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Abstract: The photocatalytic one-elec-
tron oxidation reactions of aromatic
sulfides using the carboxymethyl-B-cy-
clodextrin (CM-f-CD)-modified TiO,

surface and the trapped hole at the ad-
sorption site of the CM-3-CD (hept)
were examined. The transient absorp-
tion spectra and time traces observed

cation of S (S'") revealed that the one-
electron oxidation reaction of S during
the nano- and femtosecond laser flash
photolyses of TiO,/CM-B-CD is signifi-

nanoparticles (TiO,/CM--CD) were
investigated by using nano- and femto-
second transient absorption spectros-
copies. The one-electron oxidation
processes of the substrate (S) by the
valence band hole (hygz") at the TiO,

transfer -

Introduction

Nanostructured composite materials, either as such or as
surface-supported architectures, are now the focus of intense
fundamental and applied research in a number of areas.!!
Particularly, areas of research that aim to develop the basic
science needed for integrating organic and inorganic com-
pounds into semiconductor nanoparticles are driving what
seems to be the advent of an entirely new set of nanoscale
functional architectures with limitless applications.
Cyclodextrins (CDs) are versatile host molecules that can
include a variety of organic and inorganic compounds.
Therefore, they have been employed as biomimetic cavities
for analytical applications and for industrial applications,
such as solubilization agents and drug carriers.”) Recently,
CDs have been modified as electron-donating and molecu-
lar-recognizing agents on semiconductor nanoparticles.®® In
general, the chemisorption of CDs onto semiconductors in-
creases the stability of particles against aggregation and en-
hances the yield of photo-induced charge-transfer reac-
tions.”! Thus, the modification of CDs on the TiO, photoca-
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cantly enhanced relative to bare TiO,.
The kinetics of the decay and the dime-
rization processes between S'*s are dis-
cussed on the basis of the results ob-
tained by the pulse radiolysis techni-
que.

electron

talyst shows a significant enhancement effect on degradation
processes of a pollutant.** By using low-temperature EPR
and cyclic voltammetry, Dimitrijevic and co-workers ob-
served that the valence-band holes (hyg*) localize at the
carboxy groups of surface-conjugated carboxyethyl-B-CD.[]
More recently, it has been reported that CDs appear to act
as bifunctional linkers when interacting with anatase TiO,
nanorods under UV light, resulting in super-long TiO,-con-
taining wires.”!

Although a great deal of research has been conducted on
the effects of surface-bound CDs on the charge separation
and photodecomposition of organic compounds during TiO,
photocatalytic reactions, to our knowledge, no quantitative
studies have been reported for the one-electron oxidation
processes of organic compounds included in the CD nano-
cavity adsorbed on TiO, using time-resolved spectroscopy.
Much less information is also available on the kinetics of as-
sociation and dissociation of radical ions, which are generat-
ed from TiO, photocatalytic reactions, with CDs. Such infor-
mation is very useful for the controlled release of guest mol-
ecules, such as drugs, from the semiconductor-based, host-
guest hybrid nanoparticles by the photo-induced electron-
transfer reaction.

We have studied the photocatalytic one-electron oxidation
reactions of aromatic compounds using carboxymethyl
(CM)-B-CD-modified TiO, nanoparticles (TiO,/CM-B-CD)
based on nano- and femtosecond transient absorption meas-
urements. Aromatic sulfides were chosen as the substrate
(S) because of 1) a number of studies on CD complexation
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with benzene derivatives;'” 2) their importance as inter-
mediates in many chemical processes including those of or-
ganic synthesis,'!! and environmental,™ and biological sig-
nificance;*!¥ and 3) the specific spectroscopic properties of
S and the radical cations (S'*), which have negligible ab-
sorption at 355 and 330 nm as the excitation wavelength for
TiO, and absorption in the visible region (abound 400-
600 nm), respectively.'>" In addition, our preliminary work
revealed that S, which is generated from the one-electron
oxidation processes during the pulse radiolysis of an aque-
ous solution, is excluded from the B-CD nanocavity in the
nano- to microsecond time domain.”

The overall goal of the present research is to clarify the
influences of CDs on the one-electron oxidation reactions of
S during TiO, photocatalytic reactions and the subsequent
reactions of the resultant S*. In addition, the present find-
ings not only verify the applicability of the TiO,/CM-3-CD
nanocomposite material, but also provide important infor-
mation about the mechanisms of the TiO, photocatalytic ox-
idation reactions in the subpico- to microsecond time range.

Results and Discussion

Structure of the TiO,/CM-f-CD/substrate hybrid nanoparti-
cles: The CM-B-CD has an average of 3.5 carboxymethyl
groups per CD.?!! The procedure commonly used to prepare
CM-3-CD leads to predominant substitution of the carboxy-
methyl groups at the secondary hydroxyl sites, but with
some substitution at the primary hydroxyl groups as well.
From the '"H NMR measurements, the number of -CD and
CM-3-CD bound to each TiO, nanoparticle in acidic water
(pH 2) was estimated to be zero or one and five or six for 3-
CD and CM-3-CD, respectively, suggesting that CM-f3-CD is
adsorbed on the surface of TiO, particles through the chelat-
ing complex of the carboxyl groups with surface Ti ions.*”)
Dimitrijevic et al. reported that, based on IR spectroscopy,
oxygen atoms from the carboxy groups of carboxyethyl-f3-
CD are bound to the surface Ti atoms of TiO, particles.!
The attachment of carboxy groups onto 3-CD can facilitate
oxidation by providing a deeper trapping site that attracts
holes in primary events as discussed below. Hence, in the
case of $-CD, no enhancement effect on the one-electron
oxidation process of the substrate (S) was observed under
the present conditions (see Figure S1 in the Supporting In-
formation).

As shown in Figure 1, a visible absorption band very simi-
lar to those observed for electron-donating bidentate ligands
such as catechol and TiO, nanoparticles appeared when 4-
(methylthio)phenol (MTP) was added to the CM-p-CD-
modified TiO, colloidal aqueous solution (TiO,/CM-f-CD),
indicating the formation of the charge transfer (CT) com-
plex between MTP and TiO,.""*¢%2% On the other hand, no
CT bands were observed for the other substrates S.

To date, two types of interactions with TiO, have been re-
ported: coordinative covalent bonding (CCB) between the
adsorbates and the Ti" ions on the TiO, surface, and physi-
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Figure 1. Steady-state UV/Vis absorption spectra observed for the bare
TiO, (—) colloidal solution, and the TiO, colloidal solutions containing
MTP (0.5 mm) in the absence (-----) and presence (s++++) of CM-3-CD at
room temperature.

cal adsorption (PA) between arenes and TiO,. The CCB-
type interactions give rise to ligand-to-metal charge-transfer
(LMCT) interactions between the adsorbates and Ti'" ions
owing to the low-lying empty #,, orbitals of the Ti" centers
in octahedral environments.?!! Indeed, the electron-rich aro-
matic compounds with functional groups, such as hydroxy
and carboxy groups, display LMCT bands in the visible
region. Therefore, from the structure of the inclusion com-
plex between MTP and CM-B-CD,® one can predict that
the CT complexes prefer the CCB-type rather than the PA-
type interaction in the present systems, as shown in Figure 2.

Figure 2. Model of the inclusion of MTP in the CM-B-CD adsorbed on
the TiO, nanoparticle. Only one —CH,COOH group of CM-B-CD is de-
picted here.

The fact that no CT bands were observed for the other S
is mainly attributable to the poor electron-donating proper-
ties of S relative to MTP, which has the lowest ionization po-
tential (IP) (Table 1), because both binding constants of S
with TiO, (K,q) and with CM-B-CD (K¢p) decreased in the
order of 4-(methylthio)phenylacetic acid (MTPA)>MTP>
4-(methylthio)phenyl methanol (MTPM) > 4-(methylthio)to-
luene (MTT), as listed in Tables 1 and 2, respectively.

Hole trapping by CM-B-CD on TiO,: First, in order to con-
firm the hole trapping process by CM-B-CD adsorbed on
the TiO, surface, we observed the nanosecond transient ab-
sorption spectra during the 355 nm laser photolysis of an
Ar-saturated TiO, colloidal aqueous solution in the absence
and presence of CM--CD (Figure 3). As mentioned in the
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Table 1. Oxidation potentials (E,,) of substrates (S) and the molar ab-
sorbance coefficients of S (&'*).

S el E.. P K, o
[V vs. [eV]™ M [M~'em™]
NHE] (A [nm])!
MTP OH 1.42 7.15 2400 4000 (530)
MTT CH;, 1.57 7.26 20 6700 (545)
MTPM CH,0H 159 7.28 180 5500 (545)
MTPA CH,COOH 1.67 7.34 12000 5000 (550)

[a] X—C¢H,—SCHj. [b] The molecular geometries were optimized firstly
by the semiempirical quantum chemical method AM1. Finally, B3LYP/6—
31G(d) was used for the full geometry optimization in the gas phase. The
zero-point vibrational energies and the vibrational contribution to the en-
thalpy calculated at the B3LYP/6-31G(d,p) level were scaled by a factor
of 0.9806.”” The quantum chemical calculations were accomplished by
Gaussian 98.7! [c] Determined from UV/Vis absorption measurements at
pH 21! [d] Reference [20].

Table 2. Molar absorbance coefficients (¢) for free S (g,) and S/CD (gcp),
and binding constant (Kp) for the S/CD complexes.

Stal CD g M'em™] ep™ [MTem™] Kep™ [M7Y]
MTP CM-B-CD 9400 7400 250420
MTT B-CD 9100 7000 150+£20
CM-3-CD 9100 7100 140+£20
MTPM CM--CD 11600 9100 150+£20
MTPA  CM-f-CD 12000 10500 300+30
[a] [S] = 0.05mm. [b] Determined from UV/Vis absorption measure-

ments.””! The ¢ values were determined at the maximum wavelength.
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Figure 3. A) Nanosecond transient absorption spectra observed at 0.1 ps
after the laser flash during the 355 nm laser photolysis of the Ar-saturat-
ed TiO, colloidal aqueous solution in the absence (m) and presence (@)
of CM-f-CD (0.5 mm). The normalized transient absorption spectrum ob-
served during the 355-nm laser photolysis of the Ar-saturated TiO, colloi-
dal aqueous solution in the absence of CM-B-CD (o). B) Time profiles of
AO.D. at 545 nm observed for TiO, (black) and TiO,/CM-B-CD (gray).
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introduction, the valence band hole (hyz*) and the conduc-
tion band electron (ecz~) are generated in the TiO, particles
during the band gap excitation [Eq. (1)].

TiO, + hv — hyg™ + ecs” (1)

The fast charge recombination and transfer kinetics of
these photogenerated carriers have been studied in detail by
several groups.”>% Although most charge carriers quickly
recombine, a minority are trapped at the surface of the par-
ticles as given by Equation (2), in which h,* and e, denote
the trapped holes and electrons, respectively.

+ + - -
hyg" — h,", ecg™ — €y (2)

Recent transient absorption studies have revealed that the
absorption spectra of these charge carriers overlap in the
visible wavelength range. According to previous studies,*>!
the transient absorption spectrum observed for bare TiO, is
explained well by the absorption bands of h,* and e, ~.[*")

On the other hand, in the presence of CM-$-CD, a signifi-
cant difference in the spectral shape was observed. For com-
parison, the normalized transient absorption spectrum ob-
served for bare TiO, is also shown in Figure 3A. The de-
crease in AO.D. around 400-650 nm clearly indicates that
the scavenging of holes by CM-f-CD has occurred. The in-
crease in the lifetime of e, by the modification of CM-f3-
CD also supports the fact that the photogenerated holes,
which can recombine with e,,~, are trapped by CM-3-CD ad-
sorbed on the TiO, surface. Using the & value of
420 M'em™! at 520 nm for h,*,*® one can estimate the de-
crease of (4.1+1.0)x107°M in the concentration of h,*
owing to the hole transfer from the photogenerated holes to
CM-B-CD adsorbed on the TiO, surface. The yield of the
hole scavenging by CM-B-CD was also estimated to be
about 10% using the absorbed photon concentration of
4.4x107Mm.

One-electron oxidation reaction of S: As already men-
tioned, S with functional groups such as hydroxy or carboxy
groups inside CM-f-CD can be directly attached to the sur-
face of TiO,. Therefore, to exclude the effect of direct ad-
sorption of S onto the TiO, surface, we examined the one-
electron oxidation process of MTT, which has no adsorption
group, during the 355-nm laser-flash photolysis of TiO, and
TiO,/CM-B-CD.

Figure 4 A shows the transient spectra observed for TiO,/
CM-B-CD in the presence of MTT (0.5 mm) (TiO,/CM-f3-
CD/MTT). A broad transient absorption band with a peak
around 550 nm was observed immediately after the laser
flash and was assigned to MTT+.[>21 The increase in AO.D.
within the laser duration of 5 ns clearly indicates that the
one-electron oxidation process of MTT was enhanced as a
result of the modification of CM-f3-CD (Figure 4B, traces c
and d). For the bare TiO,, a transient signal due to MTT"*
was observed at >0.5 us after the laser flash (Figure 4B,
traces a and b), suggesting that MTT is oxidized by the indi-
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Figure 4. A) Nanosecond transient absorption spectra observed after the
laser flash during the 355-nm laser photolysis of the Ar-saturated TiO,
colloidal aqueous solution in the presence of CM-$-CD (0.5 mm) and
MTT (0.5 mm). B) Time profiles of AO.D. at 545 nm observed for TiO,
(a), TIO/MTT (b), TiO,/CM-B-CD (c), and TiO,/CM-3-CD (d) systems.

rect one-electron oxidation process of the free S (S;) with
h, T as given by Equation (3).**!

het +8 — S 3)

As previously reported,*!! the energy of h,* is in the
range of +1.6 V<=TiO", H*/=TIOH<+1.7V versus
NHE, which is sufficient for the one-electron oxidation of S,
as summarized in Table 1.

From these experimental results, we describe the CM-f3-
CD-mediated one-electron oxidation processes of S included
in CM-3-CD (S¢p) adsorbed on the TiO, surface as follows
in Equations (4) and (5), in which hept (CM-T--CD) is the
hole trapped at the carboxy groups of CM--CD adsorbed
on the TiO, surface.

hyg" — hep " (CM7-B-CD) (4)
hep "(CM™-B-CD) + Scp — Sep© (5)

The enhancement effect similar to that of MTT from the
modification of CM-3-CD was observed for all S, as sum-
marized in Table 3. However, in the cases of MTP, MTPM,
and MTPA, which have an adsorption group, the direct one-
electron oxidation process of the surface-bound S (S,) by
hyg* within the laser pulse duration of 5ns should be in-
cluded in the reaction scheme as given by Equation (6).

hVBJr + Sa - Sa.Jr (6)
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Table 3. Concentrations of S'* observed for the TiO,/S and TiO,/CM-f-
CD/S systems.

S [T [um] (ST [uum]

TiO, TiO,/CM-B-CD TiO, TiO,/CM--CD
MTP 1.1 2.8 (+1.7) 1.1 1.0 (-0.1)1
MTT -0 0.4 (+0.4)¢ 0.2 0.5 (+0.3)1
MTPM ~0 1.1 (+1.1)¢ 0.4 0.4 (£0.0)
MTPA 1.2 34 (+2.2)4 0.4 0.4 (£0.0)1¢

[a] Obtained immediately after the laser flash. Error within +15%.
[b] Obtained at 20 ps after the laser flash. Error within +10%. [c] Calcu-
lated by subtracting the [S'*] value in the absence of CM-B-CD from that
in the presence of CM-3-CD.

As summarized in Table 3, the effect of the adsorption of
S on the direct one-electron oxidation process [Eq. (6)] with
hyg? is clearly confirmed by a comparison between increas-
es in the initial concentration of S* determined for MTT
(+0.4 um) and MTPM (+1.1 um), which have similar E,,
and Kqp values. Note that almost the same increase in the
[S'*] values at delay times of about 0 and 20 us was obtained
for MTT, suggesting that MTT'* is excluded from the f-CD
nanocavity into the bulk solution because of the hydropho-
bic nature of the cavity (Kcp<10M~! for MTT ).

Interestingly, it was also found that the absorption peak
of MTP'* changed by approximately 15-20 nm in the sever-
al microsecond time domain after the laser irradiation
(Figure 5). The observed red shift relative to that obtained
in acidic water (pH 2) was also confirmed from the femto-
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Figure 5. A) Transient absorption spectra observed after the laser flash
during the 355-nm laser photolysis of the Ar-saturated TiO, colloidal
aqueous solution in the presence of CM-B-CD (0.5mm) and MTP
(0.5 mm). B) Time profiles of AO.D. at 545 nm observed for TiO, (a),
TiO,/MTP (b), TiO,/CM-B-CD (c), and TiO,/CM--CD/MTP (d) systems.
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second transient absorption measurements (see Figure 7D
and Figure S2 in the Supporting Information).

A similar red shift was also observed for MTPM and
MTPA in both the absence and presence of CM-3-CD,
while no peak shift was observed for MTT as shown in Fig-
ure 4 A. Similar changes in the absorption and emission
characteristics of several compounds have been observed
when they are adsorbed on colloidal semiconductors. >
Therefore, the electronic interaction between S't and TiO,
and the surface polarity altered the energetics of the ground
and excited states of S'*.

As shown in Figure 6 A, the time traces for the peak shift
(Av) from the absorption maximum observed at 20 us after
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Figure 6. A) Time dependence of the peak shift (Av) from the transient
absorption spectra observed at 20 us after the laser flash during the 355-
nm laser photolysis of the Ar-saturated TiO,/CM-B-CD colloidal aqueous
solution in the presence of MTP (m), MTT (0), MTPM (a), and MTPA
(V) (0.5 mm). Solid lines indicate the results fitted by the stretched expo-
nential function. B) The differential time traces obtained for TiO, (a)
and TiO,/CM-B-CD (b) by subtracting the time trace observed in the ab-
sence of MTP from that in the presence of MTP. The black line (c) indi-
cates the differential time trace obtained by subtracting line a from line
b. The relative Av values for MTP are shown for comparison (o).

the laser flash were well reproduced using a stretched expo-
nential function as given by Equation (7), in which t is the
apparent average lifetime of the surface-bound S’ and « is
a heterogeneous parameter.[**]

Av(t) = Avp,(exp(1—(1/7)%) (7)
For example, the 7, and o values were determined to be

1.5 us and 0.65, respectively, for MTPA (Table 4). The lack
of a relationship between 7, and K, suggests that S'* adsor-
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Table 4. Fitting parameters for the time-dependent peak shift.

S AV [em ] 7 [us] o

MTP 1300150 3.0£05 0.65+0.05
MTPM 1050+ 150 1.24+0.3 0.70+0.05
MTPA 1180+ 150 1.5+03 0.6540.05

bed on the TiO, surface cannot be desorbed from the sur-
face on a microsecond time scale. It seems that the 7, values
determined are close to those (r;, = (3.84+0.5) us) deter-
mined for S'* adsorbed on TiO, nanoparticles in acetonitri-
le. In addition, it was found that a good relationship
exists between the time evolutions of the signal intensity
and peak shift of S'* as demonstrated in Figure 6 B. There-
fore, we assumed that the observed peak shift after the laser
flash is attributable to the heterogeneous charge recombina-
tion kinetics with e, and the formation of S;* by the indi-
rect one-electron oxidation process [Eq. (3)]. Similar [S'*]
values obtained at 20 ps for TiO, and TiO,/CM-B-CD in the
presence of MTP, MTPM, and MTPA also support our con-
clusion (Table 3).

Interfacial hole-transfer dynamics: In this section, we exam-
ine the interfacial hole-transfer dynamics from the photo-
generated holes to MTP adsorbed on the TiO, surface by
femtosecond transient-absorption measurements.

Figure 7 shows the time evolution of the transient-absorp-
tion spectra observed during the 330 nm laser photolysis
(5 Wpulse™, 200 fs FWHM) of the TiO, (A), TiO,/CM-B-
CD (B), and TiO,/CM-B-CD/MTP (C) solutions. For TiO,
and TiO,/CM-B-CD (in the absence of S), a broad absorp-
tion band in the wavelength range from 500 to 700 nm was
observed. On the other hand, an absorption band with a
peak around 575 nm was clearly observed for TiO,/CM-f3-
CD/MTP (Figure 7D). This absorption band is practically
identical to that assigned to MTP'* obtained in the nanosec-
ond time domain (Figure SA). A similar transient absorp-
tion spectrum with a peak around 575 nm was also con-
firmed by the 400 nm laser photolysis (10 uJpulse™', 200 fs
FWHM) of TiO,/CM-B-CD/MTP, that is, the direct excita-
tion of the CT complex between MTP and TiO, (see Fig-
ure S2 in the Supporting Information). In the case of the
bare TiO,, no clear absorption band from MTP'* was ob-
served because of the low concentration of the surface-
bound MTP on TiO,.

As shown in Figure 7E, a double exponential decay proc-
ess with time constants of (4.0+0.5) (38%) and (15+5) ps
(62%) were determined for TiO,/CM-B-CD/MTP (e) at
700 nm, which is assigned to the shallowly trapped hole as
discussed below, while a time constant of (18 +5) ps was de-
termined for TiO,/CM-B-CD ().

In general, the carriers generated in semiconductor nano-
particles are in a nonequilibrium distribution immediately
after excitation. The hot carriers, such as free electrons and
holes having a finite kinetic energy, relax within the conduc-
tion and valence bands, respectively, and then are trapped at
various defect sites, that is, the shallow and deep trapping
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Figure 7. Time evolution of transient absorption spectra observed after the laser flash during the 330-nm laser photolysis of TiO, (A), TiO,/CM--CD
(B), and TiO,/CM-f-CD/MTP (C) ([CM-B-CD] = 1 mm, [MTP] = 1 mm). D) The transient absorption spectra observed after the laser flash during the
330 nm laser photolysis of TiO,/CM-3-CD/MTP ([CM--CD] = 1 mm, [MTP] = 1 mm). E) Normalized time traces observed at 575 (m) and 700 nm (e)
after the laser flash during the 330 nm laser photolysis of TiO,/CM-B-CD/MTP ([CM--CD] = 1 mm, [MTP] = 1 mm), and observed at 700 nm (2) after
the laser flash during the 330-nm laser photolysis of TiO,/CM--CD ([CM-3-CD] = 1 mwm). The dotted line indicates a Gaussian function with an

FWHM of 200 fs.

sites. There is a continuous energy-level dispersion for the
localized levels, so that the carriers in the shallow trapping
sites further relax into deep trapping sites by their migra-
tion. The trapping times of holes have been estimated to be
less than 50 fs by Yang and Tamai® and 200450 fs by
Furube et al.**® The difference in the trapping times could
be explained in terms of the excitation-energy-dependent in-
traband relaxation of the hot holes. Considering the experi-
mental results and the present excitation energy of 3.76 eV,
the trapping times of the holes seemed to be less than our
time resolution (200 fs).

Furube et al. have also reported that the hole relaxation
from shallow sites to deep ones was occurring more than
100 ps after photoexcitation based on the spectral shift of
the transient absorption.”™ In fact, for the TiO, colloidal
solution, we observed the spectral shift of the transient ab-
sorption within several tens of picoseconds owing to the
hole relaxation from shallow sites to deep ones, and the re-
combination process with e, of more than several hundreds
of picoseconds (see Figure S3 in the Supporting Informa-
tion). The decrease in the hole relaxation time by an order
of magnitude might be due to the small particle size
(4.5 nm) relative to the reported one (20 nm).

Therefore, the transit time of hot holes should be shorter
than the decay constant of 4 ps observed for TiO,/CM-f3-
CD/MTP suggesting that the interfacial hole transfer
from hyg* and shallow h,* to MTP included in CM-3-CD
on TiO, occurs with the time constants of <200 fs and 4 ps,
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respectively. The observed fast interfacial hole transfer from
hyst and shallow h,* to MTP would be due to the strong
electronic interaction between MTP and TiO,, because the
diffusion rate primarily depends on the electronic coupling
between the trapped states.[*'l These trap sites span a wide
range of energies, which can be modulated by chemical
modification of the surface.”>*!

Decay processes of S*: It is worth clarifying the sequential
reactions caused by S, because the efficiency of the photo-
catalytic reaction would be significantly dependent on the
interfacial back electron transfer rate, which competes with
many other reactions. The back electron transfer reaction
between e, and S'* was influenced by numerous factors,
for example, the relaxation time from the shallow to deep
trap states, the oxidation potential of S, and the distance be-
tween the electron acceptor and the donor.

Figure 8 shows the time profiles observed at 545 (a) and
827 nm (b), which are mainly attributable to MTPM'* and
e, , respectively, after the laser flash during the 355 nm
laser photolysis of the Ar-saturated TiO,/CM-B-CD colloidal
aqueous solution in the presence of MTPM (0.5 mm). No
transient decay was observed for e, , suggesting that the
decay process of MTPM'* is not due to the charge recombi-
nation reaction with e, . Using the absorption coefficient
values of S't (¢t) (Table 1), the second-order rate constants
(ky) for the decay kinetics of S+ were calculated to be 10°-
10'M~'s™!, as summarized in Table 5.
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Figure 8. Time profiles observed at 545 (a) and 827 nm (b) after the laser
flash during the 355 nm laser photolysis of the Ar-saturated TiO,/CM-f3-
CD colloidal aqueous solution in the presence of MTPM (0.5 mm). Inset:
second-order plots for the decay kinetics of MTPM'* observed at 545 nm
for the Ar-saturated TiO,/CM-f3-CD colloidal aqueous solution.

Table 5. Decay rate constants of S+ in the microsecond time range.

S ke [10°m7's7]

water (pH 2) TiO, TiO,/CM-B-CD
MTP 0.7+0.2 1.4+0.9 1.3+£0.7
MTT 41+04 5.0+0.9 6.0+1.0
MTPM 41+04 4.6+1.0 40+1.0
MTPA 7.3+0.9 10+2 11+2

[a] Determined by pulse radiolysis.?"!

The determined k,; values were similar to those deter-
mined in acidic water (pH 2). The similarity in behaviour
observed for the decay of S’ strongly suggests that S'* is
excluded from the CD host in the case of MTT or generated
from the indirect one-electron oxidation reaction with h,*
at the surface by a collisional process, and that the subse-
quent reaction occurs in the bulk solution, that is, outside
the cavity in the microsecond time range. From the good
second-order fits found for the decay process of St in the
presence of CM-fB-CD, we can expect that the dissociation
reaction takes place within several tens of microseconds.
The complexation equilibrium between the CDs and a series
of electroactive molecules, such as ferrocenes,™ violo-
gens,”” and cobaltocenes,®! has been investigated in detail
and found to involve dissociation rate constants on the
order of 10*s™!. Recently, Dimitrijevic et al. studied the pho-
toinduced charge transfer between guest molecules and
hybrid TiO,/carboxyethyl-3-CD nanoparticles using low-
temperature EPR and cyclic voltammetry.[® They used fer-
rocenemethanol (Kop = 2.1x10°m™!) as the guest molecule
and observed the formation of the ferrocenium cation,
which is generated by an electron transfer from ferrocene-
methanol to the TiO, nanoparticles, by UV irradiation. It
was also mentioned that the dissociation of the charged ion
from the hydrophobic cavity of carboxyethyl-3-CD into the
bulk water leads to an efficient charge separation. Based on
these experimental results and our recent work,?! we can
conclude that the generated S'*, especially MTT'*, inside
CM-B-CD is excluded from the CD nanocavity attached on
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TiO, to give the free S'* because of the hydrophobic nature
of the cavity.

Dimer radical cation formation: Recently, we have clarified
the formation and decay processes of the dimer radical
cation of MTPM ((MTPM),'*) in the absence and presence
of hydroxypropyl-B-CD by pulse radiolysis.””! In order to
clarify the dissociation and subsequent reactions of S'F,
which is generated during the TiO, phototcatalytic reactions,
we examined the influence of CM-B-CD on the formation
process of S,’*.

Figure 9 A shows the transient absorption spectra ob-
served at 10 ps after the laser flash during the 355 nm laser
photolysis of the Ar-saturated TiO, colloidal aqueous solu-
tion in the presence of CM-3-CD (0.5 mm) and MTPM (0.5,
5, and 10 mm).

0.010+

9 00054 |

0.000 T T T T T T T
400 500 600 700 800
Wavelength / nm

Figure 9. Transient absorption spectra observed at 10 ps after the laser
flash during the 355 nm laser photolysis of the Ar-saturated TiO, colloi-
dal aqueous solution in the presence of CM-3-CD (0.5 mm) and MTPM
(0.5 (m), 5 (0), and 10 mM (aA). The gray line indicates the transient ab-
sorption spectrum obtained after an electron pulse during the pulse radi-
olysis of N,O-saturated water (pH 2) in the presence of NaBr (100 mm)
and MTPM (10 mm). The spectral intensity is normalized at 530 nm for
comparison.

The absorption band around 550 nm observed at 10 ps
after the laser pulse was blue-shifted by about 20 nm with
the increasing MTPM concentration, while a new absorption
band clearly appeared around 800 nm. Similar spectral
changes were observed in the absence of CM-3-CD. The
newly observed absorption bands at around 520 and 800 nm
are assigned to the o-type complex of the sulfur—sulfur
three-electron bond and the m-type complex associated with
two 4-(methylthio)phenyl groups, respectively.'**? The spec-
trum of (MTPM),"*, which is obtained by the pulse radioly-
sis technique, is also indicated for comparison (solid line).

The fact that the transient absorption spectra of
(MTPM), ¥, which are quite similar to that obtained from
the pulse radiolysis measurements, were observed for TiO,
and TiO,/CM-B-CD suggests that MTPM't is generated
from the indirect one-electron oxidation reaction with h,*
and exists as a free molecule in solution, because only the
free MTPM't can react with the free MTPM to give the
free (MTPM), +.
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Overall reaction mechanisms: We summarize the reaction
schemes as follows. As a first step, hyg™ is generated by
laser irradiation and then trapped at the surface of TiO, or
the surface-bound CM-f3-CD on TiO,. Most of hyz* and h,*
recombine with ez~ and e, in the wide time range of fem-
toseconds to microseconds. In competition with the charge
recombination processes, hygzt and the shallow h,* are
transferred to S adsorbed on the TiO, surface or included in
CM-B-CD modified on the TiO, surface. The S having no
hydroxy or carboxy groups, that is, MTT, included in CM-f3-
CD is oxidized by the CM-B-CD-mediated one-electron oxi-
dation process with hept(CM™--CD) (Figure 10A).

A) B)
V vs NHE
TiO,
-1.0T 10T
CB
00 Aw 0.0+
1
+1.0T I hv o Sco™Sep +1.0
1 CM**-B-CD/CM-B-CD .~
+2.01 : i € +2.0 1
+3.01 VB ¥3.0T

Figure 10. A) CM-B-CD-mediated one-electron oxidation process of Scp with hep™. B) Direct and indirect
one-electron oxidation processes of S, and S; with hyg™ and h,*, respectively. Broken and dotted arrows repre-
sent the recombination and trapping processes of the photogenerated charge carriers, respectively. The E,
value of S, would be lower than that of S; owing to the adsorption on the TiO, surface."”

On the other hand, the S with hydroxy or carboxy groups
included in the CM-B-CD can be directly adsorbed on the
TiO, surface and oxidized by the direct one-electron oxida-
tion process with hygt or the shallow h,™ (Figure 10B).
Free S is also oxidized by the indirect one-electron oxidation
process with the deep h,* at the surface by a collision pro-
cess (Figure 10B).

From the second-order fits found for the decay process of
S+, we can conclude that the dissociation process of S+
from the CD nanocavity takes place during several micro-
seconds, indicating that the dissociation rate constant should
be higher than 10°~10°s™". It was found that S desorbed
from CM-B-CD and/or generated from the indirect one-elec-
tron oxidation process with h,* can react with the free S to
give S,’F.

Conclusion

We have successfully investigated the photocatalytic oxida-
tion reactions of aromatic sulfides using CM-f3-CD-modified
TiO, nanoparticles (TiO,/CM-3-CD) from nano- and femto-
second transient absorption measurements. The transient ab-
sorption spectra and time traces observed for the charge car-
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riers and S'* revealed that the one-electron oxidation reac-
tion of S during the laser-flash photolysis of TiO,/CM-3-CD
is significantly enhanced when compared to the bare TiO,.
The kinetics of the decay and the dimerization processes be-
tween S't's was discussed on the basis of the results obtained
by the pulse radiolysis technique.

This work addresses several key issues in the fields of the
TiO, photocatalysts and their hybrid nanomaterials with or-
ganic and inorganic compounds as follows: 1) the modifica-
tion of the B-CDs with carboxyl groups on TiO, facilitates
the charge-transfer interaction between organic compounds
and TiO, nanoparticles, establishing efficient crosstalk be-

tween them; 2) a detailed
examination of the forma-
tion dynamics of S'* over a
wide time scale from femto-
to microseconds demon-

TiO, strates that S is oxidized by

hygt, hep™, and the shallow
and deep h,*s during the

J

CB CM--CD-modified TiO,
x photocatalytic reactions; and
e SafS.  spus, 3) the release of S* from the

- CD nanocavity attached to
i?e-/( the TiO, nanoparticles into
VB the bulk solution is induced

by the photocatalytic one-
electron oxidation reaction,
which might be applicable
for novel drug delivery sys-
tems.

Experimental Section

Materials: The -CD (Aldrich) and carboxymethyl-3-CD (CM-f-CD)
(Aldrich) were used without further purification. 4-(Methylthio)toluene
(MTT) (Tokyo Kasei) was used without further purification. 4-(Methyl-
thio)phenol (MTP) (Tokyo Kasei) and 4-(methylthio)phenyl methanol
(MTPM) (Aldrich) were purified by vacuum sublimation before use. 4-
(Methylthio)phenylacetic acid (MTPA) was recrystallized from ethanol.

The colloidal aqueous solutions of TiO, were prepared by the controlled
hydrolysis of TiCl, at 0°C. In a typical preparation, fresh TiCl, (7.58 g,
Wako) maintained at —10°C was slowly added dropwise over 1 h into of
Milli-Q water (1 dm? 0°C) in a glass beaker with vigorous stirring. The
TiO, colloidal solution (0.3 dm®) was subsequently dialyzed at 4°C (Visk-
ing-tube presoaked for 1 week in approximately 2.5 dm® of Milli-Q water
replaced several times per day) resulting in a pH of 2.0 for the colloidal
solution ([CI"]<107m). The concentration of the TiO, particles was
(29+1.0)x10°m. Transmission electron microscope (TEM) (JEOL,
JEM-3000F, 200000 x ) and atomic force microscope (AFM) (Seiko In-
struments Inc., SPA400-DFM, SI-DF20) images indicated that the mean
particle size of the material was about 4.5 nm.

The aqueous solutions containing high concentrations of CDs were
slowly added to the transparent TiO, colloidal aqueous solution and the
mixtures were then thoroughly shaken and refrigerated until used. The
number of $-CD and CM-B-CD bound to each TiO, nanoparticle in
acidic water (pH2) was estimated from the 'H NMR measurements
(Bruker, ARX 400). The concentrations of the surface-bound CDs were
determined from the difference in the peak area of the sample solutions,
which were obtained by dialyzing water and the TiO, colloidal solution
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against CD solutions until an adsorption equilibrium was reached. The
spectra were normalized using a capillary of acetone as the external
standard.

Steady-state UV/Vis absorption measurements: The steady-state UV/Vis
absorption spectra were measured by an UV-VIS-NIR spectrophotome-
ter (Shimadzu, UV-3100) at room temperature.

Nanosecond transient absorption measurements: The nanosecond laser-
flash photolysis experiments were performed by using the third harmonic
generation (355nm, 5ns FWHM) from a Q-switched Nd**:YAG laser
(Continuum, Surelite 1I-10) for the excitation operated with temporal
control by a delay generator (Stanford Research Systems, DG535). The
analyzing light from a 450-W Xe-arc lamp (Ushio, UXL-451-0) was col-
lected by a focusing lens and directed through a grating monochromator
(Nikon, G250) to a silicon avalanche photodiode detector (Hamamatsu
Photonics, S5343). The analyzing lamp, sample, monochromator, and a
silicon avalanche photodiode detector all lie on the same axis with the
excitation beam incident at 90° to the axis. The transient signals were re-
corded with a digitizer (Tektronix, TDS 580D). To avoid stray light and
pyrolysis of the sample by the probe light, suitable filters were employed.
The irradiation energy was measured using a power meter. All measure-
ments were carried out at room temperature.

Femtosecond transient absorption measurements: The femtosecond tran-
sient absorption spectra were measured by the pump and probe method
using a regeneratively amplified titanium sapphire laser (Spectra Physics,
Spitfire Pro F, 1 kHz) pumped by a Nd:YLF laser (Spectra Physics, Em-
power 15). The seed pulse was generated by a titanium sapphire laser
(Spectra-Physics, Tsunami 3941m1BB, 80 fs FWHM) pumped with a
diode-pumped solid state laser (Spectra-Physics, Millennia VIIIs). The
fourth harmonic generation (330 nm, 5 pJ pulse ') of the optical paramet-
ric amplifier (Spectra Physics, OPA-800CF-1) or a second harmonic gen-
eration of the fundamental (400 nm, 10 pJpulse ') were used as the exci-
tation pulse. The excitation light was depolarized. A white light continu-
um pulse, which was generated by focusing the residual of the fundamen-
tal light on the flowing water cell after the computer-controlled optical
delay, was divided into two parts and used as the probe and the reference
lights, of which the latter was used to compensate the laser fluctuation.
Both the probe and reference lights were directed to the rotating sample
cell with a 1.0-mm optical path and detected by the CCD detector equip-
ped with the polychromator (Solar, MS3504). The pump pulse was chop-
ped by the mechanical chopper synchronized to one half of the laser rep-
etition rate, resulting in a pair of spectra with and without the pump,
from which the absorption change induced by the pump pulse was esti-
mated. All measurements were carried out at room temperature.

Pulse radiolysis measurements: The Pulse radiolysis experiments were
performed using an electron pulse (28 MeV, 8 ns, 0.87 kGy per pulse)
from a linear accelerator at Osaka University. All experiments were per-
formed with aqueous acidic solutions (pH 2) that had been saturated
with purified N,O gas for a minimum of 20 min by using a capillary tech-
nique. The kinetic measurements were performed using a nanosecond
photoreaction analyzer system (Unisoku, TSP-1000).>"
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