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Abstract: The structural, electronic, and vibrational properties of intermediates of the O, photoreduction
at the (101) TiO, (anatase) surface have been investigated by performing ab initio density functional
calculations. In detail, a recently proposed approach has been used where molecules on the surface are
treated like surface defects. Thus, by applying theoretical methods generally used in the physics of
semiconductors, we successfully estimate the location and donor/acceptor character of the electronic levels
induced by an adsorbed molecule in the TiO, energy gap, both crucial for the surface—molecule charge-
transfer processes, and investigate the formation and the properties of charged intermediates. The present
approach permits a view of the O, photoreduction process through several facets, which elucidates the
molecule—surface charge-transfer conditions and reveals the key role played by charged intermediates. A
comparison of present results with those of a highly sensitive IR (infrared) spectroscopy study of
intermediates of the O, photoreduction leads to a deeper understanding of this process and to revised
vibrational-line assignments and reaction paths.

Introduction significant contribution has been given by a recent MIRIR
(multiple internal reflection infrared spectroscopy) investigation

In the last years, there has been a growing interest in fh hotoreduction i luti 4 tact with
applications of semiconductor metal oxides, in particular,JiO ot the Q_p oloreduction in acqueous solutions In contact wi
UV-irradiated TiQ rutile or anatase nanoparticl&sin that

to photocatalytic processes such as the photooxidation of organic
P ytic p P g study, observed vibrational frequencies have been assigned to

and small inorganic molecules in polluted air and watérin
these processes@olecules play a key role, being the species primary intermediates of the photoreduction, and mechanisms
j for this reaction have been proposed.

mainly involved in the photoreduction processes accompanying In the present paper, we investigate the above steps (i), (iv)

the photooxidation ones. Furthermorep-@erived oxidizing ; . L
species are generally involved in the oxidation of organic and (V) of th? Q photoreduction process by using ab initio
compounds® A rough description of the photocatalytic de”S'tY functional theory (DFT) mthods. We chus on the
processes may include the following steps: (i) adsorption of a f_ormatlon a_nd t_he structgral, electronic, and vibrational proper-
molecule on a semiconductor surface, (i) photogeneration of ties of possible intermediates and compare our results with those
of the MIRIR study. We use a recently proposed approach where

electror-hole —h) pairs, (iii) trapping of electrons (holes) at
surface sites, (iv) reduction (oxidation) of the adsorbed molecule molecules on a Tigsurface are treated lilsurface defectand
investigated in the theoretical framework successfully used for

through e (h) transfer from the surface to the molecule, (v)

molecular desorption. Steps-i can be accompanied by the defectsn semiconductor$®1” For a given adsorbed molecule,

formation of reaction intermediates. Successful applications of ts#ch an l?pproach permlftﬁt(;grailon "t]ha ??QS'Stem p|(|;tuma|zf

photocatalysis require a full understanding of the microscopic . eresu sICanermng. ('). € strength ot the sur ecu’e

processes underlying the above steps,ias shown by several interaction; (ii) the electronic properties of the surfaceolecule
system considered asvéhole thus including the location and

experimentdi® and theoreticdi'* studies. In this regard, a ) .
P g the donor/acceptor character of the electronic levels induced

(1) Hoffmann, M. R.; Martin, S. T.; Choi, W.: Bahnemann, D. Ghem. Re. by the adsorbed molecule in the energy gap of the semiconduc-
1995 95, 69. o ] ) 2 :

(2) Linsebigler, A. L.; Lu, G.; Yates, J. T., J€hem. Re. 1995 95, 735. tor; (iii) the charge tr_ansferprc_:cesses, (iv) the formaﬂo_n of

(3) Mills, A'; Le Hunte, S.J. Photochem. Photobiol., 2997, 108, 1. neutral andcharged intermediates; and (v) the vibrational

(4) Fujishima, A.; Rao, T. N.; Tryk, D. AJ. Photochem. Photobiol., 2000 properties of both neutral and charged species. A peculiar

(5) Diebold, U.Surf. Sci. Rep2003 48, 53.

(6) Carp, O.; Huisman, C. L.; Reller, Rrog. Solid State Chen2004 32, (11) Tilocca, A.; Selloni, AJ. Chem. Phys2003 119, 7445.
33. (12) Zhang, C.; Lindan, P. J. D. Chem. Phys2003 118 4620.

(@) Llndan P. J. D.; Harrison, N. M.; Gillan, M. Phys. Re. Lett. 1998 80, (13) Zhang, C.; Lindan, P. J. 0. Chem. Phys2003 119, 9183.

(14) Tilocca, A.; Selloni, ALangmuir2004 20, 8379.

(8) Vlttadlnl A.; Selloni, A.; Rotzinger, F. P.; Gtzel, M. Phys. Re. Lett. (15)
1998 8L 2954,

(9) Sorescu, D. C.; Yates, J. T., Jr.Phys. Chem. R002 106, 6184. (16)

17)

(10) Langel, W.Surf. Sci.2002 496, 141.

Nakamura, R.; Imanishi, A.; Murakoshi, K.; Nakato,JY Am. Chem. Soc.
2003 125 7443.

Van de Walle, C. G.; Neugebauer,JJ.Appl. Phys2004 95, 3851.
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Table 1. Assignments of the Experimental Vibrational OH
Frequencies to O, Photoreduction Intermediates As Proposed in HO + |
the MIRIR Study (ref 15)a AN
frequencies (cm~?) pH PATH A
species Voo Soi v[, 45 70 118 2e+ 2H* T
Ti(O2) 943 - 931,926 s S S 02 o -
Ti-OOH 838 - 770,746 w  no  no H H | / /
Ti—OOH - 1250-1120 900 s w no o e ? - o—/o +H* o\
: ~
H202 887 - - S no no Ti (4+) — Ti — Ti —= Ti
H,0, -  1250-1120 - s w no SN 7N SN 7N
OOH: 1023 - - s s no e
PATH B l * M ot
ayo-o anddo- indicate stretching and bending frequencies, respectively. =0,
vp indicates frequencies estimated when substituting H with D. The o +HT +HO,
experimental lines have a different strength when measured at different pH | e o —_— HO, — = HO,

values: w= weak, s= strong, no= not observed® The two frequencies /Ti\
are observed at pD equal to 11.2 and 6.5, respecti¢dliis frequency,
not observed, could be masked by the o band of Ti(Q). Figure 1. Reaction pathways for the xohotoreduction as proposed in
the MIRIR study (ref 15).
advantage of such an approach is represented by the investiga-
tion of charged species, which are hardly discriminated from
the neutral ones experimentally. Moreover, the present approach
permits relating the formation of charged species to the position
of the Fermi level in the semiconductors (i.e., to the doping
conditions) as well as to the effects of the UV irradiation. In
detail, neutral and charged intermediates have been investigated
first in the form of free species in the vacuum. The properties
of the free species have then been related to those of the same
species adsorbed on the anatase surface, which give rise to a
gas-solid system. In a third step, the effects of water molecules
on the formation of intermediates and on the vibrational

properties have been investigated in order to make the theoretical )
Its appropriate for a comparison with MIRIR results. In this Figure 2. StructL_Jre of the (% 3} supercell used to S|_mulate the anatase
resu pprop p ' (101) surface. Five-fold- and six-fold-coordinated Ti surface atoms are

concern, we considered the stable (101) J@@atase surfadg, labeled by Ti-5 and Ti-6, respectively.

that should be abundant in the anatase nanoparticles investigated

in the MIRIR study. It may be also worth noticing that, in the Methods

same study, similar results were achieved for rutile and anatase T . _ . . )

. . . . otal energies, equilibrium geometries, and adsorption (desorption)
nanoparticles, thus suggesting that thg observed Intermed'ate‘lcé\nthalpies of different surfaeamolecule systems have been calculated
are related to general surface properties. - _ by using DFT methods in the generalized gradient corrected ap-

Present results clarify and enrich the picture given by the proximation (GGAJ*2! with the PBE exchange and correlation
MIRIR results by indicating thathargedintermediates play a  functional??in the supercell approach. Ultrasoft pseudopotentials have
key role in the @ photoreduction. In particular, they indicate a been used for oxygen and titanidf+#* The supercells used to simulate
different assignment of some of the experimental lines and molecules interacting with the (101) anatase surface have been obtained
suggest different reaction mechanisms. They also suggest thaby adding~7 A of empty space to a bulk 72-atom supercell containing
the water molecules in contact with the Fi€urface give rise  four (2 x 3) atomic layers (cell volume equal to 1688)Asee Figure

to quite short hydrogen bonds which significantly affect the H 2. Geometry optimization procedures have been performed by fully
vibrational frequencies relaxing the positions of all of the atoms of a supercell, except for the

. f the fourth | f he | I
In the following, the results of the MIRIR study are atoms of the fourth layer (formed by the lowest twelve O atoms and

; . . " six Ti atoms) which have been kept fixed to their optimized bulk
summarized. Then, in the next sections, present theoretwalmsitions.

results are discussed and compared with the experimental ones. 145 energy values have been used to estimate the strength of a
Observed vibrational lines are reported in Table 1 together molecule-surface interaction through the calculation of desorption

with their assignments to reaction intermediates made in the enthalpies, e.g., in the case of an @Bolecule:

MIRIR study. Such assignments have taken into account the

variation of the measured frequencies induced by a ghanqe of AH4.{O,) = E(O, — Surf) — E(Surf) — E(O,)

the pH values or the substitution of H with D. Accordingly, it

has been suggested that a surface peroxo, JJi(@d a  where the total energy values are relative to supercells simulating an

hydroperoxo, T+OOH, are responsible for the two most O, molecule interacting with the anatase surface, the surface, and an

important bands observed at 943 ¢hand 1256-1120 cnt?, isolated @ molecule in the vacuum, respectively. Present estimates of

respectively. Other lines are assigned to physisorbgo} ldnd
i i i i i (19) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864.

OOHe radicals which, together with the TigPand T=OOH (20) Kohn. W.- Sham. L. JPhys- Re. 1965 140, AL133.

)
- . . - )
species, are involved in the reaction schemes proposed for thg21) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.
0, photoreduction' see Figure 1 (22) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. B 1996 77, 3865.
’ . )
)

(101

(23) Vanderbilt, D.Phys. Re. B 199Q 41, 7892.
(24) Laasonen, K.; Pasquarello, A.; Lee, C.; Car, R.; VanderbilRlys. Re.
(18) Lazzeri, M.; Vittadini, A.; Selloni, APhys. Re. B 2001, 63, 155409. B 1993 47, 10142.
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AHges(H20) and AHges(O2), —0.72 and—0.34 eV, respectively, are Table 2. O—O Equilibrium Distances and Stretching Vibrational
close to those estimated in previous theoretical and experimental Frequencies (vo-o) Calculated for Free (Square Bracketed) and

studies 1725 Adsorbed (Not Bracketed) Neutral and Charged O, Molecules?
A careful analysis of the electronic properties of a moleeslaface species 0-0(A) Voo (cm™Y)
system has been performed by investigating electronic eigenvalues at [02] 1.24 1565
theT point, defect formation energiemdtransition energy leels!6-26:27 [027] 1.33 1132
The two last quantities involve botieutral andchargedsystems and [02:77 1.34 1098
permit estimating thdocation in the anatase energy gap and the O 1.25 1467
(073 1.33 1194

character(donor or acceptor) of the electronic levels induced by an
adsorbed molecule, both playing a key role in ttearge-transfer
processes. In agreement with the present theoretical approach, the charge a Geometries of the adsorbed molecules are shown in Figure 3. Charged
of an adsorbed molecule is defined like that of a defect in a molecules form surface peroxo species.

semiconductor. Thus, when a surfageolecule charge-transfer occurs,

the degree of localization of electronic charge on the adsorbed moleculeResults

is directly related to the location and the character of the electronic h . | d for diff h d
level induced by the molecule itself. This implies a strong (weak) In the next sections, results are presented for different charge

localization in the case of deep (shallow) electronic levels (see also @nd neutral intermediates of the fhotoreduction. Special care

0,72 1.46 958

the Supporting Information). was given to the results achieved for thgdzimolecule in order
In a supercell approach, the formation ener@M.qd) of an to illustrate the combined effects of surface and water molecules
adsorbedVl,as molecule carrying @ charge is estimated like that of a  on the H vibrational modes of that molecule.
defect by: 0O, Peroxo Groups. First, the geometry and vibrational
frequency of the [g], [O,], and [0;2] free molecules in the
Q(M,qs) = E(Myg) — E(Surh — uy + alue + Evg) vacuum have been investigated; see Table 2 (hereafter, free

molecular species will be identified by square brackets in order

where E(Mas) and E(Surf are the total energies of a supercell ., giqtinguish them from species adsorbed on the surface). The

simulating a TiQ surface with and without a charged absorbed molecule . . .
Maadl, respectivelyuw is the free-molecule chemical potential, assumed G—0 bond distance gnd the stretc_hlng frequency of fde in
equal to the energy of ah molecule in the vacuum, ang is the a good agreement Wlth the experlmentiall values (31‘21.21 A and
negative (positive) charge on théags i.e., the number of electrons 1580 cnt?, respectively?! The [Q], [O,], and [G,7] mol-
transferred to (from) the molecule from (to) an electron reservoir with €cules show increasing-@D bond distances and decreasing
a chemical potential, namely, a Fermi level, ur = 0 corresponds to O—0-stretching frequencies, also in agreement with the ex-
the valence band maximum (VBM) of bulk anatase. This choice also perimental findings$! Then, the bonding of an adsorbed O
requires explicit inclusion of the energy of VBMEe, in the estimate molecule has been investigated by optimizing the geometry of
of Q(Maa). In the case of charged states, the estimate of the defect 3 molecule located at different sites of the anatase surface. The
formation energies requires some correction terms (as described in refinimum energy configuration has been found for ap O
iﬁgres“l':j‘éignﬁf(r& bgtigodtes}?:gén;g ttzz ?:Z?‘rﬁ_?;\f’élesz';;'oﬁ‘ mrgg'onmolecule located upon a five-fold coordinated Tsurface ion;

b 2 P see Figure 3A. The ©molecule weakly binds to the Ti ion as

the charge statesandn + 1 of anMagsmolecule have equal formation .
energy, that is, the Fermi level where both charge states exist and anShown by a desorption enthalpHuedOz) of —0.34 eV

electronic transition at the level induced by the molecule in the energy (Nereafter, negativa-quantities, enthalpies or energies, indicate
gap can occur. Transition energy levels can be observed in experiments€ndothermic processes) and-1 bond distances of 2.31 and
where the final charge state relaxes to its equilibrium configuration 3.19 A to be compared with FiO distances of about 2.0 A in
after the transition. Moreover, transition energy levels permit one to the anatase bulk. Although weakly bound, the i@olecule
estimate the predominant charge state of an adsorbed molecule at danduces an occupied and an empty states in the anatase energy
given value of the Fermi energy, that is, its donor or acceptqr character. gap corresponding to electronic eigenvalues located at 0.60 and
These levels must be compared to the energy bandgastimated .89 eV above VBM, respectively. The latter electronic state
here as the difference between the electron affinity and the ionization suggests an acceptor behavior of the adsorbed molecule. We
potential calculated for the perfect surface. Such an approach permitshave considered, therefore, the filling of this empty level and

comparison of consistent results. The present estimatg, & 2.89 . . d th . ftheand O2 i | |
eV, to be compared with an experimental value of 3.28%WNinally, investigated the properties of the, @nd G* ion molecules

a finite-difference calculation method has been used to estimate the@dsorbed at the same Ti site.

vibrational frequencies (in the harmonic approximation) related to the ~ Parts B .and C of Figure 3 show the equilibrium geometries
topmost layers of the molecutsurface system. Geometry optimizations Of these two ion molecules. The corresponding formation
and vibrational analyses have been performed by using the CPMD energiesQ(O,™) and Q(O,~?), are shown as functions of the
code?® electronic properties have been investigated by using the Fermi energy in Figure 4 together with the formation energy
Quantum-ESPRESSO packée. of the neutral molecule(0.9). In this figure, the intersections

between2(0.°) andQ(0,") and betweei®2(0,~) andQ(0O,~2

(25) Herman, G. S.; Dolitek, Z.; Ruzycki, N.; Diebold, UJ. Phys. Chem. B ; ( 20.). ( 20,)_1 s (0:) (027

2003 107, 2788. give the transition levels®~! ande , which are located at
(26) Amore Bonapasta, A.; Filippone, F.; Giannozzi, P.; Capizzi, M.; Polimeni, i i 1

A Phys. Re. Lett 2002 85 216401 0.92 and 1.44 eV from VBM, rgspectwely. This result conflrms
(27) Van de Walle, C. G.; NeugebauerNature 2003 423 626. that an adsorbed £Omolecule induces an acceptor electronic
8 o oo o6 g i L 2uppiroll, L Berger, H Lew. . level in the energy gap, which can be doubly occupied when
(29) CPMD V3.9; IBM Corp 1996-2005; MPI fuer Festkoerperforshung ~ the Fermi level is close tdy/2 (i.e., 1.45 eV in undoped

Stuttgart 19972001; http://www.cpmd.org i i i
(30) Baroni, S.: Dal Corso. A.: de Gironcoli, S.: Giannozzi, P.: Cavazzoni, C.: anatase). The electrons occupying this acceptor level are mainly

Ballabio, G.; Scandolo, S.; Chiarotti, G.; Focher, P.; Pasquarello, A;

Laasonen, K.; Trave, A.; Car, R.; Marzari, N.; Kokalj, A. http:/ (31) Cotton, F. A.; Wilkinson, G.Advanced Inorganic ChemistryWiley-

www.pwscf.org/. Interscience: New York, 1988.
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(A) Oz

0(2)
\0(1]

Ti-5

Ti- O (bulk) = 2.0 &
Ti-5-0(1) =231 A
0(1)-0(2) =1.25 A
AH =-0.34 eV

Voo = 1467 em™!

(B) Oy~

Ti-5 - O(1) = 2.06 A
Ti-5 - O(2) = 2.06 A
0(1)-0(2) = 1.33 A
AH =-1.49 eV

Voo = 1194 em™*

Ti-5- O(1) = 1.85 A
Ti-5-0(2) =185 A
O(1)- O(2) = 1.46 A
AH =-2.37 eV

vo-o = 958 cm™

Figure 3. Optimized geometries, desorption enthalpies, ardSstretching

frequenciesifo—o) of: (A) Oz, (B) Oz, and (C) Q2 molecules adsorbed
on a surface five-fold-coordinated Ti site,Oand Q=2 correspond to

surface peroxo species.

VB 092 1.44 CB
/?/‘ 2 ;'
/ g~l/-2

£ 0 7
0%
/ g0/-1 //
00 1.0 20 20

pr (V)

Figure 4. Formation energies of adsorbed @olecules carrying a charge
gequal to 0,-1, —2 (see the line labels), as functions of the Fermi energy,
ur. Intersections between formation energies giveithesition energy leel
(V1) between then andn + 1 charged states.

localized on the @molecule as shown by the dramatic changes
of geometry and chemical bonding observed when going from
the neutral to the charged molecules. In the @nd Q2 ion
molecules, the two oxygen atoms are indéeth bonded to a

Ti atom in a symmetric configuration (see B and C of Figure 3
and compare with Figure 3A) thus formirgdharged peroxo
groups(see also the Supporting Information). In these charged

that adsorbed Dand G2 ion molecules are hardly detached
from the surface in a gassolid system.

A full vibrational analysis has been performed for the
molecule-surface systems shown in Figure 3. The-O-
stretching frequencies for the ,00,, and q2 adsorbed
molecules are equal to 1467, 1194, and 958 ¢mespectively;
see Table 2. In the £ O,, and q2 adsorbed molecules,
increasing G-O distances are accompanied by decreasin@©O
stretching frequencies, thus paralleling the case of the free
molecules; see Table 2. These results are consistent with an
electron transfer from the surface to the @olecule.

H-0, Molecules.Even in the case of #D,, the structure and
vibrational properties of a free molecule have been investigated
first; see [HO;] in Table 3. The calculated ©O and G-H
distances, 1.48 and 0.97 A, are respectively close to the
experimental values of 1.47 and 0.92%®Present estimates of
the O-0O-stretching and H-bending and -stretching frequencies
are also in a very good agreement with the experiment
(molecules in gas phase in Table 33)The comparison of
calculated vibrational frequencies with the experimental ones
has been extended to the case of molecules in a water solution,
simulated here by considering @® molecule surrounded by
four HO molecules ([HO;] + nH20 in Table 3). The achieved
results are once more in a quite good agreement with the
experiment (molecules in liquid phas®)ln particular, the
theoretical results show the formation of H bonds between the
H atoms of the [HO;] molecule and the O atoms of the water
molecules having a typical length of about B9 A37 These
H bonds are responsible for the observed weakening (strength-
ening) of the H-stretching (bending) modes in the case g®pH
+ nH,0 with respect to the free jiD,] molecule. Interestingly,
these H bonds induce also the appearance of two new H-bending
modes,d'o_y in Table 3, at 625 and 821 crh These modes
are not observed experimentally. However, modes around 800
cm~! are observed in the case of solig®3; see Table 3°
This suggests that th& -y modes may be precursors of the
modes observed in the solid phase, likely related to hindered
rotations of the HO, molecule surrounded by interacting
molecules. The isotopic shifts of the aboveQd vibrational
frequencies due to the H substitution with D also agree with
the experimental findings (molecules in Ar matriR)see Table
3.

The minimum energy configuration of a8, molecule
interacting with the anatase surface (as in a-gaid system)
is shown in Figure 5 A. The adsorbed® molecule induces
a fully occupied state in the anatase energy gap, compatible
with photooxidation processes which are beyond the scope of
the present work. Thus, we consider here only the case of the

groups, the T+O distances are close to those in the bulk anatase neutral, adsorbed molecule. The correspondiit{jges(H202),
and appreciably shorter than those estimated for the adsorbed=0.64 eV, is larger tha\Hges{O2) becaus a H bond forms

neutral molecule. This indicates the formation of strong Qi
bonds as confirmed by desorption enthalpigdges(O,) and
AH(dES{Of) equal to—1.49 eV and-2.37 eV, respectively?

between the kD, molecule and a surface O atom; see Figure
5. This H bond has effects on the vibrational frequencies of the
H>0, molecule similar to those induced by the H bonds in the

Thus, present results support an acceptor character of thelH202] + nH20 case discussed above. This result has raised

adsorbed @molecules and their capability of acting as electron

traps, in agreement with suggestions given by the experi-

ments*6.15.33.340n the other hand, the above results suggest

(32) Quite larger values were reported in ref 17 due to an intrinsic overestimation
of the AH(ges) values.
(33) Nakamura, R.; Nakato, Y0. Am. Chem. So@004 126, 1290.

our attention on the combined effects that both the, E@face

(34) Zubkhov, T,; Stahl, D.; Thompson, T. L.; Panayotov, D.; Diwald, O.; Yates,
J. T., Jr.J. Phys. Chem. R005 109, 15454.

(35) Miller, R. L.; Hornig, D. F.J. Chem. Phys1961, 34, 265.

(36) Engdahl, A.; Nelander, B.; Karls$tmg G. J. Phys. Chem. 2001 105

8393.
(37) Head-Gordon, T.; Hura, GChem. Re. 2002 102, 2651.
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Table 3. Vibrational Frequencies Calculated for Free H;O,, HDO,, and D,O, Molecules (Square Bracketed) Are Given in the Upper Part of
the Table; They Can Be Compared with the Experimental Data Given in the Lower Part; the Middle Part of the Table Reports Results

Achieved for Adsorbed H,0, and DO, Molecules (Not Bracketed); nH,O

(nD20) Indicates That Few (three or four) H.O (D,0O) Molecules

Surround the Investigated Species; H,O-layer Indicates That a H,O, Molecule Is Inserted in a Layer of 23 Water Molecules; X/'Y Represents
Two Distinct X and Y Vibrational Modes of the H,O, Molecule, Whereas X—Y Represents a Doublet Peak; the Vibrational Modes of Water
Molecules Are not Reported; vo-o, do-H, and vo-n Indicate O—O-Stretching, O—H (or O—D)-Bending, and O—H (or O—D)-Stretching
Frequencies, Respectively; ¢'c-n Modes Are Peculiar Bending Modes Induced by Water Molecule or Combined Surface and Water

Molecule Effects

frequencies (cm™?)

species Vo-o do-H Vo &' o-n

[H207] 893 1268/1366 3650/3651 -
[H20]H20 894 1397/1434 3241/3405 625/821
[HDO7] 892 961/1313 2669/3652

[D207] 890 937/1001 2665/2669 -
[D207] + nD2O 892 1016/1065 2372/2487 459/597
H202 893 1266/1458 3631/3320 -
H20, + nH0 898 1515/1630 2481/3327 1184
D20, + nD>,O 898 1072/1155 1792/2426 822
H20> + HO-layer 897 1528/1583 2777/2992 1197

Experimental Data

H20; IR gag 877 1266/1315 3610/3614 -
H20- IR, Ramaniiquid?® 880 1350/1400 3400/3400 -
H20- IR crystaP 882 1385/1407 3192/3285 650/808
[H207] IR Ar matrix 867 () 1271-1277 3588-3597 -
[HDOZ] IR Ar matrix? - 981/1343-1350 2646-2651/35873588 -
[D207] IR Ar matrix? - 952 2645-2646

aReference 35Reference 36°H,0, dimer.

2)

Ti- O (bulk) =~ 2.0 A
0(3) Ti-5- O(1) = 2.34 A
O(1)- O(2) =148 A
0(3)-H=18 A
AH =-0.64 eV

(B) OOH~
0(2)

0(3)

Ti-b-0(1) =1.83 A
0(1)-0(2) =142 A
0(3)-H=177A

AH =-2.09 eV
(C) OH-b*
Ti-5
Ti-5- O(1) = 1.99 A
0(1) Ti-6-O(1) = 2.08 A
O(1)-H=099 A
Ti-6

Figure 5. Optimized geometries and desorption enthalpies of: (A) an
adsorbed KO, molecule; (B) an adsorbed OOHjroup; and (C) an OH-
b* bridging hydroxyl group.

andwatermolecules may have on the H vibrational frequencies
of an adsorbed pD, molecule. Therefore, a preliminary
investigation concerned the structure and the vibrational fre-
qguencies of an adsorbed,® molecule surrounded by four
water molecules in contact with the surface; se®Ht+ nH,O

in Table 3. Interestingly, the structure of such a system shows
that apeculiarH bond forms betwaea H atom of HO, and a
surrounding water molecule. This H bond is characterized by a
H—O distance of 1.52 A, sizablhorterthan the usual distance

of about 1.9 A3 The other H atom of bD; is involved in a H
bond of 1.86 A with another water molecule. These two H bonds
have significant effects on the H-bending frequencies of the
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isolated, adsorbed 4@,, the 1266 and 1458 cm frequencies

of this molecule being raised to the values of 1515 and 1630
cmL. Moreover, a new H-bending frequency appears at 1184
cmt, which recalls they' o—4-bending modes induced by the
H bonds in the above case of 8] + nH,O. The above H
bonds do not affect instead the-@-stretching frequency of
H202.

Results concerning the origin of the above short H bonds
will be reported elsewhere (preliminary results are given in the
Supporting Information§é These results support the existence
of short H bonds when water molecules are in contact with the
TiO, surface. Then, we have reinvestigated the vibrational
frequencies of a kD, molecule adsorbed on the anatase surface
and included in an overlayer (two bilayers) of 233Hmolecules
(H20, + H,O-ayer in Table 3). The achieved results closely
agree with those obtained in the® + nH,O system. This
further supports the above results and indicates that the effects
of H bonds on the vibrational frequencies of an adsorbed
molecule can be simulated by surrounding the molecule with a
small number of HO molecules close to the surface.

Hydroperoxo Groups. In the case of hydroperoxo intermedi-
ates, the properties of free [O@Hand [OOH] species have
been investigated first; see Table 4. Then, the case of hydro-
peroxo species surrounded by water molecules has been
considered in order to investigate the effects of H bonds on the
vibrational properties. The case of an [O@Fadical surrounded
by water molecules ([OO# + nH>O in Table 4) has been
investigated with a particular care because artificial bonding
configurations have been found by DFT-PBE investigations in
the case of the [O¥] + nH,0 systent®4°Present results show
that such artificial configurations do not form in the case of
OOHe radicals. They also show that, in the case of [GDH
nH,O, the hydroperoxo H atom forms a short hydrogen bond

(38) Unpublished results.

(39) Vassilev, P.; Louwerse, M. J.; Baerends, ECem. Phys. Lett2004
8 212.

(40) VandeVondele, J.; Sprik, Mhys. Chem. Chem. Phy2005 7, 1363.
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Table 4. O—O0O Equilibrium Distances and O—0 and H Vibrational
Frequencies Calculated for Free (Square Bracketed) and
Adsorbed (Not Bracketed) Neutral and Charged OOH and OOD
Species?

frequencies (cm~?)

Table 5. Vibrational Frequencies Calculated for OH-b (OD-b)
Bridging and OH-t (OD-t) Terminal Hydroxyl Groups in Different
Charged States; nH,O (nD-O) Indicates That Few (three or four)
H,0 (D,0) Molecules Surround the Investigated Species; the
Vibrational Modes of Water Molecules Are not Reported; do-1 and

vo-n Indicate O—H (or O—D)-Bending and O—H (or

species 0-0 (A) Voo Soon Vo O'omn O—D)-Stretching Frequencies, Respectively; 6'o-+ Modes Are
Peculiar Bending Modes Induced by Water Molecule and
{88:']] izg 1%3513 if‘l‘g ggég - Combined Surface and Water Molecule Effects
[OOHs] + nH,0 1.35 1152 1600 2633 1003 frequencies (cm™?)
[OODe] 1.34 1147 981 2501 - species oo o Oon
[OOD] 1.49 734 856 2637 -
[OODs] + nD;O 1.35 1147 1168 1926 739 OH-b 751 3815 -
OOH 1.36 1160 1392 2251 1032 OH-b* 820 3802 -
OOH- 1.42 1017 1453 3156 - OD-b* 547 2761 -
OOH~ + nH,0 1.44 971 1558 2517 1151 OH-b* + nH;0 1075 2979 1014
00D + nD;0 1.44 964 1126 1841 802 OD-b* + nD,O 752 2165 696
OH-t 1100 4135 -
anH,0 (nD,0) indicates that few (three or four),B (D-O) molecules OH-t" 756 3778 -
surround tf}e inV()estigated species. Tr(1e vibrational)moées o)f water molecules ~ OH-U" +nH:0 1050 3379 822
are not reported:o—o, do-n, andvo-y indicate O-O-stretching, ©-H (or OD-t” + nD:O 769 2467 595

O—D)-bending, and ©H (or O—D)-stretching frequencies, respectively.
0'o-n modes are peculiar bending modes induced by water molecule or
combined surface and water molecule effects.

molecules, the OOH is unstable, and it loses its H atom by

(1.54 A) with one of the surrounding molecules which has forming a O™ ion and a surface Dperoxo species. This is
effects similar to those discussed in the case of adsorbeg H @ Significant result because it indicates that GQtdicals

In particular, a newy'o_n-bending frequency appears at 1003 should not be 'releasebly the anatase surface in contact with
cmL. At variance with the case of neutral hydroperoxo, the 2dueous solutions. In the case of surface OQthe water
presence of charged [OOH species in a water solution is Molecules induce only a significant rearrangement of its
unlikely, unless the pH is very high. This ionic species structure. In the new configuration, a hydrogen bond forms
spontaneously reacts indeed with aHmolecule by forming ~ Petween the H of the hydroperoxo group and the O atom of a
a H0, molecule and an [OH ion. Isotopic shifts of the surrounding HO molecule in place of a surface O atom.

vibrational frequencies of the above OOH species are also givenMoreover, the new hydrogen bond is characterized by a short
in Table 4. O—H distance of 1.57 A. This peculiar hydrogen bond has the

Surface-bound hydroperoxo groups have then been investi-Same origin as that of the short_ H_ bonds reported above for_ the
gated: see Table 4. The minimum energy configuration of the H202 molecule and has also similar effects on the H-bending
neutral OOH is similar to that shown in Figure 5B for the Medes;see OOHand OOH + nH.O in Table 4. In particular,
charged OOH and is characterized by a short hydrogen bond the H-bending frequency of 1453 ctis increased to 1558
(1.51 A) with a surface O atom induced by surface effects such €™ and @ nevd'o—y mode appears at 1151 ci The O-O-
as the short H bonds reported above for adsorbe®,H stretching frequency is slightly lowered from 1017 to 971ém
molecules. Surface OH Groups. A bridge OH group (OH-b) is a two-

The electronic structure of the surface OOH group is fold coordinated OH group involving a surface O-bridge atom
characterized by a half-occupied electronic eigenvalue located@nd characterized by a structure similar to that shown in Figure
in the energy gap at 0.16 eV from VBM, which suggests an 5C for the charged OHbgroup. The electronic structure of
acceptor behavior of this group. The structure of a negatively the neutral OH-b group is characterized by a half-occupied
charged OOH group has been therefore investigated, and the electronic eigenvalue located at 0.13 eV below the minimum
corresponding equilibrium geometry is shown in Figure 5B. The Of the conduction band (CBm), which suggests a donor behavior
OOH- ion is tightly bonded to the surface as shown by a short Of this group. The properties of the positively charged OH-b
Ti—O distance of 1.83 A and by AH(ges{OOH") of —2.09 have been therefore investigated. In particulak ‘@? transition
eV. This group is also characterized by ar O bond distance level located at 2.43 eV from VBM has been estimated from
close to that found for the free [OOf{ion (see Table 4) and  the Q(OH-b’) and Q(OH-b**) formation energies. This result
by a hydrogen bond with an O surface atom having-atH confirms the donor character of the OH-b group, which will be
distance of 1.77 A. The formation energies of the OOH and Positively charged in the case of undoped anatase.

OOH" absorbed specieQ(O0OH?) andQ(OOH"), respectively, The vibrational frequencies estimated for OH-b and OH-b
as functions of the Fermi energy give a transition lesféf! are reported in Table 5. In the case of OH<4urrounded by
located at 0.87 eV above VBM. This result confirms the acceptor water molecules, a quite strong hydrogen bond with-atH
character of the adsorbed OOH group and indicates that it will distance of 1.59 A forms between the H atom of the group and
be negatively charged in semi-intrinsic anatase, thus behavingthe O atom of a KO molecule. This hydrogen bond has
like an adsorbed ©molecule. significant effects on the H frequencies as in the case of the

The vibrational properties of the above hydroperoxo groups short H bonds reported above. In particular, it strengthens
are given in Table 4. In the cases of free and adsorbed molecules(weakens) the original H-bending (stretching) frequency and
the achieved results are similar to those discussed above forinduces the appearance of a néi-y-bending mode with a
the HO, molecules. The presence of surrounding water frequency of 1014 cm; see Table 5.
molecules has instead peculiar effects on the properties of the The properties of terminal OH surface groups having the O
adsorbed OOH and OOHspecies. In the presence of water atom bonded to a Ti surface atom, OH-t, have been also

J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006 13777



ARTICLES Mattioli et al.

investigated. These OH-t groups behave as strong acceptorstelease of a © group, although a\Hges{O,) of —1.49 eV
forming OH-t" groups in undoped anatase. However, the seems too high for the Odetachment. This may affect the
vibrational frequencies calculated for the charged Olgrbups role of the highly reactive © species in photocatalytic pro-
have no an experimental counterpart at high values of pH wherecesses in gaseous phases.
these groups should be strongly favored; see, for example, the The formation of Q2 peroxo species was also predicted in a
bending modes at 822 and 1050 ¢nin Table 5. This indicates  previous study on a different (100) anatase surtdcEhis
that OH-t surface groups do not play a significant role in the syggests that the formation of,®species and their related
O photoreduction. effects are general features of the-@natase surface interac-
tion.

Hydroperoxo Groups and H,O, Molecules. The experi-

The MIRIR vibrational lines can be roughly divided in lines mental vibrational lines reported in Table 1 can be also divided
sensitive to different values of pH or to the+ substitution, ~ in four main groups: (i) the 838 and 887 chilines, (i) the
that is, related to H-containing groups, or not. Accordingly, 943 cnt!line, (iii) the 1250-1120 cm* band, and (iv) a 1023
present theoretical results will be discussed by separating surfacem * line. The 943 cm! line was assigned to surface peroxo
groups involving H atoms from those involving only,O species as discussed above. The formation of OOH groups and
molecules and Ti surface atoms (e.g., peroxo groups). A final H202 molecules (resulting from further protonation of the OOH
section will report concluding remarks and summarize the 9roups) was proposed instead, in the MIRIR study, to account
differences between the assignment of the vibrational lines angfor the other vibrational lines. In particular, the bands observed
the reaction schemes proposed here and in the MIRIR study.at 838 and 887 crt were assigned to the -@D-stretching

Peroxo Groups.In the MIRIR study, the initial step of the modes of surface OOH and physisorbedDhi respectively. The

A g 1250-1120 cm! band was assigned to H-bending modes
O, photoreduction involves the formation of a surface superoxo, related to the surface OOH group and/or thédsimolecule
Ti—0O, followed by that of a surface peroxo group, TiO group ’

1 . ) .
see path A in Figure 1. Although electronic transfers are The 1023 cm* line was assigned o the-&D-stretching mode

assumed in that reaction path, no indication is given about the of hydroperoxo radicals present in the solution phase; see path

B in Figure 1. The species involving H atoms were carefull
charge of the superoxo and peroxo groups. Present results agree 9 b 9 y

- . . . mvestigated in the MIRIR study by considering the effects of
only in part with that scheme of reactlon_. F'rSt.’ they show that both different pH values and H substitution with D on the
a surface superoxo does not develop into either a neutral or

it tively ch qf In the f vibrational spectra. Regarding the pH effects, all of the above
into a negatively charged form. In e former case, an oxygen jnqq are observed at pH 4.5; a similar spectrum is observed at
molecule interacts too weakly with the surface. In the latter,

pH 7.0, except for the disappearance of the lines at 838 and
the charged @molecule forms a charged peroxo group. On 887 cmt and a weakening of the 1250120 cm* band,

the other hand, present results show that the weakly boynd O whereas only the line at 943 crhis observed at pH 11.8 (see
molecule behaves as a strong acceptor by inducing an unoc~pa 1). These pH effects seem to support the above assign-
cupied electronic level in the anatase energy gap. This leads t0yants and the formation of hydroperoxo species an@,H

an easy reduction of the adsorbed molecule that forms a surfacgygjecules favored by the presence of lens, as indicated in
O, 2 peroxo group carrying doublenegative charge; see Figure  {he paths A and B of Figure 1. In the case of B exchange,

3. The Q% can form in undoped Tipbecause the correspond-  \RIR spectra at pD 6.5 and 11.2 show a predominant band at
ing e-¥~2 transition level is close t&y/2. This implies that @2 926-931 cnrt and a second band at 74870 cnrt. Then, it
surface groupsnay exist in the dark and become the predomi- \yas proposed that the line at 943 thassigned to the ©O-

nant species when UV irradiation increases the density of stretching frequency of the surface peroxo group has slight
photogenerated electronRegarding the vibrational properties isotopic shifts, thus corresponding to the band at-9@8l cnrt

of the surface peroxo species preliminarily, it has to be noted jy p,0. The bands assigned to surface OOH groups at 838 cm
that a very good agreement is found between present eStimate%O—O-stretching band) and 1251120 cnt? (H-bending band)

of the O-O-stretching frequencies and the corresponding should shift to the bands at 74370 cnr® and around 900
experimental values in the cases of free (gaseoagn@HO>  cm™1, respectively, for OOD. Regarding the 1023 ¢rtine, it
molecules. This makes us confident about the vibrational jg only reported that it is sensitive to the4® exchange. Finally,
frequencies estimated here fos-@lated surface groups. Inthe  no comment is given on possible isotopic shifts of the 887'cm
case of the peroxo-like groups, these estimates show that onlyline.

the charged ¢ surface peroxo presents an-O-stretching On the side of theory, we start our discussion with the results
frequency of 958 cm! in a very good agreement with the  achieved for the KD, molecules. The above assignment of the
observed frequency of 943 crh This result substantially agrees  gg7 cnrt frequency to the ©0-stretching mode of the 40,

with the assignment to peroxo species made in the MIRIR study. molecule is in a very good agreement with the present estimate
However, it has to be stressed that the charge of t@é O  of 898 cn1? for H,O, + nH,O; see Table 3. The 1184 cn
peroxo has significant consequences. First, in agueous solutionsyalue calculated for a H-bending mode in®3 also agrees with

a negative doubly charged peroxo group strongly attracts H the assignment proposed for the observed #2820 cnr?!

ions, thus favoring the formation of hydroperoxo groups which band. The two further H-bending frequencies estimated at 1515
can also play an important role in the photocatalytic process, and 1630 cm for the H;O, molecules have no an experimental
as will be discussed in the next sections. Second, in agas counterpart. They are located at the boundaries or outside of
solid system, QZ ions are hardly detached from the surface. the range of the measured spectra and possibly masked by the
Possibly, the capture of a hole at the peroxo site may favor the HO-bending frequencigs.Moreover, these frequencies could

Discussion
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contribute to the experimental band observed at 1613 cm-1
(Figure 4 of the MIRIR study). Regarding thetD exchange,
none of the isotopic shifts estimated for theQ4 + nH,O

frequency, it is possible to apply the considerations made above
for the HO, molecules. Thus, present results support a
coexistence of surface OOHjroups, peroxo groups, angdGh

vibrational frequencies has an experimental counterpart (seemolecules at low pH values. It should be also noted that the
Table 3). However, it has to be noted that the experimental lines negative charge of the surface OOHgroups proposed here

assigned to kD, are weakened or disappear when going from
pH 4.5 to pH 7.0 or higher. Thus, the corresponding lines may

favors their protonation and the formation o§® molecules.
The above discussion does not permit the assignment of the

be absent in the vibrational spectra measured at pD 6.5 and740-770 and 1023 crt lines which will be discussed in the

11.2 in the MIRIR study. Present results substantially agree,
therefore, with the formation of #D, molecules and their
assignment to vibrational lines as proposed in that study.

next section.

Hydroperoxo Radicals and OH Bridge Groups. Present
results do not agree with the assignment of the 1023'dime

Some disagreement has been found instead between thgroposed in the MIRIR study. This line is sensitive to the H
present results and MIRIR results in the case of the OOH groups.sybstitution with D; that is, it should be relatexa H vibrational

A first difference concerns the assignment of the 838tlime
to a neutral OOH surface group. Preliminarily, we observe that
the isotopic shift of about 70 cm proposed for the 838 cm
line (from 838 cm! to 740-770 cntl) in the MIRIR study

mode. On the contrary, in the MIRIR study, the same line is
assigned to the ©O0-stretching frequency of hydroperoxo
radicals present in the water solution. This would imply an
appreciable isotopic shift of about 100 ch(from 1023 cnr?!

seems quite unreasonable. Such a suggestion was justified byg the line at about 930 crin the spectra with D) for an ©O-

claiming the existence of similar shifts in deuterategDpi*64

On the contrary, the cited papers report only small, calculated
shifts for deuterated #D,, which agree with the present results
showing that the HD substitution has negligible effects on
the O-0O-stretching frequency in the &, molecule; see Table

3. A further problem for the above assignment is that the band
at 740-770 cml is observed at pD 6.5 or higher, whereas the
838 cn1t line (from which it derives) is not observed at pH

7.0 or higher. Thus, the isotopic shifts cannot be used to support

the assignment of the 838 ciline proposed in the MIRIR
study. Theoretical and experimental results given in a study on
Ti-silicalite*? also invoked in favor of that assignment are not
definitive. In addition, present results exclude the assignment
of the 838 cm! line to a surface OOH group. On one hand,

they indicate indeed that a neutral surface hydroperoxo group
is unstable in the presence of water molecules. Moreover, even

an isolated surface OOH group (i.e., without surrounding water
molecules) is characterized by an—O-stretching frequency

of 1160 cn1?, significantly higher than the 838 cthone. On

the other hand, the negative charge of the surfaI;%p@roxo
groups favors the capture of a'Hon and the formation of a
surface OOH group which is stable in the presence of water
molecules, but characterized by ar-O-stretching frequency

of 971 cn! (see OOH + nH,O in Table 4), still too high
with respect to the value of 838 cth Therefore, the present
results do not agree with the assignment of the 838'dine

to neutral or charged surface hydroperoxo groups. We can
anticipate instead that further theoretical results (not reported

here) suggest the assignment of that line to a different surface

species related to water photooxidatfgrié

The value of 971 cmt estimated here for the-@D-stretching
frequency of the OOH + nH,0 is close to the experimental
value of 943 cm?!, thus suggesting that the OOHcan
contribute to the experimental line assigned to t@é feroxo
group. It also has to be noted that—B substitution has
negligible effects on the 971 crh frequency; see Table 4.
Regarding the H-bending modes, the 1151 &ifinequency of
OOH" + nH,O can account for the experimental band at 1250
1120 cntl. For the calculated (but not observed) 1558 ém

(41) Petterson, M.; Tuominen, S.;"§aen, M.J. Phys. Chem. A997 101,
1166.
(42) Lin, W.; Frei, H.J. Am. Chem. So2002 124, 9292.

stretching mode. However, such a shift is questionable because,
as reported above, in the,8, molecule very small isotopic
shifts of O-O vibrational modes are expected for—B
exchange.

The vibrational frequencies of [OGHand [OOH] species
have been calculated here in the cases of free molecules and
molecules surrounded by water molecules, together with the
corresponding isotopic shifts; see Table 4. In the case of free
neutral and charged species, the values of th€dstretching
frequencies are too large or too small, i.e., about 1119 and 755
cm1, respectively, when compared with the experimental value.
Moreover, the corresponding isotopic shifts are smaller than
30 cntl. In the presence of surrounding water molecules, the
O—0-stretching frequency of the neutral [O€H- nH.O is
equal to 1152 cm! and shifts of 5 cm® for H—D exchange.

On the other hand, a negatively charged [OQbpontaneously
reacts with a HO molecule by forming a kD, molecule and

an [OH"] group. Thus, the above results do not agree with the
proposed assignment of the 1023 @dmline to an G-O-
stretching frequency. In the case of the neutral [GDHNH0,

a H-bending frequency of 1003 crhis also estimated here that
shifts at 739 cm! with D, thus being compatible with the
experimental findings. However, such a frequency should be
accompanied by an ©0-stretching frequency at 1147 cfn

in the spectra with D at pD 6.5, not observed experimentally.
All of the above results do not support, therefore, the assignment
of the 1023 cm line to either G-O or O—H vibrational modes

of [OOHe] radicals in the solution phase. We propose instead
that the above experimental line is related to the presence of
surface OH bridge groups. The existence of such surface groups
has been suggested in previous theoretical and experimental
studies as a product of B dissociation in the presence of
oxygen vacancie1911 Moreover, further theoretical results
support the formation of surface OH-b groups as a product of
the photooxidation of water molecules at the anatase sufface.
Present results show that a surface OH-b behaves as a strong
donor and is stable in its positively charged form at the surface
of undoped anatase even in the presence of surrounding water
molecules. In the case of the OH-bn H,0, two H-bending
frequencies at 1014 and 1075 chhhave been estimated that
shift at 696 and 752 cm, respectively, for H-D exchange.
Both the 1014 and 1075 crh (696 and 752 cml) modes can
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PATH A Table 6. Present Study vs MIRIR Study (ref 15) Assignments of
o on” OH the Experimental Vibrational Frequencies to Reaction
0/ - HO Intermediates?
7 26 O0—0 +Ht O +H* :
u it >n< = /\TI\ == /1'1\ MIRIR study present work
N ) =H ) =H ) lines species mode lines species mode
gggfnf.snlj{deyacnon pathway for the {photoreduction as proposed in the 043 Ti(0) Yoo 958 Ti(O-?)) Yoo
: 971 Ti—OOH~
. o 887 HO, Yo-o 898  HO; Yo-o
contribute to the 1023 cm band (740 cm! band appearing in 838 Ti-OOH vo-0 - b -
deuterated spectra). Alternatively, the 1075 énmode can 1250-1120 RO, 0o-H 1184 HO, 607H:
contribute to the 12561120 cnt! experimental band. Ti—OOH (113% CT)';'OHOH gg*'*
. . . . - —H
Intensities (_)f the \_/_lbratlonal Mode's.A careful comparison 1023 OOH Yoo 1014 OH-b Soni'
of calculated intensities of the vibrational modes and simulated (1075) OH-bf 00-H

IR spectra with the results of the MIRIR study is reported in . oo indicate O-O-stretchi 4 OH-bending ]

the Sl_Jpport_ing_ Inf(_)rmation' T_he Cal(_:u'ated intensities alo_ne give respié%iﬁlglg‘/é’g:: rlr?ocljctfsire pe-gurl?a? blgr?dailr?g modegri]n(ljrl]ﬁ:erg %l;/ecrl)crlr?t?i'ned
significant indications. The intensity of the-@D-stretching surface and water molecule effects. Alternative assignments are in
mode in the Ti(Q—Z) peroxide is about twice that of the Fi paren;hese§’. Fprther theoretical results (_not _reported here) assign this line
OOH- species and much higher than that of¥d These results to an intermediate of the water photooxidation proééss.

fully agree with our primary assignment of the 943 @m
experimental band to the Tigd?) species as well as with a
contribution of the TOOH~ species to the same band. The
943 cnt! experimental band is also the most intense one
independently of the pH values, thus further supporting the
above assignments. Appreciable intensities are calculated for
the H-bending mode of HOOH™ at 1151 cm! and for the
OH-b" species mode at 1014 ¢ which contribute to the
strong 1256-1120 and 1023 cnt experimental bands, respec-
tively. A considerable intensity has been estimated also for the
OH-b" species mode at 1075 cAwhich can contribute to the
1023 cnt?t or, alternatively, to the 12501120 cnt! experi-
mental bands. All of these results support the assignments of
the experimental IR bands to intermediates species as propose
in the present study, but for the,&, molecules. However, in
this case, it is reasonable to assume that quite high concentra
tions of HO, molecules compensate for the low intensities

E'albculzt_ed for ;he 898 cni O(}O-stretﬁhiggﬁgd 1;?@;:‘ proposed here and in the MIRIR study can be easily appreciated
-bending modes corresponding to the an by comparing Figure 1 with Figure 6. Path A in Figure 1 has

1 : . .
1120 cm™ experimental band_s, resp(_actl_vely. The reaction hoen modified by specifying the charge of the involved species
pathway proposed here, see Figure 6, indicates indeed that th%md by ruling out the formation of OH-t groups. Path B in Figure
formation of HO, molecules is strongly favored at low pH 1 has been totally removed

values, where the 887 crhline is observed.

present assignments. A distinctive feature of the present
theoretical picture is thatharged surface specigday a key
role both in the line assignments and in the reaction scheme
for the O photoreduction proposed here; see Figure 6. In
particular, the present results indicate a strong acceptor character
of an @ molecule adsorbed on the anatase surface and a massive
production of charged Ti(ﬁ) peroxo groups upon UV ir-
radiation. In turn, these Ti(ﬁ) peroxo groups have signifi-
cant effects on the formation of other intermediates. In fact,
once formed, negatively charged peroxo groups easily capture
a H* ion by forming surface +OOH™~ groups, thus giving
rise to a chemical reaction favored by low pH values, in
greement with the experiment. In turn, the negative charge of
e surface hydroperoxo group favors the capture of a second
H* ion to form H,O, molecules; see Figure 6, also in agreement
with the experimental findings.
The most significant differences between the reaction schemes

Supporting Information Available: Preliminary results on
short H bonds, calculated IR spectra and intensity analysis,

The assignments of the experimental vibrational lines to charge of adsorbates, geometrical details of the adsorbed species,
intermediates of the £photoreduction as proposed here and in and details on the theoretical methods. This material is available
the MIRIR study are summarized in Table 6. Present estimatesfree of charge via the Internet at http://pubs.acs.org.
of the vibrational frequencies are in a very good agreement with
the experimental lines once the formation of charged species
and the effects of H bonds on the vibrational modes are taken
into account. Even the calculated IR intensities fully support JA062145X

Conclusions
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