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Abstract This work presents a detailed investigation
about the influence of a complementary set of imidazolium
ionic liquids (IL: [C4MIm][BF4]-[CoMIm][BF,4]-[C;0;
MIm][BFE4]-[C4MIm][NTf,]-[C; oMIm][NTf,]-[C;0;MIm]
[NTf,]) in the preparation of hydrolytic sol-gel silica wet
gels and xerogels, providing insights into their hierarchical
structures, morphologies of primary particles and aggrega-
tion domains. The reported IL decreased dramatically the
gelation time (up to ~ 500 times), evolving the systems to
transparent or opalescent wet gels with distinct consistencies,
or silica powders. Characterization of the obtained silica
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xerogels was performed by transmission and scanning elec-
tron microscopy, atomic force microscopy, X-ray diffraction,
small-angle X-ray scattering and thermogravimetric analysis.
In general, the IL allowed controlling the silica particle size,
color, compactness, structures and morphology. The xerogels
showed homogenous and ordered structures (spherical or
triangular) of different sizes and with distinct microporosities,
depending on the IL applied. These results highlight the key
role of IL in the sol-gel silica synthesis with controlled
properties, which can be further tuned for specific applica-
tions by changing small process parameters.
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1 Introduction

Inorganic—organic hybrid materials produced via the sol-

gel process are fascinating materials that allow the per-
manent incorporation of organic groups into the inorganic
system, integrating the properties of both components.
Moreover, the sol-gel process enables the preparation of
multifunctional materials with high purity and homogene-
ity at relatively mild conditions, turning this technique
widely applied in fields like coatings [1], optics [2], bio-
hybrids [3], drug delivery [4] and the preparation of
nanoparticles, including nanosilica [5]. Intrinsically, the
nanoscale corresponds to an elevated active surface area,
which increases the number of reactive centers (Si—OH),
enhancing the adsorption ability as well as chemical
reactivity [6]. Those characteristics make this type of silica
highly desirable in a wide variety of fields, e.g., catalysis
[7], biotechnology [8] and nanocomposites [9].

The most common synthetic method for silica is based
on hydrolyzable semi-metal alkoxide precursors like the
commonly used, low-cost, tetraethyl orthosilicate [TEOS,
Si(OC,Hs)4] [10]. This entire process is highly dependent
on several parameters like temperature, solvent, pH [11,
12], presence of ions [11], air moisture [13], drying process
and aging time [14]. The impact caused by changes in these
parameters on the competing hydrolysis and condensation
reactions, and as a consequence on the final products, is
still not fully understood. On the other hand, this method’s
flexibility allows designing the material’s bulk properties,
e.g., molded gels [15], mesoporous spun fibers and hollow
spheres [16], thin films [12], nanotubes [17], molecular
cages [18], aerogels and xerogels [5], when establishing the
parameter—property rationale.

Ionic liquids (IL) are organic salts that are in the liquid
state at temperatures of up to 100 °C and belong to a class
of multifunctional surfactants. Most of these ionic—cova-
lent molecules present negligible vapor pressures, high
electrical conductivity and heat capacity, non-flammability
under ambient conditions [19] and promising antimicrobial
[20, 21], antitumoral and antioxidative properties [22],
which make them very attractive for a constantly increas-
ing number of application fields [23]. IL form extended
hydrogen bond networks in both solid and liquid phases,
together with high ionic mobility and stability in the
presence of air and moisture. Structural alterations in the
hydrophobic and hydrophilic IL regions cause a reorgani-
zation of its ions, optimizing the intermolecular forces for
each modification. Such small changes, e.g., differences in
alkyl imidazolium side-chain length, ether-functionaliza-
tion or anion exchange, cause variations in viscosity, ionic
conductivity [24] and solubility, as well as shifts in
degradation and glass transition temperatures [19, 25].

Innovative hybrid materials can be synthesized via the
silica sol-gel method using IL as either solvent [26, 27], co-
solvent [5] or template [28-32]. This in situ application of IL
into sol-gel silica formation processes allows structure
control, driven by the IL’s self-assembling property and
selective IL—substrate interactions while preserving their
specific properties. IL interact with the growing particles
through the hydrogen bond “co-m—n stacking” mechanism
[30], enabling the formation of new organic—inorganic
multifunctional materials in one-pot procedures under mild
reaction conditions. This creates an ordered IL solvation
layer on the silica surface, which influences the surface
interactions. Thus, differences in the size, geometry, polarity
and Coulomb coupling forces between anions and cations
contribute directly to the final silica particle size, compact-
ness and morphology. Previously, we reported on the role of
in situ applied 1-monoethylene glycol monomethyl ether-3-
methylimidazolium [C30;MIm] cation-based IL on the
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morphology of sol—gel silica xerogels. This modification led
to highly distinct silica xerogel morphologies dependent on
the IL anion, forming compact lamellar monoliths with the
[MeSOs;] anion, free flowing powders when using the [BF,]
anion and porcelain-like aggregates while applying the [PFq]
anion [33]. This class of materials can be explored in fields
like electrochemistry [34], catalysis [35] and nanocompos-
ites. Both the ex situ melt blending of IL-silica xerogel
hybrids with thermoplastics [36] and the in situ formation of
IL—silica—thermosetting polymer nanocomposites [37] sig-
nificantly improve thermo-mechanical properties of polymer
matrices. In those systems, the IL functioned as multifunc-
tional compatibilizing agents, affecting the silica particle
size, size distribution and morphology, and the final prop-
erties of these nanocomposites [38].

In this work, the in situ application of small IL contents as
multifunctional components in the synthesis of silica xero-
gels as potential low-cost nanofillers is described. Particular
effects of different IL with diverse cation—anion combina-
tions on gelation times, thermal degradations, compactness,
structures and morphologies were investigated.

2 Experimental
2.1 Materials

1-n-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide [C4MIm][NTf,], 1-n-butyl-3-methylimidazolium
tetrafluoroborate [C4MIm][BF,], 1-n-decyl-3-methylimida-
zolium tetrafluoroborate [C;oMIm][BF,] and 1-n-decyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [Ciq.
MIm][NTf,] were purchased from IoLiTec Ionic Liquids
Technologies Inc. The procedure reported previously in the
literature was used for the synthesis of 1-triethylene glycol
monomethyl ether-3-methylimidazolium tetrafluoroborate
[C,0sMIm][BF,4], and the "H-NMR spectral data confirmed
its identity and purity, considering the absence of the char-
acteristic [MeS] anion peak [39]. 1-Triethylene glycol
monomethyl ether-3-methylimidazolium bis(trifluo-
romethylsulfonyl)amide [C,O;MIm][NTf,] was also pre-
pared by anion exchange using a 1:1 molar ratio of 1-tri-
ethylene glycol monomethyl ether-3-methylimidazolium
methanosulfonate [C;O;MIm][MeS] and lithium bis(triflu-
oromethylsulfonyl)amide (LiNTf,). After stirring for 2 days
in dichloromethane, the reaction mixture was filtered to
remove LiMeS and dried under reduced pressure for solvent
removal. The '"H-NMR spectral data of [C;O;MIm][NTf5],
presented in the Supplementary Information (Fig. SI1),
confirmed its chemical structure and the complete exchange
of the [MeS] anion. Before application into the sol-gel
systems, the IL were dried under vacuum for 5 h at 60 °C.
The silica precursor tetraethoxysilane (TEOS, Sigma-
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Aldrich), HCI (37 %, Sigma-Aldrich) and EtOH, Absolut
P.A. (VETEC Quimica Fina LTDA) were used without
further purification. The PERMUTION® column system
was used for water deionization.

2.2 In situ preparation of silica xerogel

The IL-silica xerogel hybrids were prepared through an
adapted literature procedure for the synthesis of silica
xerogels in the presence of IL [33, 40]. The molar ratios of
neon/NTeEOS, NH20/MTEOs and ny /ntpos were fixed at 5.6,
2.9 and 0.03, respectively. In order to evaluate the tem-
perature influence, the reaction was conducted at room
temperature (RT) and at 60 °C. The 0.01 M HCl, solution
with a pH of 2.0 was prepared by dilution of 0.83 mL HCl
(12 M) in 1000 mL deionized water. This pH value was
proposed by Letailleur et al. [12] to promote rapid
hydrolysis and cluster—cluster growth to form stable,
homogeneous silica thin films. The IL (type and mass
specified in Table 1), EtOH (15.0 g) and TEOS (12.2 g)
were mixed until homogenous (~ 5 min), followed by the
addition of HCl,q (3.1 g). This reaction mixture was stirred
during the sol formation (~20 min), left to rest in a closed
reaction vessel at RT or 60 °C, allowing silica self-orga-
nization, until wet gel formation. Gelation time (g ) Was
determined for each reaction, defined as the moment when
the sample did not exhibit flow in an angled reaction vessel
[41]. Due to the continuation of the condensation reaction
after the gel point [11], the wet gels were left to age for
7 days at RT. This step was introduced to decrease the
chance of intense aging during drying, which promotes
agglomeration [42]. The gels were then dried under vac-
uum for solvent removal (5 h at 60 °C), and photographic
images were taken of the resulting silica xerogels, which
were grinded using ceramic mortar and once more dried
(5 h at 60 °C) before further analyses (TEM, SEM, TGA
and SAXS). Modified silica xerogels obtained at 60 °C
were additionally calcinated for 3 h at 600 °C in a muffle
furnace for X-ray diffraction (XRD) analyses.

For the reader’s clearer understanding, short-hand
notations have been used for differentiating xerogel silicas
from pure IL: IL-modified silicas are denoted by the
straightforward IL abbreviation (e.g., C4MImBF,), while
square brackets have been applied for pure IL to separate
its cation and anion (e.g., [C4MIm][BF,]).

2.3 Silica xerogel nanoparticles characterization
2.3.1 Transition electron microscopy (TEM)
The specimen’s morphologies and structures were exam-

ined by TEM using a JEOL JEM-1200 Ex II operating at an
accelerating voltage of 80 kV. Silica xerogels were first
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Table 1 Comparison of reaction times, visual appearances and yields for silicas prepared at RT and 60 °C (italic), as well as thermal

degradation profiles of confined and pure IL

Sample IL* () Treaction (°C)  tge (h)  Visual appearance Yield® (g) M5, (wt%) Ty (°C) T3 (°C) M. (%)

IL-free - 25 3888 transparent 3.6 - - - -
60 250 transparent 4.4

C,MImBF, 0.45 25 12 lightly opalescent 4.5 9 239-481f (326)% 428 10
60 0.5 opalescent 4.3 7 241-477 (326)8

CoMImBF, 0.62 25 15 lightly opalescent 4.7 11 256-4941 (304)8 423 13
60 0.75 opalescent 4.5 10 242-491 (290)%

C,0;MImBF, 0.63 25 96 lightly opalescent 4.5 10 249-4427 (329)8 393 13
60 21" opaque powder 4.2 10 235-493 (332)¢

C4;MImNTf, 0.84 25 1920 transparent 5.0 20 270-515" (380)2 443 17
60 170 transparent 4.2 21 312-516 (382)%

CoMImNTf, 1.01 25 2184 transparent 5.2 24 301-516" (389)% 439 20
60 192 transparent 5.3 23 313-517 (394)%

C,0;MImNTf, 1.02 25 1560 transparent 54 25 266-542" (365)8 437 20
60 144 transparent 5.4 25 258-525 (355)%

IL’s mass (2 mmol) in the initial solution
Mass of xerogels after drying

4 T4 of pure IL obtained from TGA measurements

¢ Theoretical IL content in the silica xerogels calculated by Eq. 2

Average mass percentage of confined IL calculated by Eq. 1, using TGA/DTG results

T Degradation temperature ranges obtained from DTG curves for confined IL

& T, of confined IL

" “Creaming” time

dispersed in deionized water under sonication for 20 min
and deposited on 200-mesh Formvar/carbon-coated Cu
grids.

2.3.2 Scanning electron microscopy (SEM)

The specimen surface was analyzed by SEM using the
EVO® 50—Carl Zeiss operating at 5 kV. Each sample was
placed on a sample holder covered with a PELCO Carbon
Conductive Tab, and the excess of powder was gently
removed. The samples were sputtered with platinum to
increase their electric conductivity.

2.3.3 Atomic force microscopy (AFM)

AFM images of silica surfaces were obtained in the tapping
mode using Nanoscope Illa manufactured by Digital
Instruments Co. Scans were performed with the NANO-
SENSORS™ probe made of silicon nitride (model: PPP-
NCI-50) operating at 154.7 kHz frequency, 1 line/second
scanning speed, 0° angle, 256 points/line resolution and set
point of ~3.1 V. The WSxM 6.0 software from Nanotec
Electronic S.L. was used for the image treatments. Samples
for AFM were prepared as thin films on microscope glass

slides via dip-coating in hydrolyzed sols and subsequent
condensation in a closed vessel.

2.3.4 Thermogravimetric analyses (TGA)

TGA were performed using a TA Instruments QA-50. The
IL-silica xerogel hybrids and pure IL were heated from 25
to 900 and 25 to 700 °C, respectively, at a heating rate of
10 °C/min. All experiments were conducted under nitrogen
atmosphere with a gas flow rate of 60 mL/min. The sample
(~10.0 mg) was placed in a platinum crucible, and an
empty platinum pan was used as reference for all mea-
surements. The temperature of highest degradation rate
(Ty) was determined, using the maximum temperature peak
of the first TGA derivative curve (DTG). Photographic
pictures of the residual ashes were taken after the analyses.

2.3.5 X-ray diffraction (XRD)

The XRD experiments were carried out on a SIEMENS
D500 diffractometer equipped with a curved graphite
crystal as monochromator, using Cu Ko radiation
(4 = 1.5406 A). The diffraction data were collected at RT
in Bragg-Brentano 0-20 geometry. The equipment was
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Fig. 1 Room temperature cations anions
imidazolium IL applied in this I
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Me\N/\N/\/Ov\o/\/O\ I FeoLF
N ‘ \B,..~
[C,0;MIm] { 7 OF
| [BF,]

operated at 40 kV and 17.5 mA with scan ranges of 1°-45°
and 0.2°-5°. The diffractograms were obtained with a
constant step of A20 = 0.05 and A20 = 0.02 for the wide
and small angle ranges, respectively. For analysis, samples
in the powder form were evenly spread on the ground glass
support. The Bragg equation nA = 2dsinf was applied for
interplanar distance (d) calculations.

2.3.6 Small-angle X-ray scattering (SAXS)

SAXS analyses were performed using an Anton Paar
SAXSess camera equipped with a 2D imaging plate
detector. Cu Ko X-rays of 1.5418 A wavelength were
generated by a Philips PW3830 sealed tube source (40 kV,
50 mA) and slit-collimated. Grinded silica powder was
placed between two polyimide sheets before obtaining
spectra. All scattering data were corrected for the back-
ground and normalized for the primary beam intensity. In
order to remove the inelastic scattering from the data, the
SAXS profiles were additionally corrected for both Porod
constant and desmearing effect.

3 Results and discussion

The sol-gel technique was applied to prepare a total of
twelve IL-silica xerogel hybrids (Table 1), considering the
complementary set of six imidazolium IL presented in
Fig. 1 and at two different reaction temperatures, RT and
60 °C. These imidazolium IL have been identified as
excellent electrolytes for electrochemical applications.
Since the addition of even small amounts of electrolytes
into the hydrolytic sol-gel process can change the evolu-
tion of particles sizes and morphologies [11], Rahman et al.
[43] studied the role of ammonium salts’ anions when
introduced into this silica formation process. They pro-
posed that the silica nanoparticle sizes formed are related
to the anions’ size. Karout and Pierre [5] showed that the
addition of imidazolium IL increased the gelation time and,
by changing the IL concentrations, it was possible to
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control the xerogel and aerogel silica pore sizes. Moreover,
in previous publications from our group [33, 38], both IL’s
ionic counterparts dramatically affected the sol-gel pro-
cess. Thus, in this study, a combination of three different
imidazolium cation side-chains and two different anions
allowed investigating the roles of the anions and cations
sizes, geometries, polarities and the anion—cation
Coulombic forces, from the hybrids’ formation process to
their final structural, morphological and thermal properties.

3.1 IL-silica gelation time

The gelation process depends on adhesive interparticle
interactions [44] causing the sol-gel transition kinetics to
be tunable by manipulating different reaction parameter
values [11] and/or by the addition of a modifier [9]. Thus,
by applying IL, TEOS hydrolytic polycondensation is
strongly affected, especially due to different IL’s acidity
and polarity profiles [33, 40]. Based on that, the gelation
time (f,.;) and the visual aspects of wet gels were investi-
gated (Table 1). Interestingly, the determined 74 shows a
general trend for all samples: IL promote the gelation
process in the acid (HCI)-catalyzed sol-gel system when
present from the beginning. Although this goes in opposi-
tion to the Karout and Pierre results [5], their systems
involved the application of IL only after the alkoxysilane
pre-hydrolysis, showing the important role of IL in cat-
alyzing and organizing the sol-gel hydrolysis step, influ-
encing the entire process, as previously demonstrated by
our group [45]. As for the temperature dependency, g
followed an Arrhenius behavior for all samples. Increasing
the temperature from RT to 60 °C (by ~40 °C), the f4
was reduced by ~ 11 times for the samples C4MImNTI,,
C,0;MImNTf, and C;oMImNTf,; ~20 times for Cj,.
MImBF4; and ~24 times for C;MImBF,;. For C;0;.
MImBEF,, this comparison was not possible, as it did not
reach the £, at 60 °C.

When compared to the IL-free reference samples, Cj
MImBF, decreased its #,, dramatically at both 60 °C
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(~500 times) and RT (~ 300 times). Also for C;o(MImBF,,
the t5 was reduced by ~300 (60 °C) and ~250 times
(RT), and C;03MImBF,, prepared at RT (z4¢; not reached
at 60 °C), presented a f, shortened by ~40 times. In
general, [NTf,] anion-based IL showed only a moderate
effect on the 74, showing at most half of the original 7
values.

The influence of cations with similar chain length, but
different polarity (C;oMIm vs. C;O3;MIm), on the #,; was
evaluated. The most polar IL, containing the [C;Os;MIm]
cation and [BF,] anion, increased the f,4; of the system at
RT. Differently, at 60 °C it caused slow (after ~24 h) and
gradual phase separation, as a result of a phenomenon
referred as “creaming,” which occurs when the formed
species present lower density than the dispersing fluid and
they tend to rise to the surface [46]. In the case of this
system, the Brownian motion seems to surpass the inter-
particle interaction and gravity effects, preventing this
system from reaching a gelation point and forming a very
small and free flowing powder stable into the solvent. For
C,0;MImNTf,, compared to its aliphatic analog (Cig.
MImNTT,), the t,; at both temperatures decreased (by
30 % at RT and 25 % at 60 °C).

The differences in gelation rates could be related to the
aggregation mechanism; e.g., [BF,4] acts as basic catalyst,
causing monomer—cluster aggregation and fast condensa-
tion, while [NTf,] functions as acid catalyst, causing
cluster—cluster aggregation and slow condensation. The
anion reactivity could also have a considerable contribution
to fge1. The [BF,]-based IL are reported to react exother-
mally with water, which could both increase locally the
solution temperature, or even undergo hydrolysis produc-
ing hydrogen fluoride (HF) [47, 48]. Both temperature and
HF (a nucleophilic catalyst for the process) would result in
speeding up gelation. For the [NTf,] anion, the negative
charge is dispersed across the S-N—S moiety, which turns it
much more stable in water, showing slower condensation
in comparison with the less stable [BF,] anion [47]. Con-
sidering the above-mentioned, in order to predict the #4 it
is necessary to evaluate a complex variety of IL properties,
including the IL’s reactivity in the medium, as well as their
polarities and cation—anion interaction strengths.

3.2 Morphology
3.2.1 Wet gels

At the beginning of the sol-gel hydrolysis, all systems,
including the IL-free wet gels, presented homogeneous,
colorless and transparent appearance, most likely, due to
slow condensation rates [49]. The C;MImBF, and C;,.
MImBF, sols became lightly opalescent after 15 min
(60 °C) or 2 h (RT) of reaction, keeping this aspect until
gelation. After reaching the gelation point, lightly opales-
cent (RT) and opalescent (60 °C) wet gels were formed
(Fig. 2). Opalescence occurs when material scatters the
shorter wavelengths of the visible spectrum, giving the
material a bluish hue under reflected light. This may
indicate the existence of ordered clusters made of silica
nanoparticles, where the size of the clusters would be
similar to the wavelength of the incident light, acting as
scattering centers. Kozuka and Sakka [50] observed the
same phenomenon for gels presenting shorter z,, and
higher HCI content. In the case of C;OsMImBF,, no gel
structure was formed when synthesized at 60 °C, while at
RT formed a lightly opalescent gel. This behavior could be
associated with the medium viscosity and condensation
kinetic differences due to the temperature change. [C;0;.
MIm][BF,] presents the highest viscosity, hydrophilicity,
hydrogen-bonding capability and polarity among the used
IL, due to the synergistic existence of both the ether-
functionalized cation and the anion of higher symmetry
[24]. Since the temperature applied was not high enough to
break H-bonding formed between silanols and both IL
cation and anion, a decreased medium and IL viscosities
probably caused phase separation. For C4MImNTf,, Cyq.
MImNTTf, and C;O;MImNTT,, the twice-shorter £y did not
result in changes in the visual wet gels appearance in
comparison with IL-free samples. Comparing the visual
appearance with #,. of the studied systems, shorter 7,
results in opalescent wet gels while longer g in trans-
parent ones. This indicates two anion-dependent growth
mechanisms of aggregation: (1) predominating cluster-
cluster growth, resulting in a transparent homogenous gel
formed by smaller aggregates of bigger particles, for the

Fig. 2 Photographic images of in situ IL-modified wet gels, prepared under identical conditions using different IL, formed at 60 °C. From the
left to the right: transparent C;MImNTf, and C;oMImNTf,, followed by opalescent C;MImBF, and C;(MImBF,
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Fig. 3 Comparison of 1 g non-grinded silica xerogels synthesized under identical conditions at either RT (a) or 60 °C (b), varying only the IL
applied. From the left to right: IL-free, C4MImBF,, C;(MImBF,, C;O3;MImBF,, C4MImNTf,, C;MImNTf, and C;0;MImNTf,

[NTf,] anion, and (2) monomer—cluster aggregation, or at
least its significant contribution, resulting in fast conden-
sation and an opalescent gel formed by large aggregates of
smaller particles, for the [BF,] anion. Moreover, the visual
aspect is normally correlated to the network bonding,
which also affects the gel hardness. IL-free wet gels pre-
sented very low densities and were “soft to touch,” in
opposition to all in situ IL-modified wet gels, which were
much stiffer. C4MImBF,; and C;,MImBF, showed the
highest stiffness, suggesting the formation of a higher
number of cross-links, which normally results in the stiff-
ening and strengthening of the network [11].

3.2.2 Xerogels

The xerogel silica prepared from the previously discussed wet
gels presented striking contrasts in volumes, colors and tex-
tures, depending principally on the IL applied (Fig. 3). When
identical mass fractions (1 g) were compared, drastic varia-
tions in the volume were observed. For the samples prepared at
RT, the most pronounced visual differences were regarding
the coloration of the different silicas, while the volumes were
relatively proportional (Fig. 3a). On the other hand, the role of
the IL anion on the final silica structure became evident for the
silicas prepared at 60 °C, where systems based on [BF,] IL
produced volumes about twice larger than IL-free or [NTf;]
IL-based ones (Fig. 3b). All samples turned into white, free
flowing powders after grinding.
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The xerogels’ microscopic images provided an insight
into the particles sizes, structures, surfaces and organiza-
tion. Herein, a coupled imagery study was organized to
evaluate the different parameters for system organization.
The TEM images were obtained from solution-dispersed
silica (synthesized at 60 °C), giving information about the
adhesion among clusters. The AFM images were obtained
from microscope glass slides dip-coated into the sols and
casted under controlled environment, evaluating the influ-
ence of casting or concentrating of the reaction mixture
during the curing process at RT. The SEM images were
recorded directly from the grinded xerogels (obtained at
60 °C), giving an idea about the systems surface when
produced under a closed environment, keeping the solvent
volume constant during the whole process.

IL-free samples resulted in highly aggregated and com-
pact particles with broad size distribution (Fig. 4a). This
agglomeration can be ascribed to van der Waals forces,
electrostatic interactions and hydrogen bonding between
—OH groups, intensified by the presence of the catalyst [11].
Moreover, in aqueous systems, hydrodynamic and capillary
effects during the drying process also promote agglomera-
tion [9]. The condensation kinetics played an important role
in defining the sizes of both xerogels’ primary particles and
aggregates. The fast gelating systems (C;MImBF, and
C,oMImBF,) developed small nanoparticles; i.e., the size of
primary particles was only a few nm, forming low com-
pactness aggregates (Fig. 4b, c, respectively) together with
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(a)

Fig. 4 TEM images with inserted AFM topology scans of a IL-free, b C4MImBF,, ¢ C;(MImBF,, d CyMImNTf, and e C;(MImNTf, xerogels.
¢, e additionally include SEM images of corresponding silica xerogels obtained at 60 °C

loose spherical particles on the surface (Fig. 4c). Systems
with slower condensation rates (C4MImNTf, and C,0s;.
MImNTf,) formed larger spherical particles (~50 nm)
(Figs. 4d, 5d). Surprisingly, although C,;oMImNTf, also
presented a slow condensation rate, much smaller particles

were developed, despite the similar monolith aggregation
characteristic presented for all three [NTf,]-based IL
(Fig. 4e).

These broad system variations could have their origin in
the hydrogen-bonding (H-bond) formation between IL
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Fig. 5 TEM micrographs with inserted AFM scans of a, b C;OsMImBF, and ¢, d C;O;MImNTf, obtained at RT and 60 °C, respectively

anions and Si—-OH groups, as well as in the strength of
those interactions. The stability of this H-bond depends
mainly on the size, geometry and Coulomb coupling forces
between the IL’s anions and cations [33, 38] (Scheme 1).
During hydrolysis, a series of dynamic interactions take
place, completely changing the course of the condensation
process. Together with the H-bond on the growing silica
surface, IL tend to self-assemble in solution [51] forming
an ordered solvation layer and decreasing the chance of
silica interparticle random aggregation. As a result, the
silica domains have to grow through the “unprotected
paths” (Scheme 1). Based on this hypothesis, a bulkier
anion should produce a more tortuous path for the silica
domain to grow, producing more linear and smaller
aggregates. This can be observed by TEM for xerogels
modified with [NTf,]-containing IL, which tend to form
“crescent-shape”-like structures (Figs. 4d, 4e, 5d), proba-
bly shaped by the geometry of its bulky anion
(Scheme 1d). The morphology changes were also captured
by AFM, and the images are presented as inserts in the
corresponding TEM images.

@ Springer

Regarding the change in the synthesis temperature,
considerable differences in particles morphologies have
been identified for the C;OsMImBF, and C;O;MImNTf,
xerogels. The C,O;MImBF, network formation at RT
resulted in more homogenous and much smaller particles
(Fig. 5a) than the “creamed” particles prepared at 60 °C
(Fig. 5b). Interestingly, the C;O;MImNT(, xerogel formed
at RT presented “corn grain-like” structures (Fig. 5¢) and
spherical particles when performed at 60 °C (Fig. 5d).
Primarily, the main driving force for these changes could
be ascribed to the ether-functionalized IL’s capacity to
form multiple H-bonding interactions [24, 45]. This would
allow the formation of metastable aggregates that organize
the initial system, strongly influencing the structure and
morphology of the final product. The solvent regimen
during the condensation step was identified as another
crucial “synergistic” aspect for the system organization.
Systems prepared for AFM via dip-coating, despite pre-
senting the same basic characteristics, are in general
smaller and much more defined than the ones prepared
under a constant solvent concentration. This is best
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Scheme 1 Representation of IL
dynamic templating for samples
presenting stronger H-bond:

a C;oMImBF, and

b C,0;MImBEFE,, and weaker
H-bond: ¢ C;(MImNTf, and

d C,0;MImNTf,, between Si—
OH and IL’s anion
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Table 2 Calculated interplanar distances (n4 = 2dsinf) of some non-calcined and calcined (italic) silica xerogels with corresponding diffraction

angles

Sample IL-free Cy;MImBF, C;oMImBF, C4,MImNTf, C,0;MImNTf,

201 (°) 6.3 0.5 0.4 0.4 0.3 7.2 6.7 2.2
d; (nm) 1.4 19.2 22.1 21.0 26.0 1.2 1.3 4.0

4 Angles of non-amorphous peaks

exemplified by the C;OsMImNT{, hybrid prepared at RT
(Fig. 5¢), which presents rough but good correlation of its
triangular or “corn grain-like” structures for both TEM and
AFM. The particles in AFM images are half the size of
those in TEM micrographs and present a much more
homogeneous morphology and size distribution. This
indicates that system concentration during hydrolysis
enhances the IL multiple H-bond effect, making the tem-
plating more defined than with constant solvent
concentration.

3.3 Structural organization
XRD analyses were performed to investigate the structural

organization of the silica xerogels synthesized at 60 °C,
before and after calcining (Fig. SI2). Table 2 presents the

recorded diffraction angles and calculated d values, only
for samples that present a non-amorphous peak. All the
broad peaks at 20; = ~23° are characteristic of amor-
phous systems with short range ordering. In general, the
calcination process slightly shifted this peak to lower 20
values, indicating modification of the silica networks
related to increased d values [52]. The IL-free, C,4.
MImNTf, and C;(MImNTf, (plateau) systems showed a
second peak at 20, = ~6°, corresponding to the existence
of long range ordering that can be ascribed to the acid-
catalyzed induced microporosity [11]. This peak disap-
peared after calcination, indicating the loss of the silica’s
microporosity. In the case of C;O3MImNTHT,, this reflection
was shifted to 20, = ~2° after calcination, which corre-
sponds to an increase in the pore size. The C4MImBF, and
CoMImBF, systems presented shifts to regions of smaller

@ Springer



424

J Sol-Gel Sci Technol (2015) 76:414-427

Fig. 6 SAXS profiles:

a including the microporosity
region, b Porod plot after
subtraction of Porod constant,

100+

arrow represents the position of 103,

the scatter vector gp from the
fractal to the Porod region from
IL-free (I and 2),

C;0sMImNTY, (3 and 4) and
C,0;MImBF, (5 and 6) systems 6
obtained at RT and 60 °C, i
respectively. SEM micrographs
of the C;O;MImBF, xerogels
showing the compactness
change when gelated at RT

(¢) or “creamed” at 60 °C (d)

Intensity

-
1

o
-
L

(a)

q (nm™)

angles even before calcination, which could be explained
by the change of an acid-catalyzed mechanism to an acid—
base-catalyzed one, which induced the formation of larger
particles and interparticle distances [11]. The reminiscence
of this peak indicates a more stable network formation even
after templates’ removal, or even integration of the
decomposition products to the silica network.

Silica xerogels modified with ether-functionalized IL, pre-
pared at RT and 60 °C, were also investigated by SAXS
analysis. The SAXS plots in terms of I(g) versus scattering
vectors (¢,,) are presented in Fig. 6a,b. Derived values from the
slopes in fractal (—G) and Porod (—P) linear regions (Fig. SI3),
as well as the mean size of primary particles (« = 2n/qp) and
surface fractals dimensions (d; = 6 — P) [53], are gathered in
Table SI1. As mentioned above, acid-catalyzed sol—gel sys-
tems have intrinsic inhomogeneities in the form of microp-
orosity. Herein, the presence of microporosity is confirmed by
the existence of a plateau in I(g) [54], especially for samples
prepared at 60 °C (curves 2, 4, 6). The P values indicate the
presence of primary particles with coarse surfaces (P value
>—3). Samples prepared at 60 °C (curves 2, 4, 6) present a
larger number of smaller particles (higher intensity in the range
of g between 1 and 3 nm), which build fractal aggregates with
lower fractal density (lower G) when compared to RT samples
(curves 1, 3, 5). The same sample prepared at RT (curve 5)
formed ~35 times smaller elementary particles, without
microporosity plateau, and more loose aggregates of compact
particles. This decrease in compactness was also observed in
SEM images (Fig. 6¢, d). By the simple anion exchange, it was
possible to obtain a variety of SAXS fractal profiles that con-
firm the direct IL interaction with growing silica systems.

@ Springer

3.4 Thermal stability

IL thermal resistance measurements were taken for pure IL
(Fig. 7a, b) and for silica-confined IL (Fig. 7c, d), and the
results are summarized in Table 1. The T4 of pure IL was
well defined, presenting sharp events. All IL with the
[NTf,] anion displayed better thermal resistances than
those with the [BF,] anion. The longer imidazolium cation
alkyl chain decreased the IL thermal stability, in accor-
dance with the literature [55]. [C4MIm][NTf,] (curve 4)
had the highest thermal stability and [C;O;MIm][BF,]
(curve 3) the lowest, with an expressive difference of
50 °C. This behavior is normally observed for ether-func-
tionalized IL when compared to aliphatic analogs [24].
Surprisingly, [C;03MIm][NTf;] (curve 6) did not follow
this tendency and presented a Ty in the same range as its
aliphatic analog. This indicates that the NTf, anion’s
positive influence on total thermal resistance superposes
that of the negatively influencing ether cation side-chain.
Additionally, [C;0;MIm][NTf,;] and [C;oMIm][NTf;]
were not completely decomposed when reaching 700 °C,
indicating the formation of thermal-resistant IL’s decom-
position products.

The xerogel hybrids, despite the peak corresponding to
the vaporization of strongly physisorbed water molecules
(below 220 °C), presented characteristic IL degradation
events (Fig. 7d). The intensity contrast between DTG curves
is related to the IL mass percentage difference in xerogels,
especially for samples with different anion (Table 1).
Superimposed DTG/TGA curves were used for the quanti-
tative determination of IL in the hybrids. Approximate IL
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Fig. 7 Representative TGA and DTG curves a, b of pure IL (/)
[CsMIm][BE,], (2) [CioMImI[BF4], (3) [C;0;MIm][BF4], (4) [Cy
MIm][NTf,], (5) [C1oMIm][NTf,] and (6) [C;0;MIm][NTf,] and ¢,

contents were determined by subtracting the mass % at the
end (mq,p) from mass % at the beginning of the DTG peak
(mg,4) and associating it with the total mass applied in the
analysis (Eq. 1). The obtained average mass values of IL are
close to the ones predicted theoretically (Table 1; Eq. 2).
Due to the different water and gas adsorption capacities of
the IL [56], which affect the initial TGA values and the silica
Si—OH degradation process, the real IL content in the hybrids
could not be calculated based on the initial and final values of
the TGA run.

(mya — mop) - Mmod.sio, (1)
100%

Eq. 1 Calculation of IL mass percentage in silica xero-
gel, where mq,4—mass at the beginning of degradation,
mq,gp—mass at the end of the degradation, obtained from
superimposed DTG/TGA curves; and mimoeq.sio,—initial
mass of modified silica

moyn, =

o
o
a

0.00

T T T T T T T v T T T T -
100 200 300 400 500 600 700 800 900
Temperature (°C)

d the 60 °C silica-confined IL (1') C;MImBF,, (2') C;oMImBF,, (3)

C,OsMImBF,, (4) C,MImNTf,, (5) C;oMImNTf, and (6)
C7O3MImNTf2

mL/nteos) * ML
monq, = ( / ) . 100% (2)

Msio, + [(ni/ntE0S) - ML)

Eq. 2 Calculation of IL theoretical content in silica xero-
gel, where ny/nrpos = 0.03, Msio, = 60 g/mol, and M
corresponds to the molecular weight of each particular IL

When IL were confined into the silica networks, these
presented broader T4 ranges and a general decrease in
thermal resistances, compared to the neat IL [57]. This
reduced thermal stability is a probable consequence of the
higher surface area presented by the small IL domains
dispersed on the silica surface [58]. The [BF,] anion-based
samples presented lower thermal resistances, which could
be due to HF formation [47]. For this anion, the Ty of the IL
with shorter alkyl cation side-chain was higher than with
the longer one. Those with the [NTf,] anion presented
higher T, values, following the behavior observed for neat
IL. Additionally, all silicas with [NTf,] anion-based IL

@ Springer



426

J Sol-Gel Sci Technol (2015) 76:414-427

Fig. 8 Silica xerogel residual
ashes obtained from TGA

(900 °C, at N, atmosphere):

a C4MImBF4, b CloMImBF4,

C C7O3MImBF4, d C4MImNTf2,
€ CloMImNTf2 and

f C7O3MImNTf2

CsMImBF4

CsMImNTH2

presented a two-step degradation. It is possible that, in the
first degradation stage of this confined IL, carbon species
have been formed [59]. Thus, the formation of a carbon
“layer” would delay the IL’s further decomposition and
cause a second degradation stage shifted to higher
temperatures.

After each TGA (under N, atmosphere), the silica ashes
were collected to give an insight into the diversity of
decomposition mechanisms possible depending on the IL
confined into silica (Fig. 8). Most of the residual ashes
present highly distinct coloration, which appears to be
related to the chemical composition of the IL applied into
the process. The coloration intensity for some silica xerogels
(Fig. 8c, e, f) is coincident with higher (up to 2 %) char
residue of pure IL (Fig. 7a curves 5 and 6). Curiously, all
[NTf,]-based IL presented intense coloration, even the most
thermal stable ones. Most interestingly, this phenomenon
seems not to be related with a thermo-oxidative process as
none of the samples applied to calcination under air atmo-
sphere presented coloration. This behavior indicates the
occurrence of a distinct [NTf,]-based IL decomposition
process under N, atmosphere in a confined environment
through the formation of silica—carbon species [59].

4 Conclusions

The application of IL in the sol-gel process allowed a
dynamic templating, from the first moments of the reaction,
for obtaining silica with decreased random interparticle
aggregation. This direct interaction with growing systems
was confirmed by the presence of microporosity, fractal
structuring, decrease in fg and morphological changes.
Samples with the [BF,] anion, a nucleophilic catalyst,

@ Springer

(b) (©)

CioMImBF4 C703MImBF4

CioMImNTf2 C703sMImNT2

presented a monomer—cluster growth mechanism that
resulted in a dramatic decrease in the 74 and the presence of
opalescence in both wet gels and xerogel nanoparticles. The
capability of multiple H-bonding of ether-functionalized IL,
as well as the different geometries and polarities of the
applied anions, promoted the formation of “exotic” silica,
e.g., corn grain or crescent-like shapes, which are even more
defined when obtained by a casting technique. The under-
standing of the individual functions of each part of the IL’s
molecular structure allows the formation of highly tuned
nanosystems and nanoparticles solutions using very small
contents of these multifunctional additives, which influence
every step of the nanoparticles evolution process.
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