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Abstract

We previously reported that photoformed Ospecies on highly dispersed titanium oxide species are the active oxygen species for the
epoxidation of propene. In the present study, it was found that this epoxidation system could be extended to other light alkenes such as ethel
and butene, and the electronic structure of the @pecies and reaction mechanism of the insertion of atomic oxygen into=tkehond
in olefin were revealed. An isotope-labeled reaction test \;\ﬁmz and ESR measurement witfO, clarified the following mechanism:
the O3~ species is generated by the reaction between am@lecule and a photoformed hole center on lattice oxyggn (Qand the
photoformed hole in the £ moves from the lattice oxygen (O) to the @ moiety derived from molecular oxygen. ThgOspecies can
be also described as a surface complex Q?O(electronic neutral) and adsorbedQ This electron-deficient oxygen moiety derived from
molecular oxygen could preferably react with the electron rich part of alkene =@nd, to produce epoxide.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction noncatalytic radical reaction systeifid,12] the industrial
process of propene epoxidation with only molecular oxygen
The epoxidation of propene is an important catalytic reac- has not been developed. A novel concept, how to activate
tion in the chemical industry. Despite its importance, there is molecular oxygen, is required for a breakthrough.
still no direct epoxidation process by molecular oxygen for Photosystems could be proposed as a potential approach
the preparation of propene oxide (P[)2]. Although the to epoxidation by molecular oxygen, although the activity
Ag/Al,03-catalyzed gas phase epoxidation of ethylene with would still be low[13]. The epoxidation of higher alkenes
molecular oxygen is one of the most successful examplesin the liquid phase with photocatalyst has been reported
of heterogeneous catalyqik,3], this process has not been for both heterogeneoys4—-16]and homogeneoyd 7—19]
applied to propene epoxidati¢8]. The existence of allylic ~ systems. As for the photoepoxidation of propene, several
C-H bonds, which are much more subject to dehydrogena-systems using Ti® [20], Ba-Y type zeolite[21-23] and
tion than the vinyl C—H bonds in ethylene, prevents the high various silica-supported metal oxidgsl—36]have been re-
selectivity for PO. Although several groups have reported ported. If the active oxygen species and detailed reaction
the direct epoxidation of propene with the use of only mole- mechanism are revealed, the concept might be applied to the
cular oxygen in heterogeneous catalytic systg3rd.0]and catalyst design, even in general thermal epoxidation. How-
ever, the active oxygen species have not been examined in
— _ these photosystems. We disclosed that the highly dispersed
Corr?Spondmg author. Fax: +81 52 789 5849. - titanium oxide species on silica catalyzed photoepoxidation
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active oxygen species with propene indicated that the photo-

formed T-type @, which is produced by the reaction of
photoformed Q~ (a hole center on lattice oxygen) with the
O2 molecule, was the active oxygen species for the pho-
toepoxidation of propeng4]. However, it was not enough
to reveal the property of the{D and the detailed reaction
mechanism.

Generally, it is accepted that the electrophilic oxygen
species are effective for the epoxidation of alkefieg,
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compound were determined by GC-FID. The ratio'®®-
compound tot®0O-compound was calculated from the GC-
MS peak area. The monitored mass numbers wefe =
58, 60 for PO /e = 44, 46 for ethanal, and /e = 56, 58
for acrolein, respectively. We calculated the real area of the
160-compound by subtracting the area of th®@-compound
fragment from the observed mass peak area.

Photoinduced oxygen isotopic exchange reaction be-
tween lattice oxygenlfO) in the catalyst and molecular

37,38] Several active oxygen species have been proposedoxygen £80,) was performed with a conventional closed

such as atomic oxygen at ground state3R)(39-41] elec-
trophilic atomic oxygen species on Agi&bs in epoxida-
tion of ethylene by molecular oxygdt], and peroxometal

or oxometal intermediates in metal-catalyzed epoxidation
with hydroperoxide reagenfd2-45] It is well known that

circulating system (221 cf) connected to a mass spectrom-
eter.180, (0.2 Torr) was admitted to the pretreated catalyst
(1.0 g), and then the catalyst was irradiated with a 200-W Xe
lamp. The ratio of the concentration 80180 molecules
(m/e = 34) to 180, molecules £/e = 36) was measured

cytochrome P-450, a monooxygenase, generates the elecwith the mass spectrometer.

trophilic oxygen species from Qwith a reducing agent to
catalyze the epoxidation of alkenes and hydroxylation of
alkanes and aromati¢d6]. However, it has not been pro-
posed that the photoformed;Ois the electrophilic oxygen
species, except for our previous styay]. It is valuable to
reveal the property of the4D> and how the @ reacts with
propene to produce epoxide.

In the present study, we investigated the electronic struc-
ture of the @~ species and the detailed mechanism of

propene photoepoxidation by using various alkenes (C2—C4)

photoepoxidation tests, isotopic experiments Wi,, and
ESR with’O-enriched oxygen. It was asked why the photo-
formed G~ species on highly dispersed titanium oxide
species could promote propene epoxidation.

2. Experimental

A TiO,-SiO, catalyst of low Ti content (Ti content
0.34 mol%; mol% Ti= NTi/(Nti + Nsj) x 100) was pre-
pared by the sol-gel method, consisting of a two-stage hy-
drolysis procedurg47]. A mixture of tetraethoxyorthosil-
icate (TEOS), ethanol, distilled water, and nitric acid was
stirred at 353 K for 3 h to hydrolyze TEOS patrtially, and the

ESR spectra were measured at 77 K with an X-band
JEOL JES-TE200 spectrometer at a microwave power level
of 1.0 mW, at which microwave power saturation of the sig-
nals did not occur. The sample was irradiated with a 500-W
ultrahigh-pressure Hg lamp at 77 K. The magnetic field was
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 var-
ious alkenes (ethene, propene, 1-butere?-butenetrans-
2-butene) over the Ti®-SiO, catalyst. The main products
from these alkenes were epoxides, CC cleavage products,
allylic oxidation products, and CO The selectivity for
each epoxide was around 45—-67%; alkenes with allylic C—H
bonds exhibited higher selectivity for epoxides than ethylene
with no allylic C—H bonds. It was confirmed that this pho-
toepoxidation system is generally available for light alkenes,
even if the alkene has allylic C—H bonds.

The yield of epoxide increased in the following order:
CoHs < C3Hg < 1-C4Hg < cis2-C4Hg < trans-2-C4Hs.

sol obtained was cooled to room temperature. A 2-propanol This order roughly agreed with the electron density on the
solution of titanium isopropoxide was added to the sol and C=C bond in alkene, which depends on the substituent
stirred for 2 h. Then an aqueous nitric acid solution was groups in alkene. Epoxides would be formed by the reaction

added to the sol and stirred until the gelation was completed.

The gel was dried and calcined at 773 K. The BET surface
area of the sample was 423 gn L. It was confirmed that this
sample predominantly contained the isolated tetrahedral Ti
species, from the diffuse reflectance UV spectf@-26]

of alkenes with the @~ [24]. Therefore, this result proved
thatthe @~ has an electrophilic nature in common with pre-
viously reported active oxygen species in these epoxidation
systemg37-46] Yields of CC cleavage products and allylic
oxidation products also increased with increasing electron

Before each reaction test and spectroscopic measurementlensity of the G-C bond, because the photoactivated O

the sample was treated with 100 Torr oxygen (1 TEerr
133.3 Nn1?2) at 773 K for 1 h, followed by evacuation at
673 K for 1 h. The photooxidation of alkenes was performed
in a manner similar to that previously describgd,25]
When180, (ICON, 99%) was employed for the photooxi-
dation of propene, the products were analyzed by GC-FID
and GC-MS. The total amounts 8f0-compound and®O-

species, a hole trapping lattice oxygen, should also be elec-
trophilic, and the alkene reacts with it directly, as proposed
in the previous studf24].

cis-2-Butene andtrans-2-butene produced bottrans-
2,3-epoxybutane andis-2,3-epoxybutaneT@able 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-$iO, catalyst

Substrate Conversion to oxygenateYield of Selectivity to  Yield (%)

product$ (%) epoxides (%) epoxides (%)

CoHg 1.8 0.8 45 Ethylene oxide (0.8), ethanal (0.3), formaldehyde (0.1), Qb(O.S)

C3Hg 101 57 55 Propene oxide (5.7), propanal (0.2), acetone (0.9), ethanal (1.3),
acrolein (0.9), CQ (0.8)

1-C4Hg 116 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), CIX0)

cis-2-C4Hg 184 125 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), (I08),
trans-2-C4Hg (4.4), 1-GHg (0.5)

trans-2-C4Hg 244 164 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 (1.2),
COy (0.8),cis2-C4Hg (0.6), 1-GHg (0.7)

Catalyst 0.2 g, alkene 100 umolp @00 pumol, irradiation time 2 h.

& Conversion shows the sum of the oxygenate products. Although the isomerizatim2ebutene was appreciable, the hydrocarbon products were not
taken into account here.

b co, is CO+ CO,.

4
Table 2 Light
Results of photoisomerization of 2-butene over thesHSIO, catalyst i 011%0 on off on
Reactant Yield (%) x 3 C3H,

Ethanal 1-Butene trans-2-C4Hg cis-2-C4Hg S B
Cis-2-C4Hg 0.2 43 75 - = L arv *—9e¢ @
trans-2-C4Hg 0.0 23 - 00 i)
Catalyst 0.2 g, 2-butene 100 pumol, irradiation time 2 h. SO
the photoisomerization of 2-butenes was examined in the P I I B

absence of @ (Table 9, cis-2-butene was isomerized into 0 10 2030 40 50
trans-2-butene and 1-butene. On the other hatndns-2- Reaction time / min
butene was isomerized into 1-butene, but not iait®2- Fig. 1. Variation of the ratio 06080 molecules /¢ = 34) to 180,

butene at allTable 3lists the results of the isomerization of  molecules /e = 36) in photoinduced oxygen isotopic exchange reaction
cis-2,3-epoxybutane antians-2,3-epoxybutane. They were  over the TiQG-Si0; catalyst (0.5 g) in the presence 10, (0.2 Torr). At
scarcely isomerized in the presence of nder phOtOil’- the time indicated by arrow, propene (0.1 Torr) was introduced.
radiation. If the photoepoxidation occurred stereospecifi-

cally, cis-2,3-epoxybutane cannot be formed franans- toirradiation. In our previous study, it was found thag O
2-butene. Howeverrans-2-butene converted to bottis- and @~ were generated over the TiGSIO, catalyst in the
2,3-epoxybutane anttans-2,3-epoxybutane in the photoe- presence of @by photoirradiatioj24]. The G~ originated
poxidation. This means that the photoepoxidation proceedsfrom O, and Q ~ (a hole trapping lattice oxygen), angO
nonstereospecifically. The photoepoxidation might proceed js made of @ and an electron. When the light was turned off
through the biradical-like intermediate in a manner similar at room temperature, thesO immediately disappeared, and
to that of the epoxidation with @P)[39-41] UV-irradiated ~ O,~ remained24]. From these aspects and the present re-

NO2 [48-50] and vanadium hydroperoxo specj6s]. sults, it is suggested that the oxygen isotopic exchange reac-
tion proceeds through thesO intermediate over the catalyst

3.2. Isotopic studies of the oxygen atom insertion in the absence of propene. This agrees with the reported phe-

mechanismwith 80, nomena on Ti@ [52] and porous Vycor glass (PVGE53],

where the photoinduced oxygen isotopic exchange reaction
Fig. 1 shows the result of the oxygen isotopic exchange proceeded through thesO intermediate.

reaction between the lattice oxygetP®) and molecular As shown inFig. 1, the addition of a small amount of
oxygen #80,) over the catalyst. The exchange reaction did propene completely inhibited this exchange reaction, even
not occur in the dark. The photoirradiation brought about under photoirradiation. The40 and @~ ESR signals were
the exchange reaction, and the reaction stopped when theobserved in the presence of @olecules and propene under
light was turned off. When the light was turned on again, the photoirradiation at 77 K (not shown). We previously sug-
exchange reaction proceeded (not shown). These results ingested that propene reacts with Oto produce P(24]. In
dicate that a surface oxygen complex would be derived from the presence of a£molecule and propene, thesOinter-
both molecular oxygen and the lattice oxygen upon pho- 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 800, catalyst
Reactant Products (umol)

trans-EB2 cis-EB? Butanone Ethanal 1AHg trans-2-C4Hg Cis-2-C4Hg CO,
cis-EB2 0.1 - 03 0.6 0.0 0.0 01 01
trans-EB2 - 0.3 0.2 10 0.1 0.0 04 0.2

Catalyst 0.2 g, 2,3-epoxybutane 10 umop, WO umol, irradiation time 2 h.
2 cis-EB, cis-2,3-epoxybutandrans-EB, trans-2,3-epoxybutane.

-Fl;zts,;ljlti of the photoepoxidation of propene over the;HEIO, catalyst usind'soz

Catalyst Ti contenf Time? Conversion  TON PO selectivity  Yield (%) 180 content (%)

weight (g)  (umol) Q) (%) (%) PO Ethanal  Acrolein PO  Ethanal  Acrolein
0.5 28 1 84 0.3 54 45 24 0.8 98 46 63

0.2 11 14 644 5.9 40 258 37 0.9 97 64 £

Catalyst 0.2 g, gHg 100 pmol, 180, 200 umol.
2 The content of Ti in the catalyst employed in the reaction test.
b |rradiation time.
¢ MS peak of both thé80 and2®0 compounds could not be observed.

oxygen isotopic exchange reaction. Theg @vould immedi-  line) should be the © signal, judging from ESR with%0,.
ately decompose by the reaction with propene at room tem-On this ESR signal, two sets of hyperfine patterns with 6 and
perature, so the oxygen isotopic exchange reaction would11 lines separated by = 7.51 mT centered g = 2.0025
be inhibited. In addition, the formation of thesO should  were observed. These lines would be dué% 1’0~ and
be partly inhibited by the reaction of (O with propene to 170,~, respectively. The ESR parametegs. ( = 2.0025,
form ethanal or acrolein. A similar inhibition effect on the g,, =2.0090,¢., =2.0250,A,, =751 mT,A,, = A . =
exchange reaction by the addition of butane or CO was re-0 mT) were derived from the signal of,O. Most of these
ported in common over Tigor PVG[52,53] parameters were similar to those 0 Oon TiO,/PVG, al-
The photoepoxidation of propene withO, was carried though two A,, values were observed on these samples
out over the TiQ-SiO, catalyst Table 4. Conversion and  [54,55] The signal at 77 K was estimated to be the super-
PO selectivity were similar to those in the reaction with imposition of @~ and Q™ (Fig. 2a, solid line). The four
160, [24]. As for the main products, such as PO, ethanal, arrows in Fig. 2 point to the obvious difference between
and acrolein, the yield anfO content are listed ifiable 4 the spectrum taken at 77 K and that taken at room tem-
It is noteworthy that almost all PO contain&D at both the perature. When the signal at room temperaturg (Gvas
initial (TON = 0.3) and later (TON= 5.9) stages of the re-  subtracted from the signal at 77 K {0 and G ™), the sig-
action. On the other hand, approximately a half of ethanal nal assigned to & (g1 = 2.0080,g> ~ 2.003, g3 = 2.0026,
and acrolein containetfO. The possibility of the oxygen — A; ~ A, ~ 0 mT, A3 = 7.86 mT) was obtainedHg. 2c).
isotopic exchange reaction in the presence of propene wasThe two sets of 6 and 11 lines with a splitting of 7.86 mT
excluded by the result ifrig. 1 Therefore, it was clearly  would correspond, respectively, ¥0170 and’0170 ad-
shown that the oxygen atom originating from molecular oxy- sorbed ort®0, ~. This indicates that the £ on the catalyst
gen ¢80) in the @~ species was consumed to produce PO, has two equivalent oxygen atoms derived from molecular
and both the lattice oxygen and molecular oxygen were in- oxygen; that is, the @ would have the T-type structure.

volved with the production of ethanal and acrolein. The hyperfine tensor is resolved into an isotropic part and
_ an anisotropic part in the following form if the unpaired elec-
3.3. Sructure and electron density of the O3~ tron is localized in only ong orbital [58,59]
A1 —B

As described in our previous stu@4], when the TiQ—
SiO; catalyst was photoirradiated at 77 K in the presence of —B
160,, 0™ (gyx = 2.003, gy, = 2.009, g, = 2.025)[54-57] A3 2p
and T-type @~ (g =2.008,¢, = 2.002)[55-57]were ob- The termsaiso and 8 in Eq. (1) are, respectively, the
served. When the sample was warmed to room temperaturejsotropic coupling constant and the component of the
only the @~ signal remained, showing that the Ospecies dipolar coupling constant.
are quite stable. The hyperfine constant alorgg obtained from the exper-

Fig. 2 shows the ESR signals of the TieBi0, sam- imental tensor of the & was 7.86 mT. Assuming a value of
ple photoirradiated in the presence of énriched with!’O A1~ Ap ~ 0 mT for the hyperfine constant aloggandg,
(90.4%). The signal at room temperatufgg; 2o, dotted the isotopic and anisotropic part of the hyperfine interaction

Ao . 1)

=djso +
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Fig. 2. Observed (a,b) and simulated (d,e,f) ESR spectra of the oxygen radical species on#&diG@ample at 77 K. (a) After UV irradiation at 77 K in the
presence ot’O-enriched oxygen (1.0 Torr) (solid line), (b) followed by warming the samples to room temperature (dotted line), (c) the spectrum subtracting
(b) from (a). The four arrows show the parts where the difference between (a) and (b) are obviously observed. The simulated spectra gre {e) @O

and (f) asum of @~ and @~ with the O3~ /O, ratio of 0.58. The following parameters are employed for the simulation;of (; = 2.0080,g, = 2.0030,
83=2.0026,A1 =A2=0mT,A3=7.86 mT), and Q (gxx =2.0025,gy, =2.0090,¢;; = 2.0250,A,y =7.51 mT, Ay, = A;; =0 mT).

were calculated in the following manner:

diso= 3 X (7.86+0+0) =2.62 mT,

0 —2.62
—2.62

(2)

0 =262+ 3)

7.86 524

Hereaijso and 8 are 2.62 and 5.24 mT, respectively.

To calculate the spin densities in the &hd 2» orbitals,
one may compareisp and 28 with the theoretical values
obtained for the odd spin, completely in eithersad? a 2p
orbital, which are denoted byo and By, respectively. The
spin densities in the above orbitals a andC?. The two
components can then be expressed as

(4)

2
diso = ang07
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28 =C?By. (5)
Using the theoretical values dfy = —166.0 mT andBg =
10.4 mT of 170 [58], we determined the spin densities in the

2s and 2, orbitals to be 0.016 and 0.51, respectively. There-
fore, the total spin density on two oxygen nuclei of molec-

ular oxygen was estimated to be 1.02. This spin density is
just an approximate value due to the unobserved hyperfine

constants along; andg,. However, it is strongly suggested
that the spin density on the lattice oxygen in the T-type O

is very small, and the free electron is largely localized on
the two oxygen nuclei originating from theo@nolecule in
the following form, similar to the @~ generated on reduced

V205/SiO, without photoirradiatiorf60]
0==0

®/
N7/

A

This means that the photoformed hole on lattice oxygen is
transferred to an adsorbed @olecule upon the formation
of the G;~. It could also be said that amp@nolecule accepts
the hole on the lattice oxygen to produce adsorbgti-like
species

OL™ + 0, — Oz~ (0.2 (electronic neutral+ O,"). (6)

4. Discussion

4.1. Why does the photoformed O3~ on TiO,—SO»
promote the epoxidation?

As previously reported, the{O is generated by the reac-
tion between the photoformed hole center on the lattice oxy-
gen (Q 7) and molecular oxygen, as shown in K6). The
photoepoxidation of various alkenes proved that the Bas
the electrophilic propertyTable ). ESR with’O-enriched
oxygen demonstrated that the hole ig Ois localized not
on the moiety originating from the lattice oxygen but on the
moiety originating from the @molecule Fig. 2). The pho-
toepoxidation of propene witHO, showed that the oxygen
atom derived from the ®molecule is inserted into propene
to produce POTable 4. These results suggest that the O
attracts the electron into theoGmolecule to form @,
the oxygen atoms derived from molecular oxygen in the
O3~ assume an electron-deficient state likefQand one of
the atoms electrophilically attacks the=C bond in alkene
to produce epoxide. ThedO could yield the electrophilic
atomic oxygen, which could be why thesO promotes the
epoxidation.

In the photoepoxidation of various alkenes, epoxides
were formed nonstereospecificallJaples 1-3 This sug-
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4.2. Reaction mechanism of photooxidation of propene

In the previous study, the reaction mechanism for the pro-
duction of PO and other molecules was propoft]. In
addition, from the results of the present study, the following
were clarified: (1) The oxygen atoms derived from mole-
cular oxygen in the @ are in an electron-deficient state
(Fig. 2. (2) The oxygen atom in PO, which is donated by the
O3, originates from molecular oxygefdble 4. (3) The
production of ethanal and acrolein involves the oxidation of
propene by both the lattice oxygen and molecular oxygen
(Table 4.

Thus, the previously proposed reaction mechanism could
be improved as shown ficheme 1When the isolated tetra-
hedral Ti species (speci€sabsorbs UV light{ < 250 nm),
LMCT from O to Ti occurs on the [Ti"—0OL2~] moiety, and
the excited [T#—O_~]* is formed (specie$l). The photo-
formed Q — and T#* react with G to produce @~ and
O,~, respectively (specidsl). In this moment, the hole ex-
ists on the O atom derived from molecular oxygen in the
O3, which can be also described as?© and G*, and
then the electron-deficient oxygen atom electrophilically re-
acts with propene (specie¥) to produce PO. It was not
confirmed how the residual oxygen atom in thg"Gwould
be consumed after the formation of PO. However, the selec-
tivity for PO over the TiQ—SiO, reached 60% when route
A and route B proceeded in parallel. The residual oxygen
atom derived from the ©@molecule in the @ should be
employed with the formation of one more PO, and the hole
would move back to the lattice oxygen. In this scheme, the
02~ seems not to be involved in the epoxidation mechanism.
However, the @~ attracts the electron on the3ti and re-
sults in the separation of electron density. If the@lid not
exist, the electron on the ¥ should immediately combine
with the hole on the lattice oxygen, and the Gshould not
be so stable. It is well known that,O is a very stable oxy-
gen speciefb6]. The G~ signal on the TiQ-SiO, samples
did not disappear, even in the presence of propene and O
at room temperatur@4], but the signal intensity gradually
decreased in a few days. If theeOexisted on the isolated
tetrahedral Ti site after the4D was consumed to produce
PO, the epoxidation should not cycle catalytically and the
TON (produced PO/Ti atoms) should not exceed 2. How-
ever, the TON reached 2.8 over the 3I8i0, 0.1 mol%
when PO underwent the consecutive reacti@ig. There-
fore, the @~ would be eliminated as anJ Onolecule, and
the electron should recombine with the hole on the lattice
oxygen to produce initial [Tit—O_2~] (specied), although
the elimination rate of the £ might be slow.

On the other hand, when O reacts directly with

gests that the photoepoxidation proceeds through the bira-propene, allyl radical (speci&d) or methyl radical (Species

dical-like intermediate in a manner similar to that of the
epoxidation with OtP)[39-41] UV-irradiated NQ [48-50]
and vanadium hydroperoxo specjg$]. The G~ might add

a radical atomic oxygen species, such a3R)(to produce
epoxide.

V1) is formed through H abstraction or CC bond fission. In
the case of speci@égl, allyl radical, abstracted H atom, lat-
tice oxygen @, and one oxygen atom of O should form
an activated complex to produce acrolein an®HThe lat-
tice oxygen and one oxygen atom o Owould be inserted
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Scheme 1. Proposed mechanism for the formation of PO, ethanal and acrolein over the isolated tetrahedral Ti species in the photooxidationTbEpropene.
black and normal oxygen atoms are originated fropmn@lecule and lattice oxygen, respectively.

into acrolein or HO equally, and the debris of2O would be

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

incorporated into the lattice. Therefore, approximately half Os~, the moderate stability of the{O and selective reaction
of the acrolein contained oxygen atoms derived from mole- of O_~ to O, would determine the production of epoxides.

cular oxygen. In specie¥|l, methyl radical and CKCH
intermediate should react with.Gand one oxygen atom of
O2~ in a manner similar to that of specigs$.

In the presence of Pand olefin, the @~ on TiO,-SIO,
should preferably react with £Oto produce @~ yielding
epoxides, but the O~ on PVG might preferably react with

Anpo et al. previously reported the quantum chemical olefin to produce €C cleavage products. Whether the O

studies of photogenerategOon porous Vycol glass (PVG)

could react with propene before decomposition would also

[53]. The quantum chemical calculation showed that the for- be important. It is speculated that the electronic properties
mation of G~ resulted in weakening and extension of the of the photoexcited center in silica (for example, Ti in 31O

OO bond in the @ molecule. Also in the present system of

SiOp) influences these factors. In addition, PVG is a porous

the TiO,—SiO; sample, the OO bond of molecular oxygenin silica material containing some impurities such asOB

the O3~ would be weakened when the electron density in the (2.95 wt%), NaO (0.04 wt%), AbOs3 (2.95 wt%), and Zr@
bonding orbital is reduced by electron donation to the lattice (0.72 wt%), and it is expected to have acid sites. As shown in
oxygen, and the atomic-like oxygen species should be addedour previous study27], the acidity on PVG should convert

to the C=C bond in alkene.

4.3. Photoformed O3z~ on the various metal oxides

PO to other products and should inhibit epoxide production.

5. Conclusion

The G;~ species were observed on several UV-irradiated

metal oxideg56], such as TiQ [61,62] ZnO [63], MgO

The photoformed hole center on the lattice oxygen (P

[64], and PVG[53]. However, there are no reports that PO over the TiG—SiO; catalyst attracts an electron from ap O

was formed as a main product on these oxides.
The &3~ on TiO, [61,62] ZnO [63], and MgO[64],
exhibited orthorhombig values. The shape of thesO is

molecule to form the electrophilic £. The oxygen atom
moiety derived from molecular oxygen in thesO enters
an electron-deficient state (thegOwould also be described

different from that in the present case. Therefore, the na-as Q 2~ (electronic neutral) and adsorbed Q) and elec-

ture of the @~ on the TiQ-SiO, will be different from
these systems. On the other hand, the ©n PVG[53] is
the T-shape @ similar to that on the Ti@-SiO,. However,

trophilically attacks G=C bond in alkene to produce epox-
ide. This paper showed for the first time that the T-shage O
has an electrophilic property effective for the epoxidation of

PVG did not produce epoxides in the photoepoxidation of alkenes with allylic C—H bonds.
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