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Rh(PPhj3)3Cl was immobilized on a (OEt)3Si(CH; )3 PPh, modified MCM-41 to form a stable hydrogenation
catalyst. The morphology of the catalyst was characterized by X-ray absorption spectroscopy. The EXAFS
results indicates that the immobilized Rh catalyst has an average Rh-0Og (Os is a surface oxygen) and Rh-Si
bond distances of 2.01 A and 3.15 A, respectively, suggesting that monomeric Rh complex bonds to the
MCM-41 surface. However, the structure of the immobilized Rh complex is not retained after hydrogena-
tion of cyclohexene at 75°C under 150 psi of H,. After the reaction, the presence of Rh—Rh contribution
with average bond distance of 2.68 A and coordination number of 1.3 and the missing contribution with
bond distance of 3.85 A suggest that the reaction induces the coalescence of Rh complex to form dimeric
Rh species. However, formation of trace amount of Rh metal clusters cannot be ruled out because rather
small characteristic peak for the missing Rh—-Rh shell may be covered by noise.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Immobilization of homogeneous catalysts to form recoverable
catalysts by anchoring catalysts (usually metal complexes) on solid
supports has been studied extensively in the past four decades
[1-4]. Recently, using mesoporous materials as catalyst supports
has been intensively investigated due to their large regular pore
size and high surface area [5,6]. Large pore of the materials allows
passage of large molecules such as organic reactants and metal
complexes through the pores to reach to the surface of the channel
[7-12]. The regular pore size can provide shape selectivity, which
cannot be provided by silica gel.

We have communicated the immobilization of Rh(PPhs)3Cl
on phosphinated MCM-41 for catalytic olefin hydrogenation [13].
This catalyst has a higher TOF (turnover frequency) than that of
Rh(PPh3)3Cl under similar reaction condition. It is rather robust;
leaching of Rh is limited and its catalytic activity remains intact
after 20 recovery cycles with total TON (turnover number) greater
than one million. Recently, several research groups have reported
similar phenomena for other immobilized Rh catalyst systems with
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low leaching rates and high activities [14-18]. However, reasons
for the low leaching rates, high activities, and high stability main-
tenance of these hybrid catalysts are still not reported.

In general, the immobilized catalyst is expected to reserve
the structure of its parent complex, and its catalytic activity is
also expected to be preserved. In this study, the robust prop-
erty of the hybrid catalysts may be caused by the formation of
complex-support bonding[19], while the increase of catalytic activ-
ity suggests a restructuring of the Rh complexes. Since EXAFS
(extended X-ray absorption fine structure) provides the structural
information characterizing surface-bounds compley, it offers the
opportunities to understand how structure influences the leaching
rate and catalytic properties. Herein, we report the EXAFS analysis
of this hybrid catalyst to reveal the morphology of the immobilized
Rh species before and after reaction.

2. Experimental
2.1. General procedures

All reactions and other manipulations were performed by use
of standard Schlenk techniques under an atmosphere of nitrogen.
MCM-41 was prepared by literature procedures [20,21]. Com-
mercially available chemicals were purchased and used without
further purification. Diphenylphosphine and n-butyllithium (1.6 M,
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hexane) were purchased from Aldrich. Rhodium triphenylphos-
phine chloride was from Strem. 3-Bromopropyltrichlorosilane was
from Fluka. All solvents (except ethanol) were dried with Na and
benzophenon under N, and distilled immediately prior to use. For
powder X-ray diffraction, ICP-AES and BET surface area measure-
ments, samples were dried at 60°C in air before analysis. 'H and
31P NMR spectra were obtained on a Bruker Ac-300 spectrometer.
31p NMR shifts are referenced to 85% H3POj,. Solid state 31P NMR
spectra were obtained on a Bruker (Avance 300) spectrometer.
Microanalyses were obtained on a PerkinElmer 2400 CHN analyzer.
BET surface area measurements were recorded on an ASAP 2010.
Powder X-ray diffractions were recorded on a Siemens D5000 or a
Philips X'Pert Pro X-ray diffractometer. Energy-dispersive spectra
(EDS) were recorded on a scanning electron microscope (JSM-5400)
equipped for energy-dispersive X-ray spectrometer (eXL, Link Sys-
tems). Wavelength-dispersive spectra (WDS) were recorded on
a JEOL EPMA (Electron Micro-Probe Analyzer) JXA-8900R in the
Institute of Earth Sciences, Academia Sinica. Gas products were
analyzed by using a Hewlett Packard 6890 gas chromatograph.
ICP-AES spectra were recorded on a Varian 720-ES spectrometer.
Digestion of the hybrid catalyst was first carried out in a mixture
of H0,/HNOj3 solution with a MARS-5 CEM microwave digester
at 180°C under the power of 560 W then with HF (40%) solution
to dissolve the remaining undigested SiO, materials.

2.2. (OEt)3Si(CH>)3Br

A solution of 20.0ml of absolute ethanol and 22.5ml (16.3 g,
16.1 mmole) of triethylamine in 100.0 ml of benzene was cooled in
an ice bath. A solution of 4.0 ml (6.4 g, 25.3 mmole) of Br(CH, )3SiCl3
in 25ml of benzene was added dropwise into the above solu-
tion in an interval of 25min. The mixture was allowed to stir
for 1h and was then filtered. Solvent was removed from the fil-
trate. Further vacuum distillation at 50 °C under 4 mtorr obtained
5.8 g of (OEt)3Si(CH;)3Br. Yield: 81.6%. Anal. calcd for CgHy1BrOsSi:
C, 37.90; H, 7.42; Found: C, 37.48; H, 7.59. MS(FAB): M*+H m/z
285.0522. 'H NMR(CDCl3): 8 3.79 (q, Jun = 7.2 Hz, 6H, SiOCH,—),
3.38(t, Jyu =6.9Hz, 2H, BrCH, ), 1.86 (m, 2H, BrCH,CH,—), 1.20 (t,
Juu =6.9Hz, 9H, SiOCH,CH3), 0.61 (m, 2H,—CH,Si(OEt)3).

2.3. (OE[)gSi(CH2)3PPh2

At room temperature, 8.7ml of n-BuLi (1.6 M/Hexanes,
13.9 mmole) was added to a solution of 1.5 ml (1.6 g, 8.6 mmole) of
diphenylphosphine in 18.0 ml of THF. After stirring for 3 h, 2.0ml
(2.6 g, 9.1 mmole) of (OEt)3Si(CH;)3Br was added into the above
solution. The mixture was allowed to stir for additional 96 h. Sol-
vent was then removed by vacuum, and a milky viscous liquid
was obtained. Unreacted diphenylphosphine was removed from
this viscous liquid by vacuum distillation at 100 °C under 1 mtorr.
The residue was extracted with hexane. After filtration, a white
solid and a yellowish filtrate were obtained. Hexane was then
removed from the filtrate by vacuum, and 1.3 g of a yellow liquid
of (OEt)3Si(CH;)3PPh, was obtained. Yield, 35.6%. Anal. calcd for
C21H3103PSi: C, 64.59; H, 8.00; Found: C, 64.64; H, 7.70. MS(FAB):
M*+H m/z 391.1858. 3P NMR(THF): § —18. 'H NMR(CDCl3): §
7.42-7.24 (m, 10H, PPh), 3.78 (m, 6H, SiOCH,-), 2.03 (m, 2H,
PCH,CH,-), 1.50 (br, 4H, PCH,CH,CH,-), 1.18 (t, Jug=7.0Hz,
9H,—-SiOCH,CH3), 0.60 (m, 2H, —CH,Si(OEt)3).

2.4. Preparation of MCM-41-P

MCM-41 was reacted with water at refluxing temperature for
4 hrs or at room temperature for 10 hrs. Water is removed by fil-
tration, and the mesoporous powder was dried in an oven at 60°C
overnight to remove the surface H,O. A surface silanol saturated

MCM-41 (denoted as MCM-41-H,0) was obtained as a white pow-
der. MCM-41-H;,0 (1.0 g) was placed into a round bottle Schlenk
flask, and the system was flashed with nitrogen by evacuation and
refilling process three times. Freshly distilled benzene (30.0 ml)
and 1.0ml (1.0g, 2.4 mmole) of (OEt)3Si(CH;)3PPh, were added
into the flask and was heated to reflux for 4h. The azeotrope
ethanol/benzene (10.0 ml) was removed by distillation during the
reaction. The mixture was cooled to room temperature, and addi-
tional 10.0 ml of benzene was added. The mixture was then heated
to reflux for another 4 hrs, and another 10 ml of azeotrope was
removed. The above procedure was repeated for four times. Totally
50.0 ml of azeotrope was removed. The mixture was then filtered,
washed with CHCl3, and dried in air at room temperature. The resul-
tant white powder (denoted as MCM-41-P) was characterized by
powder X-ray diffraction, EDS, and solid state 3P NMR.

2.5. Preparation of MCM-41-Rh

A solution of Rh(PPh3)3Cl (128.8 mg) in 10 ml of toluene was
added to 0.5 g of MCM-41-P under nitrogen at room temperature.
The mixture was stirred for one week and was then filtered. The
resultant yellow powder was first washed with toluene then CHCl3
until the filtrate was colorless. The yellow hybrid catalyst (0.5 g),
denoted as MCM-41-Rh, was dried at room temperature in air and
was characterized by powder X-ray diffraction, EDS, ICP-AES and
solid state 3'P NMR.

2.6. Hydrogenation reaction

All the hydrogenation reactions were carried out in a 600 ml
stainless steel Parr reactor equipped with a mechanical stirrer and
apressure transducer. In a typical hydrogenation experiment, cata-
lyst, olefin (fleshly distilled), and solvent (toluene) were charged in
the reactor under the flushing of nitrogen. The reactor was flushed
with hydrogen after the reactor was closed. The autoclave was then
charged with hydrogen (150 psi) and was heated up to 75°C for
2 h. The reactor was then quickly cooled to room temperature by
placing the reactor into an ice bath. The resultant mixture was fil-
tered by filter paper to separate the heterogeneous catalyst from
the solution. The filtrate was allowed to run through a small column
of silica gel to remove any possible leached Rh species. The yield of
the reaction was determined by analyzing the above filtrate by GC
using a Hewlett Packard 6890 gas chromatograph equipped with a
30 m x 0.25 mm i.d. HP-5MS column.

2.7. Solid state NMR experiments

Solid state 3'P NMR spectra were acquired using a Bruker
(Rheinstetten, Germany) Avance 300 MHz NMR spectrometer,
operating at a proton/phosphate frequency of 300.13/121.49 MHz
at ambient temperature. All the 3P spectra were acquired by one-
pulse experiment with rf field strength of 78 kHz. MAS frequency
was set to 10kHz with a recycle delay of 5s. 31P chemical shifts
were referenced to the isotropic chemical shift of H3PO4 at 0 ppm.

2.8. X-ray absorption spectroscopy (XAS)

All X-ray absorption spectra of the Rh K-edge were measured
on the beam line BL12B2 at SPring-8 [22] in Japan with storage ring
energy 8 GeV and a beam current between 75 mA and 100 mA. The
EXAFS measurements were performed in transmission mode at the
X-ray Wiggler beam line with a double-crystal Si (31 1) monochro-
mator. The higher X-ray harmonics were minimized by detuning
the double-crystal monochromator to 80% of the maximum. The
ion chambers used for measuring the incident (Iy) and transmitted
(I) synchrotron beam intensities were filled with pure argon gas.
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Table 1

d(100) spacing, pore size, pore volume and surface area of MCM-41, MCM-41-P, MCM-41-Rh and MCM-41-RhH.

d(100) spacing (A)?

Pore size (A)P

Pore volume (cm3/g) BET surface area (m?2/g)

MCM-41 38.8 27.0
MCM-41-P 38.1 18.0
MCM-41-Rh 38.0 17.5
MCM-41-RhH 37.0 18.0

0.94 1028
0.40 588
0.24 304
0.24 306

2 Powder X-ray diffraction.
b N, absorption-desorption isotherm.

Data reduction and data analysis were performed with the XDAP
code developed by Vaarkamp et al. [23]. Standard procedures were
used to extract the EXAFS data from the measured absorption spec-
tra. The pre-edge was approximated by a modified Victoreen curve
[24,25], and the background was subtracted using cubic spline rou-
tines [24-27]. Normalization was performed by dividing the data
by the height of the absorption edge at 50 eV above the edge [24,25].

The EXAFS analysis for MCM-41-Rh and MCM-41-RhH was
based on phase shifts and backscattering amplitudes determined
either experimentally from the materials of known structure or the-
oretically by the use of FEFF [28,29] Reference functions of Rh-Rh
and Rh-Si were generated by FEFF8, while Rh-P and Rh-O were
obtained from EXAFS spectra of Rh(PPh3)3;Cl and Rh,03.

For the reference functions of Rh-0, the Rh-0 contribution was
isolated from higher coordination shell by Fourier filter in the k
range of 2.67-15.69 A1 and R range of 0-2.1 A. For obtaining the
reference functions of Rh-P, the isolation procedure was more com-
plex. In the Fourier transform of EXAFS spectra for Rh(PPh3)3Cl
(Fig. 4), The first contribution is from three phosphorus atoms of
PPhj ligand and the second from one chlorine atom of chloride lig-
and. Since these two contributions couple with each other, they
could not be separated by Fourier filter. Rh-P and Rh-ClI contribu-
tions were first calculated using the phase and amplitude functions
obtained from FEFF 8. With difference file technique, these two con-
tributions were further refined by calculating an EXAFS function
that agrees as closely as possible with the experimental results.
The phase shift and amplitude function was then extracted from
the calculated EXAFS function of Rh-P. By use of reference func-
tions extracted from experimental EXAFS spectra, the effects of
low frequency noise on the accuracy of the structure-parameter
estimation can be minimized.

3. Results and discussion

3.1. Preparation and characterization of the hybrid catalyst
support

MCM-41 was prepared by the hydrothermal reaction of SiO; and
CH3(CH3)15N(CH3)3Br [20,21]. It has a mesoporous structure with
1028 m2/g BET surface area, 27.0 A uniform pore size and 38.8 A
d(100) spacing in its powder X-ray diffraction (Table 1).

Condensation reaction between Si-OH and Si-OR forms the
Si-0-Si linkage. Phosphine ligand (OEt)3Si(CH; )3PPh; could there-
fore be attached to the MCM-41 surface through the condensation
reaction between the Si-OR of the phosphine ligand and the Si—-OH
on the MCM-41. Silanol Si-OH groups on the surface of MCM-
41 act as anchoring sites for the attachment of the phosphine
ligand (OEt)3Si(CH;)3PPh;. In order to maximize the number of
silanol groups, MCM-41 was first treated with water [30]. The
resultant MCM-41 (denoted as MCM-41-H,0) further reacted with
(OEt)3Si(CH;)3PPh, to produce a phosphinated MCM-41 (denoted
as MCM-41-P) as illustrated in Scheme 1 [31,32].

Condensation reaction between Si-OH and Si-OR to form the
Si-0-Si linkage is reversible. In favor of the formation of Si-O-Si
linkage, (OEt)3Si(CH; )3 PPh; reacted with MCM-41-H,0 in benzene
at refluxing temperature. Ethanol was removed by the distillation
of the ethanol/benzene azeotrope during the reaction to avoid the
reverse reaction [30]. A phosphine contained MCM-41 (denoted as
MCM-41-P) was obtained in a white powder form.

The MCM-41-P has preserved its mesoporous character as indi-
cated by its powder X-ray diffraction showing a 38.1A d(100)
spacing (Fig. 1). The BET surface area is greatly reduced by half
(588 m?/g) with a 18.0 A uniform pore size. The energy-dispersive

Scheme 1. Immobilization of Rh(PPhs)3Cl on MCM-41.
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Fig. 1. Powder X-ray spectra of MCM-41, MCM-41-P, MCM-41-Rh and MCM-41-
RhH.

spectroscopy (EDS) spectrum of the MCM-41-P suggests that it
contains phosphorus, and a signal at —23.2 ppm in its solid state
31Pp NMR further indicates that the ligand has been successfully
anchored to the material. Oxidation of the phosphine is limited as
indicated by the absence of the oxidized signal at 38 ppm [33]. The
18.0 A pore size is still big enough for the passage of Rh catalyst
through the pores in the latter anchoring process.

3.2. Preparation and characterization of the hybrid catalyst

Larger amount of hybrid catalyst MCM-41-Rh was prepared
such that characterization and reactivity measurement could be
obtained from the same batch of catalyst. The triphenyl phosphine
ligands in Rh(PPh3);Cl are labile and can be substituted by other
phosphine ligands. Immobilization of Rh(PPh3)3Cl on MCM-41-P
can therefore be achieved by the substitution of the triphenylphos-
phine with the tethered phosphine ligand =Si(CH,)3;PPh, on
MCM-41-P. MCM-41-P was stirred in the benzene solution of
Rh(PPh3);Cl for 48 hrs. After separation and washing, a yellow-
ish powder of the hybrid catalyst (denoted as MCM-41-Rh) was
obtained. EDS and WDS of MCM-41-Rh clearly indicate the pres-
ence of Rh and P. Powder X-ray diffraction of MCM-41-Rh shows
a 38.0A d(100) spacing diffraction signal (Fig. 1). The BET surface
area is reduced to 304 m2/g. Its uniform pore size of 17.5 A is similar
to that of MCM-41-P. All these show that the hybrid catalyst has a
mesoporous structure (Table 1).

Solid state 3!P NMR spectra of the MCM-41-P and MCM-41-Rh
were taken (Fig. 2). Before immobilization, the signal of the phos-
phorous of the tethered phosphine ligand is at —23.2 ppm. After
immobilization, a broad resonance peak at 35ppm is observed
instead. In addition, the wavelength-dispersive spectrum (WDS)
of MCM-41-Rh suggests that it contains rhodium. These observa-
tions indicate that Rh(PPh3)3Cl has been successfully immobilized
on MCM-41 [33]. The 3'P NMR of another sample showing both the
signals of the tethered phosphine and the immobilized Rh com-
plex further supports the above argument [13]. The Rh content (in
weight %) of the hybrid catalyst is 2.1% by ICP-AES. The phospho-
rous contents (in weight %) are 1.3% for MCM-41-P and 2.8% for
MCM-41-Rh.

3.3. Catalytic activity of the hybrid catalyst

The activity of this catalyst (20.1 mg) was evaluated by the
hydrogenation of cyclohexene at 75°C under 150 psi of hydrogen
with toluene as the solvent (1.6 M). The TOF frequency of the cat-
alyst is 2.0s~1. Under the same reaction conditions, the TOF of the

Fig. 2. Solid State 3'P NMR spectra of (a) MCM-41-P and (b) MCM-41-Rh. 3!P one-
pulse experiments were performed on a Bruker Avance 300 spectrometer at a 3'P
frequency of 121.49 MHz at ambient temperature. Chemical shifts were referenced
to the isotropic chemical shift of H3PO4 at 0 ppm. Signals due to side spin bands are
marked with asterisks.

Rh(PPh3)3Cl (3.7 mg, 4.0 x 10-3 mmole) is 1.0 s~ . These results are
similar to the previous reported data [13].

The reasons for higher TOF for the hybrid catalyst than that of
the homogeneous catalyst are still unclear. However, the present
results may suggest that MCM-41-Rh is not always intact, and
the raw species may be deformed. Hydrogenation reaction may
induce significant migration and coalesce of the immobilized Rh
complexes to more stable ones, thereby altering the catalytic prop-
erties. To confirm the suggestion, the structures of the fresh and
used immobilized Rh catalysts were characterized by EXAFS spec-
troscopy.

As reported previously, it takes some time to pre-activate the
catalyst during the initial period of the hydrogenation reaction [13].
In order to investigate the structure of the catalyst during the cat-
alytic reaction, a larger amount of catalyst MCM-41-Rh was used in
the hydrogenation reaction. The catalyst was recovered (denoted as
MCM-41-RhH) after the hydrogenation reaction. The powder X-ray
diffraction of MCM-41-RhH shows a 37.0 A d(1 00) spacing diffrac-
tion signal. Both the pore size distribution (18.0A) and surface
area (308 m?/g) of MCM-41-RhH by BET surface measurement are
similar to the corresponding values of MCM-41-Rh before hydro-
genation indicating the conservation of the mesoporous structure
of the catalyst during the catalytic reaction (Table 1). The 18.0A
pore size is still big enough for the passage of reactant, product,
and even the Rh catalyst through the pores during the reaction.

3.4. EXAFS analysis of the hybrid catalyst before and after the
hydrogenation reaction

Change of the 31P NMR resonance position of the tethered phos-
phine ligand and the presence of signals of Rh in WDS after the
reaction between MCM-41-P and Rh(PPh3)3Cl only indicate the
success of immobilization. One cannot conclude that the immobi-
lized Rh complex has the structure Rh(PPhs),LCl or Rh(PPhs)L,Cl,
with one or two of the triphenylphosphine ligand in Rh(PPhs)3;Cl
being replaced by the tethered phosphine L. Because EXAFS anal-
ysis can provide information of the Rh local environment, EXAFS
measurements of Rh(PPh3 )3 Cl, MCM-41-Rh,and MCM-41-RhH (the
hybrid catalyst after hydrogenation) at Rh edge were carried out.
The raw EXAFS data are shown in Fig. 3.
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Fig. 3. Raw EXAFS data for Rh(PPhj3)3Cl (solid line), MCM-41-Rh (dotted line), and
MCM-41-RhH (dashed line).

Fig. 4. Imaginary part and magnitude of Fourier transform (k3-weighted,
35A-1<k<14.0A-!, Rh-P phase corrected) for MCM-41-Rh (solid line) and
Rh(PPhs3);Cl (dashed line).

Prior to the detailed EXAFS analysis of data characterizing
samples of MCM-41-Rh and MCM-41-RhH, k3-weighted Rh-P
phase-corrected Fourier transform was determined for the EXAFS
function. The Fourier transform provides qualitative information
about the structure of the immobilized Rh(PPh3)3Cl on MCM-
41 (Fig. 4) [23,24]. The comparison of the Rh-P phase-corrected
Fourier transform of Rh(PPhs)3Cl with that of MCM-41-Rh shows
that the contributions of the Rh-P and Rh-Cl for these two sam-
ples are hard to be differentiated in the imaginary part. However,

Table 2
Summary of EXAFS analysis results for MCM-41-Rh and MCM-41-RhH.

Fig. 5. Imaginary part and magnitude of Fourier transform (k3-weighted,
3.5A 1<k<14.0A-', Rh-Rh phase and amplitude corrected) for MCM-41-Rh
(dashed line) and MCM-41-RhH (solid line).

the magnitude of the peak at about 2.5A in the Fourier trans-
form of Rh(PPhj3 )3 Cl diminishes concomitantly with two new peaks
appearing at about 2.0 A and 3.1 Ain that of MCM-41-Rh. The peaks
at 2.0A and 3.1 A may contribute to the interactions of Rh com-
plexes with MCM-41, and are temporarily assigned as Rh-O and
Rh-Si interactions, respectively.

Some important surface chemistry involved in the hydrogena-
tion reaction can be obtained from the Fourier transform of the
EXAFS functions characterizing the structure of MCM-41-Rh and
MCM-41-RhH. Fig. 5 shows the Rh-Rh phase and amplitude-
corrected Fourier transform of EXAFS functions for MCM-41-Rh,
and MCM-41-RhH. These results indicate that peak intensity for
EXAFS contributions with bond distance less than 2.4 A in MCM-
41-Rh decreases with a new peak appearing at about 2.7A in
MCM-41-RhH which is consistent with the Rh-Rh bond distance
[34-37]. The appearance of Rh-Rh contributions is accounted
for the reductive-oligomerization of the Rh complexes while the
decrease of the amplitude of the peak at about 2.0 A indicates the
cleavage of the bonding between Rh and triphenylphosphine lig-
ands. Important points raised by the preliminary analysis will be
addressed below in the detailed EXAFS analysis section.

3.5. Detailed EXAFS analysis for MCM-41-Rh

A k3-weighted Fourier transform without correction
was performed on the EXAFS function over the range
2.73A-1<k<14.41A-1. The major contributions were isolated by
inverse Fourier transform of the data in the range 1.17 A<R<3.26 A.
Since Rh-0 and Rh-P contributions are strongly coupled, the coarse

Shell N? R® (A) 1000 x Ao2c (A2) AEyd (eV) EXAFS reference

MCM-41-Rh
Rh-0 1.0+0.3 2.01 + 0.01 4+2 10+1 Rh-Oexp
Rh-P 2.1+03 2.27 £ 0.02 1+1 4+2 Rh-Pexp
Rh-Si 0.8+0.2 3.15 + 0.02 2+2 442 Rh-Sies

MCM-41-RhH
Rh-0 0.8+0.3 1.99 + 0.01 3+£2 3+2 Rh-Oexp
Rh-P 24+03 2.27 +0.02 1+1 4+1 Rh—Pexp
Rh-Si 0.6+0.2 3.11 + 0.02 1+2 6+2 Rh-Sigefr
Rh-Rhys 1.3+02 2.68 + 0.01 4+1 541 Rh-Rhgefe
Rh-Rhyng 0.7 4.65 + 0.03 442 9+3 Rh-Rhiegr

2 N, the coordination number for the absorber-backscattering pair.

b R, the average absorber-backscattering distance.

¢ Ao?, the difference in Debye-Waller factors between sample and standard.

d

AE), the inner potential correction.
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structural parameters characteristic of these two contributions
were estimated by fitting the isolated EXAFS function in the range
3.5A-1<k<14.0 A-1. The EXAFS function for the Rh-O contribution
was calculated from the coarsely estimated structural parameters
and was subtracted from the Fourier isolated major contributions.
The residual spectrum was expected to represent Rh-P, Rh-Cl,
and Rh-Si contributions. However, after a k3-weighted Rh-P
phase-corrected Fourier transformation was performed on the
residual spectrum, only two major peaks appeared at 2.2A and
3.1A in R space. The structural parameters characteristic of these
two contributions (Rh-P and Rh-Si) were then fitted the residual
data. The calculated Rh-P and Rh-Si EXAFS functions were then

subtracted from the isolated data and better parameters for Rh-O
were estimated. The refinement through this iteration was contin-
ued until good overall agreement was obtained. The criterion of a
satisfactory fit is based on the comparison between experimental
and calculated results with k! and k3 weighting in R space.

The final results are summarized in Table 2, and the compar-
isons of the data with the fit are shown in Fig. 6a and b. In addition,
as shown in Fig. 6¢c-e, the imaginary part of the Fourier transform
of each contribution is rather positive and symmetrical (Fig. 6¢c-e),
confirming the identification of backscattering atoms proposed by
preliminary analysis [24]. The small peak at about 2.45 A shown in
Fig. 6e is Rh—Cl contribution. This contribution is too small to esti-

Fig. 6. Results of EXAFS analysis obtained with the best calculated structural parameters for MCM-41-Rh. (a) Fourier transform (k!-weighted, 3.5A-1<k<14.0A-1) of
experimental EXAFS (solid line) and sum of the calculated Rh-0O, Rh-P, and Rh-Si contributions (dashed line), (b) Fourier transform (k3-weighted, 3.5A~' <k<14.0A-1) of
experimental EXAFS (solid line) and sum of the calculated Rh-0, Rh-P, and Rh-Si contributions (dashed line), (c) Fourier transform (k3-weighted, 3.5A-! <k<14.0A~!,Rh-0O
phase corrected) of experimental EXAFS minus calculated Rh-P and Rh-Si EXAFS (solid line) and the calculated Rh-0 EXAFS (dashed line), (d) Fourier transform (k3>-weighted,
3.5A1<k<14.0A-1, Rh-P phase corrected) of experimental EXAFS minus calculated Rh-0 and Rh-Si EXAFS (solid line) and the calculated Rh-P EXAFS (dashed line) and (e)
Fourier transform (k3-weighted, 3.5 A~' <k<14.0 A-!, Ph-Si phase corrected) of experimental EXAFS minus calculated Rh-0 and Rh-P EXAFS (solid line) and the calculated

Rh-Si EXAFS (dashed line).
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mate the structural parameters, whereas it indicates the existence
of trace chloride ligand bonded to Rh.

3.6. Detailed EXAFS analysis for MCM-41-RhH

A preliminary EXAFS analysis shows the formation of Rh
oligomers after the hydrogen reaction. In order to examine the
existence of high Rh-Rh shell, instead of isolating major contri-
butions by Fourier filter technique, raw EXAFS data were used
for the fit. At the beginning, the contributions of Rh-O and
Rh-P were extracted by Fourier filter in the range 0.5A<R<2.2A
of the Rh-Rh phase and amplitude-corrected EXAFS function

(Fig. 7). The coarse structural parameters characterizing these
two contributions were estimated by XDAP fitting routine with
the structural parameters of MCM-41-Rh as initial guess. Rh-O
and Rh-P contributions calculated from these coarse parameters
were subtracted from raw EXAFS data. The residual spectrum is
mainly Rh-Rh and Rh-Si contributions. The structural parame-
ters characteristic of these contributions were then estimated by
fitting the k2-weighted data in 2.0A<R<5.0A. The Rh-Rh and
Rh-Si contributions were subtracted from the raw data, and bet-
ter parameters for Rh—-P and Rh-O were estimated. The recursive
iterations were carried out until a satisfactory overall fit was
reached.

Fig. 7. Results of EXAFS analysis obtained with the best calculated structural parameters for MCM-41-RhH. (a) Fourier transform (k!-weighted, 3.5A-1 <k<14.0A-1) of
experimental EXAFS (solid line) and sum of the calculated Rh-0, Rh-P, Rh-Si, and Rh-Rh contributions (dashed line), (b) Fourier transform (k3-weighted, 3.5 A-1 <k<14.0A-1)
of experimental EXAFS (solid line) and sum of the calculated Rh—0, Rh—P, Rh-Si and Rh-Rh contributions (dashed line), (c) Fourier transform (k3-weighted, 3.5 A-' <k<14.0A!,
Ph-0 phase corrected) of experimental EXAFS minus calculated Rh-P, Rh-Rh and Rh-Si EXAFS (solid line) and the calculated Rh—0 EXAFS (dashed line), (d) Fourier transform
(k3-weighted, 3.5 A1 <k<14.0 A-!, Rh-P phase corrected) of experimental EXAFS minus calculated Rh-0, Rh-Rh and Rh-Si EXAFS (solid line) and the calculated Rh-P EXAFS
(dashed line), (e) Fourier transform (k3-weighted, 3.5 A-1 <k<14.0 A-!, Rh-Si phase corrected) of experimental EXAFS minus calculated Rh-0, Rh-Rh and Rh-P EXAFS (solid
line) and the calculated Rh-Si EXAFS (dashed line) and (f) Fourier transform (k2-weighted, 3.5A~! <k<14.0A-!, Rh-Rh phase and amplitude corrected) of experimental
EXAFS minus calculated Rh-0, Rh-Si and Rh-P EXAFS (solid line) and the calculated Rh-Rh EXAFS (dashed line).
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Fig. 8. WDS analysis of (a) RhCI(PPhs)s3, (b) MCM-41-Rh and (c) MCM-41-RhH.

The final results are summarized in Table 2 and the comparisons
of the data with the fit are shown in Fig. 7a and b. The calculated and
experimental contribution for Rh-0, Rh-P, and Rh-Si are shown in
Fig. 7c-e, respectively. Except second Rh-Rh contribution, the char-
acteristic peaks for each shell are positive and symmetrical (Fig. 7c
and d), confirming the identification of backscattering atom [24].
The asymmetrical peak for the second Rh-Rh contribution suggests
that this peak may be from other contributions such as Rh-C and
interactions between Rh and MCM-41. However, the characteristic
peaks for these contributions are strongly coupled with each other
and are too small to be analyzed.

3.7. Structures of MCM-41-Rh and MCM-41-RhH and reasons for
low leaching rate

Combining with NMR results, we suggest that the substitution of
triphenylphosphine ligand with the tethered phosphine ligand and
a Rh-0-Si linkage [35] immobilize the Rh complexes on MCM-41
surface. However, the immobilized Rh complexes is not very sta-
ble, olefin hydrogenation reaction induces oligomerization of the
Rh complexes with the elimination of PPhs ligand. WDS analysis of
both MCM-41-Rh and MCM-41-RhH indicating the Cl contains of
both samples are substantially reduced as compared to the WDS of
Rh(PPh3 ),Cl (Fig. 8). These observations further confirm the forma-
tion of Rh-0-Si bonding with the elimination of the Cl ligand on
Rh(PPh3),Cl. In addition, formation of Rh-O-Si bonding has been
observed in the reaction between Rh complex and surface Si-OH
[35].

Based on the results of EXAFS analysis, we conclude that
a monomeric Rh species anchored to the support through the
Rh-0-Si and Rh-L (L=tethered phosphine ligand) linkages before
hydrogenation. The other ligands are phosphine ligands as indi-
cated by the EXAFS analysis. Possible structure of MCM-41-Rh
is shown in Scheme 1. After hydrogenation, Fourier transform of
EXAFS functions for MCM-41-RhH shows peaks at about 2.7 A and
is consistent with Rh-Rh bond distance implying the formation of
Rh-Rh bonding (Fig. 5). The Rh-Rh; shell coordination number of
1.3 (Table 2) suggests dimeric Rh species are formed on MCM-41
surface. In addition, Rh-O coordination number of 0.8 +0.3 indi-
cates that Rh species is anchored to the support oxide surface with
only one Rh-Osypport bond.

The second Rh-Rh shell with bond distance of 3.83 Aisanindica-
tion of a 3-dimensional character of Rh clusters. Since no significant
peaks are observed in the range of 3.5 A<R<4.0 A for Rh-Rh phase

and amplitude-corrected Fourier transform of the experimental
EXAFS minus the contribution of Rh-0, Rh-Si and Rh-P (Fig. 7f),
metal cluster is unlikely formed. Combined the structure model
with activity test results, the activity enhancement after first reac-
tion cycle is regarded to be caused by the formation of dimeric
species. However, the effects of trace metal clusters formed on
MCM-41 surface cannot be ruled out completely because rather
small characteristic peak for the second Rh-Rh shell may be covered
by noise.

According to WDS analysis, small amount of Cl still exists in
both MCM-41-Rh and MCM-41-RhH. EXAFS analysis indicates that
small among of Cl is coordinated to the Rh in both samples. All these
show the presence of small amount of species with chloride ligand
on the support before and after hydrogenation reaction. This may
be Rh(PPh3)LCI (L=tethered phosphine ligand) or other unknown
species. However, the active Rh catalyst in the hybrid catalyst is no
longer preserving the monomeric structure similar to Rh(PPhs )3 CL.
This may imply that MCM-41-RhH, which is produced after the first
catalytic cycle, is the actual catalyst.

The low leaching rate in the hydrogenation reaction is under-
standable. The Rh-0O-Si bonding is unlikely to break during the
hydrogenation reaction. The coordination of the tethered phos-
phine to the Rh is reversible, and the tethered phosphine may be
detached from the metal, and the empty coordination site could be
occupied by any coordination molecules such as olefin. However,
the coordination ability of olefin is weaker than that of phos-
phine, and the reattachment process through the substitution of
the coordinated olefin with the tethered phosphine can resume
the immobilization status. In addition, the channel of the meso-
porous support is around 20A i.d. and a few microns in length,
and the concentration of the tethered phosphine is very high in the
channel. If there is any leaching, the free Rh complex can be read-
ily immobilized by substitution of the olefin ligand with the other
tethered phosphine ligand in the same channel. Leaching of this
free Rh complex is thus suppressed.

4. Conclusions

Immobilization of Rh(PPh3);Cl on a phosphinated mesoporous
MCM-41 produces a hybrid catalyst MCM-41-Rh for hydrogena-
tion of cyclohexene. Solid state 3P NMR and WDS of MCM-41-Rh
indicate the success of immobilization. Monomeric structure with
an Rh-0-Si linkage to the support is proposed for the immobilized
Rh species based on the EXAFS analysis results which shows Rh-0
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and Rh-Si interactions of 2.01 Aand 3.15 A, respectively. Because of
these Rh-support interactions, leaching of Rh is limited during the
catalytic hydrogenation reaction cycles. As opposed to Rh(PPh3 )3 Cl,
the much higher catalyst activity is mostly caused by the formation
of dimeric Rh species during hydrogenation. However, enhance-
ment contributed from trace of Rh metal clusters may not be ruled
out.
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