CHEMICAL REVIEWS

Volume 100, Number 3 March 2000

Gibbs Energies of Transfer of Cations from Water to Mixed Aqueous Organic
Solvents

C. Kalidas
Department of Chemistry, Indian Institute of Technology, Madras 600036, India

Glenn Hefter*
Chemistry Department, Murdoch University, Murdoch, WA 6150, Australia

Yizhak Marcus

Department of Inorganic & Analytical Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel, and Chemistry Department,
Murdoch University, Murdoch, WA 6150, Australia

Received March 16, 1999

Contents 8. Comparison of the TATB, NLJP, and Fc 827
) Assumptions
I Introduction 820 C. Solute Concentration and Solvent 827
A. Gibbs Energies of Transfer and the Solvent 820 Composition Scales
Medium Effect o 1. Solute Concentrations 827
B. Thermodynamic Description 821 2. Solvent Composition 827
C. Significance and Applications of the Medium 822 D. Relevant Properties of the Transferred lons 828
Etfect and of the Solvents
1. pH Scales _ 822 E. Organization of the Data 829
2. Electrode Potential Scales 822 Ill. Detailed Presentation of the Data 830
3. Liquid Junction Potentials 823 A. Transfers from Water to Water + Methanol 830
4. Solubilities 823 (MeOH)
5. Kinetics and Other Applications 823 1. Comments on the Data 830
[l. Measurement and Treatment of the Data 823 2. Discussion of the Transfer Energetics 830
A. Determination of Medium Effects 823 B. Transfers from Water to Water + Ethanol 833
1. Solubility 823 (EtOH)
2. Potentiometry 824 1. Comments on the Data 833
3. Voltammetry 824 2. Discussion of the Transfer Energetics 835
4. Spectrophotometry 824 C. Transfers from Water to Water + 2-Propanol 835
B. Evaluation of Single-lon Medium Effects 825 (i-PrOH)
1. Backgound 825 D. Transfers from Water to Water + tert-Butyl 837
2. Reference lon Assumptions 825 Alcohol (i-BuOH)
3. Reference Couple Assumptions 825 ; gpmme_nts OP LheTDataf c _ gg;
4. Reference Electrolyte Assumptions 825 . Discussion of the Transfer Energetics
5. Liquid Junction Potential Assumptions 826 E gﬁgg}‘e(réé;om Water to Water + Ethylene 837
6. Other Assumptlon_s 826 F. Transfers from Water to Water + Propylene 838
7. Adopted Assumption 826 Glycol (PG)
G. Water to Water to Water + Tetrahydrofuran 838
B . (THF)
g_ggevgh";“z;g_rreég‘;?derfgfé‘_%“g'fobeﬁ‘i‘ifessé_‘i'h;{{? Onehefteerl@} H. Transfers from Water to Water + 1,4-Dioxane 839
chem.murdoch.edu.au. (DX)

10.1021/cr980144k CCC: $35.00 © 2000 American Chemical Society
Published on Web 02/23/2000



820 Chemical Reviews, 2000, Vol. 100, No. 3

|. Transfers from Water to Water + Acetone 839
(AC)
1. Comments on the Data 839
2. Discussion of the Transfer Energetics 839

J. Transfers from Water to Water + Propylene 840
Carbonate (PC)

K. Transfers from Water to Water + Pyridine 841
(PY)

L. Transfers from Water to Water + Acetonitrile 841
(AN)
1. Comments on the Data 841
2. Discussion of the Transfer Energetics 844

M. Transfers from Water to Water + Formamide 844
(FA)

N. Transfers from Water to Water + 844
N,N-Dimethylformamide (DMF)
1. Comments on the Data 844
2. Discussion of the Transfer Energetics 845

0. Transfers from Water to Water + 846

N-Methylpyrrolidin-2-one (NMP)
P. Transfers from Water to Water + Hexamethyl 846
Phosphoric Triamide (HMPT)

Q. Transfers from Water to Water + Dimethyl 846
Sulfoxide (DMSOQ)

1. Comments on the Data 846
2. Discussion of the Transfer Energetics 848
IV. General Discussion 848

A. Comparison of Hydrogen-lon Medium Effects 848
in Different Solvent Mixtures

B. Concluding Remarks 849
V. References 850
[. Introduction

A. Gibbs Energies of Transfer and the Solvent
Medium Effect

A large number of quantitative studies have been
made of the Gibbs energy of transfer (the solvent
medium effect) for cations transferring from water
into mixed aqueous—organic solvent systems, mainly
at 25 °C. Nevertheless, no systematic effort appears
to have been made to compile and analyze these data,
particularly for multivalent cations. A critical review
of this information and its presentation in a manner
that permits comparison of different cations in a
given solvent mixture and of a given cation transfer-
ring into different mixtures is therefore of value.

The solvent medium effect is a measure of the
change in the total solvation energy (chemical po-
tential) of a solute i when it is transferred from one
solvent (S1) to another (S2). The magnitude of this
effect defines the relative stability of the solute in
the two solvents and thus the consequences of chang-
ing the solvent on the redox, acid—base, and com-
plexation characteristics of the solute, as well as the
kinetics and mechanisms of its reactions. In this
context, the solvent medium effect (hereafter simply
the “medium effect”) is probably one of the most
useful parameters available for quantifying and
understanding solute behavior in both pure (neat)
and mixed solvents. The significance of this param-
eter only became widely appreciated in the 1960s, as
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a result of the increased use of nonaqueous and
mixed solvents in analytical chemistry and for phys-
icochemical measurements in organic and inorganic
chemistry. A number of reviews, stressing various
aspects of the solvent medium effect, appeared during
the 1970s'~8 and subsequently.®~15

As defined, the medium effect is directly related
to the standard molar Gibbs energy of transfer of the
solute i, A:G°(i,S1—S2), shortened in the following
to Gibbs energy of transfer, and most recent work
has used this quantity as a readily understood
measure for discussion and interpretation. The trans-
fer is normally considered to occur under the condi-
tions of infinite dilution of the solute in both solvents,
so as to remove the complicating effects of solute—
solute interactions. The reference solvent (S1) is
chosen arbitrarily but is usually taken as water.
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There is no restriction on the target solvent S2;
however, for this review S2 is limited to a selection
of organic solvents and their mixtures with water
over (wherever possible) their entire composition
range. Excluded, therefore, are media such as solu-
tions of electrolytes (e.g., 1 mol dm=3 NaClQO,) or
nonelectrolytes (e.g., 6 mol dm~23 urea) sometimes
employed for the study of medium effects.

Being a thermodynamic quantity, the medium
effect applies to any solute but is especially signifi-
cant for electrolytes because of the high solvation
energies of ions.’® This is manifest in the frequently
dramatic effects of solvent on the relative stabilities
of oxidation states of ions (and hence redox poten-
tials), their rates of reaction, formation of complex
species, the solubility of salts, etc.

Although it is often found that the largest medium
effects are observed for the transfer of electrolytes
between neat solvents, heteroselective solvation (see
later) may result in even larger effects occurring for
transfer to mixed solvents.!* Solvent mixtures, espe-
cially those involving water, are also of considerable
technological interest because of their reduced puri-
fication requirements, greater ease of manipulation,
and lower cost compared to pure nonagqueous sol-
vents. The use of mixed solvents also permits the
solvent composition to be used as an additional
variable to achieve desired chemical ends. An ex-
ample of this is the Parker process!® which exploits
the spectacular changes in the relative stabilities of
the oxidation states of copper in acetonitrile (CHs-
CN)—water mixtures

CH,CN
S 2Cu(l)

Cu(0) + Cu(ll)

Hz

to create a low-energy route for the hydrometallur-
gical processing of copper, alternative to those tra-
ditionally based on Cu(ll).
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The medium effect for the transfer of ions from
water to neat solvents has been surveyed in a number
of publications, and reasonably comprehensive com-
pilations of Gibbs energies of transfer are
available.81317720 The transfer of ions into mixed
(mainly aqueous/organic) solvents has also been
reviewed.#?122 However, these reviews have been
limited in their scope and have not attempted an
overview of the available numerical data. An excep-
tion is the survey?? of Gibbs energies of transfer of
electrolytes and ions from water to aqueous alcohol
mixtures, prepared by Marcus on behalf of IUPAC.
However, this report was not concerned with the
interpretation of the data, and no comparable com-
pilations are available for other important classes of
solvent.

Thus, the major purpose of the present review is
to provide a wide-ranging, critically evaluated com-
pilation of the Gibbs energies of transfer (medium
effects) of cations from water to aqueous/organic
mixtures. These quantities will then be discussed and
interpreted in terms of current views of ion solvation.
The review deals mainly with monatomic cations, as
these provide a series of ions of well-defined electronic
configuration with systematically varying size and
charge, which provides a useful basis for comparison
and interpretation. The symmetric tetraalkylammo-
nium cations have also been included for similar
reasons. Exclusion of entirely nonaqueous mixtures
is partly in order to limit the scope of the review but,
more importantly, because such mixtures have not
been sufficiently well investigated to enable the data
to be critically evaluated. For the same reason, no
attempt is made to be exhaustive with respect to the
organic cosolvents: as wide a selection as possible
of representative cosolvents for which reasonable
amounts of data exist are included. The literature
has been surveyed to the end of 1996 or later in some
cases.

B. Thermodynamic Description

The chemical potential (partial molar Gibbs en-
ergy), ui, at a stoichiometric molality m; (mol of solute/
kg of solvent) or molarity c¢; (mol solute/L solution)
in a solvent s at a specified temperature and pressure
is given by

U= sﬂ°i(m) +RTInm; + RT In sVim) (1a)

where y; is the activity coefficient of the solute on
the relevant concentration scale, the pre-subscript s
refers to the solvent, and the superscript ° indicates
the standard state (taken customarily to be unit
concentration of i but with properties as in the
reference state of infinite dilution of i in s).

The medium effect (presubscript m), RT In nyi, is
then defined as the difference in the standard state
chemical potentials of i in the solvent (or solvent
mixture) and the reference solvent, on the appropri-
ate concentration scale. As noted above, the selection
of the reference solvent is arbitrary, but for conven-
ience, especially for the discussion of aqueous/organic
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mixtures, water (presubscript w) is the most obvious
choice. The choice of concentration scale is also
optional. However, although some authors®>2324 have
discussed the solvent medium effect in terms of the
molality scale, for reasons given below, the molarity
scale will be used here wherever possible. Thus, in
terms of eq 1b the medium effect is (note the change
to the customary decadic logarithm):

IOg mYi@c) = [s/"oi(c) - Wﬂoi(c)]/2.303RT (2)

An analogous expression is obtained if the treat-
ment is performed in terms of molalities but the
numerical values of the quantities will differ. Since
log myi( is defined in terms of standard state quanti-
ties, it is independent of the solute concentration and
reflects only ion—solvent interactions. The activity
coefficients syic and wyic on the other hand reflect
both ion—solvent and ion—ion interactions.

Thus, to summarize, the medium effect is the
change in Gibbs energy of a solute when it is
transferred under standard state conditions (infinite
dilution) from one solvent to another. As such, itis a
measure of the difference in the total (standard)
solvation energy of that solute in the two solvents.
That is, assuming water is the reference solvent (S1),
the medium effect for the solute i is AG°(i, w—s),
where s can be any solvent other than water, includ-
ing any mixed solvent.

The description up to this point has been applicable
to any solute. However, the focus of this review is on
ions and this involves some special problems. For an
electrolyte dissociating into its ions as

M, A,_=v "M+ A" (3)

with the total number of ions per formula unit of
electrolyte being v = v* + »~, the Gibbs energy of
transfer from w to s refers to the whole salt and is
therefore related to the standard solubility product,
Ksp®, of the electrolyte in the two solvents

AIGO (Mv+Av—' W_FS) =

2.303RT log [Kq,°w/Kep’] (4)

which in turn is related to the mean ionic medium
effect my+

AtGO (MVJrAv—v W_’S) = V2303RT IOg m,}/i (5)

Equation 4 shows that A(G°(i, w—s) is a determinable
gquantity (the ratio of two solubility products) for any
given electrolyte. Using the usual methods of chemi-
cal thermodynamics, it is also readily shown that
AG°(i, w—s) can be determined, in principle, for any
electroneutral combination of ions, such as the dif-
ference between two cations or two anions of the
same charge. However, there is no thermodynamic
method for separating (determinable) electrolyte
properties into their ionic components. Although they
cannot be measured, the reality of these ionic Gibbs
energies is well established.?® The means by which
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they can be estimated are discussed in detail in
section 11.B.

C. Significance and Applications of the Medium
Effect

Chemical reactions commonly take place in solu-
tion, many of them involving solvents other than neat
water; hence, the impact of the medium effects is very
far-reaching. Only some of the more general applica-
tions are briefly considered here; more detailed
descriptions can be found elsewhere.®26

1. pH Scales

Estimation of the medium effect for the proton (H*)
provides a means of comparing Brénsted—Lowry
acidities and basicities in different solvents. In other
words, it enables the development of a single, solvent-
independent, ‘universal’ pH scale in which all acidi-
ties and basicities are related to those in a single
reference solvent (customarily, but as discussed above
not necessarily, taken as water).

A detailed description of the measurement of pH
in neat and mixed solvents has been presented in a
number of publications®?”~2° and is beyond the scope
of the present review. The principles involved can be
illustrated by consideration of the following cell

Pt, H, (g, 0.1 MPa)|HCI in s|AgCI, Ag, Pt |

In principle, this cell can be used to establish a pH
scale in any solvent s. However, the hydrogen-ion
activities so obtained, psH [= —log sa(H™)], are not
comparable between solvents because of the differ-
ence in the standard state chemical potentials. That
is, measurements with such cells result in the
creation of a separate pH scale for each solvent.
Although useful for many purposes, the limitations
of such a plethora of scales are self-evident. Use of
the solvent medium effect enables all psH values to
be referred to the usual aqueous pyH scale, since

psH = p,H + log ;y(H") (6)

thereby establishing a single ‘universal’ acidity/
basicity scale.

2. Electrode Potential Scales

Comparison of redox strengths in different sol-
vents®%3! is of considerable interest for the rational
selection of synthetic reagents, the development of
new hydrometallurgical reactions, the rationalization
of oxidation state stabilities, etc. As the aqueous
standard hydrogen electrode (SHE) is generally taken
as the ultimate reference electrode, the problems of
establishing a single universal scale for all redox
potentials are similar to those discussed above in
relation to pH scales (see cell I).

It is readily shown that the potential of the SHE
in solvent s referred to the aqueous SHE, wE°(sH™),
is given by

WwE° (H") = (RT/F) In ,y(H") @)

noting the usual convention that the standard po-
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tential of the aqueous SHE, .E°(wH") = 0 V. Since
all other potentials in a given solvent can be referred
to the SHE in that solvent in the usual way, it is also
true that for a redox couple i involving n electrons

wEoi,s = sEoi,s + (RT/nF)In m? H+ =

sE%is T (/) E°yi s (8)
which corresponds to a universal scale for the com-
parison of standard electrode potentials in any sol-
vent.
3. Liquid Junction Potentials

In principle, it is possible to establish universal
scales for both electrode potentials and pH by mea-
surements on cells such as

Pt,H,(g,0.1MPa),H" (a=1)
in solvent, s

H" (a=1),H,(g,0.1 MPa),Pt Il
in water, w

E;

provided that the liquid junction potentials, E;j, which
arise at the liquid-phase boundaries M, can be
rendered negligible or be estimated reliably in some
way. Neither of these options is possible; indeed, it
can be shown that both approaches involve making
some assumption about the medium effect for single
ions. Conversely, if the medium effects for the ap-
propriate ions are known, it becomes possible to
estimate E;. Since galvanic cells with liquid junctions
are in practice much more diverse and useful than
those without them, such a capability is quite use-
ful.®2

4. Solubilities

It is apparent from eq 4 that the medium effect can
be used to predict the solubility (or K°p) of an
electrolyte in a solvent, given its value in another
solvent. Popovych and Friedman® first exploited this
possibility to calculate the solubility of very sparingly
soluble salts such as BusNBPh, in water from their
solubility products in MeOH and the medium effects
for their ions. Similar calculations for other tet-
raalkylammonium salts have been reported in EtOH/
H,O mixtures.®* Reliable solubility measurements are
generally labor-intensive and time-consuming; hence,
such data are frequently unavailable for many sys-
tems of interest and the possibility of calculating such
values is very attractive.

5. Kinetics and Other Applications

The role of the medium effect on the kinetics and
mechanisms of both organic and inorganic substrates
has long been recognized and has been reviewed in
several publications.® The effects are usually great-
est for reactions involving charged species. Knowl-
edge of the medium effects and their dependence on
charge, size, and other properties of the ions is
especially useful when considering the role of the
transition state as such states are generally not
amenable to direct study.

As noted above, an exhaustive discussion of the
applications of the medium effect is inappropriate
here, but they include the development of high-

Chemical Reviews, 2000, Vol. 100, No. 3 823

energy density batteries,3® nonaqueous electrodepo-
sition,® corrosion®” and hydrometallurgical reac-
tions,'® solvent extraction,® ion-exchange,®® and
analytical titrimetry.%®

The overarching importance of medium effects of
ions lies in their ability to correlate and predict a vast
array of experimental facts as pointed out by Parker,*
Bates,® Strehlow,%° and many others.

[l. Measurement and Treatment of the Data

A. Determination of Medium Effects

As already noted (section 1.B), the medium effect
or the Gibbs energy of transfer of an electroneutral
solute or combination of ions can be determined
experimentally and has exact thermodynamic sig-
nificance. It is beyond the scope of this review to
provide a comprehensive account of the great variety
of methods which can be or have been used to
determine medium effects, but it is appropriate to
briefly outline the advantages and drawbacks of the
more commonly employed and reliable methods.

1. Solubility

In this method the solubility of the solute i is
measured at the desired temperature (generally 25
°C) in the reference solvent (w) and the target solvent
or solvent mixture (s). The thermodynamic relation-
ship in eq 4 forms the basis of this method and
requires the determination of the solubility products
of the electrolyte in the two media. The advantage
of the solubility approach is its universal applicabil-
ity, provided that the electrolyte is not too soluble in
the two media, so that the activity coefficient ratio
can be reliably estimated, and no crystal solvates are
formed in w and s.34°

There are, however, a number of drawbacks and
pitfalls in using solubility measurements*' for the
present purpose. Such determinations are time-
consuming and labor-intensive, since attainment of
equilibrium must be checked by successive measure-
ments. Ideally, saturation should be approached from
both above and below to check for possible super-
saturation. Sampling of the saturated solution should
be made at the equilibration temperature to avoid
changes in composition, and this may require spe-
cialized apparatus.*? Unfortunately, these necessary
precautions to obtain true equilibrium solubilities are
not always taken. On the other hand, the logarithmic
form of eq 4 permits reasonable results to be obtained
even from solubility measurements of only modest
accuracy.

The optimal range of salt solubilities is ca. 107° to
1072 mol dm~3, which reduces the possible effects of
ion pairing and permits reliable estimation of activity
coefficients. Since solubility is a characteristic prop-
erty of a given salt/solvent system at a given tem-
perature, the researcher lacks the freedom of choos-
ing the desirable concentration level, except through
a judicious selection of the anion (in the present
context of interest in the cations).

A variant of the solubility method is based on
liguid—liquid distribution, where the solute is al-
lowed to distribute between immiscible reference and
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target solvents. This has the advantage of permitting
arbitrarily low solute concentrations to be used. Also,
equilibration in such cases is generally rapid. In the
present context of cation transfer into aqueous sol-
vent mixtures, reference and target solvent immis-
cibility is precluded (but see section I11.J concerning
propylene carbonate). Some authors have used this
method for ion transfers into so-called “wet” solvents,
e.g., water-saturated nitrobenzene or 1,2-dichloroeth-
ane,*3* put their consideration is beyond the scope
of this review.

2. Potentiometry

Potentiometry is attractive for the measurement
of medium effects because of its accuracy and experi-
mental convenience.?? The latter is emphasized when
using the NLJP assumption (see section 11.B.5) as
values of A{G°(ion) are obtained directly from the
experimental emf data.*®

A great variety of electrochemical cells can be
employed to measure Gibbs energies of transfer, the
choice being limited only by the availability of suit-
able, reversible, electrodes (e.g., ion selective ones*47)
and experimental ingenuity. Detailed discussions of
successful approaches can be found in standard
texts,** with the following given as a simple illustra-
tion.

Consider cell 111, with one electrode responsive to
the cation M"* and the other to the anion A~:

MIMA,, in w or s|A i

Measurements of the cell emf’s, ,E,;; in the reference
solvent w and <E;, in the target solvent s, as a
function of the salt concentration c(MA,), permits the
determination of the standard emf’s  E,;;;° and sEp,°
by extrapolation to ¢(MA,) = 0 or by calculation,
using an appropriate expression for the activity
coefficients if c(MA,,) is low enough. It follows from
the relationship between cell emf and the Gibbs
energy of the cell reaction that

AG°(MA,, w—s) = nF(,E,)° — E°)  (9)
If one of the electrodes employed allows this (e.g., an
alkali metal amalgam electrode), the cells with
solvents w and s can be coupled back to back, so that
the emf of the ‘double’ cell yields the Gibbs energy of
transfer directly.

The major disadvantage with the potentiometric
method is that suitable electrodes cannot always be
found, although the situation has improved with the
development of ion-selective electrodes.*”*° When
traditional electrodes based on redox equilibria are
used, two or more species must be present and stable
at the macroscopic level at the electrode/solution
interface.

3. Voltammetry

Voltammetric methods enable the need for macro-
scopic stability to be circumvented to some degree.
Polarography, preferably in one of its more modern
forms,® is probably the most appropriate form of
voltammetry for this purpose. This is due to the high
reproducibility of the dropping mercury electrode

Kalidas et al.

(dme) and its wide cathodic range. For the reversible
reduction of an amalgam-forming metal ion at the
dme, the half-wave potential E,, is related to the
standard cell potential

Eyp = E°(M™IM(Hg)) + (RT/nF)In a,, +
(RT/nF)IN[(Dg/Do)(vo/7r)] (10)

where D is the diffusivity (diffusion coefficient) and
the subscripts O and R designate the oxidized and
reduced forms of the electroactive species. The last
two terms on the right-hand side of in eq 10 are
generally small and are often neglected. In this case,
AEjp, the difference in Eiz in w and s, is directly
related to the Gibbs energy of transfer®13

AE,, ~ E°(M""IM(Hg)) — ,E°(M""IM(Hg)) =
AG°(M™, w—s)/nF (11)

A newer voltammetric method that appears prom-
ising is VITIES (voltammetry for ion transfer at the
interface of two immiscible electrolyte solutions).5:52
Here the dme is replaced by an electrolyte solution
in a solvent such as nitrobenzene that is immiscible
with water as well as the target (aqueous) solvent.
When coupled with a tetraphenylborate reference
electrode, this technique can give values directly on
the TATB scale (see section 11.B.3).

The advantages of voltammetric methods include
the ease and speed of measurement and in many
cases the need for only trace amounts of one of the
electroactive species to be present. Furthermore,
some reference electrodes often used, such as fer-
rocene/ferrocinium (Fc)®3 or bis(biphenyl)chromium-
(0/1) (BBCr),> lead to Gibbs energies of transfer of
individual cations if their potentials are assumed to
be independent of the solvent (see section 11.B.2). The
major drawbacks of voltammetric methods for mea-
suring medium effects are that the species of interest
must be electroactive and the electrode process
should be fully reversible (Nernstian response of the
polarographic wave) in all the solvent (mixtures) of
interest. It is generally also necessary to have a
significant concentration of a (inert) supporting elec-
trolyte present to minimize ohmic losses and migra-
tion currents.®

4. Spectrophotometry

Spectrophotometric methods have found some use
for the determination of medium effects and have
been employed in mainly two manners. One is the
determination of solubilities of electrolytes or their
distribution ratios between immiscible solvents by
the use of a highly colored counterion, such as
picrate.5®% The other mode is the use of Hammett
indicators B, especially 4-nitroaniline, to estimate the
transfer Gibbs energy of the hydrogen ion. The ratio
[BH*]/[B] is determined spectrophotometrically as a
function of the concentration of added strong acid,
[H*], and the medium composition.>%” The Gibbs
energy of transfer of the hydrogen ion is obtained at
a given total acidity in water (w) and the new
medium (s), provided [H*] > [BH'] and the activity
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coefficient ratio is assumed to be unity, as

AG°(H", w—s) = —RT In{[BH][B],/[BH ], [Bl}
(12)

This method has been further elaborated by Wells.>®

B. Evaluation of Single-lon Medium Effects

1. Background

As noted earlier, Gibbs energies of transfer (me-
dium effects) are determinable only for molecular
solutes, electrolytes, and electroneutral combinations
of ions. Standard Gibbs energies of transfer imply the
condition of infinite dilution of the electrolyte and,
hence, the additivity of the individual ionic contribu-
tions. It is, therefore, necessary only to fix the value
for one ion; those of all other ions are then obtainable
from appropriate thermodynamic cycles. However,
Gibbs energies of transfer of single ions, in common
with other individual ionic thermodynamic quanti-
ties, can only be evaluated by resorting to an ap-
propriate extrathermodynamic assumption, i.e., an
assumption outside the realm of thermodynamics. In
essence, the role of such an assumption is to split the
(measurable) whole electrolyte thermodynamic prop-
erty into its (nonmeasurable) individual ionic con-
tributions.

It should be noted that although extrathermody-
namic assumptions can be checked for self-consis-
tency (precision) by the use of appropriate thermo-
dynamic cycles, their correctness (accuracy) cannot
be determined. Still, chemical intuition and theoreti-
cal understanding can lead to a preference for certain
assumptions for the determination of A¢G°(ion) values
from the wide array of proposals that have been made
since 1947, when Pleskov®® attempted to develop a
universal scale of electrode potentials. These as-
sumptions have been reviewed and their various
merits and demerits discussed in detail elsewhere'606!
and thus will be only briefly summarized here.

Virtually all of the assumptions for evaluating
AG°(ion) are, to some extent, either explicitly or
implicitly based on an insight which stems from the
Born equation. In his original treatment of 1920,
Born®? calculated the (Gibbs) energy possessed by a
spherical conducting ion of charge number z and
radius r located within a dielectric continuum of
relative permittivity (dielectric constant) ¢. The ex-
pression obtained can be written, per mole of ions,
as

Ge(ion) = —(N \e’/8e,)(Z°Ir)(1/e) (13)

where N4 is Avogadro’'s number, e is the charge of
the electron, and ¢, is the permittivity of vacuum.
As has been demonstrated by many authors, this
approach is far too crude to provide a quantitative
account of ion-solvation phenomena and various
modifications have been proposed over the years.?®
Nevertheless, the Born equation should model to
some extent the electrostatic part of ion—solvent
interactions. More importantly for the present dis-
cussion, the Born equation suggested to earlier
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workers that ions of a low charge-to-radius ratio
should have relatively low solvation energies. It
follows that when such ions are transferred from one
solvent to another, the changes in solvation energy
should also be minimal. It is this insight which
underlies, to some degree, all of the assumptions
which will be discussed below.

2. Reference lon Assumptions

These assumptions postulate that a selected (‘ref-
erence’) ion has a negligible Gibbs energy of transfer
from the reference solvent to all other solvents

AG°(reference ion, S1 — S2) =0 (14)

Following the original suggestion of Rb* by Pleskov,%®
various other reference ions have been proposed over
the years. Abraham® proposed Me;N™ in the sense
of a “conventional” reference from which to report the
AG° values of other ions, without necessarily imply-
ing that A(G°(Me4,N*,S1 — S2) = 0. It is now gener-
ally accepted that no one ion can have the required
solvent-independent properties for all solvents.

3. Reference Couple Assumptions

Here it is assumed that the Gibbs energies of
transfer of both species of a chemically related couple
are negligible

AG°(reference couple, S1 —S2) =0 (15)

Redox couples, acid/base couples, and complexation
couples have generally been used for this purpose.
Redox couples which have been used in this way
include ferrocene/ferricinium (Fc),%* Fe(11/111) phenan-
throline,5%¢ and bisbiphenylchromium(0/1) (BBCr).5*
Acid/base couples, originally proposed by Hammet®’
for establishing a universal pH scale, are generally
large dye molecules in the protonated and unproto-
nated forms (the latter being anionic or neutral).
Complexation couples consist of an encapsulating
macrocyclic ligand, such as 2,2,2-cryptand, and its
metal-ion-containing analogue.®

It is noteworthy that in addition to most of these
species being of low charge/radius ratio (cf. eq 13),
they typically have their charge ‘buried’ inside a large
organic ‘cage’ and thereby shielded from direct in-
teraction with the solvent in which the species are
dissolved. Despite the inevitable charge difference,
the two species of the couple are chemically similar
and thus relatively little affected by transfer from
solvent to solvent. It should also be noted that if one
of the species of a couple is neutral, its transfer
properties are measurable and can be factored out
of the assumption. Depending on how such consid-
erations are implemented, the use of such a couple
may then amount to a reference ion assumption.
Experimental convenience is an advantage when the
reference redox couple assumption is used in elec-
trochemical determinations of Gibbs energies of
transfer.

4. Reference Electrolyte Assumptions

This approach assumes that the (measurable)
Gibbs energy of transfer of a suitable electrolyte (CA)
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can be split appropriately between its cation and
anion. The electrolytes chosen for this type of as-
sumption have cations and anions with low charge/
radius ratios and a ‘buried’ charge, that are as
chemically similar as possible. Most commonly the
split is even, so that the assumption can be expressed
as

AG°(CA, S1—S2) = 2A,G°(C*,S1—S2) =
2AG°(A™, S1—S2) (16)

Some authors®7° have preferred unequal splits,
taking into account small differences in the sizes of
the reference ions and their quadrupole moments.
Although the justifications for the unequal split seem
reasonable, the cation:anion weightings do not differ
greatly from 1:1 (eq 16) and the simpler even splitting
is used here. The salts used most widely for this
purpose are tetraphenylarsonium tetraphenylborate
(PhsAsBPh,, TATB) and its phosphorus analogue
tetraphenylphosphonium tetraphenylborate (Phy-
PBPh,4, TPTB), although others have been employed
from time to time. When solubility measurements are
employed for the implementation of the reference
electrolyte approach, their laborious nature is a
disadvantage.

5. Liquid Junction Potential Assumptions

This approach assumes that the potential differ-
ence (Ej) which develops at the phase boundary
between solutions in a galvanic cell such as cell 11
can be rendered negligible (or, more accurately,
independent of the solvent) by separating them with
an appropriate salt bridge solution. This procedure
was proposed as long ago as 1927 by Bjerrum and
Larsson’ and others” but became widely adopted
only after Parker and co-workers* advocated the use
of cells such as (pic = picrate):

Ag, AgCl0,(0.01 M)
inS1

0.1 M Et,Npic

inthe reference
(bridge) solvent

AgClO,(0.01 M), Ag IV

The basis of this negligible liquid junction potential
(NLJP) assumption is that the large ions of the salt
bridge solution have similar electrical mobilities and
(low) solvation energies in many solvents. The theory
of liquid junction potentials’ suggests this should
lead to Ej ~ 0. If this can be achieved, then cells such
as Il (with, of course, an appropriate salt bridge) and
111 can be used directly to obtain A(G° for H* and
Ag", respectively.

The choice of the bridge electrolyte and solvent is
to some extent arbitrary, within the constraints just
discussed, but also depends on the nature of S1 and
S2 (clearly, all of the cell components must be
chemically and electrochemically compatible). A solu-
tion of 0.1M EtyNpic in CH3CN* has been widely
adopted, but satisfactory results have been reported
using other solutions too. The major advantage of the
NLJP approach is its experimental simplicity, but the
disadvantage is that it is unclear under what condi-
tions the assumption breaks down.
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6. Other Assumptions

Many other assumptions for determining AG°(ion)
have been put forward over the years. However, most
of them have been rejected as unreliable and are now
of historical interest only. Such approaches are
discussed in detail elsewherel®6%61 and include cal-
culations®26:30 and extrapolations?747% based on the
Born equation and its various modifications and
various spectroscopic indicator methods,>%" involving
also the Born equation in one such method.%® In
general, A:G°(ion) values based on such assumptions
have been excluded from this review. For agueous
alcohol systems, such data can be found in the
compilation by Marcus.??

7. Adopted Assumption

All extrathermodynamic assumptions for the de-
termination of A(G°(ion), or indeed any single-ion
thermodynamic property,”® can be objected to on
some basis. Essentially only three of the methods
mentioned above have survived the passage of time,
namely, the NLJP, BBCr, and TATB (or TPTB) ones.
The others are very rarely employed nowadays.
Careful analysis indicates that the reference electro-
lyte approach employing TATB or TPTB (see above)
is based on sound considerations®6%616% gnd is the
least objectionable assumption currently available for
the estimation of AG°(ion, w—s). Accordingly, this
approach has been adopted in this review wherever
possible. This is consistent with the work of many
research groups and with a number of other reviews
of A¢G°(ion) from water to neat®17:1920 and mixed'#?2
solvents and also of other single-ion transfer ther-
modynamic properties’”’ and electrode potentials.3!

Values of AG° (TATB or TPTB), for establishing
the values of A{G°(TA™, TPT, or TB~) and hence all
other values of A{G°(ion), are usually determined by
solubility measurements. However, both TATB and
TPTB have extremely low solubilities in water and
water-rich mixtures and cannot usually be measured
directly. The required information is obtained, albeit
with the expenditure of considerably more experi-
mental effort and with some loss of precision, by
employing the additivity of standard thermodynamic
properties of more soluble salts

AG°(Ph,AsBPh,) = A,G°(Ph,AsX) +
AG°(MBPh,) — AG°(MX) (17)

where M* and X~ are some appropriate cation and
anion. Developments in ultratrace analysis using
techniques such as plasma-enhanced atomic emis-
sion-mass spectroscopy will hopefully facilitate more
direct measurements in the future.

In the absence of values based on the TATB (or
TPTB) assumptions, the NLJP assumption is also
considered relatively reliable (see above) and values
given on their basis are included in the present
review. Data obtained via the Fc assumption (or its
equivalent) are also included but are much less
reliable and in the absence of corroboration should
be viewed with caution.
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8. Comparison of the TATB, NLJP, and Fc Assumptions

Comparisons between the ionic Gibbs energies of
transfer from water to neat organic solvents obtained
by the TATB assumption and those based on the
NLJP and Fc assumptions (as well as the BBCr one,
rarely used for aqueous solvent mixtures) have been
made by several authors.*>#¢ Agreement between the
TATB and NLJP results is generally within 10 kJ
mol~%, although in some cases much worse. As noted
above, such discrepancies are unpredictable, which
represents a major drawback of the NLJP method.
Disagreements between the TATB and Fc methods,
on the other hand, are in many cases considerably
larger than 10 kJ mol~%, which makes moot the
continued use of the latter (a trend noted in recent
years).

The only direct comparison of these assumptions
in aqueous organic mixtures is that of Kundu and
Parker,”® who showed that the TATB- and NLJP-
derived values of AG°(ion) for agueous AN, DMF,
and DMSO (see Table 3 below for solvent abbrevia-
tions) were <6 kJ mol~! apart whereas the differ-
ences between the TATB- and Fc-derived values were
much larger. The present compilation sheds little
further light on this issue, since the A;G°(ion) based
on the Fc assumption are too limited for reasonable
comparisons to be made (except for aqueous AN and
DMSO).

Ideally, comparisons of results on any two scales
require at least two independent determinations of
AG°(ion) by each assumption. The most useful data
in this context are the values of A\G°(Ag*, w—w+AN)
and A{G°(Cu?", w—w+DMSO) derived via the TATB
and NLJP assumptions, given in Tables 16 and 21
below. Both sets of data for each cosolvent show good
agreement (prior to application of any addends). On
the other hand, values of AG°(Cu?", w—w-+AN),
Table 16, differ by up to 16 kJ mol~%. In hydroxylic
solvents, data for AG°(Cu?") obtained by the TATB
and NLJP assumptions agree fairly well (within 3
kJ mol™1) in agueous MeOH but differ by >20 kJ
mol~* beyond 50 mol % aqueous EtOH.

As a result of Kundu and Parker's work,” it is
possible to convert A{G°(ion) values obtained on the
NLJP scale for EG, AN, DMF, and DMSO and on the
Fc scale for AN and DMSO to the TATB scale by the
addition of the addends listed in Table 1. Such
conversions were made in the appropriate tables in
section 111, where both the original and the converted
values are shown.

C. Solute Concentration and Solvent Composition
Scales

1. Solute Concentrations

The concept of the medium effect was developed
originally in terms of the molality scale, leading to
values of nyim). However, a given mass (1 kg) of
solvent does not represent any fundamental chemical
quantity: the number of water and solvent molecules
per kilogram differs and so does the average volume
per molecule. There are good reasons, therefore, to
use other concentration scales, as many authors have
done.
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Table 1. Conversion Factors (addends, in kJ mol™1)
for Converting Gibbs Energies of Transfer of Cations
Obtained by the NLJP and Fc Assumptions to the
TATB Scale (DMSO = dimethyl sulfoxide, AN =
acetonitrile, DMF = N,N-dimethylformamide, EG =
ethylene glycol)

DMSO AN DME  EG
100X sowvent NLIJP  Fc  NLJP Fc  NLJP NLJIP

10 03 00 00 80 04 0.1

20 05 20 -40 (102) 21 03

30 15 40 —40 110 05 06

40 22 40 -50 (11.0) -37 05

50 (21) 75 -40 110 -29 05

60 (1.8) 100 -6.0 (120) -21 07

70 15 90 -50 130 -13 0.8

80 20 90 -50 130 -05 0.6

90 25 110 -50 120 06 04

100 29 110 -6.0 13.0 25 03

One such is the mole fraction scale, x, where the
fractional number of moles of solute per mole of
solvent is employed (strictly per mole of solvent plus
solute(s), but at infinite dilution this converges to per
mole of solvent). Medium effects on the mole fraction
scale, myiw, are related to those on the molality scale,

mYi(m), by
109 iy = 109 mVigmy — 109(,,M/M) (18)

where M is the molar mass of the solvent (or its mean
value for a solvent mixture).

There are, however, reasons to prefer the use of
the molarity scale for representing the Gibbs energy
of transfer. One is that the physicochemical inter-
pretation of the solvation energies of solutes by
means of statistical thermodynamics requires the use
of the number density of the particles of the solute.®°
Molarities ¢ in mol dm~2 are proportional to the
number densities p. (If SI units are used for the
number density, i.e., m~3, then ¢/p = 1000 Na.)
Another reason is that more recent extensive com-
pilations of values of A(G° of ions from water to neat
solvents?®?® and to aqueous alcohols?®? have consis-
tently used the molarity scale.

Thus, in this review all values of A:G° reported on
other scales were converted to the molarity scale. The
conversion from the molality scale is according to

AG® = AG®my + 2.303 RT log(,d/,d) (19)

where d is the density of the indicated solvent or
solvent mixture at the temperature where the trans-
fer energetics are measured. Conversion from the
mole fraction scale is according to

AG° = AG° + 2.303 RT log(,M (d/;M Wo(l)2 .

2. Solvent Composition

As this review deals with the transfer of cations
into mixed solvents, it is also necessary to adopt an
appropriate scale to express the solvent composition.
The scales that have been commonly employed are
the mole fraction, mass fraction, and volume fraction
(or their equivalent percentages). Each scale has its
own merits and problems, and individual researchers
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Table 2. Relevant Properties of the lons Transferred®
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ionic ionic
univalent radius, softness multivalent radius, softness
ions r/pm parameter, o ions r/pm parameter, o
H* 302 0.00 Mg+ 72 —0.41
Lit 69 -1.02 Caz* 100 —0.66
Na* 102 —0.60 Sr2+ 113 —0.64
K* 138 —0.58 Ba?* 136 —0.66
Rb* 149 —0.53 Mn2+ 83 —0.15
Cs* 170 —0.54 Fe?* 78 —0.16
Cu* 95 —0.22 (0.28)° Co?*t 75 -0.11
Ag* 115 0.18 (0.68)° Ni2+ 69 —0.11
Au* 137 0.44 (0.94)° Cu?t 73 0.38
TI* 150 0.20 Zn?* 75 0.35
MesN* 280 Cd?* 95 0.58
Et,N* 337 Hg?* 102 1.27
PrsN* 379 Pb2+ 118 0.41
BusN* 413 Eu?+ 117 —0.62
i-PesBUN™ 436 Fedt 65 0.33
Ph,P* 424 In3* 79 0.48
PhsAs™ 425 Last 105 —0.75

a Not for the bare proton but inferred from the thermodynamics of hydration. ® The values in parentheses express the interactions
with soft donors better than the values obtained from the ionization potential and enthalpy of hydration, which express the

interactions with hard donors for these two d° cations.

have selected a particular scale on the basis of
experimental convenience, tradition, desired theo-
retical interpretation, or envisaged usage.

For aqueous/organic mixtures, the various solvent
composition scales can be expressed as follows. When
ny mol of water of mass n,M,, are mixed with Ny
mol of the organic cosolvent of mass NggMorg, then
the mole fraction of the latter component is

Xorg = norg/(norg + nw) (21)
The mass (weight) fraction of the cosolvent is
WOFQ = nOngorg/(norgMorg + anw) (22)

When Vg is the volume of the neat organic compo-
nent used in making up a volume V; of the solvent
mixture, then its volume fraction is

d)org = Vorg/Vs (23)

Note that some authors have used ideal volume
fractions, ¢orgid = Vorg/(Vorg + V), to express solvent
composition. This introduces uncertainties into the
experimental data, due to the contraction of the
mixture with respect to its ideal volume, without
providing any significant advantage; its use should
be avoided.

The solvent composition scale adopted for this
review is mole fraction, expressed for convenience as
mole percent, 100xqq, Since this appears to best
express the ability of the ions to sort the solvent
molecules around them.48182 Data reported on other
scales were therefore converted to the mole fraction
scale. The density data required for conversions from
volume-based scales were obtained from literature
sources or by assuming a linear dependence of
density on solvent (mol fraction) composition. Com-
parison of densities calculated via this assumption
with experimental data for several known systems
indicates the errors introduced are <1 kJ mol~*. Mass

fraction data were converted using mean molar
masses, (NorgMorg + NWMw)/(Norg + Nw).

For tabulation purposes, the original AG° data,
converted where required by means of egs 19 and 20
to the molarity scale, were interpolated numerically
or graphically to evenly spaced values of 100Xg.

D. Relevant Properties of the Transferred lons
and of the Solvents

This review deals with the transfer of uni- and
multivalent cations from water to aqueous/organic
mixtures. Explanations of the observed trends must
ultimately be made in terms of the properties of the
ions and solvents involved. Table 2 lists relevant ionic
properties: their size, expressed by their radius r,
and their hard/soft interaction preferences, expressed
by their softness parameter ¢.2° Not included in Table
2 are cations for which A(G° information is available
only in water-rich mixtures of a few solvents and
where little discussion in terms of cation—solvent
interactions can consequently be made.

The relevant properties of the solvents appear to
bel583 their (a) Lewis basicity, i.e., electron density
donation ability, represented here by the Kamlet—
Taft g parameter. Note that since this review is
concerned only with the solvation of cations, the
Lewis acidity (electron density acceptance ability)
should not be significant; (b) ‘Polarity’/polarizability,
expressed by the Kamlet—Taft 7* parameter; and (c)
hard/soft interaction preferences, taken as the Mar-
cus u parameter.8*

These properties for the neat solvents are listed in
Table 3. More useful for this review would be the
values of g, o*, and u for the relevant aqueous—
organic solvent mixtures. However, values of g and
a* are currently known only for some of the mix-
tures®® and u values are known only for neat sol-
vents.8* The data available for the 3 values of aqueous
mixtures are shown for convenience in Table 4.
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Table 3. Relevant Properties of the Solvents®
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solvent Kamlet—Taft 8 Kamlet—Taft 7* Marcus u

water 0.47 1.09 0.00
methanol (MeOH) 0.66 0.60 0.02
ethanol (EtOH) 0.75 0.54 0.08
2-propanol (i-PrOH) 0.84 0.48

tert-butyl alcohol (t-BuOH) 0.93 0.41

ethylene glycol (EG) 0.52 0.92 —0.03
propylene glycol (PG) unavailable

tetrahydrofuran (THF) 0.55 0.58 0.00
dioxane (DX) 0.37 0.55

acetone (AC) 0.43 0.71 0.03
propylene carbonate (PC) 0.40 0.83 —0.09
pyridine (PY) 0.64 0.87 0.66
acetonitrile (AN) 0.40 0.75 0.34
formamide (FA) 0.48 0.97 0.09
N,N-dimethylformamide (DMF) 0.69 0.88 0.11
N-methylpyrrolidin-2-one (NMP) 0.77 0.92 0.13
hexamethyl phosphoric triamide (HMPT) 1.05 0.87 0.29
dimethyl sulfoxide (DMSO) 0.76 1.00 0.22

Table 4. Kamlet—Taft Donation Ability (basicity) # Parameters of Aqueous Mixtures (smoothed values from ref

85)

100Xco_solvent 10 20 30 40 50 60 70 80 90 100
water + MeOH 0.46 0.56 0.64 0.70 0.73 0.70 0.68 0.65 0.64 0.64
water + EtOH 0.46 0.63 0.66 0.66 0.66 0.66 0.66 0.68 0.72 0.75
water + iPrOH 0.59 0.66 0.68 0.70 0.71 0.74 0.77 0.80 0.82 0.84
water + THF 0.64 0.58 0.50 0.44 0.41 0.43 0.42 0.44 0.49 0.55
water + DX 0.39 0.47 0.50 0.51 0.52 0.55 0.55 0.50 0.45 0.37
water + AC 0.53 0.56 0.58 0.59 0.60 0.58 0.56 0.54 0.52 0.43
water + PY 0.53 0.57 0.60 0.63 0.66 0.68 0.69 0.70 0.68 0.64
water + AN 0.55 0.56 0.56 0.54 0.54 0.54 0.55 0.53 0.48 0.40
water + FA 0.50 0.52 0.53 0.53 0.54 0.54 0.54 0.54 0.53 0.48
water + DMF 0.58 0.63 0.65 0.68 0.69 0.72 0.74 0.73 0.72 0.69
water + DMSO 0.57 0.59 0.59 0.61 0.66 0.68 0.70 0.75 0.79 0.76

E. Organization of the Data

In order for comparisons of the data to be as
meaningful as possible, choices were made regarding
the extrathermodynamic assumption and the con-
centration scales to be used, as described in sections
11.B and 11.C above.

To develop a unified presentation and an under-
standing of cation solvation in binary mixed aque-
ous—organic solvents, the present reviewers under-
took the following steps. (1) Compilation of the
available Gibbs energy of transfer (medium effect)
data of as many monatomic and symmetrical tetra-
alkylammonium cations as possible, in the most com-
monly used and representative aquo-organic solvent
mixtures over the complete range of solvent composi-
tions (as far as available), based on the TATB, NLJP,
and Fc (or BBCr or cobaltocene) extrathermodynamic
assumptions. (2) Recalculation, where required, of the
data in units of kJ mol~2, conversion of logm,yi values
to A¢G°, and their conversion, if necessary, to the mo-
larity scale. (3) Conversion of the data where possible
to the preferred extrathermodynamic assumption,
i.e., the TATB (or TPTB) method. (4) Commenting on
the availability and an assessment of the reliability
of the data. (5) Discussion of the trends of ion—sol-
vent interactions based on the charge, size, and hard/
soft nature of ions and the polarity, H-bond donation
ability, acid—base nature, and structure of the sol-
vent mixtures so as to arrive at general conclusions.

The Gibbs energy of transfer data, AG°(M"t,
w—w-+s) in kJ mol™1, at 298.15 K (or 303.15 K for a

few solvent mixtures) on the molarity scale are
reported in Tables 5—21 (one for each cosolvent s).
The order of the cations in each Table is that in Table
2 and the order of the cosolvents (Tables) is as given
in Table 3. Wherever possible, data are quoted on the
TATB (or TPTB), NLJP, Fc, and BBCr extrathermo-
dynamic assumptions, according to which they have
been reported in the literature. In a few solvent mix-
tures, where comparative measurements are avail-
able, the A{G°(M"") data based on the NLJP and the
Fc assumptions have been converted to those on the
TATB scale, using the addends in Table 1. In cases
where only data obtained on the basis of a less satis-
factory extrathermodynamic assumption are avail-
able, the values are still reported so as to provide a
gualitative picture of the nature of ion—solvent
interactions.

Data shown in Tables 5—21 in ordinary type are
as reported in the original publications, converted
where necessary to the molarity scale (using eqs 19
and 20), at (generally) evenly spaced decadic mole
percentages of the cosolvent, using the specified
extrathermodynamic assumption. If reported at other
solvent compositions, the values were interpolated
by the reviewers graphically or numerically, lengthy
interpolations being indicated by placing values in
parentheses. Data that were considered unreliable,
for reasons given in the detailed comments in section
11, were placed in square brackets and not used in
the calculation of averaged values. For some systems
that have been comprehensively reviewed previously,
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the “selected” values of AG°(M"") of the original
authors are shown in italics for the purpose of
comparison with, but are not included in the calcula-
tion of, the present average values.

The values in Tables 5—21 at each (rounded)
solvent composition were averaged for those cations
where results are available from at least two inde-
pendent studies, giving equal weight to each reported
value. The averaged values have been classified as
Recommended (indicated by the letter R in the status
column and shown in bold type) when estimated by
the reviewers to be accurate, within the constraints
of the TATB assumption, to =3 kJ mol~1. If over some
of the solvent composition range there were insuf-
ficient data to average, i.e., only one set of data is
available on the TATB scale, these data are classified
as Tentative, put in curly brackets, and the entire
row is designated as R{T} in the status column. To
the Tentative category (T) also belong results from
(a) one set only of data based on TATB or (b) an
average of one or more sets of data based on NLJP,
or (c) the average of two or more sets of TATB or
NLJP data differing by more than 5 kJ mol™*. The
likely accuracy is estimated to be 410 kJ mol~*. Data
obtained using only the Fc, BBcr, or indicator meth-
ods have not been given a designation. Rejected data
are identified by enclosure in square brackets [] and
the reason(s) stated in the text. Some of the Recom-
mended and Tentative data have been plotted against
the solvent composition and are shown in Figures
1-12 as smoothed curves. In a few cases the smoothed
values rather than averages are shown in Tables
5—21. These are marked by asterisks.

[ll. Detailed Presentation of the Data

A. Transfers from Water to Water + Methanol
(MeOH)

1. Comments on the Data

Of all aqueous/organic solvent mixtures, those of
water + MeOH are probably the most well studied.
Data of A(G°(M"*, w—w+MeOH) for a wide variety
of monovalent and divalent cations over the entire
solvent composition range, mostly based on the
TATB/TPTB and NLJP assumptions, are given in
Table 5. In addition, data are also shown for all 14
rare earth cations up to 30 mol % MeOH. The many
values for these mixtures listed by Marcus?? included
those based on less reliable extrathermodynamic
assumptions to which zero weights were assigned.
These have not been repeated here.

It is noteworthy that previous compilations?21%4 of
A{G°(cation, w—w+MeOH), based on more limited
data, arrived at recommended values (shown itali-
cized in Table 5) similar to the present ones. Selected
data from Table 5 are plotted in Figures 1 and 2.

Three® 9097 of the four independent studies of
AG°(PhsAs™, w—w+MeOH) are in almost quantita-
tive agreement, permitting their averages to be
Recommended over the entire solvent composition
range. The data of Villermaux and Delpuech®’ deviate
significantly, especially at lower Xweon, and have
therefore been rejected.
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Water/methanol mixtures are notable in that TPTB
data are also available in three independent stud-
ies.89.104108 The agreement among the reported values
of A«G°(PhsP*, w—w-+MeOH) is even better than for
AG° (PhsAs™). Still more pleasing is the fact that
AG°(PhsPT) = AG°(PhyAs™) within 0.7 kJ mol~ over
the entire composition range. This provides some
indirect support for the use of the reference electro-
lyte approach. The present values of A{G°(Ph,P") and
AG°(Ph4As™) are similar to, but more broadly based
than, those suggested in previous compilations.?2104

The numerous independent studies of the hydrogen
ion (Table 5) are generally in good agreement over
the entire composition range. The values of Viller-
maux and Delpuech® are again aberrant and have
therefore been rejected. The averaged, Recommended,
values of AG°(H") are close to those proposed in
earlier compilations.?2104

The situation for the alkali metal and silver ions
is similar to that for the hydrogen ion, and the
averaged values generally have been classified as
Recommended. The averaged values of A{G°(Rb*) are
rather ‘bumpy’ (Figure 1) with significant discrep-
ancies among the values at higher xmeon, and perhaps
unexpectedly, A{G°(Rb™) > A{G°(Cs™). Therefore, the
averaged data at Xmeon = 0.7 for these two ions are
classified as Tentative. The data of Covington and
Thain® for Rb* appear to be high at Xyeon > 0.4 and
have been rejected. For the other univalent cations,
relatively fewer data are available so these have been
given a Tentative classification, pending future veri-
fication.

The data for the divalent cations are generally
unsatisfactory. Few studies cover the whole composi-
tion range and disagreements among independent
studies are often considerable, especially for methanol-
rich solutions. Values for A{G°(Cu?*) are an exception,
and so their average is Recommended. No comments
are possible on the values of A{G°(M3*) as all the data
are from a single source.® However, these values
were determined from the solubility of the iodate
salts, and no allowance was made for incomplete
dissociation or possible hydrolysis.

It is pertinent to point out here the difficulties of
estimating the values of AG°(ion) for multivalent
ions. In particular, the role of ion pairing, which can
profoundly affect the apparent values of A(G° for salts
containing multiply charged ions, demands but sel-
dom receives special care and attention. Such con-
siderations are especially important in solubility and
electrochemical measurements. It is noteworthy that
the independently determined values of A{G°(M?",
w—w+MeOH) show much greater variation than the
corresponding values for the M" ions (Table 5).
Indeed, a different selection of these data would
produce results that contradict some of the points
made below.

2. Discussion of the Transfer Energetics

The values of A(G°(H") show that aqueous metha-
nol mixtures are slightly more basic (A{G°(H") < 0)
than water in the intermediate solvent composition
region 0.2 < Xweon < 0.8 but less basic in the more
water-rich and, especially, the more MeOH-rich
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Table 5. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Methanol (MeOH)
Mixtures at 298.15 K

A:G°(ion)/kd mol~%, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* 0.6 0.5 -0.2 -1.0 -15 -1.8 -2.1 (—2.4) TPTB2 86
[-3.5] [-5.6] [-6.8] [-7.5] [-7.6] [-7.1] [-5.5] 85 TATB 87
0.2 0.2 -0.4 -1.0 -1.3 -15 —-1.4 -0.9 2.2 9.1 TPTB2 88
0.0 0.4 0.3 —0.2 0.5 —2.4 —2.9 —2.2 1.2 8.6 TATB 89
-0.3 -0.8 -1.4 -2.1 —-2.9 -3.9 TATB 90
0.8 0.8 0.3 —0.4 —-0.9 —-1.0 —0.3 1.6 5.1 10.3 TATB 22
0.1 0.1 -0.4 -1.1 -1.6 —2.4 2.1 -1.8 1.8 8.7 TATB R
Lit 1.7 2.6 3.1 3.3 3.4 35 (3.5) TATB 91
1.1 2.0 2.5 2.7 2.6 2.7 2.7 25 2.4 22 TPTB2 92
1.6 2.3 2.6 2.8 2.5 2.6 2.7 2.7 2.6 1.9 TPTB? 86
1.2 1.5 15 1.3 0.9 0.9 0.9 0.9 0.8 0.2 TPTB2 93
0.7 1.8 2.9 3.5 4.0 4.2 4.2 4.1 4.0 3.8 TATB 94
1.7 25 3.0 3.1 3.2 3.2 3.2 3.2 3.3 3.4 TATB 95
1.6 2.5 2.8 2.9 2.6 2.7 2.8 2.9 3.3 3.6 TATB 89
1.5 2.5 3.1 3.4 3.6 3.6 3.6 3.7 4.0 45 TATB 22
1.4 2.3 2.8 3.1 3.1 3.2 3.1 3.1 3.1 3.0 TATB R
Na* 2.0 3.8 4.8 5.7 6.3 6.8 7.0 7.2 7.3 7.2 TPTB2 92
2.5 4.1 5.0 5.8 6.3 6.8 7.3 7.7 7.8 7.1 TPTB2 86
2.0 3.4 4.1 4.7 5.0 5.2 5.3 5.3 5.2 46 TPTB® 93
2.4 4.1 5.1 5.8 6.4 6.8 7.3 7.7 7.9 7.7 TATB 89
2.4 4.1 5.2 6.3 6.7 75 7.9 8.8 9.0 8.6 TATB 96
2.2 3.7 5.1 6.2 7.1 7.7 8.2 8.3 8.3 8.0 TATB 22
2.3 3.9 4.8 57 6.1 6.6 7.0 7.3 7.4 7.0 TATB R
K+ 2.0 3.9 49 5.8 6.7 7.5 8.3 8.4 8.4 85 TPTB2 92
2.4 4.1 5.1 59 6.7 7.5 8.3 8.7 8.9 8.4 TPTB? 86
1.9 3.2 4.0 4.7 5.3 5.8 6.5 6.9 7.2 7.3 TPTB 93
1.8 3.5 5.0 6.4 7.5 8.5 9.2 9.8 10.3 10.5 TATB 97
2.1 3.7 4.8 5.9 6.7 7.4 8.2 8.6 8.9 8.6 TATB 89
1.6 2.8 3.8 45 5.0 5.2 TATB 90
2.2 3.9 5.3 6.6 7.7 8.5 9.1 9.5 9.7 9.7 TATB 22
2.0 35 4.6 5.5 6.3 7.0 8.1 8.4 8.7 8.4 TATB R
Rb* 2.0 3.6 4.7 5.6 6.5 7.4 8.2 8.6 8.9 8.9 TPTB2 92
2.6 2.1 3.1 6.2 6.2 7.1 8.3 9.0 9.2 8.8 TPTB2 86
2.4 4.4 6.0 7.8 [9.7] [11.8] [14.0] [15.9] [17.3] [17.4] TPTB2 93
2.4 4.1 5.2 6.2 7.2 8.3 9.5 10.6 11.4 12.2 TPTB2 98
3.4 5.6 6.9 7.7 8.1 8.4 9.4 9.8 11.2 13.1 TATB 89
2.2 3.9 5.4 6.7 7.7 8.6 9.2 9.6 9.7 9.7 TATB 22
2.6 4.0 5.2 6.2* 7.0 7.8 9.0 {9.8} {10 6} {11.3} TATB R{T}
Cs* 1.8 3.2 4.2 5.1 6.0 6.9 7.7 8.0 .3 8.3 TPTB2 92
2.2 3.6 4.4 5.2 5.9 6.7 (7.8) TPTB? 86
2.9 4.6 5.4 6.0 6.5 7.1 7.9 8.7 9.2 9.1 TATB 89
2.1 3.6 4.9 6.1 7.0 7.8 8.4 8.8 9.0 9.1 TATB 22
2.3 3.8 4.7 54 6.1 6.9 7.8 {8.4} {8.8} {8.7} TATB R{T}
Ag* 1.8 2.9 3.4 (3.8) TATB 99
1.6 2.7 3.8 4.6 4.8 TATB® 100
0.9 1.5 2.4 3.4 4.8 6.2 7.4 8.6 9.7 10.8 TATB 103
1.0 2.1 3.2 4.0 4.6 5.2 5.6 5.8 6.1 6.2 TPTB2 104
1.2 2.3 3.6 4.5 TATB 105
1.4 2.7 3.8 4.7 5.5 6.1 6.5 6.7 6.8 6.7 TATB 22
1.3 2.3 3.3 4.1 4.8 57 6.5 7.2 7.9 85 TATB R
TI+ 2.5 3.6 4.5 51 55 5.6 55 5.2 4.6 42 TPTB 105 T
NH;* 1.7 2.3 2.8 3.5 4.1 4.6 5.0 6.0 8.0 11.3 TATB 106 T
Me;N* 0.8 (1.4) 2.1 6.1 (7.0) 8.0 TATB¢ 107
0.7 1.0 1.6 1.9 2.4 3.2 4.0 45 5.1 59 TPTB 104
0.8 1.4* 1.9 {2.3*}  {2.9*} {3.6*} {4.5*% 5.3 6.1 7.0 TATB R{T}
PrsN* -14 (-2.8) -3.8 -7.4 (=7.5) —-7.7 TATB°® 107
—-2.6 -35 —4.6 -5.8 —6.8 7.6 —8.4 -9.8 -10.3 -99 TPTB 104
-1.5 —-3.2 —-45* {-58} {-6.8} { 76} {-82* -—-8.8* -89 —8.8 TATB R{T}
BusN* —2.7 —5.2 —7.6 —10.2 —12.5 —14.6 —16.6 —-19.1 -—-21.3 —23.1 TPTB 104 T
Ph,P* —-3.7 —-8.2 —126 —155 —18.0 —19.9 —21.4 —224 —-231 —23.8 TPTB 108
—4.3 —8.3 —-12.2 —15.4 —18.0 —20.0 —21.3 —22.2 —22.9 —24.0 TATB 89
—4.3 —-8.3 —11.8 1438 —-17.3 —-19.3 —20.8 —21.8 —223 —223 TPTB 104
—4.1 —8.3 —-12.2 —15.2 —-17.8 —-19.7 —21.2 —22.1 228 —-23.4 TPTB R
PhsAst [—-10.6] [-16.3] [—19.5] [—21.5] [—-22.8] [—23.6] [ 23.7] [-24.0] TATB 87
—-3.8 7.3 —-10.4 —-13.2 —15.7 =17.7 —-19.5 —20.8 —21.9 —225 TATB 97
—4.2 —-8.2 —121 —153 —18.0 —20.1 —21.4 —224 —232 —243 TATB 89
—-4.9 -9.3 -133 -16.7 -19.7 —-22.2 TATB 90
—4.2 -8.1 =115 —-14.5 —-17.0 -19.1 —20.6 —-21.8 —224 —225 TATB 22
—4.3 -83 —-119 -15.1 -17.8 —20.0 —20.5 -21.6 —-226 —-234 TATB R
Mg?* 2.0 3.3 4.2 4.7 4.8 4.3 3.8 3.3 2.7 20 TATBY 109 T
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Table 5 (Continued)
AG°(ion)/kJ mol~*, molarity-scale
ion\100x 10 20 30 40 50 60 70 80 90 100 method ref  status

Ca?t 4.5 55 5.7 6.0 TATB 105

3.9 6.5 8.4 9.7 10.7 11.2 11.3 11.2 11.1 11.2 TATBY 109

42 60 75 89* {104}* {112} {11.3} {11.2} {111} {112} TATB R{T}
Srzt 3.9 6.2 8.1 TATB 104

6.4 7.7 8.9 TATB 105

4.3 6.8 7.7 8.5 9.3 9.1 8.4 8.0 7.5 7.1 TATBY 109

5.3 7.2 8.2 {8.5} {9.3} {9.1} {8.4} {8.0} {7.5} {7.1} TATB R{T}
Baz* 3.2 5.7 7.6 9.2 TATB® 110

3.9 6.2 8.6 11.0 12.4 14.3 15.7 17.0 17.1 17.2 TATB 104

4.2 6.5 8.4 9.8 10.8 11.0 105 8.6 7.1 6.0 TATBY 109

3.8 6.1 8.2 10.0 11.6 {12.5} {13.1} TATB R{T}
Cu?*+ 1.1 1.8 2.9 4.5 6.1 7.7 9.7 12.4 15.6 24.7 NLJP 46

1.9 3.2 4.6 6.8 8.7 10.8 13.2 155 20.4 29.1 NLJP 111

1.9 3.0 4.0 TATB 105

3.7 6.1 7.1 8.0 8.9 10.0 11.2 12.6 16.1 21.8 TATBY 109

22 35 47 64 7.9 9.5 11.4 135 {17.4} {252} TATB R{T}
Zn%* 2.7 5.2 7.6 9.0 11.4 12.8 14.1 TPTB® 112

24 57 76 95 11.4 13.3 (15.0) (195) (229) 264 TPTB 104

2.4 4.2 4.4 4.3 4.7 5.1 55 6.3 6.4 13.0 TATBY 109

2.5 5.0 6.5 TATB T
Cd?+ 2.2 4.2 5.6 6.6 TPTB® 113

2.4 4.2 5.9 8.8 12.9 16.6 20.2 235 27.4 31.4 TPTB 104

2.7 4.7 5.6 6.0 6.5 7.1 7.7 8.3 9.7 9.6 TATBY 109

2.4 4.4 5.7 6.9 TATB R
Hg?*+ 9.7 12.3 15.3 TATB 114

2.8 4.7 5.4 55 6.4 6.8 7.2 7.3 8.2 6.8 TATBd 109
Pb2* 5.2 6.2 6.1 7.0 7.2 TATB 105

3.2 5.3 6.2 6.8 7.4 7.9 8.4 9.4 9.8 10.3 TATBY 109

4.1 5.8 6.2 6.9 7.3 7.9 8.4 9.4 9.8 10.3 TATB R{T}
Lad*t 5.4 TATB 105
Cedt 1.6 6.1 8.9 TATBf 88
Pr3* 1.1 7.1 11.2 TATBf 88
Nd3+ 0.8 7.1 10.9 TATBf 88
Sms3* 0.8 7.1 109 TATBf 88
Eust 0.6 6.6 11.2 TATBf 88
Gad3* 0.3 6.1 104 TATBf 88
Th3* 0.6 7.4 11.9 TATBf 88
Dy3* 0.6 7.1 107 TATBf 88
Ho3* 0.3 6.6 12.4 TATBf 88
Erst 1.6 79 122 TATBf 88
Tms3*+ 0.3 7.6 12.9 TATBf 88
Yb3*+ 1.3 8.1 129 TATBf 88
Lud* 2.3 7.6 12.4 TATBf 88

a Using AG°(MCI) combined with AG°(Cl~) based on the TPTB scale from ref 108, quoted in ref 104. ® See also, refs 101 and
102. ¢ Recalculated in ref 22 from the data in ref 107. ¢ Authors’ “selected values” smoothed by the reviewers. ¢ Using A{G°(MCl,)
combined with AG°(CI~) based on the TATB scale from ref 104. f Using A«G°[M(103)3] combined with AG°(10;7) based on the

TATB scale from ref 105.

regions. In the neat solvents, H* forms a strong
solvate (H;O* or CH30H, ") with one solvent molecule
that is further solvated by additional solvent mol-
ecules. In the mixtures, the resulting basicity de-
pends on the interaction of HzO" or CH3;OH," with
the other solvent molecules present, both H,O and
CH30H. Such interactions may be expressed in terms
of the equilibrium

H;O0" + CH;OH = H,0 + CH,0H,"

These interactions are finely balanced in H,O + CHs-
OH mixtures and are affected, for example, by the
replacement of the three-dimensional hydrogen-
bonded network of water with the one-dimensional
methanol structure;®® hence, quite complex behavior
might be anticipated in the presence of dissolved H™.

The values of A:G° for the alkali metal ions, which
are in the order Lit< Na*< K™ ~ Cs*< Rb*, are

increasingly positive (corresponding to less favorable
solvation of the ions compared with neat water) as
the MeOH concentration in the mixtures rises. The
simple effect of ionic radius, which might be expected
for the interaction of hard ions with hard solvents,
is muted here because both solvents are O-donors of
similar donor strength. Thus, although the values of
A:G° (ion) for the smaller cations parallel their ionic
radii (Table 2), the larger cations show no such effect.
Furthermore, the overall magnitudes of AG° for all
of these cations are rather small (<12 kJ mol~?!) and
might, for example, simply be reflecting the packing
abilities of H,O and CH3;OH molecules in the primary
solvation sheaths of the ions.'*® Further discussion
of these data is probably better made in terms of the
more dramatic changes that take place in the ionic
transfer enthalpy and entropy data in these mix-
tures,”” but this is beyond the scope of this review.
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Figure 1. Gibbs energy of transfer of cations from water
to aqueous methanol as a function of the mole percentage
of methanol: (—) Lit, (---) Na*, (—-—) K*, and (---) Rb™.
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Figure 2. Gibbs energy of transfer of cations from water
to aqueous methanol as a function of the mole percentage
of methanol: (—) Ca?*, (---) Sr2t, (—--—) Cu?*, and (-**)
Pb2t,

The data for A{G°(Ag* or TI*) are similar to those
of the alkali metal ions. The tetraalkylammonium
cations, on the other hand, show more complex
behavior. Thus, A:G°(MesN™) becomes increasingly
positive with increasing MeOH content like an alkali
metal ion. In marked contrast, for the larger R4N*
ions (as well as for Ph,As™ and PhsP*), A(G° becomes
more negative. This suggests that the hydrophobic
effects of these bulky cations and their increased
dispersion interactions with the methyl groups of the
MeOH molecules outweigh any electrostatic consid-
erations. Data for AG°(EtsN*) would be interesting
but do not appear to have been measured.

The values of AG°(M?*, w—w+MeOH) are all
positive, consistent with more favorable solvation of
these ions by water molecules, but show some puz-
zling anomalies. As for the alkali metal ions, there
is some evidence of an ionic size effect with the order
Mg?t< Sr2t< Ca?"< Ba?"; however, the position of
Sr?* is anomalous and not easily explained. Similarly,
if electrostatic interactions alone are important, it is
hard to understand why AG°(Pb?") < AG°(Cd?") at
high Xmeon or why the A¢G° values for Cu?* and Zn?*
appear to be almost 20 kJ mol~* more positive than
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that of the similarly sized Mg?*. The data for Hg?"
differ markedly from the other M?* ions, again for
no obvious reason. In view of these anomalies and
the disagreements in the data discussed above,
further experimental effort is clearly required in this
area.

B. Transfers from Water to Water 4+ Ethanol
(EtOH)

1. Comments on the Data

With a few notable exceptions, far fewer data for
ionic Gibbs energies of transfer are available for
aqueous EtOH mixtures (Table 6) than in the corre-
sponding MeOH solutions (Table 5). The Gibbs ener-
gies of transfer of univalent cations, AG°(MT,
w—w-+EtOH), have been studied extensively over the
entire composition range, mainly via the TATB
method (Table 6), which allows many of the averaged
values to be Recommended. In contrast, the A:G°
values for multivalent cations are rather less exten-
sive, with few independent studies. Selected values
of A{G°(M*, w—w+EtOH) are shown graphically in
Figures 3 and 4. Also included (italicized) in Table 6
for comparison are the selected values of Marcus,??
which are in general similar to the present Recom-
mended data.

The values of AG°(PhsAs™, w—w+EtOH) have
been estimated via the TATB assumption in a
number of independent reports®:120.122.129.130 gnd are
in good agreement (o < 1 kJ mol~1), enabling their
average values to be Recommended. The notable
exception is at lower EtOH concentrations (Xgron =
0.1) where two sets of values differ by about 6 kJ
mol~t. One set of data for A\G°(Ph;Sb", w—w+EtOH)
also exists!?? and is in good agreement with those for
Ph,As™ except at Xgron < 0.3.

Data for AG°(H*, w—w+EtOH) are not fully
satisfactory, with two independent studies’118 re-
porting considerably more positive values than those
of others!'6120 and, for one group,**® of their own later
work.?%121 As the bulk of the data in these mixtures
(Table 6) and in pure EtOH*33 favors the less positive
values, the results of Juillard et al.1” and the earlier
work of Kundu’s group!'® were rejected.

Numerous studies of AG° of K*, Rb*, and Cs* are
available (Table 6) and are in good agreement, which
means that their average values can be Recom-
mended at all solvent compositions. Data for Nat and
especially for Li*™ are not so well substantiated, except
at low Xgwon. Independent studies of A:G°(RsNT,
w—w-+EtOH) for the tetraalkylammonium cations up
to BuysN™ and for iPesBuN™ show good agreement and
systematic behavior, enabling their average values
to be classified as Recommended at all solvent
compositions.

Data for the divalent cations are relatively few,
with Cu?* being an exception. However, for this ion
there is a major disagreement between the values
estimated via the TATB? and NLJP#111 assump-
tions. Interestingly, this is not the case for Pb?",
where independent NLJP32- and TATB*%!-based data
are in good agreement. Little can be said about the
reliability of the remaining data, except that there
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Table 6. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Ethanol (EtOH) Mixtures
at 298.15 K

A¢G°(ion)/kd mol~%, molarity-scale
ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status

H* -1.8 -47 -64 —67 58 —47 —44  —29 1.2 8.6 TATB 116
[-0.2] [-0.6] [10] [22] [36] [55] [85] [13.5] [18.9] [25.7] TATB 117
[1.0] [18] [271 [871 [46] [59] [7.2] [89] [116] [224] TATB 118

01 -15 TATB® 119
-01 -16 -32 -34 -32 -26 -13 1.0 55 127 TATB 120
-04 —-16 -37 TATB 90
02 -16 -3.0 TATB 121
-02 -17 -34 -37 -36 -30 -18 0.5 50 121 TATB 122
-06 -20 -34 -45 -51 -49 -35 0.7 38 103 TATB 22
-04 -21 —-42 —42 —42 -34 -25 —05 39 111 TATB R
Li* 1.9 2.3 TATB® 119
2.9 2.3 0.9 1.1 2.5 3.9~ 52 6.4 81 103 TATB® 123 T
Na* 2.6 3.4 TATB® 119
3.0 3.4 4.2 438 6.0 8.0 TATB 124
2.9 2.9 2.7 3.3 4.4 6.0 7.7 9.9 124 149 TATB® 123
2.8 3.2 3.4 4.0 5.2 6.4 {7.7}  {9.9} {124} {149} TATB R{T}
K+ 0.2 0.6 1.4 2.8 4.5 6.7 91 116 138 156 TATB 116
1.4 1.1 1.7 2.7 4.1 6.1 7.5 94 117 139 TATB® 125
3.0 3.2 3.9 TATB? 124
1.8 3.0 4.1 5.4 7.0 88 110 130 155 184 TATB 120
1.4 2.4 2.7 2.8 2.8 TATB 90
1.7) 2.8 3.9 5.1 6.6 84 106 125 150 178 TATB 122
2.1 3.2 4.4 5.6 6.8 8.3 99 119 141 168 TATB 22
1.6 2.2 3.0 3.8 5.0 71* 95  11.6 140 164 TATB R
Rb* 2.9 3.4 3.8 4.1 5.5 7.9 109 TATB® 98
0.6 1.3 2.1 3.8 5.9 7.9 96 116 134 151 TATB® 107
15 2.7 3.9 5.0 6.5 83 102 124 149 176 TATB 120
(1.4) 2.5 3.6 4.7 6.2 7.8 9.7 129 143 170 TATB 122
2.3 3.5 4.6 5.6 6.7 8.0 95 114 141 165 TATB 22
1.6 2.5 3.4 4.4 5.9 80 101 123 142 166 TATB R
Cs* 3.0 3.0 3.8 46 5.4 TATB® 124
0.2 0.4 1.3 3.4 5.5 7.6 95 116 133 151 TATB 107
-0.3 42 TATBY 114
1.4 2.2 3.3 4.7 5.7 7.8 95 117 142 170 TATB 120
(1.4) 2.0 3.1 4.4 5.8 7.4 91 112 138 164 TATB 122
. 2.5 2.8 4.2 5.5 7.7 95 117 138 161 TATB R
Ag* -12  -23 -27 -24 -14 0.1 1.7 2.8 3.3 45 TATB 126 T
Aut -1.9 -36 -43 -37 —20 -01 0.7 3.9 6.5 74 TATB 127 T
MesN* -14 -16 -13 0.8 2.6 4.8 7.0 9.3 114 148 TATB 107
-15  -1.0 0.3 1.8 3.9 6.2 84 110 138 164 TATB 120
(-1.6) -1.2 0.1 15 3.5 5.8 79 105 132 158 TATB 122
-15 -13 -05 1.3 3.3 5.5 78 102 126 156 TATB R
Et,N* -19 25 -23 -20 -13 -0.6 0.2 1.1 2.3 3.8 TATB 120
-20 —27 -26 -23 -17 -11 -08 0.6 1.7 3.2 TATB 122
-20 -26 -25 -22 -15 -09 -0.3 0.9 2.0 35 TATB R
PraN* -36 -64 -81 -80 -70 60 -54 -48 -45 —41 TATB 107
-38 53 -60 -59 -57 -53 —42 -32 -17 01 TATB 120
-39 -54 -60 -62 -60 -57 —-47 -37 -23 -05 TATB 122
-37 -59 -71 -70 —64 -57 —48 —40 -31 -20 TATB R
BusN* 48 -94 138 -18.2 TATB 107
-42 -59 -65 -69 -75 -83 -91 -100 -10.8 —11.7 TATB 120
-43 -60 -67 -72 -79 -88 -96 -105 —11.4 -123 TATB 122
-43 -60 -66 -71 -77 -85 —93 -103 -11.1 -120 TATB R
iPesBUN* 55 —106 —14.7 -17.8 -198 -20.8 -21.1 —21.0 -213 -224 TATB 116
29 -76 -123 -163 —186 —202 —214 —222 —229 —231 TATB® 128
-41 -91 -135 -17.1 -192 -—205 -21.3 -21.6 -221 —227 TATB R
PhiAs* -6.8 -140 -17.4 -19.2 —200 —202 —216 —222 —228 -—213 TATB 129
-11.7 -159 -186 -203 —21.4 -219 —222 —224 -225 —226 TATB 120
-6.6 —13.9 —16.1 TATB 130
-6.9 —12.6 —17.0 -200 —217 TATB 90
-118 -161 -18.9 -20.6 -21.7 —22.4 —22.7 —229 -230 -232 TATB 122
-72 —12.8 -16.6 -18.8 -200 —203 -20.3 —202 —205 -214 TATB 22
{-88} -145 -17.6 —200 -—21.2 -215 —222 —225 —229 —224 TATB {TIR
PhsSb*  —21.0 -225 -226 -228 —23.0 -231 —232 —236 -240 -246 TATB 122
Ca?* 3.8 TATB 131
cuz* 2.3 4.1 6.5 9.9 128 160 206 260 379 517 NLJP 111
15 2.9 4.5 6.9 93 126 162 208 315 448 NLIP 46
1.3 1.9 2.5 2.9 3.8 4.7 6.6 100 139 191 TATB 132 T
Zn2+ 2.1 3.0 31  (31) (36) 53 8.7 (146) 235 (36.0) TATB 132 T
Hg?* 111 154  19.0 TATB 131
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AG°(ion)/kJ mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
Pb2+ 2.3 3.4 3.7 (38) (4.0) 50 7.2 (10.9) 168 252  NLJP 131
4.8 6.6 6.9 115 16.4 21.8 TATB 132 T
U0,2* -6.0 -14 35 9.4 13.3 TATB 131
U4 3.1 7.1 13.0 21.7 30.3 37.7 TATB 131

a Using AG°(MCI) combined with A:G°(Cl~) based on the TATB scale from ref 22. ® Calculated in ref 123 from the data in ref
126. ¢ Using A«G°(MCI) combined with A:G°(CI") based on the TATB scale from ref 129. @ Using A:G°(MBPh,) combined with

A«G°(BPhy7) based on the TATB scale from ref 129.
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Figure 3. Gibbs energy of transfer of cations from water
to aqueous ethanol as a function of the mole percentage of
ethanol: (—) Nat, (---) K, (—-—) Rb*, and (:--) Me4N™.
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Figure 4. Gibbs energy of transfer of cations from water
to aqueous ethanol as a function of the mole percentage of
ethanol: (—) MeyN*, (- - -) EtyNt, (—--—) Pry,N*, and (---)
BU4N+.

is clearly a need for renewed experimental effort in
this area.

2. Discussion of the Transfer Energetics

The values of A(G°(H") from water to aqueous
ethanol are broadly similar to, but show some sig-
nificant differences from, those for transfer into
aqueous methanol. Thus, whereas A(G°(H™) is slightly
positive at low xweon in the latter mixtures, only a
small kink is apparent at similar compositions in the
former. At intermediate solvent compositions, both
aqueous methanol and ethanol mixtures are more
basic (A{G°(H") < 0) than pure water. In both
mixtures AG°(H") eventually becomes positive at

higher alkanol contents, although considerably ear-
lier in aqueous ethanol (Xgon ~ 0.65) than in aqueous
methanol (Xweon =~ 0.80). For the interactions respon-
sible for this behavior, see the discussion above of
AG°(HT, w—w+MeOH), noting that, compared with
methanol, ethanol has a somewhat higher g value
(Table 3) and proton affinity of the isolated mol-
ecule,® but is also bulkier, i.e., it has a larger
hydrophobic group.

The AG°(M™") data for the alkali metal cations,
particularly Li" and Na*, show definite anomalies
(extrema or inflection points, Figure 3) at low XgtoH,
where the water—water interactions are dominant.
As for aqueous methanol, but without the Rb*/Cs™
anomaly, the sizes of the cations, responsible for the
electrostatic effect, lead to the order Lit < Nat < K*
~ Rb" ~ Cs™.

The tetraalkylammonium cations show a more or
less systematic variation with increasing chain length.
The values of A\G°(Me;N™) are similar to those of the
larger alkali metal cations, except at low Xgton Where
water structural effects are prominent. For the larger
and more hydrophobic R;N* cations, A:G° is more
negative, corresponding to more favorable solvation
than in pure water, as a result of the increasing
break-up of the water structure and increasing
dispersion interactions with the ethanol component.
These effects are even greater for iPeBuzN* and Phy-
As™. Interestingly, A(G° of these two ions are similar,
especially at higher Xgiwon, which provides some
indirect justification for the extrathermodynamic
assumption A;G°(iPeBusN*) = AG°(PhsB~) used by
some authors.16:128

The limited data available for the divalent cations
are broadly similar to those of the alkali metal
cations, with some inflections at low ethanol content
in the mixtures, followed by a steady increase.
Consistent with their higher charge, A(G°(M?") are
much more positive than those for the univalent
cations of similar size. On the other hand, the order
with respect to size is anomalous: Zn?t < Pph?t <
Cu?*, which cannot be readily explained. Further-
more, A(G°(Cu?") and AG°(Zn?*) are well correlated
up to Xeton = 0.7 but then rapidly diverge, which
seems implausible.

C. Transfers from Water to Water + 2-Propanol
(i-PrOH)

Since Marcus's review,?? and in contrast to aqueous
n-PrOH for which almost no data exist, a reasonable
body of data on AG°(ion, w—w+i-PrOH) has built
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Table 7. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + 2-Propanol (i-PrOH)
Mixtures at 298.15 K

A:G°(ion)/kd mol~%, molarity-scale

ion\100x 10 20 30 40 50 60 70 method ref status
H* -1.9 -3.0 (—3.5) TATB 90
—-1.4 —2.6 -3.8 TATB 131
—2.1 —-3.8 TATB 118
-1.7 —2.7 —-3.2 -3.3 -3.3 —-3.2 —-3.2 IND 57
-3.8 —-6.1 -7.3 -7.7 7.7 -7.6 7.7 IND 103
—-1.8 -3.1 -3.7 TATB R
K+ 1.0 1.7 (2.4) 3.0 TATB 90
1.5 2.2 2.2 TATB 131
1.0 1.0 TATB 118
1.2 1.6 2.3 TATB R
Rb* 1.2 1.8 1.8 TATB 131
0.9 1.7 2.1 2.8 4.3 5.8 8.3 IND? 98
1.0 1.8 2.0 TATB R
NH4* —-0.8 —-0.8 INDP 134
PhsAs™ —-11.3 —-17.8 TATB 130
—10.8 —-14.9 (—18.1) —-19.1 TATB 90
—-11.5 —-16.8 (—15.4) TATB 131
—-11.2 —16.5 —16.8 TATB R
Cu?z*t 1.9 4.3 7.2 10.5 14.3 18.6 23.3 NLJP 46
zZn?t 0.3 1.6 0.1 TATB 131 T

a Using A¢G°(HCI) from ref 157 and A(G°(H") from ref 57 to obtain A(G°(Rb*) values from A:G°(RbCl) data. b Using AG°(HI)
from ref 179 and AG°(H") from ref 57 to obtain A{G°(NH4*) values from AG°(NH4l) data.

Table 8. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + tert-Butyl Alcohol
(t-BuOH) Mixtures at 298.15 K

AG°(ion)/kJ mol~%, molarity-scale

iom\100x 2 5 10 20 30 40 60 80 90 100 method ref status
H* 02 -09 -29 —4.0 TATB 118
01 -13 —34 (-4.8) TATB 117
-0.6 —23 —45 -6.5 TATB2 135
-01 -14  -32 3.4 TATB2 98
0.2 —2.7 -3.1 TATB 121
-01 -16 -34 5.2 TATB 90,118
-01 -15 -34 —45 TATB R
Li+ 02 02 —04 -0.2 TATB® 136
Na+ 08 09 0.7 0.6 TATB® 136
1.2 15 1.0 0.4 -0.1 TATB® 137
1.0 12 0.9 05 {-0.1} TATB R{T}
K+ 08 08 0.5 0.7 TATB2 136
1.6 1.9 0.7 1.3 TATB 138
03 00 0.3 1.4 TATB 118
03 -04 —03 -0.2 TATB 90,118
08 06 0.3 0.8 TATB R
Rb* 05 06 0.2 0.5 TATB® 136 T
Cs* 06 05 0.1 0.3 TATB® 136 T
Ag* 05 03 -04 (-3.0) TATB2 139 T
NH4* 04 -03 —08 -0.8 TATB® 138 T
MesN* 1.0 13 0.7 TATB® 140 T
Et.N* 25 37 3.2 TATB® 140 T
PrsN* 1.6 27 2.0 TATB® 140 T
BusN* 30 6.3 6.6 TATB® 140 T
PhAst  —26 —74 —142 —16.2 TATB 118
-30 -79 —144 TATB 140
-18 -69 —136 -16.1 TATB 138
-29 -84 -—138 172 TATB 130
—2.4 -89 147 -175 TATB 90,118
-25 -79 -141 -16.8 TATB R
Mg?* 27 12  -32 TATB 117 T
ca’* 30 18 —06 TATB 117 T
Srz+ 40 42 1.5 TATB 117 T
Ba?* 40 42 1.5 TATB 117 T
cuz 3.1 5.9 9.3 137 235 364 453 550 NLIJP 111
Hg2+ 35 121 (17.1)  (17.3) TATB: 114

a Using AG°(MClI) from the designated references and AG°(Cl-) based on the TATB assumption from ref 118. ® Using AG°(MCly)
from ref 137 and AG°(CI™) based on the TATB assumption from ref 22. ¢ AG°[M(BPh,),] from refs 114 and 140, combined with

the average value of A{G°(BPh,~) based on the TATB scale from refs 118 and 138.

up. Table 7 summarizes the available values. Con-
trary to the other systems, values obtained via

indicator methods (IND) have been included, since
where comparisons are possible such results are in
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Figure 5. Gibbs energy of transfer of cations from water
to aqueous tert-butyl alcohol as a function of the mole
percentage of tert-butyl alcohol: (—) Na* (extending to
30%), (- - -) K*, (—==) Rb™, (--*) Mg?*, (—) Ca?* (with sharp
peak), and (—--—) Sr2*,

surprisingly good accord with the TATB-based val-
ues.

At low Xi.pron, independently determined values of
AG°(MT, w—w+i-PrOH) for Phy,Ast, H*, K, and Rb™"
based on the TATB assumption®%118130.131 gre in good
agreement and the averaged data are Recommended.
Insufficient data are available for other solvent
compositions and for other cations to make a reliable
assessment. However, as in other aqueous alkanol
mixtures (e.g., section I11.B), it is possible that the
values of A{G°(Cu?", w—w-+i-PrOH) obtained by the
NLJP assumption“® are too positive.

Little discussion of the significance of the data is
possible at the present time. It is noteworthy, how-
ever, that as in aqueous ethanol and tert-butyl alcohol
mixtures, the hydrogen ion is better solvated at low
Xi-eron than in pure water.

D. Transfers from Water to Water + tert-Butyl
Alcohol (t-BuOH)

1. Comments on the Data

The Gibbs energies of transfer of cations are
generally limited to <20 mol % tert-butyl alcohol,
except for the study of A{G°(Cu?*, w—w+t-BuOH)**!
which covers the entire composition range. One of the
reasons for this focus on the low xtgyon region is that
significant changes in solvent structure take place
there. The available data are summarized in Table
8, and selected data are plotted in Figure 5.

Within the restricted composition range studied,
independent determinations of AG° for PhyAs™, HT,
Na*, and Kt are in good agreement and their aver-
aged values have been classified as Recommended.
In the absence of confirmatory studies, little can be
said about the quality of the remaining data.

2. Discussion of the Transfer Energetics

As noted above, the values of A{G°(M"*, w—w-+t-
BuOH) undergo remarkable changes as the concen-
tration of t-BUOH increases (Figure 5). The reality
of such effects depends, of course, on the reliability
of the TATB assumption, but it is hard to see why
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this assumption would fail here, given that it appears
to work well in other aqueous/organic mixtures. It is
well-known that relatively featureless plots of A(G°-
(ion, w—w-s) against xs may result from dramatic
but opposing changes in the corresponding enthalpies
and entropies of transfer.””14! Even larger effects are
exhibited by the heat capacities, ACy°(ion, w—w-+t-
BuOH), and volumes, A{V°(ion, w —w-+t-BuOH), of
transfer in the same solvent composition region.*#?
Such effects have been attributed to strong mutual
interactions of water and t-BuOH, even to the point
of the development of solution nanoheterogeneity.'4?

The values of AG°(H*, w—w-+t-BuOH) indicate
that except perhaps at very low Xwpuon, aqueous
t-BUOH is significantly more basic than pure water.
This is attributable to the break-up of the three-
dimensional hydrogen-bonded structure of water by
the bulky, hydrophobic t-BuOH molecules. For the
alkali metal and even more so for the alkaline earth
cations, the values of A(G°(ion) have very definite
maxima near X¢—syon = 0.03 (Figure 5). It is known!43
that t-BuOH enhances the water structure more and
at lower mole fractions than MeOH and EtOH.
Therefore, at Xi—guwon < 0.1 where the A(G° of these
and the tetraalkylammonium ions are available, the
work of cavity creation to accommodate the cations
is greater than in water and increases with cation
size, hence the observed extrema. However, further
discussion of these effects is unwarranted pending
confirmation of the data and their extension to a
much wider range of solvent compositions.

The AG°(Cu?t, w—w+t-BuOH) data,*! which are
available over the entire composition range though
not in the important very water-rich region, Xguon
< 0.1, were obtained via the NLJP assumption and
must be viewed with caution. As with data obtained
by this procedure in other aqueous alkanol mixtures,
the A:G° values seem to be somewhat too positive,
in view of the rather strong donor properties of
t-BUOH (Table 3). Circumstantial evidence for this
view comes from a calculation of A{G°(Cu?*, w—t-
BuOH) = 19 kJ mol~1, based on a multiparameter
ion solvation model.'>8 On the other hand, the large
positive values of AG°(Cu?", w—w+t-BuOH) may
reflect solvent packing effects in the coordination
sphere of the copper cation.

E. Transfers from Water to Water + Ethylene
Glycol (EG)

The available data from the few studies made of
the Gibbs energies of transfer of cations from water
into aqueous ethylene glycol, mainly based on the
TATB assumption, are shown in Table 9. As there is
only one estimation!* of the values of A(G°(PhAs"),
which appears reliable, the data for this system have
been classified as Tentative. For most other cations,
insufficient independent data are available to assess
their reliability. Exceptions are A(G°(H"), A(G°(K"),
and A{G°(Cu?"), where independent data are in good
agreement over the entire composition range.

As in aqueous ethanol solutions (Table 6), A:G°-
(H") is slightly negative at low cosolvent concentra-
tions, the mixed solvent being slightly more basic
than pure water, and becomes steadily more positive
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Table 9. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Ethylene Glycol Mixtures

(EG) at 298.15 K

AG°(ion)/kJ mol~?, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* -05 0.0 0.3 -0.3 0.0 0.9 1.9 3.6 5.7 8.5 TATB 144
—-0.6 -1.0 —-1.6 —-1.8 -1.8 —-1.5 -1.1 0.0 1.8 4.1 TATB2 103
-05 -05 -0.7 -1.1 -0.9 -0.3 0.4 1.8 3.8 6.3 TATB T
Lit 0.3 1.2 2.4 2.7 3.0 3.4 3.9 4.2 3.7 3.3 TATB 144 T
Na* 0.1 0.4 1.0 1.6 1.7 1.7 1.8 1.9 1.5 1.3 TATB 144 T
K+ 0.3 1.3 2.0 2.0 2.0 2.0 2.0 2.1 1.6 1.3 TATB 144
0.1 1.3 1.5 1.6 1.8 2.2 2.8 3.4 2.7 1.8 TATBP 125
0.3 1.5 2.1 2.0 2.7) TATB 145
0.3 1.4 1.9 1.9 1.8 2.1 2.4 2.7 2.2 1.6 TATB T
Ph,As® —-4.8 —8.0 (-11.2) -13.7 (-15.9) (-17.8) -19.3 (—20.2) (—20.9) —21.3 TATB 144 T
Cu?* 0.7 1.2 1.7 2.3 2.8 3.4 3.9 4.7) (5.8) 71 NLIP 111
0.2 0.3 0.4 0.8 0.9 1.3 1.8 2.2 3.8 4.7 NLJIP 46
0.6 1.1 1.7 2.1 2.4 3.1 3.7 4.1 5.2 6.2 TATB® T
Zn?* [-2.0] [-5.4] [-9.3] [-11.4] [-14.8] [-17.8] [—20.3] Fc 146
Cd?z* [-1.6] [-4.7] [-8.0] [-10.6] [—-13.3] [—15.0] [—18.0] [-6.6] Fc 147

a Recalculated via the TATB assumption from values presented according to the spectrophotometric indicator approach. ? Using
AG°(KCI) from ref 125 with A{G°(CI~) based on the TATB scale from ref 22. ¢ Averaged NLJP data from the previous rows adjusted

to the TATB scale using conversion addends from Table 1.

Table 10. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Propylene Glycol (PG)

Mixtures at 298.15 K

AG°(ion)/kJ mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* [-14.0] [-10.8] [-9.7] [-86] [-7.4] [-6.5] [-5.7] [-2.3] 2.1 6.5 TATB 55
K+ 25 2.9 4.3 5.6 6.0 5.7 5.3 5.3 5.2 5.2 TATB 55
Cs™ 2.0 3.3 4.1 45 45 4.4 4.3 4.3 4.6 52 TATB 148
Ag" —-16.2 —13.6 —-12.4 —11.4 —11.4 —11.7 —-12.2 —-11.7 —11.4 —-10.8 TATB 55
PhsAs* —5.0 -93 -115 -133 -146 —-154 -—-170 -179 186 —19.3 TATB 55
—6.1 —10.6 —-13.7 —15.7 —16.9 —17.5 —-17.8 —-18.0 —-18.4 —-19.2 TATB 148
—5.6 -100 —-126 —-145 -157 -165 —-174 —-180 -—-185 -19.3 TATB R
Cu?t 25 4.8 6.5 7.6 8.9 (9.99 111  (13.0) (15.3) 17.7 NLIP 111
Zn%*t —2.4 —-8.6 —147 -16.7 —-19.1 —20. —22.7 Fc 149

at xec > 0.5. The reasons for such behavior are
presumably the same for both cosolvents (see section
11.B.2).

The values of AG°(M"", w—w+EG) for the other
cations are generally quite small and positive, con-
sistent with the similarity of the solvation charac-
teristics of ethylene glycol and water. The values for
the alkali metal cations do not show a consistent
order. The values of A{G°(PhsAs™) are quite strongly
negative, similar to those for other aqueous organic
solvent mixtures, and their dependence on the sol-
vent composition is characteristic of preferential
interaction with the organic component. The magni-
tude of A(G°(Cu?*) is somewhat positive, more than
for the alkali metal cations, but still rather small
compared with those for transfer into aqueous mono-
hydric alkanols. In contrast, A{G°(Zn?") and AG°-
(Cd?*), obtained by the Fc assumption, are highly
negative (also when compared with the positive AG°-
(Zn?*) for aqueous MeOH and EtOH) and are con-
sidered unreliable.

F. Transfers from Water to Water + Propylene
Glycol (PG)

The available data for the Gibbs energies of trans-
fer of cations from water to aqueous propylene glycol
are given in Table 10. Surprisingly, none of the
papers quoted specify whether the 1,2- or the 1,3-
isomer of propylene glycol was used, with the excep-

tion of that of Brillas et al.,’#"14° who used 1,2-PG.
There are somewhat fewer data than for transfer into
aqueous ethylene glycol (Table 9), and consequently
little can be said about them. An exception is A(G°(Phgs-
As™), for which two independent studies®>!*® are in
good agreement over the whole composition range.

The values of A{G°(H™) at lower xpc®>*® are very
negative, both in an absolute sense and when com-
pared with those for transfer into aqueous EG (Table
9) and must therefore be regarded with caution. Such
negative values may stem from an incorrect estima-
tion of A{G°(CI") used in their derivation. A similar
caveat appears appropriate for the corresponding
values of A{G°(Ag*) by the same authors.®® The major
differences, up to 40 kJ mol™%, between AG°(Cu?")
and AG°(Zn?") are anomalous and possibly reflect
an inconsistency between the extrathermodynamic
assumptions employed rather than a real difference
in the solvation energies of these two cations.

EB. W)ater to Water to Water + Tetrahydrofuran
THF

The rather few data available for AG°(M"t,
w—w+THF) are summarized in Table 11. The data
are restricted to low cosolvent compositions (Xtpe <
0.2), probably because of the low relative permittivity
of THF (¢ = 7.58 at 25 °C) with its consequent
problems of ion pairing in more THF-rich solutions.
It is not possible to comment on the reliability of the
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Table 11. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Tetrahydrofuran (THF)

Mixtures at 298.15 K

A:G°(ion)/kd mol~%, molarity-scale

ion\100x 2 5 10 15 20 40 60 80 90 100 method  ref  status
H* —26  (-5.0) 69 (-76) —8.0 TATB 150
2.6 -7.4  -115  -10.2 -8.2 IND 151
Li* 2.2 —4.0 5.4 -6.2 6.4 TATB 152
Na+ -2.0 -3.7 -5.0 5.2 5.2 TATB 152
-1.8 -51  (-7.1) IND 151
K+ —2.0 3.4 4.3 —4.8 —4.9 TATB 152
Rb* 2.2 -5.8 -81  (-5.1) IND 151
2.0 -3.7 -5.1 -5.7 -5.8 TATB 152
BusN* -3.3 -82 —139 -137 -124 IND= 151
—2.4 -3.9 -50 (-62) -7.3 TATB® 153
PhsAst  —56  —12.0 —201 -247 —189 TATB 152
cu?* (0.4) (0.7) 1.4 (1.8) 23 37 49 95 157 235 NLIP 154

a Data for asymmetrically substituted alkylammonium ions are also available in ref 151. ® Using A{G°(Br-) based on the TATB

scale from ref 150 to obtain the cation value.

data as there are no independent studies based on
the TATB assumption. It is noteworthy, however,
that the values of A{G°(M*) estimated by the TATB
assumption®®? and the indicator method of Wells'5!
are in reasonably good agreement (Table 11), al-
though the latter method cannot be said to yield
reliable results. This agreement, however, does not
exist for A(G°(BusNT).

The magnitude of A(G°(H", w—w+THF) indicates
that (water-rich) aqueous THF is more basic than
pure water, as is the case for the alkanols and
alkanediols. Little can be said about the trends in
the remaining data, except that the A(G°(M™) values
for the alkali metal cations are slightly negative and
essentially independent of cation size. Surprisingly,
AG°(BugN™) is similar to those of the alkali metal
cations. The values of A;G°(Cu?") are, on the contrary,
positive and show, when plotted against xtng, the
shape characteristic for selective solvation by water.
This is consistent with the greater donor strength of
water (Table 3). It is puzzling, therefore, that similar
effects are not apparent in the transfer Gibbs ener-
gies of the univalent cations.

H. Transfers from Water to Water + 1,4-Dioxane
(DX)

The data available for A{G°(M"*, w—w-+DX), sum-
marized in Table 12, are largely confined to low
cosolvent concentrations (xpx < 0.2), a fact ascribable
to the very low relative permittivity of dioxane (¢ =
2.21 at 25 °C).

Two independent investigations!?%152 of AG°(Phy-
As™) are in reasonable agreement over the limited
solvent composition range studied, and the values
obtained are supported by the results reported for
AG°(PhyP).181 The equivalence A{G°(PhsAs™) ~ AG°-
(Ph4P™), having been established for a number of
agueous organic cosolvent systems, permits the av-
eraging of the three sets of data to produce a set of
Recommended values for A(G°(PhsAs™). Independent
studies of AG°(H") and of the Gibbs energy of
transfer of the alkali metal cations are also in
agreement, and the averaged values have accordingly
been classified as Recommended.

The small negative values of A{G°(H*, w—w-+DX)
indicate that as for THF and the alcohols, the (water-
rich) mixtures are slightly more basic than pure
water. Again, as for THF, the Gibbs energies of
transfer of the alkali metal cations are small and
negative and vary little with cation size. For the
tetraalkylammonium cations, AG°(MesN™) closely
resembles those of the alkali metal cations whereas
those of the higher homologues show a systematic
(increasingly negative) variation with size, consistent
with their increasing interactions with the organic
component.

|. Transfers from Water to Water + Acetone (AC)
1. Comments on the Data

Although there have been numerous studies of ion
solvation energetics in aqueous acetone solutions, few
cover the entire solvent composition range. The
available data, based mainly on the TATB assump-
tion, are summarized in Table 13 and selected data
are shown in Figure 6.

A number of independent studies of A{G°(M™) for
the hydrogen and alkali metal ions up to Xac = 0.7
have been published and are in good agreement.
However, as only one study!® of A{G°(Ph;As™) has
been reported, the averages of mutually agreeing
data for other cations must be classified as Tentative.
Two independent studies of AG°(Cu?"), using the
NLJP assumption, are also in agreement, and their
average is also classified as Tentative. In contrast,
an investigation of A{G°(Zn?") using the notionally
similar cobaltocene (analogous to Fc) and BBCr
assumptions?®® produced discordant results, of which
the more negative ones obtained by the cobaltocene
assumption appear to be incompatible with the
behavior expected for transfer of Zn?* into aqueous
solvents of similar donor strength.

2. Discussion of the Transfer Energetics

The negative values of A{G°(H") and the evidence
for an upturn at xac > 0.4 are similar to the observed
behavior in other aqueous organic mixtures. Despite
the greater donor strength of water compared with
acetone, the values of A(G°(M*, w—w+AC) for the
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Table 12. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + 1,4-dioxane (DX)

Mixtures at 298.15 K

A¢G°(ion)/kJd mol~%, molarity-scale

ion\100x 5 10 15 20 30 40 50 60 70 method ref status
H* -1.5 21 -21 -1.7 0.8 5.3 (11.2) IND 155
(—3.1) —4.7 —3.5 TATB 152
(—3.2) —-5.1 —4.3 TATB? 98
(—3.0) -3.7 —2.6 TATB® 156
-3.9 —6.5 —6.8 7.1 TATBP 157
-1.3 —-1.4 —1.4 —1.4 TATB 87
—-2.9 —4.3 —-3.7 {—4.3} TATB R{T}
Li* —2.6 —2.8 (—2.1) TATB 152 T
Na* —-2.0 —-2.0 (—0.7) TATB 152
0.0 -0.3 -0.8 -2.1 TATB 87
-1.0 -1.2 -0.8 {-2.1} TATB R{T}
K* -1.6 -2.3 -1.2 TATB 152
—1.4 —-2.1 0.4 TATB?2 158
-1.5 —-2.2 -0.4 TATB 152 R
Rb* -1.9 -1.7 (—0.6) TATB? 98
—-1.6 -21 0.2 TATB? 158
—1.4 -1.8 0.4 TATB 152
-1.8 -1.9 -0.2 TATB R
Cs* -2.0 -2.2 (—0.9) TATB 152
—-1.6 —-2.3 -0.1 TATB? 158
—-1.8 —-2.3 -0.5 TATB R
Ag*t 2.0 1.7 -1.3 NLJP 159
MesN* (—2.4) -3.1 -1.1 TATB? 158 T
PrsN* —4.4 -7.1 —6.8 —5.7 TATB? 158 T
BusN™ —5.2 —9.2 —10.5 TATB? 158 T
Fct —9.4 —-11.9 (—12.7) TATB® 160 T
PhsP* -11.4 —-19.9 —25.7 —28.7 TATB 161 T
PhsAs™ —8.9 —15.5 —-18.7 (—20.5) TATB 152
—13.8 —-19.5 —22.9 —25.3 TATB 120
-11.4 —-18.3 —22.4 —24.8 TATB R
Ba?" 12.2 INDd 162
Cu?* 0.4 0.8 2.4 3.6 4.5 5.6 7.1 8.1 NLJP 154

a Using A«G°(MCly) from ref 158 and A:G°(CI-) based on the TATB assumption from ref 152. ® Using A:G°(HX) from refs 156
and 157 together with A:G°(CI~ ~) based on the TATB assumption, ref 152. ¢ Using A:G°(Fc") — AG°(H™) from ref 163 combined
with A{G°(H™) based on the TATB assumption from this table. 9 Using A:G°(Ba(l103),) from ref 162 with AG°(103~) based on the

indicator scale.

alkali metal cations are also negative, albeit less so
than for hydrogen ions, but given the values of A;G°-
(M*, w—AC), they eventually become positive. Up to
Xac = 0.7 they show little variation with size, lying
in the order Lit < Cst < Rbt ~ Kt < Na'*. The
anomalous position of Li" is difficult to explain.

As for many other aqueous organic systems, the
values of A{G°(Me4N™) are very similar to those of
the alkali metal cations. The very negative values for
AG°(Pry;N*) and AG°(PhsAst) are consistent with
the preferential solvation of these large hydrophobic
cations by the organic constituent via dispersion
interactions.

As in other O-donor organic mixtures with water
(such as THF, DX, and DMF), the values of AG°-
(Cu?™) are much more positive than those of the alkali
metal cations, consistent with preferential solvation
by the water component of the mixtures. The differ-
ences of up to 30 kJ mol™! between A{G°(Cu?*)
derived from the NLJP assumption and A{G°(Zn?*)
obtained by the cobaltocene assumption'®® emphasize
the uncertainty of the latter values.

J. Transfers from Water to Water + Propylene
Carbonate (PC)

Water and propylene carbonate are not completely
miscible at 25 °C, the mutual solubilities correspond-

ing to xpc = 0.0362 in the water-rich phase and Xpc
= 0.661 in the PC-rich phase.®* This miscibility gap
is reflected in most of the available data for the Gibbs
energies of transfer of cations from water to aqueous
PC, which are summarized in Table 14. Surprisingly,
Coetzee and Istone*® report AG°(Cu?t, w—w-+PC)
over the entire solvent composition range. Although
these measurements seem to have been made with
a background electrolyte (0.01 mol dm=3 Et;NCIOQy,),
it is implausible that the solutions were homoge-
neous. Accordingly, the data in the midrange of
solvent compositions*® have been rejected and are not
included in Table 14.

All of the remaining data are reported in one
publication,'* using the Fc assumption. Conse-
quently, for comparison, values of A(G°(M*, w—PC)
based on the TATB scale!® are also included in Table
14. These differ from the Fc-based data by up to 15
kJ mol~! (although many of the differences are
smaller), so that all the data listed in Table 14 should
be viewed with caution.

At xpc = 0.7, the values of A{G°(M*, w—w-+PC) for
the alkali metal cations show systematic variation
in the order Li" > Na® > K* > Rb™ > Cs™. The
complexity of the ion—solvent interactions is reflected
in the fact that these A{G°(M™) values remain nega-
tive even up to pure PC, despite the weaker donor
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Table 13. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Acetone (AC) Mixtures at

298.15 K
A{G°(ion)/kJd mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* —5.4 -9.1 -11.3 -—-12.1 -11.0 TATB* 98

—5.4 —-9.2 -11.7 -—-124 -11.8 (—10.3) TATB2 164

—5.4 -9.2 -115 -123 -11.4 (-10.3) TATB T
Li* -3.3 —-6.0 —6.6 TATB2 165

—3.4 —5.8 —6.9 7.2 —6.4 (—6.1) TATB* 164

-3.3 -5.9 -6.8 {-7.2} {-6.4} {-58}* 10° TATB R{T}
Na* —2.8 —45 —4.1 TATB2 165

—2.7 —4.5 —5.2 —4.6 —-3.3 (—2.3) TATB2 164

—-2.8 —4.5 -4.7 {-4.6} {-3.3} {-2.3} 10° TATB R{T}
K+ —-3.2 —=5.0 —5.6 —5.4 =51 —4.4 (—3.8) TATB 166

-3.0 —-4.8 —5.7 —-5.2 —-4.0 (=3.7) TATB2 164

-3.1 —-4.9 -5.7 -5.3 —4.6 —-4.1 {—3.8} 4°  TATB R{T}
Rb* —-3.1 —-4.9 —5.4 —-4.9 —4.5 —-3.9 (=3.2) TATB 166

-3.0 —4.8 —-5.7 -5.3 —4.5 —4.3 TATB? 164

-3.1 -4.9 -56 —5.1 —-45 -4.1 {-3.2} 4 TATB R{T}
Cs™ —-3.4 -5.6 -6.1 —5.8 -5.3 —4.4 (—3.7) TATB 166

—-3.2 —5.0 —6.2 —6.0 —5.3 —4.9 TATB2 164

-3.3 —-5.3 —6.2 -5.9 -5.3 —4.7 {-3.7} 4¢  TATB R{T}
Ag*t -3.1 —6.2 —6.8 -6.5 -6.1 -55 (—4.9) 9¢ TATB 166 T
MesN* —4.3 -7.1 —-7.8 -7.6 -7.2 —6.6 (—5.9) 3¢ TATB 166 T
Pr,N* -86 —143 (—17.5) TATB 166 T
BusNt  (—=11.3) TATB 166 T
Fct -7.1 —9.9 TATBY 163 T
PhsAs* -128 —204 —-256 —28.0 —30.1 —31.6 (—33.0) —32¢ TATB 166 T
Cu?*t 0.7 1.9 2.5 3.6 4.2 6.4 8.1 12.9 22.9 42.2 NLJIP 154

3.8 7.6 7.5 8.7 9.7 11.2 13.1 16.4 21.9 448 NLJP 167

2.3 4.8 5.0 6.1 7.0 8.8 10.6 14.7 22.4 43,5 NLJP T
Zn%*t -7.2 (-13.1) -—185 -—-21.1 (-223) -—22.8 —-15.9 -143 -121 18.8 Fc® 168

-12 (-21) -45 —-41 (-3.3) -1.8 6.3 9.9 119 448 BBCr 168
In3* -0.3 -1.0 -1.1 3.6 11.3 22.3 35.6 NLJP 169

a Using A«G°(MCI) data from ref 164 combined with AG°(CI~) d

ata based on the TATB scale, ref 166. P Recommended value

from ref 170 based on the TATB scale. ¢ Recommended value from ref 19 based on the TATB scale. ¢ Using A.G°(Fc*) — AG°(H")

from ref 163 combined with A(G°(H*) based on the TATB scale fro

m this table. ¢ Cobaltocene was used rather than ferrocene.
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Figure 6. Gibbs energy of transfer of cations from water
to aqueous acetone as a function of the mole percentage of
acetone: (—) Li™, (---) Nat, (—+-—) K*, and (-**) MesN™.

ability (but not dipole moment and polarizability) of
PC relative to water (Table 3). In contrast, the data
for A{G°(Cu?*, w—w+PC) are much more positive and
show a dependence on solvent composition charac-
teristic of preferential solvation by water, similar to
those of other aqueous O-donor cosolvent mixtures.

K. Transfers from Water to Water + Pyridine
(PY)

The few data available for the Gibbs energies of
transfer of cations from water to aqueous pyridine,

mostly based on the NLJP assumption and measured
at 30 °C, are collected in Table 15. Little can be said
about the reliability of these data in the absence of
independent investigations and especially studies
based on the TATB assumption. As would be ex-
pected from the high basicity and strong electron-
donor characteristics of pyridine, all the reported
values of A{G°(M™*, w—w-+PY) are negative and show
a dependence on the pyridine content of the mixtures
typical of preferential solvation of the cations by the
pyridine component.

It is interesting that A\G°(Zn?*, w—w+PC) at low
Xpy is much less favorable (less negative by up to 25
kJ mol~?1) than for the almost identically sized Cu?*
cation. This is consistent with the usual Irving—
Williams order of stability of the [M(PY),]?* com-
plexes measured in extremely dilute (xpy < 0.1)
aqueous solutions,'”® which is largely related to a
difference in the ligand field stabilization energy of
the d° Cu?" and d'°© Zn?* cations. The increasingly
favorable values of AG°(Zn?") at higher xpy are
noteworthy and might be related to changes in the
coordination number of this ion.

L. Transfers from Water to Water + Acetonitrile
(AN)
1. Comments on the Data

Gibbs energies of transfer of cations from water to
aqueous acetonitrile mixtures are among the most
extensively studied of all agueous—organic systems.
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Table 14. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Propylene Carbonate

(PC) Mixtures at 298.15 K

A:G°(ion)/kd mol~%, molarity-scale

miscibility
ion\100x 2 gap 70 80 90 100 method ref status

H* -1.6 Fc 171
50 TATB 19

Lit -1.3 —-2.0 4.4 55 18.7 Fc 171
24 TATB 19

Na* 2.2 —-25 1.0 3.3 4.0 Fc 171
15 TATB 19

K* -1.0 —6.5 -3.0 —-3.3 —-35 Fc 171
5 TATB 19

Rb* -1.3 —8.2 —5.3 —5.6 —5.8 Fc 171
-1 TATB 19

Cs™ 2.2 —-9.9 —6.4 -7.3 —-8.0 Fc 171
-7 TATB 19

Ag*t —-1.6 —6.0 -0.4 2.7 9.9 Fc 171
19 TATB 19

T+ -1.3 —6.5 -7.3 —6.4 —4.3 Fc 171
11 TATB 19

Cu?* 0.5 10.8 16.3 27.6 75.4 NLJP 46
73 TATB 19

Table 15. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Pyridine (PY) Mixtures

at 303.15 K (except where otherwise indicated)

AG°(ion)/kJ mol~, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* —-30.0 —28>  NLJP2 172
—38.8 Fca 172
-30.2 NLIJP 173
Ag* —33.4 —37.4 —414 —450 —476 —496 -513 -520 -52.6 -—52.8 NLJP 174,175
Cu?t —43.7 -—-489 -528 -558 -60.7 —628 —66.3 —716 —746 -—775 NLIJP 176
Zn2* —18.6 —24.4 —344 —38.6 —424 —499 -590 -66.8 -—73.2 -79.6 NLIJP 177
a At 298.15 K. ® From ref 11, based on the TATB assumption.
The existing data, based mainly on the TATB as- 12
sumption, are listed in Table 16, and selected values
are plotted in Figures 7 and 8. 0 V\\
Four independent studies®140.179.186 of A,G°(Ph,As™, s
w—w-+AN) are in excellent agreement, which allows T2 R ""},\
their averaged values to be classified as Recom- g Vo T
mended over the entire solvent composition range. 3 24 ‘\ ____
For the alkali metal, copper(l), and silver cations, (}
independent studies based on the TATB assumption 36 ,,,,,,,,
are in good agreement too. They are also well e e
supported by other estimates, based on the Fc and 48T T~
NLJP assumptions, that can be adjusted to the TATB | 7T
scale using the addends given in Table 1. Accordingly, 60 ’ ) ‘ n

the averaged values of A:G° for these ions have been
classified as Recommended at all solvent composi-
tions. Data for AG°(R;N*) from two independent
studies!®®185 exist up to xan = 0.4 and are in good
agreement, so that their averages are also classified
as Recommended.

The situation regarding A(G°(H") is less straight-
forward. The values given by Villermaux and
Delpuech®” at xan < 0.4 are at variance with those
in other studies®® " and have therefore been rejected.
The latter two studies are in good agreement at Xan
< 0.7 but diverge at xan = 0.8. Because of this and
as only a single study'” is available at xay > 0.8, the
data beyond xany = 0.7 must be considered doubtful
at this stage.

Data for the remaining univalent and the divalent
cations, with the exception of copper(ll), have not
been independently confirmed and so have been

0 20 40 60 80 100

mole percent AN

Figure 7. Gibbs energy of transfer of cations from water
to aqueous acetonitrile as a function of the mole percentage
of acetonitrile: (—) Na*, (---) Cu*, (——) Ag™, and (-**)
Aut.

classified as Tentative. There are a plethora of data
for AG°(Cu?") based on the NLJP assump-
tion.46.132181.183 A]| the data are in good agreement,
with the exception of the values given by Parker et
al.’® at xan < 0.4, which must be rejected. However,
when the averaged NLJP values are converted to the
TATB scale by means of the addends in Table 1, they
are in poor agreement with those determined directly
via the TATB assumption (differing by up to 20 kJ
mol~1), the latter being preferred.
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Figure 8. Gibbs energy of transfer of cations from water
to aqueous acetonitrile as a function of the mole percentage
of acetonitrile: (=) TI*, (- - -) Cu?*, (—--—) Zn?*, and (-**)
Cu®.

2. Discussion of the Transfer Energetics

As for many other aqueous organic solvent systems,
AG°(HY, w—w+AN) is slightly negative at low co-
solvent compositions (xan < 0.7), indicating that the
mixtures are mildly more basic than pure water. This
presumably results from the enhancement of the
three-dimensional hydrogen-bonded structure of wa-
ter by the acetonitrile molecules. At xan > 0.7, where
the data are less reliable (see above), the mixtures
appear to become steadily less basic (AG°(HY) is
positive) as water is replaced by acetonitrile in the
immediate solvation shell of the hydrogen ion.

The values of A(G°(M™) for the alkali metal cations
are similar to those of the hydrogen ion but become
positive at lower cosolvent compositions, xan ~ 0.5.
These data generally show a systematic variation
with cation size, being in the order Lit > Na® > K*
>Rb* >Cs*, although the differences are not large,
except for the smaller cations at xan > 0.7.

As in many other aqueous organic solvent systems,
the values of AG°(MesN*t, w—w+AN) mimic those
of the alkali metal cations but the similarity appears
to be a little weaker (the data have not been inde-
pendently confirmed though). Certainly the values
of A{G°(R4N*, w—w+AN) for the bulkier, more hy-
drophobic R4N* cations appear quite different, in
particular if a smooth variation of A{G°(R4sN™) is
assumed in the range 0.4 < xan < 1.0 where data
are not available.

Arguably the most noteworthy feature of the Gibbs
energies of transfer of cations from water to aqueous
acetonitrile mixtures is the very large stabilization
(negative A{G®) of the univalent d'° cations Cu*, Ag™,
and Au™. This well-known effect'® is brought about
by a specific ‘soft’ interaction: ‘back-donation’ of
electron density from the filled d.(tyg) orbitals of the
metal cations to low lying p,~ orbitals of the cyano
moiety of the acetonitrile molecule. This effect is
superimposed on the usual ¢ bond formed by dona-
tion of electron density from acetonitrile to the metal
cation.

The values of A{G°(M?") roughly parallel those of
the alkali metal cations, although they became much
more positive at high acetonitrile concentrations,
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where this much weaker donor begins to replace
water in the coordination sphere of the cations. This
effect becomes very marked (Table 16) for AG°(Fe3").
As for many other aqueous organic solvent systems,
A«G°(Zn?") is much more negative than AG°(Cu?"),
although both cations have similar sizes and softness
parameters (Table 2).

I(VI. 1)'ransfers from Water to Water + Formamide
FA

The changes in Gibbs energies for cations transfer-
ring from water to aqueous formamide are sum-
marized in Table 17. Almost all of the data have been
reported on the TATB scale in a single study,> using
the novel method of VITIES.5!

Consistent with the strong donor characteristics of
formamide (Table 3), AG°(M*, w— w-+FA) are all
mildly negative, but in marked contrast to most other
aqueous organic solvent mixtures, the values of A(G°-
(Me4N*, w—w-+FA) are not close to those of the alkali
metal cations nor is there a significant difference
between the latter and AG°(Cu?*).

N. Transfers from Water to Water +
N,N-Dimethylformamide (DMF)

1. Comments on the Data

Available data for the Gibbs energies of transfer
of cations from water to aqueous N,N-dimethylform-
amide, mainly based on the TATB assumption, are
listed in Table 18, and selected values are plotted in
Figure 9.

Four studies!8193195.19 of A,G°(Ph,As™, w—w-+DMF)
by two groups of workers are in good agreement over
the entire solvent composition range, and thus, their
averaged values are classified as Recommended.
Reasonable amounts of data also exist for the hydro-
gen ion, most of the alkali metal, silver, and copper-
(I1) cations, also permitting their averaged values to
be classified as Recommended or Tentative. The
values of AG°(K™") from one study?® differ consider-
ably from those of two earlier reportst®31% and have
been rejected. In the absence of confirmatory studies,
no critical evaluation of the remaining data presented
in Table 18 is possible.

2. Discussion of the Transfer Energetics

Consistent with the strong donor character of DMF
(Table 3), the values of AG°(M"t, w—w-+DMF) are
all favorable (negative), indicating that cations are
better solvated in the mixtures than in neat water.
The values of A(G°(H™) decrease rather sharply at
low xpme before passing through a shallow minimum
at xpme &~ 0.4. This indicates that aqueous DMF is
considerably more basic than water and that the
hydrogen ion is preferentially solvated by the DMF
(which has a higher proton affinity than water in the
gaseous state®¥), although other factors such as
solvent structural effects are doubtless important.

Although AG°(Li*) < AG°(Na'), the values of
AG°(MT) for the larger alkali metal cations show
almost no dependence on ionic radius. This is unex-
pected for such ‘hard’ interactions (see section 11.Q).
Equally important, the A{G°(M") values do not vary
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Table 16. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Acetonitrile (AN)
Mixtures at 298.15 K

A¢G°(ion)/kJd mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* —2.8 —3.7 —3.5 —3.3 —2.6 —2.0 0.5 6.9 19.4 448 TATB 179
—2.6 —2.8 -35 —2.7 2.1 -11 —-25 [-7.2] TATB2 98
[-3.6] [-8.3] [—11.4] TATB 87
—2.7 —-3.3 —-3.5 -3.0 —2.4 -1.6 -1.0 {6.9} {19.4} {44.8} TATB R{T}
Lit —-1.4 -14 -1.3 -1.1 -0.2 1.0 3.9 10.0 18.6 28,5 TATB 179
—-0.8 —-0.8 -0.4 1.6 2.5 5.2 7.9 11.4 19.7 28,5 TATB2 180
-1.1 —1.1 -0.9 0.3 1.2 3.1 5.9 10.7 19.2 285 TATB R
Na™ 0.4 0.8 1.3 2.1 3.1 3.7 5.0 6.6 9.8 16.1 NLJP 181
0.4 -3.2 —2.7 —-2.9 -0.9 —-2.3 0.0 1.6 4.8 10.1 TATB®
0.2 0.6 2.0 2.7 3.5 4.3 55 6.9 9.2 145 BBCr 182
—-1.4 -1.4 -1.0 -0.4 0.2 1.2 3.2 6.2 9.4 13.0 TATB 179
—1.8 —-0.8 —-0.9 —0.4 1.2 1.0 4.7 6.4 8.4 12.6 TATB2 180
-0.9 —-1.8 —-1.5 -1.2 0.2 1.5* 2.6 4.7 7.6 11.9 TATB R
K+ -1.8 —-2.3 -1.4 0.2 0.3 0.3 1.0 2.1 3.9 6.4 TATB 179
-3.3 -1.8 -17 —-0.6 -0.2 15 2.6 3.3 3.7 6.6 TATB2* 180
-2.1 -2.8 (—2.6) -2.1 (—1.5) -1.0 TATB 90
—2.4 —2.3 —-1.9 —-0.8 —-0.5 0.3 1.8 2.7 3.8 6.5 TATB R
Rb* —2.1 —2.9 —2.4 —-1.9 -0.9 0.0 1.0 1.7 3.6 54 TATB 179
—-1.8 -1.4 -1.4 0.1 0.9 1.7 TATB? 98
—-2.0 —2.2 -1.9 -0.9 0.0 0.9 {1.0} {1.7} {3.6} {5.4} TATB R{T}
Cs* -2.1 —-2.9 —-25 -1.9 -14 -0.7 0.2 1.2 2.4 39 TATB 179
-2.3 -2.8 -3.4 —2.6 -15 0.3 1.7 1.9 2.7 50 TATB2 180
—2.2 —2.8 -3.0 —2.3 —-15 —-0.1 1.0 1.6 2.6 45 TATB R
Cu* —39.0 —427 —465 —469 —47.4 —485 —485 (—48.5) (—486) —487 NLJP 181
—42.0 —46.6 (—47.9) -499 (-535) (-56.6) —56. -51.5 —47.7 —53.7 NLJP 132
—33.1 —39.2 —40.3 434 474 -50.0 (-50.3) -50.5 (-50.6) —50.6 NLJP 183
—36.1 —44* —48* —51* —53* —54* —544 —-545 552 557 TATB® T
Ag* -115 -149 -16.3 -171 -175 -17.9 -18.2 —-18.2 —18.6 —19.0 NLJP 184
—-11.6 —-14.7 —16.4 —17.1 —=17.4 =17.7 =17.7 —18.0 —18.1 —18.2 NLJP 181
—-11.6 —18.8 —-205 —221 214 —23.7 —22.7 =222 —23.6 —24.6 TATB®
-19.1 (-26.0)0 —-30.4 (—31.4) -—-314 (—33.5) —345 (—-34.0)0 —34.6 —35.6 Fc® 30
-11.1 -16.0 —-194 202 —-204 —21.0 —215 223 —22.6 —22.6 TATBd
-134 156 -152 -157 -16.7 -17.8 —-19.2 —-20.6 —22.0 —-23.7 BBCr 182
—-11.5 —18.9 —20.7 —22.1 —21.5 —21.9 —23.2 —23.2 —23.6 —25.0 TATB 79
-12.1 —-16.7 —18.4 —18.4 —19.1 —-19.8 —-21.9 —-23.7 —23.8 —24.0 TATB® 180
—-11.6 —-17.6 —-19.7 —20.7 —21.0* -21.6 —22.3 —23.1 —23.4 —-24.1 TATB R
Au™ —125 —22.9 -30.4 —-35.8 (—39.9) -—43.0 (—44.0) -—-45.2* (—46.6) (—47.1) TATB 127 T
T 0.1 1.3 2.6 3.2 3.7 4.2 4.8 5.6 6.8 96 BBCr 182
MesN* 0.2 -3.3 -5.0 -3.7 TATBf 185
—-1.8 —2.8 (—=3.1) —2.8 TATB 140
-0.8 -3.1 —-4.1 -3.3 3.0¢ TATB R
Et;N* 2.7 0.2 —-2.5 —2.7 TATBf 185
0.3 0.1 (—0.5) -1.7 TATB 140
15 0.2 -1.5 —-2.2 —7.09 TATB R
PrsN* 1.7 0.2 -2.3 -5.2 TATBf 185
—1.8 —-3.1 (—4.0) —4.4 TATB 140
-0.1 —-1.5 -3.2 —-4.8 —13.0¢ TATB R
BusN™ 5.7 3.7 0.2 -1.7 TATBf 185
3.3 4.2 (2.7) -1.3 TATB 140
45 4.0 1.5 -15 —32.0" TATB R
PhsAst™ —146  —20.5 —-250 —-284 —30.6 —-32.2 -33.0 —337 —34.8 —349 TATB 186
—-14.8 —20.6 —-234 —-251 —26.6 —-28.0 —-29.4 —-30.9 -325 —-33.9 TATBI 80
-109 —20.7 —255 —279 —294 —-30.5 —-315 325 —33.3 —33.9 TATB 179
-11.8 —-20.2 (—-25.3) -27.1 TATB 140
—-13.4 —20.4 —246 —27.1 —289 —30.2 —-31.3 —-324 —-335 —-342 TATB
Mn2+ —-5.2 -8.4 -10.6 —11.3 -9.8 -7.4 -25 4.0 14.3 26.3 Fc 187
2.8 2.1 0.4 0.5 1.2 51 10.5 17.0 26.3 39.3 TATB¢
FeZ* 1.5 -1.9 0.4 2.1 57 11.1 19.0 30.0 51.8 97.5 NLJP 154
=15 —-5.9 —-3.6 —2.8 —-2.5 51 14.0 25.0 46.8 91.5 TATBP
Cu?t 0.3 1.8 1.7 2.6 5.1 8.5 13.0 19.0 32.8 54.0 NLJP 181
[12.7] [14.2] [12.0] [10.1] 7.1 7.9 10.8 14.0 22.3 49.3 NLJP 183
1.6 3.1 5.1 7.5 10.4 14.1 18.3 23.8 31.8 58.2 NLJP 46
1.2 3.3 4.7 2.6 1.6 3.8 7.3 12.8 23.6 50.8 NLJP 132
[1.0] [-1.3] [-0.5] [-0.8] [2.1] [2.6] [7.4] [10.4] [22.6] [47.1] TATBP
3.4 4.9* 7.7 9.1 10.4 10.6 13.5 25.5 39.8 66.8 TATB 188 T
Zn%*t —-3.2 —2.4 -21 -1.7 -1.6 1.1 4.8 11.7 22.3 30.3 NLJP 132
-3.2 —6.4 -6.1 —-6.7 —5.6 —-4.9 -0.2 6.7 17.3 28.3 TATB® T
Pb2* —2.7 —2.4 —-3.1 —-3.0 —-1.8 0.4 35 9.4 19.3 36.2 NLJP 132
—-2.7 —-6.4 —7.1 —-8.0 —-5.8 —-5.6 —-1.5 4.4 14.3 30.3 TATB® T
Fed* 2.1 -3.1 0.1 3.4 8.3 14.8 25.0 40.8 78.2 223.2 NLJP 154
2.1 -7.1 -3.9 -1.6 4.3 8.8 20.0 35.8 73.2 218.2 TATBP T

a Using A«G°(MCI) data combined with A;G°(CI~) data on the TATB scale from ref 179. ® The NLJP data from the previous row(s)
adjusted to the TATB scale using conversion factors from Table 1. ¢ Data available also for 303.15 K. ¢ The Fc data from the
previous row(s) adjusted to the TATB scale using conversion factors from Table 1. ¢ Using A:G°(AgBr) data combined with AG°(Br-)
data on the TATB scale from ref 179. f Using A«G°(RsNBPh,) data combined with A{G°(BPh,~) data on the TATB scale from ref
179. 9 From ref 19. " From ref 189. ' Using A:G°(PhsAsl) data combined with A:G°(1") data on the TATB scale from ref 179.
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Table 17. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Formamide (FA)

Mixtures at 298.15 K

A:G°(ion)/kd mol~%, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* -148 —-20.0 —232 —-256 —270 —28.0 —284 191
Na* —-2.8 —4.2 -5.0 —-5.8 —6.4 —-6.9 -73 —-77 -8.0 -82 TATB 52
K+ -3.1 —4.3 —5.0 —5.8 —6.4 —6.9 -73 —-77 —-80 -83 TATB 52
Rb* —2.8 —3.9 —4.7 —5.5 —6.0 —6.6 —7.0 —7.4 =7.7 —7.9 TATB 52
Cs™ -3.0 —-3.7 —4.3 —4.7 —4.9 —5.3 —-56 —-58 —-6.0 —6.0 TATB 52
MesN™ 2 —-1.3 -1.7 —-1.8 —-1.9 —-1.9 —-1.9 —1.7 —-1.3 —-1.3 —1.3 TATB 52
EtyN* 2 —2.8 -3.9 —4.6 —5.2 —-55 —5.8 -6.1 —-64 —-68 -71 TATB 52
Cu?t -35 —-3.6 —4.5 -5.1 -5.8 -6.3 -69 —-76 —-82 -84 NLJP 192

a Data for unsymmetrical tetraalkyl-, phenyltrimethyl-, and benzyltrimethylammonium cations are also available in ref 52.

Table 18. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + N,N-dimethylformamide

(DMF) Mixtures at 298.15 K

AG°(ion)/kJ mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* -50 -10.7 -149 —15.6 —-16.2 —-16.0 —15.8 —15.5 —15.1 —14.4 TATB 193
-53 -109 -151 -16.3 -16.1 TATB® 98
-52 -10.8 -15.0 -16.0 -16.2 {-16.0} {-15.8} {-155} {-15.1} {-14.4} TATB R{T}
Lit —-2.5 —6.8 -95 -10.5 -109 -12. —-14.6 -17.3 —-19.8 —224 TATB 193 T
Na* 4.7 5.1 3.8 2.0 0.1 -2.1 —4.4 —55 —6.4 -7.1 BBCr 194
-1.7 —-4.3 —-6.0 —-6.0 -5.9 —6.5 7.4 —-8.5 -9.6 -106 TATB 193 T
K+ -1.3 -3.8 —-5.2 —-5.2 —5.1 -5.8 —6.7 —7.6 —-8.7 —-9.8 TATB 193
-1.1 -2.3 —4.3 —-2.8 -1.7 -3.0 -3.9 —4.9 -7.0 —8.4 TATBP 195
[-2.6] [-6.4] [—-8.8] [—10.9] [-17.6] TATB 196
-1.2 -3.1 —-4.8 -4, —-3.4 —4.4 —5.3 —-6.3 -7.9 -9.1 TATB R
Rb* —15 —3.6 —4.9 —4.6 —4.3 —4.9 —6.4 =7.7 —9.0 —10.2 TATB 193
-1.0 -3.0 —-3.7 -3.0 —-2.1 TATB2 98
-1.3 -33 -43 -38 —-32 {-49} ({-6.4} {-7.7} {-9.0} {-10.2} TATB R{T}
Cs* -1.3 —4.0 —5.4 —5.2 —4.6 -5.0 -5.9 7.1 -8.1 —-9.4 TATB* 98
—2.3 -5.3 —6.8 7.5 —6.2 —8.5 —-9.9 —11.2 —13.0 —14.3 TATBP 195
-1.8 —4.7 —6.1 —6.4 —5.4 —6.8 -7.9 —-9.2 —10.6 —-11.9 TATB R
Ag* 1.5 0.9 —-0.9 —-3.2 —5.4 —7.6 —-10.1 —-11.9 —-13.4 —15.1 BBCr 194
-3.3 —-5.2 7.2 —8.8 —-10.5 —-11.9 —-12.9 —-13.9 —14.5 —14.5 NLJP® 79
-3.3 -75 -11.3 -—-13.7 -147 —-15.6 -16.1 —-16.6 -17.1 —-17.2 TATB¢ T
T 4.2 35 2.1 -0.2 —2.4 —4.6 -7.0 —8.6 —-9.7 —10.8 BBCr 194
Ph,Ast —-105 —-20.3 —-25.7 —295 324 —34.8 —36.6 —38.3 —39.8 —-40.6 TATB 186
—-125 —-19.0 —-235 —-265 —28.6 —-31.1 —33.3 —35.3 —-37.1 —38.3 TATB 193
-132 -21.7 -26.2 —-31.0 -35.0 —34.7 —34.3 —33.8 —-32.7 —31.6 TATBP 195
-12.8 —-20.6 —25.9 (-29.7) -325 —45.8 TATB 196
-12.3 —-204 —-253 —29.2 -321 —33.5 —34.7 —35.8 —36.5 —39.1 TATB R
Ph,Sbt —11.1 —-20.7 -—28.3 —34.0 —38.3 —41.5 —-43.9 —-45.9 —47.7 —-49.8 TATB 195 T
Mn2+ —-115 —-225 —-295 371 451 —48.6 —49.9 —51.0 —51.7 —53.3 Fc 197
Cu?+ -1.3 —-2.8 -35 —-4.6 —6.6 -8.1 —-9.6 —-11.2 —-12.7 —14.7 NLJP 192
-54 -105 -—-13.8 -17.7 -—-20.1 —22.8 —22.8 —22.0 —20.7 —19.0 NLJP® 46
—2.9 —4.6 —8.2 —-14.9 —16.3 —-17.6 —-17.0 —16.1 —16.1 —-14.4 TATBd T
Zn%* —-9.0 -180 —-26.0 —-416 —-50.1 —53.1 —55.1 —57.2 —57.2 —57.3 Fc 133
Eu?* -50 -188 —-250 —28.6 —334 —40.2 —44.3 —-53.3 —55.7 —-57.3 Fc® 198

a Using A¢G°(MCI) data combined with A;G°(CI~) data on the TATB scale from ref 193. ® Using A«G°(RbBPh,) data combined
with A{G°(BPh,~) data on the TATB scale from ref 195. ¢ Data available also for 303.15 K. ¢ The NLJP data from the previous
row(s) adjusted to the TATB scale using conversion factors from Table 1. ¢ Cobaltocene used rather than ferrocene.

monotonically with solvent composition (Figure 9),
which is again indicative that the cation solvation
energetics are being significantly influenced by ef-
fects other than donor—acceptor (coordinative) inter-
actions of the cations with the solvent molecules.
Similar effects are also apparent in the less well-
established values of other univalent cations.

The very large differences, up to 43 kJ mol1,
between the NLJP- and TATB-based values of A:G°-
(Cu?") and the Fc-based data for AG°(Zn?") may
imply a significant discrepancy between these two
assumptions rather than a real difference in the
solvation energetics of these two cations. It is also
noteworthy that unlike the equivalence observed
between AG°(Ph,P*) and A{G°(PhsAs*) in a number

of pure and mixed solvents, the values of A(G°(Ph;-
Sb™) are rather different from those of A{G°(Ph;As™)
at Xpmr > 0.3.

O. Transfers from Water to Water +
N-Methylpyrrolidin-2-one (NMP)

The available data for the Gibbs energies of trans-
fer of cations from water to aqueous N-methylpyrro-
lidin-2-one, mainly based on the TATB assumption
and mostly determined at 30 °C, are listed in Table
19.

Serious discrepancies of up to 25 kJ mol~! exist
between the values of AG°(PhjsAst, w—w+NMP)
determined independently at 30 °C by Kalidas and
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Figure 9. Gibbs energy of transfer of cations from water
to aqueous N,N-dimethylformamide as a function of the
mole percentage of N,N-dimethylformamide: (—) Li™, (- - -)
Ag*, (—-—) K*, and (-++) Cs™.

co-workers?*19 and at 25 °C by Gomaa,?® both using
the TATB assumption. These are unlikely to be due
to the small difference in temperature. The former
show a variation with solvent composition which is
quite unusual for this ion in agueous organic solvent
mixtures. It is also difficult to see how the values of
AG° (M) determined by these two groups of workers
for the alkali metal cations can show the expected
similarity, when the values of A{G°(Ph;As") on which
they ought to have been based differ so markedly.
In the absence of further studies, all the data
should be viewed with caution and a discussion of
the transfer energetics is inappropriate at this time.

P. Transfers from Water to Water + Hexamethyl
Phosphoric Triamide (HMPT)

The available data for the Gibbs energies of trans-
fer of cations from water to aqueous hexamethyl
phosphoric triamide are listed in Table 20. Since
there are no confirmatory studies, no critical evalu-
ation of the data is possible. However, the TATB-
based values appear reasonable and have been
classified as tentative.

Consistent with the very strong donor properties
of HMPT (Table 3), all the values of AG°(M",
w—w+HMPT) are negative (favorable for transfer).
The shape of the curves of A(G°(M?*) against Xpmer,
obtained by the less reliable Fc assumption, are
characteristic of strong preferential solvation by
HMPT. The curves of A:G°(M™) for the alkali metal
cations are more complex, however, showing an
unusual minimum at Xpywver &~ 0.3.

Q. Transfers from Water to Water + Dimethyl
Sulfoxide (DMSO)

1. Comments on the Data

All the available data for A{G°(M"*, w—w+DMSO)
based on the NLJP, Fc, or TATB assumptions are
reported in Table 21. Also incorporated into Table
21 are the AG° values obtained by converting the
NLJP and Fc data to the TATB scale (Table 1).
Selected values of A(G° are plotted as functions of
solvent composition in Figures 10—12.

Kalidas et al.

Two independent studies??22%5 of AG°(PhjAst,
w—w+DMSO) are in excellent agreement, permitting
the averaged values to be classified as Recommended
over the whole composition range. Reasonably ex-
tensive data for hydrogen ions and the alkali metal,
silver, and copper(ll) cations, mainly based on the
TATB assumption, are also in good agreement for
each cation, and the averaged values are Recom-
mended at all solvent compositions.

Independent estimates of AG°(M?*) for zinc and
lead have been obtained using the Fc and NLJP
assumptions. After conversion to the TATB scale,
employing the addends in Table 1, these data are
generally in good agreement, allowing the averaged
values to be classified as Recommended or, where the
agreement is poorer, as Tentative. Unconfirmed
values for other cations which appear reasonable
have been classified as Tentative too.

2. Discussion of the Transfer Energetics

The value of A(G°(H™) is negative at all solvent
compositions, decreasing sharply at first before pass-
ing through a shallow minimum at Xpuso ~ 0.55.
Thus, all the aqueous DMSO mixtures are more basic
than pure water, with maximum basicity occurring
at the composition of the minimum in the curve. This
arises from three effects: the breakdown of the three-
dimensional H-bonded network of water by the
DMSO, the interaction of DMSO with water mol-
ecules to form a fairly stable 1:1 adduct, and the
greater proton affinity of isolated DMSO molecules.?*

The values of A(G°(M™) for the alkali metal ions
are also negative, in the order Lit< Cst< Nat< K*<
Rb™ (least negative), corresponding to more favorable
solvation of these ions by DMSO, which is consistent
with its higher donor properties compared with water
(Table 3). With the exception of Cs™, this order is
consistent with the increasing ionic radii (Table 2),
as would be expected for the interaction of these
relatively ‘hard’ ions with the hard O-donor site of
the DMSO. The position of Cs* is interesting and may
indicate that this rather less ‘hard’ ion is interacting
with the z* orbitals of the >S=0 moiety.

The values of A{G°(Ag™) are more negative than
those of most other cations; Ag™ is a typical soft d'©
cation and probably either interacts with DMSO as
suggested for Cs* or with the ‘soft’ S-donor site of
the DMSO. The data for Cu™, another soft d'° cation,
are even more negative than for Ag*.

Almost no data exist for the tetraalkylammonium
cations. However, the limited values for A{G°(BusN™),
up to 50 mol % DMSO, show the effect of the
diminishing three-dimensional water structure as the
DMSO concentration increases. This enables this
rather large, hydrophobic ion to be better accom-
modated within the solvent mixtures than in neat
water. In addition, an increase in dispersion interac-
tions of this ion with the DMSO molecules would also
be expected to occur with increasing amounts of
DMSO. Similar but even larger effects are observed
for the more polarizable Ph,As.

All the divalent cations studied are more favorably
solvated in aqueous DMSO than in neat water (A:G°
is negative), consistent with DMSO being a stronger
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Table 19. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + N-Methylpyrrolidin-2-one

(NMP) Mixtures at 303.15 K (unless otherwise noted)

A:G°(ion)/kd mol~%, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100  method ref
K+ —22 (-55) —80 (-96) -105 (-10.9) -108 (-10.7) —102 —1.7 NLJP 24,199
-32 (-49) 61 (-7.00 -73 (-85 -98 (-100) -91 -58 TATB 24,199
Rb* 0.7 04 —25 -39 —-43 —47 —49 51 -49 —46 TATB 2002
Cs* -03 45 -79 -95 -91 -74 —61 -55 -47  —41 TATB 2002
Ag* -23 (-44) -63 (-89) -11.1 (-13.7) -158 —17.4 —17.8 -183 NLJP 24,199
34 (-42) 44 (-64) -7.9 (-107) -149 (-159) -16.7 -26.8 TATB 24,199
PhAst  —11 (=49 —-97 (-11.9) -133 (-14.9) -157 (-174) -18.0 —102 NLIJP 24,199
-22 (-54) -78 (-9.4) -10.1 (-11.9) -148 (-15.9) -—16.7 -224 TATB 24,199
-19.9 -294 —324 -344 —364 -379 —389 -394 -399 —400 TATB 2002
cu? 42 (-116) -183 (-21.6) —23.8 (—24.8) -250 (-25.3) —247 —265 NLJP 24,199
-72 (-80) —-82 (-118) -157 (-18.8) -21.8 (—23.3) (-26.3) -38.3 TATB 24,199
a At 298.15 K.

Table 20. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Hexamethyl Phosphoric

Triamide (HMPT) Mixtures at 298.15 K

AG°(ion)/kJ mol~*, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
K* -1.0 —-3.4 -8.0 -6.0 -3.7 —2.6 -2.0 -1.7 -1.4 -1.1 TATB 70 T
Rb* -1.9 —6.4 —-9.8 -8.5 7.2 —-6.3 -5.3 —4.7 —4.4 —-3.8 TATB 70 T
Cs™ -3.3 -99 -148 -132 -11.8 -11.0 -10.2 -9.1 —8.6 -7.8 TATB 70 T
PhsAs* -21.0 -295 -326 —-326 —-353 -—-36.4 —-37.2 -—38.0 —-38.7 —39.3 TATB 70 T
Zn%*t —-145 —-320 —-450 -585 —-649 -70.0 -75 —80 —84.5 —875 Fc 171

Cd?*+ -15.0 -280 -105 —-495 -56.4 —-61.0 -—65 —68 -71 —-735 Fc 201

Pb2+ —-20.0 —-375 —-520 —-63 —70 —-79.4 -89 —95 —100 —105 Fc 171

donor than water. The values of AG° for the harder
ions are in the order Cu?t ~ Zn?* < Mn?*, consistent
with their radii (Table 2). The data for the softer Pb?*
and Cd?* do not conform to this pattern. Indeed, at
Xpmso > 0.5, A{G°(Pb?") < A{G°(Cd?") even though
Cd?* is considerably smaller. This sort of behavior is
expected when ‘soft’ (specific covalent bonding) in-
teractions are important.

IV. General Discussion

A. Comparison of Hydrogen-lon Medium Effects
in Different Solvent Mixtures

The medium effect on hydrogen ions, expressed
here as its Gibbs energy of transfer A{G°(H*, w—w-+s),
is an expression of the relative stability or acidity of
the proton in water and aqueous organic solvent
mixtures. As such, it is a parameter of great signifi-
cance in analytical and electroanalytical chemistry.
In view of this importance, it is pertinent to compare
its variation with the nature of the solvent and its
composition for as many diverse cosolvents as pos-
sible. Data for A{G°(H*) into aqueous MeOH, EtOH,
EG, AC, AN, FA, DMF, and DMSO, based on the
TATB assumption, are shown in Figure 13.

The Gibbs energies of transfer of the hydrogen ion
from water to the aqueous mixtures of aprotic
solvents (except AN) studied to date are negative. In
this respect, FA appears to behave as an aprotic
solvent, which is rather surprising given its rather
‘water-like’ properties. In both agueous DMSO and
aqueous DMF mixtures, the AG°(H") values de-
crease sharply initially, up to about 30 mol % organic
solvent, then slightly increase (become less negative)
up to the pure solvent. Thus, all these aqueous

DMSO and DMF mixtures are more basic than water
with the basicity maximum being around 50 mol %
organic solvent. This may be due to the higher
electron-pair donicities (measured by 5, Tables 3 and
4) of these O-donor polar solvents compared with
water and to the breakdown of the H-bonded network
of water by the added organic component. Note that
non-hydrogen-bonded water molecules have a much
smaller g value (0.18) than bulk water (0.47), show-
ing that they are much weaker electron-pair donors.
The destruction of the H-bonded network of water
may predominate for aqueous AC and aqueous FA
mixtures, whose 8 values are commensurate with
that of bulk water, their maximal basicities being
near 30 and probably 80 mol % cosolvent, respec-
tively. Tetrahydrofuran and dioxane behave in this
respect as typical aprotic polar cosolvents, but the
data extend only to low cosolvent contents.

In contrast to the other aprotic cosolvents, in
aqueous acetonitrile A{G°(H") is only slightly nega-
tive up to ca. 65 mol % AN, before rapidly becoming
positive. Thus, water + AN mixtures are more basic
than water up to 65 mol % AN, due to enhancement
of the H-bonded structure of water, but the hydrogen-
ion activity is significantly increased at high AN
concentrations. In acetonitrile-rich mixtures AN,
which is a weaker proton acceptor than the O-donor
cosolvents FA, DMF, DMSO, AC, and bulk water,
disrupts the water structure and finally replaces
water molecules in the solvation shell of the proton.

The Gibbs free energies of transfer of hydrogen ions
for the aqueous protic solvent mixtures are small
(IAG°(H1)|< 3 kJ mol™2) up to 70 mol % cosolvent.
The values of A(G°(H™) are slightly negative over at
least some of this range but increase and become
positive as the neat cosolvent is approached. It is
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Table 21. Standard Molar Gibbs Energies of Transfer of Cations from Water to Water + Dimethyl Sulfoxide
(DMSO) Mixtures at 298.15 K

AG°(ion)/kJ mol~?, molarity-scale

ion\100x 10 20 30 40 50 60 70 80 90 100 method ref status
H* —4.4 -95 -—-148 —-18.8 —21.3 —21.7 —21.4 —20.4 —19.3 —-17.9 TATB* 202
-43 -100 -158 —-198 -—22.0 TATB2 203
-34 -103 -—157 —19.8 —22.2 TATB2 98
—-2.7 —10.1 —15.8 —21.5 —24.3 —27.1 —28.8 —29.9 —31.2 —31.8 Fc 204
—2.7 -8.1 -—-11.8 —-175 -16.8 -17.1 —19.8 —-20.9 —20.2 —20.8 TATB®
—4.4 —9.6 —14.9 —20.1 —25.3 TATB 87
—-3.7 -95 —-145 -190 -—-21.6 {-19.3} -206 —20.7 —19.8 —-19.4 TATB R
Lit —-2.9 —6.3 —10.5 —15.0 =175 —18.8 —18.8 TATB 205
—2.4 -6.0 -101 —-135 -—-159 —155 —16.0 —16.2 —16.8 —15.7 TATB* 202
—2.7 —-6.2 —10.3 —-14.1 —-16.0* -16.6* -—16.0 —16.2 —16.8 —-17.3 TATB R
Na* -0.9 —2.5 —-5.3 —-8.5 —-11.0 —-12.3 —-12.7 —-13.3 —-13.3 —13.5 TATB 205
-0.4 -2.0 —4.6 -75 -9.3 -9.1 -9.7 -10.1 -11.3 —-11.9 TATB* 202
-1.9 —4.9 -9.1 TATB 90
-0.7 -2.3 -5.0 -8.0 -10.2 -10.7 -11.2 117 -12.3 —-12.7 TATB R
K+ -0.9 —-1.3 —-3.5 —5.5 —-8.8 -9.5 —-9.7 —-10.2 —-10.8 —11.6 TATB 205
-0.4 -1.0 -3.1 —-55 -7.3 -7.6 —-8.5 -10.1 -11.3 —-12.7 TATB* 202
-0.7 —-1.2 -3.3 —5.5 —-8.1 —8.6 —-9.2 —-10.2 -11.1 —-12.2 TATB R
Rb* -0.4 -1.8 —-3.8 —6.0 -7.3 —8.8 —8.9 TATB 205
-0.4 -2.5 —4.3 —6.8 -6.9 -55 TATB® 98
-11 -1.3 —-2.8 —5.3 -7.3 —6.7 7.2 —-8.3 —-10.1 —-11.5 TATB? 202
-0.3 -1.9 —-3.6 —-6.0 7.2 -7.0 7.2 —-8.3 —-10.1 —-10.2 TATB R
Cs™ -0.9 —-2.5 —5.3 —-8.5 —10.8 —-12.3 —-12.7 —-13.1 —13.0 —-126 TATB 205
—-0.6 —2.0 —4.8 7.3 —9.3 —9.6 —10.0 —10.8 —12.1 —13.4 TATB2 202
-0.8 —-2.3 -5.1 -79 -101 -11.0 -114 -120 —-12.6 —-129 TATB
Cu* —37.8 (—423) —448 (—-46.3) —46.8 —47.8 NLJIJP 167
—35.7 —40.5 —43.3 443 —44.3 —449 TATBe¢ T
Ag* —4.3 —8.6 —-12.7 —16.7 —20.6 —23.8 —26.4 —28.6 —30.6 —31.6 NLJP 79
—4.4 -93 —-151 —-19.3 -—-233 —26.2 —28.3 —-30.3 —21.6 —32.0 NLJP 181
—4.1 —8.5 —12.4 —15.8 —20.5 —22.9 —25.9 —27.5 —28.6 —28.9 TATB¢
—-2.9 -9.8 —-178 —23.8 —2938 —35.8 —36.8 —39.8 —42.8 —44.8 Fcd 206
-1.6 -101 -169 —23.8 -—28.3 —-31.9 —36.9 —39.2 —42.6 —-43.7 Fc 204
—-2.3 -79 —-133 —-19.8 -—221 —24.4 —27.9 —31.0 —-31.7 —33.3 TATB®
-2.9 -7.8 —-138 —-19.8 —23.3 —25.8 —27.8 —29.8 —-31.8 —33.8 TATB 180
—-3.2 -8.1 —-13.2 -185 -—-219 —24.4 —272 —29.4 —30.7 —32.0 TATB R
T+ -49 -11.2 -158 -209 —24.3 —27.2 -30.0 —-31.2 -329 Fc 167
-2.9 -72 -11.8 -—-13.8* -16.0r -18.2 —-19.5* -20.2 —21.9 TATB® T
BusN* -3.0 -72 —-123 -155 -17.1 TATB® 202 T
PhsAst —-94 -16.3 —-216 —26.0 —28.9 —-31.6 —33.6 —35.6 —36.8 —-37.6 TATB 205
—-8.2 —-16.4 —224 —258 —29.1 —-32.4 —33.6 —36.6 —38.1 —39.0 TATB 202
-88 —-164 —-219 -259 -—-29.0 -320 —-336 —-36.1 -375 —-38.3 TATB R
Mnz+ —-9.8 —-19.7 —-30.6 —40.5 —495 —55.5 —62.5 —67.5 —74.5 —-79.0 Fc 207
-9.8 -—-17.7 -—-26.6 —36.5 —42.0 —-46.5* —-53.5 585 —-63.5 —68.0 TATB® T
Cu?t —4.3 -8.7 —-131 —-175 225 —275 —32.0 —34.5 —38.3 —42.9 NLJPY 154
-3.8 -9.2 -—-13.1 -—-175 =245 —33.5 —36.0 -37.5 —-37.5 —-405 NLJP 181
-6.9 —-139 —-209 —27.1 -33.0 —37.6 —42.2 —45.1 —47.2 —48.0 NLJP 46
-8.1 -16.3 (—24.6) —325 (—395) —-458 (-50.9) (—54.6) —56.4 (—56.3) NLJP 132
-8.8 (—15.7) —-21.2 (-27.00 —-30.5 (-35.5) —39.5 (—415) —-425 —475 NLJIJP 167
-56 -—-10.1 -165 —-20.8 —26.3 —-315 —35.9 —-37.0 —39.2 —41.8 TATB¢
-3.3 —9.7 —-17.6 —23.0 —27.5 —-31.3 —34.5 —-37.5 —40.0 —425 TATB 188
—4.5 -99 -171 -219 -269 -31.4 —-352 373 —39.6 —42.2 TATB R
Zn%*t -8.1 —-180 —-255 —32.8 —379 —42.9 —46.3 —49.5 —52.9 —54.4 Fc 208
-8.1 -160 -215 —-28.8 -—-304 —29.9 —-37.3 —40.5 —41.9 —43.4 TATBP
—4.8 -99 —-15.1 (-20.00 —-25.2 (=29.7) —34.0 -36.8 (—39.4) —40.8 NLJP 132
-6.5 —-106 —-141 —-17.8 —22.0 —27.0 —-32.5 —34.8 —36.5 —37.1 TATB®
-73 -134 -—-178 —-233 —-26.2 —-299 —-349 -376 —-39.2 —-40.3 TATB R
Cd?+ —-9.8 —-21.4 —-296 —395 —446 —52.0 —59.5 —64.6 —69.7 —-71.4 Fc 209
-98 -194 -—-256 —33* —39* —44* —-50.5 —55.6 —-58.7 —60.4 TATB® T
Pb2+ —-11.8 —26.7 —39.1 —475 —-55.0 —61.5 —67.5 —74.0 —79.5 —-835 Fc 209
—11.8 —24.7 —35.1 —43.5 —47.5 —51.5 —58.5 —65.0 —68.5 —725 TATB®
-6.6 —147 —-22.6 (—31.2) —395 —47.1 —53.6 (—58.5) —615 (—61.8) NLJP 132
-7.1 —14.2 —19.6 —28.3 —35.5 —42.0 —50.5 —54.8 —58.0 —58.9 TATB¢
-95 -195 —-274 —-359 —415 -46.8 —545 {-59.9} {-63.3} {-65.7} TATB R{T}

a Using A«G°(MCI) and AG°(Cl~) data based on the TATB scale from ref 205.  The Fc data from the previous row(s) adjusted
to the TATB scale using conversion factors from Table 1. ¢ The NLJP data from the previous row(s) adjusted to the TATB scale
using conversion factors from Table 1. ¢ Data also available at 303.15 K for Cu?* in ref 176 and for Ag™ in ref 210. ¢ As for footnote

d, but using MI and I~ data.

pertinent to point out at this juncture that Feakins
et al.?!! arrived at different conclusions on the basic-
ity of methanol—water mixtures using their (less

reliable) extrapolation method. Although the basici-

ties (B values, Tables 3 and 4) of the protic solvents
are generally higher than that of water, their hydro-



Gibbs Energies of Transfer

AG°kJ mol -1

A6 1

_20 1 1 1 L
0 20 40 60 80 100

mole percent DMSO

Figure 10. Gibbs energy of transfer of cations from water
to aqueous dimethyl sulfoxide as a function of the mole
percentage of dimethylsulfoxide: (—) Li*, (- --) Na*, (——)
K*, and (--*) Rb*.
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Figure 11. Gibbs energy of transfer of cations from water
to aqueous dimethyl sulfoxide as a function of the mole
percentage of dimethylsulfoxide: (—) Cu™, (- - -) Ag*, and
(-++) TI*.

T
/
7
’
/

AG°/kJ mol -
&

o
o
T

&
o
T

_70 L L 1 1
0 20 40 60 80 100

mole percent DMSO

Figure 12. Gibbs energy of transfer of cations from water
to aqueous dimethyl sulfoxide as a function of the mole
percentage of dimethylsulfoxide: (—) Mn2*, (- - -) Cu?*, and
(--+) Cd2*,

phobic groups (—CH,— and —CHg3) enhance the three-
dimensional hydrogen-bonded structure of the water
at low cosolvent contents, augmenting the inherent
basicity of the cosolvent (see above). This probably
accounts for the small negative A{G°(H") values at
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Figure 13. Gibbs energy of transfer of hydrogen ions from
water to aqueous solvents as a function of the mole
percentage of the cosolvent: (—) (upper) MeOH, (---)
(upper) EtOH, (-**) EG, (— — =) AC, (—*—) AN, (——) FA,
(- - -) (lower) DMF, and (—) (lower) DMSO.

these compositions. The data for i-PrOH and t-BuOH
are limited to low cosolvent contents, where they act
as water structure makers. The positive AG°(H")
values as the neat organic solvent is approached are
harder to explain. Pure ethanol is even less basic
than methanol contrary to what is indicated by their
donor character. Both pure PG and EG are less basic
than water and behave like methanol and ethanol.

B. Concluding Remarks

This review has been restricted to studies of the
differences in stabilities (solvent medium effects) of
cations in water and mixed aqueous—organic solvents
by means of their AG°(M"*, w—w-+s) values. Despite
the great wealth of studies since the pioneering work
of the 1960s,1:33.6566.75184211 the spolvation energetics
of ions in aqueous—organic mixtures remains rather
poorly quantified. For univalent cations, satisfactory
data are available only for aqueous mixtures of
MeOH, EtOH, AN, DMF, and DMSO and over only
the water-rich part of the composition range, for EG,
DX, and AC. For divalent cations, the situation is
much less satisfactory, with reliable values being
available for transfer of only few ions into very few
aqueous mixtures. Data are virtually nonexistent for
cations of higher valence.

An overall view of, for example, the effects of ionic
size, charge, and chemical character on the solvation
energetics of cations in mixed aqueous—organic sol-
vents is yet to emerge. Pending more systematic
studies of A{G° for a wider range of ions and solvents,
it is premature to attempt a detailed analysis of such
effects. Obtaining reliable data for multivalent cat-
ions is certainly a significant challenge, since careful
attention needs to be paid to the possible effects of
ion-pairing and hydrolysis. It may well be that the
effects of cationic charge on solvation energetics,
which must be regarded at present as poorly char-
acterized, can only be investigated by the use of
nonlabile complex ions.

As has been noted in a number of places in this
review, the A(G°(M"t, w—w-+s) values may give the
impression that the differences in stabilities are
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minor: the values are relatively low and their varia-
tion with solvent composition is frequently mono-
tonic. However, the division of A{G° into its compo-
nent enthalpy, A{H°, and entropy, A:S°, contributions
often reveals that the relatively unremarkable plots
of A{G° as a function of solvent composition result
from the compensation of quite dramatic but largely
opposing changes in AH° and A{S°.**! The magnitude
and shape of plots of the latter quantities may
provide important information about preferential
solvent binding and the effects of solvent structure
on the solvation of the cations. The availability of
such data is very limited, however, and their detailed
discussion is outside the scope of this review.

An example of the diverse modes of behavior with
respect to the enthalpy and entropy of transfer in
different solvent mixtures is given in the work of
Gritzner and Lewandowski.*®* For transfers of Na*,
Agt, and TI* between N,N-dimethylformamide (DMF)
and its mixtures with N,N-dimethylthioformamide,
TA:S® is generally much smaller than AH°, so that
A«G° reflects quite accurately the energetics of the
transfer. However, for the transfer of the same
cations from DMF to its mixtures with water (or vice
versa), TAS® is >50% of AH°, so that extensive
entropy—enthalpy compensation takes place. Gritzner
and Lewandowski's'®* data indicate that the signs of
AS°, AH°, and AG° are the same for all these
cations. In contrast, for the transfer of K™ between
water and aqueous DMF, the measurements of Ray
et al.»®% show that the sign of AS° at some target
solvent compositions is opposite to that of A:G°. In
the absence of confirmatory results from independent
sources, it is impossible to know whether this appar-
ent difference (between, say, Na* and K¥) is real or
an experimental artifact. This illustrates the dif-
ficulty with regard to the critical evaluation of the
enthalpy and entropy data of the kind which has been
possible in this review for the Gibbs energies of
transfer.

A further difficulty arises from the fact that more
accurate enthalpy of transfer data are usually ob-
tainable from calorimetric measurements rather than
from the temperature dependence of the Gibbs energy
of transfer. The latter, derived, e.g., from the tem-
perature dependence of electrode or polarographic
half-wave potentials, yield the entropy of transfer.
Combinations of A{H°® and AG° in the former case to
yield TA:S°® and of A:G° and TA:S° in the latter case
to yield A{H° may lead to considerable uncertainties
in the derived values. The methodologies employed
to obtain these thermodynamic quantities are fre-
guently not available in the same laboratories, so that
the data may not be compatible. This difficulty is
compounded by the different extrathermodynamic
assumptions that have been employed in obtaining
AH° from calorimetry (generally the TATB assump-
tion) and TAS° from electrochemical measurements
(commonly the BBCr assumption). Although these
assumptions are usually reasonably compatible with
respect to A(G°®, as illustrated in the present review,
this need not be so when the differences AH°® — AG°
or AG° — (—TAS®) are formed.

Kalidas et al.

There is, therefore, a need to obtain enthalpy and
entropy of transfer data in as compatible a manner
as possible for their thorough evaluation. This is a
prerequisite for a meaningful discussion of the en-
thalpy—entropy compensation effect, where it exists,
and the relationships of these quantities to properties
of the ions, such as charge, size, and softness, and of
the solvent mixtures.

Even larger effects can be obtained for the corre-
sponding heat capacity, A:Cp°, and volume, A/V°,
parameters. These quantities appear to be especially
sensitive to solvent structural effects, which, as noted
in the text, play an important role in the solvation
preferences of ions in the water-rich region of the
aqueous organic mixtures. With some notable excep-
tions,'#? few systematic studies have been made of
such variables. Renewed experimental efforts in all
these areas are therefore highly desirable.
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