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Development of highly selective methods for photochemical content of the catalyst. In contrasmTiO»(65, 61, 57, 37)
organic synthesis, driven by a heterogeneous catalyst, is one of thedemonstrates peculiar relationships (Figure 1B): (i) conversions
biggest challenges in chemisfruch investigation has been made of substrates with lovwD value (<0.05) are nearly zero; and (ii)
based on systems using a semiconductor, titanium dioxide,)#iO  conversions of substrates with higi2wvalue are obviously higher.

In most cases, photocatalytic reactions on JfPoceed via the None of the properties of catalysts [band gap enekgy) (particle
following steps: (i) generation of electron-positive hole pairs by size, and surface hydrophobicity (monolayer adsorption capacity
an absorption of supra-band gap photons; (ii) production of hydroxyl of H,O, gu20)] or substrates [oxidation potential, HOMO level, and
radicals ¢OH) via reaction of the hole with surfaceOH groups hydrophobicity (logP)], which usually affect the catalytic activity

or adsorbed bD molecules; and (iii) oxidation of substrates by of nTiO,,! can explain the unusual activity ofiTiO, (Table 1;
«OH. However, oxidation bywOH is nonselective, resulting in  Table SI), leading to the degree of substrate adsorption as the
insufficient product selectivity. Recently, two innovative methods strong factor.

were proposed for improvement of catalytic selectivity on JiO OnmTiO(0), conversion for all tested substrates is nearly zero
(i) creation of molecular recognition sitg3-Cyclodextrin) for (Figure 1B), as is also observed omiO,(0) (Figure 1A). This is
preferential decomposition of targeted substPaed (i) creation because the photoformed electron and positive hole recombine
of nonsemiconducting micropores, leading to selective decomposi- easily on the amorphous surfa®8.AggTiO,(36) which was

tion of large molecules on an external semiconducting, Bidface’ prepared by aggregation method without calcination and which

However, a photocatalytic system based on,J&abling selective contains high surface area but almost no mesopores (Figdje S2
“transformation” of molecules and production of “fine chemicals”, does not show such adsorption-dependent profile (Figure 1A).
had not been developed. Calcination ofaggTiO; leads to a formation of mesopores due to
Our system employs Ti&with a mesoporous structurm(ioy). sintering of the particles, along with an increase in anatase content
So far, variousmTiO, with different pore size and surface area [MTiO,(57)]%¢ (Figure SZ). The use ofmTiOy(57) shows an
have been synthesized by means of (i) surfactant-templating adsorption-dependent profile (Figure 1B), asdiO,(65, 61, 37).
method and (ii) aggregation method consisting of an aggregation These findings strongly suggest that the unusual activityGD,
of nanosized Ti@particles followed by sintering of the particles. s triggered by a combination of anatase phase and mesopores on
A few reports revealed thanTiO,, as compared to a conventional the catalyst. It is noted thahTiO,(57), prepared by aggregation
nonporous TiQ (nTiO,), catalyzes a rapid photodecomposition of method, has more disordered mesostructuretid®,(65, 61, 379
some substrates, such as 2,4,6-trichloroph&mepentané’-f2.eand (Figure S1), indicating that a well-ordered porous system is not
acetoné?f These enhanced activities are, however, inspired simply necessary for the catalytic activity.
by the high surface area ofiTiO,; structural advantage of the ESR spin-trap technique witl-phenyIN-tert-butylnitrone (PBN)
mesoporous system is left unexploited. Herein, we report an was used to clarify the catalytic mechanism mmiO, involving
unprecedented photocatalytic activity afTiO, driven by an «OH.” UV irradiation to mTiO, containing anatase phase, when
adsorption degree of molecules onto the catalyst surfadech suspended in aqueous PBN solution, gives PBAIH spin adduct
promotes a preferential conversion of well-adsorbed molecules. We signals, as also fonTiO,(100) (Figure 2AY! ESR silence with
highlight a successful application of this property to selective nTiO,(0) andmTiO,(0) (Figure 2A) indicates thaOH is formed
transformation of a well-adsorbed molecule into a less-adsorbed mainly on the anatase pha¥e.Considering the large internal
molecule, labeled as “stick-and-leave” transformation, which surface area omTiO,, most of anatase phase should exist within
enables a transformation of benzene into phenol, one of the mostthe mesopores; meaning®H production onmTiO, must occur
difficult synthetic reactions, with very high selectivity 80%). mainly on the internal surface. Meanwhile, substrate adsorption onto
We used five kinds omTiO,(x) [x = anatase content (%)] with  mTiO, should take place mainly within the pores of high surface
pores of>3 nm diameter (Table 1), prepared by the above two area. Therefore, the concentrations of substrates with higjketue
methods, and nTiOx(X) catalysts for comparison. XRD analysis inside the pore are expected to be higher than those with IBwer
confirmed that all catalysts consisted of anatase and amorphousvalue; the substrates with higher value may be attacked effectively
phases (Figure ST)Catalytic conversions were carried out by by theeOH inside the pore.
photoirradiation { > 320 nm) to a buffered aqueous solution (pH PBN is scarcely adsorbed on all of the catalyfts< 0). On the
7; 10 mL) containing respective substrate (2fiol) and catalyst basis of the above assumption, the PBN concentration within the
(10 mg)? The degree of substrate adsorption onto the catalyst was pore is expected to be lower than that in bulk solution. Figure 2B
defined as the distribution rati@, based on the adsorption tést.  shows the PBN-«OH intensity, obtained by double integration of
Figure 1 shows a relationship betwelerand conversion of 15 the lowest magnetic field signal of the PBNOH (Figure 2A).
kinds of phenol and phenoxyacetic acid derivatives5), where The intensity omTiO; increases linearly with an increase in anatase
reactions of all of the substrates are initiatedef®H.? On nTiO, content, as expected. However, the intensitynafiO,(65) and
(Figure 1A), practically no relationship is observed, although mTiO,(61) is obviously lower than that onTiO»(58), although
substrate conversions tend to increase with an increase in anatasanatase content is higher. As reportéeDH is trapped on the Ti©

12820 = J. AM. CHEM. SOC. 2005, 127, 12820—12822 10.1021/ja053265s CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

Table 1. Properties of Catalysts

anatase Ager Aext D, Evg particle size Ghoo
catalyst (%)2 (m2g~1)b (m2g~Y)° (nm)? (ev)e (um)’ (molecules nm=?)¢ synthesis

mTiO2(65) 65 171 25 4.6 3.01 2.3 8.0 h
mTiO2(61) 61 308 33 3.2 3.06 2.2 4.8 h
mTiOx(57) 57 164 29 3.0 3.03 2.1 8.1 i
mTiO2(37) 37 161 17 3.4 3.08 1.8 6.7 h
mTiO2(0) 0 135 38 6.8 2.89 1.9 8.4 h
nTiO2(100) >99 50 48 3.08 7.0 6.6 j
nTiO2(58) 58 81 76 3.08 5.6 7.7 j
nTiO,(0) 0 127 112 3.10 1.9 10.4

aggriO,(36) 36 297 44 3.01 3.3 12.9 k

aMeasured according to literature procedtfie? BET surface ared External surface area determined by thgot volumetric measurements with,N
d Determined by the DH methodMeasured by a plot of the Kubelkaviunk function versus the energy of light absorbeBetermined by a laser scattering
technique 9 Monolayer adsorption capacity o8, as determined by dividing the amount of®{adsorbed on the catalyst Byer. " By surfactant templating
method®®” | By aggregation metho®:” | By calcination ofnTiO2(0).” ¥ By aggregation method without calcinatiéf.
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Figure 2. (A) ESR spectra of PBNeOH spin adduct obtained by
photoirradiation to a catalyst-suspended aqueous PBN solution. (B) The
PBN—«OH intensity obtained by double integration of the lowest magnetic
field signal of the adduct, where the intensity obtained witiO,(100) is
set as 1. (C) Photoconversion (0.5 h) of pheridldn respective catalyst
as a function of anatase content of the catalyst. The catalysts areTi@y)-
(65), (b)mTiOx(61), (c)mTiO2(57), (d)ymTiO(37), (€)mTiO2(0), (f) nTiO2-

@s (100), (g)nTiO2(58), (h)nTiO2(0), and (i)aggriO2(36).

solution, thus leading to higher PBNOH intensity (Figure 2B).

05 When conversion ofl, which is scarcely adsorbed on all of the
catalysts D = 0) as also for PBN, is plotted against anatase content

Figure 1. Relationship between the distribution ratid, and substrate of the catalyst (Figure 2C), the obtained profile is similar to that

conversion (0.5 h) on (ANTiO2(X) (green open circlex = 100; red open of the PBN-eOH intensity (Figure 2B). This fact explains the full

circle, 58; black open circle, 0) arabgliO2(36) (blue open circle) and ; PR - . . .
(B) mTiO2(x) (blue open circlex = 65; green open circle, 61; solid green picture of the adsorption d_rlven_actlvny aﬂl.oz. (Figure 1B): a
circle, 57; red open circle, 37; black open circle, 0). Substrates used are Well-adsorbed molecule (higb) diffuses well inside the pores and

denoted as numbers in the figuré; phenol;2, 2,4,6-trichlorophenol3, reacts easily withOH, whereas a less-adsorbed molecule (w
chlorohydroquinones, 2,4-dichlorophenol5, 3-chlorophenol$, 4-chlo- scarcely enters the pores and cannot react ¥@H. As shown in
rophenol;7, 2-chlorophenol8, benzyl alcohol9, 2,4-dichlorophenoxyacetic Figure 1A, onaggTiO»(36), no adsorption dependence is observed,

acid; 10, p-cresol;11, phenoxyacetic acidi2, 1,2,4-trihydroxybenzend3, . . .
1,3,5-trihydroxybenzene14, 4-chlorophenoxyacetic acidl5, 2,6-bis- and conversions are lower than thosemfiO,(37). In addition,

(hydroxymethyl)p-cresol. Detailed data fdd and conversion of substrates ~ a2ggTiO2(36) shows rather lower PBROH intensity and conver-
on mTiO; are shown in Table S1. sion of 1 than doesmTiO,(37) (Figure 2). This may be because

substrates cannot diffuse smoothly inside the narrow micropores
surface and is converted to an inactive surfag@H group in a on aggriO,, indicating that the presence of “mesopores”, which
near-diffusion-controlled rate. Calculation based on a simple allow a smooth diffusion of molecules, is necessary for the
cylindrical model (see discussibm the Supporting Information)  adsorption-driven activity3
reveals that diffusion distance e®H formed inside the mesopore The unique activity ofmTiO, is applicable to a selective
onmTiO; is 1.3-2.4 nm, which is smaller than the pore diameter transformation of several molecules (Table 2). Photoirradiation of
of mTiO; (Table 1), suggesting thaDH formed inside the poreis 11 on nTiO; gives rise tol as an initial product (runs 1, 2) via
deactivated rapidly and, hence, scarcely diffuses out of the pores.eOH-induced ether bond cleavatfebut the selectivity is not so
These findings clearly support the above assumptionmoiO, high (<35%) because sequential oxidationldfy «OH occurs on
most of PBN exists out of the pores and cannot react sufficiently nTiO,.1> However, ormTiO; (run 3),1 is obtained with more than
with «OH formed inside the pore. In contrast, WFiO,, PBN reacts twice the selectivity (72%). This is becaukés scarcely adsorbed
easily with«OH formed on the external surface facing the bulk onmTiO, (D = 0) and, hence, suppresses the sequential oxidation
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Table 2. Photocatalytic Transformation of Various Substrates?
run catalyst reactant D conv (%) product D yield (%) select (%)

1 nTi0x(100) 0.17 90 OH 0.01 39 35
0 82 0 28 34

2 nTiOx(58)
3 mTiOx61) 0.11 89 1 0 61 72

6  mTiOy61) 0.12 90 6 65 72

0.05 60 /@O”
0 71 Cl Cl

0.09 84 4

26 23
12 17
75 89

7 uTiO(100)
8 nTiOy(58)
9 mTiOx61)

0.24 26 0

0.28 16 OH
12 mTiOx61) 0.64 23

13 mTiOy(61) 0.64 42 1
145 mTiOy(61) 0.64 10

1 2 8
1 6

19 83

34 81

8 80

10 nTiOy(100)
11 nTiO«58)

OH
O\/&
o
11
. OH OH
4 nTiOy(100) o\/go 0.10 91 /@ 0.01 16 18
5 nTi0y(58) /@ 0 87 o 0 11 13
cl 0
14
OH
o
Cl Cl
9
16

aReaction conditions were: reactants,200l; photoirradiation time, 2 h; catalyst, 10 mg; buffered (pH 7) aqueous solution, 10 mL; temperature, 313
K. P Photoirradiation time, 6 I Reactant, 0.5 mmol (which is not fully dissolved in the aqueous solution).
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