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Hydrosilylation is one of the largest-scale applications for homogeneous catalysis and is widely used to
enable the commercial manufacture of silicon products. In this paper, a bifunctional heterogeneous
catalyst, Pt’*/AET-MIL-101 (AET = o
electronic structure is reported, which was successfully prepared using post-synthesis modification

2-aminoethanethiol) with a partially positively charged P

with AET and a platinum precursor. The catalysts were characterized using X-ray diffraction (XRD),
nitrogen (N,) adsorption—desorption, transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) techniques which showed that the
synergy of AET-MIL-101 provides a good dispersion of Pt® in the channels, which can efficiently
catalyze the hydrosilylation reaction with almost complete conversion and produce a unique adduct.
In addition, the synthetic heterogeneous catalyst Pt®*/AET-MIL-101 achieves reasonable use of Pt in
terms of number cycles and atomic utilization efficiency, indicating the potential to achieve a green

rsc.li/rsc-advances hydrosilylation industry.

1. Introduction

"Hydrosilylation of alkene is an important synthetic method for
the preparation of organo-silicon compounds in the silicone
industrial process.”® In particular, silanes containing various
functional groups have been extensively used in coatings,”®
adhesives, vulcanized rubbers, and fine chemicals, and it is one
of the most used industrial processes in silicon chemistry.’
Although many transition metal catalysts have been used for
a large number of organic synthesis reactions,'®'* there are
fewer catalysts used for hydrosilylation reactions. Among which
platinum (Pt) catalysts,** such as hexachloroplatinic acid (Speier
catalyst)*® and Karstedt catalyst,** are the most effective in the
hydrosilylation reaction.'>'® Despite widespread application,
homogeneous Pt-based catalysts still suffer from considerable
problems: (i) the decomposition of catalysts causes undesirable
side reactions and colored products, which have significant
effects on the quality of the products and limits their applica-
tions,"” and (ii) the consumption of Pt not only leads to high
catalyst cost but is also a waste of Pt resources. These disad-
vantages push the development of heterogeneous catalysts,
which have been extensively studied because of their ease of
separation and their recyclability.’** For example, Wawrzync-
zak and co-workers succeeded in loading Pt and rhodium (Rh)

College of Chemistry and Chemical Engineering, Zhongkai University of Agriculture
and Engineering, Guangzhou 510225, China. E-mail: wbhu2000@163.com; xgshu@
21cn.com; Tel: +86 020 89003208
T Electronic  supplementary
10.1039/c9ra01408j

information  (ESI) available. See DOL

20314 | RSC Adv., 2019, 9, 20314-20322

on a styrene-divinylbenzene copolymer (SDB) for the hydro-
silylation of various alkenes. The results show that the Rh is
poorly active in the reaction studied, whereas Pt/SDB exhibits
excellent catalytic activity. At the same time, by comparing the
catalyst carriers: divinylbenzene, activated carbon RX3 extra and
carbon black XC72, it showed that the high hydrophobicity and
specific surface area of SDB are the focus of the high activity of
the catalyst.”* The team further compared the effects of bime-
tallic Pt—-Cu/SDB and Pt/SDB on the hydrosilylation of allyl
chloride, 1-octene and 1-butene. The results show that the
bimetallic Pt-copper (Cu) catalyst on the polymer support
appears to be much less active than the single metal catalyst.
Compared to the Pt/carbon (C) catalyst, SDB seems to be a better
carrier material.>> In addition, based on the specificity of the
structure of silsesquioxane (HSiMe,O)(i-Bu),SigO;,, Walczak
et al. decided to examine the hydrosilylation of a wide range of
functional alkenes and alkynes (terminal and internal) using
(HSiMe,O)(i-Bu),Sig0s,, catalyzed by Pt supported on SDB. The
results show that Pt/SDB is a more effective catalyst than
commercial and industrially applied Pt/C catalysts. The
heterogeneous character of the Pt/SDB catalyst allows for
repeated use up to 20 times and still maintains a high turnover
number (TON). Thus, use of the Pt/SDB produced one of the
most versatile heterogeneous systems in hydrosilylation reac-
tions.” Chen et al synthesized a heterogeneous, partially
charged single atom Pt supported on an anatase titanium
dioxide (Pt,°*/TiO,) catalyst using an electrostatic induction in
an exchange two-dimensional confinement strategy. As a result
of this they discovering that a partially charged single atom Pt

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01408j&domain=pdf&date_stamp=2019-06-28
http://orcid.org/0000-0002-8963-8195
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01408j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009035

Open Access Article. Published on 28 June 2019. Downloaded on 12/5/2025 2:09:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

can catalyze the hydrosilylation reaction with almost complete
conversion and produce an exclusive adduct.** Hu et al. re-
ported the synthesis of a super-microporous silica-supported Pt
catalyst using n-dodecylamine as a surfactant template which
was applied for the hydrosilylation of octene with dichlor-
omethylsilane. The catalyst has a conversion of up to 98% for
dichloromethylsilane (99% selectivity to the B-adduct).
Furthermore, the catalyst can be recycled seven times without
significant loss of activity.”® However, currently most heteroge-
neous catalysis still have the disadvantages of low atomic
utilization and leaching of active substances.?® It is still chal-
lenging to develop a heterogeneous catalyst with a combination
of the advantages of homogeneous and heterogeneous
catalysts.

In recent years, the development of metal-organic frame-
works (MOFs) has provided a good carrier for gas storage,”
separation,” chemical sensing® and catalysis.** The MOFs are
a new type of inorganic-organic porous material coordination
polymers.*"** Because MOFs have a larger specific surface area
(up to several thousand m> g~ ') and higher volume (up to 90% of
the crystal volume), more controllable pore structure, and so
on,** the MOFs have been widely used in the field of catalysis.
The MOFs have a controlled size distribution and show the
tremendous advantage of limiting metal nanoparticles (NPs).
When the metal or metal oxide particles are confined in the
cavities or the porous channels of MOFs, the prepared catalytic
materials had uniform particle dispersion, which is beneficial for
the heterogeneous catalyst.**” However, the absence of func-
tional groups and selective sites in most of the stable MOFs has
limited their uses in catalysis.**** In particular, the MIL-101 type
MOF is a one-dimensional porous material formed by an octa-
hedron chrome atom and a terephthalic acid connection (Fig. 1),
the interior of which consists of two types of pores [2.9 nm (a) and
3.4 nm (b), respectively]. It has a large surface area, multiple
unsaturated metal sites and good thermal stability which
provides a good site for functionalization.**** Zhang et al.** re-
ported a highly efficient bifunctional catalyst palladium/sulfonic
acid-MIL-101 (chromium) [Pd/SO;H-MIL-101(Cr)], in which Pd
NPs are uniformly dispersed on a mesoporous SO3;H function-
alized MIL-101(Cr) and exhibit high catalytic performance in the
hydrodeoxygenation of vanillin. Xu et al.** successfully encapsu-
lated Pd NPs in cages of ethylenediamine grafted MIL-101 (ED-
MIL-101), giving highly efficient catalysts (Pd/ED-MIL-101) for

Fig. 1 Ball-and-stick view of MIL-101 showing two types of cages.
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the racemization of primary amines. Furthermore, the catalyst
has excellent stability and can be reused at least eight times
without significantly reducing efficiency.

In the present research, 2-aminoethanethiol (AET)-MIL-101
was successfully synthesized using AET functionalized MIL-
101. Taking advantage of the unique properties of AET-MIL-
101, Pt*" was uniformly dispersed in the mesoporous cages of
AET-MIL-101 to develop a highly efficient catalyst for the cata-
Iytic hydrosilylation reaction (Scheme 1). In addition, this paper
also explores the commercial value of the catalytic product, and
discusses the development prospects for green industrial
catalysis.

2. Experimental

2.1. Reagents

All reagents of analytical or technical grade were purchased and
used as received without further purification. Terephthalic acid
(H,BDC), chromic nitrate nonahydrate [Cr(NO;);-9H,0],
styrene, 1-dodecene, 1-tetradecene and AET were purchased
from Macklin Ltd. Hexachloroplatinic acid hydrate (H,PtCle-
-6H,0) were obtained from Sigma Aldrich Ltd. N,N-Dime-
thylformamide (DMF), hydrofluoric acid (HF), ethanol, and
toluene were purchased from Tianjin Damao Chemical Reagent
Factory, Ltd. Heptamethyltrisiloxane (MDHM, MW = 222 g
mol '), acrylic polyether (APEG, MW = 200 g mol ') and allyl
alcohol polyether (F-6, MW = 380 g mol ") was kindly provided
by Zhejiang Huangma Technology Co., Ltd. Deionized water
was obtained from a pure water machine produced by Sichuan
Youpu Chaochun Technology Co., Ltd.

2.2. Preparation of catalyst

2.2.1 Synthesis of MIL-101. MIL-101 was synthesized
according to a method previously described in the literature.®®
The Cr(NO;)3-9H,0 (10 mmol), H,BDC (10 mmol) and 40 wt%
of HF (10 mmol) were added to deionized water (2650 mmol).
The resulting suspension was stirred for 30 min at room
temperature then heated under autogenous pressure at 220 °C
for 8 h in a Teflon-lined autoclave. After cooling to room
temperature, the green precipitate was collected using centri-
fugation and washed several times with deionized water and
DMF to remove unreacted H,BDC. The sample was then
immersed in ethanol, heated and stirred at 100 °C for 24 h for
further purification. Finally, the green solid was separated using
filtration, and then dried in a vacuum at 80 °C overnight.

2.2.2 Preparation of AET-MIL-101. The activated MIL-101
(0.3 g) was dehydrated at 150 °C in a vacuum oven for 12 h.
Then, the dehydrated MIL-101 was dispersed in anhydrous
toluene (30 mL). An appropriate amount of AET (1.125 mmol)
was added and the mixture was stirred and refluxed for 12 h at
110 °C. Finally, the solid product was separated using filtration,
washed extensively with excess ethanol and dried at 80 °C in
a vacuum for 12 h. The final product was named AET-MIL-101.

2.2.3 Preparation of 1.5% Pt®*/AET-MIL-101. First, 0.3 g of
vacuum dried AET-MIL-101 was dispersed in 30 mL of absolute
ethanol, and 0.66 mL of H,PtClg-ethanol (0.035 mol L") was

RSC Adv., 2019, 9, 20314-20322 | 20315
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Scheme 1 The strategy for the synthesis of Pt®*/MIL-101 and Pt**/AET-MIL-101 catalysts using bi-functionalized MIL-101 and their application in

the hydrosilylation process.

added into the suspension. The mixture was mixed ultrasoni-
cally for 5 min in an ultrasonic bath (100 W) and then stirred
vigorously at 80 °C for 10 h. The solid product was washed with
absolute ethanol, and dried at 80 °C in a vacuum. The as-
prepared samples were designated as 1.5% Pt°*/AET-MIL-101,
where 1.5% denotes the nominal Pt loading. For comparison,
reference 1.0% Pt°"/AET-MIL-101, 2.0% Pt°*/AET-MIL-101 and
1.5% Pt**/MIL-101 catalysts were prepared using the same
method.

2.3. Catalyst characterization

The crystalline structure and phase composition were investi-
gated using X-ray powder diffraction on a D§ ADVANCE (XRD;
Bruker) with Cu Ko radiation operated at 35 kV and 35 mA, A =
0.154 nm, scanning step 0.02°, scanning range 2-15°. Fourier
transform-infrared (FT-IR) spectra were recorded on a Spec-
trum-100 FT-IR spectrometer (PerkinElmer) using a potassium
bromide wafer technique with scanning from 4000 to 450 cm ™.
The nitrogen (N,) adsorption-desorption isotherms and pore
size distribution were obtained at 77 K using a Quadrasorb SI
instrument (Quantachrome Instruments). After the sample was
evacuated at 150 °C for 10 h, the Brunauer-Emmett-Teller (BET)
surface area was calculated using the multiple point BET
method in the relative pressure range of P/P, = 0.05-0.2, and
the pore diameter distribution curves were obtained using the
density functional theory (DFT) calculations method. The
morphology of the material and the presence and distribution
of Pt was observed using both a S4800 scanning electron
microscope (SEM; Hitachi) and a JEM-2100F transmission
electron microscopy (TEM; Jeol). The surface electronic states

20316 | RSC Adv., 2019, 9, 20314-20322

were determined using an ESCALAB 250Xi X-ray photoelectron
spectrometer (XPS; ThermoFisher Scientific), and the XPS data
were internally calibrated, fixing the binding energy of C 1s at
284.6 eV. The product conversion of various substrates was
determined using a 6890N gas chromatography-mass spec-
trometer (GC-MS; Agilent), equipped with an HP-5MS capillary
column (30 m x 0.25 mm, 0.25 pm). An auto-injector was used
to inject the samples at 250 °C and was set to a 10 : 1 split ratio.
The carrier gas flow rate of helium was 1 mL min '. The
warming procedure was as follows: held at 50 °C for 2 min,
ramped to 280 °C at a rate of 15 °C min~ " and then held for
10 min. The ionization mode was electron ionisation (70 eV, 300
pA) and the ion source of the MS was set to 230 °C. Proton
nuclear magnetic spectrometry ("H-NMR) spectra were recorded
on an Ascend 400 (400 MHz, Bruker) NMR spectrometer using
deuterated chloroform as solvent. The Pt content of the catalyst
was determined using an iCAP 6000 Series inductively coupled
plasma emission spectrometer (ICP; ThermoScientific). The
water or diluted catalytic product (Vproduct : Viwater = 1 : 1000)
droplet contact angles and surface tension were measured at
room temperature on a self-supporting pressed sample disc
using a Attention Theta contact angle measuring system (Biolin
Scientific). By slowly dripping the liquid on to the surface of
cucumber leaves, the contact angle was determined from
images captured within 7 s using a high-performance coupled
device camera.

2.4. Catalytic performance evaluation

Typical hydrosilylation reaction procedures were as follows. A
mixture of the catalyst (Pt’*/AET-MIL-101 or Pt*"/MIL-101) and

This journal is © The Royal Society of Chemistry 2019
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varying amounts of F-6 were added into 50 mL three-necked
flasks vigorously stirred at 80 °C for 30 min. Then, 0.035 mol
of MDHM was added dropwise under stirring and the reaction
mixture was heated up to a certain temperatures. After cooling
to room temperature, the product was separated using centri-
fugation (6000 rpm, 20 min, 25 °C) and further characterized
using GC-MS and "H-NMR (see S2 and S3, ESIt). Finally, cata-
lytic recycling was studied using the recovered catalysts.

3. Results and discussion

3.1. Catalyst characterization

The powder XRD pattern of the synthesized MIL-101 (Fig. 2)
matched well with the powder XRD pattern diffraction peak of
MIL-101 in the single crystal data simulation pattern, and there
was no apparent loss, the main characteristic diffraction peaks
appeared at 20 = 2.96°. 3.44°, 4.46°, 5.28°, 6.01°, 8.55°, and
9.18°, which indicated good phase purity of the synthesized
MIL-101 carrier. After the introduction of AET on the backbone
of MIL-101 and the incorporation of Pt, no significant change in
peak position was observed, indicating that the crystal structure
of MIL-101 was well maintained during grafting and doping.
Additionally, the peak intensity at 3.44° dramatically decreased,
which was because the MIL-101 channels were partially filled
with AET and Pt.*® The FT-IR spectra of MIL-101 and AET-MIL-
101 are shown in Fig. 3. Comparing the two spectra, it can be
observed that two new characteristic peaks appeared in MIL-101
modified with AET. Among them, weak absorption peak
appeared at 2978 cm™ ', which belong to the -CH,-CH,-
stretching vibration, whereas the sharp peak at about
1043 cm ™' indicated the stretching vibration of the C-N bond.
However, no characteristic stretching vibration peak of the
-NH, group was observed, possibly because of the combination
with Cr’" being shielded.

Intensity(a.u.)

aal a
LI L L L L L L L L L
3 4 5 6 7 8 9 10 11 12 13
2 Theta (degree)

—
14 15

Fig. 2 XRD patterns of MIL-101 simulated from crystal structure data
(), MIL-101 (b), 1.5% Pt>*/MIL-101 (c), AET-MIL-101 (d) and 1.5% Pt>*/
AET-MIL-101 (e).
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Fig. 3 FT-IR spectra of MIL-101 (a) and AET-MIL-101 (b).

The surface morphology of unmodified and modified MIL-
101 samples was characterized using SEM and TEM (Fig. 4).
The MIL-101 mainly exhibited uniformly sized octahedron

Diameter(nm)

Fig. 4 SEM images of MIL-101 (a), TEM images of MIL-101 (b), AET-
MIL-101 (c). 1.5% Pt>*/AET-MIL-101 (e and d) and the corresponding
size distribution plot of Pt (f).
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morphology (Fig. 4a) and a good lattice structure (Fig. 4b),
indicating that the material had good crystallinity. The MIL-101
modified by AET clearly shows a small amount of aggregate
formation (Fig. 4c), which could be because of the formation of
aggregates of AET crystals. After Pt was incorporated into the
carrier AET-MIL-101, only a few Pt®" appear on the outside
surface of the parent carrier (Fig. 4d), whereas most of the metal
Pt’*" was confined to the cages of the carrier (Fig. 4e). This
demonstrated that the Pt°" was well dispersed in the AET-MIL-
101 guest molecule, had a narrow size distribution between
1 nm and 4 nm (Fig. 4f), and was concentrated around 2 nm.
This may be attributed to the stability of the structure of the
crystal itself and the presence of functional groups attached to
the framework.

The N, adsorption-desorption isotherms and the pore size
distribution profiles are shown in Fig. 5. The BET surface area
and pore volume of MIL-101 loaded with Pt*" did not change
significantly (Table 1), and this was mainly because Pt’" were
well dispersed on the support or most of the Pt*" was concen-
trated on the outer surface. After modification with AET, the N,
adsorption of the AET-MIL-101 samples decreased significantly,
and the corresponding BET surface area was reduced to 1603 m>
g~ '. The pore volume was reduced to 0.756 cm® g~ ', and the
average pore diameter also decreased rapidly. However, the pore
sizes and pore volume of AET-MIL-101 loaded with Pt** were
also reduced compared to those of the AET-MIL-101 samples,
which were 1454 m* g~ and 0.661 cm® g™, respectively, indi-
cating that most of the AET and Pt° were dispersed inside the
pores instead of being distributed on the outer surface.

Fig. 6A shows the XPS survey data and indicates that 1.5%
Pt°"/AET-MIL-101 contained six elements C, Cr, N, O, Pt, and, S
indicating that AET was successfully modified to MIL-101. The S
2p spectrum of the catalyst showed two different peaks (Fig. 6C),

AL A TR A A At A A4

e ;fa“wwmwmwvmvv
> %l

300

N
o
=]

Volume absorded(cm3~ -1,
o
S

0.2 0.4 0.6 0.8 1.0

PPy 2345678 910111213141516

Pore diameter (nm)

Fig.5 The Ny isotherms at —196 °C (A) and DFT pore size distributions
(B) of MIL-101 (a), 1.5% Pt°*/MIL-101 (b), AET-MIL-101 (c) and 1.5% Pt°*/
AET-MIL-101 (d).

Table 1 Selected structural properties of the catalysts

Pore volume

Sample Sger (M* g™ 1) (em® g™
MIL-101 2877 1.39
1.5% Pt’*/MIL-101 2823 1.36
AET-MIL-101 1603 0.76
1.5% Pt(H/AET-MIL-lOl 1454 0.66
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which can be attributed to the S-H (163.7 eV) and Pt-S bonds
(164.1 eV). The oxidation state of Pt in Pt>’/AET-MIL-101 was
determined using the data in Fig. 6D. The Pt 4f spectrum could
be deconvolved into two peaks at binding energies of 76.0 eV and
72.8 eV, corresponding to the 4f5,, and 4f;, levels, respectively.
The peak positions are between Pt(n) and Pt(0), which indicated
that the Pt atom carried a portion of the positive charge from the
electron transfers between the metal and the support because of
the enhanced metal-support interaction.* In terms of kinetics,
because the partially charged Pt’" electronic structure of Pt’*/
AET-MIL-101 was produced before the catalytic reaction pro-
ceeded, it did not need to undergo additional formation to
initiate the hydrosilylation reaction compared to the other forms.
Thus, the Pt’'/AET-MIL-101 catalyst has a higher catalytic
performance for the hydrosilylation of alkenes.*

3.2. Catalytic hydrosilylation of alkenes

A number of related reports have demonstrated that Pt was an
efficient catalyst for the hydrosilylation of alkenes. However,
because of its environmentally friendly nature and ecological
protection, the above catalyst was applied to catalyze the
hydrosilylation of F-6 as a representative substrate for MDHM.
There was no need to add other organic solvents or additives,
and the product is environmentally friendly and non-toxic, with
excellent wettability, ductility and permeability. Therefore, it
has a certain use in industrial production.*

The effects of different loadings of Pt’*/AET-MIL-101 and
separate factors on the catalytic activity of F-6 and MDHM
hydrosilylation reactions were investigated. The catalytic results
are summarized in Table 2. Under the same catalytic condi-
tions, the catalytic effect of the 1.5% Pt°*/AET-MIL-101 catalyst
was better than that of the 1% and 2% catalysts (Table 2, entries
6, 13, 14). However, using the pure AET-MIL-101 support or
MIL-101, virtually no reaction took place (only about 3%
conversion), implying that the use of Pt is inevitable for cata-
lyzing alkene hydrosilylation (Table 2, entries 1 and 2).

B CrA2p3/2
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Cr2p1/2

Intensity (a.u.)
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Fig. 6 XPS spectra of 1.5% Pt*/AET-MIL-101: survey spectrum (A),
high resolution Cr spectrum (B), high resolution S spectrum (C) and
high resolution Pt spectrum (D).
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Table 2 The effect of various factors on the hydrosilylation conversion of F-6

Entry Catalyst Catalyst amount (mmol%) T (°C) F-6 (mol) Conv. (%)
14 MIL-101 — 90 0.035 3.3

24 AET-MIL-101 — 90 0.035 3.1

3¢ 1.5% Pt’*"/AET-MIL-101 2.86 90 0.035 60

4° 1.5% Pt*'/AET-MIL-101 4.29 90 0.035 75

5¢ 1.5% Pt’'/AET-MIL-101 5.71 90 0.035 87

6“ 1.5% Pt**/AET-MIL-101 8.57 90 0.035 90

74 1.5% Pt’'/AET-MIL-101 10.00 90 0.035 91

8“ 1.5% Pt**/AET-MIL-101 8.57 80 0.035 46

9“ 1.5% Pt’*/AET-MIL-101 8.57 100 0.035 91

10° 1.5% Pt**/AET-MIL-101 8.57 110 0.035 90

114 1.5% Pt‘”/AET—MIL—lOl 8.57 90 0.0315 86

12¢ 1.5% Pt**/AET-MIL-101 8.57 90 0.0385 90

13¢ 1.0% Pt**/AET-MIL-101 8.57 90 0.035 76

14° 2.0% Pt°*/AET-MIL-101 8.57 90 0.035 89

15? 1.5% Pt*'/MIL-101 8.57 90 0.035 93

“ Reaction conditions: MDHM = 0.035 mol, reaction time: 180 min, feeding method: MDHM is added dropwise to alkenes. ” Reaction conditions:
MDHM = 0.035 mol, reaction time: 30 min, feeding method: MDHM is added dropwise to alkenes.

The hydrosilylation reaction was carried out at 90 °C with
different low doses (relative to the amount of Pt in MDHM) of
Pt>*/AET-MIL-101 (1.5% Pt loading) catalyst. It was found that
as the dose increased, the conversion rate of the substrate also
showed an upward trend, and the dosages of 8.57 mmol% and
10.00 mmol% showed better conversion (Table 2, entries 3-7).
This was because the unit catalyst and the unit substrate used
for the catalytic reaction at a dosage of 8.57 mmol% forms
a saturated state. Thus, further research was conducted with
a catalyst amount of 8.57 mmol%. The reaction temperature
acts as an important factor affecting the activity of the catalyst.
The reaction at 80 °C for 180 min only had a conversion of
46%, and further increasing the reaction temperature led to
a remarkable increase in the reaction rate (Table 2, entries 6,
8-10), which could reach 90% when the temperature was
raised to 90 °C.

The conversion of MDMA was further investigated by
sampling every 45 min at each temperature (Fig. 7). The
reaction was accompanied by a time increase, each curve
showed a tendency to rise first and then stabilize. As shown
in Fig. 7, the MDHM conversion at 90 °C was significantly
higher than 100 °C and 110 °C in a relatively short period of
time. This may be because the temperature was too high
causing some of the MDHM to be vaporized and reflux re-
reacted. This is due to the excessive temperature causing
a portion of the MDHM to be refluxed into the flask to
participate in the reaction again. As the reaction progressed,
most of the MDHM participates in the reaction, and the
reflux rate gradually decreases. There was almost no reflux of
MDHM after 180 min. Then the conversion of the reaction
was compared by adding different molar ratios of the
substrates. Different molar ratios of the substrates show
good catalytic efficiency (Table 2, entries 6, 11 and 12).
According to the mechanism of the hydrosilylation reaction,
the optimum conversion could be achieved when the molar
ratio was increased to 1 : 1 (90% conversion).

This journal is © The Royal Society of Chemistry 2019

Finally, the catalytic activities of the different catalysts Pt>*/
MIL-101 were compared (Table 2, entries 6 and 15),*” although
the Pt®*/MIL-101 catalyst has better catalytic activity (conver-
sion: 93%). However, in the experiment, it was found that its
catalytic rate was too fast during the reaction, because of a sharp
rise in temperature, and difficulty in controlling the reaction
rate. This was a reaction phenomenon similar to homogeneous
catalysis, which is unfavorable for the protection of industrial
equipment.

In general, according to the Chalk-Harrod theory,*® hydro-
silylation can proceed by the following four steps: (i) activation
by Pt, (ii) hydrosilane addition, (iii) alkenes are inserted into the
Pt-H bond, and (iv) product shedding. The activation priority of
hydrosilylation was studied by changing the addition order of

100
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Fig. 7 Effect of Pt**/AET-MIL-101 on MDHM conversion at different
temperatures. Reaction conditions: MDHM: 0.035 mol, F-6:
0.035 mol, amount of catalyst: 39 mg, feeding method: MDHM is
added dropwise to the alkenes.
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the substrates. The results show that although the three
substrate addition methods can achieve excellent conversion,
the conversion rate of different addition methods follows this
trend: a > ¢ > b. Thus, it is believed that the activation before the
reaction is beneficial to the smooth progress of step (i). It can
increase the reaction rate and reduce the reaction time.
According to the a and c curves in Fig. 8, it can be seen that both
reactants can be activated by Pt>*, but under the same reaction
conditions, the alkene will participate in step (i) earlier than
MDHM.

The reusability and stability of the heterogeneous catalysts
was of significant importance in terms of industrial applications
and green chemistry. To address the concerns, the catalyst can
easily be separated from the reaction solution by a simple
centrifugal separation operation, followed by washing it several
times with ethanol and then using it for cyclic experiments after
vacuum drying. In a series of consecutive runs, the catalyst was
found to be highly stable and catalytic activity could still be
maintained at about 84% after repeated use for five cycles as
shown in Fig. 9. In addition, the recovered catalyst was charac-
terized using XRD, ICP and XPS analysis. The XRD analysis of the
recovered catalyst (S1(b), ESIT) showed that its crystallinity and
the crystallinity of the fresh catalyst remained substantially
unchanged, and the loading of Pt was reduced to 1.18% from the
original 1.47%. The XPS of the recovered catalyst showed that the
catalyst retained the Pt morphology (S2, ESIt) after several
cycles. Finally, in order to explore the versatility of this catalyst,
the hydrosilylation reactions were carried out under the previ-
ously mentioned optimal conditions using various alkenes (Table
3). Although the conversion changed as the molecular chain
grew, the catalytic effect was satisfactory.

3.3. Performance test of hydrosilylation products

The contact angles of water and the catalytic products on
cucumber leaves are shown in Fig. 10. Because the cucumber
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Fig. 8 Effect of feeding mode on MDHM conversion, feeding method:
MDHM is added dropwise to alkenes (a), mixed alkenes are added
together with MDHM (b), alkenes are added dropwise to MDHM (c).
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Fig. 9 Reusability of 1.5% Pt*/AET-MIL-101 in the catalytic hydro-
silylation of F-6. Reaction conditions: MDHM: 0.035 mol, F-6: 0.035 mol,
amount of catalyst: 39 mg, reaction temperature: 90 °C, reaction time:
180 min, feeding method: MDHM is added dropwise to alkenes.

itself is highly hydrophobic, the angles observed remain
unchanged after adding water droplets to the cucumber
leaves for 7 s (Fig. 10a-c). However, by adding a small amount
of the catalytic product, the contact area of water on the
cucumber leaf surface can be greatly increased, and only
0.58 s was required to completely spread the water on the leaf
surface (Fig. 10d-f). This was because of the surface prop-
erties of the catalytic product are imparted by the cross-
linking of the functional silanes with the polymer, and thus,
good wettability was obtained. Therefore, the product shows
good prospects for future applications in agriculture and fine
chemicals.

At the same time, the same treatment method was used to
test the surface tension of the product. The test results are
shown in Table 4. The hydrosilylation product synthesized
from Pt°*/AET-MIL-101 had an average surface tension of
19.32 mN m~ " and the surface tension of water was 67.77
mN m~', indicating that the product synthesized by the
catalyst could significantly reduce the surface tension of
water.

Table 3 Hydrosilylation of various alkenes and MDHM using the Pt°*/
AET-MIL-101 catalyst®

Entry Substrate Conv. (%) TOF (h™1)
1 Ally alcohol polyether (380) 90 8.3 x 10°
2 Acrylic polyethers (200) 90 7.6 x 10°
3 1-Dodecene 99 1.1 x 10*
4 1-Tetradecene 95 1.0 x 10*
5 Styrene 89 5.0 x 10°

“ Reaction conditions: amount of catalyst: 39 mg (Pt 8.57 mmol%),
MDHM: 0.035 mol, reaction time: 180 min, temperature: 90 °C,
MDHM : alkene molar ratio: 1: 1, feeding method: MDHM is added
dropwise to alkene. Data in parentheses represent the molecular
weight of the alkene.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Contact angles of water droplets on cucumber leaves (a),
stationary 1 s (b), stationary 7 s (c), adding a small amount of the
catalytic products to water (d), stationary 0.07 s (e) and stationary 0.58
s (f).

Table 4 Comparison of the surface tension of various products in
water

Substance Surface tension (mN m ™)

No added catalytic product 68.05 67.58 68.68
Catalytic product added 19.26 19.33 19.37
Homogeneous catalytic product 19.29 19.34 19.33

added

4. Conclusion

In summary, a new and robust heterogeneous catalyst was
developed by encapsulating Pt into MIL-101 cages modified
with AET. Pt as highly catalytically active sites for AET-MIL-101
for the alkenes hydrosilylation under mild reaction conditions
and exhibits excellent reusability. The unexpected property of
Pt>'/AET-MIL-101 can be attributed to unique partially positive
valence electronic structure and the highly dispersible proper-
ties of the Pt species. The stable performance of Pt*"/AET-MIL-
101 achieves a reasonable use of the catalysts by reducing
consumption of the precious platinum by increased recycling
and greatly increases the atomic utilization efficiency in the
form of highly dispersed Pt*". Meanwhile, the findings highlight
the fact that the addition of modifiers on the surface of the
cages in MIL-101 give the material better stability and control-
lability of the catalytic rate compared to the unmodified MIL-
101. In addition, it was shown through this research that the
catalytic products have excellent interfacial properties, which
will help to achieve the green hydrosilylation for agricultural
and industrial applications.
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