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Abstract

We previously reported that photoformed O3
− species on highly dispersed titanium oxide species are the active oxygen species

epoxidation of propene. In the present study, it was found that this epoxidation system could be extended to other light alkenes suc
and butene, and the electronic structure of the O3

− species and reaction mechanism of the insertion of atomic oxygen into the C=C bond
in olefin were revealed. An isotope-labeled reaction test with18O2 and ESR measurement with17O2 clarified the following mechanism
the O3

− species is generated by the reaction between an O2 molecule and a photoformed hole center on lattice oxygen (OL
−), and the

photoformed hole in the O3
− moves from the lattice oxygen (OL−) to the O2 moiety derived from molecular oxygen. The O3

− species can
be also described as a surface complex of OL

2− (electronic neutral) and adsorbed O2
+. This electron-deficient oxygen moiety derived fro

molecular oxygen could preferably react with the electron rich part of alkene, the C=C bond, to produce epoxide.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The epoxidation of propene is an important catalytic re
tion in the chemical industry. Despite its importance, ther
still no direct epoxidation process by molecular oxygen
the preparation of propene oxide (PO)[1,2]. Although the
Ag/Al2O3-catalyzed gas phase epoxidation of ethylene w
molecular oxygen is one of the most successful exam
of heterogeneous catalysis[1,3], this process has not bee
applied to propene epoxidation[3]. The existence of allylic
C–H bonds, which are much more subject to dehydrog
tion than the vinyl C–H bonds in ethylene, prevents the h
selectivity for PO. Although several groups have repor
the direct epoxidation of propene with the use of only mo
cular oxygen in heterogeneous catalytic systems[3–10] and
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noncatalytic radical reaction systems[11,12], the industrial
process of propene epoxidation with only molecular oxy
has not been developed. A novel concept, how to acti
molecular oxygen, is required for a breakthrough.

Photosystems could be proposed as a potential appr
to epoxidation by molecular oxygen, although the activ
would still be low[13]. The epoxidation of higher alkene
in the liquid phase with photocatalyst has been repo
for both heterogeneous[14–16] and homogeneous[17–19]
systems. As for the photoepoxidation of propene, sev
systems using TiO2 [20], Ba-Y type zeolite[21–23], and
various silica-supported metal oxides[24–36]have been re
ported. If the active oxygen species and detailed reac
mechanism are revealed, the concept might be applied t
catalyst design, even in general thermal epoxidation. H
ever, the active oxygen species have not been examin
these photosystems. We disclosed that the highly dispe

titanium oxide species on silica catalyzed photoepoxidation
of propene with molecular oxygen, with high yield and se-
lectivity [24–27]. ESR measurement and the reaction of the

http://www.elsevier.com/locate/jcat
mailto:h-yoshida@esi.nagoya-u.ac.jp
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active oxygen species with propene indicated that the ph
formed T-type O3−, which is produced by the reaction
photoformed OL− (a hole center on lattice oxygen) with th
O2 molecule, was the active oxygen species for the p
toepoxidation of propene[24]. However, it was not enoug
to reveal the property of the O3− and the detailed reactio
mechanism.

Generally, it is accepted that the electrophilic oxyg
species are effective for the epoxidation of alkenes[1,2,
37,38]. Several active oxygen species have been propo
such as atomic oxygen at ground state, O(3P) [39–41], elec-
trophilic atomic oxygen species on Ag/Al2O3 in epoxida-
tion of ethylene by molecular oxygen[1], and peroxometa
or oxometal intermediates in metal-catalyzed epoxida
with hydroperoxide reagents[42–45]. It is well known that
cytochrome P-450, a monooxygenase, generates the
trophilic oxygen species from O2 with a reducing agent to
catalyze the epoxidation of alkenes and hydroxylation
alkanes and aromatics[46]. However, it has not been pro
posed that the photoformed O3

− is the electrophilic oxygen
species, except for our previous study[24]. It is valuable to
reveal the property of the O3− and how the O3− reacts with
propene to produce epoxide.

In the present study, we investigated the electronic st
ture of the O3

− species and the detailed mechanism
propene photoepoxidation by using various alkenes (C2–
photoepoxidation tests, isotopic experiments with18O2, and
ESR with17O-enriched oxygen. It was asked why the pho
formed O3

− species on highly dispersed titanium oxi
species could promote propene epoxidation.

2. Experimental

A TiO2–SiO2 catalyst of low Ti content (Ti conten
0.34 mol%; mol% Ti= NTi/(NTi + NSi) × 100) was pre-
pared by the sol–gel method, consisting of a two-stage
drolysis procedure[47]. A mixture of tetraethoxyorthosil
icate (TEOS), ethanol, distilled water, and nitric acid w
stirred at 353 K for 3 h to hydrolyze TEOS partially, and t
sol obtained was cooled to room temperature. A 2-propa
solution of titanium isopropoxide was added to the sol
stirred for 2 h. Then an aqueous nitric acid solution w
added to the sol and stirred until the gelation was comple
The gel was dried and calcined at 773 K. The BET surf
area of the sample was 423 m2 g−1. It was confirmed that this
sample predominantly contained the isolated tetrahedr
species, from the diffuse reflectance UV spectrum[24–26].

Before each reaction test and spectroscopic measurem
the sample was treated with 100 Torr oxygen (1 Tor=
133.3 N m−2) at 773 K for 1 h, followed by evacuation a
673 K for 1 h. The photooxidation of alkenes was perform
in a manner similar to that previously described[24,25].

18
When O2 (ICON, 99%) was employed for the photooxi-
dation of propene, the products were analyzed by GC-FID
and GC-MS. The total amounts of18O-compound and16O-
alysis 231 (2005) 292–299 293
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-

t,

compound were determined by GC-FID. The ratio of18O-
compound to16O-compound was calculated from the G
MS peak area. The monitored mass numbers werem/e =
58, 60 for PO,m/e = 44, 46 for ethanal, andm/e = 56, 58
for acrolein, respectively. We calculated the real area of
16O-compound by subtracting the area of the18O-compound
fragment from the observed mass peak area.

Photoinduced oxygen isotopic exchange reaction
tween lattice oxygen (16O) in the catalyst and molecula
oxygen (18O2) was performed with a conventional clos
circulating system (221 cm3) connected to a mass spectro
eter.18O2 (0.2 Torr) was admitted to the pretreated cata
(1.0 g), and then the catalyst was irradiated with a 200-W
lamp. The ratio of the concentration of16O18O molecules
(m/e = 34) to 18O2 molecules (m/e = 36) was measure
with the mass spectrometer.

ESR spectra were measured at 77 K with an X-b
JEOL JES-TE200 spectrometer at a microwave power l
of 1.0 mW, at which microwave power saturation of the s
nals did not occur. The sample was irradiated with a 500
ultrahigh-pressure Hg lamp at 77 K. The magnetic field w
calibrated with a JEOL NMR field meter ES-FC5.

3. Results

3.1. Photoepoxidation of various alkenes

Table 1shows the results of the photoepoxidation of v
ious alkenes (ethene, propene, 1-butene,cis-2-butene,trans-
2-butene) over the TiO2–SiO2 catalyst. The main product
from these alkenes were epoxides, CC cleavage prod
allylic oxidation products, and COx . The selectivity for
each epoxide was around 45–67%; alkenes with allylic C
bonds exhibited higher selectivity for epoxides than ethyl
with no allylic C–H bonds. It was confirmed that this ph
toepoxidation system is generally available for light alken
even if the alkene has allylic C–H bonds.

The yield of epoxide increased in the following ord
C2H4 < C3H6 < 1-C4H8 < cis-2-C4H8 < trans-2-C4H8.
This order roughly agreed with the electron density on
C=C bond in alkene, which depends on the substitu
groups in alkene. Epoxides would be formed by the reac
of alkenes with the O3− [24]. Therefore, this result prove
that the O3

− has an electrophilic nature in common with p
viously reported active oxygen species in these epoxida
systems[37–46]. Yields of CC cleavage products and ally
oxidation products also increased with increasing elec
density of the C=C bond, because the photoactivated OL

−
species, a hole trapping lattice oxygen, should also be e
trophilic, and the alkene reacts with it directly, as propo
in the previous study[24].

cis-2-Butene andtrans-2-butene produced bothtrans-

2,3-epoxybutane andcis-2,3-epoxybutane (Table 1). Thus
the possibility of the isomerization of 2-butenes and 2,3-
epoxybutenes in the photooxidation was examined. When
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Table 1
Results of photoepoxidation of various alkenes by molecular oxygen over the TiO2–SiO2 catalyst

Substrate Conversion to oxygenate
productsa (%)

Yield of
epoxides (%)

Selectivity to
epoxides (%)

Yield (%)

C2H4 1.8 0.8 45 Ethylene oxide (0.8), ethanal (0.3), formaldehyde (0.1), COx
b (0.5)

C3H6 10.1 5.7 55 Propene oxide (5.7), propanal (0.2), acetone (0.9), ethanal (1.3),
acrolein (0.9), COx (0.8)

1-C4H8 11.6 6.8 55 1,2-Epoxybutane (6.8), butanone (0.5), butanal (0.6), ethanal (1.4),
propanal (0.4), methyl vinyl ketone (0.5), crotonaldehyde (0.3), COx (1.0)

cis-2-C4H8 18.4 12.5 67 trans-2,3-Epoxybutane (6.0), cis-2,3-epoxybutane (6.5), butanone (0.1),
ethanal (3.4), methyl vinyl ketone (0.7), crotonaldehyde (0.8), COx (0.8),
trans-2-C4H8 (4.4), 1-C4H8 (0.5)

trans-2-C4H8 24.4 16.4 66 trans-2,3-Epoxybutane (12.8), cis-2,3-epoxybutane (3.6), butanone (0.8),
butanal (0.2), ethanal (4.2), methyl vinyl ketone (0.9), crotonaldehyde (
COx (0.8),cis-2-C4H8 (0.6), 1-C4H8 (0.7)

Catalyst 0.2 g, alkene 100 µmol, O2 100 µmol, irradiation time 2 h.

a Conversion shows the sum of the oxygenate products. Although the isomerization ofcis-2-butene was appreciable, the hydrocarbon products were not
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b COx is CO+ CO2.

Table 2
Results of photoisomerization of 2-butene over the TiO2–SiO2 catalyst

Reactant Yield (%)

Ethanal 1-Butene trans-2-C4H8 cis-2-C4H8

cis-2-C4H8 0.2 4.3 7.5 –
trans-2-C4H8 0.0 2.3 – 0.0

Catalyst 0.2 g, 2-butene 100 µmol, irradiation time 2 h.

the photoisomerization of 2-butenes was examined in
absence of O2 (Table 2), cis-2-butene was isomerized in
trans-2-butene and 1-butene. On the other hand,trans-2-
butene was isomerized into 1-butene, but not intocis-2-
butene at all.Table 3lists the results of the isomerization
cis-2,3-epoxybutane andtrans-2,3-epoxybutane. They wer
scarcely isomerized in the presence of O2 under photoir-
radiation. If the photoepoxidation occurred stereospe
cally, cis-2,3-epoxybutane cannot be formed fromtrans-
2-butene. However,trans-2-butene converted to bothcis-
2,3-epoxybutane andtrans-2,3-epoxybutane in the photo
poxidation. This means that the photoepoxidation proce
nonstereospecifically. The photoepoxidation might proc
through the biradical-like intermediate in a manner sim
to that of the epoxidation with O(3P) [39–41], UV-irradiated
NO2 [48–50], and vanadium hydroperoxo species[51].

3.2. Isotopic studies of the oxygen atom insertion
mechanism with 18O2

Fig. 1 shows the result of the oxygen isotopic exchan
reaction between the lattice oxygen (16O) and molecular
oxygen (18O2) over the catalyst. The exchange reaction
not occur in the dark. The photoirradiation brought ab
the exchange reaction, and the reaction stopped when
light was turned off. When the light was turned on again,

exchange reaction proceeded (not shown). These results in
dicate that a surface oxygen complex would be derived from
both molecular oxygen and the lattice oxygen upon pho-
Fig. 1. Variation of the ratio of16O18O molecules (m/e = 34) to 18O2
molecules (m/e = 36) in photoinduced oxygen isotopic exchange reac
over the TiO2–SiO2 catalyst (0.5 g) in the presence of18O2 (0.2 Torr). At
the time indicated by arrow, propene (0.1 Torr) was introduced.

toirradiation. In our previous study, it was found that O3
−

and O2
− were generated over the TiO2–SiO2 catalyst in the

presence of O2 by photoirradiation[24]. The O3
− originated

from O2 and OL
− (a hole trapping lattice oxygen), and O2

−
is made of O2 and an electron. When the light was turned
at room temperature, the O3

− immediately disappeared, an
O2

− remained[24]. From these aspects and the present
sults, it is suggested that the oxygen isotopic exchange
tion proceeds through the O3

− intermediate over the cataly
in the absence of propene. This agrees with the reported
nomena on TiO2 [52] and porous Vycor glass (PVG)[53],
where the photoinduced oxygen isotopic exchange reac
proceeded through the O3

− intermediate.
As shown inFig. 1, the addition of a small amount o

propene completely inhibited this exchange reaction, e
under photoirradiation. The O3− and O2

− ESR signals were
observed in the presence of O2 molecules and propene und
photoirradiation at 77 K (not shown). We previously su

−
-gested that propene reacts with O3 to produce PO[24]. In
the presence of a O2 molecule and propene, the O3

− inter-
mediate certainly exists, but it is too unstable to promote the
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Table 3
Results of photoisomerization of 2,3-epoxybutane over the TiO2–SiO2 catalyst

Reactant Products (µmol)

trans-EBa cis-EBa Butanone Ethanal 1-C4H8 trans-2-C4H8 cis-2-C4H8 COx

cis-EBa 0.1 – 0.3 0.6 0.0 0.0 0.1 0.1
trans-EBa – 0.3 0.2 1.0 0.1 0.0 0.4 0.2

Catalyst 0.2 g, 2,3-epoxybutane 10 µmol, O2 100 µmol, irradiation time 2 h.
a cis-EB, cis-2,3-epoxybutane;trans-EB, trans-2,3-epoxybutane.

Table 4
Results of the photoepoxidation of propene over the TiO2–SiO2 catalyst using18O2

Catalyst
weight (g)

Ti contenta

(µmol)
Timeb

(h)
Conversion
(%)

TON PO selectivity
(%)

Yield (%) 18O content (%)

PO Ethanal Acrolein PO Ethanal Acrole

0.5 28 1 8.4 0.3 54 4.5 2.4 0.8 98 46 63
0.2 11 14 64.4 5.9 40 25.8 3.7 0.9 97 64 –c

Catalyst 0.2 g, C3H6 100 µmol,18O2 200 µmol.

a The content of Ti in the catalyst employed in the reaction test.
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b Irradiation time.
c MS peak of both the18O and16O compounds could not be observed

oxygen isotopic exchange reaction. The O3
− would immedi-

ately decompose by the reaction with propene at room t
perature, so the oxygen isotopic exchange reaction w
be inhibited. In addition, the formation of the O3

− should
be partly inhibited by the reaction of OL− with propene to
form ethanal or acrolein. A similar inhibition effect on th
exchange reaction by the addition of butane or CO was
ported in common over TiO2 or PVG[52,53].

The photoepoxidation of propene with18O2 was carried
out over the TiO2–SiO2 catalyst (Table 4). Conversion and
PO selectivity were similar to those in the reaction w
16O2 [24]. As for the main products, such as PO, etha
and acrolein, the yield and18O content are listed inTable 4.
It is noteworthy that almost all PO contained18O at both the
initial (TON = 0.3) and later (TON= 5.9) stages of the re
action. On the other hand, approximately a half of etha
and acrolein contained18O. The possibility of the oxygen
isotopic exchange reaction in the presence of propene
excluded by the result inFig. 1. Therefore, it was clearly
shown that the oxygen atom originating from molecular o
gen (18O) in the O3

− species was consumed to produce P
and both the lattice oxygen and molecular oxygen were
volved with the production of ethanal and acrolein.

3.3. Structure and electron density of the O3
−

As described in our previous study[24], when the TiO2–
SiO2 catalyst was photoirradiated at 77 K in the presenc
16O2, O2

− (gxx = 2.003,gyy = 2.009,gzz = 2.025)[54–57]
and T-type O3− (g‖ = 2.008,g⊥ = 2.002)[55–57]were ob-
served. When the sample was warmed to room tempera
only the O2

− signal remained, showing that the O2
− species

are quite stable.

Fig. 2 shows the ESR signals of the TiO2–SiO2 sam-

ple photoirradiated in the presence of O2 enriched with17O
(90.4%). The signal at room temperature (Fig. 2b, dotted
,

line) should be the O2− signal, judging from ESR with16O2.
On this ESR signal, two sets of hyperfine patterns with 6
11 lines separated byA = 7.51 mT centered atg = 2.0025
were observed. These lines would be due to16O17O− and
17O2

−, respectively. The ESR parameters (gxx = 2.0025,
gyy = 2.0090,gzz = 2.0250,Axx = 7.51 mT,Ayy = Azz =
0 mT) were derived from the signal of O2

−. Most of these
parameters were similar to those of O2

− on TiO2/PVG, al-
though twoAxx values were observed on these samp
[54,55]. The signal at 77 K was estimated to be the sup
imposition of O3

− and O2
− (Fig. 2a, solid line). The four

arrows in Fig. 2 point to the obvious difference betwee
the spectrum taken at 77 K and that taken at room t
perature. When the signal at room temperature (O2

−) was
subtracted from the signal at 77 K (O3

− and O2
−), the sig-

nal assigned to O3− (g1 = 2.0080,g2 ≈ 2.003,g3 = 2.0026,
A1 ≈ A2 ≈ 0 mT, A3 = 7.86 mT) was obtained (Fig. 2c).
The two sets of 6 and 11 lines with a splitting of 7.86 m
would correspond, respectively, to16O17O and17O17O ad-
sorbed on16OL

−. This indicates that the O3− on the catalys
has two equivalent oxygen atoms derived from molec
oxygen; that is, the O3− would have the T-type structure.

The hyperfine tensor is resolved into an isotropic part
an anisotropic part in the following form if the unpaired ele
tron is localized in only onep orbital [58,59]:

(1)

∣∣∣∣∣

A1
A2

A3

∣∣∣∣∣
= aiso +

∣∣∣∣∣

−β

−β

2β

∣∣∣∣∣
.

The termsaiso and 2β in Eq. (1) are, respectively, th
isotropic coupling constant and thezz component of the
dipolar coupling constant.

The hyperfine constant alongg3 obtained from the exper
−
imental tensor of the O3 was 7.86 mT. Assuming a value of

A1 ≈ A2 ≈ 0 mT for the hyperfine constant alongg1 andg2,
the isotopic and anisotropic part of the hyperfine interaction
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Fig. 2. Observed (a,b) and simulated (d,e,f) ESR spectra of the oxygen radical species on the TiO2–SiO2 sample at 77 K. (a) After UV irradiation at 77 K in th
presence of17O-enriched oxygen (1.0 Torr) (solid line), (b) followed by warming the samples to room temperature (dotted line), (c) the spectrum su

− −
(b) from (a). The four arrows show the parts where the difference between (a) and (b) are obviously observed. The simulated spectra are for (d) O3 , (e) O2 ,
ng pa

yy = 2

s

and (f) a sum of O3
− and O2

− with the O3
−/O2

− ratio of 0.58. The followi
g3 = 2.0026,A1 = A2 = 0 mT,A3 = 7.86 mT), and O2

− (gxx = 2.0025,g

were calculated in the following manner:

(2)aiso = 1
3 × (7.86+ 0+ 0) = 2.62 mT,

(3)

∣∣∣∣
0

0

∣∣∣∣ = 2.62+
∣∣∣∣
−2.62

−2.62

∣∣∣∣ .

∣ 7.86∣ ∣ 5.24∣

Hereaiso and 2β are 2.62 and 5.24 mT, respectively.
rameters are employed for the simulation of O3
− (g1 = 2.0080,g2 = 2.0030,

.0090,gzz = 2.0250,Axx = 7.51 mT,Ayy = Azz = 0 mT).

To calculate the spin densities in the 2s and 2p orbitals,
one may compareaiso and 2β with the theoretical value
obtained for the odd spin, completely in either a 2s or a 2p
orbital, which are denoted byA0 andB0, respectively. The
spin densities in the above orbitals area2

2s andC2. The two
components can then be expressed as
(4)aiso = a2
2sA0,
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(5)2β = C2B0.

Using the theoretical values ofA0 = −166.0 mT andB0 =
10.4 mT of17O [58], we determined the spin densities in t
2s and 2pz orbitals to be 0.016 and 0.51, respectively. The
fore, the total spin density on two oxygen nuclei of mole
ular oxygen was estimated to be 1.02. This spin densi
just an approximate value due to the unobserved hype
constants alongg1 andg2. However, it is strongly suggeste
that the spin density on the lattice oxygen in the T-type O3

−
is very small, and the free electron is largely localized
the two oxygen nuclei originating from the O2 molecule in
the following form, similar to the O3− generated on reduce
V2O5/SiO2 without photoirradiation[60]

This means that the photoformed hole on lattice oxyge
transferred to an adsorbed O2 molecule upon the formatio
of the O3

−. It could also be said that an O2 molecule accept
the hole on the lattice oxygen to produce adsorbed O2

+-like
species

(6)OL
− + O2 → O3

− (
OL

2− (electronic neutral) + O2
+)

.

4. Discussion

4.1. Why does the photoformed O3
− on TiO2–SiO2

promote the epoxidation?

As previously reported, the O3− is generated by the rea
tion between the photoformed hole center on the lattice o
gen (OL

−) and molecular oxygen, as shown in Eq.(6). The
photoepoxidation of various alkenes proved that the O3

− has
the electrophilic property (Table 1). ESR with17O-enriched
oxygen demonstrated that the hole in O3

− is localized not
on the moiety originating from the lattice oxygen but on
moiety originating from the O2 molecule (Fig. 2). The pho-
toepoxidation of propene with18O2 showed that the oxyge
atom derived from the O2 molecule is inserted into propen
to produce PO (Table 4). These results suggest that the OL

−
attracts the electron into the O2 molecule to form O3−,
the oxygen atoms derived from molecular oxygen in
O3

− assume an electron-deficient state like O2
+, and one of

the atoms electrophilically attacks the C=C bond in alkene
to produce epoxide. The O3− could yield the electrophilic
atomic oxygen, which could be why the O3

− promotes the
epoxidation.

In the photoepoxidation of various alkenes, epoxi
were formed nonstereospecifically (Tables 1–3). This sug-
gests that the photoepoxidation proceeds through the
dical-like intermediate in a manner similar to that of t
epoxidation with O(3P)[39–41], UV-irradiated NO2 [48–50],

−
and vanadium hydroperoxo species[51]. The O3 might add
a radical atomic oxygen species, such as O(3P), to produce
epoxide.
alysis 231 (2005) 292–299 297

4.2. Reaction mechanism of photooxidation of propene

In the previous study, the reaction mechanism for the p
duction of PO and other molecules was proposed[24]. In
addition, from the results of the present study, the follow
were clarified: (1) The oxygen atoms derived from mo
cular oxygen in the O3− are in an electron-deficient sta
(Fig. 2). (2) The oxygen atom in PO, which is donated by
O3

−, originates from molecular oxygen (Table 4). (3) The
production of ethanal and acrolein involves the oxidation
propene by both the lattice oxygen and molecular oxy
(Table 4).

Thus, the previously proposed reaction mechanism c
be improved as shown inScheme 1. When the isolated tetra
hedral Ti species (speciesI) absorbs UV light (λ < 250 nm),
LMCT from O to Ti occurs on the [Ti4+–OL

2−] moiety, and
the excited [Ti3+–OL

−]∗ is formed (speciesII). The photo-
formed OL

− and Ti3+ react with O2 to produce O3− and
O2

−, respectively (speciesIII). In this moment, the hole ex
ists on the O atom derived from molecular oxygen in
O3

−, which can be also described as OL
2− and O2

+, and
then the electron-deficient oxygen atom electrophilically
acts with propene (speciesIV) to produce PO. It was no
confirmed how the residual oxygen atom in the O3

− would
be consumed after the formation of PO. However, the se
tivity for PO over the TiO2–SiO2 reached 60% when rout
A and route B proceeded in parallel. The residual oxy
atom derived from the O2 molecule in the O3− should be
employed with the formation of one more PO, and the h
would move back to the lattice oxygen. In this scheme,
O2

− seems not to be involved in the epoxidation mechani
However, the O2− attracts the electron on the Ti3+ and re-
sults in the separation of electron density. If the O2

− did not
exist, the electron on the Ti3+ should immediately combin
with the hole on the lattice oxygen, and the O3

− should not
be so stable. It is well known that O2− is a very stable oxy
gen species[56]. The O2

− signal on the TiO2–SiO2 samples
did not disappear, even in the presence of propene an2
at room temperature[24], but the signal intensity graduall
decreased in a few days. If the O2

− existed on the isolate
tetrahedral Ti site after the O3− was consumed to produc
PO, the epoxidation should not cycle catalytically and
TON (produced PO/Ti atoms) should not exceed 2. H
ever, the TON reached 2.8 over the TiO2/SiO2 0.1 mol%
when PO underwent the consecutive reactions[25]. There-
fore, the O2

− would be eliminated as an O2 molecule, and
the electron should recombine with the hole on the lat
oxygen to produce initial [Ti4+–OL

2−] (speciesI), although
the elimination rate of the O2− might be slow.

On the other hand, when OL− reacts directly with
propene, allyl radical (speciesVI) or methyl radical (specie
VII) is formed through H abstraction or CC bond fission
the case of speciesVI, allyl radical, abstracted H atom, la

−
tice oxygen OL, and one oxygen atom of O2 should form
an activated complex to produce acrolein and H2O. The lat-
tice oxygen and one oxygen atom of O2

− would be inserted
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Scheme 1. Proposed mechanism for the formation of PO, ethanal an
black and normal oxygen atoms are originated from O2 molecule and lattic

into acrolein or H2O equally, and the debris of O2− would be
incorporated into the lattice. Therefore, approximately h
of the acrolein contained oxygen atoms derived from m
cular oxygen. In speciesVII, methyl radical and CH2CH
intermediate should react with OL and one oxygen atom o
O2

− in a manner similar to that of speciesVI.
Anpo et al. previously reported the quantum chem

studies of photogenerated O3
− on porous Vycol glass (PVG

[53]. The quantum chemical calculation showed that the
mation of O3

− resulted in weakening and extension of t
OO bond in the O2 molecule. Also in the present system
the TiO2–SiO2 sample, the OO bond of molecular oxygen
the O3

− would be weakened when the electron density in
bonding orbital is reduced by electron donation to the lat
oxygen, and the atomic-like oxygen species should be a
to the C=C bond in alkene.

4.3. Photoformed O3
− on the various metal oxides

The O3
− species were observed on several UV-irradia

metal oxides[56], such as TiO2 [61,62], ZnO [63], MgO
[64], and PVG[53]. However, there are no reports that P
was formed as a main product on these oxides.

The O3
− on TiO2 [61,62], ZnO [63], and MgO[64],

exhibited orthorhombicg values. The shape of the O3
− is

different from that in the present case. Therefore, the
ture of the O3

− on the TiO2–SiO2 will be different from
−
these systems. On the other hand, the O3 on PVG[53] is

the T-shape O3− similar to that on the TiO2–SiO2. However,
PVG did not produce epoxides in the photoepoxidation of
lein over the isolated tetrahedral Ti species in the photooxidation of pThe
gen, respectively.

olefins[65]. It is assumed that not only the formation of t
O3

−, the moderate stability of the O3− and selective reactio
of OL

− to O2 would determine the production of epoxide
In the presence of O2 and olefin, the OL− on TiO2–SiO2
should preferably react with O2 to produce O3− yielding
epoxides, but the OL− on PVG might preferably react wit
olefin to produce C=C cleavage products. Whether the O3

−
could react with propene before decomposition would a
be important. It is speculated that the electronic prope
of the photoexcited center in silica (for example, Ti in TiO2–
SiO2) influences these factors. In addition, PVG is a por
silica material containing some impurities such as B2O3
(2.95 wt%), Na2O (0.04 wt%), Al2O3 (2.95 wt%), and ZrO2
(0.72 wt%), and it is expected to have acid sites. As show
our previous study[27], the acidity on PVG should conve
PO to other products and should inhibit epoxide product

5. Conclusion

The photoformed hole center on the lattice oxygen (OL
−)

over the TiO2–SiO2 catalyst attracts an electron from an O2
molecule to form the electrophilic O3−. The oxygen atom
moiety derived from molecular oxygen in the O3

− enters
an electron-deficient state (the O3

− would also be describe
as OL

2− (electronic neutral) and adsorbed O2
+) and elec-

trophilically attacks C=C bond in alkene to produce epo
−
ide. This paper showed for the first time that the T-shape O3

has an electrophilic property effective for the epoxidation of
alkenes with allylic C–H bonds.
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