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PREFACE

The study of tﬁe properties of aqueous solutions
formed one of the first areas 'of investigation in physical chemistry.
Early workers were concerned about the nature of the substances in
solution and once the significance of dissociation of salts was
understood, rapid advances were made. It was also recognised that
electrolyte solutions behaved in a quite non-ideal manner because of
the charged nature of the solute salts when dissociated in solution.
The Debye-Huckel theory, in the early twenties, formulated the
problem of long-range ion-ion interactions and this treatment led to
many important advances, particularly in the area of ionic conduc-
tance and the thermodynamics of aqueous electrolyte solutions.

Renewed interest in recent years in solution thermo-
dynamics has been stimulated in part by studies of the structure of
water. This most common of solvents has turned out to be extremely
complex insofar as stz-uctural. aspects of its behaviour are concerned.
The properties of nbn-pdiar ionic solutes, particularly in aqueous
solutions, have also been the subject of numerous investigations in
the last fifteen years. These compounds are not only of intrinsic
interest but are also imiaortant as models for the study of biolc;gically

active molecules such as proteins, enzymes and their substrates. ,
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One of the ways of investigating the specific nature
of ion-solvent interaction is by determining the partial molar volume
of salts in solutioh. The partial molar volume of an ion is com -
prised of two main contribufions: its intrinsic volume plus the negative
(electrostriction)\or positive volume change it brings about in the
solvent. It is this latter term which contains information about the
type and magnitude of the ion-solvent interactions. Correspondingly,
the variation of the partial molar volume as a function of concentration
is determined limitingly by the ion-ion interactions and at high con=
centrations also by changes of ion-solvent interaction. Aspects of
the latter effect form an important part of the present study. The
effects of pressure and temberature on the partial molar volumes have
also been examined since the compressibility and expansivity also
reflect the state of the water in the vicinity of the ion.

Because water is such a unique solvent it is very
difficult to determine explicitly the effect of various properties of
water such as its dielectric constant and hydrogen bonding behaviour,
on the thermodynarni;: propefties of salt solutions. The usual re-
course of investigating different solvents such as alcohols often
produces {further ambiguous results since the large changes in the
nature of the solvent often completely change the character of‘ the
hydration. The studies‘ reported here on HyO solutions have been
complemented by work on D,0. This provides the opportunity of
introducing a slight perturbation into the structure of water and of
examining the resultant effects on the partial molar thermodynamic

properties of the solute.
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The principal part of the original work described
in this thesis is experimental in nature and is coﬁcerned with the
precise determination of partial molar volumes, compressibilities
and expansibilities of ionisable nitrogen containing salts exhibiting
@ varying degree of coordination at the N centre. A more detailed
summary of the original contributions is given in the section
"Contributions to Original Research',

Some of the work described in this thesis has been
published and the remaining portions are being prepared for

publication, as indicated in the following list of papers:

1) Hydration and Coordination at Ionised Charged Nitrogen Centres,
B.E. Conway and L. H. Laliberte, ﬁydrogen Bonded Solvent
Systems, Eds. A.K. Covington and P. Jones, Taylor Francis
Ltd., London, 1968 (paper prepared in honour of Professor
W.F.K. Wynne-Jones on the occasion of his retirement),

2) HZO-DZO Isotope Effect in Partial Molal Volumes of Alkali Metal
and TétraalkylammoniumSalts, B.E. Conway and L. H. Laliberte,

J.Phys.Chem. 72, 4317 (1968),
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ABSTRACT

The apparent molar volumes, Qﬁv, of a series of tetra-
n-alkylammonium bromidcs have been measured down to high
dilutions by means of a modified Stokes and Hepler dilution dila-
tometer and at higher concentrations with a differential buoyancy
balance. Despite conflicting indications in earlier literature, the
present measurements have shown that the limiting law slope for the
apparent molar volume is approached at sufficiently high dilutions.
Measurements of the apparent molar volume and the apparent molar
adiabatic compressibility bave also been carried out on a series of
substituted pyridinium and piperidinium salts. The effects associated
with indirect and direct Hoddng at the NT centre were observed with
these two series of salts and allowed comparisons to be made with the
results of measurements carried out on a series of alkylammonium
salts where direct blocking of the charge centre arises.

The partial molar volume and adiabatic compressibility
of aqueous solutions of neutral Pyridine and piperidine bases were also
investigated, Thc—:"appai;ent molar volume of these solutes showed
pronounced maxima and minima when evaluated as a function of con-
centration. Some measurements of ¢v in D,O solutions for the same

solutes also showed a similar type of concentration dependence,
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The apparent molar volume of a series of 1:1 inorganic
electrolytes and tetra-n-alkylammonium bromides were measured in
D,0 solutions at 25°C as a function of concentration. It was found
that some salts had a larger partial molar volume in D50 than in H,0
while the reverse was the case for other salts. The sign of fhe solvent

isotope effect in the partial molar Volurnes, AVO
D,0-H,

o Was inter-
preted in terms of the structure-making and structure-breaking
ability of the ions in the water solvent.

The temperature dependence of the apparent molar
volume of a series of inorganic and tetra~-n-alkylammonium salts was
also determined in H,O and D,0 from 25°C down to the freezing
point of the two solvents. With‘the exception of NaF and MeyNBr, all
of the other salts examined had identical 'partial molar expansibilities
in D0 and H,0.

An extrapolation procedure, analogous to the one
proposed by Conway and Verrall, has been developed for obtaining
the individual ionic contributions to Qﬁ}O{(S)' An examination of the
implicit assumptions made in such extrapolations has been made and
is presented in this tl;esis. The difference between the partial molar
volume of the bromide ibn in HZO and DZO has been determined, thus

establishing an absolute scale of ionic partial molar volumes in

D,0.
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The partial molar volume and apparent molar
adiabatic compressibility changes resulting from ionisation of a
series of pyridinium and piperidinium salts havé also been
determined. The sign and magnitude of these changes have been
interpreted in terms of the hydration and coordination at the
charged centres and also in terms of the interactions between the

neutral base and water.
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CHAPTER 1

INTRODUCTION

1. Interest in Organic Ions
(i) General

The study of the behaviour of charged and neutral
solutes in aqueous and non-aqueous solvents has played a central role
in the development of physical chemistry. The early work in this
field which was initiated nearly 100 years ago was concerned with the
nature of the species in solution. Once it had been established that
ions existed freely in solution and originated either directly from ions -
in the crystal lattice, i.e. NaCl, or from the reaction of potential
electrolytes e.g. HCI, _CH3COQH, with the solvent, the.question of their
properties could be examined in detail. The success of the Debye-
Hickel theory in the Aearly 1920's stimulated a great deal of research
into the behaviour of electrolytes at low concentrations. Their theory,
however, dealt only with long range interactions between ions and
neglected solute-solvent and short range solute-solute interactions. At
the present time, nearly 50 years since the original Debye-Huckel
theory was presented, there is still no equivalenté priori theory for

concentrated electrolyte solutions or 'forfche limiting thermodynamic




behaviour of very dilute solutions of non-electrolyteé, although
a general theory of interchange energy has been given for binary mixtﬁres
by Van Laar (1894) and Hildebrand (1931). Quantities such as the excess
volume of mixing can now be predicted in the 0.1 to 0. 9 mole fraction
region (1). Extensions of the Debye-Hiickel theory have, however, been
made to take into account the cut-off in the space charge distribution
because of the finite size of the ions, but the upper concentration limit
for this improved theory is still about 0.0l molar, and has been placed
as low as 0,00l m (6).

It was perhaps unfortunate that aqueous solutions were
studied first, since water has turned out to be the most complex solvent

in our environment. The three-dimensional structure of the solvent

-arising from the ability of water to hydrogen bond, together with the

electrically anisotropic nature of the molecule make the des cription of
ion-solvent interactions very complex. Attempts to describe these
using a continuum or structureless model for the solvent were initiated
by Born (2), and similar approaches have been employed for many years
by other workers. A more promising approach to the theoretical
treatment of hydration was developed by Bernal and Fowler (3), based
on 2 molecular model. This type of model is rather more involved
than the continuurﬁ theories but at present seems to present the only
realistic picfure of hydration (4, 5). Bernal and Fowler (3) were the
first to direct attention to structural aspects of solvation in relation to
the structure of the solvent #self. The latter question will, however,

be revicwed later in this chapter.




The solvation of ions and neutral molecules plays an
important role in fields as divergent as biochemistry, colloid chemistry;
electrochemistry and solution kinetics. With the increasing importance
of molecular biology in recent years, and the discovery by Frank and
Evans in 1945 of hydrophobic hydration (7), the study of organic salts in

aqueous solution has become recently of great interest and importance,

(ii) Structural Effects in Ionisation Reactions

Since water i’s the universal biological medium, the study
of enzymes, proteins and biological processes at the molecular level
requires an understanding of the solvation of these macromolecules. The
catalytic activity of enzymes is due in part to the conformation which
they can adopt in solution, and this in turn is determined by the inter-
actions of the polar and non-polar groups of the molecule with water.
Since many of these biologically important molecules contain large non-
polar groups as well as ionised centres, it is important for it to be
understood what sort of interactions take place when these groups are ‘
placed in a highly polar solvent such as water. The study of sirnpl'er'
organic ions provides basic information on mode] compounds and the
Principles elucidated can then be related to situations encountered with
more complex cases‘arisiﬁg in biological systems.

The role of the solvent in determining the ionisation
behaviour of organic acids and bases probably encompasses most of the
relevant questions in the field of ionics. For example, in a typical

proton transfer reaction of the type

BH' + H,O0 2= B + H3O+
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the value of the equilibrium constant K, or t‘he free energy change AGO,
will depend on the difference between the free energy of solvation of
the products and reactants. Interactions of BHT and B with water will
depend on the structure of the organic ions and molecules including the
nature of their substituent groups.

One of the earliest attempts to take into account the role of
the solvent in an acid-base equilibrium of the type shown above, was
made by Wynne-Jones (8) in 1933, Using an electrostatic model based
on the Born equation, he showed how a change in the dielectric constant
of the solvent would affect the strength of the acid. The over-
simplification involved in such a treatment was demonstrated by Everett
and Wynne-Jones (9) in 1938 when they studied the ionisation behaviour
of substituted methylammonium ions in water. Predictions of AS® and
AC; made on the basis of a Born treatment were completely reversed,
because in the Born theory a very important part of the hydration energy
had been neglected. It was found that the hydrophobic interaction of the
neutral base with the water solvent was one of the major contributing -
factors in determining the free energy change,

In the above discussion, we have alluded to'a rather special
type of hydration which occurs when non-polar groups interact with
water. It will be one of the purposes of this thesis to try and define
more closelythé nature of this special solute-solvent interaction. In
order to understand the unique solvation behaviour of ions and molecules
in water it is necessary to examine the structure of the solvent, then
with an admittedly limited picture of water we shall proceed to an inter-
pretation of the solvation behaviour of some electrolytes and non-

electrolytes,




2. Structure of Water: Models
(i) General

In general, liquids are more difficult to define than either
solids or gases, and in a number of ways exhibit certain characteristics
which are reminiscent of both depending whether the temperature is
near to the boiling point or the freezing point of the liquid. Within the
broad class of liquids there are other divisions, such as metallic, non-
polar, and polar liquids. Water falls into the last category; itis a
polar liquid, but a rather special one since H>0 molecules have the
ability to hydrogen bond into three-dimensional networks and it is this
unique property of individual H;0 molecules that gives rise to many of
the special properties of liqﬁid water. The study of liquids can be
approached from two directions; 1liquids can be considered as condensed
gases, or in the other extreme can be looked at as disordered solids,
The ability of water molecules to hydrogen bond in three dimensions has
favoured an approach to consideration of its liguid structure in terms of

models based on a disordered solid state,

(ii) Structure of Ice

The question of the structure of ice is initially relevant
and has been re{riewed by Owston (10). The most common form of ice
is ice I, i.e, the hexagonal form. In this modification, the oxygen atoms
lie in layers, with each layer consisting of a network of open, puckered,
hexagonal rings. Each oxygen is surrounded by four hydrogen atoms,
two at 0,96 X and two others at 1. 80 X This structure has been con-

firmed recently by neutron diffraction experiments on D70 ice (11).
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Bernal and Fowler (3) had proposed a regular arrangement for the
hydrogen atoms, realising that the most probable structure would be
one of the irregular ones '"‘crystalline only in the f)ositions of its
molecules but glass_like in their orientation! (3). This has sihce been
confirmed by measurements of the residual entropy (12). Apart from
ice I, there are at least nine high-pressure forms of ice. Thus, even
in its solid form, water presents some formidable problems with

respect to structure elucidation.

(iii) Early Theories on Water Structure

Most theories on water structure must explain several
unusual physical properties, e. g. the density of the liguid goes through
a maximum at 4°C and is higher than that of the solid, even though the
nearest-neighbour distance has increased from 2.76 & in ice to 2.9 A
in water. Similar and even more marked effects arise in D,0.

Two of the oldest theories about liquid water were those
proposed by Rowland in 1880 and by Ré’ntgen in 1892, who already
visualised (cf. Bernal and Fowler, 3) water as a "mixed solution of ice
and steam that varies in proportion with temperature", a concept that
is not far removed from ﬂ"l'OSe commonly accepted today. The early
X-ray work of Stewart (13), which showed that there was definitely short
range order in liquid water, provided the basis for the first quantitative
theory of water structure by Bernal and Fowler (3).

The latter authors proposed that water consisted of a
mixture of two forms which could be represented in terms of the
structures of ices I and I(c). A change in temperature was regarded as

producing a shift in the relative amounts of these species. Their model
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explained the density maximum at 3.86°C, but did not reproduce exactly

the radial distribution function for water (13), particularly as a function

of temperature (14). Although "mixture" models seem to be accepted in
principle today, the model of Bernal and Fowler (3) which involved a

mixture of two '"solid" forms implied too much structure in the liquid.

(iv) Modern Theories of Water Structure

More recent X-ray work (15) over a wide range of
temperatures (4° -200°C) has produced diffraction patterns with much
higheresolution than those obtained in previous studies. This work
showed that the first peak in the radial distribution function remained
pronounced up to the highest temperatures studied, while the beginning
of the continuum region changed from 10 & at 4°C to 6 8 at 2006C,
reflecting the loss of long-r-ange structure with increasing temperature.
It was found (15) that the best fit to the X-ray diffraction data was given
by an anisotropically expanded ice-I lattice, surrounded by other
molecules at randomly distributed distances, with occupancy of the
structural cavities in the lattice being permitted. These workers wei-é
careful to point out that agreement of the predictions from the model
with the X-ray data was a necessary but not sufficient proof of the
correctness of the model.” The importance of accurate X-ray data such
as thatpresented in ref. (15) is that it allows models to be discounted
which do not conform to the R.D.F. Thus the Pauling (16) clathrate type
model was examined (15) but rejected on the basis of the X-ray »data.

A detailed examination of all of the theories on water
structure presented in the last 25 years will not be attempted here;
rather, after a brief examination of some of the representative models ,

an attempt will be made to point out their relevance in the light of the
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experimental evidence that is now available, Generally the models
can be classified into two main groups: first, those that treat
water in terms of a ""continuum'' of structures \and secondly those
that regard the li;quid as a mixture of a small number of dis-
tinguishable states. All of these models have been extensively
reviewed in the recent literature (17 - 23),

(a) Mixture models:

The model considered by Forslind in 1952 (24) was
similar to that recently proposed by Narten, Danford and Levy (15).
Forslind considered that liquid water retained an expanded ice-I
form with some water molecules occupying interstitial positions.
Samoilov (19, 25) had proposed a model similar to this earlier.
Further work with a model based on an expanded ice-like framework
has been carried out by Gurikov (26-29).

The work of Everett and Wynne-Jones on the ionisation

of alkylammonium ions (9),

which was referred to earlier, and another

important analysis of Frank and Evans (7)

on the thermodynamics of

dissolution of inert gases in water, showed that these nmn -polar

solutes had a rather special effect on the properties of water.

It was

found (7), for example, that the (standard)

loss of entropy upon

dissolving 2 moles of argon in water at 25°C was -60.4 e.u. which
is more negative than the loss of entropy associated with the
dissolution of 1 mole of KCl (-51.2 e.u.). Since this loss of entropy
could not be due to electrostriction in the case of the argon, it
indicated that a new effect was operating on the solvent and somehow

restricting its molecular motions. It was also found that this effect

I
|
|
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was reduced as the temperature was increased. The above
observations led Frank and Evans to propose that a region of in-
creased '"crystallinity" was formed around the solute and that this
region}which they also likened to micros copic icebergs,was sus-
ceptible to meltiné as the temperature was réised and thus

accounted for anomalously high partial molar heat capacities,

e.g. as found in the ionisation studies of Everett and Wynne-Jones (9).

In 1957, Frank and Wen (30) proposed a new theory for
the structure of water which encompassed the results of Frank and
Evans (7), and some heat capacity data on large non-polar organic
salts (30) which had anomalously high partial molar heat capacities,
Frank and Wen postulated that the formation of hydrogen bonds in
water was a cooperative process which led to the formation of highly
hydrogen bonded regions, in a dynamic equilibrium, which they
called "flickering clusters't, They estimated the mean lifetime of a
cluster to be 10710 - 10- sec at room temperature. They also
suggested that non-polar solutes would stabilise these clusters, and
this was supported by observed (31) longer dielectric relaxation times
for water/non-polar solute solutions,

Based on the model proposed above, Nemethy and
Scheraga (32) formulated,on a semi-empirical basis,a detailed
statistical—thérmodynamical model of water. They considered a
system with five discrete, equally spaced energy levels which re-
Presented 0, 1, 2, 3 and 4-fold H—bo.nded water molecules, U‘sing a
semi-empirical value for the hydrogen bond energy, and known

infra-red and Raman frequencies for various modes in liquid water,
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they calculated the relative amounts of the variously.bonded species,
Marchi and Eyring (3 3) applied the so-called ""theory of significant
structures'' to the case of water and calculated the fraction of bound
water molecules at various temperatures. Vand and Senior (34)
developed a qualifative theory based on the same principles as those
involved in the Némethy and Scheraga model but introduced the ideé
of energy bands for the H-bonding instead of discrete energy levels,
They also imposed certain topological restrictions on the clusters.
Their calculated thermodynamic properties of water are in excellent
agreement with experiment,

In a recent paper, Levine and Perram (35) have pointed
out that the combinatorial factor used in the statistical mechanical
treatments of previous models (32 - 34) counted the number of ways
of distributing the molecules, whereas the number of arrangements

of the hydrogen bonds subject to a given value of the energy of a

particular distribution of hydrogen bonds should have been considered,

They found that the number of "monomeric' water molecules deduced
in their calculations was much smaller than that calculated by
Némethy and Scheraga.

Other mixture models have also been proposed (36 - 38),

but will not be discussed here,
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(b) Continuum models

A different type of model for water structure was
proposed in 1951 by Pople (40). He considered that hydrogen bonds
remained essentially intact with increasing temperature, but were
capable of being distorted or bent. This view conflicts with that of.
Frank and Wen (30) who implied an ""all or nothing" character to
hydrogen bonds in their theory, i.e. bent states were not considered.
This scems unrealistic since bent states may be shown still to be
""bonding' up to a certain angle and bent H-bonds are encountered in
some intramolecular interactions (39). The high proportion of
""broken'' hydrogen bonds predicted by the various mixture theories
do not seem to be reconcilable with the high value of 4 - 6 Kcals
normally quoted for the hydrogen bond energy (but see 35). Pople's
model does not lend itself easily to calculation of thermodynamic
properties but some success was nevertheless achieved using this
model. Levine's (35) treattment is a hybrid one since it allows the
h?drogen bond in the cluster to bend to a certain degree and then
"break', i,e. there is no longer an attractive potential energy.
Unfortunately the model of Levine has not yet been dex}eloped to the

point where thermodynamic functions can be calculated.
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3. Structure of Water: Spectros copic Evidence

(1) General

The models presented above are still far from being
able to provide an a ml treatment of water structure. In all of the
theories there are adjustable empirical parameters which render the
value of the significance of the final agreement of calculated properties
with experiment doubtful. As we shall see in this section, the basic
postulates made in the treatments of the mixture models, i.e. that
there are bonded and unbonded water molecules in the liquid, are not
umversally accepted. Frank (41) has pointed out that the major problem
in the discussion of water structure is the difficulty in finding
experimental evidence which requires either the acceptance or the
rejection of any given model. Since the treatments based on mixture
models rest on the prernis‘e that there are bonded and unbonded water
molecules in a dynamic equilibrium and that a molecule is considered
bound if it participates in a particular hydrogen bond for 10-10 - 10'1,1 sec,
then the logical course would be to try and identify experimentally
these two .species. This shou.}d be possible with infra-red and Raman
Spectroscopy since these methods view the structure on a

10-13 _ 10714 5ec. time scale.
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(ii) Infra-red and Raman Spectra

Buijs and Choppin (42) studied the near infra-red
spectrum of water as a function of temperature and found three
peaks at 8620 cm'l, 8330 em ! ang 8000 cm"l, the intensities of
which were temperature dependent. They assigned these bands
by comparison with the spectrum of water vapour to sums and
multiples of the fundamental vibrations of water. The temperature
dependence of the bands was interpreted as reflecting the changing
concentrations of 0, 1, and 2-fold hydrogen-bonded species.

Hornig (43) objected to the assignments made by Buijs and Choppin,

and pointed out that other bands could equally well be assigned to the

region they studied. Walrafen (44) examined the effect of temperature
on the low frequency Raman spectrum of.HZO and DZO' The intensity
variation of the 175 cm~! band was interpreted in terms of an

equilibrium involving bound and unbound water molecules., The

enthalpy of the process of breaking one hydrogen bond was estimated
as +3.1 Kcals/mole. Luck (45 - 47) also interpreted his infra-red-
studies of water in terms of clusteré of bound water molecules and

a fraction of 'spectroscopically" free OH groups. Stevenson (48)
examined the vacuum ultraviolet spectrum of water in CCly and
CH3C1 from which he determined the absorption position of mono-
meric water.‘ By comparison with the spectrum of pure water, he
concluded that the "free" water concentration in pure water was < 19,
The fact that the "monomeric" water in a non-agqueous solvenf is in a
very different environmentfrom the unbound water normally visualised
in mixture models places some doubt on the value of Stevenson's con-
clusions and in particular on the upper limit of 1% for the fraction of

unbound water quoted above.
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Falk and Ford (49‘) reviewed the whole question of the
determination of the fraction of bound and unbound species in water
by means of infra-red or Raman spectroscopy. .They pointed out
that the values of the fractions of unbound water obtained by various
workers ranged from 0.1% (48) to 60% (50) ! A recent paper by
Boettger, Harders and Luck (51) has shown that a unique solution is-
not obtained in the calculation Which many authors have used
(42, 52, 53) to det‘ermine the fraction of bound and unbound species
of water in solution, and in fact these workers calculated other sets
of solutions from the same data.

If liguid water consists of a mixture of molecules with
broken and unbroken H-bonds, then every OH stretching band (either
a fundamental or an ovértone) should exhibit two sub-bands. Also
the frequency corresponding to a 'free'" OH should be higher than
that of a bonded OH group (49), and the relative intensities of these
bands should be temperature dependent. The situation is complicated
by the fact that U} , v 3 and 2V, lie close together and for overtones,
and combination bands the situation is more confused by the presence
of overlapping bands and band clusters. Further, smce the water
molecule is subject to an asymmetric field its symmetry is lowered;
this results inU)and Uy bemg no longer purely symmetric and

asymmetric stretching modes, and allows both modes to enter into
Fermi resonance with 2 U 2» the first overtone of the bending mode.
The situation in the overtones is even more complex. Finally,

intermolecular coupling would tend to broaden and distort all band

shapes,
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By studing solutions of HOD in H O or DZO’ some of the.
above-mentioned difficulties can be c1rcumvented Because of the
different symmetry of HOD compared with that of H>0 or DZO’ inter -
molecular coupling does not occur, and also the fundamental
vibrational modes are more widely separated.

The infra-red spectra of dilute HOD solutions were
measured (49) from 0° to 130°C, and the three fundamental bands
showed a single maximum having a nearly Gaussian contour, with a
complete absence of shoulders. The two stretching bands YV, and v,
moved to higher frequencies with increasing temperature, while the
bending mode WV 2 shifted to lower frequencies. It was concluded that
the infra-red spectra fully supported a continuum model and were in-
compatible with the existence of discrete molecular species in water
{mixture model). Their conclusions agreed with the conclusions of
Wall and Hornig (54) based on Raman studies on HOD. Franck and
Roth (55) measured the OD stretching vibrations of HOD in H70 from
30° to 400°C and from 50 to 4000 bars. They found only one intense
absorption maximum with a simple shape at all temperatures and at all
densities above 0.1 g/ cm3. The complete absence of shoulders was
interpreted again as support for the continuum model,

Walrafen (56) reported further Raman studies of water
in the 152 - 175 ecm ™! region and revised his earlier estimate of the
enthalpy of the hydrogen bond energy (in liquid water) from 3. 1 to
2.8 Kcals/mole. Hartman (57) also examined the infra-red spectra
of the OH bands of HOD over a raﬁge of temperatures, and interpreted

the shift in the maximum in terms of bonded and unbonded species,
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Further Raman studies on H;0 were reported more recéntly by
Walrafen (58). He showed that the contour heights at fixed frequencies
exhibited two types of behaviour as a function of temperature: from
3100 to 3400 cm~!, the contour heights decreased with temperature,
while from 3500 to 3600 cm-! they increased with temperature. It
was also found that the family of curves exhibited an isosbestic point
with changing temperature. Four Gaussian contours could be fitted
under the curve, two of them above the isosbestic point at 3535 and 3620 cm-!
and two others below the isosbestic point at 3247 and 3435 cm-!. The
objection that the "free" OH band exhibited too low a frequency com-
pared to that of a free OH in the vapour state was countered by pointing
out that the ""unbonded' water in the liquid state was still being
subjected to intense short range forces. Further evidence for the
position of the band associated with the non-bonded species was provided (59)
by the presence of two well resolved bands at 3545 and 3650 cm-1 in the
infra-red spectrum of water at 374°C, and the absence of bands normally
associated with the bound water. Support for the isosbestic frequency . -
has been provided by Worley and Klotz (60), who found an isosbestic -
frequency at 6812 cm~! which when substracted from twice the Raman
value obtained by Walrafen (58), leaves a reasonable anharmonicity of
108 em-!, 1n addition, they obtained an enthalpy of formation of

~2.4 Kcals/mole for the hydrogen bond. Walrafen has suggested (58)
that the slight band asymmetry observed by Wall and Hornig (545 and
Falk and Ford (49) would under computer analysis reveal at least two

Gaussian contours.
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In a further study by Walrafen (6l), Raman spectra of
the OD stretching region of HOD in HyO were reported. A definite
shoulder at 2645 cm™! was present on the band which had a peak at
2525 em-1l, A preliminary report on the effect of pPressure on the
Raman intensities indicated that the fraction of "unbonded" water
increased by ca. 10% per K bar, which would indicate a volume changé
of ca. -7 ml/mole upon breaking a hydrogen bond.

. Ford and Falk (62) have compared the OH and OD profiles
of the V 3 and U ) bands of ice-I with the profiles which they obtained
with liquid HOD solutions (49). The major difference between the
bands in water and ice was the wide distribution of frequencies about the
peak value. Whereas 90% of the range of vibrational energies in ice
lie within 1 Kcal of the peak value, the corresponding value for the
liquid is only 10 - 20%. The presence of a fraction of weakly interacting
molecules in the liquid was thought to account for the observed mag-
nitudes of the viscosity and self-diffusion constant for liquid water.

Luck (63) discussed the question of the presence of
shoulders on band contours and pointed out that two overlapping bands

with the same extinction coefficient would give rise to only one band if
AU < 0.85 AU1/2

where AU is the scparation between the bands and AV 1/2 is the half
band width. Frank (41) pointed out that two Gaussian contours separated
by 100 cm~! and with half widths of 130 em~! would give rise to a

contour which on visual inspection looks like a single Gaussian profile.
If the two component bands are slightly more separated, the resultant
band will show a shoulder. The two state model need not produce a
sharp isosbestic point, since if the band for bonded species became
broader with increasing temperature, then a pseudo or diffuse isos-

bestic point would be observed.
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It can therefore be concluded that the absence of two

separate and distinct peaks in the OH Stretching region is not

sufficient evidence for the rejection of the two-state model, while
the recent evidence, particularly with respect to the fundamental
vibration regi‘on, provides strong evidence for the validity of the

mixture model,

Very recently Deryaguin (64 - 68) has reported that
water condensed into quartz capillaries under certain conditions,
exhibits very anomalous properties. This anomalous water is
reported to have a density of 1.2 - 1,3 g/cm3, fifteen times the vis-
cosity of normal H»0, and 1.5 times the thermal expansion co-
efficient. A molecular weight of ca. 72 (i.e. 4H,0) and a boiling
point > 200°C have also been reported. An interpretation of these
data in terms of a four molecule cluster has been recently proposed
(69). It was surmised that the clean quartz surface catalysed the
formation of the cluster which when formed was very stable. Since
these results are still quite controversial, we will reserve comment:
on them. They have been included, however, in this discussion for
completeness and to underline the fact that even now the problem of

water structure may be much more complex than we suspect,
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4. Structural Effects in Solution and the Hydration of Ions
(1) General

We have examined the various models used to describe the
solvent and, by means of a discussion of the X-ray (15) and spectral work
on pure water, an assessment of the correctness of these models has
been given. The study of solutes, particularly ions, dissolved in water
has provided a great deal of insight into the behaviour of the solvent. It
has been possible to look at the changes of the properties of the solvent
brought about by ions in solution, and from an understanding of these changes
infer structural aspects of the ion-solvent interaction.

A wide range of physical measurements can, of course, be
made on solutions. We shall now briefly review some of the methods

which are currently being used in the study of ionic solutions.

(1i) Experimental Methods Used

The study of changes in the bulk pProperties of water brouéht
about by the‘ presence of solutes has provided a considerable amount of i
information about electrolyte solutions. Changes in visc.osity (70), di-
electric constant and relaxation time (31), temperature of maximum

density (71 - 74), self-diffusion coefficients for ions and water in ionic

solutions (75) and ultrasound absorption (76) have all been interpreted in
terms of water-solute interactions. X-ray diffraction, N. M. R. ,. infra-
red and Raman spectroscopy have also been used extensively. These
methods are often limited, for reasons of sensitivity, to the concentration
region above |l molar and, as such, caution must be exercised in inter-

preting the results in terms simply of ion-solvent effects,
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(a) X-ray diffraction

X-ray diffraction studies of electroly_te solutions should
yield mean ion to water distances and time average coordination
numbers. The method involves a comparison between the radial dis-
tribution function (R.D.F.) of & solution and that of pure water or a
suitable reference solution. The method is restricted to concen-
trations greater than 2 molar, and has been used to estimate ionic

radii in concentrated solutions where ion-pairing is known to occur.

(b) Infra-red and Raman spectroscopy

The basis for studying infra-red and Raman spectra of
liquid water was discussed earlier in this chapter in connection with
the question of water structure. The concept of "structural
temperature' of an electrolyte solution was one of the first results of
spectral studies on solutions (3). Worley and Klotz (60) used the
concept and found that ( n-Bu)4NBr at concentrations below 2 molar
decreased the structural temperature of water by 3 to 6°C. Bunzl (77)
examineci the frequency shifts of the 0. 91 band to determine the effects
of salt concentration and, temperature on the structure of water. His
results showed that BuyNBr and Pry,NBr were net structure makers

while EtyNBr showed no effect and MeyNBr acted as a structure breakers.

The term structure maker has been applied to ions which have an effect

on the solvent which is analogous to lowering its temperature (see also

Section (iii) (c¢) of this chapter).

The term structure breaker has been used to describe ions which cause

a breakdown of the water structure to a more random state analogous tothat produced
an increase in temperature of the solvent (see also Section (iii) (b) of this

chapter),
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Anions will affect the OH stretching frequencies of the water molecule by
virtue of their interaction with the hydrogen atoms, while cations in
electrostatically interacting with the oxygen of HZO will affect the bending
mode (V 2). The half width of the U ; band has been found to reflect the
degree of hydrophilic hydration of the cations (70). Low frequency Raman
studies (44, 56, 78) have provided information on the librational
behaviour of water in the presence of ions. The librational bands show
only a slight temperature dependence in the presence of ions in contrast
to the marked temperature dependence in the case of pure water, indicating
the strength of the ion-water interactions. The intermolecular O-H---0
stretching band (175 cm'l) was examined by Walrafen (44) in the presence
of alkali halides and it was found that the band decreased in intensity in
the presence of Br~ more so than with C1~. This result was interpreted
in terms of the ability of the Br~ ion to break hydrogen bonds in the solvent.
Studies of the infra-red OH -stretching vibrations (57) of water in the
presence of tetraalkylammonium (TAA) salts and sodium carboxylates
have also been made. .

The carboxylates produced a shift to lower frequencies,
presumablyv because of the OH interaction with the -COE group. The
R4NX salts produced a shift to higher frequencies but this may be due to
the pronounced effects of anions and also to the high ( > 1 molar) concen-
trations used. Near-infra-red spectra have also been used and the
results obtained (a) confirm the structure-breaking character; (b) establish
sequence of the halide ions (42, 60) with regard to the magnitudé of the
effects they produce, and (c) indicate the order-promoting character of OH"

and F°., For cations, which have much less effect on the stretching modes
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of water, the agreement on the order of effectiveness of the structure-
breaking in a series of ions is not as definite. Near-infra-red studies
(60) seem to provide more information regardiﬁg the effects of ions on
water than does the study of the fundamental stretching modes, and seem
to provide support for the present concepts of structur al effects of ions

in solution.

(c) N. M. R, studies

The study of the magnetic resonance and the relaxation time
of the solvent, i.e. with !H or 170, can provide a useful probe for the
effects of ions in solution. The resonant frequency of a nucleus depends
on the electron distribution around it and, under the influence of a strong
field, e.g. at an ion, the electron cloud will be distorted and the chem-
ical shift will be changed. As shown by Hindman (79) the proton
shielding constant could be separated into seven terms, some of which
could not be evaluated. The method is restricted to solutions of con-
centration > 0.5 molar and because of rapid exchange of water
molecules in the solvation sheath of the ion, only one resonance peak
is normally observed. Hindman (80) has described the possible con-
tributions to ion-induced proton shifts in terms of the following effects:

| (1) High-field shifts due to breaking of hydrogen bonds
in the Hydrophobic hydration process with additional bond breakage
in the structure-broken region;

(2) Low-field shifts due to enhancement of local
structure of the solvent by relatively non-polar ions, distortion of
the electron distribution around protons of neighbouring water
molecules and non-electrostatic interactions between cations and the

oxygen of the coordinated water molecules.
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Other explanations involving steric distortion of the water
lattice (81) and hydrogen bonding of water molecules to anions (57) have
been proposed.

The n.m.r. spectrum is affected mostly by anions, the
shift for F~ being in the same directbn as that associated with decrease
of temperature (lower fields), ‘while shifts for Cl1-, Br~ and I” are to
higher fields (57, 89, 82). These findings are in accord with the usual
picture of hydration which will be described later. For cations the situation
is more confused since K shifts the resonance frequency to higher fields than
do either Cst or Rb' (80). A correction to the shift due to hydrogen bond
breakage (82) resulted in a cation-independent chemical shift which was
proportional to anion size and thought to be related to the anion polarisa-
bilities. |

Upfield shifts have been observed with large non-polar salts
(83 and 85). These shifts correspond to the behaviour observed if the
temperature of the pure solvent is raised and thus conflict with the con-
clusions of the i.r. and Raman studies. These results have been atributed
(a) to the fact that the type of structure which is locally formed might be
different from that present in cold water:; (b) to increased covalency of the
H- bonds, and (c) to thc; irr_lporfant fact that the experimental data were
obtained at relatively higﬁ concentrations where some structure-making
ions arc thought to become structure-breakers.

Engel and Hertz (86) have studied the longitudinal relaxation

rate ( ) of water in ionic solutions. The reorientation time of the

T
water molecule (cf. Samoilov [19]) was taken as an indication of the type

of hydration in which the ions were involved. A salt was considered to be

a structure-breaker if the rotational freedom of the water was greater than
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that in pure water, and the converse of this criterion defined structure-making

solutes. The relaxation time results seem to provide a criterion for dis-
tinguishing between the various types of hydration and are easier to

interpret than the chemical shift data.

(iii) Models of Hydration

Throughout the discussion of structural effects in aqueous
solutions,we have made reference to various 'types" of hydration, i.e.
hydrophilic, structure—bréaking and hydrophobic. The current models of
ionic hydration have already been reviewed (70,23). Having examined the
evidence for structure in the pure solvent itself and in solutions, we are
now in a position to describe more fully these special interactions between
solutesand water.

(a) Hydrophilic hydration

Historically, the first type of hydration that was recognised
was of the electrostatic polarisation or hydrophilic type. If an ion with
a high surface charge density is placed in solution, the strong electric
field at the periphery of the ion (viz. > 107 V/cm) may immobilize a
certain number of water molecules. The hydration sheath thus formed
will move with the ion in solution™ | Hydrophilic hydration has also been
referred to as hydraAtion 6f the first kind (87) or near hydration (19). There
is general agreement amongst workers in the field that ions such as LiT,
F~, Nat and divalent alkaline earth cations are involved in hydrophilic

hydration.

In point of fact, there is usually adynamic equilibrium of solvent between
the solvate sheath and the solvent but in the time-average, solvent is
transported with the ion.
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{b) ""Negative" hydration

With the exception of the three ions mentioned above,
all other simple univalent ions display various degrees of what is
called structure breaking, or negative hydration (19). The following
observations characterise the behaviour of these ions: they have
negative B viscosity coefficients in the Jones-Dole relation (88); thel
reorientation time of a water molecule in their vicinity is shorter
than that in pure water (86); the apparent Stokes radii are smaller
than the crystal radii (89); positive contributions to the structural
temperature of the solvent are exhibited in i.r. and Raman studies,
and self-diffusion coefficients of water in the ionic solutions are greater
than that of pure water (90). These facts indicated that the water in
the vicinity of ions such as K, Cl7, Br~, I, etc. had greater freedom
of movement than it had in the pure solvent,

The explanation for this phenomenon was proposed in-
dependently by Frank and Evans (7) and by Gurney (91). It was
suggested that the competing influence of the field of the ion and the
tendency of the water to remain in the normal (bulk) state, led to an
intermediate region of r_elatively greater disorder. Frank and Wen (30)
suggested three concentrig‘regions around an ion: an inner shell of
hydrophilic hydration; a middle shell of structure-broken water and an
outer shell of water still slightly polarised by the ion. An ion would
be a structure-breaker if the middle shell region predominated over the
inner shell. Horne and Birkett (92) have interposed a structure
enhanced region between the electrostricted inner layer and the structure-

broken layer. Samoilov (19), Gurney (91) and Engel and Hertz (86)
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considered that the structure-broken region extends up to the
""'surface' of the ion. Engel and Hertz (86) have proposed a model
for structure-breaking which involves a cooperafive motion of the
water molecules around the ion. Since the activation energy for
translational and rotational diffusive motions in pure water is of the
order of 4 Kcals/mole, in order for structure-breaking to occur,
an alternate pathway is needed with a lower activation energy. In
their model the hypothetical charging of a rare gas atom to a singly
charged ion was considered; the particle was regarded as being
embedded in a structural arrangement of water corresponding to
hydrophobic hydration. Consideration of the configurational part of
the free energy led them to the conclusion that the charging process
up to * 1 electron charge had the effect of making the energies of the
configurations rather similar in magnitude. In other words, the low
energy barrier which they showed to exist between configurations
leads to what has normally been called the structure-broken region.
Experimental evidence for a structure-broken region
extending up to the ''surface' of the ion was thought to be found in the
fact that the molecular motions of water molecules in the immediate
vicinity of the I~ ion did not become slower as the concentration of KI
was increased to 6 molar. At such a high concentration all of the
water would be‘ involved in hydration of the ions, as may be readily

seen by calculating the number of water molecules available p_ér ion.
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(c) Hydrophobic hydration

Throughout the discussion presented so far, we have
implied that there are also ions which increase the degree of
structure in water. This type of effect was recognised early on in
connection with the behaviour of neutral solutes (9) and in ionisation
of bases, but Frank and Eve;.ns (7) were the first to use the term
"iceberg!" explici‘tly in connection with this structural enhancement,
Their findings that rare gas atoms caused this effect on the water
structure have now led workers to consider this as the normal state
of water in the vicinity of most non-polar solutes (86). Frank and
Wen (30) proposed that even ions with non-polar side chains would
stabilise the flickering clusters envisaged in their model of water,
Nemethy and Scheraga (32) used their quantitative model of water
structure to compute the increase in the. number of hydrogen bonds
near a structure-making ion or molecule. The exact structure of
the icelike region around non-polar solutes is still open to discussion;
it may be truly icelike, clathratelike or nontetrahedrally hydrogen
bonded (87). The following section in this chapter will deal with the
special structural effects brought about by R4NX salts and the
question of hydrophol-aic hydriation, a matter investigafed further in

part of the experimental work described in this thesis.
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5, Structural Effects in Solution and the Behavxour of
Tetraalkylammonium Salts

The tetra-n-alkylammonium salts (TAA salts) provide
almost ideal model ions for studying ion-solvent ihteractions;
consequently, a 1arge number of studies reporting the physico-
chemical behavmur of solutlons of these salts have been made in the
recent years, A brlef review of these results will be given here
since the interpretation of results obtained in the present workyto be
reported below, on this system, must be made in the light of the
current knowledge about aqueous solutions of these salts.

In postulating the flickering cluster concept of water
structure, Frank and Wen (30) reported unusually high positive heat
capacities for n-BuyNBr. These results were interpreted in terms of
stabilisation of water structures near the tetrabutylammonium ion,
and these structures were considered more difficult to ""melt" than
an equivalent volume of ordinarily structured water in the pure hquld

N.m.r. studies by Hertz and Spalthoff (84) show ed an
upficld shift of the water protons in TAA salt solutlons The
difficulties involved in 1nterpretmg chemical shifts in terms of solvent
structural changes have already been discussed above and, for the
moment, seem to preclude any definite conclusions being made.

Hertz and Zeidler (93) studied the proton relaxation of water in aqueous
R4NX solutions. They found that the presence of alkyl groups
increased the relaxation time to two to three times that found in pure

water. From a study of the temperature dependence of the relaxation




time , they showed that the activation energy was increased for
relaxation in the vicinity of the large, non-polar ions. The vis cosity
B coefficients were measured as a function of temperature for the
TAA salts (94) in H,0, D,0 and methanol solutions. It was found that
the B values for MeyNX increased with temperature while the values
for Et4NX to BuyNX had an increasingly negative temperature
dependence indica]:ive of increased structure around the ions. This
behaviour was not, however, observed with methanolic solutions,
thus indicating that the structural effects were associated specifically
with water. The results obtained with D,0 solutions showed a trend
toward greater structure in D0 solutions than in H,0 solutions but
the differences between the results for the two solvents were on the
limit of experimental significance. 1In a recent review, the effect of
solvent structure on ionic mobilities and viscosity B coefficients (95)
has been fully discussed.

Conductance measurements, because of their high
sensitivity, can be made down to very low concentrations and the
data obtained can be analysed extensively with the available conduc-
tance equations. Evans and Kay (96) reported conductance measure -
ments at 25° C and 10° C on adueous solutions of R4yNX salts. They
found abnormal behéviouf with increasing anion size which was
attributed to association as the cation and anion became larger,
Analysis of the data in terms of the conductance equations indicated
that association was onlf significant in the case of Pr,NI and Bu4NI.
Levien (97) analysed her conductance data by using the crystallographic

radii for g , the distance of closest approach, and found association in
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the cases of Me4NB. and Me4NI. Notwithstanding the fact that

the radius of an ion in solution is probably different from that in

the crystal, giving & such a strict physical meaning may not be
justified. It was concluded (95) that the relative decrease in ionic
mobility of these large ions was due to water structure enhance-
ment about the alkyl chains . An examination of the Walden products
for the TAA ions in aqueous and non-aqueous solutions (98) has
shown that the eff‘ective sizes of Pr_,_;[NJr —>Am4N+ cations are greater
in water than in non-aqueous solvents, and this conclusion is con-
sistent with the incipient clathrate model for these ions. The
te;nperature dependence of the Walden Product in water indicates
that Me4N+ (which exhibits a negative temperature dependence.
similar to that for large alkali halides) is a structure-breaker, while
Et4N+ shows little temperature dependence and is on the borderline
between being a structure-maker or structure-breaker. The larger
TAA ions show positive d ( )\‘O‘r' Y/ 0T indicating that the thermal
destruction of the structure around the ion permits it to move
anomalously fast, i.e. at a rate greater than thatexpected simply on
the basis of the decrease of } with temperature. An earlier study of
the conductance beha\-riour of the TAA salts in DZO (99) had shown
that the concentration déi)endence was nearly the same as that in H,0.
Association of BuyNI was found to occur to the same extent as in
H20. This observation conflicts with the structure enforced ion
Pairing model proposed ‘by Diamond (100), since D,0 with its greater
degree of structure should tend to cause more association. The

ratio of the Walden product in D20 and H0 (99) thus provided a means
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of distinguishing structure-makers from structure-breakers. It

has also been shown (101) that the substitution of a hydroxyl group
for a terminal methyl group in the Pr4N+ ion, fesults in the dis-
appearance of the anomalous values of mobility and viscosity B
coefficient which have been associated with structure promotion.

A conductance study of the alkyl sulphonium iodides in aqueous and
non-aqueous solvents (102) indicated that cation-anion association
was not significant in aqueous solution except for the case of

Bu3SI; the case of BuyNI was similar. This result was taken as
further evidence that association did not occur in the lower members
of the TAA salt series sir}ce the trialkylsulphonium salts with their
exposed positive charge would be expected to associate (electro-
statically) to a greater extent than the RyNX salts. The R3SX salts
also have the structure-enhancing characteristics of the R4NX

salts, as evidenced by the temperature dependence of their Walden
pProducts. The pressure dependence of the conductivity of TAA

salt solutions has been measured up to 4 K bars (103).. Little
pressure dehydration was reported and the behaviour of the Br~ and
17 series was complex, going through a maximum in the relative
conductance KP/Katm (measured at pressure P and at 1 atmosphere)
for E-Pr4NBr and E’c4NI, while the values of this ratio for the chlorides
varied in a regular manner. Pressure induced salting-in was proposed

to explain the results.
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Extensive studies of the activity coefficients of the
TAA salts have been carried out (104, 105). It was found that Y4+
decreaigc_l___with increasing size of the anion, increased with cation
size in the fluoride series and decreased with cation size in the iodide
series, the invers‘ion occurring between the chlorides and bromides.
The large variation in y4, [i.e. the fluorides exhibit the highest v
values of any 1:1 electrolyte at 25°C (104)] and the inversion in the
order has been interpreted in terms of the structural effects of these
ions. Structure-promoted ion pairing (100), association (97, 106),
and micelle formation (105) have all been proposed as explanations
for the concentration dependence of the behaviour of the bromides and
iodides. Frank (107, 108) has proposed structural salting-in of
BuyN* to explain the deviation from the Debye-Hiickel law. Ultrasonic
absorption studies of BuyNBr solutions by Atkinson, Garnsey and Tait
(109) have shown that all three proposed causes for deviations from the
limiting law can be accommodated to the data. They estimated values

of the cquilibrium constant for association [3.9]

» ion pair dimerisation
[2. 9] and for cation-cation pairing [3]. The inversion in Y+ observed
with the fluorides (104) has Been attributed to the incompatibility of

the structure-making tendencies of the fluoride (hydrophilic) and TAA
ions (hydrophobic effect) which leads to a structural salting-out

effect, The sﬁbstitution of terminal methyl groups by hydroxyl groups
(110) diminishes the activity coefficient and in fact (EtOH)4NF, ‘which
is similar in size to n-PryNF, behaves almost like KF. Similar

studies (111) have also been made on the chlorides and bromides.
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Studies of the en.thalpy and e'ntropy of dilution (112-114)
of the TAA salts have shown that these two quantities are much more
sensitive to structural changes than are the free energies, For a
given halide, the order of the heat involved was BU.4N+ > Pr4N+
>EtyN* >Me N and for a given TAA ion the order was
F°>C1"> Br™ > 1. The éntropies decrease with decreasing size
of the cation, but the entrop’ies ofé-Pr4N+ (Br7, Cl7 and I7) are
practically identi‘cal, as are those of n-BuyNCl and n-BuyNBr. This
suggests that the structure-promoting ability of thesé salts,as reflected
in the entropy, overshadows the differences due to the sizes of the co-
anions. The behaviour of the heats has been interpreted in terms of
structural salting-in (114).

Partial molar adiabatic compressibilit;;kstudies of the
TAA salts have also been reported by Cbnway and Verrall (115) from
this laboratory. The behaviour of ¢?‘\(S) which increases from NH4+
to (CH3),N" and then decreases from (CH3),N* to BuyN*, exemplifies
the transition from a str ucture-breaking NH4+ ion to the borderline
Me4N+ - Et4N+ cases, then to the structure-making E—Bu4N+ ion. ‘

The partial molar volume behaviour of the TAA salts has
also been the object of extensive studies. These salts exhibit marked
deviations from the Debye-Hﬁckel limiting law at quite low concen-
trations and such deviations have been interpreted in terms of ion
pairing and dimerisation of ion pairs (l116), of cation-cation inter-
actions (117-119), and also in terms of solute-solvent size ratio (120),
Some of the above interpretations have been questioned (121). New work
on the partial molar volumes and expansivities of the TAA salts in

H,0 and D,0 is the subject of part of the original work reported later

The partial molar adiabatic compressibility described by ¢K(S) or
QSI%(S) for the infinite dilution value is defined by equation II.17.
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in this thesis, so that a detailed dis cussion of the previous work on
this topic will be reserved for the following section of this chapter and
for the Discussion chapter.

In conclusion, it is evident from the extensive studies of
the physico-chemical properties of aqueous solutions of the TAA
salts, that a new type of hydration is operating which is connected
with the special ability of water to form three-dimensional hydrogen
bonded networks. The question of the exact molecular configurations

involved is still a hotly debated topic.
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6. Previous Work on Special Topics Examined in ‘the Present Research
(i) Partial Molar Volume of Salts in H,O and D,0

Gilkerson and Steward (122) and Wen and Salto (123) have
studied the TAA brornlde series down to 0.1 molar. Dilatometric studles |
down to 0. 002 molar (124, 125) have shown that the partial molar volume
data for Me4NBr and BuyNBr salts exhibit the Debye-Hiickel limiting
slope at sufficiently low concentrations. Conway and Verrall (120, 126)
measured the partial molar volume of the TAA chloride, bromide and
iodide series at 25°C down to 0.0l molar using a differential buoyancy
balance technique. Franks (127) studied the By - series at 5° and 25°C
down to slightly lower concentrations using a magnetic float densitometer.
Wirth (1169 has measured the partial molar volumes of the TAA bromide
series using a dilatometer. It has also been shown that substitution of an
OH for a terminal methyl group in a TAA salt removes the anomalous

concentration dependence of the partial molar volumes (110).

The temperature dependence of the partial.molar volume of
the TAA iodides (128) and chlorides (129) in aqueous solutinn has also
been studied. Partial molar volume studies on the TAA salts have also
been made in methanol (130) and in mixed solvents (131). 'The alkyl-
ammonium series RNH3Br was also studied (132) where R was varied
from H to n-octyl-, and it was shown that micelle formation resulted in

a rapid rise of @,,. Volume measurements on [BusN- -(CH;,)g-NBu3]Br,

(133), a bolaform salt, have been made. and used as a model for study

of cation-cation pairing.




- 36 -

Some partial mo.lar volumes of alkali halides in D,0
(134) have been reported. Volume studies as a function of temperature
on 1l:1 and 1:2 electrolytes (135-138) have also recently been reported.
Very precise partial molar volume measurements at 25°C on alkali
halide salts have-indicated changes in slope which have been inter-

. 3
preted in terms of structural transitions in the solvent (139).

(ii) Partial Molar Volume of Nonelectrolytes in H,O

The partial molar volumes of the normal alcohols have
been measured and the P, V. T. relations have bean extensively
reviewed (140). Similar measurements at high dilutions, and as a
function of temperature, on the isomeric butanols were reported by
Franks and Smith (141). The temperature of maximum density (T. M. D. ),
and its variation with solute concentratién, has been usedjwith aqueous
alcohol and amine solutions (73, 74) to detect the presence of

structuring in water,

(iii) Partial Molar Adiabatic Compressibilities

'Conway and Verrall (115) reported ¢I%(S) data for the
tetraalkylammonium -iodides-and bromides, and also for the alkyl-
ammonium chlorides. Work at higher concentrations on alkali halides
and TAA salts in H7O and alcohol solutions was reported by Allam and
Lee (142). Their data were analysed in terms of hydration numbers of
the various salts. Aqueous solutions of the alkali halides have been
examined down to high dilutions (143,144) and, in some cases, the
partial molar isothermal compressibilities have been calculated from

the specific heat and expansivity data.
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7. Aims of the Present Work

The general aims of the work described in this thesis
were to achieve a better under standing of steric aspects of solute-
solvent interactions, and in‘particular, the behaviour of ions con-
taining non-polar groups in aqueous solution. Through the use of
precise experimental determinations of the partial molar volume,
partial molar compressibility and partial molar expansibility at high
dilutions, information regarding the nature of ion-solvent inter-
actions and their dependence on the structure of the solute and of the
solvent could be obtained.

The concentraﬁon dependence of the partial molar
volume of the tetraalkylammonium salts has been extensively studied
(120, 122-125) and has been shown to reflect the complex and non-ideal
nature of the ion-solvent interactions involved, which persist even at
relatively low concentrations. In the present work, it was also our
aim to establish, through precise dilatometric measurements at high
dilutions, the conditions under which the partial molar volumes of
these salts approached the limiting law behaviour, and thus to establish
the magnitude and pos sibly the origin of the non-ideal behaviour.

A paftial rholaf volume and expansibility study in D0

was also undertaken since a comparison between the thermodynamic

behaviour of solutes in H2O0 and D,0 should be expected to praovide
information concerning the effects of small perturbations of the pro-
perties of the aqueous medium on ionic hydration. The advantage of

using D0 as a solvent is that it provides a slight modification in
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structure with respect to that of ordinary water but does not funda-
mentally change the character of the hydration. Differences in the
behaviour and magnitude of the measured thermodynamic properties
in HZO and D,0 will be interpreted in terms of the nature of the
hydration and of fhe pProperties of the two solvents.

Previous studies in this laboratory (152) on the effecté
of the coordinatian of charged nitrogen centres on the hydration of
cations have dealt with direct coordinatinn at the nitrogen centre, e.g.
in the case of TAA salts and alkylammonium ions (132). The study of
a series of pyridinium salts provides the opportunity of indirectly
blocking the hydration at the charged centre by placing substituent
alkyl groups adjacent to the nitrogen atom, but on the ring. Thus, a
series of pyridinium, piperidinium and alkylammonium salts have
been studied with regard to their partial molar volume and compressi-
bility behaviour since a combination of the two types of data will yield
information about the state of the water in the vicinity of these ions;
such information would not be available from isolated measurements of
either property.

The question of the determination of individual ionic
partial molar properties is important in the study of electrolytes
since most models which have been employed as a basis for cal-
culation of thérmodynarnic solvation properties of necessity deal only
with a single ion. The evaluation of such individual ionic contri-
butions to the measured value for the whole salt is also of great

importance in assessing the specificity of effects of ions on solvent
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structure and in relation to the structure of the ions themselves.
There is no purely thermodynamic method of separating a
measured thermodynamic property for a salt into its ionic com-
ponents, but various schemes have been proposed to effect this
division. The individual partial molar volumes were determined
by a method developed in th.is laboratory by Conway and Verrall (126)
using an extrapolation procedure. In the present work, a similar
extrapolation procedure has been developed to separate the partial
molar compressibility into its ionic components.,

Finally, the effect of solvation in the ionisation
behaviour of the substituted Pyridines and piperidines will be
considered, as reflected in the volume and compressibility changes

which occur upon ionisation of these substances in aqueous solutions.

Such information requires knowledge of the volume and compressibility

behaviour of the neutral bases and their conjugate protonated ions
as well as that of the co-anion X~ present in the solution, or that

of the acid HtX- employed in the ionisation reaction, 'I_‘hese
quantities can be usefully related to the heats and standard entropies
of ionisation in relation to the solvent structural effects attendant

upon protonation.
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CHAPTER 1II

FORMULATION OF PARTIAL MOLAR VOLUMES,
COMPRESSIBILITIES AND EXPANSIBILITIES

1. Partial Molar Volumes

An extensive property, X, of a system can be expressed

as a function of its temperature, pressure and composition, i.e.
X = (T, P, N; ....) II.1

In particular, for a two component system, any change in X at con-

stant temperature and pressure is given by:

9% 9x

X = £y, p.N, M+ IER )T, By, Y II.2

If X is the total volume of the system, then the partial differential

coefficients of X with respect to N are called the partial molar volumes,

i.e.

\
( ) .=V, I1.3
0 N; T, P.Nj i
Equation II. 2 can be integrated to give:

where n) and n, refer to the solvent and solute, respectively. If
n, moles of solute are added to a large volume of solvent and the

partial molar volume of the solvent is taken as its infinite dilution
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value '\7? , then a quantity known as the apparent molér volume ¢v
can be defined:
V- n1Vi)
Ot T
The apparent molar volume .of the solute can be obtained from the
density of the solgtion. If the concentration of the solute is given in

molality (m), then the apparent molal volume is given by:

M
1000 2
Py = mda, (o~ D+

whereas concentrations in molarities (c) yield the apparent molar

volume through the following equation:

M
1000 2
Py = <, (do - d) + =

where d and d, are the densities in g. ml-! of the solution and
solvent, respectively, and M) is the molecular weight of the solute.
The molal and molar volumes are numerically identical in the con-
centration range that'we have investigated.

Differentiating eq. II.5 with respect to n, at constant

n; gives the partial molar volume \72 of the solute:

0 By

- V-
V2= Cam; )my = ¢V+n2(anz)w

I.5

I11.6

II. 7

I1.8
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09,

)
3cl/2
sufficiently high dilution, equation II.8 can be written:

and since for 1:1 electrolytes ( should be a constant at

1000 - <@y, /2 09,

Vo=@, + 1 3 ) . :
2 2000 + c3/2( agﬁ;’/z)] acl/z 1

2. Partial Molar Compressibilities

The apparent molar compressibility of the solute in a

two-component systermn is defined as:

09,

Pk = 5 )T I1.13

Therefore differentiating eq. II.5 with respect to pressure at constant

temperature @k is obtained as

-Vp + nf\?f’ﬁo

-Pk = Py | 1I.14
where
.. 1. 0v _ L 9vp
B=-Flgp)r and B°“\7° (33 )T

1
The apparent molar compressibility may be calculated from -
compressibility and density data using the following equation:

by = 1000 (B-Bo) + BD : I1.15

(o4
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Accurate coefficients of compressibility at atmosphéric pressure

and as ¢ =0 are difficult to obtain from isothermal P-V rela:tion-
ships. Apatemative 'method involves the measurement of the

adiabatic compressibilities by measuring the velocity of sound waves
through a solution. An @coustic or pressure wave travelling through
a solution produces a rapid compression which, unlike a static
compression, does not allow sufficient time for any heat flow to or
from the system. Therefore the compression process is adiabatic.

It can be shown (145) that the velocity of propagation of such a pressure
wave is related to the adiabatic compressibility B; and the density d

of the solution through the following equation:

2 1
U= = 11.16
Bsd
The apparent molar adiabatic compressibility is given by
1000 o
¢K(S) - Bg) + Bs D, . | II.17
The adiabatic and isothermal compressibilities are related through
the ratio of the heat capacities CP and Cv of the solution at constant
pressure and volume, respectively:
Cy
Bg = (G II1.18

Because CV and Cp data'were not available for these solutions,
the adiabatic compressibilities have been directly used in the present
work. It has been shown for KC} and NaCl that the difference between

¢f§ and ¢<£)§(S) amounts to less than 10% (143),
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3. Partial Molal Expansivities

The apparent molal expansivity is given by

09Dy

Pg = (37 )p II.19

Although P may be calculated from an equation analogous to

eq. II.17, where By has been replaced by a the coefficient of
thermal expansion of the solution, the measurement of a requires
the measurement of d as a function of temperature. Therefore

¢E is usually calculated directly from the ¢v versus T data.
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CHAPTER III

EXPERIMENTAL

1. Partial Molal Volumes

The determination of partial molar volumes requires
the density of solutions to be measured with considerable precision
as a function of concentration. An examination of the various methods
available for determination of densities has been given in (146).
Certain factors such as the concentration range under study, the
volatility of the solvent, the temperature and the reactivity of the
solvent or solute toward Op or CO;, will determine the choice of a
suitable method for measuring the density. -

Various methods based on the use of magnetically
balanced floats, both differentially with two floats (147,148), or with‘ a
single float (149,137,127) have yielded excellent results and are
particularly well suit;ad for vblatile systems. For operation at high
temperatures and high péessures, Ellis (135) has used a dilatometric
method. The hydrostatic balance method of Kohlraush (150), based
on the Archimedian principle, was shown by Wirth (151) to give a high
degree of accuracy when used differentially, This method was
employed for part of the work presented here. The magnetically

operated float and the hydrostatic balance can yield densities that are
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accurate tol - 3 x 10‘6 g/ml. The accuracy is determined in part by
the size of the floats so that Vaslow (139), using a 250 m1l float,
attained an accuracy of + 5x 10~ g/ml. Under such conditions,
however, precision of temperature control becomes a limiting factor.
The methods discussed above will give satisfactory partial molar
volumes down to a concentrat‘ion of AO. 0l molar. In order to examine
the density behaviour of solutions below this concentration, a dila-
tometer has been d‘eveloped by Hepler et al (124), which can be used ‘
down to 0.002 molar. In the Present work, an improved version of the
Stokes dilatometer has been used to examine the density of solutions

down to very high dilutions,

(i) Apparatus used and Calibration Procedure

(a) Hydrostatic balance

A photograph of the differential buoyancy balance is shown
in Fig. 1. A schematic diagram showing the principal parts of the
apparatus appears in Fig. 2. The apparatus is similar to that
described in a previous thesis by Verrall (152) so that only the
modifications made will be pointed out. The balance used was an
Oertling model HO3, modified for under pan weighing on both the front
and back pans. The vessels containing the solution and the solvent
were made of 48 mm i.d. pyrex tubing and were mounted beneath the
balance in plexiglass holders. Separate mounts were used for each
vessel to permit independent alignment under the balance and thus
prevent the floats from sticking to the walls of the vessel. The vessels

were also provided with plexiglass covers having small holes for the
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Photograph of Differential Buoyancy Balance.







Figure 2.
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Differential Buoyancy Balance.
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support wires. The floats were cylindrically shaped, had a volume
of about 120 ml and were partly filled with mercury to give them an
apparent density of about 1.12. They were suspended in the vessels
by means of 0.002'"" diameter tungsten wires, which were connected
to gold plated chains attached to the balance pans. The tungsten
wires were soaked in water when not in use to ensure uniform wetting
and thus minimize surface tension effects.

All measurements were made in a 150 litre, well lagged
water thermostat provided with an annular window and heated by
means of a partially immersed electric bulb. The bath was located
in a room where the temperature was controlled to better than 1°c.
The thermostat was maintained at a temperature of 25.00 + 0. 01°C
measured on a large mercury in glass thermometer, calibrated by
the National Research Council of Canada, having a 12 inch scale for a
range of 6°C. A uniform temperature was maintained by means of
an effective stirrer situated deep in the bath. The density measure-
ments were reproducible to 3 in the sixth decimal place and the
absolute accuracy was checked with test runs on KCI solutions., The i

values obtained agreed to within 0.1% of the published data (139).
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Schematic Diagram of Dilution Dilatometer.
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(b) Dilution dilétonleter

The dilatometer used was based on the instrument developed
by Hepler et al (124) and various modifications were made which, it was
felt, simplify the operation and improve the reliability considerably. A
schematic diagram of the dilatometer is shown in Fig. 3. The dila- |
tometer was made of pyrex glass and had a volume of about 500 m!. The
magnetically operated capsule had a volume of about 10 ml. which was
known to 0. 00l ml since this volume together with the initial concen-
tration of solution in the capsule determined the number of moles of
solute that would be diluted. The total volume of the instrument did not
need to be known so accurately since only the final concentration,after
dilution, has to be determined. The capillary had a radius of ca. 0.05 cm
and its exact value was determined by weighing threads of mercury of
known length. A

The system for control of temperature of the dilatometer
required some careful development since the dilatometer was in effect
a water thermometer. A well lagged water thermostat of about 50 litres
capacity was used. This thermostat was placed in a thermostated |
enclosure in which the temperature was maintained at 24.5 + 0.1°C.

The bath was heated by means of continuously operating, low energy
heater together with a partially imme rsed electric bulb which was con-
trolled by a mercury-toluene thermoregulator through an electronic relay.
This arrangement, combined with an effective stirrer situated in the
centre of the bath, provided a temperature stability of + 0.001°C. All
measurements with the dilution dilatometer were carried out at

25.000 = 0.001°C.
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The absolute accuracy of the apparent molar volumes
obtained were checked by performing some measurements on KCl
solutions and the values determined agreed to within 0.1% of the data
of Vaslow (139). It was not found necessary to correct for the change
in’volume due to the change of hydrostatic head as the 11qu1d in the
caplllary moved up or down.

(c) . Dilatometer for expansivity measurements

Four dilatometers were also constructed to measure the
change in partial molar volume with temperature. These were
simply round bottom flasks fitted with a 24/ 40 joint and stopper. A
capillary of ca. 2 mm. diameter and 30 cm. ‘in length was glass
blown to the neck of the flask and the dilatometer was annealed at
560°C for 1 hour to relieve any strains caused by the glassblowing
which might cause the volume to change with time. With these dila-
tometers, the change in density with temperature was measured
directly. The radius of the capillary was determined by weighing
threads of mercury of known length. The volume of the dilatometer
at 25.00°C was determined by weighing it empty, then filled with
water; appropriate buoyancy corrections were made. ' The volume of
the dilatometer was determined as a function of temperature by
measuring the apparent density of water as a function of temperature
and from the &ata on HyO compiled by Kell (153); the "true'' volume
of the dilatometer was evaluated as a function of temperature. Other
corrections, such as the change in volume due to the change in
hydrostatic head and the fact that 0.4% of the solutinn was at room
temperature by virtue of being in .the part of the capillary that was
not immersed in the thermostat, were absorbed into this volume

correction.
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The same wa ter thermostat as that used for the
dilution dilatometer was employed in these experiments. To lower
the temperature of the bath,an antifreeze mixture at -5°C was
pumped from a holding tank through a 30 ft. copper coil which was
wound around the inside of the bath. The flow of coolant through
the coil was regulated so that the heat gain of the bath was just over -
come by the cooling provided by the coil. The temperature was
then maintained at the desired level by the electric bulb/mercury-
toluene system previously described. This sytem gave a
temperature that was stable to £ 0.002°C down to 1°C. The
temperature was measured with a series of calibrated Beckman
thermometers.

In the case of the dilution dilatometer and the four
expansivity dilatometers discussed above, the volume changes were
measured by mecans of a cathetometer by observing the change in
level of the liquid in the capillaries, as measured from a fiducial

mark,

(ii) Method of Measurement

(a) Hydrostatic balance

Two s.lightly different procedures have been used in

measurements conducted with the hydrostatic balance. In the work

on the series of pyridinium salts the procedure discussed in detail
: |
by Verrall (152) was used. Each solution was made up volumetrically |

in a calibrated flask at 25°C, the salts being weighed out by difference.

The solution was then pre-thermostated at 25.5°C prior to use.
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In order to measure the density difference between the
solvent and the test solution, solvent was Placed in both test vessels
up to a certain mark., A ''zero" reading (wt,) was then taken with
solvent in both vessels. Subsequently one of the vessels was removed
and the solvent was replaced ‘by the same volume of solution, thus
ensuring that the same length of support wire was immersed. A
second reading (wt) was then taken after allowing 20 min. for thermal
equilibrium to be reached and after ensuring that no air bubbles were
adhering to the surface of the bulb. The difference in density was
then given by

wt - wtg
ad =

I1I.1
VB

where Vg is the volume of the bulb in the fest vessel.

The vessels were kept stoppered during the thermal
equilibration and while the measurement was being taken, a plexi-
glass cover with a hole ca. 5 mm. in diameter was placed over the
top of the vessel. As discussed by Verrall (152), the final reading
was always approached with the bulb in the test vessel descending.
To verify that the bulb was not adhering to the sides of fhe test vessel
a weight of 10 mg. could be momentarily dialed off the balance,
displacing the test bulb in an upward direction. It was then allowed
to redescend again to its equilibrium position, Using this procedure,

wt and wt, readings were reproducible to + 0.] mg.
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A second slightly modified procedure was also employed,
in particular for the work in D,0. This modification was in the
preparation of the test solutions. The solvent was degassed on a
water pump at 40°C for one hour, then a weighed amount of solvent
was placed in.the test vessel which also contained a small teflon
covered magnetic stirring bai-. The zero reading was taken as before,
then the vessel was removed and placed in a second water thermostat
at 25.5°C. A quan\tity of salt was weighed into the vessel by difference
and the resulting solution Was' stirred for 10 min. by means of a
magnetic stirrer located under the bath. Using degassed solvent,
no bubbles remained on the bulb or the walls of the vessel after 10 min.
of stirring. The stoppered vessel containing the test solution was
then replaced in the main bath for the wt reading. Other solutions of
progressively higher concentration (molalities) were prepared by
adding more salt in the manner described above, Loss of solvent by
evaporation over a typical run of 1 - 2 days was minimised by keeping
the vessel stoppered at all times except during the actual weight
measurement when it was covered in the manner described above.

This procedure which was used in the D20 work did not
allow any significant contamination of the D70 by water vapour. This
was checked by determination of the difference of density between
Hp0 and D,0. - The advantage of this second procedure is the reduction
in the amount of salt (0.15 moles) needed for a run and also the 10 to 20-

fold reduction in the amoﬁnt of solvent used; these considerations

become significant with non-aqueous solvents and when expensive salts are

used.
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(b) Dilution dilatometer

This instrument does not measure the density of the
solution directly, but rather it yields the difference in apparent
molar volume between a more concentrated starting solution and the
final diluted sbiutionn at lower concentration. As was shown in (124),

from the definition of apparent molar volume,

V- VP

o, =

ny II1. 2
where V = total volume of the solution, VP = molar volume of pure
solvent, n}, n, = number of moles of solvent and solute, respectively,

If a small volume v of concentrated solution is mixed
isothermally with a large volume v' of solvent, where v & 60v', the

change in volume upon mixing is Av and V, the final volume is then:

g V=v+v'+'Av II1. 3

Further, if ¢V('mit) is the apparent molar volume of the salt in the

initial, more concentrated solution and ¢v(fin) is the apparent molar

e,

volume of the salt in the final diluted solution, then using III.2 and

ST

IIT. 3 it can be shown fchat:

=5

: _ Av
Doitin) = Do(init) * n, III. 4

Since the initial concentration is between 0.1and 0.5 molar,

D iniey €an be measured with the h drostatic balance to = 0.0l mil.
v(init) y




All solvents used.were degaséed as described Previously,
The concentrated solution was pre-thermostated at 25°C prior to
filling the capsule, in order to prevent leakage of the concentrated
solution into the dilution section of the apparatus during thermal
equilibration. Particular care was taken in filling the capsule and
inserting the magnetically held stopper, that no air bubbles were
present. The outside of the éapsulé was then carefully rinsed and
inserted into the tép of the filled dilution vessel, forcing the excess
solvent out of the capillary. "The whqle assembly was then placed in the
water thermostat and the solvent in the dilution vessel was stirred with
the magnetic stirrer for two hours. That thermal equilibrium had
been established was shown by the stability of the height of liquid in
the capillary. The solution in the capsule was then diluted by removing
the magnet which held the magnetic stopper, and allowing the solutions
to mix,

After one hour, the final stable reading of the height of
the liquid in the capillary was taken and thus the volume change on _
mixing (Av) was determined. The number of moles of solute that was
diluted was determined by the initial concentration and the known
volume of the capsule. The change of volume AV in the capillary could

be measured with an accuracy of £ 1 x 1074 ml,.
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(c) Expansivity measurements in the dilatometers

This apparatus described in an earlier section measures
directly the density of a solution as a function of témperature. It is
essentially a 'thermometer'. Since the density of the solutions which
were being studied vc}ere known\accurately at 25°C from the hydrostatic
balance measurements, only the change in density with temperature
had to be determined, i.e. Qﬁv had to be evaluated as a function of
temperature. .
M
Vo

Since dg =

where d is the density of the solution, V, is the volume of the solution
and of the dilatometer, and M is the mass of solution, all at 25°C, ata
temperature T°C, the following relation applies:

M

d
Vo - AV

where d is the density of the solution at the temperature T, Vo is the
volume of the dilatometer, and AV is, in this case, the change in

volume of the solution upon cooling.

From equations III. 5 and III. 6,the following ‘expression

III. 5

III. 6

for the change in density of the solution with temperature can be obtained:

do(Ve - Vi +AV)
(Vo - AV)

Ad=d-d, =

The experiment was performed by filling the dilatometer
with a solution of known density and placing it in the water thermostat,
The level of the solution in the capillary was measured relative to a

fixed mark on the capillary. The measurement determined V, the

III. 7
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volume of the solution at 25°C. The temperature of the bath was then
lowered by about 3°C and the change in level of the liquid in the
capillary was noted, which, together with the known radius of the
capillary enabled AV to be calculated. The volume of the dilatometer
(V) as a function of temperature had been determined as described
previously.

This procedure was followed down to 1° for H,O solutions
and 3°C for D0 solutions. The solvent densities at various

temperatures were taken from (153) and the apparent molal volumes

were calculated in the usual way.
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2. Compressibilities
(1) General

The method used to measure the velocity of sound in
solution was'a differential one first described by Carstensen (154)
and is based on the following“ principle.

Two transducers are mounted as described in the
following section so that one is located in the solvent (H,O) while the
other is placed in the solution under study. The separation between

the two transducers is adjusted with a micrometer screw so that

there is an integral number of wavelengths between them. If the
physical separation of the transducers is d, and the path length in

water is z,

- Z

n—Z +d
Avw  Ax

II1. 8

where )\W and >\X are the wavelengths in water and the test solution,
respectively. The distance d between the transducers is kept constant
and the transducer assembly is moved along the axis of the test vessel

a distance Az until the acoustical path length has increased ton + 1,

where n is the number of acoustical wavelengths between the two
transducers.’
7z + Az d -2 - Az
n+1-= + IiI.9

A w X x

where )\X > .)\w'
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Subtracting equation III. 8 from III. 9, the following
expression is obtained for the difference in wavelength between

solvent and sclution:

A w

W

AN = —— II1.10
Az -X

Introducing velocities instead of wavelengths and the frequency f,
2

Uy
A = - = em——
U =0Uy - Uw Az - Uy 111,11
The main source of errors in the measurement of AU occurs in the
determination of Az. For the lowest concentrations studied (ca.

0. 02 molar), only one 360° phase shift can be measured but, with the

higher concentfétions, up to 30 360° phase shifts can be observed.

(ii) Apparatus used and Method of Measurement

A photograph of the differential ultrasonic velocity
apparatus is shown in Fig. 4. It consisted of two main parts:

1. the electronic components, shown
diagrammatically in Fig. 5;

2. the test vessel and mechanical

| assembly shown in Fig. 6.

The electronic components have been described in detail
elsewhere (152). They consisted of a radio-frequency generator
producing a 10 MHz signal which was modulated in the form of pulses.
Part of this pulsed signal was admitted to the test vessel through a
piezo—electric'transducer and subsequently transmitted to a

detector and mixer circuit where it was added to a reference signal
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Figure 4. ' Photograph of the apparatus for differential

measurement of the velocity of sound.
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Figure 5. Diagrammatic representation of electronic

components




A H
G
C. M1 B D = F
K
E
B |

A-R.F.Oscillator

B- Pulse Modulator

C- Pulse Generator

D- Decade Attenuator

E- Broad Band Amplifier

F- Tuned Amplifier and
Mixing Circuit

KEY

G- Phase Comparison
H- Oscilloscope

| -Source Transducer
J-ReceiverTransducer
K-Frequency Meter
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Schematic representation of mechanical
assembly used in differential velocity
measurements, and details on the test

vessel used.
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which had come directly from the pulse modulator. The resulting
signal was amplified and displayed on an oscillos cope. This circuitry
enabledthe determination to be made of the extent to which the signal
which had passed through the test vessel was in phase or out of

phase with the refe;ence signal.

' The test vessel and the mechanical assembly were aiso
described in (152). However, certain improvements were made to
this system and will be described below.

A new apparatus was constructed using the same design
as that described previously (152) but the ultrasonic path length was
twice that used in the older system. The test vessel was of a different
design and is shown diagrammatically in Fig. 6. It was made of
0.5 mm No. 304 stainless steel and consisted of two identical sections.
The sides and bottom of the vessel were made from one sheet of
material, and the extreme ends of each half were blocked with stain-
less steel plates which were soldered into place. The seams were
covered with RTV 11 General Electric silicon rubber. The other end
of both halves was fitted with a 1" flange and a 2! diameter 'O’ ring. -
A polyethylene sheet was placed between the rubber 'O’ rings and
the two halves of the test vessel were joined and held in place with 14
" bolts placed around the flange.

As was seen, the accuracy with which the difference in
the velocity of 'sound between solvent and solution can be determined
depends on the measurement of the distance that the transducers must
be moved at constant separation in order for the signal to undergo a

360° phase shift. With a longer test vessel, it is possible to go through
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more maxima and minima and thus determine the length of one 360°
phase shift more accurately. Also, since the distance that the trans-
ducers must be moved to increase the differential acoustical path
length in the solution and solvent by one wave len.gth increases as the
concentration ‘decre_ases, this new assembly permits differences in
velocity to be meas ured down to lower solute concentrations. It was
possible to measure a difference in velocity between solvent and
solution as low as I'm/ sec.

The second modification that was made was in the
temperature control system. One of the main advantages of the
differential method of velocity measurement is in the temperature
control requirements. For a direct interferometric measurement, the
temperature must be controlled to %= . 001°C if the velocity is to be
measured to = .0l m/sec. With the differential method, a fluctuation
in the temperature will introduce an error which is dependent on the
temperature coefficient of the velocity difference between solvent and
solution. Thercfore a temperature control of + . 01°C suffices for
our AU measurements to be stable to + . (} m/sec. It was, however;
very important to maintain a constant temperature over the entire
length of the test vessel (100 cms. ).

A 45 litre water thermostat surrounded the test vessel

on three sides, and was heated by means of a constantly operating,
low energy heater which ran along the entire length of the bath. The
temperature was then maintained at 25,00 = . 01°C by means of an
intermittently operating heater, identical to the constant heater, con-

trolled by means of a mercury thermoregulator and electronic relay
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system. The length of the bath necessitated an effective multiple
stirriﬁg system in order to maintain a uniform temperature along

the bath. This was accomplished by means of three stirrers which
ensured rapid circulation of water around the test vessel. In the test
vessel itself,' four magnetic stirring bars were located which were
driven by magnetic stirrers placed under the water thermostat (see
Fig. 6). With the system described above, no detectable (+0.01°C)
differences in temf)erature existed over the entire length of the test
vessel,

A reversing motor (windshield wiper motor) was also
installed to power the 1 mm. pitch driving screw, and a counter v."hich
recorded the number of turns of the shaft required to drive the trans-
ducer carriage over a length corresponding to a 360° phase shift in the
ultrasonic signals enabled measurements to be made semi-automatically,

The solutions to be studied we re made up directly in the
test vessel by adding weighed amounts of solute to a known weight of
solvent. The concentrations (molalities) were converted to molarities'
by means of the density data which had been obtained previously in the
¢v measurements. Loss of solvent by evaporation was minimised
by keeping the long opening along the top of the test vessel covered
with a plexiglass lid when the actual measurement was not in progress.,

The velocity differences AU were obtained with an

absolute accuracy of £.02 m/sec. Test runs were performed on KC1
solutions and a value of -45.5 x 10-4 m} (g.mole bar)-! was obtained
for the partial molar adiabatic compressibility. This compared
favourably with the results of Owen and Kronick, -44 + 1 x10"4 mi “
(g.mole bar)~! (143) and those of Gucker et al (144), -45.6 x 10-4 m1

(g.mole bar)"l.
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3. Purification of Solvents Used

(1) Water (H,0)

All water used to make up solutions and rinse the test
vessels was doubly distilled, the second distillation being from alkaline

permanganate.

(ii) Heavy Water (D,0)

The heavy water was obtained from Atomic Energy of
Canada Ltd. and was 99. 75% mole % D,0. The D0 was re-used twice
after distilling it in a suitably dry apparatus,
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4, Preparation and Purification of Solutes Used

All of the salts which were prepared were recrystallised
at least twice, while those available commercially were re-
crystallised once. In all cases the salts were dried for at least two

days in vacuo at 50°C prior to use.

(1) Pyridines and Pyridinium Salts

The neutral bases, 2-methylpyridine and 2, 6-dimethyl-
pyridine were obtained from Chemical Procurement Laboratories.

The pyridine was Analar reagent grade (B.D.H.). These compounds
were distilled under a nitrogen atmosphere at reduced pressure before
being used either as a reagent for the preparation of the §a1ts, or as

a solute. ‘

The HCl gas used to make the hydrochlorides was
prepared by dropping concentrated sulphuric acid onto a slurry of
analytical grade NH4Cl and concentrated HCl. The gas was dried by
bubbling it through concentrated H2SO4. The HBr and HI gas used to |
make the hydrobromides and hydroiodides was obtained from the
Matheson Co. .

Pyridinium, 2-methylpyridinium, and 2, 6-dimethyl-
pyridinium chlorides were prepared by bubbling the dried HCl gas
into a solution of the selected base in ethanol. The reaction mixture
was kept in an ice-bath and under a nitrogen atmosphere to prevent
excessive heating and oxidation. The hydrochlorides were recrystallised

from ecthanol. Pyridiniurn chloride is very hygroscopic, so the salt
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was also prepared in solution by titrating the base with standard HCL.
The density results obtained with the salt prepared in this way were
in agreement with those obtained using solid pyridinium chloride.

The hydrobromide and hydroiodide of 2, 6-dimethyl -
pyridine were. prepared by bubbling bottled HBr and HI gas into a
cold solution of the base in ethanol. These two salts were then re-
crystallised from ethanol and their comp‘osi’cions checked by a volumetric
halide analysis.

The N-methyl iodides of pyridine, Z~methy1pyridine, and
2, 6-dimethylpyridine were prepared by slowly adding methyl iodide
to a solution of the base in ethanol. These reactions were very exo-
thermic,;so the methyl iodide was added at such a rate as to keep the
solution refluxing. When all of the methyl iodide had been added, the
rcaction mixture was refluxed for three hours. 1-Methylpyridinium iodide
was recrysiallised from 99% ethanol, 1,2-dimethylpyridinium iodide was
recrystallised from hot water by precipitation with acetone and 1,2, 6-
trimethylpyridinium iodide was recrystallised from a 99% ethanol - 1%
water mixture.

1-Ethyl pyridinium iodide was prepared by slowly adding
cthyl iodide to a solution of pyridine in ethanol. The reaction mixture
was refluxed for three hours and the product was recrystallised from
ethanol,

Ail of the above compounds were kept in subdued light and
stored in vacuo prior to use. The melting points of the compounds

were checked against the literature values where available.
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(ii) Piperidines and Piperidinium Salts

The piperidine was obtained from B.D. H. and the 1-
methylpiperidine from Canlab. Both were distilled under a nitrogen
atmosphere a"c reduced pressure prior to use.

Piperidinium an.d l-methylpiperidinium chlorides were
prepared by bubbling dried HCl gas into a solution of the respective
base in ethanol. The reaction mixture was kept in an ice bath and
under a nitrogen atmosphere. The products were recrystallised from
ethanol and their compositions were checked by means of a Cl1-
analysis.

1,1-Dimethylpiperidinium iodide was prepared by slowly
adding methyl iodide to a solution of 1-methylpiperidine in ethanol.
The resulting compound was recrystallised from ethanol and the purity
was verified by a volumetric I- analysis.

Piperidinium iodide was prepared in solution by titrating
piperidine with aqueous HI. The HI had been purified by distillation
from red phosphorous. The I~ content of the HI solution was ‘

established by a volumetric analysis of the I-,

(i) Alkylammonium Chlorides

Diethyl, dipropyl, and dibutyl-ammonium chlorides were
prepared by bubbling dry HCI gas into an ethanolic solution of the
amine. Diethylamine (B.D.H. ), dipropylamine (Matheson-Coleman
and Bell), and dibutylamine (tech. grade) were all distilled under a
nitrogen atmosiahere, the dibutylamine at reduced pressure. The salts
were recrystallised from an ethanol (10%) diethylether mixture and

the purity was checked by Cl~ analysis.
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(iv) Alkylammonium Bromides

Triethylammonium and triethanolammonium bromides
were prepared by bubbling HBr gas into a cold solution of the amine
in ethanol. Tl’iethénolammonimn bromide was recrystallised from a
3:1 alcchol-water mixture , and triethylammonium bromide was re-
crystallised from ethanol. The melting points of these compounds

were checked against the literature values.

(v) Tetra-n-alkylammonium Salts

Tetramethylammonium tetrafluoroborate obtained from
Aldrich Chemicals was recrystallised from hot water. The tetra-
n-alkylammonium bromide series from tetramethyl to tetra-n-
butylammonium bromide were Eastman reagent grade materials.

They were recrystallised according to the procedures given in (152).

(vi) Inorganic Salts

KCl, NaCl, NaF, KBr and NaBr were all reagent or
analytical grade salts and were used without further puficication,

They were dried at 75°C in vacuo for two days prior to use.

(vii) HOD

This compound was prepared in solution by adding a known i
weight of cither H0 or D,0 to either D,0 or H,0, respectively, depending
on whether a solution of HOD in D0 or HOD in H,0 was required. The

equilibrium constant for the reaction

H,0 + D,0 = 2HOD

is 3.96 (155). The equilibrium concentrations of unreacted D20 (in e#cess

H;0) and of H7O (in excess D720) were negligible,

B
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CHAPTER IV

RESULTS

1. Partial Molar Volumes

(1) General

In this chapter the apparent molar volume and partial
molar volume results obtained for the various systems studied will
be shown in tabular and graphical form., A complete tabulation of the
experimental data can be found in the appendices following the last

chapter.

(ii) Extrapolation Procedure

The partial molar volume of a component i in solution is.
equal to the pressure derivative of the partial molar free energy of

that component, i.e.

- a}ll . _ a].l’l ai
vV, = (35 )T - VS + RT (—a——P—)T

where a; is the activity of i.

e A D I Yy LT

1Vv.




Just as the concentration dependence of the activity
coefficient was given by the Debye-Huckel theory, the slope of the
relation characterising the dcpenden-ce of '\72 on c will be determined
by the pressure derivative of the limiting law slope for activity co-
efficients. Foxl- the simplest form of the Debye-Huckel theory, i.e.

point charge interactions, Redl_ich and Rosenfeld (156) showed that,
Vo = V9 + kwd/2 e 1v. 3

where w3/2 = 1 for 1:1 electrolytes and k is a constant given by the

following equation:

k = 2N2e3 (27r/1000RT)L/ 2 e'3/2(%‘;5— - _g? )

where N is Avogadro's number, ethe electronic charge, € the di-
electric constant of the solvent and B the isothermal compressibility
of the solvent,

The constant k, which is in fact the limiting slope for

l:1 electrolytes, was evaluated by Redlich and Meyer (157), using the

'g-%- data of Owen (158), as 1. 868 ml. ll/zg.molc‘3/2 for the apparent

molar volume. Recent experimental determinations of ¢v as a function
of cl/2 (124, 125, 139) have shown that the theoretical slope is indeed main-
tainedupto rcasonably high concentrations, i.e. < 0.10 molar for

simple 1:1 electrolytes such as NaCl and KCl.
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A more complete equation for the partial molar volume
of an electrolyte, taking account of the distance of closest approach

2 and its pressure derivative @ ln g/ dPis given (159) by:

Svcl/2 ch
Vy, = V9 4 —— ¢ T CC v
2 2 .
1+Acl/2 (1+ Acl/2)2 v
where S, =k W3/2 = 2,802 m1.1Y/2 g mo1e3/2 IV.
Olne Zalng
= -2.303 RT.S,.A - -
W, = -2.303 RT.S, (55 5T B) V.
dln B
K, =2.303URT.B (225 .

1 P 2 3/2 6
Sa = 5 ‘12 vjzj (€T) .1.290 x 10

A =8(eT)"V/2 35 54

and B is an unknown f'unction ofc, €, Kk, T andg » R the gas constant

per mole, T the absolute temperature, ¥V the sum of the number of
ions produced by the dissociation of one molecule of electrolyte,
& the distance of closest approach in A » K the Boltzman constant,

z the valence and P the pressure,

5

6 .

7
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Since the forms of B and M are not known, it is not

0P
possible to evaluate the term K, in eqn. IV. 4, The only other unknowns

o
1
in eqn. IV.4 are S and —-%ip—a;, the evaluation of which will be discussed

in the next chapter.

For extrapolation purpases we have used a simpler

equation which is given below (cf. ref. 157):

V, = V9 +2.802 cl/2 4 pe 1V. 8
where

h=Kv+Wv—SV.A Iv.9.

For apparent molar volumes a similar equation is obtained:
Gy - 1.868 cl/2 = g0 15 ¢ 1IV.10
\'2

The partial molar volumes of non-electrolytes have been plotted as

a function of concentration c.
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2. Partial Molar Adiabatic Compressibilities

(i) General

A complete tabulation of the velocity of sound and other
associated data used to calculate the compressibility will be found in
Appendix II. The ¢K(S) data will be presented in this chapter in

tabular and graphical form.

(ii) Extrapolation Procedure

An equation for apparent molar adiabatic compressibility
can be obtained by differentiating eqn. IV.10 with respect to pressure

and neglecting the hc term, i.e.

O
5
Pis) = 3%’ ; g%’ ”gfav + P2 gcl/2 V.11
or
Brs) = Bi(s) + Skg) /2 V.12
where
aSV PsSy
Skisy = - lgs )

Since fBg is a function of concentration, the slope SK(S)
should not be constant; however, this variation is less than the un -
certainty in the slope for the concentration range used in this work, i

so that eqn. IV.12 can be regarded as linear in cl/2,

" If the term hc is included and differentiated, an equation similar to
IV. 1l results but with the additional term:

3h
(=P

+ hB) ¢
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3. Pyridines and Pyridinium Salts

(1) Partial Molar Volumes

In the case of the three neutral pyridine bases studied,
hydrolysis cor'rectior.ls were calculated from reported Kp values (160)
and found to be negligible. A correction was made, however, to the
values of ¢v and QjK(S) for pyridinium and 2-methylpyridinium chlorides.
Since the degree of dissociation, a, is given approximately by (KA/ c)l/z,
the true volume or compressibility is related to the experimental

quantity by the following equation:

D EXPT.) - UBsAsE) * % ey

¢SALT = IvV.13

l-a

The correction in ¢v ranged from 0.1 mlatc =0.0lto 0.02ml atc =0.20
for pyridinium chloride and was less for 2-methylpyridinium chloride.
Similarly, the correction in ¢K(S) ranged from 0. 35 ml (g.mole. bar)-1
at ¢ = 0.03 to 0.1 ml (g.mole.bar)"latc = 0.20 for pyridinium chloride,
but was negligible for 2-methylpyridinium chloride.

The ¢v data for the pyridinium salts (corrected for
hydrolysis) were plotied according to eqn. IV.10 and the {7(2’ values were
obtained with the j coefficients. These data are given in Table 1 and
some typical plo;cs of @, - 1.868 cl/2 against c are shown in Figs. 7 to 9.
The concentration dependence of ¢v for 2, 6-dimethylpyridinium
chloride and bromide is rather unusual. Both of these salts, and to a
much lesser extent the I~ salt, exhibit apparent positive deviations from
the limiting law. The data for the Cl™ and Br~ salts go through

pronounced maxima at ca. 0.05 molar,
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The behaviour of the apparent molar volume of 2, 6-
dimethylpyridinium bromide was further investigated by determining
the dependence of the apparent molar volume on temperature. Five
temperatures were studied, ranging from 6.20°C to 34.90°C. From
the data which 1s listed in Table 2, it is evident that the concentration
dependence of ¢v is very sensit‘iV.e to temperature. At the lowest
temperature studied, a slope of +2. 35 ml.Il/‘?'.g.mole'3/2 was
observed and the ¢V‘against cl/2 curve had the same shape as the
curve for 2, 6-dimethylpyridinium iodide at 25°C. As the temperature
was increased, a slight discontinuity appeared at ca. 0.05 molar, the
concentration at which the neutral base showed a maximum in its
apparent molar volume. The partial molar volume at infinite dilution
also goes through a maximum at ca. 25 - 26°C.

The Q§V data for the neutral bases were plotted against
concentration and the '\73 and initial slope data are given in Table 3.
Typical plots of QSV against ¢ are shown in Fig. 10, The anomalous
shape of the relations for 2, 6-dimethylpyridinium chloride and bromide
is reproduced in the concentration dependence of ¢v for 2, 6-dimethyl- |
pyridine in water. Pyridine exhibits a minimum at about 0. 05 molar
in water but not in benzene. The minima or maxima repérted above
seem to be experimentally significant since (a) they were found with
several compounds but not with others over the same concentration
range; (b) hydrolysis effects could not account for the behaviour since
they would lead to opposite effects in the apparent volumes of the 2, 6-
dimethylpyridinium ion in comparison with that for the neutral
molecule; and (c) .repetition of points in ihdependent experiments in the

region of the maxima served, in fact, to delineate the discontinuity
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TABLE 1 |

Values of Vg and j in Equation IV.10 (25°C)

V2 ml(g. mole)-L j ml.1(g.mole)"2
Salt | +0. 05 ml(g. mole)~L + 8%
Pyridinium chloride 90.96 -1.7
2-Methylpyridinium chloride 108. 63 -0.7
2, 6-Dimethylpyridinium chior ide 125,40 +11. 2
2, 6-Dimethylpyridinium bromide 133.10 +8.5
2, 6-Dimethylpyridinium iodide 144. 26 +0.3
1-Methylpyridinium iodide 126. 82 +0.3
1, 2-Dimethylpyridinium iodide 142,55 +2.6
1,2, 6-Trimethylpyridinium iodide 158.23 +0.6

1-Ethylpyridinium iodide 144.03 ’ +0.3




Figure 7.
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A plot of apparent molar volume minus
1.868 cl/z against concentration, for:
(a) Z2-methylpyridinium chloride,

(b) pyridinium chloride, and

(c) 2,6-dimethylpyridinium chloride.




@, -1.868 C2(ml. mole™!)

108.5

108.0

©
o

©
o
o

I M VT AT

R R T

126.0

125.5

C (g. moles litre™")




Figure 8.
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A plot of apparent molar volume minus
1.868 cl/2 against concentration for:
(a) 2, 6-dimethylpyridinium bromide,
(b) 2, 6-dimethylpyridinium iodide,

(¢) l-methylpyridinium iodide,
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Figure 9,
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A plot of @, - 1.868 cl/2 against
concentration for 1,2, 6-trimethyl-

pyridinium iodide.
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Figure 10.
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* A plot of apparent molar volume ¢v
against concentration for:
(2) pyridine,
(b) pyridine in benzene solution,
(¢) 2-methylpyridine, and
(d) 2, 6-dimethylpyridine at 25°C.
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more clearly. In Figs. 7c anci 8a, the dotted lines indicate the un-

certainty in st associated with an uncertainty of + 3 x 10'6g.ml"1 if
in the density of the solutinns. The slopes, j, for any remaining
linear concentration dependence of Qﬁv after the Debye—H.L’mkel term in
c:l/2 had bee‘n subtracted, varied, both with the coordination of the
pyridinium ion and with the counter anion (Table 1) as was found ;
previously for the R4N+X‘ salts (126, 152). For a number of the salts,

however, limiting‘ law behaviour was approached in the concentration

range studied (Figs. 7a, 8b, 8c and 9).

(ii) Partial Molar Adiabatic Compressibility

The ¢K(S) data for the pyridinium salts were plotted
according to eqn. IV.12 and the ¢I2(S) values were obtained together
with the slopes SK(S)' These data are shown in Table 4 and some
typical plots of ¢I&(S) against cl/ 2 are shown in Figs. 11 through 14.
From Fig. 12 the differences in ¢?§(S) between the halide ions for salts
having 2 common cation may be obtained. These differences, together
with those obtained by other workers, are listed in Table 6. An
estimate of the theoretical limiting slope for 1:1 electrolytes in water
has been given for isothermal compressibilities as 6.0+ .5ml.11/2
(g.mole)'3/2bar'1.- From Table 1, it can be seen that 2-methyl-
pyridinium chloride and l-methylpyridinium iodide come closest to the
limiting law behaviour in their volumes, i.e. j -0, and similarly
their SK(S) values from Table 4 are both 6.6 + 0.5 ml.ll/z(g.mole)'3/2
bar-l. This indicates that the limiting slopes for the isothermal and

adiabatic compressibilities are quite similar in magnitude,
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The ¢K(S) data for three neutral pyridine bases
were plotted as a function of concentration and the ¢f&(5) values
were obtained together with the limiting slopes (d¢K(S)/dc).

These data are shown in Table 5 and are plotted in Fig. 15.
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TABLE 4

Values of 10% Pk (s) 2nd Sk(s) in Equation IV.14

(25°C)
4
10% By s) SK(S)

Salt ' ml(g.mole.bar)™t  m1.1Y/ 2(g. mole)-3/2pap -1
Pyridinium chloride -18.6 + 4.6
2-Methylpyridinium chloride -16.4 +6.6
2, 6-Dimethylpyridinium _

chloride -15.0 +2.6
2, 6-Dimethylpyridinium

bromide - 6.6 +2.2
2, 6-Dimethylpyridinium

iodide +1.7 + 7.5
1-Methylpyridinium iodide +1.5 : + 6.6
1, 2-Dimethylpyridinium

iodide + 0.1 +10.8

1, 2, 6-Trimethy1pyridinium
iodide ' - 0.4 +12.1

1-Ethylpyidinium iodide +2.0 +9.8
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Figure 11. A plo’t of apparent molar adiabatic
‘ compressibility ¢K(S) as a function of
cl/2 for pyridinium chloride and 2-
methylpyridinium chloride at 25°C.
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Figure 12.
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A plot of apparent molar adiabatic
compressibility ¢K(S) as a function of
cl/z for:

(a) 2, 6-dimethylpyridinium iodide;

(b) bromide;

(c) chloride, at 25°C.
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Figure 13,
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A plot of apparent molar adiabatic
compressibility ¢k(S) as a function of
cl/2 for 1-methylpyridinium iodide
and 1, 2-dimethylpyridinium iodide at
25°C |
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Figure 14,
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A plot of apparent molar adiabatic
compressibility ¢K(S) as a function of
cl/ 2 for 1,2, 6-trimethylpyridinium
iodide and l-ethylpyridinium iodide at
25°C.
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TABLE 5

Values of 10% B3 5y and (d By )/ d o) _ ; at 25°C

104 @°
2 S) C (@Bgsy/d el o
Compound ml.(g.mole.bar)"! mi. I(g.mole~%bar 1)
Pyridine +2.2 +10.5
2-Methylpyridine +5.3 +5.0

2, 6-Dimethylpyridine + 7.3 -20.0
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Figure 15,
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A plot of apparent molar compressibility
¢K(S) as a function of concentration for
pyridine, 2-methylpyridine and 2, 6-
dimethylpyridine at 25°C.
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4, Piperidines and Piperidinium Salts
(1) Partial Molar Volumes

~ Since the piperidines were strong bases, their salts
did not hydrolyse (K4 ca, Tx 10"12) and no corrections to the
volumes and compressibilities were required, as was the case with
the pyridinium salts. The neutral bases, on the other hand, would react
with water to form significantly the protonated species
(Kg =1.32 x 10-1 for piperidine). If the measurements are done
in alkaline solution, it can be shown that the degree of hydrolysis
a is given approximately by the following expression:

Kp

1v.14

a =
Comn-

where Cnhyy- is the concentration of KOH in the solvent. For
piperidine in 0.1 N KOH, a = 0.0132 and since no Kpg value was
available for l-methylpiperidine the same a value was assumed to
hold. The above considerations led to corrections of 0.1 ml and
0.15 ml in the apparent molar volumes of piperidine and l-methyl-
piperidine, respectively. |

The ¢v data for the piperidinium salts were plotted
according to eqn, IV.10 and the '\720 values were obtained with the
] cocfﬁcivents. These data arc given in Table 7 and some typical
plots are shown in Fig. 16. The slope of the plots of the apparent
molar volume vs, <:l/Z for all three salts approaches the limiting

law value in the cencentration range studied.
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The Q5V data for the neutral piperidine bases are also
shown in Table 7 together with their limiting slopes obtained from

the ¢V against c plots shown in Fig. 17.

(11) Apparent Molar Adiabatic Compressibility

The ¢I&(S) data for the piperidinium salts were
plotted in the usual way (Fig. 18) and the ¢§§(S) and S (g) values
obtained are shown in Table 8. The plot is linear for piperidinium
chloride but for 1-methylpiperidinium chloride the linear section
extends only to ¢ = 0.10 molar. The ¢K(S) data for the two neutral
piperidines in 0.1 N KOH were plotted as a funct.ion of concen-
tration (Fig. 19) and the gb%(s),together with the limiting slopes
(d¢K(S)/dc);are shown in Table 8.




Figure 16.
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A plot of ¢v -1.868 c1/2 a5 a function of
concentration for 1,1-dimethylpiperidinium
iodide, 1-methylpiperidinium chloride and

piperidinium chloride at 25°C
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Figure 17,
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A plot of apparent molar volume B

as a function of concentration for piperidine
and l-methylpiperidine in 0.1 N KOH at
25°C
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Figure 18,
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A plot of apparent molar adiabatic
compressibility ¢K(S) as a function of cl/2
for piperidinium chloride and l-methyl-

piperidinium chloride at 25°C
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Figure 19.
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A plot of apparent molar adiabatic
compressibility ¢K(S) as a function of
concentration for piperidine and 1-methyl-

piperidine in 0.1 N KOH at 25°C
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5. Alkylammonium Salts

(i) Partial Molar Volumes

The partial molar volumes of selected n-~alkyl-
ammonium halide salts were examined, partly as an extension of
the compressibility studies carried out on these salts and also to
complement the volume data already gathered in this laboratory
(12'6) and by others (132). The apparent molar volumes of the salts
in the series RZNHZCI, where R = CZHS' , C3H7_ and C4H9_ ,
were determined and are shown in Fig. 20, As may be seen from
Fig. 20, the deviations from the limiting law slope of 1. 868 ml.
ll/z(g.mole)'3/2 increase with increasing size of the R group. In
Fig. 21 the plot of @, against cl/2 for (HOC2H4)3NH+Br" shows that
the introduction of a polar-OH group into the alkyl section of the
molecule causes it to behave like a "normal" 1:1 electrolyte as
opposed to the behaviour of (C2H5)3NHBr (Fig. 22) which exhibits a
large negative deviation from the Debye-HiU'.ckel limiting law. Theée
\720 and j data for the compounds shown in Figs. 20 - 22 are listed in

Table 9. V£ andj data for Me ,NBF, are also included in Table 9.
2 J 4 4

(ii) . Partial Molar Adiabatic Compressibility

The ¢K(S.) data for the alkylammonium salts were plotted
according to eqn, IV.12 and the ¢§§(S) values,together with the slopes
SK(S),were obtained. These data are shown in Table 10 and are plotted
in Figs. 23 and 24. Also included in Table 10 are the ¢(OI&S) data for
Me/4NBF .




Values of \—/g and S, = (d¢v/ dcl/z) for a Series of Alkylammonium

S, was taken at ¢ = 0. 001 molar
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TABLE 9

Salts,

EOT T e

Zorhl (g.fnole)“l Sy
Salt + 0.05 ml(g.mole)-! ml1. 11/ 2 more-3/2
+ 8%
NH4C1 36.27 + 0.6
(CzHS)ZNHZCI 106. 73 +1.0
(HOC2H4)3NHBr 147.28 + 2.1
(D-C3I"I7)3NHBI' % 193, 65 -
(CH3)4NBF4 132. 60 + 0.8

[ e

From the data of R.E. Verrall (152) for the Cl~ and I~ salts.




Figure 20,
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A plot of apparent molar volume ¢v
against cl/2 for (C,H;5),NH,CI,
(C3H7),NH,Cl, and (C4Hg),NH,Cl

at 25°C.
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Figure 21,
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A plot of apparent molar volume ¢v
against cl/2 for triethanolammonium

bromide at 25°C.
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Figure 22, A plot of apparent molar volume ¢v

against cl/2 for triethylammonium

bromide at 25°C.
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Figure 23.
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A plot of apparent molar adiabatic compressibility
i 1/2

¢K(S) against ¢ / for (C,Hg),NH,Cl,

(n-C3H7),NH,Cl, and (n-C4Hgy),NH,Cl at 25°C.
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Figure 24,
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A plot of apparent molar adiabatic compressibility
¢K(S) against cl/2 for (CHg)3NHBr and
(HOC,Hg)3NHBr at 25°C
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6. Partial Molar Volume of the Tetraalkylammonium Salts

The partial molar volumes of the tetraalkylammonium
salts have been studied extensively, both in this laboratory (126) and
elsewhere (116, 121-128). Our measurements were primarily con-
fined to the high dilution region, i.e. 0.002 S c<€0.0l molar;
however, because of the type of dilatometer used, it was also
necessary to have accurate ¢v data in the region 0.10£¢£0.5 molar,
Therefore the existing data in this high concentration region was ex-
tended and augmented where needed.

The first member in the series, (CH3)4NBr, exhibits a
positive slope (d¢v/dcl/2) at quite high (> 0.1 molar) concentrations
and has been shown to follow the Debye-Huckel limiting law (124) quite
well, -Dilatometric measurements were carried out on (C2H5)4NBr,
(n-C3H7)4NBr and (n—C4H9)4NBr in H>0 and in one case in DZO at
25°C. Figure 25 shows the behaviour of ¢v plotted against cl/2 for
(C2H5)4NBr in H,0 and DZO at low concentrations. The relation is
linear up to ¢ = 0,04 molar and has a slope of 1. 65 + 0.2 ml.11/2
(g.mole)'3/2, the ¢v plots for D,O being parallel to those of H50 in
this concentration range. Figure 26 shows the results for the complete
range of concentrations studied, both with the dilatometer and with
the buoyancy balance, _The Present results for (n—C3H7)4NBr have
been plotted in Figure 27 together with those of Wen and Saito (123) .
and Franks and Smith (127). The plot of ¢v against cl/2 goes through a
maximum with ( d Q5V/ 0 Cl/Z) being positive below ca. 0.015 molar.

The limiting law slope is not reached even at the high dilutions used,



Figure 25.

i T
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A plot of apparent molar volume ¢v

against /2 for tetraethylammonium

bromide in Hp0 and D70.
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Figure 26. A plot of apparent molar volume, ¢v’ against
cl/2 for tetraethylammonium bromide in H,0

and Dzo
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Figure 27. A plot of apparent molar volume, ¢v’
against cl/2 for tetra-n-propylammonium

bromide in H>,O
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Figure 28.
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A plot of apparent molar volume, ¢v’

against cl/2 for tetra-n-butylammonium

bromide in HZO at 25°C.
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the highest positive slope Being ca. +0.7x 0.2 ml.ll/ Z(g.mol~e)'3/7~_
The concentration range over which a positive straight line can be
drawn is so small that a scatter of = 0.02 ml (g.mole)'1 in ¢v will
introduce a large uncertainty in the value ofb the slope. Dilatometric
measurements on (n—C4H9)4NBr have recently been reported (125) and
are in agreement with the results of the present determinations on this
compound (Fig. 28).

The results for '\720 obtained in this study on the TAA
bromides have been listed in Table 1l together with the data of other

workers, where extrapolations were made from sufficiently high

dilutions. As may be seen from Figures 25 to 28 and also from Table 11,

there is good agreement between our results and those of other workers.

The results obtained dilatometrically are the most precise at high
dilutions and thus good agreement is fouﬂd for n-BuyNBr and EtyNBr

where two dilatometric determinations can be compared.
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TABLE 11

Values of VO for the Tetra-n-alkylammonium Bromides in H,0

at 25°C
V2 ml (g.mole)-!

Salt . . (2) (b) (c)
(CH3),NBr “n4.26 114. 40 114, 25
(C;Hg) ,NBr 173,70 + .05 173. 65 173.6 + .10
(n-C3H7) NBr 239,38 + .05 239,15
(n-C4Hg)4NBr 300.41 % 0.10 300. 35 300, 40
(a) Present work; ¢v data obtained dilatometrically down to

= 0.002.

(b) Franks and Smith (127); Qﬁ data obtained on magnetically

operated densitometer down to ¢ = 0.002.

Hepler, Stokes and Stokes (124); ¢ data obtained dila-

tometrically down to ¢ = 0,0l molar.

Dunn (125); @, data obtained dilatometrically down to

= 0, 0015 molar.

Conway, Verrall and Desnoyers (126); ¢ data obtained

on a differential buoyancy balance down to ¢ = 0. 01 molar.

Wirth (1163; ¢v data obtained dilatometrically down to

= 0.002 molar.
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7. Partial Molar Volumes in H,0 and D,0 at 25°C

The partial molar volumes of a series of alkali halides,
tetraalkylammonium bromides and selected neutral compounds have
been determined in heavy water solutions at 25°C. The @, data
obtained for D,0 solutions have been plotted on an "agquamolality"

(M) scale (164), i.e. moles of salt per 55. 51 moles of solvent of

either kind. The aquamolality scale becomes, of course, the molality

scale when HpO is the solvent and it ensures that at equal aquamolal
concentrations the number of solvent molecules in solution is the
same. The concentration scale used will not, of course, affect the
VP data.

The limiting slope for the apparent molar volume has
been assumed to be identical for H,O and D,0 solutions. The di-
electric constants of the two solvents are nearly identical but the
pressure derivative of € is not known for D30, which precludes any
calculation of SV for that solvent. Experimentally, the slopes 'of ¢v
against cl/2 for NaCl solutions in HpO and D0 are identical and
since the limiting slope is approached in H,0 we have assumed that

the same limiting slope holds for D,0 solutions,

(1) Inorganic 1:1 Electrolytes

Previous work on the partial molar volume of alkali
halides in H;O0 and D,0 (134) had shown that \720 in D70 was lower
than in HyO. However, the above results (134) were not found to be

linear in cl/2 although measurements were made at sufficiently low
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concentrations for limiting law behaviour to be applicable.
Subsequent measurements of ¢V in aqueous NaF solutionsl(137),
which were in quantitative agreement with our findings, showed
that the value of ’\7’20 for NaF in H»O found earlier by Robertson
(134), was in error by ca. 1 ml (g.mole)’l. It was therefore of
interest first to repeat the ¢, measurements on solutions of NaF
in D20 to see if the previously reported difference in ¢v between
the two solvents (134) was maintained.

The partial molar volumes of NaF, NaCl, NaBr, KCl
and KBr were determined at 25°C in DO. The @, data for NaCl
in HpO was taken from (139), while the @, data for the other alkali
halide salts in H)O were determined on the differential buoyancy
balance. A complete tabulation of the data can be found in
Appendix III. The ¢v data were plotted according to eqn. IV.10
and are shown in Figures 29 and 30. In all cases the apparent
molar volume in D,0 was lower than in H,O, the difference
AV O being inversely proportional to the size of the cation

H;0-D0
and anion.

(ii) Tetraalkylammonium and Alkylammonium Salts

The @, data for solutions of the TAA salts in H,O have
been dis c;.zssed in Section 6 of this Chapter. For comparison with
the results obtained in DO, the results of Verrall (152) and those
obtained in the present work in H,O have been used. The apparent

molar volumes of the salts of the series MeyNBr to BuyNBr were



Figure 29.
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A plot of @, - 1.868 M1/ 2 against aqua-
molality M for NaF, NaBr and NaCl in
Hzo (O) and Dzo (@) at 25°C.

NaF (----) Millero (137).



0.20

0.15

0.10

0.05

(Stw)zW 8981 - g

.
o‘
o
| % 0
| c - S
(=]

_ 2 ® M b M b

— o - [ — -
_ o

I

_ ® ® [ ]

| o

_ = (o] ® - _
I o o o

| , 8 e
| ° o/ \ o

—
— [+ Y - p—
o 0
| ° \ X
| ° . .
. B
_ 00 o9 ®
— 5 _ QW [ | _ W L. _
N " o Qe 0 o TRARY m S 1
) ' ) 4.. N M_.. % & W © ..m mw

2 o= o — .



- 124 -

Figure 30. A plot of ¢v - 1.868 ML/2 against aqua-
: molality M for KCl and KBr in H,0 (O)
and D,O (@) at 25°C.
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determined in D,0 using the differential buoyancy balance technique.
In the case of Et4,NBr, dilatometric determinations of ¢v in DZO
were carried out down to ¢ = 0.002 molar to verify the persistence of

a significant isotopic difference AV to high dilutions, from

D20-H,0
which extrapolations to infinite dilution could be made. The ¢v data
were plotted according to eqn. IV.10 and are shown for MeyNBr and
Pry4NBr in Figure 31 while the results for n-BuyNBr are shown in
Figure 32. Figure 25 shows the dilatometric data for Et4NBr in D,0.

The main features evident in the results obtained with the
TAA salts were that, with the exception of Me4NBr, the salts all had
a larger apparent molar volume in DO than in H,O. That this positive
AvDZO—H o Was maintained to infinite dilution, was shown by studies
at high dilution on Et4NBr. At low concentrations, the QSV vs, ML/2 i
curve in D20 became parallel to the ¢v vs. Mlég'rve in H>O, while at |
high concentration some crossing of the curves occurred. Finally,
the magnitude of the difference AVDZO-HZO was proportional to the
size of the cations in the TAA bromide series. In Table 12 are listed
the values of VS and j for the compounds studied in H,O and D,0.
For comparison between the two solvents,extrapolations were made
over the same concentration range for a particular salt,

The apparent molar volumes of solutions of (DOC2H,)NDBr
were determined in D0 solutions. The salt was prepared in solution
by allowing (HOC2H4)3NI—IB:{Oexchange with the solvent D,O. The
solvent density was corrected for the formation of HOD as a result of
the exchange reaction. The density of HOD/D,O solutions will be
reported in the next section of this chapter. The solvent was not
therefore pure D,0O but an HOD/DZO mixture of varying composition,
the highest concentration of HOD being ca. 0.8 molar. The plét of ¢v

against /2 s shown in Figure 33.
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RIREVT A

Figure 31. A plot of ¢v - 1.868 M1/ 2 against M for
(CH3)4NBr and (n-C3H7)4NBr in H,0 (O)
and D,0 (@) at 25°C
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(iii) Neutral Solutes in DZO

The apparent molar volume of HOD in HyO and D,0
was determined in dilute solution and the st data were plotted as
a function of m (Figure 34). The apparent molar volume of HOD
was 3.1% higher in DO than in H;O. The apparent molar volume
of pyridine in D,O was also determined and is shown as a function
of M in Figure 35. For pyridine, the apparent molar volume is
greater in D,O than in H2O by ca. 0.20 ml. The \7‘2’ and initial
slope data have been listed in Table 15.
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Figure 33. A plot of apparent molal volume @, against ml/ 2

for (DOCH,)3sNDBr in D0 and (HOC,H,) ;NHBr
in H,0 at 25°C.
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Figure 34,
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A plot of apparent molal volume ¢v against m for

HOD in H;O (O) and D,0 (@) at 25°C
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Figure 35. A plot of apparent molal volume ¢v against

aquamolality, M, for pyridine in H,0 (0)
and D,0 (®) at 25°C.
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8. Partial Molar Expansibilities in H,O and D0 Solutions

(i) Inorganic Salts

The apparent molar volumes of NaCl, NaF and KCl were
measured as a function of temperature from 0° to 25°C in H50 and
from 5° to 25°C in D,O. A single concentration, between 0. 08 and
0.10 molal, was studied in each case. The data for ¢v as a function
of T determined by Dunn (}|§3}) were used for NaCl in H»O. The plots

of Qﬁg against T for the three inorganic salts in H,O and D,0 are

shown in Figs. 36 - 38. Expansivity measuremenzts made on KC1
solutions in HyO were in good agreement with published data (165, 127).
Although only one concentration was used, ¢$ values were calculated
from ¢v data by subtracting the limiting law term at the various
temperatures. The limiting law slope for D70 was assumed to be
identical to that in HyO at all temperatures. (This is experimentally
observed for NaCl solutions at 25°C). Of the three inorganic salts‘
studied, KCl and NaCl had identical partial molar expansibilities in

H2O0 and D0, i.e. the value AV was maintained down

(D20--H»0)25°C

X o) AV : .

to 5%C. 1In the case of NaF, VDZO—HZO increased as the temperature
i.e. EO £

decreased, i.e Z(DZO)> 2(H,0).
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Figure 36. A plot of apparent molal volume at infinite
dilution ¢3 against temperature, T, for

KCl in HZO {O) and D,0 (e).
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Figure 37.
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A plot of apparent molal volume at infinite
dilution ¢0 against temperature, T, for NaF
\%

in HZO (O) and DZO (@).
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Figure 38.

- 137 -

A plot of apparent molal volume at infinite
dilution ¢3 against T for NaCl in H,0 (O)
and D,0 (@). '
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(ii) Tetraalkylammonium Salts

The apparent molal volumes of ca. 010 molal TAA
bromide solutions -in HZO and DZO were measured as a function of
temperature over the same témpera‘cure range as that referred to
above. Since the concentrations us‘ed were not in the limiting law
region with this se‘ries of compounds, it was not possible to obtain
the infinite dilution ¢8 data; hence, the experimental ¢V values
have been ploted as a function of temperature (Figs. 39 - 42). The
values of the partial molar expansibility at 15°C are given in
Table 14. The only salt which showed a pronounced difference in
behaviour between the two solvents was MeyNBr, where

E 2(H20)> EZ(DZO)'

C . 4 o :
@, against T curves to cross at ca. 20°C, so that By for

This difference in expansibilities causes the

MeNBr was greater than Qﬁv in H,O for the salt below 20°C. For the
other three salts in the series,the partial molar expansibilities at

15°C were identical within the experimental measurements .
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Figure 39. A plot of apparent molal volume ¢v against T for
(CH3)4NBr in H0 (O) and D,0 (@).
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Figure 40. A plot of apparent molal volume @, against T for
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Figure 41,
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A plot of apparent molal volume ¢v against T for

(n-C3Hq)4,NBr in H,O (O) and D,0 (@).
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Figure 42. A plot of apparent molal volume ¢v against T for
(n~C4H9)4NBr in H,0 (O) and D,0O (®).
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CHAPTER V

.« DISCUSSION ]

1. Introductorj Remarks

In considering the ion-solvent interactions determining
the behaviour of organic ions, it is necessary to be able to derive
values of certain properties such as the partial molar volume pertain-
ing to infinite dilution where secondary ion-ion interactions are absent.
With such limiting values for the pair (or more) of ions of the salt,
approaches may then be made to the evaluation of the individual ionic
contributions to the derived partial molar property. The derivation of
the limiting values first requires examination, e.g. with regard to the
behaviour of the properties of the salt at high dilution and question .of the
approach to "Limiting Law' behaviour.

After the limiting values of partial molar volume and com-
pressibility have been considered, the question of additivity of volume
contributions is examined in relation to (a) structural effects in hydration
and (b) the dévelopment of methods for evaluation of individual ionic
contributions to the measured properties for the salt. Solvent isotope
effects on the partial molar volumes will then be discussed in relation to
structural effects and finally relations between the volume and compress-
ibility changes upon ionisation will be discussed in relation to other
thermodynamic functions for ionisation processes involving the molecules

studied,
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2. Limiting Law Behaviour

(i) Tetra-n-alkylammonium Salts

(2)  Evaluation of infinite dilution values of the partial
molar volume

As was seen in the Introduction, a number of pPrevious
studies of the partial molar volume of the TAA salts have been carried
out, including those from this laboratory. The evaluation of accurate
infinite dilution values of the partial molar volume of these salts has,
however, until recently been impossible, because of the lack of QSV
data down to sufficiently high dilutions, 'This problem has arisen since,
unlike the simple 1:1 electrolytes such as the alkali halides, the TAA
salts exhibit a high degree of non-ideality which persists to very low
concentrations. This anomalous behaviour has precluded the use of an
extrapolation from high concentration to infinite dilution based on the
Debye-Huckel Limiting Law. With the data presented in this thesi::;,
together with other recently published results for MeyNBr and
Bu4NBr (124, 165)’a more complete picture of the concentration depen-
dence of ¢v is now available and it is evident that general agreement
now exists regarding the values of Vz at infinite dilution for the various
salts in the TAA series. For n-alkylammonium, pyridinium and
piperidinium salts, it was generally possible to approach the limiting

law slope at concentrations greater than 0.0l molar,
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(b) Structural effects as reflected in QSV

It is now generally accepted that salts such as those in
the TAA series affect the structure of the solvent in their vicinity
in an unusual way and this is manifested in the charactéristic
behaviour of the thermodynamic pfoperties of solutions of these
salts. The sign and magnitude of the slopes in the plots of ¢v against
cl/2 reflect amongst other factors (see below) the ion-ion interactions
which are significant in determining the thermodynamic properties
but the details of these interactions,even in a qualitative sense, are
not well understood in the case of complex organic ions in water,

The Debye—H&ckel theory provides a description of the
long~range Coulombic interactions, but in the case of the TAA and
other organic salts,large deviations from the limiting law are exhibited
which have been variously ascribed, either all or in part to cation-
cation pairing (117-119), cation-anion pairing (116), to the solute-solvent
size ratio (120) and other aspects of the ion-solvent interaction.

The effect of mutual salting-out, discussed by Conway,
Verrall and Desnoyers (120),arises since an ion of finite size forms a

cavity in the solution which is less polarizable than the solvent water

and this effect was shown to introduce a positive contribution to the con-
centration dependence of QSV. Another effect known as mutual salting-
in (108, 164) will occur with hydrophobic solutes since the presence of
some stru‘cture cnhancing ions will locally order the solvent so that the

introduction of subsequent ions will be energetically easier. It is in this
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category of interactions that the ion-ion interactions associated
with the special behaviour of the water solvent are to be recognised.
Wirth has analysed ’VZ data for the TAA salts in terms
of cation-anion association (116) and found significant degrees of
association for thése salts, although conductance measurements have
not revealed any association except in the case of BuyNI (96).
Diamond (100) proposed a model based on the idea of
""'solvent structure enforced" ion pairing. Wen and Nara (117-119) have
interpreted their data on volumes of mixing of TAA salts with aqueous
alkali halide in terms of Friedman's ionic solution theory. This approach
has yielded a quantit-ative measure of the effect of cation-cation pairing
on the volume. It was found that the negative contribution to the
volume which was observed decreased with decreasing cation size when
the structure of the cation was largely made up of alkyl groups. The
introduction of terminal hydroxyl groups into the tetra-n-ethylammonium
ion was shown to cause the resulting tetraethanolammonium ion, which
is then similar in size to that of (n-Pr)4N+, to behave ideally in water

due to the more hydrophilic exterior of the ion.

(ii) Neutral Molecules

'The variation with concentration of the partial molar
volumes of neutral molecules in water -rich solutions is very complex.
In the present work, studies have been restricted to the neutral bases
in the pyridine and piperidine series and, as was reported in the last

chapter, pronounced maxima and minima were observed in the plots
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>

of Qﬁv against c. A similar effect, the presence of 2 minimum in the
plots of ¢v against ¢ for the normal alcohols, is well documented
(140, 165). In the alcohol series, the minimum shifts to lower alcohol
concentration as the hydrophobic portion of the molecule becom es
larger. Studies of glycol-water solutions showed the same type of
behaviour in the plots of Qﬁv‘against c.

The‘ excess volume of mixing was calculated for the
three pyridines which were studied, and is given by the following
equation:

av® = (x Vp+x Vo) - (3 V] 4%, VO) V.1

2
where X] and x, are the mole fractions of water and solute, res-
pectively, Vf and VZO are the molar volumes of the pure compon-
ents, and Vl and {’2 are the partial molar volumes of water and
solute, respectively at the mole fractions x; and %5 The values of
AVE are all negative and decrease with concentration as can be

seen from the plot shown in Fig. 43. The negative values of AVE '
observed in the liquid mixtures can be explained in terms of the
occupation of cavities in the open solvent structure by the solute and
this effe‘ct is aided by the hydrophobic nature of the solute which
stabilizes the ice-like structure of the solvent in its vicinity. The
presence of a maximum or minimum in {/’2 seems to indicate a change
in behaviour of the solﬁtion which might be due to the total occupation
of the most favourable sites in the solution, whereupon a somewhat
different configuration could be adopted. The maximum or minimum

in the curve relating \_/2 to ¢ will cause a corresponding inflection in
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the plots of AVE against x, (F.ig. 43); for example, the kink in

the curve for pyridine in Fig. 43 is significant since a marked
minimum is observed experimentally in the curve of ¢v vs. ¢ shown
in Fig. 10. The behaviour of 2, 6-lutidine is unusual since most
"hydrophobic' solutes exhibit a minimum in their partial molar
volumes while {/'2 for 2, 6-lutidine goes through a maximum with
increasing concentration, One cah speculate that the higher basicity
of 2, 6-lutidine in‘ comparison with pyridine causes more interaction
with the water which destabilizes the hydrophobic interactions
associated with the 5 "aromatic" C atoms and the 2 methyl groups.
In fact, the partial molar volume of the water decreases at low
lutidine concentrations. The hydrophobic effect eventually overcomes

this tendency as the volume passes through the maximum.
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A plot of the excess volume of mixing AVE against
the mole fraction of splute, x,, for pyridine,
2-methylpyridine and 2, 6-dimethylpyridine in H,0
at 25°C
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3. Linear Additivity Relations
(1) Partial Molar Volumes

It was shown previously (126, 167) for the RyNX series
of salts that values of Vg were additive in the homologous series of
these ions and led, by extrapolation to zero cation molecular
weight, to a value for the individual gegen-anion volume in solution.
This procedure will be discussed in more detail in the following
section. In the different series of salts studied in this work, a
similar additivity relation was observed.

Additivity may be expected if (a) the cations in the series
are not hydrated or if the extent of hydration of a given type is the
same (e.g. electrostriction will be negligible for the TAA cations)
for all of the members in the series; this is the case with the R4NX
salts (126); and (b) if the hydration changes progressively due to
changes of accessibility of finite sized solvent molecules to the charge
centre; this is the case with the pyridinium, piperidinium and alkyl-
ammonium ions. In Fig. 44 a plot of Vg against W, the molecular
weight of the cation, is shown for the series of salts Ry4NI, R4NCl and
RH, (NCI(R = CHj) (126), together with a similar plot based on the

data for the series of pyridinium salts,

3
5
1
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The values of \-fg for the pyridinium salts fall into two
distinct series, those for the N-alkyl substituted salts and those for
the pyridine-HCl salts. This distinguishable behaviour illustrates
the difference in accessibility of the solvent to the directly (N-alkyl)
blocked or indirectly blockgd charged centre at the N atom. In
Table 15, are listed values of b, the slopes of the linear relations for
\78 against W for the salt series shown in Fig. 44 and also for some
other compounds studied. Since the accuracy of most of the individual
\_/'S is ca. * 0.05 ml (g.mole)"l, differences of better than 0. 002 ml. g-!
are to be considered significant,

In the symmetrical thN+ series, the coordination at the
N* centre remains unchanged and the slope b for this series therefore
represents the specific volume of added CH, groups since electro-
striction will be negligible (126). It should be recognized that a
structure formation volume related to ionic surface area may, however,
be included (168) in this value of b. For the other series of salts
referred to in Table 15, the difference of slopes from that for the R4N+
series represents the effect of changing extent of hydration duec to
changes of coordination or steric effects. These differences of b go
in the right direction insofar as they are (a) largest for the RnH4_nN+
series where prog'ressive direct blocking of hydration occurs as
n - 4; (b) less for the pyridine-HCIl series where secondary steric
effects are involved at C atoms vicinal to the Nt centre, and (c) least
for the N-methylpyridine series where the Nt centre is somewhat
similar to that in R4£N+ but rather more accessible to solvent molecules

due to the geometry associated with the sp‘2 hybridation at the N,



Figure 44,
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A plot of partial molar volume (\-/'(2)) against molecular
weight of the cation (W,) for the series of pyridinium
chlorides, pyridinium iodides and also for the TAA
iodides, chlorides and metﬁyl substituted ammonium
chlorides (the latter baéed on previous work from this

laboratory [152]).
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The data for the RZNH2+ series, where R is varied from methyl to

n-butyl, together with that for the RNH; series studied by Desnoyers
and Arel (132), (where R varies from methyl to n-octyl) lead in both
cases to b values which are considerably lower than that for the methyl
substituted ammonium ion series [Me4_xNHi ]. This reflects the
greater shielding effect (with respect to hydration) of the higher alkyl
substituents in these two series.

The RNH3X and R,;NH,X series of salts differ from the
TAA halides in that there must be a significant electrostriction term
in their volumes due to the direct accessibility of the Nt centre.
Assuming that the TAA salts do not themselves cause any electro-
striction (126), it is possible to determine the (relative) electrostriction
caused by the partially alkyl substituted salts discussed above. This
was done by measuring the deviation at a given value of WT, (i.e. for
isomeric ions) of the volume of the salt concer ned from the line
characterising the linear additivity relation for the TAA salts. The
results of these calculations are shown graphically in Fig. 45, where -
the electrostriction caused by the cation is plotted against its molecular
weight. In the series of RNH3X salts (132), the electrostriction reaches
a constant value of -3.5 ml (g.mole) ! after R becomes larger than an
n-propyl group. If the substituent is smaller than a propyl group, the
influence of the field at the charge centre can evidently still be
manifested in the properties of thewater molecule at that coordination
position. From the results obtained on the RZNH2C1 salt series studied

in the present work, it is apparent that when the two R groups are

larger than CZHS the electrostriction is completely eliminated. This




Figure 45.
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A plot of the electrostriction caused by n-alkyl-
ammonium cations (Ve(+)) against the molecular
weight of the cation. (Zero line for ordinate axis,
Ve(+) = 0, corresponds to reference line for the
TAA salt series). Data for the Me4_XNH; series
are from previous work in this laboratory by

Verrall .
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must be attributed to the ability of the two alkyl groups to shield
the positive charge on the nitrogen centre. However, it is of
interest to note that when only one alkyl group ié present, even when
it is a long chain,lappreciably more electrostriction remains
(Fig. 45). Behaviour similar to that observed with the dialkyl -
ammonium salts was found with the trialkylammonium ions Et3NH+
and (n—Pr)3NH+. ' The series of methyl substituted ammoniwm ions
studied by Conway and Verrall (126) show, however, the effect of
progressive blocking of the charged centre. ’
The difference in b values in going from the methyl
ammonium series to the TAA series suggests that each CH) group
eliminates a degree of electrostriction of solvent equivalent to
14 X (1.115 - 1,284), i.e. -2.37 ml.mole-l, This is equivalent (cf.
the previous calculations, 169, 170) to the effect of a local field of
ca. 2, 7x 10° e. s.u., which is reasonable for an exposed NH' centre
(radius ca. 1.05 X), since 90 per cent of the electrostriction arising
at charged centres of small radius can be shown to occur within one’
H,0 diameter from the centre. Correspondingly, in the methyl
ammonium series, it has been estimated (171) that each CH3 group
removed allows an increase of hydration energy of ca. 8 Kcal.mole"!,
A similar calculation for the pyridine-HCl salts showed that sub-
stitution of méthyl groups on the pyridine ring adjacent to the charged

nitrogen, eliminated an electrostriction of solvent equivalent to

-1.6 rnl.rnovle'l. This lower value of the decrease in the electro-

striction reflects the indirect nature of the blocking effect at the charged
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centre which arises in the case of the ring substituted pyridinium ions.
With the N-methylpyridinium salts, effective primary hydration of the
charged nitrogen is prevented; for this @se, ring substitution eliminated
only -0, 42 rnl.mo.le'1 of electrostriction. Similarly, in the RZNH2+
and RNH3+ series, the addition of CH, groups is being made at some
distance from the charged centre, so that only ca. -0.50 ml.mole~! of

net electrostriction is eliminated per CH> group added.

(ii) Partial Molar Adiabatic Compressibilities: Additivity and
Individual Ionic Contributions

The values of the apparent molar adiabatic compressi-
bilities at infinite dilution for the series of hydrochloride salts of various
bases studied Were plotted against the molecular weights of the cations
and are shown in Fig. 46. Also included in this figure are data for the
methyl substituted ammonium ion serigs from CH3NH3+ to (CI—I3)4N+,
determined by Conway and Verrall (115). In the ring substituted
pyridine-HC] series, QsI%(S) also increases in a linear manner with the
molecular weight of the cation, W, and the same trend was observed
with the two piperidine-HCl salts. In the series Me,NH,*t to n-Bu,NH,",
the behaviour is more complex and illustrates the various effects which
determine ¢I(2(S)' In going {rom MeZNHZ+ to EtZNHZ+ , the hydrophobic
nature of the salt has been increased without significantly increasing
the shielding of the po"sitive charge and this evidently leads to a decrease
in ¢§(S)‘ On the other hand, on going from EtZNHZ+ to n-PrZNHZ+, the

two n-propyl groups can apparently block the primary hydration of the
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Figure 46. A plot of apparent molar adiabatic compressibility
at infinite dilution ¢Io{(S) against the molecular
weight of cations in the series of hydrochlorides

studied,
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charged centre, thereby diminishing the electrostriction and con-

sequently increasing {° The addition of two further CH groups

K(S) -
to the n-propyl salt to gi(ve) n-Bu.ZNHZ+ again increases the hydro-
phobic character of the ion, leading to a greater volume of less com-
pressible water near the ion.and with a resultant further decrease of
K(S) In discussing the trends in the compressibility results,the
model proposed by Conway and Verrall (115, 152) has been employed,
where electrostricted water and the supposed ''ice-like" water
surrounding a hydrophobic solute was regarded as essentially in-
compressible,while ''structure broken" water was assumed to be
relatively more compressible.
For the pyridinium chloride series investigated, ¢O(S)

changed to more negative values as the coordination by CHj groups
near to the Nt centre decreased, sN-methylation made only a small
further difference (+0.1 to -0, 40) to the 104 ¢° K(S) value. Using the
principle of additivity of ionic contributions to Qﬁo(s) 104 ¢§I(S) for
pyridinium iodide is -1.9, so that N -methylation of pyridinium causes
a change in 104 ¢O s) of1.9+2.0= 3.9, in comparison with the

pyridinium iodide salt, i.e. an effect much larger than that found in
the case of 2, 6-dimethylpyridinium iodide (Table 16). This is as ex-
pected since two vicinal CHgj groups are evidently almost as effective
(in terms of cbmpressibility changes) in blocking access of solvent to
the Nt centre, as direct methylation is at that centre. For comparison,
increasing coordination by CHj in the series (CH ) H4 N Nt (2,194)

gives (115) an almost linear incremental change in 104 ¢° K(S) of +1. 8 ml,

(g.mole. bar)"! per CHj group (See Table 16).
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In all cases, except the addition of the N—CH3 on the
2, 6-pyridinium ion, the changes of 104 ¢§I(S) are positive indicating
release of previously electrostricted water at the N* centre. The
volume increment, as well as the 8 ¢O

K(S)
the lutidinium ion, is abnorrnally low presumably because the space

for N-CH3 substitution at

between the two CH3 groups vicinal to the N is relatively inaccessible
so there is a smaller volume change than expected in filling this

space by another CH3 group. Correspondingly, release of compressible
water, previously electrostricted, is less.

In conclusion, it may be noted that the compressibility
variations from one type of ion to another are evidently much more
sensitive than are the volume variations to specificities of structure
of the molecular ions and to the solvent structure changes which such

ions produce in water.
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4. Determination of Individual Ionic Properties
(1) General

The measurement of ¢v’ QSK(S) and other partial molar
properties of salts yields the total value of the property for the salt,
Unlike the measutrement of kinetic properties, where values of the
property associated with each type of ion can be separated, it is not
possible by means of any purely thermodynamic principle to separate
a partial molar quantity into its ionic components. Various attempts
have been made to assign single ion properties, all of which depend on
some model for the system under study. Since most theories of ionic
solvation are based on electrostatic calculatians which are made for
individual ions, it is of great importance to establish reliable methods
for obtaining the individual ionic contributions from measured ex-
perimental data for salts.

The question of the determination of individual ionic
properties has been reviewed by Desnoyers and Jolicoeur (23). Most
of the methods used rely on an extrapolation based on some function of
the radius of the ion in solution and, as such, cannot be considered

entirely reliable since there is still some question as to the values of

the ionic radii which should be used (172 - 175). Despite these difficulties,

there is now fair agreement concerning the individual ionic values for
the free energy, entropy, enthalpy and partial molar volume of indi-
vidual ions. The basis for the assignment of the latter quantity for

ions has been the subject of previous work from this laboratory.
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In the present work, we have been concerned with
developing a satisfactory method for obtaining absolute individual
ionic partial molar adiabatic compressibilities‘. An extrapolation
procedure was developed in this laboratory by Conway, Verrall and
Desnoyers‘ (126) to determine individual ionic volumes. The values
so obtained have been strongly supported by the recent ultrasonic
potential measurements of Zana and Yeager (176, 177) which are
completely independent of the underlying assumptions made in the
extrapolation procedure used above and depend on quite different

experimental measurements.

(ii) Extrapolation Procedure

(a)  Partial molar volume

The procedure used by Conway, Verrall and Desnoyers
(126) to determine individual volumes was based on a plot of the partial
molar volume of a series of TAA salts having a common anion, against
the molecular weight of the cation. An extrapolation to zero cation
molecular weight yielded the partial molar volume of the common co-
anion in the series. A review of this pProcedure, which will be given
below, will lead to a better understanding of the limitations involved
and allows a related method to be developed for the evaluation of
individual <¢I%(S) values.

The total partial molar volume of a salt can be written
as:

V9 = VO 4 o v.2.

. T AN R N P e
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where W-/'i and V° are the individual partial molar volumes at infinite
dilution of the cation and anion, respectively. The volume of an ion
can further be broken down into various contributions to yield the
following expression:
Vg:vin(+)+ve(+)+vs(+)+\'f? V.3 !
where Vin(+) is the intrinsic volume of the ion and is always positive;
Ve(+) is the electrostriction of the solvent caused by the field of the
ion and is always negative, and VS(+) is the structural contribution
to the volume due to the inclusion of the ion into a cavity in the
solvent (negative effect) and to any increase in "ice-likeness'' of the
solvent in the vicinity of non-polar groups on the ion (positive effect).
The problem, therefore, is to find a series of ions for
which Ve(+) and Vs(+) are small or zero. The series of tetra-n-
alkylammonium salts come closest to the requirement of Ve(+)->0,
since the field at the periphery of these ions will be negligible in
terms of electrostrictive effects. There is evidence that the term
Vs(+) will be negative (129, 178), i.e. the ion may increase the ice-
like nature of the solvent in its vicinity, but it will usually be
accommodated in the solvent cage so formed with an overall economy
of space. Th'e Vs(+) term is more difficult to estimate quantitatively,
and there is some evidence, to be pPresented later in this section,
that it becomes important only for BuyNBr. Assuming, therefore,

that Ve(+) and VS(+) can be neglected, we are left with only Vin(+)‘
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The final assumption made was that the intrinsic volume was
proportional to the molecular weight, a supposition well supported

by the results previously obtained (126),

DWWy
v, = —
- Ta

in(+)
where d, is a prc\Jportionality constant having the dimensions of
density. Equation V.4 implies that the ions in the series have the
same density. An alternative method would involve calculating the
intrinsic volume of the ion using the ionic radius. For spherically
symmetrical ions in water,Conway (126) has given the following

relation:
Vin = 2.52 r3 + 3,15 r2 V.5

where r is the radius of the ion in Xngstrom units.

By plotting the partial molar volume of the salt against
either Wy or Vin(+)’ the y intercept of the straight line so obtained
should be V© | the partial molar volume of the anion. Since the
plots obtained (126) were linear with deviations not ex'ce'eding
+ 0.5 ml(g.mole)T1 we may conclude that the assumptions made
were reasonably valid. Further support for this procedure was pro-
vided by Zana and Yeager (176, 177), who obtained a value of V©
for the Cl” ion of 23.7 + 0.5 ml(g.mole)"l, in agreement with the
value of 2:’:. 6 £ 0.2 ml(g.mole)~! obtained by Conway and Verrall

(126, 152).
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We have redeveloped the arguments used to determine

the volumes since the same assumptions can be used in part to find

O

the individual ionic ¢K(S)

values,

(b)  Partial molar adiabatic compressibility

The partial molar adiabatic compressibility is the

pressure derivative of the partial molar volume at constant entropy

NO

gV
—¢IO{(S)=(0P )S

This can also be written as:

where the term - —— (
Vo
+

pressibility and will be replaced by [—32

MeyNI to PréNI,studied by C

:(aP

3P s

ave
N

> O
aV+

)s +

is similar to a specific com-

For the series of salts,

onway and Verrall (162) and for four

N-alkyl substituted pyridinium iodides studied in the present

work, Eg 'is essentially a constant, where [38 is equal to the total

partial molar compressibility divided by the total partial molar

volume. The observation that BS is approximately constant implies

that the nature and not the extent of hydration remains constant in

the series. In fact 10° BS =

iodide salts described above.

0.7+ 1.0 bar"! for the series of
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Equation V.7 can therefore be written as:

Bris) = Vinon- PL B, V.8

where Ve(+) and VS(_,_) have been assumed to be negligible as in the
case of the partial molar volumes. Finally, Equation V.8 can be
written with Vi, (1) in terms of W, to yield:
o i o
= W, (——
Pris) = T * Prisye) V-9

The data were plotted according to Equation V.9 (Fig. 47) and a
fairly straight line was obtained up to the W, value corresponding to
Pr ,NBr. From the-g {fz/ g P intercept,a value of

+6.0 % 1.0 x 10" % ml(g. mole.bar)"! was obtained for BR(s A

A
similar plot using the data of Conway and Verrall (152) for) the TAA
bromides, yielded a value of -3.8 £ 1.0 for 104 Qﬁqu)’ pp-- These
two results agree with the thermodynamically dderminable difference
in 104 Q)I(:I(S) between an iodide and a bromide salt with a common
cation, as listed in Table 6. In the above plot, the datum for
BuyNBr does not fall on the line and in fact exhibits a large negative
compressibility.

A similar analysis of the partial molar compressibilities
of the TAA chlorides by Millero and Drost-Hansen (129) also yielded
a straighttline but with the result for BuyNBr displaced from the line

and indicating an abnormally high expansibility,




Figure 47,
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A plot of apparent molar adiabatic compressibility
at infinite dilution against the molecular weight of
the cations for a series of tetra-n-alkylammonium
iodides (based on data of ref, 152) ( O ) and
pyridinium iodides ( @ ).
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We have remarked above that the partial molar com-
pressibilities reflect more sensitively than do the volumes any
specificities in ion-solvent interactions. Hence, in proposing the
above method for evaluation of individual ionic compressibilities by
extrapolation of the ¢K values with respect to W+, it must be
recognised that the procedure may not be so unambiguous as in the
case of the analogous extrapolation of Vg data, For example, a
progressive structural contribution Vs(+) in ¢§((S) » varying with
molecular weight of the cation, might still be present in the data
Plotted in Fig. 47. However, since the data for the pyridinium series
as well as for the TAA series, which have rather different molecular
structures, seem to fall with reasonable consistency on the same
line, it is felt that the extrapolation procedure is justified. Assuming
that the conditions outlined above are justified, we estimate that the
uncertainty in the QS%(S) value for the iodide ion in water at 25°C is
£ 1.0 x10°% ml(g.mole.bar)"! as indicated in Table 17.

Using the values of ¢° (S)(ion) determined above, itis
Possible to construct an absolute scale of partial molar adiabatic
compressibilities. In Table 17 a list of the ¢O s) values for in-
dividual ions has been given, together with the Ylon) (152) and E(1on)

(129) data where available.
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0 Von
The quantity - (a—r ) is made up of three terms which

a V:

in
involve the pressure derivative of Vins Ve and Vg. (ﬁ—- ) will be
negative or close to zero since it involves the compressibility of the

ion itself and the dead space between the ion and the solvent molecules.

For the larger TAA ions, Ve(+') will-be negligible; therefore, we are

| 0 Vs(+)
left with a large positive value for TP_— . This is in accord with

current thoughts about the hydration of hydrophobic groups, since the
structural volume term, Vg, is thought to be made up of a positive
contribution due to the local enhancement of structure in the solvent and
a negative contribution due to the inclusion of the ion in cavities formed

in the solvent. If, as has been proposed, Vg is negative (129, 178),

0 Vs(+) 0 Vs(+)
positive values of Tﬁ——- and é—r (129) would indicate that the

enhancement of solvent structure ceases to be significant with increasing
temperature and pressure from which it is to be concluded that the |
ions are less able to influence the formation of the solvent cages,
Possibly the average size of the cages is decreasing and thus cooperative
effects such as cation-cation pairing (117-119) become less significant

and this leads to an overall increase in partial molar volume of the ions:
these latter considerations apply, of course, to finite but small con-

centrations,
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5. Solvent Isotope Effect
(1) General

A comparison of'the thermodynamic properties of ionic
solutions in light and heavy water might be expected to provide in-
formation concerning the degree to which these properties are sensitive
to the rather subtle differences (20, 32, 53, 179-184) in the properties
of the two solvents.

Previous solvent isotope studies on properties of ionic
solutions have involved measurements of the heats of dilution of LiCl,
NaCl and Nal solutions in D20 (162). Davies and Benson (185) have
also measured heats of solution in H;0 and'D0. They concluded that
salts such as NaF tended to decrease the degree of structure in water
and that the structure-breaking effect was greatest in D,0, in agree-
ment with the observed (186) positive entropies of transfer from H>0 to
D,0. A conductance (99) and a viscosity (94) study of TAA salts in
D,0 showed that the ratio of the Walden product in D,0 to that in HO
was greater than unity in the case of salts which are considered to be
hydrophobic structure makers, while a ratio of less than one was
observed for structure-breaking salts. Other work of a "cherrnodynamic

and spectroscopic kind has been carried out on D,0 solutions (187-188).
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(ii) Partial Molar Volumes

The present work was initiated in 6rder to see if a
solvent isotope effect was observable in ionic partial molar volume s;
in particula.r, the possibility'was envisaged that the structure-forming
organic ions might have greater volumes in D0 than in HpO, while
structure-breaking and electrostricting ions might have a smaller
volume in D,O than in H)O. Robertson et al.(134) measured the
apparent molar volumes of NaF, Nal and Na@ SO3 in H,O and D,0 and
found that the apparent molar volumes were all less in D,0 than in H5O.
The present work shows that an isotope effect AVI%ZO—HZO is measur-
able and in fact reaches appreciable values for compounds such as NaF
at one end of the scale and (n-Bu)4,NBr at the other. Of particular
interest was the observation of a positive isotope effect (i.e.

VS(DZO) > VCZ)(HZO) ) for "'structure-forming" ions and a negative effect
for what are commonly regarded as the "'structure-breaking' ions.

Since Hp0 and DO molecules are approximately the same
size, i.e. b_ond lengths are identical (32) to within O, 001./8 , differences
in \73 must reflect the degree to which the solute affects the structure
of the solvent. The isotope effect AVC

D20-H0
therefore as the difference between the electrostriction or structure

can be regarded

formation volume in H»O and D,0 and it might be expected that

AVO would be related to the field strength at the ion in the same
D,0-H30

way as is the electrostricted volume (126). We have estimated the

field strength acting on the water in the first hydration layer using the

following equation:




€(r jon * 1 H,y0)°
€ was taken as ca. 2 since local dielectric saturation will prevail
in the primary solvation region at least with the inorganic ions. The
r ion values were taken frofn Gourary and Adrian (174) for the in-
organic ions, and‘ from ref. (152) for the organic ions. It was also
assumed that the organic ions were not "electrostatically' hydrated,
i.e. no f H,0 term is involved in Equation V.10. The results of
these calculations are presented in Table 18 and a plot of AVO

_ D,0-H,0
against the mean ionic field £ is shown in Fig. 48. The plot of

A\—/'%ZO “H,0 against E shows a reasonable lineérity considering the
possible errors in AVC and the assumptions made in the cal-

_ DZO—Hzo
culcation of E. The values of E obtained using Equation V.10 and used

in this plot are only intended to illustrate the trend in the results for
various salts and no special significance should be attached to the
absolute values of I . For example, a similar trend results if the
data are plotted in terms of the field in the primary hydration 1ayer‘ of

the cation itself

.10
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Figure 48,

-177-
rO . . .
A plot of AVDZO—HZO against the mean field

strength E in the first solvent hydration layer
for a series of alkali halides and tetra-n-

alkylammonium bromides
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(iii) Individual Jonic Volumes in D0

In the previous section,the extrapolation procedure

used by Conway and Verrall (126) to determine the partial molar

volume of a halide ion in HZO wa.s :eviewed. It was shown that

Vo = VO +b W V.11
2(H,0) ~ "-(Hy0) T (HR0) +

where the subscript (H2O) refers to the partial molar volume in

H,O, while \_/'2 will refer to the quantities in DZO’ i.e,

(D;0)
V20,00 = Vop,0) * Pp,oW+ V.12
Subtraction of V.12 from V.1l gives:
VS(DZO)— Vg(HzO) - AszO-HzO i (v(-)(DzO)' v(-)(HzO)) ¥ WJF(bDZO-PHZO) V.13
Therefore a plot ofA\-’]%ZO_HZO against W, should also give a
straight line but with a slope of (bDZO ~bHZO) and an intercept
Av(o-)(DZO-H?;O)’ where AV(C)—)(DZO-HZO) is the difference in partial
molar volume between, in the present case, a bromide ion in D50
and in HZO. Since VI?IZb(Br") is known,then a scale of absolute

volumes can also be obtained in DO. Using the data from Table 12,
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the plot shown in Fig. 49 was obtained. From Fig. 49 a value of

- . A_ O - 3
0.53 was obtained for VDZO—HZO(Br‘) . In Fig. 49 the uncertainty
. e 0] . .
associated with AVDZO—HZO for each of the four TAA bromides is

indicated by the error bars.  The uncertainty in the values of

AVJ%ZO—HZO for (n-Pr),NBr and (n-Bu)4NBr is larger than for the

first two members of the series, since the extrapolations to infinite’
dilution were made from a higher concentration.

The least squares uncertainty in the intercept,
A\_IBZO_H o’ of the plot sho_wn in Fig. 49 is estimated as :t— 0.05 m1l
(g.mole)-l, The value of AVIODZO-HZO, (Br-) together with V?IzO(Br‘)
yields a value of 30.4 ml (g.mole)“1 for the partial molar volume of

. 3 - - * - O
the bromide ion in D,0. Using the above value for AVDZO—HZO(Br') ,

the differences in the partial molar volume of the ions studied in
D,0 and H,O were calculated and are listed in Table 19. Although the

S gl s IrO . . P . .
uncertainty in AVDZO-HZO for individual ions is of the order of

£ 0.05 ml(g.mole)~!, the uncertainty associated with the total value
of the individual ionic partial molar volume depends on the plot of
AV9 vs. W, for the TAA bromides (126, 152). This was estimated by
Conway and Verrall (126) as + 0.2 ml(g.mole)~! and therefore the un-
certainty associated with the Vfon values listed in Table 19 is

ca. 0.2 ml(g.rnole)"l.
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rO . . -
A plot of AVDzO-HZO against W+ for a series of

tetra-n-alkylammonium bromides,
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(iv) Discussion of the Isotope Effect

Although the model for the structure of liquid D0
presented by Ne’me’ghy and Scheraga (32) has been criticised (35)
in regard to 'some of its quant‘it'ative predictions, it is felt that the
general conclusions regarding the structure of D;0 are still to be
regarded as valid. * The trend in the isotope effect can be rationalised on
the basis of current models and particularly on the basis of the
differences between the structure and "hydrogen' bonding in the two
solvents. Although the cluster size (32, 182) at low temperature is
considerably higher in DO compared with that in H,0, it falls much
faster with increasing temperature and both solvents appear to have
nearly the same degree of "'order' at high temperatures. This can also
be seen by examining the melting points which differ by 3.8°C while the
boiling points differ only by 1.4°C. The fact that D,0 has a higher heat
capacity than H,0 (152) could be interpreted as being due to its having
structured regions which are more susceptible to "melting". The
higher compressibility (181) would also support these conclusions.

- The results of this part of the work lead t6 the conclusion
that both structure-making and structure-breaking effects are greater
in magnitude in DO than in H2O. For the structure-breaking and hydro-
philic alkali haiides,this is immediately evident since the lower values of
VS in D,0 could only be due to a larger value of the electrostriction
term (V) brought about by the destruction of structure in the more
structured solvent. In the case of the hydrophobic structure forming

ions we have argued, as have others (129, 178), that the structural volume
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term (V) is negative in H>O. Since the volume of a TAA ion is
greater in DO than in HO, lVS(DZO)l < IVS(HZO)I, but is still negative.
Solutes such as the ones used here can cause a shift in
the structural temperature of the solvent. Worley and Klotz (60), by
means of inffa-red measurements, have measured the structural
temperature of solutions of structure-making and structure-breaking
ions and found, for'example, that a 0. 641 molar (n-Bu)yNBr solution
in HZO causes a shift of ~3°C in the structural temperature, i.e. the
hydrophobic salt affects the structure of the solvent in a manner which
is analogous to lowering the temperature of the pure solvent. As we
have seen, one of the results obtained by Némethy and Scheraga (182)
in their calculations on DO was that the average size of the hydrogen
bonded clusters was greater in D0 than in H,0O. It was also shown
that the rate of cluster breakdown was higher in D20 than in HyO as the

temperature was increased. Therefore a solute which has the effect of

lowering the structural temperature of water will bring about an increase

in the average cluster size. The cluster size will thus increase faster
in D20 than in Hy0 and consequently will lead to a higher partial molar
volume for the salt in D,0.

Only a brief mention will be made of the concentration

dependence of AszO—HZO’ since the cross-over seen with n-Pr NBr

and n-BuyNBr in the plots of Q5v Vvs. concentration in HyO and D,0
(Figs. 31, 32) is the result of rather complex ion-ion and ion-solvent
interactions at the higher concentrations. The large negative slopes of

the plots of QSV against cl/2 observed for the higher TAA salts in HyO
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have been ascribed to various effects (116-119). Since D,0 can be
considered as a more highly structured form of H>0, it is not
surprising that an even larger negative slope shoﬁld be observed in
this solvent. )

AThe behaviour of the partial molar volume of (DOC2Hy)3NDBr
in DO (Fig. 33) demonstrates the fact that the positive isotope effect
associated with hyd‘rﬁophobic lons is due to the alkyl groups. This large

but non-hydrophobic solute behaves like a "normal" 1:1 electrolyte.

(v) Neutral Solutes in D,0

As discussed earlier in this chapter, an examination of the
behaviour of a few selected neutral compounds was also carried out in
D,0.

A study of the partial molar volume of HOD in H,0 and

D,0 showed that the volume of HOD in D,0 was greater than in H,O.

2
Since a deuterium bond is more '"'stable" than a hydrogen bond (183), a
D20 molecule in the vicinity of HOD will preferentially "hydrogen"

bond to another D,0-solvent molecule rather than with the H on the HOD.
Thus HOD in D,0 will act as a structure maker although it can hardly

be called hydrophobic. In the case of HOD in H>0, the converse of the
above effect would apply, i.e. preferential bonding ‘will occur between

the D on HOD and the HZO solvent, making the properties of HOD in

H,O similar to those of a''structure breaker!',
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The other neutral molecule studied was pyridine, which
can be considered as a hydrophobic structure maker. Its volume in
D,0 is found to be larger than in H5;0 and the curious concentration

dependence observed in H,O for this solute is reproduced in D,O,

6. Volume and Compressibility Changes Resulting from Ionisation

The volume and compressibility changes upon acid
lonisation, i.e. in processes of the type BHT + H,O =B + H3O+, were
calculated from the ¢$ and ¢IO{(S) data for molecules in the pyridine
and piperidine series. The individual ionic volumes quoted are based
on the scale 'VIO_ = 42.2 ml(g.mole)"! (126). The results for the
pyridine series are shown in Table 20, together with the data for

AHP

1!

AG? and AS;3 obtained by Laidler and co-workers (189-190). Also

shown in Table 20 are the A{/Ci’ and AQ I%(S data for the piperidine

)i
series,

Systematic relations between AQSIO{(S)i and A{/’O.l and the’
other thermodynamic functions were found only in the case of A(}Q1
(Fig. 50). In the case of 2, 6-dimethylpyridinium chloride, the
curiously shaped concentration dependence of the sum of the ¢;s for the
neutral base and the free acid runs specifically parallel to the variation
of ¢v with concentration for the salt, so that the differ ence A{/'.l is

largely independent of concentration (Fig. 51).
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Figure 50,
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A plot of volume change (AV?) and compressibility
change on ionisation (Aﬁ%(s)i) against the standard
free energy change on ionization (AG?) for the
three homologous pyridines studied.

(Temperature = 25°C)
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For all of the reactions studied, the sign of the volume
and compressibility changes on ionisation indicates that there is, as
expected, a relecase of previously electrostricted water. As
discussed in Section 3 of this chapter, substitution of the ring in the
2 and/or 6 position in the pyridinium salts decreases the amount of
electrostriction that can be relieved when the charge is removed
from the nitrogen. This accounts for the trend toward lower values
of A'V? as the'coordination”increases in ring positions adjacent to the

nitrogen.

o
K(S)i
with AG? in the pyridine series can lead to an underestimation of

The smooth trends in the relation between Av;’ or AQ

the complexity of the problem, since examination of the relations of

A\_/? or A¢§<(S to entropy and enthalpy changes reveals that the

i
situation is not) at all simple.

The entropy change in the reaction will reflect primarily
the change in the state of the water surrounding the products and
reactants. A large negative entropy change can be due to the presence
of eclectrostricted water or water undergoing hydrophobic hydration
and the presence of competing trends within a series of ions and
neutral molecules make the interpretation of the entropy changes, at
the moment, rather uncertain. The more systematic relations of such
properties as A'V.lo to AG? and of AS? to structural changes in

ionisable molecules usually results from well known ""compensation'

effects operating between the AH? and the AS? functions, i.e. when
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A plot of apparent molar volume §Z§V against
/2 for 2, 6-dimethylpyridine + H*C1™ and
2, 6-dimethylpyridinium chloride at 25°C
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AH? is increasingly negative in a series of molecules, the AS? also
usually becomes more negative so that ~TAS? compensates for the
changesin AH? . Such effects are also operative in respect to the
enthalpies and entropies of solvation of simple ions and are therefore

of significance in ionisation processes such as those referred to above.

7. Partial Molar Expansibilities in H,0 and D,0

(1) Inorganic Salts

Of the three inorganic salts studied over a range of
temperatures, only NaF showed any difference in its expansibility in
H7O and D0. For NaCl and KCi,the difference between the partial
molar volumes in H20 and D70 at 25°C was maintained, within the
experimental uncertainty, down to the freezing point of the solvents.
In the case of NaF, which exhibits the largest negative solvent isotopg

effect in v?on at 25°C, the difference A{/'IODZO_HZO increases with

decreasing temperature. This behaviour is presumably'due to the
small radius and highly hydrophilic nature of the F- ion which can
electrostrict much more effectively than can the structure-breaking

Cl- and K* ions. The behaviour of NaF is consistent with the model

of D,0 discussed above in this chapter where it was pointed out that the
extent of formation of structure in D30 increases faster with de-
creasing temperature than in the case of HyO; as a result,electro-
striction of the structure in D20 by the ions will be possible at the lower
temperatures and will hence cause the partial molar volume to become

relatively smaller at the lower temperatures.
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(ii)  Tetra-n-alkylammonium Salts

In the case of the four TAA salts studied over a range
of temperatures, only Me4NBr exhibited a behaviour in H,O
different from that in D,0. Within the experimental uncertainty in
the results, Et4yNBr, n-PryNBr and n-BuyNBr all gave plots of
QSV against T which were parallel in H>O and D,0. On the basis of
the criterion of the sign of the isotope effect, Me/NBr is a structure-
breaker at 25°C; however, a cross-over in the results for ¢v occurs
between 15 and 20°C which corresponds to Me NBr having a higher
volume in D0 than in HyO at low temperature. Since D,0 is more
structured than HZO at low temperature than it is at 25°C, and since
structure-making is a phenomenon which is due to the structured
nature of the solvent, then a salt such as Me4NBr which is barely a

structure-breaker at 25°C becomes a structure-maker at the lower

temperatures.

(iii) Temperature of Maximum Density

It was also possible to obtain the temperature of maximum
density from the data required to determine the ¢v against T curves.
Only one concentrafion of each salt was, however, used; therefore the
Despretz constants, D, (defined in Table 21) (191) quoted can be based

only on two points. The effect of the TAA salts on the temperature

of maximum density of H>O was studied by Darnell and Greyson (71, 72).

The value of D which they obtained for Et4NBr in H,0 (the only TAA

bromide which they studied) agrees with the result of the present
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determinations on this salt. In Table 2] are listed the Despretz
constants obtained for the TAA bromides in H,0 and D;0. As in the
investigations of Darnell and Greyson (71, 72) on the temperature of
maximum density of TAA solutions in water, it was found in the
present work that the Despretz constant increased with increasing
cation size. Here it was found, hoﬁrever, that each of the salts at

a given concentration lowered the Ty of H,0 to a greater extent

than they did the T ¢f D20. This is consistent with the other
evidence which has been gathered in the Present work regarding the
greater structure-forming ability of the TAA salts in DO than in H0.
If the temperature of maximum density of the solvent reflects the
equilibrium ratio of structured and unstructured water (18), then the
shift in Tp, should reflect the way in which certain ions affect the
proportion of structured and unstructured forms of water. Indeed,

for simple univalent ions such as the halide ions, I~ depresses the Tm
more than does C17, indicating that it is a stronger structure-brezk er.
On the other hand, the depression of Ty 15 proportional to cation size
for the TAA salts. This result was interpreted by Darnell and
Greyson (71) as indicating that structure-formation, which arises at
25°C because of the ordering of the supposed "unbound" water by the
hydrophobic groups, does not occur at the Ty, because of the fewer
unbound water molecules available for cluster formation. In fact,the
large ions would disrupt the highly structured solvent and thus lead to

the observed dependence of depression in the Tm upon cation size.
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It is felt that the present results on the temperature
dependence of the apparent molar volume in H;0O and D,0 indicate
that structure formation is still occurring at temperaturesnear the
temperature of maximum density and further Tm data obtained for
the TAA broﬁlides in D,0O indicate that structure-formation is still
occurring to a greater degree in DZO than in H,O. The study of the
temperature dependence of the apparent molar volume of the TAA
bromides in H»O carried out by Franks and Smith (127) showed,
from the concentration dependence of ¢v at the low temperature,
that the non-ideal behaviour observed at room temperature was
accentuated at 5°C,

The observed behaviour of the temperature of maximum
density does demonstrate the dangers of extending hydration models

developed for 25°C to higher or lower temperatures,
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APPENDIX 1

Experimental results for the apparent molar volume
and density of solutions of salts and neutral solutes
studied in HyO at 25°C are presented in tabular form

in this section.
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Apparent Molar Volumes and Densities, for Aqueous Solutions of
Pyridinium Chloride, 2-Methylpyridinium Chloride, 2, 6-Dimethyl-
pyridinium Chloride, Bromide, Iodide, l1-Methylpyridinium Iodide,
1-Ethylpyridinium Iodide, 1, 2-Dimethylpyridinium Iodide and 1, 2, 6-
Trimethylpyridinium lodide at 25°C :

d
c @ + 3x10°6
Salt mole litre ! ml. g. mole"} g.mil. -1
pyridinium chloride 0.00987 91. 30 0.997315
0.01974 91.44 0.997554
0.02000 91.21 0.997565
0.02904 91.25 0.997786
0.02962 91.26 0.997800
0.03500 91.29 0.997931
0.03949 91.24 0.998043
0.04065 91.28 0.998070
0.04936 91.31 0.998282
0.04936 91.29 0.998283
0.05226 91.33 0.998352
0.05923 91.31 0.998525
0.06000 91.35 0.998541
0.06388 91.33 0.998637
0.06968 91.29 0.998782
0.07020 91. 35 0.998790
0.07898 91. 36 0.999004
0.07977 91. 32 0.999027
0.08130 91. 35 0.999062
0.09872 91. 38 0.999485
0.09872 91. 37 0.999486
0.10453 91.40 0.999624
0.11850 91. 42 0.999963
0.13820 91. 46 1. 000440
0.16110 91.47 1.000995
0.19550 91. 51 1. 001824
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continued from previous page:

2-methylpyridinium 0.009822 108. 84 0.997280
chloride 0. 01965 108.95 0.997484
0.02947 108.99 0.997688

0.03930 108.97 0.997894

0.04912 109,00 0.998097

0. 04912 108.93 0.998101

0.05895 109.01 0.998505

0.06877 109.02 0.998908

0. 08841 109.09 0.998301

0.11726 109. 21 0.999492

0.14734 109.27 1. 000105

0.19544 109. 34 1.001078

2, 6-dimethyl- 0.009272 125.43 0.997246
pyridinium chloride 0.01414 125,60 0.997334
0.01687 125. 79 0.997381

0.01903 125. 86 0.997419

0.02041 125,96 0.997442

0.03549 126.07 0.997710

0.03998 126. 26 0.997783

0.04780 126. 35 0.997917

0.05368 126. 44 0.998016

0.05688 126. 30 0.998080

0.05903 126. 51 0.998106

0. 05654 126. 46 0.998065

0.06098 126. 54 0.998138

0.08247 126. 37 0.998527

0.08548 126. 40 0.998577

" 0.09039 126, 37 0.998667

0.10355 126. 35 0.998900

0.12849 126. 30 0.999346

0.15961 126. 26 0.999903
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continued from previous page:

2, 6-dimethyl- 0.01090 133. 41 0.997674
pyridinium bromide 0.01314 133.44 0.997797
0.01381 133.42 0.997834
0.01545 133.50 0.997923
0.02194 133.58 0.998278
0.02245 133.59 0.998306
0.02418 133. 62 0.998400
0.03130 133. 65 0.998790
0.03252 133. 72 0.998854
0.03960 133.78 0.999240
0.04218 133.84 0.999378
0.04774 133.91 0.999678
0.05035 133.78 0.999827
0.05047 133,89 0.999829
0.05403 133.93 1.000020
0.05626 133.95 1. 000141
0.06020 133.84 1.000362
0.06594 133,91 1. 000671
0.07298 133.86 1.001059
0.08028 133.81 1. 001461
0.08424 133.80 1. 001680
0.10329 133.84 1.002716
0.09062 133.81 1.002027
0.13070 133.79 1.004219
0.15239 133. 80 1. 005405
0.18094 133.80 1.006964
0.27224 133.80 1.001957
2, 6-dimethyl - 0.01212 144. 49 0.998177
pyridinium iodide 0.01352 144. 47 0.999305
0.01701 144. 49 0.998622
0.02025 144.58 0.998915
0.02976 144,57 0.999780
0.03803 144, 70 1.000527
0, 04740 144, 71 1.001377
0.05836 144. 78 1.002368
0.06623 144. 71 1. 003087
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continued from previous page:

0.07902 144.83 1.004238
0.09426 144, 86 1.005618
0.10700 144,86 1.006772
0.13054 144,87 1.008905
0.16214 144,81 1.011777
0.18542 144,81 1.013889
0.23444 144.80 1. 018339
0.32898 144,78 1. 026919
l-methylpyridinium 0.01018 127.01 0.998035
iodide 0.01899 127.17 0.998863
0.02056 127.07 0.999013
0.03217 127.17 1.000105
0. 04051 127.10 1.000894
0.04996 127.22 1.001779
0.05675 127.29 1.002415
0.06660 127, 31 1.003340
0.08508 127, 38 1.005074
0. 09150 127, 42 1.005673
0.10264 127. 41 1.006723
0.10925 127,48 1.007334
0.12468 127.42 1.008792
0.13719 127.44 1.009967
0.12164 127,51 1. 008496
0.14864 127.55 0.011023
0.15160 127.55 1.011302
0.16508 127,42 1.012592
0.18363 127.58 1. 014305
0.22758 127.54 1. 018437
0.27883 127, 34 1.023305
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continued {rom previous page:

1-ethylpyridinium 0.009299 144. 20 0.997923
iodide 0. 01518 144,26 0.998459
0.01935 144,33 0.998838
0.03090 144,36 0.999891
0.05313. 144, 49 1.001909
0.06528 144,53 1.003012
0.07558 144,55 1.003948
0.09786 144. 64 1.005965
0.13087 144.73 1. 008955
0.14776 144,76 1. 010484
0.16208 144,67 1. 011797
0.27031 144,87 1.021570
1,2, 6-trimethyl- 0. 01004 142,76 0.998005
pyridiniumiodide 0.02207 142, 88 0.999118
0.02910 142,85 0.999770
0.03750 142.98 1.000543
0.04563 142.99 1.001295
0.06622 143,06 1.003195
0.07252 143,16 1.003770
0.07746 143,18 1.004224
0.09562 143,26 1.005893
0.10312 143,27 1.006584
0.14727 143, 45 1.010629
0.11678 143. 34 1.007836
0.17316 143, 41 1. 013019
0.22357 143, 35 1.017652
0.28654 143, 46 1.023444
1,2, 6-trimethyl- 0. 01099 158.40 0.998076
pyridinium iodide 0.01642 158. 46 0.998570
0.02671 158.56 0.999505
0.04133 158.72 1.000829
0.04733 158. 62 1.001379
0.07223 158,78 1. 003632
0.09050 158.83 1.005287
0.11165 158. 91 1.007197
0.13161 158. 89 1. 009009
0.16497 158.93 1.012028
0.24298 158.93 1. 019098
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Apparent Molar Volumes and Densities, for Aqueous Solutions of

2, 6-Dimethylpyridinium Bromide at Four

Temperatures
2, 6-dimethyl- " ‘ By d
pyridinium bromide g.moles (KgHZ‘O)'1 ml (g.mole) g.ml-!
T = 34.90°C 0.01480 133. 61 0.994906
0.02304 133. 71 0.995354
0.02572 133 95 0.995493
0.04118 134.16 0.996320
0. 05166 134. 40 0.996869
0.05808 134,32 0.997215
0.11711 134,48 1.000317
0.15671 . 134.56 1.002347
0.28336 134.78 1.008775
T = 29.26°C 0.01128 133.36 0.996525
0.001480 133,50 0.996716
0.02304 133. 64 0.997163
0.02572 133. 62 0.997309
0.04118 133. 86 0.998139
0. 05166 134,08 0.998692
0.05808 133.90 0.999046
0.11711 134,01 1.002177
0.15671 134, 24 1.004219
0.28336 134,12 1.010724
T = 18.82°C ‘ 0. 01553 132. 44 0.999340
0.02258 132,59 0.999728
0.03152 132.72 1.000218
0.03993 132. 83 1.000675
0.05096 132.92 1.001274
0. 06081 o 132.86 1. 001817
0.08545 132.92 1. 003146
0.09200 132.98 1.003494
0.15602 133,04 1.006906
0, 28336 133,07 1.013527
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continued from previous page:

T = 6.20°C

OO OO ODOOOOO

. 01320
. 01553
. 02258
. 03152
.03993
. 05096
. 06081
. 08545
. 09200
15602
.28336

131,
131.

131.
131.
131.
131.
131.
131.
131.
131.
131,

36
36
45
51
55
56
57
60
55
56
51

il el

. 000071
. 000842
. 001238
. 001739
. 002208
. 002824
.003375
. 004736
. 005101
. 008602
. 015409
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Apparent Molar Volumes and Densities, for Aqueous Solutions of

1,1-Dimethylpiperidinium Iodide, 1-Methylpiperidinium Chloride,

Piperidinium Chloride and Piperidinium Iodide at 25°C

c ¢v d

moles.1-! ,ml(g.mole)’1 g.ml'1
1,1-dimethylpiperidinium 0.01014 158,87 0.997913
iodide 0.01033 158,93 0.997928
b 0.01282 158. 76 0.998136
0.01426 158. 88 0.998253
0.02225 158.96 0.998912
0.02904 158.97 0.999473
0.03794 159.03 1. 000206
0.04712 159, 04 1. 000963
0.05540 159. 01 1.001648
0. 05951 159, 00 1. 001988
0.06409 159, 07 1.002362
0.07525 159. 04 1.003285
0.07648 159.13 1.003380
0.08496 159. 01 1. 004090
0.10289 159.03 1. 005569
0.13685 158.93 1.008386
0.16084 158.92 1.010370
0.20012 158. 86 1.013630
0.22824 158.83 1. 015962
l-methylpiperidinium 0.01162 125. 85 0.997192
+ chloride 0.02296 125,79 0.997309
0.03187 125, 84 0.997398
0.04171 125. 89 0.997496
0.05858 125.96 0.997663
0.07765 125.97 0.997853
0.10311 125,93 0.998114
0.12944 125.91 0.998381
0.15251 125.92 0.998613
0.18987 125.90 0.998994
0.23798 125.90 0.999479
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[ e

piperidinium 0. 01190 106.88 0.997253
chloride 0.01298 106. 75 0.997271
0.02376 106.94 0.997430

0.03806 107.03 0.997641

0.04867 107.09 0.997796

0.07853 107.22 0.998228

0.09335 107.22 0.998447

0.11431 107.25 0.998751

0.15930 107,23 0.999415

0.19726 107,28 0.999962

0.25590 107,32 1,000810

piperidinium 0.01757 126, 35 0.998604
iodide 0.02636 126.37 0.999369
0.03514 126.58 1.000126

0.04393 126.64 1.000887

0. 06150 126. 78 1.002403

0.07907 126, 80 1.003924

0.11421 126, 83 1.006965

0.13178 126. 89 1.008479

. 0.15813 126. 89 1.010759

0.19327 126.91 1.013797

0.21963 126.93 1.016073
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Apparent Molar Volumes and Densities, for Aqueous Solutions of Diethyl-
ammonium Chloride, Di-n-propylammonium Chloride, Di-n-butyl-
ammonium Chloride, Triethylammonium Bromide, Triethanolammonium
Bromide, Tetrarnethylandnioniﬁnn'Ietrafluoroborate and Ammonium

Chloride at 25°C

c ¢v d
moles. 1! ml(g.mole)"1 g.rnl'1
diethylammonium 0.01215 106. 80 0.997112
chloride 0.01497 107.00 0.997118
0.02680 106.90 0.997155
0.03402 106. 89 0.997177
0.04386 106,94 0.997205
0.06641 106.94 0.997272
0. 08369 106.95 0.997322
0.1130 107,07 0.997397
0.14205 107.07 0.997480
0.19573 107.12 0.997623
0.26765 107.10 0.997832 ;
0.32528 107.12 0.997986
di-n-propylammonium 0.009813 138.74 0.997068
.chloride ' 0. 02192 138.75 0.997059
0.03138 138.74 0.997053
0.03245 138. 66 0.997055
0.04532 138,79 0.997041
0.05769 138,79 0.997032
0.07965 138,83 0.997013
0.10888 138,87 0.996986
0.13107 138.83 0.996974
0.16072 138.78 0.996960
0.19075 - . 138.73 0.996947
0.24207 138.63 0.996936
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. 01052

di-n-butylammonium 0 170. 67 0.997027
chloride 0.02000 170. 71 0.996984
0.02032 170.73 0.996986
0.03654 170. 72 0.996909
0.04215 170.50 0.996894
0. 06081 170. 66 0.996783
0.07491 170. 68 0.996739
0.09280 170. 67 0.996659
0.12088 170. 62 0.996542
0.14665 170, 61 0.996427
0.18645 170.52 0.996269
0.24502 170. 37 0.996055
triethylammonium 0.01295 145,94 0.997548
bromide 0. 02199 145. 84 0.997881
0.03911 145,75 0.998513
0. 05356 145,63 0.999051
0.05883 145, 64 0.999245
0.07391 145.63 0.999802
0.08722 145. 64 1.000293
0.12057 145, 62 1.001525
0.16519 145, 65 1. 003168
0.25861 145, 60 1.006628
triethanolammonium 0.01583 147, 54 0.998388
bromide 0.02249 147, 62 0.998939
0.02889 147. 64 0.999469
0.04073 147. 66 1.000450
0. 04891 147,74 1.001124
0.06538 147.83 1.002482
0.07355 147.87 1.003155
0.09206 147,96 1.004677
0.11904 148.10 1.006888
0.16019 148,14 1.010276
- 0,20715 148.28 1. 014116
0.29130 148. 43 1. 020995
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g.moles ¢V d
(KgHZO)’1 ml(g.mole)” g.ml'l

tetramethylammonium 0.009578 133,24 0.997342

tetrafluoroborate 0. 02151 133.00 0.997680

' 0.03541 133.08 0.998067

0.04923 133.23 0.998445
0.06563 133.27 0.998894
0.08223 133.37 0.999343
0.10546 133, 46 0.999963
0.12659 133.28 1. 000557
{insoluble)

ammonium chloride 0.03430 36.51 0.997658
0.05548 36. 39 0.998025
0.06843 36. 41 0.998244
0.08331 36. 44 0.998496
0.10875 36.43 0.998930
0.12712 36.49 0.999233
0.16099 36.46 0.999811
0.17591 36.50 1. 000055
0.20171 36.50 1.000489
0.24209 36.55 1.001156
0. 31066 36, 61 1.002280
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Apparent Molar Volumes and Densities for Solutions of Pyridine, 2-

Methylpyridine, 2, 6-Dimethylpyridine and HOD in Water: Piperidine

and 1-Methylpiperidine in 0.1 N KOH and Pyridine in Benzene, all at

25°C '
c ¢v d

‘moles,1-1 ml(g.mole)"} g.ml"!

pyridine in H,0 0.009616 77.55 0.997091
0.01008 77.43 0.997093
0.01923 77.60 0.997107
0.01923 77.44 0. 997110
0.02404 77.36 0.997121
0.02885 77.24 0.997134
0.02908 77.28 0.997133
0.03846 77.13 0.997158
0.04808 77.11 0.997180
0.04816 77.07 0.997182
0.05769 77.12 0.997201
0.06250 77.14 0.997210
0.06731 77.23 0.997214
0.06762 77.20 0.997217 -
0.07692 77.23 0.997234
0.08654 77.22 0.997255
0.08717 77.17 0.997261
0.10632 77.12 0.997307
0.11540 77.18 0.997320
0.12305 "77.09 0.997347
0.12500 77.19 0.997340
0.14463 77.16 0.997385
0.16362 77.20 0.997420
0.19325 77.18 0.997486
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continued from previous page:
; pyridine in benzene 0 0.873545
. 0.009854 80.09 0.873635
: 0.01971 79.98 0.0873727
: 0.03097 80. 02 0.873830
: 0.03942 80. 21 0.0873901
! 0.04927 80. 02 0.873998
; 0.06053 79.94 0. 874106
; 0.07038 ° 79.89 0.874200
i 0.08024 79.84 0.874294
; 0. 09009 79.99 0.874376
; 0.09854 79.92 0.874460
: 2-methylpyridine in 0.0093811 93,81 0.9397070
; H,0 0.02943 93.98 0.997057
; 0.04906 93.95 0.997047
: 0.06868 94. 02 0.997031
: 0. 08830 94. 01 0.997020
: 0.10792 94,05 0.997004
1 0.1182 94, 01 0.997002
0.1378 93.95 0.996999
| 0.1575 93.89 0.996997
: 0.1771 93.89 0.996988
0.1969 93.85 0.996986
2, 6-dimethylpyridine 0. 01016 109. 71 0.997051
in H,0 0.01072 109.53 0.997052
0. 01450 109. 40 0.997046
0.02058 109. 55 0.997031
0.02085 109.54 0.997031
0.03246 109. 59 0.997005
0.03589 109. 71 0.996994
0.03665 109. 69 0.996993
0.03829 109. 69 0.996989
0.04704 109. 83 0.996963
0.04833 109. 74 0.996964
0 109. 83 0.996947




continued from previous page:
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0.06430 109. 81 0.996923
0.06629 109.76 0.996922
0.06664 109. 80 0.996920
0.07944 109. 68 0.996900
0.08492 109. 62 0.996891
0. 09414 109. 66 0.996871
0.10382 - 109. 45 0.996868
0.12252 109. 45 0.996831
0.13680 109, 41 0.996813
0.14115 109. 42 0.996798
0.15928 109. 37 0.996770
0.18756 109.26 0.996738
0.21745 109.11 0.996727
0.25735 109. 00 0.996692
0.29589 108.90 0.996664
0. 33561 108,77 0.996653
0. 040990 108. 72 0.996586
piperidine in 0.1N KOH 0.04012 91.11 0.996849
0.06018 91.11 0.996737
0.08024 91.11 0.996626
0.12034 91.14 0.996396
0.13374 91.18 0.996315.
0.16049 9117 0.996165
0.18055 91.27 0.996034
0.20061 91.27 0.995918
l-methylpiperidine in 0.02082 109, 85 0.996860
0.1N KOH 0.04164 109. 94 0.996643
0.06246 109. 85 0.996432
0.08328 109. 87 0.996212
0.10409 109. 84 0.996005
0.12492 109. 76 0.995801
0.14574 109. 71 0.995596
0.16656 109. 70 0.995387
0.18738 109. 55 0.995204
0.20820 109.50 0.995005
0.24984 109. 29 0.994643
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m
g.moles QSV d
(KgH,0)"1 ml(g. mole)-1 g.ml!
HOD in H,0 0. 01909 18.03 0.997094
0.03336 18. 08 0.997107
0.04820 18.12 0.997119
0.06230 18.10 0.997135
0.07842 18.16 0.997146
0.09480 18. 20 0.997157
0.13636 18.14 0.997202
0.19497 18.14 0.997254
0.24485 18.12 0.997306
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APPENDIX 11

Experimental results for the apparent molar adiabatic
compressibility and the associated data used in its

calculation are presented in this section in tabular form.
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APPENDIX 1II

Experimental results for the apparent molar volume

and density of itetra-n—alkylammonium and alkali halide
salts in HyO and D,0 at 25°C are tabulated in this

section,

The density of 99, 75% D,0 was determined on the
differential buoyancy balance as 1,104526 + 3 x 10-6 g.ml-1
at 25.00°C.
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Apparent Molal Volumes, Partial Molal Volumes and Densities of a

Series of Tetra-n-alkylammonium Bromides in D,0 at 25°C

m ¢v d
Salt ' g.mole(1000 g DZ‘O)‘1 ml(g.mole)” g.ml-!
(CH3)4NBr 0.01306 114. 35 1.104926
0.02283 114, 48 1.105221
0.02372 114. 29 1.105252
0.03668 114, 49 1.105640
0.05395 114,56 1.106156
0.07931 114. 70 1.106901
0.08033 114,63 1.106938
0.09973 114,72 1.107503
0.10589 114,76 1.107680
0.12999 114, 79 1.108382
0.15066 114. 84 1.108973
0.17879 114. 83 1.109787
0.16194 114. 80 1.109309
0.20289 114. 83 1.110478
0.21332 114, 85 1.110773
0.32214 114,87 1.113828

(C2H5)4NBr 0.01044 174,21 1.104730
0.01570 174.10 1.104834
0.02140 174,23 1.104943
0.02074 174.16 1.104932
0.03241 174.16 1.105159
0.04307 174, 40 1.105353
0.04316 174,28 1.105361
0.04702 174,55 1.105419
0.05153 174, 40 1.105515
0.05896 174, 30 1.105662
0.05930 174, 34 1.105666
0.06465 174.27 1.105772
0.07606 174, 30 1.105987
0.09056 - 174,17 1.106276
0.09162 174,21 1.106290
0.11261 174.10 1

. 006701
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continued from previous page:

.13163

174,

0 06 1.107066
0.13308 174, 02 1.107098
0.14338 173.97 1.107300
0.14747 173.98 1.107378
0.16584 174.05 1.107707
0.16994 173.95 1.107803
0.17427 173. 89 1.107895
0.19587 173.93 1.108290
0.21716 173.90 1.108690
0.22687 173.74 1.108912
0.25412 173. 71 1.109425
0.29273 173.54 1.110183
0.29957 173. 42 1.110350
(C3H;)4NBr 0.01137 240,13 1.104537
0.02186 239, 71 1.104560
0.02240 239.93 1.104555
0.03265 239.68 1.104579
0.04986 239,61 1.104612
0.06007 239.47 1.104640
0.06185 239,51 1.104640
0.07148 239,38 1.104669
0.08559 239,21 1.104714
0.08562 239,26 1.104709
0.09815 239.10 1.104755
0.13132 238.79 1.104879°
0.13675 238.69 1.104908
0.15834 238.54 1.104994
0.03490 239.72 1.104581
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continued from previous page:

(C4Hg) NBr 0.008352
0.009943
0.01333
0. 01345
0.02004
0.02077
0.02738
0.03760
0.04471
0.04636
0.05705
0.05801
0.06865
0.08274
0.09763
0.10887
0.12678
0.16099
0
0

301.
301.
301,
301.
301.
301.
301.
301,
301.
301,
300.
301.
300.
300,
300.
299.
299.
299.
298.
297.

72
55
87
60
54
57
54
37
16
24
87
03
64
41
13
86
68
19
68
98

.104426
.104409
.104364
.104367
.104291

.104282
.104206
.104096
.104027
.104004
.103911

.103890
.103809
.103574
.103574
.103501

.103368
.103161

.102922
.102647
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Apparent Molar Volume and Density of (DOC, H,)sNDBr in D,0 at 25°C

m @, d
(DOC2H4)3NDBr g.moles(KgDZO)'l ml (g.mole)’1 g.ml'1
0.01871 145.90 1.106030
0.02991 146. 09 1.106919
0.04127 146. 04 1.107824
0.05172 146.12 1.108647
0.05824 146.15 1.109160
0.06811 146. 32 1.109923
0.08162 146. 41 1.110970
0.10495 146. 38 1.112786
0.12726 146. 44 - 1.114497
0.16522 146. 63 1.117356
0.21970 146. 80 1.121394
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Apparent Molal Volumes and Densities of a Series of Tetra-n-alkylammonium

Bromides in H,0 at 25°C

c m D, d
Salt g.mole. 171 ‘g.mole(KgHZO)‘l ml(g.rnole)'1 g.ml’1
(C2H5)4NBr 0.009278 0.009320 173,91 0.997415

0.01021 0.01026 173. 86 0.997450
0.01066 0.01071 173,98 0.997465
0.01540 0. 01549 173.94 0.997639
0,01825 0.01836 174,07 0.997742
0.01971 0.01984 173. 86 0.997800
0.02175 0.02190 174,03 0.997871
0.02642 0.02662 173.95 0.998044
0.02996 0.03021 173.99 0.998173
0.03372 0.03402 173.99 0.998311
0.03429 0.03460 174,14 0.998327
0.03735 0.03771 173.92 0.998447
0.04221 0.04265 174, 01 0.998622
0.04659 0.04711 174,08 0.998779
0.04949 0.05007 174,04 0.998887
0.05325 0.05391 173.94 0..999030
0.05361 0.05427 174.00 0.999040
0.05770 0.05845 173.94 0.999193
0.06283 0.06371 174,01 0.999377
0.07303 0.07419 173.93 0.999757
0.09130 0.09304 173.94 1.000427
0.11186 0.1144] 173.91 1. 001185

0.15716 0.16205 173, 80 1.002868
0.22931 0.23952 173,65 1.005563
0.26817 0.28209 173. 59 1. 007017
0.31248 0.33136 173, 48 1. 008696
0.37724 0.40483 173. 38 1. 011140

0.46826 0. 51106 173.13 1. 014651
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continued from previous page:

(C3Hy;),NBr

0.009678
0.
0.01044
0.
0.01133
0.

0.
0.
0.
0.01608
0.
0.
0.
0.
0.02431
0.03253
0.03739
0.04044
0.05304
0.05580
0.06342
0.06973
0.08032
0.08528
0.09296
0.09325
0.09858
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0

009274
01082

01218
01265
01408
01514

01980
02261
02647
02769

11244

.12370
.13636
.14511

0.15989
.15886
.19300
18771
.19413

.22780
. 24093
. 26589
.27082
. 32453
. 39274

0.
0.
0.
0.
0.

0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0’

-
.
.
.
.

0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

009729
009322
01050
01088
01139
01225
01273
01417
01524
01619
01995
02280
02672
02796
02452
03288
03784
04096
05388
05672
06459
07112
08213
08731
09535
09566
10126
11589
12784
14137
15080
1667
16560
2029
1971
20416
24159
24159
2564
2847
3527
4344

239,
239,
239,
239,
239,
239,
239,
239,
239,
239,
239.
239.
239.
239.
239,
239,
239,
239.
239,
239,
239.
239.
239,
239,
239.
239.
239,
239,
238,
238,
238.
238,
238,
238.
238.
238.
238.
238.
238.
237.
237.
237,

48
45
42
52
43
45
23
63
42
45
49
46
43
41

49
43
42
52
40
34
32
22
22
25
19

09
03
06
87
88
76
62
59
42
52
58
33
17

06
84
66
06

.

0
0
0
0
0
0
0
0
0.
0.
0.
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
1
1
1.
1
1
1
1
1
1
1
1
1
1
1
1

997342
997329
997362
997371
997386
967408
997425
997459
997491
997515
997618

-997696
.997803
.997837
.997742
.997970
. 998104
. 998184
. 998536
. 998616
. 98828
-999010
-999309
. 999438
7999659
. 999673
. 999828
. 000212
. 000550

000896

. 001168

. 001606
. 001582

. 002584
. 002414
. 002583
. 003595
.004013
.004760
. 004956
. 006586
. 008820
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continued from previous page:

(C4H

g

4N Br

OO o0Coococooco o

. 01033
. 03449
. 06984
. 09253
. 11665
.15073
.17708
.20794
.23958

COoOO0Oococooco o

. 01039
. 03496
.07154
. 09545
.12123
.15832
.18754
L22237
.25880

30L.
300.
300.
299.
299.
299.
299.
298.
298.

04
65
21
99
82
45
15
91
58

0.997303
0.997854
0.998684
0.999227
0.999807
1.000663
1.001343
1.002136
1.002986
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Apparent Molar Volumes of Et,NBr, n-Pr ,NBr and n-Bu,NBr Solutions at High

Dilutions Obtained with a Dilution Dilatometer

moles of solute AD, final conc. o,
Salt ‘in capsule ml(g. mole)"! (moles 1-1) ml (rnole)'1
Et4NBr 0.0009256 - 0.10 0.001903 173. 84
in HZO 0. 001591 0.00 0.003272 173.79
0.002479 + 0.20 0.005098 173, 80
0,003002 + 0. 36 0.006173 173. 86
0.004409 + 0, 64 0.009066 173, 84
0.004409 + 0. 66 0.009066 173.86
Et4NBr 0.0006748 - 0.32 0.001388 173.96
in D,0O 0.001265 - 0,07 0.002602 173.99
0.002531 + 0.25 0.005204 173,95
0.005061 +1.07 0.01041 174. 04
n-PryNBr 0.0008850 + 0,36 0.001820 239.42
in HZO 0.0008850 + 0.31 0.001820 239,47
0.001585 + 0.75 0.003259 239, 38
0.002539 +1.48 0.005221 239. 41
0.002539 +1.49 0.005221 239,42
0.003610 + 2.32 0.007423 239.43
0.003610 +2.28 0.007423 239, 47
n-BuyNBr 0.001029 + 0.90 0.002116 300.76
in HZO 0.001751 +1.55 0.003601 300. 68
0.001751 +1.53 0.003601 300. 64
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Apparent Molal Volumes and Densities of a Series of Alkali Halides in HZO and

D,0 at 25°C
Salt _ m Q5V d 3
and : g.ml - %
Solvent g.mole(1000 g. solvent)™  m1 (g.mole)-l 3 %1070 g.ml"1
KCl/ 0.01337 26.99 0.997709
(H,0) 0.02332 27.08 0.998179
0.03784 27.17 0.998863
0.05078 27.25 0.999470
0.06491 27,34 1.000130
0.08832 27.37 1.001227
0.11837 27.46 1.002624
0.16014 27.53 1.004564
0.23538 27.58 1.008048
NafF/ 0.03077 - 2.05 0.998425
(H,0) 0.04000 -2.09 0.998832
0.06333 -1.94 0.999848
0.08441 - 1.87 1.000767
0.14575 -1.63 1.0034_114
KBr/ 0. 01446 33.96 0.998301
(H,0) 0.02836 33.94 0.999480
0.05629 33.94 1.001845
‘0, 08587 34.02 1. 004338
0.11421 34.09 1.006719
0.15830 34,08 1.010422
0.19751 34,18 1.013686
0.23363 34,22 1. 016693
0.26523 34.20 1. 019325
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continued from previous page:

NaBr/ 0.01228 23.81 0.998043
(H,0) 0.01377 23,178 0.998161
0.02316 23.:82 0.998901
0.02869 23.86 0.999335
0.04289 23.86 1.000454
0.04725 23.89 1.000796
0.06673 23.91 1.002327
0.06837 - 23.92 1.002455
0.09887 24.03 1.004839
0.11125 23.97 1. 005815
0.13872 23.94 1.007970
0.14689 24.02 1.008597
0.18910 23.96 1. 011906
0.23139 24.16 1. 015156
0.23526 24.01 1. 015494
0.32315 24.07 1.022303
Kci/ 0.02933 26.175 1.105983
(D,0) 0.03623 26.73 1.106326
0.10314 27.02 1.109603
0.11519 26.94 1.110207
0.15462 27.15 1.112102
0.16403 27.08 1.112574
0.18678 27.17 1.113665
0.23043 27.20 1.115778
0.25757 27.31 1.117057
NacCl/ 0.01518 15.97 1.105209
(D,0) 0.02845 16.08 1.105804
0.03567 16.12 1.106126
0.05704 16.27 1.107074
0.08333 16, 38 1.108235
0.11469 16. 47 1.109613
0.15183 16.55 1.111242
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continued from previous page:

NaFr/ 0.01887 - 3.42 1.105480
(D,0) 0. 03517 - 3.35 1.1060301
0.05658 - 3.22 1.107373
0.07580 -2.99 1.108319
0.10625 -2.95 1.109837
0.15027 -2.77 1.112006
0.18563 - - 2.65 1.113740
0.23896 . -2.53 1.116353
0.33599 -2.28 1.121056
KBr/ 0.05245 33.82 1.109247
(D,0) 0.07664 33.92 1.111409
0.10875 33.84 1.114291
0.12897 33.86 1.116096
0.16178 33.90 1.119014
0.21424 33.96 1.123658
0.22368 33.99 1.124482
NaBr/ 0.01230 23.43 1.105571
(D,0) 0.01375 23,51 1.105694
0.02038 23.55 1.106256
0.02464 23.49 1.106619
0.04058 23.67 1.107963
0.05977 23.75 1.109581
0.08708 23.73 1.111887
0.11105 23.77 1.113901
0.14965 23.73 1.117155
0.22041 23.74 1.123090
0.29194 23.78 1.129053
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Apparent Molal Volume and Density Data for Pyridine in D,0

m ¢v d
g.’moles(ftig.DZO)‘1 ml.(g.mole) g.ml'1
0.009648 77.74 1.104453
0.01891 77.69 1.104385
0.02816 77.54 1.104322
0.03726 77.42 1.104262
0.04574 77.39 1.104204
0.05502 77.36 1.104141
0.06460 77.38 1.104073
0.07601 77.36 1.103996
0.08871 77.33 1.103912
0.10084 77.31 1.103831
0.12382 77.27 1.103681
0.14321 77.33 1.103539
0.15778 77.33 1.103443
0.18128 77.32 1.103284

e et
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CONTRIBUTIONS TO ORIGINAI, RESEARCH

The apparent molar‘volumes, 'gbv, of a series of tetra-n-
alkylammonium brorﬁides have been measured down to

high dilutions in HyO at 25°C in order to approach the
limiting law region and correctly evaluate the true partial
molar volume at.infinite dilution. 1In this work, a specially
designed new type of dilution dilatometer and a differential

buoyancy balance were employed.

The apparent molar volumes of a series of pyridinium,

piperidinium and n-alkylammonium salts, together with the
volumes of some neutral pyridine and piperidine bases have
been measured in water at 25°C as a function of concentration
in order to investigate steric effects in the ionisation and (

solvation of these molecules,

The partial molar adiabatic compressibility, ¢K(S)>°f a series

of pyridinium, piperidinium and n-alkylammonium salts,

together with a series of neutral pyridine and piperidine bases

has been measured in water at 25°C as a function of

concentration.
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The effect of direct and indirect coordination at the nitrogen
charged centre has been investigated in relation to the partial
molar volumes and partial molar adiabatic compressibilities

of a-series of molecules of related structure.

An extrapolation procedure has been proposed for obtaining

individual ionic ¢IO{(S) values,

The partial molar volumes of a series of inorganic 1:1 electro-
lytes and tetra-n-alkylammonium salts were measured in D,0O

at 25°C as a function of concentration,

The sign of the solvent isotope efféct in partial molar volumes

g o . - . ~ 4 - _
AVDZO—HZO’ determined in (6), was interpreted in terms of

the structure-making and structure-breaking ability of the ions

on water.

The individual ionic partial molar volume of the bromide ion
was determined in D,O,. thus establishing an absolute scale

of ionic partial molar volumes in D,0.

The temperature dependence of the partial molar volumes for a
series of inorganlic and tetra-n-alkylammonium salts was
determined in H>O and D,0 from 25°C to the freezing point of

the two solvents and related to structural changes in the solvent.
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The temperature of maximum density for a series of tetra-

n-alkylammonium salts was determined in HO and D,0.

The partial-molar volume and adiabatic compressibility
changes have been derived for the acid ionisation of a series
of pyridinium and piperidinium salts. The observed changes
have been interpreted in terms of the effect of coordination
of the charged nitfogen centre and related to the standard

free energies, heats and entropies of ionisation.
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