3071

CONTRIBUTIONS TO THE CHEMISTRY OF HIGHLY
CONCENTRATED AQUEOUS ELECTROLYTE SOLUTIONS. XXI.*
THE DENSIMETRIC STUDY OF AQUO

AND NITRATO COMPLEXES OF Ag*

AND TI* TONS IN NITRATE SOLUTIONS

V.JEDINAKOVA and J.CELEDA

Department of Nuclear Fuel Technology and Radiochemistry,
Institute of Chemical Technology, Prague 6

Received May 22nd, 1970

The densimetric method described formerly has been applied to the study of complexes of uni-
valent thallium and silver in aqueous solutions of NaClO4, NaNO;, NH,;NO; and HNO;
(from 0-1 to 6 mol/l). The TI* jon is present in the perchlorate solutions as a diaquo complex;
in nitrate solutions this complex is transformed — without any change of the coordination num-
ber — into the electroneutral mononitrato-monoaquo complex with the stability constant of
04+ 0-11mol~? (in the concentration range from 1 to 6 mol/l of NO3). The Ag™ ion remains
in both perchlorate and nitrate solutions and in the whole concentration range studied in the form
of the diaquo complex.

The hydration of Ag“r and TI* ions and their association with anjons in aqueous solutions has
been treated in relatively few studies, most of which, moreover, dealt only with diluted solutions.
Very little is known about the distribution of associated anions between the outer and inner
coordination spheres of these cations and about their coordination numbers in the solution.
Solvation of the Ag+ ions in the aqueous solution is unknown (cf. ref.l). Based on the fact that
silver salts do not form crystalline hydrates it is assumed that no stable aquo complexes of Ag”*
with a well-defined composition exist in the aqueous solution. On the other hand, Ag+ forms
well-defined complexes AgX, with a linear configuration® with ammonia and with other ligands
of negligible n-bonding ability. These complexes are very stable and do not attach any other
species X even if the latter are present in a considerable excess. This has been explained by OrgelZ
as due to the hybridization of the 410 and d°s* states which are energetically close to each other.
The hybridization produces one flat hybrid orbital &, — s = w, with maximum electron density
in the XY plane, and one prolonged orbital d,2 + s = ¥, extended in the direction of the Z-axis.
During the addition of ligands, the former orbital is occupied by the non-bonding electron pair
of the Ag™ cation, while the latter, vacant orbital, hybridizes with the vacant 5p,-orbital of the
same ion thus giving rise to two oppositely directed hybrid orbitals v, 4+ p, and w, — p, which
act as acceptors of the donor electron pairs of ligands X. Two o-bonds directed into two opposite
directions are thus formed.

* Part XX: J. Inorg. Nucl. Chem. 31, 2793 (1969).
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This linear coordination of the Ag™ ion has been confirmed by the X-ray structural analysiss'4
in the case of NH; ligands in crystalline amo-complexes. The distinct covalent character of the
two o-bonds has been determined from the IR spectra of crystalline [Ag(NH,),],SO, and
[Ag(NH,);INO; and also in the corresponding deuteriated saltss, where the values of vy, =
=380cm™?, v,, = 460 cm™ ! and the force constant of 1-65 dyn/A have been found for the
Ag—N bonds. Because the H,O molecule has a very similar electron configuration and similar
donor-acceptor properties as the NH; molecule, the conclusion on the non-existence of well-
defined aquo complexes, derived from the composition of solid salts, seems rather doubtful. The
dehydration of the Ag™* jon when entering into the crystal lattice could be caused by water-anion
competition. If this competition does not take place, one should suppose — from the analogy
with the amo-complexes — that the Ag¥ ion could also form an analogous linear complex
[Ag(HZO)l]" with the H,O ligands, similarly as it forms a linear anion [Ag(OH),]~ with OH™
ligands in strongly alkaline solutions?,

However, even in aqueous solutions the coulombic ion-dipole competition should be taken
into account since it has a distinct tendency to turn the dipole of the OH, ligand into the radial
direction, which prevents the formation of the donor-type o-bond Me-OH,. Therefore it cannot
be predicted which of these two possible structures will be more stable in the aqueous solutions.

The degree of association of Ag™ ions with NOj3 anions has been determined by measuring
the solubility of AgNO; in normal and heavy water®. In the 0-1M-NOj solution a practically
total dissociation has been found whereas in 1m solution about 25% of Ag™ ions has been asso-
ciated with NOjJ ions; pKy;; of AgNO, has been estimated to —0-2 (tef.”).

For the TI* jon only the formation of complexes with halide-, oxygen- and sulphur ligands
has been reported‘. These ligands form with ‘T preferably TIX, complexes, sometimes also
TiX, (ref.B)A The same type of complexes can therefore be expected also in the case of H,O and
NO7 ligands where the coordination bond is formed by oxygen atoms, in spite of the fact that
the existence of these complexes has not yet been proved. Only the total association of Ti* ions
with NO3 and CIO; (in both inner and outer spheres) has been determined and the values
of pKy;s = + 0-3 and 0-0, respectively, have been published7. The values of 2-38 (at 0°C), 2'15
(at 25°C) and 2-06 1 mol ™! (at 40°C) for the association constant of TINO; have been determined
from the solubility measurements of TINO; in aqueous solutions of KNO; an@~NaClO, at
various temperaturesg. However, it is not known to what extent the NOj anijon in this associate
is bound in the inner coordination sphere and whether it acts as a uni- or bidentate ligand. The
Raman spectra can prove the existence of this bond’ and as a matter of fact they already did
50 in complexes of TI* with OH~ jons!® similarly as they proved the existence of the metal-metal
bond in the Hg3 " ion!!. However, in concentrated solutions of TINO; and AgNO; they.could
reveal neither the existence of Ag3* and T12™ ions nor the association of the cations with nitrate
jons!2,

On the other hand, the ion pair should manifest itself in the Raman spectrum by its specific
frequency because in ion pairs in which the ions are attracted by purely electrostatic forces the
polarizability of the system could somewhat vary with vibrational changes of the interatomic
distance. However, from theoretical considerations®® it turns out that in the case of agueous
solutions the intensity should be about 10”2 times lower than in the case of a donor bond so that
it seems impossible to detect the formation of ion pairs by this method.

In our previous studies'*™!? it has been shown that information on the ligand
bonds in the inner coordination sphere of the ion can be obtained by measuring the
apparent molar volumes of their salts in solutions. The method is based on a compari-
son of the measured values with those calculated using the simplified model

of the solution structure for various assumed compositions of the complex. This
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method is applicable up to high concentrations of the electrolyte in which the molar
volume of the added sample is measured (up to 5 mol/l and even higher). It also
identifies the bonding of electroneutral ligands; inclusive of H,O. In the present
study this method has been used as an independent method contributing to the eluci-
dation of questions which remain unsolved after previous studies on the Ag* and
TI* jons.

EXPERIMENTAL

The apparent molar volumes have been measured using anhydrous (freshly dried) samples of
AgNO; and TINOj; of controlled composition. The apparent molar volumes ¥ of these samples
were measured in solutions containing an excess of the base electrolyte (NaClO,, NaNO;,
NH,NO,;, HNO;} by the differential float method?¢, Samples of weight of the order of 1073
moles per 100 ml of the base-electrolyte solution have been used. All chemicals used were of the
analytical grade and were used without further purification. The preparation of solutions, the
procedure of the measurement of the apparent molar volumes of samples and the evaluation
of experimental data have been the same as in the previous studies!® =19 The molar volumes
of electrolytes in solutions without any other additional electrolyte were determined from the
published densities?® using the formula derived formerly21

Vi = 1 — (Ad/Ap). (100 — p)/d]. (M]d) , %)

where M is the molecular mass of the electrolyte under study, p is its concentration in the solution
(%), d is the solution density and Ad and Ap are the differences of 4 and p, respectively, taken
between the values for the given solution and the nearest higher value given in the tables,

The extrapolated concentrations ® of the base electrolytes (NaClO4, NaNOj3, NH,NO; and
HNO,), corresponding to the *‘water-free” solution, were determined using the potassium chloride
as an electrolyte which — with the exception of electrostatically bound hydrate shells — does not
contain any firmly bound water molecules on its ions, Moreover, its apparent molar volume Vi"
in the “water-free” state is known from the previous studies**3 with sufficient reliability, The

S0 T T T
1
FiG. 1
Determination of the Concentration of the Base Elec-
trolyte ¢°, Corresponding to the “Water-free” State ~
of lons
Testing substance KCl, VZe; = 38:0 mi. mol™ 115,
1 NaNO;, 2 NH,NO,, at 25°C. The apparent volume
V4 given in mi/mol. 10
1 6 25

qmoll lﬂ
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extrapolation has been done using the empirical Masson rule: the measured values of V,%C, were
plotted against the square root of the base-clectrolyte molarity (Fig. 1), similarly as in the previous
studies. The following values have been found:

(Racio)''? = 36 molV/2 17 V2 (¢f16)
(©Qanopt'? = 40 molt/2 {7112

)I/ZM

= 3-gmoll/21~1/2

(F%Hmo,
(cfinoy)'/? = 3:85 mol/2 17112 (¢f1%),

For AgNO; as the base electrolyte the average value of 3-9 mol/2 1742 has been adopted
because of the low differences between individual nitrates. The error in the determination of appa-
rent molar volumes ¥ did not exceed +1-0 ml/mol for the sample weights used.

Theoretical values of apparent molar volumes ¥, of the electrolytes have been calculated for
the anhydrous form of the samples as the difference of volumes of the presumably formed entities,
¥V, and those of the consumed components of the solution, Vi

V=XV, —TV;. @
i i

The vaiues V; and Vi used in these calculations, for both limits (“water-free” state ¥° and the
infinite dilution V) are given in Table I. All the measurements were performed at 25-00 4 O-OS"CA

RESULTS AND DISCUSSION

The Ag* Ion

The nature of the Ag* ion in the solution has been determined by the feasurement
of the apparent molar volume of the silver nitrate in anhydrous samples of AgNO,
dissolved in solutions of NaClO,, NaNO, and HNOj (cf. Fig. 2). Along with these
experimental data the partial molar volumes of AgNOj; in its own solutions have
been calculated using Eq. (1) and the published densities of AgNO; solutions. ,

In all the above cases the experimental values of V, are in agreement with the
straight line calculated for the diaquo silver cation [Ag(H,0),]* in the whole con-
centration range studied. The straight line calculated for the nitrate with an anhyd-
rous cation lies by about 10— 12 ml/mol higher. On the other hand, the molar volumes
of the tetra-aquo complex, calculated for the given weight of the anhydrous sample,
i.e. assuming consumption of four molecules of free water in the solution and their
transfer into the complex according to Eq. (2), lead to values by about 10 ml/mol
lower. The differences in V. values between these forms exceed the experimental
error by about one order of magnitude so that this result can be accepted as sufficiently
convincing. From the published data quoted above it can be assumed that the diaquo
complex has a linear configuration with the two H,O ligands bound to the central Ag*
ion by the hybrid orbitals (d,zs) p,. The fact that in excess of water (as is the case
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in aqueous solutions) the Ag* ion forms the complex of the MeX, type even with
such a weak donor as the ligand H,O, manifests the high stability of the axially
symmetric divalent state of this ion2-22,

TasLE 1

Apparent Molar Volumes in the **Water-free” State of the Solution, ¥°, and in the Infinite Dilution
at 25°C, V%, mlmol ~?

Species ve Vs Species Ve Vs
Ag* 9:3 40 T 14-3 10-0
[Ag(H,0),1* 372 330 [TI(H,0),]* 40-7 365
[Ag(H,0) (NO;I° 588 588 [TI(H,0) (NO3)I° 63-0 630
[Ag(NO,),1~ 792 76:0 [TINO3),1” 835 80-5
[Ag(H,0),1" 62:5 59:0 [TI(H,0),1* 668 63-0
[Ag(H,0)3(NO;) 835 835 [TI(H,0)3(NO3)I° 88-6 886
[Ag(H,0),(NO3),1” 1035 1005 [TI(H,0),(NO3),1” 1080 1055
NO3“¢ 363 310 [TI(H,0)¢1* 915 885
H,0° 1806  18:06 [TI(H,0)5(NO3)I° s 1115

“ These values are experimental data evaluated from published densities of so]utions’s, all other
values were calculated from the model using a method described elsewhere! 718,

TabLE IL

Concentration Stability Constants of the [TI(H,0) (NO,)]° Complex, Evaluated from the Experi-
mental Apparent Molar Volumes ¥, (Fig. 3) using Eq. (3), at 25°C

CNaNO, VriNo, Krinos CNH.NO3 V1ino, Krinos
mol/l ml/mol 1mo] ™! mol/l ml/mol 1mol™!
0-0 342 — 013 342 —
0-12 333 — 027 355 —
0-25 333 — 0-64 36-7 -
0-49 347 0-34 0-99 373 045
0-64 352 0-29 1-30 384 0-48
0-96 370 044 1-69 366 0-39
1-13 382 0-53 2:68 413 0-51
2-61 40-4 042 3-88 41-0 0-34
3-84 41-6 0-40 516 428 0-44
512 422 0-46 642 43-5 0-51
639 424 0-34 - - -
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The change of this diaquo complex into the nitrato complexes, which should be
followed by a substantial increase of V. values (cf. Fig. 2), has not been observed
even at highest concentrations of NO3 (5—6 molfl). This is in agreement with the
results obtained from Raman spectra'?, which proved that the NOJ ion does not
enter into the inner coordination sphere of the Ag* ion even at highest concentrations,
otherwise it would be observable in the Raman spectra because of the high covalent
character of bonds in Ag(1) complexes. The association ol silver nitrate determined
electrometrically and by the measurements of solubility, according to which the 50%
association of Ag* ions with NOjJ ions is achieved already at concentrations of about
1-6 mol/l of NOj3 (ref.®7), relates evidently only to the formation of ion pairs (the
association in the outer sphere), which does not manifest itself in the values of appar-
ent molar volumes'®.
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The Apparent Volume of AgNO;, V. The Apparent Volume of TINO;, V.

(ml/mol, at 25°C) in the Various Base

Electrolytes

1 NaClOy4, 2 AgNO; (calculated from
the published densities of solutionszo),
3 HNO;, 4 NaNO;. Values calculated from
the model: a Ag*, & [Ag(H,0),1%,
c[Ag(H,0) (NO,)T°, d[Ag(NO3),17.

(ml/mol, at 25°C) in the Various Base
Electrolytes

1 NaClO,, 2 NaNO;, 3 NH,NO,.
Straight lines calculated from the model:
a [TI(H,0),1%, 6 [TI(H,0),1%, ¢ [T(H,0) .
. (NO3)P, d[TI(NO,),17, e TI*.

Collection Czechoslov. Chem. Commun. /Vol. 36/ (1971}



Chemistry of Highly Concentrated Agueous Electrolyte Solutions. XXII. 3077

The Ti* Ion

In solutions of NaClO, the apparent volumes of TINO; indicate the formation of a di-
aquo complex, similarly as in the case of AgNO, (¢f. Fig. 3). No indications of the
formation of complexes with the anion ClOZ in the inner coordination sphere of the
TI* cation have been observed in the molar volumes up to the highest concentration
of NaClO, (8 M). The published value of the association constant of TICIO,, about
1:01 mol ™!, as measured by thermodynamic methods’, according to which about
50%; of the TI* ions in the IM perchlorate solution are already associated with ClO
anions, is due only to the formation of ion pairs in which the ions preserve the same
hydration shells as in the free state.

In nitrate solutions (Fig. 3) the experimental points at concentrations higher than
I mol1=* of NOj distinctly deviate from the diaquo complex line and are shifted
towards the line calculated for the neutral mononitrato-monoaquo complex. We
may conclude that in this region one ligand H,O is being substituted by one ligand
NOj forming thus the complex [TI(H,0) (NO;)]® without any change of the co-
ordination number. The concentration stability constant of this mononitrato complex
at one particular concentration can be calculated from the measured values of V,:

Krino, = (Ve = Vi )[[(Vewo, = Vi) - enoy-1 (3

where Vp;. and Vryo, are the apparent molar volumes of the diaquo complex and
of the mononitrato-monoaquo complex, respectively, which were determined from
the straight lines for the corresponding complexes at the given value of NOj concen-
tration, ¢y, - is the analytical concentration of the nitrate used as the base electrolyte
(Table 1I). The average value of Ko, determined by this procedure in nitrate so-
lutions in the concentration range from 2 to 6 mol/l of NOj is 04 £ 0-1 I mol ™%,
which is about one fifth of the value determined by thermodynamic methods’-°.
This would indicate that only about 20% of nitrate ions associated with the TI*
cation are coordinated in the inner coordination sphere, the remaining fraction
being formed by ion pairs.

The structure of these complexes can be estimated recalling that water is a uni-
dentate ligand so that the formation of the diagquo complex requires the formation
of two g-bonds. There is no reason to assume any change of the number of bonds
due to the coordination of the NOj ligands in the inner coordination sphere so that
we may assume that thallium is forming two bonds also in the [TI(H,0)(NO;)]°
complex. The NOJ anion in this complex would therefore be also a unidentate
ligand.

Since there is already one occupied non-bonding s-orbital in the valence sphere
of the TI* ion, the sp? hybridization with a valence angle of about 120° (ref.??),
should be expected when two purely covalent o-bonds are formed. This effect on the
valence angle of the “inert” s-pair has been observed for Sn(If), Pb(Il), As(III),
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Sb(I11), and Bi(III) in SnO, PbO, SnCl,.2 H,0, K,SnCl,.H,0, KSbF, (NH,),SbCl
Bi,0,, efc., where the degree of the covalent character is high?3. On the other hand,
the purely electrostatic character of the ion-ligand interaction would Jead to the linear
configuration X—TI—X, in which the electrostatic potential energy is minimum.
From the experimental values of the association constant the Bjerrum-Fuoss theory
of ion association gives the closest-approach distance a for the TI(I) complexes substan-
tially shorter than the sum of the crystallographic radii?* and it is therefore assumed
by the authors that the bonds have a highly covalent character?®. On the other hand,
the shift of the NMR signal of 2°°Tl, as measured relatively to metallic thallium,
is equal to 21-5 (p.p.m.) for solid TII, 11-0 for TIBr, 6:3 for TICl and 1-7 for TINO,,
respectively, which means that there is a rather low covalent character of the bond:
about 10% in TiI and only 1% in TINO, (ref.?*). Raman spectra agree with these
results in that they do not show any appreciable vibration either for the TI—OH,
bonds or for the TI—O;N bonds.

This means that the electron configuration on the central TI* cation under these
conditions will be similar to the configuration of the free TI* ion, with the inert
s-pair, the spherically symmetric orbital of which is perturbed only negligibly by the
ligand field. Hence it may be inferred that the structure of the [TI(H,0),]* and
[TI(H,0) (NO,)]° complexes is approaching the linear configuration in which the
ligands are bound to the central ion by bonds having predominantly ionic (or ion-
dipole) character.
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