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Two spatially different nano-structured inorganic materials, titania nanosheets (TNS) and mesoporous silica
(MPS), were integrated onto a glass substrate to form stacked composite thin films. Investigations were then carried
out on photoinduced electron transfers between the tetrakis(1-methylpyridinium-4-yl)porphyrinatometal(4+) ion ([M-
(tmpyp)]*"); M = H,, Zn, and Co) and 1,1’-dimethyl-4,4’-bipyridinium (methyl viologen; MV>*) within the hybrid
films. The [M(tmpyp)]** molecules were found to be adsorbed only in the MPS nano-cavities, while MV>* was inter-
calated only in the TNS layer, i.e., the [M(tmpyp)]** and MV>* molecules could be separately and selectively accom-
modated into the MPS nano-cavities and TNS layers of the hybrid films, respectively. Upon UV light irradiation (TNS
excitation) of the films containing [Hz(tmpyp)]4+, the decomposition of [Hz(tmpyp)]4+ and the formation of a one-elec-
tron reduced MV?>+ (MV**) were observed, clearly indicating photoinduced electron transfers in the MPS/TNS films.
Moreover, when the metal-complex [Zn(tmpyp)]** or [Co(tmpyp)]** was used in place of [H,(tmpyp)]**, visible light-
induced electron transfers could be observed in the present MPS/TNS hybrid films, the first report of such charge sep-
aration in consecutively stacked thin films by visible light.

© 2006 The Chemical Society of Japan

The hybridization of organic compounds and nano-struc-
tured inorganic compounds, such as zeolites, mesoporous sili-
cas, and layered inorganic compounds, have been the focus of
many studies in recent years.'® Hybridization with photonical-
ly active organic molecules are of special interest due to their
characteristic photochemical and photophysical properties,
which can be applied in the design of photofunctional materi-
als and systems.%%°

Mesoporous silicas (MPS), such as MCM-41 and FSM-16,
are known to have regularly-oriented cavities of only a few
nanometers and various chemical species can be incorporated
within these nano-cavities.>® The incorporated molecules also
exhibit unique behavior attributed to the interactions that occur
between the adsorbed molecules and nano-cavities. MPS are
therefore of great interest as adsorbents, molecular sieves,
reaction vessels, and reaction fields.!>>-

Layered inorganic compounds, such as clay minerals, lay-
ered double hydroxides, and layered metal-oxide semiconduc-
tors (LMOS), have structures of stacked nano-sized inorganic
plates so that they are able to accommodate organic guests
within their interlayers.””'® It is known that the intercalated

molecules may orient themselves in an ordered alignment
due to the electrostatic interaction between the inorganic layers
and the interactions between the adsorbed molecules.®!°
Among these compounds, LMOSs are especially interesting
since they not only have a layered structure, but also exhibit
photocatalytic activity.®® Thus, various studies of the photo-
chemical electron transfers between LMOS and organic dyes
in hybridized systems and their application to visible light-
responsive photocatalysts are being carried out.®%!1-13

The photoinduced electron transfers between porphyrins'
and 1,1’-dimethyl-4,4’-bipyridinium (methylviologen; MV?*)
through LMOS as the model system have been previously
reported,’> and we have observed very unique photochemical
behavior when, compared with reactions in homogeneous solu-
tions!®!® or on the surface of TiO, particles.!”?® We have
aimed for an improvement in the photoinduced electron trans-
fers as well as the suppression of back electron transfers by the
proximate and regular orientation of the porphyrins as the sen-
sitizer and MV2* as the electron acceptor within these LMOS
layers. In fact, light-induced electron transfers between the
porphyrins and MV?* could be observed for the porphyrin/
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TiNbOs/MV?* triad systems. These findings showed that
the TiNbOs layers work as effective charge transporters and
charge-separation mediators.”> However, many powdered
LMOS compounds, such as K4NbgO;7 and KTiNbOs, are infe-
rior due to the lack of expandability in the layers caused by the
high surface charge density. This leads to disadvantages for
powdered LMOS such as limitations in the amount of mole-
cules that can be adsorbed, inefficient dispersion in ordinary
solvents, and a lack of transparency.

Meanwhile, titania nanosheets (TNS) developed by Sasaki
et al.?»?1-23 were seen to exhibit a complete exfoliation of the
layered titanate crystals of several micrometers diameter and
0.45 nm thickness in aqueous dispersion. These TNS exhibited
good dispersion as well as transparency in solvents, and at the
same time, the ability of hybridization with various cationic
molecules.®?'~%¢ In line with this work, we have reported on
the synthesis of transparent TNS thin films by electrophoretic
deposition and their photocatalytic reactivity.”’ However, the
selective and regular orientation of several different species
in the TNS layers was difficult due to their nonselective homo-
geneous dispersion in solution.

Here, we have focused on integrated hybrid films of titania
nanosheets (TNS) and mesoporous silica (MPS).28 Using two
structurally different types of uniquely-oriented inorganic host
materials, i.e., the MPS cavities and the TNS interlayers, the
closely-packed and regularly-oriented accommodation of two
organic guest compounds, [M(tmpyp)]** and MV?*, could
be carried out separately and selectively. Moreover, photoin-
duced electron transfers between the porphyrins and methyl
viologens through the TNS layers could be initiated in these
hybrid films. This work presents the synthesis of these MPS/
TNS hybrid films, analysis of the closely-packed and regular
orientation of the porphyrins and MV?*, as well as studies
of photoinduced electron transfers that could be initiated in
these hybrids both by UV and visible light. The molecular for-
mula of the metalloporphyrin derivatives (tetrakis(l-methyl-
pyridinium-4-yl)porphyrinatometal(4+) ion ([M(tmpyp)]*H);
M =H,, Zn, and Co) and MV?* are shown in Chart 1.
The composition of the hybrid films, ([M(tmpyp)]**—MPS)/
(MV2T_TNS), indicates that the MV>*-adsorbed TNS films
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are consecutively stacked on the [M(tmpyp)]**-adsorbed MPS
films. A schematic drawing of the MPS/TNS hybrid in Fig. 1
shows the [M(tmpyp)]** and MV>**+ molecules to be separately
accommodated in MPS and TNS, respectively.

Experimental

Materials. Tetramethoxysilane (TMOS; TCI), tetrabutyl-
ammonium hydroxide (TBAT OH™; Aldrich), 1,1’-dimethyl-4,4’-
bipyridinium (methylviologen dichloride; MV?* 2Cl~, TCI),
cetyltrimethylammonium chloride (CTAC; TCI), hydroquinone
(HQ; TCI), and methylene blue (MB; TCI) were used as received.

[H,(tmpyp)]** tetrakis(1-methylpyridinium-4-yl)porphyrin(4-+)
ion p-tosylate salt (TCI) of extra pure grade was used without fur-
ther purification. [Zn(tmpyp)]** and [Co(tmpyp)]** were synthe-
sized from [H,(tmpyp)]** according to procedures reported in
previous literature. -3

The protonated titanate (Ho7Ti;.82500.17504-H20), as the pre-
cursor of TNS, was prepared by procedures reported by Sasaki
et al.,”!'=23 and the structures were confirmed by X-ray diffraction
analysis (XRD).?” The obtained protonated titanate (1.2g) was
shaken vigorously with 33 mM of a TBA™ OH™ aqueous solution
(100 mL), which corresponded to 0.7 equiv of the anionic sites of
TNS, for 2 weeks at ambient temperature, leading to exfoliated
titania nanosheets (TNS) in a colorless turbid solution.?!-23

Synthesis of the ([M(tmpyp)]*t-MSP)/(MV>*+-TNS) Hy-
brid Thin Films. The synthesis of the ([M(tmpyp)]**-MSP)/

[M(tmpyp)]**

‘Z
<
+

Chart 1.

[M(tmpyp)]*

Fig. 1. Schematic structure of the ([M(tmpyp)]**—MPS)/(MV>T—TNS) hybrid films.
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(MVZ*—TNS) hybrid films is outlined in Scheme 1.2

Step 1. Preparation of the MPS Film: An aqueous MPS pre-
cursor gel mixed with the cationic surfactant, i.e., CTAC and
TMOS, was spin-coated (3000rpm, 10s) on a quartz substrate
(2 x 2cm?) and then calcinated at 500°C for 3h under a flow
of air.3! Three characteristic XRD signals showed the resulting
transparent mesoporous silica (MPS) thin films to be cubic in
structure with a regularity of the d,j¢ distance at 3.34nm and a
pore size of 2.1nm.3! The obtained MPS films were then treated
with a 0.1% NaOH in methanol solution for 1 min at room temper-
ature (rt), washed well with methanol and dried at ca. 70 °C for a
few minutes. P

Step 2. Adsorption of [M(tmpyp)]*t in MPS: The MSP thin
films were then soaked in a [M(tmpyp)]** = 9.7 x 107> M aque-
ous solution for 1h at rt, washed well with water, and dried under
ambient atmosphere. Brownish and transparent ([M(tmpyp)]*+—
MPS) films were obtained. [M(tmpyp)]4+ was found to be adsorb-
ed in the MPS nano-cavities and the adsorbed amounts of
[M(tmpyp)]** (5.2 x 1077 mol g~!) were estimated from the ab-
sorption measurements of the residual solution. As judged by the
surface area of MPS (920 m? g~ !),3!? the average occupational area
of one [M(tmpyp)]** molecule was estimated to be 2900 nm?.

Step 3. Integration of the TNS Films: A 0.4 wt % aqueous
dispersion of TNS was cast onto the ([M(tmpyp)]**—-MPS) thin
films, kept standing for 24 h, and dried under ambient atmosphere
to obtain the ([M(tmpyp)]**—MPS)/(TNS) films.

Step 4. Intercalation of MV?** in TNS: The ([M(tmpyp)]**-
MPS)/(TNS) films were then soaked in a [MV>*] =2.1 x 10~*
M aqueous solution at rt for 4h and dried in vacuo. Brownish
and transparent ([M(tmpyp)]**-MPS)/(MV>**—TNS) thin films
were formed. Approximately 30% of the cation exchange sites
in the TNS interlayers were occupied by MV>*.2” However, a
control experiment showed that the MV>" molecules were not
adsorbed into the MPS nano-cavities. This may be a result of the
strong hydrophilicity of the MV>* molecules as well as the in-
compatibility of the molecular size of MV>* and the pore size of
the MPS nano-cavities. However, it was observed that the MV>*+
molecules did not transfer within the MPS or ([M(tmpyp)]*+—
MPS) hybrid films by the insertion of a third solid film between
the MV?*—TNS and [M(tmpyp)]**—MPS films, although more de-
tailed experiments under various conditions are now underway.
The fact that there was no transfer of the MV>* in TNS may be
understood not only by the high hydrophilic nature of the MV?*+
molecules, but also by the large difference in size between the

MV?* molecules and the MPS pores. In fact, it has been reported
that the pores of MPS and the molecules of the guests sensitively
discriminate so that adsorption takes place only when the sizes are
optimal, thus reflecting the adsorption efficiency.*® To prevent
the MV?* from migrating into the MPS nano-cavities, the
(MVZF—TNS) film was first independently prepared and the ([H,-
(tmpyp)]**—MPS) hybrid fine film was then cast onto the (MV>*—
TNS) film without immersing the hybrid substrate into the MV2+—
TNS suspension. The UV light-induced electron transfers ob-
served in the present carefully prepared hybrid film clearly indi-
cate that MV?*t was not included within the MPS nano-cavities,
therefore, the electron transfers seen here were not due to the
codissolved [Hy(tmpyp)]** and MV?* within the nano-cavities.

Co-Adsorption of Hydroquinone (HQ) and Methylene Blue
(MB): In order to introduce the sacrificial reductant into the
hybrid films, the co-adsorption of HQ or MB with [H,(tmpyp)]**
in the MPS nano-cavities was carried out in place of Step 2 by the
following procedures: The MPS films were soaked in a mixture of
[M(tmpyp)]4+ =1.1x10*M and [HQ]=1.1x1073M or
[MB] = 6.4 x 107°M aqueous solution for 1 h at rt, washed well
with water and then dried in vacuo. The [(HQ or MB + [H;-
(tmpyp)]**)-MPS]/(MV>*—TNS) hybrid films were then pre-
pared following the procedures for Steps 3 and 4. After these
steps, no desorption for the HQ or MB molecules could be con-
firmed by absorption spectral analysis of the hybrid films.

UV and Visible Light Irradiation. The ([M(tmpyp)]*"—
MSP)/(MV?**—TNS) hybrid films were irradiated with a 300 W
Xe lamp (XDS-301S, WACOM, Co.) as the light source at a dis-
tance of 10cm under an aerated atmosphere. A combination of
two cut-off filters, UTVAF-50S and -43U (HOYA), was used
for UV light irradiation of 270-380nm. Under these conditions,
TNS was seen to function as a photocatalyst since almost all of
the incident light (>99%) was absorbed by the TNS. A combina-
tion of two glass filters, B-460 and L-39 (HOYA), was used for
visible light irradiation of 390-550nm in order to selectively
excite the porphyrin molecules. The absorption spectra were then
measured as a function of the irradiation time.

Equipment.  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 analy-
sis (XRD) was carried out with a Rigaku RINT-2100 XRD appa-
ratus operating at 40kV and 40 mA and set at Ni-filtered Cu Ko
radiation of 0.154nm wavelength. The UV-visible absorption
spectra were recorded in the transmittance mode with a JASCO
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Fig. 2. Cross-sectional SEM images of: (a) the MPS film
and; (b) the ([H,(tmpyp)]*"—MPS)/(MV>*-TNS) hybrid
film, on a quartz substrate.

type V-550 spectrometer. The fluorescence spectra were recorded
on a JASCO FP-750 fluorescence spectrophotometer.

Results and Discussion

Structural Analysis of the Hybrid Films. The structures
of the mesoporous silica/titania nanosheet [(MPS)/(TNS)]
hybrid films were analyzed by scanning electron micrograph
(SEM) and X-ray diffraction (XRD) investigations. The cross-
sectional SEM images of the MPS film (Step 1) and the
([Hy(tmpyp)]*+-MPS)/(MV?T—TNS) hybrid film (Step 4) are
shown in Figs. 2a and 2b, respectively. A uniform MPS thin
film formation on the quartz substrate having a thickness of
ca. 0.8 um can be seen in Fig. 2a. Moreover, ([H,(tmpyp)]**—
MPS)/(MV>T—TNS) exhibits a clear [substrate—MPS—TNS]
tri-layer structure (Fig. 2b), and the estimated film thickness
of TNS was calculated to be ca. 1.2 um. MPS and TNS were
thus observed to be independently stacked on the substrate
without any peel off or disorientation of the films, even during
the experimental procedures (Steps 1-4).

XRD analysis indicated a clear dp;p = 3.34 nm diffraction
peak due to the cubic structure of MPS, which remained
unchanged during the soaking procedure in the [M(tmpyp)]**
aqueous solution (Step 2). The cubic mesopore structures
were thus seen to remain unchanged by soaking in water
or adsorption of [M(tmpyp)]**. The XRD profiles of the
([Ha(tmpyp)1**-MPS)/(TNS) (Step 3) and ([Ha(tmpyp)]**—
MPS)/(MV>T—TNS) (Step 4) hybrid films, the TNS cast
film without MPS, and the (MV>*—TNS) film?” are shown in
Figs. 3a-3d.

Two characteristic diffraction peaks were observed for
the ([Hz(tmpyp)]4+—MPS)/(TNS) hybrid film, as shown in
Fig. 3a. The diffraction peak at 26 = 2.8 deg. attributed to
MPS can be seen to remain unchanged when compared to
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Fig. 3. XRD profiles of four different films: (a) the ([H,-
(tmpyp)]**—MPS)/(TNS) films before soaking in MV2*
solution; (b) the ([Hy(tmpyp)]**—MPS)/(MV>*-TNS)
films after soaking in MV>* solution; (c) the TNS cast
films alone without MSP; and (d) the (c) film soaked in
MV?* solution (MV>*—TNS film). Solid circles indicate
the diffractions of the MPS nano-cavities.

the original MPS films, even after the casting of the TNS dis-
persion (Step 3). However, the 260 = 4.9 deg. (1.74nm) peak
was similar to that of the TNS cast films (Fig. 3c), indicating
the stacked arrangement of the TNS films incorporated with
TBA™' molecules in their interlayers.?’ After soaking in an
MV?2* aqueous solution (Fig. 3b; Step 4), the diffraction peak
of TNS shifted to higher regions in a similar manner to the
(MV?*-TNS) films (Fig. 3d).?” The TBA* molecules in the
TNS interlayers were substituted with MV>* and the MPS
cubic mesopore structure could be retained, even after soaking
in an MV>*" aqueous solution.

Adsorption of [M(tmpyp)]** into the MPS Nano-Cavi-
ties.  The selective adsorption of [M(tmpyp)]*t into the
MPS nano-cavities was also investigated. There have been re-
ports of the leveling or flattening of the methylpyridinium moi-
eties of [M(tmpyp)]** that induce a gradual red-shift of the
[M(tmpyp)]** Soret absorption band with the adsorption on
the surface or interlayers of the inorganic layered sheets.3?-34
In fact, Inoue et al. have reported that [M(tmpyp)]** (M = H,
and Zn) exhibits an extreme red-shift when adsorbed on lay-
ered clay minerals.3>3* That is, when the [M(tmpyp)]**+ mole-
cules are adsorbed on an exfoliated clay sheet, the absorption
maximum shows a red-shift of ca. 30 nm compared to aqueous
solution. Moreover, when the [M(tmpyp)]** molecules were
intercalated within the stacked clay interlayers, a 50-60 nm
red-shift compared to the aqueous solution was observed due
to the gradual leveling or flattening of the methylpyridinium
ring. The adsorbed state of [M(tmpyp)]** was estimated by



390 Bull. Chem. Soc. Jpn. Vol. 79, No. 3 (2006) BCSJ AWARD ARTICLE

Table 1. Soret Absorption Maxima (nm) of [M(tmpyp)]*+
in Various Systems

System [M(tmpyp)]**

Hz Zn Co
(A) aq. sol. 421 435 428
(B) ([M(tmpyp)]**—MPS) 430 445 438
(O) ([M(tmpyp)]**~MPS)/(TNS) 433 450 441
(D) ([M(tmpyp)]**-MPS)/(MV>*—TNS) 433 450 441
(E) (IM(tmpyp)]**—TNS) 475 462 462
(F) Surface adsorption on clay® 451.5 4625 —
(G) Intercalation in clay layer? 484.5 486.0 —

a) Reported value in Ref. 33b.

analysis of the Soret absorption maxima and the absorption
spectra were measured under the following conditions: (A)
in aqueous solution; (B) within the ([M(tmpyp)]**—MPS) thin
films (Step 2); (C) in the ([M(tmpyp)]**—MPS)/TNS films
(Step 3); (D) in the ([M(tmpyp)]**-MPS)/(MV>*-TNS) films
(Step 4); (E) in the ([M(tmpyp)]**—TNS) cast film; (F) for the
surface adsorbed on a single saponite clay sheet; and (G) with-
in the saponite clay interlayers.>3® The Soret absorption maxi-
ma of [M(tmpyp)]** for these seven different systems are sum-
marized in Table 1.

The absorption maxima for the Soret band of [M(tmpyp)]**
in MPS for all the systems from B to D showed a red-shift of
9-15nm, compared to those in aqueous solution. The Soret
band maxima of the porphyrins are known to be sensitive to
the polarity of the solvent used, i.e., in a less polar solvent en-
vironment, the absorption maximum shifts toward longer wave-
lengths.'”" The observed red-shift indicates a decrease in the
polarity of the environment surrounding [M(tmpyp)]** within
the MPS nano-cavities. However, for the layered systems, TNS
and clay systems E-G, the Soret bands showed significant red-
shifting (27-63 nm) compared to the aqueous solution. Spec-
troscopic investigations showed the adsorbed [M(tmpyp)]**
molecules to be level or flat against the TNS layer similar to
porphyrins incorporated in layered clay systems F and G.
The Soret absorption maxima of [M(tmpyp)]** for MPS sys-
tems B-D were observed to be different from those for the
TNS or clay systems E-G. These results showed that
[M(tmpyp)]** is not affected by the procedures in Steps 3
and 4, and that the porphyrins were adsorbed only in the
MPS nano-cavities and not intercalated into the TNS layers.
Moreover, the fluorescence spectra of the porphyrins showed
dramatic changes, i.e., a substantial broadening and change
in the spectral shape due to the formation of molecular aggre-
gates. However, the emission spectra of [M(tmpyp)]** in MPS
were similar to those for the monomeric [M(tmpyp)]4+ in
aqueous solution and the [M(tmpyp)]** molecules were seen
to exist in an isolated form within the MPS nano-cavities.
The structure of the ([M(tmpyp)]**—MPS)/(MV>**-TNS) hy-
brid films could thus be established by SEM, XRD, absorption
and emission analyses, as shown in Fig. 1.

UV and Visible Light Irradiation of the ([H,(tmpyp)]**-
MSP)/(MV**-TNS) Hybrid Films. The ([H,(tmpyp)]**—
MPS)/(MV>*T—TNS) composite film was irradiated for 3h by
visible light of 390-550 nm. The incident light was quantita-
tively absorbed by [Hy(tmpyp)]** and no detectable changes

—_— A -1.02"
_0.733-) TNScb
([Ho(tmpyp)]*1* -0.68%
MVt MVt
U8}
(@]
[92]
[
>
> +1.11%
g R
c [Ha(tmpyp)] ™
o
(e}
o
+2.78"
+ TNS,,

%) Ref. 36. P Ref. 37. © Ref. 40.
Scheme 2.

in the absorption spectra could be observed as judged by the
endothermicity in the photoelectron transfer between the por-
phyrin and MV?*, that is, TNS has a conduction band potential
at —1.02V (vs SCE),® which is more negative than the lowest
excited redox potential of [Hy(tmpyp)]**, i.e., [E0(ST/S™)] =
—0.73V (vs SCE),3¢ as shown in Scheme 2.

In addition to visible light photolysis, UV light irradiation
(270-380nm) of the ([Hy(tmpyp)]**—MSP)/(MV**_TNS)
films was carried out under these conditions and more than
99% of the incident UV light could be absorbed by TNS. Upon
steady irradiation, the color of the ([H,(tmpyp)]**—MSP)/
(MV2t—TNS) films changed from brown to blue, indicating
the formation of one-electron reduced MV?t (MV™**). The
lifetime of MV*® was extremely stable compared to other sys-
tems such as when MV™* is incorporated in polymer matri-

es.?” Nakato et al. have reported that for the photoinduced
electron transfer between LMOS and MV?t, the lifetime of
MV*® was strongly affected by the micro structure of the
LMOS/MV?* hybrids.'3*" In the present case, the short inter-
layer distance and flattened orientation of the MV>* molecules
within the TNS interlayers may have also resulted in the stabi-
lization of MV™*. The 433 nm Soret absorption band diminish-
ed and new bands at 375 and around 600 nm were observed
with two clear isosbestic points at ca. 400 and 472nm, as
shown in Fig. 4a. The formation of the bands at 375 and
around 600nm assigned to the one-electron reduced MV>*
(MV+2)2737-39 could be explained by the fact that TNS
[—1.02V (vs SCE)]* has a more negative conduction band
potential than the redox potential of the ground state of
MV?* [-0.68 V (vs SCE)],*" and is thus exothermic for elec-
tron transfers (Scheme 2). Moreover, TNS has a positive va-
lence band potential of +2.78 V (vs SCE),> which is more
than the redox potential for the ground state of [H,(tmpyp)]**
at +1.11V (vs SCE),*® so that the [H,(tmpyp)]*" molecules
were oxidatively decomposed by the holes (h™) of the
charge-separated TNS. Two clear isosbestic points at ca. 400
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Fig. 4. Changes in the absorption spectra of: (a) the
([H (tmpyp)]*T=MPS)/(MV>T—TNS) film; (b) the (MPS)/
([Hy(tmpyp)]*T—TNS) film, upon UV light irradiation for
0-80 min.

and 472 nm were observed for the absorption spectra, indicat-
ing that the formation of MV™® and the decomposition of
[H,(tmpyp)]** occurred simultaneously.

A control experiment to confirm the electron accepting role
of MV?* in TNS was carried out. [Hp(tmpyp)]*+ was interca-
lated in TNS but not in MPS, i.e., a (MPS)/([H,(tmpyp)]**—
TNS) thin film was prepared by casting MPS without MV>*+
and then soaked in a [H,(tmpyp)]** solution. No adsorption
of the [Hz(tmpyp)]4+ molecules into the MPS nano-cavities
could be confirmed by absorption measurements of the films.
Upon UV irradiation, the absorption intensity of the Soret band
decreased, although the changes in the absorption spectra for
[Ha(tmpyp)]“* in (MPS)/([H,(tmpyp)]**~TNS) were quite
different than for those in the ([H,(tmpyp)]**—MPS)/(MV>**—
TNYS) films, as shown in Fig. 4b. The 475 nm Soret absorption
band decreased and a new absorption band at around 450—
550 nm appeared with an isosbestic point at 500 nm. The de-
composition of [Hy(tmpyp)]** in the (MPS)/([Hy(tmpyp)]**—
TNS) system was seen to be completely different than for the
([Hy(tmpyp)]**-MPS)/(MV?**—TNS) hybrids; thus, the [H,-
(tmpyp)]** molecules are considered to be decomposed by the
electrons generated in the conduction band (e”,) of TNS.
These results suggest that photochemically formed holes in
the valence band of the TNS were able to migrate to the
[H,(tmpyp)]** molecules in the MPS nano-cavities. The reac-
tion mechanism for the ([H,(tmpyp)]**—MPS)/(MV>*-TNS)
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film is proposed as follows:

TNS + hv (UV-light) — €™, + h™, (1)
e + MV — MV, )
h* + [Hy(tmpyp)]*+ — bleach, 3)

where e, and h' indicate an electron in the conduction band
and a hole in the valence band of TNS, respectively.

The one-electron oxidation of [Hy(tmpyp)]** must, never-
theless, be verified to be in conjunction with the one-electron
reduction of MV?* for TNS in the consecutively stacked
MPS/TNS hybrid films. In order to substantiate the electron
flow from [Hy(tmpyp)]**—MPS to the MV2*—TNS hybrids,
the following indirect evidence has been established in this
study: (1) In the absence of TNS, UV-light irradiation of
([Hy(tmpyp)]**-MPS) did not cause decomposition of the
[H,(tmpyp)]** film; (2) electric insulating polymers, such as
poly(styrenes), poly(vinyl alcohols), or poly(ethylenes), sand-
wiched by the ([Hy(tmpyp)]**-MPS) and (MV?**-TNS)
hybrids suppressed the oxidative decomposition of [H;-
(tmpyp)]**, but could still induce the formation of MV** un-
der UV light irradiation; (3) after UV light irradiation followed
by storage under dark conditions, the ([Ha(tmpyp)]**—MPS)/
(MV?*+—TNS) films were able to recover the original Soret ab-
sorption band of [Hy(tmpyp)]** accompanied by the disap-
pearance of MV™®. A back electron transfer from MV™® to
the oxidized [Hy(tmpyp)]** [([Ha(tmpyp)]**)ox] was thus ob-
served. Further charge separation could be induced from the
original [H,(tmpyp)]** and MV>* pair, reversibly back and
forth, upon alternating UV light irradiation and dark condi-
tions. These results indicate the electron transfer and charge
separation between the [Hy(tmpyp)]** in the MPS cavities
and the MV?* within the interlayers of TNS, although the
mechanisms behind these reactions have yet to be clarified.
However, the adsorbed water molecules or oxygen may assist
this unique photoinduced electron transfer observed between
[H,(tmpyp)]** and MV?*. More detailed investigations such
as kinetic analyses of the force and back electron transfers,
photoreactions under vacuo, oxygen, and water-saturated con-
ditions, and the modification of the TNS/MPS interfaces are
now underway.

Effect of the Hole-Restoration Reagents. The oxidative
decomposition of the [Hy(tmpyp)]** molecules in the MPS
nano-cavities by the holes of TNS (h*) was confirmed by in-
corporating hole-restoration reductants to recover the one-elec-
tron oxidized [H,(tmpyp)]** in the MPS nano-cavities. !
Two different types of hole-restoration agents, hydroquinone
(HQ: oxidation potential = +0.21 V vs SCE)*>* and methyl-
ene blue (MB: oxidation potential = +0.29V vs SCE), were
employed.*? The changes observed in the absorption spectra
of [(HQ + [Hy(tmpyp)]**)-MPS]/(MV>**—TNS) and [(MB +
[H(tmpyp)]**)-MPS]/(MV>*—TNS) are shown in Figs. 5a
and 5b, respectively.

HQ, a hole-restoration agent, was used to detect MV™®
(Amax = 375 and around 600 nm) due to its transparency in
regions longer than 350 nm. Under UV light irradiation, the
formation of MV™® could easily be detected in the [(HQ +
[H,(tmpyp)]**)-MPS]/(MV?*—TNS) hybrid and the yield
was similar to that for the ([H(tmpyp)]**—MPS)/(MV2+—
TNS) films without HQ, as shown in Figs. 5a and 4a, respec-
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Fig. 5. Changes in the absorption spectra for: (a) the
[(HQ + [Ha(tmpyp)]*")-MPS]/(MV>*—TNS) film; and
(b) the [(MB 4 [H,(tmpyp)]*t)-MPS]/(MV>*—TNS)
film, upon UV light irradiation.

tively. However, due to spectral overlapping with TNS, the de-
composition of HQ could not be confirmed. In place of HQ,
MB was employed as the hole-restoration agent, and in the
run with MB, the spectral changes for MB (decomposed by
h™) were clearly observed, although the formation of MV™*
could not be detected in the range of 550750 nm. In the pho-
tolysis together with MB, the spectral changes in visible light
regions overlapped with the absorption of the MV™* yield,
making it difficult to follow the spectral changes for the forma-
tion of MV*®. However, upon UV light irradiation of the
[(MB + [Hy(tmpyp)]*H)-MPS]/(MV?**—TNS) films (Fig. 5b),
two diminishing absorption bands at around 433 and 550-750
nm appeared, then a weak absorption at around 400 nm ap-
peared in their place. The decrease in the absorption intensities
at 433 and 550-750 nm corresponded with the decomposition
of [Hy(tmpyp)]** and MB, respectively, while the increase at
400nm could be assigned to the formation of MV*®. These
results indicate that the electron transfer of e ¢, to MV2T is
accompanied by a 80-90% decomposition of [H,(tmpyp)]**
without the hole-restoration agents in the MPS nano-cavities.
However, the decomposition of the [Hz(tmpyp)]4+ molecules
was seen to be suppressed to 2-3% by the addition of either

1@%SAA A
A
— DDDD A A
£ = oo
O
08"
g " [
ch '_
< [
— 0.6 LI
< u -
0.4 ' ' -
0 20 40 60

UV-irradiation time / min

Fig. 6. Changes in the relative absorption intensity (A(/Ao)
at a Soret maxima of 433nm for the [H,(tmpyp)]**
in ([H(tmpyp)]**-MPS)/(MV>*—TNS) hybrid film as a
function of the UV light irradiation time. Solid square:
without restoration reagents and only [H,(tmpyp)]**;
Open square: HQ; Open triangle: MB co-existing with
[Hy(tmpyp)]** in the MPS nano-cavities.

HQ or MB as the hole-restoration agent. Figure 6 shows the
changes in the normalized Soret absorption intensity (A;/Ag at
433 nm) against the UV light irradiation time both in the pres-
ence and absence of HQ or MB. A clear suppression against the
decomposition of [Ha(tmpyp)]** in the MPS nano-cavities can
be observed for both HQ and MB. HQ and MB were thus seen
to work as reductants for the holes of TNS (h™) or the oxidized
species of [Ha(tmpyp)]** [([Ha(tmpyp)]**)ox], leading to the
conclusion that the decomposition of [H,(tmpyp)]** proceeds
through oxidation processes, even when [H,(tmpyp)]*+ mole-
cules are adsorbed onto the MPS nano-cavities. Also, by using
two types of hole-restoration agents, HQ or MB, the disadvan-
tages of either could be complemented.

Visible Light-Induced Electron Transfer Using [Zn-
(tmpyp)]** or [Co(tmpyp)]** in the (MPS)/(MV>**—TNS)
Hybrid Films.  Although [H,(tmpyp)]*™ could initiate
UV light-induced electron transfers in the ([Hy(tmpyp)]**—
MPS)/(MV?T—TNS) hybrid films, visible light-induced elec-
tron transfers could not be observed since TNS has a more
negative conduction band potential than the redox potential
in the excited state for [H,(tmpyp)]**. To address this concern,
[Zn(tmpyp)]** and [Co(tmpyp)]** were used in place of [H,-
(tmpyp)]**, since they have a more negative redox potential
than [H,(tmpyp)]**+;3%* and in fact, visible light-induced elec-
tron transfers could then be observed in the stacked thin films,
as shown in Scheme 3.

The electron transfers within the MPS/TNS hybrid films
were first confirmed by UV light irradiation for the ([Zn-
(tmpyp)]** or [Co(tmpyp)]**-MPS)/(MV>T—TNS) hybrid
films. Upon UV light irradiation, a decrease in the Soret ab-
sorption peak accompanied by an increase in the absorption
of MV** was observed with two isosbestic points (data not
shown), as can be seen in Fig. 4a, indicating that photoinduced
electron transfers could in fact take place in the present hybrid
films.

The ([Zn(tmpyp)]**-MPS)/(MV>*—TNS) hybrid films
were irradiated with visible light of 390-550 nm, inducing
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the exclusive excitation of [M(tmpyp)]**. A decrease in the

Soret absorption peak for [Zn(tmpyp)]** and an increase in

the broad absorption peak of 550-750 nm could be simultane-

ously observed, as shown in Fig. 7a. An increase in the broad 1
absorption at 550-750nm corresponded with the formation
of MV**. Similar spectral changes for the ([Co(tmpyp)]**—
MPS)/(MV>T—TNS) hybrid films upon irradiation by visible
light are shown in Fig. 7b. [Zn(tmpyp)]** and [Co(tmpyp)]**
possess excited redox potentials of —1.09V (vs SCE)*® and
—1.29V (vs SCE),** respectively, which are more negative
than the conduction band potential for TNS (Scheme 3). Exo-
thermic electron transfers were, therefore seen to take place by
visible light irradiation of [Zn(tmpyp)]** or [Co(tmpyp)]**, as
depicted in the following equations:

[M(tmpyp)I** + Av (vis-light) — ([M(tmpyp)|*")*,  (4)

(IM(tmpyp)]*")™* + TNS — ([M(tmpyp)I*")ox + € cp,  (5) 0 '
e 4+ MV2H > MV**, 6) 300 400 500 600 700 800

(IM(tmpyp)]*F)ox — bleach, N wavelength / nm

0-300 min

0.5

absorbance

550 650 750
wavelength/nm

where M in [M(tmpyp)]** denotes the Zn or Co atoms. The b) 0-300 min
electrons migrate from the excited [M(tmpyp)]** to the TNS
conduction band, while a one-electron oxidized species of
[M(tmpyp)]** [([M(tmpyp)]**)ox] was formed along with the
generation of electrons in the conduction band of TNS (e™ ),
as shown in Eq. 5. The e, then migrated to the ground state
of MV?* to form the reduction product of MV>*" (MV**)
(Eq. 6), so that during irradiation ([M(tmpyp)]**)ex Was seen
to be bleached of color due to decomposition (Eq. 7).

0.5

absorbance

550 650 750
wavelength/nm

Conclusion

In this work, integrated hybrid films of two spatially differ-
ent nano-structured materials, titania nanosheets (TNS) and
mesoporous silica (MPS), were successfully synthesized.
SEM and XRD analyses showed the MPS and TNS films to
be independently stacked on the substrate. In addition, guest Fig. 7. Changes in the absorption spectra of: (a) the
metalloporphyrins ([M(tmpyp)]**; M = Ha, Zn, and Co) could (IZn(tmpyp)]**-MPS)/(MV>*-TNS) and; (b) the ([Co-
be adsorbed into the host MPS nano-cavities and MV>* into (tmpyp)]*T—MPS)/(MV>*—TNS) films upon visible light
the interlayers of TNS, separately and selectively. Absorption irradiation for 0-300 min. Inset shows an expansion at
measurements also confirmed the separate accommodation of 550-800 nm regions.

O 1
300 400 500 600 700 800
wavelength / nm
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[M(tmpyp)]** into the MPS nano-cavities and the adsorption
of MV?* onto the TNS layers, that is, under the present exper-
imental conditions, [M(tmpyp)]** and MV>* could be selec-
tively and separately confined by the alternately stacked
TNS/MPS hybrid thin films.

Upon UV light irradiation and excitation of TNS in the
([Hy(tmpyp)]**—MPS)/(MV>**—TNS) films, the decomposi-
tion of [Hz(tmpyp)]4+ and the formation of a one-electron re-
ductant of MV?>* (MV™*) were simultaneously observed, indi-
cating that TNS could operate as an effective photocatalyst.
Also, in order to confirm the role of [H,(tmpyp)]*" as a
hole-restoration agent, reductants such as HQ or MB were
co-adsorbed into the MPS nano-cavities with [Ha(tmpyp)]**
followed by UV light irradiation. The decomposition of the
[H,(tmpyp)]** molecules was seen to be suppressed, indicat-
ing that they were oxidized by the holes of TNS and then
bleached of color. These results clearly show that hole trans-
fers could take place in these MPS/TNS hybrid films.

In further studies, the hybrids ([Ha(tmpyp)]**—MPS)/
(MV**—TNS) were modified with metal complex [M-
(tmpyp)]** (M =Zn or Co), ie., [Zn(tmpyp)]** or [Co-
(tmpyp)]**. Upon visible light irradiation, the formation of
MV™** and the decomposition of [M(tmpyp)]** were clearly
observed, showing that visible light-induced electron transfers
could proceed on these MPS/TNS hybrid films, the first report
of such charge separation in consecutively stacked thin films
by both UV and visible light.
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