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Silica-based nanoparticulated bimodal mesoporous materials
with high Zr content (43 = Si/Zr = 4) have been synthesized
by a one-pot surfactant-assisted procedure from a hydroalco-
holic medium using a cationic surfactant (CTMABr = cetyltri-
methylammonium bromide) as structure-directing agent, and
starting from molecular atrane complexes of Zr and Si as hy-
drolytic inorganic precursors. This preparative technique al-
lows optimization of the dispersion of the Zr guest species in
the silica walls. The bimodal mesoporous nature of the final
high surface area nano-sized materials is confirmed by XRD,
TEM, and N, adsorption—-desorption isotherms. The small in-
traparticle mesopore system (with pore sizes around 2-3 nm)
is due to the supramolecular templating effect of the surfac-
tant, while the large mesopores (around 12-24 nm) have their

origin in the packing voids generated by aggregation of the
primary nanometric mesoporous particles. The basicity of the
reaction medium seems to be a key parameter in the defini-
tion of this last pore system. The effects induced by the pro-
gressive incorporation of Zr atoms on the mesostructure have
been examined, and the local environment of the Zr sites in
the framework has been investigated by UV/Vis spec-
troscopy. Observations based on the consequences of post-
treatments of the as-synthesized materials with HCl/ethanol
mixtures corroborate that the atrane method leads to Zr-rich
materials showing enhanced site accessibility and high
chemical homogeneity throughout the pore walls.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Silicon/zirconium mixed oxides, (SiO,);_(Zr0O,),, have
attracted considerable attention for a long time because of
their mechanical (low thermal-expansion coefficient) and
chemical (resistance to alkaline attack) properties.!!”]
Moreover, they are also interesting materials in catalysis.
Indeed, they exhibit catalytic activity due to both their
moderate acidity and oxidizing capability, and also can be
used as catalyst supports.[®l However, the possibility for in-
dustrial applications has been limited because these materi-
als generally show low surface area and no size selectiv-
ity.-1% Hence, the search for improved-performance (high
surface area) catalysts stimulated the preparation of
(Si0,);_(ZrO»), solids in the form of particulated xerogels,
which was approached through a diversity of sol-gel routes
starting from alkoxide precursors.!''"131 The structure of
these xerogels was studied some time ago by SAXS and
WAXS techniques,['¥ which revealed a very open architec-
ture (involving interconnected 3D pore systems) that has
been recently referred to as optimal for catalytic applica-
tions.['3 In practice, the (Si0,);_(ZrO,), particulated xero-
gels are high surface area catalysts displaying strong acidity
and showing satisfactory activity in a diversity of organic
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reactions (cumene dealkylation, alcohol dehydration, alkene
isomerization).l'¢-18]

However, the use of these (SiO,); (ZrO,), xerogels as
catalysts presents a certain limitation derived from their
lack of size selectivity.”-!% Until now, the most promising
strategies to overcome this problem have been those con-
ceived to incorporate Zr atoms into the frameworks of mo-
lecular sieves or high surface area silica-based materi-
als.'211 Thus, there are reports on Zr-containing materials
derived from both microporous solids (such as zeolites and
also ALPOS)I?22% and mesoporous silicas (Zr-MCM-41,
Zr-MCM-48, Zr-HMS, Zr-MSU, Zr-SBA-15),12¢-31 which
simultaneously display high surface area and size selectivity.
Hence, a diversity of both small and large substrates could
be processed with the help of such a variety of Zr-contain-
ing molecular sieves.

In short, the preparative procedures implemented for
incorporating zirconium in silica-based porous matrices
can be referred to as one-pot (cohydrolysis)
methodsl?0-32:3436.38.391 o postsynthesis (grafting) treat-
ments.*337 Independent of the synthesis strategy used, an
important condition for having very active supported zirco-
nia catalysts (high-Zr-content materials) lies in site isola-
tion: the Zr atoms must be isolated and well dispersed
throughout the silica walls, thus avoiding the formation of
ZrO, domains.! In fact, while the preparation of doped
mesoporous silicas is straightforward and usually leads to a
relatively homogeneous distribution of cations, the situation
changes when high dopant loads are required, and we must
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face a complex chemistry plagued with problems, which
often results in the absence of chemical homogeneity, phase
segregation or mesostructure collapse.[*!! Careful manipula-
tion of the templating chemistry is thus required.

The origin of these problems lies in the different hydro-
lytic reactivity of elements such as Si and Zr (unequal hy-
drolysis and condensation reaction rates).?®*1 In practice,
zirconium species usually hydrolyze faster than silicon pre-
cursors. In most cases, this results in partial segregation of
ZrO, domains (together with a decrease of the Zr/Si molar
ratio in the resulting mixed oxide with respect to the mother
solution). Insofar as the catalysts’ efficacy substantially de-
pends on their purity and chemical homogeneity, phase seg-
regation must be avoided. The goal of a variety of one-pot
(cohydrolysis) synthesis procedures developed over the past
few years was to circumvent this reactivity problem. Among
the alternatives described, we can emphasize the utilization
of Zr-complexing precursor species,*>4?! the use of single-
source molecular precursors,[*’ the optimization of the in-
organic precursors and the pH,[*¥ the use of microwaves
in the processing,[*¥ the application of hydrothermal post-
treatments,’*”! or chemical control based on adjusting the
reaction conditions.*3! In this context, our group reported
on how [using the atrane route,[*>4 that is to say starting
from kinetically inert molecular atrane precursors (com-
plexes of Si and Zr containing triethanolamine-derived li-
gands)] it is possible to orchestrate the Zr and Si hydrolytic
reaction rates, thus leading to thermally stable Zr-MCM-41
porous silicas whose composition ranges from doped silicas
to very-high-Zr-content materials (% = Si/Zr = 0.3).53¢

It should be emphasized that the main concern in these
previous valuable investigations is the heteroelement (Zr)
incorporation. Less attention has been paid to the site ac-
cessibility and connectivity in these silica-based catalysts,
which also is a key for catalytic efficiency.['>] A strategy to
deal with the site accessibility problem that recently has at-
tracted interest is conceptually based on the consequences
of decreasing the mesoporous particle size in the nanoparti-
cle range.['> This necessarily implies, at first, the shortening
of the mesopore length, whereas the particle packing would
generate supplementary interparticle porosity. The one-pot
synthesis of functionalized (with inorganic elements and/or
organic groups) nanoparticulated bimodal porous silicas
was initially described by Pauly et al.[*”] (AI-HMS materi-
als) and El Haskouri et al.[*8491 (M-UVM-7 solids, M = Al,
Ti, V, and Zr; HPNOs), who used in their processes a single
surfactant (non-ionic, HMS; cationic, M-UVM-7, and
HPNO:s). In order to find applications, Pauly et al. demon-
strated the benefits of this nanoparticle-based architecture
by showing how the use of AI-HMS (average particle size
< 200 nm) instead of AI-MCM-41 improves the yield in the
catalytic alkylation of 2,4-di-tert-butylphenol with cinnamyl
alcohol.*”1 A two-step process for obtaining similar materi-
als has recently been reported.®® In any case, it must be
noted that, until now, the heteroelement amounts which
have been possible to incorporate into these nanoparticul-
ated catalysts have not been too high (in the zirconia-sup-
ported materials we are dealing with, the upper limit was
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established at Si/Zr = 50 in ref® vs. Si/Zr = 20 in ref.[>%,
although in this last case there is insufficient analytical in-
formation).

As mentioned in this Introduction, following previous
work on related materials, we recently succeeded in synthe-
sizing a novel family of nanoparticulated bimodal mesopo-
rous pure and doped silicas, and published some of our
preliminary results as a short communication.[8 On this
basis, insofar as the interest on improved zirconia catalysts
remains, we considered the possibility of transferring the
mentioned nanoparticulated organization from the already
explored limit of doped silicas up to the field of truly
(Si0,); (Zr0O,), mixed oxides. We have succeeded in this
aim, and this work describes the one-pot reproducible sur-
factant-assisted procedure that has allowed us to synthesize
high-Zr-content nanoparticulated bimodal mesoporous sil-
icas displaying high chemical homogeneity (good dispersion
of the active sites) and a considerable amount of accessible
Zr centers. The resulting Zr-UVM-7 solids bring together
high heteroelement contents, the size selectivity provided by
the surfactant-generated mesopores, and the high accessi-
bility typical of xerogels. The effects of the presence of Zr
atoms on the mesostructure have been examined, and the
main features characterizing the Zr sites in the framework
have been elucidated.

Results and Discussion

Synthesis Strategy

Bimodal mesoporous materials of the UVM-7 type that
are rich in Zr atoms have been synthesized through a one-
pot approach using CTABr as surfactant in a TEAHs/water
medium (CTABr = cetyltrimethylammonium bromide;
TEAH; = triethanolamine) (see Exp. Sect.). Summarized in
Table 1 are the main synthesis variables and physical data
concerning the Zr-UVM-7 materials prepared in this way.

Our synthesis strategy has been designed both to over-
come problems associated with the great reactivity differ-
ences that characterize the most usual Zr and Si precursor
species (because of the lower electronegativity of Zr and
its tendency to exhibit multiple coordination states) and to
preserve, as far as possible, the nanoparticulated bimodal
porous organization typical of UVM-7 silicas.*8] As men-
tioned above, this protocol is a modification of the so-called
“atrane route”, a simple preparative technique whose main
points have been described previously in detail.*! In fact,
such a method has allowed us to successfully prepare a di-
versity of unimodal mesoporous single and mixed oxides,
including the Zr-MCM-41 materials,*® working under
strongly basic conditions (pH = 11-12).5!-3 In contrast,
in the case we are dealing with, the synthesis pH was buff-
ered at ca. 9. It has been proven that these comparatively
mild basic conditions favor the nucleation and growth of
silica-based small nanoparticles,*®! thus avoiding the for-
mation of relatively large particles typical of the MCM-41-
like materials. In any case, the presence of atrane complexes
2573
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Table 1. Selected physicochemical properties of Zr-UVM-7 materials.

Si/Zr ay Ay BET area Pore size Pore vol. Wall thickness
Small pore  Large pore  Small pore  Large pore
Gel  Solid®  [nm]® [nm)]t! [m?/g] [nm]! [nm]! [cm3/g]l! [cm?/g]tdl [nm]!
1 50 43 4.73 0.58 1146 2.99 24.2 1.03 1.58 1.74(2)
2 25 19 4.62 0.52 1036 2.80 14.6 0.83 0.99 1.82(2)
3 12 11 4.54 0.48 1001 2.75 12.1 0.79 0.66 1.79(2)
4 5 4 4.55 0.47 846 2.70 12.6 0.63 0.68 1.85(2)

[a] Si/Zr molar ratio in the porous samples estimated from EPMA. [b] Cell parameter calculated assuming a hexagonal cell [¢, =
2-d(100)/3"4]. [c] Shrinkage after calcination (from XRD) defined as Ay = ay(as-synthesized) — ayp(mesoporous). [d] Calculated from the
adsorption branch of the isotherms and using the BJH model. [¢] Pore wall thickness defined as ay — BJH small pore size.

in solution at the working pH, before and after water ad-
dition, has been confirmed by FAB-MAS. This study has
been carried out firstly on independent Si- or Zr-containing
solutions in which the reagent proportions are the same
used in the preparation of the Zr-UVM-7 porous materials
described in this work. In the absence of water, the majority
species for both Si and Zr solutions correspond to M(TEA)-
(TEAH,) [M = Si (100%) or Zr (100%)] monomers, and
only in the Si case have additional entities been detected
[Si,(TEA),TEAH and Si3(TEA),], in very low proportions
(12 and 15%, respectively). The relative intensities have
been calculated without considering the peaks associated
with the dissolvent. In contrast to previous experiments car-
ried out at pH = 11,13 the presence of oligomers is now
practically negligible. Immediately after water addition, and
independent of the pH (9 < pH < 11), both the Si and Zr
atrane complexes remain in solution as monomers,
M(TEA)* and M(TEA)OH (M = Si or Zr) being the ma-
jority hydrolyzed species. Later, the corresponding FAB sig-
nals progressively disappear as the sol evolves to gel. On
the other hand, it must be emphasized that additional FAB-
MAS experiments carried out on solutions containing both
elements (Si and Zr) reveal (before and after water addition)
the presence of the same species as in the independent solu-
tions, which allows us to reasonably conclude that forma-
tion of binary (containing both Si and Zr entities) atrane
complexes can be discarded. Thus, the precursor solution
appears to mainly consist of a random intimate mixture of
independent Zr and Si molecular monomeric fragments. In
conclusion, although the proportion of oligomer species in
the absence of water is dependent on the basicity of the
medium, the use in the present case of moderately basic
conditions (pH = 9) to favor the formation of nanoparticu-
lated materials does not seem to alter the nature of the Si
and Zr species in hydroalcoholic solution (with regard to
previous synthesis in more basic media). In other words,
irrespective of the nature (condensation degree) of the start-
ing atranes (pH-dependent), the hydrolyzed species become
similar. In this way, the already studied role played by
TEAH; in order to orchestrate the hydrolytic reactions of
the Si and Zr precursor species®®! is preserved in the current
synthesis of the Zr-UVM-7 solids. Finally, once the hydro-
lytic reactions have been completed, the total concentration
of soluble silica can be accounted for by Si(OH), and (HO)s-
SiO~ species in an approximate ratio of 10:1.6,57->81 while
the majority Zr species should be the Zr(OH)s  mono-
2574

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mer.5% The subsequent condensation processes will proceed
from these monomeric entities. In this sense, we can refer
to a recent study on the condensation processes involving
silicon and zirconium alkoxides, which demonstrates the
formation of copolymerized tridimensional products in re-
action media rich in water.!®] Then, the condensation pro-
cesses of the hydrolyzed units must provide charged (an-
ionic) binary (Si and Zr) oligomers that could match (by
displacement of Br~ anions) with cationic surfactant aggre-
gates [([CTMA),m '] following an S*I~ mechanism.

As mentioned above, the pH constitutes the key param-
eter to obtain nanoparticulated materials of this type. The
working conditions (pH = 9) have been selected in order to
achieve high hydrolysis and condensation reaction rates and
also low silica back solution.l*”! Thus, silica polymerization
is fastest at pH values in the range of 8-9, and the silica
solubility reaches a minimum at pH = 8.157-38 Under these
conditions, we favor (1) supersaturation, a necessary condi-
tion for the formation of a large number of small primary
mesoporous nanoparticles, and (2) limited particle growth,
as a consequence of the low silica solubility. Moreover, the
incorporation of Zr helps to decrease the solubility. It is
well known that the presence of heteroelements (such as
Al or Zr) in the silica framework, even in low proportions,
increases in a significant way the insolubility of the re-
sulting doped or mixed oxides with regard to those of the
respective individual oxides.®”1 This property of Si/Zr mixed
oxides has been exploited to prepare alkali-resistant fil-
tration membranes based on mesoporous Zr-MCM-48 ma-
terials.[®]

Once the primary particles have been formed, the genera-
tion of a large pore system (see below) should be a conse-
quence of their aggregation, which mainly implies the estab-
lishment of Si-O-Si interparticle covalent links (which
might be kinetically favored in the presence of Zr!V).[43]
Moreover, as occurs in the case of xerogels, the presence of
Zr favors the interparticle condensation reactions and leads
to clusters more dense than those originated by the analo-
gous pure silica derivatives.l'¥l This behavior may be attrib-
uted to the development of cross-linking through Zr centers
between individual particles (Zr—O-Si or Zr—O—Zr bridges),
as expected from the affinity of Zr atoms for higher oxygen
coordination environments. Particle aggregation is a sol-gel
process, which probably is the result of base-catalyzed inter-
particle collisions.’” In short, the Zr incorporation into the
silica walls helps to promote the nucleation of very insolu-
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ble small nano-sized mesoporous particles, which in turn
favors the stabilization of the UVM-7-like organization.

Characterization

We have used EPMA both to determine the real amounts
of Zr incorporated into the framework and also to check
the chemical homogeneity of the resulting solids [a relevant
objective of our work was to preserve, under the new work-
ing conditions, good dispersion of the heteroelement (Zr)
in the walls of the resulting materials, which usually is
achieved through the atrane route]. Summarized in Table 1
are the corresponding Si/Zr molar ratio values (averaged
from data of about 50 different particles) of the resulting
solids. EPMA shows that the reported Zr-UVM-7 materials
contain Si/Zr molar ratios similar to those present in the
mother solutions. This fact indicates that, in general, there
is no preferential incorporation of Zr or Si into the final
porous walls. However, we observe a certain increase of the
Zr proportion in the case of the solids prepared from the
precursor solutions having the lowest Zr contents (Si/Zr =
50 and 25). This result could be associated with the com-
paratively low solubility of the Zr-containing species (with
regard to the pure silica ones), the effect of which should
decrease as the amount of well-dispersed Zr centers in-
creases. On the other hand, EPMA also shows that all Zr-
UVM-7 samples are chemically homogeneous (have regular
distributions of Zr and Si atoms) at the micrometer level
(spot area =~ 1 pm) with a constant and well-defined com-
position. Hence, the Zr-UVM-7 solids can be considered as
monophasic products. In fact, segregation of extra-frame-
work crystalline ZrO, can be practically discarded even for
the samples having the highest Zr content (although forma-
tion of ZrO,-like amorphous nanodomains might progress
as the Zr content increases). This result is consistent with
the absence of zirconia peaks in the high-angle region of
the XRD patterns. In short, according to our initial hypoth-
esis, we can conclude that the use of atrane precursors re-
sults in the harmonization of the rates of the hydrolytic pro-
cesses involving the corresponding Si and Zr species, which
facilitates the incorporation of relatively high amounts of
the heteroelement (Zr). Indeed, the amounts of Zr which
are incorporated into Zr-UVM-7 solids are higher than
those usually achieved in other related silica-based materi-
als prepared from conventional Si and Zr sources (for a
given Si/Zr initial ratio). Even more, as mentioned above,
the use of the atrane route allows very-high-Zr-content po-
rous silicas to be obtained, but the nanoparticulated organi-
zation of the material we are looking for is lost when the
Si/Zr molar ratio becomes smaller than 4:1.

The TEM images in Figure | clearly show that the
UVM-7-like organization is maintained in the composi-
tional range of 43 = Si/Zr = 4. All solids present a con-
tinuous nanometric array constructed from aggregates of
nano-sized mesoporous particles, which include two dif-
ferent pore systems: (1) the first one can be related to the
porogen effect of the surfactant-templating micelles, which
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generates the small intraparticle regular mesopores orga-
nized in a short-range hexagonal-ordering array, and (2) the
second one consists of large cage-like interparticle pores
and corresponds to the voids appearing as a consequence of
the collision and aggregation of the primary nanoparticles.
According to its origin, this second pore system presents a
nonordered character similar to that defining the cross-
linked network in nanoparticulated xerogels.[62-63]

Figure 1. Representative TEM images of Zr-UVM-7 materials: (A)
Sample 1 (Si/Zr = 43), (B) Sample 2 (Si/Zr = 19), (C) Sample 3 (Si/
Zr = 11), and (D) Sample 4 (Si/Zr = 4). The insets show enlarged
(%3) TEM images.

On the other hand, a careful analysis of the TEM images
allows certain tendencies in the variation of both the par-
ticle morphology and the progress of the cluster-like aggre-
gation with the Zr content to be established. Thus, the
average particle size slightly decreases as the Zr content in-
creases. The progressive Zr incorporation also favors the
formation of denser aggregates, reflecting a more efficient
packing of the primary nanoparticles. Such an evolution
of the mesostructure can be firstly related to the solubility
decrease induced by the Zr incorporation. Thus, the particle
growth decreases as the insolubility of the nanoparticles in-
creases. Moreover, the ability of Zr atoms to increase their
coordination number favors the interparticle connectivity
(based on Si-O-Si covalent bonds) through (additional)
Zr-O-Zr or Zr-O-Si links. This results in an interparticle
shrinkage similar to that observed in xerogels.'¥ These
tendencies can be better appreciated by comparing a pure
UVM-7 silica with a Zr-containing derivative (Figure 2).
The micrographs in Figure 2 clearly show how the incorpo-
ration of Zr atoms also involves a change in the particle
morphology. Indeed, while the UVM-7 pure silica exhibits
aggregates defined by regular elliptical nanoparticles, these
primary building blocks in the Zr-UVM-7 materials present
an irregular and angular shape. It is well known that, inde-
pendently of the particle size (nano- or micrometric Stober-
like silica particles), the incorporation of Zr (or another
heteroelement) strongly affects the regular growth of the sil-
ica spheres, thus leading to irregular particles. A similar
morphologic evolution with the Zr content was described
previously for Zr-containing silica xerogels.!'¥]
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Figure 2. Comparative TEM micrographs of (Zr-free) UVM-7 sil-
ica (A and B) and Zr-UVM-7 Sample 3 (C and D).

The characteristics of the intraparticle mesopore array
have been further studied by XRD with results that fully
correlate to TEM observations. All materials (as-synthe-
sized and calcined) display XRD patterns with at least one
strong diffraction peak in the low-angle region, which is
characteristic of mesostructured solids. The low-angle re-
gion of the XRD patterns corresponding to the mesoporous
(calcined) samples is shown in Figure 3. In all these last
cases, apart from the intense peak at low 20 values [associ-
ated with the (100) reflection if a basic hexagonal cell is
assumed],[®¥ we can observe a broad signal of relatively low
intensity that can be indexed to the overlapped (110) and
(200) reflections of the typical hexagonal cell. The observa-
tion of this last unresolved broad signal is characteristic of
an MCM-41-like short-range hexagonal intraparticle meso-
pore topology. We can also notice the decrease of the rela-
tive intensity of this broad signal with the Zr content (it
appears as a shoulder on the main peak for samples in
which Si/Zr = 19). Such an evolution is indicative of a pro-
gressive lowering of order in the mesopore array as the Zr
amount incorporated into the silica walls increases. The lat-
tice parameter value remains practically unchanged in the
range of 43 = Si/Zr = 4 for both the as-synthesized (about
5.20+0.13 nm) and porous (about 4.64*0.10 nm) materi-
als. Assuming the effective incorporation of Zr atoms in the
silica framework, this result might seem a priori unreason-
able [even more so when compared to the values of the a,
parameter of the mesostructured (5.13 nm) and calcined
(4.91 nm) UVM-7 pure silica]. To understand this behavior,
it is necessary to consider two opposite phenomena: (1) cell
expansion due to the replacement of Si atoms with Zr ones,
and (2) strong intraparticle network-shrinkage associated
with the cross-linking ability of Zr, which is enhanced after
calcination. As shown in Table 1, the contraction of the «,
parameter upon calcination for the Zr-containing materials
(about 0.51£0.07 nm) is significantly higher than that ob-
served for the Zr-free UVM-7 silica (0.22 nm).[%] It must
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be emphasized that this significant shrinkage is similar to
those observed in the cases of Zr-MCM-4183¢ and (pure)
ZrO,[% mesoporous solids prepared through surfactant-
assisted procedures.
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Figure 3. Low-angle XRD patterns of Zr-UVM-7 materials: (a)
Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (c) Sample 3 (Si/
Zr = 11), and (d) Sample 4 (Si/Zr = 4).

The N, adsorption-desorption isotherms gathered in
Figure 4 corroborate that the bimodal pore system typical
of nanoparticulated UVM-7 silicas is maintained in the Zr-
UVM-7 (43 = Si/Zr = 4) materials. The curves show, in all
cases, two well-defined adsorption steps (at intermediate
and high partial pressures). The adsorption at P/P, values
in the range of 0.25-0.50 can be related to capillary conden-
sation of nitrogen inside the cylindrical intraparticle surfac-
tant-templated mesopores. The second adsorption at P/P,
> (.65 corresponds to the filling of the large cage-like inter-
particle voids. Application of the BJH model (see Figure 5)
allows independent analysis of the evolution with the Zr
content of the two pore systems.
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Figure 4. N, adsorption—desorption isotherms for Zr-UVM-7 ma-
terials: (a) Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (c)
Sample 3 (Si/Zr = 11), and (d) Sample 4 (Si/Zr = 4).
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Figure 5. BJH pore size distributions for Zr-UVM-7 materials: (a)
Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (¢) Sample 3 (Si/
Zr = 11), and (d) Sample 4 (Si/Zr = 4).

Indeed, the pore size and volume associated with the in-
traparticle small mesopores gradually decrease with the Zr
content (see Table 1), a result which is consistent with an
effective heteroelement incorporation into the silica walls.
The intraparticle shrinkage commented on above could ac-
count for such a BJH pore and volume evolution. On the
other hand, we observe similar tendencies for the pore size
and volume associated with the interparticle pores in the
case of oxides (doped or mixed) with intermediate Zr loads
(43 = Si/Zr > 11). Later, as the Zr content increases (11 =
Si/Zr = 4), the pore size and volume seem to be stabilized.
At this point, it can be interesting to compare these results
with those concerning the interparticle pore system (pore
size = 50-60 nm) corresponding to pure (Zr-free) UVM-7
silicas.[*8] We can conclude that Zr centers seem to be very
effective for interconnecting different nanoparticles (with
the consequent pore-size reduction) even for low heteroele-
ment contents. Thus, the incorporation of small amounts
of Zr (Si/Zr = 43) already implies a reduction of the large
pore size in about 50% with regard to the pure UVM-7
silica. This reduction continues more smoothly until signifi-
cant Zr contents (Si/Zr = 11) are reached, for which we
might consider that the size and volume of the interparticle
pore system is roughly stabilized (about 12.5nm and
0.67 cm?/g). This general behavior suggests that, in the pres-
ence of moderate proportions of interparticle Zr binding
sites, the cage-like pore system is controlled by the nanopar-
ticle packing efficiency (physical aspects related to the size
and shape of the particles) rather than by the heteroelement
amount.

The high BET surface area, characteristic of UVM-7 and
MCM-41 materials, is maintained in the whole composi-
tional range studied (Table 1). Incorporation of Zr leads to
a small and gradual decrease of the BET area. Insofar as
the major surface area corresponds to the intraparticle me-
sopore system, this evolution must be attributed to disorder
induced by Zr in the surfactant-templated pore array. This
is a general tendency already observed for M-MCM-41-like
samples,3®! which has to be related to the relative lowering
of the S*I"-matching capability of the heteroelement-con-
taining silica oligomers. However, this BET surface area de-
crease does not necessarily imply a significant loss of poros-
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ity, and it could be related to a great extent with the gradual
increase of the density of the samples as Zr atoms replace
Si ones. Also, the thickness of the pore walls (defined as Wt
= ay — BJH pore size) shows a certain tendency to increase
with the Zr content, which should be correlated with the
effective incorporation of Zr into the walls.

Once it is unambiguously confirmed that our materials
retain the nanometric architecture typical of the UVM-7
silicas, it is possible to gain insight into the characteristics
of the local environment and dispersion of the Zr centers
in the silica walls with the help of UV/Vis spectroscopy. The
diffuse-reflectance UV/Vis spectra corresponding to the an-
hydrous (i) and hydrated (ii)) Zr-UVM-7 compositions we
are dealing with (the spectrum of bulk ZrO, has also been
included for comparative purposes) are shown in Figure 6.
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Figure 6. Diffuse-reflectance UV/Vis spectra of (i) anhydrous and
(i1) hydrated Zr-UVM-7 samples. (a) Sample 1 (Si/Zr = 43), (b)
Sample 2 (Si/Zr = 19), (¢) Sample 3 (Si/Zr = 11), (d) Sample 4 (Si/
Zr = 4), and (e) ZrO..

In all cases, the spectra display an intense absorption
band at about 210-217 nm whose intensity monotonically
increases as the Si/Zr ratio decreases. As can be seen, the
spectrum of ZrO, is clearly different: the most intense ab-
sorption band is complex and its maximum appears at com-
paratively low energy values (about 230-240 nm); moreover
it exhibits additional bands in the range of 250-350 nm.
The intense adsorption band in the spectra of Zr-UVM-
7-related materials is usually attributed to ligand-to-metal
charge transfer from oxide entities to isolated Zr' cations
in a tetrahedral environment.[®”) This band presents a grad-
ual red-shift as the Zr content increases, but the absorption
maximum always falls at wavelengths lower than that corre-
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sponding to pure zirconia, that is to say the band-gap ener-
gies for the Zr-UVM-7 materials are larger than for
Z10,.1981 This result further corroborates the lack of extra-
framework bulk ZrO, as a segregate phase in the Zr-UVM-
7 samples, and also indicates the presence of isolated Zr
centers (or highly dispersed zirconia-based clusters or nano-
domains) in the pore walls. FTIR spectroscopic data offer
further evidence in this sense. Thus, the relative intensity of
the band at ca. 970 cm™!, which is usually related to vi-
brational modes involving Si-O-Zr linkages,[® clearly in-
creases with the Zr content. Moreover, the detection of a
certain UV/Vis absorption in the range of 250-350 nm has
been recognized as characteristic of nanoscopic regions
containing Zr-O—Zr bonds in related materials.3 It must
be noted that the spectrum of bulk ZrO, presents, at least,
two rather intense adsorption bands in this range. In the
case of the Zr-UVM-7 solids, we cannot detect any absorp-
tion in this spectral range until reaching the Zr content cor-
responding to a molar ratio of Si/Zr = 11. Even in the case
of the spectrum of the highest-Zr-content material (Si/Zr =
4), we can observe only a small shoulder at ca. 250-275 nm.
We cannot disregard, therefore, the presence of a certain
proportion of Zr-O-Zr-containing nanodomains in this
last sample of high Zr content. Such a shoulder can be bet-
ter appreciated in the spectrum of the anhydrous Si/Zr = 4
sample. The thermal treatment carried out to eliminate
water probably favors a certain intra- and interparticle con-
densation leading to the formation of new Zr-O-Zr bonds.
As discussed above, this observation correlates to the ability
of Zr centers to adopt different coordination environments.

Concerning the potential catalytic applications of these
materials, it seems relevant to evaluate the proportion of Zr
sites that are reagent-accessible. In general, this variable is
highly dependent on the synthesis approach used. Thus,
when comparing cohydrolysis processes to grafting tech-
niques, we find that, although cohydrolysis usually leads to
higher chemical homogeneity, it has an associated draw-
back: the loss of a significant part of the incorporated, po-
tentially active centers, which are buried inside the pore
walls (that is to say inaccessible for the reagents). Then,
assuming that the mesoscopic organization of the material
is maintained, we can consider that only those Zr centers
close to the pore surface should be accessible to different
substrates. Our approach to estimating the proportion of
Zr-accessible sites in the Zr-UVM-7 materials is based on
evaluating the effects of using an alternative procedure for
removing the surfactant from the as-synthesized samples.
Thus, we chemically extracted the surfactant with the help
of HCl/ethanol mixtures. This process has a double effect:
it obviously provokes the exchange between CTMA™ spe-
cies and protons, but also favors the leaching of accessible
Zr atoms in the form of chloride complexes. Thus, we ob-
serve in all cases that the Zr content, as measured by
EPMA, decreases after extraction (see Table 2).

In all samples, at least 1/3 of the Zr centers are accessible
under the experimental conditions we have used. Moreover,
the proportion of accessible Zr centers increases with the
Zr content [from about 40% (Si/Zr = 43) to about 60% (Si/
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Table 2. Analytical data for Zr-UVM-7 samples before and after
treatment with HCl/ethanol.

Sample Si/Zr Si/Zr chemically Accessible Zr sites
calcined extracted (%)
1 43 66 35
2 19 34 41
3 11 24 50
4 4 11 60

Zr = 4)]. At first glance, this evolution might suggest that
there is a certain progressive (with the Zr content) loss of
chemical homogeneity of the pore walls, which would result
in enrichment in Zr of the surface with regard to the core
walls. However, these results must be carefully considered,
because the leaching of superficial Zr centers (or ZrO, nano-
domains in the Zr-richest samples) also favors a progressive
attack on partially buried Zr species. In practice, this degra-
dation will progress continuously, leading to an enhanced
elimination of Zr (internal and a priori inaccessible) cations
of the inorganic walls. This process really is very similar
to the well-known dealumination and desilication reactions
carried out on zeolites to favor the generation of additional
hierarchical porosity.’%7!1 A possible consequence of the
progressive formation of new disordered pores should be
mesostructure degradation (partial or total). In fact, a pre-
liminary study (XRD and N, adsorption—desorption) car-
ried out on chemically extracted samples shows that the
process induces significant changes in the (UVM-7) organi-
zation of the resulting materials. Thus, according to the
XRD patterns in Figure 7, the intraparticle short-range
hexagonal ordering mesopore system is maintained only up
to Sample 3 (initial molar ratio: Si/Zr = 11), and it practi-
cally disappears for the Zr-richest material (Sample 4).
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Figure 7. Low-angle XRD patterns of the chemically extracted Zr-
UVM-7 materials: (a) Sample 1 (Si/Zr = 66), (b) Sample 2 (Si/Zr
= 34), (¢) Sample 3 (Si/Zr = 24), and (d) Sample 4 (Si/Zr = 11).

On the other hand, we only observe (see Figure 8§) UVM-
7-like isotherms (with two well-differentiated adsorption
steps) up to Sample 2 (initial molar ratio: Si/Zr = 19). In-
deed, as the Zr content increases, the first adsorption step
(associated with the intraparticle mesopores) progressively
disappears, and the second adsorption step (typical of inter-
particle voids) in the isotherms evolves to wide pore-size
distributions.

Eur. J. Inorg. Chem. 2006, 2572-2581



High-Zirconium-Content Nano-Sized Bimodal Mesoporous Silicas

FULL PAPER

2000+ -
o
1500 "“
oo
.®
@ .
(=] .’..o b
t ...o..op-o )
g 19007 /‘.’. AA‘AA" .
R o’ A::AA‘
GE) o ) AAAAAL AL Yy
4 AABAA
=2 M
L 500+ |
8 . o ::QM
* *
3 . ’.0’
8 N “,0‘
< R
3004 .’..’
0"’. d )
2001 KX
" B Ll
s
100 W
T r . l
0.0 0.2 0.4 0.6 0.8 1.0

" Relative Pressure (P/P)

Figure 8. N, adsorption—desorption isotherms of the chemically ex-
tracted Zr-UVM-7 materials: (a) Sample 1 (Si/Zr = 66), (b) Sample
2 (Si/Zr = 34), (c) Sample 3 (Si/Zr = 24), and (d) Sample 4 (Si/Zr
=11).

According to XRD and porosimetry data, we can con-
clude that the UVM-7-like architecture in chemically ex-
tracted materials is preserved only in the compositional
range of 43 = Si/Zr > 19 (initial molar ratio values). On
the basis of this observation, and taking into account both
the proportion of accessible Zr sites estimated for the sam-
ples in this range (from 35 to 40%, Table 2) and their wall
thickness (Table 1), it is possible to propose a rough struc-
tural model for estimating the degree of chemical homo-
geneity of the pore walls. Then, assuming the existence of
a silica-based framework constructed from Q* centers [d(Si—
0O) = 0.16 nm], about six silica chains are necessary to
achieve a wall thickness of ca. 1.7-1.8 nm (Figure 9). Under
the reasonable hypothesis that in the low-Zr-content silicas
(Si/Zr > 19) only the Zr sites located in the more external
chains should be eliminated by the treatment with HCl/eth-
anol mixtures, the proportion of accessible Zr centers for a
homogeneous heteroelement dispersion is 1/3, a value very
close to those observed for Samples 1 and 2 (35% and 41 %,
respectively). In any case, although a slight Zr surface en-
richment cannot be completely disregarded, we can con-
clude that the atrane method leads to mesoporous materials
with high chemical homogeneity throughout the pore walls.
In contrast, an appreciable Zr enrichment of the surface has
been detected for mesoporous materials synthesized from
conventional reagents.>3] Dealing with the surfactant-ex-
changed materials in the compositional range of 11 = Si/
Zr > 4, it is interesting to point out that, as occurs for
zeolites, the gradual degradation of the mesostructure by
Zr leaching to induce additional hierarchic porosity may be
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controlled to increase the material accessibility. In this re-
gard, additional work is currently in progress.

Figure 9. Scheme of the pore wall. Grey and white positions in the
framework correspond to Zr and Si sites, respectively.

Conclusions

In short, we reported here on how, starting from kin-
etically inert atrane precursors, it is possible to synthesize
high-zirconium-content nano-sized bimodal porous silicas
by using a cationic surfactant-assisted procedure under con-
trolled pH conditions. The resulting Zr-UVM-7 silica-based
materials maintain the typical array of the parent pure sil-
ica: aggregates of nano-sized mesoporous particles defining
a large interparticle pore system resulting from the imper-
fect packing of the primary building blocks. The effects of
the Zr atoms on the UVM-7 pore morphology are ex-
plained on the basis of both the modification of the silica
solubility by incorporation of Zr centers into the oligomers
and the ability of the Zr atoms to expand their coordination
number. The latter aspect favors a significant decrease of
the textural porosity with regard to Zr-free UVM-7 materi-
als. Once more, the atrane method proves to be a very ef-
ficient tool to achieve a good dispersion of the heteroele-
ment guest species in the silica framework.

Experimental Section

Chemicals: All the synthesis reagents were analytically pure, and
were used as received from Aldrich. The Si and Zr primary sources
were tetraethyl orthosilicate (TEOS) and zirconium isopropoxide
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(ZrP), respectively. 2,2',2"'-Nitrilotriethanol or triethanolamine
[N(CH,~CH,-OH);, TEAH;] was used for obtaining Si and Zr
atrane complexes. The templating agent was cetyltrimethylammon-
ium bromide (CTMABr).

Synthesis: The method was a modification of the so-called “atrane
route” 364341 The nano-sized Zr-UVM-7 materials were synthe-
sized through a one-pot surfactant-assisted procedure in a homo-
geneous hydroalcoholic reaction medium (water/TEAH3). The cat-
ionic surfactant (CTMABr) acted as a structure-directing agent or
supramolecular template (and consequently, as porogen after tem-
plate extraction). Although the Si and Zr primary sources were
commercial alkoxides, the real hydrolytic precursors in this strategy
were Si and Zr atranes (relatively inert complexes that include
TEAH;-related ligand species).3%43401 Together with its complex-
ing ability, the presence of the polyalcohol (TEAH;) was a key
because it kept the reaction medium buffered (pH = 9), favoring
the formation of nanoparticulated materials.*7-481 Details of a typi-
cal synthesis leading to Sample 2 (see Table 1) can be described as
follows: (1) Preparation of an adequate mixture of atrane precur-
sors from commercial alkoxides. TEOS (32.1 mL, 0.144 mol) and
ZrP (2.56 mL of a 70% in weight solution, 0.0058 mol) were slowly
added to liquid TEAH; (66.9 mL, 0.51 mol) and heated at 150 °C
to give atrane complexes. (2) Addition of the structure-directing
(porogen) agent. After cooling of the previous solution to 90 °C,
CTMABTr surfactant (13.68 g, 0.0375 mol) was added. (3) Meso-
structure formation. The solution containing the atrane complexes
and the template was cooled to 60 °C and mixed with water
(240 mL, 13.33 mol). After a few seconds, a white powder ap-
peared. The resulting suspension was allowed to age at room tem-
perature for 24 h. The final (mesostructured) powder was filtered
off, washed with water and ethanol, and air-dried. (4) Surfactant
removal. In order to open the pore system, the as-synthesized solid
was heated at 500 °C under static air for 5 h. In all cases, the molar
ratio of the reagents in the mother liquor was adjusted to (2—x)Si/
xZr/TTEAH3/0.52CTMABr/180H,O (where x = 0.04, 0.08, 0.15,
and 0.33). On the other hand, in order to evaluate the proportion
of internal and external (accessible) Zr sites, we used an alternative
procedure to remove the surfactant from the as-synthesized sam-
ples. Indeed, the surfactant was chemically extracted from some
selected samples using an HCl/ethanol solution (about 1 g of pow-
der, 15 mL of HCI 35%, and 150 mL of ethanol 96%) by main-
taining the suspension of the mesostructured solid in the solution,
while stirring at room temperature for 24 h. The final (porous) ma-
terial was separated by filtration, washed with ethanol, and air-
dried.

Physical Measurements: All solids were characterized by electron
probe microanalysis (EPMA) using a Philips SEM-515 instrument.
The Si/Zr molar ratio values averaged from EPMA data corre-
sponding to about 50 different particles of each sample are summa-
rized in Table 1. Fast atomic bombardment (FAB) coupled to mass
spectrometry (MAS) analysis of the precursor solutions was per-
formed to investigate the nature of the atrane precursors (before
and after water addition). X-ray powder diffraction (XRD) data
were recorded with a Seifert 3000TT 6-0 diffractometer using Cu-
K, radiation. Low-angle XRD patterns were collected in steps of
0.02° (20) over the angular range of 0.65-10° (26) for 25 s/step. To
detect the presence of some crystalline bulk phase, additional pat-
terns were recorded with a larger scanning step [0.05° (26)] over
the angular range of 10-70° (20) and a lower acquisition time (10 s/
step). An electron microscopy study (TEM) was carried out with a
JEOL JEM-1010 instrument operating at 100 kV and equipped
with a CCD camera. The specimens for TEM analysis were pre-
pared from powders by conventional crushing in an agate mortar,

2580

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and dispersing the resulting small crystallites in dodecane. Micro-
particles were then deposited on holey carbon microgrids under
ambient conditions. Surface area, pore size, and volume values
were calculated from nitrogen adsorption—desorption isotherms
(-196 °C) recorded with a Micromeritics ASAP-2010 instrument.
Calcined samples were degassed at 130 °C and 107 Torr for 15h
prior to measurement. Surface areas were estimated according to
the BET model,”?! and pore size dimensions were calculated by
using the BJH method (measures at P/P, < 0.55 and P/Py > 0.55
values have been used to characterize the intrananoparticle and the
internanoparticle pore systems, respectively).”3) Room-temperature
diffuse-reflectance spectra were registered using a Shimadzu UV/
Vis 2501PC instrument equipped with an integrated sphere coated
with BaSO,, which also is used as standard. IR spectra (KBr pel-
lets) were registered with an FTIR Perkin—Elmer 1750 spectropho-
tometer.
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