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Titanium oxo clusters or nanosized Ti—O particles with hydrophobic or hydrophilic character can be obtained by
varying the sol-gel synthesis conditions. These species are potentially interesting nano-building blocks (NBB) in the
design of textured materials. The reactivity of well-defined hydrophobic NBB towards different nucleophiles has
been characterised and discussed, in order to understand the processes taking place in the formation of
meso-organised hybrids. Subsequently, different synthesis conditions were used to generate textured titania-based
hybrid phases, using PEO-based surfactants as templating agents. The tuning of the interactions between the
template and the different kinds of nano-building blocks allow worm-like and hexagonal titania-based hybrid

phases to be reproducibly obtained.

Introduction

The combination at the nanosize level of inorganic and
organic or even bioactive components in a single material
makes accessible a new area of materials science that has
extraordinary implications for developing novel multi-
functional materials exhibiting a wide range of properties.!>
Among soft chemical processes, sol-gel chemistry* offers a
versatile access to new chemically designed hybrid organic—
inorganic materials.>~1° A deeper understanding and control
of the semi-local and long range order structures of these
materials is an important issue, especially if tailored properties
are being sought.

“Organised matter sol-gel chemistry” is indeed a quickly
developing area that has been growing throughout the last
decade.!! In this field, hybrid organic-inorganic phases are
very interesting, due to the versatility they demonstrate in the
building of a whole continuous range of nanocomposites,
from ordered dispersions of well defined inorganic building
blocks to highly controlled nanosegregation of organic poly-
mers within inorganic matrices. In the latter case, one of the
most striking examples is the synthesis of mesostructured
hybrid networks, precursors of mesoporous solids.!? All these
highly controlled textured phases derive from oxo metal-based
hybrid precursors, and in principle their construction can be
tailored by the adequate use of sol-gel methods.

Such control over the growth and morphology of these
materials can be achieved by following two main strategies: (i)
the assembly of well-defined inorganic nano-building blocks
(NBB) by using organic linkers;!? (ii) the use of organic tem-
plates which self-organise into complex structures, patterning
inorganic architectures built from molecular or NBB precur-
sors.!214 Both strategies can yield a large variety of more or
less textured nanocomposites depending on the nature of the
hybrid organic-inorganic interface and the stability of the
NBB towards the nucleophilic species that are present in the
reaction bath.

In the construction of the mesostructured hybrid network,
the interactions between the surface of the inorganic precur-
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sors (molecular or NBB) and the organic texturing agent are
of paramount importance. Traditional mesostructure synthe-
sis routes resort to class I hybrid® intermediates, which are
based on hydrogen bonding, van der Waals or electrostatic
forces that associate organic and inorganic components
though weak interactions (at least in terms of orbital
overlap).12® Another approach more recently developed (LAT,
ligand assisted templating)!?*'5 is based on the chemical
bonding (covalent, iono-covalent or Lewis acid—base; i.e. class
1T hybrids)®® between molecular precursors and the complex-
ing head groups of the surfactants, which in turn can give to
the whole their self-organising properties. Both types of
hybrids (Class I and II)® could be useful in the synthesis of
hierarchically organised materials. Class I hybrids generally
allow more versatility in the tuning of the geometric and
charge balance constraints needed at the interface to build
highly ordered assemblies. Class II hybrid intermediates may
also lead to the formation of ordered architectures providing
that the strong chemical bonding occurring between the
organic and the inorganic components does not drastically
decrease the hydrophilic-hydrophobic difference between the
different moieties forming the amphiphilic templates.!®

Sol-gel methods permit one to create nanometric and
monodispersed inorganic “bricks”, with great variety in their
nature, structure and functionality. These inorganic supramo-
lecular entities can be thoroughly characterised, facilitating
the characterisation of the final materials. The use of nano-
building blocks as starting units to obtain hybrid organic—
inorganic structures is an approach developed with various
systems such as oligosilasesquioxanes and  deriv-
atives,!”2%  organically  functionalised  heteropolyoxo-
tungstates,?®—33 transition metal oxo clusters capped with
polymerisable ligands34~3° or connected through organic
spacers (telechelic molecules or polymers, functional
dendrimers)®’ and finally organotin oxo clusters.14-38-41

Depending on the set of experimental conditions chosen,
these NBB can keep or not their integrity. Therefore they can
be used as true building blocks that can be connected through
organic spacers or surface driven condensation reactions or as
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a reservoir of inorganic matter, which can be delivered at the
hybrid interface to build an extended inorganic network.

A simple example which illustrates cluster stability towards
nucleophilic reagents is provided by the chemistry of the
cluster ([(BuSn),,(n3-0);,(n-OH)¢]>*20H ") in which half of
the tin atoms are fivefold-coordinated.>® The positive charge
of this dication is counter balanced by two OH™ anions that
can be exchanged by sulfonate groups without affecting the
integrity of the organotin oxo core.®

Such stability is strongly modified when the exchange
process is made in the presence of carboxylic ligands. For a
carboxy : cluster ratio >2: 1, these clusters are cleaved yield-
ing tin oxo carboxylate clusters {BuSnO(O,CR')}¢ (R’ being
any organic function), where the six tin atoms are sixfold-
coordinated and complexed by bridging carboxylate ligands.
However, for a carboxy : cluster ratio <2:1, hydroxide
counter anions are exchanged by carboxylate groups without
affecting the integrity of the tin oxo core. Under such condi-
tions, these [(BuSn);,(u;-O);4(1-OH)e]2* clusters can be
assembled through charge compensating organic dianions
that bridge the clusters. This was achieved by treating
[(BuSn),,0,,(OH).]J[OH], with carboxymethyl terminated
poly(ethylene glycol) (PEG) macromonomers or with organic
diacids.*941

Numerous titanium oxo clusters have been reported, with
metal nuclearity ranging from 3 to 18.42~*° They are poten-
tially very interesting NBB precursors of titanium oxide-based
hybrids and mesostructured titania. However, because of their
size and the presence of reactive alkoxy groups on their
surface, the titanium oxo core forming these nanobuilding
blocks may exhibit poor stability in the presence of nucleo-
philes.

The research work reported in this article is presented in
two parts: (i) First, a study concerning the stability of three
highly condensed titanium oxo clusters (Ti;,O;4(OPr);s,
Ti; s0,6(0OEt);, and Ti;30,,(OBu),4(acac),)*>*3464% to-
wards nucleophilic reagents is reported. The stability of the
titanium oxo cores has been monitored by 7O NMR while
the modifications undergone by the surface alkoxy groups
have been probed through *C NMR. (i) Secondly, titanium
oxo moieties (Ti; 0,4(OEt);,) or inorganic NBB generated in
situ by controlling the water amount and acidity are com-
bined with organic non-ionic poly(ethylene oxide) (PEO)-
based templates to obtain hybrid textured phases, which are
precursors of mesoporous oxides. The resulting textured
hybrid materials are characterised mainly by using XRD and
TEM. Finally, a discussion on the role of the nature of the
titanium oxo-based NBB and the effects of the amounts of
water and acid used during the synthesis on the triggering of a
given mesostructured phase is presented.

Results and discussion

(a) Stability and reactivity of Ti-based NBB

The use of pre-condensed species presents many advantages
compared to alkoxide precursors: first, they exhibit a lower
reactivity towards hydrolysis or attack of nucleophilic moi-
eties; they are also monodisperse in size and chemical com-
position. Moreover, full characterisation performed by XRD,
FTIR and multinuclear NMR allows one to separately
analyse the modifications of the metal oxo core or the surface.
Thus, they can be used as model systems to understand the
construction of hybrid materials, particularly at the
inorganic—organic interface.

Titanium oxo clusters can easily be obtained in a repro-
ducible way by hydrolysis of Ti(OR), in low water conditions
(water to Ti ratio, h < 2, see Experimental for details). Fig. 1
presents the structure of the three studied clusters:

Fig. 1 Molecular structures of (A) Ti,;,0,4(OPr),s, five-coord-
inate sites are shown in black; (B) Ti;q0,4OEt);, and (C)
Ti; 50,,(0OBu"),4(acac), . Only the Ti—O cores are shown.

Ti;s0,6(OEt);, (Til6), Ti;,0,4OPr),s (Til2) and
Ti; §O,,(0OBu"),¢(acac), (Til8). They exhibit different structur-
al features: the mean oxide core diameters are 9, 12 and 15 A
respectively. Half of the Ti atoms of the Til2 oxo core are
fivefold-coordinated while the remainder are sixfold-
coordinated. The Til6 and Til8 cages contain only TiO4 octa-
hedra. Finally, the nature (linear or ramified) and the bonding
mode (terminal or bridging, mono- or bidentate) of the surface
ligands are intrinsically different between these three titanium
oxo clusters. All these structural differences can imply different
reactivities in the presence of nucleophilic agents.

Solution NMR spectroscopy appears to be an efficient tool
for probing the molecular environments of these clusters;
therefore, 1’0 and 3C solution NMR have been performed
to assess the stability of the oxometal core and the lability of
the organic surface ligands respectively. The synthesis of the
clusters in the presence of 10% 7O enriched water permits
one to enhance the sensitivity of the technique by enriching
the oxo bonds. The !3C and 7O chemical shifts of the differ-
ent bridging oxygen atoms (y;, 2 < i < 5) of each cluster are
summarised in the Experimental.

The reactivity of titanium oxo clusters with some low
molecular weight alcohols has been reported.*3:3%:3! The oxo
core of Ti;;O,5(OPr),s, Til2 and Til6 is stable towards
ethanol or propanol. However, some of the alkoxide groups
are exchanged by transalcoholysis reactions, giving rise
to new  species like  Ti;cO,4OEt),,(OPr")g or
Ti;,0,6(OPr),o(OEt)s. On the other hand, clusters with
lower nuclearity, such as Ti,O,(OEt),,, are destroyed by
alcohol nucleophilic attack.’® In view of the stability of Til6
towards alcohols, diols can be used to establish connections
between clusters. Fig. 2 presents the NMR spectra of a Til6/
1,3-propanediol system. The characteristic 17O and !3C reso-
nances are broadened without loss of intensity for increasing
diol quantities. This fact can be explained by a loss of mobility
of the clusters in solution: an increase of the molecular size of
the NMR probed species can lead to a subsequent broadening
of the NMR resonances. **C NMR spectra show the forma-
tion of ethanol (6cy, 58) upon reaction. In all systems the
quantity of free observable propanediol is very low; this con-
firms that ethoxide groups have been exchanged by propa-
nediolate ligands, which bind to Til6 by one or both
extremities. The system can thus be described as aggregates of
Til6 clusters connected by diolate bridges. Similar behaviour
has been reported previously in the reaction of
Ti;;O,5(0Pr),s with diol compounds.’! The authors have
observed the formation of 100 to 1000 A diameter particles
(probed by quasi-elastic light scattering) and conclude that
these particles are made up of interconnected clusters; diolate
bridges interconnect the whole particle network. From our
studies, we come to the same conclusions in the case of Til6
with 1,3-propanediol.

In the case of a stronger nucleophile like acetylacetone
(Hacac), the Ti—O core of Til6 remains stable up to an n ratio
(n = [nucleophile]/[cluster]) of 4 (cf. Fig. 3), even after 15 days
aging. 13C NMR spectra show that all the acetylacetone mol-
ecules are attached to Til6 (dcy 103 for the bonded form
(acac) and d.y 100 for the free form (Hacac) in solution). For
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170 (40.7 MHz; 5000 scans, left) and *3C (75.5 MHz; 2500 scans, right) NMR spectra of Ti; (O, ((OEt),, diluted with 1,3-propanediol (1,3

PD) at different n = [1,3 PD]/[Til6] ratios; solvent C¢Dg—toluene (1 : 1). The *3*C peaks marked with an asterisk correspond to excess of 1,3 PD.

higher n ratios the characteristic resonances of Til6 oxo-
bridges are less intense, and they are replaced by broad peaks
that attest to the formation of larger species. Free Hacac in
excess and ethanol are detectable and a new sharp resonance
in the ethoxy region (6 73) grows, which is characteristic of
Ti(OEt),(acac), moieties resulting from cleavage of the Til6
clusters.

Til2 clusters are not stable in the presence of Hacac mol-
ecules and a ratio n =4 is enough to destroy all the cluster
cores within 2 weeks of aging. For n = 12 (Fig. 4), the charac-
teristic cluster signals are replaced by broad and less intense
resonances at é 800 (u-O), 550 (n5-O) and 350 (attributable to
a mixture of p,-O and bonded acac). The complexation of Ti
by acac is confirmed by the appearance of free ‘PrOH (5 64)
and linked acac (3¢ 188 and 192; d¢ y,,,, 103) in the *°C
NMR solution spectra (not shown).

On the contrary, 100% (for n up to 8) and 80% (for n = 32)
of the Til8 species remain untouched in the presence of Hacac

molecules, as determined by integration of the NMR peaks
(Fig. 4B). For n < 8, free Hacac molecules in solution are in
exchange with the chelating acac ligands on the cluster
surface. In terms of stability towards Hacac and related
nucleophiles such as acetoacetylethyl methacrylate (AAEM)
and dibenzoylmethane (DBM), the observed differences
between Til2, Til6 and Til8 are mainly due to three causes.
First, the presence of titanium atoms with unsatisfied coordi-
nation. While all Ti are octahedrally coordinated in Til6 and
Til8, a corona of six out of twelve Ti'V are five-coordinate in
Til2. This oxo core is more labile towards nucleophilic substi-
tution. The stability of the Ti—O core also depends on the
number of “bulk” oxo bridges, i.e. those with maximum coor-
dination (u,- and ps-O). Following this approach, Til6 and
Til8 oxo cores are more compact when compared to Til2;
this stability seems not to depend on the Ti: O ratio. Finally,
the presence of strongly chelated ligands at the surface of the
clusters may impart an extra kinetic stability.
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with Hacac at different n ratios.
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170 (40.7 MHz; 5000 scans, left) and *3C (75.5 MHz; 2500 scans, right) NMR spectra (in C¢D4—toluene, 1 : 1) of Ti; 4O, 4(OEt);, diluted
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Fig. 4
1: 1) at different n ratios.
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Fig. 5
diluted with acetic acid at different n ratios.

Acetic acid (AcOH) is a frequently used bidentate ligand,
and the study of its interaction with Til6 allows us to evaluate
the reactivity of NBB with carboxylic acid compounds. The
behaviour of Til6 in the presence of AcOH has been studied
by NMR and FTIR. For n values up to 8 the integrity of the
Ti—O core is preserved. However, some resonances are shifted
in the 170 NMR spectra (from & 557 to 565 and from 383 to
380) due to chelation of acetate groups on the clusters, see Fig.
5. This bonding on the surface is confirmed by 3C NMR
spectra that show an increasing ethanol peak (dcy, 58) with
rising n values and a broadening and shifting of resonances in
the ethoxy region (6 69-74). Soluble acetic acid presents two
forms in exchange: free in solution and chelated. FTIR
spectra of n < 4 systems (not shown) display the usual C-O
bands of the alkoxy groups attached to the clusters (1143,
1097, 1072 and 1051 cm™!) and additional bridging acetato
bands at 1535 and 1441 cm~ 1.2 For higher n values, solu-
tions become turbid and gel, due to water produced from
esterification reactions between free acetic acid and formed
ethanol. In this case FTIR spectra clearly display OH bands
(3500 cm™?), excess acetic acid (weak band at 1700 cm %),
ethyl acetate (1740 cm ') and a wide absorption at low fre-
quencies (400-900 cm ™ !) due to the formation of an extended
titanium oxo network.

The stability of the Til6 oxo core with a water to Ti ratio of
2: 1 was probed using solid state 17O MAS NMR on a white
precipitate obtained after hydrolysis of 17O enriched Til6
with 17O enriched or unenriched water. The spectra (see Fig.
6) display the same resonances that those observed for Til6
crystals, except that the peaks are slightly broader.>® Two new
resonances at 6 700 and 510 can be attributed to p- and p;-O
inter-cluster bridges respectively.>® The resonances at § 170
and —35 can be assigned to Ti-OH** groups and adsorbed
water®> respectively. The conservation of the Til6 core is in
agreement with previously published results.’® It has also
been suggested that Til2 clusters do not react with water, pro-
vided that the reaction is conducted in the parent alcohol and
in the presence of low quantities of water (i.e. a 0.3 mol dm ™3
cluster solution in 'PrOH, 4 equivalents of water per cluster,
n=0.33). On the contrary, in non-polar media (toluene—
acetonitrile mixtures) white precipitates are readily
obtained.*?

In conclusion, the studied titanium oxo clusters exhibit dif-
ferent reactivity to a wide variety of nucleophilic species, that
can be summarised as follows: the acidity of the entering
species plays an important role in the kinetics of substitution;
mild nucleophiles, such as alcohol (or diol) compounds, leave
the cluster core untouched, water can hydrolyse surface

170 (40.7 MHz; 5000 scans, left) and *3C (75.5 MHz; 2500 scans, right) NMR spectra (solvent C¢Dg—toluene, 1 : 1) of Ti, 4O, 4(OEt);,

groups, thus leading to connection; nucleophiles bearing che-
lating functions (carboxy, acetoacetyl, etc.) can modify the
core, by chelation of the metal centres. (This can destroy the
clusters. The effectiveness of the cleavage follows the sequence
Til8 < Til6 « Til2)

The presented data on the reactivity of titanium oxo clus-
ters can be advantageously applied to the design of new
materials with tailored textures. As an example, dendrimers®®
have been used as polyfunctional connectors of Til6 nano-
building blocks. The nucleophilic reactions between
—Ph—-CH,OH and —-CO,H functionalised dendrimers and the
titanium(1v) centres of the Til6 clusters form the hybrid inter-
face. The covalent bonding between the dendrimers and the
clusters was evidenced through 3C MAS NMR and FTIR:??
the reaction implies the substitution of two coordination posi-
tions of vicinal Ti atoms. This reaction is limited to the surface
of the cluster; the integrity of the titanium oxo core in the
final hybrid solid was checked through solid state 17O NMR
measurements. The obtained bicontinuous xerogels are in fact
locally ordered dispersions of Til6 clusters with correlation
distances of about 2 nm and coherent scattering domains
(CSD) of 5-6 nm. The symmetry of the organic template, as
well as the capability for cluster anchoring, are essential fea-
tures in the synthesis of meso-organised hybrid dispersions.
Another important point is the control of reactions at the
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Tize'’016(OEt)3; + H;0
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Fig. 6 'O MAS NMR spectra recorded at 5425 MHz for
TijZ0,¢(OEt);, + 32 H,O at 15 kHz spinning rate (8192 scans).
Arrows indicate the new resonances not belonging to Til6 clusters:
(a) p-O intercluster; (b) pu;-O intercluster; (c) surface TIOH groups; (d)
hydration water. See references in the text.
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interface level between the organic template and the inorganic
building unit, in order to preserve the Ti; O, oxo core.?’

The Til6 clusters can also be considered as an interesting
brick for more complex systems, for example in the construc-
tion of precursors for mesoporous titania. These results will be
discussed in the next section.

(b) Self assembly in texturing systems: role of the
template—metal interactions

One of the major problems in texturing transition metals is
the high reactivity of metal alkoxide precursors towards
hydrolysis-condensation reactions, which usually leads to a
very fast nucleation, promoting an uncontrolled segregation of
a dense oxidic phase. In principle, there are two ways to
control the fast processes of hydrolysis and condensation, and
these have been thoroughly studied in the case of Ti. The first
approach consists of working in diluted alcoholic media with
Til6 NBB or with very low water to metal ratios (h =
H,O/Ti < 2). In this way, sets of hydrophobic low-nuclearity
Ti-O alkoxo entities are obtained, which are similar to the
clusters of the previous section, but polydisperse in size and
chemical composition. The second approach consists of the
addition of condensation inhibitors such as chelating agents
(acetylacetone,’” alcohol amines,’® peroxide®®) or mineral
acids (in which p = [HX]/[Ti]). Anhydrous or acid-inhibited
systems have been prepared that differ in their h, s (s = [Ti]/
[surfactant]) and p values, with various PEO-based sur-
factants as templating agents (see Experimental). The initial
transparent sols gave rise to different kinds of solids, depend-

Table 1 Properties of mesostructured Ti/polymer hybrids

ing on their composition and treatment. Table 1 summarises
the properties of representative samples.

Media with low water content. Homogeneous xerogels are
obtained by slow evaporation of low water content solutions
in Petri dishes; at the same time, moisture can provide a con-
tinuous and gentle input of water. Fig. 7 shows the XRD pat-
terns obtained for titanium hybrid phases using different
polymers as texturing agents (see also Table 1). In all cases,
bicontinuous worm-like phases are obtained, as demonstrated
by TEM images (Fig. 7). This kind of texture has been
obtained previously in silica, alumina and SiO,-TiO, systems,
in the presence of PEO-based surfactants.®® The broad dif-
fraction peaks coincide with the mean separation of the inor-
ganic walls of the channels determined by TEM. These
channels display characteristic sizes in the range 25-50 A.
These characteristic correlation distances do not change
appreciably even when the mass of the templating agent is
changed from 1000 D (P3100) to ca. 13000 D (F127). There is,
however, a small continuous change with surfactant contents,
i.e. the mean distances are lower for higher inorganic contents.
Surfactants act in these systems as flexible spacers of the inor-
ganic network.

Although these phases do not display long range order,
they can give rise to high surface area solids (S &~ 250 m? g~ 1)
when thermally treated under appropriate conditions. The
thick walls do not collapse, and the whole worm-like motif is
conserved; similar behaviour has been reported for this kind
of surfactant.5 The XRD peaks become sharper upon

Water Acid
content content s =Ti/
Titanium h = water/Ti p = HCI/Ti surfactant Obtained .
Surfactant precursor Solvent Final solid (mol/mol) (mol/mol) (mol/mol) texturation dioo/A
F127 TBT EtOH Xerogel 0.06 0.015 135 Vermicular 19
TET EtOH Precipitate 3.76 1 70 Hexagonal 114
TBT BuOH Xerogel 25 1 70 Hexagonal 167
P123 TBT EtOH Xerogel 0.06 0.015 60 Vermicular 28
Brij 56 TPT PrOH Precipitate 11.3 3 20 q-Hexagonal 45
TET EtOH Xerogel q-Hexagonal 55
Xerogel 1 20 g-Hexagonal 46
P3100 TBT BuOH Xerogel 0.06 0.015 50 Vermicular 31
L35 TET EtOH Xerogel 3.76 1 50 q-Hexagonal 18
Syn 42 Til6 THF Xerogel “ a4 8 Vermicular 47
P3100 cluster Xerogel “ a 8 Vermicular 35

¢ No water was added to these systems, except that arising from moisture or traces present in the surfactants or solvents.

>

k— Sy 42 + T16
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8 101214 16
26/°

PR P |
02 46

Fig. 7 (A) XRD patterns of titanium oxide: block copolymer systems with different texturing agents. s values (from top to bottom) 32, 70, 50, 50.
(B) TEM image of a worm-like TBT/P3100/BuOH sample, s = 50, h = 0.06. (C) TEM of a TET/F127/EtOH hybrid; s = 130, h = 0.06. (D) TEM

image of the calcination product of a Til6/Syn 42 hybrid, s = 32.
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thermal treatment, and the contrast under TEM is improved.
Condensation is completed in the first stages, at ca. 200 °C, as
shown by TG (an exothermic peak at 200°C corresponds to
the liberation of RO-blocked positions and subsequent con-
densation of the inorganic network) and FTIR (O-H stretch-
ing at 3500 cm™?, 6y,0 1650 cm ™).

The inadequate folding of the template in the stages pre-
vious to the formation of the hybrid is responsible for the lack
of long-range order of these phases. In principle, there are
three main interactions that control the folding of the poly-
mers to yield a self-assembled hybrid liquid crystalline (LC)
mesophase: polymer—polymer, inorganic-inorganic and
polymer—inorganic; the contributions of these to the total free
energy of the system have been stated in previous works.%?
The complex balance of these interactions can lead to a wide
range of mesostructures. In the case of transition metals and
PEO-based surfactants particular attention has to be paid to
the interactions between the template and the inorganic com-
ponents. These are strongly dependent on the solvent, under-
going important and continuous modifications with ageing of
the reaction systems, as will be discussed below.

The difference in hydrophobicity/hydrophilicity between the
PEO and poly(propylene oxide) (PPO) chains in low water
content alcoholic media is not marked enough to give rise to
LC phases in the initial systems.%®> Enhancing the solubility
differences of the texturing agents {as in the case of PEO-
PBO-PEO [PBO = poly(butylene oxide)]} should lead to a
better ordering; this has been demonstrated in the case of
systems made up silica/block copolymers.®* The presence of
water increases the segregation between both blocks. More-
over, it has been demonstrated (for silica/CTAB (cetytrimethyl
ammonium bromide systems)®> that the presence of low
molecular weight alcohols can affect organisation in a nega-
tive way. The scarce water present in low water content
systems reacts promptly with the alkoxide, generating a set of
hydrophobic clusters under these conditions.’® These Ti-O
clusters, similar to those described in the previous section, can
attach loosely to the hydrophobic PPO block; this process
also tends to destabilise the formation of a well-ordered meso-
phase.

This has been tested by using Til6 building blocks as pre-
condensed inorganic precursors in the presence of moisture as
the only water source. Under these conditions, as previously
discussed, water molecules connect the clusters without cleav-
ing the titanium oxo core. These reactions also lead to the
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formation of bicontinuous worm-like gels (d spacing = 35-47
A, see e.g. Table 1 and Fig. 7D).

The strong interactions between metal centres and the tex-
turing agent are also an important issue. There are two essen-
tial interactions that lead to unfolding of the polymer:
transalcoholysis of the -CH,-CH,-OH tips on the
TiO,(OR),;, moieties (0 <h<?2), and chelation of
titanium(1v) ions or oligomers by PEO or PPO blocks.!® In
the first case the hydrophobic species attached to the hydro-
philic ends of the polymer alters the formation of a LC meso-
phase; this effect is even more marked in polymers with a
small PEO block. When the ---O-CH(R)-CH,—O- - - species
coordinate to Ti'"V the subsequent construction of the inorga-
nic phase develops along the polymer skeleton, and not only
at the solution—PEO interface. These strong interactions are
hindered in the presence of polar solvents;'® however, they
are enhanced while drying. It should be recalled that under
conditions where h < 2, drying and condensation are co-
operative processes, that run in a parallel way. The unfolding
process disrupts the formation of an organised LC phase,
based upon the self-assembly properties of the polymer. As a
consequence, ill-defined channels develop all along the sample,
which ends up as a bicontinuous phase. In this scenario (set of
hydrophobic clusters and strong Ti—polymer interactions) a
further input of water can lead to cluster connection (Scheme
1). An excess of water, thus, is needed to attain a well ordered
mesophase. The fine tuning of water is critical, as its function
is twofold: formation of the inorganic skeleton, and pro-
motion of an adequate template folding.

Media with high water content. Xerogels or precipitates can
be obtained by hydrolysis-condensation of titanium alkoxide
precursors in acidic media in the presence of texturing agents,
see Experimental; texturation of the hybrid phases can greatly
be improved by adding even low quantities of acidic water to
the reacting systems. XRD patterns display more and sharper
peaks (including a very strong diffraction at low-angle dis-
tances between 110 and 170 A, for F127) depending on the
initial conditions, as shown in Fig. 8. The better ordering sug-
gested by XRD is confirmed by TEM images; the retrieved
distances correspond mainly to the [100] reflections of a 2-D
hexagonal or slightly distorted hexagonal mesophase (q-hex).

The F127/TBT system depicted in Fig. 8 provides an
example of a titania-based mesostructured hybrid obtained by
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Scheme 1 Formation of hybrid vermicular phases in low water content systems. The strong (covalent) interactions between the texturing agent
and the metal centres hinder the proper folding of the PEO-based surfactants; the resulting formation of the inorganic network occurs along the

deployed polymers.
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Fig. 8 (A) XRD patterns of hybrid precursors obtained from titanium alkoxides under acidic conditions. Inset: low angle XRD of TBT/F127/
BuOH/HCI hybrid (s = 70, h = 25, p = 1) (a) and TET/F127/EtOH/HCI hybrid (s = 70, h = 3.76, p = 1) (b). (B) TEM image of mesostructured
titania obtained by thermal treatment of a TPT/Brij 56/'PrOH hybrid, s = 20, h = 11, p = 3 (XRD shown in A). (C) TEM of the hybrid TBT/

F127/BuOH/HCI; s = 70, h = 25, p = 1 (XRD shown in A and inset a).

precipitation. The distance between the organic pores is ca.
190200 A, while d o0 =167 A (d1007sy = 170 A). These
values are slightly larger than those reported by Yang et al,
who found typical d,y, values of 123 A with a lower molecu-
lar weight polymer such as P123 for a mesostructured titania-
based hybrid.” Comparable sizes are found in
F127-templated cubic silica (SBA-16, a = 176 A)Ggand 3-D-
hexagonal-textured silica fibres (a = 158; ¢ = 253 A).°® The
reported synthesis of textured silica and titania has been per-
formed mainly in ethanol-water systems, yielding mostly
cubic silica phases when using F127 as the template. The great
proportion of EO groups in F127 favours the formation of
high curvature phases (micellar, cubic, etc.), as has been
demonstrated in pure aqueous solutions.”® However, butanol
can act like a co-surfactant causing a decrease in the curva-
ture, and enhancing the hexagonal domain. The composition
of our initial systems corresponds approximately (the changes
due to the presence of HCI and titanium alkoxide species are
not taken into account) to the domain of a 2-D-hexagonal
lyotropic mesophase (order parameter 130-150 A)71 It is
likely that the formation of the inorganic network takes place
within this textured environment. The thickness of the inorga-
nic walls is ca. 75 A, which agrees well with previous data on
silica/F127;°® the diameter of the pores is ca. 100 A. The
phases obtained from TET/F127/EtOH/acid systems display
lower ordering distances (110 A) this may be due to the fact
that ethanol does not act as a swelling agent.

Brij 56 has also been used as a texturing agent, giving rise
to mesostructured powders or xerogels. All samples display
two well-defined diffraction peaks corresponding to the [100]
and [200] lines of an ordered superstructure (Fig. 8A). TEM
shows homogeneous quasi-hexagonal arrangements (Fig. 8B).
These can be described as arrays of clearly defined pores that
do not present a perfect hexagonal symmetry, albeit they do
not show the typical worm-like channel pattern. The reported
d values (see Table 1) are in good agreement with those
obtained for similar systems in the cases of silica- based®®
molecular sieves (40-50 A), and they are larger for TET/
ethanol systems than for TPT/PrOH mixtures (Table 1).
These values also decrease when the inhibitor ratio, p, is
increased, in the case of TET/EtOH. Both facts suggest that
more reactive systems (either with a lower inhibition ratio, or
with a more reactive starting alkoxide) lead to hybrids with
lower ordering distances. This can also be the case with the
previously presented F127 solids. Thermal treatment of these
precursors gives rise to high surface textured anatase; these
studies will be the subject of a further paper.®!

In the synthesis of hybrid mesophases by the high water
contents route (i.e. h > 2) the role of water as a texturant is
enhanced as much as possible. At the same time the presence
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of highly reactive transition metal centres (hydrolysis and sub-
sequent polycondensation processes are practically instanta-
neous under these conditions requires blocking of the role of
water as a polymerisation agent. Addition of mineral acids is a
widely known way to control the formation of nanosized
phases in sol-gel chemistry.”? In the presence of this kind of
inhibitor, the condensation process ends up by forming dis-
crete oxo oligomers, of general formula TiX (OH),0,_ 42
(X=OR or even Cl; for high h and p, x <02 y~02-
0.5).56:73 A recent study has shown that in acidic media and
high water contents these species bear surface OH groups that
make them hydrophilic; their gyration radius has been deter-
mined by small angle X-ray scattering (SAXS) to be in the
order of 20 A and approximately half of the titanium(1v) ions
are located on the surface.33:°® They are positively charged in
our highly acidic media, as the pH values reached are well
below the point of zero charge (p.z.c) (x6.5) for any TiO
phase.” These entities are in fact the building blocks of highly
branched fractal Ti-O polymers, which are built up from the
co-condensation of these sub-units.®®

The co-condensation rate depends on the concentration of
these sub-units. Two situations can be envisaged, that can lead
to the formation of mesostructures amorphous titania-based
hybrids. If the concentration of the precursor sol is high
enough, precipitates can be obtained; this process depends
crucially on the interactions between the titania sub-units and
the polymer. In highly acidic media, chelation of titanium(rv)
centres by the PEO or PPO blocks or transalcoholysis of the
remaining alkoxo groups by the —OH ends of the polymers
are strongly unfavoured.!® The hydrogen-bonding inter-
actions between the hydrophilic sub-units and the polymers
should be predominant. The high proton (and chloride) con-
centration may also allow for the development of some posi-
tive charge over the EO and PO groups; consequently, a
chloride-mediated electrostatic interaction of the type
[polymer H]*---Cl~- - -[sub-unit]* can be envisaged as well.
Moreover, a similar effect has been reported in
TiCl,/EtOH/P123 systems, where chloride anions were
present in precursors of mesoporous TiO,, probably forming
part of the hybrid interface.5’*”® Once formed, this weak
hybrid interface can have a role in the nucleation of structured
precipitates. An ordered aggregation of the sub-units around
well-defined micelles followed by co-condensation gives way
to the mesostructured hybrid; it has been suggested that these
processes are similar to precipitation of polyelectrolytes in the
presence of surfactants.”> This gives rise to a relatively
compact packing of the sub-units, leading to formation of the
inorganic network. However, the systems are far from com-
plete condensation; trapped water, incompletely removed EtO
groups and EtOH are present in all obtained solids. FTIR and



TGA gave similar results as in the previous section (see
above).

If solutions are dilute enough, subsequent solvent (and HCI)
evaporation opens the way for slow aggregation of the sub-
units. The evaporation of the alcohol promotes improved seg-
regation of the PEO and PPO blocks, and the presence of
water improves folding of the polymer and hence the meso-
phase structuration (Scheme 2). The ultimate mesostructure of
the final solid depends on the competition between the con-
nection reactions of the titania sub-units and the elimination
of the solvent, some of which can remain trapped, while an
extended bicontinuous gel is forming.

The results presented in this section illustrate two different
synthesis paths that lead to mesostructured hybrid titania.
Two important features have been identified, aside of classical
synthesis variables. The first concerns the nature of the inter-
actions at the hybrid interface, that determine the folding of
the texturing agent, and therefore the final structuring. As pre-
viously suggested,’? these depend mainly on the relative
strength of the polymer-to-metal coordination wvs. the
polymer—polymer (i.e. the hydrophilic-hydrophobic balance)
or polymer-solvent interactions. Another key point is that the
precursors arising from low or high water content conditions
are radically different. Clusters synthesized under conditions
where h < 2, being hydrophobic, promote unfolding of the
polymers, leading to poor texturation. In contrast, in acidic
aqueous systems, where condensation is adequately blocked,
more hydrophilic sub-units are generated.”® In the presence of
pluronic templates, these are interesting building blocks for
the formation of well-defined hybrid mesophases.

Conclusion

It has been shown that the stability of the titanium oxo core
towards nucleophilic species of three titanium oxo clusters of
high nuclearity Ti;,0,4OPr),;s, Ti;sO0,,OEt);, and
Ti; §O,,(OBu"),¢(acac), depends on several parameters such
as the cluster nuclearity, the presence of titanium atoms with
unsatisfied coordination (lower than 6), the presence of oxygen
atoms located in the bulk of the cluster (u,-O and ps-O
bridges) and the presence of bidentate ligands.

All three clusters are stable in the presence of alcohols or
polyols and only undergo transalcoholysis reactions of their
alkoxy groups. These simple reactions can thus be used for
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cluster functionalisation. Therefore under these conditions
they can be used as nanobuilding blocks to obtain hybrid
organic-inorganic structures via organic polymerisation of
polymerisable alkoxy groups'®3® or through cross-linking
reactions using organic spacers such as polyols or alcohol
functionalised dendrimers.3’

In the presence of controlled amounts of water the integrity
of the titanium oxo cores can be conserved, depending on the
solvent used. As previously reported,*3:*° a set of conditions
can be determined where reactions can be circumscribed to
their surface groups, which after hydrolysis lead to conden-
sation reactions between the NBB. Their stability towards
strong complexing ligands (carboxylate, acetylacetonate,
etc) can be classified as follows: Ti;,O,4(OPr),¢ «
Ti; O, 6(OEt);, < Ti; 50,,(0OBu"),¢(acac), . The first cluster is
easily cleaved even in the presence of small amounts of com-
plexing bidentate ligands (RCO,H or Hacac) while the two
others keep their integrity until RCO,H : Ti and Hacac : Ti
ratios of 025 and 0.5:1 for Ti;¢0,4OEt);, and
Ti, 3O,,(0OBu"),(acac), respectively.

The self assemby of nanobuilding blocks is an interesting
approach to achieve control of the texture of transition metal
oxo-based hybrid materials, due to the possibility of cluster
connection. The combination between the “nanobuilding
block approach” and templated assembling has been tested
with pluronic templates. The interactions between PEO-based
templates and transition metal oxo clusters are key in the syn-
thesis of mesostructured materials.

In low water content media, strong chelation between
hydrophobic clusters generated in situ or modelled through
the use of Ti, 0, (OEt);, and non-ionic polar heads leads to
polymer unfolding, and thus to worm-like phases.

Larger quantities of water and acid added to the reaction
bath play a double role: they blur the coordination bonds
that comprise the hybrid interface yielding weak interactions
(mainly hydrogen bonding) and allow the formation of nano-
sized hydrophilic building blocks. These hydrophilic species
may eventually interact during drying with the PEO polar
heads therefore increasing the solubility difference between the
amphiphilic block of the polymeric templates. Both contribu-
tions will improve folding of the templating agents, and yield
more ordered mesophases.

The use of surfactant templates with amphiphilic com-
ponents exhibiting a strong solubility difference even after
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Scheme 2 Formation of hybrid hexagonal phases in high water content systems. Hydrophilic species are formed, that can interact with the
structuring polymers via hydrogen bonding. This results in a more pronounced differentiation of the amphiphilic blocs, leading to phase segrega-
tion on the nanometric scale; this permits the construction of more ordered phases.
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coordination with the NBB will enhance segregation of the
texturing agent, allowing for the design of highly ordered
hybrid mesostructured phases.

Experimental

Starting materials

The inorganic precursors used for the synthesis of meso-
structured titania were titanium alkoxides: Ti(OEt), (TET)
(purity ca. 97%; Fluka), Ti(OPr'), (TPT) (purity 99.999%;
Aldrich) and Ti(OBu"), (TBT) (Fluka). Commercially provid-
ed surfactants [triblock copolymers (PEO),(PPO),(PEO),:
Pluronics P123 (n =20, m = 70), Pluronics F127 (n = 100,
m = 70), Pluronics P3100 (n <2, m=17), L35 (n=10,
m=17), Synperonic 42 (n=5 m=20), Brij 56
(C,6H34(PEO),,OH)] were dried prior to use by heating at
70°C under vacuum.”” Distilled water, ethanol (EtOH absol-
ute, Eurolab Merck Prolabo), isopropyl alcohol (‘PrOH
purity >99.7%; Carlo Erba), 1-butanol (BuOH, purity
>99.5%; Merck), acetylacetone (purity >97%; Fluka), 1,3-
propanediol (Aldrich), acetic acid (glacial), freshly distilled
tetrahydrofuran (THF) and hydrochloric acid 35% w/v in
water (Eurolab Merck Prolabo) were also used to prepare the
starting sols. Toluene and C¢Dg (grade NMR) were used as
solvents.

Reactivity of Ti—O building blocks

The clusters Ti;,0,4(OPr'),¢ (Til2), Ti;sO0,4(OEt);, (Til6)
and Ti, 3O,,(OBu"),¢(acac), (Til8) were prepared as pre-
viously described, using 10% !7O enriched water.>?
Ti;,0,4(OPr);¢ white powder; 17O NMR (toluene-C4Dg
50 : 50 v/v) 6 817 (u-0O), 564 (n3-O), 538 (u3-0), 522 (n;3-O) and
517 (u5-0); 13C NMR (toluene-C4Dy 50 : 50 v/v) § 25.5, 25.6,
26.1, 264, 26.7 (OCH(CH,),), 76.8, 77.6, 80.0, 80.4, 80.6
[OCH(CH,;),]. Ti;40,4OEt),,: white crystals; 17O NMR
(toluene—C¢Dg 50 : 50 v/v) 6 750 (n-O); 563 (13-0), 555 (n5-O)
and 383 (u,-0); 13C NMR (toluene—C¢Dg 50 : 50 v/v) § 20.2,
20.1, 19.9, 19.4, 19.2, 18.8 (OCH,CH,), 73.7, 73.3, 72.4, 72.2,
71.6, 71.2, 70.0, 69.4 (OCH,CH;). Ti;50,,(OBu"),¢(acac),:
yellow crystals; 17O NMR (C4Dy) 6 757 (u-O), 753 (u-O), 738
(u-0), 545 (u3-O); 508 (13-0), 340 (uy-O) and 247 (us-O);
13C NMR (toluene-C4Dy 50:50 v/v) & 264 (CH, of
acac; OCH,CH,CH,CH,;); 624 (OCH,CH,CH,CH;;
OCH,CH,CH,CH,); 79.8, 78.8, 78.1, 76.6, 76.0, 75.6, 74.7
(TiOCH,CH,CH,CH,); 128.4 (C4D); 189.8 (CO acac) and
104 (CH acac).

Crystals isolated from synthesis solutions were dissolved in
toluene—-C¢D¢ (50 : 50 v/v) solutions (final concentration ca.
102 mol dm~3) containing various ratios of nucleophilic
species. 1*C and 70O NMR spectra were recorded with a
Bruker AC300 spectrometer, solid state 1O MAS NMR
spectra on a Bruker DSX 400 spectrometer.

Synthesis of mesostructured titania

Alkoxide precursors. A typical synthesis of mesostructured
titania hybrid materials in the presence of surfactants was as
follows. The surfactant was dissolved in an alcohol; total dis-
solution of the surfactant might require some minutes heating
at 50°C. Acid and water, if necessary, were added. The
Ti(OR), precursor was added drop by drop under continuous
stirring, until dissolution of the freshly formed gel, if necessary.
In all cases, the metal-to-surfactant ratios (s) were kept
between 20 and 150 : 1 the hydrolysis ratio (k) was set between
0.056 and 25:1 and the HCI: Ti ratio (p) varied between
0.015 and 3: 1. After stirring for prefixed times, two different
kinds of products were obtained, depending on the procedures
followed: (1) xerogels were obtained upon solvent evaporation
when the mixtures were poured in Petri dishes and held at
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room temperature or 50°C; (2) when the reaction mixtures
were held under vigorous stirring, a precipitate appeared
which was separated by centrifugation at 10* rpm during 20
min.

Til6 as NBB. Til6 clusters being sensitive towards water,
all handling was in a glove box under argon (water <10 ppm).
Hybrids were formed by mixing Til6 and the amphiphilic
polymers in dry THF (10~2 mol dm~3); s was kept between 8
and 50 : 1. Upon mixing under these “dry” conditions there
was an appreciable colour change: the initial pale yellow solu-
tions turned to intense yellow or orange. Dark yellow to
orange glass-like solids were obtained upon solvent evapo-
ration by placing the solutions in Petri dishes at ambient tem-
perature.

Characterisation

The as-synthesized solids were analysed by high-angle powder
X-ray diffraction using a Philips PW 1830 Generator (copper
anode, A = 1.5406 A). For small-angle measurements the
X-ray generator was a rotating copper anode equipped with a
small point focus and operated at 50 kV and 30 mA. The
set-up is a small-angle diffraction line with variable sample to
film distance. Air scattering is reduced by a vacuum pipe. Dif-
fraction patterns are recorded onto photostimulable imaging
plates. A vacuum pipe is placed in-between to reduce diffusion
by air. A parallel beam is obtained by a combination of a
parabolic multilayer monochromator and a bent mirror at
right angles. The samples were also observed under transmis-
sion electron microscopy (TEM) in a JEOL 100 CX II appar-
atus at 100-120 kV voltage. For these analyses, microtomed
slides of samples embedded in a polymer resin were used.
FTIR characterisation was performed in KBr disks.
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