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The best and safest method of
philosophizing seems to be, first, to inquire
diligently into the properties of things and
to establish those properties by experiments,
and to proceed later to hypotheses for the
explanation of things themselves. For hypo-
theses ought to be applied only in the
explanation of the properties of things, and

not made use of in detemmining them.

Sir Isaac Newton




ABSTRACT

The first order rate constants for the solvolysis of benzyl chloride
in the series of aqueous methanol, ethanol, i-propanol and t-butanol
solvent systems at various temperatures and pressures are reported.

The enthalpy of activation, AH*, entropy of activation, AS*, and
the volume of activation Avg are calculated from the rate data obtained.
Tt is shown that it is both necessary and sufficient to allow for the
pressure dependence 6f the activation volume when analyzing a set of rate
data at various pressures. Values of (39AV®/3p)p are reported for the
benzyl chloride solvolysis in the various solvent systems studied.

It is demonstrated that for’benzyl chloride.gblvolysis the four
aforementioned activation parameters, as well as the heat capacity of

106

activation, AC*, reported by Hyne, Wills and Wonkka, exhibit extremum

p

behavior as a function of solvent composition, and that the depth and
position of the extrema are dependent upon the nature of the alcoholic
solvent component. It is further demonstrated that the constant volume
activation parameters, AUt and AS$, do exhibit exﬁremum behavior contrary
to previous reports,l35 and parallel the behavior of the more commonly
used parameters.

The similarities between the activation parameter behavior and the
thermodynamic parameters of mixing of the binary solvents are discussed

both for the constant pressure and constant volume conditions.

The partial molal volume of benzyl chloride in each of the pertinent



v
solvents is reported, and found to account for 50% to 100% of the
extremum behavior in Avg.

It is established that the extremum behavior probably results
from phenomena associated with the structural properties of the solvent,
and is not due to concomitant hydrophobic-hydrophilic interactions.

The pressure dependence of the activation volume is observed to
undergo a change in sign in highly aqueous media, and this phenomena
may again be associated with structural changes in the solvent on

addition of the alcoholic component.
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PART I

INTRODUCTION AND REVIEW



CHAPTER 1

PIEZOCHEMISTRY

As will become apparent, this thesis is concerned with the study
of the effect of hydrostatic pressure on the rate of neutral solvolysis.

Nevertheless a brief review of general piezochemical phenomena, i.e.
phenomena of high pressure chemistry, in solution is perhaps appropriate
as a preparation for the more specific discussion of the effects of
pressure on solvolytic reaction kinetics.

Many excellent reviews of high pressure chemistry are in print.
Therefore no attempt will be made to present a compendium of piezochemistry.
Instead a brief review of the pertinent aspects of this subject will be
offered. The reader interested in more extensive treatments is directed “l
to the works by Hamannl and Bradley2 which are excellent digests. The
latter also contains very extensive bibliographies. The review by Whalley3
covers the field of pressure effects on reaction kinetics and the related
mechanistic implications.

In solvolyses of orgenic and inorganic esﬁers, a molecule of a
protic acid is produced for every ester linkage which undergoes decom-
position. In the case of the inorganic esters the acids are virtually
completely ionized in agqueous media while the organic acids are frequently
only partially ionized. The presence of these ionic species allow the

use of an in situ conductimetric method for following the progress of the

reaction. 1In anticipation of the use of this method, a summary of the
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effect of pressure on electrical conductivity in solution will be presented.
Further, since there is an equilibrium between ionized and unionized species
in these solutions, the electrical conductivity at various pressures also
reflects the pressure dependence of this equilibrium. Consequently a
survey of the piezochemistry of homogeneous equilibria is included. Finally

the need for inclusion of a section on piezokinetics is obvious.

Homogeneous Equilibria

The first theoretical paper to be published on the effect of pres-
sure on chemical equilibria was that of Planck in 1887.)+ He demonstrated

that the relation between the equilibrium constant and pressure is

(k) - - 2] ()
ge) RT

where AV is the total molar volume change accompanying the reaction.
Apparently no further theoretical development occurred until 1941 when
Owen and Brinkley5 estimated the effect of pressure on the ionization
constants of weak acids using the partial molal and ionic volumes of

the species concerned along with their isothermal compressibilities.

As an extension of this work these authors estimated the pressure
dependence of the solubility product of various salts in both water and
0.725 molal aqueous sodium chloride. The calculations indicated three
noteworthy trends. Firstly, ionization constants increase with increasing
pressure. That is the ionic species as opposed to the unionized molecules

are favored by increasing the pressure. Secondly, the sensitivity of the
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equilibrium to pressure decreases with increasing temperature. Thirdly,
both the standard partial molal enthalpy and entropy, Aﬁo and A§o, become
more negative at higher pressures.

6

The work of Buchanan and Hamann,~ along with subsequent studies
from Hamann's laboratory, afforded an understanding of the physical
phenomena responsible for the observed trends of equilibria. Studying
the ionization of ammonium hydroxide, these authors assumed that the main
effect of pressure is to change the hydration free energy of the solvated
jons; implying negligible pressure effects on the hydration free energy of
non-ionic species, bond dissociation free energies, ionization potentials
and electron affinities. Using the Born model (eq. 2) for the free energy
of ionic hydration these authors calculeted the variation in hydration
2

AR, = - E(r_Ni_E(l - %) (2)

free energy of the ammonium end hydroxide ions with pressure. Their

results agreed surprisingly well with the experimental values. They

concluded that the principal effect of pressure is to lower the free w

energy of ionization by lowering the solvation free energy of the

jonic species. As a further test of this, the size of the cation was
varied by replacing one of the protons by a methyl group.

The greater size of the methylammonium ion causes it to have a
smaller hydration free energy than the ammonium ion since r + a is
increased (see eq. 2). Therefore, if the solvation hypothesis is correct,
the ionization of methylammonium hydroxide should be less sensitive to

pressure than ammonium hydroxide (see eq. 3). This indeed is the case.
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2
<3"-§-.F*1)T = . Nt Dy, _fPn (amy (3)
P 2(r + a)D? 9p (r +a) 9p

To test the generalization of the solvation hypothesis, Hamann

and Strauss7

determined the ionization constants of various weak acids up
to pressures of 12,000 atm. They calculated the ionization curve for
cesium fluoride as a reference. This salt was chosen because the radii
of the ions are similar to thosé obtained from ammonium hydroxide, and
the ionic compressibilities could be estimated from Bridgmen's measure-
ments.8 They observed that the ionization free energy does decrease with
increasing pressure in every case substantiating Owen and Brinkley's
conclusion. However, the corollary regarding the relation of ionic size
to pressure sensitivity was not borne out.

This corollary would predict that the pressure sensitivity of the
various ammonium hydroxides is ammonium > methylammonium > dimethylammonium
> trimethylammonium. In reality the positions of methylammonium and tri-
methylammonium hydroxides are interchanged. The explanation offered by
the authors is that the assumption of the insignificance of the pressure
dependence of the hydration free energy of unionized or undissociated
species may be in error. ‘

In summary it is apparent that increasing the hydrostatic pressure
on a liquid system increases the extent of ionization of ionizable species.
Therefore, determining the concentration of an ionizable species in

solution by measuring the conductance of its ions would not be expected

to be hindered by the application of pressure.
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Electrolytic Conductance{

The history of piezochemical studies dates back to 1827 when
Colladon and Sturm studied the conductance of nitric acid and ammonia to
30 atm.9 This work is only of historical interest as the accuracy was
limited.

Introduction of the alternating current conductance.bridge
facilitated accurate conductance measurements, and Finklo used it to
measure the conductancesof electrolyte solutions to 500 atm. Lusannall
extended the pressure range to 1000 atm., Tammann to 3700 atm. T2 and
Zisman reached 11,000 a.tm.13 More recently Hamann and Strauss studied

1k

both aqueous and methanolic solutions to 12,000 atm., and Franck has
explored electrolytic solutions in supercritical steam.l5

Tt has been observed that the effect of pressure on electrolytic
conductance is strongly dependent upon the concentra,tion.l At finite
concentrations ions of opposite charge may interfere with one another's
movement in the applied electric field, snd the formation of ion pairs
or neutral molecules also serves to reduce the conductivity. Both of
these effects are pressure dependent. It is therefore desirable to

consider the cases of infinite dilution and finite concentration

separately.

Infinite Dilution

Wall and Gill observed that transport numbers are not greatly
affected by pressure,16 leading to the conclusion that any large change

in molar conductance must be due to variation of the ionic mobilities.
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Since the ionic mobilities are dependent upon the viscosity of the medium,
the existence of a parallel effect of pressure on conductance and viscosity
was expected. Hamann compared the relative molar conductance of potassium
chloride with the inverse relative viscosity of pure water over 12,000 a.tm.l
From the similarity of the two dependencies above 1000 atm. it appeared
that the decrease in A° for the salts as the pressure is increased.is a
consequence of the rise in viscosity of the solvent. Below this pressure
the abnormal behavior in A° was thought to be a reflection of a similar
abnormality which appears in the viscosity of water at lower temperatures
and the same pressure. This was attributed to electrostriction of the
solvent about the ions.

The molal conductances of strong acids and bases have been observed
to be reduced to a lesser extent by pressure than those for strong salts.l
This was shown to be due to an increase in the excess conductances of the
hydronium andfhydroxyl jons. Using Bell's model for the energetics of
proton transferl! Hemann and Strauss7 suggested that pressure assists this
process by overcoming some of the repulsion energy between the oxygen
atoms of adjacent water molecules. Thus the oxygen atoms are brought into
closer proximity to one another. Proton transfer could thereby occur more

readily resulting in an increase of the excess conductances of the hydrogen

and hydroxyl ions.

Finite Concentrations

KohlrauséhlBa suggested that eq. 4 be used for the extrapolation of
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conductivity data of strong electrolytes to infinite dilution. 1In

A =A° - B )

order for the conductance at finite concentration to have the same
pressure dependence as A°, B/c would have to be independent of pressure.

Because of the non-zero compressibility of the solvent, concentration is

not a pressure independent variable. The value of B for potassium chloride

1k

in water was observed to decrease by 28% between 1 and 3000 atm. Con-
sequently A and A° cannot have the same pressure dependence.

In the case of weak electrolytes complete dissociation occurs only
at infinite dilution. Since the dissociation increases with pressure it
is to be expected that the conductance will increase as the pressure is.
increased due to the greater ionic strength. This is indeed observedl
in contrast to the behavior of the strong electrolytes. A decrease in
cohducténce of a weak electrolytic solution due to increasing viscosity
of the solvent has apparently never been observed. It is to be expected
that under sufficientiy high pressure a weak electrolyte could become

completely dissociated, and strong electrolyte behavior observed. How-

ever, freezing of the solvent has prevented such observations.

Reaction Kinetics

Apparently the first study of the effect of pressure on chemical
reactions in the liquid phase was published in 1862. Berthelot and Pean

de Saint Gilles observed that the rate of esterification of acetic acid
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with ethanol did not change significantly up to 100 atm. pressure.19
The first systematic study was that of Roentgen on the inversion

20 This work and that of Stern21 demonstrated that the effect

of sucrose.
produced by increasing pressure was dependent upon the nature of the
catalyst. The rate was observed to be retarded at higher pressures when
strong acid catalysts were used, but was increased in the presence of
weak acids. Similar behavior also was observed in acid catalyzed ester
hydrolyses22 wherein weak acids exhibited a greater increase in rate with
pressure than strong acids.

The reason for this anomalous behavior of acid catalysts is to be
found in the previous section on equilibria. The greater the pressure the
greater the degree of ionization of weak acids. Therefore the greater the
concentration of the proton catalyst and the faster the reaction rates.

This behavior is of course absent in strong acids due to complete dis-

sociation.

Theories 9£ Pressure Effects

Van't Hoff was the first to demonstrate the connection between
reaction rate dependencies on pressure and a change in volume during
the reaction.23 However, his formulation included an undefined constant
and hence the treatment had only empirical value. In 1935 Evans and Polanyi

2L

related these volume changes to transition state theory by eq. 5, where

o
() = - o (5)
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AV* is the difference in the partial molal volumes of the initial and
transition states.

The physical significance of volumes of activation (AV*), or of
pressure dependencies of rate constants, was not understood until recent
years, but several hypotheses had been previously presented. In 1926
Cohen came to the conclusion that the influence of pressure on the rate

25

of a reaction is specific --that.is to say, the pressure dependence of
reaction rates is not due to secondary influences such as alteration of
solvent association. In 1934 Fawcett and Gibson offered the suggestion
that "the velocity would also be influenced by pressure if the potential
energy gained by the system as a result of isothermal compression is
available as part of the activation energy necessary for reaction."26

Evans and Polanyl considered activation volumes as being separable
into two com.ponents.zl‘L The first being that due to alterations in the
internal structure of reacting substrate molecules (A1V¢), and the
"second being due to changes in solute-solvent interactions (AEV*) during
the activation process. Later workers ignored consideration of the
second component.

Perrin classified reactions into three groups as they were found
to be affected by pressure.27 Slow reactions had small values for their
pre-exponential factors and were greatly accelerated by pressure.

Normal reactions exhibited only slight acceleration when the pressure
was increased, and had normal pre-exponential factors. The third class

was represented by only one example--decomposition of phenylbenzyl-

methylallylammonium bromide in chloroform. The rate was retarded by
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increasing pressure.
In 1941 Stearn and Eyring proposed a quantitative theory based
28

upon Perrin's classification. They assumed that no change occurs in
solute~solvent interactions during activation, and that the partial
molal volumes, isothermal compressibilities and thermal expansivities
of the reactants in soluticn are the same as in the pure liquid. Egs.

6 for unimolecular reactions and 7 for bimolecular reactions were de-

veloped. The.A& are the bond lengths taken in the direction of the

0.1 6)

AV*:-
2i«‘l+rl+r2+l

- yV (7)

AV*-—-- e A
Ll + Ly,
i i + J.rJ + 2

reaction, the r's are covalent or ionic radii and the V's are the molal
volumes of the reactants.

Buchanan and Hamann demonstrated the invalidity of the Stearn-
Eyring theory with respect to ionic reactions.6 The volume decrease due
to partial formation of the nitrogen to carbon bond in Menschutkin ‘
reactions was adequately considered in this theory, but the simultaneous
volume increase due to the stretching of the carbon to halogen bond was
omitted. The agreement with experiment obtained by Stearn and Eyring
can only lead to one of two conclusions. Either the agreement was
fortuitous or the carbon to halogen bond is unaffected in the attainment
of the transition state. If the latter were correct then variation of

the halogen atom would not affect the reaction rate. Such an effect is
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not observed,27 consequently the former conclusion must hold,

Buchanan and Hamann pointed out the fact that the classification
proposed by Perrin was actually a classification according to the elec-
trical nature of the reactions.6 The slow reactions were ionogenic in
nature, while the normal reactions were all negative ion replacements
involving no net change in the number of ions. The unimolecular decomp-
osition involved a destruction of ionic species. The reactions of the
slow class all showed fairly large negative entropies of activa,tion27 re~
presentative of greater electrostriction of solvent molecules about the
partially charged transition state.6 Conversely the large positive act-
ivation entropy observed for the decomposition of the quaternary ammonium
salt arises from the release of solvent molecules by the partial neutral-
jization of the ionic charges. These authors concluded that "reactions in
which the transition state is more highly ionic, and hence more extensively
'solvated', than the initial state are greatly accelerated by pressure;
those in which the transition state is less ionic and less 'solvated' than
the initial state are retarded by pressure."6 From studies on ionic equil-
ibria (zigg EEBEE) they concluded that the main effect of pressure is to
increase the solvation free energy of electrically charged groups. This
hypothesis was substantiated by the observation that the rates of unimol ~

ecular solvolyses of alkyl halides are increased with increasing pressure,

i.e. AVY < 0.6

Non-ionic Reactions

In order to obtain some idea of the magnitude of the solvent electro-

striction contribution to activation volumes, it is necessary to determine
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the contribution to be expected from Alv* (the internal structure volume
change). This can be found from studies of reactions which do not involve
major change in the electrical properties of the reacéants on activation.

Homolytic dissociation of a molecule involves a transition state
having an elongated bond. It is to be expected that such a reaction is
retarded by the application of pressure. This is indeed the case.

Ewaldlobserved a twofold decrease in the rate of pentaphenylethane
decomposition between 1 and 1500 a.tm.29 This corresponds to an activa-
tion volume of about +13 cc./mole. The decomposition of azo-isobutyric
acid @, '-dinitrile, however, was seen to involve a volume of activation
of only +3.8 cc./m.ole.29

The decomposition of benzoyl peroxide has been studied by several
workers--the popularity of this compound resulting from its use as an
initiator of free radical polymerizations. Walling and Pellon studied
the pressure effect on this systenm in acetophenone at 80°¢., and found

30

an activation volume of +4.8 cc./mole. Nicholson and Norrish, working
in carbon tetrachloride solution at 60° and 70°C., showed that three
processes occur:31 decomposition of the peroxide into two benzoyl
radicals, recombination of the radicals accompanied by loss of carbon
dioxide to give phenyl benzoate, and attack of benzoyl radical on
benzoyl peroxide to give phenyl benzoate, carbon dioxide and benzoyl
radical. The value for the activation volume of the initial decomposi-
tion was found to be about +10 cc./m.ole.31 Ewald measured this peroxide
decomposition in toluene solution in the presence of diphenylpicryl-

hydrazyl which serves as a trap for the benzoyl radicals.32 He
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observed a smaller effect of pressure than did Nicholson and Norrish
corresponding to an activation volume parameter of +5 cc./mole.
Walling and Metzger found that the determined activation volume
depended upon the nature of the solvent.33 In toluene a value of +5

cc./mole was obtained for the peroxide decomposition, and a similar

value of +7 cc./mole was found in cyclohexane. On the other hand in
benzene or carbon tetrachloride a value of +13 cc./mole was obtained.

The authors suggested that the difference arises because toluene and

cyclohexane are readily attacked by the radicals so that the reaction
is completed within the solvent cage. However, in benzene and carbon
tetrachloride the radicals must escape from the cage to react further
so that a competition between recombination and diffusion exists. Thus
the observed activation volume becomes a composite quantity. Both

Ewald29 33

and Walling and Metzger™~ pointed out that the observed dif-
ference between the so-called direct method and that employing a
scavenger (Xigg EEREE) is probably also due to a cage effect.
The combination of two free radicals in solution is an extremely ‘
fast process, and the reaction rate is often determined by the rate at

3L

which the combining radicals can diffuse together. An increase in
pressure might therefore be expected to decrease the rate since the
viscosity of the solvent increases with pressure. Nicholson and Norrish
jindeed found that the rate of the termination step in the polymerization
of styrene decreases rapidly up to 1000 atm., and then decreases more
slowly.35

The Diels-Alder reaction is one which has resisted man's desire
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for mechanistic elucidation. In the hope of unraveling the nature of the
elus ive transition state the kinetic effect of pressure on this system
has been studied. Raistrick, et al., found a very marked effect in the
dimerization of cyclopentadiene, amounting to a decrease of 25 cc,/mole

36

in the activation process. Since this value is close to the total

volume change for the reaction, Gonikberg and Vereshchagin concluded
thap the transifion state structure is very close to.that of the dim.er.37a
This conclusioh implies that the transition state is a cyclic structure.
Walling and Peisach found that the dimerization of isoprene is also
accelerated by pressure, but ﬁhat the activation volume is only half that
of the overall volume change.38 They concluded that the transition state
cannot be cyclic, but may be a biradical precursor. Benson and Berson
criticized this conclusion on the basis that the method used to calculate

39 18b

AV* was incorrect. TInstead these authors used the Tait equation
to represent the compressibilities of both the initial and transition
states (vide iéffﬂ)' They obtained values for the activation volume
considerably more negative than those reported by Walling and Peisach,
and concluded that the values are as consistent with a éyclic transition
state as with a biradical structure.

Brower studied the Claisen.rearrangement of p-cresyl allyl ether
in an attempt to determine whether the transition state involved a
predominance of formation of the new bond or rupture of the old one,uO
Tt was known that this reaction occurs with retention of configuration,

and the negative entropy of activation suggests a cyclic transition

state.ul Brower found that the activation volume was virtually indepen=-
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dent of the solvent, its value in 65% ethanol being ~-15 ml./mole while
that in benzene is -18 ml./mole. He concluded that the transition

state is virtually nonpolar, and that it is a cyclic structure.

Tonic Reactions

In order to make inferences concerning the nature of the
transition state of ionic reactions from activation volumes, some
means of separating AlV* and 52V* (gigg 53232) is required. The author
knows of no instance wherein such a separation has been experimentally
achieved, however, several authors have proposed models from which
estimates can be made. We have already considered that of Stearn and

28

for estimating the internal volume contribution, AlV*.

A detailed calculation of the solvent electrostriction contribution

Eyring

requires both a quantitative solution theory and knowledge of the
electrostatic character of the transition and initial states. Except
for the electrostatic character of the initiel state this knowledge is
not presently obtainable. Consequently only an empirical estimate of
the electrostatic contributioﬁ to activation volumes is possible.

Hamann,la'using Born's dielectric continuum model for the solvent
(eq. 2), concluded that the electrostatic volume decrease for the
development of a full electronic charge on a small spherical molecule
ranges from 10 to 30 ml./mole. Couture and Laidlerug_obtained the
value for A,V¥ of - 26 ml./mole in water.

Hamannla concluded that the solvation term will predominate in

all. reactions involving ionic species, but later modified this to be
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only a working hypothesis.2a G-onikberglb

questioned the effort spent
in model calculations of molecular and solvent effects since none of

the methods used take account of the change in molecular packing during

the activation process.
The kinetics of Menschutkin reactions have been widely studied as
a function of pressure. The various data available lead to several

generalizations.l¢

These reactions are strongly accelerated by an
increase in pressure, and have activation volumes in the range of -20
to =4O ml./mole at atmospheric pressure. The value of AV* for a given
example varies with the solvent, and decreases in magnitude with
increasing pressure. These observations are consistent with a highly
solvated transition state. Hamann and Teplitzkyh3 have shown that
these values of AV* decrease in magnitude as the size of the halogen
atom increases. The authors attributed this behavior to a decrease in

the electric field strength around the charged atom in the transition

state. It is known that such a field varies as the inverse of the

atomic diameter.
As a further test of the importance of solvation to ionic reactions ‘
Burris and Laidlerlm studied three bimolecular displacement reactions.
The basic hydrolysis of the bromopentammine cobaltic ion was shown to
have an activation volume of +8.5 ml./mole. Since the transition state
formation involves the partial neutralization of ionic charges, a
decrease in solvent electrostriction is to be expected; this is consis-
tent with the observed volume increase. The second reaction, that of

bromoacetate with thiosulphate, showed a value of -4.8 ml./mole for the
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activation volume while the neutral methyl bromoacetate gave a value of
+3.2 ml./mole on reaction with the same reagent. It is not surprising
that the solvent is electrostricted to a higher degree in the former
since a triply charged complex is formed. The reduction of the electri-
cal field intensity in the latter would be expected to result in a
decreased amount of solvent electrostriction, as is apparent.

It is well known that the entropy of activation of ionic reactions

Ly

also reflects the solvent behavior,u5 and Burris and Laidler  undertook
a study to determine whether there is a parallel behavior between as®
and AV*. They corrected the activation entropy for the contribution

due to changes in the number of species in solution. For example in a
bimolecular reaction the formation of one mole per liter of transition
state complex from two moles per liter of reactant produces a negative
entropy change due to the unmixing of one mole per liter of material

(in water this amounts to -7.9 cal./deg. mole). After carrying out such
a correction a good correlation of AV® and AS* was found, the signs
being the same in each instance.

Brower studied the effect of solvent polarity on the pressure
dependencies of various reactions.h6 He observed that reactions which
involve no change of polarization have essentially the same volume of
activation in polar and non-polar solvents. However, the variation of
activation volume for reactions in which ions are created or destroyed
amounts to a substantial fraction of the variation of partial molal

volumes of electrolytes among the same solvents. This is in accord

with the above observation for the pressure dependencies of Menschutkin
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reactions.
Baliga and Whalleyh7 have observed that the acid catalyzed hydration
of propylene has an activetion volume of —9.61dl/mole while that for

isobutylene has a value of -11.5 ml./mole. Since there is no net change

in the total number of ionic charges during the slow step of the reaction,
only a very small pressure dependence is to be expected. These authors
attributed the large volume changes to incorporation of a water molecule
into the transition states.

6

Buchanan and Hamenn™ studied the solvolyses of t-butyl chloride
and benzotrichloride in 80% ethanol. The results obtained were mainly
used to demonstrate the importance of solvation phenomena to activation
volumes. The authors thought the actual numbers to be in error in view
of the fact that the two rate vs., pressure curves intersected.u8 The
Stearn-Eyring theory28 predicted a value of +2.8 ml./mole for the activation
volume for t-butyl chloride solvolysis, and therefore a decrease in rate
with increasing pressure. In fact the reaction was enhanced by the -
application of pressure substantiating the importance of solute-solvent ‘~“!
interactions in ionic reactionms.

David and HamannLL9 extended the previous study to include both
neutral and alkaline solvolyses of alkyl halides using both hydroxide
and methoxide as the attacking base. It was found that the solvation
phenomena predominated in determining the effect of pressure on the
reaction rates. In each case the reaction proceeded faster at higher

Ly

pressures. This is contrary to the observation of Burris and Laidler

(vide supra) for the reaction of thiosulphate with methyi bromoacetate.
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Here the reaction was retarded by pressure supposedly because of dispersion
of the electrical field. In the alkaline solvolyses studied by David and
Hamann a charge dispersal undoubtedly occurs. However, it is possible that
the total charge on the transition state is greater than one electronic unit
even though the net charge is not increased. This could be the case if a
partial positive charge develops on the reacting carbon atom.

In support of the observations made by David and Hamann, the follow-

20 showed that the rate of the reaction

ing can be cited. Gibson, et al.,
of ethyl iodide with sodium ethoxide increased by 60% as the pressure was
increased by 3000 atm., while the alkaline hydrolysis of chloroacetate ion
increased in rate by 89% over the same pressure range.sl The value for the
activetion volume for these reactions is around -10 ml./mole, which is close
to the estimate made by Gonikberg37c for AlV*. The latter author presumed
that the value is likely to be even more negative, and attributed the smal-
ler value to a positive contribution from AQV*. |

Several studies on the hydrolyses of carboxylic esters have been con-
ducted under pressure. Laidler and Chen®2 observed activation volumes of
about -10 ml./mole for the alkaline hydrolyses of methyl and ethyl acetates.
The corresponding amides were observed to have volume changes on activation
of close to -15 ml./mole. These values were attributed to solvation phen-
omena related to the change in substrate polarization.

Le Noble and Yates53 have recently measured a stereochemical effect
using piezokinetics. They solvolyzed both the exo- and ggég-2-norbornyl

brosylates and found the former to have an activation volume of -14.3

ml./mole while the latter was 3.5 ml./mole more negative. Thus it would
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appear that activation volume date may be useful in distinguishing

the reactivity of one isomer from another.



CHAPTER 2

SOLVOLYSES

Several reviews concerning the mechanism of solvolyses reactions
are in print,su'56 and every textbook concerned with reaction mechanisms
has one or more chapters dealing with the sub,ject."”"57"59 It is
therefore deemed inappropriate to present yet another comprehensive
review of this subject especially in view of the fact that the mechanism
of solvolytic reactions is only indirectly related to the main thesis of
this work. The role played by the solvent in these reactions is the
principal interest in this work and therefore in this short review the
main emphasis will be placed on this aspect. A detailed account of the
knowledge of the mechaﬁism by which the substrate of interest to this

study decomposes solvolytically will also be included.

Mechanism

Since the appropriate mechanism applicable to benzyl chloride
solvolysis must be related to those mechanisms characteristic of the
alkyl ester type reactions, the present discussion will deal with those
mechanisms that are commonly applicable to alkyl ester solvolyses. In
solvolyses the solvent is generally present in very large excess compared
with the substrate under consideration, and therefore its concentration
does not appear in the solvolytic kinetic expression (pseudo first order).

However, the lyate ion of the solvent can be present in quantities
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comparable to that of the alkyl halide, and thus does appear giving rise

to the empirical expression

df:’q = & [RX] + k, [RX] [507] (8)

where SOH represents the solvent.r

60 r91'63 and Ogg,6h proposed a direct

Olson and Halford,~ Taylo
displacement reaction by the solvent. Bateman, Hughes and Ingold pointed
out that direct displacement by the solvent requires the amounts of
products to be proportional to the respective rate constants for reaction
with the components and to the activities of the components when mixed

solvents are used.65 This was not found to be the case in the solvolysis

65
65

of t-butyl chloride in aqueous ethanol and methanol. Similar results

were found in the ethanolysis of benzhydryl chloride. In effect,
addition of water was found to enhance the rate of alcoholysis.

Results such as this led to the conclusion that some substrates
undergo preliminary ionization to give a carbonium ion and the halide
anion; the rate determining step being the ionization, not the subsequent
attack of the solvent. This was first proposed by Ward.66 Ingold later
utilized an ionization mechanism to explain the hydrolysis of benzyl

67

chloride. This was followed by an extensive development by Hughes and

Ingold of what they called the S 1 and SN2 mechanisms,

N

The SNl mechanism consists of three processes--ionization,
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recombination and neutralization., The ionization step, being the only
endothermic one in this reaction, is rate determining. Evidence in
support of the heterolysis has been obtained by observing the formation
of stable carbonium ion complexes of triarylmethyl halides.hlb Further,
it was found that in the solvolysis of arylmethyl halides strongly
electron attracting substituents decrease the rate while electron
donating substituents enhance it in accord with the ionization
hypothes:’.s.L‘le In 1939, Ogg showed that ionization is energetically
unfavorable for the pfimary methyl bromide system since it would require
energy in excess of 50 kcal./mole.@+ Later calculations by Evans69 and
Franklin70 demonstrated that the required energies for secondary and
tertiary systems are, however, readily available for reactions in solution.

The'recombination reaction results from the ability of the carbon-
jum ion to combine with any nucleophile present in its vicinity. Recom-
bination is simply the reaction of the carbonium ion with the "parent"
anion to regenerate the substrate thereby decreasing the observed
reaction rate. Considerations of this process have led to such concepts

71

as internal and solvent separated ion pairs.

ionization .

g = = + X
recombination

v
so” Products (9)
SOH, '

neutralization
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The neutralization or product forming step is generally a complex
one owing to the variety of neutralizing agents. Reaction with the parent
anion results in regeneration of the substrate (vide supra). Added anions,
or those present due to ionization of the solvent, can also participate
in neutralization. If these products can further solvolyze the kinetics
become quite complex. It is also possible for the carbonium ion to react
with a hydroxylic solvent molecule to generate the corresponding oxonium
ion which will lose a proton leaving the alcohol or ether behind. Ogston
has defined the competition factor of a nucleophile as the ratio kY/ko
where kY and ko are the rate constants for reaction of the carbonium ion
with the nuclecphile Y and with water respec‘tively.72 However, these
competition factors are dependent upon the nature of the carbonium ion.
This results since the less stable a carbonium ion the less selective it
will be in its reactivity toward nucleophiles.

Aside from neutralization by addition to nucleophiles, the
carbonium ion can produce products by elimination of a beta proton, if
they are present, to generate an olefin. It is evident that if the ‘
ionization hypothesis is correct the ratio of elimination products to
displacement products must be independent of the nature of the leaving

Sha,

group in the substrate. This is in fact found to be the case.

The Sy2 mechanism is simply a one step displacement reaction by
an available nucleophilic reagent. Tertiary systems generally solvolyze

by the Syl mechanism while primary systems generally undergo SN2 reactions.
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Secondary systems are subject to both types of decomposition depending upon
the given set of conditions. It is necessary to point out that these two
mechanisms are limiting cases, and it is an academic question whether the
true limiting cases are ever observed. It is evident that borderline
cases do exist, i.e. reactions which cennot be classified as limiting SNl
or limiting S,.2. One example of such a species is the system of interest

N
to the present study.

Solvent Effects

Dielectric Constant

The ionization hypothesis leads to considerations of the
ionizing power of the solvent. Among the various measures of this
quantity, the dielectric constant (D) has been most widely used along
with various functions of this quantity--the Kirkwood equation perhaps
being the most popular.73 However, various studies have demonstrated
that functions of the bulk dielectric constant are not good measures of
the solvent's icnizing a.bili’cy.ﬂ*’75

Bateman, Hughes and Ingold showed that SNl hydrolyses which are
slow in "moist" acetone (D = 25) are rapid in "moist" sulfur dioxide
(D = 14) although both acetone and sulfur dioxide are non-h:ydroxylic:.7)+
Farienacci and Hammett found that for the solvolysis of benzhydryl
chloride in ethanol-water mixtures the graph of log k vs. l/D gives
fairly good linearity up to 3 molar water, but fails completely for the

three systems: ethanol-water, ethanol-nitrobenzene and ethanol-heptane
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mixtures.75 In fact three distinct curves were obtained. Hudson and
Saville pointed out that any relation between rate constants and
solvation free energies requires the rate to be an increasing function
of dielectric constant for reactions between neutral molecules, assuming
the transition state structure to remain constant.76 However,
Fairclough and Hinshelwood gave several examples of unequal rates in
isodielectric media.77 From these studies, and others in mixed

solvents, it has been demonstrated that the concept of a dielectric

continuum is inadequate to describe the solvent effect on rate processes.

Empiricel Parameters

In order to overcome the inadequacies of using bulk dielectric
constants as a measure of the ionizing ability of the solvent many
empirical parameters have been proposed. Grunwald and Winstein
suggested the use of Y-values determined from the relative rates of

78

t-butyl chloride solvolysis in various solvents, and this was further

advanced by Winstein, Grunwald and Jones.79 Although this scheme served

to correlate rates much better than did dielectric constant, it was
found that more than one curve was frequently required for reactions in
vaericus binary solvent m.edia,,5hb

Kosower has proposed that the energy (z) of the solvent dependent,
charge transfer absorption band of l-methyl-L-carbomethoxpyridinium
iodide be used as a measure of this property.BO The reasoning behind

this proposal lies in the fact that the dipole moment of the solute

changes orientation during the excitation process. By the Frank-Condon
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principle the solvent molecules cannot reorient themselves to accommodate
the molecular excited state, and therefore the electrostatic interaction
between the solute and solvent immediately after the excitation cannot be
optimum. The iodine exchange of methyl iodide, ethyl pyridinium iodide
formation, and keto-enol equilibrium of ethyl acetoacetate are well
correlated by this parameter.Bl A remarkable example of the usefulness
of Z-velues over dielectric constants is available in the solvolysis of
t-butyldimethyl swlfonium iodide,52

Other solvent parameters which have been proposed are the Swain
and Scott n and e parameters for measuring the nucleophilicity and
electrophilicity, respectively,83 the Swain and Dittmer b parameter
which was used to correlate 12k reactions,8u the Edwards E, and H

85

parameters for measuring the nucleophilicity and basicity, respectively,
and the Swain, Mosely and Brown dj and do parameters86 analagous to the

Swain and Scott n and e parameters.

Specific Effects

The main problem with the use of bulk dielectric constant lies
in the assumption that the solvent is a continuum. Specific effects
such as dipole-dipole interaction and hydrogen bonding are neglected.
Davis and LaMer87 pointed out that a linear dependence of rate on
dielectric constant can be observed even in the presence of a specific
interaction; it is only necessary that the specific interaction change

in a linear manner with dielectric constant.
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The empirical parameters described above tend to overcome this
difficulty by cancelling these specific effects provided that they are
identical over the range of solvents considered. 8o long as only minor
changes in solvent structure are involved this is probably a reasonable
assumption. However, for large structural changes the specific nature
of any interactions may vary in a manner suvch that cancellation does
not occur. For example the change of solvent from ethanol to acetone
undoubtedly involves changing from hydrogen bonding to dipole-dipole

interaction.

Binary Solvents. A cursory examination of the literature of the

past four decades reveals that an overwhelming amount of work has been
done in binary solvent systems. The reasons for this are rather obvious.
In order for solvolysis to occur, the solvent must be capable of providing
a lyate ion. The most common solvent capable of providing one is water,
but unfortunately most of the substrates of interest have only limited
solubility in this substance. Furthermore, solvolyses in water are often
too fast to be convenient for study. To overcome both of these
difficulties some miscible, organic liquid is added. However, it has
been.only during the past fifteen years;that the\specific effects of
these solvent mixtures have been probed.

Work by Tommila, Tiilikainen and Voipio88 and by Fainberg and
Winstein89 on mixed solvent systems give a good illustration of the fact
that large changes in solvent-solute interaction can occur when only

small changes are made in the solvent composition. Consideration of the
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free energy of activetion (logk) alone can conceal such effects.”® How-
ever, examination of the enthalpy and entropy of activation cen reveal
remarkable effects of solvent change.

Fairclough and Hinshelwood, using the reaction of methyl iodide
with pyridine, were among the first workers to observe these effects.9l
The asctivation energy was found to decrease rapidly as acetone was
added to benzene until the solvent contained 10% by weight of acetone
after which it remained fairly constant. When alcohol was used instead
of acetone a linear graph was obtained with positive slope. Nitrobenzene
produced some surprising results. On addition of nitrobenzene to acetone
the activation energy increased steadily until 90% nitrobenzene where it
decreased abruptly. As nitrobenzene was added to isopropyl ether or to
benzene a minimum was obtained in MH¥ at 10% nitrobenzene, and a maximum
occurred at 75%. The curves of logPZ were similar to those for the
activation energy.

Tommilae, et al., studied the alkaline hydrolysis of ethyl acetate
in various mixtures of water and organic solven’cs.92 They observed that
addition of methanol or ethylene glycol caused the rate to decrease,
while small amounts of the other organic solvents caused a slight increase
in the gate. Large amounts of organics always decreased the rate. In
each case, except methanol and ethylene glycol, a minimum was found in
AHT at 0.06 to 0.1 mole fraction of organic component. This was
attributed to a marked increase in the transition state solvation on

addition of the orgenic solvent component.

{
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Assuming the transition state to have the structure

$“%H H- - -OH

its external field is more powerful than the separated reactants, and
will therefore orient more solvent molecules than the reactants together.
Since both hydrophobic and hydrophilic groups are present in the trans-
ition state, suitable mixtures of water and organic solvents, having
specific attraction for the respective groups, will solvate this entity
to a greater extent than either pure component alone. This results in
the activation energy being lower than in the pure solvents themselves,

thereby giving rise to the observed minima.92 Support for this inter-

pretation has been found in the fact that as the temperature is raised
the depth of the minimum for t-butanol-water mixtures decreases,92 the
transition state being less solvated at higher temperatures due tv the
thermal energy of the solvent molecules.

Saponification of alkyl salicylates showed similar behavior.9)+
The methyl ester in methanol-water mixtures displayed a monotonic
increase in AH* with increasing methanol concentration. In aqueous

ethanol the ethyl ester was found to have a minimum activation energy

at 20% ethanol, while the i-propyl ester showed a larger minimum at the
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same composition of isopropanol.

Contrary to the behavior of ethyl acetate, ethyl formate shows no
minimum iﬁ ethanol-water mixtures,95 nor is one observed for the sap-
onification of ethyl oxalate. These esters, for which minima do not
appear, contain no hydrocarbon grouping in the acid part of the molecule.
This has led Tommila to conclude that a necessary requirement for the oc-
currence of a minimum is the presence of a hydrocarbon substituent.95
Tn such cases there is a hydrophobic attraction between the transition
state and the organic component of the solvent. When the solvent
composition is suitable the transition state solvation will be greater
than in either pure solvent component, and the activation parameters
will pass through a minimum at this composition. It was found that the
acid hydrolysis of ethyl formate does pass through minimum values of
AH* and AS*95--no explanation was offered.

In order to further investigate the requirement of a hydrophobic
interaction, Tommila and Maltamo studied the saponification of methyl
acetate.96 Once again aqueous methanol displayed no extremum behavior,
but aqueous acetone did give the minimum values. These workers con=-
cluded that the greater the hydrocarbon part of the organic solvent, the
greater its attraction for the hydrophobic groups of the transition state,
and the deeper the minima in the activation parameters.

Further evidence for the requirement of a hydrocarbon fesidue in
the substrate lies in the difference in behavior of ethyl oxalate and
ethyl malonate saponification. In aqueous ethanol and aqueous acetone

no minima are observed for the former,95 while the latter does give




33
rise to minimum values of the activation pa,ram.eters.g7 Since these
subsﬁrates differ only in the presence of a methylene group, it was
concluded that at least one such group is necessary in the acid end
of the molecule.

In neutral solvolyses of alkyl halides the rate determining
transition state involves partial charge separation and is more polar
than the initial state. In acetone-water mixtures the transition
state will tend to orient the more polar acetone molecules (u= 2.89
Debye compared with that of 1.85 Debye for water98a) such that additon
of acetone to water increases the total solvation of the transition
state thus causing a decrease in AH* and AS*.99 This results in a
minimum at 20% acetone.99 However, in the basic hydrolysis of alkyl
halides a dispersal of charge is involved in the transition state
fox‘mza;tionLFlc so that there is a decrease in the electrical field. It
is therefore to be expected that the activation parameters will initially
incresse with added acetone. Such an effect has been observed for

ethyl bromide which has a maximum at 18% acetone.99 This was explained

on the basis that as the acetone concentration increases the alkyl

groups of the transition state will attract acetone molecules more and
more whereas hydroxide solvation by water gradually weakens. Solvation
of the alkyl halide also increases with increasing acetone concentration,
but in dilute solutions each alkyl halide molecule surrounds itself with
a maximum number of acetone molecules in very dilute acetone so that
more acetone has only a slight effect.99 Such an explanation assumes

- that the initial state solvation environment of the alkyl halide is
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seturated with acetoné in highly aqueous solvents, whereas the transition
state solvation environment does not become saturated with acetone until
much higher acetone concentrations. Such a state of affairs could only
exist if the water molecules are brought into the transition state by
the hydroxide ion. In other words, the hydrocarbon part of the transition
state must be solvated by the acetone molecules which initially sur-
rounded the substrate, implying saturation of this environment by
acetone in very dilute acetone solutions, or the transition state must
exist for a long enough time to allow reorientation of the solvent
molecules. An alternative explanation, which cénnot be disproved, is that
solvent reorientation accompanies, and perhaps causes, formation of the
transition state--implying that the activation process is relatively long.
This latter seems more plausible than solvent reorientation during the
life-time of the transition state.

Activation enthalpy minima also have been observed for solvolyses
of methyl benzenesulfona.te,loo t-butyl chloride,lOl o~phenethyl chloride,102
isopropyl bromidelo3 and benzyl chloride.103 Hyne and Wonkka observed

that the solvolysis of E—butyldimethylsulfonium iodide passes through an
1,103

activation energy maximum in agueous ethano
In summary, the following trends might be noted. Alkaline
carboxylic ester hydrolyses all give minimum values for the activation
energy and logPZ (activation entropy) as the solvent compositipn is
varied provided that the hydrocarbon residues of the ester and the
organic solvent component are large enough to permit the occurence of

hydrophobic bonding. Neutral solvolyses of uncharged species display
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minima in the activation parameters, while charged species appear to
give maxima. The maximum velues found for basic hydrolyses of alkyl
halides do not agree with the carboxylic ester data, but agree with the
charge dispersal reaction of sulfonium salts. The one non-agueous

example of ammonium salt formation gives a maximum in AH*.

Solvent Sorting. In order to explain the activation parameter

103

extremum behavior, Hyne invoked a model of selective solvation. Such

a concept was not entirely new, having been used by Tommila for solvolysis

99

in aqueous acetone. In fact much earlier work did involve solvent
sorting interpretation. In 1927 Debye attempted a quantitative treatment
of ionic solvation using the concept of solvent sorting.loh Scatchard
considered differences in solvent composition between the vicinity of

the dissolved ion and the bulk solvent in aqueous ethanol.105 Until the
suggestion of solvent sorting by Tommila99 almost no mention of it appears

in rate studies.

Hyne's modellO3 assumes that a polar species in a binary solvent

is able to extract from the binary solvent a preferred solvation shell
consisting of a greater proportion of the more polar component than
exists in the bulk solvent. He assumes that in certain circumstances
the selectivity can be such as to yield a solvation environment con-
sisting entirely of the more polar solvent component. On this basis he
demonstrates that reactions for which the transition state is more polar
than the initial state should have an activation energy minimum, while

for reactions in which the initial state is more polar a maximum should
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occur.
This model implies that the greater the polarity of the transition
state the deeper should be the minimum in ionogenic reactions. This is

indeed observed.103’106

Hyne's model further implies that changing the temperature should
affect the depth of the minima since the higher the temperature the
greater the kinetic energy of the system, and the more difficult the
solvent sorting. Such a dependence was observed by 'I'ommila92 for ethyl

acetate saponification (vide supra), and by Hyne, Wills and Wonkkal0®

for
benzyl chloride solvolysis. Additional studies on E—methylbenzyl
chloride in various aqueous-organic binary solvents107 have verified
Tommila's findings92 that the depth of the extremum is strongly dependent
upon the nature of the organic solvent component.

This model accounts for the minima observed in neutral alkyl
halide solvolyses and the mexima in the neutral Efbutyldimethylsulfonium
iodide solvolysis and alkaline alkyl halide solvolyses. However, in

order to account for the carboxylic ester saponification minima, the

transition state must have a total charge greater than unity. Such a

structure could exist if the carboxylic carbon atom has some positive

charge density in the transition state.
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Recently, Arnett and co-workers have measured the heats of solution
of various reactive and non-reactive species in binary solvents.108’lo9
They have found that the heats of solution also pass through extremum
values at about the same solvent composition as the activation energies.
They do not behave in the monotonic menner proposed by Hyne.lO3 For
t-butyl chloride the observed dependence of solution enthalpy in ethanol-
water mixtures on compostion exactly compensates for the activation

108

energy dependence. This implies that the heat of solution of the
transition state is constant through the aqueous region of the binary
solvent range. On the basis of Hyne's model this in turn implies that

the transition state is solvated only by water over the solvent com-

108,109 1 .ve

position range in question although Arnett and co-workers
not stated that this implication necessarily follows from their
observations. ”
Whalley has studied the acid catalyzed hydrolyses of methyl
acetate and ethylene oxide, and found no minimum occurring in the

constant volume activation energy.llo He therefore concluded that the

extrema observed for the constant pressure parameters are trivial, and
are not related to the reaction mechenism. It would seem that such a
statement opens the question as to whether the immediate solvent environ-
ment should be considered as part of the reacting species. Evidently,
without a precise definition many an argument based solely on semantics

could arise.

Supporting Evidence. Additional evidence for solvent sorting does
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appear in the literature for non-solvolytic reactions. Olson and
Vogelll observed that a small addition of water to acetone changes the
activation energy for bromide catalyzed racemization of lfbromosuccinic
acid by 1000 cal./mole while further addition has & much smeller effect.
This was assumed to be due to a statistical distribution of water.
molecules largely in favor of the bromide ion--the hydrated bromide ion
being e wesker nucleophile.

Swain's "push-pull" mechanismlle

is based upon the assumption of
a very high degree of solvent sorting. He observed that in the presence
of both phenol and methanol the reaction of trityl halides in benzene
was fester than when only one was present. This he attributed to pre-

ferential solvation of the leaving anion by a phenol molecule, and

nucleophilic attack at the central carbon atom by methanol.

Benzyl Solvolyses

From the above review, it would appear that further studies

relating to the activation parameter behavior in binary solvents would
be most profitably pursued in either carboxylic ester saponification or
benzyl halide solvolyses in neutral media. For reasons which will be
presented later (Chapter 3) the benzyl systems appear to be more profit-
gble. Before such a study is underteken, a review of the knowledge
concerning the mechanism of benzyl "ester" solvolyses is appropriate.
The earliest quantitative studies of which the present author is
aware are those of Olivier and co-workers. In 1922 Olivier found that

2,2 molar sulfuric acid has no effect on the hydrolysis rate of benzyl
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chloride.ll3 Olivier and Berger found that benzyl acetate is not
affected by water over & period of four days at LO°C., but in the
presence of 0.024k molar sulfuric acid about 50% hydrolysis occurs.llh'
This, together with the previous findings of Olivier,ll3 led these
guthors to conclude that in general the rate of hydrolysis of ester
derivatives of strong acids, especially the mineral acids, are not
affected by the presence of hydrogen ions.

Olivier demonstrated that the influence of a substituent present
in the benzene ring on the reactivity of the side chain halogen parallels
the effect on the reactivity of the hydrogen atom of the benzene ring,115
and ascribed such influences to the theory of "alternate induced
polarities". This apparently is & piétorial description of bond dipoles
permitting the prediction of the effect of a substituent on the reacting
center as it affects changes in electron density at that center due to
inductive effects.ll6 This parallelism led Ingold to suggest that
benzyl chloride solvolyzes by an ionization m.echanism,67 since those
substituents which facilitate the reaction should facilitate the ejection
of a negative ion from the side chain.

Tn 1934 Olivier and Weber undertook an extensive study of the
solvolyses of benzyl chloride, benzylidene chloride and benzotrichloride
along with their ring substituted derivatives.ll7 They found that the
unsubstituted forms of the latter two compounds are not affected by
either hydrogen or hydroxide ions; benzyl chloride, however, 1is cat-

alyzed by hydroxide ions, although to a lesser extent than carboxylate

esters. This was explained by assuming that introduction of a second
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or third chlorine into the side chain produces a barrier to the approach
of the hydroxide ion. The substituent studies led these authors to
conclude that as well as the inductive effect a resonance effect exists
between the substituent and the reaction center, and the latter pre-
dominates whenever the two effects are opposed.ll7

Bennett and Jones found that the rates of solvolyses of m-halogen-
ated benzyl chlorides in 50% acetone are generally independent of the
substituent, whereas the ortho and para isomers show a strong dependency
on the substituent,ll8 the rates decreasing in the order F>>Cl>Br>I.

Roberts and Hammett studied the reaction of benzyl chloride with
mercury salts in aqueous dioxane.119 They noted that when a high
concentration of benzyl chloride is used a yellow transient color is
produced which they concluded was indicative of the presence of the
unstable benzyl cation as an intermediate in the reaction.

Beste and Hammett studied the reaction of benzyl chloride with

water, hydroxide and acetate ions in 61% dioxane.lzo They found that

the first order solvolysis rate constant decreases some 20% over a

ten-fold increase in initial alkyl halide concentration. It was also
found that addition of benzyl alcohol or chloride ions decreased the
specific rate although to a lesser extent than the alkyl halide itself.
They concluded that the regction simulates a true unimolecular reaction
because the increase in concentration of the reaction products, as the
reaction proceeds, and the subsequent retarding effect, compensates for
the decrease in benzyl chloride concentration which tends to increase

specific rate. Similar effects were observed for the displacement
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reaction with hydroxidelgo

where the second order rate constant decreases
by lh% when the benzyl chloride concentration is doubled. The acetate
displacement reaction was found to decrease by 13% for a 100% increase

in substrate concentration. It was concluded that this behavior cannot
be accounted for by changes in the activity coefficient of the substrate
alone.lzo The simplest interpretation which occurred to these authors
was that of ionization to give the benzyl cation which could then react
with water to form the alcohol, chloride ions to reform the substrate

or the other anions to form products,leo

It should be noted that benzyl
acetate was found to solvolyze under these conditions with a negligible
relative rate, kﬁCHgOAc/k¢CH201 = 0.0288.
Tucas and Hammett observed that hydrolysis of benzyl nitrate is
accompanied by first order decomposition to benzaldehyde and nitrous
acid in aqueous <iioxane.12l These reactions are also accompanied by a
second order reaction with hydroxide ion leading to the same products.
The solvolysis reaction predominates in neutral or acidic media. Benzyl
nitrate solvolysis has a AH™ value larger than that for benzyl chloride
by about U4 kcal./mole, whereas that for the hydroxide displacement is
5 kcal./mole larger than for the chloride. However, t-butyl nitrate and
t-butyl chloride have the same activation energies.121 Iucas and Hammett
concluded that the t-butyl compounds both undergb SNl solvolyses, whereas
the benzyl nitrate may solvolyze via displacement by a water molecule.
Miller and Bernstein studied the reactions of some substituted
benzyl fluorides with sodium ethoxide.122 The order of reactivity of

the substituents implied a predominant SN2 mechanism favored by electron

|
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withdrawal. Use of hydroxide did not follow the inductive order, but
followed that of Olivier and Weber for the reaction of substituted

117

benzyl chlorides with hydroxide in aqueous acetone. Miller and

Bernstein concluded that both S,1 and S_2 mechanisms are operative for

. N N
the fluorides. It was also found that the benzyl fluoride hydrolyses

d,122 whereas the benzyl chlorides are not.113 This

are acid catalyze
was attributed to hydrogen bond formation between the fluorine atom and
the hydronium ion, other halides being less capeble of forming hydrogen
bonds.122 The greater the electron density ebout the fluorine atom,
the greater should be its acceptor properties and the greater the
catalysis. This is in fact observed.122

Winstein, Grunwald and Jones observed that benzyl tosylate and
benzyl chloride both gave curved logk vs. Y plots.79 Since both primary
and tertiary systems which undergo only one or the other mechanism give
linear relationships whereas secondary systems do not, they concluded
that benzyl chloride solvolyzes by two separate processes, SNl and SN2.
Swain and Langsdorf found similar curvature for the Hammett plots of
benzyl chloride solvolyses,123 and concluded that rho for this reaction
is a function of sigma because p-methoxy not only stabilizes a transition
state with a high positive charge, but also increases the capacity of the
alkyl group for a positive charge. Therefore a higher degree of bond
breaking relative to bond formation is favored and rho is more negative.
A strongly electron attracting group, on the other hand, should increase
the alkyl group capacity for negative charge and favor bond making;

therefore a more positive rho. Since this effect is basically mesomeric
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n origin, meta substituted benzyl chlorides should give less curvature which

as observed.123

73

12k found a linear Kirkwood relation

Kochi and Hammond for
enzyl tosylate solvolysis (vide supra), but also found curvature for
he Hammett plot, p-methoxy and p-methyl being the worst points. Since
hese are also the worst points in the benzyl chloride case,123 the same
‘actors probably apply to both solvolyses. These authors concluded that
ince rho is more negative for the tosylates than for the chlorides
omitting the two aforementioned substituents), the tosylates undergo
jore bond breaking, and there is a large formal charge on the alkyl
rroup in the tosylate transition state. The deviation of the p-methoxy
ind p-methyl groups may be due to a mesomeric effect.

Charlton and Hughes observed that a methyl group in the para or
>rtho position of benzyl chloride have about the same accelerating
affect.125 Since introduction of a second o-methyl group accelerates

she rate by the same order of magnitude as the first, it was concluded

-hat there is no steric effect and hence no change in the SNl mechanism.

Bensley and Kohnstam studied the solvolysis of benzyl chloride in
50% aqueous acetone and 50% aqueous ethanol.126 The negative values
found for Acz'were attributed to increased solvation associated with the
development of electric charge at the transition state. A p-methyl or
a-chloro group was found to enhance the rate by increasing the activation
entropy, while electron releasing substituents accelerated Syl solvolyses
by reducing AH*. Therefore, these authors concluded that this reaction

is probably not SNl. The ratio of heat capacity of activation to the
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entropy of activation was found to be independent of the substrate for

the SNl reactions of benzylidene chloride and benzotrichloride.127

This

is because the relative degree of solvation in the two states is the most
important factor in determining the magnitude of these two activation para-
meters, therefore the ratio would depend solely upon solvent and tempera-
ture for SNl reactions. The decrease found for this ratio on going from
benzylidene chloride to benzyl chloride was taken to mean that the latter
does not solvolyze via the SNl mechanism, but involves some co-valent
attéchment to a solvent molecule.

Robertson and Scott128 have criticized Bensley and Kohnstam's crit-
erion for reaction mechanism..l‘26’127 Since AS® = ASS + AcglnT, and since
ASS is positive while AC§ is negative for all the compounds studied, rs®*
must equal zero when T = exp(-ASS/Ac;). On either side of this temperature
the ratio ACS/AS* will have different signs. Therefore the physical signi-
ficance of this ratio is difficult to envisage. Allyl bromide and iodide
undergo a sign change in the activation entropy with temperature such that
the heat capacity to entropy ratio must change sign. Consequently it is

difficult to interpret the sign and the magnitude of this ratio. The heat

capacity of activation for benzyl chloride and the allyl halides are all
negative, and similar in magnitude to the heat capacities for weak acid
ionizations. Therefore, the transition state can be either a unimolecular
heterolytic bond cleavage or an SN2 attack by a water molecule.

The evidence in favor of SNl solvolysis of benzyl chloride was

summarized by Bensley and Kohnstaml26 as being a constancy of rate
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increase on successive ortho m.ethy’la.tion,125 alteration of the rate by
para substituents by velues expected for Syl reactions118 and the mass
law retarding effect of added chloride ion.57 The behavior of benzyl
chloride was concluded to be consistent with an increasing tendency to
react unimolecularly as the ionizing power of the solvent is increased.126
This argument derives support from the increasing value of
k50% ethanol/k5o% acetone in the order p-nitro < H < p-methyl. Since
the ionized structure has more contribution to the transition state’
hybrid, the solvolytic behavior may approach that of a unimolecular
process since the effect of changing experimental conditions on the
stability of the ionized structure will be an important factor in deter-
mining the rate.

In studying the product ratio from benzyl chloride solvolysis in
aqueous ethanol, Kohnstam and Robinsonlg9 found that it does not adhere
to the Olson-Halford equation.6o This was found to be the case for
SNl solvolyses,65 but the SN2 solvolysis of n-butyl bromide does give
the Olson-Halford predicted results.l3o Unimolecular solvolysis could
explain the benzyl chloride behavior, but the previous work by Bensley

and Kohnstam.l27

showed that a solvent molecule participates in the
transition state. Kohnstam and Robinson concluded that this behavior
could be explained by solvent sorting such that the vicinity of the
substrate is richer in water than in ethanol.129
Tommila, et al., have reviewed the literature of benzyl chloride

solvolysis.l3l They concluded that the neutral solvolysis mechanism

involves co-valent participation by the solvent to an extent dependent
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the Olson-Halford predicted results. Unimolecular solvolysis could

explain the benzyl chloride behavior, but the previous work by Bensley

and Kohnstam127 showed that a solvent molecule participates in the

transition state. Kohnstam and Robinson concluded that this behavior

could be explained by solvent sorting such that the vicinity of the
29
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substrate is richer in water than in ethanol.l
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Tommila, et al., have reviewed the literature of benzyl chloride

solvolysis.l3l They concluded that the neutral solvolysis mechanism

involves co-valent participation by the solvent to an extent dependent
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upon the nature of substituents and the nature of the solvent. 1In
hydrolysis the B—nitro derivative appears to be very near the classical
Sy mechenism with considerable 0-C and C-Cl co-valent bonding and small
charge separation. However, the transition state of the p-methyl
derivative must have large fractional charges on the carbon and chlorine
atoms and very little O-C bond formation--very near the classical SNl
limit. The unsubstituted.compound shows mechanistic properties very
similar to the p-methyl derivative,

In summary it may be concluded that the classification of the
solvolysis of benzyl chloride itself as SNl or SNQ cannot be made.
However, it can be concluded that the transition state is more polar
than the initial state and has a stronger electrical field. This would
be the case in either the limiting SNl (structure III) or SN2 (structure
IV) mechenisms, and must therefore be the case for any mechanism in

between. Consequently this system is useful from the viewpoint of
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studying solvetion phenomena asséciated with reacting systems. The
accessibility of the rates of benzyl chloride solvolysis in various
solvents over convenient ranges of temperature and pressure Serves to

accent its utility as a tool in this type of study.




CHAPTER 3

PROPOSAL

Since activation volumes invariably reflect sol#ation changes in
jonic reactions (Chapter 1), it would seem that they might shed more
light on the phenomenon causing the extrema discussed in Chapter 2. It
is therefore proposed that the pressure dependence of a solvolysis
reaction be studied as a function of both pressure and solvent
composition in binary solvent media, Since small changes in the activa-
tion volume with solvent composition change are to be expected, a precise
method must be used for obtaining the rate constants in order to minimize
the uncertainties in the activation volumes. An in situ conductimetric
method meets this requirement.132 Since alkaline hydrolyses involve
exchange of ions in solution, changes in electrical resistance would
be small. Also, reactions of this type generally have small magnitudes

for the activation volume (Chapter 1), so that any dependence on solvent

composition may not be observable. Therefore, a neutral solvolytic
reaction would probably give more meaningful results. Of the systems
available, benzyl chloride and B—methylbenzyl chloride have been

subjected to the most scrutiny as regards activation parameter

extrema}06’lo7’l33 The latter has been studied in a large number of
solvent systems,lo7 and therefore would seem the logical choice. However,
the data are available at 30°C., and at the time this study was undertaken

thermostating equipment operable at this temperature was not available,
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Therefore benzyl chloride at 50,25°C. was the system chosen.

Two of the obvious solvent systems to be studied, from the
preceding chapter, are those of aqueous ethanol and aqueous methanol.
The values of the activation energy for the former are availa.ble,106
while the latter is interesting in view of Tommila's findings that no

92,96

extrema occur in this system. It is therefore proposed that these
solvent systems be exploited. In order to test the hydrophobic bonding
hypothesis suggested by Tommila,92’96 it is proposed that higher
alcohols be used as the co-solvent with water. Such a choice would
minimize changes in the nature of specific interactions, although the
strength of such interactions would undoubtedly be affected. Therefore,
it is proposed that i-propanol and t-butanol be used. The choice of
these alcohols rather than the normal isomers is dictated by the low

; solubility of n-butanol in Water,98b and is recommended by the deep

minimum observed for AH* for R-methylbenzyl chloride solvolysis in

107

aqueous t-butanol.

In order to compare the various activation parameter dependencies,

it is necessary to have them all available. Since the ethanol-water
system is the only one for which benzyl chloride solvolysis was studied
% as a function of temperature, it is necessary to measure the temperature
dependence of the solvolytic rate in the various solvent systems

mentioned. It is therefore proposed that the atmospheric rate constants

for these systems be measured at 140.00° and 60.50°C. so that the enthalpy

and entropy of activation can be determined as a function of solvent

composition.
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Since discussion of the reason for the solvent dependence of av*
must involve the individual contributions of the initial and transition
states, it would be helpful to know the behavior of the individual
states. Therefore, it is proposed that the partial molal volume of benzyl
chloride in each of the solvents to be studied be measured. Such deter-
minations can be made using the dilatometric technique of Shinoda and
Hildebrandl3% after modifying it for reactive species (see Chapter 7).

The partial molal volume of the transition state is therefore given by

- * -
Vg = AV + V. (10)

Since Whalley has observed that the constant volume activation
energy is a simple function of solvent composition for the acid

catalyzed hydrolyses of methyl acetate and ethylene oxide,135

it is of
interest to determine whether the same dependence is found in the neutral

hydrolyses. Whalley has used eq. 11 to calculate the constant volume

MUY = aHT - T2av* (11)
P K

parameter, rather than the more rigorous relation
V). (12)

Eq. 11 assumes that the partial molal ratios &/E of the two states are

identical to that of the bulk solvent, a highly gquestioneble assumption




SR S

50
in view of the lack of such information. However, it is proposed that
the values for d and ¢ of the solvents used in this study be measured
in order to evaluate eq. 11, and determine whether a simple relation is
also found for the neutral solvolysis. The values of the partial molal
d could be determined by measuring the partial molal volume of benzyl
chloride in each solvent (Xigg EEEEE) at two different temperatures.
However, since the partial molal k's cannot be evaluated, such
measurements seem impractical at this time.

In summary, the activation volume, enthalpy and entropy for
benzyl chloride solvolysis in aqueous methanol, ethanol, i-propanol and
t-butanol are to be determined from the temperature and pressure depen-
dence of the rate constant. The partial molal volume of benzyl chloride
is to be determined in each of the solvent systems. The thermal ex-
pansivity, d, and the isothermal compressibility, k, of each of the

solvents is to be determined, and used to eveluate the activation energy

at constant volume for benzyl chloride solvolysis.




PART II

KINETIC MEASUREMENTS




CHAPTER 4

EXPERIMENTAL I. KINETICS

The High Pressure Apparatus

A schematic diagram of the hydrostatic systems is presented in
Fig. 1(a). The high pressure vessels (rig. 1 (b)) are modified
versions of the AEM series manufactured by Autoclave Engineers, Inc.
(Erie, Pennsylvania). They are each equipped with four Covar leads
which pass through the cover, and which are insulated from the bomb by
porcelain. A brass mounting fitted to the outside of each cover holds
the BNC series coaxial connectors ( Amphenol-Borg Electronics Corp.;
Chicago, T1llinois) which are connected to the Covar leads. The connect-
ing wires are insulated with fiber glass spaghetti.

Pressurization of the fluid in the reactors was accomplished by
means of air-hydraulic intensifier type pumps. That for the 60,000
p.s.1.g. system was manufactured by Autoclave Engineers, Inc., and that
for the 30,000 p.s.i.g. system was American Instrument Co.'s (silver
Springs, Maryland) 40,000 p.s.i.g. model. The air was supplied by an
Ingersoll-Rand (New York, N.Y.) Type-30 compressor operating between
125 and 150 p.s.i.g. The pressurizing liquid was Blackhawk LX-21
hydraulic fluid (Blackhawk Manufacturing Co.; Milwaukee, Wisconsin).
Pressure measurement was accomplished by means of 16 in. dial Bourdon
tube gauges manufactured by Heise-Bourdon Tube Company (Newtown, New
Jersey). The 61,000 p.s.i.g. gauge was calibrated in units of
50 p.s.i.g., while the 30,000 p.s.i.g. gauge was calibrated in units

of 20 p.s.1l.g.
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Automatic pressure control was accomplished by the use of
specially designed switching devices (Fig. 2 (a)) located in the face
plates of the gauges. The main pointer of the switch was preset to the
desired gauge pressure, and the pump activated. When this pressure was
reached, the gauge needle lifted the auxiliary side arm of the switch
away from the main pointer causing a break in the control circuit. This
deactivated a relay system (Fig. 2 (b)) resulting in the closure of a
normally closed selenoid valve (Skinner Electric Valve Div.; New
Britain, Connecticut) located in the air supply line. When the pressure
fell contact between the suxiliary side arm and the main pointer was re-
made, activating the relay system, causing opening of the solenoid valve,
and resulting in commencement of pressurization.

It should be noted that a delicate balance of the watch spring
tension in the switching device was necessary to avoid distortion of the
gauge needle while furnishing positive contact between the side arm and

pointer. This method enabled the pressure to be controlled to better

than *200 p.s.i.g. over the entire range agbove atmospheric. While this
pressure fluctuation may appear large it represents only a meximum 4%
pressure change at 5,000 p.s.i.g. The sensitivity of measured rates to
pressure is such that any resultant effect on rate is within thg experi-
mental ‘errors claimed for the rates particulary in view of the fact that
these pressure fluctuations are averaged out over the course of the re-
action time studied. It was found helpful to coat the contact points of

the switch with silver solder to insure good electrical contact.
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Thermostats

The thermostats for both the high pressure kinetics and the
kinetics at atmospheric pressure were of the same basic design, but
differed in size. The hydrostatic vessels were bolted to support
plates which were suspended by means of chain hoists in 55 gallon
oil thermostats (Voltesso 35 Trensformer Oil; Imperial Oil Ltd.).
Two vertical guide rods mounted in the thermostats passed through holes
in the support plates, and prevented swaying of the bombs. Each 55 gal.
drum was wrapped with asbestos paper and a 50 ohm non-inductively wound
coil of nichrome wire. The entire apparatus was placed inside a wooden
box, and the annular space filled with vermiculite or fiber glass insula-
tion. The nichrome coil was used to heat the thermostat to within ten
degrees of the desired temperature. Final heating was accomplished by
a 250 watt infra-red heating lamp, immersed in the oil, which was con-
trolled by a thyratron relay system activated by a mercury in glass
thermoregulator. Efficient stirring of the oil was accomplished by an
Eberbach immersion pump (Universal Electric Co.; Owosso, Michigan) and
a 4 in. diameter propellor type stirrer. The temperature was measured
with a six degree Beckmann thermometer which had been standardized
against a platinum resistance thermometer (Leéds & Northrup; Phil-
adelphia, Pennsylvania). In an air conditioned room at 22°C. ambient
control to within 0.005°C, was obtainable. The thermostats for the
atmospheric studies were of identical design, but ranged from 5 to

25 gallons in size.
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Temperature Equilibration

In order to determine the time interval required for the reaction
mixture to come to thermal eqﬁilibrium inside the hydrostatic chamber two
studies were conducted. The apparatus depicted in Fig. 3 was used to
measure the temperature directly. A thermocouple cell (Fig. 3(p)) of
somewhat greater capacity than the conductivity cells used (see below)
was filled with water at 0°C. This was placed into the hydrostatic
vessel, the thermocouple leads being soldered to the bomb leads. A
matched thermocouple in an ice-water mixture was used as a reference,
and the voltage difference between the two thermocouples was recorded as
s function of time. The zero was set with both thermocouples in an ice-
water mixture, and the gain was adjusted with the "hot" thermocouple in
the thermostating fluid. A 90% deflection of the recorder chart was
obtained. Afte; the vessel was lowered into the thermostat, the "hot"
thermocouple was connected to the recording apparatus (Fig. 3(a)). It
was found that after 25 to 35 minutes the temperature of the water in the
thermocouple cell was equal to that of the thermostat, 50,25°C. , within

0.2°c.(Fig. 3(c)). Initial pressurization of the apparatus did not

appear to alter the time interval for temperature equilibration.

The second study involved the use of electrical conductivity. A
conductivity cell of the type described below was filled with an aqueous
solution of 5 x lO'u molar potassium chloride at OOC.,and placed into
the pressure vessel. After lowering into the thermostat, the electrical
resistance of the solution was measured ot one minute intervals. It was

found that after 30 minutes the change in resistance between readings was
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only two or three ohms, indicating that the cell contents were very
close to thermal equilibrium. As the initial drop in resistance of a
typical kinetic run was 1000 ohms or greater, the effect on conductance

of the slight deviation from thermal equilibrium could be ignored.

Conductivity Apparatus

cells

Three types of conductivity cell were used in this study. For
determining the atmospheric pressure rate constants at 40.05°C. and
60.50°C. the cell shown in Fig. 4(a) was used. These had a capacity
of about 50 ml. The side arms were filled with mercury permitting the
cells to be connected to the conductivity bridge by dipping one end of
the bridge connecting wire into the mercury side arms. After f£illing
the inner compartment the cells were heated in a water bath to the
approximate thermostat temperature,‘and then sealed and wiped dry prior
to insertion into the thermostat.

The high pressure conductivity cells (Fig. 4(b) and (c)) were
used for all rate measurements at 50,25°C. The single compartment cells
had a capacity of 15 ml., and were used for the faster rates requiring
resistance measurements every minute orAless. The double compartment
cells were used for determining the duplicate rate constants simulta-
neously when the rate was slow enough to permit. Each compartment had
a capacity of about 8 ml. After filling, the 0.25 in. diameter plugs

were inserted into the precision bore glass tubing, care being taken
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not to entrap ;ir bubbles. The cell electrodes were then connected to
the bomb leads with 20 gauge braided copper wire insulated with fiber -
glass spaghetti. All connections were soldered to prevent their
separation. Buchanan and Hamann6 have used mercury to seal their
conductivity cells and to transmit the pressure. The use of teflon

16

pistons was preferred in view of the findings of Wall and Gill that
below concentrations of 0.1 N. electrolyte mercury contaminates the
solution. Leakage past the pistons did not produce any problem, indeed
when decompressed very slowly none of the pressurizing fluid was observed
jnside the cell indicating that no fluid enters during compression or
during the course of the conductivity measurements.

The main problem which arose in the use of these cells was
fracturing of the glass to platinum seals. This was more of a problem
above 20,000 p.s.i.g. than at the lower pressures. Tnconvenient as it
was, this behavior was tolerated, and the cells simply replaced at

necessary intervals. These cells were usually constructed in batches

of six at a time, and it was frustratingly found that elther a batch was

adequate or completely unusable. The reason for this was never determined.

Various types of graded seals were tried, but proved to be unsatisfactory.

Bridge

The A. C. conductivity bridge was of conventional design, but
specially constructed by Mr. T. Clement of this department from high
precision components. A sensitivity of one ohm in eighty thousand was

attainable. When the resistance of the cell did not fall within the
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range of the bridge (0 to 111,111 ohms) a precision 100 Kohm resistor
(+0.1%) was placed in parallel with the cell., Wills has shown experi-
mentally that such a procedure has no effect on the extracted rate con-

13

stants: 6 All connections between the cells and the bridge were made
with metal sheathed coaxial cable.

In order to determine the effect that the inherent pressure
fluctuation would have on the measured conductivity, an aqueous solution
of 10-3 molar hydrochloric acid was placed in a conductivity cell. The
electrical resistance of the cell was measured at 10,000 p.s.i.g. in-
tervals between atmospheric pressure and 30,000 p.s.i.g. It was found
that the maximum sensitivity of the conductance to pressure was at
atmospheric pressure where the variation was 0.0008% per p.s.i.g.
(30°c.). Thus, for the 200 p.s.i.g. fluctuation inherent in the pressure
regulating system described previously, a maximum error of 0.2% could be
expected. It might be noted that for relatively long runs the pressure

fluctuation was very slow, and this 0.2% represents an absolute maximum.

The kinetic results indicate that this source of error was negligible. i

The Kinetic Method

The mixtures of alcohol and water were prepared by weight to
+0,0002 mole fraction. Solutions of approximately 5 x lO")+ molar alkyl
halide in the desired solvents were prepared by weight, and filtered into
a vial equipped with a stopcock and standard taper Jjoint. The vial was
then closed with a rubber septum, and the solutions degassed by twice

freezing, evacuating to a pressure of about 10"3 mm. Hg and thawing.
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The evacuated vials were stored in an ice-water bath until needed. If
the rubber septum had been punctured previously, a piece of masking
tape was placed over it to seal the pin hole. The solutions were geﬁ-
erally used within 24 to 48 hours for the 40° and 60° runs; storage
times were longer for the 50° yuns. This was because the entire solution
was used for the duplicate runs at atmospheric pressure, but only 20 ml.
was necessary for the high pressure runs. In any event, the solutions
were never kept longer than approximately one quarter-life at 0°c¢.
Although this pefiod was never actually determined, the initial resist-
ances of the kinetic runs showed that no significant solvolysis had
occurred during storage.

The degassing was necessary to prevent formation of air bubbles
on the electrodes of the cell. It was found in the preliminary studies
that discontinuous decreases in resistance occurred frequently; It was
further found that when the filled cell was heated to a temperature in
excess of ambient, a profusion of air bubbles formed on the inner surface.

Degassing the samples resulted in the cessation of resistance discontin-

uwities. It would appear obvious that if bubble formation were a problem,
the rate determinations at higher pressures would exhibit little or no
discontinuities. This in fact was observed, but degassing the samples
did appear to give better results even at the higher pressures.

Different times were required to obtain thermal equilibration of the
cells at atmospheric pressure (cell not in a high pressure vessel) com-
pared with cells inside the reactor. Accordingly different techniques

were employed for the two types of study.
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For the atmospheric rates at 40° and 60° the following method was
employed. The storage vial was thoroughly agitated to assure homogeneity.
It was then warmed under tap water, with agitation, to epproximately room
temperature or slightly warmer. The vial was wiped, and the vacuum re-
leased. The solution was then poured into the conductivity cells whose
side arms had previously been filled with mercury. The cells were sealed
except for a small opening, and they were heated in a water bath to the
approximate temperature of the thermostat then sealed. After being
wiped they were placed in the appropriate thermostat. This method pre-
vented the development of two problems. Sealing the cells after pre-
heating them to the desired temperature assured that no pressure build-
up occurred. Although the amount of pressure would certainly have no
measurable effect on the rate, it could be great enough to crack the
platinum to glass seals. Secondly, preheating the cells insured that
disturbance of the thermostat equilibrium would be a minimum, Since the

thermostats held from six to twelve cells each, there usually were some

cells already in the thermostat. This technique helped to keep these
cells undisturbed while others were being introduced into the bath.

A minimum of fifteen minutes was allowed for thermal equilibra-
tion. Twenty resistance measurements were taken over & period of time
approximating one half-life of the reaction. After about two half-lives
had elapsed a second set of measurements was made at the same intervals
as the first. It should be noted that, for convenience, the time inter-
vals between consecutive measurements of the set of twenty were constant,

Fach rate constant was determined in duplicate during simultaneous runs
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in different cells. If the half-life of the reaction was such as to
require measurements every minute or less, non-simultaneous duplicate
determinations were conducted.

As previously stated the rates determined in the hydrostatic
vessels utilized a different technique. The rate determinations at
atmospheric pressure and 50.25°C. (the temperature at which the high
pressure rate constants were measured) were also determined inside the
high pressure vessel in order to insure consistency in the 50.25°C.
results at all pressures., However, the results obtained, on comparison
with those at atmospheric pressure and 40.05° and 60.50°C., indicate
that this precaution was unnecessary. Time therefore could have been
saved by determining all of the atméspheric pressure kinetics in the
sealed conductivity cells outside the high pressure reactor.

New high pressure conductivity cells were initially cleaned with
hot concentrated nitric acid and distilled water after the method of Murr
and Shiner.137 They were then kept filled with double distilled water
(see below). Prior to a kinetic run each cell was aged for 12 hours at
the pressure and temperature to be used. An ageing solution of 5 X ].O')Jr
molar hydrochloric acid in the solvent to be used for the kinetic run
was used. The cell was then removed from the high pressure vessel,
emptied and rinsed thrice with acetone and thrice with double distilled
water.

After thorough agitation, the vacuum in the vial containing the

reaction mixture was released, and the desired amount of solution ex-

tracted through the rubber septum into a syringe. The aged reaction
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cell was rinsed twice with the solution, and then filled to the top of
the precision tubing. The teflon pistons were inserted displacing some
of the solution. The method minimized the entrapment of air bubbles.
The cell was then placed into the hydrostatic vessel which was lowered
into the thermostat and connected to the pressurizing system. The
‘vessel was brought up to the desired pressure, and sufficient time was
alloted for thermal equilibrium to occur (30 minutes for those runs
having half-lives of less than two hours, and 60 minutes for the longer
runs). Resistance measurements were then taken in the same manner as

for the atmospheric kinetics.

Materials Preparation

Single distilled water was passed through T1llco-Way deionizing
resin. It was then distilled in a pyrex apparatus from which atmos-
pheric carbon dioxide and water vapor were excluded, and stored in
polyethylene containers.

Standard hydrochloric acid was prepared by the method of Hulett

and Bonner.138 Concentrated hydrochloric acid, 240 ml., was mixed with
distilled water, 160 ml. The mixture was distilled through a glass helix
packed fractionating column at 660.0 mm. Hg. The first fractions were
discarded, and the main distillate was collected to give a solution of
20.47% (wt.) H01.138

Fisher certified reagent potassium chloride was used without
further purification.

The methanol used was Fisher certified reagent grade. It was
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dried over magnesium turnings by the method of Iund and Bjerrum}39
Methanol, 100 ml., was added to S‘g. magnesium turnings along with a
small crystal of iodine. The mixture was refluxed overnight. An addi-
tional 1 liter of the alcohol was added, and the refluxing resumed for
another 12 hours. The alcohol was then distilled through a glass helix
packed fractionating column, the first 100 ml. being discarded.

Ethanol was Reliance Chemicals absolute ethanol. It was dried
and distilled in the same menner as the methanol.

Isopropanol was Eastman white label reagent. The alcohol,
100 ml., was refluxed with anhydrous calcium metal, 5 g. After the
isopropoxide was completely formed, 1 liter additional alcohol was added,
and the mixture refluxed overnight. It was then distilled through a
glass helix column, the first 100 ml. being discarded.

E;Butanol was Fisher certified reagent grade. It was dried over
anhydrous potassium carbonate and distilled.

Recovered alcohol water mixtures were distilled to concentrate
the alcohol. The distillate was dried over calcium oxide for several

days and distilled. The distillates were then treated by the above

procedures.

Bastman white label E-butyl chloride was used without further
purification.

Fastman white label benzyl chloride was distilled at 23.5 mm. Hg,
and the middle portion was collected at 78.5 - 80.0°C. It was period-

ically distilled in small quantities at 10'3 mm. Hg as needed.



CHAPTER 5

RESULTS I. KINETICS

Rates
As previously mentioned (Chapter L) the progress of the benzyl
chloride solvolysis was followed by conductimetric monitoring of the

hydrochloric acid produced. The rate expression for the pseudo first

order reaction is

a [peHpCI)
at

= k[pcHycl . (13)

The rate of disappearance of benzyl chloride equals the rate of

production of HCL so that the concentration of substrate at any time t is

n of acid at time

(1) ‘

equal to its initial concentration less the concentratio

t. Therefore

- e Zt- b k( [peHyel] - LHCL)

or
el _ y([popcn] o - [HOL). (15)

On integrating eq. 15 we obtain eq. 16. The concentration of acid at
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kel = [Berycl (1 - eK) (16)

any time t is obtained from the electrical conductivity, Ay, by eq. 17.

Substituting this into

el . A= - At
fch. . M - Ao (a7)
eq. 16 gives
oy ( A== Aty o [hoHycr]o(1 - 7K. (18)
o fAy - . AO

Since one mole of hydrochloric acid is produced for every mole of benzyl
chloride decomposed, [¢CH20110 = [HC1),, . Rearranging eq. 18 therefore

gives eq. 19
A=, - (A, - Ao)(l - e kty (19)

If Ay at some time t is subtracted from the value at some time

t+#it we obtain eq. 20. Teking Naperian logarithms

hpaat “Ag T ':(A°° = AO)(e-kt)(l - e-kAt) (20)

gives eq. 21l.
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1n(A A) = -kt In((A - A (1 - &) (21)

tHAE ot

If a set of conductance measurements is taken at times tl, t2,
t3,... and another set at the times tl+At, tot+At, t3+At,... such that
At is a constant interval, then the second term on the right hand side

of eq. 21 will be independent of time. A plot of 1n(A - At) vs.

t+At
t is therefore linear with slope of -k. This method was originally
proposed by Guggenheim;ho who demonstrated that the best results are
obtained when At is approximately two half-lives of the reaction. A
typical set of data for this analysis is presented in Table I and Fig. 5
(1/R = A x const.).
The use of a shunt across the cell to lower the effective

resistance (p. 62) has been shown experimentally to have no effect on the
results.l36 That this was to be expected can be demonstrated in the

following menner. If the shunt resistance is RS and that of the cell is

Rc’ then the measured resistance, RB, is
.L. = .!'— + 1‘-—, (22)
R. Rg

Subtracting the value of l/RB at time t from the value at time t+At

gives eq. 23 which is equivalent to

1 1 _ 1 .1 1 1 (23)
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TABLE T

Conductimetric Rate Determination No. 288

Substrate: Benzyl chloride, 3.9 x 1074 moles/liter

Date: 28 Jan. 1965 Solvent: X;_propanol O-10004
Temp.: 50.25°C. Pressure: 20,000 p.s.i.g.
Time Ry R, 106 x A(1/R) 1n(A(1/R))
(min. ) (ohms) (ohms) (ohms)

0 72620 27289 22,87k -10.685
15 65865 27088 21.73L -10.737
30 61196 26867 20.879 -10.777
45 56223 26665 19.716 -10.834
60 52630 26493 18.745 -10.885
75 Lok26 26337 17.737 -10.940
90 L6867 26192 16.843 -10.992

105 4L678 26053 16.001 -11.043
120 42785 2592L 15.202 -11.094
135 L1225 25794 1k.512 -11.14
150 39814 25689 13.810 -11.190
165 38451 25582 13.083 ~11.24h
180 37294 25486 12.5423 -11.296
195 36246 25390 11.796 -11.348
210 35311 25291 11.220 -11.398
225 34401 25205 10.606 -11.L454
2Lo 33653 25126 10.08k4 -11.505
255 32956 25050 9.5767 -11.556
270 32314 24978 9,0889 -11.608

285 31737 24910 8.6356 -11.660
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eq. 24. Therefore, the use of the observed resistance when a shunt is

1 1
Rpent BBy

= (A - 4 ) x const. ‘ (24)
CTeeat 0t
placed across the cell does not alter the form of eq. 21 or the result
obtained. Tt should be noted, however, that use of the shunt lowers the
sensitivity of the measurements, and should not be used unless necessary
(i.e. when the cell resistance is too great to allow balancing of the
conductance bridge).
It may be pointed out that the second term on the right hand side
of eq. 21 cannot be evaluated by the method used here. Since the reaction
cells are allowed to attain thermel equilibrium prior to gathering of the
resistance data, the true value of Ao is never obtained. In effect the
time scale is displaced, and the initially observed value of the conduct-
ivity is equivalent to some non-zero time conductance, This however, has
no effect on the extraction of the slope (i.e. the rate constant). If
the true values of Ay and A, were obtainable, then evaluation of the _—

logarithmic term on the right hand side of eq. 21 would afford a verifica-~

tion of the rate constant obtained from the slope.

It may be noted that jnitial curvature of the Guggenheim graph
(Fig. 5) was frequently encountered. Since such behavior was observed in
both short runs and those having half-lives of several weeks, lack of
thermal equilibrium cannot be the cause. The actual cause was not
determined.

The conductance versus time data were analyzed by the method of
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least squeres on an IBM-1620 computer using the Fortran program of
Appendix IT (p. 225). The slope of the linear plot was calculated
rejecting points lying a distance of twice the average least squares
deviation from the line (except for the initial point these were rarely
encountered). Initial points were progressively rejected and the slope
recalculated to eliminate any curvature. The data were plotted on 50 cm.
graph paper to determine when the curvature ended. A minimum of nine

points was used for each run.

t-Butyl Chloride

In order to check the apparatus and techniques used in this study,
the rate of solvolysis of t-butyl chloride in 80% (v/v) agueous ethanol
was studied at 30.00°C. This system had been studied previously by
Buchanan and Hamann.

The results of this study for the first order rate constant,
together with those interpolated from the data of Buchanan and Hamenn,

are presented in Table II. The errors reported for the present data are

the average deviations of simultaneous, duplicate runs, whereas those for
the interpolated data of Buchanan and Hamann are the 30% errors modestly
claimed by Hamann.lul The present results are well within the error
range reported by the previous workers; of greater significance is the
fact that the higher precision of the present rate determinations serves
to enable the activation parameter to be evaluated with a considerable
increase in confidence. The increase in confidence of the activation

- volume, and the smaller uncertainty, is necessary for studying the
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TABLE II
Pressure Dependence of the Rate of Solvolysis of

t-Butyl Chloride in 80% (v/v) Aqueous Ethanol

at 30.00°C.
Pressure 10° x k (sec.-l)
(p.s.i.g.) This Work Ref. 6
0 1.90 ¥ 0.03 1.7 ¥ 0.5
10,000 3.1k + 0.07 2.7 £ 0.7
20,000 4,92 ¥ 0.05 L, T2,
30,000 6.7 *0.3 5. ta.
Av? (ml./mole)  -22.2 t 0.9 -21., th,
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variation of this parameter with solvent compostion, and is essential if
the evaluation of the pressure dependence of this parameter is desired.
Using the method outlined below, the value for the activation volume at
atmospheric pressure, Avg, obtained from Buchanan and Hemann's data is
21 t L ml./mole while that for the present work is -22.2 * 0.9 ml./mole;

in excellent agreement.

Benzyl Chloride

The first order rate constants for the solvolysis of benzyl chloride
in aqueous methanol, ethanol, i-propanol and t-butanol are given in
Tables III and IV. The former gives the values at 50.25°9C. for various
pressures above atmospheric, and the latter gives the values at atmospheric
pressure and different temperatures. Most of these rate constants are the
average of duplicate, simultaneous runs while some are the average of two
to four non-simultaneous determinations. The average deviations reported
in these tables are the measure of precision assumed throughout the sub-
sequent discussions. The pressure dependence of the rate constant can be

seen in Figs. 6 to 9, and its temperature dependence is shown in Figs. 10

to 13.

The accuracy of these rate constants may be inferred from a
comparison of the data in Teble IV with that of Hyne, Wills and Wonkka,. 100
Tn water these authors found a value of 22.78 x 1077 sec.”t at 50.30°¢.
and 60.00 x 10-2 sec.~l at 60.50°C. For 0.203 mole fraction ethanol the
values reported are 1.885 x 102 at 50.30°C. and 4.762 x 1072 sec.” T at

.60.50°C. The agreement with this data is excellent in each instance
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TABLE IV
Rete Constants for the Solvolysis of Benzyl Chloride
at Atmospheric Pressure in Aqueous Alcohol

as a Function of Temperature

Mole 107 x k (sec.™ )
Fraction 40.05°¢, 50.25°¢. 60.50°¢.

Methanol

0.000 7.527 * 0.002 23,1 + 0.4 59.4 0.5

0.100 4,74 t+ 0.08 12.47 t o.04 34,6 T o.2

0.200 2,51 T 0.02 7.045 <+ 0,005 17.8 T o.h

0.300 1.1  *o.02 3.731 t 0,008 9.8 i 0.2

0. 400 0.7803 + 0.0001 2,035 % 0.005 5.71 ¥ 0.03

0.500 0.441 T 0.004 1.246 * 0.002

a Ethanol

0,100 0,50 ¥ 0.03 6.83 *o0.01 17.2 to0.1

0.200 0.677 T 0.002 1.93 t0.01 4,71 T 0.0k

0.300 0.283 * 0.001 0.80 t 0.01 2.18 i 0.01

0.400 0.159 T 0.,00L 0.459 * 0.007 1.273 ¥ 0.006
i—Propanol

0.050 3.51 ¥ 0.06 9.10 % 0.03 22,58 T 0,002

0.100 0.904 + 0,007 2.094 * 0.005 6.17 i 0.03

0.200 0.158 ¥ 0.002 o.h62 * 0.00L 1.30 *o0.02

0.300 0.073 ¥ 0.002 0.2174 * 0.000k 0.566 i 0.008

0. 400 0.0428 * 0,000L 0.1288 * 0.0001 0.362 * 0.002
£-Buteanol

, t 0.0k4

0.050 1.630 + 0.001 4,03 T 0.01 9.78 .

0.100 0,236 * 0,002 0.679 t 0.006 1.803 * 0.008

0.200 0.0611 * 0.0007 0.1868 + 0.0002 0.577 ¥ 0.007

0.300 0.0299 ¥ 0.0002 0.0910 ¥ 0.0005 0.258 * 0.003
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Fig. 6. Pressure dependence of the rate of solvolysis
of benzyl chloride in aqueous methanol.
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Fig. 7. Pressure dependence of the rate of solvolysis
of benzyl chloride in aqueous ethanol.




82

-8l _”’,,,/—"0-0 Mole Fraction

Pressure (lO3 p.s.i.g.)

Fig. 8. Pressure dependence of the rate of solvolysis
of benzyl chloride in aqueous ifpropanol.
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Fig. 9. Pressure dependence of the rate of solvolysis
of benzyl chloride in aqueous E-butanol.
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except that of 0.2 mole fraction ethanol at 50.30°C. However, the

qifference here is only 1.6%.

Activation Parameters

Volumes 9£ Activation

Tn order to evaluate the volume of activation for a set of rate

constants at various pressures using eq. 25, it is necessary to ascertain

AV = - RT(Q%%E)T (25)
the functional dependence of lnk upon p. This functional dependence has
been discussed at some length in the literature, but no unequivocal
solution appears to have evolved.? This question will be treated in the
following chapter.

Tt will suffice for the moment to indicate that of the analytical

functions studied a second order polynomial (eq. 26) was found to best
1nk = A + Bp + Cp° (26)
represent the data of Table III. Upon differentistion of ‘eq. 26 with

respect to pressure and identifying the coefficients with those of eq. 25

the activation volume at atmospheric pressure is given by eq. 27.

mhe most common method involves a graphical estimation of the
slope of 1lnk vs. p.
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AVY = - RTB (27)

Similarily the pressure dependence of the activatim volume is

seen from eq. 25 to be
apv* 5 Z1nk
(557)e = - B2 e (28)

Using the quadratic function (eq. 26) this pressure dependence is given

by
—_‘s} = - 2RI|"! | 29
( ap |I| . ( )

The parameters of eq. 26 were calculated from the rate data by the method
of least squares on an TBM-1620 computer using the Fortren program of
Appendix IIT (p. 229). (The values of these parameters are tabulated in
Appendix III). The values of the activation volume for the solvolysis of
benzyl chloride and the values for the pressure dependence of this para-

meter are given in Table V.

Enthalpies of Activation

According to the transition state theory, the temperature depend-

1h2
ence of the rate constant is given by eq. 30, Hyne and Robertson

have shown that the temperature dependence of reaction rates is well
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TABLE V

Activation Paresmeters for the Solvolysis of

Benzyl Chloride at 50.25°C.

—
—————

as*

AH*

L
AV,

Mole

107%(38V*/3p)p

Fraction

(cal./deg. mole)

(ml./p.s.i. mole) (kcal./mole)

(ml./mole)

Alcohol

Methanol

O\ W
QO HOO
+t H B

H 4+ 4t

~
NN O
OO\ O
NN

n =

SoaHaO
—

+HHHAHH

41441 H H B

™M
~\O ONCO

- 8.
-12
-15.
-17.
-19
-18

0.000
0.100
0.200
0.300
0.400
0.500

Ethanol

i
o}
8
1%
(o]
=
Pu
'
o

t-Butanol

e IO\ - OO
X XeXe
HHHH

TaNTa W= g
40\ O

-2
-2
-1
-2

AN ™M
ey oNoRe]
+H 4t HH
WO AN
~O0 Al
s SLSURA VAN




Ink = ln—— - ao + 82 (30)
expressed by the empirical relation
A
lnk = % + BInT + C (31)

from which the activetion parameters are given by

AH* = R( - A + BT - T) (32)
as™ = r(C - ln%? +B -~ 1) (33)
Ac; = R(B -~ 1). (34)

In principle the parameters of eq. 31 can be found from three rate
constants at three temperatures. Since this is precisely what 1is given
in Table IV, it would appear that ACS might also be obtained as an added
dividend in this study. However, as Robertson has indicated,lh3 8
temperature range of approximately 50°¢. is desired for the calculation
of Acg, and the accurate determination of this parameter requires many
more than three rate constants. Consequently, eq. 31 was not used here.
Instead eq. 35 was used which is deriveable from eq. 30 for two rate
lnko - lnky - InTy + 1nTy

1

. L
T, Ty

constants, ko and kl, at temperatures T, and Tl respectively.
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The rate constents at 40.05°C. and 60.50°C. were used to calculate
the activation enthalpy. The values obtained are shown in Table V and
can be associated with the mean temperature of 50.25°C.

Comparison of the activation enthalpies with those previously
reported shows excellent agreement. Robertson, Heppolette and Scottlm+
reported a value of 20,388 cal./mole in water. If RT at 51.65°C.

(646 cal./mole) is subtracted from the Arrhenius activation energies
reported by Hyne, Wills and Wonkka;06 values of AH® are obtained. These

are in water 20,367 cal./mole and in 0.203 mole fraction ethanol

19,563 cal./mole.

Entropies of Activation

Having obtained the enthalpy of activation as in the previous
section, the activation entropy can be calculated by means of eq. 30.
This was done using the rate constant at 50,25°C. and atmospheric
pressure. The values obtained are shown in Table V.

Tn summery, it should be indicated that a fairly extensive
profile of the pseudo thermodynamic paremeters for benzyl chloride
solvolysis in aqueous methanol, ethanol, i;propanol and Efbutanol is
now available. Table V contains values for the volume change on
activation, Av:, the pressure dependence of the activation volume,

(3AV*/3p)T, the enthalpy of activation, AH’, and the entropy of

activation, AS*, all at 50.25°C.
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Precision Estimates

As stated previously the precision of the rate constants was
measured by the average deviation of the individual determinations from
the mean. It was then necessary to estimate the precision of the derived
parameters.

If the absolute errors of the rate constants were known, the
maximum errors of the derived parameters could.be readily obtained by

145

differentiation of the appropriate functions. It seemed, therefore,
that the maximum deviation of the derived parameters could also be
obtained in this menner, and this method indeed was used.

As en illustration of this procedure, consider the entropy of
activation. Rewriting eq. 30 gives eq. 36, 1If the total derivative

ka

N: (36)
w _ - P perl L
AS* = R(1nk - 1ln N + RT)

of this function is now taken eq. 37 is obtained. Thus, dAS™ can be

evaluated by taking the average deviation of the rate constant for dk

ar , @it _ AHYD

N .
as* = R(E - T * T " a2 ) (37)

and the temperature fluctuation limit for dT--the signs being ﬁaken as
positive in all cases. The value of aAH* is obtaineble by differentiating

eq. 35 and using the same treatment.
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In those instances where a least squares treatment was used to
extract the derived parameter (e.g. volumes of activation), the appro-
priate least squares function was differentiated and evaluated in the
menner described. The error limits quoted in Table V for the derived

activation parameters are precision estimates obtained in this manner.




CHAPTER 6

PRESSURE DEPENDENCE OF REACTION RATES

The question of obtaining a volume of activation from a set of
rate constants at various pressures is one which has not been
unambiguously answered. As previously mentioned the relation between
the activetion volume and the pressure dependence of the rate constant
is given by eq. 38. The difficulty lies in determining the functional

oV = - R (38)

dependence of 1lnk upon p SO that the derivative of lnk with respect to
p can be evaluated.

In this study the main interest was in the variation of AV* for
reactions in solution as the composition of the binary solvent medium is
changed. Since small changes in AV* were to be expected, it was
important to obtain as reliable a set of activation volumes as the data
permit. This led to a study of various functional dependencies of the
rate constant on pressure.

Whalley has demonstrated that one set of experimental date can
give rise to different values of the activation volume depending upon
the form of the analysis used.3 Thus, from Hamann's data for the
reaction of ethyl iodide with pyx_‘idinelu6 Whalley, using two graphical

curves, obtained values of -17 and -34 ml./mole.3 Another example is
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thaet of the analysis of the data for the dimériza&ion of isoprene.
Walling and Peisach determined the activation volume to be -24.3 ml./mole
st 60°C. from which they concluded that a non-cyclic trensition state is
involved.38 Benson and Berson,39 using the same data as Walling and
Peisach,38 calculated the activation volume to be -36.5 ml./mole, and

concluded that the original authors' inference was not Jjustified.

Methods

An exsmination of the literature shows that three basic functions
have been employed for expressing the change of rate constant with
pressure. The first assumes that the dependence of the logarithmic
rate constant on pressure 1is linear.m+ This treatment regards the
activation volume as being pressure independent, and consequently
neglects a possible additional parameter--the change in isothermal
compressibility during the activation process. The second function is
a power series in p, usuall' of second order,lw allowing for the
pressure dependence of the activation volume. Benson and Berson39 have
used a modified form of the Tait equa.’cionl8b to calculate both the
volume of activation and the change in compressibility on activation.

Whalley has plotted the average slope of any increment of the lnk
vs. p curve against the average pressure of that increment? Extrapolation

to an average pressure of zero gives an intercept which can be taken as

equaling (’r)lnk/ap)T’P___o.
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Benzyl Chloride Solvolysis

In this study each of the above methods was considered in turn

using the forms shown below. Egs. 39 and 4O represent the linear

Ink = A + Bp (39)

ink = lnk_ + Bp (10)

Ink = A + Bp + Cp® (41)

1nk = lnk + Bp + Ccp2 (42)

In(k/ky)/p = A + p?- 923 (43)

1n(kp41/kn)/ (Ppsy - Pn) = A + Bppyy + Pn)/2 (Lh)

dependence. In the former the intercept as well as the slope is con-
sidered to be determined by all the rate constants, while in the latter
the assumption is made that the measured atmospheric rate constant is
exact and the function is forced to pass through this point. 1In the

following this will be referred to as the "forced intercept treatment".

Egs. 41 and 42 represent the second order polynomial, and differ from
each other by the forced intercept treatment. Eq. 43 is the Benson-
Berson analysis.39 The reader is referred to the original literature39
for the relation of the parameters A and B to the physically significant
functions. Eq. 4&t is an incrementai gnalysis of the type used by Whalley.3
It is assumed here that the jncremental function is linear in form. The
subscripts n and n+l refer to adjacent experimental data on the appropriate

graph.

Using the data for the solvolysis of benzyl chloride in water and
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in aqueous alcohols (Tables III and IV pp. 77 and 79), the various para-
meters sf egs. 39 through 44 were calculated using the method of least
squares on an TBM-1620 computer. The Fortran programs used can be found
in Appendices V through VII (pp. 237 - 253) together with some representa-
tive data. The actual parameters of the various equations are also
tabulated in these appendiceé.

The velues of the activation volume for the benzyl chloride
solvolysis thus derived can be found in Table VI. In every case the
values given are for atmospheric pressure except for the linear functions
for which only the average value for the pressure range studied can be

obtained.

Results

As stated previously, the present study is concerned with the
variation of AV* with solvent composition. This dependence is shown in
Figs. 14 through 17 for each of the functions. It is readily apparent
that the general shapes of the curves in each figure are similar viz.

they all show a minimum, Therefore, it cen be concluded, from a

qualitative viewpoint, that the different functions give similar results.
However, from a quantitative viewpoint there are striking
differences. The depths of the minime vary from 5 to 8 ml./mole for the
linear analysis between ethanol and t-butanol, but range from 24 to 3k
ml./mole for the Benson-Berson analysis. In the case of methanol no

minimum is observed if the linear function is used, whilea minimum with

a depth of 2l ml./mole is obtained for the Benson-Berson function.
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TABLE VI
Volume of Activation for the Solvolysis

of Benzyl Chloride at 50.25°C.

AV® (ml./mole)

Method
'y
(/]
* ()
~y & &
4 & &
(V] k)
4 & &
< (e & <
> & < é? I~
O ¢ [J o @ %)
" < < & ) &
4? t§ ‘§ m @ nd é&
> § § & k4 & &
¥ <~ "y & & ¢ 5
eq. 39 4o L1 Lo 43 LY
Methanol
0.000 -10.9 -10.0 - 8.3 - 7.2 - 0.4 - 7.0
0.100 -12.2 -12.3 -12.1 -12.4 -13,6 -12.h4
0.200 -11.3 -12.1 -15.6 -16.1 -20.2 -16.1
0.300 -12.7 -13.6 -17.9 -18.2 -22.2 -18.3
O.LI-OO "ll-3 -1207 -19l8 -1909 "23-8 "'19l9
0.500 -12.2 -13.4 -18.8 -19.1 -22.7 -19.2
_Ethggol
0.100 -10.8 -12.0 -17.0 -17.6 -21.9 -18.0
0.200 -12.0 -13.2 -20.0 -19.7 -21.5 -19.4
0.300 -13.4 -14.5 -19.5 -20,0 -24.0 -20.0
0,400 -11.3 -12.3 -17.9 _-17.7 -19.0 -17.7
i—Propanol
0.100 -12.5 -14.3 -23.1 -23.3 -28.5 -23.3
0.200 -13.9 -15.0 -19.0 -19.8 -2h.2 -20.2
0.300 -12.6 -1k.1 -18.1 -19.8 -28.1 -20.4
0.400 -12.2 -12.6 -13.6 -14.1 -16.3 -1k
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AV* (ml.mole)

TABLE VI (con't)

Method

w@w&o
25 =
%
e&w%
2¢: %o
N S
Z; @,
9, o
&
o
S5}
<o
AVONw
28
R
)
%2, .
2 R,
s, %
S
s
bﬁo
.«,oa,y
.N@Q
%2,
<%
S,
2
m&da e
waQ
Ox.
£2 OW
& 5
%

LO b1 L2 43 Ll

eq. 39

t-Butanol

-25.5 -26.1 -33.6 -26.9
-22.7 -22.9 -28.2 -22.9
-1609 ‘1607 -19- 5 ‘1600

-1703
-1k4,0
'13 t9

-15.3
-12.2
-13. k4

0.100
0.200
0.300




105

Though the exact position of the minime cennot be ascertained in
the present study, it appears that the position is invariant with the
function used. The one apparent exception is that of i—propanol
(Fig. 16). The linear function shows a minimum near 0.2 mole fraction
alcohol, while that for the quadratic and Whalley anelyses is near O.1
mole fraction. Due to the large amount of scatter in the Benson-Berson
function the position cannot be determined.

Evidently, for the purpose of this study it is necessary to
ascertain which analysis is the most reliable. Before underteking this
task, it will prove expedient to compare the linear and quadratic
functions with their respective forced intercept treatments.

The results from the two quadratic functions can be seen to agree
in each instance within 1 ml./mole (Table VI p. 103). The only two
exceptions are water and 0.3 mole fraction i—propanol. The reason for
these two discrepencies is not clear. The linear methods do not agree
so well; the deviations being within 2 ml./mole. However, the agreement
is still quite good. It is therefore apparent that only one‘each of the
linear and quadratic treatments need be considered in the ensuing

discussion.

Empirical Evaluation

Having obtained the constents of the functions (eqs. 39 to hh) it
is a simple matter to calculate a value for ink at each of the experi-
mental pressures. Having this value the deviation can then be calculated

according to eq. 45. For the Benson-Berson function
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deviation = 1lnk ;. - 1nk, .1c (45)

(eq. 43) the experimental velue of lnk, Was used in these calculations.
The Whalley method (eq. 4h) has two unknowns, K,y and k, prohibiting

the determination of lnk.g1e. Therefore only the value of ln(kn+l/kn)calc
can be evaluated and compared with the observed value. In this case the

deviation is defined by eq. L46. The

deviation = In(k.1/%n)ops - In(k,)oalc (Lu6)

deviations for the various analyses &s & function of pressure are shown
in Figs. 18 through 21. In order to avoid loss of clarity in these
graphs only eq. 39 was used to represent the linear analysis, and eq. Ul
was used for the quadratic analysis (i.e. the non-forced intercept
treatments in each case).

The most noticeable feature in each of these figures is the
systematic error present in the linear analysis. Only for water,
0.1 Xpethanol? 0.3 X_i_—propanol and 0.3 X‘E—butanol does this function
appear to give a random error. The fact that systematic errors appear
when this function is used necessitates the conclusion that it is not
a reliable representative function of the data presented here. The
t equation, and the incremental

second order polynomial, the modified Tai

analysis all appear to give random scatter about zero. The only

— il
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exceptions appear to be the Benson-Berson treatment for 0.4 xethanol
and 0.3 Xi—propanol’ and the Whalley treatment for 0.2 Xethanol’
0.1 Xj._propanol’ 0.3 X; -propanol and 0.1 X _pytanol”
A further comparison of the various treatments is shown in
Table VII where the standard deviations (as calculated by eq. U47) are

recorded. In accord

s.d. =/f(de:iation)2 (47)

with the above conclusion, it can be seen that the standard deviations
for the linear functions are generally the largest. It may also be noted
that without exception the forced intercept treatment gives a largér
standard deviation than the non-forced intercept method. This is not
surprising since the forced intercept method removes one degree of
freedom from the analysis. It is readily apparent that the quadratic
function gives a smaller deviation then either the Benson-Berson or
Whalley treatments. It can therefore be concluded that a second order

polynomial is the most reliable function for the present data.

Physical Evaluation

Though it has been shown that the present data are best accommodated
by a second order polynomial, there will undoubtedly be cases in which one
of the other methods will be more appropriate. An analysis of the
physical significance of each function would therefore be useful.

The first order polynomial ignores the fact that the transition
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TABLE VII

atanderd Deviations for Benzyl Chloride Solvolysis at 50.25°¢.

s.d.
Method
&
<
b3 (V]
& & &
& & N
00 ) e
" j &
o o
*,?9 &Io@ 4,0 ‘&0 k&
& < R o a§ S
o) g 3 &
9 & & S 4 & &
¥ < & & & § 4
eq. 39 40 41 L2 43 Lh
Methanol
0.000 0.0362 0.0529 0.0326 0.0416 0.0536 0.0779
0,100 0.01k45 0.0187 0.0145 0.0187 0.0253 0.0351
0,200 0.0602 0.0952 0.0245 0.0311 0. 0547 0.0583
0.300 0.0693 0.1087 0,0173 0.0224 0.0207 0.0L421
0.400 0.1456 0,214k 0.008k4 0.0095 0.0268 0.0182
0.500 0.1134 0.1710 0.0176 0.0215 0.0105 0.0362
Ethanol
0.100 0.0701L 0.1131 0.0148 . 0,0195 0.0152 0.0339
0.200 0.1260 0.1748 0.0123 0.0155 0,054k 0.0251
0.300 0.0975 0.1477 0.0207 0.0259 0.0210 0.0449
0. 400 0.11k45 0.1617 0.0190 0.0228 0.0552 0.0405
i-Prop anol

0.100 0.1808 0.2685 0.0030 0.0105 0.0241 0.0192
0.200 0.1025 0.1570 0.0551 0. 0667 0.0579 0.1155
0.300 0.1286 0.2037 0.0895 0.1126 0.1243 0.1790
0.400 0.0434 0.0639 0.0365 0.0442 0.0L440 0.0766
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S.d..
Method
g
® 00
S & 5
¥ o &
*'?9 &C? &2 &foo I~
& &2 ~ w ¥ &
& & & & & s &
N K & ¥ 5 & &
4 & 4 & & Y &5
eq. 39 40 41 42 43 Lk
EfButanol
0.100 0.1830 0.2817 0.060k4 0.3943 0.0529 0.1250
0.200 0.1794 0.2532 0.0127 0.0158 0.0245 0.0267
0.300 0.1312 0.1585 0.1172 0.135h 0.1431 0.2600
83 points 0.1110 0.152k4 0. 0403 0.0949 0.0515 0.0783
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state and substrate may have different isothermel compressibilities.
consequently, the inadequacy of this function in giving a good fit for
the present data is not surprising.

The use of a second order polynomial recognizes that
(BAV*/BP)T # 0, but requires that (aeAV*/ape)T = 0. The question arises
as to whether the ﬁresent data are precise enough to allow a meaningful
calculation of the pressure dependence of the volume change on activation.
As can be seen in Table V (p. 90 ) the data are good enough, giving
deviations of less than 10 x 10710 ml./p.s.i. mole in each instance.

Tt is true, of course, that (azAV*/apa)T is not generally zero.
The compressibility of a real substance is known to be pressure
dependent,lh8 so that (aev/apz)T # 0. It would be fortuitous indeed if
two substances had the seame value for this derivetive, especially when
the polarities of the two differed merkedly. Since the polarity of the
initisl state in the present reaction is small when compared with the
transition state in the reaction under consideration, it is not to be
expected that the two states will have the same value for the second

pressure differential of the volume. Hence the difference in the values

of this derivative cannot be zero. However, from an examination of the
graphs in Figs. 18 through 21 it can be seen that the present data are
not precise enough to warrant the use of a higher order polynomial in
order to evaluate this derivative. If the data were precise enough for
such an evaluation, then the quadratic enalysis would be expected to
show a systematic error much the seme as the linear treatment.

Unfortunately, it is not possible to obtain the value of the
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compressibility of activation, AK*, from the quadratic analysis. The
pressure dependence of the activation volume is related to the isothermal

compressibilities of the two states by eq. 48. It is therefore necessary

)
- = - . =t -
(2%%-)T = nggexp(-Kgp) - K4V exp(-k¢p) (L8)

to determine the value of Eg independently in order to obtain Et' In
the reaction studied here the substrate reacts with the solvent so that
a static measurement of the partial molal compressibility in the appro-
priate solvents cannot be made.

A good fit of the Benson-Berson equation was perhaps not to be
expected. Benson and Berson pointed out that the exact pressure
dependence of the rate constant is due to both the change in volume and
the change in activity coefficient during the activation process.39 For
ionic reactions in water, the authors demonstrated that the term due to
the activity coefficients is negligible, but may become important in
solvents of lower dielectric constant. For non-ionic reactions this
term is zero, and the authors used the Tait eq_ua,tionl8b to represent
the compressibilities of both the initial end transition states of the
reaction. This led to the development of eq. 43, Since this function
was developed for non-ionic reactions, it would not be expected to be
useable for the present data of an ionogenic reaction. However, the
activity coefficient contribution can be shown to be negligible for

the present reaction, by the following argument.

If the transition state is considered in the limit as a doubly
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charged ion, the Debye-Hickel limiting lawlSc can be used, after the

39

method of Benson and Berson, giving rise to eq. 49, 1In the reaction

under consideration a 1l:1 electrolyte, hydrochloric acid, is produced

AV* = 1.5RTz2 1/2,(31nD Iy
¥ t.s.u 3D )T ( 9)
L

in & maximum concentration of 5 x 107 moles/liter (see Chapter Lh).

Using the values of 5.9 x 10™7 atm.” and 0.51 13'.’(‘..:1'/2/moll_el/2 for

(31nD/o p)T and A respectively for water at 25°¢. ,39 the value of Av;'
is found to be 0.002 ml./mole. As an indication of the value of this
contribution in the higher alcohol content solvents, pure ethanol can

be considered as being representative. This value of A is

5

- 1
2.8 1it.Y/2/mo1el/? wnile that for (31nD/ADp)y is 9.2 x 1077 atm. = at

149

20°c. This makes AV = 0.03 ml. /mole. It is clear that the

contribution due to the activity coefficients is completely negligible
in the solvents considered in this study.
According to the Benson-Berson treatment, the volume of activation

39

is

h RTA (50)
Ve s ——t—
A Vo 1 - 0.008¢C

where A is the constant from eq. 43 and C is a parameter of the Talt
equation. Since the Tait constant enters only as a small correction
term in eq. 50, its value can vary widely from that reported by Benson

oh
and Berson and still show no significant effect on AVO. Consequently,
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the activation volumes calculated by eq. 43 should not be unreasonable.
However, since the Tait equation parameters enter into the value of B
of eq. 43 in a rather significant manner,39 evaluation of (aAV*/ap)T by
this method may have rather large errors.

The incremental slope analysis (eq. L4) is seen to give values
for the activation volume which coincide identically with the second
order polynomial (Figs. 1k through 18). This is because they both
allow for the same pressure dependence of AV®. That this is true can
be shown in the following manner. The quantity on the left-hand side
of eq. Ll is merely Alnk/ap which, in the 1limit of infinitesimal
increments, is (31nk/3p)p. In this limit the right-hand side of eq. L

becomes A + Bp. Therefore,
Ay = A + Bp. (51)
ap
Integrating eq. 51 at constant temperature gives

2
ink = Ap + gp + C (52)
which is identical to eq. 41. Thus there is no evident advantage to
using one of these methods over the other. However, the standard
deviation of the gquadratic function is smaller than that of the Benson-

Berson analysis (Teble VII). It may Dbe noted further that eq. 4l is a

strictly analytical function whereas €d. Ll becomes en analytical function

only when the increments become infinitesimal. Therefore it is not
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surprising that the two functions do not give identical standard
deviations. For these reasons, and because eq. 41 lends itself to a
precision analysis of the type described in Chapter 5, the quadratic

function is preferred to the incremental slope analysis.

Other Reactions

Having determined the relstive reliaebility of various functional
representations of the data for the pressure dependence of a unimolecular
jonogenic reaction, it is interesting to consider the applicability of
these functions to other types of reaction.b

Tgble VIII lists six reactions which were subjected to the analyses
described above.

As can be seen in Table IX, the differences between the forced
intercept treatment for the linear and quadratic functions and the
non-forced treatments are small. The largest difference, 1.2 ml./mole,
is in the quadratic function for Q;butyldimethylsulfonium iodide

solvolysis. Therefore, it is again apparent that only one of each type

of polynomial need be considered.

Figures 22 through o7 demonstrate the variation of the deviation
(eqs. 45 and L46) with pressure for each function (eas.39 - 4Y4) and each
reaction. It can be seen that of the six reactions considered, only two

do not show a systematic error in the linear analysis. These are the

bThis suggestion was originally proposed by Professor E. M.
Arnett in a letter to Professor J. B. Hyne.
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TABLE VIII

Reactions Used for the Pressure Dependence Analysis

_1—____—.—_———-—-————'——-

e ———

Number Reaction Ref.
1 BrCH,000™ + §503° in Hy0 &t 2k, 5%¢. Ly
2 CH3CHpBr + CH30™ in CH3OH at 25°¢. 150
+ - o
t . T
3 (CH3)3CS (01{3)21 in H,0 & 71°¢
L Co(NHy ) gBr*™ + OH” in Hp0 &t 30.0°¢. L
5 Urea formation in H20 at 60°¢. 49
6 Isoprene dimerization at 60°¢. 38

A ———————————
— e e ——————— e
e Aar———
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TABLE IX

Volumes of Activation for the Reactions of Table VIII

AV* (ml./mole)

Method

2
Qo@.w&.
Q
NQ.
&
(o] &4&0@.
QQUO NNOQNN
&0&0 0@.
< I'o)
00&.
[o]
‘e o~w~
x®
s
)
D)
.NWV W.qu
kQQO mu&
.N.O&Q
<
o o0
(o]
&
Oy m.@mw
.N,Q.
e,
()
@
Z

4O L1 h2 43

eq. 39

=

cccccc

LD
11+ 4+

— N N0

Syumbers refer to reactions of Table VIII.
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reaction of thiosulfate with bromoacetate and the sulfonium salt solvoly-
sis. Once again, however, the more quentitative aspects of the reliability
of each function rests in the relative values of the standard deviations.
These are presented in Teble X. Since the various reactions are
independent in contrast to the previous situation where one reaction was
studied in various solvents, it is more convenient to consider each

by itself.

Thiosulfate and Bromoacetate

In this instance the quadratic and linear analyses give identical
values for the standard deviation. Such a situetion would be expected
for a reaction whose pressure dependence of the logarithmic rate is
truly linear. The fact thet the linear analysis is observed to give
a random scatter in the deviation (Fig. 22) also indicates that the
pressure dependence is probably linear. This inference is supported
by the quite small value of (aAV*/ap)T, 1.7 x 1077 ml./p.s.i. mole.
This probably reflects the similarity in electrostriction of the
solvent environment about the initial state ions and the ionic trans-
ition state. Since the transition state is composed of two negative

ions, the total ionic charge of the transition state is probably no

less than the sum of the initial state ijons. It is even possible
that the total ionic charge is somewhat greater than three units,
even though the net charge cannot be greater. Such a situation

might be represented by structure V where § > 0.5. It is
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TABLE X

Standard Deviations for the Reactions of Table VIII

s.d.
Method
&
Q
& &
& &
& c?b
é? ¢§ éy
2 & o o & &
& % & & 2 &
o 5 & o > § &
& & & o & & &
7 & 5 & & @ &5
eq. 39 40 Iy} Lo 43 Ll
1 0.0089 0.0101 0.0090 0.0110 0,0130 0.0200
2 0.2923 0.5372 0.1455 0.2349 0.3336 0.2375
3 0.0259 0.0316 0.0257 0.0315 0.0418 0.0472
L 0.0120 0.0155 0.0009 0.0010 0. 0005 0.0024
5 0.2719 0.4156 0.1006 0.1240 0.0940 0.1676
6 0.3043 0.3829 0.1239 0.1419 0.2125 0.1947

aNum.bers refer to reactions of Teble VIII.
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ﬂ\ H
3203(1+6)-___;bdi-25)+____3r5_

€00

interesting to note that in this example of a linear dependence, all
of the analyses give approximately the same value for the activation
volume, as well as consistently small values for the standard dev-

iation.

Ethyl Bromide and Methoxide

The original study of this reaction by Hamann150 was designed to
demonstrate a viscosity inhibition of a bimolecular reaction in solution.
Therefore, it is not surprising that the logarithmic rate constant
pressure dependence 1is not linear. However, it is somewhat surprising
that the Whalley and Benson-Berson analyses, which do take account of
the pressure dependence of‘AV*, have such large standard deviations
when compared with the quadratic analysis. For some reason, which is
not readily apparent, the data are not well represented by thése

functions.

t-Butyldimethylsulfonium Todide Solvolysis

Once again we have an example of a reaction which is well re-
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presented by a linear analysis. In fact Fig. 2L shows that the Benson-
Berson and Whalley analyses give systematic errors. In support of the
linearity, it is seen that the linear and quadratic standard deviations
are identical, and (3AV*/dp), = +62.1 x 1072 ml./atm. mole
(+4.2 x lO-5 ml./p.s.i. mole); a rather small velue. The linearity
indicates that the ionic nature of the transition state is very
similar to that of the salt jtself. However, the large positive
activation volume reflects a significant amount of stretching of the
carbon-sulfur bond. If the positive volume change was due to desolvation
of the solute during the activation process, the pressure dependence of
the activation volume would be expected to be rather large--reflecting
the difference in extent of solvent electrostriction. " Unfortunately,
the data do not indicate the charge distribution in the transition
state, i.e. whether it remains on the sulfur atom or is distributed

between the sulfur and carbon atoms equally.

Bromopentammine Cobaltic Ion and Hydroxide

Table X shows that the quadratic analysis is a much better fit

than is the linear analysis. This 1is remarkably illustrated in Fig. 25
where the linear deviations are Very much larger than the other three
functions. It is surprising to note that the Benson-Berson analysis
gives a stgndard deviation only half as large as the quadratic analysis.
It would seem that the Benson-Berson analysis is suited to more severe
conditions than imposed by the original authors.39 One might conclude

that the change in activity coefficient is negligible in this instance,
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but this is unlikely since there is partial neutralizetion during the
gctivation process. This partial neutralization results in desolvation
of the solute, as evidenced by the positive activation volume and by the
fact that the pressure dependence of the activation volume is somewhat

large, -23.0 x 10~° ml./p.s.i. mole.

Urea Formation

Once again we find that the Benson-Berson analysis is no worse
then the quadratic function, while the linear analysis is quite poor.
Unfortunately there is a large difference in the activation volume
obtained from the quadratic and Benson-Berson methods, and there is no
way to distinguish between their reliability. The only useful mechanistic
information obtained from these values is that the activation volume is
positive indicating a desolvation of ions. Unfortunately, the mechanism

of this reaction is still very much in doubt because of the equilibrium

NHZ + NCO™ === NH, + NCOH. (53)

Thus, the positive activation volume can be due to either the fast
equilibrium of eq. 53 followed by slow reaction of ammonia with NCOH,

or the slow reaction of NHE with NCO~ to give the product directly.

Isoprene Dimerization

A great deal of attention has been given to the pressure

dependence of this reaction as evidenced by the papers of Walling and
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Peisach,38 Benson and Berson39 and rebuttals by both groups of workers.
Benson and Berson disregarded the low pressure rete constants in
ana” yzing the data for this reaction because of much scatter of the
points.39 They obtained an activation volume some 50% more negative
than the original authors. In this study, all the rate constants were
used, and it is seen that, except for the linear analysis, the activation
volumes are all very similar (Table IX). A glance at Figure 27
indicates that if any of the points were to be omitted, those between
3500 and 5500 Kg./cm.2 should be the likely candidates. Nevertheless,
Benson end Berson's criticism of the conclusions by Walling and Peisach
appears to be unjustified by this study. In point of fact the quadratic
analysis, which best represents the data (Table VIII), yields the value
of -30.4 ml./mole for Avg, supporting the value of the activation
volume obtained by the original authors, -24,3 ml./mole, at least as
much as it supports the value obtained by Benson and Berson, -36.5 ml./mole.

In summary it can be concluded that the quadratic analysis is

generally the best representation of the pressure dependence of a

logarithmic rate constant--regardless of the reaction type. In those
cases where a linear function was found to accommodate the data, the
quadratic analysis gave good fits, and the results agreed well with

those obtained from the linear analysis.




PART III

STATIC MEASUREMENTS




CHAPTER 7

EXPERIMENTAL II. STATIC

Tt was indicated in Chapter 3 that certain static measurements
on the systems of interest to this study are necessary in order to
interpret the behavior of the activetion volumes. The methods by
which these quantities (partial molal volumes, compressibilities and
thermal expansivities) were determined are described in the following

pages.

Partial Molal Volumes

AEBaratus

A thermostat of similar design to those used for the kinetic
runs was used (see Chapter 4). The nichrome coil heater was omitted
since the size of the bath, about 3 gals., enabled the temperature to
be maintained by the infra-red lamp alone. The front wall of the
thermostat was made of plate glass to facilitate reading of the meniscus
in the dilatometer. It was found that two propellor type stirrers, at
different levels in the oil, were necessary in order to prevent
fluétuation of the ﬁeniscus in the dilatometer due to temperature
gradients.

A magnetic stirrer was modified by removing the controls from

the casing, and placing them in the power cord some distance from the
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casing. The stirrer itself was encased in a Perspex box weighted with
lead. The entire ensemble was placed on the bottom of the thermostat.

The dilatometers consisted of 100 ml. bulbs containing a magnetic
stirring bar. These were each fitted with a 6 in. length of 0.7 mm. i.d.
preciéion bore capiliary. The capillaries were calibrated by weighing the
amount of mercury they held, and by measuring the molal volume of water
in water by the method described below for the partial molal volumes.

The microsyringe was a standard 25 ul, syringe fitted with a
Chaney adapter and a 6 in., 27 gauge needle. The stop was set at 5 ul.,
and the volume delivered was determined by weighing the amount of water
delivered on & micro balance. That the needle was uniform along its entire
length was determined by repeatedly measuring its diameter at various

positions.

Method

The method used was a modified technique of that reported by
Shinoda and Hildebrand.l3u The dilatometer was f£illed by evacuating, and
immersing the tip of the capillary in the solvent to be used. A short
length of rubber tubing fitted over the capillary and equipped with a
screw clamp was found to be helpful. The filled dilatometer was placed
in the thermostat, the magnetic stirrer started, and several hours were
allowed for thermal equilibration to occur. The meniscus was adjusted by
means of a syringe equipped with a 6 in., 27 gauge needle.

The microsyringe was filled with benzyl chloride, or whatever
solute which was being studied, and emptied to the stop of the Chaney

adapter, The syringe needle was wiped, and then inserted into the
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capillary of the dilatometer. A special clamp was designed to maintain
alignment of the microsyringe and the dilatometer capillary so that the
point of the needle penetrated the bulb. It should be noted that in the
method used here the constancy of the o.d. of the microsyringe needle
is important since the evaluation of the volume change on solute dis-
solution depends on the validity of the assumption that the annular
space between the needle and the capillary wall is regular. The con-
stancy of the needle diameter was checked over the length immersed with
o micrometer and was found to be 0.00496 ¥ 0.00004 mm., i.e. constant
to 0.8%. Furthermore the satisfactory agreement between GHQO and vEtOH
in aqueous ethanol determined by this method and those reported by
Mitchell and Wynne-Jones153 (see Chapter 8) establishes that any error
introduced by variation in needle diameter is not significant.

After several minutes, the level of the meniscus in the capillary
was measured with a cathetometer to 0.01 mm., and the temperature of the
air near the syringe was recorded. It should be noted that a polyethylene

shield constructed around the thermostat reduced spurious air currents,

helped to maintain a steady meniscus level, and prevented false air

temperature readings.
The stop on the Chaney adepter was moved to the inject position,
and the solute injected rapidly. gufficient time was allotted for dis-

solution to occur (2 to 5 min.), and the meniscus level measured.

Compressibilities
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Apparatus

The apparatus used is depicted in Fig. 28. A Ruska Instrument Corp.,
Inc. (Houston, Texas) hand-operated volumetric pump was used. It had a
total capacity of 100 cc. and could be read to 0.001 cc.

The pressure was measured with a 12 in, dial, O - 3,0QO p.s.i.g.
gauge menufactured by Heise-Bourdon Tube Co., Inc. (Newtown, Conn. ).

The cell cqnsisted of a 500 cc. vessel with openings at the top and
bottom. This was jacketed, and the temperature was maintained by pumping
the thermostating liquid through this jacket. The cell was equipped with
a shaker.

Grateful scknowledgment is mede to the staff of the Imperial Oil
Research and Development T,aboratories in Calgary for meking this equipment

available for our use.

Method

The cell, having been previously calibrated, was filled with mercury

and pressurized to 3,000 p.s.i.g.; the thermostating temperature being
50-25°C. After thermal equilibrium had been attained, the pump reading was
noted, The pressure was lowered, and the cell filled by introducing the
sample through the top valve via the gravity bottle while mercury was with-
drawvn through the bottom. About 100 cc. of the liquid to be studied was
used. The valve to the gravity bottle was closed, and the system pressur-
ized to the reference pressure (3,000 p,s.i.g.). After thermal equilibrium
had been attained, the pump reading was recorded. It should be noted that

a1l valves were closed when the pump readings were taken since different
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smounts of opening of a valve could cause an appreciable change in the
volume of the system. The pressure was lowered to the next step (2500
p.s.i.g.) in the cell, the bottom valve was closed, and the pump read-
ing teken at the reference pressure. This procedure was continued every
500 p.s.i.g. down to 500 p.s.i.g., and a final measurement was made at

loo p‘sli.g’

Thermal Expansivities

AEBaratus

Weld pycnometers of about 25 ce. were used to determine the den-
sities of the various solvent mixtures as a function of temperature. The

thermostats used were the same as used for the kinetic runs (Chapter L.

Method

The pycnometers were calibrated at 140.05°C., 50,25°C. and 60, 50°¢.

using water by the methcd described below. The density of water at each
152a

of these temperatures was taken from the International Critical Tables.
The solvent to be studied was placed in a ground glass stoppered
Erlenmeyer flask and immersed in the thermostat. About 1 hr. was allowed
for the liquid to come to temperature equilibrium in the 40,05°C. thermo-
stat. The pycnometers, having been previously weighed, were filled with
the liquid using a pipette, and covered--the plugs being left out. The
pycnometers were then suspended in the thermostat to a point below the

bottom of the ground glass joint of the cover, and allowed to equilibrate
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for sbout 15 min. At the end of this time, the covers were removed and
the plugs inserted. The top of the plug was carefully wiped, the pycno-
meters covered and removed from the bath. They were then rinsed thoroughly
with acetone and wiped dry. They were allowed to attain room temperature
for a period of 1 hr., and weighed. The room temperature and barometric
pressure were recorded. For the higher temperatures, the filled pycno-
meters from the 40.05°C. determinations were inserted into the 50.25°C.
thermostat, and allowed to come to thermal equilibrium for one hour, and

the above procedure followed. This was then repeated at 60.50°¢C.




CHAPTER 8

RESULTS II. STATIC

The calculations of the gquantities measured in Chapter 7 are

desceribed below, and the tabulated results are presented.

Partial Molal Volumes

Since the soiutions used in this study were very dilute
(about 5 x lO"h molar), they could be sssumed to be infinitely dilute.
Therefore, the apparent molal volume chenge can be teken as the partial
molal volume of the solute at infinite dilution.

The observed volume change is equal to the change in height of the

meniscus (as measured in Chapter 7), h, multiplied by the cross-section

of the annular space between the capillary well and the hypodermic
needle. Having calibrated the capillary (vide 52222), its radius, Tq,
is known, and having determined the radius of the needle, r,, with a

micrometer, the cross-sectional area of the snnular space is glven by
- n(pe - 1o ' I
Therefore the observed volume change on injecting the solute is

2 2 '
Vops = wh(r] - rs). (55)
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From the known volume delivered by the syringe (vide supra), and
from the known density of the solute (venzyl chloride,151 watert?2® and
ethanollszb) at the room temperature, the weight (and therefore the
number of moles, n) of the solute delivered to the solution can be
calculated. If Vg if the volume delivered by the syringe, and d is the

density of the solute at room temperature, then
n=—-s-'— © (56)

where M is the molecular weight of the solute.
The apparent partial molal volume, which for all intents and
purposes is equal to the partial molal volume of the solute, is then

given by 13k

7= (57)

That the assumption of infinite dilution is & reasonable one can
be seen in the results of Table XI. Tt is apparent that seven successive
injections of the solute in the dilatometer gave similar results, within
experimental error, and that no trend is apparent which would be
indicative of solute-solute interactions.

Tn order to test the accuracy of this method, the partial molal
volumes of water and ethanol were measured in the various agueous
ethanol solvents used in this study. The results of these measurements

are given in Table XII and compare favorably with the results of
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TABLE XI
Partial Molal Volume of Benzyl Chloride

in 0.4 Mole Fraction Ethanol at 50.25°¢C.

\j

CH,CL
Trial ¢ 2
(ml./mole)

117.81
117.00
116.59
117.00
117.97
117.08
117.32

<o EwWPpHE

Average 117.25 ¥ 0,38
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TABLE XII
Partial Molal Volumes of Water and Ethanol

in Aqueous Ethanol at 50.25°¢.

Mole _ .
: Vi,0 VEtoH
Fraction
(mL./mole) (ml./mole)
Ethanol
0.050 18.15 * 0.08 54,9 T 0.k
0.100 18.08 + 0.08 55,6 % 0.2
0.200 17.5 % 0.1 57.6 * 0.2
0.300 17.3 % 0.1 59,19 % 0.0
0.400 17.0 * 0.1 1.3 * 0.3
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\itchell and Wynne-Jones”> as shown in Fig. 29.

The partial molal volume of benzyl chloride in each of the solvents
pertinent to this study is given in Table XIII. Since the insolubility
of benzyl chloride in water prevented the determination of the partial
molel volume in this solvent, the value was determined by extrapolation

of the V¢CH201 vs. mole fraction alcohol curves.

Compressibilities

The volume determinations as messured by the volumetric pump,
which was at room temperature and the reference pressure (3000 p.s.i.g.),
must be corrected to the conditions of the compressibility cell. In

order to accomplish this, the following cycle was employed.

Vv N

TpsPp TesPe
1 3 (58)
: »V -
VTp ,p=0 TC ,p=0

Tp and T, represent the temperature of the pump and the compressibility
cell respectively, Py and P, represent the corresponding pressures.
Knowing the isothermal compressibility of mercury at the

H L3 .
temperature of the pump, KTg’ the correction for step 1 can be determined
P

from eq. 59
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TABLE XIII

Partial Molal Volume of Benzyl Chloride in Aqueous

Alcohol Mixtures at 50.25°C.%

Mole v ¢ CHpCL

Fraction (ml./mole)

Alcohol Methanol Ethanol g’_.-Propanol t-But anol
0.010 115.2 * 0.k
0.030 117.2 * 0.3
0.050 115.95 * 0.09 120.5 ¥ 0.3 126.2 i 0.3
0.100 116.9 ¥ 0.2 117.5. % 0.1 . 124,5 T 0.h 129.1 : 0.4
0-200 118a2 * Oa3 12301 * 003 12)4'-0 i 0-3 l23¢0 - 0.3
0.300 119.3 * 0.3 119.9 t 0.1 121.4 ¥ 0.3 118.8 * 0.5
0,400 118.8 * 0.3 117.3 * 0.k 117.1 * 0.2 116.5 t 0.2
0. 500 117.9 * 0.4

8yalue in pure water as extrapolated from the data in
this table is 115 ml./mole.
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= Hg
v =V exp [ - 0 -
which is simplified to
' v exp( 3000 Hg') (60)
=0 ~ K1)
Tpo? Tp’Pp Tp

since the pump pressure is always the reference pressure of 3000 p.s.i.g.
.Hg

The correction for step 2 is calculated by eq. 61 where amq ,T

p’-C

Hg
v = Vp ,p=OexP[;an,Tc(Tc - T (61)

Tc J P=o p

is the average value of the thermal expansivity of mercury between Tp
and Teq.
The volume change for step 3 is calculated in a similar menner to

step 1; the compressibility of mercury at the cell temperature being

employed:

Hg
= exp( -« m-Pc (62)
VTC,PC VTc3P=O xp( Te )

Having determined the volume of mercury withdrawn from the cell

at the reference pressure, the volume occupied by the liquid introduced

into the cell is known, It then remains to determine the amount by

which this volume of liquid expands &s the cell pressure is reduced.

The cumulative amount of mercury withdrawn from the cell, as
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measured by the pump, &as the pressure is reduced,is calculated by
subtracting successive pump readings (with the cell at the successive
pressures) from the pump reading with the cell at the maximum pressure.
These values are corrected as above to the cell conditions at the
appropriaﬁe pressure. This then gives V§%§¥d).

As the pressure in the cell is reduced, the mercury which is
left inside the cell expands, and this expansion must be taken into
account. The volume of the mercury left in the cell at 3000 p.s.1i.8.,
VE%3OOO): is equal to the volume of the cell at that pressure (from
the origineal cell calibration) less the volume of liquid introduced
into the cell. The volume by which the mercury in the cell expands

as the pressure is reduced is then given by
B 8 el (o - 300001~ 1. (63)
e(p) (3000) Te

The volume of the cell jtself decreases, OT expands negatively,
as the cell pressure is decreased. This expansion is known from the
. . ex
original calibration of the cell, and is designated Vi(p)-
The increase in the volume of the liquid being studied is

therefore given by

ig(e (wd) X Hg(ex)
Vitgg x) = vﬁ%pg + Vi(p) - Veo(p) (64)

The total volume of the liquid 1is then equal to the original volume

vLiq( ex)

introduced into the cell at 3000 p.s.i.g. plus c(p) . Knowing
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these volumes, the relative volume of the liquid at the various
pressures can be determined, and the graph of J.nVrel vs. p will have a
q

slope equal to fK%Z . This slope was determined by a least squares

£it of the data to eq. 65 (Appendix VIII)

2
v, =A+3Bp+Cp (65)

from which

K%iq = -B. (66)
The confidence limits of the compressibilities were determined by the
method used for the activation volumes (Chapter 5). However, the values
used for the errors in the volume and pressure measurements meke this
error a measure of the accuracy of the compressibility rather than a
measure of the precision. As no duplicate samples were subjected to
this determination, the precision measure is not available. It is to be

noted that the compressibilities and thermal expansivities of mercury

which were used were supplied by the Imperial Oil Research and
Development Laboratories where this work was done. No literature
citation for these values was aveilable at the time.

The vaiues for the compressibilities of the various solvents
studied are shown in Table XIV and the relative values of the volumes are
given in Table XV. It can be seen that agreement with the literature is

only fair in that the compressibility of water calculated from the p-V
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TABLE XIV

Physical Properties of the Solvents at 50.25°¢C.

th X Qo

106 x K

Mole

_1)

(p.s.i.

Fraction

(deg.™)

ANDO O HO
cooooo
HHHHHH

+ H 4 HH

N~ OO0
I T . o X oo o)\ N4
—

o NnKNm ~

OO ONO

Ethanol

Methanol
i-Propanol
t-Butanol

Alcohol
0.000
0.100
0.200
0.300
0. 400
0.500
1.000

80glculated from the data of ref. 1524
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deta of reference 1l52a is 2,16 x lO"6 p.s..i.‘:L compared with the value
found here of 2.75 x lO"6 p.s.i.'l However, for the purposes of this
study, nemely the calculation of constant volume activation parameters

(Chapter 3 and 9), this difference is probably unimportant.

Thermal Expansivities

The weights of the empty and filled pycnometers were corrected to
vacuum. For the empty pycnometers, eq. 67 was used 98c ynich is

sir _ Cein) (67)

d

anc i WObS(l ) dPyr d‘w‘l:s

simplified to

1 - 0.1074

anc=Wobs(' = 0. 4h5d

air
where the density of pyrex, d‘pyr’ is teken to be 2.23 g./ml. and tha
for the balance weights is teken as 9.3 g./ml.l55 For the filled

pycnometers the following modification was mede. Using the same principle

as in eq. 67 we find for the filled pycnometers that

W W W

bs
= _pyr | tid _ _2%%) (69)
Wyae = Wobs * air( doyr diig  Suts

or
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dgj W W s
_ air 1

But since Wliq = Wobs - Wpyr

d d..
alir _ alr). (71)

dair dair) +
doyr  %1iq

vae = Wobs( = o T Ty

(

pyr

Since the liquids of interest to this study have densities close to
unity, and since the buoyancy corrections are small, the density of the
liquid, dliq’ can be set equal to 1. Simplification then gives, for the
filled pycnometers,

Wyae = Wops(l * 0.892d,;5) - 0-952Wyyrdaiy: (72)
The density of air used in these calculations was determined from

the barometric pressure, Ppgy> and room temperature, troom’ using eq. 73

984

for dry air.

0.001293Ppar

= 73
dair = TG(1 + 0.00367t,,0m) (73)

The densities of the liquids were determined in triplicate using

three pycnometers gimultaneously. The values found, together with their

average deviations, are given in Table XVI.
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TABLE XVI

Densities of the Solvents at Atmospheric Pressure

Mole
Density (g./ml.)
Fraction o
40,05°¢. 50.25°¢C. 60.50°C.
Alcohol
Methanol
0.000 0.992252 0.987962 0.98298%
0.100 0.9638 ¥ 0.0002 0.95867 t 0,00003 0.95265 T 0.00007
0.200 0.9393 * 0.000L 0.9329 % 0.0001 0.9252 * 0.0006
0.300 0.9157L4 # 0.00002 0.90823 * 0,00008 0.9008 % 0.0002
0. 400 0.8929 * 0,000L 0.8849 T 0.0002 0.8767 T 0.0002
0.500 0.87111 * 0.00008 0.86236 * 0,00006 0.8536 * 0.0002
1.000 0.77239 t 0.00006 0.7633 % 0.000k 0.75257 * 0.00009
Ethanol
0.100 0.9552 * 0,0002 0.94867 * 0.00009 0.9420 ¥ 0.0002
0,200 0.9222 * 0,0001 0.9146 T 0.0002 0.9063 % 0.0002
0.300 0.8933 * 0.0001 0.88467 T 0.00008 0.87586 * 0.00001
0. 400 0.8657 * 0.0002 0.8565 T 0.000k4 0.8476 * 0.0002
1.000 0.7713 % 0.,0002 0.76280 t 0.00007 0.7538 * 0.0002
i-Propanol
0,050 0.9689 # 0.0007 0.9635 T 0.0007 0.9573 % 0.0008
0.100 0.9489 #* 0.0006 0.9416 % 0.0008 0.9341 * 0,0008
0,200 0.9051 % 0,0002 0.8963 ¥ 0.0002 0.8883 i 0.0004
0.300 0.87251 * 0.00008 0.86354 T 0. 0000k 0.85521 T 0,0002
0.400 0.8489 T 0.0001 0.8L00 T 0,000l 0.8304 ¥ 0,0002
1.000 0.7713 % 0,0001 0.7618 T 0.0003 0.7530 T 0.0003
EfButanol
0.050 0.9618 % 0,0002 0.9548 T 0.0001 0.94805 * 0.00006
0.100 0.9310 * 0,000k 0.9231 ¥ 0.0002 0.9150 # 0,000k
0.200 0.8803 # 0.0008 0.8712 % 0, 0007 0.8625 i 0. 0009
0.300 0.8528 * 0,0001 0.84324 * 0.00008 0.834L4 * 0.0002
1.000 0.7660 * 0.0002 0.75530 * 0,00006 0.7443 ¥ 0.0002

8nata from ref. 152a.,
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The thermel expansivity, a, 1s defined as

« = (5T, (7)
Since
inV = const. - 1n d (75)

where d is the density of the liquid, then

ln d
a = = (ag%f—)p- (76)

The density vs. temperature date for each liquid were fitted to the

linear equation
ind = A + BT (77)

by the method of least squares (Appendix 1X). Tt follows that

_ (78)

a—

The values of the thermal expansivities were cglculated for each pycometer
individually, and the results were aversged. This gave rise to the values
shown in Table XIV together with their average deviatiops. The value for

4 . : 152a
water was calculated from the densities reported in the literature.



PART IV

DISCUSSION




CHAPTER 9

CONSTANT PRESSURE ACTIVATION PARAMETERS

Activation parameters for reactions in solution are generally
obtained at atmospheric pressure, and refer to processes not accompanied
by a change in pressure. These are the familiar parameters AH*, AS* and
b}, and those specificelly highlighted in this work, AVY and(aAv"/ap)T_.
Recently Whalley and co-workersllo’156 advanced the proposal that the
activation parameters at constant volume, derivable from those at
constent pressure, are less dependent upon the solvent medium than are
those at constant pressure and therefore are easier to understand. The
constent volume parameters are the internal energy, AUz, and entropy, AS:;
of activation. In the present chapter the constant pressure parameters
will be considered while the constent volume parameters will be presented
in Chapter 10. The subscripts np" and "v'" will be used to avoid confusion
when necessary. In the absence of these subscripts the constant pressure
parameter will be implied. The subscript "v" is also used to denote a
thermodynemic paremeter of vaporization, put the context of the material
should suffice to avoid confusion with the constant volume parameters.

The present chapter consists of three main parts. The first deals
with the elucidation of the mechanism for benzyl chloride solvclysis
uSing.the activation volume data of Table V (p. 90). The second part

discusses the dependence of the various activation parameters on the

solvent, and the third is. concerned with the thermodynamic properties
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of the binary solvent systems.

Mechanistic Implications

As can be seen in Table V (p. 90), the activation volume, Avg, is
alweys negative. As demonstreted in Chapter 1, this is consistent with
an ionogenic mechanism where the solvent becomes more highly electrostricted

sbout the transition state as compared with the initial state.
question arises as to whether the sign and magnitude of the activation
volume cen be used to classify the benzyl chloride solvolysis into an
operative SNl or Sy2 category. Since the present reaction is a "neutral”
solvolysis, this may be rephrased by asking whether a solvent molecule is
incorporated into the transition state.

Baliga and Whalleyh7 have studied the acid catalyzed hydration of
olefins with a similar view in mind. Since no charge destruction or
creation was involved, the activation volumes were not complicated by
large solvent electrostriction changes. They concluded that the observed

negative activation volumes, for the non-ionogenic reactions, are the

result of incorporation of a water molecule into the transition state.

One problem in this type of inquiry is that of a precise definition
of a reaction mechanism. Does the mechanistic picture of a reaction
include the precise knowledge of the immediate solvent environment, or does
the solvent merely provide a convenient bulk medium for studying the

reaction? This may, at first, seem to be a trivial point, however, closer

scrutiny shows it to be more significant.

.70
As was pointed out in Chapter 2, Evans69 and FrankllﬁY demonstrated
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that the energies required for ionization of alkyl halides are readily
gveileble in solution. No such process is conceivable in the gas phase
without providing an external energy source, €.g. irradiation. Therefore,
the solvent medium is a necessary factor for ionization. If we accept
that the solvent environment, and the molecules of which it consists, is
en intimate part of the reaction mechanism, then a detailed account.of its
behavior is necessary in order to understand an activation process.
Clearly, in the extreme sense, 1o reaction mechanism can be considered to
be fully understood since, at present, we do not have a completely
satisfactory theory of solutions. However, if we do not accept the solvent
as playing an essential role in the mechanism, and thus being an intrinsic
part thereof, then we neglect most of the energetics involved, thereby not
only admitting of our ignorance, but suppressing any instinct or desire to
fill this gap in our knowledge. This point will again arise when we discuss
the activetion paremeters at constent volume (Chapter 10).

Returning to the problem at hand, and considering the gsolvent to be

intimately related to the reaction mechanism, the only difference between

the Syl and Sy2 mechanism for the present reaction is the degree of inter-
action between the substrate and the solvent molecules. In other words the
mechanistic classification becomes trivial in the sense€ that the difference
is one of degree rather than kind., This is pictorially demonstrated in.

egs. 79 and 80 where ~--- represents a partial co-valent bond and °°°

represents a coulombic interaction.
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. 6+ 5
Syl CH,-Cl  H,0 — cidl-c %m0 (79)
H,0 HpO
S 21 CH,-Cl 0 —s CH °
N 2 o Hy---CL: 7 Hp0  (80)
]
8+
H,0 H0

In both mechanisms, there is a stretching of the carbon to halogen
bond accompanied by a concomitant development of charge. This charge
development serves to increase the dipole moment of the substrate, which
in turn increases the strength and extent of interaction between the
substrate and solvent molecules. These phenomena are reflected in a
positive contribution to the activation volume from the bond stretching

and a negative contribution from the increased solvent electrostriction,

the latter predominating (see Chapter 1). If there is partial covalent
bond formation between the o-carbon atom and the water molecule, as in the
Sye case, a further decrease in volume is to be expected. This arises
because covalent type interaction is generally of shorter range than
clectrostatic interaction (as in the Syl case), so the two entities must
approach each other to a closer distance thereby decreasing the amount of

free volume between them.

The difference in the distance petween the o -carbon atom and the
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solvent oxygen atom in the transition state of eq. 79 (SNl) and that of
eq. 80 (Sy2) cennot be very large; in any case probably no more than a
fraction of an Angstrom. In order to detect the volume change due to this
small difference, two things are needed. TFirst, kinetic data are required
of such a high degree of precision that the activation volumes derived
nave errors smaller than this volume difference. It is highly questionable
that the present data are of sufficient precision for detecting such a
small megnitude. Murr and Shiner137 have demonstrated that such precision
is attainable at atmospheric pressure, and, in principle, can be attained
at higher pressures. The second necessity is a criterion for determining
the demarcation between the two mechenisms. In other words we must know
precisely what magnitude of activation volume encompasses Syl mechanisms
and what magnitude encompasses Sy2 mechanisms. This treatment of course
assumes no intermediate type mechenism. Such criteria are genersally
obtained by studying systems which are known to undergo one or the other
mechanism. Unfortunately, because of differences in charge development
and bond extension among systems reacting by the same mechanism, there is
a large range of AV* megnitudes, and the values for the two types of
mechanism are not distinct. Buchanan and Hamann's data for the Syl
solvolysis of t-butyl chloride in 80% aqueous e’chemol6 gives a value of
51 ml./mole for AVY (see p. 75 ). David and Hemenn's date for the Sy2

. o i
solvolysis of ethyl bromidel57 gives a 0Vg of -15 ml./mole in 80% aqueous

ethanol and -24 ml./mole in methanol. Obviously, this parameter, by

itself, cannot be used to distinguish between the two mechanisms of neutral

solvolysis.
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We cen therefore conclude that the activation volume for the
solvolysis of benzyl chloride reported here does not shed any further light
on the mechanism of this reaction, and activation volumes generally must
be treated with some scepticism as parameters for distinguishing between
operative SNl and Sy2 mechanisms in neutral solvolyses. It is suggested,
however, that, while no classification as to degre¢ of bond formation can
be made, the present results are in agreement with an ionogenic reaction
involving a highly polar transition state.

Although no mechanistic conclusions can be drawn from the behavior
of the activation volume, its dependence upon the nature and composition
of the solvent should be indicative of the role played by the solvent

during the activetion process.

Solvent Dependence gg.Activation Parameters

As activation enthalpies and entropies have been used widely in
the past for studying the effect of solvent on chemical reactions (see

Chapter 2), these parameters are pest considered pefore dealing with the

activation volume.

Enthalpy

The dependence of AH™ on the composition and chemical nature of the
solvent is illustrated in Fig. 30, It can be seen that in each of the
four systems a minimum occurs. As was pointed out in Chapter 2, this

. . . 3 4
behavior is typical of reactions in aqueous binary solvents. It 18

interesting that a measureable minimum is also observed in aqueous
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methanol, contrary to the observations of Tommila, et g;.92’9u’96 Tommila
concluded that both the substrate and the organic solvent had to possess
large hydrophobic groups in order that a minimum be observed.95 (p. 32 ).
Tf this is correct then no minimum should be observed hsre for the
methanol-water system.

The depth of the minimum in AH® increases as the alcohol molecule
becomes larger. This is also reflected in the results of Hyne and Wills
for Bfmethylbenzyl chloride.107 However, the latter shows a much more
marked dependence on the organic solvent component in that for methanol-

158

water the depth of the minimum ANE® = 1.7 kecal./mole while that for

t-butanol-water is 5.0 kcal./mole.107 Although these values are for
30°¢., the difference between them and the present ones for benzyl
chloride at 50.2500. cannot be attributed solely to a difference in
temperature. Hyne, Wills and Wonkka have shown that a change in temperature

. 06
of 20° causes a change of only gbout 340 cal./mole in aE*. L

Comparing the value of AEH® in ethanol-water with those of Hyne,

Wills and Wonkka;06 we find excellent agreement--1.5"F 0.4 kecal./mole
(present work) as compared with 1.8 kcal./mole (ref. 106).

Tt is apparent from Fig. 30 that the position of the minimum 1is
shifted toward more aqueous solvents as the depth is increased. This same
general behavior was observed for g-methylbenzyl chloride.lo7’l58 However,
the exact positions of the extrema cannot be determined from the present
data, but are probably within 0.03 mole fraction of the positions indicated
in Fig. 30.

Arnett, et E;.,108’109 have measured the enthalpy of solution, Aﬁ%,
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for various reactive substrates in aqueous ethanol. The most complete
treatment was for E-butyl chloride.159
Fig. 31 shows that the minimum observed in AE" for the solvolysis
of t-butyl chloride in agueous ethanollOl is almost completely due to the
endothermic meximum observed by Arnett, et al., in the heat of solution of
t-butyl chloride in these solvents.109 The cycle below shows the relation-

ship between these parameters where AH, is the enthalpy of vaporization of

AHE + §-
t-BuCl(g) —— t-Bud--c1°"(g)
AHy
-t
£-BuCL(1) AHg (81)
AH% l AH* 4

e -BacL(s) > t-BulE-c1°7(s)

the liquid halide, AHE is the gas phase activation energy for the reaction,

and Aﬁg is the enthalpy of solution of the gaseous transition state. The

sum of N Aﬁ% must equal AH, *+ AH; + Aﬁg. According to Fig. 31 this
sum does not possess the deep extremum of the two components, but neverthe-
less is itself a somewhat complex function as regards its dependence on
solvent composition. Since AHg is a constant under the assumption of
constancy of the transition state configuration as the solvent is varied
and AH; is a constant for any solute, the complex behavior of the summation
must be due to Aﬁz.

he solvolyses of E;butyldimethylsulfonium

Similar dissections for t

iodide and methyl benzenesulfonate do not appear to give such clear cut
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compensation.l09 The former has endothermic mexima in both Aﬁ% and s
+ Aﬁi , while the latter has two monotonically increasing curves. These
gissections are not rigorous since the A.ﬁg and AH* were measured at
gifferent temperatures.

A breekdown of the »benzyl chloride system cannot be rigorously
performed because the Aﬁ% is available only at 2‘5°C.l09 while the
present kinetic results are at 50,25°C. (Table V, p. 90 ). Nevertheless,
an snalogous treatment is jllustreted in Fig. 32. Again an endothermic
meximum is observed in Aﬁ§ which compensates for the extremum in AH®. The
v-shaped dip in AR is reflected in the quantity AE*+AHS, but the reality
of this may be open to question as Arnett end co-workers encountered
solubility problems in the measurement of Af—lé of benzyl chloride on the
aqueous side of 0.143 mole fraction ethanol.lo9 Tt is apparent, on com-
parison with Fig. 31, that the behavior of AHy + AH; + Aﬁz is much simpler
for benzyl chloride tha.n for t-butyl chloride. The reason for this is

presently unknown.

Since the AH* + Aﬁ% variation for benzyl chloride is analogous to
thet for t-butyl chloride in that it does not possess the deep extremum
of the two components, it is tempting to suggest that the benzyl chlorige

trensition state is of the SNl type., However, there are two very good

reasons why such a rationalization is dangerous. First of all there is

no precedent for using the AI—I"’ + AI'—'I% variation as a criterion of mechanisnm.

Tn order to determine whether it is useful in this meanner, a large number

of compounds whose solvolytic mechanism is known would need to be studied.

. .. 160
Secondly, t-butyldimethylsulfonimn jodide, which undergoes Syt solvolysis,
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possesses an endothermic meximum in AH* + Aﬁ% which is larger than that

observed in AH* alone.

Entropy

The varience of AS® with solvent composition is shown in Fig. 33.
Tt is apparent that the behavidr of this paremeter parallels that of au*
(Fig. 30) in that a minimum is observed and the depth of the minimum,
AAS®, and its position are dependent upon the nature of the alcohol.
Again agueous methanol gives rise to an extremum contrary to Tommila's
dbservations.92’9u’96

Comparison of Fig. 33 with Fig. 30 shows a curious disparity
between the positions of the AS™ extremum and the corresponding AH®
extremum in the ethanol and ifpropanol solvents--the entropy minimum
occurring at higher alcohol concentrations. The data of Hyne and WillsB?’

indicate that the positions of the two minima do not alweys coincide.

However, in two of the examples reported by these authors (g-nitro and

p-methylbenzyl chloride) there is coincidence. Therefore, coincidence
between the two extrema is neither an expected nor an uﬁexpected phenomenon.
Tt would seem that if the two extreme arise from the same physical effect
they should coincide. However, the factors which cause these extrema are
probably different in the two activation parameters of interest. This

arises because the enthalpies depend merely on the interaction energies of

the various molecules and the spternal energy of the reacting substrate,

whereas the entropies, in addition to this, depend upon the movements of

the stoms within the molecules and of the molecules with respect to one
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another. From this viewpoint it would seem that any agreement between
the positions of the two extrems is fortuitous unless the movements of the
molecules are independent of the solvent components--a highly improbable
situation.

Tt is also of interest to comment here that the positions of the
AVS minima, to be discussed below, are different agein from that of either
AH* or AS™.

Tt would seem that if the initial state solvation is cépable of
explaining the extremum in the activation enthalpy, the entropy of
solution should be capable of explaining the corresponding extremum in AS®.
The only attempt to dissect AS™ into its components is that of Arnett,
gﬁigi.,159 for t-butyl chloride. However, the data are available only on
the non-agueous side of L40% (v/v) ethanol (0.172 mole fraction ethanol),
whereas the minimum in AS™® occurs near 0.17 mole fraction ethanol. Since
there is a shortage of data in the region of interest, it is not possible
to determine whether the same compensatory behavior occurs here as occurs

in the enthalpy (vide suEra). No data whatsoever are available for the

entropy of solution of benzyl chloride in the solvents of interest.

Volume

Figs. 34 to 37 show the dependence of Avg on solvent. Once again
minimum values are observed, and the extremum size and position are
dependent upon the nature of the organic solvent component. As pointed

out in Chabter 1, Avg reflects the behavior of the solvent during the

. . o .
activation process of ionic reactions. Since AS® is also known to reflect
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this beham.viozc‘,u5 a parallelism between the extremum behavior of these
parameters (as™ and AVY) might be expected. A comparison of Figs. 33 and
34 to 37, however, shows coincidence of extremum position only for i-pro-
panol, and this mey be fortuitous. The activation volume depends upon the
relative positions of the atoms and the molecules in the initial and
transition states and therefore should not strictly parallel the as*
behavior whiqh, in addition, depends upon the movements of the atoms and
molecules (!igg EEREE)' However, some slight tendency toward parallel
behavior might be expected since the amount of volume available to a
molecule may affect its motions. For example, dissolution of a molecule

in a liquid generally suppresses the rotational degrees of freedom.

As the enthalpy and entropy of sctivation can be broken down into
several contributing factors, end can be understood in terms of these
factors, a similar breakdown of the volume of activation is desireable in
view of the possible understanding of‘the phenomena in the Av: behavior.
By definition, the activation volume is the difference between the partial
molal volumes of the transition state,‘vt, and the initial state, Vg. The
measurement of Vg was described in Chapters 7 and 8, end its dependence on

AV?; = -‘b - Vg (82)

solvent composition is shown in Figs. 34 to 37.

As was observed with the enthalpies of solution, there is a

maximum in ﬁg for each solvent system. It is also apparent that the

depth of the extremum increases and jts position moves to higher aqueous
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solvents as the alcohol increases in molecular size. This is analogous to
the behavior observed for Avg itself. The qﬁestion arises as to whether
the behavior of Vg fully compensates for that of Av; as was found for the
activetion enthalpy (Fig. 32).

By adding Qg to AVY, Vt is obtained (see eq. 82). The results of
this addition can be seen in Figs. 34 to 37. The broken curves are derived
from interpolated values of sz and the experimental values of Vg except
for the pure water point for which the experimental value of Avg is
gvailable while that for Vg is not. It is spparent that only the methanol-
water system gives a simple dependence of vt on solvent composition. The
other three curves are somewhat complex--even to the point of exhibiting
relatively large minima® for which the depth is an increasing function of
the size of the alcohol molecule, and the position approaches pure water
as the alcohol becomes larger. It can be concluded that the large maximum
found in the vg dependence for benzyl chloride on solvent composition
accounts for most of the extremum in Av; (100% for aqueous methanol, 70%

for aqueous ethanol, and 50% for aqueous ifpropanol and aqueous E—butanol).*

This is similar to the enthalpy pbehavior found in ethanol (Fig. 32). The

ﬁt curve for benzyl chloride in agueous ethanol (Fig. 35) is not as complex

as in the i-propanol (Fig. 36) or t-butanol (Fig. 37) systems.

Tt is interesting to note that Bateman's densities for aqueous

. . 61 - . T
ethanolic solutions of barium chlorldel give rise to VBaCl2 values

" having a shallow minimum at 0.08 mole fraction ethanol and a meximum at

CNote that Vy in pure water is apout 107 ml./mole.
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0.28 mole fraction (Fig. 38), The behavior of ¥, for benzyl chloride in
aqueous ethanol is seen to be very similar in that a shallow minimum
followed by a low maximum eppears as the concentration of ethanol increases.
This suggests that the benzyl chloride solvolytic transition state behaves
as a salt--i.e. a fully jonic species. Two problems arise in this com-
parison. First, sssociation of the barium and chloride ions by the

equilibria

et + (1" e==2Bacl" (83)
+
BaCl + CL”-==—=BaCly (84)

may be great enough in the more ethanolic solvents to persist to infinite
dilution. The presence of Baclt and BaClp would then be reflected in the
ethanolic end of the curve of Fig. 38. The benzyl chloride transition
state does not consist of two dissociated ions, but probably resenmbles
some form of ion pair and thus may parallel the behavior of BaCl, in
highly ethanolic solutions. Secondly, however, in the highly agqueous

solvents, barium chloride undoubtedly exists as three separated ions while

the benzyl chloride transition state does not.

Having established the extremum in Vg, knowledge of the cause is
desireable. In order to determine the factors involved, it is necessary
to first consider the cycle involved. This is shown in eq. 85 where

AVpf measures the formation of holes of gufficient gize and shape to accept

the solute, and allows for any reorientation of solvent molecules in order

to obtain that configuration most favorable for interaction with the solute.
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Avhf
Solvent —m— golvent + N-holes
VS VS + Avhf
Solution (85)
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re1(1) ——— RCL(g)
Vi Vi t AVv

By definition, the partial molal volume of the solute is the change
in volume of the solvent on addition of one mole of the solute to meke an
infinitely dilute solution. Three possible cases may be cited for
illustration of the sign of the partial molal volume of a solute. If a
golf ball is buried in a pile of sand, the increase in size of the sand
pile exactly equals the volume of the golf ball--V > 0. Such a situation

would be expected for dissolution of a nonpolar solute in a dielectric

continuum if no interaction between the solute and the solvent occurred.

On the other hand, if honey (solute) is placed inside a honeycomb (solvent)

there is no change in the volume of the noneycamb--V = 0. Clathrate

formation of a nonpolar solute in a highly structured solvent could pro-

duce this effect. Finally, if a magnet is placed in & 1loose pile of iron

filings the strong attractive jinteraction may cause s decrease in volume

giving a negative V.

It is therefore apparent that the only factor in ed. 85 of signifi-

cance to the value of V is AVppe In the present instance both Vg and Vj

are positive. This may be due to the solvent behaving as a dielectric
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continuum with, or without, some form of solute-solvent interaction.

The knowledge that these solvents are molecular in nature does not preclude
such continuum behavior for as Bell pointed ou.t162 continuum behavior is
observable when the particles of the solvent are much smeller than those

of the solute. Obviously, the benzyl chloride molecule is much Jarger

then a water molecule, and also is probably larger than the largest

alcohol molecule of this study--E-butanol.

In order to determine how solute-solvent interactions affect the
partial molal volumes, it is necessery to sscertain the molal volumes of
the pure solutes. Since the density and effective molecular weight of
the trensition state are unknown, its molal volume in the hypothetical
pure form caennot be determined. Using the density of benzyl chloride151
as 1.0718 g./ml. at 50.25°C., and the molecular weight as 126.587 g./mole,
the molal volume is Vp = 118.1 ml./mole. As can readily be seen in Figs.
34 to 37, Vg in the region of the maximum is always greater than Vp,
whereas on either side of the meximum it is smeller. Obviously the
disruption of the solvent structure near the meximum is somewhat greater
than necessary in order to accommodate the non-interacting solute molecule.
This could arise from & repulsive jnteraction between the solute and the

solvent, or disruption of attractive interaction between solvent molecules.

i i i i i ive interaction
However, in the reglon where Vg - v, 18 negative, attractiv

would have to be postulated. Tt is difficult to envision any explanation
for a change in sense€ of the solute-solvent or solvent-solvent interactions
by slightly altering the solvent composition on both sides of the maximum.

Tt must be noted that this treatment neglects any free volume contribution
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to vy Since the pure liquid has a non-z€ro compressibility and thermal
expensivity this is a poor assumption. In fact, the benzyl chloride
molecule is probably a great deal smaller than is impliéd by the value of

118.1 ml./mole.

Thermodynamics of the Binary Solvents

Since the extrema so far discussed occur as a result of altering
the composition of the binary solvent, it is probable that these extrema
reflect some physical property of the solvent. Recently, Franks and Ives
reviewed the structural properties of aqueous alcohols.163 The behavior
of the thermodynamic parameters of these systems shows a surprising similar-
ity to the activation and dissolution parameters discussed above. The
variation of the heat of mixing, AHM, and excess entropy of mixing, AS%,
with composition are shown in Fig. 39.

The first feature noticeable in Fig. 39 is that each of the thermo-
dynamic parsmeters of mixing passes through a minimum value in the highly

aqueous end of the scale the relative position of which is similar to ‘

that observed for the activation parameter extrema (vide supra). Secondly,

cps M
for the two systems where data are available, the positions of the TASE

minima occur at higher alcohol concentrations than do the AHM minima.

This is in accord with the observations discussed above (see Figs. 30 and

33) for the activation parameters.

Tt is interesting to note that the relative positions of the minima

in Fig. 39 for the AHM are the same as in Fig. 30 for the AH?, indicating

that similar factors are probably responsible for the extrema. However,
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the relative depths of the minima are in the opposite sense.

Franks and Ivesl63 have explained these minima in the thermo-
dynamic parameters of mixing on the basis of an increase in the structure
of the solvent (water) on addition of the first increments of added co-
solvent (alcohol). Such phenomena arise from a combination of two factors
--depolymerization of a highly associated component (water) and strong
inter-component attraction. Since the increasing order of proton
accepting facility in hydrogen bonding is MeOH < EtOH < i-PrOH < E-BU.OH,161+
hydrogen banding between water and.E;butanol should be favored, however,
steric limitations may prevent such association. That the minima occur in
the high agueous end of the composition parameter was explained on the basis
that water, resisting any disturbance to its jnherent structure, 1is able to
act as host to molecules which have some affinity for it.l63 With addition
of more of the foreign species, the failure of water to maintain its
structure is expected. The more nroreign" the added molecules, the sooner
the structure breakdown occurs. mis is evidenced in Fig. 39 since the

larger the alkyl group of the alcohol molecule, the less favorable it is

to an aqueous environment, and the more willing it is %o interact with water

as a hydrogen bond acceptor.

Tn an analogous manner to the enthalpy and entropy considerations,
it is to be expected that the excess volume of mixing, A, of the solvents
would show extremum behavior in the same solvent composition region as
observed for the Avg and T's. Utilizing the density data of Table XVI
(p. 156), the excess volume of mixing can be calculated by means of ed. 86.

The results of these calculations are i1lustrated in Fig. 40.
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1
WM = % (3 - %I) %5 - ) (86)

Tt is apparent that, with the possible exception of ethanol, no
extremum exists in the composition region of interest to the present
study. Since AVM must be zero at X?OH = 1, there obviously is a minimum
st some solvent composition beyond the range considered here.

Tf the partial molal volumes of the alcohols in these solvent
mixtures are considered,l63 minima aie indeed observed in the region of
interest (Fig. 41). Surprisingly, however, these minima appear at
higher water concentrations than those of either sz or the V's. No

explanation for this anomaly is presently apparent.
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CHAPTER 10

CONSTANT VOLUME ACTIVATION PARAMETERS

Whelley, et gi.,135 have recently advocated the use of activation
parameters at constant volume for describing the activation process of
resctions in binary solvent media. Their reason for this proposeal is
that these paremeters generally vary in a simpler manner with solvent
composition than do the constant pressure parameters normally studied.

In particular, these authors found no extrema behavior in the activation
energy at constant volume, AUz, or the activation entropy at constant
volume, ASt, for the acid hydrolyses of methyl acetate and ethylene oxide
in aqueous acetone. The method of calculating these parameters from the
measureeble constant pressure parameters 1s as follows.

For any parameter X which is a function of both T and P

F | _ (3X 3%y 4o, (87)
ax = (3R)par + (G7)g
Therefore
aXy - (38X 3Xy (3B)_, (88)
Grv Goe* (Bp)T(aT v
Since

@B)y = - GGz~ % (89)
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Then

( )V = ( )p ( )T'

If X is teken as equal to the free energy, F, end since (aFYaT) = -
P

and (3F/3p)q =

— Q.

or

- = - [
S, = - 8, + &V.

(90)

Sp

(91)

(92)

At this point, Whalley, et El"l35 assumed. that the bulk solvent compres-

sibility, x, and thermal expansivity, ¢, could be taken as equalling the

partial molal quentities of the solute. This then led to
TAS® = TASP - Zav*.

At constant volume, 85y = AUV/T, and at constant pressure ASp

therefore
AU* = A * _ TaAV#
v Hp K *

Since it is well known that the golvent structure and com

(93)

= /T,

(94)

mposition
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in the vicinity of a solute molecule is altered by the presence of the
solute,'there does not appear to be any justification for using the bulk
solvent parameters in these calculations. Indeed, the partial molal
expansivity, o, and the compressibility, k, of the solute in the appropriate
solvents should be used. Such partial molal quantities reflect the nature
of the reorganized solvent. Eqs. 93 and 94 then would be replaced by

egs. 95 and 96 respectively.

o _ ® a_ * _ & _ at,,, _ Egv
TSy = TAS) - Ta(V)* = TASy T(i-i-:-Vt =2V ) (95)
* Aoy® _ a™ o Oy = - Egﬁ 6
MUy = BH - Ta(§9)* = aHp - gy e g) (96)

Furthermore, just as V has different velues for the transition and initial

states (Figs. 3L to 37), o and % are expected to have different values

for these same two states. Therefore, these parameters cannot justifiably

be removed from the parentheses. Unfortunately, &; and K, can never be

measured, and for solutes which react with the solvent &g and kg can also

not be easily measured. Using the dilatometer technique for measuring Vg

(Chapter 7) at different temperatures would indeed permit evaluation of

&g' However, compressibility measurements cennot &t present be made

"instantaneously" so that Kg is still elusive. It was felt premature,

therefore, to attempt to measure &g in this work since the other parameter,

Eg, necessary for complete evaluation of egs. 95 and 96 is unobtainable.

It may be noted that highly accurate rate data at various pressures and

. ® ; ;
temperatures may permit an sndirvect evaluation of Aa‘. This work is
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currently underway in this laboratory by Mr. Stuart Dickson.

In view of the current inability to use the rigorously correct
equations (95 and 96), the constant volume parameters were calculated by
means of egs. 93 and ol for the solvolysis of benzyl chloride. The results
are shown in Figs. 42 and 43, On comparing these figures with Figs. 30
and 33 (pp. 165 and 172), respectively, it is jmmedistely obvious that
the constant volume parameter dependence on solvent composition is indeed
much simpler as pointed out by Wha.lley.l3 Z The minima observed in As; are
entirely absent in Fig. 43, However, extreme do persist in the actifation
energy (Fig. 42), contrary +to the observation of Whalley, et gl_.135

One immediate question is why Whalley did not observe extrema
behavior in his systems:. The data reported by these atuthors135 were taken
only to 0.2 mole fraction agueous acetone--the AH; and As; extrema
occurring near O.1 mole fraction. In the present study it was found that
Avg has extremum values at higher non-aqueous component concentrations

than do AH; or ASS. Consequently, the constant volume parameters, being

a function of both Avg andAH; or AS;’ have extrema at higher organic

. b
solvent component mole fractions than AH; or ASP.

As a result of their observations, Whalley and his group concluded

that "the existence of the minimum is therefore best considered as a

trivial fact, not related to mechanism except insofar as changes in ']hAV*/K

are related to mecha.nism",l35 and that most of the compensation 1n the

extremum behavior of AHz ig "due to changes in the thermal expansivity o

of the solvent...[while] changes of the volume of activation contribute to

a smaller extent, and changes of the compressibility are of little
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consequence. n135

In view of the fact that A\I; for the.present reaction, benzyl
chloride solvolysis, exhibits extremum pehavior (Figs. 34 to 37, pp. 17k
to 177) whereas o changes monotonically with solvent composition
(Table XIV p. 151), any compensatory behavior must be due to AV'; and
not to a. The concept of the solvent being unrelated to mechanism was
treated earlier (p. 161). Suffice it to repeat here that a precise
definition of what constitutes a reaction "mechanism" is necessary in

order to avoid a semantic argument. Once & definition is accepted, the

current argument should be resolvable.
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CHAPTER 1l

ACTIVATION PARAMETER RELATIONSHIPS

Tt is well known that changes in substrate structure or solvent
usually chenge both AH’ and AS*, and that lerge velues of one tend to
accompany large velues of the other. Such knowledge has led to con-

giderations of the so-called "isokinetic relationship" between extra-

thermodynemic paremeters (eq. 97).165’166

pE* = aBY + gas” (97)

In eq. 97 AH; is simply the value of AH* corresponding to AS* = 0, and

has no physical meaning. The slope, B, is 2 quantity having dimensions

of absolute temperature.
Leffler165 found that 81 reactions of 103 for which sufficient

data were available could be represented by eq. 97. Although linear

y found, curves of various

relationships between AH* and AS* are frequentl

shapes are not uncommon.l66 In particular, €q. 97 for the solvolysis of

t-butyl chloride in various binary solvents was observed to have peculiar

ShapeS%67That the benzyl chloride solvolysis is not unlike the t-butyl

chloride behavior in this respect is readily seen in Fig. 4. The dotted

line is an arbitrary line of slope B = 323°A.--the experimental temperature.

It has been demonstrated;66 that strong solute-solvent interaction leads

to a linear isokinetic relationship, whereas more complicated curves are
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obtained when solvent-solvent interactions are also important. Apparently,
for n distinct and important interactions there are n-1 inflection points
observable.

Burris and Laidleruu have observed that since AS* and AV® Dboth
reflect solvent behavior for ionic reactions, they should parallel one
snother in sign and magnitude. In fact they obtained a linear correlation
between these two parameters for six different reactions in water. It is

i interesting to consider that if six aifferent reactions in one solvent give
s linear relationship, would one reaction in various solvents also give a
linear correlation. In point of fact, the present data (Table V, p. 90 )
represent a fair test of this possibility since 17 solvent compositions
are available. The appropriate graphs, one for each alcohol system, are
presented in Fig. 45.

Tt is at once apparent that linearity is not observed. Rather do

we find quite complex curves gimilar to the isokinetic relationship

illustrated in Fig. 4k. Furthermore, in at least two instances, the curves

tend to cross themselves--a situation not previously reported for the A H*
vs. AS® curves. Although this phenomenon 1s rather curious, it is doubtful
whether any effort spent in trying to understand this cross over would be
profitable. This is especially true in view of the empirical nature of

the relationship.

The activation parameters at constant volume also display rather

complex inter-relationships, as can be seen in Figs. 46 and L47. This

135 .
contrasts the simple behavior observed by Whalley, et al., which may

have been due to the 1imited solvent composition range studied by these

authors.




200

-8l MeOH 0.0

0]
12|~ 0.1()/

0.2 ‘/,,/”

-16f- 0.3 ‘/,,,/”()

ool C>--§__Cf.u
gl EtoH o.oO
| 12

.16 0.1

0.2 ‘/,/Tépo.h
-20 0.3

(

®
AVg (ml./mole)

| 1
-22 -20 -18 -16 -1L

&
a8, (cal./deg. mole)

Fig. U5. Relationship between AV*® and AS? for the
solvolysis of benzyl chloride in aqueous

alcohols.

(Numbers refer to mole fraction alcohol.)




201

oo | MeOH Oy -
0.3 ==~
o1 L ~ 0.2 oo
/O
&1
EtOH 0.3 _ -

®
AU, (keal./mole)

-16

Fig. Lé.

-12

!
-1h

*
ASy (cal./deg. mole)

Relationship between AUz and.Asz
for the solvolysis of benzyl
chloride in aqueous alcohols.

(numbers refer to mole fraction
alcohol. Dotted lines are of
slope B = 323°A., the experimental

temperature. )




(ml./mole)

-
AV

202

8L MeOH o
0.0
-16}- 0.3 \O
O< 0.2
-20r Oo. 4
_g|. EtOH
OO.O
-12}-
-16} 0.1
0.2 0.4
-20F 0—O0Oo0.3
_gl. i-ProH
OO.O
-12/ 0.k
@)
-16}
9/ 0.2
-20}- 0-3 (|3
0.1
(@)
-8l &-BudH 00.0
-12k
1 0.3.
20 0.2
0.1 ——=o0
ol .
\ \ ) O/|/
-16 -1k -12 -10

AS¥ (cal./deg. mole)

Fig. 47. Relationship between AVS and As:

for the solvolysis of benzyl
chloride in aqueous alcohols.

(numbers refer to mole fraction
alcohol)




CHAPTER 12

SECOND DERIVATIVE PARAMETERS - (3aV*/3p)y

Having established that the pressure dependence of the activation
volume, (8AV*/ap)T, is measureable (Chapter 6), it is of interest to the
present study to determine whether this parameter exhibits extremum
behavior as a function of solvent composition. In Fig. 48 it is seen that
an extremum in fact does occur for each solvent system near the region
where Avg has its minimum. It is interesting that the extremum in
(3AV*/3p)T is a meximum rather then a minimum, but it is not unexpected in
that Acg, the temperature dependence of AH*, for benzyl chloride solvolysis
in agueous ethanol also has a maximum where AH* shows minimum behavior
(Fig. 49).106 Unfortunately, until more is understood about the extrema
in Avg and AH*, no explanation for those in the second derivatives of the
rate constant is possible. However, accepting that the extrema behavior

in AH& and AVS is a reflection of the structure of the binary solvent

medium, then it would appear reasonable to conclude that similar effects

are responsible for the extrema observed in the second derivative parameters

ACH and (BAV*/ap)T. It is at least comforting to know that a further pair

of measureable pseudo thermodynamic parameters of activation reflect these

effects and their behavior will be available in the future to test any

hypotheses presented to account for the observed extremum phenomena.

5 .
As was stated earlier (Chapter 6), (30v*/ap)p is related to the

compressibilities of the transition and initial states by
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v

(_35_ T = -Etﬁgexp(-Etp) + K V%exp(-igp). (98)

g

However, since K_ cannot be measured by present techniques, this relation-

g
ship is of no current practical value.
It is more profitable to consider this parameter as in eq. 99,

since the effect of pressure on a volume is intuitively easier to

comprehend.

(99)

Over most of the solvent range of interest, (SAV*/Bp)T is pbsitive,
i.e, (avt/BP)T > (ng/ap)T. However, (BV/Bp)T < 0, Therefore,
|(3Vg/3p)T|> |(374/3p)p| implying that the volume of the initial
state is more easily affected by the application of pressure.

Since a more rigidly structured system would be expected to be only
slightly compressed by pressure, while a less rigidly structured

system would be more susceptible, it must follow that the transition

state, defined as the solute plus its solvent environment, is held

together by stronger interactions than is the initial state. The

s : tainl
Pact that AS® is negative for this reaction (Table V, p. 90) certainly

indicates that the transition state is in a more constrained

environment.
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The question of course arises as to the sign change in (BAV*/ap)T
on addition of alcohol to water, Such circumstances are not entirely
new, AS* for t-butyl chloride solvolysis being positive in water

and becoming negative on addition of a co-solvent.160

In pure
water the initial state is less compressible than the transition
state., As alcohol is added the reverse occurs. At some solvent

composition (BAV*/Bp)T = 0, that is
(100)

The curves in Fig. 48 indicate that this "equicompressibility"
com.positiond approaches pure water as the alcohol becomes more
efficient in disrupting the water structure (see Chapter 9 and
ref. 163). However, the data are not complete enough to elab-
orate on this observation. More values of (aAV*ﬁ)p)T in the
region of pure water to 0.1 mole fraction alcohol are necessary.

Franks and Ives pointed out that as an alcohol is added

4 i i 0.0
to water a "maximum structuredness" ensues in the region of

dThe equicompressibility composition is that solvent compo§ition
where k= K, rather than that solvent composition where eq. 100 is

valid. & since 1/\-/'g # 1/V, and since

(101)

__ 1.9V
- v(ap)T

these two solvent compositions are not idegtical, so that the term
"equicompressibility" is incorrectly used in the text. However for
lack of a better word, equicompressibility will be used with quotation
marks to indicate the criterion of eq. 1.00. .
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to 0.1 XﬁOH'l63 Sﬁch increase in the structure implies a loss of
flexibility of the solvent. Therefore, « of the solvent should decrease.
As more alcohol is added, causing a breakdown of the structure, and
more random distribution of the molecules, k should begin to increase
resulting in a minimum value at some solvent composition. The data
in Table XIV (p. 151) do not display extrema behavior in k, but
rather show a monotonic behavior with solvent composition. Such
behavior could nevertheless arise from a concomitant weakening of the
molecular interactions coupled with an increase of structure as
the first increments of alcohol are added followed by complete
structure breakdown. The net effect of these changes would be
increasing flexibility giving rise to monotonic k behavior.

In dilute solutions, solute-solvent and solvent-solvent
interactions are virtually the only existing ones. It is, there-
fore, reasonable to assume that K of the solute parallels the solvent

compressibility behavior--i.e. increases monotonically on addition

of alcohol. Since

<§-§)T = - KV (102)

and since ¥ of the solute has a maximum value (Figs. 34 to 37,

pp. 174 to 177), (BV/ap)T must decrease until that solvent comp-

osition is reached where V maximizes. Beyond this solvent comp-

- - ) t .
osition the behavior of (SV/ap)T will depend upon the relative
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rate of increase of K and decrease in V. However, the "equicompres-
sibility" composition occurs prior to this (Figs. 34 to 37 and 48).
Therefore, over the range containing the solvent composition in
which eq. 100 is valid, the (BV/ap)T decreases monotonically.
Furthermore, since (BAV*/Bp)T = 0 at some solvent composition and
since (an/ap)T > (th/ap)T in pure water, (an/ap)T must decrease
faster than (th/ap)T with increasing alcohol concentration. Such
a situation is illustrated in Fig. 50. The extrema in (BAV*/Bp)T
of course indicates that the two curves in Fig. 50 are not linear over
a large composition range if in fact they are linear at all.

That (ng/ap)T is more solvent dependent than (8Vt/3p)T is
not unreasonable from the viewpoint of the structurqdness'of the
microscopic solvent region. The initial state solvent-solvent
interactions are strong because they are not disrupted by the very
weak solute-solvent interactions. As large amounts of alcohol are
added, however, the structure is broken down giving rise to large
changes in (ng/ap)T. On the other hand, the polar transition state
interacts strongly with the solvent environment causing a weakening
or increased flexibility of the solvent-solvent interactions. Any
further disruption of structure due to added alcohol will be super-
imposed on the already disrupted gsolvent structure. Thus, (Bﬁt/ap)T
will show only a slight dependence on solvent composition.

Irrespective of the 1ack of complete understanding of the

maxima discussed in Chapters 9 and 10, it appears that the pressure

dependence of the activation volume gives rise to two points of
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interest--extremum behavior as a function of solvent composition and
an "equicompressibility" solvent composition. Although no added
understanding of solute-solvent interactions may be presently avail-
able from the behavior of ('&AV*/ap)T as a function of solvent comp-
osition, it offers two further tests of any theory which may be proposed

to account for the observed peculiarities.



CHAPTER 13

CONCLUSIONS
As the principal findings of this work are scattered amongst the
various chapters, it is convenient to compile them into one section.

Since these conclusions refer to experimental, analytical and interpretative

aspects, it is advantageous to consider each separately.

Experimental

1. In situ conductimetric studies under pressure can yield rate

constants of an accuracy comparable with that normally obtainable at

atmospheric pressure.
o, Partial molal volumes can be measured for species which react

with the solvent of interest, and meaningful results are obtainable.

1. A quadratic function is generally the most useful for expressing '

the dependence of a reaction rate constant upon pressure and for extracting

the volume of activation.

o, Tt is both necessary and sufficient to allow for the pressure

dependence of the activation volume in analyzing a set of kinetic data as

a function of pressure.

3 It is possible, in practice, to determine the pressure dependence

of activation volumes with gufficiently small errors as to yield meaningful
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(aav*/ap)T values--the ability, or lack thereof, to interpret them
notwithstanding.
4, Differentiation of an appropriate analytical function is a
convenient and reliable method for estimating the errors associated with

activation parameters.

Interpretative

1. Activation volumes, like activation enthalpies and entropies,
show extrema behavior as a function of the composition of the binary
solvent medium in which the reaction takes place.

2. A large part of the extremum behavior in Avg is accounted for
by the extremum behavior of the partial molal volume of the initial state.
In the present instance, 50% to 100% compensation was observed.

3. The observance of extremum behavior in aqueous methanol casts
doubt on Tommila's conclusion96 that the organic solvent component must
have a large hydrophobic group for extremum behavior to be observed and
lends support to the hypothesis that the structural nature of the solvent

is the major, if not the sole, cause of the extremum.

i, The extremum behavior of the activation parameters is similar

to that found for the thermodynamic parameters of mixing of the binary

solvent systems.

135 . .
5.. Contrary to the findings of Whalley, et al., the activation

energy and entropy

at constant volume were found to exhibit extremum

behavior. The extrathermodynamic relationships also were found to be no

simpler for the constant volume parameters than they are for the constant
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pressure parameters. Consequently, the existence of these extrema is a
reality of the chemical system, and these extrema must be considered as
being related to the reaction mechanism insofar as the solvent itself is
an intimate part of the mechanism.

6. The linear correlation between AS™ and AV* observed by Burris
and Laidlerm+ wes not found in the present instance of one reaction in a
series of solvents. Rather very complex curves were obtained, the meaning -
of which is not apparent.

7. The pressure dependence of the activation volume undergoes a
change in sign in highly aqueous media with increasing co-solvent con-
centration and also exhibits extremum behavior. Although this behavior
is not fully understood at present, it will provide a further test of any
hypothesis proposed to-explain the extremum behavior of the activetion

parameters.
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APPENDIX I

PRESSURE UNITS
The majority of present day literature uses the units of
gtmospheres or bars in reporting piezochemical data, For the reader

who is more familiar with these units the following table is included.

TABLE XVII

Pressure Units

p.s.i.g. Atmospheres Bars
0 1 1

122 9 9
510 36 36
1008 70 71
1507 103 104
2002 136 138
- 2500 171 173
3000 205 207
5000 341 346
10000 681 690
000 1022 1036
égooo 1362 1380
30000 2043 2070
40000 2722 2758

60000 4083 37
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APPENDIX II

RATE CONSTANT CALCULATION

GUGGENHEIM ANALYSIS FOR CONDUCTIMETRIC RATE STUDIES
DIMENSION R1(20), R2(20), T(20), P(20), D(20), m(20),
1HEAD(80)

READ 200, HEAD

FORMAT (80AL)

PRINT 201, HEAD

FORMAT (1H1, 80AL)

READ 100, N

FORMAT (I3)

DO 10 I=1,N

READ 101, TM(I), RL(I), R2(I)

FORMAT (16X,F5.0,15X,F6.0,16X,F5.0)

IRC = 1

IPPO = 1

ISTEP = 1

J=1

NLO = O

NE = O

KA=N-J+1

FN = KA

CONVERT THE TIME TO SECONDS AND COMPUTE THE POINTS
CONTINUE

DO 11 I=J,N

(1) = T™(I)%60.

p(1) = LOGF(1./R2(1) - 1./RL(I))

INITIALIZE THE SUMS

TS = O.

PTS = O.

PS = O.

™8 = 0.

DS = O.

K = KA

COMPUTE THE SUMS
DO 15 I=J,N
1r(P(1)) 17,19,17
K = K-1

FN = K

S = TS + T(I)
prs = prS + P(I)*T(I)
ps = PS + P(I)

o8 = T2 + T(I)¥x2
COMPUTE REQUIRED STATISTICS
DIV = FNxT2S - TS*¥2

cp(20),
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IF(DIV) 20,70,20
20 S = (FN«PTS - TS%PS)/DIV
CI = (T2S%PS - TSxPTS)/DIV
K = KA
DO 21 I=J,N
IF(P(I)) 22,23,22
23 D(I) = O.
K=K-1
FN = K
GO TO 21
22 cp(I) = S*7(I) + CI
(1) = cp(1) - P(I)
21 DS = DS + D(I)*x2
DS = SQRTF(DS/FN)
C OUTPUT REGION
IF( IPPO) 26,27,26
26 PRINT 110
110 FORMAT (1HO, 6X, 4HTIME, 8X, 2HRI, 8X, 2HR2, 9X, SHOBS P, 9X,
15HCAL P, 9X, SHERROR)
D0251I=J,N
25 PRINT 103, ™(I), R1(I), B2(I), p(1), cp(1), D(I)
103 FORMAT (1H , 3F10.2,2F1L.6, F14.8)
PRINT 115
115 FORMAT (1HO)
IPPO = O
27 PRINT 102, K, S, DS, CI
102  FORMAT (1H ,hHNP= , I3,2X,3HS= ,ELW.7,2X,LHDS= ,E14.7,2X,3HI= ,
1F10.6)
TF(DS - 1.%10.%%(-3)) 1,2k4,24
oLk  @o To (Lk2,k41), ISTEP
C REMOVE INTTTAL POINT BY INCREMENTING J
iy J=J+1
F(N-J-7) 1,1,44
Lh KA = N-J+1

FN = KA
1F( IRC) 60,61,60
60 IRC = O
GO TO 9
61 GO TO 18
L2 DS2 = DSx2. + .00l
DO 50 I=J,N
cPF = ABSF(D(I))
TF( CPF - DS2) 50,52,52
52 (1) = O.
p(1) = O.
50 CONTINUE
KA = N-J+1
FN = KA
ISTEP = 2




GO TO 18
70 PRINT 106

27

106 FORMAT (1H ,19HDIVISOR EQUALS ZERO)

GO TO 1
END

INPUT DATA

RUN 288 BENZYL CHLORIDE/O.10004 I-PROH/50.25 DEG./20,000 PSIG

020

3
18
33
48
63
78
93
108
123
138
153
168
183
198
213
228
243
258
273
288

72620
65865
61196
56223
52630
LoLo6
L6867
LL6T78
42785
41225
39814
38451
37294
36246
35311
34401
33653
32956
32314
31737

27289
27088
26867
26665
26493
26337
26192
26053
2592
25794
25689
25582
25486
25390
25291
25205
25126
25050
24978
24910
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100
99
98
101

102

APPENDIX IIT

ACTIVATION VOLUME ANALYSIS

QUADRATIC EQUATION FOR ACTIVATION VOLUMES WITH ERROR ANALYSIS
DIMENSTON P(lo),DP(lo),Y(lo),DY(lo),M(so),w(lo),m(lo),pK(lo),
1D(10)

READ 100, M

FORMAT (80A1)

PRINT 99, (M(I),I=1,80)

FORMAT (1H1,80A1, 7X,18HQUADRATIC ANALYSIS)

PRINT 98

FORMAT (1H ,82X,23HLN(K) = A + BxP + CxPxP//)

READ 101,N

FORMAT (I2)

READ 102, (P(1), DR(I), ¥(I), D¥(I), I=1,N)

FORMAT (F5.0,10X,I3,10X,E9.3,10X,E6.0)

SP = O.

SPP = O.

SPPP = O

SPPPP
SPPLY
SPLY = O.
SLY = O.
SDP = O.
SPDP = O.
SPPDP = O
SPPPDP =
SDYY = O.
SPDYY = O.

SPPDYY = O.

SIYDP = O.

SPLYDP = O.
CALCULATE THE SUMS
DO 3 I=1,N

Sp = Sp + P(I)
SPP = SPP + p(1)#P(I)

SPPP = SPPP + P(I)*P(I)*P(I)

SPPPP = SPPPP + P(I)*P(I)*P(I)*P(I)
SPPLY = SPPLY + P(I)*P(I)*LOGF(Y(I))
SPLY = SPLY + P(I)*LOGF(Y(I))

SLY = SLY + LoaF(Y(1))

vy(I) = roar(Y(1))

spp = SDP + DP(I)

SPDP = SPDP + p(1)*DP(I)

SPPDP = SPPDP + P(I)*P(I)*DP(I)
SPPPDP = SPPPDP + P(I)*P(I)*P(I)*DP(I)

0.
O.

0.
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103

104

105
107

106

108

109
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SDYY = SDYY + DY(1)/¥(I)

pYy(1) = DY(I)/¥(1)

SLYDP = SLYDP + LOGF(Y(I))%DP(I)

SPLYDP = SPLYDP + P(I)*LOGF(Y(I))*DP(I)

SPDYY = SPDYY + (P(I)*D¥(1))/¥(1)

SPPDYY = SPPDYY + (P(I)*P(1)*DY(1))/¥(I)

FN = N

CALCULATE THE PARAMETERS

DENOM = FNxSPPxSPPPP - FN*SPPP*SPPP - SPxSPxSPPPP + 2.*SP#SPPXSPPP
1- SPP*%3.

¢ = (FNxSPPxSPPLY - FNxSPPP%SPLY - SP#SP#SPPLY + SPxSPPP*SLY +
1SP*SPP*SPLY - SPPxSPP*SLY)/DENOM

B = (FNxSPLY - FNxCxSPPP - SPxSLY + OxSP¥SPP)/( FNxSPP - SPxSP)

A = (SLY - BxSP - CxSPP)/FN

DDENOM = FNx(2.xSPDPxSPPPP + L.xSPPxSPPPDP - 6. %SPPP*SPPDP) - 2.%
1SDPXSPXSPPPP - L. x%SP%SPSPPPDP + 2.%(SDP¥SPP#SPPP + 2, ¥SP%SPDP*SPP
OP + 3.xSPxSPPxSPPDP) - 6.*SPP*SPP*SPDP

DC = (2.xSPDP%(FN*SPPLY - 2.*SPP#SLY + SP¥SPLY) - (SLYDP + SPDYY)#
1(FNxSPPP - SPxSPP) + SDP*(SPPP#SLY - 0. %SPxSPPLY + SPPxSPLY) - 3.%
oSPPDP*( FNXSPLY - SPxSLY) + (2.x%SPLYDP + SPPDYY)#( FN%SPP - SPxSP) -
3SDYY%(SPP%SPP - SP*SPPP))/DENOM - cxDDENOM/DENOM

DB = (FN%(SPDYY + SLYDP - DC#SPPP - 3. xCxSPPDP) - SDP*SLY - SP*SDY
1Y + CxSDP%SPP + 2.%CxSPxSPDP)/(FNxSPP - SpxSP) - Bx(3.xFNxSPDP -
20, %SP%SDP)/( FN*SPP - SPxSP)

DA = (SDYY - DBxSP - BxSDP - DC¥SPP - o, *CxSPDP) /FN

OUTPUT REGION

PRINT 103, A, B, C

FORMAT (17HOVALUE OF A IS = ,F8.4,2X,THB IS =,E11.4,2X,7HC IS = ,
1E11.4//)

PRINT 104, DA, DB, DC
FORMAT (1éH VALUE,OF DA IS = ,E11.4,2X,8HDB IS = ,E11.4,2X,8HDC IS

1= ,E11.4//)

PRINT 105

FORMAT (11H INPUT DATA/)

PRINT 107

FORMAT (2X,4H  P,6X,2HDP,9H K,12H DK/)

PRINT 106, (P(I),DP(I),Y(I),DY(I),I=1,N)

FORMAT (1H ,F7.0,2X,F5.0,2X,E10.3,2X,E8.l)

DO 6 I=1,N

PK(I) = A + Bxp(I) + cxP(1)*P(1)

(1) = Y¥(1) - PK( 1)

gg;ﬂiTl?alH ,11H ??GF(K(I)),5X,11H pk(1)/K(1), 5%, 12H1.0G( K( CALC) )
X,10HOBS - CALC

ﬁglNT lO9,(YY(I),DYY(I),PK(I),D(I),I:l,N)

FORMAT (1H ,lX,F9.5,7X,F9.5,7X,F9.5,7X,F9.5

GO TO 1

CALL EXIT

END

|_I



INPUT DATA

BENZYL, CHLORIDE AT 50.25 DEG. C. IN O.1 MOLE FRACTION METHANOL

o)

0
10000
20000
L0000

0
200
200
200
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1.247E-Ok
1.7L9E-OL
2.310E-0k

4, 4OOE-Ok

4, E-07
L, E-07
4,E-06
1.E-05
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TABLE XVIII

Paremeters of the Quadratic Analysis for the Activation Volume

for Benzyl Chloride Solvolysis

N

Mole A 105x8 100xc 103 xpa 10°xpB  10M x e
Fraction (p.s.itl) (p.s.i??) (p.s.itl)  (p.s.iT?)
Methanol
0.000 - 8.3892 2.1397 3.1243 15.399 -3.2626 12,917
0.100 - 8.9822 3.1104 0.0L3L408 0.5957h  0.1hk72 0.67809
0.200 - 9.5484 L4 00kO -2,6917 7.8976 0.48277 - 1.9267
0.300 -10.1875 L.5902 -3.2790 4.6235 -0.26667 0.16402
0.400  -10.7991 5.0803 -3.6152 4,5759  -1,2303 2.7951
0.500 -11.281L4 4.8129 -2.7865 4.1431 -0.38839 0.56710
Ethanol
0.100 =~ 9.5980 4,3631 -3.8665 2,9596 -2.5655 11.974
0.200 -10.8655 5.1348 -3.4390 12,460 -2,2125 5, 4441
0.300 -11.7187 - 4.9910 -2.6134 10. 594 -1.2901 2.9915
0.400 -12.3016 k,5923 -2.8106 29.155 -2.3974 5.1408
E-Propanol
0.100 -10.7656 5.9260 -l4, 4925 2,4303 ~0.50203 0.92072
0.200 -12.2540 L.87hk2 -2,1507 5.2533 0.28072 - 0.37278
0.300 -12.9702 L.6290 -2.2969 - 1.2813 1.3631 - 1. 258
0.400 -13.5418 3.k4912 -5.8555 5.8413 0.11378 1.249
E-Butanol _ _
- - 0.092910 .
0.100 -11.8621 6.5336 -l 297k 18.361 0.28550 0
0.200 -13.1801 5.8219 4. 4509 11.069 2,080 - 3-2327
0.300 -13.9175 4.3386 -1.L4676 13.078 8.8350 -15.
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APPENDIX IV

ACTIVATION ENTHALPY AND ENTROPY CALCULATION

ENTHALPY AND ENTROPY OF ACTIVATION

SIMENSTON HEAD(20),T(3),DT(3),FK(3),DFK(3),FLNK(3),RT(3),FINT(3),
1DFINK(3),DFLNT(3)

R = 1.98726

BK = 1.3805E-16

H = 6.625E-27

BKRH = BK/H

READ 100, HEAD

FORMAT (20AlL)

READ 101, (T(I),DT(I),FK(I),DFK(I),I=1,3)

FORMAT (F7.3,5x,F5.3,6x,E9.3,5x,E6.o)

PRINT 200, HEAD

FORMAT (1H1, 20Ak)

PRINT 201

FORMAT (//lHO,llHTEMPERATURE,5X,2lHTEMPERATURE DEVIATION,5X,13HRAT
1E CONSTANT,5X,23HRATE CONSTANT DEVIATION,/)

DO 2 I=1,3

PRINT 202,7(1),DT(T),FK(I),DFK(I)

FORMAT (1H ,1x,F8.3,1ux,F6.3,15x,E10.3,1ux,E7.o)

(1) = T(I) + 273.16

RT(I) = 1./7(I)

FINT(TI) = LOGF(T(I))

FINK(T) = LOGF(FK(I))

pFINT(I) = DT(I)/T(I)

DFLNK(IZ ) DFK(%)gFK(I)

FT = RT(3) - RT(1

ENTHAL = -R#(FLNK(3) - FINK(1) - FLNT(3) + FINT(1))/FT

ENTROP = Rx(-LOGF(BKRH) + FLNK(2) + ENTHAL¥RT(2)/R - FLNT(2))
DENTHA = -R%(DFLNK(3) - ?F%NK(%))S/DT(3)/T(3) + DT(1)/m(1))/FT + ‘

(DT(3)*RT(3) - DT(1)*RT(1))/FI |

 DENTRO iDgi(x))FLm({(;) T iwt(2) + DENTHASRT(2)/R - ENTHALXRT(2)¥ \
1RT(2)*DT(2)/R)

PRINT 203
FORMAT (//1HO ,20HABSOLUTE TEMPERATURE , 5X, LTHLN(RATE CONSTANT) ,5X,

19HDEVIATION,oX 2OHRECIPROCAL TEMPERATURE, /)
PRINT 20L,(T(T ,FLNK(I),DFLNK(I),RT(I),I=1,3)7
FORMAT (1H ,6X,F8.3,15X,F9.5,%§6§9.gé§%§6F10.
PRINT 205, ENTHAL, DENTHA EN ,
FORMAT(/lﬁo,zuHEN%HALPY OF ACTIVATION = ,F7.0,1LH CALORIES/MOLE,
15X ,12HDEVIATION = ,F7.0,//,25H ENTROPY OF ACTIVATION = ,F6.2,21HCA

ST, ORTES/DEGREE MOLE , 5X , 12HDEVIATION = ,F6.2

GO TO 1
CALL EXIT
END




INPUT DATA

BENZYL CHLORIDE IN WATER = .
40,050 0.010 7.527E-05
50.250 0.010 2.310E-0Ok4

60. 500 0.010 5,94OE-Ok
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APPENDIX V

POLYNOMIAL ACTIVATION VOLUME ANALYSIS

ACTIVATION VOLUME ANALYSIS WITH THE OPTION OF USING LINEAR. OR
CURVILINEAR FUNCTIONS AND THE SECOND OPTION OF FORCING THE
FUNCTION TO PASS THROUGH THE EXPERIMENTAL LOG(K(0)) OR ALLOWING
IT TO FIND THE LEAST SQUARE INTERCEPT

FIRST DATA CARD - COL. 1, 1 FOR LINEAR CASE, 3 FOR CURVILINEAR.

COL. 2 to 15, COEFFICIENT IF ANY OF FORMAT E1L.8.

DIGIT IN COL. 20 SKIPS TO A NEW PAGE, 30 PRINTS DATA, 4O REREADS
DATA. FACH DATA CARD TO HAVE ONE PAIR OF DATA OF FORMAT 2E1Lk.8

A BLANK CARD SIGNIFIES THE END OF DATA

DIMENSION X(l),P(l),XX(20),PP(20),CALC(20),D(20),HEAD(20)
INITIALIZE THE SUMS

SX = 0.

N=0
SP =
SXP
Sx2
sX3
Sxh
SX2p = O.

GO TO 12

CALL EXIT

READ 112, HEAD

FORMAT (20Ak)

READ 100, L, CSTK, IS, IP, IX
FORMAT (Il,Elu.B,hx,Il,9x,11,9x,11)
1F(CcSTK) 37,37,36

CST = LOGF(CSTK)

TP(IS) 34,35,34

PRINT 105

FORMAT (1H1)

PRINT 113, HEAD

FORMAT (1HO, 20AL)

1r(IP) 32,5,32

PRINT 106
FORMAT(21H GIVEN DATA ,/ ,28H PRESSURE RATE CONSTAN

11,//)

READ 108,PQ,FK

FORMAT (2E1L.8)
TF(porx2 + FKx¥2) 1,2,1
p(1) = LOGF(FK)

x(1) = PQ

o)

[oNoNeoNo R
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1r(IP) 30,31,30
30 PRINT 109, PQ, FK, P(1)
109 FORMAT (2E1L.8, 10H IN(K) = , E14.8)
31 N=N=+1

xx(n) = x(1)

pP(N) = P(1)

FN = N

nn -+

X(1)*P(1)
X(1)*x(1)

(T)xxl
P(1)*X(1)*X(I)
3 CONTINUE
GO TO 5
2 PRINT 107
107  FORMAT (1H ,///)
1F(L-3) 7,6,7
C LINEAR CASES
7 IF(CSTK) 22,21,22
c INPUT CONSTANT
22 B = (SXP - CST%SX)/SX2
A = CST
GO TO 23
FIND CONSTANT
1 DENOM = FNxSX2 - SX*8X
A = (SXoxSP - SXxSXP)/DENOM
B = (FNxSXP - SX%SP)/DENOM
23 DO 40 I=1,N
cALc(1) = A + BxXX(I)
Lo (1) = PP(I) - CALC(I)
PRINT 110
110  FORMAT (//1H ,lX,5HLN(K),5X,llHLN(K(CALC)),3X,lOHOBS - CALC)
PRINT lll,(PP(I),CALC(I),D(I),I=1,N)
111 FORMAT (1H ,F8.u,5x,F8.u,5x,F8.u

PRINT 103,A,B,N
103 FORMAT(//ﬂsﬁ REPRESENTATIVE LINEAR REGRESSION EQUATION ,/,9H LN

1(x) = ,E14.8,3H ,E14.8,2H P,22H FOR DATA OF SIZE ,13//)
1100 IF(IX) 10,11,10

C QUADRATIC CASES

6 IF(CSTK) 25,2k4,25

C INPUT CONSTANTLL —

25 DENOM = SX2xSXl - SXo%
B = (SXu*(SXP - SX*CST) < sx3%(SX2P - SX2xCST))/DENOM
¢ = (sx2x(sX2P - axo%CST) - SX3*(SXP - SX*CST) ) /DENOM
A = CST

GO TO 26




239

c FIND THE CONSTANT

oL DENOM = FNx(SX2xSXh - SX3%xSX3) - SXx(SXxsXl - SX2%8X3) +
15X2%(SX*SX3 - SX2xSX2)
B = (FN*(SXPxSXL - SX3%8X2P) - Sxx(SPxSXlL - SX2xSX2P) +
18X2x(SP*SX3 - SXPxSX2))/DENOM
c = (FNx(SX2%SX2P - SXP*SX3) - SX»(SX*SX2P - SP%SX3) +
15x2%(SX*SXP - SP%SX2))/DENOM
A= ésxz*(sxu*sp - SXD¥SX2P) - SX3%(SX3%SP - SX¥SX2P) +

15xp*{SX3%SX2 - SX»SXl))/DENOM
26 DO 41 I=1,N

carc(1) = A + B¥XX(I) + cxXX( 1) %Xx(1)
L1 p(1) = PP(I) - CALC(I)

PRINT 110

PRINT 111, (pp(1),CALC(T),D(I),I=1,N)

PRINT 104, A, B, C, N
10k FORMAT (//L4TH REPRESENTATIVE CURVILINEAR REGRESSION EQUATION,/,

194 IN(K) = ,E14.8, £14.8,2H P,E14.8,5H P¥x2, 12H DATA SIZE

2 ,13,//)

GO TO 1100
999 CALL EXIT

END

INPUT DATA

BENZYIL, CHLORIDE IN 0.2 MOLE FRACTION ETHANOL
1 1 1l 1
0.00000000E-991.93000OOOE-O5
5.00000000E+O32.M6000OOOE-O5
l.OOOOOOOOE+Oh3.02000OOOE-O5
2.00000000E+OMM.6MOOOOOOE-O5
h.OOOOOOOOE+OH8.712000OOE-05
6.00000000E+Ohl.2000OOOOE-Ou
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TABLE XIX

Parameters of the Linear Activation Volume Analysis

Mole
A 10° x B

Fraction

(p.s.i.-l)

Benzyl Chloride Solvolysis at 50.25°C.

Methanol
0.000 - 8.L40u48697 2.,7869600
0.100 - 8.9831485 3.1283885
0.200 - 9.4h946511 2,8888L57
0.300 -10.121928 3.2317628
0. 400 -10. 640808 2.8862655
0.500 -11.159395 3,1218715

Ethanol
ﬁ 0.100 - 9.5231764 2,7681800
; 0.200 -10.732150 3.083L127
; 0.300 .11.617302 3,4321147
0. 400 -12.178518 2,8866318

i—Propanol
0.100 -10. 568869 3.1995301
0.200 -12.159830 3.5689396
0.300 -12.869631 3.235109L
0. L00 -13%,516210 3.1358396

E—Butanol
g 0.100 -11.67393k 3.925578k
i 0.200 -12.985193 3.,1206698
- 0.300 -13.853298 3, LL79LTh

Reactiona

1 - L, 530LbLuL 1.3377925

in 1.6375928 - 2.3263220
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TABLE XIX(con't)

Reaction A lO5 x B
(atm:l)
2 -10.151181 6.197L674
3 - 0.81245665 -32.773932
5 - 6.8233352 -10.626058
(cm?/Kg.)
6 -18.80u322 69.677093

—______—___—_____—-————————_—%

aNum.bers refer to the reactions of Table VIII.
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TABLE XX

Parameters of the Linear Forced Intercept Activation Volume Analysis

Mole
1nk, 10° x B
Fraction

(p.s.i?l)

Benzyl Chloride Solvolysis at 50.25°C.

Methanol
0.000 - 8.3730928 2.5751123
0.100 - 8.9895997 3.1498919
0.200 - 9,5606073 3.1087000
0.300 -10.196249 3.4794995
0.400 -10.802429 3.2548736
0. 500 -11.292987 3. 4265526
Ethanol
0.100 - 9,5981006 3.0827755
0.200 -10.855L05 3.3740576
0.300 -11.736069 3,7121746
0.Lk0oo -12,291630 3,1446052
i—Propanol
0.100 -10.773849 3.6670263
0.200 -12.285115 3.8546771
0.300 -13.038941 3.6212526
0. 400 -13.562L19 3,2412263
E-Butanol
0.100 -11,900059 L. 4413000
0.200 -13.189037 3,5855754
0.300 -13.909821 3,5768578
Reactiona
1 - L, 5282091 1.3218768

i 1.6448050 - 2.3741238



TABLE XX (con't)

2hh

Reaction Inkg lO5 x B
(atmfl)

2 -10. 747457 8.4551881

3 - 0.79850769 -34,141891

5 - 6.4253291 -1h.348068
(cm?/Kg.)

6 -19.203752 76.691008

aNum.bers

refer to the reactions of Table VIII.
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TABLE XXI

Paremeters of the Quadratic Activation Volume Analysisa

”——M

Reaction® A 10° x B 1010 x ¢
(p.s.iT%) (p.s.iT2)
1 - 4,5300550 1.31740u46 0.23171728
i 1.6451140 - 2.8711931 3.1468576
(atmfl) (atmfz)
2 -10. 437424 13.302875 - 19.123646
3 - 0.81500u486 - 31.278797 -109.91510
5 - 6.5245967 - 27.022692 111.27858
(em>/Ke.) (cm?/Kg?)
6 -19.308841 107. 5161k -461, 48939

8The parameters for the solvolysis of benzyl chloride
at 50.25°C. are given in Teble XVIII.

bNum.bers refer to the reactions of Table VIII.




Parameters of the Quadratic Forced Intercept Activation Volume Analysis

2L6

TABLE XXII1

Mole

Inkg 10° x B 1010 x ¢
Fraction
(p.s.i:l) (p.s.ifz)
Benzyl Chloride Solvolysis at 50.25°C.
Methanol
0.000 - 8.3730928 1.8373639 L, 2LL5782
0.100 - 8.9895997 3,1788960 - 8.3430693
0.200 - 9,5606073 4, 1174009 - 2.9017kL25
0.300 -10.196249 4, 6720123 - 3.L305173
0. 400 -10.802L29 5,1022090 - 3.6L35351
0. 500 -11.292987 1,8895498 - 2.8856935
Ethanol
0.100 - 9,6123115 L. 5174929 - u.}692639
0.200 -10.855L05 5,0592528 - 3.3368T7L3
0.300 -11.736069 5,1200L428 - 2.7877370
0.L00 -12.291630 L, 5261502 - 2.72L8LE0
i—Propanol
0.100 -10.773849 5,9806782 . L,563259k
0.200 -12.285115 5.0806207 - 2.L179k93
0.300 -15.038941 5,0851945 - 2.887;612/
0.Lo0 -13.562419 3,6277503 - 0.7823L776
E;Butanol
0.100 -11.900059 6.6801533 - b g32§67§
0.200 --1%,189037 5,8811299 - b ’2?9§Z?
0.300 -13.,909821 L,2871972 - 1.,Lkoioie’s
Reactiona

1 - L.5282001 1.3L20309 - @.131L7528
L 1.5ALL3020 . 2.3663LLS %.1297002

N
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TABLE XXII (con't)

Reaction 1nkg 10° x B 1010 x ¢
(atml) (atm:2)
2 -10. THTLST 17.045603 - 27.281641
3 - 0.79850769 - 35,513595 121,03117
5 - 6.4253291 - 29.6776k42 125. 40572
(cm?/Kg.) (cm?/Kg?)
6 -19.203752 102.91654 -417,61183

&numbers refer to the reactions of Table VIII.
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100
99
101

102

103
10k
105

106

APPENDIX VI

BENSON-BERSON ACTIVATION VOLUME ANALYSIS

BENSON-BERSON EQUATION FOR ACTIVATION VOLUMES

DIMENSION P(20),Y(20),YY(20),HEAD(20),PK(20),FK(20),CALC(20),
1D(20)

READ 100, HEAD

FORMAT (20AL)

PRINT 99, HEAD

FORMAT (1HL, 20Al, 5X,20HBENSON-BERSCN METHOD,//)

READ 101, N

FORMAT (1I2)

READ 102, (p(1),Y(1),I=1,N)

FORMAT (F5.0,7X,E9.3)

1 = ¥(1)

INITIALIZE SUMS

SP = 0.
SPP = O.
SL = 0.

SPLYYP = O.

pPp(1) = O.

DO 2 I=2,N

sp = SP + P(I)%*x0.523

pp(T) = P(I)**0.523

spp = Spp + PP(I)*PP(I)

sryyp + Locr(¥(1)/¥1)/P(T)

SLYYP =
Y¥(1) = LoeF(Y(1)/Y1)/P(I)
SPLYYP = SPLYYP + pp(T)%Y¥(I)

FN = N
= - vvp)/((FN - 1,)xSPP - SP*SP)
g = E?§§*§L§?§*3Piizip% SPlé£YYP)/((FN _ 1.)*SPP - SP*SP)
DO L I=1,N (1)
= (I
ziéﬁzx) 3O?§ + BPp(1))*P(I) + LogFr(¥(1))
p(1) = FK(I) - cALC(I)
PRINT 103, A, B

FORMAT (17H VALUE OF A IS = E11.L4, 3X,7HB IS = JE1L.b,//) ‘
PRINT 10k

FORMAT(11H INPUT DATA,/)

PRINT 105
FORMAT (5H P 8X,1HK,12X,8HP**O.523,/)

3
PRINT 106, (P(I),Y(I),PP(I),I=1,N)
FORMAT (F7.0,2X,Ell.3,5X,F7.l
DO 5 I=2,N
pK(I) = A + B*PP(I)
PRINT 107
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107 FORMAT (/1H , 6HLOG(K), 5X, 12HLOG(K( CALC)), 5X, 1OHOBS - CALC,/)
PRINT 108, (FK(I), CALC(I), D(I), 1=1,N)

108 FORMAT (1H , F8.L, 5X, F8.L, 8%, F8.4)
GO TO 1

3 CALL EXIT
END

INPUT DATA

BENZYL CHLORIDE IN 0.3 MOLE FRACTION I-PROPANOL
05
0 2,174E-06
10000 3.870E-06
20000 5.800E-06
L0000 9.100E-06
60000 1.710E-05




250

QUTPUT

QOHLIW NOSYId-NOSNIH

99¢T”

oLt -

€900° -

geTo’

000070

OIvD - sd0
°6TE
T1°66e
G LLT
g get
0°0
€26 "0%*d

ogeT Tt~
209t "1~
2160° et~
o9L et~
68¢0°€T-

((0Tv0 )3)201

¢0-30TL T
90-d00T "6
90-4008°6
90-H0.8°€
90~dH{) 12

A

119,6°0T~
2)09° 11~
9)60°ct-
geon et~
68£0° €T~

(31)D01T

*00009
*0000%
*00002
*0000T
‘0

d

VIVad LOINT

J0-3gL)e 1~ = 81 € ¢0-7gJo2°) = SI Vv 40 JNTIVA

TONVA0¥d-I NOILOVEA IIOW €°0 NI AATYOTHD TXZNHAL



251
TABLE XXIII

Parameters of the Benson-Berson Activation Volume Analysis

Mole
lO5 X A 10" x B

Fraction

(p.s.ifl) (p.s.ifl'523)

Benzyl Chloride Solvolysis at 50.25°¢.

Methanol
0.000 0.093888 15.754
0.100 3.4969 - 1.5694
0.260 5.1785 - 8.9572
0.300 5.6958 - 9.5367
0.Lo0o 6.1505 - 9.9444
0.500 5.8118 - 8.3321
Ethanol
0.100 5.6282 - 11.039
0.200 5.5193 - 7.3779
0.300 6.1487 - 8.6269
0.L00 L4,8746 - 5.9106
ifPropanol
0.100 7.3088 - 12.717
0.200 6.210k4 - B8.2769
0.300 7.2078 - 12.778
0. k0o 4,170h4 - 3.2885
EfButanol
0.100 8.6135 - 1k.631
0.200 7.2393 - 12,774
0.300 5,0011 - 5,1869
Reactiona
1 0.97551 2,3556

N - 3.2666 5.7245
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TABLE XXIII (con't)

Reaction 10”7 x A 108 B
(atm:t) (atmsL523)
g 30. 528 -101.91
2 L. 790 5146, 55
2 43,453 p1b. 72
(cm?/Kg.) (cm§'0u6/Kg}'523)
6 104.92 -285.98

aNumbers refer to reactions of Table VIII.
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99
98
100

101

102

103
10k
105

106

APPENDIX VII

WHALLEY ACTIVATION VOLUME ANALYSIS

WHALLEY METHOD FOR ACTIVATION VOLUMES
DIMENSTON HEAD(20), X(20), ¥(20), P(20), pK(20), 0BS(20), CALC(20)
1,D(20)

READ 99, HEAD

FORMAT (20Ak)

PRINT 98, HEAD

FORMAT (1HL, 20Ak, 11X, 1LHWHALLEY METHOD,//)
READ 100, N

FORMAT (12)

READ 101, (P(I),PK(I),I=1,N)

FORMAT (F5.0, 7X, E9.3)

J=N-1
DO 2 I=1,J
¥(1) (LOGF(PK(I+l)/PK(I)))/(P(I+l) - P(1))

x(1) = (p(z+1) + P(I))/2.
INITIALIZE SUMS

SXxX = O,

SY
SX
SXY = O,

FN = J

DO 3 I=1,J

COMPUTE THE SUMS

SX = SX + X(1)

axx = sxx + X(I)*x(1)
gy = sy + ¥(1I)

SXY = SXY + x(1)*¥(I)

0.
O.

SX2 = SX%SX

COMPUTE THE PARAMETERS

A = (SXXxSY - sxxoXY)/( FuxSXX - sX2) -
B = (FNxSXY - SXxsY)/(FI*SXX - sx2) ,

PRINT 102, A, B )
FORMAT (1H , 20HTHE VALUE OF A IS =, mb.8, 5%, THB IS = , E14.8,

1//)
PRINT 103
FORMAT (11H INPUT DATA,//)

PRINT 10k

FORMAT (1H , 1X, LHP(1), 13%, wK(1),//)

PRINT 105, (P(I), pk(1), I=1,N)

FORMAT (1H , F7.0, 9%, E10.

gg;ﬂng??/lH , l6H(P(I+l)+P(I))/2 , 5%, 3OHLOG(K(I+l)/K(I))/(P(I+l)

1-2(1)),/)
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PRINT 107, (x(1), ¥(I), I=1,J)
107 FORMAT (1H , 1X, E14.8, 13X, E1k.8)
DO 4 I=1,J
canc(T) = Ax(P(I+1) - P(I)) + B#X(I)*(P(I+l) - P(1))
0BS(I) = LOGF(PK(I+1)/PK(I))
L p(1) = 0BS(I) - CALC(I)
PRINT 108
108  FORMAT (//1H , 6X, 4HCALC
1)-CALC LOG(K(I+1)/K(I)),/$
PRINT 109, (cArLc(I), oBs(I), D(I), I=1,J)
109 FORMAT (1H , 3X, F8.4, 16X, F8.k, 28X, F8.4)
GO TO 1
6 CALL EXIT
END .

20X, 3HOBS, 17X, 42HOBS LOG(K( I+1)/K(1)

INPUT DATA

BENZYL CHLORIDE IN 0.3 MOLE FRACTION T-BUTANOL
05
0 9.100E-07
10000 1.490E-06
20000 1.TOOE-06
40000 L, 590E-06
60000 6.920E-06
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TABLE XXIV

Parameters of the Whalley Activation Volume Analysis

Mole
lO5 x A 1010 x B
Fraction
(p.s.i?l) (p.s.ife)
Benzyl Chloride Solvolysis at 50.25°C.
Methanol
0.000 1.7910741 10.217368
0.100 3,189388k - 0.36262947
0.200 4,13L47715 - 6.1277378
0.300 4, 6845305 - T7.09L77L7
0. 400 5.0933150 - 7.3101891
0.500 L4, 9209541 - 5.7502347
Ethanol
0.100 Ly, 6180295 - 8.9260666
0.200 4.9619205 - 6.4850792
0.300 5.1378800 - 5.5560674
0. 400 L4, 5411873 - 5.3992369
i—Propanol
0.100 5.9826302 - 9.1447521
0.200 5.1812778 - L,7522326
0.300 5.2327169 - 5.7118760
0. 400 3.6945343 - 1.469030k
E-Butanol
0.100 6.8939023 - 9.1679913
0.200 5.8763084 9,0861413
0.300 4.0921739 - 3.1003739
Reactiona
1 1.282L4759 0.58293993
L - 2.8442783 5,9638146



TABLE XXIV (con't)

257

Reaction lO5 x A lOlO x B
(atmfl) (atm?z)
2 23.,082916 - 70.251293

3 -33.999402 -174.18695

5 -31.999152 260.30991
(em2/Ke. ) (em?/Ke?)

6 97.521090 -971. L4449

8Numbers refer to the reactions

of Table VIII.



QaQ

1
102

103

1041
10k2
1043

113

1133
105

5
106
C

ol

300

11k

APPENDIX VIII

COMPRESSIBILITY CALCULATIONS

COMPRESSIBILITY PROGRAM

FOR THAT PVT CELL DESIGNATED AS NO. 1 BY ESSO RESEARCH ,ONLY

REFERENCE PRESSURE IS 3000 P.S8.I.G.

DIMENSION HEAD(9), CP(7),PR(7)COL3(7),COLH(7),COL5A(7),COL5B(7),
lCOL5(7),COL6A(7),COL6B(7),COL6(7),COE?(?),C018(7),Y(7),YCALC(7),
2YDIF(7),YREL(7),DCP(7),DPR(?),Dc0L3(7),DCOLh(?),DCOLEA(?),DCOLSB(?
3),DCOL5(7),DCOL6A(7),DCOL6B(7),DCOL6(7),DCOL7(7),DCOL8(7),DY(7)

READ 102, (HEAD(I),I=1,9)

FORMAT(3X,9AkL)

PRINT 103, HEAD

FO?%AT(lHl,l9HCOMPRESSIBILITY OF , 9AL,2THLN(V) = A + BxP + Cx( Prx
12.

READ 10L1,RT

FORMAT( 20X, Flt. 1)

READ 1042,CT

FORMAT( 20X, F6.2)

READ 1043,VLIQ

FORMAT(39X,F6.3)

PRINT 113,RT,CT

FORMAT( 1HO,19HROOM TEMPERATURE IS F5.1,11H DEGREES F.,5X,10HCELL T
1FMPERATURE IS ,F7.2,11H DEGREES F.

PRINT 1133,VLIQ

FORMAT(1H ,38HSAMPLE VOLUME AT REFERENCE PRESSURE 1S,F7.3,5H c.c.)

READ 105,N

FORMAT( I2)

DO 5 I=1,N

READ lO6,CP(I),PR(I),DCP(I),DPR(I)

FORMAT(Fu.o,lox,F7.3,1ox,11,1ox,F5.3

CELL VOLUME IS 493.310 c.C.

vo = 493.310 - VLIQ

DO 6 I=1,N

cor3(1) = PR(1) - PR(I)

pcor3(1) = 0.000

DO 51 I=2,N _
DCOL3(I)=DPR(1) + DPR(I)

BRT = (2.53 + 0.00Sl*RT%*l.E-$
or = (2.53 + 0.003L%CT *¥1.E-
5MCT=1€ +(1.oo86E-u)*(CT - 60.) + (2.uE-9)*(CT*(CT-320.) + 25600.)
VMRT=1. +(l.0086E-h)*(RT - 60.) + (2,uE-9)*(RT*(RT-320.) + 25600. )

PRINT 300
FORMAT( 1LHO, 4H 1,8x,1H2,8X,1H3,11x,1Hu,5x,2H5A,6x,2HSB,5x,1H5,5x,

12H6A,5X,2H6B,6X,1H6,10X,1H7)

PRINT 11k
lX,hHCELL,5X,hHPUMP,5X,l7HMERCURY WITHDRAWN ,3X,17THME

FORMAT(1H
1RCURY EXPA&SION,3X,19HAPPARATUS EXPANSION,ZX,13H,SAMPLE VOLUME)
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PRINT %15

FORMAT(1H ,8HPRESSURE, oX , THREADING ,2X , BHPUMP ,8X , LHCEL
l%g,?HgI?Eﬁ2X,5HTOTAL,2X,hHCELL,3X,hHLINE,3X,SﬁTOéALJQéégﬁﬁgggiggi
coL4(1) Z cor3(I)%(1. + 3000. BRT)*( VMCT/VMRT)*(1. - BCT#CP
DCOLH(I)=DCOL3(I)*(1.+3000.BRT)*(VMCT/V§RT)*(ls-BCT*CP(I))ié%%3(I)
l*(l.+3000.*BRT)*(VMCT/VMRT)*(-BCT*DCP(I))

DCOLL( T)=ABSF(DCOLL(T))

coLSA(T) = vox( (1. +3000.*¥BCT)*(1. - BCT*CP(I)) - 1.)

DVO = ?.?ou («

peoL5A(T) = Dvox((1.+3000.*¥BCT)* 1.-BCT*CP(I))=1.) + .
1BCT)*( -BCT*DCP(1))) ) (1)-1.) +70x{(1.+3000-%
DCOLSA(I) = ABSF(DCOL5A(T))

VOILUME OF LINE IS 10.768 C.C.

cor5B(1) = 10.768%((1. + 3000, %BCT)*(1. - BeT%CP(T)) - 1.)
DCOLSB(I) = 0.002*((1.+3000.*BCT)*(1.-BCT*CP(I))-l.)+10.768*((l.+
13000.*BCT)*(-BCT*DCP(I))) '

DCOLSB(I) = ABSF(DCOLSB(I))

coL5(1) = COLSA(I) + COLSB(I)

DCOLS(I) = DCOLSA(TI) + DCOLSB(I)

coL6A(1)=8.3E-5%(CP(I) - 3000.)

DCOLGA(I) = 8.3E-5%DCP(I)

TF(cP(1) - 3000.) 10,11,11

coLéB(I) = 0.0

DCOLGB(I)= 0.0

GO TO 20

IF(Ccp(T) ~ 2002.) 14,13,12

coréB(T) = -0.005

DpCOL6B(I) = 0.0002

GO TO 20

COL6B(I) = -5,01002E-6%(3000, - cP(1))

DCOLEB(I) = 5. 01002E-6%DCP(I)

GO TO 20

TF(CcP(I) - 1008.) 17,16,15

coréB(I) = -.011 -
peoréB(I) = 0.0002 .
Go TO |

20

coL6B(1)=-0.005 - 6.0362E-6%(2002. -cp(1))
DCOLHB(I) = 6.0362E-6*DCP(I)

GO TO 20

1r(cp(I) - 122.) 19,19,18

coréB(1) = -0.052

DCOL6B(I) = 0.0002

GO TO 20
- coL6B(I) = -0.011 - )y, 96614E-5%(1008. - cp(1))
Dc0L6B(1)=u.9661uE-5*DCP(I)

corb(I) = COLAA(T) + cor6B( 1)

DCOL6B(I) = ABSF(DCOL6B(I))

peorb(I) = DCOLAA(T) + DCOLAB(I)
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cor7(1) = COorhk(I) + cor6(1) -CcoLs(I)

peoL7(I) = DCOLL(I) + peoL6(1) + DCOLS(I)

cor8(1) = corL7(I) + VLIQ

DCOL8(I)8= Dgo%7(12 ; 0.002

PRINT 108,CP(I),PR(I ,COL3(1),c0ork(1),CoLoA(T),C
lcgaai(%),COLgB(Ii,C026(I),COL%(I) (1) (1), con5B(1),cOR3(L)
F ?(1H ,F6.0,4X,F .3,2X,F6.3,6X,F6.3,1X F6.3,1X,F6. .
1,F6.3,1x,F6.3,1x,F6.3,ux,F6.3)’ JF6.3,1K,86.3,1, 6.3, 1, F0- 3, 1%
PRINT 201

FORMAT( 1HO , LOHSAMPLE VOL,2X,15HLOG( SAMPLE VOL) ,2X,18HD( LOG( SAMPLE
lVOL)),2X,12HLOG(V(CALC)),2X,lOHCALC - 0BS,2X,12HRELATIVE VOL)
DO 8 I=1,N

v(1) = LogF(cor8(1))

p¥(I) = pcor8(1)/co8(1)

SP = O.

SPP = O.

SPPP = O.

SPPPP = O.

Sy = O.

SPY = O.

SPPY = O.

DO 3 I=1,N

Sp = Sp + CP(I)

op12 = CP(I)*CP(I)

Spp = SPP + CPI2

oppp = SPPP + CP(I)*CPI2

apppp = SPPPP + CPI2*CPI2

sy = sY + ¥(I)

SPY = SPY + cp(1)*¥(I)

SPPY = SPPY + cPI2%Y(I)

FN = N

CALCULATIONS

DENOM = FN*SPP*SPPPP = FN*SPPP#SPPP - SP#xSP#SPPPP + o, %3 P*SPP*SPPP

1-SPP*SPP¥SPP
C= (FN*SPP*SPPY - FN*SPPP*SPY - SpP*SP*SPPY + SP¥SPPP#SY + SP*SPP*

1SPY - SPP¥SPP#SY)/DENOM
B = (FN#SPY - FN#C#SPPP - SP*SY + cxSP#SPP)/ (FN*SPP - SP%SP)

A = (SY - B#SP - C%SPP)/FN

DO 9 I=1,N
veare(I) = A + pxCP(I) + cxcp(1)*CP(1)

YDIF(I) = yeare(1) - (1)
DO 21 I=1,N
YREI(I) = cot8(1)/cor8(1)

PRINT lll,(COLB(I),Y(I),DY(I),YCALC(I),YDIF(I),YREL(I),I:I,N)
FORMAT(1H ,F7.3,7X,F9.6,12X,F8.6,7X,F9.6,3x;r8.6,6x,F9.6
FA = axpr(2)/cot8(1)

PRINT 203,FA
FORMAT(1H , 1%, 36HAT ATMOSPHERIC PRESSURE EXTRAPOLATED,F9.6)

PRINT 109,4,B,C

|
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999

EERLAE(lIO,THLOGV = ,Elh.7,2J,Elh.7,2H*P,2X,Elh.7,5H*P**2)
X =

72P = 0

TPPP = 0

Py e

D0 30 I=1,N
o = D2 + DCP(I)
PP = DPP + o «DC(1)*22( 1)

CFI2 = cp(1)=c2(I)
DPPP = DPP? + 3.%DCP( I)*CPI2
DPPPP = DPPP? + h.*cp(z)*cpla*DCP(I)

'+ DY(1)
DPY = DRY+oCP(I)#¥(I) + cp(1)%2Y(1)
DPEY = DPPY + 2.*3CP(I)*CP(I)*Y(I) + CPI2xDY(1I)

DDENCM = FN%DPP*SPPPP + TN¥SPP*DPPPP - D, ¥FNxDPPP*SPPP - 2,%0P«SP*
132PPP - SP%SP*DPPPP + 0. %DP*SPPY#SPPP + 2, %¥SP¥DPPXSPPP + 2.%SP*5P?

5%DPPP - 3.%DPD#SPP#SPP
DC = (FN*DPP*SPPY + FN*SPPxDPPY - FI¥DPPP*SPY - FN«SPPPDPY - 2.%
1DP*SP¥SPPY - SPxSP¥DPPY + DP%SDPPxSY + SPxDPPP#SY + SP¥SPPPXDZ +
SDP#SDE*SPY + SP#DPP#SPY + SP4GPP«DPY - 2.#DPP¥SPPSY - SPP¥SPP*DZ)
3/DENCM - C#DDENCM/ DENOH

DB = (FN#DPY - FN#DC#SPEP - FN#C4DPPP - DP#SY - SP¥DZ + DCxSP%SPP
1+ CxDP#SPP + cx3p%DPP)/ (FN*SPP - gp#S?) - B¥(FN*DPP - 2, x5PxDP)/(
SFN#SPP - SP¥SP)

DA = (DZ - DB¥SP - B¥DP - DCxGDP - C¥DPP)/FN
DA = ABSF(DA)
DB = ABSF(DB)
DC = ABSF(DC)

PRINT 202,DA,D3,DC

ORMAT(10, LrpaA =,E1k.T,6E D3 =53 L.7,68 DC =,Ek.T)
G0 TO 1

CALL, ZXIT

D

INPUT DATA

WATER
80.7
122.25
9L,35k

o7
3000 5,260 5 .001
2500 5.038 5 .01
2002 L.302 5 .001
1008 L,320 > -00L

510 1,080 > .00L

122 5.87k 5 .00L
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TABLE XXV

Parameters of the Compressibility Equation

Mole A 106 x8 10t x ¢ 10° x DA 107 x o8 10t x DC
Fraction (p.s.i?l) (p.s.i?2) (p.s.i?l) (p.s.i?e)
Methanol
0.000 L4.555 -2.749 - 1.953 10.826 0.798 2,408
0.100 4.536 -3.105 5.371 5,102 2.651 8.751
0.200 L4.543 -3.218 4,394 2,944 2.195 7.2Th
0.300 L.554  -3.617 2.4kl 1.506 1.278 4,305
0.400 L4.533 -7k 10.7k1 16,228 5,167 16.887
0.500  L4.547 -5.144 14,160 23.639 6.797 22,153
Ethanol
0.100 L4.556 -2.839 - 1.953 10.869 0.798 2,408
0.200 - L4.5L8 -3.666 5.371 4,918 2,657 8.766
0.300 L4.546 -4.366 6.347 6.713 3,116 10.250
0.400 4545 -5.190 14,160 23.579 6.791 22,135

E-Propanol

0,100 4,558 -3.141 - 0.977 8.837 0.337 0.916
0.200  4.569 -4.33L4 10.253 15.666 L, 987 16.297
0.300 4.553 -5,225 13,671 22.596 6.577 21,439
0.400  L.567 -5.98k 20.995 38.695 10.06k 32.713
E—Butanol
0.100 L.546 -3.659 4,883 3.845 2,430 8.033
0.200 L4.558 -14,803 9,277 13.122 4,511 14.758
0.300 4.569 -5.,818 18.554 33.381 8.913 28,992




APPENDIX IX

THERMAL EXPANSIVITY CALCULATIONS

LINEAR THERMAL EXPANSIVITY PROGRAM

LN(DENSITY) = A + BT

R = DENSITY

DIMENSTION R(j),T(j),HEAD(SO),Y(j),CALC(j),DIF(B)
1 READ 100, HEAD

100  FORMAT(80AL)

QQQ

= 3.
2 READ lOl,(T(I),R(I),I=l,N)
101 FORMAT( F5.2,10X,F7.5)
ST = O.
ST2 = O.

STY = STY + (1)x¥(I)
3 STRY = ST2Y + p( 1)%T(1)%¥(1)
Q=N
DENOM = Q¥ST2 - ST*ST
B = (Q*STY - gT*SY)/DENOM
A = (ST2x*SY - ST#STY ) /DENOM
c QUTPUT
PRINT 200
500 FORMAT(1HL, 19HTHERMAL EXPANSIVITY)
PRINT 201, HEAD
501  FORMAT(1HO, 80A1)

PRINT 202
202 FORMAT(lHO,BX,lHT,6X,7HDENSITY) '
PRINT 203,(T(I),R(I),I=1,N)
503  FORMAT(1H , 76.2, LX, F8.5)
DO 5 I=1,N
canc(I) = A+ B*T(I)
5 pIF(I) = Y(I) - cALc(1)
PRINT 20k
20L FORMAT(lHO,lX,llHLN(DENSITY),3X,l7HLN(DENSITY CALC. ) ,LX,10HOBS - C
1ALC)

PRINT 205,(Y(I),CALC(I),DIF(I),I=1,N)

505 FORMAT(1H ,2X,F8.5,9X,F8.5,9X,F9.6)
PRINT 206

506  FORMAT(1HO, >1HIN(DENSITY) = A + B*T)
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PRINT 207, A,B
507  FORMAT(1HO,1X,LHA = ,F10.7,/,2X,4HB = ,F10.7)

GO TO 1
999  CALL EXIT
END
INPUT DATA
WATER, FROM TNTERNATIONAL CRITICAL TABLES
140,05 .99225
50.25 .98796
60.50 .98298
OUTPUT

THERMAL EXPANSIVITY

WATER, FROM INTERNATIONAL CRITICAL TABLES

T DENSITY

40.05 .99225

50.25 ,98796

60. 50 .98298

LN( DENSITY) LN(DENSITY CALC.) OBS - CALC
-.00778 -.,00766 -.000116
-.01211 -.0123h .000232
-.01716 -.01705 -.000115

IN(DENSITY) = A + BT

A= 0107199
B = -.0004590
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TABLE XXVI

Parameters of the Thermal Expansivity Equation

Mole 102 x A 10% xB 10 x A 1ot xB 105 x A 10t x B

Fraction (degsl) (deg™d) (degt)

Methanol

0.000 1.07199  -L.590

0.100 ~1.30717 -5.847 -1.46486 -5.547 -1.43156 -5.630
0.200 =3.15u489 -7.689 =~3.37207 .7.168 -3.30037 -7.326
0.300 -5.56488 -8.121 -5.63539 -7.918 -5.55281 ~8.097
0.400 ~T7.73263 -8.923 -7.82547 _8.816 -7.691L47 -9.059
0.500 -9.81015 -9.982 .9.88568 -9.762 -9,77400 ~10.025

Ethanol

0.100 -1.89193 -6.689 -1.87513 -6.817 -1.8081k -6.897
0.200 -4.69227 8. 427 -k.ThL83 _8.387 -k.,60504 -8,682
0.300 -7.5u887 -9.503 ~7.55799 -9.499 -7.67962 -9.657
0.400 -10.25821 ~10.311 -10.33109 -10.276 -10.30937 -10.34k4

ifPropanol

0.050 -0.76599 -5,752 -0.79309 -5,8u43 -0.8317hk -6.029
0.100 _0.17988 -7.612 -2.15054 7.5k

0.200 -6.29293 -9.285 -6.39068 -8.97h -6.29961 -9.1h2
0.300 =9.73869 -9.751 -9. 66454 -9.930 -9.77918 -9.697
0.400 -12.12553 -10.605 -12.1063k -10.657 -11.93387 -11.020

EfButanol

.050 -1.13378 -6.965 =-1.07222 -7.066 -1.04489 -7.081
8,180 -3.68146 -8.519 -3.83084 =8.373 _3.75412 -8.533
0.200 -8.67136 -9.896 _8.8204k =-9.937 .8.74352 -10.207
0.300 -11.63480 -10.741 -11.63480 -10.7h1 -11.70379 -10.610




APPENDIX X

ERROR MEASUREMENTS
Two types of error measurement have been used in this thesis.
For the error associated with an experimental measurement, the average

deviation from the mean has been used. This is defined as

oa. = 2le - ail (103)

n

where Q represents the average value of the measured quantity, Q3 the

jth determination of that quantity and n the number of determinations.
In Chapter 6, the ability of the various functional forms of the

pressure dependence of the reaction rate constant to reproduce the

observed rate data was represent by the standard deviation. This

measurement was defined as

2
s.d. = /Z(kobsn:lkcalc) ] (104)



APPENDIX XI

REPRINTS

This appendix contains reprints of the articles by the author

of this thesis which deal with solvent effects in reacting systems.
~These articles were published during his period of residence at the

University of Calgary (previously called University of Alberta at

calgary).




. |R.L'!)rinlc(l from the Journal of the American Chemical Society, 88, 2104 (1966).1
Copyright 1966 by the American Chemical Society and reprinted by permission of the copyright owner

The Effect of Pressure on the Rate of Solvolysis
of Benzyl Chloride in Aqueous Ethanol

J. B. Hyne, H. S. Golinkin, and W. G. Laidlaw

Contribution from the Department of Chemistry, University of Alberta,
Calgary, Alberta, Canada. Received November 18, 1965

Abstract: The high-pressure apparatus and associated conductometric technique for following rates of solvolysis of

alkyl halides in ethanol-water mixtures as a function of pressure are described.

Results of the redetermination of

AV.* for t-butyl chloride in 809 aqueous ethanol are presented to establish the precision and accuracy of the
methgd. 'The dependence of AVy* on the composition of the ethanol-water medium for solvolysis of benzyl
chioride is reported. AVG* for this system passes through an extremum at approximately 0.3 mole fraction of

ethanol.

’ I \he influence of solvent on the kinetics of reactions
in solution has been the subject of intensive study

for the past 4 decades. Over this period the progressive
refinement of the arguments and rationalizations of ob-
served effects has left little doubt that the major im-
pediment to a detailed understanding of the phenom-
enon is the lack of a definitive description of the liquid
state of the solvent system. As a result of these limita-
tions the explanations offered for solvent effects on rate
processes have been largely of the empirical type. Re-
lationships between rate and expressions involving bulk
dielectric constant’~® have been most commonly em-
ployed together with linear free energy relationships
of the mY type as proposed by Winstein, et al? The
principal objection to the use of these parameters has
been that they reflect the bulk properties of the solvent
medium, but neglect any specific type of substrate-
solvent interaction that may be of more than passing
significance in determining solvent eflects on the rate
process. Recently, spectroscopically determined sol-
vent parameters of the type proposed by Kosower® (Z
values) appear to take better account of such specific
interactions, but even in these cases the rate relation-
ships with such parameters are essentially empirical
in form.

(1) S. Glasstone, K. J. Laidler, and H. Eyring, “‘Theory of Rate
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941,

?) G. Scatchard, J. Chem. Phys., 1, 657 (1939).

(3) H. Bohme and W. Schurhoft, Chent. Ber., 84, 28 (1951).

(4) E. Tommila and A, Hella, Anu. Acad. Sci. Fennicae, Ser. All, 53,
3(1954).

5 J.G. Kirkwood, J. Cheni. Phys., 2. 351 (1934). )

6) A. Streitwieser, Jr., “Solvolytic Displacement Reactions,” Mc-
Graw-Hill Book Co., Inc., New York, N. Y., 1962.

(7) S. Winstein, E. Grunwald, and H. W. Jones, J. Am. Chem. Soc.,

73, 2709 (1951).
(8) E. M. Kosowcr, ibid., 80, 3253 (1958).

Notwithstanding the apparent lack of understanding
of the specific nature of the substrate-solvent interac-
tion in single component solvent systems, there has re-
cently been a considerable revival of interest in the ef-
fect of varying the composition of binary solvent media
on the various kinetically measurable rate parameters,
AH*, AS*, and AC*.*~1 These pseudo-thermody-
namic parameters exhibit an extremum behavior as a
function of solvent composition that is not manifest
in the directly measurable log k or AF*. Compensatory
effects of AH* and AS* (AF* = AH* — TAS*) are gen-
erally accepted as the reason for this phenomenon.

The observed extremum behavior of these kinetic
parameters in binary solvent systems has been ascribed
to a specific interaction between the reacting substrate
and the binary solvent environment. Until recently,
however, there was no experimental evidence to indi-
cate whether the initial or transition state, or both, of
the reacting substrate is primarily influenced by these
specific solvent effects since the various A parameters
measure the difference between the initial and transition
states. This difference could vary as a result of changes
in either the initial or transition state or changes in both.
Recently, however, Arnett and co-workers!41% have
measured “instantaneous” heats of solution of reacting

(9) A. H. Fuinberg and S. Winstein, ibid., 78, 2770 (1956); 79,
1597, 1602, 5937 (1957).

(10) J. B. Hyne and R, E. Robertson, Can. J. Chem., 34, 863 (1956).

(1) E. Tommila, Swomen Kemistilehti, B25, 37 (1952).

(12) E. Tommila and M. Murto, Acta Chem. Scand., 17, 1947, 1957,
1985 (1963).

(13) J. B. Hyne, ef al., J. Am. Chem. Soc., () 85, 3650 (1963); (L)
84, 2914 (1962); (c) 82, 5129 (1960).

(14) E. M. Arnett, p. M. Duggleby, and J. J. Burke, ibid., 85, 1350
(1963).

(15) E. M. Ariet, W. G. Bentrude, J. J. Burke, and P. M. Duggleby,
ibid., 87, 1541 (1963).
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substrates 1 binary solvent mixtures, and thus have a
measure of variation of the initial state end of the en-
thalpy difference. With this information available,
Arnctt, er ol., have shown that for a variety of reacting
substrates in binary solvent mixtures the extremum be-
havior of AH* can result from changes in substrate-
solvent interaction at either the initial or transition state
end of the difterential, or both.

The apparent initial success of these attempts to inter-
pret the behavior of AH* with solvent composition vari-
ation in terms of specific solvent etlects has led us to an
examination of the solvent composition behavior of the
one remaining, readily accessible, pscudo-thermody-
namic parameter, AV*, the volume change on activation,
It is clear that it there is a significant change in sub-
strate-solvent interaction through a series of solvents,
cither at the initial state or transition state end of the
differential, such changes should be reflected in the
volume change on activation.  As in the case of AH®,
which results from the temperature dependence of log
k, AV* cannot be measured directly, but results from
the pressure dependence of reaction rate.  Since we are
interested in the variation of this pressure dependence
with the solvent composition, the required precision of
measurement of the rate at various pressures is some-
what higher than has been previously common. In
this paper we describe a precision conductometric
method for measuring the rate of solvolysis of alkyl
halides as a function of both binary solvent composition
and pressure.  The method is checked against the pre-
viously reported rate constants for -butyl chloride in
807, ethanol-water, and the solvent composition de-
pendence of AVy* for the solvolysis of benzyl chloride
in ethanol-water mixtures is reported. In the benzyl
chloride case, AV,* is found to exhibit an extremum as
solvent composition is varied.,

Experimental Section

High-Pressure Apparatus. A schematic diagram of the hydro-
static system is presented in Figure 1o, The high-pressure vessel is
a modified version of the AEM series manufactured by Autoclave
Engineers, Inc. (Erie, Pa.). 1t is equipped with four Covar leads
which pass through the cover and are insulated from it by porcelain.
A brass mounting fitted to the outside of the cover holds the BNC
connectors which are connected to the leads, Pressurization of the
reactor is accomplished by means of an air-driven pump manu-
factured by Autoclave Engineers, Inc. The pressurizing liquid is
Blackhawk hydraulic {Tuid.

The pressure was measured by a 16-in. dial Bourdon tube gauge
manufactured by Heise-Bourdon Tube Co., (Newark, N. 1) and
calibrated in units of 3.402 atm.  Automatic pressure control was
accomplished by use of a micro switchiing mechanism inserted in
the face plate of the gauge.  An auxiliary pointer, equipped with a
very light side arm, was preset to the desired pressure reading,
When this pressure was reached in the system, the gauge needle
lifted the side arm causing a break in the control circuit and closure
of a solenoid valve in the air supply line.  When the pressure fell,
contact was remade and pressurization resumed.  This methot!
cnabled the pressure to be controlied (o better than ::15 atm
over the entire range above atmospheric. Tt may be noted that a
delicate balance of the watch spring system in the switching device
was necessary to avoid distortion of the gauge reading,

Conductivity Apparatus. Twin high-pressure conduclivity cells
ol the type shown in Figure 1b were used as reaction vessels, per-
mitting two simultancous  kinetic determinations to be made.,
These were suspended in the pressurizing fuid of the hydrostatic
vessel, and the platinum clectrode terminals were connected Lo the
Covar leads.  Euch compartment of the cell consisted of an 8-ml
capacity bulb with two platinum bead clectrodes scaled into the
wall.  The value of the cell constant was not required in the Guggen-
heim method of first-order rate analysis's employed.  Pressure was

HPV r

{a) (b)

Figure 1. High-pressure apparatus.  (a) Schematic diagram of the
hydrostatic system: AL, air line; AP, air pump; CV, check valve;
G, gauge; GSCV, gauge surge cheek valve; HPV, high pressure
vessel; R, reservoir; V, valve,  (b) High-pressure conductivity cell.

transmitted to the cell contents by a 0,25-in. Teflon piston operating
in a precision bore glass tube attached to each cell compartment.
The pressure difference across the glass wall was therefore zero.
Care had to be exercised in filling the cells so that no air bubbles
remained in the cell compartments, and working solutions were
degassed before use.  Leakage past the Teflon piston was not a
problem; the only operational problem arising in the system was
the fracturing of the platinum to glass seals alter several prcssuri.zu-
tions, particularly at pressures above 1364 aum.  This behavior,
although inconvenient, was tolerated, and the cells simply were
replaced at frequent intervals.  The ac conductivity bridge was of
conventional design, but specially constructed from high-prc'c[.sw.on
components by Mr. T. Clement of this department. A sensitivity
ol I ohm in 80,000 was attainable. o

Temperature Control.  Because of the temperature sensitivity of
hoth conductance and rate, accurate control of this parameter is of
crucial importance in obtaining precision conductometric rate con-
stants. - While for rate studies at atmospheric pressure such con-
trol can be conveniently accomplished by direct immersion of the
conductance cell in a precision thermostat, the presence of the pres-
sure vessel between the thermostating fluid and the reaction cell
neeessitated a careful check of temperature control in this \v'ork.
Inaddition, heating efieets due to pressurization further complicate
the matter of temperature control, )

A 50-gal oil thermostat capable of =£0.005° control at 30 inan
air-conditioned room at 22° ambient temperature was used through-
out this work. The complete pressure vessel assembly was -
mersed in the thermostat and could be raised by a chain hoist suf-
ficiently to expose the removable head for cell loading. The
vessel itsell was never removed from the thermostating (ud.
order to determine the time interval required for thermal eyuilibra-
tion after loading and pressurizing, the following procedures were
used.

A special cell containing water at 0° and equipped with a ther-
mocouple was used as a “dummy” in the pressure vessel, and norn{ﬂ_l
loading techniques followed.  After 30 min no temperature dll:
ference between the cell contents and  thermostat (luid at i()
could be detected.  As an additional check of the thermal equili-
bration interval, a conductivity cell of the type used in the rate
studies, but containing an aqueous solution of 5 X 107 maole/l.
of KCl at 07, was loaded into the pressure vessel in the normal
manner.  Resistance measurements were  then taken at f-min
intervals, It was found that after 30 min the resistance chunged by
only 2 to 3 ohms between readings, indicating that the cell tempera-
ture was very close to equilibrivm,

(16) E. A, Guugenhieimy, Phil. Mag., (7) 2, 538 (1926).
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of Benzyl Chloride in Aqueous Lthanol

’_)T(ﬁL ALY

Table I.  Rate Constants for the Solvolysis ol +-BuCl in 80,
(v/v) Aqueous Ethanol at 30.00° ’

Pressure, r— 10°%, sec™! —
atm This work Rel 19

1 1.90 = 0.03 1.7 0.5

G681 3.14 4= 0.07 2.7 0.7
1362 4.92 = 0.05 d =1
2042 0.7 0.3 542
AV 0 ml/mole —22.2 :: 0.9 —21 4= 4

« Throughout this scries of papers, AVy* will be used to refer to
the volume of activation evaluated at atmospheric pressure, while
AV* will refer to an activation volume of unspecified pressure.

Materials.  Singly distilled water was passed through Itlco-Way
deionizing resin, It was then distilled in a Pyrex apparatus from
which atmospheric carbon dioxide was excluded, and stored in
polyethylene containcers.

Standard hydrochloric acid was prepared by the method of
Huilett and Bonner. '

runs having half~lives of less than 2 hr and 60 min for the longer
runs).

. Twenty resistance measurements were taken at equally spaced
llllcf\{qus over approximately 1 hall-life of the reaction.  After 2
hall-lives h:}d clapsed a sccond set of 20 measurements was made
at the same intervals.

Results

thcs. The conductance data was analyzed, ac-
cording to the method of Guggenheim,'® by eq 1 where
At is an interval of about 2 half-lives of the reaction.

ln<---»l- l) - -k
o R, gy R’ = —Kf -|-

1 |
ln(k; - E,)“ e By (D

The method of least squares was used to solve eq |
for k.

Table 1. Rate Constants and Activation Parameters for the Solvolysis of Benzyl Chloride in Aqueous Ethanol at 50.25°

Pressure, ———10%, sec™!
atm 0.000 0. 100s 0.200+ 0.300e 0.4004
1 23.1 4= 0.4 6.690 == 0.007 1.93 4= 0.01 0.80 == 0.1 0.459 £ 0.007
k3| 24.42 £ 0.02 8.47 1= 0.01 2.46 == 0,01 1.06 £ 0.01
681 30.0 0.2 10.25 4= 0.02 3.02 = 0.07 1.29 == 0.0t 0.68 == 0.03
1362 319.3:4£0.3 13.68 == 0.01 4.64 £ 0.0 2.04 2= 0.03 1.041 4= 0.002
2723 21 =2 7.7 0.2 3.00 £ 0.02 1.81 = 0.02
4084 2.6£0.2
AV*, ml/mole -8 1 17 &1 —20.3 £ 0.2 —22.9 4 0.2 —-17.9::0.9
10%QAV*[Op)p, =341 44 41 4.9 = 0.3 +7.20.1 +3.2:4:0.6

mifatm mole

a Mole fraction of cthanol.

The ethanol used was Reliance Chemicals absolute cthanol. It
was dried over magnesium turnings by the method of Lund and
Bjerrum. '8

Eastman White Label t-butyl chloride was used without further
purification.

Eastman White Label benzyl chioride was distilled in small
quantities at 1 X 1073 mm, as necded.

Kinetics. The mixtures ol ethanol and water were prepared by
weight to 2=0.0002 mole fraction. Solutions of approximately 5 X
10-1 mole/l. of alkyl halide in the desired solvents were prepared by
weight. These were filtered into a vial containing a stopeock and
standard taper joint enabling the solutions to be dcgzlss.cd. The
vial was then closed with a rubber septum, and the solutions were
degassed by twice freezing, evacuating to a pressurc ol‘.l()"1 mm,
and thawing. They were then stored under vacuum i an ice-
water bath.

New conductivity cells were initially cleaned with hot concen-
trated nitric acid and distilled water. Prior to a kinctic run cach
cell was aged with a solution of 5 X 10~ mole/l. of HCl in the
desired solvent for a minimum of 12 hr at the pressure and tem-
perature to be used. The cell was then removed [rom the pressure
vessel, emptied, and rinsed three times with acetone and three times
with doubly distilled water (as above). ;

The vacuum in the vial containing the reaction mixture was re-
leased, after thorough agitation, and the desired amount of solutpn
extracted through the rubber septum into a syringe. The reaction
cell was rinsed twice with the solution and then lillgd to the top.
The Teflon piston was inserted displacing. some of the solution.
This method prevented the entrapment of air bubbles, The .ccll
was then placed in the high-pressure vessel which was lowered into
the thermostat and connected to the pressurizing system. Thc
vessel was brought up to the desired pressurc, and sullhcl‘um time
was allowed for thermal equilibrium to occur (30 min for those

(17) G. A. Hulett and W. D. Bonner, J. Am. Chem. Soc., 31, 390

(1909). . ) ‘ e
(18) A. L Vogel, “A Texthook of Practical Organic Chemistry, It
ed, Longmans, Green and Co., Ltd., London, 1961, p 16711,
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{-Butyl Chloride. In order to check the apparatus
and techniques, the rate of solvolysis of ¢-butyl chloride
in 80% (v/v) aqueous cthanol at 30.00° as a function of
pressure was studied. This system was studied pre-
viously by Buchanan and Hamann.' Our results for
the first-order rate constant, together with those inter-
polated from the data of these authors, are given in
Table I The errors reported for our data are the aver-
age deviations of simultancous, duplicate runs, whereas
those for the interpolated data of Buchanan and Ha-
mann are the 3097 crrors modestly claimed by Ha-
mann.*

Benzyl Chloride. The first-order rate constants for
the solvolysis of benzyl chloride in aqueous ecthanol
as a function of pressure are given in Table 1L Most
of these contants are the average of duplicate, simul-
tancous runs, while some arc the average of three, non-
simultancous determinations. The average deviations
are also reported in Table I1.

Activation Volumes. It was found that our data for
the solvolysis of benzyl chloride are reliably described
by eq 2 (see Appendix 1).

ink =4+ Bp+ Cp? )

Hence
AVt = —RTB A3)
2 were calculated by the method
hose for benzyl chloride are pre-
49, 1425

The parameters of ¢q
of least squares, and U

(19) J. Buchanan and S. D. Hamann, Trans. Faraday Soc.,

(1953). . o
(20) 8. . Hamamn, private communication.
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sented in Table 111, while the activation volumes at at-

mospheric pressure are given in Table 11 1t may be

noted that the pressure dependence of the activation
volume, as calculated by eq 2, is

0AV*

op

The values of this activation parameter are also given in

Table II. All error limits shown for the activation

parameters were calculated by the method described
in Appendix I.

> = —2RTC 0
,

Table III.  The Values of the Parameters of Eq 2

Mole
fraction

of 1058, 104C,
cthanol A atm™! atm~?
0.000 —8.39 4 0.02 34 461 2
0.100 —9.599 == 0.002 065 3 —9 -2
0.200 —10.864 = 0.005 76.4 £ 0.9 —-9.34 0.4
0.300 —11.744 4= 0.007 86.1 0.7 —13.64:- 0.2
0.400 —12.30 £ 0.03 68 = 3 -0 1

Discussion

Solvolysis of /-Butyl Chioride. The main purpose of
studying the pressure dependence of rate of solvolysis
of -butyl chloride in 8097 (v/v) cthanol-water was to
compare the results obtainable using the apparatus
described with those previously published by Buchanan
and Hamann.' This comparison is presented in Table
I.  Our results arc well within the error range reported
by these authors;* of greater significance is the fact
that the higher precision of our rate determination per-
mits the evaluation of an activation parameter with
considerably smaller uncertainty. This increase in
confidence is necessary for the meaningful study of
AVy* variation with solvent composition, and essential
if the pressure dependence of AV,* is a desired param-
cter.

Solvolysis of Benzyl Chloride. The values of AVy*
for benzyl chloride solvolysis in ethanol-water mixtures
shown in Table II are all negative. This observation is
consistent with previous claims that the major con-
tribution to changes in volume on activation for iono-
genic reactions is in the structure of the immediate
solvent environment rather than in the substrate it-
self. o2t

The dependence of AVy* orni solvent composition is
characterized by behavior of the type previously re-
ported™ for the behavior of AH* and AS*. A com-
parative presentation of the behavior of these three ac-
tivation parameters is demonstrated in Figure 2, the
AH* and AS* values having been calculated from the
data of ref 13b. In a recent report, Whalley and co-
workers?? comment on the apparent compensatory be-
havior between enthalpy and entropy or volume changes
on activation. In their interpretation of the effect of
pressure on the hydrolysis of methyl acetate and cthyl-

(21) (2) H. G. David and S, D. Hamann, Trans. Faraday Soc., 50,
1188 (1954); (b) A. H. Ewald and S. D, Hamanun, Australian J. Chem.,
9, 54 (1956); (c) S. D. Hamann and W, Strauss, Trans. Faraday Soc.,
51, 1684 (1955); (d) S. D. Hamann and W. Strauss, Discussions
Faraday Soc., 22, 70, (1956).

(22) B. T. Baliga, R. J. Withey, D. Poulton, and E. Whalley, Trans.
Faraday Soc., 61, 517 (1965).

ene oxide in acetone-water mixtures, these authors
state that for these systems “‘the existence of the mini-
mum is therefore best considered as a trivial fact, not
related to mechanism except insofar as changes in
TaAV*[x are related to mechanism.”™**  Supporting
evidence for this statement consists primarily of the
observation that no extremum behavior is noted in the
activation energy at constant volume, AU ¥ = AH* —
TaAV*[x. Whalley and co-workers further state that
most of the change in the term TaAV* [k, which results
in compensation of the extremum behavior of AH %, is
“duc to changes in the thermal expansivity « of the
solvent. . .[while] changes of the volume of activation
contribute to a smaller extent, and changes of the com-
pressibility [«] are of little consequence.”

The results plotted in Figure 2 clearly establish that
the compensating extremum behavior characteristic of
AH* and AS* is also a feature of AH* and AV*. Con-
scquently at least some scepticism arises regarding the
“trivial™ nature of such extrema although the possible
semantic nature of any disagreement on this point must
not be overlooked.

One immediately obvious feature of the AVy* de-
pendence on solvent composition is the higher ethanol
concentration at which the extremum occurs compared
with AH* and AS*. If the fundamental reason for the
existence of these extrema is the same for all three ac-
tivation parameters, it must be concluded that the
factors leading to the extremum in AVy* have a dif-
ferent dependence on solvent composition from those
responsible for the extremum in AH* and AS*. The
existence of such a situation is not hard to cnvision since
AV behavior is probably more directly related to sol-
vent structure than cither AH* or AS*, It is interesting
to note at this point that the excess thermodynamic
parameters of mixing of ethanol with water?? show ex-
tremum behavior between 0.2 and 0.4 mole fraction of
ethanol rather than at the lower cthanol concentration
characteristic of AH* and AS*.

Turning to the question of the source of the extre-
mum in AV,*, the ever present question of “‘which end
of the differential is responsible” arises. Like AH* and
AS*, AV,* is a difference between the partial molal
volume of the kinctically cffective initial state (including
solute and associated solvent) and that of the transition
state. As the solvent composition is varied, either or
both of these volumes can be altered, leading to varia-
tion of AVy*. The recent, elegant work of Arnett and
co-workers'*15 has been directed toward answering
this question as it relates to the behavior of AH*. As
yet, no similar breakdown of AV* for the benzyl chlo-
ride system under study here is possible since the partial
molal volume of benzyl chloride in the various solvent
mixtures is not available. Such work is currently under-
way in these laboratories on various systems. In this
regard, however, it is interesting to note the work of
Bateman on the apparent molal volume of barium
chloride in ethanol-water mixtures,* which shows the
molal volume to have a maximum value at 0.3 mole frac-
tion of ethanol. If the crude assumption is made that
barium chloride, as an ionic species, bears some re-
semblance to the transition state of benzyl chloride
solvolysis, then the suggestion may be advanced that

(23) A. G. Mitchell and W. F. K, Wynne-Jones, Discussionst  raduy

Soc., 15, 161, (1953).
(24) R. L. Bateman, J. Am. Chem. Soc., 74, 5516 (1952).
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in transition state solvation. .
Pressure Dependence of av#, The precision of
previous rate determinations as & ftlnctlon of pressulre
usually has been inadequate to permit evaluation of tlle
pressure dependence of AV¥. In many r‘esp.ects.1 the
problems of determining (0A y*[op)r are similas 'to. t wsc;
for QAH*[0T), or AC,*. Both are seconfl denv"un(rles' o
rate with respect to environmental vz\.rmblcs, dfl argv
responsile for the nonlinearity of the simple Vun-tlHLt)'
type plots of log k variation. Use of the quicara lC
function (eq 2) permits direct evaluation of (0AV? [op)rs
and the error analysis described in the Appendix pro-
vides a measure of confidence for the values obtained.

Journal of the American Chemical Society

Tl}t values of (OAV*[op),shown in Table 11, together
with the corresponding error limits, leave little doubt as
to the reality of this additional activation parameter.
As in the case of AC,* for benzyl chloride solvolysis in
cthanol-water, calculated from ref 13b, (OAV*/0p)y ap-
pears to show extremum behavior. It would be pre-
mature at this stage to attempt to give a physical pic-
ture accounting for this term, but it appears that
modern kinetic techniques are capable of extending
the range of measurable activation parameters to in-
clude this additional term.
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Appendix |

The question of obtaining a volume of activation from
a set of rate constants at various pressures is one which
has not been answered unambiguously. It is known
that the relation between the activation volume and the
pressure dependence of the rate constant is given by
eq 5.% The difficulty lies in determining the func-

AV* = —RT ( In k[op)r )

tional dependence of In k upon p sothat(d1n kfop)r can
be evaluated. Since we are interested in the variation
of AV* for reactions in solution as the composition of
the binary solvent medium is changed, we must be con-
cerned with obtaining as reliable a set of activation
volumes and precision measurements as our data per-
mit. This position has led us to a study of various
functional representations of the dependence of k
upon p. .

Walling and Peisach,2 Benson and Berson,” Burris
and Laidler,? and Whalley, ¢t al.,* have all used filf-
ferent methods for extracting the value of this deriva-
tive. We have examined each of these in turn and have
found that the quadratic function (eq 2) best represents
our data. The quantitative comparison of these vari-
ous methods will be published e}sewhere.

Having established the functl.onal dependence of the
rate of benzyl chloride solvolysis on pressure, the next
step is to establish the precision of the derivatives. This
is readily accomplished by determining the maximum
deviations of the constants in eq 2 Thqse.m turn are
conveniently determined by differentiation.® The
least-squares functional forms of these constants were
differentiated, and the values of d4, dB, and dC were
calculated using an 1BM 1620 computer. The average
deviation of the rate constants were used for the dk/’s,
and the pressure fluctuation limits were used for the

dpy’s.
25) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 31, 875

(1‘)(;2; C. Walling and J. peisach, J. Am. Chem. Soc., 80, 5819 (1958).
27 S.W. Benson and J. A Berson, ibid., 84, 152 (1962). .
(28) C T. Burris and K. J Laidler, Trans. Faraday Soc., 51, 149

R i i d E. Whalley, ibid
T, Baliga, R. J. Withey, D. Poulton, an¢ E. alley, 3
61 2;);78(1965); l!:j Whalley, Adtan. Phys. Qrg. Chem., 2, 100 (l9§4).
Nc;tc that these references contain an error i tl:lc mcl]\od o‘g fltglmt:\lgl:f
> pre : dependence of In K. The corrected version, as 1 3
ﬂ‘wy“v{‘l'\ssixl\“[: (';?Eilli:;u and E. Whalley, Can. J..Chcm., 43.‘ 245’3‘ (1965_).
® ‘(SZI}()) F D.a\nicls, et al., “Experimental Physical Chemistry, 5th cd,
McGrm\'.—H'\ll Book Co., Inc., New York, N. Y., 1956, p 326.
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THE EFFECT OF ALKYL GROUP VARIATION ON THE RATES OF
SOLVOLYSIS OF ALKYL SULPHONIUM HALIDES

J. B. HYNE AND H. S. GOLINKIN

Tertiary butyl and amyl dimethylsulphonium salts have been the standard examples
of the sulphonium salt series used in neutral solvolytic rate studies of this type of compound
in the past (1). Apart from these cases the apparent hygroscopic nature of the sulphonium
salts has limited the study of their solvolytic behavior. In the course of our studies of
sulphonium salt solvolysis we have prepared and characterized a-phenethyldimethyl-
sulphonium and benzyldimethylsulphonium bromides. The solvolytic rate behavior of
these two compounds together with comparative data on the t—butyldimethylsu1phonium

salt are reported here.

RESULTS

Approximately 10-3 M solutions of the various sulphonium salts in the desired solvent
media were prepared by weight. Solvolytic kinetics were followed using the conductimetric
technique described previously (2) and due to Robertson (3). While the iodide salt was
used in the ¢-butyl case the bromides of both the a-phenethyl and benzyl sulphonium ions
were employed. Since 0.325 mole fraction ethanol in water was the lowest polarity solvent
used the anion does not enter the rate determining step as was shown previously (2, 4).
Consequently the change from iodide to bromide does not invalidate the comparison of
rates. In both the a-phenethyl and benzyl cases difficulty was encountered in obtaining
reproducible results in pure water. In the benzyl case only those rates measured in higher
ethanolic compositions were of satisfactory rcproducil)ilit_\'. In Table I the rates for the
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TABLE 1
Rates of solvolysis ol sulphonium salts in LtOH=H.0 mixtures

Mole kX105 see™?
fraction e e T ¥

EtOH t-BuShe.l~ PhCHCH SMe.Br- PhCH.SMeaBr-
50.3° 78.1° 50.3° 78.4° 7S.4°

0.000 0.62y 30., 23,5

0.125 .60, 3.4 0.4, 20,4

0.204 0.730 B 0.47, T.o 0.10

0.325 0.850 RIS 0.53. .8 0.26

three sulphonium salts studied under various solvent and temperature conditions are
recorded.
DISCUSSION

The availability of the rates of solvolysis for the three sulphonium salts in Table |
enables a comparison to be made with the rate behavior of the corresponding alkyl
chlorides. Using the date of Winstein and Fainberg (5) and Hyne, Wills, and Wonkka (6)
the relative rates of solvolysis of the {-butyl, a-phencthyl, and benzyl chlorides and di-
methylsulphonium salts may be compared. Conditions chosen for the comparison were
0.204 mole fraction ethanol (approx. 459, ethanol by volume in water) at 50° C for the
chloride and 78.4° C for the sulphonium salts. These conditions were dictated largely by
the availability of results. The temperature difference is unlikely to have a significant
effect since the comparisons are internal within a given set at the same temperature. Use
of a mixed solvent medium is perhaps not the best condition in view of the established
selective solvation effects (6, 7). Since free energies of activation are being compared,
however, the likelihood of gross errors being introduced by such effects is minimized.
The rate comparisons are shown in Table I1.

TABLE 11

Relative rates of solvolysis of alkyl halides and sulphonium salts
in 0.204 mole fraction EtOH-H.O

Alkyl group

Leaving
group t-Bu PhCHCH, PhCH,
CH ks, sec™? 4.42X10™4 2.72X104 1X10-¢
yau Relative X
—S log k (AF*) 1 1.07 1.79
CH,
—Cl koo,00 sec™l @ 1.32X10-2 9.80X10-3 1.89X10-*
Relative
log k (AF*) 1 1.07 2.51

SNoTE: Rates in this row interpolated from data of refs. 5 and 6.

Comparison of the free energies of activation (ratio of log &) for the two types of sol-
volysis shows immediately that structural changes in the alkyl group have the same
effect on the solvolysis rates of both the halide and the sulphonium salts. Although the
two reactions have opposite charge character on activation—one involving charge
delocalization while the other requires charge creation—in both cases an incipient alkyl
carbonium ion develops on activation.
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The similar effects of structural change in the alkyl group must imply that the stabilization
of the incipient carbonium ion in the transition state is the dominant factor affecting the
rate as a function of the alkyl group. This is particularly interesting in view of the [act
that we are dealing here with two reactions having leaving groups of entirely different
character. Clearly the stabilization of the transition state—-or lack of it in the sulphonium
case - brought about by solvation of the leaving group does not appear to vary significantly
as the nature of the alkyl group is varied. I it did one would imagine that the effect of
the alkyl group variation in the case where leaving group solvation was important would
be very much different from that in the case where leaving group solvation was minimal.

The data in Table T also shows that the rate dependence on solvent composition is
considerably less for the a-phencthylsulphonium salt than for the f-butyl compound.
This should be compared with the very similar rate dependence on solvent exhibited by
the two corresponding alkyl chlorides (3). While the solvent dependence for all three
sulphoniums is in the opposite sense from the alkyl halides, as would be expected {rom
the charge character of the activation process, the smaller dependence in the a-phenethy!
case probably reflects a smaller change in polarity of the solute on activation. Whether
this is due to a lowering of the polarity of the ionic initial state thus approaching the
polarity of the transition stiate or to a more polar transition state closer to the ionic
character of the initial state can only be resolved by studies of the relative physical proper-
ties of the t-butvl and a-phenethyl initial states. '

The data recorded in Table [ permits the caleulation of hoth enthalpies and entropics
of activation for the -butyl and a-phenethyl cases. These parameters are rcm;lrkcc‘ll_\'
insensitive to structural changes. Values of activation energy vary hetween 32.4 ';mfl 3.?.0
keal/mole for both salts over the range of solvents used. 'I‘hc'cnl‘mpy Y;llll.Cb‘ lic in the
range of 415 to 418 e.u. in keeping with the charge (lCl()C(lli:Lllt'IOI‘l on activation resulting
in '.‘(lcsolvzlt‘ion" of the transition state compared with the ionic initial state.

Svnthesis of Sulphoninm Halides ' e the

The following refers particularly to the a-phenethyl and .I)CIEZ)'I sulph.omum $il ls.} ;L
I-butyl salt is readily synthesized and isolated from t-hutyl iodide zn}fl dnncthy} ‘sul.p tide
in nitronethane. The method is a modified form of th'ut rcpnrtcd.l)_\' S}cgcl (l.l.l(l (-hlu‘fla: (tS))
Dimethy! sulphide and the corresponding ;111{):1 Illlllslt{ were mixed in -u‘ 1:1 l‘H.O'(, 114‘}'(1;
The reaction vessel was stoppered with an zllunnnun.l {oil covered rubber ASLO.liPUl, jllvl(‘\ (l»l
covered with aluminum foil to omit light. The mixture was nllowf:(‘ll l‘,o \sl.lvu.l(' ;1}1;(()::;(]
temperature until the bottom of the Hulsl( wils C(';vcrcdtzz;llfh,lc:;“}(;s]t::;i‘tl:rig“lzi:].\:111:;]3&1 “|.ith
was deep red in color possibly due to bromine lorma on. The mixtus " i[:llc‘ét]wr i
50 ml anhvdrous cther to remove any unreacted stzutln‘g 1’11‘1L.c.1;at5. e e,
decanted, but enough was left so that the f‘.r'\'stuls were 11(?1 ?.\lt)‘okscfl) lc: ,,ltiln‘(,- “-;L.; Smnc-.
5 to 10 ml absolute ethanol was added to dissolve the crystals, l{c'nl (.ff f,:d ’ic ;;()lmm“
{imes necessary for solution to oceur. Warm tap \\'2ltC.l' .L,"(fl‘lcr:l v s-u 71(,(, ‘;mc o

as then treated wi ite A to decolorize it, after which it was filtered over a c¢ te bed
(\:,l;lszllZicl:lt::cttllt;(llzl;\sltflllllll]:::l to remove the norite and any undissolved residue. The clear

{llll( > was < 2 a ou-m 1 1 taper l(lS l\ cquipped wi ll a va um d(l\'l er,
e 1 1)1 l(_,(,d m a ')0 l st dcl d ¢ ]) f l“ pl l vit ] cu I
V
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which was previously evacuated and weighed. The flask was then filled with dry ether to
precipitate the salt and placed in the refrigerator overnight. The liquor was decanted
using an aspirator, but enough was left behind to keep the crystals covered. T he remaining
liquid was removed under vacuum. The white salt was then dried over phosphorous
pentoxide under vacuuni. «- l’hcnuh\l(lmu,th\lsulphomum bromide—reaction time 96
hours; vield 10.1G5; nm.p. 91.7-92.8° C (lit. m.p. 76-80° C ref. (8)); analysis % C calc.
48.58 '/b, obs. 48.50%; G H cale. 6,129, obs. 6.099 /0, ‘/ S cale. 12.979,, obs. 12.949%,; 9 Br
cale. 32.33% o obs. 32.24¢7, Benzyldimethylsulphonium bromide—reaction time 120 hours;
vield .2.2.1 oy Lp. 100 5-101.5° C; analysis % C cale. 46.36%, obs. 46.69%0; % H cale.
5.6205, obs. 5.739; U6 S cale. 13.76%%, obs. 13.929;; %6 Br cale. 34.279, obs. 34.087,.

Copies of infrared pold.ssulm bromide pellet spectra of the above salts are available on
request.
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