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Abstract Mesoporous silica nanoparticles were prepared
in aqueous/organic phase using cetyltrimethylammonium
bromide and polystyrene as organic templates. The mor-
phology and crystalline phase of the products were char-
acterized by scanning electron microcopy, transmission
electron microscopy, X-ray diffraction, small angle X-ray
scattering, and N, adsorption/desorption isotherm analysis.
The octane/water ratio influenced the pore size distribution,
the morphology and size of the nanospheres obtained.
Transmission electron microscopy revealed that mesopor-
ous silica nanoparticles with “blackberry-like structure”
(MSN3, MSN4, MSNS5, and MSN6 samples) were obtained
using octane/water ratios in the range 0.007-0.35. They
present small (in the range 5-6 nm) and large (in the range
28-34 nm) mesopores. Large mesopores were mainly gen-
erated by polystyrene, and their volume contribution was
clearly higher than in the MSN1 and MSN2 samples. The
structure and morphology of mesoporous silica nano-
particles solids impregnated with tungstophosphoric acid
were similar to those of the mesoporous silica nanospheres
used as support. In addition, the characterization of all the
solids impregnated with tungstophosphoric acid by Fourier
transform infrared and *'P nuclear magnetic resonance
indicated the presence of undegraded [PW12O40]3_ and
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[H3_XPW12040](3 - species interacting electrostatically
with the =Si~OH, " groups, and by potentiometric titration
the solids presented very strong acid sites. In summary, they
are good candidates to be used in reactions catalyzed by
acids, especially to obtain quinoxaline derivatives.
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1 Introduction
Recently, much has been reported about the synthesis and

application of mesoporous materials in different science
areas [1, 2]. As these materials have a wide use in diverse
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fields, increasing efforts have been made to find new and
better preparation routes [3, 4].

Within the spectrum of materials with high importance in
nanotechnology, one of the most outstanding is mesoporous
silica, which has attracted much interest in a few years as it
is widely used because it is cheap, safe, chemically inert,
thermally stable, and biocompatible [5]. Due to the quick-
ness of technological advances, there are a number of
techniques available for the preparation of nanostructured
materials, which can be divided into three categories,
according to the preparation route. Among them, the liquid
preparation method has some advantages over the others,
such as low cost, increased productivity, and environmental
friendliness, among others.

Reports collected from the literature have explored the
influence of the size, shape, functionalization and use of
these structurally ordered materials for application in a
variety of fields, such as catalysis [6], drug transport [7],
separations [8], electronic optics [3], and also as sensors or
adsorbents [9]. The most widely known and studied
mesoporous silica nanoparticles (MSN) are those named
MCM-41 and SBA-15, which possess a mesoporous
ordered structure and a uniform pore size [10]. Besides,
techniques for the preparation of mesoporous siliceous
materials with different morphologies, such as spheres,
films, fibers, among others, are currently being explored
[11]. Many of these methods have proved to be useful for
industrial applications. However, some disadvantages still
remain, such as the use of harmful chemical products,
which can pose a problem for bioapplications, and some-
thing very important in heterogeneous catalysis such as the
pore size, which may create difficulties for the reactant
penetration into the catalytic material and the diffusion of
reactants or products to or from the active sites [12]. It is
known that the morphological characteristics such as size
and shape can be adjusted by kinetic control of the reaction;
this is the reason for using templates such as cationic or
nonionic surfactants, polymers or electrolytes, among oth-
ers. Many researchers have reported the preparation of
particles with controllable morphology through liquid phase
synthesis [12] and also by the spray method [3].

Among the possible morphologies, the spherical struc-
ture of the MSN has attracted much interest and has been
prepared through various methods, such as sol-gel [13],
microemulsion [14], template addition [15], to mention the
most widely used. An important challenge is to obtain silica
nanospheres with controllable particle and pore size by the
template method in liquid phase. Nandiyanto et al. [12]
described the synthesis of mesoporous silica with adjustable
pore size (from 4 to 15nm) and outer particle diameter
(from 20 to 80nm). The employed method involved a
reaction system of double synthesis within the micelle; one
is the hydrolysis reaction of tetraethylorthosilicate (TEOS)
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to produce the silica and the other, styrene polymerization,
subsequently followed by the removal of the organic tem-
plates (cetyltrimethylammonium bromide (CTAB) and
polystyrene (PS)) through calcination.

On the other hand, the heteropolyacids (HPA) with well-
known Keggin structure [16] can be used in their bulk form
both in homogeneous and heterogeneous catalysis, though it
is advisable to support the HPA because the bulk com-
pounds present a very low specific surface area (3-5 m*/g),
which limits their use in this manner. To overcome this
disadvantage, the HPA are dispersed on a support such as
silica, zirconia, alumina or carbon, among others. Accord-
ing to the preparation method, the HPA interact with the
surface when they are supported on zirconia, alumina or
carbon, and the Keggin structure can be partially decom-
posed, resulting in relatively low acidic materials [17, 18].
On the other hand, it was reported that the HPA are more
stable when supported on silica [19, 20]. It is known that
there is an electrostatic interaction between the hetero-
polyacid and the support, which occurs through the proto-
nation of the surface hydroxyl groups [21]. Legagneux et al.
[22] supported different kinds of HPA on silica, and pro-
posed the mode of interaction with silanol groups. The
characteristics of the HPA/support solids obtained by
impregnation techniques depend on the nature and stability
of the species during impregnation, drying and calcination
steps [23], and thus the catalytic properties of the catalysts
also depend on these processes. During the impregnation,
the contact between the support and the solution, the
adsorption of the active species precursors is one of the
most important factors to be considered.

The use of supported HPA and related compounds in
heterogeneous catalysis is known and of great importance,
becoming increasingly attractive. These solids have
advantages compared with the homogeneous catalysts, such
as the easy separation from the reaction medium and the
possibility of reuse in liquid phase reactions, without a great
change in the reaction yield [4]. Thus, they are a very good
substitute to be used in acidic reactions instead of the more
common mineral acids (sulfuric acid, hydrochloric acid,
nitric acid, among others), which involve the generation of
massive amounts of toxic wastes at an industrial scale.
Several authors have explored the application of supported
HPA in diverse catalyzed reactions [24-27]. It is a desirable
topic to consider in order to promote ecocompatible syn-
thetic routes as proposed by the so-called Green Chemistry
[28].

The objective of this work is to prepare and characterize
mesoporous silica nanospheres obtained in aqueous/organic
phase by the template method, with the aim of achieving a
support with appropriate morphology and textural proper-
ties. Then, the nanospheres are impregnated with tung-
stophosphoric acid (TPA) in order to obtain materials with
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suitable textural and acidic characteristics for further use in
heterogeneously catalyzed reactions for the synthesis of
quinoxaline derivatives with biological applicability.

2 Experimental
2.1 Support preparation

The mesoporous silica nanoparticles (MSNX) were pre-
pared by TEOS hydrolysis, adding lysine as catalyst,
cetyltrimethyilammonium bromide (CTAB) as template and
surfactant, styrene as the template precursor, and cyanova-
leric acid (ACVA) as initiator of styrene polymerization. In
a typical process to prepare the silica/template particles,
0.35 g of CTAB was first dissolved in 108 ml of water at
60 °C in a three-necked flask. When a clear solution was
obtained, octane (32 ml), styrene (42 mg), lysine (80 mg),
TEOS (3.5g), and ACVA (90.5mg) were added. The
reaction was continued for 3h under N, atmosphere at
60 °C. Then, the heating was stopped, and the suspension
was cooled at room temperature, allowed to stand for 18 h,
and later, the solid was isolated by centrifugation.
This material was washed with ethanol and finally, the
template was removed by thermal treatment at 500 °C for 3
h. Samples were prepared by varying the styrene/water
(EST/H,0) mass ratio in the range 0.39-10, keeping
the ACVA amount constant, or by varying the ratio
of the organic/aqueous phases, employing octane/water
(OCT/H,0) mass ratios between 0.0006 and 0.35, with the
purpose of observing the effect of these variables on the
characteristics of the obtained materials.

2.2 Impregnation with TPA

The experiments were performed by contacting, at room
temperature, 0.7 g of the support (MSNX) with 0.3 g of
TPA(H;PW,040) dissolved in 3 ml of ethanol-water 50%
(v/v) solution in order to obtain a TPA concentration of
30% by weight in the final material. The solution and the
support were allowed to stand in contact until the solvent
was evaporated and the solid was dried at 70 °C. Finally, the
solid was calcined at 200 °C for 2 h under air atmosphere,
thus obtaining the solids that will be named MSNXTPA(.
The TPA content in the samples was estimated as the dif-
ference between the W amount contained in the TPA
solution originally used for the impregnation and the
amount of W that remained in the beaker after removing the
dried samples. Additionally, in order to remove the TPA
weakly bound to the MSNX surface, the materials were
contacted with water (typically 0.100g in 10ml) for
24 h, filtered, and dried at 100 °C. The amount of W in the
obtained solutions was determined by atomic absorption

spectrometry using a Varian AA Model 240 spectro-
photometer. The calibration curve method was used with
standards prepared in the laboratory. The analyses were
carried out at a wavelength of 254.9 nm, bandwidth 0.3 nm,
lamp current 15 mA, phototube amplification 800 V, burner
height 4 mm, and acetylene—nitrous oxide flame (11:14).

2.3 Characterization

The nitrogen adsorption/desorption measurements were
carried out at liquid nitrogen temperature (77 K) using
Micromeritics ASAP 2020 equipment. From the obtained
data, the specific surface area (Sggr), using the
Brunauer—Emmett-Teller model in the relative pressure
range 0.05-0.3, the mean pore diameter (Dp) by the BJH
method, and the pore size distribution (PSD) with the DFT
density functional theory (DFT) method were estimated.

The morphology and the size of the MSNX were char-
acterized by scanning electron microscopy (SEM) with
Philips 505 equipment, and transmission electron micro-
scopy (TEM) was performed on JEOL 100 CX II equip-
ment, with an acceleration voltage of 100kV and a
magnification range of 270,000x—450,000x. The energy
dispersive X-ray analysis (EDX) of the samples was
obtained using an EDAX 9100 analyzer at a working
potential of 15kV.

The species present in the prepared samples were eval-
uated by Fourier transform infrared spectroscopy (FT-IR),
using Bruker IFS 66 equipment with pellets of the sample in
KBr, in the 400-4000 cm ™' range at room temperature.

The solids impregnated with TPA were analyzed by
*'P magic angle spinning-nuclear magnetic resonance
(MAS-NMR) spectroscopy before and after being calcined
at 200 °C. For this purpose, Bruker MSL-300 equipment
was employed, using 5 ps pulses, a repetition time of 3,
and working at a frequency of 121.496 MHz for *'P at room
temperature, the resolution being 3.052 Hz per point. A 5
mm diameter and 10 mm high sample holder was used, the
spin rate was 2.1 kHz. Several hundred pulse responses
were collected. Phosphoric acid 85% was employed as
external reference.

The structural characteristics were determined by X-ray
diffraction (XRD) employing Philips PW-1732 equipment,
using Cu Ka radiation, Ni filter, 20 mA and 40kV in the
high voltage source, a scanning range between 5 and 60°
260, and a scanning rate of 2°/min. The small angle XRD
patterns were recorded using Philips APD 1700 XPERT
equipment with a built-in recorder. The conditions used
were: Cu Ko radiation, Ni filter, 40 mA and 40kV in the
high voltage source, scanning range from 0.3 to 5 °26, and a
scanning speed of 0.01°/s.

The small angle X-ray scattering (SAXS) analysis was
carried out to study the structural properties of MSNX
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Fig. 1 N, adsorption—desorption isotherms and pore size distribution
(insert) of MSN1, MSN3, and MSN6 samples

samples. The dispersion curves of intensity I (q) were
determined as a function of the scattering vector (q) module.
The SAXS measurements were performed using a labora-
tory SAXS setup (XEUSS 1.0, XENOCS, Grenoble) at
21°C in the transmission configuration with variable
sample-detector distance (in order to cover the angular
range required for analysis).

The acidic properties of the solids were estimated by
potentiometric titration, suspending the solid in acetonitrile
and titrating with an n-butylamine solution in acetonitrile.
The potential variation was measured employing a Hanna
211 pH meter, with a double junction electrode.

3 Results and discussion

The N, adsorption—desorption isotherms of representative
MSNX silica samples are shown in Fig. 1, and the most
important textural data are listed in Table 1. The isotherms
of MSN1 and MSN2 samples can be classified as type 1V,
characteristic of mesoporous materials. They present a
comparatively sharp inflection in the 0.30-0.42 range of
P/P, relative pressure without hysteresis, assigned to the
capillary condensation of N, in ordered mesoporous mate-
rials [29]. The increase of N, adsorbed in the 0.8—1 range of
P/P, is associated with the presence of large mesopores.
The PSD obtained by the DFT method (graph inserted in
Fig. 1) shows that the pores are mainly between 2 and 4 nm
in size (centered at ~3.4 nm). Large mesopores (between 12
and 50 nm) are also present, although their pore volume is
rather small.

@ Springer

Table 1 Textural properties and size of representative MSN

Sample EST/H,O OCT/H,O SBET Dp (nm)* Size

ratio (w/w)  ratio (w/w) (m*g) (nm)
MSN1 0.39 0.0006 497 5.9 55.7
MSN2  0.39 0.0008 513 5.7 55.0
MSN3  0.39 0.07 293 13.5 30.7
MSN4  0.39 0.21 329 13.3 31.8
MSN5  0.39 0.35 421 13.9 32.2
MSN6 10 0.35 557 12.0 28.1

* Estimated by the BJH method

The isotherms of MSN3, MSN4, MSNS5, and
MSNG6 samples (Fig. 1) can also be classified as type IV;
however, they do not display the sharp inflection in the
0.30-0.42 range of P/P, relative pressure, and the capillary
condensation step in the 0.8—1 range of P/P, is clearly
higher (with H1 hysteresis loops). The PSD also reveals the
presence of small (centered at ~5.8 nm) and large meso-
pores (centered in the range 28-34 nm) in these samples.
For these materials, the volume of large mesopores is
clearly higher than in the MSNI1 and MSN2 samples. As
can be observed (Table 1), all the samples present high
specific surface area. Additionally, the specific micropore
area values, estimated from the #-plot method, show that
more than 95% of the total surface area comes from a
mesoporous structure.

The SEM micrographs of MSNI, MSN2, and
MSN3 samples (Fig. 2) show that the materials are formed
by agglomerates of spherical particles. The size of these
spherical particles (in the range 200-100 nm) decreases
slowly in the following order MSN1 >MSN2 > MSN3.
The SEM micrographs of the other three samples reveal that
their size and morphology are similar to those of MSN3
material.

The spherical particles seem to be formed by aggregation
of smaller nanoparticles that, according to the TEM
micrographs (Fig. 3), also have spherical shape with a size
between 55 and 28 nm. In the case of the MSN3, MSN4,
MSNS, and MSN6 samples, TEM micrographs show that
they are formed by clusters of 5 nm nanoparticles, giving
them the appearance of a blackberry.

The increment of the OCT/H,0 ratio from 0.0008 to 0.07
led to a significant change of the PSD, morphology and size
of the nanospheres obtained. However, they remained
almost constant when the ratio was raised to 0.21 or 0.35.
Mesoporous silica nanospheres (size ~55 nm) with Dp in
the range 5.7-5.9 nm and high Sggr values were synthe-
sized using lower OCT/H,O ratios. Taking into account
these results, we can suggest that under these synthesis
conditions, CTAB participates mainly as template. The
micelles are too small, so the hydrolytic condensation of
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Fig. 2 SEM micrographs of a MSN1, b MSN2, and ¢ MSN3 samples.
Magnification: 5000x; bar: 2 um

tetraorthosilicate to form silica and the polymerization of
styrene occur outside them. On the other hand, a higher
OCT/H,0 ratio allows one to obtain mesoporous nano-
spheres with blackberry structure (size ~32 nm) displaying a
bimodal PSD (mainly composed of large mesopores) with
Dp in the range 12.9—13.5 nm and also high Sggt values. In
these cases, both silica and PS are produced within the large

Fig. 3 TEM micrographs of a MSN1, b MSN3, and ¢ MSN6 samples
(bar: 20 nm)

micelles generated by the surfactant, housing the organic
solvent inside them. The mesopores are mainly generated
by PS, and a silica/PS composite structure was obtained.

The modification in styrene concentration led to a change
not only in the size of the nanospheres but also in the mean
pore diameter. However, its influence is not very strong,
because an increase of the EST/H,O ratio from 0.39 to 10
only reduces Dp by less than 15%.
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Then, the organic compounds were removed by the
thermal treatment, which was corroborated by the FT-IR
spectra of the materials before and after the heat treatment
(Fig. 4), thereby obtaining the mesoporous structure.

The comparison of the spectra of the MSN1 before and
after the thermal treatment (Fig. 4b, c) showed that the
characteristic bands of PS, placed at 3080-2850, 1600,
1500, 750, 700, and 540 cm ™" (Fig. 4a), disappeared, thus
indicating complete styrene removal. In these spectra, the
characteristic bands of silica were observed at 3700-3200
(stretching of OH groups), 1650 (angular vibration of H,0),
1200-1100 (asymmetric stretching of the siloxane group),
965 (stretching of the Si-OH group), 800 (stretching of the
Si—0-Si group), and 480cm™' (bending of the O-Si-O
group). On the other hand, the spectrum of the
MSN1 sample impregnated with TPA (Fig. 4d) showed that
the characteristic bands of TPA (Fig. 4e) were partially
overlapped with the silica bands. However, the bands
placed at 982 and 896 cm_l, attributed to the stretching of
the W-04 and W-O-W bonds, respectively, were clearly
observed, thus indicating the presence of the tungstopho-
sphate anion with unchanged Keggin structure [30]. The
MSN3 (Fig. 4f, g) and the other materials showed similar
characteristics to those described for MSN1 sample.

The *'P MAS NMR spectrum of bulk hydrated TPA
(Fig. 5a) (H3PW,049-6H,0) exhibits only one peak at
—15.3 ppm with a small line width (0.04 ppm). This peak
was assigned to the deprotonated [PW12040]3_ Keggin
anion [21] that interacts with H"(H,0), species [31, 32].
The *'P MAS-NMR spectra of dried MSNITPAp,
MSN3TPAp, and MSN6TPAp samples (Fig. 5b—d,
respectively) display two wide peaks with maximum at
—15.2 and —15.0ppm, which were attributed to
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Fig. 5 3'P MAS NMR spectra of H;PW,0,0.6H,0 a, MSN1TPA( b,
MSN3TPA(: ¢, and MSN6TPA: d samples. The fitting results of
[PW.2040]37 and [H3_XPW.2040](37X)7 peaks are also shown

[PW12040]37 interacting with H"(H,0), species (line width
0.08 ppm) and [Hs_xPW ,040]° ™~ (line width 0.12 ppm),
respectively [33, 34]. The downfield shift and the increase
of the line width observed, compared to the TPA, can be
ascribed to the interaction among the anions and the
=Si—-OH," groups present in MSNX samples. The interac-
tion can be assumed to be of the electrostatic type due to the
transfer of protons to silanol groups, similarly to what has
been proposed for the interaction with zirconia and titania
[1, 34]. The leaching experiments revealed that TPA is
mostly strongly attached to the MSNX surface (less than
4% of the TPA total content was eliminated, suggesting that
the interaction is very strong). On the other hand, the *'P
MAS-NMR spectra of the same samples after the calcina-
tion at 200 °C (see Supplementary material) revealed the
presence of two peaks with maximum at practically the
same chemical shift (—15.2 and —14.9 ppm). However, the
intensity of the peak assigned to the deprotonated
[PW12040]37 anion decreased in parallel with the rise of the
signal ascribed to [H3_XPW12040](3_X37ani0ns. For exam-
ple, the ratio between the intensity of the peaks assigned to
[PW .04 and [H;_xPW,040]%~ decreased from
1.70 to 1.15 when the MSNITPAp sample was treated at
200 °C. The calcination of H3PW,0,4-6H,0 at tempera-
tures higher than 160 °C eliminates water molecules from
H"(H,0), species and leads to the formation [H3;PW,0.]
[35]. As a result of the thermal treatment at 200 °C, the
amount of [H3_XPW12O40](3 X~ anion interacting with
=Si—OH," groups increases according to the following
transformation:

[PW1,04]"" + nH" (H,0),+ = SiOH —

(3-x

(= SiOH,) " [Hs_xPW12049] " + 2nH,0
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So, the intensity of the 3p MAS NMR band increases
due to the formation of (=SiOH, )[Hs_xPW ,0,40]¢~
species through electrostatic interaction increases.

For the material prepared by impregnation of the MSNX
solids, it was observed that TPA addition did not lead to a
significant change in the morphology and textural char-
acteristics of the material used as support. However,
although the mesoporous features of the MSNXTPA
materials resembled those of the MSNX samples, their
specific surface area decreased by about 25-30%. The drop
of the Sggr values can be explained considering that the
specific surface area of bulk TPA is very low (3-5 m?/g),
and that MSNXTPA materials are composed of 30% of
TPA.

The study of the solids by XRD displayed quite similar
patterns for all the prepared samples showing, for example,
those corresponding to MSN1 and MSN1TPAc materials
(Fig. 6). The MSN1 sample presented two wide bands
centered at around 12 and 22° 26 (Fig. 6a), characteristic of
silica materials with amorphous structure, without peaks
that can be assigned to the presence of crystalline phases.
On the other hand, the patterns of the sample impregnated
with TPA (MSNITPA() revealed the presence of three
wide signals at around 8, 19, and 27° 20 (Fig. 6b), over-
lapped with those of the amorphous silica, without showing
diffraction lines attributable to TPA crystalline phases such
as H3PW12040'23H20 (Flg 6C) or H3PW12040'6H20.
These facts indicate that TPA is highly dispersed on the
silica surface as a noncrystalline phase. This result can be
due to the easy access of TPA species (whose mean size is
~1.2 nm) to the MSNX mesopores (Dp higher than 5.9 nm)
and the high surface area of these materials. Considering the
cross-sectional area of the TPA anion to be equal to 1.13
nm”, we calculated that the percentage of total surface area

of MSN samples “cover” by TPA ranged from 18 to 35%
(for MSN6 and MSN3, respectively).

The EDX measurements revealed that the ratio between
Si Ka (at 1.74 KeV) and W La (8.39 KeV) signal area
(AS1k/AWL) in MSNXTPA. samples was practically
constant (in the range 8.70-8.90). EDX mapping images of
Si, W, and P elements (Fig. 7) show that they are
approximately  homogeneously  distributed in the
MSNXTPA samples.

The low angle XRD patterns of MSNX samples did not
show any peak 26 values lower than 5° such as those pre-
sent in MCM-41 silica, synthesized using CTAB as tem-
plate, indicating the formation of well-ordered mesoporous
materials with hexagonal regularity [36, 37]. The SAXS
profiles (Fig. 8) were analyzed using the Guinier approx-
imation [38]. For MSN3, MSN4, and MSNS5 samples, the
radius of gyration, obtained from the initial slope of the
Guinier plot, was found to be 22 + 1 nm, corresponding to a
weight average particle radius of ~31 nm. In the case of
MSNG6 sample, the weight average particle radius obtained
was lower (27 nm). The maximum at around Q =1.28
nm ' was assigned to the presence of small particles (~4.7
nm) that compose the bigger ones. In the case of MSN1 and
MSN2 samples, this maximum was not present. These
values are in good agreement with those estimated from
TEM.

On the other hand, no significant morphological changes
were detected for the samples impregnated with TPA (both
dried and calcined) by SAXS and TEM.

By using potentiometric titration with n-butylamine, it is
possible to estimate the strength and the number of acid
sites. The initial electrode potential (Ei) indicates the max-
imum strength, considering that values of Ei> 100 mV
correspond to very strong sites, values of Ei in the range
100-0 mV to strong sites, and values lower than 0 mV to
weak and very weak sites [39].

The area under the curve provides an estimation of the
number of acid sites. For example, the titration curves of the
MSN1, MSN3, and MSN6 samples (Fig. 9) reveal the
presence of a low number of acid sites (27, 28, and 24 meg
n-butylamine/g, respectively) with Ei values in the range
90-100. It was observed that the MSN materials impreg-
nated with TPA dried at 70 °C (MSN1TPAp, MSN3TPAp,
and MSN6TPAp, samples) present maximum acid strength
values higher than that of the unmodified ones (460, 464,
and 461 mV, respectively). The number of acid sites of
MSNITPAp, MSN3TPAp, and MSNO6TPAp samples
increases significantly (138, 142, and 140 meg n-butyla-
mine/g, respectively) as a result of TPA modification.
However, the number of acid sites and their acid strength
are practically the same for all the samples. On the other
hand, both of them decrease as a result of the thermal
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Fig. 7 Elemental mapping images of the MSN3TPA¢ sample: a Si
mapping, b W mapping, ¢ P mapping, and d SEM image (Magnifi-
cation 500x)
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Fig. 8 Small angle X-ray scattering of MSN3 a, MSN4 b, and MSN5
¢ samples
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Fig. 9 Potentiometric titration curves of some MSNX, MSNXTPAp,
and MSNXTPA( representative samples

treatment at 200 °C, but remain higher than those obtained
for the unmodified silica.

As was mentioned before, the loss of water molecules
and the increment of (=SiOH,)[Hs xPW5,040]¢~
species during the thermal treatment can be one of the
reasons for the decrease in the acid properties of the cal-
cined samples. The other could be the removal of a water
molecule from (ESiOH, N)[Hs_xPW 50401 species
and the formation of Si—O—W bonds.

In sum, mesoporous silica nanoparticle materials appro-
priate to be used as support of catalytic compounds were
prepared. The impregnation of these solids with TPA
allowed maintaining the Keggin structure of the acid, so
leading to high acidic materials. We consider these mate-
rials suitable to be used as catalyst in the synthesis of qui-
noxaline derivatives as they have better textural and acid
properties than those previously tested [4]. Preliminary
results obtained from the synthesis of 2,3-diphenylpyrido
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[2,3-b]pyrazine using MSN1TPA¢, and MSN6TPA( sam-
ples as catalysts (see the experimental conditions employed
in Supplementary material) confirmed that assumption. The
times necessary to complete the reaction between 1,2-dia-
minobenzene and 2,3-diamine pyridine using MSNI1TPA¢
and MSNO6TPA( as catalyst (105 and 95 min, respectively)
were shorter than the one previously reported (120 min) for
the same reaction catalyzed by TPA included in zirconia
[4]. Taking into account that MSN1TPAc and MSN6TPA(
samples present similar acidic properties, the better catalytic
performance of the latter can be due to its higher specific
surface area and mean pore diameter values.

4 Conclusions

Mesoporous silica nanospheres with blackberry structure
were prepared in aqueous/organic phase by the template
method. The OCT/H,O ratio influences the PSD, the mor-
phology and size of the nanospheres obtained. All the MSN
materials display a bimodal mesopore distribution. The
relative contribution of small (in the range 3-6 nm) and
large (in the range 28-34 nm) mesopores to the specific
surface area and total pore volume of the solids can be
easily tuned by varying octane and styrene concentration. In
the materials impregnated with TPA, the FT-IR and *'P
MAS NMR characterization revealed the presence of the
undegraded [PW,0.40]° and [H3_xPW,040] ™~ species
interacting electrostatically with the =Si-OH," groups
present in the MSN support. On the other hand, potentio-
metric titration showed the presence of very strong acid
sites in the MSNTPA solids.

Materials based on TPA impregnated on MSN showed
excellent textural properties and very strong acidic char-
acteristics. All the results indicate that the prepared mate-
rials will be suitable for their use as catalysts in acid
reactions, especially to obtain heterocyclic organic com-
pounds such as quinoxaline derivatives.
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