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Outer-sphere Interactions in Solutions of Labile Complexes
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The principal methods for the investigation of outer-sphere interactions in solutions of labile inner-sphere complexes are
arranged systematically and analysed. The modern views on the thermodynamics and structure of outer-sphere complexes
are discussed and the reliability of certain hypotheses and models is examined from the standpoint of the comparison of
the results of different experimental methods and theoretical ideas. A number of features of the outer-sphere interaction
in solutions are formulated in relation to outer-sphere associated species formed by 3d metals, using certain data about the
associated species of s, p, and f metals as well as outer-sphere associated species of inert complex cations.
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I. INTRODUCTION

Outer-sphere interaction is a phenomenon as common as the
formation of inner-sphere complexes®. Certain problems of
the theory and practice of outer-sphere association in solu-
tions have been examined in a number of reviews® ., How-
ever, in these studies attention was concentrated on the
outer-sphere complexes (OSC) formed by inert Werner com-
plexes, i.e. complexes which are formed and dissociated at a
low rate and which are saturated with respect to the coordi-
nation number of the central atom'™, As regards labile
complexes or complexes which rapidly exchange ligands, over
a period shorter than 1 min for a 50% degree of reaction,
outer-sphere reactions involving them have been investigated
mainly in relation to complex anions®® such as [ZnBr,1>",
[BiClg1®, [Fe(SCN)1®™, and [AgCl,]™.

Complex cations, for example, [Co(NH;)e]**, [Cr(H,0)
and [Rh(NH,)sC1]*" usually function as the coordination
centres of the OSC. Anions, both simple and complex, play
the role of ligands in the vast majority of cases. This can
be explained by the high tendency of anions to exhibit elec-
tron-donating properties. Inert complex anions are probably
capable of forming an outer (second) coordination sphere of a
definite configuration, which has been confirmed by numerous
investigations’™®. The ability of labile complex cations, for
example [Ni(NH;)s1%* and [Co(H,0)¢1?* to undergo outer-
sphere interaction and procedures for its investigation have
not so far been the subject of independent reviews. At the
same time the number of systems with labile inner-sphere
complexes is many times greater than the number of systems
with inert compounds and the interactions in such systems
are much more complicated.

Together with the increased theoretical interest in labile
outer-sphere complexes®™?, the latter also attract attention
from the practical point of view, particularly in the field of
homogeneous catalysis’»**!* and in the regulation of biological
molecular processes—oxygen and energy transfer in cells,
ionic equilibria in the reactions of enzymes, and other most
important biological phenomena®?.

The equilibria in labile systems containing outer-sphere
complexes and the thermodynamic interpretation of the experi-
mental results associated with them have been transformed
into an important and serious problem®*°, in view of the
almost simultaneous occurrence of both inner-sphere and
outer-sphere interactions.
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The aim of the present review is to examine critically
methods for the experimental investigation of the outer-sphere
interaction of labile complex cations with different ligands, to
survey and analyse literature data on the thermodynamics of
this type of OSC, to carry out a comparison with the results
of the study of the OSC of inert cations, and to outline
certain ways in which this field in the chemistry of coordi-
nation compounds can be developed.

Il. METHODS FOR THE INVESTIGATION OF THE OUTER-
SPHERE INTERACTION OF LABILE COMPLEX CATIONS

There exist various approaches to methods for the investi-
gation of the outer-sphere interactions of labile complex
cations as a function of an inner-sphere process, which com-
plicates the study of the OSC.

1. Outer-Sphere Interaction Uncomplicated by Inner-Sphere
Complex Formation

The most convenient method for the investigation of outer-
sphere interactions for labile complex cations of different
composition involves carrying out experiments in solutions
containing an excess of inner-sphere ligands. This excess
should almost completely suppress the dissociation of the
inner sphere and should not influence appreciably the forma-
tion of the OSC investigated. This situation can only be
created in systems with comparatively stable inner-sphere
compounds. The absence of measurable dissociation of the
inner-coordination sphere makes it possible to study the for-
mation of OSC by any methods used in the investigation of
labile inner-sphere interaction.

The formation of 1:1 OSC can be represented in the
general form as follows:

[MLyl+A 2 [MLy}... A

where L and A are inner- and outer-sphere ligands (the
charges have been omitted) and N is the limiting coordination
number of the first sphere.

Potentiometry, which is one of the most exact and widely
used methods for the investigation of inner-sphere complex
formation, has been employed in the study of the association
of tris(ethylenediamine)cadmium with sulphate ions in 3.0 N
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aqueous solutions of mixtures of sodium perchlorate and sul-
phate™¥, Measurements were made of the changes in the
e.m.f.'s of cells with ion transport comprising a cadmium
amalgam electrode, where diffusion potentials were determined
experimentally’®. The dissociation of tris(ethylenediamine)-
cadmium(II) was suppressed by an excess of ethylenediamine.
The measured changes in the e.m.f. were related to the for-
mation of OSC of the type [CdEns](SO.,),,zl_zn only; the values
of n and the stability constants were determined by Leden's
method?.

The changes in the solubilities of a number of sparingly
soluble salts containing the tris(ethylenediamine)nickel(II)
ion in solutions with increasing concentrations of outer-sphere
ligands and in the presence of a constant excess of ethylene-
diamine served as a basis for the determination of the sta-
bility constants of the OSC [NiEn;1.L5 2™, where z is the
charge of the ligand and L are chloride, sulphate, thiosul-
phate, and carbonate ions. The conductimetric method has
been used®® to study the monoligand OSC of tris(ethylenedi-
amine)- and tris(propylenediamine)-cobalt(ll) in aqueous
solutions at low ionic strengths. The thermochemical
method™ led to the determination of the stability constants
and enthalpies and entropies of formation of a number of tris-
(ethylenediamine )nickel(II) OSC.

Electronic spectroscopy using charge transfer bands in the
ultraviolet has been employed in the investigation of the OSC
of tris(ethylenediamine)cobalt(I11)'** and a number of other
cations’”. The NMR method yielded information about the
thermodynamics and structure of numerous OSC of tris(pyra-
zolyl)borate'® % as well as bis (acetylacetone)dipyridinecobalt(11)%
in several non-aqueous solvents such as cyclohexanone or
chloroform. The absorption of ultrasound has been used to
investigate the OSC of tris(1,10-phenanthroline)zinc(I1).%
Extraction has been used for the same complexes and mixed
complexes with acetylacetone®. It served as a basis also
for the determination of the formation constants of the OSC
of tetra(y-picoline)dicyanatocobalt(11).® The influence of
the composition of the external medium on the width of the
EPR spectral line has been demonstrated?.

The high stability of the hydration shell of alkali and
alkaline earth metal cations as well as lanthanide ions in many
instances makes it possible to investigate numerous OSC of
the aquo-complexes of these metals with simple and complex
anions using various research techniques®?°. However, in
such systems there is a possibility of the superposition of the
inner-sphere effect on the outer-sphere association. The
degree of such superposition depends greatly on the stability
of the hydration shell and the nature of the outer-sphere
ligands.

2. Simultaneous Formation of Inner- and Outer-Sphere
Complexes

The simultaneous formation of inner-sphere complexes (ISC)
and OSC is frequently encountered in systems containing
aquated cations. The effect of the outer-sphere interaction
is then manifested to the maximum extent before the formation
of the first inner-sphere complex* and is sharply reduced in
subsequent coordination stages.

Processes involving the joint formation of monoligand inner-
and outer-sphere complexes from an aquated metal ion
M(H,0)y and the ligand (here and in the general cases dis-
cussed below the ionic charges are omitted to simplify the
formulation) can be represented by the equations:

k95 Vo1
MEO)y L M (H0)] - L
tkg,3 l l k3,90 Kn 1)
Bn, 1
e (M (H,0)y_,L] + nH,0
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where n is the number of binding sites in the ligand in the
given process. Thus the inner-sphere complexes examined
are labile and the OSC are formed at very high rates®", the
equilibrium constants for the formation of 1: 1 complexes can
be characterised by the following expressions:

(IM(H,0),] - L) (2)
‘Dol e
{[M (He0)1) - (L)
B, = (M HONy, - L - (H0)
10 {[M (H0)y]) - {L) ‘ (o

The square brackets define the Werner coordination spher:.
and the braces denote activity or concentration if the activity
coefficients are constant. The subscripts to the constants
indicate the number of attached inner- and outer-sphere
ligands.

The ratio of the constants represented by Eqns.(2) and (3)
characterises the conversion of the OSC into the inner-sphere
complex:

M HO)y., - LI} - (0] B,y

Kn = (M (H.0)] - L} Tow (4)

In systems with labile complexes it is difficult to separate
the effects of the formation of inner- and outer-sphere species
for their quantitative assessment. The majority of physico-
chemical properties or quantities (electrical conductivity,
electrode potential, optical density, heat of formation, and
others), characteristic of OSC and ISC, are manifested as the
general property of the solution. The reactions involving
the formation of OSC and ISC under equilibrium conditions
are virtually identical with the parallel reactions and any
property of the solution is related to the amounts of complexes
by the general expression

_ =n
P= % a pm (5)
i=0
where o; are the fractions of different types of complexes and
pi are the partial values of a certain physicochemical parame-
ter P for each type of complex. Since it is impossible to
obtain the exact value of p; either experimentally or theoreti-
cally, only an approximate solution of Eqn.(5) and an
approximate determination of 81, and w g are possible®¥:3,%,1%,%,
The majority of the formation constants of the complexes

determined previously and compiled in the literature®:?® con-
tain information about the overall stability of two components:

M HO)y] - Lt - (1/(HO}) 4 {IM (HO)y, - LI

/ = + gy
(M (B0} - (L} Buv + 0

K-

(6)

At the present time extensive data have accumulated, which
permit a separate estimation of the 8, and wgp with a certain
degree of approximation.

The spectrophotometric method has been greatly developed
for the solution of problems of outer-sphere interactions.
Changes in absorption in the visible region in the electronic
spectra of d and f metals have been observed in a large
number of examples¥>® for solutions containing inner-sphere
forms® ., We may note that the presence of OSC does not
affect the intensity and positions of the absorption bands in
the visible part of the spectrum, but affects the absorption
in the ultraviolet, where intense charge-transfer bands are
present®%. In many cases® ® it is possible to assign the
absorption bands to different types of complexes. The
difficulty of the quantitative determination of B, and wg; is
associated, as for a number of other methods, with the fact

- that the partial molar extinction coefficients of the OSC and

ISC (&4; and €;,) are unknown. These quantities can be
estimated approximately®"®. The neglect of one of the forms
present in smaller amounts*'™* yields doubtful results,
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because the degree of approximation to the exact stability
constants"®" is difficult to determine.

The most successful approach probably involves the use
of the change in the activity of water in the course of the
formation of the ISC [see Eqn.(1)]. Spectrophotometric
measurements for aqueous organic solutions make it possible
to obtain separately the values of B;, and wgi.*>"*” A dis-
advantage of this method is the necessity to extrapolate the
formation "constants", more precisely coefficients, charac-
terising the equilibria in non-agueous solutions to the condi-
tions in an aqueous solution.

Using a familiar method*® for the calculation of the stability
constants of 1: 1 complexes in the visible region of the spec-
trum, where €4 = €gq, it is possible to obtain the following
relation*S:

Qi _ 1 ( P )
diL]  BOB(eio — €0o) L ’ )

where €,, and €, are the molar extinction coefficients of the
ISC and the free metal respectively.

The values of ;90— £40 and €34 can be found from
8358 (ey0— £00) and BTE (obtained for an aqueous—non-aque-
ous solution) by extrapolating the experimental values to the
concentration ranges where absolute non-aqueous and aque-
ous solutions exist. In this case the errors due to the slight
changes in absorption in the region of transitions in the
electronic absorption spectrum forbidden by the selection rule
are usually added to the inaccuracies associated with the
extrapolation.

The method of chemical relaxation developed by Eigen and
his coworkers"® S theoretically makes it possible to find
separately the formation constants of OSC and ISC, provided
that there is a significant difference between the kinetics of
their formation. For ky, =10~ 10'2 mol s [see Eqn.(1)],
the constant k,; is frequently in the range 10%-10° s, If
it is possible to obtain separately the relaxation times corre-
sponding to the formation of the OSC and the ISC, then the
problem of the calculation of their formation constants can be
solved unambiguously. In practice one usually obtains a
single relaxation time corresponding to the slow state of the
process, i.e. the formation of the ISC. This relaxation time
(1) depends on both the fast and slow processes:

_ Fro (IM] - [L]) Fig -+ Busks (8)
by + e ’

where {M] and [L] are equilibrium concentrations.
Bearing in mind that k,; »>k,3;, we obtain

Tt

T = Ras@o1 ([M] + [L]) +Rsz,

where wg =ki,/K,;.
Thus the values of Keypm =K23wey and kgigs =ksz, obtained
from kinetic experiments, make it possible to determine B;,:

K =£,5001/ k32 = K01 = (B1o/ @) @os==P1s-

The difficulty consists in the determination of the exact
relaxation data under standard conditions. Using this
method, Eigen and Tamm®? calculated the equilibrium constants
Ky for a series of 3d aquo-anions in sulphate solutions.

In some kinetic studies it has been suggested that the
amplitude and form of the relaxation curve be used®>% to
calculate the parameters of the equilibria involving OSC and
ISC when these are present jointly. The two methods yield
a difference between the stability constants approximately
by a factor of two. The experimental accuracy of the kinetic
data is still unsatisfactory for the determination of reliable
data for the stability of the OSC. More than others, this
method can yield an unambiguous solution, provided that the
experimental technique is improved and is applied more widely
to problems of the OSC.
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During recent years, the NMR and EPR methods have con-
tributed greatly to the study of outer-sphere interaction®* 5%,
The separation of the effects with their aid as well as other
methods is difficult owing to the rapid exchange of the ligands
in the inner sphere of labile complexes®%72, The difference
between the two forms of complexes in solution is limited by
the condition 1/1= (v2)1Av,, where 1/7is the rate of the
exchange reaction and Av, is the difference between the fre-
quencies of maximum absorption for the two forms in the
absence of exchange. Thus, when the lifetime of any one
form is too short (<107% s), i.e. there is rapid exchange,
then v;, and v,; cannot be determined separately. This
obtains virtually for all labile complexes.

However, the NMR and EPR methods yield very valuable
structural data, obtained under the conditions of a slow
exchange of atoms containing resonating nuclei or elec-
trons®%% .  For example, the formation of ISC together with
OSC in solutions of certain copper salts has been demon-
strated from the change in the g-factor®’-*®., OSC in the
presence of different anions have been found on the basis of
the line width in the hyperfine structure of the EPR spectrum
of manganese(11).°762

Comparison of the variations of the signal intensity and the
hyperfine splitting line width in the EPR spectra made it
possible to find the ratio of the OSC and ISC in solutions of
the dithionate®®®5 and perchlorate®® of manganese(11).

The NMR chemical shifts®”"®°, the relaxation times’®, and
the paramagnetic shift’?"7® in the resonance of the H, °F,
170, and (to a lesser extent) heavier nuclei have been used
to investigate outer-sphere interactions. In most cases the
formation of a mixture of ISC and OSC was noted in solutions
of inorganic salts of transition metals (Cu, Mn, Co, Ni),
including solutions where complex anions were present:
SiFZ", GeF# , SnF% , and BF,.”>7*7® An attempt has been
made’? to calculate B3, and w,, for compounds of a series of
metals with the above ligands from the changes in the para-
magnetic shifts of the '°F signal. However, the assumptions
made led to extremely approximate equilibrium constants.

Relatively inert complexes, for example aluminium sul-
phates’”"7® give rise to resonance absorption bands of the
ISC [AI(H,0)5(SO,)]1* and the hexa-aquo-form [Al(H,0)s1%,
which can be determined separately, but no calculations have
been made by the NMR method on the two forms of complexes
present jointly in these systems.

The possibility of using the rate of exchange of water in
the aquo-ions of metals in the presence of non-aqueous addi-
tives has been demonstrated’*7%:7°, In this case differences
are observed between the chemical shifts of inner- and outer-
sphere water. The development of this method apparently
makes it possible to differentiate quantitatively the OSC and
ISC in mixed solvents.

The "probe" method has been used®® to investigate the
outer-sphere interaction of labile aquo-ions of the elements
in the first transition series. Methylene chloride and carbon
tetrachloride have been used as the outer-sphere probes.

On the basis of measurements of the longitudinal (T;) and
transverse (T,) proton relaxations, the formation of a series
of OSC [HMn(H,0)InCly, where n =2-4 and m =4-6, in
manganese(II) chloride solutions has been demonstrated®?.

In certain favourable cases vibrational spectroscopy has
been used successfully as a quantitative and qualitative
method for the study of outer-sphere interactions. The
characteristic absorption of SCN™, CN~, SOZ™, and POj; ions
serves as a source of information about the OSC and ISC in
solutions of many metal salts®?™%7, For example, the absorp-
tion bands due to the stretching vibrations of the S~0 bond
in the sulphate ion in the range 850-1400 cm™ make it possible
to identify ISC and OSC. It has been possible to demonstraie
approximately®? the presence of 8, 50, and 12% of ISC in
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sulphate solutions of nickel(II), indium(III), and cerium(III)

salts. Analogous data have been obtained for sulphate solu-
tions of aluminium(III)®%*®* as well as Mn?*, Co?*, Zn?**, Cu®,

Ni%*, and Cd”*in the presence of SCN™ %87

The difficulties in the quantitative estimation of the ratio
of the concentrations of OSC and ISC are due to the lability
of the complexes and the necessity for an accurate determina-
tion of the absorption intensity in aqueous solutions. Quali-
tative data have been obtained for solutions of metal perchlo-
rates, nitrates, and sulphates from Raman spectra®® %2,

The potentiometric method has been used recently®*™° for
the simultaneous detection and subsequent calculation of the
formation constants of the OSC and ISC in solutions of
copper(Il) chloride and bromide and manganese(II), cobalt(II),
and zinc(II) chlorides. These studies were performed for a
variable salt composition, which entailed the variation of the
activity of water. The equilibrium constants were deter-
mined by extrapolating the concentration "constants" obtained
to zero and unit activities of water. The dependence of the
composition of the complexes on the activity of water, dis-
cussed above [see Eqn.(1)], and not the method of measure-
ment plays the main role in this instance. The disadvantages
of the method include the necessity to measure the equilibrium
constants under non-equivalent conditions in the ionic medium
and inaccurate extrapolation.

The calorimetric method sometimes makes it possible to
solve the problem of whether OSC or ISC predominate. Owing
to the liberation of water molecules [see Eqn.(1)] from the
inner sphere on formation of the OSC, the values of AH® and
AS° should be more positive when the inner sphere complex
does not form strong covalent bonds. On this basis, the
complexes formed in solution can be assigned either to the
inner-sphere type (the AH and AS for the complex formation
reactions are more positive than for the reactions involving
other ligands) or to the outer-sphere type. This method of
identification can be referred to as the thermodynamic
criterion. Hypotheses concerning the application of a ther-
modynamic criterion of the type of complex formation on this
basis have been put forward by both Vasil'ev and Yatsimir-
skii’®™ % and subsequently in Ahrland's papers®1?.

Comparison of the values of AH° and AS® for labile and inert
complexes makes it possible to make a qualitative choice in a
number of instances between inner- and outer-sphere com-
pounds®1%1017107 = A more reliable application of this princi-
ple is hindered by the lack of thermodynamic complex forma-
tion data obtained by calorimetric measurements and referred
to zero ionic strength.

The inner- and outer-sphere complexes can be identified
by measuring the specific volumes or compressibilities of
solutions?®®. The sensitivity of solutions to pressure should
be greater when ISC predominate'®®™**.  This can be
explained by the theoretically greater compressibility of ISC
solutions compared with OSC solutions, because the degrees
of hydration and electrostriction change more on formation of
ISC. For example, the changes in the partial molar volumes
of solutions for manganese(II) and magnesium(II) sulphates!®®
are from —7,4 to —10 ml mol* and from —9.5 to 6.9 ml mol™?
when the concentration is changed from 5x 10™* M to 2x 102 M
respectively. The different directions of the changes AV
permit a conclusion concerning the different types of com-
plexes formed.

The proof of the influence of the outer sphere of aquo-
cations on the structure and properties of the solutions has
also been obtained from compressibility data'l®!'l,  On the
other hand, dilatometric measurements of the compressibilities
of cobalt(IIl) complexes®!! in solutions containing OSC and
ISC do not allow the formulation of a criterion for differenti-
ating between these two types of complexes although the
changes AV for complexes with similar structures were regular.
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An effective although rarely used method for the investiga-
tion of OSC in solutions is X-ray diffraction. The results of
the determination of the interatomic distances in the 0SC
[M(H20)5]2+...C1', where M = Cd(II), Co(II), or Cu(ll), have
been published'!?, The M—Cl distance is 4.42 . The
distances for the ISC are much smaller: 2.27-2.60 8.113 The
existence of OSC has been established by X-ray diffraction
for associated gadolinium chloride species''* in which the
Gd—Cl distances are 4.5-5.0 &, while in the ISC the Gd—Cl
bond length is 2.8 .

The above brief survey of experimental methods leads to the
conclusion that the study of inner- and outer-sphere complex
formation is on the whole developing rapidly and involves the
employment of the latest methods. Important structural
results have been obtained with the aid of microwave spec-
troscopy, chemical relaxation, and X-ray diffraction. On the
other hand, the study of the equilibria and the thermody-
namics of the ISC and OSC in labile systems is advancing
slowly. The problem can be probably to a large extent
solved by devising apparatus whereby one can measure chemi-
cal relaxation with a high accuracy and by developing experi-
mental and computational NMR techniques in combination with
the development of the theory of solutions®!5™217,

{1l. OUTER-SPHERE COMPLEXES OF TRANSITION METALS
(d METALS)

Unambiguous information about the thermodynamics of the
structure of OSC has been obtained for systems where outer-
sphere association is not complicated by the inner-sphere

interaction. Unfortunately such studies have been made only
for a small number of OSC and should be extended further.

Data have now been obtained!* on the association of tris-
(ethylenediamine )nickel(II) in 3.0 N aqueous sodium perchlo-
rate solutions containing also the sodium salt of the ligand
(Table 1). It follows from these results that the stability of
the OSC decreases in the following sequence of outer-sphere
anions: $,0%” >80 >CO%™ >Cl, which is analogous to the
sequence for tris(ethylenediamine)cobalt(III) * and many other
inert complexes!®3%’, The existence of this sequence has
been explained" by the changes in the charges and polarisa-
bilities of the anions.

Table 1. The overall association constants of tris(ethylene-
diamine)nickel(II) with certain anions in 3.0 N solutions of
sodium perchlorate and the sodium salt of the ligand at 25.0 °C
according to solubility datal* for [NiEn3IlSO,.

Ligand ion @gy @os
Chloride 0.08 -
Sulphate 0.70 (0.66) * 0.20(0.57) *

. Carbonate 0.58 0.08
Thiosulphate 0.92 (0.83) ** 0.16 (0.22) **

* The solubilities of [NiEnj][PtClg] are indicated in
brackets.
** According to the solubility of [NiEn;]S,0;.

The enthalpies (—1.7 keal g-ion™) and entropies (—5.7 e.u.)
of formation show!* that the addition of a sulphate ion to
tris (ethylenediamine)nickel takes place as a result of the
enthalpy component of the free energy. On the other hand,
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inert tris(ethylenediamine) complexes combine with sulphate
jons as a result of the increase of entropy*. The causes of
this phenomenon require explanation.

It is of interest to note that tris(ethylenediamine)cad-
mium (II) forms associated species with sulphate ions having
the same equilibrium constant!! as the species formed by
tris(ethylenediamine)nickel(II). This demonstrates the
influence of the charge of the complex cation on the associa-
tion and a very small contribution of other factors. How-
ever, tris(ethylenediamine)cobalt (i ' has a much smaller
capacity for interaction with sulphate ions, which conflicts
with the conclusion that the charge exerts the dominant
influence. We believe that the properties of the OSC noted
here have still been very little investigated and require
extensive tests in relation to other examples.

A number of studies*®722 of the OSC of labile but extremely
strong complexes of cobalt(Il), the inrer sphere of which is
saturated by the tridentate tripyrazolylmethane ligands, have
been published. The OSC were studied by NMR. Mea-
surements were made of the chemical shifts of the proton or
19F signals for the outer-sphere ligands consisting of different
molecules and ions. The outer-sphere ligands were pyridine,
aniline (or its substituted derivatives}, methanol, acetonitrile,
acetone, benzene, hexane, hexafluorophosphorus(V), etc. It
was shown that neutral molecules add 1o the outer sphere
along the z axis'®!®, while anions ad2 :long the x axis?!.

This difference was explained by the contribution of electro-
static and van der Waals forces to the formation of outer-
sphere bonds. The contribution of the latter was confirmed??
by the increase of the association constants with increase of
the dipole moment of the solvent. The results of these
studies demonstrated the presence in the outer-sphere of a
different configuration which determines the catalytic effect?’.

An analogous study by NMR was carried out?® for bis(ace-
tylacetone }dipyridinecobalt(II) in cyclohexanone. The step-
wise inte: action with cnloroform and methyl chloride was
investigaited and it was observad thuc the outer-sphere
association takes pince as a result of the decrease of enthalpy
accompanied by a sharp diminution of entropy (=20 e.u. in
each coordir ntion stage). It was shown that the outer-
sphere uguands are coordinated via hydrogen atoms directed
towards the inner-sphere ligands in the equatorial plane.

*se 2 The extinetion coefficients () of copper(Il),
{10y, and nickel(Il) ions in 1 M LinL solutions at an

ionio sirength of 3.0 (LiCl10,).

. . i Type of Coit | Typeof Nit+ Type of
Ligand ion | complex (A== %10 nm) ! complex | (A =720 nm)| complex
| 3 1
H )
Ferehlosgte ! i 0sc | 0Osc 0sC
“inhate | | osc | 0sC 05C
Fiuoride ! 1 0SC.ISC 0SC 0S¢
i | IIse ‘ 0sC 0sC
| boase 0sC 0sC

An extraction study?® demonstrated the occurrence of
suronssive double addition of chloroform to the outer-sphere
of dithiocysnatotetrakis(y-picoline)cobalt(Il) via hydrogen
bonds {nrmed between chloroform and the picoline 7 electrons.

Howes 2r, in the case of labile ISC systems the greatest
smouni of data has been obtained for acido-OSC formed by
v o-cations of transition elements of the first series with
i TpT, 80%, NO3, etc. In these systems both types
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of complex formation occur simultaneously, inner- and outer-
sphere associated species being produced. In such cases
the absorption spectrum in the visible region, due to the
breakdown of symmetry in the inner sphere, undergoes a
change in intensity. Table 2 presents data concerning the
variation of the absorption of certain cations under compar-

able conditiong3®1017103,

Table 3. Thermodynamic data for inner- and outer-sphere
complex formation (at 25 °C) involving inert and labile com-

plexes according to the equilibria:,
[MLg]™ - A% = [ML,]*"- A% =2 [MLs- A]* " |- H0

. AHO, AS®, Ionic Type of S
Compn. of complex in soln. Keal motl | cal o1 K-1| strength | complex Refs.
{Cr(H,0):S0,]*+ ©.2 29 1.0* 1SC 10
[Cr(H,0)g)+-SO%™ 0 5 1.0% 0sC 10
[Cr(H,0),Clp+ 5.0 23.3 0 1SC 18
[Co(H,0)5CH 6.6 — 5.1 18C 119
[Cr{H,0),2+-CIm — (.43 —1.7 1.0 0sC 120
[CO{NH,,);SO, |+ 3.7 7 1.0 1SC 82,10
{Co(NH,);SO,]*+- SO}~ 1.6 16.5 0 0sC 126
[Co{NH,);CI]2+. SO%" b —6.2 0.3 0osc 12¢
[Co(NHy)sBrj2+- SO 0.85 16 0 0sC 126
[ Co(NH,)sBr ]2+ . SO~ 0.7 15 0 0sC 126
[Co(NH,)g(Ho0) J*+- SO —0.3 4& 1.0 0sC 32,10
[Co(NH,)g3+-CI™ 0.6 — 1.0 osc 122
[Co(NH,),J2+- SO —0.5 14.2 0 0sC 126
[Ru(NH,)Cij2+- SO~ 1.1 17 0 osc 125
IRh(NHa)_-,Cl]“-COf‘ 4.9 22 0.5 0sC 125
{Rh(NH,,),CI|*>* COi 1.0 16 0 0SC 125
[IrEnyJ+. CO2™ —0.2 13.7 0 0sC 125
I(IoEn3]f“vSOf‘ 2.0 10 0.5 0sc 125
[CoPng}+ . SO~ 1.4 14 0 osc 125
{CoEny)3+. S0~ —0.5 13.5 0 0sC 126
[CoEa,Jr+- SO~ 0.3 6.5 0.5 osc 126
[Co Dipy,J3+ .Sof‘ —8 —13 0 0sC 15
[Co Pheny)?-. 502" 5 —10 0 0sC 15
CuClJ ¢ 7.0 3.0 18C 101
CuCij+ 5.2 10.6 4.0 ISC 127
NiClH}+ 1.10 2.9 4.0 0SC,ISC 127
CoCl|+ (.62 1.3 4.0 0osC 127
MnCiJ+ 1.40 4.5 4.0 iSC,08C 127
ZnClJ* 1.2 4.8 4.0 1SC,08C 127
FeClj2+ 4.2 16 1.0 I1SC 10
FeClyze 3.4 16 3.7 ISC 10
CuBr]+ 3.0 7.5 3.0 ISC 101
CuBr)* 0.9 2.8 2.0 1SC,08C 123
CuBri+ 1.0 3.0 2.0 18C.08C 123
[NiBr}i 0.n8 —0.27 2.0 0sc 123
[NiBrj+ 2.8 5.5 3.0 1SC,08C 101
CoBri+ 2.20 3.5 3.0 1SC,08C 161
0.15 0 2. 0%*¥ 0sC 123
0.0 —2.75 4.5 0SC i
1.22 14.6 0 1SC,08C 10,123
0.38 2.0 4.0 QosC 127
0.41 14 .1 0.0 osC 10
0.58 3.0 3.0 0sC 10!
—0.11 2.2 4.0 0sC w7
0.50 13.9 0 0osc 1o
0.62 3 3.0 0OSC 0L
—0.64 0.1 4.0 0sCc 127
0.56 12.0 0 0sc 123
0,61 15.2 0 0SsC 10
2.3 7 3.0 1sc,osc| 10t
{MnS0O,j 1.4 4.5 4.0 1SC,08C 127
Zn30,] 0.63 13.5 0 osc 123
ZnS0O,) 0.72 3.5 3.0 0oscC 1ot
| 0.57 4.7 4.0 osc 127
a1 1.2 1.0 0sC 108
0.12 1.2 1.0 0sC 105
3.2 15.5 3.0 ISC 103
3.6 10.5 3.0 1SC 163
3.3 14.0) 3.0 1SC 103
1.4 8.0 3.0 0SC,1SC los
2.2 11.5 3.0 OSC,ISC 103
—1.55 —6.8 1.0 osC 106
—1.26 —5.8 1.0 QsC 106
—0.65 —1.2 1.0 0sC 106
—1.24 —3.4 1.0 OscC 108
ZnClO, 1+ —1.04 —4.0 1.0 0sC 1oe

* At 60 °C.

** Determined from the
tion constant.
#Ek At 40 ©C.

temperature variation of the forma-
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The results in Table 2 indicate at least the coexistence of
OSC and ISC for the majority of associated copper(IIl) species
and predominantly ISC for cobalt(Il) and nickel(II).

The results of the measurements of the heats of formation
of these complexes lead to the same conclusion. Table 3
presents the experimental AH® and AS° obtained by different
workers together with qualitative estimates of the dominant
types of complexes in the reaction mixture. The data for
inert complexes, which form only OSC, are included as selec-
tion criteria.

The numerical data in Table 3 permit the utilisation of the
thermodynamic criterion described above and lead to a con-
clusion concerning the dominant type of complex formation in
systems comprising the labile compounds. The analogy with
inert OSC in terms of thermodynamic properties is apparently
fully justified, since kinetic properties should not influence
the thermodynamics of the compounds. The OSC of inert
"hydrophilic" complex cations are characterised by low values
of AH and as a rule by positive values of AS, while the
corresponding quantities for the ISC are more positive.

Ionic strength has little influence on the AH for the complexes
but, it apparently should have a significant influence on the
entropies of formation of the OSC, since in this case the
outer sphere is desolvated!’®!%, On the other hand, care-
ful calorimetric measurements for the OSC formed by inert
complexes!®?3%125,126 demonstrated that the entropy is approxi-
mately constant at AS°=15 e.u. for "hydrophilic" complex
cations of any charge and doubly charged anions at zero

ionic strength. By analogy, it is sometimes possible to
decide which type of OSC predominates in the case of labile
aquo-complexes and other "hydrophilic" complexes (Table 3).

In conformity with the thermodynamic criterion, the majority
of the results obtained agree with spectroscopic measurements
on solutions of salts of 3d metals. Unfortunately the amount
of calorimetric data on complex formation at zero ionic strength
is still inadequate. The development of studies on these
lines is essential. On the other hand, one should point out
the limitations of the thermodynamic criterion. It is inappli-
cable to "soft" acceptors and donors and to "hydrophobic"
ions {see the OSC of [CoDipy:]®* and [CoPhen,]®*, Table 3}
whose hydration and solvation processes contribute less to
the free energy®1%15:3°,

Aruga*’®'°® assigned the monoligand associated cobalt(II)
and nickel(II) thiosulphate species in solutions as well as the
manganese(Il), cobalt(II), nickel(II), copper(II), and
zine(I1) nitrate and chlorate species predominantly to the
class of outer-sphere complexes in view of the negative
values of AS at an ionic strength of 1.0. For AS=-1.2—
—6.8 e.u., AH was —0.65— —1.55 kecal mol™, which apparently
characterises the interaction of ions of class a.

Larsson!?” calculated AS® for the dissociation of the OSC
of the type MSO,, where M2 =Mg2*, Zn%, Cd?, Cu*, Ni**, or
Ca®*. These functions were found to be in the range
between —14.7 and —17.8 e.u. Theoretically the partial
molar entropies AS°for the OSC differ from those for the ISC
by the entropy of liberation of water (7.3 e.u.). Then
judging from the AS®, zine(II) and magnesium(Il) sulphates
should exist in the form of the OSC, while calcium(II) and
cadmium(II) should be predominantly in the form of I1SC.*%7

As mentioned above, the stability constants of the ISC and
OSC can be determined separately with certain approxima-
tions, but in the majority of methods no estimate of the
degree of approximation is made. The most reliable results
have been so far obtained by relaxation and spectrometric
methods, the dependence of the equilibria on the composition
of the solvent being used in the latter case. Table 4 gives
a systematic list of the results of the determination of the
stability constants of the OSC and ISC by different methods
in systems comprising labile complexes. Table 4 also
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includes the results of the determinations of the overall sta-
bility constants for systems in which the appearance of both
types of compounds has been demonstrated, the type of com-
plex being determined on the basis of the experimental cri-
teria of each method.

Many of the results in Tables 3 and 4 demonstrate unam-
biguously the dominance of the outer-sphere interaction in
aqueous solutions of the salts of many ions of 3d elements.
Nickel(II), cobalt(Il), and copper(Il) ions form mainly
outer-sphere species of the type {[M(H,0)¢].L}, while man-
ganese(IIl) and iron(IIl) complexes have a mixed composition.
The stability of purely outer-sphere species varies in the
majority of systems in accordance with the following series of
metals: Cu?* >Ni?* 2Co?* >Mn?* <«< Fe**, which constitutes a
complete analogy with inner-sphere complex formation and
corresponds to the same extent with the energy of stabilisa-
tion by the crystal field.

The size of the ligands apparently also plays a definite role
in the formation of the ISC. Large polyatomic ions SO,
NOj, ClOj, and SiFg form ISC more rarely than the monatomic
ions F~ and C1”. The stability series for the OSC with differ-
ent ligands is as follows:

F- > SO > ClO; = NO;, CI~>Br".

The ISC and OSC of bivalent manganese, cobalt, nickel,
and copper have been studied systematically’* by NMR on the
basis of chemical, paramagnetic, and isotopic shifts, line
widths, and spin—spin and hyperfine interaction constants.
The ligands were the fluoride and oxide fluoride complexes
of a number of metals. These large ions formed mainly OSC.
If it is assumed that the assumptions made®”>”* in the calcu-~
lation of the association constants do not introduce large
errors, then the tendency of these ions towards the formation
of both ISC and OSC diminishes in the following sequences:

MoOF}™ > WOF?™ > TiFs™ > SnF2™ > GeFZ™ > SiF; > BF,;
Fe?*+ > Mun?+ > Co?* > Ni?+ > Cu®+.

These sequences are determined not only by the charges and
dimensions of the ions but also by the nature of the M—F
bond and the lability of the hydration shell of the cation.

However, the extremely significant difference between the
data for the stabilities of the associated species under con-
sideration is striking. The stability constants of such
species are much higher, according to the results of new
investigations’? than those based on the results of earlier
studies, although the methods of investigation and conditions
were analogous.

It is of interest to note that molybdenyl and tungstyl
tetrafluorides interact” via the fluoride ions in the trans-
and cis-positions with respect to oxygen, forming equatorial
and axial OSC with the cations, the former predominating.

The association of the cation with the perchlorate ions of
the supporting salt plays a significant role in outer-sphere
complex formation. The dependence of the stability constants
on the ionic strength of the solution should be greater than
is in reality the case. Nevertheless, despite the competition
by the perchlorate ions, the ligand series quoted here con-
firm the occurrence of a predominantly ionic interaction, as
has 7in fact been suggested for outer-sphere complex forma-
tion”’.

A common feature of the OSC is their low thermodynamic
stability. When the overall complex formation reactions lead
to stable complexes, for example, those of iron(1II) with
acetate or formate ions, the OSC are not manifested thermo-
dynamically and play only a kinetic role.
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Table 4.

The stability constants of inner- and outer-sphere

1: 1 complexes of the aquo-ions of d elements with different
ligands (at 25.0°).

. . Type of Method of
Ligand ﬂ"‘ﬁﬁl‘wﬁ’ complex |determination® References
012"(aq.)
S0y 178 0 0sC SP 42
Noa 6.0 1.0 0sc SP 127
SOy 5.0 3.0 0sC SP 38,39,101
SO~ 2.3 3.0 0sc Sp 127
S0; 3.3 4.0 0sC Sp 127
NOj 2.0 0 0sC SP I
NO; 1.4 1.0 0sC KIN 106,128
NO; 0.40 3.0 0sC P s
clo; 2.2 1.0 0sC KIN 106,128
F- 1.4 3.0 1SC,08C SpP,C 103
Cl- 0.87 3.0 ISC SP 39,45
cl- 0.80 2.39 IsC SP 03
Cl- 0.58 3.0 ISC Sp 127
Cl~ 1.72 (] ISC SP 42,45
Ci- 1.63 0 ISC Sp 93
Cl- 0.95 4.0 1SC Sp 127,1
Br~ 0.28 3.0 ISC,08C |  SP 38,38, 101
Br~ 0.25 1.857 ISC,08 SP 95
Br- 0.60 4.0 0sC Sp 127,1
SCN~ 82 3.0 18C,08C Sp 38
SiFy” 0.8 1.0 1SC NMR 7
SiF;~ 5 1.0 0sC NMR 71
GeFy~ 0.8 1.0 1sC NMR 71
GeF}~ 5 1.0 osc NMR 7
SnFy~ 0.7 1.0 Isc NMR 7
SnF2~ 5 1.0 0sC NMR 71
TiF}~ 1.0 1.0 1sC NMR 7
TiF}~ 7 1.0 0sC NMR 71
Ni2*(aq))
SO%” 120 0 [ sp 127
Noa 1.8 3.0 0sC S.P 38
S 3.2 4.0 0sC Sp 127
F- 5.8 3.0 0sC CcP 103
v 1.63 0 0sC Sp 127
CI- 0.20 1.0 0sC SP 129
cl- 0.27 3.0 0sC SP 38
cr 0.50 3.0 0sC P os
cI- 0.39 —_ 0sC P o
Br~ 1.04 0 0osC SP 127
Br- 0.13 1.0 0sC Sp 129
Br~ 0.15 3.0 0SC SP 38
SCN™ 21.7 3.0 0sC sp 58
SCN™ 12 — 1sC R 85
SCN~ 3 — 0sC IR 85
GeFa~ 15 1.0 0sC NMR 71
GeFs 1.7 1.0 1sC NMR 7
SnF;~ 15 1.0 .08C NMR 7
SuF;” 1.7 1.0 1SC NMR 7
SiFZ” 15 1.0 ISC NMR 7
SiFy” 1.7 1.0 1sc NMR 7
TiFy 17 1.0 osc NMR 7
TiF2™ 1.9 1.0 0sc NMR 7
NO; 1.02 1.0 0sC KIN 106, 128
clo; 2.2 1.0 0sC KIN 106, 128
Co®*. (aq)
S0}~ 102 0 osC sp 17
S0~ 1.65 1.0 osc 3 129
Neja 1.70 3.0 0sC S 38
SO:' 3.2 3.0 0sC SP 197
F- 4.4 3.0 0sC C,Pp 103
cI- 2.2 0 0sC SP 127
Ci- 0.43 1.0 0sC SP 199
CI- 0.57 3.0 0scisc| .sp 8
cl- 0.32 — %scc : o
Cl- 0.13 — o4
Br~ 1.7 0 0osC SP 17
Br- 1.7 1.0 0sC 'SP 129
Br- 0.19 3.0 0sC SP 38
Br- 0.41 3.0 0sC SP 127
SCN- 18.7 3.0 0SCISC SP 38
SiF2” 25 1.0 osc NMR 7
SiFy” 2.0 1.0 Isc NMR 7
CrF 25 1.0 0sC NMR 7
CrFy” 2.2 1.0 1SC NMR 71
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Table 4 (Cont'd.)

. 610> €01 °F | Jonic Type of Method of
Ligand | o s w1 | strength | complex determination* References
Co2*(aq.)
TiF2" 33 10 | osc NMR 7
TiF?" 2.8 1.0 IsC NMR 7
Fe3t(aq.)
so?- 580 4.0 1SC,08C SP 130
S0%; 5.0 3.0 1SC,08C P 132
(ol 14.4 4.0 18C,08C S,C 130
Ci- 3.0 1.0 15C KIN 131
Cl- 2.2 1.0 0sC KIN 131
Br- 2.3 4.0 0SC,ISC SP.S,C 130
SCN- 155 4.0 1SC SP,S 130
HCOO~ 3.4-10% 4.0 1SC SP 130
CH,CO0- | 2.9-10s 4.0 1SC SP 130
Mn2*(ag.)
So}” 22.4 0 1SC,08C P 127
Noj 3.3 1.0 15C,08C " P 127
SOf‘ 1.7 3.0 1SC,08C P 107
S02” 1.62 3.0 1SC,08C Sp 10t
Ci- 2.68 0 1SC,08C P \o7
cl- 1.7 3.0 1SC,08C 13 62
cl- 0.78 3.0 1SC,08C P fpes
Cl- Q.22 3.0 0sC EPR 62
Br- 1.53 0.0 1SC.0SC P 107
Br- 1.34 3.0 1SC,0SC SP 62
Br~ 0.4 3.0 1SC,08C P 17
Br- 0.17 3.0 0SC EPR 62
$,0;” 18 — 0sC EPR 63
8,02 4 — 1SC EPR 63
SCN- 9.4 3.0 1SC,08C SP 130

* Notation: SP =spectrophotometry; KIN =kinetic method;
C =calorimetry; S =solubility; P =potentiometry.

It is noteworthy that the thermodynamics of the formation
of OSC change fundamentally'® on passing from "hydrophilic"
to "hydrophobic" complex cations. The thermodynamic
parameters examined above, which indicate the structure of
the associated species, are valid only when the outer-sphere
ligands interact with "hydrophilic" complex cations.

Analysis of data on the stability of the OSC of 3d metals
shows that the order in which the stabilities vary for a series
of metals depends little on the nature of the anion in the
outer sphere. This indicates a major role of the central
atom in the outer-sphere bond, the latter being subjected to
its influence owing to the alteration of the properties of the
coordinated inner-sphere ligand.

IV. OUTER-SPHERE COMPLEXES OF NON-TRANSITION (s,p),
LANTHANIDE, AND ACT!NIDE ELEMENTS (f METALS)

Metals whose valence is determined solely by s and p elec-
trons exist in aqueous solution as singly- and doubly-charged
jons. These are, in particular, alkali and alkaline earth
metals. The stability of the hydration shells of these ions
is high and increases with decrease of their atomic weight.

Aqueous solutions of the majority of salts of these metals
with singly charged anions contain only outer-sphere associ-
ated species at concentrations below the total hydration limit.
The stability of these species usually increases with decrease
of the stability of the solvation shell from lithium to caesium
and from beryllium to barium?®2°, The tendency towards
association with hydroxide, fluoride, acetate, and lactate,
and similar ions varies in the opposite direction, indicating
the dominant influence of the inner sphere interaction.
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The 1—2- and 2—2-valent electrolytes based on these metals
frequently exist in dilute aqueous solutions in the form of
outer-sphere associated species. The contribution of the
inner-sphere interactions in such solutions increases sharply,
becoming dominant on passing from 1—2- to 2—2-valent elec-
trolytes, on replacement of weakly polarisable anions by
highly polarisable anions with a high electron-donating capa-
city, and with increase of the concentration of the solutions.
The validity of the above postulates is confirmed by the satis-
factory agreement between the results obtained using differ-
ent experimental techniques?®:2°,

Fairly extensive information about the thermodynamics of
associated species formed by complex anions with alkali and
alkaline earth metal cations has been examined by Mironov?3,
It shows unambiguously that complex anions are in many
respects analogous to simple anions as regards their capacity
for addition to the outer-spheres of alkali and alkaline earth
metal aquo-cations. However, the outer-sphere association
of unstable complex anions with cations usually leads to the
additional incorporation of simple anionic ligands in the inner
sphere of the complex anion as a result of the decrease of the
negative charge of the entire associated species owing to the
interaction of the complex anions with the alkali or alkaline
earth metal cation?:

K* - [P, (H;0)]" — K* ... [PbCly (H;0)]- —2=

> K+ ... [PbCly~ 4+ HO .

The interaction of triply and quadruply charged anions with
alkali and alkaline earth metal cations is determined by the*
nature of the anions. In these systems the anions are
usually incorporated in the inner coordination sphere, dis-
placing water, and forming mixtures of ISC and OSC only
occasionally in a small number of systems??. Judging from
the infrared spectra of solutions, a good example of such
0SC®® is provided by magnesium and calcium compounds with
certain doubly, triply, and quadruply charged ligands of the
type of CH;PO}”, CH,P,03", and AP,0};, where A is adeno-
sine. It is of interest to note that these ligands also form
mainly OSC with doubly charged manganese, cobalt, and
nickel ions, but are incorporated in the inner spheres of
copper(Il) and zinc(11).*® In our view the validity of these
postulates requires confirmation.

On the other hand, the interactions of alkali and alkaline
earth cations (as well as cations of p and f metals even with
singly charged anions at fairly high concentrations of aqueous
solutions lower the symmetry of complex ligands. Thus
Raman spectra demonstrate unambiguously®® the decrease of
the symmetry of the nitrate ion to C,,. This effect weakens
in the following sequence of cations:

Th#+ > In®* > Cu?+ > Hg?+ > Ce3+ > Ca?+ > Zn*+ > AP+ > Ag+ > Nat= K*=NH, .

It is believed®® that the decrease of the symmetry is the
result of the formation of ion pairs. Raman bands corre-
sponding to the M—O bond have not been observed, but,
bearing in mind the low sensitivity of Raman spectra, the
presence of covalent bonds cannot be fully ruled out in all
the systems investigated. One may assert’®® that only OSC
are formed in solutions of alkali metal nitrates, but, judging
from a comparison of the Raman and infrared spectra, the
nitrate ion is partly incorporated in the inner spheres of
zinc(I1), copper(Il), mercury(II), calcium, indium(III), and
cerium(III) cations®®1%7,

The decrease of the symmetry of the ligand cannot be
always regarded as a criterion of the occurrence of the ISC
or OSC interaction, since the tetrahedral structure of the
sulphate and perchlorate ions is not distorted®® by certain
cations. In dilute solutions the sulphate ion, for example,
does not in fact enter into the inner spheres of many cations,
but, with increase of concentration, the main bulk of the OSC
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This has been observed®® for the
138,199

are converted into ISC.
sulphate complexes of aluminium and certain other metals

It has been shown'*%!*! that s and p metals in perchlorate
solutions bind and polarise outer sphere water and induce
structure formation in the latter more vigorously than d ele-
ments, which are more likely to have a structure breaking
effect on the outer-sphere water. Consequently the forma-
tion of OSC by s and p metals should be more accurately
regarded as substitution or displacement of outer-sphere
water molecules. Studies3%1*27%* of the association of beryl-
lium(II) with sulphate ions, which have been discussed in
detail’*®, are of interest from this point of view. As an
illustration, Table 5 presents the thermodynamic functions for
the outer-sphere complex [Be(H,0),}.80, and for its conver-
sion into the inner-sphere complex [Be(S0,)(H,0);] obtained
from measurements of the relaxation time of the pressure

jump!** and by an iterative procedure5?-5%142,

Table 5. Thermodynamic constants for the formation of
[Be(H,0),1.S0, and for its conversion into [Be(SO,) (H,0);}
at 25 °C and zero ionic strength of the solution'*.

Oez‘:‘fll;:::‘d w0y (K1) AH?, 'kcal mol-1 AS°, e, ave ,cm3 mol-1

[Be (H;0)a] -SO,2|100+20 (0.65+0.1)1.4+0.8 (0.940.3)|14.040.3(2.24+1.5)] 10+3 (3+2)
2[Be(SO,)(H,0)]

The data in Table 5 show that OSC predominate in the sys-
tem of beryllium sulphate complexes, being formed with
increase of entropy and molar volume. These OSC consist
of Be(H,0)%" tetrahedra and sulphate ions in contact with
three water molecules of tetraaquoberyllium'*’. The entropy
of formation of OSC by tetrahedral aquo-complexes is the
same as that of the formation of "hydrophilic" OSC having an
octahedral structure*%3?,

Aluminium and gallium sulphate complexes have been
investigated by the analogous method involving the measure-
ment of the pressure jump'*s. The predominance of OSC
has been observed to an even greater extent for these com-
pounds in solutions at ionic strengths of 0.1 than for beryl-
lium. Here the equilibrium constant for the transformation
of the OSC into the ISC is in the range 1071071,

Comparison of aluminium(III), gallium(IIl), and indium(III)
monosulphate complexes shows that in this series the contri-
bution:.of the inner-sphere interaction to the overall complex
formation increases from aluminium(III) to indium(III). The
considerable contribution or complete dominance of the OSC
of metals with singly charged anions in aqueous salt solutions
has been pointed out in many studies!3*!%¢-1%¢  Apn increase
of the degree of formation of OSC is observed with increase
of the concentration of the supporting salt. The decrease
of the activity of water under these conditions, of the kind
which occurs after the introduction of non-aqueous solvents,
has a particularly marked influence on the nature of the com-
plexes of the light lanthanides®2. This is associated with
the greater stability of the aquo-complexes of the yttrium
group compared with the cerium group®¢.

The influence of non-aqueous solvents on the formation of
the OSC of the lanthanides is determined mainly by the
dielectric constant of the medium, while the formation of I1SC
is greatly influenced by the electron-donating properties of

solvent molecules®?, However, doubtful claims have been
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made®®® that erbium(I1I) does not form ISC in methanol;
certain objections have been made to this claim*®®. There
has also been disagreement in the estimates for the formation
of OSC by lanthanides, for example as regards the linkage

of the perchlorate ion in the inner sphere'®%*%®and the purely
inner-sphere nature of fluoride and iodate associated
species’®®. The cause of the presence of a covalent bond
between lanthanide and nitrate ions in aqueous solutions!®’
and of the absence of such a bond in tributyl phosphate
solutions**” has not been elucidated.

The attempts to solve the problem concerning the inner-
and outer-sphere nature of the complexes of lanthanides with
singly charged anions on the basis of the enthalpies and
entropies of formation yielded doubtful results. This is
because the above functions are small and are usually deter-
mined from the temperature variation of the equilibrium con-
stants®®2%,  This can be seen in relation to the complexes
with SOZ~ and Fe(CN);~; on passing to doubly and triply
charged anions, the contribution of lanthanide ISC
increases?®®7172,

The OSC of the actinide ions have been investigated in less
detail than those of lanthanide ions. The chloride, thio-
cyanate, and polyaminocarboxylate complexes of tervalent
actinides have been thoroughly investigated. Inner-sphere
polyaminocarboxylate complexes of the actinides are more
stable than those of the lanthanides'’® 7%, The stability
constants of the chloride complexes in 1-4 M solutions in LiCl
are almost identical for tervalent actinides and lanthanides
with the same ionic radii'®®!’?. Only OSC are formed under
the conditions indicated!®®. In solutions 10 M in LiCl the
actinides (III) form mainly I1SC,>?® like the lanthanides, the
actinide complexes being more stable than the lanthanide com-
plexes. An analogous situation has been observed!5!»174,1737183
also on comparing the stability constants of lanthanide and
actinide nitrate and thiocyanate complexes. In view of the
similarity of the stability constants, it is possible to determine
the type of cocrdination (in the inner or outer sphere) by
analysing i enthalpies and entropies of formation®®»17%:180,

Appreciabie differences have been observed in the beha-
viour of the O3C of the actinides relative to the corresponding
lanthanide complexes. In aqueous solutions of lanthanide
chlorides and perchlorates without added ligands only OSC
are formed'®*, as in dilute solutions of the nitrates. Judging
from the heats of dilution of solutions of these salts, their
behaviour is determined by a two-group effect'®®, i.e. by the
infleorow of the properties of the cerium and yttrium group.
Tiw apparent molal enthalpies of aqueous solutions of these
increase with increasing radius of the cations (as is
ri particularly clearly for the chlorides), which is asso-
*th the presence of hydration shells in the cations.

plexes.
Actinide (I11) sulphate complexes probably involve the same
contribution of the outer-sphere interaction as their lantha-

nide analogues, i.e. approximately 10%.1%%1% The formation

of O5C on interaction ¢f thorium(IV) and neptunium(IV) with
sulphate ions'%!8¢ does not produce a notable effect.

The principal causes responsible for the contributions of
different types of forces to the formation of OSC and ISC
have been discussed®®. Analogous but more general
atteripts had been made also in earlier studies!™ %188,

V. CERTAIN FEATURES OF THE OUTER-SPHERE INTER-
ACTION OF LABILE OUTER-SPHERE COMPLEXES

'I'ne above postulates and certain literature data quoted
below make it possible to formulate a number of features of
the ovter--sphere interaction.
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In the majority of systems of labile complexes the coordina-
tion "centres" forming the outer (second) coordination sphere
are, as for the inert complexes, coordination-saturated
cations and to a lesser extent anions. Complex cations with
a labile first coordination sphere as well as those with an
inert first coordination sphere interact consecutively with
the ligands in the second sphere, which are located at definite
points in space determined by the inner-sphere ligands.

This has been satisfactorily confirmed® 231%1%0 by the study
of inert and, especially, labile OSC in which the strength of
the bonds in the second sphere is as a rule much smaller than
in the first. The forces of such interaction are predomi-
nantly electrostatic: [MLg]M*., . AM%,

At the same time numerous experimental data on the equi-
libria involving inert and labile® %% compounds, particu-
larly neutral species'®, based on structural data obtained by
NMR18723,67780 EpR27:62765 gnd X-ray diffraction’'? as well
as the influence of non-aqueous additives*®"47:95:198:19% confirm
the important role of the inner-sphere ligand®*%:1% in
outer-sphere interactions. The donor—acceptor interaction
of the outer-sphere ligand with the active centres of the
inner sphere is outstanding in this respect. This type of
interaction includes also hydrogen bonding**®. The interac-
tion can be represented schematically by [M(Lg-D]...A, where
(Lg-1) are ligands containing free electron-donating or elec—
tron-accepting atoms I.

The coordination number, structure, nature of the bond,
and the influence of OSC on the inner sphere are determined
by the type of the I=A interaction. The concept of the
outer-sphere complex becomes much broader in this approach.

The thermodynamic properties of the OSC are determined
by the contributions of the electrostatic and donor—acceptor
interactions. In many systems the thermodynamic strengths
of the binding of the ligands in the first and second coor-
dination spheres are comparable®. In such cases it is
usually impossible to observe a stepwise outer-sphere inter-
action. The first ligand, having become attached to the
outer-sphere, then passes to the inner sphere. For example,
anionic ligands"® **!27 pehave in this way in relation to sol-
vated cations. In the systems indicated the effect of the
outer-sphere interaction is manifested most clearly after the
addition of the first ligand and then diminishes sharply®?
when the first ligand has been incorporated in the inner
sphere.

The features examined above refer to the addition of the
first ligand to the outer sphere. As in the stepwise inter-
action in the second sphere, this ligand adds to energetically
favourable positions, determined by geometrical factors,
within the complex cation with a saturated inner sphere!® 23,
The systems considered can be divided into three groups:

(a) systems in which the formation of OSC greatly predomi-
nates; (b) systems with comparable amounts of OSC and ISC;
(¢) systems in which the formation of I1SC greatly predomi-
nates. Systems of the first and third types can be studied
by the usual methods, neglecting the formation of ISC or
OSC. The majority of systems are of this kind.

The principal complications arise in the presence of com-
parable amounts of OSC and ISC. The formation of OSC
and ISC is greatly influenced by the ionic strength of the
solution and non-aqueous additives*®:127,18%,191  An increase
of ionic strength and of the fraction of the non-aqueous
additive reduces the contribution of the OSC and increases
that of the ISC. A fairly considerable decrease of ionic
strength can lead to the formation of OSC alone, while an
increase of the amount of the non-aqueous additive, which
lowers the dielectric constant of the medium, can lead to the
formation of ISC only. These factors can be used in esti-
mating the contributions of the OSC and ISC in systems where
their amounts are comparable.
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If the complex formation proceeds via the mechanism initial
ions % 0SC = ISC [see equilibrium (1)], then the overall equi-
librium constant K; can be formulated thus: K;=uwg; +819=
wg,1 (1 + K.

We shall consider the influence of certain factors on Kj,w;,
and Kywhen ionic bonds predominate. For a series of
identically charged cations, a number of changes occur when
their radii increase!®®,

1. The M—L attraction diminishes with increase of the
distance between M and L. This effect entails a decrease of
w,,, and K.

2. The extent of local hydrolysis diminishes owing to the
depolarisation of the inner-sphere water, which leads to a
decrease of wo ;.

3. (a) The degree of hydration of the cation diminishes,
i.e. there is a partial displacement of water, which facilitates
the entry of the anion into the coordination sphere;

(b) the degree of hydration of the cation decreases
without the displacement of water from its first coordination
sphere, which facilitates the incorporation of L into the first
coordination sphere of M. Both these effects increase Kp.

4. The energy of the stabilisation of the aquo-cation,
arising as a result of the polarity of the water in the second
sphere, progressively diminishes as L approaches M, which
leads to a decrease of w,,; and Kj.

Sometimes when M and L have electrostatic properties simi-
lar to those of the dipolar water molecules, the increase of
K1 by the third and fourth factors can be selective in relation
to the enhancement of the M—L interaction or the increase of
the dipole moment of water.

Using the above factors, it is possible to explain the charac-
teristic features of the changes in many formation constants
of OSC and ISC.

In the vast majority of the OSC examined the bond between
solvated M and L is predominantly ionic, being complicated
by the operation of dispersion and van der Waals forces as
well as the contributions of the hydrogen bonds and charge
transfer in accordance with the scheme M «L.}%*1%7 Ag a
rule the charges (or the charge and the dipole moment of L)
as well as the radii of M and L determine the stability of the
OSC formed. The contribution of the energy of stabilisation
by the crystal field or the covalence of the M—L bond can
increase Kjand the sum B3+ wp ;. From these standpoints,
it is possible to account for the increase of the stability of
the OSC with increasing charges on M and L, but the fraction
of the OSC relative to the sum of the complexes then dimin-
ishes.

Analysis of the thermodynamics of the formation of the ISC
and OSC leads to a thermodynamic criterion, which determines
the type of complex predominant in the system. New ther-
modynamic results require correction for the conditions under
which the criterion is applied: it is applicable only to
"hydrophilic" cations and partly to "soft" anions, in terms of
Pearson's terminology, which form OSC with a predominantly
ionic bond.

The available literature data2®2° for the OSC in systems of
labile OSC refer mainly to acceptors M of class a, i.e. "hard"
ions. For these acceptors, the overall stability of the halide
complexes diminishes in the sequence of the anions F~ »CI™ >
Br™ >I". The contribution of the OSC to the overall effect
of the interaction usually increases in the opposite sequence
(from 1™ to F7), although frequently large, for example, com-
plex anions with identical charges, form compounds with M,
in which there is an increased contribution of the 0SC.2%?

For copper(Il) complexes, an increased tendency for ligands
to enter the inner sphere compared with nickel(Il) and
cobalt(1I) has been observed®®"%127,133  This property can
probably be accounted for by the anisotropy'®’ of the
copper(Il) ISC formed due to the Jahn—Teller effect.
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Regardless of their composition, structure, and charge,
all the "hydrophilic" complex cations form monoligand OSC
on interaction with doubly charged anions, for which
AS°=15 e.u. in solutions at zero ionic strength!S. This
constancy of AS°, which so far is not altogether explicable,
has been observed mainly for inert complexes and, if it is
confirmed for labile systems, the problem of the identification
of OSC will be solved.

Data for the variation of the stability of OSC and of their
contribution to the overall complex formation effect as a func-
tion of the nature of the central ion are contradictory,
although a correlation with the number of d electrons has
been sometimes noted®?7:1%2, However, it is clear that the
series of central ions corresponding to the variation of the
stability of OSC and ISC are different’?’”. These differences
increase with increasing degree of covalence of the M—L bond
in the first coordination sphere and with increase of the
complexity of the interaction of the inner- and outer-sphere
ligands.

Outer-sphere coordination entails a change in the length of
the inner-sphere bond?%%:1%° in consequence of the enhance-
ment of the polarisation of igands. This induces a far-
reaching rearrangement of the inner sphere, which is mani-
fested by the enhancement of the acid properties of the metal
aquo-ion’®®, a change of the structure of the inner-sphere
complex in the melt??® and in the crystal®’!, a change in the
stretching vibration frequencies of the bonds?°%2%, and
ultimately a change in the reactivity of the compound?®®, All
these phenomena, which fit within the framework of the funda-
mental concept of the mutual influence of ligands, have the
specific features of an individual property of outer-sphere
complexes, and can be referred to as the outer-sphere effect.

However, the insufficiency of data on the thermodynamics,
structure, and kinetic properties of the OSC greatly hinders
the extension of the generalisations. In order to be able to
reach deeper conclusions, a considerable increase of the
amount of information in this field is necessary.
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