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a b s t r a c t

In this work, 1-butyl-3-methylimidazolium (1B3MI) cation has been employed as a structure-directing
agent for the synthesis of pure silica and Ti-containing zeolites in fluoride media. The 1B3MI OSDA
exhibited distinct phase selectivity depending on the synthesis conditions, and particularly the con-
centration of the synthesis gel. Thus, under more diluted conditions (H2O/SiO2 ¼ 14), the 1B3MI cation
yielded pure silica TON zeolite with high crystallinity. Attempts to obtain Ti-containing zeolites, however,
failed at this diluted condition even after 15 days of synthesis. In contrast, highly crystalline Ti-MFI was
the only phase obtained upon reducing the H2O/SiO2 molar ratio from 14 to 7. The presence of Ti in the
MFI zeolite framework was confirmed by both infrared and DRS UV-vis spectroscopies. The presence of
intact OSDA molecules within the micropores was inferred from elemental analysis and 13C CP-MAS NMR
spectroscopy. On the other hand, thermogravimetric analyses showed a different packing of the 1B3MI
cation in the pure silica TON and Ti-MFI samples. Moreover, the environments for Si and F species in the
as-made materials were investigated by means of 29Si and 19F MAS NMR, respectively. Finally, molecular
simulations showed that the most stable arrangement of the 1B3MI cations involves the location of the
imidazolium rings on the channel intersections and of the butyl chains on the sinusoidal channels.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites and zeotypes are inorganic crystalline materials con-
taining pores and channels of molecular dimensions which have
found relevant applications in numerous catalytic and separation
processes. Their frameworks are based on TO4 units (where T ¼ Si,
Al, Ti, Ge, Sn, P) connected by four oxygen atoms in tetrahedral
geometry. Most commonly, zeolites are synthesized under hydro-
thermal conditions using hydroxide anions as mineralizing agent
[1,2]. However, a significant breakthrough in the field of zeolite
synthesis was the development of an alternative route employing
fluoride anions as mineralizing agent [3]. This methodology
allowed the synthesis in neutral or even acidic conditions, enabling
the use of new organic structure-directing agents (OSDAs) that
otherwise would not be stable at the conditions of high pH of
alkaline-mediated synthesis. Moreover, the fluoride route allows
the incorporation of heteroatoms other than Si and Al in the zeolite
framework which precursors would form unreactive precipitates in
alkaline solutions [1]. Furthermore, this approach successfully led
to the discovery of new zeolite structures [4,5]. Zeolites synthesized
by the fluoride route typically display specific features, such as low
(or null) concentration of connectivity defects, leading to an
increased hydrophobicity, and large crystal sizes [3,6,7], both
properties being of particular relevance in specific catalytic and
adsorption/separation processes [1,3].

Another topic which has deserved great focus of attention in the
field of zeolite synthesis is the study of different classes of organic
compounds as structure-directing agents [1]. In this respect,
imidazolium-based compounds have shown high potential as
OSDA [8e20] due to the possibility to tune their size, shape, and
flexibility by proper choice of the ligands, which make them
interesting from the synthesis point of view. This class of structure-
directing agents enabled the synthesis of new zeolitic materials
(e.g. IM-16 [21], IM-20 [20], ITW [22], CIT-7 [23]), stabilization of
already known structures (HPM-1 [15,24], ITW [17,25]) and made
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possible the synthesis of zeolites in novel compositions [10,26]. In
addition, the so-called ionothermal synthesis of zeolites has been
first described using imidazolium-based compounds as structure-
directing agents and solvents at the same time due to their
intrinsic properties (e.g. low vapor pressure and high thermal sta-
bility) [27e29]. Recently, Wen et al. [19] noted that the size of 1-
butyl-3-methylimidazolium (one of the most investigated ionic
liquids found in literature [30,31]) is consistent with the channel
size of TON, what makes it a good candidate as structure-directing
agent for this topology. Indeed, this behavior was confirmed by our
group in the synthesis of TiO2 and Al-containing TON zeolite in
hydroxide media [10,11].

Following our precedent work, in the present study we have
explored the synthesis of pure silica and Ti-containing zeolites
(with high potential as catalysts for selective oxidations in liquid
phase) by combining 1-butyl-3-methylimidazolium and fluoride
anions under different conditions. In particular, the influence of the
H2O/SiO2 molar ratio in the gel, the synthesis time, and the addition
of zeolite seeds on the crystallization outcome is investigated. The
chemical, structural, and morphological properties of the as-made
zeolites were discussed based on different characterization
techniques.

2. Experimental section

2.1. Synthesis of 1-butyl-3-methylimidazolium

1-butyl-3-methylimidazolium (1B3MI) was synthesized in the
chloride form (1B3MICl) according to a published procedure [32].
In a typical reaction, 1-methylimidazole (1 mol) and 1-
chlorobutane (1.1 mol) were dissolved in acetonitrile and sub-
jected to stirring under reflux for 48 h at 80 �C. The crystallization of
the product was performed by adding the 1B3MICl solution to a
round-bottom flask containing ethyl acetate followed by storage of
the solution in a freezer for 24 h. The resulting white solid was
dried under reduced pressure until a constant weight was achieved.
The product yield was 75%.

For the synthesis of zeolites, 1B3MICl was converted to the hy-
droxide form (1B3MIOH) by anion exchange in aqueous solution
using Dowex Monosphere 550A (OH) anion exchange resin
(Aldrich), following a previously reported methodology [16],
resulting in a degree of exchange of 95.6%.

2.2. Synthesis of zeolites

For the synthesis of pure silica zeolites, tetraethylorthosilicate
(TEOS, �99%, Merck) was hydrolyzed at 25 �C under stirring in an
aqueous solution of 1B3MIOH. Afterwards, ethanol and water were
evaporated until the desired composition (monitored by weight)
was reached. Next, HF (�40% aqueous solution, Sigma-Aldrich) was
added and the mixture was stirred for 15 min. The molar compo-
sition of the gel was 1 SiO2: 0.5 OSDA: 0.5 HF: 14 H2O. Then, three
equivalent aliquots of the gel were poured into 60 mL Teflon-lined
stainless steel autoclaves and heated in an oven at 160 �C for 4, 5,
and 13 days under static conditions. After the reaction period, the
solids were filtered, washed with distilled water, and finally dried
for 24 h at 100 �C. This synthesis will be referred as A.

Ti-containing zeolites were synthesized at 160 �C in static with a
HF/SiO2 molar ratio of 0.5 as for the pure silica samples (synthesis
A) using tetraethylorthotitanate (TEOT, ~95%, Merck) as the Ti
source. The mixture of TEOT and TEOS was hydrolyzed until the
desired gel composition was attained. In all syntheses the Si/Ti
molar ratio in the gel was kept constant at 50. In synthesis B, a small
amount (2 wt%) of pure silica TON seeds (from synthesis A) was
added to the synthesis mixture while keeping the H2O/SiO2 molar
ratio at 14 as for synthesis A, and reacted for 4, 8, and 15 days. In
synthesis C, the H2O/SiO2 molar ratio was decreased to 7. In this
case, hydrogen peroxide was added to the synthesis gel (SiO2/H2O2
molar ratio of 0.333) so as to prevent formation of anatase [33]
which is known to decompose H2O2 decreasing the efficiency of
the Ti-containing catalyst during the liquid phase selective oxida-
tions [34]. In this case, the gel mixture was reacted for 18 days.
Finally, the conditions for synthesis D were identical to those used
in synthesis C, except that no H2O2 was added and that the mixture
was kept reacting under hydrothermal conditions for either 13 or
31 days.

The as-synthesized zeolites are labeled as S-t, where “S” stands
for the specific synthesis employed (A, B, C, or D) and “t” refers to
the crystallization time (in days).

2.3. Characterization methods

The structural parameters were evaluated by X-ray diffraction in
a Bruker D2 Phaser instrument using Ni-filtered CuKa

(l ¼ 0.154 nm) radiation, a step size of 0.02�, a current of 10 mA, a
voltage of 30 kV, and a Lynxeye detector. MAS NMR spectra were
recorded at room temperature with a Bruker AV 400 spectrometer.
13C cross-polarization (CP) MAS NMR spectra were recorded at a
sample spinning rate of 5 kHz. 29Si MAS NMR spectra were recor-
ded with a spinning rate of 5 kHz at 79.459 MHz with a 55� pulse
length of 3.5 ms and repetition time of 180 s. 29Si and 13C chemical
shifts were referenced to tetramethylsilane and adamantane,
respectively. 19F MAS NMR spectra were measured at 376.28 MHz
using a Bruker probe with 2.5 mm diameter zirconia rotors spin-
ning at 25 kHz. The 19F spectra were collected using pulses of 4.5 ms
corresponding to a flip angle of p/2 rad and a recycle delay of 100 s
to ensure the complete recovery of the magnetization. Thermog-
ravimetric analyses were performed in an alumina pan with a TA
Instruments device (SDT Q600) by increasing the temperature
under flowing N2 from ambient to 900 �C at a heating rate of
10 �C$min�1. The organic content of the as-made materials was
determined by elemental analysis in a SCHN FISONS elemental
analyzer. A UV-Vis Cary 5 spectrometer equipped with a diffuse
reflectance accessory was used for UV-Vis spectroscopic measure-
ments. FTIR spectra were acquired with a Nicolet 710 spectrometer
with 4 cm�1 resolution. The chemical analyses were carried out in a
Varian 715-ES ICP-Optical Emission Spectrometer, after dissolution
of the solids in an HNO3/HCl/HF aqueous solution. Scanning elec-
tron microscopy (SEM) was performed using a Hitachi TM3000
TableTop microscope.

2.4. Computational details

The location and interaction energy of the 1B3MI cation in MFI
were studied by molecular mechanics simulation, as implemented
in Forcite module in Materials Studio software [35]. The molecular
structure and interaction of the cations was modelled using the cvff
forcefield [36]. Periodic boundary conditions (PBC) were applied in
the calculations. The atomic charge distributions of the organic
imidazolium cations were obtained from DFT calculations, using
the B3LYP hybrid functional and the ESP charge calculationmethod,
setting the total net charge toþ1. The positive charge of the organic
SDA molecules was compensated by reducing the Si charge from
0.6 until charge neutrality. Framework oxygen charges were kept
fixed to �0.3. 1x1x1 unit cells MFI systems were used for the cal-
culations, since this is large enough to avoid computational
artefacts.

Initially, the 1B3MI imidazolium cations were manually located
into the MFI zeolite framework; the most stable location of the
OSDAs were obtained by Simulated Annealing calculations, where
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the system is heated from 300 to 700 K and then down to 300 K
with temperature increments of 20 K. 500 MD steps (NVT
ensemble) of 1.0 fs were run on each heating step. This heating-
cooling cycle was repeated for 10 times. The geometry of the sys-
tem was optimized in each cycle and the system with the lowest
interaction energy is chosen. Finally, the interaction energy was
calculated by subtracting the energy of the 1B3MI OSDA in vacuum
from the total energy.

3. Results and discussion

Table 1 summarizes the conditions and outcomes of the syn-
theses performed in this work. The 1B3MI cation led to two distinct
zeolite phases (TON and MFI) depending on the synthesis condi-
tions. It is worth mentioning that the range of H2O/SiO2 molar ra-
tios investigated in this study (7e14) was selected based on
previous reports of synthesis of zeolites in fluoride media using
imidazolium cations as OSDAs [17].

As seen in Table 1, a pure silica TON zeolite crystallized under
the conditions of synthesis A in the range of reaction times inves-
tigated (4e13 days). Nonetheless, the crystallinity of the TON
sample significantly increased with increasing the synthesis time
from 4 to 13 days, as inferred from the intensity of the reflections in
the respective X-ray diffraction (XRD) patterns (Fig. 1a).

The use of seeds to induce the crystallization towards a specific
structure is a common practice in zeolite synthesis [2,37]. Hence, an
amount of 2 wt% (with respect to the weight of silica) of pure silica
TON seeds was added to the gel mixture in synthesis B (H2O/SiO2
molar ratio of 14) in an attempt to drive the crystallization towards
the formation of Ti-TON. Unfortunately, these synthesis conditions
failed to yield a crystalline material even after 15 days of reaction as
only the reflections related to the TON zeolite seeds were observed
in the corresponding X-ray diffractograms (not shown). In syn-
theses C and Dwe reduced the H2O/SiO2 molar ratio from 14 to 7. In
both cases, the use of a more concentrated gel led to the crystalli-
zation of the MFI phase for the investigated synthesis times (13e31
days), as shown in Table 1. The XRD patterns for the as-made MFI
samples obtained in synthesis C (sample C-18) and in synthesis D
after 13 days of synthesis (sample D-13) are shown in Fig. 1b. As
observed, the addition of H2O2 to the gel in synthesis C to prevent
anatase formation did not apparently influence the crystalline
phase of the obtained zeolite. The fact that only the MFI phase
crystallized under the conditions of syntheses C and D can be
accounted for by considering the so-called Villaescusa's rule [38],
according to which more concentrated gels tend to drive the
crystallization toward less dense zeolite structures. Therefore, the
more porous MFI phase (framework density of 17.9 T/1000 Å3) was
favored against the denser TON phase (framework density of 19.7 T/
1000 Å3) when the H2O/SiO2 molar ratio was reduced from 14 to 7
in syntheses C and D. The same behavior was observed in a previous
study when the H2O/SiO2 molar ratio in the gel was decreased from
8.5 to 3.5 using 1-ethyl-3-methylimidazolium (1E3MI) cation as
OSDA in the presence of HF [16]. In that work, the MFI phase was
Table 1
Summary of synthesis conditions and the resulting phase product.

Synthesis (Si/Ti)gel ratio H2O/SiO2 molar ratio H

A ∞ 14 e

B 50 14 e

C 50 7 Y
D 50 7 e

a SiO2/H2O2 molar ratio ¼ 0.333.
b Referred to the weight of silica.
seen to be metastable and transformed into the more stable TON
structure by the Ostwald ripening mechanism with increasing the
crystallization time [16]. This behavior was, however, not observed
here as MFI was the only crystalline phase obtained even after 31
days of synthesis (Table 1). On the other hand, in the work by Rojas
et al. [16] TON zeolite was seen to be the favored phase at H2O/SiO2
molar ratios of around 7 using different doubly charged bis-
methylimidazolium cations as OSDA. In contrast, in the present
work MFI was the only crystalline phase obtained with 1B3MI at
the H2O/SiO2 molar ratio of 7 (syntheses C and D), indicating that
the chemical structure of the imidazolium OSDA might play a
marked role in directing the crystallization toward a specific zeolite
topology. Note, however, that in Ref. [16] the syntheses were car-
ried out at a slightly lower temperature (150 �C) and under rotation.
In our case, the fact that 1B3MI has rotation centers C-C-C and N-C-
C in the lateral chain, allowing the molecule to adopt different
conformations, could be considered an important factor driving the
synthesis toward the more open MFI structure.

Next, the chemical, structural, and morphological properties of
the as-synthesized TON and MFI zeolites are discussed based on
different characterization techniques.

Table 2 collects information on the chemical composition of the
as-synthesized materials. The experimental C/N atomic ratio in the
as-made zeolites (around 4) agreed well with the theoretical value
of 4.0 expected for the 1B3MIþ cation, which suggests that the
OSDA should be occluded intact within the pores. Nevertheless, the
presence of small amounts of decomposed products in the final
solid cannot be discarded at this point. C analyses gave organic
contents of 8.3% for TON sample A-13, and 11.4 and 11.6% for MFI
samples C-18 and D-13. Thermogravimetric analyses (Fig. S1) were
performed to determine the number of 1B3MI cations per unit cell.
In the case of the pure silica TON, the obtained value of ~1 cation
per unit cell (Table 2) is in fair agreement with that reported by
Wen et al. [19], who noted that the size of 1B3MI (1 nm along the
alkyl chain direction) is consistent with the unit cell size of TON.
The OSDA packing for Ti-MFI (sample D-13) was found to be ~5
1B3MI cations per unit cell (Table 2). The difference between the
OSDA packing for both zeolites can be related to the volume of unit
cell, which is 5211.28 Å3 and 1322.73 Å3 for MFI and TON, respec-
tively. The atomic Si/Ti ratio in the as-synthesized Ti-containing
MFI samples (C-18 and D-13) was determined to be 150 and 145,
respectively, roughly corresponding to two titanium atoms per
three MFI unit cells (Table 2). This value is significantly lower than
that in the synthesis gel (Si/Ti ¼ 50), indicating an incomplete
incorporation of Ti species in the solid. This behavior has been
already noticed in the fluoride-mediated synthesis of titanosili-
cates, and was explained by the formation of a complex between
titanium species and fluoride that prevented its effective incorpo-
ration in the zeolite framework [39].

The 13C CP-MAS NMR spectra of the as-made TON (sample A-13)
and Ti-MFI (sample D-13) zeolites (Fig. 2) show the characteristic
resonances for 1B3MIþ cations, thus adding evidence to the pres-
ence of intact imidazolium moieties within the zeolite channels, as
2O2
a Seeds (wt%)b Time (days) Phase

e 4, 5, 13 TON
2 4, 8, 15 Amorphous

es e 18 MFI
e 13, 31 MFI
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Fig. 1. X-ray diffraction patterns of as-made zeolites: (a) TON e samples A-4, A-5, and A-13; (b) MFI e samples C-18 and D-13.

Table 2
Chemical composition of the as-made TON and MFI zeolites.

Sample Si/Tiexpa % C % N C/Nb Ti/u.c. BMIþ/u.c.

A-13 ∞ 5.709 1.705 3.90 e 0.90
C-18 150 7.890 2.153 4.27 ~2 Ti/3 u.c. N.D.c

D-13 145 7.982 2.279 4.08 ~2 Ti/3 u.c. 5.19

a Si/Ti atomic ratio determined from ICP-OES chemical analysis.
b C/N atomic ratio obtained by elemental analysis.
c Not determined.

Fig. 2. 13C CP-MAS NMR spectra of pristine 1-butyl-3-methylimidazolium (bottom),
pure silica TON sample A-13 (middle), and Ti-MFI sample D-13 (top). Rotation bands
are indicated with ‘*’.
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suggested previously based on elemental analysis (Table 2). The
resonances related toTON zeolite appear better resolved than those
of MFI, pointing to a more heterogeneous environment for the
imidazolium cations within the MFI channels [16] and/or to a
higher mobility of the imidazolium cations in the TON framework.
This should be expected due to the one-dimensional nature of the
TON channels with a high degree of motion for the molecules, in
contrast to MFI where the presence of the channel intersections
probably reduces the molecular motion [40].

The environment for Si and F species in the as-made zeolites has
been assessed by 29Si and 19F MAS NMR, respectively. The 29Si MAS
NMR spectra of the as-made TON (bottom) and Ti-MFI (top) sam-
ples showed two main resonances (Fig. 3a). The most prominent
one, in the range of �108/�125 ppm, is related to Q4 species, i.e., Si
in a Si[OSi]4 environment, while the small and broad resonance in
the�95/�105 region is assigned to Q3 sites, i.e. connectivity defects
such as Si[(OSi)3O]- or Si[(OSi)3OH]. Deconvolution of the 29Si MAS
NMR spectra (not shown) indicated that around 3.1% of the Si atoms
in TON (corresponding to ~0.7 SiO� or SiOH/u.c.) and 1.8% of the Si
atoms in MFI (corresponding to ~1.7 SiO� or SiOH/u.c.) were
involved in Q3 environments.

On the other hand, the 19F MAS NMR spectra for the as-made
TON (bottom) and Ti-MFI (top) zeolites are presented in Fig. 3b.
The MFI sample features a main resonance at around �69 ppm
along with an additional, less intense, resonance at �81 ppm,
indicating two different chemical environments for the fluoride
anions in the zeolite micropores. Differently, MFI synthesized with
TPAþ and fluoride anions typically features a single 19F resonance at
around �69 ppm that has been unambiguously related to F ions
located in a [415262] cavity of the zeolite framework [41]. As in the
present work, Rojas et al. [16] did also observe two 19F resonances
at around �66 (much more intense) and �79 ppm in a pure silica
MFI sample synthesized in fluoride media using 1-ethyl-3-
methylimidazolium (1E3MI) as OSDA. The two 19F NMR signals
were associated to F atoms interacting with the 1E3MI cations in
two different orientations, with the imidazolium ring located at the
channels intersections. Given the similarity between the imidazo-
lium molecules used as OSDA in Ref. [16] and in the present study
and the similar position and relative contributions of the two 19F
NMR resonances, we speculate a similar location for the OSDA
cations in the MFI sample synthesized in the 1B3MI-fluoride sys-
tem. In the case of TON spectrum, a resonance around �76 ppm is
observed, characteristic of fluoride in cavities of high silica zeolites
(�38 to �80 ppm) [42].

The insertion of Ti in the MFI framework was assessed for the D-
13 sample by means of IR and DRS UV-Vis spectroscopies. The IR



Fig. 3. 29Si MAS NMR (a) and 19F MAS NMR (b) spectra of as-made pure silica TON (sample A-13, bottom) and Ti-MFI (sample D-13, top).

Fig. 4. Infrared (a) and diffuse reflectance UV-Vis (b) spectra of Ti-MFI zeolite (sample D-13).
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band at ca. 960 cm�1 observed in Fig. 4a has been generally inter-
preted as the stretching vibration of framework [SiO4] units per-
turbed by the presence of Ti [43]. In turn, the single band peaking at
200e220 nm evidenced in the DRS UV-vis spectrum (Fig. 4b)
originates from the charge transfer between tetrahedrally coordi-
nated titanium and oxygen and is widely taken as a fingerprint for
the location of Ti species in the zeolite framework [10,43]. There-
fore, both IR and DRS UV-vis spectroscopic measurements provide
support for the presence of Ti species in the framework of the as-
made Ti-MFI (sample D-13). Finally, it is worth mentioning that
the absence of bands at wavelengths above 300 nm indicates,
within the limits of the technique, that no extraframework anatase
was present in our as-made Ti-MFI sample. The addition of
hydrogen peroxide in the synthesis C-18 in comparison with syn-
thesis D-13 seems to not have influence in preventing anatase
formation, since both gel compositions do not led to extraframe-
work TiO2.

Finally, the morphology of the obtained TON and MFI zeolites
was studied with SEM (Fig. 5). The TON zeolite (a-b) presents a
morphology consisting of elongated rods with average size of
approximately 40 mm. This morphology is characteristic of one-
dimensional zeolites [44], while large crystallites are common for
zeolites synthesized in fluoridemedia [2]. Distinctly, theMFI zeolite
presents aggregates of crystals with regular size (smaller than
10 mm) similar to flower petals. These morphologies for MFI and
TON synthesized in fluoride media using the 1-butyl-3-
methylimidazolium as OSDA are quite different in comparison
with those obtained in hydroxide media by our group in previous
works [10,12], in which TON zeolite presented a homogenous
morphology with form of grains of rice and particle size in the



Fig. 5. SEM micrographs of as made pure silica TON (a-b, sample A-13), and Ti-MFI (c-d, sample D-13) zeolites.

Table 3
Interaction energies of different arrangement for 4 1B3MI-MFI molecules in one MFI
unit cell, studied by Molecular Mechanics Calculations.

Entry Imidazolium Location Aliphatic Chain Location Ea

1 Intersection [010] Straight [010] �323.8
2 Intersection [010] Sinusoidal [100] �328.2
3 Sinusoidal [100] Intersection [010] �307.6

a Interaction Energy (kcal/mol per u.c).
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5e30 mm range [10], whereas MFI zeolites are obtained in the form
of regular microspheres [12]. The same morphology for TON was
already obtained in hydroxide media using another OSDA [45].

In order to determine the location and interaction energy of the
1B3MI cations within the MFI structure, a computational study
based on molecular mechanics was performed. We used a packing
value of 4 cations per unit cell, and a primitive MFI unit cell.
Initially, the cations were introduced manually into the MFI
framework in the required orientation, obtaining the energy in-
teractions and the most stable location of the organic OSDA by
simulated annealing calculations. Table 3 shows the interaction
energies of the 3B1MI cations within the MFI framework. Three
different organic arrangements have been studied: with the imi-
dazolium rings in the intersections between both channels, and the
butyl chain in the straight (entry 1, Fig. 6-top) or in the sinusoidal
(entry 2, Fig. 6-middle) channels, andwith the imidazolium rings in
the sinusoidal channels and the butyl chain in the channel in-
tersections (entry 3, Fig. 6-bottom). Results of the interaction en-
ergies clearly shows that the location of the imidazolium rings is
much more stable in the channel intersections (entries 1 and 2)
than in the sinusoidal channels (entry 3, with an interaction energy
of �307.6 kcal/mol), being the energy different of more than
15 kcal/mol (Table 3). This is probably due to the larger size of the
channel intersections to host the bulky imidazolium rings. On the
other hand, the butyl chains are slightly better accommodated
when they site in the sinusoidal channels (with an interaction
energy of �328.6 kcal/mol) than when they locate in the straight
channels (�323.8 kcal/mol), which is probably a consequence of
the more tight fitting of the butyl chain with the sinusoidal chan-
nels resulting in a stronger confinement effect. In sum, our
computational study suggests that the most stable location for the
1B3MI cations involves siting the imidazolium rings on the channel
intersections, and the butyl chains on the sinusoidal channels,
although the difference in stability with siting the butyl chain in the
straight channels is not very high, and therefore this could also
occur during the crystallization process. Indeed, the potential
occurrence of the two orientations for the butyl chains of the cation
siting the imidazolium rings on the channel intersections could be
related to the two different 19F NMR signals of different intensity
experimentally observed. This arrangement of the imidazolium
cations where the ring locates in the channel intersections of the
MFI framework is similar to the one we predicted in a previous
work for 1,2,3-triethyl-imidazolium cations [40], suggesting that
this ring strongly directs this zeolite building unit.

4. Conclusions

In the present study we have shown that the 1-butyl-3-meth-
ylimidazolium (1B3MI) cation exhibits different phase selectivity
during the synthesis of zeolites in fluoride media depending on the
conditions, and more specifically, on the gel concentration. Thus,
TON was the only crystalline phase obtained in the synthesis of
pure silica zeolites at a H2O/SiO2 molar ratio of 14. Attempts to
produce Ti-TON, a novel titanosilicate, failed under these diluted
conditions even when seeds of pure silica TON were added to the
gel to induce the crystallization toward this topology. On the other
hand, decreasing the H2O/SiO2 molar ratio from 14 to 7 selectively
produced highly crystalline Ti-MFI, though only part of the Ti
species were effectively incorporated to the solid, as inferred from
the higher Si/Ti atomic ratio in the as-made material (Si/Ti ¼ 142)
compared to the synthesis mixture (Si/Ti ¼ 50). Ti atoms were seen
to be incorporated in the zeolite framework with no signs for
extraframework TiO2 (anatase) species, as corroborated by IR and



Fig. 6. Final location of 1B3MI cations in MFI with four SDAs per unit cell (Entries as reported in Table 3).
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DRS UV-vis spectroscopies. The 1B3MI cations were confirmed to
remain intact within the micropores by elemental analysis and 13C
CP-MAS NMR. Packing of the OSDA in the as-synthesized samples
was calculated to be about 1 and 5 molecules per unit cell for pure
silica TON and Ti-MFI, respectively. A small concentration of defects
(as expected for fluoride-mediated syntheses) of 3.1% for TON and
1.8% for Ti-MFI was inferred from deconvolution of the respective
29Si MAS NMR spectra. The molecular simulations showed that the
most stable arrangement of the 1B3MI cations involves the location
of the imidazolium rings on the channel intersections and of the
butyl chains on the sinusoidal channels.
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