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Protonated TPPS4 monomer and its J-aggregate were formed

simultaneously from TPPS4 adsorbed through its sulfonic acid

groups on TiO2 porous film by decreasing the pH of the

surrounding water and this behavior on TiO2 film can be

reversibly repeated depending on pH, indicating a flexible and

stable arrangement of TPPS4 through chemical bonds between

the sulfonic acid groups and the TiO2 surface.

J-Aggregates, which were discovered by Jelley and Scheibe,1 show

quite narrow absorption bands attributed to intermolecular

interactions between transition dipole moments causing a

delocalization of excitons over the aggregate.2 5,10,15,20-

Tetraphenylporphine tetrasulfonic acid, which is often abbreviated

as TPPS4, is a well-known water soluble metal-free porphyrin

which can form J-aggregates in acidic water or in the presence of

various organic and inorganic cations.3 TPPS4 in a solution has

been studied extensively to reveal some specific characteristics of

J-aggregates because the TPPS4 J-aggregate can be regarded as a

model aggregate derived from the high symmetry of the porphyrin

ring and some interesting photophysical properties have been

elucidated.4

Molecular arrangements on solid substrates play an important

role in vital functions such as photosynthesis and preparation of

artificially ordered molecular structures is attractive from the life-

scientific or optoengineering points of view. Static states of TPPS4

J-aggregate films on solid surfaces have been studied.5 On the

other hand, Takagi et al. reported that the alignment of non-

aggregated cationic porphyrin molecules on clay surfaces can be

controlled dynamically by changing the surrounding solvent.6 But

pH-depending dynamic aggregation of TPPS4 on solid substrate

has not been studied so far.

To study pH-dependent spectral change of TPPS4 on solid

substrates, TPPS4 molecules need to be stabilized on solid surfaces

because TPPS4 is easily dissolved in water. In this work,

mesoporous TiO2 thin films have been introduced as a substrate

to anchor TPPS4 because molecules having an anchoring group

such as –COOH, –PO3H2 or –SO3H can be adsorbed on TiO2

surfaces via chemical bonds,7 which results in a strong interaction

compared to physical adsorption by van der Waals forces.

Furthermore, mesoporous TiO2 thin film has a quite large surface

area that enables one to measure the absorption spectrum of the

molecules adsorbed even as a monolayer on the surface with a

sufficient optical density. Thus we have studied the change in the

absorption spectra of TPPS4 monolayers anchored on mesoporous

TiO2 films dipped in water of controlled pH and found that the

behavior of TPPS4 as an assembly depends on the pH value, which

has not previously been observed in solution.

5,10,15,20-Tetraphenyl-21H,23H-porphine-p,p9,p0,p90-tetrasulfo-

nic acid tetrasodium salt hydrate (H2TPPS4
42) was purchased

from Aldrich and used without further purification. In this

communication, H4TPPS4
22 is defined as an acidic type of TPPS4

having an extra 2H+ at the center of the porphyrin ring in an acidic

medium (pKa 5 4.8).8 A mesoporous TiO2 thin film with a

thickness of 2.6 mm was prepared with a colloidal TiO2 paste

purchased from Solaronix. The TiO2 paste was spread onto a

fluorine-doped SnO2 glass substrate and dried in air. The film was

sintered at 450 uC for 30 minutes and a transparent TiO2 film,

which was suitable for measurements of absorption spectra in

transmittance mode, was obtained. H2TPPS4
42 was dissolved in

DMF (solution 1, 3 6 1024 mol l21) or DMF containing HClaq

(solution 2, 3 6 1024 mol l21) and the films were dipped into the

two kinds of the solutions overnight. The TPPS4-adsorbing TiO2

film was washed with ethanol thoroughly and dried in air.

Absorption spectra of the dry TiO2 films were measured without

surrounding water. Then the TiO2 film immersed in solution 1 was

placed into a 1 cm 6 1 cm optical cell containing deionized water.

The pH of the water in the quartz cell was adjusted by adding

HClaq. A series of measurements were made, using water at

different pH each time. Solution 2, which was prepared by adding

HClaq to TPPS4–DMF solution, was used with the intention of

making TPPS4 J-aggregates on TiO2.

Fig. 1 shows the absorption spectra of the above two

mesoporous TiO2 films dipped into the TPPS4 solutions 1 and
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Fig. 1 Absorption spectra of TPPS4 on TiO2 without surrounding water

(lower) and in water (upper); open circles: H2TPPS4
42 on TiO2, open

squares: H4TPPS4
22 on TiO2, filled circles: H2TPPS4

42 in water (pH 6.9),

filled squares: H4TPPS4
22 monomer in water (pH 2.2), filled triangles:

H4TPPS4
22 J-aggregate in water (pH 0.3).
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solution 2 respectively, and those of TPPS4 in neutral water

(pH 6.9) and water acidified with HClaq (pH 2.2 and pH 0.3). The

concentration of TPPS4–H2O solution was 3.43 6 1025 mol l21.

The absorption maximum observed for H2TPPS4
42 in neutral

water at 413 nm was assigned to the B (Soret) band, confirming

the same assignment of the absorption observed for H2TPPS4
42

on mesoporous TiO2 film at 414 nm shown in the lower spectrum

of Fig. 1. The spectrum observed for the aqueous solution at

pH 2.2 showed an absorption maximum at 434 nm assigned to the

B band of H4TPPS4
22 monomer (denoted as the MB band), while

a narrow absorption band, which was attributed to the

H4TPPS4
22 J-aggregate, appeared at 489 nm (denoted as the JB

band) in pH 0.3 water. The Q bands were also observed, but we

referred only to the B bands since these could be distinguished

more clearly than the Q bands. The absorption spectrum of

H4TPPS4
22 on mesoporous TiO2 film which was dipped into

solution 2 showed the two B bands at 428 and 482 nm. These

absorption bands were assigned to the MB band and the JB band

of H4TPPS4
22 on TiO2, respectively, although both absorption

bands were shifted a little bit to shorter wavelength compared to

the spectra of both solutions at pH 2.2 and pH 0.3. Consequently,

all absorption spectra of TPPS4 on TiO2 were well assigned by

comparing to those in water.

Fig. 2 shows the absorption spectra of TPPS4 in water (3.43 6
1025 mol l21) having various hydrogen ion concentrations from

pH 6.9 to pH 0.3 measured using a 1 mm quartz cell. The inset

shows changes of the absorbances at 413, 434 and 489 nm

depending on the pH values in TPPS4 aqueous solution. This

indicated that when the pH of a TPPS4 solution was decreased

gradually, H4TPPS4
22 J-aggregates were formed in two steps from

H2TPPS4
42 monomer via H4TPPS4

22 monomer. Scheme 1

displays this two-step route from TPPS4 in neutral medium to

J-aggregates, already reported.9

Fig. 3 shows changes in the absorption spectra of TPPS4 on

mesoporous TiO2 films, measured in water of various concentra-

tions of hydrogen ion, from pH 6.5 to pH 1.2. It should be

mentioned that a colored TiO2 film with TPPS4 showed extreme

bleaching under the high concentration of hydrogen ions, pH , 1.

Under neutral conditions, only one B band derived from

H2TPPS4
42 at 414 nm was observed. When the pH was changed

by changing the concentration of HClaq, the absorbance at 414 nm

was decreased. Especially it diminished drastically in the range

from pH 3 to pH 2, accompanied by an increase in the absorbance

of H4TPPS4
22 at 428 and 482 nm shifting to longer wavelength

compared to the absorption bands of H2TPPS4
42. An increase in

the JB band at 482 nm indicated the formation of its J-aggregate as

demonstrated in Fig. 1. The isosbestic points observed in Fig. 3

indicated a stoichiometric conversion between H2TPPS4
42 mono-

mer and H4TPPS4
22 monomer, and between H2TPPS4

42 and

H4TPPS4
22 J-aggregate on TiO2, shown in Scheme 1. This

behavior of the spectral change depending on the pH values

occurring on mesoporous TiO2 film was absolutely different from

that in an aqueous TPPS4 solution. Therefore the behavior

depending on the pH value shown in Fig. 3 was regarded as a

specific spectroscopic phenomenon only observed for TPPS4

anchored on TiO2 surface. The inset of Fig. 3 shows the changes

in the absorbances at 414, 428 and 482 nm along with the changes

in the pH values. The absorption at 428 nm assigned to

H4TPPS4
22 monomer increased gradually with increasing con-

centration of hydrogen ion, but reached a constant at pH 2.5 and

decreased below pH 1.5, while the absorbance at 482 nm

attributed to J-aggregates went on increasing. This behavior

suggested a partial route for the formation of J-aggregates from

the H4TPPS4
22 monomer in addition to a direct route from

H2TPPS4
42 occurring in parallel with the formation of

H4TPPS4
22.

Fig. 2 Absorption spectra of TPPS4 in water (3.43 6 1025 mol l21)

having various pH values. The inset shows absorbance changes at 413

(open circles), 434 (filled squares) and 489 nm (filled triangles) depending

on pH values.

Scheme 1 Equilibrium relationship of TPPS4 on TiO2 and in water.

Fig. 3 Absorption spectra of TPPS4 on TiO2 in water depending on pH.

The inset shows changes in absorbance at 414 (open circles), 428 (filled

squares) and 482 nm (filled triangles) at pH 6.5 to pH 1.2. TPPS4-adsorbed

TiO2 film was prepared using solution 1.
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Fig. 4 shows the change in the absorption spectra of TPPS4 on

mesoporous TiO2 films measured on changing the pH value

between pH 6.5 and pH 1.1, alternately. The inset showing the

repeated appearance and disappearance of the H4TPPS4
22

monomer and J-aggregate by changing the pH values indicated

that almost the same spectral shapes were reproduced repeatedly at

each pH value, although the absorption spectra of TPPS4-

adsorbed TiO2 lost optical density to some extent because of the

strong acid, pH 5 1.1, causing a desorption of TPPS4 from TiO2.

When mesoporous TiO2 film was dipped into a H2TPPS4
42

solution, H2TPPS4
42 was adsorbed disorderly as a monolayer on

the mesoporous TiO2 film. Therefore the reversibility of the

absorption spectra shown in Fig. 3 indicated that TPPS4 on TiO2

film can be aligned between disordered and ordered arrangements

depending on pH, although porphyrin molecules are fixed through

chemical bonds on TiO2. This behavior is not available to

molecular films on solid surfaces based on physical adsorption

such as LB films, but only for chemically anchored molecules on

surfaces.

In the case of TPPS4-adsorbed mesoporous TiO2 film prepared

using solution 1, the amount of TPPS4 on TiO2 film per effective

area was 8.5 6 10212 mol cm22, corresponding to only 5.1 6
1022 molecules nm22. Therefore it can be strongly suggested that

TPPS4 molecules form islands when they are adsorbed on TiO2

film, and form J-aggregates in acidic water. TPPS4 molecules

might form weak assemblies due to p–p interactions between

porphyrin rings, reflected on the formation of islands in the

adsorption. The spectral shapes of J-aggregates on TiO2 films

shown in Fig. 1, 3 and 4 were similar to the spectrum which

indicated the existence of J-aggregates with a long slipping distance

between porphyrin molecules.10
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