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TiO,—SIiO, binary oxides of low Ti content promoted photocatalytic epoxidation of propene by molecular
oxygen. By catalytic runs and UV spectra, it was revealed that the isolated tetrahedral Ti species on the
TiO,—SiO, samples are active for the photoepoxidation of propene, while the aggregated titanium oxide
species are active mainly for the side reactions. By ESR and stoichiometric reaction tests of radical species,
the following mechanism was proposed. Over the isolated tetrahedral Ti specie¥,-aQii]* radical pair

is formed by UV irradiation. The Fi moiety reacts with @to form O,~, which could not activate propene

by itself. The Q~ moiety, a hole center on lattice oxygen, reacts witht®form O;~, and the @ reacts

with propene to yield PO. It is first suggested that the @ the electrophilic oxygen species effective for the
epoxidation of propene. When thg Omoiety reacts with propene, acrolein or ethanal is produced through

H abstraction or CC bond fission. The lower selectivity of the aggregated titanium oxide species was attributed
to the lower stability of the @ and high activity for the consecutive reaction of PO.

Introduction supported metal oxides for propene photoepoxidation,/TiO
SiO, showed the highest PO yietlin addition, we confirmed
that the photoepoxidation of propene over 7&0O, proceeded
catalytically, and the Ti@-SiO, sample prepared by the sol
gel method showed higher PO selectivity than the sample
prepared by the impregnation meth®dn the present study
we prepared a series of Ti©SiO, binary oxide samples
ontaining different amounts of Ti to examine the active sites
and the active oxygen species for propene photoepoxidation.

Propene oxide (PO) is an intermediate for the chemical
industry with a worldwide production capacity of nearlyx5
1% tons per yeat.Despite its importance, there is still no direct
oxidation process by molecular oxygen for the preparation of
PO Currently, industrial production of PO is performed by
the chlorohydrin process or the hydroperoxide process. However,
these processes suffer from byproducts and coproducts. Recentl
developed was propene epoxidation usin@as oxidant with
TS-1 catalys&3 This process is very selective to produce PO
and the only byproduct is #, which is environmentally
friendly. However, this process has not been commercialized TiO,—SiO; binary oxide samples were prepared by the-sol
widely because of the high cost oL6h. gel method consisting of a two-stage hydrolysis procedure.

Many researchers have attempted the direct epoxidation of Tetraethoxyorthosilicate (Kishida), ethanol (Kishida), distilled
propene using molecular oxygéilthough some workers have  water, and nitric acid (Kishida) were mixed in the amounts 0.5,
reported a new approach for propene epoxidation usingnd 1.9, 0.5, and 0.043 mol, respectively. The mixture was stirred
reducing agents such as*¥® and Zn powdef,it is certain that at 353 K for 3 h tohydrolyze tetraethoxyorthosilicate partially,
the process using only molecular oxygen and propene is theand the obtained sol was cooled to room temperature. A
best for PO production. Several systems have been reported foR-propanol (Kishida, 20 mL) solution of titanium isopropoxide
the direct epoxidation of propene by using only molecular (Kishida, 0.0005-0.05 mol) was added to the sol and stirred
oxygen, for example, heterogeneous catalytic systems such agor 2 h. Then, an aqueous nitric acid solutio,QHand HNQ
modified Ag catalystd;®° metal nitrate-modified Ti-MCM were 0.5 and 0.043 mol, respectively) was added to the sol and

" Experimental Section

catalysts? zeolite-supported Ti@catalysts'! NaCl-modified stirred until the gelation was completed (aboutl3 days). The
VCe—xCly oxide catalyst3? and noncatalytic radical reaction gel was heated to 338 K at the heating rate 0.2 K thiand
systemg314 dried for 5 h. After additional drying fo5 h at 373 K, it was

On the other hand, photosystems have been proposed agalcined at 773 K in flowing air for 8 h. Ti content was
another potential approach for the epoxidation using only determined by inductively coupled plasma (ICP) measurement.
molecular oxygen® The epoxidations of higher alkenes in the Titania—silica samples were denoted as $(x), wherex (mol
liquid phase using photocatalyst were reported in both % of Ti) = Nri/(Nr; + Ns) x 100. Amorphous silica was
heterogeneod& 18 and homogeneols?! systems. As for the  prepared from tetraethoxyorthosilicate by another—gell
photoepoxidation of propene, several systems using,30  method followed by calcination in a flow of air at 773 K for 5
Ba—Y type zeolite?3-25 Nb,Os/Si0,,26 MgO/SiO,, and SiQ?7:28 h.2°The employed Ti@sample was a Japan Reference Catalyst
have been reported. In the TiQystem, the selectivity to PO  (JRC-TIO-4; equivalent to P-25). The BET surface area of the
was low?? In other systems, the activity for photoepoxidation samples was determined by hidsorption after the sample was
was still low and it was not clear whether the reaction proceeded pretreated in a flow of He at 673 K for 0.5 h. The specific
catalytically?>=28 In our previous screening study of silica- surface area of each Ti©SiO, and SiQ sample was similarly
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TABLE 1: Results of the Photooxidation of Propene over the SiQ TiO,, and TiO,—SiO, Sample$
selectivity/%
run  sample  Ticontent/mol % surface areagmn' conversiof% PO yield/% PO propanal acetone acrolein ethanal HC CO

1 TiO,—SIO, 0.08 387 4.4 2.6 60.2 2.9 10.4 11 17.7 3.0 3.9
2 0.34 423 9.2 5.3 57.5 2.7 5.8 1.2 21.1 51 6.6
3 1.0 535 12.5 6.3 50.5 6.2 8.3 1.7 221 33 74
4 4.1 483 21.0 4.5 215 191 11.4 2.4 24.1 34 144
5 8.3 416 32.1 1.8 57 245 13.6 3.1 26.4 29 191
69 TiO,—SiO, 0.34 423 0.2 trace 55 1.6 2.9 0.0 70.0 20.0 0.0
7 0.34 423 0.9 trace 0.9 9.4 0.0 0.0 164 733 0.0
8 SIO 558 0.7 0.2 22.3 3.5 25.8 15.2 181 100 51
9 TiO; 34 14.1 0.0 0.0 0.0 13 0.0 0.8 1.7 96.2

a Catalyst 0.2 g, €Hs 100umol, O, 200umol, reaction time 2 2 Based on propené.PO denotes propene oxide, HC denotes ethiebetenes,
and CQ denotes COt+ CO,. ¢In the dark at 330 K for 2 h¢ In the absence of O Irradiation time was 1 h.

high enough (408550 n¥ g~1), as shown in Table 1. Thus, in 40
this study the conversion and PO yield were shown without
normalization by surface area.

Prior to each reaction test and spectroscopic measurement,

9%
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the sample was treated with 100 Torr oxygen (1 Fert33.3 g S
N m~2) at 773 K for 1 h, followed by evacuation at 673 K for 520 2
1 h. The photooxidation of propene was performed with a 3 e
conventional closed system (123 YmThe sample (200 mg) 10

was spread on the flat bottom (12.6 Yrof the quartz vessel.

Propene (10@mol, 15 Torr) and @(200umol, 30 Torr) were o L + L +—1o

introduced into the vessel, and the sample was irradiated by a
200 W Xe lamp. The temperature of the catalyst bed was
elevated by~20 K from room temperature due to the photoir-
radiation. After determination of the amount of CO and-Q©

the gas phase by GC-TCD, the products and residual propene
in the gas phase were collected by a liquid nitrogen trap and
analyzed by GC-FID. After the nontrapped gas components (O
and CO) were evacuated, the catalyst bed was heated at 573 K
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in vacuo with a liquid nitrogen trap to collect the products Y &)~ T ®
desorbed from the catalyst. The results presented here are the 3 =

sum of the product amounts collected at each step. Yield and 02) 5 T . .
selectivity were calculated on the basis of propene. Ti content / mol %

_ The reactivity of PO over the Ti©-SiO; samples was tested  gigyre 1. Results of the photooxidation of propene over FiiO,

in two ways: (A) Thermal reaction of PO; PO (2@nol) was samples. Conversion (a), PO yield (b), and selectivity to PO (c), ethanal

adsorbed by the sample in the dark at room temperature, andd), propanal (e), and C& CO; (f).

then the sample was heated at 573 K to collect the products by

a liquid nitrogen trap. (B) Photooxidation of PO; PO (2fol) dation of propene over the T¥S SiO,, SiO,, and TiGQ, samples.

and G (200umol) were introduced to the reactor, and then the Partial oxidation of propene took place over all the FHGiO,

sample was irradiated for 1 h. The products were collected andsamples under the photoirradiation (runs-5). The major

analyzed in the same manner as that for the reaction test of theproducts were PO, ethanal, propanal, CO,,C&etone, and

propene photooxidation. acrolein; and small amounts of 2-propanol, ethene, and butene
Temperature-programmed desorption ofd{NHs-TPD)was  were also formed. It was confirmed that the epoxidation of

examined to estimate the amount of surface acid sites. Thepropene did not proceed on the—$(034) Samp]e in the dark

pretreated sample (300 mg) was exposed t BHB73 K for ~ (ryn 6). In the absence ofpropene conversion was very low,

0.5 h and evacuated at 373 K to remove weakly adsorbegd NH and the main products were ethene, butane, and ethanal (run

for 0.5 h. The temperature of the sample was linearly elevated 7) which would be produced by the photometathesis of propene

to 1073 K by 5 K mirr? ina He carrier stream. The amount of 51,4 the reaction between the lattice oxygen and propeied’

desorbed Ni was monitored with the mass spectrometer at Thjs result indicates that molecular,@s essential for the

m'e = 16. photoepoxidation of propene over the R8I0, samples. The

Diffuse reflectance UV spectra were recorded on a JASCO Si0, sample showed low conversion and 22% PO selectivity
V-570 spectrophotometer at room temperature. ESR spectra(run 8)2930while the Ti0, sample showed high activity for the

were measured at 77 K by a X-band JEOL JES-TE200 Lo .
. . | f 30 I
spectrometer at a microwave power level (1.0 mW) at which fgg;?tgge oxidation of propene to GQrun 9);” as previously

microwave power-saturation of the signals did not occur. The i ) L
sample was irradiated by a 500 W ultrahigh-pressure Hg lamp Figure 1 depicts the results of photooxidation of propene over

at 77 K. The magnetic field was calibrated with a JEOL NMR  the Ti0—SiO, samples from Table 1. The conversion of

FIELD METER ES-EC5. propene increased with an increase of Ti content, while the yield
of PO increased with Ti content up to 1 mol % Ti and then
Results decreased. The-1S(0.08) and +S(0.34) samples showed high

Photooxidation of Propene by Molecular Oxygen over the selectivity to PO, such as 60%. With increasing Ti content, the
TiO,—SiO, Samples.Table 1 shows the results of photooxi- selectivity to PO decreased, while the selectivity to,G@Dd
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Figure 2. Time course of the photooxidation of propene over theS{0.34) (A) and FS(4.1) (B) samples. Catalyst 0.2 gsHg 100 zmol, O,
200 umol. Conversion (a), PO yield (b), and selectivity to PO (c), ethanal (d), propanal (e), ard CQ (f).

propanal increased. Selectivity to ethanal was not so affected >
by Ti content.

Figure 2 shows time courses of propene photooxidation over
the T-S(0.34) and +S(4.1) samples. Over both samples, the
conversion increased with an increase of irradiation time. With
increasing conversion, the PO selectivity slightly decreased, and
the selectivity to ethanal and propanal much decreased in the
initial 2 h, while the selectivity to CQincreased. This indicates
that ethanal and propanal were consecutively oxidized tQ CO
more easily than PO was. Comparing the selectivity at similar
conversion, the difference between the3{0.34) and ¥S(4.1)
samples was evident. From the results in Figures 1 and 2, it e 3 Dif fect UV tra of SOTIO,—SiC,, and

H i H i jgure o. ITuse retiectance spectra O 10—310,, an
was clearly shown that the T SiO, samples with less Ti Ti%Z samples. SI(a). T-9(0.08) (b;), T9(0.3% (), 12__5(1.0) @,
content are more effective for the photoepoxidation of propene. T-S(4.1) (e). T-S(8.3) (), and TiG (q)

Over the T-S(0.34) sample the PO vyield reached 15.7% at 10 ' ' ' '

h (Figure 2A). Even if all the Ti atoms were assumed to be the ) o . )
active sites, the turnover number, TON (the amount of ~ LMCT from O to Ti of aggregated titanium oxide species
produced PO)/(the amount of active sites), was 1.4. This means(@ggregated TiQunits, x = 4-6).374° The absorption edge

200 250 300 350 400
Wavelength / nm

that the photoepoxidation of propene over the sFGIO, was shifted to longer wavelength with increasing Ti content

samples proceeds catalytically in a similar manner as the @1d became close to that of the Fi®ample. It is generally

previously reported result over the TOSIO, sample?® known that the absorption edge is §h|ﬁed to longer wavelength
Active Sites for Photoepoxidation of Propene on TiG— as the size of the aggregated species becomes larger and as the

SiO, Samples. Diffuse reflectance UV spectroscopy was C(_)ordination number of_Ti increasé&s%n the SiQ—supported
employed to determine the structure of Ti species on theFi0 1102 System, the following were suggested on the basis oFUV
SiO, samples (Figure 3). The TiCsample showed a large ViIS~NIR, Raman, and XANES spectroscopies: When the Ti
absorption band below 400 nm. The SiGample scarcely C(_)ntent is low, thg |solat_ed Tiunits ex_|st, anq W_|th increasing
showed absorption. The-15(0.08) and FS(0.34) samples 11 content, one-dimensional polymerized %iOnits and two-
exhibited a narrow absorption band below 250 nm centered atdimensional polymerized Ti€units would be formed, followed
around 205 nm, which was assigned to the LMCT (ligand by the formation .of small particles compnsed of 'ElOmts,.
metal charge transfer) from O to Ti (eq 1) of the isolated and then the particle size becomes lar§érhis spectroscopic
tetrahedral Ti species (isolated Ti@nit).38-40 aspect could_ be applied to th_e present FHSIiO, blngry OX|_de _
system; that is, the coordination number and the size of titanium
4 or hv o 3 oxide species should increase with increasing Ti content in the
[T =0 " ]=[Ti" -0 J* (1) TiO,—SiO, samples.
When compared with the results of reaction tests, it was
The samples containing more than 1 mol % Ti showed additional demonstrated that the isolated tetrahedral Ti species op SiO
absorption bands above 250 nm, which are assigned to theare responsible for propene photoepoxidation, while the ag-
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oL
g=2.001

respectively. It was clearly shown that thg Qs more stable
over the 7-S(0.34) sample than over the-B(4.1) sample.

It is known that Q™ is generated by the reaction of3Ti
with Oy in the following equatiorté51

10 mT H

T-S(0.34)

Ti*" +0,—Ti*" -0, )

On the other hand, it is generally accepted that © generated
in the following schem&®

gy =1971
g, =1.907

O +0,—0; 3)
In eq 3, two types of O have been proposed. One is generated
by the dissociation of ©.52-54 Another is the hole trapping
lattice oxygen, ©@.5155-57 |n the present system, the Owas
generated by the photoirradiation in the absence off@ure
4). In addition, both @ and G~ were immediately generated
by UV irradiation at 77 K, and the intensity ofsOand Q~
signals increased with increasing irradiation time over both the
T—S(0.34) and ¥S(4.1) samples with constant ratio. These
| results suggest thatsOis formed by the reaction of O with
'O, in the following equation:

gr=1971
g, =1.907

1 cell

v

Figure 4. ESR spectra at 77 K of the15(0.34) and +S(4.1) samples
and cell after the photoirradiation in vacuo at 77 K.

gregated titanium oxide species are responsible for propana
ethanal, and CQproduction.
Photoformed Radical Species on the Ti@-SiO, Samples.
The T-S(0.34) and +S(4.1) samples showed no ESR signals (4)
in the dark at 77 K. UV irradiation of the ¥S(0.34) and ] ] ) o
T—S(4.1) samples in vacuo at 77 K gave rise to the ESR signals 1€ introduction of propene into the samples containiag O
shown in Figure 4. Both samples showed ESR signals with an @1d @~ at 77 K in the dark did not change the'Gand Q
axial symmetriog tensor assigned to ¥i (g, = 1.971 andgn signals and produced no signals attributed to propene. The
= 1.907)#-46 and a signal due to O (g = 2.001), a hole subsequent UV irradiation did not affect the signals. When the
center on the lattice oxygei4” This hole center has also been samplef; were warmed to room temperaturg, @isappeared
observed over some irradiated systems, for example, UV- and Q" remained even in the presence of propene. It is
irradiated TiQ#'45 andy-irradiated silica-based materidfs?’ generally known that @ is less reactive to hydrociagtgon
It was verified that UV irradiation results in the LMCT from O ~ Molecules than other oxygen species such asafd Q.
to Ti (eq 1). The signals attributed to3fiand Q ~ were stable 1 nese results suggest that the"Gs not active to propene by
at 77 K after the photoirradiation was stopped. When the sampleitSelf- On the other hand, since the Cdisappeared at room
was warmed to room temperature, these signals disappearedi€mperature in both the presence and absence of propene, the
When the 7-S(0.34) sample was irradiated at 77 K in the react_lwty of the_Q‘ to propene could not be confirmed by ESR,
presence of ©(1.0 Torr), the signals shown in Figure 5a (solid and it will be discussed later. o
line) were observed. In the range from 0.1 to 30 Topr the ~ When the F-5(0.34) and FS(4.1) samples were irradiated
intensity and shape of ESR spectra were analogous to each othel the presence of propene (1.0 Torr) at 77 K without molecular
for the T-S(0.34) sample. The heights of these signals were ©XYgen, a complicated ESR signal was overlapped on tfie Ti
about 10 times larger than those ofTand Q . Without UV signal (Figure 6). The intensity of.the3T|S|gnaI in the presence
irradiation, no signals appeared. These photoformed signals were?f Propene was larger than that in vacuo. In Figure 7, a sum of
stable at 77 K even after the photoirradiation was turned off. Simulated spectra for GiEHCH, (z-allyl radical, g = 2.0023,
The total spectrum was attributed to the superimposition of the Nyperfine coupling constant (hfcc), 0.406 mT for arproton,
Oz (g = 2.003,g,, = 2.009,0,, = 2.025§8% and T-type 1.393 mT and 1.483 mT for tw protons, respectivelyf *CHs

Os~ (gy = 2.008,g = 2.002¥95L signals. The shape of T-type (methyl radicalg = 2.0023, hfcc_, 2.3 mT for three protons);®
Os~ is shown in the following model: and HC(CHy)CHCHjz (alkyl radical,g = 2.0023, hfcc, 2.3 mT

for three methylf protons, 2.2 and 4.4 mT for methyleige
ObTOc -
O,

protons of secondary radicals, the anisotropic hfcc values of
the o proton were 1.17, 1.96, and 3.52 mis compared with

When the sample was warmed to room temperature for several

minutes, the @ signal disappeared and only the Gsignal

O +0,—0;

an experimental one. The simulated spectrum coincides with
the experimental one very well except for the part of th& Ti

remained (Figure 5b (broken line)). This, Ois very stable,

and the intensity of the £ signal very slowly decreased at

signal atg = 1.982. From these results, it was suggested that
OL~ reacted with propene to form the allyl radical or methyl

room temperature in several days while thg ©n the TiGQ—

SiO, samples was unstable at room temperature.

These oxygen radicals are also observed over th8(%#.1)
sample, similarly to the case of the-5(0.34) sample (Figure
5). However, the ratio of the two radicals was obviously dif-
ferent. The relative amount of0and Q~ was determined by
the double integration of ESR signals. The ratios gf /0,
were 0.58 and 0.16 over the-15(0.34) and +S(4.1) samples,

radical and that the consumption of the hole op Would
stabilize T#" as shown in egs 5 and 6.

Ti**—0,” 4+ H,C=CH—CH,—
Ti**—O_H + H,CCHCH, (5)

Ti**~0_~ + H,C=CH—CH, —
Ti**—0_—CH=CH, + "CH, (6)
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Figure 5. ESR spectra at 77 K of the-15(0.34) and 7S(4.1) samples after the photoirradiation in the presence,dl® Torr) at 77 K (a),

followed by warming the samples to room temperature for several minutes (b). The spectra in part ¢ were obtained by subtracting spectra b from

spectra a.

10 mT

T-S(0.34

17 g1

-3+

g,=1.982
g.=1924

Figure 6. ESR spectra at 77 K of theT5(0.34) and +S(4.1) samples
after the photoirradiation in the presence of propene (1 Torr) in the
absence of @at 77 K.

These allyl and methyl radicals would react with propene to
produce the alkyl radical, ¥€(CH,),CHCHjs, in the following
schemes:

H,C=CH=CH, + H,C=CH—CH, —
H,C=CH—CH,—CH—CH, (7)

*CH, + H,C=CH—CH, — H,C—CH,—CH—CH, (8)

g=1.982

Figure 7. A sum of simulated ESR spectra (broken line) and observed
ESR spectra (solid line) of the-1S(0.34) sample photoirradiated in
the presence of propene (1.0 Torr) at 77 K. The following parameters
are employed for the simulation. GEHCH, (r-allyl radical, g =
2.0023, hyperfine coupling constant (hfcc), 0.406 mT foogoroton,
1.393 mT and 1.483 mT for twg protons, respectively?},*CHs (methyl
radical, g = 2.0023, hfcc, 2.3 mT for three. protons);* and HC-
(CHZ),CHCH; (alkyl radical,g = 2.0023, hfcc, 2.3 mT for three methyl

f protons, 2.2 and 4.4 mT for methylerfe protons of secondary
radicals, the anisotropic hfcc values of theroton were 1.17, 1.96,
and 3.52 mT¥®° The relative ratio of CHCHCH,/*CHy/HsC(CH,),CHCHs

is 1.0/0.1/4.4.

reacts with propene. When these samples warmed to room
temperature, the radical species derived from propene disap-
peared, and @ remained. @ was a stable species even in

When Q (1 Torr) was subsequently added to the samples at 77 the presence of a propene molecule.

K, the Ti2* signal decreased and the Csignal appeared over

The T+ signal of the -S(0.34) sample almost disappeared

both samples in addition to the signals derived from propene by O, introduction, while that of the ¥S(4.1) sample partly

(Figure 8). This result indicates that the photoformet Teéacts
with O, to produce @ in the presence of £and propene (eq
2), while the prodution of @ (eq 4) does not occur after, O

remained (Figure 8). This agrees well with the result that the
T—S(4.1) sample contains the aggregated titanium oxide species
(Figure 3). The T5(0.34) sample would have3Tispecies on
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0y In method B, propene was introduced into the 3{0.34)
m sample, and the reactor was photoirradiated at 77 K, followed
—tomT by O, introduction at 77 K in the dark. This procedure will

bring about allyl radial, methyl radical, alkyl radical, and O
radical species on the-1S(0.34) sample according to egs 1, 2,
T-S(0.34) and 5-8. After the sample was warmed to room temperature,
ethanal, acrolein, and propanal were mainly obtained (run 2).
In method C, after the S(0.34) sample was photoirradiated
at 77 K in the presence of£and warmed to room temperature,
only the Q- species was confirmed by the separate ESR
measurement (egs 1 and 2). When propene was introduced to
this sample, ethanal, propanal, and acrolein were mainly
T-S(4.1) generated (run 3). This product distribution is very similar to
that by method B (run 2).
In method D, the +S(0.34) sample was reduced by &t
773 K and evacuated at 773 K, followed by @troduction at

Oy

1 room temperature. This reduction procedure generafgsorni
8o B the sample in the following schem&%°
g/=1.982
g1=1924 . H, reduction
Ti*tt ——Ti®" (9)

Figure 8. ESR spectra at 77 K of the15(0.34) and +S(4.1) samples
after the photoirradiation in_the presence of propene (1.0 Torr) at 77 The TB+ immediately reacts with £to produce @ according
K, followed by the introduction of @(1.0 Torr) in the dark at 77 K. to eq 24859 The existence of © was confirmed by ESR. When
the surface predominantly, while the-5(4.1) sample would  this O, species was contacted with propene at room temper-
have T#+ species not only on the surface but also in the bulk ature, no products were detected (run 4). This confirmed that
lattice in which the T¥" cannot contact with molecular oxygen. the O~ on the TiQ—SiO, samples is not active to propene at
Reactivity of the Oxygen Radical Species to Propen&SR room temperature, as described above.
spectra showed that;Oand Q~ were generated over the Ti© From the results of runs 1 and 4 in Table 2 (methods A and
SiO, samples irradiated at 77 K in the presence of oxygen, while D), it was revealed that £ reacts with propene to produce
only O,~ was observed at room temperature. On the other hand,PO; in other words, ¢ is the active oxygen species for the
it was confirmed that O reacted with propene to form allyl  photoepoxidation of propene over the isolated tetrahedral Ti
radical, methyl radical, and alkyl radical species by photoirra- species. On the other hand, the result of run 3 in Table 2 (method
diation at 77 K. Therefore, it is expected that we can control B) demonstrated that the O reacts with propene to produce
the selective preparation of the oxygen radical specigs, O ethanal and acrolein.
0,7, and Q ~ and can examine their reactivity to propene. Since  Runs 6-8 in Table 2 show the results over the-$(4.1)
the amount of products collected by 573 K heating after ESR sample, which also contains the aggregated titanium oxide
measurement was too small to be detected by GC-FID, we species. In methods-AC, PO was not generated at all, while
carried out separate experiments with larger amounts of samplesethanal, acrolein, and propanal were mainly obtained (r«18).6
(2.0 g) in the same procedures as ESR measurements in ordefhis product distribution is quite different from that of the actual
to determine the products generated through the reaction of eachreaction test (Table 1). Details will be discussed below.
oxygen species with propene. Consecutive Reaction of Propene Oxide over the Ti©-
Table 2 lists the procedures for obtaining each expected SiO, Samples.To know the possibility of the consecutive
radical species and the products experimentally obtained by theconversion of produced PO, the thermal reaction and the
stoichiometric reaction of radical species with propene ar O photooxidation of PO were examined over the §(0.34) and
First, we will show the results over the-15(0.34) sample, which ~ T—S(4.1) samples (Table 3). By the thermal reaction, PO was
contain the isolated tetrahedral Ti species predominantly. Whenisomerized mainly to propanal. The amount of converted PO
propene and ©@were introduced on the-¥S(0.34) sample at  over the -S(0.34) sample (run 1) was very small in compari-
77 K in the dark and it was warmed to room temperature, no son with that over the ¥S(4.1) sample (run 2).
products were detected (method E, run 5). It was confirmed It is generally known that PO is isomerized into propanal on
that the propene epoxidation does not proceed without UV acid sites and into acetone on basic stfe$he amount of
irradiation. surface acid sites was estimated from NHPD and shown in
In method A, Q was introduced into the¥S(0.34) sample, Table 3. The FS(0.34) sample showed a very small amount
and the reactor was cooled to 77 K, followed by the photoir- of acid sites (2zmol g1), which is a comparable level to that
radiation at 77 K. This procedure should bring aboygt @nd of the SiQ sample &6 umol g~%). The T-S(4.1) sample was
O~ radical species on the-15(0.34) sample according to eqs  found to have 5wmol g of acid sites. This means that the Ti
1, 2, and 4. Subsequently, propene was introduced to the samplepecies on the ¥S(0.34) sample do not act as acid sites, while
at 77 K and the sample was warmed to room temperature inthose on the ¥S(4.1) sample result in acid sites. It is generally
the dark. By these procedures, it is expected that propene comesonsidered that FHO—Si bridges adjacent to Tiunits and
in contact with Q= and Q~ on the T-S(0.34) sample. As a  TiOg units cause the charge imbalance to exhibit acidity, while
result, almost equimolecular amounts of PO and acetone wereTiO,4 units bring about no acid sité€%.This agrees well with
detected as products (run 1). In the actual reaction test (Tablethe results mentioned above. The acid sites derived from the
1), the selectivity to acetone was less than 10%. The quite aggregated titanium oxide species on theS[4.1) sample
different reaction conditions, such as temperature and products'would convert PO into propanal through the thermal reaction.
yield, between these experiments would result in the discrepancy The photooxidation of PO with molecular oxygen followed
of acetone selectivity. by thermal desorption was also examined. Ethanal ande@e
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TABLE 2: Results of Stoichiometric Reaction of Oxygen Radical Species with Propefe

run sample methdd expected radical specfes product&/%

1 T—S(0.34) A Q,0, PO (52), acetone (48)

2 B O,~, methyl radical, allyl radical, alkyl radical  ethanal (49), acrolein (24), propanal (15), PO (4), acetone (8)
3 C Q)0 ethanal (49), acrolein (25), propanal (19), PO (3), acetone (4)
4 D (o7 none

5 E none none

6 T—-S(4.1) A Q,0 ethanal (52), acrolein (33), propanal (15)

7 B O,~, methyl radical, allyl radical, alkyl radical  ethanal (52), acrolein (9), propanal (8), acetone (D)(X1)

8 C (A7), 0y ethanal (53), acrolein (33), propanal (14)

a Catalyst 2 g, @5 umol, GsHs 20 umol, irradiation time 0.5 h® The methods are composed of the following sequential procedures. [A] (1) The
sample was irradiated at 77 K in the presence gf(@) CHs was introduced to the sample at 77 K in the dark. (3) The sample was warmed to
room temperature in the dark. [B] (1) The sample was irradiated at 77 K in the presengdso{Z} O, was introduced to the sample at 77 K in
the dark. (3) The sample was warmed to room temperature in the dark. [C] (1) The sample was irradiated at 77 K in the prese(®)eTtieO
sample was warmed to room temperature in the dark. {B) @as introduced to the sample at room temperature in the dark. [D] (1) The sample
was reduced by Hat 723 K for 1 h. (2) The sample was evacuated at 723 K for 1 h. {3y&3 introduced to the sample at room temperature in
the dark. (4) GHs was introduced to the sample at room temperature in the dark. [E]{&n® GHe were introduced to the sample at 77 K in
the dark. (2) The sample was warmed to room temperature in the dEnk. expected radical species. The existence of a radical species was
confirmed by separate ESR measuremehtéie products were collected by heating at 573 K in vacuo with a liquid nitrogen trap after the procedures
shown in methods AE. The percentage of each product is shown in parentheiesould not be confirmed by separate ESR measurement.
fCatalyst 10 g.

TABLE 3: Results of the Reaction of Propene Oxide over the Ti@—SiO, Sampleg
collected compoundsmol

run sample Ti aton®qumol g™%) acid site¥(umol g') propanal acetone acrolein ethanal alcohols HC ,CGumgmol

thermal reactioh

1 T-S(0.34) 55 3 0.3 trace trace trace 0.0 trace trace 0.4

2 T-S@4.1) 675 55 2.9 0.1 0.0 trace 0.0 02 06 3.8
photooxidatioh

3 T-S(0.34) 55 3 0.3 0.1 0.0 0.3 0.0 trace 0.3 1.0

4 T-S4.1) 675 55 3.7 0.5 0.5 1.2 0.7 03 1.0 7.9

aCatalyst 0.2 g° The number of Ti atoms contained iL g of thesample The amount of acid sites calculated from the NHPD profile.
4 COy denotes CO+ CO,. € The thermal reaction of propene oxide (2tol) by 573 K heating in vacud.The photooxidation of propene oxide
(20 umol) for 1 h with G, (200 umol), followed by the thermal desorption of products by heating at 573 K.

mainly obtained in addition to propanal over both samples (runs acrolein and HO.25 In the present study, the reaction of O

3 and 4). In the photooxidation, the-55(4.1) sample converted  with propene resulted in methyl radical or allyl radical through
more PO than the ¥S(0.34) sample did. This agrees with the CC bond fission or H abstraction (Figure 6). These radical
high activity for complete photooxidation of the bulk TiO  species would react withO to form ethanal and formaldehyde
sample (Table 1, run 9). It is demonstrated that the aggregatedor acrolein and KO. However, as described in the previous
titanium oxide species promotes not only the thermal isomer- section, the @ remained after the hydrocarbon radical species
ization of PO to propanal on the acid sites but also the disappeared at room temperature. The possibility of direct

consecutive photooxidation of PO to O reaction with molecular oxygen could not be excluded.
) ) The products distribution obtained in method C was very
Discussion similar to that obtained in method B. This result implied that

Proposed Mechanism for the Photooxidation of Propene ~ OL™ also existed on the samples at room temperature after the
over the Isolated Tetrahedral Ti SpeciesAs described above,  photoirradiation at 77 K in the presence of &though the signal
the Qs reacts with propene to produce PO. Kanai et al. reported of OL.~ was not observed by ESR measurement (Figure 5b).
TiO,—SiO, containing 5 mol % Ti produced PO in the The Q™ would be formed through the decomposition of O
photooxidation of propene although the selectivity to PO was at room temperature (the reverse reaction of eq 4). The-spin
low.61 Without direct experimental evidence, they speculated lattice relaxation time of the © might become shorter because
that PO was produced through a titanaoxacyclobutane interme-the symmetry is changed by the presence of the. O
diate that was produced by the reaction of propene with. O From these results, the tentative mechanism for the photo-
From the results in the present study, the reaction betweenoxidation of propene at room temperature over the isolated
propene and O provided other products. Therefore, their tetrahedral Ti species is proposed in Scheme 1. When the{Ti
speculation seems to be excluded. 0O.%7] of the isolated tetrahedral Ti species (species I) absorbs

The Q ~ reacted with propene to produce methyl radical and UV light (A < 250 nm), LMCT from O to Ti occurs, and the
allyl radical. When the radical species contacted with molecular charge-transfer exited state $TO_~]* is achieved (species
oxygen, ethanal, acrolein, and propanal were mainly obtained Il). When the photoformed ¥i and Q ~ react with Q, O,~
(method B, run 2). Yoshida et al. suggested that the photoexcitedand G~ are produced, respectively (species Ill). The @acts
V=0 bonds on YOs/SiO, catalyst (5 wt % \Os) activate with propene (species 1V) to produce PO (route A); otherwise,
propene and &to produce ar-allyl intermediate and &, and it decomposes to O and Q (species V).
then ethanal or acrolein is generaf@iang et al. speculated It is not clear how the @ and the residual oxygen atom in
that propene cation radicak@s™ and Q~ are generated through O3~ are consumed in route A after producing PO. However,
an intermolecular gHs—0O, charge transfer in the cage of Ba- since the selectivity to PO over the Ti©SiO, samples in the
exchange zeolites and lead to ethanal and formaldehyde orreaction test reached 60%, the residual oxygen atomsin O
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SCHEME 1: Proposed Mechanism for the Formation of PO, Ethanal, and Acrolein over the Isolated Tetrahedral Ti
Species

On
02 Ly’
(——#— C3Hg

O/{i\o Hzc'?CHCH:.;
/O | Q:\o
Si Si L\(')’L or
II 447 2
Ti
./o/(‘)\oI
hv Si / )
si S
Loz v
HyCCHO | e
VI HCHO /0/1('\0
s 90 L ,
si Siw
I N -7 H,C—CHCHj
(L =H orSi) (0]
HaC=CHCHO
H,0

aRoute A is the cycle for PO production through speciesl +IIl =1V —I. Route B is the cycle for acrolein or ethanal production through

species +11—(V)—=VI or VIl —I. L denotes either H or Si.

should not be responsible for side reactions and might producechrome P-450, a monooxygenase, generates the electrophilic

one more PO. If two oxygen atoms ingOare employed for

oxygen species from Qnvolving a reducing agent to catalyze

the PO production, TON (produced PO/Ti atoms) should exceedthe epoxidation of alkenes and hydroxylation of alkanes and

2 per one catalytic cycle. Although confirmed TON was 1.4
over the -S(0.34) sample in the present study, confirmed TON
reached 2.8 over the TIBIO, 0.1 mol % sample, as previously
reported®® This indicates that route A in Scheme 1 proceeds
catalytically in any case.

When Q™ reacts with propene, allyl radical (species VI) or
methyl radical (species VII) is formed through H abstraction
or CC bond fission. These radical species reacted wjthdD
O, to produce acrolein and# or ethanal and formaldehyde
(route B). Q and propene would competitively react with the
O.~ to form the @~ and the hydrocarbon radical species,
respectively, resulting in the different products from each other.

It is not clear whether both £ and Q~ coexist on the same
[Ti—O] site (species lll). However, since no3Tisignal was
observed in the presence of @nder the photoirradiation, it
may be more possible that thgCand Q~ coexist on the same
[Ti—O] site. The existence of O on Ti¥t might result in the
separation of electric charge to stabilize the existencezof O
Thus, we tentatively draw £ and Q~ on the same [F-O]
site in Scheme 1.

Electrophilic Active Oxygen Species for the Photoepoxi-
dation of Propene.lt is generally considered that the electro-
philic oxygen species are effective for the epoxidation of
alkenef®87 In the Ag/ALO; catalytic system for epoxidation

aromatics® Recently, many workers examined the epoxidation
of olefin in the presence of £and reducing agents in order to
produce the electrophilic oxygen specfe$83:64

In the present study, £ is claimed to be the active oxygen
species for the epoxidation of propene. Thg @& generated
by the reaction of the photoformed O(hole center on lattice
oxygen) with Q. Therefore, the @ should be the electron
deficient state and should have an electrophilic nature. So far,
O3~ was observed over various photoirradiated metal oxides
and was suggested to be the active oxygen species f&iQhe
180 exchange reaction and CO oxidatf91¥>56:6%71 However,
there are no reports that;Oon metal oxide reacts with alkene
to produce epoxide. Takita et al. reported that the stoichiometric
reaction between propene ang @n MgO gave CQas a main
product’? The shape of the £ on MgO is shown in the
following model:

O,
e

Ob\o .
Y4 /
This is different from that on the Ti©>-SiO, samples. Therefore,

the nature of the ©@ would also be different. Kubokawa et al.
reported that @ was the active oxygen species for the

of ethylene using molecular oxygen, it is suggested that the photooxidation of alkenes to ketones, aldehydes, and dienes over

electrophilic atomic oxygen on the Ag surface attacks theOC
bonds in ethylené® In the epoxidation system using peroxide

porous Vycor glass (PVGf The G~ on PVG is T-type G-,
similar to that on the Ti@-SiO, samples; however, the

reagents in the presence of homogeneous (Mo, W, V, Ti, and reactivity to alkene is different. Since it is known that the nature

Zr) or heterogeneous (TBIO,, TS-1) catalysts, the peroxo

of O~ strongly depends on the adjacent metal at&hibat of

species, generated from metal species and peroxide reagent, ai®;" is also expected to vary from oxide to oxide. Other factors

suggested to be the active oxygen spe#iéslt is considered
that the metal ion increases the electrophilicity of the peroxo
moiety by withdrawing electrons. It is well-known that cyto-

than the oxygen species would also be concerned. PVG is a
porous silica material containing some impurities such #3;B
(2.95 wt %), NaO (0.04 wt %), AbOs, and ZrQ (0.72 wt %),
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and it is expected to have acid sites. In our previous study, the o (5) Haruta, M.; DatteM. Appl. Catal A 2001, 222, 427 and references
Al,04/Si0O, sample showed low selectivity to PO because of therein. . . e

its acidity?® The acidity on PVG might cause the absence of 376_(6) Melers, R.; Dingerdissen, U.; lierich, W. F.J. Catal. 1998 176
epoxide yield. The existence of T-typgsOwould be required (7) Yamanaka, |.; Nakagaki, K.; Otuka, K. Chem. Soc., Chem.
for the photoepoxidation; however, the other factor, such as Commun1995 1185.

- . . g (8) Lu, G.; Zuo, X.Catal. Lett.1999 58, 67.
acidity, will also be concerned with the photoepoxidation (9) Lu. J.: Luo, M.; Lei, H.. Li, C.Appl. Catal A 2002 237, 11.

activity. (10) Miyaji, T.; Wu, P.; Tatsumi, TCatal. Today2001, 71, 169.
Effect of the Structure of Ti Species on the Photoepoxi- (11) Murata, K.; Kiyozumi, Y.Chem. Commur2001, 1356.
dation Activity. As shown in Table 1, the ¥S(4.1) sample (12) Lu, J.; Luo, M., Lei, H.; Bao, X,; Li, CJ. Catal 2002 211, 552.

showed lower selectivity to PO (21.5%) than the-3(0.34) Re(sl_%g';a%’zsggggf Han, L. B.; Tsubota, S.; Haruta, Wd. Eng. Chem.

sample (57.5%). The lower selectivity over the 3(4.1) sample (14) Nijhuis, T. A.; Musch, S.; Makkee, M.; Moulijn, J. Appl. Catal
related to a lower ratio of ©/0,~ (Figure 5), which should A200Q 196 217. = )

correspond to species lll/(species #l species V) in Scheme (15) Maldotti, A.; Molinari, A.; Amadelli, R.Chem. Re. 2002 102
1. Thus, route B is maml_y pr.omoted., or rOUte.A is less promoted (16) Kanno, Y.; Oguchi, T.; Sakuragi, H.; Tokumaru, Retrahedron
over the aggregated titanium oxide species because of thelLett. 1980 21, 467.

smaller amount of @ (17) Fox, M. A.; Chen, CJ. Am. Chem. Sod.981, 103 6757.
L . . (18) Ohno, T.; Nakabeya, K.; Matsumura, W.Catal. 1995 176, 76.
In the stoichiometric reactions over the-8(4.1) sample, (19) Matsuda, Y.; Sakamoto, S.; Koshima, H.; Murakami,JY Am.

when propene was contacted with Gand Q~, PO was not Chem. Soc1985 107, 6415.

obtained, but ethanal, acrolein, and propanal were formed (TabIeCh(ZO) gNebeéhL-: IninOICZyE;QIQ.;lH3%Te, G.; Rehorek, D.; Hennig, H.
H H H H H H H em. S0cC., em. Comm .

2, run 6)_. The_ products distribution is essentially identical to (21) Weber. L.: Hommel, R.: Behling, J.: Haufe, G.; Hennig JHAm.

that obtained in method C (run 8). The Qover the F-S(4.1) Chem. Soc1994 116, 2400.

sample in method A (run 6) would decompose to @nd Q (22) Pichat, P.; Herrmann, J.; Disdier, J.; Mozzanega] NPhys. Chem.

before it reacts with propene during warming the sample from 1979 83, 3122. _
(23) Blatter, F.; Sun, H.; Frei, HCatal. Lett.1995 35, 1.

77 K to room temperature. This result indicates that the O (24) Blatter. F.: Sun, H.; Vasenkov, S.; Frei, Gatal. Todayl998 41
over the aggregated titanium oxide species would be unstablezg7. o . '
and more likely to decompose tq Oand G than that over the (25) Xiang, Y.; Larsen, S. C.; Grassian, V. 5.Am. Chem. S04.999

; ; ; e ; i 121, 5063.

|soIate_d tetrahedral Ti species. This dlf_ference in stability of_ (26) Tanaka, T.: Nojima, H.: Yoshida, H.: Nakagawa, H.: Funabiki, T :
the O~ would be the major reason the isolated tetrahedral Ti voshida, SCatal. Today1993 16, 297.

species is effective for PO production. (27) Yoshida, H.; Tanaka, T.; Yamamoto, M.; Funabiki, T.; Yoshida,

In addition, the consecutive reaction of PO is little promoted S:-Chem. Commuri99§ 2125.

. - . qa i (28) Yoshida, H.; Tanaka, T.; Yamamoto, M.; Yoshida, T.; Funabiki,
over the isolated tetrahedral Ti species, while it is promoted 1. Jshida 53 Catal. 1997 171 351.

over the aggregated titanium oxide species (Table 3). This would (29 Yoshida, H.; Murata, C.; Hattori, T. Catal.200Q 194, 364.
also cause the difference of the selectivities of these species. (30) Yoshida, H.; Murata, C.; Hattori, Them. Commuri999 1551.
(31) Lange, R.; Hekkink, J.; Keizer, K.; Burggraaf, A.Noncryst. Solids
1995 191, 1.
(32) Anpo, M.; Tanahashi, I.; Kubokawa, ¥. Chem. Soc., Faraday

; ; ; Qi Trans.1982 78, 2121.
The isolated tetrahedral Ti species on the ;FHSIO, samples (33) Anpo, M.: Kondo, M.: Kubokawa, Y. Louis, C.: Che, K. Chem.

catalyze the photoepoxidation of propene with molecular soc. Faraday Trans1988 84, 2771.
oxygen. [TH—0,27] is excited by UV light to form a [T9"— (34) Yoshida, H.; Tanaka, T.; Matsuo, S.; Funabiki, T.; Yoshida].S.
OL7]* radical pair. The T# moiety reacts with @to form Oy Chem. Soc., Chem. Commui995 761.

The Q~ moiety, a hole center on lattice oxygen, reacts with 19&3;5)12\E()?sh|da, H.; Kimura, K.; Inaki, ¥.; Hattori, TChem. Commun.

O, to form G;~, which reacts with propene to yield PO. The (36) Inaki, Y.; Yoshida, H.; Kimura, K.; Hattori, TJ. Phys. Chem. B

Os;~ would be the electrophilic oxygen species effective for the 200Q 104 10304. _ _ _ _

epoxidation of propene. When the, O moiety reacts with (37) Inaki, Y.; Yoshida, H.; Kimura, K.; Inagaki, S.; Fukushima, Y.;

: . . __Hattori, T. Phys. Chem. Chem. Phy200Q 2, 5293.
propene, acrolein or ethanal is produced through H abstraction’ ~(3g)’ Gao, X.; Wachs, I. ECatal. Today1999 51, 233.
or CC bond fission. (39) Gao, X.; Bare, S. R.; Fierro, J. L. G.; Banares, M. A.; Wachs, I. E.
The isolated tetrahedral Ti species exhibit the higher stability J- ';;(%S-BCh;m- %993 }02, 5253I-_ berti. C.: Marchese. L+ Zecchina. A

_ P . . ordiga, o.; Colucia, o.; Lambert, C.; Marcnese, L.; Zecchnina, A.;

of the G a”‘?' Iowe_r activity for the consecutive r_eac_tlons O,f Boscherimi, F.; Buffa, F.; Genomi, F.; Leofanti, G.; Petrini, G.; Vlaic, G.

PO in comparison with the case of the aggregated titanium oxide J. phys. Chem1994 98, 4125.

species. This would explain the effectiveness of the isolated (41) Howe, R. F.; Gratzel, MJ. Phys. Chem1985 89, 4495.

; i ; (42) Mimic, O. I.; Zhang, Y.; Cromack, K. R.; Trifunic, A. D.; Thurnaur,
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