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Abstract�Thermochemical characteristics of solution of copper(II) chloride were found from calorimetric
data, and values describing solvation processes in a water�acetonitrile mixed solvent were calculated for the
entire range of compositions. Enthalpy characteristics of solvation of individual Cu2+ ions in water�aceto-
nitrile mixtures were found and analyzed.

Thermodynamic characteristics of solvation of elec-
trolytes in solutions are a valuable source of informa-
tion about solvation power of solvents, their structural
features, and selective solvation of ions. Analysis of
published thermochemical characteristics of electro-
lytes [1�3] points to their direct dependence on ion
nature. In this connection, the importance of research
into solutions of transition metal compounds should
be noted, since these metals play an essential role in
various processes. This work is a continuation of our
studies of solvation processes in mixed solvents in-
volving both �simple� and complex-forming ions. The
thermochemical characteristics of solution and the
methods of their analysis make it possible to obtain
and analyze various contributions to the solvation
enthalpy of ions as a function of the composition and
physicochemical properties of the mixed solvent [3�5].

The results of a thermochemical study of copper(II)
chloride solvation in mixtures of water with dimethyl
sulfoxide (DMSO) [6] and dimethylformamide (DMF)
[7] point to strengthened solvation with increasing
content of the nonaqueous component in the mixture
as compared to straight water. Proton magnetic relaxa-
tion and spectrometric data [8] indicate that copper
solvates in these non-aqueous mixtures are more
stable than Co2+ and Ni2+ solvates. The referees ex-
plained this fact by additional stabilization of Cu2+

ions by the Jahn�Teller effect. The Gibbs energies of
Cu2+ transfer from water into its mixtures with dipolar
aprotic solvents, obtained in [8], suggest that the
solvation power of mixed solvents in relation to d-
metal ions depends on both electrostatic and donor�
acceptor properties of the non-aqueous component. In
our opinion, the thermodynamics of solvation pro-
cesses in solutions cannot be thoroughly understood
without thermochemical data. It seems of importance
to study enthalpy characteristics of Cu2+ solvation in

water�acetonitrile (MeCN) mixtures with various elec-
trondonor, electron-acceptor, and dielectric properties.
In this study we used the approach developed in [3],
which takes into account electrostatic and donor-
acceptor ion�solvent interactions.

We obtained the standard enthalpies of CuCl2 solu-
tion in water�acetonitrile mixtures for the entire range
of compositions of the mixed solvent (Table 1) from
calorimetric data on heat effects of solution. On the
basis of these data, we calculated the enthalpies of
transfer of a stoichiometric mixture �Cu2+, 2Cl� from
water into its mixture with acetonitrile (Fig. 1).
Figure 1 also reperents data for mixtures of water with
the other aprotic solvents, such as DMSO and hexa-
methylphosphoric triamide (HMPT) [9].

Examination of the transfer isotherms (Fig. 1)
points to distinctions in the mechanism of copper
chloride solvation, that is evidently connected to the
nature of the nonaqueous components of mixtures.
Thus, the complicated nature of the dependences for
water�acetonitrile mixtures can be explained by the
diversity of associative processes in this mixed sol-
vent [8], as well as by the behavioral features of the
Cu2+ ion. Additions of acetonitrile to water reduce the

Table 1. Standard enthalpies of CuCl2 solution in water�
acetonitrile mixtures and their rms deviations Sf (kJ/mol)
����������������������������������������
XMeCN

a� ��H 0
soln � Sf � XMeCN%i

a� ��H 0
soln � Sf

����������������������������������������
0.000 � 51.78�0.17 � 0.698 � 67.32�0.23
0.105 � 37.97�0.19 � 0.905 � 44.12�0.24
0.297 � 22.62�0.15 � 1.000 � 32.02�0.13
0.501 � 86.62�0.17 � �

�������������������	��������������������
a XMeCN is the molar fraction of acetonitrile.
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Fig. 1. Dependences of the enthalpies of CuCl2 transfer
from water into its mixtures with (1) HMPA, (2) aceto-
nitrile, and (3) DMSO on the molar fraction of the non-
aqueous component in the mixture (XS).
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Fig. 2. Dependences of the enthalpies of transfer of ions
from acetonitrile into its mixtures with water on the
molar fraction of water: (1) Cu2+, (2) Na+, (3) Bu4N+,
(4) Li+, (5) Cl�, (6) Br�, and on the relative (7) electron-
acceptor (��ANmix = ANmix � ANMeCN) and (8) electron-
donor power Bkt�102 (kcal/mol) of the mixed solvent.

solvation power of the mixed solvent in relation to
the electrolyte, as evidenced by the increasing endo-
thermicity of transfer (Fig. 1). On the contrary, water
additions to acetonitrile (up to a molar fraction of
0.50) increase the exothermicity of salt solution
(Table 1). Note that first additions of acetonitrile, as
well as additions of HMPA, weaken solvation of the
stoichiometric mixture �Cu2+, 2Cl�, whereas addi-
tions of DMSO enhance solvation, which, according
to [6], is exolained by increasing basicity of the mixed

solvent. Let us pay attention to the fact that the hydro-
phobic radical in CN3CN, DMSO, and HMPA
contains one, two, and six CH3 groups, respectively.
Therefore, there is no need to consider stabilization
of the water structure by hydrophobic hydration of
copper chloride in the acetonitrile-poor region, but the
participation of nitrile groups in the solvation process
is here evident. In [10], too, the higher stronger
donor�acceptor power of water�acetonitrile mixtures
compared with water�DMF and water �HMPA was
explained by the presence of the CN group in the
acetonitrile molarcule. Probably, the increase in the
endothermicity of transfer with increasing fraction of
acetonitrile (molar fraction of acetonitrile > 0.5)
suggests that in the system under study, unlike the
other two systems, acetonitrile contributes little into
solvation of the stoichiometric mixture �Cu2+, 2Cl�.
As we indicated in [9], the presence of an endother-
micity maximum of electrolyte transfer in the region
of small additions of the nonaqueous component is
caused by the nature not only of the latter, but also of
the solvated ion (charge, size, electronic structure,
etc.). Therefore, to elucidate the reasons for the
features of behavior of d-metal ions in water�aceto-
nitrile mixtures, as compared to other mixtures,
requires knowledge of ionic characteristics. Let us
address to the earlier proposed technique [11] for
separating the transfer enthalpy of a stoichiometric
mixture of ions into ionic components, i.e. to the so-
called �rule of differences.� Having the transfer en-
thalpies of Na+ [12], NaCl [13], and CuCl2 (Table 1),
we can easily calculate transfer enthalpies for Cu2+

and Cl� ions. The calculated data are shown in Fig. 2,
from which it is seen that the trends in the solvation
enthalpies of single-charged and copper(II) cations in
water�acetonitile mixtures are similar. This is proved
by the increasing exothermicity of transfer of both
Cu2+ and Li+ and Na+ from acetonitrile into its
mixtures with water with the molar fractions of the
latter less than 0.40, and, according to the available
published data for Na+ [1], can be related to formation
of aqua complexes. There is no question that the
above can be related the complexforming copper
cation. The changes in the transfer isotherms on
further increase in the water fraction points to weaken-
ing solvation of the cations. In terms of the concepts
proposed in [14], the latter can be connected to increas-
ing contribution of the enthalpy of cavity formation
and to the weakening electron-donor power of the
acetonitrile�water mixed solvent up to the molar frac-
tion of water 0.70. The parameter Bkt was used as a
characteristic of this weakening [15]. As the water
content increases further (molar fraction > 0.70), an
endothermicity maximum is observed in the transfer
isotherms of all the cations, well-defined for Cu2+
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having a stronger charge but smaller size than Na+.
To reveal and examine distinctive features of solva-
tion of copper ions, it is necessary to separate the
ionic characteristics into contributions. For this
purpose, using the method [16], we calculated the
contributions of universal, electrostatic, and chemical
ion�solvent interactions to the enthalpy of Cu2+

transfer. This method [4, 12] allows quantitative
estimation of the ability of ions to chemical interac-
tions. Therewith, the universal component of the
solvation enthalpy of an ion is taken equal to the
solvation enthalpy of a hypothetical uncharged
particle (n-alkane) equal in size to the ion. Earlier
[17, 18] we derived approximating equations which
allow estimation of the universal component of solva-
tion enthalpy for ions of any size in the entire range
of compositions of mixtures of water with DMF and
HMPA. The calculations of solvation enthalpies by
these equations take into account the size of the non-
polar particle (van der Waals molar volume VW) and a
property of the mixed solvent (cohesive energy
density Pmix) relating to the energy required to pro-
duce a cavity in the solvent for accommodating the
solvated particle. In [12], we obtained coefficients of
linear equations that relate solvation of n-alkanes in
water�acetonitrile mixtures of various composition to
the size of the n-alkane. Equation (1) for the enthalpy
of solvation (transfer) of n-alkane of any size in the
entire range of compositions of the mixed solvent was
obtained from the Pmix value by fitting these coef-
ficients by a third-degree polynomial.

�H 0
solv(A) = (0.664 � 0.127Pmix + 0.296P2

mix � 0.158P3
mix)

+ (�0.007 + 0.505Pmix � 0.554.3P2
mix + 0.162P3

mix)VW;

Sf 0.992, R 0.980. (1)

The Pmix values for the mixed solvent were deter-
mined by the formula: Pmix = (�Hvap

mix
� RT)/VW,

kJ/cm3. The vaporization enthalpies of the mixted
solvent were calculated by known equations with data
on density [19], vaporization enthalpies [20], and
enthalpies of mixing [21].

By Eq. (1) we estimated solvation enthalpies for a
hypothetical "model" alkane simulating Cu2+ and Cl�

ions, i.e. the universal components of the solvation
(transfer) enthalpies of these ions, for the entire range
of compositions of the mixed solvent (Table 2). The
charge component of the transfer enthalpy includes
electrostatic, chemical, and structural contributions
[22]. It was determined as a difference between the
transfer enthalpy of an ion and its universal com-
ponent. We calculated the electrostatic component for
acetonitrile and its mixtures with water by the Born�
Bjerrum equation [23]. We pointed out in [12] that

the structural contribution to the charge component of
ion transfer must be estimated. This contribution to
the solvation enthalpy of an ion characterizes the
energy of structural rearrangement (reorganization) in
the solution, caused by chemical interaction of the
ion with its immediate solvation environment [24].
As noted in [12, 22], this characteristic and its quanti-
tative assessment are especially important for
H-bonded solvents. Batov [25] offered to estimate the
structural contribution to the solvation enthalpy of a
polar particle as a value proportional to the product of
the structuring parameter of the solvent by the van der
Waals molar volume of the substance. The structuring
parameter of a mixed solvent is the cohesive energy
density (Pmix).

�H solv
str = kPmixVW. (2)

The coefficient k defines, on the one hand, the
fraction of broken intermolarcular bonds in the solvent,
and, on the other, the proportionality between the
volume of a solute particle and the volume of the
solvent in its solvation shell [25]. For the subsequent
calculations we let k to be 1 for all solvent composi-
tions to meet the condition that the structural contribu-
tion reflects the energy of the structural rearrangement
of the solution in immediate solvation environment
of a particle of given size. In our case, the structural
contribution to the enthalpy of ion transfer from
acetonitrile into its mixtures with water was calculated
by Eq. (3).

�Htr
str(i) = (Pmix � P1)VW. (3)

The molar volume of the ion was calculated by the
formula: VW = 4/3NAr 3

W, mol/cm3; P1 is a property of
acetonitrile; NA is Avogadro’s number; rW is the van
der Waals radius of the ion.

As seen from Table 2, the structural contribution
increases in absolute value in the entire range of com-
positions with increasing water content. It indirectly
suggests a high reactivity of Cu2+ ions and confirmed
by increasing exothermicity of the charge component
for Cu2+ at XH2O < 0.50. This phenomenon is ac-
counted for by enhancing chemical interaction
between the cation and the solvent whose electron-
donor power increases in this region of compositions
as compared to acetonitrile. Further increase in the
water fraction produces increase in the endothermicity
of the charge component of the enthalpy of Cu2+

transfer, which implies weakening chemical interac-
tion of the positively charged cation with the solvent
and is assignable to fact that in this region of com-
positions of the mixed solvent its electron-donor
power slightly decreases and the electron-acceptor
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Table 2. Contributions to the enthalpy of Cu2+ and Cl� transfer from acetonitrile into its mixtures with water (kJ/mol)a

������������������������������������������������������������������������������������

XH2O

� �H 1
tr � �H 2

tr � �H 3
tr � �H 4

tr � �H 5
tr


����������������������������������������������������������������������������
� Cu2+ � Cl� � Cu2+ � Cl� � Cu2+ � Cl� � Cu2+ � Cl� � Cu2+ � Cl�

������������������������������������������������������������������������������������
0.00 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0 � 0.0
0.10 � 2.8 � 0.4 � �10.7 � �2.5 � 1.6 � 0.12 � �12.3 � �2.6 � 0.02 � 0.15
0.30 � 5.5 � 1.0 � �32.5 � �5.2 � 3.8 � 2.8 � �36.3 � �8.0 � 0.03 � 0.50
0.50 � 9.4 � 1.7 � �24.4 � �12.3 � 9.2 � 6.8 � �32.6 � �19.1 � 0.04 � 0.75
0.70 � 10.2 � 2.2 � 42.5 � �23.8 � 16.1 � 12.2 � 26.4 � �36.0 � 0.05 � 1.05
0.90 � 5.4 � 0.4 � 13.6 � �13.1 � 29.8 � 22.5 � �16.8 � �35.6 � 0.06 � 1.35
1.00 � �9.1 � �13.8 � 6.4 � 5.3 � 38.6 � 29.1 � �32.2 � �23.8 � 0.07 � 1.50

������������������������������������������������������������������������������������
a XH2O is the molar fraction of H2O. Numerical indices relate to the (1) universal, (2) charge, (3) structural, (4) chemical, and

(5) electrostatic components of the enthalpies of transfer.

power [26] continues to increase. Decreased number
of electron-donor centers in acetonitrile�water associ-
ates seems to be responsible for weakened solvation
of Cu2+ and the stoichiometric mixture of ions as a
whole. This changes the solvation environment Cu2+

ions, i.e. to resolvation, and is still accompanied by
increase in the structural contribution to the enthalpy
of ion transfer. Thus, the increase in the endother-
micity of the charge component of the enthalpy of
Cu2+ transfer at XH2O 0.50�0.70 is due to resolvation
of copper in the solution and is accompanied by
weakening chemical ion�solvent interaction and struc-
tural changes in the system. Further increase in the
water fraction (XH2O > 0.70) strengthens the network
of water�water H bonds and thus further increase in
the structural contribution to the charge component of
the enthalpy of ion. However, the structural contribu-
tion may also be increased by a sharply enhanced
chemical interaction of copper with water (hydration).
Evidence for the latter assumption comes from in-
creasing exothermicity of the chemical component of
transfer for this region of compositions (Table 2). The
enhancement of the chemical interaction can be ex-
plained in terms of the Marcus solvent donocity scale
[27]. In this case, the donor number of water in bulk
solvent (DN 40) is much higher than that of aceto-
nitrile (DN 14).

The solvation of Cl� anions in the entire range of
compositions appears explicable on the basis of the
classic notion [3, 4, 14] of the donor-acceptor nature
of interaction of the anion with a solvent whose elec-
tron-acceptor power increases with increasing water
fraction (Fig. 2). This is confirmed by the calculations
results (Table 2).

Thus, the thermochemical characteristic of CuCl2
solvation in water�acetonitrile is conditioned by a
higher reactivity of copper(II) cations toward the

mixed solvent, compared with single-charged cations;
it revealed copper resolvation in the region of medium
compositions of the mixed solvent.

EXPERIMENTAL

The enthalpies of CuCl2 solution in mixtures of
water with acetonitrile in the entire range of composi-
tions were measured with an error of � 1% on an iso-
thermal microcalorimeter [28] at 298 K (volume of
the calorimetric vessel 50 cm3). The range of electro-
lyte concentration in the experiments, 0.004�
0.05 mol/kg solvent [29], was selected according to
the recommendations in [30] so as to exclude associa-
tion of the stoichiometric mixture of ions at infinite
dilution. Anhydrous copper chloride was obtained
according to the procedure in [31] by single recrysta-
llization of pure grade CuCl2 �2H2O from twice distil-
led water with subsequent drying in a vacuum at
150�C for 6�7 h. Nonaqueous solvents were purified
by known procedurs [32]. The integral enthalpies of
CuCl2 solution in the mixtures under study we gave
earlier in [9, 29]. According to [33], copper(II) ions
in aqueous solutions can form complexes with both
Cl� ions and water. Taking this fact into account, we
fulfilled calculations with the equilibrium constants
to show that the fraction of chloride complexes in the
working range of electrolyte concentrations does not
exceed 0.6%. In addition we also measured the heat
effects of CuCl2 solution in neutral and acidified (pH
3) solutions for mixtures with molar fractions of the
non-aqueous component of no more than 0.5. The
resulting values coincided with each other within the
error limits, thus pointing to an insignificant contribu-
tion of solvolysis in the heat effect of CuCl2 solution.
In view of the aforesaid, we did not account for side
effects in determining the integral heat of solution.
The standard enthalpies of the electrolyte solution
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(Table 1) were calculated by the extended second-order
Debye�Huckel equation [34]. Additional physico-
chemical characteristics of water�acetonitrile mixtures
for calculating the enthalpies of dilution by the above
equation were taken from the references given in [12].
It is accepted that the parameter of the closest ap-
proach of ions in mixtures changes additively from
6 nm in water to 10 nm in acetonitrile [13].
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