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ABSTRACT: Coated TiO2 nanoparticles by dicationic imidazolium-
based ionic liquids (ILs) were prepared and studied by differential
scanning calorimetry (DSC), dynamic light scattering (DLS), trans-
mission electron microscopy (TEM), powder X-ray diffraction (XRD),
and scanning electron microscopy (SEM). Three ILs with different
hydrophobicity degrees and structural characteristics were used (IL-1, IL-
2, and IL-3). The interaction between IL molecules and the TiO2 surface
was analyzed in both solid state and in solution. The physical and
chemical properties of coated nanoparticles (TiO2 + IL-1, TiO2 + IL-2,
and TiO2 + IL-3) were compared to pure materials (TiO2, IL-1, IL-2, and
IL-3) in order to evaluate the interaction between both components.
Thermal behavior, diffraction pattern, and morphologic characteristics
were evaluated in the solid state. It was observed that all mixtures (TiO2 +
IL) showed different behavior from that detected for pure substances,
which is an evidence of film formation. DLS experiments were conducted to determine film thickness on the TiO2 surface
comparing the size (hydrodynamic radius, Rh) of pure TiO2 with coated nanoparticles (TiO2 + IL). Results showed the thickness
of the film increased with hydrophobicity of the IL compound. TEM images support this observation. Finally, X-ray diffraction
patterns showed that, in coated samples, no structural changes in TiO2 diffraction peaks were observed, which is related to the
maintenance of the crystalline structure. On the contrary, ILs showed different diffraction patterns, which confirms the
hypothesis of interactions happening between IL and the TiO2 nanoparticles surface.
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■ INTRODUCTION

Titanium dioxide is one of the most technologically important
oxide materials. It has been broadly studied due to its wide
range of applications including: catalysis, solar cells, sensors,
pigments, corrosion protection, biomaterials, and optical
coatings.1−9 The electronic structure of TiO2 plays a key role
in the interaction mode between the oxide surface and other
materials. Chemisorption on the TiO2 surface is strongly
affected by the ionic nature of the crystal. The crystal structure
of TiO2 shows each titanium (Ti) atom surrounded by six
oxygen (O) atoms. The characteristic bonds between Ti and O
include a high degree of ionicity, which has been reported to be
approximately 70%.10 Ti cations on the surface of TiO2 are
coordinately unsaturated and act as Lewis acids (electron pair
acceptor) and may interact with electron donors. On the other
hand, oxygen atoms are basic sites and interact with electron
acceptors such as protons (H+) creating bridging hydroxyls
(OH groups).10

Ionic liquids (ILs) are molten salts, which possess a
combination of excellent properties such as (a) nonvolatility,
(b) thermo-oxidative stability, (c) high ionic conductivity, (d) a
wide electrochemical window, (e) miscibility with organic
compounds, and (f) being inert to air and water. Additionally,
the properties of ILs can be finely tuned; varying their structure
can have an influence on their polar and dispersive interactions.
There is a wide range of applications for ILs in different fields of
science such as being used as solvents,11 in catalysis,11

electrochemistry,12 and corrosion protection,13 and ultimately
in the preparation of nanoparticle dispersions.9

Given the structure of the TiO2, it is possible to infer that
materials such as ionic liquids (ILs), which are composed of
cations and anions, can interact with both sites present in the
surface of TiO2. However, a few studies showed that TiO2 has a
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higher affinity for anionic moieties. Results from ionic liquids
and amino acid adsorption and also with aqueous sodium
chloride solution, for example, show a predominance of anions
adsorption on TiO2 surfaces.

14−17 The interaction between ILs
and the surface of titanium and its alloys has been previously
investigated in applications involving high temperature and
lubrication.13,18−20 There is data from both experimental
techniques and advanced theoretical methods that give
evidence of the interaction between charged particles on
titanium surfaces.15,17,21−27 In experiments with nanoparticles
of TiO2, Wang et al. studied the interfacial structure between 1-
butyl-3-methyl-imidazolium hexafluorophosphate [BMIM]-
[PF6] and the rutile (110) surface by classical molecular
dynamics simulation.17 The simulation results showed several
layers formed on the interfacial region, especially for the anions.
A well-ordered double layered ionic structure was also observed
in the interfacial region where ions are self-organized into
alternate double ionic layers. The cations were found to
organize themselves in parallel alignment with respect to the
anions on the TiO2 surface, with an obvious elongation of the
side chains.17,23,28,29

The dispersibility of different commercial TiO2 nanoparticles
in ILs was evaluated by Ulbricht and Wittmar.9 In that study,
they analyzed the interaction of TiO2 and IL through dynamic
light scattering and rheology. It was concluded that colloidal
stabilities of the resulting dispersions were strongly influenced
by particle characteristics such as aggregation level, mean
particle size, and surface functionality. Other important factors
observed were the influence of the structure and hydrophilicity
of the IL investigated. It was observed that particle size tends to
increase with increasing anion hydrophobicity.9 The association
between TiO2 nanoparticles and ILs have been investigated by
different techniques and proved to increase the performances of
lithium batteries and solar cells.8,18

The goal of this research is to investigate the influence of IL
structure on film formation on the surface of TiO2 nano-
particles using a molecular to supramolecular characterization
approach of the interactions between IL and TiO2 nano-
particles. Dicationic imidazolium-based ionic liquids with

different anions were evaluated (Table 1). The effect of IL
hydrophobicity degree on film formation on the surface of the
nanoparticles was also determined. Film characterization was
carried out by calorimetric and spectroscopic techniques using
differential scanning calorimetry (DSC), dynamic light
scattering (DLS), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and powder X-ray
diffraction (XRD). The comprehension of the interactions
between these materials is unquestionably of large technological
and scientific interest for the development of innovative
technologies for surface protection of several materials or in
energy devices.

■ EXPERIMENTAL SECTION
Materials. The reactants 1-methylimidazole, 1,8-dibromooctane,

sodium tetrafluoroborate, bis(trifluoromethane)sulfonamide lithium
salt, and TiO2 nanoparticles and solvents acetonitrile (HPLC), ethyl
ether (HPLC), ethyl acetate, and ethanol were purchased from Sigma-
Aldrich (St Louis, MO, USA) and Tedia (Rio de Janeiro, RJ, BR),
respectively; all chemicals products were of high-grade purity and were
used without purification.

IL Synthesis and Characterization. The ILs were synthesized in
accordance with methodologies previously developed in our
laboratories30 and with that described by Shirota et al.31 The
structures of all of the products were confirmed by NMR and mass
spectra. Electrospray ionization mass spectra (ESI-MS) were acquired
with Agilent Technologies 6460 Triple quadrupole 6460 (LC/MS-
MS) (Santa Clara, CA, USA), operated in the positive-ion mode. The
gas temperature was 300 °C; the flow of the drying gas was 5 L/min,
and the nebulizer was at 45 psi. The voltage of the capillary was 3500
V, and the fragmentor was 0 V. The ionic liquid solutions in H2O were
introduced at a 5 μL·min−1 flow rate. Nitrogen was used as
nebulization gas and argon as collision gas. Molecular ions were
detected using positive mode, where m/z ratio is given for one dication
and one anion. NMR 1H and 13C NMR spectra were recorded on a
Bruker DPX 400 (Billerica, MA, USA) (1H at 400.13 MHz and 13C at
100.32 MHz) and in 5 mm sample tubes at 298 K (digital resolution of
±0.01 ppm) in DMSO-d6 using TMS as internal reference. The NMR
peak of DMSO (δ = 2.50) was used as the reference in determining
the chemical shifts of 1H in ILs. Elemental analyses were performed on
a PerkinElmer CHN 2400 elemental analyzer. Water content in the

Table 1. Numbering and Structure of Synthesized ILs
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ILs was determined by Karl Fisher titration (Titrando 836, Metrohm,
Brazil). It was found that less than 0.5 wt % water was contained in all
the ILs studied. The content of bromide was determined by ion
chromatography (IC) using a model 850 Professional IC (Metrohm,
Herisau, Switzerland) equipped with an 858 Professional Sample
Processor and conductivity detector. 0.26 and 0.002 mol·kg−1 of the
impurity were observed in LI-2 and LI-3, respectively. The spectral
data is available in the Supporting Information.
Nanoparticle Coating. The interaction between different ILs with

TiO2 nanoparticles was evaluated with experiments performed in both
solution (dynamic light scattering) and solid state (differential
scanning calorimetry, X-ray diffraction, and scanning electron
microscopy). In the first step, solutions of pure compounds (IL-1,
IL-2, IL-3, and TiO2 nanoparticles) and the coated nanoparticle of
TiO2 with each IL (TiO2 + IL-1, TiO2 + IL-2, TiO2 + IL-3) were
prepared. For simplicity, coated TiO2 nanoparticles will be referred to
as a mixture of TiO2 + IL, through the remainder of the text. The solid
state samples of TiO2 + IL were obtained from solvent evaporation
from solutions. Both solutions and solid state samples were prepared
as follows.
Preparation of TiO2 Nanoparticles Solution. Ethanolic

solutions of TiO2 nanoparticles were prepared by weighing the
material in a volumetric balloon using an analytical balance (Marte AL
500, Sao Paulo, SP, Brazil). The volume was completed with a mixture
of ethanol/water 1:1.
Preparation of IL Solutions. Ethanolic solutions of each IL (IL-1,

IL-2, and IL-3) were prepared by weighing the amount of IL in a
volumetric balloon using an analytical balance (Marte AL 500, Sao
Paulo, SP, Brazil). The volume was completed with a mixture of
ethanol/water 1:1.
Preparation of Solutions Containing the Mixture of TiO2 +

IL. Ethanolic solutions of an equimolar ratio between IL and TiO2
were prepared by weighing both compounds in a volumetric balloon
using an analytical balance (Marte AL 500, Sao Paulo, SP, Brazil). The
volume was completed with a mixture of ethanol/water 1:1.
Solid State Samples. The equal molar ratios of ILs/TiO2 were

weighted in a crystallization plate and diluted in 5 mL of 50% ethanol/
water solution (4 mol·L−1 of IL-1 and IL-2; 2 mol·L−1 of IL-3). The
solutions were evaporated at room temperature under magnetic
stirring for 30 min. The samples were then stored in the oven at 40 °C
for 24 h. Subsequently, the samples were maintained under vacuum for
5 days at 40 °C, in order to remove any residual solvent. The resultant
solid powders were used to perform DSC, powder X-ray diffraction
analysis, and SEM.
Differential Scanning Calorimetry (DSC). Solid samples of pure

TiO2 nanoparticles, pure IL (IL-1, IL-2, and IL-3), and the mixture of
TiO2 + IL (TiO2 + IL-1, TiO2 + IL-2, TiO2 + IL-3) were analyzed by
DSC. The DSC experiments were performed using a MDSC Q2000
(T-zeroTM DSC technology, TA Instruments Inc., New Castle, DE,
USA). Dry high purity (99.999%) nitrogen gas was used as the purge
gas (50 mL min−1). The instrument was initially calibrated using
melting indium (156.60 °C). The heat capacity calibration was done
by running a standard sapphire (α-Al2O3). The heating rate used for all

the samples was 10 °C min−1. Each IL was subjected to three cycles of
heating and cooling in the temperature range from −80 to 250 °C for
IL-1 and −80 to 300 °C for IL-2 and IL-3. The masses of the reference
and sample pans with lids were measured and shown to be 51 ± 0.02
mg. Samples were crimped into hermetic aluminum pans with lids and
weighed in a precision balance.

Dynamic Light Scattering (DLS). The solutions of pure TiO2
nanoparticles, pure ILs (IL-1, IL-2 and IL-3), and the mixtures of TiO2
+ IL-1, TiO2 + IL-2, and TiO2 + IL-3, prepared as described
previously, were analyzed. To obtain the thickness of the film formed
on the TiO2 surface, the hydrodynamic radius (Rh) obtained for pure
TiO2 nanoparticles was subtracted from the Rh values obtained for
each mixture of TiO2 + IL. The dynamic light scattering measurements
(DLS) were performed at 298.15 K on a Zetasizer Nano ZS light
scattering apparatus (Malvern Instruments, Malvern, UK, USA) with a
He−Ne laser (5.0 mW). The solutions were filtered directly into the
quartz cell using a membrane filter of 0.45 μm pore size. Three
repeated measurements were performed for each sample, and the
reproducibility of aggregate size was ±3%.

Transmission Electron Microscopy (TEM). The samples of pure
TiO2 nanoparticles and the mixture of TiO2 + IL (TiO2 + IL-1, TiO2 +
IL-2, TiO2 + IL-3) were analyzed by TEM (Tecnai G2-12 Spirit
BioTwin, FEI Company). The images were examined using a TEM at
120 kV. The samples were prepared by dispersion of the solutions at
room temperature on a carbon-coated copper grid.

Scanning Electron Microscopy (SEM). The solid samples of
pure TiO2 nanoparticles, pure IL-1 and IL-2, and the mixture of TiO2
+ IL (TiO2 + IL-1 and TiO2 + IL-2) were analyzed by SEM (JEOL,
JSM6360LV, Akishima, Japan). It was not possible to analyze the pure
IL-3 and the mixture of TiO2 + IL-3 due the physical characteristics of
samples. Samples were gold coated for SEM analysis.

Powder X-ray Diffraction. Solid samples of pure TiO2 nano-
particles, pure IL-1 and IL-2, and the mixture of TiO2 + IL (TiO2 + IL-
1 and TiO2 + IL-2) were analyzed by powder X-ray diffraction. It was
not possible to analyze the pure IL-3 and the mixture of TiO2 + IL-3
due the physical characteristics of the samples. The patterns of X-ray
diffraction were recorded on a Rigaku Miniflex 300 powder
diffractometer connected to a Goniometer (30 kV, 10 mA). Cu Kα
radiation monochromatized by a bent graphite crystal was used (λ =
1.54051 Å). Patterns were collected in step scan mode with a step of
0.01 and counting time of 0.5 s in the angular range of 2° to 40° with
θ−2θ configuration. The powder was manually pressed inside the
standard grooved sample holder. All spectra were collected in air at
room temperature.

■ RESULTS AND DISCUSSION

Experiments were conducted with imidazole derived-ILs with
the anions Br−, BF4

−, and NTf2
− as contra-ions in order to

evaluate the affinity of ILs with the TiO2 surface. The structure
of synthesized ILs is illustrated in Table 1. TiO2 nanoparticles
(∼21 nm) were used for this investigation instead of bulk
material to allow for a better understanding of the interactions

Table 2. Thermal Behavior of Pure IL and Mixture of IL and TiO2
a

IL-1 IL-2 IL-3

thermal analysis pure IL-1 + TiO2 pure IL-2 + TiO2 pure IL-3 + TiO2

MP1(°C)
b 70.2 (±1.0) 67.8 (±0.6) 72.4 (±1.0) 62.3 (±3.1) −j −29.8c

MP2(°C)
d −j 213.1 (±5.1) −j −j −j −j

ΔH°f1 (kJ/mol)e 34.1 (±7.6) 38.1 (±5.8) 22.9 (±2.6) 32.3 (±2.9) −j 1.06
ΔH°f2 (kJ/mol)f −j 31.7 (±11.8) −j −j −j −j

Tg (°C)
g −j −j 39.5 (±1.8) −j −61.8 (±0.8) −61.9 (±1.2)

Td1 (°C)
h 307.5 310.0 346.8 343.8 473 463

Td2 (°C)
i −j 372.9 455.8 455.8 −j −j

aAll DSC data are given as average and SD of three measurements. bFirst melting point. cMelting point observed once. dSecond melting point.
eFusion entalphy of first melting point. fFusion entalphy of second melting point. gGlass transition temperature. hFirst step decomposition
temperature. iSecond step decomposition temperature. jNo thermal event detected.
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between the selected ILs with the Ti oxide film (TiO2). The use
of particles allowed for the investigation of the properties of the
TiO2−IL compounds employing techniques such as dynamic
light scattering. DLS provided information about particle
growth with the addition of IL layers on the surface.32 Other
techniques used for this preliminary evaluation included
transmission electron microscopy (TEM), differential scanning
calorimetry, powder X-ray diffraction, and scanning electron
microscopy.
Differential Scanning Calorimetry (DSC). Both the

melting point and the enthalpy of fusion of these complex
mixtures tend to change because of several contributing factors
such as, different molecular arrangements in the lattice,
intermolecular interactions, and conformational flexibility due
to differences between the mixture and starting materials.33−37

The thermal behaviors of TiO2 nanoparticles, pure IL, and the
mixture of TiO2 and the different ILs synthesized were
evaluated. The thermal behavior of the samples analyzed is
summarized in Table 2.
The results show that TiO2 nanoparticles do not have any

thermal event in a cycle of heating and cooling (range of −80
to 400 °C). This is a result of the high melting point of the
metal oxide TiO2, which is approximately 1845 °C. On the
contrary, the analysis of IL compounds revealed both melting
point (IL-1 and IL-2) and glass transition (IL-2 and IL-3).
These transitions were compared to the values obtained for the
different mixtures of TiO2 + IL (IL-1, IL-2, and IL-3).
Comparing the results between pure IL-1 and the mixture of
TiO2 + IL-1, the presence of two melting points in the mixture
of TiO2 + IL-1 can be observed. The first transition (67.8 °C)
has the same temperature as that of the pure IL, and the
appearance of a second melting point (213.1 °C) is considered
to be an indication that a new crystalline phase was formed,
which is probably due to an interaction between TiO2
nanoparticles and IL-1. The mixture of TiO2 + IL-2 had a
different melting point in comparison to the pure IL. In this
case, the temperature decreased about 10.1 °C, which shows
that the interaction between both components resulted in a
different crystalline arrangement. The enthalpy of fusion of the
mixture increased about 9.4 kJ mol−1 in relation to the pure IL,
which indicates the presence of interactions between TiO2 and
IL-2 in relation to the pure IL. The pure IL-3 demonstrated
only glass transition at around −61.8 °C. However, with the
addition of TiO2, a new melting point could be detected from
which it can be concluded that the interaction between TiO2
and IL-3 conferred a more organized structural arrangement.
The thermal stabilities for both pure substances and mixtures
were also determined. In general, the results showed high
thermal stability for both pure compounds and also the
mixtures analyzed (>307 °C).
Dynamic Light Scattering (DLS). Dynamic light scattering

was used to evaluate the size characteristics of new structures
formed by TiO2 + IL.9,38−41 Experiments were performed with
samples composed of pure TiO2 nanoparticles in solution and
with mixtures of TiO2 + IL in solution. The results are
summarized in Table 3.

The hydrodynamic radius (Rh) of TiO2 nanoparticles and
mixtures of TiO2 + IL (IL-1, IL-2, and IL-3) was monitored and
compared in order to analyze the formation of new organized
phases of IL films on TiO2 nanoparticles surface. Two
relaxation modes (Rh1 and Rh2) were detected from the DLS
analysis, indicating that all systems are polydisperse. The value
from the difference between the size of TiO2 + IL (IL-1, IL-2,
and IL-3) and TiO2 nanoparticles was used to calculate the IL
film thickness formed on TiO2 surface. The calculated
differences in Rh are demonstrated in Figure 1 for the Rh2

relaxation mode. Comparing the results obtained for TiO2
nanoparticles and the mixtures of TiO2 + IL-1, TiO2 + IL-2,
and TiO2 + IL-3, a small difference between the size of the
particles can be observed in the first relaxation mode (Rh1).
This can be due to the formation of small aggregates as
observed for pure IL reported in the literature.42 The size of the
anions can be related to the size of aggregates formed by ILs.
The anions with smaller sizes in IL-1 and IL-2 (Br− and BF4

−,
respectively) showed a small difference in particle size in
comparison to TiO2. However, the larger anion of IL-3
(NTf2

−) resulted in a larger particle size. In regards to the
second relaxation mode, a significant difference was noted
between pure TiO2 nanoparticles and mixtures of TiO2 + IL
(Table 2), which can be related to the formation of alternating
layers of cations and anions on the surface of the nanoparticles.
An interesting characteristic noted from the DLS results is that
film thickness increased with hydrophobicity of the anions
(Figure 1), which is in agreement with the trend reported by
Ulbricht and Wittmar.9

A proposed schematic organization of layers of IL formed on
the surface of TiO2 particles is shown in Figure 2 for the first
layers of coordination.
As demonstrated in Figure 2, TiO2 nanoparticles tend to

aggregate. However, while in the presence of IL in solution,
these aggregates tend to show even larger size due to the
presence of IL layers. Thus, the hypothesis proposed using DLS
is also corroborated by TEM observations (Figure 2), from
which it is possible to verify film formation on the TiO2
nanoparticle agglomerates. This aggregation of TiO2 nano-
particles has the effect of reducing the surface area of
nanoparticles available for interactions with IL. Thus, there is

Table 3. DLS Data for TiO2 Nanoparticles and Mixtures of TiO2 and ILa

DLS TiO2 TiO2 + IL-1 thickness (nm) TiO2 + IL-2 thickness (nm) TiO2 + IL-3 thickness (nm)

Rh1 (nm) 0.7 (±0.1) 0.6 (±0.1) 0.1 (±0.2) 0.7 (±0.0) 0.0 (±0.7) 1.2 (±0.0) 0.5 (±1.5)
Rh2 (nm) 337.8 (±48.5) 450.7 (±25.2) 112.9 (±54.7) 497.2 (±22.4) 159.4 (±53.4) 1248.2 (±141.8) 910.4 (±106.0)

aAverage values and standard deviations (±SD) are indicated for each parameter measured. h1: relaxation mode 1; h2: relaxation mode 2.

Figure 1. Thickness of IL film of second relaxation mode detected by
DLS.
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an excess of IL in the suspension. However, this excess is not
sufficient to lead to the dispersion of nanoparticles. Therefore,
it is plausible to consider that, besides the first layer represented
in Figure 2, there are also successive IL layers adsorbed on the
surface of nanoparticle agglomerates.
Powder X-ray Diffraction. Powder X-ray diffraction

analysis to evaluate the formation of mixture systems, such as
cocrystals and eutectic mixtures, is based on the different
diffraction patterns between starting materials and the final
mixture.36,37,43 The interactions between TiO2 nanoparticles
and ILs were observed through diffraction peaks, which
indicated the existence of new crystalline phases. The results
obtained from powder X-ray diffraction were directly related to
the bulk composition of the materials. Therefore, in order to
observe changes in the diffraction patterns of the materials in
analysis, it was necessary that the internal structure of these
materials underwent changes. The comparison among
diffraction patterns of pure IL, pure TiO2 nanoparticles, and
the mixtures of TiO2 + IL is illustrated in Figure 3. Only IL-1
and IL-2 could be analyzed due to the material properties of the
final mixture. The spectrum of the TiO2 + IL-1 mixture (Figure

3a) shows the presence of peaks corresponding to those of pure
materials, which indicates the maintanence of most of the
crystalline structure of both materials in the mixture. New
diffraction peaks can also be observed in the mixture, as
indicated by the red narrows in Figure 3a. It is possible to
observe that film formation by IL led to a fine packing on the
surface of the TiO2 nanoparticles, similarly to that observed for
the pure material. These results are in agreement with those
observed by DSC, which demonstrated both the melting point
for the pure IL-1 and a new melting point at approximately
213.1 °C in the mixture of TiO2 + IL-1. The XRD results for
the mixtures of TiO2 + IL-2 showed different characteristics
(Figure 3b). The presence of new peaks (red arrows in Figure
3b) and also the absence of peaks (black arrows in Figure 3b),
which were characteristics from the pure IL-2, could be
observed. This observation supports the hypothesis that the IL
changed its packing when absorbed on the surface of the
nanoparticles. The reduced intensity of diffraction peaks of
TiO2 for both IL-1 and IL-2 in the mixture spectra confirm that
there are layers of ILs deposited under TiO2 avoiding total
infiltration of the X-ray. This observation is also confirmed by

Figure 2. TEM images for TiO2 nanoparticles and TiO2 + IL-1 and schematic representation of layers of IL on the surface of nanoparticles.

Figure 3. (a) XRD data of pure TiO2 and IL-1 and the mixture of TiO2 + IL-1 and (b) XRD data of pure TiO2 and IL-2 and the mixture of TiO2 +
IL-2.
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the DSC analysis of the mixture, from which a different melting
point of the mixture in relation to the pure IL could be
observed.
Scanning Electron Microcopy. The SEM analysis

provided information on the morphological characteristics
emergent from the association between TiO2 and different IL
structures.44−46 Figure 4 illustrates the morphological structure
of pure TiO2 nanoparticles, IL-2, and IL-3 and the mixture of
TiO2 + IL-1 and TiO2 + IL-2. Figure 4a shows TiO2
nanoparticles, which are characterized by small particle size,
which tended to form agglomerates. The same behavior was
observed for the IL-1, which can be seen to form small
aggregates (Figure 4b). On the contrary, the IL-2 was observed
to have a more organized structure, with larger crystals formed
(Figure 4d). SEM demonstrated that morphological changes
occurred when comparing pure materials and the mixtures
(TiO2 + IL-1, Figure 4c; and TiO2 + IL-2, Figure 4e). Coating
TiO2 nanoparticles with the designed ILs resulted in different
structures in relation to pure ILs and TiO2 particles.

■ CONCLUSIONS

In this paper, results concerning IL deposition on the surface of
TiO2 nanoparticles are reported. Changes were observed in the
thermal and spectroscopic properties of the mixtures of IL and
TiO2 in relation to pure materials, which indicate interactions
between these two materials. The structural characteristics of
ILs also showed influence on film formation on the surface of
TiO2 nanoparticles. The thickness of the film increased with the
increase in IL hydrophobicity, which is conferred by the anionic
moiety. The macroscopic features of mixtures obtained by DLS
and TEM were also important to evaluate the emergence of
film formation in a larger scale. Thus, the results presented
indicated the interactions between these two components.
These features are valuable for a better rationalization to
synthesize ILs for a variety of applications. The influence of

hydrophobicity degree and structural changes in the film
characteristics can help elucidate the requirements for bio-
logical use.
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