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The homogeneous liquid-phase direct catalytic oxidation of benzene to phenol was performetCan60
acetonitrile solvent using various catalysts of MDpported on aluminum-substituted mesoporous silica (Al-
MPS) and hydrogen peroxide as the oxidant. We employed the molecular designed dispersion method to
prepare the VQ catalyst supported on AI-MPS. The deposit of monolayer VO(aceminplexes (acac:
acetylacetonate) could be achieved by hydrogen bonding or a ligand-exchange mechanism and subsequently
decomposition of organic acac ligands in an oxygen atmosphere at elevated temperature, yielding the six
coordination of V' center. The octahedral vanadium oxide samples possess much mobile ligands@.e., H

or solvent) around the catalytic center that could be easily substituted by hydrogen peroxide and yielded the
active peroxo intermediate for the hydroxylation of benzene. From the studies of powder X-ray diffraction,
N, adsorption and desorption isotherms, diffuse reflectance-\¥, and electron paramagnetic resonance,

we show that highly dispersed isolated vanadium oxide catalyst centers could be formed. For comparison, we
also prepared the tetrahedral vanadium oxide catalyst by the coordinatichaarer with mono-, di-, and
triamine-modified SiQ@ The tetrahedral coordination of vanadium oxide catalysts lack mobile ligands with
good leaving groups in the catalytic medium and yield a lower activity toward the hydroxylation of benzene.

Introduction important factor for avoiding benzene overoxidation. In this
study, we apply the molecular-designed dispersion (MDD) as
an effective method for preparing site-isolation of active
vanadium species on aluminum substituted mesoporous silica

Phenol is an important industrial feedstock that serves as a
precursor for phenol resins, fibers, dyestuffs, and mediine.

Industrially, phenol has been produced in multiple steps from (AI-MPS) with high loading to achieve partial oxidation of
the Hock process or the toluene oxidation. In the former Process,pn-ene

acetone is produced as a byproduct in equimolar amount and The catalytic activities of VQsupported on metal oxides

n tr(;e Iatte}: caslg a lower 3([|eld IS obserbu eluthlanyé.attg[mpts :.0 fdepend on the degree of dispersion. The ability of vanadium to
produce phenolin a one-step process by the direct INSErtion ot . 4te the ¢ H bond decreases with increasing ydensity,

ﬁn doxygler:_ aton; itr:to theﬂ: borr:d 0‘; be_thiner,] ar;f(_j Fhe direcg whereby the number of ¥O—M (support metal atom) bonds
ydroxylation of benzene 1o phenol wi Igh efnciency an per V is reduced due to the incorporation of vanadium in

high selectivity have been reporfeshd thus has attracted much forming V—O—V bridges? The nature of V-O—M anchoring

attention. Recently, the reaction has been extensively StUdIedbonds appears as a determinant factor for the catalytic behavior

in both liquid and gas phase using a variety of catalysts. In the : : -
liquid-phase reaction, the use of hydrogen peroxide as an oxidantof catalysts. Thus, highly dispersed Y@uld enhance catalytic

- . X . activity in the oxidative activation of €H bond. In recent years,
in different catalysts system including Ti/MCM-41, TS-1, V-, il h b loved .
- tstod
Mg-, Fe-, Co-, and Cu-containing catalysts have been repbrted. Mesoporous silicas have been employed as supports to disperse

Besides, the hydroxylation of benzene in the gas phase havevanadium to take advantage of their high surface area and
been carried out in different catalysts in the presence of nitrous applied to the hydroxylation of benzefftthe partial oxidation

. i of ethanol! and the oxidative destruction of mustard gas
oxide, molecular oxygen, or oxygen-reducing agénts.

o : analogué?
Furthermore, total oxidation of benzene by using surface

- . : ) Highly dispersed V@ on silica can be prepared by the
polymeric vanadium species and/or the bulk crystalin®y/ - ¢415ying three methods: isomorphic substitutirimpregna-
have been reported previously. Vassileva et al. performed the

S tion (encapsulationy and grafting!® These methods showed
total oxidation on Os/Al,Os catalystt and Noronha et al. ( P n54 d g:

N some enhancements in the reactivity, selectivity, separation, and
showed that the PdADs/Al O3 catalysts are more active than y v, sep

| g hnisch | sh catalyst recovery. In the isomorphic substitution; MCM-41
V205/Al205 and Pd/AJO; systems. But Jahnisch et al. showed o ayample, isolated vanadium centers are incorporated in the
that consecutive products such as benzoquinone and tar ar

&ramework of amorphous silica replacing Si sites. The sample
formed on closely neighboring vanadium site$hus, we b P g P

| hat site isolafi f di . L often gives good activity and selectivity in the hydroxylation
speculate that site Isolation of vanadium active Species IS an ¢ nenzene per exposed site. However, the amount of isolated
— vanadium sites is limited and not all V sites are exposed.
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vanadium center for the hydroxylation of benzene using
hydrogen peroxide as an oxiddfitThe WV catalytic centers
are first oxidized to V, and a reactive hydroxyl radical is
generated. Further, the oxidized ¢enters react with a second
molecule of hydrogen peroxide and a reactive peroxo radical is
produced as an active intermediate for the hydroxylation of
benzene. In that study, we showed thdY \¢atalysts could
control the availability of mobile ligands in the'¥/center, and
yield the active radicals for the hydroxylation of benzene.
However, the high activity of immobilized 'V leads to an
overoxidation and a low selectivity of targeted phenol. Thus, it
would be desirable to find another method to maintain single
site W centers and to achieve a better catalytic selectivity.

Lee et al.

MCM-41-, UC-MCM-48-, and UC-MAS-9-VO(acag) The
above samples could be further calcined at 380and the
products were mono-dispersion of vanadium oxides which were
denoted as UC-MCM-41-, UC-MCM-48-, and UC-MAS-9-YO

In order to compare the activities of tetrahedral and octahedral
VV catalytic centers, we modified the surface of silica gel with
organic silane containing mono-, di-, and triamine groups. The
anchoring of amino silane groups onto the surfaces of silica
gel was prepared as follows: 6.0 g of silica gel was placed in
150 mL of EtOH and stirred for 30 min. A sample of 13 mmol
of aminosilane (3-aminopropyltrimethoxysilane, 3-(2-Amino-
ethyl)aminopropyl trimethoxysilane, or 3-2-(2-aminoethylami-
no)ethylaminopropyltrimethoxysilane) was added to the resulting

Previously, Vansant and co-workers have demonstrated thatmixture. The above mixture was allowed to react &h at

the MDD method is a promising technique to obtain a highly
dispersed transition metal oxide on inorganic suppditis this
study, we adapt the MDD method to graft vanadium oxide

80 °C. The solids were washed twice with EtOH. The filtered
samples were dried under a vacuum.

The W center could be further grafted onto the surface of

catalysts on mesoporous aluminosilicate. This technique is based, jine modified silica gel and aluminum oxide by coordination

on the reaction of the metal acetylacetonate complex with the

surface hydroxyls of silica supports. Subsequently, the adsorbed

complexes are decomposed in an oxidative condition after a
controlled calcination in air flow, and yield highly dispersed
transition-metal oxide catalysts. This method is particularly
suitable for site isolation in mesostructural supports where
isolation can be maintained even at maximum V loading.

In this report, we will first present several variants of MDD
methods applied to the deposition of YOn AI-MPS with
different pore sizes. We then examine the coordination environ-
ments of the vanadium oxide in AI-MPS and correlated with
the catalytic activity by electron paramagnetic resonance (EPR)
and UV~vis spectral techniques. For comparison purposes, we
also synthesized the tetrahedral coordination‘bt¥nters using
amine-modified solid supports, so that we could examine the
effect of coordination of vanadium centers (octahedral vs
tetrahedral) on the catalytic activity. The catalytic studies of
the hydroxylation of benzene showed that the presence of mobile
ligands (i.e., solvent or D) could facilitate the V¥ center to
form reactive intermediates and offer good product selectivity.

Experimental Section

1. Preparation of Catalysts.The preparation methods of the
following mesoporous silica (MPS) were described in previous
reports: aluminum-substituted MCM-41, MCM-48, and MAS-9
samples® Sodium Y zeolite was purchased from Sigma
Chemical Co. Deposition of VO(acacjomplex onto the Al-
MPS surface was carried out by the liquid-phase MDD method.
About 0.4 g of uncalcined or calcined Al-MPS was stirred in
30 mL of toluene solution containing 0.06 g of VO(acac)
complexes fo 3 h atroom temperature. The solids were then

and impregnation. The samples were prepared as follows: 2 g
of amine-modified silica gel was introduced into 33 mL of
aqueous solution containing 0.3 mmol of NHD3; and then
stirred for 1 h. The samples were collected by filtration and
washed with HO then dried at 100C to obtain the products
that were denoted as Si©N;—VOy, SiO,—N,—VOy, and
SiO,—N3—VOy, where N, N, and Ny represent the number of
amine groups per silane moiety. The impregnation of,;X6i;
onto the surface of aluminum oxide was prepared as follows:
6 g of Al,Oz in 30 mL of H,O containing 0.56 mmol of NIH
VO3 under stirring at room temperature for 3 h. The sample
was then dried at 10TC for 1 day. The solid sample was further
calcined at 500C for 5 h and denoted as AD;—VOy.

2. Catalytic Activities. The catalytic activities were evaluated
at 60°C by the reaction of benzene and hydrogen peroxide using
acetonitrile as a solvent. A typical catalytic condition is the
following: 0.06 g of catalyst was first placed in a 25-mL round-
bottom flask with a condenser cooled &t®, and then 10 mmol
of benzene in 8.2 mL of acetonitrile solution was added. After
stirring for 5 min, 10 mmol of HO, (35% in aqueous solution)
were added, and the total volume was kept as 10 mL. Aliquots
were withdrawn after 3 h; they were diluted 25 times with
acetonitrile and analyzed by a Gilson 306 liquid chromatograph
using an RP-18 (4.6< 250 mm) column. The mobile phase
was an acetonitrile/water mixed solution (gZN:H,O = 60:
40) with a flow rate of 1.5 mL/min, and a UMvis detector set
at 260 nm wavelength. The retention times of benzene, phenol,
and 1,4-benzoquinone under above conditions were 4.18, 2.09,
and 1.94 min, respectively. For the quantitative assay of benzene,
phenol, and 1,4-benzoquinone, the high-performance liquid
chromatography (HPLC) chromatogram was calibrated using

filtered and washed three times with toluene to remove the known quantities of above compounds (from Acros). The
excess metal complexes. The filtered samples were dried undeturnover number (TON) was determined by the moles of
vacuum and these final products were denoted as NaY-, MCM- benzene converted per mole of vanadium in the catalyst per
41-, MCM-48-, and MAS-9-VO(acag)Furthermore, the above  hour.
samples were calcined at 58C for 8 h in air toremove the 3. Characterization Techniques. Nitrogen and carbon
organic part, and these samples were denoted as NaY-, MCM-contents of the samples were analyzed with a Perkin-Elmer
41-, MCM-48-, and MAS-9- VQ. CHN-2400 instrument. Vanadium contents of the samples were
In the following studies, we found that the MCM-41-, MCM-  analyzed with a simultaneous inductively coupled plasma atomic
48-, and MAS-9- VQ samples could be prepared efficiently emission spectrometry allied analytical system (Jarrel-Ash,
by the following simple procedure: the VO(acacpmplexes Model ICAP 9000). U\~ visible spectra were taken on a Hitachi
were first dissolved in a toluene solution, then the uncalcined U-3010 spectrophotometer. When dealing with solid samples,
samples (with the surfactant molecule remained in the channels)an integrating sphere was included to collect the reflected light.
of MPS were added to the above solution. After stirring for 3 A Bruker EMX EPR spectrometer (X-band) was employed to
h, the samples were collected by filtration and dried under measure the EPR spectra of samples. The powdered sample used
vacuum. The as-synthesized samples were denoted as UCfor the analysis was introduced in a quartz tubing of 4 mm
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TABLE 1: Surface Area, Pore Size, and Pore Volume of TABLE 2: Elemental Analysis of Vanadium Content in
Al-MPS Samples before and after Encapsulation of Solid Supports
VO(acac) Complexes
mmol of mmol of
surface area pore size pore volume V/100 g V/100 g
sample (m?g) A (cmg) sample of sample sample of sample

NaY 810 7.4 0.340 NaY—VO(acac) 36.51
MCM-41 1102 25.8 1.034 MCM-41-VO(acac) 86.77 UC-MCM-41-VQ 44.36
MCM-48 1012 27.0 0.892 MCM-48-VO(acac) 87.55 UC-MCM-48-VQ 56.34
MAS-9 843 90.0 1.057 MAS-9-VO-(acac) 96.19 UC-MAS-9-VQ 15.45
NaY—-VO(acac) 694 N.D2 0.322 NaY—VOy 43.19 AbO3-VOy 15.51
MCM-41-VO(acac) 852 21.0 0.753 MCM-41-VO 89.12 SiQ-N;1-VOx 54.57
MCM-48-VO(acac) 803 245 0.610 MCM-48-VOy 98.54 SiQ-N2-VOy 116.41
MAS-9-VO(acac) 579 88.0 0.823 MAS-9-VOy 89.91 SiQ-N3-VOx 75.18
NaY—VOy 543 N.D. 0.252
MCM-41-VOy 839 24.0 0.843 TABLE 3: Mole Ratios of acac Ligands and Vanadium in
MCM-48-VOy 896 26.5 0.747 Different Supports
MAS-9-VOx 679 84.0 1.022
UC-MCM-41-VO(acac) 182 N.D. 0.227 sample acac/v
UC-MCM-48-VO(acac) 601 17.0 0.249 NaY—VO(acac) 0.530
UC-MCM-9-VO(acac) 276 83.0 0.515 MCM-41-VO(acac) 1.769
UC-MCM-41-VO, 893 245 0.914 MCM-48-VO(acac) 1.336
UC-MCM-48-VO, 1040 27.0 0.959 MAS-9-VO-(acac) 0.821
UC-MAS-9-VO, 692 85.0 0.926

The pore sizes of the MPS solids used in our studies are: 9.0
#N.D. = not determined. nm for MAS-9, 2.7 nm for MCM-48, 2.6 nm for MCM-41,

) . and 0.74 nm for NaY samples. Thus, MAS-9 has the highest
outside diameter. The sample was degassed and sealed “nd%ading, about 96 mmole of vanadium per 100 g of samples.
vacuum. The spectrometer was equipped with a variable 1o yanadium loadings in MCM-41 and MCM-48 samples are
temperature controller, which allowed us to record spectra at 5p,0.t 87 mmol per 100 g of samples. On the other hand, the
low temperatures, mostly at 80 K. Typical spectrometer settings pore size of NaY zeolite (micropore) is too small to accc;m-
were microwave frequency 9.53 GHz, microwave power 1.98 modate VO(acag) complexes. However, in the uncalcined

mW, modulation amplitude 5 G, and one scan at 167 s. samples of AI-MPS encapsulated with VO(agammplexes,
we note that MCM-41 and MCM-48 samples have higher
vanadium loading than MAS-9 sample. We attribute the effect
1. Adsorption Studies.Table 1 summarizes the surface area, to the electrostatic interaction between the MPS surface and
pore size, and pore volume of VO(acacpmplexes incorpo-  VO(acac), where a cationic surfactant (CTAB) was used in
rated in the calcined and uncalcined samples of AI-MPS. The the preparation of MCM-41 and MCM-48 vs nonionic copoly-
NaY, MCM-41, MCM-48, and MAS-9 samples showed a mer (Pluronic P123) used as a template in MAS-9 samples. This
decrease in the surface area200-300 n¥/g), pore size (about  is also clearly observed in our EPR studies.
3—5 A), and pore volume (0.230.28 cn?¥g) after VO(acag) Furthermore, the value of mole ratios of the organic ligands
complexes were loaded. The decrease of these three parametefacac) and the inorganic vanadium in the sample can provide
indicated that the VO(acacyomplexes were mostly monodis- information about the mechanism of immobilization of VO-
persed in the nanochannels of MPS. The MR®(acac) (acac) complexes in the solid supports either by hydrogen
samples were further calcined under 58D for 8 h, and the bonding or ligand exchange. If the VO(acacpmplexes go
complexes inside the MPS solid supports were converted into through the hydrogen bonding to graft on the surface, the mole
VO, with good dispersion as shown in Table 1, listed as NaY-, ratio of acac ligands to vanadium should be very close to 2
MCM-41-, MCM-48-, and MAS-9-VQ samples. The high  (Chart 1 A). If the surfaces of solid supports are occupied by
surface area and the presence of well-ordered pore structure iractive groups, the acac ligands in the complexes will be replaced
the calcined samples indicated that the mesoporous silica haveby ligand exchange mechanism and the value of mole ratio
structural stability for the immobilized Vcatalyst. should be less thanZ2¢ From the mole ratios given in Table
On the other hand, in the VO(acacpmplexes encapsulated 3, we note that the VO(acacyrafted in NaY zeolite mainly
in the uncalcined samples of MPS, where the nanochannels wereby the ligand exchange mechanism and the two acac ligands in
occupied by surfactant molecule, we observed low surface areathe VO(acac) complexes will be replaced almost completely
of 182, 601, and 276 #fg for the uncalcined samples of MCM-  (Chart 1D). However, when VO(aca@gomplexes were grafted
41, MCM-48, and MAS-9, respectively. The observed smaller in the solid surface of MCM-41, MCM-48, and MAS-9 samples,
pore volume indicated that the VO(acacpmplexes were in  we observed a value 6f0.8—1.8. The values indicated that at
the nanochannels of uncalcined MPS containing the surfactantleast one or maybe two acac ligands in the VO(acamnplexes
molecule (CTAB or P123). Upon further calcinations, the were replaced by active hydroxyl groups on the solid surface.
organic parts of acac ligands and surfactant molecule were Since we observed that the acac/V ratios are always less than
removed, and we observed an increase of both the surface are@ which imply no leaching of vanadyl ions into the solution.
and pore volume in UEMPS—VO, samples. From the analyses 3. Powder X-ray Diffraction (XRD). Figure 1 shows the
of UV—vis and EPR spectra, we further confirm that the XRD patterns of aluminum substituted MCM-41, MCM-48, and
monodispersion of VQcatalyst could be prepared by the one MAS-9 samples before and after the encapsulation of VO(acac)
step encapsulation of VO(aca@omplexes in the uncalcined complexes. As expected, these VO(agaontaining MPS
samples of AI-MPS. samples will exhibit their characteristic peaks assignable to
2. Chemical Analysis.Table 2 shows the vanadium content hexagonaPémmsymmetry for MCM-41 and MAS-9 samples
in different supports. We note that the loading of VO(agac) and cubicla3d symmetry for MCM-48 samples. The spectra
complexes is higher in the larger pore size of solid supports. display the hexagonal symmetry with (100), (110), and (200)

Results and Discussion
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CHART 1: Modes of Coordination in the VO(acac), Complexes Encapsulated on the Surface of Aluminum Substituted

Mesoporous Silica
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and the cubic symmetry with (211), (220), (420), and (332)
diffraction peaks. The XRD diffraction intensity is slightly
reduced after the encapsulation of VO(aga@mplexes in the
solid supports. The XRD patterns show that the encapsulation
of VO(acac) complexes in MPS in toluene solution do not affect
the integrity of the well-defined mesostructure of solid supports.
The decrease of intensity may arise from the larger contrast in

250, 340, and 412 nm, respectively, are assigned to CT bands.
Previous studies showed the following: (1) the strong CT band
at around 250 nm was assigned to an isolated tetrahedral V
(2) the band at around 340 nm was attributed towith V=0
double and ¥-0O single bonds, (3) the band at around 412 nm
to a square pyramidal, and (4) the band at around 458 nm to a
distorted octahedral ¥/0013¢19 Besides, these studies also

the density between the silica walls and the empty pores relativeshowed that KO is easily coordinated to W centers; the

to that between the silica walls and the pores filled with VO-
(acac) complexes.

4. Diffuse Reflectance UV-Vis Spectra. The nature of
coordination of vanadium center in MPS was studied by-UV
vis spectra. The energy of charge-transfer (CT) bands (@
V5+) depends on the environment of the vanadium center. A
lower coordination number results in a shift of the CT band to
higher energy (lower wavelength). The spectra of MPS sup-
ported VQ are shown in Figure 2. Three broad bands at around

(100)

g

s

> 211)

k7]

e (220)

£ (420)(332)

Jx (b')
(100)

| LA B R B B B N |
o 1+ 2 3 4 5 6 7 8

2-theta (degree)

Figure 1. XRD powder spectra of the following samples: (a) MCM-
41, (b) MCM-48, and (c) MAS-9 samples before (a, b, and c) and after
(@, b, and ¢) encapsulation of VO(acacgomplexes.

coordinated samples can undergo a dramatic color change from
bright white to dark orange upon standing in ambient air
atmosphere. The variation in color is attributed to the change
of the coordination number from tetrahedral Yomplexes to
(pseudo) octahedral structure by coordinating with water
molecules-’f The spectra of MPS-VQsamples before heating
are shown as solid line traces, and after heating at°80fbr

2 h are shown as dotted line traces. After heating, we observed
the intensities of bands at 412 and 458 nm of MCM-41, MCM-
48, and MAS-9-VQ samples (spectra’bd of Figure 2)
decreased and those of bands at 250 and 340 nm increased.
These spectral changes are attributed to the release of water
from the coordination sphere of octahedraf ®nd the trans-
formation of octahedral V centers to tetrahedral W which
could contribute additional intensity to the bands at 250 and
340 nm. Because the process is reversible, the results may infer
the presence of mobile coordination between th® Mith VY

in the octahedral center. The presence of extra weak ligands in
the octahedral V center will facilitate their easy replacement
by hydrogen peroxide and generate an active peroxo intermedi-
ate for the subsequent catalytic reaction of benzene hydroxy-
lation. On the other hand, NaY¥V Oy samples (Figure 2a) show
weak CT bands at 412 and 458 nm and strong CT band at 250
and 300 nm before and after heating. The results indicate that
NaY—VOx samples exist mostly in tetrahedral Y@&nd much

less in octahedral VQwhich will reduce the amount of mobile
ligands in the V center needed for an effective catalytic activity
which will be discussed later in the catalytic data.

Figure 3 shows the spectra of the samples obtained by direct
encapsulation of VO(acac)n uncalcined samples of MCM-
41, MCM-48, and MAS-9. The above samples after calcinations
in air, we obtained the UC-MCM-41-, UC-MCM-48-, and UC-
MAS-9-VO, samples. The CT bands observed in the one-step
calcinations, before heating (see partzaf Figure 3) and those
after heating (parts'ac' of Figure 3), show the same patterns
as the multisteps process (cf. Figure 2). The catalytic data further
demonstrate that the one-step process could provide a convenient
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Figure 2. Diffuse reflectance UV-vis spectra of the following samples: (a) NaYOy, (b) MCM-41-VQ,, (c) MCM-48-VQ,, and (d) MAS-9-
VO, samples before (a, b, and c) and aftér (B and ¢) heating at 300C for 2 h.

T T
200 300

Absorbance
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Figure 3. Diffuse reflectance UV-vis spectra of the following samples prepared by the one-step process: (a) UC-MCMs41bYOC-MCM-
48-VQ,, and (c) UC-MAS-9-VQ samples before (a, b, and c¢) and aftér £ and ¢) heating at 300C for 2 h.

T T
200 300

and efficient method to prepare catalysts with high activity for g and hyperfine coupling\ values) at 80 K. Upon raising the

the catalytic hydroxylation of benzene. temperature, we observe a decrease in the spectral intensity,
Figure 4 shows the UVMvis spectra of V center supported  but no change in the spectral features (spectra not shown). The
on the following solids: (a) A, (b) SiO;—Ny, (c) SiO,—Ny, results indicate that the vanadyl complexes are well immobilized

and (d) SiQ—N3 (N refers to the number of amine group). on solid supports. The spectra also display well-resolved
The wavelength of the CT bands at 250 and 340 nm indicate hyperfine structure and no superimposed broad singlet, which
that most of the ¥ centers are in the tetrahedral coordination indicates the V¥ complexes appear to be isolated and highly
on above supports (see Chart 2). The presence of amine groupslispersed. Thg andA values of EPR spectra were typical of
in the organosilane may modify Si@nd enhance coordination V'V species with a Hconfiguration coupled to its own nuclear
ability, but the amine groups may inhibit the coordination of spin ¢V, | = 7/,, natural abundance 99.8%), resulting in two
hydrogen peroxide with the vanadium center and reduce theaxial symmetric sets of eight lines pattern. Previous EPR studies
catalytic activity. of VIV containing solids indicated different paramagnetic
5. EPR Spectra. Figure 5 shows the EPR spectra of behaviors for W centers in the tetrahedral, square pyramidal,
encapsulated VO(acag)omplexes on different supports includ- and distorted octahedral coordination. Theand A values
ing NaY, MCM-41, MCM-48, and MAS-9 samples. All fresh  depend on the crystal field splitting properties of ligands, such
MPS—-VO(acac) samples display similar EPR spectra (similar as electronegativity, ligand field strength, and the ability of
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Figure 4. Diffuse reflectance UV-vis spectra of the following
samples: (a) AlD;—VOy, (b) SIO—N;—VOy, () SIO—N,—VOy, and
(d) SiO—N3z—VO, where N, N, and N; represent the number of amine
groups per silane moiety.

CHART 2: Tetrahedral V'V Symmetry in the
Immobilization of VO 3™ in the Different Supports
Including Al ;O3 and Amine-Modified SiO,

o NH,
o i i Ao
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i - &4_
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m-bonding. In the tetrahedral site symmetry, the low-lying excited-
state will cause a very short spifattice relaxation time and the

EPR spectra can only be observed below 77 K. The spin Hamil-
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Figure 5. EPR spectra of the following VO(aca@ontaining samples
at 80 K: (a) Na¥-VO(acac}, (b) MCM-41-VO(acacy, (c) MCM-48-
VO(acac), and (d) MAS-9-VO(acag)

D). The VO(acag)complexes could be anchored to the surface
of inorganic supports by hydrogen bonding or a ligand-exchange
mechanism. From the elemental analysis, we determine the NaY
sample coordinated to about 0.5 acac ligand in evéYycenter,
and~1-2 acac ligands in the MCM-41, MCM-48, and MAS-9
samples. From the results of EPR and elemental analysis, we
may infer that the NaY sample exists in both C and D species,
and MCM-41, MCM-48, and MAS-9 samples are in both A
and B species (see Chart 1).

When the VO(acag) encapsulated samples were further
calcinated in static air at 580, we observed that'V species
disappeared completely. The absence of thesignal in the
EPR spectra indicates that theVVcenters are completely
oxidized to W by calcination. To further examine the nature
of vanadium species in the calcined samples, the solids are

tonian parameters of the distorted tetrahedral coordination in 'duced in a hydrogen atmosphere at 50@vhere we observe

vanadium silicalite material were given gg = 1.912 andgn

= 1.9632° The square pyramidal and distorted octahedral coordi-

nation have a longer spitiattice relaxation time, and the EPR
spectra could be observed at room temperature.gih&alue
of the VIV center is 1.945 in the square pyramidal coordination
of vanadosilicate mesoporous MCM-41 ard.931-1.941 in
the distorted octahedral coordination of different supports
including ZnSQ-7H,0, Si0,, and vanadium silicat¥a-c.20.21
The fitted EPR parameters in Figure 5a gpe= 1.935 for
NaY—VO(acac) samples, andy, are in the range of 1.942
1.946 for MCM-41-, MCM-48-, and MAS-9-VO(acac3amples.
The g values of Na¥-VO(acac) samples correspond to a
distorted octahedral symmetry, and those of the MCM-41,
MCM-48, and MAS-9-VO(acag)samples belong to the square

pyramidal coordination. Chart 1 represents the modes of

the hyperfine structure of ¥ center. The paramagnetic
parameters of the reduced samples showghegalue in the
range of 1.939-1.940 andA, in the range of 197199 G (see
Figure 6). The parameters in these ranges are typical‘oirv
the distorted octahedral coordination that are strikingly different
from those of W ions in the tetrahedral coordination.
Besides, we note a strong peak appearg &t2.005 in the
spectra of reduced NaYVO, sample (Figure 6a). We assign
this strong peak toO,~ adsorbed on the surface of reduced
NaY—VOx. It has been noted by Shvets and Kazanski that this
adsorbed oxygen species is indicative the presenc®’ aipécies
in a tetrahedral environment, in the following marfer

(Vlv)tetra+ O,— vV — O

vanadium coordination in the solid supports: square pyramidal In our previous U\~vis studies of the Na¥VOy samples
(species A and B) and octahedral coordination (species C and(Figure 2a), we observed theVVcenters are mostly in a
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Figure 6. EPR spectra at 80 K of the following \{@ontaining samples
after reduction with hydrogen gas: (a) NaYOy, (b) MCM-41-VQ,,
(c) MCM-48-VQ,, and (d) MAS-9-VQ.
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Figure 7. EPR spectra of the following samples at 80 K: (a) UC-
MCM-41-VO(acac), (b) UC-MCM-48-VO(acag) and (c) UC-MAS-
9-VO(acac).

tetrahedral coordination and much less in octahedral. The same
results can also be inferred from our EPR studies: we observewith framework substituted where the remaining surfactant

a weak distorted octahedral coordination wgth= 1.934 and
Ay = 194 G in the reduced NaYVOy samples. The absence
of tetrahedral V¥ hyperfine signals in the EPR spectra may be
attributed to a short spirlattice relaxation time in the tetrahedral

molecules (CTAB) in the nanochannels of MCM-41 can interact
with the MV center. Since we used a nonionic copolymer ££0

POEO,) as the template in the preparation of MAS-9 samples
(Figure 7c), the interaction between the nonionic copolymer and

coordination where the EPR spectra can be observed only atacac ligands is weaker and results a valuAof= 74 G and a

very low temperatures.

Figure 7 shows the EPR spectra of encapsulated VO(acac)
complexes in the following uncalcined samples: (a) MCM-41,
(b) MCM-48, and (c) MAS-9. In spectra a and b of Figure 7,
we observe thgy, values are in the range of 1.942.943, which
are very close to thgy value of a square pyramidal or distorted
octahedral coordination, so it is very difficult to distinguish

similar EPR line shape in comparison with Figure 5.

Figure 8 displays the EPR spectra of hydrogen-reduced UC-
MCM-41-, UC-MCM-48-, and UC-MAS-9-V@samples. After
calcination and subsequent reduction, we observe the parameters
of gy are in the range of 1.9371.939 and4 in the range of
199-203 G. These paramagnetic parameters indicate that the
VIV species are in the distorted octahedral conformation and

between these two species. The same situation has also beelack an interaction with the surrounding surfactant molecules.

reported in previous EPR studi¥s2° Furthermore, we observe

a valueAg = 68 G in the above two spectra, which is smaller
than that of all the other ¥V spectra either in the square
pyramidal or distorted octahedral coordinatioh; (= 74—75

G). The decrease in th#; value may arise from the encapsula-
tion of VO(acac) complexes in the nanochannels of uncalcined
MCM-41 and MCM-48 samples for the following reasons. Once
the VO(acac) complexes enter the uncalcined MCM-41 or
MCM-48 samples, the electron-rich acac ligands in the VO-
(acac) complexes could interact with the electron deficient
ammonium group of the CTAB molecules. Consequently, we
observed a small hyperfine splitting of the interactiiiy of

the ammonium groups with the'¥/center, which appear in the
center of spectra a and b but not c of Figure 7. The interaction
of N with the \Vcenter will further lower theéd; value in the
above two spectra (spectra a and b of Figure 7). Interestingly,

If we compare the spectra of the samples prepared by the one-
step (spectra-ac of Figure 8) and two-step (spectra-8 of
Figure 6) calcination, we find that their spin parameters are very
similar (A ~ 200 G, andAg ~ 75 G). However, the small
hyperfine splitting between the interactitty of the ammonium
groups with Wcenter disappears in UC-MCM-41- and UC-
MCM-48-VO(acac) samples after calcinations. The spectral
changes indicate that the calcination removed the organic
molecules, and the 'V center lost its interaction with the acac
ligands and surfactant molecules. So tHé aénter is most likely
grafted on the surface of solid supports and achieved good
stability. The results demonstrate that M€atalysts supported
on MPS prepared by the one-step calcination is an effective
method that VO(acagomplexes are first encapsulated in the
uncalcined samples of MPS, then followed by calcinations.
From the above UVvis and EPR spectral characterization,

the paramagnetic parameters of spectra a and b of Figure 7we observe that the catalytic center prepared by a one- and two-
samples are almost the same as the as-synthesized V-MCM-4Istep calcination have very similar symmetry and environment.
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(acac) samples are in the square pyramidal coordination (Chart
1, species A and B). We note that the activity (TGN5.03

h™1) of NaY—VO(acac) samples are higher than those of
MCM-41-, MCM-48-, and MAS-9-VO(acag)samples (TONs
were 4.06, 4.21, and 3.63 4 respectively). The high activity

of the NaY—VO(acac) catalyst is attributed to the presence of
species C and D that contain more mobile ligands (denoted as
S): 2 in species C and 3 in species D in th® ¢enter and
therefore cause an easy replacement by hydrogen peroxide to
generate the active peroxo radical intermediates.

We next examine the catalytic activities of calcined MPS
VO, samples which are listed in Table 4. We note that the
NaY—VO(acac) sample after calcinations lost its catalytic
activity (turnover number dropped to near 0th However, we
observe a slight increase in the turnover number of MCM-41,
MCM-48, and MAS-9 samples: 4.12, 4.59, and 4.87, respec-

tively. The loss of catalytic activity in Na¥VOy samples is
attributed to the transformation of the distorted octahedfal v
to the tetrahedral V¥ during the calcination. These results are
also consistent with the results of previous b¥s and EPR
studies of Na¥-VOx samples where the vanadium center was
identified in a tetrahedral coordination (Figures 2a and 6a). Since
NaY—VO, samples lack a mobile group in the tetrahedrdl V
center, it could yield fewer amounts of active intermediates to
meet the catalytic prerequisite.

On the other hand, the slight increase in the catalytic activity
of MCM-41-, MCM-48-, and MAS-9-VQ samples may come
from the transformation of the square pyramidal (Chart 1,
species A or B) to distorted octahedral species (Scheme 1,
species B) which is consistent with the appearance of the CT
band at 450 nm and a set gf near 1.934 in the reduced
samples. The presence of \¢enters in a distorted octahedral
coordination provide more mobile ligands than that in the square
pyramidal which can promote the formation of active intermedi-

g)~1.937, A/=203G
g, =1.997, A =77G

1 N I M I ' ) ' I
2500 3000 3500 4000 4500
Gauss
Figure 8. EPR spectra at 80 K of the following \{@ontaining samples
after reduction with hydrogen gas: (a) U®ICM-41-VO, (b) UC—
MCM-48-VO, and (c) UC-MAS-9-VQ.

TABLE 4: Turnover Numbers and Yields of Different
Catalysts for the Hydroxylation of Benzene

hydroxylation  turnoverd phenol1,4-benzoquinonselectivity

catalyst (™) (mmol) (mmol) of phenol ates and increase the catalytic activity. Furthermore, the turnover
NaY—VO(acac) 5.03 0.23 0.18 56 numbers of the UC-MCM-41-, UC-MCM-48-, and UC-MAS-
MCM-41-VO(acacy 4.06  0.21 0.12 64 9-VOy samples are in the range of-8 h~! which are higher
MCM-48-VO(acacy 421  0.24 0.13 65 than those of MCM-41-, MCM-48-, and MAS-9-\{Gamples.
NaAf;Si/-gO-(acaca 8-63 (())'21 006113 %2 The results show that we can achieve the high activity of, VO
MCM-41—XVO 412 0.22 0.15 59 catalysts supported on MPS solids prepared by a one-step
MCM-48-V0: 459 025 0.14 64 procedure: encapsulate VO(acacpmplexes directly in the
MAS-9-VOy 4.87 0.26 0.15 63 nanochannels of uncalcined samples of MPS, then followed by
UC-MCM-41-VO, 631 017 0.09 65 calcinations in the ambient air atmosphere. We further note that
UC-MCM-48-VO; 636 021 0.10 68 catalytic activity of UC-MAS-9-VQ samples is higher than
UC-MAS-9-VO, r.08 028 0.06 82 those of UC-MCM-41- and UC-MCM-48-VDsamples. W
Al,05-VO, ~0  ~0 0.01 0 ose of LL-VILM-a1- and UL-MLV-ac-ViJsamples. We
SiO,-N;-VO, ~0 ~0 0.02 0 attribute this effect to the large pore size of MAS-9 supports,
Si0,-N,-VO, 1.44  0.10 0.05 67 i.e., the substrates and products could easily pass in and out of
SiO-N3-VOy 203 012 0.09 57 the nanochannels and enhance the catalytic activity.

aThe TON is the mol of benzene converted per mol of vanadium  FOF comparison purposes, we further examine the catalytic
metal in 1 h.> Selectivity calculated as mol phenol/(mol pheroinol activity of vanadium centers in different symmetry by encap-
1,4-benzoquinone). The reactions were carried out in 8.2 mL of sulating NHVO3 on different solid supports including ADs
acetonitrile as solvent using 10 mmol benzene, 10 mmalLH35%), and mono-, di-, triamine-modified SiOTetrahedral V¥ catalytic
and 60 mg of catalyst for 3 h. centers could be prepared either by the impregnation of-NH
VO3 on Al,O3 or coordination of VY centers with mono-, di-,
The catalytic data also show that both preparation methods giveor triamine-modified Si@ Chart 2 shows the presence of
high catalytic activity. However, the one-step calcination yields possible tetrahedral symmetry in 28 and amine-modified
a higher catalytic turnover number (see below). Thus, the one- sj0,. The W centers on these supported surface lack mobile
step procedure is a fast and efficient method to preparg VO |igands (S) which are the essential elements to carry out the
catalysts on MPS supports without losing their catalytic activity. catalytic reaction, thus we observe low TON, about from 0 to
6. Catalytic Activities. We study the catalytic hydroxylation 2 h1in the this group of supports.
of benzene by VO(acagyomplexes and Vspecies supported The catalytic reaction was monitored by HPLC. The main
on AI-MPS samples. The results of the oxidation of benzene products for the hydroxylation of benzene are phenol and 1,4-
are summarized in Table 4. Our EPR studies show that the V benzoquinone. The mole ratio of these two products, phenol
center in NaY-VO(acac} is in the distorted octahedral (Chart  and 1,4-benzoquinone, in the benzene hydroxylation is about
1, species C or D) and MCM-41-, MCM-48-, and MAS-9-VO-  two. The highest phenol yields were 0.26 and 0.28 mmol in
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SCHEME 1: Catalytic Mechanism of the Hydroxylation of Benzene by VO(acacg) and VOx Encapsulated in the
Nanochannels of MPS Solids
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MAS-9-VO, and UC-MAS-9-VQ samples, respectively. 1,4- subsequently form active peroxo intermediates to facilitate the

Benzoquinone is a byproduct that was formed in the catalytic hydroxylation of benzene. On the other hand, the strong

process due to the fact that phenols (a polar molecule) have acoordination (amine ligands) in the tetrahedrdlaénter lacking

higher re-entry rate into the hydrophilic channels of MPS than mobile ligands will lower the catalytic activities. We further

the nonpolar benzerié Besides, phenol molecules are electron demonstrate that the one-step calcination process is a very

rich and have higher activity than benzene. Once phenols enterconvenient and effective method to prepare the highly reactive

the channels of MPS, they can undergo further oxidation or VV centers in comparison with the conventional multisteps

hydroxylation. We are striving to improve the characteristics process. As noted in Table 4, the groups of UC-MPS materials

of the supports and the types of catalytic center so that we mayprepared by the one-step process have higher TONs and

enhance both the selectivity and reactivity. comparable phenol yields than others.

7. Catalytic Mechanism. On the basis of the above spec-

troscopic studies, we propose a mechanism for the catalytic Acknowledgment. The work was supported partially by a
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