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ABSTRACT

The enthalpies of solution of n-C,Hy,, n-CyoH,,, n-CuHip, and n-CigHyg in
hexamethylphosphoric triamide (HMPA), acetonitrile and also of LiNO;, NaNO,, KNO,,
CsNO;, NH,NO,, and NaBPh, in formamide (FA), dimethylsulfoxide (DMSO), HMPA and
their mixtures with water at 298.15 K are measured by the calorimetric method. The enthalpic
characteristics of transfer of individual ions are calculated. The approach based on the
quantitative evaluation of separate contributions to the enthalpy of ion transfer is used for
this purpose. The equations testifying to the donor—acceptor nature of ion—solvent interac-
tions are revealed. On these bases the results of the thermochemical investigations on
solutions of electrolytes in mixed water—organic solvents are discussed.

INTRODUCTION

Understanding of the nature of ionic solvation requires the determination
of the physico-chemical and thermodynamic characteristics of an individual
ion. Here, it is not only of great importance to obtain reliable data on the
values of the enthalpies of solution at infinite dilution, but also the choice of
the physically substantiated method of the division of ZH?, into its ionic
constituents. The existing methods for obtaining the enthalpic characteristics
of ions [1-4] have a common disadvantage in the absence of a quantitative
account of the different contributions to the enthalpy of the solvation of an
ion by the solvent. The problem seems to be more complicated for mixed
solvents. That is why the authors of [5,6] discuss the thermodynamic
characteristics of solvation of a stoichiometric mixture of ions. It should be
noted that the question of the applicability of this or that method or
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combination of methods to the determination of the characteristics of an
individual ion in various composition ranges of the mixed solvent has been
insufficiently studied. There is an attempt at such an investigation in refs. 7
and 8.

The present work is devoted to revealing the details of the influence of the
nature of components and the composition of mixed solvents on the en-
thalpic characteristics of the solvation of ions. The results are interpreted
taking into account the conclusions obtained earlier [9-11] and based on the
results of thermochemical investigations on nitromethane (NM) and HMPA
in the solvents considered.

EXPERIMENTAL

Technique and equipment

We used n-alkanes of “chemically pure” classification. The characteristics
of salts and their purification are described elsewhere [8,12,13]. The values
of the enthalpies of solution were determined at electrolyte concentrations
below 0.02—0.06 mol kg~ ' of solvent. Non-aqueous solvents were purified
according to known techniques [14,15]. Purity control was conducted by
conductometric and chromatographic methods; the enthalpies of solution of
substances were measured on a hermetic calorimeter [16]. Here we used a set
of calorimetric vessels with volumes of 35, 50 and 70 cm’.

The standard enthalpies of solution of alkanes (Table 1) were calculated
as an average of 5 or 6 experimental points, since no dependence of the
enthalpy of solution on solute concentration [which did not exceed 0.3 mol
(55.51 mol of solvent)™'] was found.

The values of the standard enthalpies of solution of 1:1 electrolytes were
calculated according to the Debye—Hiickel equation in the second ap-
proximation. The values of the temperature derivatives of the density and
dielectric permeability which are necessary for the calculations are taken
from refs. 17-20. A part of the data obtained is shown in Table 2.

TABLE 1
Standard enthalpies of solution of n-alkanes in polar solvents (kJ mol 1)
Solvent Solute
n-C;Hyg n-CyoHy, n-C4Hyo n-CigHag
Acetonitrile 11.6° 225403
HMPA 4.80+0.02 61+£0.2 9.7+04 63.0+0.6

? Ref. 25.
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TABLE 2

Standard enthalpies of solution (kJ mol ') of 1:1 electrolytes in mixtures of water with
dimethylsulfoxide, hexamethylphosphoric triamide, formamide at 298.15 K
X is the molar fraction of the non-aqueous component.

XDMSO AsolnIJ0 XHMPA AsolnIJ0 XFA AsolnIJ0
LiNO, CsNO, NaNO,
0.000 -2.51+0.02 0.000 39.60+0.10 0.000 20.19 +0.05
0.005 ~2.79+£0.02 0.045 40.26 £0.20 0.099 14.87 +0.00
0.008 —2.97+0.08 0.097 28.29+0.12 0.221 11.01 +0.05
0.012 —298+0.02 0.214 14.54+0.05 0.277 9.26 +0.03
0.025 —3.45+0.02 0.300 11.55+0.10 0.499 5.05 +0.05
0.050 ~4.59+0.01 CsF 0.687 247 +0.01
0.107 —6.31+0.01 0.000 —36.54+0.01 0.851 0.83540.005
0.253 —13.82+0.01 0.047 —-27.22+0.02 1.000 0.359 +0.001
0.449 —24.69+0.01 0.109 —21.10+0.01 CsNO,
0.609 —29.44+0.02 0.270 —10.51+0.17 0.097 3345 40.16
0.847 —31.3410.12 0.412 —16.04 +£0.01 0.302 27.66 +0.04
1.000 —30.77£0.12 0.501 —14.02+0.01 0.485 24.46 +0.07
NH,NO, 0.675 —13.81+0.03 0.711 21.17 +0.05
0.000 25.69+0.02 0.755 —13.05+0.08 0.869 19.38 +0.13
0.005 25.394+0.03 NaB(CsHs), 1.000 17.88 +0.09
0.008 25304001  0.000 —19.36+004  NaB(C4H,),
0.051 24.381+0.03 0.016 2493+0.10 0.072 —14.08 +0.08
0.091 23.19+0.05 0.020 40.23+0.40 0.122 —13.87 +0.03
0.211 18.23+0.08 0.025 38.00+0.30 0.187 —18.45 +0.05
0.253 15.374+0.02 0.044 16.23+0.07 0.240 —21.16 +0.06
0.346 8.97+0.02 0.103 —41.45+40.02 0.446 —28.34 +0.07
0.601 ~4.66 +£0.02 0.208 —-74.824+0.08 0.682 —31.38 +0.02
0.798 —9.21+0.03 0.521 —87.56+0.20 0.855 —33.32 +013
1.000 —12.76 £ 0.04 0.813 —94.90+0.13 1.000 —35.02 +0.02
1.000 —99.31+0.68

RESULTS AND DISCUSSION

We have proposed an approach [21] for the evaluation of the enthalpic
characteristics of individual ions based on the following preconditions. The
enthalpy of transfer of an ion (i) from solvent S, into solvent S,
[A¢Hs _ 5 ()] is represented as a sum of two constituents (contributions)

Aust,esz(i) = A:ersl:n—iYsz(i) + Azersclhfsz(i) (1)

The universal constituent [At,stﬂ“_i,v s,(1)] of the enthalpy of transfer of an ion
is assumed to equal the enthalpy of transfer of a non-polar particle having a
size close to that of an ion. In the case of small ions we used the data on the
enthalpies of solution of noble gases. The data on water and methanol were
taken from refs. 22 and 23. Extrapolated data were used for the solvents for
which no data were available and the dependences similar to those shown in
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Fig. 1. Dependence of the volumes of n-alkane molecules and tetraalkylammonium ions
(V= (4/3)71*) on the number of carbon atoms in them. The radii of particles are taken from
refs. 23 and 27. o, ®, C,H,,,,,; 0, (C,H,, . 1)sN™.
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Fig. 2 were used for this purpose. n-Alkanes were used for tetraalkylam-
monium (TAA) ions. The dependence shown in Fig. 1 confirms the use of
n-alkanes as model substances. The enthalpies of transfer of n-alkanes from
methanol to HMPA and acetonitrile (Fig. 2) were calculated using the
literature [24,25] and our (Table 1) data on the enthalpies of their solution in
non-aqueous solvents. We failed to determine experimentally the enthalpy of
solution of n-C;3H,;; in methanol due to its low solubility. Since the
enthalpy of transfer is equal to the difference between the enthalpies of
solvation, i.e.

AterISIeOH—»HMPA(CISHBB) = AsoleII(-)IMPA(CliBHBX) - AsoleII?/leOH(CIXHBB)
(2)

the enthalpy of solvation of octadecane in methanol was found by linear
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Fig. 2. Enthalpies of transfer of n-alkanes from methanol to acetonitrile (®) and HMPA (o)
vs. the number of carbon atoms in the alkane molecule.
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Fig. 3. Dependence of the enthalpy of transfer of n-alkanes and tetraalkylammonium
bromides from methanol to dimethylsulfoxide vs. particle volume (co® mol ~1).

extrapolation of the literature data [24] on the enthalpies of solvation of
n-alkanes C,—C,,. The value of the enthalpy of solvation of octadecane in
HMPA was found from the equation

Aso]vHI?IMPA(CISHSS) = AsolnHl(-)IMPA(CISH38) - A51.1bII{(C18I_I38) (3)

where A_,, H is the enthalpy of sublimation of alkane. The value of A, H
of octadecane was found from eqn. (3) proceeding from the extrapolated
values of the enthalpies of solvation of C,3H,; according to the data of
Stephenson and Fuchs [24] and from experimentally obtained A, H°
values of this alkane in five solvents (benzene, CCl,, toluene, 1,2-DCE, and
heptane). It was found to be 146.1 + 0.2 kJ mol "

The other constituent [A . H$"™ ¢ ()] of eqn. (1) includes all the types of
interactions between the atomic-molecular particles in solution that are
determined by the ionic charge.

Figure 3 shows the constituents of the enthalpy of transfer of ions from
methanol into DMSO vs. The volume of particles (V= N,v). With the
increase in TAA ion size, the value of AufHSCf‘if s, 2(C,H;,,,),N"Br~ ap-
proaches some limiting value corresponding to A, ; H, °]hf s,(Br7). We believe
that over a series of TAA ions with a general formula (C,H,, ;)N their
charge constituent approaches zero with increasing size of the hydrocarbon
radical. The physical reason for this comes from the increasing screening of
the positive charge located on the nitrogen atom by the alkyl groups of the
organic cation [26].

Using literature data [23,25,27-31] and our own data on the enthalpies of
solution of substances, we calculated the values of the charge constituents of
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TABLE 3

Coefficients of the linear equations A H3&", s(i) = @ + bDNgycy, and A HpE s() = a +
bAN 2

Li* Na* K* GCs* (CH,,N* (CH,),N* CI- Br- I

a 33 29 16 16 8 0.1 41 25 12
b -25 =20 -12 -10 -05 0 -25 —17 -09
AN, 25 20 12 10 05 0

DN, 25 17 09

? S = nitromethane, acetonitrile, dimethylsulfoxide, hexamethylphosphoric triamide.

the enthalpies of transfer of ions from propylene carbonate into non-aque-
ous solvents.

We discovered that there is a linear dependence between the charge
constituent of the transfer of ions and the donor (DN, ) and acceptor
(AN) numbers of a series of polar aprotic solvents. The existence of such
correlations testifies to the fact that the cation interacts predominantly with
the electron-donating atom of the solvent molecules, and the anion with the
electron accepting atom. The coefficients of the linear equations of the
dependences are given in Table 3.

The magnitude of coefficient b is a measure of the electron accepting
(AN, is the acceptor number) or electron donating (DN, is the donor
number) ability of ions. These numbers increase regularly from (C,H,) ,N*
to Li* and from I~ to Cl . The positive deviations from the straight line
Aungf‘a_f s,(i) of ions occur in the solvents associated by H-bonds (water,
methanol, formamide). We relate this fact to the structural endo-contribu-
tion upon solvation of ions in the solvents used.

The above facts allow us to explain the dependences in Figs. 4 and 5
proceeding from the donor-acceptor nature of ion-solvent and solvent—
solvent interactions. Here, the non-electrolytes (HMPA and nitromethane)
served as “probes” to evaluate the relative donor—acceptor properties of
mixed solvents.

The observed increase in exothermicity of the enthalpies of transfer of
[(CH;),N],PO molecules from formamide into its mixtures with water (Fig.
3) testifies to the strengthening of the electron-accepting ability of the mixed
solvent with increasing in water content. An insignificant change in A H°
values for nitromethane in the mixed solvent considered can be explained by
small changes in the electron-donating ability of the mixture relative to
formamide.

According to the above conclusions, the endothermicity of the enthalpies
of transfer of electrolytes from formamide into its mixtures with water is
conditioned by weakening solvation of cations. The increase in exothermic-
ity of transfer of electrolytes on transition from iodides to chlorides can be
explained by the strengthening electron-accepting ability of formamide—
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Fig. 4. Standard enthalpies of transfer of substances form formamide to its mixtures with

water. ¢, NaB(C¢Hs),; ®, Nal; m, NH,NO,; @, NaCl; 0, LiNO;; o, CH;NO,; ¢, NaF; X,
[(CH;),N]; PO.
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Fig. 5. Standard enthalpies of transfer of substances from water to its mixtures with
dimethylsulfoxide (broken lines) and hexamethylphosphoric triamide. ¢, ¢, CH;NO,; ®, o,

HCONH,; ®, NaNO,; 0O, LiNO,; B, NH,NO,. The right-hand scale is for the non-electro-
lytes (0, ¢, O, ®).
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water mixtures and increasing electron-donating ability of the anions (Table
3). A decrease in endothermicity of the enthalpies of transfer of electrolytes
on addition of formamide to water agrees with the literature concepts of the
destruction of water structure by formamide which results in a decrease of
the endo-contribution from the destruction of intermolecular bonds in a
mixed solvent compared with water [9].

The character of the dependences shown in Fig. 5 at Xyps > 0.1 m.f.
can be explained by the strengthening electron-donating ability of mixtures
compared with water. Here, the solvency of the mixed solvent is expressed to
a greater extent relative to formamide, the electron-accepting ability of
which is higher than that of nitromethane. A similar picture is observed in
water—dimethylsulfoxide mixtures.

Taking into account what has been stated above, it seems logical that the
exothermicity of the enthalpies of transfer of electrolytes with the anion
from water into its mixtures with HMPA increases over the series: K*, Na™,
Li*, NH;. The greatest increase in exothermicity of transfer for the am-
monium salt confirms the donor—acceptor nature of cation—solvent interac-
tion.

For electrolytes with the same cation, the exothermicity of the enthalpies
of transfer from water into water—HMPA mixtures increases over the series:
Cl7, Br™, NO;, I, which is a result of a weakening electron-accepting
ability of the mixture and decreasing electron-donating ability of the anion.
Such explanations are also correct for water—DMSO mixtures.

Solvation of cations and electron acceptors grows with increasing donor
number of the non-aqueous component of mixtures over the series: water—
FA, water—-DMSO, water—-HMPA.

The existence of the endothermicity maximum (relative to water) in
AH? =f(X) functions is characteristic of the majority of the systems
considered. It is concluded [32] that the increase in endothermicity of the
enthalpies of solution (transfer) upon addition of the non-aqueous compo-
nent to water is conditioned by various contributions (change in the en-
thalpy of cavity formation, in electron-donating ability, electron-accepting
ability, by structural effects and perhaps by other factors). In this connec-
tion, the endothermicity maximum upon solution of NaB(C;H;), in water—
formamide mixtures is explained by the prevailing contribution from the
enthalpy of cavity formation upon transition of the B(C4H;), ion from
water into the mixed solvent together with the exo-contribution from solva-
tion of the Na™ ion. As for nitromethane, the contribution from the effect of
cavity formation upon transfer of NaB(C4Hs), from a mixture of water with
non-aqueous additives decreases over a series of cosolvents: HMPA, DMSO,
FA.

The linear dependence of the height of the endothermicity maximum on
the magnitude of the DNg,; /AN ratio discovered by us (Fig. 6) can be
explained by the fact that the nature of the maximum is connected with the
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Fig. 6. Dependence of the height of the endothermicity maxima in A, H°® = f(X) functions
on reduced donor number of the non-aqueous additive of the mixed solvent: 1, HMPA; 2,
DMFA; 3, DMSO; 4, dioxane; 5, acetonitrile; 6, formamide; a, NaB(C,Hs),; @, n-C;H,OH;
o, CH;NO,.

differences in the specific interactions between the components of the mixed
solvent that are determined by the donor—acceptor properties of cosolvents.

It can be seen from the data in Fig. 7 that the influence of small additions
of the non-aqueous component on water structure which is related to the
strengthening of the specific interactions between the mixed solvent compo-
nents, manifests itself in the position of the endothermicity maximum over
the composition axis and is determined by the value of the DNg, /AN
ratio.

The results of the thermochemical investigations on solutions of the
electrolytes in water-HMPA mixtures ( Xypa = 0-0.20) testifies to the fact
that the magnitude and position of the endothermicity maxima in the

0] 005 O.‘!O

Fig. 7. Dependence of the positions of the endothermicity maxima over composition axis on
reduced donor number of non-aqueous additive of the mixed solvent. 1-6, a, ®, o, as in Fig.
6; 7, ethanol.
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Fig. 8. Standard enthalpies of transfer of 1:1 electrolytes from water to water—-HMPA
mixtures. ®, NaCl; A NaBr; o, NaNO;; a, KNO;; O, LiNO;; 8, NH,NO;; ®, Nal.

composition functions (Fig. 8) depend not only on the type of anion, as
considered in the literature [33], but on the cation and on the peculiarities of
ion-solvent interaction.

Thus, this paper reveals the regularities of the influence of the nature of
the components and of the composition of mixed solvents on the universal
and specific solvation of particles vs. their donor—acceptor properties, size
and also the donor—acceptor ability of solvent. It is established that

(a) the specific solvation of anions becomes weaker, and of cations
stronger upon the addition of aprotic polar solvents to water;

(b) in the mixed solvent relative to water the universal solvation of a
substance becomes weaker with increasing size of the solvated particle and
in the electron-donating ability of the non-aqueous component;

(c) when interpreting the extremal character of the AH,, = f(X) depen-
dence, one should take into account the donor—acceptor nature of the
interparticle interactions in solution; this determines the existence of the
contributions from the enthalpy of cavity formation, structural effects in the
solvent and specific ion—solvent, solvent—solvent interactions;

(d) the solvency of mixed water—organic solvents relative to cations
increases with the donor number of the non-aqueous component of the
mixture.
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