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Manganese(Il) 5-(4-carboxyphenyl)-10,15,20-triphenyl porphyrin chloride (Mn(TCPP)CI) was grafted
through amide bond on silica zeolite Y (HY), zeolite beta (HB) and hexagonal mesoporous silica (HMS). XRD,
ICP-AES, N, physisorption, SEM, TEM, FTIR and thermal analysis were employed to analyse these novel
heterogeneous materials. These silica supported catalysts were shown to be used for epoxidation and good
shape selectivity was observed. The effect of support structure on catalytic performance was also discussed.
The catalytic activity remained when the catalysts were recycled five times. The energy changes about
epoxidation of alkenes by NalO4 and H,O, were also computationally calculated to explain the different

catalytic efficiency.
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Introduction

Epoxidation of unsaturated compounds is a widely used
process in the chemical industry. These epoxides are valu-
able intermediates for chemical manufacturing as well as
laboratory synthesis, as they can be transformed into a large
variety of compounds due to their high reactivity of oxirane
ring. Moreover, green epoxidation of vegetable renewable
source has attracted more and more interest. Epoxy long-
chain unsaturated compounds were produced at industrial
scale mainly by the conventional performic acid process.
Long-chain olefins and unsaturated fatty acid derivatives of
vegetable oils such as soybean, linseed, rapeseed, olive, corn,
safflower, melon seed, and cotton seed have been widely
used on an industrial scale. These substrates were sensitive
to reaction condition and selectivity was usually lower.
Methyl oleate and soybean oil obtained from renewable raw
materials could be used for making green product such as
plasticizers and stabilizers in poly(vinyl chloride) (PVC)
because of its safety and innocuity.'* Epoxy product was
produced mainly by the conventional performic acid pro-
cess. The separation of catalyst, whose presence may be
detrimental for further applications, is not easy. In order not
to lose the benefits represented by exploitation of renewable
raw materials, it is worth looking for an alternative epoxida-
tion path.

Since 1980s, synthetic metalloporphyrin has been utilized
by many researchers in olefin epoxidation to mimic cyto-
chrome P-450. However, these metalloporphyrins as homo-
geneous catalysts have some disadvantages. Traditional
metalloporphyrin-catalyzed epoxidations are homogeneous
reactions due to their soluble and degradable characterisitics.
It can be overcome by immobilising metalloporphyrins to
insoluble solid supports. Oxides*® or organic polymers’”!! in
recent years have been carried out in order to obtain epoxi-

dation systems and mimic the action of hemeenzymes such
as peroxidases'? and cytochrome P-450'">'5 because of the
support environment. Metalloporphyrin-immobilized mole-
cular sieve presents many advantages such as replacement of
molecular sieve as the protein portion of natural enzymes,
providing a controlled steric environment for metallopor-
phyrins and serving as a model for the active site of cyto-
chrome P-450. These systems show the chemoselectivity,
regioselectivity and stereoselectivity in model reactions.'®
Metalloporphyrin complexes immobilized into channels
present particular properties through physical absorption due
to the isolation of active sites, avoiding catalyst self-de-
activation through dimerization and provide an easy way to
recover them from the reaction media on suitable support
materials.'”"' Other immobilization methods for epoxida-
tion catalysts are the use of tetraphenylporphyrin manganese
(IIT) chloride (Mn(TPP)CI) supported on support-bound
imidazole.?’?! This method avoids the use of co-catalyst
imidazole.

To achieve the structural durable, steadily reusable cata-
lysts for epoxidation remains a huge challenge. Among the
various solid supports, HMS materials have attracted much
attention, because they combine a high chemical and thermal
stability with a crystalline structure formed by channels and
cavities of strictly regular dimensions. A solution is based on
the functionalized silica. Considering that amino-functiona-
lized silica containing NH, units are capable of acting the
combination of both NH; and support. Moreover, the soluble
and redox properties of a metalloporphyrin-based hybrid are
possibly tuned by inorganic blocks, thus it is possible to
design a metalloporphyrin-based hybrid by combining the
functionalized NH, with silica, so as to offer target hybrid
catalysts with a good structural stablility in solution, together
with the higher redox activity for epoxidation.

In this study, amino-functionalized silica NH»,-HY, NHo-
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Hp, NH,-HMS were synthesized and manganese(I11) 5-(4-
carboxyphenyl)-10,15,20-triphenyl porphyrin chloride
(Mn(TCPP)Cl) was designed to be grafted on these func-
tionalized silica via amide bond. Thus obtained catalyst
(Mn-NH-HY, Mn-NH-Hf3 and Mn-NH-HMS) led to a hetero-
geneous epoxidation of alkenes, showing high conversion
and selectivity, easy recovery and steady reuse. The final
catalysts were fully characterized by XRD, ICP-AES, N,
physisorption, SEM, TEM, FTIR and thermal analysis.
Surface structure of catalysts had effect on the catalytic
performance of grafted Mn(TCPP)CI. A possible mechanism
of pore structure which controls the diffusion of reactant and
product molecules and surface hydrophobicity which faci-
litates adsorption of non-polar olefins and desorption of
polar products was proposed to explain the enhanced cata-
lytic activity for long-chain unsaturated compounds com-
pared with homogeneous Mn(TCPP)CI. The energy changes
about formation of PorMnV=0 species were also computa-
tionally calculated.

Experimental

Preparation of 5-(4-Carboxyphenyl)-10,15,20-triphenyl
Porphyrin Catalyst (TCPPH,). Salicylic acid (3.0 g),
reagent grade benzaldehyde (4.6 g), 4-carboxy benzaldehyde
(2.1 g) and dimethylbenzene (180 mL) were added to 250
mL neck flask. Freshly distilled pyrrole (2.7 g) and di-
methylbenzene (20 mL) were added to the refluxing solution
mixture in 5 min. After refluxing for 0.5 h, the solution was
cooled to room temperature and was added in absolute
ethanol. After a hot water wash, the resulting purple crystals
were air dried, and finally dried in vacuum. Coarse product
was purified by silica gel column chromatography using
CHCI3, 80% CHCIl3 and 20% carbinol as the eluting solv-
ents.”

Synthesis of Mesoporous Molecular Sieves. The formation
of HMS solids depends on neutral assembly mechanism,
involving hydrogen bonding between the neutral inorganic
precursor and neutral amine surfactant.”® HMS was syn-
thesized following the procedures similar to those proposed
via neutral templating pathway using dodecylamine (DDA)
as the surfactant. 10 g of DDA was dissolved in 106 g of
deionized H,O and 78 g of ethanol under vigorous stirring.
The surfactant solution was stirred for 15 min and then was
slowly added in 42 g of tetracthyl orthosilicate (TEOS). The
solution mixture was then stirred at 313 K for 0.5 h. The
resultant solution was aged for 18 h at room temperature
(25 °C) to obtain product. The solid precipitates were filtered
out, dried at 100 °C over night, and calcined at 650 °C for 3
h. Finally, HMS was obtained for further experiments.

Synthesis of Silica Containing Amino Ligand. The
obtained product was dispersed in dichloromethane and 2.00
g of (3-aminopropy)triethoxylsilane was added, then again
brought to reflux for 16 h. After filtering, washing with di-
chloromethane, methanol and drying at 80 °C, silica contain-
ing amino ligands was obtained and denoted as NH,-HY,
NH,-Hf} and NH>-HMS.
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Synthesis for Mn/HMS, Mn-NH-HY, Mn-NH-Hp and
Mn-NH-HMS. 0.1 g of TCPPH,, 1 g of NH,-HMS, 1 g of
tetrahydrate manganese chloride and 150 mL of NN-
dimethylformamide (DMF) were added into a three-neck
flask, then refluxed for 24 h. After cooling, washing with
deionized water, and filtering, dichloromethane was used to
extract the sample in a soxhlet extractor until no color was
seen in the extracted solution and denoted as Mn-NH-HMS.
The loading of Mn-NH-HMS was 62.4 mg/g-cat and the
surface area of Mn-NH-HMS was 510 m*/g. Similarly, when
Mn(TCPP)Cl was immobilized in NH2-HY and NH»-Hf3 by
using the above method, the product was designated Mn-
NH-HY and Mn-NH-Hp. The amount of adsorbed metallo-
porphyrin was determined by atomic emission spectroscopy
with inductive coupled plasma (ICP-AES, Spectroflame-
FVM@3). The samples were digested by a traditional acid
method (HF, HNOs; and HCI, then H3;BO; was added to
remove HF), diluted adequately and analysed for manganese.

0.1 g of Mn(TCPP)CI in dichloromethane was slowly
added to 1 g of mesoporous molecular sieve in 50 mL di-
chloromethane. The mixture was kept at 60 °C under mag-
netic stirring for 48 h. The solid product was then washed in
a Soxhlet apparatus for 48 h in 300 mL dichloromethane
until no presence of a board band at 480 nm, in order to
remove the weakly adsorbed complexes on the mesoporous
surface. Finally, the green solids were dried in air at 150 °C.
The green colour of the samples obtained after thorough
washings suggested the successful encapsulation of Mn(TPP)Cl
inside the mesoporous materials. The product was designat-
ed Mn/HMS.

Measurement of Catalytic Performance. All of the reac-
tions were carried out at room temperature under air in a 50
mL flask equipped with a magnetic stirrer bar. To a mixture
of alkene (1 mmol), catalysts (the amount of Mn(TCPP)CI
was adjusted to 0.002 g), imidazole (2.8 mmol) and CH;CN
(10 mL) was added a solution of NalO4 (2 mmol) in H,O (10
mL). The progress of reaction (oxidation of cyclooctene and
cyclohexene) was monitored by GC. The catalyst was
thoroughly washed with EtOH and hot water before reuse.
In paper,”*?® the activity was defined as the amount of
converted C=C double bond for the epoxidized methyl
oleate and soybean oil. Selectivity was defined as desired
product/all products. The conversion was monitored by the
area decrease of the double-bond hydrogen signals which
was at 5.4 ppm in the '"H NMR spectra of epoxidized methyl
oleate. The presence of signals between 50 and 60 ppm in
the '3C NMR spectra was attributed to the epoxy carbons.
So, the selectivity could be monitored by the area increase of
the epoxy carbons signals between 50 and 60 ppm of the '*C
NMR spectra of methyl oleate. Determination of oxidation
efficiency is necessary to check how much oxidant is left
after reaction. After reaction, the mixture is diluted by meth-
anol. The mole of remaining oxidant can be determined by
iodometric titration. A portion of the diluted methanol
solution was added to H,SO4 aqueous solution containing
potassium iodide and a small amount of starch. The mixture
turned purple due to generation of I,. Then, the mixture was
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titrated with NaS,0; aqueous solution until the color dis-
appeared.

Characterization of Catalysts. The IR spectra were
recorded on an ABB Bomem FTLA2000-104 spectrometer.
X-ray power spectra were recorded using a bruker D8-
Advance diffractometer with Cu-Ko radiation. ICP was
recorded using a Spectroflame-FVM®3. TG of the samples
was recorded using a Mettler TGA/SDTA 851 E analyzer in
the temperature range 25-900 °C at a heating rate of 20 °C/
min. SEM measurements were performed on a CamScan
CS44 scanning electron microscope. The samples for TEM
observation were suspended in ethanol and supported on
carbon-coated copper. The surface area (BET method) and
average pore diameter (BJH method) were determined by N,
adsorption-desorption method by a Micromeritics-pASAP
2020. The geometry optimizations of all intermediates and
transition states were performed by using B3LYP functional
and 6-31G basis set.

Results and Discussion

The effect of different oxidants on the epoxidation of
cyclohexene catalyzed by Mn-NH-HMS was investigated in
Table 1. NalO4, H,O, and TBHP (entries 2, 7 and 8) were
chosen as oxygen source. The results showed that NalO, was
the best oxygen source because this oxidant, which was inert
in the absence of catalyst, could give good oxidation of
hydrocarbons with NalOy catalyzed by grafted metallopor-
phyrin, imidazole played an important co-catalytic role. In
recent research, NalOy as the oxidizing agent showed special
efficiency for different reactions, such as chemiluminescence
reaction and oxidation reaction.””*’ Though H,O, was in-
expensive and easy to get, NalO4 was chosen as oxidant and
used to investigate their catalytic activity and selected as the
oxidizing agent for all the subsequent experiments. When
the same reaction was carried out in the absence of imida-
zole, only small amounts of cyclohexene oxide was detected
in the reaction mixture. NalOy4 has poor ability to oxidize the
cyclohexene without catalyst. No cyclooctene oxide was
detected in the absence of oxidant in the reaction mixture
either. The addition of imidazole to epoxidation reaction of
cyclohexene, the yields increased to 92% at 24 h from 2%.
The presence of imidazole was beneficial for these catalytic
systems suggesting that it played a different role as a metal-
ligand.*® In the epoxidation, the mole ratio of oxidant:
substrate was 2:1. So the conversion of each oxidant may be
equal to or low compared with the conversion of substrate.
The conversion of H,O, was nearly 100% with a yield of
20% and unreacted H,O, was not detected using above
method after 24 h, which showed the oxidant efficiency was
very low and large of oxidants with a low stability was
decomposed. The conversion of NalO4 was 50-60% with a
yield of 100% and there was about more than half amount of
oxidant still unreacting with substrate. The conversion of
TBHP was about 50% with a yield of 40%. From the results
of defining the unreacted oxidants, the efficiency of NalO,
was the best and H,O, was easily decomposed in this system.
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Table 1. The catalytic performance of different catalysts for epoxi-
dation of cyclohexene by NalO, at room temperature®

Reaction after 24 h Reaction after 48 h

Entry  Catalysts Conver-  Selec- Conver-  Selec-
sion (%) tivity (%) sion (%) tivity (%)
1 Mn-NH-HMS® 100 100 100 100
2 Mn-NH-HMS 92 100 100 100
3  Mn-NH-Hp 76 100 100 100
4 Mn-NH-HY 54 100 100 100
5 Mn-NH-HMS 2 100 2 100
no imidazole

6 No catalyst 0 0 0 0

7 Mn-NH-HMS¢ 20 100 22 100
8 Mn-NH-HMSY 40 94 42 94
9 Mn-NH-HMS*¢ 44 100 72 100
10 Mn-NH-HMS' 34 100 43 100

“Reaction conditions: cyclohexene (1 mmol), catalysts (the amount of
Mn(TCPP)Cl was adjusted to 0.002 g), imidazole (2.8 mmol) and
CH3CN (10 mL) was added a solution of NalO4 (2 mmol) in H>O (10
mL). ’cyclooctene instead of cyclohexene. ©30% H,0, instead of NalO,
aqueous solution. %65% TBHP instead of NalO, aqueous solution. The
by-products were allylic ketone. ¢ methyl oleate instead of cyclohexene.
’soybean oil instead of cyclohexene.

Table 2. The catalytic performance of Mn-NH-HMS for epoxidation
of other alkenes by NalOy4 at room temperature?

Conversion Selectivity

Entry Alkenes %) %)
1 Q 100 100
2 @ 92 100
3 () 76 760

=
4 d: 80 74¢
5 /\/\/\ 86 100

6 NN 19 100

T AT T TN 12 100

“Reaction conditions: alkenes (1 mmol), catalysts (the amount of
Mn(TCPP)Cl was adjusted to 0.002 g), imidazole (2.8 mmol) and
CH3CN (10 mL) was added a solution of NalO4 (2 mmol) in H>O (10
mL). “The by-products were benzaldehyde. “The by-products were
acetophenone.

Under the same reaction conditions a range of alkenes
were oxidized in this catalytic system (Table 2). The obtain-
ed results showed that this catalyst was an efficient catalyst
for alkene epoxidation. Increasing the length of linear alkenes
led to lower epoxide yield and longer reaction times. The
formation of epoxides for Mn-NH-HMS catalyst 24 h: 100%
(cyclooctene), 92% (cyclohexene), 44% (methyl oleate, a
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kind of fatty acid methyl esters), 34% (soybean oil, a kind of
triglycerides). When cyclohexene was used as substrate for
catalyst Mn-NH-HMS, it led to lower epoxide yield and
longer reaction times. Angle strain at the double bond
favoured activation of the olefin.' The hoop tension of
cyclooctene molecule was less than cyclohexene. Therefore,
cyclooctene was easily epoxidized. HMS enhanced the
catalytic performance of Mn(TCPP)CI for substrate methyl
oleate and soybean oil respect to homogeneous catalyst.>?
The pore structure of HMS which controled the diffusion of
reactant and product molecules and surface hydrophobicity
which facilitated adsorption of non-polar olefins and de-
sorption of polar products played important roles on the
oxidation activity.”*3 Grafted metalloporphyrin-catalyst
also avoided their soluble, degradable characterisitics and
self-deactivation through dimerization. The pore structure of
HMS offered target support with good structural stablility in
solution and enhanced the catalytic performance. So, the
yield of heterogeneous Mn-NH-HMS catalyst with methyl
oleate and soybean oil as substrates was higher than yield of
homogeneous catalyst. Soybean oil revealed the effectivity
of catalyst. When soybean oil was used as substrate for
catalyst Mn-NH-HMS, the epoxides were 34% at 24 h (entry
10). According to its stereochemical structure that olefinic
chains in triglyceride molecules containg more than 18
carbon atoms, the dynamic diameter of methyl oleate mole-
cule was less than soybean oil. Therefore, methyl oleate was
easily epoxidized because of its steric hindrance. The results
also showed increasing the length of hydrocarbon chain led
to lower epoxide yield and longer reaction times. It meant
that the structure of HMS was sensitive to the chain length
and showed a good selectivity towards alkenes.

With the epoxidation of cyclohexene by NalOy in presence
of imidazole as a model reaction, catalytic performances of
Mn-NH-HY, Mn-NH-Hf3 and Mn-NH-HMS catalysts were
listed in Figure 1. Mn-NH-HY, Mn-NH-Hf3 and Mn-NH-
HMS catalysts caused a liquid-solid heterogeneous epoxida-
tion system, and exhibited an excellent conversion with high
selectivity. The conversion was found to increase with
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Figure 1. Catalytic performance of different heterogeneous cata-
lysts for epoxidation of cyclohexene by NalOs.
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Table 3. Adsorption average pore diameter ap and content of graft-
ed metalloporphyrin, specific surface areas and cumulative pore
volumes of supports before and after loading with Mn(TCPP)Cl

Mn(TCPP)Cl Cumulative
Orgcontent ay  Sger
Samples content (mmol/g) (nm) (mYg) pore Vglume
(mg/g) (cm’/g)
HMS - - 2.10 821 0.43
HY - - - 583 -
HpB - - - 445 -
NH,-HMS - 0.874 2.02 547 0.29
NH,-HY - 0.646 - 336 -
NH,-Hp - 0.634 - 216 -
Mn-NH-HMS 62.4 - 2.07 510 0.28
Mn/HMS 12.7 - 239 492 0.30
Mn-NH-HY 16.3 - - 280 -
Mn-NH-Hp 14.6 - - 198 -

increasing time. In the presence of Mn-NH-HY, Mn-NH-Hf
and Mn-NH-HMS almost same trend was observed, but Mn-
NH-HB and Mn-NH-HMS took little longer time to reach
complete conversion than Mn-NH-HMS. As seen in Figure
1, the percent reaction rate followed the order: Mn-NH-Hf3
<Mn-NH-HY <Mn-NH-HMS. The mesoporous support
played a major role in epoxidation due to its higher surface
area. The higher surface area could also reduce the energy
barrier and more active center reacted with cyclohexene.
The order of surface area was in good agreement with the
order of reaction rate. Higher surface area was beneficial to
the conversion. Upon grafted with Mn(TCPP)C], the activity
increased remarkably in the epoxidation reactions. This
showed that the epoxidized activity was associated with
Mn(TCPP)CI grafted on molecular sieve. No catalytic activity
was observed in the reaction solution after removal of
catalyst by filtration (in a run where oxidant still remained),
confirming that the catalytic reaction was heterogeneous.
The carrier of different crystal forms also affected the mole
ratio between organic functional groups and Mn(TCPP)CI.
The ratio followed the order: Mn-NH-Hf (39:1) ~ Mn-NH-
HY (36:1) < Mn-NH-HMS (14:1) according to Table 3. The
silanols groups (=Si-OH), always present in silica gel, are
responsible for the adsorption of organic molecules; these
OH groups are mainly placed on HMS internal surface that
represent the main contribution to the total surface area of
the porous material. Luan et al. suggested that abundant
silanol groups on the inner surface of mesopores serve as the
sites for grafting functional groups during the surface modi-
fication.>*® HMS which was modified with NH, exhibited a
reduction in surface area, pore size and total pore volume.
Pristine HMS exhibited a BET surface area of 821 m?g,
pore volume of 0.43 cm?/g, and pore size at 2.1 nm. Surface
functionalization resulted in an apparent decrease in these
textural parameters in Figure 2, which could be attributed to
the immobilization of organic functional groups on the inner
wall of mesopores. The isotherm can be classified as a type
IV. Adsorption isotherm of the encapsulated catalysts show-
ed three well-distinguished regions: mono and multilayer
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Figure 2. Nitrogen adsorption/desorption isotherms for (a) HMS;
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Figure 3. Data for catalytic efficiency for (a) reused Mn-NH-HMS
catalyst and (b) reused Mn/HMS catalyst with NalO4 as oxidant.

adsorption on the pore walls, capillary condensation, and
multilayer adsorption on the outer surface. The size of metal-
loporphyrin is about 1.0 nm. It was expected that spread of
Mn(TCPP)CI occured without spatial strain, which meant
more NH; groups reacting with it. The catalytic efficiency of
catalysts was related to the structure which was also
reflected by data of characterization.

Mn-NH-HMS and Mn/HMS were separated by centri-
fugation and washed by ethanol and dichloromethane after
the first use. The obtained catalysts were reused after being
dried in air. Figure 3 displayed the stability and possible
reuse. At first-run, the conversion of cyclohexene reached
100%, and the selectivity of epoxides was 100% for Mn-
NH-HMS. The utility of Mn-NH-HMS catalyst for repeated
use was tested, and the catalytic activity remained 98%
when the catalyst was employed for the five times. When
Mn/HMS catalyst was recycled five times, its catalytic
performance decreased to 20%. In addition, from ICP, it was
found that the amount of manganese ion of the Mn-NH-
HMS catalyst after the reaction was generally consistent
with that of manganese ion of the fresh catalyst on the
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Figure 4. XRD patterns of (a) HMS; (b) NH,-HMS; (c) Mn-NH-
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Figure 5. XRD patterns of (a) HY; (b) NH>-HY; (c) Mn-NH-HY.
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Figure 6. XRD patterns of (a) Hf3; (b) NH»-Hp; (c) Mn-NH-Hp.

whole. One leaching test (heterogeneity of the catalyst) for
the catalyst has also been performed. 0.5 wt % of catalytic
center (Mn(TCPP)CI) leached from the support after five
times. Mn-NH-HMS exhibited a good structural stablility in
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solution, together with the higher redox activity for epoxi-
dation compared with Mn/HMS. The results for the recycl-
ing test were also good for Mn-NH-Hf3 and Mn-NH-HY just
with longer time.

The XRD power patterns measured for HMS, NH,-HMS
and Mn-NH-HMS were shown in Figure 4. All samples
exhibited a single low-angle (100) peak and an excellent
long range order, characteristic of wormhole mesopores
structure. In addition, the intensity of doo reflection of NH»-
HMS and Mn-NH-HMS decreases and digo spacing shifted
to a higher angle, compared with HMS. This phenomenon
suggested a decrease in uniformity of the porous structure
because of the organic functional groups and Mn(TCPP)CI
incorporation. The pore volume was decreased from 0.43
cm®/g for HMS to 0.28 cm*/g for Mn-NH-HMS. This result
indicated that the internal pores of Mn-NH-HMS were
occupied by the Mn(TCPP)CI complex. The distribution of
spacing became narrower in Figures 5 and 6 because of
larger crystallite dimension after grafted with Mn(TCPP)CI.
No any crystalline phase of Mn(TCPP)Cl species was observed.
Mn(TCPP)CI was highly dispersed on support. The XRD
data also showed that the crystallinity of HY and HP} zeolite
was maintained after preparation of NH»-HY, NH»-Hf3, Mn-
NH-HY, Mn-NH-H, indicating that no obvious framework
collapse associated with the preparation procedure and no
organic functional groups or Mn(TCPP)CI were grafted on
the inner wall of pores. So Mn(TCPP)Cl was really grafted
outside the pores for support HY and Hf3. SEM analysis was
carried out to better understand the catalysts’ morphology.
The spheres of Mn-NH-HP, Mn-NH-HY and Mn-NH-HMS
samples were shown in Figure 7. The morphology of Mn-
NH-HY and Mn-NH-Hp was quite different from Mn-NH-
HMS. Mn-NH-Hf showed clouds resembling particle and
some agglomerates have been detected. Figure 7(c) clearly
demonstrated that the spherical morphology of the silica
particles was retained during the synthesis Mn-NH-HMS
spheres. According to the BET results, Mn-NH-HMS ex-
hibited a higher surface area than the other two samples. So
Mn-NH-HMS revealed large amount of mesopores at the

Figure 7. SEM pictures of (a) Mn-NH-HY; (b) Mn-NH-HB; (c)
Mn-NH-HMS.
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Figure 8. TEM images of Mn-NH-HMS.
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Figure 9. TG/DTG curves for (a) NH>-HMS; (b) NH,-HB; (c)
NH>-HY.

internal region. The XRD results were in good agreement with
the results from results of BET, SEM and TEM (Figure 8).
Further investigation using TG/DTG curves (Figure 9)
showed that the organic functional groups grafted on silica
were stable up to 447 °C for HMS (Figure 9(a)), 345 °C for
HP (Figure 9(b)) and 339 °C for HY (Figure 9(c)) calculated
by the derivation of weight loss, respectively. After grafted
on mesoporous molecular sieve, an increase on the decom-
position temperature was observed. This process produced
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Figure 10. TG/DTG curves for (a) Mn(TCPP)CI; and (b) Mn-NH-
HMS.
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an increase of almost 100 °C on the stabilization of organic
functional groups than other samples. The TG/DTG analysis
of Mn(TCPP)CI was also determined. As shown in Figure
10(b), a significant weight loss step appeared at the temper-
ature range of 362-511 °C, which was attributed to the de-
composition of porphyrin rings. For the sample Mn-NH-
HMS (Figure 10(a)), between 25 °C-150 °C with a lost
weight corresponding to water physically adsorbed, between
257 °C-418 °C with a lost weight assigned to the traces of the
DMEF, between 418 °C-667 °C with a lost weight due to the
condensation of Mn(TCPP)CI and organic functional groups
(-CH»-CH>-CH,-NH). That Mn(TCPP)CI and organic func-
tional groups (-CH»-CH>-CH,-NH) were present on HMS
internal surface resulted to their increase in the thermal de-
composition reaction activation energy.

In order to gain sight of these heterogeneous catalysts,
FTIR spectroscopies were used. The FTIR spectra of 5-(4-
carboxyphenyl)-10,15,20-triphenyl porphyrin (TCPPH»),
HB, NH»-HB, Mn-NH-Hf were shown in Figure 11. The
bands observed at 798 (Si-O), 1098 (Si-O-Si) and 1250 (Si-
0-Si) ecm™, respectively, were the main features of HB. The
bands at 1080 and 1250 cm™, which could be ascribed to the
Si-O-Si stretching vibration, significantly increased with the
existence of Si from NH,. The bands observed at 1384 cm™
for B, C and D could be ascribed to the C-H stretches of
silane. Due to the metalloporphyrins highly grafted on sup-
port, the main characteristics of the immobilized complexes
(absorption at 1688 cm™ (C=0) for TCPPH,) could not be
observed. The presence of abroad inconspicuous band at
2960 cm™', which was characteristic of the asymmetric vib-
ration of the CH» groups, further confirms the successful
silylation.’’ In the hydroxyl region, the weak band at 1633
cm™! and the broad band at 3450 cm™ could be attributed to
a combination of the stretching vibration of cross hydrogen-
bonding interactions and the H-O-H stretching mode of
physisorbed water.

In most cases, their catalytic behavior was believed to
derive from the high-valent manganese(V)-peroxide porphy-
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Figure 11. FT-IR spectra of: (a) TCPPH,; (b) Hp; (c) NH»-Hp; (d)
Mn-NH-Hp.
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Figure 12. Energy profiles for epoxidation of alkenes by NalO,
and H202.
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Figure 13. Optimized geometries for the catalyst species.

rin species. The formation of PorMnV=0 species was res-
ponsible for catalytic activity of manganese porphyrins. It
seemed that oxygen atom transfer from NalO4 or H,O; to
manganese had occurred to generate a Mn(V)-oxo complex.
PorMnV=0 species supported the improvement of the ep-
oxidation performance. A energy pathway has been identi-
fied, which started with the activation of NalO4 or H,O» to
form porMnV=O0. Therefore, the first step of our investi-
gation was an analysis of the coordination and activation of
the oxidant. The energy profile was shown in Figure 12, and
the optimized geometries of the key species were given in
Figure 13. The energy of TS1 for oxidant H,O, was lower
than both catalyst and oxidant. The coordination between
H,0, with Mn(TPP)CI was spontaneous reaction, while the
formation of TS needed energy to be activated. There was a
difference between H>O, and NalO, for the formation of
MnV=0. Formation of TS1’ from TS1 was a proton of H,O»
transfer process. So for oxidant H»O, more energy was used
to activate the proton-transfer process. Energy barrier existed
at the formation of TS2 for both reactions. From the results
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of Figure 12 and the activity performance using different
oxidants, yield results for different oxidant NalO4 (100%
yield) or H>O, (20% yield) were consistent with the step
being the formation of the TS2. More energy was needed for
H,0, compared with NalOs.

Conclusion

The main goal of this present study was to combine the
metalloporphyrin synthesis and the surface modification
technique to obtain materials with achieving the structural
durable, steadily reusable catalysts for epoxidation. XRD,
ICP-AES, N; physisorption, SEM, TEM, FTIR and thermal
analysis were employed to analyse these heterogeneous
materials. HMS after being grafted with Mn(TCPP)Cl revealed
promising properties respect to HY and HP. The possible
mechanism of HMS as promoter was proposed to under-
stand that the grafted Mn(TCPP)CI catalysts have shown
better catalytic performance. The energy changes about ep-
oxidation of alkenes by NalO4 and H,O, proved the effici-
ency of NalOs.
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