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Abstract 

Polarization-modulation total internal reflection fluorescence (PM-TIRF) spectroscopy was 

developed to study the adsorption behavior of fluorescent species at liquid|liquid interfaces． In 

the PM-TIRF experiments, the fluorescence signal from the interfacial region is analyzed as a 

function of the periodic modulation of linear-polarizations (p and s) of the incident excitation 

beam, which enables us to measure interfacial species in situ without controversial contribution 

of bulk species. The potential dependences of molecular orientation and adsorption state of 

fluorescent species at the water|1,2-dichloroethane (DCE) interface were analyzed by PM-TIRF 

spectroscopy.  

     Water-soluble meso-substituted porphyrins, 5,10,15,20-tetrakis(N-methylpyridyl)porphyrin 

(H2TMPyP4+) and 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H2TPPS4−), indicated that 

the free base forms were adsorbed with relatively lying orientations at the polarized water|DCE 

interface. Their solvation states at the interface were significantly modified from those in the 

bulk solution. The diprotonated species, H4TPPS2−, formed J-aggregates at the interface, where 

the aggregation was controlled reversibly as a function of the externally applied potential. In the 

case of protoporphyrin IX (H2PP2−), the monomers were adsorbed with relatively standing 

orientation and the long axis of the J-aggregates was nearly in plane of the interface. The 

monomer and its aggregates at the interface were characterized separately by using appropriate 

excitation wavelengths. 

     PM-TIRF spectroscopy was also applied to elucidate the interfacial mechanism of water-

soluble 8-quinolinol complexes at the water|DCE interface. In the case of a bidentate ligand, 8-

quinolinol-5-sulfonate (HQS), the stoichiometry of the metal complex formation in the aqueous 

solution varies from 1:1 to 1:3 as a function of pH. PM-TIRF analysis revealed that the hydration 

states of 1:2 Al(III) and Zn(II) complexes ( 
2Al(QS)  and 

2
2Zn(QS) ) were analogous to those in 

the aqueous solution. On the other hand, in the case of a tridentate 8-quinolinol-2-carboxylate 

(HQC), the solvation state of the 1:2 complex (
2

2Zn(QC) ) was dependent on the potential, 



 

 

indicating that the axial coordination of water molecules to metal center plays important roles in 

the interfacial mechanism. These results demonstrated the potential ability of PM-TIRF 

spectroscopy for direct characterization of the species oriented at liquid|liquid interfaces. 
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1. Introduction 

1-1. Liquid|Liquid Interfaces 

     A liquid|liquid interface is a boundary between two immiscible solutions with a thickness of 

1 nm,1, 2 where several elementary steps take place, such as transfer and adsorption of species, 

heterogeneous reaction, electron transfer etc. The liquid|liquid interface is used for the study of 

mass transport reaction in vivo and solvent extraction, where transfer and adsorption processes of 

reactants play important roles in the reaction mechanism.3, 4 Some specific features of interfacial 

species have been reported in terms of molecular assembly and solvation by means of surface-

sensitive spectroscopy.5-7 The self-assembly process is often involved with the molecular 

orientation of the species adsorbed at the interface. The adsorbed species with a specific 

orientation tend to form their self-aggregates easily at the liquid|liquid interface in comparison 

with homogeneous solution systems.5-7 

     A liquid|liquid interface is regarded as a model of biomembrane because the charge transfer 

processes are closely associated with biological systems. The interfacial mechanism has been 

evaluated at an interface between two immiscible electrolyte solutions (ITIES) by various 

electrochemical approaches to understand mass-transfer mechanism and distribution equilibrium 

in separation sciences, nanomaterial formation, pharmacokinetic applications etc.8, 9 At ITIES, 

the charge transfer processes can be controlled as a function of the Galvani potential difference 

between two liquid phases ( w
oΔ ) (Figure 1-1).8, 9 ITIES consisting of water and an organic 

 

Figure 1-1. Schematic representation elementary steps at ITIES. 
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solvent with high dielectric constant, such as 1,2-dichloroethane (DCE) and nitrobenzene, is 

often used in electrochemistry. When an ion (xz+) is initially present in the aqueous phase, xz+ 

can be partitioned between the aqueous (w) and organic (o) phases. 

z
wx  ⇌ z

ox       (1-1) 

The ion transfer reactions at ITIES is controlled by w
oΔ  and then the distribution of xz+ across 

the interface is given by the Nernst equation:8, 9 

w
x

o
xw

o
w
o lnΔΔ

a

a

zF

RT
       (1-2) 

where 
w

oΔ , z, F, R, T, w
xa  and o

xa  are the standard ion transfer potential and charge number of 

xz+, Faraday constant, gas constant, temperature, the activities of xz+ in the aqueous and organic 

phases, respectively. w
oΔ  is represented as the difference of the inner potentials of each phase. 

oww
oΔ         (1-3) 

w
oΔ  relates to the standard Gibbs free energy of ion transfer ( ow,

tΔ G ) from the aqueous to 

organic phases. 

 w
o

ow,
t ΔΔ zFG 

     (1-4) 

     In the adsorption process of ionic species at ITIES, two adsorption planes, i.e., aqueous and 

organic sides, are considered in a simplified phenomenological model (Figure 1-2).10, 11 

Assuming that the interaction between the adsorbed species is negligible, the adsorption 

processes at both aqueous and organic sides of the interface are described by the Langmuir-type 

adsorption isotherm. In the case of the adsorption of ionic species in the aqueous phase, the 

surface coverage () is given by the following equation.11 

  
 w

d
ww

a 1 kck
dt

d
    (1-5) 

where w
ak  and w

dk  are the rate constants for the adsorption and desorption at the aqueous plane. 

wc  is the bulk aqueous concentration. Assuming that w
ak  and w

dk  are potential dependent in the 
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ButlerVolmer formalism, the potential dependent surface coverage at the aqueous side of the 

interface can be given by11  

 







 

 w
aw

w
a

w
a exp

RT

zF
kk 

  (1-6) 

 










 

 w
aw

w
d

w
d

)1(
exp

RT

zF
kk 

  (1-7) 

w
ak  and w

dk  are rate constants for the adsorption and desorption at the potential of zero charge, 

respectively.  is overall transfer coefficient for the adsorption process. w
awΔ  corresponds to the 

potential difference between the bulk aqueous phase and interface, which is interpreted as a part 

of Galvani potential difference between two phases (Figure 1-2). w
awΔ  is represented as 

  w
o

ww
aw ΔΔ b   (1-8) 

bw is determined by the potential distribution across the interface. Considering that the potential 

difference between two adsorption planes ( ao
awΔ ) is negligible, that is bw + borg = 1, the potential 

difference at the organic phase ( ao
oΔ ) is expressed as  w

o
ww

o
orgao

o )Δ1(ΔΔ bb  . From eqs. 

(1-5)(1-8), the potential dependent surface coverage (w) at the aqueous side of the interface 

can be given by11  

])(exp[1

])(exp[

a
w
o

ww

a
w
o

ww

w

RTGzFbc

RTGzFbc













   (1-9) 

where 
















d

a
a ln

k

ck
RTG   (1-10) 


aΔG  is the Gibbs free energy of adsorption. When the concentration wc  is also described by the 

Nernst equation (eq. 1-2), the surface coverage of the adsorbed species should be maximized at 

its ion transfer potential (Figure 1-3).  
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Figure 1-3. Potential dependent surface coverage calculated from eqs. (1-2) and (1-9). The 

charge number z, was taken as +1 (solid line), +2 (dotted line) and +4 (dashed line). The 

values for wc , bw, w
oΔ  and 


aΔG  were taken as 1.010−3 mol dm−3, 0.5, 0 V and 40 kJ 

mol1, respectively. 

 

Figure 1-2. Schematic representation of the interfacial structure and adsorption processes.13  
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1-2.  Spectroscopic Characterization of Species at Liquid|Liquid Interfaces 

     The heterogeneous reaction at liquid|liquid interfaces often involves the interfacial adsorption 

process of reactants. The interfacial mechanism and kinetics are then significantly affected by the 

adsorption state of the reactants. Therefore, characterizations of interfacial species at molecular 

level such as solvation structure, molecular orientation and intermolecular interaction are 

important to elucidate the heterogeneous reaction mechanism.12, 13 A number of spectroscopic 

techniques have been developed to characterize interfacial species at liquid|liquid interfaces. The 

reactivity and characterization of interfacial species are generally evaluated by either 

electrochemical techniques or spectroscopies.12-14 However, it is extremely difficult to 

characterize the interfacial species in situ by using conventional spectroscopies since ion transfer 

reactions (or ion partitioning) could take place simultaneously with their adsorption processes at 

liquid|liquid interfaces. In such cases, weak signals of the interfacial species cannot readily be 

differentiated from bulk solution species.  

     Total internal reflection (TIR) spectroscopy is one of the most powerful techniques to 

investigate the reaction mechanism at a liquid|liquid interface.7, 14 In TIR mode, a laser beam is 

introduced from a medium 1 with higher refractive index (n1) to a medium 2 with lower index 

(n2) (Figure. 1-4). When the angle of the incident ( i) is larger than the critical angle ( c), the 

 

Figure 1-4. Schematic representation of reflection of the incident beam at an interface 

between two liquid media.  i and  r are the angles of incidence and reflectance, respectively. 

 c is the critical angle. 
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beam is totally reflected at the interface, which is given by the Snell’s law:  

 12
1

c /sin nn   (1-11) 

Under a TIR condition, the beam can penetrate into the medium 2, which is called evanescent 

wave. The penetration depth (dp) relates to the wavelength (L) of the incident beam.15 

2
2i

22
1

L
p

sin4 nn
d







  (1-12) 

The evanescent wave can penetrate 100 nm at the water|DCE interface in the UV-visible region 

(e.g. dp  80 nm with L = 404 nm,  i = 75, nwater = 1.33. nDCE = 1.44). TIR spectroscopy enable 

us to excite species selectively in the evanescent region. In particular, total internal reflection 

fluorescence (TIRF) spectroscopy has provided various insights of interfacial species with its 

high sensitivity.16-18 When dye species are dissolved in the incident medium, however, the 

optical signals from the interfacial region are weak and buried in strong signals from the bulk 

solution species.  

     Surface second harmonic generation (SSHG) spectroscopy is extremely sensitive to 

molecules adsorbed at the interface between two centrosymmetric phases such as liquid surfaces, 

solid|liquid and liquid|liquid interfaces.5, 19-23 SHG is one of the non-linear optical phenomena, 

where the two photons with frequency  f are converted to one photon with frequency  SH (SH 

= 2 f). In the electric dipole approximation, the second harmonic (SH) signal is only generated 

from oriented molecules adsorbed at the interface. Although SSHG spectroscopy is a quite useful 

technique to characterize interfacial species with high selectivity, the self-absorption of SH 

signals by bulk species at resonant wavelengths through the optical path is still a serious 

problem. The requirements of a high-power laser system and a strict optical setup may also 

reduce general versatility of this technique.  

     At polarized liquid|liquid interfaces, the transfer and adsorption processes of ionic species are 

controlled as a function of w
oΔ  and thus an ac potential-modulation applied to the interface 

induces a perturbation of spectroelectrochemical signal arising from the interfacial region. 
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Potential-modulated fluorescence (PMF) spectroscopy has been employed to analyze the charge 

transfer reaction at liquid|liquid interfaces.24-29 In PMF measurements, the ion transfer and 

adsorption processes are distinguishable through the complex analysis of PMF signals within the 

framework of simple phenomenological models at a polarized liquid|liquid interface.11 The direct 

characterization of interfacial species was also achieved under limited conditions. The sensitivity 

and selectivity for the adsorbed species are still insufficient in the case that the transfer and 

adsorption processes takes place in the same potential region. 

     Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) has been 

used to determine the molecular orientation and the conformation of layered materials formed at 

solid and liquid surfaces.30-34 In PM-IRRAS, the linear polarizations of the incident light are 

periodically modulated and the selectivity for oriented species is drastically improved by 

analyzing corresponding ac optical signals. A similar approach has also been applied to total 

reflection X-ray absorption fine structure (TR-XAFS) at liquid surfaces and liquid|liquid 

interfaces.35-37 Polarized TR-XAFS measurements, where the linear polarization of incident X-

rays is controlled by a diamond retarder crystal, allowed us to estimate the solvation structure of 

metalloporphyrins at interfaces in situ.38-40 However, the application of PM-IRRAS and 

polarized TR-XAFS to liquid|liquid systems is rigidly limited by strong attenuation or scattering 

of incident beam and optical signal by solvent molecules in infrared and X-ray regions. 
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1-3. Objective of This Study 

     The direct characterization of interfacial species is a challenging task by means of 

conventional technique because of the contribution of bulk species. In this dissertation, a novel 

spectroscopic technique, polarization-modulation total internal reflection fluorescence (PM-

TIRF) spectroscopy is introduced. In PM-TIRF technique, TIRF spectroscopy is combined with 

polarization modulation of an excitation beam to remove unfavorable contribution from the bulk 

species, which allows us to characterize the species oriented at a liquid|liquid interface with high 

sensitivity and selectivity. PM-TIRF spectroscopy was applied to investigate the potential-

dependent adsorption behavior of fluorescent species at the water|1,2-dichloroethane (DCE) 

interface.  

     This dissertation consists of three parts in Results and Discussion (Chapter 4). Section 4-1 

introduces PM-TIRF analysis based on the molecular orientation of interfacial species, and the 

potential dependent adsorption behavior of meso-substituted water-soluble porphyrins are 

discussed. In addition, the solvation state of the interfacial species is characterized by PM-TIRF 

spectroscopy. In Section 4-2, the aggregation of anionic water-soluble porphyrins is analyzed as 

a function of the applied potential. Furthermore, the adsorption behavior of H2PP2− at the 

phospholipid-adsorbed water|DCE interface is investigated in order to evaluate its binding 

characteristics on cell membrane. Chapter 4-3 relates the effect of metal ions and pH conditions 

on the adsorption states of water-soluble 8-quinolinol complexes in detail. 
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2. Principle of Polarization-Modulation Total Internal Reflection 

Fluorescence (PM-TIRF) Spectroscopy 

     A novel in situ spectroscopic method, polarization-modulation total internal reflection 

fluorescence (PM-TIRF) spectroscopy, has been developed to measure fluorescent species 

adsorbed with a certain orientation at a liquid|liquid interface. In PM-TIRF experiments, the 

fluorescence signal from the interfacial region is analyzed as a function of periodic modulation 

of linear-polarizations (p and s polarizations) of an excitation beam. PM-TIRF spectroscopy can 

effectively extract the fluorescence signals of interfacially oriented species from the signals 

arising throughout the optical path in the incident medium because no PM-TIRF signal arises 

from bulk species. Here, the principle of PM-TIRF technique is described in detail. 

     The fluorescence intensity emitted form a molecule adsorbed at an interface is determined by 

the molecular orientation and polarizations of the excitation beam. Assuming that a transition 

dipole moment is in a molecular axis (Figure 2-1, light blue arrow), the fluorescence intensity 

 

Figure 2-1. Schematic representation of the fluorescence signal from molecules oriented at 

OR . The polarization angle ( Ψ ) of incident excitation beam is periodically modulated 

between 0 (p) and 90 (s). The blue arrows depict the transition dipole moment. 
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from a molecule oriented at an angle ( OR ) with respect to the interface normal can be given 

by24, 41, 42 

)]Ψ90(sin )cos sin2  sin cos(  )Ψ90(cos[sin  )Ψ( 2
OR

2
i

2
OR

2
i

22
OR

2  CF  (2-1) 

where  i is the angle of the incident beam, Ψ  is the angle of polarization of excitation beam 

with respect to the normal to the interface and C is a proportional factor. The Ψ  values for the p- 

and s-polarized excitation beams are 0 and 90, respectively. Figure 2-1 schematically 

illustrates the polarization angle dependence of the fluorescence intensity )Ψ(F  under TIR 

conditions. The intensity of F(0) under the p-polarized excitation beam for molecules oriented 

at  7.540 OR  is larger than F(90) under the s-polarized excitation, while an opposite 

relationship is obtained in the case of  097.54 OR . At  7.54  OR  or random orientation, 

the fluorescence intensity is constant irrespective of Ψ , i.e. )0(9  )0(  FF  (Figure 2-2). 

 

 

 

Figure 2-2. Polarization angle dependence of the fluorescence intensity ( )Ψ(F ) calculated 

from eq. 2-1. The Ψ  was defined as the angle with respect to the interface normal, where 0 

and 90 relate to the p- and s-polarization, respectively. The orientation angle ( OR ) was taken 

as 0, 54.7 and 90. The values of other parameters were taken as C = 1, 
75i  , and OR  = 

0, 54.7, 90, respectively. 
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     In the present work, the PM-TIRF signal ( s-pF ) is defined as 

)(90)(0s-p  FFF   (2-2) 

The signs of s-pF  can be diagnostic criteria for the relative orientation of interfacial molecule, 

in which positive and negative values indicate relatively standing and lying molecular 

orientations with respect to interface (Figure 2-3). When a molecule is oriented at 7.54  OR   

or random orientation, s-pF  is zero. In PM-TIRF spectroscopy, the fluorescence signal arising 

from bulk solution species with random orientation is effectively cancelled out by periodic 

polarization modulation.  

 

 

Figure 2-3. Orientation angle dependence of PM-TIRF signal ( s-pF ) calculated from eqs. 2-

1 and 2-2. The orientation angle ( OR ) of an adsorbed molecule was varied between 0 and 

90. The values of other parameters were taken as C = 1, 
75i  , respectively. 
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3. EXPERIMENTAL SECTION 

3-1. Reagents.  

     5,10,15,20-tetrakis(N-methylpyridyl)porphyrin (H2TMPyP4+) tetratosylate salt (Dojindo 

Laboratories), 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H2TPPS4−) disulfuric acid 

tetrahydrate (Dojindo Laboratories) and protoporphyrin IX (H2PP2−) disodium salt (TCI) were 

used as received. Tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)3
2+) chloride (>98%) was purchased 

from Aldrich. The composition of the electrochemical cell is represented in Figure 3-1. The 

porphyrin derivatives and Ru(bpy)3
2+ were dissolved in the aqueous phase. A nonionic surfactant, 

sorbitan monolaurate (Span 20) was purchased from TCI and dissolved in DCE phase (Cell II). 

A neutral glycerophospholipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (TCI, ≥

97%) was initially dissolved in chloroform at 1.0  10−3 mol dm−3 and then added to the DCE 

phase (Cell IV). Aluminum chloride (Aldrich, >98%) and zinc chloride (Nacalai Tesque, >98%) 

were used without further purification. 8-quinolinol-5-sulfonate (HQS, TCI, >98%) and 8-

quinolinol-2-carboxylate (HQC, Aldrich, >98%) were used as ligands. The quinolinol 

complexes were formed in the aqueous solution (Cell V). The molecular structures of fluorescent 

dyes, surfactans, and quinolinol derivatives are shown in Figure 3.2. The supporting electrolytes 

were 1.0  10−2 mol dm−3 LiCl (Cell I, II, and IV) or Li2SO4 (Cell III and V) for the aqueous 

phase and 5.0  10−3 mol dm−3 bis(triphenylphosphoranylidene)ammonium 

tetrakis(pentafluorophenyl)borate (BTPPATPFB) for the organic phase, respectively. 

BTPPATPFB was prepared by metathesis of bis(triphenylphosphoranylidene)ammonium 

chloride (BTPPACl) (Aldrich, >97%) and lithium tetrakis(pentafluorophenyl)borate ethyl ether 

complex (TCI, ≥70%).43 The aqueous solutions were prepared with purified water by a Milli-Q 

system (Millipore, Direct-Q3UV). 1,2-dichloroethane (DCE) (Nacalai Tesque, HPLC grade, 

>99.7%) was used as an organic solvent. DCE and water were saturated with each other. All 

other reagents used were of analytical grade or higher. The pH of the aqueous phase was 
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adjusted by (1.03.0)  10−3 mol dm−3 LiH2PO4/LiOH buffer and 5.0  10−3 mol dm−3 H2SO4 for 

pH 6.1−7.5 and pH 1.3−2.3 conditions, respectively.  
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Figure 3-1. Schematic representation of the electrochemical cells. 
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Figure 3-2. Molecular Structures. 
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3-2. Electrochemical Setup 

     The electrochemical cell used in all measurements is shown in Figure 3-3. The water|DCE 

interface with a geometrical area of 0.50 cm2 was polarized by a four-electrode potentiostat 

(Hokuto Denko, HA-1010mM1A). The platinum counter (CE) and reference electrodes (RE: 

Ag/AgCl or Ag/Ag2SO4 with Luggin capillary) were used in both phases. The Galvani potential 

difference ( oww
oΔ   ) was estimated by taking the formal transfer potential ( 'w

oΔ ) of 

tetramethylammonium ions as −0.160 V.  

     In ac voltammetry, the applied potential is modulated with a fixed frequency. The ac current 

( I
~

 = Ire + jIim) was analyzed by a digital lock-in amplifier (NF LI5640), which is converted to 

admittance (Y = Yre + jYim). In the absence of charge transfer across the interface, the admittance 

can be represented as a linear combination of the solution resistance (Rs) and capacitance (Cdl) 

(eq. 3-1).44, 45 

dl
s

1
~

~
 

Cj
RE

I
 Y    (3-1) 

where I
~

 and E
~

 are the ac current and ac potential, respectively. j is the imaginary number and 

 is the angular frequency ( = 2fac, fac: the potential modulation frequency), respectively. Rs 

and Cdl is calculated from the equation (3-2) and (3-3).  

 
YY

Y
R

2
im

2
re

re
s


   (3-2) 

 
YY

Y

C 2
im

2
re

im

dl

1





  (3-3) 
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3-3. PM-TIRF Spectroscopy 

     The spectroelectrochemical cell used in all measurements was analogous to one reported 

previously (Figure 3-4).46 The water|DCE interface was illuminated under the total internal 

reflection (TIR) condition from organic phase by a cw laser diode at 376 nm (Coherent, OBIS 

375LX-50), 404 nm (Coherent, CUBE 405-50C) or 488 nm (Coherent, OBIS 488LS-60). The 

critical angle for the water|DCE interface is 67.6 and the angle of incidence to the interface ( i ) 

was ca. 75. The laser radiation was attenuated to 25 mW to avoid the photobleaching of 

fluorescent species. The fluorescence emitted from the interfacial region was collected 

perpendicularly to the interface by an optical fiber fitted to a photomultiplier tube (PMT) through 

 

Figure 3-3. Schematic drawing of the electrochemical setup. 

 

Figure 3-4. Schematic drawing of the spectroelectrochemical setup for PM-TIRF 

measurement. 
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a monochromator (Shimadzu, SPG-120S). The linear polarization of an incident excitation beam 

was periodically modulated from p- (parallel to the plane of incidence) to s-polarization 

(perpendicular to the plane of incidence) at 13 Hz by a liquid crystal retarder (LCR) thermostated 

at 323 K (Thorlabs, LCC1111T-A, LCC25/TC200). The polarization-modulated fluorescence 

signal was analyzed by a digital lock-in amplifier (NF, LI5640) as a function of periodic 

modulation of linear polarizations. All experiments were carried out in a thermostated room at 

298  2 K. 

      The polarization modulation efficiency (Pm, 0 < Pm  1) of a liquid crystal retarder (LCR) in 

the present experimental setup was defined as the fraction of the  p- or s-polarized components in 

the excitation beam through LCR. The Pm values in the p- and s-polarized modes, 
p

mP  and s

mP , 

are expressed by eqs. 3-4 and 3-5 under respective polarization modes, respectively. 

sp

p
p

m
II

I
P


      (3-4) 

sp

s
s

m
II

I
P


      (3-5) 

The intensities of p- and s-polarized incident beams, Ip and Is, were measured by a Glan-

Thompson prism (Sigma Koki, GTPC-10-33SN) and a Si photodiode (Hamamatsu Photonics, 

S1133-01) placed after LCR. The Pm value will be unity for perfect conversion between p- and s- 

polarization. As shown in Figure 3-5, the maximum Ip and Is were observed under respective 

polarization conditions of LCR. In the present study, the )( s

m

p

mm PPP   values were obtained as 

0.85 at 376 nm, 0.95 at 404 nm and 0.97 at 488 nm, respectively, indicating that 15, 5, and 3% of 

the s-polarized component remain in the p-polarized mode of LCR or vice versa (Figure 3-5).  

     When Pm is not equal to 1, the excitation beam consists of both the p- and s-polarized 

components under polarization modulation. The total intensities of the modulated fluorescence in 

the p- and s-polarization modes, 
p

mF  and 
s

mF , can be represented by 

)90()1()0( mm

p

m  FPFPF     (3-6) 
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)0()1()90( mm

s

m  FPFPF     (3-7) 

From eqs. 3-6 and 3-7, s-pF  with Pm  1 is rewritten as 

  )(90)(012 m

s

m

p

m

s-p  FFPFFF   (3-8) 

Pm value depends on the liquid crystal retarder (LCR) used and excitation wavelength.  

 

 

 

 

 

 

 

 

 

Figure 3-5. Typical time dependences of polarization-modulated light intensity through LCR 

at 13 Hz. The black and red lines refer to the intensities of the p- and s-polarized components 

of the excitation beam. The wavelength of the excitation beam was 404 nm. 
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3-4. Potential Modulated Fluorescence (PMF) Spectroscopy 

     The spectroelectrochemical cell used is analogous to the electrochemical cell as shown in 

Figure 3-3. PMF measurements were performed in the same manner as described elsewhere.11, 

24, 46 The water|DCE interface was illuminated under TIR condition from organic phase by a cw 

laser diode at 404 nm (Coherent, CUBE 405-50C). The critical angle for the water|DCE interface 

is 67.6 and the angle of incidence to the interface ( i ) was ca. 75. Instead of LCR, Fresnel 

rhomb waveplate (Sigma koki) was placed in front of the cell. The polarization angle of the 

excitation beam was selected by using Fresnel rhomb half-waveplate. The laser radiation was 

attenuated to 25 mW to avoid the photobleaching of fluorescent species. The fluorescence 

emitted from the interfacial region was collected perpendicularly to the interface by an optical 

fiber fitted to a photomultiplier tube (PMT) through a monochromator (Shimadzu, SPG-120S). 

The real (Fre) and imaginary (Fim) components of ac modulated fluorescence, PMF signal, 

were analyzed by a digital lock-in amplifier (NF LI5640). Fre and Fim relate to the interfacial 

mechanism as detailed below. 

    In PMF measurement, w
o  is modulated as described by the following equation.11, 24, 46 

)exp(ac
w
odc

w
o

w
o tj   (3-9) 

where dc
w
o  is dc potential applied at the interface, ac

w
o  is the amplitude of the ac potential 

modulation, j is imaginary number and  is the angular frequency. When the interfacial 

processes of fluorescent ions are potential dependent, the fluorescence intensity from the 

interfacial region is also modulated at the frequency of the potential modulation. The ac 

modulated fluorescence, PMF signal, associates with two interfacial processes: quasi-reversible 

ion transfer process and adsorption at the interface. The PMF response associated with the quasi-

reversible ion transfer (Ft) in a TIR mode is proportional to ac faradic current (if,ac) given by 

following equation. 

acf,

i

0f
t

cos

606.4
i

zFSj

I
F




  (3-10) 
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where ε, Φf and I0 are the molar absorption coefficient, the fluorescence quantum yield and the 

excitation photon flux, respectively. S is the illuminated interfacial area. Equation (3-10) can be 

separated to the real (Ft, re) and imaginary (Ft, im) part.5 In the case of cationic species, the 

frequency dependence of Ft, re and Ft, im for the ion transfer process appears in fourth quadrant 

in complex plane, where Ft, re and Ft, im are almost same value with each other although it 

depends on the kinetics of the ion transfer process.  

     Assuming that the interactions between species adsorbed at the interface are negligible, the 

adsorption process is described by the Langmuir-type adsorption isotherm (cf. Section 1-1). 

Then, PMF response for the adsorption of fluorescent ion from the aqueous phase is given by 

following equation as a function of the ac modulated surface coverage (ac). 

acs0fa 303.2  SIF    (3-11) 

where  




















jkck

kck

RT

bzF

dcd,dcdca,

dcdcd,dc0dca,ac
w
o

ac
)1()1(

 (3-12) 

And s is the saturated interfacial concentration.  is overall transfer coefficient for adsorption 

process. c0 is the bulk concentration, θdc is the dc surface coverage, and ka,dc and kd,dc are the dc 

components of the adsorption and desorption rate constants at given potentials, respectively. 

Equation (3-11) can also be separated to the real and imaginary components.5 The magnitude and 

ratio of the real and imaginary components of PMF response for the adsorption process depend 

on the frequency of potential modulation. The complex plane plot of PMF response for 

adsorption process shows semicircle in fourth quadrant (Fre > 0 and Fim < 0). The frequency 

analysis of PMF provides us kinetic parameters for interfacial processes such as rate constants 

for adsorption and ion transfer of the ionic species. In the case of adsorption process from the 

organic phase, the PMF signal should show the reversed sign because the dependence of the 

surface coverage on the potential is opposite to the case of the adsorption process from the 

aqueous phase. 
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3-5. Quasi Elastic Laser Scattering (QELS) Technique 

     QELS technique has been employed to measure the interfacial tension at liquid|liquid 

interfaces.47-52 The thermal fluctuation (capillary wave) is spontaneously generated at a 

liquid|liquid interface. When the laser beam passes through a diffraction grating and the interface 

perpendicularly, the incident beam is diffracted on the grating and scattered by the capillary 

waves (Figure 3-6).47-52 Assuming that the scattered angle (scat) is sufficiently small, the scat is 

given by the following equation.51, 52 

scatsinkK    (3-13) 

K and k are the wavenumbers of the incident beam and the capillary wave, respectively. The scat 

is also associated with the order of the diffraction spot (n).  

scatsin dn  ,  (3-14) 

where L is the wavelength of the incident beam. From the eqs. (3-13) and (3-14), the k value is 

obtained as  

d

n
k

2
   (3-15) 

The frequency of the incident beam is shifted as fL  f0, where f0 is the frequency of capillary 

wave. The interfacial tension ( i ) can be calculated from the frequency of maximum intensity 

associated with the mean frequency of the capillary waves, which is given by Lamb’s 

equation.47-50  

orgw

3

0

2

1





 


k
f

i
  (3-16) 

where w and DCE are the density of water (0.9970 g cm3) and DCE (1.246 g cm3), 

respectively. The k value can be selected by choosing the diffraction spot. 

      The electrocapillary curves at 298  2 K were measured at the polarized water|DCE interface 

by QELS. A cylindrical glass cell with a geometrical interfacial area of 15.9 cm2 was used in the 

interfacial tension measurements with the same cell composition displayed in Figure 3-2 (Cell 
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III and IV). A cw laser at 660 nm (Coherent, CUBE 660-60C) passed through the interface 

perpendicularly from the bottom of a cylindrical glass cell. The diffraction grating with a line 

spacing of 0.320 mm was placed after the water|DCE interface. The optical beat of third-order 

diffraction spot was detected by a Si photodiode (Hamamatsu Photonics, S1133-01) with a wide 

bandwidth amplifier (Melles Griot, 13AMP005). The power spectra of the diffraction spot were 

obtained by using a fast-Fourier transform analyzer (Stanford Research Systems, SR770). The 

effective value of k was estimated as 552.4 cm1 by taking the value of the interfacial tension of 

the neat water|DCE interface as 28.5 m N m1.48, 49 

 

 

 

Figure 3-6. Schematic drawing of QELS. 
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3-6. Absorption and Fluorescence Measurements 

     The UV-Vis absorption spectra of fluorescent species in the aqueous solution were measured 

by UV-Vis spectrophotometer (JASCO, V-630). The optical path was 1.0 mm. The fluorescence 

spectra were measured as the similar manner in PM-TIRF measurements. Simply, the sample in 

the cuvette with the optical path of 1.0 cm was irradiated with a cw laser diode at 376 nm 

(Coherent, OBIS 375LS-50), 404 nm (Coherent, CUBE 405-50C) or 488 nm (Coherent, OBIS 

488LS-60). The laser radiation was attenuated to 25 mW to avoid the photobleaching of 

fluorescent species. The fluorescence was corrected from the bottom of the cuvette by an optical 

fiber fitted to a photomultiplier tube (PMT) through a monochromator (Shimadzu, SPG-120S). 

The fluorescence spectra in the organic solution were measured for the species partitioned into 

the DCE solution after the electrochemical measurements. 
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4-1 Potential-Dependent Adsorption and Orientation of 

Meso-Substituted Porphyrins at the Water|1,2-

Dichloroethane Interface 

4-1-1. Introduction 

     The interfacial processes of several porphyrin derivatives have been investigated by PMF 

spectroscopy.11, 25, 27, 53, 54 For instance, the characterization of the interfacial species has been 

achieved for meso-tetrakis(N-methylpyridyl)porphyrin (H2TMPyP4+) and meso-tetrakis(4-

sulfonatophenyl)porphyrin (H2TPPS4) systems,25 where PMF technique demonstrated the 

specific solvation structure of interfacial species modified from both aqueous and organic bulk 

species. Although the detailed PMF analysis elucidated the dynamic behavior of monomeric ions 

such as ion transfer and adsorption processes, the characterization of interfacial species was 

available within limited experimental conditions since a large change in molecular emission 

property caused by molecular aggregation and ion-association complicate the signal analysis.  

     PM-TIRF spectroscopy was applied to meso-substituted water-soluble porphyrins, 

5,10,15,20-tetrakis(N-methylpyridyl)porphyrin (H2TMPyP4+) and 5,10,15,20-tetrakis(4-

sulfonatophenyl)porphyrin (H2TPPS4−). In Section 4-1, the potential-dependent adsorption and 

orientation behavior of H2TMPyP4+ and H2TPPS4 at the water|DCE interface are discussed in 

detail. Potential dependence of the molecular orientation of the interfacial species are estimated 

from PM-TIRF analysis. In addition, the wavelength dependence of PM-TIRF signal, “PM-TIRF 

spectrum”, indicates specific solvation and adsorption states of the porphyrins at the water|DCE 

interface. 
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4-1-2. Ion Transfer of Porphyrins across the Water|DCE Interface. 

     Figure 4-1-1 shows cyclic voltammograms (CVs) measured in the presence of 2.0  10−5 

mol dm−3 H2TMPyP4+ and H2TPPS4 under neutral conditions (Cell I, Figure 3-1), where both 

porphyrins exist as the free base form in the aqueous solution. The well-defined voltammetric 

responses were observed in each system. In Figure 4-1-1a, the positive and negative current 

peaks obtained for H2TMPyP4+ correspond to the diffusion controlled ion transfer of tetracationic 

species from water to DCE and that of the reverse process across the interface, respectively, 

since the peak currents exhibited a linear relationship with square root of potential sweep rate. 

The formal ion transfer potential of H2TMPyP4+ was determined as V 07.042TMPyPH

w
o  



 . The 

current increases at the negative edge of potential window is attributed to the ion transfer of 

tosylate anions ( V 28.0tosylate
w
o   ) as a counter ion of H2TMPyP4+.55 The ion transfer 

responses of H2TPPS4 were obtained at V 20.04
2TPPSH

w

o 




  (Figure 4-1-1b). In addition, the 

broad positive current responses at V 30.0V 20.0 w
o    and the gradual increase of currents 

 

Figure 4-1-1. Typical cyclic voltammograms measured for (a) H2TMPyP4+ and (b) H2TPPS4 

at the water|DCE interface. The potential sweep rates were 10, 20, 50, 100 and 200 mV s−1. 

The concentration of porphyrin derivatives in the aqueous phase was 2.0  10−5 mol dm−3. The 

pH values of the aqueous phase were (a) pH 7.1 and (b) pH 6.9, respectively. 
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prior to the ion transfer ( V 10.0w

o   ) were observed for H2TMPyP4+ and H2TPPS4, 

respectively. These increases is associated with the adsorption of the porphyrins at the 

water|DCE interface.25 In ac voltammetry, the well-defined ion transfer responses of H2TMPyP4+ 

and H2TPPS4 were obtained around at 0.07 V and 0.20 V, respectively (Figure 4-1-2). In 

Figure 4-1-2a, the increase in the real (Yre) and imaginary (Yim) components of the admittance 

was also observed at V 20.0w
o    due to the ion transfer of tosylate anion. In the H2TPPS4 

system, Yre and Yim were considerably increased particularly at  w

o

'

TPPSH

w

o )V 20.0(4
2

 


 

(Figure 4-1-2b). These results indicate that H2TPPS4 is preferably adsorbed at the interface in 

comparison with H2TMPyP4+. 

     The PMF responses of H2TMPyP4+ and H2TPPS4 were in good agreement with the previous 

report (Figure 4-1-3).25 PMF signals were measured by p- and s-polarized beams. The 

magnitude of PMF signal for adsorption process is affected by the molecular orientation of 

fluorescent ions.24 In H2TMPyP4+ system (Figure 4-1-3a), the PMF response with negative Fre 

and positive Fim was observed around at 0.07 V, which is associated with ion transfer process 

 

Figure 4-1-2. Real (solid line) and imaginary (dashed line) components of the admittance 

measured for (a) H2TMPyP4+ and (b) H2TPPS4 at the water|DCE interface. The black lines 

depict the admittances in the absence of the porphyrin. The potential modulation was 10 mV at 

7 Hz. The pH values of the aqueous phase were (a) pH 7.1 and (b) pH 6.9, respectively. 
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of H2TMPyP4+. In addition, the phase shift in Fre and Fim was observed around at 

V 15.0V 10.0 w
o   . This phase shift is associated with the adsorption process of H2TMPyP4+ 

from the organic side of the interface. In the case of anionic species, PMF signal should be 

expressed as Fre < 0 and Fim > 0 for ion transfer or adsorption processes from the aqueous 

phase, while PMF response with the reversed sign, Fre > 0 and Fim < 0, should be interpreted 

as the adsorption from the organic phase (cf. section 3-4). As shown in Figure 4-1-3b, the PMF 

response of H2TPPS4 was significantly affected by the polarization of the incident beam. The 

PMF responses with Fre > 0 and Fim < 0 were observed at V 10.0V 20.0 w
o   , which is 

 

Figure 4-1-3. Potential dependence of PMF responses measured for (a) H2TMPyP4+ and (b) 

H2TPPS4 at the water|DCE interface. The solid and dotted lines show the PMF responses 

measured by p- and s-polarized light, respectively. The potential sweep rate was 5 mV s−1. The 

potential modulation was 10 mV at 3 Hz. The fluorescence intensity was detected at (a) 660 

and (b) 649 nm. The vertical dotted lines depict (a) V 07.04
2TMPyPH

w
o 




  and (b) 

V 20.04
2TPPSH

w
o 




 . 
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associated with the adsorption of H2TPPS4 at the aqueous side of the interface. These PMF 

responses were enhanced under the s-polarized excitation. The polarization dependence of the 

PMF response for adsorption process suggests that H2TPPS4 is lying at the interface (cf. Chapter 

2). In addition, a sharp PMF response with Fre < 0 and Fim > 0 was observed at 0.22 V by 

using p-polarized beam. This PMF response is attributed to the ion transfer of H2TPPS4.25 

However, the PMF response for the ion transfer process of H2TPPS4 was overlapped with that 

for adsorption process at the organic side of the interface at V 20.0V 30.0 w
o   . Thus, the 

sharp PMF response for the adsorption with large Fre > 0 and Fim < 0 was observed by s-

polarized beam, indicating H2TPPS4 adsorbed with lying orientation. 

 

4-1-3. Potential Dependence of Molecular Orientation of Porphyrins at the Water|DCE 

Interface 

     The PM-TIRF spectroscopy was employed to study the potential dependent adsorption 

behavior of the porphyrins in detail. Figures 4-1-4a shows the potential dependences of PM-

TIRF signal ( s-pF ) measured in the H2TMPyP4+ system. The PM-TIRF response was recorded 

at 660 nm for H2TMPyP4+, where these porphyrins emit relatively strong fluorescence in both 

aqueous and organic solutions under present excitation conditions. In principle, the PM-TIRF 

signal is observed only from the species adsorbed at the interface with a certain orientation. (cf. 

PM-TIRF signal measured for tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)3
2+) in Appendix) The 

nonzero s-pF  values are, therefore, indicative of a selective detection of the species oriented at 

the interface. The potential dependence of s-pF  is useful in evaluating the molecular orientation 

of the interfacial species as a function of w

o . As shown in Figure 4-1-4a, the negative PM-

TIRF signals, 0s-p F , were observed over the potential window, suggesting that H2TMPyP4+ 

were adsorbed with relatively lying orientations at the polarized water|DCE interface. For the 

π−π* transition in porphyrin systems, the two absorption and respective emission transition 
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dipole moments are perpendicular to each other and parallel to the porphyrin ring (in plane).56, 57 

Hence, the orientation of a molecule is considered as equal to that of a porphyrin ring. The 

average orientation angle ( OR ) of interfacial species can be expressed by eq. 2-1 with a 

monodispersed distribution of OR . To cancel the proportional factor C in eq. 2-1, the OR value 

is determined by the ratio of F(90) to F(0) 

OR
2

i
2

OR
2

i
2

OR
2

cossin2sincos

sin

)0(

)90(












F

F
    (4-1) 

The individual magnitudes of F(90) and F(0) were estimated from eq. 3-8 and total 

fluorescence intensity (Ftotal). Ftotal includes the fluorescence emitted from all species existing in 

the interfacial region and bulk solutions. 

    bulk
m

bulk

s

m

p

mtotal )(90)(0
22

1
FFF

P
FFFF      (4-2) 

where the Fbulk term arises from only the randomly oriented bulk solution species in the 

evanescent wave region at the aqueous side of the interface and on the optical path of the 

 

Figure 4-1-4. The potential dependence of (a) PM-TIRF responses ( s-pF ) (solid) and Ftotal 

(dashed) and (b) the orientation angles ( OR ) estimated from eqs. 4-1, 4-3 and 4-4 for 

H2TMPyP4+ system. The potential sweep rate was 5 mV s−1. The fluorescence intensity was 

detected at 660 nm. The vertical dotted lines depict V 07.04
2TMPyPH

w
o 




 . 

 



 

31 

 

excitation beam in the organic phase. The Ftotal value was measured as the mean value of 

fluorescence intensities obtained by p- and s-polarized excitation beams at a given potential 

(Figure 4-1-4a, dashed line). Then, F(0) and F(90) for the molecules adsorbed at the interface 

are expressed by the following equations derived from eqs. 3-8 and 4-2. 

  s-p

m

bulktotal

m 24

11
)(0 F

P
FF

P
F 


       (4-3) 

  s-p

m

bulktotal

m 24

11
)(90 F

P
FF

P
F 


       (4-4) 

The Fbulk value was roughly estimated from Ftotal at 0.30 V for H2TMPyP4+, where the 

interfacial adsorption and distribution into the organic phase are negligibly small. F(0) and 

F(90) in the absence of the distribution of species into the organic phase can be calculated by 

eqs. 4-3 and 4-4 with Ftotal, 
spF  and estimated Fbulk values. 

     The average orientation angle of H2TMPyP4+ estimated from eqs. 4-1, 4-3 and 4-4 is shown in 

Figure 4-1-4b. The OR  values at V 0V 18.0 w

o    were almost constant at 1  61 . The 

magnitude of 
-sp

F  is proportional to the interfacial concentration, when the OR  value is 

constant. Thus, a gradual increase of -spF  at 
 4

2TMPYPH

w
o

w
o   associates with the increase 

of the interfacial concentration of H2TMPyP4+ depending on the potential. On the other hand, the 

drastic decrease of s-pF  at  w
oTMPYPH

w
o 4

2
 


  results from the ion transfer of H2TMPyP4+ 

into the organic phase. The interfacial concentration of ionic species is significantly affected by 

w
o  and maximized around  w

o  as expected from simple adsorption models.11, 58, 59 The 

potential dependence of PM-TIRF intensity observed in the present work agreed with those 

theoretical models. Although the small negative s-pF  values at w
oV 15.0   may indicate the 

adsorption of H2TMPyP4+ with a relatively lying orientation at the interface, the OR  value could 

not be estimated quantitatively because of large Ftotal values arising from H2TMPyP4+ partitioned 

into the bulk organic phase. Indeed, the significant increase of Ftotal (cf Figure 4-1-4a), which is 
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mainly correlated to the fluorescence from the bulk organic species on the optical path, was 

observed at corresponding potentials.  

     The PM-TIRF responses of H2TMPyP4+ were slightly changed in the presence of nonionic 

surfactant, Span 20 (Cell II, Figure 3-1). Span 20 is commonly used as a stabilizer for the 

electrochemical measurements in the liquid|liquid system in order to minimize the convection of 

solutions in the vicinity of the interface.25, 26 Figure 4-1-5 shows the potential dependence of 

s-pF  and OR  in the presence of Span 20. The 
s-pF  value was maximized around  w

o  and 

then approached zero at w
oV 20.0  . The smaller OR  values were estimated at 

V 05.0w
o    ( OR  = 590.3), while those in the presence of Span 20 were OR  = 651.7 at 

V 05.0 V 05.0 w

o    (Figure 4-1-5b), indicating that the addition of nonionic stabilizer 

certainly affects the adsorption state of ionic analyte molecules at the interface. 

 

Figure 4-1-5. Potential dependences of (a) PM-TIRF ( s-pF ) and (b) orientation angle ( OR ) 

estimated for H2TMPyP4+ in the presence of Span 20 (Cell II). The solid and dashed lines 

relate to the H2TMPyP4+ systems in the presence and absence of 1.010−3 mol dm−3 Span 20 

in the organic phase. The excitation and detected emission wavelengths were 404 nm and 660 

nm, respectively. The vertical dotted lines denote the ion transfer potential of H2TMPyP4+ 

( V 07.04
2TMPyPH

w
o 




 ). 
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     The PM-TIRF signals measured in the H2TPPS4 system (Figure 4-1-6) were analyzed in the 

same manner as described above. The PM-TIRF response was recorded at 649 nm for H2TPPS4. 

The Fbulk value was estimated from Ftotal at 0.41 V for H2TPPS4. The nonzero s-pF  was clearly 

observed even at 0.3 V which was 0.5 V more positive potential than 
 4

2TPPSH

w
o , indicating the 

high affinity to the water|DCE interface (Figure 4-1-6a). The OR  values for H2TPPS4 at 

V 35.0V 10.0 w

o    were approximately constant at 1  65  (Figure 4-1-6b). The negative 

magnitude of s-pF  value was remarkably decreased at 
 4

2TPPSH

w
o

w
o   and almost zero 

around −0.30 V. These results indicated that H2TPPS4 is adsorbed mainly from the aqueous side 

of the interface prior to the formal ion transfer potential. 

 

 

 

 

Figure 4-1-6. The potential dependence of (a) PM-TIRF responses ( s-pF ) (solid) and Ftotal 

(dashed) and (b) the orientation angles ( OR ) estimated from eqs. 4-1, 4-3 and 4-4 for 

H2TPPS4 system. The potential sweep rate was 5 mV s−1. The fluorescence intensity was 

detected at 649 nm. The vertical dotted lines depict V 20.04
2TPPSH

w

o 




 . 
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4-1-4. Adsorption States of Porphyrins at the Water|DCE Interface  

     PM-TIRF spectrum was measured in order to characterize the adsorption state of the 

porphyrin species at the polarized water|DCE interface. Since PM-TIRF signals result from only 

the fluorescent dyes with a certain orientation, spectral contributions of randomly oriented 

species are negligible. The PM-TIRF spectrum is, thus, considered a “pure” emission spectrum 

of interfacial species oriented at the interface. Figure 4-1-7 shows the PM-TIRF spectra for 

H2TMPyP4+ in the absence and presence of Span20 under potentiostatic control. The 

fluorescence maximum wavelengths ( maxλ ) and peak intensity ratios of the first and second 

peaks (RF) of PM-TIRF spectra are summarized in Table 4-1-1.  

     The PM-TIRF spectra in the H2TMPyP4+ system were measured at 0.27 V, 0.15 V and 0.19 

V, respectively (Figure 4-1-7a). The spectral shape and fluorescence maxima of the PM-TIRF 

spectra at 0.27 V and 0.19 V were similar to those of the fluorescence spectra measured in the 

aqueous and organic solutions, respectively. Taking into account 
 4

2TMPyPH

w
o (= 0.07 V), 

 

Figure 4-1-7. PM-TIRF spectra for H2TMPyP4+ at the water|DCE interface in the (a) absence 

and (b) presence of Span 20 (Cell II) The blue, black and red solid lines depict PM-TIRF 

spectra at −0.27 V, −0.15 V and 0.19 V, respectively. The blue and red dashed lines refer to 

normalized fluorescence spectra measured in the aqueous and organic solutions. 
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H2TMPyP4+ is stably located in the aqueous phase at 0.27 V, while it is transferred into the 

organic phase across the interface at 0.19 V. Therefore, the PM-TIRF spectra measured at 0.27 

V and 0.19 V associate with H2TMPyP4+ adsorbed at the aqueous and organic sides of the 

interface. The comparable spectral features of PM-TIRF spectra with relevant bulk spectra 

exhibit similar solvation states of interfacial species and bulk solution species. On the other hand, 

the PM-TIRF spectrum measured at 0.15 V was slightly modified from the bulk aqueous 

spectrum in spite of 
 4

2TMPyPH

w
o

w
o  . The PM-TIRF maxima were found at around 660 nm 

and 710 nm at 0.15 V and the peak ratio indicated intermediate value between those of the bulk 

aqueous and organic spectra. It is reported that the spectral shape and fluorescence maxima of 

H2TMPyP4+ dissolved in various solvents are affected by polarity of solvents.60 It has been 

demonstrated that the solvatochromic dye species located in the interfacial region are influenced 

from the aqueous and organic solvents, where the spectral features often indicate specific 

solvation at the interface.2, 5, 61-65 It has been reported that the spectral shifts of adsorbed species 

were observed for the free base and zinc(II) porphyrins at polarized water|DCE interfaces  

Table 4-1-1. Fluorescence maximum wavelengths ( maxλ ) and peak ratios (RF) of 

H2TMPyP4+ and H2TMPyP4+ with Span20 at the water|DCE interface and in solution. 

 H2TMPyP4+ system  H2TMPyP4+Span20 system 

 V / 
w

o
  nm/  

max
λ  RF

a  V / 
w

o
  nm/  

max
λ  RF

a 

interface 0.27 660, 702   0.76  −0.27 662, 708 1.2 

 0.15 660, 710 1.2  −0.15 660, 714 1.3 

    0.19 668, 720 1.4    0.19 663, 704 1.1 

aqueous phaseb  660, 702   0.69   660, 702 0.69 

organic phaseb  670, 727 1.6   659, 712 1.2 

aThe peak intensity ratio of the first and second fluorescence peaks. bThe fluorescence 

maximum wavelengths measured in the aqueous and organic solutions. 
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through SSHG and PMF techniques.25, 49, 55 The potential-dependence of the interfacial species 

has, however, rarely been studied in detail because of relatively long data acquisition time, e.g., a 

few hours per spectrum in SHG, and unfavorable contributions from the ion transfer responses in 

PMF. The spectral features at 0.15 V measured in the present study could be associated with an 

intermediate solvation structure of H2TMPyP4+ adsorbed at the interface.  

     As shown in Figure 4-1-7b, the PM-TIRF spectrum measured at 0.15 V in the presence of 

Span20 was identical to the bulk organic spectrum as well as H2TMPyP4+ in the absence of 

Span20. The change in the spectral features from the bulk aqueous species was also observed 

even at 0.27 V, suggesting that Span 20 interacts with H2TMPyP4+ at the interface (Figure 4-1-

7 and Table 4-1-1). The PM-TIRF spectra similar to the bulk organic spectrum over the 

measurable potential region ( V 19.0V 27.0 w
o   ) imply a dehydration of the porphyrin ring 

induced by sorbitan moiety of Span 20 penetrated into the aqueous side of the interface (Figure 

4-1-8).  

 

 

 

 

Figure 4-1-8. Schematic representation of (a) the interfacial behavior of H2TMPyP4+ at the 

water|DCE interface and (b) the interaction of H2TMPyP4+ with Span20 at the water|DCE 

interface. 
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     In the H2TPPS4 system, the PM-TIRF spectra were almost consistent with the bulk organic 

spectrum at V 31.0V 21.0 w
o    (Figure 4-1-9 and Table 4-1-2), whereas the anionic 

H2TPPS4 species should exist stably in the aqueous phase at  w
oTPPSH

w
o 4

2
 


 . It should be 

noted that the PM-TIRF intensity at given potentials in Figure 4-1-9 showed essentially the same 

potential dependence as Figure 4-1-6a. The PM-TIRF spectra measured for H2TPPS4 under 

potentiostatic control indicate that H2TPPS4 molecules are preferably dehydrated and solvated at 

the water|DCE interface and then the porphyrin ring could readily be oriented in plane of the 

interface (Figure 4-1-10).  

     In the PM-TIRF measurements, both the molecular orientation and spectral feature of the 

interfacial species are investigated without controversial interference from the bulk solution 

species. The PMF spectroscopy applied to a variety of dye species provide valuable information 

about potential-driven transfer and adsorption dynamics in the interfacial region. Although the 

 

Figure 4-1-9. Potential dependent PM-TIRF spectra for H2TPPS4 at the water|DCE interface. 

The blue, green, black and red solid lines depict PM-TIRF spectra at 0.31 V, 0.20 V, −0.10 V 

and −0.21 V, respectively.  The blue and red dashed lines refer to normalized fluorescence 

spectra measured in the aqueous and organic solutions. 
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orientation parameter and spectral characterization are attained by the PMF technique within 

limited conditions,24-26, 66 the PM-TIRF technique shows a significant advantage in terms of the 

characterization of the species adsorbed at the liquid|liquid interface. 

 

 

 

 

 

Figure 4-1-10. Schematic representation of the interfacial mechanism of H2TPPS4− at the 

water|DCE interface. 

 

 

Table 4-1-2. Fluorescence maximum wavelengths ( maxλ ) of H2TPPS4−at the water|DCE 

interface. 

 H2TPPS4− system 

 V/w

o  nm/  
max
λ  RF

a 

interface 

  0.31 650, 707 2.1 

 
  0.20 650, 708 2.2 

 
−0.10 649, 709 2.1 

 
−0.21 649, 709 2.1 

aqueous phaseb  644, 701 1.5 

organic phaseb  652, 715 2.5 

aThe peak intensity ratio of the first and second fluorescence peaks. bThe fluorescence 

maximum wavelengths measured in the aqueous and organic solutions. 
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4-1-5. Conclusions 

     PM-TIRF spectroscopy was developed in this work and applied to study the adsorption 

behavior of meso-substituted water-soluble porphyrins at the polarized water|DCE interface. The 

potential dependences of the molecular orientation and adsorption state of interfacial species 

were successfully analyzed by PM-TIRF technique. The PM-TIRF response of centrosymmetric 

Ru(bpy)3
2+ was independent of the fluorescence intensity from the bulk solutions and interfacial 

region, which supports that the PM-TIRF signal is observed only from the species oriented at the 

interface (cf. Appendix). The average orientation angles of H2TMPyP4+ and H2TPPS4 at the 

aqueous side of the interface were estimated at  1  61  OR  and  1  65  OR , respectively. 

Furthermore, the PM-TIRF spectra clearly indicated that the free-base porphyrins are adsorbed 

with a modification of the solvation state at the water|DCE interface. The solvation states of 

H2TMPyP4+ were also affected by Span 20. These results demonstrated that PM-TIRF 

spectroscopy is a highly sensitive and selective technique for fluorescent species oriented at a 

liquid|liquid interface and in situ characterization of interfacial species can be achieved without 

controversial contribution of bulk species. The principle and experimental setup of PM-TIRF 

spectroscopy is rather simple in comparison with other surface sensitive techniques such as 

nonlinear spectroscopy and polarized TR-XAFS. In addition, the optical setup for PM-TIRF 

spectroscopy is analogous to the PMF spectroscopy and the information obtained from both 

techniques are complementary to each other. Consequently, PM-TIRF spectroscopy allows us to 

access useful spectroscopic information of interfacial species at a molecular level. 
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4-2 Potential-Induced Aggregation of Anionic Porphyrins at 

the Water|1,2-dichloroethane Interface 

 

4-2-1.  Introduction  

     The protonated species of TPPS preferentially form self-aggregates in acidic solutions,67-69 

emulsions,70, 71 and at liquid interfaces,16, 72, 73 where the aggregation is significantly affected by 

the protonation of pyrrole nitrogens in a porphyrin ring as well as counter ions. It has been also 

reported that the aggregation equilibrium in aqueous solution could be controlled via electric 

field.74 The effect of Galvani potential difference on the aggregation is, however, not elucidated 

at liquid|liquid interface. Protoporphyrin IX (H2PP) is a direct precursor of heme and is one of 

the most important natural porphyrins.75 H2PP2− also attracts much attention in supramolecular 

science, nanostructure assembly, energy and electron transfer systems on surfaces and at 

interfaces.76 While H2PP2− has been examined at the water|DCE interface by PMF 

spectroscopy,25 The interfacial mechanism of H2PP2− was hardly elucidated in detail because of 

its strong interfacial activity, which weakened potential-modulated signals. In this Section, the 

aggregation mechanisms of H2TPPS4− and H2PP2− are successfully analyzed as a function of 

Galvani potential difference at the water|1,2-dichloroethane interface by PM-TIRF spectroscopy. 

Furthermore, the adsorption behavior of H2PP2− at the phospholipid-adsorbed water|DCE 

interface is examined in order to evaluate its binding characteristics on cell membrane. 
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4-2-2. Acid-Base Equilibria of Anionic Porphyrins in Aqueous Solution 

     At lower pHs than pKa of H2TPPS4 (pKa1 = 4.86, pKa2 = 4.9677, 78), the free base form 

(H2TPPS4) is protonated and the diacid form (H4TPPS2) is a dominant in the aqueous solution. 

Figure 4-2-1 shows UV-Vis absorption and fluorescence spectra of TPPS species in the aqueous 

solution. H2TPPS4 and H4TPPS2 have the Soret band around at 413 and 434 nm, respectively. 

It is known that H4TPPS2 tends to form J-aggregates under lower pH conditions through a 

coulomb interaction between its diprotonated porphyrin ring and anionic sulfonatophenyl 

group.79-82 The monomeric H4TPPS2 shows the Soret and Q bands at 434 nm and 645 nm in 

aqueous solution, respectively, whereas the J-aggregates of H4TPPS2 exhibit sharp and intense 

absorption bands at 491 nm and 707 nm (Figure 4-2-1a).79-82 The fluorescence spectra were also 

red-shifted at pH 1.3 due to the J-aggregation. The fluorescence maximum of the J-aggregates 

was observed around at 713 nm under the excitation at 488 nm. These spectral shifts allow us to 

excite the monomer and J-aggregates selectively by using the appropriate excitation wavelength. 

Figure 4-2-2 shows the fluorescence spectra of TPPS species transferred into DCE solution. The 

fluorescence maxima were observed at 651 and 715 nm in DCE, and thus TPPS species in DCE 

solution exist as the monomer of H4TPPS2. No peak corresponding to J-aggregates was found in 

DCE solution even if the J-aggregate formed at the interface as discussed below. In the 

H4TPPS2 system, PM-TIRF measurement were performed by using two excitation wavelengths 

at 404 and 488 nm to investigate the adsorption behavior of the monomer and J-aggregates 

selectively. 
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Figure 4-2-2. Fluorescence spectra measured for TPPS species in DCE after the 

electrochemical measurements for Cell III. The excitation light sources for the fluorescence 

measurement were cw laser diodes of 25 mW at 404 nm (black line) and 488 nm (blue line). 

 

 

Figure 4-2-1. (a) UV-vis absorption and (b) fluorescence spectra measured for TPPS species 

in aqueous solution. The black, blue and red lines refer to pH 7.2, 2.3 and 1.3, respectively.  

The excitation wavelengths for the fluorescence measurement were 404 nm (solid line) and 

488 nm (dotted line), respectively. The concentration of TPPS species and Li2SO4 were 1.0  

10−5 mol dm−3 and 1.0  10−2 mol dm−3. The pH condition was adjusted by adding adequate 

amounts of H2SO4 or phosphate buffer. 
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4-2-3. Electrochemical Responses of Anionic Porphyrins at the Water|DCE Interface.  

     CVs measured for H4TPPS2 at pH 2.1 (Cell III) and H2PP2 at pH 7.3 (Cell IV) are 

displayed in Figure 4-2-3. The positive and negative current peaks were observed around 0.25 

V and the peak separation was ca. 16 mV corresponding to a diffusion-controlled transfer 

process of tetravalent ions (Figure 4-2-3a). These voltammetric responses are associated with 

the ion transfer of H2TPPS4 across the interface. The ion transfer mechanism of H4TPPS2 has 

been reported at the water|nitrobenzene interface,83 where the deprotonated free base (H2TPPS4) 

was dominant transferred species even under acidic conditions. The protonation of pyrrole 

nitrogens in a porphyrin ring enhances the hydrophilicity of H4TPPS2 although the apparent 

charge number was increased from z = −4 to −2. A 50 mV negative shift of the transfer potential 

of H2TPPS4 (cf. 


 4
2TPPSH

w

o  = 0.20 V25, 54) results from the protonation equilibrium in aqueous 

solutions. In the H2PP2 system, a pair of positive and negative current peaks was observed at 

0.13 V, but the broad positive peaks were relatively small (Figure 4-2-3b). These voltammetric 

features should be attributed to the ion transfer process of H2PP2 accompanied by the interfacial 

adsorption since the negative currents at 0.13 V were linearly proportional to sweep rate in 

 

Figure 4-2-3. CVs measured for (a) H4TPPS2− at pH 2.1 (Cell III) and (b) H2PP2− at pH 7.2 

(Cell IV). The potential sweep rates were 10, 20, 50, 100 and 200 mV s−1. The concentrations 

of H4TPPS2− and H2PP2− in the aqueous phase were 2.0  10−5 mol dm−3 and 1.0  10−4 mol 

dm−3, respectively. 
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agreement with the previous report.25 The formal transfer potential of H2PP2 was evaluated at 


 2

2PPH

w

o  = 0.13 V from ac voltammograms.  

     The adsorption of the porphyrins at the water|DCE interface can be confirmed by small 

increments of the admittance. In Figure 4-2-4, the real and imaginary components of the 

admittance increase prior to the transfer potential in both systems, indicating the specific 

adsorption of the anionic porphyrins at the interface. The adsorption responses of H4TPPS2 were 

obtained at w

o  < 0.10 V (Figure 4-2-4a), while those of H2PP2 appeared within the whole 

potential window (Figure 4-2-4b). Indeed, the interfacial tension measurements showed that the 

interfacial tension ( i ) values decreased at w

o  < 0 V in the presence of H4TPPS2 (Figure 4-2-

5). The interfacial tension lowering by adding H2PP2 was also measured over the potential 

window. These results indicate that adsorption process of H2PP2 is less potential-dependent in 

comparison with that of H4TPPS2. 

 

Figure 4-2-4. Ac voltammograms measured for (a) H4TPPS2− at pH 2.1 and (b) H2PP2− at pH 

7.2. The black lines depict ac voltammograms in the absence of the porphyrins. The solid and 

dashed lines denote the real and imaginary components of admittance. The potential sweep 

rate was 5 mV s−1. The potential modulation was 10 mV at 7 Hz. The concentrations of 

H4TPPS2− and H2PP2− in the aqueous phase were 2.0  10−5 mol dm−3 and 1.0  10−4 mol 

dm−3, respectively. 
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4-2-4. Adsorption and Aggregation of Porphyrins at the Water|DCE Interface  

     The PM-TIRF spectra measured for H4TPPS2 at pH 2.2 under potentiostatic control were 

shown in Figure 4-2-6. The incident laser beams of 404 nm and 488 nm were employed for the 

excitation of the monomer and aggregate species of H4TPPS2, respectively. The formation of J-

aggregates with red-shifted emission bands at the interface were clearly observed depending on 

w

o . The PM-TIRF signals from the interfacial species should be associated with the 

orientations of the porphyrin ring of monomers56, 57 or the long axis of J-aggregates.82, 84, 85 The 

fluorescence maximum wavelengths of the PM-TIRF spectra are summarized in Table 4-2-1. In 

Figure 4-2-6a, the PM-TIRF spectra under the excitation at 404 nm exhibited the spectra similar 

to the fluorescence spectra of the diacid form in aqueous solution with a negative sign (
s-pF  < 

 

Figure 4-2-5. Electrocapillary curves measured by QELS for H4TPPS2 system at pH 2.2 

(Cell III, solid square) and H2PP2 system at pH 7.2 (Cell IV, solid circle). The concentration 

of H4TPPS2 and H2PP2 were 2.0  10−5 mol dm−3 and 1.0  10−4 mol dm−3, respectively. In 

the base electrolyte system, 1.0  10−2 mol dm−3 Li2SO4 was used as supporting electrolyte for 

the aqueous phase. 
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0), indicating that the H4TPPS2 monomers were adsorbed with relatively lying orientation 

(54.7 < OR  ≤ 90) and its adsorption state was almost consistent with that in the bulk aqueous 

phase. The non-zero 
s-pF  associated with the adsorption of H4TPPS2 was also observed at 

0.29 V, which is 0.04 V more negative potential than that of the ion transfer. These results 

show that the H4TPPS2 monomers remain at the aqueous side of the interface even at potentials 

more negative than that of the ion transfer. In addition, the interfacial adsorption of H2TPPS4 

was not observed under the present experimental conditions. 

     Under the excitation at 488 nm, the selective detection of J-aggregates of H4TPPS2 was 

achieved with negligible interference from the monomer species. As seen in Figure 4-2-6b, the 

intensity of negative PM-TIRF signal was highly dependent on w

o  and a maximum wavelength 

of 714 nm clearly shows the formation of the J-aggregates at the interface. The negative 
s-pF  

also suggests that the long axis of the J-aggregates were lying nearly parallel to the interface. The 

 

Figure 4-2-6. PM-TIRF spectra for H4TPPS2− at the water|DCE interface under the excitation 

at (a) 404 nm and (b) 488 nm. The pH of the aqueous phase was pH 2.2. The blue and black 

dotted lines refer to the normalized fluorescence spectra of J-aggregates at pH 1.3 and 

monomers at pH 2.3 in the aqueous solutions under the excitation at 488 nm.  
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PM-TIRF signals of H4TPPS2 monomer and its aggregates were recorded respectively at 680 

nm and 713 nm in the quasi-equilibrium condition with a potential sweep rate of 1 mV s1 

(Figure 4-2-7). The negative 
s-pF  magnitude of the monomer maximized around 0.07 V was 

decreased simultaneously with increasing negative 
s-pF  corresponding to the aggregation at 

0.25 V <  w

o  ≤ 0.15 V. At more negative potentials, the magnitude of 
s-pF  at 713 nm was 

reduced eventually to almost zero. A compatible result was observed in the PM-TIRF spectra 

measured for the J-aggregate (Figure 4-2-8). The magnitude of 
s-pF  at 713 nm were also 

maximized around 0.22 V, suggesting that the J-aggregation takes place at less negative 

potentials than that of the transfer across the interface (Figure 4-2-8c). It is noteworthy that the 

conventional TIR fluorescence spectra indicate that the dominant aqueous and organic species 

were monomeric H4TPPS2 and H2TPPS4, respectively (Figure 4-2-9). Therefore, the J-

Table 4-2-1. Fluorescence maximum wavelengths of the porphyrins at the water|DCE 

interface and in bulk solutions. 

 TPPS system  PP system 

  
w

o
  / V 404

maxem,  / nmb 488

maxem,  / nmb   
w

o
  / V 404

maxem,  / nmb RF
c 

interface 

(PM-TIRF)a 

0.09 676(), 693() 713()  0.31 636(), 702() 4.8 

0.19 676(), 691() 714()  −0.11 636(), 693()  

0.29 676(), 688() 697()  −0.20 640(), 698() 1.2 

aqueous phased (pH 1.3) 671, 684 713   620, 684 2.8 

 (pH 2.3) 671, 684 671, 684     

organic phased  651, 715 651, 715   633, 698 2.9 

aThe PM-TIRF spectra were taken at pH 2.2 for TPPS and pH 7.3 for PP systems. 

b 404

maxem,  and 488

maxem,  denote the PM-TIRF maxima under the excitation at 404 nm and 488 

nm, respectively. cThe peak intensity ratio of the first and second fluorescence peaks. 

dThe fluorescence maxima measured for the aqueous and organic solutions (cf. Figures 

4-2-1 and 4-2-2). 
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aggregates of H4TPPS2 were formed only at the aqueous side of the interface and were 

dissociated through the transfer process involving the deprotonation of H4TPPS2 (Figure 4-2-

10). 

 

 

 

 

Figure 4-2-7. Typical potential dependence of PM-TIRF responses ( s-pF ) for H2TPPS4− at 

the water|DCE interface. The excitation and detection wavelengths were 404 nm and 680 nm 

(black, left axis) and 488 nm and 713 nm (red, right axis), respectively. The potential sweep 

rate was 1 mV s−1. The vertical dotted lines depict the transfer potential at 0.25 V. The 

concentration of H2TPPS4− in the aqueous phase was 2.0  10−5 mol dm−3. The pH value of the 

aqueous phase was adjusted to 2.2. 
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Figure 4-2-8. Typical spectral changes of PM-TIRF spectra for the H4TPPS2− aggregates 

measured at the polarized water|DCE interface. The potentiostatic conditions vary from (a) 

0.00 V to 0.22 V and (b) 0.22 V to 0.39 V, respectively. The aqueous phase was adjusted 

at pH 2.2. The excitation wavelength was 488 nm. (c) 
s-pF  at 713 nm vs. w

o  plot. The 

vertical dotted line depicts the ion transfer potential at pH 2.2. 
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Figure 4-2-9. Conventional TIR fluorescence spectra measured at given potentials (Cell I). 

The excitation wavelengths were (a) 404 nm and (b) 488 nm, respectively. 

 

 

 

Figure 4-2-10. Schematic representation of the aggregation and transfer of H4TPPS2− at the 

polarized water|DCE interface. 
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     The PM-TIRF spectra measured for H2PP2 exhibited complicated spectral features depending 

on w

o  under neutral pH conditions (Figure 4-2-11), where the further protonation of the free 

base is negligible. The PM-TIRF experiments for H2PP2 were carried out under the excitation at 

404 nm. The fluorescence maximum wavelengths and peak intensity ratios of the first and 

second peaks (RF) of PM-TIRF spectra are summarized in Table 4-2-1. At positive potentials 

than 


 2
2PPH

w

o  = 0.13 V, the PM-TIRF spectra exhibited the positive PM-TIRF signals (
s-pF  

 

Figure 4-2-11. (a) Typical PM-TIRF spectra for H2PP2 at the water|DCE interface. The blue 

and red dotted lines refer to the normalized fluorescence spectra measured in the aqueous and 

organic solutions. The concentration of H2PP2 in the aqueous phase at pH 7.3 was 1.0  10−4 

mol dm−3. The excitation wavelength was 404 nm. (b) Schematic representation of the 

aggregation behavior of H2PP2− at the polarized water|DCE interface. 
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> 0), suggesting that the H2PP2 monomers were adsorbed with standing orientation relative to 

the interface. The PM-TIRF maxima, 636 nm and 702 nm, observed at 0.31 V were consistent 

with fluorescence maxima of bulk organic species at 633 nm and 698 nm. These spectral features 

suggest that H2PP2 adsorbed at the interface has a solvation state similar to the bulk organic 

species, i.e., dehydration of the porphyrin fluorophore. Taking into account standing orientation 

of H2PP2 under positively polarized conditions, the less hydrophilic porphyrin moiety of H2PP2 

could penetrate into the organic side of the interface. In the negative potential region, the positive 

PM-TIRF responses around 636 nm were gradually weakened and then the negative PM-TIRF 

spectra were obtained at w

o  < 


 2
2PPH

w

o . As a result, the PM-TIRF spectrum at 0.20 V 

exhibited a red-shift of the broad first peak to 640 nm. The similar red-shift has been observed 

for Fe(III) protoporphyrin IX at the water|DCE interface by surface second harmonic generation 

(SSHG), where the spectral shift was interpreted by the aggregation and specific polarity in the 

interfacial region.86 It has also been reported that the J-aggregation of H2PP2 derivatives in 

solutions cause a significant decrease in intensity with a small spectral shift in the fluorescence 

spectrum.87-89 A 7 nm red-shift observed in PM-TIRF spectra with 
s-pF < 0 should be 

associated with the formation of J-aggregates at the water|DCE interface. In the present pH 

condition, the J-aggregates consist of the free base molecules with the - interaction. Figure 4-

2-11b illustrates the interfacial mechanism of H2PP2, where the J-aggregation occurs 

particularly at the negatively polarized interface and H2PP2 monomers transfer across the 

interface at 0.13 V. As shown in Figure 4-2-12, the positive 
s-pF  around 633 nm decreased as 

a function of time, while the negative 
s-pF  around at 650 nm were slightly increased. These 

temporal changes were equilibrated after 20 minutes, suggesting that the J-aggregation of H2PP2 

was considerably slow process at the polarized water|DCE interface. These results were also 

supported by the dependence of PM-TIRF signal on the potential sweep rate (Figure 4-2-13). 

The 
s-pF  at 1 mV s−1 decreased gradually and the sign of 

s-pF  was changed in the negative 

potential region. On the other hand, 
s-pF  at 5 mV s−1 showed positive value and increased 
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gradually around at 
 2

2PPH

w

o . The specific interfacial behavior could be attributed to the high 

surface-activity and well-ordered molecular orientation of H2PP2 with slow kinetics at the 

water|DCE interface.  

 

 

 

Figure 4-2-13. Typical potential dependence of PM-TIRF responses (
s-pF ) for H2PP2− at the 

water|DCE interface. The potential sweep rates were 1 mV s−1 (red line) and 5 mV s−1 (black 

line). The vertical dotted lines depict the transfer potential at 0.13 V. The excitation and 

detection wavelengths were 404 nm and 633 nm. The concentration of H2PP2− in the aqueous 

phase was 1.0  10−4 mol dm−3. The pH value of the aqueous phase was adjusted to 7.2. 

 

 

 

Figure 4-2-12. Time-dependence of PM-TIRF spectra for H2PP2 at 0.16 V. The 

concentration of H2PP2 was 1.0  10−4 mol dm−3. The pH value of the aqueous phase was pH 

7.2. 
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     The red-shifted negative peak at 651 nm were also observed at a H2PP2 concentration of 2.0 

 10−5 mol dm−3, depending on w
o  (Figure 4-2-14). The PM-TIRF results demonstrated that 

the potential-dependent aggregation occurs even at dilute concentrations down to 2.0  10−5 mol 

dm−3. Figure 4-2-15 shows the concentration dependence of PM-TIRF spectra measured at 

0.16 V, where the spectral features were changed from the red-shifted spectrum of the J-

aggregates with 
s-pF  < 0 to the monomeric shape with 0 < 

s-pF  at higher concentrations. It is 

known that the aggregation of porphyrins was induced by increasing the bulk concentration.89-91 

The PM-TIRF spectrum at 5.0  10−4 mol dm−3, however, showed the sharp monomeric response 

with a positive sign at 636 nm (Figure 4-2-16). The possible reason for the H2PP2 monomer as 

the dominant interfacial species is the limited interfacial area available for the adsorption since 

an upstanding molecular orientation of monomeric H2PP2 can reduce the occupied interfacial 

area per unit molecule in comparison with the aggregates flattened in the interfacial plane. 

Furthermore, the weak negative 
s-pF  responses observed at 0.16 V (Figure 4-2-16) are 

 

Figure 4-2-14. (a) CVs measured at 10, 20, 50, 100 mV s−1 and (b) PM-TIRF spectra for 

H2PP2 at the water|DCE interface. (b) The blue and red dotted lines refer to normalized 

fluorescence spectra measured in the aqueous and organic solutions. The concentration of 

H2PP2 was 2.0  10−5 mol dm−3. The pH value of the aqueous phase was pH 7.1. 
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analogous to those observed in 1.0  10−4 mol dm−3 H2PP2 system at 0.11 V (cf. Figure 4-2-

11). The J-aggregation, therefore, occurs at more negative potentials than the lower 

concentration systems, where the interfacial concentration is slightly decreased via ion transfer 

into the organic phase.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2-15. The dependence of PM-TIRF spectra at V 16.0w
o    on the H2PP2 

concentration. The concentrations of H2PP2 were 2.0  10−5 (black), 1.0  10−4 (red) and 5.0 

 10−4 mol dm−3 (blue). The blue and red dotted lines refer to normalized fluorescence spectra 

measured in the aqueous and organic solutions. 
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Figure 4-2-16. (a) CVs measured at 10, 20, 50, 100 mV s−1 and (b) PM-TIRF spectra for 

H2PP2 at the water|DCE interface. (b) The blue and red dotted lines refer to normalized 

fluorescence spectra measured in the aqueous and organic solutions. The concentration of 

H2PP2 was 5.0  10−4 mol dm−3. The pH value of the aqueous phase was pH 7.3. 
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4-2-5. Adsorption Behavior of Protoporphyrin IX at Biomimetic Interfaces. 

     The phospholipid with a high surface-activity is spontaneously adsorbed at variety of 

liquid|liquid interfaces and the self-assemble monolayer can be used as a model of biomembrane 

surfaces.9, 92-94 In order to evaluate its binding characteristics on cell membrane, the adsorption 

behavior of H2PP2− at the phospholipid-adsorbed water|DCE interface was investigated. A 

neutral glycerophospholipid, DMPC, was added to the organic solution and then the 

phospholipid monolayer was spontaneously formed at the water|DCE interface.9, 50, 92 Figure 4-

2-17 shows the CVs and electrocapillary curves for H2PP2 at the DMPC-adsorbed water|DCE 

interface. The current increase was observed at 0.20 V < w

o  in the presence of 1.0  10−5 mol 

dm−3 DMPC. The facilitated transfer of Li+ ions by the monolayer of DMPC formed at the 

interface through the complexation of a cation (Li +) with phospholipid and the simultaneous 

desorption from the interface into organic phase.50, 95 The voltammetric responses of H2PP2 

around at 


 2
2PPH

w

o  = 0.13 V were decreased with increasing DMPC concentration, suggesting 

that DMPC inhibited the adsorption and transfer processes of H2PP2. The surface-activity of 

H2PP2 and DMPC manifested itself in the i  lowering in the electrocapillary curves (Figure 4-

2-17b). DMPC caused a remarkable decrease in i  and the additional lowering effect was 

observed by the coexistence of H2PP2 at w

o  < 0.2 V, indicating that H2PP2 could penetrate 

into the DMPC layer at the negatively polarized interface. 

     The spectral shape and signal phase of PM-TIRF were influenced depending on w

o  by the 

addition of DMPC (Figure 4-2-18). At 0.31 V, the PM-TIRF signal from H2PP2 was almost 

vanished by the competitive adsorption with DMPC and this result agrees with no additional i  

lowering at 0.2 V < w

o  in Figure 4-2-17b. On the other hand, the PM-TIRF spectra at 0.16 V 

in the presence of 1.0  10−5 mol dm−3 DMPC exhibited the negative 
s-pF  arising from H2PP2 

relatively parallel to the interface, where the PM-TIRF maximum around 633 nm exhibited the 
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spectral feature similar to that of the H2PP2 monomer in the organic solution (cf. Table 1). The 

competitive adsorption of DMPC would reduce the surface amounts of H2PP2 and then prevent 

the aggregation process (Figure 4-2-19).  

 

 

 
Figure 4-2-17 (a) CVs and (b) electrocapillary curves of H2PP2 at the DMPC-adsorbed 

water|DCE interface. The concentration of H2PP2 was 1.0  10−4 mol dm−3 and the aqueous 

phase was buffered at pH 7.27.3. (a) The concentrations of DMPC were 0 (black), 1.0  10−6 

(blue) and 1.0  10−5 mol dm−3 (red). The potential sweep rates were 50 mV s−1. (b) The 

electrocapillary curves were measured in the presence of H2PP2 (solid circle), 1.0  10−5 mol 

dm−3 DMPC (open square) and H2PP2 + DMPC (solid square). The open circles depict the 

base electrolyte system.  
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Figure 4-2-19. Schematic representation of the adsorption behavior of H2PP2− at the polarized 

water|DCE interface in the absence and presence of DMPC. 

 

 

 

 

 

 

Figure 4-2-18. The dependence of PM-TIRF spectra on DMPC concentration. PM-TIRF 

spectra were measured in the presence of DMPC at the concentrations of 0 (black), 1.0  10−6 

(blue) and 1.0  10−5 mol dm−3 (red). The concentration of H2PP2 was 1.0  10−4 mol dm−3. 

The bottom blue and red dotted lines refer to normalized fluorescence spectra measured in the 

aqueous and organic solutions. 
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4-2-6. Conclusions 

The spectroelectrochemical analysis based on the PM-TIRF technique uncovered the potential-

dependent adsorption and aggregation mechanism of anionic porphyrins at the polarized 

water|DCE interface. In the H4TPPS2− system, the monomeric H4TPPS2− and its J-aggregates 

oriented at the interface could be measured separately by selecting the appropriate excitation 

wavelength. The selective detection of the interfacial species achieved in multi-wavelength 

excited PM-TIRF experiments is very useful to elucidate the complicated heterogeneous reaction, 

which is composed of plural surface-active species. The negative PM-TIRF signals exhibited the 

relatively flat orientation of the meso-substituted H4TPPS2− monomer with four equivalent 

sulfonatophenyl groups, whereas the potential-induced J-aggregation of H4TPPS2− proceeded 

only at the aqueous side of the interface. The slow aggregation process of H 2PP2− was found in 

the negative potential region. The molecular orientation of H2PP2− was affected by the J-

aggregation at the interface, where the monomers were adsorbed with relatively standing 

orientation and the long axis of the J-aggregates was nearly in plane of the interface. At the 

phospholipid-adsorbed water|DCE interface, the competitive adsorption of DMPC effectively 

inhibited the adsorption and aggregation processes of H2PP2−. These results indicate that the 

adsorption and aggregation of charged species can reversibly be controlled as a function of 

externally applied potential and it will enable a potential-induced self-assembly of 2D 

supramolecular structure or nanomaterial formation at ITIES. 
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4-3 Adsorption Behavior of Water-Soluble 8-Quinolinol 

Complexes at Liquid|Liquid Interfaces 

 

4-3-1. Introduction 

     8-quinolinol (HQ) derivatives are effective chelating reagents applied for quantitative analysis 

of various metal ions. It has been reported that the transfer of metal ions at polarized liquid|liquid 

interfaces is facilitated by HQ, 96-98 where the partition of hydrophobic HQ into the aqueous 

phase and then the complexation occurs in the aqueous phase. However, the direct 

characterization of the HQ complexes at liquid|liquid interfaces has been rarely reported.96-98 

Recently, the interfacial behavior of metal (Al(III), Zn(II) and Cu(II)) complexes with QS has 

been investigated by Marie Takeyama in our group. 99 In the case of a bidentate ligand, 8-

quinolinol-5-sulfonate (HQS), the stoichiometry and molecular geometry of the metal complex 

formation in the aqueous solution varies from 1:1 to 1:3 as a function of pH. The capacitance 

results indicate that the adsorption process of the QS complexes occurs at negatively polarized 

interface although there is no ion transfer response of the QS complexes in the potential window. 

The adsorptivity tends to be 2

2Cu(QS)   3

3Al(QS)  > 2

2Zn(QS) . The lower adsorptivity of 

2

2Zn(QS)  could be associated with the axial coordination of water molecule to zinc center,100, 101 

which leads to the enhancement of the hydrophilicity. In addition, PMF measurements were 

carried out for Al(II) and Zn(II) complex systems with their high emission features.99 The PMF 

analysis revealed that the ion transfer process of 3

3Al(QS)  and 
2

2Zn(QS)  is accompanied by the 

adsorption process at the aqueous side of the interface. Furthermore, in the case of the Zn(II) 

complex system, the effect of molecular geometry on the adsorption behavior was also examined 

by using a tridentate ligand, 8-quinolinol-2-carboxylate (HQC).99 QC ligand inhibited the axial 

hydration to the zinc center of 1:2 complex by carboxylate groups, which leads the enhancement 

of the adsorptivity at the water|DCE interface. Thus, the axial hydration of 8-quinolinol 
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complexes at the interface plays important roles in the interfacial behavior. In chapter 4-3, the 

adsorption behavior of Al(III) and Zn(II) complexes is discussed in terms of the stoichiometry 

for the formation of HQ complexes and molecular geometries as a function of pH in the aqueous 

solution. 
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4-3-2.  Complexation of 8-Quinolinol Derivatives in Aqueous Solutions 

     When the acidbase equilibria of QS are described in Figure 4-3-1, the dissociation constants 

pKa1 and pKa2 given by eq. (4-3-1) and (4-3-2) are 3.8 and 8.4, respectively.102, 103 

 
]QSH[

]H][HQS[

2

a1



K    (4-3-1) 

 
]HQS[

]H][QS[ 2

a2




K    (4-3-2) 

The stoichiometry for metal complex formation with QS varies from 1:1 to 1:3 (matal:ligand) 

depending on metal ions and pH conditions in the aqueous solution. 100-106 The structures of 1:2 

and 1:3 complexes are shown in Figure 4-3-2. The stability constants of metal complexes (n) in 

literature are listed in Table 4-3-1. The n values for complexation with metal ion (M) are 

defined as 

M + nQS2 ⇋ MQSn 

n-2

n
n

]QS][M[

]MQS[
   (4-3-3) 

Taking account of the formation of metal hydroxide, the total concentration of metal ion ( Mc ) 

and ligand (cL) are given by 

][M(OH)][M(OH)[M(OH)]][ML[ML][M] m2nM  c   (4-3-4) 

][ML3][ML2[ML]]L[ 32L c        (4-3-5) 

where 













a2a1

2

a2

2

]H[]H[
1][L][H[HL][L]]L[

KKK
L      (4-3-6) 

Figure 4-3-3 and 4-3-4 show the abundance of Al(III) and Zn(II) complexes with QS as a 

function of pH calculated from eqs. (4-3-1)(4-3-6). The dominant species can be controlled by 

pH in the aqueous solution. In the Al(III)−QS complex system, the population of 3

3Al(QS)  at 

lower pH can be reduced by controlling the concentration ratio of aluminum ion and QS (Figure 

4-3-3a and 4-3-3b). 
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Figure 4-3-3. Abundance of Al(III)−QS complexes as a function of pH. The concentrations of 

aluminum ion and QS were taken as [Al(III)] = 1.010−4 mol dm−3, [QS] = (a) 3.010−4 mol 

dm−3 and (b) 2.010−4 mol dm−3. 

 

Figure 4-3-1. Dissociation equilibrium of QS.102, 103  

           

Figure 4-3-2. Molecular structures of QS complexes (M = Al(III) or Zn(II)).100106  
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Figure 4-3-4. Abundance of Zn(II)−QS complexes as a function of pH. The concentrations of 

zinc ion and QS were taken as [Zn(II)] : [QS] = 5.010−5 mol dm−3 : 1.010−4 mol dm−3. 

Table.4-3-1 Stability constants (n) of QS 

complexes 

metal ion log1 log2 log3 Ref. 

Al(III) 8.95 17.43 24.58 [104] 

Zn(II) 7.54 14.32    − [103] 
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4-3-3. Adsorption Behavior of Al(III)−QS Complexes 

     Figure 4-3-5 shows CVs for Al(III)−QS complex systems at pH 7.0 and 4.9, where 3

3Al(QS)  

and 

2Al(QS)  are the dominant species, respectively (cf. Figure 4-3-3). At both pHs, a pair of the 

negative and positive peaks was observed around at 0.24 V. The peak separation was 53 mV, 

which is close to the theoretical value for the ion transfer of monovalent species across the 

interface. Considered that the ion transfer of the Al(III)−QS complexes takes place at 

V 30.0w
o   ,99 this current response is attributable to the ion transfer of the free QS (HQS) 

across the interface.  

     PM-TIRF measurement were carried out to investigate the adsorption behavior of the QS 

complexes at the interface. Figure 4-3-6 shows the potential dependences of s-pF  measured for 

the Al(III)−QS complex in the negative potential region. The negative s-pF  was observed at pH 

7.0 and 4.9 over the potential window (Figure 4-3-6). The rapid increase of Ftotal at 

V 30.0w
o   suggests that the ion transfer of Al(III)−QS complex occurred. In the present 

 

Figure 4-3-5. CVs measured for Al(III)−QS complexes at the water|DCE interface. The pHs in 

the aqueous phase were pH 7.0 (black) and pH 4.9 (red), respectively. The dotted line refers to 

the base electrolyte system. The potential sweep rate was 50 mV s−1. [Al(III)] = 1.010−4 mol 

dm−3, [QS] = 3.010−4 mol dm−3 at pH 7.0 and [Al(III)] = 1.010−4 mol dm−3, [QS] = 

2.010−4 mol dm−3 at pH 4.9. 
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system, the fluorescence from 3

3Al(QS)  could be independent on linear polarizations even if 

3

3Al(QS)  is adsorbed at the interface because of its D3 symmetry (cf. 2

3Ru(bpy)  system in 

Appendix). Therefore, the non-zero s-pF  is generated from the planar 1:2 complex, 

2Al(QS) , 

although the abundance of 

2Al(QS)  is quite small ( 3

3Al(QS)  : 

2Al(QS)  = 93 : 5 at pH 7.0). In 

addition, the s-pF  from 

2Al(QS)  associates the plane of 1:2 complex involving the π−π* 

transition dipole moment in quinoline ring. The average orientation angles of 

2Al(QS)  is 

estimated from s-pF  and shown in Figure 4-3-6b. The OR  values at V 20.0V 25.0 w
o    

were approximately constant at 632. The magnitude of s-pF  was increased at pH 4.9 in 

comparison with s-pF  at pH 7.0, which supports the adsorption of 


2Al(QS)  at pH 7.0 since 



2Al(QS)  is the dominant species in the aqueous phase at pH 4.9 ( 3

3Al(QS) :


2Al(QS) : Al(QS)  = 

12 : 67 : 18, Figure 4-3-3b). The orientation angle was determined as OR  = 67  3 at 

V 20.0V 30.0 w

o   . The OR  values were almost constant. Thus, a gradual increase of the 

 

Figure 4-3-6. The potential dependence of (a) PM-TIRF responses ( s-pF ) and (b) the 

orientation angles ( OR ) for the Al(III)−QS complex systems at pH 7.0 (black) and 4.9 (red). 

The potential sweep rate was 2 mV s−1. ex = 376 nm, em = 492 nm. [Al(III)] = 1.010−4 mol 

dm−3, [QS] = 3.010−4 mol dm−3 at pH 7.0 and [Al(III)] = 1.010−4 mol dm−3, [QS] = 

2.010−4 mol dm−3 at pH 4.9. 
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negative s-pF  correlates with the increase in the interfacial concentration of 

2Al(QS) . The 

negative s-pF  maximized at 0.34 V, and then decreased at V 34.0w

o    through the ion 

transfer of Al(III) complexes into the organic phase. 

     In order to characterize the interfacial species, PM-TIRF spectra were measured under 

potentiostatic control. The spectroscopic characteristics were evaluated by comparing the PM-

TIRF spectra with the fluorescence spectra measured in the aqueous and organic solutions. An 

intense Raman scattering from the bulk DCE phase maximized at 424 and 460 nm, respectively, 

under the excitation at 376 and 404 nm was unfavorably superimposed on the PM-TIRF 

spectrum. To remove considerable overlap of Raman scattering in the PM-TIRF spectra, the raw 

PM-TIRF spectra were subtracted by that measured in the bulk organic solution (in transmittance 

mode).  

     The baseline subtracted PM-TIRF spectra for Al(III)−QS complexes at pH 7.0 and 4.9 are 

 

Figure 4-3-7. PM-TIRF spectra for Al(III)−QS complex systems at (a) pH 7.0 and (b) 4.9 at 

the water|DCE interface. The blue and red dashed lines refer to normalized fluorescence 

spectra measured in the aqueous and organic solutions. ex = 376 nm. [Al(III)] = 1.010−4 mol 

dm−3, [QS] = 3.010−4 mol dm−3 at pH 7.0 and [Al(III)] = 1.010−4 mol dm−3, [QS] = 

2.010−4 mol dm−3 at pH 4.9. 
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shown in Figure 4-3-7. The maximum wavelengths ( maxλ ) of the PM-TIRF spectra are 

summarized in Table 4-3-2. The PM-TIRF maximum at pH 7.0 was found at around 496 nm. 

The spectral features were similar to those measured in the aqueous solution at pH 4.9 where the 

dominant species is 

2Al(QS) . These results suggest that 

2Al(QS)  was adsorbed at the water|DCE 

interface and the PM-TIRF responses at pH 7.0 are associated with 

2Al(QS) . It should be noted 

that 3

3Al(QS)  would also be adsorbed at the interface but, in principle, the spherical 3

3Al(QS)  is 

not responsible for PM-TIRF signal. The PM-TIRF maxima at pH 4.9 were red-shifted from the 

fluorescence maximum of the bulk aqueous spectrum at 496 nm. At this pH, the cationic 1:1 

complex, Al(QS)  is one of the major species (18%) but the adsorption of Al(QS)  hardly 

occurred in the negative potential region. Thus, the possible reason for the red-shifted PM-TIRF 

spectra would be the − stacking between the QS ligands of 

2Al(QS)  at the interface.107-109 

 

 

 

Table 4-3-2. Fluorescence maximum wavelengths ( maxλ ) of Al(III)−QS complexes at the 

water|DCE interface and in solution. 

 pH 4.9  pH 7.0 

 V / 
w

o
  nm/  

max
λ   V / 

w

o
  nm/  

max
λ  

interface   0.11 503  0.08 494 

 0.21 503  −0.18 496 

 0.31 501  −0.28 496 

aqueous phasea  496   493 

organic phasea  456   478 

aThe fluorescence maximum wavelengths measured in the aqueous and organic solutions. 
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4-3-4.  Adsorption Behavior of Zn(II) Complexes 

     Figure 4-3-8 shows CVs and PMF responses for Zn(II)−QS complex system at pH 7.0 and 

6.1. The abundance of Zn(QS)  and 
2

2Zn(QS)  are 45%:48% at pH 6.1 and 20%:80% at pH 7.0, 

respectively. In Figure 4-3-8a, the ion transfer responses of Zn(II)−QS complexes were not 

observed clearly at pH 7.0 within the potential window. On the other hand, the negative and 

positive current peaks were observed around at 0.24 V at pH 6.1. These response is attributable 

to the ion transfer of the free QS (HQS) across the interface (cf. Figure 4-3-5) since 
2

2Zn(QS)  

could not be transferred in the relevant potential region. As shown in Figure 4-3-8b, the PMF 

responses corresponding to the adsorption of 
2

2Zn(QS)  at the aqueous side of the interface (Fre 

< 0 and Fim > 0) was observed at V 0V 3.0 w
o   , which is in good agreement with the 

previous report.99 Although the ion transfer process of the free QS occurs at pH6.1 in that 

potential region, the 
2

2Zn(QS)  can also be adsorbed at the interface.  

 

Figure 4-3-8. (a) CVs and (b) potential dependence of PMF responses for Zn(QS)2
2− at pH 7.0 

(black) and pH 6.1(red). (a) The dotted line refers to the base electrolyte system. The potential 

sweep rate was (a) 50 mV s−1. (b) The potential modulation was 20 mV at 1 Hz with the sweep 

rate of 2 mV s−1. The solid and dotted line was real and imaginary components, respectively. 

ex = 404 nm, em = 525 nm. [Zn(II)] = 5.010−5 mol dm−3, [QS] = 1.010−4 mol dm−3. 
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     As shown in Figure 4-3-9, the negative s-pF  values were observed at pH 7.0 and 6.1 in the 

negative potential region where the PMF response for the adsorption of 2

2Zn(QS)  was observed. 

The magnitude of s-pF  was depending on w

o , suggesting that the negative s-pF  response 

was generated from the planar 2

2Zn(QS)  adsorbed at the interface. The average orientation 

angles of excitation dipole of 2

2Zn(QS)  at V 20.0V 25.0 w

o    were determined as 652 

at pH 7.0 and 702 at pH 6.1, respectively (Figure 4-3-9b). The magnitude of s-pF  was 

maximized around 0.31 V, and then decreased gradually at more negative potentials through 

the ion transfer of 2

2Zn(QS)  into the organic phase. The steep decrease in the negative s-pF  at 

pH 6.1 could be due to the simultaneous ion transfer of 2

2Zn(QS)  and the free HQS across the 

interface (Figure 4-3-8).  

 

 

 

Figure 4-3-9. The potential dependence of (a) PM-TIRF responses ( s-pF ) and (b) the 

orientation angles ( OR ) for Zn(II)−QS complex systems at pH 6.1 (red) and 7.0 (black). The 

potential sweep rate was 2 mV s−1. ex = 404 nm, em = 525 nm. [Zn(II)] = 5.010−5 mol 

dm−3, [QS] = 1.010−4 mol dm−3. 
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     The PM-TIRF spectra of Zn(II)−QS complexes were shown in Figure 4-3-10. The maximum 

wavelengths of the PM-TIRF spectra are summarized in Table 4-3-3. In the Zn(II)−QS complex 

systems at pH 7.0, the spectral shapes and max of PM-TIRF spectra were not significantly 

affected by w

o  although the slight spectral shifts should not be discussed because of a low S/N 

ratio. In addition, the spectral features of PM-TIRF spectra were similar to those of the bulk 

fluorescence spectra. These results could indicate that 2

2Zn(QS)  was adsorbed with the 

hydration state similar to that in the aqueous solution, that is the effective axial hydration at the 

interface (Figure 4-3-11).100, 101 In addition, the PM-TIRF spectra at pH 6.1 were analogous to 

those at pH 7.0, suggesting that the hydrated 
2

2Zn(QS)  was also adsorbed at the interface. The 

adsorption of the neutral 1:1 complex, Zn(QS) , could not be identified in the present condition. 

 

 

 

Figure 4-3-10. PM-TIRF spectra for Zn complex systems at (a) pH 7.0 and (b) 6.1 at the 

water|DCE interface. The blue and red dashed lines refer to normalized fluorescence spectra 

measured in the aqueous and organic solutions. ex = 404 nm. [Zn(II)] = 5.010−5 mol dm−3, 

[QS] = 1.010−4 mol dm−3. 
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     In this paragraph, the effect of molecular geometry on the adsorption behavior is discussed. A 

tridentate QC ligand inhibits the axial hydration to the zinc center of 1:2 complex by carboxylate 

groups (Figure 4-3-11).101, 110 Interestingly, the apparent 
s-pF  was observed in 2

2Zn(QC)  

system (Figure 4-3-12a) and 
s-pF  increased with the increase of Ftotal at V 30.0w

o   . 

Although the coordination geometry of 2

2Zn(QC)  could be distorted from octahedral geometry, 

the negative 
s-pF  indicates that the net excitation dipole was oriented roughly parallel to the 

interfacial plane. The non-zero 
s-pF  also allows us to investigate the adsorption state of the 

interfacial species. The PM-TIRF spectra of 
2

2Zn(QC)  at pH7.5 are shown in Figure 4-3-12b. 

The max of the PM-TIRF spectra are summarized in Table 4-3-4. The spectral shape was 

affected by applying w

o . The PM-TIRF maxima at V 30.0w

o    showed intermediate max 

values between the fluorescence maxima in the bulk aqueous (645 nm) and organic solutions 

(562 nm). The PM-TIRF maximum at 0.33 V was found at around 567 nm, which is close to 

Table 4-3-3. Fluorescence maximum wavelengths ( max ) of Zn(II) complexes with QS at 

the water|DCE interface. 

 
V/w

o  
nm/  

max
λ  

 pH 6.1 pH 7.0 

interface −0.14 528 526 

 −0.24 524 524 

 −0.31 519 522 

aqueous phasea  522 523 

organic phaseb    

aThe fluorescence maximum wavelengths measured in the aqueous solutions. 

b 2
2Zn(QS)  was hardly partitioned into the organic phase. 
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the max in the organic solution. These results indicate that the hydration states of 2

2Zn(QC)  were 

modified at the interface depending on w

o , suggesting that the adsorption state of 2

2Zn(QC)  is 

associated with the polarity of the interfacial region. The adsorption plane of 2

2Zn(QC)  could be 

varied according to w

o . 

 

 

 

 

               

Figure 4-3-11. Molecular structures of 2
2Zn(QS) 101 and 2

2Zn(QC) 110. 

 

Figure 4-3-12. PM-TIRF spectra measured for 
2

2Zn(QC)  systems at pH 7.5. The black, green, 

blue and red solid lines depict PM-TIRF spectra measured at −0.08 V, −0.18 V −0.28 V and 

−0.33 V, respectively. The blue and red dashed lines refer to normalized fluorescence spectra 

measured in the aqueous and organic solutions. ex = 404 nm. [Zn(II)] = [QC] = 1.010−4 mol 

dm−3. 
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4-3-5.  Conclusions 

     The interfacial behavior of water-soluble 8-quinolinol complexes was strongly affected by the 

central metal ion as well as molecular geometry. The adsorption state of the 8-quinolinol 

complexes at the water|DCE interface was successfully characterized by PM-TIRF spectroscopy. 

Although the spherical 1:3 complex, 3

3Al(QS) , cannot respond in PM-TIRF measurements, the 

planar 1:2 complexes, 

2Al(QS)  and 2

2Zn(QS)  showed roughly parallel orientation to the 

interface. In the case of Al(III)−QS complexes, the hydration state of 

2Al(QS)  at pH 7.0 was 

analogous to that in the bulk aqueous solution. At pH 4.9, the − stacking of 

2Al(QS)  occurred 

especially at the interface. In the Zn(II) complex system, the effect of molecular geometry on the 

adsorption behavior were highlighted by using bidentate QS and tridentate QC ligands. 

2

2Zn(QS)  was adsorbed with axial hydration to the zinc center, while QC ligand inhibited the 

axial coordination of the water molecule and enhanced adsorptivity at the water|DCE interface. 

Thus, the axial hydration of Zn(II) complexes at the interface plays important roles in the 

interfacial behavior.  

Table 4-3-4. Fluorescence maximum wavelengths ( max ) of Zn complexes with QC at the 

water|DCE interface. 

 V/w

o  nm/  
max
λ  

interface −0.08 584 

 −0.18 584 

 −0.28 584 

 −0.33 567 

aqueous phasea  645 

organic phasea  562 

aThe fluorescence maximum wavelengths measured in the aqueous and organic solutions. 
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5. CONCLUDING REMARKS 

     PM-TIRF spectroscopy is a high sensitive and selective to fluorescent species oriented at a 

liquid|liquid interface. By using this technique, the direct characterization of interfacial species 

has been achieved without controversial contribution of bulk species. The potential-dependence 

of the adsorption states of the interfacial species has been analyzed successfully by PM-TIRF 

spectroscopy even when several reactions occur simultaneously such as ion transfer, adsorption 

and aggregation. In this dissertation, PM-TIRF was applied to the fluorescent species in order to 

evaluate the interfacial mechanism at liquid|liquid interfaces. The solvation states of water-

soluble porphyrins at the water|DCE interface were modified from those in the bulk solutions 

depending on the Galvani potential difference. The anionic porphyrins showed high surface 

activities at the polarized water|DCE interface. In addition, the J-aggregation of the anionic 

porphyrins was observed at the interface and it can be controlled reversibly as a function of 

externally applied potential. In H2PP2 −  system, the adsorption behavior of H2PP2 −  at the 

phospholipid-adsorbed water|DCE interface was investigated to evaluate its binding 

characteristics on the cell membranes. The results demonstrated that the adsorption state of 

H2PP2− is drastically affected at the phospholipid-adsorbed interface in comparison with the bare 

water|DCE interface. These findings can contribute to the study of the mass transfer process in 

biological system. Furthermore, in the case of 8-quinolinol complexes, the results indicated that 

the axial coordination of water molecules to metal center plays important roles in the interfacial 

mechanism. PM-TIRF spectroscopy allows us to access useful spectroscopic information of 

interfacial species at a molecular level such as molecular orientation, intermediate solvation 

properties and specific aggregation. It will help us understanding of 2D structure of self-

assembly at liquid|liquid interfaces and the extraction mechanism of metal ions in the 

liquid|liquid extraction system.  
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Appendix 

PM-TIRF Analysis of tris(2,2′-bipyridine)ruthenium(II) system 

     In order to clarify the surface sensitivity of the PM-TIRF technique, the PM-TIRF 

spectroscopy was applied to the tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)3
2+

) system. 

Ru(bpy)3
2+

 is an efficient fluorescent dye and it has been studied at the polarized water|DCE 

interface,24, 111 in which Ru(bpy)3
2+

 exhibited a quasi-reversible ion transfer feature without the 

interfacial adsorption. The formal transfer potential was observed as V 10.0'

Ru(bpy)

w
o 2

3
 

  in the 

voltammetric measurements (Figure A1). A D3 symmetry of Ru(bpy)3
2+

 ensures independence 

of the fluorescence intensity on linear polarizations of the excitation beam, even if Ru(bpy)3
2+

 is 

adsorbed at the interface. The Ru(bpy)3
2+

 system is therefore suitable to examine the selectivity 

of the PM-TIRF technique for the species “oriented” at the interface. As shown in Figure A1b, 

the PM-TIRF signals (
s-pF ) were almost constant in the whole potential region and negligibly 

small in comparison with the total fluorescence intensity (Ftotal). In the absence of the interfacial 

adsorption, eq. (4-2) is simplified to Ftotal = Fbulk. Thus, 
'

Ru(bpy)
w
o

w
o 2

3


   is identical to the 

fluorescence from the bulk aqueous phase and the significant increment of Ftotal at 

 w
o

'
Ru(bpy)

w
o 2

3
 


 associates with the fluorescence from Ru(bpy)3

2+ transferred into the organic 

phase. The potential dependence of Ftotal clearly showed that the fluorescence from the bulk 

organic phase effectively increases only at potentials beyond 'w

o   . It is noteworthy that 
s-pF  

was also independent on the totalF  value consisting of the fluorescence intensities from both bulk 

solutions and interfacial region. Figure A2 shows the relative intensity of 
s-pF  with respect to 

Ftotal, total
-sp / FF . The total

-sp / FF  values observed for Ru(bpy)3
2+ were much smaller than 

those for H2TMPyP4+ or H2TPPS4−. These experimental results clearly demonstrate that only the 



 

A2 

 

species which have the excitation dipole moment oriented at the interface can generate strong 

PM-TIRF signals. 

 

 

 

 

 

 

 

 

Figure A1. (a) Typical cyclic voltammograms and potential dependence of (b) PM-TIRF 

responses (
s-pF ) measured for Ru(bpy)3

2+ at the water|DCE interface. The potential sweep 

rates were (a) 10, 20, 50, 100 and 200 mV s−1, (b) 5 mV s−1. The concentration of Ru(bpy)3
2+ 

derivatives in the aqueous phase was 2.0  10−5 mol dm−3. The pH values of the aqueous phase 

were pH 7.0. The excitation and detected emission wavelengths were 404 nm and 609 nm, 

respectively. The vertical line indicates V 10.0'

Ru(bpy)

w
o 2

3
 

 . 
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Figure A2. Potential dependences of total

s-p / FF  and Ftotal for (a) H2TMPyP4+, (b) H2TPPS4− 

and (c) Ru(bpy)3
2+ systems. The dotted lines depict Ftotal. 
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SYMBOL LIST 

 

Greek 

  :  overall transfer coefficient for adsorption 

n  :   stability constants of metal complexes  

i   :  interfacial tension 

s  :   saturated interfacial concentration 

ε,  :   molar absorption coefficient 

w  :   inner potential of an aqueous phase. 

o  :   inner potential of an organic phase. 

w
oΔ  :   Galvani potential difference 

w
oΔ  :   standard ion transfer potential 

ac
w
o   :   amplitude of the ac potential modulation 

w
aw  :   the potential difference between the bulk and adsorption plane 

 w
o   :    formal ion transfer potential of species 

Φf  : fluorescence quantum yield 

L  :  wavelength of incident beam 

maxλ   : fluorescence maximum wavelength 

  :  surface coverage 

w  :  potential dependent surface coverage at the aqueous side of the interface 

ac  : ac modulated surface coverage 

OR   :  orientation angle 

scat  :  scattered angle 

  : density of a solvent 

  : angular frequency  
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f  :  frequency of fundamental wave 

SH  :  frequency of SH wave 

 i :  angle of incidence 

 c  :  critical angle 

Ψ   :  angle of polarization of excitation beam with respect to the normal to the interface 

 

Alphabet 

w
xa  :  activity of xz+ in an aqueous phase 

o
xa  :  activities of xz+ in an organic phase  

b :  the portion of the applied potential 

wc  :  concentration in an aqueous phase 

0c  :  concentration in bulk solution 

Mc   : the total concentration of metal ion.  

cL  : the total concentration of and ligand 

C  :  proportional factor 

Cdl  : capacitance  

E
~

  : ac potential 

fL  : fundamental frequency of incident beam 

f0  : frequency of capillary wave. 

f a c   :  potential modulation frequency 

F :  Faraday constant 

Fbulk  : fluorescence intensity from bulk solution species in evanescent region and on the 

optical path of the excitation beam 

Fp-s
  :  PM-TIRF signal 

p

mF   :  total intensities of the modulated fluorescence in the p-polarization modes 
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s

mF   :  total intensities of the modulated fluorescence in the s-polarization modes 

Ftotal  : total fluorescence intensity 

Fre  :  real part of PMF response 

Fim  : imaginary part of PMF response 

Ft  :  PMF response associated with the quasi-reversible ion transfer (Ft) in a TIR mode 

Fa  : PMF response associates with adsorption 

ow,
tΔ G :  standard Gibbs free energy of the ion transfer from the aqueous and organic phases. 


aΔG  :  Gibbs free energy of adsorption 

if,ac  :   ac faradic current 

I0  :   excitation photon flux 

I
~

  :  ac current 

Ip  :  intensity of p-polarized incident beam 

Is  :  intensity of s-polarized incident beam 

j  :  the imaginary number  

w
ak  :  rate constant for the adsorption at the aqueous plane 

w
ak  : rate constant for the adsorption at the potential of zero charge 

w
dk  : rate constant for the desorption at the aqueous plane 

w
dk  :  rate constant for the desorption at the potential of zero charge 

ka,dc  : dc component of the adsorption rate constant at given potentials 

kd,dc  : dc component of the desorption rate constant at given potentials 

k  : wavenumbers of capillary wave 

K  : wavenumbers of incident beam  

Ka  :  acid dissociation constant 

ni :  refractive index of a medium i 

n  : order of the diffraction spot 
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Pm  :  polarization modulation efficiency 

R :  gas constant 

RF  : peak intensity ratio of the first and second peaks of PM-TIRF spectra 

Rs  :  solution resistance  

S  : illuminated interfacial area. 

T :  temperature 

xz+ :  ion in a solution: 

Y  :  admittance 

z :  charge number 

 

 

 


