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PREFACE

The object of the work described in this thesis was
tc study the use of volumes of activation as a tool in the
investigation of the mechanisms of solvolysis reactions. The
compounds under investigation are bernzyl chloride arnd several
Dpara-substituted benzyl chlorides. The solvolytic media chosen
were acetone-water mixtures. A study has been made of the substituent
dependence of the volumes of activation and the sclvent dependence of
the volumes of activation. The parameters (6§ AV*/§ P}T were also
calculated and the partial molar volumes of p-methyl benzyl chloride
in solvent mixtures of different acetone composition were alsc
measured. An attempt has been made to discuss the mechanistic
implications of these results.

The candidate owes a great deal to his research
director Professor K.J. Laidler, and wishes to express his gratitude
for his kind and generous help in every respect.

The candidete also thanks the National Research
Courncil for a grant in support of the work and a National Research

Council Scholarship whick was received during the course of study.
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"ABSTRACT

Rate constants for the solvolysis of benzyl chloride,
D-methyl benzyl chloride, P-nitro benzyl chloride and p-chloro
benzyl chloride were determined at four pressures at SOOC in an
acetone-water mixture containing 0.1407 mole fraction acetone.

te constants for the solvolysis of P-methyl benzyl chloride in
four acetone-water mixtures were also determined at four pressures
at 50°C. The partial molar volumes of this latter compounid were
determined in these same acetone~water mixtures at 25°C. The
log1ok-pressure data were fitted to polynomials of the first or
second order and the volumes of activation and the parameters
(6 av*/8 P)T were calculated.

It was found that the volumes of activation were all
negative and varied with substituent in the order B—CH5 > H >
p=C1 > .B—NO2 and the parameters (6 AV""/&‘P)T were zero or
positive, varying in the order E'NOZ > p=C1 > H > E"CHj'
Several effects which could produce this behavior were explored
but it was not possible to assign these reactions to either the
extreme %§1 or SRZ categories on the basis of these resultse.

It was also found that the volumes of activation for
the solvolysis of p-methyl benzyl chloride in different acetone=-
water mixturgs passed through a minimum when plotted against
solvent composition. The partial molar volume of p-methyl benzyl

chloride passed through a maximum as a function of solvent

compositions This suggested that the minimum in the volumes of



activation arose at least in.part from 2 maximum in the partial
molar volumes of the reactants.

A linear correlation between the entropies and
volumes of activation is observed. This is discussed in terms

of simple'dieleétric theorye.



CIAPTER I

Introduction

Part I Studies of Chemical Reactions at High Pressures

(a) General

Sclvolytic reaﬁtions are amongst the most thoroughly
studied of chemical reactions. However, there remain several unresclved
problems associated with the mechanism of these reactions and the
irdispensable role of the solvént in these processes, especially in
aqueous organic mixtures. Recent advances in piezochemical studies of
chemical reactions in the liquid phase have been very fruitful in throwing
light on both of these aspects. The present study was undertaken with
this in mind; it involves measurements of the pressure coefficients of
the logarithms of the rate constants for the solvolysis of benzyl chloride
and substituted berzyl chlorides in acetone-water mixtures.

(b) Some Aspects of High Pressure Studies of Chemical

Reactions in the Liguid Phase

In the present chapter an exhaustive review of the rather
extensive field of piezochemistry will not be attempted. Fortunately
several reviews have been recently published ané the reader is referred

5. The latter

to the work of Hamann1’2, Bradleyj, Gonikberg4 and Whalley
review is concerned mainly with the mecharistic implications of high-
pressure reaction-rate studies. The author, however, will attempt to
review aspects of this field pertinent to the present study.

The earliest report of high-pressure studies on the rate

of a chemical reaction in the liquid phase was made by Bertholet ard



Pean de Szint Gilles6o It was shown that pressures of 50 %o 100
atmospheres had no detectable effect on the rate of esterification of

7

acetic acid by ethanol. Later work by Roentgen’ and Stern8 on the acid-
catalyzed inversion of sucrose at 500 atmospheres indicated that in the
presence of strong acids pressure had an adverse effect on the rate of
inversion, whereas when weak aclds were present, pressure accelerated the
Processs Rothmund9, and Tamann and Bogojawlensky1o showed that the rates
of solvolysis of esters in neutral solution and acid and base catalyzed
solvolysis reactions were increased at 500 atmospheres. It was also
found that reactions catalyzed by weak acids and bases were affected by
pressure to a greater extent than those catalyzed by strong acids and
bases.

Improved equipment design permitted Cohen and his co-

11512513514 to extend the pressure range to 1500 atmospheres.

WOTrKers
They established that changes in the rates of chemical reactions with
increased pressure arose from two effects;

(1) Increasing the pressure resulted in a decrease in the
volume of the reaction mixture, which in turn increased the concentration
of the reactants. The resulting increase in the rate was found to be
small compared to the profound changes in rate brought about by changes
of pressure in the gas phase.

(2) Increasing the pressure altered the rate constants
themselves, resulting in a change of reaction rate. The change in the
rate constant was also found to depend on the reaction being studied.

15

In the nineteen thirties the extensive work of Bridgman

resulted in the design of equipment suitable for reaction-rate studies,
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and extended the range of pressures which could be used to 12,000 atmos—
pheres. Using these new techniques Perrin and co-workers16’17’18’19
studied the rates of 2 number of reactions. Perrin19 showed that the
reactions studied could be classified into three categories according to
their frequency factors and the effect of pressure on their rates, as
follows:

(1) mSlow" reactions - These were bimolecular reactions wit
very sm2ll frequency factors; they were markedly accelerated by pressure.

(2) ™Normal" reactions = These were bimolecular reactions with
normel frequency factors; they were slightly accelerated by pressure.

(3) Unimolecular reactions - These were slightly retarded by
pressure (only one example was given).

In more recent times the design of equipment has permitted
a considerably wider range of static pressures and temperatures. A
notable achievement utilizing these advanced designs has been the synthesis
of diamonds from other forms of carbonzo.

Developments of a theoretical nature regarding the effect
of pressure on reaction rates have kept pace with developments in equip-
ment design.

Very early Planck21 showed thermodynamically that the

equilibrium constant K of a reaction of the form

—_———
A+ B 4 =mmmeee C +D 4+ mmmmeees

was related to the pressure P at constant temperature by the expression

(6 log, K/SP)T = = AV/RT (1_.1)



where AV is the difference beitween the partizl molar volumes of reactants
+ 1+ ¢ 1,1,22 . +

and products. Van't Hof arrived at the same formula and also proposed

that as the equilibrium constant was related to the rate constants k1 and

k2 of the forward and reverse reactions respectively by the relationship
K= k1/k2 , (1.2)

the expression (1.1) could be divided into two other expressions by the

relationship

(8 log, k1/6 1=)T - (6 log, k2/8 P)T - -(Av1 - AVZ)/RT . (1.3)

However no particular significance was accorded the quantities AV1 and

AV2 until the development of the activated-complex theoryzS. Moesveld24

however established that, in general, plots of the logarithm of the rate
constant against pressure were not linear. He found that data could te
test fitted to polynomials of the second degree.

5

Evans and Polanyi2 suggested on the basis of the activated-
complex theory that the rate of change of the logarithm of the rate
constant with pressure at constant temperature was directly proportional

to the difference between the sum of the partial molar volumes of the

reactants, }:’Vg, and the partial molar volume of the activated complex,
- g

Vt, or;
(6 log, ¥/6 P)y = = &V /RT (1+4)
where A Vt - ng . (1.5)
g

AV" was called the volume of activation. To facilitate the discussion
of this activation parameter on a molecular level, it was suggested that
av* might also be divided in another manner into two terms:

YA Av1' + Av2'. (1.6)



=5

AV1'is the contribution to AV ' due to changes in the volumes occupied

»

2

x
is the coniribution to AV due to changes in the organization of

by the reactant molecules during the activation process, and AV

solvent molecules about the reactant molecules while forming the
activated complex.

Coﬁsiderable effort has been spent in measuring and
estimating the relative coniributions of AV1' and AV2' to the volumes
of activation of different reactions. Although these efforts have
not been successful quantitatively, several phenomena making important
contributions to both terms have been identified. These have been
discussed by Whalley5a. In our present study it is expected that
contributions to AV1' due to bond stretching and bond forming, and
contributions to AVZ' due to electrostriction, may be important.
Consequently some of the work associated with the experimental and
theoretical estimations of AV1' and AVZ‘ in these terms will be

considered.

The contributions to AV1' due to bond forming and bona
breaking have been estimated from theoretical considerations in two
wayse Stearn and Eyring26 have considered the reactant molecules in
solution as qccupying a2 volume within which they are free to move
without collision with other solvent molecules and which is maintained
because of the motion of the reactant molecules. Restriction of this
motion in the process of bond formation results in a reduction of the
volume occupied by the species. The resultant effect is a constriciion
of the whole system. For similar reasons bond breaking results in a net

increase in volume. For a unimolecular reaction in which bond



breaking is occurring they derived the relationship

+1) (1.7)

E ] t 3
&% = C1 I v/( §1i + T, + T,

and for a bimolecular reaction in which bond breaking and bond forming

are taking place they derived the relationship
Av1' :—l‘Zv/( Zli + er +2) (1.8)
i J

The li's are the bond lengths taken in the direction of the reaction;
the rj's are covalent or ionic radii, and the V's are the molar volumes
of the reactants. The molar volumes of the reactants are assumed not
to change on solution. When applied to reactions where large changes
in polarity are not expected in the activation process, good agreement
was observed between experiment and theory. Buchanan and Hamann27
have shown however that agreement betweeﬁ theory and experiment, when
large differences between the polarity of the reactants and transition
state are to be expected, is probably fortuitous. The above theory
does not take into account electrostriction of solvent. It was found

27528,29,30 and Burris and Laidler31 that

by Hamenn and his co-workers
in these cases increased pressure affects the free energy of hydration
of strongly solvated species, resulting in a change of reaction rate
(see below);

Hamannza has suggested the following method of estimating AV{ .
The volume increase due to partial bond breaking, Av;B, is considered
to be equal to the volume of a cylinder whose length, § 1 is the

difference between the bond distance in reactant and transition state

of the bond which is breaking and whose cross—sectional area is the



arithmetic mean of the cross-sectional areas of the separating atoms,

ieee

AV{'B = (rA2 + rBz) §1 /2. (1.9)
The volume decrease due to partial bond formation, A 1;, is considered
to be equal to the volume of a cylinder whose length, § 1, is the
difference between the sum of the van der Waals radii of the atoms
between which bond formation is taking place and the bond distance
between these atoms, in the activated state. The cross-sectional area

of the cylinder is considered to be the same as above. The relation-

ship then becomes

x
AV, = - (rA

2er?) (ry ey -1 -6 1), (1+10)
In equations (1.9) and (1°10)?A and ry are the van der Waals radii of
the atoms between which the bond is breaking or forming.

The estimate of AV1' from either of the above methods is
quite crude. In addition to other difficulties, the calculated values
depend strongly on the choice of the partial covalent bond distance in
the activated state. Hamannza has shown that potential-energy-surface
calculations of several reactions indicate that there is a considerable
variation in the degree of bond stretching which can occur in the
activation prbcesses. Calculations using reasonable values of the
activated-state partial-covalent-bond distance leads to magnitudes of
AVI which compare favorably with the results of studies of reactions

where large changes in polarity do not occur.2a

‘ 3 - . K3
The importance of AV2 in 1onogenic reactions has been

established from studies of chemical equilibria and reaction rates by



8-

27,28,29,30 31,32,33,

Hamann and co-workers and Laidler and co-workers
Perrin's‘]9 classification was also recognized to be based on the
differences in polarity between reactants and activated state. A
more complete classification along these lines has been given by
Hamann' .

In order to estimate AV2' s reliance has been placed
on the BornBL" and Kirkwood35 models for calculating the free energy
of charging a conducting sphere in 2 medium of static dielectric
constant De In each of these cases the reactant or activated complex
is considered to occupy a spherical cavity in the solvent of fixed
dimensions, and within this sphere centers of charge are distributed
at known positions (shapes other than spheres have been successfully
treated although the latter shape is mathematically the simplest

caseBe)-

AVZ‘ for a reaction of the type

A-B —> X"’-—- g— ———> Products ,

37

has been given by Heydtmann and co-workers”' in terms of the Kirkwood

expression by the relationship

AVZ'-. N/ - p_z/rf) §[(D=~1)/(2D+1) V6 P + 88/6P , (1.11)
where N is Avogadros number; p and r represent the dipole moment

and radius of the reactant molecules; u, and r, are the same
quantities for the activated complex; D is the static dielectric
constant of the medium; and § is a term containing expressions for

other polar interactions which for purposes of their study was

considered negligibles It has also been assumed in this expression



that l/r(Sn/SP)T = 0 . This assumption has been recently discussed
by Whalleyis.

Heydtmann and co—workers37 have tested this relationship
from studies of Menschutkin reactions in different solvents and non-
aqueous mixtures. They showed that plots of §[(D-1)/(2D+1))/6P
versus AV' were linear in many cases. In solvents where specific
interaction between the solvent and reactant molecules or activated
complexes are expected, deviations from the usual straight line were
observed.

39 have also shown that dielectric

David and Hamann
theory is useful in predicting trends within a given series of
reactions in the same solvent. The volumes of activation for the
ethanolysis of ethyl halides in ethanol solution become more negative
as the halide atom is changed from iodine to bromine to chlorine.

This is the expected order of increase of field intensity about these
partially ionic species, and the observation was taken as an indicat-
ion of the high polarity of the activated complexes for these reactions.

Equation (1.11) also predicts that reactions character-
ized by large differences in polarity between reactants and activated
complex will have volumes of activation which are strongly dependent
on solvent change. Browerl"Q has confirmed this conclusion. He found
that in reactions where ions were created or destroyed the variation
of the volume of activation with solvent change resembled in magnit-
ude and kind‘the variation of the partial molar volumes of
electrolytes in the same solvents.

The use of the Kirkwood expression in correlatingb



volumes of activation in different solvents has many shortcomings
especially in aqueous organic. mixtures. These will be explored in
Chapter 2 of this thesis. One of the difficulties is that in order
to calculate AVZ‘ from first principles one must have a knowledge

of the charge distribution within an activated complex. Several
workers have chosen reasonable charge distributions within molecules ’
and have estimated AVZ‘ to be of the order 10 to 30 cm3 per mole when
the change in polarity between reactants and activated complex is

1 electrostatic unit. This is to be compared with an estimate of

26 om’ per mole by Couture and Laidle:rz"1 from an empirical correl-

ation of the partial molar volumes of ions.

(¢) Formal Derivation of the Volume Parameters of

Chemical Reactions from Piezokinetic Studies and

Density Measurements of Solutions of Reactants

Both the collision theory and activated-complex theory
of chemical reactions mey be used as a starting point for deriving
the volume parameters of a chemical reaction. The latter theory nas
however been found to be the most convenient and easily visualized
means of discussing AV* . This is, in part, due to the fact that this
theory focuses attention on a species of higher energy, intermediate
between the reactants and products of an elementary reaction. Further-
more, we may talk about partially formed or partially broken bonds in
the activated complex. In any case, the activated-complex theory and
collision theo‘ry have been shown to give essentially equivalent
resultsb'z.

From the point of view of the activated-complex theory,
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in a general reaction

the molecules A and B are considered +o proceed to products M and N
through a molecular species X* of maximum potential energy. The rate
of formation of products is proportional to the concentration of
activateci species X* , and the species A, B and X* are considered to
be in equilibrium with one another at any time during the reaction.
Allowing for the fact that one of the vibrational degrees of freedom
is very loose in the activated complex, the rate constant for the
forward direction in the above reaction can be divided into kinetic

and thermodynamic terms, i.e.

k- kkTXn , (1.12)
where k is the specific rate constant, k is the Boltzmann constant,
h is Planck's constant and £ is the "transmission coefficient™.
(4 statistical factor my also be involved, as recently discussed by
Bishop and Laidlerlé). The™ransmission coefficient® is usually clcse
te unity for most reactions, and following Ey’r:?.ng26 we will assume

that it is independent of pressure and temperature. XK* is defined as:

K* - [x*]/ [a]® [P (1.13)
Differentiatirg equaticn (1.12) with respect to pressure at constant

temperature we obtair the relationship

(8 log, ¥/§ P)T = (8 loge K*/§ p) . (1-14)

T

The chemical potential of any species in the reacticn mixture is given

by

= M + RT log (1.15)

“‘A = e aA b

where UX is the chemical potential of the standard state, whick for
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ccnvenience in the present work is choser to be ihe infinitely dilue
soluticn; N is the activiéy of species A which in the dilute
sclutions used in this work is considered to be equal to the molar
concentration of A. Ir order for the reactants and activated complex
tc be in equilibrium with one another the chemical potential of the
activatéd state must be equal tc the sum of the chemical potentials

of the reactants. Therefore

RT loge K* =RT log, [X*l/[A]a[B]b = apz + bug § — -p;'. (1.16)
The concentration scale usually used ir kinetic measurements is the

molar scale. Consequently, differentiating equation (1.16) with

respect to pressure at constant temperature we obtain the relationship

=0
(8 BT log, ¥'/6 P)y = (2F, + BTy + == F¢) 4+ (1-a-b-mv) B_RT

= -v" 4 (l-a-b-—-) B RT , (1.17)

-0
where the Vj's are the partial molar volumes of the respective solute
species in their standard states. They are related to the chemical

potential of any species ™J" in its standard state by the relationshi

6 pg/a P)p - V;_’ . (1.18)

ﬁs is the isothermal compressibility of the solution in which %he

reaction is taking place. It is defined at any pressure by

as = - 1/Vs(6Vs/6 P)T . (1.19)

Vs is the volume of the solution at pressure P. The term in Bs arises
because of the choice of concentration units. The term in equation

(1.17) involving the compressibility is zero in the present study,



-

_1)..

as the reactions being studied are first order. This term however

can amount to a considerable correction in reactions of higher order.
AV‘, the volume of activation, is then the excess of the partial molar
volume of the activated complex over that of the sum of the partial

molar volumes of the reactants, all in their standard states.

Substitution of equation (1.17) into equation (1.14)
gives the following relationship between the specific rate constant
k and the volume of activation:

(6 RT log, k/5 P)T = =AV*, (1.20)

In order to understand changes in AV* with the change
of some other variable it is helpful to have some knowledge of the manner
in which E; and V; change. By the very nature of the activated complex
it is impossible to directly measure the partial molar volume of this
species. However, given a method which can quickly measure the density
of a solution of reactant accurately, the partial molar volumes of the
reactants can be measured as a function of solute concentration and
extrapolated to infinite dilution. A study using a method whereby the
volume of a solution can be measured accurately and quickly after
addition of solute molecules has recently been reported by Golinkink4.
It will be shown in Chapters 3 and 4 that a method utilizing density
measurements of solutions of reactants can be used to accomplish this
work. The relationship between soluticn density and react:nt partial
molar volume méy be developed as follows.

It is well known that extensive properties of a systen,
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g.ge s volume, entropy, free energy etc., are functions cof physical
variables such as pressure, femperature and also the cuantities of
the different components. In the case of a sclution at constant
temperature and pressure, the total volume V of the system may be
written differentially in terms of the contributions frcm the
different constituents as:

av = (6 v/§ n‘l)T,P (311,i + (§v/§ nZ)T,P dn2 + (8 V/§ n3)T,P dn3 4 ——
—-— (8 V/S ni)T’P d.ni + s (102‘&)

where ny is the number of moles of constituent i. The term (5§ V/§ ni)T,P
is called the partial specific, partial molar, or partial melal volume
depending on the units in which n is expressed and is usually denoted by
the symbol Vi. The partial volume quantity Vi my be considered as
the increase in volume of the solution when one mole of constituent 1
is added to such a large volume of sclution that the composition of the
solution remains effectively unchanged.

In the present work the partial molar volumes of
p-methyl benzyl chloride are measured in a series of acetone-water
mixtures of differing compositicne The method chosen to measure the
partial molar volume in each solvent is to measure the density of a
series of solutions over a range of solute concentrationse As the
nunmber of moles of acetone and water remzin constant for each series
of density readings, the following approach to the measurements can be
made. The abparent partial molar volume ﬂo is defined by the equation

g, = (Vv -nV)n, (1.22)

where V? is the molar volume of the solvent, defined in this case as
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the sum of the volumes of acetcre and water in a given mixture diviced
by the sum of the numbers of moles of acetone and water in that mixture.
n is the sun of the number of moles of acetone and water in the solvent
mixture being studied. V is the volume of the solution and n, is the
number of moles of solute. The quantity'ﬁo is related to the partial
molar volume Vé, as is the ratio of finite increments to the corresponding
differential coefficient. If the concentration of the solution ¢ - n2/V
is expressed in moles per litre, equation (1.22) mey be written as

;60 = 1000(d°-d)/cd° + Mz/do s (1.23)
where d.0 is the density of the pure solvent, d is the density of the
solution and M2 is the molecular weight of the solute.

It can also be seen from equation (1.23) that

V- nzﬂo +n V? (1e24)

and consequently the partial molar volume of the sclute at any

concentration may be obtained from
v, = (6§ v/§ n2)n,T,P = 150 + n2(5 ﬁo/a n2) (1.25)

This shows that at infinite dilution, ieeey n. —> 0, the partial

2
molar volume becomes identical with the apparent partial molar volume.

Knowing the partial molar volumes of the reactants, a
full analysis of AV" data is possible in terms of the partial molar
volumes of the reactants and activated complex. Hence any variations
of AV® with charnge in solvent composition or substituent may be

considered in terms of changes in the partial molar volumes of the

reactents and activated complex.



Part IT Some Aspects of Solvolytic Reaction Mechanisas

and the Mechanism of the Solvolysis of Benzyl

Chloride in Aqueous Organic Mixtures

(2) General
Several general reviews have been written recently

45,146

on solvolytic reactions and most textbooks on physical organic
chemistry include some discussion of this subject47’48. To review
this work at this point is therefore inappropriate. There are
however some areas of controversy, as has been indicated in Part I
of this chapter, which have direct bearing on the present work and
should be considered. Moreover, as the solvolysis reactions of
benzyl chloride and substituted benzyl chlorides have been studied
frequently, these reactions will be used to illustrate the problems
wherever possible. Finally a brief summary of the work which has
led us to our present understanding of the mechanisms of these

latter reactions will be presented.

(v) Mechanisms of Solvolytic Reactions

Solvolytic reactions are examples of nucleophilic
substitution reactions, which are characterised by the fact that the
electrons in the bond to be broken remain associated with the
departing group, X, while a new bond is formed by co-ordination of
the nucleophile, Y, with the substrate:

T o+ C : X

Y : C + :X

{The dots represent electrons)
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There is no restriction on the charges on the substrate or
nucleophile provided that thé electron displacements occur in
the above manner. Thus the following process is a nucleophilic
substitution:

RC1 + H,0——> ROH + H + (17

These reactions have been discussed in terms of
two mechanism549; (2) the so-called S;1 mechanism and (b) the
SNZ mechanisme The first of these mechanisms is characterised
by aslow reversible endothermic fission of the C=X bond followed
by a fast exothermic recombination step involving the nucleophile
Y. The large activation energy required for the gas phase
heterolysis of the C-X bond is reduced to accessible values in
solution by solvation of the polar activated complexSOo This is

illustrated by the following scheme:

k,
R-CH -X ———— &R-ci’ .+ x~
2 D Paa—— 2
-1
+ - k2
R-CH, + ¥ —2s R~CH =Y

On the assumption that the R-CH'; concentration reaches a steady
state, the rate of formation of products is given in terms of the

R-CHZ-X, Y™ and X~ concentrations by

d[R—CHz-Y]/dt = k1k2[R-c:»{2-x][Y"J /(k_y [x7] 4 k,[Y"]). (1.26)

This rate is equal to k,[R<CH,~X] if k,[¥7I>>k_ [x7]. ¥echanisn

8.1 is known to operate in the solvolysis of tert-butyl chloride in
N
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1
agueous acetone.5
The SN2 mechanism involives the fission of the C-X

tond at the szme time as the new bond C~Y is formed, i.e.
Y + R-CH -X —5-—> R=CE,~Y + X

The rate of formation of products in terms of the concentration of

R—CHZ—X and Y~ is given by

d[R-CHZ-Y]/dt =k [R—CHZ—X] x"1, (1+27)

which is equal to kA[R-CHZ-XJ if the concentration of Y is very

large compared to that of R-CH X (kh = k3[Y-]). This is usually

the situation in studies of solvolysis reactions. In this case two

molecules undergo covalency change on passage from the initial state

to the activated complex. An example of a reaction by this mechanism

is that of the solvolysis of methyl bromide in aqueous ethanol.50
Typical activated complexes for SN1 and SN2 reactions

are given below

(2) (b)

/z+ z” z*/ z”

— X Y—-—C—--X

1
SN SK2

. .52
Hinshelwood, Leidler and Timm’ recognised very early

tnat the S, ! activated complex is Jjust a special case of the SKZ

4

activated complex; the activated complexes of dif'ferent reactions



occurring by this latter mechanism were considered to differ in
the degree of charge develoément and in the degrees of tond strefch-
ing and bond formation. Consequently, a2 continuous series of SN2
activated complexes, qualitatively similar but guantitatively different,
was envisageds. Several more recent discussicns along these lires
have been given55’54 andé many of the results of studies varying
the groups Y, R-CH2- and X as well as solvent conditions may be
readily understood in these terms. Some of these conclusions with
regard to benzyl chloride solvolysis will be considered below.
Fronm what has beer said above,it can be concluded
that a region of transition from mechanism SNZ to SN1 is expected
to exist. This region has frequertly been referred to as the
borderline region. The precise nature of the reacticn path in
this region is of considerable interest to the present study as
the solvolysis of benzyl chleride is frequently discussed in these
terms. Two alternatives have beer proposed for the nature of the
reaction path ir this region. Firstly all individual acts may

proceed through a single reaction pathe The activated cemplex iu

regarded as a resonance hybrid of all the following three canonical

form555
(1) (11) (111)
\ ./ |
Y: -Cc—X Y—cCc~— x” X

y: ¢
/ \ /'
The greater the contribution from structure (III) relative to (II),

the more SN1-like the activated complex. The second alternative is
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that a variety of reacticn paths are available, scme of which involve
contributions from structure (II) while others do note. Herce it is
possible for a reaction to occur by the concurrent operation of
mechzanisms SN1 and SNZ. So far, no unambiguous experimental evidence
in favour of either of these alternatives is available for

solvolytic reacticns although both possibilities have teen

56,57558,59,60

proposed However, evidence for the concurrent

operation of mechanisms SN1 and SNZ has teen obtained for reactions
where more powerful nucleophiles other than solvent molecules have

56,61,62

been present

(c) Methods used for the Recognition of Mechanism

in Solvolytic Reactions

In solvolytic reactions, where the solvent water is
usually present in large excess, the usual methods of determiring
the order of the reaction with respect to water concentration are
not evailable. Indirect methods must be employed in order to obtain

information about the mechanism. Several methods are availablie,

namely,

(1) Structural charges in the group R,
(ii) Systematic variations in the nucleophile Y,
(iii) TFollowing the stereochemical course of the
substitution,
(iv) The effect of electrolyte additions and
solvent changes on the rzte of reacticn,

(v) The study of the activation parameters of these



reactions, and more recently the measurement of
the ratio of the heat capacity of activation,ACé,

to the entropy of activation,ns*.

The present study is to investigate the potential
use of the volume of activation of chemical reactions in this
connection.

(@) Activation Paremeters and the Enthalpy ~ Entropy

Comrensation Effect

The simple discussion of activation parameters in
terms of mechenism is open to some question. The problen of =
meaningful discussion of such results in these terms has been
considered many times and is discussed in some detail by Grunwald
and Leffler63. The problem may be illustrated using previous
studies of benzyl chloride solvolysis.

The data of Tommila and his co-workersSA for the
solvolysis of benzyl chlorides in acetone-water mixtures show
clearly that, with change of solvent composition, the entropies
and enthalpies of activation for the solvolysis of benzyl chloride
in acetone-water mixtures show extremum behaviour. The free
energies of activation do not show such beheviour but incresse
with increasing acetone concentration. This is an example of
the entropy - enthalpy compensation effect (not complete in this
case)o This phenomena has been observed several times and is in
many cases responsible for the observation of linear free energy

relationships.
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The behaviour of the free energy of activation is
apparently simple and changés in the free energy function with
systemetic variation in reaction conditions have been interpreted
simply in terms of reaction mechanism and changes in the properties

53

of the activated complexe Lzidler”™™ has shown that the variation
of the free energies of activation for the solvolysis of benzyl
chloride with dielectric constant in acetone - water mixtures is
consistent with the activated complex of the reaction being

N

in the region of low dielectric constant. Tommila and co-workers

SN‘I-like in the region of high dielectric constant but S, 2-like
5k
have shown that the variation of the free erergies of activation
of benzyl chloride solvolysis withk change in substituent in a
mixture of constant composition is consistent withk the B-nitro
benzyl chloride activated complex being more SNZ-like than the
p-methyl benzyl chloride activated complex. As the dielectric
constant of the mixture decreases the SN2 character of the p-nitro
benzyl chloride activated complex becomes more distinct from that
of the B—methyl benzyl chloride activated complex, which is still
somewhat SN'l in character.

The extremum behaviour of the other activation
parameters is frequently ascribed to specific solvent effeets.
Studies by Hyne and co--workers&"’GB’66 have showr that the
entropies, enthalpies and volumes of activation for the solvolysis
of benzyl chleride and substituted benzyl chlorides in ethanol =
water mixtures display extremz as a function of solvent composition.

Moreover it has been shown thet the positions of the extrema for



each of the activatior parameters do not generally coincide on

the solvent composition axié. The positions of the extrems were

also shown to shift on the solvent composition axis with change of
substituent and with chzange of the position of substitution on the
aromatic ringe Furthermore recent experiments by Hyne and Golinkin67
and Arnett 33_22.68 have shown that in many cases this extremunm
behaviour in the activation parameters is due in large measure to
extremum behaviour in the partial thermodynamic function of the
reactant with change in solvent composition. Further discussion
of these latter observations will be deferred to Chapter 2 but

it is apparent thet trends in activation parameters with systematic
variations in reaction conditions must be interpreted cautiously in
terms of simple reaction mechanism.

An approach teo the discussion of the present results
will be made utilizing the following suggestions made by Laidler69
based on the results of measurements of the heats of dissociation
and free energies of dissociation of some organic acids in aqueoﬁs
solution7o’71’72’73 and other theoretical considerations:

(1) Purely polar effects arising from inductive and
mesomeric influences are considered to affect AH* but not 4S™,
AV* and ACp*. They therefore have no effect on TAS* or PAV* but
affect AH* and AG* in an exactly parallel manner. Polar effects on
AH* are additive. Hence if polar effects were involved alone, both
AH* and AG* would be additive and linear-free-energy relationships

would be observed. This has been assumed to be the case by Dewar

and Sampson74 in their theoretical treatment of alkyl halide



solvolysis reactions.

(2) Steric effects, suck as those arising from the
interference between an ortho substituent and the functional
ionizing group, are considered to affect AH*, AS*, AV® and ACp*.
They therefore affect AG*, AH*, AS* and AV* in a éomplicated manner.
As a result there is a loss of additivity, and the relationshirp
between the free energies in different series may not be linear.

Under certain circumstences there is an approximate
compensation between the changes in AH* and TAS*, so that the
influence on AG" is fairly smelle Additivity relationships and
linear free-energy relationships are therefore still founé in
0G*, but additivity is lost in AV®, AH™ and Tas*.

(3) Solvent effects arising from solvent-solute
irteractions, and specific solvent interactions between solvent
and parts of the reacting molecules, are alsoc considered to change
AH*, AS* and AV*. As with steric effects, compensating changes in
AH' and TAS* may occur. These solvent effects do not necessarily
destroy the additivity or free-energy relationship in 0G*, but may
destroy the additivity as far as AH®, AV* and TAS® are concerned.

75576

have given a clear-cut

77

Hepler and coc=workers

quantitative discussion of the data of Chen and Laidler’'’ and

71

in terms such as these.

Baliga and Whalley78

Papée et al.
have proposed that the constant-
volume activation parameters are more easily understood than the
constant-pressure parameters which have been discussed above.

(e) The Mechanism of Solvolysis of the Benzyl Chlorides

In an earlier section (Part IIb) it has beer pointed
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out that there is no sharp dividing line between an SN1 and SN2
mechanism, the SN1 mechanism being essentially the limiting case
of an SN2 mechanisme As a result, many reactions exhibit some
behaviour which, if considered on the basis of =2 sharp division
between SN1 and SN2 mechanisms, would suggest an SN1 mechanism,
and at the same time exhibit other behaviour suggesting an SN2
mechanisme This appears particularly true of benzyl chloride
solvolysis, for which it is impossible to interpret all the
results in terms of either an extreme SN1 or an extreme SN2
mechanisme The mechanism is therefore an intermediate one. In
the present section the experimental evidence on benzyl chloride
hydrolysis is briefly summarized, whether the behaviour points
towards an extreme $N1 or an extreme SN2 mechanism.
Evidence that seems to point towards SN1 behaviour

is as follows:

(1) Bennett and Jones79, OlivierBO and Tommila and

54

co-workers”  found that the order of reactivity with para-
substituents is

B—CH3> H> g—Cl > p-NO2 .

This is the order of ease of ionization of the C=C1 bond, so that
this evidence is consistent with SN1 behaviour (see, however, point
2! below). Bensley and Kohnstam81 similarly found that a-chlorin-
ation increases reactivity, a result which also points to SN1
behaviour.

(2) Charleton and Hugh6582 studied the effect of
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successive o-methylation or the rate of benzyl chloride solvolysis,
and they found that the presence of a single o-methyl group increases
the rate to a similar extent te p-methylation, and that the
substitution of a second o-methyl group gave a rate increase of the
same magnitude as that observed after the first methylation. There
appears therefore to be little steric interference of the reaction,
a result which points towards an SN1 mechani sm.

(3) The rate of reaction is reduced by the addition of
chloride ion salts but accelerated by the addition of non~-common
ion salts83, This behaviour suggests the operation of a common ion
effects This is also consistent with an SN1 mechanism, for which the
initial equilibrium

RC1 =——> R* + ¢1~

is shifted to the left by the addition of chloride ions. This
observation however must be treated with some reserve because of
the very complex nature of salt solutions of aqueous organic mixtures

85)

(see for example Coburn 33_21.84 and Jackson ).

(4) Roberts and Hammett86 have studied the effect of added
mercury salts on the solvolysis of benzyl chloride in aqueous dioxane
mixtures. They observed, during the course of the reaction, the
development of a transient yellow colour ascribed to complex formation
between the carbonium ion, formed by dissociation of the benzyl
chloride, and the mercury ions.

(5) Hill and Fry>! studied the C1;, and C1;; isotope effects

on the rates of solvolysis of a series of substituted benzyl chlorides,



~27-

finding the k35/k37 ratio t? be the same for all of the compounds
studieds Furthermore, they argue that the ratio observed is that
expected for a purely SN1 mechanisme. However, Thornton88 has cast
some doubt on their conclusion that the mechanisms are purely SN1,
on the grounds that strong solvation effects may be influencing the
chloriné isotope ratics.

The following evidence points away from a pure SN1
mechanism, and suggests an intermediate mechanism with some marked
SN2 characteristics:

(1*) Olivier and Weber89, Beste and Hammett83 and Tommila
and co-workerss"+ found that the addition of hydroxide ion leads to
a considerable increase in the rates of a number of benzyl chloride
hydrolyses. These results indicate that an SN2 reaction occurs in
the presence of OH ions. They provide no direct evidence that
hydrolysis by water molecules is SN2, but are not inconsistent with

this56,61,62.

(2') Bensley and Kohnstam pointed out that the substituent
effects (point 1 above) are associated with changes in the entropy
of activation AS* rather than in AH*. If the mechanisms were purely
S;1 the effect would be largely on AE®.

(3') Bensley and Kohnstam measured the ratio ACS/AS‘ for
the solvolysis of benzyl chloride in different solvent mixtures, and
found the ratio to be independent of the solvent. The ratio is
lower than for reactions whose mechanisms were largely $N1 (e.g.

the solvolysis of C6H50HC12 and 06H5CC13), so that Kohnstam concluded



=28~

that benzyl chloride did not react by a purely $N1 mechanism91.
Some additional discussiocn of these measurements is given by

92 93

Robertson and Scott”™ and Cowie et al.”’”.

(4') Bensley and Kohnstaz® | also found that a-chlorination
does not increase the rate of berzyl chloride sclvolysis as much as
does a-chlorination of benzylidine chloride (06H5CH012). The
solvolysis of benzylidine chloride has most of the characteristics
of a largely SN1 reaction, so that Bensley and Koknstam conclude
that the solvolysis of benzyl chloride is not purely SN1.

54

(5') Tommila and co-workers”' showed that the sensitivity

of the rate constants of different substituted benzyl chlorides to
change of solvent composition in acetone - water mixtures is in the
order

ngH >H> ngl > E-NO2

3

In more aqueous mixtures the rates are higher with p—-CH_, than with

3

E-Noz’ and as the mixture is made less aqueous the p~CH, rates are

3

reduced more than the E-NO2 rates. These results cannot be explained
on the basis of a pure SN1 or a pure SN2 mechanism, but only if the
change in solvent is bringing about a change of mechanism. The
solvolyses will have more SN1 character in the case of g-CH3 and the
more aqueous mixtures; making the solvert less aqueous will make

the hydrolysis of p-methyl benzyl chloride less SN1-like. The
hydrolysis of p-nitro benzyl chloride is already more SNZ-like,

and the soclvent effect is less. In the limit, whern the water

concentration is low, one would expect the mechanisms to show extrere



S,.2 behaviour, and theg_-l\IO-2 compeund to hydrolyse more rapidly

than the E-CH3 compoundSB.

90 have also noted that the

Bersley and Kohnstam
solvent effects on the benzyl chloride solvolyses are intermediate
between those on the solvolysis of t=butyl chloride, which is SN1,
and those on the solvolysis of gthyl bromide, which is SN2° This
also suggests that the benzyl chloride solvolysis occurs by an
intermediate mechanism.

The evidence reviewed above makes it clear that
benzyl chloride solvolysis cannot be interpreted in terms of its
being an extreme SN1 mechanism, or an extreme SNZ mechanism, An
intermediate type mechanism must occur as mentioned previously, with

a shift in the importance of the SN1 and SNZ components as the

conditions are varied.
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CHAPTZER 2

Properties of the Acetone-Water System and their Importance in

Determining the Magnitudes of Activation Parameters

(2) General
For many reactions in agqueous organic mixtures it is
found that plotting log k against (D=1)/2D+1) results in a straight
line. However in meny instances this relationship is not observed
and the Kirkwood expression is not valid especially when reaction
rates in different solvent mixtures of various dielectric constants
are compared. More serious discrepancies also appear. Feakins and

9%,

Watson”" and Grunwald and co—workers95 have found that dielectric
theory incorrectly predicts the variation of the free energies of
hydration of anions and cations with change in solvent composition.
The use of bulk dielectric constants in correlating
reaction rate constants mey be questioned on other grounds. It has
been found that the bulk dielectric constant of a substance is 2
strong function of electrical field96. Moreover it has been shown
that a large part of the free energy of charging a sphere (assumed
to be a model of an ion in solution) in a liquid is made up by
bringing the charge through this region of the ionic field96. It is
this region in the immediate vicinity of a reactant molecule or
activated complex which is kinetically significant. The use of the

bulk dielectric constant is therefore questionable in such correlat-

ions. The situation is even more complex in solven:t mixtures due to
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the possibility thet a reactgnt or activated complex may be solvated
mostly by one of the components of the 1liquid mixtures, 2 phenomenon
known as selsctive solvation97° The solvent composition in the
immediate vicinity of the ion is then quite different from that in
the bulk solvent and should have quite different dielectric properties.
Considerable interest has been shown recently in the
study of the properties of aqueous organic mixtures and their solutions.
Some speculation as to the kinetic significance of these results has
also arisen. It is with this in mind that the following review of
acetone-water properties is given. This was aided considerably by
reviews written by Bobtelsky and co-workers98 and Franks and Ives99
for aqueous ethanol mixtures. As in the latter work considerable
weight is also attached to recent structural theories of liquids, as
considerable success has been met in the understanding of the properties
of liquids, water in particular, using this approach and there is ample
indication that the properties of aqueous organic mixtures, at least
in the region of high water content, can be understood in these terms.

(b) Properties of Water

The anomalous properties of water, (a) maximum density
at 4°C, (b). high dielectric constant, (c) high heat capacity, (d) high
viscosity, (e) high thermal conductivity and (f) high critical
temperature, etc. together with its differences from deuterium oxide,
have received considerable attention in recent Years in efforts to
understand tﬁe intermolecular forces which bind water molecules
together. The initial structural model of water was presented in a

1 . C . '
paper by Bernal and Fowler OO. Since this time considerable numbers
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of structural models for tl_le water system have been considered,
many of which have considerable aspects to recommend them.

The essential features of these models are;
(1) Each distinguishes two types of water in equilibrium with
one another. There are ordered regions of low density which have
been described as "flickering clusters"1m, broken down clathrate
c:ag:;esm‘2 or some other pseudo-crystalline configuration. There
are also less ordered regions, of higher density, containing non-
hydrogen bonded water molecules which interact with one another by
strong dipole-dipole and London forces. As the temperature rises
the proportion of water of the latter type increases. (2) This
ordering is considered to be short in range in order to preserve
molecular disorder which would be expected to prevail in the
liquid state. (3) This short-range ordering is due to hydrogen
bonding between water molecules. (4) Frank and Wen '°' have
suggested that this hydrogen bonding tends to extend itself through
the solvent with a suitable, localized low-energy fluctuation and
is disrupted in turn by a suitable high energy fluctuation
("flickering cluster" model mentioned above). (5) Other models
proposed differ in the nature of the structure of the close-
packed water, the arrangement of the hydrogen bonds in the open
structured component, the number of hydrogen bonds formed by one
water molecule, the nature of the structure set up by the energy
fluctuation; and the ease with which hydrogen bonds are broken.

Bernal and Fowlerwo have also pointed out from

viscosity data that some ions have the effect of tightening the



existing water structure, whereas other ions have the effect of
loosening it. This early description enters more recent work
where "structure-promotion" and "structure~breaking" proverties
are attributed to ions. PFrank and Evans103 have pointed out that
the anomalous high partizl-molar heat capacity for the salt
(E-C4H9)# NBr énd the entropies of solution of uncharged solute
molecules would indicate that these molecules stabilize the open
structure of water. 1In the case of the salt the extra ice-like
character of the water is caused by the cation. It effectively
breaks down with increase in temperature with the absorption of
extra heat. Both of these observations may be of considerable
significance in terms of aqueous acetone solutions and the effect
which ionic species will have on these mixtures.

(c) Properties of Acetone

For water and alcohols, hydrogen bonding appears
to be the primary contributor to intermolecular attraction and
in large measure determines the properties and short-range strucfural
components of these liquids.1oo However, hydrogen bonding in acetone,
an aprotic solvent, is not expected to make a large contribution to
the properties of liquid acetone unless the enol form of the ketone
becomes an important component in the acetone being studied (Adams
and Laidlerw4 have shown that this is unlikely). Comparison of
acetone with other liquid systems suggests that the predominating
orienting forces in acetone are expected to be dipole~dipole and
London force interactions, superimposed upon which will be the
steric requirements of the methyl groups attached to the carbonyl
groupse

The high vapour pressure, low viscosity, low boiling



point and other properties of liquid acetone suggest thaet these
interactions are much weaker than those which arise from hydrogen~
bonding, but evidence has been found which suggests that acetone
molecules undergo temperature-dependent association in the liquid
state. The very high dipole moment of acetone, 2.75D105, has been
interpreted as being due to hype::'conjugation105 and it has been

suggested that resonance structures of the form

CH H CH CH
3 2 3
C=0 \c 0 c—o0
H 4 c -~ o
C 5 Hy H CH,
I II III

make contributions to the properties of acetone molecules. This
would result in enhanced dipole~dipole interactions which could lead
to the existence of some common mode of co-association of acetone
molecules, which in turn could lead to cooperative reinforcement of
dipole fields99. Such enhancement of dielectric constant is expressed
by the Kirkwood correlation parameter g,106 which exceeds unity
(1.21)107 (g-= 1 only for "normal" liquids devoid of directional

short rangé association forces)s It has been pointed out by Franks

99

and Ives”” that this situation can arise in two ways. A relatively
stable association complex may be formed, long-lived enough to be
oriented by the low frequency field used to measure static bulk

dielectric constants. Water however shows only one very short

. . . .1 .
dielectric relaxation time 08 and contains no long-lived orienting



complex. In this case the high correlation parameter has been
explained as being due to the enhancement of polarity of the
molecules by the dynamic association in which they are taking part.

With "normal®™ liquids such as CClh, the heat capacity
at constant volume Cv increases when the liquid is compressed at
constaﬁt temperature. It has been found by Adams and Laidler104
that this is indeed the case for acetone. The slopes of the graphs
of Cv against molal volume become less negative as the volume is
increased, but at the lowest temperatures the slopes are much less
negative over the entire volume range than is the case with normal
liquidse This behavicr is consistent with there being, particularly
at lower temperatures, some associative interactions leading to
ordering within the liquid systeme This ordering was attributed
by Adams and Laidler to dipole-dipole interactions superimposed
upon which are the packing patterns favored by the shape of these
molecules.

The understanding of the properties of the pure
liquids which go to make up binary mixtures is of course very
important as the thermodynamic properties of these mixtures will
contain terms due to the breakdown of intermolecular interactions
in the pure phases. It is apparent that the nature of the
association in water and that in acetone are quite different, and
it is of interest to see if these interactions persist even when
small amouﬁts of one of these liquids are added to the other and
what effect these will have on activation parameters of chemical

reactions in these regions. It is also worth noting that any
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conclusions concerning binary aqueous organic mixtures will be
tentative, pending a betiter understanding of the properties of
pure liguids.

(d) Acetone-Water Properties

The acetone-water system and other agueous ketone
systems do not appear to have undergone the same intensive study
which has been given to aqueous alcohol mixtures. However,
similarities between the properties of the acetone-water system
and the alcohol-water systems do appear, and several discussions
of specific properties of acetone~water mixtures have been made in
terms similar to those of alcohol-water mixtures (see below)o It
is the purpose of this section to interrelate the properties of
the above systems in order to relate kinetic parameters in the two
systemso This comparison is greatly facilitated by the review of

99

Franks and Ives on the properties of agueous alcohol mixtures.

(i) Thermodynamic Properties

The terms in the function AG-E = AHM - TASE
(discussed by Rowlinson1o9) for the system acetone-water are
plotted as a function of acetone mole fraction (X(CH3)QCO) in
Figure 1. The calculation of the TASE term by difference must
be commented on. The AGT data available from Brungis 33_3;.110
were made from vapour composition measurements at the boiling
points of the mixtures and consequently involve a range of
temperatufes. However, as these workers point out (see a2lso

data plotted in review by Franks and Ives99), the AGﬁ curve

changes very little with temperature. With this limitation, the



Figgge 1

Plots of the excess thermodynamic functions
of mixing of the system acetone~water as

functions of acetone concentration.
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data of Mo’b:’ms‘]'1 for the heats of mixing, AHM, at 20% are taken
and used to calculate the excess entropy term. Heats of mixing at
other temperatures have been measured by Sandonnini112, Drinkard

11 !
3 T4 and Nicholson115. Reference

and Kivelson s Kister and Waldman
will be made to this work, but no graphs will be presented.

The excess Gibbs free energy of mixing is positive
over the whole concentration range and nearly symmetrical about

X = 0.50. It is a function of an enthalpy term which above
(CH3 ) £0

X(CH3)ZCO = 0.60 is positive and below X(CH3)200 = 0,60 is negative,
and a negative entropy. The relative magnitudes of TASE and AHM show
that it is TASE which determines the nature of the deviations from
Raoult's Law, so that whether a2 mixture is formed with take up or
loss of heat it shows positive deviations from ideality. Given the
near constancy of the AGE - X(CH3)200 curve, the AHM values of the
above references indicate that with changing temperature the TASE -
X(CH3)200 curve changes very little as compared to the AHM - X(CHB)ch
curve, which undergoes considerable changes with temperature. The
cross=over point on the mole fraction axis is a function of
temperature, shifting to the high water concentration region with
increase in temperature. The sizes of the extrems on either side
of the cross-over point are also very strong functions of temperature.
The above situation compares with the case for
alcohol-water and dioxane-water mixtures99a Caution must however
attend the interpretation of these data, for at best the excess

functions are the result of the difference of two much larger terms,

i.esy the energy required to break down the acetone and water
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interactions in the pure phases, and energy released with association
between the acetone and water molecules in the mixture. Franks and

99

Ives”™” have shown that the genersl disposition of the excess function
is consistent with the operation of these two major energy changes
and the breakdown and formation of hydrogen bonds in these systemse
They also showed, by comparison of the excess energy function of
several alcohol=water mixtures, that other interactions were

involved and that other inieraction mechanisms may be more important
at different positions on the mole~fraction axis. For example, in

the region of high water concentration, heat capacity data116,

117

activity coefficient data ', and variation of the maxima of the
rEY data for different alcohol~-water mixtures in the high water
reglon, suggest that this is essentially an aqueous region where
the water structure is maintained even though organic molecules
are being added. Such data for acetone are not available for
comparison. However other properties of acetone-water mixtures
are consistent with this contention.

A very interesting observation in this connection
is the variation with acetone concentration of the partial molar
enthalpy of acetone and water in acetone-water mixtures at 20°C
observed by Mobius111. Above XH 0= 0.70 the partial molar
enthalpy of acetone becomes veryznegative but levels off becoming
positive below XHQO = 0«75« This is consistent with the hypothesis
that the high water region is essentially an aqueous region, and
will be discussed further in this chapter with similar observations

of the variation of the partial molar volumes of acetone and water



in acetone-water mixtures.

(i1) Pressure-Volume-Temperature Relations

Acetone and water mix with volume contraction over
the whole range of concentration ai 25°C. The excess volumes of
mixing from the data of Fort and Moore118 go through a pronounced
minimum at X(CH3)2CO = 0.40. On initial investigation this might
be indicative of strong intermolecular attraction. However, more
detailed examination indieates many more complexities to explain.
The partial molar volume-mole fraction isotherm at 25°C calculated

119

from the density data of McAllister and Thomas and Howard and
1\:1(.\Allist'31"I 20 is shown in Figure 2. The partial molar volumes of
acetone undergo larger changes than that of water and the variations
are similar to those observed for the variations of the partial
molar enthalpies calculated by Mo‘t:ius111 » although the variation

of the partial molar enthalpy of acetone over that of water is
mroportionately much larger than in the partial molar volumes. This
behavior is similar to the dioxane-water and hydrogen peroxide- |
water cases. However,in the case of the ethanol-water system at
25°C the partial molar volume of ethanol goes through a remarkable
minimum at XHQO = 0.80.

Again the interpretation of these data must be
attended with some caution. Franks and Ive599 in the ethanol-
water case at high water concentrations (the region of interest
in this study) support the view that the changes described in the

previous paragraph may best be viewed from the angle of alcohol

contraction (and water expansion) which stem from some structural’
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Figure 2

Plots of the excess of the partial molar volumes
of water and acetone in acetone-water
mixtures over the molar volume of each

compound as a function of acetone

concentration at 250C.
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feature of water which is adversely affected by temperature. Evidence
was cited by comparison of the abnormally low partial molar volumes of
alcohols in the high aqueous region with similar abnormally low partial
molar volumes of hydrocarbons in water121. Similar arguments can be
constructed for the acetone-water case.

Adiabatic compressibilities of acetone-water mixtures
are also available at 2500118. They increase monotonically with
increasing XHZO but at the high water end of the mole fraction seale
there is a tendency to level off. This observation may also be
interpreted in terms of the essentially aqueous nature of short—
range structural configurations set up between water molecules in

this composition region, which resist compression.

(iii) Spectroscopic Properties

113

Drinkard and Kivelson have studied the spectral
properties of acetone and dimethyl sulfoxide mixtures with methanol,
ethyl ether and water. On the simple hypothesis that the ma jor
contribution to the heats of mixing and spectral shifts in these
mixtures was the formation and breakdown of hydrogen bonds,
correlations between these two properties were investigated. No
simple correlations were found, and the authors have suggested that
other phenomena, which do not appear to be directly reflected in
the spectral properties, make considerable contributions to the
heats of mixing. The very great importance of hydrogen bonding
between molecules in these mixtures was however established.

The ultra-violet spectra of acetone-water mixtures

are difficult to interpret. The spectrs showed an intense continuous
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absorption beginning at about 3&002 at 25°C for mixtures of methanol,
ethyl ether and water with acetone. In the case of water a shoulder
appeared at 28003 which varied in intensity with changing water
concentration.

Infra-red spectroscopy is also of limited use in the
study of acetone-water mixtures because of the very complex
interactions, covering a wide and continuous range of energies,
which give rise to wide, unresolvable absorption bands. In the
region of low water concentration the intensity of absorption of
the OH stretching frequency band was intense and wide and the peak
frequencies could be determined to within 15.0 to 20.0 cm-1 113.

The results are not unequivocal but for water concentrations
corresponding to XH20<< 0.30 there appeared to be a definite shift
of the -0H stretching band to lower frequencies with increasing
water concentration. This shift is attributed to increased

hydrogen bonding1oo. As will be seen, these results tend to confirm
the N.MoR. spectra results that water forms stronger hydrogen bonds
with other water molecules than with acetone. This has also been
suggested by Persianova and Tarasov122 and Shakparanov and.Akadov123
from other non-spectral evidence.

NeM.R. spectra show that the water proton shift moves
to lower field with increase in water concentration, whereas the
methyl proton shift is almost independent of solvent. It has been
shown12h that such rcehavior is indicative of a decrease in the
average degree of hydrogen bonding in the liquid mixture. Drinkard

113

and Kivelson conclude that this is evidence that hydrogen bonding
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between water molecules is preferred energetically. Holmes

125

et al. have studied the rate of hydrogen transfer from acetone
to water and vice versa in dilute water solution. This kinetic

evidence suggests the existence of structures of the form

; 0
B H
| |
.0 O«

//’ \ / \\

H H H H

1 — '
| : — : |
0 0 0 0
H/ ‘\H/ \H H/ \H,’/ \H
/0 o\/o o\

This is in line with suggestions, in the case of alcohol=water

mixtures in the same solvent composition region, that

"centrosymmetrical association favoring the peripheral

presentation of alkyl groups to the remainder of the solution

is a dominant feature of the properties of such mixtures in this
99

composition region™””.

(iv) Dielectric and Nechanical Properties

The bulk dielectric constants of solvent mixtures
are usually smooth functions of solvent composition. Apparently
the low fregquency fields used to measure this property do not

detect any specific short range interactions in the bulk phase
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but present an average "picture" of all the solvent interacticns.

This is the case ir acetone-water mixtures where the dieleciric

\

- cie . . 12
constant becomes smeller with lncreasing acetone concentraticn °
The results of dielectric relaxation-time studies
of acetone~water mixtures are more enlightening, however.

123 . .
> summar:ze their results as follows:

Shakparanov and Akadov
(1) The relaxation times T for the reorientation of

the solvent molecules from their equilibrium positions in the

electric fiela to their positicns of equilibrium in the absence of

this field pass through a maximum at = 0.20. The heights

X
(CH3)2CO
of the maxima but not their position on the mole fraction axis are
strong functicns of temperature. The ratio ’rmix/'rHQO does not
depend on temperature in the interval 0 < X < 0.40 but
(CH3) £

i & > . .
tends to increase when X(CHj)ZCO 0.40

(2) The distribution parameter a105, which characterizes
the width of the interval of possible T vzlues ang thence
mechanisms of relaxaticn, is small at concentrations XF o> 0.80;

2

T is larger when XH o< 0.8C and passes through a maximum at
2

X, o= 0ok0. The position of the maximum on the solvent compcsition

.32

axis is not a function of temperature. However as the temperature
increases @ decreases sharply, indicating the greater importance of
thermal relaxaticn mechanismse

(3) The enthalpy of activation for the relaxaticn process
at 20°%C passes through 2 maximum in the region 0.S5 < XH o < 0¢ 90,
The entropy of activation for relaxation is positive whenZXHzo > 0.1C

but a2t higher concentraticns it is negative.
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Shakparanov ang Akadov123 interpreted these results
in the high water concentrétion regicn ir terms of the essentially
aqueous nature of this region. The addition of acetone, it was
argued, merely filled up the Spaces irn the open-structured component
of water. This is irn iine with Previous suggestions of Samoilov
and Bushlaev126.

Viscosity measurements120 show sirilar behavior
to dielectric relaxetion time Reasurements, ice., a maximum on the
mole fraction axis at X(CH ) ¢o = 020 where height, but not position
on the mole~fraction axis, is a strong function of temperature. Such
behavior may also be interpreted in terms of a structure promotion in
water due to hydrogen bonding which resists the flow process, or a
filling up of the free volume in the open structure of water, which
would have a similar effect. In terms of activated complex theory23,
the calculated activation energy for viscous flow also passes through
2 maximum at the same poirt on the mole fraction axis, X(Cﬂj)zco = 0.2C,
indicating that at this point the flow process is most sensitive to
temperature. The activation energy for viscous flow has been
inrterpreted in terms of the ease with which holes can be created within
the liquid system such that a molecule, part of a molecule, or
molecule complex may move into a new pesition of equilibrium127.

It is difficult to decide in this case why the energy
of activation for viscous flow is a maximum at X(CHj)QCO = 0.20 on the
basis of the existing evidence. The energy term may increase for at

least three rezsons; (1) The increase in structural component of the

water system, (2) the fillirg up of available holes within the water
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syster by acetone molecules, and (3) the formation of new acetonee
water complexes such that fhe species movirg through the solution
would be lerger thar in the case of pure water. Any of these
phenomena if they were operstive would lead to an increase in
viscosity with addition of smell amounts of acetone to water.

(e) Ions and Non-Polar Molecules in Aqueous Organic

Mixtures

Small ions in water have been envisaged by Frank
and Wen101 as follows. Because of the strength of ion-dipole
interactions, ions cazuse a breakdown of the water structure in
their immediate vicinity. The water molecules firmly attracted
to an ion in this region forms what is known as the hydration
shell. (The situation of water molecules in this region is
frequently compared with that in ice128). The region may be further
subdivided into two zones. The inner one is called the primary
hydration shell, and in it water molecules are associated with the
ion with loss of rotational and vibrational freedoms For univalent
ionsy this shell usually contains four water molecules. The outer
zone is called the secondary hydration shell; a water molecule in
this zone‘retains some translational freedom but has lost its
rotational freedom owing to dielectric orientztion by the electric
fielde The orientation effect of the field is sphericelly symmetrical.
Around a positive ion the water molecules are orierted with the oxygen
atoms inward and hydrogen atoms outward (vice-versa fer a negative
ion). Immediately outside the hydration shell tkere exists a region

where water molecules retairn an abrormally high degree of disorder.
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Beyond this zone is the ordinary water structure.

Small non=polar molecules also cause solvent ordering
of water molecules in their immediate vicinity. The situation about
these molecules is somewhat different from that about ions. It was

103

suggested by Frank and Evans that a2 microscopic "iceberg® of
water molecules, somewhat like a cage, is built up about non-polar
molecules. Other evidence for such enhanced structure is also
convincing, and the structural units have been referred to as gas
hydrates or clathrate complexes102. The forces involved in "iceberg"
formation probably consist of dipole-induced dipole interactions,
London dispersion forces, and repulsive forces if the nen-polar
molecule comes too close to the water molecules.

The importance of the above conclusions to the present
study is clear. In the region of acetone-water composition which is
essentially aqueous in character, the situation about the reactants
and activated complexes is expected to be similar to that described
above. An additional consideration in the present study will be the
possibility of selective solvation of the non-polar reactants by
acetone molecules and highly polar activated complexes by water
molecules97. This will be considered further in Chapter 5.

The extensive work on the measurement of the partial
molar heats of solution of salts and non-electrolytes in aqueous
ethanol mixtures ty Arnett and co—workers68’129’130’131’132 and
Bobtelsky and co-workers98 may be summarized as follows:

(1) Sharp inflections of the partial molar heats of
solution of salts and non-electrolytes in aqueous alcohol mixtures

always display endothermic maxima as a function of solvent
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composition relative to the pPartial molar heats of solution in
water68’ 129

(2) The heights of these maxims depend orn; (a) the
nature of the cosolvent; the greater the ratio of hydroczrbon
chains to polar end groups or the more foreign the properties of
the cosolvent from that of water, the greater the maxima for all
the solutes studied and the closer the position of the maxima to
pure water on the mole fraction axis at a given temperature. At
25°C aqueous methanol mixtures show a sm21]l maxims at IH 0~ 0670

2
while t-butanol gives a larger maxima close to Xh 0= 0.90 for the
2

129

same solutes ““. (b) the relative number of polar groups to non-
polar alkyl or aryl groups in the solute; the greater the ratio
of non-polar groups to polar groups in the solute species, the
greater the maxinn.1m129. (c¢) the charge on the solute molecule;
the greater the charge on the solute molecule the smaller tke
maxirume Salts give smaller maxima than do non-electrolytes of
the same size. The results of the above work may be compared wifh
measurements of the partial molar heats of solution of alkali
halides in acetone-water mixtures by Bushlaev and Samoilov1 26,
where endothermic maxima on the solvent composition axis are alsc
observed.129

The partial molar volumes of berzyl chloride in
different aqueous alcohol mixtures has recently been reported by

Ll

Golinkin” s " The partial molar volumes were found to display maxime
on the solvent composition axis in each aquecus alcohol system

studieds The heights of the maxims increased as the cosolvernt was



-50-

changed in tke order CH_OH < C _H_OH C,HOE < t<C,H (OH. Th

& 3 25 < O yfig0H-  The
positions of the maxima also tended towards pure water in the same
order, the t-C,H_OH being the closest.

L9

has reported the measurement of the
apparent partial molar volumes of barium chloride and strontium
chloride in ethanol-water mixtures. The data indicate that, in

both cases, the calculated partial molar vclumes show a maximum with
changing solvent composition. The interpretation of these data is
quite complex and uncertzin because of the relatively high concent-
rations of the solutions whose densities were measured. In each cese
ion pairs or undissocizted species are undcu tedly present and
contribute to the curvature of the plots of apparent partial molar

volume against the square root of the molar concentration of solute.

(f) Relationship of Properties of Solvent Mixtures

and their Solutions to the Magnitude of Activation

Parameters

The properties of solutions in agueous organic
mixtures may be understood qualitatively in terms of current ideass
of solvation phenomenz in pure water and the suggested structural
models of aqueous organic mixtures. (Chapter 5)e The important
kiretic aspect of this work, however, is that both non-polar and
highly polar species display similar bekavior in their properties,
albeit perhaps for different reasons. As this is the case, many
of the results which have been reported on the extremum behavior of
activation parameters in agueous organic reactions mey be the result

of extremum behavior in the partial thermodynamic quantities of the
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activated complexes or reactents.

The relationShip between the partial molar heat
of 2 reactant, H_, to its pertial molar heat of solution, bH
and the enthelpy of activation, AH", is shown by the following

Born-Haber cycle;

AB™ 5t §”
RTX (g) 2 —>  Reeeeo X (g
AH
v
-
B—X (1) 8H
Aﬁs
2 §* &
R—X (s) >  : S X (s)
fiYsthe

where AHV is the heat of vaporization of R—x, Aﬁg is the
partial molar heat of solution of the activated complex and

AHg‘ is the hypothetical erthalpy of activation for the partial
ionization of RX in the gas phase. The letters gs 1y and s refer
to the gaseous liquid and solution states respectively.

It is readily seen then that
OH* + AH_ = AH_ + OH* 4+ pE* (2.1)
s v g x

Similar relationships may be derived for the entropies and free
energies of activation. The volume of activation as shown above
is merely the djfference between the partial molar volumes of the
activated complex and reactantse. The latter quantity may be
measured directly.

It is clear from what has been said above that the

partial thermodynamic properties of reactants and activated
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complexes in aqueous organic mixtures cannct be expected to vary in
the same menner with changing solvent composition especially in
ionogenic reactionse Arnett and co-worker568 have reporteé the
measurement of the partial molar heats of solution of t-butyl
chloride in different aqueous organic mixtures. It was found
that thHe endcthermic mexima observed in the solvolysis of this
compound in ethanol-water mixtures are accounted for by variations
in the heats of solution of the reactant with change in solvent
composition change, and not by chenges in this function for the
activated complexes. Golinkin 33_33.67 have also reported that
the minima observed in the volumes of activation for the
solvolysis of benzyl chloride in different alcohol water

mixtures are due primarily to pronounced maxima observed in

the partial molar volumes of the reactants. The calculated
partial molar volumes of the polar activated complexes also
display maxima with changing solvent composition but these are
not as large as those observed for the non-polar reactantse.

(g) Empirical Parameters of Solvent Polarity

The further understanding of activation para-
meters by the above method to the point of permitting an
estimate of reaction rate constants or their variation with
solvent, necessitates a full knowledge of the sum of all the
molecular interactions between solvent and solute species of
which a given solvent system is capable. This includes a
knowledge of intermolecular coulombic, directicnal inductive,

dispersion, charge~transfer and hydrogen bonding forces, etc.,.



on a molecular levelo This lmowledge is at present not availsble
and even if it were there is some doubt that it could be used for
the abeve purpose (e.ge see Hudson155).

An empirical approach to this problem has been mzde
using linear free-energy relationships. One essentially works
backwards from the effect of the solvert orn a solvent~dependent
standard process (the rate of a2 chemical reaction; the absorption
of light by a solvatochromic dye) in order to define a "polarity"
parameter of the solvent. Correlation between this defined
parameter and the free energy changes of other similar processes
defines for this process a "sensitivity™ perameter which is
characteristic of the new process. It is tacitly assumed in such
correlations that the intermolecular forces thet contribute to the
free energy changes in the stancard process are of the same kiné as
those in the reactions being correlated. This is probably not true
in a large number of cases as is demonstrated by the failures of
these relationships under certain conditions, and conclusions as to
the solvation of any organic molecules based on these approackes
appear to be very restricted. Some of the defired solvent parameters
which have been found useful are (1) Y - values136 (2) x - values 2/
140

(3) Q - values138 &) 2 - values o7 (5) E_ - values (6) R= and
T

1
S- values“" .
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CHAPTER 3

Experimental

Part I Volume of Activation Measurements

(a) General
Schematic diagrams of the apparatus ané important
parts of tne apparatus used in these experiments are showr in
Figures 3 to 5. The apparatus is similar to one used by Koskikallio
and Whalley“"z. It was designed suck that samples of reaction
mixtures could be withdrawn from the reaction vessel quickly, and

without appreciable change in the bomb pressure.

(b) ZThe Pressure Vessel and Pressure Gererating Equipment

A thick-walled steel cup (machined at the Canadian
Research and Development Establishment, Valcartier, P.Q.) provided
with a tight fitting, o-ring sealed plug and a screw cap, was
connected by 1/4 in. outside diameter (0sD.) stainless steel tubing
(304 ss) to a calibrated 20,000 p.seiog. Bourdon tube gauge |
(Acragage, Milford, Conn.) and an eleetric, hydraulic compressor
(Americen Instrument Co., model number 46-2245). The cavity of the
pressure vessel was of about 300 mle capacity and could be sealed
s V. and

2”73
BV, (see Figure 3). The gauges were readable to * 20 p.s.i.g. and

ff from the rest of the apparatus by closing valves V1 s V

it was found that a pressure of 15,000 p.s.i.g. could be mezintained
for one week without a noticesble change in pressure. In order to
achieve this, special care had to be taken with the machining of

the ends of the tubing where metal-to-metal seals were to be made.
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Fizure

Schematic diagram of hydrostatic systen.
EEP, electric hydraulic pump; CV, check valve; V30,30,000
Pesel.ge valve; 3BC, 3-way block connector (305000 p.seiege);
Ry 0il resevoir; G20, 20,000 PeSeloge gauge; HP30, hand
operated pump (30,000 peseieg.); RV, reaction vessel; BV30,
505900 peseisgs 2-way block valve (stems a and b close off
the sample inlet system (S.I.) and sample outlet system

(840.) respectively); FV30, flow control valve (30,000 PeSeieg. ).
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Figure &4

Pressure vessel assembly showing schematically the

reaction vessel, inlet system and outlet system.
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Figgge 5

Tantalum micro-tubing arrangement .
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All the tubing ends were coned using a2 lathe. The coning on the tube
ends were made first and then the end of the tube was machined flat.
To finish the coning a2 final fine cut was made along the cone. This
left a smll metal burr. This metal burr apparently acted as an
o-ring when the metal-to-metal seal was made and tended to £ill in
any imperfections on the surfaces of the valves at the seal and hus
preventing leakage. A gland-nut seal of the type used in the present
work is shown in Figure 5.

A 10 ml., manually-operated pressure pump (HP 30) was
isolated from the rest of the apparatus by valve V3 and provided with
its own calibrated pressure gauge (20,000 p.s.i.g.) and oil reservoir.
With valves V3 and V1 open, the pressure in the system could therefore
be raised to the approximate experimental pressure, and then the
required experimental reading could be set accurately by fine adjust-
ments with the hand pump. Also when samples were takern, valve V3
could be opened and, as a sample flowed out of the reaction vessel
through valve BV1b, the volume of the system could be reduced with the

hand pump and constant pressure maintaineda

(c) Reaction Vessel and Assembly Procedure

The reaction vessel was a 100 mle. Luer-Lok syringe.
The pressure was transmitted to the reaction mixture with a tight
fitting piston made by cutting the original syringe piston to a
length of 1 in. In order to assemble the apparatus, a2 glass cup
lined with a flexible polystyrene bag was filled with triple-
distilled mercury. The syringe with its piston inserted was placed

into the mercury with Luer-Lok up. The bag was tightly wired about
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the syringe, and the syringe was then connected to a Luer-Lek
needle heade The needle héad had been previously silver-soldered
to a piece of tantalum micro-tubing (0.D. .016 in.) which was
mounted as shown in Figures 4 and 5. The tubing passed tarough
the central hole bored in the bomb plug and through a piece of
1/k ine. 0.D. stainless steel tubing, and was internally silver
soldered at the coned end of this tubing, where it connected +o
the two-way block valve (BV1). The outside tubing thus formed

a regular gland-nut seal with the bomb plug and with the two-way
block valve (BV1). 0il was then placed in the pressure vessel
cavity and the above assexmbly was lifted ang placed as one unit
into the cavity. The sealing plug was fitted into place and
tightly seated, and the cap of the DPressure vessel was screwed
snugly into place. The two-way block valve was screwed on tightly,
and the whole pressure vessel asserbly was placed in the constant
temperature bath. The tubing from the pressure pumps ané gauges
was then attached to the pressure vessel at the point shown in
Figure 3.

(d) Constant Temperature Bath

The constant temperature bath was a 30 gallon metal
tank made by cutting off the head of a commercial 45 gallon
acetone drum. The outside of the bath was wrapped several times
with aluminium foil paper, and then wrapped several times with
asbestos papers This was secured in place by wrapping the whole
bath with asbestos tape angd painting over the outside of the wrapping

with liquid glasse The bath was mounted in place on a weoden stand.
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The pressure vessel was placed in the center of the bath. Two
Gallenkamp induction motoi‘s, provided with large stirring blades,
placed on either side of the pressure vessel at 180° to eack
ovher, were used to stir the bath oil (Esso-Diol N=35)e & 1000
watt heating element was placed in the bath as a heat source and
cooling took place by heat loss from the bath into the laboratory.
Temperature control was maintained by placing a mercury thermo-
regulator in the oil close to the heating coil. This arrangement
gave maximum sersitivity in controlling the bath temperature.

The temperature used in all these experiments was 50.00°C. It
was measured Dy a mercury-in-glass thermometer which had been
calibrated at the Division of Applied Physics of the National
Research Council of Canada. Variations in temperature were
measured on a Beckmann thermometer, and the temperature was found
to be constant within t0.025°C over long periods of time. The
pressure vessel and the oil bath were thermostatted while reaction
mixtures were being made up outside the apparatuse. |

(e) Preparation of Reaction Mixtures and Insertion

of the Mixture into the Reaction Vessel

Reaction mixtures of known acetone and water
concentrations and known benzyl chloride concentrations were
made up by pipetting together water and an acetone solution of
benzyl chloride of known concentration. The benzyl chloride
solution in acetcne was made up by weighing a specific amount
of benzyl chloride intc a volumetric flask and making the

solution up to volume by adding acetone. This solution was
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freshly prepared before each run. Both the benzyl chloride solution
and the water were thermostatted in a bath at 20,00 * 0.02°C. This
permitted aqueous acetone solutions to be made up to %£0.0C02 mole
fraction. The vessel into whick the liquids were pipetted was a

50 mle syringe whose outlet had been closed with a teflon plug.
After pipetting, the syringe piston was inserted, the mixture was
thoroughly shaken to ensure homogeneity, the teflon plug was
removed, and the reaction mixture was forced into the reaction
vessel with valves V2 and BV1a opene The pressure for the
particular run was then established as described previously. The
whole operation of pipetting and mixing the reagents, forcing the
reaction mixture into the reaction vessel and establishing the
required pressure, took about five minutes.

The sample inlet system consisted of a bent 4 in.
piece of 1/k in. 0.D. stainless steel tubing, coned and threaded
at one end. The coned end was attached to a two-way block needle
valve (BV1) as shown in Figure 4 Around the unconed end was
tightly fitted a 2 in. length of polyethylene tubing. The outlet
of the syringe used to meke up the reaction mixtures could be
placed very tightly into the open end of this tubing and, with
valve BV1a open, the reaction mixture could be forced into the
reaction vessel.

(f) Sampling Technigue and Sample Analvsis

The sampling system (see Figure 4) consisted of
a flow-control valve FV30 connected to the two~way block valve as

shown in Figure 3. The valve BV1b was opened very carefully and
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the flow valve was left closed. The flow valve was then carefully
opened until the sample flowed drop-by-drop through a delivery tube
into a 20 ml beaker, the pressure being maintained constant as
described above. The first few drops of the sample were discarded
and then a 5 ml. aliquot of the solution was pipetted out; the
reaction was quenched by pipetting the sample into an Erlenmeyer
flask which was cooled in an ice bath. The acid produced during
the reaction was then titrated with a standardized barium hydroxide
solution (0.01N) using cresol red as the indicator53. The wholse
sampling operation took about 1 min., After each sample was taken,
the sampling system was detached from the apparatus. It was
cleaned and dried and then replaced.

(g) Preparation of Reagents

The benzyl chloride and substituted benzyl chlorides
used in this work were all purchased from the Fisher Chemical Co. as
reagent grade chemicals. The benzyl chloride, p-methyl benzyl
chloride and p-chloro benzyl chloride were then dried over anhydréus
calcium chloride and doubly-distilled under vacuum. The distillation
column used was 22 inches in length, packed with glass helices and
wrapped in asbestos tape. In each distillation three fractions were
taken; the middle frection from the first distillation was taken and
redistilleds The middle fraction of this second distillation (done
periodically as nceded) was then used in the experiments. The p-nitro
benzyl chloride was purified by triple recrystallization from ethanolﬂ".
The refractive index was taken for the liquid reagents and they

compared favorably with values found in the literature. The boilling
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points, melting points and other Physical data for each of these
compounds are compared withAthe literature values in Table 1.

The solvents acetone ari water used to mzke up the
acetons-water mixtures were alsc of highest purity. The acetone
was high purity spectral-grade acetone purchased from the Baker
Chemicavao. and was used directly without any further purification
being attempted. The water used was doubly distilled (Barnstead
tin-lined still). It was always taken freshly from the distillate
of the still while warm and was cooled under the protection of a
soda-lime tube to prevent the absorption of carbon dioxide.

The barium hydroxide solution used in titrations
was made up under a nitrogen atmosphere, from a standard solution
purchased from the Fisher Chemical Co. The burette used throughout
the work was an automatic 5 ml. capacity micro~burette. The barium
hydroxide solution, made up in water freed from carbon dioxide, was
stored in a reservoir at the top of the burette, under carbon
dioxide-free nitrogen in order to brevent barium carbonate formation.

This solution was standardized befere and after each run to check for

any change in concentration. The indicator used in the standardizatiorn

wis potassium hydrogen phthzlate.



TABLE 1

Phvsical Data for Reagents

!
Exp. Lit. Melting Lit. |Refract-| 1Lit.
CONPOUND B.P. % |B.P. °Cl Pt. |Neitirg| ive |Refract-
O¢ Pt. Index ive
Index
Benzyl Chlcride | 58.2-58.5 56 1.5410 |1.5417
12 m 10 m 26.0% 115°%
Para-N:itro- 73.0 = 72.5
Benzyl Chlerice 73.5 73.0C
Paru-Chlcro- 78.5-78.6 | 99.5
Benzyl Chlorice
5.2 mrx 16 mo
Pars-liethyl- 88.5-88.7 | 89
Benzyl Chlerice
1547 mm 17 mm 1.5312
92.1-92.5 26.0°¢
19.% mm
L
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Part IT Partial Molar Velume Mezsurements

(2) Generel

It was shown ir Chapter I of this thesis that the
partial melar volumes of tenzyl chlcride ang su ubstituted benzyl
cnlerides in acetone-water mixtures could be obteined by measurirg

the densities of their solutions. The m fod used ir this work
utilizes a differential buoyancy technique where the difference ir
welght of two weighted buoys of knownr volume, immersed in liquid of
known density, is measured, followed by the measurement of the difference
in weight of the twc buoys wher one is imrmersed ir a soluticn of
unknown density and the other in the above liguié of knowr density.
The density of the unknowr solution can then be found using
Archimedes prirciple from the volumes o the buoys, the known
density of the standard liquid (water in this case) and the two

.

weight differences. The apparatus used was one constructed ana

L3

used by Comway et al. for the measurement of the densities of
dilute solutions cof tetraalkyl ammorium halides ir water and
methancl. These workers found that this method yielced results
of excellent precision (recorded density measuremerts with
urcertsinty in the sixth rlace from the decimal poirt)s The
apparatus had been modified slightly by excharging an equal arm
rzrual balance for an Certling autcmetic balance or the szme
precision.

(b) Descripticn of Apparstus

A schematic diagram of the essential parts of the

apparatus is shewr in Figure 6. The exsct dimersions anc discussicn
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of its construction are given by Verrall137° The general principles
and operating procedure used in meking density measurements using
this technique are obvious from the diagrame The Oertling balance
used in the weight measurements had a sensitivity of 0.1 mg. The
pyrex containers in which the liquids were contained were usually
filled such that they wduld contain about 250 ml. of liquid in each
container.e The pyrex glass buoys were weighted with mercury and
provided with a glass hook such that they could be connected to the
balance pans by suspension wires. The lower parts of these suspension
wires were made of fine tungsten (0.0015-0.002 in. diameter) and the
upper parts ol the wires were made of fine gold alloy chains. When
the solutions had been made up and the buoys had been connected to
the balance pans, plexiglass covers were placed over the pyrex vessel
openings in order to minimize evaporation. The volumes of the bulbs
were determined by comparing the weight of each in air with their
weight in water (applying buoyancy corrections to the value in air).
They had an apparent specific gravity of 1.12 and a volume of

3

approximately 120 cm”,

The pyrex tubes in which the solutions were contained
were immersed in a well-stirred water thermostat provided with an
annular window and heated by means of a partially immersed eleciric
light bulbe Temperature control was maintained by a large mercury
thermoregulator, and the whole bath was contained in a thermostatted
room, the temperature of which fluctuated by about 1°c. The approx-
imate temperature of the room was 22°C and all solutions were made

up and operations outside the thermostat bath were performed in

e e -



Figure 6

Schematic diagram of differential buoyancy apparatus.
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this rooms Because of problems encountered with evaporation from the

acetone-water mixtu.re it was necessary using this apparatus to thermo-
stat the bath at 25°C° This was disappointing as the results obtained
are not directly comparable with the volumes of activation, which

have been measured at 50°C, but should lead to some indication of

the way in which Vg varies with solvent composition.

(¢) Experimental Procedure

Stock solutions of acetone and water were made up by
adding x L. of acetone to (5-x) L. of water. This was stored under
pressure of nitrogen in a bath thermostatted at approximately 25°C.
Samples of the benzyl halide to be studied were weighed into a
weighing bottle and flushed into a 250 mle volumetric flask using
the acetone=water solvent. The flask was stoppered and sealed and
the solution was thermostatted in a 25°C bath for 15 min. The
solution was then poured into one of the clean dry solution containers
of the density apparatus, plugged and thermostatted for another 10 min.
Then the buoys were connected to the balance, and weighings were begun.
The standard solvent used throughout this work was double distilled
water which had been boiled to expel dissolved gases and then cooled
while stoppered. It is usual in the use of this apparatus to measure
the weight difference when one buoy is immersed in the solvent and the
other is immersed in a solution made up in this solvent. It was
decided in this work that because of the fleeting nature of acetone
vapours above acetone-water mixtures it would be best to measure
the weight difference when one buoy was immersed in water and one
buoy was immersed in solution. It is then found that the balance

reading changes as a function of time, owing to evaporation of
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acetone and water from the mixtures. Consequently in order to
obtain a balance differenca reading at zero time it was necessary
to follow this reading for about 3/4 hr. taking measurements every
5 min. A graph of balance reading versus time was made and
extrapolated to time zero in order to get the correct weight
difference. Another rroblem encountered was the fact that making
up the solutions and thermostatting them resulted in acetone
evaporations Consequently this process was also timed in order
that every solution should undergo the same experimental treat-
ment. Also, when the density of the solvent was measured the same
procedure used in meking up solutions was followed.

Other precautions taken in the use of this equipment
are as follows:

(a) The suspension wires and buoys were cleaned
using the method of Verrall1h4 and after each density determination
they were well rinsed with acetone and dried in a stream of nitrogen.

(b) The position of the buoys in the liquid-
containing vessels wes carefully checked to avoid sticking to
the walls. This was done periodically by adding a small weight
to the balance. Any sticking resulted in considerable delay in
balance response.

(c) Air bubbles sometimes adhered to the surface
of the buoyse This also was checked for and corrected whenever it
was found, as this effect would tend to upset the accurate weight

difference reading.
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(d) The temperature of the bath was continuously
checked using 2 calibrated ﬁercury-in—glass thermometer (12 in.
scale for a 6°C change)o The temperature was found to be maintained
to t0.01°C, and there was no detectable temperature fluctuation from
one solvent vessel to the other.

(e) Care was also taken %o f£ill the liquid containers
to the same point each time and to gauge the amount added so that
approximately the same amount of tungsten wire was covered by solution
in each case. This minimized errors due to the change in weight
difference due to liquid displacement by the wires.

Using the above method, and scrupulously following
the above precautions, measurements of the weight differences of
the two buoys were made, (a) when water was contained in the two
measuring vessels, (b) when water was contained in vessel 1 and
solvent in vessel 2, and (c) when water was contained in vessel 1
and solutions in vessel 2. A buoy was always immersed in the same
vessel for each measurement. Consequently the density of the
unknown solvent and solutions were calculated from the volume of
buoy 2, (120380 0,001 ci’) the density of water, (0997048 gm
per cms at 25°C) and the weight differences which could be estimated
to 3 decimal places after extrapolation. Usually the density of
4=5 solutions were measured (limits to the concentration range which
could be studied were set by solubility and balance sensitivity).
The densities of solvent and solutions were then used to calculate
the apparent partial molar volumes of the solute in the various

solvents, as shown in Chapter I, These were reproducible to
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1.0 cm3 per mole using g—methyl benzyl chloride in 60% water solutions.
The partial molar volumes of the solutes were calculated by plotting
graphs of apparent partial molar volume versus concentration. The
extrapolated value at zero concentration was the partial molar volume
of the species. This was known to approximately % 2 cm3 per mole from
a least squares‘treatment of the experimental data.

(d) Preparation of Materials

The materials used in the experiments described in this
section were prepared in the same manner as in Part I. Special
precautions were taken in the case of water when cooling it. It was
exposed to the air for as short a time as possible in order to
minimize the possibility of bubble formation during the measurement

of the densities of the solutions.
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CHAPTER 4

Results and Analysis

(2) Kinetic Measurements

As described in Chapter 3, the method chosen to
follow tﬁe rate of formation of products was a standard volumetric
method. The concentration of water in each reaction mixture was
also very large compared with the substrate concentration and
consequently the reaction was pseudo-first order.

The rate expression for the Pseudo-first order

reaction is

- da/dt = ka , (4e?)

where a is the concentration of benzyl chloride or substituted
benzyl chloride at time t, The rate constants, k, for each of
the reactions studied, together with the least-mean-square
deviations were calculated by the usual methods using the well-

known integrated form of the above expressicn
k = (2.305/t)1og1otad/(ao-x)] , (4e2)

where x is the concentration of reactant which has reacted at
time t and a is the initial concentration of reactant. The
latter quantity was calculated in the following manner. The
reaction.mixture was made up by pipetting the required amount of
water into a known volume of solution of reactant in acetone
whose concentration was known accurately. The solutions were

thermostatted at 20.00 * 0.02°C when being made up. The exact
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concentration of benzyl chloride in a reaction mixture was then
calculated from the density;temperature-compoSition data of Howard
and McAllister120.

In each run at least five samples were taken for
titration and the rate constants reported are usually the result
of dupliéate and in some cases triplicate runs. The time-course
pPlots for the results of one series of runs at four pressures for
the reactant g-methyl benzyl chloride in the acetone~water mixture
containing X(CH3)2CO = 01407 are shown in Figure 7. The rate constants
for each of the compounds studied in the above acetone-water mixture
are given in Table 2 together with their least-mean-square deviate-
ions. The rate constants for the solvolysis of p-methyl benzyl
chloride in acetone-water mixtures of different composition together
with their least-mean-square deviations are given in Table 3, The
maximun least-mean-square deviation quoted in these tables is about
3% of the value of the rate constant. This is the usual value
reported for such aliquot methods of measuring reaction rates.

There do not appear to be any data at atmospheric
pressure, in acetone-water mixtures, for the compositions used in
this work, with which these data may be compared. The results of
Tommila and co-workerssg at 50°C in acetone-water mixtures are not
directly comparable with our data because of differences in the
method used to make up the reaction mixtures. Beste and Hammett83
have also found that differences in the concentration of reactant

used lead to differences in the rate constants measured. Given

the above restrictions, the present datz at one atmosphere pressure
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Figure 7

Plots of logm(aax) against time for the
solvolysis of p-methyl berzyl chloride in the acetone-
water mixture containing 0.71407 mole fraction acetone

2t 50.00°C.
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compare favorably with those of Tommila and co-workers” '

(b) Volume of Activation Measurements

The logarithms of the rate constants are plotted 2s a
function of pressure, for the compounds and solvent mixtures studied,
in Figures 8 to 14, It is seen that in general these graphs are not
linear, indicating, as could be expected from measurements of the
compressibility of pure l:'.quidszl"'5 that the partial molar volumes of
the reactants and activated complexes depend on pressure in different
wayse Such a situation arises frequently in the study of other
activation parameters of chemical reactions (e«go s see Hyne and
Robertson146) and presents a problem where it is necessary to
estimate these parameters accurately in order to establish the
reality of small differences such as the ones expected in the
present work. Several different methods for estimating AV™ have
been used and, in some cases, differences in the values of AV*
calculated have arisen. This has given rise to some controversyf

The most common approach to this problem is the
use of standard graphical methods for the measurement of the
slope of a tangent to a curve at a given point. This however does
not permit,in general,an estimate of the precision of the results.
In cases where the graphs of log k against pressure ere liresr
within experimental error as ir the results of Burris and Laidler31
the usual least—mean-square methods give a value for the sicpe and
an estimate'of its precisicrne. Another partly graphical method
used by Whalley5 utilizes the well known method147 of estimating

the tangert to a quadratic curve whose curvature is qaite small.
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Figure 8

A plot of log1o k against pressure
§ for the solvolysis of p-methyl benzyl chloride
in the acetone-water mixture containing 0+1407

mole fraction acetone at 50.OOOC.
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Figure 9

A plot of log1o k against pressure
for the solvolysis of benzyl chloride in the
acetone-water mixture containing 0.714C7 mole

fraction acetone at SO.OOOC.
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Figure 10

A plot of log10 k against pressure
for the sclvolysis of p-chlorc benzyl chloride
ir the acetone-water mixture containing 0.1407

mole fraction acetone at SO.OOOC.
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Figure 11

A plot of log10 k against pressure
for the solvolysis of p-nitro benzyl chloride
in the acetone-water mixture containing 0.1407

mole fraction acetone at SO.OOOC.
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Figure 12

A plot of log1o k against pressure
for the solvolysis of p-methyl benzyl chloride
in the acetone-water mixture containing 0.1972

mole fraction acetone at SO.OOOC.
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Figure 13

A plot of log1o k against pressure
for the sclvolysis of p-methyl benzyl chloride
in the acetone-water mixture containing 0.2692

mole fraction acetone at SOQOCOC.
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Figure 14

A plot of log1o k against pressure
for the solvolysis of Pp-methyl benzyl chloride
in the acetcone~water mixture containing 0.4955

mole fraction acetone at 50°OCOC.
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It corsists of measuring the _integral slope tetween consecutive
roirts and plotting the result ageinst the redian pressure of
the intervel over which the slope was taker. Extrzpolation te
2ero pressuwre gives an estimate of the tengent to the curve at
this point. The assumption thzt the lOg’lO k - pressure curve is
best represented by a polynomizl of second degree will be discussed
later.

Most controversy kas arisen over the approach cf
Benson znd Berson“"8 to the estimate of aV*. Trey suggested that

the variaticn with pressure of the partial molar volumes of a

species in solution might be represented by the Tait equation‘l"9
(8§ W/6 P)y = &/(3+P) , (4.3)

where A and B are empirical parameters. This equation has been

found to represent the variation of the volumes of pure liquids

145

with pressure with excellent precision . Expressing the partial

molar volumes of reactants and activated complex in terms of this

equation, they arrived at an expression of the forn

0.532
(lcge k;/ko)/P =C + DP , ()

where D 1s a complex expression contzining AV'. It was argued ty
148 . _
Benson and Berscn that, becazuse of changes in the activity
coefficients of jons or ionic species with Pressure, this equaticn
cculéd not te used in reactions where such species are importent.

They applied it to several free radicel reactions. The equation

was first used to obtzin AV* for the dimerization of isoprene and
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led to 2 value of =36.5 cm3 per mole, whereas Walling and Peisach150,
using a standard graphical technique, had obtzined a vazliue of

~2L,3 cm3 per moie. Walling and Peisach150 had conciuded that the
activated complex for this reaction was non-cyclic. Benson and
Berson148 however argued, on the basis of their treatment of the
results,vthat such a conclusicn was not justified. Wallirng and

-

Tanner later criticized the Benson and Berson equation from
thermodynamic arguments. It has also been criticized by Hamann2b
on the grounds that at high pressures it unrealistically predicts
negative volumes of activation, and that the activated complex is
assumed to obey the same kind of equation of state as stable
moleculese This Hamann feels is an unjustified assumpticn. Hyne,
Golinkin and Laidlaw66 fitted their dzta of the rate constants for
the solvolysis of benzyl chloride as a function of pressure tc the
atove equation, and found a reasonable fit.

Hyne and co-workers66 have, however, concluded that

their dzta were best fitted by a polynomial of the second order
2
logekz a + bP + cP° . (4e5)

walling and,Tanner151 found that their results were best fitted by a
polynomial of the third order. Because of these firdings, and also
because this method permits the estimation of the curvature of the
present graphs as well as permitting an estimation of the least-
mean-square déviation of both AV® and (8 aV'/6 P)T, this method was

used in the present work.
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The data were fitted bty the least-squares method

152 .
> using the I.B«Mes 320 computer to a

outlined by Hildebrand
lirear polynomial and a cquadretic polynomials In order to decide
which was the best fit, a variance parameter was defined in terms

of the number of points N and the particular polynomial by

- 1Y 2. 2 \2 X
o" = I lZ di = T z; (a+bxi+cxi+ - -y (4.6)

The polynomial used to represent the data was chosen when this
parameter became greater in going to the polynomial of higher
degree. It was found that the data for the solvolysis of‘gfmethyl
benzyl chloride in the acetone-water mixtures containing

X(CH3)2CO = 0.1407 and X(CH3)2CO = 044955 were best represented by
a polynomial of the first degree. The remaining data were best

fitted by polynomials of the second degree. The values of AV*

calculated from the coefficient of pressure to the first power
are given in Tables 4 and 5. |
The least-mean-squzre deviation in AV* was found
from the variance parameter 02 by the expression
2 2 |
of = ‘Li,“(a Yéy) o (4.7) |
where I is the least-mean-square expression for the coefficient,
b, of P« It is assumed that the pressure is known with much less
uncertainty than loge ko o i s the variance in the coefficient

of P, is a2 measure of the precision toc which AV* czn be determined

from the rresent datz. The calculated least-mean~square deviations
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in the volumes of activation are also included in Tables 4 and 5.
The calculated least-mean-square deviations indicate that the trends
otserved ir AV® are not the result of exerimental uncertzinty.
There do not appear to be any data with which the
present results can be compared. Trey are similar in magnitude
tc the results of Hyne and co-workers66 for the volumes of
activation for the solvolysis of benzyl chloride in alcohol-water
mixtures.

(c) The Parameter (§ av*/6 P)T

In those cases where the data are test fitted by
a2 polynomial of the second degree, the parameter (8 avys P)T was
calculated from the coefficient of P2. The results are given in
Tables 6 and 7.

The least-mean-square deviation, cf, in this

parameter was calculated from the expression

= S (58 Y,) # (4e8)
i

where J is the least-mean~square expression for the coefficient

of P2. The results of this calculztion are shown also in Tables

6 and 7. As expected the calculated deviations in (6 oV /§ P)T are
known much less accurately than the values of AV * However the
differences between the parameters for different reactions lie outside

the calculated deviationse.



Table 4

Volumes of activation for the solvolysis of
berzyl chloride and substituted berzyl chlorides
at SO.OOOC in an acetone-water mixture containing

0.1407 mole frzction acetone .

»
Substituent ;AV -1
(cm” mole )
p - Methyl 18051001
H 21.4%0.8
p = Chloro 21.8%0.1

p - Nitro 23.320.2




Table 5

Volumes of activation fcr the solvolysis of
p-pethyl benzyl chloride at SO.OOOC in

different acetone-water mixtures.

Solvent Composition - Av”

(Mole Fraction Acetone) - (mole)-1
0.1407 18452041
0.1972 24.0%1.0
002692 22.820.2

0.4955 20+0%0.2




Table 6

The parameters(§ AV*/§ P)T for the solvolysis
of benzyl chloride and substituted benzyl chlorides
at 50.00°C in an acetone-water mixture containing

0.1407 mole fraction acetore.

10° x (6 &v*/$§ Py

Substituent 3 - -1
(cm” (peseieoge)” mole™')
P - Methyl - (a)
H 0«130.1
p - Chloro 0.2120.07

(a) Best fit tc the data was a linear polynomial.

(6 av* /6 Pq 0



Table {

The parameters(§ aV*/§ P)T for the solvolysis
of‘g-methyl benzyl chloride at 50,00°C in

different acetone-water mixtures .

Solvent Composition 107 x (8§ av* /8 P)T
(Mole Frection Acetone) cm3 (p.s.i.g.)-1 mole--1
041407 - (a)

0.1972 1.0%0.3
0.2692 0.86%0.05
0.4955 - (a)

(a) Best fit to the data was a linear polynomial

0

ot o

(6 av*/8 P)T



(d) The Partial Molar Volumes of p-Meihyl Benzyl

Chleride in Different Acetone-Water Mixtures

The formulation used tc calculate the apparent partial
molar volumes of_?—methyl benzyl chloride in acetone-water mixtures
from density measurements of solutions has been given in Chapter 1.
The method of measuring‘the densities of the solutions using 2
differentiezl buoyancy apparatus was outlined in Chapter 3, A
problem associated with acetone evaporation was alsc descrited in
Chapter 3. A typical time-course plot of balance reading versus
time for a 0.06000 molar p-methyl benzyl chloride solution in an
acetone-water mixture containing 0.4955 mole fraction acetone is
shovm in Figure 15. Extrapolation of these graphs tc zero time
gave values for the weight differences used to calculate the
densities of the solutions with uncertainty in the fourth decimal
places This uncertainty permitted the calculation of the densities
to five significant figures and the estimation of the apparent
partial molar volumes to three significant figures.

The densities of solutions of p-methyl benzyl chloride
in acetone-water mixtures of known acetone and water composition, the
apparent partial molar volumes of this compound in these mixtures,
and the extrapolated values of the partial molar volumes, together
with their least-mean-square deviations are given in Table 8. The
concentration range over which the dernsities of sclutions were
measured was determined by the solubility of the compound in the
reaction mixture and the response of the balance. The ability'tc

reproduce the densities of the solvents was checked several times,
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Figure 15

A typical time-course plot of balance reading
versus time for the acetorne-water mixture
containing 0.4955 mole fraction acetone and
0.060C0 molar p-methyl benzyl chloride at

25.00°C.
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and the necessity of measuring the apparent partial molar volumes of
g—methyl benzyl chloride in the mixture containing 0.1407 mole
fraction acetone over a2 very small range of concentration, indicated
that the apparent pzrtial molar volumes could be estimeted to better
than ‘I_cm3 per mole. The apparent partizl molasr volumes are plotted
as a function of E-meth_?l benzyl chloride concentration in each
solvent mixture in Figure 16. The usuzl least-mean-square treatment
of these data indicated thzt the standard deviations in the acetone~
water mixtures containing 0.1972, 02692 and 0.4955 mole fraction
acetone were about 2 cm3 per mole. The extrapolation in the case of
the acetone-water mixture containing 0.1407 mole fraction acetone was
made on the basis of the slope of the 0.4955 mole fraction mixture.
There appear to be no data in the literature with which
tc compare the present data. A similar maximum in the partial molar
volumes in aqueous-alcohol mixtures has been reported by Golinkin

67

et al.’ for the partial molar volumes of benzyl chloride.



Figure 16

A plot of apparent partial molar volume of
DP-methyl benzyl chloride against concentra-
tion in various acetone-water mixtures at

25.00°C.

A 0.2692 mole fraction acetone
) 0.1972 mole fraction acetone
0 01407 mole fraction acetone

+ 064955 mole fraction acetone



¢y cm3(mole)”!

150.0

140.0

130.0

[20.0

-

0.0100

0.0300 0.0500

C moles (Iitre)'l



Iy

~99-

CHAPTER 5

Discussion

Part I The Volumes of Activation

(2) Electrostriction and the Sign of AV:.

It is seen from Tables 4 and 5 that the volumes of
activation for a1l the reactions studied are large and negative.

It was shown that such behaviour is to te expected in ionogenic
reactions where solvent electrostriction about the activated complex
plays an important role in the activation process. The present
observations therefore support previous conclusions regarding the
highly polar character of the activated complexes in the solvolysis
of benzyl chloride and substituted benzyl chloridessh.

The question now arises as to whether the signs and
magnitudes of these parameters will be helpful in determining the
extent of SN1 and SN2 character of the activated complexes of these
reactionse Data from other neutral solvolysis reactions whose
mechanisms are well established would be helpful but unfortunately
these data are not plentifule. Furthermore it is difficult to draw
corclusions from them because of the different solvents used in the
verious studies, and the different degrees of bond mking and breaking
in the activated complexes of the various reactions. Because of this,
the availeble volumes of activation for neutral solvolysis reactions
cover a wide range of values and it is not clear fromw the results
whether there is a boundary line which divides the volumes of

activation for purely SN1 reactions from those for purely $N2Areactions.
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Buchanan and Hamann27 have measured the volumes of activation

for the SN1 solvolysis of.t-butyl chloride in 80 per cent agueous
ethanol and report a value of =21 ml per mole. David and Hamann29
have measured the volume of activation for the SN2 solvolysis of
ethyl bromide in the same solvent mixture and report a value of
=15 ml'per mole. The reported uncertainties in these results
however make it difficult to draw conclusions. The change in
leaving group, X, from chlorine to bromine will also affect the
magnitudes of the volumes of activation because of changes in
atomic size.

It should be noted here that surveys of the
literature on the entropies of activation of reactions whose
mechanisms are well established have shown that the entropies of
activation of bimolecular reactions such as SN2 solvolyses are
usually somewhat more negative than those of unimolecular
reactions suck as SN1 solvolyses153’154} In part III of this
chapter it will be shown that in solvents of the same compositién
a linear relationship between the electrostatic contributions to
the volumes of activation and entropies of activation is to be
expecteds It might therefore be concluded that the volumes of
activation of reactions whose mechanism is SN2 might be expected
to be somewhat more negative than those which are SN1.

Consideration of the mechanisms and activated com—
rlexes of solvelytic reactions does not help to distinguish between
purely SN1 or SN2 solvolytic reactions on the basis of their volumes
of activation. Three essentially different simple mechanisms can be
54,81,87.

recognised They are illustrated in Figure 17 using the
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e 1

i
-

Three mechanistic schemes for the
solvolysis of benzyl chloride.
(Consistent with the data of
Tommila and co-workerssk, Bensley
and Kohnstam81, ard Fry and Hi1187)

(eeeee.orepresents a coulombic

interaction and ------- represents

a partial covalent bond*)

Note. * It must be remembered that coulombic interactions
are not directed interactions as are bonding
interactions. This might be implied by the symbol
esess o« It is used here to help distinguish

between the extreme SN1 and SN2 reaction mechanisms.
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benzyl chloride molecule as the reactante. Each of these mechanistic
schemes have been propcsed at one time or another for the sclvolysis
of benzyl chloride.

The three mechanisms differ primarily in the number
of cov.alencyvcha_nges whick are taking place in the activated complexes.
There is only one covalency change taking place in the slow step of
the SN‘I mechanism, that of the breaking of the a=-carbon to chlorine
bonde In addition to this, the SNZ activated complexes involve
covalency changes in a water molecule of the solvent. In case b(1)

a partial covalent bond has formed between an oxygen atom of a water
molecule, and an oxygen to hydrogen bond in this same water molecule
has begun to break. In case b(2), although a partial covalent bond
is formed between an oxygen atom and the a-carbon atom of the
substrate molecule in the activated complex, no partial breaking of
an oxygen to hydrogen bond has occurred.

The formation of a partial covalent bond in the
activated complex is accompanied by charge development at the atoms
between which the bonds are being formed or broken due to transfer of
electrons between these atoms. Conseguently the activated complex
oi' reaction B(1), in which two bonds are being broken and one bond
is being formed, is expected to be more polar than the remaining
two activated complexes, and on this account to have a more negative
volume of activation. The difference between the volumes of
acti'ratio;z to be expected from mechanisms a or b(2) is very difficult
to assesse Whalley and Koskii-call:i.o155 have found that the volumes of

activation of A-1 a2nd A-2 reactions are a useful criterion of mechanism.
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The latter reaction mechanism nas been shown to give a more negative
volume of activation. The primery difference between the activated
complexes of the slow steps of these reazctions was considered to be
the incorporation of a water moleculs into the A-2 activated complex,
and not in the A-1 case. The presence of a water molecule partially
bound to the subsirate molecule also distinguishes mechanism a from
b (2). Consequently, on this view one might expect the volumes of
activation of a reaction such as b®(2) to be more negative than that
of reaction 2. However, in the above reactions the charge developed
in the SN2 activated complex is most probably spread over a larger
volume, which should reduce the degree of solvent electrostriction
to be expected from that found in the SN1 case. This compensatory
behavior mekes it more difficult to estimate a priori the difference
between the volumes of activation to be expected from mechanisms
aandb (2)

It must be concluded from what has been saii above that,
in the absence of more experimental AV® values for neutral solvolysis
reactions, it is difficult to assess what magnitudes of this para-
meter are to be expected for the extrene SN1 and SN2 reactions, although
the latter part of our discussion suggests that the volume of activation
for the SN2 reaction might be expected to be more negative than that of
the SN1 reactione It may be concluded also that the negative signs of
the volumes of activation confirm previous conclusions regarding the
high polarity of the activated complexes of these neutral sclvolysis

reactions and the importance of solvent electrostriction in the

activation process.
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(b) The Variation of AV" with Substituent in a Solvent

Mixture of Constant Composition

It is seen from Table 4 that the volumes of activation

diminish (i.c. become more negative) in the series
pCH, > E > pC1 > p-No
3 3

the value being =18.5 cm” per mole for p-nethyl and =23.3 cm” per

2

mole for p-nitro. The present section is concerned with the
interpretation of these results from a mechanistic point of view.

In view of the inherent complexities of the situation, the mechanism
not being simple, it is unfortunately not possible to arrive at firm
conclusions about the significance of these results. Various possible

factors will be suggested, with special reference to the values for

p-methyl and p-nitro.

It will be convenient, in discussing these results,
to consider first two extreme and over-simplified situations in order

to see what effects would be expected in these cases. These are:

Case I. The reactions all occur by extreme SN1 mechanisms.
Case IIo p-methyl benzyl chloride is hydrolyzed by an extreme
SN1 mechanism, p-nitro benzyl chloride by an extreme

SN2 mechanism.

In the light of the discussion in Section e, Part IT of Chapter 1,
it is realized thet neither of these simple possibilities is
consistent with all of the evidence. The true situation appears to

be represented by
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Case I1T, All the reactions occur by SN2 mechanisms, the
p-methyl reaction having relatively more S,1 character
and the E-nitro compound relatively more SNZ character.

Case I implies that the activated complexes in 21l of the reactions
correspond to essentially complete ionization of the C~Cl bond. The
chloriﬁe atom will bear a full negative charge and the remainder of
the molecule a full positive charge. However, the charge distribution
on the benzene ring will be different in the case of the p-methyl
and'g-nitro compounds because of the effects of the substituents.

The methyl group, because of its inductive and resonance effects,

will tend to reduce the positive charge at the a~carbon atom, so

that there will be a smearing of the positive charge over the

Pp-methyl benzyl ion and thus effectively reducing the electrostatic

field strength about the activated complex-

----01 ---.cw

The nitro group, on the other hand, tends to draw electrons to itself
for similar reasons, and will therefore bring about no reduction of
positive charge on the a-carbon atom ang consequently no reduction in
the intensity of the electrostatic field about the nascent benzyl

cerbonium ion in the activated complex:



~106—-

The expected result of this is a lower (more negative)
volume of activation for the P-nitro compound, because of greater
solvent electrostriction brought about by the full positive charge on
the a~carbon atom. The spreading of the charge in the p-methyl case
will reduce the solvent electrostriction. The volumes of activation
for the SN1 solvolysis of several substituted benzenediazonium ions

in agueous solution

+ +
RN2 + 2H20 ROH + N2 + HSO
156 . i e
measured by Brower have been interpreted in a manner similar to
5b

that given above” s On the basis of this hypothesis the solvent

effects on the volume of activation are expected to predominate

*

2
substituent although, with a reduction of the charge on the a=-carbon

(AV." }; structural effects will be essentially independant o the
atom, the C~C1l distance in the p=methyl benzyl chloride case is
expected to be greater than in the p-nitro benzyl chloride case.
Consequently AV,* for the latter reaction should be less than AV,*
for the former. Therefore structural effects would predict the

same trend in the volume of activation.
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The deductions for this case are in accord with the facts.
Although the mechznisms are not extrere SN1 mechanisms it seems likely
thet the affects discussed here actually play some part, and that
"charge-smearing" is relevant tc the observed volumes of activation.

Case II is more difficult to assess because of lack of
informetion about the magnitudes of volumes of activation for reactions
occurring by SN1 and SN2 ﬁechanisms (cf. Section a of Chzpter 5). On
this view the activated state for the hydrolysis of the p-methyl compound
would be

H

|
/s+ 8~
C - =~==(1

— )

H/ \H

That for the p-nitro compound would be
H

H
H
&+ /s+ O
5 ;

~-=-=-=(=-===C1

-

e}

This explanation might lead to the effects otserved, since there is
a suggestion (cf. Section (2) of Chapter 5) that volumes of activation

may, otker things being equal, be lower (more negative for rezctions
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occurring by an SN2 mechan#sm than for SN1 reactions. Certainly the
structural effects are in the right direction, the SN2 activated
complex having a partial covalent bond formed between a water
molecule and the a=carbon atoms The solvent electrostriction
effects might tend to counteract this to some extent, but will not
be large especially in view of the charge smearing brought about by
theng-methyl groupe

Case III, that the mechanism is more SN1—like for
the p-methyl compound and more SNZ-like for the P-nitro compound, is
probably the true situation. Both of the effects considered under

Cases I and I will play a part here.

The activated complexes for the p-methyl and p-nitro

compounds can be represented as E
E H H
ol H -
\ st /8+ &= \ st \/5* §
O -c--g=---- Ccl 0---C -4-Cl
/ r, r, H/ Ty Ts
H
and
r1
ry > y !
C .
H E{ H r, > r, 04447 \\\‘o
The most important effects are now:
(1) As in Case I there will be a greater charge smearing

in the p-methyl compound, so that there will be less electrostriction
of solvent..
(2) As in Case II, the activated complex will be more compact

in the p=-nitro compound. This is due to the shorter a-carbon to chlorine
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and a-carbon to oxygen distances in this activated complex than
in the others. That thi; effect is qualitatively reasonable and
predicts the observed trend in the volumes of activation may be
seen from the following calculationse. They are based on the
procedure used by Hemann to estimate the contribution to the
volume of activation from such structural effects (cfe Part Ib,
Chapter 1).

Initially, it will be assumed that the difference
between the volumes of activation for the p-methyl and p-nitro
reactions is due only to a difference in the a=carbon to chlorine
distance in the activated complexes of the two reactions (this
distance in the g-methyl activated complex being greater). The
van der Waals radii of the carbon and chlorine atoms are taken
to be 2.0 £ and 1.8.2157'respectively. Equation (1.16) shows
that the measured volume of activation difference for thelg-methyl
and p-nitro reactions of 4.8 cm; per mole requires that the
difference in the above-mentioned bond lengths in the activatea
complexes be approximately o4 2. on the assumption that the
a~carbon to chlorine bond distance in the P-nitro activated
complex is 10 to 20 per cent greater than the same distance in
the reactants, (cf. Stearn and Eyring158), the a=-carbon to
chlorine bond distance in the p-methyl activated complex is 32
to 42 per cent greater than this distance in the reactant
molecule (1,765 2). Such a figure does not seem unreasonable,
in that bond extensions of 100 per cent have been calculated

from potential-energy surf‘aceso2a In any event, the decreasing
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a-carbon to oxygen distance in the activated complexes (smallest
distance in the p-nitro reaction) have not been considered in the
above calculations. If this were taken into zccount much smaller
bond extensions would be required to explain the differences in
the volumes of activation. This behavior would indeed be
favouréd from an energetic point of view.

(¢) The Volumes of Activation for the Solvolysis of

p-Methyl Benzyl Chloride as a Function of

Solvent Composition.

The resulis given in Table 5 for the solvent
dependence of the volumes of activation oflg-methyl benzyl chloride
in acetone-water mixtures show that the values pass through a distinct
minimum as a function of solvent composition. The partial molar
volume measurements of Db-methyl benzyl chloride made at 25°C
(Table 8) in acetone-water mixtures of the same composition show
that this function passes through a maximum in the same region of
solvent composition as the volumes of activation pass through a
minimum (the Vé maximum is displaced to a higher acetone mole
fraction than the minimum in AV", due probably to the lower
temperature of measurement). This behavior suggests that the
minimum in AV* arises at least in part from a maximum in V..

g

If it is assumed that the V

g‘s are not strong functions of

temperature the partial molar volumes of the activated complexes
of the above reactions may be calculated. The results are plotted
in Figure 18. They show that the height of the maximum in V; is

not as great as that for Vé. These observations are in agreement
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Figure 18

Plots of the partial molar volumes
of the reactants and activatead
complexes for the solvolysis of

P-methyl benzyl chloride in different

acetone-water mixtures.
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,
with those made by Arnett znd co-workers°8 who studied enthalpies

,
o7 . - .
who studied volumes of activation.

of activation, and by Hyneigz_gl.
They found that the maximum in the respective partial thermodymamic
quantities for an ionic species, such as the activated complex of

the present reaction, was smeller in height than a similar maximum
observed for a non-polar species such as the reactants in the present
studye.

This behavior is very difficult to understand owing
to the very complex nature of agueous organic mixtures. As discussed
in Chapter 2 it would appear that the region of high water content is
essentially aqueous in nature, with acetone molecules merely occupy-
ing spaces in the less dense component of the water systems This
behavior persists until sufficient acetone is added to cause a
concerted breakdown of the water structure.

Currently accepted theories of the solvation of
non-polar molecules in water would suggest that p-methyl benzyl
chloride molecules would also be expected to fit into the less
dense component of the water structure in a manner similar to the
acetone molecules. C(Consequently an abnormally low partial molar
volume is expected for both compounds. As the acetone concentration
increases a fraction of the less dense component is filled up,
leaving less space into which the substrate molecule may fit.
Consequently an increase in the partial molar volume of the substrate
is expected. This behavior would be expected to persist until the
breakdown of the water structure. Beyond this point the decrease in

the partial molar volume of the substrate would be understood if
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selective solvation of this species by acetone molecules occurred and
became the predominant solvétion mechanism.97 Again an abnormally
low partial molar volume would be observed. Indeed the selective
solvation of the substrate molecules may be important over the whole
range of solvent composition, its effect in lowering the partial
molar volume of the substrate molecules being the most important
solvation mechanism in the region of high acetone content. This
latter contention could only be demonstrated by further density
measurements on solutions in aqueous~organic mixtures.

The maximum in the partial molar volumes of the
highly polar activated complex is more difficult to understand. The
strength of the ion-dipole interactions between the activated
complex and solvent in the highly aqueous region is apparently strong
enough to result in the btreakdown of the less dense open-structured
component of the water, with the result that there are fewer spaces
into which the added acetone molecules may fit. This would explain
the increasing partial molar volume of the activated complex in the
high aqueous region. With the total breakdown of the water structure
on the addition of sufficient acetone the usual electrostriction of
solvent about the activated complex will explain the abnormally low
partial molar volume observed in this composition region.

The above discussion suggests very strongly that
properties of the reactant molecules in solution and, in particular,
solvation phenomena associated with solvent molecules in the immediate
vicinity of these species, play a large role in determining the

energetics of solvolysis of benzyl chloride and substituted benzyl
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chlorides. This possibility will be examined further in terms of
the significance of the volumes of activatiion from the standpoint

of their mechanisms.
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PART II  The Parameter (§ AV'/§ p)T

(a) General

Experimental techniques of sufficient precision to
measure with some degree of accuracy the parameter (§ av'/§ P)T
have only recently been developed. This parameter will be useful
in checking the conclusions drawn from measurements of volumes
of activation, in the same way that the measurement of heat
capacities of activation have helped with our understanding of
enthalpies of activation. The general disposition of loge k -
pressure data suggests that the parameter is usually zero or positive,
indicating that the reactants are as compressible, or more compress—
ible than the activated complexes. Recently some examples of

66,159

negative values have been observed Further comments on
these latter observations will be given in the Appendix.

From the definition of the volume of activation

4-_-_—
W= T =T

an expression for (& av*/$§ P)T in terms of Vt and.Vé can be derived,

i.e.,

(8 ov/6 p)y = (Wt/a By - (svg/a P)y - (501)

In view of the very smell amount of data dn the literature on the
isothermal compressions of solutions of ions and non=-polar molecules,
it is difficult to interpret the present data in other than the
simplest terms. It might be expected, by analogy with the pure liquid

case, that the more strongly a molecular system is held together the
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more resistant it will be +o compression, and vice-versa. Consequently,
the greater the degree of solvént electrostriction about a molecular
species, the greater the resistance of that system tc compression will
be; also the weaker the partial covalent bonds in the activated
complex the more easily will the system be compressed. The observation
that the pérameters (6 AV*/S-P)T for ionogenic reactions are usually
positive may be understood in the above terms. Solvation of non-polar
species is usually the result of weak dipole-dipole and dispersion-
force interactions, which are much weaker than ion-dipole interactions
which characterize solvation of highly polar species1o7= On the zbove
view, the reactant-solvent system would be much more sensitive to
compression than the activated complex-solvent system because of the
greater polarity of the latter species. Consequently a positive
curvature is usually observed. Negative curvature has only as yet been
observed in water as solvent and probably reflects the strength of
solvent species surrounding non-polar species when dissolved in this
liquid (see Appendix).

A plot of AV* versus (& ov* /6 P)T (shown in Figure
19) for the various substituted benzyl chlorides appears to bear
out this conclusion as will be seen in the following section. Although
the relationship between these two parameters is not linear, a distinct
negative correlation exists. The more regative is AV* the greater is
the difference between (6 ?ﬁ/s P)T and (§ Vg/S P)T, this being due
to the more coﬁpact D-nitro benzyl chloride activated complex.

(see Part Ib, Chapter 5).
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Figure 19

A plot of AV* against (8§ av*/$ P)T
for the various substituted benzyl
chlorides in the acetone-water
mixture eontaining 0.1407 mole

fraction acetone.
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(b) Mechanistic Implications of the Variation of

(6 av*/§ P)T with Substituent.

The results guoted in Table 6 show that the parameter

(6 av*/6 P)T increases in the order p-CH, < H < p-Cl < p-NO, .

3 2
Since ‘the terms (& V/§ P)T are always negative, this behavior would
be observed in three possible ways, two of which are illustrated
schematieally in Figure 20. They are;

(1) If (6 Vt/5 P)T decreases in the order p=CH; < H <
p-C1 < p-NO, and (& vé/S P)T remains essentially constant. The
E—methyl and p-nitro benzyl chloride cases are chosen in Figure 20a
for illustration. The change with increasing pressure in the partial
molar volume of the P-nitro activated complex is seen to be much less

than the change in the partial molar volume of the p-methyl activated

complex.

(2) ir (6 VJ& P)p increased in the order pCH; > H >
p-C1 > p-NO, and (6 v;/f P)T remains essentially constant. This
case is illustrated in Figure 20b, using the same cases as aboves
The change in the partial molar volume of the p-nitro benzyl
chloride substrate is seen to be much larger than the‘g-methyl
substrate partial molar volume.

(3) If both (6 Vt/S P)T and (§ Gé/5 P)T vary in a
complex manner with change in substituent such as to give the
observed changes in (& AV*/§ P)T. One would require a considerable
amount of additional data to discuss this possibility; at the

present time these are not available. Consequently consideration

of this case must be deferred.
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Case (1) will be considered here, and case (2) will
be considered ir Section d'follcwingo it was shown in Part Ib of
this chapter that the degree of covalent bondirg in the p-ritro
benzyl chloride activated complex, and the difference tetween the
polarity of reactants and activated complexes, are expected to be
greater than in the other compounds. For these reasons the forces
hoiding these activated complexes together are greater than ir the
other cases; (a'ﬁt/a P)r is muchk less negative and (§ aV*/§ Pzr
is more positive, as is observed. The other compourds may be
viewed in a manner similar to that above. Consecuently the present
results for (& av'/$§ P)T confirm our previous conclusions in
Part Ib.

(¢} The Dependence of (§ av*/$§ P)T on Solvent Composition

Table 7 shows the values of (& AV*/S P)T as a functicn
of solvent compositicn for the solvolysis of p-methyl berzyl chleride
in soluticns of differernt acetone and water compositionse It is
seen that extremum behavior is also observed in this parameter as is
generally found in other activaticn perameters. The parameter displays
a maximum 2t the same point on the solvent composition axis as the
volumes of activation displey 2 minimum. For rezscns similar to those
given ir the previous section, this maximum could arise from either a
mirimum ir (6 V;/S P)T or a maximum ir (¢ ﬁ;/? P)T or from 2 more
complex variaticn of toth of these quantitiess The complexity of thre
present sysfem, together with the zlmost complete lack of other data,
nmekes the discussicn of the first and last possibilities virtuslly

impossitle. In the following section some discussicn of the secornd
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possibility will be offered in fterms of current theories of the
solvation of non-polar species in water.

(d) Reconsideration of the Mechanistic Significance

of the AV* and (& avV/$§ P)T Data.

Trhe observed minimum in the volumes of activation
for the solvolysis of g-methyl benzyl chloride in different acetone-
water mixtures appears to arise from a large meximum in the partial
molar volumes of the reactants and a smaller maximum in the partial
molar volumes of the activated complexes. This was discussed in
Part Ib of Chapter 5 in terms of peculiar solvation phenomena in
agueous organic mixtures and no reference was made to changes in tke
structure and charge development in the activated complexes with
change in solvent composition. Consideration should also be given
to the possibility that changes in AV™ and (6 &V /6 P)T with
substituent arise for similar reasonse.

Limited solubility prevented the measurement of the
partial molar volumes of the various substituted benzyl chlorides

except the g—methyl compound, but in any case the discussion of

these results in the above terms would be complicated by the necessity

£ knowing the volumes occupied by the various substituents con the
aromatic ring.

However the trend in the parameter (& aV*/$ P)T
with change in substituent may be discussed qualitatively in the
above terms. .The situation to be explained is: (& V£/5 P)T for
each of the activated complexes is approximately constant and

(8 Vg/S P)T diminishes in the order (p-CH, > H > p=Ci > p-NOz);

3
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The review of acetone~water properties in Chapter 2
suggests that the solvent compésition region in which the substituent
deperdence of AV* and (& aV*/§ P}T was measured (C.1407 mole fraction
acetone) is essentially aqueous in nature where the a2ddition of non-
polar molecules has the effect of enhancing the open-structured
ccmponent of the water in the vicinity of the non-polar species.

€8,130
213 suggest that the less polar the

The results of Arnett et al.
species the greater the degree of structural enhancemernt in thke solvent,
other things being equal. Comparison of water and othker hydroger bonded
liquids with non-hydroger bonded liquids also suggests that the stronger
this structural enhancement the less sensitive will the system be to
COmPressione

The dipole moments of the various substituted benzyl
chlorides increase in the order E-CH3( 0.80D);’< H(1.75D) <
p-C1(1.73D) < 2—N02(3.66D)16o. The degree of structural
enhancement should therefcre decrezse in this order for the above
reasons (i.e. greatest in the p-methyl case). This would ther
quzlitatively explain the trend in (§ 78/8 P)T above. Unfortunately

our present knowledge does not permit us tc checose between this latter

situetion and that described in Part IIb of this Chapter.

# Estimated fzjom the dipole moments of g-nitro benzyl chloride,

nitrobenzene and toluene.



Part I1I. Correlations between AS* and AV*.

(a) General

In Figure 21 the volumes of activation for the various
benzyl chlorides studied in a mixture of constant composition, are
plotted against the entropies of activation for the same conditions
of temperature and pressufe. The latter datawere extrapolated from
the work of Tommila and co—workerssa. The data for the entropies and
volumes of activation for the solvolysis of some esters and amides
in water, taken from a paper by Chen and Laidler77, are also plotted.
In both cases a linear correlation is obtained (see also reference 75).

3

The slope in the former case is 1.8%0.3 cm’ °C gm-1. The slope in the
latter case is somewhat lower at 1.0%0.4 o °c gm-qa

Such linear correlations between these and other
activation parameters of chemical reactions have been observed
frequently and indeed have some basis in theory where the magnitudes
of the activation parameters are determined to a large extent by .
electrostatic interactions. In this part of this thesis an attempt
will be made to examine a simplified theoretical treatment of these
reactions in terms of the Born expression, along the lines suggested
by King161, in order to ascertain some of the limitations of such
correlationse.

(b) The Born Expression and the Relationship between

AV2‘ end ASz' of Ionogenic Reactions.

The electrostatic contribution to the free energy of

activation of reactions of the form
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Figure 21

Correlation between AV* and AS * for

various reactions in the liquid phase.

(2) Data for some reactions in water
as solvent, taken from a paper

by Chen and Laidler7?

(b) Data from present study for the
various substituted benzyl chlorides
in the acetone~water mixture containing

0.1407 mole fraction acetone.
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A—B——> [t'-_37] > a2t . B

in terms of the Born expression, assuming that A and B are highly

ionic in character in the activated complex, is siven b
omp ’ g2 y

* .2 2, =« 2
b6 = (Ne/D) (2%/r* - Y2%r) (5.2)
activated reactants
complex

where g represents the number of charges on the species considered;
e 1s the charge on the electron; r* is the radius of the sphere which
the activated complex is considered to occupy and r is the radius of

a reactant species. Setting

2 2
g= @/ - L) (5.3)
activated reactants
complex

the electrostatic contribution to the entropy of activation is given

by
(6 AGe‘S/S T)P = Asz" = Ne2¢[6(1/n)/6 TJP

- (we’/D)(8 #/6 1), (504)

and the electrostatic contribution to the volume of activation is given
oy
« . _ .2
(8 AGes/5 P)p = AV = Ne gl (1/p)/6 P

~(:e%/D)(8 /6 P), - (5.5)
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It has been found1 °0 that the following empirical

equations relate the dielectric constant of water to its temperature
and pressure coefficients in the range of temperature and pressures

given to a precision of % 0.2 and * 0.3 per cent respectively.

D =Dy exp(~T/6) 273 < T ¢ 323%
at 1 atmosphere and

D= D exp(B/m) 0 < P < 1000 atmospheres

where w = (1/D)(6 D/$ p)T and & = (1/D)(6 D/§ T)P

Similar relationships have been found for many liquids1o

Very little is known about the terms (6g/68 P)T and
(68/6 T)P as they involve terms in (§ r/§ P)T and (8§ r/6 T)P, where
r is the radius of the reactant or activated complex. Rough estimates
of these effects have been derived from the coefficients of expansion
and bulk compressibilities of ionic crystals. However, for purposes
of the present argument these terms are usually neglected as beihg

- very smalle Consequently ¢ and r become adjustable parameters, but

in view of the approximations made in the use of the Born model (see
Chapter 2) r is only the radius by convention,

Neglecting the terms in @ in equations (5¢4) and
(5.5) a correlation between the electrostatic contributions to the
entropies and volumes of activation of a series of reactions in the
same solvent the form

" _ - A}
85, = /e av, (5.5)

is predicteds. On substituting for = and 6 this becomes
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[AS]
Iy

* *
A S (5»P/5 T)V 4v,

a/B sz* s (5' 7)

where a and B are the isobaric expansivity and the isothermal
compressibility respectively of the solvent.
A relationship similar to that above is predicted

from the following Maxwell relationship

(8§ 88*/6 AV")T’P = (6 PB/6 T)V . (5.8)

The importance of solvent electrostriction in
determining the sign and magnitude of AV" and AS™ in these reactions
suggests that the a and B terms referred to in the above expressions
are not those of the bulk solvent but refer Primarily to the region
of solvent electrostricted about the activated complex of the reaction.
Several pieces of evidence point to the fact that the Pressure in the
immediate vicinity of such an ionic species is extremely high15 (of
the order of 10h atmospheres).

Consequently the kinetically derived a and B refer
primarily to values at some suitably high pressure75. The situation
is indeed quite likely to be more complex than this because more than
nearest neighbour interactions between reactant and solvent and
activated complex and solvent make a contribution to the activation
processe. Thé term o/p is probably therefore a weighted average which
reflects the contribution of all the solvent to the activation pProcess.

This point is extremely important in mixed solvents where solvent



sorting is possible.

Another point may also be made. The above treatment
predicts that where reactions are done in different solvents or solvent
mixtures, a2 linear reiationship between the various AV*'s and AS™'s is

X 5 63 . .
not to be expected, as has been suggested . Clearly o/pf will in

general bte completely different from one solvent to the next.
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APPENDIX

The Variation of AV* with Pressure

An example of a negative (6 av*/$ P)T parameter has
recently been observed by Hyne and co-workers66 for the solvolysis
of benzyl chloride in pure water. This behavior is similar to that
observed by Osugi 32_3;.159 in pressure studies of the dissociation
constant for the dissociation of the ion-pair [CO(NHj)G}(SOA>+ in
water; negative curvature of the logeK - pressure data was observed
at 20°% ana 25°C, whereas at 40°C the mere typical positive curvature
was observed.

It will be shown that these observations throw some
doubt on the procedure of fitting logek ~ pressure data to
polynomials of the second degree. Curves A, B, Ar and B in Figure
22 show the most frequently observed dispositions of logek - pressure
data. The bebavior shown by the first part of curve  is that
described above. The behavior shown by C' does not seem to have been
observed as yet. The points of inflection shown on curves C and C'
have also not been observed. Their possible existence and position
on the pressure axis is the point of present interest.

That they may be expected can be shown in the following
manner (curve C will be discussed specifically but a similar argument
may be uéed in the case of curve C’)° It will alsc be assumed
throughout the following argument that diffusion of reactants

throughout the solution at higher pressures does not affect thre
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Fizure 22

Possible dispositions of log1ok - pressure
data from piezokinetic studies of reactions

in the liquid phase.
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observed rate constant for the reaction. If curve C maintained
negative curvature over the whole range of possible pressures,
a small increment of pressure at very high pressures would have =z
very large effect or the rate and the volume of activation would
become.larger,in magnitude, indicating that the partial molar
volumes of the reactants diverge from one another with increasing
pressure. This is just the oppcsite behavior to that expected.
From behavior in pure liquids,and in solutions, the partial molar
volumes of both the reactants and activated complexes are expected
to decrease with increasing pressure, and the derivatives (6 VE/S P)T
and (6 Vé/ﬁ P)T are expected to tend towards zero as the pressure
increases. (The form of the Tait equation1h9 predicts such behavior).
Consequently at higher pressures the parameter (6§ av*/$§ P)T is
expected to tend towards zero with increasing pressure, or AV* should
tend towards a constant values There must therefore be a point of
inflection along the pressure axis. The fact that in the region of
lower pressure negative curvature is observed must reflect a different
dependence on pressure of the partial molar volumes of the reactants
and activated complexes, the latter decreasing more with pressure
than the former in the low pressure region.

The position of the point of inflection is alsc of
some importance and is related to the functional depencdence of the
partial molar volumes of the reactants ang activated complexes on
pressure; £hese are prcbably quite different from one another as the

latter species is quite polar but the former species is none-polar.
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It may be noted that up to the present time the above bekavior has
only been fourd where pure water hes been the solvernt medium. The
many ancmalies of properties of ordinary water have already been
commerted upon. Of particular importance in the present case is the
abilityvof non-polar molecules to stabilize the open-structured
component of water. The negative curvature in the region of lower
Pressure apparently reflects the strength of these interactions as
compared with the usually more compact polar activated complex.

The position of the point of inflection indicates the position on
the pressure axis where the two species have equal compressions.

The proposed fall-off of the logek = pressure data
mzy alsc be understood by analogy with the pure liquid case. Pressure
is expected to affect the activated complexes and reactants in a
similar way, the effect of pressure in the low pressure region being
to compress the reactant solvent system and activated complex solvent
system sc as to achieve the degree of closest molecular packingohi The
difference between the partial molar volumes of the reactants and
activated complex is then expected to be small and to reflect volume
changes caused by bond-breaking, bond-making and configurational
changes. Hence the 1ogek = Pressure curves shown in Figure 22 tend
to fall off at higher pressures

In summary it might be concluded that in cases where
positive cu:vature is found for logek - Pressure data, scme caution
should be exercised in fitting data to polynomials of the second degree.

This anomalous behavior as far as water is concerned appears to be a
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reflection of the peculiar properties of this substance as a solvent,

and in the case of bernzyl chloride sclvolysis a reflection of the

"structure meking" interactions between this non-polar reactant ang

the water molecules.
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CLATMS T0 ORIGINAL RESEARCH

(1) The volumes of aciivation for the solvolysis of
Dp-methyl, p-chloro and p-nitro benzyl chloride znd benzyl chloride
have been measured in an acetone-water mixture of constant
compositione

(2) The volumes of activation for the solvolysis of
p-methyl benzyl chloride ir four different acetone-water mixtures
have been measured.

(3) The partial molar volumes of p-methyl benzyl
chloride in four different acetone-water mixtures have been
measured.

(4) The parameters (& av*/$ P)T have been calculated
for each set of log1ok-pressure data obtained.

(5) The results have been discussed in terms of the
mechanisms of these reactions, and several phenomena contributing
to changes in the measured activation parameters have been explored.

(6) The significance of a negative correlation between
AV " and (6 AV*/S'P)T for the solvolysis of the various substituted
benzyl chlorides is discussed.

(7) A correlation between AS* and AV* for the substituted
benzyl chlorides has been found.

(8) A theoretical treatment which predicts such a
correlation between AS* and AV* for ionogenic reactions has been
discussed and the limitations of such correlations have been

explored in terms of this treatment.
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