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Through different functionalization methods, three kinds of Rh-immobilized mesoporous silicas have
successfully been prepared to investigate catalytic behavior, including yield and the linear/branched
ratio of aldehyde (L/B) in 1-octene hydroformylation. A conventional post grafting method and two
kinds of selective bifunctionalized methods for modification of the mesoporous silica have been
applied for this purpose. A relatively high L/B (>2.0) was effectively achieved using Rh-immobilized
inner pores in the MCM-41 support due to the confinement effects of the Rh complex in the
nanospace. Moreover, the Rh-immobilized MCM-41 catalyst, passivated with trimethylchlorosilane
(TMCS) only on the external surface, showed fairly good yields of the aldehyde (>40%).

Keywords: MCM-41, Selective Functionalization, Rhodium Immobilization, 1-Octene
Hydroformylation, Linear/Branched Selectivity.

1. INTRODUCTION

The functionalization of mesoporous silica with various
organo-silanes has been widely studied for the past twenty
years given their enormous application as catalysts, adsor-
bents and sensors.1–4 In general, surface modifications are
achieved either direct synthesis (co-condensation)5–9 or
a post-grafting method.10–13 In addition, several compar-
ative studies have been made focusing upon functional
group content, structural stability and reactivity for cer-
tain catalytic reactions.14–17 In the direct synthesis, the
large amount of the functional groups was uniformly
introduced onto the surface and the ordered structure
maintained using specific organotrialkoxysilanes under
specific synthetic conditions. Regarding chemical reactiv-
ity, the post-grafting method is typically more effective due
to distribution of functionalized groups within the silica
framework.16 Moreover, very unique mesoporous materi-
als that selectively modify the surfaces of the intra- and
extra-pores have been reported to manipulate chemical
anisotropy and enhance efficiency and selectivity for appli-
cation as adsorbents and catalysts.18–20 The selective func-
tionalization of mesoporous silica was easily accomplished
through two different methods using the surface grafting
method. The first approach employed calcined mesoporous
materials. Shephard et al.18 reported that the external
surface silanol groups were more kinetically accessible
than the internal surface in the grafting of alkoxy silane

∗Author to whom correspondence should be addressed.

with bulky substituents such as the phenyl group. Subse-
quently, the coupling of relatively small organotrialkoxysi-
lanes, including the active species, occurred mainly at
the internal surface silanol groups. In the second tech-
nique, the grafting was performed without calcinations.19

The initial external surface grafting with type A organo-
trialkoxysilane employed as-synthesized mesoporous silica
with pores filled with a surfactant template. Following the
external grafting, the surfactant template was removed by
solvent extraction. Then, the Si–OH group in the template-
free internal pore surface could be effectively reacted with
type B organo-silanes containing the desired groups for
a specific purpose. These dual functionalized mesoporous
materials could potentially improve efficiency and selec-
tivity of catalysis and adsorbents within various chemical
processes.
It is possible that the functionalized mesoporous sili-

cas, by the above routes, can be used in hydroformyla-
tion reactions through immobilization of metal complexes,
including Co, Ru and Rh. Since its discovery in the 1930s,
the hydroformylation reaction has driven the commercial
production of numerous aldehydes for soaps, detergents
and plasticizer alcohols. An alkene is easily converted to
a linear and/or branched aldehyde by addition of CO/H2

under Co or Rh catalysts. The reaction mechanisms for
the 1-octene hydroformylation performed with heteroge-
neous rhodium-immobilized catalysts can be postulated
as shown in Figure 1. Between the linear and branched
aldehydes, the linear aldehyde is much more commercially
useful,21 and as such, its selective production would be
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very advantageous. Among the many current metallic cata-
lysts, the rhodium catalyst shows excellent efficiency, bear-
ing several phosphine ligands that elevate activation and
selectivity of the linear aldehyde.21 Heterogeneous catalyst
systems have been studied extensively due to a lack of effi-
cient separation/purification of the product and recycling
of the homogeneous catalyst system.22–29 For the hetero-
geneous catalyst supports (Al2O3, MgO, ZnO, SiO2,

22�24

active carbons and zeolites) have been employed widely
in spite of their relatively small pore size. Recently, meso-
porous silica materials such as MCM-41,23�25�26�28 HMS27

and SBA-15,28 bearing large pore sizes, stable structures,
high surface areas and chemical and mechanical stability,
were in the limelight as inorganic support materials.
In this work, mesoporous silica MCM-41 was prepared

and functionalized with three ways for the purpose of
the advanced 1-octene hydroformylation (one via non-
selective and the others via selective functionalization).
Primarily, the surface of the MCM-41 was modified
by post-grafting with N -(�-aminoethyl) �-aminopropyl
methyldimethoxysilane (AEAPMDMS) (non-selective,
Method 1). The secondary selective functionalized process
was carried out on the as-synthesized (filled with template)
MCM-41. The template-filled MCM-41 was functional-
ized with trimethylchlorosilane (TMCS), but only on the
external surface. Afterwards, the template was removed
under reflux in an ethanol/n-heptane mixture for internal

Fig. 1. Mechanisms for the 1-octene hydroformylation catalized by rhodium-immobilized catalysts: (a) linear and (b) branched aldehyde.21

grafting. The internal pores were then subsequently modi-
fied with AEAPMDMS (selective, Method 2). Lastly, the
external and internal surfaces were selectively functional-
ized after the calcinations. The calcined MCM-41 was pre-
treated with bulky diethoxydiphenylsilane (Ph2Si(OEt)2�
to graft a more accessible external surface. Modification
of the internal surface (in pores) was then performed with
AEAPMDMS (selective, Method 3). Figure 2 depicts
the graphical descriptions of the three functionalization
methods. Subsequently, the rhodium complexes were
tethered on the aminated surface through a coordination
bond. 1-Octene hydroformylation was performed using the
aforementioned three kinds of catalysts and homogeneous
counterparts to investigate catalytic behaviors such like
aldehyde yield, TOF and the linear/branched-aldehyde
ratio (L/B) in terms of pore size and the environment
of the Rh metal complex in the porous solid support.
Particularly, linear/branched ratios of the aldehyde are
discussed in the context of a confinement effect within the
Rh complex in the nanospace.

2. EXPERIMENTAL DETAILS

2.1. Chemicals

For the synthesis of mesoporous silica MCM-41, cetyl-
trimethylammonium bromide (CTMABr, Aldrich) and a
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Fig. 2. Conceptual descriptions of the non-selective functionalization method (a): method 1 and the selective functionalization method (b): method 2,
(c): method 3.

sodium silicate solution (SiO2 20 wt% in H2O) were used
as the surfactant and silica sources, respectively. Sodium
hydroxide (Junsei) and acetic acid (Junsei) were used as
the base and acid reagents. When the surface functional-
ization was performed, N -(�-aminoethyl) �-aminopropyl
methyldimethoxysilane (AEAPMDMS, GE Advanced
Materials), trimethylchlorosilane (TMCS, Aldrich) and
diethoxydiphenylsilane (Ph2Si(OEt)2, Aldrich) were used
as silane precursors. Toluene (Oriental Chemical Indus-
tries), p-toluenesulfonic acid (PTSA, Aldrich) and iso-
propanol (Samchun Pure Chemical) were also employed.
For removal of the surfactant template, ethanol (J. T.
Baker), n-heptane (Hayashi Pure Chemical Industries,
Ltd.) and hydrochloric acid (HCl, 36 wt% in H2O, Junsei)
were used. The samples were then washed with ethanol or
methanol (Samchun Pure Chemical). In order to synthe-
size the rhodium-immobilized catalyst, n-hexane (Junsei
Chemical) and tetrarhodium dodecacarbonyl (Rh4(CO)12,
Strem Chemicals) were used as the solvent and rhodium
derivative, respectively. Hexane was distilled from sodium
metal and benzophenone under nitrogen over several
hours. Tetrahydrofuran (THF, Aldrich) and 1-octene
(Aldrich) were used for the 1-octene hydroformylation

reaction. Triphenylphosphine (TPP, Aldrich) was used as
a ligand for 1-octene hydroformylation and a rhodium(II)
acetate dimer (99%, Strem Chemicals) was used as the Rh
homogeneous catalyst.

2.2. Synthesis of Mesoporous Materials by the
Post Synthesis Method—Method 1

The synthesis of mesoporous silica MCM-41 was per-
formed using a previously published procedure.26 The cal-
cined MCM-41 (0.5 g) was immersed in 75 mL of toluene
(a non-polar solvent) and stirred at 50 �C for 0.5 h.
p-Toluenesulfonic acid (3.5 mg) and 1.0 mmol of AEAP-
MDMS (organo-silane) were then added. The mixture was
heated to reflux temperature (∼ 120 �C) and stirred for
2 h. The mixture was then allowed to cool to ambient
temperature and the solid product filtered and washed
with ethanol three times. The isolated solid was dried at
100 �C for 12 h.13 For the rhodium immobilization, 1.0 g
of the amine-functionalized mesoporous silica MCM-41
was dispersed in hexane. The Rh4(CO)12 (0.037 g) in hex-
ane was then added under N2. The mixture was stirred
at room temperature for 5 h under N2. The colorless
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solvent was then drawn off through a syringe under N2

and the resulting solid washed three times with hexane.
The solid powder (brown in color) was vacuum dried at
ambient temperature23 (henceforth designated MCM-41/
AEAPMDMS/Rh).

2.3. Synthesis of Mesoporous Materials by the
Selective Functionalization Method—Method 2

The sample of mesoporous silica MCM-41 was achieved
by a general process and the surfactant template left unre-
moved (without calcinations). As-synthesized (filled with
template) MCM-41 (2.04 g) was dispersed in a mixture of
isopropanol and 12.0 N HCl (70:70 = g:g). Then, 3.26 g
of trimethylchlorosilane (TMCS) was added and stirred at
80 �C for 2 h. After 2 h, the isolated solid was washed
with methanol, a mixture of methanol/deionized water and
deionized water until the chloride was not detected. In
order to remove the template, 1.5 g of the dried powder
product was added to the ethanol and n-heptane mixture
(50 wt%) with 0.58 g of hydrochloric acid. The system
was refluxed at 70 �C for approximately two days (external
grafting).
To graft the internal surface, 1.0 g of TMCS was dis-

persed in 75 mL of toluene and stirred at 50 �C for
0.5 h. Afterwards, 0.007 g of p-toluenesulfonic acid and
2.0 mmol of AEAPMDMS were added to the system and
the mixture refluxed at 120 �C for 2 h. The material was
filtered, washed with ethanol three times, and dried at
100 �C for 12 h.
The Rh complex was then immobilized on the internal

surface of the mesoporous materials using the same proce-
dure whereby 1.1 g of MCM-41/TMCS/AEAPMDMS was
immersed in hexane and 0.037 g of Rh4(CO)12 in hexane
was added. The mixture was then stirred for 5 h under
ambient temperature. Finally, the hexane was removed,
washed with hexane three times, and dried under vacuum
(designated MCM-41/TMCS/AEAPMDMS/Rh).

2.4. Synthesis of Mesoporous Materials by the
Selective Functionalization Method—Method 3

Mesoporous silica MCM-41 was prepared according to the
above method and then calcined. The as-calcined MCM-41
(3.0 g) was then dispersed in 80 mL of toluene and stirred
at 50 �C for 0.5 h. After sufficient immersion, 0.021 g of
p-toluenesulfonic acid and 6.0 mmol of Ph2Si(OEt)2 were
added sequentially and the mixture stirred at 120 �C for
2 h. The isolated solid product was washed with ethanol
three times and dried at 100 �C for 12 h (external grafting).
For the internal grafting process, 3.0 g of MCM-

41/Ph2Si(OEt)2 was added to 80 mL of toluene. After 0.5 h
of stirring at 50 �C, 0.021 g of p-toluenesulfonic acid and
6.0 mmol of AEAPMDMS were added and the mixture
refluxed at 120 �C for 2 h. The solid product was filtered
and washed with ethanol three times. Then, the selective

functionalized mesoporous silica MCM-41 was dried at
100 �C for 12 h.

For the purposes of Rh immobilization, the same process
was performed. The detailed conditions were as follows:
2.5 g of MCM-41/Ph2Si(OEt)2/AEAPMDMS, 0.0925 g of
Rh4(CO)12 in hexane, 5 h stirring at room temperature
under N2 (henceforth designated MCM-41/Ph2Si(OEt)2/
AEAPMDMS/Rh).

2.5. 1-Octene Hydroformylation

Hydroformylation of 1-octene was performed according
to a previous method. The prepared catalyst, internal
and external (or selectively internal) rhodium-immobilized
aminated mesoporous materials, was added to a SUS-316
autoclave reactor containing 75 mL of THF and 4.68 g of
1-octene. Then, 0.044 g (or 0.022 g) of TPP was added to
the mixture as the ligand. Subsequently, the autoclave was
flushed with N2. The syn-gas (CO/H2 = 1) in the reactor
was pressurized up to 300 psi and depressurized to atmo-
spheric pressure three times. After the reactor was heated
to 140 �C, the syn-gas was introduced to bring the total
pressure to 300 psi. The system was maintained at 140 �C
for 0.5 h and the syn-gas filled from a reservoir in order to
maintain a pressure of 300 psi. The homogeneous rhodium
catalyst was also used for 1-octene hydroformylation for
comparison with the heterogeneous system. The rhodium
acetate dimer, as the homogeneous Rh catalyst, was diluted
with methanol. Then the calculated mixture was added to
the reaction system. All experimental steps were identical
to those described above and are listed in Table III. Final
products were analyzed by gas chromatography (GC).

2.6. Characterizations

Nitrogen adsorption–desorption isotherms were obtained
using a Micrometrics ASAP 2020 at −196 �C. Prior to
analysis, the samples were degassed at 350 �C (or 200 �C)
for 3 h. The surface area was calculated according to the
Brunauer–Emmett–Teller (BET) equation and the pore vol-
ume obtained from the t-plot method. Small-angle pow-
der X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/max-2500 X-ray diffractometer. The sam-
ples were scanned from 0.3� to 5.0� (2�� with a step
size of 0.01� at 300 mA and 40 kV. Transmission elec-
tron microscopy (TEM) was carried out on a Tecnai
G2 F30 (FEI company) operated at an acceleration volt-
age of 300 kV. The nitrogen and carbon contents of the
rhodium-immobilized materials were determined by ele-
mental analysis (EA) using a Flash EA 1112 series (CE
Instruments). The amount of the anchored rhodium on
the materials was calculated by an inductively coupled
plasma-atomic emission spectrometer (ICP-AES) using an
Optima 4300DV (PERKIN ELMER) after HF treatment.
The 1-octene hydroformylation products were analyzed
using a GC-2014 (Shimadzu).

3090 J. Nanosci. Nanotechnol. 13, 3087–3095, 2013
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3. RESULTS AND DISCUSSION

3.1. Studies of the Functionalized Materials
and Rh Immobilization

Using the different modification methods (Fig. 2), the
non-selective and selective functionalized materials were
synthesized and the rhodium complexes anchored on the
aminated surface. Each material was characterized by
means of BET, XRD, TEM, EA and ICP-AES measure-
ments to confirm the crystalline pore structure of the
MCM-41-based materials and Rh immobilization.
The textural parameters, including pore volume, surface

area and pore size, are listed in Table I. The surface areas
and pore sizes of the materials decreased with functional-
ization and the Rh immobilization caused by attaching the
silanes to the pore surface and partial pore blocking. The
surface areas of the MCM-41-based catalysts synthesized
using methods 1, 2 and 3 were 787, 675 and 617 m2 g−1,
respectively. The selective functionalized materials with-
out calcinations (method 2) showed the biggest pore sizes
as compared to others because the shrinking of the silica
framework can not be occurred during calcinations. The
pore size of the samples for method 2 was the biggest,
2.54 nm. In method 3, modified with Ph2Si(OEt)2 and
AEAPMDMS, the decrease in surface area was the most
extreme among other methods. This phenomenon can be
attributed to the introduction of bulky phenyl groups on the
extra-pores. However, the degree of pore size decrease was
similar over all samples because the internal pores of every
material were selectively attached with AEAPMDMS. In
addition, the pore volumes decreased upon modification in
all samples.

Table I. Structural properties of the non-selective (method 1) and selec-
tive (method 2 and method 3) functionalized MCM-41-based catalysts.

BET

SAXS Vtot SBET Pore

Catalyst d100 (cm3 g−1) (m2 g−1� size (nm)

Method 1
MCM-41 2.18 0.98 1016�11 2.95
MCM-41/AEAPMDMS 2.18 0.50 878�96 2.42
MCM-41/AEAPMDMS/Rh 2.18 0.43 787�01 2.44

Method 2
MCM-41/TMCS 2.13 0.87 912�01 2.89
MCM-41/TMCS/ 2.12 0.62 758�06 2.68

AEAPMDMS
MCM-41/TMCS/ 2.13 0.49 674�96 2.54

AEAPMDMS/Rh

Method 3
MCM-41 2.20 1.08 1099�48 3.03
MCM-41/Ph2Si(OEt)2 2.20 0.58 933�96 2.56
MCM-41/Ph2Si(OEt)2/ 2.20 0.43 688�05 2.40

AEAPMDMS
MCM-41/ Ph2Si(OEt)2/ 2.20 0.39 616�68 2.40
AEAPMDMS/Rh

Fig. 3. (a) Nitrogen adsorption/desorption isotherms and (b) pore size
distributions of the non-selective and selective functionalized MCM-41-
based catalysts.

The nitrogen adsorption–desorption isotherms and the
pore size distributions are represented in Figure 3. For all
samples, of the MCM-41-based catalysts manufactured by
the three methods, the isotherms were type IV hysteresis
loops according to the IUPAC categorization, characteris-
tic of mesoporous hexagonal structures. In addition, the
type IV hysteresis loops remained unchanged during func-
tionalization and Rh immobilization (not shown in this
article). The amount of the absorptions was highest in
method 1 (Fig. 3(a)).
The MCM-41-based materials represented pore sizes in

the range of 2.4∼2.6 nm, with sharp distribution curves.
After functionalization and Rh immobilization, the mono-
dispersion curves of the pore sizes remained significantly
unaffected with a slight shift to the lower pore diameters
(not presented in this paper) (Fig. 3(b)). As explained pre-
viously, the peak of the maximum pore sizes of the samples
for method 2 showed the biggest pore due to the absence
of the silica framework shrink during the calcinations.
The small-angle powder X-ray diffraction (XRD) pat-

terns of the prepared MCM-41-based catalysts in this
work are shown in Figure 4. The as-synthesized MCM-41

J. Nanosci. Nanotechnol. 13, 3087–3095, 2013 3091
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Fig. 4. XRD patterns of the functionalized MCM-41-based catalysts by
(a) method 1, (b) method 2 and (c) method 3.

(Fig. 4(a)) had three obvious peaks corresponding to (100),
(110) and (200) diffractions of the hexagonal symmetry.
In the as-calcined MCM-41, the intense peak is present at
2� = 2�2� (100) and the two weak peaks are at 2� = 3�8�

(110) and 4.4� (200). After selective functionalization with
method 2 and Rh immobilization, the three well-resolved
peaks remained for the MCM-41-based materials. Despite
the slight reduction of the characteristic peak intensities
upon treatment, it seems that the ordered hexagonal struc-
tures were preserved bearing the surface modifications and
Rh immobilization. In method 3, as well as in method 2,
a similar tendency developed for the MCM-41-based cat-
alysts (Fig. 4(c)). The XRD patterns of all samples were
very similar after additional surface treatment, and the
peak intensity declined slightly upon modification. The
d100 spacings of all the materials were not significantly
shifted by the decrease in pore size (Table I).
Figure 5 shows HR-TEM images of MCM-41-based

catalysts prepared by method 1 (Fig. 5(a)), method 2
(Fig. 5(b)) and method 3 (Fig. 5(c)). All three catalysts
indicated the ordered hexagonal structures over the perpen-
dicular and axis faces. Unfortunately, the Rh particles were
not observed in the TEM images because the rhodium
complexes existed in their atomic forms in the mesostruc-
ture, like this lab’s previous research.28

The contents of amine, carbon and rhodium, determined
by the EA and ICP-AES, are exhibited in Table II. The
existence of organic groups on the surface was confirmed
with EA through nitrogen and carbon estimates. The cat-
alysts synthesized by the three modification methods pos-
sessed nitrogen and carbon, which were absent in the
mesoporous silica framework. The non-modified MCM-41
included neither nitrogen nor carbon. Actually, the respec-
tive nitrogen and carbon contents of the MCM-41 were
0.00 and 0.08 wt%. A carbon content of 0.08 wt% was
estimated because a portion of the surfactant template
remained after the calcinations. In method 1, the nitrogen
content of the MCM-41-based catalyst was 4.98 wt%. In
the case of methods 2 and 3, however, the amount of the
nitrogen was 3.96 and 3.62 wt%, respectively. The carbon
content was from three to six times higher than nitrogen.
This is reasonable because the functional groups possessed
levels of carbon three to nine times than nitrogen. The Rh
contents were in the range of 1.1∼1.4 wt% for all modified
samples.

3.2. Studies of the 1-Octene Hydroformylation

The homogeneous and three types of the MCM-41-based
heterogeneous catalysts were applied toward the 1-octene
hydroformylation. The catalytic properties of conversion,
branched and linear aldehyde yield, L/B ratio and turn
over frequency (TOF) are represented in Table III. The
homogeneous catalyst has shown conversion (∼ 98%)
and TOF (2189 hr−1� higher than that of the heteroge-
neous systems. This was not unexpected as it is well

3092 J. Nanosci. Nanotechnol. 13, 3087–3095, 2013
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Fig. 5. HR-TEM images of the MCM-41-based catalysts prepared by three methods: (a) method 1, MCM-41/AEAPMDMS/Rh, (b) method 2, MCM-
41/TMCS/AEAPMDMS/Rh and (c) method 3, MCM-41/Ph2Si(OEt)2/AEAPMDMS/Rh.

Table II. Functional groups (nitrogen and carbon) content and rhodium
content of the catalysts.

N content C content Rh content
Catalyst (wt%)a (wt%)a (wt%)b

MCM-41 0�00±0�00 0�08±0�01 0.00
MCM-41/AEAPMDMS/Rh 4�98±0�02 15�32±0�15 1.10
MCM-41/TMCS/ 3�96±0�03 15�12±0�02 1.12

AEAPMDMS/Rh
MCM-41/Ph2Si(OEt)2/ 3�62±0�00 21�62±0�04 1.42
AEAPMDMS/Rh

Notes: aBy elemental analysis (EA); bBy ICP-AES with hydrofluoric acid (HF)
treatment.

known that the homogeneous system has a conversion
and TOF superior to the heterogeneous system. Mean-
while, the conversion, aldehyde yield and TOF declined
gradually in the MCM-41-based heterogeneous systems.

Table III. Catalytic properties of Rh4(CO)12-immobilized heterogeneous catalysts at the 30 min reaction time in the 1-octene hydroformylation.

Yield (%)
Total aldehyde Linear/

Catalyst Conversion (%) b-C9-aldehyded l-C9-aldehydee yield (%) branched (L/B) TOF (hr−1�f

Rh homogeneousa 98.45 10�06 16.52 26.57 1.60 2189�22
MCM-41/AEAPMDMS/Rhb 96.96 9�70 16.56 26.26 1.71 1950�86
MCM-41/TMCS/AEAPMDMS/Rhc 89.66 15�03 34.11 49.14 2.27 1803�58
MCM-41/Ph2Si(OEt)2/AEAPMDMS/Rhc 93.91 5�13 18.66 23.79 3.64 688�69

Notes: aCatalysts 0.00165 g (8�01×10−6 mol), 1-octene 4.68 g, THF 75 ml, TPP 0.044 g, reaction: 140 �C, 300 psi, 0.5 hr; bCatalysts 0.083 g (∼ 8�06×10−6 mol), TPP
0.022 g, 1-octene 4.68 g, THF 75 ml, reaction: 140 �C, 300 psi, 0.5 hr; cCatalysts 0.165 g (∼ 16×10−6 mol), TPP 0.044 g, 1-octene 4.68 g, THF 75 ml, reaction: 140 �C,
300 psi, 0.5 hr; a∼cThe amount of catalysts was calculated by ICP-AES (the Rh content ∼ 1.0 wt%); dBranched aldehyde; eLinear aldehyde; fMol-aldehyde/mol-Rh ·hr.

The MCM-41/AEAPMDMS/Rh, the non-selective func-
tionalized material, showed a somewhat reduced conver-
sion and TOF of 96% and 1950 hr−1, with a total aldehyde
yield similar to the homogeneous system at 26%. Addi-
tionally, in the selective functionalized system, conversion
and TOF decreased in the heterogeneous systems.
The ratio of linear to branched aldehydes (L/B) was

in a range of 1.6∼3.6 for all samples. The L/B of the
aldehydes produced with the Rh homogeneous and MCM-
41/AEAPMDMS/Rh (non-selective) systems was 1.6 and
1.7, respectively. However, significantly, when selective
functionalized materials were used for 1-octene hydro-
formylation, the L/B rapidly increased to 2.2 and 3.6.
In particular, the MCM-41/Ph2Si(OEt)2/AEAPMDMS/Rh
system showed a L/B of 3.6. It seems that the selec-
tively passivated materials with amine and Rh complexes

J. Nanosci. Nanotechnol. 13, 3087–3095, 2013 3093
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Fig. 6. (a) Turn over frequency (TOF) and (b) ratio of linear and branched aldehyde (L/B) on the 1-octene hydroformylation over the rhodium
homogeneous and heterogeneous catalyst systems.

in the intra-pores show a higher selectivity for linear alde-
hydes in the 1-octene hydroformylation. The reason for
this phenomenon has not yet to be clearly elucidated, but
is predicted to be due to the confinement effects of the Rh
complexes in the mesopores. It is well known that due to
steric effects, the bulky phosphine ligands enhance catalyst
activity and productivity of the linear aldehyde over the
branched aldehyde.21 In particular, on the mesopore (pore
size 2.0∼3.0 nm), the steric bulky triphenylphosphine lig-
and greatly improved the selectivity of the less hindered
linear aldehydes over the branched aldehyde. Concerning
this unique result, extensive mechanistic studies will be
made by this group. The TOF and L/B graphs as a func-
tion of the catalyst are shown in Figure 6.
Among the selective functionalized catalysts, the selec-

tive functionalized material (by method 2) with TMCS and
AEAPMDMS in the extra- and intra-pores, denoted MCM-
41/TMCS/AEAPMDMS/Rh, displayed the highest total
aldehyde yield (49%) with a fairly high TOF (1803 hr−1�.
The total aldehyde yield (49%) of the material functional-
ized with TMCS, in the extra-pores, was higher than that
of the homogeneous system by two orders of magnitude.

4. CONCLUSIONS

The Rh-tethered mesoporous silica MCM-41-based cata-
lysts have been synthesized using three methods, including
post grafting and two kinds of selective functionalization
techniques. The 1-octene hydroformylation was then effec-
tively performed via these catalyst systems. In the case
of the Rh-immobilized catalysts whose internal pore was

selectively anchored, the ratio of the linear aldehyde to
branched aldehyde increased remarkably up to L/B= 2�27
and 3.64. This may be due to a confinement effect of the
Rh complex located in the inner mesopore space. Espe-
cially, the sample selectively bifunctionalized with TMCS
(the extra-pore) and AEAPMDMS (the intra-pore), using
method 2, showed a high TOF (1803 hr−1� and a total
aldehyde yield (49%) with only a 0.5 h reaction time.
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