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SILP materials based on TiO,-SiO, and TiO,-SiO,/
lignin supports as new catalytic materials for
hydrosilylation reaction — synthesis,
physicochemical characterization and catalysisT
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The oxide system TiO,-SiO, as well as a TiO,—-SiO,/lignin system have been obtained by the sol—gel
synthesis method and applied as supports in Supported lonic Liquid Phase (SILP) materials. In total 24
SILP systems were obtained with ionic liquids containing imidazolium, pyridinium, phosphonium or
sulfonic cations and bis(trifluoromethylsulfonyllimide or methylsulfate anions, and homogeneous
complexes of rhodium or platinum as the active phase. The supports and catalytic materials were
subjected to thorough characterization by elemental analysis, XRD, SEM-EDX, IR, and TGA, and their
particle size distribution and porous properties were assessed. The new SILP materials were used in
hydrosilylation of 1-octene with 1,1,1,3,5,5,5-heptamethyltrisiloxane. The effectiveness of hydrosilylation
reaction catalyzed by the obtained SILP materials for the polar and nonpolar reagents was assessed. All
the catalytically active materials were proved to be easy to isolate and reuse, and the best SILP systems
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Introduction

The reaction of hydrosilylation, permitting the addition of
compounds containing the =Si-H group to compounds having
multiple bonds, is an easy and effective method for obtaining
organosilicon compounds. This reaction is commonly used not
only in laboratory syntheses but also in large-scale industrial
processes, including additive cross-linking of silicones,
production of silane adhesion promotors and production of
hybrid materials.* Recently, the hydrosilylation processes have
been used for functionalization (introduction of functional
groups) of different materials, for instance for production of
organofunctional silicones (polydimethylsiloxanes), showing
chemical reactivity, in contrast to the standard, chemically
inert, silicones. Thanks to these properties it is possible to
produce new hybrid materials showing unique properties
depending on the type of functional group attached to the
siloxane chain and maintaining the characteristic features of
silicones, i.e. high elasticity and thermal stability.>* The reac-
tion of hydrosilylation is a catalytic process, usually taking place
in the presence of homogeneous complexes of transition
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have been shown to be active in 10 or more subsequent catalytic cycles.

metals.>* This fact generates problems related to the effective
isolation of the catalyst from the post-reaction mixture. Some-
times it is even impossible to isolate the catalyst from the
product, which is highly undesirable for economical (high cost
of catalysts) and ecological (high toxicity of the metals used,
even in trace amounts) reasons. That is why much attention is
paid to heterogeneous catalytic systems for hydrosilylation
reaction, that would permit easy isolation of the catalytically
active substance from the post-reaction mixture and its use in
subsequent catalytic cycles.*® One of the recent solutions
proposed for heterogenization of the homogeneous catalysts is
based on the use of SILP (Supported Ionic Liquid Phase)
materials. The SILP systems are obtained by physical impreg-
nation of the support with an ionic liquid that immobilizes
a given metal or metal complex. The stability and potential
catalytic application of the SILP system depend on all its
components.'™ The cost of SILP system production is much
lower than that of liquid-liquid systems, mainly because of
small amounts of the ionic liquid (10-20% wt relative to the
support mass) and the active substance needed. Moreover, the
SILP system can be easily isolated from the post-reaction
mixture and used again in subsequent catalytic cycles, which
also contributes to cost reduction. The use of a small amount of
ionic liquid is also important because of the decreased risk of
adsorption of contaminants and side products that can be
formed in the process, which extends the time of the catalyst
use.” SILP systems have been successfully used in many
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chemical reactions, e.g. in the reactions of hydroformylation or
the Heck and Suzuki processes.”>™* The SILP systems based on
silica support belong to the most often used catalytic materials
of this type.” Recently, other supports have been used for
production of SILP materials, e.g. zeolites, carbon nanotubes,
resins or oxides.'*® From the group of the latter, particularly
attractive seem to be the supports being combinations of at
least two different oxides. Besides combining the unique
properties of individual oxides, this solution permits enlarge-
ment of the surface area of the support. Such materials are most
often obtained by the wasteless sol-gel method, which not only
needs mild conditions, but also permits control of the
morphology of the obtained support. Thanks to the processes of
hydrolysis, condensation and removal of the solvent from the
structure of the obtained alcogel, it is possible to get the oxide
systems of high purity.">** In our studies we applied this
method for the synthesis of a hybrid oxide support composed of
titanium dioxide and silica. The choice of these components
was based on the idea of combining their particular properties.
Titanium dioxide shows high chemical and thermal resistance,
is non-toxic, biocompatible, has a high oxidizing potential and
unique optical properties.>?* Silicon dioxide shows high
mechanical strength and thermal resistance as well as large
surface area.?*** The hitherto studies of TiO,-SiO, have shown
that this system is an excellent support in the processes of dye
adsorption® and in catalytic processes.”””® Another interesting
idea is a combination of inorganic-organic hybrids as catalysts
supports. Attachment of lignin to the oxide strengthens the
system and improves its sorption properties.>® The structure of
this biopolymer includes a number of functional groups, e.g.
-OH, -OCHj3;, C=0, which means that the material is able to
easily link to other substances, including enzymes or metal
complexes.*

In this paper we report the studies of new SILP materials
obtained with the use of the oxide system TiO,-SiO, and TiO,—
SiO,/lignin as supports. These supports were subjected to
impregnation with ionic liquids containing imidazolium, pyr-
idinium, phosphonium or sulfonium cations or methylsulfate
or bis(trifluoromethylsulfonyl)imide Then the
complexes of rhodium or platinum were immobilized on the
supports surface. The obtained SILP systems were characterized
as to their physicochemical and adsorption properties.

As our research group has many-year experience in catalysis
of hydrosilylation processes,***** this very reaction was used to
test the catalytic activities of the new Rh-SILP and Pt-SILP
systems and the possibilities of their isolation from post-
reaction mixture and reuse. The reactions of hydrosilylation
were performed with the use of polar and nonpolar olefins (1-

anions.

octene, allyl-glycidyl ether, octafluoropentyl ether) and
1,1,1,3,5,5,5-heptamethyltrisiloxane, triethylsilane and
triethoxysilane.

Experimental
Synthesis of titanium dioxide-silica support (TiO,-SiO,)

The synthesis of the inorganic oxide system TiO,-SiO, was
carried out by the sol-gel method with using tetraethoxysilane
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NH,OH, EtOH
=5i-0CHy + STi—OCH(CHy), ——— =Si-0H + =Ti—0H + GHOH 4 CH(CHy),OH

=Si-0H 4+ =Ti—0H ———» =Si-0-Ti= 4 HO

Scheme 1 The synthesis reaction of TiO,—-SiO, oxide system, ob-
tained by sol-gel method.

(TEOS) as silicon precursor and titanium(iv) isopropoxide (TIPP)
as a titanium precursor.”® Schematic synthesis reaction of TiO,—
SiO, is presented in Scheme 1 and the detailed procedure of
synthesis is described in ESI.{

Preparation of TiO,-SiO,/lignin support

O Modification of TiO,-SiO, surface. The TiO,-SiO, surface
was grafted by the dry method (Scheme 2) with the use of 3-
(trimethoxysilyl)propyl isocyanate as a surface modifier.****
Detailed description of the procedure can be found in ESI.}

O Synthesis of TiO,-SiO,/lignin material. The two-stage
process of obtaining TiO,-SiO,/lignin system was carried out
according to the method reported in literature®**® and is briefly
presented in Scheme 3. Detailed description of the procedure
can be found in ESL.}

Preparation of Rh-SILP and Pt-SILP materials

SLIP materials were prepared using the method of physical
impregnation. The earlier calcinated TiO,-SiO, or TiO,-SiO,/
lignin support (2 g) was impregnated with an ionic liquid (10%
wt), which immobilized platinum (dichloro(1,5-cyclooctadiene)
platinum(u)) or rhodium (Wilkinson's catalyst) catalyst (4 x
1073%),>* as described in detail in ESL}

Results and discussion
Physicochemical characterization of TiO,-SiO, oxide system

By the sol-gel synthesis a series of TiO,-SiO, oxide systems were
obtained. In order to establish the effects of the composition of

Filtration,
Drying

D [ mossio, | > | ModifiedTiosio,

Scheme 2 Process of modification of TiO,-SiO, surface.

Methanol,

Water,
3-(trimethoxysilyl)propyl
isocyanate

1st stage - Activation of lignin

Lignin Sodium periodate (aq.)

@ Stirring @ Stirring
[ Dioxane + water J:>[ Lignin solution ] C——) | Activated lignin

2nd stage - Synthesis of Ti0,-Si0,/lignin material

Modified TiO,-Si0,
Stirring,
Drying

[ Activated lignin ]I:>[ TiO,-5i0,/lignin ]

Scheme 3 Synthesis of TiO,-SiO,/lignin material.
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Table 1 Thermal stability of obtained inorganic oxide supports

Sample Tonset” [°C] 5% weight loss [°C]
Si02 179.40 985” (1.22%)

TiO2 254.15 847.62

Ti0,-Si0, (0.75 : 0.25) 205.85 271.84

TiO,-SiO, (0.50 : 0.50) 223.21 210.71

TiO,-SiO, (0.25 : 0.75) 248.01 197.73

“ Onset decomposition temperature. ? Percentage weight loss less than
5%.

the oxide systems on their adsorption properties, the precursors
of silicon and titanium were used at different molar ratios of
0.75 (TEOS): 0.25 (TIPP), 0.50 (TEOS): 0.50 (TIPP) and 0.25
(TEOS) : 0.75 (TIPP). The porous properties of the obtained
oxide systems were compared with those of the individual
oxides being components of the TiO,-SiO, system, obtained by
the same method, see Table S2 (ESI).T The results confirmed the
influence of different proportions of silicon and titanium
precursors on the porous properties of the TiO,-SiO, systems
obtained. With increasing molar concentration of TEOS, the
surface area as well as the pore volume and average pore
diameter of the support increase. The adsorption parameters of
all TiO,-SiO, systems obtained were better than those of the
individual components of the system (silica dioxide and tita-
nium dioxide). The largest surface area was obtained for the
TiO,-SiO, system synthesized with the highest molar ratio of
TEOS, while the smallest surface area was found for the system
synthesized with the greater amount of TIPP. The molar ratio of
silicon and titanium precursors also affected the thermal
stability of the oxide systems obtained. As follows from the
results of thermogravimetric measurements (TG), a greater
amount of tetraethoxysilane used for the synthesis results in
a higher thermal resistance of the oxide system, Table 1.
Unfortunately, the thermal stabilities of the TiO,-SiO, systems
although satisfactory, were not as high as the stabilities of the
individual oxides TiO, and SiO,.

From among the obtained TiO,-SiO, systems, the one
characterized with the largest surface area of 328 m*> g~ (Table
S2 (ESI)T) was chosen for further studies. This system was
synthesized using TEOS and TIPP at the molar ratio of
0.75:0.25. The effectiveness of the catalytic process signifi-
cantly depends on the appropriate preparation of the support
surface for adsorption. At first the support was subjected to
calcination to eliminate the physically adsorbed water and
contaminants introduced at the stage of synthesis. The

Table2 The adsorption properties of the obtained TiO,-SiO, support
before and after the calcination process (CP)

Inorganic BET surface area  Total pore volume  Average pore
support [m*g ] [em® g diameter [nm)]
Before CP 464 0.93 7.97

After CP 328 0.91 10.95

© 2021 The Author(s). Published by the Royal Society of Chemistry
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calcination of TiO,-SiO, resulted in a decrease in its surface
area (Table 2), which indicates a high contribution of micro-
pores in the TiO,-SiO, structure prior to this process, which
may limit the effectiveness of adsorption. In the process of
calcination the micropores join one another to form mesopores,
which is confirmed by the increase in the pore diameter in the
support after the process, Table 2.

The temperature of calcination determines the formation of
particular crystalline forms in the support structure. When it is
above 600 °C, the TiO,-SiO, support is composed of anatase
and rutile, with significant prevalence of the latter. According to
literature data, rutile shows poorer adsorption properties than
anatase as the latter has large surface area and high degree of
the surface hydroxylation. A too high temperature of calcination
leads to pore sintering and formation of agglomerates.**** In
view of the above, the temperature of 600 °C was chosen as the
optimum.

XRD diffractogram (Fig. 1) of the mixed oxide support after
calcination revealed its amorphous structure, which is reflected
in its large surface area. The intensive bands corresponding to
amorphous silica overlap the bands assigned to the crystalline
structure of titanium dioxide (Fig. 1.). The XRD patterns of SiO,
and TiO, oxides are presented in Fig. S15 in ESL.}

Determination of the particle size distribution, shown in
Fig. 2, proved that for TiO,-SiO, (TS) system it is monomodal in
the range 122-396 nm. The largest volume contribution bring
the particles of 220 nm (33%) and 255 nm (32%) diameters. The
support obtained in the synthesis with the use of precursors of
the two oxides was found to have smaller size particles than the
individual oxides SiO, and TiO,, but poorer homogeneity.
Titanium dioxide and silica have bimodal particle size distri-
butions, while the system of TiO,-SiO, and lignin (TS_L) has
a trimodal one. The latter system was also characterized by
a high polydispersity coefficient (0.868) indicating its great
inhomogeneity. Moreover, the incorporation of lignin to the
oxide system TiO,-SiO, resulted in enlargement of the particle
size of the system, the dominant particles in TS_L have the
mean diameter of 1313 nm.

To confirm the composition of the systems studied, they
were subjected to energy-dispersive X-ray microanalysis (EDX),
Table 3, which confirmed the presence of titanium dioxide and
silica in the structures of TS and TS_L. These two supports
showed high contents of silicon, titanium and oxygen, while the

tensty
g
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|

Fig. 1 XRD diffractogram of inorganic support TiO,—SiO5.
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Fig. 2 Distribution of particles size and maximum volumetric particles
contribution in the selected supports.

TS_L apart from these elements had a high content of carbon
and trace amounts of sulfur.

Preparation of SILP materials

The aim of the study was to evaluate the impact of the support
structure as well as the type of the ionic liquid making the SILP
system, on its stability and catalytic performance. The analysis
was performed for eight ionic liquids containing imidazolium,
pyridinium, phosphonic or sulfonic cations and methylsulfate
and Dbis(trifluoromethylsulfonyl)imide anions, Fig. 3. The
methods of syntheses of the ionic liquids, their spectroscopic
and thermogravimetric characterization are given in ESL}
Another important parameter of the Supported Ionic Liquid
Phase systems is the amount of the ionic liquid, its excess may
hinder the assess of products to the catalyst surface, while a too
small amount of the liquid leads to poor impregnation of the
support surface and faster leaching of the immobilized cata-
Iytically active phase. In order to determine the optimum
amount of the liquid, a series of the SILP systems containing
10%, 15% or 20% wt of [Py4414][Ntf,] were obtained and sub-
jected to catalytic tests, Table S8.1 For the systems containing
the platinum complex as the active phase, the catalytic activity
was at the same level for the samples with 10% and 15% content
of ionic liquid, but for the ionic liquid content of 20%, the
reaction efficiency was significantly lower. For the samples with
the rhodium complex as the active phase, the highest yield was
obtained for the ionic liquid content of 10% wt, while it was
lower for the systems with 15% and 20% wt of IL. In view of the
fact that the improvement in catalytic activity with increasing
content of ionic liquid was rather insignificant and taking into
account the economic reasons, the further studies were per-
formed for the SILP samples with 10% wt of an ionic liquid

Table 3 EDX analysis of obtained TiO,—-SiO, and TiO,-SiO,/lignin
supports

Element content [wt%]|

Support C (0] Na Si Ti S
TS 2.08 47.51 — 30.89 19.50 —
TS_L 9.74 46.57 1.04 26.49 16.09 0.2
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Fig. 3 lonic liquids applied in the presented study.

relative to the mass of the support. As a result of physical
impregnation of the supports TiO,-SiO, and TiO,-SiO,/lignin
with the above mentioned ionic liquids and immobilization of
the platinum or rhodium complexes, a series of 24 new SILP
materials was obtained. For the sake of comparison 4 SILP
systems with sulfonic ionic liquids supported on silica were
prepared, Table 4.

Physicochemical characterization of the obtained SILP
materials

Characterization of adsorption properties. All the obtained
SILP systems were subjected to the studies aimed at

Table 4 SILP materials with TiO,-SiO, and TiO,—SiO,/lignin supports

Support Ionic liquid Catalyst Sample name
Ti0,-Si0, — — TS
[BMIM][Ntf,] Rh(PPh,);Cl  TS_1.1_Rh
Pt(cod)Cl, TS_1.1_Pt
[BMPy][Ntf,] Rh(PPh,);Cl  TS_2.1_Rh
Pt(cod)Cl, TS_2.1_Pt
[Pasa14][Ntf,] Rh(PPh,);Cl  TS_3.1_Rh
Pt(cod)Cl, TS_3.1_Pt
[S222][Ntf,] Rh(PPh;);Cl  TS_4.1_Rh
Pt(cod)Cl, TS 4.1 _Pt
[BMIM][MeSO,]  Rh(PPh;);Cl  TS_1.2_Rh
Pt(cod)Cl, TS_1.2_Pt
[BMPy][MeSO,]  Rh(PPh;);Cl  TS_2.2_Rh
Pt(cod)Cl, TS_2.2_Pt
[Pis414][MeSO,]  Rh(PPh3);Cl  TS_3.2_Rh
Pt(cod)Cl, TS_3.2_Pt
[S111][MeSO,] Rh(PPh,);Cl  TS_4.2_Rh
Pt(cod)Cl, TS_4.2_Pt
TiO,-SiO,_ lignin — — TS_L
[Pasar14][Ntf,] Rh(PPh;);Cl  TS_L_3.1_Rh
Pt(cod)Cl, TS_L_3.1_Pt
[S222][Ntf] Rh(PPh;);Cl  TS_L_4.1_Rh
Pt(cod)Cl, TS_L_4.1_Pt
[Pisa14][MeSO,]  Rh(PPh3);Cl  TS_L_3.2_Rh
Pt(cod)Cl, TS_L_3.2_Pt
[S111][MeSO,] Rh(PPh;);Cl  TS_L_4.2_Rh
Pt(cod)Cl, TS_L_4.2_Pt
Sio, [S222][Ntf,] Rh(PPh;);Cl  S_4.1_Rh
Pt(cod)Cl, S_4.1_Pt
[S111][MeSO,] Rh(PPh;);Cl  S_4.2_Rh
Pt(cod)Cl, S_4.2_Pt

© 2021 The Author(s). Published by the Royal Society of Chemistry
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characterization of their porosity. Results of BET analysis
permitted assessment of the effect of ionic liquid adsorption on
the specific surface area, total pore volume and average diam-
eter of the particles in the systems. Determination of the
adsorption parameters confirmed the effectiveness of the
process of IL adsorption on the surface of TiO,-SiO, and TiO,—
SiO,/lignin, as proved by a considerable decrease in the surface
area of SILP systems in comparison to that of the corresponding
supports. The adsorbed ionic liquid penetrates the pores
leading to a significant decrease in their volume and an increase
in their diameters. The parameter describing the degree of pore
filling (), whose values for the SILP materials studied varied in
the range 0.11-0.29, indicated that the pores of the supports
were not filled up, however, its value of over 0.20 for some
samples means that a large number of pores in the support are
blocked. The surface of SILP materials after the adsorption of
ionic liquids is also characterized by the thickness of the ionic
liquid layer adsorbed. For the obtained SILP materials the
adsorbed layer thickness varied in the range 0.57-0.72 nm for
TiO,-SiO, systems and 0.46-0.72 nm for the TiO,-SiO,/lignin
systems. To characterize the porous structures of the systems
obtained measurements of nitrogen sorption were performed at
77 K, see Table 5. The isotherms of nitrogen sorption, presented
in Fig. S17,1 correspond to the structure of mesoporous mate-
rials, according to IUPAC classification.* The adsorption
parameters characterizing all obtained SILP systems are
collected in Table S4 in the ESL

Textural properties. The effectiveness of ionic liquids
adsorption on the surfaces of the support systems TiO,-SiO,
and TiO,-SiO,/lignin was evidenced by results of measurements
by IR, SEM-EDX, TG methods, elemental analysis and particle
size distribution determination. The IR spectra of Rh-SILP and
Pt-SILP systems showed the bands characteristic of particular
ionic liquids, Fig. S18-S29, ESI.f The bands assigned to alkyl
groups, present in the spectra of all ionic liquids used, appeared
in the range 2961-2880 cm ™. For the sample with phosphonic
ionic liquid, the characteristic and very intensive band

Table 5 Adsorption characteristic of obtained SILP materials
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corresponding to the P-CH,-, appeared at about 2926 cm .
The increased percentage content of carbon, fluor or sulfur,
observed in the results of SEM-EDX analysis, confirmed the
presence of adsorbed ionic liquids containing methylsulfate
and bis(trifluoromethylsulfonyl)imide anions, Table 6. The SILP
systems with the ionic liquid with phosphonium cation ([P44414]
[Ntf,] and [P44414][MeSO,]) were found to contain phosphorus in
the amount of 0.52-0.61%. The concentration of the platinum
and rhodium complexes used as the active phase in the SILP
systems was below the detection level of the SEM-EDX analyzer.
In order to confirm the effectiveness of the immobilization of
these complexes, special SILP samples with thirty times higher
concentrations of the Wilkinson catalyst and dichloro(1,5-
cyclooctadien)platinum(u) complex. Results of the analysis,
presented in Table S5, ESIL, T revealed the presence of 0.25% of
rhodium and 0.29% of platinum.
Results of the elemental analysis of selected SILP systems
revealed increased percentage contents of N, C, H and S relative

Table 6 SEM-EDX analysis of selected SILP materials and supports

Element content [wt%]

Sample C (e} F Si S Ti P

TS 2.1 47.5 — 30.8 — 19.5 —
TS_L 9.7 46.5 — 26.4 0.2 16.1 —
TS_1.1_Rh 2.6 42.8 1.4 31.4 0.9 20.5 —
TS_2.1_Rh 3.6 43.6 1.5 30.4 0.9 19.6 —
TS_3.1_Rh 6.2 44.8 1.4 28.9 0.7 16.9 0.5
TS_L_3.1_Rh 15.3 43.2 1.4 22.4 1.2 14.4 0.6
TS_4.1_Rh 5.2 42.2 1.8 28.0 2.2 20.2 —
TS_L_4.1_Rh 11.9 40.3 4.3 22.5 3.2 16.5 —
TS_1.2_Rh 4.2 46.0 — 28.9 1.3 19.5 —
TS_2.2_Rh 4.7 45.9 — 27.3 1.1 20.7 —
TS_3.2_Rh 5.0 45.9 — 27.9 1.2 18.9 0.5
TS_L_3.2_Rh 13.1 43.2 — 26.5 0.7 14.7 0.5
TS_4.2_Rh 4.2 46.6 — 27.7 2.2 19.0 —
TS_L_4.2_Rh 12.9 44.7 — 22.7 3.0 14.8 —

Sample BET surface area [m* g ] Total pore volume [cm® g™ "] Average pore diameter [nm] a Layer thickness” [nm]
TS 328 0.91 10.95 — —
TS_L 176 0.51 11.43 — —
TS_1.1_Pt 214 0.65 11.93 0.28 0.65
TS_2.1_Pt 204 0.69 11.25 0.24 0.62
TS_3.1_Pt 189 0.69 12.36 0.24 0.57
TS_4.1_Pt 210 0.69 11.38 0.24 0.64
TS_L_3.1_Pt 82 0.36 13.71 0.29 0.46
TS_L_4.1_Pt 90 0.38 13.43 0.25 0.51
TS 1.2 Pt 224 0.66 11.21 0.27 0.68
TS_2.2_Pt 241 0.69 10.95 0.20 0.70
TS_3.2_Pt 222 0.67 10.26 0.23 0.65
TS_4.2_Pt 246 0.72 10.37 0.18 0.72
TS_L_3.2_Pt 106 0.41 13.95 0.19 0.60
TS_L_4.2_Pt 127 0.45 12.22 0.11 0.72

“ pore filling degree of support as the ratio IL volume/support pore volume. ? Ratio of the IL volume used for coating and the initial surface area.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to those in pure supports. This result is an additional evidence
of the presence of an ionic liquid on the surface of TiO,-SiO,
and TiO,-SiO,/lignin supports. On the basis of the percentage
contents of carbon in the SILP samples studied it was possible
to estimate the degree of the supports coverage with the ionic
liquid, using the Berendsen formula.** The surface coverage was
1.54 pmol m~? for TS_4.1_Pt, 2.12 pmol m™? for TS_4.2_Pt and
1.51 pmol m™2 for TS_L_4.1_Pt. The results of elemental anal-
ysis are displayed in Table S6 in the ESI. Comparisons of SEM
images of the support before and after the impregnation with
an ionic liquid and rhodium complex impregnation revealed
changes in the number of agglomerates in the systems struc-
tures, Fig. 4. After the adsorption of ionic liquid the sample
structure is more homogeneous and the agglomerates are much
smaller than in pure supports. It is not only a consequence of
impregnation but also of the process of SILP materials prepa-
ration. As a result of vigorous stirring of the support in the
solution containing the ionic liquid and a given metal complex,
the TiO,-SiO, particles were broken and divided into smaller
ones, which reduced the number and size of the agglomerates.
The SILP surface is also appreciably smoothened relative to that
of the pure support, which is attributed to the presence of the
ionic liquid inside the pores of TiO,-SiO, support.

The mean diameter of the nanoparticles was observed to
decrease after the ionic liquid adsorption. Moreover, as follows
from the data presented in Table S7,7 the process of adsorption
resulted in deterioration of the sample homogeneity, man-
ifested by an increase in the polydispersity index (PdI) for
TS_4.1_Pt and TS_L_4.1._Pt. According to the results of ther-
mogravimetric (TG) measurements, the SILP systems contain-
ing ionic liquids with imidazolium, pyridinium and
phosphonium cations are stable above 300 °C, irrespective of
the anion used. Interestingly, for the SILP systems with sulfonic
ionic liquids, the type of anion had an impact on their thermal
stability, the systems with [S,,,][Ntf,] were stable up to about
270 °C, while those with [S;1;][MeSO,], were stable up to 200 °C.
The incorporation of lignin to TiO,-SiO, also resulted in dete-
rioration of thermal stability. However, all SILP materials were
thermally stable at 100 °C, at which hydrosilylation was per-
formed. Results of TG analysis are shown in Table S3 (ESI).T

Catalytic activity. The catalytic activity of the obtained SILP
materials was tested in the hydrosilylation of 1-octene with
1,1,1,3,5,5,5-heptamethyltrisiloxane (HMTS) with the reagents
ratio of 1: 1, and the amount of rhodium or platinum was of

Fig. 4 The structure of TiO,-SiO, before (a) and after (b) physical
impregnation of [P44414][Ntf5] and rhodium catalyst on its surface.
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Pt-SILP
Me or Me

P i _ Rh-SILP I
Me;Si-0-Si-0-SiMe; + H,C=CHCeHy3 Me;Si-0-$i-0-SiMe,
H CH,CH,(CH,)sCH,

Scheme 4 Hydrosilylation of 1-octene with HMTS, catalyzed by Rh-
SILP and Pt-SILP materials.

107> mol per 1 mol Si-H. The reaction was selective, leading
only to the anti-Markovnikov B-addition product, Scheme 4.

At the next step, the optimum concentrations of the rhodium
and platinum complexes were chosen. The use of the complexes
at 10~* mol was found to shorten the reaction to 20 minutes
with no significant effect on the reaction efficiency. When the
complexes were used at the concentration of 10~° mol, the yield
was lowered to 30% and the reaction time was extended to over
1 hour. The best results were obtained for the systems with the
active complexes concentration of 10~> mol of Rh or Pt per mol
Si-H. The yields of the reactions catalyzed with the SILP mate-
rials obtained in six subsequent catalytic cycles are presented in
Tables 7 and 8. The best SILP systems were active much longer,
which is evidenced by the TON and TOF coefficients given in
Table 9. The methodology of catalytic tests is described in detail
in the ESL{

According to the yields obtained, all the SILP systems were
active in the test hydrosilylation reaction. A significant differ-
ence in yield was noted between the SILP with [Ntf,]” and that
with [MeSO,]|™ anion, the yield of the former was much higher
and they were catalytically active much longer that the systems
with [MeSO,]". The difference was particularly pronounced for
the systems with the rhodium complex, as indicated by the
values of TON and TOF. For the samples with [Ntf,]” anion,
such as: TS_1.1_Rh and TS_2.1_Rh, the value of TON were
304 000 and 706 000 and TOF were 0.61 x 10° and 1.41 x 10°
h™', respectively. The samples with [MeSO,]” anion -
TS_1.2_Rh and TS_2.2 were characterized by lower values of
TON and TOF coefficients of 166 000 and 134 000 (TON) and
0.33 and 0.27 x 10° h™' (TOF), respectively. It should be
mentioned that the systems of SILP with the ionic liquids
containing aromatic cations are considered less effective

Table 7 Yield of product in 6 subsequent catalytic cycles of hydro-
silylation reaction of 1-octene with HMTS catalyzed by SILP materials
with [Ntf,] ™ anion

Catalytic
= = £ = = = i =
o a o a o a 4 o
cycle ‘_.I ‘—cl ‘—|I -—cl ‘—|I \—cl \_.I HI
,_il ‘—il ¢\1| r\il m'l m'l q:| <r'|
A A
1 99 99 99 99 99 99 99 99
2 99 e e 99 99 99 99 99
3 53 ClelCl) 99 88 99 70 99
4 19 S9N 99 99 86 99 50 99
5 19 99 80 88 /8 99 50 99
6 10 62 80 53 42 63 50 99

99-50% 49-30% 29-0%
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Table 8 Yield of product in 6 subsequent catalytic cycles of hydro-
silylation reaction of 1-octene with HMTS catalyzed by SILP materials
with [MeSQO4]~ anion

Catalytic

= 4 ke 4 e - B -

& = & = £ = &

cycle RN o
L L T

e 2 B g B g B g B
1 90 99 82 99 99 99 64 99
2 42 66 35! 99 79 99 56 99
3 18 28 17 99 67 99 52, 99
4 16 13 = 88 59 81 37 09
5 — — = 78 59 71 37 99
6 — — — 77 58 70 16 99

99-50% 49-30% 29-0%

because of the electrostatic interactions in the ring strongly
binding the cation and the anion, which hinders the access of
substrates to the immobilized catalyst.*>** This phenomenon
does not take place in the branched ionic liquids, i.e. phos-
phonium and sulfonic ones. The SILP systems with the two
latter liquids show very good catalytic performance, irrespective
of the type of anion. The systems with platinum complexes
show greater stability and higher catalytic activity. It may be
a consequence of the stronger ionic character of Pt (II) in
[Pt(cod)Cl,] than Rh(1) in the Wilkinson catalyst. Thus, the
platinum catalyst enters into stronger interactions with ionic
liquids, endowing the catalyst with higher stability and better
catalytic performance. For the platinum catalysts, the best
results were obtained for the systems with TiO,-SiO, as
a support and sulfonic ionic liquid (TS_4.1_Pt and TS_4.2_Pt),
that were active even in 15 subsequent catalytic cycles. From
among the SILP systems with the rhodium complex, the best
catalytic performance was noted for TS_2.1_Rh.

The catalytic performance of the SILP materials based on
TiO,-SiO, support were compared with the results obtained for

Table9 TON and TOF coefficients for SILP materials in hydrosilylation
reaction

TOF, x10°
SILP material TON h™!
TS_1.1_Rh 304 000 0.61
TS_1.1_Pt 792 000 1.58
TS_2.1_Rh 706 000 1.41
TS_2.1_Pt 682 000 1.36
TS_3.1_Rh 639 000 1.28
TS_3.1_Pt 668 000 1.34
TS_4.1_Rh 534 000 1.07
TS_4.1_Pt 1302 000 2.60
TS_1.2_Rh 166 000 0.33
TS_1.2_Pt 206 000 0.21
TS_2.2_Rh 134 000 0.27
TS_2.2_Pt 802 000 1.60
TS_3.2_Rh 616 000 1.23
TS_3.2_Pt 809 000 1.62
TS_4.2_Rh 262 000 0.52
TS_4.2_Pt 1 140 000 2.28

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the systems based on mesoporous silica. In the tests we used
Davisil grade 62 silica of the surface area of 302 m”> g~ ', pore
volume of 1.14 cm® g~ " and average pore diameter of 11.39 nm.
The silica surface was impregnated with sulfonic liquid with
[Ntf,]” or [MeSO,]™ anions and then the platinum [Pt(cod)Cl,]
or rhodium [Rh(PPh;);Cl] complexes were immobilized on the
silica. As follows from the results of catalytic tests presented in
Table S9, ESI,f the yield of the hydrosilylation reaction was
much lower than when using the corresponding SILP systems
supported on TiO,-SiO,. For the systems Rh-SILP significant
differences were observed in the system's stability in subse-
quent catalytic cycles. For the systems S_4.1_Rh and S_4.2_Rh,
already in the second catalytic cycle the yield of the reaction
decreased by more than half and in subsequent cycles - to 20—
30% or to zero. For the systems with platinum and silica
support, the decrease in catalytic activity and stability was also
faster than for the corresponding systems supported on TiO,-
SiO,. The TON and TOF values for the most active system based
on Si0, were 585 000 and 1.17 x 10° h™", respectively, while for
the most active system supported on TiO,-SiO, the TON and
TOF vales were 1 302 000 and 2.60 x 10° h™", respectively. An
important result was determination of the profiles of hydro-
silylation reaction catalyzed by the tested catalysts. The profiles
were obtained for TS_4.1_Pt and TS_2.1_Rh, as the reactions in
the presence of these catalysts were characterized by high
yields. The catalytic activities of the SILP systems obtained were
compared with those of the precursors of the catalysts, ie.
[Pt(cod)Cl,] and [Rh(PPh;);Cl], used for their preparation, and
the results are presented in Fig. 5. In the FT-IR in situ analysis,
the decay of the band assigned to the =Si-H bond in the HMTS
molecule at 913 cm ™" was monitored. The reaction profiles were
determined on the basis of the =Si-H conversion expressed as
the change in the area of the monitored band. The SILP mate-
rials studied were found to lead to full Si-H conversion in a time
shorter than 30 minutes, while the system TS_2.1_Rh was
characterized by a much longer time of activation, close to 27
minutes, than the homogeneous rhodium catalyst. The reaction
profiles obtained for the two catalysts are much different. In the
presence of the Wilkinson catalyst after a nine-minute activa-
tion, the Si-H conversion rapidly increased up to almost 100%
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o
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2 a0 ;

3 30

g
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Y. a0
0
W W W ONN OO OOUORNDNOOOOOUNDNOOUOO
O ;M O NN OO AN MIN W OWOHO = N F NN 0O =« M <
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0O 0 0O 0 0 0 0O 0 0O 0 0O 0 0 0 0O 0 0 0 O 0 9O O O O
O O 0O 0O 0O 0O OO0 0000000000 O0OO0OO0 o o o
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e TS_4.1_Pt TS_2.1_Rh Pt(cod)Cl2 Rh(PPh3)3Cl

Fig. 5 Changes in the conversion of Si—H as a function of time for the
hydrosilylation of 1-octene with HMTS, catalyzed by SILP materials
with rhodium and platinum complexes.
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Table 10 Yield of hydrosilylation reaction catalyzed by SILP materials
supported on TiO,—-SiO,/lignin

Catalytic = & = & = & = &
\—1| HI q—cl \"'I NI NI NI NI
cycle & - < < 0 o < <
b il 2 2 2 2 o 2
no. ml wl ml u')l ml ml ml U)I
[ - [ [ [ - [ [
1 26 35 31 56 35 50 O 33
2 26 30 28 47 27 31 = 15
3 21 29 20 41 15 25 — 0
4 0 0 0 42 0 10 — —
o o
= o o o o o o o
o S S S ) S S S
= S =] =] ~ =] © =]
R | |IR|&L& | R[S |0 | %
e
° “’8 2 o © o 2 1) ©
X o o o o o o
99-50% 49-30% 29-0%

conversion in 10 minutes. In the presence of the rhodium
catalyst, the process of activation started in the second minute
of the reaction and lasted till the 22" minute and then the Si-H
conversion fast increased reaching almost 100%. The reaction
profiles in the presence of a platinum homogeneous catalyst
and the Pt-SILP system are very similar. The Pt-SILP system
needed a little longer time of activation than [Pt(cod)Cl,],
however, the time needed for full Si-H conversion was by 3
minutes shorter. The process of hydrosilylation in the presence
of each of the platinum catalysts was fast and with high
conversion.

Another SILP system studied was supported on a hybrid,
inorganic-organic material composed of TiO,-SiO, and lignin
and contained phosphonium and sulfonic ionic liquids and the
earlier used homogeneous platinum and rhodium catalysts.
The catalytic materials were used in the hydrosilylation of 1-
octene with HMTS, the results are presented in Table 10. The
SILP materials supported on TiO,-SiO,/lignin were character-
ized by low catalytic activity. Almost for all such SILP materials
the reaction yield was below 30%. The extension of reaction
time to one hour did not improve the yield. The best catalytic
performance was obtained for the SILP system with ionic liquid
containing [Ntf,] . Low catalytic activity may be a result of the
decreased surface area and pore volume in TiO,-SiO,/lignin
than for the support without lignin. The changes also affected
the effectiveness of the ionic liquids adsorption on the support
surface and further immobilization of a metal complex,
consequently, the obtained SILP systems with lignin showed
poor stability and poor leaching resistance.

For the SILP systems showing the best catalytic performance:
TS_4.1_Pt, TS_4.2_Pt and TS_2.1_Rh, the effects of different
reagents on the product yield were evaluated. The reactions
were run for polar and nonpolar olefins: 1-octene, allyl-glycidyl
ether, octafluoropentyl ether, and the silicon compounds:
HMTS, triethylsilane and triethoxysilane (TriEOS). The results
are collected in Table 11 and imply that Pt-SILP materials show
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higher catalytic activity in the first cycle, in almost all hydro-
silylation reactions tested, irrespective of the type of reagents
used. For all SILP systems studied the attempts were made to
isolate them from the postreaction mixture and reuse in
subsequent cycles, but in most cases the materials were inactive
or their catalytic activity rapidly decreased after the second or
the third catalytic cycle. The reactions with allyl-glycidyl ether
and octafluoropentyl ether catalyzed by Pt-SILP were charac-
terized by very high yield, but when Rh-SILP was used, their
yield was very low. Irrespective of the type of SILP catalytic
system, the efficiency of the reaction of olefin hydrosilylation
with triethylsilane was very low. The use of triethoxysilane
(TriEOS) resulted in the increase in the yield of the reactions
with all olefins. The best results were obtained for the reaction
of TriEOS with 1-octene in the presence of Pt-SILP materials, not
only a high yield was obtained, but the Pt-SILP systems main-
tained activity in subsequent catalytic cycles. Slightly worse
results were obtained in the reaction of hydrosilylation between
TriEOS and the ethers. The catalytic activity of SILP TS_2.1_Rh
was found much lower than the activities of the systems con-
taining platinum. The best catalytic results were obtained for
the systems with HMTS and TriEOS, containing electron-
withdrawing substituents, and nonpolar olefin (1-octene). For
these systems, in the presence of Pt-SILP catalysts, not only high
yields were obtained, but also the catalytically active phase was

Table 11 Yield of hydrosilylation reaction with different reagents,
catalyzed by the best SILP materials supported on TiO,-SiO,

Yield of the reaction [%]

H,C=CHCH,R,

Si-H where -R: TS_4.1_Pt TS_2.1_Rh TS_4.2_Pt
HMTS -CsHy, 99 99 99
TON 1302000 1140000 706 000
TOF x 10° h™* 2.60 2.28 1.41
-OCH,CHOCH, 86 7 85
TON 38 000 — 330 000
TOF x 10°h™! 0.07 — 0.66
-OCH,CF,CF,CF,CHF, 99 37 98
TON 128 000 37 000 98 000
TOF x 10° h™* 0.26 0.07 0.20
Et;SiH  -CsHy, 6 6 42
TON — — 66 000
TOF x 10°h™*! — — 0.13
-OCH,CHOCH, 7 0 18
TON — — 49 000
TOF x 10° h™* — — 0.10
-OCH,CF,CF,CF,CHF, 62 0 53
TON 95 000 — 53 000
TOF x 10°h™! 0.19 — 0.11
TriEOS -CsHi, 91 24 99
TON 308 000 24 000 307 000
TOF x 10°h™* 0.61 0.05 0.61
-OCH,CHOCH, 99 — 54
TON 116 000 — 86 000
TOF x 10°h™* 0.23 - 0.17
-OCH,CF,CF,CF,CHF, 99 0 93
TON 129 000 — 147 000
TOF x 10°h™! 0.26 — 0.30

© 2021 The Author(s). Published by the Royal Society of Chemistry
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not leached and could be reused in subsequent catalytic cycles.
As the product is nonpolar, the polar liquid with the immobi-
lized catalytically active phase is not washed out from the SILP
surface. The hydrosilylation reactions with the use of trie-
thylsilane are very slow and difficult to run, often their course is
compared to that of the reaction with triphenylsilane in which
the access to the Si-H bond is spatially hindered by phenyl
groups. Triethylsilane contains electron-donating substituents
and shows poor ability to form Si-C bonds, because of very low
effectiveness of hydrogen atom transfer from Si-H bond to the
carbon atom in the olefin double bond.

In view of the observed loss of catalytic abilities of SILP
materials in subsequent catalytic cycles, selected samples of the
post-reaction mixture was subjected to ICP analysis. The
amounts of platinum and rhodium in these samples were below
the level of detection (1 ppm). Taking into account our eelier
experience with catalytic systems containing ionic liquids, we
also checked the leaching of ionic liquids from the SILP systems
studied. The sample of Pt-SILP with phosphonic ionic liquid
[P44414][MeSO,] was analyzed by *'P NMR to assess the content
of the liquid in the first and fifth catalytic cycle. The presence of
the ionic liquid in the SILP samples after the first and the fifth
catalytic cycle was confirmed, but its content in the reaction
mixture was insignificant. Of course, slow leaching of the ionic
liquid may have some insignificant effect on the catalytic
activity of the SILP systems, but the majority of them main-
tained their activity up to at least 10 cycles and the most active
ones — up to 15 subsequent cycles.

Materials and methods

Detail information on the analytical methods applied and the
materials used in the studies reported is given in the ESL.}

Conclusions

Twenty four new SILP systems were obtained, supported on the
oxide system TiO,-SiO, and its combination with lignin
(organic polymer). The structures, morphologies and physico-
chemical properties of the supports and the SILP systems were
fully characterized. The determined adsorption parameters and
thermal stability of the supports were proved to depend on the
ratio of silicon and titanium precursors used in the sol-gel
synthesis of the supports. The effectiveness of impregnation of
the supports (TiO,-SiO, or TiO,-SiO,/lignin) surfaces with the
ionic liquids and immobilization of the catalytically active
phase (homogeneous platinum or rhodium complexes) was
verified by elemental analysis, SEM-EDX, IR and BET methods.
According to the thermogravimetric analysis results, all ob-
tained SILP systems were thermally stable at a temperature
significantly higher than the hydrosilylation reaction tempera-
ture. All SILP systems obtained and studied in this work were
catalytically active in hydrosilylation of 1-octene with
1,1,1,3,5,5,5-heptamethyltrisiloxane. The catalytically active
materials were proved to be easy to isolate, so that they could be
reused, and have been shown to be active in subsequent cata-
lytic cycles. The Pt-SILP systems were found to more active than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the systems with rhodium complexes, which was interpreted as
a result of the more ionic character of the complex [Pt(cod)Cl,].
From among the Pt-SILP materials, the highest catalytic activity
was observed for those containing phosphonium and sulfonic
ionic liquids and among the Rh-SILP materials, those with
pyridinium ionic liquids. The SILP systems with the [Ntf,]”
anion were found to be more stable and in the reaction with
their presence the Si-H conversion was higher than that in the
systems with [MeSO,] . FT-IR in situ results revealed that the
activation time of the Pt-SILP systems is much more shorter
than the corresponding time for the Rh-SILP materials. The
reactions run with reagents of polar and nonpolar character
revealed that the obtained SILP systems showed the highest
catalytic activity and stability in the systems leading to products
of nonpolar character. The polar reaction products lead to
leaching of the ionic liquid together with the metal complex,
thus to reduced activity or even inactivity in subsequent cata-
Iytic cycles. Taking into account the ease of synthesis of the SILP
catalytic materials, their activity and possibility of reuse in
subsequent catalytical cycles, they seem to make excellent
alternatives to the homogeneous catalysts used in the reaction
of hydrosilylation. The use of such materials could solve the
problems with mass transport between the phases in standard
two-phase systems and help reduce the cost related to the use of
transition metal complexes.
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