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Abstract The results of calorimetric investigations of
electrolyte solutions in the mixtures of water, methanol,
N,N-dimethylformamide, and acetonitrile with numerous
organic cosolvents are discussed with regard to the inter-
molecular interactions that occur in the solution. Particular
attention is given to answer the questions how and to what
extent the properties of the systems examined are modified
by the cosolvent added and how much the properties of the
cosolvent are revealed in the mixtures with the solvents
mentioned above. To this goal, the analysis of the elec-
trolyte dissolution enthalpies, single ionic transfer enthal-
pies, and enthalpic pair interaction coefficients as well as
the preferential solvation (PS) model are applied. The
analysis performed shows that in the case of the dissolution
enthalpies of simple inorganic electrolytes in water—
organic solvent mixtures, the shape of the dependence of
the standard dissolution enthalpy on the mixed solvent
composition reflects to a large extent the hydrophobic
properties of the organic cosolvent. In the mixtures of
methanol with organic cosolvents, the ions are preferen-
tially solvated either by methanol molecules or by mole-
cules of the cosolvent, depending on the properties of the
mixed solvent components. The behavior of inorganic salts
in the mixtures containing N,N-dimethylformamide is
mostly influenced by the DMF which is a relatively
strongly ion solvating solvent, whereas in acetonitrile
mixtures, the thermochemical behavior of electrolyte
solutions is influenced to a large extent by the properties of
the cosolvent particularly due to the PS of cation by the
cosolvent molecules.
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Introduction

Most chemical processes occur in solution. For this reason,
solutions and liquid mixtures are frequently examined
using different experimental methods. In our practice, we
apply many different solvents depending on the system
examined or our needs and expectation toward its proper-
ties. The addition of a cosolvent to the system can modify
its properties, sometimes significantly. However, in many
cases, it is difficult to predict the direction of these modi-
fications. The same cosolvent added to solutions of given
substance in various solvents can cause a different effect
depending on the basic solvent. It is so, as aside from the
interactions being characteristic of two-component sys-
tems, in three-component systems, there also occur solute—
cosolvent and solvent—cosolvent interactions, and they
substantially influence the behavior of the solution. Then a
question arises: which of these interactions play a leading
role in the solution obtained?

The analysis of interactions in three-component systems
is complicated as we have three kinds of molecules inter-
acting with one another in a different way. Therefore, it is
convenient to examine solutions of the same solute in a
series of binary mixtures containing one chosen solvent
and different cosolvents.

Different experimental methods can be applied to
examine interactions in solutions. For many reasons, the
calorimetry seems to be one of the most useful to this aim
as it is the only experimental method allowing direct
measurements of the heat effects of various processes and
reactions [1]. The total energetic effect of solute—solvent
interactions is characterized by the solvation enthalpy,
Ago1vH that for a solid solute can be calculated from the
standard dissolution enthalpy, A,;H° according to the
formula:
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AsoH = AsotH® + AH (crystal lattice)

For the description of solutions in binary solvents, the
enthalpy of transfer, A H®, of the solute from an individual
solvent (S) to the mixed solvent (M) of various compositions
is often used. The knowledge of the enthalpy of crystal lattice
formation is not necessary here.

AtrHO = AsolI'I0 (M) - AsolI_IO(S) = Asole'I(NI) - Asole_I(S)
The enthalpy of transfer is a convenient function as it
allows one to very easily compare the effect of the mixed
solvent composition change on the behavior of different
solutes in the same mixtures as well as to compare the
effect of the cosolvent added on the properties of solutions
of the same solute in different mixed solvents. The fre-
quently observed extreme, inflection or break points on
AuH® = f(Xcosolvent) curves are usually interpreted as a
result of strong interactions between the solvent and
cosolvent molecules leading to changes in the mixture
structure with the change in composition and/or preferen-
tial solvation (PS), chemical reaction or complex formation
in the system. Therefore, the dissolution or transfer
enthalpy curves bring much information about interactions
in the system. However, in order to get some knowledge
about them on a molecular level it is necessary to use the
appropriate model of interactions. For analysis of the
results of calorimetric investigations on three-component
systems, the model of the enthalpic interaction coefficients
derived from McMillan—-Mayer’s theory [2] and Coving-
ton’s PS concept [3] seems to be very useful.

As is known, the enthalpic pair interaction coefficients
can be regarded as a measure of the heat effect (i.e., the
enthalpy of interaction) when two solute particles approach
each other in dilute solutions. In three-component systems
including, solute X, solvent S, cosolvent Y, the enthalpic
pair interaction coefficients, Ay, illustrate the heat effect of
interaction between the solute molecule X and the cosol-
vent molecule Y in the solvent S. As these interactions are
solvent mediated, it can be assumed that their values are
the sum of two essential energetic effects, namely partial
desolvation of interacting species and direct interaction
between them [4—7]. The values of pair interaction coef-
ficients in three-component systems can be calculated from
the enthalpy of solution or enthalpy of mixing [8].

The PS model proposed by Covington et al. [3] and
adapted to the enthalpic effect analysis by Balk and
Somsen [9] is based on the simplest version of the ther-
modynamic theory of PS. The theory analyzes the change
in composition of the solvation shell with solvent compo-
sition for a given solute X in a mixture of solvent S with
the cosolvent Y. When the mixture becomes richer in one
of its components, the change in the composition of the
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solvation shell of X is described by a successive series of n
equilibriums, where 7 is the solvation number:

X<Sn+17iYi71) +Y K X(SnfiYi) +3S (] SZSH)

If K is the equilibrium constant for the process of change in
the ionic solvation shell when the mixed solvent composi-
tion changes, then K; = K" is the equilibrium constant
describing the exchange of one solvent molecule in the ionic
solvation shell [9]. When K < 1, the electrolyte is prefer-
entially solvated by solvent S while K > 1 means that the
electrolyte is preferentially solvated by cosolvent Y.

In this article, the effect of added cosolvent on the
behavior of different solutions is analysed on the base of
the results of calorimetric measurements of the solutions of
simple electrolytes in mixed solvents carried out for several
years mostly in our laboratory. The mixed solvents
examined contain: water, methanol (MeOH), N,N-dimeth-
ylformamide (DMF), or acetonitrile (AN) as a main solvent
and different organic cosolvents. The solvents chosen
belong to the most popular ones and they exhibit different
properties and structure: water and methanol—both are
amphiprotic and hydrogen bonded solvents but they differ
from one another in their structure, N,N-dimethylformam-
ide is aprotic, proton-acceptor, non-hydrogen bonded sol-
vent whereas AN is a polar solvent, unable to form
H-bonds in “classical” sense neither as proton-donor nor as
proton-acceptor. Details about the calorimetric procedure
as well as the analysis of the results obtained can be found
in the original publications. Here, the results concerning
selected systems have been set together and analyzed in
order to get an answer to the question posed above.

Analysis of dissolution or transfer enthalpies in binary
solvents

Solutions in water—organic cosolvent mixtures

Let’s start from the dissolution enthalpies in water—organic
cosolvent mixtures (Fig. 1). As most of these results was
published in numerous original and survey papers [1,4,10
and references therein], I recall them only shortly.
The enthalpies of transfer of simple inorganic electrolytes
(NaCl, Nal) in the mixtures of water with aliphatic alcohols,
2-alkoxyethanols and with aprotic solvents, such as hex-
amethylphosphotriamide (HMPA), tetrahydrofuran (THF),
N,N-dimethylacetamide (DMA), 1,2-dimethoxyethane
(1,2-DME), and 2-butanone as a function of the of mixed
solvent composition exhibit maxima within the range of high
water content. These maxima are related to a structure-pro-
motion or a structure-stabilizing effect of added cosolvent on
water, mostly due to the hydrophobic hydration of the alkyl
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groups present in the cosolvent molecules [4, 10]. On the
other hand, the dissolution enthalpies of the same electro-
lytes in the mixtures of water with N,N-dimetylformamide
and dimethylsulfoxide (DMSO) as well as with organic
substances which do not contain a non-polar group in their
molecules, like formamide and urea, run monotonously
within the whole range of the mixed solvent composition [1, 4].

The standard solution enthalpies of electrolytes con-
taining ions with alkyl or aryl groups exhibit maxima in the
water rich region in all the systems examined thus far
[4, 10, 11]. Their height and position depend on the number
and size of alkyl or aryl groups in the organic ion. It sug-
gests that the presence of these maxima is also connected
with hydrophobic effects and probably can be attributed to
competition between organic cosolvent and organic ions
for the water molecules needed to form hydration shells
[10].

It was concluded that the shape of the Ay, H.,° =
f(x) curves in water—organic cosolvent mixtures, at least in
the range of high water content, depends on the hydration
susceptibility of the organic cosolvent molecule, under-
stood as a resultant of the hydrophobic effect of non-polar
groups and the effect of hydrophilic interactions of func-
tional polar groups present in the molecule. In some cases
the latter interactions are strong enough to overcome the
hydrophobic hydration effects and then the maximum of
the dissolution enthalpy of inorganic electrolytes is rela-
tively small or even it is not observed [1].

In order to get additional arguments to confirm the
above conclusions the enthalpic pair interaction coeffi-
cients were determined. To facilitate the analysis, the en-
thalpic pair interaction coefficients A,, for a series of pairs
consisting one, selected solute X (for instance: Nal) and
different cosolvents Y in solutions were considered. In this
way the variations of the A,, values depended on the dif-
ferences in the solvation effects of the substance Y and in
the effects of direct interaction between X and Y. Such
approach made it possible to obtain, indirectly, some
information about the interactions between the solvent and
cosolvents [1, 4].

The enthalpic pair interaction coefficients for the pairs
of Nal with different non-electrolytes (used as cosolvents)
in water have different values both positive and negative,
depending on the kind of the non-electrolyte (Table 1).
The positive values, characteristic of alcohols, and other
substances whose molecules contain large apolar groups
(e.g., THF, HMPA, 1,2-DME) prove the domination of
the endothermic effects of desolvation over the effects of
direct interactions between the ions and the non-electro-
lyte molecule. On the contrary, the negative h,, values
observed for non-electrolytes with strong polar group in
their molecule like: formamide (FA), acetamide (AA),
urea, DMSO, reflect the advantage of the exothermic

Table 1 Enthalpic pair interaction coefficients, h,,/J kg mol~? and
“linear” h,,* and “specific” A, contributions to h,, for Nal-non-
electrolyte pairs in water and Nal-alkyl groups interaction parameters,
h_aiy calculated from functional group parameters

Non-electrolyte (Y) Ny hy* hXEy P-alkyt
MeOH 314 —220 534 445
EtOH 596 —154 750 742
PrOH 780 —156 936 1040
i-PrOH 1018 —184 1202 1040
i-BuOH 1200 —184 1384 1337
s-BuOH 1286

t-BuOH 1440

1,2-ED 178

1,2-PD 381

1,2-BD 518

2-ME 194 —466 660 1040
1,2-DME 210

Acetone —-92 —328 236 894
2-Butanone 140

Urea —524

FA —696 —213 —483

DMF —350 —440 90 891
DMA —124

AN —494 —190 —-304 297
DMSO —628 —364 —264

THF 344

MPA 564

effect of direct interactions. It was found that the en-
thalpic pair interaction coefficients for the Nal-non-elec-
trolyte pairs in water were linearly correlated with
functions describing some properties of the non-electro-
lytes, such as molecular polarizability («), or Dimroth-
Reichardt polarity parameter (Et1) [12]. However, these
correlations hold only for groups of related compounds.
An interesting correlation, which included most of the
systems investigated so far, was obtained between the #,,
for Nal-non-electrolyte pairs in water, and the heat
capacity of interactions, C,(int) between the non-electro-
lyte Y and solvent water [7] (Fig. 2). Similar correlations
were obtained when the Nal was replaced by NaCl, or by
polar non-electrolyte such as urea [7]. From the analysis
of the dependences mentioned above it was concluded
that in aqueous solutions for a given solute the hydration
effects of the cosolvent molecules made a leading con-
tribution to the observed variation of the h,, values in
water. Other possible contributions do not decisively
influence the h,, variation. However, within a group of
substances having similar molecular structure and prop-
erties (alcohols, aprotic compounds) the effects of donor—
acceptor (Et) or electrostatic («) interactions play some
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diversifying role [1, 4]. This conclusion can be confirmed
when we split the h,, coefficients into “linear” h,,* and
“specific” or “excess” h}fy contributions: h,, = h,,* + hfy
[13]. The former one, h,* = (MS/2)AHHO(S—>Y) derived
on the basis of the assumption about the linearity of the
dissolution enthalpy of the electrolyte in the mixed sol-
vents illustrates the effect of gradual changes in the solute
solvation shell structure. The latter, hfy, illustrates the
effect arising from the ‘specific’ interactions in the system
under investigation (e.g., PS). The results of calculations
are presented in Table 1. As it can be seen, the main
contribution to the pairs of Nal with DMSO and with
DMF come from the ‘linear’ term, which indicates that in
these systems, the h,, coefficients result from a simple
replacement of water molecules by DMF or DMSO,
respectively, in the solvation shell of the ions. For most of
the other discussed pairs in water, a significant input from
‘specific’ interactions to h,, is observed. These positive
values of h,’fy reflect mainly the destruction of the
hydrophobic shells of the apolar groups in the cosolvent
molecule. This conclusion is supported by the effect of
interactions between the Nal and the alkyl groups, cal-
culated from the group interacting contributions deter-
mined on the base of Savage and Wood’s group additivity
model [14].

Summarizing, one can say that in the case of the solu-
tions of simple inorganic electrolytes like Nal, in water—
organic cosolvent mixtures, the diversification of the ion
solvation effect in the range of high water content is

10

—e— MeOH
—&- EtOH
—— i-PrOH
—e— t-BuOH
—*2-ME
-o-FA

—4— DMF
—— HMPA
—o— THF
—o— DMA

AyH/kJ mol™!

—40 T ‘ ‘ : .
0 0.1 0.2 0.3 0.4 0.5 0.6

Xcosolvent

Fig. 1 Enthalpies of transfer of Nal from water to water—cosolvent
mixtures at 298.15 K
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dominated by water—organic cosolvent interactions, i.e., by
organic cosolvent hydration.

Solutions in methanol—cosolvent mixtures

The dissolution enthalpies of Nal in methanol—cosolvent
mixtures exhibit various shapes (Fig. 3). In the mixtures of
methanol with ethanol, n-propanol and iso-propanol, the
addition of the cosolvent brings about a slow monotonous
growth of the Nal dissolution enthalpy with no maxima
[15]. 1,2-diols as cosolvents behave similarly in the range
of high methanol content [16]. The absence of the maxima
of the Ay, H® in these mixtures within the methanol-rich
range seems to point to the lack of ordering structure effect
or the phenomenon analogous to the hydrophobic hydration
(i.e., solvophobic solvation) [10]. The curves of the solu-
tion enthalpy of Nal in the mixtures of methanol with three
aprotic solvents having similar electric permittivity (DMF,
AN, NM) have different shapes [17]. It follows from the
analysis that in these almost isodielectric mixtures, the ion—
cosolvent interactions connected with the donor—acceptor
properties of the mixed solvent components are more
important than their electric permittivity. On the other
hands, in the mixtures of methanol and propylene car-
bonate the dissolution enthalpy of Nal does not substan-
tially change its value within the wide range of the MeOH
content [18]. From the point of view of this article topic, it
is important that in the range of high methanol content in
the mixed solvents, both the growth and decrease in the
dissolution enthalpies of Nal depending on the kind of the
cosolvent are observed. The same concerns the transfer
enthalpies of electrolytes with organic ions [18-23] as well
as the single ionic transfer enthalpies [18-23]. Therefore,

2000

1500

1000 4

500 A

hyy /T kg mil~2

—1000
-150

-100 -50 0 50 100
Cp(int)/J mol~! K1

Fig. 2 Enthalpic pair interaction coefficients, h,, for Nal-non-
electrolyte pairs in water as a function of Cy(int) of the non-
electrolyte; alcohols (filled diamond), bifunctional compounds (filled
square), aprotic compounds (filled triangle), hydrophilic compounds
(filled circle)
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Table 2 Enthalpic interaction coefficients, h,/J kg mol 2 for Nal- 4
non-electrolyte pairs in methanol
Non-electrolyte (Y) My
EtOH 31 0
PrOH 23
i-PrOH 26 n — EtOH
1,2-ED ~0 g & ProH
1,2-PD 82 = —+— iPrOH
1,2-BD 153 T - NM
1.2-PeD 3 97 - DME
- PC

AN —335 —a— ED
DMF -950 5 —-e— AN

~12
PC —20
NM 40

-16 T T T T T

0 0.1 0.2 0.3 0.4 0.5

Table 3 Preferential solvation fit parameters of Nal in metha-
nol + cosolvent mixtures

Cosolvent (Y) K" n
DMF 154 1.2
AN 0.07 3.4
PC 0.08 2.1
EtOH 1.00 -

the addition of a cosolvent to methanol modifies its
behavior as the solvent for simple electrolytes, which is
reflected by different shapes of the transfer enthalpy curves
from methanol to methanol-cosolvent mixtures in the
range of high methanol content both for the electrolytes
and single ions. It means that the solvation properties of the
cosolvent toward the solute are preserved to some extent in
methanol mixtures.

The values of the enthalpic interaction coefficients for
Nal—cosolvent pairs in methanol have different values,
both positive and negative, depending on the cosolvent
properties [16] (Table 2). The correlations of the Ay,
(Nal—cosolvent) coefficients that are characteristic of
aqueous solutions were not observed here. One can sup-
pose that in methanol solution, the effects of ion—cosolvent
molecule interactions are comparable with the ion—meth-
anol interactions and possibly the effects of selective sol-
vation of the ions diversify much stronger the #,, values
than it happen in aqueous solutions. In order to verify this
suggestion, it is possible to use the PS model proposed by
Covington et al. mentioned earlier [3, 9]. The PS param-
eters K" and n for Nal in some of the methanol mixtures
examined are given in Table 3. The values of the reaction
equilibrium constants in the mixtures of MeOH and DMF
are higher than unity (K > 1), which indicates PS by the
cosolvent in these mixtures. However, in the mixtures of
MeOH and PC as well as MeOH and AN, the reaction

Xcosolvent

Fig. 3 Enthalpies of transfer of Nal from methanol to methanol-
cosolvent mixtures at 298.15 K

equilibrium constants are lower than one (K < 1), which
means that electrolytes are preferentially solvated by
methanol. In the mixture of MeOH and EtOH the equi-
librium constant is equal to unity (K = 1), which shows
that in this system the Nal solvation shells change gradu-
ally with the change in the mixed solvent composition from
typical of MeOH to typical of EtOH.

To sum up the above, the competition between the ion—
methanol and ion—cosolvent interactions in Nal electrolyte
solutions in methanol-cosolvent mixtures influences the
behavior of the system already in the range of low cosol-
vent content. In some cases, it leads to the PS of the solute.

Solutions in N,N-dimethylformamide—cosolvent
mixtures

The enthalpies of transfer of Nal in all the mixtures of
N,N-dimethylformamide and organic cosolvents examined
are positive and they increase with increasing cosolvent
content in the mixture [13, 24, 25] (Fig. 4). In this respect,
the enthalpies under discussion behave differently than
those in water—cosolvent and methanol-cosolvent mix-
tures, where different shapes of the enthalpy of transfer
curves were observed within the range of low cosolvent
content. The slope of the transfer enthalpy function
depends on the kind of the cosolvent and it increases in the
following order: aprotic cosolvents < alcohols and sec-
ondary amides < primary amides (and urea). It is inter-
esting to mention that the single ionic transfer enthalpies
for inorganic cations behave in the same manner [21]. They
increase along with the increase in the cosolvent content.
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Fig. 4 Enthalpies of transfer of Nal from N,N-dimethylformamide
(DMF) to DMF-cosolvent mixtures at 298.15 K

Table 4 Enthalpic pair interaction coefficients, h,,/J kg mol ™ and
“linear” h,,* and “specific” hx‘,.E contributions to h,, for Nal-non-
electrolyte pairs in N,N-dimethylformamide

Non-electrolyte (Y) My h* thE
MeOH 460 894 —434
PrOH 860 1146 —286
i-PrOH 960 1040 —-80
i-BuOH 1000 1032 -32
NMF 760 800 —40
DMSO 270 300 -30
Acetone 420 448 —28
THF 500

AN 240 1010 —770

Also the salts with organic cation exhibit similar properties
[11, 21, 26]. On the other hand, the transfer enthalpies of
polar non-electrolyte, such as urea in the same mixtures
behave in reverse. They are negative and decrease with
increasing cosolvent content within the range of low
cosolvent content [27]. As follows from the detailed dis-
cussion, the observed shape of the transfer (and dissolu-
tion) enthalpies of the electrolytes (Nal, BuyNBr) in
examined DMF-cosolvent mixtures reflect, to a large
extent, the effect of energetically unfavorable replacement
of DMF molecules by the cosolvent ones in the solvation
region of the electrolyte [13, 24, 25]. This conclusion can
be confirmed by the analysis of the enthalpic pair interac-
tion coefficients for Nal—cosolvent pairs in DMF [13, 24,
25]. Their values are positive in all DMF solutions exam-
ined thus far (Table 4). Moreover, the enthalpic pair
interaction coefficients in DMF do not exhibit the corre-
lations observed in water. The lack of correlation with the
heat capacity of the non-electrolyte solvation indicates that
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the energetic effect of changes in the solvent structure in the
vicinity of the dissolved particles leads to a variation in h,,
values in DMF to a lesser extent than that, which occurs in
water as a solvent. It is so as DMF is less structured than
water in its liquid state. Therefore, the direct interactions
between electrolyte and non-electrolyte, connected with the
energetically unfavorable replacement of DMF molecules
by non-electrolyte molecules in solvation region of the ions,
seem to play a very important role in this system. In order to
throw some additional light on this problem the ‘linear’ and
‘specific’ contributions to the h,, coefficients have been
calculated [13]. The results obtained (Table 4) indicate that
the ‘linear’ contribution, h,,*, plays significant role in var-
iation of the A,, values. The values of A,,* in DMF for the
pairs of Nal with NMF ACT, DMSO i-PrOH, and i-BuOH
are very close to h,,, which means that the ‘specific’ con-
tributions are negligible, hf , & 0 (within the error limits).
Therefore, the positive values of /., observed reflect, indeed,
the energetically unfavorable replacement of DMF mole-
cules by the cosolvent in the solvation shell of the electrolyte
in these systems. In the other systems (the lower alcohols,
2-ME, AN) examined, we observe a relatively large negative
‘specific’ contribution. It is possible that the strong solvation
of both the Nal and cosolvent molecules in DMF makes the
effect of partial desolvation of the interacting species less
differentiated than in water and in methanol.

It arises from the discussion presented that N,N-
dimethylformamide relatively weakly differentiates the
properties of cosolvents. A decisive part in the behavior of
electrolyte solutions within the DMF-rich region in the
system is played by the properties of DMF as solvent that
relatively strongly solvates ions.

Solutions in AN-organic cosolvent mixtures

The shape of the transfer enthalpies of simple inorganic
electrolytes from pure AN to examined AN-cosolvent
mixtures (including DMA, DMF, DMSO, 2-ME, MeOH as
cosolvents) is different from that observed in systems
presented earlier. It is characterized by a sharp drop within
the range of high AN content in the mixed solvent, and
then an almost linear course to the value in pure cosolvent
[17, 20, 22, 23, 28, 29]. The transfer enthalpy curves in the
mixtures of AN and PC run almost linearly within the
whole range of the mixed solvent composition [28]
(Fig. 5). The characteristic shape of the dissolution
enthalpy curves observed seems to be unconnected with the
rapid change in the mixed solvent structure. The numerous
thermodynamic functions characterizing the AN mixtures
examined, which are very sensitive to any changes that
occur in the system, have their values almost independent
of the mixture composition [30-32]. The rapid decrease in
the enthalpy of solvation (or transfer) due to the addition of
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Fig. 5 Enthalpies of transfer of Nal from acetonitrile to acetonitrile—
cosolvent mixtures at 298.15 K

Table 5 Preferential solvation fit parameters of Nal and Na® in
acetonitrile + cosolvent mixtures

Cosolvent (Y) Nal Na™®

MeOH 14.6 3.4 6.4 5.2
2-ME 46.4 2.3 31.8 1.8
DMA 8.6 3.3

DMF 11.6 3.0 9.6 3.5
DMSO 9.1 4.2

PC 1.3

cosolvent to the solution can be attributed to the replace-
ment of AN molecules within the solvation shell of elec-
trolyte by stronger solvating molecules of cosolvent. The
composition of the ionic solvation sphere in most of the
systems discussed becomes stable in the systems contain-
ing about 70 mol% of AN. The mixture of AN and PC is an
exception, probably due to the comparably weak capacity
for the solvation of ions by both solvents [28-30].

The analysis of the single ion transfer enthalpies
revealed that the observed changes in Ay, H® of sodium
salts in the range of high AN content are due to the PS of
the sodium cation [22, 28, 29]. To confirm the above
conclusion, the model of PS was used. The values of the
reaction equilibrium constants K" for Nal and Na™ in
almost all of the examined mixtures of AN are higher than
unity (K > 1), which indicates preferential ionic solvation
by cosolvent in the mixtures of AN with these cosolvents
[29]. The only exception is the AN + PC mixture for
which the equilibrium constant for Nal solvation amounts
to 1.3 (Table 5). It confirms the earlier conclusion that in
the latter system the structure of ionic solvation shells
changes gradually along with the change in the mixed
solvent composition.

Table 6 Enthalpic pair interaction coefficients, h,,/J kg mol~? and
“linear” h,,* and “specific” thE contributions to A, for Nal-non-
electrolyte pairs in acetonitrile

Non-electrolyte (Y) Iy ey hyoF

DMF —2925 —283 —2642
DMA —3337 —235 —3102
DMSO —3050 —206 —2844
PC 3 80 =71
2-ME —5493 —267 —5226
MeOH —2370 =31 —2339

The values of the enthalpic pair interaction coefficients
for Nal-non-electrolyte pairs in AN, are negative for
almost all the systems examined [28, 29]. And again the
system containing PC, whose h,, value is close to zero is
the only exception (Table 6). The highly negative values of
the “specific”, hf , contributions also show us that the Nal—
cosolvent molecule interactions leading to the replacement
of the solvent molecules by the cosolvent ones in the Nal
solvation shell are dominating in the AN solution. The
interpretation of the behavior of Nal-acetonitrile—cosol-
vent systems presented above is additionally proved by
linear correlation of the enthalpic pair interaction coeffi-
cients in an for the pairs containing Nal and DMF, DMA,
DMSO or 2-ME with the values of InK”" derived from
Covington’s PS model for the same systems [28, 29].

Then, the observed behavior of the system mainly
reflects the properties of cosolvent, particularly the cation—
cosolvent interactions. A dominating part in the behavior of
electrolyte solutions within the AN-rich region is played by
the PS of electrolyte, especially cation by cosolvent and
relatively weak interaction between the mixed solvent
components [29].

Summary and final remarks

In this article, the effect of added cosolvent on the prop-
erties of four selected liquids: water, methanol, N,N-
dimethylformamide, and AN, used as solvents for simple
electrolytes, has been analyzed. The results obtained,
which concern the particular solvents, together with some
assessment of the reasons for the behavior of the systems
examined are compared below. That scheme makes it
possible to choose an optimal or at least advantageous
solvent for studies depending on the research subject and
what kind of interactions we are interested in. Are the
leveling properties of DMF more important for us than the
diversifying effect of methanol or relatively neutral
behavior of AN? Which of these solvents is better as a
reference one?
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It is also very characteristic that for the electrolyte
solutions in the three organic solvents (MeOH, DMF, AN)
examined, the solvation effects predominantly influence
the properties of the system observed calorimetrically.
However, in aqueous solutions of single, non-reacting
electrolytes, the water—organic cosolvent interactions
decisively influence the behavior of the system.

Solvation properties of the binary solvents

Water + organic cosolvent MeOH + organic cosolvent

Solute &—————=> Solvent Solute ©—————2> Solvent

s |

Cosolvent Cosolvent

The effect of ion solvation within The addition of cosolvent to
the water-rich region is methanol modifies the
dominated by the hydration of properties of methanol as a
organic cosolvent. Only within solvent for electrolytes, already
the organic cosolvent-rich with the addition of its first
range, its influence on the portion. Depending on the kind
solvation of ions becomes of the cosolvent, the PS of ions
dominating or at least by methanol or by the cosolvent

considerable. is observed.
DMF + organic cosolvent AN + organic cosolvent

Solute E&—————> Solvent

|

Cosolvent

Solute ——————> Solvent

S~

Cosolvent

DMF relatively weakly
differentiates the properties of
the cosolvents. A decisive part
in the behavior of electrolyte
solutions within the DMF-rich
region in the system is played
by the properties of DMF as
solvent that relatively strongly
solvates ions.

The behavior of the system
reflects mainly the properties of
cosolvent, especially the
cation—cosolvent interactions.

A dominating role in the behavior
of electrolyte solutions within
the AN-rich region is played by
the PS of electrolyte (cation) by
the cosolvent.

And, the last but not least, the calorimetry, also in this case,
showed its usefulness as a tool for the examination of
solution properties.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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