h i s requirement i s not 
met, or when the observed rate c o e f f i c i e n t refers to two 
concurrent processes the observed a c t i v a t i o n parameters are 
composite quantities which must be resolved i n t o t h e i r 
component contributions before any i n t e r p r e t a t i o n can be 
attempted. This i s discussed further i n section 2.4. 

Table 2.1 shows that without exception, f o r solvolysis 
•x- # 

i n aqueous organic solvents that the values of ACp and As 
* 

are negative. Whereas fo r solvolysis i n water only ACp 
has negative yalues whilst AS can take positive or negative 
values. There are a further class of reactions where these 
parameters are numerically smaller, t h i s i s the borderline 
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TABLE 2.1 
Kinetic Data f o r S I and S 2 Solvolysls I n Aqueous 

Organic Solvent and Water at 50 0 10 

Solvent 
• 

Substrate * 
AS ACp*/AS* Mechanism 

50# EtOH PhCHCl2 -59.0 -9.01 +6.55 V 
t-BuCl -34.0 -5.6 +6.1 V 

70#VIe2C0 4-N02C6H4CHPhCl -39.8 -9.96 +4.00 V 
4-PhO.C6H4CH2Cl -43.1 -II.98 +3.60 V 

t-BuCl -38.0 -IO.89 +3.48 V 
t-BuBr -38.3 -10.20 +3.75 V 

50j6 EtOH PhgCHCl -31.07 -19.3 +1.61 
50# Me2C0 4-N02C6H^CH2Cl -19.7 -23.49 +0.84 

n-BuBr -27.6 -20.82 +1.31 
n-PrOTs -32.1 -15.92 +2.07 

4-N02C6H^CH2OTs -18.3 -18.95 +0.97 S n 2 

H20 t-BuCl -83 +3-42 -24.3 
H20 t-AmCl -92 -1.96 +46.9 V 
H20 CH2C1 -86 +0.99 -86.9 V 
H20 1-PrOBs -37 -2.78 +13.3 V 
H20 1-PrOTs -42 -11.88 +3.54 V 
H20 MeCl -49 -8.64 +5.67 V 
H20 i-PrCl -38 -5.26 +7.22 s n 2 

H20 i - P r l -57 +1.90 -30.0 V 
H20 MeOBs -36 -12.04 +3.0 V 
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region and has been discussed i n section 1.4.2 i n Chapter 1. 
A further feature shown by Table 2.1 i s the constancy of the 
r a t i o flCp /AS f o r reactions taking place i n aqueous organic 
media fo r S n l reaction (the r a t i o i s smaller f o r reactions 
taking place by the Sn2 mechanism). This does not apply to 
S n l reactions i n water where (as pointed out above) AS i s 
often positive, although ACp i s always negative. As an 
explanation of t h i s behaviour, i t was o r i g i n a l l y thought that 
the values of these parameters could be explained by an 

15 
el e c t r o s t a t i c model. This model described the reaction 
processes simply i n terms of d i f f e r e n t e l e c t r o s t a t i c contribu­
tions to the change i n free energy, from the two d i f f e r e n t 
e l e c t r i c a l states of the i n i t i a l and t r a n s i t i o n states, the 
solvent being considered as a continuous d i e l e c t r i c . I t 
has however been shown that such an approach predicts a 
constant ACp /AS f o r S n l reactions i n a l l solvents including 
water, where cl e a r l y t h i s i s not observed. Furthermore, the 
re s u l t i n g values are widely d i f f e r e n t from those observed. 
2Q.1 The Solvation Model f o r Solvolytic Reactions i n 

Aqueous Organic Solvents. 

I t has long been recognised that an essential feature of 
S n l solvolysis i s the s t a b i l i s a t i o n of the highly polar 
t r a n s i t i o n state by solvation i n t e r a c t i o n of solvent dipoles. 
Thus comparing the corresponding gas phase reaction with the 
reaction i n solution, the a c t i v a t i o n energy i s much reduced 
by solvation i n t e r a c t i o n . 

For the purpose of t h i s discussion i t i s assumed that 
i n aqueous acetone the solvation required by the more polar 
t r a n s i t i o n state i s s a t i s f i e d by the more polar solvent 
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molecule , water. The movement of these water molecules 
i n the t r a n s i t i o n state w i l l now be r e s t r i c t e d and so the 
entropy and heat capacity of ac t i v a t i o n w i l l be reduced; 
therefore negative values f o r ACp and AS . Now, i f the 
contribution due to bond stretching and e l e c t r o s t a t i c 
considerations are small, as they are often shown to be , 
then solvation alone w i l l control the magnitude of these 

•x- * 
parameters. On t h i s basis then, ACp and AS w i l l be 

* -x-
negative and the r a t i o ACp /AS could w e l l be independent 
of the substrate. 

The changes i n the heat capacity of act i v a t i o n associated 
with Sn2 processes are generally less negative , also Sn2 
reactions are also associated with a more negative entropy 
of a c t i v a t i o n . Prom t h i s i t can be seen that the r a t i o 

# -x-
ACp /AS i s smaller f o r the bimolecular process, r e l a t i v e to 
the unimolecular process under the same conditions. The 
d i f f e r e n t values f o r the act i v a t i o n parameters of an Sn2 process 
compared with those f o r an S n l process can be explained as 
follows. The t r a n s i t i o n state associated with an S 2 process 

n 
requires that there i s a greater d i s t r i b u t i o n of the charge 
developed, and the charge development i s somewhat less. As 
a r e s u l t , the increase i n solvation upon passage to the 
t r a n s i t i o n state w i l l be less i n S 2, than i n S 1, t h i s gives 

n n 
ri s e to a smaller value of ACp as observed. This of course 
w i l l only be t r u e ^ i f the heat capacity loss on covalent 
attachment of a water molecule to the activated complex i s of 
the same order as the loss when a water molecule solvates the 
t r a n s i t i o n state. Now covalent attachment of a water molecule 
would give r i s e to a substantial loss of entropy upon a c t i v a t i o n , 
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hence explaining the more negative values f o r AS i n the 
S n2 process r e l a t i v e to the S n l process. Thus the solvation 
model when presented i n the above form can be used, a l b e i t 
q u a l i t a t i v e l y , to predict the approximate and r e l a t i v e 
magnitude of the values of ACp andAS f o r both unitnolecular 
mechanise and the bimolecular process. 

A q u a n t i t a t i v e discussion of these reactions i s also 
possible from the solvation point of view. Kohnstam 
proposed the f o l l o w i n g scheme f o r solvent and solute i n t e r ­
actions, a l l solvent-solute and solvent-solvent i n t e r a c t i o n s 
are i d e n t i c a l i n both the i n i t i a l state and the t r a n s i t i o n 
s t a t e w i t h the exception of the solvent-solute i n t e r a c t i o n s 
a r i s i n g from the increased p o l a r i t y of the t r a n s i t i o n state. 
Furthermore, i t i s reasonable t o assume that i n aqueous 
acetone solvent systems, only water i s involved i n the 
so l v a t i o n of the highly polar t r a n s i t i o n state. Therefore, 
the contributions to ACp. and AS due to the solvation of 
the t r a n s i t i o n state can be w r i t t e n : 

AS* - n± (S g - S x) 2.12 

ACp* = n ; L (C s - 2.15 

where n^ i s the e f f e c t i v e increase i n the solvation number 
associated with the a c t i v a t i o n process. S and C_. are the 

s s 
molar contributions of a solvated water molecule to the 
entropy and heat capacity of a c t i v a t i o n process respectively, 
8^ and C.̂  are the p a r t i a l ' molar entropy and heat capacity of 
water"in the solvent employed. Equations 2.12 and 2.13 then 
predict that the r a t i o ACp/AS* i s independent of the nature of 
n, and hence independent of the nature of the substrate. 

A more rigorous check of the v a l i d i t y of equations 2.12 
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and 2.13 shows^ that the predicted values of ACp*/AS* agree 
tolerably w e l l with the observed values i n four acetone 
water mixtures f o r which data are available, see Table 2.2. 

TABLE 2.2 
•x- # 

Observed and Calculated Values f o r the r a t i o ACp /AS 
for S n l Solvolysis at 25°. Based on the Solvation Model^. 

% Acetone ACp*/flS*(obs.) &Cp*/AS* (calc.) 
50 3-77 3.03 
70 5-24 5.37 
80 3-53 4.09 
85 3.58 3.62 

This i s true provided that the heat capacity and entropy 
loss by water i n solvating the t r a n s i t i o n state i s approxim­
ately one t h i r d the loss that suffered on freezing pure 

7 11 water. This assumption i s not at a l l unreasonable. 
I t appears that t h i s solvation model i s applicable q u a l i t a t i v e l y 
to solvolysis i n aqueous acetone and less p a r t i c u l a r l y to 
aqueous organic solvents. However, the conclusions drawn 
could easily be f o r t u i t o u s since they are based on a rather 
s i m p l i f i e d model of solvation. However, i t has been severely 

14 
c r i t i c i s e d on the grounds that t h i s r a t i o i s temperature 
dependent since: 

AS* A + ACp*.In T 2.14 
14 * As a res u l t i t was suggested that at some temperature AS 

would become positive (whilst ACp remained negative) so that 
the r a t i o would be a discontinuous function with temperature. 
However, the c r i t i c i s m was based on the i m p l i c i t assumption 
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that ACp was a constant at a l l temperatures, whereas i t 
i s c learly only j u s t i f i e d to make such an assumption over 
the temperature range studied experimentally. I n a l l 
cases the temperature at which AS becomes positive i s not 
only well outside t h i s range but usually arises at a point 
when the solvent has already s o l i d i f i e d . This c r i t i c i s m 
i s thus readily dismissed. 

2.3.2 The Solvation Model f o r Solvolytic Reactions i n 
Water ' . 

Table 2.1 shows that the constant value f o r the r a t i o 
ACp /AS does not hold true f o r s o l v o l y t i c reactions i n water. 
I t seems that d i f f e r e n t faccors control the magnitude of the 
r a t i o and that the results obtained i n water cannot be 
explained i n terms of the solvolysis model discussed i n 
section 2.3.1. I t i s of interest to note that AS and 
ACp do not always have opposite signs. Explanations have 
already been advanced to explain the behaviour of electrolytes 

12 
and non-electrolytes i n aqueous solution and have formed the 

-X- -X-

basis of the i n t e r p r e t a t i o n of ACp and AS values f o r s o l v o l y t i c 
reactions i n w a t e r . P r o m t h i s point of view a neutral 
organic solute invokes no solvent-solute interactions but 
increases the solvent-solvent in t e r a c t i o n s ; such a solute 
enhances the structure of the solvent i n i t s immediate 
v i c i n i t y . On passage to the t r a n s i t i o n state there i s 
increased p o l a r i t y which increases the solvent-solute 
interactions at the expense of the solvent-solvent i n t e r ­
actions operating i n the i n i t i a l state. Since solvent-
solvent interactions increase the heat capacity of the 
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system under consideration, a breakdown of these same 
forces on passage to the t r a n s i t i o n state has been 
considered responsible f o r the negative values of dCp . 
On the other hand compounds that are easily polarisable 
or capable of forming hydrogen bonds with the water, cause 
a reduction of the i n i t i a l state solvation s h e l l , by 
enhancing i t s solvent-solute i n t e r a c t i o n s . Since the 
i n i t i a l s h e l l i s r e l a t i v e l y weakly formed with such compounds 
there i s less d i s r u p t i o n of the s h e l l on passing to the 
t r a n s i t i o n state which i n i t s turn causes ACp to be less 
negative. This conclusion i s upheld by experiment as, f o r 
example, i n the solvolysls of sulphonates whose value f o r 
ACp i s less negative than the corresponding value f o r the 
hydrolysis of chlorides. 

Taking i n t o consideration the entropy changes i n such 
a system, solvent-solvent i n t e r a c t i o n s make a positi v e 
contribution to the entropy of the system. Thus on passage 
to the t r a n s i t i o n state, the breakdown of the i n i t i a l solvation 
s h e l l would r e s u l t i n a greater positive c o n t r i b u t i o n to the 
entropy than the negative contributions from the increased 
solvent-solute i n t e r a c t i o n s formed i n the t r a n s i t i o n state. 
From t h i s point of view, changes i n the structure a l t e r the 
extent of the breakdown of the i n i t i a l state solvation s h e l l 
and w i l l e f f e c t the values of ACp and AS i n d i f f e r e n t 
d i r e c t i o n s . A constant value f o r the r a t i o ACp/AS i s 
therefore not expected f o r S n l hydrolysis in"water, Further-
more, since the predicted p o s i t i v e value of AS i s observed i n 
some cases" but not i n others, then some other factors are of 

* • 
importance i n determining the magnitude of 4S . 
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Kohnstam1 suggested that the difference between 
hydrolysis i n an aqueous organic solvent and water i s that 
i n the former, the i n i t i a l state solvation by the organic 
component of the solvent reduces the solvent-solvent i n t e r ­
actions induced by the presence of the substrate. Thus 
the addition of r e l a t i v e l y small am ounts of dioxan or 
acetone to water i n the hydrolysis of t - b u t y l chloride 
results i n a f a l l i n the value of AS . This may be because 
the solvent-solvent interactions are so reduced by the added 
organic component that they are not further reduced by the 
a c t i v a t i o n process. I n t h i s case the solvation model would 
be applicable to the hydrolysis. Further, i t has been 

16 * 
found that A.Cp f o r the reaction between t - b u t y l chloride and 
water and various aqueous ethanol solvents shows a maximum i n 
the region of the solvent composition where the structure of 
the solvent i s changing rapidly with i t s composition. 

The solvent used i n this work has been 70# aqueous acetone, 
and the solvation model discussed i n t h i s Chapter describes 
the best working hypothesis at t h i s present time f o r the 
explanation of the results of s o l v o l y t i c studies i n t h i s 
medium. I t w i l l therefore be used to explain the results 
that may be produced i n the present work. 

2.4 The Unified Ion Pair Mechanism i n Solvolysis 

The discussion presented i n previous sections i s 
obviously only applicable i f the f i r s t step i s rate determining 
otherwise the observed value of ACp i s a composite quantity 
dependent upon the system under consideration. Thus i f a 
reaction has as the rate determining step, the breakdown of 
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an intermediate, i t s e l f formed by a pre-equilibrium 
from the reactants, i f the concentration of the intermediate 
i s small 

A + B ̂ ==> AB AB PRODUCTS 

then the observed heat capacity i s a composite quantity: 
(ACp*) obs = flCp° + ( A c p * ) i 2.15 

* 
Where ACp i s the standard heat capacity change f o r the 
formation of the intermediate AB, and (ACp ) , i s the heat 
capacity of a c t i v a t i o n f o r the rate determining step, step 
1 i n the above reaction scheme. 

For concurrent reactions, (ACp ) O D S i s given by 
equation 2.16 

<*ep*>obs = k l ^ ' <E1 " E2> 2 + k l ( A C P*>1 + ^ ( A C p * ) 2 
k 2 RT k k 

2.16 
where k = k, + kg, and the subscripts r e f e r to the appropriate 
processes. This equation shows several features of i n t e r e s t : -

i ) i f the two processes occur with the same ac t i v a t i o n 
energy, E, then (ACp )obs i s that which would be 
expected from a combination of the i n d i v i d u a l 
components. 

i i ) i f E, £ E 2 there w i l l be antaambiguous positive 
contribution to (ACp ) obs which w i l l therefore be 
closer to zero than i s normally observed, as i s 
observed i f one considers that the unimolecular 
and bimolecular reactions operate concurrently i n the 
borderline region. 

The presence of ion pairs i n s o l v o l y t i c systems has been 
known f o r some time, t h e i r intervention has been postulated 
increasingly i n the l a s t few years. I n t h i s thesis, the int e r e s t 
i s attached p r i n c i p a l l y to the solvolysis of benzhydryl chloride 
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which has been considered i n the past as a substrate 
undergoing S n l s o l v o l y s i s i n the present solvent system. 

17 
For example, ' the r e t a r d a t i o n of the s o l v o l y s i s by added 
c h l o r i d e i o n has been taken t o i n d i c a t e a mass law e f f e c t 
thus r e q u i r i n g the c l a s s i c a l S n l mechanism. The r e t a r d a t i o n 
i s such t h a t i t could conceivably a r i s e from a negative 
s a l t e f f e c t (see s e c t i o n 1.3«2(v)). However, such a 

17 1Q 
conclusion has been thought extremely u n l i k e l y . 3 * 

I t i s t h e r e f o r e considered t h a t any scheme f o r the 
s o l v o l y s i s of t h i s substrate must allow f o r the f u l l y 
developed carbonium i o n so t h a t any any scheme in v o k i n g 
r e a c t i o n by intermediate i o n p a i r would have t o take the form: 

1 - 2 

5 
RX v _ 1 R+/X" > R+ + X' 

PRODUCTS 

where the r e t a r d i n g common i o n e f f e c t has been omitted, a 
procedure which i s v a l i d f o r s o l v o l y s i s c a r r i e d out i n d i l u t e 
s o l u t i o n and w i t h no added common i o n . 

A p p l i c a t i o n of the steady s t a t e theory t o the intermediate 
R+/X then shows t h a t the observed f i r s t order r a t e c o e f f i c i e n t 
i s given by:-

k , = 1 + k3/ k2 . RX 2.17 
° b S 1 + k ^ / k g + k y f c g 

n o t i n g t h a t A H * o b s = rt2- A l n k
O D S AT 

then # 

obs 
2 \1 + k y k 2 " l + k _ 1 / k 2 + k 3 / 
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k " l / l C 2 (AH* - AH* ) 2.18 

Now AS o b g = I n k o b s - I n kT + AH obs 
h R 

th e r e f o r e A S * o b s - AS* - I n (1 + k y k 2 + k " 1 / ^ ) + 
~R 

k., / k 2 I n k _ 1 / k 2 

1 + ky'kg + k _ 1 / k 2 

1 + K y k 2 + k _ 1 / k 2 * 
k _ 1 / k 2 # ^ 

R 

k 2 { 
* # AS„ - AS„ - I n k 3 " Q J 2 " A " + k y k 2 i + k y k 2 + k _ 1 / k 2 

2, 
,2.19 

Since AH* - AH* = AS* - AS* - I n k 
St D cL D 3. 

RT R k^" 

A more complicated expression can be found which r e l a t e s 
the observed heat capacity o f a c t i v a t i o n (ACp ) obs t o 
parameters associated w i t h the i n d i v i d u a l steps as AH Q b s 

and AS o b s have been r e l a t e d . 

I t i s noteworthy t h a t the s o l v o l y s i s of benzhydryl c h l o r i d e 
the 4 - n i t r o and the 4,4̂ " - d i n i t r o d e r i v a t i v e s show the same 

-1 l 8 
entropy of a c t i v a t i o n w i t h i n a very small e r r o r (+0.1 cal.deg" ) 
although the r a t e c o e f f i c i e n t s vary over seven orders of 
magnitude. The simplest way o f accounting f o r t h i s observ­
a t i o n i s t o assume t h a t ky'kg « 1 ( t h a t i s n e g l i b l e h y d r o l y s i s 
o f the i o n p a i r ) and k ^/kg » 1 (step 2 of the scheme i s the 
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r a t e determining step) then equations 2.l8 and 2.19 reduce t o 
equations 2.20 and 2.21: 

A H*obs = * E 1 - A H * 1 + AH* = H* - 2.20 

* S*obs = * S I " A S ! l + * S 2 S 2 " S£x 2 ' 2 1 

when i t can be seen t h a t each observed a c t i v a t i o n parameter 
( i n c l u d i n g ( ^ c P ) o l 3 S which i s not shown) simply represents 
the increase i n the appropriate q u a n t i t y i n passing from the 
substrate t o the t r a n s i t i o n s t a t e of step 2. This observation 
can e a s i l y be explained i f the d i f f e r e n c e between the aCp and 
AS values between these two st a t e s i s the same f o r benzhydryl, 
n i t r o - a n d d i n i t r o - b e n z h y d r y l c h l o r i d e s . This i s not an 
unreasonable assumption since the a c t i v a t i o n parameters depend 
on s t r u c t u r a l p r o p e r t i e s and are independent o f the energy 
required t o i o n i s e the C-Cl bond. I t must be stressed t h a t 
under these c o n d i t i o n s the scheme i s k i n e t i c a l l y i n d i s t i n g u i s h ­
able from one t h a t does not i n v o l v e an intermediate i o n p a i r . 
From t h i s p o i n t of view i o n i s a t i o n v i a an intermediate i o n 
p a i r i s not excluded provided the i o n p a i r does not react w i t h 
the s o l v e n t . A l t e r n a t i v e l y s i g n i f i c a n t h y d r o l y s i s v i a the 
io n p a i r (ky'kg >"> 0.01) r e q u i r e s a remarkable c a n c e l l a t i o n 
of various terms i n equation 2.19 i n order t o lead t o the 
observed constancy of AS observed i n the h y d r o l y s i s o f the 
benzhydryl n i t r o d e r i v a t i v e s . I t was thought t h a t f u r t h e r 
i n f o r m a t i o n could be obtained from an accurate determination 
of ACp . Although e a r l i e r r e s u l t s had shown t h a t ACp /AS 

was the same as t h a t f o r other S 1 r e a c t i o n s w i t h i n the l i m i t s 
n 

of experimental e r r o r (approximately 10%), i t was f e l t t h a t 
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values f o r t h i s parameter and i t s temperature c o e f f i c i e n t 
would provide u s e f u l i n f o r m a t i o n , since i t was regarded as 
u n l i k e l y t h a t the c a n c e l l a t i o n of terms i n v o l v i n g ky^k^ and 
k w o u l d aPPly t o a l l three parameters, AS , ACp and 
^/teT (ACp*). A value o f "V^T (ACp*) has r e c e n t l y been 

20 
reported i n the l i t e r a t u r e , but i n f a c t proved t o be 

21 6 i n s i g n i f i c a n t . E a r l i e r c a l c u l a t i o n s i n d i c a t e d t h a t 
r a t e c o e f f i c i e n t s w i t h f r a c t i o n a l standard e r r o r s of approx­
imately 0.002 t o 0.004 would be required t o achieve t h i s , 
an accuracy which i s f i v e t o t e n times b e t t e r than t h a t 
p r e v i o u s l y reported. 



59. 

REFERENCES - CHAPTER TWO 

1. VAN'T HOPF "Etudes de Chimique", M u l l e r Amsterdam 1884. 

2. ARRHENIUS Z.Physik.Chem. 1889, 4, 226. 

3- HINSELWOOD Proc. Roy.Soc. 1926, A113, 230 

4. DE LA MER J.Chem.Phys. 1933, 1, 289. 

5. GLASSTONE, LAIDLER and EYRING "The Theory o f Rate Processes" 
McGraw H i l l N.Y. 1941. 

6. KOHNSTAM "Adv. Phys. Org." 1967, 5, 127-

7. KOHNSTAM "The T r a n s i t i o n State" Chem.Soc. Spec.Publ. 

No.16, p. 179. 

8. ROBERTSON "Prog, i n Phys.Org.11 1967, 4, 224. 

9- MOELWYN-HUGHES Proc. Roy.Soc. 1938, Al64, 295-

10. See reference 6. p. 144-145 and references c i t e d t h e r e i n . 

11. ( FROST and PEARSON " K i n e t i c s and Mechanism" Wiley, N.Y. 

1961, p. 134. 

12. FRANK and WEN Discussion Farad.Soc. 1957, 24,123. 

13. ROBERTSON Suomen K e m i s t i l e h t i I96O, 3 ^ , 25. 

14. ROBERTSON and SCOTT J.Chem.Soc. I 9 6 I , 1596. 

15. KIRKWOOD J.Chem.Phys. 1934, 2, 351. 

16. MARTIN and ROBERTSON J.Amer.Chem.Soc. 1966, 88, 5353-

17. CHURCH, HUGHES and INGOLD J.Chem.Soc. 1940, 966. 



60. 

18. KOHNSTAM p r i v a t e communication. 

19. BAILEY e t . a l . Chem.Comm. 1966, 122. 

BENFEY, HUGHES and INGOLD. J.Chem.Soc. 1952, 2488. 

20. ALBERRY and ROBINSON Transaction Farad.Soc. 1969, 98O. 

21. KOHNSTAM p r i v a t e communication. 



61. 

CHAPTER THREE 

ACTIVATION PARAMETERS AT CONSTANT VOLUME 

3.1 I n t r o d u c t i o n 

When s o l v o l y t i c r e a c t i o n s are c a r r i e d out under 

conventional conditions of constant pressure, they give 
r i s e t o s i g n i f i c a n t values of ACp which have been i n t e r p r e t e d 
i n terms o f s o l v e n t - s o l u t e i n t e r a c t i o n s (see s e c t i o n 2.4.3). 
I t has been suggested t h a t the use o f mole f r a c t i o n s t a t i s t i c s , 
i m p l i e d by constant pressure parameters, i s i n a p p r o p r i a t e 
to these systems, and i t would be b e t t e r i f discussions were 
based on volume f r a c t i o n s t a t i s t i c s , when the appropriate 
parameters would be those r e f e r r i n g t o constant volume 

1 2 
c o n d i t i o n s . ' However at present constant volume para-
meters r e f e r mainly t o 6V obtained from r a t e measurements 

Q in 11 12 
a t d i f f e r e n t pressures. Several extensive reviews^' ' U Ji, 
of the k i n e t i c e f f e c t s o f pressure have appeared i n the l a s t 
few years and i t i s discussed i n g r e a t e r d e t a i l i n s e c t i o n 

3.2 A c t i v a t i o n Parameter at Constant Volume 

The fundamental equation f o r the e f f e c t of pressure on 
the r a t e c o e f f i c i e n t , k, of a one step chemical r e a c t i o n , 
according t o the T r a n s i t i o n State Theory o f Reaction Rates 

•5 
i s given by^:-

5.5. 

I ̂  . I n k I AV 
RT 

3.1 

where the volume of a c t i v a t i o n , AV p = V - V i n t , w i t h V 
and V°int the standard molar volumes of the a c t i v a t e d complex 

and the i n i t i a l s t a t e r e s p e c t i v e l y . 
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A c l o s e l y r e l a t e d equation was proposed by van't Hoff 
i n 190l\ 

Many authors, f o r example Whalley^", have suggested 
t h a t a c t i v a t i o n parameters f o r chemical r e a c t i o n s might be 
more e a s i l y i n t e r p r e t e d i f they were determined a t constant 
volume, and t h a t values of A.Cp » the heat capacity of 
a c t i v a t i o n at constant pressure, may be e s s e n t i a l l y a con­
sequence of working at constant pressure, and t h a t the heat 

p 
capacity o f a c t i v a t i o n a t constant volume could w e l l be zero. 

As an a i d t o the e l u c i d a t i o n of r e a c t i o n mechanisms, 
volumes of a c t i v a t i o n should be at l e a s t as valuable as 
a c t i v a t i o n parameters a t constant pressure since they are 
easier t o i n t e r p r e t q u a l i t a t i v e l y , although at a r a t h e r 
elementary l e v e l . For instance, entropy requires a 
knowledge of the v i b r a t i o n s , and the enthalpy and f r e e 
energy a knowledge of both the v i b r a t i o n s and the forces 
i n the r e a c t i n g molecules. Volumes of a c t i v a t i o n from t h i s 
p o i n t of view should t h e r e f o r e be u s e f u l i n e l u c i d a t i n g 
mechanisms on account of t h e i r r e l a t i v e s i m p l i c i t y . However, 
i t i s only r e l a t i v e l y r e c e n t l y t h a t mechanistic i n f o r m a t i o n 
has been obtained from volumes of a c t i v a t i o n . The p r i n c i p a l 
argument against constant pressure c o n d i t i o n s a r i s e s from the 
expansion or c o n t r a c t i o n of the solvent as the temperature 
increases or decreases. This i n t u r n r e s u l t s i n an 
a d d i t i o n a l f a c t o r governing the i n t e r a c t i o n of reactants 
and the t r a n s i t i o n s t a t e w i t h the solvent. I n t h e i r o r i g i n a l 

•5 
e x p o s i t i o n o f the T r a n s i t i o n State Theory, Evans and Polyani-^ 
pointed out t h a t these i n t e r a c t i o n s would vary less i f the 
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volume were kept constant, but i t i s d o u b t f u l whether 
studies of re a c t i o n s at constant volume would avoid a l l 
the d i f f i c u l t i e s a r i s i n g from r e s u l t s obtained at constant 
pressure. When the t r a n s i t i o n s t a t e i s formed at constant 
pressure w i t h a change i n volume, only the solvent i n i t s 
immediate v i c i n i t y i s d i s t u r b e d , the r e s t o f the solvent i s 
unaffected. Therefore the same r e a c t i o n c a r r i e d out a t 
constant volume re q u i r e s the compression or expansion of 
the solvent as a whole t o compensate f o r the r e l a t i v e l y 
l a r g e changes i n volume over the small region near the 
t r a n s i t i o n s t a t e . This would complicate the i n t e r p r e t a t i o n 
of such r e s u l t s , and i s a c o n t r a d i c t i o n of an e a r l i e r suggestion. 

Purely thermodynamical arguments cannot e s t a b l i s h whether 
the conventional constant pressure measurements or constant 
volume c o n d i t i o n s would allow the simpler i n t e r p r e t a t i o n of 
a c t i v a t i o n parameters. The c o n d i t i o n s t o be p r e f e r r e d w i l l 
t o a c e r t a i n extent depend on the t h e o r e t i c a l model and on the 
r e s u l t s produced. Results f o r the same r e a c t i o n under 
constant volume and constant pressure c o n d i t i o n s would g r e a t l y 
a i d the i n t e r p r e t a t i o n of the mechanism of t h a t r e a c t i o n , and 
i t i s hoped t h a t r e l i a b l e values o f the heat capacity of 
a c t i v a t i o n a t constant volume w i l l soon be a v a i l a b l e . How­
ever, because of the r e l a t i v e ease of determining accurate 
rates a t constant pressure, more f o r c e f u l arguments w i l l have 
t o be presented t o persuade workers t o change from these 
c o n d i t i o n s t o those o f constant volume. 

3.3 T r a n s i t i o n State Theory of Reactions a t Constant Volume 
This s e c t i o n f o l l o w s the reasoning given by Whalley i n h i s 
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review^". 

The r a t e constant of a one step chemical r e a c t i o n , 
according t o the T r a n s i t i o n State Theory i s given by:-

k = K. kT_. exp _/AG \ TT Rf T 3.2 

Where a l l the l e t t e r s and su b s c r i p t s have the usual 
s i g n i f i c a n c e . 
I t has been assumed i n d e r i v i n g equation 3.2 t h a t the 
t r a n s i t i o n s t a t e has been formed at constant pressure. I f 
i t has been formed a t constant volume, then the r a t e i s 
given by:-

k = K. kT .exp f- AF„ \ f r - 3.3 

* 
Where AF V i s Hemholtz f r e e energy o f a c t i v a t i o n a t 

constant volume. 
However, the concentration of the t r a n s i t i o n s t a t e i s always 
very small and consequently c o n d i t i o n s of constant pressure 
and constant volume are i n d i s t i n g u i s h a b l e at any stage o f 
the r e a c t i o n ^ . D i f f e r e n t i a t i n g equation 3«3 w i t h respect t o 
temperature gives:-

-AU* 3-4 

Where ̂ Uy i s the i n t e r n a l energy of a c t i v a t i o n a t constant 
volume. 
Also:-

/^T. ln(k/T)\ 
V R 

* Where AS* i s the entropy of a c t i v a t i o n a t constant volume. 
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Now: -

(4 9) and 
T 

t h e r e f o r e (^_. I n k ] 
RT 

("3 . I n k\ AE 3.6 
RT 

Where /jV p i s defined as before, flp i s the pressure 
of a c t i v a t i o n . 
The pressure of a c t i v a t i o n i s def i n e d as the change i n pressure 
when a f i x e d amount of t r a n s i t i o n s t a t e i s formed at constant 
volume. Both equations contain e s s e n t i a l l y the same 
i n f o r m a t i o n , but equation 3.1 i s more u s e f u l since pressure i s 
eas i e r t o measure than volume. 

The determination of other a c t i v a t i o n parameters f o r the 
process at constant volume re q u i r e s a knowledge o f the rates 
of r e a c t i o n a t various temperatures w i t h the volume o f the 
r e a c t i o n mixture kept constant. This i n f o r m a t i o n i s u s u a l l y 
obtained by i n t e r p o l a t i o n of the r a t e constants a t a number 
of d i f f e r e n t pressures, r a t h e r than keeping the r e a c t i n g 
volume constant and assuming t h a t the c o e f f i c i e n t s of 
e x p a n s i v i t y , (<*), and c o m p r e s s i n i l i t y , (£), of the r e a c t i n g 
system are the same as i n the pure s o l v e n t . Any e r r o r 
r e s u l t i n g from t h i s i s probably n e g l i g i b l y small when d i l u t e 
s o l u t i o n s are s t u d i e d . 

The heat capacity of a c t i v a t i o n a t constant volume, 
i s given by:-
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A C * = \ 2 . 7 

Where A U V i s defined as i n equation J>.h. 
The i n t e r n a l energy of a c t i v a t i o n i s r e l a t e d t o the 
corresponding parameters at constant pressure by:-

AU* = AH* - *_ . T. 6V* 3-8 

where the i s o p i e s t i c thermal expansivityp( = 1 /aV ] 
v V T / p 

and the isothermal c o m p r e s s i b i l i t y J3 = -1 V \ 

Also AC^ i s r e l a t e d t o corresponding parameters at constant 
pressure by the r e l a t i o n : -

ln(« 
AC* = ACp* - c*T. AV* f [ P ^ l | + « /ln/ AV„\\ \ 3-9 

D e t a i l s of the d e r i v a t i o n of the above equation are given 
by Whalley 1. 

No r e a c t i o n appears t o have been studied deeply enough 
f o r t h i s equation t o be a p p l i e d . I t must be stressed t h a t the 
constant pressure parameters ( s u b s c r i p t p) i n equations 3«8 
and 3«9 are not i d e n t i c a l w i t h those discussed i n the previous 
Chapters. They r e f e r t o a pressure, p, required t o keep the 
volume of r e a c t i o n system constant at some a r b i t r a r i l y chosen 
value, and i t i s i n e v i t a b l e t h a t p w i l l increase as the 
temperature i s increased. S t r i c t l y speaking t h e r e f o r e , the 
comparison should be c a r r i e d out between the parameters a t 
constant volume and those at constant pressure, say one 
atmosphere. 



67. 

3.4 Experimental Technique 

The technique of measuring r a t e constants a t various 
pressures ( f o r reactions i n s o l u t i o n ) s u f f e r s from the 
inherent d e f e c t , t h a t the r a t e c o e f f i c i e n t s are r e l a t i v e l y 
i n s e n s i t i v e t o changes i n pressure. This i s i n d i r e c t 
c o n t r a s t t o r e a c t i o n s studied at various temperatures whose 
r a t e on average w i l l double f o r each ten degree r i s e i n 

3 

temperature. For example, a volume of a c t i v a t i o n o f -30cm , 
according t o equation 3«10 corresponds t o a pressure 
c o e f f i c i e n t of the r a t e c o e f f i c i e n t at 20° of about:-

1 . Ik = - 1200 x 10" 6 bar _ 1 3.10 
k Tp 

A l t e r n a t i v e l y t h i s means t h a t the r a t e constant approximately 
doubles f o r each k i l o b a r change i n pressure. Thus i n order 
t o o b t a i n a c t i v a t i o n parameters of s i m i l a r p r e c i s i o n t o those 
at constant pressure, the pressure at which the r e a c t i o n takes 
place and the r a t e c o e f f i c i e n t must be measured w i t h extreme 
accuracy. On the other hand i f only volumes of a c t i v a t i o n 
are r e q u i r e d , then r a t e c o e f f i c i e n t s measured t o an accuracy 
of 1% over a pressure range of 1 t o 3 k i l o b a r s would be 
s u f f i c i e n t 1 f o r an accuracy i n Vp o f a b o u t ± 1 ^ ' ^ 
c l e a r l y i s not good enough f o r the present study. 

U n t i l r e c e n t l y the conventional method of r a t e measure­
ment has been t o confine the r e a c t i o n mixture i n a tube w i t h 
a w e l l f i t t i n g movable p i s t o n placed i n the pressure vessel. 
A f t e r a known time the pressure i s released and a sample 
removed f o r a n a l y s i s . Other samples are t r e a t e d s i m i l a r l y , 
being l e f t i n the pressure vessel f o r v a r y i n g lengths of time. 

Various methods have been used t o t r a n s m i t the pressure 
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from the h y d r a u l i c f l u i d t o the r e a c t i o n vessel f o r 
example, a modified hypodermic syringe, mercury, t e f l o n plugs, 
s t a i n l e s s s t e e l bellows. Whilst the batch method, mentioned 
e a r l i e r , i s u s e f u l when only a small number of p o i n t s are 
required t o c a l c u l a t e the r a t e c o e f f i c i e n t , i t i s obviously 
b e t t e r i i f a p h y s i c a l property o f the r e a c t i o n mixture can 
be measured i n s i t u . Several such methods have been used, 
p o l a r i m e t r y , spectrophotometry, e l e c t r i c a l c o n d u c t i v i t y , 
even d i l a t o m e t r y has been used. This can be done using a 
manganin resistance gauge, when changes of the order of 0.04 
bar can be detected^. 

A f u r t h e r experimental p o i n t to be considered i s the heat 
developed when the mixture i s compressed. When l i q u i d s are 
compressed a d i a b a t i c a l l y , t h e i r temperature increases according 
t o the r e l a t i o n s h i p : -

where S i s the entropy, V i s the volume and Cp i s the 
heat capacity a t constant pressure. 
For water at atmospheric pressure a t 25°* (^T/5p) i s of the 

order o f 1.8° k b a r ~ \ However f o r organic l i q u i d s the value 
of ("*T/fcp)_ can be ten times higher than t h i s . Thus the 
compression of the r e a c t i o n mixture should be slow since the 
heat produced has t o be d i s s i p a t e d , the temperature 
e q u i l i b r i u m r e s t ored before r a t e measurements can begin. 
This f a c t o r places a serious l i m i t a t i o n on the highest 
temperature ( l a r g e s t r a t e c o e f f i c i e n t ) which can be employed 
i n the determination of a c t i v a t i o n parameters. 
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For a f u l l study o f a r e a c t i o n system as i n d i c a t e d i n 
s e c t i o n 3»3 enabling the heat capacity of a c t i v a t i o n a t constant 
volume t o be c a l c u l a t e d , the f o l l o w i n g sets o f experimental 
data have t o be obtained: 

the i s o p i e s t i c thermal e x p a n s i v i t y , «* , of the 
s o l v e n t , the isothermal c o m p r e s s i b i l i t y , p, o f 
the s o l v e n t , and the e f f e c t of pressure on the 
r a t e o f r e a c t i o n a t given i n t e r v a l s of temperature. 

F u r t h e r experimental d e t a i l s are found i n Chapter 6. 

3.5" I n f o r m a t i o n derived from A c t i v a t i o n Parameters a t 
Constant Volume 

The only constant volume parameter which seems t o have 
been st u d i e d i n any d e t a i l i n the volume of a c t i v a t i o n flV . 

* 14 Although the v a r i a t i o n of w i t h pressure has been u s e f u l , 
mechanistic i n f o r m a t i o n and the s e n s i t i v i t y o f r e a c t i o n r a t e s 
t o pressure changes have g e n e r a l l y been based on AVo the 
volume o f a c t i v a t i o n a t zero pressure. However, the 

* 14 e s t i m a t i o n of AVo i s not easy . At present, i t i s 
g e n e r a l l y c a l c u l a t e d by g r a p h i c a l methods 1 or from the best 

14 
f i t o f the experimental p o i n t s t o the equation:-

I n k = a + bP + cP 2 3.12 

This equation assumes t h a t "iV /^p i s independent o f pressure, 
but the v a l i d i t y o f t h i s assumption, and equation 3.2 may depend 
on the system under i n v e s t i g a t i o n . 

According t o Whalley 1, the volume o f a c t i v a t i o n may be 
resolved i n t o two components, AV*.. and &V* , Kohnstam 1^ als o 

s 
* 

considered a s i m i l a r r e s o l u t i o n o f £V . The p r i n c i p a l terms 
-x-

t h a t c o n t r i b u t e t o &.V a r i s e from volume changes from the 
p a r t i a l f o r m a t i o n of new chemical bonds, s t r e t c h i n g o r 
f i s s i o n o f e x i s t i n g bonds, as the r e a c t i o n system passes t o 
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the t r a n s i t i o n s t a t e . 
* 

C o n t r i b u t i o n s t o AV a r i s e from volume changes due t o 
s 

the i n t e r a c t i o n s o f i n i t i a l s t a t e and the t r a n s i t i o n s t a t e 
w i t h the s o l v e n t . I t must be emphasised t h a t these concepts 
are not precise but are worth dis c u s s i n g q u a l i t a t i v e l y because 
they allow a c e r t a i n i n s i g h t i n t o the a c t i v a t i o n processes 

1 14 
involved i n chemical r e a c t i o n s . ' 

3.5.1 The Magnitude of AV.J 

Co n t r i b u t i o n s t o AV a r i s e mainly from: 
i ) bond fission 

i i ) bond formation 
i i i ) non bonded i n t e r a c t i o n s 
i v ) d e s t r u c t i o n or formation o f c y c l i c systems 

Bond . f i s i o n mainly c o n t r i b u t e s t o AV because o f p a r t i a l 
s t r e t c h i n g or breaking of a covalent bond d u r i n g the a c t i v a t i o n 

14 1 14 process. Such c o n t r i b u t i o n s are normally c a l c u l a t e d 3 

from the Van der Waal's r a d i i o f atoms or groups i n the 
4. 

v i c i n i t y of the r e a c t i o n centre. 6 V can r e a d i l y be 
c a l c u l a t e d provided the extension o f the bond being broken 
i s known. Such c a l c u l a t i o n s lead t o values o f AV i n the 
region of 0.5 - 4 cm^. 

4-

S i m i l a r l y the c o n t r i b u t i o n s t o AV due t o bond formation 
can be obtained from the decrease i n the distance between 
two r e a c t i n g s i t e s i n the t r a n s i t i o n s t a t e . I t i s important 
t o note t h a t the r e d u c t i o n i n volume i n forming a new p a r t i a l 
bond i s g r e a t e r than the volume increase associated w i t h 
p a r t i a l bond d e s t r u c t i o n f o r s i m i l a r r e a c t i n g systems. 
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Consequently f o r a bimolecular r e a c t i o n i n v o l v i n g synchronous 
f i s s i o n and formation of new bonds, there i s expcected t o be 
a negative value of A V c o n t r i b u t i n g t o AV . 

Non bonded i n t e r a c t i o n s having c o n t r i b u t i o n s t o A V 
w i l l be expected when the t r a n s i t i o n s t a t e i s formed e i t h e r 
by compression o f s t e r i c a l l y hindered groups or the release 
of such compression i n groups whose bonding i s not otherwise 
a f f e c t e d by the formation of the t r a n s i t i o n s t a t e . Therefore 
depending on whether compression or i t s release occurs i n the 
a c t i v a t i o n process, there w i l l be a negative or p o s i t i v e 
c o n t r i b u t i o n t o &V . When the a c t i v a t i o n process involves 
the formation o f a c y c l i c t r a n s i t i o n s t a t e from a non c y c l i c 
molecule, the c r e a t i o n of such an empty space - too small t o 
be occupied by a solvent molecule - w i l l r e s u l t i n a p o s i t i v e 
c o n t r i b u t i o n t o ̂ V . Conversely a negative c o n t r i b u t i o n 
w i l l occur when a c y c l i c precursor forms a l i n e a r t r a n s i t i o n 
s t a t e provided there i s exclusion o f the solvent from the 
i n t e r i o r o f the c y c l i c s t r u c t u r e s . The e f f e c t s o f non bonded 
i n t e r a c t i o n s and the formation or d e s t r u c t i o n of c y c l i c i n t e r -

* 
mediates w i l l have very l i t t l e c o n t r i b u t i o n t o make t o AV 

r 
and hence t o AV i n S i and S 2 s o l v o l y t i c type r e a c t i o n s . 

n n 
5.5 .2 The Magnitude of &V* 

s 
The i n t e r a c t i o n between a molecule and i t s solvent i s 

very complicated and cannot be described at a l l q u a n t i t a t i v e l y 
by any d e t a i l e d theory. 

The c o n t r i b u t i o n of solvent e f f e c t s , AV t o A V , can 
s 

be discussed e i t h e r i n terms of a s o l v a t i o n model or an e l e c t r o -

1 
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s t a t i c model. I n the s o l v a t i o n model a c o n t r a c t i o n 
occurs when the solvent molecules become attached t o a 
charged centre. The e l e c t r o s t a t i c model^" considers the 
e l e c t r o s t a t i c c o n t r i b u t i o n t o the volume when a polar 
species i s placed i n a solvent which i s regarded as a 
s t r u c t u r e l e s s and continuous d i e l e c t r i c . Both approaches 
lead q u a l i t a t i v e l y t o the same conclusions, a negative A V 

s 
when charges are created i n the a c t i v a t i o n process, and a 
p o s i t i v e value when charges are destroyed or dispersed over 
a l a r g e r p a r t of the r e a c t i n g e n t i t y . 

The e f f e c t o f solvent changes i s u s u a l l y considered t o 
be n e g l i g i b l e i n non polar r e a c t i o n s not i n v o l v i n g the 
formation or f i s s i o n of hydrogen bonds. This i s assumed 
although i t i s w e l l known t h a t a n e u t r a l substrate i n i t i a t e s 
s o l v e n t - s o l u t e i n t e r a c t i o n s and changes solve n t - s o l v e n t 

15 
i n t e r a c t i o n s . ^ I t i s possible t h a t such i n t e r a c t i o n s w i l l 
not be g r e a t l y a l t e r e d by the passage t o the t r a n s i t i o n s t a t e . 
Most discussions i n v o l v i n g f a c t o r s c o n t r i b u t i n g t o AV _, 

s 
14 

however, neglect c o n t r i b u t i o n s from n e u t r a l species , 
since the present s t a t e o f knowledge allows no other meaning­
f u l c o n s i d e r a t i o n . This may not be e n t i r e l y v a l i d p a r t i c u l a r l y 
i n h i g h l y aqueous solvents. 

The various processes which can occur d u r i n g the formation 
of a t r a n s i t i o n s t a t e , each making a c o n t r i b u t i o n t o the volume 
of a c t i v a t i o n are shown i n Table 3.1. 
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TABLE 3-1 

1U 
The E f f e c t of Various Processes on Volumes of A c t i v a t i o n 

I n i t i a l T r a n s i t i o n * 
Process State State * 

A V c 
Bond f i s s i o n A - B A B 5 

Bond formation A + B A B -10 t o -15 

Charge Creation A + B A f t . . , B * ~ -10 t o - 3 0 x 

Charge D e s t r u c t i o n A ++ B" A^t.-.B^" 10 t o 3 0 x 

Charge Dis p e r s a l A-B-C A...B...C 5 t o 10 

#AV the c o n t r i b u t i o n t o AV from the process under consider-
a t i o n (crrP) 

x These processes do not include c o n t r i b u t i o n s from bonding 
changes. 

3.6 AV f o r the S o l v o l y s i s o f Organic Halides 

S o l v o l y s i s o f organic h a l i d e s i s accelerated by an 
increase i n pressure (see s e c t i o n 3«*0« The volumes of 
a c t i v a t i o n f o r such r e a c t i o n l i e i n the range -15 t o -25 cnr 
although values c l o s e r t o zero have been observed f o r s o l v o l y s i s 

1 "5 16 
i n water •?* . I t i s d i f f i c u l t t o p r e d i c t whether there w i l l 
be any d i f f e r e n c e i n volumes of a c t i v a t i o n f o r S^l and S 2 

n n 
solvolyses. 

I n the bimolecular s o l v o l y s i s , there i s a p a r t i a l 
s t r e t c h i n g of an e x i s t i n g bond, and the p a r t i a l formation of 

* 14 
a new bond; these f a c t o r s should provide a negative AV 
There i s also i n c r e a s i n g s o l v a t i o n caused by the formation 
of e l e c t r i c charges i n the t r a n s i t i o n s t a t e , r e s u l t i n g i n a 



74. 

negative AV . I n d i r e c t c o n t r a s t , i n an S I t r a n s i t i o n 
s t a t e not only i s there a g r e a t e r concentration o f these 
charges but t h e i r possible g r e a t e r magnitude should r e s u l t 

* 14 
i n a more negative 6V I n o p p o s i t i o n t o t h i s there i s 

s 
a p o s i t i v e c o n t r i b u t i o n t o AV caused by the f i s s i o n o f an 
e x i s t i n g bond. 

Bearing a l l t h i s i n mind i t i s not s u r p r i s i n g t o f i n d 
t h a t the volume of a c t i v a t i o n f o r s o l v o l y s i s o f a l k y l h a l i d e s 
has o f t e n very s i m i l a r values f o r the S 1 and S 2 mechanisms, 

n n 
and t h a t fcV does not provide a u s e f u l c r i t e r i o n o f mechanism. 
From t h i s b r i e f discussion, i t i s l i k e l y t h a t the use of aV 
o f f e r s very l i t t l e i n s i g h t i n t o the nature of the i n t e r m o l e c u l a r 
and molecular solvent forces i n r e a c t i o n s t a k i n g place by 
these two mechanisms. This i s a r e s u l t of a l a c k of values o f av f o r S I and S 2 r e a c t i o n s , and a l a c k o f a s u i t a b l e n n 
theory e x p l a i n i n g s o l v e n t - s o l v e n t and s o l v e n t - s o l u t e i n t e r ­
a c t i o n s . However, experimental r e s u l t s f o r the same re a c t i o n s 
a t both constant pressure and constant volume would f u r t h e r 

15a 
a i d the i n t e r p r e t a t i o n of a c t i v a t i o n parameters. J 

3.7 Conclusion 
Whilst a c t i v a t i o n parameters at constant volume would 

have undoubtedly provided a d d i t i o n a l d e t a i l e d i n f o r m a t i o n about 
the processes involved i n S n l r e a c t i o n s , i t was f e l t t h a t 
there was not s u f f i c i e n t time t o overcome the experimental 
problems t h a t were encountered. The present r e a c t i o n s were 
t h e r e f o r e only studied under c o n d i t i o n s of constant pressure. 
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CHAPTER FOUR 

ACCURATE RATE COEFFICIENTS 

4.1 I n t r o d u c t i o n 

The aim of t h i s work was t o ob t a i n r a t e c o e f f i c i e n t s 
o f maximum accuracy f o r the h y d r o l y s i s of benzhydryl c h l o r i d e 
i n aqueous acetone. I t was hoped t h a t t h i s aim could be 
achieved by f o l l o w i n g the development o f a c i d i t y d u r i n g 
s o l v o l y s i s , e i t h e r by t i t r i m e t r i c a n a l y s i s of samples of the 
r e a c t i o n mixture or by measurement of the conductance o f the 
r e a c t i o n mixture i t s e l f . The r e l i a b i l i t y of the r a t e 
c o e f f i c i e n t s l i k e l y t o be obtained by these two methods i s 
considered i n t h i s chapter. 

4.2 E r r o r s Involved i n the Determination of the Concentration 
of the Product. 

Two types of e r r o r c o n t r i b u t e t o the t o t a l e r r o r i n the 
t i t r e (P) of a sample of the r e a c t i o n mixture. F i r s t l y , a 
t i t r a t i o n e r r o r a r i s e s from e r r o r s involved i n reading the 
b u r e t t e and from any e r r o r i n l o c a t i n g the end p o i n t . Both 
these e r r o r s are independent o f the magnitude of the t i t r e , 
so t h a t the t i t r a t i o n e r r o r can be expected t o be constant 
as the r e a c t i o n proceeds. Hence: 

* P t i t = ( 5 P t i t > = P-^T 

where <T T = *P t l t/Pco 

or expresses the t i t r a t i o n e r r o r as a f r a c t i o n o f the i n f i n i t y 
T 
reading. Secondly, the t i t r e s w i l l also be subject t o a 
sampling e r r o r r e s u l t i n g from e r r o r s i n the volume of sample 
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taken f o r a n a l y s i s . I f the sample volume, V 0, i s subject 
s 

t o an e r r o r , £v\ the r e s u l t i n g e r r o r i n the t i t r e w i l l be 
s 

given by:-
Sta = p. S V s A s 

The t o t a l e r r o r i n the t i t r e r e s u l t i n g from the 
combination o f these two independent e r r o r s i s given by:-

t i t 

where P/P^ = X 

£p - P^ . C^, ( l + X 2 F 4.1 

Equation 4.1 f o l l o w s provided t h a t the f r a c t i o n a l sampling 
e r r o r , Sv e/V_, i s o f a s i m i l a r magnitude t o the f r a c t i o n a l s s 
t i t r a t i o n e r r o r , <r , as does occur i n p r a c t i c e . 

T 

For k i n e t i c runs f o l l o w e d by a con d u c t i m e t r i c • method, 
the s i t u a t i o n i s d i f f e r e n t . For such a run, the resistances 
i n the conductance bridge are g e n e r a l l y accurate t o some 
f r a c t i o n of t h e i r t o t a l value. Therefore, the e r r o r i n a 
conductance reading, P, i s given by:-

S? = P,,,, . X. <r 4.2 
P 

where P/P^ = X 
SPA* = c r p 

ff^ expresses the e r r o r i n a conductance reading as a f r a c t i o n 
o f the i n f i n i t y reading. 

I n the past, k i n e t i c data from conductance measurements 
have o f t e n been t r e a t e d by assuming a d i r e c t p r o p o r t i o n a l i t y 

between the observed conductance and c o n c e n t r a t i o n s i m i l a r t o 
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the d i r e c t p r o p o r t i o n a l i t y t h a t e x i s t s between the t i t r e and the 
c o n c e n t r a t i o n , provided t h i s assumption causes only a small 
e r r o r . (See however, the d i s c u s s i o n i n s e c t i o n 5 .2 . et seq.) 

A comparison of equations 4.1 and 4.2 shows t h a t the 
a c t u a l d e t e r m i n a t i o n o f the "product c o n c e n t r a t i o n " w i l l 
i n v a r i a b l y be subject t o a s m a l l e r e r r o r when conductance i s 
employed (since X <1) , unless o f course, C i s considerably 
l a r g e r than ô ,. I n f a c t , the converse i s l i k e l y t o apply, 
since an accurate t i t r i m e t r i c d e t e r m i n a t i o n o f an a c i d 
c o n c e n t r a t i o n would i n v o l v e an e r r o r o f the order o f 0.01 mis. 
i n 10 mis, fl"^ ̂  10"^; w h i l s t conductance measurements can 

_1L e a s i l y be obtained w i t h a value o f o" 1 - 2 x 10 P 
On t h i s view the case f o r employing conductance measure­

ments as opposed t o t i t r a t i o n appears t o be u n a s s a i l a b l e , 
but i t i s necessary t o consider how the r a t e c o e f f i c i e n t s are 
obtained i n p r a c t i c e before this conclusion can be f i n a l l y 
accepted. This i s because the s t a t i s t i c a l weight f a c t o r s 
employed i n these c a l c u l a t i o n s w i l l depend on the method of 
f o l l o w i n g the r e a c t i o n . 

4.3 The Rate Equations 

The i n t e g r a t e d f i r s t order r a t e equation f o r a r e a c t i o n 
f o l l o w e d by the development ,of the product (P) can be expressed 
i n a number of ways, each o f which i n v a r i a b l y i n f l u e n c e s the 
r e l i a b i l i t y o f the f i n a l r a t e c o e f f i c i e n t . 

I n t e g r a t i o n o f the instantaneous r a t e equation between 
l i m i t s of zero time (T = 0) and time, T, gives the normal 
form of the f i r s t order equation 
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k = 1 . i n Pco - Po 4 . 3 
T P«, - P 

or i t s equaivalent 

kT = I n Bo - PQ 4 , 4 
P* " P 

from which the r a t e c o e f f i c i e n t i s obtained as the mean o f 
the i n d i v i d u a l r a t e c o e f f i c i e n t s (equation 4 . 3 ) or as the 
slope o f the appropriate l i n e through the o r i g i n (equation 
4 . 4 ) . The estimated standard e r r o r o f the "best" r a t e 
c o e f f i c i e n t a r i s e s from the random e r r o r s ( $ P ) i n the P 
terms, i n a d d i t i o n t h i s parameter i s subject t o systematic 
"zero" and " i n f i n i t y " e r r o r s which are associated w i t h each 
k i n the equation 4 . 3 and each kT i n equation 4 . 4 . The use 
of equations 4 . 3 and 4 . 4 has been c r i t i c i s e d f o r these reasons, 
but there i s ho d i f f i c u l t y i n t a k i n g several i n f i n i t y measure­
ments f o r a r e a c t i o n which goes t o completion. Thus the 
systematic e r r o r i n P^ , and t h e r e f o r e the i n f i n i t y e r r o r o f 
k can e a s i l y be reduced t o an i n s i g n i f i c a n t l y small amount. 
S i m i l a r l y there i s no d i f f i c u l t y i n c a r r y i n g out several zero 
measurements f o r t i t r a t i o n runs when the sealed ampoule 
technique i s used. This u n f o r t u n a t e l y i s not possible f o r 
runs followed by change i n c o n d u c t i v i t y . However, equation 
4 . 2 does i n d i c a t e t h a t the e r r o r i n a zero measurement 
r e s u l t i n g from a s i n g l e determination of P Q i s l i k e l y t o be 
small provided the reading i s taken at a very e a r l y stage o f 
the r e a c t i o n (X«l). I u was t h e r e f o r e considered t h a t the 
use of equation 4 . 3 i n the present work was worthy of f u r t h e r 
c o n s i d e r a t i o n . Obviously r e l i a b l e experimental data should 
give the same f i n a l value f o r the r a t e constant, i r r e s p e c t i v e 
of the method of c a l c u l a t i o n , t h i s does not n e c e s s a r i l y apply 
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t o the estimated standard e r r o r o f t h i s q u a n t i t y . However, 
the method of weighted l e a s t squares (see s e c t i o n 4 .4) leads 
t o i d e n t i c a l expressions f o r the r a t e c o e f f i c i e n t and i t s 
estimated standard e r r o r from equation 4 .3 and 4.4 

A l t e r n a t i v e l y the systematic e r r o r i n the zero reading 
can be avoided by t r e a t i n g the term I n (Pa, - P Q ) , i n 
equation 4.3 as a disposable constant when the i n t e g r a t e d 
r a t e equation takes the form 

I n (P. - P) = A - kT 4.5 

The f i n a l r a t e c o e f f i c i e n t , k, i s then obtained as the slope 
o f the a p p r o p r i a t e "best" s t r a i g h t l i n e , but such a r a t e 
c o e f f i c i e n t i s s t i l l s u bject t o the systematic e r r o r i n the 
i n f i n i t y reading, although t h i s can be minimised by r e p l i c a t e 
d e t e r m i n a t i o n s . I n a d d i t i o n the estimated standard e r r o r o f 
the r e s u l t i n g r a t e c o e f f i c i e n t i s l i k e l y t o be l a r g e r than 
t h a t from equation 4.3 since i t i s now c a l c u l a t e d from an 
expression i n v o l v i n g two disposable parameters. 

Systematic e r r o r s can be e n t i r e l y avoided by w r i t i n g 
equation 4.3 i n i t s exponential form and r e p l a c i n g terms 
i n v o l v i n g P„o and P Q by disposable parameters. This 
equation i s shown below (equation 4 .6) 

P = A - B e" k T 4.6 

The r a t e c o e f f i c i e n t i s obtained from t h i s expression by the 
the method of non l i n e a r l e a s t squares (see Appendix 3)» but 
i t can be expected t o be subject t o a r e l a t i v e l y l a r g e 
standard e r r o r i n view o f the three disposable parameters 
i n v o l v e d i n equation 4 .6 . 

A l t e r n a t i v e l y the i n f i n i t y e r r o r can a l s o be avoided by 
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applying equation 4.5 t o two separate determinations o f P 
separated by a constant time i n t e r v a l aT. The r e s u l t i n g 
expression, the w e l l known Guggenheim equation, can be 
w r i t t e n i n the form: 

I n ( P m m - Pm) = A - kT 4.7 T + 6T T' 
Calc u l a t i o n ? performed on equation 4.7 have shown t h a t the 
r e s u l t i n g r e l i a b i l i t y of the r a t e c o e f f i c i e n t s i s less than 
t h a t obtained from equation 4.5 when several i n f i n i t y measure­
ments have been c a r r i e d out. As a r e s u l t of t h i s d iscussion, 
r a t e c o e f f i c i e n t s were not c a l c u l a t e d from equations 4.6 and 
4.7 f o r the present work. 

4.4 Weighting Schemes Applied t o Rate Data 

I n e f f e c t the r a t e equation can be w r i t t e n q u i t e 
g e n e r a l l y i n the form:-

y = f (T,k,a) 
where y i s a f u n c t i o n of the P's, or of the 

P's and the T's, f i s a f u n c t i o n of the T's (assumed much 
more accurate than-the P terms), the r a t e c o e f f i c i e n t , k, 
any other disposable parameters, a. 
The disposable parameters, i n c l u d i n g the r a t e c o e f f i c i e n t , are 
then evaluated from the p r i n c i p l e o f l e a s t squares which 
requires t h a t : -

^ i i s to be a minimum 4.8 

where ^ i are the r e s i d u a l s c a l c u l a t e d from 
the d i f f e r e n c e s between the observed, y, and the values 
c a l c u l a t e d from the "best" values of the disposable para-
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meters, and u^, i s the s t a t i s t i c a l weight t o be assigned 
t o each experimental p o i n t y^. 
This weight f a c t o r has o f t e n been assumed to be u n i t y i n 
k i n e t i c work, but i t i s necessary t o e s t a b l i s h t h a t t h i s 
assumption i s j u s t i f i e d before i t can be accepted i n the 
present c a l c u l a t i o n s . 

For aGaussian d i s t r i b u t i o n o f e r r o r s , the s t a t i s t i c a l 
* 

weight properly assigned t o any p o i n t y^ i s p r o p o r t i o n a l 
t o the r e c i p r o c a l of i t s variance, Sy^ , about i t s c o r r e c t 
value: 

t h a t i s w ± * 1/ Syf 4.9 

£y^ can be obtained t o a good degree o f approximation from 
the r e l a t i o n between y and the observed q u a n t i t y P. 
Since 

y = g (P) 

then £ y ± = _|_g . £ P ± 4.10 

Equation 4.10 gives an expression f o r an e r r o r £y^ caused 
by an e r r o r £p^. Expressions f o r £P^ are given by equations 
4.1 and 4 .2 , t h i s allows £y^ t o be formulated i n terms of 
experimental q u a n t i t i e s ( P^ P ^ ) and an unknown constants 
(oTn or <r ) and t h i s permits the e v a l u a t i o n o f the weight f a c t o r s 
w ± from equation 4.9- The c a l c u l a t i o n o f the weight f a c t o r s , 
ŵ , i s o u t l i n e d below 

W r i t i n g the r a t e expression i n the form 
y = f (T,k,a) 

the method of weighted l e a s t squares (equation 4 .8) gives the 
"best" value o f the r a t e c o e f f i c i e n t : -

k = h (y,t,w) 
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where the f u n c t i o n h depends only on the experimental 
q u a n t i t i e s y and t and does not i n v o l v e any parameters. 
The precise nature o f h depends on the r a t e equation 
employed. An e r r o r £y, i n a p o i n t y, causes an e r r o r 
£k, i n k given by:-

<£k. ^ h . S y, 
ay, 

and the variance o f k i s given by:-

v ( k ) = n . / f k 2 

n - p *~ 1 

where n i s the number of experimental points, p the 
number of disposable parameters. 
For expressions under c o n s i d e r a t i o n i t was always found 
t h a t 

v ( k ) = n ^ w J i ^ . w, S y ±
2 4.11 

n - p 
i 

i 
where h i s a f u n c t i o n o f w and t only. 

For a proper w e i g h t i n g procedure ( t h a t i s , i f there i s a 
o f , f 2 / 

Gaussian d i s t r i b u t i o n e r r o r s ) w^oy^ i s constant ( i n p r a c t i c e 
almost constant) and equal t o ?w, £ y ^ / n . Now £y^ can be 
i d e n t i f i e d w i t h the observed r e s i d u a l s 6^ (see equation 4 . 8 ) , 

t h e r e f o r e equation 4.11 can be w r i t t e n : -

v ( k ) = ^ . A . 2
 ^ ^w,. h ± 

n - p 

Table 4.1 shows the values o f the various f u n c t i o n s 
a p p r o p r i a t e t o equations 4.3 and 4 .5 . 
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TABLE 4.1 

Functions Involved i n the S o l u t i o n o f Equations 4.3 and 4.5 

Function Equation 4.3 Equation 4.5 

1 I n P r- P 
P - P. 

I n (P^ - p ± ) 

A - kT. 

* i 1 - X ± P<> 1 " X ± Poo 

y 1 ( t i t r a t i o n ) 1_ 1 
T„ 1 - X, 1 - X, 

(conductance) 1_ 
T. 1 - X, 1 - X, 

w± ( t i t r a t i o n ) T ±
2 ( 1 - X^'' 

(conductance) 

(i - x.)' 

2 w i 2 w i V " <Z wiV* 

v (k) 2 w i & j 2 

n - 1 
1 . Zw1 A ±

2 Iw. 
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4.5 The F r a c t i o n o f the Reaction over which the 
Rate C o e f f i c i e n t s have Greatest R e l i a b i l i t y 

Assuming t h a t the systematic e r r o r s have been minimised 
or avoided, the estimated standard e r r o r of the f i n a l r a t e 
c o e f f i c i e n t , obtained from the appropriate r a t e equation, 
can be taken t o r e f l e c t the r e l i a b i l i t y of t h i s parameter. 
I t seems reasonable t o assume t h a t t h i s r e l i a b i l i t y w i l l be 
a f f e c t e d by the extent of r e a c t i o n over which readings have 
been taken. Equation 4.3. then allows the c a l c u l a t i o n o f 
a r a t e c o e f f i c i e n t , K^, appropriate t o each experimental 
p o i n t . The value of t h i s r a t e c o e f f i c i e n t w i l l be subject t o 
a random e r r o r a r i s i n g from the random e r r o r , £P^, i n the 
appropriate observation P I- Thus from equation 4.3, the 
e r r o r i n the r a t e c o e f f i c i e n t , £k^, from a corresponding 
e r r o r £ P I i n i s given by:-

£k, 1 . 1 . f f i 
1 T 1 - X, P -

i «o 
S u b s t i t u t i n g from equations 4.1 and 4.2, the corresponding 
equations f o r t i t r a t i o n and conductance become:-

£k, 0 i 
1 . 1 . ( 1 + X j ) 2 4.11 

or* -T 1 - X± 

and ^ k i = 1 . 1 . X, 4.12 
<r T l - x, 
P i 

A comparison of these equations shows t h a t f o r comparable values 
of OTp and <Tp, the smaller e r r o r occurs i n equation 4.12 
since X < 1. I t must be borne i n mind t h a t the optimum 
range f o r each &k^ i s not n e c e s s a r i l y the same f o r each 
method. I t can be shown t h a t i f the r e a c t i o n f o l l o w s good 
f i r s t order k i n e t i c s , and since X < 1 then 
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T = - 1 . I n (1 - X) (Assuming X„ = 0) 
k ° 

Therefore s u b s t i t u t i n g f o r T i n equations 4.11 and 4.12 

SkVk - ^ + x l ^ 4.13 
u - x ± ; i n u - x.; 

£k,/k = - x i 4.14 
— ^ - (1 - X.; i n (1 - x.; 

Equations 4.13 and 4.14 give the f r a c t i o n a l e r r o r of an 
i n d i v i d u a l r a t e c o e f f i c i e n t r e l a t i v e t o f r a c t i o n a l e r r o r of 
the i n f i n i t y d etermination, by the two methods, t i t r a t i o n and 
conductance. The values of <£kj/k a t various p o i n t s of the 

C 

r e a c t i o n are shown g r a p h i c a l l y i n f i g u r e 4.1 f o r t i t r a t i o n 
runs and f i g u r e 4.2 f o r conductance runs. From these 
f i g u r e s i t i s evident t h a t f o r the t i t r a t i o n method, the 
greatest accuracy i s obtained w i t h i n the range X = 0.2 t o 
0.9 , w i t h £kj/k having a value of between three and s i x 

w h i l s t f o r the conductance method the most accurate range 
l i e s between X = 0.02 t o 0 .7, w i t h the corresponding value of 
S"ki/k between one and two. Bearing i n mind, t h a t the 

f r a c t i o n a l e r r o r o f the i n f i n i t y d e termination (or) can be 
expected t o be f i v e times l a r g e r f o r a t i t r a t i o n method 
than f o r a conductance method, i t i s c l e a r t h a t equation 
4.3 w i l l give the more accurate r a t e c o e f f i c i e n t s when the 
products have been determined by conductimetric me-hods. 
These general conclusions only hold provided t h a t the 
conductance measurements are p r o p o r t i o n a l t o the concentration. 

I t can e a s i l y be shown t h a t the approximate two f o l d 
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v a r i a t i o n of £ki/k over these ranges corresponds to a 
cr 

four f o l d v a r i a t i o n i n the weight factors, w, a v a r i a t i o n 
which can be neglected, so that no error arises from the 
assumption of u n i t weight factors f o r a l l points under these 
conditions. 

No s i m i l a r s i m p l i f i c a t i o n applies to the calculation of 
a rate c o e f f i c i e n t from equation 4.5. Moreover, i t i s 
impossible to use a simil a r technique to f i n d the optimum 
range of rate c o e f f i c i e n t s , since the value of the rate 
c o e f f i c i e n t can now only be obtained from a consideration 
of a l l the readings taken. However, i t i s possible to 
calculate the standard deviation of the rate c o e f f i c i e n t 
r e l a t i v e t o <T f o r hypothetical runs. I n such runs i t may 
be assumed that each reading d i f f e r s by one standard deviation 
from i t s correct value, thus giving an in d i c a t i o n of the 
r e l i a b i l i t y of the rate c o e f f i c i e n t calculated by the various 
methods. The results of such calculations are summarised 
i n Table 4.2. I t can be seen that the accuracy of the rate 
c o e f f i c i e n t obtained from equation 4.5 does not d i f f e r greatly 
from that obtained by equation 4.4, p a r t i c u l a r l y f o r the 
conduct imetric runs. This conclusion i s reached i n spite 
of the larger number of disposable parameters involved i n 
equation 4.5 I n complete contrast the use of equations 4.6 
and 4.7 leads to a substantial increase i n the estimated 
standard error of the rate c o e f f i c i e n t . Clearly, these 
expressions are valuable when no i n f i n i t y determinations 
can be carried out but i n t h i s thesis, the additional i n ­
accuracies caused by the use of equations 4.6 and 4.7. are 
cle a r l y greater than any systematic error r e s u l t i n g from 
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TABLE 4.2 

Minimum Erros i n the Rate Coefficient 

The values quoted refer to f i f t e e n hypothetical and 
equally spaced observations from the range X̂^ to Xnt-

Equation X l X15 <r T 

V * 

4.4 0.2 0.875 O.858 -
0.01 0.50 - O O l l 

4.5 0.01 0.875 IO89 -
0.01 0.50 - O.366 

4.6 0.01 0.97 2.972 1.228 
4.7 0.01 0.875* 2.592 1.599 

* For each reading i n t h i s range, another reading 
two h a l f l i v e s l a t e r has been assumed. 
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accurately determined values of the I n f i n i t y reading. 
Table 4.2 also shows quite c l e a r l y that there Is a two to 
four times increase i n accuracy when the reaction i s followed 
by conductance rather than by t i t r a t i o n ; even i f the f r a c t i o n a l 
error of the i n f i n i t y determinations are the same f o r both 
methods. The greater accuracy of such determinations argues 
further i n favour of the adoption of t h i s method which should 
give a tenfold improvement i n the estimated standard error 
of the rate c o e f f i c i e n t (c approximately f i v e times 
Further improvement i n the estimated accuracy can be obtained 
by increasing the number of determinations i n a given run, 
such improvement i s proportional to the square root of the 
number of determinations. Thus a fur t h e r f i v e f o l d increase 
i n accuracy (decrease i n ff^) should r e s u l t from k i n e t i c runs 
involving 300 separate determinations instead of the usual 
twelve f o r a t y p i c a l t i t r a t i o n run. 

From these considerations, on the assumption that 
conductance i s d i r e c t l y proportional to concentration (see, 
however, section 5.1) there should be no d i f f i c u l t y i n 
obtaining a value of °k:/k less than 1 x 10~\ an accuracy 
very much better than previously reported. 
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CHAPTER FIVE 

RESULTS AND DISCUSSION OF THE CALCULATED RATE COEFFICIENTS 

5.1 Introduction 

The present hydrolysis of benzhydryl chloride i n 70$ 
acetone was followed by noting the conductance of i n i t i a l l y 
0.0015m to O.OÔ Om solutions, between 200 and 500 readings 
were taken f o r each run. F u l l d e t a i l s of experimental 
procedures are given i n Chapter 6. 

I t was pointed out i n Chapter 4 that conductance 
measurements offered the best hope of obtaining accurate 
rate c o e f f i c i e n t s calculated from equations 4.3, 4.4 and 
4.5 although i t was stressed i n the discussion that the 
arguments were based on the assumption of di r e c t proportion­
a l i t y between conductance and concentration. Whilst such an 
assumption i s s t r i c t l y not correct i t has frequently been 
employed i n k i n e t i c work i n the past and i t was hoped that 
i t might cause no s i g n i f i c a n t error i n the present work. 
A test of the v a l i d i t y of t h i s assumption was provided by 
the i n d i v i d u a l rate c o e f f i c i e n t s which should be independent 
of the stage of the reaction at which they were determined. 

Typical r e s u l t s , shown i n Table 5.1* very clearly 
demonstrate that t h i s assumption i s not j u s t i f i e d under 
the present conditions. The decrease of the in d i v i d u a l 
rate c o e f f i c i e n t s with increasing extent of reaction, i s 
more marked i n the experiment involving the larger i n i t i a l 
concentration and always well outside the l i m i t s of accuracy 
with which i t was hoped to determine the rate c o e f f i c i e n t . 
These observations are f u l l y consistent with a s i g n i f i c a n t 
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effect a r i s i n g from errors as a result of assuming d i r e c t 
p r o p o r t i o n a l i t y between conductance and concentration. 

TABLE 5-1 
In d i v i d u a l Rate Coefficients from Equation 4.3* 

Run* 19 + Run 20* 
X 4 

10 k 10^k 
0.05 5.006 5.175 
0.10 5.006 5-142 
0.15 5.003 5.113 
0.20 5.002 5.093 
0.30 4.988 5.050 
0.50 4.949 5-004 
0.70 4.912 4.943 

* Temperature = 25.007° 
+ I n i t i a l concentration 1.7 x 10 ym 

* I n i t i a l concentration 2.4 x 10~\ 

X i s the f r a c t i o n reaction 

The obvious way of overcoming t h i s d i f f i c u l t y would 
have been the experimental determination of the r e l a t i o n 
between conductance and concentration. I n carrying out 
such a procedure i t would have been essential to ensure a 
very high accuracy i n the concentration measurements, bearing 
i n mind that conductance can be measured with an accuracy of 

-4 
2 x 10 . I n i t i a l experiments carried out showed that a 
simi l a r precision f o r the measurement on hydrochloric acid 
i n the r e l a t i v e l y v o l a t i l e 70$ aqueous acetone could only 
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be achieved with great d i f f i c u l t y , and that the construction 
of experimental conductance-concentration curves at each 
temperature to be studied would have taken an inordinate 
length of time. The a l t e r n a t i v e to determining t h i s 
r elationship was to assume a relationship between these 
two quantities i n terms containing unknown parameters, 
which could then be included i n the rate equation as disposable 
constants. The l a t t e r procedure was adopted and the various 
p o s s i b i l i t i e s are outlined i n the following sections. 

5.2 Conductance-Concentration Relationships 

Two general types of relations between conductance 
and concentration were employed, most att e n t i o n was given 
to the empirical relationship, equation 5.1. 

c R a = A. L + B. I t 5 / 2 + C + D L 2 5-1 

where L = , the conduc tance of the solution 
a f t e r correction f o r the solvent conductance. 
Equation 5.1 has no t h e o r e t i c a l significance, although i t 
has a form s i m i l a r to that of the Onsager Equation and may 
include an allowance f o r the s e l f i o n i s a t i o n of the solvent. 
This accounts f o r the inclusion of the constant term, C, 
which i s included f o r the sake of completeness, although i t 
never appears i n the rate equation which invariably involves 
differences between two concentrations. A s i m p l i f i e d form 
of equation 5.1 omitting the f i n a l term ( D=0) was also 
frequently employed. 

A t h e o r e t i c a l l y more correct expression i s given by 
the Onsager Equation: 
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A = A 0 - ( * A 0 - p ) ^ 

where A i s the equivalent conductance and the 
subscript indicates the equivalent conductance at 
i n f i n i t e d i l u t i o n <* and |5 are constants. 
The form of the above equation i s inconvenient f o r the 
present purposes, but i t can be transformed i n t o equation 
5.2, which includes another parameter, )S : 

L * «.c ( 1 + $cK + *.c^ 5.2 

I f the f i n a l term of the equation i s neglected, ( )S = 0 ) , 
then only a n e g l i g i b l y smally error arises from w r i t i n g 
equation 5«2 i n the form: 

c = AL 5.3 
1 + BL^ 

1 + CL^ 
1 

D e t a i l s are shown i n Appendix 1. 

5.3 Conductance Concentration Relationships Used i n 
the Rate Equation 

5.3.1 Equation 5.1 In the Rate Equation 4.4 

I f the conductance and concentration are related by 
equation 5.1 s u b s t i t u t i o n i n the rate equation, equation 
4.4, leads to equation 5.4, d e t a i l s are given i n Appendix 2.1 

y = k = 

- 1 l n 1 + A. x . + A. X 5.4 
T 3 I 7 ? 4 

where .1 
A, = A3 , A = 4 

1 + Â  +A\ A + Â  +A 4 

1 A 1 Â  = B . L«2 A. = D L«3 
3 A ) A 
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I f i t i s assumed that D = 0 i n equation 5.1, then A^ and 
A^ i n equation 5«4 becomes zero. Clearly, the f i r s t of 
the three terms on the r i g h t hand side of equation 5.4 has 
much greater significance than the other two, so that 
the s t a t i s t i c a l weight factor to be assigned to each 
experimental point, y^, can be obtained from t h i s f i r s t 
term alone by the standard methods (see section 4.4), when 

w d - f 
I n i t i a l l y i t was assumed that D = 0 and a rate c o e f f i c i e n t 

was obtained from equation 5-4 f o r a series of a r b i t r a r i l y 
chosen values of A j to give a minimum error i n y, the rate 
c o e f f i c i e n t . The r e s u l t i n g "best" value of Aj , and hence 
the "best" value of B/A gave i d e n t i c a l rate c o e f f i c i e n t s which 
showed no regular v a r i a t i o n with the stage of reaction, see 
Table 5.2. 

TABLE 5.2 
Ind i v i d u a l Rate Coefficients at Various Stages of Reaction 

The data refer to Solvent I I I at 25-007°, f o r Run 19, 
with B/A =1.40 

4 
X 10 k 

0.15 4.800 
0.25 4.802 
0.40 4.791 
0.55 4.799 
0.70 4.803 

This suggests that equation 5.1, with D = 0, represents a 
satisfactory relationship between conductance and concentration. 
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Similar observations applied to a l l k i n e t i c runs carried 
out. 

A l t e r n a t i v e l y and probably more correctly, the rate 
c o e f f i c i e n t s can be obtained from equation 5.4 by the 
method of non l i n e a r least squares, which again adjusts 
the parameters to give a minimum weighted error i n y. 
Clearly t h i s procedure should give the same res u l t as the 
r e i t e r a t i o n method i n the previous paragraph. These methods 
were outlined i n Appendices 6.1 and 6.3 respectively. I t 
can be seen that i n Table 5«3 t h i s prediction applies. 

TABLE 5-3 
Rate Coefficients f o r equation 5.4 by Reiteration and 

Non Linear Least Squares Methods 
The data refer to Solvent I I I at 25.007° 

Reiteration Non Linear Leat Squares 
Run 10 4k B/A 10 4k B/A 
19 4.803+0.00094 1.41 4.803+0.00113 1.41 
20 4.797+0.00112 1.65 4.797+0.00160 I.65 

The non-linear least squares method leads to a larger 
estimate of the standard error of the rate c o e f f i c i e n t than 
the r e i t e r a t i o n method. Such an observation i s only to 
be expected since these methods involve one and two disposable 
parameters, respectively; A^ = B/A i s not a disposable para­
meter i n the r e i t e r a t i o n method, i t i s a chosen parameter. 

I t i s important to note that each i n d i v i d u a l rate 
c o e f f i c i e n t i s subject to a systematic error a r i s i n g from 
any error i n the conductance reading taken at zero time. 
This type of systematic error has been discussed i n section 
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4.1. The significance of the zero errors can be obtained 
by c a l c u l a t i n g a series of " f i n a l best" rate c o e f f i c i e n t s 
f o r a given run, corresponding to a choice of d i f f e r e n t zero 
readings i n the'early stages of reaction. 

Typical r e s u l t s of such calculations are shown i n Table 5.4 

I t can be seen that the choice of zero reading has no e f f e c t 
on Run 20," outside the l i m i t s of experimental error , however, 
f o r run 48 there i s a substantial v a r i a t i o n . Similar obser­
vations applied t o other k i n e t i c runs. Thus the fact that 
a s u b s t a n t i a l dependence of the value of the f i n a l "best" 
rate c o e f f i c i e n t on the choice of the zero reading was 
frequently found, suggested that equation 5.4 was unsuitable 

TABLE 5.4 

The Effect of the Choice of "Zero" Readings on the 
Parameters Calculated from Equation 5.4 

100.X0 

2.7 
2.7 
3-5 
4.0 
4.3 
4.8 
6.3 
6.4 

4 
10 Hk 

T.UN 20a" 

4.797+0.00019 
4.796^0.00019 
4.798^0.00021 
4.798+0.00022 
4.797+0.00021 
4.797+0.00022 
4.798+0.00023 
4.798+0.00025 

"B/A 
1.65 
1.67 
1.65 
1.64 

iooxc 

O.98 
1.3 
1.8 
2.2 

1.65 2.7 
1.65 3.3 
1.65 3.7 
1.64 4.5 

5.4 
6.2 

RUN 48l 

B/A 
1.433+0.000088 1.92 
1.432±0.000085 1.94 
1.436+0.000077 1.84 
1.439+0.000063 1.77 
1.435£0.000085 1.86 
1.434+0.000110 I.89 
1.440+0.000061 1.74 
1.440+0.000065 1.74 
1.441+0.000065 1.70 
1.442+0.000065 1.66 

a -
b -

Solvent I I I , Temperature « 20.006° N = 236 
Solvent I I I , Temperature = 14.996° . N = 293 

fo r the ca l c u l a t i o n of accurate rate c o e f f i c i e n t s . I t has 
been already pointed out (see section 4.1) that zero errors 
should be small, when the progress of the reaction i s followed 



100. 

by a conduct.imetrie method, but i t now appears they are 
not n e g l i g i b l y small. I t i s possible that the observations 
outlined above arise, at least p a r t l y , from an incomplete 
supression of the s e l f i o n i s a t i o n of the solvent by the 
products i n the early stages of the reaction. 

5.3.2 Equation 5.1 and the Rate Equation 4.5 

The systematic zero errors i n the rate c o e f f i c i e n t can 
be avoided by the use of equation 4.5 The appropriate form 
of t h i s expression, together with equation 5.1, the expression 
r e l a t i n g conductance and concentration, i s readily derived 
from equation 5-4 by combining a l l terms involving measurements 
at zero time i n t o a single disposable parameter (A2). 
Equation 5.4 can then be w r i t t e n i n the form:-

y = In (1-X) = A T + A2 - In ( 1 + A v X , + AK.x\ 
\ ^ 1.+XS * ) 

5-5 
where h± = -k 

A 2 involves a l l the terms continaing XQ. 

Details are given i n Appendix 2.2. A n t i c i p a t i n g the l a t e r 
discussion, i t can be stated that t h i s expression with A^ =s 0 
( i . e . D = 0) was f i n a l l y adopted as giv i n g the most r e l i a b l e 
rate c o e f f i c i e n t s ; no r e s u l t s are therefore given i n t h i s 
section. The expression with a non zero value of A^ should 
i d e a l l y give the same rate c o e f f i c i e n t but with a larger error 
i n view of the larger number of disposable parameters now 
involved. 

The e f f e c t of choosing A^(D) as zero and as a disposable 
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parameter i n the best estimate of the rate c o e f f i c i e n t 
calculated from equation 5-5 i s i l l u s t r a t e d i n Table 5-7 
where i t can be seen that the introduction of A^ a l t e r s 
the rate c o e f f i c i e n t by an amount exceeding the estimated 
standard error, although i t predicts y with better precision 
(not shown i n Table 5.7). This observation i s by no means 
unexpected and i l l u s t r a t e s one of the weaknesses of employing 
a least squares procedure f o r the determination of one of 
several disposable parameters i n a " t h e o r e t i c a l " expression. 

5.3.3 Equation 5«2 and Rate Equations_4.3 and 4.4 

I n p r i n c i p l e a rate equation which avoids systematic 
zero errors can also be obtained by s u b s t i t u t i n g the 
a l t e r n a t i v e conductance-concentration relationship (equation 
5.2) i n t o the l i n e with intercept equation. For the 
special case when tf= 0, i t can be shown (see Appendix 2.3) 
that the r e s u l t i n g rate equation can be w r i t t e n i n the form:-

y = lnd,,,. - L) = k± + A2T + l n ( l + Y) - l n ( l + W) 5.6 
where A, = ln(CL, - C ) - In A 

1 o 
A 2 = - k 
A, = B 3 
A^ = C 
Y = (A + A 4 ) . 
1 A 

and W = A4. L ̂  - ^3 . L 
1 + (A^ + A 4 ) . Ll + L* 

The mean rate c o e f f i c i e n t was obtained from the experi­
mental data by the method of non l i n e a r least squares f o r a 
number of a r b i t r a r i l y chosen values of the parameter Â . 
The value corresponding to the minimum error i n A^(k) was 

2 9 JUL 1976 ) 
UdRHI ' 
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accepted. Table 5*5 shows the results of such calculations 
f o r a t y p i c a l run. 

TABLE 5.5 
Results Calculated from Equation 5.6 

The data r e f e r to Solvent I I I , Run 19, Temp = 25.007° 

A 4 A l A 3 10* k 

-5 5.66 O.83 4.783 + 0.00115 
-3 5.66 0.99 4.793 + 0.00072 
-1 5.65 1.15 4.797 + 0.00048 
0 5.65 1.23 4.803 + 0.00047 
1 5.65 1.33 4.805 + 0.00046 
3 5.65 1.53 4.811 + 0.00048 
5 5.64 1.75 4.816 + 0.00053 

I t can be seen that w h i l s t the estimated standard error i n 
the rate c o e f f i c i e n t i s small, the "best" value i s r e l a t i v e l y 
insensitive to the chosen value of A^, i n the range A^ = 0 - 3. 
Other rate c o e f f i c i e n t s obtained by t h i s method are shown i n 
Table 5-7. 

A rate equation based on the extended form of the Onsager 
Equation (equation 5.2) was derived i n a somewhat d i f f e r e n t 
manner using the rate equation 4.3, with an additional 
disposable parameter replacing terms involved i n the zero 
reading. This equation takes the form:-

( 1 - A 4 r » i * ) ¥ -, ) ( l + A 2 ( y = X = (1 - A„e " l 1 

+ A, (-A-.e-"!") 5.7 
where X = L/L, 

An = k 1 



103. 

A 
1 + Pc% + c * 

1 . c. + &1 

Coo Coo 

and & i s the unknown e r r o r i n c o* 

P u l l d e t a i l s of the d e r i v a t i o n are shown i n Appendix 2.4. 

Equation 5.7 has the advantage that the r a t e c o e f f i c i e n t 

i s obtained by the minimisation of e r r o r s i n the experimental 

quantity X, i n s t e a d of a f u n c t i o n derived from X (say l n ( l - X ) ) . 

However, the values of the parameters A^, A^, and A^ depend 

not only on the temperature but a l s o on the i n i t i a l concen­

t r a t i o n of the run i n question, s i n c e i t can be seen that 

A 2 and A^ are f u n c t i o n s of ft and and c ^ . C l e a r l y any 

r a t e e x p r e s s i o n can only be considered to give r e l i a b l e r a t e 

c o e f f i c i e n t s i f i t leads to the same value of f3 and 8 f o r 

d i f f e r e n t runs i n the same s o l v e n t and a t the same temperature. 

The e v a l u a t i o n of 0 and from experimentally determined 

v a l u e s of Ag and A^ r e q u i r e s f u r t h e r approximation s i m i l a r 

to those i n the d e r i v a t i o n of equation 5.3 from 5.2. The 

approximation methods employed and the r e s u l t s of the 

c a l c u l a t i o n s are not d i s c u s s e d here s i n c e i t was found that 

r e p l i c a t e experiments at the same temperature lead to s l i g h t l y 

d i f f e r e n t r a t e c o e f f i c i e n t s (see Table 5 .7)• Moreover, i n 

s p i t e of the i n c l u s i o n of a disposable parameter to avoid 

e r r o r s i n the measurement of c 0 , i t was found that the r a t e 

c o e f f i c i e n t s (see Table 5-6) d i d depend to some extent on the 

choice of t h i s reading. Contrary to procedures i n the 

c a l c u l a t i o n s v i a equation 5.4 by the method of non l i n e a r 

l e a s t squares, the present procedure i n v o l v e s an i n i t i a l 
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TABLE 5.6 

Rate C o e f f i c i e n t s obtained from Equation 5«7 f o r Various 
Zeros 1 

100.x 0 l O 8 ^ * 10 ̂ k Run 19 

3-6 5-97 4.815 + 0.00175 
3-7 5.91 4.815 + 0.00174 
3.8 4.09 4.813 + 0.00149 
3.8 4.10 4.813 + 0.00150 
4.6 3.04 4.809 + 0.00138 
4.6 3.71 4.810 + 0.00150 
5.2 2.80 4.807 + 0.00139 
5.3 2.85 4.808 + 0.00142 
7.5 2.88 4.806 + 0.00160 

* VY = Iw £ y 2 / n - 4 

t r i a l value f o r A^, which i s based on the chosen zero and 

a r i s e s from the d e f i n i t i o n of A^, v i z : -

A4 = 1 - c 0 + _£_ 

Thus w h i l s t the zero i s not included as such, i t i s required 

i m p l i c i t l y i n the c a l c u l a t i o n , the e x i s t e n c e of a zero e r r o r 

i s t h e r e f o r e not s u r p r i s i n g . Table 5-6 a l s o shows that the 

sma l l e s t e r r o r i n the VY, occurs with the minimum value f o r 

the estimated standard e r r o r of the r a t e c o e f f i c i e n t , as 

would be expected. S i m i l a r l y , the e r r o r i n the r a t e c o e f f i c i e n t 

obtained from t h i s e xpression c o n t a i n i n g four d i s p o s a b l e 

parameters i s comparable to th a t obtained f o r the four 

parameter form of equation 5*5 and l a r g e r than that obtained 

from the var i o u s three parameter equations. 

Before the s i g n i f i c a n t zero e r r o r , a r i s i n g i n t h i s type 



105. 

of c a l c u l a t i o n was a ppreciated, r a t e c onstants were a l s o 
c a l c u l a t e d on a s i m i l a r b a s i s u s i n g a two parameter Onsager 
equation (equation 5.3) • The r e s u l t i n g r a t e equation i S : -

y = I n 

fl + X \ = -kT - I n / a + b \ 5.8 
VL + X D j + b j 

where X = L/L. 
Xo " L c A * 
a = | + C L ^ 

BL — r r 
- b = L%, + L 2" 

1 + (B + C) L t 

BL 
- b

0 = L - 2 + Lg^ 
1 + (B + c ) L Q ^ 

D e t a i l s are given i n Appendix 2.5. Rate c o e f f i c i e n t s were 

c a l c u l a t e d from equation 5*8 i n a s i m i l a r manner to those 

c a l c u l a t e d f o r equation 5-6 u s i n g a r b i t r a r i l y chosen values 

f o r C. The r a t e c o e f f i c i e n t s were c a l c u l a t e d f o r a l a r g e 

number of experiments f o r t h i s e x p r e s s i o n . Unfortunately, 

the r e s u l t s were not examined f o r any zero e r r o r s . 

5.4 A Comparison of Equations Used i n the C a l c u l a t i o n of 
Rate C o e f f i c i e n t s 

Table 5-7 shows the v a r i a t i o n of the r a t e c o e f f i c i e n t s 

and t h e i r a s s o c i a t e d standard e r r o r s obtained f o r the d i f f e r e n t 

r a t e equations. I t can be seen that f o r equation 5«5 (A^ 

= 0 i e D = 0) i n equation 5.1 l e a d s to by f a r the best 

agreement between the f i n a l r a t e c o e f f i c i e n t s of r e p l i c a t e 

k i n e t i c runs. T h i s was s u r p r i s i n g because equation 5-5 i s 

based on the s i m p l e s t r e l a t i o n s h i p that could e x i s t between 

conductance and c o n c e n t r a t i o n , equation 5-1. 1'̂  may w e l l 
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be t h a t the i n t r o d u c t i o n of f u r t h e r parameters i n t o t h i s 

r e l a t i o n s h i p and hence the r a t e equation h e l p s to decrease 

the r e l i a b i l i t y (and hence the v a l u e ) of the most important 

parameter, the r a t e c o e f f i c i e n t (see s e c t i o n 5 0 - 2 ) , s i n c e 

a l l parameters a r e obtained v i a the minimisation of the 

experimental q u a n t i t y y. T h i s may a l s o account f o r the 

s l i g h t l y d i f f e r e n t v a l u e s of the r a t e equation obtained 

by d i f f e r e n t equations f o r the same k i n e t i c run. As 

equation 5.5 (A^ = 0 ) gave by f a r the best agreement between 

the r a t e c o e f f i c i e n t s c a l c u l a t e d f o r r e p l i c a t e runs i t was 

decided to base the d i s c u s s i o n on the r a t e c o e f f i c i e n t s 

obtained from t h i s e x p r e s s i o n . 

TABLE 5.7 

Rate C o e f f i c i e n t s of I n d i v i d u a l Runs from D i f f e r e n t 
Rate Equations 

SOLVENT I I I Temp. = 25.007 RUN 19 RUN 20 
10 4 k Equation 5-5 (D=0) 4.802+0.0009 4.798+0.0008 

Equation 5-5 (D*0) 4.814+0.0030 4.780+0.0034 
Equation 5-6 4.803+0.0005 4.786+0.0006 
Equation 5-8 4.827+0.0008 - 4.840+0.0027 
Equation 5-7 4.811+0.0016 4.767+0.0017 

SOLVENT I I I Temp. = 10.006 
Equ. ' ' RUN 49 RUN 50 RUN 51 RUN 52 
(D=0)5.5 0.7538+0.003 0.7530+0.0003 0.7560+0.0002 0.7841+0.0004 

5.8 0.7609+0.0001 0.7710^0.0003 0.7740+0.0004 0.7713+0.0004 
5.7 0.7479±0.0010 0.7593+0.0070 0.7562+0.0007 0.7552+0.0004 

SOLVENT I V Temp. = 20.029 
Equ. RUN 57 RUN 58 RUN 59 
(D=0)5-5 2.601+0.0005 2.593+0.0006 2.609+0.0010 

5.8 2.651+0.0019 2.644+0.0020 2.658+0.0020 
5.7 2.586+0.0014 2.577+0.0021 2.599+0.0014 

* The s i m p l i f i e d Onsager equation a l s o i n v o l v e s t h ree 
parameters, even though i t i s b a s i c a l l y a two parameter 
r e l a t i o n s h i p , equation 5.2 with X= 0. 



107. 

5.5 F i n a l Form of the Rate Equation 

5.5-1 F i n a l Form of Equation 5.5 

Having decided to assume zero value f o r the parameter 

D i n equation 5.1* A^ can be omitted from equation 5-5 which 

can t h e r e f o r e be w r i t t e n i n the form:-

y = I n (1 - X) = A,T'+ A_ - I n [1 + A,. X . ) 5-9 
1 * \ * 1 + X* / 

where X = L/L 
A x = -k 
Ag i n v o l v e s a l l the X Q terms 

A 3 = A* 

1 + A* 

Ai = B . L i 
5 A 

A l l the parameters were obtained by the method of weighted 

non l i n e a r l e a s t squares ( d e s c r i b e d i n Appendix 3)* and hence 

the r a t e c o e f f i c i e n t from A^ and B/A from A^. I d e a l l y , the 

r e p l i c a t e runs should give p r e c i s e l y the same values f o r the 

r a t e c o e f f i c i e n t and B/A w i t h i n the l i m i t s of experimental 

e r r o r , but small v a r i a t i o n s • u t s i d e t h i s range were found. 

T h i s i s i l l u s t r a t e d i n Table 5-8 f o r a t y p i c a l temperature. 

TABLE 5.8 

R e s u l t s from Equation 5.9 i n i t s F i n a l Form 
Data r e f e r to 14 . 996° , Solvent I I I , R u n s 45 -48 

l o \ B/A 
1.4460+0.00091 1.516+0.025 
1.4299+0.00051 1.968+0.021 
1.4262+0.00069 2.061+0.014 
1.4332+0.00061 1.903+0.014 

Run N 10°VY 
45 570 3.289 
46 296 1.087 
47 299 1.370 
48 293 0.873 
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A summary of r e s u l t s produced from equation 5-9 f o r a l l 

runs c a r r i e d out w i l l be found i n Table 5.13- Table 5.8 

shows that the l a r g e s t value of the r a t e c o e f f i c i e n t a t a 

given temperature i s a s s o c i a t e d with the s m a l l e s t value of 

B/A and v i c e v e r s a , so that the v a r i o u s r e p l i c a t e s could be 

expected to give b e t t e r agreement between t h e i r r a t e c o e f f i c ­

i e n t s i f B/A was the same f o r a l l runs. I t seems very 

l i k e l y t h a t the r e l a t i v e l y poor agreement between the "best" 

r a t e c o e f f i c i e n t and the "best" B/A f o r the i n d i v i d u a l runs 

a r i s e s from the very nature of the l e a s t squares c a l c u l a t i o n 

which merely minimises the e r r o r i n the y ' s . 

I n p r i n c i p l e , the parameters B/A and the r a t e c o e f f i c i e n t 

f o r a p a r t i c u l a r temperature could be obtained as the means 

of the values given by equation 5-9 f o r the i n d i v i d u a l runs, 

but such a procedure would make i t d i f f i c u l t to decide which 

experimental points should be r e j e c t e d as d i s c o r d a n t . I t 

seems b e t t e r to c a l c u l a t e the r a t e c o e f f i c i e n t and B/A from 

a combined c o n s i d e r a t i o n of a l l the runs c a r r i e d out at the 

temperature i n question. However, the s t a t i s t i c a l weight, 

g, to be assigned to each run* r e q u i r e s some d i s c u s s i o n . 

Although i t i s a t t r a c t i v e to give the same weight to each 

run, such a weighting scheme i s u n l i k e l y to be j u s t i f i e d 

e s p e c i a l l y when d i f f e r e n t runs i n v o l v e d i f f e r e n t numbers 

of readings (N = 200 to 500) d i f f e r e n t v a l u e s f o r the VY's 

(see Table 5-8) and as the o c c a s i o n a l run was c l e a r l y r e l a t i v e l y 

* t h i s quantity i s q u i t e d i s t i n c t from the weight f a c t o r s , 
w, assigned to each i n d i v i d u a l reading of a run. 
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i n a c c u r a t e (see Table 5.13)- C a l c u l a t i o n s were arranged 

so t h a t the r a t e c o e f f i c i e n t and the B/A value f o r each 

i n d i v i d u a l run could be c a l c u l a t e d , but the e x c l u s i o n of 

d i s c o r d a n t points was based on the r e s i d u a l s c a l c u l a t e d 

from the v a l u e s of the r a t e c o e f f i c i e n t and B/A f o r the 

temperature i n question, i . e . the v a l u e s of these para­

meters obtained from a combination of a l l the runs a t t h a t 

temperaturej ; De-t&lls of the c a l c u l a t i o n s are given i n Appendix 
4. 

5.5A The Weight F a c t o r s Applied to Each Run. 

I n i t i a l l y , i t was assumed that the weight f a c t o r s to be 

assigned to each run could be I d e n t i f i e d w i t h the r e c i p r o c a l 

of the v a r i a n c e of the experimental p o i n t s : -

g <* _ I J vy = Z w j A j 
Vy n o ' 

I t was thought that vy represented a measure of the 

average r e l i a b i l i t y of the i n d i v i d u a l p o i n t s w i t h i n the 

run i n question but c a l c u l a t i o n s employing t h i s weighting 

procedure (Programme A 8 2 F ) l e d to unexpected r e s u l t s . An 

a l t e r n a t i v e scheme (Programme A 8 2 M ) assigned to each run 

a weight f a c t o r corresponding to the r e c i p r o c a l of the 

v a r i a n c e of the best estimate of the r a t e c o e f f i c i e n t f o r 

t h a t run; i . e . 

Table 5.9 shows the "b e s t " r a t e c o e f f i c i e n t and B/A f o r each 

temperature obtained by these two weighting procedures. I t 

shows c l e a r l y t h a t these two methods do not give the same 

r e s u l t s even w i t h i n the l i m i t s of the estimated standard 
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e r r o r . The outstanding discrepancy i s found f o r runs 

19 - 22 at 25° where the "best" r a t e c o e f f i c i e n t s d i f f e r 

by as much as 2.%. 

Examination of the c a l c u l a t i o n s f o r i n d i v i d u a l runs 

showed that the procedure of r e j e c t i n g discordant points 

leads to d i f f e r e n t d i s c a r d s i n the two programmes producing 

considerably d i f f e r e n t r e s u l t s . F o r a group of runs at 

one temperature which appeared to be a c c u r a t e as judged by 

the magnitude of VY, t h i s term tended to become more accurate 

by d i s c a r d i n g discordant points (as expected) i n c a l c u l a t i o n s 

u s i n g A82M, but became l e s s a ccurate when A82F was used. 

The converse of t h i s was found f o r the l e s s a c c u r a t e runs. 

T h i s of course i s c o n t r a r y to the i m p l i c i t requirement that 

the e x c l u s i o n of divergent points and the adjustment of 

disposable parameters should give b e t t e r r e s u l t s . Table 

5.10 shows that the two programmes (A82M and A82F) y i e l d 

very s i m i l a r r a t e c o e f f i c i e n t s of comparable accuracy before 

the e x c l u s i o n of discordant p o i n t s . The f i n a l v a l ues 

obtained from c a l c u l a t i o n s v i a A82M do not d i f f e r g r e a t l y 

from the i n i t i a l v a l u e s , and are i n v a r i a b l y more a c c u r a t e . 

T h i s i s in complete c o n t r a s t to the r e s u l t s from A82F where 

l a r g e r d i f f e r e n c e s are apparent between i n i t i a l and f i n a l 

c a l c u l a t i o n s and the estimated standard e r r o r of the f i n a l 

r a t e c o e f f i c i e n t i s often g r e a t e r than i t s i n i t i a l value. 

The most s t r i k i n g discrepancy of t h i s type i s found f o r 

runs 19 - 22, and i l l u s t r a t e s the d i f f e r e n t consequences of 

the two weighting schemes. 

Table 5.11 shows t h a t the i n i t i a l l y h i g h l y i n a c c u r a t e 



TABLE 5.10 

I n i t i a l and F i n a l Values o f the Mean Rate Constant 

10^ k A82M 
* 

SOLV. TEMP RUNS 

I I I 25 19 - 21 

20 4 l - 44 

15 45 - 48 

10 49-52 

INITIAL 

4.7978+O.OOI66 

2.6628+0.00108 

1.4311+0.00032 

0.75394+.0.00032 

FINAL 

4.7971+0.00141 

2.6528+_0.00072 

1.4312+0.00026 

0.7544+0.00017 

I V 20 56 - 59 2.5915+. 0.00112 

15 60 - 64 1.3987+0.00022 

10 65-67 77,78 0.7527+0.00024 

5 87,88, 100,101 0.377510.00049 

0 102 104-106 0.21061.0.00045 

2.5932+0.00096 

1.3989+0.00020 

0.7530+p.00010 

0.3795±O.OOOl2 

0.2117+0.00005 

10* k A82F 

I I I 25 19 - 21 

20 41 - 44 

15 45 - 48 

10 49 - 52 

4.7997+0.00195 

2.6666+0.00147 

I.4319+O.OOO93 

0.7538+p.00033 

4.7181+O.OO635 

2.66.80+0.00172 

1.4333+0-00066 

0.7536±0.00040 

I V 20 56 - 59 

15 60 - 64 

10 65-67 77 78 

5 87, 88, 100,101 

0 102, 104-106 

2.5897+0.00090 

1 . 398710.00039 

0.7525+0.00046 

0.3761+0.00078 

0.215 7+.0. OOO87 

2.5768+0.00179 

1.4017+0.00035 

0.7515+0.00022 

0.3798+0.00032 

0.2116+0.00010 

* Approximate temperature, the ac c u r a t e temperatures 

are shown i n Table 5*9 
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TABLE 5.11 
6 f 2 

Comparison of I n i t i a l and F i n a l Values of 10 (Xway / n - 3 ) . 
J 

The data r e f e r to s o l v e n t I I I 
FINAL VALUES 

TEMP. RUN INITIAL A82M A82F 

25 19 o.272 0 . 1 4 7 10.661 

20 3-298 0.145 3 . l 6 l 

21 193.85 221.024 11 . 4 7 9 

22 0.932 O.169 10.002 

20 4 l 7.573 22.80 3.579 

k*. 1.777 0.880 1.258 

43 1.713 0.308 2.176 

4* 0.992 0.713 2.930 

15 45 3.461 3-306 1.620 

46 1.773 1.079 1 . 4 3 6 

47 2.016 1.381 2.301 

48 1.634 O.872 2.103 

10 49 0-657 0.524 1.491 

50 1.274 0.612 1.174 

51 3.639 0.671 1.905 

52 2.706 2.438 5.573 
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run 21 apparently becomes more accurate a f t e r the r e j e c t i o n 

of discordant points i n A82F, w h i l s t the other i n i t i a l l y 

more acc u r a t e runs appear to become l e s s r e l i a b l e , with a l l 

the runs f i n a l l y i n d i c a t i n g r e l i a b i l i t i e s of the same order. 

C a l c u l a t i o n s u s i n g A82M, however, tend to improve the i n d i c a t e d 

accuracy of the more r e l i a b l e runs a f t e r the r e j e c t i o n of 

discordant points and do not point to a v i r t u a l l y s i m i l a r 

r e l i a b i l i t y f o r a l l the runs i n the f i n a l c a l c u l a t i o n . 

As the r e s u l t s obtained u s i n g A82M are those expected 

from a v a l i d weighting procedure, i t was decided to base 

subsequent d i s c u s s i o n on these r e s u l t s . The anomalous 

r e s u l t s provided by the a l t e r n a t i v e weighting procedure, 

a p p l i e d i n A82F were s u r p r i s i n g but may be connected with 

the f a c t that the weight f a c t o r s now have no s t a t i s t i c a l 

s i g n i f i c a n c e . A l t e r n a t i v e l y some e r r o r i n the r e l e v a n t 

computer programme may be re s p o n s i b l e , although none could 

be found, even a f t e r a thorough d e t a i l e d examination of the 

programme was undertaken. T h i s programme was di s c a r d e d 

once i t was recognised that acceptable r e s u l t s could be 

obtained u s i n g the a l t e r n a t i v e weighting procedure employed 

i n A82M. 

5.6. Rate C o e f f i c i e n t s from Programme A82M 

The r e s u l t s obtained from the f i n a l method of c a l c u l a t i o n 

(programme A82M) using equation 5«9j and s t a t i s t i c a l weight 

f a c t o r s a p p l i e d to each run (g K 1/V(k)) are summarised i n 

Tables 5.13(1) and 5.13(11). Table 5 . 1 3(i) shows the "best" 

value of the r a t e c o e f f i c i e n t f o r i n d i v i d u a l runs ( l 0 ^ k
D e s t ) > 

together with the s t a t i s t i c a l weight f a c t o r (10^g) assigned 
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to them. Table 5 . 1 3(H) show the "best" r a t e c o e f f i c i e n t 

and B/A f o r a l l r e p l i c a t e runs a t a given temperature. 

The r e l i a b i l i t y of these f i n a l parameters r e q u i r e s 

some c o n s i d e r a t i o n . I t has al r e a d y been pointed out that 

the "best" values of the r a t e c o e f f i c i e n t and B/A f o r the 

i n d i v i d u a l runs may d i f f e r from each other by amounts 

g r e a t e r than the estimated standard e r r o r (see s e c t i o n 5-5.1). 

A b e t t e r i n d i c a t i o n of the reproduc i b i l i t y of the k i n e t i c 

data i s probably obtained by c a l c u l a t i n g the r a t e c o e f f i c i e n t 

denoted k*, f o r i n d i v i d u a l runs when B/A i s assigned the 

best value f o r the combined data at a given temperature. 

Values of k* are shown i n Table 5 « 1 3(i) when i t can be 

seen that the r e p l i c a t e s give much b e t t e r agreement between 

k* than the i n d i v i d u a l r a t e c o e f f i c i e n t s . Nevertheless, 

the k* r e p l i c a t e s s t i l l show a l a r g e r spread of values than 

i s suggested by the estimated standard e r r o r of the f i n a l 

r a t e c o e f f i c i e n t f o r the combined data, k, although the 

weighted mean of the k* values (k* ) , (the value k* i s 
m m 

equivalent i n Table 5 . 1 3(H) to the mean weighted I n d i v i d u a l ) 

appears to be i n good agreement with the value of k. The 

range of values of k* can be as wide as 0.4$, approximately 

ten times the value of the estimated standard e r r o r of the 

ra t e c o e f f i c i e n t . I t t h e r e f o r e seems l i k e l y that the 

method of c a l c u l a t i o n adopted under estimates the standard 

e r r o r of the f i n a l r a t e c o e f f i c i e n t . The conclusion i s 

confirmed by comparison of the r a t e c o e f f i c i e n t s obtained 

i n d i f f e r e n t s o l v e n t s and at d i f f e r e n t temperatures. I n 

p r a c t i c e the experimental temperatures and the s o l v e n t s 

were not p r e c i s e l y the same but an accurate c o r r e c t i o n f a c t o r 
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TABLE 5.13 

garameters C a l c u l a t e d from A82M 

i ) Parameters f o r I n d i v i d u a l runs 
SOLV. TEMP. RUN N it 

Dest B/A 1 0 l 4 g loSc* N d i s 
X I I 25-007 19 185 4.8019+0.00087 1.410 1.318 4.7835 -

20 236 4.7983+0.00080 1.643 1.568 4.8044 7 
21 181 4.3467+.0.03392 4.904 0.001 4.7606 -
22 209 4.8206+0.00099 1.393 1.022 4.8001 1 

I I I 20.006 4l 181 2.6748+0.01301 1.955 0.006 2.6835 35 
4 2 257 2.6675±0.00127 1.611 0.622 2.6554 10 

43 279 2.6460+0.00058 1.844 2.962 2.6513 15 
44 269 2.6671+O.OOI2O 1.720 O.696 2.6635 8 

I I I 14.996 45 570 1.4456+0.00091 1.516 1.217 1.4309 10 
46 296 1.4299+0.00055 1.968 3.286 1.4315 8 
47 299 1.4262+0. OOO69 2.061 2.127 1.4321 5 
48 293 I.4332+O.OOO61 1.903 2.655 1.4319 6 

I I I 10.006 49 243 0.75377+0.00026 2.032 14.755 0.75468 3 
50 317 0.75302+0.00026 2.071 14.699 0.75474 27 

5i 344 0.75596+.0.00023 1.858 19.151 0.75392 15 
52 298 0.74l8o+_0.0004l 2.198 5.795 O.75267 2 
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TABLE 5.11 (continued) 
SOLV. TEMP. RUN N 10* I t , B/A 10 l 4|C loSc* N 

beat ° d i s c 
I V 20.029 5 6 201 2.5326+0.00507 2 .632 0 .039 2.5873 14 

57 178 2.6005+0.00054 1.600 3 - 3 7 5 2 . 5 9 5 7 4 

5 8 2 0 4 2 . 5 9 2 5 + 0 . 0 0 0 5 5 1 . 5 9 6 3 .281 2.588O 3 

5 9 178 2.6091+0.00096 1 . 6 6 4 0 .897 2 .6092 3 

1 5 . 0 1 5 60 214 1 .3982+p.00026 1 . 7 4 6 1 5 . 3 9 9 1.3972 3 

61 2 0 9 1.3982+0.00053 1 . 7 9 1 3 .608 1.3987 8 

62 211 1.4008+0.00028 1 . 7 4 5 12.356 1.3996 6 

63 232 I.3972+O.OOO32 1 . 6 4 0 9 .711 1 . 3 9 9 7 2 

6 4 222 1.4013+0.00033 1.688 8 . 9 5 7 1.3982 2 

10 .172 65 215 0.74498+.0.00032 2 .185 9 . 6 4 1 0 .75180 5 

66 316 O.7522O+O.0O014 1.833 4 7 . 9 6 7 0 .75292 31 

67 324 0 . 7 5 4 2 2 + 0 . 0 0 0 2 1 1 . 7 5 0 23.181 0 .75262 4 9 

77 336 0.75659+0.00031 1.651 10.352 0.75433 18 

7 8 406 0.75380+0.00026 1.739 14.841 0.75239 9 4 

5.016 87 384 0 . 3 7 3 6 3 ± 0 . 0 0 0 3 0 2.793 IO . 176 0 .37815 30 

88 3 9 5 0.37334+0.00079 3 .906 1.613 0.38577 -
100 405 0 .38152+p.00014 1.698 4 4 . 7 5 9 0 .37917 36 

101 360 0 . 3 8 0 0 4 + . 0 . 0 0 0 1 4 2 .035 5 3 . 4 2 7 0 .37971 56 

0 . 8 1 6 102 367 0 . 2 1 5 4 6 + 0 . 0 0 0 3 3 1.127 9 .037 0.21254 68 

1 0 4 414 0.21188+0.00007 1.853 120.62 O .21185 71 

105 375 0.21412+0.OOO67 1.435 2 . 1 6 4 0 . 2 1 2 5 4 4 3 

106 383 0.21141+0.00007 1.899 188.44 0 . 2 1 1 5 7 66 
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MOTES TO TABLE 5.13 (1) 

N s number of p o i n t s i n each r un. 
14 

10 g s s t a t i s t i c a l weight a s s i g n e d 

to t h a t r u n i n the c a l c u l a t i o n 

o f the t o t a l mean. 

k* = the r a t e c o e f f i c i e n t when B/A 

I s a s s i g n e d the " b e s t " v a l u e 

f o r the combined experiments 

a t a given temperature. 

" d i s c = number of di s c o r d a n t p o i n t s 

r e j e c t e d . 
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TABLE 5.13 

i i ) T o t a l means f o r r e o l i c a t e runs 
SOLV. TEMP. lO** k • 

km 
B/A 

X I I 25.007 4.79713 +.0.00141 1.592 +0.012 4.79622 1.593 
20.006 2.65275 +0.00072 1.779 +,0.009 2.65390 1.774 
14.996 1.43120 +.0.00026 1.942 +0.006 1.43167 1.933 
10.006 0.75390+ 0.00017 1.959 +0.010 0.75421 1.974 

I V 20.029 2.59320 +O.OOO96 I.669 +.0.012 2.59392 1.663 
15.015 1.39892 +0.00020 1.765 +0.005 1.39857 1.774 
10.172 0.753008+.0.00010 I.838 +0.012 0.7528l6 1.848 
5.016 0.379537+.0.00012 2.078+0.017 0.379428 2.085 

0.816 0.211698+.0.00005 1.872 +0.012 0.211709 1.861 

NOTE FOR TABLE 5 . 1 3 ( i i ) 

£ = f i n a l r a t e c o e f f i c i e n t c a l c u l a t e d 
from the combined experimental 
data* b7*A being a l s o c a l c u l a t e d 
from the combined d a t a . 

k * 
= the weighted mean of the k 

v a l u e s ( see Table 5*13(i) ) 
B/A = the corresponding value of B/A m 

* 
f o r the corresponding k 

m. 
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could e a s i l y be a p p l i e d from a knowledge of the app r o p r i a t e 

a c t i v a t i o n e n e r g i e s from Table 5.14. These c o n s i d e r a t i o n s 

l e a d to Table 5.12. 

TABLE 5 . 1 2 

Solvent C o r r e c t i o n F a c t o r s 

Temperature k l l l / k i V 

2 0 . 0 0 6 1 . 0 2 5 8 1 

14 . 9 9 6 1 . 0 2 5 5 2 

1 0 . 0 0 6 1 . 0 2 3 8 4 

* The r a t i o of the r a t e c o e f f i c i e n t s a t that 
p a r t i c u l a r temperature i n each s o l v e n t . 

)° and 15° 

0 . 0 j $ , a f i g u r e commensurate with the estimated standard 
Although the value of ^ j j j A j y a t 2 a n d 1 ^ a S r s e w i t h i n 

e r r o r of the r a t e c o e f f i c i e n t , the r a t i o k T T T/,, , ir.o 

I I I ' a t 10 

d i f f e r s by 0.2$ from the other two v a l u e s suggesting a 

r a t h e r l a r g e r e r r o r , of the order of 0.1J6 f o r the mean 

r a t e c o e f f i c i e n t of any run. 

5.7 A c t i v a t i o n Parameters Derived from Data C a l c u l a t e d 
from Programme A82M 

I n g e n e r a l a c t i v a t i o n parameters a r e most c o n v e n i e n t l y 

obtained from the expression^" :-

I n k = A + B + C. I n T + D.T 2 5 . 1 0 

However, the a p p l i c a t i o n of t h i s method to the present work 

would have involved some loss, of accuracy i n view of the 

f a c t t h a t an allowance i n the change of the so l v e n t did not 

reproduce the r a t e c o e f f i c i e n t s to w i t h i n the accuracy (see 
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TABLE 5.14 

A c t i v a t i o n E n e r g i e s C a l c u l a t e d from a l l P o s s i b l e 

Temperature Combinations 

* J 1 0 w" '2 ~1 v "obs — a SOLV. 8_ e„ e io*" w E . A & 
2 1 — — — — — — — — obs — a 1 D 

I I I 25.007 20,006 22.507 8.29 20.575 ~ -0.024 
14.996 20.002 34.3 20.626 0.002 -0.013 
10.006 17.507 79.4 20.688 0.016 0.014 

20.006 14.996 17.501 8.91 20.675 0.003 0.001 

10.006 15-006 36.8 20.742 0.022 0.027 
14.996 10.006 12.501 9.47 20.806 0.037 0.045 

20.029 15.015 17.522 8.92 20.665 -0.007 -0.009 
10.172 15*101 35-7 20.707 -0.012 -0.006 

5-016 12.523 85.8 20.744 -0.025 -0.017 
O.816 10.423 145 20.8i4 0.005 0.010 

15.015 10.172 12.594 8.91 20.749 0.018 -0.012 

5.016 10.016 39.4 20.781 -O.O36 -0.032 
O.816 7.916 81.9 20.863 0.006 0.002 

10.172 5.016 7.594 10.8 20.810 -0.054 -0.059 
O.816 5.494 36.8 20.919 0.015 0.002 

5-016 O.816 2.916 7.69 21.049 0.086 0.057 
• mid poi n t of temperature s c a l e * w = - T ^ / l t t ^ T ^ 

4 £ = E ^ - E , x E , from a) E = 21.011 -0.01936.6 obs c a l c ' c a l c 
b) E = 21.078 -0.03095.8 

+0.00045.e2 

For a) l O ^ I w A 2 = O.267 For b) 10* IwA 2 * 0.188 



122. 

the previous s e c t i o n ) expected by the estimated standard 

e r r o r . A c t i v a t i o n parameters were t h e r e f o r e c a l c u l a t e d 

from a l l p o s s i b l e combinations of measurements a t two 

temperatures i n a given solvent from the i n t e g r a t e d form 

of the Arrhenius e q u a t i o n 1 . I t i s shown i n Appendix 5.1 

t h a t i n the present experiments the r e s u l t i n g a c t i v a t i o n 

energies r e f e r to the mean of the temperature range, with 

a n e g l i g i b l y s m a l l e r r o r . I f the same weight f a c t o r s are 

assigned to a l l the ra t e c o e f f i c i e n t s , the a c t i v a t i o n 

energy c a l c u l a t e d from the r a t e c o e f f i c i e n t s at temperatures 

T 1 and can be assigned a weight. 

w = / T 2 " T l X 2 

\ R T 1 T 2 

and i t can be shown that the a c t i v a t i o n parameters and t h e i r 

temperature c o e f f i c i e n t s obtained by t h i s procedure ( a l l 

p o s s i b l e combinations of p a i r s of temperatures) are i d e n t i c a l 

with those obtained from equation 5.10. The r e s u l t s are shown 

i n Table 5-14 

I t i s shown i n Appendix 5-2 that i f the temperature 

c o e f f i c i e n t of the a c t i v a t i o n energy ( E ) can be regarded as 

constant, then 

E T = E273 + I f " 6 5 - i : L 

where © i s the temperature i n degree C e l s i u s . 

A l i n e a r v a r i a t i o n with temperature of t h i s parameter leads 

to: -

E T = E 2 ? 3 + * c ; 2 7 5 . e + d . 6 S 5.12 
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where <1C 2 7 , = &E - R 

and d = ^ 2 E 

The "best" values of these parameters i n these two equations 

are shown i n Table 5*15 and the r e s u l t i n g r e s i d u a l s ( Aa f o r 

constant ^ E / ^ T , A f a f o r l i n e a r v a r i a t i o n s of ^ E / 3 T ) a r e 

shown i n Table 5.14. 

TABLE 5-15 

The V a r i a t i o n of the A c t i v a t i o n Energy with Temperature 

EQATION E 2 7 5 ( C*) ^ 10 4 d /2 10 4 2 wA 2 

— 1 —2 (k c a l . ) ( c a l . d e g - ) ( c a l . d e g - ) 

5.11 20.011 -21.36+8.8* - 0.276 
5.12 20.078 -30.54+44.6 4.5+17.1 0.188 

a constant independent of temperature 

Prom these data i t i s seen that equation 5*12 p r e d i c t s 

that the observed a c t i v a t i o n energies a r e more r e l i a b l e than 

those from equation 5 « H (10 Z w A = O.267 f o r equation 

5.11 and 0.188 f o r equation 5.12). The parameters involved 

i n equation 5.12, however, are a s s o c i a t e d with e r r o r s i n 

excess of the estimated values of the parameters. No 

s i g n i f i c a n c e can be attached t h e r e f o r e to parameters derived 

from t h i s p a r t i c u l a r expression and i t can be only concluded 

that the present r e s u l t s provide no information concerning 

the temperature dependence of ^E/dT. The value of "&E/iT 

required by the assumption that t h i s parameter i s independent 

of temperature i s given by:-

^E = -19.86 + 8.8 c a l . d e g . " 1 

£ T 



124. 

T h i s value could be considered to agree w i t h i n the l i m i t s 

of experimental e r r o r with a previous value of -35.6+2.7 

cal.deg. -" 1" f o r the same system, but the discrepancy between 

the two values i s l a r g e and any agreement a r i s e s e n t i r e l y 

from the s u b s t a n t i a l e r r o r involved i n the present r e s u l t . 

These r e s u l t s t h e r e f o r e r e q u i r e some comment. 

5.8 Accuracy of the Rate C o e f f i c i e n t s C a l c u l a t e d from 
A c t i v a t i o n Parameters 

The present work aimed at obtaining accurate c o e f f i c i e n t s , 

and i t has now been e s t a b l i s h e d that the r e s u l t i n g a c t i v a t i o n 

parameters were not s u f f i c i e n t l y a c c u r a t e to estimate a 

temperature c o e f f i c i e n t of ^ E / ^ T ( A C * ) . Furthermore, 

the assumption of a constant value f o r t h i s parameter gave 
p 

a value s u b j e c t to a l a r g e r e r r o r than p r e v i o u s l y reported . 

One of the causes of t h i s observation a r i s e s from the 

r e l a t i v e l y s mall experimental temperature range (25°) now 
2 * 

employed. Previous determinations of AC i n c l u d i n g t h a t P p 
f o r benzhydryl c h l o r i d e have involved r a t e measurements 

over a range of 40 - 50° . 

I n the present work, the i n e v i t a b l e time l a g , between 

the mixing of the r e a c t a n t and the observation of the f i r s t 

reading, f o r the r e a c t i o n system a t the r e a c t i o n temperature, 

meant that the i n i t i a l reading f o r k i n e t i c runs c a r r i e d out 

above 25° could only be taken when a s i g n i f i c a n t f r a c t i o n of 

the r e a c t i o n had undergone h y d r o l y s i s , thus precluding any 

r a t e measurements a t temperatures higher than 25°• The 

ele c t r o d e system found to give good and r e l i a b l e conductance 

readings was un f o r t u n a t e l y u n s u i t a b l e a t temperatures below 0 ° , 
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when I t was s u b j e c t to considerable condensation by water 

i n the form of i c e on various p a r t s of the r e a c t i o n v e s s e l 

making accurate readings d i f f i c u l t to take. Since not 

enough time was a v a i l a b l e to redesign the e l e c t r o d e system, i t 

was hoped that the a v a i l a b l e r e s u l t s would a t l e a s t i n d i c a t e 

the accuracy capable of being achieved by t h i s present method. 

The r e l i a b i l i t y of the a c t i v a t i o n parameters and t h e i r 

termperature c o e f f i c i e n t s obviously depends on the accuracy of 

the r a t e c o e f f i c i e n t s from which they are c a l u c l a t e d . I t i s 

convenient to express t h i s accuracy as the estimated standard 

e r r o r of the r a t e c o e f f i c i e n t r e l a t i v e to i t s value ( o"/k), 

and i t has already been pointed out ( s e c t i o n 5-6) that values 

of fl"/k obtained from the c a l c u l a t i o n of the r e a c t i o n r a t e s 

may w e l l represent an under estimate. However, an a l t e r n a t i v e 

value f o r 0"/k can be obtained from the agreement between 

the observed energies of a c t i v a t i o n and the value c a l c u l a t e d 

from equation 5.11. I f each of the r a t e c o e f f i c i e n t s i s 

s u b j e c t to the same f r a c t i o n a l e r r o r : -

^ ^obs ~ ^ c a l c 

Thus 

w A 2 = 2 

s i n c e the weight f o r each a c t i v a t i o n energy E, i s given by:-

w 

S i x t e e n values of E ^ a r e a v a l l a b l e ( s e e T a b l e 5 > 1 3 ) j t h e n . _ 

IwA 1 52. (?) 
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so that 

= 9.13 x 10"^ 
k 

s i n c e _ P u 
Zwd * = 0.267 x 10 ^ 

T h i s value i s approximately four times as l a r g e as the average 

value obtained from the estimated standard e r r o r s c a l c u l a t e d 

from A82M, and only about two to three times l e s s than values 

obtained p r e v i o u s l y from runs where a s m a l l e r number of 

experimental observations were obtained by the l e s s a c c u r a t e 

t i t r a t i o n 2 , 5 . 

I t seems very l i k e l y that the i n t r o d u c t i o n of the 

a d d i t i o n a l d i s p o s i b l e parameter, B/A, to express the r e l a t i o n ­

s h i p between conductance and concentration i s r e s p o n s i b l e f o r 

the d i s a p p o i n t i n g accuracy of the present r a t e c o e f f i c i e n t s . 

An examination of the r e s u l t s shows that the r a t e c o e f f i c i e n t s 

are not as i n s e n s i t i v e to the v a r i a t i o n i n B/A as had been 

hoped. The comparison of the "best" r a t e c o e f f i c i e n t s f o r 

i n d i v i d u a l runs and the corresponding k values (see Table 

5.13) i n d i c a t e s t h a t : -

1_ . ^ k -n- 0.025 
k MB/A) 

and that the "best" B/A values f o r r e l i a b l e i n d i v i d u a l runs 

a t a given temperature very often d i f f e r by more than 0.1. 

S t r i c t l y the parameter B/A should express s o l e l y the r e l a t i o n ­

s h i p between the conductance and the concentration, but i t 

w i l l without doubt p a r t l y serve to minimise o b s e r v a t i o n a l 

e r r o r s . On t h i s view a spread of the values of B/A among 

r e p l i c a t e runs a t the same temperature would not be s u r p r i s i n g . 
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On the other hand i f these extraneous c o n t r i b u t i o n s to 

B/A c a n c e l out (see Table 5-13) when a l l the r e p l i c a t e 

runs a t a given temperature are combined, the f i n a l "best" 

value of B/A should r e f l e c t s o l e l y the nature of the conductance 

concentration r e l a t i o n s h i p , and t h i s value should t h e r e f o r e , 

a l t e r i n a systematic way as the temperature i s a l t e r e d . 

I n s p e c t i o n of Table 5.13 shows that f o r both s o l v e n t s B/A 

tends to i n c r e a s e with d e c r e a s i n g temperature but the change 

with temperature does not follow any recognisable pattern 

and the value a t 0° i s c e r t a i n l y anomalous. 

Now the assumption of a l i n e a r r e l a t i o n s h i p between 

the value of B/A and the temperature leads to a s e t of 

val u e s which d i f f e r from those quoted i n Table 5«13* although 

a l a r g e r d i f f e r e n c e i s found a t 0 ° . These c o r r e c t e d values 

of B/A can be used to give the r e l e v a n t values of k from 

1 and hence an a l t e r n a t i v e r a t e c o e f f i c i e n t (k* ) 
k W a T M 

a t a given temperature as a weighted mean of the values of 

k . A c t i v a t i o n energies c a l c u l a t e d from these c o r r e c t e d 

r a t e c o e f f i c i e n t s l e a d to a value of ^ E / ^ T which i s much 
p 

c l o s e r to the e a r l i e r value than those obtained from 

r e s u l t s i n Table 5-13* but the e r r o r of "iE/"£ T remains 

v i r t u a l l y u n a l t e r e d . 

I t would appear that the v a r i a t i o n of B/A with temperature 

i s not a l i n e a r one, and the values of B/A shown i n Table 5-13 

could e a s i l y be s u b j e c t to an u n c e r t a i n t y of 0.05. T h i s 

would correspond to a o~/k f o r a r a t e c o e f f i c i e n t of approx­

imately 12 x 10"^ ( u s i n g a value of 1/k. ^ k / S ( B / A ) approx­

imately equal to 0.025)* a value very c l o s e to o~/k c a l c u l a t e d 
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from the temperature dependence of the a c t i v a t i o n energy shown 

above. I t t h e r e f o r e seems l i k e l y that t h i s u n c e r t a i n t y i n 

B/A i s r e s p o n s i b l e f o r the r e l a t i v e l y poor accuracy of the 

a c t i v a t i o n parameters and f o r the observation that <r/k 

c a l c u l a t e d from these parameters i s of the order of four 

times i t s d i r e c t estimate. T h i s d i f f i c u l t y can only be 

avoided by the independent determination of the r e l a t i o n s h i p 

between conductance and concentration to a degree of p r e c i s i o n 

commensurate with the accuracy that i s obtained from conduct­

ance determinations. Aiguments were advanced e a r l i e r i n 

t h i s t h e s i s (see s e c t i o n 5«1) showing that t h i s would be a 

matter of great d i f f i c u l t y i n the mixed s o l v e n t s employed. 

I t must be concluded t h e r e f o r e t h a t the determination 

of r a t e c o e f f i c i e n t s f o r s o l v o l y s i s i n the mixed s o l v e n t 

by t h i s method i s u n l i k e l y to y i e l d the p r e c i s i o n ( C/k of 

the order of 2 x 1 0 ~ 4 ) required f o r the d e t e c t i o n of small 

c o e f f i c i e n t s of AC* or ^ E / ^ T . These d i f f i c u l t i e s are 

g r e a t l y reduced i n a pure solvent such as water and indeed 
4 

Robertson has employed independently observed Onsager 

parameters i n h i s r a t e equation f o r r e a c t i o n s i n pure water, 

although the r e s u l t s obtained only give o/k approximately 

I x 10" 5. 
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CHAPTER SIX 

EXPERIMENTAL DETAILS 

6.1 P r e p a r a t i o n and P u r i f i c a t i o n of M a t e r i a l s 

6.1.1 Benzhydryl C h l o r i d e 

Dry hydrogen c h l o r i d e was passed through a s o l u t i o n 

of benzhydrol (G. P.grade 22g)in 150 mis of dry d i e t h y l 

e t h e r f o r fourteen hours at room temperature i n the presence 

of g r a n u l a r calcium c h l o r i d e . The e t h e r e a l s o l u t i o n was 

f i l t e r e d f r e e from calcium c h l o r i d e , washed with watei; 5# 

sodium bicarbonate, water and f i n a l l y d r i e d over magnesium 

carbonate. The e t h e r and any remaining h drogen c h l o r i d e 

were removed u s i n g a r o t a r y evaporator. The r e s i d u a l yellow 

v i s c o u s o i l was then d i s t i l l e d under reduced p r e s s u r e (b. pt. 

84 - 86° a t 0.2 mm-Hg.;. The h y d r o l y s a b l e c h l o r i d e content 

was never l e s s than 99$ of the t h e o r e t i c a l amount. Carbon, 

hydrogen and c h l o r i n e a n a l y s i s y i e l d e d : -

FOUND Carbon 77# Hydrogen 5-8# C h l o r i n e l8.6# 

CALCULATED 76.1% 5-4# 17.9# 

The r e s u l t i n g compound, a c o l o u r l e s s v i s c o u s o i l a t room 

temperature, was s t o r e d a t -15° i n a blackened b o t t l e u n t i l 

r e q u i r e d . 

6.1.2 Solvent P r e p a r a t i o n 

A n a l a r grade acetone was r e f l u x e d over sodium hydroxide 

and potassium permanganate f o r four hours, then d i s t i l l e d a t 

such a r a t e t h a t one tenth of the r e f l u x i n g volume was 

c o l l e c t e d . The d i s t i l l a t e was then f r a c t i o n a t e d from 
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excess hydroquinone, generous head and t a i l f r a c t i o n s 

were d i s c a r d e d i n a l l c a s e s , only one tenth of the 

f r a c t i o n a t i n g volume was c o l l e c t e d . A l l s o l v e n t s were 

made up be volume as f o l l o w s : i n order to prepare an X# 

s o l v e n t , X mis. of acetone prepared as above were added 

to 100 - X mis. of demineralised water. F i v e l i t r e s of 

so l v e n t were prepared a t any one time. The s o l v e n t was 

s t o r e d i n a g l a s s v e s s e l with a l i g h t l y greased w e l l 

f i t t i n g stopper. No s o l v e n t evaporation was ever observed. 

Each batch of s o l v e n t was monitored by measuring the r a t e 
o 

of h y d r o l y s i s of benzhydryl c h l o r i d e i n th a t batch a t 20 . 

6.2 Conductometric C e l l s and t h e i r Treatment 

6.2.1 C e l l design 

I n d e s i g n i n g the c e l l s two f a c t o r s had to be taken i n t o 

c o n s i d e r a t i o n : -

i ) ease of handling f o r the f a s t e r runs 
i i ) prevention of s o l v e n t evaporation 

Two types of c e l l s were t r i e d . One i n which the e l e c t r o d e s 

were b u i l t i n t o a s i d e arm (see F i g u r e 6.1); the second type, 

e v e n t u a l l y used, had dipping e l e c t r o d e s . The s i d e arm c e l l 

had s e v e r a l disadvantages. The time taken to dismantle 

the c e l l , i n j e c t the s u b s t r a t e , reassemble, d i s s o l v e the 

s u b s t r a t e and make sure that t here were no e n t r a i n e d a i r 

bubbles was i n excess of two minutes. T h i s meant that a t 

20° the "zero" conductance reading could never be taken 

e a r l i e r than about 10$ of the r e a c t i o n . T h i s was too f a r 

i n t o the r e a c t i o n f o r the "zero" reading to be a c c u r a t e . 
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Furthermore, s o l v e n t evaporation s t i l l appeared to take 

p l a c e even though the v e s s e l was double s e a l e d . The 
i 

g r e a t e s t d e f e c t of t h i s c e l l was t h a t i t s c e l l constant 

was exceedingly s m a l l . Consequently the c o n c e n t r a t i o n 

of the s u b s t r a t e had to be r e l a t i v e l y high so t h a t reasonably 

high readings could be obtained on the conductance bridge. 

T h i s i n t u r n meant that any concentration-conductance non 

l i n e a r i t y would be accentuated at these higher c o n c e n t r a t i o n s . 

As a r e s u l t of these disadvantages a f u r t h e r c e l l was 

designed and made, t h i s i s shown i n f i g u r e 6.2. As w e l l as 

overcoming a l l the disadvantages mentioned above, t h i s c e l l 

was r e l a t i v e l y er.sy to c o n s t r u c t . Solvent evaporation a f t e r 

a run was s t a r t e d , was prevented by f i l l i n g the cups around 

the tops of the j o i n t s with mercury. The e l e c t r o d e assembly, 

which was a r i n g type assembly i n order to minimise e r r o r s 

due to e l e c t r o d e movement, was made of t h i c k platinum f o i l 

(0.05mm.) and secured to the g l a s s guard by means of g l a s s 

support beads. Platinum wire was used only to make the 

connexions to the f o i l and to come through the g l a s s s e a l s , 

heavy guage s i l v e r w i r e , hard soldered to the platinum wire, 

was used f o r the r e s t of the length of the e l e c t r o d e arm. 

G l a s s tubing was pushed over the s i l v e r w i r e s which was then 

surrounded by cable s c r e e n i n g and earthed. The e l e c t r o d e 

arm was packed with s i l i c a sand d r i e d a t 120°, the top was 

s e a l e d o f f u s i n g p a r a f f i n wax. Terminals were a t t a c h e d to 

the l e a d s emerging from the top of the e l e c t r o d e arm. Connexions 

from here to the conductance bridge were made with c r o c o d i l e 

c l i p s and earthed screened c a b l e . 
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6.2.2 C e l l Cleaning and Treatment 

I t was e s s e n t i a l before proceeding w i t h the experimental 
work t h a t the c e l l s and electrodes were thoroughly cleaned. 
They were stood i n 'Analar' grade concentrated n i t r i c a c i d 
f o r several days, and then heated on a water bath at 100° 
f o r twenty f o u r hours. When cold they were rinsed w i t h 
demineralised water, allowed t o stand i n water f o r several 
days, heated on a water bath f o r several hours and thoroughly 
washed again. They were d r i e d i n an oven a t 150° f o r several 
hours. 

Each c e l l had now t o be aged, t o avoid surface e f f e c t s , 
w i t h the solvent and the el e c t r o l y t e . This was achieved by 
f i r s t using them f o r several k i n e t i c runs. The r a t e constants 
c a l c u l a t e d from these i n i t i a l runs were found t o vary by as 
much as ten per cent. The c e l l s were f i t t o be used when 
reproducible r a t e constants were produced and the conductance 
reading at i n f i n i t e time remained constant w i t h i n experimental 
e r r o r . 

I n order t o avoid the evaporation of acetone d u r i n g 
the p r e p aration o f a run, the solvent was pushed by means 
of n i t r o g e n saturated w i t h 70$ solvent vapour, i n t o the 
c e l l . 

The c e l l s were never allowed t o stand i n the thermostat 
bath f i l l e d w i t h solvent alone f o r longer than twelve hours. 
Furthermore, a spent r e a c t i o n mixture always remained i n the 
c e l l u n t i l the c e l l was required f o r the next run. 
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6Q Rate Measurements 

6.3»1 Apparatus 

A l l the runs were c a r r i e d out i n thermostat baths o f 
conventional design, f i l l e d w i t h water, and temperature 
c o n t r o l was b e t t e r than +0.01°. I n f a c t i n a series of 
experiments w i t h a platinum resistance thermometer and 
a h i g h p r e c i s i o n Wheatsone Bridge, the f o l l o w i n g v a r i a t i o n s 
i n temperature were recorded:-

+0.0056° +0.0041° +0.0056° 

Thus the temperature f l u c t u a t i o n s i n t h i s bath, set at 
approximately 25° were always less than one hundredth o f 
a degree. 

The baths maintained at 0° were f i l l e d w i t h a mixture 
of ethylene g l y c o l and water. R e f r i g e r a t i o n u n i t s were 
used i n baths at and below 10°. The thermostat baths and 
the thermostating apparatus were a l l c a r e f u l l y earthed. 

Mercury i n glassthermometers were used f o r the temper­
ature determination o f the thermostat bath. They were 
standardized t o +0.02° by the N a t i o n a l Physical Laboratory. 

6.^.2 Measurement o f Conductance 

A l l r e a c t i o n s were followed by the development of 
c o n d u c t i v i t y over a t l e a s t two h a l f l i v e s , d u r i n g which time 

-4 . -4 the conductance changed from 1 x 10 mhos t o 40 x 10 mhos. 
I f necessary, i n i t i a l readings f o r the xero concentration i n 
the r a t e equation were taken as e a r l y as possible. This 
was f a c i l i t a t e d by the use of a l6mm. cine camera (see s e c t i o n 
6.5) and an accu r a t e mechanical counter d r i v e n by a synchronous 
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motor. Several solvent conductance readings were taken 
before the run began. 

As pointed out i n s e c t i o n 4.2, the re d u c t i o n i n the 
systematic e r r o r s i n the conductance reading at i n f i n i t e time 
i s very important. The i n f i n i t y readings were never taken 
before t h i r t e e n h a l f l i v e s had elapsed. They were measured 
over a period o f about e i g h t t o s i x t e e n hours, and readings 
were taken a t q u a r t e r and h a l f h o u r l y i n t e r v a l s throughout. 
The i n f i n i t y reading used i n the r a t e measurements, was a 
mean c a l c u l a t e d from the data c o l l e c t e d as above. 

The conductance measurements were made on a Wayne Kerr 
Autobalance U n i v e r s a l Bridge B64l. The bridge was capable 
o f measuring 1 x 10~ mhos t o 1 x 10~ mhos i n seven ranges 
w i t h an accuracy o f +0.1$ over a l l ranges. The frequency a t 
which the measurements ">ere r.-.ade at was 1592 Hz. 

6.4 T i t r i m e t r i c Technique 

6.4.1 Determination o f Hydrochloric Acid Concentrations 

Where t h i s was necessary t h i s was done by t i t r a t i n g i n 

excess o f n e u t r a l acetone ( n e u t r a l t o lacmoid), which was 
of commercial grade, d i s t i l l e d from potassium permanganate 
and sodium hydroxide against a standard sodium hydroxide 

s o l u t i o n using lacmoid as i n d i c a t o r . The sodium hydroxide 
was standardised using 0.1N h y d r o c h l o r i c a c i d , d i l u t e d as 
re q u i r e d . 

6.4.2 Determination o f C e l l Constant 

The f o l l o w i n g technique was used f o r determining a 
very approximate conductance c o n c e n t r a t i o n r a t i o , and t o 
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determine a c e l l constant f o r each e l e c t r o d e . About 200mls. 
o f the 'solvent were t r a n s f e r r e d I n t o a round bottomed f l a s k . 
An appropriate volume of benzhydryl c h l o r i d e was added t o the 
f l a s k from a micro syringe. The substrate was allowed t o 
react completely by p l a c i n g the f l a s k i n the 20° thermostat 
bath f o r not less than eighteen hours. Approximately 90mls. 
o f t h i s s o l u t i o n was t r a n s f e r r e d t o each of the conductance 
c e l l s . The c e l l s were allowed t o e q u i l i b r a t e a t the desired 
temperature when the conductance readings were taken. When 
t h i s was completed 5 mis. and 10 mis. a l i q u o t s were withdrawn 
and t i t r a t e d as o u t l i n e d i n s e c t i o n 6.4.1 

6.5 Photographic Technique 

During the e a r l y p a r t o f a l l runs, and f o r most of the 
20° runs, the conductance changed too r a p i d l y t o be followed 
accurately using normal techniques. Therefore, t o make 
the conductance readings as accurate as p o s s i b l e , the f a s t e s t 
p a r ts o f the runs were recorded on f i l m using a 16 mm. f i l m 
camera. 

The speed of the sixteen frames per second was f a s t 
enough t o prevent any b l u r r i n g of the needle even i n the 
f a s t e s t runs. W h i l s t f i l m i n g the meter, which i s centre 
zero, the camera also f i l m e d the mechanical counter, which 
had been c a l i b r a t e d against an e l e c t r i c clock. The f i l m 
was developed i n I l f o r d PQX Universal Developer and f i x e d 
i n the usual way. A Kodak A r c h i v a l Reader gave adequate 
m a g n i f i c a t i o n f o r the mei-er t o be read t o plus or minus a 
q u a r t e r of a scale reading (^0.0005), and the mechanical 
counter t o +0.1 sec. The f i l m used was Kodak Plus X 
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Negative F i l m (ASA 64). The aperture a t 16 f.p.s. was 
f l l a t 0.66m. from the o b j e c t , i l l u m i n a t e d by a 75 watt 
anglepoise lamp. 

6.6 Experimental Technique at High Pressure 

I t was decided a t the outset t o measure the r a t e o f 
r e a c t i o n conductometrically, since t h i s was the technique 
t h a t was used at atmospheric pressure and was known to be 
capable of producing accurate r a t e c o e f f i c i e n t s . 

6.6.1 Apparatus 

The i n s i d e o f the r e a c t i o n vessel l i n e d w i t h t e f l o n 
which was machined s l i g h t l y l a r g e r than necessary and cold 
shrunk f i t t e d i n t o the s t a i n l e s s s t e e l vessel. Teflon was 
chosen as the l i n i n g m a t e r i a l because of i t s i n e r t q u a l i t i e s , 
even though i t had been suggested t h a t i t might have been 
d i f f i c u l t t o remove a l l surface i m p u r i t i e s from i t . 

The electrodes which were of the spade type were sealed 
i n t o the s t e e l cap and t e f l o n s e a l i n g r i n g using a commercial 
grade of A r a l d i t e . Connexions were made from the electrodes 
t o the conductance bridge using earthed c o - a x i a l cable. 

This system d i d seem to withstand q u i t e w e l l the small 
increases i n pressure t o which i t was i n i t i a l l y subjected. 
I t was possible t h a t the c e l l constant o f the r e a c t i o n 
vessel could w e l l have a l t e r e d from one run t o another due 
t o the increase and decrease i n pressure t h a t would have been 
app l i e d t o the r e a c t i o n vessel. 
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6.6.2 D i f f i c u l t i e s encountered w i t h High Pressure Technique 

Because of the h i g h pressures i n v o l v e d , the w a l l s of the 
r e a c t i o n vessel were about 40mm. t h i c k w i t h a f u r t h e r 7mm. 
o f extremely w e l l i n s u l a t i n g t e f l o n . As already explained, 
when a l i q u i d i s compressed a d i a b a t i c a l l y i t s temperature 
r i s e s . This temperature increase can be of the order of 
18° per k bar. Thus, compression t o 3 k bar could r e s u l t 
i n a r i s e i n temperature by as much as 50°. This lar g e 
r i s e i n temperature would be "sealed i n s i d e " the r e a c t i o n 
vessel and would only d i s s i p a t e slowly through the w a l l s . 
For some of the f a s t e r runs the r e a c t i o n could w e l l be over 
50$ completed before temperature e q u i l i b r i u m could be 
res t o r e d . The pressure would c l e a r l y have t o be applied 
t o the r e a c t i o n vessel reasonably q u i c k l y , so t h a t the 
c o n d i t i o n s under which the r a t e i s measured are soon applied 
t o the r e a c t i o n mixture. An obvious s o l u t i o n t o t h i s 
problem would be t o cool the r e a c t i o n down by an amount 
c a r e f u l l y estimated i n a previous experiment before applying 
the pressure. Such a technique would at best only y i e l d 
a f i n a l temperature d i f f e r e n c e before e q u i l i b r i u m of around 
2 - 5°. When using a conductance technique t o f o l l o w a 
k i n e t i c run, i t i s extremely important t h a t the zero conduct­
ance reading or readings be taken as e a r l y as possible once 
the run has commenced. Assuming t h a t a zero reading could 
never be taken l a t e r than 5$ r e a c t i o n and t h a t temperature 
e q u i l i b r i u m would a t the minimum take ten minutes, i t i s 
clear t h a t 5$ r e a c t i o n corresponds t o ten minutes a t say 

20°. Therefore the f a s t e s t run t h a t could be followed 
-4 -1 

would be of the order o f 1 x 10 sec . For reasons 
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explained l a t e r i n t h i s s e c t i o n , one of the r e s u l t s of 
such a c o n s t r a i n t i s a re d u c t i o n i n the range over which 
the r e a c t i o n can be studied at various temperatures and 
pressures. 

Consider now the temperature range over which the 
r e a c t i o n could be studi e d . Table 6.1 shows the temperature 
range assuming various maximum h a l f l i v e s , and the mean 
temperature o f the r e a c t i o n at about room temperature, f o r 
two d i f f e r e n t values of the a c t i v a t i o n energy. From t h i s 
t a b l e the a c t u a l temperature range t h a t can be studied i s 
l i m i t e d . Furthermore, f o r a ten day h a l f l i f e , i t i s 
necessary t h a t the r e a c t i o n be followed f o r about t h i r t y 
days, d u r i n g which time temperature and pressure must be 
kept constant. The apparatus would t h e r e f o r e be f u l l y 
occupied on one run f o r t h i r t y days, a l l o w i n g only one run 
per month a t t h i s p a r t i c u l a r temperature. Bearing t h i s i n 
mind, the slowest run possible i s one w i t h the one day h a l f 
l i f e . The experimental range of temperatures i s thus 
reduced t o about 25° which r e a l l y i s r a t h e r small t o enable 
accurate values of A C y t o be c a l c u l a t e d . 

TABLE 6.1 
L i m i t a t i o n s of the Temperature Range f o r the Present 
Reaction Study 

Minimum Maximum Temp. Range Temp.Range 
Hal f L i f e (day) H a l f L i f e (day) E = 20kcal. E = 18 k c a l . 

100 1 23 25 
100 5 37 41 
100 10 39 43 
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I t was mentioned e a r l i e r t h a t f o r a volume of a c t i v a t i o n 
•5 

o f about -20 cnr a pressure,change of one k i l o b a r would 
cause the r a t e only t o double. I t i s t h e r e f o r e necessary 
t o study much l a r g e r pressure d i f f e r e n c e s t o produce compar­
able changes i n r e a c t i o n r a t e s , compared w i t h temperature 
.changes. I n f a c t , the pressure must be c o n t r o l l e d and 
measured t o l i m i t s f i n e r than even commercial apparatus 
could produce. Under these c o n d i t i o n s , temperature must 
be c o n t r o l l e d w i t h corresponding accuracy, since i t s 
f l u c t u a t i o n s would cause pressure d i f f e r e n c e s . The pressure 
c o n t r o l would extend over a period of many days i n t r o d u c i n g 
another severe l i m i t a t i o n i n t o the experimental apparatus. 

Thus i t was decided i n view of the time f a c t o r , and 
the experimental f a c t s mentioned above t o l i m i t the e x p e r i ­
mental work t o f o l l o w i n g the r e a c t i o n at constant pressure 
only. A complete study at constant pressure would r e q u i r e 
something of the order of f o r t y runs, t h a t i s , a s e r i e s of 
runs every f i v e degrees over say, a range o f f i f t y degrees. 
Whereas a study at constant volume would r e q u i r e something 
of the order o f two hundred runs. 

6.7 C a l i b r a t i o n of the Solvent and the C e l l s 

The a c t u a l method of c a l i b r a t i o n i s described 
e a r l i e r i n s e c t i o n 6.4.2. The r e s u l t s are shown i n t h i s 
s e c t i o n . 

Two c e l l s were standardised, w i t h two s o l u t i o n s , one 
-"5 1"5 approximately 2 x 10 and the other was 0.5 x 10 M̂. The 

conductance was determined at each of the three temperatures 



143. 

a f t e r which the concentration o f the h y d r o c h l o r i c a c i d 
was determined by t i t r a t i o n . Table 6.2 summarises the 
r e s u l t s f o r C e l l ( l ) and C e l l ( l l ) I n a d d i t i o n t o t h i s 
c a l i b r a t i o n , a number of r e a c t i o n mixtures, a f t e r the 
conductance a t i n f i n i t e time had been determined, were 
t i t r a t e d as above. The r e s u l t s o f a l l measurements are 
shown i n Table 6.3« 

TABLE 6.2 
C e l l ( I ) C a l i b r a t i o n 

Temperature Conductance Concentration 
°C x lO^mhos x l O " 5 M 
20 3.6725 2.202+0.004 
15 3.3250 2.202+0.004 
10 2.9936 

20 0.94705 
15 0.85562 0.5320+0.0013 
10 0.76815 

C e l l ( I I ) C a l i b r a t i o n 
20 3.7810 
15 3-4159 2.202+0.004 
10 3.0876 

20 0.97259 
15 O.87893 0.5302+0.0013 
10 0.79009 

The data from Table 6.3 i s also shown g r a p h i c a l l y i n 
f i g u r e 6.3. This c l e a r l y demonstrates the non l i n e a r i t y 
o f the conductance-concentration r e l a t i o n s h i p ; i t also 
shows t h a t the non l i n e a r i t y i s not l a r g e . 
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TABLE 6.3 
Summary o f Conductance Concentration Measurements 

Temperature Conductance Concentration C e l l 
°C x 10~^mhos x 10~^M 
20 3.6725 2.202 I 
20 0.94705 0.5302 I 
20 1.2820 0.7379 I 
20 3.7810 2.202 I I 
20 0.97259 0.5302 I I 
20 1.3620 0.7659 I I 
20 1.8839 1.0699 I I 

This was i n d i c a t e d i n the o r i g i n a l c a l c u l a t i o n s when i t 
accounted f o r only a 5# f a l l i n the r a t e c o e f f i c i e n t s 
from 10 - 70$ r e a c t i o n . 
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APPENDIX I 

THE ONSAGER EQUATION 

The Onsager equation can be w r i t t e n i n the form:-

A = A 0 - ( « . A 0 - p>. VT 
This form of the equation i s inconvenient f o r the present 
purpose but i t can be transformed i n t o equation A l . l which 
includes another parameter t X : 

1 

L = <X.c ( 1 + p.c2" + * . c) A l . l 
where L = A - A _, the conductance o f the s o l u t i o n 

s 

corrected f o r t h a t of the sol v e n t , see s e c t i o n 5.2. 

I f = 0, then 

* ( 1 + j S c 2 ) 

L 
<* fl + P L 2

 i \ 
V + ip.c*) ) 

A1.2 

Now 0 c2^ « 1 so t h a t 1 + /3.c2 i s a small c o r r e c t i o n 
term. Very l i t t l e e r r o r w i l l t h e r e f o r e a r i s e , 
by w r i t i n g 

1 + (3.c2 =2= l + p.L* 

so t h a t A1.2 can be w r i t t e n i n the form 

c = AL ̂  A1.3 
BL2" 

1 + CL2" 
Equation A1.3 i s now i n a more convenient form f o r s u b s t i t u t i n g 
i n t o various r a t e equations. 
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APPENDIX 2 
DERIVATION OF RATE EQUATIONS 

2.1 Rate Equation 5«4 
Using r a t e equation 4.4 

kT = I n f o . * 
\c- ~ c ) 

and the conductance concentration r e l a t i o n s h i p from equation 
5.1, then:-

3/2 3/2 2 2 
kT = l n / L ^ - L n^ + I n (1 + B.L* - L« + D.U - L. 

A L«» - L. A - L. 
3/2 3/2 2 2 

- I n [ 1 + B L«o - L + D L«* - L 
* - L A - L 

D e f i n i n g X • L/L^ 
/ v / 3/2 t \ kT = l n ^ l - Xoj + I n f 1 J- Ay 1 - Xp + A^. ( 1 + X Q ) j 

/ 3/2 . \ 
- I n / l + ky 1 - X + A^. ( 1 + X ) j 

.A2.1 
I. 

where A' = B. 
3 A 

Ai = D. L„ 
* A 

The terms i n v o l v i n g A^ and A^ do not vary much as the 
r e a c t i u n proceeds. I t i s t h e r e f o r e convenient t o separate 
these terms i n t o t h e i r constant and v a r i a b l e components. 
Thus: 

1 + A l . 1 - X^/Z + A J . ( 1 + X ) 
^ I - X 

1 + A* + A J + A*' 
„ 1 * ̂ X 

= ( 1 + A,1 + k\) fl + k\ X , + A 4 .x\ 

- x 3 / 2 - i \ + A J . x 
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S u b s t i t u t i o n o f the above equation A2.1 leads t o : 

kT = l n f 1 ~ Xo\ + I n [ 1 + A,. X o , + A,. X Q) 

- I n [ 1 + X + A^. x ) A2.2 
* 1 + X* ' 

where A^ = A^ / ( l + A^ + Aj) 

A 4 = A 4 / ( 1 -u A4. + A 4) 

2.2 Rate Equation 5-5 

Equation 5-5 i s derived from equation 5-4 by combining 
a l l terms i n v o l v i n g measurements a t zero time i n t o a s i n g l e 
disposable parameter, A^. 
kT = I n / l - X,\ + I n (1 + ky Xo + A 4. X0\ 

u - x ; \ 1 + X* ' 
- I n ( 1 + ky X + A4.X\ 

^ 1 + X^ / 

A 2 - I n ^1 + ky X ^ + A4.X^ y = I n ( 1 - X) = A,.T + 

where A^ = -k 
A 2 = I n ( 1 -X 0) + I n ( l + A . \ + A 4. Xj 

^ l + x* / 

2.3 Rate Equation 5»6 
This equation avoids the systematic e r r o r s t h a t may 

e x i s t i n the zero readings. I t uses the Onsager Equation 
w i t h the s p e c i a l case, = 0, and the l i n e w i t h i n t e r c e p t 
f i r s t order r a t e equation. The r a t e equation can be put 
i n the form: 

I n ( c , - c) = I n ( c ^ - c0) - k T 
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Using equation 5.3 
c - " c = 0 0 - AL S~~ J — 

1 + BLS> 1 + BL2" 
1 + CL* 1 + CL* 

where L = A - X 

The above equation can be reduced t o : -
BL 

Coo " c A f L i - L) f 1 + 6L* - L i - L * 

< 

.A2.3 

Now I n (c,,, - c) = constant - kT A2.4 
where constant = I n (c^ - c„̂  

Combining equations A2.3 and A2.4 

I n (c„ - c) - kT = I n / A ( L , -L) \ 
\l + (B + C) L*/ 

+ I n 

w r i t i n g A^ = B and A^ = C 

/ 1 B L \ 
( l + CL| - tj - j 
V 1 + ( B + C ) L | / 

I n (poo - c 0^ - kT = I n A + l n ^ - L ) - I n ( l + (A^+A^L^ ) 

(1 + A 4L* - r' 1 L x ] 
\ 1 + ( A 3 + A 4 ) L | L * - L 2 j 

+ I n 

This can be w r i t t e n i n the form:-

l n ( L w - L ) = A x + A 2 T + I n (1 + Y) + I n ( l + W) 
where A 1 = I n ( c ^ - c Q^ - I n A 

A 2 = -k 
A^ = B 
A 4 = C 
Y = (A 5 + A4). L j 1 

00 
W = A 4 . L J - A 3 , L 

1 + ( A 3 + A 4 ) L ^ i J T L ? 
oO 00 
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2.4 Rate Equation 5-7 
This r a t e equation i s derived from the mean from zero 

r a t e equation 

kT = I n 
Co. - C J 

and the f u l l form of the Onsager Equation. 
I t i s assumed t h a t c 0 i s i n e r r o r by an amount 

kT = I n /Co ~ c \ 
\Cc© - c 0+ S'/ 

The above equation can be w r i t t e n i n i t s exponential form: 

c = c., ( 1 -e" 

D e f i n i n g 
z = c/c — and A-̂  = k 

and /\4 = 1 - c 0 + 

and using the extended form of the Onsager Equation (equation 
5.2) 

L = <X.c (1 + P-ĉ  + S.c) 

these equations may be combined t o give 

z = 1 - A4.e " A l T A2.5 

Combining equation A2.5 and the Onsager Equation 
\ i 

X = L_ = Z. 1 + 3.C g«p . Z 2 + ^.Ceo. X 
L f° 1 + P-c 0 0 ^ + I * . 

D e f i n i n g Q = 1 + j i . c ^ + ^ . c ^ , 
X = z ( 1 + fcj ( z ^ - 1) + frcco (as - 1) ] 

V Q Q / 
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and using A g = ft.Cpo2 and A, = X< 
Q ' Q 

X = J "(1 + A 2 (.a* - 1) + A 5 ( a - 1)) 

Substituting f o r z from A2.5 
y . X . U - f l + A 2 ( ( l - A 4-/l^)i . ,) + ^(.^e-A.T 

A2.6 

where X = L/Loo 
A x = k 

-r-
1 + 0 c j + V. 

A, = Xcj, 
1 + /?.cj[ + ̂ .Coo 

A^ = 1 - Co. + V_ 
Coo CL-

2.5 Rate Equation 3-8 

I t was shown i n Appendix 2.J>. that 

- c = A (Loo - L ) i ( 1 + CLl - L i - L ? 

1 + (B + C)LJ V 

BL l —* r 
r-1 + (B + C)l£ 

l Using Ago = A " . and a = 1 + CLf. 
1 + (B + C)Lj 

BL 
and -b = Llo 

1 + (B + C)L* 

Then - c = A M ( L ^ - L) (a + b) 

Therefore l n ^ - LJ = In ( c , - - In Â - In (a + b^ A2.7 
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And at zero time 
l n ^ - L c) = l n ( C o o - c 0 } - In - l n f a + b c) A2.8 

The rate equation can be put i n the form 
l n ( c M - c) = In (c„ - ca) + £ - kT A2.9 
where & represents any error that i s present i n the 

zero reading. 

Equation A2.f, A2.8 and A2.9 can now be combined 
y = ln/L- - L \ = £ - kT - In /a + b \ A2.10 

\L- - L j (SL + b j 
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APPENDIX 3 

THE METHOD OF NON LINEAR LEAST SQUARES 

Many equations can be solved more accurately using 
non l i n e a r least squares methods, rather than r e i t e r a t i o n 
or recycling techniques or a combination of these two 
methods. 

I n general, an equation to be solved can be wr i t t e n 
i n the form:-

Y = f (y , X) = g(X,a,, a 2, + ) 

where a,, a 4,....a n are the disposable parameters. 

I t i s important to note that the error i n y i s very much 
greater than the error i n X. 
I f 

g = a i h i + a2 h2 + 

where h-^ hg,.... are functions of X only, then ordinary 
l i n e a r least squares may be employed i n the method of solution, 
that i s f o r l i n e a r least squares to be applicable g must be 
a l i n e a r function of the disposable parameters and X. I f 
g i s a non li n e a r function of these parameters, then non 
lin e a r least squares must be used. Under these conditions 
the equation has to be reduced to a li n e a r form. 

T r i a l values A^, Ag, can be used f o r the values 
of the parameters, from t h i s 

YY = g (X, A 1 # A2, ) 
Taking the Taylor expansion to the f i r s t term only, when 

Y - YY = <*,. ^ YY + <*x. ^ YY + A^.l 
oc|f are constants whose values are not yet known. 

The d i f f e r e n t i a l s ^YY/^A^ ^YY/^A > c a n b e 



evaluated. Equation A^.l i s now l i n e a r i n the unknown 
constants I t i s therefore possible using 
l i n e a r least squares to evaluate <*i, > • 

Having found # ( , (X̂  , then + «, , A 2 + <xx 

i s a better approximation to a.\, ag* • • • • than A^, 
A2, Thus Aj takes the value k-^ + atx etc., when 
the whole procedure i s repeated u n t i l the desired degree of 
precision i s achieved, f o r example that 

oc4 < CT(a!) = * . CT ( «, ) 

or that i s some other f r a c t i o n of a-̂ . 

The f i n a l programme, A82M, i s only non l i n e a r i n the 
A 3 parameter, and recycling ceases when:-

« 3 < A,/100 
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APPENDIX 4 

CALCULATIONS INVOLVED IN PROGRAMME A82M. 

The f i n a l form of the rate equation to be solved i s 
given by equation A4.1. 

y = In (1 - X) = A-jT + A 2 - In ( l + ky X \ 
\ ? m e t ) 

.A4.1 

where k-^ = -k 
A 2 = In (1 -

1 

1 - X Q) + In (1 + Â . X o ] 
V 1 + X o V 

1 x Ai 3 

k\ = B. L * 3 A 
However, equation A4.1 has the drawback that A^ (and hence 
A^) depends on the run under consideration and i s not 
d i r e c t l y applicable to replicate mean rate c o e f f i c i e n t 
calculations. I t therefore, must be w r i t t e n i n the form:-

y = l n ( l - X) = A 2 j - kT - In 
N i + BL| I + x2 J 

A4.2 
where B = B/A, and the subscript j indicates that the 

parameter depends on the run i n question. 
Equation A4.2 can now be solved by non li n e a r least squares 
methods (see Appendix 3)* and equation A4.2 forms the basis 
of A82M. I f equation A4.2 i s to be solved by t h i s method, 
the "best" c o e f f i c i e n t s have to be found f o r the relationship: 
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1 - X) + In ( 1 + 8 ^ . X \ A4. 
\ 1 + BLJ 1 + H 

a J + a-jT + a 2. "3 y 

where a^ = 

a-̂  = -k 

B i s a t r i a l value f o r B 
a 2 i s such that B + a„ i s a_better 

approximation to B than B 

X / ( l + X^j ( L«? _ B L ^ . 
i + B LJ. x \ i + BLJ (I + ELJ? 

1 + BLS 4 + Xs 

X/(l + xh . L J 
1 + B Lg. X (1 + BL^) 2 

1 + BL t 1 + X2 

Since the variable terms i n equation A4.3 are calculated 
separately f o r each run, the A-̂  nomenclature used i n equation 
A4.1 can s t i l l be used throughout. Therefore equation A4.5 
can be re w r i t t e n : -

y = I n (1 - X) + In (1 + A ^ j . f x ) 

= a ^ + a 1 x2 + a 2 X^ A4.4 

where each of the terms has the following significance:-

1 + X 2 

1 + A3J 
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X l " 1 

X 2 = T 
f 1 

x 3 = x 
1 + hy** ( 1 + S J ) 2 

The programme i n i t i a l l y calculates the "best" values 
f o r the disposable parameters f o r a given run, each point i s 
assigned the weight factor:-

w = (1/x - l ) 2 

Using the l i n e a r form of the least squares procedure, then:-

muse be a minimum. Where the subscript j indicates a 
pa r t i c u l a r run, and i indicates each point w i t h i n that run. 
The values of a^j and a^j are the "best" values of and 
a 2 f o r that run. 

The application of the minimum condition:-

Hi = Hi . = _ l i = 0 

leads to the normal equations:-

a j S X j l l + a i j ^ X j l 2 + a 2 J * X J 1 5 ~ lYjl A 4 ' 5 ( l ) 

a j * X j 2 1 + a l j ^ X j 2 2 + a 2 j ^ X J 2 3 = ^ Y j 2 A 4 . 5 ( i i ) 

a j * X J 3 l + a l j a j 3 2 + a 2 j ^ x J 3 3 = S Y J 3 A 4 . 5 ( i i i ) 

where Sx J k l = S x j l k = 2 wJ± X J k l X J 1 ± 

^ Y J k = f w j i y j i X j k i 

Equation A4.5(i) gives 
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S x j i i 
S ubstitution i n t o A 4 . 5 ( i i ) and A 4 . 5 ( i i i ) gives 

a l j q X j l l + a 2 j q X j l 2 = q Y j l 

a i j q X j 2 1 + a 2 j q X j 2 2 = q Y j 2 

where qX J k l = qX J l k 

* X j f k + l , l + l " * X j , l , k 4 l ~ * X J , 1,141 
X j l l 

q Y j k " ^ Y j , k 4 l - S Y J l - * X i , l , k 4 l 
x j l l 

Prom these equations 

a l j = q Y j l q X j 2 2 - q Y J 2 q X j l 2 
D 

a 2 j = q Y j 2 q X j l l - q Y J l q XJ12 
D 

where D = qX.^ qX J 2 2 - q X ^ 

The errors of the a-^j and a 2^ are obtained from the errors 
of the corresponding ^ f s , an error oy i n the i point i s 
given by:-

^ " V i " M J i 5 Y J 1 ( x J 2 i " x J i i - Sx3is 

SWjsh - w d i S Y J ± ( x J 3 i " x J i i . i i l i 2 " 311 
Making the approximation that : -

w J i * Y j i * ? - w j i 5 Y j i 
2 1 

where n j i s the number of readings taken, 
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Then 

1 * ( q Y J l } ? " * X j 2 2 ~ ̂ 12 = q X j l l . v j 

f f ( c f f j ! ) ! S = qX. 1 2. v ] 
n. 
J 

4— 1— 

The error i n a^j due to an error i n the i point i s given 
by:-

J < a l A = <*j22 < ^ V i " <* Xjl2 ^ Y J 2 > i 
D 

Therefore s u b s t i t u t i o n from A4.7, the variance of a^j i s 
given by:-

v ( a X J ) = n 3 m ^ £ ( j 2 

J 1 
= qX J a| q X n l - 2qX 1 g g qX^ g + qX^g qX^g. _ j l 

D 2 3 " 3 

D n j - 3 

In the calculation of a t o t a l mean f o r replicate 
runs, i t i s assumed i n the calculations that the s t a t i s t i c a l 
weight ( g^) assigned to each run i s the reciprocal of v f a ^ ) 
from equation A4.8. This means that each run i s weighted 
according to the accuracy with which i t predicts i t s own 
"best" rate c o e f f i c i e n t . 

The programme f i r s t of a l l calculates the "best" rate 
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c o e f f i c i e n t and B/A, together with the variance and the 
s t a t i s t i c a l weight factors. No attempt i s made yet to 
discard divergent points. The programme also calculates 
the "best" rate c o e f f i c i e n t f o r each run when B/A has the 
same value f o r each run. This i s found by neglecting the 
la s t term i n equation A4.4, that i s = 0, normal least 
squares treatment then y i e l d s : -

a l j - * T 3 2 * X 3 1 1 - * Y J l j * J 1 2 
S X j l l S X322 ~ S X j l 2 
£ Y . 2 - j Y j l S x 32 " J l W A 3 1 2 

a l 3 = * X 3 l l 
q X j l l 

The t o t a l mean values f o r the various parameters can now 
be calculated. The minimisation conditions now apply to 
the sum:-

v - p i ( ^ W 3 l ( y j i " a J X j H " a l XJ23 " a 2 X 3 3 l ) 2 ) 

.A4.9 

I n t h i s equation a. depends on the run under consideration, 
j 

whereas a^ and a^ do not. The normal equations take the 

a£x + a ^ X + a 2 S X - SY A4.10(i) 

form:-

f g J a / X J 3 1 + a l ^ J S x j 3 2 + a 2 p J S X J 5 5 - a j £ l W A * . 1 0 ( l l l ) 

I n equation A 4 . 1 0 ( i ) , 3 takes the values 1 , 2 , " " ^ . Using 
similar arguments to those used i n the derivation of equation 
A4.6, then:-
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5 X J 1 1 
Substitution f o r i n the other normal equations (A4.10(ii) 
and A 4 . 1 0 ( i i i ) ) leads to 

&± QX1X + a 2 QX12 = Q,Y1 A 4 . 1 l ( i ) 

a l ^12 + a2 ^22 = Q Y 2 A 4 . 1 l ( i i ) 

where QXkl = £ g j qX- k l 

J 

Therefore 
& 1 = QX1 QX22 - QY 2 QX12 4.12(1) 

a2 QY 2 Q X U - QY 1 QX 1 2 4.12(11) 
D l 

where D± = Q X N QX 2 2 - QX 1 2 

The use of equation A4.9* then produces the variance, v, i n 
the same way as the in d i v i d u a l runs. The errors of a^ and 
a 2 are worked out by sim i l a r methods to those i n the in d i v i d u a l 
rate c o e f f i c i e n t calculations. 

For any experimental point 
S ( Q Y L ) . = S J W J . S Y . , ( x j 2 . - x u l . f a j l 2 

* X j l l 

Kwz)± = S J W J . S Y . , ( X . 3 1 - x J i r Jx J 1 2 

Defining now 
V J • ? " J i ( y J i " a J X J H " a l X J 2 i " a2 X J 3 i ' 2 * 4 - 1 3 



v. i s related to v i n equation A4.9 by 

For a given run, the following may be w r i t t e n : -
w., £ Y ..2 =Zw.. 5Y., 2 = v. J i J i J i J i _J 

n. n. 
J J 

Then using analogous arguments to those used f o r the 
in d i v i d u a l rate c o e f f i c i e n t s , then 

5 ZS(QY ) 2 = I g 2 q X . 1 1 . v / n A 4 . l 4 ( i ) 
J i 1 j j 

f f £ ( Q V ? - f V * J 2 2 - A4.l4(ii) 

f- f ^ ( Q Y 2 ) ± - J g. 2 qx. 1 2. v . / n j 

v1 P 
Writing G. = J . & A4.15 

v ( a l > = f i ( a l ^ 
= ]^.(DY1:L.QX2

2 - 2DY12QX22QXi:L + DY 2 2QX 2
2) 

D l 
v ( a 2 ) = 1_ (DY 2 2QX 1

2 - 2DY12QX1;LQX12 + DY^O^ 2) 
D l 

where DY k l = 2 ^ qX J k l 

The programme, having done these calculations, i s now able to 
give an improved value f o r B/A, B, where B = B - a 2 < I f at 
t h i s stage 

|a 2/B| < 0.01 
then the programme returns to the beginning of the programme 
with the redefined value of B, when a l l other parameters 
depending on B are recalculated. 



163. 

Once the stage that 

a 2 < 0.01 B 
then v. Is calculated for each run from A4.13 when the 

J 
discordant points are discarded such that 

The calculation I s then repeated u n t i l there are no 
discordant points and a g < 0.01 B when the calculation i 
A flow chart f o r programme A82M i s shown i n Table A4.1. 



TABLE A4.1 
Flow Chart for Programme A82M 

(A) Calculate functions independent of B/A 

(B) For a given B/A calculate dependent functions 

^p-^(C) Calculate "best" parameters for individual runs 
Calculate "best" parameters for combined runs 

I f a 2> B/A /100 then B/A^ = B/A o l d - a g 

Once (D) has been run at least once 
I f aln.w " *iold < tf(al)A 

(D) Discordant points are rejected 

I f there are rejects 

(E) End. 
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APPENDIX 5 

CALCULATION OF ACTIVATION PARAMETERS 

5.1 Activation Energies from the Integrated Arrhenlus 
Equation 

I t i s i n i t i a l l y assumed that: -

"VE = c + dT 

which on integration gives 

E = E n + cT + d . T 2 A5.1 
0 2 

The observed a c t i v a t i o n energy E Q b s can be found from the 
rate c o e f f i c i e n t at two temperature, T, and T 2, via the 
Arrhenius Equation:-

E Q b s = RT-,T0 . In / k 0 \ A5.2 
T, 
^Tg . In / kg \ 

with a n e g l i g i b l y small error, E Q l 3 S, i s the ac t i v a t i o n energy 
at the temperature T 1 2, given by:-

T 1 2 = T XT 2 . In /T Q'\ A5.5 
T -T i 2 l1 

Combining equations A5.1 and A5.2 

Eobs = E o + c- T 1 T 2 * l n f T 2 \ + S T 1 T 2 
V T 1 

A5.4 
Using equation A5.4, then f o r the two ranges of temperature, 
and b:-

Eobs " Eobs = c 

X T2 T l VTA/ T°-T° \TJ /y 
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+ |. (T a T a - T*) A5.5 

Whilst the assumption that E Q b s refers to the mean 
temperature of the I n t e r v a l gives: 

A5-6 

The mean approximation (equation A5-6) i s most l i k e l y to be 
correct f o r small temperature i n t e r v a l s , and least l i k e l y to 
be v a l i d f o r large temperature i n t e r v a l s . The v a l i d i t y of 
t h i s assumption can easily be tested using the following 
ranges:-

Range a) T 2 = 2 9 8 • 1 6 7 T i = 273-976 

Range b) T 2 = 278.176 T1 = 273-976 
The values of the various parameters (c and d) calculated f o r 
the above range are shown i n Table A5.1. 

I t can be seen that the two parameter equation (equation 
A5-1, with c = -O.OI936 kcal., d = 0), calculation v i a 
equation A5-6 gives a maximum error i n the a c t i v a t i o n energy, 
E, of 0.006 kcal. Whilst f o r the three parameter equation 

TABLE A5-1 
Comparison of Results Calculated from Equations A5-5 and 

A5.6 
Value Calculated Value Calculated Difference 
from equation A5-5 from equation 

A5-6 
Coefficient of C 9.665 9-996 -0.331 
Coefficient of D 5-477 x 10 5 5-619 x 10^ -142 
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(equation A 5 . 1 , c = -O . I 5 3 8 k c a l . and d = 0 . 0 0 0 4 5 k c a l . ) 

the maximum e r r o r I s 0 . 0 1 3 k c a l . I t appears from t h i s 

data that the approximation used i n equation A 5 . 6 I s 

a c c e ptable. 

5 . 2 C a l c u l a t i o n Involved I n Equation A 5 . 1 

The R e l a t i o n s h i p 

E = E_ + c.T + d . T 2 A 5 . 1 
2 

i s a p p l i c a b l e only when T i s i n degrees absolute. However, 

i t i s more convenient to have the temperature expressed i n 

degrees C e l s i u s . Therefore A 5 - 1 can be r e w r i t t e n : -

E = E + 0 ( 2 7 3 + 6 ) + d . ( 2 7 3 + © ) 2 A 5 . 7 
0 2 

where © i s i n degrees C e l s i u s 

Equation A 5 . 7 can be s i m p l i f i e d 

E = E + 2 7 3 . c + 2 7 3 2 - d + 8.(c + 2 7 3 .d) + d.e 2 A 5 . 8 
0 2 2 

The f i r s t three terms i n equation A 5 . 8 correspond to the 

a c t i v a t i o n energy a t 0 ° , i . e . ̂ 27^' Therefore equation 

A 5 . 8 can be f u r t h e r s i m p l i f i e d , assuming d = 0 , t o : -
E = E27j + c . 9 A 5 . 9 

For" the two. parameter equation (equation A 5 . 9 * d = 0 ) the 

a p p l i c a t i o n of normal weighted l e a s t squares g i v e s : -

E 2 7 3 
l w e 2 i W E - i w e I W Q E 
I w Z w S 2 - ( Z w 6 ) 2 

c = Z w I w Q E - ?w9 £ w E 
I w l w e 2 - ( T w 6 ) 2 

and v ( c ) = ^w .TwA2. i 6 _ 
I w I w O 2 - ( I w 6 ) 2 5 
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where A • E o b s " E c a l c ' a n d t n e f a c t o r 1 6 / 5 from the 
f i v e independent points among the s i x t e e n p o i n t s taken. 

For the three parameter equation (equation A 5 . 8 ) 

a s i m i l a r l e a s t squares c o n s i d e r a t i o n y i e l d : -

| = Q 2 2 Y 1 - <>12 Y 2 

c + 273d = Q n Y 2 - Q 1 2 Y 1 

E 2 7 5 = ZwE - ( c + 2 7 3 d ) I w 6 - d / 2 l w 6 2 

Z w 
The v a r i o u s e r r o r s a r e given by:-

v ( d / 2 ) = Q 1 ; L» ZW& 2. 16 

v(c+ 2 7 3 d ) = . Q 2 2. T w A 2 . 16 

cv(d / 2,c+ 2 7 3 d ) = -Q 1 5. I w A 2 . 16 

D H 

and 

v ( c ) = v(c+ 2 7 3 d ) - 4 . c v ( d / 2 , c+273d) + 4 x 2 7 3 2 . v ( d / 2 ) 

where cv r e p r e s e n t s the co-variance of the two p a r t i c u l a r 

parameters 

Q v 1 = z w e k + 1 - Z w e k z w e i 

Y. =• 2 w E © k - l w e k 1WE 

D - Q n . Q 2 2 - Q 2
2 

the f a c t o r 16/4- a r i s e s t h i s time, s i n c e there a r e now only 

four independent p o i n t s . 
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The weight f a c t o r s f o r the s o l u t i o n s of both equations 

A 5 . 8 and A 5 . 9 are given by:-

w / T 2 - T l \ 
l R T l T 2 I 
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APPENDIX 6 

OTHER SOLUTIONS OF THE FIRST ORDER INTEGRATED RATE 

EQUATION 

6.1 R e i t e r a t i o n Procedure f o r the C a l c u l a t i o n of B/A 

I n i t i a l l y equation A2.1 was used to c a l c u l a t e the 

r a t e c o e f f i c i e n t and B/A, D was assumed to be zero. The 

procedure used i n the programme was to change the value 

of B/A ( s t a r t i n g with B/A = 0) u n t i l the r a t e c o e f f i c i e n t 

had a minimum e r r o r . The programme c a l c u l a t e d a mean 

weighted r a t e constant u s i n g B/A = 0 , 1 , 2 , '' "'. At 

some point, the e r r o r w i l l i n c r e a s e with i n c r e a s i n g B/A. 

The programme then r e v e r t s to i t s previous value of B/A 

and s m a l l e r increments i n B/A are used u n t i l a s i m i l a r 

c o n d i t i o n e x i s t s . T h i s c y c l i n g was repeated u n t i l the 

e r r o r i n the mean r a t e c o e f f i c i e n t was a minimum. The 

programme r e j e c t e d the disc o r d a n t p o i n t s . The whole 

c y c l i n g procedure was repeated u n t i l there were no f u r t h e r 

d i s c a r d s . 

Table A6.1 shows mean r a t e c o e f f i c i e n t s f o r r e p l i c a t e 

runs a t a given temperature. I t must be emphasised that these 

"mean" r a t e constants are merely an average of the data from 

the programme. 

6.2 S o l u t i o n of Equation 5.6 

Equation 5.6 has the form 

y = l n f L ^ - L ) = A1 + AgT + I n (1 + Y) - I n (1 + W) 
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TABLE A6.1 

RESULTS FOR THE REITERATIVE SOLUTION OF EQUATION A2.1 

Solvent Runs Temp. 4 
lO^k B/A 

I I I 19 - 22 2 5 . 0 0 8 4 .795+0.00027 1 . 5 5 
41 - 44 20 . 0 0 6 2 . 6 6 0 + 0 . 0 0 0 1 6 1 . 6 9 
45 - 48 14 . 9 9 6 1 . 4 3 7 + 0 . 0 0 0 0 6 1 . 7 9 
49 - 52 1 0 . 0 0 6 0 .7560+0.00004 1 . 8 6 

IV 56 - 59 2 0 . 0 2 7 2 . 6 0 0 + 0 . 0 0 0 1 2 I . 6 3 
60 - 64 1 5 . 0 1 5 1 . 3 9 9 ± 0 . 0 0 0 0 5 1 . 7 5 

6 5 - 6 7 , 7 7 , 7 8 1 0 . 1 7 2 0 . 7 5 2 5 + 0 . 0 0 0 0 3 1.84 

The d e t a i l s of the d e r i v a t i o n are given i n Appendix A2 . 3 . 

T h i s equation i s now i n a s u i t a b l e form to be solved by a 

r e i t e r a t i v e procedure. The mechanism of s o l u t i o n was to 

assume a range values f o r the A 4 (=c) parameter and "then 

to improve the value of the other parameters by a r e i t e r a t i o n 

procedure, a procedure not u n l i k e that described i n Appendix 

A6.1. The parameter A4 (= c ) took the values - 5 , - 3 , -1, 

0 , 1, 3 , 5 - The r e s u l t s of such a s o l u t i o n are shown i n 

Table A6.2. 

6 . 3 S o l u t i o n of Equation 5 « 7 

Equation 5 » 7 can be w r i t t e n (see Appendix A2 . 4 ) i n the 

form:-

y = X = ( l - A 4 a - A l T ) ^1+A2 ( ( l - A 4 . e T A l T ) * -1) + A 3 ( - A 4 e _ A l T ) 

where the symbols were explained i n Appendix A2 . 4 . 

Now Ag and A^ i n the above equation contain an expression:-

D = 1 + pot + *Coo 



TABLE A6.2 
Solution of Equation 5.6 by reiteration 

The data refer to Solvent I I I and Temperature = 25.008 
RUN C . 10* k -B 

19 -5 4.786+0.00115 5.66 0.832 
-3 4.793±0.00073 5.66 0.991 

-1 4.797±0.00048 5.65 1-15 
0 4.803+0.00047 5.65 1.25 
1 4.805+p.OOO(t6 5.65 1-33 

3 4.811+0.00048 5.65 1.53 
5 4.815+0.00053 5.64 1-75 

20 -5 4.748+0.00116 5.36 0.95 

-3 4.765+.O.OOO60 5.38 1.15 
-1 4.777+0.00055 5-39 1.37 

0 4.786+O.OOO62 5-33 1.48 

1 4.792+0.00073 5.41 1.58 
3 4.804+0.00090 5-43 1.83 
5 4.813+0.00110 5.45 2.08 
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f o r which an approximation has to be found s i n c e i t 

i n v o l v e s C^Q . T h i s was done i n the f o l l o w i n g manner. 

The Onsager equation may be w r i t t e n : -

c = L A6.1 

where L = L.. / <x 

The f i r s t approximation i s to assume that = 1. 

T h i s i n tu r n means that a l l terms are n e g l i g i b l e compared 

with u n i t y . T h i s i s c a l l e d S o l u t i o n I . 

For the second approximation, i t i s assumed that 

L oo = c oo 

Thus D 2 = 1 + P L J , + ^ L ^ 

T h i s i s c a l l e d S o l u t i o n I I . 

The t h i r d approximation uses equation A6.1, and the 

second approximation, when:-

I 

c —Q = Loo and cj . 

Therefore = 1 + P . L ! ^ 

°? 
T h i s i s s o l u t i o n I I I . 

Equation A5.7 i s a four parameter equation whose 

parameters decrease i n order of importance:-
A x > A 2 > A

5 > A 4 
provided that A v i s f i x e d w i t h i n the l i m i t of S . The 

best route to a s o l u t i o n of equation A5.7 i s a s u c c e s s i v e 

approximation procedure as i n d i c a t e d i n Table A6.j5. I n t h i s 
way the value of the most important parameter i s f i x e d before 

D 

D 
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TABLE A6.3 

THE METHOD OF SOLUTION OF EQUATION A5.7 

Vary Approximate Leave 

A^ Ag A^ 

A^ Ag A^ A^ 

the l e a s t Important. The s o l u t i o n I s by a non l i n e a r l e a s t 

squares procedure. Table A6.4 shows f o r one run from a 

s e r i e s of r e p l i c a t e s , the mean value of the parameters f o r 

each of the methods of s o l u t i o n . 

6.4 S o l u t i o n of Equation A5.8 

Equation A5-8 can be w r i t t e n i n the form:-

The d e t a i l s are given i n Appendix 2.5« As undertaken i n 

other s o l u t i o n s (see Appendix 6.2) i t i s convenient to 

assume a range of values f o r the t h i r d Onsager parameter ( c ) 

and to solve f o r 5, k and £ . For t h i s method of s o l u t i o n 

£ must be s m a l l . T h i s condition w i l l be f u l f i l l e d s i n c e 

£ represents an e r r o r i n a zero reading. The parameters 

5, k and p were obtained by a non l i n e a r l e a s t squares 

procedure, with the parameter c t a k i n g the values 

y (Loo - L \ I n kT fa + b \ 
^ a + b o ) 

I n 

-5 - 1 0 1 5 
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TABLE A6.4 

Solution of Equation 5.7 

RUN SOLN 8 * 
10°VY 

4 
10 k 10 6 

19 I . 3-93 4.811+0.00153 I.54+O.036 -2.04+0.49 -13.6+7.9 
I I 3.97 4.811+0.00163 -1.50.+0.030 3.45+0.43 -14.5+7.9 
I I I 4 .04 4.8l2+p.OOl69 -1.46+0.013 3.70+O.32 -15.3+7.9 

4l I 20.3 2.645+0.00259 1.05+O.065 VARY TOO MUCH 
I I 24.5 2.64.3+0.00292 -1.12+0.056 11 n 

I I I 20.6 2.641+0.00254 -1.14+0.033 11 ti 

45 I 30.8 1.452+0.00152 2.38+0.068 -8.86+0.95 11 

I I 30.7 1.454+0.00164 -2.03+JO.052 IO.2+O.78 11 

I I I 30 .6 1.455+0.00164 -2.06+0.015 9.18+0.47 it 

49 I 32.2 0.748+0.00088 1.60+0.096 10.7+2.01 11 

I I 32.0 0.748+0.00099 -I.65+O.082 6.11+1.82 11 

I I I 32.0 0.748+0.00108 -1.70+0.028, 3.96+1.71 11 

56 I 13.4 2.583+0.00236 1.12+.0.076 n 11 

I I 13-5 2.585+0.00264 -1.06*0.068 11 11 

I I I 13.6 2.580+p;00293 -1.09+0.041 11 11 

60 I 5.41 1.399±0.00579 I.83+O.O3O 1.43+0.46 5.41+5.7 
I I 5.36 I.399+O.OO632 -1.81+0.021 3.63±0.38 5.39+5.6 

I I I 5.30 1.400+0.00663 -I.76+O.OO8 4.31+0.31 5.05+5.6 

65 I 14.8 0.753±0.00725 2.33+0.071 it 11 

I I 13.3 0.752+p.00787 -2.l4+p.060 11 11 

I I I 13.6 0.753±0.00819 -2.06+.0.019 it ti 

• VY = 2 v S y ± / n-3 



Table A6.5 shows the r e s u l t s f o r t h i s s o l u t i o n f o r 

few s e l e c t e d runs. 
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, TABLE A6.5 
Solution of Equation 5.8 

SOLV. TEMP. HUN C 107VY* 10* k g iQ 6g 

I I I 25.008 19 -5 0.57 4.81O+O.OOO7O 0.64+0.0044 6.62+0.30 
•3 0.86 4.820+0.00075 O.82+O.OO63 7.46+0.34 
-1 1.03 4.826+0.00075 1.00+.0.0076 8.60+0.34 
0 1.16 4.829+O.OOO79 I.O9+O.OO88 9*02+0.33 
1 1.03 4.831+O.OO83 1.19iO.Ol03 9-57+0.41 

3 . 1.56 4.835±0.00088 1.39+0.0130 10.3±0.42 
5 I.87 4.839+0.00095 1.62+0.0169 11.2+0.50 

I I I 14.996 4 5 -5 39.0 1.445+0.00062 O.76+O.OO94 10.5±0.l8 
-3 4i.8 l.448+p.0006l O.90+O.OH6 11.2+0.20 
-1 46.4 1.451+0.00062 1.03+0.0144 11.7+0.22 
0 48.1 I.451+O.OOO63 I.13+O.OI63 12.8+0.25 
1 49.8 1.452+0.00064 1.21+0.0180 13.1+0. 27 
3 53-3 1.454+p.00064 1.36+0.0213 13-5+0.29 
5 56.8 1.456+O.OOO65 1.54+0.0253 I3.5i0.32 

IV 20,029 56 -5 17.1 2.636+0.OO166 0.50+O.0102 O.32+.O.90 
-3 19.1 2.641+0.00164 0.58+0.0123 0.14+0.90 
-1 20.7 2.645+0.00162 0.66+0.0146 O.15+O.89 
0 21.5 2.646+0.00161 O.70+O.O158 C.21+0.89 
1 22,3 2.648+0.0016 1 0.74+.0.0170 0.24+0.89 
3 24.0 2.651±0.00161 0.84+0.0197 O.28+O.89 
5 25.6 2.653±O.OOi6i 0.93±0.0226 O.286+O.89 

*VY = ? w S y ± / n-3 


