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Introduction

The sol±gel process consists basically of the synthesis of an
amorphous inorganic network by chemical reactions in solu-
tion at low temperature. The most prominent feature of this
process, the transition from a liquid (solution or colloidal
solution) into a solid (di- or multiphasic gel) led to the ex-
pression ™sol±gel process∫.[1] Any molecule able to undergo
hydrolysis and polycondensation reactions, and, therefore,
to form reactive ™inorganic∫ monomers or oligomers, can be
used as a precursor for sol±gel techniques.[2] Nevertheless,
most work in the sol±gel field has been performed with
metal alkoxides as precursors, since they provide a conven-
ient source for ™inorganic∫ monomers, with the advantage
of being soluble in common organic solvents. Another ad-
vantage of the alkoxide route is the possibility to control hy-
drolysis and condensation kinetics by solution chemistry,
rather than by surface or colloidal chemistry. In solution,
the alkoxides are hydrolysed and condensed into polymeric
species composed of metal±oxygen±metal bonds.[3] At the

functional group level, three reactions are generally used to
describe the sol±gel process, as shown bellow for silicon alk-
oxides, Si(OR)4 [Eqs. (1)±(3)]:

[4]

ðROÞ3Si�OR þ H2O
hydrolysis

esterification
������! ������ ðROÞ3Si�OH þ ROH ð1Þ

ðROÞ3Si�OH þ RO�SiðORÞ3
alcohol condensation

alcoholysis
����������! ����������

ðROÞ3Si�O�SiðORÞ3 þ ROH
ð2Þ

ðROÞ3Si�OH þ HO�SiðORÞ3
water condensation

hydrolysis
���������! ���������

ðROÞ3Si�O�SiðORÞ3 þ H2O
ð3Þ

It is clear from the above equations that the structure of
sol±gel materials evolves sequentially, being the product of
successive and/or simultaneous hydrolysis, condensation and
their reverse reactions (esterification and depolymerization).
Thus, by chemical control of the mechanisms and kinetics of
these reactions, namely the catalytic conditions, it is possible
to tailor the structure and properties of the gels over a wide
range.

Actually, these reactions never result in the formation of
pure oxides,[5] and the overall hydrolytic polycondensation
reaction can be written as Equation (4):[6]

nSiðORÞ4 þ mH2O ! SinO2n�ðaþbÞ=2ðOHÞaðORÞb
þð4n-bÞROH

ð4Þ
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Abstract: Monolithic porous silica xe-
rogels were synthesized by the sol±gel
process, and their local structure was
analysed by vibrational spectroscopy.
The silica alcogels were prepared by a
two-step hydrolytic polycondensation
of tetraethoxysilane (TEOS) in isopro-
panol, with a water/TEOS molar ratio
of 4. The hydrolysis step was catalysed
by hydrochloric acid (HCl), with differ-
ent HCl/TEOS molar ratios (ranging
from 0.0005 to 0.009), and the conden-
sation step was catalysed by ammonia
(NH3), with different NH3/HCl molar

ratios (ranging from 0.7 to 1.7). After
appropriate ageing, the alcogels were
washed with isopropanol and subcriti-
cally dried at atmospheric pressure.
The diffuse reflectance infrared Fourier
transform (DRIFT) spectra were ana-
lysed in terms of the main siloxane
rings that form the silica particles,
taking into account the splitting of the

nasSi�O�Si mode into pairs of longitu-
dinal and transverse optic components,
by long-range Coulomb interactions. It
was proven that the proportion of re-
sidual silanol groups (which correlates
with hydrophilicity), and the fraction of
siloxane 6-rings (which correlates with
porosity) may be tailored by adequate
catalytic conditions, mostly by the hy-
drolysis pH. This was explained in
terms of the reactions× mechanisms
taking place in the two-step sol±gel
process followed.
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in which m=2n+ (a�b)/2. The resulting gel is chemically
unstable, since its alkoxy (OR) groups are subject to further
hydrolysis by the presence of unreacted water. Consequent-
ly, the dry gel (xerogel) obtained by removal of the residual
solvent is also unstable, since the remaining hydroxyl (OH)
groups can further condense by exposure to moisture. The
net result is a ™living∫ material that undergoes structural
modifications, even months after preparation.

Usually, any attempt to reduce the concentration of OR
and OH terminal groups, either by changing the reaction pa-
rameters or by thermal treatment of the xerogel, resulted in
a dramatic reduction of porosity.[6] This severely limits the
range of applications of xerogels, namely when high porosity
is required. Recently, we have shown the possibility of pro-
ducing rather stable silica xerogels with increased porosity,
by a tight control of the hydrolysis and condensation catalyt-
ic conditions in a two-step sol±gel process.[7] This is a modifi-
cation of the two-step method developed by Brinker
et al. ,[8,9] and allows increasing the overall yield of silica pro-
duction by an efficient separation of the hydrolysis and con-
densation mechanisms. The silicon alkoxide is firstly hydro-
lysed in a strong acidic medium, at such pH values that con-
densation reactions are very slow,[10] according to the follow-
ing mechanism given in Equations (5) and (6):[1]

SiðORÞ4 þ Hþ
fast
�! � ðROÞ3Si�ðORHÞþ ð5Þ

ðROÞ3Si�ðORHÞþ þ H2O
slow
��! ��HO�SiðORÞ3 þ ROH þ Hþ

ð6Þ

in which R is an alkyl group or a hydrogen atom. The sol is
then neutralised to promote the condensation reaction
under a base catalysed mechanism, as shown in Equa-
tions (7) and (8):[8]

ðROÞ3Si�ðOHÞ þ HO�
fast
�! � ðROÞ3Si�O� þ H2O ð7Þ

ðROÞ3Si�O� þ HO�SiðORÞ3
slow
��! �� ðROÞ3Si�O�SiðORÞ3 þ OH�

ð8Þ

in which R�H or Si(OR)3. Within this two-step process, at
the onset of condensation there are mostly hydroxyl groups
bonded to silicon; this favours cross-linking. Furthermore,
the base-catalysed polymerisation mechanism also favours
cross-linking, since the extension of Equation (7) increases
with the Si�OH acidity, which is stronger for the already
more cross-linked clusters. The net result is that the larger
polymers grow at expense of the smaller ones, originating a
highly cross-linked gel, which is essentially pure silica.[8,9]

By tuning the acid and base contents in each step, we
were able to tailor the particle dimensions, pore morpholo-
gy, density and porosity of the silica xerogels, from relatively
dense to highly porous ones.[7] Such drastic changes in mor-
phology and physical properties must be correlated to struc-
tural modifications at molecular level. Vibrational spectro-
scopy, in particular diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT), has already proven very
valuable to characterise silica xerogels, providing informa-
tion on the structural units, porosity, residual silanol groups

(that determine the gels× hydrophilicity) and other structural
defects.[11±13] As the present paper aims to correlate structur-
al with macroscopic characteristics of the gels, a brief review
of the state of the art on this matter will follow.

The fundamental structural units of silica gel are similar
to those of vitreous silica and the vibrational features may
be explained accordingly. The starting point for interpreting
the vibrational spectra of AX2 glasses was the central force-
field model proposed by Sen and Thorpe,[14] and later devel-
oped by Galeener.[15] Bearing in mind the long-accepted
structure of these glasses (a continuous random network of
nearly perfect AX4 tetrahedral units[16]), the central force
model assumes that the local order of the basic tetrahedra is
largely retained, and only takes into account the nearest-
neighbour central force between A and X atoms. Since the
noncentral force constants (such as angle bending) are gen-
erally small, this simplification is satisfactory for represent-
ing high-frequency (i.e. A�X stretching) vibrational modes.
The A�X�A coupling angle between tetrahedra (q, in
Figure 1) may vary between 908 and 1808, and determines to
a large extent the importance of the collective effects.

For q=908, the effective coupling between neighbouring
tetrahedra is zero, and the two high-frequency modes of an
isolated AX4 unit (namely a totally symmetric singlet, A1,
and an antisymmetric triplet T2) retain the molecular-like
character. As q increases, so does the coupling, and those vi-
brational modes become extended band-like solid-state
ones, as a consequence of the bonding and antibonding
bands emerging from sp3-hybridized atomic orbitals. There
is a critical angle, qc, above which the solid-state effects pre-
dominate.[14] In the case of glassy SiO2, q has a fairly broad
distribution of values (estimated to lie between 1208 and
1808), with a maximum at ~1408,[17] and qc was found to be
1178.[18] As a result, q>qc, which means that the solid-state
effects take over and so the high-frequency modes are band-
like. This model allowed the calculation of the bands× limit-
ing frequencies as a function of q, according to Equa-
tions (9)±(12):

w2
1 ¼ ða=MOÞð1 þ cosqÞ ð9Þ

w2
2 ¼ ða=MOÞð1�cosqÞ ð10Þ

w2
3 ¼ ða=MOÞð1 þ cosqÞ þ ð4a=3MSiÞ ð11Þ

w2
4 ¼ ða=MOÞð1�cosqÞ þ ð4a=3MSiÞ ð12Þ

Figure 1. Schematic diagram of the local order assumed for AX2 glasses,
showing two AX4 units and the intertetrahedral angle, q.
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in which the pairs (w1,w2) and (w3,w4) are the edge-angular
frequencies of the two high-frequency bands, a is the central
force constant, and MO and MSi are the atomic masses of
oxygen and silicon.[14] This model was later extended to ac-
count for the presence of small, planar rings, improving the
agreement between the calculated bands limits and the ex-
perimental results,[19] as all network glasses contain complete
rings of bonds. For vitreous silica, for instance, the interpre-
tation of the sharp Raman bands D1 and D2, at 495 and
606 cm�1, respectively, led to considering the existence of
both siloxane 3- and 4-rings (rings containing three and four
silicon atoms, respectively).[20] For silica gels, it was proposed
that the tetrahedral units are mostly arranged in siloxane 4-
rings, which are thermodynamically favoured, not excluding
the presence of less tensioned 6-rings, which are kinetically
favoured.[1,21, 22] The analysis of the vibrational spectra of dis-
ordered solids was not complete without the inclusion of
long-range interactions, provided by Coulomb fields associ-
ated with certain excitations of the system.[23,24] For crystal-
line solids, the effect of Coulomb forces on the phonon dis-
persion curves was well known in the late 1970 s:[25] in the
absence of retardation effects and when the wave vector of
the incoming light (k) is zero, there is a splitting of the opti-
cal modes into a pair of longitudinal-optic (LO)/transverse-
optic (TO) components. For glasses, although experimental
evidence pointed to LO±TO splitting,[23] the theoretical
problem was solved somewhat later, since disordered solids
have no microscopic translational invariance and so the
wave vector k is no longer a good internal quantum label.
For AX2 random networks, the equation of motion techni-
que was used to give numerical evidence of the LO±TO
splitting,[26] yielding a splitting of 140 cm�1 for the highest
frequency mode in vitreous silica, only slightly less than the
experimental value for a-quartz (~163 cm�1).[24]

In summary, for silica gels, it is expected that the high-fre-
quency infrared-active antisymmetric stretch Si�O�Si will
appear in the DRIFT spectra as a broad band, with limiting
frequencies determined roughly by the central force model
for each coupling angle. Specific band-limiting frequencies
will arise for each population of ring dimensions, since they
correspond to different average coupling angles. Moreover,
these bands will be split in two components (LO±TO), more
or less clearly separated, depending on the degree of long-
range interactions in the sample. It is the purpose of the
present work to use the information from DRIFT spectra to
highlight the local structural changes imparted in xerogels
by the chemical tailoring of their porous structure.

Experimental Section

Materials : The silica sols were prepared by using tetraethoxysilane
(TEOS) from Alpha Products (99% pure) as the silica source, 2-propa-
nol (iPrOH) from Riedel-de Haèn (reagent grade) as solvent, and distil-
led-deionised water. The catalysts used in the hydrolysis and condensa-
tion steps were HCl (from Riedel-de Haèn, 1n) and NH3 (from Merck,
33%, diluted to 0.1n), respectively.

Xerogels preparation : The silica alcogels were synthesized, aged and
dried following the procedure schematised in Figure 2.

TEOS was first diluted in half the amount of solvent. The remaining sol-
vent was mixed with water and added dropwise to the TEOS mixture,
under vigorous stirring. The reaction mixture was then acidified with the
required amount of HCl and its pH measured, without correction for a
nonaqueous medium. The acidic sol was placed in a high density polypro-
pylene sealed container, heated at 60 8C and stirred (140 rpm) for 60 mi-
nutes. The required amount of NH3 was then added, and the resulting ho-
mogeneous sol was left to gel, with no further stirring, in the sealed con-
tainers at 60 8C. To strengthen the silica network, the alcogels were aged
for 48 h at 60 8C: the first 24 h in the residual liquid, and the latter in an
ageing solution that contained TEOS, iPrOH, and H2O in the same pro-
portions as used for the alcogels synthesis (the volume of added ageing
solution was equal to the initial sol volume). The pore liquid was then ex-
changed with iPrOH to completely remove any residual water or TEOS
and the washed gels were dried at 60 8C under ambient pressure, partially
covered, until the weight loss became negligible. Following this general
procedure, two sets of alcogels were prepared with molar compositions
TEOS/H2O/iPrOH 1:4:9.2, and different HCl/TEOS (x) and NH3/HCl (y)
molar ratios, x ranging from 0.0005 to 0.009 and y from 0.7 to 1.7. The
samples were identified as HYD1000x and COND10y, as indicated in
Table 1.

Figure 2. Schematic representation of the sample preparation procedure.

Table 1. Sample identification in terms of the molar ratios x (HCl/TEOS)
and y (NH3/HCl).

Sample x Hydrolysis pH y

HYD0.5 0.0005 2.75 1.0
HYD1 0.001 2.45 1.0
HYD3

[a] 0.003 1.88 1.0
HYD5 0.005 1.71 1.0
HYD7 0.007 1.54 1.0
HYD9 0.009 1.36 1.0
COND7 0.003 1.88 0.7
COND10

[a] 0.003 1.88 1.0
COND13 0.003 1.88 1.3
COND17 0.003 1.88 1.7

[a] Samples HYD3 and COND10 are equivalent, and were prepared for
reproducibility check.
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Sample characterisation : The molecular structure of the xerogels was an-
alysed by diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy, by using a Mattson RS1 FTIR spectrometer with a Specac Se-
lector, in the range 4000±400 cm�1 (wide band MCT detector), at 4 cm�1

resolution. The spectra were the result of 100 added scans for each
sample, ratioed against the same number of scans for the background
(ground KBr, FTIR grade, from Aldrich). The sample preparation for
DRIFT analysis consisted simply in grinding a mixture of KBr and xero-
gel, in appropriate weight proportions, to obtain spectral absorbance in
the range of applicability of the Kubelka±Munk transformation.[27]

Results and Discussion

Molecular structure : The DRIFT spectra of selected dried
samples are shown in Figure 3A (HYD series) and Fig-
ure 3B (COND series). The spectra were normalised to the
most intense absorption band, the nasSi�O�Si mode, at
~1090 cm�1, to allow comparing the band intensities relative
to the silica network.

They were interpreted taking into account that the ele-
mentary SiO4 units are arranged mostly in siloxane 4- (SiO)4
and 6-rings (SiO)6, as schematized in Figure 4.

Structural defects such as dangling oxygen atoms (residual
Si�OH and Si�O� groups) were also taken into account, but
other defects like smaller and larger siloxane rings were ne-

glected. The broad band centred at ~3400 cm�1 is assigned
to the O�H stretching mode of silanol groups and water (re-
sidual and/or adsorbed), involved in a variety of hydrogen
bonds. The presence of adsorbed water, although in trace
amounts for some samples, is confirmed by the correspond-
ing deformation band at ~1640 cm�1. The bands at 950 and
800 cm�1 are assigned to the dangling Si�O (ñSi�Od) and
the symmetric Si�O�Si (ñsSi�O�Si) stretching modes, re-
spectively. A small but distinct feature is observed at
~560 cm�1 in all the spectra. It has been correlated by
Kamiya et al.[28] and Yoshino et al.[29] to siloxane 4-rings, and
was lately assigned, by molecular orbital calculations, to the
4-ring vibration within the ring plane that results from the
coupling of the Si�O stretching to the O�Si�O and Si�O�Si
bending modes.[30] The band assignments proposed for the
DRIFT spectra are indicated in Table 2.

In the spectra of HYD samples (Figure 3A), there is a
gradual decrease of the bands at ~3400, 1640 and
~950 cm�1 with increasing molar ratio x (decreasing hydrol-
ysis pH), reflecting the decrease in the relative amounts of
residual silanol groups and adsorbed water. Therefore, more
hydrophobic materials are obtained by increasing the HCl/
TEOS molar ratio. This is consistent with a higher overall
yield of silica production, resulting from a larger hydrolysis
extent at the moment of ammonia addition. For COND
samples (Figure 3B), the same trend is observed with in-
creasing y, showing that the condensation extent of sols with
equivalent hydrolysis conditions is determined by the NH3/
HCl ratio, and also influences the xerogels× hydrophobicity.
Since the evolution is clearer for HYD samples, the follow-
ing detailed analysis will concern their spectra. Besides the
decrease of the silanol related bands, there is an evident

Figure 3. DRIFT spectra of selected samples with different x (A) and y
(B) molar ratios. The spectra were normalised to the maximum of the
nasSi�O�Si band.

Figure 4. Schematic diagram of the more common types of primary cyclic
arrangements of the structural units, SiO4, in xerogels: A) 4-ring (SiO)4
and B) 6-ring (SiO)6 siloxane.

Table 2. Band assignments of the DRIFT spectra in Figure 3.

Wavenumber [cm�1] Assignment

3800±2500 nO�H (H2O + SiO�H)
~1640 dH�O�H (H2O)
~1090 nasSi�O�Si (4- + 6-rings)
950 nSi�Od (Si�OH and Si�O�)
800 nsSi�O�Si (4- + 6-rings)
560 nSi�O coupled with dO�Si�O

and dSi�O�Si (in 4-rings)
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modification in the nasSi�O�Si band shape, showing that a
slight adjustment in the hydrolysis pH (from 2.75 to 1.36) is
responsible for structural changes in the silica network as
well. Additionally, there is a parallel decrease in the feature
at 560 cm�1, suggesting that these structural changes are as-
sociated to a reduction of the proportion of 4-rings.

To quantify the preceding analysis, a deconvolution of the
spectral region between 1350 and 700 cm�1 was performed
by a nonlinear least squares fitting method, by means of
Gaussian functions. The deconvolution profiles obtained for
the spectra in Figure 3A are shown in Figure 5, superim-
posed with the experimental results (dotted lines).

The best fit for the nasSi�O�Si band was obtained with
four Gaussians, with maxima at around 1220, 1160, 1080 and
1050 cm�1. These components must reflect the populations
of (SiO)6 and (SiO)4 units in the silica backbone structure,
and their assignments depend on a number of assertions:

1) The 4-rings are more tensioned, with q	1258, than the
6-rings, with q	1408.[31] Using these average values for
q, and bearing in mind that q>qc for both ring types,[18]

the limiting frequencies of the nasSi�O�Si bands can be
estimated by the simplified central force-field model,
Equations (11) and (12), resulting broader in the case of
6-rings (lower w3 and higher w4).

2) The expected LO±TO splitting due to long-range inter-
actions is of the order of 140 to 160 cm�1 for 6-rings.[24, 26]

3) The 4-rings are expected to be predominant in silica
gels.[1]

All these remarks point to the following tentative assign-
ments: the dominant and closer components, at ~1160 and
~1080 cm�1, correspond to the LO±TO pair of siloxane 4-
rings, and the minor and more apart ones, at ~1220 and
~1050 cm�1, to the LO±TO pair of 6-rings.
The quantitative results of the nasSi�O�Si band deconvo-

lution are summarized in Table 3 for all the samples. While
the position of the LO modes is almost insensitive to the
catalytic conditions, there is a clear shift of the TO compo-
nents to higher wavenumbers with increasing x and y. Con-
sequently, the LO±TO splitting decreases for both ring
types, in a good indication that the long-range Coulomb in-
teractions are reduced, probably due to a larger distance be-
tween interacting species, associated with a higher porosi-
ty.[7] There are also net variations of the percentual areas
with the ratios x and y : with increasing x, the relative areas
related to the 4-ring units decrease (LO from 44.5 to 37.1%
and TO from 44.1 to 36.1%), whereas those related to 6-
ring units increase (LO from 5.7 to 6.4 and TO from 6.6 to
20.4%). The same trend is observed when y increases up to
1.3 (sample COND13). Since both the positions and percen-
tual areas of the TO modes are more sensitive to the hydrol-

Figure 5. Deconvolution of the spectral region between 1350 and
700 cm�1 for selected samples with different HCl/TEOS molar ratios.
The dotted lines correspond to the experimental spectra.

Table 3. Main results of the deconvolution of the nasSi�O�Si band in Gaussian components for all the samples.[a]

HYD0.5 HYD1 HYD3 HYD5 HYD7 HYD9 COND7 COND10 COND13 COND17

LO (SiO)6 ñ 1222 1220 1222 1226 1224 1223 1220 1224 1224 1223
W 45 46 46 47 47 47 45 44 45 46
%A 4.7 5.4 6.1 6.2 6.9 6.4 5.3 4.8 5.7 6.0

LO (SiO)4 ñ 1163 1162 1163 1167 1166 1163 1162 1164 1165 1165
W 110 101 94 94 88 90 100 105 94 90
%A 44.5 40.9 38.6 37.2 31.7 37.1 40.6 42.6 37.3 35.9

TO (SiO)4 ñ 1075 1077 1084 1089 1091 1097 1076 1083 1092 1090
W 86 85 78 76 74 64 83 77 72 75
%A 44.1 46.1 44.1 42.3 43.7 36.1 49.3 40.4 37.2 44.8

TO (SiO)6 ñ 1037 1037 1046 1051 1058 1058 1036 1045 1053 1054
W 50 52 54 56 53 54 49 56 59 55
%A 6.6 7.6 11.2 14.4 14.4 20.4 4.8 12.1 19.9 13.2

%(SiO)6 11 13 17 20 21 27 10 17 26 19

[a] ñ : wavenumber of maximum absorption [cm�1]; W: full width at half maximum [cm�1]; %A: percentual area.
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ysis and condensation pH values, the bare modes (the intrin-
sic vibrations that are decoupled) must be closer to this
optic component, as pointed out by other authors.[24]

The percentages of 6-ring units in the silica network,
%(SiO)6, are listed in the last row of Table 3, and were ob-
tained simply by adding %A[LO(SiO)6] and
%A[TO(SiO)6]. There is a clear increase in the %(SiO)6
with x, and with y up to a value of 1.3. These results relate
perfectly with the prior evidence of a decrease in the pro-
portion of (SiO)4 units, given by the evolution of the
560 cm�1 band, and confirm the assignment of the nasSi�O�
Si components.

Also worthy of mention in Table 3 are the full-widths at
half maximum of the optic components (W): those of (SiO)6
units (both LO and TO) are almost invariant, while those of
(SiO)4 rings are large and decrease systematically with in-
creasing x and y. This may be ascribed to a local ordering of
the (SiO)4 population, accompanied by a narrowing in the
statistical distribution of coupling angles. Such evolution
must be related to a direct formation of 4-rings with increas-
ing x (more extensive hydrolysis prior to condensation), in-
stead of resulting from network relaxation processes involv-
ing 6- to 4-ring conversion.[22]

From the preceding analysis, it follows that the siloxane 4-
rings are predominant in all the xerogels prepared. Decreas-
ing the hydrolysis pH and/or increasing the NH3/HCl ratio
leads to an increase in the proportion of 6-rings (up to ~
30% for the pH range explored) and, therefore, to a more
three-dimensional, glass-like structure,[32] although more
porous.[7]

Degree of hydrophobicity : Given that all silica xerogels
contain small mesopores, moisture condensation in the
pores may lead to the collapse of the silica structure by ca-
pillary forces. However, some of the samples prepared in
the present work revealed a certain degree of hydrophobici-
ty (mainly those with higher x and y ratios). This was con-
cluded from the observed decrease in the silanol related
bands with increasing molar ratios x and y, and can be quan-
tified by deconvolution of the band centred at ~950 cm�1

(nSi�O modes in dangling oxygen atoms). As shown in
Figure 5, this band was fitted by two Gaussians, at ~960 and
~900 cm�1, assigned to the Si�OH and Si�O� groups, re-
spectively.[33] These groups are both hydrophilic, and so their
proportion in the total silica network [%(Si�Od)] may be
taken as a measure of the sample×s hydrophilicity degree. It
may be calculated by the following ratio of percentual areas
[Eq. (13)]:

%ðSi�OdÞ ¼ 100
 %AðnSi�OH þ nSi�O�Þ
%AðnasSi�O�Si þ nSi�OH þ nSi�O�Þ

ð13Þ

The evolution of this percentage as a function of the
molar ratio x, depicted in Figure 6, clearly shows that a
slight decrease in the hydrolysis pH is responsible for an ex-
ponential reduction in the proportion of surface hydrophilic
groups. Below pH 1.36 (x=0.009), no significant further de-
crease is foreseeable. This characteristic may be slightly im-
proved by increasing y from 1 (sample HYD3 or COND10)

to 1.3 (COND13), which induces a decrease in %(Si�Od)
from 12 to 8% in the samples with x=0.003. In conclusion,
the best results in terms of the xerogels hydrophobicity will
be attained for hydrolysis pH~1.4 and NH3/HCl ratio in the
condensation step of ~1.3.

Conclusions

By an efficient separation of the hydrolysis and condensa-
tion steps in the sol±gel process, through catalysis condition-
ing, it was possible to control individually the kinetics and
mechanisms of each step. This allowed us to tailor the local
structure of TEOS-based porous silica xerogels, as charac-
terised by DRIFT spectroscopy. All the samples prepared
are built upon a distribution of siloxane 6- and 4-rings, the
latter being predominant, as would be expected for silica xe-
rogels. However, the proportion of 6-rings may be increased
(up to ~30%) upon increasing the HCl/TEOS ratio in the
hydrolysis step and/or the NH3/HCl ratio in the condensa-
tion step. Simultaneously, there is a decrease in the fraction
of dangling oxygen atoms (unreacted silanol groups and
broken Si�O�Si bridges), resulting in a certain degree of hy-
drophobicity and, therefore, in the chemical stability of the
xerogels towards moisture. What is striking about these re-
sults is that these kinds of molecular changes (increase in
the 6-rings and decrease in the dangling oxygen proportions)
are usually observed upon the xerogels densification pro-
cesses, but here it appears associated to an increase in the
materials× porosity.
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