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Heat Capacity of Aqueous Solutions of Electrolytes

V.A .Latysheva

The present review deals with studies of the heat capacity of aqueous solutions of electrolytes, The material has been
selected to show the extent to which the studies which have been carried out reveal the relationship between the heat capacity
of the solutions and their internal chemical character, with reference to the dependence of the heat capacity of solutions on
their structure, the hydration and hydrolysis of ions, the formation of acido-complexes, etc. Some promising possibilities
provided by the study of the heat capacity of aqueous solutions of electrolytes have been noted. The bibliography contains

264 references.
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1. INTRODUCTION

The study of the heat capacity of aqueous solutions of
electrolytes is being initiated in various spheres of theo-
retical and practical research. In the period 1960—-1971,
heat capacity was studied in connection with the develop-
ment of efficient adsorption refrigerating machines’, the
technology of wet spinning®?, methods of distilling and
processing sea water *~®, and the rationalisation of the
production of alumina ®~*" and other materials *~**, In
most of the-works cited, narrow problems of a practical
character were resolved, but an incomparably greater
number of studies were aimed at determining the relation-
ship between heat capacity and the nature of solutions.
This tendency is natural, since the search for general
regular features, directed in the final analysis towards the
development of a theory of solutions, should be much more
effective than utilitarian studies in leading to the rapid
elimination of the marked inadequacy of data on the heat
capacity of solutions, which makes itself felt everywhere—
from the non-ferrous metal industry *° to the study of the
functions of nucleic acids *°.

II. SOME THEORETICAL IDEAS

Essentially no development of fundamentally new theo-
ries of the heat capacity of solutions has taken place in
recent years, We can only say that attempts have been
made to develop, verify, or discuss the theoretical ideas
previously put forward by Born** and Webb **, Everett and
Wynne-Jones **, Everett and Coulson “‘. Eley *, Frank and
Evans **, Frank and Wen ¥, Eucken **~*°, Kapustinskii *'7*?,
and others,

The application of the Born—Webb theory invariably
encounters difficulties, associated with the fact that this
theory does not take account of the molecular nature of the
solvent ®***™*®  Thus for example it has been shown con-
vincingly *** that the equation for the dependence of the
partial molar heat capacity of ions at infinite dilution Ef,z
on the radius of the ion:

C=tf (j—“) +h@ 1)

where e is the charge and r the radius of the ion, derived
by Kapustinskii *”** using only the Born equation, does not
show even qualitative agreement with experiment, The
slope of the theoretical curve is the opposite of that
observed experimentally. Agreement with experiment can
be obtained only by taking account of “the effect of the
long-range action of ions on water, which should be nega-
tive and should increase with increase in the ionic radius
and with increase in the complexity of the configuration of
the ion” **.  Eqn.(1) should then be replaced by:

Co=h ('j‘)g+fz(e) + fa(rx), (2)

where k is a coefficient characterising the configuration of
the ion.

At the present time the Born—Webb theory is some-
times used only as a means of estimating the electrostatic
components of the thermodynamic characteristics of ions
in solution. The use of this method in practice is based
on the need to know the effective dielectric constant of
water in solutions, and its derivatives with respect to
temperature. Thus some authors start from the converse;
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they use some independent method of estimate these elec-
trostatic components, and then calculate the effective
dielectric constant and its derivatives*®. In the case of
heat capacity, compressibility, and thermal expansion,
however, the attempts to carry out these estimates appear
unsuccessful, partly because of the lack of accurate

data *°, but chiefly because of the complexity of the inter-
pretation of these properties *°*®, The significant correc-
tion which was introduced into the electrostatic theory by
Everett and Coulson * and which takes account of the
unique state of the water molecules closest to the ion, did
not lead to agreement with experiment *’**, Conway and
coworkers *° showed that the change in heat capacity AC
associated with the effect of the restriction of the libera-
tions of the water molecules closest to the ion is relatively
small in magnitude and has the same sign as the change in
entropy AS in the corresponding process, and that AC and
AS should change in the same sense on going from one
system to another. At the same time the order of change
in the values of C3 for the ions of the alkali and alkaline
earth metals and the halogens, and also the values of ACy
(the changes in heat capacity at constant volume) for the
ionisation of methylammonium ions, obtained from the
experimental data, are opposite to the corresponding
orders for S and AS, and the signs of the quantities C§
and AC may be the opposite of the signs of S{ and AS
(Fig.1). On this basis, Conway and coworkers*® exclude
the effect indicated by Everett and Coulson from the fac-
tors determining the magnitude of C{; and give preference
to the influence of ions on the structure of water. They
assume that the positive values of Cf,i for cations and the
negative values for anions may be due to the structure-
forming influence of cations and the destructive influence
of anions.
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Figure 1. Comparison of the partial g-ion heat

capacity of monatomic ions Cj (curves I —III) and the
change in heat capacity in the protolytic dissociation
of alkylammonium ions AC (curve IV) respectively
with the entropy of hydration of the monatomic ions
Sflydr and the change in entropy AS in the protolytic
dissociation: I) Mg** (1), Ca®** (2), Ba®" (3);

II) Li* (1), Na* (2), K* (3), Rb* (4), Cs* (5);

) F~ (1), C17 (2), Br~ (3), I" (4);

IV) (CH3)sNH* (1), (CH3).NH? (2), (CHs)NH3 (3).
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It should however be noted that Conway and coworkers
use the values of Eﬁi on Eucken's scale, without justifying
its use in preference to other scales. It is quite possible
that scales in which the values of Ci’,i for cations are not
positive but negative will prove more correct (this will be
discussed later), Moreover, the chag§es in__the opposite
sense noted by the authors cited for ASj and Cf)i may
indicate merely that the effect of partial freezing of the
degrees of freedom of the water on hydration overlaps the
effect of change in structure, but not complete absence of
the first effect.

In order to reveal the existence of the first effect, it is
necessary to compare the heat capacities of ions not within
the vertical groups of the periodic system but along the
horizontal periods of elements with similar steric and
electrostatic parameters (d or f elements). This approach
has been made by a number of authors®*°~°, Study of the
heat capacity of aqueous solutions of the perchlorates of
the 3d metals (Mnll, Coll, Nill, Cull, and Zn) showed that
the values of Eﬁ for these electrolytes, on going from one
ion to another, change in the same sense as the values of
AH, AG, and AS for the hydration of the cations
(Fig.2).°°™®® Thus the strength of binding of water by the
ions still has significant importance for the heat capacity.
The study of the heat capacity of solutions of salts of the
rare earth elements led to similar conclusions*"®°, The
concept of the influence of ions on the structure of water
has attracted the greatest attention from research
workers ®~%1%¢=%% ' In particular, the ideas of Frank and
coworkers *" on the cluster structure of water and solu-
tions have provided the basis for several recent theoretical
and experimental studies**”"°, Nemethy and Scheraga °°
suggest that the water molecules inside the clusters, on
the surface, and outside the clusters differ from one
another in the number of hydrogen bonds which they form
and in the changes which they bring about in the vibrational
spectrum of water, On the basis of this premise,
Nemethy and Scheraga developed a statistical method for
calculating the concentration and size of the water clusters
and the thermodynamic properties of water from data on
the vibrational spectra. The calculations do not show
complete agreement with experiment for pure water (the
method has not been used for agueous solutions of elec-
trolytes); in the opinion of Vand and Senior *°, this is due
to underestimating the number of straight and branched
chains in the structure of water. Attempts have been
made to develop a theory of aqueous solutions of electro-
lytes from the semi-empirical theory of Eucken **~%*"1s72
based on the view that in solutions an equilibrium is
established between monomers, dimers, tetramers, and
octamers of water molecules and hydrated ions. Wicke
compared new experimental data on the heat capacity of
aqueous solutions of a number of alkali metal halides,
alkylammonium salts, and aliphatic acids and their salts
at temperatures in the range 0—130° °*"° with the results
of studies of other properties of the solutions carried out
by different authors, and concluded that Eucken's theory is
inadequate and that it is necessary to take into account the
existence, in water and aqueous solutions, of structural
units of the “flickering cluster” type, in Frank's termin-
ology ™. However, in the opinion of Wicke (and many
others ****""~"%) Frank's two-structure model is inadequate
for a satisfactory description of the heat capacities of
solutions, Wicke puts forward the so-called combined
model of the structure of water, which as it were combines
elements of the models of Eucken and Frank.

On the basis of this model, Wicke ® and Rueterjans and
coworkers * put forward an explanation of the form of the
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temperature dependence of Ef, for a number of simple
halides (the existence of a maximum at temperatures in

the range 50—90°) and the characteristic features of the
heat capacity of solutions of tetra-alkylammonium halides -

(ec> 0.
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Figure 2. Comparison of the values of Cp for the
perchlorates of the 3d metals (1) with the entropy
AShydr (2), free energy AGhydr (3), and enthalpy
AHpyqdr (4) of hydration of the corresponding cations.

The theoretical studies of Lovett and Ben-Naim ™",
devoted to solutions of the inert gases in water, have
proved of interest in the elucidation of the nature of the
structure-forming influence of the non-polar parts of
electrolytes on water. The one-dimensional model of
aqueous solutions of the inert gases put forward in the
work cited, and statistical calculations using this model,
lead to the unambiguous conclusion that the introduction of
inert gas molecules into heavy water (D20) should lead to
less stabilisation of the structure than their introduction
into ordinary water (which is less structured than heavy
water). This difference is in fact observed and is based
on the fact that (according to the model) the inert gas can .
stabilise the structure only when the water contains open
cavities into which the gas can penetrate. The less
structured water has more of these cavities.

. Krestov and coworkers "®"® approached the problem of
heat capacity from the viewpoint of the theory of positive
and negative hydration, developed by Samoilov 8 Like
Noyes *®, Krestov and coworkers " assume that the change
in heat capacity accompanying the hydration of ions
ACphydr can be broken down into two parts, one of which,
ACp1, is not related to the electrostatic parameters of the

ion and is equal to the effect of the hydration of an inert gas:

atom having the same radius as the ion, whereas the other,
ACpII, depends on the nature of the effect of the electro-

static field of the ion on the structure of the surrounding

watér. Arguing within the framework of Samoilov’s theory, -

the authors cited represent the quantity ACpIr as resulting
from the partial compensation of two effects of the influ-
ence of ions on water: 1) the orientation of the nearest
molecules in the field of the ion, and 2) the breakdown of

‘the bonds between further-removed water molecules.
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The
first effect should be accompanied by a decrease in heat

‘capacity as a consequence of the decreased mobility of the

molecules, and the second should be accompanied by an
increase, since the water molecules become more mobile.
Since the first effect predominates for ions with positive
hydration, and the second effect predominates for ions with
negative hydration, it is to be expected that for the former
ACpIl < 0, whereas for the latter ACpr1 > 0. The results
of calculations carried out by Krestov and Klopov ™ con-
firm these suggestions, but they contradict the widely held
opinion that the rupture of bonds in the structure of water
should lead not to an increase in heat capacity but to a
decrease; this is confirmed by the experimentally
observed decrease in the values of Ci’, for alkali and
alkaline earth metal salts and for the halides of the sub-
groups with increase in the size of the ions **®*, On
examination it was found that the contradiction was due to
errors in the calculation of ACp], ™ carried out using data
on the solubility of the inert gasesinwater 82, Thecorrect
calculation leads to positive values of ACp], which within
the limits of error are the same for all the inert gases
(~40 cal mole™ deg™) and to values of ACpIIcorr Which in
all cases are negative and decrease with increase in the
size of the ions in the sub-groups (column 4 of Table 1).

Table 1. Values of ACplI and ACpII for various ions
(cal g-ion™ deg™).

IAC

™ 8¢,y [ACPIcorr
Ion Acpy Ao for ACpT = 40)
Li+ —4.8 —~3.7 —48.5
Nat —17.8 ~+4.1 —53.7
K* —25.2 +5.8 —59.4
Rb+ —35.0 +14.8 —60.2
Cst —48.6 | +27.6 —60.8
Mﬁg:*' —18.4 | —23.5 —84.9
Ca —25.6 | —18.1 —83.7
Sri+ —39.6 —8.0 —87.6
Ba'v | —49.2 ~1.7 —90.9
P —15.2 ~3.3 —58.5
cl- —23.6 +4.8 —58.8
Br- —37.8 | +17.8 —60.2
- —47.9 | +27.4 —60.8

If in addition we take account of the tendency, noted by
some authors (see, for example, Ref.82), for ACp to
increase from He to Xe, we obtained an even greater
decrease in ACpI with increased size of the ions in each
sub-group.

This result confirms the view ****° that Samoilov's
theory does not provide an understanding of the heat
capacity of solutions, since “the thermostatics of solutions
is related not to fluctuations in the structure, produced by
the translational movements of the molecules, but to the
average statistical characteristics of the systems”.

The results of theoretical studies of the influence of
the concentration of an electrolyte on Cf, (in the range of
medium and high concentrations) have been published by
Mikulin (p.44 of Ref.23). In Mikulin's opinion, the nature
of the dependence of the partial molar heat capacity of the
electrolyte on concentration in concentrated solutions is
determined by the form of the concentration dependence of
the so-called electrostatic component of the free energy of
the solution G€l. The latter is related to “the nature and
magnitude of the electrostatic forces” (the interaction of
the ions and the polarisation of the water molecules) which
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lead to the formation of the “ionic atmosphere” and bring
about a change in the properties of the solvent.close to the
ion” (p.49 of Ref.23). It has the form:

G = —RTm@+6V79 ' (3

where.C is the molarity of the electrolyte, and a and b are
constants which are characteristic of each electrolyte and
whmh ‘depend on temperature and pressure,

An extremely interesting feature of Mikulin's approach
is the model of the hydrated ion, which takes account of the
possibility that around the primary hydrated ion there is a
layer of water moIecules for which the dielectric constant
value is greater than that for pure water (p. 126 of Ref.23).
The magnitude of the increase in the dielectric constant of
this layer depends on the individual nature of the ions, and
this is responsible for the specific character of the values
of a and b in the equation for concentrated solutions. This
unique layer is limited to a distance of 10—12 A from the
centre of the ion, so that in the range of highly dilute
solutions it does not determine the form of the concentra-
tion dependence of Ge1 which becomes the same for all
electrolytes of the same valency type, in accordance with
the Debye ~Hiuckel theory.

Mlkulln s theory has been critically rewewed 45, The
work ‘tited also summarises the theoretical ideas pre-
viously developed by Mishchenko and coworkers on the
factors determining the concentration and temperature
dependence of the partial molar heat capacities of water
and electrolytes in solut1on.

Drakin and coworkers * suggested that there is a linear
relationship between the heat capacity of the hydration of
ions ACh on the one hand and the charge of the ion z and
its hydrate coordination number » on the other

Acl\:s _Az"t (4)

where A is a proportionality coefficient, the magnitude of
which is determined empirically, and ACh, is the difference
between the partial molar heat capacity of the ion at
infinite dilution and the heat capacity of the ion in a
vacuum, ) -

This dependence is based on the idea that each of the »
water molecules surrounding the ion can be bound by
hydrogen bonds to two other molecules and hence can act
as the starting point for a chain of hydrogen-bonded water
molecules, The ion, which possesses a charge, will
influence the vibrations of the chain. The total effect of
the ion should be proportional to nz.
tive for its simplicity, and at first sight it might seem to
provide a bagig for a new method for determining the
coordination numbers of ions in solution. As shown below,
however, not .all of the ions studied by these authors * 7 opey
this relatmnship, and the authors themsgelves conclude
that it is only approximate ™. We doubt whether all the
change in heat capacity when ions pass into solution can
be attributed ‘to the formation of the hydration sheaths of
the ions, =~ ' -

The results of. these theoretical studies show clearly
that the heat capac:ty of solutions is sensitive to the most
varied characteristics of the intéraction between the
components of solutmns. ‘Thus in order to develop a
general theory it is‘necessary first of all to accumulate
sufficiently extensive and reliable experimental data on
the relationship bétween heat capaclty and.the various
forms of intefaction in solution, 'such as the hydration of
ions, their associatlon their ‘detion on the structure of
water, hydrolysis, complex formation, etc.

Data on’ ‘the partlal molar’ heat capacities of electrolytes

This idea is attrac-
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in highly dilute solutions are of exceptional importance
for the development of the theory.

III. THE PARTIAL MOLAR HEAT CAPACITIES OF ELEC- -

TROLYTES AT INFINITE DILUTION C“’,z

1. Experimental Determination of Cp,

The values of Ei’)z are usually determined by extrapolat-

ing the apparent molar heat capacities of the electrolyte
‘I’Cp2 to zero concentration. For this extrapolation to be

successful, the experimental data on the specific heat
capacity of the solutions cp should be as accurate as
possible *®

In recent years there has been an increase in the
number of laboratories in which precision heat capacity
measurements are being made. There has been an
increased number of materials for which accurate ¢
values have been obtained for the first time or for which
earlier inaccurate values have been accurately deter-
mined #~*"7%°"!%8_ Only a few papers '®®, however, cover
the range of solutions with concentrations less than 0.1 m.
This means that the values of (_':f)z,obtained by extrapola-
tion are still unreliable, since at lower electrolyte con-
centrations a change in the slope of the plot of @cpz

435155387, 1135118,119,122,120

against v m 1s still quite possible

Parker '* proposed a way out of situations of this kmd
in this approach, the slope for very dilute solutions is
calculated from the Debye—Hiickel theory, after which the
ordinate of the initial point of the calculated section is
determined by assuming that the change from the calcula-
ted straight line to the experimental line should take place
along the smoothest and shortest curve. This method
was used to calculate Cy for a number of uni-univalent
electrolytes, and also to estimate the heat capacities of
various solutions of electrolytes which have been little
studied (NHBr, NH4l, Rbl, and MX, where M = Rb or Cs,
and X = OH, Cl, Br, or NO;). The application of Parker's
method to electrolytes of the 1:1 valency type, which are
chemically relatively “simple”, is apparently justified at
present, but it can hardly be used in the case of electro-
lytes with highly charged ions, which often tend to undergo
hydrolysis, or, by strongly polarising the nearest water -
molecules, bring about structural effects in dilute solu-
tions, not taken into account by the Debye—Huckel theory.
A number of authors who have carried out the precise
determination of the heat capacity of aqueous solutions of
the chlorides of the elements of the beryllium side group
at 25° °°~* guggest that Cp, be determined by use of
interpolation equations giving the concentration dependence
of the specific heat capacity.  This method has some
advantages over graphical extrapolation, but it also is
unreliable in the absence of data for dilute solutions.

Work devoted specifically to the question of the extra-
polation of the values of $Cp to m =0 113 has shown that
even such a relatively * 31mp1e” 1:1-valent electrolyte as
Nal can show quite unexpected behaviour in the range of
low concentrations,

The difficulties associated with the extrapolation of
<l>cp to m = 0 have led to the search for new methods of
determining Epz' One of these is known as the “method
of integral heats”, due to Cobble'®. In this method, the
values of Cf, are determmed from data on the heat capa-
city of an individual electrolyte Cp, and the change in heat
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capacity on dissolution ACE’)S. The latter are found by
differentiating, with respect to temperature, the first
heats of dissolution of the electrolyte in water AHg, found
by extrapolating the integral heats of dissolution AHg to
zero concentration using the extended Debye—Hickel
equation '®, An advantage of this method is the greater
reliability of the extrapolation of AHgtom =0 (m =
molality) compared with the usual extrapolation of the
apparent molar heat capacities of the electrolyte &C,,

since the function which Criss and Cobble use in the
extrapolation is linearly dependent on the molality.
Nevertheless, even this extrapolation does not always give
good results, as apparently indicated by the insufficiently
“smooth” temperature dependence of AH, observed by
these authors in a number of cases. The artificial
smoothing of this dependence, undertaken by Criss and
Cobble, is hardly justified for all systems, since the
existence of an incompletely smooth temperature depen-
dence for AHJ is apparently possible in principle (see
p-17179).

If in addition we take into account the unavoidability of
error in the determination of the heat capacity of an
individual electrolyte Cp,, which sometimes reaches
several cal mole™ deg™, we can understand why the
accuracy of the measured values of C_f)z obtained by

Cobble's method in a number of cases differs little from
that for the values of Cf,z obtained by extrapolating the
&, values (Table 2).

Table 2. Comparison of the values of Cp,
(cal mole™ deg™) obtained by the method of integral
heats (m.i.h.) and by measurement of the heat capa-

city of the solutions (m.h.c.s.). £° = 25°.
Electro- | —g° " _Ep" Ref.
lyte (m.in) (mh.
! c.s.)
HCI 30.5 9% |29.2 | 88,138

30.0 |(pp.400 and
652 of Ref.132)
139

32.6
NaCl 18.9 131 |23.3 140
21.6 141
BaCl, 72.6 131 [73.5 141
73 142
74.36 138

Na,SO; | 46.7 101 |50 10
Csl 36.6 98 {31.02 42
31.6 141

The method of integral heats is being used in many
studies at the present time 65568569995 =103y 21,126,133-137. The
lack of reliable data on the heat capacity of most individual
electrolytes (particularly crystal hydrates), however,
restricts the possibilities provided by the use of this
method.

2. Semi-empirical Methods for Separating Cp, into Ionic
Components (_Tf,i and the Calculation of Egi for Different
Temperatures

The problem of separating the heat capacity of an elec-
trolyte into ionic components is even further from solution
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than the analogous problems of resolving into components
the heats of hydration, volumes, and various other proper-
ties. There coexist ionic heat capacity scales which
differ considerably from one another not only in the
absolute values but also sometimes in the signs of the heat
capacities **®', In the resolution of heat capacities it may
be necessary to use criteria different from those used in
the separation of the enthalpy of hydration, since the heat
capacity, which is the derivative of the enthalpy with
respect to temperature, may be distributed between the
ions in a way which is quite different from that for the
actual integral heat*®., The method of resolving the heat
capacities proposed by Mishchenko and coworkers is based
on the relationship between the heat capacities and the
volumes of the solutions. The authors cited assumed that
the values of Ef) are equal for those ions for which Fajans
and Johnson established that the partial molar volumes

are equal, namely NH{ and C1~. The scale of ionic heat
capacities obtained on this basis is given in Table 3.
Drakin and coworkers * suggested that the separation of
EI"JZ into ionic components be based on the assumption that

Cpci- = —8.™  The authors cited obtained this quantity by

selecting a value which would satisfy the equation (4) which
they put forward for the relationship between the heat
capacities and the hydration coordination numbers of ions.

Table 3. Values of Cp; for various ions (cal mole™ deg™)
Pi g

on different scales. (° = 25°,
lons Ref43 Ref.143 Ref.145 Ref.81 Ref.130 Ref.146

H* —23.4 -3 a2t —20.5 0 428
Li+ 9.9 412 4.0 8.0 116.4 441
Na+ —15.0 +2 —9.9 —12 1114 137
K+ —21.6 -3 —17.5 —18 +5.2 13t
Rb+ — — —20.3 —19 +3.3 +30
Cs* — — —22.7 —23 +1'9 26
Be2+ — —_ +16.3 —22 — 476
Mg+ —51.3 — 1236 —38 — 162
Cabr —54.3 = —39.5 44 — 154
Sr2+ —57.0 — —48.6 —46 — +52
Bat+ —60.3 — 544 54 _ 44
F +26.9 — 13.6 -8 —25.5 —57
I 6.6 —26 —11.8 —10 —32.6 59
Br- 9.6 —2 —15.2 —12 —33.9 —81
- —10.3 —27 196 13 —34.0 —62
NO, 3.8 —15 — 7 —20.7 56
NH; —6.6 412 — — +19.1 —
OH- 8.6 —29 — -8 —35.5 —57

De Ligny and coworkers '** put forward an original
method for finding the heat capacity for the individual
hydrogen ion, involving the determination of ACyp for the
hydration of the H* ion from the cvcle:

H* (aq) + Foc (aq) — Fic* (aq) = /g Hy (gas)
1 7 ®

H (gas) + Foc(gas) - Fic' (gas) «3 H'(zas) + Z(zas)

where Fic* represents the ferrocinium ion (CsHs):Fe*, and
Foc represents ferrocene.

In the calculation of this cycle it is assumed that the
heat capacity of the hydration ACphydr of large ions of the
type Fic* (v = 3.8 A) is additively made up of electrostatic
and non-electrostatic components, so that the difference
ACphydr Fic* — ACphydr Foc is equal to the electrostatic
component of the hydration of Fic* and can be calculated
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from the Born equation, The other quantities are deter-
mined rigorously. This gave AChydrH* = —8 + 8 and
CpH*(ag) = —3+ 8. The values of the heat capacities of
other ions calculated on this basis are given in Table 3.

Latysheva?®! proposes a method for estimating ionic
heat capacities which is based on the analysis of vibra-
tional spectra of hydroxonium and hydroxyl ions in
aqueous solutions. The results of such an analysis have
shown that the nature of motion of particles in hydrate
shells, and also the characteristics 8f hydration of H,O*
and OH” ions, are very similar %, Latysheva therefore
assumes that C%,H o+ will differ from CpOH only by an
amount equal to the difference between the internal _
specific heats of non-hydrated ions, and separates C°p2
into ionic components. The starting values of Cf,z are
taken from the work of Criss and Cobble 46, The
resulting scale is shown in Table 3.

In papers by Cobble *****", Naumov and coworkers
and Krestov and coworkers 135’“5"53 the question of the
separation of sz into ionic components is examined at the
same time as, and in relation to, the temperature depen-
dence of the entropies and heat capacities of ions.

Criss and Cobble **'*" took as a basis the possibility of
calculating r1gorously Ehe mean partial molar heat capacity
of an electrolyte sz in the temperature range £, —{»

148~-152

using the thermodynamm relationship

At SO (1) — So(ty
Gy = ~LA=20 (6)
The authors cited took account of the lack of the neces-

sary experimental values of %), and tried to establish
a quantitative relationship between the values of 5° at
different temperatures for individual groups of ions,
classified according to structural type (simple or complex)
and sign of charge (cations or anions). As a result,
Criss and Cobble formulated the correspondence principle:
“A standard state can be chosen at every temperature such
that the partial molar entropies of one class of ions at this
temperature are linearly related to the corresponding
entropies at some reference temperature”:

St =a(ty) bt S () M

where a(t2) and b(t.) are empirical constants for a given
class of ionf. By choice of standard state at each tem-
perature is meant the specification of 5° for the hydrogen
ion at this temperature. Having assumed that at 25°

Si’.p = —5.0 e.u. (in accordance with published data), Criss
and Cobble had to assume that at 60, 100, and 150° this
quantity had the values —2.5, 2.0, and 6.5 e.u, respectively,
otherwise the simple linear correspondence principle was
not obtained.

The authors cited showed that with this choice of condi~
tions, for s1mple ions, the prmmple applies with a range
of +0.5 cal mole™ deg™ up to 150°, and on this basis they
assumed that extrapolation to 200° is possible. The use
of the correspondence principle makes it possible to
estimate, simply and rapidly, unknown entropies of elec-
trolytes at different temperatures, and average heat capa-
cities within the temperature ranges indicated. The
values of the entropies and heat capacities of individual
ions obtained by this calculation can hardly be the true
values, however, since it has not been proved that the
form of the correspondence principle is necessarily linear.

T It is obvious that the analytical form of the expres-
sion of the correspondence principle corresponds to one
of Karapet'yants' comparative calculation methods.
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It is therefore not accidential that the values of EBH* at
25°, obtained by, differentiation of the curve giving the
dependence of 5 fi+ on T and equal to 28 cal mole™ deg™

and also the complete scale of ionic heat capacities based
on this value by Criss and Cobble (see Table 3), have been
criticised by a number of authors®?'%!%3,  The high posi-
tive values of Cp for cations, and the large negative values
of Cp for anions appear unjustified, if we take into account
the more energetic binding, on the average, of water
molecules by cat1ons, and the1r larger hydration numbers.
The increase in the values of S+ with increase in tem-

perature also appears unnatural, since for a positively
hydrated cation, such as the H* ion, the effect of the
ordering of the structure when the ion is placed in water
should predominate over the destructive influence to a still
greater extent at higher temperatures*®,

Khodakovskii and coworkers *®~%2 critically reviewed
available published data on the equilibrium constants of
processes involving the participation of different ions at
different temperatures, calculated the heat capacities of
many ions over a wide range of temperatures, and con-
cluded that the temperature dependence of Cp is described
satisfactorily by the equation

Co, =T, (8)

This approximation is applicable only for calculations in
the temperature range 200—300°, that is at temperatures
at which most of the hydrothermal processes in which
these authors were interested took place, but it does not
describe the extremal form of the dependence of sz on
¢° in the temperature range from 20° to 80°.'® Having
shown convincingly that the values of S obtained by
Cobble and Criss are not absolute, the authors cited
proposed new equations for the relationship between sz
and S 9 for ions. ‘These equations are not rigorous
either, however, since they are based on the approxima-
tion Cp, = bT examined above.

An interesting attempt to obtain consistent values of the
partial molar heat capacities and entropies of ions in
infinitely dilute solutions in the temperature range 0—100°
was described by Krestov and Kobenin '®21*5215% ~ On the
basis of the concepts of the electrostatic and non-electro-
static contributions to the entropy and heat capacity of

9ydratmn of ions, developed by Krestov and coworkers "®

158-158  Krestov and Kobenin derived an equation for the
partial molar entropy of the hydrated ion} at a tempera-
ture T, qu.i
$Tyq 1= S™ .1+ 45.7InT/298 + Aar + Abr|z| + Ad,-rﬂ (9)

‘aq

and from this, by appropriate differentiation, they

obtained the relationship
oAa; . 9Abp
or

oAd, |,

lz] + - #) T
where S;”é i and (Cp)aq.i are respectively the partial molar
entropy at 298°K and the partial molar heat capacity at T
for the ion in an infinitely dilute solution; z is the charge
of the ion; 7aq is the radius of the hydrated ion, equal to
rcrystallographic + an increment ¢; and Aar, AbT, and
AdT are constants at a temperature T.

(Co)hq 1 =45.7+ ( + (10)

1 In the works cited, the quantities Cp; and 5§ are

meant, although the corresponding terms are not intro-
duced in the text.
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To determine the constant coefficients, the authors
cited wrote Eqn.(10) in the form

A 6Ab A P
(cp)aq;4457+( ey 2 . )T_(c,,).ﬁaq sz (11)

and solved the system of equations (11 ) for several ions.
Here, (Cp)aq i is a conditional quantity which is smaller

than the “absolute” heat capacity of the hydrated ion by the
“absolute’” heat capacity of the hydrated proton at the tem-

perature I', multiplied by the charge of the ion.  The
(Cp);E i values were determined from experimental data
on the heat capacity of the hydrogen halldes and other
halides, with the condition that (C p)aq g+ = 0. By inte-

grating the temperature dependence of the coefficients in
Eqn.(11), the authors cited calculated AaT, AbT, AdT,

and Sfi. in the range 0~100°.

The values of Cp1 for a large number of ions were

obtained by this method'**. Some of these values are
given in Table 3. The values of SH“aq obtained by Cobble

and by Krestov and Kobenin are compared in Table 4. It
can be seen that with increase in temperature the values of
gfp being compared change in opposite directions; there
is a stronger physical justification for the direction of the
change in SH+ given by Krestov and Kobenin, so that more

reliance can be placed on the value of (Cp)}paq obtained by

Krestov and Kobenin. An interesting feature is that this
value practically comcldes with the corresponding value
obtained by Latysheva® by a completely different method.
The method of Krestov and Kobenin, unlike that of Cobble
and Criss, does not require the artificial fixing of the
values of SITI* at several temperatures, so that it appears

more “absolute”
The only cond1tlona1 quantity introduced into the
calculation by Krestov and Kobenin is SH" = -2.1 e.u.

This method also, however, can only be regarded as
approximate, since it is based on the assumption that the
non-electrostatic components of the thermodynamic char-
acteristics of the hydration of ions and inert gases are
equal. This assumption is obviously incorrect for ions
which are not of the noble gas type, as confirmed by the
significant discrepancies between the calculated and
experimental values of ACp for the hydrat1on of the chlo-
rides of the rare earth elements (REE).'

In the case of ions of the noble gas type this assumption
is of course more justified, but even in this case the
calculation cannot be accurate, since it is known that a
change in the charge of the nucleus can alter significantly
the ratio of the electronic terms for the same number of
electrons in the atom '*°, and hence may influence the
nature of the interaction of the ion with water.

To summarise, it may be stated that despite vigorous
attempts to obtam real values of Cp for individual ions,
this problem cannot yet be regarded as solved. The con-
ditional scale of heat capacities (cpH" = 0) therefore
apparently has not lost its value completely, and it is still
being used ***** (Table 3).

Table 4. Values of Sfj+ at different temperatures.
t,°C Ref.146 | Ref.135 t,°C Ref.146 | Ref.135
25 —5.0 [ —a2.1 100 420 | —6.0
60 —2.5 | —4.3 150 465 | —

809

IV. THE RELATION OF THE HEAT CAPACITY OF
SOLUTIONS TO THE VARIOUS TYPES OF REACTION
OCCURRING IN THEM

1. Heat Capacity and the Hydration of Ions

The hydration of ions leads to changes in the state of
not only the ions themselves and the nearest water mole-
cules but also, in the great majority of cases, to a change
in the structure of all the remaining water. The changes
in heat capacity associated with the effects of the so-called
short-range and long-range hydration may sometimes
differ even in sign. In this connection, a number of
papers emphasize one or other of these aspects of the
phenomenon.

One of the most important characteristics of the short-
range hydration of ions is the number of water molecules
coordinated directly around the ion. Since the chemical
binding of llgould water by salts on the formation of crystal
hydrates *’**° and even the covalent hydration of carbonyl
groups '®! lead to a significant decrease in heat capacity, it
was natural to expect the observation of a distinct relation-
ship between the number of water molecules coordinated to
the ions and the heat capacity of solutions. Attempts to
find a quantitative relationship of this kind in analytical
form were made by Drakin, Karapet'yants, and cowork-
erg 51808122 he relatlonshlp which they put foward was
mentioned above [see Eqn.(4)]. To verify this equation,
the heat capacities of aqueous solutions of a number of
nitrates were studied. The values of #» appearing in this
equation for most cations were chosen on the basis of an
analysis of the values of the coordination numbers in
crystalline compounds of the corresponding elements 162,163
and for Cd** and Pb** by analogy with strontium and
barium, in the same periods§. It was found that not all
the ions are covered by this form of relationship. Apart
all together from ions which do not have the inert gas
structure, other ions such as Na* and Sr®* are not covered.
This may be due to insufficiently reliable estimation of the
coordination numbers of the ions in solution and to the lack
of justification for the view that the magnitude of the
change in heat capacity on hydration is determined entirely
by this single parameter. In actual fact, when the ions of
elements belonging to different periods and sub-groups are
compared, we can observe not only a change in the coor-
dination numbers of the ions but also a change in the
energy of the attachment of water molecules to the ions and
in the extent to which ions influence the structure. The
influence of the first of these factors was demonstrated in
a study of the heat capacity of solutions of the perchlorates
of the bivalent 3d elements, which have identical cation
coordination numbers and 51m11ar structural parameters
(see p.1759). It is only for the ions of the REE, for which
the structural similarity is even greater, that almost
complete agreement is observed between the ¢ values

for their salts, if we consider the first and second halves
of the REE series separately (Fig.3). The difference
between the tIJC values for the two groups of elements in

this case can in fact be attributed chleﬂy to the change in
the coordination number of the cations*****, The apparent
absence of a correlation between the hydratlon energy of
cations and the heat capacity of solutions in this case
indicates the existence of some compensation effect, and

§ This analogy appears insufficiently justified in the
case of Pb®" and Ba?*, in view of the marked difference
in the electronic structure of these ions.
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not that the heat capacity is independent of the binding
energy of the water for the cations. This is possibly due
to an intensification of the structure-forming action of the
ions with increase in their field strength, particularly
since the values of the standard entropy of the ions 57

decrease in the same direction, and in the alkali and
alkaline earth metal series the action of the ions on the
structure of water evidently becomes of primary impor-
tance (as already noted on p. 804).

Attempts have been made to consider heat capacity only
in relation to structural changes. An original approach to
the study of the influence of ions on the structure of water
was made by Mrevlishvili and Privalov '*'®  who studied
the temperature dependence of the heat capacity of frozen
aqueous solutions of a number of electrolytes during
heating, in order to estimate AS for the fusion of ice in
the presence of various electrolytes. These values of AS
differ significantly from the values of AS for the fusion of
pure ice. In the opinion of the authors cited, this indi-
cates a change in the structure of water under the influence
of the ions. Thus for example it was found that Na* and
C1” ions produce little change in the structure of water,
whereas the K* ion destabilises it. The cations can be
arranged in the following sequence of increasing ordering
influence on water: Mg** < Ca®* < H* < Li* < Na*. A
marked ordering influence on the structure is also shown
by OH™ ions.

@, cal mole! deg'l
P

_[’”._4
44
50
-iﬂ_
_7” -
_J”_
1
~-90+ 9,
2
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0.5 19 vm

Figure 3. Dependence of «bcp for the chlorides of

dysprosium, erbium, ytterbium (curve 1), lanthanum,
and neodymium (curve 2) on the concentration of the
solutions (m is the molality) at 25°,%*

Papers by Mishchenko and coworkers, summarised in
two reviews ***''S, emphasise the need to make simulta-~
neous allowance for the binding of water in the hydrate
sheaths of ions and the structural changes brought about
in water, and examine the ratio of the contributions from
these effects over a wide range of concentrations, In
particular, it was shown that the role of structural
changes is especially marked in dilute solutions and at low
temperatures. At the same time the binding of water by
ions becomes weaker at higher concentrations, as a con-
sequence of the increase in the electrical viscosity in the
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solution, and this explains the increase in Cp, with
increase in concentration, In the region of the complete
distribution boundary (CDB), a decrease in the energetic
hydration of ions is possible, and this should lead to a
further increase in Ef,z. Further increase in concentra-

tion may be accompanied by a redistribution of the hydrate
water in favour of the more hydrophilic partner. This
should decrease the slope of the Cp, = f(v m) isotherm and
may even lead to the production of a maximum. The
possibility of the production of maxima in the range of
“extremely high concentration” in the solutions was also
predicted by Drakin and coworkers'®, who suggested that
the production of maxima should be due to association in
solution. In actual fact, maxima on the Cp, = f(ym) iso-
therms were observed for the salts of various REE, **
Spedding and Jones attribute this to the possible formation
of acido-complexes in concentrated solutions. In the
section on heat capacity and complex formation it will be
shown that this explanation is erroneous. The observa-
tion being discussed apparently corresponds more closely
to the prediction of Mishchenko and coworkers.

The relative decrease in the role of the disruption of
the water structure with increase in temperature and con-
centration was also demonstrated by Mashovets, Puchkov,
and coworkers®'", Mishchenko and Stagis were the first
to study the heat capacity of solutions at the complete
distribution boundary **7’'6®,

In an examination of the heat capacity of comparatively
simple electrolytes (consisting of inorganic, generally
monatomic, ions), only the breakdown of the intrinsic
structure of water on the hydration of ions is discussed,
whereas in the study of solutions of electrolytes including
organic ions there is frequently encountered a phenomenon
which is attributed to a strengthening of the intrinsic
structure of water under the influence of the ions (see

. 805).
P Ahluwalia and coworkers ®*~® determined the values of
ACyp of dissolution and Cp, for a number of tetra-alkyl-
ammonium halides at 25° and 35°, and found that the ACp
values increase in the order:

Me,NI < Me;,NBr < Et,NBr = Et,NI < Pr,NBr < Pr,NI < Bu,NBr
~—10.5+6 —10.4:4 33.0+3 37.5+4 112542 11944 17943

They conclude that MesN* cations break down the structure
of water, and that the other cations strengthen it. The
Cp =f(T) and ACp = f(T) curves are not monotonic

(Fig.4). The minimum at 50° was explained in terms of
“hydrophobic” interactions, and the maximum at 70° was
explained on the assumption that the heat capacity of the
structuring process decreases above 70°. The idea that
large ions have a structuring action was confirmed b

Boyd and coworkers *®, who studied the values of ACp for
jion exchange by examining the temperature dependence of
the values of AH® for the exchange of Na* and BusN* on ion
exchange resins. _

Kresheck 1%° determined C%, values for several amino-
acids in infinitely dilute aqueous and heavy-water solutions
at 25° and concluded that the non-polar side chains of
methionine and norvaline promote structure formation in
water, the effect being greater for light water than for
heavy water, in agreement with the theoretical predictions
of Lovett and Ben-Naim ”" (see p, 805), Kay and cowork-
ers 2% compared the results of the study of many proper-
ties (thermodynamic and transport properties) of aqueous
and non-aqueous solutions at several temperatures in
terms of the theory of Frank and Wen; this enabled Kay
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to divide ions into three classes: electrostrictional struc-
ture-forming (Li*, F~, Ca®’), hydrophobic structure-
forming (BusN*, Ph4B etc.), and structure-destroying
(Cs*, I, MegN*) $2 The ion classification made by Kay
leaves open the question of the possibility of an increased
heat capacity due to the hydration of hydrophilic ions of
inorganic character. Moreover, the opinion has grown in
the literature that the dissolution of these electrolytes in
water is always accompanied by a decrease in heat capa-
city ***"°,  Recently, however, it was found '™ ™™ that the
temperature coefficient of AH for the dissolution of manga-
nese and zinc perchlorate crystal hydrates:is positive over
an appreciable range of concentration, that is the ACp
values for the dissolution of these salts are positive and
not negative. It was suggested that this effect is due to
the formation, around the aquo-cations, of associates of
water molecules, joined by hydrogen bonds. The forma-
tion of associates depends on the nature of the ions and the
state of water in the corresponding aquo-complexes, and
on this basis suggestions have been put forward regarding
the cases in which ACp for the dissolution of an electro-
lyte may be greater than 0 or less than 0. In the work
cited, attention was drawn to the existence of characteris-

tic features in the properties of dilute solutions, which can .

be understood qualitatively by assuming that the effect of
the structuring of water by many ions is particularly
marked in highly dilute solutions.

The question of the unique behaviour of heat capacity in
the range of very dilute solutions was also dealt with in
papers by Mishchenko and Novoselova ' ~1%%!13 anq agrees
with studies of other properties of dilute solutions *2°**"®'7,

400t
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Figure 4 Temperature dependence of ACp for the

dissolution of tetraphenylborate in water (I) and sz
for tetraphenylborate 2).°

2. Heat Capacity and Hydrolysis of Ions

No special studies of heat capacity in relation to the
hydrolysis of ions have been made in the period under -
review. It is possible only to try to estimate this effect
from data on the change in heat capacity on the ionisation
of water '"®****°, ammonium ions and some of their deriva-
tives !81,182

and acids "*»¥"®91%73% - and also from the

results of individual studies of the temperature’ dependence. v

of the hydrolysis constants of metal cations***2%
Table 5 gives the values of ACp for the ionisation of
water for various acids and for the ammonium ion and its

Table 5.
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Values of ACp for protolytic dissociation,

ACpp.d., for compounds, and values of ACp for hydrolysis,
ACphydrol, for the corresponding acid residues, at 25°

(cal mole™ deg™Y).
Proton donor aC, o4 References Proton acceptor AC, hydrol
i 2 3 4 5
(o) —50 179 — -
Ha —52 150
—56,7 178
HNO, —36.9 150 NO, —43.4
HNO, —117 182, 183 NO; 87

H,PO, —37 181 H,pO; —13

H;PO, —43.5 150 H'po: —68.5
H,PO, —54 181 HPO?™ 4
H,PO; —49.7 150 HPO:- —0.3
HPO} —169 150 PO 119
HaAsO, —37.2 150 H,AS0; —12.8
HASO, —85.6 150 HASO} 15.6
HASO} —142 158 AOF 92

HyCO,y —54.6 150 HCO, 4.6

HCO; —54.6 150 cor” 4.6

H,S0, —67.7 150 HSO; 17.7

HSO, —68.5 | 1 sor” 18.5

HSO, —42.8 150 sof” —7.2

HSeO, —99.3 150 SeO'- 49.3

H,BO, —460 150 H,BO, 40

H,SIO, —35.3 150 H,SI0, —14.7
H,SiO, —135 150 H s-o" 85
H,GeO, 4686 150 HaGeO: —738
H,TeOy —13.9 150 H,TeO, —36.1
H,TeO, 8.2 150 H,TeO} —58.2

HF — 150 F- —~22

HCl <0 101 cl- >—30

H,S_ —68.5 150 HS- 18.5

HoN - - o 5.8

—36. CN- —13.
CHCO0H 3 e 00 i

o —3 CH,C00~ —14

CH,COOH 3 s G —16
CH,CICOOH —38 17 CH,CICO0~ —14
CH,BrCOOH —22 187 BrC —28
CH,ICOOH —29 187 CH,1C00"~ —21
CH,CNCO,H —36 184 CH,CNCOO~ —14
(cyanoacetic)
HO-C¢H,-COH —45 188 HOG,H,-COO~ —5
(salicylic)
HOC,H,-CO; —33 188 "0.C,H,CO, —A7
CH;CHNH,COOH —34 187 CH,CHNH,CO; —186
(a-alanine) ®
NH,CH,COOH —29 (—34.5)]  we7 NH,CH,CO, —21
(glycine) . )
(g)-l(«j)}.lc_ﬂ30 —30 187 CH,(CH,),CH-NH,CO|  —20
(n-nmmovmnc)

NH+ 0 182 NH, —
CH, NH 8175 181, 182 CH,NH, -
CHy)uNH} 19.9 182 CH,),NH -
fcnﬁin ; do | it —
OHNH,4 —23 162 H.NH, —
C.H,NH; 0,0 182 C¢HyNH, -

0-CIC,H,NH; 0.0 182 0-CIC,H,NH, -
(THAM) H* —17.4 178 THAM -

der1vat1ves, obtained either as the temperature coefficients
of AH for the reaction78718021812186-188 . £15m the tempera -

ture dependence of the jonisation constants

150181 =185, 1

sior

The values of ACp for the hydrolysis of the anions formed
on the dissolution of the uncharged acids listed in Table 5
are obviously equal to the difference between Acp'for the

ionisation of watetr: and ACp for the protolytic dissociation

of the acid.
column 5 of Table

The corresponding values are given in

5. It can be seen that the values of
ACphydrol for the anions may be negative or positive,
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The hydrolysis of metal cations involves essentially the
protolytic dissociation of their aquo-complexes, so that
subsequently we can try to estimate the values of ACp for
these processes by analysing the accumulated data for
other acids.

Examination of the data in Table 5 reveals the following
features. ,

1. The protolytic dissociation of uncharged molecules
and anions is generally accompanied by a decrease in heat
capacity, but the dissociation of positive ions almost
always corresponds to an increase in heat capacity or to
very little change.

2. The value of ACp for the first stage of the dissocia-
tion of the uncharged molecules of many acids lies in the
range between —22 cal mole™ deg™ and —38 cal mole™
deg™'. An exception is provided by acids which tend to
decompose (HNOz, H.COs, HzSOs, H.S) or polymerise
(HsBOs, HiGeO4, HsTeOs), or which have a complex
branched structure (THAMY or substituted carboxylic
acids). It is also possible that some of these deviations
are due to a large error in the determination of ACyp.

3. The value of ACp for each successive stage of the
step-wise dissociation of HsPOs, HsAS04, and HeSiO, is
more negative than the previous one (Fig.5).

[ -5 7 45 2L
YTlT[lrltyJ),f/;ﬂ]Z'Z|
7
Ve
-, =90
£
—".!l
£
3 -0
A
<
~150
=200 -
Figure 5. Values of ACp for the successive stages of

the acidic dissociation of HsPOq (1), H3A804 (2), and
H,SiO« (3) as functions of the charge z of the conjugated
base.

4. In the series of methylammonium ions, an increase
in ACyp for the dissociation is observed with increase in the
number of methyl groups.,

The existence of several independent regular features,
not to speak of the exceptions, indicates that the values of
ACp for the ionisation of protolytes are determined by
various factors. One is the change in the electrostatic
parameters of the particles in the dissociation process.
This is obviously confirmed by the first three of the above
regular features.

King '*' attempted to described ACp for protolytic
dissociation on the basis of Born's electrostatic model of
hydration. He showed that, according to this model,

T THAM = tris(hydroxymethyl)aminomethane.
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ACp for ionogenic reactions (corresponding to the dissoci-
ation of uncharged or anionic acids) should be negative,

and should be more negative, the higher the charge of the
anion. In the case of isoelectric reactions (for example
the dissociation of NH{), the absolute value of ACp should
be slightly greater, and possibly positive, Verification of
the theory by experiment led King to the conclusion that the
simple electrostatic model does not make it possible to
predict ACp quantitatively for protolytic dissociation '®.
It is necessary to take account of other factors influeneing
ACp. Many authors consider that the most important of
these factors is the hydration of the particles, including
the rearrangement of the solvent as a result of the dissoci-
ation of the solute '*°=*®s1%_ The temperature dependence
of ACp for the ionisation is particularly sensitive to these

changes '*'*»'™_ Thus if our aim is to estimate ACp for
the protolytic dissociation of the aquo-cations of metals

M E,0)F"+ HyO = MOH (H,0)77} -+ HiO+

or in other words the hydrolysis of MSf cations, it is
necessary to have not only the electrostatic parameters of
the components of the reaction but also data (which are
usually not available) on their hydration and action on the
structure of the solution,

If we nevertheless assume that the electrostatic
approach should be most applicable to metal ions of
spherical shape, we may expect (following King's meth-
od *®) for the hydrolysis of singly-charged metal ions ACp
close to zero, that for doubly-charged ions about 20—-40
cal mole™ deg™, and that for triply-charged ions 60—80
cal mole™ deg™. It is difficult to verify this suggestion,
since no direct calorimetric measurements of ACyp have
been made. The known dependence of pKt for the
hydrolysis of cations ***7" on the reciprocal of the abso-
lute temperature 1/T in most cases is linear, irrespective
of the charge of the cation, Thus within the limits of
error of the measurement of pK, the value of ACp for the
hydrolysis is equal to zero. The error in the measure-
ment of K, however, is nowhere less than +0.02 pK units;
according to King's estimates ‘8’, this would correspond to
an error of several tens of cal mole™ deg™' in the deter-
mination of ACp.

In a spectrophotometric study "™ of the hydrolysis of
FeCls, Fe(NOs)s, and Fe(ClO4)s it was found that AH for
the reaction Fe* + H.O= FeOH®* + H* in the temperature
ranges from 21° to 50° and from 50° to 90° has the values
3.4 kcal mole™ and 8.6 kcal mole™ respectively. This
gives the value ACp ~ 150 cal mole™ deg™, which does
not agree with the value —16.5 cal'mole™ deg™ calculated
on the basis of data on Cfs for the components of the reac-
tion, equal to —61 (Fe®*), —39 (FeOH""), 18 (H:0), and
—20.5 (H*) cal deg™ mole-!. &

From data on AS for the reaction Al* + 2H.O=
AIOH?* + H40*,*" the value of ACp for this reaction can
be estimated at about 30 cal mole~! deg™. This value is
also greater than the error in its determination, since it
is found from the change in AS with temperature, which in
this case is commensurate with the error in the determin-
ation of AS.

Thus the question of the values of ACp for the hydroly-
sis of cations remains open. Nevertheless, it can hardly
be assumed that the magnitude of this quantity has in fact

1981

-the same zero value for all cations, since the state of the

components of the solution changes quite markedly on

1 K = 1gK, where K is the hydrolysis constant.
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hydrolysis and is different for different systems. This is
indicated, for example, by the values of AS for hydrolytic
processes, taken from a review by Arnek ** (Table 6).
The values of AS for the reactions of the same type
involved in-the formation of the complexes CdOH*, HgOH",
and FeOH®* vary from —2.7 e.u. to +23 e.u., those for
complexes of the type M4(OH)i" from —20.8 e.u. [for
Pbs(OH)1"] to +14.0 e.u. [for Ni(OH):"], etc. It is diffi-
cult to believe that such marked differences in the entropy
of the reaction are not associated with differences in the
change in heat capacity. In actual fact, data on the mea-
sured heat capacity of agueous solutions of the perchio-
rates of Mn**, Co®", Ni**, Cu®*, and Zn?®" at 25° 37518117
showed that in the range of high concentrations there is a
correlation between the degree of hydrolysis of the cations

and the apparent (and partial) molar heat capacity of the
salts in solution (Fig.6).

Table 6. Change in entropy AS accompanying the hydroly -
sis of cations ¢gMN* + pH,0 = Mq(OH)§™d ~P” + pH* at

25° in 3 M NaClOs. **

Hydrolysis AS, Hydrolysis AS, Hydrolysis | AS. Hydrolysis AS,
product eu. product '| eu. product e.u. product eu.
Be,OH* 0.2 | Fe OH)$* [20.0] CdOH* | —2. Hg,OHs+ —24
Be (OH)3" | 11.3 foms* | 2.0 CdOH* | =541 Hg (OH)F 18.8
AN Fe,(OH), Ol caompt | —9 2
(UO,)(OH)% 4.3 NI (OH)S* | 14.0 1-‘lg0 H . Pby(OH)} —15.8
(UO,),(OH); | 6.0 Cu(OH)"* | 4.4| Hg(OH), 4. Pb,(OH)S"  |—20.8
FeOH?+ 23.0 o Pb(OH)S* | —27.0
4 47,,-,, »
1:9 a cal mole'1 deg'1
h
130
/
~ 20
7~ 4w
2 + +.. +|
Mn?tFe?*)cot* Ni Z*Gu?*za’
0 1 i | 1 1 0
-7k 2
2L
-3 /
Figure 6. Correlation between the increase in the

apparent molar heat capacity of the perchlorates of
the 3d metals with increase in concentration from 0
to 4 m, adcy (1) and the logarithm of the degree of

hydrolysis 1gah for the corresponding cations in
concentrated solutions of their chlorides (2).
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If this correlation is not accidential, it indicates a
positive change in heat capacity in the hydrblysis of these
electrolytes in concentrated solutions. In the works cited
it was suggested that a positive change in heat capacity
may accompany the localised hydrolysis and hydrolytic
polymerisation of cations, that is the processes which take
place preferentially at high concentrations of the salt.

3. Heat Capacity and the Formation of Acido-complexes

The question of the change in heat capacity on the for-
mation of acido-complexes in solution has been examined
many times 7101154703228 13 3] the works cited, with
some exceptions 54,209,312-216,23,238 ap jpdirect method for
determining ACp for complex formation from the tempera-
ture coefficients of the values of AH and AG was used.

The main results are given in Table 7. It can be seen
that the values of ACp for ion association ACpk vary over

a wide range, depending on the specific ions, but are
always positive,

Table 7. Change in heat capacity ACpk on formation of
various acido-complexes (cal mole™ deg™).

dium 1 A%k lpe
o i efere;
Process T, °C Ionic strength of medium leat mote-Lieg- nce
Ni2*4Suc?? 2> NiSuc 0—45 01 42420 203
Co?+-Suc?™ = CoSuc 0—45 0.1 72420 203
Mn3+--Suc?™ 2 MnSuc 0—45 0.1 62115 203
Ni#*+C,0; ™ 2 NiCy04 0-—45 supersaturated solutions 35+12 203
Cot*-+C,08™ 22 CoCy0, 0—45 ditto 20.£40 o0
Mn?*4C,03" 22 MnCy0, | 0—45 » 655 208
Co?++A-P 2 CoA* 0—45 0.1 35213 204
Ni*+4-A~ 2 NiA+ 0—45 0.1 31+6 204
Ni2*4+-GI~¢2 NiGI+ 0—45 — 28+2 205
NiGI*+GI~ 2 NiGl, 0—45 — 28+25 205
Co*++Gl~ 22 CoGl+ 0—45 — 22414 205
CoGl++G1~ 2 CoGl, 0—45 — 24420 205
Mn®*+Gl™ 2 MnGI+ 0—45 — 1610 205
Nit+Mal?=4 2 NiMal 0—45 — 4620 206
Co?*+4Mal?~ 2 CoMal 0—45 — 68125 206
Mn?++Mal?™ 2 MnMal 0—45 —_ 92430 206
Fe3+-Cl™ 2 FeCl2+ 10 (1] 6144 207
ditto 10 9.72 (HCIOy) 23+4 207
> 25 0 5841 207
> 25 9.72 (HCIOy) 24+4 207
» 55 0 53+4 207
> 55 9.72 (HCIOy) 20+4 207
Bi¥+4CI- 22 BiCI?+ 0 4 M HCIO, 36 208
ditto 10 4 M HCIO, 36 208
» 40 4 M HCIO, 32 208
Bi%++-Br~ 2 BiBr2+ 40 4 M HCIO, 32 208
Zn**+-4C1 2 ZnCl3 ™ 25 2 m [Zn(Cl0y),—CaCl;—H,0] 70 209
ditto 25 3m ditto 32 209
Cd**-4CI- 2 CdCI;™ 25 2 m [Cd(ClOg)q—CaCly—H;0] 60 209
ditto 25 3m ditto 57 209

2 Suc®” = succinate anion; ba-= B -alanite anion;
€ G~ = glycinate anion; 9 Mal®*~ = malonate anion.

The large positive change in heat capacity on complex
formation is also indicated by the study of AH for the
formation of FeBr®* *'° and CdBr* ** at different tempera-
tures and by the study of heat capacity in the H.S04 ~

HNO;—H:0 system *'%,

In view of this characteristic
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feature of the ACpk values, it must be assumed that
Spedding and Jones' conclusion that complex formation is
responsible for the production of the maximum on the
&Cp = flm) curves for the REE chlorides at high concen-
trations is incorrect **’*° (see p, 810),

The positive change in heat capacity on the formation of
acido-complexes is attributed to the partial liberation of
water from the hydrate sheaths of simple ions and to a
reduction of the range over which ions affect the heat
capacity of the surrounding water due to a decrease in the
overall charge of the particles 23726 yasi]'ey 2°722%%
210,217-222 oxplains this phenomenon on the basis of the view
that “icebergs” of water molecules are formed around
simple and complex ions, and that these icebergs undergo
rearrangement on complex formation.

An interesting feature is that the effect of temperature
on ACpk in the cases studied **"’?*?'7 ig relatively small
(Table 7); atI = 0, with increase in temperature from 0°
to 50°, the value of ACpk decreases by only a few calories.
With increase in I the effect of temperature becomes even
smaller. This suggests that the decrease in ACpk with
increase in temperature is due chiefly to the decrease in
the heat capacity of the free water. With increase in the
ionic strength, the quantity of free water becomes smal-
ler, with a corresgonding decrease in the effect of tem-
perature on ACpk.

ACpk has been determined by the direct calorimetric
method for the Zn(ClQ4):—CaCl,—H-0 and Cd(C1O4),—
CaCl:—H;0 systems 2%2147216:226 ¢, geveral values of the
total electrolyte concentration and for different ratios of
the quantities of complex-forming species and ligand.

The values obtained are the overall values for a mixture
of several species of complex, but at high ratios m¢g/mm
they correspond almost completely to the formation of the
complexes ZnCliaq and CdCliaq. After analysing the
dependence of ACpk on mtotal, on »Cl/mM, and on
[C1l7]free, the authors cited concluded that the greatest
increase in ACpk corresponds to the formation of the
neutral species, and that ACpk is sensitive to the state of

the species in the outer sphere.

4, Change in Heat Capacity on the Formation of Ternary
and Multi-component Solutions

In addition to the paper already cited 3~%°71%1%216:22:23
work in this field has been gublished by Karapet'yants,
Vasilev, and coworkers ® ~*/22¢"2%7 ' 1 atysheva and
Andreeva 209214-216:223;226 54 Anderson and coworkers

The paper by Karapet'yants, Vasilev, and coworkers
are devoted to the study and interpretation of those devia-
tions from additivity which accompany the formation of
ternary solutions from two binary solutions when these are
isomolal (sometimes isopiestic). Most of the systems
studied (mixtures of solutions of alkali and alkaline earth
metal halides) do not contain acido-complexes, and the
changes in heat capacity accompanying their formation
from the binary solutions are extremely small. The
authors cited attributed them to slight changes in the
structure of the solution and to the redistribution of water
between the ions. Work by Anderson and coworkers 2***%%°
has been carried out in approximately the same direction.

Latysheva and Andreeva **»*'*~*'®%% gtudied ACp for the
formation of the ternary non-complex-forming solutions
Ca(Cl04):—Zn(C104);—H-0, Ca(ClO4)2—Cd(Cl04)2—H:0, and
CaCl:—Ca(Cl04)2—H20 from the corresponding (isomolal)

238,239
.
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binary solutions., The values obtained are small com-
pared with ACp for the formation of ternary complex-
forming systems. The values of ACp are slightly greater
in the system formed by solutions of zinc and calcium
perchlorates than in the other two systems; in the
opinion of the authors cited, this indicates an appreciable
redistribution of water between Zn** and Ca*' cations,
which differ significantly in their ability to undergo hydra-
tion. Nevertheless, it follows from these papers, and
also from the others listed above, that the changes in heat
capacity associated only with the redistribution of water
between the dissolved electrolytes or with the structural
changes in the system on the formation of the ternary
solution from the binary solutions are generally small
compared with the changes in heat capacity on the dissolu-
tion or ionisation of electrolytes, or the formation of
acido-complexes. This is evidently related to the fact
that the effect of the ions on the heat capacity of the more
distant layers of water molecules is much less than that
for the nearest molecules.

5. Sharp Change in Heat Capacity within Narrow Ranges
of Temperature and Concentration

The few Eapers which have been published in this
field ®22°~2® jndicate the possibility of fairly sharp
changes in the heat capacity of certain solutions within a
narrow range of temperature or concentration. Smirnova
and coworkers **° observed the existence of a maximum on
the &cp = fl¥m) curve in the range of high concentrations
(80—82%) of polyphosphoric acids, and attributed it to a
change in the structural form. Latysheva and cowork-
ers 2422*? gtudied the influence of heating through several
degrees on the heat capacity of solutions of strontium
perchlorate and manganese sulphate, saturated at temper-
atures close to the temperature of the change in the com-
position of the solid phase. The transformations studied
were Sr(C104)2.4H20 — Sr(C104)..2H:0 + 2H:0 (t° = 25.5°)
in the case of strontium perchlorate, and MnSQ4.5H.0 =
MnSO04.4H-0 + H20 (£° = 27°) in the case of manganese
sulphate. Both systems showed sharp changes in heat
capacity, but the form of the curve and the displacement
of the temperature of the sudden change with change in
concentration are specific for each system, Typical
examples of curves for the two systems are shown in
Fig. 7., With increase in concentration, the temperature
of the sudden change increased in the Sr(C104):—H:0 sys-
tem, and decreased in the MnSO4—H0 system. The heat
capacity isotherms for these systems also show sharp
changes in heat capacity (within a narrow range of con-
centrations). The phenomena are attributed to a change
in the structure of the solutions due to the partial dehydra-
tion of the cations, accompanied in the case of the MnSOs—
H-0 system by the formation of acido-complexes.
Labowitz and Westrum **°, in a study of the heat capacity
of solutions of NH4F in water at concentrations of 0.005 to
0.50 m and temperatures in the range 55—325°K, found
that the heat capacity of the solutions varies very smoothly
with temperature at some concentrations, whereas at
other concentrations a heat capacity surge is observed at
the eutectic temperature. The change from the first
solutions to the second apparently corresponds to a sig-
nificant rearrangement of the solutions within a finite
range of concentrations.

In the cases examined, the heat capacity surges were
observed at fairly high electrolyte concentrations, so that
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they must have been due to changes in the structure of the
solution as a whole. At the same time the possibility of a
sharp rearrangement in only one component is not
excluded. For example, in pure water, breakdown of the
collective structure was observed close to 34°.°* This
effect increases when non-polar substances of the benzene
type are dissolved in water: the curve giving the tem-
perature dependence of ACp for the dissolution of benzene
shows a distinct maximum in the region of 30° (Fig. 8).**

1, -1
Csp' cal g deg

4,700 ¢

T

g.690

1T T

0.390
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15 20 25 g0 t,°¢

J.382

Figure 7. Examples of the form of the temperature
dependence of the heat capacity of solutions of
Sr(C104); (1) and MnSO4 (2) under conditions close to
those corresponding to the change in the composition
of the solid phase in equilibrium with the solution.

In solutions of strong electrolytes this effect disappears,
since the dissolution itself in this case leads to breakdown
of the collective structure of water ***. On the dissolution
of substances with a strong ordering influence, on the
other hand, the extremal values on the curves giving the
temperature dependence of the heat capacity may become
even sharper.

Solutions of polyribouridylic, polyriboadenylic, and
deoxyribonucleic acids showed sharp heat capacity
A -surges at two temperatures 26 The cause in this case
is apparently the change in the collective hydrophobic
interaction of the protein molecules. According to some
estimates *¥’, the hydrophobic interaction between two
protein side chains in solution at 25° is characterised by
values of ACp in the range from —10 cal mole™ deg™ to
—50 cal mole™! deg™'. Berendsen even suggests that
hydrophobic bonds are a more important factor in the
stabilisation of the native conformation of a protein than
intermolecular hydrogen bonds **’. Breakdown of the
hydrophobic interaction is associated with a sharp change
in the structure of the surrounding water.

The marked contribution of changes in structure to the
value of the heat capacity of solutions may be related to
the heat capacity of activation, and moreover it must
obviously have a decisive influence on the difference
between the isobaric and isochoric heat capacities.
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6. Heat Capacity of Activation

This problem was studied by Cobble ***7**°, who showed
that for the successful development of the theory of reac-
tion rates in aqueous solution there is an extreme lack of
data on the relationship between the nature and structure
of the activated complexes on the one hand and the values
of the energy AE*, enthalpy AH#, and entropy AS¥ of
activation on the other.

ACp, cal mote’! deg'1

190
5
g
-50

- 1 J 1 l
7 R

]
30 t,°%

Figure 8. Temperature dependence of ACyp for the
dissolution of benzene in water.

Cobble assumes that this gap can be filled by studying
the heat capacity of activation Acg, which can be deter-
mined experimentally (as the temperature coefficient of
AH7?) or calculated for an activated complex with a given
structural model using the principles of statistical thermo-
dynamics. Additional verification of the description of
the symmetry and internal motion in the activated complex
is possible by means of a statistical calculation of the AS#
values, which are related to ACﬁ by the familiar equation

“or /T (12)

-y
(BAS#' ) ACT
p

On the other hand, in Cobble's opinion, ACE,e can be
extimated from experimental data on AS* by means of the
correspondence principle (p. 808), The results of this
estimate for a number of reactions are given in Table 8.

Table 8. Estimated values of AC5 for various reac-
tions **° at 25°,
Rate-determining reaction Acf ;i”
cal mole”! degl

OCl~ .+ OClI~ — [OClOCl) > 98
[SO5)™ +- [S:05]3 — [05S O3S, ]~ 75
[Fe' (CN)gl~ - [Fe (CN)g]*~ — [Fe’ (CN)s Fe (CN)g] ™~ 52
HO; + Co+ - [HOCo]*+* <0
[Pu (OH)JP* 4 Pu*+ — [Pu’ (OH) Pu]*+* —29
[Fe' (QH)+ i~ Fe?+ — [Fe (OH) Fe]*t* —35
Cr2+ 1 [ (H;0) Co (NHg)s P+ — [Cr (Hy0):Co (NH,);] 5+ ~—40
H++ VO 4 Fe?+ — [HVO,Fe]*+* _ 53

Unlike reactions in gases, reactions in aqueous solu-
tions may have very large AC*pE values, which may be
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either positive or negative. In the last case it is possible
in principle that above a certain inversion temperature the
activation energy will be not positi®e Bt negative, since

AH?;',) = AHT;.) + AC;& T,—Ty (13)
and the kinetics will become retrograde.  The problem of
retrograde kinetics is now being studied in Cobble's
laboratory.

In the opinion of Arnett and coworkers **!, the fluctua-
tions and irregularity in the experimentally determined
values of Cf,z for some substances may be due to fluctua-
tions in the values of ACf;.

V. HEAT CAPACITY AT CONSTANT VOLUME Cy

Kozhevnikova and Latysheva °®'™?%? determined Cvy and
Cp — Cy for aqueous solutions of Mn**, Co®*, Ni**, Cu®",
and Zn®** perchlorates. Contrary to the previously held
opinion, the difference Cp — Cv was found to be fairly
large. In addition, the form of the dependence of <I>cp -
&, on the concentration, previously unknown for electro-

lytes, was determined. All the perchlorates are charac-
terised by a maximum on the ¢cp - dcy = f(m) curve

(Fig.9). To explain the results obtained, these authors
put forward a model of the structure of these solutions at
different concentrations.

1 4ol
D~ ~ cal mole™ deg
Cp [

75+
[¢]
o
a0 +
[aY
PaY
25 + x
1 1
1.9 2.0 Vm

Figure 9. Dependence of the difference ¢cp — dCy

for the perchlorates of doubly-charged 3d metals (Mn,
Co, Ni, Cu, and Zn) on the concentration of the solution.

The determination of Cy has been carried out by
Gucker '®?**3 but the numerical data **° are unfortunately
not yet available to Soviet readers.

Cv values for solutions of several electrolytes at 25°
and 230° have been determined under the direction of
Galinker ®***°,  An interesting observation is the marked
increase in the difference Cp — Cy with increase in tem-
perature. At the same time there is a sharp decrease in
the difference between water and electrolyte solutions, The
magnitude of Cp — Cy decreases withincrease in concentra-
tion at high temperatures, in contrast to the behaviour at
low temperatures. The authors cited assume that
Cp — Cv is related to the sharp increase in the entropy of
the liquid at constant pressure, that is “it is found that a
small decrease in the volume of the liquid brings about a
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marked decrease in the freedom of the thermal motion of
the molecules”.

---000-~--

The material reviewed demonstrates the deep and com~
plex relationship between the heat capacity of aqueous
solutions of electrolytes and the chemical character of the
dissolved ions and the solvent. Without establishing the
essential features of this relationship we cannot hope to
develop the theory of the problem and solve the correspond-
ing applied problems. At the same time the most rigorous
route—from the quantum-mechanical description of the
ion—molecule interactions to the macro-properties of solu-
tions via statistical thermodynamics—is as yet too difficult.
A method which is more accessible at the present time and
therefore more promising (the establishment of the rela-
tionship between the chemistry of the micro-reactions in
solutions and their properties) involves the search for and
the thorough analysis of the regular features of the change
in properties from one solution to another on the basis of
the periodic classification of the elements. It is the
(temporary) impossibility of predicting theoretically all the
contributions to the heat capacity of a solution with a given
composition which makes necessary an analysis of the
regular features for a number of systems related to one
another by the periodic classification, since in an analysis
of this kind the probability that one of the constituent
macro-properties will be missed is decreased sharply '*°,
For example, the important contribution of the destructive
influence of ions to the heat capacity was detected only in
anaggsis of the regular features of the change in the values
of Cp for series of ions of the alkali and alkaline earth
metals and the halogens *****»!" ' and not from the heat
capacity of solutions of any single electrolyte. The addi-
tion of the series of 3d metal iong 50~%%81s129:1715175,252,256,257
to these series revealed the effect of the interaction energy
of the ions with water on heat.capacity, and the study of
REE ions revealed the influence of the coordination number
of the cations®"*°, A comparative study of the heat capa-
city of solutions of the chlorides and perchlorates of the
elements of the second main group and side group provided
further information on the relationship between heat
capacity and the formation of acido-complexes in solu-
tion 209,213—216,226.

Thus in order to develop the theory of the heat capacity
of solutions, the studies must not be restricted to solutions
of the simplest salts, that is the alkali halides, and it is
necessary to extend the range of materials studied even
further, using the logic of the periodic classification.

The fruitful results to be obtained from the use of the
periodic classification for practical purposes by the method
of comparative calculation have been proved convincingly
in a large number of papers !247154:231,252,256,259 e
method makes it possible in many cases to predict the
properties of solutions of compounds which are difficuit

to obtain.

Nevertheless, the problem of increasing the accuracy
of experimental methods for the determination of heat
capacity, particularly in dilute solutions, remains urgent,
The lack of accurate heat capacity data is at present hold-
ing back its theoretical analysis. In view of the excep-
tional complexity of the interpretation of the heat capacity
of solutions, it would be extremely useful to have the
results of investigations combining a study of heat capacity
with an examination of other prosperties over a wide range
of temperatures and pressures >**7°%72%,
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The development of new methods for estimating
individual contributions to the heat capacity of solutions
from the results of spectroscopic measurements of differ-
ent kinds would be extremely useful. Spectra character-
ising the weak intermolecular interactions and rotations of
molecules would be highly important, since the change in
intramolecular vibrations as a result of interactions in
aqueous solutions of electrolytes makes only a relatively
small contribution to the heat capacity **'. We can also
apparently expect to obtain interesting information from
studies of the changes in heat capacity in non-equilibrium
processes, for example the so-called heat capacity of
transfer C*, determined in the study of the Soret
effect ** ™%, In the opinion of Kennerley and coworkers %2,
the effect of transfer makes it possible to obtain a pecture
of the state of water which is external with respect to the
moving particle, that is the hydrated molecule or ion,
whereas an overall property of the solution includes the
characteristics of all the particles simultaneously.

One of the most important problems related to the
study of the heat capacity of aqueous solutions of electro-
lytes undoubtedly remains the problem of the development
of the theory of the liquid state of water.
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