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UV-light induced redox reactions between cationic porphyrins (H,TMPyP) and methyl viologen
(MV?*) separately incorporated in titania nanosheets (TNS) and cubic-mesoporous silica (MPS) inte-
grated films, respectively, were investigated. In this system, the following two modified hybrids,
i.e., the normally stacked (MV2*-TNS)/(H,TMPyP-MPS) on a FTO electrode and the inversely stacked
(H2TMPyP-MPS)/(TNS) films on a FTO electrode were examined. In accordance with the expected elec-
tron flow from H,TMPyP to MV?*, cathodic photocurrents were observed for the normally stacked film in
acetonitrile (CH;CN) under a negative bias voltage of —0.4 V. However, under the influence of a positive
bias voltage of +0.3V, anodic photocurrents were observed even in CH3CN. On the other hand, anodic
photocurrents were also observed in water for the normally stacked films at both bias voltages of +0.3
and —0.4V due to photoreduction followed by proton abstraction of the H,TMPyP molecules from H,O
within the MPS nano-cavities. In addition, ca. 0.98 mC of the photocurrents were determined in water
for the inversely stacked (H,TMPyP-MPS)/(TNS) films without MV?*, of which ca. 50% resulted in the
oxidative consumption of H,TMPyP in the MPS cavities.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The hybridization of organic guest molecules within nano-
structured cavities of inorganic host materials has been the focus
of recent investigations [1-3] using zeolites [4], clay minerals
[5-7], mesoporous silicas [8], and layered metal oxides [1-3,9-10].
From a photochemical and photophysical perspective, such hybrids
are intriguing due to the unique and characteristic photofunc-
tionality of the intercalated organic molecules [1-5,8]. Highly
efficient and selective reactions are possible through such proper-
ties as anisotropic control due to the structural orientation [11-14],
improvement in the lifetime of the nonpersistent species [15-22],
and the acceleration of various photochemical reactions [23,24].
The photochemical properties of layered metal oxide semiconduc-
tors (LMOSs), such as layered niobate [25-27], titanate [28-33], and
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their exfoliated materials [1,3,28,29], are especially interesting for
their photocatalytic properties [34] and intercalation characteris-
tics [1-3].

In our previous work [35-39], consecutively stacked hybrid
thin films of cubic- [40] or spherical-structured [41] meso-
porous silica (MPS) films and layered titania nanosheets (TNS)
[28-32] were shown to exhibit unique interactions between
the tetra-pyridinium-porphyrins (H,TMPyP) with methyl violo-
gen (MV?2%). In these stacked hybrid films, H,TMPyP and the
electron-accepting MV2* were separately accommodated within
the nano-cavities of cubic-MPS and the interlayers of the pho-
tocatalytic TNS, respectively [35]. The (MVZ*-TNS) film was
coated on the (H,TMPyP-MPS) film to form consecutively stacked
hybrids, i.e., a (MV2*-TNS)/(H,TMPyP-MPS) hybrid film exhibit-
ing photo-induced electron transfers through their heterogeneous
interface [35-37]. Upon UV-light irradiation of the TNS within the
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films, one-electron reduced
radical ions (MV**) of MV2* were formed, accompanied by the
oxidative consumption of H,TMPyP ions and resulting in a charge
separation (CS) at the interface of the stacked hybrid films of the two
types of inorganic host materials. Interestingly, the CS within the
TNS/MPS hybrids occurred reversibly, surviving even under ambi-
ent conditions and being retained even after standing for several
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hours [39]. The photochemical behavior and electron pathways of
the (MV2*-TNS)/(H,TMPyP-MPS) hybrid film are summarized as
follows in Egs. (1)-(3).

TNS + UV-light — e_ + h* (1)
e;, + MV2* (inTNS) — MV*" (in TNS) (2)
h* +H,TMPYP (in MPS) — [H,TMPyP]ox (in MPS) (3)

where e, h*, and [H;TMPyP]ox denote the electrons in the con-
duction band, holes in the valence band of TNS, and the oxidation
products of H,TMPyP, in this order, respectively. Judging from
the proposed reaction pathways, the e_ or h* is expected to
migrate through the TNS/MPS interface and the photo- and elec-
trochemically inert MPS nano-cavities [35]. For the single-coated
cubic-MPS transparent films, i.e., the (H,TMPyP-MPS) films on
a FTO electrode, it was reported that the photo-generated elec-
trons/holes may migrate even in the photo- and electrochemically
inert MPS nano-cavities with a thickness of ca. 0.5 wm [42]. This
suggests that the electrons and holes migrate even in the double-
coated (MV2*-TNS)/(H,TMPyP-MPS) films, although electron/hole
migrations within the entire (MV2*-TNS)/(H,TMPyP-MPS) films
have yet to be reported. Here, we will report on the prepara-
tion of double-coated (MVZ2*-TNS)/(H,TMPyP-MPS) films on a
FTO electrode and the observation of electron migrations through
the TNS/MPS interface initiated by photo- and electrochemical
techniques.

2. Experiments
2.1. Materials

The preparation of a proton-exchanged layered titanate
(Ho.7Ti1.82504-H,0) and its exfoliation was carried out by exper-
imental procedures previously reported by Sasaki et al. [28-32].
A 12wt% aqueous dispersed solution of titania nanosheets
(TNS) exfoliated by the addition of 0.03 M tetrabutylammonium
hydroxide (TBA*OH~) were prepared. Aqueous dispersions of
4.15 cm?3 exfoliated TNS (12 gdm~3), aqueous solution of 2.28 cm3
poly(vinylalcohol) (PVA: 10gdm~3), and water (4.97 cm3) was
stirred for 5 days at ambient temperature [22].

1,1’-Dimethyl-4,4’-bipyridinium dichloride (MV2* 2Cl~; TCI),
o,B,y,0-tetrakis (1-methylpyridinium-4-yl)porphyrin p-toluene-
sulfonate (H,TMPyP, TCI), PVA (TCI, DP ~2000), tetramethoxysilane
(TMOS; TCI) and cetyltrimethylammonium chloride (CTAC; TCI) of
extra pure grade were used without further purification. The water
was purified by UV treatment and de-ionization processes (Elix
UV-5; Millipore Japan). The remaining chemical reagents and mate-
rials were of extra pure grade and used without further purifica-
tion.

2.2. Preparation of TNS and MPS hybrid films

Two different nano-structured inorganic films, a titania
nanosheet (TNS) and cubic-structured mesoporous silica film
(MPS), were deposited on a 40 mm x 40 mm F-doped SnO, glass
(FTO; Asahi Grass, Sheet Resistance: 102 squire~!) electrode
by two different stacking procedures, as shown in Fig. 1, i.e.,
(a) (MV2*-TNS) was cast on a (H,TMPyP-MPS) film; and (b)
(H,TMPyP-MPS) was cast on a TNS film. In case (b), the hybrid
film was covered with a thin Nafion film so that the H,TMPyP
would not dissolve into the aqueous bulk solution. The resulting two
transparent hybrid thin films were used for photo-electrochemical
investigations. The FTO electrodes were used after washing well
with acetone just before use.

(@) UV-light
MV2+-TNS 2N ME
H,TMPyP-MPS =/ \
| FTO Electrode } Mv2+

(b) UV-light R
Nafion R
l ¥
f HJMPyP-MPSj R
Dol | R=—¢ _N-me: H,TMPyP

| FTOElectrode

Fig. 1. Schematic structure of two types of hybrid films each on a FTO electrode:
(a) normally stacked (MVZ*-TNS)/(H,TMPyP-MPS) hybrid films; and (b) inversely
stacked (H, TMPyP-MPS)/(TNS) hybrid films.

2.2.1. Normally stacked (MV2*~TNS)/(H,TMPyP-MPS) hybrid
films

The (MV2*-TNS)/(H,TMPyP-MPS) hybrid films were prepared
according to procedures somewhat modified from that of previous
literature [35]. An aqueous MPS precursor gel suspension including
TMOS and CTAC was spin-coated (3000 rpm, 10s) on a FTO elec-
trode and then calcined at 350°C for 3 h [40]. The MPS films on the
FTO were soaked for 1 min in methanolic solution of 0.1 wt% NaOH
and washed well with methanol [35]. The obtained thin films were
soaked for 1.0 h in 10 mL aqueous solution of 1.0 x 10~4 M H,TMPyP
at ambient temperature, leading to the formation of brownish-
colored (H,TMPyP-MPS) films. The (H,TMPyP-MPS) films were
then coated with a TNS film by casting a TNS aqueous dispersion
on the MPS film, followed by soaking in an aqueous 2.0 x 10~4 M
solution of MV?2* for 4 h at ambient temperature and drying under
ambient atmosphere. The obtained (MV2*-TNS)/(H,TMPyP-MPS)
hybrid films were structurally analyzed by X-ray diffraction (XRD)
as well as electronic absorption spectroscopy [35]. Scanning elec-
tron micrograph (SEM) clearly showed the surface and interface
of the (MVZ*-TNS)/(H,TMPyP-MPS) hybrid films to have uniform
and smoothly stacked structures. The thickness of the TNS and
MPS films were estimated to be ca. 0.5 and 0.8 wm, respectively, as
shown in Fig. 2a. No physical contact between the TNS film and FTO
electrode was confirmed for the (MV2*-TNS)/(H,TMPyP-MPS)/FTO
film since a short circuit could not be observed between the TNS and
FTO films.

2.2.2. Inversely stacked (H,TMPyP-MPS)/(TNS) hybrid films

An aqueous dispersed solution of the TNS was cast on a FTO elec-
trode and the deposited TNS films were dried at 200 °C for 1.0 h. An
aqueous suspension of the MPS precursor gel with TMOS and CTAC
was spin-coated on the TNS films and then calcined at 200°C for
10 h to form the (MPS)/(TNS) films. The obtained (MPS)/(TNS) films
were then treated with an NaOH solution, as has been described.
The transparent thin films were soaked for 1.0h in a 1.0 x 1074 M
aqueous solution of H,TMPyP at ambient temperature, thus, form-
ing the (H,TMPyP-MPS)/(TNS) hybrid films. To avoid desorption
of the H,TMPyP within the MPS nano-cavities into the electrolyte
solution, a 5wt % aqueous solution of Nafion (adjusted to pH 7
with NaOH) was spin-coated (3000 rpm, 10s) on the hybrid film.
The resulting (H, TMPyP-MPS)/(TNS) hybrid films were then ana-
lyzed by XRD and absorption measurements [35]. A clear layered
structure consisting of the [MPS-TNS-FTO] layers was confirmed
by SEM observations, the thicknesses of which were estimated to
be 2 and 0.2 wm for the TNS and MPS, respectively, as shown in
Fig. 2b.
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Fig. 2. Cross-sectional SEM image of: (a) normally stacked (MV2*-TNS)/
(H,TMPyP-MPS); and (b) inversely stacked (H,TMPyP-MPS)/(TNS) hybrid films on
the FTO electrode.

The selective adsorption of HyTMPyP into the MPS nano-cavities
of the normally or inversely stacked films were confirmed by
absorption measurements. When the H,TMPyP molecules were
intercalated within the stacked layered materials, a 50-60 nm red-
red shift of its Soret absorption spectrum as compared to that in
aqueous solution was observed due to the gradual flattening of
the methyl-pyridinium rings against porphyrin rings [13,14]. The
absorption maxima of the H, TMPyP in the various systems are sum-
marized in Table 1 and it can be seen that H, TMPyP possesses an
absorption maximum at 430-435 nm in the MPS nano-cavities for
all the systems (b)-(d) with a red-shift of 9-14nm, as compared
to the Soret absorption band in aqueous solution. The Soret band
maxima of the porphyrins are known to be sensitive to the polar-
ity of the solvent used, i.e., in a less polar solvent environment, the
absorption maximum shifts toward red [43]. The observed red-shift
indicates a decrease in the environmental polarity within the MPS
nano-cavities. However, when the H, TMPyP molecules were inter-
calated into the stacked layered material (systems e or f), the Soret
bands were significantly red-shifted due to flattening [13,44,45],

Table 1

Soret absorption maxima of H,TMPyP in various systems.

System Amax (NM)
(a) Aqueous solution 421

(b) (H,TMPyP-MPS) 430

(c) (MV2*=TNS)/(H, TMPyP-MPS) 433

(d) (H,TMPyP-MPS)/(TNS) 435

(e) (H,TMPyP-TNS)? 475

(f) Intercalation in clay layer” 484

2 Reported values in ref. [35].
b Reported values in ref. [13].

as compared to the MPS nano-cavities. These results clearly show
that the H,TMPyP molecules were efficiently adsorbed into the MPS
nano-cavities but not into the TNS interlayers.

2.3. Electrochemical studies under UV-light illuminations

A three-electrode cell composed of the FTO coated with the
hybrid films, Pt, and the Ag/AgCl (satd. KCI) as the action, counter,
and reference electrodes, respectively, was used for electrochemi-
cal analysis under UV-light illumination [42]. Circle-shaped quartz
windows of @ 50 mm were equipped on both sides of the cell. One-
hundred millimolars of the aqueous Na,SO,4 solution or 10 mM
LiClO4 acetonitrile solution was used as the electrolyte solution
under N, gas atmosphere. The applied voltage was controlled by
a potentiostat/galvanostat instrument (HOKUTO H-105) and func-
tion generator (HOKUTO H-301). A 300 W Xe lamp (USHIO X300)
was used as the light source together with U-340 and IRA 25S filters
(HOYA) for UV-lightirradiation of 300-380 nm with alight intensity
0f 0.02 W cm~2. Both the normally and inversely stacked films were
irradiated by UV-light from the TNS/MPS hybrid film side, as shown
in Fig. 1. The Xe lamp was also used as a probe light source for spec-
tral measurements of the sample films together with a USB2000
(Ocean Optics) detector.

2.4. Equipment

The UV-visible absorption spectra were recorded on a JASCO
spectrometer, type V-550, generally in transmittance mode. The
scanning electron micrograph (SEM) images were recorded on a
JSM-5600 apparatus (JEOL) operating at 20kV for the Au-coated
samples. Powder X-ray diffraction analysis (XRD) was carried out
with a Rigaku RINT-2100 XRD apparatus operating at 40kV and
40mA and set at Ni-filtered CuK, radiation of 0.154nm wave-
length.

3. Results and discussions
3.1. Redox characteristics without light irradiation

Electrochemical analysis of H;TMPyP in the MPS/TNS hybrid
films was performed in aqueous and non-aqueous solutions
under dark conditions [42]: The current-voltage (V-A) profiles
of H,TMPyP for the hybrid films on the FTO electrode exhib-
ited two negative currents at ca. —0.3 and —0.6V in an aqueous
Na, S04 solution under dark, which corresponded to the formation
of two kinds of reduced species from H,TMPYP, i.e., a two-electron
reduced species followed by a two-proton attached H,TMPyP
[P(-I)Hy], and a one-electron reduced anion radical [P(0)H,~*],
respectively. Neri and Wilson have reported that three negative cur-
rents at —0.29, —0.53 and —0.62 V (vs. Ag/AgCl) are observed in the
electro-reduction of an aqueous H,TMPyP solution under acidic to
neutral conditions [46]. Here, the former two peaks were assigned
to P(-I)Hs and the further reduced species ([P(-VI)Hg4n)|"=4"),
respectively, and the latter corresponded to P(0)H;~*, as shown
in Scheme 1(a and b), respectively [42]. Here, [P(-VI)H g.p) ("4~
is tentatively assigned to the six-electron reduced porphyrin or
its homologs with eight protons (4+n=8) [46]. The protonated
species, thus, tend to decrease while the non-protonated species
increases with an increase in the pH from O to 6. In fact, no nega-
tive current at ca. —0.5V was observed, probably due to the small
number of protons below the detection limit under neutral condi-
tions. In addition, no appreciable redox currents from the H,TMPyP
were observed in the range of a more positive voltage from —0.2 to
+0.8 V.

Similar current-voltage profiles were taken with the
(MVZ*—TNS)/(H,TMPyP-MPS) hybrid films in non-hydroxylic
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Scheme 1. Electrochemical reduction mechanisms of H, TMPyP under dark condi-
tions in: (a) hydroxylic and; (b) non-hydroxylic solvents.

polar solvents such as CH3CN, as exemplified in Fig. 3. A clear
reduction signal was observed at —0.64 V, indicating the formation
of P(0)H,~* without any redox signals at regions of —0.5 to +0.5V.
These results clearly indicate that no protonated species such as
P(-1)Hg or [P(-VI)H(44n) |"~4)~ were formed at all in non-hydroxylic
solvents (Scheme 1b).

3.1.1. (H,TMPyP-MPS) films in aqueous solution

Upon visible light irradiation of the half-stacked hybrid films
(H,TMPyP-MPS) on the FTO electrode, both anodic and cathodic
photocurrents were observed under an applied bias voltage (V,)
of either positive (+0.3V) or negative (—0.4V), respectively [42].
These results indicate the direction in which the electrons flow in
the hybrid films are affected by the applied bias voltage (Va).

3.1.2. (MV2*-TNS)/(H,TMPyP-MPS) films in aqueous solution

In a similar manner, UV-light irradiation was carried out at a
bias voltage of +0.3 or —0.4V for the double-coated hybrid films
(MVZ*-TNS)/(H,TMPyP-MPS) upon UV-light irradiation in aque-
ous solutions.

of the
UV-light

3.1.2.1. V4=+0.3V. The absorption spectral
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films

changes
under
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Fig. 3. Current-voltage (V-A) profile of the (MV?*~TNS)/(H,TMPyP-MPS) hybrid
films on a FTO electrode in CH3CN in the dark.
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Fig. 4. Changes in the absorption spectra for the normally stacked
(MV2*-TNS)/(H,TMPYP-MPS) hybrid films on a FTO electrode in aqueous
solution with: (a) positively applied voltage (+0.3V) and UV-light irradiation of
0, 10, 20, 40, 60 min; and (b) negatively applied voltage (—0.4V) and UV-light
irradiation of 0, 10, 30, 40 min. Insets show photocurrent generation for the
(MVZ*-TNS)/(H, TMPyP-MPS) hybrid films on the FTO electrode.

irradiation at an applied voltage of (V,)=+0.3V are shown in
Fig. 4a. Thus, the Soret absorption band of H,TMPyP at 430 nm
decreased with the simultaneous generation of considerable
anodic photocurrents (Fig. 4a, inset). Moreover, new absorption
bands at around 520 nm appeared. This implies the formation of
two-electron reduced H,TMPyP (P(-11)Hy) [46], which remains in
the MPS nano-cavities even after UV-light irradiation of 60 min.
These results suggest that the photo-generated e_ reduces the
H,TMPyP in the MPS nano-cavities, forming P(-1I)Hg, followed by
a migration to the FTO electrode. However, the absorption maxima
at ca. 380nm for MV** did not increase even under UV-light
irradiation due to the preferential reduction of H,TMPyP over
MV2*,

3122. V4=-04V. The absorption spectra of the
(MVZ*—TNS)/(H,TMPyP-MPS) hybrid films under UV-light irradi-
ation with an applied voltage of (V,)=-0.4V are shown in Fig. 4b.
UV-light irradiation led to a decrease in the Soret absorption
band of H,TMPyP at 430 nm, simultaneously accompanied by the
generation of considerable anodic photocurrents (Fig. 4b, inset).
In contrast to the positive voltage of V,=+0.3V, new absorp-
tion bands at ca. 380 and 650 nm corresponding to MV** newly
appeared. In addition, the Soret absorption band bathochromi-
cally shifted to ca. 500nm within the initial 10-min UV-light
irradiation, which then decreased after prolonged irradiation of
60 min. This suggests that the H,TMPyP molecules were reduced
to P(-II)H,4 in the MPS nano-cavities during the initial stage and
its further multi-electron reduction resulted in successive decom-
position [46]. The reduction of the H,TMPyP molecules in the
MPS nano-cavities are competitively reduced with those of MV2*
within the interlayer of TNS under conditions of negative voltage
(Va=-0.4V).
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Scheme 2. Proposed schemes for the electron flow in the normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films on a FTO electrode in aqueous solution
with applied positive (+0.3 V) and negative (—0.4 V) bias voltages.

On the basis of these results, electron migration mech-
anisms could be proposed for the normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films in aqueous systems,
as shown in Scheme 2. By applying a positive bias voltage, only
H,TMPyP in MPS was reduced accompanied by the generation of
anodic photocurrents, however, both H,TMPyP in MPS and MV?2*
in TNS were reduced with the generation of anodic photocurrents
in the case of a negative bias voltage. An anodic photocurrent was
generated in the normally stacked (MVZ*-TNS)/(H,TMPyP-MPS)
hybrid films with an applied voltage of V,=-0.4V in aqueous
solutions, which was in sharp contrast with the half-stacked
(H,TMPyP-MPS) films [42] or other hybrid systems, as described
below.

3.2. Normally stacked (MV2*-TNS)/(H, TMPyP-MPS) films in
CH3CN

In aqueous solutions, the formation of P(-II)H4 molecules in
the MPS nano-cavities occurred prior to the oxidation of H, TMPyP
and reduction of MVZ*, No detectable currents were observed for
the normally stacked (MVZ*-TNS)/(H,TMPyP-MPS) hybrid films
in non-hydroxylic solvents, e.g., CH3CN under dark in —0.5 to
+0.8 V regions, as shown in Fig. 2. However, the normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films underwent UV-light
induced electron transfers in CH3CN.
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Fig. 5. Changes in the differential absorption spectra for the normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films on a FTO electrode in acetonitrile solu-
tion with: (a) positive (+0.3V); and (b) negative (—0.4V) applied voltages under 0,
10, 20, 40, and 60 min UV-light irradiation. Inset shows the photocurrents generated
with the normally stacked (MV2*-TNS)/(H,TMPyP-MPS) hybrid films on the FTO
electrode.

3.2.1. Photoreactions for Vo =+0.3V

Changes in the differential absorption spectra for the
(MVZ*—TNS)/(H,TMPyP-MPS) hybrid films under UV-light irra-
diation with an applied voltage of (V,)=+0.3V in CH3CN are
shown in Fig. 5a. Upon UV-light irradiation, the Soret absorp-
tion band of H,TMPyP at 430 nm decreased with simultaneous
photocurrent generation (Fig. 5a, inset). In contrast to aqueous
solution systems, the formation of one-electron reduced MV?2*,
i.e., MV**, was confirmed by the characteristic absorption bands
at ca. 390 and 500-700 nm without the reduction of H,TMPyP,
implying that the reductions of the H,TMPyP molecules in the
MPS nano-cavities were suppressed by the preferential reduction
of the MV?* molecules in TNS. Hence, a cathodic current was
observed within the initial few seconds, although the direction for
the flow of the photocurrents gradually changed from a cathodic
to an anodic upon prolonged UV-light irradiation. These results
imply that the reduction of MVZ* in TNS by e, the oxidation of
H,TMPyP in MPS by h*, and the electron injection from the FTO
electrode to the oxidized H,TMPyP occurred at the initial stage
of the photochemical activity. However, upon prolonged light
irradiation, the photochemical reduction of H,TMPyP occurred
preferentially to MV2* and induced the anodic currents towards
opposite directions. In this case, the H,TMPyP molecules can
be considered an electron transport mediator within the MPS
nano-cavities, judging from the fact that no P(-II)H4 was formed in
a non-hydroxylic solvent. Indeed, little photocurrent was observed
for the normally stacked (MV2*-TNS)/(MPS) or half-stacked (MPS)
hybrid films without H,TMPyP [42].

3.2.2. Photoreactions for V,=—-0.4V

Changes in the differential absorption spectral of the
(MVZ*—TNS)/(H,TMPyP-MPS) hybrid films under UV-light irradi-
ation with an applied voltage of (V;)=-0.4V in acetonitrile are
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Scheme 3. Proposed schemes for the electron flow in the normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) hybrid films on a FTO electrode in acetonitrile solu-
tion with applied positive (+0.3 V) and negative (—0.4 V) bias voltages.

shown in Fig. 5b. The consumption of H, TMPyP was synchronized
with the formation MV**, however, its reduced species, P(-11)Hy,
was not formed by UV-light irradiation. In contrast to the positive
bias voltage (+0.3 V), a considerable amount of cathodic photocur-
rent was generated (Fig. 5b, inset), suggesting that the reduction of
MV2* in TNS may be preferential to that of H, TMPyP. Photochemi-
cally generated e, may reduce the MV?2* molecules in TNS and, at
the same time, h* may oxidize H,TMPyP into [H, TMPyP]ox in MPS,
generating anodic currents due to the electron flow from the FTO
electrode to the [H,TMPyP]ox.

On the basis of these observations, the proposed elec-
tron migration mechanisms for the normally stacked
(MVZ*-TNS)/(H, TMPyP-MPS) hybrid films in CH3CN are shown in
Scheme 3. These results validate the series of proposed reaction
mechanisms for the reduction of MV2* in TNS, the oxidation of
H,TMPyP in MPS, the electron migrations through the interface,
and the formation of photo-induced charge separated (CS) states
within the (MVZ*-TNS)/(H,TMPyP-MPS) hybrid films, as shown in

Egs. (1)-(3).
3.3. The inversely stacked (H,TMPyP-MPS )/(TNS) films: in H,O

The photo-generated e, was efficiently trapped by the
H,TMPyP in the MPS nano-cavities, judging from the fact that nei-
ther [HyTMPyP]ox nor MV** could be formed in aqueous solutions.
The inversely stacked (H,TMPyP-MPS)/(TNS) hybrid films were
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Fig. 6. Changes in the absorption spectra for the inversely stacked
(H,TMPyP-MPS)/(TNS) hybrid films on a FTO electrode by UV-light irradia-
tion of 0-300min in aqueous solution with: (a) a positive (+ 0.3V) applied
voltage. Inset shows the photocurrents generated with the inversely stacked
(H,TMPyP-MPS)/(TNS) hybrid films on the FTO electrode.

synthesized for the enhancement of the electron migration and CS
state in the interface of MPS and TNS. Here, the H, TMPyP-MPS film
was put on TNS/FTO which was prepared by casting the TNS film
on the FTO electrode and these were noted to be directly attached
in the hybrid film. Since the generated e_, are trapped by the FTO
electrodes, the remaining h* may efficiently oxidize the H,TMPyP
in the nano-cavities, even in water.

The changes in the absorption spectra and photocurrent gener-
ation in the inversely stacked (H, TMPyP-MPS)/(TNS) hybrid films
under conditions of V; =+0.3V are shown in Fig. 6. Upon UV-light
irradiation of the inversely stacked films, a monotonic decrease
in the Soret bands was observed accompanied by the genera-
tion of considerable anodic currents, though no new absorption
bands appeared in visible regions. These results suggest that the
e, were efficiently trapped by the FTO electrode, inducing h*
oxidation of H,TMPyP in the MPS nano-cavities of the inversely
stacked (H,TMPyP-MPS)/(TNS) hybrid films, as shown in Scheme 4.
Table 2 compares the amounts of the oxidative consumption of the
H,TMPyP molecules with those of the anodic photocurrents in the
MPS nano-cavities for the inversely stacked (H, TMPyP-MPS)/(TNS)
hybrid films for the initial 1 min of light irradiation as well as
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Scheme 4. Proposed schemes of the electron flow in the inversely stacked
(H2 TMPyP-MPS)/(TNS) hybrid films on a FTO electrode in H,O with an applied bias
voltage of +0.3 V.
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Table 2
Comparison of amount of H,TMPyP consumption with anodic photocurrents.

Reactions Irradiation time

1 min 300 min
H,TMPyP Consumption (mol?) 4.0x 101 5.1 x 102
Photocurrent (e~) 4.5x 101 10.2 x 102
Photocurrent (C) 43x10°6 9.8x 1074

2 Estimated by absorbance changes in the Soret bands shown in Fig. 6.

continuous irradiation for 300 min. In the case of a short irradiation
time of 1 min, most of the anodic photocurrents, i.e., ca. 90%, could
be used for the oxidative consumption of H;TMPyP. Moreover, in
the case of continuous irradiation for 300 min, the photocurrents
decreased exponentially, presumably since e, tends to recombine
with h* within the TNS sheets before oxidation of the H,TMPyP
in the MPS nano-cavities due to a decrease in the concentration
of H,TMPyP. Hence, it was seen that only 50% of the H,TMPyP
molecules were oxidized by amount of photocurrents generated.

4. Summary

Two different types of hybrid films, i.e.,, a normally stacked
(MVZ*-TNS)/(H,TMPyP-MPS) film and an inversely staked
(H, TMPyP-MPS)/(TNS) film, were successively stacked on a FTO
electrode and their characteristic photo-induced electron transfer
through the TNS/MPS interfaces were investigated. Absorption
measurements clearly showed that the H,TMPyP molecules were
accommodated only in the MPS nano-cavities for both the nor-
mally and inversely stacked films, and not intercalated within the
interlayers of TNS.

In the case of the normally stacked (MVZ2*-TNS)/(H,TMPyP-
MPS) film in aqueous solution, anodic photocurrents were gen-
erated, accompanied by the formation of two electron-reduced
porphyrins (P(-II)H4) upon UV-light irradiation. With this hybrid
film, such behavior was independent of the applied bias volt-
age (V3). In contrast, for the normally stacked films in CH3CN,
anodic and cathodic photocurrents were observed by applying a
positive and negative bias voltage, respectively. Interestingly, lit-
tle photocurrent was generated when there were no H,TMPyP
in the MPS nano-cavities, suggesting the intervention of the
H,TMPyP as an electron donor and mediator in the hybrid
(MVZ2*-TNS)/(H, TMPyP-MPS) films.

The inversely stacked (H,TMPyP-MPS)/(TNS) films without
MV2* as electron acceptors exhibited characteristic anodic pho-
tocurrents with the disappearance of H,TMPyP. This suggests that
the photo-generated e in TNS was trapped by the FTO electrode,
whereas the h* oxidized the H,TMPyP in the MPS nano-cavities. The
absorption spectral changes were quite similar to those for the nor-
mally stacked (MVZ*-TNS)/(H,TMPyP-MPS) films under air [35].
Based on the above results, the electron/holes in these hybrid films
were concluded to migrate through the interface of TNS/MPS by the
processes outlined in Eqs. (1)-(3). The products eventually detected
by the present photo-induced electron flow were the one-electron
reduced MV?* (i.e., MV**) and oxidized H,TMPyP (i.e., H, TMPyP**),
which separately appeared in the TNS layers and MPS cavities of the
(MV2*_TNS)/(H, TMPyP-MPS) films, respectively.

The mechanism for the present unique photo-induced electron
flow in the hybrid films at the molecular levels is considered as fol-
lows: (1) Diffusion or migration of the dye molecules in the hybrid
films; (2) Electron/hole hopping between the H,TMPyP in the MPS
nano-cavities; and (3) The photo- or electric-activities of the MPS
films. There is less possibility of the molecular diffusion of the MV2*
and H,TMPyP molecules assisting the electron flows in the hybrid
films, as they are adsorbed electrostatically on the surface of the
inorganic host materials.

The porphyrin molecules are homogeneously dispersed in the
entire surface of the MPS films on the basis of area-selected ele-
mental analysis using energy dispersive spectroscopy (EDS) [38],
and at the same time, they exist in non-aggregated form judg-
ing from their characteristic absorption spectra. By comparisons
between the surface area of MPS and the adsorbed amounts of the
H,TMPyP molecules, the average unit area and intermolecular dis-
tance were estimated to be 2900 nm? and ca. 54 nm, respectively
[35]. These results indicate that there is little possibility of elec-
tron/hole hopping among the adjacent H,TMPyP molecules since
the H, TMPyP molecules are spatially isolated and homogeneously
dispersed in the MPS nano-cavities.

Under the present irradiation conditions, the MPS films can be
said to exhibit little photocatalytic activity since no photocurrent
generation (<1 nA) for the MPS film alone, i.e., without H, TMPyP.
This is in stark contrast to the photocurrent generation of ca. 80 nA
in the case of single-coated H,TMPyP-MPS films on an FTO elec-
trode [42]. These results clearly indicate no direct photocurrent
generation from the MPS films.

Judging from these results, the electron flow at the molecu-
lar level yet remains unclear, however, the following possibilities
can be considered: (I) The silica-like MPS should be basically inert
for various organic reactions, however, the catalytic activities or
semiconductor-like functions of SiO, have been reported by various
researchers [47-50]. Oxygen defects or lone-pair of oxygen atoms
in SiO, is suggested to play an important role in the photocatalytic
activities. There is the possibility that the oxygen or oxygen defects
may assist the hole migrations in the MPS nano-cavities of the
present (MV2*—TNS)/(H,TMPyP-MPS) hybrid system; (II) Nogami
et al. have observed the proton-mediated conductivity of sol-gel
silica glass or MPS derivatives and proposed proton conductivity
with the sol-gel silica glass or MPS derivatives, exhibiting the pos-
sibility of proton migration through the OH of the silanol group on
the MPS surface [51]. A similar proton conductive nature is likely
to play a role in the hole migrations of these hybrid systems; and
(IIl) Tatsuma et al. have reported the remote photocatalytic oxi-
dation of organic molecules by stable, photochemically generated
H,0, from TiO, [52]. The formation and dispersion of H,O, may
assist in the oxidation of H,TMPyP in MPS. Further investigations
on the electron flow pathways within the MPS nano-cavities are
now underway.

The present hybrid system is interesting for the electron/hole
migration through photo- and electrochemically inert MPS films,
one of the key elements in the development of photo-functional
devices such as capacitors and triggers for chemical reactions as
well as the construction of Z-scheme type modules for photosyn-
thetic reactions in solar energy storage systems.
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