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ABSTRACT

The enthalpies of solution of NaBr, KCIl, KBr and CsI have been determined in water and
in four water—acetamide mixtures. The standard enthalpies of solution AH® of the investi-
gated electrolytes have been evaluated. The corresponding enthalpies of solvation A H,® have
been calculated. Single ion enthalpies of solvation AHg, ., and the ionic enthalpy of transfer

(ion
AHZ,,,, from water to water—acetamide mixed solvent have been derived. The dependence of

the ionic enthalpy of transfer on the solvent composition, size and nature of ions and
temperature is discussed.

INTRODUCTION

The mixture water—acetamide (AcNH,) is an interesting system the
behaviour of which deviates slightly from ideality [1,2], showing a great
compatibility between the components due to the similar hydrogen bond
energies for water-water and water—acetamide [3]. Although wvarious
physico-chemical properties of water—acetamide mixtures have been re-
ported in some papers, a literature survey revealed that studies of this
system through enthalpy of solution of electrolyte measurements are lacking,.
In view of this it was desirable to study the enthalpy of solution of a number
of electrolytes in water—acetamide mixtures at different temperatures. For
this purpose the enthalpies of solution of chosen alkali halides in
water—acetamide mixtures in the range 298.15-348.15 K have been mea-
sured and the corresponding enthalpies of solvation have been calculated.
Previous papers [4] reported the results of enthalpy of solution measure-
ments at 298.15, 313.15 and 333.15 K. Here results are reported from
enthalpy measurements of these electrolytes at 348.15 K and single ion
enthalpies of solvation of alkali and halide ions in the range 298.15-348.15
K.

0040-6031 /89 /$03.50 © 1989 Elsevier Science Publishers B.V.



234

EXPERIMENTAL
Materials

Salts and acetamide were purified and dried using the procedure de-
scribed in an earlier paper [4]. The mixed solvents used for investigations
were prepared by weighing using deionized double distilled water and
acetamide.

Calorimetry

The calorimeter and experimental procedure have been described earlier
[4]. The enthalpies of solution were determined at a series of concentrations
covering the range 0.01-0.2 mol kg™'. All enthalpies of solution were
determined in triplicate. The total uncertainty of enthalpy of solution is

about +0.5%.

RESULTS

The values of the enthalpy of solution for investigated electrolytes in
water and water—acetamide mixtures at 348.15 K are omitted as too exten-
sive. The plots of AH_, = f(ym) were found to be linear within experimental
error and they have been extrapolated to zero concentration for evaluation
of the standard enthalpies of solution AH®. The lack of necessary data
makes it impossible to calculate AH® by the Criss—Cobble method [5]. The
values of the standard enthalpies of solution obtained for investigated
electrolytes are given in Table 1. The enthalpies of solvation AH?® for the

TABLE 1

Standard enthalpies of solution of some alkali halides in mixtures of (1— x)H,0+ xAcNH,
at 348.15 K (kJ mol™ 1)

Salt Water x = 0.0510 x=0.1155 x =0.2336 x = 0.4155
NaCl -1.0 -1.2 —-1.6 —-21 -3.2
NaBr —6.1 —-6.5 =170 -19 -9.2
Nal —-122 —13.0 —-14.0 —15.9 —18.5
KCl 11.0 10.7 10.2 9.5 85
KBr 13.0 12.5 11.9 10.8 9.6
KI 144 13.5 12.4 10.3 78
CsCl 10.6 10.2 9.6 8.9 7.2
CsBr 18.0 174 16.7 15.6 13.7

Csl 26.1 251 23.9 21.8 18.6
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TABLE 2

Enthalpies of solvation of some alkali halides in mixtures of (1— x)H,0+ xAcNH, at
348.15 X (kJ mol™ 1)

Salt Water x == 0.0510 x = 0.1155 x =10.2336 x = 0.4155
NaCl 778.4 778.6 779.0 779.5 780.6
NaBr 745.0 745.4 745.9 746.8 748.1
Nal 700.5 701.3 702.3 704.2 706.8
KCl 695.7 696.0 696.5 697.2 698.2
KBr 662.3 662.8 663.4 664.5 665.7
K1 617.8 618.7 619.8 6219 624.4
CsCl 638.8 639.2 639.8 640.5 642.2
CsBr 605.4 606.0 606.7 607.8 609.7
Csl 560.9 561.9 563.1 565.2 568.4

electrolytes under study have been calculated from the standard enthalpies
of solution and lattice enthalpy AH__ , using the relation

—AHS =AH ,—

cryst

AH® (1)

The lattice enthalpies for alkali halides are taken from the literature [6]. It
is known that the standard enthalpy of solvation of the electrolyte is
additively built up from the individual values of the ions. Hence, from
values of AH.® obtained in this work it is possible to calculate the values of
the enthalpies of solvation of some non-investigated salts. Thus

A s(NaCl) AH s(NaBr) + AH s(KChH AI_Isfl‘(Br)

A s(KI) A s(KBr) + AHS?NaI) A s(NaBr) (2)

E=4
A s(CsC]) = AH_¢ s(CsI) +4 s(NaChy — —A s(NaI)
A s(CsBr) =AHg s(CsI) +A s(NaBr) —A s(NaI)

The values AHg,, in water and water—acetamide mixtures are taken
from the literature [7]. Table 2 lists the enthalpies of solvation of alkali
halides in water-acetamide mixtures at 348.15 K.

DISCUSSION

In developing a theory dealing with electrolyte solutions much attention
has been devoted to ion—solvent interactions, which are a controlling factor
in infinitely dilute solutions where ion-ion interactions are absent.
Ion-solvent interactions manifest themselves in all molal functions obtained
by extrapolation to infinite dilution. By separating the limiting molal func-
tions of solutes into ionic contributions, it is possible to determine the
contributions due to cations and anions in the solute—soivent interactions.
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In this study the ionic enthalpies of solvation in water-acetamide mixtures
were calculated on the assumption [8]

AHecat/AHean o AHecat/AHean (3)

s(w) s(w) s(ms) s(ms)

where AHGSM /AHG" and AHG S /AHZG S are the enthalpies of solvation
at infinite dilution of cation/anion in water (w) and in the mixed solvent
(ms), respectively.

The values of the ionic enthalpies of solvation in water in the range
298.15-348.15 K are taken from the literature [9]. Table 3 lists the enthalpies
of solvation of alkali and halide ions in water—acetamide mixtures. Notice
that the ionic enthalpies of solvation increase as abs. values with increasing
contents of AcNH, in the mixture. This effect is smallest for the Cl™ ion. It
can indicate a stronger ion—-solvent interaction in water—acetamide mixtures
than those in water. Similarly values of AHg, ) increase as abs. values with
increasing temperature. As can be seen from Table 3 the effect of acetamide
and temperature on the ionic enthalpies of solvation increases with increas-
ing radius of ion as well as for cations and anions. On the basis of the above
observations it may be supposed that on adding AcNH, to water the
three-dimensional network of H-bonds in water is gradually destroyed, and
water—acetamide mixed associates with H-bonds are being formed continu-
ously. A better insight into these questions may be expected from a consid-
eration of the ionic enthalpy of transfer AH.J,, from water to
water—acetamide mixtures. The A H,J;,,-values are obtained, by difference,

from the relation

— ©
A lﬁion) =4 s(ion)}ms) AI{s(eion)(w) (4)
where AHG  \ms and AHQ?O")(W) are the enthalpies of solvation at infinite

dilution of a given ion in the mixed solvent (ms) and in water (w),
respectively. The changes observed in A Hg; ., can be explained on the basis
of different structural behaviour of ions. It can be assumed that there are

two contributions to AH 7,

AHG = AHl:el) + AIflﬁstr) (5)

tr(ion)

where AH3,, derives largely from the coulombic interaction between the
ionic charge and the charge distributions on the solvent molecule and
AH3,,, derives from the effect of an ion on the structure of the solvent. The
solvent molecules in the region of dielectric saturation are strongly held by
the ion and may be expected to contribute little to any variation of AH g,
with increasing acetamide content and temperature. Therefore, it may be

expected that
AH, =~AH, sgu)(ms) —AH s(estr)(w) (6)

tr(ion)

where AHS, ., and AH, ., are the structural contributions to AHZ,,,
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in mixed solvent (ms) and water (w), respectively. It is known that an ion in
solution is surrounded by one or more centrosymmetrically orientated shells
of solvent molecules (region A). Region A is in turn surrounded by a region
of collapse of solvent structure (region B). In region A, a structure-making
process has taken place, tending to lower the structural enthalpy, and in
region B a structure-breaking process has taken place, tending to increase
the structural enthalpy. On transferring ions from a three-dimensional
structure (water) to a water—acetamide mixture in which this structure has
partially disappeared, the structure-breaking enthalpy will be lost. This is
greater for larger ions, hence this effect will be such as to make AH.?,

tr(str)
most negative for the largest ion in a series. (a) Any steric hindrance to the

TABLE 4

lonic enthalpy of transfer AH,,, for alkali-metal and halide ions in water—acetamide
mixtures (kJ mol~1)

Ton x = 0.0510 x=0.1155 x = 02336 x = 0.4155
29815 K

Na™ 0.1 0.5 1.4 ~
K* 0.3 0.9 1.9 ~
Cs™* 1.6 2.3 3.6 -
- 1.4 1.5 1.8 ~
Br~ 0.4 1.1 26 ~
I~ 0.8 1.7 3.6 -~
31315 K

Na* 0.3 0.7 14 ~
K* 04 0.9 1.9 -
Cs* 04 0.8 18 -
(G 0.0 0.0 01 -
Br~ 04 0.9 1.7 -
I 0.7 1.7 36 -
333.15K

Na* 0.3 0.7 1.5 26
K* 0.3 0.7 14 24
Cs™ 03 0.7 1.5 2.5
Cl~ 0.1 0.2 0.5 0.9
Br~ 0.2 0.5 1.1 1.8
I~ 0.7 1.4 1.9 5.1
34815 K

Na* 0.1 0.3 0.9 1.8
K* 0.3 0.6 1.2 20
Cs* 0.3 0.7 1.2 2.2
(& 0.1 0.2 0.3 0.7
Br~ 0.3 0.5 1.0 1.6

I~ 0.7 1.4 29 4.8
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solvation of the smaller ions by acetamide molecules will also tend to cause
AH g, to decrease as ionic radius increases. (b) All ions should make more
centrosymmetric structures in water—acetamide mixtures than in water. (c)
The biggest increase in structure-making should be shown by the smallest
ion, hence this effect would make A H,g,,,, decrease as ionic radius decreases.
The total dependence of AHg,,,, upon ionic radius arises from a balance
between above mentioned effects. It seems that for Cs*, Br~ and I~ ions
effect (a) is the most important. The course of the function AH g, ., = f(x, T)
for Na* and K" ions arises from a balance between effects (b) and (c). In
the case of the Cl™ ion, all effects mentioned are probably small and
AHg,,,, is the smallest. Thus, the variation of AH g, with ionic radius is
of greater complexity than its variation with solvent composition.
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