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Thermodynamics of lon Pairing of Nitrate and Chlorate with Metal lons

in Aqueous Solution

By Roberto Aruga, Istituto di Chimica Analitica dell’Universita, Via P. Giuria 5, 10125 Turin, Italy

Enthalpies of association of nitrate and chlorate with manganese(l1). cobalt(i1). nickel (1), copper(1), and zinc(i1)
have been determined by direct calorimetry in an aqueous medium at 25 °C and ionic strength I = 1 mol dm=3. The
corresponding entropy values have been obtained by using known values of the association constants. The
thermodynamic parameters suggest formation of ion pairs of the outer-sphere type, and also indicate the importance
of electrostatics in determining the association processes.

THERMOCHEMICAL studies of weak ionic interactions in
aqueous solution have till now furnished an exiguous
number of experimental data. This is mainly due to the
difficulty of measuring reaction heats which are generally
very small (because of the weakness of the bonds formed)
and often complicated by interference from secondary,
hard to eliminate, thermal phenomena caused by inter-
actions among the other ions in solution. The weakness
of these interactions affects the measured heats in two
distinct ways: through the association constant and the
corresponding molar enthalpy, both being in general
very small.

As regards calorimetric studies of association equilibria
in aqueous solution between nitrate and metal ions it
must be noted that the only data in the literature refer
to SrT and BaXl! CdiL23 and TI114 and TIXI5 jons. No
such data are available for the transition metals or for
metal-chlorate interactions.® Previous conclusions
about the nature of the association products between
metal ions and the above anions are rather uncertain.
In particular, Hutchinson and Higginson ? determined
association constants of a set of bivalent cations with
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some anions (nitrate and chlorate included) and attempted
to extend this determination at two different tempera-
tures to obtain the values of AH and AS. The formation
of ion pairs of the outer-sphere type was suggested.
These workers acknowledged the poor reliability of the
thermodynamic data obtained (entropies especially)
because of the too small variation in the stability con-
stants with temperature, and they relied on a more
precise evaluation of the thermodynamical quantities
to clarify the nature of the interactions. It must be
pointed out that in studies of metal complex-formation
equilibria in aqueous solution the nitrates of the metals
(especially in calorimetry) are often used, presuming that
the use of these slightly associated salts reduces the
interference of secondary thermal effects. Even if this
assumption were true, particularly in the case of stable
complexes, the determination of enthalpies of association
between metal and nitrate ions is important in order to
clarify this problem. In the present work direct
calorimetry has been used to determine values of
AH® and (by means of formation constants in the litera-
ture) of ASe for the association in aqueous solution
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between nitrate and chlorate and the metal ions Mn'!,
Co!, NiI, Cu¥, and Zn'. The measurements were
made at 25 °C and ionic strength I = 1 mol dm™3.

EXPERIMENTAL

Materials.—The metals investigated were used in the
form of their perchlorates (Alfa and Fluka). Copper(i)
perchlorate (Fluka, purum) containing small quantities of
iron(111) was purified by means of repeated crystallization.
The concentrations of the solutions were determined by
compleximetric titrations with ethylenediaminetetra-acetic
acid (Carlo Erba RPE). Nitrate and chlorate ions were
used in the form of their sodium salts. A standard solution
of sodium chlorate was prepared by weight from the pure
salt (Fluka, puriss.) which had previously been dried at
120 °C for 3 h.® The concentration of the sodium nitrate
solution (Carlo Erba RPE ACS), prepared by weight from
the salt dried at 120 °C, was checked by reduction with
Devarda’s alloy followed by acidimetric titration of the
ammonia produced.®

Procedure.—Heats of reaction were measured at 25.00 °C
by means of an LKB 8700-2 precision-calorimetry system
and of an LKB 8726-1 100 cm3 titration vessel, provided
with a standard resistor (50 ) and a thermistor (2 000 Q).
The accuracy of the instrument was checked by measuring
the molar enthalpy of the reaction between tris(thydroxy-
methylymethylamine and hydrochloric acid in aqueous
solution. The calorimeter was also equipped with a
Radiometer ABU 12b autoburette for the addition of the
titrant.

To the metal perchlorate solution (ca. 0.33 mol dm3,
93.0 cm?®) contained in the titration vessel, two amounts
(2.51 cm? of NaX solution (X = NO; or ClO;; ca. 1
mol dm™) were added, and the corresponding heat was
measured. For each of the reactions studied the above
procedure was repeated twice under identical conditions;
thus four values of the measured heats for each reaction
were obtained. By wusing the above concentrations,
solutions of ionic strength I = 1 mol dm™ were always
mixed. The ionic strength remained constant during the
mixing, because of the negligible contributions made by the
associations studied.!® The pH of the solutions was
always adjusted to 4.00 4 0.03 before mixing, by adding
NaOH or HCIO, (Merck solutions, 28 and 60% re-
spectively). At this pH hydrolysis of the metal ions in-
vestigated is avoided.

The heats of dilution of the titrants were measured in
two different ways. First the heat was determined for the
addition of two amounts (2.51 cm3) of the same Na[NOQ,]
and Na[ClO,] solutions to water (93.0 cm3) at pH 4.00
(HCIO,). Secondly the same amounts of the titrant
solutions were added to a solution of tetramethylammonium
chloride (1 moldm™, 93.0 cm?) whose pH had been adjusted
to 4.00 with HCL. In this manner the dilution was made at
the same ionic strength as in the corresponding determin-
ation of the heat of reaction.

Treatment of the Experimental Data—The two methods
described above gave very different values for the heats of
dilution. For example, for the dilution of 2.51 and 5.0 cm?
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of Na[ClO,] in water, —3.5932 and —7.2881 ] respectively
were obtained, while for the dilution in tetramethyl-
ammonium chloride (1 mol dm™) the absorbed heat
amounted to —7.7320 and —14.7021 J. It is difficult to
justify this result as due to the influence of the ionic strength
over the heat of dilution. Such a difference may be better
explained by the presence of secondary thermal effects due
to ionic interactions, for example between chloride and
sodium ions (by considering the dimensions of the chloride
ion, which is smaller than chlorate and nitrate, and its high
concentration). Adjustment of the ionic strength to
1 mol dm™ by adding electrolytes (for which the presence
of such interactions with the titrant is always possible),
was therefore avoided and this was thought to make a
smaller error in referring to the heat of dilution in water.
Now if we consider the heat measured during the re-
action (Qg) and during the corresponding dilution experi-
ment in water (Qp), we may write equations (1) and (2),

Qr = Qass + Qait + Qotn (1)
Op = Qair + Qotn’ 2)

where Q,¢ is the heat of association between M2t and X~
(X = NO,; or ClO,), Qgu» is the heat of dilution of the
titrant, and Qun» is the heat due to thermal effects, e.g.
temperature differences between the two solutions, the
heat of stirring, efc. 'When the measurements of the heats
of reaction and dilution are made under the same experi-
mental conditions and within a short time, Qu = Qotn’-
As regards the comparison between Qg and Qgyy, it is
necessary to take into account some literature data, 1%13
according to which sodium nitrate and chlorate in aqueous
solution give rise to associations which, notwithstanding
their weakness, are not negligible in work such as this (on
the other hand it was not possible to use these two anions
in the form of their tetra-alkylammonium salts because on
mixing with the metal solution tetra-alkylammonium
perchlorate would have precipitated). By considering the
nature of these interactions it is clear that the quantities
Qait and Qgiir must be regarded as being made up of two
parts, one determined by the separation of the charges of
the dissociated electrolyte, the other by the extent of
dissociation of Na[NO,] and Na[ClO;] present in the
titrant. The heat of dissociation arising from the latter
should be different in the two measurements because
dissociation of NaX is more complete during reaction than
during the dilution. In the case of the reaction the
equilibria (3) and (4) coexist, the latter removing X~ ions

NaX === Nat 4 X~ (3)
M+ X~ == [MX]* @

from the solution. The evaluation of this difference
between the heats of dissociation was as follows. Assuming
Rass = 0.25 dm3 mol™? for the reaction between Nat and
[NOg]~ (ref. 12) and ka5 = 0.32 dm3 mol?! for Nat and
[CI1O5]~ (ref. 13) (these data refer to 25 °C and I = 0), the
variation in the number of moles of the associated species
Na[NO,] and Na[ClO,] in the case of the reaction and of
the dilution of the titrant respectively was calculated. The
values of %,4 used in the calculations were corrected to the

11 R. Aruga, J. Inorg. Nuclear Chem., 1974, 368, 3779.
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1175.
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ionic strength of the solutions by means of Davies’ formula,
—log f= AzI¥(1 + I¥) — 0.2I]. The decrease in the
number of moles of NaX in the reaction differs from the
corresponding decrease during the dilution by <{8%, (3.1%
on the average for Na[NO,] ion pairs, and 2.8, for
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heats obtained in the two measurements is due to the
association process (4).

The molar enthalpies for the association reactions were
calculated from the measured heats, corrected for the
dilution, and from the values of the association constants

TasLE 1
Experimental data obtained on mixing NaX and M[CIO,], solutions

oM IVr 10%cux ZQoorr.

Reaction mol dm™® “em?® mol dm™3 T

Mn?* + [NOgJ~ — [Mn(NOg)]+ 0.34 2.5056 4.98 2.2516

5.01 9.39 4.3762

2.505 4.98 2.3101

5.01 9.39 4.2538

Co?* + [NO,]~ — [Co(NO,) )+ 0.325 2.605 4.83 2.2807

5.01 9.09 4.2564

2.605 4.83 2.2602

] 5.01 9.09 4.2907

Niz+ 4 [NOJ~ ——3 [Ni(NO,)J* 0.34 2.505 7.40 2.4564

5.01 13.91 4.9781

2.505 7.40 2.4343

5.01 13.91 4.8488

Cu* + [NOg}~ —— [Cu(NO,)]* 0.32 2.505 4.90 2.1924

5.01 9.22 4.2597

2.505 4.90 2.2016

5.01 9.22 4.2576

Zn%* 4 [NOg)~ — [Zn(NOy)]+ 0.335 2.506 5.20 2.2602

5.01 9.80 4.3727

2.506 5.20 2.3891

5.01 9.80 4.6656

Mn?* - [ClOs]~ —3= [Mn(ClO,)}+ 0.34 2.505 4.03 1.9811

5.01 7.585 3.9145

2.606 4.03 2.0313

5.01 7.586 3.8434

Co?+ + [ClO,]~ ——» [Co(ClO4)1* 0.325 2.505 8.98 2.2481

5.01 16.84 4.6693

2.5056 8.98 2.3276

5.01 16.84 4.5406

Ni2+ 4 [ClOg]~ w3 [Ni(ClO4)]*+ 0.34 2.506 3.44 1.7130

5.01 6.47 3.3203

2.506 3.44 1.7639

5.01 6.47 3.4148

Cu2+ + [ClO,]~ —— [Cu(ClOy)}+ 0.32 2.505 3.33 2.0050

5.01 6.27 3.9547

2.606 3.33 2.1004

5.01 6.27 4.1175

Zn* + [CIO;]~ ——= [Zn(C1O,)]* 0.335 2.505 5.27 2.1121

5.01 9.91 4.4254

2.505 5.27 2.1933

5.01 9.91 4.2509

TABLE 2
Thermodynamics * of ion-pair formation in aqueous solution at 25 °C and / = 1 mol dm™
AG® —AHe® —ASe

Reaction —log & kJ mol™ kJ mol™ J K-1mol™?
Mn?*+ + [NOg]~ ——3= [Mn(NO,)]+ 0.15 + 0.06 0.86 + 0.34 4.74 + 0.10 18.8 + 1.2
Co?* + [NO,]~ ——3= [Co(NO,) I+ 0.15 + 0.08 0.86 & 0.46 4.86 1 0.08 1923 1.6
Nizt + [NOg]~ —— = [Ni(NOg)]+ —0.08 4- 0.08 —0.46 4 0.46 3.63 + 0.09 10.3 + 1.6
Cu?* + [NO,]- ——3= [Ca(NOG]*+ 0.13 + 0.07 0.74 £ 0.40 4.70 & 0.01 18.3+ 1.3
Zn?* 4 [NOgJ- —3 [Zn(NOg)J* 0.12 & 0.05 0.68 = 0.28 4.69 & 0.16 18.0 + 1.1
Mn2t 4 [ClOg)~ ——= [Mn(ClO4)]t+ 0.27 + 0.13 1.564 + 0.74 5.21 4 0.07 22.6 4+ 2.6
Cot+ 4+ [ClO,- — [Co(CIO)]F  —0.21 + 008  —1.20 & 0.48 2.73 £ 0.09 514 1.6
Ni2* 4 [ClO,]~ ——= [Ni(ClO;)]* 0.35 & 0.08 2.00 ¥t 0.46 5.30 ° 0.09 24.5 & 1.6
Cu?* + [ClO,]~ —» [Cu(ClOy)]* 0.34 1 0.08 1.94 =+ 0.46 6.51 & 0.18 28.4 & 1.7
Zn% 4 [ClO,]~ ——= [Zn{ClO,)]*+ 0.12 £ 0.05 0.68 + 0.28 437+ 0.15 16.9 1 1.1

* The uncertainty in each case is given as the standard deviation.

Na[ClOg]). This is also valid for the corresponding heats
of dissociation, which are proportional to the number of
dissociating ion pairs. Consequently, within the limits of
the above approximation and of the influence of the ionic
strength over the heat of dilution, Qgn = Qan’- It follows
that Qr — Qp = Qas, that is the difference between the

obtained by a kinetic method.? The constants determined
in the previous work referred to 25 °C and ionic strength
I =1 mol dm™ as used here. The entropy values were
calculated from AG® = AH® — TAS®. In determining
the values of the thermodynamic parameters only the
existence of 1: 1 species has been taken into consideration,
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because of the excess of metal ion. The absence of MX,
species was demonstrated, even with an excess of X7, by
Davis and Chong,1* where the association constant between
Cu?t and [NO,]~ was determined by Raman spectroscopy.

In Table 1 the following experimental data are collected:
initial concentration of metal ion in the titration cell (cu);
cumulative volume of titrant added (ZV7y); concentration
of [M(NO,)]* and [M(CIO,)]* ion pairs present after each
addition (cyx); and cumulative heat of reaction corrected
for the dilution (£Qeor., expressed in joules). The initial
volume of the M[CIO,], solution was 93.0 cm®; and the
concentrations of the titrant solutions were 1.015 (Na[NOQ,])
and 1.028 mol dm™ (Na[ClOg)).

RESULTS

The thermodynamic quantities for the association re-
actions are listed in Table 2. The only possible comparison
with previous thermochemical data concerns the reaction
between cobalt(i1) and nitrate iomns, for which, by the
method of temperature variation of the formation constant,
the following values were obtained: ¥ AH; = —1.7 4 1.2
kcal mol™? (—7.1 4 5.0 kJ mol™) and AS; = —9.3 4~ 4.2
Gibbs mol™ (—38.9 4- 17.6 J K mol?), at 15, 25, and
35 °C, and I = 1 mol dm™. These values are in fairly
good accordance (if we consider the different methods used)
with those of the present work.

DISCUSSION

From the data listed in Table 2 it follows that the ion
pairs studies are all enthalpy stabilized, while the entropy
term, always negative, is unfavourable to the formation
process. This fact seems to demonstrate that the ion
pairs are of the outer-sphere (or solvent-separated)
type.l® Infact the slightly exothermic value of AH® may
be a consequence of the formation of a weak metal-ion
bond, without displacement of water molecules from the
first hydration shell of the cation. This hypothesis
justifies the negative values of ASe. In fact, by also
taking into consideration the poor solvent-ordering
effect of [NO4]~ and [ClO4]~ (the respective crystal jonic
radii being 1 2.64 and 2.88 A), it is reasonable to assume
that the association process is in this case prevailing over
the solvent structure breaking due to the partial neutraliz-
ation of the charges.

It is interesting in this connection to compare these
results with those of a previous paper 17 in which thermo-
dynamic quantities were determined for the association
in aqueous solution of fluoride ion with the five cations
studied in this work. In that case the AH® and AS®
values were all positive, as opposed to the present results.
It is possible that the previous values are a consequence of
the remarkable solvent-ordering ability of fluoride ion
(which is much smaller than nitrate and chlorate; 1.36
A crystal radius), and that they are determined by the
stronger solvent structure-breaking process taking place
when this anion is associated with metal ions.

M A. R. Davis and C. Chong, Inorg. Chem., 1972, 11, 1891.

1 D. F. C. Morris and L. Vandersyde, Radiochem. Radio-
analysis Letters, 1969, 123.

16 E. R. Nightingale, jun., J. Phys. Chem., 1959, 63, 1381.
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18 R. W. Gurney, ‘ Ionic Processes in Solution,” Dover Publica-
tions, New York, 1953.
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Moreover the data in Table 2 show that as the stability
of the ion pairs increases there is a decrease in exothermi-
city for the association process and a decrease in the
negative entropy value. This means, even if enthalpy
is the term favouring the complex formation, that it is
the entropy factor which determines the differences
in stability (see Figures 1 and 2). By considering more
precisely log & and AS® values, it may be noted that their
mutual trend allows some conclusions to be derived
about the nature of the forces operating in the ion-pair
formation.
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Ficure 1 Plot of —log % against —AS® for the reaction
M2+ 4 [NO,]~ ——p= [M(NOg)]*
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FiGUuRE 2 Plot of —log k& against — AS® for the reaction
M#+ + [ClOg]~ ——= [M(CIOy)]~

If the Born and Bjerrum electrostatic theories 18-20
are used to explain the interaction, equations (5) and (6)
can be written for AG® and AS®, where Z#* and Z™~ are

o Zn+Zm—-
AGe® = — —5 (5)
OAG® VAV A NEY))
A =— S =—"p ( oT )P (6)

the charges of the positive and negative ions of the pair,
assumed to be spherical, 7 is the distance of closest
approach of the two ions, and D is the dielectric constant
of the medium. Even if the applicability of the above
equations to the individual thermodynamic parameters
is not satisfactory, combination of (5) and (6) (expressing
AG?in Jmol* and AS¢in J K*mol?, and using a value 2
of (2In D/oT)p of —4.579 x 1073) leads to the conclusion
that a plot of log % against AS® should be linear, with a
gradient of 0.04. Such plots are given in Figures 1 and

1% E. J. King, ‘Acid-Base Equilibria,” Macmillan, New York,
1965.

% R. M. Izatt, D. Eatough, J. J. Christensen, and C. H.
Bartholomew, J. Chem. Soc. (4), 1969, 47.

% H. S. Harned and B. B. Owen, ‘ The Physical Chemistry of
Electrolytic Solutions,” Reinhold, New York, 1958.
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2 for the association of the metal ions with nitrate and
chlorate respectively. The gradient of the straight line
corresponding to the experimental points, calculated by
means of a least-squares method, is 0.03 in both cases.
This value (ca. 0.12 if AS® is expressed in cal K™t mol?)
was obtained in a previous paper 2 on the association of

J.C.S. Dalton

metal ions with sulphate. The agreement (although
only partial) of the experimental results with the values
predicted by the above theories shows the importance of
electrostatics in the associations and the relative values
of the thermodynamic quantities.
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