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HP-�-CD–porphyrin inclusion complexes were formed on
TiO2 film by use of water-soluble porphyrin such as TCPP and
TPPS, respectively. Quite intense fluorescence spectra of por-
phyrins were recovered by formation of the inclusion complex
due to suppression of excitation energy hopping occurring be-
tween porphyrin molecules on TiO2.

Cyclodextrins (CDs) are cyclic oligosaccharides having a
hydrophobic cavity in the molecular center made up of six, sev-
en, and eight D-glucose (�-CD, �-CD, and �-CD, respectively).
The formation of inclusion complexes composed of porphyrin
and CDs provides us much scientific interests because of the
modification of various properties of porphyrin. CD–porphyrin
inclusion complexes are representative supramolecular systems
having mimicking functions of biological materials. Recently,
Kano et al. reported a novel myoglobin model composed of CD–
porphyrin inclusion complex.1 The photophysical2–8 and electro-
chemical properties9 of CD–porphyrin in solution were investi-
gated and formation constants of water-soluble porphyrin with
some CDs were determined. However, unique properties of in-
clusion complexes on solid surface have not been reported so far.

Dye-sensitized solar cells are promising as low-cost solar
cells and have been studied greatly since 1991.10 Excitation en-
ergy deactivation of dye on TiO2 is due to not only the electron
injection from the excited sensitizer into conduction band of
TiO2,

11–14 but also the excitation energy hopping between dyes
located close to each other.14,15 In the present study, we have
found that fluorescence intensity of water-soluble porphyrin
such as tetrakis(4-carboxyphenyl)porphyrin (TCPP) and tetra-
kis(4-sulfonatophenyl)porphyrin (TPPS) chemisorbed on TiO2

was increased drastically by the formation of 2:1 inclusion com-
plex composed of hydroxypropyl-�-CD (HP-�-CD), showing
the suppression of the excitation energy deactivation occurring
on the surface.

Commercially available HP-�-CD, TCPP, and TPPS were
used without further purification. TiO2 paste was purchased from
Solaronix. Transparent mesoporous TiO2 film was prepared by
spreading TiO2 paste onto a glass substrate and then it was sin-
tered at 450 �C for 30min. TiO2 films were immersed into a
TCPP–DMF solution (3:0� 10�4 M) (denoted as TCPP–TiO2)
or an aqueous solution containing 2:1 molar ratio of HP-�-CD
(1:0� 10�2 M) and TPPS (5:0� 10�3 M) (denoted as HP-�-
CD–TPPS–TiO2), respectively. TCPP–TiO2 systems were im-
mersed into a cyclodextrin aqueous solution (1:0� 10�3 M)
for making HP-�-CD–TCPP on the surface of the film (denoted
as HP-�-CD–TCPP–TiO2) or into water without any additives
for the control experiment for 30min, respectively. After TiO2

films adsorbing HP-�-CD–TCPP and HP-�-CD–TPPS were
dried with vigorous gas flow, they were placed into 10mm opti-

cal cells, respectively. Then absorption and fluorescence meas-
urements of those films were carried out with Hitachi U3300
spectrophotometer and Hitachi F4500 spectrofluorometer at
room temperature. 1HNMR spectrum of 5:0� 10�3 M TPPS
in D2O containing 1:0� 10�2 M HP-�-CD was measured at
270MHz.

Figure 1 shows absorption (a) and fluorescence spectra (b)
of TCPP–TiO2 (solid lines) and HP-�-CD–TCPP–TiO2 (broken
lines). In the absorption spectrum observed for TCPP–TiO2

(Figure 1a), Soret band of TCPP was shifted to shorter wave-
length and broadened compared to that in an aqueous solution
(Supporting Information). Therefore, TCPP monomer and its
H-aggregates could coexist on TiO2 film. Soret band of HP-�-
CD–TCPP–TiO2 was observed at 417 nm, while 404 nm for
TCPP–TiO2. It is obvious that Soret band of TCPP on TiO2

was shifted to longer wavelength by the inclusion into HP-�-
CD. The same phenomenon has been reported in a solution sys-
tem.4–6 In Figure 1b, drastically strong fluorescence was ob-
served for HP-�-CD–TCPP–TiO2 compared to that of TCPP–
TiO2. Since it has been reported that cyclodextrin induces the
dissociation of porphyrin aggregates in an aqueous solution,16

porphyrin molecules chemisorbed on TiO2 film would be sepa-
rated with each other by the formation of the inclusion com-
plexes. The separation of porphyrin molecules induced by the
formation of the inclusion complex should suppress the energy
hopping. Therefore, it is reasonable to consider that the suppres-
sion of energy hopping is a major reason for fluorescence recov-
ery. However, we can not exclude a possibility of the suppres-
sion of electron injection for fluorescence recovery.14,15 It was
confirmed that no significant change of fluorescence intensity
was observed in a solution system by adding HP-�-CD (Support-
ing Information).

In HP-�-CD–TCPP system, both 1:1 and 2:1 inclusion
complexes could exist on TiO2. Therefore, in order to clarify
the contribution of each complex to the suppression of the exci-
tation energy, the 2:1 inclusion complex of TPPS in aqueous
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Figure 1. Absorption (a) and fluorescence spectra (b) of TCPP
(solid lines) and HP-�-CD–TCPP (broken lines) chemisorbed on
mesoporous TiO2 films.
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solution was prepared in advance and then adsorbed on TiO2

film. TPPS was employed instead of TCPP in this experiment
because of its high solubility in water.

The existence of the 2:1 complex can be confirmed by
1HNMR spectra. Figure 2 shows NMR spectra of a D2O solution
of 5:0� 10�3 M TPPS (a), a D2O solution of 5:0� 10�3 M
TPPS containing 1:0� 10�2 M HP-�-CD (b), and a D2O solu-
tion of 5:0� 10�3 M TPPS containing excess amount of HP-
�-CD (10 times equivalent) (c). All signals attributed to protons
in TPPS were assigned by 1D and 2D NMR analyses. By addi-
tion of HP-�-CD, all NMR signals derived from TPPS shifted to
lower magnetic field, indicating the formation of inclusion
complexes (Figures 2b and 2c). The NMR spectrum of a D2O
solution containing 2:1 molar ratio of HP-�-CD and TPPS
(Figure 2b) was almost the same as that of a TPPS solution con-
taining excess amount of HP-�-CD (Figure 2c). It has been re-
ported that the 2:1 HP-�-CD–TPPS inclusion complex is formed
in an aqueous solution under excess amount of HP-�-CD and the
formation constant of TPPS with HP-�-CD is 107 order for 2:1
inclusion complex.4,6 Therefore, it was concluded that only 2:1
inclusion complex was contained in an aqueous solution of
5:0� 10�3 M TPPS containing 1:0� 10�2 M HP-�-CD.

The 2:1 inclusion complex prepared in advance was adsorb-
ed on TiO2 film by immersing it into an aqueous solution of
5:0� 10�3 M TPPS containing 1:0� 10�2 M HP-�-CD. The
state of 2:1 HP-�-CD–TSPP inclusion complex should be kept
even after porphyrin-adsorption because steric repulsion be-
tween cyclodextrin of inclusion complex and TiO2 surface
should not affect the process of porphyrin-adsorption on TiO2.
Figure 3 displays absorption (a) and fluorescence spectra (b) of
TPPS and the 2:1 inclusion complex on TiO2 film. Absorption
bands of TPPS and the 2:1 inclusion complex (HP-�-CD–TPPS)
were observed at 409 and 413 nm, respectively. Figure 3a clearly
shows the red shift of Soret band due to inclusion of TPPS into
HP-�-CD. The absorbance observed for HP-�-CD–TPPS–TiO2

was less than that observed for TPPS–TiO2 due to the decrease
of the amount of adsorbed TPPS caused by the formation of the
bulky inclusion complex. In Figure 3b, it is obvious that the in-
clusion complex of TPPS into HP-�-CD gave the strong fluores-
cence even on TiO2 film, demonstrating the similar phenomenon
to that shown in Figure 1b. Drastic recovery of the fluorescence
intensity by inclusion into HP-�-CD was commonly observed
for porphyrin derivatives chemisorbed on TiO2 film. Therefore,
we have reached a conclusion that deactivation of excitation
energy of porphyrin molecules chemisorbed on TiO2 film is
effecively suppressed by making inclusion complex into HP-

�-CD. This suppression should be attributed to separation of
porphyrin molecules by inclusion into the narrow cavity of
CD, resulting in retarding the excitation energy hopping.
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15 J. He, G. Benkö, F. Korodi, T. Polı́vka, R. Lomoth, B.
�Akermark, L. Sun, A. Hagfeldt, and V. Sundström, J. Am.
Chem. Soc., 124, 4922 (2002).

16 J.-J. Wu, H.-L. Ma, H.-S. Mao, Y. Wang, and W.-J. Jin,
J. Photochem. Photobiol., A, 173, 296 (2005).

a

b

c

Figure 2. 1HNMR spectra of a D2O solution of 5:0� 10�3 M
TPPS (a), a D2O solution of 5:0� 10�3 M TPPS containing
1:0� 10�2 M HP-�-CD (b), and a D2O solution of 5:0�
10�3 M TPPS containing excess amount of HP-�-CD (c). The
pH values of all D2O solutions were adjusted at pH 10.
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Figure 3. Absorption (a) and fluorescence spectra (b) of TPPS
(solid lines) and HP-�-CD–TPPS (broken lines) chemisorbed
on mesoporous TiO2 films.
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