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PREIPACE

Since the beginning of quantitative physical chemistry,
the study of electrolyte solutions has occupied a central
position in that subject and constituted the early basis of
electrochenistry. Darly views on the electrical nature of
salts were somewhat clarified by understanding of the
nature of dissociation, conductunce and ionic migration.
Later studies indicated that electrolytic solutions possessed
a high-degree of non-ideality and these results led to the
iirst satisfactory ideas about ionic interaction effects and
non-ideal solutions as discussed by Ostwald, Sutherland and
Bjerrum, and more guantitatively by lFilner, and in a more
useful iorm by Dedye and Hlickel.

Brgnsted, in an early paper, stressed the specificity
oI lonic behaviour in electrolyte solutions and although this view
was not readily accepted at that time, it is now well
known that electrolytes in solution exhivit a surprisingzly.
high degree of specific behaviour at moderate and highexr
concenvrations, a situation which is principally associated.
with tihe ion-solvent interactions.

One of the best means of observing the specific nature
ol ilon-solvent interaction is by measuring the volumes of salts
in solution. Partial molal volumes of ions Vi retlect (a) the
extent ol electrostriction oi solvent when the inrinite dilution
value ?g is compared with the intrinsic volume of the ion in
tee salt lattice or in the was phase; ana (b) at rinite

concentration, the pressure dependence of the non-ideal
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chemical potential of the ions. The volume studies nay be
carried out in a related manner by examining the compressiblility
broperties of electrolyte solutions. Jthe coefiicient of
compressibility indicates the relative volume change of

solution with pressure ang ctonsequently provides complementary
information on the extent ang nature of ion-solvent interaction.

The théoretical Problem of volume change associated
with the process of solution of an ion has been developed along
two distinet lines; firstly, the volume of the ion itself may
change, e.g., if it cnters the solution from the gas phase or
from another vhase in which the internal pressure is different
from that in the solution considered; secondly the ion may
influence the local volume of the solvent by volatrisation forces.
bifects of the second type are more fully discussed in the treat-
ment described in the present thesis. The particuler model
Chosen avoids the difficulties or Previous calculations by elimi-
nating integration of the elecirostatic volume change all the vay
up to the ion where the continuum niodel on which earlier theories
have been based is legst applicable. Using the above results,
the compressibnal.entropy asscciated with the electrostricted
solvent voluﬁe is calculated in a more sophisticated manner than
that in a related trestment by Latimer and Kasper in 1929,

The principal part of the original work described in
this thesis is exverimentszl in nature and is concerned with Ihe
measurement of partial molal volumes znd partial molar adiabatic
compressibilities of tetraalkylammonium halide ang alkylamine

hydrogen halide salts. 'The former salts are or special interest




- iii -

with regard to the structure promoting effects which their
cations exhibit in water while the latter salts are of interest
with regard to ionisation equilibria of bases ang steric effects
in hydration. The results obtained show that effects associated
with structure promotion of solvent are iﬁportant in aqueous
solutions of these salts and the anomalously large negative
linear concentration depéndence of V of these salts is discussed
in terms of mutqal salting=in of the ions and other struciural
inrluences. <“he results of the volume studies for the tetraalkyl-
amnonium halide salts enable a new principle to be proposed ior
obtaining individual Vg values, based on a reasonably satisfactory
experimental procedure with minimal 2 priori theoretical assump-
tions.

Solvation in ionisation processes of methylammonium
ions is also ciscussed and it is shown that ASO, ACp and ave
of ionisation show unexpected behaviour. A more detailed
summary of the original contributions is given in the section
"Claims to Uriginal Research".

liost of the work described in this thésis has been
either published or ié in course of publication, as indicated
in the following list of pavers:
1) Electrostriction in Aqueous Solutions of slectrolytes,

J.B. Desnoyers,RiE.Verrall and B.:3. Conway, J. Chem. Fhys.,
43, 243(1985).

2) Specificity in Ionic Hydration anc the sdvaluation of Individual

Tonic froperties, B.i. Conway, R.3. Verrall and J.3. Desnoyers,

[\

eit.r. physik. Chem., (Leipzig), 230,157(1966) (paper prevared

in honourof the 70th virthday of Professor H. falkenhagen),
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3) Ion: Solvent Size Ratio as a Pactor in the Therumodynamics

L)

of mlectrolytes, B.i, Conway and R.®.Verrall, J. Phys. Chem., in
course of publication (1966); now sccepted.

Partial lolal Volumes of Tetraalkylammonium Halides and

tne Assignument of Individual Ionic Contributions, B.L. Conway,
R.8, Verrall and J.a. Desnoyers, irans. raraday Soc., in

course of publication.
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ABSTRACT

A theory of elecﬁrostriction of solvent water near
ions is developed. ‘rhe treatment is based on a calculation
of the effective pressure which would, in the absence of the

does
rield, cause the sanme chanze in volume as /the field. It is
siown tanat when the dissolution process is irom the crystalline
pnase, the electrostriction ai small ions arises wainly on
account of changes of cficetive volume of the solvent rather
than irom compression of the ion cavity in the dielectric.
The change in solvent volume near ions can be related, using
an appropriate molecular model, to the apparent change in the
volume of the salt vpon dissolution. This treatment avoids
tne difiiculties o previous calculztions where use of the
sorn equation involves an integration over a distance from the
lon. wxplicit avproxinate solutions for high-and low-field
conditions, and & complete numerical solution for the efreciive
Pressurc-Iield ana field-voluume relations are given.

A metirod for calculation of the compressional}entropy
associated with hydrztion of ions is proposed on the basis of
the above electrostriéfion calculations, taking into account
dielectric saturation zng pressure uependence coi dielectric
constant., :elations of the electrostatic contributions to the
entropy oi aydration of ions to corresponding volwue changes
are investigated and it is shown tist the statistical mechanical
method of Bley and Evans and the method of Laidler and Pegis,
allowing for dielectric saturation, give entropies of hydration

that are in better agreement with experimental values.
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The partial molal volumes V of a series of homologous
tetraalkylammonium chlorides, bromides and iodides have been
bPrecisely measured by means of a differential buoyancy technique.
The extrapolated values of V to infinite dilution give V° data
which are almost additive for successive nomologues and enable
the absolute individual partial g. ionic volumes ol the halide
ions to ve estimated by a‘new principnle to an accuracy oi abous
0.5 ml, (g.ion)"}. ihe anomaldusly large negative concentration
dependence of v is discussed in terms of mutual salting-in by
tne lorge cations and also salting-out due to the anion. Lstimates
of 8 and d 1n g/dP are also made. Non-electrostatic effects
arising from the large differences in sigze betwsen the cations
and the solvent molscules are suggested as one or- the reasons
for the anomalous activity coefricient and partizl molal volume
behaviour. It is concluded that the hydrophobic character of thege
lons exerts a stronz structural influence on the solvent water,
as indieated in other ways in previous publications.

The partial nmolal volumesoi some alkylamine hydrogen
halides series have been studied with special reference to the role
of solvation in the pfocess oi ionisation of methylammonium bases.
It is shown that the change in volume associated with +the
ilonisation is almost invariant as the degree of hydrophobic
cnaructer ol tie cation is increased. fThe unexpected behaviour
or ASO, ACn and av° is aiscussed in terms oi structural iniluences
upon the solvent by the difrlerent speciles.

Yartial molal adiabatic compressiobility studies have

been carried out on tiw homologous series of tetraalkylammonium

oromides and iodides, methylamsonium chlorides and methylamines.
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Tre extrapolated values of ﬁK(S) to infinite dilution give
ﬂg(s) data which confirm the suspected structure promoting
effect of these salts upon solvent water structure; these

results complement those obtained from the partial molal

volume studies.
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CHAPTLR T
INTRODUCTIQN

1. The Imvortance of Solvation in Ionic Processes in Solution

i) General

The realisation of the exceptional importance of
solvation in ionic processes in solution during the past
half-century has led to such a large volume of research
being carried out on ionised and non-ionised solutes in
both polar and non-polar solvents that this subject must
be regarded as one of the major fields of physical chemistry.
In direct contrast to the case of wnstable ions that are
found in the zas phase when, for example, zaseous molecules
are sub _ccted to thc influcence of X-rays, certain molecules
can dissociate into stable ions under the influence of or

through reaction with a polar solvent. Similarly, most

\

inorganic crystalline suvsivences dissolve to a greater or
lesser extent in such solvents althoush in most cases the
free ions already exist in the crystal lattice. With few
exceptions, e.g7., the absorption of heat attending the
dissolution of a humber of salts in water, +the visual angd
thermal efrects thut occur when 2 solute 1s dissolved in an
ionising solveut seldonm reflect the profound changes locally
taking place.

Lore particularly, solvation effects are primarily
involved in the following nrocesses:

a) the solubility of sults in solvents;

b) the ionisation of acids and bases;




¢) the electrode potentials of the elements;

d) the kinetics of reactions proceeding via
polar or ionic transition states;

e) the saltinz-out of non-electrolytes by ions of
salts;

) the volume clianges acconpanying dissolution
of salts;

g) the mobilities of ions at infinite ailution;
and are secondarily involved in the thermodynamics of ionic
solutions where such solvation effects deternine, in part,
the activity and osmotic coefficients of electrolytes in
solutions particulerly at hizh concentrstions (>111), and influ-
ence the partial molal entropies, heat contents, -heat capacities,
and compressibilities of salts in solution. ''he effects noted
in (a), (b), (c), (d), (e), (£), and (g) arise from ion-solvent
interaction behaviour characteristic of intfinite dilution
conditions while in the cases oi those properties of electfolytes
depending on non-ideality ot finite concentrations, solvation
efiects only influence these properties at uoderate or hizh
concentratvions, e.z., in the activity coefficient-concentration
relations.,

Some of the following abnormal thermodynamic propertics
attending dissolution of stron; electrolytes in water had
intercsted many of the carly chenists conducting work in this
particular field. The abnorually low molar heat content chance,
as conpared with the lattice energy, on dissolution of many

stron_ electrolytes in water was one indication of the energetics
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of the changes occurring in the dissolution process. A more
siznificant factor is the anomalously small or negative volunme
change whicih occurs when a strong electrolyte, e.g., waCl, is
dissolved in water. ‘'he fundamental significance of this
observation, if the contraction is attributed to ihe solvent
alone, is that, effectively, hizh pressures of the order of
1000 atmospheres would be required to produce such effects.
distorically, the starting point of the physicel chenistry of
ioniec processes in solution may ve traced to the discovery
thatv a solution containing ions possesses, in contrast usually
to the properties of its pure components, the ability to conduct
electricity.

Tne factors mentioned above have been considered in =
large numver of papers in which the properties and behaviour
of ions in solution have been discussed. The interpretation
of the results hes led to the proposal of conilicting models

for the nature of tie solvition process. The difricultiecs

cenerally arise in the assessment of the effect of the ions

on the solvens: ang in particular with regard to the solvent
arranzeuent or, more specifically, tle local structural chungses
occurrin: in the solvent as a result of the vresence of the
ions. In the rollowing introduction, & brief critical review
will be given in order to outline tne relevance of solvation

in ionic processes with particular regard to tie theories which
hhave been advenced to descrive the niore important properties of
agueous ionic solutions.

lnost work on solvation relates to agueous solutions.
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This is perhaps uwnrfortunate froi1 a theoretical viewpoint,
vecause, as will be considered later, the nature of liquia
vater itself is by no means fully understood. However, the
importance of the problem is obvious, since ionic hydration*
iniluences all equilibria andg transport problems involving ions,
and thus has a bearing on a wide variety of chemical and bio-
chenical processes. It is immediately obvious that when a solute
is put into a solvent mediuwm, many of the properties of the
solution will depend upon the lorces oi solute - solvent
interaction that arise when the dissclution takes place. Only
rarely can the solute-solvent interactions be ignored und they
are, in fact, of great importance waen the solute is ionic.

‘he liquid state is much less well understood than either of
the twc other norm=l states orf aggregzation of matter, because
they possess neither the well-defined molecular zeometrical
arrangement caaracteristic ol solids nor tne relative moleculur
Ireedon cuurzcteristic of sases; 1% might therefore be thoﬁght
that consideration of liquid solutions presents intractable
probleus. liowever, certain bropertics oI solutions exist
(nuuely the so-called 'colligative' proverties which depend
only uvon the numver of molecules per unit volwie ané not on
their nature) wiaich can be treated limitingly without any
assumptions conceruing the intersctions between the solute

gnd solvent. <The laws of dilute solutions are well :mown and
althouzh they are not always obeyed exactly, even at high

dilutions, they can de wodified to take into account interaction

* The word "hydration' will uc useq synonymously with the
word solvation when the solvent in question is water.




effects, e.g., the electrostatic forces operating between ions.
Although tie theory of interionic attraction is regarded as
one of tue great successes in the lield of solution physical
caemistry, it sometimes can obscure (1) our ignorance oi other
aspects of solution cheaistry.

Since the concevtion of the theory of ionic interactions
in solution (2, 3, 14), it hes been suggested thal in polar
solvents, solute ions are solvated. with particular regard to
water, it can be sceun from a molecular point of view that the
charge distribution is such thnat « water molecule can vecoie
electrostatically associcted with a vositive or negative ion.
Similarly, for any dipolar solvent, e.g., nethanol, ethanol, etc.,
the same idea can be applied without obvious difficulties.

sarly concepts of zolvetion were deficient, however,
in one very inportant point insofar as little attenpt was made
to define clearly what was imvlied. iiydration was often used

as a convenicnt neans oif accountirny for discrepancies betwecn

[ 4]

observed propertiss zud those precicted by some theory ol solu-—
tion, rather azs 'association' was used to explain aiscrepancics
in the behaviour of binary solutions of non-clecirolytes and in
early treatuents of strong electrolytes. It was not surprising
thet @ zenerzl discussion of solvation in 1907 (L) left the
concept in & state of disrepute. In 1949, Lockris (5) vointed
out that differcnt authors and nmetuods nad led to the rollowing

figures ior the hydration number of the sodiun ions 1,7,4,17,7
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and clarified this situation by directing attention to the
fact that various methods would be expected to give different
kinds of results depending on the nature of the effects
measured. In particular, primary hydration effects associated
with nearest neighbour interactions between ions and the
solvent were distinguished from less well characterised
secondary effects.

The success of the interionic attraction theory of
Debye and Hitickel (3) in accounting for the properties of
very dilute solutions of electrolytes produced a trend in
favour of 'physical!' rather than 'chemical®' theories of
solution. EKowever, it became increasingly apparent that the
consideration of the immediate surroundings of ions in terms
of electrostatic interaction theories would also be necessary,
particularly in regard to thre thermodynamic properties of strong
solutions of electrolytes. Thus, one of the earliest treatments
of ion-solvent interaction was made by 3orn (6) in terms of a
continuous dielectric model, in which the difference of
electrostatic charging free energy for the ion in a2 vacuum

("zas phase") and in solution was deduced as

, 2
AG - -kzie) G“ l) I.1
€

for an ion of charge z;€, having a radius r, solvated in a

i
medium of dielectric coanstant €. Various difficulties arise

with this treatment, €+.8+, the evaluation of the relevant

-~ . .
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radil to be used in the equation and the appropriate
dielectric constant. Various improvements were considered
empirically with rezard to the ionic radius by Latimer,
Pitzer and Slansky (7) and in a theoretical way by Laidler
and Pegis (8), who also took into account the effect of
dielectric saturation first considered by Webb (9). However,
equation I.1 and its various modified forms (7,8,9) zive
the correct order of magnitude for the free energles of
lonic solvation.,

Since the solvent in the immediate vicinity of an
lon is subjected to very large electrostatic fields and
effective hydrostatic pressures, both of which modify the
effective value of € and no exact theory of these effects
is available, the tendency has been to regard the dielectric
constant as an adjustable parameter, Consequently, no
advantage was gained in the early work by a 'physical!
treatment rather than a fchemical' one. It must be pointéd
out, however, that in the treatment of very dilute solutions
( <210-3M) this problem does not arise, since the application
of the interionic attraction theory is quantitatively
successful. However, it is involved indirectly in
theoretical treatments for observed propertlies of electrolyte
solutions at higher concentrations and in the evaluation of
individual energies of ionic solvation in relation to values

deduced experimentelly for pairs of ions.
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1i) Helevance of Solvation in the Theory of Activity
Coefficients

The nature of the deviations from ideal behaviour

in very dilute electrolyte solutions are now reasonably well
understood. Statistical mechanical studies (10) have confirmed
the limiting theory of Debye and Hltckel (3) for activity
coefficients and the 1limit of the validity of the point-charge
model has been set by Frank and Thompson (11) at about IO'BM.
Fuoss and Onsager (12) have recently shown that the necessity
for using an adjustable parameter g to allow for finite ion
size effects in the Debye-Elickel theory can be eliminated.
In their treatment, they showed that the integration of the
Poisson-3oltzmann equation at small and larze distances from
the lon, using 3jerrumts parameter (13) for the critiecal
distance of closest approach, zives an activity coefficient

I for a 1:1 electrolyte in dilute solution which is
limitingly independent of ion size. However, at concentrations
creater than 10'3 molal, it becomes difficult to vredict
activity coefficients with a high desree of precision
and specific effects begin to become siznificant.

At these hizher concentrations, the effects of

long-range coulombic forces become additively suoplemented

(in the chemical potential of the salt) by those associated
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with the shorter range interactions characterising
solvation, Illany of the eafly estimetes of hydration
of solutes were based on observed deviations from Haoult's
Law. In a concentrated solution, hydration of solute
varticles can appreciably decrease the effective molar
fraction of free water, thus leading to such deviations.
iowever, the earlier treatments of this problem neglected
all other reasons for departure from ideal behaviour, in
particular the interionic forces. Sjerrum (1%4) was the
first to relate interionic forces and hydration effects
and the same idea has since been pursued by many other workers.
The relation between hydration parameters ang activity
coefficients has been dealt with orincipally by Robinson and
Stokes (15,16) and Glueckauf (17) using mole fraction and
volumne fraction statistics, respectively. It can be seen
intuitively, in a qualitative way, that the net effect of
interionic attractions and repulsions will be to decrease the
free enerzy of the solute as compared with that of an assembly
of non-interacting uncharged particles at the same concentration.
This will tend to lead to an activity coefficient less than
unity; on the other hand, the forces between ions and solvent
dipoles will tend preferentially to hold the solvent in the
solution, with a consequent decrease in the solvent vapour

pressure from the idezal value angd 2 corresponding increzse in
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the activity coefficient of the solute. Both of the

treatments mentioned above allow for the effect of interionic
attraction by the well known expression first derived * by
Debye and Hlckel (3) in 1923. Deviations from this expression
are attributed at high concentrations to effective removal of
free solvent water by hydration of the ions. In both treatments
(15,16,17), the hydration numbers ¥*and radii of the hydrated
ions were treated as adjustable parameters and it was found
vossible to reproduce the observed activity coefficients by
assuming that the adjustable hydration parameter was concentra-
tion independent, and (in Glueckesuf's treatment) also independent
of the ion of opvrosite charge which it is steichiometrically
associated. The main criticism of this treatment is that

the hydration term depends upon a number of other factors, such

* It is to be noted that the first treatment of interionic
attraction effects was given by iilner (2) but the mathematical
expression of his ideas was complex and received less attention
than was due. Similarly, in 1915, Chapman used a one-dimensional
Poisson-Boltzmann expression for dealing with the ionic
atmosphere (diffuse - double layer) at an electrode. Lebve and
ffickel’'s' treatment for ions is similar except that the trree
dimensional problem is involved.

*¥*That is the number of water molecules associated with esch ion.
for a more detailed discussion of this parameter, see p, 52,
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as local variation of the dielectric constunt and any specific
efiects of the gegenion at high concentratiion; furthermore, the
above treatments are based on the assumption that the coulombic
contribution to the activity is given correctly by the Debye-
Hiickel theory rfor concentrations up to 4l: wnich is certainly
questionsble (11). Ihe values of hydration parameters evalua-
ted from known experimental activity coefiicients are in
considerable disagreement with such data evaluated by other
metuods. Conway and Desnoyers (18) have shown that the contri-
bution of the hydration term to the activity coefiicient is

more rational when mole fraction statistics are used. Similarly,
Hildebrand (19) in a study of solutions of the very largze non-

polar and nearly spherical molecule octamethyl-cyclotetrasilo-

xane (Cll:)a31,0;, has shown that mole fraction statistics are
373 LYL )

surnrisingly enough, preferzvle to volume Iraction ones in
descriving the entropy of solution of tiiis large nolecule.
viince there is a consideruble difference in the voluwues of tue
solute and solvent molecules in tais case a reversal of the
preference indicated above would ve expected. The iuplication,
however, would appear to be that in considerins tne cnitropy
of solution bused on a guasi-crystalline solution lattice, the
conriguration of the solute and solvent molecules in tne lattice
is more important than their relative molecular size.

lore recent studies on the vpreaiction of activity
coefiicients at interumediate concentrations have been based on
a rejection of tne continuous ionic cloud model. Thus rrank

and Thompson (20) have suszested that the spatizl distributicn
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of ions varies with concentration and that a disordered lattice
model would be more satisfactory at intermediate and high con-
centrations. This would lead to a cube-root law in salt con-
centrution for lnyg + and this relation was cemonstrated by these
workers (11, 20) for the concentration range of 0.001 to 0.1l
Such a quasi-lattice model would seem to be inadequate since it
takes no account or thermal disturbance in the latiice ang assunmes
That the Jcrces zre sufiiciently larze to maintain o regular
pseudo-structure. This is equivalent to asswaine that the
principel average forces betweern ions are determined by the tine
average interionic distance. At roderate concentrutions, any
failute of such an assumption seems to be no more serious than
tae lailure oif the model of the ionic atmosphere under these
conditions. Conway and Uesnoyers (13) extended the treatuent
of #ranl: and Thompson (11, 20) 2nd showed that the logorithms
01 the experimental wolal activity coefricients of a large
numnver ¢f salts, corrected for hydration and cavity salting-out
eifects could ve expressed as 2 linear Iunction of 01/3 up to
li..  They regarded this corrected activity coefiicient us
representin: the coulonbic coatribution associazted with the ionic
interaction effects. The latter eifect would then pe expected
to be linear in 01/3. rhe results tierveiore denionstrate the
apvlicanility of Frank and Tnompson's (11,20) disordercad lattice
rnodel to higher concentrations than Were orisinally considered.
Lthe iuportunce of ion-solvent interactions in contribu-

ting t¢ the non-ideal free energy of electrolyte solutions and
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hence in nodifying the activity coefficients of concentrated
solutions, has been recognised for some tiue but unfortunately
an exact theory wihich can lead to quantitative agreeunent with
experiuent tfor any salt ai interuediatc and high concentrations
has not yet been formulated. Tue main reasons for this are the
lack of any final satisfectory model for ions in water solutions
end the dirficulty oif interpreting thermodynamic vroperties of
ions in solution in terus or hydration effects.

iii) ielevance of Solvation in the Theory of Conductance

“he relevance of solvation to transport phenomena in
electrolytes is pertineat to tileories describing the movenent
oL molecules or ions iun a solvent wiletiier the motion ve due‘to
difiusion, or electriczl or centrifugal rorces. Thermodynamic
siecthods have Ghe advantagze th=t the underlying theory is, in
gome ways, better understood than tiat for transport ohenomcna.
However, [or any detailed interpretation, stutisticsal mechanical
approucnres are necessary which ure of iimited value for thé
liquid state. Levertheless, lransport vroperties nay give
informetion cbout tie iniersctions in the inmeadiate neichbour-
hood of au ion, vﬁercus stuay of any therwodynanmic cuantity
necessarily gives an overall neasure of fie rutual interactions
between particles of tne components ol the systen.

Conductunce nmeasurements are perhaps the best experi-
wental neans availuble ror studying tiue interaction of iree
ions with wolar nmolecules. i‘here is an abundance of accurate
experimental data, at least for low concentrations, in a consi-

derablc number of solvents. The eguivalent conductivity of strong
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electrolytes at low concentrutions is fLound to be accurately a
linear function of the sguare root of conceutretion, decreasing
as the concentration increases. uxtrapolation to zero concen-—
tration yields the limiting equivalent conductivityJ\o,(and
hence with transfereiice numbers, the ionic equivalent conductivi-
ties A9)and the equivalent conductivity A, at very low concen-
trotions, can ve represented by the expression A = A% 4 v3,
According to Kolilrauschi's (21) law of +the independent migrution
of ions, cachi species of ion present contrivutes at intinite
dilution a characteristic fracticn to the total equivalent
cenductivity, regardiess of tne nature of the other ions present.
fhne liuditing mooilities are ceteriiimed oy measurements of trans-—
vort numbers. It 1s in wie daterpretabtion of these lindting
so2ilities tact sclvaticn effects are found to be importunt.

In generel, tre mooilitics ou polyvalent ions are less (on an
equivalence basis)tiuen the uobilitics or uonovaleut ions and

for ions coi a ziven charge, tne simller ions often have = lower
@ovllity then thet of larger ious. Intuitively 1t would be
expected thet the polyvelent ilons, oif much smaller crystullogra-
phic size fusn the monovalent ions, would have grecier nobilities.
dowever, their mobilities are sowe 10-20 equiveleni conductivity
units less in {the cage of bivalent ions thun in ¢he case of
sonovalent cnes.  Jhe movilities of oivaleut cations further-
more cover only a gsnell range of values ana this is probebly

because they all heve a relstively Llirnly attachec *layer

*¥le., the wzter nolecules in tie first leyer are bowic with guite
large electrostatic energies. Yhey are, nowever, not stronzly
bounce in a kinetic sense since ipv exclunje is relatgively rapid
excent at certuin tronsition metal ions such as Cr(ngu)6*4122).



of solvent molecules and more weakly coordinated ones in a
second layer,
Similarly the mobilities of the alkali-metal cations
are in the inverse order of their crystallographic radii, which
1s of course in accordance with the general exvectation that ions
of the greatest effective surface charge density will be most
strongly hydrated. Generally it may be noted that specific
solvent effects strongly influence the conductance of small ions.
At infinite dilution, the steady velocity of ions in
a unit field is usually calculated by applying Stokes' Law so
that the ionic velocity v 1is related to the charge zye and the

field & by

z el = (6ﬂﬁlrs%u' ' I-2

where v is the ionic mobility, (& = 1V cm:l) and r_ can be
deduced from the measured X for the ions. Various interpretations
are then possible in terms of the Stoles! volume %Urg in relation
to the crystallozraphic ionic volume %nrg. The difference of
volume %1r(r2 - rg) is usually attributed to the hydrodynamically
significant volume of solvent solvating the ilon and carried
with 1t in the conductance process. Several problems arise in
this kind of interpretation:

a) the relevant viscosity to be used in the Stokes!
Law expression (since the local viscosity may not be identical
with that of the bulk);

b) the validity of the factor &TT
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and ¢) the conceptual validity of a law for macroscopic
spheres applied to a microscopic situation, Nevertheless,
the law seems suprisingly enough to apply seml-quantitatively
to lons in solution (cf. Walden's itule) and the hydration
numbers which can be deduced from ionic moEilities are usually
in moderate agreement with the values obtained by those other
methods which may be expected to give the primary hydration
number (23).

Slmilar factors determine the role of solvation in ionic
diffusion coefficients D since, in general the limiting xo and

0° are related by the Nernst-iinstein relation

DO - AT AO Te
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iv) Relevance of Solvation in the Theory of Salting-Out
and Solubilitv

A direct thermodynamic method of relating the effect
of solvation to the equilibrium properties of ionic solutions
ls concerned with the interpretation of salting-out of non-
electrolytes by added electrolytes. If solvent is associated
with the lons, there will be a diminished activity of the free
solvent and hence less effectively available to dissolve the
non-electrolyte so that the extent of solvation can be calculated
from the observed solubility decreasey

An electrostatic theory of salting-out was given by

Lebye and wcAulay (24) and Debye (25) in which the self-energy
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of the ion was considered in terms of Born's equation.

The salting-out was deduced in terms of the difference in
the Born charging energy for the ion brought about by the
change of dielectric constant resulting from the presence

of the non-electrolyte solute., 3Salting-out was predicted if
the dielectric increment for the non-electrolyte solute was
negative. A continuum model for the dielectric is involved
in this theory.

A more molecular approach was given by Butler (26)
who calculated the distribution of solvent and non-electrolyte
about the ion in terms of the difference of electrostatic
polarisation energy of the solvent and solute. However, an
oversimplified model for calculation of the volarisation effects
was used, and the local structure of the hydrated ion, which
can be impbortant, was not considered. Basically, however, the
approach was a good one and led to further developments of
the theory by similar approaches.

A more gzeneral thermodynamic approach was given by
ricDevit and Long (27) but none of these thepries including
various improvemeﬁts to these aporoaches (28,29,30) are
comoletely acceptable., Conway, Desnoyvers and Smith (31)
added some improvements to the original Debye (25) theorv, of
which the most important were (a) the quantitative introduction
of dielectric saturation effects and (b) the allowance for
the existence of a discrete primary solvation shell about

the ions. Improved agreement between the theoretical and
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experimental results was obtained, and one of the new
conclusions drawn in this paper was that salting-out may
also be assocliated with some non-electrostatic structural
effects.

Correspondingly, the solubilitv of an electrolyte
1tself is determined bv the standard free enercv of the

e nd A

process X A (lattice)+ solvent == M+(solution) + AT (solution)
and the free energies of solvation of the ions will determine,
amongst other factors, the equilibrium solubility. In fact,
the difference of solubility of a given salt in various
solvents is a direct measure of the relative solvatins powers

of the solvent for the lons, except in cases where the

solution species are to a substantial extent present as ion palirs.

v) Relevance of Solvation in Kinetic Processes in Solution

Solvation is involved in kinetic processes in solution
varticularly in cases of ion producinz or removing reactioﬁs,
or in reactions involving polar transition states and if the
solvent particinates 121 a reaction by combining with the
"reactant solute“; €.8., & solvolysis reaction (32,33,34),

The rate of any process depends in part upon the energy of the
transition state in relation to that of the lnitial state so

that the way in which the initial reactants and the transition
state are affected by interaction with the solvent will be one
of the factors determining the velocity with which the process

can occur (35,36,37,38). When the species are ionic, the




BT i~ s v

T e

- 22 -

solvent-solute interactions and the ionic charge govern the
rate of a reaction more rigidly than in the case of reactions
between uncharged species. It can readily be seen that the
magnitude of the ionic charce existing in the initial and

the transition states can determine (a) the degree of local
electrostriction in the solvent and (b) in part, the free
enerzy (and associated entropy and enthalpy (37,33)) change
associated with formation of the transition state from the
reactants. Since an increase in electrostriction is usually
accompanied by a loss of entrooy, any Xinetic process that
involves an activation step from a situation of low electro-
striction (little or no charge) to one of higher electrostriction
(zreater charge) will tend (on this account) to be relatively
retarded. The converse statement also neccessarily follows.
however, electrostatic enerzy effects will operate in the
oprosite direction.

Solvation is of similar importance with regard to
activation controlled processes occurring at the electrode-
solution interface in electrochemical kinetic processes., The
energy of associétion of solvent molecules with the ions being
discharged will deternmine, in vart, the velocitvy of ion transfer
and neutralisation a3t the electrode and will also sovern the
distance of closest approach of the ion to the electrode
surface. This latter point is important with regard to the
charge transfer step in the mechanisms postulated for many
electrode processes and in the theories of the confizuration

of the double-layver (39,40),
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vi) Helevance of Solvation in Acid-Base Ionisation Reactions

finally, it should be mentioned that the thermodynamics
of acid-base ionisation equilibria are closely involved with
solvetion effects which are most important when the solvent
enters directly into the equilibrium, as in the case for acid
lonisation of the type azt o+ Bs= A + BH+, where the base 3
isy in this case, the solvent.

it valueé of ionisation equilibrium coanstants of
sufficient accuracy are available over a range of temperatures,

the enthalpy change AHO,

the standard entropy change ASg , and
the change in molar specific heat ACp can be obtained from such
data, The assumption that ACD remains constant over the
temperature range studied (based on experimental.evidence)

allows the following three-constant equations to be derived

InKk = ] + _N_.Q 1nT + ( fe) D) Lol
SN 0 a

The best method of treating experimental data and the evplication
of this method to carboxylic acid and amine cation systems in

water, of the tyve

+

SC00K + £,0 = €007 + £40 Ies
and RBN’1+ + H0 =X a0 + 5{30+ I+6

has been discussed by Everett and Wynne-Jones (41).
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It has been suggested by Harned and Robinson (42)

that an equation of the type_

InKk = A/T + 8 + CD Ie7

1s more convenient than equation I.4 for numerical computation,
This last equation corresponds to the assumption that ACp is
directly proportional to the absoclute temperature, and over

the range of accessible temperatures this is usually experi-
mentally indistinguishable from a constant ACD, as assumed in
equation I+4, However, Ives and Feates (43) have deduced a
temperature variation in ACp (with 2 minimum near 25°C) on

the basis of very precise conductivity measurements with
cyanoacetic acid. This demands high accuracy in the determinations
of ionisation egquilibria constants K, which does not appear to
have been obtained by many workers previously. Generally,

either of the assumptions (a) AC_ = constant or (b) ACD is
oroportional to T, appear adequate to reproduce most

experimental data,

Uirect determination of AH and ACD from calorimetric
measurements did not prove successful in early studies due to
insufficient accuracy. The difficulties that arise in
extrapolation of data to infinite dilution from those obtained
in higher concentration ranges studied give rise to inaccurate
extrapolated values., However, Laidler, Papfe, and Canady (44),
employing an accurate microcalometric technique, were able to

study directly the heats of ionisation of some weak acids down
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to extremely low concentrations, The use of this technique
eliminates the necessity of. emploving heat of dilution data,
and permits the value at infinite dilution to be obteined by
a procedure involving only a short extrapolation,

The interpretation of the absolute values of thermo-
dynamlic functions for systems of the type I*5 or I+«6 1is not
easy. It appears in most cases that the term Tas® is just as
lmportant as, if not more important than aH in determining the
value of AGO, and hence the equilibrium constant. The erratic
behaviour and unexpected magnitude of as® andA.CD values, in
carboxylic acid (45) and amine cation 1onisatio£ equilibria (L4€),
strongly suggest that there is specific interaction of the ions
(and perhaps also the uncharged molecules) with the highly polar
and assoclated agqueous medium. The interpretation of the values
of these thermodynamic functions necessarily involves a specific
picture of local molecular interactions. The alkyl functional
character and asymmetry of the acid-base species further
complicate the broblem. Lowever, a few individual explenations
do emerge, particularly in the case of the amine cation ionisation
equilibria in an équeous medium.

From zeneral considerations of the inductive effect, it
would be anticipated that successive alkyl groups would cause
a steadv rise in base strengths of the aliphatic amines in
vater in the series NHB to heBN. However, the following results
are obtained: pK(NH,)=9.25 (47), DK (MeNED)=10.62, pX(¥e

5 2
10.77, and pk(ie,i%")=9.80 (46). It seems likely that the main
~

7«'TJ+ -
‘.3;.2 ) =
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explanation of this anomaly (and others) lies in the interaction
of the cations with water, which will vary considerably in a
Series NHZ, MeNH;, MezNHZ, and MeBNH+ due to the diminishing
accessibility of the Nt charged centre in the conjugate acid
eminiumion (49). Trotman-Dickenson (48), however, explained
this effect by proposing that the degree of hydrogen bonding
with the solvent depends upon the number of hydrogen atoms in
the cation. The work of liamann and Strauss (50) on the effect
of pressure on the ionisation constants of weak electrolvtes
such as (ChB)BNEOE, (CHB)ZNHZOH,and (ChB)NHBOH shows that
pressure effect on the hydration of the un-ionised amines is
important. This effect is somewhat less apparent in wesak acid
electrolyte ionisation equilibria e.g5., HCOOH, CH3COOH, and
CZhSCOOH, due to the related diffuseness of charge in the
carboxylate group. The effect of 8lkyl substitution in the
series NHB to MeBN 1s to decrease the stabilisation of the
cation which arises from interaction with the solvent; this effect
acts in an ovposite direction to that of the inductive effect.

This view is supported by the observed entropy changes in the

reaction (46)

+. . - R
E+ HO0: = + 1.0 I.

2 3

(@)

>0
Py

which become more negative with increasinz alkyl substitution,
corresponding tec a decreasing number of oriented water molecules
around the cation. An observation suppvorting this suzgestion

is that when base strensths of the alxylamines are investisated
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by indicator measurements (51,52,53) 1n solvents with little
or no power of hydrogen bonding, the expected order of basic
strength 1s found., oSteric effects both in the solvation of
the EEN+H entity and in the solvation of the conjugate base
-}.\I are to be expected. The results obtained by indicator
measurements tend to disprove the suggestion by Brown and
co-workers (54) that steric strain between the alkyl groups
in the cation causes the anomaly, since this effect should

be independent of solvent. Further studies regarding

electrostriction associated with these alkyl aminium ions

are presented in this thesis,
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2. welation to rroblems of the Constitution and Properties

cf Liquid iater.

'he behaviour of ions and the chemistry of ionisation
processes in water cannot be discussed without due attention to
tine constitution and structure of the pure.liquid solvent.
dence a brief review ol some of the important features of
previous uné more modern views on this topic is given.

In 1933 when Bernal and fowler (55} published their
paper on tne snecial structure of watcr, it appeared that a
new factor was introduced into tiie discussion oL aquecus
solutions. Their theory suggested tinat water was made up of
regioﬁs of extensively nydrogen-bonced molecules approaciing
on tiuc one uand a tridymite - liXe structurc and on the othner
& quartz-like structure and that there was a gradual breakdown
0: hydrogen vonding with increasing temperature. Lt soon
becanme clear thet the water sitruciure is also altered in a
similar way to that cesused by increasing temperature, by ine
adaition oi electrolytes in a maznner thut produces characteris-
tic benaviour for various types of salts in solution.

hany peculiérities existed with regard to the trends in
various propérties for uany strong electrolyte solutions.
Propertics such as the viscosity, heat capacity, wnd eantropy
of electrolyte solutions gave unusual results in sonme cases.
‘hesc provertics give considerzble insipght into the condition
of ions in solution and the erfects the ions have on the structure
of water. Ifor exauple, the viscosities of ailute agueous Kkt andu
kI solutions were greater and less, respectively, tham that of

pure waler. Similarly the entropies of solutioms ol ions
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snowed peculiarities that could not sinply ve explained by
consideration of the direct action of the ionic charge on
water as a dielectric wedium. wsimilarly, tne effect of ions
on tie teuwperature of maximum density of water are unexpectedly
specific. DLernal anc rowler pointed out that tiie viscosity
results indicated that some ions had the effect of tightening
up bite existing wailer sbtructure c..d otuers the eflect of loose-
ning it. <his eurly terminoloagy is tuus analogous to tuat used
iu more recent work where'structure vrouotioa™ and "structure
breaking" propertics zre attributed to ions.

There is & semi-quantitative relatiousnip wvetween vhe
heatv of hydration end bthce 2atropy changje during the process,
viz, the greuter the heat the wore negative is the hydration
entropy (t.i¢ so-called "compensation effect"). <YLals relation
was first observed for ionic solutions by zZley and svans (56)
who carried out a statistical-mechanical calculation of entro-
vies of hydration. The entropy change for the process of taxing
an ion Ifrowm the gas paase ana transferriny it into the solution
phase was calculated talking into account changes in traunslation-
al Ireedoa @id modiiication to the rotational and vibrational
behaviour of water wolecules in the coordination shell about
the ion. <he agreencnt between the calculated and experiuental
values was guitc satisfactory.

frank and svens (57), and uuraey (55), iundependently
considered the problem oi ilonic entropies using & model in

v:.ici three solvent zones were postulated around tiue ion. Lhe
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inner sone consisted of water molecules strougly oricented by

the electrostulic £ield ol the charzed ion, surrownded at

laternedinte distonces by o solvens resion wiere some disorder

tends to exizst veecouue of tihe incor ;¢tioly ordering wifccts

ol the lon Liac water wmolecules {urticr out towards the bulk.
fotructurce—-brecain M resalss frow the apvroxinate bYalance in

tie interucdiuze solvent region between the effects wentioned

wbove. Juere iy oo dount that a "nornsi' structural orienting

indluence ol nelshoouring water nolecules predoninates locally

1a tiue cuver culk solvent -ad taoat oo oricnting iaflucnce

upoil the diwvoleg Ly The syaarically syidielrics:l lonic Tield

vredominates in the ianer rosiony the osrovlem is to waat oxtent
¢:@ reégvecilive rocslons setuirlly conirisute wo the eatreny loss

apon diasoluticn of an 1o.a. ccowever, it is poussivle =t leust

o nse entreny duva gz & brsio fer asaiula Lo owvderly -radation

ol not stracture=nlterin s efffects b0 2 aumber o icns. é-itionagl

S0l Joe whee wssonbill corrocetness of Lhne structurel ;iéturchas

been provided oy laccvondent Jatz Jroir experineatal wvork on Louth

ceoceity (5

-

)y lilecetric relavcation (50), Giie boucerasture oy
caxioau cenuiby (01, icuie cobilily (nd its
coclidcicat (U2), vhe te.perature coelrlcicnt ol relative
viscosity (03), wad iafra=red (Hd, 5,00,07), sauan (38,080,
G YieeTe Spacioosconice sbucics (
dneoentreonics of solution for nany uncharsed solute
aolecules indicntbe tihot thege relreules belp to stabilise She

onen strusiare of water (7)., Che intercnce of & siructure -
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promoting iniluence of non-polar solutes, e.g. argon, or or
non-polar groups in solute molecules made by l'rank ana svans
(57), was substantiated by the observation of an excessively
large vartisl molar heat capacity for the salt (2-04H9)4 NBr.
Whereas tihe low values of heat capacity of strong alkali halides
were explained by assuming a breakdown in water structure by
tine cation, the couverse phenomenon was regarded as occurring
in the case ol tetraalkyl-ammonium bromide solutions. YLhe extra
ice-like nature oi tue water is caused by tne cation ana it
eflectively nielts or breaks down as ithe temverature is raised,
thwus causing extra ucat to be absorbved.

these results led rrank and Jen (72) to sugzest that
tie formation of ii=bonds in the liquid 1is a cooperative
phenomenon, i.e., the bonds are noi maae or broken singly,
but severel at a *time, ‘thus oroducing short lived "clusters"
ol nighly ii=bonded rezions surrounded by non-ii-bonded molecules.
In this picture the statistical degrce of "ice-like-ness" of
the system is proporticonal To tne average size and to the
averaze nalf-life of tue cliusters. A cluster will come into

€]

el

existence when a valume elewcnt or suitaole sise and sha
surfers a nercotive enerzy fluctuation of such ma;znitude as
to outwelsnh tune disruntive influences at the voundaries of
thie vatch, and will dissolve when these disruptive iniluences
-torgues and disnlacewsnts - succeed in trans:;ittins into wne
cluster the necessary cener:ry of local melting. & non-polar so-

lute narticle or grouv shoulcd de relatively incapavle ol
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producing or of itransmitting such disruptive influsices, on
account of the relative feebleness of the electrostatic
interactions into which it can enter. 4An ice-like patch should
therefore be able to Tormm more readily in G volume element
bounded vy a noun-polar solute particle and, once foried, should
have a longer nall-life than '"normal" by reuson of having
a part of its boundary protected from attack. <Trhis would,
on the average, produce extra "ice-like-ness" in tihe solution.
This concept qualitatively accounted for the excess avparent
molal heat capacity ol ©he tetrabutylamisoniwnm oromide solution.
Ihis model was further discussed by u€iaethy ana Scheraga
(73) in a statistical mecihenical foraulation of tie therzodyneanic
properties of aqueous solutions containing hydrophobic solute
molecules. 7The solvent clusters were considered as consisting
of mono, di, tri, and tetra-bonded molecules (cf.the earlier
ideas of Lucken (74).) embedded in amdin equilibriwa with
mononeric "unbvonded" water nolecules. The "unbonded" water
was postulated as having "broken' hydrogen boads but each
molecule was regarded as participating in strong dipole-

. * . . . s : -
divole an¢ London interactions with neiglibouring zolecules.

* Uno distinetion was made (73) betweon Lydrogen~bonded water
molecules ana non-bonded oimes wiricit interacted turousn Jdipole-
aipole interactions. oiuce tine a-vond is a special trpe of dipole-
dipole interaction and has u)pprecicble encrgy in non-linear cone-

figurations, this distinction is difficult to &ccept.
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The interior of the clusters were regarded as containing
molecules with all rfour il-bonds unbroken. At the perimeter of
tue clusters, moleccules with'three, two, and one u-bond can be
found, wuile tue wolecules occupyin; the space between the
clusters have all Iour bonds broken. Jhe clusters grow by attac-
hient of unvonded molecules und locally nelt to give tie latter.
At a ziven wemperature, the total number oi hydrogen bonds
existing in Llhe liguid and the equilibriuwm between clusters and
unoonded water are deternined Ly the requirement that the
free eunergy ol the system should be a minimum. Anotier coandition
is that the clusters should be compact, i.c., tney should have
as umany tetra-functionally ©vonded molecules as possible, and
witnout extended chains of molecules vonaed bifunctionzlly.
“émctny ana Scieraga introauced constraints relztins the partiazl
concentrations ol the respective vonded and unbonded species
to uhe size ol cluster units oy mecans ol semilenpirical equations.
obtained vy consicering models of swall coupact clusters. They
deternined welgnting ractors by assigning observed inrfrared and
fanan freguencies in the ranse 00-2800 cmflto their rive species
ol water molecules;

The enefgetics of processes involved in vreaking the
nydrogeun bomnds 01 ice and in tne interactions of wmolecules in

water are represented by the following scheme:
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n=4 - No H-bands
. ?‘E\A
b
ice A
n=4 1.9
é}es

unbonded f\'%u.id
N=N, >4, no H-bends

AE = A E-su\a\.

-

where n is the coordination number, =, 18 the energy of
removinz 'non-bonded" water to a state in vacuum,":iH is the
actual energy of breaking the hydrogen bond corresponding to
the actual process of transferring one mole of water from ice
to the unbonded liquid state and GE the energy corresponding
to the same process as that determining EH but only allowing
for & coordination number of % for the non-h-bonded liquid. C
represents those molecules of the actual liquid which are not
E-bonded, but have dipole~dipole (see above) and London forces
acting between them. 2 is a theoretical Iintermediate state
representing a "lattice liquid" in which all four fi=bonds of a
given molecule are broken and the molecules allowed to interact
as in C but with a coordination number of 4.

The statistical mechanical formulation of Némethy and

Scheragza depends upon the energy term 2%, for the process in

o

goling from A——C 1.9, This is the enersgy required to




- 35

break two hydrogen bonds per mole of water in going from

ice to the unbonded liguid, i.e., 4B ,__p3 = 4€g , less the

gain in van der JWaals energy due to an increase in coordination

nwiber 1a the process s5—=C  given by A . . = - (ny=4) L.
2 |
It should be noted that the value of the H-bond energy derived ;
f
o A . - - . N !
Irou the energy varawvter 285 will Le less than those values
deduced from guantum mechanical considerations which properly
refe e 1 S AL or A3, depending on the
r to the processes Hy 3 AaA D’ ¢ £
reference states used. An energy level was assigned to each
species, depending on the number of ifs hydrogen bonds, by
assuming that the energy 2oy recuired to ovring a molecule

from ground state level (ice) to level u (unbonded molecules)

could be divided equally * between tiie 4 bonds.

*  The assumption of eaqual spacin; for tne energy levels may
ve incorreect lor two reasons; (a) a charge sevaration efiect

-~

discussed vy ~rani uana Jen (72) ..ay cause the enersy levels of

tiue sinzxly and doubly vonded species (zud peossivily tit of tre
trisly oouded ones) to rise above the equally spaced positions,
due to ithe unfsavourabls energy contribution entering turouga

Ed and (b) a non-linear increase in nearcst neigabours for

each sbep from grcund state level to level u, may cause uncoual
X > 9 Y] A

<

o~

enersgy coutbrivutioun from the facior ﬂw.
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The model underlying the work of Némethy and S cheraga
is based on a physically reasonable picture which takes into
account the »roperties reguired of hydrogen bonded systems
and includes features whichfcan account for both the liquia

p .
state and ice-lilke features/liquid water. Althoush the
tiicoretical values of the thermodynamic free energy, cnthalpy
and entropy fuuctious derived Jroii the wodel are in satisfactory
agreenment with exverimental data, wealmesses oi the model are:
(a) that there is & discrepancy of the calculated heat capacity
from tiie observed vulues; (b) that it is unable to account for
the transition t:aat occurs in liquid water in the neighbournood
of 30-4000, Ceg. the minima i the heat capacity and comvressiovi-
1ity relations, and the discontinuity in the rate of change
0. tie viscosity with temperaturc; and (c) tuat it is very
mucih less satisfactory in the case of D20 (75) than in the case
of water.

Recently, Vand and Senior (76) have shown that the con-
centration oi ithe respective svecies derived by Lémethy and
Scheraga do not sihow a satisfactory correlation with the experi-
mental results of Buijs and Choppin (77) determined by inirared
techniques. UYhey councluded that the way in wihich u€methy
ana scheraza introduced the comsiraints due to cluster ioruation
was incorrecyv. Wne nodel consists ol cluster cores, couposed
or tetra-, tri-, and aivonded molecules. ropologically,
thcrerore, the cluster cores contain only rinss and cages, ovub
no straiznt or brancned chains, since ends or cuains iuply

tiie presence ol singly bonded molecules. Cn tlhic cluster core
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there are surface sites available for bonding by a sinzlyv
bonded molecule.

The fallacy in the Némethy and Scheraga model is that an
"adsorbed" layer of singly bonded molecules on such cores
adequately describes the clusters and thatAoutside such clusters
monomer species only are to be found. Vand and Senior arsue that
each "adsorbed", singlv-bonded molecule provides three additional
sites to which fgrther singlyv-bonded molecules can attach
themselves, and this process can be repeated indefinitely. 1In
addition, the clusters are not immersed in pure monomer, but
also in a provortion of a dimer and straight- or branched-~
chain polymer units, which do not possess rine or cage cores and
are therefore not counted as clusters. The concentrations of
those bonded species, calculated by neclecting chains, will not
include species to which such chains contribute but will include
an overestimated amount of highlvy bonded and non-bonded species,
Vand and Senior were able to compzre the five species model of
~émethy and Scheraga with the three species model of 3uijs and
Choopin (unbonded with one and two-bonded svecies) by introducins
a more elaborate model of hydrogen bondinz, Their results
confirmed that the contribution from nichly bonded and non-bonded
specles was overestimated.

Vand and Senior (78) further developed a partition function
for liquid water, based on the three tvpes of water molecules
postulated by Buijs and Choppin (77). The main festure of this
approach is that the concept of discrete enersy levels
(corresponding to zero, one, and two hydrogen bonds) is abandoned

and replaced by the idea of enersv "bands". This was done after
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it was shown by Vand and Senior (79) that the experimental
results of Buijs and Choppin could not be reconciled with a model
for liquid water based on three sharp levels of positive energy.
To overcome the problem of requiring reliable experimental
spectroscopic data for the frequency assiénment in the partition
functions, the authors adopted an alternative procedure: to seek

e relationship between band widthAi and the mean energy Ei' It
is also assumed that for a given type of interaction (e.z.,
dipole~-dipole), both the number and distance of nelghbouring
molecules may vary so that all molecules participating in a
certain type of interaction do not have the same energyv, A
model is therefore postulated in which the hydrogen bond in
water is assumed to have a mean effective 1ength,I, with some
regular distribution of hydrogen bond lengths about the mean i
(in this case the distribution was assumed to be Gaussian). A
distribution of OEC angles should also vrobably be considered.
As a result, the energies of the molecules in =2 given energy
band will also have some regular distribution about a mean
value Ei' The calculated thermodynamic functions over the range
0° to 100°¢C were'in very good agreement with the experimental
observations, the agreement for the Cv function being generally
better than 0.2%.

In a recent publication, Hornigz (£0) has argued thet the
absorption peaks observed by Buijs and Choppin (77) in the near
infra-red may not be due simply to the combination of frequencies

assligned by these authors, but that other combinations may also lie

in this region. Of the many models proposed for water, the band
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model has given the best comparison between calculated znd
experimental values of thernodynamic functiois. why a modcl

1s considered with 0, 1 and 2 bonded species only is questioncd.
It seems logical that in liguids wherc ii-bonds can be formed,

it vecomes advantageous for a molecule to lorm :i-bonds, since
this will lowcr the :‘elmholtz free encrgy at tuc expense of

the entropy. Jlen a water molecule forus four i-bonds, tnere

i3 a larze increwse in tne internzl energy, enoush to compen-—
sate Lror the entropy loss. Very little is guined if one or

two of these id-bonds are oroken since the rotationul or libration-
al wotion is still rather constrained ana yet there has veen

& loss in eneryy ecuivalent to the breciiing of one or two i-bonds.
Vand and ocuilor have carried out & partizl investigation

0l & 3i..plificd model based on one species (in course of
publication). It also appears to predict satisfactorily the
tueruoGynainic provertics of liguid water. <“he Iorm of the

encrsy distribution is also open to criticism. rhe Gaussian
distribution oi enerzy hac the limits + oo for 2 zZero value

o: Ghae enersyy function. =as a resuli of this cnoice, the authors
allowed ror soue nezutive energies in their system. A desa

fuaction could have overcome tils difiliculty since the i1wnction

can oc .

ade zZero outsice prescribed lindits wia can clso e
skewed 10 nceessary. The autiors stutea wrelercice ror the
Gaussian formoi ti.c ener:y distribution arose from {heir desire
to keep adjusiavle paraucters voa uinimw.. &inally, Gie ocdel
cgevends in part upon the resulis o. ouijs cad Chopzin  and.

Stevenson (S1) which .owever, have seen criticised vy iorni. (c0)
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Recently, sStevenson (31) aas aescribed three indevendent

lines of eviwence which indicate that the concentration of
nonhydrooen-bonded water molecules in ligquid water estimated by
n€methy and Scheraza (73) and larchi and syriag (82) in the
temperature raunge 0% to lOOOC, are at least two orders ol

magnitude too higzh. Phe latter suthors proposed a two species

woGel of freely rotuting monowers (wabonded) and tetra-fuactionally

bonded water molecules. Liie existence of rreely rotating

monorers irn licuid water is disautable althouzh neutron scattering
- N > {e)

results by luznes (¢3) and low Lfrequency saman scattering
by Stoichefl (64) seeu to confirm their preseance. If rotation
exists, it would be exvected to bu of & hindered type. vie

esuits of the calculated tnermodynamic Tunctions siowed

H

thet tne enthalpy ana entropy were in zood agreement with
experiucntal values while tue calculatea values of molar volume,
gpeciric jieat capacity @nd compressiovilizty agreed poorly with
experinmental results.

Sstevenson coucluded srom the results oi (a) tie vacuunm
ultraviolet abscpption spectra of water vapour and liguid,
(b) semienpirical calculations of neat and entropy or solutlon
of water nonouwr (unboncedy in licuid water, and (c) the lack

of structurc at l.o-1.)0 p of the obroad 1.y0 p band ol the

]

near infrared absorption spectrunm of very cilute liquid water

iy

)]

in CCl, or CHCl~ solutions, that the concentration of nonhydro-

L)

gen-bonded water monomer in liquid water at 0-160°C is less than
1% of the uolecules of the liquid. <he nigh monomer coucen-
tration considered by uarchi and syring (¢2) is due pernaps to

tie overestisation of the entropy increase accompailying wono-
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mer lormalion while Stevenson suggests that the hicgh value
obtained oy L€methy and Scheraga is due to a low value of
the energy, EH, required Lor the dissociation of a hydrogen
bond, as coupared with the normally expected values. Yhe
results of swijs and Choppin (77) are also inconpativle with
tiiose of Stevenson and the latter author feels that the
assumption of Buiis and Croppin of 2 significant concentration
of water rnoleculecs with neither hydrogen aton involved in hydro-
gen bonds 1s an untenable oune, particularly in view of the
broadenin; ol the licuid water avsorption tands wihich woula
nornally be expccted to be sharp and relatively narrow if the
vibratiornal modes of tne terminal Ui were uwnhindered.

Recently a two-state theory of the structure of water was
orovosed by Litovits and Davis (85). <The uocel is based on the
Xistence in water of puckered hexaronal rings sinmilar to those
oi wore regular structure in ice. Yae preseunce ol sucik rinecs
in water is attrivbuted to the highly directionzl cooverative
forces surgested Ly Frank (72) which ravour the formation
o1 hydrogen bonds. =2o0wvever, in watver these authors postulate
the rinrs to be cbexisting in two structures: (a) an open-—
pacited, ice-like sitructure in an optinum couiiguration for
for.uing hydrosen vonds between rings and (b) a close-packed
structure in wrich the molccules tend ©o occupy & nearly
conmplete body-centred cubic structure. In a two-stvate model,
the close-packed structure (b) is gencrally assumed to consist
of molecules wiicn are no longer nydrogen bonded. »or most

» fraction
previous two state nodels, this would reguire tuat/in excess
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of one-half the hydrogen bonds be broken. litovitz and Davis
proposed thaot in the "brokern-down'" form, water is a nearly comvle-~
te body-centred cubic structure in whieh each molecule is nhydrogen
bonded to two others. 'the mocel consequenﬁly requires only 13w of
the hydrozen bonds to ve broken »n melting.

In ice, the oxygen atoms are commected in puckered
hexagzonal layers with alternate atoms raised and lowered.
fne layers above and velow are airror iiages of one another
with eacn oxygen atom tetrahedrally coordinated to three
otners in the same layer and one other ia an adjacent laver.
This tetrahedrally coordinated structure can be represented
as a vody-centred cubic rorm witihr the ceatral molecule
surrounded oy four othors situated at clternate corners of
the cube. IThe close-packed structure (b) arises oy considering

tunt the three hydrogen ponds that exist between two adjacent

puckered hexagonal rings are broken and tihat one of the rings
rotates one-sixth of a revolution. In this orientation, the
molecules 1'it more closely togvetier aind one-half of tae mole-
cules have twe neigzhbcours in tiie adjscent ring at a distance
equal to the cube edze.

‘ne teadency of nairs of rings to join as in structurc
(b) is explzined as follows. 1i one ol the rings in such 2
palr sufiers o« collision waich twists it with resvect te the
other, the ni:hly directional covalent iforces between rings
disappear a1 small angles of disvortion and tne ring is relative-
ly free to rotate to anobther potentizl wminimum, i.e., if

one ring rotates 126° wish resveet to the ovlicr. oetween




B Te P,

- 43 -

thiese two positions, however (atb 600), there exists another
potential ninimwa corresponding to structure (b). Ihis
mininua is due to (a) the increased van der wWaals iorces
(b) the persistence oi dipolc Ilorces even though the O-=H®*+(C
angles diifer appreciavly from 130°%; (c) the greater nuber olf
near neighbours and (d) the increasea entropy.

The wasic assumption with resgard to their wmodel is
tnat woter contains a mixture of such double rings, sone
connected vy means ol hydrozen bonds to adjacent ringcs
(structure (a)), and others counected by non-hydrosen bond
interaction (van der Jaals interactions) bvetween rings
(structure (o)). Uae zuthors chose a nou~hydroren-bonded
nearest-unei hivour distance, sucir @s to jive the correct position

ror tie "extra" A-ray diffraction peak observed by lorzan and
Q

(AN

Jarren (06) and Srady andg <omanow (o7) between 35 and 3.
aydrogen-bonded nearest neishbour distunce to jive the vest
Lit to the arca under the radial cistribution curve observed
in references (36) and (877,

£ae mole iraction content and specilic volwue of
structures (a) aﬁd (b) were cazlculabew. srom these properiics,
tiieruodynanic functions such as spceific Leat, thermal expan-—
sion and coumpressivility oi water were ovtained. Fhe theore-
tical results are in good agreement with experiuncunital data
and about hLall of the values ol the couwpressibility anc soecific
heat were rezarded as aue to structural efirects over the tempera-

ture runge U to 100°cC.

A, and &
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In swmerising, it way be said that the band theory model
of Vamdand Senior (73) and the two-state theory of Litovitz
and Davis (85) have given the best agreement between calculated
ana observed vroperties of water. The results of Luwis and
Chioppin (7?), whiich in part have coutributed to the theory
of Vand and 3enior, have, however, been criticised by sonc
workers (60, ol). <ne arg guneilt has not yet been completely

esolved and thne. rathcr good agreciuent between tiileory and

exveriueal obtulned LYy Litovitz wud Lavis (55) Lor couvressioility
ai.a o speciuic neat capacity, the two propertlies that Lave uot
been theoretically described precisely by previous models(witil
tiae excention o the heat capacity work by Vand and seniorx),

B S

o lavour tuls nodel utl the creseat tine.

as cun be seen, the study of vhe constisutive properties
of water nas originated in iamportant ways from consiceration
0i models which have veen ceveloped for interpretation of
ion-solvent (water) interaction. rhe results aave not been
quantitatively successful but nave at leuast provided a ratuer

active phasc oi endeavour which undoubtedly will vear iruit-

(¢}

ful resulvs ia the ruture. Lnere is no douuwt Uit studies
0i une ulssolution of non~-polar or hywrophovic solutes has

stizulsted 1..is increased interest. Lhe study ol tetraclkyl-

ammoniwn nalides is now actively being carried out and as »rani ,
(53) voints out, structural questions seem here to bc of primary

Al

interest. The interaction of tae solvent water molecules .

:1lvs ds ratiacs unicue ana gives rise to anomzlous

£
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behaviour in the thermodynamic and transport properties
of aqueous solutions of the salts.,

Consideration of the partial molal volume and
compressibility behaviour of these salts in agueous solution

constitutes an important part of the work described in the

present thesis,
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3. Nature and Characterisation of Solvation

(i) General

For characterisatioh of lons, it has been common to
consider lons as binding a certain number of solvent molecules
of the solution, the so-called "solvation numbers". It is obvious
that the energy of interaction between an ion and a solvent dipole
must be greater than the energy of interaction between two solvent
dipoles if a solvent molecule is to spend more than an average mean
half-1life (charaéteristic of its interaction in the bullk solvent)
with the ion.

In a *'uniform' field a divole experiences only a torque, but
the field near an ion is subject, in meneral, to both orienting and
attractive forces. The mutual potential enerszy of a point charge e

and a dipole of moment p, in vacuo is given by the expression

5 o= Eecose L]0

r

where © is the angle between the axis of the dipole and the radius
vector passing through the ion, and r the maenitude of the radius
vector. In the completely oriented vosition (cos®= 1), this
energy would be greater than T (= 0,€ kcal./mole) up to about

14 ﬁ for the apprépriate values of p and e, For an ion in

liquid water, however, no such simple calculation is possible.

For water molecules remote from the ion, a fair approximation
could no doubt be made by inserting the dielectric constant

(E~80) for the intervening water in the denomingtor of

expression I.10., The enerzy is then reduced to a value < 3T
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Tor all r which could conceivably be regarded as renmote.
dowever, dielectric saturation does occur uear ions due to

the large fields produced and althouzh it has not been clear
whetier the energy should be calculated with E=1, as for the
ciherges in vacuo, or with 1<€<€0, tue lowering ol the dielectric
constant does give risc to substantially larger interaction
energies. It seews lilely that all the water wolecules in

tiie Iirst layer around all umonatowic ions should have energies
ol interaction with it which are larze comvared with either

tiie taermal eneryy or the HZO—A O hydrogen bond energy. second
loyer water molecules will suffer slight orienting efiects only,
due to increased distance of separation between them and the

ion as well astoslarger dielectric coustant. 5oth ol these

3

Tfactors have the eflect of decreasiny the interaction enersy.

Q

It is probably only with polyvalent ions that second layer nocle-
cules uave interaction enerzies greater than the thermal eneray
or t:.e intermolecular..energy for water.

In looking at tae forces wivich enter into the interzction
vetween an ion and sclvent molecule it can generally be szid
tuat tiee leauing.term is undoubtedly due to ths coulonuic
interaction of an ion-dinole., .iowever, buciiinghan (89) Las
suown tuaal lon-quadrupole, induction, dispersion, and repulsive
effects at low 'r' values play o role in cetermining the overall
extent of tihe ilon-solvent interaction. 1% can be seen generally
that conditions exist whereby tie electrostatic nature o the
sclvent and ion favoucrs =zn interaction. rroperities will now
be discussed which enable the characterisation ol the degree

of such mutval interaction.
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(11) Solvation fnercies

3y means of a Born-Haber cvele, the enersy of the
Process of solution of the ‘electrolvte (i.e., the heat content
change in passing from the hypothetical mas state to the
standard state in solution) can be expressed in terms of
equivalent energy contributions arisinz from the sublimation
and dissociation of the solid crvstal lattice with redissolution
of the ions in the solvent st infinite dilution (i.e., in the
absence of ionic interaction effects). If the lattice enerxy is
U kcal./mole and the heat of solvation for cations and anions is

o+ . ; . : o
Ahs and Ans respectivelv, then the heat of solution Ans is,

oln,

+ - -
= = i H .
Ahsoln. + AHS + Avs .11

In the solution of a covalent substance, e.z., hydrozen chloride,
U in equation I.11 is revlaced by D, the dissociation energzy for
the formation of gaseous lons from the molecules. The lattice
energy U should not be the normal lattice enerey but the

corresoonding heat content term for the finite temperature in

guestion, calculated from
T ions T

U=y + J‘cp ca1tdlf = X Och cas 1onslT Ie12

One very Interesting point arising out of such a
calculation and determination of solvation energies is that
the initial heats of solution are comparatively small, which
indicates that a great deal of energy is evolved in the solution
brocess to counterbalance the hizh energy requirements of the

heat of crystallisation., 4 corollarv to this statement is that
the ions in solution are subjected to very nearly the same inter-

action enerszies as thev are in the crvstal ionie lattice. In

reneral, the heats of solvation are zreatest for the salts
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! possessing lons ol higsh charge density, wnich is in accord
with the fuct thut stronger ion-dipole interactions would
arise. wmucken (90) showed that tic individual heats of
lydration are additive out the problem persisted as to how
individual lonic heuts o. solvation could be evaluated {roum
experimental data,

All cstimates ol individuul solvution encrgies

ust, oi course, e based on soize non-thcirmodynamic principle
for division cf the obscrved ther.odyncmic lfunction tor

& pair oi ions. <rhe meithoés used usually involve division of

tune obscrved thernodynanic energy quantity into ionic conponents

oy avyilication ol a jiueoretical avproaci in which the dependence

oi tne encryy quantity on a reciproczl runction of the ionic
radii is considered.
ung ol tuec earliest attemd.s to arrive at & set of

L

individual ionic solvation energics was tuat 0i sSernal and

3

fowler (55) in wiich tiie total weus ol solvation or

B3 s AT b LA .

b K+~ (2191 keal. mole_l (55)) was divided by two slving
R ? > tw
‘ - ) -1 .
a value of ALOK + = Ano“_ = -9Y5.5 kcal. nmole . “his value

was scuewhst modified by taking into accouni the diifcrent
swatial distfibution o water nolecules around cations and
anions whici: arises owing to the non-centrzl position of the
electric dipole in the water wolecule. ihe cerrected values

N

_ . -1 : .
were then.Ade+ = =94 znd AnOF— = =97 kecal. mole ~. <‘he basis
of Bernal and fowler's division of tie Kt~ neat oif solvation
must oce resarded as over simpliiied and not entirely consistent

A , . . o~ ™~ . . . RS ol
witn their own couplex exopression for & yriori calculaiion of




of tne heats ana free encrsies of hyuaration.

ine method oi latiuer, Pitzer, anad Slansky (7) is proba-
bly even less satisfactory as they used the sorn equation
with empirically corrceted radii* to represent the [ree energies
ol solvated ions.

Verwey's (92) wethod is essentially siuilar to the
metiod of Latimer et al. (7) except that diiferences oi heats
of hydrstion in a lithium halice series anc in an alkali

e . 1 L
re plotvted azainst /ri (where riy 15 Tue

4

netal fluoride sueries

4

crystallogravhic radii) ané the lines extrayolated to l/I.i =0
wiiere tiune electrostatic contribution to hydration eriergy is
sero. V‘onsecguently individual values Ior the reat of hydration
of litnium and fluoride were obtained. <“he criticisms of

the Latimer wncthod are directly apvlicable to tliis method as
well.

I'ne calculations of iLleyand svans (56) appear to be less
objectionable from the view point or their Toruulation, vut
tire numerical values are discrepant by some 10-30 ical. nole™1
waen convarca with experimental values. oSome theories suifer
~-ror the mixing oi heat und zree energy terms which may

introduce an ambiguity or some 3 - 50 kcal. g iom .

* these empirical corrections arc certainly erroneous in
princivle: thes alount to correction oi the rodii ol the ions

in the zaseous state, since the main enersy term in the JSorn
equation ror free cner;y of solvetion (equation I-1) is tunt “or
loss oi tie encrgy of the ion in tue medium where & = 1, as
pointed out vy waidler (8). strchlow's tnoeoretical explanation
(91) of the diffcrence between the empirical corrections Tor
cavion and anion »adii proposcd vy Latiuer, ritzer and Slansiky (7
1s therefore unjustiiicd. Tn the finel enalwvsis, it seems trat
both eas phase and solvution phase corrections to the redii sre
reallvr reguired hut not b the same arounts nor for the aame
reasons.
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Theilr claims to validity rest uvon comparisons with 'experimental:!
values which have been obtained bv procedures in which the
validity of the theory under test is implicitly assumed.

Glueckauf (93) has calculated heats of hydration of

sinzle ions from a modified form of the Bérn equation

AG, = je fi e drds (ze)2 [e13
1 %20 Teew €72 2Ty }

where Ty 1s the crystallosravhic ionic radii, = the fielaqd,

€ the dielectric constant, and e the electric charge.

The devendence of the dielectric constant on charge and

the distance from the ion was taken into account according to
the equation of 3coth (9L4). Thre treatment also visualises
spaces free of electronic matter, in which the dielectric
constant would fall to unitv between the ion and the dielectric.
These empty spaces arise from the soherical nature of the

lons and solvent. The emotv spaces {considered of irportance
for the rerions close to the lons only) were smeared out iﬁto
an anaular spvace of thickness Ar around the ion., The value of
ATr was crosen so as to five constant differences foz‘AHi with
the measured valﬁes for the al%ali chlorides. The values of
heats of hvdfation for the individuszl ions lie between those
calculated bv Zernal and Pfowler (55) and those of Latimer (7)
and of Verwev (92), This method vpartiallyv allows for the
Tield devendence of the dielectric constant but is still

semi-emnirical due to the ionic radius correction factor a r.




(iii) Solvation jumbers

ethods for the measurement of solvation numbers mive
rather discrepant results,.as was mentioned before. The main
problem is that the concept of a thyvdration number! is not
a very well defined one, and that different methods mive
different %inés of averare values, towvever, there is fair

arreement if proverties are used that are expected to devend
mainly on primarv solvation. 3ockris (5) surrested that the
term 'orimary sélvation' be used to refer to the number of
solvent molecules near to an ion which have lost their
derrees of translational freedom and move as one entity with
the ion durine its Srownian motion. Conway and Lesnovers
(in course of vublication) and Glueckauf (95) rave defined
hydration number azs that parameter revresentinc the number
of surroundin~ water molecules (cooriination nunrher) multinlied
by 2 factor indicatine their fractional loss of "solvent
vronerties®,

There has been some critical discussion with recard to
the entity that is to be called "the ion", whether it is the bare
lon or an ion with a solvent sheath about it. ilevertheless
desvnite the realisation of the nroblem, no concrete evidence has
been found to indicate what the evact molecular victure is with
revard to a2 water molecule »ound to an ion. Huat and Taube (22)
have shown bv an inrenious tracer technigue that the ion

[o=

the lvent., Cf ceourse, the bindinec of the water molecules

()

T+t . .
] exchances its water molecules verw slowly with

\)

(I\



in this comvound is perhaps of & coordinate
type. uLxperimentzl met.ods have wot been devised which can
measure tne nalf-life ol u water molecule bound to an ion
througzh tne normal ion-dipolc invterccuion. with regard to
the guestion ol the permanence of solvuted species, 1t can

salely be said tuut the permanence iumplied is ratner
relative to the tiwe-scale or the Brownian motion.

sockris (5 also defined 'sccondary' solvation ag referring
to solvent molecules netv included in the priuzary solvation but
which under;o some electrostatic interaction witn the priuary
solvated ion sufilicient to afiect solvation uependent quantities.
<iiis 15 where the discrepancy obviously arises witih regard to
diflerent methods ol measurin: hyuwration nubers. Soumwe methods

sive essentially prilary solvation numcers winercas others

l___l
},_J

wi
pos3ibly zzasure tlie total number oi water molecules afiected

a1y small way.

l._l.
L
[

une ol tuc oldest zictiiods of estimating ilonic hydration

ct

i3 pasecd on the fTransport oi waiter itaat occurs when a current
passes tarouzn a soluvion. o clasgical iet:nod ol cetecting: this
transfereiice (Yo0) 1is tu add to Sihie solution a non-electrolyte,
wilenr i3 asswlied 1ot to ve lrenmsporicece by tiue current., ine
cua:e in concentration of tuls reference substance tien ives

& umeasure or tihe net iransport, i.e., tiic difi'erence vetween
the amounts of water transported vy wic anlons und cations.
Linfertunately, there is now z good deacl oi evideance (97, 9o)

tuat unon-electrolytes of tas otywe cmployed are olso traunsported
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with the lons, It seems 1likelw that anv suitable non-
electrolvte will owe its solubilitv to the presence of

polar mrouns, and will therefore become attachad in the

same way as water itself, IFurthermore, the method has

the inherent disadvantare of ~ivine only the difference
between the hvdration numbers of cation znd anion and not
absolute values., I!Ivdration numbers have 2lso been calculated
from ionic mobilities (29). There is an inherent disadvantarce
in this method because of the use of Stokes® law (see p. 18),
Ihe values so obtained refer to individual cations and anions,

rather than to the sums or differences.

)]

2) he

AN

Darmois ( > apnlied density measurements to the

|4

calculation of primarr solvation numbers utilisine tre 3Stokes!
volume for the hvdrated ion. A better method (100) is to
express the Stokes! volume in terms of the crwvstallosraphic
volumes of the ion and of the comnressed water molecules 21é
this oprocedure is develoved further in this thesis. Passynskii

(101) has derived vrimary solvation numbers from comopressibility

3

easurements utilisin~ ultrasonic velocitv technicues. The

assumvtion is made that the solvent molecules in the nrimary

9]

olvation sheath are incompressible. It will be pointed out
later in this thesis that the assumption of necslirible compres-
sion in the first solvent sheath is a poor avproximation, exceot
in tre cases of multivalent ions or verv small monovalert ions.
Uther procedures for derivine primary solvation numbers

are; (a) the entropv method (102), in which the
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entropy of nydration is rerarded as arisine entirely from the
loss of the translational decrees of freedom of water molecules
which enter the primary h#dration sheath; (b) the measurement
of molar dielectric decrement in agueous solutions of monovalent
ions (103); here the results were interpreted in terms of a
aumber of water molecules attached to the ion which are unable
to rotate freely in the oscillatory electric field used in
dielectric constant measurements; and (c) the ultrasonic €emoef,
method (104) bésed on the fact that a2 potential difference
should be produced in an electrolvtic solution subjected to
ultrasonic radiation and that the effect should be provortional
to the difference of effective masses of the cations and anions.
Lhe methods discussed above rlve some idea as to the extent of
primary solvation. .Jumerous other methods based on crvoscovic,
vapour vressure, salting-out, activity, diffusion and nartial
molar heat capacity measurements rive much hirher results than
those of the other methods and are mutuallv discrenant., ‘rhev
undoubtedly include varvines amounts of secondary solvation. 1t
i1s not surovrisine that there is 1little concordance between the
results of the manv inrenious evverimentzl methods which have
been devised to measure the 'solvation number! of en lon; each
method measures an average of thre primary and secondarv solvation

but there can be a number of vays in which the averare isg
welghted.

(iv) zlectrostriction

The most useful avoroach to the determination of the

extent of solvation is throush the consideration of the effect




of lons on the volume of solvent. <“he electrical influence of
the lons on the solvent creates an effective hydrostatic pressure
(in fact, a tension) of considerable masnitude near the chargzed
narticles. ''he first attempt to relate the volume of electro-
striction of a solvent to the size and charce of the dissolved
solute was by lierast and Drude (105).

me

ney derived an expression of the form

2

AV= _€ J‘-» oC 11l
2ur, &2 (a\f‘ Ll

where e is the electric charsze, Ty the ionic radius, € the
dielectric constant, and ¥ the compressional resistance. The
1 3G\ : : A

€ \Sv was further considered to be indevendent of

radius., rlectrostriction is usually defined in terms of the

term

apparent decrease in the volume of icns when dissolved.

rathematically it mayv be expressed as AV = V -V, where V

int, int.
is the intrinsic or actwal volume occupied by the salt in solution
(31,106). Two useful proverties which mive experimental values

of the extent of electrostriction are the apvarent molal

volumes of iouns in solution - derived from density measurenments

-~ and the compreséibilities of solutions either obtainable
from direct isothermal P~V observations or indirectly fronm
ultrasonic velocity studies.

In water, electrostriction arises from the fact that
normal water 1s a tetrahedrally coordinated liguid havinge a
lerge structural free volume (55). Cubically packed water
molecules would have 2 volume of 12.5 ml.mole_l compared with

1

o - o .
the observed wvalue of 132,07 ml.mole at 25°C and 1 atm. The
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main contribution to volume chanre associated with the presence
of ions will be that arising from local collavse of the

solvent structure, as vointed out bv Zernal and Fowler (55).
Thus, in an ion-solvent comnlex, the actual size of the water
molecules themselves hardly chanres, but fhe spatial arrancement
i1s modified. Althoush other solvents do not have a particularlv
oven structure similaer to water, thelr spatial arrancements are

similarly modified and chanres in volumes readily observed.,

(v) Solvation =ntrobvies

L'he most sisnificant fact concerning the standard
entropies of hvdration of lons, is that theyv are necative,

1 2t 25%

attainineg values of the order of =100 calfb-lg. ion~
for polvvalent ions. 7his cannot be attributed to chances in
the ions since thev are not themselves altered when they enter
into solution and the effect must hence reflect the lowerinmg of
the entropy of water when the water molecules become ordered
around the ion and the diminished free volume available to'the
ion in the liquid ovhase (58,57),

The simplest 2pproach to the calculation of entrories
of hvdration is %»vy differentiation of the free enersy of
hvdration (as exoressed by the zorn ecuation) with respect to
temperature, The expression yields the correct sien and order
of the entropv of hrdration, but voor detailed arreenent with
exverimental values. =Zetter acreement 1s obtained when

dielectric saturation effects are considered (&), but the fit

with rerard to the experimental data is not 7ood with anions.
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The factors which lower the entropy of a solvent molecule
around an ion are precisely those that cauce & local compression
of the solvent around the ioné. Consequently two of the early
approaches to the calculations of entropies of hydration involved
the contribution expressed thermodynamicallv (107) in terms of
the compression of the water end a statistical-mechanical method
used to examine the chanse in order of water molecules durins the
hydration process (56). 1In both of these methods, fair agreement
between the theorefical and exverimental results was found as will
be discussed in more detail in Chavter VI of this thesis: however,

1t should be mentioned here that the method of Latimer and asper

(107) for calculating the entrovoy change associated with compression

of the solvent contains two cuestionable assumptions; also the
azreement of their results with experiment seems to be largelw
fortuitous. The statisticzl-mechanical calculation of klev and
~vens, on the other hand, still stands as the best and most
compnrenensive studr of thne entropry chanres associated with the
process of solution of 2n ion.

Powell and Latimer (108) have vointed out the curious fact
that the electrostatic contribution to the entroov of agueous
lons 1s avvarently vrovortional to the first power of the valency
of the ion, rather than to its sguare as would be expected
from Zdornts equation. This relationshin is questionable (10¢,
110) from a fundamental point of view and in pert could be due
to the semi-empirical relationshin from which it was formulated.

Padova (111) has calculated the vartial molar volunme
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of electrolytes in aqueous solutions at infinite dilution bv
apolying a thermodvnamic treatment of a fluid in an electrostatic
field. &2axtension of this tréatment to the free energv and

entrooy of solvation gives reasonable asreement with literature
data. Glueckauf (93) has also determinead entrovles of solvation
from the differential of equation I+13 with resvect to temperature.
The cationic values obtained are in reasonable arreement with
experimental data,

(vi) “he Froblem of iIndividual ionic Solvation Proverties

It can be seen that lon-solvent interactions exhibit a
hizh degree of specific behaviour and that an assessment of the
broverties characterisins solvation on an individual =, ionic
basis is of considerable imoortaence. ‘This situation requires
first a departure from classical thermodynanic aporoaches to
the behaviour of salt solutions in so far as methods are requirecd
for separation of thermodynanic vroverties measured for the
whole salt into individual ionic contributions. While the
separation of kinetic broverties, e.r., mobilities, diffusivities,
into ionic contributions rests on a sound exnerimental basis,
the derivation of individual ionic thermodvnamic vroverties
presents well-kaown obroblems.

It should be recormised in anv 3 priori calculation of
the heats; free enermies, and the entronies of solvation
that there exists a non-radial distribution of solvent dinoles
2t both cations., Ihis was, in fact, considered by Verwewr (e2)
and 1s supported bv more recent and compnlete computations of
Yaslow (112). ‘The result is =a substantial inequalitv between

heats of hvdration of cations and anions of the same crvstal
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lonic radius. At anions, a non-radial orientation of

the mean vector dipole of the solvent is anticipated owing

to the tendency for the Oh Bonds in water to be hydrogen-bonded
to the electronegative anion centre.

The most satisfactory estimate of enthalpies of
hydration of single ions is that of halliwell and iybure (113)
wno based their calculation on interpolated differences of
conventional (AHE,H+ = 0) ionic enthalpies for cations and
anions of the 'séme redius?, rather than on some rationalised,
but somewhat arbitrary, method of division of the total
enthalpy of hydration for a pair of ions into ionic compvornent
values (7,55,92). Using this approach, a value for the
absolute heat of hydration of the proton of -260,7f2.5%cal.
mole'l was given. The uncertainty in this value ﬁust be
increased somewhat since these authors assumed that the
difference between the heats of hydration of cations and
anions of the same radius originated only from the ion-water
quadrupole interaction, which could be incorrect (11&) 1if
the water dipole orientation is not exactlv opposite at cations
and anions as seems to be indicated (92,112).

The individual entropies associated with ion hydration seem
to rest on a relativelv satisfactory basis taking the value for

-1 mole™t or correspondingly

the proton (100,115) as =5 + 2 cal,’C
that for the Cl7ion (116) as 18.5¢ 1 cal.®c™t mole™l.

Various empirical or semiempirical relations (109,117,118)
have been proposed in an attempt to correlate the crystalline

. . . . . 50
lonic radii, Tos with the partial molal volume V-, They are




of the gencral form (117, 113) V° = Arc) + B/re asswaing

either that coustants o and B are difrerent for anions and
cations (117) or that they are the same (118). Jome of these
enplrical approaches are reasonable; however, lwukerjee (118) has
assuned that cations and anions oi the sanme radius, anc hence
polarising power, will affect the solvent with regard to its
local effective volume wand packing, in the same way. “his is

rathier doubtiul since the orientation of water at cations and

anions is probably not simnly a nirror image one.



- 62 -

L, Previous ¥Work on the Specific Tovics sxauined in the
Present Research

i) Partisl kolal Voluwmes

Studies of partial molal volumes have been carried out
on a consideranle number of strong and wealk electrolytes.
Accurate wnowledge oi tne molal volwaes of electrolytes at
low concentrutions is of fundamental interest in connection
with the understanding of ion-solvent interactions. rany or
tne recent studies ol molal volunmes of elcctrolytes have been
concernea witu improved methods of obtaining accurate data
at low concentrations; these procedures are necessary for
accurate extrapolztion ol the experimental dota to intinite
allution.

oince u principal part of the studics on ionic voluues

described in this thesis is coancerned with tetraalkylammoniuw

w

alts, a brief resumé oi the previous work on these salts will
oc giveint. Gilkerson and wtewart (119) utilised & pycnometric
mev..od to study vhe conceatratio:n dependence of volwne Jor the
bromide serics. wwimilarly .sen znd saito (120) have curried out
an appareat wnd partial molal volwae study or iive symusetrical
tetraallylamuoniwe bromides in agueous solutionsat relatively
ish concentvrations. lecently (121), very precise dilatonetric
neasuremnenss o. awvparent wolar volwaes ol some ailuic agueous

clectrolytes, one oi wiich wus tetranctunylamsonium vromide,

nave ocen carried out. oince uhiv covsrent woluel voluwie
increases roushly linearly with itne scuare root oL the concen—

tration, vrecise uppareas molal veluwues reguire & nigh degree
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of accuracy in the aensity casursments. Dirvect pycuonetyry

at concentrations below 0.1 M dresents serious difiiculties in
reproducibility of weishings und consequently cuunot be relied
upon ror obtaining precise extrapolated datz or for evaluating
tue limiting law behaviour. It is felt that the experimentul
metnod utilised in the work described in t.is thesis is of
sufilcient accuracy to allow reasonable interprefation of extra-
pololed data and discussion of tne results near the limiting

law region.

(ii) Llectrostriction

The usual metnod ol calcuiating the electrosiriction
is based on the use of the worn ccuation (or some modified
form cf tuis relstion (8»'wnich &lves the iree exncrgy of

ciharging:

of ions in aqueous solution; thus, by differentiatiorn
of this quantity with respect to pressurec, the canangze in volune
associated with the preseuce oi the ion is obtained. whe nmost

) <

detuiled treatment ol +this problen CYy such ¢n approach is

thut ol radova (11l). Ihe wetiod, which, wus also followsd in
arineipic vy several other auviuors (o, 108, 122), involves at
soie stuze an intégration Ifrow tie peripiery ol ithe ion to
iniinity. fhis inpliss that spherical symuietry around the ion
and & dlwensionless continuum for Lhe solvent aust be assumed
as & basis -Jor the mocel. & more detailew discuscion Jollows
in the prescniution oif & new theory oi electrostriction in
Chepter III,

(iii) Compressivilities

rhe problem ol calculating tne conpressibility coefiicient

—————




- 5L -

at onc atwospliere irom direct acasurcnent of the pressure-

voluwie relotionships is o difricult one. Lfhe pressure

dependence of the coefticient of compresuibility is such that

1t decreceses most rapidly at low pressurces y Where it is most
diiiicult tc obtain experimentul results of ni_ accuracy.

fue usual mecsurceniont involves detervining tne coniruction in
voluiie at.endin: an increase in vressure ol the order of 200 4o
1000 atmossheres. “here huas veen aduch work carried out on uoth
clectrolyte and non-electrolyte solutions %.at has utilised such

a method (125). JGowever, the wost accurate uechod ol ceterninin -
conpressinilities at atuos-heric sressure and low concensrutions
depends upon mezsureieats ol the velocity ol cound thx rouzh tie
solutions. Uuls gives dhe coefricient of adliabatic compressibili-
ty wilcih is relauted to the coerfiicient of isotneriuwl coiipressi-

bility ihrousn the rutio or the speecific heots ot constvant
Jressure and constant voluwe. rassyaskii (101) carried out
Sowe o1 tuc zaviiesi studies utilising <he weasuccnint of
The velocity of sound in aqueous solutions o electrolytes and
non-clectrolytes. oy assumins (2) the solute specles were
inconpressiole (b) Tre vrinmey Lydravion sohere of solvernt
morecules wround the lons was incouvressivle snd (¢) the I” ion
vas not solvuted and cozsequently uny decrease in Coiuipressibility
Ol & solution containin; this anion econld se uttributed te tue |
co-cation, he wus able to deducce Lyaruasion nuruer paraneters
Loidt woreed with valucs ceternined fros obucr wetnods. oone

ol tie o3t vecunt worl on the Compressibilit; of acucous

Scolutions ol stron - electrolytes, usi vile above tec:iaigque,

0




nas been carried onrt b vwen, oimons, and .roniclk (124,125),

Lompressihiliti

V]
O]
6]

s o' sore electrol~te solvtions (127), ngin~
2 nhase-comvarison nulse method (127) similar to that used in
the determination of comoressibllities in this nresent worlk,

have also been determined recently,

bl




S« Uescription and Aims of the Present lWork

The work described.in the nresent thesis has
consisted of experimental determinations of anvarent molal
volumes and adiabatic comvressibilities of some symmetrical
tetraaltrylammonium halides and nyvdromen halide salts of
neutral alkvlamines., ''he aims of this research work are t+o
develon a theorv of 2lectrostriction hased on the local snecific
volume chance neér an ion end to compare the theoretical
results with exrerimental electrostriction data (obtained
from partial molal wvolume ang compressibility reasuremrents),
with a2 view to determininz more information, at s molecular
level, on the sphecific interactions hetween solute and solvent

[ 3

svecies. The resnlts will b

)

urther discussed in terms of

D
D

the relation between comrressibility 2nd wnartial molal volunes
and the vnroblem of evalustion of individual ionic values of
these nronerties will he exanined., £&n exverimental method
for the deternination of Individu=l ionic volurmes will bhe
Suzrested,

The relation hetween tre entrony ané volume chanres

associated with electrostriction at ions will 2lso be

{2

iscussed,
The effect of solvation in the ionisation of barez will hHe
considered fro~ the comnlementers viewvoints of volume and

comnressibllity chanrces which oceur in their aqueous solutions,
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Chapter II

General rormulation of Partial i.olal Voluues and
Compressinilities.

l. Xartial iwolal Volumes

sxteusive properties of & system, ¢.g. voluwic, Ireec
encry, etvc., are functions ol physicul variuvles suen
pressurce Low teupercture anv also of btue quuntities ol dhe
different components. In the cuse of = solution ot cousiint
teuperature and‘pressure, The wotul velume V ool the system

nay e writven wiilerentially in ferws ol tihe conirivutions

from diflferent constituenss aos

av =(§H dng +(aa_;fT2_) dn,, +(§§l%) dng +eo. (g%/:) dn; +e.. IT.1

~

Wiere i 1s nwiber or wmoles of coustituent i. whe term 87/ duj,
wnen all tne other vaciables arce held constant (viz. £y 3Ny yN0ees ),
is culled the partizl speciric or molar volwac cegsending on the
units in wnicu n is expressed, cnd i1s usuelly wenoted vy the
G0l ﬁ;. viie partial molur voluwue §i may ve considered ws
tie increase in volume of the solution when one ole o. consti-
tuent i is zdded to such & large vclume ol solubtion that tile
coumposition of tﬁe solution remzins effectively unchanged.

Partial molal and apparent molal volwaes of solutes are
derived from the densities of their solutions. 1he asparent
molul voluue 13 given by the equation

gv= V‘nl?£i_ I1+2
nz

wiere ﬂv iz the avparent molazl voluue ol the salt, ny 1s ghe




[}
(@)Y
w

I

number of moles of solvent of partial molar volume §§ and

1, i1s the number of moles of solute. If the concentration
n2/V i1s expressed in terms of molarity, l.e., the number of
moles of solute in V=1000 cc. of solution, then equation II.2

can be written
1)

1000 2
gv. = —Ea; (do-d) + a;—- II.B

If, on the other hand, concentration is expressed as the
number of moles of solute ver 1000 grams of solveant then

equation II*2 becomes

Ul

1000 2 TT ot

by = max, (-0 + IT+4
where do is the density of the solvent, il is the molecular i
welght of the solute, and d the density of the solution. f
- |
From equation II+2 it mayv be shown that V= nzﬁv + nlvi f
i

and the partial molal volume may be expressed as

- v 3%, L !

Vo =—nz_) ny,7T,P = Q'(v T n, (-WZ) 2he5

This shows that at infinite dilution, i.e., as n2—>0
the partial molal volume becomes identicel with the apparent
molal volume. Zecause of the linear relationship that exists
between ﬂv and c% in dilute solutions (as theoretically exvected

from the Debyve-klickel limiting law) i.e.,
g = ¢° + 5 _c” II-€

the most convenient calculation of partial molal volume of
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solute makes use of the c-scale. The equation is

>
7, =6+ 1000-cf#y 1 a4,
2 Y N T3
2000+¢ '(dﬂv/dc”j de”

vinich 1s derived from equations II*4 and IT.s5,

2. Partial olal Compressibilities

II.7

The partisl molal compressibilities of the components

of a binary solution are defined by

_'Zl z (;.;):

. = -(3%)
ana -;.2 S W o

e avpparent molal compressibility is similarlv defined as

-, : (;glr)r

which, In combination with equation II.2, becomes

: NE -
), T
k n, N n,

The coefficients of svecific compressibility in II.11 are

defined by

- -%(—g——f T = 'cll'(%a‘r"q)'f= l?(’éa‘g')r

II.

0
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for the solution and pure solvent respectivelv.
In practice the avpparent molal comoressibility may
be calculated from compressibility and density data as

follows. Suppose n, = m, the number of moles of solute

2
in 1000 mrams of solvent, then

; 104 0,k 000+mi
Vo= 1 ld 2 2 bvecomes V = E__E_ELE IT14

where nlml is weight of solvent, M2 the molecular weizht of

the solute, and d the density of the solution. Inserting

=0 1000
1Y T 3

(e}

equation II<14 into II+«11 and substituting n

the following expression is obtained:

lOOO TT e
P = gm_-(6-8) + 84, I11e15
It mav similarly be shown that if n2/V is expressed as the
nunber of moles of solute in 1000 cc. of solution, then
' = 1900 TIe15
g.?; T T ¢ (@-Fo) ” Bogv 1le15

rrom equations II*1l and IZ+«Q it follows that, at
infinite dilution, the vartial molal compressibility becones,
as expected, identical with the apparent molal compressibility, an,

3%, i n
ho = gﬁz * C(TYE‘ 1oLy
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As in the case of ﬂv, the concentration dependence of #., at
|8

dilute concentration follows closely the simple form

g, = 82 + 5, I1+18

It has been pointed out in Chavter I, section (b-111),
that accurate coefficients of compressibility necessarv for
the determination of ﬁg, i,e., 8288 Cc——0, cannot be obtained
from normal isothermal P~V relationships and that the
measurenent of the velocitv of sound througzh solutions is
emploved to determine compressibilitv coefficients accuratelw
at high dilutions. '"'he velocity u in cm.sec'.'l throurch a
medium of density 4 in ﬁ.cmfj, is given by

. 4.,
3 10 CD/Cv

S

when the adiabatic and isothermal conpressibilities, 85 and g,
are erpressed in bar "<,
The adiabatic compressibilities, 553, differ from

the desired isothermal compressibilities,ﬁ, by the quantity (123

§=@-g = 2pifex’ =70 I1+20
D
where ecls the coefficient of thermal expansion of the solution,
CD the specific heat at constant pressure and d the density of
the solution,
The avparent molal adiabatic comvressibility mav be

defined as

Pt
1
.
N
]

1000
Piie) ¥ Te (Bl ) T o )%

)
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i1f equation II+21 is subtracted from equation II-15,
exoression for the true apparent molal compressibility,

followins expression is obtasined

g, = 8,  + 1000 (5-5,) + 5.0

[4S ‘L(s) ) \'2

coefficient'gO corresponds to equation II«20 applied to

pure solvent. It can be seen that the evaluation of

apparent molal isothermal compressibilities may be carried

out

8

from sound velocity measurements, if the quantities 3

and ﬁv are known. This is necessary if an evaluation

ra 2 ;ro 3
oT the standard partial wmolal gquantity, Loy is desired,

I1.22
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& Theorv of lectrostriction®

l. General

A number of proverties associated with lons in solution,
€.8., thelr sesltins-out behaviour (21), paftial standard ¢, ionic
entropies (8,111), and partial r. ionic volumes (10£,111) are
determined by the electriéal influence of the ions on the solvent,
in varticular the electrostriction of the solvent caused by the
ionic field. ‘Ihe interoretation of some of these provnerties
therefore requires g detailed Xnowledse of the electrostriction
behaviocur.,

it has been showm vreviously (v. 5%, Chapter I) that
electrostriction mav be exvressed as the difference between
the intrinsic or actual volume occupied by the salt in solution

and tne partial molal volume of the szlt i.e.,

<
]
<<
i
<1
"
ot
{5}
(e ]
[ ]
]

i1f ionic volumes are considered, The intrinsic ion volure
Vi’ or the phvsical volume occupied bv the ion rezarced as an
impenetrable unit, has been evalusted bv some authors assumine

the ion to be a hard sphere of radius Tis such that

2
Ji = L#/BTTI‘S_

b~
)
1
L]
N

The usual method of calculatins the volume of electro-
triction is based on use of the Born equation I.1 (or some

modified form of this relatioan (5)) which zives the free enercv

¥ This vpart of the thesis has been pudblishred as an original paper
(129) by the candidate.
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of charsine of ions in aqueous solution; by differentiation
with respect to pressure, the chanse in volume associated with

the presence of the ion is riven by the expression

_ (ze)2 alnea
v ( i

e Zrieo &P

)

where € = the dielectric constant, P = the pressure, e = the
electronic charre, and z = valence, infortunatelv, this method
1s based on 2 model in which it is assumed spherical symmetry
obtains around the ion and the solvent is a continuum. The
treatment cen he improved, to some extent, if dielectric satura-
tion of the solvent is tawen into account (8); however, the voig
space in the solvation comblex (31,93) end the finite dimensions
of the solvent molecules, factors which are of fundamental
Importance in electrostriction, cannot be included fully in such
arn avoroach,

Padova (111) has carried out the most detailed treatment
of electrostriction hased on the 2orn equation. The method has
also bheen followed in princivle by several other auvthors
(8,105,122) and involves at some stare an intecration fro~ the
veriphery of the ion to infinityv. Values for the volume of

electrostriction are obtained either (a) »v takin- an averare

o]
o

value for the field-devendent variables such as thre ielectric

o0

3

constant, compressibilitv and density (9,108) over all tre
solvent extendin~ from the surface of the ion, or (h) nr
intecration over certain successive shell elements about the ion
(111) where the dielectric constant is either considered to be

-~

independent of field, l.e., (BE/QP)T - is constant and
’
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equal Lo (aﬁo/éP)T, or & iunction of the sicld strenzth. vhe
exteat oL solvent clectrostriction which the latver culculstions
vrediet is tur Yoo lurge ior souwe ions (gci.111), e.o., =200,

1 ++

(g.ion)- ior an ion the size of i . wne principal wifrvicuity
nere is the use oif a continuous inte ration to ootzin the overall
extent oi electrostriction in the resion vhere discreteness
¢l solvent structure vecoumes sigiificant.

voue workers (122, 151) usve wssumed tuat the reason

Lor Cue abpureutly lurge volunes of eluctrestriction of solvent
causea vy ions is wue to vae chance in size of the cavity
associuted withh the nresence of sn ion in solution. .owever,

T2 h2s been muc. evidence (luo, 130) to show that the radii

s

T
0i° lons errective in aqgueous solution are the crystel radii.
fhius, osenscn and Copeland (106) uzve shown, o, consideration o
2 simple rree veolume mnodel in which the ions are assumed to be
nal'a Spueres o ioule radcius T embedaed in o cuvity of r&@ius

r. > T, , thet in the case oi solutions the cavity raaius

i3 ot the vest only & row nundradtls of wn ghgstrom sreater taun
the nuard-zolicre rodius.  tne saue result is reacnec iantuisively
(see Chanter 1) Oy noLvin . thret tne entnaloies or solution or
n03t sults cre very snall 10 wof gero.  Snds fien inwlies tnot
tie lattice cacrrics wund solvation ener~ivs rust be nearly
gcuxl. oJince wvotn devend on the inverse Jirst sowers oi i
lenlic raaiil, 1t mav thus ve concluded thzt the electrossvatic
compressions must be zlso nearly tioe ssame in the two virises.

.-

thiese eltective radii in tne solig crrstal lattice and in e

«
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solution "lattice" will be determniriod py the balarnce of attrac-
tive cnd revulsive Corces in the equilivrium ion - ion or
lon=solvent conli-uration.

apvieciable coupressibility ol tie ions themselves

would, at iirst sisht, avdear to be somewhst imnrobables however,

G subtle point arises with re-ard to the nature of tie dissolu-

tion process considered. I{ the orocess were
Ion (sas) —— Ion (solution) III-4

tiaen the compressibility nwy be sisnizicunt. ‘hus, the ion in

the gas piase is not suoject to any coupressionsl interactious

&}

wit.i other nei. hvours, vut in solutioan two eifects arises; (a)

L

the clectrostatic nressure (see Lelow) caused by the Zolarisin.:

Y

and attracting intluence ol the icn cn -surrouncin: solveit
Gigoless anc (b) tle iatrinsic cohesion or interaanl pressure in
tire liouid sclvent. _owever, III-L is ot tlie vrocess nowally
involved in consziderin : the volwn: chan ¢ accombanyins dissolu-
tion oi un lon .roir u crystal letvice to a solvated state in
soluvion, nor is it she srocess involved in ionisation of
solute (e. . in a@cla or wuse lonisseion) in solution or in Lor-

wiablon ol a wvastivlly cner ed or cipolsar transition siate.

Py

also, stokes (1-U) nas sihown thnl Lue Lailure o1 the =orn
9, -
eruztloil 1or Tue Iree euersy of cnursliy od louns din soueous solu-
.
L

tion 1s due primarily to the fact thuat the crostal racius is no

N I A
1C Sell ener;ty

C
(¢}
ct
o

aupropriate ilor the caleulutiocn oy ihe olectr
0+ Uiug ion in vacuo (cf. Laidler cuna regis (o) ).
all alternutive cnoice, tie van awer vuels racius, lceads to excellent

agreement. ke van aer waals radiil ol iong in bue jaseous state
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are some 20 - 40w larrer than th > erystallogrupnic radii ol these
ions. Yois is understanduble since tiie outer parits, i.e. with

o+

regard to the electron alstrivution, will expand cousideranl Yy

when =i ion is isoluted in the gas phase. Consequently, in a
dissoluticn vrocess sucs as LIT<4 |, the cissoived ciarzed
speclies can ve recgardea s peing  initially placed in o splerical
cavity in the alelectric meaium, ol tie same size as the

cavity it would oecupy in the gos phase., In alchly volar
solvents such cs water, compression of the cavity will ve o1 u
consideraole magnituce ¢ would crise vecause of the locul

wydrostatic pressure brousht zosout oy %ie elcetrosiutic

[

interactions vetween the charze in the cavity wiid tne solvent
dipoles. .« coupressive ellect will also occur even it polarisa-
tion ol trne colvent is absent owirn tc the cohosive prescure ol
Tie solvent surrowdin:; vne solute pariicle. The relation
vetweern the cfrfective lydrostatic pressure =nc the electrostatic

field is given uy the expression;

vaere n = tue elecirostatic Jield and € the aieleectric coistunt

.

ol the wedium. Jhclie; (122) =25 shown 0y coasilcerstion of a
process such wus IIisd , if electric saturation does ..ot occur,
tnat tie couwpression of tne ion aboears to b a Jood desnl Creater
thaun tne electrostriction or the solvent in solvents of jiion
dielectiric coustent such as woter.

L1, nowever, ti¢ uissolutio.: process consicered is




Ion (erystal) —s

Ion (solution)

III-0

then the change of extent of compression vl the ion itsell is

swall and tne electrostutic volune of solvetion is acnece

deterainea privurily oy clectrosuricition oif tre solvent.

Process Illeo 15 rulevant to

O Sudlt L0 & solvated situte 1o

A

a theory ol clectrustriction bLuscd on a aissoludb

cs  1II-o  therefors appoars o bLe more

experiuental results.
e
seunctureless

upplicavle vo

WELT L

S~y

tion «oes 210t occur in vne solvent

only true ior very larce ions.

apbvedar to ve nore satisztractory Lor

S

g theoe of the tetraalikvlaamoniws s

oitz, clatirate or "iceber.'" el'l

Suc.r L

ve iuwvortant in deteriidning av in

alitc wockris (lOU), n o nodilivieog ar

oy

were tue first to tulie into azccount one

volunme ol tne solvatin~ water nmolecules

o lonie raaius cna leewl Jield ana, on

srimzary salvation numvers Iro. wate oo

oe 17T

Jore proccedins furthor,

souic counients vvalcihy will sorve

triction. wormul wover i o

solusion.

electrostrictiosn vheory oi Jhalley is

neal win.

cts (72) micht toen

carlier covrozclh vy surnois (

Go clarify

tne pructicul cuse of dissolulion

vevelooment or

wioir process such

releveit to actunl

vuscu o1l oo

dielectric coutinuum .odel wialch can unrcly wve

Lt Ifurteer usswess thetv diclectric saturu—

Liis 1s prowuvuuly

the treatment of Juslley would

lazze coumpresasivle ions such

but lor

ion 1II«1. <Conway

PR IN
ell.

cilive

Jact vhnt e
around io:: would &e ol

(=4

Gl DUSls

-

e

is

vtaae ord in oi eluectros-

traheurally covrainated liruld
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having a lerre structural frec volume (55). rhus, cuonically

water moleculcs would have @ voluuwe or 12.5 nml. mole

[od)

ac:ied

e
\_,

=]
comvarcd witi: the obscrved value of 1u.07 ml. mole at 2500

and 1 ata.  The oain contribution to voluwe. chan-e associnted
with thie presence of dounsg will be tiot avisine from local
collanse o t.e solvent structure, us pointed out by Lernsl and
dowler (35). dhus, In oan ion-=solvent comolex, the uetunl size
oi the wuber nolecules themselves naraly cnantes vut the soutial
arraasenent ol solvent molecules around the ion is modiried.

In the wresent work, it will thercviore be justiiiable
to suwvpoue thet eleetroztricvion of tie solveat itsell is, in

Most cases, tue wain errect wnich nekes ¥V airferent irom Vint

4

taken as tue crystal lattice volume), @.i., 101 the smull molia-

—

[

tomic @ad nolyatomic inorgaaic ions.  .ouever, in craer to
owviate tie difliculties esisocistew with btue use of a coutinuous
solvent wod=sl tereated vy means of the Sorn ecuation (e.o. with
resdrd o btne proolen of inte;rration over w distuiice _rown Lné
suridce ol btue ion weross & refcion wiere tie lscrete nature of
tiie solvent must Le considered) 1% is preferavic To concentrate
attention on she loczl ochaviour of the solvent itsell. soo-
tuls purpose, it will ne assuned that the only role of tue

ion is Vo provide tue volavisin-. elsctrostetic Jiela waicihi zchs
on vne solveny.

it is clecr that soue cowpromise must ve mude wits

1

'

to the caleulzbion wiia the model used in 30 rar as one

[4)]

A

o

6]

r
can only introduce dlelectric saturasion elicects culeuluted

on ine basis oi wooth's zaw grahanme's \sce later),
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wnich involve a continuous model for the solvent, However,

in the present calculations, no attempt will be made to
estimate the overall electrostriction by an integration with
respect to distance from the lon, excepnt as an indicative
example. A continuous dielectric theorv is therefore chosen
to calculate the local speciflic volume chanse which must then
be related to overall electrostriction by means of some
molecular model of the solvent confisuration near an ion. In
the present calculations, the pressure dependence of such
derivatives as@, the coefficient of specific compressibility,
and d€/dP, the pressure derivative of dielectric constant will

also be taken into account.

2, lkodel

It will be assumed that an ion is a hard incompressible
sphere and, for the purposes of the calculation, is surrounded
(a) by a spherical primary coordination shell of solvent the
thickness of which is equal to the diameter of a solvent molecule
and (b) beyond this recion, bv a series of annular shell elements,
sach shell is regarded as being submitted to a constant electrostatic
field arising from the ion. This mean field in each shell* may

be calculated from electrostatic princivles and will decrease from

* This discontinuous representation of the solvation and associated
field will, in realitv, be limited to the primary coordination
rezion near the ion., Further out, thermal disordering effects

will tend to smooth out the orientation and distribution of water
molecules (ef. the radial distribution function (55)).




one suell to another wntil a« region of zZero ticld iantensity
is rewcued. JFor nost wiivalent ions, it will ve sulsicient
to consider tne prinsicy coodinstion onell as Lae region &sso-
civted witn the electrostriction, wuile Lor multivelent ious u
larser soherical volume element will be iavolved.

Jor the purpose ol tne calculatvion, cach suell
or shell cleuent is resurdec ws veln sepurcted from its nei h-
Dour vy uemi—perméaulo weprdane so tnat liculd could iLlow
from one suell to anctrer. any net Jlowy oi tae liquid is, nowever,
preventea it ol cuewdicel potential ool g SysTem 1o xKepd
cunstant aurins yee orocess of crnar cing the ilon (132). Jne
cnanse in voLune Vool tie iiguid with the Cield o odurdin s tiuis

isotnerual char-ins Hrocess has ween weriveo by rads (152) as

waerc€ ic oo aleloetric conmsvant wna £ e pressure. Lo
feodency Lor wike l1luia Su we suceided Lo uander tie lnrliuence oi toe
cewld, Lo counterviorancea v e ilnter:al pressure, oloultoaocously
ouailt un, wodic: Lalatuins e S ven i equirloriun. Jnfreiors,
vrovivea tunt toe .epenac..ce ol € o:x ¢ und m, andthetof r oa o is
knowiy, 1v i3 wossiwvie (o sclve ecuation ITII«7  wne obtuiln

Tl ColilC Al vOLluknic o4 Guao liculd virde:n veprescents oo elociros-

TPLCTLON add0Claved Wilin e sresencs ol e 102.

wiie etaods enploywa an Trestlil T e lion i illd
01 svstems in an slzctrestasic fiela (nrlor B0 UG LIORL CmcilT

Qi sl (l’_-,;l)) Lad siut oercuice chie tiole stren tbe o O Lo WIXLU QL

s oo variable of otite of b Dhada lin ws sonerad oo oo G5 btnnd




in which the pressure P anag the tewperature ' can be treated

as variables ol state. Erank described an "apvaratuz" in

which, throush a thourht experiment, the whole of a samvle of
Lluic may ne subjected to a uniiorm electrostatic field under
controlled conditions. “he woplicutiorn of Civbuian thermody-
numics 1s vhen carciced oubt in such a nanncr tiet & enters the
rermalisw in a way wiiich is essentially conjuzaietotine ways

in which £ and @ eﬁter and aahes possible a clarification of

tne relation between electrostriction pressure anc therrodynamic
vressure.

5. Calculations

e

1) #lectrostriction at Low sields
Phe variation of volume with iield intensity iz given
by ecuation III.7 s out the siiolest way of solvine this

esuction is to use the aethoq sur~rested by trank (132) in
wiich tnat effective vressure P is calculatod weich, in the
absence of the rield, weuld nroduce tue same volume chan ¢ tantt

w»oproauces.  dhe treatuent proceeds oy makin- use of tlie relution
av = - @ dr ITI-0

wilcil deilnes the isotuwral Colpressibility 8. iy procticul
er'fective pressure pust aot Lo coutused, however, (see vaelow)
witi Ttne dInternal pressure nentioned above  wnc is ovtuined

from the combinntion of ecustion IITI«7 anc IITeo 3 thus

4P = _ (ae) d
LT g o7/ u,t

e

III*9
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Yhere are no & priori simole theoretical expressions

relating @ and (_ SE to pressure. unowever, several
Pju

i
euplricul relutions have been proposed wiidci reproduce the
exiusting exverimental datu for coumpressibility oi water fairly
well. 1Tac experimental results of adaws (133) on the c rirresusibi-
1ity ol water up to 10,000 purs are reoroduced rather well ny
the lait -uibson eauation (134):

-1 (a;L) =8 = _1 III+10

v \oF Ju,n S+F

wiere M and o5 are lknown emdirical constunts characteristic
ol the liguild and have the values 0.130¢ and 2.997 x 107
dynes cm. - for water at 2500 (135). <rhe constant o is chosen
such that r represents the pressure in excess of one atmosnhere.
Owen wnc orinkley (135, 135) nave suggested, Ly analo.y with
tie wait - uvivsen esuation, that the variction or fie dielectric
constunt with pressure should we ol the form:

A
4,0 B+ r

e (-85

R

vhere tne oonstﬁnﬁ s ods equsl to 0L.1754 wnd 5 is the sane as
in ©tace Yoit - vioson couation. Harnann (131) has s-own Sha s this
equation in .act iits Scaife's data (137) up to 6,000 atii. ©o
vitnin one per cent.

A question ariscs nere about tne natiture of r in
equations  1I11+10 and I1I*11l in relasion to that in ecuation

I1L«7 5 thus,saould the compressibility and the varistion ol




the dielectric constant with vressure ve taken at the internal
pressure or at the eiilccitive Ql sure? YLhis provlem uoes not
arise in tne treatuents ol otaer wuthors (1oo, 111, 122) since
they &ll cousidered tne variation of € with pressure vo be inde-
penaent ol »resoure.,  rhe oroblen io busically what bhe rcelaltion
ig betwesn electrostriction pressure, as discusscd i elecorosta- !
tics, and the thernmodynamic pressures vefined in verus of
constraints imu;incd to L2 1uposed onancxperimental systen.

Mis relationship carn pe cluriried by distinguisning vetween
total or resultunt pressure, 2s usea ia the therrowynumic scnse,
una tae components of pressure wilch are given by mechanistic
analysis. an extsple oi cuch a distincetion is rfounua in tnc
intervret: tion winicn can uve olfered ror the tier.odynamic

cquntion ol state

whici revnresents tne externcl or thermodynamic pressure ¥ as

tae valance winica nust oe autlicd o make up vhe dlileveince vetb-
ween tne "toernzl'" (distendins; pressure _gg;_ , 4nd the
= N
"interuael" (coucuive) pressure, [QU .
v i i
oimilerly, rrank (152) was shown tiuut the totzl elsctros-

4=

triction pressure wus "tractive" crnd "comtractive!" componcnts.
dae "tractive" uressure, wiicihh 1s tne dAnternal pressure mentionca

previously, prevents the ilow oi ligyuia irowm o region of nigsh




dens

in aeusity or elec LLOuLIleLOﬂ O+ tue Lluid.

ity to ome of low density but does not

5 -

"ecause" the cnan -e

It is the "contrac-

tive" pressurc, cosentially s involved in gauvtion IIX-9 |
which "cuuses" tue clecirostriction. 1t is tuereiore correct
to assunme tuut the pressure quauitities wihiclh Gupeur on botiu
sides of equwition ILI*< y wrd in ¢ll subscecuent reiations,
dare equivalent, cince the uvhysical vrooerties

8, (ag;) and an ) (sve equation 1II-24 )

' OF , L . OF Ju,w

snovla ve faken utv tuab pressure which errectively causes the

celectrostriction, ravaer than =t bhe

préessure whilcn is inci-

aentally ssociatad with tne electroscriction.
fhe correctuecs of tnis treatment is indiceted vy the

fuet tust tne suwe relation (equation II1I+10), which arises
iromn tie couvinavion o. ccustions IILe10 and II1.11 with

ITi-7, Lil.s wnd IIIe9 , cu. ve deduced withcut refereice
to tiue "coniractive!" uyressure or tliie sracticul experimentnal

pressure invelved in egustions III*10 or ITI-11l |, by worlins in
terms ol aeansities roavasr tuan ovressures * (see below).

sguation I11+11 can now wve intesrated using the
vowidery conaivion thut€= €5 = 7ou.54 when P=0; couvinotion with

eguutions ILiey

witih Jicla us
ar
Jith the bownads

and ITrLe10 then gives the variation ol pressurc
= €o (1+ A/J wmdiu ITT-15
2 gt
N el -

ry condition tunat P=o when im=o, the

s e et e e e

* The eauivaie:
by frofiessor

voilnted out

C& 0L BiesC tWwo laetil0ds oL I010uCh was
HeOe et in w privaete cowuilcation.
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pressure is obtoined us a function of lield only, viz:
) . 2 -
log (1+B/B) = 1 1o (g_@_-_g_) €,5° + 1) TTLe 1L
1-4 d BD

squation III+10 may alsc be intesroted usiny the boundary conaition
thot, when P=o, ¥Y=Vo = 15,07 nl., te nmolor voluue of veoar at
25°C, then

log Vo = D lo~ (1+ P/) 11115

Y

wilcn, wien coubined witi eauation ITI-1k4, ives thc volwae us

& function or rield intensity as
lo: Yo_ = G low (132 + 1) III-156

I0 7 i3 expressed in ml. and & in C.S.U., tue two coustants
:ve tue values

G = _D = 0,1659

and w= a(l-a)€. = 1.102¢ = 10~
5T 50

45 mentioned vreviously, ctuation III*16 clso Tollows in
terns ol wensitics. irom equation II1.10 written in terms of
density, ua irow eauation III-11 y Che lollowins relation

nay ve deduced oy interratvion

1 1
/D /.[‘t. g me o e " ”~
€ II11-17

° €,

“Di’®
il

vihere €. uild €qure tile normal bulk acrgitr wund stutvic Jdielectric

constuont, rusveciivelr.  I1a tne saner of srona (1-2) it nns veen
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shiovn thet equation III7 way ve writton as

—“;fl ( 51{1) U, L "—hfar)u,‘

Ynen with (QE/Ee) o from eauntion ITL-17 , i.e.

I

9€ Iif-1¢
o$% LEEJ:ggf '

3€ = €4 € T IIT-19

e [u,it i) X A/ D

and B from eauation IIT+10 written in terus of densitiecs, ciwe
Following relution is obtained

(1-A-D) )
P de = -‘_g. .A. x% l x diij“

T 5 Pa\ﬂ-ljfﬁ II1.20

Intevsration ¢t ec uation II1.20 with the bounde ry condition

i

g Zer - /Men ws=o0, ;ives for low iicld concitions,

J=

doh e 2 .
€ 0 = (1-4) a€0 &7 o+ 1 £1T-21
e S TonD

waleh, wpon saiinry logaritnms, leads to

loo [ @ = D logfa(l-a)€o 2 Iile2p
Pe 1-4 R + 1

this is equivulent to ecustion ilI-lu , since e = o
dence tie prescures in ecustions 1lleo y 11L-y and¢ thoce in
ITI*10 @ua ITIX.11l can ve used equiveloently.

ii) wlectrostrietion wt 2i~r elds

In the wvove treatuent, it was cosumed tust the ciclectric
constunt was iucevendent o. the ricla intensity woleh would

de true only ot relatively low zields. 1t is :ow Seneraily

acceptea vnus ncar small univelent cind wll altivoelent ions the

(g2}




dielectric consuant bas o much lower value than its oulk value
due to aielectiric suturation; Lthe dielectric constant zlso
chavges with o as o result oi electrostriction (1732) but fiis
eidvect is small compared witn that crisiu: frow electric
sutusation.

since the llelds near nout ions will ve suiidicicut
to cause consideruvle depression ou tuc uielectric constunt,
it will gencrally‘be necessary to talke into account thnis eflect.
hile the exverimental dencndence of € on & is imown only for low
Uields, 1t is possinle to use various theoretical treatuents
(74, 133, 139) to obiwuin « renscnabvle estimste ol tiese efiects.
since theose treatments sive o watucy sharply verviin: cevendernce
oif € on I with increusing uistance Iro.s vae ion, tiiey shoule ve
suiticient to revresent tie levuins effects of dielectric saiturete
ion, e.7. as in theoriss of tuz uouole layer (13v), =nd Jor

oartinl molal enwropi:s i iree ensrcics of io

=

13

o

in zcueous
solutions ().

rhe variation of the dilfcrentiul dielectric constant |
€3 vite riold uss been derived oy kirkwood (13¢) =zia erxtenaed
by wootn (94, ouv uyrahame (157) was shown vhat the cosulis
01 e luiver Lucory can ce represontea closely o, the emuvirical
relation

Lile2s

wlicre ng  ic tre saurre of the reifractive ilinvex of water laxen
as l.7¢ «t 259C und one atwosphere, b 1s o coustant wh.ich auos

tiie volue 1.00x107° wien o is exoressced ia €.5.U. ane D is the die-
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leetric displacement. Padova (111) has shown rrow considerations
of the nernst - Drude equotion \10 ) tnat it is the difrerential

and 1ot vne interral dielectric coastunt {(ei.31) widci should

avpeur in eauvstion 1117

B

In order to calculate (ae ) wnen € is taken
P m,

I
1y L

2
as a function oy vield intvasity, the value of (331“)
will be required.  «tosen (140) aus ncasured the rerractive
index oI waver up to 1,500 atm. and an ecuation nwvin tie same ilorm

4s tuat of eguation III-1l , nunely

represents the data satisfactoriiy. Lthe coustant C acs the
¢

C. It will Ve noted uere toet 1t

would be desiravle (o nave data for nO‘ uy to ratuer higher

nressures Ltnon were invesli oted vy Kosen.®

k

* Slnce fhe vunilcatlioil ¢f tnese resulss, Lrolessor S.d. oulac
in a srivase coAuu11u“u101, s pointea out that sel'dovicen ond
co-woriers (141) have rovnd inoy vae empirical .ociula

ou

q ey .- . : . - =5 N

n(e,ﬁ) = 1L.03% + Uaole (e-1) =1.90 x 10 7 p v ILI*XS
(-‘,‘ -~ — N S A . - Vo - s O‘) . R
diere@ = aensity in c.enty J o= der verature in TC) nolds
relarkaoly well Lt shoci wave gzﬁ"uuivJ oS wuivh wg 150,000

atnospileres. oy couniaing., th eelatbion wiie w o sulituodle ecuwation

or stuve, zosen's relutlon il it wu LdleVcﬂ ULOile
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vhe aielectric constant way we obtuined us & Junction
ol & and ¥ Lrom ecuations IIT1.11, III:23 and IIL.24 as
€= 1_?__(60(1“)/1))"* - no® (1+p/5)°C )+ no* (1+i/85)¢  TII-26

and the vuriotion of € with vressure is obtained wy dliserentialing
equation ITI.26 with resosect to pressure puader concitions of

constant . ‘Mrus

a§.~ = 1 eOA - g w_?._
OF ] 1,1 (T+9:22)35 \(Tvr/S5H-A (1¥575) T=¢

. SN A o 3
o m—1 o (€olrr/n)A - ng? (14 2/2)Y) 3y
S(1e2/B)1-C  (T4pEZ) Pf
Ihe‘mﬂﬁléJBb) » Wilco has ovzen previously evalusted (11l), is
found Yo ve relutively small and it can ove shown tust the lust

tern of ccuation IIT.27 wnav be ac-lected iu coniparison with

U - - 2 .
tlie otiier terns.

a1 exvression ror d¥ can ve obtained rror- 2nnELions
I¥T.9 , II1+10 and Iil-27 us
o) -1 ! 2
P - -l . <3/ J\£ S AR Y
df:(bT!D(l+bg ) (€On(l+i/J)L - 2070 (1 + #/4) ) o
9 ——

+007C (1 o+ 2/2)Y Ll T

S0 cxuet wnulytical sclution ol t.is ecuntion CUlliOt we oLiLisod

f
i
=
h
.
e
.
13
t
<
f—
D)
-
-4
4
[
1=
e
e
ct
2
53
:
-
ci
}4
[0
“

but twe limitin - coses LiEL, D@

[}
1
=
L]
N

C

pue nmay oz neslected in cownarison it unity, wne ec-tion
may ve integsrutes to recover easustion IIIeld us exocctaed,

. - ) . \ - S . oo . . et . - - -
T ondsh Lields, & >10° €.5.u., ta. Jiv3t ter. of eauation 1112y

22 b Lia




e

O

1s

small conpared with
tie remaining relation

conaition to ive £ as

log (1+ &/5) L

the second and may be nerlected.

day be interrated witn tue

2
¢(i-¢) nG W

Then

usual boundary

a function oi um,

1-C

loc(

vhen, oy comblnution with eruation

normal ainw electrostricted velunes

wihiere g = D = 0.1koy
1-C
2
a4 R, = (1= = 1.102

souztion III.30 way be evaluated
AV(:TO—f) as a Ifunction of fiela

“4. derncral .unerical Solutiown

vhile the speciiic exsct

o Tt 3D

111-15 rati

, the

is obtained as

LIT.30

Y

exnlicitly to giv

strencth.

soiutions o evuction

ITI«2¢ wunder conditions correspoaalns to tre hirh ©ield and

lew rield avwproxiuations are ol

rracticul wna acuadendic inverest,

nevertheless vne [lela uear wany ions oL interwmedinte sice will
be ol such a value (5%x107 = 5x10° ¢.5.u.) ws to nuwie Lue cxnet

utions inapnlicable.

D

II1-25 was therefore nade in oruer
&4 oovsr a large ranvte of values of o
iatermedicte . e1ld region. seustlon

Oy

A nwicrical solution

med.s ol a digitur couuter usino

-y
e

0L coration

fet

Te evaluate P as svnetion

@]

[V

laclucins that Jor the

1IT«20c may ve interruted

Tre Runre-nutite methncod.




Since the integrand is very wide ia terus o # (0 to >lOG €.Sel. ),
a variaole size or integratiou'stcp n hus been used with increasing
Tleld 8 as incicated in Jubie 1. o1 o given interval oif Liecld
values, b was tuken as < 0.1y of the lowvest 5 ovalue in tue
interval., Suwller inte-vuls of h were Llso taken out did not
chanxe vhe calculated vulues of r as & (&) oy nwore thon 1-2,

Some values of P as i(#) are siven numericslly in 1 .ble 1

ane were selected Lfon ¢ mueh larger tabulation prianted out of
the computer. o sravhicel representution of r ous (i) is glven
in #ix. 1. “ne numerical cduta for the cseneral solution

correctly wvecome identical (av s.c avvropriute riclds) witn

tite results 1or the aigh and low field aovroxinations W ich

were cvaluated separately as o test ol the caleulasionsund

arce shown as ti:e dusaec iines in dioc. 1.

e . . e YA . vy . . S ~
fne numericoel fw:ction (3) cnoiles via) o e ovitained

=
O

—

o

9]

!

!

[

.

-
C

nunerically usin. couati or Lil.l5 , uow keace pv,
tut electrostriction per mole of waier, way/ ve COMPULUE w5 o
sunction of wj he resulbs are saown in 1. 2 ond zeleeted
data are Tiven in foble 2. Similarly, wshe effective locwl

1.0

coupressiollity @ wa s ve obtuinea as siown in 2ae 3.

5. BLiscussion of tie Theorciicul ..csulis

&)
1]

fhe @oove treutucns of electrostrletion ciavles
thie ciiance in velwae od wate. Lo be caleulstod us o Junecion

L

"

ol ileld intensity. rhe principal ailddieulty witn tihe wbove

treuvinent o clectrostriction 15 cuut Giw gnmiplric=l ecuntiova

siviigg too wercondence of tue inwcx of resruction on pressuse is
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based on data only up to 1500 atwiospiercs while Lhe elicctive
Qressures, sispnicicant ror eléctrostriction, which are
involved near ions wiil ve at leasl ten tines loroer.  wne
Justillcutlon ror the extension of tue relotion 4o nigsher
pressures lies in the sreat similority between Goe euudtions

reloting comprescivilities,

retraction to pressure.

CCLipYCS

IIT-24  shoula ve vulia
an approximate value ior

Iance

vressures, it 1s not wireusonable to sSuUpPPoOsL

diecleetric

vince this

1oility und dielectric constuat duta to lairly

with regard to Prediction
the reilructive index in o

fhe cuwresticn vy damanu

type ol ecuction fits

coustunt anae index ol

tiie

Al o

et cquation

oL at leust
Similer

(se¢ rootnotie
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Lable 1

———

Calculated Valucs of Contrachive Fressurc £ and local Compressi-

0ility 8 as a runction of rield (Intermediate sield Hegion)

*eld o
(ees.u.)

Pressure P,
aynes cu. <

Comvressipilit
%1012 dqyre—t

pJ
ClLle ~

y e

Integration
interval hn.

T.0J5 X 102
10413 "
2,010 "

139 % Tow
0.039 L
1.635 ¢ 10°

454605
45, Q“‘q
+5.0U3

< 0.1

2040 n 5¢554% " G5 eS50

1.510 x 107 y.u4s x 10| 45,500

.00 SeH/0 x 107 450125

4,010 " 5,957 neoo G, 750

5.510 " 1.057 « 10°© Ll 091

74010 " 1.590 n L3340 10
9.510 2,556 " b2,059

1.051 x 10 2.951 4145554

1.501 " 5.925 l 40,350

1./01 " 5.392 " 338. 066

1.901 " 6,075 " 37.955

2.315 " 743083 " 9 36,624 12.5
L,ook " 1.170 % 10 52.029

5.010 "

31.412

6.013 " 1.550 " 30.165 15.0
7.7k " 1.029 " 25,0 h¢

Q732 " 2,139 " 26,0635

1.090 x 102 2.510 " 25,777 12.5
1.521 " %L.525 " 20,975

2.702 " 5,374 15,20 ivald
;.716 " 74357 " 5,212

4.057 " Je291 " 10 11.133

5,060 " 1.215 % 10 NIRRYE

S.0p8 o 1.799 1010 e 510

7,125 H 2.370 i 5. LOY 50.5
o.lo2 " L.08% il wu 00

‘;,’.190 " et " J.D:'LO

1,000 © 1G° 4,510 " 11 2. ohu =5/100
3.001 " o221 « 10~+ V.22

H
3
!
i
f
i
|
i




dote on Table: Lour or five signilicant figures are used for
exvressing the duta., Phis is only to record to a reasonable ac-—
curacy, tie results ot the calculations Lrom the computer. Lhe
actual calculated values are brovably only reliable to 10 - 504
owing to wncertainties in the anvlicubility of soime ol the
constants used at nirn sressures dind to otihier assumvtions involved
in the caleulsiions. owever, we nay exnect the form of the
dependencies of ¥, v ond B on = to be reasonably satisfactory;
thus, the signilicunt [functions in the treatment of' hydration

are log ¥, @ -8, and v - Vo ana tiue error in these qguantities
siiould not excecd 10 - 20 9.
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Figure 1. Numerical solutions to pressure-field
relationships Eq.(III-28). Low-and high-field

approximations Lgs. (III-14) and (III.29),

respectively shown as dashed lines.




PRESSURE (dyne cm:2)

LOW FIELD /

APPROX. ™~/
/

£__HIGH FIELD

APPROX.

FIELD (e.s.u.)
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Lable 2
. . . s ' — -1 .
Calculated slectrostriction Av ml. iwole of water as a

Sunction of rield (Infermedinte rields)

av (ml.) ole.s.u.)

——— .y . —— ——rt ot b

0 0
i "
0

5.1077 L.0ou + 10

0.010 . 2.00 % 10°
0.030 3.00 = 10°
0,055 5.51 % 107
0.201 5,51 % 100
0.536 2.31 + 107
0.995 6.01 ¥ 10™

.36 1.05 » 107
1

C
o
4
P~
(@)
N

2.70 x lO5

2.50
R , 3 g
SL17 .06 x 107
5.00 .16 ¥ 105
5.71 1.00 ¥ 10°

rote on tavle:s Cowents on toble 1 arwl)y &lso aere.
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Figure 2. Electrostriction av cm? mole~l water

as a function of field associated with the ion.
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rieure 3.

rffective local comnpressibilitvy £ of

water as a function of field assoziated with the ion.
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The calculations are based on a continuous dielectric
model which is justifiable since the effects calculated are
essentially independent of the size or symmetry of the ions.
The change of specific solvent volume can be used to calculate
the total electrostriction associated with the presence of
ions in solution provided that a suitable model for solvent
coordination aboutlions is adopted. If the results of the
calculation are {0 be related directly to the experimental
electrostriction volume &V, then some non-thermodynamic methods
are necessary to separate aV into ionic components (56, 60, 113)
since the change in volume of the salt, 4V, may ve measured

experimentally for a pair of ions only. Once AV is known for

individual ions, (see below) the model described in section 2

can then be used to relate aV to the calculated change in

solvent volume Av if the assumption is made that the number of
solvent molecules in the first shell is equal to the coordination
number X1 for the primary shell or the ion, the number of solvent
molecules in the second shell is equal to the second time-average
coordination numbe; X2, .etc., Then the total electrostriction

for a given ioh is represented by
AV = Xy avy + X2 AVp III*31

The average field in each shell is required
to calculate the local volume changes avy and av, and would be
estinated approximately by combining a suitable theory of
dielectric saturation with the electrostatic field relation (8),

A , where r is the effective distance between the centre
2
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of the ion and the water molecule, or with the Yoisson - Boltzmann
relation (31).

The explicit equations relating the change in volume
of water and field intensity are obviously only valid under
strictly limited conditions. The low rield approximation will
fail for iields above lO3 €.5.U., 50 that any treatment of
electrostriction which neglects dielectric saturation effects
will give erroneous results except for the conditions existing
near large ions. The high ifield approximation would seemn,
in most cases, to be much nore satisfactory for the interpretation
of volume changes associated with hydration. Ior example, it is
reasonable to assume that virtually all the electrostriction occurs
in the iirst coordaination shell surrounding the ion“in the case
of most univalent ions.

Two particular cases may be'considered to test the
validity of the treatment, e.g. Nat , F~ and a tervalent ion.
Blandamer and Symons (142) have recently suggested that the
experimental ionic radii obtained by Gourary and Adrian (143)
are nore satisfactory than Pauling's for the discussion of
properties of ibns in solution. On this basis, the radii of
Nat and F are approximately equal and have the value of 1.173.
The average electrostatic field acting on the water molecules in
the first coordination shell is given by -z e where € is taken
* 2s 1.78 in the primery hydration shell ;ig r is the distance
(2.552) from the centre of the ion to the centre of a neighbouring

water molecule. Thus the chanse in the effective molar volume of

¥ Somewhat larger values, e.g. up to ca.b, (1L46) might, however,
be applicable in this region since libration contrloutlons to
the dielectric polarisation may arise (56, 60)




- 102 -

water for the field corresponding to the middle of the first
coordination shell is obtained from equation III+30 as 2.6 ml.
It the coordination numbers of both lia’ and ¥~ are assumed to be.
L (ef. 100,130) then the AV calculated from equation III-31
would be 20.8 ml., a figure which agrees quite well with the
values which may be derived from interpretations of experimental

data (111, 118, 1Lk, 1L45) e.g., for Nafy 4. as listed below:

a8V ml. for Na'F~ aq. Reference
Between 17.9 and 20.8 Padova (111)
18.6 Deno and Spink (144)
21.1 Noyes (145)

Using the full numerical solution for P as f (B), av=3.1 for
these ions, so that aV= 24.8 ml. if x3=4 for Na¥ and ¥ ions
(55). Ilectrostriction effects beyond the first coordination
shell would not exceed 5% of the primary shell contribution for
univalent ions as may be seen from Table 2.

mguation III-30 may be checked further by calculating
the molar volume of the water in the first coordination shéll
near a tervalent ion. Sﬁch ions probabvly have 6 water molecules
primarily coordinated and in a hexagonal arrangement (qi:
octahedral hydrate complexes) and 8 other more weakly coordinated
water molecules further out (147). “he minimum distance
between the centre of ‘the ion and that of a water molecule
primarily coordinated is 2.03, and the molar volume at this
distance calculated from equation III-30 is 10.3 ml. The

volume which may be estimated on the basis of an hexagonal
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model of 6 incompressible spheres of radii 1.38%2 is 11.9 ml.
which is in satisfactory agreement with the figure estimated
above. Generally, x may be estimated if individual values
of Gi are evaluated by some non—thermodynamiq method of separa-
ting the ionic contributions in V for a salt and allowance for
dead space in packing is made (31).

Pinally the conpressibility data will enable some
better interpretation of compressibility measurements on agueous
solutions of ions (g;} 101, 126) +to be made. The proposition that
"hydration numbers" can be obtained by assuming that the effective
compressibility of water in the vrimary hydration layer is zero
(101) is evidently unacceptable except in the case of very small
ions, e.g. Mg++, Li+ which have very high surface charge densities.
The rield in the primary hydration layer of a great many ions

L .
is between 5 x 10 and 5 x 106 e.s.u. irom fig. 3 it may vbe seen

that there is still significant local compressibility in the
region of such ions and that the assumption that the loecal value |
of ﬁ is negligible will be incorrect.

It will be seen from the above theoretical analysis
thset individual partial g. ionic volumes of ions are reguired
for proper evalﬁation of AV; and comparison with the theoretical
results. A new nethod for splitting the total partial molal
volume of g salt into ionic components has accordingly been deve-
loped and is presented in sections of the thesis to follow.

The new method has the advantaze that it is less 2 priori and less
empirical than previous methods (109, 117, 113) and is based- on

an experimental principle rather than an arbitrary theoretical one.



- 104 -

Chapter IV

Experimental

1. Partizal Folal Volumes

1) Apparatus Used

Examination of the procedures for density measurements
(1438) indicates that the differential, magnetically balanced
float method of Lamb and Leé (149, 150) has yielded excellent
results, but it appears from the infrequency of its use to be
a difficult technique. 4 single float magnetic balancing
technique has been used also by dMacInnes (151). Dilatometric
methods, until very recently (121), involved procedures which
did not appear to be well suited to work at high final dilutions
(152, 153, 154). The method employed in the present work is
the hydrostatic balance method of Kohlrausch (155), based on
the Archimedian principle, which was shown by Wirth (156)
to give a high degree of accuracy when used differentially.
The differential methods allow a more direct comparison of
sample and reference solution, and provide for pa:tial can-
cellation of errors. _

A photograph .of the differential busyancy balance
used is shown in Mg, 4. A schematic diagram showing the
principal parts of the apparatus appears in Fig. 5. The
vessels, in which the solvent and solution were placed, were
made of Pyrex tubing of 48 mm. i.d., fitted snugly in two
hcles cut in a horizontal sheet of plexiglass, which could

be moved in and out below the balance when solutions were
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Photograph of differential buoyancy apparatus.

[
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Figure 5. Differential buoyancy balance with

variable electromagnetic bias.




fon . ZIRRER Y

NOILN10S

- -
- -
- -
- o -
e
por s B

— —
— ——

— 1| =
43A0D SSV19I1X31d 4IAOD 3L

10d113H

:24(] [ GQ1ON3T0S

=R . y ToNTAYE

1N3IAT0S




T i

B e

- 107 -

changed. To assure that the vessels were vertical, i.e.,

to prevent sticking between the floats and the vessel, metal
hooks were employed to keep the piexiglass plate horizontal.
Vertical mountings, of sufficiently large bore to just allow
passage of the vessels, extended downwards 5" from the plexi-
glass sheet to assure satisfactory alignment of the two vessels.

The floats,'blown of Pyrex_tubing of 40 mm. o.d., were
cylindrically shaped with a conical base and a spherical top.
The floats had a volume of about 120 ml. and were loaded with
mercury to have an average apparent density of about 1.12.

The suspension wires were fastened to glass hooks glass-blown
on the tops of the floats. The lower parts of the suspension
wires were initially made of fine Pt wires black-platinised
at the contact with the solution meniscus but fine tungsten
wires of 0.0015" - 0.002" diameter were later found to be
preferable. The upper parts of the suspending wire were fine
gold plated chains connected to the pans of the balance.

All measurements were made in a large, well lagged
water thermostat provided with an annular window and heated by
means of a paftially immersed electric bulb; temperature
was controlled by a large mercury thermo-regulator; the bath
was located in a room, the temperature of which was controlled
to 1°C. A hizh speed stirrer situated deep into the bath
provided good circulation.

The Archimedian weights of the immerseé bulbs were

determined difrerentially by means of a calibrated balance




(Bosch) to 0.1 ug. in ca. 15 g. apparent weight. Approach to

an equilibrium condition of balance was always nmade with the
solution float descending to the equilibrium position. This
was achieved by applying an adjustable bias_provided by a sole-
noid acting on a small iron cylinder in the suspension wire on
the solution-side of the differential bupyancy balance, as
shown schematically in Eig.‘5.

ii) Accuracy of Apparatus, Errors, and Calibration

The overall accuracy of the apparatus was sufficient
to allow densities to be evaluated to six decimal places. The
volumes of the floats were determined precisely by weighing
in pure water and in air st 25°C with buoyancy corrections
in the latter measurements. The temperature of the bath was
maintained constant to 0.01°C and measured on a previously
calibrated tnermometer having a 12 inch scale for a range of
6°C. Tenmperature differences across the thermostat from one
vessel to the other were undetectable. This accuracy of
temperature countrol was sufficient to enable density differences
of 2 in the sixth decimal place to be significant. The loats
were scrupulously e%amined in each measurément for adhering
small air bubbies which were removed if present.

The presence of dissolved air was shown to have no
effect on the results provided it was present in both the
solvent and solution tubes. Any tendency for salting-out
of the dissolved air in the solution vessels was insufficient
to affect the results significantly at the dilutions of salts

used.

~—p e
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No difficulty with regard to surlface tension effects
and wetting properties of the solutions with respect to the
wire was encountered. The application of an adjustable bias
provided by the solenoid acting on the small iron cylinder in
the suspension wire (Fig.5) on the solution-side improved
reproducibility in the sixth decimal place in the density
measurements presumably by maintaining a uniform meniscus confi-
guration, and eliminating variations in weight due to evapora-
tion of the salt solution on the wetted wire. The length of
suspension wire submerged during a run with any particular
salt was always kept the same in both the solvent and solution
vessels.

The density measurements were reproducible to 3 in the
sixth decimal place and the absolute accuracy otf the measure-
ment was determined with test runs on KCl solutions; the
values zgrced to within 0.06 ml. mole"l or ca. 0.1% of the
published data (156).

iii) Purification of Salis

(A) Tetra-n-alkylammonium halide salts

The salts used were rcastman reagent grade materials.
They were purified at least once by recrystallisation; in
some cases, for example; with the higher members of +the bromide
and chloride series, second recrystallisations were carried
out to assure highest purity. The purification of the salts
is not well described in the literature and considerable diffi-
culty was found in determining the best solvents for recrys-

tallisation since the solubility behaviour of each salt is




somewhat specific and most of the salts are quite soluble
both in aqueous and non-aqueous solvents. Accordingly, the
solvents and conditions used for the recrystallisations are
recorded in Table 3.

Bach salt, after purification, was dried at 60-70°C

in vacuo for at least three days prior to use. In the case

of the iodide compbunds, the salts were Xept under subdued
light to prevent decomposition when nieasurements were not being

carried out.
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TABLE 3

Solvents and conditions for recrystallisation of the

tetra-n-alkylammonium halide salts

Salt solvent for recrystallisatioﬁA

(CH3)4NI Double distilled water

(GoHs ), NI EtOH

(C3H7)4NI "Spéctroquality" lie2CO

CuHg ), NI "Spectroquality" Me2C0/Et20 (75/25 by volume)

974

(CH3)4NBr ke OH/Bt0H (50/50 by volume)

(CZH5)4NBr MeCH

(C3H7)4NBr "Spectroquality® MeZCO

(Cylg) By EtOAc/Et,0 (75/25 vy volume)

(CHy),NC1 1eOH/Et,0 ‘ (80/20 by volume)

(CoHg ), HOL lie OH

(C3H7)4N01 First recrystallised from £tOsc by adding
chilled %20 to the soln. and then cooling
to -109C. Crystals washed well with 24,0.
Salt then recrystallised twice from (40%
EtOH-20% Et,0-40% EtOic by volume).

(04H9)4N01 Same as lor (C%H JLCL except for use of

(20% EtOH-40% Lt,0-40% EtOAc by volume).




- 112 -

(B) n-Alkylamine hydrogen chloride salts

a) Purification of CH.NH,*HC1, (CHz ) oNH-HC1, and (CH,).NeHCIL.
- =~ - - J

The salts used were Fisher highest purity reagent
grade materials. They were recrystallised twice from
methanol-diethyl ether mixtures of varying volume compositions.
The volume percent of diethyl ether never exceeded 30.
In some cases, removal of some of the solvent on a rotating
vacuum flash evaporator had to be.carried out to induce the
salt to recrystallise. The use of a cooling mixture of crushed
ice-salt slush near 0°C also helped the recrystallisation
to occur. ©mach salt, after purification, was dried at 50°C

in vacuo for 4-6 days prior to use.

b) Preparation and Purification of Priethylamine and
Lri-n-propylamine hydrogzen chloride.

«) Triethylaunine hvdrogzen chloride_

Priethylamine hydrogen chloride was prepared by
bubbling dry HCl gas into triethylamine. i*he amine was
bestman reagent grade material that had been purified by
distillation under a nitrogen atmosphere at 55 mnm. Hg preséure.
The HCl gas was dried by"bubbling through concentrated
H2304 before being passed into the amine. The impure salt
was recrystallised twica from ethanol and dried in vacuo
at 5000 for 3 days prior to use.

8 ) QIri-n-propylamine hydrogen chloride

Iri-n-propylamine hydrogen chloride was prepared by
bubbling dry HCl gas at a moderate rate into a 1:1 (or less-

by volume) mixture of benzene and Bastman reagent grade tri-—
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h-propylanine under a nitrogen zatmosphere. The HCLl gas was
again dried by passing through concentrated H,50, and the

amine was previously purified by distillation under a nitrogen
atmosphere at 15 mm.Hg pressure. A crushed_ice-sodium chloride
cooling slush was used to cool the reaction vessel down to

0° -~ 50C, Phis minimises elimination of alkyl halide which can
occur as a side reéction at higher temperature. The resulting
salt was washed well with petroleum ether and then recrystallised
from chloroform with the aid of diethyl ether to diminish
solubikity. The recrystallised salt was washed on the filter
with chilled diethyl ether and dried in a vacuum oven =

without heat. It was removed from the vacuum oven, ground
thoroughly, and then placed in the vacuum oven at 5000 for 4-6
days.

(C) Alkylamine hydrocen iodide salts

The hydrogen iodide salts of n-propyl, di-n-propyl,
ana tri-n-propylamine were prepared in a similar nauner.
HI gas, dried by passing through a U-tuvbe containing P205’
was bubbled into a mixture of amine and nitromethane. The
amine in every case was purirfied by distillation under reduced
pressure. The reaction system was essentially closed except
for a P205 drying tube over a positive pressure safety outlet.
A very moderate rate of bubbling was reguired to prevent
excessive localised heating. Such heating produced a precipi-
tate containing an appreciable amount of iodine which was
undesirable. The reaction flask was cooled by a dry ice-

o}
acetone mixture to - 15 C.

T T U et vt s e Srarme
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The salts were recrystallised from ethanol-diethyl
ether mixtures at least three times and dried at 60°C in vacuo
for 4-6 days. As in the case of the tetra-n-alkylamunonium
iodide salts, these compounds were kept under subdued light
to prevent decomposition when measurements were not being

carried out.

iv) Zxamination of the Purity of the Compounds Used

(A) Tetra-n-alkylammonium halides

The careful recrystallisation procedure carried out
on these reagent grade salts was considered sufiicient to
provide compounds of a reasonably high degree of purity.
However, an attempt to provide an independent criterion tor
the extent of purity was thought advisable. Iielting point
determinations were carried out, but in some cases, due to the
nigh melting point, decomposition tewperatures had to be noted.
In all cases there was good agreement with literature values.

One extensive gravimetric determination was carried out
on a compound to provide some absolute knowledge of the purity.
Three different samples of fastman reagent grade (ng3H7)4NBr
were recrystallised separately as outlined in section (iii-A)
of this chapter. iwo gravimetric determinations of bromide
were carried out on each sawmple according to the procedure
outlined in Kolthoff and Sandell (157). A control determinstion

of bromide ion in reagent grade EBr was simultaneously carried

out with sample III,(Table 4) %he XKBr salt was not recrystallised

but simply dried at 80°C in vacuo. The percentage bromide ion

found, based on the theoretical amount of bromide ion expected in

the sample, is shown in Table (&4a)
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The results indicate that the (2-03H7)4NBr is sufficiently
pure and it is felt that simildr purirication techniques carried
out on the other salts should be expected to provide a similar
degree of purity. The value for KBr is rather low, bdut,
considering that it was not recrystallised, the value is in
fair agreement with the anticipated degree of purity in
reagent grade ¥Br, |

(B) Alkylamine hydroezen chloride salts

 Phe melting points of the recrystallised alkylamine
hydrochlorides were in good agreement with literature values
(158), except in the case of the tri-n-propylamine salt. The
reported melting point of 90°C was in considerable disagreement
with the experimental nelting point of 13700. A gravimetric
determination of chloride ion in tri-n-propylanine hydrogen
chloride, according to the method outlined in Kolthoff and Sandell
(157), showed that the compound contained 99.95% of the
theoretical amount of chloride ion expected in the compound,
assuming that the compound was (Q¢C3H7)3N.HCI (Table L4b).
It would appear that.the literature melting point ié incorrect.

(c) Alkylamine hydrogen iodide salts

The purity of all three compounds was determined by
means of a volumetric determination of iodine (159). The

results are shown in Table (4c).

e EROROS I
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Table 4

Results of Gravimetric Determihation of Br~

in (Q¢CBH7)4NBr

a) Salt %Br~found

%Br—found

%Br~found

Sample I

Sample II

Sample III

(n-C3Hy)NBr 99.69 99.78
KBr - -

99.81 99.60

98.42

Results of Gravimetric Determination of Cl_ in (Q—CBH7)3N.HCI

b)

Salt #C1~ found

99.82 99.98

(n=C3H, )5i. HC1

Results of Volumetric Determination of I~ in Q—CBH

c) Salt %I~ found
n-C3H,lHz . HI | 99.60 99.50
(n-C3H,) NH.HI |. 99.90 99.60
(g-c3H7)3N.HI 99.40 99.50

oNH, HI,
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v) Procedurc Used in Density Determinations

The solutions were made up volumetrically in calibrated
volumetric flasks at 2500. An exact weight of salt, weighed
by difference, was placed in each flask. The salt was then
dissolved in double distilled water and brought to approximately
three milliliters below the calibration mark on the flask.
The volumetric flasks were thermostated at 25i0.03°C, and shaken
periodically for approximately thirty minutes. The solution
was then brought to the mark with double distilled water kept
at the same thermostated temperature. The solutions remained
in this constant temperature bath until measurements were
carried out.

The tungsten suspension wires. were prepared "the day
priox to that for their use in the density measurements.

The wire was thorouzhly cleaned first by soaking in CCly,
then in methanol and finally washed and allowed to sosk in
pure water for a day. wWhen tne wires were not used they were
kept in the pure solvent water.

The mercury lqaded,floats and the vessels in which the
pure solvent ané solutions were placed, were scrupulously
cleaned before each run. 4 run usually consisted of between
8-12 density measurenments.

Each run was started with a "zero determination”

(both floats in the pure solvent). The level of the solvents
in the vessels was precisely marked so that the length of

subnerged suspension wire would never vary during a run.
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The covered vessels, with the solvent and floats in then,

were allowed to come to temperature equilibrium with the

water bath (approximately 20 minutes). The caps were then

removed from the vessels, the iloats moved in a vertical

direction several times to assure thermal homogenity of the

solvent, and the suspending wires connected to the floats. "“he

floats were scrupulously examined in each measurement for

adhering small bubbles which were removed if present. Approach

to an equilibrium condition of balance was then attempted.

Once an approximate equilibrium balance position was obtained,

this point was then repeatedly approached with the float rising

or descending to theegquilibrium point on the solution side.

This was achieved by applying an adjustable positive or

negative vias provided by the solenoid acting on the small

iron cylinder in the suspension wire on the right-hand side

of the differential buoyancy balance. The time taken to

obtain a reproducible balance position in pure solvent varied

between 15 - 30 minutes. This stringent procedure was followed

on accouint of the importance of this reference reading. Any

error in this "Wto"‘reading introduces a constant error in the

absolute densit& measurements which effectively shifts the extra-

polated value for the zpparent molal volume at infinite dilution.
The right-hand vessel was ‘then emptied and dried,

A solution of known concentration was placed in the vessel

to the same precise level as that noted for the pure solvent.

A change in the procedure outlined in the previous paragraph

was employed for the determination of the balance position in this
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case. An approach to the equilibrium balance position "wt!
was always made with the solution float descending to the
equilibrium position. ‘his procedure improved reproducibility
in the sixth decimal place in the density measurements
presumably by meintaining a uniform meniscus configuration,

as nentioned previously, and eliminating variation in weight
due to possible évaporati&n of the salt solution on the wetted
wire. The difference in density between the pure solvent and
that of the solution can be obtained from the difference in

weight, "wt-wto“, and the known volume of the tloat on the

solution side.
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2. Compressibility

i) Apparatus Used

A photograph of the apparatus is shown in Mig. 6.

The apparatus consists of two main parts:

a) the test vessel and the mechanical assembly holding the
resonant freguency transducers, shown in fig. 7, and

b) the associatea electronic components shown diagramatically
in Fig. 8.
The density measuring apparatus described in section 1,
is also utilised in the determination of compressibility
coefficients. The apparatus shown in Fig. 6 is designed to
provide a technigue for the direct measurement of the difference
between the velocity of sound in two liquids. The -principle of
the method was originally suggested by Carstensen (127) and
the design of his apparatus has generally formed the basis
of the present apparatus. Iechanical refinements in the
sliding assembly and more up to date electronic components
have been incorporated to improve the precision.

(A) The riechanical Assembly and Test Vessel

The firsﬁ test vessel consisted of a plexiglass
(#" thick sheet) rectangular container divided into two
compartments by a dividing section in which there was s
large circular hole. A polyethylene plastic film window
was inserted over this circular hole. It was made leak-proof
by means of a circular silicone O-ring placed between
the dividing section and 2 pressure plate which could be

pressed against the dividing wall of the vessel by means
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Pigure 6. Photograph of differential velocity

measuring apparatus.
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Figure 7. Mechanical assembly and physical arrangement

of transducers for differential velocity measurement.
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Figure 8. A block diagram of the electrical circuit

used for differential velocity measurement.
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of teflon screws. Therefore the vessel was able to hold one
compartment filled with pure-solvent, the other with the
solution under investigation. No change of concentration
was observed due to leakage.

The volume of the original test vessel was too large
for some salt solutionsuse§ and a second vessel was designed.
It was made of 3/32" thick stainless steel sheet electrically
arc-welded together. The polyethylene plastic film window was
employed again as a covering for the circular hole in the vessel
divider. Threaded studs protruded from one side of the divider
and allowed a pressure plate to be clamped against the film and
the silicone O-ring. All components of the vessel were made
of stainless steel material except for the plastic film and
O-ring.

The test vessel was mounted on four supports in a
stainless steel thermostat bath such that five sides of the
test vessel were in constant contact with circulating thermo-
stated water. This constant temperature water was thermostated
in a well-lagged and covered bath situated next to the apparatus.
The stainless steel bath was insulated with 2 layers of asbestos
cloth.

Around the stainless steel bath was situated a
" rectangular aluminium rrame rigidly held in place on a
grooved wooden base. This aluminiwn frame was the support ior
the sliding assembly which was gulided in its movement along

the axis of the test vessel by means of two locating V-bloeks

J A
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that rested on a triangular rail. The assembly was supported
on the opposite side by a ball bearing which rolled on a flat
macnine surface. The entire assembly could be moved along
the axis of the test vessel by a micrometer screw 24" long.
The threaded screw was rigidly held in place at one extremity
by a support block Tfitted on the aluminivmframe with the
threaded extremitj extending through a threaded hole in the
sliding assembly.' The screw had a metric thread of 1 millime-
ter pitch and the screw shaft was fixed to a rotatable disc
graduated into one hundred equal divisions. IlManual movenment
of this disc propelled the sliding assembly along the main
vessel axis.

The mechanical transducer supports cannot be- completely
rigid. <The support for the receiving transducer was mounted
in a guided traverse and could be moved by a micrometer
screw in the direction of the axis of the test vessel. The
Tource transducer support was a plate screwed to z guided
traverse by means of three fine threaded screws. This three
centred support al;owed.precise alignment of the source trans-—
ducer with re#pect to the receiver transducer. The traverse
in this instance could ve moved in a direction perpendicular to
the main axis of the test vessel and was controlled by another
micrometer screw. These precise alignment features are
necessary since the transducers have very directional behaviour
at higher trequencies. The transducers were held in their

supports by means of a screw. The transducer support traverses
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and their guide blocks had machine-finished surfaces of contact,
since any friction which miéht cause bending or twisting
stresses must be eliminated for accurate work.

The transducers used were Glennite ceramic units purchased
from Gulton Industries Inc. They were approximately 1 to 1%
inches in diesmeter and 0.0l to 0.1 inches thick, depending on
their resonant frequencies.

The mechanibal backbone of the transducer holder was a
3/8" diameter brass tube soldered to a machined brass disc
having the same inside diameter as the ceramic disc. The
electrical contact was made through a BNC chassis mount female
connector with the flange turned down to fit the tube. After
soldering a rod to the centre conductor terminal,.fhe assembly
was soldered into the brass tube. A small teflon washer
supported the centre rod. 'The ceramic disc which fits in the
brass disc was backed by z"thick low-density balsa wood. Ly
pliobond cement was used %o stick the disc to the backing, and
this to the brass disc.

The ceramic transducers were silver coated on each
surface and had 1/16" wide gold foil leads attached near
the edge of each electrode, extending radially. To maintain
shielding, the lead frbm the back electrode passed through
an insulated hole in the brass disc and was soldered to the
centre conductor. 4 short length of 3/8" i.d. tubing was slipped
over the hole and fixed in place, one end being soldered to the
brass disc, the other to the 3/8" brass tube backbone. “he lead

from the front electrode was soldered to this sleeve. The part

B e U AR
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of the assembly that was to be under the ligquid surface was
covered with General Electric RTV rubber silicone cement ang
allowed to dry. To reduce electrical pickup between the
transducers, a coat of epoxy silver conductive synthetic coating
was used over the silicone rubber layer and extended up to

the brass. I"inally, another coating of silicone rubber was
placed over the silver paint. Sufficient drying time,

usually 24 hours, was allowed between each application of the
coating to ensure complete inswlation.

(B) The Associated Blectronic Components

The radio frequency (R.F.) oscillator or signal
source was a General Zadio 1211-C unij powered by & General
Radio 1201-B unit regulated power supply. This uﬁit oscillator
provided a freguency range of 0.5 to 50 lic in two ranges and had
a power output of at least 200 milliwatts into a 50-ohm load
at any frequency.

The pulse modulator was a specially duilt wnit with a
useful radio i1requency range of 0.5 to 11 ¥Mc. The power
output was 2 minimum of 1 watt over the R.F. ranze at load
impedances of 50 to 100 ohms. The R.¥. drive signal reguired
was 0.1 volts. I% had a useful pulse width range of 20 to 100
microseconds and a pulse height requirement of +5 to +12
volts peak to peak. Over the range of 20 to 100 microseconds
pulse width, the unit will produce pulsed R.¥. signals over
the useful R.¥P. range with a turn-on and turn-ofi time of 1ess

than 5 cycles of R.F. at 1 lic. frequency.
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The pulse generator was a General Radio 1217-B unit
powered by a 1201-B General Radio power supply. It had a pulse
repetition frequency of 2.5 cps to 500 ke. The output pulse
duration was from 10 nsec. to 1 see, in sevgn decade ranges and
the rise time of any transient when terminated into a 50- or_lOO-
ohm cable was less than 20 nanoseconds (nsec.).

The frequency of tﬁe signal was measured by means of
a U.S. Army Signal Corps frequenéy meter type BC-221-AH,
capable of measuring frequencies in the range of 125 to 20,000
kc end powered by dry cell batteries. The meter consisted of
four principle operating parts:

a) a variable frequency oscillator, which is a source of
R.F. signal of adjustable frequency;

b) a crystal oscillator circuit, which enables the frequencies
emitted by the variable frequency oscillator circuit to be checked;

c) a detector or mixer circuit, which detects the difference
of the frequencies of the preceding two oscillator circuits
after combining the two frequencies electronically;

d) an audio—amplifying circuilt which amplifies the difference
or beat frequencieé produced in the detector or mixer circuit
when impulses from the crystal oscillator, or from an outside
source, are mixed with impulses from the variable frequency
oscillator,

The pulse modulated signal output from the pulse modulator

is sent through the source transducer and picked up by the




- 129 -

receiver transducer after passage of the ultrasonic signal
through the liquid. f“he siénal is then amplified by a Pektro-
nix 1121 broad band amplifier which is a self-contained two-
stage amplifier. Over-all gain of the unit is 100. Thus,
with maximum input of + 10 mV, the output is + 1V. A turret-
typre step attenuator permitted attenuation of the input signal
from 1X to 500X in nine calibrated steps. This allowed a
signal of up to i 5 volts at the input connector without
overloading the amplifier. Connection between the Type
1121 and the equipment it is to drive was via a matched 93—chm
coaxial cable. The band pass is from 5 cps to 12,0 Ilic at
nighest attenuation.

The receiver transducer signal, after amplification
by the broad band amplifier, is sent into a preamplifier,
PA-620, made by the Arenberg Ultrasonic Laboratory. The
amplifier is a general purpose device that makes available
a tuning coil which will resonate at any frequency from
6~60kic with a capacitive source from 5 to 100 pfd due to the
ultrasonic transducers and cables. t narrows the pass band
by means of introducing variable resistors and tuning coils
into the circuits. The coils are slugtuned and may be easily
varied to peak the signal at any frequency in the range.
Insertion of a second signal at fixed impedance level for
comparison purvoses is allowed, and with proper phase ad justments,
this stage can act as a cancelling device. The signal to
noise ratio ié improved and sufiicient gain, with a low noise

figure, is also obtained. The important features from the
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viewpoint of its use in this apparatus are that it acts as an
adjustable filter and provides a mixing circult which enables
a phase compzrison to be made.

The most critical part of +the electrical system is the
decade attenuator, which must be adjusted during measurement
to achieve a good null in .the phase comparison neasurement.
The attenuator network used was a Daven, 3 decade type, direct
reading unit, that provided accurate performance in the radio
frequency range from 0 to 10 Iic. The 5 decades were 10 step,
104b per step, 1ldb per step, and 0.ldb per step, respectively.
The decade attenuator had a frequency characteristic of +
0.2db at 0 to 10 lic, in each of the 0.1db and 1db per step
decades, and + 0.5db in the 10db per step decade:

The resulting waveform was viewed on a LTektronix 543A
oscilloscope with a Tektronix tyve L vlug-in preamplifier
in the vertical-deflection system. The risetime of this
unit was between 12-15 nsec.

All electronic components were connected by means
of Amphenol RG-58 A/U coaxial cables terminated in BHC
standard conﬁectors. The components were mounted in a rack
and were well grounded to a utility water-pipe. The BNC connec-
tors and the vire ends were dipped in methanol after they were
soldered together to prevent any stray capacitive effects that
may arise from grease etc. These stray capacitive effects
distort the signal at the high frequencies employed.

ii) Accuracy of Apparatus and Technigue

The technique to be described here has proven cavable
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of precise velocity difference measurements equivalent to a
sensitivity of the order of 2-3 parts in lO5 in a measurement
of the velocity itself. It was mentioned in the previous
section +that the source and receiving transducers are mounted
on a sliding assembly, the source being in the pure reference
solvent, and the receiver in the test solution. The bhysical
separation oif the transducers is held constant, and the entire
transducer assembly is moved along the axis of the test vessel
by the micrometer screw.

In order to measure the relative phase of the received
signal, the output of the receiver transducer was added to the
reference signal which came directly irom the R.F. oscillator.
A sharp minimum in +the sum is observed on the osciiloscope
rhen the signals are exactly out of phase and of equal
amplitude (adjusted by means of the attenuator! The phase of
the received signal depends, among other things, upon the
number of acoustic wavelengtins "n" which separate tne source
and receiver. If the bhysical separation of the transducers is
"a', and the path length in the reference solvent is Uy, then

n= y + a-y . IV.l
X‘\V )\X

where N, andly are wavelengths in the reference solvent

and test solution, respectively. Ir the transducer assenbly
is moved along the axis of the test vessel 2 distance ay
until the received signal undergoes a 360° phase change, then
the acoustic path length is increased to

n+i =y + A&y +a -~ ;‘f - Ay if(xx>xw) IVe2
w X

AL e 9 i i e e i
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Subtracting these equations, and introducing velocities instead

2 1
3% - = .
Uy Uy Yy Tay-u V.3

where f is the frequency, and u, and u, are velocltles in the
reference solvent and test solution resnectively. !
Equation IVe3 shows that the accuracy of the measurement

of the difference of velocify is determined by the precision with

which the frequency f and the quantity Ay may be measured. The

quantity fay is much larger than U hence, errors related to the
measurement of Ay determine the limit of accuracy of the velocity%
difference technique. |
Many factors, including the electrical and mechanical
characteristics of the measuring system as well as the stability ;
of the solution under investigation determine the accuracy Which,§
in practice, can be achieved in the determination of av. E
No part of the electrical system is particularly critical%
except the attenuator, which must be adjusted during measurements;
to achieve a good null. Any phase shift in this unit which
accompanies a gain change would appear as a change in velocity.

Filtering to elimiﬁate harmonics in the signal presented to the

oscilloscope ié essential. In this particular apparatus this was |

f
i

achieved by means of the slug-tuned coils in the Arenburg
preamplifier which narrow the band-pass freguencies.

The use of pulsed sound in velocity measurements

raises the question of the effect on the precision of the

phase determination in the distribution of freguencies

* mhe sign of au, i.e., ux-uy, was determined for a given solute |
by employing the transducers interferometrically at a high solute |
concentration, | |

f
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associated with the pulse. Pulse lengths used are between
tne orders of 107> and 10~' sécond. Caloulation shows that
the half-width of the effective irequency band of such a
pulse is of the order of 500 to 5000 cycles,.i.e., less

than 0.05 percent of the carrier at the operating frequency
range (8.2-8.6 Mc). ‘the pulse generator and pulse modulator
units employed in the apparatus have sharp cut-oif propertieé
and the signal viewed on the oscilloscope enables one to
make adjustments such that a good null is obtained. <The
amplitude distribution of the freguencies composing the
pulse must remain efrfectively constant as the transducer
assembly is moved from one null to another. <YThe efiect of
absorption in the liquid, or asymmetry in the compensating

attenuator, is completely negligible. Hence, the distribution

of frequencies remain as constant as is permitted by the stabi-

lity of the pulse generator, which was very good with the parti-

cular unit enmployed.

Another important factor witu regard to error is that
the mechanical assembly must ve of such a design thai there is
no production'of slight changes in transducer separation when
the carrier assembly is moved. The particular design and
materials employed in ﬁhe present apparatus achieved this goal
4% low frequencies the transducers become less directional and
reflections are limiting factors in the determination of ay.
(see also below). The frequency range covered in this work

was high enough to minimize this probklem.
[=) (=]

8 e e e aan
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The velocity difference technique has the effect
of minimising the electrical and mechanical limitations of
the measuring system. The real limiting factor in the eventual
accuracy obtainable by this precision measuring system lies in
the stability of the test solution both in temperature and con-
centration. 4he tgmperature coefficient of the velocity
differecnce (ux—uw) can be quite significant for mosvg substanées.
Thus, to keep temperature efrects in the velocity difference
velow one part in 104 requires control of the temperature of the
solutions to + 0.01°C. The temperature coefficient of the
difference in velocity between, for example, water and an
aqueous solution will, in general be somewhat smallexr than
the temperature coefficients of the velocities themselves. For
such nmeasurements, the velocity difference technigue is less
sensitive to temperature fluctuations.than conventional direct
methods of velocity measurecment by means of interferometers,

The temperature of the test solution and reference sol%ent
in these measurements was maintained constant to 25 + 0.03°C
and measuread on the. previously calibrated thermometer having

. ' . 20 . s .
a 12 inch scale for a range oi 6 C used in the density measure-

ments. The tenmperature was controlled by a mercury thermo-regula-:

tor witih the temperaturé sensing aevice situated directly in
the water bvath around the test vessel; the thermostating
liquid water was pumped from an adjacent supply vath that was
well lagged and heated by means of a partially immersed
electric bulb. ‘*he apparatus, including the bath, was
situated in a room, tne temperature of which was maintained

between 24-259C. Tenperature differences between the

B LT R U
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compartments were not greater than 0.01°cC and were generally
not detectable.

Change in concentration of the test solution through
evaporation was minimised by covering both the test vessel and
the outer temperature bath. Only a slot washprovided in the
test vessel cover to permit motion of the transducer assenbly.
Considering that the room teﬁperature was very close to the
bath temperature, errors from change of concentration due to
evaporation were considered negligible.

The main sources of error in the frequency measurement
were due to small variations in the value of the battery supply
voltage, calibration, as well as deviations in crystal frequency.
The maximum possible error in the frequency measurement, over
the frequency range employed, was 0.03 percent.

The velocity difference measurements were obtained with
an absolute precision of + 0.04 m.secf1 or less, and the absolute
accuracy of the measurement was determined with test runs on
KCl solutions. The values of the measured velocities agreed
to within 0.1 m.secTt of the published data by Owen and Kronick

(125), in the concenfration range 0.05-0.25 molar.

11i) Svstems Studied and Purification of Salts

The adiabatic compressibility coefficients of the
systems mentioned below were calculated from the velocities

of sound and corresponding density measurements using
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equation iI.19. The systems studied in double distilled
water as the solvent, were: (a). the series of tetra-n-alkyl-
ammonium iodides and bromides RuNX with H=lie to R=n-3Butyl,
(b) the series of h-alkylamine hydrochlorides.from CHBNHZ-HCl to
(CH3)ANCI’ and (c) the neutral amines CHBNHZ’ (CHB)ZNH’ and
(CHB)BN' |

The purification procedure for the three homologous
series of salts has been describedvin section (l.=-1iii) of
this chapter. Eastman reagent zrade anhydrous dimethylamine
and trimethylamine were obtained ir sealed ampoules and used
without any further purification. The methvlamine emploved
was an bastman reagent grade 30 percent aqueous solution and

was used without further purification.

iv) Actual Exverimental Procedure

The solutions were made up volumetrically in 1 litre
ground-glass stoppered volumetric flasks calibrated at 25°C.
The purified salts. were weighed by difference and placed in
the flas¥ks, whereas the amine liquids were added to give
approximate concentrétioné and the exact concentration was then
determined by titration with a standardised HC1l solution. The
neutral amine solutions were made up in 0.025 il XOH to suppress
ionisation. Since the differential method was employed, the
reference solvent in these cases was also 0.025 N aqueous KOH,.
The flasks containing the solutions were placed in a thermostat
at 251»0.0500 and filled to a point a few milliliters below

the calibration mark. They were periodically shaken and after
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thermal equilibration, the solutionswere made up to the
calibrated mark.

Frior to the commencement of a run, the electronic
components were allowed to warm-up for one hour. ILhe test
solutions were pre-thermostated in a water bath at approximately
25.29C prior to use. This was done in order to counterbalance
the extra neat loss of the solutions when they were placed in
the stainless steel bath and in effect kept the bath temperature
from dropping excessively. Thermal equilibrium was consequently
established in a much shorter time interval.

The stainless steel test vessel with reference
solvent in one compartment and test soltuion in the other
was placed in the stainless steel water bath. Before each
run, the polyethylene plastic film was carefully checked for
leakage by filling a compartment with water and observing
if there was passage of water from one compartment to the
other. ‘he transducer holder assembly was then put in
place witn the source transducer in the reference solvent and
the receiver transducer in the test solution.

Two 3/L inch thick polystyrene filler blocks coated with
silicone rubber cement were placed lengthwise slong the inside
walls of each compartment of the test vessel. They had
stainless steel slugs in them to counterbalance the buoyancy
effect and were used to decrease the compartment volume as
well as provide a low density material for minimising reflec-

tions. The slotted plexiglass test vessel covers were then put

o
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in place and the transducers connected to the electronic assenm-
bly. Because of the rapid heat conduction of the stainless steel
test vessel, no problem was encountered in thermostating the

liquids in the test vessel to a constant temperature within

twenty to thirty minutes. DPeriodic manuwal stirring was

carried out in each compartment.

Mnal adjustments of the electronic components

were made until a sharp null point was observed on the

oscilloscope screen. These adjustments were carried out
wihile the test vessel and contents reached thermal equilibrium.
Numerous measurements were made in order to obtain a precisely
reproducible. value of the displacement " Ay". Finally, !
alter this measurement was carried out, part of the test
solution was placed in a stoppered flask for a density

determination according to the procedure outlined previously

in section (l.-v) of this chapter. The test vessel and its g
components were removed from the bath, thoroughly washed with !
pure solvent, dried and made ready Tor the next determination f

of velocity difference. -
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Chapter V
SESULTS .

1. Partisl liolal Volumes

i) Graphs and "abulations

(A) General
It was previously shown in Chapter II how the

apparent and partialAmolal volumes of salts in solution may
be calculated from the densities of these solutions., In this
chapter, the results obtained for the particular systems that
were studied will be shown in graphical and tabular form.
Only a selection from the total number of experimental fsraphs
obtained have been chosen to illustrate typical extrapolation
procedures and experimental results. Complete exverimental
results for the volume studies are tabulated in Appendix I.

(3) Extrapolation Procedure

The Debye-Hiickel theorvy of electrolyvtes furnishes
the following limiting law in molarity ¢ for partial molal volﬁ-
mes of a solute at higch dilutions

5 _ 5o Y2 1/2 | Ve
fp= Vot ko c 7ol

as shown by Hedlich and Rosenfeld (160) who indicated the factors
determining the limiting slope kag/z, where oL is 2 valence

factor egual to unity for 1:1 electrolvtes and % is a constent
that contains the pressure dependent terms € and c, the
dielectric constant and concentretion, respectivelv. An exact
theoretical determination of the limiting slope for partial

molal volumes of.stronm electrolytes as a function of 01/2 has

until recently been prevented by the lack of vrecise measurements
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of the dielectric constant € of water as a function of pressure.
Recently, Redlich and Meyver (161) have given a value for the
constant k as 2.792 (25°C) (or 1.868 for apparent molal volumes)
based on precise measurements of the dielectric constant € of watef
as a function of pressure by Owen and co-workérs (162).

A more complete equation for the partial molal volume

of an electrolyteiis (163)
770 = o(w)e® |, Mwye

\ "'Vo = . X 2
1 + Ac® (1 + Ac?)

2 + K(V)C Ve2

Q
where the parameters S(v) (5k<x’/2), W(v)’ K(v) and A are

defined by the following equations:

_ o 1 (3d1n€ .
, _ 1 (3lne _ 231nd .
K(y) = 2303987 B(%E% +6) | Vs
S(a) = % i; "32§ €r)-* 1.2903:106 , Veb
a=28 @n)V235,.56 ver

o
B = f(c,€,%,T and a)
where R = gas constant per mole;

T = absolute temperature;

® = sum of the number of cations and anions produced
by dissociation of one molecule of electrolyte;

€ = dielectric constant of solvent;

| &t
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@ = coefficient of compression of solvent;

8 = mean distance of approach of ions in
Rngstrom units;

k = Boltzmann constant;

Z2 = valence;

P = pressure.

The following expression is obtained for V2- Gg upon

further expansion of equation V<2:

7,7, =S(y)e% + (K(y)* W(y)= S(y)A) e +(S(y)a2-2 A.w(v))c3é +o.. 708

Assuming for the purpose of deriving an extrapolation function

for ?2 that the limiting law is obeyed, the value of S(v) may be

replaced by 2.792 and the following equation written (ef.161):

v2_§g = 2.792 ¢ + he | Vo9

A plot of 52 - 2.792c% against concentration thus gives
(¢£.161) an intercept of ;g, the value of ?2 at infinite
dilution and a slope h, which expresses any concentration
dependence (taken to the linear term) not allowed for in the

1
: . . ) . )
limiting law term in c*.

*¥ It is to be noted that the limiting law may not, in fact,
exactly apply (164) (see Discussion, Chapter VI) to the very
salts that are considered in this work. However, the limiting
slope 2.792 in c% is only used to derive an extrapolation
function (¢f.161) more suitable for obtaining the Vg values
precisely.

ENETIY
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(C) Yetraaliylammonium Halides

a) Relationship between the Volumes of the Homologous Ions

The values of the paraneter h are listed in Table 5.
In all cases, it is seen that the slope h is negative or slightly
positive. The latter condition arises only in the case of
(CH3)4NI.

Typical extrapolations of‘ﬁz, the apparent molal
volume, with respect‘to 01/2, downn to zero c1 2 and ?2 —2.'79201/2
with respect to ¢, down %o zeroc c, are shown in ¥ig. 9, and
Pigs. 10a and 10b respectively. Numerical data for ?% are
also given in Table 5. The dependence of h on the molecular
weight of the cation is shown in fig. 11 and it wmay be seen that
the values of the parameter h indicate a non-linear dépendence
(in the case of the 1odide and bromide series) on the molecular
weilght of the cation. The value of thebslope for (CZH5)4 uBr
appears to differ considerably from the curve ihat passes smoothly
through the remaining points for that nalide series. <Lhis slope
was veriried vy carrying out anotner series of partial molal
volume determinations. but no significant change in the value of
h for this salt ﬁas observed.

fhe partial molal volumes 73 Tor the members of each
series of tetraalkylammonium halide salts are plotted as a
function of molecular weight of the organic cation in Fig. 12
and a virtually straight line relationship is obtained for
each series. <The data for the corresponding ammonium salts

have also been included for comparison but the linear relations

|
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TABLE 5

2

and h in Equation V.9 (25°C)

Salt Vg (£0.2) h(*5%) ﬁaximum conce.
ml.g.mole™t ml.l.mole™2 ngz%;ggigigglégion

Me),NC1 107.3 ;4.60' 0.07
Et),NC1 166.9 ~21.0 0.06
n-Pr,NC1  232.9 ~38.1 0.05
n-By,NC1  294.1 ~50.3 0.035

He), NBr 114.3 (114.8)F -0.72 0.20.

(114.25)+

Et,NBr 178.3 (175.3)% -19.4 0.09
n-Fr,Nsr  239.4 (240.8)# -22,0 0.06
n-ByNBr  300.9 (302.9)# -40.0 0.04
n-Am NBr  363.9 (365.6)# -64 .3 0.04

e, NI 125.8 (125.75)"  +0.13 0.13

B, NI 185.5 -6.0 0.08
n-Pry NI 250.7' -14.4 0.05
n-Buy, NI 312.4 -26.5 0.04

# Values

of Wen

and Saito (120)

+ Values of Levien (188)

AT D0 st s i a3 b 0 oo £+ 1 2 e e e
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Figure 9. A plot of apparent molal volume #o with
respect to the square root of concentration d% for

(CH3),NBr, (n~C3H, ) yNBr and (2704H9)4NBr.
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Figure 10a. A plot of 62-2.7920% with respect to

concentration ¢ for (CHB)uNBr and (CZH5)4NBr.
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Figure 10b. A plot of \72-2.792&% with respect to
concentration ¢ for (2-03H7)L,,NBr and (_I}-Cng)qNB;‘.
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Figure 1l. Values of h for the various R NX salts as
a function of the molecular weight of the cation.
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=0
Figure 12. Values of V, for three series of RuNX salts

as a function of the molecular weight of the cation.
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for the tetraalkylammonium salts will, of course, not necessarily
be expected to pass through the points for the ammonium salts
Since the latter will be significantly hydrated (see
Discussion,Chapter VI).

The relationship between the parﬁial molal volumes
of consecutive members of an homologous series of tetraalkyl-

ammonium salts heving a common anion may be represented by the

equations:
70 o =0 =0 .
V‘RLLN.’X- - VR‘L],N-'-X- "b(Am.Wo) = VH'}_,'N + VX- "b(AmoWo) v 10
and

|

where R R' and R are homologous alkyl groups and (Am.w.) is the
change of molecular weight of the sa21t in going up the homologous

series from B to B or from B' to R", i.e., by four methylene

groups and b is the specific volume of the methylene groups in
ml.g.'1 Ch, groups. The values of the coefficient b are shown
in Table 6,

For the purposes of comparison, the corresponding
b values for homolbgous neutral tri-n-alkylamines in water,
methanol and.g-hexane were also measured and are shown in Table 7!

In water, the b value is quite similar to that for

the corresponding pair of quaternary salts., In general, the
difference between first ang second members of the series would |
not necessarily be expected to be the same as the values of

the differences for higher members owing to the change of
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TABLE 6

Values of the coefficient b in Equations V+10 and V.1ll.

Salt Series Me,N'  EyN'  p-Pr Nt n-ByN*  peam N

b b b ’ b
Chlorides 1.062 1.167 1.108 -
Bromides 1.069 l1.164 1.094 1.122
Iodides 1,064 1,164 1.094 -
TABLE 7

Values of the Coefficient b for Homologous Neutral _

Tri-n-alkylamines in Water, lMethanol, and n-Hexane.

(CH ) N
3°3 b= 0.98% (in 0,01 N ag. KOH
(C ),2 to suppress ionisation)
~
(CH,).N
( 3 ? b= 1.089 ( L
C,H.).N . C
275°3 b= 1.311 2%5’3" = 1.161 |
(Q—C3H7)3N : (in MeOH) (n-C3H ) (in n-hexane) |
b= 1,222 !
n-cah ) b= 1.148 :
b= 1.210
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environment of methyl groups. The biggest volume increment
for the salt series is irom Calls to n-C4H- and this is also
the case for the tri-n-alkylamines in MeOH.

The significant linearity which the plots in Fig. 12
nevertheless exhibit, suggests that the data might be extrapola-
ted to zero cation moleculgr weight to give the individual
partial g. ionic volume of the co-anions, CGl=, Br~ or I-.

This extrapolation is shown in Fig. 12 and the individuzl anion
partial volumes are listed in Table 8. The differences of
extrapolated values of individual partial g. ionic volumes and
the thermodynamic difference from data for alkali halides
having a common cation are also shown in Table Go.

(Further discussion is given in ChapterVI).
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TABLE 8

Differences of Extrapolated values of Individual Partial

Z. Ionic Volumes and the Thermodynamic Difference from

Data for Alkali Halides having a Common Cation.

Ions Vﬁ_ (from Ions Differenceavd. x= ml.(g.ion)"l .
- 1 - 42
extrapolation)
X~ ml . ( 1on)'l XT-X7 From VO From V° data *
<18 1742 %= salt

Cl™ [23.6%0.2 # I7-C1” |18.6(7) 18.61

Br~ [30.9%£0.2 I"-Br~ |11.3(1) 11.56

I |42.2%0.2 BrT-C1l7| 7.3(6) 7.01

¥ From ref. (134) p. 361 # Least squares uncertainty in the
intercepts based on a linear plot.
Based on the variation of b values
acrgss the series, the uncertainty
in VQ- would not exceed 0.5 ml.
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b) Concentration Dependence of i

The observed concentration dependencies of 62
values for the tetraalkylammonium salts have anomalously
large linear contributions determined by h in comparison with
those for inorganic 1l:1 electrolytes (161).

The concentratiqn dependence of V is given by
equation V.8 to ﬁhe 3/2 power in c. In the representation of
the results by eduation V.9 the term K(v)+ w(v)- S(v)A’ which
represents h for moderately low concentrations, will be of
primary importance. For these large ions, the direct effect of
hydration in the terms K(v) would be relatively small and the
other terms W(v), A and S(v) are given by equations Vel4, Ve?
and V3 respectively. However, other factors can be involved in
K(v) for these large ions and will be treated in Chapter VI.

1

Expressing dln€/dP in dyne” cm.z, equation Ve4 then becomes;

Hiyy = -0.9551x1070 8(ain€/aP - 2dln 8/ap -g)  Vel2

12

where d1ln€/dP may be taken as 47.10x10” dyne'1 em. 2 (161)

12 dyn.e‘-lcm.2 Theoretical interpretation of the

and@ = 45.24x107
observed slopes mﬁst be made in terms of 2 and dln g/dP which
are unknown for these salts., However, three estimates of the
latter term may be made as follows for exploratory purposes.

i) Using Whalley's mean value (122) for the compressibility
of ions in a dielectric medium, dln 3/dP may be obtained as

12 -1

5.85%10°"° dyne cm.2 which gives W from eguation V.12 as
(v)

"'0.1303-.
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(ii) Taking a value ten times larger, viz - 58x10—12 dyne--1
cm.z, which may apply at low pressure, gives WV) as -1.1268.

(iii) Also 4 1n 2/4P may be estimated from the previous
electrostriction calculations, (129) and ChapterIm, as - 2.8x10-12
dyne_l cm.2 if it is assumed that the pressure dependence of 8
will be determined by the compressibility of hydration water at
the fields of qu—iO5 €.s.u. which arise near ions (129); this
procedure gives a value W@)% - 0.07248. Neglecting K{V)for low

concentrations, would give h as

h=3.0472 (case (i)); h=-2.0448 (case (ii)); h=0.9898 (case (iii))

Then, from eguation V-8 , with the valueSOfshﬂand A obtained
frou equations V<3 and V-7 respectively, the values of 8 may be
estimated ifrom the experimental values of h (Table 5) for the
data towards infinite dilution (i.e. down to 0.0l molar) and
are shown in Yable Y. The purpose of this calculation is to
see to what extent the derived values of 2 are reasonable znd. how
they depend on the cation-anion pair.

The values of 8 increase as expected with increasing
cation size and. show regﬁlar changes for a given cation with
variation oi the anion, an eflect that could be associated with
hydration of the anions. However, the estimates of 8 for the
two linmiting cases (ii) and (iii) give in both cases improbably
large values. Since negative values of 2 are already predicted
for the leyNI salts and an increase of d 1n g/dP produces
smaller values Qf 8, the very large values of g for the

larger cation salts carnnot be diminished to reasonable magnitudes

!
i
i
1
}
i
]
|
i
f
i
1
!

H

o

h
}

!

|
!
l
i
i
!
|
¢
|
|
|



- 155

TABLE 9

Calculated Values of 8 in X for the Tetraalkylammonium Salts

Salt d1ng =-2.8x10"12 922%::-5.85x10‘12 dingd = - 58,0%x10"12
ap -1 2 dP 2 dp 1.2
dyne ~cm, ‘ dyne-lem, dyne~*cm,

Q R
W(y) = -0.07248 Wigy = =0.12958 Wy = -1.268

MeuNCl 4,6 b 2,25
EtuNCl 21.3 20.0 10.3
Q-PPQNCI 38.5 36.4 18.6
n-3u,NC1 50.9 48.1 24,6
MebNBr 0.72 0.68 . 0.35
EtuNBr 19.6 18.5 9.5
Q-PraNBr 22.3 21.0 10.8
Q-Bu@NBr 4o, 4 38.2 19.5
n-Am, NBr 65.0 61.4 31.5
MeuNI - 0.13 - 0.12 - 0.06
EtuNI 6.1 ‘ 5.7 2,9
n-Pry NI 14.6 13.8 7.0

n-Bu, NI 26.8 25.3 12.9
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(ca. 5-8 &) by choice of a higher value of d 1n £/dP without
obtaining impossible values ifor the smaller cation salts.

The choice of values of d 1n g/dP is further guided by the

fact that for KI and RbI, the observed value; of h and 8 (15) lead
6 1

to estimates of 4 1ln 8/dP of —9.34x10—6 and=-46,5x107" bar™-,

respectively. It must be noted that d 1n 8/4P will also probably
be characteristic oi the particular pair of ions concerned =0
that no more than the trend of the resulting 8 values for
the several homologous series considered may be discussed. These
exploratory calculations nevertheless lead to the conclusion
that the anomalously large linear concentration-dependent
terus, which are iound ifor these salts, cannot ve explained
within the framework of the Debye-iilickel theory with any
reasonable values of the two parameters involved.

The results of these calculations enable the coefiicient
oi the c3/2 term in equation V.3 to be estimated. The values
are suiticiently large for appreciable contributions Ifrom the
03/2 term to appear in the concentration range fitted by a linear
he term. Such effects are most significant for the salts of the
larger ions. Therefore, it izay be supposed that the large 8
values arise, in fact, from use of a linear eqguation in a
concentration range where higher terms in € are still significant
and the h terms for these salts should be considered in a
different manner, as follows.

If it is supposed that tne empirical extranolation
to obtain VO values is satisfactory (for example, it gives
1

VO ifor MeyNBr within 0.15ml. mole™™ of the single value
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given by Stokes and Hepler (121) obtained by another
method; agreement is exact if extrapolation of apparent molal
volumes is used), then from equation V+2, neglecting K{V)at

low concentrations,

(?2—58) (1+Ac%)2 = S(V)C%'+ (Sﬁﬁ A+ W(&)) c Vel3

ER

so that (52-702)(14Ac%)2- S(v)c should be linear in c¢. fhis
relation involves no neglect of higher powers of c and the
relation should ideally be applicahle with a single value of
8 in A for each salt. A test of this method is shown in Fig. 13.
The experimental data are fitted best with g=7ilﬁ but there are
still significant deviations from linearity above 0.035 molar.
This value of 8 is to be compared with the lowest value given
in Y2ble 9, viz. 10.83. e corresponding value of VW()is
found to ve limitingly ~49x107 dyne-lcm.2 wnich is some 8 times
larger than the upper limiting value required to express
results for HClOL solutions discussed by Wirth and Collier (165).
The procedure using equation V.13 seems preferable to that
assuning only a linear term hc.

Finally, 8 values may ve obtained more directly from
estimates of the ionic radii of the tetraalkylammonium salts.
It has been shown (31, 166) that the "true" non-hydrated volumes

of ions Vi can be related to the true ionic raaius by the empiri~

cal relation
Vi = 2.51r3 2 ion) ™t -1k
i = 2.51r0 + 3.157° ml. (g.ion) V-l

which was deduced by allowing for the dead-space around the ions

[,
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- - kY
Figure 13. A plot of (V2 - Vg)(1+Acg)2-S

against concentration c¢ for Q-PrhNBr.
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in water treated as a non-continuous mediwn composed of
molecules of rfinite size, comparable with the size of the ion.
By subtracting the values of V;- for the halide anions as
deduced above, the average V° values for the large cations are
obtained. Assuming no significant electrostriction of the
solvent, the formal radii_rcan then be calculated irom equation
Vellk, ‘the data 6btained, which are referred to as formal

radii (since tihe'ions will not be ideally spherical) are shown
in Table 10 (col. g) in comparison with the results (cols.a-f)
of other estimates made in previous publications by different
methods. <The radii in col. a were calculated from bond lengths
and are vrobably somewhat too large because of non-sphericity
of the ions. The values in cols. b-e are based on conductance
data uncorrected for any structure-~promoting effects the ions
may have in the water solvent.

If it is assumed that the & values of the particular
tetraalkylamnoniun salts considered are equal to the sum of the
ionic radii deduced above, then from the experimental values
of the parameter h ana neglecting tne hydration term K(v)at
low concentrétions, an estimate of d 1n g/dP may ve obtained.
e values of 8 (deduced from formal ionic radii) ard d 1n S/GP
(from h= W(v)‘ S(V)A equation V+8 ) for the three halide
series of tetraalkylammonium salts studied are shown in Table 11,
It is to be noted that voth & and d In Q/dP are characteristic
of the verticular pair of ions concerned and the nmagnitudes of
8 shown in Tuble 11 are somewhet more reasonzble than those

in Table 9. {he very large values of d 1n g/dP for the salts

P TR AT e e o s+ e e a e
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Table 10

Formal Radii of Tetraalkylammoniuwm and balozen Ions at 25°9C in X

Ion a b c d e T g
ey Nt 3.7  2.47 2.7 2.85
EtyN* 4.00 . 3.05 2.76 3.2 343
n-Pry8t k.52 3.57 3.7 3.90
n-Buplit 4.9k | 3.50  3.63 k.1 4,37
n-Am Nt k.71
cl1~ 1.76
Br~ 1.96
I~ 2.21
Ref. (167) (1686) (169) (170)* (170)*¥ (1lik)*** Present
Hesults.

Notes: (1) * ¥rom association constants; ** from the limiting

(2)

ionic mobility; ¥*¥*% from the Parachor.

Radii are quoted to three significant figures only

o illustrate trends and for comparative purposes.

Absolute significance by a given method is probably
not better than 1 in the Tirst decimal place.

3353
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fable 11

Values of & in X and d 1n 8/dP in dyne'l cm.2 for the
Tetraalkylammonium Salts Based on tormal Radii of the

Ions Obtained from Iguation Ve1lk

Salt 2 (R units) d1nd/ap %102
' (dyne™t cm.=?)

Lie gl CL ‘ L.6t -3.28

Ety,i L 5,24 ~160.3

n-Pr; NCL 5.74 -2938.5

n-Buy, el 6.1 ~380.5

Me LBy b.st + 41,1

Bt NBr 5,47 “137.7 °

n-Pr;,NBr 5,9% ~1kl.9

n~Buy, NBr 6.3 | ~281.8

n-AmyHBr 6.68 -L5L, 9

ey, il 5,00 + 50,3

Bty T 5.67 - 6.25

- n-Pryil T - 72.8

n-Buy NI ) 6.58 ~161.3

T ST O sttt e s it e e e a4 @t e
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containing larger cetion groups may be associated with structure
promotion around the ion, an effect which depends on the

size oi the cation (120).

(D) Alkylamine livdrogen :alide sSalts

Plots of ﬁz, the apparent molal volume, with respect
to c%, for the*alkylamine hydrogen chlorides are shown in Fig. 14
and 15. A similar plot for the alkylamine hydrogen iodides is
snown in fic, lé. sxtrapolations of V2—2.7920% with respect
to ¢, down to zero ¢, are shown in iirs. 17, 18 and 19 for the
respective alkylamine hydrogen chlorides and iodides. wumerical
data for 720 and h for the zlkylamine hydrogen halide salts are
also given in Table 12.

ihe relationship between the partisl mola1 volumes
of consecutive meubers of an homologous series oi alkylamine
hydrogen nalide salts having a common anion may ve represented
by equations of an egquivalent form to those for the homologous
series of tetraalkylammonium salts. Values of the coefiicient
b, i.e. the specific volume of the methylene groups in ml. gfl
Cn¢ group LO the alkylamine hydrogen halide salts are shown in
Yable 13. The dependence of V2, the value of V2 at infinite
dilution, on the number of carbon atoms in the salt is shown
comparatively in iig. 20 Tor the symmetrical tetraalkylammonium
halide and alkylamine hydrogen halide salts.

ii) Accuracy of Results

The experimental conditions employed in the determina-

tion of the apparent molal volumes enabled the density measurements

¥ The extent of hydrolysis of the methyl ammonium ions was cal-
culated and found to be insignlficant even a2t the lowest
concentrations employed.

L
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Figure 1lk.A plot off,, the apparent molal volume,

. é- 4y = +nq—-
with respect to c¢® for CH;NH3°Cl , (CH3)2NH2 c1
and (CH3)3NH+01-.
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Figure 15. A plot of #,, the apparent molal volume,
with respect to ¢ for (CpHs);NH'C1™ and (a-Csi,) NH*C1™.
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Figure 16. A plot of f,, the apparent molal volume,
with respect to c% for 2-03H7NH3+I",
(n-CqHy ) pNHR 'I™ and (n-C3H,)5NE'I™.
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- 1
Pigure 17. A plot of V2—2.7920? with respect to
; q = F o=
concentration ¢ for CHBNH3 c1, (CH3)2NH2 C1l™ and

=
(CH3)3NH Cl .
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Figure 18. A plot of V,-2.792¢ with respect to
concentration ¢ for (CZH5)3NH+01_ and
(n-C4H,)5NETCL.
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- 1
Pigure 19. A plot of V,-2.792c* with respect to
. + - + -
concentration ¢ for gr03H7NH3 I, (g-C3H7)2NH2 I
and (n-CsH,)Ni*I".
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Table 12

Values of V3 and h for Alkylamine Hydrogen Halide Salts (25°G)

Salt VZO(*O.z) ml.gomole ™ h(+5%) ml.l.mole'2
CH3liHy¥C1™ 53.81 -0.439
(CHy ) NH *C1™ 2.4l ~1.33
(CHy)gNH*C1 90.57 -1.00

(CH3)4NCl (for comparison) 107.3 -1, 60
(02H5)3NH+01‘ 138.6 ~14 .4
(n-C3Hy)jNHTC1™ 186.8 ~22.4

n—CyH Ny T~ 105.7 ~2.20

(n-C5H, ), i3I~ 156.9 -1.60
(g703H7)3NH+I_ 204.8 -1.03

(g—03H7)4NI (for comparison) 250.7 . =144
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Table 13
Values of the Coefficient b for Homologous Series of Alkylamine
Hydrogen Halide Salts
Salt b
CH3NHY C1-
- 1.330
(CH, ) plHE C1-
1.292
CH, ) NH 1™
( n3)3 HCL
1.141
(Cpils )gNHTCL™
1.145
(E-CBH7)3NH+01‘
n~C3HoNHY I~
1.217
S
1.139

wry o —
(E-CBH7)3mHvI
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-0 ;

Figure 20. A plot of V2 as a function of the number i

of carbon atoms in the salt for the symmetrical !

|

tetraalkylammonium halide and alkylamine hydrogen

halide salts. |
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to be obtained with a reproducibility of three in the sixth
decimal place. A check on the absolute accuracy of the
measurements was determined as described on p. 109 by means
of test runs on KCl solutions; satisfactory agreement with the
published date (156) was obtained (cf. b. 109).

The error in ﬁz, equation II-4, the apparent molal

volume at a finite concenﬁration, may be expressed by the

relation
5 ~1000 - i, 1000(d0-d)
% = "———F—_'Sd - — g 1 Vels
2 md ddomé

A discussion of the deviations in ¢2 is complicated by the fact
that according to equation V*15 there are two groups of sources
of error which affect the measurements in entirely different
ways. At high concentrations gﬁz is determined §rincipa11y
by the second term in equation V.15, At low concentrations
the first term far outweighs the second term. Therefore
consideration has to be made as to the deviations gd at low
concentrations, and g at high concentrations,

In the case of most of the salts studied in this
work, all deviations were attributed to the density determination
and a mean error gd = ijxlo'é is obtzined for concentrations
<0.2 m, Actually the precision of the density determinations
is better because the g¢m term is not negligible at the higher
concentrations. The sensitivity of the Archimedian balance
(0.1 mg unit of the scale) corresponds to gd = 1x107°,

Taking into account the mean value of gﬁz at the higher

concentrations and the possible analytical error, the uncertainty
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of ﬁz is estimated to be 0.06 ml.mole L.

iii) Accuracy of Derived HResults

The partial molal volume Vo, at a finite concentration
is obtained according to equation II*7 . .fThe precision for
the partial molal volume is ¥ 0.lml.mole™t based on the error
in 4 29 & and the least squares uncertainty in the slope
of ﬁz as a linear function of C¥. Ieast squares uncertainty
in the intercepts‘vg y The partial molal volume at infinite
dilution, based on a linear plot of 52-2.792d% against c¢ is
0.2 ml.mole"l and the uncertainty in the slopes is 5%.

The satisfactory agreement between the data in the
last two columns of “able 8 and the reasonable linearity of
the three plots in Iig. 12, indicate that the individual
partial g. ionic volumes can be obtained for the three halide
ions with a least squares uncertainty of 0.2 ml. (g.ion)-l
for a linear plot and, at the worst, with an intrinsic uncertainty
of about O.5ml.(g.ion)—l, oearing in mind the point mentioned
previously that small out specific variations of b occur up the

homologous series of ions.
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2. Apparent Molal Adiabatic Compressibilities

i) Graphs and Tabulations’

In Chapter II it was shown that the apparent molal
adiabatic compressibility of a solution may be obtained by
measuring the density and velocity of sound in the solution.
Values of the apparent molal adiabatic compressibilities for
the first four members of the homologous symmetrical tetraaikyl-
ammonium bromide Series in aqueous solution at 25°C are shown
in Table 1l4. Included in this table are the values of the
density, velocity of sound and coefficient of adiabatic
compressibility at different concentrations. Typical extrapola-
tions of the apparent molal adiabatic compressibility with
respect to d% down to zero c% are shown in Fig. 21 and Fig. 22
for (CHy),NBr, (CpH,),NBr, (n-C3Hy) NBr and (n-Cylly)NBr. Tables
15, 16 and 17 contain values of the apparent adiabatic
conpressibility, density, velocity of sound and coefficient
of adiabatic compressibility for the aqueous solutions of the
series CH3NH53Cl to (C§3)4N01, (CHB)QNI to (Q¢CQH9)4 NI
and CHjNHZ to (CHB)BN,.respectively.
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Pigure 21. A plot of apparent molal adiabatic
compressibility ﬂK(s) as a function of the square
root of the concentration c¥ for (CH3 )y NBr and
(C,H5), NBr at 25°C,
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Figure 22. A plot of apparent molal adiabatic

compressibility 'dK(s) as a function of the square
root of the concentration c? for (n~-C3Hyp ), NBr and
(n-CyHg)NBr at 25°C. '
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ii) Extrapvolation Procedure

It was assumed that the concentration dependence
of the apparent molal adiabatic compressibility ¢K(s)
follows closely the simple form

o i
Pe(s) = Pxis) * k() V16

which is expected.in the case of.the apparent molal compres-
sibility ¢K in dilute solutions. This relationship is derived
by differentiation with respect to pressure of the limiting

law concentration relation for the apparent molal volume as

a function of concentration, viz.

X
—gi[gv = ﬁs + S(v)c‘)] Vel?
which leads to
S 6s 1
_ 0 (v)) (v) | 2 .
¢K—¢K-[( S5t 2]0 V.18
or in terms of the apparent molal adiabatic compressibility,
as 8 _\
_ 40 (v)) (s)3n) | & )
Pe(s) = i(s) '[( ) ]° 719
where -
. S S
_ (v)) . B(s)5(v)] .
Sg(s) = ‘K 3 P)H+ 7| Ve20

The values of the apparent molal adiabatic compressibilities

at infinite dilution ﬁK(S) and the slopes SK(s) Tfor the three
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series of salts studied are shown in Table 18. These slopes
and intercepts are based on-the limiting values taken at
the lowest concentrations employed in the experiments. It was
difficult to achieve the desired low cohcentration values of
gK(s) for some of the salts on account of the restriction
imposed by the length of the test-vessel employed in the
frequency range 8.3-8.45 megacycles. At higher concentratlions,
the slopes of plots of apparent molal adiabatic compressibility
as a function of c% decrease for most of the salts. This
occurs usually at a concentration > 0.15 molar. In the case of
(CHB)uNI,a very narrow concentration range had to be studied
owing to the limitation of the length of test-vessel at low
concentration and the relative insolubility of (CH3)4NI at
igher ones (ca. 0.12 molar).

The apparent molal adiabatic compressibility of
the aqueous mono-, di- and trimethylamine solutions are shown
graphically in Fig. 23 as 2 function of the concentration ¢
(mole litre-l). In each case, the apparent molal adiabatic
compressibility passes through a maximum which occurs in the
concentrati@h range 0.09 - 0.11 molar for each of the three
amines. It is rather difficult to obtain the extrapolated
values ﬁg(s) for these three compounds owing to the non-linear
variation of gK(s) with concentration,

The values of the apparent molal adiabatic

compressibility at infinite dilution for the three series of

salts studied are shown in Fig. 24 as a function of the number of

N
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TABLE 18

Values of ﬂg(s) end SK(s) in Equation V.16 (25°C)

o} b o L
Salt K(S)(i0.25)x10 SK(S)(iSN)xlo

cc.(g.mole bar)~1 cc.l%.(g.mole)'a/zbar'l
(CHB)nNBr ~-7.1 +15.4
(C2H5)4NBI‘ -8.2 +14,2
(3-03H7)nNBr -11.8 +13.7
(CHB)hNI +3,3 +17.2
(0235)41\11 +1.6 +25.3
CH,NH4CL K -22.0 +10.0
(CHQ)BNHCI -18.1 +21.5

<

(CH3)4N01 -16.6 +23.4




Figure 23. A plot of apparent molal adiabatic
compressibility ”'K(s) as a function of the
concentration ¢ for CH;NH,, (CH3)2NH and
(CH3)3N at 25°C.
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Figure 24. A plot of apparent molal adiabatic
compressibility at infinite dilution ﬂﬁ(s) as

a function of the number of carbon atoms in the
salt for the series of salts (CHj)uNBra(y_-CL,H9)NBr,
( CHj ) NI—( n~-CyHg JNI and CHyNH3 c1—( CH3 ) NC1.
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carbon atoms in the salt. The apparent molal adiabatic compre=-
sgibility ﬂK( ) increases in a linear manner with the number
of carbon atoms in the alkylamine hydrochloride series.
However, in the tetraalkylammonium bromidehand iodide series,
E(s) decreases non-linearly with increasing number of carbon
atoms. The dependence of ﬂo( y on the partial molal wolume
of the salt at infinite dllutlon Vz is shown in Fig. 25.
Again, as in the'case of ﬂK(s) as a function of the number of
carbon atoms (see Fig. 24), there appears to be a linear
relation between V and ﬂo( ) in the case of the alkylemine
hydrochloride salts only. Assuming this linear relationship
and teking the value of Vg for NH;C1l (171) as 35.98L the E(s)

value for NHQCl may be predicted to be - 23.7 x 10 There

appears to be little work carried out on the apparent molal
adiabatic compressibility of NHucl. However, Corey (172)
has measured one value of ﬂK( ) at 25°C and ¢=1.0827 mole litre™

Assuming the slope of ﬁ&( ) as a function of c~ to be less than
that obtained for CHBNH3Cl (Table 18) -~ and in fact using the

one value of Corey and taking SK(s) to be equal to 8xlo-4

or 10x10‘4,'ﬁ§(s) for NH,Cl is obtained as -24.7x10’4 and
—22.6 x 10-4, respectively. These limits are shown by a
vertical line in Fig. 25 wherethe datum for NH4C1 is shown for

comparison.




Pigure 25. A plot of apparent molal adiabatic
compressibility at infinite dilution ﬂ;(s) as
a function of the partial molal volume at infinite

=0
dilution V2 for the different salts.
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1i1i) Accuracy of Results

The absolute accuracy of the measurements was
determined in test runs on KC1l solutions. Employing the
experimental data obtained in this work for ﬁK(s) of KC1l along
with thermodynamic quantities given in reference (124) to

evaluate:g s {equation II-20), it was possible to convert ﬁ K(s)
. ’ ’

the apparent molal adiabatic compressibility, into ﬁK the

apparent molal‘compressibility. The partial molal compres-

sibility at infinite dilution Kg was determined by extrapolating

the apparent molal compressibility ﬁK with respect to c% down to

zZero c%. The values of Kg agreed to within 0.40x10-4cc

(g.mole bar)™t of the published data (125), i.e., to within 0.9%.
The error in@(s) (equation II-19), the coefficient of

adiabatic compressibility, may be expressed by the relation:

100 a
8€(s) = ——§—“’l; -—5— Ve21

where §u 1is the error in the velocity of sound in the solution
and.gd is the error in the density of the solution. From
equation IVe3, it may be shown that Su.is given by:
2
uw(% fav+f $ AV)

P
w

Ve22

AU = -
b (fay - u

where 8f'is The error in the frequency and.SAy'the error in the
nmeasured phase change of the signal. The error in the frequency
%f 1s quite small and the errors related to the measurement

of Ay determine the limit of accuracy of the velocity difference

technique.
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The absolute error in qu was within the range
0.02 - 0.04 metre sec”' and the mean error in the density
determinations was 3}(10"6 g.cc.-l. Based on the above errors,

6 -1

the uncertainty of B(s) is estimated to be 0.003x10"° bar —.

iv) Accuracy of Derived Results

The apparent molal adiabatic compressibility
ﬁr(s) is obtained according to equation II.21 and the error

in ﬁK(s) may be expressed by the relation:

—1000(@(s)'30(s))8° + 1000 ch(s)

ng(s) = 2 +'6o(s)§¢2 V23

c

The precision for the apparent molal adiasbatic compressibility

based on the errors'sﬁ(s), ng and qc is = 0.25 cc.(g.moleqbar)"l.

Least squares uncertainty in the intercepts ﬁg(s) (the apparent

molal adiabatic compressibilities at infinite dilution) based

kx -
on linear plots of ﬁw(s) against ¢® is % 0.5 cc.(zg.mole bar) 1

and the uncertainty in the slopes is 8%.
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Chapter VI
DISCUSSION

1. oxperimental and Derived Results for Partial iiolal Volumes

of tne Tetraalkylammoniwn Halides

i) General

A considerable part of the partial molal studies in
tnis work is conéerned with thevtetraalkylammonium halide salts.
Previous work has shown that tetraalkylammonium salts exhibit
some of the more important and interesting quantitative devia-
tions from the limiting laws for conductance (173) and activity
coefficients (174, 175). A number of other peculiarities in
their behaviour, e.g. the anomalous salting-in or simple non-
electrolytes (31, 176, 177) and the enzyme inhibiting properties
of these salts has led to the necessity of examining their
behaviour in acueous soluitions in more detail (120, 164). ‘“hese
peculiarities ( 72, 120, 164) are thought to be due to the large
size and hydrophobic character o the cations of tihe salts and
the associated local modiiication of the water structure
(or more exactly, ol the fluctuating association-dissociation
equiliorium gmongst hydrogen bonded water molecules in the ligquid
{72, 12)) which these cations can bring about.

ii) Concentration Dependence of Vg

Perhaps the most significant result ovtained
from partial molal volume studies in this work for both the
tetraalkylammonium and alkylamine hydrogen halide salts is the

indication of the large negative (andvery slishtly positive)

=

slopes obtained ror plots of ﬂg as a function of ¢® (also

obtained oy Wen and Saito (120) for the tetraalkylamnnonium
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bromide series at higher concentrations). This result is also
manifested in the plots of 72-2.7920% as a function of e¢. The
negative and widely differing values of the slope of a plot of

ﬁz VS. c% is in contradiction to the Debye~Hilckel limiting

law,., ‘the discrepancy can be traced to the fact thut the Debye
~Htlckel theory does not take into account the solute-water
interactions which appear to be important in determining the
apparent molal vblume(andcxurespondingly the activity coefficient)
of tetraalkylammonium salts even in dilute solutions. lrom

Table 5, it may seem that therc is a general decrease in h as

the size of the cations increases but there is a reverse effect,
for a given cation, witu incrcasing radius of the co-anion. These
results, therefore offer evidence that the hydrophobic character
of the tetraalkylammonium salts is responsible, in part, for the
observed large negative concentratibn dependence of §2.

4 possible explanation for these values ol h is simply
that they arise Lrom the second term ol equation Vel whicﬁ
takes into account the distance of closest avporoach. <he term
U(vfnequation V+4 devends on the distance of closest aopproach
2 2né on dlhg/df. e iactor K(V)(equation Ve5 j takes into
account all otiicr eflects such as hydration and self-salting-outb
and was not considered in the estimates of 8 znd @ 1n g/dP
carried out in Chapter V.

The exvploratory calculations carried out in
Chapter V indicated that the h'values could not be accounted

for satisfactorily by any choice oi distance of closest approach
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8 and d 1n 8/d4¥ which determine W(v)' ‘he most reasonable
method employed, using 8 values based on the radii of the ions
obtained irom equation V<14 , causes 4 1n g/df to vary from
~-12 1 1

+ 40x10 ayne” cm.? for B = nethyl to f‘450x10-12 dyne”

cm.2 for R=amyl. Yhe term d 1n 8/dP is not known exactly for
any salts (although estimates have been given by Wirth and
Coliier (165) for H310y solutions) but it may be surmised that
the larger the iovn the more compressible, or deformable, it
should be, so that d 1ln 8/dP would tend to be more negative with
increasing size of tne ion. However, it is questionable if

the exteat oy variation of the magnitude of d 1n g/dP indicated
above is correct. IFurtherrmore a positive value for MebNBr

seems improbable. Therefore, it appears tnat taking into
account only the distance ol closest approach is an insufficient
besis for the exvlanation of the ovserved h values.

The concentration depencence of ;2 can be ovtained irecm
the pressure derivative of the partial molal free energy of
electrolytes. Yhe factors which zre important in the prediction
of activity coefﬁicients should therefore zlso be responsinle
ror the concéntration aevendcence of ?2. The main contrivutions

to the non-idezl Iiree encrgy of simple ions in moderately

concentrated solutions are (ci.1ld) those associated with long-range !

coulomoic forces, hydration of ions and mutual salting-out.
'he hydration term (26), which effectively takes into account
the number oi water molecules effectively removed in a thermo-
dynamic sensée from their role as bulk solvent because of the

hydration oi ions, is probably unimportant (see p.211) in the
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present case because of the large size of the cations studied

in the present work, and the chloride and bromide ions are

only slightly or negligiply hydrated (17¢). A mutual (ion-cavity)

salting-out effect occurs (18) in addition to the hydration

effect and arises since an ion of linite size forms a cavity

in the solution which is less polarisable than the solvent water.

Neglect of this term in the interpretation of activity coefficients

of simple electrolytes results (18) in an apparent increase in
hydration numbers for the anions in the order Cl < Br < I~ (16)

which is contrary to other evidence (100, 179).

The iniluence of mutual salting-out on the concentration

dependence of Vi can be obtaineda from the relation werived
previously (18) for the contribution of mutual salting~out

to the non-ideal free energy in the case oi a 1l:1 salt, viz:

- — -0 -0
In fg4= e’c _ L ‘t-e + 7% o+ 1 Vi +VaA VI-l
2000€kT  \3 Tu(l) Tu(i) 5 Th(i) Th(a)
and
AV = VRT 4 In T _/a» VIe2

where d, the number of ions i{orning the electrolyte A, is

=0 =
equal to 2 and V; , VE, T (1) and Ty (4)

are the respective partial g. ionic volwaes and radii oi the
hydrated ions. &y difierentiating equation VI.1l wita respect

to pressure, the following exnression is obtained:
b4 tin ] &
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av= %6%?_ [V}f (8-d 1n€/ap) - ‘R:A"H Y3z, 4t l/rh(A)]
- (V,° + V9/3) 4 1n rp(n)/ 98
+ [Vg (8- d In€/ap) - T{I%.][l/ﬁh(,-&) + l/l‘h(m)]
- (T + T32/3) @ 1n myp/ap Y13

where 8 is the coefiicient of compressibility of water,

and ﬁ% and EX are the partial molal g. ionic coumpressibilities
(i:= - dvg/dP). This equation cannot be solved exactly since
the terms d 1n rh/dP are not known; however, sirnce they are
probably negative, the concentration dependence of AV/c can be
shown to be positive. wince reasonable values for ?g and Kg
(145) are known Tor the halide ions, it can also be shown that
the slope aV/c increases as the size of the anion increases.
Hence, the increase in the parameter h with increasing size

of the halide ion could be caused by the mutuzl salting-out
effect.

The contribution oi long-range coulombic interactions
to the activity coefficient is given exactly by the Debye-ifickel
theory only for very dilute solutions (11, 1380). In moderately
concentrated solutions, PFrank and Thompson (1l) have shown that
the use oi a disordered lattice model (cf, . 18), which predicts
a cube-root dependence on concentration for the logarithm of the
rational mean activity coefiicient is preferable to the Debye-

dfickel ionic atumosphere treatment. rrank nas alsc shown that
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such a model would be even more applicable with salts of
large ions like +those studied in this work. furthermore it
may be expected that in moderately concentrated solutions, the
contribution of the coulombic Tforces to the concentration de-
pendence of VZ will be linear in 01/3 rather than in d% and
therefore eguations Ve2 and V'8 can be expected to hold
only for very dilute solutions.

In addition to long-rance coulombic forces and mutual
salting-out, the hydrophobic character of the R;,NX salts will
cause a certain amount of mutual salting-in between +the large
cations (arising from sharing of structiure - promoted regions of
solvent about the ions; 180, 164), and this will affect both

the activity coefiicients and the partial molal volumes ané can

result limitingly in some association (164). This mutual salting

-in acts in an opvosite sense to the mutual salting—out effect
Tor the activity coeificients and the same should also be true
for the partial wmolal volumes. “his could explain the reéults
ot Wen and Saito (131l) on tetrzethanolammoniun salts; these
salts would suffgr a large mutual salting-out because oif their
s3ize out no.“structure.-promotion” mutual salting-in since
they are not hydrophobic; hence a positive concentration weven—
dence of V, would arise, as is observed (181).

fhere is nmuch uncertainty in the cuantitative
prediction of activity coefficients of ordinary eclectrolytes
in moderately concentrated solutions (18) and this uncertainsy
vecomes even larger ror tetraalkylammonium salts. ‘hercfore,

any attempt to obtain theoretically the »dressure deérivative
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of the non-ideal iree energy cannot be expected to be very

successful. iowever, it does seem that (a) an increase in the

distance of closest approach will cause a decrease in the slope h;

(b) an increase in hydrophobic character will decrease h; (c)

an increase in size of the anion (salting-out effect) will decrease

,h,, and (d) an incresse in the size of the anion will increase
lhl (cavity efféct). |

Amongst other factors that may influence the concentra-
tion dependence of Vz, is the fact thzt equation V-8 is a slowly
converging series, especially for large ions, and a considerable
amount oi overlap of terms may occur. This could mean that
72—2.?920% is a linear function of ¢ only in extremely dilute
solutions and that experimentally the measuremsnts are nosg
sensitive enough to indicate the deviations from linearity at
nigher concentrations; alternatively the contributions from
nutual salting-out and salting-in, being linear in c, may over-
shadow the contribution of the term associated with the distance
ot closest avproach and 4 1ln 8/dF.

iii) Redii of the Tetraalkylammoniun Ions.

s A+ . .
If the "true" radii of the Ruh ions in sclution were

known, vhelr intrinsic volume V int.could be calculated and tne
"negative electrostriction"* caused by these salts evaluated from
§§ . Tlhese radii cannot unfortunately be obtained with precision
but have been estimzted from bond lengtins (167) and conductance

data (170) as was shown in Teble 10.

* Strictly, the term electrostriction must ve reserved Ior the

usually negative volume chanrzes caused by thne effect of a rield
on & polarisable medium. The term "negative" electrostriction

is used_here simply to refer to the positive volume chance

that will accompany structure promotion in water.
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Deno and Spink (144) have estimated Vint.from the Parachor.
The latter method may be questioned since the Parachor is
based on volumes in the pufe liquid state while Vint.refers to

molecules in solution. Nevertheless, the values of V obtained

int.
seem to account for the observed salting-in of benzene by
tetraalkylammonium salts. The radii corresponding to Vint.were
deduced from eqqation Vell, Data from these different methods
for obtaining r were previously compared in Table 10 and ﬁere
called formal radii (see Chapter V). The effective radii
estimated from Gz (equation V+14) are also given for comparison,
although these radii may include a contribution from "negative
electrostriction" so that the "true" radii of these ions would
be smaller then the effective radii estimated from §§ (since ﬁi
>Vint.)' At present it is difficult to assign feliabie values
to the "true" radii of the R4N+ lons, but Hepler and co-workers
(121) have set the limits of 2.41 to 2.65 £ for the radius of
Me4N+. Hence, (see Table 10) some "negative electrostrict;on"

may, in fact, be involved.

iv) Non-Electrostatic Effects

It was previously pointed out that recent and earlier
work on the thermodynamics of solutions of tetraalkylammonium
salts (164,174,175%) has revealed unexpected deviations from the
Debye-Hlickel theory for activity and osmotic coefficients in the

limiting-law concentration range. Some of these deviations (174)

are negative ones which could not hitherto be explained in terms

* The work in ref. 175 has, however, been criticised by Stokes
(182) and is also inconsistent with the data of Bower and
Robinson (ref.(174)). It has been further refuted by Prue and
Prini (183) on the basis that the e.m.f. measurements used
to obtain the activity coefficients are erroneous owing to the
formation of a complex ZAgI-N341 between the Ag-Agl electrode
and the RaNI salt. '




of the classical framework of the electrostatic theory of
long=-range coulombic interactions. The negative deviations
could be explained by conventional ion-pairing but such effects
are unlikely to arise with these salts at the dilutions involved.
For example, they are not supported by the conductance behaviour
of some of these salts (184; cf.188). A possible reason for

the observed deviations is the special kind of ion-associafion
postulated by Diamond (164) in terms of structure-promotion
effects(following a similar suggestion of Frank (180)). Also
the role of nearest neighbour interaction effects giving a c'l/3

2
o
2

rather than a ¢* law in log X+ has been aiscussed previously
(11, 18, 26) and the possibility of this applying to the results
for guaternary amuonium salts has been pointed out by Frank (180).
These suggestions put forward to explain the non-ideal behaviour
are certainly cogent for the types of electrolytes considered here
and until recently there has been little reason to explore

other effects outside the classical electrostatic Lramework

or the conventional theories. However, another factor which

will be of quite general significance and has seemingly been
neglected in previous tneories of electrolyte solutions is

the relative size of the solute and solvent molecules.

It was commonly believed until 1937 that a1l athermal
solutions would always ve regular, i.e. the relative size of
"solute" and "solvent" would not influence the ideality of
the entropy of mixing. fowler and Rushbrooke (185) pointed

out thzat this would not be the case and provided a theory of
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the deviation Irom ideality which would result in non-electrolyte

solutions of a "dimer" in its corresponding "monomeric'" solvent.
liore detailed treatments tor molecules oi different shapes
and sizes nhave been given by wuggenheim (lﬁé). such effects have
not been considered for electrolyte solutions presumably because
the well-known electrostatic theories of long-range interactions
and those of shoft—range ion-solvation effects (15, 17, 18, 26)
. have hitherto provided @ satisfactory basis for discussion
? of the thermodynamics of inorganic electrolytes, the small ions
of which are usually of comparable size to that of the solvent
molecules in the case of aqueous solutions. However, with tetra-
alkylammonium salts, the cations will be apnproxinztely some
5 (in the case of (CH3)4 N*Y) to 19 ( in the case of (gf05H11)4N+)
times larger than the solvent water molecules.
Por an ion composed of r groups (which will be called
the r-mer) each occupying a solvent lattice position, the re-
lative vartial molar free enersy AM,. can be written in the

usual way as:
Apy = By — P = nr in (ar/aﬁ) VI-L

where ag is thne activity or fugacity or pure r-mer, an is that
for the r-mer in the mixture of r with a solvent 1 and ng is the
chemical potential of r-mer in the standard state. amy is given
from the statistical-mechanical lattice theory (186) as

AMy, = RT In lp _Np+Hy/r .%..(L. VI*s
: Wptikl/r Ty +l1/q
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for a mixture of Nr moles of r-mer in Nl moles of solvent.

The parameters z, q and r are related by

- 2r 2 .
q_-r—-—z—-—’i'—-é—— VIé

from which it may be noted that q is always less than r (because
r is a positive integer. >1), except when it is equal to r which
arises when r=1 (ordinary_regular solution case for solute and
solvent having the same size) or when z=9 (Flory's approximation
(187)); in equation VI<6, z is the coordination number for the
lattice and q is a parameter defining the number zq of pairs of
neighbouring sites of which one is a member of the r-fold group
congtituting the r-mer and the other is not; in the athermal
solution all configurations are, of course, assumed to have the
sane energy. When z =eo,* volume frection lattice statistics
will apply and the relation corresponding to equation VI-s,

which must be derived by differentiating the appropriate expression

(186) for the free energy of mixing is

Nr N1/r
Aur = BT 1n W - a7 (I'—l) _r_i_Nl T VI'?

The ideal solution law corresponding to equation

VIies is
Nr
Aur = RT 1n N;-""—NI VI-S

so that comparison of the terms in equation VIe5 and those in

* When z =, the term in round brackets in equation VIe«5 is
unity since q = r, so that volume fraction statistics then apply
as investigated by Glueckauf (17) for hydrated small ions.
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V17 gives the rational activity coefiicient for the r-mer,

and this quantity is denoted by f,, to stress its non-electrosta-
tic origin. In these terms, it will be seen from equations V1+5 or
V1-7 +that negative deviations from Raoult's lew for the r-mer
will always result. However, the activity coefricient (to be
denoted.turg) relative to the infinite dilution reference state
is required in order to relate»it to the Debye-Hlickel activity
coefiicient; herice it is reqguired to relate the tThermodynamic
behaviour to the limiting Henry's law case (189) rather than

to the Raoult's law behaviour ot the solute. Lence, if the
limiting value of fne (to be denoted as fgé ) as Er-—>o in finite
Ny can be obtained, ¥ can e evaluated as fne/fone' An explicit
result for ¥ne in these terms cannot easily be obtained from
ecuations V1+5 and vi-¢ . However, onecen proceed by
evaluating a quansity a/aO (cf. ecuation Vli-4) from equation
Vl-5, where a/ao is a ratio of hypothetical vapour pressure oif
r-mer in the solution to that in the pure state. UThe ratio a/ag
can be calculated rrom equations V1-3 (Raoult's law case)
and V1+¢5 and then plotted against molar concentration. IFor the
non-ideal solution, equation V1°5,(a/ao)/c can also ve plotted
against ¢ and extrapolated to c=o0 to give a limiting slove kﬁ

of the plot of &/ay vs. c. “Lhe actuzl values of a/ay calculated
from equation V1+5 &t rinite ¢ can then be compared witn the
values that would arise if a/ag = ke applied at all finite
concentrations (Henry's law case). 4he ratio of these two values

of a/aO at any concentration then {:;ive's‘xne at thet concentration.
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It follows by geometrical calculations (cf.(189), particularly
Fig. 18-1) that this ratio of a/ao values is equal to the ratio
fne/fge’ which is the activity coefficient contribution'xne
required for relation to the electrostatic Debye-Hlickel mean
activity coefficient \6 where \‘ =XeXne' .I

In the limiting case of z =09, an approximate
analytical result can be‘obtained f‘o::'xne from equations VIe?7

and VI8
N

2 r
(r-1) m{ VIe9

1¥ne

Results of the numerical explorations of the properties
of equation VI+5 in relation to VI8 are shown in Fig. 26.
It may be seen that substantial deviations (Xnelfl) from the
Debye-Hlickel result arise at moderate concentrations (0.1M) and
for larger values of r they persist to quite low concentrations
(0.0111)

It has been shown in Chapter V that the tetraalkylammonium
salts exhlbit anomalously large negative linear dependencies
on molar concentration c (slope term h) after the usuel limiting
law c% term has EeenAeliminated. Substantial deviations
from the liﬁiting-law slope for 5 will persist quite significantly
into the limiting-law concentration region (0.0001-0.002 i)
based on the values of h obtained. Since the ion size factor
can give rise to an appreciable concentration dependent term
in the non-ideal partial molal free energy of the solute

r-mer, the derivative of this contribution with respect to
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Figure 26. A plot of values of the non-idesal activity

coefficientxne as a function of the molality of r-mer.
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pressure may give a corresponding contribution to the difference
7-v° for various concentrafions. For the tetraalkylammonium
salts, h is experimentally found to become more negative with
increasing r, i.e. in the series e to Bus‘xhé for a given z be-
comes larger with increasing r or for a given r increases
with increasing z. Very.gualitatively, the observed effects
could hence arise, in part, if r or z efrectively becane SLaller
with increasing‘pressure.

he contribution of the ion-solvent size ratio
effect seems of the right order of magnitude to explain part of
the observed deviations from Debye-iHlclkel behaviour at low
concentrations. <These deviations are in the same direction as
the conventional salting-out effects (26, 31) and the cavity
salting-out effect (18). However, it should be noted that relative
size effects in . winary mixtures of non-electrolytes (19, 190)
zive rise to smaller deviations from ideality than would be
predicted in terms of the statistical lattice theories, '
and indeed in the case of completely spherical molecules in
a continuum, thoe lattice theory would not ve meaningful. iowever,
in referenée (19), a rather different experimental situation is
involved from that considered here. In the present case, altiough
he4N+ is almost sphérical, the nigher members e.g. Q—Bu4H+ are
not and nust vresent to the solution a group of Jour chains in
a variety of conformations but in an overall tetrahedral
configuration. Also, the treatment might ve criticised on the

‘basis that the equalions used are for particles in a linear
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arrangement rather than for four n-alkyl groups linked tetrahe-
drally. <This limitation may not, however, ve so serious as it
may seem, since Guggenheim (186) has calculated the activities
of solvent in solutions of linear tetramers and tetrahedral
tetraners and finds surprisingly little difterence between the

calculated thermodynamic behaviour of such species.
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2. Results for Partial Molal Volumes of the n-Alkylamine
Hydrogen nalide Szlts

The trend in the magnitude of the experimental h
parameter (Table 12) for the n~-alkylamine hydrogen halide salts
indicates that there is a general decreasé in h as the size of
the cation increases hut there is a reverse effect, for a given
cation, with increasing radius of the co-anion. fhis behaviour
is similar to tnat exhibited by the results obtained with the
RyiX salts and offers evidence that the hydrophobic character
of the cation is responsible, in rart, for the negative concen-
tration dependence of Vz. BSuccessive substitutions of a methyl
group ror a hydrogzen atom in the series KeKH3C1 to Mé3NHCl
does not appear to change the magnitude of h significantly
(althoush the magnitude of h for all three salts is greater than
that for mejlCl, as would be expected - see lable 12) ., An insigni-
ficant chense in L alsc arises in the case of the iodide series
n-rr sH3I $o Q—Pr3NHI, althoush the values of h are larger. than
that obtained for n-PryiI. However, as the size of the alkyl
groupd is increased in the {ri-n-alkylammonium chloride salts,
tnere is a Qonsiderabie decrease in i (h becomes more negative).

These results generally indicate that the observed
negative concentration dependence of 72 is larger when (a) the ni-
trogen atom in a salt of the tyve wiyX, is completely surrounded
by four alkyl substituents and (b) for a given number of alkyl
substituents in the cation, the size of the substituent alkyl
group is increased, bearing in mind ol course that the anion
size suows a reverse efiect with regard to the magnitude of

the experimental h value for a given cation.
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These results, indicate furthermore, that the
charge-bearing nitrogen atom cen still exert a reasonable
charge effect when the large cation is not symmetrical., The.
charge effect tends to give a positive concentration dependence
of Vz. Recent work (177) on the salting-in of benzene by
substituted quaternary ammonium ovromide solutions Rq_anN+Er-,
wihere R is an aikyl group and n varies between 0 and 3;
indicates that with the symmetrical quaternary ammonium salts,
the salting-in avpears to be a linear function of the nunber of
carbon atoms in the cations, while with the salts containing
less than four alkyl groups, the salting-in is less and depends
on the symmetry of +the cation. The difference between thiese two
types of behaviour was explained vy tue bossibility of a certain
amount of salting-out occurring near the charge-oearing nitrogen
atom when the cations are not symmetrical. %he present results
on tihe volume studies avcear to coniirm the explanation ior the
observed salting-in results(177). .

Frevious studies on tne partial molal volunes
ol CH3iH3C1, (CHj)ZNHZCl and (CHB)BhHCl were carried out by

hamann and Lin (191). “hey employed & pycnometcr method o

[ (]

obtain density values in order to calculate Vg ifor tnese salts.
Their extravolated VS values are not in good agreement with

tne present results for Vg oL these salts, the ulilerence veing
3% for tne [irst nemver to 1% ifor the last.

tne thermodynamic partiel g.ionic volume difference Jor

AVT™_@q- may e verified in the case of the salts (3—03H7)3 NHIT
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and (Q-C3H7)3 HHC1 (fable 12). <The value of 18.0 ml.(g.ion)—l

is in reasonable agreenent. with the partial g.ionic volume diffe-

rence obtained irom the symmetrical tetraalkylamsonium halide

series (fable ¢). Lo attempt has been made to obtain formal

radii lor these asymuetrical cations because ol the non-spherical

nature of the cation.

Another ractor‘that is @pparent from the aatz in
Table 13 2nd rig. 20, concerns the hydratimof successive
members in a series such as R3NH+, RRNH2+, RNH3+ (and NH4+).
Thus, for diminisking substitution of the H+ centre, and nhence
for a bigger local charge efiect, the b value is greater than
that for the R4N+ series uand this effect must be attributed to
an increasing degree of hydration as the st becomes nore exposed
in the direction of the zbove series. 4 similar trend of
entropies of ionication is also observed (207). iFurther

discussion is given in section 7 of this Chapter.
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3. The Problem of Individual Ionic Volunmes

i) General
It was pointced out in the Introduction that various.

methods (90, 101, 110, 118, 145, 178) have been sugzested
for sevareting partial molal volumes of electrolytes at infinite
dilution into their ionic components, ﬁg, but the most reliable
are based on attempts to relate the ionic volume to some Iﬁnction
of the crystal radii of ions (100, 109, 113, 179). In this
respect, the tetraalkylammonium halides are idezl for determining
partial g.ilonic volumes since the cation size may be varied
to a muchk larger extent than in the scries of alkali metal ionms.
The principle proposed in this work for obtaining partial g.
ionic volwrnes is bpased on the evidence (ig. 12) that the

-

=0 . . .\ .
values of V; for the tetraalkylammonium ions are linear functions

of their molecular weigzhts.

ii) Assiecnment of Individual Ionic Contributions

It seems reasonable to supoose that the plots in rig,

12 would not be linear if specific hydration eflects were
associaved with the cations =2nd indeed ior the émallest ion _
HH4+, where'éignificant 1ydration effects mizht be expected (100),
the data for the NH4+X_ salts rfall velow the line of best fis.
fhus, it way be supposed that the tetraalkylamuonium ions are

not nydrated in the normal sense (55, 111, 115, 129) involving
signiricant electrostriction. Recent calculztions (129) indicate
that water electrostriction about an ion tie size of (CH3)4H+

WoUld be <Iml. while ior higher homologues the effect would be
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negligivle; conversely f{or NH4+, the electrostriction would be

1

ca. 2-3 ml. g. ion"—, The -positive slopes of ﬁz and 62 as a

function of c% for the (CHB)QNX salts also seem to corroborate
the view that in ©the close vicinity of (CH3)4N+, the water
structure is under some influence of the charge (¢cf. Wen and
Saito (120)). ilowever, since these salts are lmown to increase
the dezree of ice-like sfructure in water, the net shiflt in
equilibrium of the water molecﬁles towards a higher degree of
association will cause a total decrease in the density of water,
so that an apparent "negative electrostriction" may occur near
the large cations. “here are however good reasons (177) for ex-
pecting that this "negative electrostriction™ would be proportional
to the size of the organic ion, and an extrapolation such as
that in iig. 12 would eliminate this extra change in volume, if
it were significant.

In Chanter V, it was snown that in terms of the actual
numerical data (Table 5), the specific volume of the methylene
groups, b, show some small vut significant variatioans from a
constant value (Teble 6). It is felt that the difierences
between o values.in Yable 0 are gulte significant since the
same trend ié Tfound in independent exveriments with the three diffe-
rent halide salts and with some neutral amines.

vhe significant differences of b from one salt
series to the next are substantially smaller than the uancertain-
ties in critical volume data for homologous hydrocarbons (192)

from waich a2 quantity similar %o b can e obtained (192); %he
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partial molal volumes evidently provide a sensitive method Tfor
examining additivity of volumes of alkyl functions (recent worlk
by Scheraga and Friedman (193) indicates a similar conclusion
for alcohols). ‘“he conditions under which the Vg values
are obtained zlso ensure automatically th;t the volumes are
compared in 'corresponding states" since excess solvent is
vresent at a given constént temperature and electrostatic self-
compression througi electrostriction will be negligible for
these large ions (129, 178).

It is evident that the volume changes per CH2 group
are sensibly constant between a given peir otf cations with a
series of co-anions, as thermodynamically expected for infinite
dilution conditions. i'or a given co-anion, however, the volunme
difference factor b across the series of homologous salts is not
quite constant, veing significantly larger between Et4N+'ani
Q-Pr4K+ than between the other three pairs of homologous ions.
lleasurenents (192) of 6; for linear protonated‘amine salts of the
type RMHBBr: elso indicate that the Vg are not guite adaitive
Lor each nethylene group. This small lack of éonstancy of the
voluue increment'may'arise from: (a) sligntly different svace
requirements'per Uﬁz ol the alkyl groups &s more conformations
are available with increasing chain length znd non~bonding
interactions are involved; (o) different extents of hydrophovic
interaction with the surrounding water, as with increasing chain
length the inner CH2 groups become less accessivle to +the water
(e.g. in the case of the gréu4h+ ion) and give relatively less

structure-vromotion; (c¢) beunding back of terminal groups on the
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longer chains towards the body of the ion. Similar variations

were also shown in Table 7 -for neutral tri-n- alkylamines in

-MeQH and n-hexane.

The significant linearity which the plots in rig. 12
nevertheless exnhibit, suggests that the data can be extrapolatea
to zero cation molecular weight to give the individual partial g.
jonic volumes of the co-anions, Cl~, Br~ or I-. It must be
emphasised that  -the extrapolations below (CH3)4N+ are only for
mathematical purposes to obtain the Vg Tor the anions and do not
imply that the Vg data for any hypothetical or real (e.g. NH4+)
ions which nmight exist, and have molecular weights less than
that of (CH3)4N+, should actually fall on this line (for exauple,

if hydration became significant, they would not,.e.g. the case

h

of HH.+ mentioned above). The problem of extrapolation can
Ly L ’

=0 s . .
of course, be avoided by obtaining the VX- aquantities in ecuations

Vel0 and V.1l Dby dirsct computation from the measured Vg
values for nomologous salts and the obscrved mean slopes b.

tne validity of the individual Vy- values is
indicated by comparison of the dirilerences AVS between these
extrapolated values for a pair ol ions and ti:ose obtained from
the average difterences of actual partial molazl volumss of alkali
halide salts having a conwon cation (ref. 134, p. 361).
The Aﬁg values are compared in Table ¢ and their derivation in-
volves, o1 course, no non-thermodynawmic assumptions.

The satisfactory zgreement between the data in the

last two columns of Table &, and the reasonapvle linearity of
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the three plots in fig. 12, indicates that the individual vartial
g. lonic volumes can ve obtained for the three halide ions
with a least squares uncertainty of 0.2 ml (g.ion)":L ror a
linear plot and, at the worst, with an intrinsic uncertainty of
about 0.5 ml. (g.ion)-l, bearing in mind the variation of b(cf.p.150).
On the basis ol the scale proposed for the
partial g. ionic ?olumes at infinite dilution,
tite value for H+‘should e -5.?‘-i 0.5 ml. (g.ion)~l. This agrees
moderately well with the zbsolute assignments of Couture and
ILaidler (109), V§+ = -6,0 nml. (g.ion)_l and of lukerjee (118
V§+ ==4.5 mi. (e.ion)t.
Both these scales were based on choice of that value
for V§+ wiich would allow the resulting ?i values -for cations
and anions of the same charge to fall on a common line with
respect to the cube of the ionic crystal radius. Some objections
may be raised to the principle involved in these methods because
alkali metsl and halide ions of the same size would not necessarily
ve hydrated to the same extent, since the water nolecules in
tneir hydration siells are oriented differently (112). In the
method suzgested here it is assumed that the volumes and
"negative electrosiriction’ (ir any) of the large ions are lineer
functions of their molecular weight, or constant; no assumptions
need be made about what hapvens near the smaller co-anion.
Because of the similarities in structure and known behaviour in
watver of these large cations, these assumptions seem jusiifiable.
Purther evidence that the individual vartiael g.ionic

volumes on the present scale are close to tue absoluse values is
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obtained from deduction of the electrostriction of the nalide
ions. It was previously shown in equation V<14 $hat the

intrinsic or "true" non-hydrated volumes of ions, V can

int,'?
be related to the "true" ionic radii . from this equation,

V.

int.- 0L Cl7, Br eand I” are round to be respectively 25.3,

31.4 and 40.1 ml. (g.ion)il. Comparison with the data in

Table o indicates'that the extents of electrostriction, defined
by Vige, - v g y are 1.7,0.5 and -2.1 nl. (g.ion)"l, respectively.
The '"negutive electrosiricition" deduced for I adds support to

tue suggestion of Diamond (164) that the iodide ion increases, to
a small extent, the structure of wster in a way sinmilar to that
caused by the tetraalkylavmoniwm ions. On this vbasis, he proposed
a certain amownt of "water structure-enforced” ion-pziring (cf.
1688) vetween I and RL,fN+ causing a negative deviation from the
Debye-Hiickel law Zor activity coefticients as discussed above.

The present assignment of Vg values indicates that
earlier scales (194) based on Vg+ equal to, or greater than.zero
nust definitely oe excluded. It scems now that for the vroton
(ana correspondingly for other ions) the individual partial g,
ionic volume can be specified to within about 0.5 nl., the
individual hydration energy (113) to 2-3 keal. (z.ion)™ % and the

individual partial g.ionic entrovy to 1.5 e.u. (100).
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L., Relation between Introvies of Ions in Solution and the
slectrostriction

The calculations Earried out in Chavnter III concerning
the local contractive pressure near ions and the corresyonding
local eifective volumes allows Latimer and Kasper's method (107)
for calculating the entropy change associated with compression
of the solvent to be examined in a more sophisticated manner
and the significance of this avproach to ve assessed nore
precisely. ‘

In these previous calculations (107), the entrony

change accompanying hydration was regarded as composed of two

terms; (a) the entropvy of "Born charging" ASl §de} A€
2 7. €2 (a7 ]e

where € is the dielectric constant and re an effective radius
(7); and (b) the entropy associated with tihe compressional

or electrostriction effects, given by

ASy= -f f 1 (av) QP X L mwre dr V1.10
YO (97, '
4 P

Latimer and Lasper assumed A5, €< A5 and obtained

satisfactory agreement with exveriment using empiricelly modified
ionic radii. “ne term Adl was assumed negligible on {the basis
that dielectric saturation effects would make it much less than

as these assumptions are, however, incorrect ior three

2.
reasons: (a) the entrovy of sSorn charging includes any internal
pressure eiiects associated with the dielectric polarisation and
leaves nothing over to be attributed to pressure efiects as

such; (b) corrections ror dielectri saturation do not ciminish
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the Born charging entropy to a small contribution; in fact,

satisfactory agreement with experiment for cations is obtained

when dielectric satvration effects are included, as shown by

Laidler and Pegis (8); (c) if the entropy change is to be

calculated by considering the compressional effect, allowance

must be made for (i) the dependence of the expansibility

L (_@’V) on bressure and (ii) the influence of dielectric

Vo iy 3

saturation eifects on the electrositatic erffective pressure.
Latimer and Kasper used swicky's (195) ecquation for

the effective pressure which did not tuke into account dielectric

saturation or the variaztion of dielectric polarisation with

pressure. If 1t is assumed that Latimer and Xasver's compression

effect originates from the contractive pressure P of frank (132),

the previously develoved envation for P as a function of ionic

iield, equation III. 29 may pbe used and P is the effective

pressure in Frank's sense (132) which will cause the sane chanre

ol volume of the system as does the field. Then combination of

the following expression of Frank (132)

ap= 1 (ae) au? V111
swg o7 Ju,m

with the liaxwell relstion

ds = - a_v_) V112
i 9T ] P,E

will give the entropy associated with ion - solvent interaction.
Yhe quantity dP in equation V1-11l may be expressed by equation

III.29 , according to the previous calculations. The data
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obtained in Chapter III ior the coantractive pressure as a func-
tion of field & ( plotted on the right-hand ordinate) is

shown graphically in if'ig. 27. Also the specific expansibility

Fo\ 8T

1 (av) is obtainable from Bridgman's data (196) up to
b .
10,000 atm. as plotted in Pig. 2. <The integral under this

r
curve‘f 1 (V). .dP is then plotted agaein in Pig. 27 (left-
1 To )i

hand ordinate) against the pressure, and values of this integral

I can then be intervolated in terms of the field from the

n,P
same gravh, and hence as a function of r for ions of a given
radivs, taking into account the dependence of local dielectric
constant on r as calculated in a previous paver (31). Values
of IE,P as a function of field with the corresponding relation
tc r are shown in Fig. 29. The dependence of IE,P,multiplied
by r2, on r is shown explicitly in Pig. 30. rultiplication by
LM and further integration with resvect to r then gives A3,
(equation V1-10 ), as shown in Fig. 31. ©The dependence
of LSZ on r from the origzinal calculation by ilatimer and kasper
is shown for comparisqn in this Figure.

The exéerimental data Teor the electrostatic contribution
to entropy of nydration, as tabulated by bLaidler and Pegis (8),
have also been plotted in fig. 51, voth as a function oi the
crystallographic ionic radius ry and the effective radius rp
(taken from eauation V+14 - see below), Anions and cations cannot
be accommodated by a comzon curve, as also follows from the work

of Laidler and Pegis (8) on the corrected Born equation.
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Figure 27. Contractive pressure P as a function of

ionic field E.
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Figure 28. Specific expansibility as a function

of pressure (from data of Bridgman).
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Figure 29. Values of the integral IE P (from Figs,
]

27 and 28) as a function of field and ionic radius.
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Figure 30. Values of IE,P r2 as a function of r

(from Fig. 29).
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FPigure 31, - ASZ, the compressional entropy of hydration

as a function of ionmic radius, with the integral local

dielectric constant profile shown. Experimental values

. |
of AS, are shown plotted in terms of ry, 1.25r; (8) or Ty ;
(equation V-14), §

|
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Lhe agreement of Latimer and Kasper's aSp values
with experiment seems to be largely fortultous for the theoretical
reasons msentioned above and because the calculations involved
the use of unrealistic effective radii (8): In the statistical
nechanical theory of entropy of hydration given by LBley and
Lvans (56), the compressional effect is really included by
consideration of the Iree volume for the bulk solvent and the
"free area" for restricted two-dimensional translation of water
molecules "adsoroed" at the ion. As in the corresponding
calculation of electrostriction (111, 129), the Latimer and
Kasper type of calculation involves integration up to the
periphery of the ion. This is oprobably an important source of error
since in the region near to the ion, the rinite size and discre-
teness ol solvent molecules becomes a factor of principal
significance. The values of 45, are substantially more rcalistic
iz {the integration of ecvuation V1°10 is carried out with =
lower limit of r equal to vy, where ry is obtained from equetion
Vellk by ra:(ﬁ%r ,'ﬁgbg, - . rather than with the limit of »
as ‘the crystallogr&phio ionic radcius. +the dirference of Ty
from ry becomes, of course, relatively iiore inportant the smaller
is the ion ana the correction to the crystallosraphic radius
then depends on tinat radius. This seems intuitively preterable o
using a constant correction ifactor. rHor ions larger than x*
<ra = ca l.7ﬁ), the entropy calculated by the above method will
be relatively small and much less than Latimer and Kasper's

values, but for the small ions the -~ BAS, is still surprisingly
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large and greater than the experimental values.

It is to ve noted that the present @and the previous
related calculations (107) do not include any non-electrostatic
contributions to the entropy ol hydration associated with solvent
structure-promotion or breakdown (57), or with the limited free
volume (at a given overall stoichiometric volume concentration
of the ions) in tﬁe liquid phase (56, 197). The latter effect
was, however, taken account of in the calculations of Lley and
Zvans (56). It is likely that the non-electrostatic efrfects are
largely resvonsible for the specific deviations oi the experimental
hydration entropy valuves from the smooth relations which follow
from theoretical calculations. In this connection, it must be
remarked that monovalent snions, as a family, seem to behave in
a specirically difierent manner rrom the corresponding isoelectro-
nic cations as may ve seen irom I'ig. 31 and (8)., Similar effects
are indicated in n.m.r. behaviour (71).

5. Blectrostatic Bntropies and Volumes of Llectrostriction

It is of interest to examine the relation between
the electrostatic‘contribution.ASe to the entropy of hydration
and the volumé of electrostriction defined byaV= Vips, - Vg where
Vint.,is the intrinsic or physical volume occupicd by the ion
consicdered as an imnenetrable solid and Vg is the partiel molal
volume at infinite dilution of the ion. The guantities ASe and
%g have been sevarately related to effective ilonic radii in
previous publications of laidler and Couture (109). On the basis

of the calculations in the preceding section, and from previous
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work (109) a relation between ?g andtlSe will be expected.

This is shown in Fig. 32 for ﬁg values taken from the compilation
of lukerjee (118), §§+ = - 4,5 m., and”ASe values from Laidler
and Pegis (8) using the absolute entropy of at as =5.5 e.u.

and AS_ defined (8) by

_.- 3 TT e
AS = S; - x& 1In (atomic wt.) VI-l1l3

where Si is the absolute entropy of the lon. A general increase
of - ASe with AV.is seen but thé relations for monatomic
monovalent cations and anions fall on lines with different
slopes. The points for H+ and Li+ are distinctly anomalous
probably owing to the specific interaction of H+ with the water,

and the resulting H bonding in 04+, and the similar "“acidic®

"9
polarisation effect produced in water by Li+ ions. For the
entropy change produced by these ions, the AV is too small,
thus supporting a locally more structured region as arises in
the H904+ complex. Similarly, NH4+ produces much less electro-
striction than the X' ion which has almost the same radius.

The relation between ASe and AV may be considered less

empirically, as follows, if the relation of Frank (132)

as _ Vv a€ S—
(gb?)u,’]?— e 'E-T)p,E VI-14
is combined with
1 (v . _1 BE) .

to obtain




- 228 -~

Figure 32. Electrostatic contribution to the entropy of
hydration of ions plotted against the volume of electros-

triction calculated from ionic and partial molal volume.
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({%%)u,T ) -(%F%) P,E // egﬁé)E,T 116

Now dS and dV refer limitingly to changes of entropy and volume
of the water in a region near the ions. By introducing

hydration numbers ng and ny, then
a5y .= ng b&s - V1-17

and av-= ny Aav | V1-18
where a3y and AV are the total nydration entropy and electrostric-
tion contributions per ion, and as and av are the local values
per water molecule (102, 129). ZILimitingly then, from equation
V1.16,

a5,/ &v

‘olfe

(‘g‘%) P,E/(’%%)T,E " e

wiitich should anproximately be a constant quantity for a
given solvent and temwerature and related to the slope of the
line (s) in Iig. 32, provided "hydration" is defined as seén
throuzh a5y and aVvV in some sultable way, e€.3. in terms of the
values of these quantities at some distance from ions at which
a given B value is attained. #valuation oi equation V1-19
exolicitly will, however, be difficult since the values of the
partial derivatives at high & near tue ions are not precisely
known.

Sonie estimate of the relation of as and av nay,
however, be obtained by computing the local entropy change

per unit volume of solvent zround an ion as rollows. IFrom the
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present calculations and those of Laidler and Pegis (8) it
1s possible to write

00

as_ = { (As), 4Tr? qr VI.20
a

where ( Asr) is an entropy distribution function giving
the local entropy change per unit volume at a distance from

the lon of effective radiﬁs . Then

a AS_/ar = (as.) 4Wr? VI.21
d.ASe >
or (Asr) = == r/hTfr VIe.22

Multiplying ( As)r by v,, the local molar volume of water (129),
gives a quantity (st)r the entropy change per mole of water near
en ion at a distance r. av is the corresponding iécal volume change
of water per mole at r as previously calculated (129), so that both
( A§)r andav are now quantities referring locelly to hydrate

water per mole. The relation of (‘Aé)r to Av is shown in Fig.

33 for (¢s§)r values derived (a) from the calculations of Laidler

and Pegis, and (b) from the present calculations of compressional
entropy. Both functions tend to overestimate the negative
entropy change associated with large av (or, vice-versa, Av
values are too low for the higher negative (£s§)r values).
However, if Li* and the divalent ions are included (see Figs., 21
and 32), a more sensitive dependence of -A82 on AV is indicated
experimentally which may correspond to the right-hand regions

of the curves in Fig., 33. The inflected nature of the curves
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Figure 33. Iocal entropy ( A§)r and volume (avV)

changes per mole of water near ions related for

corresponding distances at which the respective-

changes occur.
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may also be associated with the rather critical region near
tne lon in which onset of dielectric saturation is rather
sudden; because a continuous model is used in expressing
dielectric constant as a function of f{ield, and hence distance
from the ion,the detailed validity of the relationship near to
the ion may be the most serious source of error in this type
of calculation. Also in both calculations ior C&g)r, a
continuous integration up to an effective ionic radius has
been involved and this Jends to overestimate the local entropy
changes in the same way that it leads to an overestimation
of the overall volume chance (111, 129, 178

Since tunese calculations were carried out, Henler
(207) hes empirically siovm that the veolume change associated with
a number of ionisation reactions is linearly related to the
corresponding standard entropy change which is principally
associated with changes of hycdration in the reaction. L‘the points
are somewhat scattered out nevervheless a linear relation is
indicated with a slope ca. 1 ml. (e.u.) L, which agrees with
the mean value from the above calculation for monovalent ioms.
It is of inté?est thet the data for ionisation of CH3NH2’
(CHB)ZNH and'(CHB)BN are exceptions to this rule (see Fir. 35)
inso far as the volume changes are too small. “©he entropy chanzes
sre, however, in the expected direction and of about the correct
magnitude for successively decreasing extents of water vindins

in the series CH31-:’1{3%(0H3)31~IH+.
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6. Apparent Molal Adiabatic Compressibilities

the systematic study of the ultrasonic velocity
behaviour of the electrolytic solutions mentioned in Chapter V
has shown some regularities which may be ;nterpreted in terms
of two effects: (a) a structural one, due fo the influence of the
ions on the water structure, and (b) an electrostatic one.

The higher totai compressibility of the tetraalkyl-
ammonium halide solutions in comparison with that of inorganic
salt solutions, e.g. KCl, KBr indicates that the cation must
cause this effect; for example fR(5) (KC1) = - 40x10~ whereas
ﬁﬁ(s)(Me4N01)= - 16.6x107%. It should be noted that this higher
compressibility is not limited %o the alkyl substituted NH,*
ion but that the NH4+ itself has a higher (i.e., less negative)
apparent compressibility (172) than the inorganic ions, e.g.K+.
It appears that the ability of NHZ to form H-bonds results in
less influence on water structure. The sane applies to HjO*.

Previous studies (72, 103, 174, 180, 198, 199, 200)
on tetraalkylammonium salts seem to indicate a strong structural
infiuence of the large tetraalkylammonium cation upon water.

The structural influeﬁce has been described by terms such as
"iceberg effect™ (57), increase of ice-likeness (72,200),

increase of extent of ice-patches (201), stabilisation of clusters
(202), and "tightening" of hydrogen bonds between water molecules
(164).

Interpretations of the present results may be made
in terms of changes of the local compressibility of the solvent

near the ions. It should be noted that the mature and bulkiness
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of the large hydrophobic cations suggests that their intrinsic
molecular compressibilities might possibly account for some of
the apparent increase of compressibility in relation to that
associated with small inorganic ions. However, in general, the
intrinsic compressibility of ions themselves is expected to be
much less than that of thg solvent water, since in the latter
case, it is the free volume that is principally diminished
with increasing pressure. The compressibility of the ion
itself will presumably be similar to that for water at very
high pressures or to that for a close-packed metal., Previously,
in Chaepter III, it was pointed out that in the case of inorganic
ions, when the process of taking the ions from the crystal
lattice into the solution is considered, the compression of the
sclute appears negligible in comparison with that of the solvent.
The intrinsic compressibility of the tetraalkylammonium ions may,
nevertheless, be somewhat greater than that of small monatomic
ions since the former are, in effect, microscopic droplets of a
different phase in the water with some free space between the me-
thylene groups on the alkyl residues R, particularly when R
is large.

However, in the present case, if the intrinsic molecular
compressibility of the cation made a significant contribution
to the observed compression, the effect would be expected to
be greatest for the largest cation, since it is reasonable to as-
sume that the dead-space within the intrinsic volume of

ngu4N+ is greater than that in Me4N+. If this is the case,
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then the plots of Yy as a function of Vs in Fig. 25 for
the R NX salts should show a trend in the opposite direction
to that observed, i.e. ﬁﬁ(s) should become less negative with
increasing cation size for a given halide anion.

Qualitatively, three types of local solvent water
may be distinguished near the ions considered in the present
discussion. Theée are schematically shown in Pig 34; (1) is the
ice~like configuration postulated by Bernal and Fowler (55)
and represents essentially the basic structure described by the
terms mentioned previously (see abéve); (2) is free uncSordinated
water (Wémethy and Scheraga's "unbonded" lattice liquid state);
and (3) water molecules that are under the immediate influence
of a high electrostatic field near the ions and have suffered
electrostriction.

The ice-like structure in Fig. 34(1l) is regarded as
being less compressible than bulk solvent water due to the

stronger intermolecular framework of H-bonds. This is supborted

by the fact that the different forms of ice are substantially less

compressible than liquid water. Numerical values of B for

common ice (IceI) indicate that the coefficient of compressibility

varies between 12x10~0 and 33x10"6 atm—t (208,209) in the
temperature range -1500 to 0°C. Solids in general have a

much lower value of @ as compared to water, e.g. Ag has a

value of B.= lx:l.O'6 atm-l. Similarly in Chapter III it was shown
that compressed Hp0 has a lower value of B compared to water
that is not subjected to higher pressures. Thus, the unbonded

water molecules shown in Fig. 34(2) will tend to possess the

highest compressibility because they may be pushed closer toge-

i)
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Figure 34. Schematic diagram showing different .

types of water species.
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ther without H-bond rupture and the main effect will be
to decrease the void space between the molecules. Finally
the electrostricted water molecules in Fig. 34(3) will have

actually undergone molecular compression caused by the electro-

static field about the ions, and these solvent molecules will

be effectively far less pompressible than the types 1 and 2.
Therefore it seéms reasonable to suppose that the relative order
' ' of increasing compressibility of the solvent species in Fig. 34
is 3<1<2.

The study of the apparent molal adiabatic compressihi-
lity of the three series of salts in this work indicates that
ﬂﬁ(s) increases (becomes less negative) for a given cation with
increase of the anion size in the order I">Br~ » Cl . This
trend in the behaviour indicates an electrostrictive effect
due to the anion-solvent interactions (hydration effect).

The higher field near the chloride ion will cause more

electrostriction of the solvent water than in the case of the

other anions, due to collapse of the local solvent water structure
brought about by the field-dependent hydrostatic pressure. As

a consequenée, there would be a diminution in the amount of more
compressible water of type 2 and an increase in the less
compressible type 3. However, as the size of the halide ion
increases, the local field becomes smaller and this decreases

the electrostriction, thereby providing a larger amount of water
of type 2(having a greater compressibility than that of type 3)

and an apparent increase in the compressibility.




- 238 -

Although a complete series of alkyl substituted
ammonium cations ranging from MéNH3X to n-Bu,NX and having a
common anion have not been studied, it may be assumed (using
the thermodynamic differences foanﬁ§(8)~(Br—-Cl-) from
Pable 19) that the ﬂg(s) values for such a series, viz. the
bromide series, tend to go through a maximum. (see Fig. 25 -
dashed line represents data for the MeNHBBr, etc, series
derived from tﬁe experimental data for the Cl™ series with the
correction‘Aﬁk(s) (Br~-C1~). The maximum occurs at e, NBr and it
would appear that in the series of asymmetric cations extending
from MENHB to lMeyN there is a linear decrease in the amount of
electrostricted water of type 3 and an increase in type 2.
This would cause an apparent increase in ﬂg(s).' However,
Et4N+ ion appears to promote structure slightly, i.e. it
increases the amount of type 1 wafer at the expense of type 3,
thus decreasing the compressibility. This structure proqotion
is greatly increased in gyPr4N+ and‘g-Bu4N+ with a consequent
decrease in compressibility. Similar explanations have been
used (210) to explain the non-linear decrease from He4N+ to
n-Bu,N* of the ratio of the Walden product for D0 to that
for HyO as a function of ion size.

The non-linearity of the plots of ﬂﬁ(s) as a
function of cation size precludes the possibility of
using such a graph for estimating the ﬁ; X(s) for individual

anions as was possible in the case of the partial molal volumes
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(Pig. 12). However, some estimate of the differences of indi-
vidual apparent g.ionic adiabatic compressibilities at infinite
dilution, deduced from the data for tetraalkylammonium salts .
with a common cation or anion, are shown in Table 19. The
difference in the magnitude ofAﬂg(s) andARg for C17-Br™ in

Table 19 is, in‘part, due to the fact that the adiabatic and
isothermal compressibilities differ according to equation II*20 .,
No work has been carried out on the determination of the coeffi-
cient of thermal expansion «or the specific heat at constant
pressure Cp for (CH3)4NX salts. Thus, ig values for these salts
are unobtainable from the ultrasonic velocity measurements.
However, Owen and Simons (124) have shown that neglect

of the correction of adiabatic to isothermal compressibilities
causes an error of only 7.5% in ﬁg for sodium chloride and
potassium chloride at 25°C. Neglect of this correction makes

-0
ﬁﬁ(s) somewhat more negative than K.

e e e o e S e o e 2 e+ e e s+ = e



Differences of Apparent g. Ionic Adiabatic Compressibilities
Aﬁﬁ(s) at Infinite Dilution for Tetraalkylammonium Halides

having a Common Cation or Anion.

Tons Aﬂﬁ(s) x10% akS * x10% |
ccg.mole. bar) ™t celg.mole bar) T
C1™-Br~ -9.5 -8.6

c1 -1" -19.9

1‘ Br -1~ -10.4

Nes N'-Et, 1 s2.4%(%0.3)"

ﬁ Et)N* - n-Pr,N* +3.7F(0.1)*

n-PryN*-n-BuyN* +10.6%(%0.9)"*

* TFrom ref. (125) for sodium and potassium salts.
+ Average values from the bromide and iodide series.

+ lean average deviation.
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No interpretation of the slopes SK(s)

was attempted on account of.the complexity of the factors
that determine the quantity SK(s)‘

The apparent molal adiabatic compressibilities of
the neutral (i.e. uncharged) alkylamines CH3NH,, (CH3)2NH and
(CHB)BN were also studied and show a non-linear dependence
on the concentration as shown in Fig. 23. The data for all
three solutions fend to pass through a compressibility maximum

at about 0.09-0.11 molar. Also, all three aqueous solutions

exhibit a higher total compressibility in comparison with the g
corresponding three salts of the protonated amines that were
studied. The order of the compressibilities is (CHB)ZNH >
CH?NH2:>(CH3)3N. The peculiar order of the overail compressibi-

lity of aqueous solutions of these basic compounds is not readily

explicable. However, it may be assumed that for CHBNH2 and
(033)2NH, increased alkyl substitution diminishes the local é
extent of normal bulk water structure and may produce more ;
water of type 2 (Fig. 34) (i.e., free unbonded species of
higher compressibility), due to the incompatibility of the
structure promoted local solvent region caused by Me groups

and the little disturbed local solvent region into which the H
atoms of the cation seem to it more readily. However, once the
last H atom in the neutral amine has been substituted, the molecule;
has become more hydrophobic (but still retains of course the lone |
pair at the N) andthen may enhance the structure,increasing the ’
water of type 1 (Pig. 34); hence the compressibility tends to %

decrease again. The higher overall compressibility of

agueous solutions of "acids", (particularly HC10, (204),
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NH);C1(172)), than that of their corresponding salts, and the
date for the partial molal entropy of Hy0 (61) in electrolytic

solutions, indicate that when solute molecules contain protons

or atoms capable of forming H-bonds, they then have less
influence on the structure of water than do isoelectronic ions

of similar size.
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7. Solvation Effects in the Ionisation Process

Solvation is a priﬁcipal factor in the stabilisation
of a cation in agueous solution, both on account of the energy
gained when optimum orientation of water molecules occurs
around the base centre and through hydrogen-bonding of the type
=>N~H,.. OHZ, between water molecules and hydrogen atoms
attached to the base centre. Similar factors in ionisation
of acids have been considered in detail by Ives and lMarsden
(213), who also took into account other structural effects (see
below). The stabilisation effects mentioned above will vary
with the available space around the base centre; e.g. it
should be less for a molecule like pyridine than for aniline.
Also, it has bveen stated (205) that diminution of the number of
hydrogen atoms available for bonding should decrease the base
strength. The weakness of tertiary émines such as (CH3)3N
relative to corresponding secondary amines (CHB)ZNH has been

attributed to this type of effect (205).

The data obtained in the present work allow the volumes

agssociated with acid ionisation processes of the type
g
(R) jnlVHy = (R),_ NE_q+H" VI®23

to be estimated for thé four protonated amines CH3NH3',(CH3)2
Ny, (CHy);NH'and (CpHg)sNH'. The volume change associated with
ionisation may be expressed as

-0 -0 =0 -0
AV, onis.= VB tVEF - VBH' VI-2n
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In equation VI-24, F; is the partial molal volume of the free
alkylamine at infinite dilution obtainable from the density

data required in the compressibility studies of the alkylamines.
V§H+ is the partial melal volume of the profonated alkylamines

and may be calculated from the ﬁg data for the alkylamine
hydrochloride salts (Table 12) and the value of the

individual partiai g+ ionic volume for the chloride ion at
infinite dilution deduced in the present work (Table 8).
Subtraction of Vgl- from V%H+Cl- gives §§H+' The individual
partial g. ionic volumes obtained for the halide ions{see the
treatment given in Chapter V) lead to a value of -5.7 ml.(g.ion)™t
for V§+ (see Section 3, this Chapter). The volumes for the
respective species shown on the right-hand side of equation VI*ou

are shown in Table 20. The values ofAV? do

-0
and AV. ionis.

ionis.
not vary greatly with the different protonated bases. The small
pogitive increase in volume for the acid ionisation processes of
the methyammonium ion series is to be expected since there is

no net gain or loss of charge in the ionisation process. A
similar slightly varying °§gonis. hes been reported by Hamann and
Lim (191) for the ionisation of 2 series of bases from

WH), OH to (CH)BNHOH. Of course, the values ov. in this case

ionis.
are large and negative (=~ -28 ml.(g.mole)~l) as would be expected
from the net gain of charge which results when the above bases
become ionised.

The well-known anomalies in the effect of successively

added alkyl groups on the base strengths of aliphatic amines
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TABLE 20

ionis.

3 and R = methyl or ethyl,

for Processes of the Type

(R)M-nNH;:;=2(R)4-nNHn-1+H+’ where n Varies between 1 and

Base g * Vauter VRt AT nis.
ml.(g.mole) L ml.(g.mole) "+ ml.(g.1on) "t ml.(g.mole) "t
CH,NH, 40.0 53.8 30.2 +h.1 £ 0.4
(CH,) NE 58,6 72.5 48.9 +4,0 % 0.4
(CE3)N  77.9 90.6 67.0 +5.2 & 0.4
(CoH) SN 119.7 © 138.6 115.0 -1.0 = 0.4

3*

From Table 12.

£ From compressihility data, Table 17,

+ From experimental results required for Table 7.
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in water have been explained by the interaction of the cations
with water, in a series such as CHBNH§, (CHﬁ)ZNH; and (CH3)3NH+.
This can be expressed either by saying that the degree of
hydrogen bonding with the solvent depends upon the number of
hydrogen atoms bonded to the N centre in the cation (48, 205)

or that the alkyl groups act by excluding water molecules from
close interaction.with the positive charge (49). This effect,
working in oppadsition to the inductive effect, can produce the
observed order of base strengths, i.e. the decrease in pK, of
(CHy);NH* below that of (CHy),NH} and CH;NHj, instead of a
steady rise in base strength that would be expected on the basis
of a progressively increasing inductive effect in the series
(CH3)NH2, (CH3)2NH and (CHj)BN' This view is supported by the

observed entropy changes 4S° in reactions of the type
=~ + —— S +
=NH + HZO = =N + H30 VI.25

for which the 88° values become more negative with increasiﬁg
alkyl substitution, corresponding to decreasing total extent
of orientation of water molecules around the cation presumably
on account of;the leck of space around the substituted N° ions
in comparison with that available around H3O+° It is difficult
to draw any final conclusion from the variation of thedvgonis.
results for the methylammonium ions. However, the&igonis.
value for the trimethylammonium ion shows a greater increase
relative to that for (CHB)ZNHZ and CHBNH; . This increase is
greater than the possible experimental error in&Fgonis. and

indicates a more efficient packing of solvent water about this
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ion relative to that around CHBNH; and (CHj)zNHz, or a less

dense structural arrangement about the (CHQ)BN molecule relative
to that around (CHj)zNH and CH3NH;. The value of °§zonis. for
the triethylammonium ion implies that there is very little overall
change in the solvent arrangement (in terms of apparent volume
change) between (02H5)3NH+_and (CZHS)BN’ which is somewhat
surprising. |

The volumes of acid ionisation.avgonis’ for the salts
studied in this work are shown in Fig. 35 as a function of aS°
(taken from ref.206)for the ionisation reactions of the type
given in Equation VI*°23. It can be seen that whereas the
Avgonis.increases by approximetely 1 ml. (g.mole)™3 through the
homologous series of methylammonium ions, as° decreases by
-10.6 e.u. The slight change in Aﬁgonis. as opposed to the
significant change in asS® for these ionisation reactions strongly
suggests that the entropy changes are perhaps more indicative
of the interaction of the hydrophobic tails of the charged and
uncharged molecules with the highly polar and associated
aqueous medium, tban sre the normally predominant electrostrictive
effects arising from ion-dipole interaction.

The above view on the importance of such interactions
is further corroborated by examination of the values of aCp
which reflect similar effects. The ACP values are large and
positive (46), decreasing in the order (CH5)3NH+>(CH3%NHE >
CHBNH;. It is obvious that the normal electrostatic picture is
inadequate to account for the ion-solvent interaction in these

particular cases, especially in view of the tendency for aS°®

s
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Figure 35. Volume change for ionisation reactions

as a function of the entropy change in the reaction.
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and ACP to vary in opposite directions. The evidence that
many non-polar molecules have anomalously large negative
entropies of solution in water, i.e. they increase the local
order in the solvent (57,73,108), seems to indicate that this
may be a predominant factor in determining the as°® andACp
values obtained for the ionisation reactions considered here.
The above considération has been applied mainly to ions and
molecules which are spherical, or nearly so, and it is obvious
that the problem will be much more difficult for the unsymmetrical
species under discussion.

If specific solvent-solute interactions are considered,
the solvent molecules may see the asymmetric solute cetion as
an apparently bifunctional molecule: thus, on the one hand, the
hydrophobic tails (Me groups) of the ionic centre may tend to
increase solvent order through "freezing" of the normal water
structure; on the other hand, the ¥—H prart of the molecule ion
will tend to decrease the order or at best fit into the water
structure without too much solvent structural disorganisation.
As a consequence qf increased alkyl substitution, an
incompatibility would tend to arise between the existence of two
rather differing solvent-ordered regions in the solvent volume
immediately adjacent to the cation.

In the acid ionisation of protonated primary, secondary
and tertiary amines, a number of apparently conflicting effects

arise; the entropy and heat capacity behaviour are related in
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an anomalous way and the volume changes on ionisation are
unexpectedly independent of alkyl substitution at the N

centre. The compressibilities, however, vary in the expected
way (Fig. 23) with alkyl substitution and are rationally related
to the entropy change.

It is therefore difficult to state specifically what
may be occurring in the local solvent region around the neutral
amines and their ¢onjugate ions. However, the following effects
should perhaps be considered in the case of the reactant
acid ions; (a) decreased electrostriction or decreased HZO
orientation about the Nt— H end of the molecule will tend to
contribute to increasing negative entropy for the acidic
ionisation process in the reactant series CHBNH; to (CHB)BNH+
end correspondingly to an increase in the hydration entropy
of the aminium ions themselves; (o) increased alkyl substitution
at the N will tend to promote ice-like structure about the
hydrophobic end of the ion and this will tend to cause a
decrease of hydration entropy in the series of reactant ions
CHBNH§ to (CHB)BNHf. Considering the neutral amines which are
the reaction p?oducts in the acid ionisation processes, the
following effects may occur: (a) the orientation of solvent
due to the N'— H end of the ion will have now disappeared and
it is doubtful if the neutral N atom itself could cause any
appreciable degree of orientation that would make the entropy
for the neutral amine series vary considerably on account of

a change in alkyl substitution on the N; (b) the a2bsence of
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the N-HT moiety in the neutral amine implies that the neutral
molecule is perhaps less "bifunctional" to the surrounding
water so that the structure promotion caused by the alkyl
groups would tend to be associated with a greater decrease
in the hydration entropy in the neutral amine series CHBNH2
to (CH3)3N than in the corresponding reactant ion series
CHBNH; t0 (CH3)3Nﬁ+, where the electrostriction at the L' méy
interfere with the structure promotion at the lMe groups.

The above discussion indicates that the more negative
entropy change in the ionisation process (Equation VI.23)
which occurs with increasing alkyl substitution may be due to
either (a) decreasing orientation of water molecules around
the cation and a corresponding increase in structure formation
about the neutral conjugate amine or (b) a greater increase in
structure promotion about the neutral amine than in the charged
ion. The contrary variation of as® andACp for the ionisation
Drocess was earlier mentioned as strong evidence that the
ionisation process canmnot be interpreted on a simple electrostetic
basis for this predicts.-that ACp and aS should vary in the same
sense with change of size or shape of the cation. Everett
and co-workers (211) have discussed the inverse trend of aS
and ACp in the ionisation of some fatty acids and diammonium
ions in terms of decreased flexibility in the hydrocarbon
chain of the ion relative to that in the un-ionised molecule,

They argued that in the case of the fatty acid anions, because
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of the repulsion between regions of low dielectric constant

by an ionic charge, the rotation about each -C-C- bond will

be hindered, and the resulting entropy decrease will depend

on the number of ~C-C- bonds within range of the ionic charge
in the product anion. Evans and Hamann (49) have pointed out,
however, that the stiffening of the hydrocarbon chain is
probably to be pictured, on & molecular basis, in terms of
solvent molecules becoming oriented around the ion. Everett
and co-workers (211) were further able to show that for at
least two types of molecular motion (viz. simple harmonic
motion and hindered rotation in a cosine field) restriction

of the freedom, to an extent which results in considerable fall
of entropy, may be accompanied by a very much smaller fall in
heat capacity; in certain circumstances they showed that it may
even lead to an increase in heat capacity (particularly in the
case of hindered rotation).

The molecules and ions under consideration here afe
certainly not chain-like in nature and the restricted rotation,
if any, would have to be about the ~C-§* bond. However, this
argumnent may §till be significant in the present case. Whereas
Everett and co-workers (211) and Hamann and Evans (49)
rationalised the results for 4S° and ACp for fatty acid
ionisation processes in terms of the effects associated with
orientation of the solvent about the ions, it is felt (and the
above workers also noted this pdint) that attention should be

focussed rather on the interaction with the solvent of
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uncharged molecules and similarly the hydrophobic parts of

the ions. It seems that the enhancement of water structure .
with increasing alkyl substitution on the ion or neutral amine
may tend to cause a decrease of the entropy both through
increased water orientation and possibly restricted rotation
about the -C-N* bond(s) bgcause of the apparent increase in
rigidity of the ion- or molecule~solvent shell. This effect
would tend to be -greater for thé neutral amines because of the
disappearance of the N-H* part of the reactant ion and the
associated electrostriction. Consequently part of the increase
in negative entropy of the ionisation process with increasing
alkyl substitution at the N, would be due to the more negative
"structure-promotion" entropy of hydration of the.neutral amine
products relative to that for the ionic reactants. A
corresponding rise in heat capacity for the ionisation process

is still required, however, since the increasing build up of

water structure and restricted rotation in the ionic reactants ?
with inecreasing alkyl substitution will require a greater
specific heat to "break down" this structure l}f. the Cp value
of +50 cal.(deg. 11'1016.»)'l for aqueous n-Bu,NCl (72).]. The
increasing poéitive values of ACp with increasing alkyl
substitution for the ionisation process are indicative of
appreciable solvent rearrangement and the excessively large
positive values may in part be attributed to the hindered

rotation mentioned by Everett and co-workers (211). Further

evidence for the structure enhancement of water about the -




OIS

- 254 -

neutral amines and their conjugate ions is provided by
n.n.r. studies of protolysié reactions of the ammonium ion
and of the three methylammonium ions in aqueous solutions (212).

Thus, it has been suggested (212) that the.increased rate of

protolysis for MENH; over that for NHE has its origin in the cluster

-promoting effect of methyl groups, which provide improved
rathways for proton exchange through the ion-coordinated water
and the intermediate structure-broken regions. Thus, the more
methyl groups that are present, the greater is the number of
hydrogen-bond pathways, whereas in the absence of a methyl group
the speed of exchange is reduced and depends largely upon direct
interactions between the exchanging species.

Finally, it may be noted that the conclusions from the
compressibility measurements discussed in Section 6 in relation
to the partial molar compressibilities of the neutral amines
and their conjugate ion salts, are consistent with the

arguments presented above in terms, for example, of the AS°

behaviour.
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APPENDIX

Experimental results for the apparent molal volumes

¢2 and partial molal volumes ?2 for the different alkylammonium

salts are presented in tabular form in this Appendix, together

with the respective solution densities for various concentrations.
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Apparent Molal Volumes, Partial Molal Volumes and Densities
of FPour Tetraalkylammonium Chlorides at 25°C.

+ - ~ density
conc. -1 #2=0.06 _; Vi & 0.1 3x10-6
Salt mole litre ml.g.mole ml.g.mole':L g.m1-1
Tﬁﬁ3)4NCl 0.02030 107.60 107.63 0.997095
0.,02187 107.59 107.62 0.997099
0.02564 107.66 107,70 0.,997106
0.03054 107.63 107.67 0.997118
0.03883 107.65 107.69 0.997136
0.04k269 107.58 107.63 0.997148
0.0Lk559 107.66 107.71 0.997151
0.05203 107.61 107.66 0.997168
0.0524L4 107.67 107.72 0.997166
0.05882 107.68 107.73 0.997180
0.05949 107.65 107.70 0.997183
0.06689 107.66 107.72 0.997199
(C2H5),NCI 0,01501 167.00 166.92 0.997636
0.02331 166.93 166.83 0.997031
0.03354 166.89 166.77 0.997025
0.05408 166.81 166.65 0.997015
0.0720L 166.77 166.59 - 0.997007
0.10303 166.71 166.50 0.996995
0.1668L 166.60 166.33 0.996981
(a~C3H7 ), NCT 0.01773 23283 232.49 0.996865
0.02439 232.66 232.20 0.996801
0.03627 232.48 231.92 0.996691
0.05875 232.12 231.51 0.996483
0.07369 232,02 231.35 0.996347
0.09646 231.94 231.17 0.996138
0.12837 231.66 230.78 0.995873
(n-C Y NCL 0.0111L 294.30 293.93 - 0.996875
W INCL e aee - aouoh 293.75 0. 996849
0.02257 293.90 293.38 0.996707
© 0.02920 293.72 293.13 0.996612
0.03959 293.62 292,94 0.996461
0.05079 293.40 292.63 0.996306

0.07510 293.01 292.08 0.995980
0.10295 292.77 291.69 0.995608
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Apparent Molal Volumes, Partial Molal Volumes and Densities of
Five Tetraalkylammonium Bromldes at 259C.

dénsityzjxlO'6

conc. - #o%0,06 Vo%0.1 ~

Salt mole.litre 1 E g.mole m% g.mole -1 g.ml"l
(CH3),NBr 0.02682 1154.62 115470 0.998115
0.04158 114,62 114,79 0.998702
0.04998 114,65 114,85 0.999033
0.06119 114,75 115.03 0.999474
0.07156 114,76 11%.99 0.999877
0.08926 114.74 115.00 1.000588
0.09451 114.80 115.06 1.000791
0.10805 114,81 115.09 1.001326
0.12715 114,86 115.09 1,002076
0.15029 114,88 115.21 1.002988
0.18355 115.05 115.41 1.004271
0.19960 115.05 115.43 1.004903
0.20787 115.07 115.45 1.005223
0.28738 115,13 115.58 1.008333
0.28974 115.17 115.62 1.008416
(C2Hs)yNBr 0.01086 174,41 174.33 . 0.997442
0.01422 17442 174.39 0.997564
0.02214 174,36 174,22 0.997852
0.04297 174,30 174.10 0.998611
0.04906 174,41 173.90 0.998842
0.07358 174.03 173.77 0.999744
0.07879 174.05 173.78 0.999934
0.09981 173.97 173.66 1.000711
0.12836 173.88 173.54 1.001772
0.14984 173.79 173.42 1.002575
0.20123 173.64 173.22 1.004499
0.20249 173.85 173.43 1.004506
0.20408 173.72 173.30 1.004592
0.24659 173.69 o 173.23 1.006170
0.30377 173.49 172.98 1.008342
(n-C3H7 ), NBr 0. 01171 239.68 239450 0.997368
0.02220 239.51 239.27 0.997658
0.02683 239.59 239.33 0.997783
0.0360C0 239.48 239.17 0.998038
.03981 239.38 239.06 0.998147
04106 239.30 238.97 0.998185
0.04346 239.37 239.04 0.998248
0.04360 239.35 239.01 0.998253
0.05002 239.34 238.98 0.998431
0.05465 239,28 238.91 0.998562
~ 0.05515 239.35 238.97 0.998572
0.05855 239.23 238.84 0.998673
0.06270 239.16 238.76 0.998793
0.07198 239.17 239.74 0.999050
0.08619 239,14 238.67 0.999448

0.10237 239.04 238.53 0.999909
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0.11528 238.96 238,42 1.000279
0.1281L4 238,82 238,26 1.000657
(n~CyHg )y NBr 0.00658 301,03 300.8k 0.99719k
0.01139 300,94 300.69 0.997302

0.01763 300.87 300.56 0.997443

0.01806 300.95 300.64 0.997451

0.01959 300.91 300.59 0.997486

0.02388 300.75 300,39 0.997585

0.03960 300.53 300.07 0.997948

0.03068 300,65 300.25 0.997742

0.04383 300.45 299.97 0.995048

0.05659 300,40 299,86 0.998342

0.07631 300.15 299.52 0.998812

0.09005 300.11 299.43 0.999132
(n-CsH717)NBr 0,00912 363.88 363455 0.997191
5 4 0.01216 363.77 363.37 0.997240
0.01595 363.51 362,25 0.997304

0.01867 363.66 363.10 0.997345

0.02116 363.50 363.04 0.997388

0.02514 363.45 362.89 0.997453

0.02952 363.37 362,80 0.997526

-

o
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Apparent Molal Volumes, Partial Molal Volumes and Densities
of Four Tetraalkylammonium Iodides. at 250C,

density = 3X10-0

¥ oo

conc. B2%0.06 V2%o0.1 1 1
Salt mole litre™ nl.g.mole ml.g.mole™™ g.ml.
(CH3)LNT 0,01230 125.99 126.09 0.997976
0.01993 126.03 126.15 0.998551
0.02025 126.07 126.20 0.998574
0.03407 126.11 126.28 0.99961L
0.04151 126.16 126.35 1.000172
0.05770 126,22 126, 4k 1.001388
0.06094 126,21 126, 4k 1.001632
0.07800 126.27 126.53 1.002910
0.08629 126.34 126.61 1.003527
0.13472 126.46 126.80 1.007149
0.13878 126.49 126.83 1.007448
(C2Hg ), NT 0.00895 185.69 185.73 0.9971125
0.03205 185.71 185,78 0.997279
0.05491 185.74 185.84 1.001000
0.09774 185.81 185.9L 1.004076
0.14530 185.86 186.01 1.007489
0.19656 185.89 186.07 - 1.011167
(u=C3H7)4NI 0.00981 25 L. 0% 250,98 0.997110
0.02643 250.87 250,78 0.997215
0.02643 250.94 250.85 0.998715
0.04093 250.80 250.69 0.999635
0.04516 250.92 250.80 0.999897
0.06713 250,84 250.69 1.001289
0.11407 250.76 250.57 1.004263
0.1426L4 250,66 250.k45 1.00608L
(B=C,Hg), NI 0.01078 312.543 312.38 0.997672
‘ 0.01605 312.38 312.32 0.997978
0.02016 312.32 312.25 0.998217
0.02035 312.30 312.23 0.998227
0.02128 312.28 312.21 0.998283
0.02474 312.34 312.28 0.998482
0.03650 312.28 312.19 0.999166
0.04003 312.34 312.26 0.999368

B
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Apparent Molal Volumes, Partial Molal Volumes and Densities of
Five Alkylammonium Chlorides at 25°C

- + densigy:
conc. -1 ﬁzio.oé 1 Vo=0.1 -1 3x10~
Salt mole litre ml.g.mole™— ml.g.mole g.ml‘l
CH3NH5CI  0.02871 5,25 54,38 0.997433
0.03985 54,13 54.29 0.997588
0.04113 54,26 5l 42 0.997600
0.04961 54,22 54,40 0.997716
0.05037 54,28 5L, 46 0.997723
0.,06199 54,28 54,52 0.997879
0.07026 54,30 54,51 0.997988
0.07271 54,31 54,52 0.998020
0.09633 54.39 54,6k 0.998328
0.11969 54,42 54,69 0.998635
0.14192 54,53 54.83 0.998915
0.16167 54, 5% 54,85 0.999172
0.19630 54,67 55,02 0.999602
0.21805 54,62 54.99 0.999896
0.28909 54.75 55.17 1.000765
0.30395 54,77 55,20 1.000973
(CHy) 2NH2C1 0.02489 72.39 72.99 04997269
0.03125 72.83 72.94 0.997327
0.04323 72.89 73.02 0.997432
0.05982 72.88 73.03 0.997580
0.08180 73.00 C73.17 0.997765
0.08822 72.96 73.14 0.997825
0.09987 73.04 7323 - 0.997919
0.11376 72.91 73.12 0.998056
0.11575 73,0k 73.25 0.998058
0.1611k 73.16 73.41 0.998435
0.18412 73.15 7341 0.998635
0.21247 73.21 73-49 0.998890
0.21518 . 73.21 73.49 0.998889
0.25043 73.23 7354 0.999185
0.25143 73.23 7353 0.999194

0.31453 73.32 73.67 0.99970%
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(CHy),NHCT 0.02545 90.90 91.02 0.997175
0.04098 90,97 91.12 0.997248
0.06158 90.94 91.13 0.997350
0.07071 91.05 91.25 0.997387
0.07813 91.09 91.32 0.997420
0.09018 91.05 91.27 0.997481
0.09369 91.12 91.35 0.997491
0.1461L4 91.22 91.50 0.99772k4
0.18379 91.30 91.62 0.997885

(C2H5 )5 NHCT 0,014&2 138.76 138.72 0.997038"

0.04288 138.69 138.63 0.997021
0.05014 138.67 138.60 0.997018
0.05579 138.57 138.49 0.997020
0.06L97 138.67 138.59 0.997009
0.06603 138.6L 138.56 0.997010
0.06852 138.66 138.58 0.997007
0.08426 138.63 138.54 0.997001
0.10835 138.63 138.52 0.996986
0.1090L 138.67 138.57 0.996982
0.13832 138.66 138.54 0.996965
0.20805 138.54 138.43 0.996947
0.40967 138.31 - - 04996947
0.53019 138.1k4 - 0.997003
(n-C3H;)3NECL 0.02083 186.77 186.65 0.996913
0.02668 186.71 186.58 0.996877
0.04702 186.76 186.57 0.9967Lk4
0.06729 186.63 186.40 0.996621
0.08194 186.75 186.49 0.996519 .
0.08541 186.54 186,28 0.996514
0.11845 186.L8 186.16 0.996314
0.12142 186.47 186.15 0.996298
0.16959 186.35 186.00 0.996020
0.20529 - 186.16 - 0.995843

- 0.29128 185.80 - 0.995441
. 0433058 185.55 - 0.995309
0.37189 185.41 - 0.995143

B e o T O
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Apparent Holal Volumes, Partial Molal Volumes and Densities
of Three Alkylammonium Iodides at 25°C.

densityinlo-b

conc. #,%0,06 V,%0.1 -1
Salt mole litre~L i & mole m% g.mole g.ml'l
0.02280 105.90 106.00 0.998905
0.02812 106.00 106.11 0.999335
0.04214 106.02 106.16 1.000475
0.05692 106,17 106.23 1.001668
0.05778 106.05 106.21 1.001745
0.09755 106.13 " 106.34 1.004970
0.17628 106.33 106.61 1.0111328
(n-C3H7),8H,1 0,018638 157.23 157.31 0.996399
0.02693 157.23 157.33 0.998996
0.06048 157.33 157.47 1.001417
0.09259 157.38 157.56 1.003733
0.13474 157.48 157.69 1.006761
0.16432 157.51 157.74 1.008890
(a-C3H,J3NHT 0.0143% 205.03 205.13 0.998005
0.02209 205.06 205.18 0.998522
0.03877 205.16 205.32 0.999631
0.04330 205.20 205.37 0.999931
0.05217 205.20 205.39 1.000522
0.06343 205.23 205.43 1.001270
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CLATIS TO ORIGINAL RESIARCH

1) A theory of electrostriction of solvent water near
ions has been develoved. The change in solvent volume
near ions has been related, usinz an appropriate molecular
model, to the a»varent change in the volume of the salt
upon dissolution. YThis treatment has avoided the difficulties
of previous calculations where use of the Born equation
involved an integration over a distance from the ion where
the continuum model on which the theory is bvased is least
avplicable.

2) A complete numerical solution for the effective
pressure~field relation and the field-volume relation has
been given for values of field in the range O—lO?'e.s.u.

3) Theoreticazl determinations of +the local compressibilities
of solvent water about ions, obtained from the effective
vressure-volume relation that arises from the relations in (2),
indicate that previous intervpretations of compressibility .
data assuning an incompressible solvent hydration sphere are
oversimplified except .in cases where values of the local field
exceed 107e.s.u.

L) The entropy change, associated with compression of

he solvent, caused by the locel contractive pressure near
ions, has been calculated in a more sophisticated manner.
It appears that the agreement between the results of the
original calculations by Latimer and Kasper and the

experimental ones was largely fortuitous.
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5) ‘'he partial molal volumes V of a series of
homologous tetraalkylammonium chlorides, bromides and
iodides have been precisely measured at low concentrations
using a difierential buoyancy technique.

6) A principle has been proposed for obtaining individual
Vg values and is based on a satisfactory experimental
procecure with minimal a priori theoretical assumptions.

7) Lfhe anomalously large negative concentration
dependence of V for the RqNX salts has been characterised
and discussed in terms of vressure derivatives of all quantities
which determine the activity coefficient.

8) Qualitative estimates of the distance of closest
approaﬂug and dlng/dP have been obtained from the-volume
studies. These qualitative estimates of dlng/dP indicate

the importance of solvent structure pvromotion effects in the
+

>

behaviour oi solutionsof R cations.

9) Formal efrective ionic radii of +the R4H+ and X ions
have also been estimated, taking into consideration dead-space
effects in the solvent.and the local packing of solvent-solute
species.

10) Ilon-electrostatic effecis arising from the large
difrerence in size between the RQN+ cations and the solvent
molecules have been suggested as one of the reasons for the
anonalies in the partial molal volume and activity behaviour
exhibited by these salts.

. 11) The partial molal volumes of a series oi alkylamine

hydrogen chlorides and hydrogen iodides have been precisely

nieasured at low concentrations.
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12) The volumes of ionisation of methylammonium ions
have been estimated and they are found to be relatively
invariant with increased alkyl group substitution. Hydration
and structural effects have been discussed..

13) A differential ultrasonic velocity measuring apparatus
has been used to measure the adiabatic compressibilitites of
salt solutions down to reasonably low concentrations with |
an accuracy much better than tnat of previous methods
employing ultrasonic interferometry.

14) The partial molal adiabatic compressibilities of a
series of homologous tetraalkylammonium bromides and iodides,
a series of homologous methylammonium chlorides, and a series
of homologous methylamines have been measured for the first
time using the above differential ultrasonic vzalocity
technique. Interpretations have been made in terms of local
compressibility changes for solvent near the ions. Three

types of solution water are distinguished qualitatively.
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