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Abstract

The formation of solid compounds from aqueous solutions is based on the hydrolysis and condensation of metal cations.

When dissolved in water, metal salts give rise to solvated species in which the metal cation is surrounded by H2O, OHÿ or O2ÿ

ligands. Condensation via olation or oxolation occurs in the pH range where OH ligands are present. Olation with low-valent

cations rather leads to polycations and the precipitation of hydroxides whereas the oxolation of high-valent cations leads to the

formation of polyanions and oxides. Complexation can also occur in the presence of foreign ions, allowing some chemical

control of condensation reactions. These reactions will be described in the frame of the partial charge model. # 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Heterogeneous catalysts are often prepared by wet

chemistry methods such as precipitation, coprecipita-

tion, hydrothermal synthesis or sol±gel process. The

main advantages of these low temperature processes

are to give solids with large speci®c surface area and

high porosity in the meso and macropore ranges. The

solid network is formed, from the solution, via the

hydrolysis and condensation of molecular precursors

in solution. Two routes are usually de®ned, depending

on the chemical nature of the precursors. The aqueous

route is based on inorganic salts dissolved in water

whereas alkoxides dissolved in organic solvents are

used in the metal-organic route [1]. Only the aqueous

route will be described here. This is actually the most

widespread way of making heterogeneous catalysts. It

is specially suitable for industrial applications [2]. A

lot of research work is being done now on alkoxide

sol±gel chemistry, but these precursors are much more

expensive and dif®cult to handle than aqueous solu-

tions [3].

2. Metal cations in aqueous solutions

2.1. Dissolution of metal salts in water

The molecular structure of the water molecule is

characterized by two main features:

1. The oxygen atom being more electronegative than

hydrogen (�O�3.5, �H�2.1) electron density in

the H2O molecule is shifted toward oxygen that

bears a high negative charge. According to the

partial charge model described at the end of this

paper, this charge can be estimated as �O�ÿ0.4.

As a consequence, the water molecule exhibits a
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high dipolar moment (��1.84 Debye) and liquid

water has a high dielectric constant (��80). When

dissolved in water, metal salts MXZ are therefore

dissociated into MZ� and Xÿ ions which are then

solvated by dipolar water molecules leading to the

formation of [M(OH2)N]Z� species.

However water is also a Lewis base and the for-

mation of M±OH2 bonds with the metal cation (Lewis

acid) draws electrons away from the bonding �(3a1)

molecular orbital of the water molecule toward

the empty orbitals of the metal ion. This electron

transfer weakens O±H bonds and coordinated water

molecules behave as stronger acids than solvent water

molecules. Aquo-cations behave as Brùnsted acids

and spontaneous deprotonation may take place as

follows:

�M�OH2�N �Z� � hH2O

, �M�OH�h�OH2�Nÿh��zÿh�� � hH3O�; (1)

where h can be de®ned as the hydrolysis ratio. It

corresponds to the number of protons that have been

removed from the solvation sphere of the aquo-cation.

MZ� ÿ OH2 , MZ� ÿ OHÿ � H�

, MZ� ÿ O2ÿ � 2H�: (2)

The acidity of coordinated water molecules

increases as the electron transfer within the M±O bond

increases. In dilute solutions this leads to a whole

set of solute species ranging from aquo-cations

[M(OH2)N]Z� (h�0) to neutral hydroxides [M(OH)Z]0

(h�z) or even oxo-anions [MON0]
(2N0ÿz)ÿ when all

protons have been removed from the coordination

sphere of the metal [4]. The hydrolysis ratio increases

with the pH of the solution and the oxidation state of

the metal cation (Fig. 1).

� Large low-valent cations (Na�, K�, Cs�, Ba2�,

etc.) exhibit a low polarizing power. Their elec-

tronegativity and Lewis acidity are weak. Only

electrostatic interactions are involved in solvation,

and water molecules in the first coordination

sphere are very labile (k�109±1010 sÿ1). Their

mean lifetime is less than 10 ps and deprotonation

does not occur. Only aquo-species [M(OH2)N]�

where N�6±8 are observed that cannot be depro-

tonated even at high pH. The corresponding oxides

behave as bases when dissolved in water.

� Small high-valent metal cations (z>4) attrack elec-

trons very strongly so that aquo-species

[M(OH2)N]Z� cannot be observed even at low

pH. Small electronegative elements at the upper

right of the periodic table (PV, SVI, ClVII) or highly

charged d0 metal cations (CrVI, MnVII) give cova-

lent tetrahedral oxo-anions [MO4](8ÿz)ÿ at high

pH. The corresponding oxides behave as acids

when dissolved in water.

2.2. Hydrolysis of metal cations

In very dilute aqueous solutions, metal cations

exhibit several hydrolyzed monomeric species in

the pH range 0±14. The problem would be to be able

to predict the chemical nature of these aqueous species

at a given pH [6].

Following the electronegativity equalization prin-

ciple it can be stated that deprotonation (Eq. (1)) goes

on until the electronegativity �h of hydrolyzed species

[M(OH)h(OH2)Nÿh](zÿh)� becomes equal to the mean

electronegativity �aq of the aqueous solution. Accord-

ing to thermodynamics, the chemical potential of

protons varies linearly with pH:

�H� � �0
H� ÿ � pH; where � � 2:3RT : (3)

Proton exchange reactions between H3O� and H2O

are very rapid in aqueous solutions so that it can be

assumed that �H���aq. As a consequence a linear

Fig. 1. Charge±pH diagram showing two lines corresponding to

h�1 and h�2Nÿ1 separating three domains in which H2O, OHÿ or

O2ÿ ligands are formed [5].
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relationship can also be established between the mean

electronegativity �aq and the pH of aqueous solutions.

�aq � �0
aq ÿ � pH: (4)

�0
aq and � depend on the reference state for proton

and the electronegativity scale. Choosing [H5O2]�

(��2.732) as a reference for proton at pH�0 and

��2.49 as the mean electronegativity of water at

pH�7 leads to

�aq � 2:732ÿ 0:035 pH: (5)

The mean electronegativity �h of hydrolyzed pre-

cursors can then be calculated as a function of pH and

the hydrolysis ratio h is deduced from the partial

charge model.

The charge of hydrolyzed species [M(OH)h-

(OH2)Nÿh](zÿh)� is

zÿ h � �M � N�O � �2N ÿ h��H; (6)

h � �zÿ ��M�OH2�N��=�1ÿ �H�: (7)

The hydrolysis ratio h can be expressed as a function

of the partial charges �i��i(�aqÿ�i) which depend

on the mean electronegativity �aq of the aqueous

solution.

At a given pH, h mainly depends on the oxidation

state z and the coordination number N of the cation

MZ�.

2.3. Hydrolysis of SiIV; AlIII and VV

� The polarizing power of tetravalent cations (SiIV,

TiIV, ZrIV) is too strong for aquo-species to be

formed, even at low pH. They usually give aquo-

hydroxo, hydroxo, oxo-hydroxo or oxo species

in aqueous solutions. For SiIV (�Si�1.74, N�4),

the partial charge model leads to four different

hydrolyzed precursors [HnSiO4](4ÿn), ranging

from [Si(OH)3(OH2)]� (h�3) at pH�0 to

[SiO2(OH)2]2ÿ (h�6) at pH�14 (Fig. 2(a)).

� In the case of AlIII, the coordination of the metal

cation decreases from octahedral to tetrahedral as

the pH increases. In the M±OH2 bond, the nega-

tively charged oxygen atom shares electrons with

both the metal M and hydrogen: M��(O�ÿ

)H��. As deprotonation goes on, electrons are

more attracted by the metal. The partial charge �M

decreases and the M±O bond becomes less polar

leading to the covalent anion [AlO4]5ÿ. Octahedral

aluminum [Al(OH2)6]3� species are observed

below pH 3 whereas tetrahedral aluminates

[Al(OH)4]ÿ are formed above pH 11 (Fig. 2(b)).

This coordination change occurs around pH�6

when the partial charge of coordinated water

molecules is close to zero.

� In the case of high-valent small cations with empty

d orbitals (VV, MoVI, WVI), strong d�±p� transfers

favor the formation of M=O double bonds. This

decreases the positive charge of the metal ion

and spontaneous internal proton transfer is

observed between two OH groups bonded to the

same metal atom giving rise to oxo-aqueous

species such as [VO2(OH2)5]� at low pH rather

than [V(OH)4(OH2)2]� (Fig. 3).

3. Condensation of hydroxylated precursors

Monomeric species can usually be observed in very

dilute solution only (c<10ÿ4 mol lÿ1). Condensation

reactions often occur at higher concentrations. They

proceed via the nucleophilic attack of HO�ÿ groups

onto metal cations M��. Two different pathways,

substitution or addition, are followed depending on

whether the maximum coordination of the metal

cation is already satis®ed or not. In all cases, at least

one nucleophilic OH group has to be present in the

coordination sphere of the hydrolyzed precursor.

The `̀ charge-pH'' diagram is then a very useful

guide for sol±gel chemistry as condensation only

occurs within the OH domain (Fig. 1). Condensation

is usually initiated via acid±base reactions by adding a

base to low-valent aquo-cations or an acid to high-

valent oxy-anions.

The size of condensed species depends on many

parameters such as pH, concentration or temperature,

the main one being the hydroxylation ratio l�OH/M.

As a general rule the condensation of charged pre-

cursors remains always limited to oligomeric solute

species, polyanions or polycations, that usually con-

tain less than 20 metal atoms. Solid phases can be

precipitated from these charged species by adding

counter ions in order to form a neutral salt. The

precipitation of oxides or hydroxides only occurs from

neutral precursors in order to avoid electrostatic repul-

sion between reactive species.
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3.1. Olation and oxolation

The two main mechanisms for condensation are

called olation and oxolation. In both cases, polynuc-

lear species are formed via the elimination of water

molecules from the coordination sphere of the metal

cation containing at least one M±OH group [2,6].

1. Olation corresponds to the nucleophilic addition

of a negatively charged OH group onto a

positively charged hydrated metal cation. As

aquo-cations already exhibit their maximum

coordination number, the formation of an `̀ ol''

bridge requires the departure of one water

molecule:

ÿMÿOH� H2OÿMÿ) MÿOHÿMÿ�H2O:

This reaction is usually governed by the lability of

the M±OH2 bond which increases when the size of

the cation increases and its oxidation state

decreases. Olation should then follow a dissocia-

tive SN1 mechanism and olation reactions are

usually very fast. They actually correspond to the

coordination expansion of OH groups from

terminal to bridging �2-OH or �3-OH. A more

complex mechanism should be involved with

transition metal cations for which crystal ®eld

stabilization effects could be important (Cr3�,

Fig. 2. Hydrolysis of SiIV (N�4) and AlIII (N�6, N0�4) in dilute aqueous solutions (a) from the partial charge model, and (b) from

thermodynamic data.
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Ni2�). The very low lability of coordinated water

molecules then allows the formation of bridging

H3Oÿ2 ligands involving a hydrogen bond between

a hydroxo ligand of one metal atom and an aquo

ligand of another one with a characteristic distance

of about 5 AÊ . These bridging ligands are not very

stable and transform into `̀ ol'' bridges upon

moderate heating or even aging [8].

2. Oxolation occurs with precursors that do not con-

tain any water molecule coordinated to the metal

cation. It involves the condensation of two OH

groups to form one water molecule which is then

removed giving rise to an `̀ oxo'' bridge. This

proceeds via an associative SN2 mechanism as

follows:

This reaction could be described as the dehydration

of olated species via the formation of one water

molecule between two hydrogen bonded OH groups.

It is catalyzed by acids which favor the protonation of

the leaving water molecule.

Olation requires the presence of at least one coor-

dinated water molecule and involves mainly low-

valent cations (z<4) in aquo-hydroxo precursors

whereas oxolation rather concerns high-valent cations.

When both mechanisms compete, it appears that ola-

tion is always faster than oxolation.

The formation of condensed species requires at

least one OH group (dOH<0) in the coordination sphere

of the precursor, but the positive charge of the metal

cation M�� has also to be high enough (�>�0.3) for

nucleophilic reactions with OH to be possible. A very

interesting example is the aqueous chemistry of

phosphates. Despite many similarities between the

structure of silicates and phosphates in the solid

state, their solution chemistry is quite different. This

arises from the high polarization power of PV which

strongly attracks electrons within P±O bonds lower-

ing the positive charge of P. Polyphosphates cannot

be formed in aqueous solutions at room temperature

via the condensation of monomeric precursors

[HnPO4](3ÿn)ÿ. H3PO4 is a strong acid while the

positive charge of PV is too small in [H2PO4]ÿ and

[HPO4]2ÿ. Polyphosphates are usually prepared by

thermal dehydration. They are not stable toward

hydrolysis in aqueous solutions and their hydrolysis

Fig. 3. VV species in aqueous solution as a function of pH and concentration [7].
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rate increases as the number of P atoms increases and

pH decreases.

3.2. Condensation of AlIII

3.2.1. Formation of polycations

Aquo-cations [Al(OH2)6]3� are formed below

pH�3. Condensation can be initiated by increasing

the pH. Coordinated water molecules are very labile

and condensation follows an olation mechanism. Ola-

ted polycations are formed during the ®rst steps of

condensation [9,10].

Only few polycations are known for A13�. The ®rst

hydroxylation stages (1�OH/Al<2) lead to the for-

mation of [Al(OH)(OH2)5]2� and [Al(OH)2(OH2)4]�.

Olation then leads to oligomeric species in equili-

brium with monomers (Fig. 4). The [Al2(OH)2-

(OH2)8]4� dimer and a more or less deprotonated

cyclic trimer [Al3(OH)4�x(OH2)9ÿx]
(5ÿx)� have been

evidenced by potentiometric methods and NMR

(27Al;17 O). The well known Al13 polycation

[Al13O4(OH)24(OH2)12]7�, which has been exten-

sively used for the synthesis of the so-called `pillared

clays', is formed upon further hydrolysis (1�2.5). It is

made of one tetrahedral [AlO4] surrounded by four

groups of three octahedral [AlO6].

The ®rst condensation steps of trivalent aquo-

cations [M(OH2)6]3� were clearly evidenced with

Cr3� which gives inert complexes because of crystal

®eld stabilization effects. They could be described as

follows [11]:

The dimerization of the h�1 [Al(OH)(OH2)5]2�

precursor leads to edge sharing dimers (Fig. 4).

Further hydrolysis leads to trimeric species formed

by adding one hydrolyzed monomer (h�2) to the

previous dimer.

�Al2�OH�2�OH2�8�4� � �Al�OH�2�OH2�4��

) �Al3�OH�4�OH2�9�5� � H2O:

Such trimeric species are often observed in aqueous

solutions of polyanions or polycations. They exhibit a

Fig. 4. Early stages of the hydrolysis of MIII cations (M=Cr, Al, Fe) o=OH group [11].
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compact cyclic structure in order to minimize electro-

static repulsion between cations in edge-sharing adja-

cent [MO6] octahedra. [Al3(OH)4(OH2)9]5� trimers

cannot be isolated in aqueous solutions, but their citric

derivative has been precipitated as single crystals.

Al3� ions are bonded to a central �3-OH group.

Electrons are strongly attracted by the small and

highly polarizing A13� ions, making the �3-OH group

highly acidic and therefore easily deprotonated.

�Al3�OH�4�OH2�9�5� � H2O

) �Al3O�OH�3�OH2�9�4� � H3O�:

A nucleophilic oxygen atom is formed which can

react with positive [Al(OH2)6]3� species. The nucleo-

phile addition of four deprotonated trimers onto a

single aquo-ion leads to the formation of the

[Al13O4(OH)24(OH2)12]7� polycation.

Several features have to be pointed out about these

polycations.

� Bridging OH groups tend to get their highest

coordination (�3-OH). Therefore, all polycations,

even the large ones, exhibit a compact structure.

Trimeric units [M3O13] with a central �3-OH

bridge are therefore often found in polycations

and polyanions whereas chain oligomers formed

via �2-OH bridges are never observed.

� The molecular complexity of polycations

increases with the hydroxylation ratio 1, but the

condensation of these positively charged species

remains always limited to rather small oligomers.

This should be due to the fact that the nucleophilic

power of OH groups decreases as they form more

bonds (OH>�2-OH>�3-OH) and the positive

charge of the polycation increases. Therefore

polycations cannot be considered as secondary

building units (SBU) for the formation of solid

phases and it is not possible to predict a priori the

condensation degree of a polycation.

3.2.2. Formation of solid phases

3.2.2.1. Room temperature precipitation via base

addition Adding a base to an aqueous solution of

A13� leads to different solids according to the pH

of precipitation. A gelatinous amorphous precipitate is

formed around pH�7 that leads to crystalline

hydroxides upon aging at room temperature. These

hydroxides (bayerite or hydrargillite) are made of

layers of edge sharing [Al(OH)6] octahedra and

remain stable toward dehydration at room

temperature.

The crystalline hydroxide is not formed directly

from the neutral monomeric precursor [Al(O-

H)3(OH2)6]0. Strong pH gradients occur when the

base is added to the aqueous solution, allowing the

formation of several solute species.

A straightforward analysis of the structure of

Al(OH)3 shows that it cannot be formed via the

association of the neutral trimeric polycations pre-

viously described. However rather inert species such

as Al13 could withstand neutralization and can actu-

ally be found in the amorphous gel. It has been shown

that adding a base to a solution of this polycation gives

an amorphous precipitate that, upon aging leads to

bayerite.

Several chemical species seem to be mixed in the

amorphous gel and crystallization should result from a

progressive reorganization. This can be done either via

the in situ reorganization of the solid phase or via a

dissolution±crystallization process.

� In situ reorganization is favored when the pH of

the solution is close to the solubility minimum of

the solid, between pH 8 and 10, around the point of

zero charge (PZC). Oxolation leads to partial

dehydration and the formation of the pseudo-

boehmite g-AlOOH (Fig. 5(a)).

� Dissolution and recrystallization via the solution

often leads to particles much larger than the former

ones. It occurs when the pH is far from the PZC

and should be responsible for the crystallization of

bayerite below pH 7.5. At high pH (�12), mono-

meric tetrahedral species [Al(OH)4]ÿ and [Al(O-

H)3(OH2)]0 could lead to bayerite via the addition

of neutral precursors.

3.2.2.2. Precipitation via thermohydrolysis The

enthalpy variation for hydrolysis is positive and

often close to the enthalpy of dissociation for water

(1 3.3 kcal/mol). Hence the deprotonation of

coordinated water molecules can be performed

upon heating aqueous solutions. In these conditions,

Al3� solutions lead directly to the precipitation of 
-

AlOOH. However the mechanism for the formation of

boehmite should be rather different from that observed

J. Livage / Catalysis Today 41 (1998) 3±19 9



upon aging at room temperature. OH groups are

progressively formed in situ and condensation could

follow the same mechanism as observed for

polycations. The key point would be the formation

of tetramers from trimeric species [Al3(OH)9(OH2)4].

The deprotonation of the acidic �3-OH group leads to

a �4-O bridge and the formation of a skewed tetramer

(Fig. 5(a)). Olation and oxolation then lead to the

layered structure of boehmite. Heating also increases

condensation kinetics and favors dehydration leading

to AlOOH rather than Al(OH)3.

3.2.2.3. Hydrothermal synthesis of �ÿ AlOOH

Under hydrothermal conditions, the properties of

water as a solvent are deeply modified. The

dielectric constant decreases and the acidity scale is

reduced. At moderate temperatures, hydrothermal

synthesis leads to the same solid phases (boehmite)

as thermohydrolysis. Precursors are usually solids

rather than solutions and the shape and size of the

final solid particles are different. At high temperature,

around 4008C, diaspore �-AlOOH is obtained. This

may be due to the weaker acidity of the �3-OH bridge

arising from the low dielectric constant of water. �3-

OH bridges are formed leading to planar, rather than

skewed, tetramers (Fig. 5(b)).

3.3. Condensation of SiIV

3.3.1. Formation of polyanions

SiIV remains tetrahedrally coordinated over the

whole range of pH. Condensation occurs upon acid-

i®cation of aqueous solutions of silicates. Condensed

phases are made of corner sharing [SiO4]4ÿ tetrahedra

in order to minimize electrostatic repulsion between

cations.

Monomeric species, [H2SiO4]2ÿ, are observed

under very alkaline conditions only ([OH]�6 M).

Fig. 5. Suggested mechanisms for the formation of AlOOH from tetrameric builing blocks: (a) boehmite 
-AlOOH at room temperature and

(b) diaspore �-AlOOH under hydrothermal conditions.
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Around pH�12, oxolation occurs between

[H2SiO4]2ÿ and [H3SiO4]ÿ giving rise to a large

number of anionic oligomers. The dimeric anion

[Si2O3(OH)4]2ÿ is formed around [OH]�2. The cyclic

trimer [Si3O3(OH)3]3ÿ is observed below this value,

the cyclic tetramer [Si4O8(OH)4]4 at pH�14, then

oligomers containing 5±8 silicon atoms are in equili-

brium with orthosilisic acid.

Actually about 20 different species ranging from

monomers to decamers have been evidenced by 29Si

NMR in aqueous solutions of potassium silicate. Q4

species (linked to four other SiO4 tetrahedra) are never

observed above pH 9 and most polysilicates are highly

branched or cyclic (Fig. 6). Linear oligomers are no

more observed beyond four Si atoms [12].

This can be qualitatively understood if we consider

a chain trimer [Si3O10]8ÿ. The Q2 Si atom, with two

�2-O bridges, is more positively charged than Q1 Si

atoms which are bonded to three terminal OH groups.

Therefore condensation occurs via the nucleophile

attack of the Q2 Si atom leading to branched, rather

than chain, oligomers. Cyclization usually occurs so

that only rather small oligomers are formed in an

alkaline solution.

Moreover, as all these species are negatively

charged, cations have to be involved in the formation

of solid phases. Therefore the chemical nature of

counter cations in the solution has a strong effect

on the formation of these oligomeric species. Cage

polysilicates for instance are formed in the presence of

alkyl ammonium ions such as [N(CH3)4]� whereas

cycles are observed with Na�. This might be a key

point for the hydrothermal synthesis of zeolites in the

presence of templates [13].

3.3.2. Formation of solid phases

Tetrahedral [HnSiO4](4ÿn)ÿ precursors do not have

any coordinated water molecule so that condensation

must occur via oxolation.

� In the pH range 3<pH<9, neutral [Si(OH)4]0 is the

major precursor and oxolation leads to the forma-

tion of amorphous hydrated silica gels:

Si�OH�4 � SiO2 � 2H2O:

Gelation is very slow and goes through a minimum

around pH�3. Reaction rates increase signifi-

cantly by changing the pH. This is rather unusual

as solid phases generally form faster when neutral

species are largely predominant. This points out

the importance of catalysis for oxolation reactions.

Each step of the oxolation reaction (nucleophilic

attack and water departure) has its own activation

energy.

� Base catalysis occurs at pH>3. Anionic precursors

[SiO(OH)3]ÿ are better nucelophiles than

[Si(OH)4]0 increasing the rate of the nucleophilic

addition. This reaction is directed toward the most

positively charged Si atoms (Q2) leading to

branched species. Gelation occurs readily around

pH 7±8. Large colloidal particles are formed (few

100 AÊ in diameter) and dense opaque gels are

obtained (Fig. 7). Condensation between surface

OH groups then leads to fast aggregation and the

formation of unstable gels made of more or less

dense particles. Upon drying these gels give highly

porous silica.

� Acid catalysis below pH�3 leads to the protona-

tion of the leaving silanol groups. This concerns

Fig. 6. Some oligomeric silicate species characterized by 29Si NMR.
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mainly terminal Si±OH groups rather than the

bridging ones, leading to the formation of chain

polymers (Fig. 7).

� SiIV is known to be a very good glass former and

crystalline silica is never obtained at room tem-

perature from aqueous solutions. Crystalline

phases (quartz or cristobalite) are formed at very

high temperature. Crystalline compounds, such as

clays or zeolites, in which [SiO4]4ÿ behaves as a

complexing-bridging group, are obtained in the

presence of cations such as Al3�.

3.3.3. Formation of alumino-silicates

Silicate anions react with AlIII precursors to give

alumino-silicate compounds [13]. These reactions are

currently used for the synthesis of zeolites. Usually a

gel is formed when mixing the silica and alumina

sources.

� In alkaline solutions AlIII gives negatively charged

tetrahedral [Al(OH)4]ÿ species, a structure con-

sistent with its incorporation into a zeolite frame-

work. Because of the lower charge of AlIII

compared to SiIV, counter cations such as Na�

or [N(CH3)4]� have to be added for charge com-

pensation. They are known to play a major role in

the formation of the zeolite structure.

� At lower pH, when Fÿ is used as a mineralyzer

instead of OHÿ for instance, aluminum precursors

can give positively charged octahedral species.

The formation of alumino-silicates could then

be described as the complexation of cationic Al

species by silicate anions.

3.4. Condensation of VV

3.4.1. Formation of polyanions

The aqueous chemistry of high-valent cations such

as VV, MoVI and WVI is dominated by the formation of

polyoxometallates that exhibit compact, highly sym-

metrical molecular structures [14]. A large variety of

VV species can be found in aqueous solutions. At room

temperature they mainly depend on vanadium con-

centration and pH (Fig. 8). Monomeric orthovanadate

[VO4]3ÿ is the main species at very high pH and there

is no evidence for condensed vanadates at pH�14.

Condensation of the protonated [HVO4]2ÿ anion via

oxolation gives pyrovanadates [V2O7]4ÿ and then

metavanadates [V4O12]4ÿ as the pH decreases. In

all these polyanions, VV remains tetrahedrally coor-

dinated. Condensation proceeds via substitution oxo-

lation reactions leading to cycles or chains made of

corner sharing [VO4]3ÿ tetrahedra (Fig. 8). Coordina-

tion expansion, from four to six, occurs around H�/

V�2.5. This can be easily evidenced by the orange

coloration due to charge transfer electronic transitions.

Decavanadate species [V10O27(OH)]5ÿ are observed

in the pH range 5±3 where the neutral precursor

[VO(OH)3]0 begins to be formed. The mean negative

charge of these anionic species decreases as conden-

sation increases down to the point of zero charge

(pH�2). Below that pH value, monomeric cationic

species [VO2]� are formed in which VV is sixfold

coordinated [7,14].

As for polycations, the condensation of polyanions

remains always limited, leading to solute compact

species. With tetrahedral VO4 units, only corner shar-

ing polyanions can be formed, leading to short chains

or cycles. Octahedral unit MO6 can share edges and �-

oxo bridges tend to adopt the highest possible coor-

dination. In order to decrease electrostatic repulsion

between highly charged cations, VV are shifted toward

a terminal oxygen (V=O bond) leading to strongly

distorted VO6 octahedra in which V±O distances

range from 1.6 to 2.3 AÊ . The basicity of these terminal

Fig. 7. Polymerization of silica in basic and acid conditions [12].
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V=O oxygen atoms is too small for protonation to

occur and condensation stops at this stage.

3.4.2. Formation of V2O5; nH2O gels

Vanadium pentoxide gels can be synthesized via the

acidi®cation of aqueous solutions of sodium metava-

nadate NaVO3. Protonation is usually obtained by

adding an acid to aqueous solutions of vanadate salts

but it can be better performed via a proton exchange

resin so that counter anions or cations are removed

from the solution. The solution turns yellow as soon as

acidi®cation is performed leading to decavanadic acid

[H2V10O28]4ÿ. The solution then progressively

becomes dark red and its viscosity increases upon

aging showing that highly condensed species are

formed.

A red±brown xerogel V2O5,1.8H2O is obtained

upon drying in air at room temperature. It has been

shown that this compound exhibits a layered structure

made of V2O5 ribbons [15].

As for polycations, decavanadate [V10O26(OH)2]4ÿ

cannot behave as a precursor, or building block, for

the oxide network. Neutral species [VO(OH)3]0,

arising from the dissociation of decavanadic acid

at low pH should then be considered as molecular

precursors:

�V10O26�OH�2�4ÿ � 4H3O� � 28H2O

, 10�VO�OH�3�OH2�2�0:

In this precursor, vanadium is sixfold coordinated

with one water molecule along the z axis, opposite to

Fig. 8. VV species formed in aqueous solutions.
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the short V=O double bond and another one in the

equatorial plane, opposite to an OH group (Fig. 9(a)).

One V±OH2 and three V±OH bonds are formed in the

equatorial plane so that x and y directions are not

equivalent. Fast olation reactions should occur ®rst

along the H2O±V±OH direction. This leads to the

formation of corner-sharing olated chain polymers.

Slower oxolation reactions transform �2-OH bridges

into �3-O bridges forming double chains. Further

oxolation involving the last OH groups links these

double chains together via �2-O bridges so that rib-

bon-like ®bers are formed in agreement with experi-

mental data (Fig. 9(b)).

4. Complexation and chemically controlled
condensation

The formation of condensed phases from aqueous

solutions is mainly governed by the pH of the solution.

However most aqueous systems also contain counter

ions introduced during the dissolution of inorganic

salts in water. Foreign ions (anions or cations) are also

often added in order to improve the process and obtain

the desired products. Such ions, even when added in

small amount, can change the coordination sphere of

solute precursors (complexation) and therefore control

their reactivity toward condensation. The morphology,

Fig. 9. Suggested mechanism for the formation of V2O5, nH2O gels: (a) coordination expansion and (b) condensation.
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structure and even chemical composition of the result-

ing solid particles can be modi®ed via complexation

[16,17].

Spherical hematite particles (�-Fe2O3) are obtained

when aqueous solutions of FeCl3 are heated under

re¯ux while acicular particles are formed with

Fe(NO3)3 in the presence of phosphate ions. Goethite

(�-FeOOH) is precipitated from Fe(NO3)3 while Aka-

ganeite (�-FeOOH) is obtained with FeCl3. The ther-

mohydrolysis of Ti(SO4)2 aqueous solutions leads to

anatase TiO2 while the rutile phase is formed in the

presence of chloride or nitrate. Cationic templates are

widely used for the hydrothermal synthesis of zeolites.

Zeolite A, sodalite and cancrinite tend to form in

aqueous Na�media while zeolites with low Al content

are favored by large cations such as tetraalkylammo-

nium (R4N�).

These examples show that anions (or cations) can

play an important role in the formation of condensed

phases from aqueous solutions. They have therefore to

be taken into account in the description of hydrolysis

and condensation reactions.

4.1. Complexation of cationic precursors

Negatively charged anions Xxÿ can react with

cationic precursors (and vice versa) to give metal

complexes. For monovalent anions, the reaction can

be written as follows:

�M�OH2�N �z� � xXÿ , �M�X�x�OH2�Nÿ�x��zÿx��

� �xH2O:

� corresponds to the number of water molecules

which are replaced by Xÿ, ��1 for monodentate

ligands such as Clÿ and ��2 for bidentate ligands

such as (SO4)2ÿ. Complexation leads to the formation

of new precursors and the whole hydrolysis±conden-

sation process can be modi®ed. Basic salts in which

both Xÿ anions and OH groups are present can even be

obtained when the complexing anion is not removed

during the nucleation and growth of solid phases.

Many data can be found in literature about the

formation of monomeric complexes but very little is

known about the complexation of oligomeric species.

Several parameters could be used to describe the

stability of these complexes in aqueous solutions,

electronegativity and pH seem to be the main ones [5].

� In aqueous solutions, complexes have to avoid

both ionic dissociation by the aqueous solvent

(e�80) and hydrolytic dissociation via the nucleo-

philic substitution by water molecules (Lewis

base). Both reactions depend on the extent of

electron transfer between metal cation and anion

within the M±X bond. As a general rule, anions

should be able to give complexes with cationic

precursors when their electronegativities are rather

close, i.e. when the M±X bond is rather covalent.

As all these reactions occur in water this means

that the mean electronegativity of anionic species

should be close to that of the aqueous solution i.e.

�H2O � �X�2.5. Highly electronegative anions

such as nitrate NOÿ3 or perchlorate ClOÿ4 mainly

behave as counter anions. They exhibit very poor

complexing ability and are usually not involved in

the formation of solid phases.

� Complexation in aqueous solutions also depends

on pH. Protonation or deprotonation reactions of

cationic and anionic species take place when

changing the pH. Acetates for instance give

CH3COOH and loose their complexing ability

below pH�4. The observed complexation con-

stant decreases and `̀ M±X'' complexes remain

stable over a limited range of pH only. As a general

rule, the pH at which complexes can be formed

shifts toward higher values when the charge Mz�

of the cation decreases and when the mean elec-

tronegativity of the anion decreases. Some anions

can be complexing at low pH, at the beginning of

the condensation process and become noncom-

plexing during the nucleation and growth of solid

particles. They are then released in the solution.

� Polydentate anions such as [SO4]2ÿ or [PO4]3ÿ

usually exhibit high complexing abilities. They

exhibit several protonated forms and are often

complexing over a wide range of pH. They can

behave as chelating or bridging ligands and could

be considered as network formers, leading to the

precipitation of salts, or basic salts, rather than

oxides or hydroxides.

4.2. Complexation and condensation of ZrIV

precursors

� Anions such as Clÿ (��2.3) do not give com-

plexes with ZrIV in an acid medium (pH�2). When
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dissolved in water, ZrCl4 is readily hydrolyzed

giving rise to h�2 species [Zr(OH)2(OH2)6]2�.

Olation then leads to the well-known cyclic tetra-

mer, [Zr4(OH)8(OH2)16]8� in which Zr atoms are

eightfold coordinated by four bridging OH groups

and four terminal water molecules. There is no Zr±

Cl bond (Fig. 10(a)) [18]. Adding ammonia leads

to the precipitation of amorphous hydrous zirconia

ZrO2, nH2O. However, Clÿ anions become com-

plexing between pH 5 and 9. They are then

released at higher pH but a significant amount

of anions remain adsorbed in the amorphous

oxide. They have to be removed by washing.

The amount of Clÿ retained by the precipitate

decreases as the final pH of precipitation

increases. A change in the final pH from 8 to

10 can alter the crystallization temperature by

2008C and the tetragonal-monoclinic transforma-

tion temperature by more than 10008C. Zirconia

can also be obtained via the thermohydrolysis of

an acid solution of ZrOCl2 (pH<3). Non-complex-

ing Clÿ anions are not involved in the polymer-

ization process and pure crystalline monoclinic

zirconia is obtained [19].

� Phosphates exhibit several protonated forms

[HnPO4](3ÿn)ÿ which are strongly complexing

over a large range of pH. They remain bonded

to ZrIV all the way during the formation of solid

phases giving rise to the precipitation of phos-

phates rather than oxides. Phosphoric acid reacts

with aqueous solutions of ZrIV giving �-

Zr(HPO4)2,H2O when the solution is refluxed

for several hours. This layered phosphate is built

up of negatively charged [Zr(PO4)2]n
2nÿ layers in

which phosphate groups are bonded to three

[ZrO6] octahedra (Fig. 10(b)) [20].

Fig. 10. Solid phases formed via the precipitation of ZrIV precursors: (a) ZrOCl2�8H2O, (b) �-Zr(HPO4)2�H2O, and (c)

Zr(OH)2(NO3)2�4.7H2O.
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� Nitrates cannot form monodentate complexes with

tetrameric zirconium precursors and hydrous zir-

conia is obtained by adding a base to an aqueous

solution of zirconium nitrate. However a basic salt,

Zr(OH)2(NO3)2�4.7H2O, can be precipitated from

concentrated zirconium nitrate solutions at low

pH. It is made up of [Zr(OH)2(OH2)2(NO3)]�

chains in which zirconium atoms are eightfold

coordinated by four OH groups, two water mole-

cules and one chelating nitrate. These chains are

held together by hydrogen bonds through addi-

tional water molecules and non-complexing

nitrate groups located between the chains

(Fig. 10(c)) [21].

� Sulfates [HnSO4](2ÿn)ÿ form complexes with ZrIV

precursors up to pH�11. They can displace OH

groups from hydrolyzed ZrIV species and form

sulfate bridges between zirconium atoms. Zirco-

nium sulfate Zr(SO4)2�4H2O is readily crystallized

from sulfuric acid solutions. Many basic zirco-

nium sulfates have been described in which

(SO4)2ÿ groups behave as bridging ligands

between zirconium atoms. Moreover sulfate

anions can be used to control the precipitation

of zirconia. Polydispersed ZrO2 particles are

obtained when an acidic aqueous solution of

ZrOCl2�8H2O is refluxed whereas monodispersed

spherical ZrO2 particles are formed in the presence

of K2SO4. Complexation with (SO4)2ÿ anions

leads to the in situ generation of sulfate complexes

which behave as precursors for nucleation. Protons

are formed during the process and noncomplexing

(HSO4)ÿ anions are released at a further stage

leading to the precipitation of zirconia free of

sulfate.

5. Conclusion

This paper describes the synthesis of metal oxides

or hydroxides from aqueous solutions. Chemical

mechanisms have mainly been analyzed in the frame

of molecular orbital theory and the partial charge

model. The chemical reactivity of molecular precur-

sors was described as a function of chemical para-

meters such as electronegativity and pH. However

many other parameters such as temperature and the

role of templates should also be taken into account.

� Heating allows a faster diffusion of solute species.

The dielectric constant of water decreases drasti-

cally when the temperature increases and water

looses its properties as a good solvent toward ionic

species. Ionic dissociation becomes less important

so that ion-pairs and neutral complexes are more

often observed.

� Templates are also often used in order to obtain the

desired phase. Their role has not been described in

this paper. It could be related to the complexation

of molecular precursors but weak interactions (van

der Waals, hydrogen bond, hydrophilic±hydropho-

bic interactions, solvation, etc.) should also be

involved.

It appears that much work has still to be performed

before reaching a complete understanding of the

aqueous chemistry of metal cations, from monomeric

precursors to oligomeric condensed species and pre-

cipitated solid phases.

5.1. The partial charge model

The partial charge model (PCM) is based on the

electronegativity equalization principle stated by R.T.

Sanderson as follows: `̀ when atoms initially different

in electronegativity combine, they adjust to the same

intermediate electronegativity in the compound'' [22].

The main consequence is that both the electronega-

tivity �X of a given atom X and its partial charge �X

vary when this atom is chemically combined. These

two parameters must be related. A linear relationship

is usually assumed as follows:

�X � �0
X � �X�X; (8)

where �X is the hardness of atom X as introduced by

Pearson. Hardness is related to the softness �X�1/�X

which provides a measure of the polarizability of the

electronic cloud around X. Softness increases with the

size of the electronic cloud, i.e. with the radius r of X.

Therefore hardness varies as 1/r. According to the

Allred±Rochow scale, electronegativity is propor-

tional to Zeff/r
2 [23].

Hardness may then be approximated as

� � k
�����
�0

p
; (9)

where k is a constant that depends on the electrone-

gativity scale, k�1.36 when Pauling electronegativ-
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ities are expressed in the frame of Allred±Rochow's

model (Fig. 11).

The total charge z of a given chemical species is

equal to the sum of the partial charges of all individual

atoms z�Pÿ�i. This together with Eqs. (8) and (9)

leads to the following expressions for:

the mean electronegativity � �
P

i

�����
�0

i

p
� 1:36zP

i1=
�����
�0

i

p
(10)

and

the partial charge �1 � ��ÿ �0
l �=1:36

�����
�0

i

q
: (11)

Eq. (11) can also be written as

�i � �i��ÿ �0
i �; (12)

where

�i � 1:36

�����
�0

i

q� �ÿ1

: (13)

The partial charge model provides an easy way to

work out the mean electronegativity of chemical

species and the charge distribution on each atom.

In the case of the water molecule for instance

Eqs. (3) and (5) lead to �(H2O)�2.49, dH��0.2

and dO�ÿ0.4.
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