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[. Introduction

A. Enthalpies and Entropies of Transfer

Many quantitative studies have been made of the
standard molar enthalpies and, to a lesser extent,
entropies of transfer of electrolytes from a reference
solvent, usually water, to agueous—organic solvent
mixtures. Most results have been obtained at 25 °C,
although some data have been reported at other,
mostly near-ambient, temperatures. Values of these
guantities have also been estimated for individual
ions on many occasions by use of various extrather-
modynamic assumptions. Despite this abundance, no
systematic review or critical evaluation of these data
has been undertaken before now.

The standard molar enthalpy of transfer, AiH°(MX,
w — w + s), of an electrolyte MX from water, w, to a
mixed aqueous—organic solvent, w + s, is given by
the difference between the standard molar solvation
enthalpies of MX in the mixed solvent and in water.
Note that here and throughout this review ‘MX’ will
be used as a convenient shorthand for any strong
electrolyte, without restriction as to its charge type
or stoichiometry, and that “standard” refers to the
electrolyte at infinite dilution in the solvent (mix-
ture), where the ions of the electrolyte interact with
the solvent molecules in their surroundings but not
with each other. It is generally understood that AH°-
(MX, w—w + s) is largely a measure of the changes
in the strength of the binding of the solvent molecules
to the constituent ions of the electrolyte. Since these
effects may be quite different (even of opposite sign)
for cations and anions, it is of interest to have values
for the individual ions: AH°(M*, w — w + s) and
AH°(X", w — w + s), although these cannot be
obtained within the framework of thermodynamics.
The ionic enthalpies of transfer are closely related
to the preferential solvation of the ions in the mixed
solvent, since it is, after all, the individual ions rather
than the entire electrolyte that are surrounded by
molecules of water and the cosolvent.

In the same manner, the standard molar entropy
of transfer, A:S°(MX, w — w + s), of the electrolyte
MX from water to a mixed aqueous—organic solvent
is a measure of the differences in the degree of
organization or structure between the (mixed) solvent
and water, occasioned by the electrolyte. Again, the
effects of the individual ions are of particular interest.
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In purely aqueous solutions, some ions (usually either
small and multiply charged or large hydrophobic
ions) are known as “structure makers” while others
(mainly medium-sized singly charged ions) are thought
to be “structure breakers”. In agueous—organic mix-
tures the structure of the water is already modified
(enhanced, weakened, or completely destroyed) by the
cosolvent; the effects of the ions come on top of such
modifications, possibly even reversing them.

The present review follows on from a previous onet!
on the standard molar Gibbs energies of transfer of
cations between water and mixed agueous—organic
solvents, A(G°(M"t, w — w + s). The general orga-
nization is along similar lines as are the representa-
tion of the data and the criteria used in their critical
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evaluation. The cosolvents included here differ only
slightly from those considered previously, consistent
with the data available in the literature. The present
review also complements an earlier one on the
standard molar enthalpies and entropies of transfer
of ions from water into neat solvents.?

Thus, the major purpose of the present review is
to provide a wide-ranging critically evaluated com-
pilation of the standard molar enthalpies and entro-
pies of transfer of electrolytes from water to mixed
aqueous—organic solvents. For this compilation the
original authors’ reported values were recalculated
to obtain a consistent format that enabled compari-
sons to be made among the data. These whole-salt
data were then split, where possible, into the transfer
functions of the individual ions, using an appropriate
extrathermodynamic assumption. The ion-to-solvent
binding and solvent organization aspects of the
various systems are then discussed, using these
values, in the light of current views on ion solvation
and solvent structuring. Another important feature
of the data that is discussed is the compensation that
sometimes occurs between the enthalpy and entropy
changes, which results in values of AG® that are
small in comparison with both AH° and TAS®.

B. Coverage

Data on the thermodynamics of transfer of elec-
trolytes from water to aqueous—organic mixtures are
widely scattered. The scope of the present review was
limited mainly by the availability of data in the open
literature. Although every effort was made to be
exhaustive, some publications, mainly from the Rus-
sian literature, were difficult or, in some cases,
impossible to obtain within the time available.

Although sporadic investigations almost certainly
appeared earlier, the first systematic study of the
thermodynamics of electrolyte solutions in mixed
aqueous—organic solvents was that of Harned and
co-workers. This group made extensive measure-
ments with galvanic cells in agueous—dioxane solu-
tions in the years 1936—1939; their findings are
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Figure 1. Publication of papers reporting experimental enthalpy (and/or entropy) of transfer data for electrolytes between
water and aqueous—organic mixtures for the period 1939—2000.

summarized in the paper by Harned et al.® The
earliest useful calorimetric data, published at about
the same time, appear to be those of Moss and
Wolfenden* and of Slansky,® both reporting enthal-
pies of solution of salts in MeOH/H,O mixtures. A
hiatus in activity in this area then occurred, lasting
until the almost simultaneous appearance of the
studies by Feakins® and Krestov” and their respective
co-workers. The frequency of publications reporting
quantitative studies of enthalpies or entropies of
transfer of electrolytes or ions from water to aque-
ous—organic mixtures is presented in Figure 1,
derived from literature abstracted up to the end of
the year 2000.

Data for enthalpies and entropies of transfer are
mainly available for 1:1 electrolytes. Some informa-
tion also exists for 1:2 and even 1:3 electrolytes, but
virtually none has been reported for 2:1 and 3:1 salts.
As in the previous paper,® the focus of the present
review has been on electrolytes composed of simple
(monatomic and symmetrical polyatomic) ions. Where
data exist for more complex species, these are refer-
enced in the text or in appropriate footnotes to the
data tables. This review has been limited to A(H® and
A{S° data reported for or interpolated over short
intervals to 298.15 K, except for those in agueous
TMS (the abbreviation used for each solvent is given
in the appropriate subheading in section 1V), which
are reported at 303.15 K. Where known, data at other
temperatures are alluded to in footnotes to the data
tables.

Wherever possible, data were included for the
entire solvent composition range. However, for a
number of solvents, notably t-BuOH, DX, AC, and
THF, data are largely restricted to the water-rich
region. Three cosolvents included in the review of
AG°(M") data,! propylene glycol, propylene carbon-
ate, and pyridine, were excluded from the present
study because little or no AiH° or A:S° data exist for

them. For convenience, all agueous—organic solvent
mixtures for which quantitative data were found but
which were insufficient for the preparation of sepa-
rate tables are listed in Table 1.

As in the previous review,! systems have been
restricted to molecular cosolvents that are liquid at
near-ambient conditions and in common use. A
notable exception is urea (UR). Although a solid at
room temperature (mp, 135 °C), a considerable amount
of thermodynamic transfer data are available for this
substance, presumably because of its purported ef-
fects on the structure of water and its well-known
ability to promote the denaturation of proteins.
Electrolyte transfers involving mixtures of nonaque-
ous solvents were excluded. This is partly a sensible
limitation of the scope of the present review but is
also because few systematic studies of such mixtures
have been published and probably none has been
confirmed by independent measurements, thus pre-
cluding any critical evaluation.

C. Thermodynamics

The essential thermodynamic relationship in the
present context is the equation that relates the
change in the Gibbs energy to those in enthalpy and
entropy

AG® = AH® — TAS® (1)

This fundamental equation of thermodynamics,
relating AG, AH, and AS at constant temperature T
and pressure P (and hereafter abbreviated as the
GHSE), can be applied to any process, including the
transfer of electrolytes (or ions) from one solvent to
another (or to a mixture of solvents). In this case the
symbol for the change in the thermodynamic quanti-
ties (A) is subscripted by t, as has already been used
above. This equation has often been used to calculate
one of the quantities from (known) values of the other
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Table 1. Cosolvents for Which Insufficient Enthalpy of Transfer Data Existed To Justify Compilation

cosolvent MX composition (Xs) ref comments
acetamide Nal <0.3 8 25—85 °C data
butane-1,2-diol Nal <1 9
NaBPh,, Ph4PCI <1 10
NaCl <0.2 11
butane-1,3-diol NacCl =<0.2 11
butane-1,4-diol NacCl <1 12 15-55 °C data
LiCl, NaCl <05 13 KCI data ?
Nal <1 9
NacCl =<0.3 11
butane-2,3-diol NacCl <0.3 11
2-butanol Nal <1 14
Nal <0.04 15 308 K
Nal <1 48
diethyleneglycol KCI, KBr, Kl ? 16 25-55 °C data
LiCl <0.3 17
NaClO, <0.3 18
CsClO4 <0.0678 19
1,2-dimethoxyethane HBr <50 wt % 20
HI <50 wt % 21
2-ethoxyethanol NaCl =35wt % 22
Nal <1 23 25—45 °C data
ethylenecarbonate? BusNBr <1 24,25
HCI <80 wt % 26
KCI, KPi, KBPh,, Ph,AsPi <70 wt % 27
ethylformamide K1, Nal <0.8 28
2-methoxyethanol HCI, HBr <70 wt % 29
NacCl <20 wt % 22
Nal <1 23 25—45 °C data
2-methyl-1-propanol Nal <1 49
N-methylpyrrolidin-2-one TMDABT, BusNBr, MesNBr =<0.353 30
N-methylacetamide HBr <05 31
N,N-dimethylacetamide Nal, Csl <1 32
NacCl, KClI <0.2 33
BusNBr <1 25
1,2-propandiol MX =<1 34 15—-55 °C data
NHsNO3; <1 35
LiCl, NaCl, KCI <0.3 13
CsClO4 <1 36
CsBPhy <1 37
1,2,3-propantriol NaBPh4, BusNBr <1 35
propanoic acid NacCl, KCI, CsClI <0.5 38
propylene carbonate KI =<1 39 miscibility gap
Nal, Rbl <1 40
NaBr, KBr <16 wt % 41
Csl =<1 42
LiCl, KCI <16 wt % 43
SrCl;,BaCl; <16 wt % 44
PrCls, NdCls <16 wt % 45 other MX calculated
MgCl,,CacCl; <16 wt % 46 other MX calculated
tetraethyleneglycol CsClO, =<1 47 273—-318 K data
CsClO4 =<0.0382 19 PEG data also
triethyleneglycol CsClO4 <0.0489 19

a lonic values were not derived because there were unresolvable uncertainties in the data.

two. Thus, enthalpy changes for the transfer process
AH° =AG® + TAS® (2)

have been obtained from measurements on suitable
electrochemical cells that yield A(G° and A:S° data
(see section 11.A.3). Similarly, entropies of transfer

AS° = (AH° — AG)T 3)

have been determined from known values of A;G° and
AH° (see section 11.B.3).

Il. Measurement of the Thermodynamic Transfer
Functions

A. Standard Molar Enthalpies of Transfer

1. Calorimetry

Calorimetry provides the most direct method for
determining the enthalpies of transfer of an electro-
lyte from one solvent to another.®® This is generally
done by measuring the enthalpy of solution, AgnH,
of the electrolyte in the reference and the target
(mixed) solvents and taking the difference. In the
case of electrolytes that are sufficiently soluble and
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that dissolve relatively quickly, AgnH can be mea-
sured using a calorimeter equipped with an ap-
propriate mechanism for introducing the solid solute
into the solution. The measured AgnH are concentra-
tion-dependent because of the ion—ion interactions
in the solution, and thus, the standard enthalpies of
solution, AgnH?®, are best obtained from such values
using an extended Debye—Huckel (or equivalent®?)
expression

AgH° = Ay H — [(2/3)Ac"? + Bc + Cc?] (4)

In eq 4, B and C are empirical constants and Ay is
the Debye—Huckel limiting law constant for enthal-
pies,>? which is given by the expression

A, = vRTX@RY)[T ™+ (01In €/dT), +
(1/3p)(3plaT)p] (5)

where ¢ and p are the relative permittivity and
density of the solvent at the measurement temper-
ature T and v is the number of ions present in the
formula of the electrolyte. At low concentrations the
empirical coefficient C can be set equal to zero and,
depending on the precision of the measurements, the
term Bc may also be disregarded. Use of eq 4
necessitates measurements over a range of concen-
trations, preferably in time-consuming independent
experiments, and thus, such extrapolations are pos-
sible (and justified) only in work of the highest
precision. Where measurements have been made at
just a few concentrations, AgnH® is often calculated
using the Debye—Hiuckel limiting law

AgnH® = AgH — (2/3)’6‘H\/C (6)

In many mixed solvents, the information required
for calculating Ay (eq 5) is not available. Under these
circumstances a Masson-type equation,®-52 analogous
to eq 6 but with Ay taken as an empirical parameter,
Ay, must be used. Values of AgnH are plotted against
Ve, with AgnH® and Ay’ being determined as the
intercept and slope, respectively. Inevitably, the
values of AqgnH® so obtained are less accurate than
those determined from the theory-based equations.
For work of even lower precision, the concentration
dependence of AgnH is undetectable and the values
are simply averaged and reported as AgnH°.

The transfer enthalpy is calculated simply as

AtHo = AsInHo(S) - AsInHO(W) (7)

where AgnH°(w) and AgnH°(s) are the standard
enthalpies of solution of the solute in water and the
target (mixed) solvent, respectively.

High-precision calorimetry has a resolution of
about 50 J mol~1, but more realistically, the precision
of routine measurements is probably 200 J mol~* or
larger. Accuracy is of course worse, and in practice,
the agreement between values from different labo-
ratories is often poor.

Where the electrolyte forms a stable hydrate
(MX-nH,0), the value of AH° for the anhydrous
electrolyte can be determined from the enthalpies of
solution of the hydrate and of water in the target
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solvent as

AH°(MX, w —s) =
AgoH°(MX:nH,0O ins) —
Agy,H*(MX-nH,O in w) — nAy,H,, (8)

where AgnHy is the enthalpy of solution (partial
molar excess enthalpy) of water in the target solvent
and n is the hydration number of the crystalline
hydrate.

Electrolytes that dissolve slowly present a particu-
lar problem. Although there are calorimeters avail-
able commercially that can handle such processes,
most cannot. An alternative that circumvents this
difficulty is to measure the enthalpies of dilution of
a concentrated solution of the electrolyte in water and
in the target solvent. This is analogous to measuring
the enthalpies of solution of hydrated salts, and A{H°
is calculated as

AH°(MX, w—s) =Ay;H(MXin s) —
Ad”Ho(MX in W) - I’]ASmHW (9)

where the first two terms on the RHS of eq 9 are the
enthalpies of dilution of the solution in the target
solvent and in water, respectively, and n is the
number of moles of water associated with one mole
of the solute in the concentrated solution.

When A{H° values are calculated from the solution
enthalpies of the solid hydrates or from the enthal-
pies of dilution, it is usual to determine the infinite
dilution value of the enthalpy change and then
correct for the enthalpy of solution of water. Clearly,
the accuracy of A(H° values determined in these ways
depends on the uncertainties of the AqnH,, values and
so is lower than for data determined from dissolution
of the anhydrous electrolyte. Generally, A{H° values
become less precise as the concentration of the
organic cosolvent increases since the AgnH, term
becomes large and its error increasingly significant.

Where the electrolyte is sparingly soluble, the
enthalpy of precipitation, Ap,H, can be measured.
For example, adding a solution of KCI to one of
AgNO; allows determination of the enthalpy of
precipitation of AgCIl. These measurements can be
made using a conventional isoperibol or, more con-
veniently, a titration calorimeter. It should be noted
that AppcH values have rarely been used for obtaining
AH°. However, this technique could, at least in
principle, be very useful for obtaining the A{H° values
for the very sparingly soluble TATB or TPTB salts
required for the estimation of the enthalpies of
transfer of individual ions (see section 111.A.5). Ex-
trapolation to infinite dilution via eq 4 or 6 requires
measurements using different concentrations of the
solution in the calorimeter.

2. (AAG°I3T)p Measurements

If the standard molar Gibbs energy of transfer of
an electrolyte or ion, AG°, is known at several
temperatures, then in principle it is possible to obtain
A{H° at a given temperature T from the temperature
derivative of A:G°
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AH® = AG® + TAS® = A,G® — T(IAG/3T),
(10)

This procedure has no advantage over the calcula-
tion via the GHSE, that is, by explicit use of the
entropy of transfer A.S°, obtained as described in
section I1.B. Furthermore, the use of eq 10 suffers
from the inaccuracies introduced by derivatization as
well as the errors that are inherent in temperature-
dependent measurements.56:5” Examples of the prob-
lems associated with such measurements will be
found in some of the systems discussed in section V.
Use of this approach is strongly discouraged, espe-
cially with regard to solubility data (which constitute
most of the information available),>® and it was not
employed in the present review to obtain otherwise
unavailable data.

3. GHS Equation Calculations

While the GHSE can be used to calculate A{H° from
the corresponding Gibbs energy and entropy (eq 2),
in practice it has not often been done. This is because
it is usually easier and more accurate to determine
A{H° by calorimetry, as described above.

B. Standard Molar Entropies of Transfer

1. Temperature Derivatives of Cell EMFs

The most direct method for the determination of
the standard molar entropy of transfer of an electro-
lyte is from electrochemical data. Consider the iso-
thermal galvanic cell I, containing the electrolyte MX
dissolved at ionic strength | in water (w) or the mixed
aqueous organic solvent (s), at temperature T

MIMX in w or s|X Q)

with the M electrode responsive to the cation M"* and
the X electrode responsive to the anion X~. The
standard molar Gibbs energy change for the cell
reaction, AG®, in any solvent is related to the
standard electromotive force (emf) of this cell, E°, by

AG® = —nFE® (11)

where n is the number of electrons involved in the
cell reaction and F is the Faraday constant. Entropy
being the (negative) temperature derivative of the
Gibbs energy, AS°® = —(3dG°/dT°)p, it follows that

AS® = nF(IE°/3T), (12)

That is, the standard entropy change for the cell
reaction is proportional to the temperature derivative
of the standard emf of the cell at constant pressure.
If the latter quantity is measured in the target mixed
solvent (subscript s) and in the reference solvent
(water, subscript w), the difference yields the desired
A:S°

AS°® = nF([E°, — E°,]/0T), (13)

The emf, E, of cell I at finite concentrations of MX
can be measured with a precision of +0.01 mV,
although the true uncertainties are usually consider-
ably larger. The extrapolation of measured E values
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to infinite dilution of the electrolyte to provide E° can
be achieved with little deterioration in precision. This
extrapolation can be conveniently done using the
extended Debye—Huckel expression for the activity
coefficient of MX. Usually, the Debye—Huckel term
in 12 is subtracted from the measured E values to
permit a linear extrapolation to zero against |

E — (RT/nF)[AM)IY/(1 + Ba(T)1¥3)] =
E°(T) + (RT/nF)b(T)l (14)

where all undefined symbols have their usual mean-
ings.5® The temperature- and solvent-dependent coef-
ficients A and B are calculated from the properties
of the solvent (the relative permittivity and the
density if the molal scale is used for MX) and other
fundamental constants. The so-called ion-size pa-
rameter a is usually assumed to be independent of
the solvent and temperature. Any uncertainty as-
sociated with this assumption is compensated for by
changes in the value of the empirical parameter, b(T).
This parameter and the desired value of E°(T) are
obtained as the slope and intercept of a plot of the
LHS of eq 14 against 1.

A common practice is to express the measured
differences E°s(T) — E°w(T) as a second-degree poly-
nomial in T (when measured for at least three
temperatures, typically in the interval 15—45 °C)

E°(T) —E°(T)=a,+bT+cT? (15)

and to calculate the derivative in eq 15 numerically
at the desired temperature (usually 298.15 K). This
procedure permits AS°(MX) to be determined with
a precision of £0.4 J K~ mol~%. In a few instances
polarographic (or voltammetric) half-wave potentials,
Ei, have been measured rather than galvanic cell
emfs. These potentials are difficult to measure to
better than +£1 mV, and this uncertainty is reflected
in the resulting entropies of transfer.

The major disadvantage of measuring A:S° via the
temperature derivative of the emf of a galvanic or
polarographic cell is that this procedure is applicable
to relatively few electrolytes. Few electrodes (and
hence cells) are sufficiently reversible for such pur-
poses, the most widely employed undoubtedly being
the hydrogen (Pt|H,, H*) and the Ag|AgX, X~ elec-
trodes, used to determine AS°(HX). Even electrodes
that are useful in aqueous solutions often require
special procedures to enable them to function prop-
erly in aqueous—organic solvent mixtures,> and then
the results obtained are usually less accurate.50-5
Furthermore, it should be noted that all measure-
ments made as a function of temperature are subject
to temperature-dependent errors. These systematic
but often unsuspected errors, even when small, can
have significant effects on the temperature derivative
and thus on the reliability of quantities obtained from
it.50%6-58 On the whole, it is fair to say that the
expected accuracy in A{S° arising from the apparent
experimental precision and directness of this method
has commonly not been realized.

2. Nonisothermal Cell EMF (NICE) Measurements

Entropies of transfer may also be determined from
nonisothermal cell emf (NICE) measurements. In the
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few instances where this approach has been em-
ployed, both polarography and potentiometry were
used.>®-61 |nitially, galvanic cell 11, at 283 < T/K <
323, was used to obtain the dependence of the
potential of the Ag|Ag™ electrode on temperature

Ag|0.01 M AgX, 0.1 M Et,NCIO, in w at
T, 10.01 M AgX, 0.1 M Et,NCIO, insat T |Ag

(1)

where M stands for mol L=t and X~ for CF3SO3™. The
cell electrodes were of course ultimately in contact
with copper terminals that were maintained at the
standard temperature Ts = 298.15 K. The thermo-
couple potential, Et, developed between the Ag
electrode (at T) and the copper connector at Ts;, was
small enough to neglect (dE/dT < 20 uV K1 €2),

To determine A{S°(M""), the right-hand compart-
ment of cell 11 was replaced by a polarographic half-
cell

Ag|0.01 M AgX, 0.1 M Et,NCIO, in s at
T, |I1 mM MX, 0.1 M Et,NCIO, in s at T |M(Hg)
dan

The values of the half-wave potentials E1, in cell
111 could be determined to within £4 mV, but the
temperature dependences were claimed®! to be mea-
surable to within 20 uV K. The authors estimated
that this corresponded to an uncertainty of £3 J K1
mol~t in the cell reaction entropies. A similar deter-
mination was made with bis(biphenyl)chromium-
(BBCr) instead of MX in the right-hand compartment
of cell I11. The extrathermodynamic assumption that
was applied was thus that there is a negligible
thermal diffusion potential (<20 uV K1) between
the hot and cold compartments in the various noniso-
thermal cells.®® Values of AS°(M"") obtained in this
way were combined with the corresponding Gibbs
energies of transfer, estimated by the BBCr assump-
tion,! to yield the enthalpy of transfer.5!

3. GHS Equation Calculations

Probably the most common method for obtaining
AS° values for electrolytes has been via the GHSE.
This involves the combination, via eq 3, of AG°
obtained from the solubilities or other suitable mea-
surements and the corresponding AH°, usually
obtained by calorimetry. The values of A{G° and A{H°
often come from different sources and typically have
an uncertainty of at least 0.1 kJ mol~1, so that the
uncertainty in A:S° would probably be up to £0.5 J
K~1 mol~*. This method, thus, appears to be at least
as accurate for the determination of the standard
molar entropies of transfer of electrolytes as the other
methods mentioned above. It has the advantage of
being more or less universally applicable, since both
AG° and A{H° can be determined with reasonable
accuracy for almost any system of interest. This
approach will be exploited in the present review
mostly to obtain A:S°(ion) values from the corre-
sponding ionic enthalpies and Gibbs energies.
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[ll. Data Treatment

A. Estimation of Single lon Values
1. Background

Single-ion values of AH° and A:S° (hereafter
referred to collectively as A.Y®) are invaluable for
developing an understanding of the interactions
between an ion and its surrounding solvent medium.
Values of AcY°(ion) are also useful for the efficient
recording of the corresponding thermodynamic func-
tions of transfer of electrolytes, since the latter are
easily reconstituted from the former, so that far fewer
values need to be listed.

Single-ion values of A;Y° cannot, of course, be
measured by direct experiment. To obtain such
values it is necessary to use an appropriate extra-
thermodynamic assumption. The assumptions em-
ployed for this purpose resemble those used for
calculating A¢G°(ion), which have been reviewed on
numerous occasions (ref 1 and references therein).
It should be emphasized that strictly it is only
necessary to obtain a value of A;Y*° for just one ion.
Those for other ions can then be determined, without
any further assumption, by application of the prin-
ciple of additivity of standard state electrolyte (or
ionic) values, because at infinite dilution the ions
behave independently of other solute species. In
practice, however, if possible, it is advisable to use
A:Y° values of more than one ion so as to avoid
artifacts that might arise from singular erroneous
values of the chosen ion.

In the following description of extrathermodynamic
assumptions suitable for the calculation of A;Y°(ion),
only those employed reasonably widely are discussed.
A fuller consideration of the numerous methods
proposed over the years is presented by Marcus.®* For
convenience, assumptions used for enthalpies and
entropies are discussed together.

2. Assumptions Involving the GHS Equation

The GHSE is as applicable to ions as it is to
electrolytes, due to the additivity principle. Thus

AG°(ion) = A{H°(ion) — TAS°(ion)  (16)

The calculation of either A{H°(ion) or AS°(ion)
therefore requires values of AG°(ion). The latter
must also be obtained using a suitable extrathermo-
dynamic assumption. Three assumptions have been
widely employed for the calculation of A:G°(ion).
These are! the reference redox couple assumption,
usually employing bis(biphenyl)chromium(0/1) (BBCr),
the negligible liquid junction potential assumption
(NLJP), and the reference electrolyte assumption,
employing the salts tetraphenylarsonium tetraphen-
ylborate (PhyAsBPh,, TATB) or its phosphorus ana-
logue (Ph,PBPh,, TPTB). Combination of AG°(ion)
so obtained with A{H°(ion) or AS°(ion), derived by
an appropriate assumption, yields the third quantity.
This approach has been most commonly used for
calculating AS°(ion). However, AH°(ion) values have
also been obtained® %2 by combining A:G°(ion) values
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using the BBCr assumption with A:S°(ion) deter-
mined from NICE measurements (see below).

3. Negligible Thermal Diffusion Potential Assumption

The assumption of negligible diffusion potential at
the liquid—liquid junction between two halves of an
electrochemical cell maintained at two constant but
different temperatures was used by Weaver et al.®?
to measure the entropy change of single-electrode
processes. This assumption was adopted by Gritzner
and Lewandowski® for the determination of A:S° for
various ions between two (neat) solvents and later
extended®! to include transfers between water and
agueous—organic mixtures. This method is loosely
analogous to the negligible liquid junction potential
method for the determination of A:G°(ion) (ref 1 and
references therein). Its validity depends on the small
magnitude of most thermal diffusion potentials.

4. Reference Electrolyte Assumptions

This type of assumption has been by far the most
popular among researchers. Almost all have taken
electrolytes involving a large cation and anion of
similar size and structure, the most common being
Ph,Ast or Ph,P* and BPh,~. It should be noted that
whenever such effects have been investigated, no
significant differences between the two cations have
been observed. Accordingly, they will be treated as
equivalent throughout this review. Occasionally salts
with small ions have been selected as the reference
electrolyte. For example, Booij and Somsen® em-
ployed the assumption

AH °(Na®) = AH°(Br) = 1/2AtH°(NaBr) a7)

to obtain A{H°(ion, w —w + DMF). The reason given
for this choice was that A(H°(NaBr, w — w + DMF)
was nearly linear with respect to xpmr Whereas A¢H®
for electrolytes involving large ions showed pro-
nounced extrema as functions of xpme. Whether this
observation has any fundamental significance is not
clear, and the use of small ions for obtaining ionic
values has been criticized by Krestov et al.%¢ Cer-
tainly, most researchers in this area consider that
assumptions involving large, chemically similar ions,
and in particular, those involving PhsAs(or P)* and
BPh,~, can be used with some confidence for obtain-
ing A¢Y°(ion). No strong evidence has been presented
to suggest that AsovnH°(PhsAs(or P)™) should differ
significantly from AguwnH°(BPhs ™). Such reservations
have been discussed at length for neat solvents by
Marcus,? and similar considerations should apply to
agueous—organic mixtures. Furthermore, if the TA-
(P)TB assumption is acceptable for A:G°(ion) at 25
°C,! there does not seem to be any fundamental
reason to cause it to be less satisfactory at other
temperatures. This implies, via the usual thermody-
namic relationships, that the TA(P)TB assumption
should be equally satisfactory for A;Y°(ion).2

5. Implementation of the Adopted Assumption

From the above considerations, the TA(P)TB as-
sumption has been adopted throughout this review
to calculate AcY°(ion). Unfortunately, both TATB and
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TPTB are very sparingly soluble in virtually all
aqueous—organic mixtures. This creates particular
problems for the measurement of A\G°(TA(P)TB)%¢"
but not necessarily for the corresponding values of
A:Y°. Thus, while measurement of AgnH®° for TA(P)-
TB is impractical, calorimetric determination of its
standard enthalpy of precipitation (= —AgnH®) is
possible, at least in principle. Somewhat surprisingly,
this approach does not seem to have been used,
although it has been employed to determine AH®°
values for other sparingly soluble substances.5®

Instead, A{H°(TA(P)TB) has been determined by
application of the additivity principle. This requires
accurate data for three electrolytes

AH°(TA(P)TB) = AH°(TA(P)X) +
AH°(MTB) — AH°(MX) (18)

According to the TA(P)TB assumption, the ionic
values are then given by

AH°(TAP)") = AH(TB") =
LAH(TAP)TB) (19)

An identical approach is used for determining A:S°
(TA(P)TB) and hence A:S°(ion). The need to calculate
AY°(TA(P)TB) by additivity increases the uncer-
tainty in the ionic values derived from them. Of
course, the overall reliability of the resulting ionic
values depends mainly on the validity of the extra-
thermodynamic assumption employed.

B. Solute Concentration and Solvent Composition
Scales

1. Solute Concentrations

The standard molar enthalpy of transfer of a solute
AH°(MX) is independent of the solute concentration
scale.?® On the other hand, AS°(MX) depends on the
solute concentration scale in the same manner as
AG°(MX). The latter dependence was discussed
previously! and, for the same reasons as given then,
the mol L™ scale was adopted for A:S°(MX) in the
present review. The relationships between the values
of A:S° on the different solute concentration scales
are

AS’ = ASm + 2.303R log(d/d,) =
AS’, + 2.303R log(M,dJ/M,d,,) (20)

where the subscripts (c), (m), and (x) denote the mol
L, mol (kg solvent)™, and solute mole fraction
scales, respectively. The unbracketed subscripts w
and s, respectively, refer to water (as the reference
solvent) and the mixed aqueous—organic solvent,
including the neat (100%) organic component. The
symbols M and d represent the molar mass and
density.

Thus, knowledge of the mean molar mass (Ms =
xwMw + XsMorg) and density of the mixed solvent is
required for interconversion of the transfer entropies
among the various scales. Since the correction term
involving densities is rather small, it is reasonable
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to ignore the volume change on mixing and simply
use the molar volumes V° of the neat solvents to
calculate the density of the mixture. That is

ds ~ [Xwa + Xslvlorg]/[xw\/wc> + XsVorgo] (21)

where x here represents the solvent mole fraction
composition and the subscript org denotes the neat
(pure) organic solvent.

2. Solvent Composition

As discussed previously,* solvent compositions have
been reported on a variety of scales, including mole,
mass, and volume fractions or percentages. The
relationships among these scales for agqueous—
organic mixtures are as follows. When n,, mol of
water of mass nyM,, are mixed with neg mol of an
organic cosolvent of mass NogMorg, the mol fraction
of the organic component is

Xs = r-‘org/(norg + nw) (22)
and the mass (weight) fraction of the cosolvent is
Ws = norgMorg/(norgMorg + anw) (23)

Some authors have used ideal volume fractions, ¢sq
= Vorg/(Vorg + V), 10 express solvent composition,
where V,, and Vo represent known volumes of the
neat components used to prepare the solvent mixture.
This permits the ready calculation of the mole or
mass fractions providing the densities of the neat
components at the temperature of preparation of the
mixture are known. However, if a volume V4 of the
neat organic component is used in preparing a
volume Vpix of the solvent mixture by adding the
water to the mark in a volumetric flask, then its
volume fraction is

(ps = Vorg/\/mix (24)

Because the volume of mixing may not be zero, this
introduces uncertainties into the data without pro-
viding any significant advantage. Its use should be
avoided.

For the reasons given previously,! the solvent
composition scale adopted here is mol fraction xs (or
mol percent, 100xs). Conversions among the scales
used in the original publications were made using
eqs 22—24, and the data were interpolated numeri-
cally or graphically to evenly spaced values of 100xs.
In contrast to the previous review, it was deemed
useful to routinely include values at 100xs = 5,
because A{H° and AS° of the solutes, in contrast to
the corresponding A«G° values, often exhibit extrema
at low cosolvent concentrations. For some solvents,
where complex behavior is known to occur, even more
closely spaced data are presented.

C. Relevant Properties of the Solutes and
Solvents

Explanation of the observed trends in A{H° and
AS° ultimately must be made in terms of the
properties of the solutes (specifically, the component
ions) and the solvents involved. The most relevant
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properties of the ions are their size and tendency
toward coordinative interactions with solvent mol-
ecules. For the cations, the latter can be expressed
as the ‘softness’ parameter (which incorporates the
favorable nature of hard/hard interactions).! For the
anions, the relevant quantity is their H-bond acceptor
ability as described in ref 70.

Relevant properties of the solvents have been given
previously,! except for the hydrophilicity/hydropho-
bicity factor.”>72 In addition, there are four solvents
GY, DMA, TMS, and UR for which reasonable
amounts of AH°/AS°® data exist that were not
included in the review of AG° values. Properties of
neat GY, DMA, and TMS are available,”* but those
of their mixtures with water have not been compiled
as yet.

D. Organization of the Data

1. Organization of the Data

Separate tables for the enthalpies of transfer, AH°
(in kJ mol1), and the entropies of transfer, AS° (in
J K~ mol~t on the mol L~* scale) of electrolytes, were
included for all agueous—organic mixtures for which
sufficient data were available. Where necessary, the
data were recalculated and interpolated from the
original publications. Values of A{H° for electrolytes
were listed to a maximum of two decimal places
where so reported or as was consistent with the
claimed accuracy. Values of A:S° for electrolytes were
restricted to one decimal place. In many cases the
quality of the data does not justify this many signifi-
cant figures, since the uncertainties in A{H° are often
>0.5 kJ mol~! and those in AS° are often =3 J K™?
mol~2. In these cases, A{H° data were rounded to the
nearest 0.1 kJ mol~%, while integral values were used
for AS°/J K= mol—2.

Data for individual ions are presented in separate
tables for both A{H® and A:S°. Most of these values
were derived as part of the present review, using the
TATB/TPTB assumption (see section I11.A.5). The
tables of ionic values also include, where available,
those reported by the original authors. So as not to
lose possible information for whole salts (obtainable
by applying additivity to appropriate cation and
anion data), values of A{H° and AS° for single ions
are cited to one decimal place and integer values,
respectively, while recognizing that the uncertainty
of the extrathermodynamic assumption does not
justify such precision.

The tables included in section 1V were ordered with
respect to the solvent along the lines used previously*
with the additional solvents inserted in appropriate
places. In the tables, cations are listed first (in the
same order as used previously?) followed by anions,
commencing with the halide ions.

2. Selection Criteria

Critical assessment of A{H° and A:S° data has
relied in general on the existence of independently
determined values from the literature. Such data are
much less common than for the corresponding Gibbs
energies.! Where data were not available at the
evenly spaced intervals required for tabulation, they
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were interpolated graphically or numerically. Such
data are enclosed in parentheses. In many cases only
one set of data was available. In some instances,
particular research groups reported significantly
different values for some systems, often without
comment, in separate publications. Such data are
included in the tables and/or appropriate comments
are made in the text in section IV.

Occasionally, values of A;Y°(MX) available only
from a single source were deemed unreliable, due to
obvious flaws in the determination or calculations in
the original report. Where reported data for whole
electrolytes were considered unreliable, reasons are
given in detail in the comments on the relevant
system in section V. Such values are often included
in the tables for completeness but are enclosed in
square brackets and were not used further.

Values deemed reliable, i.e., those differing among
independent determinations by less than 42 kJ mol !
for A¢H® or £7 J K~ mol~? for AS°, were given equal
weight and averaged. The averaged values are listed
in the tables as “Recommended” and printed in bold.
Note that authors working in the same laboratories,
even if not necessarily publishing together, were not
considered to be independent. If over part of the
solvent composition range only one set of apparently
reliable data was available, these were classified as
“Tentative” over that range and are also printed in
bold but placed in curly brackets. In a few cases
Recommended or Tentative data were smoothed
graphically to remove random (small) variations in
trend. Such values are designated with an asterisk.
Because of the greater uncertainties in the values of
AH° and AS° (relative to those in A{G°), data
available from only one source were often not as-
sessed, even if thought to be reliable by the present
reviewers.

3. Enthalpy Data

In judging the likely reliability of widely divergent
data, values obtained calorimetrically were preferred
over those obtained by other methods. The reliability
of the calorimetric data was assessed by consider-
ation of the reported precision, the reasonableness
of the procedures used, and comparisons with related
data. Particular emphasis was placed on the agree-
ment of the values of Ay wH° reported by the authors
with accepted values.” In addition, where A{H°(MX,
w — s) data were available for transfer between the
neat solvents, they were compared with those calcu-
lable from the ionic values given in the critical review
of Marcus.%* The Recommended/Tentative enthalpy
values are rounded off to the nearest 0.1 kJ mol1,
in view of the uncertainties in the data themselves
and those associated with interpolation, averaging,
and smoothing.

Accurate values of AY° must be additive. Thus,
differences between sets of electrolytes having a
common ion should be independent of the nature of
the common ion. This approach was used wherever
possible to assess the quality of doubtful data. The
failure of additivity, to worse than ca. & 2 kJ mol~?!
for AH®, is prima facie evidence that the data contain
significant errors. A typical application of this ap-
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Figure 2. Differences between the standard molar en-
thalpies of transfer of chloride and bromide salts, [AH°-
(MCl)—AH°(MBT)]/kJ mol~1, from water to aqueous—AN
mixtures at 25 °C, for various M*: O Na*, A K*, V Ag*, ¢
Et;N*, O PhsAs™ (ref 248), and ® Ph,As™ (ref 68). The line
represents the average, and the error bar the maximum
uncertainty, of the data deemed reliable.

proach is illustrated in Figure 2 for aqueous—aceto-
nitrile mixtures. The data shown clearly indicate that
the values for A(H°(PhsAsBr) — AH°(Ph,AsCI) are
aberrant. In this particular case the error could be
ascribed to the reported values of A{H°(PhsAsCl).%8

lonic values were estimated by the TATB/TPTB
extrathermodynamic assumption as described in
section I11.A.5. Particular attention was paid to
deriving the most reliable data for the salts required
for calculating the TATB/TPTB values (egs 18 and
19). This yielded the values of A{H°(Ph, (As, P)*) and
AH°(BPh,”) which were then used to calculate
values for other ions in the hierarchical manner
illustrated in Table 2. In comparison with the body
of data used in the assessment of A:G° values,!
relatively fewer enthalpies of transfer of electrolytes
have been sufficiently well studied to permit values
to be Recommended.

4. Entropy Data

The situation with respect to entropies is much less
satisfactory. Far fewer data are available for A:S°
than for A{H°, for all solvent mixtures. Even fewer
values have been confirmed independently, and thus,
assessment of the quality of these data was at best
difficult and frequently impossible. As discussed
earlier (section 11.B), A{S° are obtained directly from
the temperature derivatives of suitable cell potentials
(0E°/0T)p, eq 13, or indirectly via the GHSE using
A:G° and A{H° data (eq 3). Where comparisons were
possible, the agreement was often extremely poor.
Pending further investigations, almost all the avail-
able A{S°(MX) data should be viewed sceptically.

In principle, many values of AS°(MX) could be
obtained by combination of the present tabulations
of A{H°(MX) values with appropriate A{G°(MX) data.
However, no comprehensive critical evaluation of the
latter is available for transfers to aqueous—organic
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Table 2. Hierarchy Used in Deriving AH °(ion, w — w + EtOH) Values
ordinal MX used to MX used to MX used to
number derive value ion derive value ion derive value ion
1 PhsPBPh4 Ph4p+=BPh47
2 NaBPh, Na* Ph4PBr Br- Pr;NBPhy PrsN*
3 NaCl Cl- KBr K*a NaClO, ClO, b
4 HBr He NH4CIO4 NHs+c MesNCI MeyN+d
5 NH;NO3; NO3z~ KPi Pi- CsF F
6 AgPi Ag* LiNO; Lit
7 AgMeCO, MeCO;™ ¢

a KBr and KI were also used to obtain the average value, similarly for Rb*™ (RbCl and Rbl) and Cs* (CsCl, CsBr, and Csl).
b Further ions for this ordinal number are 1= (from Nal), OH~ (from NaOH), and Bu;N* (from Bus;NBr). ¢ HCI and HCIO,4 were
also used to obtain the average value, similarly for NHs* (NHyl). @ Further ions for this ordinal number are Ca?*, Sr?*, Ba?*,
Fe?*t, Co?*, Ni¢t, Cu?*, AI®*, and Fe®", from the corresponding chlorides. ¢ Further ions for this ordinal number are EtCO,~ and

PrCO;, from the silver salts.

mixtures. Without such a corpus of data it would be
necessary to make a personalized selection of values
that would expand considerably the present review
and introduce extra inconsistencies. On the other
hand, relevant critically evaluated data are available
for A«G°(M"*) values.! Combination of these with the
AH°(M"*) values reported here enabled estimation
of a modest number of values for A(S°(M"*). Values
of AS°(X™) were then obtained from AS°(MX) data
using additivity. For the reasons discussed above in
relation to A{H°(ion) values, those for A{S°(ion) are
reported to the nearest 1 J K™ mol~t. The true
uncertainties will be much larger.

IV. Detailed Presentation of the Data

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

1. Enthalpy Data for Electrolytes

Enthalpy data for the transfer of electrolytes
between water and water/MeOH mixtures are prob-
ably the best characterized of any aqueous—organic
solvent system. Data are available for over thirty 1:1
electrolytes, more than ten 1:2 electrolytes, and La-
(NOg3)s3, mostly over the whole solvent composition
range (Table 3). Many of the data have been well
confirmed by independent studies, and it is possible
to make additivity checks even for some of the 1:2
electrolytes. Data reported® for a number of salts at
the single composition xmeon = 0.568 are not listed
in Table 3 but are cited in its footnotes and in the
text below. The potentiometric measurements re-
ported by Dash and co-workers!®-1% for a number
of silver and mercury salts at low cosolvent concen-
trations contained too little useful information to
justify their inclusion, as also did the paper by
Krasnoperova.*!

In contrast to the wide availability of data for other
salts, only one study®® has been made of the key salts
required for the application of the TPTB assump-
tion: Ph,PCl and NaBPh,. Even though this calori-
metric study is comprehensive and apparently reli-
able, independent confirmation is desirable in view
of the large amount of information available for other
electrolytes. Data for Ph;AsPi are available from
solubility studies at Xveon < 0.6, but values for an
appropriate picrate salt are lacking, and so even a
limited comparison with the TPTB results could not
be made.

A reasonable body of data exists for the hydrohalic
acids. In particular, three calorimetric studies have
long been available for HCI.55474 The data of Slansky®
and of Feakins et al.>* are in excellent agreement,
although the provenance of the numerical results in
the latter is unclear (the references cited are unhelp-
ful, and the values listed may have been recalculated
from Slansky’s work). On the other hand, the results
of Bertrand et al.” appear to be up to 5 kJ/mol too
negative. This is confirmed by additivity checks using
values of AH°(HCI) — A{H°(HBr). [Note that for
convenience such quantities will be denoted through-
out this review by the shorthand (HCI—-HBr), (HCI—
NacCl), etc.] Accordingly, even though the difference
is not great, the data of Bertrand et al.”* were
rejected. For HBr only one report exists.>* Additivity
checks using (MCI—MBr) and (M1—MBFr) suggest the
results are reasonable. For HI, the calorimetric data
of Feakins et al.> differ by up to 20 kJ/mol from the
potentiometrically derived values of Mclntyre and
Amis.”> Additivity checks indicate the latter are
almost certainly in error, and they have therefore
been rejected.

Abundant amounts of data exist for the alkali
metal halides, mostly obtained by calorimetry. As
usual,®®10 data for fluoride salts are scarce, with
values available only for KF and CsF.3°> Most of the
alkali metal halide data are in good agreement, which
means that for many of the salts their averaged
values could be classified as Recommended over the
whole solvent composition range. It also means that
unusually strict criteria could be applied to data that
deviated from the average. Thus, the pioneering
results of Moss and Wolfenden* for NaCl have been
rejected even though they differ from the Recom-
mended values by <1 kJ/mol (Table 3), which is much
smaller than has been achieved for most salts in
other solvent mixtures. This is tribute both to the
accuracy of the original study of Moss and Wolfend-
en* and to that attainable by good calorimetric
practice. Almost all of the other published data have
been accepted. An exception is the (graphical) data
of Krestov and Klopov,” which are more positive, by
up to 11 kJ/mol, than all other studies and were
therefore rejected. For LiCl, the earlier results re-
ported by Feakins et al., which are in excellent
agreement with those of Slansky,® have been pre-
ferred over the later values from Feakins' group.””
However, doubts about the provenance of the earlier
data noted above must be kept in mind. Too few data
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Table 3. AH°(MX, w — w + MeOH)/kJ mol?, 298.15 K, as a Function of 100Xmeon

MX  AgH® 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 7481 126 211 277 2.43 1.47 018 -125 —272 -421 -579 -763 5
HCI -75.7  [24] [33] [27] [0.6] [-1.8] [-41] [-6.3] [-83] [-9.3] [-71] [-21] 74
HCI 1.35 232 (3.33) 321 (226) 075 —1.07 (-2.99) —480 -6.37 —756 54
HCI 1.3 22 3.1 2.8 1.9 0.5 1.1 2.8 -4.5 6.1 -7.6
HBr 115 191 (2.68) 232  (0.89) —1.40 —426 (-7.28) —9.95 —1164 -11.63 54
HI 1.07 160 (218 177  (0.17) -258 —6.21 (-10.28) -13.86 —16.17 —15.93 54
HI 095 083 —2.65 -833 -1472 -—2059 —24.94 —27.04 —26.40 —22.06 —16.11 75
H,Cro, 336 571  7.04 405 —3.03 -13.96 —28.50 —4643 —67.52 76
Licl —37.24 273 431  4.92 3.67 152 -081 -292 -469 628 -814 —11.01 5
LicCl 282 450 (5.09) 364  (1.29) -1.20 —3.35 (-5.03) —6.46  -8.16 —10.99 54
LicCl [0.68] [1.24] [1.79] [1.53] [0.28] [-1.97] [-5.08] [-8.69] [-16.59] 77
Licl 28 44 5.0 3.7 1.4 -10 -3.1 -4.8 6.4 -82  -11.0
LiNOs —266 119 172 12  -064 -321 —6.09 —9.01 -11.88 —1474 —17.81 -21.47 35
NaCl [452] [1.49] [2.42] [3.03] [251] [1.40] [0.01] [-1.57] [-3.44] [-5.92] [-9.54] [-15.04] 4
NaCl 3.85 1.62 269 356 3.35 2.50 1.30 -014 —1.90 -421  -747 -1225 5,78
NaCl 3.7 [3.9] [6.4] [84] [8.2] [7.0] [5.9] [5.1] [4.4] 28] [-1.0] [-9.2] 7
NaCl 1.60 2066 (3.45) 318  (231) 112 —0.28 (-1.97) —421  -7.43 -1226 54
NaCl 3.79 [1.8] [3.3] [47] [3.9] 79
NaCl 1.62 272 365 3.40 2.39 089 -097 —324 (-6.12) (-9.97) -1531 77
NaCl 3.90 166 273 352 3.06 1.89 035 -1.37 —326 -545 —828 —12.20 80
NaCl (1.65) 2.65  3.28 2.67 1.66 1.06 81
NaCl 1.6 27 35 3.2 2.2 0.9 -0.7 2.6 -5.0 -83  —13.0
NaBr -0.13 149 244 296 2.31 089 —099 -320 -569 —-859 —1212 —16.66 5
NaBr 1.79 2583 325 2.22 043 -167 -390 —629 (-9.15) (-13.02) -18.70 77
NaBr 212 295 274 1.98 113 -1.50 82
NaBr 1.8 27 3.0 2.2 08 —14 -3.6 -6.0 -89 -126  -177
Nal -761 169 270  2.92 1.76 -021 -265 -536 -836 —11.81 -1610 —21.77 5
Nal (—7.60) -1.04 -3.11 83
Nal -758 171 269  3.03 1.88 -011 -256 —531 -844 —1227 —17.39 —2460 15,842
Nal 1.93 297 298 110 -184 -526 -881 —1237 -16.06 —20.22 —2544 77
Nalb 1.7 27 3.0 1.8 -02  —26 -5.3 -84  —120 -167  —23.2
NaNO;  20.0 21 34 4.0 3.1 1.6  —0.1 -1.8 —-4.0 -73 -129 -222 85
NaNO;  20.80 1.93 3.05  3.56 2.58 090 -098 -291 -501 -7.73 —11.82 —18.36 86
NaNO; 20 32 3.8 2.8 1.3  -05 —2.4 —45 -75  —114  -20.3
NaNO, 1411 131 225 238 130 -029 —200 -370 -556 —8.05 —11.92 —18.18 87
NaBPh, —20.00 14.07 2337 3114 2978 2424 1730  10.13 2.86  —487 —1329 —21.99 80
KF -16.19 (0.99) (L.70) 249  (2.75) 272  (252) 2.12 (1.36) (-0.04) (-2.50) —6.58 88
KCl 1724 112 181 21 1.41 003 -173 -368 -572 —7.83 -1010 -—12.72 5,78
KCl 174 [22] [36] [47] [4.7] [4.3] [4.2] [4.1] [4.0] [3.4] L1 [-41 7
KCl 115 185 (2.21) 158  (0.10) —1.69 —3.67 (-5.74) —7.87 —10.14 -1271 54
KCl 1722 139 223 271 2.19 1.19 000 -1.30 -2.88 -511 —860 —14.19 89
KCl 1714 10 21 (3.6) 2.1 79
KCl 1.38 224 279 2.36 1.39 017 -122 -290 (-5.18) (-857) -13.77 77
KCl 1.2 20 25 1.9 07  —09 2.5 -4.3 6.5 -9.4 —133
KBr 2000 109 165 152 025 -166 —3.85 —6.10 —834 —10.64 —1320 -1638 5
KBr 20.3 22 35 5.4 6.5 6.7 6.1 47 2.5 -0.6 -4.3 -89 7
Kl 2038 110 165 145 011 -190 —422 —670 —929 —1211 -1543 -1966 5,78
Kl [22.9] [03] [0.7]  [0.9] [06] [-03] [-1.7] [-35] [-5.8] [-85] [-115] [-148] 7
Kl 1.73 272 3.02 1.86 -013 —257 —531 -844 -1228 —17.40 —24.60 84
Kl 14 22 2.2 1.0 -10 -34 -6.0 -89 —122 -164  -221
KNO; 348 23 33 2.5 01 —24  —44 -6.7  —11.2 85
KNO3 3520 230 335 276 —0.18 —406 -7.88 —11.04 -13.35 —1504 —1674 —1949 86
KNO; 23 33 2.6 00 —-33 {-61} {-89} -123 {-150} {-16.7} {-19.5}
KSCN 2435 164 273 195 —049 —348 —633 -877 —1094 —1343 -17.22 —23.74 87
RbClI 16.74 057 100  1.44 1.45 1.06 030 -0.86 —-250 -470 —761 —1140 5
RbCl 054 102 (146) 145 (1.05) 026 —093 (-258 —478 -7.66 —11.39 54
RbCl 16.84 24 3.0 (2.8) 2.3 79
RbClI 1.38 218 255 1.93 091 —016 -119 -227 (-3.76) (-6.24) —10.50 77
RbCI 06 1.0 1.4 15 1.1 0.3 -0.9 2.5 4.7 -76  —114
RbNO;  36.3 20 30 24  —03 —31  —45 85
CsF -36.33 121 193 257 2.63 2.58 2.66 2.89 3.11 2.95 181  -110 35
cscl 17.74 050 078  0.78 024 068 —1.85 —320 —468 —629 -805 -1002 5
cscl 0.77 085 (0.89) 036 (-059) -1.81 —321 (-473) —-635 -8.09 —10.00 54
cscl 1741 16 24 (2.3) 2.0 79
cscl 1.60 218 231 1.42 022 -084 -158 -208 (-272) (-4.10) -7.11 77
CsCl 06 08 0.8 03 06 —1.8 -3.2 4.7 -6.3 -81  —10.0
Csl (31.8) -27 35 1.8  -06 90
AgCl 648 —4.1 —14.2 91
NH4l 13.70  1.03 124 (-0.09) -274 —582 (-8.75) (—11.29) (-13.54) (—15.91) —19.18 —24.42 92
NH4l 1372 106 126 009 -240 -545 - -11.44 -14.06 -1659 —1946 —23.32 35
NH.l 1.0 12 00 -26 -57 -87 -115 -140 -165 -195 —23.8
NHsNO; 2549 130 168 091 -114 -372 -635 -878 —11.00 —1327 -1607 —2012 35
NH4sBF, 3586 170 272 235 003 —327 —686 -1028 -1335 -—16.14 —18.98 —22.46 87
PrsNBr 16 34 7.0 5.1 3.8 3.2 93
BusNBr 81 151 255 30.3 305 28.0 25.2 23.9 24.9 27.3 276 94
BuNBr —842 995 17.70 27.32 3122 3156 30.09  28.07  26.36 25.36 2504 2492 35
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Table 3. (Continued)

MX AginH® 5 10 20 30 40 50 60 70 80 90 100 ref
BusNBr 9.3 16.8 26.6 30.8 31.1 29.3 27.1 25.5 25.1 25.7 25.8
HxsNBr 1456 16.07 27.39 39.36 41.95 39.29 34.47 29.61 25.94 23.86 23.00 2230 95
Ph4PCI —8.91 14.74 2312 2651 21.79 15.63 11.05 8.58 7.41 6.47 5.64 6.82 80
PhsAsPi 7.1 13.3 22.8 26.8 24.3 14.3 —4.7 96
MgCl; 251 365 350 136 (-0.99) (—2.60) -352 —445 —-6.07 -7.93 —-693 97
CaCl, —80.8 0.3 (079 -05 —-47 -11.2 —13.4 (-17.7) —22.7 —26.6 -31.7 -27.1 98
Ca(NO3), —14.3 1.8 2.6 1.2 -25 -7.1 -11.5 —-15.2 -17.9 —20.0 -21.9 —24.7 85
Ca(NOs3); —17.60 1.62 2.26 1.25 —1.98 —6.48 —11.45 —-16.30 —20.58 —24.04 —26.57 —28.26 86
Ca(NO3); 1.7 2.4 1.2 -23 -6.8 -11.5 -158 —-19.3 —220 —242 —-26.5
SrCl, -50.74 35 3.5 (2.1) 1.7 79
SrCl, —51.13 2.25 3.16 3.19 -0.28 99
SrCl, 2.9 3.3 2.7
Sr(NO3); 18.3 3.1 4.3 22 —-33 -8.9 -11.5 85
BaCl, —-1261 28 3.1 (1.4) 0.1 79
BaCl; —13.50 2.15 2.80 195 —3.38 99
BaCl, 2.5 3.0 1.7
Co(ClO4)2 7.00 423 487 -030 -9.10 -17.97 —25.84 —33.20 —-41.24 -50.96 —62.27 —73.09 100
NiCl, —83.43 291 484 5.66 3.10 101
CuCl;, —-51.83 0.94 1.38 0.79 -0.89 —-2.81 —4.34 —5.08 —-4.87 —-3.78 —2.08 —-0.31 101
ZnCl, 1.34  2.29 3.07 2.61 1.26 -0.52 —2.12 102
ZnCl, —69.87  2.03 2.96 217 —0.90 —4.68 —7.65 —8.48 —6.14 0.02 10.15 23.77 103
CdCl, —18.20 2.65 3.69 3.18 1.48 —0.26 —2.06 —4.50 —-8.02 —12.24 —-15.27 -—-13.08 103
La(NO3); —62.05 334 360 -0.79 -7.29 —11.06 —13.84 -16.70 —20.04 —23.63 —26.57 —27.28 86

aMean of data at 288.15 and 308.15 K, agreeing with those of same author,?* at 298.15 K. P Data also available at 233.15 <

T/K = 293.1

are available for other lithium salts to enable mean-
ingful additivity checks to be made.

There is a surprising absence of data for the
enthalpies of transfer of the tetraalkylammonium
salts. Thus, apart from some measurements of A(H°
(R4N1) at Xmeon = 0.568,8% almost no data exist for
salts containing the smaller R4,N* ions. The only
exception is BuysNBr, for which two independent
calorimetric data sets are available and are in good
agreement over the entire solvent composition range.
By analogy with the BusNBr data, the calorimetric
results of Manin et al.®® for Hx,;NBr appear to be
reasonable but those of Sinha and Kundu®3 for Prg-
NBr, derived from the temperature dependence of
solubilities, do not. The trend in Sinha and Kundu'’s
data (Table 3) is also at odds with the value of A(H°
(PryNBr) = 15 4+ 2 kd/mol at Xmeon = 0.568 that can
be derived by additivity from the calorimetric study
of Abraham et al.®

Reasonable amounts of data have been reported for
1:2 electrolytes in H,O/MeOH mixtures, and a num-
ber of salts have been independently investigated by
calorimetry, albeit mainly in water-rich mixtures
(Table 3). In general, agreement is good, and a
number of averaged values have been Recommended.
Additivity checks using ([M(NO3), — MCI,]/n), where
n = 1 or 2, indicated that the data for the alkaline
earth metal salts were in reasonable agreement with
the better-established values for the alkali metal
salts, except perhaps at xveon = 0.8. The data for the
MCI, salts and, possibly to a lesser extent, the
M(NO3), salts must nevertheless be viewed with
caution. All of these salts show some degree of
association even in water. This association would be
expected to increase with increasing amounts of
MeOH due to the decreasing relative permittivity of
the solvent mixtures. Although the data in Table 3
refer to standard state conditions (infinite dilution
of the solute), it is not a trivial matter to truly remove
the effects of ion association from the observed (finite

concentration) data. Clearly, it would be desirable for
calorimetric studies to be made with divalent salts
containing anions such as perchlorate (CIO,~) and
‘triflate’ (CF3SO37) that have a considerably lower
tendency to associate. Ideally, such studies should
be performed in conjunction with another technique,
such as conductivity, that can characterize the level
of ion association in dilute solutions.

2. lonic Enthalpies of Transfer

Standard enthalpies of transfer of single ions from
water to aqueous—methanol solutions were obtained
via the TPTB assumption using the data of Abraham
et al.8® and the procedures outlined in section 111.A.5.
The results for 1 trivalent, 7 divalent, and 12
monovalent cations and for 8 monovalent anions are
summarized in Table 4. Because the TPTB data are
unconfirmed (see above), all values of A{H°(ion) must
be regarded with some degree of caution.

The values of AH°(M*, w — w + MeOH) for the
alkali metal ions are plotted in Figure 3 as a function
of solvent composition. There is a strong similarity
among the curves. Thus, at low Xveon the curves are
concave upward. For Rb™ and Cs™ there is even a very
small minimum at Xueon &~ 0.05, although its mag-
nitude is well within the uncertainty of the TPTB
assumption and so may not be significant. As Xmeon
increases so too do A{H°(M*, w — w + MeOH) until
they reach a maximum at Xweon ~ 0.3. The height,
but not the position, of this maximum varies system-
atically with cation size: Li" > Na™ > KT ~ Rb* >
Cs*. At higher Xmeon the values of AiH°(M™) become
increasingly negative. However, there are a number
of ‘crossovers’ in the curves such that AH°(M™*, w —
MeOH), i.e., for transfer to neat MeOH, are in the
order (noting the sign) Cs* > Rb™ > K* > Na*. The
position of the difficult-to-study Li* is anomalous.

The corresponding values of A(H® for the halide
ions (Table 4, data not plotted) show similar but
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Table 4. AH°(ion, w — w + MeOH)/kJ mol~?, 298.15 K, TPTB Assumption, as a Function of 100Xveon

ion MX data 5 10 20 30 40 50 60 70 80 90 100
H* HCI 0.2 1.0 3.6 5.2 5.1 3.1 0.0 —-3.7 -7.7 —-11.4 —15.5
Lit LiCl 1.7 3.2 5.6 6.1 4.6 1.6 —-2.0 -5.7 —-9.6 —-13.5 —18.9
Na*t NaBPh, 0.5 1.5 4.0 5.6 5.4 3.6 0.4 —-3.6 —-8.2 —-13.6 —23.1
K+t KCI 0.1 0.8 3.3 4.5 3.9 1.8 -1.4 —5.2 -9.7 —14.7 —21.2
Rb* RbCI —-0.5 —-0.2 2.0 3.9 4.3 2.9 0.2 —4.0* -7.9 —-12.9 —-19.3
Cs* CsClI —-0.5 -0.4 1.4 2.1 2.6 0.8 -2.1 —-5.6 —9.5 —-13.4 —-17.9
Ag* AgClI —5.2 -11.8
NH4* NH4l —-0.2 0.0 1.0 1.2 -0.1 —-2.5 -5.8 —-9.2 —-12.7 —-16.4 —23.7
PrsN* Pr;NBr 0.3 2.2 8.0 8.4 8.4 8.2
BusN™ BusNBr 8.0 15.6 27.6 34.2 35.7 34.3 31.1 27.9 25.8 24.7 20.4
HxsN™ Hx4sNBr 14.8 26.2 20.4 45.4 43.9 39.5 33.6 28.3 24.6 22.0 16.6
PhsP™ Phs;PBPh, 13.6 21.9 27.1 24.2 18.8 13.7 9.7 6.5 3.3 0.3 -1.1
Mg?* MgCl; 0.3 1.3 4.7 6.2 5.4 2.6 -1.3 —2.7 —-12.4 —18.5 —22.7
Ca2t Ca(NOg3): —-1.3 -1.0 1.6 3.3 1.4 -3.3 —-10.2 —=17.5 —23.4 —28.6 —-32.1
Sr2+ SrCl, 0.3 0.6 2.9 3.2
Ba?* BaCl, 0.7 0.9 3.2 55
Ni2+ NiCl, 0.7 2.4 6.9 7.9
Cu?* CuCl, -1.3 -1.0 2.0 3.9 3.6 0.9 —-2.9 —6.7 —-10.2 —-12.7 —-15.1
Zn2* ZnCl, -0.2 0.6 3.4 3.9 1.7 —-2.5 —-6.3 -7.9 —-6.4 -0.4 8.0
Cd?z* CdCl;, 0.5 1.3 4.4 6.3 6.1 3.1 —-2.3
Last La(NOgs)s —-1.2 —-1.5 —-0.2 1.1 1.2 —-1.5 —-8.3 —-17.3 —25.7 —33.2 —35.7
F (K,Cs)F 1.3 1.6 0.2 —-0.6 —-0.4 1.2 4.3 7.7 11.1 13.7 15.7
Cl- Ph,Cl 1.1 1.2 —-0.6 —2.4 —-3.2 —2.6 -1.1 0.9 3.2 5.3 7.9
Br- NaBr 1.3 1.2 —-1.0 —-3.4 —4.6 -5.0 —-4.0 —2.4 -0.7 1.0 5.4
1~ Nal 1.2 1.2 —-1.0 —-3.8 —5.6 —6.2 —5.7 —4.8 —-3.8 -3.1 -0.1
SCN~ KSCN 1.5 1.9 -1.3 -=5.0 —7.4 —-8.1 7.4 —5.7 —3.7 —2.5 —2.5
NO;3~ NaNO3; 1.5 1.7 —-0.2 —-2.8 —4.1 —4.1 —2.8 -0.9 0.7 2.2 2.8
BF,~ NH4BF4 1.9 2.7 1.4 —-1.2 —-3.2 —4.4 —4.5 —4.2 —-3.4 —2.6 1.2
BPh;~ Phs;PBPh, 13.6 21.9 27.1 24.2 18.8 13.7 9.7 6.5 3.3 0.3 -1.1
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Figure 3. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, from water into aqueous—MeOH mixtures at 25 °C
of the alkali metal ions: @ Li*, A Na™, ¢ K, B Rb*, v Cs*.

broadly opposite effects®® to the cations. That is, there
is (some) compensation between cations and anions
in the values of A{H°(ion) in these solvent mixtures.
Thus, the A{H° values for all the halides (including
F~) show a small maximum at Xyeon ~ 0.07 followed
by a broad minimum, the depth and position of
which, in contrast to the behavior of the cations
(Figure 3), depend markedly on the anion size. At
higher MeOH concentrations the values AH°(X")
become more positive (less negative). The differences
are systematic, with F~ > CI~ > Br~ > |-, and
diverge with increasing MeOH content.®®

Figure 4 shows the effects of charge (at approxi-
mately constant ionic size) on A{H°(M""). The differ-

100 x

MeOH

Figure 4. Standard molar enthalpy of transfer, AH°/kJ
mol~1, from water into aqgueous—MeOH mixtures at 25 °C
of cations of similar size but varying charge: ® Na*, a
Cazt, ¢ La3*.

ences between Na'™ and Ca?" are large, but those
between Ca?" and La®* are not, and all three ions
show a broadly similar pattern. Nevertheless, A(H°
(M, w — w + MeOH) becomes more negative with
increasing charge, as has previously been recog-
nized3®? for transfers from water to neat MeOH. As
a corollary, the small minimum at Xyeon ~ 0.07
becomes more pronounced with increasing charge,
although its size remains within the likely uncer-
tainty of the TPTB assumption. The crossovers
observed for Ca?" and La3" might be artifacts given
the difficulties of accurate determination of AgnH®
for high-valent electrolytes.
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Table 5. AS°(MX, w — w + MeOH)/J K1 mol~%, 298.15 K, mol/L Scale, as a Function of 100Xveon
MX 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 1.7 3.1 4.0 1.9 -4.0 —13.6 —27.1 —43.9 —63.2 —84.0 —104.8 54
HBr 2.7 4.3 4.4 0.7 —-6.2 —15.8 —27.9 —42.9 —60.9 —82.6 —108.9 54
HI 2.3 4.2 6.1 51 -0.2 -104 —25.2 —43.6 —63.7 —83.1 —98.3 54
HI 3.9 3.2 -87 —282 -50.0 -70.1 —86.1 -96.6 —101.7 —103.1 —103.4 75
H,CrO,4 6.6 9.8 6.3 —-103 —399 823 —137.2 2045 —283.9 76
LiCl 5.9 7.8 2.9 -87 —232 332 —52.0 —64.2 —75.3 —86.8 —101.5 54
Licl -01 -14 -68 -158 —27.3 —408 -553 —70.2 (—84.9) (-98.7) —-111.1 77
LiCl 3 3 -2 —-12 —-25 —-37 —54 —67 —80 —93 —106
NaCl 0 —-1.4 -72 -16.0 —26.7 —38.6 —51.4 —65.3 —80.5 —98.0 —118.9 78
NaCl 08 —-0.7 -84 —-194 312 —425 —53.0 —63.5 —76.1 —93.8 —121.0 54
NaCl 04 —-05 —-5.5 —14.2 —25.3 —38.1 —52.2 —67.6 (—84.3) (—102.9) 124.3 77
NaCl 0.7 —-04 -69 -168 275 -—36.4 81
NaCl 1 -1 -7 —-17 —28 -39 —52 —65 —80 —98 —-121
NaBr 1.4 0.8 -48 —-148 275 —415 —56.1 —-71.3 (—87.5) (—105.8) —127.8 77
NaBr 2.6 1.1 7.1 —15.9 —24.9 —41.8 82
NaBr 2 1 -6 -15 26 —42 {-56} {-71} —88} {—106} {—128}
Nal 2.9 3.2 =21 —13.3 —28.1 —44.8 —62.3 —80.1 (—98.1) (—117.0) —137.9 77
KCI -10 -31 -103 —212 —-353 518 —70.3 —89.7 —109.3 —128.1 —145.0 78
KCI -30 -65 -—-147 —-255 -394 -564 —75.7 —95.8 —114.6 —129.0 —135.4 54
KCI 2.9 2.1 -1.7 -100 —25.8 —448 —65.1 —86.9 —108.6 —127.8 —144.3 112
KCI -03 -20 -84 —-179 —29.3 418 —55.2 —69.4 (—85.0) (—102.9) —124.6 77
KCI 0 -2 -9 -16 —-32 —49 —67 -85 —-111 —128 —142
KBr -10 -31 -103 —212 —-353 5138 —70.3 —89.7 —108.8 —127.0 —143.2 78
RbCI -02 -20 -88 -187 —30.2 —422 -545 —67.1 (—80.6) (-96.3) —1159 77
CsClI -07 -21 -77 —173 —-305 —452 —57.9 —63.6 77
AgCl -14.8 —68.5 91
PrsNBr 0.5 5 19 14 9 6 93
Ph4AsPi 9.4 17.9 32.7 42.0 44.1 37.3 20.0 96
ZnCl, -17 -57 -—-185 —-350 531 726 —94.4 102

Little can be said about the other ionic values
except to note that A{H°(PryN™) are almost certainly
unreliable because of problems for the Pr,NBr data
on which they are based (see above).

3. Entropy Data for Electrolytes

As for all mixed solvent systems, the amount of
entropy data available for the transfer of electrolytes
from water to aqueous—methanol mixtures is very
limited (Table 5). Most of these data were obtained
from A(G° and A{H° values via the GHSE. With the
exception of some of the alkali metal halides, few of
the data have been independently confirmed and
then usually only over a limited range of solvent
compositions. Where comparisons are possible, the
agreement is not always as good as might be desired.
To take the best-characterized salt, KCI, as an
example, the averaged Recommended value at Xmeon
=0.2is (—8.8 & 4.7) I K1 mol~* from four indepen-
dent studies.?*77.78112 The uncertainty corresponds to
+10. Rejection of the outlier!'? gives a value of (—11.1
+ 2.6) J K~ mol~*. However, inspection of the overall
trends in the data (Table 5) and the relatively small
decrease in o upon removal of the outlier indicate
that rejection is not appropriate. Thus, the Recom-
mended value is given as —9 J K™! mol™. The
uncertainty (£5 J K=t mol?) in this value increases
at higher MeOH concentrations (o ~ 10 J K™ mol1).
For the latter, the near perfect agreement among the
remaining data provided justification for rejecting
two outliers. Despite these reservations, it must be
recognized that even an uncertainty of +£10 J K™
mol~* corresponds to an uncertainty of only 43 kJ
mol~tin TAS® at 25 °C. Although this is rather worse
than has often be achieved for A{H°(MX), it is not
much different from the criterion used to judge the

enthalpies. As the measurement of AS°(KCI, w —w
+ MeOH) would appear to be reasonably straight-
forward in all respects, this level of uncertainty may
be seen as a benchmark for what can routinely be
expected in the determination of entropies of transfer
of electrolytes between water and agqueous—organic
mixtures.

A few other comments on the data in Table 5 are
possible. For HI, two data sets in very poor agree-
ment exist: one due to Feakins et al.,>* who used the
GHSE with calorimetric A{H° values, and the other
from MclIntyre and Amis,” using direct potentiomet-
ric (dE°/dT) measurements. Additivity checks em-
ploying (HX—NaX) indicate that, as for the AH°
values derived from these data (see above), the A:S°
results of Mclntyre and Amis™ are almost certainly
incorrect and are therefore rejected.

Two data sets are available for LiCl from Feakins
et al.;> 77 both publications used the same values of
A:G° along with the GHSE to calculate A:S°. The
earlier work® employed AgnH°, while the later
study”” used AqyH° measurements. Pending inde-
pendent verification, the averaged values are listed
as Tentative.

Two independent data sets are available for NaBr.
DeValera et al.”” used AgiiH° measurements and the
GHSE, whereas Kozlowski et al.?? determined A:S°
via dE°/dT data at Xmeon < 0.5. Where comparisons
are possible, the two sets of results are in excellent
agreement and their average has been Recom-
mended. The potentiometric work of the t.odz group
is commended to anyone wishing to perform accurate
measurements of this type and shows that, with due
attention to detail, reliable results can be obtained
from the temperature dependence of emfs.
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Table 6. AS°(ion, w —w + MeOH)/J K™* mol~, 298.15 K, TPTB Assumption, mol/L Scale, as a Function of

100XmeoH

ion 5 10 20 30 40 50 60 70 80 90 100 ref
H* —-0.9 1.9 13.6 20.9 20.6 14.5 4.7 —8.3 —26.5 —52.9 —88.3 80
H* 1 3 12 19 21 16 8 -5 —-20 —44 —81
Li* —-4.9 —6.0 1.0 1.8 -54 —16.1 —27.1 —39.5 —56.5 —77.4 —86.6 80
Lit 3 6 11 11 5 -5 —-17 —-30 —-73 —56 —-73
Na* —-3.9 —-4.7 3.1 2.9 =51 —15.2 —24.3 —35.5 —54.9 —825 —-97.9 80
Na* -3 -3 0 3 -1 -8 —21 —36 —52 —-70 —-101
K* 7.4 —6.8 —-0.5 -0.2 —-7.2 —-17.1 —=27.1 —39.0 —56.9 —80.9 —96.2 80
K* —4 —4 -1 0 -5 —15 —28 —45 —61 —78 —99
Rb* —-7.8 —6.8 -0.8 -0.9 —-8.0 —-17.5 —26.5 —36.9 —-52.9 —74.8 —86.6 80
Rb* —-10 -9 -7 —4 —6 —14 —-25 —40 —59 —-79 —103
Cs™ —6.8 —-5.8 0.0 -1.3 —-9.2 —18.2 —25.6 —-34.1 —49.0 —70.2 —78.2 80
Cs* —-10 -9 -8 -9 -9 -18 —-30 —45 —60 —74 —89
Ag*t 12 19 24 19 13 10 17 127
NH," —4 —6 —4 -5 —-12 —22 —35 —48 —63 —82 —100
PrsN* 4 12 38 45 48 50
BusN* 31 61 110 140 154 157 153 152 151 150 146
PhsP* 51.1 85.4 119.8 122.6 112.9 103.6 98.5 94.0 84.3 70.2 72.0 80
PhsP* 45 87 119 122 114 106 99 93 85 7 75
Mg?*+ -6 —-10 —4 —4 —-12 —26 —42 —60 —-79 —99 —114
Ca?t -3 -3 5 11 5 —-11 —-34 —59 —78 —96 —108
Sr2+ —48.8 -3.0 80
Ba?" —16.7 —-7.9 —12.6 —262.3 80
zZn?*t —-19.2 —15.0 0.7 -1.3 —-125 —-125 —25.6 —41.9 —249.4 80
F 6.7 3.7 —16.3 (—24.0) —28.0 (—28.6) —27.1 —25.4 —24.4 —23.7 —20.0 88
Cl- 6.8 3.7 —-10.3 —20.0 —23.8 —26.1 —29.2 —30.6 —24.9 —-13.2 —-15.9 80
Cl- 3 0 -9 —-20 —28 —-32 —36 —-35 —33 —-33 27
Br- 9.1 6.2 —10.0 —21.8 —26.4 —28.9 —-32.7 —35.3 -31.1 —-19.9 —-21.3 80
Br- 2 1 -7 —18 —26 —33 —36 —-37 -39 —38 —28
1~ 10.4 8.0 —-8.9 —22.2 —28.5 —-33.1 -394 —45.2 —44.2 —33.8 —29.3 80
1~ 4 3 -4 —-15 —24 —-31 —-37 —42 —45 —43 27
MeCO,~ —20 —31 —34 —24 —14 =17 —48 127
EtCO,~ —-17 —26 —28 —18 -9 —-12 —38 127
PrCO;~ —-14 —21 —21 —12 —4 —6 —29 127
Pi~ 36 69 86 80 70 69 79
BPh,~ 51.1 85.4 119.8 122.6 112.9 103.6 98.5 94.0 84.3 70.2 72.0 80
BPh,~ 45 87 119 122 114 106 99 93 85 77 75

Finally, it is noted that further dE°/dT data for
NaCl in w + MeOH are available!*® but were not
processed because of the abundance of alternative
good quality data for this salt.

4. lonic Entropies of Transfer

The standard ionic entropies of transfer, A:S°(ion,
w — w + MeOH), that can be obtained from the
available data are summarized in Table 6. Values
given in bold font were obtained by the present
reviewers in the following ways. For cations, AS°
(Mn*) were calculated via the GHSE using the values
of AiH°(M"™) in Table 4 and AG°(M"*) from the
critically evaluated data tabulated elsewhere.* An-
ionic entropies were then derived by subtracting the
cation values so obtained from the AS°(MX,) listed
in Table 5

AS°(X7) = [AS°(MX,) = AS°(M™)lin

Where more than one possible route to AS°(X7)
was available, all values were obtained and then
averaged. The data were subsequently plotted and,
if necessary, smoothed to remove obvious inconsis-
tencies. Smoothed data are designated by an asterisk.
Also included in Table 6, in normal font, are litera-
ture values of AS°(ion). It is gratifying to note the
agreement between the present values and those
derived in the very thorough review made of this

system by Abraham et al.8® Of course, both sets of
data are ultimately based on the TPTB values
determined by these authors, but the present values
include much information that was not available to
them.

Plots (not shown) of A:S°(ion, w — w + MeOH)
against xueon show remarkable similarities, with
respect to shape and magnitude, to the corresponding
enthalpy plots (e.g., Figures 3 and 4) for the alkali
metal, alkaline earth, and halide anions. That is, for
the w + MeOH system, in addition to the cation/
anion compensation already noted, there is consider-
able enthalpy/entropy compensation (bearing in mind
the opposite signs of favorable enthalpy and entropy
changes). Thus, the rather complex plots of A{H*° or
AS°(ion, w — w + MeOH) result in relatively
featureless plots of A{G°(ion, w — w + MeOH).

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

1. Enthalpy Data for Electrolytes

The aqueous—ethanol system has been extensively
studied, and enthalpy of transfer data from water
have been reported for around forty 1:1 electrolytes
(Table 7), with multiple data sets in most cases
making comparison and additivity checks possible.
Data also exist for a far smaller number of 1:2, 2:1,
and 1:3 electrolytes, but they have not been inde-
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Table 7. A(H°(MX, w — w + EtOH)/kJ mol~%, 298.15 K, as a Function of 100Xgton

MX AginH® 5 10 20 30 40 50 60 70 80 90 100 ref
HCI —75.14 35 4.3 0.7 -3.7 —6.8 -9.0 —-12.9 —18.3 —20.1 —19.1 —11.8 74
HCI 5.3 3.3 0.0 —-2.4 114
HCI [22.8] 108
HCI 4.4 3.8 0.4 =30 {-7} {-9} {-13} {—18} {-20} {-19} ({-12}
HBr 2.3 3.0 -0.2 -5.6 114
HBr 3.8 3.2 0.1 -5.7 114
HBr -16 -—26 -3.3 -2.1 -4.3 -9.5 -16.7 —22.6 —23.6 —19.6 20.1 116
HBr {1 5} {1 2} { 1 1} {—45} {—-4} {-10} {-17} {—23} {—24} {-20} {20}
HI —-9.5 114
HCIO, —88.95 5 9 8 3 0.0 -83 -—13.2 -17.3 -21.0 —23.9 —24.9 117
H2C204 37.70 3.9 5.7 1.6 —-1.7 —3.8 —-5.1 —-5.9 —6.5 —-7.1 118
H,SO, [0.3] 107
H,SO, —66.27 7.3 12.7 10.7 7.8 51 3.2 2.4 2.3 2.5 118
LiNO3 —2.66 2.8 3.8 1.3 -1.8 -5.6 -7.0 -9.4 —-11.5 —13.6 —16.5 —20.6 35
NaCl 3.81 3.3 5.6 7.2 6.4 4.5 2.7 1.4 0.7 0.1 —-1.2 74
NaCl 3.88 2.7 6.2 7.1 5.7 3.6 1.7 0.4 -0.6 -1.8 —-45 119
NacCl 3.0 5.9 7.2 6.1 4.1 2.2 0.9 0.0 -0.9 -2.9
NaBr —-0.71 29 6.6 5.8 2.7 0.5 —-2.0 —-3.5 —4.4 —-4.9 117
NaBr —0.64 3.2 5.7 5.5 34 0.8 -1.5 -3.2 —-43 -5.5 -7.8 119
NaBr 31 6.2 5.7 3.1 0.7 -1.8 -3.3 —4.4 -52 {-8}
Nal —7.37 3.8 5.9 3.7 0.7 -23 —-4.7 -6.2 -7.0 -8.1 —10.7 120
Nal —7.58 3.7 5.7 3.4 0.0 -3.3 —-5.9 -7.8 —-9.1 —-10.7 —13.8 119
Nal —7.58 3.3 5.8 3.3 -0.2 -37 —6.4 -7.9 -8.8 —-10.3 —13.0 —20.2 84
Nal? 3.6 5.8 3.5 0.2 -3.1 -57 -7.3 -8.3 -9.7 -125 {-20.2}
NaOH —41.84 [2 1] [4.1] [5.5] [3.5] [1.6] [1.1] [—2.4] 118
NaOH —42.68 . 25 2.4 0.2 -2.9 —6.2 -9.3 -11.9 -14.5 -17.4 —23.8 74
NaClO, 14.52 5.0 8.5 4.1 -0.1 —-4.1 —6.4 -8.0 -8.8 -9.4 117
NaBPh, —21.92 29.60 43.72 37.32 20.61 121
NaBPh, —20.79 2234 4543 3351 21.08 12.92 9.24 6.56 4.77 1.42 117
NaBPh, {26} 446 354 209 {12.9} {9.2 {6.6} (4.8} {1.4
KCI 17.28 2.7 5.4 4.8 3.7 11 121
KCI 17.57 2.2 6.7 [10.6] [10.0] [9.0] [6.9] [4.0] [-0.8] [-5.2] [-10.5] [—-15.5] 122
KCI 17.16 3.0 5.4 6.6 5.4 3.3 14 -0.2 123
KCI 17.41 2.8 5.2 6.3 4.0 1.9 124
KCI 17.19 2.6 5.3 5.6 3.9 1.6 -0.4 -1.8 -2.6 -2.3 -4.38 119
KCI 2.7 5.6 5.8 4.3 2.0 0.5 1.0 {-3} {2} {-5}
KBr 18.79 2.0 3.7 4.1 0.5 -3.1 121
KBr 20.01 2.1 34 3.6 11 2.7 -5.7 125
KBr 20.01 3.2 5.0 4.3 2.0 -0.3 —2.4 -4.0 —-4.8 124
KBr 19.81 3.0 4.8 41 15 -1.4 -3.7 -5.2 -5.9 —6.2 -7.0 119
KBr 2.6 4.2 4.0 1.3 -1.2 -3.9 —4.6 -5.3 {—6} {-7}
Kl 21.13 3.7 4.9 2.6 -1.6 —4.6 -5.8 -6.7 118
Kl 20.04 2.9 4.1 0.9 -3.1 -5.2 121
Kl 20.45 3.7 5.2 2.6 -1.6 —-45 —6.8 -8.0 -8.3 -85 -95 124
Kl 3.4 4.7 2.0 -2.1 —4.8 -6.3 -7.3 {-8} {-9} {-10}
KPi 0.7 4.2 5.9 3.8 0.2 —-4.8 96
KBPhy 345 50.1 45.4 21.6 8.0 28.9 96
RbCI 17.24 2.8 5.1 5.0 3.3 1.2 -0.5 -15 -1.9 120
RbCI 17.03 2.7 4.7 4.8 2.7 0.2 —-1.8 —-2.9 —-3.0 —2.7 -3.1 119
RbCI 2.8 4.9 4.9 3.0 0.7 -1.2 -2.2 -25 {-3} {=3}
RbBr 22.14 3.1 4.4 3.2 0.4 —2.6 —-5.1 —6.4 —6.8 —6.3 —6.5 119
Rbl 25.78 -9.7 -9.6 -9.9 —10.3 120
Rbl 25.59 3.6 4.5 1.1 —-2.9 —6.7 —-9.5 —10.9 —11.8 —-11.4 —13.0 119
Rbl {4} {5} {1} {-3} {7} {-10} {-10.3} {-10.7} {-10.7} {—-11.7}
CsF —36.33 3.3 5.3 7.4 6.2 4.8 35 3. 4.0 6.0 7.8 7.0 35
CsCl 17.53 -2.0 -2.7 —-2.4 -2.1 126
CsClI 17.34 2.2 4.4 3.8 15 -1.1 -3.2 —4.2 —-4.8 -3.8 -3.8 119
CsCl {2 {4 {4} {22 {-1 {-26 {-35 {-3.6} ({30t {-4}
CsBr 26.18 2.8 43 -0.3 -3.0 —-4.9 -6.2 —6.0 —6.1 126
CsBr 26.02 2.6 4.0 2 2 -0.8 -3.9 —6.4 -7.6 —-8.4 -7.7 -7.0 119
CsBr {27} {4.2} {2 5} { 0. 6} {-8. 5} {-5.7 {-6.9} ({-72} ({-6.9} (-7}
Csl 33.34 3.2 4.5 —-7.2 -9.4 —-11.0 —11.5 —-10.7 —-11.3 126
Csl 34.71 0.8 2.0 —2.3 90
Csl 33.18 3.3 4.0 0.2 —-4.1 -8.0 -11.0 -12.6 -13.1 -12.8 -12.7 119
Csl {2.4} {2.8} {-0.5} {-4.0} {-7.6} {-10.2} {-11.8} {-—-12.3} {-11.8} {—12.0}
AgPi 7.0 10.6 6.9 3.1 —-0.8 —4.8 127
AgO,CMe 3.3 4.7 4.6 4.0 3.5 127
AgO,CEt 4.4 7.6 6.2 51 3.8 127
AgO,CPr 55 10.3 7.7 6.0 4.7 127
NHl 13.72 1.6 2.1 —2.2 —-6.7 —10.5 —-13.4 —15.9 —18.0 —20.2 —22.9 —26.2 35
NHsNO3 25.49 2.7 3.1 -0.6 -43 -8.3 —10.1 —-12.5 —14.6 —16.5 —20.0 —25.5 35
NH.CIO, 32.68 5.8 7.8 0.9 -5.6 -8.9 -13.3 —15.9 —18.5 —20.8 117
MesNCI 3.97 3.9 6.2 7.1 55 4.3 121
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MX AginH® 5 10 20 30 40 50 60 70 80 90 100 ref
Pr,;NBPh, 360 535 460 320 270 280 93
BusNBr 145 284 367 370 363 350 334 318 303 205 295 94
BusNBr -842 154 314 419 405 378 350 323 208  27.7 265 261 35
BusNBr 150 299 393 388 371 350 329 30.8  29.0 280 278
BusNI 1477 174 312 396 378 353 121
PhsAsCI -10.88 223 351 287 121
PhsAsl 231 346 364 260 178 216 96
PhsAsPi 289 395 374 328 96
Ph4PCI 879 253 342 268 128
PhsPBr 824 229 337 250 190 138  11.3 9.0 7.5 5.7 117
caCl, -80.80 28 6.2 36 -13 —-68 -106 -167 —21.9 -242 -234 -202 98
SrCl, -51.13 41 7.2 51 -08 —47 -10.7 -15.9 99
BaCl, 1350 40 6.0 36 —02 99
FeCl, -13096 7.2 112 139 141 143 146 194 274 385 503 582 118
CoCl, 41 7.2 8.2 5.8 3.0 08 -16 —1.7 1.8 118
Co(ClO,). 77 79 —21 -146 -238 -292 -326 —359 —398 —441 —475 100
NiCl, 40 75 9.2 6.3 3.7 16 —-09 -18 -02 118
CuCl, 54 96 133 126 127 137 149 16.9  19.8 118
Cu(ClOs), (05 52 151 216 256 (300) 322 (285) 396 (15.0) 129
FeCls 78 136 188 173 159 174 214 288 378 436 118
AICI; 6.8 120 160 130 9.9 75 5.0 45 7.3 118

a Data also available at 233.15 < T/K < 293.15 in ref 104.

pendently duplicated. The potentiometric data re-
ported by Klyueva et al.**® contain internal inconsis-
tencies and so were excluded from further consider-
ation, as was the paper by Krasnoperova.'! Poten-
tiometric data for Nal*3' and calorimetric data (at
283.15 < T/K =< 328.15) for KBr'32 were not available
for consideration.

There is reasonable agreement between the HCI
data of Bose et al.,'** determined from the temper-
ature dependence of electrochemical cell potentials,
and those determined calorimetrically by Bertrand
et al.”* The data of Dash and Samanta!® are wildly
different and have been disregarded. In the case of
HBr there is poor agreement between the values of
Das et al.''> and those of Robinette and Amis.*¢ In
this case additivities (HCI—HBr, MCI—-MBr) indicate
that the latter are seriously in error at the higher
ethanol compositions.

There is good agreement between independent sets
of data for the sodium halides, and their averages
have been Recommended. Agreement between the
two data sets for NaOH"4118 is so poor that no values
are Recommended; the data of Bertrand et al.”* are
probably more realistic. It should be noted that there
is a general problem with the data of Bobtelsky and
Larisch®® in that the signs of the solution enthalpies
appear to be misreported in several cases; the re-
viewers have attempted to correct these in Table 7.
There is passable agreement between the two sets
of data for NaBPh, up to 30 mol % ethanol, and the
averages have been Recommended; above this the
results of Nevskii et al.''” have been classified as
Tentative.

For KCI the data of Krestov et al.'?? differ markedly
from the other available values and have been
disregarded. The remaining data for KCI are in
reasonable agreement, and their averages have been
Recommended. There is reasonable agreement be-
tween the various data sets available for both
KBr119,121,124,125 and K|,118'121’124 and the averaged
values are Recommended wherever possible. There

is also good agreement between two sets of data from
Perelygin et al.1*126 for the rubidium and cesium
halides; however, pending independent confirmation,
the averaged values must be classified Tentative. A
(partial) exception is for Csl at Xgwon = 0.2, where
the data of Korolev et al.?® are in fair agreement with
those of Perelygin et al.

The two independent studies of Bus;NBr are in
excellent agreement, enabling the averaged values
to be Recommended at all solvent compositions. No
critical evaluation of the data for the salts with more
highly charged ions is possible, but it may be noted
that most involve chloride electrolytes for which ion
pairing will be a problem, especially at higher Xgon.

2. lonic Enthalpies of Transfer

Data exist for several electrolytes that can be used
to apply the TATB or TPTB assumption (Table 7),
providing a number of routes to the ionic values.
Additivity checks (NaX—KX) show that either the
enthalpies of transfer of KBPh,, determined from the
temperature dependence of solubility,®® are too en-
dothermic or those of NaBPh, not sufficiently so.
Since there are independent calorimetric data sets
for NaBPh,,1"*21 which are in broad agreement, the
single-ion values have been based on the NaBPh,
data. Similarly, using the (MCI—MI) additivities, the
values for PhyAsl appear to be too large and values
based on Ph,AsCl or the Ph,P" salts have been
preferred. It should be noted that there is poorer
agreement among the data at 50 mol % EtOH and
only one set of values can be derived above this
concentration and must therefore be taken as Tenta-
tive.

The application of the TA(P)TB assumption leads
to ionic transfer enthalpies for 12 monovalent cations
and 13 monovalent anions (Table 8). In addition,
there are values for 7 divalent and 2 trivalent cations;
for the usual reasons, these data should be treated
with caution. As with the agueous methanol system
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Table 8. AH°(ion, w — w + EtOH)/kJ mol1, 298.15 K, TPTB Assumption, as a Function of 100Xgton
ion MX data 5 10 20 30 40 50 60 70 80 90 100
H* H(CI,Br,Cl0,) 3.3 4.6 2.0 —5.8 —10.2 —13.2 —16.8 —20.6 —22.6
Lit LiNO3 3.3 4.6 23 -06 —-4.2 -5.8 -84 —-10.8 —131
Na* NaBPh, 2.9 8.0 7.6 25 -0.1 -2.1 -4.7 -35 -5.0 —19.42
K+ K(CI,Br,I) 2.7 7.2 6.4 0.5 -2.0 -3.2 -5.1 -5.0 -5.0 —19.62
Rb* Rb(CL,1) 3.0 7.1 52 =07 -3.8 —-6.0 -7.8 -6.0 —-6.5
Cs* Cs(Cl,Br,1) 1.4 6.1 4.4 —-1.5 —4.7 —6.5 —-7.5 7.1 —-6.9
Agt AgPi 7.2 13.6 74 —-0.2 -3.0 -3.2
NH,* NH.CIO4 3.7 3.3 44 =30 —-4.9 -9.0 -126 -—132 -164 —26.52
MesN™* MesNCI 3.8 8.3 7.5 1.9 0.1 0.2a
PrsN* PrsNBPh, 12.9 16.9 18.2 13.6 13.9 16.9
BusN* BusNBr 14.7 31.3 39.5 36.4 35.6 34.8 36.1 32.8 30.6 21.82
Ph,P* Ph,PBPh, 23.1 36.6 27.8 18.4 131 111 11.7 8.5 5.0 (3.0) 0.02
Ca?*t CacCl, 2.6 10.3 44 -86 —-152 192 279 289 322 —21.32
Srzt SrCl, 3.9 11.3 59 -80 -—-131 -193 271 —19.22
Ba?" BaCl, 3.8 10.1 4.4 7.4 —21.72
Fe?" FeCl,° 7.0 154 147 6.9 5.9 6.0 7.2 20.4 30.5
Co?* CoClp? 3.9 11.4 9.0 -14 —-5.4 -7.8 —1238 -8.7 -6.2
Ni2*+ NiCl,° 3.8 11.7 10.0 —-0.9 —4.7 —-7.0 —12.1 —8.8 —8.2
Cu?t CuClpbe 5.2 13.8 14.1 5.4 4.3 51 3.7 9.9 11.8
Fed* FeCl3° 7.5 19.9 20.0 6.5 3.3 45 4.6 18.3 25.8
AlRT AICIgP 6.5 18.3 17.2 1.2 2.7 -54 -11.8 —6.0 —-47
F- CsF 1.9 —-0.8 3.0 7.5 9.5 10.0 10.7 11.1 12.9
Cl- NacCl 01 -21 -04 3.6 4.2 4.3 5.6 35 4.0 10.22
Br- Ph,PBr -02 —-29 -28 0.6 0.7 0.2 -2.7 -1.0 -0.3 5.42
- Nal 07 -22 —-41 -23 -3.0 -3.6 -2.6 —-4.8 —-47 —0.42
OH~ NaOH -16 —-55 —-52 -23 —-2.8 —4.1 —4.6 -8.4 -9.5
NO3;~ NH4NO3 —-0.5 —-0.7 -1.0 —-1.2 —-1.4 -1.2 -1.0 -0.7 -0.5
ClOs~ NaClO, 21 45 =35 26 —-4.0 —-4.3 -3.3 -53 —4.4 —2.62
MeCO,~ AgO,CMe -39 -89 -28 4.2 6.5
EtCO,~ AgO,CEt -28 —-6.0 -10 5.3 6.8
PrCO;~ AgO,CPr —-1.7 —3.3 0.5 6.2 7.7
HSO,~ H,SO, 4.0 8.1 8.7 13.6 15.3 16.4 19.2 22.9 25.1
Pi~ KPi -02 —-30 -05 3.3 2.2 -1.6
BPh,~ Ph,PBPh, 23.1 36.6 27.8 18.4 13.1 111 11.7 8.5 5.0 (3.0) 0.02

a From the review by Marcus.? ® Values for Cu?™ and Co?* calculated from the chlorides disagree strongly with those calculated
from the perchlorates; hence, the values for all these MX from ref 118 may be incorrect. ¢ Mikheev et al.*?° presented graphical

values for AiH°(Cu?t,w — w + EtOH).

Table 9. AS°(MX, w — w + EtOH)/J K™t mol~?, 298.15 K, mol L™* Scale, as a Function of 100Xgtwon

MX AsinS°® 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 4.8 7.3 —8.6 —18.3 114
HBr 5.9 9.2 —33 -241 115
HBr —-88 —-13.1 -151 -165 —242 —412 -669 —96.6 —122.4 -4.1 —-229 116
HI 8.2 12.3 —2.8 —30.2 114
KCI 17.8 12 2.3 14 —2.5 —-74 —-133 -19.2 -25.0 —306 —36.3 —419 122
KCI 14 1.8 0.4 —2.5 —6.2 -9.9 130
KCI 1 2 1 -3 -7 —-12
KPi 134.0 9.8 17.4 —-0.7 -—-18.0 —321 —37.6 96
KBPh, —68.5 1257 1695 1605 1174 1035 1188 96
AgPi 24.8 37.2 26.6 22.4 10.3 -1.7 127
AgOCMe 5.7 7.0 0.0 —-6.7 —-135 -—20.2 127
AgO.CEt 9.4 14.7 6.8 0.0 —-6.1 —11.3 127
AgO.CPr 13.7 271 14.2 7.4 . —2.1 127
Ph,Asl 15.3 944 1191 148.8 1320 1194 1111 96
PhsAsPi —22.1 1025 157.6 1754 168.2 1544 1341 96

there are maxima in the cation values, which are
sufficiently large to indicate that they are probably
real, and much smaller minima in those for the
anions.

3. Entropy Data for Electrolytes

There are entropy of transfer data for only 12
electrolytes and independent data sets for just HBr
and KCI (Table 9). There is good agreement for the
latter,?2130 and it is possible to recommend values
up to 50 mol % EtOH. For HBr the values are too

disparate to justify averaging. Little can be said of
the other data.

4. lonic Entropies of Transfer

Only one set of values is available for AS°(BPh,,
w — w + EtOH),% but two sets of values exist for
Ph,As™ salts, providing two-half-independent routes
to single-ion values. There is good agreement be-
tween the values so obtained. An alternative route
to the ionic values is to use the GHSE, combining
the single-ion enthalpies in Table 8 and those re-
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Table 10. AS°(ion, w — w + EtOH)/J K™ ! mol ™, 298.15
K, mol/L Scale, TPTB Assumption, as a Function of
100XetoH

ion 5 10 20 30 40 50 60 70 80 90 100

H* 12 17 0 -5 —-20 —30 —45 —61 —74

Na* 5 17 15 -3 —14 —24 —37 —38 —50 —1082
K+ 6 19 14 -8 —19 —28 —41 —49 —56 —1132
Rb* 7 18 9 —14 —28 —40 —53 —54 —63 —1032
Cs* 3 17 6 —14 —30 —40 —51 —56 —62 —922
Ag* 26 50 33 12 -2 -3

MesN* 16 33 30 8 —4 —362

BusN* 57 119 154 144 143 143 150 141 137

PhsAs™ 109 155 168 152 145 145

PhsP* 95 152 142 121 111 108 111 103 96 87 75
Cu?te 15 42 41 10 5 4 -3 11 6

Cu?td 18 24 21 13 7 5 2 -3 —-8-8

Cl~- 0 —-16 —12 9 7 -22
Br- —17 —27 -15 -11 -3 —16 —29 —39 —40
1~ —15 —36 —20 —20 —26 —34
Pi~ 9 6 28 39 37 26

MeCO,~ =10 =25 2 10 13 7
EtCO,- -7 -17 8 17 20 16
PrcO,~ -2 -5 16 24 28 25
BPh,~P 109 155 168 152 145 145
BPhs~ 95 152 142 121 111 108 111 103 96 87 75

a From the review by Marcus.? ? Calculated from the data
for PhsAsPi, KBPh,, and KPi in Table 9; TATB assumption.
¢ Calculated from CuCl, data.!*® 9 Calculated from Cu(ClOy)
data.'?®

ported previously for AG° for cations.! The values of
A:S°(PhsAst/BPh,~) obtained in these alternative
ways are generally in good agreement (£10 J K™
mol~1). Since the A{G°(PhsAs™; BPh;~) and A¢H°(Phy-
As™; BPh,™) values are obtained from a wider set of
data, they are preferred.

Using this approach provides A:S°(ion) values for
10 monovalent cations, while combination of these
values with the data in Table 9 provides A:S°(ion)
values for 9 monovalent anions (Table 10). As with
the AH° values, there are opposite trends in the
anion and cation data with A:S° for the cations
passing through maxima and those for the anions
through minima. Given the large values (around 100
J K™t mol?) of AS°(PhsAs™; BPh,™) and the scale of
their uncertainties, some caution must be exercised
in interpreting these apparent trends.

C. Transfers from Water to Water + 1-Propanol
(1-PrOH)
1. Enthalpy Data for Electrolytes

Interestingly, there are more enthalpy data avail-
able for electrolytes in these mixtures than there are
values for the corresponding Gibbs energies of trans-
fer. Indeed, there were insufficient data to warrant
compilation of the latter for cations.! Table 11 sum-
marizes the data that exist for the transfer enthalpies
of electrolytes from water to aqueous mixtures of
1-PrOH. Values are available for 15 1:1 and two 1:2
electrolytes and NdCls. Less than one-half of these
have been confirmed by independent measurements.
Potentiometric measurements reported by Dash and
co-workers!%-109 for a number of silver and mercury
salts at low cosolvent concentrations contained too
little useful information to justify their inclusion.

For HCI two independent emf studies®*'3* are in
reasonable agreement at x;—pron < 0.4 but diverge
strongly thereafter. In the absence of calorimetric
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confirmation, it is prudent to classify the averaged
results as Tentative.

Data exist for AH°(NaCl, w — w + 1-PrOH) only
at xa—pron = 0.6, presumably as a result of solubility
problems at higher cosolvent concentrations. At
Xi—pron = 0.2, the values, from three independent
studies (two calorimetric*®%37 and one emf!*8), are in
reasonable agreement. At higher x;—pron the data of
Gregorowicz et al.'38 are significantly more negative
than the calorimetric data and have been rejected.
The values for NaCl listed at X;—pron > 0.6, required
for calculation of the TPTB values, were obtained by
additivity (for neat 1-PrOH) followed by interpola-
tion.

There are two sets of calorimetric data available
for Nal from the todz group.'>84137 The values are
in reasonable agreement where comparison is pos-
sible (xi—pron = 0.4), but in the absence of indepen-
dent confirmation, their averages have been classified
as Tentative. A similar situation exists for the two
KCIl data sets from the Ivanovo group.4%14l |n
contrast, for Csl there are two independent calori-
metric data sets®13" that are in excellent agreement,
where comparison is possible (at Xi—pron < 0.3),
enabling their averaged values to be Recommended.
Similarly, for BuyNBr the two independent calori-
metric data sets, one obtained® from Ag,H° and the
other from Aq;H° measurements,'#?143 are in good
agreement at X;—pron < 0.15. At higher 1-PrOH
concentrations only the data of Carthy et al.1#>143 are
available and are therefore classified as Tentative.

None of the other data have been confirmed, so
little can be said of them. Fortunately, the data
available for NaBPh, and Ph4PCI*3 appear reason-
able (by comparison with other cosolvent mixtures).
The derived values of Ph,PBPh, differ slightly (<3
kJ mol™t) from those reported by the original au-
thors!37139 because of the use of different values for
NaCl.

2. lonic Enthalpies of Transfer

The values of A¢H°(ion, w — w + 1-PrOH) that can
be derived via the TPTB assumption are listed in
Table 12. As the TPTB values have not been con-
firmed, the ionic values should be viewed with
caution.

As in w + MeOH mixtures (see Figure 3), the
values of AAH°(M*, w — w + 1-PrOH) for the alkali
metals (data not plotted) are remarkably similar to
each other over the whole solvent composition range.
The waviness in these curves is almost certainly a
reflection of the uncertainties in the single-ion quan-
tities rather than a real effect. There is also a similar
but somewhat larger charge effect (cf. Figure 4), with
values of A{H°(Ca?") being up to 20 kJ mol~* more
negative than AH°(Na") in 1-PrOH-rich solutions.

The R4NT ions from MesN™ to BusN™ show a fairly
regular pattern with A{H°(R4N*, w — w + 1-PrOH)
becoming more positive with increasing chain length.
Further discussion of these data is deferred to section
V.B.5 below.

The enthalpies of transfer of the halide ions are
similar but opposite to those of the alkali metal ions.
That is, there is cation/anion compensation. The plots
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Table 11. AH°(MX, w — w + 1-PrOH)/kJ mol, 298.15 K, as a Function of 100X;—pron

MX AsinH® 5 10 15 20 30 40 50 60 70 80 90 100 ref
HCI 257 460 454 3.76 (2.08) —1.06 —4.22 —27.59 133
HCI 0.11 0.31 0.09 —-0.04 -0.63 —-1.05 -1.16 —1.07 —1.15 —2.04 —4.63 —10.11 134
NaF 0.88 542 842 8.45 7.00 1.91 —1.65 135
NaCl (0.35) 7.72 9.98 869 6.44 2.11 —-1.93 —3.92 —4.60 136
NacCl 392 564 520 4.00 1.53 —2.53 137
NaCl 445 6.01 5.47 3.60 -1.74 —6.27 —8.01 138
NaCl 54 72 65 47 0.6 -36 {-6.0} {-4.6}
Nal —758 397 386 —-097 —-112 -6.14 —-8.95 —-10.37 —11.71 -—1349 -—-15.14 -16.02 -—17.44 15384
Nal 421 4.14 1.61 1.46 —5.46 —8.81 137
Nal 41 40 03 -02 -58 -89 {-10.4} {-11.7} {-135} {-15.1} {-16.0} {—17.4}
NaBPhy —20.00 23.86 27.27 20.85 12.07 (5.44) 3.15 (2.17) 059 (—2.34) —-6.22 (—9.49) —9.45 139
KCI 1722 419 6.25 498 3.32 51 —-2.3 —5.11 1400
KCI 6.5 8.9 8.7 7.0 2.7 0.1 141
KCI 53 7.6 6.9 5.7 1.6 -1.1 {-5.1}
Csl 36.2 [0.0] [-1.6] [-4.2] [-7.0] [-10.7] 90
Csl 33.13 325 138 —-066 —3.28 —8.06 —12.85 137
Csl {3.3} {1.4} {-0.7} {—3.3} {-8.1} {-12.9}
MesNBr 1.95 2.90 3.05 2.38 0.35 —222 —451 (-5.86) —-5.82 (—4.06) (—0.46) 4.95 142
Et,NCI 485 823 1046 1135 11.23 924 663 (453) 391  (5.62) (10.39) 18.79 142
EtsNBr 444 731 9.04 9.29 8.25 5.76 3.17 (1.54) 1.72 (4.27) (9.50) 17.47 142
EtsNI 488 6.61 6.11 3.88 0.21 —-1.48 —-1.73 (—258) —-553 (—9.57) (—9.14) 7.83 142
PrysNBr 9.49 1552 18.87 19.73 1841 1507 1219 (11.20) 1246 (15.29) (17.97) 17.69 142
BusNBr 25.40 3553 43.39 4524 42.38 34.71 27.64 (24.19) 25.09 (28.67) (30.94) 25.55 142
BusNBr 23.05 32.94 40.71 4285 41.34 35.10 28.86 (25.39) 25.49 (28.02) (29.86) 25.93 143
BusNBr —-86 275 382 359 30
Bu;NBr 253 356 40.0 440 419 349 283 {248} 253 {283} {304} 257
MesDcNBr 320 320 228 88 30
Ph4PCI —8.37 24.19 31.69 30.46 26.18 (22.63) 20.25 (18.43) 16.79 (15.15) 13.55 (12.24) 11.67 139
Ph4PBPh, 80.9 54.4 321 (21.6) 280 137
CaCl; —80.8 6.2 5.6 36 —-06 —6.3 —-12.7 —18.1 —22.9 —26.9 —31.6 —18.0 —55 98
Co(Cl0O4)2 7.00 6.5 6.0 16 —-44 -16.0 —235 —27.2 —29.1 —30.8 —-32.1 —29.7 —17.6 100
NdCl3 —153.6 6.1 8.2 7.3 4.3 —5.2 —15.1 —21.6 —22.3 —-17.7 —-8.3 144

a Mean of data at 288.15 and 308.15 K, agreeing with those of same author at 298.15 K.8* b Interpolated by the reviewers from
data given at 283.15 < T/K < 333.15.

Table 12. A{H°(ion, w — w + 1-PrOH)/kJ mol™, 298.15 K, TPTB Assumption, as a Function of 100X;-pron

ion MX data 5 10 15 20 30 40 50 60 70 80 90 100
H* HCI -0.9 —-3.3 —5.9 —7.6 —8.7 —-9.0 —8.4 —8.3 —-9.0 -10.3 -—13.0 —-17.4
Na*t NaBPh, 2.3 1.2 -15 —4.5 -7.9 —-9.7 -99 -104 -112 -126 -—-139 —13.9
K* KCI 2.8 2.0 -1.3 —3.9 —-7.7 -9.1 -—114
Cs* Csl 15 —-1.4 —4.4 —7.6 —-10.2 -—13.7
MesN*  MesNBr -0.7* -1.8 —3.6 —5.1 —6.0 —6.8 —7.4 —8.7 —9.9 —-9.9 —7.4 —-0.9
Et;N*  EuNCI 2.4 2.6 2.3 2.1* 1.9 12 0.3 -13 —2.4 -15 2.6 11.6
PrsN*  PryNBr 7.5 10.8 12.2 12.2 12.0 10.5 9.3 8.4 8.3 9.8 11.1* 11.8
Bus,N*  BusNBr 23.3 30.9 34.3* 36.5 375 30.3 254 22.0 21.2 22.5 23.5* 19.8
Ph,P*  Ph,PBPh,; 216 26.1 22.3 16.6 13.3 12.8 12.1 11.0 8.9 6.4 4.4 4.4
Caz* CaCl, 12 —-56 —128 —19.8 —249 —287 —30.7 —345 —-395 -—-458 -—-336 —20.1
Nd3* NdCls —-14 —-86 —17.3 —24.5 —33.1 —-39.1 —405 -—-39.7 -36.6 —29.6
F- NaF 3.2 7.3 9.9 11.5 9.8 8.0
Cl- Ph,PCI 2.5 5.6 8.2 9.6 9.3 8.0 6.3 5.8 6.3 7.1 7.8 7.3
Br- EtuNBr 2.0 4.7 6.7 7.2 6.4 4.6 2.9 2.8 4.1 5.8 6.9 5.9
1~ Nal 1.8 2.8 3.7* 4.3 2.1 0.8 —0.5 -13 —2.3 —2.5 —2.9* —-3.6
BPh,~ PhsPBPh; 21.6 26.1 22.3 16.6 13.3 12.8 12.1 11.0 8.9 6.4 4.4 4.4

of A{H°(X") against x;—pron are roughly parallel, with
F~ > ClI- > Br~ > |~ over the whole composition
range. However, 1~ exhibits a marked crossover at
higher cosolvent concentrations, ultimately becoming
more positive than Cl~ (there are no F~ data at
X1—pron > 0.5). As in aqueous—MeOH mixtures, there
are much greater differences between the halides
than there are for the alkali metal ions.

3. Entropies of Transfer

There are very few entropy data for the transfer
of electrolytes from w —w + 1-PrOH (Table 13). The
two independent sets of data derived for HCI from
dE°/dT measurements!33134 are in fair agreement at
Xi—pron < 0.4, and the averaged values are Recom-

mended. However, at higher X;—pron the trends are
rather different; the datum of Roy et al.**3 at X;—pron
= 0.7 appears too negative and has been rejected.

No estimation of ionic entropies via the GHSE was
possible because of the absence of critically evaluated
AG° data for electrolytes or ions in these mixtures,!
and none has been reported in the literature.

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

1. Enthalpy Data for Electrolytes

The results for AH°(MX, w — w + 2-PrOH)
reported in the literature are summarized in Table
14. Numerical data are available for more than 20
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Table 13. AS°(MX, w — w + 1-PrOH)/J K1 mol~?, 298.15 K, mol/L Scale, as a Function of 100X:-pron

MX 5 10 20 30 40 50 60 70 80 90 100 ref

HCI 11 3 -17 (—22) -30 [—120] 133

HCI -3 -7 —13 -20 —29 (=37) (—45) —53 (—61) (—69) =77 134

HCI 4 -2 —15 -21 -30

NaCl 3.6 47 -17.8 —45.3 —75.8 —93.2 138

KCI —-13.9 —-15.3 1.9 26.1 47.3 141
Table 14. AH°(MX, w — w + 2-PrOH)/kJ mol1%, 298.15 K, as a Function of 100X,—pron

MX AsinH® 5 10 20 30 40 50 60 70 80 90 100 ref

HCI 0.9 0.7 —2.7 —6.1 —10.0 —-145 —-194 —-25.0 145, 146
HCI 3.2 2.3 -1.8 114
HCI 21 15 -2.3 {-6} {-10} {-15} {-19} {-25}
HBr 34 1.0 5.9 114, 147
HBr 2.1 0.3 51 148
HBr 2.8 0.7 55
HI 36 —-04 —-9.2 114
NaCl [6.6] [9.4] [7.2] [5.0] 188
NaCl 3.90 45 7.1 22
NaCl 45 7.2 149
NacCl 4.5 7.2
NaBr 14 11 2.0 148
NaBr 35 35 3.2 150
NaBr2 25 2.3 2.6
Nal 55 6.4 1.4 -3.3 —-7.0 -10.7 —-138 -16.1 -—-181 —19.1 -—18.0 84,157
Nal 6.8 2.6 -0.1 -6.2 —11.0 -142 -—155 [-13.9] [-12.8] —22.9 151
Nal 53 6.0 1.4 —-3.3 —7.8 -11.7 -—-148 -—17.1 -—187 —19.8 —20.9 152
Nal 5.4 6.4 1.8 —2.2 —-7.0 -111 -143 -16.2 -184 —195 -20.6
NaBPh, —19.91 35.1 456 21.6 11.7 9.1 6.6 45 4.5 2.2 1.6 1.7 153
KCI 17.16 4.9 7.8 6.3 31 -0.5 123
KBr2 20.01 44 6.4 2.8 -1.1 125
Kl 20.30 5.1 5.0 —-0.6 —-3.7 —-9.6 —-135 —-156 —15.9 154
KPiP 7.9 7.0 -9.8 —13.8 —14.4 96
KBPh,° 43.0 54.0 38.8 27.1 17.4 96
NH,l 47 3.8 —-8.4 —12.8 —-14.7 —19.3 155
NH4l 8.6 1.4 —-7.8 —10.1 156
NH,I 13.70 2.3 92
NH,l {6.7} {25} {-8.1} {-11.5} {-15} {-19}
AgPi 12.7 10.2 -1.8 —-12.1 -7.1 127
AgO,CMe 3.8 5.0 4.6 3.6 6.0 127
AgO.CEt 7.6 7.2 5.3 6.7 8.2 127
AgO,CPr 11.2 9.8 6.0 8.5 11.1 127
MesNBPh, 39.0 520 50.0 45.0 42.0 93
Et;NBPh,? 455 56.0 51.5 47.0 45.0 93
Pr;NBPh,d 50.0 60.5 51.0 45.0 43.0 93
BusNBPh,? 55,5 685 57.0 56.0 42.0 93
Ph,AslIP 253 39.0 40.4 35.7 30.7 96
PhAsPiP 29.4 439 38.6 36.8 375 96
Ph,PCI -8.79 36.8 323 25.6 20.6 17.7 14.7 12.7 11.6 11.2 10.3 10.8 153
NiCl, —83.43 (5.4) 101

a Data derived from potentiometry are also available,3¥” but the reported heats of solution are unreasonable, and hence, the
resulting A{H° values are rejected. ® Data probably not reliable, see text. ¢ A{H° = 2.3 and 6.7 kJ mol~! for X,_pron = 0.019 and
0.065, respectively. ¢ Data also available'®® for unsymmetrical RNH3BPh, salts (R = Et, Pr, Bu).

1:1 electrolytes and also NiCl,. Potentiometric mea-
surements reported by Dash and co-workers!05-109 for
a number of silver and mercury salts at low cosolvent
concentrations contained too little useful information
to justify their inclusion. Potentiometric data for
KBr8 were unavailable for consideration.

Values of A{H° have been independently confirmed
for only six of the 1:1 electrolytes. Thus, for HCI, two
independent sets of results derived from potentio-
metric (dE°/dT) data are available.114145146 Where
comparison is possible (Xo—pron < 0.1), the data are
in reasonable agreement and the averaged values are
Recommended. At higher cosolvent concentrations
only the data of Roy et al.1#>14¢ gre available and so
have been classified as Tentative. A similar situation
exists for HBri!4147.148 and NaBr'#81% with indepen-

dent potentiometrically derived values in good agree-
ment over the narrow range of solvent compositions
investigated.

For NaCl??14 and Nal®*151.152 independent calori-
metric and potentiometric data, albeit mainly from
the Lodz group, are in excellent agreement at Xo—pron
< 0.2 (for NaCl) or over the whole solvent composition
range (for Nal). The potentiometrically derived data
for NaCl reported by Parfenyuk et al.'8 appear less
reliable than the other available data??'*° and have
been rejected. The Kharkov group reported one
calorimetric®® and two potentiometric®1% sets of
data for A(H°(NH4l, w — w + 2-PrOH) at various
cosolvent compositions. The results are in good
agreement, but again, lacking independent confirma-
tion, their averaged values are classified as Tenta-
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Table 15. AH°(ion, w — w + 2-PrOH)/kJ mol1,
298.15K, TATB/TPTB Assumption, as a Function of
100X2—prom

ion MX data 5 10 20 30 40

H* HCI 95 —-1.1 -20.0 —25.1 —29.2
Na* NaBPh, 127 6.6 —9.0 —144 -171
K+ KCI 123 52 —-114 —-159 —-19.6
NHz* NHal 139 2.7 —18.9 —23.6 —2438
MesN* MesNBPh, 10.1 128 191 218 214
EtsN* EtsNBPh, 16.8 156 21.2 240 245
PrsN* PraNBPh4 21.0 18.8 21.0 219 222
BusN* BusNBPh4 252 273 282 292 310
PhsAst/Phs,PT PhsP(As)BPhs 325 39.2 296 23.6 20.6
Cl- PhsPCI -74 26 177 189 191
Br- NaBr -74 26 177

1~ Nal -7.2 —0.2 108 122 101
BPhs~ PhsP(As)BPh, 325 39.2 29.6 23.6 20.6

tive. As none of the other data has been confirmed,
no further critical evaluation is possible at present.

2. lonic Enthalpies of Transfer

Reasonable amounts of data exist for salts required
for the TATB/TPTB assumption. At 0.1 < Xp—pron <
0.4 there is good agreement between the TATB/TPTB
values obtained using the combinations (NaBPhy +
Ph,Asl — Nal) and (KBPh, + Ph,PCl — KCI) based
mainly on the data of Sinha and Kundu.®® At X,_pron
= 0.05, these two routes are in rather poor agreement
but their average agrees well with that obtained from
(NaBPh, + Ph,PCI — NaCl) based on the calorimetric
data of Taniewska-Osinska et al.'>® and the averaged
NaCl data in Table 14 and thus can be used with
some confidence. Unfortunately, the NaCl data are
available only at low 2-PrOH concentrations, pre-
sumably because of solubility limitations. On the
other hand, the values calculated from (KBPh, + Ph;-
AsPi — KPi)% differ markedly, implying that the
values for either or both Ph,AsPi and KPi are in
error. These data were therefore not considered
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further, and the ionic values were based on averages
of the first two combinations.

The ionic transfer enthalpies (for nine monovalent
cations and four monovalent anions) from water to
aqueous—2-PrOH mixtures so obtained are sum-
marized in Table 15. It should be noted that because
of the uncertainty in the data for the picrate salts,
no values have been derived for A(H°(Ag™*) and hence
for the various carboxylate anions.

3. Entropy Data for Electrolytes

Data have been reported for the entropies of
transfer of approximately twenty 1:1 electrolytes
from water to aqueous—2-PrOH mixtures (Table 16)
but there are independent sets only for HCI*14145 and
HBr#"148 at low cosolvent concentrations and Nal>+1%2
over the whole composition range. For HCI the values
become increasingly divergent with increasing 2-PrOH
content, so only values at X,—proy < 0.3 are Recom-
mended. There is good agreement between the two
sets of data for HBr and reasonable agreement for
the Nal data. No further assessment of the data is
possible at this stage.

4. lonic Entropies of Transfer

lonic values for nine cations and five anions (all
monovalent) are reported in Table 17 based on the
single-ion enthalpies reported in Table 15 and previ-
ously reported single-ion Gibbs energies! along with
relevant electrolyte entropy data from Table 16.
Values of A:S° for Ph;As™ (= BPh,™) can be calculated
from the corresponding A{H° and A:G° data for 10
and 20 mol % 2-PrOH. These are in reasonable
agreement with those calculated from the AS° data
for PhsAsl and the ionic values for I~ or from the
corresponding picrate data. In contrast, the values
calculated from the KBPh, and K* values are some

Table 16. AS°(MX, w — w + 2-PrOH)/kJ mol~1, 298.15 K, mol/L Scale, as a Function of 100X2—pron

MX 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 7.2 05 -19.0 -—-37.1 114
HCI —2.2 —4.7 -96 —-147 -203 —26.2 —32.7 —39.8 145
HCI 3 -2 —14
HBr 9.1 -01 —-26.7 514 147
HBr 4.9 —25 —243 148
HBr 7 1 25
HI 114 —-0.8 —30.5 —497 114
NacCl 3.7 2.8 149
NaBr 4.3 125 227 148
Nal 15.0 136 —-147 -374 —76.0 -—100.0 —1235 —140.5 —150.8 —152.6 —220.7 151
Nal 10.8 80 —16.3 —432 —69.6 —93.6 —1146 —133.2 —151.3 —172.0 —199.5 152
Nal 13 11 —15 —40 —73 —97 —119 —137 —151 —172* —210
KPi 23.3 229 —198 —475 556 96
KBPh, 158 213 173 136 108 96
AgPi 52.1 48.5 17.2 6.9 18.5 127
AgOCMe 10.6 12.0 8.0 8.6 14.1 127
AgO,CEt 23.0 22.4 15.5 171 27.5 127
AgO,CPr 36.3 34.1 23.3 255 40.8 127
NHal 9.0 1.3 —-476 —-685 —904 —109.8 155
MesNBPhy 1453 2029 2112 2158  208.5 93
Et,NPBhsa  163.7 2121 216.0 2140 2102 93
PrsNBPhsa 180.2 2410 2244 219.0 2159 93
Bu;NBPhsa 203.6 2643 236.0 230.1 229.8 93
PhsAsl 93 160 173 160 142 96
PhsAsPi 109 185 192 188 200 96

a Data also available for unsymmetrical RNH3BPh, salts (R = Et, Pr, Bu).1%°
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Table 17. AS°(ion, w — w + 2PrOH)/kJ mol1, 298.15
K, mol/L Scale, as a Function of 100X2-pron

ion 5 10 20 30
H* 28.1 2.2 —56.7 —71.7
Na* 35.6 22.9 —-11.6
K+ 31.7 13.3 —43.7 —61.0
NH4* 40.9 11.6 —61.8
MesN* 28.8 29.4 38.5 41.4
Et;N* 172.1 202.5 192.1 200.5
PrsN* 180.2 241.0 224.4 219.0
BusN* 203.6 264.3 236.0 230.1
PhsAs™ 116.5 1735 172.7 174.4
Cl- -31.9 —-20.1
Br- —23.2 —4.7 32.4
1~ —22.7 —-12.0 -3.9
Pi~- —8.4 9.6 23.9 135
BPh,~ 116.5 173.5 172.7 174.4

20—30 J K™! mol~! more positive. Thus, Table 17
reports values calculated via the iodide and picrate
data.

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

1. Enthalpy Data for Electrolytes

A plethora of data are available for the enthalpies
of transfer from water to aqueous t-BuOH mixtures,
including 25 1:1 and four 1:2 electrolytes, but only
at low cosolvent concentrations (Table 18). Because
of the very large changes in the thermodynamic
transfer functions for electrolytes that occur with
solvent composition in water-rich mixtures of this
system,68.16° the A{H° data in Table 18 are presented
at closely spaced intervals for X;—guon < 0.2. Poten-
tiometric measurements reported by Dash and Sa-
manta'’® for a number of silver salts at low cosolvent
concentrations contained too little useful information
to justify their inclusion. Data have also been re-
ported for the enthalpies of dissociation of water'&
and various carboxylic acids.368

For HCI there appear to be only two original data
sets: one derived from the temperature dependence
of galvanic cell potentials!*¢ and the other from the
calorimetric (AgnH°) measurements.'®® In addition,
Bose et al.’®! recalculated the values of Roy et al.14¢
All three data sets show the same general trend, with
the exception of the datum of Bose et al. at Xi—guon =
0.14, which is rejected. Nevertheless, the agreement
is only fair, and the averaged values should be
regarded as Tentative pending further studies.

Two independent sets of potentiometrically derived
values exist for A(H°(HBr): from Bose et al.114161 and
from Robinette and Amis!!® along with the calori-
metric results of Pointud et al.*®® The data show the
same broad trends with solvent composition, but the
values of Bose et al.*'4161 vary unreasonably and are
therefore rejected. The averaged values of the re-
maining datal'®1%0 are classified as Tentative at
Xt—puon = 0.14. At higher x(—guon only the data of
Robinette and Amis are available, so no critical
evaluation is possible. The situation for HI is similar,
except that the calorimetricl®® and potentiomet-
rict'4161 results are in excellent agreement over the
whole composition range studied. The averaged val-
ues are therefore Recommended.
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For NaCl, independently measured values of A{H°
from calorimetry!®? and potentiometry6® are in good
agreement except at Xi—suon = 0.2. Averaged values
for all other compositions are Recommended. Values
of AiH°(Nal, w — w + t-BuOH) have been reported
in four publications from the t.odz group,48+164165 the
first three using AgnH° measurements and the last
potentiometry. The data of Taniewska-Osinska et
al.** differ markedly from the other studies and are
rejected; their value of AgnwH?® is also aberrant.” The
remaining data are in excellent agreement at X;—guon
< 0.5, and the averaged values are Recommended.
At higher cosolvent compositions the differences are
too great for a critical evaluation to be made.

Three sets of calorimetric data have been reported
for AiH°(NaBPhy, w — w + t-BuOH): two due to
Arnett and McKelvey!®®16° and one by Juillard.'™
Ignoring the earlier graphically presented values,'8
the results reported by the two groups are in excel-
lent agreement, and their averages have been Rec-
ommended wherever comparison is possible. The
variation of A(H° for this salt with even quite small
changes in solvent composition is notable and war-
rants further study. For KCI at Xi—guon < 0.14, the
two available independent calorimetric studies'62-168
are in excellent agreement and are therefore Recom-
mended. At X—guon = 0.2, the two reported values
differ significantly; the lower value'®® seems more
reasonable.

Two independent calorimetrically determined sets
of values for A(H°(R4NBr, w — w + t-BuOH) exist
for R = Me, Bu, and Pe (Table 18) and are in excellent
agreement wherever comparison is possible. The
averaged values are accordingly classified as Recom-
mended or, when unconfirmed, Tentative, through-
out. A similar situation exists for Ph,AsCI, where the
values of Arnett and McKelvey'%8 are in good agree-
ment with those reported by Juillard.'’* As the
former were calculated by the reviewers by graphical
interpolation, the values of Juillard are Recom-
mended.

2. lonic Enthalpies of Transfer

As noted above, good quality data are available for
the enthalpies of transfer of Ph,AsCIl, NaBPh,, and
NaCl from water to aqueous solutions of t-BuOH up
t0 Xt—guon = 0.2 (Table 18). The single-ion enthalpies
of transfer derived from these data via the TATB
assumption are given in Table 19.

The most notable features of the values of A(H®
(M*, w — w + t-BuOH) are the pronounced extrema
at very low cosolvent concentrations. As in agueous
MeOH solutions, the position and, to some degree,
the size of these extrema are almost independent of
the size of the alkali metal ion (Figure 5). The small
differences are largely systematic, in the order Na*
> K* > Rb* > Cs™; however, the position of Li* is
anomalous. Again, as in aqueous MeOH, increasing
the charge on the cation (compare Na* and Ca?" in
Table 19) has a significant effect on the magnitude
but not the position of the extrema.

The values of AH°(R4N*, w — w + t-BuOH) also
exhibit two extrema at low cosolvent concentrations
(Table 19, data not plotted), but they are generally
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Table 18. AH°(MX, w — w + t-BuOH)/kJ mol~%, 298.15 K, as a Function of 100X¢—guon

Hefter et al.

MX AsnH® 2 4 6 8 10 12 14 20 30 50 70 90 100 ref
HCI [25] [44] [56] [6.0] [54] [3.71 [0.9] [-0.2] [-23] 146
HCI 23 33 31 20 03 -12 -19 160
HCI [6.0] [7.9] [7.1] [50] [29] [2.21 [4.3] 114, 161
HCI (2.3} {33} {3.1} {2.0} {0.3} {-1.2} {-1.9}

HBr 25 31 22 04 -16 -33 —42 160
HBr (29) (43) (44) (39 (25 (0.7) (-14) -76 —347 -758 —41.9 116
HBr [6.3] [7.6] [5.7] [17] [-3.3] [-8.4] [-12.4] [-8.6] 161, 114
HBr 27 37 {33} {22} {-06} {~-1.3} {-28}

HI 32 35 18 -10 -41 -65 -75 160
HI 39 46 30 -02 -42 -84 -119 -11.3 114, 161
HI 36 41 24 -06 -42 -75 -99 {-11.3}

Licl 13 33 50 59 59 54 5.0 160
NaCl 4387 24 55 82 99 103 9.6 8.5 162
NaCl 259 570 842 1025 10.95 1054 926  6.74 163
NaCl 25 56 83 101 106 10.1 89 {67}

Nal -652 29 46 52 52 46 37 26 -13 —67 -152 -19.4 —18.3 164
Nal [-9.5] [-4.2] [-1.5] [-0.7] [-1.5] [-2.4] [-3.5] [-4.5] [~7.6] [-12.4] [-20.2] [-23.7] [-20.7] 14
Nal -758 312 6.00 84
Nal 34 54 63 64 59 50 38 —02 -59 -145 (—28.4) (—36.3) 165
Nal 31 53 57 58 53 44 32 -08 —65 —14.9

NaO,CH 074 251 599 919 (9.8) 10.34 (11.1) (11.0)  7.91 166
NaO,CMe ~—17.46 298 7.87 12.34 (141) 1582 (17.7) (184) 1471 166
NaO,CEt —12.76  3.15 8.83 1525 (16.6) 18.37 (20.9) (21.7) 1757 166
NaO,CPr —14.09  3.52 11.65 18.65 (20.0) 21.86 (24.6) (25.4)  20.66 166
NaBz 5.80 14.44 19.31 19.70 18.00 16.74 15.73 167
NaBPh, [-22.0] [22.5] [74.5] [60.0] [48.3] [38.9] [31.6] [26.1] [17.5] [12.2] 168
NaBPh,  —19.96 175 558 62.0 456 334 248 193 147 113 169
NaBPh,  —20.10 [70] 170
NaBPh, [-1859] 194 560 631 482 322 256 236 171
NaBPh, 185 559 626 469 328 252 {214} {14.7} {11.3}

KCl 17.7 19 48 73 86 88 83 7.5 6.7 168
KCl 1748 23 51 74 88 90 83 7.2 (135) 162
KCl 214 50 74 87 89 83 74 {67}

KBr 19.9 21 47 66 73 68 57 5.2 172
Kl 20.2 30 53 62 58 44 27 2.0 172
KBz 562 13.98 1857 18.72 16.83 1546 14.31 167
RbClI 16.9 21 48 70 82 84 76 65 (11.7) 162
csCl 17.1 22 46 64 74 74 67 57  (9.4) 162
NH.4CI 14.9 1.3 28 38 41 37 29 2.5 174
MesNClI 45 17 39 59 71 75 71 6.2 45 5.0 168
MesNBr 2448 [0.2] [0.3] [0.2] [0] [-0.3] [45] [4.3] 175
MesNBr 24.4 23 40 49 52 49 171
Et,NBr 6.1 39 72 94 104 105 104 10.8 171
PrsNBr —4.5 7.7 155 212 242 248 246  26.3 171
BusNBr -85 155 27.9 369 429 458 459  43.3 171
BusNBr -858 114 287 40.0 428 442 440 439 432 419 387 346 297 269 170
Bu,NBr -85 115 283 385 429 450 450 43.6 {432} {41.9} {38.7} {34.6} {29.7} {26.9}
BuNBPh, 2410 92.05 176
PesNBr 189 474 653 69.0 619 (57.0) (53.9) 51.8 49.1 177
PesNBr 38 196 464 640 661 556 449 559 171
PesNBr 19.3 469 647 676 {59} {51} 549 {518} {49.1}

PhuAsCI 254 352 355 316 271 237 221 229 202 168
PhuAsCI 88 251 368 386 343 280 237 252 171
PhAsCI 253 360 370 330 27.6 237 237 {229} {202}

PhuAsPi 113 324 439 387 211 (75) 259 96
PhsAsBPh, 31.55 [105.4] 176
MgCl, 1.3 50 82 96 92 (82 178
caCl, 26 67 103 124 126 116 111 178
SrCl, 40 90 133 157 162 153  14.6 178
BaCl, 40 92 136 160 163 153 147 178

muted, cf. the alkali metal ions. The values of A{H°
(R4sN™) increase systematically with increasing ion
size, although the curve for Pe,N* differs somewhat
from the smaller R4N™ ions at X;—gyon > 0.08. In
particular, the upturn at xi-guon = 0.14 may be an
artifact, but more detailed studies are required.
The variation of AiH°(X~, w — w + t-BuOH) for
the halide ions with solvent composition (not plotted)
is similar, but opposite in sign, to those of the alkali
metal ions, as also found for aqueous MeOH mix-
tures. That is, at least to some extent, there is cation/
anion compensation in aqueous t-BuOH solutions.

3. Entropy Data for Electrolytes

The entropy of transfer data for electrolytes from
water to w + t-BuOH are given in Table 20. Very
few values are available, and few comparisons can
be made. The hydrohalic acids are an (partial)
exception. Thus, for HCI, there are apparently two
sets of data!4616! derived from cell emfs, which are
in good agreement. However, as it is not clear
whether the values given by Bose et al.'5! are original
or were recalculated from the data of Roy et al.,**®



Enthalpies and Entropies of Transfer of Electrolytes and lons

Chemical Reviews, 2002, Vol. 102, No. 8 2799

Table 19. AH°(ion, w — w + t-BuOH)/kJ mol~, 298.15K, TATB Assumption, as a Function of 100Xt.suon

ion MX data 2 4 6 8 10 12 14 20
H* HCI 2.3 10.5 11.8 3.9 2.4 55 -7.9
Li+ LiCl -3.3 10.5 13.7 7.8 3.2 1.1 -1.0
Na* NaBPh, 2.2 12.8 16.9 12.0 7.9 5.8 3.3 -0.8
K+ KCl -25 12.2 16.1 10.6 6.2 4.0 1.4 -0.7
Rb* RbCI -25 12.0 15.7 10.1 5.7 3.3 0.5 4.3
Cs* CsCl 2.4 11.8 15.1 9.3 47 2.4 -0.3
NH4* NH.CI -3.3 10.2 125 6.0 1.0 -1.4 -35
MesN* MesNClI 2.9 11.2 14.6 9.0 48 2.8 0.2 —2.9
EtN* Et,NBr -1.3 14.6 19.0 13.9 10.0 8.4 7.0
PryN* Pr,NBr 2.5 22.9 30.9 27.7 243 226 225
BusN* Bu;NBr 6.3 35.7 48.1 46.4 445 43.0 39.8
PesN* PesNBr 14.1 54.3 743 711 58.5 49.0 51.1
Mg2* MgCl, -7.9 19.4 25.6 13.4 3.8 0.4
caz* cacl, ~6.6 21.1 27.7 16.2 7.2 3.0 -0.9
Sr2+ SrCl, —5.2 23.4 30.7 19.6 10.8 6.7 2.6
Ba?* BaCl, -5.2 23.6 31.0 19.8 10.9 6.7 2.7
PhiAs* PhsAsBPh, 20.7 43.2 45.7 34.9 24.9 19.4 18.1 155
cl- PhAsCI 46 -7.2 -8.7 -1.9 2.7 4.3 5.6 7.4
Br- (H,K,MesN)Br 5.2 -7.4 -9.6 -3.5 0.5 2.0 3.8
I- (H,Na,K)I 5.5 -6.9 -10.2 -5.1 21 -1.6 0.4 0.5
HCO,~ NaO,CH 5.5 6.7 -8.6 2.1 2.8 43 8.1 8.6
MeCO,~ NaO,CMe 6.2 4.9 -5.2 2.2 8.4 11.9 15.5 15.4
EtCO, NaO,CEt 7.0 -35 3.7 4.7 11.2 15.1 18.8 18.2
Prco, NaO,CPr 8.3 1.1 —0.6 8.1 14.9 18.8 225 21.3
Bz~ (Na,K)Bz 8.0 1.7 2.5 8.0 10.4 11.2 12.9
BPhy~ PhsAsBPh, 20.7 43.2 457 34.9 24.9 19.4 18.1 155

20
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Figure 5. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, from water into aqueous—t-BuOH mixtures at 25
°C for the alkali metal ions: @ Li*, A Nat, ¢ Kt ERb*, v
Cs™.

the averaged values have been classified as Tenta-
tive.

For HBr, on the other hand, there are two inde-
pendent sets of potentiometrically derived val-
ues.'6.161 Those reported by Robinette and Amis 116
cover the whole solvent composition range but at very
wide intervals. Those of Bose et al. are better spaced
but extend only to Xi—guon = 0.2. Nevertheless, where
comparison is possible, the data are in good agree-
ment and thus the averaged values are Recom-
mended. At higher t-BuOH concentrations the values
of Robinette and Amis'!® become very negative and
should be viewed with caution. Little comment is
possible on the remaining data in Table 20.

4. lonic Entropies of Transfer

Despite the dearth of entropy data for electrolytes,
the extensive information available at low X;—gyon for
AH°(M") in Table 19 and for AG°(M"*) from our
previous review?! enabled the estimation of A{S°(ion,
w — w + t-BuOH) for 13 monovalent and 4 divalent
cations and 6 monovalent anions via the GHSE
(Table 21).

Plots of A:S°(ion, w — w + t-BuOH) exhibit a
marked similarity to the corresponding enthalpies,
including the size, sign, position, and independence
from ionic size of the two extrema at low cosolvent
concentrations. That is, there is strong enthalpy/
entropy compensation in this system.

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

1. Enthalpy Data for Electrolytes

Enthalpy of transfer data between water and
aqueous EG are available for more than 20 electro-
lytes (Table 22) including several 1:2 salts and La-
(NO3);. Data for some of the salts are restricted to
relatively low cosolvent compositions (Xgc < 0.3), and
very few have been independently confirmed. Poten-
tiometric data for KCI*> and HCI'® were unavailable
for consideration.

Two data sets exist for A(H°(LiCl, w — w + EG):
one is restricted to xgc < 0.4'7 but the other®® covers
the whole solvent composition range. These reports
are in reasonable agreement where comparison is
possible but, as they originate from the same labora-
tory, their averaged values are classified as Tenta-
tive. A similar situation applies to NaCl where values
of A¢H° obtained by calorimetry are reported at Xec
< 0.2'8 and over the whole composition range from
emf measurements.8?
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Table 20. AS°(MX, w — w + t-BuOH)/J K™t mol~1, 298.15 K, mol/L Scale, as a Function of 100X—guon

MX 2 4 6 8 10 12 14 20 30 50 70 90 100 ref
HClI (5 (10) 12 11 7 3 -3 —-11 23 146
HCI 16 21 19 16 14 11 -10 1612
HCl 11 16 16 14 11 7 -7 -11}  {-23}

HBr (5) 3 —34 —70 —190 —310 —265 116
HBr 29 22 9 1 —6 —13 —20 —40 161
HBr {29} {22} 7 {1} -2 {-13} {-200 37 {-70} {—190} {-310} {—265}

HI 13.6 16.9 123 23 -10.7 —24.3 —36.1 —36.4 161
NaCl 3.0 8.2 13.0 156 15.1 10.9 34 —27.0 163
Nal 7.7 11.0 11.0 8.5 4.2 —-1.4 —-7.8 —28.6 —-59.3 -112 —198 165

a Origin of the data is unclear; they may have been recalculated from earlier results,'# although the recorded solvent compositions

differ.

Table 21. A:S°(ion, w — w + t-BUOH)/J K™% mol3,
298.15 K, mol/L Scale, TATB Assumption, as a
Function of 100X¢-guow

MX 2 4 6 8 10 12 14 20 ref
H* -8 —30 44 22 9

Lit —13 35 44 27 17

Na* —-11 39 50 37 29 -2
K* —12 39 50 35 25 -3
Rb* -11 38 48 33 24 15
Cs* —-11 38 47 31 21

NH4* -13 34 41 22 11

Ag*t 44 65 67 5 35 12 -7 127
MesNt  —145 49.9 4.8 5.9 261
MesNt  —14 34 43 28 19

EtsN* —14.5 57.4 14.9 20.6 261
EtNT  —14 37 48 35 28

PrsN* -0.7 102.1 65.1 80.6 261
PrsN* 2 68 92 85 80

BusN* 10.0 152.7 111.5 119.7 261
BusN* 10 101 136 132 132

PhsAs*t 77 165 182 158 136 110
Mg?+ —38 58 80 51 34

Ca%*" —-34 61 85 56 37

Sr2+ —33 63 86 58 42

Ba?* -33 63 86 58 42

Cl- 14 -31 -37 -21 —-14

Br- 37 52 -35 —-15

1~ 19 -28 -39 -—-28 -25

MeCO,~ —42 -56 -50 —-31 -8 11 17 127
EtCO,- —-32 —-41 -35 —18 3 21 30 127
Prco,- -21 —-26 —19 -5 14 31 43 127

For NaBPh,, the datum of Mohanty et al.1’® at Xgg
= 0.035 is rejected because their value for AgnwH?®
differs by ~7 kJ mol~! from the well-established
value.”®8 The remaining two independently mea-
sured data sets are in excellent agreement over the
entire solvent composition range, and their average
is therefore Recommended. Of the three reported
studies of A¢H°(BusNBr, w — w + EG), two are from
the lvanovo group®>®7 and cover the whole solvent
composition range while the data of Mohanty et al.17®
extend only to Xxgg < 0.3. Up to this cosolvent
concentration the agreement is good, enabling the
averaged values to be Recommended. Over the range
0.3 < Xgg =< 0.8 the data from Markov et al.*®” and
Manin et al.®® are also in good agreement, but coming
from the same group, the averaged values are re-
garded as Tentative. At xgc > 0.8, in the absence of
further information it is not possible to choose
between the increasingly divergent values.®>8” None
of the remaining salts has been studied indepen-
dently, so little can be said about them. Additivities
for the whole salt combinations (LiINO;—NaNO3) and

(LiCl—NacCl) are in good agreement (better than +0.4
kJ mol~1) over the limited composition range avail-
able for comparison (xec < 0.2), but the differences
themselves are very small.

2. lonic Enthalpies of Transfer

Application of the TPTB assumption using the
Recommended values (Table 22) for NaCl (xgc < 0.4)
and NaBPh, and the data of Emelin et al.*8? for NaCl
at higher xgc and of Pietrzak et al.® for PhsPClI
enables calculation of values for A(H°(ion, w — w +
EG) for eight monovalent and four divalent cations
and seven monovalent anions (Table 23).

Plots (not shown) of A{H°(M*, w — w + EG) against
Xeg are similar to those observed for aqueous—MeOH
mixtures (Figure 3). Thus, there is a very small
maximum at low cosolvent concentrations (Xgg ~
0.15, cf. Xmeon ~ 0.3), followed by a steady decrease,
with only slight differences among the cations. Also,
as observed for w + MeOH solutions, increasing the
cation charge, at approximately constant ionic size,
appears to have a significant impact on the enthal-
pies of transfer, although the data are rather limited.
The corresponding plots (not shown) for the rather
sparse halide data are roughly similar but of opposite
sign. That is, there is at least partial cation/anion
compensation for the enthalpies in EG/water mix-
tures.

3. Entropy Data for Electrolytes

In contrast to the extensive data available for the
enthalpies, there are very few reports of the corre-
sponding entropies of transfer of electrolytes from
water to aqueous—EG mixtures. All the available
values (Table 24) were obtained by potentiome-
try.181.182 None has been replicated, so they should
be regarded with caution.

4. lonic Entropies of Transfer

It is ironic that the extensive calorimetric database
for enthalpies of transfer in w + EG mixtures is not
matched by equivalent data for the Gibbs energies.*
Thus, only a limited set of values of A(S°(ion, w — w
+ EG) can be derived for this system via the GHSE
(Table 25).

The only comparison that can be made is for CI-,
for which the agreement between the two available
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Table 22. AH°(MX, w — w + EG)/kJ mol?, 298.15 K, as a Function of 100xgc
MX AgnH® 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 0.48 0.58 —-0.32 (—2.02) -—-3.89 (-5.35) (-5.98) —5.48 (—3.64) (—0.39) 4.20 181
LiCl —37.10 1.01 1.50 1.36 0.16 —1.57 17
LiCl 0.37 0.47 0.24 (-0.20) -0.60 (-0.91) -1.16 (—1.44) -1.79 (—2.18) —2.36 182
LiCl {0.7}  {1.0} {0.8} {0.0} {-1.2}
LiNO3 —2.66 0.05 -029 -175 -3.68 —562 -—7.26 -8.42 —-9.10 —-942 -9.67 -10.29 35
NaCl 385 —0.22 -046 -—0.96 183
NacCl -0.03 -0.15 -057 (-1.14) -176 (—2.35) —2.85 (—3.22) —3.46 (—-359) -—3.64 182
NacCl {-0.1} {-0.3} {-0.84 {-1.1} {-1.8}
Nal —7.55 —0.10 —-1.21 —443 -—7.48 -11.06 —1296 (—15.66) —18.07 —19.47 1842
NaNO; 2029 -021 -101 -—3.73 363
NaClO,4 13.96 251 225 —-191 -6.10 -10.11 18
NaClO, 25 2.3 -1.7 -5.9 -9.6 1842
NaClO4 2.5 2.3 -1.8 -6.0 -9.9
NaBPh, [—26.69] b 170
NaBPh, —19.75 11.63 17.41 18.19 12.39 541 -0.76 —6.22 —-1196 -18.61 -—-25.13 -—-27.63 35
NaBPh, —19.91 10.47 16.97 17.65 12.71 5.02 —0.96 —-7.62 -12.14 -17.60 -—22.11 -27.67 10
NaBPhy 11.1 17.2 17.9 125 5.2 —-0.9 —-6.9 —-12.1 —18.1 —23.6 —27.6
KCI 1724 -056 —1.08 -—-256 —4.86 183
KCI -0.14 -033 -0.80 (—-1.36) —197 (—258) —3.14 (—3.61) -394 (—4.09) —-4.00 182
KCI -0.4 -0.7 —-1.7 —-3.1
KBr 2021 -0.47 -161 —-479 -7.12 183
Kl 20.54 —-097 -—244 —6.23 —10.26 -—13.49 183
KNO; 3492 -054 -154 528 363
CsF -36.33 -0.14 -039 -—-104 -167 -—-2.08 -215 -1.88 —-1.32 —-0.64 —0.09 0.00 35
CsNO3 39.61 -—-1.21 -3.15 363
CsCIlO, 55.22 —0.58¢ 19
NH;NO3 2549 -067 -163 —-396 -657 —9.18 -1159 -13.67 -15.37 -16.70 -—-17.79 -18.80 35
BusNBr —8.58 10.21 18.04 28.24 3361 170
BusNBr —-8.42 1046 1837 28.01 3266 3517 37.14 38.93 39.68 37.29 28.43 853 35
Bus;NBr 103 182 281 331 {35.2} 37.1} {389} {39.7} {37.3} {284} {85}
Ph,PCI —-8.79 1245 17.76 18.82 1690 15.34 14.31 13.68 13.32 12.13 11.67 10
Ca(NOj), —17.08 —-2.52 —6.27 363
Sr(NOs), —18.02 —2.82 363
Co(ClOy) 7.00 0.16 —1.81 —9.29 -1830 —26.71 —33.78 —39.56 —44.33 —48.18 -50.61 —50.29 100
NiCl, -8343 —-105 -2.01 —-393 -573 -7.26 -—8.38 101
La(NO3); —52.29 -—-2.72 -6.11 -12.42 363
a Read from graph. ° A single value, 15.10 kJ/mol, at 100xgc = 3.5. ¢ Data also available at lower concentrations.
Table 23. AH°(ion, w — w + EG)/kJ mol~1, 298.15 K, TPTB Assumption, as a Function of 100Xeg
ion MX data 5 10 20 30 40 50 60 70 80 90 100
H* HCI —-0.2 0.4 —-0.3 —-3.6 —-8.0 —11.8 —14.9 —16.7 —-17.7 —16.5 —22.0
Lit LiCl 0.0 0.8 0.8 -1.6 —-5.3
Na* NaBPh, —-0.7 -0.4 -0.9 —-2.8 —6.0 —8.8 —-11.7 —14.4 —-17.3 —19.6 —-21.5
K* Kl —-1.6 —-1.6 —2.7 —5.6 —-8.1
Cs* CsNO3 -23 -33
NH,* NH4NO3 —-1.8 —-1.7 —-1.4
BusN* BusNBr 9.2 18.3 30.2 34.7
Ph,P* Ph,PBPh, 11.8 17.6 18.8 15.3 11.2 7.9 4.8 2.3 -0.8 —-4.0 —6.1
Ca?" Ca(NO3)2 —4.7 —6.5
Srz* Sr(NOg): —-5.0
Co?* Co(CIOy), -62 -—-72 =75 -119 -189
Niz* NiCl, -25 -24 -39 -89 -—155
Las*t La(NOs3)s -60 —-64 46
F- CsF 2.2 2.9
Cl- Ph4PCI 0.7 0.2 0.0 1.6 4.1 6.4 8.9 11.2 14.1 16.1 17.8
Br- KBr 11  -01 -21 -1.6
1~ Nal 0.6 —-0.8 —-3.5 —-4.7 —-5.1 —4.2 —-4.0 —-3.7 —2.2
NO3~ KNO; 1.1 0.1 —2.6
ClOs~ NaClO,4 3.2 27 09 -3.2 -39
BPh,~ Ph,PBPh, 11.8 17.6 18.8 15.3 11.2 7.9 4.8 2.3 -0.8 —-4.0 —6.1

data sets is poor, with differences of up to 80 J K*
mol~! (~24 kJ/mol for 298A.S°). Taking the values
for Na*t and CI~ at face value, there appears to be
considerable cation/anion compensation for the ionic
entropies in this system in addition to the extensive
enthalpy/entropy compensation (see later, Figures 12

and 13).

G. Transfers from Water to Water + Glycerol

(GY)

1. Enthalpy Data for Electrolytes

Enthalpy of transfer data from water to aqueous—
GY mixtures have been reported for one 1:3, two 1:2,
and 15 1:1 electrolytes (Table 26). As most of the data
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Table 24. AS°(MX, w — w + EG)/J K™ mol%, 298.15 K, mol/L Scale, as a Function of 100xgg
MX 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 0.0 -0.2 -1.4 (—2.6) —-4.7 (—6.8) (—8.8) —10.2 (=10.7) (=10.0) -7.9 181
LiCl 0 2 10 (21) 31 (42) 53 (63) 70 (75) 76 182
NaCl 4 9 20 (32) 43 (54) 64 (72) 77 (80) 80 182
KCI 5 11 23 (36) 48 (60) 70 (78) 85 (89) 89 182
Table 25. AS°(ion, w — w + EG)/J K™t mol~%, 298.15 K, TATB/TPTB Assumption, mol/L Scale, as a Function of
100XEG
ion 5 10 20 30 40 50 60 70 80 90 100
H* 0 3 1 -9 —22 —36 —48 —56 —64 =77 —87
Li* 0 2 -1 —-12 —26
Na* -1 -2 —4 —-12 —24 —34 —44 —53 —63 —70 —75
K* -3 —6 —14 —24 —33
Phy(P,As)" 40 75 90 88 83 79 75 71 64 56 50
CI~ (from HCI) 0 -3 -2 8 19 30 40 47 54 57 80
Cl~ (from NaCl) 5 11 24 35 68 89 122 127 130 129 128
BPh,~ 40 75 90 88 83 79 75 71 64 56 50
Table 26. AH°(MX, w — w + GY)/kJ mol~?, 298.15 K, as a Function of 100xgy
MX AsinH® 5 10 15 20 30 40 50 60 70 80 90 100 ref
HCI 0.81 1.15 0.91 191
HCI 0.62 192
HBr 1.04 0.96 0.09 —-113 -2.85 191
HI 0.88 0.05 —-195 —-4.38 —7.43 191
NacCl -1.10 —-226 —-3.20 —-398 -517 -6.03 —-6.71 —7.28 —7.69 —7.83 —7.51 —6.45 193
NacCl 385 —-049 -119 183
Nal (6.99) (-0.9) (—1.8) (—2.8) (-3.9) (=59 (-8.1) (-10.9) (—12.9) (-13.7) (—14.6) (—15.6) (—16.8) 1962
NaNO3 20.29 —-137 -—-256 —3.72 —4.90 189
KCI 17.24 —1.27 —2.38 183
KCI —2.15 -3.09 —-478 -6.04 -—-7.78 -7.85 —8.01 —8.00 —8.09 —-8.09 -10.17 -—12.33 141
KBr 20.21 —147 -—-2.84 —428 581 183
Kl 2054 —143 -3.13 -5.01 -—-7.07 183
KNO3 3492 —-1.89 -3.64 189
KNO3 3531 —-1.71 -—-3.15 —433 190P
KPi —-3.76 —452 -591 194
KBPhy —3.14 -524 —6.55 194
RbNO3 36.25 —2.41 —4.58 189
CsNO3 39.61 —-1.73 —4.20 189
BusNBr 2.60 6.28 14.49 18.22 21.74 28.74 28.40 27.77 27.15 26.73 26.31 25.98 25.68 195
PhsAsPi 1.08 2.49 4.13 194
ca(NOs); —17.08 —4.78 189
Ca(NOs3),; —17.22 —-4.76 —9.27 -13.64 190P
Sr(NO3), 18.02 —4.62 189
La(NOg)s —59.27 —454 —-8.42 -11.77 189

a Extrapolated to 298.15 K by the reviewers from data reported at 313.15 < T/K < 353.15 assuming constant AgnCp. °

from ref 190 extrapolated to infinite dilution by the reviewer

S.

Data

were measured at low GY concentrations, an ad-
ditional composition, 15 mol % GY, has been included
in the table.

Although there are duplicate data sets for a num-
ber of salts that are in good agreement over limited
ranges of solvent concentration, almost all have
emanated from the Ivanovo group and thus cannot
be considered as independent. The relationship be-
tween some of the data reported by Krestov and co-
workers!81% js also unclear, and thus, pending
independent confirmation, no data have been Recom-
mended. Additivity checks are relatively unhelpful
since the A{H°(MX) values are small over the com-
position range where additivity can be tested. Poten-
tiometric data reported by Dash and co-workers for
a number of exotic acids and silver salts!06:197.198,199
contained too little data to warrant inclusion.

2. lonic Enthalpies of Transfer

Combination of the appropriate data from Table 26
enables the calculation of AH°(ion, w — w + GY)

Table 27. AH°(ion, w — w + GY)/kJ mol~?, 298.15 K,
TATB Assumption, as a Function of 100xgy

ion MX data 5 10 15
H* H(CI1,Br,1) -05 -0.8 -1.3
Na* Na(CI,NOgz) —-3.3 —5.2 7.2
K+ KBPh4 —4.0 —6.1 —-8.3
Rb™ RbNO; —4.6 -7.3
Cs™ CsNO3 -3.9 —6.9
BusN™ BusNBr 3.8 11.2 14.2
PhsAs* PhsAsBPh, 0.8 0.9 1.7
Ca?t Ca(NOs3), —-9.2 —14.7 —21.6
Srz*t Sr(NOs3), -9.0
La3* La(NO3)s -11.1 —-16.6 —23.7
Cl- KCI 2.3 3.4 3.5
Br- KBr 2.5 3.3 4.0
- Kl 2.6 3.0 3.3
NO3~ KNO3 2.2 2.7 4.0
Pi- KPi 0.2 1.6 2.4
BPhs~ PhsAsBPh, 0.8 0.9 1.7

values for 16 ions via the TATB assumption for
solutions containing up to 15 mol % GY (Table 27).
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Table 28. AS°(MX, w — w + GY)/J Kt mol?, 298.15 K, mol/L Scale, as a Function of 100xgy

MX 5 10 15 20 30 40 50 60 70 80 90 100 ref
HCI —-10.1 —-158 —248 314 396 —458 —488 -505 —-53.0 558 —73.7 192
HCI —2.3 191
HBr -8.7 -—-169 —237 —293 —380 —443 —-49.1 530 —-56.1 581 585 —56.1 191
HI -70 —-125 -—18.2 191
NaCl —-128 -188 211 193
KCI 12.4 23.0 32.4 141
KBPh, -0.1 —-1.4 —4.6 194
KPi 0.6 0.0 —-48 —134 234 194
Ph,AsPi 13 0.1 -79 -—-216 —34.3 194

Table 29. AS°(ion, w —w + GY)/J K1 mol1, 298.15 K,
mol/L Scale, TATB Assumption, as a Function of

100XGY
ion 5 10 15 ion 5 10 15
H* —6 —-13 —-16 Br— 7 13 11
Na* -15 -28 35 1~ 7 13 8
K* -16 —-27 36 Pi~ 3 8 15
PhsAs* 9 15 18 BPh,~ 9 15 18
Cl~ 6 11 11

Unfortunately there is no way of assessing these
values.

Interestingly, A¢H°(ion) vary monotonically with
solvent composition, those of the anions and of the
large hydrophobic ions (BusN* and Phj;As™ and
BPh,) being endothermic while those of the small
cations are exothermic.

3. Entropy Data for Electrolytes

Entropy of transfer data between water and aque-
ous—GY mixtures have been reported for eight
electrolytes (Table 28). Only for HCI at 5 mol % GY
is there any independent determination but the
agreement is poor. No assessment of the data is
possible at present.

4. lonic Entropies of Transfer

lonic entropies of transfer from water to ageous
solutions containing up to 15 mol % GY can be
calculated via the TATB assumption using the data
of Talukdar et al.'®* Values so obtained are reported
for eight ions in Table 29. These values cannot be
assessed in the absence of reliable independent data.
Again, it can be noted that, as with AH°(ion), the
ionic A:S° vary monotonically, with the anion and

large organic ion values being positive and those for
the simple cations being negative.

H. Transfers from Water to Water +
Tetrahydrofuran (THF)

1. Enthalpy Data for Electrolytes

Transfer enthalpies between water and agueous—
THF mixtures have been reported for nine 1:1
electrolytes (Table 30); no data for higher valent salts
are available. Strictly speaking, comparisons between
independent data sets can be made only for two
electrolytes. For HCI there is moderate agreement
at Xtur < 0.2 between two potentiometrically derived
data sets,””14¢ but at higher cosolvent compositions
only the data of Roy et al.}*6 are available. For NaCl
there is reasonable agreement among four sets of
data, but most of these are from the todz group,
albeit using both calorimetry?°122 and potentiom-
etry.?®® The additivity (MCI—MI) shows generally
poor agreement, so even these data must be treated
with caution. Multiple data sets apparently exist also
for Nal and NaClO,4 but as they have all been
determined by the same group they must be consid-
ered Tentative.

2. lonic Enthalpies of Transfer

There are sufficient data to allow application of the
TPTB assumption, but no checks for consistency are
possible. Values for four cations and five anions
(including BPh,~ = PhyP™) are reported in Table 31
but only up to 30 mol % THF.

Table 30. AH°(MX, w — w +THF)/kJ mol~1, 298.15 K, as a Function of 100xrur

MX  AgnH® 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 262 015 —20.47 —26.25 —36.18 146
HCI 050 —1.86 —8.31 21
HClI 16 -09 {-83} {—20} {-26} {36}
HBr -1.67 —6.69 —15.21 21
HI —-3.01 —11.41 —26.61 21
NaCl 3.88  2.06 200
NaCl 379 211 341 201
NaCl 3.90 578  6.20 202, 218
NaCl 224 403 648  6.60 203
NaCl 21 3.7 6.1 6.4
Nal 754 -013 3.64 201
Nal ~7.55 -10.91 —14.29 202, 218
Nal {-0.1} {3.6} {—10.9} {-14.3}
NaClo, 1457 281 -588 -18.34 (-24.1) -30.18 (—33.1) —38.34 —42.12 -47.09 —-50.33 —42.96 201, 202, 204, 218
NaClo, {2.8} {-5.9} {-18.3} {—24.1} {-30.2} {—33.1} {—38.3} {—42.1} {—47.1} {-50.3} {—43.0}
NaBPh, —19.91 56.57 19.37 —18.97 —41.33 (—19.9) 202
KCl 1720 166 290 504 530 (17.2) 202
PhsPCI  —879 2723 2311 1812 1548 (-8.8) 202
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Table 31. AH°(ion, w — w +THF)/kJ mol~%, 298.15 K,
TPTB Assumption, as a Function of 100xtue

ion MX data 5 10 20 30

H* HCI 15.2 —4.6 —29.9

Na* NaBPh, 15.7 0.0 —15.5 —25.2
K* KCI 15.3 -0.8 —16.6 —26.3
PhsP* Phs;PBPh, 40.8 19.4 -3.5 —-16.1
Cl- Ph,PCI —-13.6 3.7 21.6 31.6
Br- HBr —-16.8 -2.1 14.7

- Nal -17.0 -1.6 3.9 10.9
ClO4~ NaClO, —-13.9 —6.9 -3.9 -1.8
BPhy~ Ph,PBPh, 40.8 194 -35 -16.1

3. Entropy Data for Electrolytes

Entropy data have been reported for just four
electrolytes (Table 32). There is poor agreement
between the two sets of data for HCI.21:21® Comparison
of additivities (HCI—NaCl) with the single-ion values
calculated via the GHSE using AG° data® with AH°
from Table 31 indicates that the data of Datta and
Kundu?! are more likely to be correct. Nevertheless,
it was considered prudent to use the averaged data
for deriving the ionic values (see below). No other
assessment of these data is possible at present, and
all the values should be regarded skeptically.

4. lonic Entropies of Transfer

No entropy data that allow direct application of the
TATB assumption are available (Table 32). Thus, the
cationic entropies listed in Table 33 were calculated
via the GHSE from the ionic enthalpies in Table 31
and the cationic A{G° values reported previously.!
The anionic values were then obtained by combina-
tion of these data with the relevant electrolyte values
in Table 32. In this way, data for eight ions were
derived at xtur < 0.20. All the values should be
treated with caution, although it is noteworthy that
the values for A:S°(Cl~) derived from the NaCl and
averaged HCI data are in good agreement.

I(. Tgansfers from Water to Water + 1,4-Dioxane
DX

1. Enthalpy Data for Electrolytes

The extensive data available for the enthalpies of
transfer of electrolytes from water to aqueous—
dioxane mixtures are given in Table 34, which lists
values for thirty 1:1 and three 1:2 electrolytes.
However, most of the data are confined to low
cosolvent concentrations (Xpx < 0.3), and so an extra
column, for xpx = 0.15, has been included in the table.
Potentiometric measurements reported by Dash and
co-workers?30-238.364 for a number of silver salts at low
cosolvent compositions contained too little useful
information to justify their inclusion.

Hefter et al.

Table 33. AS°(ion, w —w + THF)/J K mol%, 298.15
K, TATB/TPTB Assumption, mol/L Scale, as a
Function of 100XtnE

ion 2 5 10 20
H* 32 68 8 —73
Na* 32 65 17 —35
K+ 31 63 12 —39
PhsP*/Ph,As*2 74 177 133 52
Cl® —69 —21 33
Br- —75 —33 14
- —73 —36 0
BPh,~ 74 177 133 52

a Calculated from AG°(Ph;As*) and A(H°(Ph,P*) from Table
31, interpolated where necessary. ? Average of values derived
from NaCl and HCI data in Table 32.

Numerous investigations of the hydrohalic acids
have been reported in these mixtures, perhaps in-
spired by the early work of Harned and his collabora-
tors.® For HCI, no less than three independent
potentiometric studies®2°>2% and two recalcula-
tions?54 are available. At xpx < 0.15, the data are in
good agreement and their averages are Recom-
mended. At 0.2 < xpx = 0.4 there is an increasing
discrepancy between the data of Harned et al.? and
the other studies. The averages are accordingly
classified as Tentative. At even higher cosolvent
concentrations the discrepancies become too large for
the averages to be meaningful. For HBr, three mainly
potentiometric studies have been reported.?!:54.207.208
However, the results are in such poor agreement that
no critical evaluation can be made. A similar situa-
tion exists for HI (Table 34). Additivity checks using
(MCI—MBr), where M = H, Na, or K, indicate that
the data for the acids are aberrant. This is possibly
due to the HBr values, but further studies are
required to clarify this issue.

The enthalpies of transfer for many of the alkali
metal halides have been reasonably well character-
ized. Thus, independent calorimetric studies exist for
LiCl,210211 NaC|,210-213 NaBr,54209 KCI 212215 and KBr
and KI1,542%5 which are generally in good agreement
wherever comparisons are possible. This has enabled
the averaged values to be Recommended over limited
cosolvent concentration ranges.

Independent calorimetric data, which are generally
in excellent agreement, also exist for R,NBr (R =
Me—Bu) at xpx < 0.3, and their averages have been
Recommended. At higher cosolvent concentrations
usually only one study is available. These data should
be reasonably reliable but in the absence of confirma-
tory studies have been classified as Tentative.

The electrolyte data required for derivation of
TATB/TPTB values are available. For NaBPhy, the
calorimetric data of Shormanov et al.?®® are in good
agreement with the single value of Ishiguro and

Table 32. AS°(MX, w — w + THF)/J K™ mol~?, 298.15 K, mol L™ Scale, as a Function of 100xtnr

MX 5 10 20 30 40 50 60 70 80 90 100 ref
HCI 0.1 —54 —15.5 —24.9 —33.8 —42.3 —50.3 219
HCI —3.7 —15.6 —44.0 21
HCI -2 -11 —30
HBr —6.5 —24.5 —58.5 21
HI —4.7 —28.6 —73.2 21
NaCl —3.1 —5.6 —12.5 —26.4 203
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Table 34. AH°(MX, w — w + DX)/kJ mol~1, 298.15 K, as a Function of 100xpx?

MX  AgnH® 5 10 15 20 30 40 50 60 70 80 90 100 ref
HClI -1.80 541 -934 —12.66 —1353 —2053 —36.96 3
HClI —1.61 3, 54b
HCI -0.73  —554 —1261 —19.93 (—27.4) 205
HClI -155  —459  -9.11 3,21,173
HClI -0.7 -55 —-11.3 -179 -263 -263 -215 -231 -50.2 206
HCI -1.3 -53 -10.6 {-16.8} {-22} {-23}

HBr -3.39 54¢
HBr -064 -175 -275 -3.01 207
HBr -434  -867 —13.02 21,208
HI -5.10 54¢
HI -7.80 -14.01 -18.62 21
HClO, 8870 -574 —1524 —1564 —36.43 209
Licl —2.45 54b
Licl (-1.3)  (-3.4) (-5.8) (-7.3) (-10.1) 210, 229
Licl -163  —-356 -564 —756 —9.72 211
LiCl -1.5 -3.5 5.7 -7.4 -9.9

NaCl -1.38 54b
NaCl (-14)  (-25) (-3.3) (-41) (-5.3) 210, 229
NaCl -141  —248 -332 -404 —554 211
NaCl -1.8 -3.1 —4.2 5.4 -9.0 -149 -229 (-313) 212
NaCl —4.2 213
Nacl -1.5 -2.7 -36 —-44  {-66} {-15} {-23} {-31}

NaBr -3.12 54b
NaBr (-31)  (-4.0) (-5.0) (-7.0) (-11) 229
NaBr -059 -2.88 —-476 —6.14 —8.77 209
NaBr -3.0 -44  -56 -7.7

Nal (-6.0) (-10.2) (—13.8) (-16.4) (-19.2) 229, 369¢
Nal —4.87 54b
Nal -54  {-10} {-14} {-16} {—19}

NaClOs 2209 080 —-038 —285 -593 —11.13 214
NaClO, 14.06 -3.83  —9.89 —16.33 —22.97 209
NaClO, —24.4 213
NaClo, {-38} {-9.9} {-16.3} {-23.7}

NaBPh, (9.4) (-1.2) (-10.7) 211, 226
NaBPh, [18.54] 170
NaBPh, (10.9) (0.0) (-125) (-23.0) 229
NaBPh, —20.13  9.77 090 —13.44 —16.43 209
NaBPh, -19.4 213
NaBPh, 10.0 -01 -122 -196

KCl -1.23 54b
KCl 1722 -1.68 —326 —460 —573 —7.62 215
KCl 2.2 4.3 -57  (-5.8) 212
KCl -1.7 -3.8 -5.2 -58  {-7.6}

KBr —3.05 54b
KBr 2004 -328  —6.13 844 -10.32 —13.33 215
KBr (-30)  (-7.0) (-105) (-12.6) (-16.8) 229
KBr —-3.1 -6.6 -95 -115 {-15}

Kl —4.75 54b
Kl 2052 -506  —951 -13.16 -16.16 —20.87 215

Kl -49  {-95} {-132} {-16.2} {-20.9}

RbCl —1.40 54b
CsCl -2.45 54b
CsNOs 4011 -1250 —2021 -25.09 —28.83 216
Agl 111.71 -7.61 176
AgCIO, —-26.5 213
NH4Br 16.82 —-2.66  —5.14 —7.47 -962 —1327 —15.87 (-17.2) 216
NH4sNO; 2557 —117  —519 —11.62 -1957 (-36.4) 216
MesNBr 0.90 1.31 1.01 0.00 —4.16 210, 229
MesNBr  24.04 050 1.12 1.35 071  -523 211
MesNBr 0.7 1.2 1.2 1.4 -4.7

EtsNCI 11.0 213
Et,NBr 1.39 2.33 3.06 3.58 4.02 210, 229
Et,NBr 598  1.87 2.56 2.66 2.75 5.30 211
EtNBr 573  1.19 3.05 3.57 239 202 -308 —4.47 216
Et;NBr 1.5 2.6 3.1 2.9 {24} {-31} {-45}

Et4NCIO;4 -9.0 213

Ohtaki?®® at xpx = 0.2 but not with that of Mohanty
et al.'® at xpx = 0.05. The latter appears to be too
positive and has been rejected. The remaining data
are classified as Tentative pending further studies.
For Ph,PBr, only one report is available but the
values appear reasonable through comparisons with
other solvents.

2. lonic Enthalpies of Transfer

lonic enthalpies of transfer that can be derived
from the data in Table 34 via the TPTB assumption
at Xpx < 0.2 are given in Table 35 for 1 divalent and
15 monovalent cations and 7 monovalent anions. The
values of AH°(M*, w — w + DX) for the alkali metal
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Table 34. (Continued)

MX AsinH® 5 10 15 20 30 40 50 60 70 80 90 100 ref
PrsNBr 740 1265 1622 1810 16.83 210, 229
PrsNBr —441 836 13.06 1575 18.08 28.28 211
PrisNBr 79 129 160 181
BusNBr 12.95 2256 28.98 3223 29.17 210, 229
BusNBr —-858 1340 22.94 29.02 3203 30.33 211
BusNBr 24.4 300 294 282 274 259 228 198 235 476 94
BusNBr -858 162 253 293 302 310 170
BusNBr 142 238 291 311 300 {282} {274} {259} {22.8} {19.8} {235} {47.6}
BusNNO; 16.7 259 289 297 297 285 268 251 234 222 213 272
BuNBPh, 2410 29.16 31.92 27.91 176
PesNBr 3.33 (25.2) (32.5) (36.5) (40) 370, 371¢
HxsNBr 1584 29.94 5185 4185 23.94 1917 (16.3) 13.49 216
BusPBr 1322 (17.4) (27.5) (32.0) (33.0) (33.4) 229
PhsPBr (13.2) (11.5) (9.2) (7.3) (45) 229
PhPBr 795 1340 1123 977 391 209
PhsPBr 133 114 95 {56} {5}

PhsAsCI 15.9 213
NiCl, -10.1 213
Ni(ClOs), —164.14 —849 -21.17 —36.47 —4551 209
CuCly 4.7 213

a Data also available?!’ for the single concentration of xpx = 0.0222 for LiCl, NaCl, KCI, RbCl, CsCl, LiBr, NaBr, KBr, RbBr,
CsBr, Lil, Nal, KI, Rbl, and Csl, ranging from A{H°/kJ mol~* = —0.55 for LiCl to —2.77 for Csl along this series of MX. ® At Xpx

= 0.0486 (20 mass % DX). ¢ Cited in ref 229.

Table 35. A{H°(ion, w — w + DX)/kJ mol™, 298.15K,
TPTB Assumption, as a Function of 100xpx

ion MX data 5 10 15 20
H* HCI -3.0 —10.6 —-20.7 —28.9
Lit LiCl —-3.2 -8.8 —15.8 —-19.5
Na* NaBPh, -3.2 —-8.0 -13.7 -16.5
K+ KCI —3.4 -9.1 —15.3 —-17.9
Rb* RbCl -3.1
Cs* CsNOs —-14.1 —23.7 —-29.0 —27.6
Agt Agl —6.1
NH;* NH4Br —-2.8 —-8.7 —15.5 —-18.4
MesN*T  MesNBr 0.6 —-2.4 —6.9 7.4
Et;,N* Et,NBr 1.4 —-1.0 —=5.0 —5.9
PrsN* Pr;NBr 7.8 9.4 8.0 9.4
BusN™ BusNBr 14.1 20.3 21.1 22.4
HxsN™ HxsNBr 15.7 26.4 43.8 33.1
Ph,P* Ph,PBPh, 13.15 7.85 1.45 —-3.15
Ph4/A\SJr Ph4ASC| 3.9
Ni2*+ Ni(ClOs), -7.2 —-17.3 —31.2 -31.0
Cu?t CuCl, —28.8
Cl~ NacCl 1.7 5.3 10.1 12.1
Br- NaBr 0.2 3.6 8.1 8.8
- Kl -1.6 -0.4 2.1 1.7
NO;3~ NH4NO3 1.6 3.5 3.9 —-1.2
ClOz~ NaClO; 4.0 7.6 10.8 10.5
ClO4~ NaClO, -0.6 —-2.0 —-2.7 -7.3
BPh,s~ Ph,;PBPh, 13.15 7.85 1.45 —-3.15

ions (not plotted) are unremarkable, becoming steadily
more negative although with some evidence of a
broad minimum at Xxpx ~ 0.2. The corresponding
values for the halides (not plotted) on the other hand
exhibit a shallow minimum (at least for Br~ and I
the CI~ curve is merely concave downward) at Xpx <
0.05 followed by a maximum at xpx ~ 0.17. The
magnitudes of these extrema vary strongly with the
anion size, their positions rather less so.

Interestingly, A(H° values for the R4N* ions in
aqueous—dioxane mixtures show similar but opposite
features to the halides, especially for Me;N* and
EtyN* (Table 35; not plotted). As for all aqueous—
organic mixtures, the A{H°(R4N*, w — w + DX) vs
Xpx curves become systematically more positive while
largely retaining a similar (complex) shape.

3. Entropy Data for Electrolytes

Values of A:S°(MX, w — w + DX) are available for
three of the hydrohalic acids (Table 36). For HCI, the
various potentiometric studies®?154205206 gre in good
agreement at xpx < 0.5 and their averaged values
are Recommended. At higher cosolvent concentra-
tions only the data of Elsemongy et al.?% are avail-
able. A similar situation exists for HBr, although
rather fewer data are available. The reservations
expressed above with respect to the A{H°(MX) values
should also be noted. For HI, the values of Feakins
et al.>* and of Datta and Kundu?! are in reasonable
agreement at xpx ~ 0.05 (strictly, 0.0486), the only
composition where comparison is possible.

4. lonic Entropies of Transfer

lonic entropies of transfer from water to aqueous—
dioxane mixtures are summarized in Table 37 for Xxpx
=< 0.2. All values were calculated via the GHSE using
the AH*°(ion) estimates in Table 35 and those of A{G°-
(ion) from Kalidas et al.! The values of A{S°(ion,
w — w + DX) are largely featureless. For all cations
they are negative (unfavorable) and decrease regu-
larly with increasing xpx. There is relatively little
variation with cation size, and the order is unsys-
tematic with crossovers occurring. The AS°(ion)
values for the halide ions are mostly negative: there
is no cation/anion compensation in the entropies for
these mixtures. Other estimates of ionic entropies
have been reported,?®® but because of uncertainty
about the definitions of the terms used, they have
not been included in Table 37.

J. Transfers from Water to Water + Acetone (AC)
1. Enthalpy Data for Electrolytes

There is relatively little information available for
transfers of electrolytes from water into aqueous—
AC mixtures (Table 38). The only salt for which
duplicate data are available is NacCl, for which the
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Table 36. AS°(MX, w — w + DX)/J K™ mol?, 298.15 K, mol/L Scale, as a Function of 100xpx

MX 5 10 15 20 30 40 50 60 70 ref
HCI -14.7 -31.0 —47.8  —64.9 —100.2 -136.6  —1735 3
HCI -11.4 542
HCI -8.6 —-31.4 -62.3  —942  (-132.9) 205
HCI -8.7 -23.0 —42.9 21
HCI -12.0 -30.6 -51.8  —73.3 -111.6 -139.9  -162.1 -191.3 —250.1 206
HCI -11 —29 51 —77 -115 -138 -168 {-191} {250}

HBr -14.7 542
HBr 4.7 -13.7 250 264 207
HBr -15.2 —-31.4 —48.6 21
HBr {-12} {23} {(-37}

HI -16.6 542
HI 226 —416 -57.5 21
HI {—20} {42} {-58}

NaClO; 0.7 0.5 -0.5 -2.3 -8.3 214

a At xpx = 0.0486 (20 mass% DX).

Table 37. A:S°(ion, w — w + DX)/J K mol~%, 298.15 K,
mol/L Scale, TPTB Assumption, as a Function of

100XDX
ion 5 10 15 20

H* —-0.3 —-21.1 —57.0 —82.6
Li* —2.0 —20.1 —46.0

Na* 7.4 —22.8 —43.3 —48.3
K* —6.4 —23.2 —50.0

Cs* —41.3 —71.8 —95.6

Ag* —27.2

MesN* 10.1 2.3 —19.5

Pr,N* 40.9 554 49.7 50.7
Ph,P* 824 93.1 91.1 85.7
Cl- —10.7 -7.9 6.0 5.6
Br- —10.0 —-29 9.0

1~ —12.6 —19.2 —-14.7

BPh,~ 82.4 93.1 91.1 85.7

values of Piekarski?? and Lu et al.??1??? gre in good
agreement over the limited range of solvent composi-
tions at which they have been reported. As there are
no other duplicate values or data for salts that would
enable additivity checks to be made, the data must
be presented without assessment. The emf measure-
ments reported by Dash et al.?*® for mercury(l)
sulfate at low cosolvent compositions contained too
little information to justify their inclusion. Graphical
data for Nal, obtained by potentiometry?*! over the
entire solvent composition range at 283.15 < T/K =<

313.15, and for Csl, CsClO,4, and Ni(ClO,), at 298.15
K and xac < 0.5, obtained by calorimetry,?*? are
available. Data are also available for a few complex
salts,?® as is the enthalpy of dissociation of water.'&

There are insufficient data for the electrolytes
necessary for their division into single-ion values via
the TA(P)TB assumption. However, values for AH®
(Cu?%) can be read from a graph of AgH data for Cu-
(Cl0,)2.1?° These results were apparently based on
the TPTB assumption, but the original data?*® were
unavailable to the reviewers.

2. Entropy Data for Electrolytes

There are too few entropy of transfer data for
simple electrolytes from water to aqueous—AC mix-
tures to justify compilation of a table. All the avail-
able data, for four (mostly) complex salts, are to be
found in the paper of Bury and Treiner.?%®

K. Transfers from Water to Water 4+ Acetonitrile
(AN)

1. Enthalpy Data for Electrolytes

A considerable amount of data exists for the
enthalpies of transfer of electrolytes from water to
aqueous—acetonitrile (AN, MeCN) mixtures. How-
ever, while there are data for almost 50 1:1 electro-

Table 38. AH°(MX, w — w + AC)/kJ mol~%, 298.15 K, as a Function of 100Xac

MX AsinH® 5 10 20 30 40 50 60 70 100 ref
HCIO, —88.90 —2.35 —2415 —-36.03 —44.02 —46.99 220
NacCl 3.90 0.04 0.09 22
NacCl 0.27 0.55 221, 222
NacCl 0.2 0.3
KCI —0.64 —1.06 221, 222
Kl —2.01 —6.04 221, 222
CsNO3 40.11  —11.43 —15.35 —22.41 —-27.05 —27.37 —28.80 216
AgClI —1.18 —7.19 223
AgBr —2.02 —5.20 223
Agl 0.53 —0.48 223
NH4Br 16.82 —3.42 —5.58 —-9.44 —-11.00 -—-1459 —-1865 —21.99 —22.19 216
NHa4l 13.70 —1.96 —6.07 —12.89 -—18.85 92, 255
NH4NO3 25.57 —-281 —1203 —-28.03 —3497 —36.88 —3857 —40.04 —41.30 216
NH.CIO4 33.39 —0.50 —498 —12.68 —25.27 —31.46 224
MesNBr 24.48 0.37 0.11 —1.16 —2.76 —4.12 —4.87 —4.60 225
EtuNBr 5.73 1.12 4.01 4.17 4.09 4.06 3.98 3.78 3.36 216
BusNBr —2.05 4.47 7.08 8.90 8.70 170
HxsNBr 15.84 19.99 47.91 42.40 24.19 22.60 20.27 17.19 13.37 216
Ph4PCI —8.79 19.21 22.34 18.77 128
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Table 39. AH°(MX, w — w + AN)/kJ mol~?, 298.15 K, as a Function of 100xan

MX AginH® 5 10 20 30 40 50 60 70 80 90 100 ref
HCIO. (—88.32) —4.30 -834 —1430 —18.83 —23.21 -2822 -3419 -4098 —47.97 —54.06 —57.72 244
LiCl 370 -08 -22 -38 —65 -86 —97 -—120 —185 —27.9 —27.0 205 68
LiBr —490 -11 -22 —49 -82 —11.5 —148 -192 -230 -258 -24.1 88 25
LiClO4 2657 19 52 129 195 241 276 311 354 397 404 30.3 245, 256
NaCl [-059] -17 -27 -40 53 —-7.7 -113 -153 -184 (-18.0) (—11.0) 6.7° 68
NaCl 389 -16 -28 -50 -7.7 -11.0 -142 -156 246
NaCl 407 -13 -25 —-46 -7.6 -106 —13.4 —157 (-16.4) (-145) (-85) 7.2d 247,248
NaCl -15 -27 -50 —69 98 -130 -155 {-17.4} {-163} {-9.8  {7.0}
NaBr -059 -22 -38 -60 -80 —106 —143 -186 -221 —228 —180  —4.0° 68
NaBr -063 -23 -42 -71 -94 —11.8 —144 -171 -195 -206 —19.4 246
NaBr -23 —-40 -66 —-87 -—112 -144 -17.9 -208 —21.7 —187 3.8

Nal -78 -21 -50 -96 —146 —17.2 —201 -230 -255 —285 —31.8 —21.3 249
Nal -749 -27 -53 -103 -13.8 -160 —17.8 -203 -238 —27.5 —283 —20.7 246
Nal -24 -52 -100 -142 -166 -19.0 -21.7 -247 —280 —30.0 —21.0
NaSCN 6.74 —45 —71 -115 -155 -191 -21.7 -237 -263 —297 —305 —18.0 246
NaNs3 125 -36 -58 -81 -101 -132 -16.6 —17.7 250
NaNO, 139 -25 -41 -59 7.8 -106 —13.7 -—148 250
NaClO; 215 —-11 -25 -58 -89 -114 -131 -14.4 250
NaBroO; 268 -12 -25 -51 —76 —98 (-113) 250
NaClO, 13.89 —4.05 -7.37 —12.62 -17.74 -2321 -27.65 —27.84 —1870  6.69 244
NaClO, 1402 —30 —6.4 —13.0 (—18.6) (—22.8) (—26.5) (-29.3) —31.0 (-317) (-31.6) —30.4 247,248
NaClO, -35 —69 -128 -182 {-23.0} {-27.1} —28.6

NaBF, 274 -33 -63 -122 -170 -205 -229 248 —271 —31.0 250
NaHCO, 07 -02 -07 -24 —49 -77 -104 -121 250
NaCHs;CO, —16.5 1.4 2.1 1.7  -04 —24 250
NaCFsCO, —8.7 0.9 1.4 1.4 05 -13 -38 —63 -82 -83 -54 1.9 250
NaBPh;  —-20.1  13.9 75 [-8.0] [-17.8] [-23.2] [-25.2] [-24.9] [-23.5] 234 68
NaBPh,  -19.8 129 52 -238 -—311 -320 -314 -303 —30.0 -317 —33.6 —23.7 246
NaBPh,  —20.08 1891 7.87 —21.13 -27.77 -28.79 -28.85 —27.40 —26.12 —27.32 244
NaBPh;  —18.56 75 —244 —293 285 —272 —264 —266 —284 —30.4 —233 248
NaBPh, {163} 6.9 -—231 —294 -297 —-290 -280 —27.7 -29.0 —32.1 {-23.5}

KCl 174  —24 —-43 -72 -97 -124 -155 —184 —203 -19.7 -147  -29 68
KBr 199 -31 -57 -97 -129 -157 -182 —205 —221 —223 —201 —14.2 68
Kl 203 -38 -69 -11.8 -155 -189 -223 -259 —293 —31.7 -324 -29.7 68
Kl 203 —48 -85 -135 -16.7 -194 -223 -256 —295 —32.3 -33.6 —313 246
Kl 2109 -45 -83 -138 -171 -200 -229 —259 —289 —327 -352 —364 317
Kl -44 -79 -130 -164 -194 -225 -258 292 322 —33.7 324
KNO; 347 -30 -55 -87 -11.0 -132 -158 -188 —21.7 —237 -234 —19.0 246
RbCI 173 -31 -53 -77 -98 -126 -164 -200 —224 -217 -167 —62 68
RbI 256 50 -89 -142 -176 —203 -230 -262 —29.7 —329 —348 —33.7 246
CsCl 178 -30 -51 -82 -106 -13.7 -18.0 -228 —268 -275 -218 -55 68
Csl 323 —-48 -87 -144 -183 —211 -236 -261 —288 -—31.5 —33.9 —355 246
AgCl 657 —250 —339 -348 -363 -417 -455 457 —47.3 —565 —-331 68
AgBr 845 —262 —-359 -38.0 -39.7 —442 —466 —462 —492 —625 456 68
Agl 1125 —29.6 -38.8 —38.7 —413 —482 -519 -514 -564 —77.1 —-61.1 68
AgNO; 227 —252 369 -414 —436 —448 —463 —482 503 517 —50.8 —455 246
TINO; 407 -23 -47 92 —128 —144 246
MesNBr 245 -17 -29 -43 -54 —66 -84 —10.6 —124 —131 —11.0 —4.4 246
MesNI 431 -18 —37 -72 -102 —125 -139 -149 -160 -17.9 —21.7 —28.8 246
Et;NCI 129 -07 -11 —08 3.2 4.6 44 2.7 0.7 0.5 5.1 185 246
Et;NCI 1209 39 56 5.9 5.0 45 43 3.5 1.8 0.5 3.5 18.6 248
EtsNCI 41 46 4.4 3.1 1.3 0.5 43 18.6
Et;NBr 565 08 1.6 3.2 3.9 3.6 2.1 00 -21 -29 -10 55 246
EtNI 273 -04 -04 -01 01 -03 -17 -38 65 -89 -102 -9.0 246
ELNCIO,  31.0 1.8 21 -35 -62 -76 87 -102 —122 —148 —17.2 —185 246
EuNCIO, 3159 2.6 18 -32 -71 -85 -90 -102 —12.6 -154 -17.4 —188 248
EtsNCIO, 22 20 -34 -67 -81 -89 -102 124 —151 -17.3 —187
Et;NPi 33.5 7.9 7.1 11  -18 -29 -18 -29 -31 -32 -34  -3.7 246
PriNBr —4.82 945 1509 17.89 17.24 16.40 1568 14.40 1231 1043 1118  18.11 335
PraNI 11.0 109 136 129 126 118 104 8.2 5.7 3.3 1.9 2.9 246
BusNBr —920 211 273 268 256 246 244 252 267 [(28.2)] [(28.7)] 268 68
BusNBr —929 200 263 258 239 226 218 211 19.8 18.3 185 252 246
BusNBr —8.42 1924 26.80 26.80 2508 2453 23.66 2212 20.62 18.96 18.47 2554 24,25, 335
BusNBr9 201" 268 265 249 239 233 228 224 187 185 258
BusNI 16.7 196 247 228  20.7 188 171 157 14.3 13.0  11.6 10.5 246
PesNBr 1.60 27.86 36.00 29.78 2565 2580 2537 24.87 2375 22.06 21.80 28.31 335
PesNBr 17 259 347 307 273 260 260 247 240 227 240 290 25
HpsNBr 46.0° 291 619 365 322 354 396 412 413 401  40.0 460 25,335
MesDcNBr 320 153  16.1 8.4 30
PhsAsCl  —10.9 [21.6] [23.1] [12.4] [6.4] [37] [31] [38] [5.1] [(6 3)] [(7.3)] [7.9] 68
PhsAsCl  —10.38 131 144 4.8 1.0 0.5 01 -17 -45 —4.0 8.2 248
PhsAsBr 770 123 120 39 -01 -18 -30 -45 6.6 —85 -79  -1.6 246
PhiAsl 347 125 102 -13 -58 -73 -83 -101 —132 -167 -19.3 —185 246
Mg(ClO4), (-5.3) —10.4 —264 (-35.1) -453 (-559) —64.7 (-746) -835 (-93.0) -28 251

Ni(ClO4)2 (-6.7) —12.7 —-31.1 -394 -502 -61.0 —-689 —-794 —873 —951 -—-100.7¢ 251
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MX AsnH® 5 10 20 30 40 50 60 70 80 90 100 ref
Ni(ClOs), 873 -7.96 -1598 —30.79 -42.61 -51.61 -58.34 —63.73 —69.08 —73.83 -56.62 —40f 252
Ni(ClO4)> -63 —143 —-31.0 -41.0 -51.0 -59.7 {-66} {-74}  {-81}

Cu(ClOs), 18.08 —3.88 —12.60 —-30.97 —-41.29 —47.90 -56.08 —64.94 —64.78 —71.53 —65.33 —25' 252

a At 288.15 K; AgnH® in water obtained from the extrapolation of A{H° of MesNBr, EtsNBr, BusNBr, and Pes;NBr from water
to AN vs nc to nc = 28 with a third-degree polynomial and subtracting the result (assuming negligible temperature effect) from
AsinH® in AN. ® Misprint in original paper. ¢ Value from ref 253. ¢ From summation of reported ionic values. ¢ Value from ref 254.
f Original authors’ graphically extrapolated value. 9 Data also available at 283.15 < T/K < 323.15.%57 " Graphical data at this

composition also available.?>®

lytes, only three 1:2 (and no other highly charged)
salts appear to have been studied (Table 39). It is
also notable that most of the data have been reported
in relatively few publications;588224625082 this im-
proves the self-consistency but not necessarily the
accuracy of the data. Almost all of the data reported
were obtained by calorimetry, mostly by AqnH mea-
surements, although AgiiH 24525 and AppH ®© have
also been used occasionally. Interestingly, there are
no data for the hydrohalic acids, presumably because
the popular Harned cell approach is not readily
applied to w + AN mixtures due to the increased
solubility of AgX(s), especially in the presence of
excess X~. Potentiometric measurements reported by
Dash and Pattanaik®® for a number of silver salts
at low cosolvent compositions contained too little
useful information to justify their inclusion. Data for
Bu;NBr at 283.15 < T/K =< 323.15%° were unavail-
able for consideration. Calorimetric data for sodium
ion complexes are available?®® but have not been
included.

Extensive data are available for the alkali metal
halides (except the fluorides), although many have
not been independently confirmed. Of those that
have, there is good agreement for NaCl,8246-248
NaBr,58246 and KIl,88246317 enabling their averaged
values to be Recommended. Independent data for
NaCl04244247.248 gre also in good agreement at Xan <
0.6 but diverge rapidly at higher AN concentrations
to the extent that no critical evaluation could be
made. Data from independent studies of a number
of tetraalkylammonium salts (Et;NCI, EtyNCIO,, Bus-
NBr, and Pes,NBr) are likewise generally in good
agreement, and their averaged values are listed as
Recommended.

There have been numerous investigations of the
salts required for the implementation of the TATB/
TPTB assumption. For NaBPh,, three independent
calorimetric studies?#4246.248 are in excellent agree-
ment over the whole solvent composition range. A
fourth®® agrees at xan < 0.1 but deviates markedly
at higher cosolvent concentrations. The latter have
therefore been rejected. Calorimetric values of A(H®
have been reported for Ph;AsCI,%8248 Ph,AsBr,?* and
Ph,Asl.?#6 The data of Cox et al.®® are again aberrant
and have been rejected.

Because of the plethora of salts studied, numerous
additivity checks are possible. One of these checks,
using (MCI—MBr), was illustrated in Figure 2 and
showed that the values of (Ph,AsCl—Ph4AsBr) are
inconsistent with other data. Since the data for (Phy-
AsBr—Ph,Asl) are consistent with other (MBr—MI)
results, it may be concluded that it is the values of

AH°(Ph,AsCI, w —w + AN) reported by Cox et al.6®
that are in error, as already noted. Additivities also
indicate that (AgCI—AgBr) values are consistent with
other data but that (AgBr—Agl) and thus Agl differ
slightly at xan = 0.4. For example, at xan < 0.3, seven
combinations of (MBr—MI) have an average of 4.6 +
0.7 kJ/mol whereas (AgBr—Agl) = 1.6 kJ/mol (all
data from Table 39). Only for such a well-character-
ized system would this level of disagreement be
significant.

Other additivity checks can be employed to assess
the quality of the information available. In general,
the values of A{H°(salt, w — w + AN) are additive to
within £2 kJ/mol over the whole solvent composition
range. This indicates that even when data have not
been independently confirmed, they are likely to be
reliable within this limit. The same should be true
of the many more values of AiH°(salt, w — w + AN)
that can be calculated by additivity from the data in
Table 39. The major need for this system is for the
investigation of salts containing ions for which there
are no data currently available.

2. lonic Enthalpies of Transfer

The values of A{H°(ion, w — w + AN) that can be
derived from Table 39 via the TATB assumption are
listed in Table 40. Because the additivities of the
whole salt data are good and the TATB values are
well established (see above), the values listed in Table
40 for the 15 monovalent cations (except H*) and
most of the 17 monovalent anions should be reliable
to within the limits of uncertainty of the assumption
itself. The usual uncertainties exist with regard to
the divalent cations.

Aqueous—AN mixtures are of special interest be-
cause they have a tendency toward microheteroge-
neity. The addition of electrolytes to such mixtures
can have a significant impact on their behavior. The
broad characteristics of these effects will be discussed
below (section V.B.3); only the more specific details
will be discussed in this section.

Figure 6 plots the enthalpies of transfer, w — w +
MeCN, for the alkali metal ions. These data may be
compared with those for w — w + MeOH shown in
Figure 3. In aqueous MeCN there is an initial small
maximum in AH°(M*) followed by a general de-
crease: more or less opposite to what is observed in
aqueous MeOH mixtures. Over the approximate
range 0.2 < xan < 0.7 the values of A(H°(M*, w — w
+ AN) are virtually constant. This more or less flat
‘trough’ in the data (the small fluctuations are
probably artifacts) appears to be associated with
solvent microheterogeneity, although other explana-
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Table 40. AH°(ion, w — w + AN)/kJ mol™?, 298.15 K, TATB Assumption, as a Function of 100xan
ion MX data 5 10 20 30 40 50 60 70 80 90 100
H* HCIO, (-45) -96 (-16) —183 —189 —22.0 (-25) (29) -329 -36.4 —41.1
Li+ LiBr 1.9 -3.1 -150 -183 —189 —20.5 (—19) (-18) (-16) (-12) 1.1
Na* NaBPh, 0.7 —-49 -16.7 (—20) (—21) -20.1 —202 —201 —188 —173 -—114
K+ KBr -0.1 -6.6 —190 -230 -—231 —239 —228 -—228 (-21) —-18.7 (—20)
Rb* Rbl —-1.6 -85 —206 —226 (—24) —253 —26.1 —26.0 —242 —238 —24.4
Cs* Csl -1.4 -83 —208 —233 (—25) —-259 —26.0 —251 —228 —229 242
Agt AgBr —26.2 —36.8 (—45) -498 —-516 —543 (-57) (-59) —59.6 —53.2
TI* TINO;3 0.6 -58 —203 —248 —243
MesN+ Me;NBr 1.3 -38 -144 -155 -140 -141 -129 -13.1 -10.2 -96 —12.0
Et,N* Et,NBr 3.8 0.7 —-6.9 —6.2 -3.8 —3.6 -2.3 —1.4 0.0 0.4 -2.1
Pr,N* PrsNBr 12.5 14.2 7.8 7.1 9.0 10.0 12.1 13.0 13.3 12.6 10.5
BusN* BusNBr 23.1 25.9 16.4 14.8 16.5 17.6 205 23.1 21.6 19.9 18.2
PesN* PesNBr 29.9 345 20.2 16.4 18.5 20.0 225 24.6 25.3 24.3 21.1
HpsN* HpsNBr 32.1 26.4 22.1 28.0 33.9 38.9 42.0 43.0 414 38.4
Ph,Ast  PhsAsBPh,  15.6 11.8 -6.4 -106 —11.1 -8.9 -7.8 -76 —102 -11.8 -—121
Mg2* Mg(ClOs), —-21 -130 —334 —-341 —367 —453 —485 -526 533 -57.6 5.2
Ni2* Ni(ClOy), —42 -11.8 —240 —40.0 —423 —49.1 -50.1
Cuz* Cu(ClOy), -0.7 —-152 —380 —40.3 —39.3 —455 —48.7 —428 —41.3 —29.9 8
Cl- NacCl —2.2 2.2 11.7 11.9 8.8 7.1 47 2.7 25 7.5 18.4
Br- NaBr -3.0 0.9 10.1 10.1 7.4 5.7 2.3 -0.7 -2.9 -1.4 7.6
- Nal -34 -0.4 6.4 5.0 @) 2.3 -0.1 -3.7 -87 —11.0 -9.3
SCN- NaSCN -52 -2.2 5.2 3.3 1) —-1.6 -35 -6.2 -—-109 —13.2 —6.6
NO;~ KNO; -29 1.1 11.1 12.0 9.9 8.1 4.0 1.1 —4.3 —4.7 2.8
ClO,~ Et,NCIO, -1.6 1.3 35 05 (-3) -5.3 -81 -11.0 -151 -17.7 -—16.6
N3~ NaN; —4.3 -0.9 8.6 8.7 5.4 35 25
NO,~ NaNO, -3.2 0.8 10.8 10.0 8.0 6.4 5.4
ClOs~ NaClOs; -1.8 2.4 10.9 9.9 (8.5) 7.0 5.8
BrOs~ NaBrO; -1.9 24 (10 11.2 8.8 8
BF,~ NaBF, —4.0 -1.4 (3) 1.8 -1.9 —35 —4.6 -7.0 —12.2
HCO,~ NaO,CH -0.9 4.2 14.3 139 (12 9.7 8.1
MeCO,~ NaO.CMe 0.7 2.4 15.0 144  (13)
CF3CO,~  NaO,CCF; 0.2 6.3 18.1 19.3 18.0 16.3 13.9 10.9 10.5 11.9 13.3
Pi- Et,NPi 4.1 6.4 8.0 4.4 3) 1.8 —-0.6 -1.7 -3.2 -3.8 -5.8
BPh,~ Ph,AsBPh,  15.6 11.8 -6.4 —106 —11.1 -89 -7.8 -76 —-102 -11.8 -—12.1
10 reasonably systematic, being in the order Li™ > Na*
> K™ > Rb* =~ Cs* over the whole solvent composition
range. This difference presumably arises from the
’ differences in the liquid structures of these two
0 cosolvents. The highly structured MeOH should be
affected by cations in a manner similar to water. On
3 the other hand, the effect of cations on the relatively
E w0 weak dipole-based structure of MeCN should be quite
4 = - -
by p different from that of water. The generally negative
< values of AH°(M*, w — w + AN) are somewhat
surprising given that the donor number for (bulk)
20 F , water (DN = 33) is very much greater than that of
MeCN (DN = 14). The respective Kamlet—Taft
pB-parameters exhibit a similar relationship.
. . N 1 An unusually comprehensive set of results is avail-
. ” o o a0 100 able for AH°(R4N*, w — w + AN), with R = Me—Pe,
100x Hp. Plots against xan (Figure 7) show very systematic
AN

Figure 6. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, from water into aqueous—AN mixtures at 25 °C of
the alkali metal ions: @ Li*, o Na*, ¢ K, B Rb*, v Cs*.

tions have been proposed (see, for example, ref 250).
At Xan > 0.7 the AH°(MT) values become less
negative, with some evidence of a maximum at Xan
~ 0.85 for K*, Rb* and Cs*. Unlike in w + MeOH
mixtures, the magnitude of the changes in A(H°(M*,
w — w + AN) are rather dependent on the nature of
the cation with differences of up to 13 kJ/mol, cf.
< 5 kJ/mol in w + MeOH (Figure 3). The effects are

behavior, with A{H® becoming, as usual, more posi-
tive with increasing cation size. The most striking
feature of these data is their virtual constancy at 0.2
< Xan =< 0.8, although there is evidence for shallow
extrema at Xan ~ 0.25 and 0.85.

The values of A(H°(X~, w — w + AN) for the halide
ions are plotted in Figure 8. The trends are system-
atic, with CI= > Br~ > |7, but quite different from
those of the alkali metal ions (Figure 6). At low Xan,
cation/anion compensation occurs: there is a small
minimum in A{H°(X"~) followed by a maximum at xan
~ 0.2. The positions but not the magnitudes of these
extrema are independent of the nature of the anion.
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Figure 7. Standard molar enthalpy of transfer, A{H°/kJ

mol~1, from water into aqueous—AN mixtures at 25 °C for
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Figure 8. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, from water into aqueous—AN mixtures at 25 °C for
the halide ions: A Cl-, ¢Br—, m |-

At higher cosolvent concentrations, A{H°(X™) shows
a steady decrease of ~10 kJ/mol before eventually
increasing. In other words, the values of A{H°(X")
parallel those of A(H°(M*) and there is a loss of
cation/anion compensation at higher xan values. As
for the cations (Figure 6), the position and size of this
third extremum depend on the nature of the ion but
the effects are rather larger for the anions. The
generally positive values of AH°(X™) and their trend
(ClI= > Br~ > 17) are related to the loss of H-bonding
as the anion is transferred from water to the mix-
tures. Acetonitrile is a much weaker H-bond donor
than water (their Kamlet—Taft a-parameters are 0.2
and 1.1, respectively™). For I-, there may also be
some favorable ‘soft—soft’ interactions with the ‘soft’
AN_320

The significant difference in the transfer thermo-
dynamics of anions and cations in aqueous—AN
mixtures is almost certainly a reflection of the
importance of H-bonding interactions between X~ and
H,O. Indeed, Miyaji and Morinaga?®® showed that a
good correlation exists between AH°(X™, w — w +
AN) at xan = 0.3 (corresponding to the maximum in
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AH°(X7), Figure 8) and the enthalpies of hydration
of the anions (in neat water). These authors also
suggested a role for H-bond interactions beyond the
primary solvation sheath of the anions, although they
did not consider the implications of microheteroge-
neity.

3. Entropy Data for Electrolytes

The available numerical information for the entro-
pies of transfer of electrolytes from water to aque-
ous—AN mixtures is given in Table 41. As usual,
relatively few data are available; most were obtained
by Cox et al.®® via the GHSE using (mainly) their own
A{G° and A{H° data. The exception is the data for
AS°(KCI, w — w + AN) reported by Efremov et al.>®
from NICE measurements. Their results differ mark-
edly from those of Cox et al.,®® but in the absence of
further independent studies, no definite conclusions
can be drawn from this difference.

4. lonic Entropies of Transfer

A number of publications®®61.127.261 haye estimated
values of A:S°(ion, w — w + AN) using various data
and assumptions. All of these data are listed in Table
42, along with the values derived by the present
reviewers (in bold) using the AH°(M"") data from
Table 40 and the AG°(M"") from Kalidas et al.,
supplemented where appropriate with values of A:S°-
(MX, w — w + AN) from Table 41. Where compari-
sons are possible, the agreement is generally good.
For example, the values of A;S°(Nat, w — w + AN)
reported by Stellenberger et al.’? using NICE (see
section 11.B.2) data agree well with the present
estimates via the GHSE, at least at xany < 0.6. At
higher AN concentrations there is an increasing
divergence: the present values are probably more
reliable. For Ag™ the situation is even better. At xan
< 0.4 the NICE measurements®® are in excellent
agreement with the GHSE values derived here by the
reviewers and those of Sinha and Kundu'?” using
their own A{G° values (from solubility measure-
ments), literature A{H° data, and the TATB assump-
tion. At xan > 0.4, the agreement persists between
the present values and those of Stellenberger et al.6!
with little deterioration up to neat AN. On the other
hand, for TI™ the agreement at xan < 0.4, the only
region where comparison is possible, is rather worse,
with differences of up to 27 J K~ mol 2.

For the R4N* ions (R = Me—Bu) reasonable agree-
ment also exists between the present GHSE esti-
mates and those of Talukder and Kundu?®! at xan <
0.4. Surprisingly, the biggest differences are at Xan
< 0.1. The present values based on a wider cross-
section of the literature are preferred. For A:S°(CI-,
w — w + AN), the concordance between the NICE
data of Efremov et al.’® and the present GHSE
estimates is good at Xan < 0.5. At higher xan the
results diverge sharply, with the present values being
preferred. Little can be said about the reliability of
the remaining (unconfirmed) data.

The shapes of the plots (not shown) of AS°(MT,
w — w + AN) from Table 42 against xay are almost
identical to those of the corresponding A:H° data
(Figure 6). Thus, they exhibit the same small maxi-
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Table 41. AS°(MX, w — w + AN)/J K1 mol~%, 298.15 K, mol/L Scale, as a Function of 100xan
MX 5 10 20 30 40 50 60 70 80 90 100 ref
LiCl —6 —-14 —33 —51 —68 —-90 —124 —-171 —218 —237 —173 68
NaCl -8 —-15 —-32 —46 —62 -84 —116 —158 —199 —215 —166 68
NaBr —6 —15 —-35 —54 —70 —88 —113 —146 —181 —200 —167 68
KCI -9 —19 —41 —60 =77 —96 —122 —155 —189 —207 —178 68
KCI 6 9 9 3 -8 —-29 —41 —49 59
KBr —-12 —23 —45 —63 —-79 —-97 —120 —149 —178 —195 —-177 68
Kl —14 —-25 —44 —61 —-79 —98 —-119 —142 —163 —181 —191 68
RbCl —-12 —23 —42 —60 —-79 —103 —131 —161 —188 —200 —185 68
CsCl -11 -21 -39 —56 —75 —100 —-133 -171 —206 —219 —181 68
AgCl —51 —80 —91 —94 —110 —139 —169 —185 —182 —168 —181 68
AgBr —53 —83 —97 —100 —111 —133 —157 —166 —162 —155 —186 68
Agl —55 —87 —100 —99 —107 —125 —148 —162 —164 —160 —178 68
BusNBr 60 99 122 131 139 137 123 121 68

Table 42. AS°(ion, w — w + AN)/J K™t mol~?, 298.15 K, mol/L Scale, TPTB Assumption, as a Function of 100xan

ion 5 10 20 30 40 50 60 70 80 90 100 ref
H* —10 —23 —43 —50 —53 —66 —77 —93 —133 —187 —288
Li* 8 =7 —47 —58 —64 —73 —74 —80 —90 —105 —99
Na* -8 —22 —53 —72 =77 —76 —79 —91 —111 —130 —130 61
Na* 4 —13 —50 —62 —66 —67 —73 —76 —79 —79 —78
K* 5 —14 —56 —-71 —75 —78 =77 —83 —79 —75 —89
Rb* -1 —22 —62 —69 —77 —85 —91 —91 —87 —92 —100
Cs* 0 —20 —60 —68 —76 —82 —87 —88 —82 —79 —96
Ag* —55 —86 —110 —117 —120 —121 —121 —118 —115 —113 —108 61
Ag* —62 —95 —102 —84 —103 127
Ag”* —65 —85 —92 —101 —104 —112 —117 —123 —122 —98
TI* —-17 —30 —49 —65 =77 —84 —88 —93 —102 —117 —123 61
T+ -2 —20 —72 —92 —92
MeyN* —16 —25 —30 —30 —41 261
MesN* 4 —13 —38 —38 —36
Et;N* 5 3 —12 —23 -9 261
Et,N* 13 -3 —24 —16 -5
PrsN* 31 46 45 33 44 261
PraN* 42 48 31 35 46
BusN* 52 72 55 23 54 261
BusN* 67 72 42 45 60
Ph,P* 78 85 47 54 67 75 79 73 73 74
Cu?* -7 —62 —144 —161 —162 —187 —199 —224 —234 —197
Cl- 3 5 6 2 —4 —164 —24 —29 59
Cl- -2 19 12 -2 —18 —44 =77 —114 —129 —87
Br- —6 13 8 —4 —20 —42 —68 —100 —120 —89
1~ 2 -5 1 -7 —-21 —40 —43 —40 —88
MeCO,~ 70 107 111 82 93 127
EtCO2~ 69 106 113 91 109 127
Prco;- 67 104 114 97 123 127

mum at Xxan ~ 0.05, followed by a sharp decrease until
Xan ~ 0.2 from which point they are more or less
constant up to neat AN. There is also some evidence
of a small maximum at xan ~ 0.9, but as with the
enthalpies (Figure 6), this may be an artifact. The
coincidence of the entropies and enthalpies indicates
there is a high degree of enthalpy/entropy compensa-
tion for the all the alkali metal ions in these mixtures.
This is further discussed in section V.B.3 below. It
is noteworthy that the values of AS°(M*, w — w +
AN) show even less dependence on the nature of the
cation than the corresponding enthalpies, with a total
spread of 298A:S° < 6 kJ/mol. There are also numer-
ous crossovers, at least some of which are likely to
be artifacts.

The available data for A{S°(RsN*t, w — w + AN)
are plotted in Figure 9. Unfortunately, because of the
absence of the requisite AG° values,' they are
restricted to xan < 0.4. This means that it is not
possible at present to establish the existence, or
otherwise, of the plateau region at xan > 0.2 (Figures
6-8). Over the available range of solvent composi-

tions, A:S°(RsN*t, w — w + AN) show a maximum at
Xan ~ 0.1, followed by a clear-cut minimum at Xan ~
0.3. The magnitude and position of the first extre-
mum is dependent on the size of the cation but the
second is less so. Comparison of Figures 7 and 9
indicates there is significant A{H°/A:S° compensation,
as for the alkali metal ions.

The values of AS°(ion, w —w + AN) for the halides
are not as well established as those of the alkali
metals. As usual,%81%0 there are no data for F~ but
more importantly the curve for 1~ as a function of
Xan 1S erratic and rather different from those of Br-
and CI-. This is probably a consequence of the
present averaging process since the data of Miyaji
and Morinaga,?*® which are more self-consistent (if
not necessarily more accurate) than the present
values, show a more consistent pattern. Even keeping
these limitations in mind, it is apparent that the
values of AS°(X~, w — w + AN) show, like the
corresponding enthalpies (Figure 8), much more
complex behavior than those of the alkali metal ions
as a function of solvent composition. Furthermore,
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Figure 9. Standard molar entropy of transfer, A;S°/J K—1
mol~1, from water into aqueous—AN mixtures at 25 °C for
RN ions: R = @ Me, A Et, B Pr, + Bu,v Ph,P*.

there is almost no A:H°/A:S° compensation for Br~
and CI~ (see below) nor is there much cation/anion
compensation for AS°.

L. Transfers from Water to Water + Formamide
(FA)

1. Enthalpy Data for Electrolytes

Data have been reported for the enthalpies of
transfer of about twenty 1:1 electrolytes from water
to w + FA mixtures (Table 43), but some of the
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reported values were obtained by additivity. Surpris-
ingly, data have been reported for six 1:3 electro-
lytes?79271 but none for any other charge types. With
one exception, none of the data has been indepen-
dently confirmed, although results for several salts
have been published on more than one occasion by
some groups. For Nal, reports by three independent
groups?63265-267 gre in excellent agreement enabling
their averages to be classified as Recommended over
the whole solvent composition range.

2. lonic Enthalpies of Transfer

A comprehensive set of enthalpies of transfer for
Ph,PBr, NaBPh,, and KBr263268 permit estimation of
AH®(ion, w — w + FA) via the TPTB assumption
(Table 44). As the whole-salt data for this system are
mostly unconfirmed, little can be said about the
reliability of the single-ion values.

The trend of the values of A(H°(M*, w — w + FA)
for the alkali metal ions as a function of solvent
composition (not plotted) is almost identical to that
observed in aqueous mixtures of 1-PrOH. Thus, there
is a small maximum (=2 kJ mol™?) at xga &~ 0.05
followed by a steady decrease until A(H°(M*, w —
FA) ~ —17 kJ mol~*. As in aqueous 1-PrOH mixtures,
there is almost no variation among the cations, except
for Li* but this may be an artifact.

The values of AiH°(X~, w — w + FA) for the halide
ions are plotted in Figure 10. There is some evidence
of a small minimum at Xga ~ 0.1, but it is poorly
defined for F~ and Br~. At higher xga there is little
variation in A{H°(X"), although for CI~ and I~ there
are signs of a broad, low maximum at xga ~ 0.45. The

Table 43. AH°(MX, w — w + FA)/kJ mol~1, 298.15 K, as a Function of 100xga

MX AsinH® 5 10 20 30 40 50 60 70 80 90 100 ref
Licl -37.19 -122 -229 -3.86 (—4.84) (-543) -574 (-5.82) (-563) -510 (—4.05) —225 262
LiBr -49.08 -177 —327 -549 (—6.99) (-8.06) —885 (-9.44) (-9.77) -9.66 (—8.83) —6.90 262
LiNOs —249 —207 -394 —690 -9.12 -10.68 —11.62 -12.03 -11.97 -11.49 -10.68 —9.38 263
NaCl 3.85 (—1.50) —2.95 —-529 (-7.02) (-8.29) —9.27 (-10.12) (-10.99) —12.05 264
NaBr -060 —-1.87 —3.60 —6.64 -9.18 -11.25 —12.89 -14.13 —1499 -1550 —1571 —15.64 263
Nal -27 -50 -88 (-11.9) -142 -163 —184 -19.7 —20.9 —222 265
Nal -8.67 —201 -390 —7.38 -10.45 —13.13 —1544 —17.41 —19.06 —20.40 —21.46 —22.27 266
Nal -753 -310 -569 —950 -12.34 —14.60 —16.69 -18.74 —20.71 —22.47 -23.72 —23.97 2672
Nal -767 —263 —503 —9.09 -12.39 -15.02 (-17.1) (-18.8) (—20.1) —21.28 —22.34 —23.43 263
Nal -26 -49 -87 -—118 -142 -164 -183 —19.9 —213 -224 —232
NaNO; 2019 -251 -479 -856 —1152 -13.81 -1555 -16.84 —17.82 -18.60 —19.29 —19.83 263, 268
NaBPh, —-19.36 4.01 498 1.09 -461 -876 -1061 -11.02 —-11.46 -13.00 —1528 —-1556 263
NaBPh, (-19.36) 4.99 515 0.69 —443 -822 -1026 -11.16 -11.88 -13.18 —14.94 —15.63 268>
KCl 17.20 (2.26) 4.00 640  (7.97) (9.22) 10.44 (11.66) (12.65) 12.98 264
Kl -29 -54 -96 -130 -155 -176 —19.2 -205 —222 -234 —247 265
KNO; 3494 —236 —455 -827 -11.38 -13.95 -16.04 -17.71 —19.03 -20.06 —20.85 —21.35 263
RbCI 17.02  (2.28) 406 654  (8.14) (9.36)  10.49 (11.64) (12.69) 13.36 264
RbBr 2166 —2.44 —461 —-8.07 -10.66 —1257 —13.94 -14.94 —-1574 -1651 —17.40 —18.57 263
CsF 6.04 -0.08 (-0.1) 0.4 0.40 0.94 1.63 2.43 3.31 423 515 6.04 263
CsCl 17.26  (2.16) 3.94 658  (8.33) (9.52) 10.38 (11.06) (11.63) 12.05 264
CsNO; 39.60 -2.79 528 -9.18 -1212 -1428 -1586 —17.06 —18.07 -19.09 -20.32 —21.95 263
CsNOs (39.60) —452 —622 —925 -—11.76 —13.82 —1554 -16.99 —18.24 -1940 —2054 —21.75 268
NH4NO; 2568 —243 —4.60 —8.09 -10.76 —-12.74 -1419 -1526 —16.09 -16.82 —17.61 —18.40 263
Me;NBr 2457 -115 -2.02 —-3.04 —338 —328 —294 -251 —-209 -171 -138 —1.01 269
PhsPBr 856 009 009 —-033 -098 -163 —213 -240 -244 -233 -—224 —239 263
Yis —272.8 165 12.8 -8.1 3.6 270
GdCl;  —183.1 230 251 19.0 21.0 271
GdBrs  —221.1 19.7 208 9.5 7.4 271
Hols —257.0 83 -50 -20.7 -19.1 270
ErCl;  —214.8 338 325 283 38.2 271
ErBr;  —2318 305 282 18.8 24.6 271

a Data also available at 278.15 and 288.15 K. ? Authors in ref 268 are the same as ref 263, but the data were presented at
fewer Xga, so interpolations values led to somewhat different values of A{H°.
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Table 44. AH°(ion, w — w + FA)/kJ mol~?, 298.15 K, TPTB Assumption, as a Function of 100Xga

ion MX data 5 10 20 30 40 50 60 70 80 90 100
Lit LiBr 1.1 06 —22 —40 -52 —6.1 —6.6 -7.4 -7.7 -75 —5.7
Na* NaBPh, 2.0 1.2 -23 —-64 —-93 -110 -116 —-119 -129 -140 -—144
K+ K(1,NO3) 1.6 06 -31 -70 -98 -—116 —-126 —132 —145 -157 —16.6
Rb* RbBr 05 -07 -48 -77 -97 -111 -121 -133 -145 -161 -—17.4
Cs*t CsNO3 -07 -10 —-40 -67 -88 —-105 —120 -132 -146 —16.0 -—17.4
NH4* NH4NO3 1.4 06 —-28 -57 77 -92 -103 —-111 -120 -13.0 -—140
MesN*  MesNBr 1.7 1.9 03 —-04 —04 -0.1 0.3 0.3 0.3 0.2 0.1
Ph,P* Phs,PBPh, 3.0 4.0 3.0 2.0 1.1 0.7 0.4 0.0 -0.3 -0.9 -1.2
Y3+ Yz 348 320 8.1 21.6
Gd3* GdBr; 314 307 17.9 13.4
Ho3* Hols 26.6 142 —4.5 6.1
Er3+ ErBr; 422 381 27.2 30.6
F CsF 0.6 0.9 4.0 7.1 9.7 12.1 14.4 16.5 18.8 21.2 23.4
Cl- (Li,Na)Cl -29 —-35 -23 -07 0.4 0.6 0.3 -0.4 -0.7 -2.0 -34
Br- Ph,PBr -29 -39 -33 -30 -29 -2.8 -2.8 —2.4 -2.0 -1.3 -1.2
- Nal —46 —61 —64 —54 —49 —5.4 —6.7 —-8.0 -8.4 -8.4 —8.6
NO3z~ (Li,NaNO;) —-38 52 -53 -51 50 -5.0 -5.0 —-5.0 —4.8 —4.6 —4.4
BPhs~ Ph,PBPh, 3.0 4.0 3.0 2.0 1.1 0.7 0.4 0.0 -0.3 -0.9 -1.2

Table 45. A:S°(ion, w — w + FA)/J K~ mol~t, 298.15 K,
mol/L Scale, TATB/TPTB Assumption, as a Function
of 100Xga

jon 5 10 20 30 40 50 60 70 80 90 100
Nat 8 13 6 -5 —12 -15 —16 —17 —18 —-20 -21
K+ 8 12 4 -7 —-13 —17 -19 —-20 —23 —26 -28

i Rbt* 5 7 -3 —-10 -14 —17 —20 —22 —-24 —28 —32

'E Cst 5 7 -1 -8 —-14 —-19 -23 —26 —30 —34 -38

3 MeNt 711 7 5 5 6 7 7 5 5 5

5

range of values available for A{G°(M""), based on the
TATB assumption,® are listed in Table 45. The ionic
entropies of transfer are similar in all respects to the
corresponding enthalpies except that they are some-
what smaller. That is, there is (at least partial) AH°/
A+S° compensation in these mixtures.
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Figure 10. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, from water into aqueous—FA mixtures at 25 °C of
the halide ions: @ F~, ACIl~, ¢ Br—, m |-
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behavior of AH°(X") is generally systematic, F~ >
Cl~ > Br™ > |7, but there is a crossover between CI~
and Br~ at xga ~ 0.9. Comparisons with other protic
solvents, for which AH°(F~, w — w + s) are not
generally large,®® suggests that the F~ results may
be a little too positive, but further investigation is
required.

There is insufficient information on the R;N™ ions,
with only values for Me;,N™ available, to make any
generalizations. Similarly, the values for A{H°(M3",
w — w + FA) are too widely spaced to draw definite
conclusions, although at low Xga they appear to follow
a trend similar to that of the alkali metal ions. The
effects of increasing charge, as for other systems, are
large.

3. Entropies of Transfer

There do not appear to have been any entropy
values published for the transfer of electrolytes from
water to aqueous FA solutions. The values that can
be calculated for A:S°(ion, w — w + FA) via the
GHSE using the A{H°(ion) information in Table 44,
based on the TPTB assumption, with the limited

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

1. Enthalpy Data for Electrolytes

Enthalpies of transfer from water to aqueous—
DMF solutions have been reported for more than
twenty 1:1 electrolytes (Table 46). No studies have
appeared for higher valent electrolytes. Further
information may be available (see the references cited
in Korolyov et al.’%) but was not accessible to the
reviewers. Many of the values have been confirmed
by independent calorimetric measurements, although
only one report® has been made of salts suitable for
application of the TATB/TPTB assumption.

Transfer enthalpies for many of the alkali metal
halides are well characterized. For NacCl, two stud-
ies®274 are in excellent agreement where comparison
is possible (xpme < 0.3). At higher xpme only the values
of Booij and Somsen®® are available and have there-
fore been accorded a Tentative status. For Nal, the
two independent calorimetric studies'4®?¢7 are in
excellent agreement over the entire solvent composi-
tion range, so their averaged values are Recom-
mended. The earlier potentiometric results on this
salt?”> differ somewhat and have been rejected.
Independent calorimetric studies of KI114%276 gre also
in excellent agreement at xpur < 0.8; at higher DMF
concentrations, only the data of Klopov et al.'#? are
available. For both CsBr and Csl, independent data
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Table 46. AH°(MX, w — w + DMF)/kJ mol~?, 298.15 K, as a Function of 100Xpme
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MX AsinH® 5 10 20 30 40 50 60 70 80 90 100 ref
NacCl 3.88 —0.49 -0.57 22
NaBr -0.1 —-1.0 -1.8 —3.6 —6.1 —9.3 —13.6 =171 —20.4 —23.6 —26.4 —28.6 65
NaBr —-0.60 —-1.28 —2.06 —3.22 —5.48 274
NaBr -11  -19 -34 -5.8 {-9.3} {-13.6} {-17.1} {—20.4} {-23.6} {—26.4} {—28.6}

Nal [-4.48] [-7.57] [-9.57] 275
Nal —-7.57 —-243 —498 -10.25 -15.65 —21.13 —26.57 —-31.84 —36.86 —4151 —4573 —49.41 273
Nal —-753 —223 —-464 —9.83 -—-1544 —21.21 —26.86 —32.26 —37.24 —41.76 —45.81 —49.37 267,272
Nal -2.3 -48 —10.0 -155 -21.2 —-26.7 —32.0 -37.0 —41.6 —-458 —49.4
NaBPhy —19.6 15.2 22.1 11.4 —-3.2 —-17.1 —-30.4 —37.1 —42.5 —46.4 —49.3 —52.1 65
KBr 20.06 —2.03 —3.44 521 —7.08 274
Kl 2050 —-3.14 —-6.19 —12.26 -—-18.24 —24.10 -—29.79 -—-35.27 —40.46 —45.35 —49.87 -—-53.97 273
Kl 20.3 —2.84 —576 —1154 (—17.27) (—22.95) —28.58 (—34.16) (—39.68) (—45.15) 276
Kl —-3.0 -6.0 —11.9 —-17.8 —23.4 —29.2 —34.7 —-40.0 —45.2 {—49.9} {-54.0}

RbCl 1721 -1.02 -129 -1.01 -0.83 —-1.81 —4.42 —16.32 277,278
Rbl 2544 -3.10 -5.90 -11.63 -—17.41 —23.18 —28.83 —34.35 —39.58 —4452 —49.08 -53.14 273
CsF 26.3 —2.0 —-3.3 7.0 -9.0 —-11.8 —-15.0 —-19.5 —22.0 —25.8 —29.8 —33.3 24
CsClI 17.25 -0.20 -0.29 -0.75 —-1.57 —2.76 —4.31 —6.23 —-8.52 —11.17 -14.19 (—17.58) 279
CsBr 26.06 —145 —-2.69 —5.33 -8.15 —11.17 -—14.37 -—-17.77 —21.35 —25.12 —29.09 (—33.24) 279
CsBr 263 —1.6 -3.2 —6.2 -9.2 —-12.2 —-15.4 —18.7 —-22.3 —26.1 —-30.2 —33.8 252
CsBr —-1.5 —-3.0 -5.8 —8.7 -11.7 —-14.9 —-18.3 —-21.8 —25.6 —29.6 —-33.5

Csl 33.01 —-335 —-6.44 -—-12.34 -1795 —23.30 —28.41 -—-33.28 —37.93 —4237 —46.61 -50.68 273
Csl 33.18 —-3.39 -6.41 —-1229 -17.93 —23.34 —28.52 -—-33.47 —38.18 —42.66 —46.91 (—50.93) 279
Csl -3.4 -6.4 —12.3 —-17.9 —23.3 —28.5 —-33.4 —38.1 —42.5 —46.8 —50.8
NH4Br 16.72 —-198 —-393 —-7.92 -12.30 274
NH4Br 17.28 —-168 —-3.66 —816 —1294 -—-1756 —21.70 —25.17 —-2791 —29.99 —-31.59 -—-33.03 280
NH4Br -2.0 —-4.0 -8.1 -—125 {-17.1} {-21.1} {—-24.4} {-27.9} {-30.3} {—31.9} {—33.0}
MesNBr 2457 -—-1.1 -1.8 —2.3 -2.1 —-1.8 —-1.6 —-2.1 -3.3 -55 —8.7 —-13.3 269
MesNBr 2457 —-151 —-229 —2.39 —-1.81 —1.44 —1.60 —-2.32 —3.54 —-5.34 —8.20 —13.22 278
MesNBr 246 —0.5 -1.1 -1.6 -1.9 —-2.2 -2.5 -2.9 -3.6 —-4.6 —6.1 -8.2 252
MesNBr {-1.0} {-1.7} {-21} {-19} {-1.8 {-1.9} {-24} {-354 {-51} {-7.7} {-13.3}
EtsNBr 6.2 0.79 1.88 4.49 7.05 9.04 10.15 10.21 9.26 7.50 5.32 3.29 269, 278
Et;NBr 6.2 1.5 2.9 5.6 7.8 9.4 10.3 10.5 10.0 8.7 6.5 3.2 252
Et;,NBr {1.2} {2.4} {5.1} {7.4} {9.2} {10.2} {10.4} {9.6} {8.1} {5.9} {3.3}
PrsNBr —4.25 [1.33] [(9.4)] 24.3 24.95 24.47 23.23 21.41 19.18 16.17 14.18 278
PrsNBr —-4.25 9.5 18.2 23.2 24.7 24.4 23.1 21.1 19.0 16.4 12.2 281°
PrsNBr -4.3 6.0 11.1 18.5 22.9 24.8 24.8 23.3 21.1 18.6 16.3 14.2 25
Pr;NBr {6.0} {10.3} {18.3} {2355} {24.8} {246} {232} {212} {189} {16.3} {13.5}
MeBusNBr —12.2 12.9 22.6 26.1 26.8 25.1 22.9 20.6 17.9 15.2 12.4 24
MesDcNBr  32.0 6.1 d

BusNBr —8.58 12.7 22.0 33.3 38.1 375 36.0 33.0 30.1 27.5 24.8 21.0 277
BusNBr —8.58 22.3 33.8 38.2 38.2 35.4 32.7 30.1 27.1 23.8 20.5 281°
BusNBr —-7.9 12.7 22.3 34.3 37.9 375 35.0 321 29.3 26.4 23.6 20.7 65
BusNBr 22.5 38.7 36.2 30.6 24.6 21.3 66
BusNBr —-8.4 10.9 19.9 32.3 38.7 40.4 38.6 34.7 29.8 25.2 22.1 20.9 25
BusNBr 12.2 21.8 33.4 38.3 38.4 36.2 331 30.0 26.6 23.8 20.9
PesNBr 2.7 16.4 29.4 425 45.6 43.2 38.5 33.9 30.4 27.8 25.2 20.0 281
PesNBr 2.7 11.9 21.9 33.3 38.2 39.1 37.6 34.6 30.5 26.1 22.5 20.2 25
PesNBr {16.4} {29.4} {4255} {45.6} {432} {38.0} {34.2} {305} {27.0} {23.7} {20.1}
Ph4PBr 8.6 7.0 10.7 11.1 8.2 5.0 2.1 -0.7 —4.3 7.1 —10.0 —-12.5 65

a Interpolated graphically by reviewers. ? Cf. ref 282. ¢ Cf. refs 269 and 278. ¢ Data up to xpmr = 0.058 conform to A{H° =
275x + 784x? — 76710x%. ¢ Data also available at 278.15 < T/K < 308.15.

sets are in excellent agreement and the averaged
values have been Recommended at all cosolvent
concentrations.

An unusually extensive set of data exists for
AH°(R4NBr, w — w + DMF) with R = H—Pe.
However, with the exception of NH,Br?’* and Buy-
NBr,% all of the data were measured by Somsen and
co-workers.?425269.277.218 281 \Whjle all this work appears
to be of high quality, the results cannot be considered
as having been independently confirmed. Conse-
quently, most of the averaged values for these
systems must be classified as Tentative, pending
independent verification.

2. lonic Enthalpies of Transfer

The values of A(H°(ion, w — w + DMF) for 12
cations and 5 anions (all monovalent) that could be
derived by application of the TPTB assumption® to
the data in Table 46 are summarized in Table 47.

Plots against xpmr of AH°(M™, w — w + DMF) for
the alkali metal ions (not shown) are remarkably
similar to those observed for many protic solvents
such as the higher alcohols (e.g., 1-PrOH) and FA.
Thus, there is a small maximum (<ca. 5 kJ mol™?%)
at xpme ~ 0.1 followed by a steady decrease thereaf-
ter, with almost no dependence on the cation size.
The only difference is that A{H°(M") is much more
negative in the aprotic DMF because of its much
greater donor (cation solvating) ability, cf. ROH.

The extensive series of data for AH°(R;N*, w —w
+ DMF) are very systematic with values increasing
with cation size and showing a pattern similar to that
observed in most aqueous—organic solvent mixtures.

As for many other systems, the plots (not shown)
of AAH°(X~, w — w + DMF) against xpme for the
halide ions look rather different from those of the
alkali metal ions. At low Xpme there is some cation/
anion compensation with a small minimum (>ca. —10
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Table 47. AH°(ion, w — w + DMF)/kJ mol~, 298.15 K, TPTB Assumption, as a Function of 100xpmr
ion MX data 5 10 20 30 40 50 60 70 80 90 100

Na* NaBPh, 35 4.7 —-1.6 —-8.4 —15.7 —23.0 —26.7 —29.3 —-31.4 —32.8 —34.1
K* Kl 3.8 41 -35 -114 -182 —-251 -293 326 —36.2 —39.2 422
Rb* Rbl 3.7 42 -32 —-110 -180 —247 -290 —322 355 —284 —413
Cs* CsBr 3.2 37 -39 -115 -181 -244 -280 —-30.7 —-335 —-36.1 —39.0
NH,* NH4Br 2.7 27 -62 -153 —-235 -306 —341 368 —382 384 —-385
MesN*T  MesNBr 3.7 50 —40 —-4.7 -82 -—-116 -131 -—-124 -130 -—142 -1838
Et,N* Et;,NBr 5.9 9.1 7.0 4.6 2.8 0.7 0.7 0.7 0.2 -0.6 —-2.2
PrsN* Prs,NBr 10.7 17.0 20.2 20.7 18.4 14.9 135 12.3 11.0 9.8
BusN* PusNBr 16.9 28.5 35.3 355 32.0 26.7 234 211 18.7 17.3 15.4
Pe;N* PesNBr 21.1 36.1 44.4 42.8 36.8 28.5 24.5 21.6 19.1 17.2 14.6
Ph,P* Ph,PBPh, 11.7 17.4 13.0 5.4 —1.4 7.4 —10.4 —13.2 —15.0 —16.5 —18.0
F- CsF -5.2 -70 -39 25 6.3 9.4 8.5 8.7 7.7 6.3 5.7
Cl- CsClI —-3.4 —4.0 3.1 9.9 15.3 20.1 21.8 22.2 22.3 21.9 21.4
Br- Ph,PBr —-4.7 -6.7 —19 2.8 6.4 9.5 9.7 8.9 7.9 6.5 5.5
1~ Csl —6.8 —-10.1 —8.4 —6.4 —-5.2 —-4.1 —-54 7.4 —-9.0 —10.7 —11.8
BPh,~ Ph,PBPh, 11.7 17.4 13.0 54 —1.4 7.4 —-10.4 —13.2 —15.0 —16.5 —18.0

Table 48. A:S°(MX, w — w + DMF)/J K™* mol™%, 298.15 K, mol/L Scale, as a Function of 100Xpmr

MX 5 10 20 30 40 50 60 70 80 90 100 ref

NaBr -83 -—-156 —-326 —-454 —-624 —809 -105.0 —1149 1291 1475 -160.3 65
Nal —16.1 —27.4 —36.4 275
NaBPh, 79.6 110.6 106.4 80.9 56.7 27.0 2.8 -1.4 -5.7 -7.1 -9.9 65
KPi 35 —20 —17 —15 —14 —15 283
KBPh, 200 175 140 145 220 380 283
RbCl —-9.4 —19.6 —33.6 —49.3 —67.8 —84.1 277
Ph,PBr 35.0 56.7 72.3 70.9 68.1 61.0 49.6 36.9 22.7 7.1 -9.9 65
Ph,AsPi 65 105 140 130 105 90 283

kJ mol~1) at xpmr &~ 0.1, although there is consider-
able variation (up to 30 kJ mol~1) among the halides.
At higher cosolvent concentrations and consistent
with the absence of H-bond donor ability of DMF, the
values of A(H°(X™) become positive. An exception is
AH°(17), which remains (weakly) negative over the
whole composition range. The results for fluoride
(~bromide) do not follow the pattern CI- > Br~ > I~
set by the other halides. They are almost certainly
in error since AH°(F~, w — s) values are invariably
more positive than those of the other halide ions.5®

It may be noted that it is possible to use the GHSE
to calculate values of AAH°(M*, w — w + DMF) for
M* = Ag" or TI* since the values of A(G°(M™") are
available! and A:S°(M*) are known from NICE mea-
surements.’° However, in view of the uncertainties
in the latter (see below), this is left to the interested
reader.

3. Entropy Data for Electrolytes

As with other systems, relatively few values exist
for the entropies of transfer of electrolytes from water
to agueous—DMF mixtures. The available data are
listed in Table 48. Little can be said of them except
the values for KBPh, and Ph,AsPi?%3 seem to be
rather different from those for related salts.

4. lonic Entropies of Transfer

The values of A¢S°(ion, w — w + DMF) that can be
derived via the GHSE from the A¢H°(ion) estimates
in Table 47 and the corresponding A:G°(ion) values?!
are summarized in Table 49. As anticipated above,
the present values for BPh,~ and PhsP* (and KY)
differ markedly (by up to 122 J K- mol~* or ~36 kJ
mol~! in terms of 298A:S°) from those derived by Ray
et al.?® from temperature-dependent solubility and

emf measurements. The present results are almost
certainly more realistic.

Agreement is also rather poor between the present
GHSE results for A;S°(Na*, w —w + DMF) and those
obtained by Gritzner and Lewandowski® using NICE
measurements, with differences of up to ca. 65 J K
mol~* (~20 kJ mol~! for 298A:S°). Little can be said
of the remaining values except the need for further
study. Plots (not shown) of A;S°(M*, w —w + DMF)
against xpuwr are almost identical to those of the
corresponding enthalpies. That is, there is strong
AH°/A:S° compensation for the alkali metal cations
in water/DMF mixtures.

Plots (not shown) of AS°(X~, w — w + DMF)
against xpvr for the halide ions using the rather more
limited data available (Table 49) also show a broad
similarity to the corresponding enthalpies: an initial
decrease to xpmr &~ 0.15 followed by a maximum (at
least for Br7) at x ~ 0.5 and then a rather large
decrease down to the neat DMF value.

N. Transfers from Water to Water +
N,N-Dimethylacetamide (DMA)

1. Enthalpy Data for Electrolytes

Very few studies have been reported on the en-
thalpies of transfer of electrolytes from water to
aqueous—dimethylacetamide (DMA) solutions. The
available data, for ten 1:1 electrolytes and Ni(ClO,),,
are collected in Table 50. All values were determined
calorimetrically from heats of solution measure-
ments. None has been confirmed. The only additivity
checks possible, using (MCI—MI), indicate good con-
sistency, but little further comment can be made.
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Table 49. AS°(ion, w — w + DMF)/J K1 mol™?, 298.15 K, mol/L Scale, TATB/TPTB Assumption, as a Function of

1OOXDMF
ion 5 10 20 30 40 50 60 70 80 90 100 ref
Na* -0.7 -1.6 -3.3 —=5.1 —=7.0 -8.8 -103 -—-114 —12.2 —12.6 —12.8 60
Na* 13* 21 9 -8 —-32 —57 —68 —73 =77 —78 —79
K* 90 40 —15 10 65 105 —62 283
K* 10* 18 -1 —-22 —48 —-73 —84 —92 —100 —105 —111
Rb* 10* 18 0 —22 —48 —72 —81 —87 —93 —99* —101*
Cs* 11* 18 3 -18 -39 —64 =71 —76 —82 —86 -91
Ag* —-0.7 —-1.4 —2.6 —-3.8 —-5.0 —6.1 —-7.0 —-7.7 —8.2 —-8.3 -8.1 60
TI* 3.9 3.8 -0.6 —-2.3 —-4.6 -7.1 -95 -—115 —-13.2 —14.2 —14.5 60
PhsAs™ 92 150 145 94 85 79 75 74 74 80 65
PhyAs™ 110 150 145 155 180 205 106 283
Phy(P,As)* 66* 100 112 103 93 83 7 72 70 67 71
cl- [-132] 75 283
Cl- —19 —38 —34 27 —20 —-12
Br- —26 —40 —41 —-35 —28 —-23 —32 —39 —50 —55 —-81
1~ —29 —48 —45
Pi- —60 —45 —-20 —40 —80 283
BPh,~ 110 150 145 155 180 205 106 283
BPh,~ 66* 100 112 103 93 83 77 72 70 67 71

Table 50. A(H°(MX, w — w + DMA)/kJ mol1, 298.15 K, as a Function of 100Xpma

MX AginH® 5 10 20 30 40 50 60 70 80 90 100 ref
NacCl 3.89 0.60 1.83 4.24 33
NaBr —-0.60 -045 -0.12 —-0.79 —242 —-496 —8.28 —-12.15 -—16.26 —20.21 —-23.50 —25.54 284
Nal —758 —-191 —-3.72 —7.96 —-12.60 —18.67 —24.95 -—29.41 -—-34.16 —38.41 -—41.63 —44.17 32
NaClO,4 13.89 0.25 —2.69 —-10.26 —19.85 —29.60 —38.20 —44.90 —49.50 —-52.54 —-54.36 —56.99 284
NaBPh, —20.28 25.06 28.20 11.71 —8.13 -—21.57 —31.46 —41.21 —-49.47 -—-51.46 —54.26 —55.48 284
KCI 17.29 0.50 1.29 2.38 33
Kl 20.26 —2.37 —4.87 —9.64 —-1470 —20.04 —-2558 —-31.21 —36.70 —41.80 —46.17 —49.42 22
Csl 3329 —296 —6.45 -—12.02 -17.32 —22.13 —26.78 —31.85 —36.78 —41.72 —46.66 —51.38 32
BusNBr —8.42 1550 27.04 40.70 4539 4473 4148 3756 3406 31.20 28.35 24.02 281,25
Ph,PBr 8.18 1594 18.79 20.24 16.16 11.93 9.13 7.07 4.30 0.08 —-2.09 -—297 284

Ni(ClO,), —164.01 —-3.65 —13.59 —-32.14 -51.00 —67.86

—81.23 —-90.40 —95.47 —97.33 —-97.66 —98.96 284

Table 51. A{H°(ion, w — w + DMA)/kJ mol~%, 298.15 K, TPTB Assumption, as a Function of 100xpma

ion MX data 5 10 20 30 40 50 60 70 80 90 100
Na* NaBPh, 4.6 4.7 —4.7 —14.6 —21.1 —24.5 —30.2 —35.0 —34.9 —37.8 —39.0
K+ Kl 4.1 4.5 —6.3 —16.7 —24.4 —-26.1 —30.6 —34.9 —38.3 —42.4 —44.2
Cs* Csl 3.5 2.9 —8.7 —19.3 —24.5 —27.3 —31.3 —35.0 —38.2 —42.9 —46.2
BusN* BusNBr 20.1 31.7 36.9 35.7 32.3 25.4 19.5 16.8 15.5 14.4 10.5
Ph,P* PhsPBPh, 20.5 23.5 16.4 6.5 —0.5 —-7.0 —11.0 —14.5 —15.6 —16.5 —16.5
Ni2+ Ni(ClOs), 4.9 12 —20.9 —40.4  —50.9 —53.8 —66.1 —64.5 —64.1 —63.5 —63.0
Cl- NacCl —4.0 —2.9 8.9
Br- Ph,PBr —4.6 —4.7 3.8 9.7 12.4 16.1 18.1 18.8 15.7 14.4 13.5
1~ Nal —6.5 —9.4 —3.3 2.0 2.4 0.5 —0.6 —-18 —3.5 —3.8 —5.2
ClO4~ NaClO4 —4.3 —7.4 —5.6 —5.3 —8.5 —13.7 —-14.7 —155 —16.6 —17.6 —18.0
BPhs~ PhsPBPh, 20.5 23.5 16.4 6.5 —0.5 —-7.0 —11.0 —14.5 —15.6 —16.5 —16.5

2. lonic Enthalpies of Transfer

Application of the TPTB assumption using the data
of Gusev et al.?84 enabled estimation of A(H°(ion, w
— w + DMA) values for 10 monovalent ions and Ni?*,
although some only extend to low cosolvent concen-
trations (Table 51).

The behavior of A(H°(M*, w — w + DMA), plotted
as a function of xpma (not shown), is almost identical
with that observed for DMF: a small maximum (<6
kJ/mol) at xpma &~ 0.07 followed by a steady decrease
through to neat DMA, with very small differences
between the cations. Again as for DMF, plots of
AH°(X", w — w + DMA) against xpma (not shown)
are rather different from those of the alkali metal
ions. Such plots show a small minimum at Xpma ~
0.07 followed by a maximum (at least for Br— and
I7) and then a steady decrease. There are also
substantial differences between the halides with

respect to the position and magnitude (up to 18 kJ/
mol between Br~ and 17) of the extrema. Measure-
ments on CI~ (at higher xpwa) and F~ would be
interesting for these mixtures.

3. Entropies of Transfer

No data appear to have been published for the
entropies of transfer of electrolytes between water
and aqueous—DMA mixtures. Further, as the values
for A¢G°(ion, w — w + DMA) are not readily avail-
able,! it was not possible to utilize the values of A¢H°-
(ion) in Table 51 to calculate AS°(ion) via the GHSE.

0. Transfers from Water to Water + Urea (UR)

1. Enthalpy Data for Electrolytes

Data have been reported for the enthalpies of
transfer of more than 20 electrolytes from water to
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Table 52. AH°(MX, w — w + UR)/kJ mol~?, 298.15 K, as a Function of 100xur

MX AsinH® 25 5 7.5 10 15 ref
HCI —3.04 —4.55 —5.13 —5.39 —7.40 2852
HBr -3.39 —4.76 —5.57 —6.51 —7.61 286
HI —3.65 —4.84 —5.74 —7.14 —7.45 286
NaCl 4.12 —1.22 —2.25 —3.06 -3.70 —4.56 287
NaCl 3.85 -1.29 —2.30 -3.09 -3.70 —4.53 288
NaCl 3.90 —1.40 —2.39 -3.11 —-3.71 289
NacCl -1.3 -2.3 —-3.1 -3.7 —4.5
NaBr —0.50 —1.56 —2.62 —3.47 —4.26 —5.76 290
NaBr —0.53 -1.57 —2.83 —3.80 —4.49 289
NaBr -1.6 —-2.7 -3.6 —4.4 {-5.8}
Nal —7.58 —2.19 —3.34 —4.21 —5.16 —6.98 290
Nal —7.62 —1.67 291
Nal —7.54 —1.55 —2.80 —3.82 —4.66 289
Nal -1.8 -3.1 -4.0 -4.9 {—7.0}
NaBPh, —19.26 1.84 3.25 4.31 5.14 289
NaBPh, —20.10 2.58 3.76 4.08 4.06 5.14 294P
NaBPh, 2.2 3.5 4.2 4.6 {5.1}
KCI 17.22 -1.37 —2.43 -3.25 —-3.87 —4.77 288
KBr 20.15 —1.74 -2.91 -3.81 —4.63 —6.19 290
Kl 20.40 —2.28 -3.50 —4.38 —5.32 —7.18 290
KPi —17.38 —25.47 —28.34 —26.00 194
KBPh, 38.93 29.21 28.13 194
RbCI 17.28 -1.73 —3.02 -3.97 —4.67 —5.63 288
CsClI 17.78 —2.30 -3.91 —5.01 —5.77 —6.92 288
CsBr 26.00 —2.68 —4.22 -5.32 —6.38 —8.47 290
Csl 33.10 -3.32 —4.93 —6.02 —7.23 —9.68 290
NH.CI 14.85 -1.33 -2.39 -3.23 —3.89 —4.93 288
BusNBr —8.60 2.41 491 30
BusNBPh, 24.10 3.40 7.60 12.67 176
Ph,AsCI —10.62 0.50 0.06 —0.27 —0.45 289
Ph,AsPi [-15.10] [—10.49] [-11.01] 194
AgCl —-1.35 —2.76 —-3.75 —4.32 —4.23 292
AgBr —0.64 -1.35 —2.02 —2.64 —3.76 292
Agl —1.64 —2.95 —4.04 —4.91 —6.01 292

a Same data also listed in refs 293,194. ® Solvent compositions converted from mol/L (density data, Waghorne, W. E., unpublished).

aqueous—urea mixtures but only at low urea con-
centrations (Table 52). For the sodium halides there
is excellent agreement among independent data sets,
and their averages are listed as Recommended. No
duplicate data sets are available for the remaining
electrolytes. However, additivity checks using (NaX—
KX) indicate that the data for the potassium halides
are reasonable. On the other hand, there are clearly
inconsistencies in the (MCI-MPIi) data and for ad-
ditivities involving KBPh,. Careful examination in-
dicates that there are serious discrepancies in the
data of Talukdar et al.,*** based on solubility mea-
surements, and data for a number of salts have not
been included in Table 52.

The numerous data reported by Dash and co-
workers?40:295.364 from emf measurements at different
temperatures are problematic. The enthalpy (and
entropy) data are presented as single-ion values but
without a stated assumption. There are also incon-
sistencies in the reporting of the signs of A{H°, some
being exothermic and others endothermic. Thus, in
general, these data have not been listed in Table 52.

2. lonic Enthalpies of Transfer

Because of the inconsistencies in the enthalpy of
transfer data for some of the electrolytes needed for
the TATB assumption, the number of acceptable
routes to the ionic values is limited. There is,
however, reasonable agreement between values cal-

Table 53. A{H°(ion, w — w + UR)/kJ mol~?, 298.15 K,
TATB Assumption, as a Function of 100xyr

ion MX data 2.5 5 7.5 10 15
H* HCI -15 -18 -13 -10 -19
Na* NaBPhy 0.2 0.6 0.7 0.7 0.0
K+ KCI 0.1 0.4 0.5 05 -0.3
Rb* RbCl -0.2 0.2 0.2 03 -11
Cs* CsClI -08 -11 -12 -13 -—-24
Ag*t AgCl -0.1 0.0 0.0 0.1 0.3
NH4* NH,CI 0.2 0.4 0.6 05 -04
BusN~™ BusNBPh, 1.4 4.7 9.2
PhsAs™ PhsAsBPh, 2.0 2.9 3.5 3.9 5.1
Cl~ Ph4AsCI -15 —-28 —-38 —44 -—-45
Br- NaBr -1.8 -33 —-43 -51 -58
I~ Nal -20 -—-37 —-47 -56 -7.0
BPh,~ PhsAsBPh, 2.0 2.9 3.5 3.9 5.1

culated using the NaBPh, and Bu;NBPh, data,
where comparison is possible. Accordingly, values of
A¢H°(ion) calculated using the former are reported
in Table 53, since they cover the greater composition
range. In general, all of the values are small in
magnitude. The values for A{H°(ion) at xyr = 0.15
were ultimately obtained by a short extrapolation of
the A{H°(PhsAsBPh,) values at lower cosolvent com-
positions and so are a little less certain.

3. Entropy Data for Electrolytes

Data for entropies of transfer reported for over 10
electrolytes are summarized in Table 54, including
ones suitable for the application of the TATB as-
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Table 54. AS°(MX, w — w + UR)/J Kt mol?, 298.15 K,
mol/L Scale, as a Function of 100xyr

MX 2.5 5 75 10 15 ref
HClI -0.2 0.5 2.2 4.8 25 285
HBr 0.2 0.8 1.5 2.4 4.4 286
HI 0.1 0.5 1.1 2.0 44 286
Licl -28 -52 -73 -91 —11.6 288
NaCl -41 -77 -108 -135 —17.6 288
KCl -45 -84 -119 -149 -195 288
KCl -38 —67 -89 -110 194
KCl -42 -76 -10 —13  {-20}

KPi -50.8 -81.6 —83.9 -—49.4 194
KBPh, 140.8 1426 971 953 194
RbCI -55 -10.1 -141 -17.4 —22.0 288
CsCl -6.1 -109 -151 -—184 -23.1 288
NH,Cl -38 —-70 -99 -124 -16.3 288

Table 55. A:S°(ion, w — w + UR)/J K™t mol™?, 298.15 K,
mol/L Scale, TATB Assumption, as a Function of
1OOXUR

ion 2.5 5 7.5 10
H* -0.5 1.2 49 10.8
Na* —5.3 —8.5 —-95 —8.6
K* -5.1 —8.2 -9.3 —-8.3
Rb* —6.0 —-9.7 -11.2 —-10.4
Cs™ —7.4 -12.0 —-13.9 -13.1
NH4* —4.0 —6.4 -7.2 —6.4
PhsAs* 8.2 15.1 20.5 24.5
Cl- 0.3 -0.6 —-2.7 -6.0
Br- 0.1 -1.1 —3.6 —-7.2
1~ 0.4 -0.6 —-2.9 —6.4
Pi- [-51.6] [-59.6] [-50.4] [—30.0]
BPh,~ 8.2 15.1 20.5 24.5

sumption. Only for KCI are there independent sets
of data,®*?8 and these are in good agreement where
comparison is possible, enabling their averages to be
Recommended. As for the enthalpies, there appear
to be inconsistencies in the data of Dash and co-
workers,237:2952%364 gnd so these have not been
included.

4. lonic Entropies of Transfer

The entropy data for the electrolytes required for
the TATB assumption come from the temperature
coefficients of the solubilities. As noted above, there
are problems with the A{H° for the picrate salts and
for KBPh, that are presumably transmitted to the
AS° values. In fact, AS°(ion) values calculated from
the electrolyte entropies are absurdly large (ca. +70
J K1 mol~! for cations and —70 J K~* mol~* for
anions at 0.025 mol % urea). An alternative route
suggested by Hakin and Beswick?® is to combine
AH®(ion) values with AG° values calculated from the
solubility products reported by Talukdar et al.*** This
is preferred since the solubility products are inher-
ently more precise than their temperature coef-
ficients. Thus, the values reported in Table 55 are
taken from the work of Hakin and Beswick?®® or
calculated from them using data in Table 53. With
the exception of the values for Pi~, the A:S°(ion)
values seem reasonable. It is interesting that, as with
AH°(ion), the A{S°(ion) values are small and practi-
cally monotonic for transfers from water to aqueous—
urea mixtures.
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P. Transfers from Water to Water + Hexamethyl
Phosphoric Triamide (HMPT)

1. Enthalpy Data for Electrolytes

Data have been reported for the enthalpies of
transfer between water and aqueous—HMPT mix-
tures for about 15 1:1 electrolytes, in several cases
across the whole solvent composition range (Table
56). No data are available for higher valent electro-
lytes. For NaCl, Nal, and KI there are duplicate sets
of data but from the same laboratory,?%¢2% and thus
the averaged values must be classified as Tentative.
For KCI (and at one solvent concentration, Kl) data
from the t.odz group?°82% are in excellent agreement
with those of Vorob’ev et al.3% The key salt, NaBPhy,
has been extensively studied by two groups?68297.299
across the whole range of solvent composition. The
relationship between the two data sets reported by
Vandyshev et al.?582% is unclear; the reported data
differ, but it is not obvious whether the later data
involve new measurements or a recalculation of the
earlier results. Nevertheless, the differences are
generally small (apart from the data at xyvpr < 0.2)
and the values are in good agreement with those of
Taniewska-Osinska and Jozwiak,?®® enabling the
averaged values to be Recommended. Further data
for Nal and KBr at 298.15 K and Xpmer < 0.1 are
available.303

There are large discrepancies in the (MI—MNOs3)
additivities. Since the other additivity checks are
reasonable, it seems likely that either the CsNO; or
NaNO; data are incorrect. Similarly, (MCI—MBr)
additivities indicate that there is a problem with the
data for either PhyPBr?%” or Ph,PCI.2%°

2. lonic Enthalpies of Transfer

In addition to the well-established data for NaB-
Phy, there are data for Ph,PCIl, up to 30 mol %
HMPT, and for Ph,PBr across the whole solvent
composition range. There is good agreement between
the ionic values recovered from these at the low
HMPT concentrations, but they diverge above 10 mol
% HMPT, with the values calculated via the chlorides
being more exothermic than those calculated via the
bromides. This is consistent with the problem in the
(MCI—-MBr) additivities noted above. It is not pos-
sible to determine which set of data are preferred,
and so, since the bromide data extend to all solvent
compositions, these were used to calculate ionic
transfer enthalpies.

The values of AiH°(ion, w —w + HMPT) so derived
are listed for seven cations and six anions in Table
57. It can be noted that, as with virtually all aque-
ous—arganic systems, there are maxima in the cation
values and minima in those of the anions at low
HMPT concentrations. As expected from the very
large donor number of HMPT, the AH° data for
cations are strongly exothermic at higher HMPT
concentrations. Similarly, A(H° for the smaller anions
are endothermic into the aqueous mixtures, as ex-
pected for transfer to mixtures containing an aprotic
cosolvent. Interestingly, A¢H® for I~ is negative into
the mixtures, possibly reflecting a significant soft—
soft interaction with HMPT, which has a higher
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Table 56. AH°(MX, w — w + HMPT)/kJ mol~%, 298.15 K, as a Function of 100XympT

MX AsinH® 5 10 20 30 40 50 60 70 80 90 100 ref
LiNO3 —-249 -215 -—7.27 -—15.06 -2045 —2434 -—-27.48 —30.49 -—-33.82 —37.80 —42.60 —48.25 297
NaCl 3.83 4.35 5.68 245 —-2.43 298
NaCl 4.35 5.68 2.83 299
NacCl {4.4} {5.7} {2.6} {-2.4}

NaBr —0.60 0.82 1.37 074 —3.32 —-934 -13.04 -15.22 -16.62 —17.98 -—20.04 —23.37 297
Nal —755 -—2.89 -—-948 -—-20.47 -—-28.52 —56.63 —58.65 298
Nal —234 -—-899 -1996 —2850 —3541 —4123 -—46.29 -50.53 —53.98 -56.51 —57.96 299
Nal {—2.6} {—-9.2} {-20.2} {—28.5} {—35.4} {—41.2} {—-46.3} {-50.5} {—54.0} {-56.6} {—58.3}
NaNO3 20.19 1.92 -252 —9.31 -—-1422 -18.14 —-21.70 —2530 —29.10 -—33.02 —-36.74 —39.71 297
NaBPh, —-19.36 26.91 —-19.25 -59.23 -62.11 -64.91 -67.62 -—70.25 —72.79 —75.26 —77.64 —79.95 268
NaBPh, —20.02 3756 —22.61 —43.83 -5495 -61.30 -64.31 -—-69.17 -—72.77 -—-7536 —76.92 —77.50 299
NaBPh, —-19.36 34.25 —22.04 -52.07 —-62.90 -65.51 —67.92 -—70.22 —7249 -—7482 —77.29 —79.96 297
NaBPh, 329 -213 —51.7 —60.0 —63.9 —66.6 —69.9 —=72.7 —75.1 —-77.3 —-79.1

KCI 17.17 3.43 430 344 298
KCI 3.43 4.30 —3.44 299
KCI 291 3.86 300
KClI 3.3 42  {-3.4)

Kl 20.02 -1.83 —2150 —29.39 -—-35.37 —39.81 -—-43.08 —4553 —47.53 -—49.56 —51.73 298
Kl —-1.83 —-9.30 -—-24.21 -30.83 —-3593 -—39.81 —42.80 -—4519 —47.29 -49.40 -51.96 299
Kl —-2.81 300
Kl —2.2 {-9.3} {—22.9} {-30.1} {—35.7} {—39.8} {—42.9} {—-454} {—-47.4} {—49.5} {-51.9}

CsF —36.54 8.59 15.12 23.62 26.04 20.31 22.50 23.31 22.64 268
Csl 33.09 -—2.76 —12.30 -26.60 —35.49 —40.37 —42.82 —44.14 -—4505 -—46.14 -—47.84 —49.63 299
CsNOg 39.60 -0.18 —12.07 —24.29 -—27.84 268
NH;NO; 25.68 —2.67 —11.48 —-24.67 —33.30 —38.82 —4241 -45.01 -—-47.35 -—49.87 -5280 —56.12 297
MesNBr  24.57 096 -0.97 -3.18 —7.97 301
BusNBr 8.45 (32.0) (48.0) (50.5) (46.5) (43.0) (40.0) (37.0) (34.0) (31.5) (28.5) 25.40 302
Ph4PCI —8.90 26.45 2434 21.83 22.07 299
Ph,PBr 8.56 23.84 20.09 14.67 11.08 8.41 6.00 3.42 053 —-257 —-552 —-7.72 297
Table 57. A{H°(ion, w — w + HMPT)/kJ mol~?, 298.15 K, TPTB Assumption, as a Function of 100xyvpT

ion MX data 5 10 20 30 40 50 60 70 80 90 100
Lit LiNO3 06 —248 373 —434 470 486 —494 —-496 -50.1 518 559
Na* NaBPh, 4.7 —20.0 —-31.5 —37.2 —40.8 —42.8 —44.3 —44.9 —45.3 —45.9 —47.4
K* Kl 51 -203 —-358 —-388 —411 414 —-409 —-39.8 —387 —389 413
Cs* Csl 4.6 —23.1 —37.9 —44.2 —45.8 —44.4 —42.1 -394 —-37.4 —-37.2 —38.7
NH,* NH;NO3 01 -—-290 -469 -563 —-615 —-635 —-640 —-632 —-621 -620 —63.8
MesN* MesNBr 4.9 —22.4 —35.4 —41.8 —31.5 —29.8 —-29.0 —28.3 —27.3 —25.9 —24.0
Ph,P* Ph,PBPh, 28.0 -1.3 -189 -228 —-231 —-238 —-256 —27.8 —299 314 317
F- CsF 4.0 38.2 61.5 70.2 66.1 66.9 65.4 62.1
Cl- Ph,AsClI -0.4 25.7 34.1 34.8
Br- NaBr —-3.9 21.4 32.2 33.9 31.5 29.8 29.0 28.3 27.3 25.9 24.0

1~ Nal —-7.3 10.8 11.3 8.7 5.4 1.6 —-2.0 —5.6 —-8.7 —10.7 —-10.9

NO3~ NaNO3 —2.8 17.5 22.2 23.0 22.7 211 19.0 15.8 12.3 9.2 7.7

BPh,~  Ph,PBPh, 27.7 -13 -176 —-228 —-231 —-238 —-256 —27.8 —299 314 317
Table 58. A:S°(ion, w — w + HMPT)/J K- mol~?, 298.15 K, mol/L Scale, TPTB Assumption, as a Function of
100XHmpT

ion 5 10 20 30 40 50 60 70 80 90 100

K* 14 —64 —103 —103 —118 —126 —128 —126 —124 —125 —133

Cs* 12 —66 —94 -99 —109 —109 —104 —98 -93 —96 —104
Ph,P* 137 66 36 33 32 39 36 32 27 24 25

softness parameter, u = 0.29, than other oxygen-
donor dipolar aprotic solvents.!

3. Entropies of Transfer

No entropy data have been reported for electrolytes
in agueous HMPT systems. Thus, Table 58 reports
ionic A¢S° values for Ph,P*, K*, and Cs™ calculated
via the GHSE using the A{H°(ion) data in Table 57
and AG° data reported previously.!

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

1. Enthalpy Data for Electrolytes

Enthalpy of transfer data from water to aqueous—
DMSO mixtures are available for almost thirty 1:1,

five 1:2, and two 2:1 electrolytes, often with indepen-
dent data sets extending over the whole range of
solvent composition (Table 59). Almost all the data
were obtained by calorimetry. No data were found
for the hydrohalic acids, which is probably a reflection
of the increased solubility of the silver halides in the
presence of excess halide ion in the presence of
DMSO (cf. AN, section I1V.K.1). The enthalpy of
dissociation of water has also been measured in
aqueous—DMSO mixtures.8

There is poor agreement between the two available
data sets for LiCl.305306 Additivity checks using
(MCI—=MX) indicate that the data of Cox et al.*% are
out of line and hence are rejected. There is good
agreement among three independent sets of data for
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Table 59. A(H°(MX, w — w + DMSO)/kJ mol~%, 298.15 K, as a Function of 100xpmso

MX AsinH® 5 10 20 30 40 50 60 70 80 20 100 ref
HCIO,4 0.30 —2.00 —13.90 -28.10 304
LiCl —37.03 —-0.03 —-0.65 —2.33 —4.49 —6.89 -9.20 —-11.01 -—11.79 —-11.31 —10.02 —8.57 305
LiCl —35.77 [-1.89] [-3.27] [-4.32] [-4.67] [-5.17] [-5.82] [-6.67] [-7.57] [—8.47] [—9.31] [-10.04] 306
LiBr —-48.83 —1.06 —256 —-6.13 —-9.96 —1355 -—-16.57 -—18.82 —-20.30 —-21.12 —-2159 —22.14 305
Lil —63.30 —2.10 —4.66 —10.41 -—-16.54 —2256 —28.05 —32.68 —36.19 —-38.41 —39.25 —38.69 305
LiNO3 —-2.48 —-160 -358 -—873 -—-14.44 —19.78 —24.10 —27.06 —28.57 —28.89 —28.53 —28.32 2682
NacCl 3.89 —0.15 0.15 0.17 -1.02 —-3.58 —5.98 -7.75 —-9.26 -10.55 -—11.28 -10.75 305
NacCl -0.11 -0.20 -0.67 —1.45 —2.45 —3.59 —8.79 306
NacCl -0.10 -0.75 -1.51 -0.43 307
NacCl -0.1 -07 -1.0 -1.2 -3.0 —4.8 {-7.8} {-9.3} {-10.6} {—11.3} -9.8
NaBr -05 -18 -26 -4.0 -7.1 -11.0 -14.9 —-17.9 -20.0 —-25.4 308, 315
NaBr -059 -136 -220 -367 —6.18 -—10.57 -—-1452 —-17.37 -—19.76 —21.93 —23.69 —24.43 305
NaBr -0.59 -0.90 -1.82 -4.00 -6.57 —-9.40 -—12.38 —15.40 -—18.34 —-21.08 —23.50 —25.52 306
NaBr -1.4 =22 -3.9 —6.6 -10.3 —-13.9 -16.9 -19.4 —-21.5 —23.6 —-25.1
Nal -75 =32 -5.5 -8.8 -—14.2 —-19.5 —-25.1 —40.6 308
Nal -753 —-185 -357 -801 -13.57 -—1835 —23.75 —28.64 —32.75 —36.03 —38.60 —40.82 305
Nal —-7.53 —220 —-451 —-9.35 —-1436 —19.37 —2423 —28.77 —32.83 —36.24 —38.86 —40.58 306
Nal -24 —45 -8.7 -—14.0 -19.1 —24.4 —-28.7 —-32.8 —-36.1 —-38.7 —-40.7
NaOH —43.9 0.0 0.5 12.6 19.9 25.8 30.1 32.9 34.8 43.9 308, 315
NaClOg4 139 —-04 -—1.3 -76 —17.6 —-27.9 —35.1 (—415) —445 (—47.2) —48.9 —49.0 309
NaBPh, -18.8 147 16.8 13.9 —2.6 —-16.3 —26.3 —-32.7 —35.8 —41.0 308, 315
KCI 17.15 -0.86 —-0.84 -—-1.11 —-350 —6.33 —-9.18 -—11.76 —13.90 —-15.57 -16.85 —17.96 305
KCI 17.41 0.32 0.33 -054 -—-234 —4.78 —8.23 —10.34 —12.88 —-13.87 —14.88 —15.90 306
KCI -1.76 —-266 —1.10 -0.89 307
KCI -08 -1.1 -0.9 —-2.2 —5.6 —-8.7 -11.1 —-13.4 —-14.7 —-15.9 -16.9
KBr 19.87 —-1.75 —-2.80 —-481 —-8.52 -—12.77 -16.84 —20.30 -—23.07 —-25.40 —27.86 —31.36 305
KBr 19.87 —-1.72 —-250 —-4.21 —-8.67 —1496 —17.69 —20.88 —23.60 —-25.84 —27.95 —30.53 306
KBr -1.7 =27 —4.5 —8.6 -13.9 -17.3 —-20.6 -23.3 —25.6 —-27.9 -30.9
Kl —-2.65 —-4.80 —8.79 —-14.42 —-20.98 -—-27.71 -—-33.86 —38.67 310
Kl 20.33 —-296 -5.13 -9.38 —15.28 -—21.89 -—28.11 —33.84 -—38.64 —42.49 —4557 —48.33 305
Kl 20.33 —-2.24 -—-440 -959 -1554 —-21.82 -—28.04 —33.85 —38.93 —-43.01 —-45.85 —47.25 306
Kl —-2.6 —4.8 -9.3 -151 —-21.6 -28.0 —33.8 -38.7 —42.7 —45.7 —47.8
RbClI 16.74 —-1.27 -1.11 -1.34 —3.26 —6.18 —-9.38 —12.36 —14.87 —-16.84 —18.42 —19.96 305, 316
RbCl 17.28 —0.28 —-1.05 -2.16 —3.50 —14.64 306
RbCI -08 -1.1 -1.3 -3.4 {—6.2} {-9.4} {-12.4} {-149} {-16.8} {—-18.4} -—17.3
RbBr 21.88 —-2.13 -3.06 —-488 —-839 —12.68 —16.96 —20.75 —23.94 —26.71 —29.55 —33.31 305, 316
Rbl 25.10 —-3.02 -4.89 —9.27 -1462 —21.06 -—27.64 —33.49 —38.28 —42.13 —45.69 —50.08 305, 316
Rb,SO4 —-3.18 —-8.39 —454 17.70 45.08 62.85 27.05 311
CsClI 17.41 —-164 -—-1.74 217 —4.21 —4.84 —-8.10 —11.43 -14.24 —-16.04 —16.49 —15.36 305, 316
CsCl 17.78 —0.39 —-0.43 -0.62 -—2.23 —13.39 306
CsClI -1.0 -11 —-1.4 -3.2 {—-4.8 {-8.1} {-11.4} {-142} {-16.0} {—-16.5} —-14.4
CsBr 26.19 —246 -—-3.71 —-578 -—-8.66 —11.36 —15.76 —19.87 -—23.31 —25.89 —27.62 —28.70 305, 316
Csl 33.26 —-3.29 -555 -10.26 —-15.86 —19.57 -—-25.78 —32.30 —37.76 —41.54 —43.80 —45.44 305, 316
Cs,S04 —-2.19 -6.93 -—2.16 311
NH;,l —-0.23 —3.43 —-9.39 —2289 —34.05 —39.77 312
NH;,l 13.70 —2.15 -5.31 —23.03 92
NH4l -12 —-44 {-9.4} -23.0 {—34.0} {—39.8}

NH4NO3 25.69 —-1.23 -257 -—6.76 —13.62 —19.99 -25.04 —-30.29 -33.01 —34.93 —36.59 —38.45 2682
BusNCI —30.54 49.01 48.51 47.63 45.21 43.10 313
BusNCI -31.0 143 25.5 36.8 43.5 47.4 49.0 41.8 308
BusNBr -9.20 39.02 36.60 34.66 33.35 30.54 313
BusNBr -84 123 22.1 29.3 37.6 38.4 36.4 26.4 308
BusNI 15.90 18.90 17.93 17.11 15.58 14.23 313
BusNI 16.7 12.7 25.7 29.3 32,5 33.0 30.11 13.4 308
Bus;NBBu; —50.21 104.21  105.38 95.55 95.78 91.63 313
DcMesNBr 32.00 —4.6 30
Ph4PBr 8.0 9.5 11.3 134 9.9 6.1 2.8 0.2 -1.1 —-6.5 308
MgCl, —159.83 —-2.25 (—4.32) —7.96 314
CaCl; —80.80 —5.43 (—8.93) —10.16 314
SrCl, —51.24 -3.47 —6.90 44
BaCl; —14.30 —2.94 —-3.41 44
CuCl; -509 -06 —-25 —4.3 —-8.4 —14.4 -16.1 (—18.7) —21.3 (—=22.4) —-23.7 —25.8 318

Ni(ClOs), 1636 —10 -59 -244 -471 —685 —849 (-952) -97.9 (-100.0) —101.0 -101.3 309
a Slightly different values are given by the same authors elsewhere.36”

each of the sodium and potassium halides and The Kharkov group published two sets of data for
between two sets for rubidium and cesium chlorides NH,419%312 that are in good agreement; the averaged
at most solvent compositions. The averaged values values are classified Tentative pending independent
are therefore classified as Recommended or Tentative confirmation. The data reported by Krestov's group

according to the availability of the data. for NH4NO3?%8 include earlier?®” and additional data.
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Table 60. AH°(ion, w — w + DMSO)/kJ mol~1, 298.15 K, TPTB Assumption, as a Function of 100Xpmso
ion MX data 5 10 20 30 40 50 60 70 80 90 100

H* HCIO4 2.6 0.9 -8.0 —20.0

Li* Li(C1,Br,l) 21 14 -36 -—-127 —-199 -251 -279 -—-293 295 —-286 —27.8
Na* NaBPh, 1.9 16 -1.7 -95 -164 —215 -249 270 —286 —-295 —29.8
K* K(CI,Br,I) 15 11 -22 -110 -192 -251 -289 —-31.7 —33.6 —-348 —36.5
Rb* Rb(CI,Br,1) 1.2 1.0 -25 -111 -189 -—-251 —-293 —-323 344 -36.2 —38.2
Cs* Cs(Cl,Br,I) 0.9 0.5 -31 -116 -175 -—-237 -—-283 —31.7 337 —-343 -34.1
NH,* NHsNO3 2.9 2.4 -26 -—-121 -201 -—-26.6 —31.0 —-341 359 -36.7 —37.9
Agt Ag(Cl,Br,1) -09 -48 -145 —-252 —-359 —420 —46.1 484 —-4938 -50.5 -51.5
BusN* Bu;N(CI,Br,I) 16.3 28.4 34.5 35.5 34.0 30.4 27.3 26.6 255  (—26.6) 23.3
DcMesNT  DcMesNI -1.4

Ph,P* Ph,PBPh, 12.8 15.1 15.6 6.9 0.1 —4.8 —7.8 -8.8 (—10.1) (—10.5) -—11.2
Mg?* MgCl, 1.8 -05 -101

Ca?t CacCl; -14 -51 —-123

Sr2+ SrCl, 0.6 -9.0

Ba?" BacCl, 1.1 —-55

Ni2+ NiClO4 3.6 0.0 -127 -310 —-454 -57.7 -619 -63.0 —62.8 —-62.2 —62.9
Cu?*t CuCl, 3.4 1.3 -6.4 —-256 —411 —-495 -529 -569 585 —60.1  —65.9
Cl- NacCl -20 -19 11 8.6 13.3 16.7 171 17.8 18.1 18.2 20.0
Br- NaBr -33 -38 -2.1 2.9 6.0 7.6 8.0 7.7 7.1 5.9 4.7
- Nal -43 -6.2 -7.0 —-4.5 -2.7 -2.9 -3.8 -5.7 -7.5 -9.2 -109
OH~ NaOH -19 -1.2 14.4 29.4 42.1 51.6 57.8 61.8 73.7
NO3z~ LiNO3 -40 -5.0 —-4.9 -1.6 0.1 1.0 1.0 0.9 0.7 0.0 -0.5
ClO,~ NaClO, -23 =29 -5.9 -81 -115 -136 -166 -—175 —186 -194  -19.2
BBu,~ BusNBBu, 73.8 78.1 69.0 70.3 68.4
BPh,~ Ph,PBPh, 128 151 15.6 6.9 0.1 —-4.8 -7.8 -8.8 (—-10.1) (-105) -—-11.2

Fuchs and co-workers reported results for some
tetrabutylammonium salts in two publications;308:313
the data overlap at only one composition Xpmso = 0.5.
They are in good agreement except for BusNI. A
detailed consideration of the (MBr—MlI) and (MCI—
MBr) additivities indicates that all these data may
have uncertainties of 2—4 kJ/mol but that the earlier
study of BusNI33 is certainly too low by ~8 kJ/mol.

2. lonic Enthalpies of Transfer

Despite the large number of salts that have been
studied in this system (Table 59), relatively few ionic
A{H° values can be derived. Table 60 summarizes the
values for 11 monovalent and 6 divalent cations and
8 monovalent anions, calculated via the TPTB as-
sumption using the data for NaBPh,, Ph,PBr, and
NaBr. It is interesting to note that the equal division
of A{H° for BusNBBu,4 between its cation and anion
results in A(H°(ion) values that differ from the TPTB
values by some 50 kJ mol~2. This is surely outside
the experimental error of the data and the uncer-
tainty in the TPTB assumption.

As with other strong donor cosolvents, the AH®
(M) values are negative for transfer into the
mixtures, although they pass through a small maxi-
mum at low DMSO concentrations. Similarly, the
anion values pass through a small minimum before
increasing as the concentration of the aprotic (weak
acceptor) DMSO increases. Similar to the HMPT
system (section IV.P), A{H°(ion) is exothermic for 1~
and, in this case at least, also for ClIO,~. The AH°
(ion) values for BBus~ and BusNT™, both of which are
hydrophobic, are very endothermic. There is no clear
reason the value for BBu,~ is approximately twice
that of BusN* on the TPTB scale, even though DMSO
undoubtedly interacts more strongly with cations
than anions. This difference implies either a problem
with the TPTB assumption in these mixtures or that
the AH°(BusNBBu,4) on which the ionic values are

based are in error. Measurements with salts of the
rather unstable BBu,~ are difficult.

3. Entropy Data for Electrolytes

Entropy data are available for 14 1:1 electrolytes
(Table 61), although there are independent sets for
only NaCl and KCI; in both cases agreement is
excellent, within £5 J K~ mol~1. Additivity checks,
where possible, suggest that the data are reasonably
consistent, but no further assessment is possible.

4. lonic Entropies of Transfer

There are no A:S° data for the electrolytes neces-
sary to apply the TA(P)TB assumption. Thus, ionic
A+S° values were obtained via the GHSE using the
A{H°(ion) values in Table 59 based on the TPTB
assumption and the previously reported A:G° values!
based on the TATB assumption in combination with
the electrolyte A(S° values from Table 61. The values
so obtained are summarized in Table 62.

With the exception of the large hydrophobic organic
ions and NH,*, the AS°(ion) values are mostly
negative for transfer into the mixtures, becoming
more so as the size of the ion increases. The positive
A+S° for the hydrophobic ions are typical. That for
NH4t may reflect strong hydrogen bonding to DMSO.

R. Transfers from Water to Water +
Tetramethylene Sulfone (TMS)

The enthalpy of transfer data between water and
aqueous—TMS mixtures for eight 1:1 electrolytes at
30° C, reported by Castagnolo et al.,’*® are sum-
marized in Table 63. Additivity (MCI—MCIQ,) indi-
cates that the data are internally consistent. How-
ever, in the absence of any independent confirmation,
no further assessment is possible. These data allow
the estimation of A{H° for the three cations and five
anions (including BPh,~ = Ph,P*) up to 60 mol %
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Table 61. AS°(MX, w — w + DMSO)/J K-t mol~?, 298.15 K, mol/L Scale, as a Function of 100Xpmso

MX 5 10 20 30 40 50 60 70 80 90 100 ref
LiCl -50 -100 -—-193 -—-281 —37.0 —46.3 —56.5 —67.6 —80.1 —94.0 —109.5 306
NaCl -59 -122 245 —36.7 —48.7 —60.7 —72.5 —84.3 —-96.2 —108.3 —120.7 306
NaCl -72 -163 —31.7 —389 307
NacCl -7 —14 —28 —38
NaBr —-6.6 —-129 —-26.3 —405 —54.8 —68.7 —81.8 —94.1 —105.2 -—1154 —124.8 306
Nal —-6.8 —-140 —-308 —489 —66.6 —82.6 —-96.2 —107.5 —1169 —1254 1347 306
KCI -57 -129 —-30.0 —-486 —67.1 —84.0 —-98.7 —1111 -—121.6 —131.3 —141.8 306
KCI —-127 —-21.8 —-30.9 —41.0 307
KCI -9 —-17 —30 —45
KBr -82 —-170 —-359 554 740 —909 —105.8 —118.8 —130.6 —1424 —155.7 306
Kl -79 —158 —340 545 -76.0 —-97.2 —-1171 —1346 —1488 —1589 —164.1 306
RbCI —-6.7 —-145 —-323 515 —70.2 —-87.3 —1021 —1143 —1243 —133.0 —141.7 306
CsCl —-6.4 —127 —-265 —416 579 —74.9 -91.7 —-107.3 —1204 —129.2 —1319 306
AgCl —-103 —-204 374 514 —63.6 —74.9 —85.9 —-96.8 —107.3 —117.0 —1249 306
AgBr —-155 —-295 510 —66.6 —78.9 —-89.8 —-1004 -111.0 -—-121.0 —129.2 —133.3 306
Agl -170 —-31.3 -546 —-732 —889 —-1028 —1155 1269 —136.2 —141.8 —141.7 306
NHgl —2.2 1.9 5.8 22.7 36.3 44.0 312
BusNBr 32.6 59.9 98.5 119.1 126.1 123.7 306

Table 62. A:S°(ion, w — w + DMSO)/kJ mol~%, 298.15 K, mol/L Scale, TPTB Assumption, as a Function of 100xpmso

ion 5 10 20 30 40 50 60 70 80 90 100
H* 15 16 5 —-19
Lit 13 14 9 -8 -19 -30 -37 —45 —45 —40 -35
Na* 8 8 2 —15 —28 —38 —47 —53 —57 —58 —57
K+ 6 6 -3 —26 —46 -57 —68 —76 -78 -79 —-82
Rb* 5 4 -2 —-25 —43 —60 —75 —84 —88 —87 —94
Cs™ 5 4 -3 —-22 -32 —46 —58 —68 —-73 -73 -71
Ag”" 5 -5 =21 —40 —58 —67 —-73 —71 —68 —66 —65
NH4* 15 25 38 55 70 84
BusN* 61 105 140 160 166 159
PhsP* 60 80 107 97 87 81 81 83 (87) (91) 91
Cl- -14 —-19 —-25 —-20 -10 -11 -11 —-16 —-22 -29 —-34
Br- -17 —23 —-30 —27 —-25 —29 -33 —41 —51 —61 —70
- -17 —-23 -32 —-32 -33 —40 —47 —56 —66 —74 -79
BPhy~ 60 80 107 97 87 81 81 83 (87) (91) 91

Table 63. AH°(MX, w — w + TMS)/kJ mol~?, 303.15 K, as a Function of 100xtus

MX AsnH® 5 10 20 30 40 50 60 100 ref
NacCl 3.89 —-2.72 —4.,55 —7.08 —8.41 —8.90 —8.92 —8.83 319
NaBr —0.59 —4.45 —7.26 —10.44 —11.93 —16.79 —19.43 —19.86 319
Nal —-7.53 —5.99 —-10.34 —15.82 —18.47 —26.65 319
NaClO,4 13.89 —6.07 —-10.91 —-17.57 —21.43 —-30.70 319
NaBPh, —19.96 1.72 —8.37 —15.83 —20.21 —24.19 —27.77 —30.94 —25.65 319
KCI 17.20 —-4.61 -7.77 —11.88 —13.93 —-18.35 319
KCIO, 51.04 —8.09 —14.33 —22.69 —27.27 —38.33 319
Ph4PBr 10.42 3.39 0.16 —3.56 —4.97 —6.43 —7.93 —9.48 -3.01 319

Table 64. AH°(ion, w — w + TMS)/kJ mol~%, 303.15 K, as a Function of 100xtms
ion MX data 5 10 20 30 40 50 60

Na* NaBPhy -3.1 —-7.9 —11.4 —13.6 -17.3 —19.6 —20.7

K+ KCI —4.9 —-11.1 —-16.1 —-19.1 —30.2

PhsP* Ph,PBPh, 4.8 -0.5 —4.5 —6.6 —6.9 -8.1 —-10.3

Cl- NacCl 0.3 3.3 4.3 5.2 8.4 10.87 11.8

Br- Ph,PBr —-1.4 0.6 0.9 1.6 0.5 0.2 0.8

- Nal —-2.9 —2.4 —4.5 —4.9 —6.0

ClO4~ NaClO, -3.1 -3.2 —6.5 -8.2 -8.1

BPhy~ Ph,PBPh, 4.8 -0.5 —4.5 —6.6 —6.9 —19.6 —20.7

TMS (Table 64). No entropy data have been reported

in this system.

V. Discussion

A. Transfer Energetics

1. Energetics of Solvent Replacement

It is convenient to divide the surroundings of an
ion into two regions: (i) the near-neighbor solvent

molecules that occupy the coordination or first sol-
vation shell of the ion and (ii) the remaining solvent
molecules beyond the coordination sphere.

The interaction of an ion with the solvent molecules
in its coordination shell is primarily an acid—base
(acceptor—donor) interaction, with cations interacting
strongly with basic (strong donor) solvents such as
DMSO or the amides and anions with acidic (strong
acceptor) solvents such as water or the alcohols. This
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is born out by the single-ion transfer enthalpies for
cations between water and the neat solvents, which
are negative to strongly basic solvents such as
DMSO, DMF, and HMPT (donor numbers 30, 27, and
39, respectively™) but positive to weakly basic sol-
vents such as AN (donor number 14). Similarly, the
transfer enthalpies of anions from water to (neat)
aprotic solvents such as DMSO, DMF, and AN
(acceptor numbers 19, 16, and 10, respectively) are
strongly positive, while those to the lower alcohols
(with acceptor numbers of ~40) are less positive or,
in the case of large anions, even slightly negative.
In addition, there are significant effects from soft—
soft interactions,3?® most strikingly in the cases of the
d® ions (such as Ag"), which have large negative
transfer enthalpies to AN.

In mixed solvents, the possibility of preferential
solvation arises; that is, the composition of the
coordination sphere of the ion may differ from that
of the surrounding bulk solvent. In the simplest case
the ion will be preferentially solvated by the compo-
nent with which it interacts more strongly and the
transfer enthalpy is then determined largely by the
composition of the coordination shell as

AH°(ion, A — A+B) = xg"AH°(ion, A — B) (25)

where xg- represents the local mole fraction of
component B, i.e., in the coordination shell of the ion.

The difference in composition between the coordi-
nation shell of the ion and the bulk solvent also leads
to an unfavorable entropy of transfer. In effect this
is an entropy arising from demixing of the solvent
and has the form

AS°(ion, A— A+B) = —n,R In(x,"/x,) —
ngR IN(xz"/xg) (26)

where na and ng are the numbers of molecules of
components A and B in the coordination shell of the
ion.

These relationships take no account of changes in
solvent—solvent interactions nor of changes in the
interactions of coordinated solvent molecules with the
surrounding medium. They also take no account of
changes in the permittivity of the solvent, although
this could be readily included. The applicability of
these relationships has been demonstrated for ions
in simple mixtures of nonaqueous solvents.3?1:322

In more complex mixed solvents, solvent—solvent
interactions are composition dependent, which will
affect the standard transfer enthalpy and entropy.
Thus, considering the enthalpy, an ion occupies a
cavity in the solvent in which it is surrounded by
some number, n, of solvent molecules, each of which
will have broken some fraction, a, of its solvent—
solvent interactions. This will make an endothermic
contribution, —anAH®* (where AH* is the enthalpy
of solvent—solvent interaction) to the enthalpy of
solution. In a mixed solvent the cavity is surrounded
by na and ng molecules of components A and B. The
transfer enthalpy from pure component A to a
mixture of A and B will then contain a contribution
from changes in the enthalpy of cavity formation as

Hefter et al.

A¢caH(iON, A — A+B) =
—0pNpAHA* — agNgAHG™ + 0,° N ° AHL* (27)

where the superscript o refers to values in pure
solvent A.

The ion may influence the interactions between
solvent molecules, for example, by strengthening or
weakening hydrogen bonds between them. If it is
assumed that the effect on solvent—solvent inter-
actions is some fraction g of the solvent—solvent
interaction enthalpy, then the transfer enthalpy
arising from solvent reorganization can be written
as

At reorgH(ion, A — A+B) =

_ﬁANAAHA* - ﬁBNBAHB* + ﬁAONAo AHAO* (28)

where N (= n) represents the number of solvent
molecules affected and f is the average proportional-
ity constant (note 3 is negative if solvent—solvent
bonds are strengthened). Logically, cavity formation
and solvent reorganization will also make contribu-
tions to the transfer entropy. These have forms
similar to those of eqs 27 and 28.

Making the assumptions that «, 3, n, and N are
the same for both components of the mixture and are
composition independent leads to eqs 29 and 30 for
the transfer enthalpies and entropies

AH°(ion, A — A+B) = xg"AH°(ion, A — B) —
(o n + AN)(Xa L + x5 Lg) (29)

AS°(ion, A — A+B) = xg"A,S°(ion, A — B) —
(o n + BN)(Xs"AS, + x5 ASp)

—NR[x,"In(x,"/x,) + x5 In(xg"/xz)]  (30)

In eqs 29 and 30, L; and AS; are, respectively, the
partial molar excess enthalpy and entropy of com-
ponent i in the mixed solvent. These equations have
been discussed in detail elsewhere®??=324 |n the
present case, they are written retaining x- to make
clear their inter-relationships; in previous work the
xit values were calculated from the solvent composi-
tion, using a simple mass action treatment

(Ne/Na) = P(Xg/Xp)
which gives
X" = Xal(X4 + PXg) and xg= = pxg/(X, + pxg) (31)

This has been demonstrated to hold for electrolytes
in aqueous methanol systems, where the transfer
enthalpies and entropies were fitted to eqs 29 or 30
assuming that the ions are randomly solvated. The
case of random solvation is particularly straight-
forward since, for example, eq 29 reduces to

AH°(ion, A— A+B) =
XgAHe(ion, A — B) — (o n + AN)AHE (32)

where AHE is the excess enthalpy of mixing of the
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Figure 11. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, of Nal at 25 °C from water into agueous mixtures
with various alcohols: ® MeOH, a EtOH, B 2-PrOH. Lines
are calculated via eq 32,; see text.

solvents at composition xg. In the aqueous alcohol
systems a number of 1:1 electrolytes follow eq 32,
suggesting that they are randomly solvated. This is
illustrated in Figure 11, which shows the fits to eq
32 of the A{H*° values for Nal in aqueous methanol,
ethanol, and 2-propanol.

2. Entropy—Enthalpy Compensation

The question of entropy—enthalpy compensation,
when significant changes in the entropies (TAS®) and
enthalpies (AH®) accompanying a chemical process
largely cancel each other, leading to relatively small
changes in the corresponding Gibbs energies (AG®),
has been studied for many systems and types of
processes. Examples of this effect have been reported
for protein unfolding, protein—DNA interactions,
drug—acceptor interactions, chiral recognition, su-
pramolecular host—guest chemistry, and surfactant
micellization, and it has also been used for under-
standing chromatographic separations. Some recent
references to such studies include those in refs 271
and 325—334. It should also be noted that when
entropy—enthalpy compensation occurs, even though
the changes in AG® are much smaller than those for
AH°® and TAS® they may still have significant chemi-
cal impacts.

The transfer of electrolytes and ions from water to
aqueous—organic solvent mixtures may also exhibit
such compensation effects. Entropy—enthalpy com-
pensation for the transfer processes must usually be
sought at reasonably high values of xs since, by
definition, A{Y° = 0 at xs = 0 and the values of A;Y®°
at low xs are generally small for electrolytes contain-
ing relatively small ions. An exception to this may
occur when large ions are involved, as the magni-
tudes of A;Y° for electrolytes containing such ions
may be large even at very low xs. However, because
the effects for cations and anions may be quite
different (see below), it is more appropriate to look
for compensation effects with respect to the transfer
of individual ions rather than of electrolytes.
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Figure 12. Entropy—enthalpy compensation (A{H°® and
TAS°® at 25 °C, in kJ mol™?) for the transfer at 25 °C of
Na* from water into aqueous mixtures of various sol-
vents: @ MeOH, A EG, v DMF, B AN.

The behavior of differing ions is quite diverse.
Figure 12 demonstrates that entropy—enthalpy com-
pensation does indeed take place for small cations
such as Na* in many solvents. Such effects are most
evident for transfer between water and aqueous EG,
where the magnitude of A;G° (<2 kJ mol™?) is much
smaller than those of AiH° and TAS° (which are as
large as —20 kJ mol™t). Comparable effects are
obtained for small cations in other protic solvents,
such as MeOH, and in aprotic solvents, such as DMF
and AN. Similar trends are also noted for larger
monatomic cations, such as Cs™ (see for example the
data available for MeOH, DMF, and AN) and likewise
for Me4sN™, where the entropy—enthalpy compensa-
tion is pronounced in the three solvents for which
data are available. For the larger BusN*, some
compensation takes place at low xs but the entropy
and enthalpy diverge significantly at higher xs, with
the (positive) entropy contribution being considerably
higher than the (positive) enthalpy contribution,
thereby producing appreciable (negative) A:G° values.

On the other hand, quite different trends are noted
for the monatomic anions, such as Cl~ (plotted in
Figure 13). The mostly negative values of TA:S° for
Cl~ are much larger in magnitude than the mostly
positive AH° values, especially for aqueous—AN
mixtures. Similar although somewhat smaller di-
verging effects are observed for I-. For the much
larger BPh,~ anion (and necessarily, according to the
extrathermodynamic assumption employed, for the
large cations Phs,P™ and PhjAs"), the invariably
positive TAS° values are considerably larger in
magnitude that the AH° values. Thus, for anions and
very large cations (at least at high xs) the entropies
and enthalpies of transfer diverge and little entropy—
enthalpy compensation is apparent.

The interactions that take place when an ion i is
transferred from highly structured water to an aque-
ous—organic solvent mixture having its own struc-
ture, are very complex. Such interactions include the
breaking (subscript b) of direct ion—water bonds and
making (subscript m) of direct ion—organic solvent
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Figure 13. Entropy—enthalpy compensation (AH° and
TAS® at 25 °C, in kJ mol~?) for the transfer of CI~ from
water into aqueous mixtures of various solvents: @ MeOH,
v DMF, B AN.

bonds as well as the formation of new water—water
H-bonds and the breaking of solvent—solvent attrac-
tive interactions and the affecting (subscript af) of
any solvent—water interactions in the vicinity of the
ion. Therefore, the enthalpies of transfer can be
considered as being made up of the following five
terms

AH® = A H+ A o H+ Ay oH +

Ab,s—sH +Aaf,w—sH (33)

m,i —s

These terms have +ve, -ve, -ve, +ve, and unknown
signs, respectively. It is expected that the sum of the
first two terms may often be negative, but the value
of this sum relative to the sum of the remaining three
terms may make the overall A(H® either positive or
negative, depending on the ion i and the solvent s.
Similarly, the entropies of transfer can be written
as a sum of terms for all the processes that occur

AS®=Ap; WS+ Ani S+ AnwaS+

Ab,sfsS +Aaf,wfss (34)

m,i —s

where the signs of the terms should be the same as
those of the enthalpies, except that the breaking of
solvent—solvent interactions usually has a relatively
small entropy (since nearly all the solvents are less
structured than water). It should be possible to
distinguish between the entropy changes of hydro-
phobic and hydrophilic ions. The former should have
a large positive value of Api-wS because of their
hydrophobic hydration and a smaller negative Ani-wS,
so that the sum of these two terms should be positive.
As An,i-sS would also be relatively small for these
large ions, the overall value of A(S° should therefore
be positive. For hydrophilic ions, on the other hand,
the entropic effects of the water molecules released
upon breaking their i—w bonds are largely counter-
balanced when these molecules join the structured
bulk water, i.e., Api-wS + Anw-wS ~ 0. The dominant
entropy term is therefore the moderately negative
contribution from Ap,i-sS.
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Because of the complexity of these effects, it is not
possible at present to compare the overall TA:S® and
A{H° values and predict whether entropy—enthalpy
compensation or divergence should take place, based
on the properties of the ions and/or of the solvents.
However, it is clear that, contrary to early asser-
tions,%3 the phenomenon of entropy—enthalpy com-
pensation is not characteristic of solutions in water
nor due exclusively to its structuredness but is
manifested in rather unstructured mixed aqueous—
organic solvents and even in neat organic solvents.
For example, the transfer of Cs* from water into AN
or high xan mixtures of AN with water (which
exhibits compensation) contrasts with that of CI-
(which exhibits divergence). If leaving the structured
aqueous environment by the ions were the dominant
factor, both ions would show similar behavior. In-
deed, complexation reactions in nonaqueous AN and
DMF, for example, have recently been shown to
exhibit entropy—enthalpy compensation.33

B. Behavior of Specific Systems
1. Protic Solvents: Alcohols

The shape of the A{H°(ion, w — w + ROH) VS Xron
curves depends on the properties of the ions, on one
hand (discussed further below), and on those of the
aqueous—organic mixed solvents, on the other. The
alcohols, in addition to accepting H-bonds from water,
are also capable of H-bond donation: to other alcohol
molecules, to water, and to anions. This characteristic
distinguishes them as a class (along with the non-
and monosubstituted amides) from other water-
miscible solvents. The alcohols are, however, weaker
H-bond donors than water, with their donor strength
(for example as measured by the Kamlet—Taft o
parameter) decreasing in the order methanol >
primary > secondary > tertiary alcohol. On the other
hand, the ability of ROH to accept H-bonds (e.g., as
measured by the Kamlet—Taft § parameter) in-
creases in the reverse order.”*

These statements pertain to the neat solvents, so
the question arises as to whether the properties of
the agueous mixtures change in proportion to their
composition. In fact, they do not: a gradual increase
of a and a decrease of 3 is observed when water is
added to 2-PrOH or t-BuOH. However, a steep
increase in a and a steep decrease in 5 are noted at
Xw > 0.95 for 2-PrOH and 0.975 for t-BuOH.23° This
means that for X,—pron < 0.050 and Xi-guon < 0.025
the H-bonding properties of the mixtures change
rather abruptly. Smoother changes are noted for
aqueous EtOH and agueous MeOH, for which the o
VS Xs curves have a shallow minimum and 3 changes
gradually as a function of xs.3*° These facts are
applicable to the A{H°(ion, w — w + ROH) curves,
where for cations it is the g and for anions the a of
the mixtures that would be the major factors in-
volved,3%2 provided the ions are affected in the same
manner as the solvatochromic indicators used for the
measurement of these parameters. This presumption,
which underlies the attempts to develop ‘universal’
scales of donor and acceptor strength, is by no means
self-evident.
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A further aspect that is important for the aqueous—
alcohol mixtures is the reputed water structure
enhancement caused by low concentrations of the
alcohols. This effect was invoked by Franks and
Ives®* to explain the behavior of several thermody-
namic properties of these mixtures, such as their
excess enthalpies and partial molar volumes. Sub-
sequently, this phenomenon has been used to account
for other thermodynamic, transport, and spectro-
scopic properties of these mixtures.340342343 More
recently, computer simulations using molecular dy-
namics calculations have confirmed the enhancement
of the water H-bonding in dilute aqueous mixtures
with alcohols.?** This enhanced H-bonding is not
necessarily reflected in the structure of the water in
these mixtures, for example, as represented by the
monodimensional radial distribution function ob-
tained by, i.e., neutron diffraction,®*® but is clearly
reflected in the spatial distribution functions.*¢ The
enhanced water structure in these mixtures is analo-
gous to that of heavy water, for which the A{H°(ion,
H,O — D,0) data have been reported and analyzed
by Friedman and Krishnan.?*” The values for the
alkali metal ions as well as MesN™*, Et;N*, Br—, and
I~ are positive, generally increasing with ion size
(except for Et4yN™). Those for the larger tetraalkyl-
ammonium ions as well as F~ and CI~ are negative.
Further aspects of this analogy are given under the
discussions of these groups of ions below.

2. Dipolar Aprotic Solvents

The remainder of the solvents for which A(H° data
are available are dipolar aprotic, i.e., they have no
proton that can be donated toward the formation of
a hydrogen bond but do have a fairly large dipole
moment. (Exceptions are FA and UR that are not
aprotic and DX that has a low net dipole moment.)
Furthermore, many of these solvents have high
electron-pair donicities (in many cases higher than
that of water) as measured, for example, by the
Kamlet—Taft solvatochromic parameter 5.7 These
characteristics make them good solvating agents for
cations due to ion—dipole interactions and, ulti-
mately, to coordinative bonds with divalent and
higher valent cations. By the same token, they are
poor solvating agents for anions, lacking the ability
to donate hydrogen bonds to them and also because
the positive end of their dipoles (the electron density
acceptor site) is generally far from the outer edge of
the van der Waals envelope of the solvent molecule.

However, since only completely water-miscible
solvents are dealt with in this review, they are
hydrophilic and interact with the water in the aque-
ous mixtures, accepting hydrogen bonds from it. The
electron pair donicity (hydrogen bond acceptance), f3,
and hydrogen bond donating ability, a, have been
measured for aqueous mixtures with several dipolar
aprotic solvents.?*® The  values increase gradually
with increasing Xs, though not linearly, from that of
water to that of the cosolvent (or have a broad
maximum in the cases of THF and pyridine) without
notable features. The a values decrease from that of
water to zero as X is increased, with an initial larger
negative slope up to xs ~ 0.3 and a more moderate
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slope beyond this. In a few cases (THF, AN) the a
values have a plateau at intermediate xs values before
going more steeply down to zero. This plateau has
been interpreted as indicating the occurrence of
microheterogeneity in these mixtures,3*° see section
V.B.3. Note that the o and 5 values pertain directly
to the solvatochromic indicators used for measuring
them. As noted above, it is only by implication that
they also apply to ions and other solutes.

In any case, the cations must compete with water
molecules for the electron pair donating sites on the
dipolar aprotic solvents in the mixtures. Anions must
compete in these mixtures with the cosolvent mol-
ecules for the hydrogen bonding water molecules. It
is the balance of the competing abilities of the species,
relative to the situation in purely agueous media,
that determines whether AH° is positive or negative.

A further aspect that should be considered with
respect to the A¢H° of the larger ions, which break
the water structure®®® or have extensive hydrophobic
hydration3 in aqueous solutions, is whether (in
water-rich mixtures with dipolar aprotic solvents) the
water structure is unaltered, enhanced, or broken.
The evidence concerning this issue is not very clear:
apparently conflicting results from various methods
of measurement and computer simulations having
been reported. It is generally accepted that at very
low X; (at least the smaller) cosolvent molecules can
fit into the open spaces in the low-density tetrahedral
hydrogen-bonded water structure. As Xs increases
beyond ~0.02, these spaces are no longer sufficiently
available and the dipoles of the cosolvent molecules
orient the water molecules in a manner that is
incompatible with this structure. Hence water-
structure breaking by the cosolvents takes place, as
was found by low-frequency Raman spectroscopy?3>?
for aqueous AC at xs < 0.06, by molecular dynamics
computer simulations®® for agueous DMSO at xs =
0.04 and 0.2, and various methods3*° for aqueous AN
at xs = 0.2. The consequences of this structure
breaking, if it is general for the dipolar aprotic
solvents, for the AH° of various classes of ions are
discussed further below.

3. Microheterogeneous Mixtures

Certain organic solvents, though completely mis-
cible with water at 298 K, split into two liquid phases
at higher or lower temperatures. Thus, aqueous—AN
mixtures have an upper critical solution temperature
of ~272 K, whereas aqueous—triethylamine mixtures
have a lower critical solution temperature of ~290
K. In addition, aqueous—organic mixtures at 298 K
may also show microheterogeneity.3>* Such mixtures,
although being macroscopically a single liquid phase,
have microscopic regions where one or another of the
components is dominant. The existence of such
domains is consistent with X-ray and neutron dif-
fraction studies®®®3% in a number of aqueous—
organic mixtures including (w + AN). The presence
of microheterogeneity in (w +AN) is also consistent
with light-scattering experiments®! and can be in-
ferred from other kinds of data, including NMR
chemical shifts, tracer diffusion, reaction Kinetics,
wavelength shifts of probe absorbances, and the
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thermodynamic functions of mixing.®** Such data
show that there are extensive regions of composition
of the solvent mixtures where the variation of these
functions is minimal. This is interpreted in terms of
there being domains of predominance of one or
another of the components with substantially invari-
ant composition, even though the relative amounts
of these domains may depend on the overall solvent
composition. Mixtures of w + AN are an example of
such a system. Such mixtures have been studied by
a great variety of methods, leading to a congruent
conclusion about the occurrence of microheterogene-
ity, though not about the exact composition limits
between which it exists.3*° In such systems, molecules
of one component, i.e., water, tend to be surrounded
by molecules of the same type (water in this case) to
the essential exclusion of the other component. That
is, molecular level domains are formed where mol-
ecules of one of the components of a solvent mixture
are surrounded mainly by molecules of their own
kind. At the boundaries between such domains,
individual molecules of the two components mix more
freely. Of course, such boundaries are diffuse and
changing dynamically.

The local environment of a molecule of a given kind
in binary solvent mixtures may be established via
Kirkwood—Buff integrals, calculated from the ther-
modynamic excess functions of mixing.3° The result-
ing data, either of the local mole fraction of, i.e., water
around a water molecule, xww'", or the preferential
solvation parameter, Axww) = Xww)" — Xw, are large
and positive when preferential solvation takes place;
hence, the deficiency of water molecules around a
cosolvent molecule, Axys), is large and negative.
Preferential solvation studied by the use of Kirk-
wood—Buff integrals confirms evidence from other
sources that 1-PrOH, 2-PrOH, t-BuOH, THF, DX,
and AN have microheterogeneous composition
ranges.3®

4. Transfer of Alkali Metal Cations

The AdH°(M*, w —w + ROH) vs Xron CUrves, where
MT is an alkali metal cation (Li*" to Cs*) and ROH is
MeOH, EtOH, 1-PrOH, 2-PrOH, t-BuOH, and EG,
show broad similarities that are largely independent
of the cation. Typically, these curves show an initial
maximum of 2 to 10 kJ mol~! at low Xron, followed
by a general decrease to ca. —10 to —20 kJ mol™2.
The position of the maximum depends on the alcohol
but not on the cation. On the other hand, the
magnitude of the maximum depends mainly on the
alcohol but also decreases somewhat from Li* to Cs™.

The characteristics of the maximum vary system-
atically among the alcohols. Thus, its position de-
creases from xgony ~ 0.33 for MeOH to ~0.14 for
EtOH and ~0.10 for 1-PrOH. A similar trend is
observed for the series of methyl-substituted car-
binols: MeOH, EtOH, 2-PrOH, and t-BuOH. Such
effects are illustrated in Figure 14 for K*. The
magnitude of the maximum increases in the sequence
MeOH < EtOH ~ 2-PrOH (for K*, the only cation
for which reliable data are available in this solvent)
< t-BUOH. However, the maximum for 1-PrOH does
not fit this sequence, being too low. There is also a
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Figure 14. Standard molar enthalpy of transfer, A{H°/kJ
mol~1, of K at 25 °C from water into aqueous mixtures of
various alcohols: ® MeOH, a EtOH, B 2-PrOH, v t-BuOH.

general dependence of the height of the maximum
on the cation, with Na* > K* > Rb* > Cs™ and a
range of ~2 kJ mol~1. However, Li* > Na* for MeOH
and EG but Li™ < Cs* for the other alcohols for which
the data are available. The values of A(H°(M*, w —
w + ROH) for transfer at high xgon and to the neat
cosolvent show a clear-cut reversal with Lit < Na*
< K" < Rb* < Cs*.

Formamide is a highly structured protic solvent,
and the shape of the AH°(M™, w — w + FA) VS Xga
curves resemble those of the highly structured EG,
although the maximum is somewhat higher and
occurs at a lower xs, The curve for Cs* transferring
into aqueous FA has no maximum, in common with
that for EG. The ordering of the cations at low Xg, is
the same as for the alcohols, but no crossovers occur
at high xga. The curve for Li* in FA shows an unusual
trend, which is not observed for the alcohols. At low
Xea, LiT < Na' but AH°(Lit, w — w + FA) curves
upward nearing neat FA.

The dipolar aprotic (DPA) solvents AN, DMF,
DMA, HMPT, and DMSO have A(H°(M*, w — w +
S) VS Xs curves that are similar to each other and also
resemble those for the alcohols. Thus, a maximum
occurs near xs =~ 0.05, its height increasing from ~2
kJ mol~! for DMSO to ~7 kJ mol~! for HMPT. The
ordering of the curves for the alkali metal cations at
low xs is again Na™ > K* > Rb* > Cs*, with Lit >
Na® in w + AN but with Lit < Cs* for transfer to
aqueous HMPT and DMSO (no data are available for
DMF and DMA). The reversal of the order of the
alkali metal ions noted for the alcohols is repeated
for HMPT but not for the other DPA solvents.
Agueous HMPT and AN mixtures have an additional
feature in that the values of AH°(M™, w — w + s)
are nearly constant over a wide composition range,
before turning slightly upward as xs — 1. The
(relatively sparse) data available for THF, DX, and
TMS are unusual in several ways. The curve for THF
follows a course similar to that noted for the other
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DPA solvents, but the maximum, still at xs ~ 0.05,
is considerably higher, at ~16 kJ mol~*. The curves
for DX and TMS, however, have no maximum for no
discernible reason except perhaps the inadequacy of
the available data.

For all the cosolvents for which transfer data from
water to the neat solvents are known, the A(H°(M™,
w — s) values are negative, on the order of —10 to
—40 kJ mol~2. This effect is more easily understood
by considering the reverse transfer, i.e., from the neat
cosolvent to water. Such a transfer clearly involves
an appreciable positive enthalpy change. The donor
atom of all the cosolvents for which data are currently
available is oxygen, with the exception of AN. The
more bulky solvents, such as HMPT and t-BuOH,
have larger donicities (expressed for example by the
Kamlet—Taft g parameter) than water, but there will
be fewer of them around a small ion. Hence, for the
transfer of M* from s — w, the terms Ani-wH and
Api—sH in the reverse of eq 33 largely cancel each
other. Furthermore, for the s — w transfer Axsw—sH
is necessarily zero and An, s—sH would be expected to
be small for solvents with no or little structure. The
remaining term, Apw-wH, then carries the burden of
explaining the observed positive A(H°(M*, s — w)
values. The commonly accepted explanation is that
this term arises from the energy that has to be
invested to create a cavity to accommodate the ion
in highly H-bonded water. The more strongly H-
bonded the aqueous solvent, the more positive A:H °-
(M*, s — w). Therefore, if the water structure is
enhanced relative to that in neat water (e.g., as is
the case for D,0),? then A(H°(M*, s — w + s) will be
greater than A{H°(M*, s — w). That is, a maximum
in the A(H°(M™, s — w + s) curve should be observ-
able at or near the value of xs at which the structure
is maximally enhanced in enthalpic terms, as is in
fact found.

The more or less horizontal portions in the A{H°-
(M*, w — w + s) curves for AN and HMPT noted
above possibly originate from microheterogeneity.
This phenomenon is well established for w + AN
mixtures34® and would not be unexpected for HMPT
with its six methyl groups, despite its high polarity.
This effect is more fully described with respect to the
behavior of the R4N* ions below.

Entropy curves AS°(MT, w — w + S) vs X are
available for fewer solvents than for the correspond-
ing enthalpies, but they follow rather similar pat-
terns. Most show a positive maximum at the same
Xs Values as the enthalpy curves and then go on to
rather negative values: from —70 to —130 J K!
mol~1. This general behavior pattern can be under-
stood along the lines described above for the enthal-
pies. Again, it is useful to consider the s — w transfer.
When an ion is transferred from a cosolvent to water,
it is necessary to create a cavity to accommodate the
ion in the structured water. This results in a net
destruction of (hydrogen) bonds with an increase in
randomness, and thus, AS°(M*, s — w) will be
positive. When the transfer is to an aqueous—solvent
mixture with enhanced water structure, the increase
in entropy is larger and a maximum in the curve is
observed. The A;S°(M*, w — w + MeOH) curves for
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the heavier alkali metal cations have a shallow
minimum at Xweon &~ 0.1, i.e., at lower cosolvent
compositions than those corresponding to the maxi-
mum. This minimum is much more clearly discern-
ible in the A;S°(M*, w — w + t-BuOH) curves, where
it corresponds with the minimum in the A{H° curves.
This extra minimum is difficult to understand and
may simply be a reflection of the more comprehensive
data available for t-BuOH at very high dilutions, cf.
other solvents.

5. Transfer of Tetraalkyl/Phenylonium lons

The systematic effects of ion size on the transfer
thermodynamics of ions from water to aqueous—
organic mixtures are well illustrated by means of the
standard molar enthalpies of transfer of the tet-
raalkylammonium cations, for which a reasonably
comprehensive body of data exists. The plots of A(H°-
(R4N*, w — w + s) vs xs for MesN™, EtyNT, PryNT,
BusNT, and, where available, also PesN*t, Hx;N*, and
Hps;N* are essentially parallel and become increas-
ingly endothermic along this series. All A(H°(RsNT,
w — w + s) curves show a maximum in all solvents,
except for Mes,N™ transferring into aqueous 1-pro-
panol. The value of xs at which this maximum occurs
increases with the size of the cation, e.g., from 0.14
(Me4N™) 10 0.19 (BuyNT™) for EtOH, from 0.04 (Me4NT™)
t0 0.10 (HpsN™) for AN, and from 0.09 (Me;N™) to 0.23
(Pe4N™) for DMF. The AH° of all R4N™ larger than
Ety,N* are positive at all xs but A(H® is negative at
high xs for the transfer of Me,N* and Et;N* into most
solvents.

Transfers of R4,N™ into MeOH and DMF are, apart
from the initial maximum, largely featureless; the
small fluctuations and inflections probably reflecting
uncertainties in the data. However, transfers of RyN*
into aqueous 1-PrOH and (to a lesser degree due to
the incomplete database) EtOH show an incipient
second maximum. This second maximum is fully
developed for transfers into aqueous AN. Its location
is somewhat dependent on the cation size, Figure 7,
shifting from xan ~ 0.9 for MesN* to xan =~ 0.8 for
Hx;N* (although BusNT is aberrant). This feature of
the AH°(R4N*, w — w + s) vs Xs curves may be
related to solvent microheterogeneity (section V.B.3),
which is well documented®®-3%° in aqueous—AN
mixtures for the region 0.25 < xan < 0.75. Where
microheterogeneity exists, AH° might be expected
to change only slightly with x., since although the
relative amounts of the microphases vary, their
compositions probably remain nearly constant. The
Hp4N* ion, for which A{H® increases steadily (by ~20
kJ mol~?) over the region 0.25 < xan < 0.75, does not
fit this pattern of behavior. This is probably because
this very large ion disturbs the (solvent) composition
balance when it distributes between the two mi-
crophases.

The range of xs for which data for AH°(R;N*t, w —
w + s) exist for transfer to aqueous t-BuOH and DX
is short (X < 0.14 and 0.20, respectively), but the
same features are observed for these solvents. These
features include an essential parallelism of the
curves, an increase in A{H° with increasing ion size,
a shift of the maximum with ion size, from 0.05
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((Me4N™) to 0.07 (PesN*) in t-BuOH and from 0.05
(MesN*) to 0.10 (Hx4sN*) in DX, and an incipient
second maximum in DX and for Pe4sN* in t-BuOH.
For the other solvents there are data only for one ion,
either MesN* or BusN™, so that no systematic pattern
can be discerned. Nevertheless, the values of A{H°
for these ions follow closely those for other solvents.

It is generally accepted that the addition of small
amounts of alcohols having significant hydrophobic
character enhances the structure of the remaining
water: the more hydrophobic the alcohol, the larger
the enhancement and the lower the alcohol concen-
tration that produces maximal enhancement.341-343346
Further, it has been argued above (section V.B.2) that
addition of a typical DPA cosolvent to water (partly)
destroys the water structure. Despite this difference,
the values of A(H°(R;N*, w — w + s) are invariably
positive, at least for the larger R4N™ ions, and there
is little difference in the size or position of the
maximum regardless of the solvent. This effect is
consistent with cosolvent molecules interacting, via
van der Waals forces, with the alkyl chains of the
(larger) R4N* ions, thereby disrupting the hydropho-
bic hydration sheath that would otherwise exist
around the alkyl chains. Thus, regardless of whether
the cosolvent is water structure enhancing or break-
ing, there is a net loss of w—w H-bonding in the
hydrophobic solvation sheath around the R4N™ ions.
The longer the alkyl chains, the greater their surface
area and hence the extent of their solvation sheath
and thus the greater the endothermic effect. These
results contrast with the values reported for A¢H®°-
(RsN*, w — D,0) where for R = Pr the enthalpy of
transfer is negative.®*” This is because in D,O there
are no cosolvent molecules to interact with the alkyl
chains and break up the solvation sheath. Clearly
there are subtle balances among these various effects
that cause the maximum in the curves to depend on
the solvent.

The ‘tetraphenyl’ ions, Ph4P*, PhyAs®, and BPh,™,
have the same values of A{H° for transfer to a given
solvent mixture, according to the extrathermody-
namic assumption adopted here. The sizes of these
ions, ~0.42 nm, are similar to each other and to
Bu;N™, 0.41 nm.! The tetraphenyl ions might there-
fore be expected to show AH° values similar to those
of BuyNT, if the ion size and its hydrophobic nature
were the only considerations. At low xs the AH°
values of the tetraphenyl ions are invariably positive
and show the characteristic maximum. This maxi-
mum generally occurs at appreciably lower cosolvent
concentrations than for the R4yN* ions (xs ~ 0.4 for
DMF, DMA, and DMSO but as low as xs ~ 0.15 for
AN, HMPT, and TMS). In contrast to the larger R;N™
ions, the values of A{H° for the tetraphenyl ions are
usually negative at higher xs. This is most likely to
be a reflection of the much stronger (exothermic)
dipole-induced dipole forces that exist between the
very polarizable tetraphenyl ions and the cosolvent
dipoles. The protic solvents (ROH and FA), although
also highly polar, form hydrogen bonds among their
molecules and with water. These bonds are disrupted
by the presence of the large tetraphenyl ions; hence,
their A(H° values remain essentially positive up to
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the highest cosolvent concentrations. Consistent with
the extrathermodynamic assumption adopted in this
review, there does not appear to be any reason these
interactions should depend significantly on the sign
of the centralized charge on these large ions for either
aprotic or protic cosolvents.

The large hydrophobic R4N* ions show great simi-
larity between the shape of their AS° and AH° vs
Xs curves. Thus, little additional insight about the
interactions taking place can be obtained from the
entropy curves. However, the tetraphenyl ions have
positive A:S° to all solvent mixtures, contrary to their
A{H°. The slopes of the AS° vs Xqrg curves beyond
the maximum are only moderately negative, and for
some solvents a second maximum or an upturn at
higher xqg is found. The above-mentioned direct
solvent—ion interactions thus interfere with the
water—solvent or solvent—solvent interactions with-
out totally disrupting them, causing increases in the
entropy but allowing for negative enthalpies.

6. Transfer of Halide lons

At high cosolvent concentrations, in all the solvents
for which data are available, the values of A{H°(X",
w — w + s) for the halide ions become more endot-
hermic (less negative) with increasing xs. This effect
is most noticeable for CI~ (or F~ where such data
exist), with A{H° becoming very positive, and least
for 1=, for which AH° usually remains negative as Xs
increases. Thus, the trend in A(H°(X~, w —w + s) is
in the order F~ > CI~ > Br~ > I in all solvents. The
overall increase in A{H° is readily understandable in
terms of the loss of H-bonding when X~ is transferred
from water to the weaker H-bond donor (electron
acceptor) cosolvents. On the other hand, the large
anions strongly break the water structure®®® and thus
gain energy (A¢H° is negative) when they are trans-
ferred from water. Apart from this general trend,
there are significant differences between protic and
aprotic solvents with respect to their values of
AH°(X", w — w + s) and therefore they will be
discussed separately.

Typical protic solvents such as the alcohols (in this
respect FA and UR behave more like typical aprotic
solvents, see below) tend to enhance the structure of
water at low x; (section V.B.1). Thus, anions find it
harder to compete for H-bonds and A(H°(X~, w — w
+ ROH) goes through a small endothermic maximum
in the low xs region. This occurs at approximately the
same cosolvent compositions as for the alkali metal
ions (see previous section) but is somewhat smaller
in magnitude (<ca. 10 kJ mol™?%).

It might be expected that there would be a regular
variation of both the position and height of the
maximum in A(H°(X~, w — w + ROH) according to
the solvent. Systematic behavior is indeed observed
for thermodynamic properties such as the excess
enthalpies and volumes in w + ROH mixtures.3*2
While there is some pattern in the characteristics of
the maximum in AH°, exceptions are also observed.
For example, the propanols do not fit the sequence
established by the series MeOH, EtOH, and t-BuOH,
with respect to the position and height of their
maximum. Ethanol also has a lower maximum than
might be expected for such a sequence.
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The maximum in AiH°(X™, w — w + s) at low X is
followed by a minimum at higher cosolvent concen-
trations for both CI~ and Br~ but not necessarily for
I-. These observations reflect the competing effects
of enthalpy loss arising from the breaking of H-bonds
between X~ and water (partially compensated for by
the making of H-bonds with the weaker H-bond
donor ROH molecules) and the effects of (water)
structure breaking by the larger anions. As the size
of X~ increases, its propensity for H-bond acceptance
decreases and its structure-breaking proclivity in-
creases.

For the mixtures of DPA solvents (along with FA
and UR) with water, A(H°(X™, w — w + s) exhibits a
minimum at low xs for I~ and Br~ and, for most
solvents, Cl~ (data are not usually available for the
more difficult to measure F~). The depth of the
minimum follows the order I~ > Br~ > CI~ but shows
no apparent systematic dependence on the nature of
the cosolvent. Similarly, the position of the minimum
depends only slightly on the nature of X~ but varies
among cosolvents, apparently unsystematically, over
the approximate range 0.04 < xs < 0.15.

At higher xs, the values of A(H°(ClI-, w — w + s)
become positive, showing a broad maximum at xs ~
0.7. The corresponding data for Br~ are less positive
but also exhibit a broad maximum or at least a
plateau in most solvents. The values of AH°(I~, w
— w + s) remain negative (or, for some solvents,
become somewhat positive) but also usually show a
broad maximum before reaching the invariably nega-
tive values associated with transfer to the neat
solvent. It is noted that the deepest minimum, of ca.
—17 kJ mol~?, occurs for A(H°(Br—or I-, w — w +
THF) while the greatest maximum, of ca. 34 kJ
mol~1, occurs for AH°(CI~ or Br—, w — w + HMPT).

The initial minimum in AH°(X", w — w + s) in
aqueous dipolar aprotic mixtures can be explained if
it is assumed that these solvents have a water
structure breaking effect at low xs. Evidence for such
an effect has been obtained for AN + H,O from a
variety of measurements (ref 349 and references
therein), for DMSO + H,0 from molecular dynamics
simulations,®2 and for AC + H,0.%? If this structure
breaking is a general phenomenon of aqueous-dipolar
aprotic mixtures at low xs, an anion being transferred
from water will have less water structure to break
and more freely available water with which to H-
bond, leading to negative values of AH°(X~, w —w
+s).

This effect is opposite to that observed for the alkali
metal ions (see previous section) for which A(H°(M™,
w — w + s) show a small endothermic maximum.
This difference may be thought of as stemming from
the directional requirements of H-bonds between X~
and water molecules. Such bonds are effective only
when the X~---H---O bond angle is >150° and prefer-
ably fully straight (ref 366, p 19). On the other hand,
the directional requirements for alkali metal ion M-
-*OH; bonds are less. Thus, the transfer of an anion
from water to an aqueous-dipolar aprotic mixture will
produce an enhanced (more exothermic) interaction
with the ‘freed’ water molecules than would be
expected for a cation.
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C. Concluding Remarks

This review has shown that there is a considerable
body of data available that relates to enthalpies and,
to a lesser extent, entropies of transfer of electrolytes
from water to a variety of aqueous—organic mixtures.
Nevertheless, much remains to be done. Only a few
of the cosolvent systems investigated to date (MeOH,
EtOH, AN, and DMSO) can be considered as having
reasonable amounts of good quality data, and even
for these mixtures relatively few values have been
independently confirmed and there are often signifi-
cant gaps. Relatively little has been done on salts
containing cations of higher charge and almost noth-
ing is known about the corresponding anions. Of
course the accurate measurement of such data is not
trivial because of the effects of ion pairing and (for
the cations) hydrolysis. Similarly, very few studies
have been made on key ions such as F~ and OH".
More systematic studies are required for ions of
varying size, hydrophobicity, polarizabilty, etc., to
more clearly identify the relative importance of these
factors in determining the thermodynamics of ion
transfer.

Much more work needs to be done with respect to
determining entropies of transfer. The present situ-
ation is, however, not quite as bad as it appears. An
up-to-date critical review of the Gibbs energies of
transfer of electrolytes, comparable to that recently
published for cations,! would enable many entropies
to be calculated via the GHSE using the correspond-
ing enthalpy data presented here. Unfortunately,
such an undertaking was beyond the scope of both
the present and previous reviews.

Development of new methods for deriving single-
ion enthalpies and entropies of transfer that are not
based on the TATB/TPTB assumption would be
welcome. Of course, such assumptions should be at
least as chemically reasonable as that with which
they are to be compared. Along these lines, further
nonisothermal cell emf measurements on systems for
which good quality TA(P)TB data exist would be
useful to enable a more detailed comparison of these
two assumptions to be made.

Extension of the existing database to other solvents
would also be useful. Of most interest would be
solvents whose properties expand on those already
studied with respect to, for example, their donor/
acceptor properties, polarizabilty, ‘softness’, etc. The
goal of such studies would be to characterize the
contributions of such effects to the thermodynamics
of ion solvation. Of course, explanation of the often
complex thermodynamic effects that are observed
when ions are transferred from water to aqueous—
organic mixtures must ultimately be in terms of what
is happening at the molecular level. Spectroscopic,
theoretical, and computer simulation studies are
invaluable for such purposes.

Finally, it should not be forgotten that one of the
major underlying purposes for studying aqueous—
organic mixtures as solvents is to better understand
the behavior of water. It is well-known, but worth
repeating, that one of the best ways of appreciating
the remarkable properties of water as a solvent is to
replace it (wholly or in part) by another. Aqueous—
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organic mixtures provide a means of doing this in a
systematic and controlled manner.

VI. Acknowledgments

G.H. thanks Ezra and Eli Hefter for assistance
with literature searching and word processing and
Murdoch University for financial support.

VII. References

(0]
(©)

9)
(10)

(11)
(12)
(13)
(14)
(15)
(16)

an

(18)
(19)
(20)
(21)
(22)
(23)
(24

(25)
(26)

@7
(28)

(29)
(30)

(31)
(32

(39)
34

(3%)
(36)
@7
(38)
(39)
(40)
(41)
(42)

Kalidas, C.; Hefter, G. T.; Marcus, Y. Chem. Rev. 2000, 100, 819.
Marcus, Y. Pure Appl. Chem. 1985, 57, 1103.

Harned, H. H., Morrison, J. O.; Walker, F.; Donelson, J. G.;
Calmon, C. J. Am. Chem. Soc. 1939, 61, 49.

Moss, J.; Wolfenden, J. J. Chem. Soc. 1939, 118.

Slansky, C. M. J. Am. Chem. Soc. 1940, 62, 2430.

Feakins, D.; Watson, P. J. Chem. Soc. 1963, 4734.

Krestov, G. A.; Klopov, V. I. J. Struct. Chem. 1964, 5, 769; Zh.
Strukt. Khim. 1964, 5, 829.

Taniewska-Osinska, S.; Woldan, M. Acta Univ. Lodz., Folia
Chim. 1984, 3, 41.

Woznicka, J.; Bald, A. Thermochim. Acta 1993, 214, 195.
Pietrzak, A.; Nowicka, B.; Taniewska-Osinska, S. Thermochim.
Acta 1995, 265, 3.

Taniewska-Osinska, S.; Pietrzak, A. J. Chem. Thermodyn.1997,
29, 1333.

Safonova, L. P.; Egorova, I. V.; Krestov, G. A. Russ. J. Phys.
Chem. 1984, 58, 806; Zh. Fiz. Khim. 1984, 58, 1329.

Krestov, G. A.; Egorova, I. V.; Korolev, V. V. Russ. J. Phys. Chem.
1985, 59, 1381; Zh. Fiz. Khim. 1985, 59, 2327.
Taniewska-Osinska, S.; Piekarski, H.; Goralski, P. Acta Univ.
Lodz. Ser. 2 1979, (No. 31), 23.

Piekarski, H.; Piekarska, A.; Taniewska-Osinska, S. Can. J.
Chem. 1984, 62, 856.

Krestov, G. A.; Egorova, 1. V.; Trostin, V. N.; Ivanova, N. P. Russ.
J. Phys. Chem. 1979, 53, 139; Zh. Fiz. Khim. 1979, 53, 247,
VINITI, Doc. No. 1111-78.

Krestov, G. A.; Egorova, I. V.; Lyakushin, A. N.; Korolev, V. V.
Izv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1979, 22,
1223.

Krasnoperova, A. P.; Kern, A. P. Russ. J. Phys. Chem. 1991, 65,
474; Zh. Fiz. Khim. 1991, 65, 900.

Manin, N. G.; Krasnoperova, A. P.; Korolev, V. P. Russ. J. Phys.
Chem. 1996, 70, 545; Zh. Fiz. Khim. 1996, 70, 591.

Roy, R. N.; Swensson, E. E.; LaCross, G.; Krueger, C. W. Adv.
Chem. Ser. 1976, 155, 220.

Datta, J.; Kundu, K. K. Can. J. Chem. 1981, 59, 3149.
Piekarski, H. Can. J. Chem. 1986, 64, 2127.

Piekarski, H.; Tkaczyk, M. Thermochim. Acta 1987, 122, 377.
DeVisser, C.; Heuvelsland, W. J. M.; Somsen, G. Adv. Chem.
Ser. 1979, 177, 99.

Somsen, G. Pure Appl. Chem. 1993, 65, 983.

El-Harakani, A. A.; Sadek, H.; Abdou, A. M. Z. Phys. Chem.
1983, 264, 785.

Sinha, S.; Rudra, S.; Kundu, K. K. Indian J. Chem. 1993, 32A,
1

Privalova, N. M.; Solovev, S. N.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1977, 51, 454; Zh. Fiz. Khim. 1977, 51, 766.

Guha, P. K.; Kundu, K. K. Can. J. Chem. 1985, 63, 798.
Bury, R.; Mayaffre, A.; Treiner, C. J. Chem. Soc., Faraday Trans.
11983, 79, 2517.

Butler, R. A.; Bates, R. G. Adv. Chem. Ser. 1979, 177, 249.
Taniewska-Osinska, S.; Tkaczyk, M. Thermochim. Acta 1989,
141, 131.

Piekarski, H.; Waliszewski, D. Thermochim. Acta 1991, 190, 299.
Krestov, G. A.; Egorova, I. V.; Chistyakov, Y. V. Soviet Electro-
chem. 1978, 14, 1056; Elektrokhimiya 1978, 14, 1219.

Manin, N. G.; Korolev. V. P.; Krestov, G. A. Zh. Khim. Termodin.
Termokhim. 1992, 1, 27.

Panaetova, T. D.; Krasnoperova, A. P.; Lebedeva, L. T Russ. J
Phys. Chem. 1991, 65, 875; Zh. Fiz. Khim. 1991, 65, 1653.
Krasnoperova, A. P.; Panaetova, T. D.; Rubtsov, V. | Russ. J.
Phys. Chem. 1994, 68, 2043; Zh. Fiz. Khim. 1994, 68, 2246.
Taniewska-Osinska, S.; Tkaczyk, M. Thermochim. Acta 1993,
219, 105.

Monaenkova, A. S.; Raspopova, G. E.; Vorob'ev, A. F. lzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1979, 22, 823.
Konopleva, G. E.; Monaenkova, A. S.; Vorob'ev, A. F. Izv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1980, 23, 434.
Monaenkova, A. S.; Konopleva, G. E.; Vorob’ev, A. F. Tr.—Mosk.
Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1980, 111, 91.
Vorob'ev, A. F.; Monaenkova, A. S.; Konopleva, G. E. Izv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1980, 23, 702.

(43)
(44)
(45)
(46)
(47
(48)
(49)
(50)
(61)

(52

(53)

(54
(55)

(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)
(64)
(65)
(66)

(67)
(68)
(69)
(70)
(r1)
(72)

(73)

(74)
(75)
(76)
(77
(78)

(79)
(80)

(81)
(82
(83)

(84)
(85)

(86)
87

(88)
(89)

(90)
(91)

Hefter et al.

Monaenkova, A. S.; Konopleva, G. E.; Vorob'ev, A. F. Tr.—Mosk.
Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1982, 121, 87.
Monaenkova, A. S.; Alekseev, G. I.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1983, 57, 1323; Zh. Fiz. Khim. 1983, 57, 2173.
Vorob'ev, A. F.; Monaenkova, A. S.; Alekseev, G. I. Tr. Inst.—
Mosk. Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1987, 148, 3.
Monaenkova, A. S.; Alekseev, G. I.; Vorob'ev, A. F. Russ. J. Gen.
Chem. 1991, 61, 507; Zh. Obshch. Khim. 1991, 61, 560.
Yukhno, G. D.; Krasnoperova, A. P.; Yukhno, V. I. Russ. J. Phys.
Chem. 1987, 61, 270; Zh. Fiz. Khim. 1987, 61, 522.

Bald, A.; Gregorowicz, J.; Szejgis, A. J. Electroanal. Chem. 1992,
340, 153.

Bald, A.; Gregorowicz, J.; Szejgis, A. Phys. Chem. Liqg. 1993, 26,
121.

Popovych, O.; Tomkins, R. P. T. Nonaqueous Solution Chemistry;
Wiley-Interscience: New York, 1981.

Modelling in Aquatic Chemistry; Grenthe, I., Puigdomenech, I.,
Eds.; OECD: Paris, 1997.

Millero, F. J. In Activity Coefficients in Electrolyte Solutions;
Pytkowicz, R. M., Ed.; CRC Press: Boca Raton, 1979; Vol. II,
Chapter 2.

Crow, D. R. Principles and Applications of Electrochemistry, 4th
ed.; Blackie: London, 1994.

Feakins, D.; Smith, B.; Thakur, L. J. Chem. Soc. A 1966, 714.
Day, M. C.; Selbin, J. Theoretical Inorganic Chemistry, 2nd ed.;
Van Nostrand Reinhold: New York, 1962; p 523.

King, E. J. Acid—Base Equilibria; Pergamon: London, 1965.
Hepler, L. G.; Hopkins, H. G. Rev. Inorg. Chem. 1979, 1, 333.
Hefter, G. T. Rev. Inorg. Chem. 1989, 10, 185.

Efremov, V. P.; Kobenin, V. A.; Krestov, G. A. Russ. J. Phys.
Chem. 1990, 64, 1262; Zh. Fiz. Khim. 1990, 64, 2338.
Gritzner, G.; Lewandowski, A. J. Chem. Soc., Faraday Trans.
1993, 89, 2007.

Stellenberger, K. H.; Gritzner, G.; Lewandowski, A.; Orlik, M.
J. Chem. Soc., Faraday Trans. 1995, 91, 875.

Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M. J.
J. Am. Chem. Soc. 1979, 101, 1131.

Gritzner, G.; Lewandowski, A. J. Chem. Soc., Faraday Trans.
1991, 87, 2599.

Marcus, Y. Pure Appl. Chem. 1986, 58, 1721.

Booij, M.; Somsen, G. Electrochim. Acta 1983, 28, 1883.
Korolyov, V. P.; Vandyshev, V. N.; Krestov, G. A. Thermochim.
Acta 1993, 214, 203.

Cox, B. G. Ann. Rep. Chem. Soc. (London) A 1973, 249.

Cox, B. G.; Natarajan, R.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1 1979, 75, 86.

Ben-Naim, A. J. Phys. Chem. 1978, 82, 792.

Marcus, Y. lon Properties; Dekker: New York, 1997.

Marcus, Y. The Properties of Solvents; Wiley: Chichester, 1998.
Marcus, Y. Solvent Mixtures. Properties and Preferential Solva-
tion; Dekker: New York, 2002.

Parker, V. B. Thermal Properties of Aqueous Uni-univalent
Electrolytes; U.S. National Bureau of Standards, NSRDS—NBS
2: Washington, D.C., 1965.

Bertrand, G.; Millero, F.; Wu, C. H.; Hepler, L. 3. Phys. Chem.
1966, 70, 699.

Mcintyre, J. M.; Amis, E. S. J. Chem. Eng. Data 1968, 13, 371.
Aleksandrov, V. V.; Rubtsov, V. I.; Tsurko, E. N.; Dominges, P.
B. Chem. Phys. Reports 1996, 15, 1693; Khim. Fiz. 1996, 15,
133.

De Valera, E.; Feakins, D.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1 1980, 76, 560.

Latimer, W. M.; Slansky, C. M. J. Am. Chem. Soc. 1940, 62,
2019.

Dadgar, A.; Taherian, M. R. J. Chem. Thermodyn. 1977, 9, 711.
Abraham, M. H.; Hill, T.; Ling, H. C.; Schulz, R. A.; Watt, R. A.
C. J. Chem. Soc. Faraday Trans. 1 1984, 80, 489.

Kozlowski, Z.; Bald, A.; Gregorowicz, J. J. Electroanal. Chem.
1990, 288, 75.

Kozlowski, Z.; Bald, A.; Gregorowicz, J.; Szejgis, A. Pol. J. Chem.
1990, 64, 167.

Taniewska-Osinska, S.; Logwinienko, R.; Pluta, M. Soc. Sci.
Lodz., Acta Chim. 1971, 16, 45.

Piekarski, H. Can. J. Chem. 1983, 61, 2203.

Krestov, G. A.; Klopov, V. I. Izv. Vyssh. Uchebn. Zaved., Khim.
Khim. Tekhnol. 1966, 9, 34.

Palecz, B.; Barczynska, J.; Taniewska-Osinska, S. Thermochim.
Acta 1989, 150, 121.

Manin, N. G.; Korolev, V. P. Russ. J. Phys. Chem. 1968, 72, 1256;
Zh. Fiz. Khim. 1998, 72, 1402.

Hefter, G. T.; McLay, P. J. Aust. J. Chem. 1988, 41, 1971.
Klopov, V. I.; Pirogov, A. I.; Krestov, G. A. Russ. J. Phys. Chem.
1971, 45, 767.

Korolev, V. P.; Batov, D. V.; Krestov, G. A. Russ. J. Phys. Chem.
1985, 59, 13; Zh. Fiz. Khim. 1985, 59, 24.

Broadbank, R. W. C.; Hayes, R. W.; Morcom, K. W. J. Chem.
Thermodyn. 1977, 9, 269.



Enthalpies and Entropies of Transfer of Electrolytes and lons

(92) Aleksandrov, V. V.; Panaetova, T. D.; Dovgopol, I. V.; Kern, A.
P. Russ. J. Phys. Chem. 1988, 62, 1657; Zh. Fiz. Khim. 1988,
62, 3168.
(93) Sinha, R.; Kundu, K. K. Indian J. Chem. 1998, 37A, 678.
(94) Feakins, D.; Mullally, J.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1991, 87, 87.
(95) Manin, N. G.; Lapshina, T. N.; Korolev, V. P. Russ. J. Phys.
Chem. 1997, 71, 1207; Zh. Fiz. Khim. 1997, 71, 1351.
(96) Sinha, R.; Kundu, K. K. Indian J. Chem. 1997, 36A, 541.
(97) Taniewska-Osinska, S.; Bartel, L.; Barczynska, J.; Mokrzan, J.
Thermochim. Acta 1992, 196, 345.
(98) Taniewska-Osinska, S.; Barczynska, J. J. Chem. Soc., Faraday
Trans. 1 1984, 80, 1409.
(99) Taniewska-Osinska, S.; Barczynska, J.; Palecz, B. Thermochim.
Acta 1990, 160, 303.
(100) Kamienska-Piotrowicz, E.; Inerowicz, H.; Mecik, M. Thermochim.
Acta 1993, 228, 23.
(101) Manin, N. G.; Korolev, V. P. Russ. J. Inorg. Chem. 1999, 44,
1263; Zh. Neorg. Khim. 1999, 44, 1337.
(102) Lewandowski, A. Electrochim. Acta 1978, 23, 1303.
(103) Barczynska, J.; Bartel, L.; Mokrzan, J.; Taniewska-Osinska, S.
J. Chem. Thermodyn. 1992, 24, 297.
(104) Krestov, G. A.; Korolev, V. P.; Kolker, A. M. Russ. J. Phys. Chem.
1979, 53, 655; Zh. Fiz. Khim. 1979, 53, 1158.
(105) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T.; Purohit,
Narendra K.; Rath, D. K.; Bhattacharya, S. Thermochim. Acta
1983, 63, 261.
(106) Dash, U. N.; Padhi, M. C. Thermochim. Acta 1983, 60, 243.
(107) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. Thermochim.
Acta 1987, 121, 353.
(108) Dash, U. N.; Samanta, P. K. J. Electrochem. Soc. India 1988,
37, 281—-284.
(109) Dash, U. N.; Pattanaik, E. J. Electrochem. Soc. India 1996, 45,
151.
(110) Hefter, G. T. Pure Appl. Chem. 1991, 63, 1749.
(111) Krasnoperova, A. P. Russ. J. Phys. Chem. 1975, 49, 1838; Zh.
Fiz. Khim. 1975, 49, 3109.
(112) Patsatsiya, K. M.; Klopov, V. I.; Krestov, G. A. Izv. Vyssh. Ucheb.
Zaved., Khim. Khim. Tekhnol. 1970, 13, 1267.
Smirnov, V. D.; Ovchinnikova, V. D.; Krestov, G. A. lzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1981, 24, 304.
(114) Bose, K.; Das, K.; Das, A. K.; Kundu, K. K. J. Chem. Soc.,
Faraday Trans. 1 1978, 74, 1051.
(115) Das, K.; Bose, K.; Kundu, K. K. J. Chem. Soc., Faraday Trans.
11977, 73, 655.
(116) Robinette, A. F.; Amis, E. S. Adv. Chem. Ser. 1979, 177, 355.
(117) Nevskii, A. V.; Shormanov, V. A.; Krestov, G. A.; Pirogova, E.
S. lzv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1984, 27,
730.
(118) Bobtelsky, M.; Larisch, R. D. J. Chem. Soc. 1950, 3612.
(119) Vorob'ev, A. F.; Perelygin, B. G.; Byval'tsev, Yu. A. Tr.—Mosk.
Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1980, 111, 3.
(120) Perelygin, B. G.; Byval'tsev, Yu. A.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1978, 52, 905; Zh. Fiz. Khim. 1978, 52, 1558; VINITI,
Doc. No. 3916-77.
(121) Arnett, E. M,; Bentrude, W. G.; Burke, J. J.; Duggleby, P. M. C.
C. J. Am. Chem. Soc. 1965, 87, 1541.
(122) Krestov, G. A.; Klopov, V. |.; Patsatsiya, K. M. J. Struct. Chem.
1969, 10, 343; Zh. Strukt. Khim. 1969, 10, 417.
(123) Klopov, V. I; Pirogov, A. I.; Krestov, G. A. Theor. Exp. Chem.
1971, 7, 345; Teor. Eksp. Khim. 1971, 7, 413.
(124) Perelygin, B. G.; Byval'tsev, Yu. A.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1978, 52, 275; Zh. Fiz. Khim. 1978, 52, 484; VINITI, Doc.
No. 2470-77.
(125) Klopov, V. 1.; Afanas'ev, V. A.; Pirogov, A. I.; Krestov, G. A. lzv.
Vyssh. Ucheb. Zaved., Khim. Khim. Tekhnol. 1973, 16, 1181.
(126) Perelygin, B. G.; Byval'tsev, Yu. A.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1978, 52, 1070; Zh. Fiz. Khim. 1978, 52, 1836; VINITI,
Doc. No. 4472-77.
(127) Sinha, R.; Kundu, K. K. J. Phys. Chem. 1998, 102, 6880.
(128) Taniewska-Osinska, S.; Nowicka, B.; Pietrzak, A. Thermochim.
Acta 1992, 196, 125.
(129) Mikheev, S. V.; Sharnin, V. A.; Shormanov, V. A. Russ. J. Phys.
Chem. 1997, 71, 84; Zh. Fiz. Khim. 1997, 71, 91.
(130) Klyueva, E. V.; Chistyakov, Yu. V.; Egorova, I. V.; Krestov, G.
A. lzv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1980, 23,
412.
(131) Aleksandrov, V. V.; Shikhova, T. M. Russ. J. Electrochem. 1971,
7, 277; Elektrokhim. 1971, 7, 292; VINITI, Doc. No. 2135-70.
(132) Pirogov, A. I.; Klopov, V. I.; Krestov, G. A. Russ. J. Phys. Chem.
1973, 47, 1226; Zh. Fiz. Khim. 1973, 47, 2163; VINITI, Doc. No.

(113

=

6107-73.
(133) Roy, R. N.; Vernon, W.; Bothwell, A. L. M. Electrochim. Acta
1973, 18, 81.

(134) Elsemongy, M. M.; Fouda, A. S. J. Chem. Thermodyn. 1981, 13,
1123.

(135) Vorob'ev, A. F.; Yamin, C.; Solomatina, N. A.; Molokova, L. F.
Russ. J Phys. Chem. 1989, 63, 765; Zh. Fiz. Khim. 1989, 63,
1379.

Chemical Reviews, 2002, Vol. 102, No. 8 2833

(136) Solov'ev, S. N.; Salomatina, N. A.; Vorob’ev, V. B. Russ. J. Phys.
Chem. 1982, 56, 1316; Zh. Fiz. Khim. 1982, 56, 2151.

(137) Jozwiak, M.; Taniewska-Osinska, S. Acta Univ. Lodz, Folia
Chim. 1993, 10, 3.

(138) Gregorowicz, J.; Szejgis, A.; Bald, A. Pol. J. Chem. 1995, 69, 931.

(139) Jozwiak, M.; Nowicka, B.; Taniewska-Osinska, S. Thermochim.
Acta 1991, 190, 319.

(140) Klopov, V. 1.; Pirogov, A. I.; Krestov, G. A. J. Struct. Chem. 1972,
13, 124; Zh. Strukt. Khim. 1972, 13, 141.

(141) Krestov, G. A.; Egorova, I. V.; Chislyakov, Yu. V.; Romanova,
O. G. lzv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1978,
21, 230.

(142) Carthy, G.; Feakins, D.; Waghorne, W. E. J. Chem. Soc., Faraday
Trans. 1 1987, 83, 2585.

(143) Carthy, G.; Feakins, D.; Waghorne, W. E. J. Chem. Soc. Chem.
Commun. 1984, 588.

(144) Salomatina, N. A.; Solov'ev, S. N.; Vorob'ev, A. F. Russ. J. Gen.
Chem. 1982, 52, 1730; Zh. Obshch. Khim. 1982, 52, 1949.

(145) Roy, R. N.; Bothwell, A. 3. Chem. Eng. Data. 1970, 15, 548.

(146) Roy, R. N.; Vernon, W.; Bothwell, A. L. M. J. Chem. Soc. A 1971,
1242.

(147) Bose, K.; Das, A. K.; Kundu, K. K. J. Chem. Soc., Faraday Trans.
11976, 72, 1633.

(148) RadoSevic, J.; Mekjavic, 1. Electrochim. Acta 1983, 28, 1435.

(149) Gregorowicz, J.; Szejgis, A.; Bald, A. Phys. Chem. Liq. 1996, 32,
133.

(150) Bald, A.; Gregorowicz, J. Acta Univ. Lodz Folia Chim. 1991, 9,
59.

(151) Aleksandrov, V. V.; Shikhova, T. M.; Uvarova, O. N. Russ. J.
Phys. Chem. 1989, 63, 28; Zh. Fiz. Khim. 1989, 63, 56.

(152) Bald, A. J. Electroanal. Chem. 1993, 352, 29.

(153) Taniewska-Osinska, S.; Nowicka, B.; Pietrzak, A.; Romanowski,
S.; Pietrzak, T. M. Thermochim. Acta 1993, 225, 9.

(154) Aleksandrov, V. V.; Kern, A. P. Russ. J. Phys. Chem. 1988, 62,
1742; Zh. Fiz. Khim. 1988, 62, 3327.

(155) Aleksandrov, V. V.; Panaetova, T. D. Russ. J. Phys. Chem. 1978,
52, 266.; Zh. Fiz. Khim. 1978, 52, 472.

(156) Aleksandrov, V. V.; Panaetova, T. D. Russ. J. Phys. Chem. 1987,
61, 1058; Zh. Fiz. Khim. 1987, 61, 2028.

(157) Taniewska-Osinska, S.; Piekarski, H. Russ. J. Gen. Chem. 1974,
44, 1637; Zh. Obshch. Khim. 1974, 44, 1665.

(158) Afanas’ev, V. A.; Klopov, V. I.; Krestov, G. A. Russ. J. Phys.
Chem. 1979, 53, 153; Zh. Fiz. Khim. 1979, 53, 267; VINITI, Doc.
No. 1110-78.

(159) Sinha, R.; Kundu, K. K. Indian J. Chem. 1998, 37A, 780.

(160) Pointud, Y.; Morel, J. P.; Juillard, J. J. Phys. Chem. 1976, 80,
2381.

(161) Bose, K.; Das, A. K.; Kundu, K. K. J. Chem. Soc., Faraday Trans.
11975, 71, 1838.

(162) Pointud, Y.; Juillard, J.; Avedikian, L.; Morel, J. P. Thermochim.
Acta 1974, 8, 423.

(163) Kozlowski, Z.; Bald, A.; Gregorowicz, J. Pol. J. Chem. 1992, 66,
1143.

(164) Taniewska-Osinska, S.; Piekarski, H. J. Solution Chem. 1978,
7, 891.

(165) Bald, A.; Gregorowicz, J.; Szejgis, A.; Piekarski, H. Thermochim.
Acta 1992, 205, 51.

(166) Choudhury, N. R.; Ahluwalia, J. C. J. Solution Chem. 1982, 11,
189.

(167) Dollet, N.; Juillard, J. J. Solution Chem. 1976, 5, 77.

(168) Arnett, E. M.; McKelvey, D. R. 3. Am. Chem. Soc. 1965, 87, 1393.

(169) Arnett, E. M.; McKelvey, D. R. J. Am. Chem. Soc. 1966, 88, 5031.

(170) Mohanty, R. K.; Sarma, T. S.; Subramanian, S.; Ahluwalia, J.
C. Trans. Faraday Soc. 1971, 67, 305.

(171) Juillard, J., 3. Chem. Soc., Faraday Trans. 1 1982, 78, 37.

(172) Pointud, Y.; Juillard, J. 3. Chem. Soc., Faraday Trans. 1 1977,
73, 1907.

(173) Das, A. K.; Kundu, K. K. J. Solution Chem. 1976, 5, 431.

(174) Juillard, J. J. Chem. Soc., Faraday Trans. 1 1982, 78, 43.

(175) Bury, R.; Treiner, C. J. Chem. Soc., Faraday Trans. 1 1982, 78,
1827.

(176) Bright, L. L.; Jezorek, J. R. J. Phys. Chem. 1975, 79, 800.

(177) Mohanty, R.; Sunder, S.; Ahluwalia, J. J. Phys. Chem. 1972, 76,
2577.

(178) Juillard, J.; Tissier, C.; Barczynska, J.; Mokrzan, J.; Taniewska-
Osinska, S. J. Chem. Soc., Faraday Trans. 1 1985, 81, 3081.

(179) Dash, U. N.; Samanta, P. K. Thermochim. Acta 1987, 119, 337.

(180) Gillet, H.; Avedikian, L.; Morel, J. P. Can. J. Chem. 1975, 53,
455.

(181) Sen, U.; Kundu, K. K.; Das, M. N. J. Phys. Chem. 1967, 71, 3665.

(182) Emelin, A. A,; Egorova, I. V.; Krestov, G. A. Russ. J. Phys. Chem.
1990, 64, 492; Zh. Fiz. Khim. 1990, 64, 923.

(183) Sorokin, V. D.; Chistyakov, Yu. V.; Egorova, I. V.; Krestov, G.
A. lzv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1977, 20,
139.

(184) Kern, A. P.; Aleksandrov, V. V.; Dovgopol, I. V. Russ. J. Phys.
Chem. 1993, 67, 1750; Zh. Fiz. Khim. 1993, 67, 1945.



2834 Chemical Reviews, 2002, Vol. 102, No. 8

(185) Krestov, G. A.; Egorova, I. V.; Trostin, V. N.; Lyakushin, A. N.
Russ. J. Phys. Chem. 1977, 51, 761; Zh. Fiz. Khim. 1977, 51,
1282; VINITI, Doc. No. 438-77.

(186) Aleksandrov, V. V.; Bezpalyi, B. N. Russ. J. Phys. Chem. 1979,
53, 447; Zh. Fiz. Khim. 1979, 53, 785; VINITI, Doc. No. 2788-
78.

(187) Markov, V. N.; Sharnin, V. A.; Shormanov, V. A.; Krestov, G. A.
Russ. J. Phys. Chem. 1992, 66, 632; Zh. Fiz. Khim. 1992, 66,
1192.

(188) Parfenyuk, E. V.; Paramonov, Yu. A.; Parfenyuk, V. I.; Krestov,
G. A. lzv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1984,
27, 1444,

(189) Krestov, G. A.; Egorova, I. V. Theor. Exp. Chem. 1967, 3, 71;
Teor. Eksp. Khim.1967, 3, 128.

(190) Krestov, G. A.; Egorova, I. V. lzv. Vyssh. Uchebn. Zaved., Khim.
Khim. Tekhnol. 1967, 10, 1115.

(191) Basumallick, I. N.; Kundu, K. K. Can. J. Chem. 1979, 57, 961.

(192) Knight, S. B.; Crockford, H. D.; James, F. W. J. Phys. Chem.
1953, 57, 463.

(193) Krestov, G. A.; Egorova, I. V.; Sorokin, V. D. Soviet Electrochem.
1974, 10, 1269; Elektrokhim. 1974, 10, 1328.

(194) Talukdar, H.; Rudra, S.; Kundu, K. K. Can. J. Chem. 1989, 67,
321.

(195) Woznicka, J.; Taniewska-Osinska, S. Thermochim. Acta 1989,
150, 177.

(196) Taniewska-Osinska, S.; Woznicka, J.; Bartel, L. Thermochim.
Acta 1981, 47, 65.

(197) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. Thermochim.
Acta 1984, 80, 331.

(198) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. Thermochim.
Acta 1985, 91, 329.

(199) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. Thermochim.
Acta 1985, 89, 281.

(200) Bury, R.; Mayafre, A.; Chemla, M. J. Chim. Phys. 1976, 73, 935.

(201) Taniewska-Osinska, S.; Piestrzynska, B.; Logwinienko, R. Can.
J. Chem. 1980, 58, 1584.

(202) Taniewska-Osinska, S.; Nowicka, B. Thermochim. Acta 1987,
115, 129.

(203) Kozlowski, Z.; Bald, A.; Gregorowicz, J.; Szejgis, A. Thermochim.
Acta 1990, 170, 217.

(204) Taniewska-Osinska, S.; Nowicka, B.; Kacperska, A. Phys. Chem.
Lig. 1993, 25, 113.

(205) Das, P. K.; Mishra, U. C. Electrochim. Acta 1977, 22, 59.

(206) Elsemongy, M. M.; Fouda, A.; Amira, M. F. J. Chem. Soc.,
Faraday Trans. 1 1981, 77, 1157.

(207) Das, B. K.; Das, P. K. J. Chem. Soc., Faraday Trans. 1 1978,
74, 22.

(208) Mussini, T.; Formaro, C. M.; Andrigo, P. J. Electroanal. Chem.
1971, 33, 171.

(209) Shormanov, V. A.; Pyatachkov, A. A.; Krestov, G. A. lzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1982, 25, 1085.

(210) Bhatnagar, O. N.; Campbell, A. N. Can. J. Chem. 1974, 52, 203.

(211) Feakins, D.; Allen, C. T. J. Chem. Soc., Faraday Trans. 1 1976,
72, 314.

(212) Feakins, D.; Mullally, J.; Waghorne, W. E. J. Solution Chem.
1993, 22, 311.

(213) Ishiguro S.; Ohtaki, H. Bull. Chem. Soc. Jpn. 1984, 57, 2622.

(214) Campbell, A. N.; Bhatnagar, O. Can. J. Chem. 1971, 49, 217.

(215) Krestov, G. A.; Kharitonov, E. B. Izv. Vyssh. Uchebn. Zaved.,
Khim. Khim. Tekhnol. 1974, 17, 1632—5.

(216) Manin, N. G.; Kurbanov, I. B.; Korolev, B. P. Russ. J. Phys.
Chem. 1999, 73, 400; Zh. Fiz. Khim. 1999, 73, 470.

(217) Thakur, L.; Prasad, R. Indian J. Chem. A 1979, 17, 336.

(218) Taniewska-Osinska, S.; Kozlowski, Z.; Nowicka, B.; Bald, A,;
Szejgis, A. J. Chem. Soc., Faraday Trans. 1 1989, 85, 479.

(219) Roy, R. N.; Bothwell, A. 3. Chem. Eng. Data 1971, 15, 347.

(220) Sharnin, V. A.; Shormanov, V. A.; Krestov, G. A. Russ. J. Phys.
Chem. 1979, 53, 339; Zh. Fiz. Khim. 1979, 53, 600.

(221) Lu, Y.; Zhen, S.; Lu, J. Thermochim. Acta 1992, 210, 15.

(222) Lu, Y.; Zhen, S. Q.; Lu, J. S. Thermochim. Acta 1993, 221, 171.

(223) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. Thermochim.
Acta 1985, 95, 213.

(224) Sharnin, V. A,; Shormanov, V. A.; Krestov, G. A.; Pukhov, S. N.
Russ. J. Inorg. Chem. 1981, 26, 12.; Zh. Neorg. Khim., 1981,
26, 24.

(225) Bury, R.; Treiner, C. Can. J. Chem. 1978, 56, 2940.

(226) Arnett, E. M. In Physico-Chemical Processes in Mixed Aqueous
Solvents; Franks, F., Ed.; Heineman: London, 1967; p 105; cited
in ref 211.

(227) Campbell, A. N.; Bhatnagar, O. N. Can. J. Chem. 1972, 50, 1627.

(228) Grishakova, L. A.; Mishchenko, K. P.; Poltoratskii, G. M;
Prosviryakova, E. P. Russ. J. Phys. Chem. 1974, 48, 426; Zh.
Fiz. Khim. 1974, 48, 742.

(229) Bhatnagar, O. N. Can. J. Chem. 1976, 54, 3487.

(230) Das, R. C.; Dash, U. N.; Panda, K. N. Electrochim. Acta 1979,
24, 99.

(231) Dash, U. N.; Padhi, M. C. Thermochim. Acta 1982, 56, 113.

(232) Dash, U. N.; Satyanarayan, D.; Panda, K. N.; Rath, S. C,;
Mohanty, S. K. Thermochim. Acta 1979, 30, 217.

-

=

~

Nl

Hefter et al.

(233) Dash, U. N.; Supkar, S.; Rath, S. C.; Nayak, S. K. Thermochim.
Acta 1979, 33, 331.

(234) Dash, U. N.; Padhi, M. C. Thermochim. Acta 1980, 39, 335.

(235) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T.; Purohit, N.
K.; Rath, D. K.; Bhattacharya, S. Thermochim. Acta 1983, 71,
199.

(236) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. J. Electrochem.
Soc. India 1985, 34, 215.

(237) Dash, U. N.; Pattanaik, E.; Sahu, R. Fluid Phase Equilib. 1991,
63, 101.

(238) Dash, U. N.; Sahu, R. Thermochim. Acta 1994, 235, 117.

(239) Krestov, G. A.; Kharitonov, E. B. Russ. J. Phys. Chem. 1974,
48, 268; Zh. Fiz. Khim. 1974, 48, 457.

(240) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T. J. Electrochem.
Soc. India 1986, 35, 167.

(241) Shikhova, T. M.; Aleksandrov, V. V.; Rubtsov, V. I. Russ. J. Phys.
Chem. 1973, 47, 278; Zh. Fiz. Khim. 1987, 61, 486; VINITI, Doc.
No. 4977-72.

(242) Sharnin, V. A.; Shormanov, V. A.; Krestov, G. A. lzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1978, 21, 679.

(243) Shormanov, V. A.; Sharnin, V. A.; Nishchenkov, A. V.; Krestov,
G. A. Koord. Khim. 1983, 9, 81.

(244) Shormanov, V. A.; Pukhov, S. N.; Krestov, G. A. lzv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol. 1983, 26, 182.

(245) Tomkins, R. P. T.; Gerhardt, G. M,; Lichtenstein, L. M.; Turner,
P. J. Adv. Chem. Ser. 1976, 155, 297.

(246) Miyaji, K.; Morinaga, K. Bull. Chem. Soc. Jpn. 1983, 56, 1861.

(247) Kamienska-Piotrowicz, E. Bull. Pol. Acad. Sci. Chem. 1989, 37,
87.

(248) Kamienska-Piotrowicz, E.; Inerowicz, H. J. Chem. Soc., Faraday
Trans. 1990, 86, 3391.

(249) Stennikova, M. F.; Mishchenko, K. P.; Poltoratskii, G. M. J. Appl.
Chem. USSR 1972, 45, 1158; Zh. Prikl. Khim. 1972, 45, 1125.

(250) Miyaji, K.; Morinaga, K. Bull. Chem. Soc. Jpn. 1986, 59, 1695.

(251) Miyaji, K.; Nozawa, K.; Morinaga, K. Bull. Chem. Soc. Jpn. 1986,
62, 1472.

(252) Kamienska-Piotrowicz, E.; Inerowicz, H. Z. Phys. Chem. (Mu-
nich) 1995, 189, 89.

(253) Abraham, M. H. J. Chem. Soc., Faraday Trans. 1 1973, 69, 1375.

(254) Libus, W.; Mecik, M.; Strzelecki, H. J. Solution Chem. 1980, 9,
723.

(255) Aleksandrov, V. V.; Panaetova, T. D. Russ. J. Phys. Chem. 1983,
57, 255; Zh. Fiz. Khim. 1983, 57, 428.

(256) Tomkins, R. P. T.; Turner, P. J. 3. Chem. Thermodyn. 1977, 9,
707.

(257) Mishchenko, K. P.; Poltoratskii, G. M.; Kim, L. M.; Stennikova,
M. F. Russ. J. Phys. Chem. 1977, 51, 265; Zh. Fiz. Khim. 1977,
51, 461.

(258) Kim, L. M.; Mishchenko, K. P.; Poltoratskii, G. M. Russ. J. Phys.
Chem. 1973, 47, 1058; Zh. Fiz. Khim. 1973, 47, 1876.

(259) Poltoratskii, G. M.; Kim, L. M.; Mishchenko, K. P. J. Appl. Chem.
USSR 1975, 48, 2673; Zh. Prikl. Khim. 1975, 48, 2581.

(260) Piekarski, H.; Jozwiak, M. J. Therm. Anal. 1997, 48, 1283.

(261) Talukdar, H.; Kundu, K. K. J. Phys. Chem. 1992, 96, 970.

(262) Frolova, V. A.; Tiflova, L. A.; Monaenkova, A. S.; Vorob'ev, A. F.
Russ. J. Phys. Chem. 1991, 65, 1200; Zh. Fiz. Khim. 1991, 65,
2266.

(263) Korolev. V. P.; Vandyshev, V. N.; Krestov, G. A. Russ. J. Gen.
Chem. 1987, 57, 1621; Zh. Obshch. Khim. 1987, 57, 1813.

(264) Frolova, V. A.; Monaenkova, A. S.; Vorob'ev, A. F. Russ. J. Phys.
Chem. 1991, 65, 1202; Zh. Fiz. Khim. 1991, 65, 2270.

(265) Vorob'ev, A. F.; Privalova, N. M.; Solov'ev, S. N. Russ. J. Gen.
Chem. 1977, 47, 667; Zh. Obshch. Khim. 1977, 47, 731.

(266) Piekarska, A.; Kozlowski, Z.; Taniewska-Osinska, S. Acta Univ.
Lodz, Ser. 2 1978, 24, 49.

(267) Taniewska-Osinska, S.; Piekarska, A. Bull. Acad. Polon. Sci.
1978, 26, 613.

(268) Vandyshev, V. N.; Korolyov, V. P.; Krestov, G. A. Thermochim.
Acta 1990, 169, 57.

(269) De Visser, C.; Heuvelsland, W. J. M.; Somsen, G. J. Solution
Chem. 1975, 4, 311.

(270) Vorobev, A. F.; Monaenkova, A. S.; Vasileva, S. V. Russ. J. Gen.
Chem. 1998, 68, 1005; Zh. Obshch. Khim. 1998, 68, 1057.

(271) Vorobev, A. F.; Vasileva, S. V.; Monaenkova, A. S.; Tiflova, L.
A. Russ. J. Phys. Chem. 1996, 70, 1984; Zh. Fiz. Khim. 1996,
70, 2146.

(272) Taniewska-Osinska, S.; Piekarska, A. Bull. Acad. Polon. Sci.
1978, 26, 601.

(273) Krestov, G. A.; Zverev, V. A.; Krotov, V. S. lzv. Vyssh. Ucheb.
Zaved., Khim. Khim. Tekhnol. 1972, 15, 1414.

(274) Toporov, V. V.; Korolev, V. P.; Krestov, G. A. Izv. Vyssh. Uchebn.
Zaved., Khim. Khim. Tekhnol. 1984, 27, 1111.

(275) Aleksandrov, V. V.; Izmailova, G. O. Vestn. Khar'kov. Univ. 1972,
84, 12; Chem. Abstr. 1973, 78, 165077.

(276) Vorob'ev, A. F.; Privalova, N. M.; Solov'ev, S. N. Dokl. Akad.
Nauk SSSR 1977, 236, 99.

(277) De Visser, C.; Van Netten, E.; Somsen, G. Electrochim. Acta
1976, 21, 97.

(278) De Visser, C.; Somsen, G. Adv. Chem. Ser. 1976, 155, 289.



Enthalpies and Entropies of Transfer of Electrolytes and lons

(279) Kuanyshbaev, T. D.; Monaenkova, A. S.; Vorob'ev, A. F. Russ.
J. Phys. Chem. 1989, 63, 1568; Zh. Fiz. Khim. 1989, 63, 2847.

(280) Heuvelsland, W. J. M.; Bloemendal, M.; deVisser, C.; Somsen,
G. J. Phys. Chem. 1980, 84, 2391.

(281) Heuvelsland, W. J. M.; deVisser, C.; Somsen, G. J. Phys. Chem.
1978, 82, 29.

(282) De Visser, C.; Somsen, G. J. Phys. Chem. 1974, 78, 1719.

(283) Ray, S. K.; Sarkar, S.; Sinha, S.; Kundu, K. K. Indian J. Chem.
1994, 33A, 805.

(284) Gusev, V. D.; Shormanov, V. A.; Krestov, G. A. Russ. J. Phys.
Chem. 1982, 56, 1530; Zh. Fiz. Khim. 1982, 56, 2499.

(285) Kundu, K. K.; Mazumdar, K. J. Chem. Soc., Faraday Trans. 1
1973, 69, 806.

(286) Kundu, K. K.; Mazumdar, K. J. Chem. Soc., Faraday Trans. 1
1975, 71, 1422.

(287) Stern, J. H.; Kullul, J. D. J. Phys. Chem. 1969, 73, 2795.

(288) Pointud, Y.; Juillard, J. 3. Chem. Soc., Faraday Trans. 1 1977,
73, 1048.

(289) Hakin, A. W.; Beswick, C. L. Can. J. Chem. 1992, 70, 1666.

(290) Woldan, M. Thermochim. Acta 1987, 120, 97.

(291) Palecz, B.; Taniewska-Osinska, S. Thermochim. Acta 1989, 145,
357.

(292) Dash, U. N.; Das, B. B.; Biswal, U. K.; Panda, T.; Purohit, N.
K.; Rath, D. K.; Bhattacharya, S. Thermochim. Acta 1983, 61,
379.

(293) Klopov, V. I.; Kondakova, M. V.; Krestov, G. A. Russ. J. Phys.
Chem. 1974, 48, 1605; Zh. Fiz. Khim. 1974, 48, 2723.

(294) Chawla, B.; Subramanian, S.; Ahluwalia, J. J. Chem. Thermo-
dyn. 1972, 4, 575.

(295) Dash, U. N.; Padhi, M. C. Thermochim. Acta 1981, 45, 245.

(296) Dash, U. N.; Kalia, S. P. Fluid Phase Equil. 1988, 40, 153.

(297) Vandyshev, V. N.; Korolev, V. P.; Krestov, G. A. Russ. J. Gen.
Chem. 1985, 55, 2139; Zh. Obshch. Khim. 1985, 55, 2409.

(298) Taniewska-Osinska, S.; Jozwiak, M. J. Chem. Thermodyn. 1986,
18, 339.

(299) Taniewska-Osinska, S.; Jozwiak, M. J. Chem. Soc., Faraday
Trans. 1 1988, 84, 2077.

(300) Vorob'ev, A. F.; Sarkisov, L. S.; Kessler, Yu. M.; Abakumova,
N. A. Russ. J. Phys. Chem. 1981, 55, 1103; Zh. Fiz. Khim. 1981,
55, 1937.

(301) Savelev, V. I.; Kustov, A. V.; Manin, N. G.; Korolev, V. P. Russ.
J. Phys. Chem. 1969, 73, 3, 507; Zh. Fiz. Khim. 1999, 73, 593.

(302) Kustov, A. V.; Korolev, V. P. Russ. J. Phys. Chem. 1998, 72, 1995;
Zh. Fiz. Khim. 1998, 72, 2192.

(303) Vorob'ev, A. F.; Sarkisov, L. S.; Kessler, Yu. M.; Padunova, I.
D. Tr.—Mosk. Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1982,
121, 3.

(304) Nishchenkov, A. V.; Sharnin, V. A.; Shormanov, V. A.; Krestov,
G. A. Russ. J. Phys. Chem. 1987, 61, 481; Zh. Fiz. Khim. 1987,
61, 2927.

(305) Vorob'ev, A. F.; Monaenkova, A. S.; Padunova, I. D. C. R. Conf.
Int. Thermodyn. Chim. 1975, 9, 29; Chem. Abstr. 1976, 84,
96269.

(306) Cox, B. G.; Natarajan, R.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1 1979, 75, 1780.

(307) Egorov, G. I.; Korolev, V. P.; Krestov, G. A. Russ. J. Electrochem.
1996, 32, 1080; Elektrokhim. 1996, 32, 1169.

(308) Fuchs, R.; Hagan, C. P. J. Phys. Chem. 1973, 77, 1797.

(309) Nishchenkov, A. V.; Sharnin, V. A.; Shormanov, V. A.; Krestov,
G. A. J. Phys. Chem. 1984, 58, 1504; Zh. Fiz. Khim. 1984, 58,
2475.

(310) Vorob'ev, A. F.; Monaenkova, A. S.; Padunova, I. D. Vestn. Mosk.
Univ., Khim. 1974, 29, 148; Engl. Trans., pp 14—17.

(311) Doan V. N.; Solov'ev, S. N.; Vorob'ev, A. F. Tr. Inst.—Mosk.
Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 1987, 148, 52.

(312) Aleksandrov, V. V.; Panaetova, T. D. Russ. J. Phys. Chem. 1983,
57, 1707; Zh. Fiz. Khim. 1983, 57, 2830.

(313) Fuchs, R.; Plumlee, D. S.; Rodewald, R. F. Thermochim. Acta
1971, 2, 515.

(314) Monaenkova, A. S.; Alekseev, G. |.; Vorob’ev, A. F. Russ. J. Phys.
Chem. 1987, 61, 578; Zh. Fiz. Khim. 1987, 61, 1113.

(315) Fuchs, R.; Hagan, C. P.; Rodewald, R. F. J. Phys. Chem. 1974,
78, 1509.

(316) Vorob'ev, A. F.; Monaenkova, A. S.; Padunova, I. D. Russ. J. Gen.
Chem 1978, 48, 8; Zh. Obshch. Khim. 1978, 48, 11.

(317) Kabanov, V. M.; Alekseev, V. G.; Privalova, N. M.; Vorob'ev, A.
F. Russ. J. Gen. Chem. 1986, 56, 2169; Zh. Obshch. Khim. 1986,
56, 2451.

(318) Mikheev, S. V.; Sharnin, V. A.; Shormanov, V. A. Russ. J. Phys.
Chem. 1993, 67, 1591; Zh. Fiz. Khim. 1993, 67, 1776.)

(319) Castagnolo, M.; Petrella, G.; Monica, M. D.; Sacco, A. J. Solution
Chem. 1979, 8, 501.

(320) Chen, T.; Hefter, G. T.; Marcus, Y. J. Solution Chem. 2000, 29,
201.

(321) Cox, B. G.; Waghorne, W. E. Chem. Soc. Rev. 1980, 9, 381.

(322) Waghorne, W. E. Chem. Soc. Rev. 1993, 285 and references
therein.

=

Chemical Reviews, 2002, Vol. 102, No. 8 2835

(323) Feakins, D.; de Valera, E.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1 1983, 79, 1061.

(324) Feakins, D.; de Valera, E.; Waghorne, W. E. J. Chem. Soc.,
Faraday Trans. 1 1985, 81, 2703.

(325) Inoue, Y.; Wada, T. Adv. Supramol. Chem. 1997, 4, 55.

(326) Gallicchio, E.; Kubo, M. M.; Levy, R. M. J. Am. Chem. Soc. 1998,
120, 4526.

(327) Qian, H. J. Chem. Phys. 1998, 109, 10015.

(328) Oremusova, J.; Greksakova, O.; Peterek, K. Collect. Czech. Chem.
Commun. 2000, 65, 1419.

(329) Rekharsky, M.; Inoue, Y. J. Am. Chem. Soc. 2000, 122, 4418.

(330) Danil de Namor, A. F.; Jafou, O. J. Phys. Chem. B 2001, 105,
8018.

(331) Kim, K. H. J. Comput.-Aided Mol. Des. 2001, 15, 367.

(332) Liu, L.; Guo, Q.-X. Chin. J. Chem. 2001, 19, 670.

(333) Nakash, M.; Sanders, J. K. M. J. Chem. Soc., Perkin Trans. 2
2001, 11, 2189.

(334) Sharp, K. Protein Sci. 2001, 10, 661.

(335) Van Meurs, N.; Warmerdam, T. W.; Somsen, G. Fluid Phase
Equil. 1989, 49, 263.

(336) Majumdar, K.; Lahiri, S. C.; Mukherjee, D. C. J. Indian Chem.
Soc. 1993, 70, 365.

(337) Shikhova, T. M.; Uvarov, O. N.; Aleksandrov, V. V. Visn. Khark.
Univ. 1997, 395, 126; Chem. Abstr. 1998, 129, 321880.

(338) Lumry, R.; Rajender, S. Biopolymers 1970, 9, 1125.

(339) Rosés, M.; Buhvestov, U.; Rafols, C.; Rived, F.; Bosch, E. J.
Chem. Soc., Perkin Trans. 2 1997, 7, 1341.

(340) Buhvestov, U.; Rived, F.; Rafols, C.; Bosch, E.; Rosés, M. J. Phys.
Org. Chem. 1998, 11, 185.

(341) Franks, F.; lves, D. J. G. Quart. Rev. 1966, 20, 1.

(342) Franks, F.; Reid, D. S. In Water. A Comprehensive Treatise;
Franks, F., Ed.; Plenum Press: New York, 1973; Vol. 2, Chapter
5.

(343) Franks, F.; Desnoyers, J. E. Water Sci. Rev. 1985, 1, 171.

(344) Kusalik, P. G.; Lyubartsev, A. P.; Bergman, D. L.; Laaksonen,
A. J. Phys. Chem. B 2000, 104, 9533.

(345) Turner, J.; Soper, A. K. J. Chem. Phys. 1994, 101, 6116.

(346) Laaksonen, A.; Kusalik, P. G.; Svishchev, I. M. J. Phys. Chem.
A 1997, 101, 5910.

(347) Friedman, H. L.; Krishnan, C. V. In Water. A Comprehensive
Treatise; Franks, F., Ed.; Plenum Press: New York, 1973; Vol.
3, Chapter 1.

(348) Migron, Y.; Marcus, Y. J. Chem. Soc., Faraday Trans. 1991, 87,
1339.

(349) Marcus, Y.; Migron, Y. J. Phys. Chem. 1991, 95, 400.

(350) Dash, U. N.; Pattanaik, E. Thermochim. Acta 1989, 144, 267.

(351) Jozwiak, M.; Taniewska-Osinska, S. Thermochim. Acta 1994,
240, 1.

(352) Idrissi, A.; Longelin, S.; Sokolic, F. J. Phys. Chem. B 2001, 105,
6004.

(353) Vaisman, I. I.; Berkowitz, M. L. J. Am. Chem. Soc. 1992, 114,
7889

(354) Naberukhin, Y. I.; Rogov, V. A. Russ. Chem. Rev. 1971, 40, 207.

(355) Nishikawa, K.; Kodera, Y.; lijima, T. J. Phys. Chem. 1987, 91,
3694,

(356) Nishikawa, K.; Hayashi, H.; lijima, T. J. Phys. Chem. 1989, 93,
6559.

(357) Takamuku. T.; Yamaguchi, A.; Tabata, M.; Nishui, M.; Yoshida,
K.; Wakita, H.; Yamaguchi, T. J. Mol. Liqg. 1989, 83, 163.

(358) D'Arrigo, G.; Teeira, J. J. Chem. Soc., Faraday Trans. 1990, 86,
1503.

(359) Nishikawa, K.; Hayashi, H.; lijima, T. J. Phys. Chem. 1990, 94,
6227.

(360) Marcus, Y. Monatsh. Chem. 2001, 132, 1387.

(361) Kato, T. J. Phys. Chem. 1984, 88, 1248.

(362) Marcus, Y.; Kamlet, M. J.; Taft, R. W. J. Phys. Chem. 1988, 92,
3622.

(363) Krestov, G. A.; Egorova, I. V. lzv. Vyssh. Ucheb. Zaved., Khim.
Khim. Tekhnol. 1967, 10, 750.

(364) Dash, U. N.; Padhi, M. C. Thermochim. Acta 1982, 55, 315.

(365) Jenkins, H. D. B.; Marcus, Y. Chem. Rev. 1995, 95, 2695.

(366) Marcus, Y. lon Solvation; Wiley: Chichester, 1985.

(367) Korolev, V. P.; Vandyshev, V. N.; Krestov, G. A. Russ. J. Gen.
Chem. 1986, 56, 873; Zh. Obshch. Khim. 1986, 56, 994.

(368) Morel, J. P.; Fauve, J.; Avedikian, L.; Juillard, J. J. Solution
Chem. 1974, 3, 403.

(369) Mishchenko, K. P.; Shadskii, S. V. Teor. Eksp. Khim. Akad. Nauk
Ukr. SSR 1965, 1, 60.

(370) Mohanty, R. K.; Sarma, T. S.; Subramanian, S.; Ahluwalia, J.
C. Trans. Faraday Soc. 1969, 65, 2333.

(371) Mohanty, R. K.; Ahluwalia, J. C. 3. Chem. Thermodyn. 1972, 4,
53.

CR010031S






