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Four types of meso-phenyl or pyridyl-substituted monocationic antimony(V) porphyrin 

derivatives (SbVPors)—5,10,15,20-tetraphenyl; 5,10,15-triphenyl-20-mono(4-pyridyl); 5,15-

diphenyl-10,20-di(4-pyridyl); and 5,10,15,20-tetra(4-pyridyl)porphyrinato dihydroxo 

antimony(V) chloride—with different hydrophobicities were synthesised, and their 

photochemical properties on anionic clay were investigated. The absorption and 

fluorescence behaviour of the SbVPors were strongly affected by complex formation with 

clay.  Interestingly, the absorption transition probabilities and fluorescence quantum yields 

of the SbVPors prominently increased on the clay surface. The more hydrophobic SbVPor 

showed greater absorption transition probability increase and fluorescence quantum yield 

enhancement.  These unique effects of the highly flat clay surface on the photochemical 

behaviour of SbVPor were discussed mainly from the viewpoint of transition probability, by 

using the potential energy curves of SbVPor with and without clay. For the more 

hydrophobic SbVPor, the molecular structure of the ground and excited states on the clay 

surface tended to become similar because of the strong hydrophobic interaction between 

porphyrin and the clay surface, i.e. the ‗structure resembling effect‘. This effect induces a 

change in the transition probabilities. 

 

Introduction 

The photochemical behaviour of dye molecules on or in 

inorganic host materials such as silica1-4, zeolite1,5 and 

nanosheet1,6-28 materials have been investigated by many 

researchers.  The unique effects of complex formation with 

inorganic materials on the photochemical properties of dyes, 

such as increase in the absorption coefficient29 and 

enhancement of fluorescence intensity,29,30 have been reported.  

The aforementioned valuable effects of nanosheet materials can 

be exploited for developing photochemical reaction systems 

and photofunctional materials.  However, the mechanism 

underlying these effects has not been clarified in detail; in 

addition, dye molecules easily form aggregates on inorganic 

surfaces, which may decrease their excited lifetimes31 and 

result in low photoactivity.  Thus, we believe that clarification 

of the mechanism of such effects and control of the assembly 

structure of dye molecules on inorganic surfaces are important 

subjects in photochemical materials chemistry.  Recently, we 

have succeeded in suppressing the aggregation of dyes on an 

inorganic surface even under high-density conditions by using 

the ‗size-matching effect‘ or ‗intercharge distance matching 

effect‘.28,32   In a typical case, the effect can be realised by 

using negatively charged clay minerals.  This effect is 

rationalised by matching the distances between the cationic 

sites in the dye molecule and the anionic sites on the clay 

surface.  Under the conditions this effect is active, the 

photochemical behaviour of dyes on the inorganic surface can 

be tuned without any problems caused by aggregation.  This 

effect enables us to examine the influence of the inorganic 

surface on the photochemical properties of dyes in a 

straightforward manner. 
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 Clay minerals are interesting multilayered inorganic host 

materials for organic-inorganic complexes.1,6-10,27,28,33  Clay 

minerals such as saponite have cation exchange capacity (CEC) 

because of its negatively charged structure.  The stoichiometric 

formula of saponite used in this study is 

[(Si7.2Al0.8)(Mg5.97Al0.03)O20(OH)4]
-0.77(Na0.49Mg0.14)

+0.77.  The 

theoretical surface area is 750 m2 g-1 and the CEC is 99.7 

mequiv / 100 g.11  The structure of synthetic saponite is shown 

in Figure S1 in the Electronic supplementary information 

(ESI†).  While the nanosheet stacks in the solid state, it swells 

easily and completely exfoliates into a single sheet in aqueous 

solution under sufficient dilution. Since the aqueous solution of 

saponite is transparent in the UV-visible range when the 

exfoliated particle size in water is small (< ~100 nm), it is 

suitable for optical measurement. 

 Upon complex formation with clay, the absorption maxima 

of porphyrin are shifted to longer wavelength because of the 

flattening of the meso-substituent with respect to the plane of 

the porphyrin ring11,19,23. Fluorescence enhancement and 

increased excited lifetime have been observed for some dye 

molecules upon complex formation with clay29,30,34,35, probably 

because of the suppression of non-radiative deactivation.  The 

adsorption pattern of dyes onto the clay surface, such as 

electrostatic and hydrophobic interactions, would relate to such 

photochemical effects of the clay surface.  To clarify the 

mechanism for such changes in the photochemical properties, 

we recently reported the photochemical behaviour of mono-, 

tri- and pentacationic antimony(V) porphyrin derivatives, 

wherein electrostatic and hydrophobic interactions with clay 

were modulated systematically29.  For these molecules, the 

radiative deactivation rate constants on the clay surface, 

denoted as kf
C, were much different from those without clay in 

water, kf
W. The effect of the clay surface can be expressed in 

terms of kf
C / kf

W values for changes in the deactivation rate 

constants.  The less cationic antimony porphyrins showed an 

increasing trend in kf
C / kf

W. Attempts have been made to 

rationalise this trend on the basis of changes in the transition 

probability by using potential energy curves of the ground and 

excited states of the dye molecule.  Two observations have 

been reported:  (i) the most stable structures become relatively 

similar between the ground and excited states (structure 

resembling effect, SRE), leading to an increase in kf;  (ii) the 

potential energy curves are relatively sensitive to nuclear 

coordinates (structure fixing effect, SFE), leading to a decrease 

in kf. We have proposed that changes in the kf
C/kf

W values are 

determined by a balance between the SRE and the SFE29,30. 

This balance would be determined by the adsorption pattern, i.e. 

hydrophobic and electrostatic interactions between the dye 

molecules and the clay surface.  In the case of previously 

examined mono-, tri- and pentacationic antimony(V) porphyrin, 

both hydrophobic and electrostatic interactions between the dye 

and the clay surface were modulated; hence, it was difficult to 

distinguish between the effects of these interactions. 

 For this reason, in the present study, we have investigated 

antimony(V) porphyrin derivatives (SbVPors) having the same 

charge number (+1) but different hydrophobicity. The use of 

such dyes might aid in clarifying the importance of the 

hydrophobic and electrostatic interactions between the dye and 

the clay.  The designed SbVPors are 5,10,15,20-tetraphenyl, 

5,10,15-triphenyl-20-mono(4-pyridyl), 5,15-diphenyl-10,20-

di(4-pyridyl) and 5,10,15,20-tetra(4-pyridyl)porphyrinato 

dihydroxo antimony(V) chloride; these are denoted as 

[SbV(TPP)(OH)2]Cl, [SbV(MPyP)(OH)2]Cl, 

[SbV(DPyP)(OH)2]Cl and [SbV(TPyP)(OH)2]Cl, respectively 

(Figure 1).  The SbVPors are monocationic porphyrins24,36-42 

and adsorb on the clay surface via hydrophobic and 

electrostatic interactions24-26,29.  The hydrophobicity of the 

SbVPors is controlled by changing the number of meso-phenyl 

and pyridyl substituents, under the same charge number in the 

molecule. SbVTPP having four meso-phenyl substituents is 

readily soluble in chloroform and poorly soluble in water. Its 

saturated solubility in water is 1 × 10-4 M. On the other hand, 

SbVTPyP having four meso-pyridyl substituents is readily 

soluble in water and insoluble in chloroform. The adsorption 

behaviour and photochemical properties of these cationic 

SbVPors on the anionic clay surface were investigated by UV-

visible absorption, as well as steady and time-resolved 

fluorescence spectroscopy. The complexes were examined in 

water, in which the saponite clay sheet is exfoliated as a single 

nanosheet. 

Results and Discussion 

Absorption behaviours of SbVPors with and without clay 

The aqueous clay dispersion was essentially transparent in the 

UV-visible region under the present experimental conditions. 

UV-visible absorption spectra of the porphyrins in water and 

those adsorbed on the saponite surface were recorded. The 

absorption spectra of all SbVPor with and without clay are 

shown in Figure 2. 
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 All porphyrins exhibited a spectral shift to longer 

wavelengths upon complex formation with clay.  Aggregation 

species that induce the spectral shift were not observed at 10% 

loading versus CEC of the clay, judging from the experiment 

involving changes in the loading level (not shown).  These 

redshifts of the porphyrin upon adsorption on the clay surface 

are mainly induced by co-planarisation of the meso-substituents 

with respect to the porphyrin rings11,19,23.  Co-planarisation of 

the adsorbed molecule is induced by the highly flat surface of 

the clay, when the molecules adsorb on the surface in a parallel 

fashion.  Thus, the degree of redshift is useful to discuss the 

adsorption conditions of molecules on the clay surface, such as 

the degree of molecular flattening.  The spectral shifts (Δλmax) 

at the longest Q-band wavelength were 11 nm (0.039 eV) for 

SbVTPP, SbVMPyP and SbVDPyP and 9 nm (0.033 eV) for 

SbVTPyP at 10% vs. CEC of the clay.  There were almost no 

differences between the Δλmax values of the SbVPors. This result 

suggested that the structures of the SbVPors adsorbed on the 

clay surface are flattened compared to those in bulk solution 

and that their molecular structures and adsorption orientations 

with respect to the clay surface are similar. 

 Interestingly, the values of the oscillator strength (fC) 

estimated from the integrals of the extinction coefficients (∫εd ̅ 

/ M-1 cm-2) in the Q-band wavenumber range on the clay 

surface were distinctly different, while those in the bulk 

solution (fW) were almost the same (Table 1), according to eq 1 
43. 

 

           ∫    ̅ (1) 

 

  For all porphyrins, the fC values increased by 1.34–1.41 times 

over the fW values. The increase in the transition probability of 

the porphyrin would be due to the increased Franck-Condon 

factor43 on the clay surface, as will be described later.   

 It should be noted that the Q-band shapes of the SbVPors 

with and without clay are different.  The lower-energy band of 

the Q-bands is denoted as α (0,0) and the higher-energy band is 

denoted as β (1,0). The ratios of the extinction coefficients of 

the α (0,0) and β (1,0) bands (εα / εβ) with and without clay are 

summarised in Table 1.  The εα / εβ values on the clay surface 

increased by 1.62–1.74 times as compared to those in the bulk 

solution. These results indicate that the transition probabilities 

of the α (0,0) and β (1,0) bands changed, because of the change 

in each Franck-Condon factor. The increase in the extinction 

coefficients and εα / εβ values strongly suggests that the 

molecular structures of the ground and excited states of 

porphyrin become similar via the complex formation with the 

clay (SRE, described later). The increases in the f and εα / εβ 

values tend to be more pronounced for the more hydrophobic 

SbVPor. This tendency indicates that highly hydrophobic 

SbVPors are influenced more strongly by the SRE. Additionally, 

the plot of (εα / εβ)
C / (εα / εβ)

W against fC / fW for the SbVPors is 

linear (Figure S2, ESI†). It is suggested that the increases in the 

f and εα / εβ values are caused by a common factor. The details 

will be described in the discussion section. 

Fluorescence behaviour of SbVPors with and without clay 

Fluorescence spectra of the porphyrins in water and those 

adsorbed on the clay surface were observed. The fluorescence 

spectra of the porphyrins with and without clay are shown in 

Figure 3.  The loading levels of the SbVPors were set at 2.0% 

versus CEC, where aggregation was not observed. 
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 In all of the porphyrins, redshift of the fluorescence maxima 

(λem) was observed upon complex formation with the clay.  In 

addition, the shapes of the fluorescence spectra, i.e. the ratio of 

the α (0,0) and β (0,1) band intensities (iα / iβ) were altered, as 

shown in Table 2.  The increase in the iα / iβ values tended to be 

more effective for the more hydrophobic SbVPor.  The 

fluorescence quantum yields (Φf) are summarised in Table 3.  

Φf
W and Φf

C are the Φf values for SbVPor without clay and with 

clay, respectively.  The Φf values for the SbVPors tended to 

increase upon complex formation with the clay, as compared to 

those without clay.  For the more hydrophobic SbVPor, the ΦC / 

ΦW values seemed to increase.  

 To discuss the photochemical behaviour of the porphyrins 

on the clay surface in detail, time-resolved fluorescence spectra 

for each porphyrin with and without clay were measured and 

the excited lifetime was determined by using a picosecond 

fluorescence measurement system. The loading levels of the 

SbVPors were set at 0.05% versus CEC. As shown in Figure 4, 

all the decay curves for the porphyrins with and without clay 

could be analysed as a single exponential decay, and the 

fluorescence lifetimes (τ) were obtained. Such simple 

fluorescence decay is rarely observed for dyes on an inorganic 

surface.  In this experiment, suppression of dye aggregation 

simplifies the photochemical behaviour.  The value of τW, τC 

and τC / τW are summarised in Table 3.   The values of τC / τW 

are almost the same for all the SbVPors except for SbVTPyP. 

     The radiative deactivation rate constants (kf) were calculated 

by using the Φf and τ values according to eq 2, and are shown 

in Table 3.  The ratios of kf
C and kf

W are also shown in Table 3 

to discuss the effects of clay in detail. 

 

      ⁄  (2) 

Discussion of photochemical properties of SbVPors with and 

without clay 

Theory of SRE and SFE using potential energy curves of ground 

and excited states. Attempts have been made to discuss the 

effects of complex formation with clay on the photochemical 

properties of dyes by using the potential energy curves of the 

ground and excited states of the dye molecule29,30. The potential 

energy curve of the excited state would be broader than that of 

the ground state because the force constant in the excited state 

is relatively small44. In this study, the sharpness of the two 

energy curves are assumed to be comparable. At least two types 

of effects might result from complex formation with a clay: (i) 

the most stable structure becomes more similar for the ground 

and excited states (SRE) and (ii) the potential energy curves 

become relatively sensitive to nuclear coordinates (SFE) 

(Figure 5, i and ii)29,30. 

 The SRE induces an increase in the Franck-Condon factor 

(∫χ0χ'0dr)2 for the S0-S1 electronic transition and radiative 

deactivation for the wavefunction overlap of ν0-ν'0. This effect 

should lead to an increase in the f, εα / εβ, kf and iα / iβ values.  f 

and kf are theoretically proportional to (∫χ0χ'0dr)2 43. On the 

other hand, assuming that the two energy curves are influenced 

by the same sharpness effect of the clay, the SFE induces a 

decrease in (∫χ0χ'0dr)2, leading to a decrease in kf.  

 Based on these effects, the present result is discussed in the 
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next section. The major interactions between the SbVPor 

molecules and the clay surface would be hydrophobic and 

electrostatic. 

Effect of complex formation with clay on the photochemical 

behaviour of SbVPors. The photochemical properties of the 

SbVPors changed upon complex formation with clay. The f and 

εα / εβ values increased because of adsorption onto the clay for 

all the SbVPors (Table 1). The increased f values indicate that 

the electronic transition probabilities from the S0 to S1 states of 

the SbVPors on the clay surface increase as compared with 

those in the bulk aqueous solution. The increased εα / εβ values 

suggest that the Franck-Condon factors (∫χ0χ'0dr)2 for the ν0-ν'0 

transitions of the SbVPors increase because of adsorption onto 

the clay. These results clearly indicate that the changes in the 

electronic transition probabilities of the SbVPors on clay are 

attributed to changes in the Franck-Condon factors, as the 

potential curves of the ground and excited states resemble each 

other; i.e. the SRE. These considerations are also indicated by 

the fact that the kf and iα / iβ values of SbVPor increased on the 

clay surface as compared with those in the bulk aqueous 

solution, judging from the fluorescence and absorption spectra 

of all SbVPors (Tables 2, 3).  
  Additionally, there were differences in the photochemical 

changes on clay between the four types of SbVPors. The fC / fW 

and (εα / εβ)
C / (εα / εβ)

W values for the more hydrophobic 

SbVPors were larger than those for the more hydrophilic ones 

according to the absorption spectra (Table 1 and Figure S2, 

ESI†). These facts indicate that the SRE is stronger for the 

more hydrophobic SbVPors. It is also suggested that the 

changes in these photochemical parameters are caused only by 

the SRE and not the SFE, which decreases the transition 

probabilities.  The linear relationship between the fC / fW values 

and the (εα / εβ)
C / (εα / εβ)

W values also supports this 

interpretation (Figure S2, ESI†). Moreover, in the case of 

fluorescence, the kf
C / kf

W values showed similar trends as 

above (Table 3). On the other hand, the iα / iβ values did not 

depend on the hydrophobicity of SbVPor. The absorption 

properties should directly reflect the molecular potential curves, 

as opposed to the fluorescence properties. The fluorescence 

properties may include differences in the nuclear configuration 

induced by solvent relaxation for the excited SbVPors, because 

of the difference in molecular symmetry. The adsorption 

behaviour of SbVPors on the clay surface are influenced by the 

hydrophobic and electrostatic interactions between the dye 

molecules and the clay. In this study, only the effect originated 

from the hydrophobic interactions is discussed strictly because 

all characteristics of the SbVPors, such as cation charge, 

molecular structure and type of counter anion are identical 

except for hydrophobicity. Therefore, it is apparent that the 

hydrophobic interaction between the SbVPors and the clay is 

more effective; consequently, the SRE is dominant. 

 To conclude, it is clear that hydrophobic interactions 

between the SbVPors and the clay are affected mainly by the 

SRE and that the contribution of the SFE is small.  The 

hydrophobic interactions originate from a solvent iceberg 

formed by a hydrogen bonding network on the hydrophobic 

molecular surfaces.  The areas where the hydrophobic 

interaction is active vary between the SbVPors because the 

solvent iceberg is expected to be formed on the hydrophobic 
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porphyrin and meso-phenyl planar aromatic rings, but not on 

the hydrophilic meso-pyridyl. Therefore, the hydrophobic 

interaction is larger for the SbVPor having a greater number of 

meso-phenyl substituents and smaller for that having a greater 

number of meso-pyridyl ones. This interaction is expected to fix 

the porphyrin molecules in the longitudinal direction against the 

flat clay surface. Considering parallel adsorption of planar 

porphyrin molecules on the clay, the entire guest molecular 

structure may be fixed. On the other hand, electrostatic 

interactions originate from Coulomb‘s forces between the 

cation site of the guest molecule and the anion point of the clay. 

The electrostatic interaction is the same for all the SbVPors 

because of the similar cation charge. When using a guest 

molecule having multiple cations, this interaction is expected to 

fix the molecules not only in the longitudinal direction but also 

in the transverse direction against the clay surface, because 

there are multiple fixed points in the molecular structure. In this 

study, since monocationic porphyrins are used, the SRE 

originating from the hydrophobic interactions between 

porphyrin and the clay surface play an important role. 

Experimental  

Materials and method 

Clay minerals (saponite): Sumecton SA was received from 

Kunimine Industries Co., Ltd. Dihydroxo(5,10,15,20-

tetraphenylporphyrinato)antimony(V) chloride 

([SbV(TPP)(OH)2]Cl, denoted as SbVTPP), dihydroxo[5,10,15-

triphenyl-20-mono(4-pyridyl)porphyrinato]antimony(V) 

chloride ([SbV(MPyP)(OH)2]Cl, denoted as SbVMPyP), 

dihydroxo[5,15-diphenyl-10,20-di(4-

pyridyl)porphyrinato]antimony(V) chloride 

([SbV(DPyP)(OH)2]Cl, denoted as SbVDPyP) and 

dihydroxo[5,10,15,20-tetra(4-

pyridyl)porphyrinato]antimony(V) chloride 

([SbV(TPyP)(OH)2]Cl, denoted as SbVTPyP) were synthesised 

following the procedure described in the Supplementary 

Information. 
    UV-visible absorption spectra were measured on a Shimadzu 

UV-3150 spectrophotometer. Emission spectra were recorded 

on a Jasco FP-6600 spectrofluorometer.  

   Time-resolved fluorescence signals were measured using a 

Hamamatsu Photonics C4780 system based on a streak detector. 

A Nd3+ YAG laser with an optical parametric generator 

(EKSPLA PL2210JE + PG-432, FWHM 25 ps, 1 kHz) was 

used for excitation.  

Sample preparation 

For measurement of absorption spectra: Exfoliated 

porphyrin/saponite complexes were prepared by mixing 

aqueous clay dispersions and the respective cationic porphyrin 

aqueous solutions under stirring. The porphyrin loadings were 

set at 10% vs. CEC. 

 

For measurement of fluorescence spectra: The 

porphyrin/saponite complexes were prepared using the same 

method as that in the case of absorption spectral measurement. 

The porphyrin loadings were set at 2% vs. CEC. The 

fluorescence quantum yields of porphyrins were determined 

using [H2TMPyP]Cl4 as the standard (Φf = 0.050) 45. 

 

For measurement of time-resolved fluorescence spectra: 
The porphyrin/saponite complexes were prepared using the 

same method as that in the case of absorption spectral 

measurement. The porphyrin loadings were set at 0.05% vs. 

CEC. 

Conclusions 

Four types of meso-phenyl or pyridyl substituted mono-cationic 

antimony(V) porphyrin derivatives (SbVPors) having different 

hydrophobicity were synthesised, and their photochemical 

properties on anionic clay were investigated. The absorption 

spectra of SbVPor/clay complexes shifted to the longer 

wavelength region because of the flattening of the molecules on 

the clay surface. The extinction coefficients and radiative 

deactivation rate constants of SbVPors on the clay surface 

increased notably compared to those in the bulk aqueous 

solution. This result indicates that electronic transition 

probabilities of SbVPors between the S0 and S1 states increased. 

Moreover, the absorbance ratios of the ν0-ν'0 to ν0-ν'1 transitions 

and the fluorescence ratios of the ν'0-ν0 to ν'0-ν1 transitions of 

SbVPors on the clay surface were higher compared to those in 

the bulk aqueous solution. Therefore, it is suggested that the 

electronic transition probability would increase because of the 

increase in the Franck-Condon factor due to the increased 

overlap of vibrational wave functions between the S0 and S1 

states. These considerations are rationalised by the resemblance 

of the molecular structures of the ground and excited states 

(SRE). Interestingly, the increase in the photochemical 

parameters of SbVPors on clay was more prominent for the 

more hydrophobic SbVPors. Cationic dyes adsorb on anionic 

clay through hydrophobic and electrostatic interactions. In this 

case, only the difference in hydrophobic interactions can be 

considered because SbVPors having the same cation charge 

have identical electrostatic interaction strength. Thus, it is 

suggested, for the first time, that the hydrophobic interaction 

between dyes and clay primarily effects the SRE. These 

findings are beneficial for the development of efficient 

photochemical reaction systems using dye-clay complexes. 
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