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Various views on the nature of the dissolution process are examined and the latter is explained as a consequence of the solvation
of the solute. Methods for the determination of solvation numbers and solvating capacities of solvents are analysed and an attempt
is made to explain solvation and the influence of the nature of the solvent on complex formation reactions taking into account
modern ideas about chemical bonding. The fundamental characteristics of complex formation and inorganic synthesis in non-
aqueous and mixed solutions are described.
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I. INTRODUCTION

The study of the nature of solutions and of the influence
of solvents on the reactivity of substances, particularly
inorganic substances, has attracted the attention of
chemists for a long time. This problem has become
particularly urgent, since the majority of chemical
engineering processes are carried out in solution and in
view of the likely use of lanthanide complexes in non-aque-
ous solutions1"3 as lasers. It is very remarkable that the

quantum yield for NdCl3 dissolved in a mixture of SeOCU
with SnCU or SbCls is ten times higher than for aqueous
solutions of neodymium salts4.

It is well known that the solvent has a significant influ-
ence on the state and properties of the solute; however,
there is as yet no well-constructed theory on the basis of
which one could predict the suitability of a particular sol-
vent for given reactions or for the dissolution of various
substances. Nor are there any fairly well-established
views concerning solvation phenomena in solutions5.
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According to Mishchenko and Poltoratskii8, "the nature of
ionic solvation forces remains unexplained". On the
other hand, there have been numerous studies on the
structure of solutions and on complex-formation reactions
in non-aqueous systems7. It is therefore necessary to
analyse the data which have accumulated in order to dis-
cover the relation between solvation and complex formation,
on the one hand, and to what extent the use of non-aqueous
solutions promotes the development of inorganic synthesis,
on the other.

II. THE SOLVENT POWER OF SOLVENTS AND THE PRO-
PERTIES OF ELECTROLYTE SOLUTIONS

The old rule "like dissolves in like" is far from being
universal, although attempts are sometimes made to
revive it even now. Thus, after studying the dependence
of the solubility of substances on the properties of the sol-
vent, Semenchenko and then Shakhparonov8"11 concluded
that the relative polarities of the substances involved play
a significant role. According to these investigations 8" u ,
solubility should be highest in those cases where the
generalised moments, i.e. the ratios of the dipole moments
and the molecular volumes, of the solute and the solvent
are similar. Hildebrand and Scott maintain that sub-
stances having the same density of interaction energy are
miscible12. According to Pearson, the so called hard
acids or bases dissolve in hard solvents (which themselves
behave as hard bases and acids respectively) and soft acids
or bases are soluble in soft solvents13. However, Pear-
son's soft acids (GaCl3, h, etc.) dissolve readily in alco-
hols, amines, and hydrazine, which are hard bases. The
above rule is to some extent justified in relation to the
miscibilities of organic compounds. The Lavoisier rule,
developed by Shreder14, is applicable to many solid non-
electrolytes: other conditions being equal, the solubility
of solids increases with decrease of their melting point.
The rule is usually expressed by the Schroeder-Le Chate-
lier equation:

RT (1)

where s is the solubility, A#m the heat of fusion, T the
experimental temperature, and T m the melting point.

In the case of electrolytes, the solvent power of sol-
vents is usually estimated taking into account their dielec-
tric constants15'16. After considering the solubilities of
salts in water and some other solvent, Izmailov and
coworkers15'16 established the following relation:
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where L and P are constants and e is the dielectric con-
stant. When a number of assumptions are made, Eqn. (2)
can be transformed into

lgsSolv=F + ^ , (3)

where F and w are constants.
The above view was originated by Born17, who explained

dissolution and solvation as a consequence of the ion-
dipole interaction18"24. According to Born17, when an ion
is transferred from a vacuum into a medium with a dielec-
tric constant €, the solvation energy, equal to the differ-
ence between the field energies in vacua and in the given
medium, is evolved,

zV 2V2 z'e2 I 1 \
E= • = 1 —— . (A)

Consequently, the solubility of salts should decrease with
decrease of the dielectric constants of the corresponding
liquids25'26.

The limitations of the electrostatic concept become
evident already in relation to propane-1,2-diyl carbonate,
which has a high dielectric constant (e = 69) but dissolves
many compounds much less effectively than dimethylform-
amide (e = 36.1) or dimethyl sulphoxide (e = 48.9). In
highly polar nitromethane (dipole moment 3.54 D) the
solubility of alkali metal halides is low; transition metal
halides are also sparingly soluble in this solvent27. On
the other hand, acetonitrile, which has almost the same
dipole moment (3.2 D) and dielectric constant (38.8),
readily dissolves compounds of different classes and even
silver nitrate28, which is sparingly soluble in water.

One cannot explain from this standpoint the low solubili-
ties in water of salts of the type Cs2[PtCl6], [Co(NH3)e].
,[P(Mo30io)4], and BaSO4, which consist of large cations
and anions, the decrease of the corrosion of lead-antimony
alloys on passing from water to water-dioxan mixtures29,
the failure of zinc electrode potentials in ZnCl2 solutions in
acetonitrile to obey the Nernst equation30, and the non-
uniform variation of the conductivity of aluminium chloride
with concentration in butyl ether31.

In the vast majority of cases, electrolytes behave in
non-aqueous solutions differently than in water. For
example, thorium nitrate in acetonitrile has a low conduc-
tivity; CuCl2 in acetone has a dark-yellow colour32; alu-
minium bromide dissolves in acetone with evolution of
heat33 and the solutions formed darken after a time and
their conductivity increases.

The above and also many other data concerning the
solubilities of certain salts in alcohols34"36, dimethylform-
amide37'38, acetone35'39, pyridine40"42, sulphur dioxide43,
etc.44'45 show that the dissolution process is determined by
the chemical nature of the solvent and the solute rather than
by their physical properties. This is why Izmailov15'16'46

concluded that the dependence of salt solubilities on the
dielectric constant corresponding to Eqn. (3) is characteris-
tic only of a series of solvents of the same chemical type,
such as, for example, alcoholso

Numerous experimental data have shown that the dielec-
tric constant is not a characteristic which determines
solvent power. Thus CuH is insoluble in water but forms
a red solution in pyridine (Py), for which e = 12.3, i.e. is
lower than for water47. Copper iodide also dissolves in
this solvent and, when the latter is distilled off, crystal-
lises in the form of [CuPy2]l.

48 The solubilities of many
metal halides in pyridine decrease on passing from iodides
to chlorides44.

Hydrazine (e = 51.7) dissolves many salts at 25°C more
effectively than does water (e = 81) and liquid HCN (e = 123
at 15.6°C). For example, Hgl2 dissolves in hydrazine
more readily than HgCl2 and Cu(NO3)2 is only sparingly
soluble in this solvent49. It is difficult to account for the
insolubility of CuCN, AgCl, Ba(NO3)2, CuSO4, Hgl2, and
Ca(NO3)2 and for the low solubilities of AgCN, Cdl2, C0CI2,
HgCl2 and HgBr2 in liquid HCN.

The above data show that the formation of the solution
and its properties depends mainly on the chemical nature
of the corresponding solvents, including stereochemical
factors 51. The rate of dissolution of the solid is higher
the lower the activation energy for the transfer of surface
species to the solution, which, apart from depending on
temperature, is also a function of the strength of bonding
between these species and solvent molecules.

Other conditions being equal, substances with a molecu-
lar lattice should exhibit the highest solubility and should
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be followed in this respect by ionic compounds, since, in
order to overcome dispersion forces or to dissociate an
ionic linkage, it is necessary to expend less energy than
for the disruption of atomic or metallic lattices. In par-
ticular, it has been noted that the activation energy for the
dissolution process is less than 10 kcal mole"1 for com-
pounds with ionic bonding52, while for molecular crystals
it is even lower. The dissolution of substances with a
molecular lattice is probably preceded by dispersion
interaction between molecules of different kinds, which is
possible also in the so called indifferent solvents (CCU,
C6H6, etc.).

The first stage in the dissolution of ionic crystals is
apparently ion-dipole attraction. The solubilities of
salts are therefore usually higher in polar solvents than
in non-polar solvents. Substances with a molecular
lattice, such as, for example ThOx4, where Ox is the
8-hydroxyquinoline residue, dissolve, while ionic crystals,
such as ThF4, do not dissolve in solvents of the carbon
tetrachloride type53. Compared with the ionic compound
NaNCO, the covalent compound Hg(OCN)2 dissolves more
readily not only in alcohols, ethers, and ketones, but also
in cyclohexane54. For this reason, neutral molecules
should be more effectively extracted by solvents immis-
cible with water, which is in fact observed experimen-
tally35"57. It is easier to replace one dispersion interac-
tion by another than to dissociate an ionic linkage or polar
molecules into ions.

However, despite its importance when the phases first
come into contact, the ion-dipole interaction is not of
decisive significance in the general assessment of solvent
powers. This is seen from a comparison of the solubili-
ties in water of calcium and cadmium sulphates, the ionic
charges and radii of which are the same, and of sodium
and copper(I) chlorides in liquid ammonia. Although the
radii of the Na+ (0.95 A) and Cu+ (0.95 A) ions are the
same, the solubilities of their salts are by no means
identical. Only 3 g of NaCl dissolves in 100 g of ammonia
at -35°C,44 '58 while the solubility of CuCl is much higher.
In water, alcohols, acetone, etc. the solubilities of these
compounds vary in the opposite sense, which cannot be
explained by taking into account electrostatic concepts
alone.

Sodium perchlorate dissolves readily in ethylenedi-
amine (e = 12.9 at 25°C) and forms with the latter the

solvate NaClO4.3C2H4(NH2)2.59 On the other hand, this
salt dissolves less readily in liquid sulphur dioxide
(e = 12.35 at 22°C); the corresponding solvate has not
been obtained either 60. Niobium and tantalum pentachlo-
rides are very sparingly soluble in benzene, carbon
tetrachloride, and chloroform 61 and are somewhat more
soluble in ethers, ketones (acetone), tributyl phosphate62,
and acetonitrile . For example, it has been shown that,
when acetonitrile dissolves niobium pentachloride, it
decomposes its polymeric molecules and forms the sol-

vato-complex [Cl5NbNCCH3].
 63 Zirconium and hafnium

tetrachlorides dissolve in many solvents with high sol-
vating capacities 84'65, for example in alcohols and aceto-
nitrile, with which they form the compounds ECl4.2Solv.64"66

The formation of E-Solv bonds has been confirmed by
infrared spectroscopic67 and thermochemical68 data. The
compounds ECU do not dissolve in liquid hydrocarbons
and carbon tetrachlorides, since they do not form adducts
with these solvents70'71. Aluminium chloride forms more
stable solvates and is therefore more effectively dissolved
by acetone than by pyridine58.

HI. THE SOLVATION OF INORGANIC SUBSTANCES

It is seen from the above data that the main condition
for dissolution is solvation of the species to be dissolved.
Solvents with high solvent power in relation to inorganic
substances can be divided into two groups: donor and
acceptor. The former effectively solvate ions or mole-
cules of the acceptor type and the latter those of the donor
type.

Numerous reviews have been devoted to ion solva-
tion46'72"76, but they are almost exclusively concerned with
aqueous systems. In these communications there is
unfortunately no indication of the role of the chemical
nature of the solvent in the formation of the solvation
shells of ions.

Conway and Bockris74 and also Samoilov76 developed
for aqueous salt solutions interesting ideas concerning
primary and secondary ion hydration, suggesting the
existence of different types of bonds in solvates. It is
quite reasonable that in primary solvation the solute may
undergo a significant change in its electrolytic properties.
Thus iodine forms with pyridine conducting solutions,
from which it is possible to isolate the compound Py.2I2,77

or more precisely [IPy][I.l2].
Owing to solvation, the covalent compound TiCU dis-

sociates in acetonitrile78:
2 TiCU + 4CH3CN ^ [TiCl3 (CH3CN)3]+ + [TiCl6 (CH3CN)]-.

When TiCU dissolves in dimethylformamide (DMF) and
dimethyl sulphoxide (DMSO), the molecules of the latter
are attached to the titanium atom, expelling chloride ions
to the outer sphere. This process takes place even more
readily with ZrCLi and HfCl4, which form with DMSO the
compounds EC14.9DMSO. 79 Since the conductivities of
dimethyl sulphoxide solutions of ECU are high, they pre-
sumably contain the solvato-complexes [E(DMSO)s]4+ or
[E(DMSO)6]

4 + . On being dissolved in tetramethylene sul-
phone (TMS), cobalt(n) perchlorate forms red conducting
solutions, from which it is possible to isolate the compound
Co(ClO4)2.3TMS, whose electronic spectrum resembles
that of [Co(H2O)6]

2+. 80

In contrast to primary solvation, secondary solvation
arises as a result of the electrostatic attraction of dipoles
or via hydrogen bonding. On the other hand, the forma-
tion of the first solvation layer around the solute species
apparently plays a dominant role in the dissolution pro-
cess, since the decrease of enthalpy on dissolution is in
fact associated with this factor82 .

Since solvation processes in non-aqueous solutions
have been studied much less thoroughly than in water, the
problem of the relative stabilities of cations and anions in
relation to solvation has not yet been solved unambiguously.
Gutman51 suggests that "...the solvation of anions by
acceptor solvents usually takes place to a lesser extent
than the solvation of cations by donor solvents", and,
according to other workers85"88, anions have higher
hydration energies than cations of the same size. The
latter is true of potassium, ammonium, rubidium, and
caesium fluorides, which dissolve in water with evolution
of heat. The same investigators85"88 nevertheless stipu-
late that in aprotic solvents, which do not form hydrogen
bonds with anions, the latter are less solvated than cations.
It is difficult to agree with this view, firstly because in
solvents with a high solvent power solvent molecules form
the most compact structure around cations 89>9°. Secondly,
the energy of the hydrogen bond is low compared with the
energy manifested in real solvates, which are in most
cases typical complexes.
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Comparison of the radii of cations and anions found on
the basis of the Stokes law with their crystal-chemical
values led Prue and Sherrington87 to the conclusion that in
dimethyIformamide and dimethyl sulphoxide cations have
a larger solvation shell than anions. The same workers
noted that in water and methanol anions have the same
conductivities as cations with similar crystal-chemical
radii. It has likewise been established that in many other
solvents cations are much more solvated than anions91"95.
On the other hand, for weakly solvated cations, salt solu-
bilities increase in the following sequence of anions:

Cl- < NOJ < Br~ < CIOJ < I",

The higher solubilities of potassium and certain other
metal iodides compared with their chlorides in hydrazine,
liquid sulphur dioxide, acetonitrile, and pyridine are due
to the more effective solvation of the iodide ion. The
dissolution of KC1 in iodine mono chloride can be hardly
accounted for otherwise than by the solvation of the anion:

KCl + ICl = K[ICy.

This is in fact responsible for the higher conductivity of
the solution compared with the pure solvent. When
[(C2H5)4N]C1 dissolves in POCI3, a similar interaction
takes place96.

Taking into account the solvation of both the cation and
anion, it has been concluded22 that a total solvation limit
exists at which the number of moles of the solvent per
mole of the salt is equal to the sum of the coordination
numbers of the ions. Since the actual salt solubilities
are in many solvents higher than the total solvation limits,
an insufficiency of the solvent leads to competition between
the ions for the solvating molecules with advantage going
to the more active acceptors. According to Mishchenko
and Sukhotin22, the energy of hydration of bivalent cations
exceeds by a factor of 5-7 the energy of hydration of
anionsc A higher degree of solvation is also indicated by
many other data97.

It is clear from the foregoing that the effect of the
interionic interaction and structural packing density play
an extremely significant role in the solubility of electro-
lytes in addition to ion solvation. In particular, this
leads to the sparing solubility of salts consisting of small
cations and small anions. The increase of the solubilities
of alkali, alkaline earth, and many transition metal
halides in the series from chlorides, to bromides, and to
iodides can be accounted for by the decrease of the cation-
anion interaction energy.

Even the solubilities of salts comprising the anions
SO2" and C1O4", which have the same structures, are
different. For readily solvated cations, the solubility of
per chlorate is appreciably higher than that of sulphates.
At 25°C the [saturated?] NiSO4.6H2O solution contains
29.36% of the salt and the [saturated?] Ni(ClO4)2.6H2O
solution 52.87% j 4 5 this is due to the different strengths of
binding of coordinated water to their anions 98.

Thus the solubility of salts depends also on the mutual
substitution of anions and solvent molecules in the first and
second solvation layers of the cations owing to the different
abilities of the anions to form covalent linkages with the
cations and different strengths of the hydrogen bonds
between a solvent molecule in the solvato- complex and a
free solvent molecule, on the one hand, and between a
coordinated solvent molecule and an anion, on the other.
If the latter predominates over the former, then, when the
contribution of the covalent component to the interionic
interaction is appreciable, the salt will dissolve less
effectively.

For the majority of chlorides, the strength with which
water, dimethylformamide, dimethyl sulphoxide, and even
alcohol molecules are bound to metal cations is greater
than that for the chloride ion. For this reason, the mole-
cules of these solvents displace chloride ions from the
coordination spheres of many complexes99. Dimethyl
sulphoxide is capable of substituting even covalently bound
iodide ions; SW3, BH3 and Pbk form conducting solutions
in this solvent 10°.

The different capacities of salts for dissociation in
different solvents are well known; thev have in fact led to
the concept of differentiating solvents1 *. Later,
Parker85, who gave preference to electrostatic interaction
and hydrogen bonding, considered only two groups of sol-
vents in his assessment of their different behaviour with
respect to electrolytes: protic and dipolar aprotic solvents.
However, although this approach has been successful in a
few instances, it is too narrow and Miller and Parker
therefore attempted to reconcile the differentiating action
of solvents with solvation effects86. They put forward the
following hypothesis: the degree of solvation of anions by
protic solvents decreases with increase of their radii:

OH", F~ > Cl- > Br~ >N~ > I- > NCS~ > C1OJ,

while the degree of solvation by aprotic solvents decreases
in the opposite sequence. In the former case, the strong
solvation can be accounted for by the enhanced ability of the
anions to form hydrogen bonds with small anions and in the
latter by the polarising action of the aprotic dipoles on the
large anions. Consequently, the greater the polarity of
the solvent the stronger its interaction with anions (particu-
larly large anions). Nevertheless, this hypothesis con-
flicts with many factors. In fact, the lower solubilities
of many salts in nitromethane compared with acetonitrile
(see Section II) are due to the greater ease of formation of
salt solvates in acetonitrile and not to the difference
between the polarities of their molecules In conflict
with Miller and Parker's hypothesis , in acetone the silver
ion combines more strongly with the iodide ion than with
the chloride ion103 and the solubility of metal halides in
ammonia (a protic solvent) increases on passing from
fluorides to iodides51. Furthermore, among the hydrates
NaHal.2H2O, NaI.2H2O is the most stable, while KI does not
form stable hydrates at all. Consequently the effect of
salt solvation depends more on the nature of the cation than
on that of the anion. Miller and Parker's explanation of
solvation processes and solubility is based on an electro-
static concept, which, however, cannot be adopted without
significant improvements. From the point of view under
consideration, anions of the F" type should interact vigo-
rously with aprotic solvents, since they have comparatively
high field strengths; for this reason, LiF should be more
soluble than KF even in water, which is not the case.

IV. THE QUANTUM-CHEMICAL ASPECT OF SOLVATION

The majority of known instances of high solubilities of
inorganic substances in various solvents 7'67'77"80 cannot
be explained without taking into account the donor-acceptor
interaction of solvent molecules with both ions and neutral
molecules of the solute. An intense absorption band at
3000 A, indicating the occurrence of interaction between
the system components, has been observed even for a
solution of iodine in benzene104. The formation of a
solvato-complex in this solution is also indicated by the
increased dipole moment (1.8 D)105 caused by charge
transfer from benzene to iodine105'106.
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If it is assumed that this complex exists in two meso-
meric forms, i.e.

then the system in the ground state can be described by a
wave function of the following type:

i , ir> u i \ i u i in ri+ i~s K\

ip// = a\po(L6n8 • Ijj-t-oipj (L/6H6 —-16). \<J)

Since the CeH6-l2 bond is weak, the relation between the
coefficients a and b is given by the inequality

a*>62. (5a)

For the excited state, in which the ionic form of the com-
plex should predominate, the expression defining the wave
function I//E is similar to Eqn. (5), but the coefficients a'
and b' are different and the second term 4>'i//i(C6H6-l2)
has a minus sign. The following relations hold between
the coefficients a and b and between a' and b'\

U ( 5 b )

a"+b* — 2a'b'Sn=l,
where S0l is the overlap integral for the wave functions \po
and i^i, which is proportional to the interaction integral
between the orbital of the solvent molecule and the orbital
of the solute species.

Using the Schroedinger equation, the ground state of the
solvato-complex can be represented by the relation

//(a^+ &>!>,) = £ (at, + Hi). (6)
where H is the Hamiltonian and-E the energy. The
following equations can be obtained by the variational
method:

, and Ex =where.Eo =
The expressions

HOi =

•=En
(Hol- ESM)»

£,-£

£,-£

(7a)

(7b)

can be found from Eqn. (7). To facilitate the calculation,
it is assumed that the degree of charge transfer in the
ground state of the solvato-complex defined by the wave
function I//N is low. E can then be replaced by Eo in Eqns.
(7a) and (7b):

— E0S01)
2

(7c)

(7d)

The energy of the solvato- complex E^ in the ground
state is equal to the heat of its formation from the compo-
nents; Eo is the energy of the electrostatic interaction
between the solvent and solute molecules. The second
term in Eqn. (7c) defines the covalent component of the
A-Solv linkage. For the complex l2.CeH6, both terms in
Eqn. (7c) are comparable in magnitude. For more stable
solvato-complexes, Eo is very low and may be neglected.
The heat of formation of the complex is then given by the
expression

A/f = (^oi — £QSQI)2

£I -£O ' (8)

or, after substituting Eqn. (7d),

Off=-{Ex-EJ?-.

The transition from the ground to the excited state, to
which corresponds the characteristic absorption band of the
complex b.CeHe, is accompanied by electron transfer from
the benzene molecule to the iodine molecule:

hv = EE—EN, (9)

which transforms into the following expression when
account is taken of Eqn. (7c) and the analogous expression
for the energy of the excited s t a t e - E E :

(9a)

The expression for the energy hv of the charge-transfer
band of the solvato-complex can also be formulated in a
different way:

/.V = /C .H . -F . . -W, (9b)

where IQ H i s the ionisation potential of the benzene
molecule , E\z the electron affinity of the I2 molecule , and
J a constant.

The energy hv i s re la ted to the stabili ty of the solvato-
complex. For a given solute, for example, iodine, t h e r e
is a l inear relat ion between hv for solvates formed with
different solvents and the i r ionisation potent ials .

As stated above, the nature of the interact ion between
the solute and the solvent can be inferred also from the
change in the dipole moment of the solution. Thus , in
a benzene solution of iodine, the admixture of CeH6 -I2 to
the ground s tate explains the polar i ty of the complex1 0 7 .

The dipole moment of the solvato-complex in the
ground s ta te i s defined by the relat ion

H -= e f qN ̂  rA T. (10)

where e i s the e lec t ronic charge and v\, the vec tor -d i s tance
of the t th electron. Taking into account Eqns. (5) and (5b),
Eqn. (10) can be writ ten in the following form:

HAT = a2n0 + 62(xt + 2 ab\itv (10a)

where Mo and Mi correspond to Eqn. (10) and M01 =
' ' = l/2Soi(Mo + Mi). Ultimately one obtains

Taking into account Eqn. (5b) and the known dipole
moment of the solvato-complex (MN), the overlap integral
S01, the induced dipole moment (Mo), and the dipole moment
of the solv+-A~ state of the solvato-complex (Mi), it is
possible to calculate from Eqn. (10b) the wave function
coefficients a and b. For complexes of the type Is.CeHe,
the dipole moments of the components are assumed to be
zero (Mo = 0) and Mi = w. Having adopted r = 3 A, calcu-
lation yields Mi ~ 15 D. If the overlap integral SOi = 0.1,
MN for the solvato-complex is equal to the dipole moment
of the A = Solv linkage or

H-A-Solv
(10c)

(8a)

Eqn. (10c) expresses the degree of charge transfer in
Solv+-A". It has in fact been shown in this way that the
increase of the dipole moment in complexes of the type
I2.C<5H6 is caused by charge transfer.

When the coefficients c, 6, a', and b' and the overlap
integral S01 have been calculated with the aid of Eqns. (5b),
(8a), and (9a), then, using the experimental values of AH
and hv (for different values of Ei -JE0), it is possible to
estimate the dipole moment of the solvato-complex. For
example, it has been found that MN = 2-1 D f o r I2.O(C2H5)2

when2?i-2so = 4.2 eV and r = 3.0 A, which agrees well with
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experiment (1.9 D).108 Thus, quantum-chemical calcula-
tions have shown that the solvation process is accompanied
by a redistribution of electrons characteristic of chemical
interaction.

Bernal and Fowler2 3 already noted that the solvation
energy of a given cation approaches the overall ionisation
potential of the corresponding atom. Although the authors
adhered to the electrostatic point of view, they neverthe-
less explained this fact correctly by the return of the
missing electrons to the ion (via none other than a donor-
acceptor interaction). The validity of this conclusion also
becomes evident when the solvation effects for ions bearing
the same charges and having similar radii are compared.
For example, the solvation energies of Cd2+ (0.92A) and
Ca2+ (0.94 A) are respectively 532 and 346 kcal g-ion"1 in
ammonia, 430 and 367 kcal g-ion"1 in water, and 412 and
309 kcal g-ion"1 in formic acid46. A similar difference
between solvation energies has been observed for Na+ and
A g V 0 9

The high solvation energies of cadmium, zinc, and
silver ions in ammonia, water, and other electron-donating
solvents can be more correctly attributed to the formation
of coordinate bonds81 '92 '109 rather than to a simple ion-
dipole interaction. This is particularly evident from the
fact that high solvation effects are observed for cations
which usually behave as active complex-forming agents.
A similar view has been defended also by other investi-
gators1 3 '1 1 0 , who identify solvation with interaction between
Lewis acids and bases. However, according to Pearson 1 3

the bonds formed by Al3*, La3*, Ti4*, Cr3* and other so
called hard acids with water, alcohols, and amines are
electrostatic, which conflicts with experimental findings.

Solvents with a high donor capacity usually form stable
solvato-complexes with cations, as a result of which con-
ducting systems are produced °. For example, many
compounds and even metals1 1 1 which are insoluble in
water dissolve in liquid ammonia; on the other hand,
calcium chloride is almost insoluble in this solvent112.

Since the ionic component of the bond does not exceed
50% even in compounds of the MgO type113, in the solvato-
complexes [Zr(DMSO)6]

4+, [Ag(CH3CN)2f, etc. its contri-
bution is even smaller. According to some data114"116,
the solvation energy cannot be reliably calculated on the
basis of the electrostatic model. The interaction of
solute species with solvent molecules can be regarded as
ordinary complex formation. Solvation and the properties
of solvato-complexes can then be reliably accounted for by
the molecular orbital method. In fact, the ion solvates
formed in solution can be described by a set of wave
functions of the central ion (sp3di) with certain hybrid
functions of the solvent molecules:

ty—atyc + bt>, (11)

where ^ c are the wave functions of the atomic orbitals of
the central atom involved in the formation of bonds and *
is an average wave function of the solvent molecules
attached to the central atom. The solvates of the sim-
plest ions are usually more susceptible to a quantum-
chemical interpretation. For example, calculations on
the aquo-complexes of lithium and sodium by the LCAO-
MO method have been carried out in anumber of studies U7"121

and some investigators119'120 examined only the simplest
systems Li...OH*s, Na...OH2, and H2O...Li...OH£.

Calculations have been made122 by Hoffmann and
Lipscomb's method123 for different internuclear dis-
tances and it has been found that the equilibrium dis-
tances for Li+ and Na+ are appreciably lower than the sum
of the crystal-chemical radii of the M* ions and water

molecules for all values of m in M(H2O)m, which indicates
an appreciable contribution of the covalent bond character
in these aquo-complexes. The internuclear distances
for the potassium aquo-ion are closer to the sum of the
crystal-chemical radii. However, it appears somewhat
strange that the hydration shells of lithium consisting of
six molecules and those of sodium and potassium consis-
ting of eight molecules are more favourable than the tetra-
hydrate and hexahydrate shells respectively.

Unfortunately, at the present time quantum-chemical
calculations on solvation have not gone beyond the limits
of aqueous systems. In contrast to water, certain non-
aqueous solvents can form u bonds in addition to o bonds
with solute ions or molecules. In this case, the atomic
orbitals of solute molecules should be used to calculate
yet another molecular wave function $' , which may com-
bine with the atomic functions of the central ion ^ c on
formation of air bond. Evidently solvents of the second
type, such as, for example, DMSO, should possess an
enhanced solvent power.

Chatt124 took a view similar to the concepts just
described; he believes that the enhanced solubilities of
certain transition and d10 metal salts in it-acceptor solvents
can be accounted for by the presence of the weakly held
external di electrons of the cation. Using these ideas,
it is possible to explain many instances of different types
of behaviour of salts in different solvents125"127, for
example, the behaviour of CaCl2 and ZnCl2 in POCI3.127

The solvent power and the dissociating capacity of the
solvent should depend on the relative energy levels of the
electrons of solvent molecules and the corresponding ion
making the greatest contribution to the bonds formed.

V. DETERMINATION OF SOLVATE-ION NUMBERS

The study of mixed solutions is extremely fruitful in the
determination of the composition of solvates. It is then
possible not only to establish the composition of the sol-
vent but also to estimate the relative capacities for solva-
tion of a particular pair of solvents and to show which of
them interacts with the solute in the presence of the other.
The method of solubility has also proved useful in such
cases128"130.

In a mixture of two solvents, one of which hardly
dissolves the given substance A and the other readily dis-
solves it, equilibrium is established following saturation:

The constant

A + mSolv t̂A • mSolv.

y_ [A • mSolv]
[Solv]"1

(12)

is a quantitative characteristic of the capacity of the sub-
stance for solvation by the given solvent in the presence of
the other. By taking logarithms in Eqn. (12), we obtain
the relation

lg [A • m Solv] = m lg [Solv] + lg K, (12a)

which represents a straight line with a conventional slope
m. Assuming that [Solv] = lc Solv, where / is a propor-
tionality coefficient and c solv the overall concentration of
the solvent, it is possible to determine the solvation num-
ber via a combined graphical and analytical method and
then also the equilibrium constant

X [A -m Solv]
(12b){c , — m[k • m Solv]}"

itself.
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By studying the solubility of CuCb in dioxan-solvent
(alcohols, dimethylformamide, water) mixtures, it was
found that m = 2. Table 1 presents the solvation numbers
found by the solubility method for a series of other salts.
In most instances these numbers agree with the usual
coordination numbers of the cations. The lower values
of the solvate-ion numbers suggest that salt anions and in
some cases also molecules of the second solvent enter
into the coordination sphere.

Table 1. The solvation numbers of salts based on their
solubilities in dioxan-solvent systems.

Salt

Pb(NO3)2
MgSO4
CaSO4
MgCl2
CaCI2
NiSO4
CuSO4
NiCl2
CoCl2

MnCl2
ZnSO4
CdSO4
ZnClj
CdCl2
A1CU

Solvent

H,O

4; 6
6

4; 6
—
—

6
4; 6

—
—
—

6
4; 6

—
2; 4

—

CH.OH

—
- -

4; 6
4
—
—

2; 4
2; 4
2; 4

—
—
2
—
—

C,H,OH

—
—

4; 6
3
—
—
2
—
—
—
—
2
2
—

DMF

—
—

4; 6
4
—
—

2; 4
2; 4

—
—
—.
2
2
1

CH3COCH3

_

—
—
—
—
—
—
—
—
—

—

1

Reference:

129
131
131
12
128
131
131
132
128
131
131
131
131
130
133

The solvation numbers of undissociated molecules or
salts with weakly solvated anions can be most effectively
determined by this method. On the other hand, when the
salt solvation proceeds in accordance with equilibrium

AB; + n Solv -

Eqn. (12a) becomes

:A • mSolv+' + lBiSolv",

lg [A • m Solv+'] = • • lg[Solv] + D, (13)

(14)

and hence gives only an approximate idea about the solva-
tion of the salt . In order to determine the solvation
number of the cation, it is necessary to have additional
data concerning the number of molecules * of the solvating
solvent attached to the anion. Then,

where D is a constant. In this case the plot based on
Eqn. (13) yields the slope

— - — = slope,

m = slope (/+ 1)—i. (14a)

To determine the solvation number in mixed solvents,
one can sometimes use successfully also the spectro-
photometric method132 in conjunction with the Bjerrum
procedure135 or by plotting the simpler relation

lg ——^-5- tn lg [Solv] + lg K, (15)

where Dx and X>max are the optical densities of solutions
with partial and complete solvation of the solute and

„ [A-mSolv]

" [A][Solv]m (16)

The compositions and formation constants of the dimethyl-
formamide solvates of C0CI2, NiCk, and CuCh in methanol
and ethanol were determined by this method136'137. It

was found that m = 4 (moderate DMF concentrations) and
m = 6 (high concentrations of the solvating solvent) for the
first two salts. Under analogous conditions, m = 2 and
4 for CuCb.

In a spectrophotometric study of UO2CI2 solutions in a
carbon tetrachloride-tributyl phosphate (TBP) mixture,
plots based on Eqn. (15) established the existence of the
solvato-complexes [UO2C12.3TBP] and [UO2C13.2TBP].138

The addition of two molecules of pyridine to C0CI2 was
established by the same method in the presence of ace-
tone139'140. The solvation numbers have been determined
spectrophotometrically in a number of investigations141"145.
Those of neodymium, amounting to 6-8144 and 414S, have
been found for aqueous alcoholic solutions of NdCh. The
latter number must be regarded as too low, since the
solvation shell of neodymium probably incorporates alcohol
molecules as well as those of water 1 ' 1 4 7 . Other litera-
ture values of the solvation numbers of neodymium are
6148 and 8-9.149"151

In order to determine the composition of solvato-com-
plexes by the Bjerrum method, the average solvation num-
ber m can be calculated for two series of solutions with
constant but different salt concentrations and uniformly
increasing contents of the solvating solvent:

(17)
CA ~ CA

where c^ and c'A, on the one hand, and Cgolv and Cgoly,

on the other, are the overall concentrations of the compo-
nents in two solutions belonging to two different series.
In order to evaluate the formation constants, one calculates
initially the equilibrium concentration of the solvating
solvent:

[Solv]=

and then one plots the relation

= f(lg[Solv]).

(18)

(18a)

By studying the electronic spectra, one can follow the
formation of complexes with different solvation numbers
(up to the maximum value) and one can observe also the
variation of the actual geometry of the solvato-complex.
The vibrational spectra (infrared and Raman spectra) can
be used to investigate solvation, like the electronic spec-
tra. Compared with the pure solvent, the infrared spec-
tra of solvato-complexes show new bands corresponding
to the stretching and deformation vibrations of the bonds
and reveal shifts of the vibrational wavenumbers and
changes in the intensities of certain absorption bands of
the solvating solvent. Since solvates dissociate in solu-
tion, the measured vibrational spectra show absorption
bands referring both to the complex itself and to free sol-
vent molecules. With increase of solvate concentration,
the intensity of the former increases and that of the latter
falls. In order to determine the composition of solvates,
the vibrational spectroscopic results can therefore be
treated similarly to electronic spectra. For example,
the addition of one ethyl oxalate and one ethyl malonate
molecule to SnCU was demonstrated by the change in
intensity of the stretching vibration band of the bound and
free C=O groups in a benzene solution152.

In a study of the infrared spectra of acetone solutions
of MI and MC1O4 ( M = Li or Na), it was noted that the
C=O stretching vibration band shifts towards lower wave-
numbers by 3 cm"1 for Na+ and by 8 cm"1 for Li*.191 Since
this shift is independent ol the nature of the anion, it was



486 Russian Chemical Reviews, 45 (6), 1976

natural to conclude that the cations are solvated much
more intensely than the anions192 and that the capacity for
solvation increases from Na+ to Li+.

Conductimetric153 and cryoscopic154"163 measurements
are sometimes used in the study of salt solvates. Thus
the solvation of Al2Br6 by acetone and nitrobenzene leads
to the formation of two compounds: AlBr3.Solv and AlBr3.
.2Solv.164 The decrease of the conductivity of an ethereal
solution of A1C13 with increase of the chloride concentra-
tion 31 can be accounted for by the conversion of the more
complicated partly dissociated solvato-complex into the
less complicated compound [C13A1.O(C2H5)2], which agrees
with the literature165'166.

When cryoscopic measurements are used, it is first
necessary to determine the association factor of the sol-
vating solvent:

At

A/'
(19)

where A£' and At are the freezing point depressions of the
solutions found experimentally and calculated theoretically.
It is convenient to use dioxan, in which many solvents are
not associated, as the inert solvent131. The variation of
the freezing point depressions of solutions of the solvating
solvent and the test substance in dioxan yields

\t^qcx; (20)

Mt = qcv (20 a)

where cx and c2 are the molar concentrations of the
solvating solvent and the solute respectively. When sol-
vato-complexes involving the addition of m solvent mole-
cules are formed, the overall freezing point depression is

(21)

whence

+ QC2 —

& (22)

The addition of one POCI3 molecule to FeCl3 and A1C13 in
nitrobenzene167 has been demonstrated cryoscopically.

A frequently used method for the determination of sol-
vation numbers is that of Stokes. By following the move-
ment of the solvated ion in an external electric field, it is
possible to calculate the radius of the solvato-complex as
follows:

0.82 z (23)

where z is the absolute charge of the ion, X the limiting
equivalent conductance of the solution, TJ the viscosity of
the solvent.

In order to find a more accurate value of the radius of
the solvated ion, the following equation has been pro-
posed168:

0.82 z
(24)

where r' is the exact radius of the solvato-complex and
r c r the crystal-chemical radius of the ion investigated.

Table 2 shows that the radii of the solvated ions calcu-
lated by Eqn. (24) are higher than the Stokes values.
Furthermore, according to Delia Monica and Senatore169,
the solvation of cations should^ take place more vigorously
than that of anions, since the radii of the solvato-com-
plexes of the latter are smaller.

The volume of the solvation shell can be found from the
radii of the solvated ions by means of the equation

and then the solvation number can be obtained:

(25)

(26)

where V is the volume of one solvent molecule. Calcu-
lation based on Eqns. (24)-(26) led to the determination of
the solvation numbers of Li+: 4.6 (in water); 5 (in ace-
tone); 6 (in acetonitrile); 11 (in ethanol). We believe
these values to be too high.

Table 2. The radii r and r' (A) of certain solvated ions in
a number of solvents calculated by Eqns. (23) and (24).169

Ion

Li+
Na+
Cs+
cr
1-
N07

Methanol

3.77
3.32
2.40
2-86
2.39
2.80

4.74
4.46
3.88
4.16
3.88
4.14

Acetonitrile

2.98
3.10
2.44
2.54
2.38
2.24

4.13
4.24
3.68
3.76
3.56
3.48

DMF

4.12
3.45
2.99
1.87
1.97
1.80

5.10
4.46
4.04
3.00
3.09
2.92

Sulpholane

1.92
2.30
1.95
0.89
1.15

3.74
4.23
3.78
1.98
2.47

Nitrobenzene

2.78

2.04
2.22
2.00

3.99

3.32
3.49
3.30

Pormamide

2.92
2.46
1.84
1.45
1.45
1,44

4.36
3.99
3.48
3.14
3.21
3.14

In order to investigate ion solvation, a potentiometric
method was proposed in 195892'93'95 whereby it is possible
to deduce the existence of both homogeneous and mixed
solvato-complexes. As in the usual complex-form ing
systems170"172, the inert solvent should possess some
ionising capacity and the metal corresponding to the salt
should form an effective electrode of the first kind. If
the solvating solvent binds metal ions into solvates more
effectively than the inert solvent, its introduction into the
system leads to a decrease of the electrode potential.
Knowing the overall concentration of metal ions CJVI and
having determined its equilibrium value [M] potentiomet-
rically, it is possible to calculate the solvation number of
the ion:

dig
-[M]

[M] (27)
dlg[Solv]

where [Solv] is the concentration of the solvating solvent.
The formation constant of the solvato-complex can be
calculated from Eqn. (16), having assumed that
[A.msolv] -= CM - [M] and having replaced [A] by [M].

A combined graphical and analytical treatment of the
potentiometric data95'172 established that the hydration of
lead and silver ions changes by 3-4 coordination sites as
high concentrations of dioxan and acetone are reduced in
the presence of water93'170. This is due to the formation
of mixed solvates. Homogeneous hydrates of lead ions
[Pb(H2O)6]

2+ are detected at high water concentrations in
the Pb(ClO4)2-CH3OH-H2O system173 and the solvates
[M(DMF)6] are detected174 in the M(ClO4)n-DMF-H2O
systems, where M = Cd, In, or Sn.

The formation of solvato-complexes can be observed
also in a direct study of the properties of solvent mole-
cules. This is achieved best with the aid of the NMR
method175"177 using the chemical shift 6. When the
experiments are performed at a fixed frequency v a v =* v0,
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the distance between the signals of the test and standard
solutions being determined, the chemical shifts can be
estimated as follows:

(28)

If the solvent molecules with resonating nuclei are attached
to a solute molecule or ion, the chemical shift of the
nuclei is displaced relative to that of the free solvent
molecules. In the absence of exchange between the sol-
vato-complex and free molecules or when its rate is low,
the NMR spectrum shows lines due to the resonance of the
nuclei of the coordinated and free solvent molecules.
By measuring the integral signal intensities, it is possible
to determine the concentrations of the bound and free sol-
vent and to calculate from the known concentration of the
solute the solvation number and the equilibrium constant
for the formation of the solvato-complex In
particular, the solvation number can be calculated184'185

with the aid of the equation

(29)

where i is the total number of moles of the solvent per
mole of the solute and SQ and Sf are the areas under the
signals due to the bound and free solvent. Using Eqn. (29),
Yatsimirskii et al.186 found that five water molecules are
retained by Lu3* in an acetone solution of Lu(NOs)3.6H2O.
However, the overall coordination number of lutetium
reaches at least 8, since the conductivity of the test solu-
tion at a concentration of 0.01 M is extremely low.

On the other hand, when there is an appreciable
exchange between the free and bound components of the sol-
vato-complex, the NMR spectrum reveals a single signal:

8 = a,^-+m-^X, (30)

where 5 is the average chemical shift of the solvent mole-
cules, 6i and 6m are the chemical shifts of the atoms in
the free solvent and the solvent bound in the complex, m
is the solvation number, and Ci, c m , and c are the con-
centrations of the free solvent, the bound solvent, and the
entire active solvent in the system. In particular, the
presence of the complexes [Gd(H2O)9]

3f,182 [ThCl4.2DMF], M
and [A1(DMF)6]^

 188 has been established using Eqn. (30).
The solvation numbers found for Mg21" are 5 in liquid
ammonia183 and 5 with respect to methanol and 5.7 (with
respect to water) in water-methanol mixtures. The
authors explained the deviation of the overall solvation
number of magnesium from 6 by the partial incorporation
of perchlorate ions in the coordination sphere184. The
more vigorous solvation of Li+ was established in a study
of the NMR spectra of solutions of lithium and sodium
salts in DMSO.187

In the course of solvation, it is possible to determine
the chemical shift of the solvent also in the presence of
paramagnetic ions, which influence the NMR spectra as a
result of the exciting effect of the unpaired electron on the
electronic structure of the solvent molecule. The chemi-
cal shift can then be defined as follows:

(31)
3p

where 1 (̂0)1 is the probability that the unpaired electrons
are located near the solvent protons, cgolv the concentra-
tion of the solvating solvent in solution, and/> a quantity
which includes the solvation number of the metal ion. The
hexasolvates of nickel and cobalt (II) in acetonitrile have
been detected with the aid of Eqn. (31).189'190

The X-ray diffraction method is promising for the
detection of solvato-complexes. It has been stated193"196

that there is an analogy between the structures of solids
and the corresponding liquid systems. In particular, an
octahedral environment has been demonstrated for copper,
cobalt, and nickel cations in aqueous solutions194. The
intensities of X-ray scattering by the solvent and the solu-
tion are usually determined by this method and data for the
structure of the liquid are obtained by analysing the areas
under the maximum of the atomic-electronic density dis-
tribution function. The position of the maximum on the
distribution curve yields the average distance between the
coordinated species. Having measured the area under
the maximum on the experimental distribution curve, it is
possible to determine the coordination number of the
species. Although X-ray diffraction analysis does not
always lead to an accurate determination of the bond
lengths and valence angles, nevertheless, it has shown
that hexasolvate cations are formed in 2-2.5 M CuCls and
C0CI2 solutions in methanol, ethanol, and dimethylform-
amide. The chloride ions are then distributed in the
secondary solvation shell136'137.

In order to confirm the conclusions concerning the
possible solvates in solution, their preparative study is
extremely useful128'197'198. As in the physicochemical
study of solutions, the synthesis of solvates from different
solvents does not by any means always yield the same
solvation numbers. This is due to the nature of the sol-
vating solvent and the specific conditions governing the
applicability of the research technique.

VI. THE DONOR ACTIVITY OF SOLVENTS

Data concerning the displacement of molecules of one
solvent by another in solvato-complexes92'200"202 can
serve as a basis for the estimation of their donor activity.
In this respect, valuable information is provided by infra-
red spectroscopy. For example, the decrease of the
solvating capacity of alcohols with respect to Co2+ in the
following sequence has been demonstrated on the basis of
the shift of the absorption band due to the stretching
vibrations of the OH group203:

CHgCH ((OH) CHj > (CH3),COH > C2H4OH >CHS (CH,)2OH =* CH3 (CH2)3OH >
> CH3CH (OH) C2HB > CH8 (CHj)«OH.

The solvating capacity of solvents is sometimes esti-
mated from their basicity:

The higher the constant K% for the above equilibrium the
higher the donor activity of the solvent. Thus the p#a
values for acetone (7.2) and acetonitrile (10.13), which in
most cases behave as weakly solvating solvents, are
appreciably lower [higher?] than that for dimethyl sul-
phoxide (0.00).204

The sequence of solvent basicities indicated above is
consistent with the sequence of solvating capacities deter-
mined by other methods. Thus the following sequence
in the variation of the donor activities of solvents has been
established by NMR from the concentration variation of
the chemical shift S[Eqns. (30) and (31)] of the water pro-
tons in water-non-aqueous solvent mixtures in the pres-
ence of AlCls, TiCU, or C0CI2:205

DMSO >CH,OH >C,H?OH > [(CH3)2N]2CO~THF> (CH3)2CO =* CH8CN ~ C4H8O2.

As was to be expected, the values of 6 for the solvating
solvent protons are not correlated with their dipole
moments and the dielectric constant €.
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To compare the abilities of various ions to combine
with the same solvent, Izmailov206 determined their sol-
vation energies assuming them to be similar for isoelec-
tronic ions and assuming that they decrease with increase
of the square of the principal quantum number (w2) of the
vacant orbitals. The determination of the solvation
energy of the ion reduces to the extrapolation of the almost
linear function

l — Q M + ) ] - (32)

The calculations are performed for n = 3, 4, 5, or 6 and
Eqn. (32) is then extrapolated to 1/w2 = 0. In this case,
M4" is the alkali metal ion. The corresponding sums and
differences are determined from the e.m.f.'s of cells with
and without transport:

lim<D = QiOn when —>-0.

The values of Q for M* and Hal" in water, ammonia,
methanol, and ethanol were calculated from the experi-
mental data. The results of the calculation for the same
metal ion lead to the conclusion that the donor activities of
the solvents vary.

A comparative assessment of the solvating capacities
of the solvents can be made also by comparing the equi-
librium constants for the dissolution of substances in
mixed solvents evaluated by Eqn. (12). Thus it has been
shown for dioxan-solvent mixtures128'190 that the solvating
capacity varies in the following sequence: ethanol <
methanol < dimethylformamide.

Table 3 shows that the negative logarithms of the con-
stants for the equilibrium

CuCl2 + 2Solv fi CuCl2-2Solv

in dioxan solution increase from dimethylformamide to
ethanol. According to the pX value, water follows ethanol
in this sequence, which appears to show that its solvating
activity is weak. This can be accounted for by the ability
of dioxan207 to form strong hydrogen bonds with water.
Bearing this in mind, the method under consideration
cannot be regarded as universal for the estimation of the
donor activities of solvents. The method based on the
comparison of the formation constants of solvates calcu-
lated by Eqn. (16) and other methods involving the use of an
inert solvent suffer from the same disadvantage.

Table 3. The negative logarithms of the formation con-
stants of the solvates MCls.2Solv in dioxan solutions.

Solvent

Methanol
Ethanol
Dimethylformamide
Water

32.6
24.3
36.1
81

pK

CuCl,

2.30
2.36
1.44
2.89

CdCl,

3.67
3.75
3.58
4,36

NiCl,

2.62
2.72
2,51

Depending on the donor activity of the solvent, the heat
of the solvation reaction

A -f mSolv = A-mSolv + A//

will be different. Makarova and Pominov demonstrated
in this way the different solvating capacities of alcohols,
acetone, and acetonitrile in relation to C0CI2.208 How-
ever, here too one cannot estimate the absolute solvent

activities. For this reason, Lindquist and Zackrisson209

suggested that the donor capacity be determined relative
to a standard acceptor (SbCls or SnCU) with which the
given donor is combined in 1 :1 proportions (this should
entail the same entropy change). The authors established
calorimetrically the following series of solvents based on
their decreasing donor capacities:

(CH3O)3PO > (CH,)aSO > (CH3)2CO > POCl3 > SOC12.

Gutmann and Wycheraused the same considerations
and introduced the concept of the donor number, which is
understood as the numerical value of the enthalpy of addi-
tion of a solvent molecule to a molecule of antimony penta-
chloride in dichloroethane210:

0*sbci, = - A>Wsbc,5. (33)

Table 4 shows that the dielectric constant and the donor
number of the solvent do not vary in parallel. This shows
that the covalent interaction predominates over the elec-
trostatic interaction in solvation processes.

Table 4. The donor numbers and the dielectric constants
of certain solvents51.

Solvent

1,2-Dichloroe thane
Nitromethane
Acetonitrile
Tetramethylens sulphone
(sulpholane)

Acetone
Ethyl acetate
Water

10.1
35.9
38.0

42.0
20.7
6,0

81

S^SbCl,

2.7
14.1

14.8
1 7 0
17.1
18

Solvent

Ethyl ether
Tetrahydiofutan
Tributyl phosphate
Dimethylfoim amide
Dimethyl sulphoxide
Pyridine
Hexamethylphosphor-
amide

4.3
7.6
6.8

36.1
45.0
12.3

30.0

*Wst>ci,

19.2
20.0
23.6
26.6
29.8
33.1

38.8

A calorimetric study of the solvation of ECI4, where
E = Zr or Hf, in nitromethane established211 the following
series based on the donor activities of solvents:

(CH3)aSO > (CH3)2NCOH > CH3CN > CH3NO2,

It agrees with the data in Table 4.
Nevertheless, the same solvent can manifest different

solvating capacities with respect to different solutes.
Because of this, the solvating capacities of solvents cannot
be treated as non-relative quantities and Gutmann's donor
numbers cannot be treated as absolute solvent charac-
teristics. For example, acetonitrile does not possess a
high capacity for the formation of compounds with Na+,
Pb2*, and Ca2* ions, but it forms solvato-complexes with
AICI3, GaBr3, BF3, SnCU, and TiBr4 (without substituting
halide ions). *

In contrast to the available donor numbers of acetone,
ethyl ether, and other ethers (Table 4), the energy of
solvation of NbCls by acetonitrile (-37.8 kcal) is much
higher than the energy of solvation by ethyl and butyl
ethers (-21.0 kcal), dioxan, and esters . These
findings suggest that the donor activities of solvents are
determined not only by their individual properties but also
by the specific features of their interaction with the solute.

For a more objective determination of the donor activi-
ties of solvents, one can isolate the solvates and determine
thermochemically the solvation energies128'130. Such a
calculation can be performed in connection with the
determination of the integral heats of solution of the sol-
vate (Atf 3), the substance in the absence of the solvating
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solvent {&Hz), and the corresponding solvents (A#i) in
wa te r o r another liquid in which all the subs tances enu-
m e r a t e d d isso lve . The solvation energy can be calculated
from the equation

A H = Atf, + mA f/2 — A Ha. (3 4)

Table 5 shows that the solvating capacity of d imethyl-
formamide is highest, water occupying the second place
as regards donor activity. The value of the hydration
energy obtained for CuCl2-2Solv is somewhat difficult to
understand130.

Table 5. The
chlorides.

Solvent

Methanol
Ethanol
Dimethylform amide
Water

solvation

CuClj-2Sol

7.41
7.32

10.32
7.20

energies

CaC

4
4
7
b

,-2Sol

16
49
14
10

(kcal)

Z

Of

nCl,

certain

2Solv

8.20

13.13

metal

NlCl,-2SoIv

5.68
5.62
9.78
8.47

VII. COMPLEX FORMATION REACTIONS IN NON-
AQUEOUS AND MIXED SOLUTIONS

In contrast to aqueous solutions, in the interaction of
ions in non-aqueous solutions a multiplicity of anomalies
are observed. In the presence of water, the stability of
the halides of s^d10 and s^pWs* cations decreases in the
sequence I" > Br" > Cl". On the other hand, according
to a number of workers213"215, the variation of the conduc-
tivities of halides in pyridine solutions follows the opposite
sequence. However, if one employs a series of salts
with the same anion, then their conductivities in pyridine
decrease in the sequence

Ag+ > K+ > Na+,

i.e. in conformity with the ability of the cations to form
pyridine complexes. Only the position of potassium in this
series is somewhat incomprehensible, since K* is usually
less solvated than Na+. Since potassium ions form rela-
tively unstable solvato-complexes with pyridine, the inter-
action of AgNO3 with KSCN and even with KaHgI4 in this
solvent takes place only in consequence of the precipitation
of KNO3.40'41

The role of non-aqueous solutions in complex-formation
processes involving readily hydrolysed ions is especially
great. In particular, the study of the majority of metal
selenocyanates involves considerable difficulties. The
C—Se bond in the selenocyanate ion N.=TTC—Se~ is weak and
the ion therefore decomposes with elimination of selenium
both under the influence of light and in an acid medium.
It is quite reasonable that NCSe" should be stabilised when
the electron density of selenium is increased, i.e. when the
selenocyanate ligand is bound to a central atom with an
enhanced 7r-donor capacity. Mainly s2ped10 ions in the
Fifth and Sixth Periods of the Periodic System possess this
property. This is why it is possible to detect in aqueous
solutions the selenocyanate complexes of silver, mercury,
cadmium, gold and one or two more metals with electronic
structures similar to that indicated above. On the other
hand, La*, Cr3+, V3*, Mn2+, Zr4+, etc. exhibit only a weak
capacity for the formation of dative bonds and, in contrast

to the metals listed above, form only unstable E-NCSe
linkages, which cannot compete with the E-OH2 or E-OH
linkages arising in consequence of hydrolysis. A
decrease of pH results in the decomposition of the seleno-
cyanate ligand in such systems and the efficiency of the
formation of transition metal selenocyanates can therefore
be increased only in non-aqueous solutions218'217. Similar
effects occur in the study of complex-formation reactions
between polyvalent cations and nitrite ions and other weak
acid anions .

Interesting data have been obtained for the influence of
solvents on the complex-formation reaction61 when silver
halides are dissolved in the presence of AgNOs and
AgC104.

103 The Ag3l2+ dissociation constant varies as a
function of the nature of the solvent in the following way:

(CH3)2CO H2O (CH3)2SO
lo-io,6

CH3CN

It is seen from these results that dimethyl sulphoxide, in
its role as an active solvating agent (with a donor number of
29.8), promotes to a greater extent than water the dissocia-
tion of the complex, while acetone tends to stabilise it,
although the donor number of acetone is close to that of
water (Table 4). On the other hand, acetonitrile has a
much lower donor capacity (a donor number of 14.1) and
the stability of the complex Ag3l2+ in this solvent is lower
than in other solvents. Similar facts have been quoted by
Surpina et al.,219 who noted that in acetonitrile the inter-
action of NbCls with azoles and Schiff bases proceeds with
greater difficulty than in esters. This demonstrates yet
again that Gutmann's donor numbers are relative51.

Like dissolution, complex formation depends wholly
on the solvation of the central ion and the ligands. The
greater the strength of their bonds with solvent molecules,
the more difficult it is to make them come together. On
the other hand, if the solvent molecules can be removed
from the solvato-complexes by binding them to another
solvent, then an interionic linkage is formed more readily.
This is why it has been possible to detect in aqueous
dioxan solution the complex [Cd(SCN)6]

4", which is not
formed in water, other conditions being equal95. The
study of complex-forming systems in mixed and purely
non-aqueous solutions permits the formulation of the rule
governing the composition of the complexes: the a d d i -
t ion to an aqueous s o l u t i o n of a d o n o r -
a c t i v e s o l v e n t at m o d e r a t e and high con-
c e n t r a t i o n s of the l a t t e r p e r m i t s the
f o r m a t i o n of c o m p l i c a t e d c o m p l e x e s , bu t ,
fo l lowing the a t t a i n m e n t of a c o n c e n t r a t i o n
of 90— 100%, t he n u m b e r of a c i d o - l i g a n d s
in the c o o r d i n a t i o n s p h e r e f a l l s again95 '173 '220.
This rule operates in the study of not unduly stable com-
plexes and can be explained by the fact that, at moderate
concentrations of the non-aqueous solvent, the latter binds
water and facilitates the incorporation of acido-ligands in
the coordination sphere in place of water. When its
concentration is higher, the non-aqueous solvent itself
combines with the central atom and prevents the addition
of other ligands.

As a result of the formation of stable dioxan-water
compounds205'220, the activity of water falls and lead-
antimony alloys cease to be corroded in the mixed sol-
vent29. An increased solvation effect prevents the forma-
tion of nickel and cobalt hexaselenocyanate and even
tetraselenocyanate complexes in pure dimethylform amide 221,
of anionic copper(II) complexes in dimethyl sulphoxide 2a2,
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and of molybdenum (V) complexes in hexamethylphosphor-
amide223. Tin forms only [Sn(NCS)3]~ in dimethylform-
amide, while the complex in methanol and acetonitrile is
[Sn(NCS)4]

2".174'224 On the other hand, cadmium combines
with four thiocyanate ligand species in methanol and
dimethyIformamide and with six such species in aceto-
nitrile. The stability of cadmium, indium, and tin thio-
cyanate complexes increases on passing from dimethyl-
formamide to acetonitrile via methanol225'226.

The examples examined above show that, contrary to
the conclusion reached in the literature227'228, the chemical
nature of the solvent has a greater influence on complex
formation than the dielectric constant. In solvents which
form stable solvates with metal ions, the combination of
these ions with other ligands proceeds with greater diffi-
culty. In acetonitrile, ZnCl2 behaves as a stable complex
because Zn2+ is only weakly solvated by the molecules of
this solvent. As a result, the variation of the zinc elec-
trode potential with the concentration of such a solution is
anomalous 30. In acetonitrile, zinc forms anionic chloro-
complexes more readily than highly solvated mercury(II).
HgCl2, which forms stable solvato-complexes is converted
into [HgCl4]

2" in acetonitrile with greater difficulty than in
water2 9, although the donor number of water is higher 51.

Depending on the nature of the solvent, the sequence of
ligands in the series based on the stability of the given
metal complexes can also change. For example, the
stability of cadmium and lead halide complexes in alcohols
and water increases from the chlorides to the iodides,
while in dim ethy If orm amide the variation is in the opposite
sequence230"233. The inversion of the stability sequence
of lead halides can be readily accounted for by the
enhancement of the solvation of the anions by dimethyl-
formamide and by the increase of their radii. That this
is indeed so can be seen from the fact that Nal dissolves
more readily in dimethylformamide (and form amide) than
NaCl. Furthermore, the enthalpies of solution of metal
halides in DMSO vary in the sequence234

c r > B r > r .

The study of mercury(II) halides in DMF235, DMSO236,
and dimethylacetamide (DMA)237, which have very similar
donor numbers, has revealed an appreciable variation of
the stabilities of these complexes in the following sequence
of solvents:

DMSO < DMF < DMA < H,O.

The explanation of the dependence of the complex for-
mation reaction on the nature of the solvent taking into
account solvation has been confirmed in numerous experi-
ments220"226'238"244. The electronic absorption spectrum
of the Co(ClO4)2-NaNCSe-DMF solution with a monomolecu-
lar or bimolecular proportion of selenocyanate has a band
at 525 nm, i.e. in the region corresponding to the absorption
by the octahedral complexes [Co(NCSe)(DMF)5]

+ formed
(only the optical density increases). On the other hand,
in the presence of a large excess of NCSe", anew band
appears at 625 nm,243 which is due to the tetrahedral com-
plex [Co(NCSe)4]

2".
In choosing a solvent promoting complex formation, one

must take into account both its solvent power with respect
to the reactants and the nature of its interaction with the
complex formed. The most marked effect of complex
formation can be achieved when the donor activity of the
solvent is low. For example, in acetone mercury(II)

Cu2+, Co , Zn , Cd , and In3+ ions form readily hexa-
and tetra-halogeno- and hexa- and tetrathiocyanato-com-
plexes, in dimethylformamide and dimethyl sulphoxide
complexes with low coordination numbers are formed even
in the presence of an excess of acido-ligand221'224'244. In
DMSO, even the proton is very strongly bound245.

The study of the Raman laser spectra and the freezing
points of the solutions showed that, depending on the con-
centration, phosphorus pentachloride forms the following
complexes in acetonitrile, nitromethane and nitrobenzene:

2PC16 ^ [PC14]+ + [PCI6 (>0.03 M)

« 0 . 0 3 M).

nitrate behaves as a stable complex' Whereas, in
acetone, acetonitrile, and other similar solvents Pb ,

On the other hand, in solvents such as benzene and carbon
tetrachloride, it behaves as the neutral complex [PCls].246

By selecting solvents in accordance with the above rela-
tions, it is possible to detect in non-aqueous solutions
numerous complexes which are not formed in aqueous
solutions.

VIII. THE INFLUENCE OF SUPPORTING ELECTROLYTE
IONS AND "STEPWISE" COMPLEX FORMATION

In many non-aqueous solutions, the initial electrolytes
exist as ion pairs, but it is nevertheless possible to
demonstrate in such solutions the formation of complexes
with substances capable of forming strong bonds with the
ions of the given electrolyte. The composition of the
complexes in such systems can be readily determined by
physicochemical methods and it is even possible to calcu-
late conventional equilibrium constants for the complex-
formation reactions. However, depending on the nature
of the initial salt of the given metal, the equilibrium con-
stants are not the same in the particular solvent. Thus,
the formation of the complex [Co(NCSe)4]2~ with a conven-
tional equilibrium constant of 7.0 x 10 was established
in the Co(ClO4)2-NaNCSe-(CH3)2CO system240, while in the
presence of cobalt nitrate the equilibrium constant for the
same complex proved to be higher.

On the other hand, if the initial salt includes anions
which can be bound strongly to the given cation, then the
determination of the composition of the complexes yields
a low number of ligand species incorporated. This can be
explained by the formation of mixed complexes. In par-
ticular, a study of the MoOCl3-NaNCSe-(CH3)2CO system
established the existence of the complex [MoOCl3(NCSe)]2~,
which is then converted into [MoOCl2(NCSe)3]

2" and
[MoOCl(NCSe)4]

2-.247

The formation of a large number of mixed complexes in
both aqueous248 and non-aqueous245"253 solutions has now
been demonstrated. In many instances, mixed complexes
are formed more readily than homogeneous complexes.
This is apparently due to an energy gain in consequence
of the formation of an asymmetric structure, as happens
in platinum complexes in accordance with the trans -influ-
ence principle25 . When mixed complexes are formed,
both the mutual influence of the ligands and the nature of the
solvent play an extremely significant role. It is appro-
priate to note here that the O(C2H5)2 molecule combines
with BF3 more readily than the fluoride ion256'257 in con-
sequence of "chemical symbiosis".255

Attempts are sometimes made to explain why mixed
complexes are favoured by thermodynamic factors on the
basis of the concept of hard and soft acids and bases13.
In terms of Pearson's rule, the bonds formed by Be21" and
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Al3+ with acetate ions as well as those formed by the proton
with OH" and F" should be regarded as ionic, the hydride
ion should readily combine with Hg2+, and the Cl" ion in
complexes should behave like the fluoride ion.

In reality this is not so. The formation of hydrides
is not characteristic of silver, gold, and mercury. The
chloride ion behaves similarly to bromide, iodide, and
even thiocyanate. This is why there is a possibility of
their mutual substitution with formation of mixed com-
plexes 248'258'259.

For example, the formation of mixed complexes of the
type [E(NCS)2Cl2(Solv)2] by zirconium and hafnium can be
demonstrated by conductimetric study of the ECLj-NaNCS-
CH3CN system2*30 and [E(OH)2(NCS)2(Solv)2] can be detected
when E(OH)2C12.7H2O is ground with NH4NCS in the pres-
ence of tributyl phosphate or cyclohexanone261. The fact
that these are coordination compounds is confirmed by
infrared spectra.

If no account is taken of the formation of mixed com-
plexes, then the result of physicochemical study of the
corresponding system might lead to the conclusion that the
simplest complexes are produced. In reality coordination
saturation always takes place in solution owing to the for-
mation of mixed complexes.

The view that complex formation takes place in steps
has been firmly established in the literature135'262"266.
The appearance of each new complex is attributed solely
to the kinetic factor, i.e. to the displacement of the equi-
librium caused by the increase of ligand concentration.
However, this approach is valid only for relatively unstable
complexes and provided that account is taken of the
incorporation of solvent molecules in the coordination
sphere when the E-L and E-Solv bond energies are simi-
lar. On the other hand, if Q (E-L) >y Q(E-Solv), then
homogeneous complexes ELn with w » 1 may be formed
even at low ligand concentrations. Under these conditions,
only complexes corresponding to the greatest decrease of
Gibbs free energy are as a rule produced. Consequently,
the thermodynamic and not the kinetic factor is more sig-
nificant in the formation of stable complexes. Thus when
Cu2+ interacts with ammonia, the first four NH3 molecules
are bound to the central atom equally strongly, while the
fifth molecule combines less effectively135. This fact is
satisfactorily accounted for by the Jahn-Teller theorem.

Bearing in mind that the incorporation of new ligand
species in the complex results in its rearrangement,
strengthening some and weakening other bonds, the break-
down of a rigorous sequence based on the increase in the
number of species in the complexes with increasing con-
centration of the corresponding ligand, is quite reasonable.
This is why Bjerrum's method has frequently proved
unsuitable in the study of non-aqueous solutions135. In
its general form, this method appears to give a positive
result and the relation defined by Eqn. (18a), in which
[Solv] has been replaced by the concentration of the acido-
ligand, is smooth with distinct horizontal plateaux indi-
cating a high probability of individual complexes. For
example, only complexes with m = 2, 4, or 6 have been
clearly detected in the E(ClO4)2-NaNCSe-CH3OH systems,
where E = Co or Ni.

It is very remarkable that in methanol, where the sta-
bility of nickel selenocyanate complexes is low, the for-
mation function varies more uniformly than in acetone243.
The formation curve for the cobalt complex reveals the
presence of steps also in methanol for NCSe" : Co2+ = 2, 4,
and 6. More distinct inflections occur in the curve for
the acetone solutions, where the stability of the complex
is higher.

In contrast to the dimethyIformamide solution, an
intense band at 400 nm and a weak band at 630 nm appear
in the spectrum of the acetonitrile solution already for
Co2+ :NCSe" = 1 : 1 . 2 4 3 Bjerrum's formation curve
clearly reveals only two steps with w = 1 and« = 4.
Palladium coordination numbers of 4 and 2 are most
clearly manifested in the PdCl2-NaNCSe-DMF system,
The latter corresponds to the mixed complex
[PdCl2(SeCN)2]

2-.2*7

The formation of only HgL> and [Hgl4]2", which are
thermodynamically more stable than Hgr and Hgl3, can be
demonstrated in the Hg(C104)2-NaI-solvent systems,
where the solvent is an alcohol, acetonitrile, etc.

In dimethyl sulphoxide, Fe3* ions react with CN" to form
only Fe(CN)2, Fe(CN)3, and Fe(CN)4, or, more precisely,
mixed complexes, while the reaction with the fluoride ion
yields [FeF4(DMSO)2]".268 It is of interest that in such
cases there are no complexes with six acido-ligands. On
the other hand, cobalt chloride forms two complexes in
dimethylacetamide: [CoCl(DMA)5]

+ and [CoCl3(DMA)3]".269

A series of complexes up to [E(NCS)sj4~ were detected
in a study of ECI4-KNCS systems in acetonitrile and
dimethy If orm amide by Bjerrum's method260, but they are
not all equally probable. This is why the presence of
E(NCS)4 is established in experiments involving isomolar
series of solutions in dimethylformamide, while [E(NCS)6j2~
is found in acetonitrile. The higher solvating capacity of
dim ethylform amide under the same conditions leads to the
formation of complexes with a smaller number of NCS
ligand species than in acetonitrile. It would appear that
E(NCS)4 are simple complexes with a coordination number
of 4. However, this is not the case, because the com-
plexes E(NCS)4.4DMF, where according to infrared spectra
the NCS groups and solvent molecules are coordinated to
the metal atom, are isolated from solution260.

The study of non-aqueous solutions demonstrated the
possibility of the coordination of ions which do not usually
form complexes in aqueous solutions. In particular, the
nitrate ion hardly behaves as a ligand in consequence of its
hydration in dilute aqueous solutions. Only at high con-
centrations of NO3 does the potential of the lead electrode
decrease270. In acetone and even in alcohols, which com-
bine with the nitrate ion less effectively than water, the
nitrate ion ceases to be indifferent44'60. The coordination
compound [K2Pb(NO2)3(NO3)], in which the nitrate ions
behave as a ligand, can be obtained from methanol271.

Bearing in mind that in many non-aqueous solutions the
so called indifferent anions are only slightly dissociated
from the corresponding complex-forming agent, in the
determination of the compositions of the most involved
anionic complexes, one must employ series of solutions
with a constant concentration of the initial salt. The study
of isomolar series in many instances leads to the deter-
mination of the simplest complexes, which are in reality
mixed complexes 26f'272'273. The complex [Pd(SeCN)4]

2"
has been detected spectrophotometrically in the PdCl2-
NaNCSe-DMF system at a constant palladium concentra-
tion and variable NaNCSe concentrations, while in the
isomolar series of solutions only [PdCl2(SeCN)2]

2" was
detected267. Similar results have been obtained also for
thorium thiocyanate273.

Valuable information can be obtained by studying com-
plex formation using the solubility method. In contrast
to other methods, the application of which requires a con-
stant concentration of the central atom, in this case both
the concentration of the ligand and of the central atom is
varied from mixture to mixture. This is why in s y s -
t e m s w h e r e the l i g a n d and the c e n t r a l atom
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a r e c a p a b l e of f o r m i n g s t r o n g b o n d s , t he
s o l u b i l i t y me thod l e a d s to the d e t e c t i o n of
c o m p l e x e s with a l ower componen t r a t i o
than o t h e r m e t h o d s . This rule220'274'275 has been
confirmed in a large number of experiments 274~283.
While the anionic complexes [Pb(XCN)6]

4" have been
detected potentiometrically in methanol274'282, only the
complexes [Pb(XCN)4]

2", where X = S or Se, have been
detected by the solubility method and in acetone only the
complexes [Pb(XCN)3]~ have been found277'283. In aqueous
acetone solution with an acetone concentration of 7 M, the
complex [Ag(SCN)4]

3" has been detected potentiometrically
at a constant silver concentration, while, according to the
results obtained by the solubility method, the complex
[Ag(SCN)2]~ predominates in acetone277. Copper 79

silver280, palladium267, mercury(n),281 and lead282"284

iodides and selenocyanates behave similarly.

IX. NON-AQUEOUS SOLUTIONS IN PREPARATIVE
INORGANIC CHEMISTRY

The use of non-aqueous solutions has greatly extended
the scope of inorganic synthesis in the field of organo-
metallic compounds285"287, metal polycarbonyls and their
derivatives288, metal and semimetal hydrides289"291, salt-
like inorganic compounds which are extremely sensitive
to water and atmospheric oxygen292'293, boron compounds
with organic ligands294, and coordination compounds of
transition metals with molecular nitrogen295" 97 and carbon
dioxide298. For example, the iron compound294

H N=N

Fe

/ \
—CH.,CH,—P (C.,H5).._

[B(C6H5)4].

has been obtained in acetone.
The reaction of cyclopentadiene with metallic potassium

in benzene was discovered as early as the beginning of the
present century On the other hand, NaC5H5 was notp y
obtained until 50 years later in DMF, THF and 1,2-dime-
thoxyethane. The so called sandwich compounds of tran-
sition metals were synthesised by exchange reactions
between NaCsH5 and metal halides in tetrahydrofuran or
other similar solvents300 and then also mixed compounds,
for example C5H5Fe(CO)3.

3<n The reactions of metal poly-
carbonyls with halides302, isonitriles291'300, amines, and
cyanides 303>304 made it possible to obtain many mixed
coordination compounds.

Since several reviews have been devoted to the problem
of the synthesis of the above and other compounds, one
need consider only the general characteristics of the pre-
paration and crystallisation of coordination compounds
from non-aqueous media taking into account solvation
effects. In particular, diborane reacts with LiH to form
LiBEU only because the lithium ion can be solvated by
ethyl ether, but there is no interaction between diborane
and NaH.305

Interesting data have been obtained for the synthesis
of coordination compounds from boranes306"308. Thus
diborane reacts with sodium amalgam in ether to form the
triboranide NaB3H8 (together with sodium tetrahydroborate),
while tetraborane reacts with ammonia to give
[(NH3)2BH2][B3H8] and [H3NB3H7],306 and with (CeHs^P to
give [(CeHs^PBsEb]. Solvents with a higher donor activity
than ether decompose the triborane skeleton308'309.

Another no less important factor co-icerns the structure
of the solvents in which the synthesis s carried out.
While the dissolution of salts in water reduces initially to
the formation of the hydrates of cations and anions within
the limits of the water structure, the majority of even
dilute non-aqueous systems consist of combinations of
mixed solvato-complexes, where the immediate environ-
ment of the cation consists not only of solvent molecules,
but also of salt anions behaving as ligands.

At a high concentration of the non-aqueous solution, its
structure approaches increasingly that of the corresponding
solvate or the pure solute, depending on the solvating
properties of the solvent. If in the given solution solvent
molecules are not bound very strongly to salt ions, the
introduction of another solvent having the same solvating
capacity but forming hydrogen or dipolar bonds with the
first solvent can lead to the formation of salt crystals
without solvent molecules. This is very important for
the synthesis of anhydrous salts such as nitrates, perchlo-
rates and others, the hydrates of which undergo hydrolytic
decomposition on heating.

When salt solutions in solvents with a high donor
activity (DMSO, DMF, etc.) are concentrated, the forma-
tion of crystalline structures is preceded by the appear-
ance of comparatively weak forces in the interaction
between anions and the molecules of the solvate environ-
ment or by electrostatic attraction to the solvated cation.
Solvates with a comparatively large (in the case of weakly
coordinated anions) or small (if the anions give rise to
fairly stable coordinate bonds) content of solvent molecules
should be formed from such a solution. For example,
copper, cobalt, zinc, aluminium, gallium, indium and
many other metal nitrates and perchlorates crystallise in
the form of the complexes MBn.6Solv, e.g. A1(C1O4)3.
.6DMF,188 while the halides, thiocyanates, and selenocya-
nates of these metals form crystals of MB2,4Solv221'224 and
ML3.3Solv and CuCl2.2Solv. 222 Solvates of this type are
produced from a solvent with a lower donor activity also
by nitrates and even perchlorates: Zn(NO3)2.2CH3CN,
Sn(ClO4)2.2CH3CN, Ni(NO3)2.2CH3CN,3U and Ni(C104)2.
.2CH3CN.312

In contrast to the perchlorates, an increase of the con-
centration of the solution leads in the case of halides,
thiocyanates, and selenocyanates to a more appreciable
substitution of solvent molecules in the solvation shell of
the cation by the anions. Such mutual ordering of the ions
and solvent molecules with increase of concentration is
completed by the separation from the solution of solvates
with a reduced content of the solvent, for example:
CdCl2.2(CH3)2CO 313 InBr3.3N2H4,

314 ZnPy2(NCSe)2,
315

Co(NCS)2.3N2H4,
316 and Sn(NCO)2.2C4H8O2.

316 If a solvent
with a high cr-donor activity hinders crystallisation, then
active acido-ligands readily enter into the inner sphere
and therefore give rise to crystals with a low content of
the solvent: SbCl3.CH3COOH,317 SnBr4.CH3COOH,318

In(NCS)3.0.5CH3CN, 225 Sn(NCS)2.OP(C6H5)3,
319 Ga(NCO)3.

.THF, 316 and MoOCl3.2THF. 310

When the anion is strongly bound to the cation, the
solvent molecules may be completely displaced by the
anions. The crystallisation structure then involves
short-range order with participation of desolvated ions,
which is observed in the formation of the solid phase in an
ethereal solution of Hgl2 or Hg(OCN)2

 99 and in a formamide
solution of PbCl2.320 Potassium chloride crystallises
from dimethylformamide in the unsolvated form and MgCk
with four solvent molecules131. Consequently, the influ-
ence of the solvent, hindering crystallisation, is regulated
both by the strength of the bonding between its molecules
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and ions and by interionic forces. As a rule, by selecting
the right solvent, it is easy to synthesise many simple and
coordination compounds unstable in the presence of water,
for example, selenocyanates216'217'321"326, cyanates 327"330,
and mixed coordination compounds each containing two or
more different ligands 327"336.

Since the introduction of a non-aqueous solvent miscible
with water weakens hydrolysis, the stability of readily
decomposed compounds of certain metals can be appreci-
ably increased even in mixed solutions. The influence of
the non-aqueous solvent is more appreciable when the
E-L bonding is weaker and hydration of the central ion
competes appreciably with it. This is why transition
metal and aluminium, gallium, bismuth, etc. isothiocya-
nates, cyanates, and particularly selenocyanates, which
are unstable in water, can be isolated from non-aqueous
or even aqueous-non-aqueous systems. The use of non-
aqueous solvents in the case of lanthanides makes it
possible to prevent the decomposition of the selenocyanate
ion. However, the solvation of cations is not then pre-
vented. In order to weaken the influence of the latter and
to accelerate the separation of the corresponding com-
pounds, it is useful to employ the chelation effect. In
particular the following reactions

3 KNCSe -f RC13 = 3 KC1 + R (NCSe)3,

where R = Sc, Y or lanthanides, can be achieved in a
series of solvents. However, after the separation of KC1,
R(NCSe)3 is virtually impossible to crystallise in view of
the high stability of the complex species [R(Solv)n]3*. If
2,2'-bipyridyl (bipy), 1,10-phenanthroline (phen) and
diantipyrinylmethane (dant) are introduced into such a
solution, compounds of the type [R(NCSe)3(bipy)2],
[R(NCSe)(dant)4](NCSe)2, and [R(NCSe)3(phen)3] are formed
immediately325"327.

The synthesis of zirconium and hafnium selenocyanates
[E(NCSe)4(bipy)2] from acetonitrile solutions321, the thio-
cyanates R(NCS)2Ox.6CH3OH from methanol solutions334,
and the complexes MB2Ox,335'336 where B = NO2, NOJ,
Cl", NCS", or C1OI, R = lanthanide, Al, or Ga, and Ox
is the 8-hydroxyquinoline residue, is based on the same
principle.

With cations which form less stable solvato-complexes
than lanthanides, it is possible to obtain many selenocya-
nates and mixed coordination compounds Catn[E(NCX)mBi],
where X = O, S, or Se, B = Br, I or Py, and Cat are
univalent cations, even from acetone326"331, methanol,
acetone-dioxan, and aqueous methanol332 solutions.

When the double decomposition reaction between ECln
and AgNCO is carried out in methanol and AgCl is sepa-
rated, then, using the chelation effect, it is possible to
obtain [In(NCO)3phen], [In(NCO)3bipy], [In(phen)3](NCO)3,

329

[E(NCO)2(phen)2], and [E(NCO)2(bipy)2],
 32>^33 where E =

Mn, Co, Ni, Zn, or Cu. When a solution containing large
outer-sphere cations is added to a methanol solution of
In(NCO)3, the compound Cat[In(NCO)4] is formed324.
Kn[Pb(NCO)n+2] and K2[Pb(NCO)2(NCS)2],

337 where n = 1, 2
or 3, can be obtained from dimethylformamide.

When (C5H5)2ZrCl2 was allowed to react with AgNCO,
the compound [(C5H5)2Zr(NCO)2]2O was obtained from ace-
tone solution, and, when gaseous HNCO was passed into
the above solution of dicyclopentadienylzirconium chloride,
the compound [(C5H5)2Zr(NCO)2] was formed338. The
latter as well as [(C5H5)2Zr(NCS)2] can be obtained also by
double decomposition reactions of (C5H5)2ZrCl2 with AgNCO
or AgSCN, but in this case in dichloroethane solution339.
In the latter case the stabilisation of zirconium cyanates
is achieved by sandwich-type chelation. It is remarkable

that in acetone HOx reacts with ThCU to give only the
adducts ThCU.raHOx, where m = 1, 2, 4 or 6, with differ-
ent coordination numbers. Infrared spectra failed to
reveal the presence of free HOx in these compounds; its
addition takes place via the nitrogen atom. On the other
hand, when a solution of Th(NCS)4 is prepared in the same
solvent and an acetone solution of HOx is added, a com-
pound having a different composition is produced:
[Th(NCS)n(Ox)4-n].

wHQx. 34°
Depending on the nature of the solvent, the same starting

materials interact differently. For example, the reaction
of Ni(NCS)2 with [(C6H5)4P]N(CN)2 or [(C6H5)4As]N(CN)2,
taken in proportions of 1 :2, results in the formation of
(Cat)2{Ni[N(CN)2]2(NCS)2J in methanol and (Cat){Ni[N(CN)2]a}
and (Cat)2[Ni(NCS)4] in acetone341.

On the other hand, when Co[N(CN)2]2 interacts with
[(C6H5)4P]NCS, (Cat)2{Co[N(CN)2]2(NCS)2}is formed in ace-
tone and (Cat)2{Co[N(CN)2}(NCS)3 and tetrathiocyanatoco-
baltate(n) in methanol342. [This should be Ref. 341 (Ed. of
Translation.]

The influence of the solvent on the structure of the
compounds formed merits special attention218. In par-
ticular, the same starting materials KNCO and AgNCO
form K[Ag(NCO)2] following their interaction in DMF and
potassium difulminatoargentate(I) K[Ag(CNO)2] after inter-
action in acetone, i.e. a compound having a different
structure343.

X. CONCLUSION

The present development of industry and the associated
reduced amount of fresh water available per member of
the population have stimulated attempts to place chemical
industry on anon-aqueous basis The problem of
solid-phase reactions, the use of fused salt systems, for
example the synthesis of monosilane from SiCl4 and LiH
in the KCl-LiCl eutectic mixture345, and of other solutions
to carry out various chemical processes with subsequent
regeneration of the solvent is already extremely urgent.

Compared with water, the nature of the chemical reac-
tion50 and the properties of the various substances223'239

are radically different in many non-aqueous solvents.
Thus the solubilities of silver halides in liquid ammonia,
acetonitrile, DMSO, and pyridine are much higher than in
water. Solubility determinations346 have shown that the
solvent power in relation to AgCl, AgBr, and Agl decreases
in the sequence

CH3CN> (CH3)2SO> (CN3)2CO>C2H5NO2>CH3OH.

It is interesting that this sequence is inconsistent with the
variation of the donor numbers of solvents (Table 4). This
is very important both for the solution of preparative
problems (for example, the synthesis of anhydrous salts347)
and in connection with the use in homogeneous catalysis
of certain compounds insoluble in water.

The donor (acceptor) activity of the solvent is the most
important factor (compared with others) determining its
influence on the corresponding processes. However, such
activity may vary with the nature of the solute. The
higher the activity, the greater the difficulty of the inter-
action of the complex-forming agent with other ligands and
the greater the ease of formation of mixed solvato-com-
plexes. In the presence of two different acido-ligands,
mixed complexes involving them are usually formed more
readily in solvents with a lower donor activity. Conse-
quently, depending on the latter, the composition of the
complexes of a given central atom with the same ligands
should vary in different ways in different solvents.
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The influence of the solvent on oxidation-reduction
reactions merits attention. Thus, bromine reacts with
hydrogen sulphide with liberation of sulphur in the pres-
ence of water and with formation of thiohypobromous acid
in chloroform348:

This is associated with different degrees of solvation and
hence dissociation of the corresponding compounds in
different solutions (as well as the different behaviour of
PC15 in acetonitrile, nitromethane, and nitrobenzene on the
one hand and in benzene and carbon tetrachloride on the
other246). The unusual influence of the medium has, in
fact, made it possible to obtain many at first sight uncom-
mon coordination compounds, including those with zero
and negative degrees of oxidation of the central metal
atom349'350. In the presence of aluminium chloride,
fused bismuth chloride is reduced in accordance with the
equation

Bismuth tetrachloroaluminate has a melting point of
253°C.351 Gallium(I) and cadmium(I) salts can be obtained
similarly.

In view of the enhanced specificity of the reactions
when water is replaced by other solvents, many [non-aque-
ous?] solutions are being increasingly used not only in
syntheses but also in titrimetric analysis352"354. One is
then usually dealing with complex-formation reactions.

The study of complex-formation reactions in non-aque-
ous solutions has greatly extended the range of these

355358 and permitted the formulation and to somereactions
Itextent also the solution of a number of new problems.

is therefore extremely important to seek an objective
characteristic of the solvent which will make possible a
more complete prediction than can be done at present of
its solvent power in relation to various substances, its
influence on complex-formation reactions, and the possi-
bility of synthesising new compounds.

When account is taken of the o-donor and 71 -acceptor
activities of solvents and also of the ability of various
ligands to be coordinated to the corresponding metal
atoms, it is possible to predict the dissolution in a num-
ber of liquid multicomponent systems under the usual
conditions of many substances, such as, for example,
oxides, sulphides, selenides, and even metals, which are
usually regarded as absolutely insoluble in water, alco-
hols, ketones, and similar liquids. This problem is of
considerable interest from both theoretical and practical
points of view.
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