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The influence of the cation of imidazolium-derived ionic liquids
(ILs) on a low-temperature solution-based synthesis of hexago-
nal tungsten bronze (HTB) type Ti(OH)OF-0.66 H,O and bronze-
type TiO,(B) is investigated. The IL (C;mim BF,) acts as solvent
and also as reaction partner with respect to the decomposition
of [BF,]-, releasing F~. In the present study, the chain length of
the alkyl chain side groups attached to the imidazolium ring
was varied (C;mim BF, to C,;mim BF,), and the obtained solids
were analyzed by Powder X-Ray diffraction (PXRD) followed by
Rietveld refinement. As a main finding these analyses indicate a
transformation of Ti(OH)OF-0.66 H,O into TiO,(B), and upon

1. Introduction

Syntheses of metal oxides in ionic liquids (ILs) have gained a lot
of interest in recent years. Various studies have shown that it is
possible to prepare different metal oxides with the help of ILs,
for example RuO, ZnO and MoO,!" The advantages of
syntheses utilizing ILs are often a smaller number of reaction
steps and a low reaction temperature? Many of these
syntheses are therefore in agreement with the concept of
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prolonged reaction time finally also into anatase TiO,. Rietveld
analysis suggests that when using ILs with longer alkyl chains,
the conversion of Ti(OH)OF-0.66 H,O is slower compared to
syntheses performed with smaller alkyl chains. Hence, Ti(OH)
OF-0.66 H,0 appears to be metastable and is stabilized by
long-chain ILs serving as surfactant attached to the crystallites’
surface. In this view, the ILs shield the nanoparticles and thus
slow down the conversion into the more stable compounds.
This confirms previous findings that ILs act as both, solvent and
reaction medium in this reaction, thus enabling the synthesis of
peculiar Ti-oxides.

“green chemistry” which makes the use of ILs as reaction
medium a promising strategy for future materials synthesis.”!

TiO, has meanwhile been produced in different modifica-
tions and morphologies with the help of ILs as solvent and
reaction partner.” Various working groups have succeeded in
synthesizing anatase in ionic liquids at quite low temperatures,
compared to other types of sol-gel syntheses. Different
morphologies were obtained, for example microspheres, nano-
spheres, mesoporous particles or nanoparticles.” Besides
anatase, it is also possible to synthesize rutile with varying
morphologies, like nanoparticles and nanoflowers, by means of
ILs.®

In contrast to these well-known titania modifications, it is
also possible to synthesize less known titania and Ti-oxo
compounds with the help of ILs, for example the bronze-phase
modification TiO,(B).” This compound is a metastable modifica-
tion of TiO, and possesses a sheet-like crystal structure (see
Figure 1b)) which is the reason why this compound exhibits the
second lowest density of all known titania modifications.® In
classic syntheses of this compound usually quite harsh con-
ditions such as calcination steps at 1000°C for several days
were needed.®” In contrast, Wessel et al. presented an IL-based
synthesis route for phase-pure TiO,(B) under quite soft
conditions."” In this synthesis, imidazolium-based ILs were
used, and 95°C were sufficient as reaction temperature,
providing nanocrystalline TiO,(B). Voepel et al. further devel-
oped the synthesis procedure and studied the formation
mechanism by in-situ studies."” Additionally, it was found that
the concentration of the IL-anion [BF,]” markedly influences the
composition of the obtained products. During the reaction the
IL-anion [BF,]” is slowly hydrolyzed to [B(OH),] , i.e. releasing
fluoride anions, which coordinate to Ti chloro complexes in
apical position of Ti** and therefore inhibit the hydrolysis at
this position, thus pre-determining the sheet-like arrangement
of TiOg-octahedra in TiO,(B).'"" Depending on the fluoride
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Figure 1. a) 2x2 supercell of anatase. b) 2x 2 supercell of TiO,(B). ¢) 2x 2 supercell of Ti(OH)OF -0.66 H,O.

concentration, a different number of positions are blocked,
leading to the formation of different Ti-oxyfluorides. With no
[BF,]” present, mainly rutile was observed as product. Upon
increasing fluoride content Voepel et al. were able to synthesize
anatase and TiO,(B), and with a very high fluoride anion
concentration it was even possible to synthesize the hexagonal
tungsten bronze (HTB) compound Ti(OH)OF - 0.66 H,O. This solid
compound has a quite particular crystal structure featuring
channels along the c-axis (see Figure 1¢))." It was shown that
this material might possess quite interesting electrochemical
properties which renders this compound a promising battery
material." In conclusion, while the role of the IL-anion during
the presented reaction has therefore been clarified relatively
well, the role of the IL-cation during the reaction remains
unclear: while the imidazolium ring and attached alkyl chains
should be chemically stable under the reaction conditions, the
amphiphilic character of these ILs can possibly affect the
nucleation and crystallization.

The goal of this study is to investigate the influence of the
cations in imidazolium-based ILs on the reaction, in particular
the dimension of the alkyl chains attached to the imidazolium
ring, which alters the amphiphilic nature of the IL. Our previous
studies had suggested the formation of self-assembled entities
such as micelles of the imidazolium-based ILs. It was discussed
that these micelles might lead to a higher local [BF,]”
concentration and therefore promote the formation of TiO,(B)
or Ti(OH)OF-0.66 H,0O. These previous results indeed showed
that there is a certain impact of the IL alkyl chain length on the
received products, as it was possible to synthesize different
products varying the concentration of the IL cations used
([Cymim]* and [C;gmim]™), but so far no systematic study has
been performed addressing the role of the alkyl chain. Hence,
in the present study we use the reproducible and well
established synthesis of Ti(OH)OF-0.66H,0 and TiO,(B) already
described in earlier works of our working group (see Scheme 1)
to study the influence of the IL cation on the reaction, by
variation of the alkyl chain length, from Cmim BF, to
C,omim BF,, thereby increasing the amphiphilic character.""™
The obtained solids were subjected to in-depth XRD analysis
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Scheme 1. Schematic illustration of the used synthesis procedure. In this
work x was varied from 2 to 10.

using Rietveld refinement, and by determining the overall mass
of the products it was possible to quantify the composition of
the mixtures.

2. Results and Discussion

In order to understand the role of the cation in the reaction
mechanism we focused on the influence of the length of the
alkyl chain of the used imidazolium-based ILs on the reaction
products, which were investigated by X-ray diffraction (XRD),
providing a quantitative phase analysis by means of Rietveld
refinement. For the XRD measurements CuKa, (1 =1.540560 A)
radiation was used. In addition, the mass of the received
products was determined in order to obtain information about
the reaction mechanism, by calculating the absolute amounts
of the different products, using the relative fractions obtained
from Rietveld analysis.

Thus, syntheses applying different ILs ranging from
Cmim BF, to C,;mim BF, were performed, while all other
synthesis parameters were kept identical. It is important to
notice that the amount (3.85 mmol) and not the total mass of
ILs was kept constant in this study. The synthesis typically
provides Ti(OH)OF-0.66 H,0 and small amounts of TiO,(B) after
a reaction time of 4 h using C;mim BF,.

The obtained X-Ray diffractograms show gradual differences
to each other while the XRD pattern of the sample with x=2
differs significantly from the XRD patterns of the other samples
(Figure 2). Upon the synthesis performed with C,mim BF, the
reflections are quite broad, speaking for ill-defined crystallinity.
Also, a large fraction of TiO,(B) is obtained next to Ti(OH)
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Beside Ti(OH)OF-0.66 H,0, TiO,(B) is also observed in all cases,
which can be recognized by the pronounced reflection at 20 =
15.2°. It is also noticeable that after 10 h additional reflections
can be observed for the first time, which can be assigned to the
anatase phase. This change in the XRD pattern suggests that
after a longer reaction time a conversion of the obtained
products to anatase might occur.

In order to obtain quantitative information on the phase
composition of the different reaction products and thus to
address the possible transformation of the different Ti-oxides,
Rietveld refinement analyses were carried out. The relative
phase compositions obtained by this method are shown in
Figure 4a), and additional information about the refinements
can be found in the Supporting Information file. Figure 4a)
presents the relative amounts of the different products
calculated by Rietveld refinement from the respective XRD data.
The relative amount of Ti(OH)OF-0.66 H,O decreases with time
while the relative amount of TiO,(B) increases. In addition, after
10 h anatase is present for the first time (see Figure 3).

As the overall mass of the solid products was determined in
each case, the relative amounts evaluated by Rietveld refine-
ments were converted into absolute amounts of the single
compounds (Figure 4b). It can be clearly seen that the absolute
amount of Ti(OH)OF-0.66 H,O initially increases, because of

ChemistryOpen 2021, 10, 181-188 www.chemistryopen.org
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Figure 2. PXRD patterns and reference patterns (solid bars) of the products b)
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resulted in a more defined XRD pattern, and the product is = ,/k——s\‘
composed primarily of the targeted Ti(OH)OF-0.66 H,O. E 8h
As a first result, these differences qualitatively show that the % oh
dimension of the used IL-cation does influence the reaction - J\'\ 4h
pathway and the received products. To understand the impact L =
in further detail, ex-situ XRD studies were carried out as a
function of the reaction time. Figure 3 shows an ex-situ XRD JL 2h
study of a synthesis performed with C,;mim BF,. It can be clearly 1h
seen that in all diffractograms Ti(OH)OF-0.66 H,O is present. 23 24 25 26 97 28 29

20/°

Figure 3. Ex-situ XRD-study of syntheses performed with C,mim BF,. a)
shows the full measured pattern, b) shows a different magnification of the
patterns, another magnification can be found in the Supporting Information
file (see Figure S1) The reference bars of Ti(OH)OF-0.66 H,O are based on ref.
12, the reference bars of TiO,(B) are based on ref. 8. and the reference bars
of anatase are based on ref. 20.

nucleation from solution. Surprisingly, after 4 h reaction time
the absolute amount of this compound significantly decreases.
At the same time the amount of TiO,(B) increases continuously,
which proves that a conversion of Ti(OH)OF-0.66 H,O to TiO,(B)
takes place during the reaction.

In principle there are two different transformation pathways
that can take place at this point (see Scheme 2). On the one
hand, a direct solid-to-solid conversion of Ti(OH)OF-0.66 H,0 to
TiO,(B) might occur. The other possible mechanism could be a
dissolution of Ti(OH)OF-0.66 H,O followed by a rapid nucleation
and crystallization of TiO,(B). Which of the two processes
actually takes place can in principle be assessed by calculating
the absolute amount of Ti(OH)OF-0.66 H,O which disappears
and the absolute amount of formed TiO,(B). If these two values
coincided for all times, a solid-to-solid transition would be

183 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Relative phase composition of the different products of the ex-
situ time study with C;mim BF,. The results were obtained by Rietveld
refinements. b) Absolute amounts of the different phases inside of the
products. The results were calculated with the help of the relative amounts
and the measured mass of the products.

probable. It is seen that these two values show marked
variation as a function of time, varying between 1 and 2.09 for
different times, so that a clear differentiation between these
two pathways (Scheme 2) is not possible. Yet, the ratio of the
amount of formed TiO,(B) to the amount of disappeared Ti(OH)
OF-0.66 H,0 is always larger than “one”, implying that at a
portion of the formed TiO,(B) is not generated from Ti(OH)OF
-0.66 H,0, but, for example, by nucleation from solution.

The conversion of Ti(OH)OF-0.66 H,0O to TiO,(B), which is
present in this reaction, indicates that TiO,(B) is thermodynami-
cally more stable than Ti(OH)OF-0.66 H,O under the present
conditions. Interestingly, after 10 hours a further conversion of
the products to anatase can be observed. Since anatase is,
beside rutile, one of the most thermodynamically stable TiO,
modifications, it is reasonable that at a certain point in the

ChemistryOpen 2021, 10, 181-188 www.chemistryopen.org

Full Papers Europe
ChemistryOpen doi.org/10.1002/0pen.202000256 Societes Pubiehing
a)
100 —— Ti(OH
‘-----—---Ti(OH)OF <4 TiOy(B) Anatase
90
80
E * two different
70 E ____ E _____ E . - ways of dissolution and
E direct conversion i o
60 i conversion recrystallisation
S " : possible
50 i
40 - %
30 %% """ % TiO,(B
} e nano
20 ~ T
10 T T T T T T . o . .
0 2 4 6 8 10 12 Scheme 2. lllustration of the two possible conversion mechanisms that could
b) i h take place during the reaction.
ime
120 :
o ]- Ti(OH)OF - TiO,(B) Anatase
100 2 synthesis the resulting products are converted into this
90 4 compound, nicely following Ostwald's step rule.
60 i : In addition to the phase composition, the results of the
g’ 0 i E "l i Rietveld refinements show that the average apparent
5 [ crystallite size of the products does not change significantly
é 60 ,!!*' over time (see Figure S4 in Supporting Information). This
g 504 ¥ finding also speaks for a direct solid-solid transition, as a
40 - %% . dissolution process should be accompanied by a decrease in
30 f | crystallite dimension.
2] T [T | In order to evaluate the influence of the alkyl chain
0 L4 length on the synthesis, a similar time-dependent study was
] | ! ! ! ! performed using C;,mim BF,, containing a significantly
0 2 4 6 8 10 12 longer alkyl chain. Figure 5 shows the XRD patterns of the

products as a function of the reaction time.

It can be observed that in all samples a large amount of
Ti(OH)OF-0.66 H,O and a rather small amount of TiO,(B) is
present. After 12 h hours, reflections of the anatase phase
appeared for the first time, that is, later than compared to
the corresponding study using C,mim BF, (see Figure 3).

In order to obtain quantitative results on the phase
composition of the mixtures, Rietveld refinement analyses
were carried out. The relative and absolute phase composi-
tions of the syntheses with C,;,mim BF, in comparison to
syntheses performed with C,mim BF, are summarized in
Figure 6.

Figure 6a) shows the relative amount of Ti(OH)-
OF-0.66 H,O obtained in the syntheses directly comparing
C,mim BF, and C,,mim BF,. It is noticeable that regardless of
the size of the alkyl chains, the same trends can be observed
in both reactions, that means for both chain lengths the
relative amount of Ti(OH)OF-0.66 H,O decreases. It is
noticeable, however, that in the reaction involving
C,omim BF, the relative amount of Ti(OH)OF-0.66 H,0 seems
to decrease by a slower rate. The fraction of TiO,(B)
increased with reaction time for both ILs. Yet, there are
systematic differences between the two syntheses, since the
relative amount of TiO,(B) increases more strongly in the

184 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Ex-situ XRD-study of syntheses performed with C,,mim BF,. a)
shows the full measured pattern, b) shows a different magnification of the
patterns, another magnification can be found in the Supporting Information
file (see Figure S2). The reference bars of Ti(OH)OF-0.66 H,O are based on
ref. 12, the reference bars of TiO,(B) are based on ref. 8. and the reference
bars of anatase are based on ref. 20.

synthesis with C,mim BF, than in the synthesis with
C,omim BF,.

Figure 6b) shows the progress of the absolute amount of
Ti(OH)OF-0.66 H,0 and TiO,(B) for these two ILs. For
Ti(OH)OF-0.66 H,0 the absolute amount first increases in
both syntheses, and starts to decrease after a certain period
of time. It is noticeable that in the reaction with C,mim BF, -/
this decrease occurs after 4 h, whereas in the reaction with ionic IquId
Ciomim BF, a decrease can be observed at a substantially Figure 6. a) Relative amount of Ti(OH)OF-0.66 H,0 and TiO,(B) obtained in
later time, namely after 8 h. In addition, the absolute and the different syntheses. b) Absolute amounts of Ti(OH)OF-0.66 H,0 and
also the relative amount of Ti(OH)OF-0.66 H,O tends to be TiOzgl?) optained in th(.e different syntheses. ¢) Schematic illustration of the
higher for the reaction with C,;mim BF,. By contrast, the stabilization of the built nanoparticles.
amount of TiO,(B) increases constantly, while the absolute
and relative amount are higher in syntheses using
C,mim BF,. These observations show that by using an IL with a longer

alkyl chain the conversion of Ti(OH)OF-0.66 H,0 is impeded. As
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a result, the conversion of this compound into TiO,(B) is slower,
when using C,omim BF,, and less TiO,(B) is present in this
synthesis at the same time in comparison to C,mim BF,.

One explanation for the observed trends could be that
larger alkyl chains of the ILs are able to stabilize the formed
nanoparticles against transformation, by acting as a surfac-
tant attache to the particles’ surface (Figure 6¢). An inter-
action and a resulting stabilization of built nanoparticles by
imidazolium-based ILs was already shown in other studies.
Zheng et al." have shown that the ionic liquid Emim Br is
able to influence the crystal structure and morphology of
rutile, which is a result of two different interactions. Firstly,
the H1-atom (see Scheme 1) of the imidazolium ring carries
a partial positive charge, due to the delocalization of the
positive charge within the imidazolium ring, and is therefore
able to form hydrogen bonds with the O atoms of TiO..
Studies have shown that such an interaction is possible in
an environment with pH < 3.5."” The interaction results in a
coordination of the imidazolium ring on the surface of the
nanoparticle and an arrangement of the alkyl-chains of the
IL around the particle (Figure 6c). Secondly, this study found
-1 stacking interactions between the cations, which can
form a coverage layer on the surface of the nanoparticle.
Such layer of IL cations on the surface of a particle inhibits
the transport of atoms or small molecules from or to the
surface and can therefore stabilize the product against
dissolution and solid-solid transformation.

Ott et al.'® studied the stabilization of transition-metal
nanoclusters by imidazolium-based ILs as well. They showed
that the positive charge of the imidazolium ring leads to a
N-heterocyclic carbene formation at the metal surface which
is able to stabilize transition-metal nanoclusters.

In our reaction we use imidazolium-based ILs, and TiCl,
causing a low pH-value in the reaction solution. Therefore,
an interaction between the H1 atom and the surface of the
nanoparticle is plausible as well. The observed stabilization
of the built products by ILs with longer alkyl-chains could
be explained by the m-m stacking interactions between the
cations. The resulting coverage layer of the surface is larger
when using C;;mim BF, in comparison to using C,mim BF,.
This layer slows down the conversion by impeding transport
of small molecules (Ti-complexes, fluoride ions, etc) from or
to the particles’ surface. Also, attached IL can aggravate the
rearrangement of the interior crystallite structure. Thus, the
larger the constituents of an ionic liquid, the more
pronounced is the shielding and stabilization, and therefore
the overall conversion would be slower. This qualitatively
explains the observed differences in the synthesis with the
long-chain IL C;;mim BF,.

The hypothesis can be further supported by looking at
the ex-situ time study using an IL with a quite short alkyl
chain, that is, C,mim BF,. In this case (Figure 7) broad XRD
reflections are obtained, speaking for defect-rich and small
nanocrystals. This result further confirms that the IL-cation
substantially influences the crystallization of the Ti-oxides.
In addition, it can be observed that anatase, which is the
thermodynamically most stable of the involved compounds,
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Figure 7. Ex-situ XRD-study of syntheses performed with C,mim BF,, other
magnifications of the patterns can be found in the Supporting Information
file (see Figure S3) The reference bars of Ti(OH)OF-0.66 H,O are based on ref.

12, the reference bars of TiO,(B) are based on ref. 8. and the reference bars
of anatase are based on ref. 20.

is already present after a synthesis time of only 3 h, which is
much faster than in the other two ex-situ studies. These
observations are consistent with the assumption that ILs
bind to the particles’ surface, thereby impede crystal growth
and the conversion into other Ti oxides, that is, they can
stabilize the nanoparticles. In case of C,mim BF,. the
surfactant-like action is moderate, implying weak stabiliza-
tion against chemical transformation. Hence, a relatively fast
transformation of Ti(OH)OF-0.66 H,O into anatase occurs.
Rietveld refinement confirms that also in this case the
average apparent crystallite size of the products does not
change significantly over time (see Figure S5 in Supporting
Information).

It should be noted that using an IL with a longer alkyl
chain increases the viscosity of the reaction solution, which
could in principle influence the crystallization of the differ-
ent products. However, the obtained results show that in
the ex-situ studies with C,mim BF, and C,,mim BF, compara-
ble masses of products were received (see Figure S6 in
Supporting Information). In addition, the crystallite size of
the products is comparable (see Figures S4 and S5). There-
fore we believe that the viscosity of the reaction solution
does not influence the crystallisation of the products
significantly.

3. Conclusion

In this work we investigated the influence of variations in
the IL-cation on a low-temperature synthesis of the crystal-
line solid Ti(OH)OF-0.66 H,O. For this purpose, we per-
formed several studies varying the reaction times, applying
imidazolium-based ILs with different lengths of the alkyl
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chain attached to the positively charge imidazolium ring,
ranging from C,mim BF, to C;;mim BF,.

The phase compositions of the products were deter-
mined from XRD by means of Rietveld refinement, and also
the absolute mass of the product was determined. It is
found that the absolute amount of Ti(OH)OF-0.66 H,O first
increases and then decreases over time while the amount of
the Bronze-type TiO,(B) constantly increases, suggesting
that a conversion of Ti(OH)OF-0.66 H,0O into TiO,(B) occurs.
The detailed mechanism of such interesting transformation
can be further investigated, for example with the help of
theoretical approaches similar to recent studies by Mac-
chieraldo et al..?"

In addition, a comparison of the different reaction-time-
dependent studies implies that the used imidazolium-based
ionic liquids are probably capable of attaching their polar
imidazolium head group to the particles’ surface, thereby
stabilizing the formed Ti(OH)OF-0.66 H,O nanoparticles.
This stabilization inhibits the conversion of the nano-
particles into TiO,(B) when using long-chain ILs in compar-
ison to reactions involving ILs with smaller alkyl chains, and
thus slows down the process. To validate these results
further studies should be carried out focusing on a constant
absolute mass of the ILs used instead of using a constant
amount. Also other analytical methods, for example, Raman
spectroscopy, can assist in the determination of the relative
amounts of the intermediates, in combination with support-
ing theoretical approaches.®?"

It was not yet possible to synthesize phase-pure Ti(OH)-
OF-0.66 H,O with the presented synthesis. The results of
this work show that a conversion of Ti(OH)OF-0.66 H,0 to
TiO,(B) takes place. It should therefore be possible to
synthesize phase-pure Ti(OH)OF-0.66 H,O by adapting the
synthesis conditions, preventing the transformation.

The results of this study show once again that ILs act as
both, solvent and reaction medium in such solution-based
reactions with high IL concentrations. In addition, they not
only act as a solvent and donor of fluoride, but also
influence the crystallization by their interaction with solids,
probably similar to surfactants. In this respect, the present
study adds a further factor in understanding the synthesis
of solids in ILs.

Experimental Section

Synthesis procedure

All ILs used in this work were purchased from loLiTec, TiCl, was
purchased from Merck. All chemicals were used without further
purification or modification.

In a typical synthesis (see Scheme 1) 3.85 mmol IL (C;mim BF,
with x=2-10) were heated up to 95°C in a 25 mL two-necked
flask. In the next step 0.2 mL (1.82 mmol) TiCl, were added
under stirring (approx. 290 rpm). After stirring the solution for 5
minutes, 0.45 ml H,O (25 mmol) were added drop wise (caution:
TiCl, heavily reacts with water under release of gaseous HCI).
The solution obtained was then kept at 95°C for different
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periods of time, ranging from 0.5h up to 12h. After the
solution has cooled down the built nanoparticles were washed
4 times with technical ethanol and dried.

Characterization techniques

To determine the phase composition of the received products
Powder X-Ray diffraction (PXRD) experiments were carried out.
The experiments were conducted with an Xpert Pro diffractom-
eter (PANalytical instruments). For the measurements the
instrument was operated at 40 kV and 40 mA and CuKa, (A=
1.540560 A) radiation was used.

The Rietveld refinements were performed with the software
FULLPROF, using the modified Thompson-Cox-Hastings pseudo-
Voigt function as the profile function.'”” This function was
chosen because it allows an easy separation of size and
microstrain contributions to profile broadening."® However, in
this case, it was only possible to extract average crystallite sizes
since Caglioti parameter U tends to be around zero, disabling
microstrain calculation. The phase composition was calculated
using the well-known procedure of Hill and Howard."”
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