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When the preferred coordination is not satisfied, condensation can occur by nucleophilic
addition with an attendant increase in the coordination number of the metal cation
X
M;— OX + M; —OY — M; — O — My— OY (2.8)

The size of condensed species depends on many parameters such as pH, concentration
or temperature, the main being the hydroxylation ratio 1 = OH/M.

The "charge-pH" diagram is then a very useful guide for sol-gel chemistry as
condensation only occurs within the OH domain (Figure 2.1). Condensation is
generally initiated via acid-base reactions by adding a base to low-valent aquo-cations

or an acid to high-valent oxy-anions.

@

Fig.2.3. A schematic diagram of olation.

The two main mechanisms for condensation are called olation and oxolation. In both
cases polynuclear species are formed via the elimination of water molecules from the
coordination sphere of the metal cation containing at least one M-OH group [33].

Olation is a condensation process in which a hydroxy bridge (‘ol' bridge) is formed
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between two metal centres. According to Ardon et al [34] [35], olation occurs via a
intermediate reaction involving H30O, bridging ligands. It is shown in Figure 2.3.

Since H,O is the leaving group, the kinetics of olation are related to the lability (ability
to dissociate) of the aquo ligand, which depends on size, electronegativity [36] [37], and
the electronic configuration of M [38]. In general, the smaller the charge and the larger
the size, the greater the rate of olation.

Oxolation is a condensation reaction in which an oxobridge (—O—) is formed between
two metal centres. For the co-ordinately unsaturated metal, the oxolation occurs

according to:

O 0]
/ 7\
—M + M— — —M M — Edge-shared polyhedra (2.9)
/o N/
@) o)
O 0]
/ 7\
—M + O—M— — — M- O - M — Face-shared polyhedra  (2.10)
AN N /
0] 0]

For the co-ordinately saturated metal, oxolation occurs by two-steps in the following:

H
|
M — OH + M — OH — M— O — M — OH 2.11)
H OH |
|
M—O—M — M—0—M+H0 (2.12)

The first step (Eq. 2.11) is catalysed by bases (Eq.2.13 & 2.14).
M—OH+0OH — M—0"+ H,0 (2.13)

M—O +M—OH—>M—0—M+O0OH" (2.14)
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The second step (Eq. 2.12) is catalyzed by acids (Eq. 2.15 & 2.16):

H H
| |
M— O —M — OH + Hs0* = [M — O — M — OH,J* + H,0 (2.15)
l
H
|
M—0—M+H0" "° [M—O—M+H0 (2.16)

Compared to olation, oxolation occurs over a wide range of pH, but due to the two-step
process, kinetics is slower and never diffusion-controlled.

As an example, Figure 2.4 shows early stages of the hydrolysis and olation of AP
which could be expressed as the following [39]:

1). The dimerization of the h=1 [A1(OH)(OH,)s]** precursor leads to edge sharing

dimers.

H
|
o)

7/ N\

2[AI(OH)(OH)s]** « [(H20)s—Al Al—(OHz)4]** + 2H,0 (2.17)

N\ /
0]
|
H

2). Further hydrolysis leads to trimeric species formed by adding one hydrolysed
monomer (h=2) to the previous dimer.

[Al(OH)2(OHy)s]** + [AI(OH)2(OH,)s] “—[Al;(OH)(OH,)s]**+H,0 (2.18)
Olated polycations are formed during the first steps of condensation [40] [41]. Only a
few polycations are known for AI**. The first hydroxylation stages (I=OH/Al < 2) leads
to the formation of [AI(OH)(OH,)s]** and [Al(OH),(OH,)s]*. Olation then leads to

oligomeric species in equilibrium with monomers. Some Al polycations have been
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evidenced [27]; such as [Al,(OH),(OH,)s]** dimer, [A13(OH)4+,<(OH2)9.X](5"‘)+ as well as
the well known Al;3 polycation [Al;304(OH)24(OHz)12]"* [27] by X-ray crystallography
of the corresponding sulphate salts, SAXS, and a narrow *’Al NMR resonance. It is
made of one tetrahedral [AlO4] surrounded by four groups of three octahedral [AlOg].
The trimeric species [Alz(OH)4(OHa)o]*" is easily deprotonated by:

[Al3(OH)4(OH,)o]* "+ H,0 — [Al;O(OH)3(OHy)s]** + H;0" (2.19)
Then a nucleophilic oxygen atom is formed, which can react with [AI(OH,)s]** species.
The nucleophile addition of four deprotonated trimers onto a single aqui-ion leads to the

formation of the [Al;304(OH)24(OHa);2]™* polycations.

l3+

Fig.2.4. Early stages of the hydrolysis and olation of A
[39].

; 0=OH group. From ref.

Hydrolysis and condensation are actually affected by many other factors such as
temperatures, anions [42-44], and catalysts [45]. Heating allows a faster diffusion of
solute species. The dielectric constant of water decreases drastically when the

temperature increases and water looses its properties as a good solvent toward ionic
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species. Ionic dissociation becomes less important so that ion-pairs and neutral
complexes are more often observed.
II.1.3  Gelation, aging and drying
The hydrolysis and condensation lead to the growth of clusters that eventually collide
and link together into a gel. Some models have been set up to explain the process of
gelation [46-48]. However, most of these models must generally be studied by
computer simulations and are not very good when compared with experimental
observations. Due to the complicated nature of the gelation process, there is no model
that can wholly describe the process of the gelation.
The processes of change during aging after gelation are classified as polymerisation,
coarsening and / or phase transformation.
The typical polymerisation process is demonstrated in a SiO, gel. The increase in
connectivity of the network is produced by condensation reactions, such as
=S8i-0O-H+H-0-Si=->=8i-0-Si=+H,0 (2.20)
Apart from condensation, aging can result in other reactions such as further hydrolysis:
=Si~-0-R+H,0—>=8i-0-H+ROH (2.21)
Shrinkage is the most important phenomena in the aging process, which results in the
expulsion of liquid from pores. Aging a gel before drying helps to strengthen the
network and thereby reduces the risk of fracture [49].
After aging, the gel is heated to around 200°C and the absorbed water or structured
water or other organic solvents are evaporated from the gel. This process is called
drying. Drying produces a pressure gradient in the liquid phase of a gel, which leads to
differential shrinkage of the network when the exterior of the gel tries to shrink faster
than the interior, tensile stresses arise that lead to fracture the network at the exterior as

shown in Figure 2.5.
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The classic work of Griffith [S0] has given the mechanism of fracture of brittle
materials. The theory of linear elastic fracture mechanics (LEFM) [51-53] indicates that

catastrophic crack propagation occurs when
o Nm 2K, (2.22)

where K¢ is a material property called the critical stress intensity factor; ¢ is the crack

size; and o, represents the applied stress (see Figure 2.6).

e -
M ——b
e onmaliipe
o e o avafine 5
X X
e . o
g L _oadt
e : i
e d R i
i
' . :'0 ::: t.o'ozo‘o .o .0 " : RJ .6 .0.0.0 .o'o.é't‘c.c 0‘0 :‘: :::::‘: '

Fig.2.5. Schematic illustration of stress relief by cracking at the drying surface of a
gel. From ref. [55].

Crack growth is called ‘catastrophic’, because the stress intensity (the left side of Eq.
(2.22)) increases with the size of the crack, so the bigger the crack gets, the faster it goes
until it reaches the speed of sound.

Cracking is sometimes attributed to the existence of pore size distribution in the gel [54]

as is indicated in Figure 2.7. The higher tension in the smaller pore creates stress that
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cracks the ‘wall’ between the pores. This provides a simple explanation for the

observation that cracking often occurs at the critical point, as the pores begin to empty.

o}

X

v
3
x
o
X
"

v ¢

o

> 4

Fig.2.6  Illustration of applied stress on sample containing cracks. The stress at
the tip of the crack, o, is greater than the stress applied to the body, o, and

increases with the crack size according to o, G'X\/E . From ref. [55].

It does not explain cracking in the drying process when there is slower evaporation.
The process of slow drying is very complicated, accompanying with continuous
hydrolysis and condensation. Some modified models have been selected to explain the
mechanism of cracking during the drying process, especially in the process of slow
drying.

Many techniques have been developed to prevent cracking during drying such as
chemical additives, supercritical drying and freeze-drying.

For thin films, the problem is very interesting. In general, inorganic films thinner than

~0.5 um do not crack, regardless of the drying rate, whereas films thicker than ~ 1.0 pm
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are virtually impossible to dry without cracks [55-58]. The drying stresses due to
shrinkage of films in the drying process lead to the cracking. This behaviour may be
analogous [59] [60] to crack growth in composites containing inclusions, where the
thermal expansion mismatch causes cracks to appear near large inclusions, but not near

small ones.

B

@

(b)

Crack
Fig.2.7. Schematic illustration of cracking resulting from draining of nonuniform
pores (a) Liquid covers surface before drying starts; (b) larger pores empty first,

after critical point. The higher tension in the smaller pore creates stress that
cracks the “wall” between the pores. From ref. [59].

II.1.4 Heat treatment

The dried gels are further heated at a higher temperature and a series of structure
changes occur during this heat treatment process.

In general, between 200°C ~ 600°C heating, concurrent weight loss and contraction are
attributed primarily to the removal of organics (principally weight loss), polymerisation

(shrinkage and weight loss) and structure relaxation (shrinkage only). For example,
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structure changes of silicate xerogels prepared from TEOS using an acid-catalyzed
process with a large excess of water are shown in Figure 2.8a and b [61], where IR and
Raman spectra are respectively compared to the corresponding spectrum of the silicate
precursor, TEOS. The major features of the Raman spectra associated with network
vibrational modes are the 430, 800, and 980 cm™ bands. Corresponding IR bands are
observed at 460, 800, and 1080 cm™. The 980 cm™ (Raman) and the 1080 cm” (IR)
bands are assigned to Si-O-Si anti-symmetric stretching modes, respectively. The ~800
cm™ vibration is associated with symmetric Si-O-Si stretching or vibrational modes of
ring structures. Bertoluzza et al [62] assigned the 430 (Raman) and 460 (IR) cm’
vibrations to Si-O-Si bending modes. The removal of organics is attributed to the
weight loss, but it occurs with little associated shrinkage [63] [64]. Shrinkage in this
process is caused by continuing condensation reactions, which occur both within and on
the surface of the inorganic skeleton. The network is further densified through
structural relaxation, an irreversible process in which the free energy decreases through
bond restructuring or rearrangement with no associated weight loss [65]. Structural
relaxation occurs by diffusive motions of the network. Both condensation and structural
relaxation contribute to skeletal densification.

In the crystalline system, the conversion of amorphous to crystallisation [66] is
occurred. Structural evolution may be dominated by the effects of phase transformation
[67], which often occurs in conjunction with dehydration or when metastable
transitional phases are involved. The changes of the coordination numbers of the
network species (e.g. AP’ or Ti*") may happen during both phase transformation and
crystallisation of amorphous system. The addition of "seeds" can be used as a viable

approach to control the microstructure during nucleation and crystal growth.



2
& % F

, %
> @

52 # 1 XY#Z

-\
[5 2 C D < \
5 & el ird
>% @
6&6Q6 . or?
9 ) . ) L > @ ( L >%@

6 A2 C6



Chapter Il Literature review 22

One of the most thoroughly studied crystalline gel system is alumina, in which
structural and morphological changes accompanying phase conversions have been
invesﬁgated by many researchers [1] [29] [68-72]. A typical sequence of crystallisation
deduced from XRD [68-70] is the following:

300°C 850°C 1100°C > 1200°C
AIOOH — y-AlbO3 — 0-Al,03 — B6-AlbO; — «a-AlO3 (2.24)
or

400°C 1150°C

Al(OH); — n-Al,O3 — 6-and a-Al;03 (2.25)

Heating causes dehydration and rearrangement leading to a series of transitional

aluminas and finally 0—Al,0;.
II.1.5 Crystallisation kinetics

Crystallisation is the final stage of sol-gel processing for a crystalline system, in which
it is very important to control the crystallisation process. In general, allowing for
nonspherical crystals and time-dependent nucleation rates, the amount of transformed
crystals can be expressed by the John-Mehn-Avrami equation [73-76] as the following:
x=1-exp[-(k)"] (2.26)
where x is the ratio of transformed crystals, k is a temperature-dependent function
related to viscosity and the rate of crystal growth, n is a constant. Eq.(2.26) applies
only for isothermal phase transformation. |
A common method of analysis of nonisothermal crystallisation data is to assume that k
in Eq.(2.26) can be represented by the Arrhenius equation,
k=k,exp(Q/RT) (2.27)

where ko is a constant and Q is an activation energy for crystallisation.
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I1.2  Sol-gel studies of some important systems

I1.2.1  Sol-gel processing of Si**, Zr*', Ti*", and AI**

T LTI T T oqom
g il ISIOOE | L e
P R EEREREREERE RN N
NEEEEERRENSET sl RRRERERENEE
Eo | T siom® L P
‘m 3 —— —— —— —— —— —
gisiomsom’t{ ) P |
T o B 2 O B S S O S
i N I T - T (R S A I S I I
5 e e e
0:5!!"'!!!!!!!!1'5!!!
0 2 4 6 8 10 12 14

pH
Fig.2.9. Hydrolysis of Si ** in dilute aqueous solutions from the partial charge
model. From ref. [23] [24].
Numerous sol-gel systems have been studied. The systems, including SiO,, Al,Os,
Zr0O,, or TiO, components, are widely studied due to their structures, properties and
widespread applications in various industries.
The polarising power of tetravalent cations (Si**, Ti**,Zr*") is too strong for aquo-species
to be formed, even at low pH.  They usually give aquo-hydroxo, hydroxo, or
oxospecies in aqueous solution [77].
IL.2.1.1  For Si*, the partial charge model [23] [24] leads to four different hydrolyzed
precursors [HySi04]“™, ranging from {Si(OH)3(OH,)}*(h=3) at pH=0 to [SiO,(OH),]*
(h=6) at pH=14 as shown in Figure 2.9. Si*" remains tretrahedrally coordinated over
the whole range of pH. Condensation occurs via oxolation due to the lack of any

coordinated water molecules in the tetrahedral [H,SiO4]“™ precursors.
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The amorphous hydrated silica gels are formed from the major precursor neutral
[Si(OH),4]° via oxolation in the pH range of 3~9 as following:
Si(OH); <> SiO; +2H,0 (2.28)
MONOMER
DIMER
cYcLc

PH<7ORpH7-10  PARTICLE

WITH SALTS o
PRESENT pH 7-10 WITH
/A \.SALTS ABSENT

THREE-DIMENSIONAL
GEL NETWORKS

Fig.2.10. Polymerization of silica in basic and acid conditions. From ref. [60].

Gelation is very slow and goes through a minimum around pH~3, but the reaction rates
can increase significantly after adjusting the pH. The oxolation reactions are
significantly affected by the catalysis. At pH>3, base catalysis occurs. Anionic
precursors [SiO(OH);]™ are better nucleophiles than [Si(OH)4]° increasing the rate of the
nucleophilic addition. Gelation occurs readily around pH 7~8. Large colloidal particles
are formed and dense opaque gels are obtained. Condensation between surface OH
groups then leads to fast aggregation and the formation of unstable gels. Upon drying,
these gels give highly porous silica.  Below pH ~3, acid catalysis leads to the

protonation of the leaving silanol groups and the chain polymers are formed.
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