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Recent development of the interfacial nanochemistry in the solvent extraction systems is reviewed, as well as the
development of measurement methods for interfacial reactions. The studies on specific reactions at the interface of var-
ious metal extraction systems have elucidated essential modes of the interfacial reactions, including the interfacial ad-
sorption, the interfacial complexation, and the interfacial aggregation. The catalytic role of the liquid-liquid interface in
the solvent extraction kinetics and the molecular recognition ability of the self-assembled metal complexes at the inter-
face were emphasized. Spectroscopic studies on the rotational and translational dynamics of fluorescent molecules, a
single molecule in some cases, at the interface are also discussed. The utility of the molecular dynamics simulations
is demonstrated in the discussions of the solvent structure in the interfacial region and of the stability of surface active
molecules at the interface.

The liquid–liquid interface is a boundary of two immiscible
solvents; it occurs very frequently in oil–water systems. The
properties of water and of organic phases are found in the
two-dimensional boundary with a thickness of only 1 nm.1

The liquid–liquid system is utilized for the separation and syn-
theses in various fields of chemistry and chemical engineering,
e.g. solvent extraction of metal ions and protein. Various or-
ganic and inorganic compounds have been separated or con-
centrated by solvent extraction method. Since the 1970’s,
the role of the interface in the solvent extraction kinetics has
been one point of disagreement. However, there was no effec-
tive method to measure the interfacial concentration and its
change as a function of time.2,3 Since the 1980’s, several
new methods have been invented; these have contributed to
a break-through in the study of interfaces in solvent extraction
systems.4

The solvent extraction process of metal ions depends inher-
ently on the mass transfer across the interface. Therefore, the
elucidation of the kinetic role of the interface is very important
to understand the extraction mechanism and to control the ex-
traction rates. In the beginning of the 1980’s, the high-speed
stirring (HSS) method was invented by Watarai and Freiser.5,6

Other new methods have been proposed one after another.
These included the two-phase stopped flow method,7 the capil-
lary plate method,8 total internal reflection spectrometry,9,10

the centrifugal liquid membrane (CLM) method,11 and the
two-phase sheath flow method.12

By using the newly developed methods, the specific roles of
liquid–liquid interfaces have been discovered. The catalytic

role of the interface in the solvent extraction kinetics was ob-
served in various extraction systems. Interfacial adsorption of
the extractant or an intermediate complex at the liquid–liquid
interface made the extraction rate much faster. Interfacial ac-
cumulation or concentration of adsorbed molecules is another
specific role of the interface. Interfacial aggregation of metal
complexes, which was observed very frequently in the solvent
extraction systems, has been studied in detail by the new
methods. Dynamic behavior of adsorbed molecules was ex-
amined by means of various experimental approaches includ-
ing the time-resolved fluorescence method, the second har-
monic generation method and the single molecule probing
method. The utility of molecular dynamics simulation for de-
picting molecular motions around the interface is also demon-
strated.

Development of Measurement Techniques
of Interfacial Reactions

Classical methods to investigate extraction kinetics, which
include a Lewis cell, a single drop method, and a rotating disc
method, are not effective to measure the interfacial
concentration.13 Therefore, a modern experimental method
has to be able to determine the interfacial concentration of
an extractant or complex as a function of time.

High-Speed Stirring (HSS) Method.5,6,14 The HSS meth-
od made it possible to measure both an interfacial concentra-
tion and an extraction rate for the first time by a simple prin-
ciple (Fig. 1). When a two-phase system is vigorously stirred
in a vessel to generate an extremely expanded interfacial area,
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the amount of an adsorbed compound is increased and the con-
centration in the organic phase is deceased. Therefore, the
measurement of the decrease in the organic phase concentra-
tion allows one to determine the interfacial amount. Usually,
the measurements are carried out by employing 50 mL for
each phase and the stirring speed of 5000 rpm. The interfacial
area can be increased to 500 times larger than that in a stand-
ing condition. The specific interfacial area in HSS condition
can become as high as 400 cm�1. The maximum interfacial
concentration of an ordinary compound is on the order of
10�10 mol/cm2. This predicts that the maximum amount of
an adsorbable solute at the interface corresponds to the amount
of solute in 50 mL solution of 10�4 M concentration. This
concentration is ready to be measured by an ordinary spectro-
scopic method such as spectrophotometry and fluorometry. In
the original HSS method, the concentration depression in the
organic phase was measured continuously by spectrophotome-
try using a PTFE phase separator and a photodiode array
spectrometer. A schematic drawing of the apparatus is shown
in Fig. 1. From the spectral change caused by stirring, the in-
terfacial amount of a ligand or a complex was observed as a
function of time and the extraction rate was determined.

Centrifugal Liquid Membrane (CLM) Method.11 Direct
spectroscopic observation of the interface was attained by the
centrifugal liquid membrane (CLM) method (Fig. 2). Two
phases, each with a volume of about 100 mL, are introduced
into a cylindrical glass cell with a diameter of 19 mm, which

is then rotated at the speed of 10000 rpm. By this procedure,
liquid membranes with the thickness of 50–100 mm are pro-
duced inside the cell wall, which attains the specific interfacial
area of over 100 cm�1. This method can be applied for the
measurement of interfacial reaction rates as fast as the order
of second.11 The CLM method can be combined with any kind
of spectroscopic method. Fluorescence lifetime of an inter-
facially adsorbed zinc-tetraphenylporphyrin complex was
observed by a nanosecond time-resolved laser induced fluores-
cence method.16 Microscopic resonance Raman spectrometry
was also combined with the CLM (Fig. 2).17 These combina-
tions were highly advantageous to measure the concentration
profiles at the interface and in a bulk phase simultaneously.

Two-Phase Stopped Flow Method.18 Stopped flow mix-
ing of organic and aqueous phases was an excellent way to
produce a dispersion within a few ms. The specific interfacial
area of the dispersion became as high as 700 cm�1 and the in-
terfacial reaction in the dispersed system could be measured by
a conventional photodiode array spectrophotometer. A draw-
back of this method is the limitation of measurable time. Even
in a rather viscous solvent like dodecane, the dispersion system
was stable for ca. 200 ms. However, this method is still advan-
tageous for the measurement of fast interfacial reactions such
as diffusion limiting reactions as observed in the protonation
reaction of tetraphenylporphyrin at dodecane/acid interface.18

Micro-Two-Phase Sheath Flow Method.12 The success-
ful measurement of fast interfacial reactions less than 1 ms was
accomplished by the micro-two-phase sheath flow method
combined with fluorescence microspectroscopy. The schemat-
ic drawing of the laser-induced fluorescence measurement in
the sheath flow system is shown in Fig. 3. An inner cylindrical

Fig. 1. Schematic drawing of the high-speed stirring (HSS)
apparatus. The organic phase was continuously separated
by a PTFE phase separator and circulated through the flow
cell in the UV/VIS photodiode array spectrometer.

Fig. 2. Schematic drawing of the apparatus for the centrifu-
gal liquid membrane-resonance Raman microprobe spec-
troscopy (a) and the centrifugal liquid membrane (CLM)
cell having a sample injection hole at the bottom (b).
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organic phase was flowed with a diameter of 10–30 mm in an
aqueous phase flowed with the same linear velocity. The fluo-
rescence spectrum at the interface was observed as a function
of the distance from the tip of the inner capillary, which was
the start-point of the reaction. The distance from the tip was
converted to the reaction time. Then, a very fast interfacial re-
action less than 1 ms could be measured by increasing the flow
rate. Even a weak fluorescence could be well detected by sig-
nal accumulation at a given point. By this technique, it will be
possible to detect a fast interfacial reaction of the order of 10
ms. Therefore, this technique is analogous to the continuous-
flow method developed for a homogeneous fast reaction.19

Total Internal Reflection and External Reflection
Spectrometry. Total internal reflection (TIR) fluorometry
is the most sensitive method for the detection of interfacial
species and for the measurement of its dynamics.20 Time-re-
solved laser spectrofluorometry elucidated the rapid rotational
dynamics of a fluorescent dye at the interface.21,22 To inves-
tigate these rotational dynamics, a time-resolved fluorescence
anisotropy was measured using a set of equipment containing
a pulsed dye laser (wavelength, 536 nm; pulse width, 0.5–1.0
ns; repetition rate, 10–20 Hz), a streakscope, and a Glan-
Thompson analyzer.23 In a drum-shaped cell, the toluene–wa-
ter interfacial system was prepared. S- and p-polarized types
of laser light were irradiated with an incident angle of 70�,
which was larger than the critical angle for the toluene–water
interface (�c ¼ 63� at 536 nm).23

By use of the laser excitation technique, the decay of the
triplet state of porphyrin was observed at the interface.24 In
the case that an organic phase contains light absorbing com-
pounds, external reflection (ER) absorption spectrometry was
more useful than total internal reflection spectrometry.25,26

Another advantage of the ER method is that its sensitivity is
higher than that of the TIR method, especially for s-polarized
light. Therefore, it can be used as a universal absorption spec-
trometry method of adsorbed species.

Electrochemically Controlled Interfacial TIR Fluores-
cence and SHG Spectroscopy. The potential modulation
spectroscopy, in which the spectroscopic signal is associated
with a sinusoidal modulation of the Galvani potential differ-
ence (�w

o �), allows one to measure the interfacial processes
of ions such as ion-transfer and ion-adsorption. The potential
modulation spectroscopy has been applied to the interfaces be-
tween two immiscible electrolyte solutions (ITIES) in combi-
nation with fluorescence27–30 and reflectance31,32 detections.
In particular, potential-modulated fluorescence (PMF) spectro-
scopy in a total-internal reflection (TIR) condition showed a
high selectivity to the interfacial species and the phenomena
such as ion-transfer. Considering the dependence of PMF re-
sponse on the Galvani potential difference and its perturbation
frequency, one can analyze the ion-transfer mechanism includ-
ing interfacial adsorption processes.

The sinusoidal perturbations of the Galvani potential differ-
ence is applied as

�w
o � ¼ �w

o �0 þ�w
o �1 expði!tÞ ð1Þ

where ! is the angular frequency, i is the imaginary number
and the subscripts 0 and 1 correspond to the steady state and
frequency-dependent components, respectively. The frequen-
cy-dependent fluorescence response (�Ft) associated with a
quasi-reversible ion transfer can be correlated with the Farada-
ic ac current (If,l),

27,33

�Ft ¼
4:606"�Iexc
i!jzjF cos 

If,l ð2Þ

where ", �, Iexc, z, F and  are the molar absorptivity, the
fluorescence quantum yield, the excitation photon flux, charge
number of transferring ion, Faradic constant, and angle of in-
cidence, respectively. The magnitude of If,l can be estimated
from the ion transfer impedance (Zf),

Fig. 3. Schematic drawing of the laser fluorescence microscopy for the measurement of fast interfacial reactions in the micro-two-
phase sheath flow systems.
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If,l ¼
�w

o �1

Zf
¼

�w
o �1

Rct þ ð1� iÞ�!�0:5
ð3Þ

where Rct and � are the charge transfer resistance and the War-
burg term, respectively. In the case that the adsorption of ionic
species is described by the potential-dependent adsorption
model based on Langmuir isotherm, the frequency dependent
fluorescence response (�Fa) associated with adsorption from
aqueous phase to the interface can be expressed as a function
of ac surface coverage (�1):

29

�Fa ¼ 2:303"�Iexc�SS�1 ð4Þ

where �S is the saturated interfacial concentration and S is the
illuminated interfacial area. �1 is described as

�1 ¼
bzF�w

o �1

RT

ka,0�c0ð1� �0Þ � kd,0ð�� 1Þ�0
ka,0c0 þ kd,0 þ i!

� �
ð5Þ

where b is the portion of the applied potential employed for ad-
sorption process (bw þ borg � 1), � is the overall transfer coef-
ficient for adsorption process, c0 is the bulk concentration, and
ka,0 and kd,0 are adsorption and desorption rate constants at giv-
en potentials. The appropriate reverse sign is applied to Eq. 5
for the adsorption process from the organic phase. The poten-
tial dependence of the real and imaginary components of �Fa

for the adsorption from aqueous side exhibits the 180� phase
shift to the adsorption from organic side. In the case of a cat-
ionic species, the maximum PMF response for the adsorption
at the aqueous side appears at potentials less positive than
the formal transfer potential �w

o �
�0 taken as 0 V. In contrast,

the PMF response for adsorption at the organic side is maxi-
mized at potentials more positive than �w

o �
�0. The potential

dependence of PMF signals is strongly affected by the poten-
tial distribution in each phase, i.e. bw and borg, as well as by the
charge number of transferring ion.

Surface second harmonic generation (SSHG) has been ap-
plied to investigate the adsorption behavior and physicochem-
ical properties of a variety of surface active species at the in-
terface, such as surface coverage, molecular orientation, and
solvation structure.34–45 In the case of the adsorption of

non-linear active molecules at the interface, the non-linear re-
sponse from the solvent can be neglected. Thus, the square
root of the SH intensity (I2!) is directly proportional to the sur-
face concentration of the adsorbed molecules, since the surface
susceptibility is a single order function of the number density
of the adsorbed molecules and the molecular hyperpolarizabil-
ity.46–48

Interfacial Electro-Splay Ionization MS Measurement.49

Mass spectrometry is the most powerful technique for the iden-
tification of the composition and structure of molecules in
solution and on surfaces. However, no one has reported any
applications of the mass spectrometry to the liquid–liquid
interfaces. Recently, the micro-two phase flow system with
a high specific interfacial area was directly ionized by an elec-
trospray ionization method and a micro-two phase system in-
cluding the interface was introduced into the mass spectrome-
ter (Fig. 4). By this method, the species formed at the interface
was detected on the mass spectra. Even a highly hydrophobic
species, which was insoluble in water, could be fairly well
measured by this method.

Single Molecule Probe Method.50 The measurement of a
single surfactant molecule adsorbed at the interface has been
attained by TIR fluorescence microscopy. The observation
area at the interface was controlled by a semi-confocal config-
uration to several hundred nm in diameter. Only fluorescence
emitted from the single molecule that entered the observation
region at the interface was observed through a microscope
with an avalanche photodiode detector. The schematic draw-
ing of the total internal reflection fluorescence microscope for
the single molecule detection is shown in Fig. 5. The appara-
tus consisted of an inverted microscope, an oil immersion ob-
jective (PlanApo 60x, NA 1.4, working distance 0.21 mm), a
cw-Nd:YAG laser (532 nm), and an avalanche photodiode de-
tector (APD), which provided a quantum efficiency of about
65–67% at 570–600 nm. A pinhole of 50 mm in diameter
was attached just in front of the photodiode, which restricted
the observation area to 830 nm in diameter (dobs). A laser
beam was focused by a lens to the interface through a quartz
rectangular prism on a flat two-phase microcell. The shape

Fig. 4. Direct electro-spray MS method of micro-two phase system. The organic droplet formed at the tip of inner capillary and
detached after several seconds was electro-sprayed and introduced into TOF mass or quadrupole mass spectrometer.
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of the laser spot at the interface was an ellipse of about 30 mm
� 100 mm in size. P-polarized laser light was irradiated at an
incident angle of 73� at the interface, which was larger than the
critical angle. Fluorescence emitted by interfacial molecules
was collected by the objective and it was focused on the pin-
hole after passing through a bandpass filter (path range, 587.5–
612.5 nm). Time-resolved photon counting was carried out
with a multichannel scalar. The overall detection efficiency
of fluorescence at the interface was calculated as 3.3%.

Interfacial Mechanisms in the Extraction of Metal Ions

Chelate Extraction and Interfacial Catalysis. The ex-
traction kinetics of Ni(b) and Zn(b) with n-alkyl substituted di-
thizone (HL) was the first system, in which an interfacial kinet-
ics was elucidated by HSS method.3,5,6 The observed
extraction rate constants linearly depended on both the metal
ion concentration [M2þ] and the hydrogen ion concentration
in the aqueous phase. However, the observed extraction rate
constant k0 was not decreased with the increase of the distribu-
tion constant KD of the ligands, as had been expected from the
aqueous phase mechanism. Furthermore, the HSS method re-
vealed that the dissociated form of the n-alkyl-dithizone did
adsorb at the interface generated by the vigorous stirring.5

From these experimental results, the following scheme was
proposed by considering both the aqueous phase reaction and
the interfacial reaction between M2þ and the dissociated form
of the ligand L�:

M2þ þ L� ! MLþ

k, formation rate constant in bulk aqueous phase

M2þ þ L�
i ! MLþ

i

ki, interfacial formation rate constant

The rate law for the extraction was obtained as:

�
d½M2þ�

dt
¼ k0

½M2þ�½HL�o
½Hþ�

ð6Þ

and the observed extraction rate constant k0 was represented by

k0 ¼ ðk þ kiKL
0Ai=VÞKa=KD ð7Þ

where Ai/V refers to the specific interfacial area, Ka the disso-
ciation constant and KL

0 the adsorption constant of L� from
the aqueous phase to the interface. Under the conditions of
k � kiKL

0Ai/V, the above equation is reduced to

log k0KD=Ka ¼ log ki þ logKL
0Ai=V: ð8Þ

The value of KL
0Ai was determined by the HSS method. Lin-

ear relationships of the above equation were proved experi-
mentally and calculations gave the interfacial rate constants
of log ðki=M�1 s�1Þ ¼ 8:08 for Zn2þ system and
log ðki=M�1 s�1Þ ¼ 5:13 for Ni2þ system, respectively.5

A primary criteria of the interfacial mechanism is that the
ligand concentration dependence of the extraction rate shows
a Nernst isotherm or an adsorption isotherm. This was proved
in the extraction of Ni(b) with 2-hydroxy oxime such as 5-non-
ylsalicylaldehyde oxime (P50),51 2-hydroxy-5-nonylacetophe-
none oxime (SME529)52 and 20-hydroxy-50-nonylbenzophe-
none oxime (LIX65N).53 These extractants adsorbed at the
interface in their neutral forms, obeying the Langmuir iso-
therm,

½HL�i ¼ aK0½HL�o=ðaþ K 0½HL�oÞ ð9Þ

where [HL]i and [HL]o refer to the concentrations at the inter-
face and the organic phase, respectively; a is the saturated in-
terfacial concentration; and K 0 is the interfacial adsorption
constant defined by K0 ¼ ½HL�i=½HL�o under the condition of
½HL�o ! 0. The interfacial adsorptivity was confirmed also
by the interfacial tension measurement. The initial rate con-
stant for the extraction, r0, was represented by

r0 ¼ kiKa
0ni½Ni2þ�=½Hþ� ð10Þ

where Ka
0 is the dissociation constant at the interface and ni is

the interfacial amount of the ligand under the present experi-
mental conditions. A linear relationship between r0 and ni
was experimentally confirmed. Then, it was concluded that
the reaction between the dissociated form, L� and the metal
ions at the interface governed the extraction rate. The complex
formed at the interface was not adsorbed at the interface, but
extracted into the organic phase. We determined the adsorp-
tion constants of the three 2-hydroxy oximes and the complex-
ation rate constants with Ni(b) and Cu(b) ions at the interface
by means of the HSS method as listed in Table 1. The adsorp-
tion constants (K0) of the neutral forms were all in the order of
10�3 cm and the complexation rate constants of the dissociated
form with Ni(b) ion at the interface were in the order of 105

M�1 s�1 for the three extractants, though the distribution con-
stants (KD) were significantly different. The complexation rate
constants were not seriously affected by the interface of hep-
tane/water in comparison with those in bulk aqueous
solution. However, in the chloroform system, the magnitude
of ki was decreased about two orders. The ligand might be sol-
vated by chloroform molecules even when it was adsorbed.

The adsorptivity of the 2-hydroxy oxime and its orientation
at the interface were well depicted by the MD simulations.54 It
was shown that the polar groups of –OH and =N–OH of the
adsorbed 2-hydroxy oxime molecule were accommodated in

Fig. 5. Schematic illustration of a laser induced fluores-
cence microscope with the total internal reflection config-
uration for the detection of single DiI molecules at the do-
decane–water interface. Abbreviations: ND, ND filter;
�=2, �=2 plate; M, mirror; L, lens; C, microcell contain-
ing dodecane and aqueous phases; O, objective (60�); F,
band path filter; P, pinhole; APD, avalanche photodiode
detector.
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the aqueous phase so as to react with Ni(b) ion in the aqueous
phase.55 This was thought to be the reason why the reaction
rate constants of Ni(b) at the heptane/water interface had al-
most the same magnitude as those in aqueous phase. The dif-
fusive and adsorptive behavior of LIX65N around the interface
was also simulated for 1 ns. The molecule behaved around the
interfacial region, moving between the interface and the hep-
tane phase. Estimated interaction energies of LIX65N with
surrounding solvent molecules are plotted in Fig. 6 as a func-
tion of the position of the N atom of LIX65N molecule. Figure
6 clearly shows that LIX65N is more stable at the interface
than in heptane phase in terms of the interaction energy.

Pyridylazophenol-ligands have been widely used in the ex-
traction photometry of various metal ions. For example, 1-(2-
pyridylazo)-2-naphthol (Hpan) is one of the most well known
reagents, but it shows a slow extraction rate for some metal
ions such as Ni(b) and Pd(b). 2-(5-Bromo-2-pyridylazo)-5-di-
ethylaminophenol (5-Br-PADAP) is more sensitive than Hpan
for Cu(b), Ni(b), Co(b), and Zn(b), giving the metal complexes
with high molar absorptivities in the order of 105 M�1 cm�1. 5-
Br-PADAP showed a significant adsorption at the interface of
heptane/water under high-speed stirring conditions (5000
rpm). On the other hand, the adsorptivity at the toluene/water
interface was very low. Hpan did not adsorb at the toluene/
water interface at all. The adsorption constants of 5-Br-PA-
DAP (HL) at the heptane/water and toluene/water interfaces
were obtained as logK0 Ai (cm3) = 1.64 and logK0 Ai

(cm3) = �0:367.14 The solvent effect on the adsorptivity of
the ligand affected directly the interfacial reaction rate. In
the heptane system, the Ni(b) complex was not extracted into
the heptane phase. On the other hand, in toluene system the
complex was extracted very slowly. Recently, the extraction
rates of Ni(b) and Zn(b) with 5-Br-PADAP were studied by
means of CLM.56 Direct observation of the interface by means
of CLM method clearly showed the formation of the complex
only at the interface of hepatne/water systems, as shown in
Fig. 7. Based on reaction Scheme 1, the initial formation rate
was represented by:

ro ¼ k½HL�
Va

Vo

þ
k1k2½HL�i

k2 þ k�1½Hþ�

� �
Ai

Vo

� �
½M2þ� ð11Þ

where Va and Vo refer to the aqueous and organic phase vol-
umes and the definitions of k, k1, k2, and k�1 are shown in
Scheme 1. The complexation proceeded almost completely
at the interface. The values of the interfacial complexation
rate constants are listed in Table 2. The rate constant of
k ¼ 5:3� 102 M�1 s�1 was determined in the aqueous solution
by a stopped-flow spectrometry in the region where the forma-
tion rate was independent of pH. The conditional interfacial
rate constants represented by ki ¼ k1k2½HL�i=ðk2 þ k�1½Hþ�Þ
were larger in the heptane/water interface than the toluene/
water interface for both metal ions. The molecular dynamics

Table 1. Kinetic Parameter Obtained in the Adsorption and Extraction of Ni(b) and Cu(b) with 2-Hydroxy Oxime in 0.1
M (H,Na)ClO4 at 25 �C

2-Hydroxy oxime pKa
logKD log a logAi logK0 log ki

(org. solvent) mol cm�2 cm2 cm M�1 s�1

Ni(b)/5-Nonylsalicyl 9.00 3.36 �9:60 4.11 �3:34 4.57
aldehyde oxime(P50) (heptane)
Ni(b)/20-Hydroxy- 9.79 3.99 �9:70 4.29 �3:29 5.11
50-nonylacetophenone (heptane)
oxime(SME529)

Ni(b)/2-Hydroxy-5- 8.70 5.69 �9:76 4.28 �2:97 5.14
nonylbenzophenone (heptane)
oxime(LIX65N) 4.6� log a Ai ¼ �6:50 logK0 Ai/cm

3 = �0:16 3.33
(chloroform)

Cu(b)/LIX65N 8.70 5.69 �9:76 4.28 �2:97 9.87
(heptane)

� Ref. 101.

Fig. 6. Structures of 2-hydroxy oxime and the change in the
solvation energy with position of the N atom of 2-hy-
droxy-5-dodecylphenyl oxime (LIX65N) molecule esti-
mated in the heptane/water system by the molecular dy-
namics simulation for 1 ns. It is noted that the LIX65N
molecule is stabilized at the interface during its diffusion
between the interface and the bulk heptane phase.
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simulation of the adsorptivities of 5-Br-PADAP in heptane/
water and toluene/water interfaces suggested that 5-Br-PA-
DAP could adsorb at the interfacial region more closely to
the aqueous phase, but 5-Br-PADAP in the toluene/water in-
terface was still surrounded by toluene molecules which might
lower the probability for it to react with aqueous Ni(b) ions.14

We applied CLM-Raman microscope-spectrometry for the
measurement of the complexation rate of Pd(b) with 5-Br-PA-
DAP (HL) at the heptane–water interface, and demonstrated
that this method was highly useful for the kinetic measurement
of the interfacial reaction.57 Figure 8 shows a typical result of
the spectral change in the interfacial formation of PdLCl. In
these Raman spectra, the Raman spectrum of heptane has al-
ready been subtracted. Raman intensities at 1599 cm�1,
1408 cm�1, and 1303 cm�1 assigned to PdLCl increased clear-
ly with the reaction time. The initial complexation rate of
Pd(b) with 5-Br-PADAP at the interface obtained from
the Raman intensity change was in good agreement with
that obtained from the absorbance change by CLM
spectrophotometry. Furthermore, the resonance-Raman spec-
tra of the interfacial PdLCl provide information on the nano-
environment of the complex. Figure 9 shows resonance Ra-
man spectra of PdLCl at the heptane/water and toluene/water
interfaces, in toluene, and in ethanol. The resonance Raman
spectra of PdLCl adsorbed at the heptane/water and toluene/

Fig. 7. Absorption spectra of Ni(b) and Zn(b)–5-Br-PA-
DAP complexes at the heptane/water interface (upper)
and the formation rate of Zn(b)–5-Br-PADAP complex
at the interface measured by the CLM spectrometry
(lower). [HL]T = 1:5� 10�5 M, [Zn2þ] = 1:0� 10�4

M, pH = 6.0.

Scheme 1.

Table 2. Kinetic Parameters for the Interfacial Complex-
ation of Ni(b) and Zn(b) with 5-Br-PADAP in Heptane/
Water and Toluene/Water Systems

Metal ion k1/M
�1 s�1 k�1/M

�1 s�1 k2/s
�1

Heptane/water interface
Ni(b) 1:1� 103 4:3� 105 4:4� 10�2

Zn(b) 4:4� 104 6:9� 105 1:1� 10�1

Toluene/water interface
Ni(b) 3:2� 10 2:9� 104 3:5� 10�1

Zn(b) 5:1� 104 2:0� 106 4:8� 10�2

Fig. 8. Change in resonance Raman spectra with the com-
plexation of Pd(b) with 5-Br-PADAP at the heptane–water
interface. Aqueous phase: PdCl2 8:0� 10�5 mol dm�3,
HCl 0.1 mol dm�3, pH 1.0; heptane phase: 5-Br-PADAP
7:8� 10�6 mol dm�3. 5-Br-PADAP was injected at 4 s.
Final volumes of the aqueous and heptane phase were
0.250 and 0.150 cm3, respectively. Laser power (514.5
nm) was 40 mW and the integration time for each spec-
trum was 5 s.

H. Watarai et al. Bull. Chem. Soc. Jpn., 76, No. 8 (2003) 1477



water interfaces were not in agreement with those in toluene
and chloroform of lower dielectric constants, but were close
to those in alcohol and aqueous alcohol mixed solvents of
higher dielectric constants. This result suggested that the
PdLCl complex at the interface was partially surrounded by
water molecules. The solvent effect on the resonance Raman
spectra of PdLCl reflected the change of the ratio of the azo
and imine resonance structures, shown in Scheme 2. The
imine contains two forms of imine 1 and imine 2, depending
on the extent of the charge separation; imine 1 is more
dipolar. The bands at 1482, 1463, 1307, and 1284 cm�1 were
assigned to �(C=C) of pyridine ring in azo form, �(CNNC) in
imine form, �(CNNC) in azo form, and �(CNNC) in imine
form, respectively. The azo/imine intensity ratios at 1482
and 1463 cm�1 (I1482=I1463) and at 1307 and 1284 cm�1

(I1307=I1284) increased with the decrease in the dielectric con-
stant of the solvent. The values of I1482=I1463 and I1307=I1284
in resonance Raman spectra of PdLCl adsorbed at the tolu-
ene/water interface were 0.63 and 1.47, respectively, and
those of PdLCl complex formed at the heptane/water interface
were 0.86 and 1.85, respectively. From these values, the di-
electric constants at the toluene/water and heptane/water
interfaces around PdLCl were estimated to be 62 and 40,
respectively.

In usual chelate extraction kinetics with an acidic ligand, an
acidic condition decreases the extraction rate of metal ions, be-
cause of the suppression of the dissociation of the ligand.
However, in the extraction of Pd(b) chloride with 5-Br-PA-
DAP in toluene, the lowering of pH accelerated the extraction
rate.58 The protonation of 5-Br-PADAP at the N� atom of azo

group increased its adsorptibity at the interface, but did not de-
crease the reactivity with Pd(b). The rate constants obtained in
heptane/water and toluene/water interfaces by CLM method
are listed in Table 3.15 The rate constant is larger for the re-
action with the protonated 5-Br-PADAP, because Pd(b) is co-
ordinated by chloride ion and then negatively charged as
PdCl3

� and PdCl4
2�. This type of acid-catalyzed effect has

never been reported and is a specific catalysis at the liquid–liq-
uid interface. This finding will provide inspiration for the de-
sign of a new type of catalytic extractant that will be interfa-
cially active and strongly reactive for a negatively charged
complex ion.

The fast complexation rate between Zn(b) ion with 5-octyl-
oxymethyl-8-quinolinol (Hocqn) at the 1-butanol/water inter-
face was measured by the micro-two-phase sheath flow
method.59 The formation of a fluorescence complex at the in-
terface was measured in the period less than 5 ms after the con-
tact of the two-phase as shown in Fig. 10(a). The depth profile
of the fluorescence intensity through the inner organic flow
proved that the fluorescence complex was formed only at the
interface in proportional to the time (Fig. 10(b)).

These results showed that the liquid–liquid interface could
catalyze the extraction rate by increasing the interfacial con-
centration of extractant and facilitating the interfacial com-
plexation rate, similar to a gas/solid or a liquid/solid catalysis.

Ion-Association Extraction and Ion-Association Adsorp-
tion. Complexes of Fe(b), Cu(b), and Zn(b) with 1,10-phen-
anthroline (phen) and its hydrophobic derivatives exhibited re-
markable interfacial adsorptivity, although the ligands
themselves can hardly adsorb at the interface, unless they be-
come protonated.60–62 The extraction rate profiles of Fe(b)
with phen and its dimethyl (DMP) and diphenyl (DPP) deriv-
atives into chloroform were investigated by the HSS method.63

In the presence of 0.1 M NaClO4, both the formation rate of
the phen complex and its interfacial adsorption were remarka-
bly dependent on the hydration tendency of anions of Cl� and

Fig. 9. Resonance Raman spectra of PdLCl adsorbed at the
heptane/water and toluene/water interfaces and in toluene
and ethanol. Excitation wavelength, laser power, and the
integration time were 514.5 nm, 40 mW, and 50 s, respec-
tively.

Scheme 2.

Table 3. The Rate Constants (M�1 s�1) for the Reaction of
Pd(b) with the Neutral and the Protonated 5-Br-PADAP in
the Aqueous Phase and at the Heptane/Water and Tolu-
ene/Water Interfaces

Reaction site
Neutral Protonated

5-Br-PADAP (HL) 5-Br-PADAP (H2L
þ)

Aqueous phase 5:7� 102 5:7� 102

Heptane/water interface 5:3� 10 5:1� 102

Toluene/water interface 6:6� 10 3:3� 102
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ClO4
�. The initial extraction rate was described by the equa-

tion:

ðd½FeL3X2�=dtÞt¼0 ¼ k1½Fe2þ�½L� þ k1
0½Fe2þ�½L�iAi=Vo

ð12Þ

where k1 and k1
0 stand for the 1:1 formation rate constant of

FeL2þ in the aqueous phase and at the interface,
respectively. The apparent extraction rate constant, kobs, was
written as

kobs ¼
1

1þ KC
0Ai=Vo

k1

KD

þ k1
0KL

0 Ai

Vo

� �
ð13Þ

where KL
0 and KC

0 refer to the adsorption constants of L and
FeL3X2 from organic phase to the interface, respectively. Ex-
perimental results showed that the rate-determining step was
the 1:1 complex formation both in aqueous phase and at the
interface. The adsorption of ligand accelerated the extraction
(a positive catalytic effect), but the adsorption of the complex
apparently suppressed the extraction rate (a negative catalytic
effect). The effects of anion and solvent on the extraction rate
could be explained through the change of the adsorption con-
stant KC

0 of the tris-complex ion.
Hydrophobic porphyrins of tetraphenylporphyrin (TPP) and

octaethylporphyrin (OEP) could be adsorbed at the toluene/
sulfuric acid interface by the di-protonation.64 On the other
hand, the ion-association extraction of the di-protonated por-
phyrins with chlorinated anions occurred in the order of hydro-
phobicity: chloride ion < perchlorate ion < trichloroacetate
ion.

Ion-association adsorption of water soluble porphyrin was
studied by TIR fluorometry. Interfacial adsorption of anionic
or cationic surfactant succeeded to attract the oppositely charg-
ed porphyrin from the mixture of cationic and anionic porphy-
rins; tetrakis(sulphonatophenyl)porphyrin (TPPS) adsorbed
with hexadecyltrimethylammonium ion and tetrakis(N-methyl-
pyridyl)porphyrin (TMPyP) with hexadecanesulfonate.65 In

addition, the application of an external electric field across
the interface controlled the interfacial ion-association adsorp-
tion of the ionic porphyrin.66 Furthermore, TIR Raman micro-
spectroscopy determined the tilt angle of the orientation of
meso-tetrakis(N-methylpyridyl)porphyrinatomanganese(c)
(Mn(tmpyp)5þ) with dihexadecyl hydrogenphosphate (DHP) at
the toluene/water interface as 65� to the interface normal.67

Synergistic Extraction and Interfacial Ligand-Substitu-
tion Reaction. A typical kinetic synergism in the extraction
of metal ion has been reported for the Ni(b)–dithizone (Hdz)–
phen chloroform system.68 The extraction equilibrium con-
stant (logKex) was enhanced from �0:7 to 5.3 by the addition
of phen:

Ni2þ þ 2Hdzo þ phen � Nidz2pheno þ 2Hþ ð14Þ

At the same time, the extraction rate was accelerated by the re-
actions in aqueous phase.69 The catalytic effect of phen was
explained by the formation of the interfacial adsorptive com-
plex of NiDzphenþ,

Ni2þ þ phen ! Niphen2þ

k ¼ 6:8� 103 M�1 s�1 ð15Þ

Niphen2þ þ dz� ! Nidzphenþ

k ¼ 9:2� 104 M�1 s�1 ð16Þ

The synergistic effect of DPP on the extraction of Ni(b) with
dithizone was also studied and confirmed the formation of
an interfacial complex.70

It was suggested that some kinetic synergism could be at-
tained by the formation of an interfacial intermediate complex,
which was successively neutralized by a ligand substitution re-
action at the interface to form a more extractable, neutral
complex. The catalytic effect of N,N-dimethyl-4-(2-pyridyl-
azo)aniline (PADA) on the extraction of Ni(pan)2 was de-
signed along this guiding principle. The extraction rate of

Fig. 10. (a) Formation rate of the fluorescent Zn(ocqn)2 complex in the 1-butanol/water interface measured by the laser-induced
fluorescence measurement for the different Hocqn concentration in [Zn2þ] = 1:2� 10�2 M and pH = 6. (b) Depth profile of the
fluorescent Zn(b)–ocqn complex across the inner 1-butanol phase flow at 1.9 ms after the contact of the two phases. The two peaks
correspond to the interfacial region. Conditions are [Hocqn] = 1:1� 10�3 M, [Zn2þ] = 1:2� 10�2 M, and pH = 6.3 by MES
buffer.
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Ni(pan)2 into toluene was very slow, even under a high-speed
stirring condition, whereas the addition of PADA as a low con-
centration of 10�5 M could still accelerate the extraction rate
about ten times. Into the organic solvent, only Ni(pan)2 was
extracted and no consumption in PADA was observed after
the extraction, though a significant decrease in the organic
phase concentration of PADA was observed during the extrac-
tion under the high-speed stirring condition. These results
were analyzed by the mechanism of the interfacial ligand-sub-
stitution:71

Ni(pada)2þi þ Hpano ! Ni(pan)(pada)þi þ Hþ

k0, formation rate constant ð17Þ

Ni(pan)(pada)þi þ Hpano ! Ni(pan)2,o þ padao þ Hþ

ð18Þ

The value of k0 was obtained as 90 M�1 s�1. The key process
of the catalytic extraction of Ni(b)–pan with PADA is the fast
aqueous phase formation of Ni(pada)2þ and the adsorption of
Ni(pan)(pada)þ which was followed by the ligand substitution
of pada with pan�. This scheme has a general importance as a
guideline for the acceleration of the extraction rate by the in-
terfacial reaction.

Interfacial Aggregation and Molecular Recognition
at the Interface

Another unique feature of the interfacial reaction for metal
complexes is the formation of the aggregate of the complex.
As observed in many cases, the liquid–liquid interface can
be saturated by any surface active molecules at an interfacial
concentration of the order of 10�10 mol/cm2, which can be at-
tained even under a diluted bulk concentration in the case of
highly hydrophobic solutes. This means that the interface is
ready to become a two-dimensionally concentrated state for
the solute. This situation can very often produce the formation
of aggregates of the metal complex at the liquid–liquid
interface. During the procedure of solvent extraction of metal
ions, we used to encounter the formation of some precipitate at
the interface, which is called crud or scum in the field of hy-
drometallurgy and has to be suppressed. Therefore, this kind
of phenomena should be studied more from a viewpoint of
an interfacial aggregation of metal complexes.

A typical example of interfacial aggregation is that of the
interfacial protonation of tetraphenylporphyrin (TPP). The ag-
gregation rate of H2tpp

2þ at the dodecane/sulfuric acid solu-
tion was measured by a two-phase stopped flow method6 and
a CLM spectrophotometric method.10 In the former method,
it was found that the stagnant layer of 1.4 mm existed in the
dodecane phase side of the droplet interface even under the
highly dispersed system. In the CLM method, the liquid mem-
brane phase of 50–100 mm thickness behaved as a stagnant
layer where the TPP molecule migrated according to its self-
diffusion rate, followed by a rapid protonation and aggregation
of the diprotonated species at the interface.

Recently, the formation of the dinuclear Eu(c) complex at
the toluene/water interface was determined by time-resolved
TIR fluorometry.72 When bathophenanthroline sulfate (bps)
was added to the extraction system of Eu(c) with 2-thenoyltri-

fluoroacetone (Htta), a double component luminescence decay
profile was observed. This indicated the presence of dinuclear
complex at the interface.72 The observed life times 	 ¼ 22 ms
and 203 ms were attributed to the dinuclear complex
Eu2(tta)2(bps)2 and the mononuclear complex Eu(tta)2bps

�,
respectively. The shorter life time of the dinuclear complex
than 	 ¼ 98 ms for an aqua-Eu(c) ion suggested a charge
transfer deactivation in the complex.

Assemblies of Pd(b)–5,10,15,20-tetra(4-pyridyl)porphyrin
(tpyp) complex were formed spontaneously at the toluene–wa-
ter interface, when a toluene solution of tpyp was contacted
with an aqueous solution of PdCl2 under an acidic
condition.73 The interfacial assemblies of tpyp were formed
with Pd(b) more effectively than with other divalent metal
ions: Ni(b), Cu(b), or Zn(b). Pd(b) ion in the complex was
bound to the nitrogen of the pyridyl group of tpyp, not to
the pyrrole nitrogen. In situ fluorescence microscopy elucidat-
ed the formation of two kinds of complex assemblies: assem-
bly 1 (AS1) was generated in a lower tpyp concentration, and
assembly 2 (AS2) in a higher tpyp concentration. Steady-state
fluorescence excitation and emission spectra were measured
under the total internal reflection condition. The fluorescence
spectra of interfacial AS2 showed a red-shift of 7–11 nm in the
maximum wavelength (�max ¼ 668 nm) relative to that of tpyp
in toluene, suggesting a weak p-stacking interaction between
tpyp molecules in the assembly AS2. Time-resolved TIR flu-
orometry determined the fluorescence lifetime of AS1
(�max ¼ 656 nm) and AS2 as 0:15� 0:05 ns and 1:1� 0:1
ns, respectively. The average stoichiometric composition of
Pd:tpyp was 3:1 and 1:1 for AS1 and AS2, respectively, but
the fluorescence quenching effect by Pd(b) indicated that each
tpyp of AS1 was bound to four Pd(b) atoms. These results
suggested that two Pd(b) atoms in AS1 were shared between
two tpyp molecules and that the other two Pd(b) atoms were
binding to the nitrogen atoms of the pyridyl group of tpyp
molecule as shown in Fig. 11.

We also measured the time-resolved fluorescence anisotro-
py for the assemblies (AS1 and AS2) of Pd(b)–tpyp complex
under the total internal reflection conditions with the incident
angle of 70�.74 Since the tpyp molecule could be regarded
as a circular light absorber and emitter, the in-plane fluores-
cence anisotropy (r�) is a function of 
 as well as �, resulting
in the loss of its intrinsic meaning. Thus, the out-of-plane fluo-
rescence anisotropy (r�ðtÞ) was mainly analyzed in detail. In
the case of the tpyp molecule, r�ðtÞ is written as:

r�ðtÞ ¼
hð1� 3 sin2
0Þð1þ sin2
ðtÞÞi

4h1þ sin2
ðtÞi
ð19Þ

For random distributions of 
0 and 
ðtÞ, r�ð0Þ and r�ðtÞ were
calculated as �0:29 and �0:25, respectively.

Table 4 summarizes the total interfacial concentration of
tpyp and the ratio of AS1 or AS2. The r�ðtÞ values in the ear-
lier and later time ranges were attributable to AS1 and AS2 at
2:6� 10�11 mol cm�2, respectively, since the lifetime of AS1
was shorter than that of AS2 as mentioned above. r� was
mainly due to AS2 at 1:3� 10�10 mol cm�2. Table 4 also
summarizes r� and 
eq values for AS1 and AS2. The r�
was defined as the average value around 
, but the 
 values
in Table 4 were calculated by assuming that the tpyp mole-
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cules in AS2 had a fixed 
eq. Calculations of r� for 
eq dis-
tributions of 43� 10� and 61� 10� resulted in r� values quite
similar to the corresponding ones in Table 4, meaning that the
distribution in 
eq affected the r� values only slightly. As for
AS2, 
eq tended to increase with the increase in the total inter-
facial tpyp concentration. The function r�ðtÞ suggested that
tpyp in AS1 was randomly oriented. On the other hand, tpyp
in AS2 had a halfway orientation angle and it tended to lie at
the interface with the increase in its interfacial concentration.

Possible structures of the Pd(b)–tpyp complex assemblies at
the interface are schematically illustrated in Fig. 11. Four pyr-
idyl-groups of one tpyp in AS1 were occupied with four Pd(b),
two of which bridged two other tpyp molecules. This structure
suggests the random distribution of tpyp on the out-of-plane
orientation more preferentially than a fixed orientation of
59�. On the other hand, one tpyp molecule in AS2 was bound
to one Pd(b) atom. The tpyp molecules in AS2 were weakly
associated with each other, and the average aggregation num-
ber was about 3. However, it was found that the energy migra-
tion between tpyp molecules in AS2 rarely affected on its fluo-
rescence lifetime. In other words, the lifetimes of tpyp in AS1
and AS2 were dominantly determined by the quenching of
Pd(b) directly bound to pyridyl-groups. Tpyp in AS2 showed
a halfway orientation angle (
eq) of about 43

� at the lower to-
tal interfacial tpyp concentration (2:6� 10�11 mol cm�2),
where the AS1 and AS2 assemblies coexisted at the
interface. Tpyp in AS2 tended to lie at the interface
(
eq � 61�) as the total interfacial tpyp concentration in-
creased to 1:3� 10�10 mol cm�2, where AS2 assembly was
mainly present at the interface.

Isomer-Recognizing Adsorption of Pd(b)-Pyridylazophe-
nol Complex with Diazine Derivative.75 Palladium(b) ion
can form a 1:1 complex with 5-Br-PADAP, leaving one site
for the coordination of another ligand. Pd(b)–5-Br-PADAP
(PdL) complex has specific characteristics, such as an extreme-
ly high molar absorptivity ("564 ¼ 4:33� 104 M�1 cm�1 in
toluene), an interfacial adsorptivity and a soft Lewis acid.
Therefore, PdL can work as an interfacial molecular recogni-
tion reagent.

We studied at the start the possibility of molecular recogni-
tion of the isomers of diazines by Pd(b)–5-Br-PADAP. Figure
12 shows the molecular structures of the diazines (Dzs or N)
studied and their values of the acid-dissociation constant
(Ka) and distribution constant between toluene and water
(KD). PdLCl reacted with a neutral Dz and formed a PdL–
Dz (PdLNþ) complex at the toluene–water interface. The in-
terfacial formation constant (�i) of PdLN

þ complex was de-
fined as:

PdLCli þ N � PdLNþ
i þ Cl� ð20Þ

�i ¼
½PdLNþ�i½Cl��
½PdLCl�i½N�

ð21Þ

Figure 13 shows the plots of log�i vs logðKD=KaÞ. The plots
were divided into two groups: pyridazine derivatives and the
other compounds. A linear relationship was obtained between
the logarithmic interfacial formation constants (log�i) for
PdLþ–diazine derivative complexes and the logarithmic ratio
of the distribution constant (KD) to the acid-dissociation con-
stant (Ka) for two groups. PdLþ–pyridazine derivative com-
plexes showed much higher stability at the interface than pyr-
imidine and pyrazine derivative complexes. This result
suggests that pyridazine derivative complexes become more li-
able to adsorb at the interface than pyrimidine and pyrazine de-
rivative complexes, since the bonding of the pyridazine deriv-
ative to PdLþ increases its hydrophobicity by the decrease in
the dipole moment, which is evaluated by the molecular orbital
calculation.

Under the condition of the low concentration of chloride
ion, PdL–Dz complexes formed an aggregate at the
interface.76 Figure 14 shows the absorption spectra of PdLCl
and the aggregates of PdL–Dz complexes. The formation of
each interfacial aggregate of PdL–Dz was accompanied by a
drastic absorbance decrease at 564 nm of PdLCl and changes
in the spectral shape. Some differences in the composition of

Fig. 11. Schematic illustration of possible structures of the Pd(b)–tpyp complex assemblies at the interface, AS1 and AS2, at the
(a) lower and (b) higher total interfacial tpyp concentrations.

Table 4. Out-of-Plane Fluorescence Anisotropy (r�) and
Angle Profile as a Function of Interfacial AS1 and AS2
Concentration

� i
a)/mol cm�2

2:6� 10�11 5:4� 10�11 1:3� 10�10

[AS1]/� i 46% 28% 19%
r� for AS1 �0:30 — —

 for AS1 random (or 59�)

[AS2]/� i 54% 72% 81%
r� for AS2 �0:10 �0:17 �0:33

 for AS2 43� 49� 61�

a) Total interfacial concentration of tpyp.
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the interfacial aggregate of PdL–Dz were observed among Dz
isomers; PdL–pyridazine aggregates were blue domains at the
interface and the composition ratio was pyridazine:PdL = 1:1,
whereas PdL–pyrazine aggregate was as a thin membrane with
the composition of pyrazine:PdL = 1:2, and PdL–pyrimidine

aggregates were blue domains with unknown composition.
In spite of the lowest stability for pyrazine among the Dz iso-
mers in the 1:1 complexation with PdL at the toluene–water
interface, the stability for the formation of the interfacial ag-
gregate was highest for pyrazine. This result revealed that
the formation of the interfacial aggregate of PdL–Dz isomer
was governed by the geometric structure of Dz, not by the

Fig. 12. Molecular structures of the diazines (Dzs) studied and their acid-dissociation constants (Ka) and distribution constants (KD)
between toluene and water.

Fig. 13. Linear correlation between the interfacial forma-
tion constant (log�i) for PdL

þ-diazine derivative complex
in toluene/water and the ratio of the distribution constant
to the acid-dissociation constant for diazine derivative
(log ðKD=KaÞ). Closed and open circles refer to pyridazine
derivatives and the other diazine derivatives, respectively.
Numbers refer to the diazines in Fig. 12.

Fig. 14. The absorption spectra of PdLCl and the interfacial
aggregates of ternary PdL–Dz complexes measured by
CLM method. [PdLCl]init = 5:6� 10�5 M, [pyridazine]
= 2:0� 10�4 M, [pyrimidine] = 8:0� 10�3 M, [pyra-
zine] = 8:0� 10�5 M, [ClO4

�] = 0.1 M, [Cl�] = 0 M,
pH 2.0.
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basicity. The resonance Raman spectra of the interfacial ag-
gregates measured by the use of the centrifugal liquid mem-
brane method indicated no structural changes of 5-Br-PADAP,
such as twisting or cis-isomerization.77 Moreover, no hypo-
chromic effect in the PdL–Dz aggregates was observed in
the aggregate of neutral PdLCl formed at the heptane–water
interface. These results suggested that the hypochromic effect
in the PdL–Dz complexes resulted from the interaction of 5-
Br-PADAP ligand with ClO4

� as a counter anion incorporated
in these aggregates. The interaction should prevent the reso-
nance in the charged quinone structure of the ligand in the
Pd(b)–5-Br-PADAP. Similar interfacial aggregation was ob-
served between Pd(b)–5-Br-PADAP and the purine bases, ad-
enine and guanine, of nucleic acid. The interfacial aggrega-
tions of PdL with pyridazine, pyrazine, adenine, and guanine
occurred at very low concentrations of Dzs and purine bases
and were not observed in the bulk phases. The interfacial mo-
lecular recognizing aggregation found in these systems provid-
ed a new mean for the future design of a sensitive and selective
detection method for various compounds such as nucleic acid
bases, DNAs, drugs and pesticides.77

Ion-Adsorption at Electrochemically Polarized Interface

The interfacial adsorption and transfer of ions can be con-
trolled by the application of an electrochemical potential
across the interface.78,79 The combination of PMF spectrosco-
py and conventional electrochemical techniques has allowed
us to uncover the interfacial adsorption and transfer processes
of the fluorescent ions. The supporting electrolytes were
bis(triphenylphosphoranylidene)ammonium tetrakis(penta-
fluorophenyl)borate (BTPPATPFB) for the organic phase and
lithium sulfate for the aqueous phase, respectively. The cell
was constructed as Ag/AgSO4/fluorescent ion 0.010 M
Li2SO4(aq)/0.010 M BTPPATPFB (DCE; 1,2-dichloro-
ethane)/0.001 M BTPPACl, 0.010 M LiCl (aq)/AgCl/Ag.

Tris(2,20-bipyridyl)ruthenium(b) (Ru(bpy)3
2þ) showed qua-

si-reversible ion transfer features in both these techniques. In
this case, the PMF responses for the transfer of Ru(bpy)3

2þ

was expressed as a bell-shaped response centered at the formal
transfer potential (�0:10 V). On the other hand, the cationic
zinc(b) porphyrin, meso-tetrakis(N-methylpyridyl)porphyrina-
tozinc(b) (Zn(tmpyp)4þ), exhibited rather complex spectroelec-
trochemical responses, in which the PMF responses indicated
that Zn(tmpyp)4þ was adsorbed at the interface at potentials
on either side of the formal transfer potential (0.10 V). Due to
the difference in the potential dependence of the adsorption
processes (Eq. 5), the PMF responses associated with adsorp-
tion process from the aqueous phase exhibit a different phase
shift with respect to the adsorption from the organic phase. Al-
though the PMF responses for the transfer of Zn(tmpyp)4þ

around 0.10 V are superimposed to the adsorption responses,
the PMF responses at potentials more negative and positive
than the formal transfer potential are related to the adsorption
at the aqueous and organic sides, respectively. The PMF sig-
nal also indicated that the average orientation of porphyrin ring
was close to parallel to the interface.27 The dependence of
�F=F on the frequency of potential modulation gave kinetic
parameters. The complex representation of PMF responses
for the Zn–TMPyP system (Fig. 15)29 measured at the poten-

tial corresponding to the adsorption process from the aqueous
phase, �0:10 V, was expressed by a distorted semicircle, in
agreement with the theoretical model for kinetically controlled
adsorption processes. In principle, the PMF response is not af-
fected by the non-Faradaic responses such as double layer
charging; even so, the spectroscopic responses are still affected
by attenuation of the ac-potential due to the uncompensated
resistance. The Gibbs free energy of adsorption was evaluated
from kinetic parameters as between �30 and �40 kJ mol�1.

Recent surface SHG studies of the adsorption reaction of
water-soluble porphyrins at polarized ITIES clearly showed
the changes of interfacial species during the ion transfer proc-
ess via interfacial adsorption.80,81 The molecular hyperpolar-
izability of symmetrically substituted porphyrins has been re-
ported with remarkably small values in the bulk phase, i.e.,
the order of 10�30 esu.82,83 These small values for the molec-
ular hyperpolarizability are due to the cancellation of charge
transfer interactions along the two dipole moments in the
molecule that are intersecting each other. The free base
(H2(tmpyp)4þ) and Zn(tmpyp)4þ complex, however, generated
intense SHG signals at the water–DCE interface suggesting
that the molecular hyperpolarizabilities of these adsorbed
molecules were modified at the interface. Figure 16 shows
the surface SH spectrum of H2(tmpyp)4þ at the water–DCE
interface. The surface SHG spectrum for the free base was
roughly consistent with the bulk absorption spectrum of
H2(tmpyp)4þ in the aqueous solution, suggesting that the elec-
tronic structure of the interfacial species is only slightly modi-
fied as compared to the bulk species. This emphasizes the high
sensitivity of surface SHG to a weak electronic change in a
molecule like charge redistribution. No dependence of the mo-
lecular orientation of H2(tmpyp)4þ on the bulk concentration
was observed by polarization measurements of SHG intensity,
in which the average angle of the rotation axis of D2h symme-
try of molecule was obtained as 41� 6� with respect to the
normal to the interface. The Gibbs free energy of adsorption
was estimated as �29� 1 kJ mol�1 by analyzing the adsorp-
tion isotherm. Surface SHG under the electrochemical control

Fig. 15. Complex representation of the PMF responses for
the Zn(tmpyp)4þ system at �0:10 V. The concentration
of Zn(tmpyp)4þ was 2:5� 10�5 M. The amplitude of po-
tential modulation was 25 mV. The dashed line was ob-
tained from the curve-fitting with theoretical equations.
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was coupled with the conventional cyclic voltammetry and uti-
lized to evaluate the dependence of adsorption behavior on the
Galvani potential difference. The composition of the electro-
chemical cell was an analogue of the PMF measurements. The
adsorption of H2(tmpyp)4þ prior to the transfer was clearly ob-
served, but it should be noted that the surface SH spectrum re-
mained unchanged within the examined potential range. The
increase of the SH intensity at 428 nm was observed at poten-
tials more negative than �w

o �
�0 at 0.02 V and the maximum of

the SH intensity was observed around �0:08 V. By applying
more positive potentials, the interfacial concentration of
H2(tmpyp)4þ was decreased through the ion transfer into the
organic phase.

Similar potential dependence of SH intensity was measured
for the anionic water-soluble porphyrin, meso-tetrakis(4-
carboxyphenyl)porphyrinatozinc(b) (Zn(tppc)4�).80 In the
Zn–TPPC system, however, significant changes of the interfa-
cial species was observed in comparison with the bulk species.
The maximum of surface SH spectrum for Zn(tppc)4� at the
water–DCE interface was observed at 450 nm without electro-
chemical controls, red-shifted from the absorption spectra of
Zn–TPPC, whose absorption maxima were 422.5 nm for the a-
queous and 423.5 nm for the organic phases, respectively.
Therefore, the species at longer wavelengths was measured on-
ly at the interface. A weak SH response was also obtained
around 423 nm and this response could be generated from
the species, similar to the bulk condition. A red-shift of the
Soret band was often observed as the J-aggregation took
place.11,16,43 The SH intensity at 423 nm considered as the re-
sponse of the non-aggregated form was much smaller than the
red-shifted one at all concentrations without applying poten-
tials.

Under the potentiostatic condition, the SH responses of Zn–
TPPC exhibited considerable spectral changes. Figure 17(a)
shows the potential dependence of the SH intensities measured
at 420 nm and 460 nm. The Galvani potential difference was
swept from 0.05 V, where Zn–TPPC was initially located in
the aqueous phase, to more negative potentials down to
�0:35 V and then swept back to the initial potential. The
SH signal at 420 nm related to the non-aggregated form in-

creased with the forward potential sweep down to the formal
ion transfer potential at ca. �0:25 V. As the porphyrin mole-
cule transfers to the organic phase, the SH signal drops, indi-
cating that the interfacial concentration decreases. On the oth-
er hand, the SH signal measured at 460 nm showed a drastic
increase delayed from the response at 420 nm, suggesting that
the aggregation of Zn–TPPC is eventually taking place after
increasing the interfacial concentration of the non-aggregated
form. The dependence of the interfacial concentration on
the Galvani potential difference was also confirmed by mea-
suring the electrocapillary curves. The surface SH spectrum
measured under potentiostatic conditions clearly demonstrated
a development of the aggregation by applying more negative
potentials (Fig. 17(b)). At �0:15 V, the SH spectrum showed
the maximum response around 420 nm, which was related to
the non-aggregated form. Applying more negative potentials,
one finds that the SH intensity around 420 nm was gradually
decreased; an increase of the red-shifted peak was observed
around 460 nm. These results indicate that both the concentra-
tion and the species at the interface can effectively be control-
led by the electrochemical potential.

Fig. 16. Surface SH spectrum of H2(tmpyp)4þ at the water-
jDCE interface. The concentration of H2(tmpyp)4þ was
1:0� 10�5 M. The dashed line relates to the absorption
spectra of H2(tmpyp)4þ in the aqueous phase.

Fig. 17. (a) Potential dependence of SH intensities at 420
nm (hollow circles) and 460 nm (filled circles). The dash-
ed lines refer to the formal ion transfer potential of
Zn(tppc)4� at �0:25 V. (b) Surface SH spectra observed
at various applied potentials. The concentration of Zn–
TPPC in the aqueous phase was 5:0� 10�6 M.
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Relaxation Dynamics at Liquid–Liquid Interfaces

Rotational Dynamics of N-octadecylrhodamine B. The
adsorption equilibria of fluorescent N-octadecylrhodamine B
(C18RB) at a free toluene–water interface has been clarified
by the steady-state total internal reflection fluorometry.20 Both
the zwitter ion (C18RB

�) form and the protonated form
(C18RBH

þ) are fluorescent; they are present only at the inter-
face, whereas the non-fluorescent lactone form (C18RB

0) exists
only in the toluene phase. There are no species of C18RB in
the aqueous phase.

We employed three surfactants: that is, Triton X-100 (TX-
100), sodium dodecyl sulfate (SDS), and dihexadecyl hydro-
genphosphate (DHP, pKa ; 2). TX-100 had slight attractive
interactions with C18RBH

þ at the toluene–water interface at
pH 1.0, because TX-100 is nonionic. SDS and deprotonated
DHP had attractive interactions with C18RBH

þ at the interface
at pH 1.0 and 3.0, respectively, due to the electrostatic interac-
tion of the positive C18RBH

þ and the anionic surfactants. For
all of the three surfactants, the interfacial concentration of
C18RBH

þ tended to decrease with an increase in the surfactant
concentration in the bulk in the range >10�6 mol dm�3.

We will discuss here about in-plane and out-of-plane rota-
tional dynamics of C18RB at the interface. C18RB

0 and
DHP were dissolved in toluene, whereas TX-100 and SDS
were dissolved in water. S- and p-polarized laser lights were
irradiated with an incident angle of 70�, which was larger than
the critical angle for the toluene–water interface (�c ¼ 63� at
536 nm).21 It is known that the transition dipole moment
for the absorption of rhodamine B (RB) at about 530 nm
(S0 ! S1) is almost parallel to that for the emission at about
570 nm (S1 ! S0),

19 and this is applicable to the C18RB mole-
cule.

The definition of coordination axes is displayed in Fig. 18.
Time-resolved in-plane fluorescence anisotropy (r�ðtÞ) is ob-
tained as:

r�ðtÞ 	
IssðtÞ � IspðtÞ
IssðtÞ þ IspðtÞ

¼ 4hcos2�að0Þ cos2�eðtÞi � 1 ð22Þ

where IðtÞ is a time-resolved fluorescence intensity. The first
subscript s corresponds to the excitation with s-polarized light,
and the second subscripts s and p mean the detection of s(y)-

and p(x)-polarized types of emission light, respectively. �
is the angle defined as Fig. 18(a), and subscripts a and e are
absorption and emission transition dipole moments,
respectively. h i is the average for all molecules and over
the whole � angle range. When the in-plane rotation is re-
stricted in the range of �að0Þ ��t (0 � �t � p=2),

r�ð1Þ ¼ 0:5
sinð2�tÞ
2�t

ð23Þ

When molecules rotate with a rotational correlation time (	;
	� or 	�), rðtÞ of the molecules can be expressed as:

rðtÞ ¼ frð0Þ � rð1Þge�t=	 þ rð1Þ ð24Þ

The intrinsic time constant for the rotational relaxation of
C18RBH

þ at the interface is faster than 1 ns. This rapid orien-
tation dynamics without restriction was also reported for acri-
dine orange at alkane–water interfaces.84

The value of r�ðtÞ in the 2:5� 10�8 mol dm�3 TX-100 sys-
tem was 0.16 at t ¼ 0; it rapidly decayed to almost 0.1. The
apparent 	� value was obtained as 0.9 ns, which was compa-
rable to that in the free system, whereas the r�ðtÞ value at t 
 3

ns was not 0 but 0.1. At the other TX-100 concentrations, the
apparent 	� values were comparable to the pulse width, but
the rð1Þ values were not 0. These results indicate that the
in-plane rotation of C18RBH

þ is not retarded by the interfacial
TX-100 molecules. The r�ð1Þ value tended to increase with
the increase in the TX-100 concentration, as shown in Fig. 19.

The observed 	� values are larger than the pulse width in
the DHP system, indicating that they can be regarded as intrin-
sic 	� values. Similar relations were obtained in the SDS sys-
tem, and the observed values are summarized in Table 5. The
increase in the 	� values with the increase in the concentration
of the anionic surfactant (SDS, DHP) implied that the in-plane
rotational relaxation of C18RBH

þ was slowed down by the
anionic surfactants. It was reported that the fluorescence life-
time of acridine orange in a SDS aqueous solution became
longer and the orientational dynamics was retarded due to
the formation of aggregate.85 However, the fluorescence life-
time of C18RBH

þ was almost independent of the surfactant
concentration.

Time-resolved out-of-plane fluorescence anisotropy (r�ðtÞ)
is obtained as:

Fig. 18. Cartesian coordination axis (x, y, z) at the toluene–water interface. (a) In-plane fluorescence anisotropy. S-polarized laser
lights were irradiated to the toluene–water interface. P(x)-polarized and s(y)-polarized emissions were observed as a function of
time. � is the angle between the transition dipole moment for emission and y-axis. (b) Out-of-plane fluorescence anisotropy. S-
and p-polarized laser lights were irradiated to the toluene–water interface. Fluorescence was observed at h(45�)-axis as a function
of time. 
 is the angle between the transition dipole moment for emission and z-axis.
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r�ðtÞ 	
IphðtÞ � IshðtÞ
IphðtÞ þ 2IshðtÞ

¼ 1:5hcos2
að0Þ sin2
eðtÞi=hsin2
eðtÞi � 0:5

ð25Þ

where the first subscript p means the excitation with a p-polar-
ized light, the second subscript h the detection at an angle of
45� from the y-axis, and 
 is defined as shown in Fig.
18(b). When the molecules are tilted at 
eq, r�ð0Þ ¼
r�ð1Þ ¼ 1:5 cos2
eq � 0:5.

Regardless of the surfactants, r�ðtÞ values were independent
of time, showing the constant value of �0:23. This means that
the C18RBH

þ molecules are tilted at an angle (
eq) at the tol-
uene–water interface. The r�ðtÞ values were averaged in the
time range of 0–10 ns in each system. The calculated 
eq val-
ues are in the range of 65� 2�, showing a slight effect of the
surfactants. The xanthene ring of C18RBH

þ would be tilted by
this angle from the normal to the interface.

The in-plane rotational correlation time (	�) obtained in the
SDS and DHP systems may be reflected by interfacial
characteristics. In a bulk solution, the rotational correlation
time (	) of a fluorophore is expressed as:

	 ¼
v�

kBT
ð26Þ

where � is the viscosity of the solvent, kB is the Boltzmann
constant, T is absolute temperature, and v is the molecular vol-
ume of the solute. The molecular volume of C18RB was esti-
mated to be 9:5� 10�28 m3.21 The viscosity for water and tol-
uene were 8:90� 10�4 and 5:53� 10�4 Pa s at 25 �C,
respectively, and 	 values of C18RB in these solvents could
be calculated as 0.21 and 0.13 ns, respectively. These values
were consistent with the experimental results. Therefore, it
can be concluded that there is no specific structure at the tol-
uene–water interface, since the 	� value is comparable to
the value in each bulk solvent, that is, less than 0.5 ns.

The � values in the SDS and DHP systems, which were cal-
culated with Eq. 26 and are listed in Table 5, are clearly higher
than those of toluene and water, but are lower than that of
glycerol (0.945 Pa s), one of the viscous solvents. The high
viscosity of monolayer was also reported at the DHP or mono-
alkyl dihydrogenphosphate micelle surface at about pH 5,86,87

in which hydrogen-bonding structure was suggested between
protonated and deprotonated phosphate.88

The two-dimensional interfacial viscosity (�i; in Pam s) was
approximately calculated by:21

	� �
4p�il2

kBT
ð27Þ

where l is the radius of the solute molecule. By assuming the
C18RB molecule to be a sphere, its radius could be estimated
as 6:1� 10�10 m. Petkov et al. reported the shear viscosity
for air–0.04 M SDS aqueous solution as 1:45� 10�6 Pa m s
by the measurement for the translational movement of micro-
particles on the surface,89 which was 105–106 times larger than
our results. This would be caused by the much higher concen-
tration of SDS than in our case, as well as the difference in the
observing site (interface or surface). The fluorescent molecule
C18RBH

þ is considered to be an alternative probe to evaluate
the two-dimensional interfacial viscosity besides micropar-
ticles (size, about 0.5 mm) or rotating disks (radius, several
ten cm), which were used to measure the shear viscosity of
the surface.88,89 In comparison with the microparticles, the
molecular probe has definite advantages in that the interfer-
ence of the bulk viscosity is negligibly small and that informa-
tion about the nano-environment around the probe can be ob-
tained.

The interaction between C18RBH
þ and DHP molecules at

the toluene–water interface is schematically shown in Fig. 20.
The xanthene ring was tilted by 65� 2� from the normal to the
interface. There is electrostatic attractive interaction between
C18RBH

þ and anionic surfactant, DHP, at the interface. The
in-plane rotational relaxation was affected by the viscosity of
the interface.

Relaxation Kinetics of the Excited Porphyrin. Tetra(N-
methylpyridinium-4-yl)porphyrin (tmpyp4þ) was adsorbed on
a toluene–water interface with dodecyl sulfate ions. The relax-
ation kinetics for triplet tmpyp4þ at the interface was measured
with probe white light (xenon lamp) and pulsed 532 nm laser
light (Nd:YAG; pulse width, 6 ns; 10 Hz) at an incident angle
of 67�.24 Triplet tmpyp4þ was quenched by dissolved oxygen
molecule (O2) under aerated conditions, and 1:84� 0:02 ms
was obtained as a quenching time constant. The triplet
tmpyp4þ at the interface was quenched faster than in aqueous

Fig. 19. r�ð1Þ as a function of the TX-100 concentration.
The line was drawn for the aid of eyes.

Table 5. Evaluation of the Viscosity (�) and the Interfacial
Two-Dimensional Viscosity (�i) at the Toluene/Water In-
terface

Surfactant [S]/M 	�/ns �/Pa s �i/Pam s

— — 1:1� 0:2a) <3� 10�3b) <8� 10�13b)

TX-100 2:5� 10�8 0:9� 0:1a) <3� 10�3b) <8� 10�13b)

SDS 1:0� 10�7 0:9� 0:2a) <3� 10�3b) <8� 10�13b)

SDS 1:0� 10�6 5:2� 1:4 0.023 4:6� 10�12

DHP 1:0� 10�7 2:7� 0:2 0.012 2:4� 10�12

DHP 1:0� 10�6 21� 5 0.091 1:8� 10�11

a) Values are comparable to the pulse width of laser, and
therefore these are apparent values. b) Only the upper limits
for � and �i could be evaluated.
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solutions; 0:72� 0:12 ms was obtained as a time constant. The
faster decay rate at the interface suggested the triplet-triplet an-
nihilation at the interface, because of the increase of the inter-
facial concentration of tmpyp4þ.

Dispersion of toluene solution of tetraphenylporphyrin (tpp)
in aqueous 2–9 M H2SO4 solutions as droplets produced the
diprotonated species of tpp (H2tpp

2þ) at the toluene–aqueous
H2SO4 interfaces.90 The triplet state of H2tpp

2þ generated
at the interface by the irradiation of the pulsed laser light of
532 nm was quenched mainly by O2. The apparent quenching
rate was proportional to the O2 concentration of the aqueous
H2SO4 solution, meaning that O2 in the toluene was not effec-
tive for the quenching. Triplet tpp generated in the toluene
droplets was normally quenched by dissolved oxygen in the
toluene droplets. The concentration of dissolved oxygen in
toluene droplets was much higher than the aqueous solutions,
but O2 in toluene was not effective for the quenching of triplet
H2tpp

2þ at the interface. These facts suggested that H2tpp
2þ

existed in the aqueous side of the interface. The quenching
rate constant at the interface was almost equal to the constants
in some organic bulk solutions, suggesting the same quenching
process, that is, the formation of a singlet encounter complex,
1(T1�3O2)

�.

Single Molecule Dynamics at the Liquid–Liquid Interface

A single molecule will be an ultimate probe to measure the
properties of the nano-environment of a liquid–liquid inter-
face. Some techniques for the detection of single molecules
have been developed; most of them are utilizing laser-induced
fluorescence microscopy. Many studies on single molecule

detection in solutions91–94 and at solid-liquid interfaces95–97

have been reported, but there are no studies on the single mole-
cule detection at the liquid–liquid interface so far except
ours.50,98 We demonstrated by using a fluorescent dye that
the single-molecule-probing of the interface was a powerful
means to evaluate the nano-properties of the interfacial
region.50 The influence of two kinds of surfactants, that is, so-
dium dodecyl sulfate (SDS) and dimyristoyl phosphatidylcho-
line (DMPC), on the lateral diffusion dynamics of single mole-
cules at the interface was also investigated.

As a probe fluorescent molecule, 1,10-dioctadecyl-3,3,30,30-
tetramethylindocarbocyanine (DiI, Fig. 21) was employed. It
is a monovalent cation possessing two C18 alkyl-chains, and
thus it was adsorbed substantially at the dodecane–water
interface. All of the DiI molecules were adsorbed at the inter-
face from the dodecane phase at the initial DiI concentration
lower than 2� 10�7 M. The fluorescence of the interfacial
DiI was observed in the range of 571–575 nm.

A two-phase microcell, shown in Fig. 5, was fabricated by
sticking a bored (hole 10 mm in diameter) slideglass, a bored
(hole 5 mm in diameter) coverslip (0.14 mm in thickness), and
another non-bored coverslip in this order. Pure water (2.7
mm3) filled the lower thin container of the cell in the surfac-
tant-free system. An aqueous solution of SDS filled it in the
SDS system. In both cases, a dodecane solution of DiI (63
mm3) was added on the aqueous layer. A new coverslip
was put on the dodecane phase to close the cell.

DMPC was dissolved in chloroform, and the solution was
mixed with pure diethyl ether at a ratio of 1:19 (chloroform:
diethyl ether) by volume. Pure water was filled in the lower
container, and then the DMPC solution (5 mm3) was quietly
spread on the water. After evaporation of chloroform and di-
ethyl ether, the dodecane solution of DiI was added on the
DMPC layer. Since DiI had a high adsorptivity to the inter-
face, no DiI molecules remained in the dodecane phase in
the initial DiI concentrations lower than 1� 10�7 M. The con-
tribution of the photobleaching of interfacial DiI was found to
be negligibly small in the present study.

The average period (	d) that one DiI molecule took to emit
one photon was expressed with some kinetic constants and
quantum yields concerning the light absorption and emission,

Fig. 20. A probable orientation for the adsorption of
C18RBH

þ at the toluene–water interface. The xanthene
ring is tilted by 
eq ¼ 65� 2� from the normal to the
interface. There is electrostatic attractive interaction be-
tween C18RBH

þ and anionic surfactant, DHP, at the
interface. The in-plane rotational relaxation is affected
by the interfacial viscosity.

Fig. 21. (a) Chemical structure of DiI, which has two long
alkyl-chains and one positive charge. (b) A snap shot of
the molecular dynamics simulation of DiI at the interfacial
region of dodecane/water system. Each phase has a vol-
ume of (2.5 nm)3 in the simulation.
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and the intersystem crossing processes of DiI were considered.
The 	d values were calculated as 7.9 ms and 4.0 ms for 5 mW
and 10 mW laser irradiation, respectively. A criterion was re-
quired for the judgment whether two photon signals with a
time interval (�t) were caused by one DiI molecule or not.
The �t values were obtained as 0.70 ms and 0.35 ms for 5
mW and 10 mW laser output, respectively, corresponding to
the 	d values.

When there were many DiI molecules (11 molecules on
average) in the observation area, continuous photon signals
were observed. Figure 22(a) shows a result of detection for
single DiI molecules at the dodecane–water interface; a clear
intermittent photon bundle was observed in comparison with
the background (Fig. 22(d)). Since DiI molecules are adsorbed
at the interface as shown in Fig. 21, the diffusion of DiI is re-
stricted in the lateral direction at the interface, as schematically
illustrated in Fig. 22. Therefore, the duration of the photon
bundles corresponded to the period in which the single DiI
molecule was moving in the observation area. It was assumed
that the maximum duration of the photon bundles (tmax) corre-
sponded to the maximum period in which a single DiI mole-
cule stayed in the observation area. In other words, tmax was
the period, in which the single molecule moved along the di-
ameter of the round observation area. The lateral diffusion co-
efficient (Dl) of DiI at the single molecule level was calculated
with the equation:

Dl ¼
d2obs
2tmax

ð28Þ

The radius (r) and the diffusion coefficient (D) of a spherical
molecule are related to the viscosity (�) of the medium sur-
rounding the molecule with the Einstein-Stokes equation as:

D ¼
kT

6pr�
ð29Þ

where k is the Boltzmann constant, and T is the absolute
temperature. The radius of DiI molecule was estimated as
7:0� 10�10 m as a sphere from the molecular volume of
DiI. The apparent interfacial viscosities ( ���i) evaluated with
Eq. 29 are listed in Table 6. In the surfactant-free system,
the calculated viscosity of 1.4 mPa s was close to the value
of dodecane (1.4 mPa s) and it was higher than water (0.89
mPa s). This result suggested that the two long alkyl-groups
were immersed deeply in the dodecane phase, as shown in
Fig. 20, and governed the ���i value.

The effect of SDS was examined in the interfacial concen-
trations of 2:0� 10�10 and 2:49� 10�10 mol/cm2, which
were close to the saturated interfacial concentration of
2:5� 10�10 mol/cm2. The average number of DiI molecules
was 0.1 in the observation area. Figures 22(b) and (c) repre-
sent examples of the observed photon bundles in the SDS
system. The duration of the photon bundle was as wide as that
in the surfactant-free system. The Dl and ���i values, listed in
Table 6, were little affected by the interfacial SDS, regardless
of the nearly saturated interfacial concentration of SDS. This
means that the translational motion of interfacial SDS mole-
cules is similar to that of dodecane molecules, which is consis-
tent with the fact that both have a dodecyl chain.

Since the phase transition temperature of DMPC is 23 �C,

DMPC is in the liquid-like characteristics under the present ex-
perimental temperature (25 �C). The average number of DiI
molecules in the observation area was less than 0.1. Figure
23(a) displays an example at the highest interfacial concentra-
tion of DMPC (2:0� 10�10 mol/cm2). The threshold level
was set to 50 counts for the criterion of the single DiI molecule
measurement, since the averaged noise level was about 25
counts as shown in Fig. 23(a). Figures 23(b)–(d) show the ex-
panded figures at three points of Fig. 23(a). In Fig. 23(b), there

Fig. 22. Observed photon bundles of single DiI molecules
(a) at the free dodecane–water interface and (b, c) at the
SDS-modified dodecane–water interface for 2 ms � 8192
channels measurement. Axes in (a), (b), and (c) indicate
photon bundles. The average number of DiI molecules
in the observation area were 0.1 for (a), (b), and (c); 0
for (d). Interfacial SDS concentration: (b), 2:0� 10�10

mol/cm2; (c), 2:49� 10�10 mol/cm2; (d), 0 mol/cm2

(background). 5 mW laser output. Schematic illustration
of a trajectory of single DiI molecules at the dodecane–
water interface, which is crossing the observation area. In-
termittent photon bundles observed in Figs. 22(a)–(c) cor-
respond to the crossing of one DiI molecule in the obser-
vation area.
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were no definite signals beyond the threshold level, indicating
that no DiI molecules went across the observation area. In
Figs. 23(c) and (d), some photon bundles were observed.
The width of the photon bundle increased with the increase
in the interfacial DMPC concentration. A histogram of the
photon number per one channel obeyed the Poisson distribu-
tion that had a large background peak (no DiI) and a small sig-
nal peak (one DiI). The Dl and ���i values of DiI were also list-
ed in Table 1. The maximum ���i value in the DMPC system
was 0.184 Pa s, which was higher than the surfactant-free in-
terface by two orders of magnitude. DMPC is a composition
of biological cell membrane and it has a self-organizing nature
due to a hydrophobic zwitter ion.

A hydrodynamic model could evaluate the intrinsic viscos-
ity (�i) of the surfactant monolayer, eliminating the contribu-
tion of the viscosity of dodecane and aqueous phases. The �i
values listed in Table 1 were about 2–4 times higher than the
apparent ���i. The maximum �i value was 0.75 Pa s, which was
comparable to that of a common viscous liquid, glycerin
(0.945 Pa s). The interfacial viscosity increased with the in-
crease in the interfacial concentration of DMPC. This study
is the first example that the hydrodynamic properties of the in-
terface has been measured by a single molecule probing.

Conclusion

From the interfacial mechanism in the solvent extraction of
metal ions to the single molecule probing of the nano-proper-
ties of the interface, recent advances in the nano-chemistry of
liquid–liquid interfaces, which have been done mainly in our
group, were reviewed. The following points will be summariz-
ed as the specific features of the interfacial properties and the
interfacial reactions:
1) A catalytic role of the interface was recognized in vari-

ous liquid–liquid extraction systems. Interfacial adsorp-
tion of reactants was the key step in the interfacial
catalysis. Some guidelines proposed here are useful,
not only in the solvent extraction but also in interfacial
synthesis.

2) Interfacial adsorption of molecules or ions produces a
concentrated situation for the species, which is ready to
proceed to the formation of aggregates of the species at
the interface. Aggregates of metal complex exhibited a
unique function as a molecular recognizing reagent.
The aggregated state is similar to a cluster state, in which
the monomer molecules are closely packed at the two-di-
mensional interface. In such a state, the selectivity in the
structural recognition for isomers was promoted.

3) The study on the rotational and translational motion of
molecules at the interface supported the fast interfacial
reaction rate observed in some solvent extraction
systems. Furthermore, the difference in the effect of a
single chained surfactant (SDS) and a double chained
surfactant (DHP and DMPC) on the reactivity of the ad-
sorbed molecules was indicated. The double chained
surfactant will reduce the reactivity or diffusivity of the
molecule coexisting at the interface. Single-molecule
probing at the interface is a promising means of the
measurements of nano-properties of the interface. This
approach should be extended to various other systems.

4) The usefulness of the microscopic spectrometry and the
evanescent spectroscopy was demonstrated. The fluores-
cence method is now the most versatile and sensitive de-
tection method of the interfacial species, but the Raman
spectrometry is also utilized as a more deterministic
method. In the development of the measurement method
of interfacial reactions, an invention to make a small and
thin two phase system is the most important point.

The structure of the liquid–liquid interfaces is still obscure. In
the equilibrium, the interface is thought to be flat on the mo-
lecular scale.10 However, in the circumstances including mass
transfer, solvent clusters are generated in the nano-region of
the liquid–liquid interface.99 The liquid–liquid interface has
still many fundamental subjects to be studied. Extensive stud-
ies from physical, chemical and biological viewpoints are
highly required in this research field.

Besides the works cited above, there are many excellent
works in relation to the interfacial nano-chemistry in liquid–
liquid systems, which have been published in some new
books.4,36,100
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Table 6. Effects of Surfactants on the Lateral Diffusion Co-
efficient (Dl) of Single DiI Molecules, Apparent Viscosity
( ���i) and Intrinsic Viscosity (�i) at the Dodecane–Water
Interface, and Fluorescence Quantum Yield (�f)

Surfactant � s
a)/mol cm�2 Dl/cm

2 s�1 ���i/mPa s �i/mPa s �f
b)

Free 2:3� 10�6 1.4 0.12
SDS 2:0� 10�10 1:7� 10�6 1.8 —c) 0.12

2:5� 10�10 1:6� 10�6 1.9 —c) 0.13
DMPC 2:0� 10�12 2:1� 10�7 15 37 0.05

2:0� 10�11 4:3� 10�8 72 270 0.03
9:0� 10�11 2:7� 10�8 120 470 0.02
2:0� 10�10 1:8� 10�8 170 750 0.05

a) Interfacial concentration of surfactant. b) �f ¼ 0:15 in
ethanol. c) Too low to be evaluated.

Fig. 23. Examples of photon bundles of single DiI mole-
cules at the dodecane–water interface modified by
2:0� 10�10 mol/cm2 DMPC for 16 ms � 8192 channels
measurement. (a), overall result; (b)–(d), expanded
samples. Axes in (c) and (d) indicate photon bundles.
Average DiI molecules in the observation area were 0.1.
10 mW laser output power.
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