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PREFACE

Thirty years ago, my book /on Solvation was published, which became very popular
and has been since then extensively cited, in particular for the numerical data
concerning the properties of ions. However, much has happened during these years
regarding experimental and computer simulation results pertinent to this subject as
well as regarding physicochemical insights of the interactions that occur between
ions and their surrounding solvents and other solutes too. It is therefore high time for
an updated and revised edition of the early book to be available to scientists and
engineers who deal with ions in solution. It is expected that the present book fulfills
its mission to provide the needed up-to-date information.

It is appropriate to quote here some passages from the preface of my earlier book.
“My main purpose ... on the one hand is to look back on what has been accomplished
in a given field, organize it in an orderly fashion, and present it in a comprehensible
and unified manner. On the other hand, I use this opportunity to locate gaps in our
knowledge, and either fill these with new research while the book is being written, or
to do this to the best of my ability in the course of time.” The latter purposes I still
pursue in spite of a rather advanced age.

A further quotation from the preface of my earlier book is as true at the present
time as, if not even more so than, at the time my earlier book was written. “University
research nowadays ... is not conducive to the carrying out of extensive and systematic
sets of measurements of high accuracy on the properties of systems. Both from the
stand point of student interest and from that of the necessary financial support, work
on systems that are not of immediate practical importance ... is not encouraged.”
Still, impressive amounts of work of high quality are produced in universities too,
and where relevant have found their way into the present book.
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Numerical tables were an essential part of my earlier book on ion solvation and
are also necessarily so in the present book on ions in solution and their solvation.
These are interspersed in the places in the text where the quantities are being
discussed, rather than being relegated to appendices, although the tables may disrupt
the smooth flow of the text. Their provision, it is hoped, should make the present
book as useful as a source book of data as was its predecessor. However, it must be
stressed that there are some newer and corrected numerical data, for example, the
CODATA thermochemical compilations or data examined by the European
Commission on Atomic Energy that could not find their way into the preset book.
Readers are also encouraged to look up recent volumes of the Journal of Physical
and Chemical Reference Data for the latest critically examined values.

The significance of ions in solution and of their solvation is dealt with in the intro-
ductory chapter, which also describes the organization of the material in the chapters,
as is also reflected in the list of contents.

It remains for me to express my appreciation of my university, of which I am now
an emeritus professor for 15 years, which has provided me with the facilities required
for doing nonlaboratory research and for writing reviews and books. The academic
environment and discussions with colleagues here as well as at conferences that 1
attend, being supported by my university, are invaluable for doing what I have under-
taken in this book.

Jerusalem, August 2014
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INTRODUCTION

1.1 THE SIGNIFICANCE AND PHENOMENOLOGY OF
IONS IN SOLUTION

Chemistry is for a large part conducted in solutions involving ions and such solutions
are ubiquitous in nature. Oceans are vast aqueous solutions of salts, consisting mainly
of sodium chloride, but other salts and minor components are also present in ocean
water. Lakes, rivers, and brackish water are dilute solutions of ions and are essential
to survival, since they provide drinking water and water for irrigation. Rain and other
precipitates may remove ionic species from the atmosphere that arrived there as
spray from oceans and seas or from human activities, for example, acid rain.
Physiological fluids consist mostly of water in which colloidal substances, but also
ions essential to their function, are dissolved.

It appears from the above that water is the only medium in which ions play a role,
but this picture is too narrow because human endeavors utilize many other liquid
media in which ions are present and have an active role. The manufacture of organic
substances, as raw materials or intermediates in many industries, such as textiles,
drugs, and food additives, generally involves reactions carried out in mixed aqueous-
organic or completely nonaqueous liquid media in which ions participate. In chemical
analysis, such media have long been of invaluable use, for instance in electroanalyt-
ical measurements or chromatographic separations. Industrial uses of nonaqueous
media involving ions include solvent extraction in hydrometallurgy or in nuclear fuel
reprocessing and nuclear waste disposal (Chapter 8).

lons in Solution and Their Solvation, First Edition, Yizhak Marcus.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.



2 IONS IN SOLUTION AND THEIR SOLVATION

The ions involved in these as well as other systems and applications interact with
each other and with nonionized solutes that may be present. These interactions are of
prime interest to the chemist, but the extent, intensity, and rate of proceeding of these
interactions depend heavily on the solvent or solvent mixture present, a fact that is
not always clearly recognized by the operator. The ion—solvent interactions should be
understood in order to make the best use of the solutions of the ions, since it is the
solvated ions that take part in the interactions of interest. If a free choice of the sol-
vent or the solvent mixture to be used is possible, the most suitable one for the
purpose should be selected on the basis of the knowledge available on the interac-
tions that take place, bearing in mind also costs, ecology, and hazards. If the solvent
is prescribed, this knowledge is still needed in order to select the proper reaction
conditions or the additives that could be useful. So-called “bare” or nonsolvated ions
occur in gas-phase reactions (Chapter 2) but not in condensed media, that is, in solu-
tions. A seeming exception to this generalization is the use of room temperature ionic
liquids (RTILs) as reaction media, where all the ions are surrounded by ions of the
opposite charge sign rather than by a nonionic liquid medium. Whether the ions of
RTILs are called “bare” or “solvated” is a semantic question. In common situations,
which are the subject of this book, there is always an excess of a nonionic liquid
medium in which the ions find themselves, the molecules of which surround the ions
more or less completely, unless some other species, be it another ion (of opposite
sign) or a solute molecule (a ligand) replaces some of the solvent molecules in the
ionic solvation shell.

Ions cannot be added individually to any major extent to a solvent or a solution;
it is always an electrolyte consisting of ions of both signs in a combination that
makes the electrolyte electrically neutral, which is added to form a solution involving
ions. Many commonly used and studied electrolytes are crystalline solids, such as
NaCl or (C,H,) ,NCIO,. The electrostatic energy that holds the ions constituting
such crystals together, the lattice energy that must be invested in order to separate
the ions in the solution, is compensated by the solvation energy that is gained in the
process of dissolution, with some effect also of the entropic changes encountered in
the process. Some potential electrolytes are gaseous, for example, HCI, but they
produce ions only on reaction with the solvent in which the covalent H-CI bonds
are broken and replaced with others to compensate for the energy involved. On
the other hand, ions may leave the solution, if not individually then as a small
combination of ions, in electrospray experiments, in which they are then monitored
in the gas phase by mass spectrometry. The results of such experiments have some
bearing on the state of the liquid ionic solutions, but this subject is outside the scope
of this book.

It should be kept in mind that, connected with such ion solvation reactions with
crystalline or gaseous electrolytes, a further reaction takes place, which is not always
recognized, namely the breaking of some solvent—solvent molecular interactions,
required to produce the space to accommodate the ions in the solution. It is the
balance of all the (Gibbs) energies that have to be invested and those that are gained
that determine the extent to which an electrolyte will dissolve in a given solvent
(Chapter 4).
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Some electrolytes are completely dissociated into “free,” that is, solvated, posi-
tively charged cations, and negatively charged anions. Other electrolytes are only
partly so dissociated, depending on the concentration and on the nature of the sol-
vent. Some substances are ionogenic, in the sense that some dissociation into ions
occurs only under specific conditions, and these include also so-called “weak elec-
trolytes” such as many acids and essentially basic substances in aqueous solutions.

A solution of a single, individual ion in a very large amount of solvent could pre-
sumably be the basis of a study of ion solvation which is not encumbered by other
interactions. This situation cannot be achieved in the laboratory but can be dealt with
as a thought process and now for many years also in computer simulations. The results
of the latter have by now consolidated into a large body of knowledge that is constantly
not only extended but also improved by the level of sophistication that can nowadays
be achieved in such simulations. Such results are incorporated into the discussions
in the present book, where they are compared with laboratory experimental data
obtained on electrolytes, extrapolated to infinite dilution (Chapters 4 and 5). At such
high dilutions, each ion is surrounded by solvent molecules only and does not interact
with the very remote ions of the opposite charge sign that must be present somewhere
in the solution. Still, the allocation of the extrapolated values of the electrolyte
properties to its constituent individual ions is a problem that must be solved.

For the purpose of only reducing the number of items in the properties list from
the many electrolytes (combination of cations and anions), that have been derived at
infinite dilution to the much smaller number of individual ions that constitute them,
it is sufficient to employ the so-called “conventional” values. These are based on
assigning to one ion, say the solvated hydrogen ion, an arbitrary value (generally
zero) and rely on the additivity of individual infinite dilution ionic values to derive
values of all other ions. The sum of the conventional ionic values, weighted according
to the stoichiometric coefficients (the numbers of ions of each kind constituting the
electrolyte), expresses correctly the infinite dilution property of the electrolyte.
Within a given charge sign series of ions, say cations only, comparisons between con-
ventional values of diverse ions can throw some light on the effects of the individual
ionic properties, such as size and valency, but the cation and the anion series cannot
be compared with each other.

The problem of assignment of the so-called “absolute” individual ionic values to
these infinite dilution electrolyte data is solved mainly on the basis of chemical intu-
ition (Chapter 4) that can be assisted by the results from computer simulations. Once
individual ionic values of their properties in a given solvent (or solvent mixture) at a
given thermodynamic state [temperature and pressure, usually specified as 298.15K
(25°C) and 0.1MPa (less commonly now 1latm=0.101325MPa)] have been
established, they may be compared with other properties of the ions (e.g., their sizes)
or with theoretical expectations (models). The latter are the main incentives to obtain-
ing the absolute values. Such comparisons and correlations provide insights into
the ion-solvent interactions that take place and form the basis for understanding
interactions of ions with other solutes, be they ionic themselves or nonionic.

There are some experimental measurements that can be made on solutions of ions
that pertain directly to individual ions. These include transport properties, such as the
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ionic conductivities that are obtained from specific conductivities of electrolytes in
conjunction with transport number measurements. Diffusivities of individual ionic
species can also be measured by the use of isotopically labeled ions and should be
compatible with the mobilities deduced from the ionic conductivities. Spectroscopic
data can also in certain cases be due to individual ionic species, such as NMR
chemical shifts and relaxation rates of the signals from appropriate nuclei (e.g., 'Li
or 77Al). Such information may be used as a guide for the “chemical intuition” men-
tioned earlier needed for obtaining absolute individual ionic values from measure-
ments on electrolytes extrapolated to infinite dilution.

As already mentioned at the beginning, nonaqueous and mixed aqueous-organic
solvents play important roles in chemistry, but water is still the most studied solvent
for ions, not only at ambient conditions but also under diverse conditions of temper-
ature, pressure, and the existence of external fields, such as electrical ones. Their
solvation by water and their properties in aqueous solutions are therefore useful as a
reference basis for evaluation of the effects occurring on the exchange of the water,
in part or completely, by another solvent. The situation is complicated by the fact that
water is a unique solvent in many respects, and effects encountered in aqueous solu-
tions of ions may be absent in other media. For instance, the effects that ions have on
the hydrogen-bonded structure of water, breaking it or enhancing it, have no counter-
part in most other solvents, but there are exceptions. The so called “hydrophobic
interactions” applicable to ionic species with extended alkyl chains or aromatic rings
are practically unique for aqueous solutions. These interactions do not allude only to
“model” ions such as (C,H,),N* but more importantly to biomolecules in general and
specifically also to side chains of proteins that are ionized due to the -CO,” or -NH,*
groups that they carry.

The ion solvation efficacy of nonaqueous solvents, alone or mixed with water, has
beneficial results for some uses, such as enhancement of the solubility of ionic sub-
stances, but may be detrimental in other aspects, for example, in the availability of
ions as reaction partners. Poorly solvated ions are more reactive than strongly solvated
ones and this is manifested in the rates of organic reactions. Aprotic solvents (such
that do not provide hydrogen bonding) have been found as optimal media for reactions
involving anions that are only poorly solvated by them. Nonpolar solvents, on the
other hand, have a low solvating power for the ions and therefore play a very minor
role in solutions of ions, because of the low solubility of electrolytes in such solvents.
Polar solvents, whether protic or aprotic, interact with ions of both charge signs by
means of their dipole moments. Protic solvents carry a hydrogen atom capable of
hydrogen-bonding to anions whereas both protic and aprotic ones provide a pair of
nonbonded electrons to form coordinate bonds with mainly the cations (Chapter 3).
The electron pair donor—acceptor properties of the solvents are generally of more
importance than the dipole moments of their molecules. The permittivity of the sol-
vent, important for the ionic dissociation of the electrolytes, plays a minor role in the
solvation of the ions or properties of the solvated ions, once formed in the solution.

Mixture of solvents poses additional problems to the study of ion solvation and
the properties of the solvated ions: the interactions between the molecules of the dif-
ferent solvents with each other besides those of molecules of each solvent among
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themselves are significant. Also, the selective solvation of the ions by the molecules
of the component solvents may affect the solvated ions profoundly: the ions may
“see” around them nearly only molecules of the favored component (selective solva-
tion). The preferential solvation of ions in solvent mixture needs to be described
quantitatively, and once this is done should be explained in terms of both the
solvating properties of the solvents and the properties of the ions (Chapter 6).

Much emphasize has been provided in this introduction to solution of electrolytes
at infinite dilution, where individual ionic properties are manifested and may be
obtained and discussed. However, “real life” encounters solutions of ions that involve
finite, sometimes quite large, concentrations of ions, where interactions of the ions
among themselves are important. The number of solvent molecules per formula unit
of the electrolyte diminishes with increasing concentrations, and hence the integrity
of the ionic solvation shells is eventually broken. The ion—ion interactions then com-
pete with the ion—solvent interactions. Ion pairs, consisting of couples of ions of
opposite charge sign, may have transient existence, but an equilibrium concentration
of them may result and needs to be taken into account. Similarly, the presence of
non-ionic solutes (already referred to earlier text, where solvent mixtures are consid-
ered), which may be solid, liquid, or gaseous solutes, poses new forms of interactions
that have to be dealt with (Chapter 7).

Several aspects of ion solvation and the properties of solvated ions are dealt with
in this introduction. On the whole, one goal of the discussion of ion solvation is the
provision of small sets of properties of the ions and of the solvents, from which the
solvation can be predicted for any ion/solvent combination. This has been attempted
in this book, with a view to be useful for the many applications of ions in solution,
examples of which are shown in Chapter 8, with no attempt to exhaust this subject.

1.2 LIST OF SYMBOLS AND ABBREVIATIONS

Chemical species and units of physical quantities are denoted by Roman type char-
acters, whereas physical quantities that can be expressed by numerical values are
denoted by Greek or italic characters. Mathematical symbols have their usual
meaning and are not listed here. The same symbol is used for an extensive property
of a system and for the molar quantity of a constituent of the system. The SI system
of physical units is used throughout, but some extra SI units commonly used in the
physicochemical literature are also included where they simplify the notation. These
include the symbols °C for centigrade temperatures (7/K —273.15), M for mol-dm™,
and m for mol (kg-solvent)™.

PRINCIPAL LATIN CHARACTERS

A* ageneralized anion

A coefficient in the Debye—Hiickel expression for activity coefficients
AN acceptor number of a solvent

a distance of closest approach of ions in solution (nm)
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thermodynamic activity of species X

an ion in aqueous solution, generally at infinite dilution
coefficient in the Debye—Hiickel expression for activity coefficients
B-coefficient of the Jones—Dole viscosity expression (M™)
coefficient of the expression of the electric field dependence of the
permittivity

parameter in the Bjerrum expression for ion pairing

a generalized cation

molar heat capacity at constant pressure (J-K-'-mol™")
molar concentration of species X (M)

crystalline phase

Debye unit of dipole moments (3.33564 x 10*C-m)
diffusion coefficient (m%s~'-mol™")

donor number of a solvent

interatomic distance (nm)

generalized electrolyte

energy, molar energy (J-mol™")

electric field strength (V-m™)

electromotive force of an electrochemical cell (V)
liquid junction potential

polarity index of a solvent (kca-mol™', 1cal=4.184))
elementary charge (1.6022x107"?C)

Faraday constant (9.6485 x 10*C mol™")

fraction of species X

Gibbs energy, molar Gibbs energy (J-mol™")

Kirkwood dipole orientation parameter

gas phase

pair correlation function

enthalpy, molar enthalpy (J-mol™')

solvation (hydration) number

generalized ion

ionic strength (M or m)

equilibrium constant

acid, base dissociation constant in aqueous solutions
ion pair association constant (M)

ion product of water (M?)

Boltzmann constant (1.3807 x 10-3J-K™")

rate constant of specified reaction (s™' for unimolecular reactions, M~'-s™"
for bimolecular reactions)

liquid phase

metal ion of charge z+

molar mass of species X (in kg-mol™')

molal concentration of species X (m)

generalized nonelectrolyte solute

Avogadro’s number (6.0221 x 102 mol™')



