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Chapter 1 

Introduction 



1.1 Introduction 

Chemistry at a liquid/liquid interface is the fundamental basis for various sciences, 

and it has been well recognized that an interface of two immisible liquid/liquid plays 

essential roles in chromatography, a phase-transfer catalysis, solvent extraction, and so 

forth. 1
•
13 Furthermore, liquidlliquid interfacial systems have been also widely used in 

applied sciences (Le., foods, photographs, paints, cosmetics, and so forth). Biological 

cells are an another example of liquidlliquid systems, in which two water phases are 

separated by an organic membrane wall and various chemical reactions proceed across 

the membrane wall. Therefore, directional mass/electron transfer across liquid/liquid 

interfaces has been studied as a model of biological systems. 14
-
18 Recently, 

liquid/liquid interfacial systems have also received current interests in reference 

to a model of molecular/ion recognition processes in biological systems. 19
-
2S All 

these interfacial phenomena are supposed to be dependent on nature of a liquidlliquid 

interface, so that detailed understanding of chemical and structural characteristics of 

liquid/liquid interfaces at a microscopic level would afford wide benefit for further 

advances in various sciences. Nonetheless, very little is known about chemical and 

(a) 

.-
Water Interface oil Water In terface oil 

Figure 1-1 Model of sharp (a) and diffuse (b) boundary between two immiscible solvent. 
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structural characteristics of a liquid/liquid interface at a microscopic level. 

So far, experimental studies on liquid/liquid interfaces have been conducted on the 

basis of thermodynamic,26-29 spectroscopic30-41 and electrochemical techniques,42-155 and 

fundamental knowledge about the properties of liquid/liquid interfaces has been 

accumulated in the past decades. However, experimental results obtained by these studies 

do not necessarily provide microscopic or molecular-level characteristics at the interface, 

since these studies are based essentially on bulk measurements. In the field of 

electrochemistry, as an example, mass/electron transfer processes across liquid/liquid 

interfaces have been studied extensively.42-155 Although such approaches were very 

successful to elucidate kinetic mechanisms of interfacial processes, characteristic features 

of the chemistry at an interface in nanometer resolution cannot be obtained. One basic 

issue, thus remained unsolved, is the thickness and/or roughness of a liquid/liquid 

interface. For instance, Schiffrin and Girault studied ground-state electron transfer at a 

liquid/liquid interface and reported that the interfacial region was considered to be a 

"mixed-solvent" region, which was thick enough to be considered as the third 

phase.70 On the other hand, another view of the interface has been provided by the study 

on ion transfer kinetics across liquid/liquid interfaces by means of faradaic impedance 

measurements at equilibrium potentials. These studies predicted that the existence of a 

"sharp inner layer" at the phase boundary.76 These two models are schematically 

illustrated in Figure 1-1 as limiting cases of a liquid/liquid interface. To date, however, 

there is no clear experimental evidence on these models. A clearer picture of liquid/liquid 

phenomena is obtained only by exact knowledge about the structural characteristics at 

a liquid/liquid interface. Experimental approaches other than those mentioned above 

are needed to reveal an unambiguous picture of the microscopic structures at a 

liquid/liquid interface. 
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Recent advances in molecular dynamics simulations have provided invaluable 

information about molecular level characteristics of the interface.156-205 As an example, 

Benjamin and his co-workers have reported the structures of water/CC4 and water/I,2-

dichloroethane (DCE) interfaces on the basis of molecular dynamics computer 

simulations, and demonstrated that a waterIDCE interface is molecularly sharp; there is 

no-mixed solvent layer between the two phases.156,151,161,180 However, they have also 

pointed out that the physical property of the interface is characterized by thermally 

capillary waves206-209 generated at the sharp interface and, the interface is quite rough at a 

short time scale. Such an information is very important to elucidate further the 

liquid/liquid interfacial structures including its dynamics. Nonetheless, complementary 

studies with experiments are limited, so that predictions by the simulations are still 

controversial and worth checking experimentally. 

Among the past decades, new experimental techniques were developed and applied 

to studying interfacial processes at a liquid/liquid boundary: nonlinear optical techniques 

(second harmonic generation (SHG)210-216 and sum frequency generation (SFG)211-229), 

neutron specular reflectivity measurements230-234, a quasi-elastic laser scattering 

(QELS)235-240, and total-internal-reflection (TIR) spectroscopy?41-263 Although nonlinear 

optical techniques have afforded new insight about the characteristics of liquid/liquid 

interfaces such as molecular orientations and hydrogen bonding structures of water at the 

interface, dynamic motions of a solute molecule at an interface cannot be observed. On 

the other hand, neutron specular reflectivity measurements can afford new insight about 

the thickness of the interfacial layer. Nonetheless, it is very difficult to discuss dynamic 

motions of a molecule at the interface. QELS provides information about the role of 

thermal capillary waves in physical properties of the interface. However, its time

resolution is in a rage of milliseconds so that dynamic aspects of the structure in 
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nanometer cannot be obtained. On the other hand, it is well known that both 

nanometer and nanosecond - picosecond resolutions at an interface can be achieved 

by TIR fluorescence spectroscopy. In different from steady-state fluorescence 

spectroscopy, fluorescence dynamics is highly sensitive to 
. . 

mICroscopIc 

environments, so that time-resolved TIR fluorometry at liquid/liquid interfaces is 

worth exploring to obtain a clearer picture of the interfacial phenomena. 

One of the interesting targets to be studied on a liquid/liquid interface is characteristics 

of dynamic motions of a molecule at the interface. Dynamic molecular motions at a 

liquid/liquid interface are considered to be influenced by a subtle change in the 

chemical/physical properties of the interface, particularly in a nanosecond - picosecond 

time regime, so that time-resolved spectroscopy is expected to be highly potential to 

study nature of a liquid/liquid interface. As an example of such a study, Wirth and 

Burbage reported in-plane and out-of-plane reorientation dynamics of Acridine Orange at 

water/oil interfaces on the basis of fluorescence depolarization measurements and, 

demonstrated that out-of-plane reorientation of the dye was influenced by surface 

roughness, while the in-plane reorientational dynamics was almost independent of the 

viscosity of the oil phase.242 Although a fluorescence depolarization technique is certainly 

promising to obtain an inside look at a liquid/liquid interface, the number of the study 

along the line is still limited. Furthermore, their study was conducted by using a 

frequency domain technique. In order to obtain more detailed information, therefore, 

fluorescence dynamic anisotropy measurements of a dye adsorbed on water/oil interfaces 

are worth exploring on the basis of a picosecond time-correlated single photon counting 

technique.264 
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1.2 Experimental Approaches of the Study 

In the present study, the following experimental approaches were employed to study 

characteristics of water/oil interfaces. 

Dynamic fluorescence anisotropy is based on rotational reorientation of the excited 

dipole of a probe molecule, and its correlation time(s) should depend on local 

environments around the molecule. For a dye molecule in an isotropic medium, three

dimensional rotational reorientation of the excited dipole takes place freely.265-274 At a 

liquidlliquid interface, on the other hand, the out-of-plane motion of a probe molecule 

should be frozen when the dye is adsorbed on a sharp liquidlliquid interface (i.e., two

dimension in respect to the molecular size of a probe), while that will be allowed for a 

relatively thick liquidlliquid interface (i.e., three-dimension).243,275 Thus, by observing 

rotational freedom of a dye molecule (i.e., excited dipole), one could discuss thickness of 

a water/oil interface and the correlation time(s) provides information about the 

chemical/physical characteristics of the interface, including dynamical behavior of the 

interfacial structure. Dynamic fluorescence anisotropy measurements are thus expected to 

provide new insight about a liquid/liquid interface, not obtained by conventional 

spectroscopies. 

It is worth noting, however, that liquidlliquid interfacial structures would be governed 

by various factors, so that a complementary study other than fluorescence dynamic 

anisotropy is required to obtain further detailed information about the characteristics at a 

liquid/liquid interface. As a new and novel approach, therefore, excitation energy transfer 

dynamics and the relevant structural (fractal) dimension analysis were also introduced to 

elucidate the structure of a liquid/liquid interface. 

Dipole-dipole (Forster-type) excitation energy transfer between an energy donor (0) 
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and an acceptor (A) both adsorbed on a liquid/liquid interface is considered here. When 

diffusi()nal motions of D and A are inhibited as in the case for strong binding of the 

molecules to the surface by adsorption, excitation energy transfer quenching dynamics of 

D by A reflects structural dimension around D and A through spatial distributions of the 

components.276,277 Actually, the method has been applied to study nanometer-scale 

morphologies in Langmuir-Blodgett films,278,279 vesicles,279,28o polymers/81-284 and silica 

gels.285-287 Therefore, it is expected that a study on excitation energy transfer dynamics 

provides invaluable information about the characteristics at a liquid/liquid interface, along 

with a complementary study on the same system by fluorescence dynamic anisotropy. 
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1.3 Theoretical Background of the Experiments 

In order to study interfacial phenomena at a liquid/liquid boundary at a 

microscopic level, surface selective or depth-resolved measurements at an 

interface are absolutely necessary. Among several methods, total internal 

reflection spectroscopy is a powerful means to obtain an inside look at an 

interfacial layer in several tens to several hundreds nanometers. In this study, 

therefore, total internal reflection (TIR) spectroscopy was employed to follow 

chemical and physical characteristics at liquid/liquid interfaces. The basic theory 

of TIR of light is thus briefly reviewed in the followings. 

1.3.1 Total Internal Reflection (TIR) 

Whenever electromagnetic radiation is incident at an interface separating two 

media, a part of the beam is reflected back into a medium 1, while the part 

continues into a medium 2, but with an altered direction of propagation. This 

latter phenomenon is termed refraction. Figure 1-2 depicts this situation, where 

the subscripts i, t and r refer to the incident, transmitted, and reflected beams, 

respectively. The radiation is incident from a medium of a lesser refractive index 

(n 1) upon a medium of a greater refractive index (n2); n2 > n l • In such a case, a 

phenomenon of reflection is termed external reflection, and a real angle of 

refraction, (Jt> exists for all possible choices of the angle of incidence, (Jj, with the 

condition of (Jt < (Jj. On the other hand, under the refractive index condition of n1 

> n2, a phenomenon of reflection is termed internal reflection, and it is obvious 

from Snell's law that the angle of refraction becomes imaginary for values of the 
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angle of incidence such that Bj > sin-1 
(n2 / n1). The angle above which this 

refracted wave ceases to be real is termed the critical angle, Be; 

(1.1) 

In the case of Bj > Be, the reflectivity becomes unity for both the parallel and 

perpendicular components. This phenomenon is appropriately termed total 

internal reflection. 288,289 

fJ . : fJr.: 
1 :-'\. 
(: : 

~lllllllltllllliillii!lllll~ 

Figure 1-2 Schematic representation of refraction and reflection of a plane 

electromagnetic wave at a boundary. The surface normal is taken along 

the z axis, and the incident beam is assumed to be in the x-z plane (plane 

of incidence). 
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1.3.2 Evanescent Wave 

In terms of the relative index of refraction, n = (n2! n l ) < I, the following 

expressions follow from Sn~l1's law for angles of incidence greater than the 

critical angle: 

sine t = (11 n) sine i (1.2) 

Using these values in Fresnel's formula, the amplitude of the reflected beam 

perpendicular to the plane of incidence (Ar.l) is given by eq. (1.4), 

(1.4) 

which is equivalent to 

Ar.l = Ai.l exp(- i&) (1.5) 

where 

(1.6) 

Thus, the perpendicular component of a reflected wave whose incidence in the x-z 

plane is 

E r.l = Ai.l exp[i {m t - k(x sin e i - Z cose i) - 8.L}] (1.7) 
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In a similar way, those of the parallel components are expressed as 

(1.8) 

or 

(1.9) 

where 

(1.10) 

Hence, the components of E parallel and perpendicular to the plane of incidence 

undergo phase retardations 011 and O.b respectively, although the amplitudes are 

unaltered by reflection. If the incident wave is plane polarized, the incident 

components are in phase, while those of the reflected wave are not, so that 

elliptical polarization is produced. The magnitude of the phase shift for Bj > Be is, 

[( 2) 2 ]1/2 
tan(8 II _ &) = cosO j 1/ n sin 0 j -1 

2 2 (11 n) sin2 Bj 
(1.11) 

The above-mentioned phase shift for the angle of incidence greater than the 

critical angle implies the existence of a resultant field in the first medium at the 

interface. In order that the boundary conditions remain satisfied, there must be a 

resultant disturbance in the second phase. It can readily be shown that this 

disturbance is of the nature of an exponentially damped wave which penetrates 

into the second medium. This wave is termed evanescent wave. 
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The depth of penetration of an evanescent wave into the second medium (dp) 

can be quantitatively defined in terms of the distance required for the electric 

field intensity to decrease to lie of its initial value, 

(
A l( 2 2 2)-112 

dp = 2;rJ nl sin e i - n2 (1.12) 

where A is the wavelength of the radiation in the first medium. However, we 

actuall y deal with "the intensity of the light rather than that of the electric field in 

the TIR fluorometry, which is proportional to a square of the electric field. More 

practical formula of the penetration depth of an evanescent wave is defined as 

follows. 290 

(
A l( 2 2 2 )-112 

dp = 4;rJ nl sin e i - nz (1.13) 

Equation (1.13) shows that the depth of penetration depends on the wavelength 

and the angle of an incident beam. Thus, an appropriate choice of the angle of an 

incident light beam enables one depth-resolved measurement of an interface. 
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1.4 Purpose and Content of the Thesis 

The purpose of the thesis is to elucidate structures of liquidlliquid 

interfaces on the basis of time-resolved total-internal reflection fluorescence 

spectroscopy and discuss the interfacial characteristics at a molecular level. 

The thesis consists of six chapters. 

In Chapter 1, historical backgrounds of the studies on liquid/liquid interfaces 

were overviewed and, the experimental strategies of the study on the interfaces 

were described. Furthermore, the principal of Total-Internal Reflection 

Spectroscopy necessary to discuss the experimental results obtained by this study 

was outlined. 

In Chapter 2, fluorescence dynamics of a I-pyrene sulfonate anion (PSA) 

adsorbed on a waterll,2-dichloroethane (DCE) interface was described. In TIR 

fluorometry, a penetration depth of an incident evanescent wave possesses a finite 

value, so that fluorescence characteristics of the dye in a bulk phase are 

superimposed more or less to those at an interface. After describing general 

features of the fluorescence spectra and the dynamics of PSA at a waterIDCE 

interface, separation of the interfacial and bulk fluorescence characteristics of 

PSA will be demonstrated 

In Chapter 3, fluorescence dynamic anisotropy of Sulforhodamine 101 (SRI0l) at 

water/ phthalate esters (PE) interfaces was described and the structures of the interface 

were discussed on the basis of the rotational reorientation times of SRI 0 1. 

In Chapter 4, the experiments were focused to reveal the structures of water/carbon 

tetrachloride (CCI4) and water/l,2-dichloroethane (DCE) interfaces. Fluorescence 
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dynamic anisotropy and excitation energy transfer quenching of Sulforhodamine 101 

(SRIOI) at water/CCl4 and waterlDCE interfaces were introduced to the experiments and, 

thickness andlor roughness of the interfaces were discussed in detail. 

In Chapter 5, Sulforhodamine B (SRB) was used as a probe molecule to investigate 

the interfacial polarity. Since SRB is surface active and possesses a high fluorescence 

quantum yield, the dye is very suitable for TIR fluorescence measurements at a 

liquidlliquid interface. Furthermore, it has been reported that the non-radiative decay rate 

constant (km:) of Rhodamine B (RB) is sensitive to a medium polarity and, In(knr) is 

linearly correlated to Er(30).291,292 On the basis of fluorescence dynamic measurements of 

SRB adsorbed on a water/oil interface, a relationship between interfacial 

thickness/roughness and the polarity at the interface was discussed. 

In Chapter 6, the results of the study were summarized and future perspective of the 

research was discussed. 
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Chapter 2 

Time-Resolved Total Internal Reflection Fluorometry of I-Pyrene Sulfonate 
Anion at Liquid/Liquid Interface 
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2.1 Introduction 

It is well known that pyrene derivatives exhibit excimer or dimer fluorescence 

in addition to monomer fluorescence,I-6 so that the fluorescence spectrum and its 

dynamics of the derivative at an interface will be different from those in the bulk 

phase, in particular, when the dye adsorbs on a liquidlliquid interface_ Such a 

behavior of a pyrene derivative could be used to sense characteristics of a 

water/oil interface. In this study, a I-pyrene sulfonate anion (PSA) was used as a 

fluorescence probe to study the structure at a waterll,2-Dichloroethane (DCE) 

interface on the basis of a time-resolved TIR technique.1 In TIR fluorometry, 

however, a penetration depth of an incident evanescent wave possesses a finite 

value, so that fluorescence characteristics of a bulk phase are superimposed more 

or less to those at an interface. 3
, 8 Therefore, clear information about the interface 

cannot be obtained. In different from steady-state fluorescence spectra, however, 

fluorescence dynamics is expected to be highly sensitive to microscopic 

environments, so that time-resolved TIR fluorometry would extract information 

on chemical characteristics at the interface. On the basis of such experimental 

ideas and approaches, characteristic behavior of fluorescence dynamics of PSA at 

a waterlDCE interface was studied in detail. In this chapter, after describing 

general features of the fluorescence spectra and the dynamics of PSA at the 

interface, an experimental approach to separate the interfacial and bulk 

fluorescence characteristics ofPSA is demonstrated. 
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2.2 Experimental 

i) Time - Resolved Total Internal Reflection Fluorometry 

A sodium salt of 1-pyrene sulfonic acid (pSA; Molecular Probes Inc.) was 

purified by recrystallizations from a water/ethanol (2/5-volume ratio) mixture. 

Water was purified by deionization and distillation (Advantec, GSR-200). 1,2-

Dichloroethane (DCE; Dojindo, Sp grade) was used without further purification. 

A DCE-saturated aqueous PSA solution (concentration ([PSAD = 1.0 or 3.0 

mM (1 M = 1 mol dm-3
)) was poured onto a water-saturated DCE layer in a Pyrex 

tube (inner diameter = 17 mm). The lower inside of the tube was treated with 

dichlorodimethylsilane to construct a flat waterlDCE interface, and the tube was 

thoroughly washed with DCE and then with water prior to experiments. 

Spectroscopic measurements were performed after the sample solution in the tube 

being kept standing over 100 min. 

For TIR spectroscopy, pulses from an N2 laser (Laser Photonics, NitroDye 

Laser, 337 nm, fwhm 500 ps, 10 Hz) were irradiated to the water/DCE interface 

through the DCE phase as illustrated in Figure 2-1. In the present experiments, 

the incident angle of the laser beam to the interface was fixed at 80° (critical 

total-reflection angle = 67°). The penetration depth (dp ) of the laser beam was 

calculated to be -50 nm on the basis of the incident angle and the known 

refractive indices of DCE (n l ; 1.44) and water (n2; 1.33)9; dp = A/{ 41t(n/sin2B

n/)I12}, where A and B are the wavelength (337 nm) and the incident angle (80°) 

of the laser beam, respectively. The fluorescence spectrum ofPSA was measured 

by a polychromator (ISA Jobin-Ybon, HR320-150G / mm) - multichannel 
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detector (princeton Instruments, IRY-512G) set. For dynamic spectroscopy, the 

fluorescence from the sample cell was passed through glass filters (360 - 380 nm 

or 450 - 600 nm) and detected by a streak camera (Hamamatsu Photonics, C4334, 

time resolution; ~500 ps under the combination with the N2 laser). All of the 

experiments were conducted at room temperature (~23°C). 

lens 

I Photodetector b< ~< ...... . 
.. prism 

ennSSlOn 

( b ) TIR condition 

Water 

N2 laser beam 

DeE 

Water 

N2 laser beam 

Figure 2-1 Apparatus for the fluorescence measurements under the normal (a) and 

TIR (b) conditions 
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ii) Interfacial Tension Measurements (Pendant Drop Method) 

The' interfacial tension (y) at a water/DCE interface was measured by a 

pendant drop method1o
• 11. A DCE solution was dropped into an aqueous PSA 

solution in a glass cell (20 x 20 x 25 mm) through a Pyrex tube (inner diameter = 

0.75 mm, outer diameter = 1.71 mm), which was pretreated with 

dichlorodimethylsilane, as illustrated in Figure 2-2. The shape of a pendant 

droplet was monitored by a CCD camera. In order to obtain a sharp image, a 

pendant droplet was irradiated with parallel and monochromatic light (Nikon; W-

Lamp, band-pass filter; 450 nm). All measurements were performed over 30 min 

after the pendant droplet was formed at room temperature (21.5 ± O.5°C). 

The yvalue at each [PSA] was determined by eq. (2.1) and (2.2). 

flpgde 2 

y = """;""""---
H 

~= f(S) = f(ds) 
H de 

(2.1) 

(2.2) 

In these equations, flp is a density difference between DCE (d!o ~ 1.2531) and 

water (d!1 ~ 0.998)9, g is an acceleration of gravity, de is an equatorial diameter of 

a droplet and ds is the diameter of a droplet measured at a distance de from the 

bottom of the droplet, as indicated in Figure 2-3. The shape of a pendant droplet 

was described by a ratio S = d/de, which was an experimentally measurable 

quantity. A quantity of lIH is a function of S and was determined by the 

relationship between lIH and S as reported previously12. 
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Pyrex tube 

NDFilter ~ 
t 

Micro syringe 
Pinhole 

W Jrunp pi CCDCamera 

/ 
Band-pass Filter Pendant Droplet ( DCE ) 

( 450 nm ) Aqueous PSA Solution 

Figure 2-2 Apparatus for interfacial tension measurements by means of a pendant drop 

method 

Figure 2-3 The shape of a pendant droplet 
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2.3 Results and Discussion 

2.3.1 Ground-state Dimer Formation of PSA in Water 

It is well known that pyrene and its derivatives are typical compounds that 

form excimer, produced by a collisional interaction of an excited molecule CM*) 

and the relevant ground-state molecule CM).1-6 However, PSA in water has been 

known to form an association complex in the ground state. 13 Fig. 2-4 shows 

fluorescence spectra of PSA (5.0 mM in water) measured by using a thin-layer 

optical cell (~5 ~m width). The spectra excited at various wavelengths exhibited 

monomer and structureless bands at around 370 - 430 and 420 - 600 nm, 

respectively. The ratio of the fluorescence intensity of the structureless band (ID) 

to that of the monomer band (1M), excited at 366 nm, was larger than that excited 

at 347 nm. Figure 2-5 shows excitation spectra of PSA (5.0 mM in water), 

350 400 

Excitation wavelength / nm 

450 500 

Wavelength / nm 

366 
347 
337 
330 

550 600 

Figure 2-4 Fluorescence spectra of an aqueous PSA (5.0 mM) solution at various 

excitation wavelengths. 

37 



monitored at 395 (the monomer band) and 490 nm (the structureless band). 

Although no significant peak-shift was observed, the excitation spectrum 

monitored at 490 nm (Figure 2-5 (b» was very broad compared with that at 395 

nm (Figure 2-5 (a». 

(b) 

~ (a) 

y 
'. 

280 300 320 340 360 380 400 

Wavelength / nm 

Figure 2-5 Fluorescence excitation spectra of an aqueous PSA (5.0 mM) solution. The 

spectra were obtained by monitoring the fluorescence at 395 (a) and 490 nm (b) 

corresponding to the monomer and structureless bands, respectively. 

These results suggested that the structureless fluorescence originated from 

ground-state association of PSA. Figure 2-6 shows absorption spectra of dilute 

aqueous PSA solutions (0.6 ~ 3.0 x 10-5 M). The vibrational bands appeared at 

375, 310-360 and 260-280 nm are assigned to the ILb' ILa and IBb states, 

respectively. I Absorbance at 365 nm was proportional to the concentration of 

PSA as shown in Figure 2-7, and the molar extinction coefficient calculated from 

its slope was 1310 em-1M-I
• For concentrated PSA solutions (1.0 ~ 5.0 mM in 
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water), on the other hand, the absorption spectra measured by using a thin-layer 

optical cell (-100 J..I.m width) exhibited different features compared to those in 

dilute solutions. Namely, a plot of absorbance at 365 nm vs. the concentration of 

PSA (Figure 2-8 (a» deviated from linearity (Figure 2-8 (b» above [PSA] - 1 

mM, which was calculated from the molar extinction coefficient (8365 = 1310 cm-

1M- I
) obtained for the dilute aqueous PSA solution. This is because the absorption 

spectrum of the associated complex of PSA overlaps with that of the monomer as 

shown in Figure 2-9. Actually, the absorption spectrum of the concentrated 

aqueous PSA solution (Figure 2-9 (b» was very broad compared with that of the 

dilute solution (Figure 2-9 (a», and new absorption appeared at 365 nm. These 

results also support that the structureless fluorescence originates from ground

state association of PSA. It has been reported that I-pyrene sulfonic acid 

produces a stable ground-state dimer in water. 13 Therefore, the broad fluorescence 

band seen in the water phase is best characterized as the dimer fluorescence of 

PSA. 

1.4 

1.2 

1.0 

G) 
0.8 i -e 0.6 0 

<Il « 0.4 

0.2 

0.0 
260 280 

[ PSA ] / mol dmo3 

3.0x 10-5 

2.4 
1.8 
1.2 
0.6 

300 320 340 360 380 400 

Wavelength / nm 

Figure 2-6 Absorption spectra of dilute aqueous PSA solutions (0.6 - 3.0 x 10-5 M) 
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Figure 2-7 A plot of absorbance at 365 nm(Fig. 2-6) vs. the PSA concentration. 
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Figure 2-8 A plot of absorbance of an aqueous PSA solution at 365 nm vs. the PSA 

concentration_ Experimental data (a) and those predicted from the Beer's law 

and the molar extinction coefficient determined for dilute aqueous PSA 

solutions (b). 
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Figure 2-9 Absorption spectra of dilute «a), 3.0 x 10-5 M) and concentrated «b), 5.0 x 

10-3 M) aqueous PSA solutions. 

2.3.2 General Features of the Fluorescence Spectrum and Dynamics 

of PSA in a Water/DeE System 

The fluorescence from PSA (3.0 mM) in the water phase, observed under 

normal conditions (Figure 2-1 (a)), exhibited the monomer and structureless 

bands at around 370-430 and 420-600 nm, respectively (Figure 2-10 (b)), while 

almost no fluorescence was observed from the DeE phase. At [PSA] = 1.0 mM 

(Figure 2-10 (a)), the structureless band was much weaker than the monomer 

fluorescence. Under the TIR conditions, on the other hand, although an analogous 

spectrum with that in the water phase was observed, the Ir/IM value was much 

larger than that in the water phase. Also, it is worth noting that the Ir/IM value is 
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smaller at 3.0 mM compared with that at 1.0 mM (discussed again in Section 

2.3.4). PSA produces a stable ground-state dimer in water (detailed discussion in 

Section 2.3.1). Therefore, the broad fluorescence band seen in the water phase as 

well as at the interface is best characterized as the dimer fluorescence ofPSA. 

(a) 
...... -- normalized [PSA] = 1 mM 

TIR 

normal 
--~-------~ ~--~--------

(b) -- normalized [PSA] =3 mM 

normal 

350 400 450 500 550 600 

Wavelength / run 

Figure 2-10 Fluorescence spectra of PSA observed under the normal and TIR 

conditions at [PSA] = 1.0 mM (a) and 3.0 mM (b). 
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Further information concermng the differences in the fluorescence 

characteristics between the interface and the water phase was collected on the 

basis of time-resolved measurements. In the water phase, the time responses of 1M 

(IM(t) at 360 - 380 nm) and 10 (1o(t) at 450 - 600 nm) showed almost single

exponential decays with time constants of 30 and 27 ns ([PSA] = 3.0 mM), 

respectively (Figure 2-11). In a homogeneous solution, pyrene derivatives 

undergo excimer formation and the time response of the fluorescence intensity for 

the monomer or excimer can be fitted by a double-exponential function. I 

Therefore, the present results in Figure 2-11 are in marked contrast to the 

dynamical behavior of pyrene excimer formation. As a rough approximation, the 

rate constant of the diffusion-limited excimer formation (kdiff) of PSA in water is 

calculated to be 2 x 107 
S-l by kdiff = 8RT / 300017, where 17, Rand T are the 

viscosity of water (1.002 x 10-3 Pa s)/ the gas constant, and the absolute 

temperature (296 K), respectively. Since the inverse of kdiff (50 ns) is comparable 

to the fluorescence decay time of PSA (45.3 ns) determined in a dilute aqueous 

solution (0.3 mM) without dimer and excimer formation, the contribution of the 

excimer fluorescence to 10 is concluded to be negligibly small compared to that of 

the dimer fluorescence. This also supports the ground-state dimer formation of 

PSA in the water phase, as discussed in the previous section. 

On the other hand, 1M(t) or 10(t) observed under the TIR conditions could not 

be analyzed by a single-exponential function, and was best fitted by a double

exponential function: fast and slow decay components (TIR in Figure 2-11). It is 

noteworthy that, since the fast decay components of 1M(t) and 10(t) are not 

observed for those in the water phase (as described above), the fast decay 

components are attributed to the PSA fluorescence from the waterlDCE interface. 
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The absence of a rise component in ID(t) also excludes excimer formation of PSA 

at the interface. Therefore, the characteristic fluorescence dynamics in Figure 2-

11 under the TIR conditions are attributed to dimer formation at the interface. 

The time-resolved fluorescence spectra of PSA (3.0 mM) were observed 

under the normal or TIR conditions, as shown in Figure 2-12. The IrJIM values of 

the spectra monitored under the TIR conditions (Figure 2-12(b)) were much larger 

than those under the normal conditions (Figure 2-12(a)) as well as those in the 

steady-state fluorescence spectra (Figure 2-10). Also, the dimer fluorescence 

( a ) 360 - 380 nm 

~ 

.-[ ~ normalized 
5 
"S .-
Q) 

5 u ( b ) 450-600 nm 
t"I:l 

~ 
~ 
'--' 
OJ) 
o ....... 

. ... 
o 20 40 

normal 

TIR 

normal 
, ...... " -lMu-""--...-- _ . -...,-,.; 

60 80 

Time Ins 

100 

Figure 2-11 Fluorescence decay of PSA (3.0 mM) observed under the normal and 
TIR conditions. Monitored at 360 - 380 nm (a) and 450 - 600 nm (b). 

44 



band monitored under the TIR conditions disappeared (about 40 ns after the 

excitation pulse) much faster than that under the normal conditions. This result 

corresponds to that of the fluorescence decay measurements. Although it has been 

reported that the peak position of the time-resolved fluorescence spectrum for the 

ground-state dimer of pyrene derivatives in LB films shifts in the picoseconds to 

the nanoseconds time region, 14 such a shift has not been observed in the present 

experimental time resolution. 

( a ) normal condition 

( b ) TIR condition 

350 400 450 500 

Wavelength / nrn 

o ns 

10 

20 
30 

40 

50 

60 
80 

o ns 
5 

10 

15 

20 

550 600 

Figure 2-12 Time-resolved fluorescence spectra of PSA (3.0 mM) observed under the 

normal (a) and TIR (b) conditions. 
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2.3.3 Adsorption of PSA on the Water/DeE Interface 

The dimer formation of PSA is facilitated at the water/DCE interface, as 

demonstrated by the large ID/IM value at the interface relative to that in water, 

suggesting adsorption ofPSA on the waterIDCE interface. In order to confirm this, 

water-DCE interfacial tension (r) measurements were conducted on the basis of a 

pendant drop method. The relationship between rand [PSA] thus obtained is 

shown in Figure 2-13. The r value decreased with increasing [PSA] and saturated 

at [PSA] > -1 mM. This behavior is quite analogous to that of an aqueous sodium 

dodecylsulfate (SDS) solution, known as a typical surfactant, as shown in Figure 

2-14. This clearly demonstrates adsorption ofPSA on a waterIDCE interface. The 

amount of adsorbed PSA on the interface (I) is given by the Gibbs equation: 

F = -(1/ RT)dr / d In[PSA]. 10 The plot of r vs. 10g([PSAD is shown in Figure 2-

13(b). Since PSA molecules in the water phase form a ground-state dimer instead 

of producing micelles, no sharp bend corresponding to a critical micelle 

concentration similar to the data in Figure 2-14(b) is appeared in the plot (Figure 

2-13(b)). 13 The saturated Fvalue was then calculated to be 0.50 x 10-10 mol cm-2 

for PSA. This value is comparable to that of SDS (0.64 x 10-10 mol cm-2
) in a 

waterIDCE system. The PSA compound is thus concluded to act as a surfactant, 

and adsorption of PSA on the interface facilitates dimer formation in the ground

state. These results are in good agreement with those demonstrated by the TIR 

measurements. 
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Figure 2-13 A relationship between the interfacial tension at a water/DCE interface 

and the concentration ofPSA (a) and its logarithm plot (b). 

Figure 2-14 A relationship between the interfacial tension at a water/DCE interface 

and the concentration of SDS (a) and its logarithm plot (b). 
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2.3.4 Fluorescence Characteristics at the Interface: Analyses of 

Fluorescence Dynamics 

Figure 2-13 indicates that the amount of PSA adsorbed on the water/DeE 

interface is saturated at [PSA] > -1 mM, so that the IDIIM ratio is expected to be 

independent of [PSA] (>1 mM). However, the ID/IM value at [PSA] = 1.0 mM was 

larger than that at [PSA] = 3.0 mM, as shown in Figure 2-15. This is because the 

TIR spectra do not represent the fluorescence characteristics at the interface alone, 

.since the penetration depth of the incident N2-laser beam is -50 nm . 

....-- normalized 

[PSA]=3.0mM 

1.0mM 

/ 

350 400 450 500 550 600 

Wavelength / nm 

Figure 2-15 TIR fluorescence spectra of PSA (Figure 2-10). The intensity is 

normalized to that at 375 nm 
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On the waterlDCE interface, PSA is supposed to be adsorbed with the 

hydrophobic pyrene ring being solubilized in the DCE phase while the 

hydrophilic sulfonate group being toward the water phase as shown in Figure 2-16. 

The molecular size ofPSA is ~O.7 nm15
, so that the penetration depth of ~50 nm is 

too larg~ to monitor the interfacial phenomena alone. Indeed, the slow decay 

component of IM(t) or ID(t), observed under the TIR conditions, almost agrees 

with that determined in the water phase (Figure 2-11), demonstrating that the bulk 

fluorescence characteristics contribute to the TIR data. 

< Water> 

103 

~50nm 

<DeE> 

so i 
t.,...-... 
\ ..... , I ... ~ .... .". 

Evanescent wave 

Incident laser beam 

Figure 2-16 Schematic presentation of adsorption of PSA on the waterlDCE 

interface and penetration of the evanescent wave 
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Table 2-1 Kinetic parameters of IM(t) and ID(t) observed under the TIR conditions 

[ PSA]/m IM(t) ID(t) 

M A/AI 'Z"l/ ns T2 / nsa A/A3 1"3/ ns 'Z"4/ nsa 

1.0 0.15 1.3 39 0.034 10 34 

3.0 0.20 0.8 30 0.085 8.8 27 

a. Fixed constant at the relevant value observed in the water phase. 

In order to discriminate the bulk component from the TIR data, the following 

analyses were performed. The TIR IM(t) or ID{t) curve can be analyzed by the 

following double-expon~ntial function (as discussed in the preceding section), 

IM(t) = AI exp(- t / T1) + A2exp(- t / n) 

Io(t) = A3 exp( - t / n) + A4 exp( - t / 'Z"4) 

(2.3) 

(2.4) 

where Aj and 'Z"j are the pre-exponential factor and the fluorescence decay time of a 

component i (i = 1, 2, 3, or 4), respectively. The fast and slow decay components 

observed under the TIR conditions are assumed to be ascribed to PSA adsorbed 

on the waterlDCE interface ('Z"lo or 'Z"3) and the molecules distributed in the water 

phase ('Z"2 or 'Z"4), respectively. For decay analyses, 'Z"2 or 'Z"4 was fixed to be constant 

at the fluorescence decay time observed for the water phase: under normal 

conditions. The kinetic parameters thus obtained are summarized in Table 2-1. 

The 'Z"2 and 'Z"4 values at [PSA] = 1.0 mM were determined to be 39 and 34 ns, 

respectively, while they decreased to 'Z"2 = 30 and 'Z"4 = 27 ns at [PSA] = 3.0 mM. 

Although the [PSA] dependence of 'Z"2 or 'Z"4 cannot be discussed in detail, the 

decrease of 'Z"2 or 'Z"4 with increasing [PSA] will be explained due to excimer 

formation in the water phase (as mentioned briefly in the preceding section). On 
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the other hand, the 1"J (-1 ns) and 1"3 (-10 ns) values at [PSA] = 1.0 mM were 

almost the same as the relevant ones at [PSA] = 3.0 mM, indicating that the 

amount of PSA adsorbed on the waterlDCE interface was saturated at [PSA] > -1 

mM. The shorter decay time of PSA at the interface ('Z"J or 1"3) relative to that in 

the water phase ('Z"2 or 'Z"4) will be ascribed to energy transfer and successive 

trapping of the excited-state at the ground-state dimer and/or higher aggregated 

species, as reported for pyrene derivative in a Langmuir-Blodgette film system. J4 

Since the fast decay components of IM(t) and lo(t) observed under the TIR 

conditions are ascribed to PSA adsorbed on the interface, the relevant 

fluorescence spectrum (Figure 2-15) can now be separated into those of the 

interface and the bulk water phase. The following procedures were employed to 

separate the spectrum. An aqueous dilute PSA solution (0.3 mM) exhibited 

monomer fluorescence alone. Thus, by using the spectrum in a dilute solution, the 

relative contributions of the monomer and dimer fluorescence to the observed TIR 

spectrum can be estimated. On the other hand, the fluorescence intensities of the 

monomer (1M = A J1"J + A2'Z"2) and the dimer (Io = A31"3 + A4'Z"4) are obtained by 

integrating IM(t) and lo(t) from t = 0 to 00, respectively. Using the data in Table 2-

1, the 1M and 10 values at the interface are obtained as IMAI 1"1/ (AI1"1 + A21"2) and 

loA 3 'Z"3 / (A3 'Z"3 + A4 'Z"4), respectively. The fluorescence spectra at the interface and 

in the water phase were thus determined and are shown in Figure 2-17, together 

with the observed TIR spectrum. 
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Figure 2-17 Fluorescence spectra of PSA (3:0 mM) at the water/DeE interface and in 

the water phase, separated by the observed TIR spectrum and the kinetic 

parameters in Table 2-1. 

At the waterIDCE interface, the fluorescence intensity of the dimer is more 

intense compared to that of the monomer, proving the facilitation of dimer 

formation due to the interfacial adsorption of PSA. The spectrum in the water 

phase is characterized by intense monomer fluorescence with a minor 

contribution of the dimer and/or excimer fluorescence at around 490 nm. The 

observed TIR spectrum thus comprises these spectra, leading to the marginal 

fluorescence intensity of the dimer relative to that of the monomer. The 

calculated fluorescence spectra at the water/DCE interface at [PSA] = 1.0 and 3.0 

mM are shown iIi Figure 2-18, where the intensities are normalized to that at 375 

nm. Although the ID/IM value observed under the TIR conditions is larger at [PSA] 
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= 1.0 mM compared to that at [PSA] = 3.0 mM (Figure 2-15), the spectra in 

Figure 2-18 agree very well with each other, demonstrating that the adsorption of 

PSA on the interface is saturated at [PSA]. > -1 mM, as predicted by r 

measurements. The results clearly indicate that the bulk fluorescence 

characteristics are superimposed on the TIR spectrum and, therefore, that the TIR 

spectrum does not necessarily represent only the interfacial characteristics. 

Furthermore, the curious [PSA] dependence of IDIIM in Figure 2-15 can also be 

explained along the same context as that described above. 

[PSA] = 1 mM 

~ 
normalized 

/ "- 3mM 

350 400 450 500 550 600 

Wavelength / nm 

Figure 2-18 Calculated fluorescence spectra of PSA (1.0 and 3.0 mM) at the 

water/DCE interface. 
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2.4 Conclusion 

PSA has been frequently used in the studies of micelles16
-
18

, since pyrene and 

its derivatives are typical compounds that form excimer. In such studies, the ratio 

of the fluorescence intensity of the structureless band to that of the monomer 

band has been discussed in terms of excimer formation. The PSA molecule, 

however, produces a stable ground-state dimer in water and, therefore, is very 

suitable for studying adsorption characteristics at a liquidlliquid interface. 

Actually, adsorption of PSA on a water/DeE interface was successfully 

discussed in the present study. Although TIR fluorometry is potential to analyze 

chemical processes at liquid/liquid interfaces, detailed information is obtained 

only by a time- resolved study combined with TIR fluorometry. Since analogous 

experiments can be extended to solid/liquid and gas/liquid interfaces, 

understanding the chemical reactions and processes characteristic of an interface 

will be further advanced through such approaches. 
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Chapter 3 

Total-Internal-Reflection Fluorescence Dynamic Anisotropy of Sui for hod amine 101 at 

Liquid/Liquid interface: Rotational Reorientation Times and Interfacial Structures 
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3.1 Introduction 

Phthalate esters (PE) represented by o-dibutyl phthalate are widely used in solvent 

extraction owing to their high solubilities towards various compounds. 1,2 It is obvious that 

solvent extraction proceeds across a water/oil interface, so that the interfacial structures 

including solute adsorption govern the extraction efficiency, extraction kinetics, and so 

forth.3
-
15 In analytical chemistry, therefore, the waterlPE interface is a very interesting 

target of the study. As an another point of the study, a fluorescence dynamic anisotropy 

technique was employed to study dynamic aspects of molecules at waterlPE interfaces. It 

is worth noting, furthermore, that dynamic anisotropy of a solute molecule is dependent 

strongly on a medium viscosity.16-25 As an advantage of the use of PE, a variation of the 

alkyl chain length in the ester groups brings about a large change in the viscosity, 26, 27 so 

that a viscosity effect on the reorientational motions of a probe molecule would be 

studied in detail. Through such experiments, chemical and physical characteristics of both 

a probe molecule and waterlPE interfaces would be elucidated. In this chapter, 

fluorescence dynamic anisotropy of Sulforhodamine 101 (SRIOI) at waterlPE interfaces 

was described and the structures of the interface were discussed in detail on the basis of 

the rotational reorientation times of SRIO 1. 28 
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3.2 Experimental 

Chemicals and Sample Preparation 

Water was purified by distillation and deionization (GSR-200, Advantec Toyo Co., 

Ltd.). The structures and abbreviations ofPE used in this study are shown in Scheme 3-1. 

Bis(2-ethyhexyl) phthalate (DEHP; 99.5%, Kanto Chemical Co., Inc.), di-n-heptyl 

phthalate (DHP; 98%, Wako Pure Chemical Industries, Ltd.), di-n-butyl phthalate (DBP; 

99.5%, Kanto Chemical Co., Inc.) and di-n-ethyl phthalate (DEP; 99%, Kanto Chemical 

Co., Inc.) were purified by vacuum distillation after washing successively with 0.1 M 

NaOH, 0.1 M NazC03, and water. Glycerol (MERCK, Uvasol) and Sulforhodamine 101 

(SR101; ACROS ORGANICS, Laser grade) were used without further purification. 

o 

o 
o 

bis(2-ethylhexyl) phthalate (DEHP), 61.6 cP 

o 

o~ 

O~ 

di-n-butyl phthalate (DBP), 16.9 cP 

o~ 

O~ 

di-n-heptyl phthalate (DHP), 34.5 cP 

o 

o~ 

O~ 

di-ethyl phthalate (DEP), 11.0 cP 

Scheme 3-1 The structures and abbreviations of the phthalate esters used in this study. 
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As a sample solution for TIR experiments, a water-saturated phthalate ester was 

poured onto an aqueous SR101 solution (concentration [SR101]=1.0 x 10-7 M, saturated 

with a phthalate ester) in a Pyrex cell (inner diameter = 40 mm). The upper inside of the 

cell was treated with dichlorodimethylsilane to construct a flat water/oil interface. The 

cell was washed thoroughly with a phthalate ester and then with water prior to a sample 

preparation. Spectroscopic measurements were carried out after the sample solution in the 

cell being kept standing over 100 min. 

Measurements 

Fluorescence dynamic anisotropy measurements under normal (bulk) or TIR 

conditions were conducted as described below. The fundamental laser pulses from a 

mode-locked Ti:Sapphire laser (Coherent, Mira model 900-F), pumped by a diode laser 

(Verdi), were amplified by a regenerative amplifier (RegA model 9000) pumped by an 

Ar+ ion laser (INNOVA 300). Optical parametric amplification (Coherent, Model 9400) 

of the output gave 580 nm pulses as an excitation light source (repetition rate; 100 kHz, 

FWHM; 200fs-autocorrelation trace). The excitation laser beam, polarized perpendicular 

to the plane of incidence (s-polarized) by using a Glan-Iaser prism, was irradiated to a 

waterlPE interface through the oil phase, as illustrated in Figure 3-1. In the present 

experiments, the incident angle of the laser beam (e j) was set (80) larger than the critical 

total-reflection angle at the waterlPE interface (e i = 62 - 64). The fluorescence from the 

sample was collected along surface normal and its polarization was selected with a 

polarizer (polaroid, HNP'B). The polarized fluorescence was detected by a microchannel

plate photomultiplier (Hamamatsu, R3809U-50) equipped with a monochromator (Jobin 
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Ybon, H-20) and analyzed by a single-photon counting module (Edinburgh Instruments, 

SPC-300). The monitoring wavelength of the fluorescence was set 615 nm throughout the 

study. Dynamic anisotropy measurements of SRIOI in a series of water-glycerol mixtures 

were conducted in a quartz cuvette. A fluorescence spectrum of SRI 0 1 under the normal 

or TIR conditions was recorded on a multichannel photo detector (Hamamatsu, PMAII). 

All experiments were conducted at room temperature (-23°C). 

The viscosities of the phthalates and water-glycerol mixtures were determined by an 

Ostwald viscometer at 23°C. The interfacial tension (y) at the waterIPE interface was 

measured by a pendant drop method as described in Chapter 2.29
-
31 

Depolarizer 

MCP Monochromator 

Excitation laser beam. 
(s-polarized) 

Organic phase 

Aqueous phase 

Polarizer 

Figure 3-1 A schematic illustration of a system for total-internal-reflection fluorescence 

dynamic anisotropy measurements at a liquid/liquid interface. 
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3.3 Model of Fluorescence Dynamic Anisotropy at 

LiquidlLiquid Interface 

The laboratory coordinate system chosen for TIR fluorescence anisotropy 

measurements is illustrated in Figure 3-2. SRIOI molecules located at a waterlPE 

interface (in the X-V plane) are excited by an s-polarized laser beam along the X axis. 

The TIR fluorescence is then detected along the Z-axis and its polarization is selected by 

a polarizer. The fluorescence decay profile observed under such a configuration is 

analyzed by two limiting cases, depending on the structure of a waterlPE interface: two

dimension or three-dimension. 

z 

S polarized 

x 

Figure 3-2 A coordinate system defined in the experiment. The x-v plane is the plane of the 

interface. 
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Case I: Two-dimensional Model 

If the thickness of a waterlPE interface is comparable to the molecular size of SRI0 1 

and the dye molecules located at the interface are strongly oriented, the rotational motions 

of SRI 0 1 will be strongly restricted in the interfacial layer (X -Y plane of the interface, 

two-dimension), and the emission dipole moment of SRI0 1 (direction of the long axis of 

the xanthene ring) directs within the X-Y plane. In such a case, the time profile of the 

total fluorescence intensity of SRI0l observed from the interface should be proportional 

to ~I(t) + I1.(t), where ~I(t) and I1.(t) represent the fluorescence decay profiles observed with 

emission polarization parallel and perpendicular to the direction of excitation polarization, 

respectively. When the angle of the emission polarizer is set 45° respect to the X axis 

(magic angle), fluorescence anisotropy is canceled, so that the TIR fluorescence decay 

curve should be analyzed by a single-exponential function. If a waterlPE interface is very 

sharp, therefore, fluorescence dynamic anisotropy ret) obeys with eq 3.1, 

I (t) - 11. (t) 
ret) = II = r(O)exp(- tlz-rot) 

III(t) + Ii (t) 
(3.1) 

where reO) and tot are initial anisotropy (t =0) and the reorientation correlation time, 

respectively. In the Case I, r(O) should be equal to 0.5.32 

Case II: Three-dimensional Model 

On the other hand, if the interfacial layer is thick enough compared to the molecular 

size of SRI0l and SR101 molecules adsorbed on the interface are weakly oriented, the 

rotational motions of SRI 0 1 take place in three dimension, similar to those in a bulk 

phase. If this is the case, the contribution of the fluorescence with the excited dipole 

moment of SR101 being directed along the Z axis cannot be neglected, so that the time 

profile of the total fluorescence intensity must be proportional to I u(t) + 2I 1.(t). Thus, 
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fluorescence dynamic anisotropy 1S given by eq 3.2, as well known for that in a 

macroscopically isotropic system, 33 

ret) = III(t) - 11. (t) = reO) exp( _ tl Trot) 
III (t) + 211. (t) 

and reO) and the magic angle are calculated to be 0.4 and 54.7°, respectively. 

(3.2) 

The thickness of a waterlPE interfacial layer would be thus evaluated through TIR 

fluorescence anisotropy measurements and the tot value(s) provides information about 

characteristic features of a waterlPE interface. 
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3.4 Results and Discussion 

3.4.1 Adsorption ojSR101 at Water/PE Interface 

For TIR fluorescence spectroscopy on liquid/liquid interfaces, a choice of a probe 

molecule is of primary importance. In the present case, the penetration depth (~) of an 

incident evanescent wave at a DEHP (refractive index (n); nl = I.4S) I water (n2 = 1.33)34 

interface is calculated to be -so nm on the basis of the equation; q, = 

A. I {41t(nI
2sin2 0 j- n/)II2} where A. is the wavelength (5S0 nm) of an excitation laser beam 

and OJ = Soo.35,36 It has been reported that the thickness of a sharp liquid/liquid interface 

represented by a water/I,2-dichloroethane interface is - 1 nm,37-42 so that dp of the 

incident evanescent wave is thicker than the thickness of the interfacial layer, and the 

fluorescence characteristics of a probe molecule in the bulk phase is superimposed, more 

or less, on that at the interface.43 Therefore, a probe molecule should be highly surface 

active and adsorb on the interface, so as to exclude fluorescence of the probe molecule 

from the bulk phase. In the present experiments, SR101 was employed as a fluorescence 

probe throughout the study, since SRIOI is highly surface active and adsorbs strongly on 

a waterlPE interface. This ha~ been confirmed by interfacial tension (y) measurements. As 

a typical example, a relationship between yand 10g[SRlOI] determined for the 

waterlDEHP system by a pendant drop method is shown in Figure 3-3. The y value 

decreased sharply with increasing [SRIOI] (> 10-5 M). The result clearly demonstrates 

adsorption ofSRIOI on the waterlDEHP interface. The amount of adsorbed SR101 on the 

interface (F) is given by the Gibbs equation: F= -(II 2.3RT) dy I dlog[SRlOI]. The 

Fvalue was then calculated to be 3.0 x 10-12 mol cm-2 ([SRlOI] = 1.0 x 10-7 M). When the 

interfacial area is assumed to be 1 cm2 for simplicity, the number of SRIOI molecules 
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adsorbed on the interface (3.0 x 10-12 mol) is 3000 times higher than that expected to be 

involved in the excited volume by the evanescent wave (1.0 x 10-15 mol) without 

adsorption. Almost the same results with those for DEHP were obtained for other 

waterlPE systems. At [SRIOI] = I x 10-7 M, therefore, the fluorescence response 

observed under the TIR conditions is limited to that from the interface alone. 

46 • • • • 44 
• .... 

I 

S 42 

~ • 
40 

.......... 
?-

38 
• • 

36 
8°3- .. 

-8 -7 -6 -5 -4 -3 
log [SRIOI] 

Figure 3-3 An SRIO I concentration dependence of the interfacial tension in a waterlDEHP 

system. 
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3.4.2 TIRFluorescence Decay ojSR10l at WaterlPE Interface 

Figure 3-4 shows a fluorescence decay profile of SRI0l at a waterlDEHP interface 

observed with emission polarization being set parallel (~I(t)) or perpendicular (IJJt)) to the 

direction of excitation polarization. The difference in the profile between ~I(t) and h(t) in 

the initial stage of excitation « 10 ns) clearly demonstrates that rotational reorientation of 

the excited SRI0l is restricted at the waterlDEHP interface, while that is randomized 

with time. Since ~I(t) and Il(t) under the TIR conditions have been obtained with good 

signal-to-noise ratios, the structure of the waterlDEHP interface can be discussed on the 

basis ofr(t) and the relevant models (eqs 3.1 and 3.2). Thus, a magic angle dependence of 

the fluorescence decay profile of SRI 0 1 was studied at a waterlPE interface. 

100000 

10000 

00 1000 

§ 
0 

U 100 

10 

1 

__ ~I (t) 

Il(t) 

0 5 10 15 

Time/ns 
20 25 

Figure 3-4 Fluorescence anisotropy decays of SR101 at a waterlDEHP interface determined 

under the TIR conditions (0; = 80), ~I(t) and f.t(t) represent the parallel and 

perpendicular components of the fluorescence, respectively. 
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Figure 3-5, 3-6, 3-7 and 3-8 show fluorescence decay profiles of SR101 observed for 

a waterIDEP, DBP, DHP and DEHP interfaces at an emission polarization angle of 45° 

((a); Case I) or 54.7° ((b); Case II), together with the relevant weighted residuals (Re) 

and autocorelation trace (Cr) for a single exponential fit, respectively. The fittings of the 

data obtained at the angles of 45° and 54.7° gave the decay times ('X') of 4.06 - 4.18 and 

4.20 - 4.31 ns, respectively, while 'X'in an aqueous solution was 4.12 ns (Table 3-1). 

5 

Re ~I ~~~~~i~~~ 
10000 

Cr 
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0 
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Re ~I ~i~~~~f~1 
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Cr 
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0 
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Time/ns 

Figure 3-5 TIR fluorescence decay curves of SR101 at a waterlDEP interface observed at the 

direction of the emission polarizer, 45° (a) or 54.7° (b). The upper and inner panels of 

each figure represent the plots of the weighted residuals (Re) and the autocorelation trace 

for a single-exponential fitting, respectively. 
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Figure 3-6 TIR fluorescence decay curves of SRlOl at a waterlDBP interface observed at the 

direction of the emission polarizer, 45 0 (a) or 54.70 (b). The upper and inner panels of 

each figure represent the plots of the weighted residuals (Re) and the autocorelation trace 

for a single-exponential fitting, respectively. 
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Figure 3-7 TIR fluorescence decay curves of SRIO I at a waterlDHP interface observed at the 

direction of the emission polarizer. 45° (a) or 54.7° (b). The upper and inner panels of 

each figure represent the plots of the weighted residuals (Re) and the autocorelation trace 

for a single-exponential fitting. respectively. 
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Figure 3-8 TIR fluorescence decay curves of SR101 at a waterlDEHP interface observed at the 

direction of the emission polarizer, 45° (a) or 54.7° (b). The upper and inner panels of 

each figure represent the plots of the weighted residuals (Re) and the autocorelation trace 

for a single-exponential fitting, respectively. 
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Table 3-1: Fluorescence decay parameters of SR101 adsorbed on a waterlPE interfaces 

observed under the TIR conditions and in an aqueous solution. 

PE 'Z'i / ns "I} a) D.W. a) 

DEP 45° b) 4.18 1.02 1.96 

54.7° b) 4.31 1.31 1.53 

---------jji3i?------------------Li~o-b)--------------~~6~-----------------i~(j2------------------i~8-9--------· 

54.7° b) 4.22 1.92 1.11 

---------i)iii>------------------Li~o-b)--------------~~oii-----------------i~(j~------------------i~9-7--------· 

54.7° b) 4.21 1.54 1.29 

--------jjEHP-----------------Li~oW--------------~.-66-----------------i-.(j8------------------i~94--------· 

54.7° b) 4.20 1.62 1.26 

---------~Ci~C)---------------------------------------~~i:i-----------------i~-i6------------------i~9-Li--------. 

a) "l and D.W. represent the "I: and Darbin-Watson parameters for the fitting, respectively. 

b) The angle of the emission polarizer in respect to the X-axis. 

c) Determined in an aqueous solution ([SRI01] = 1.7 x 10-7 M). 

The decay times almost agreed with each other. Furthermore, the fluorescence spectrum 

of SRI 0 1 observed under the TIR conditions coincided very well with that in an aqueous 

solution, so that there is no indication of a change in the electronic properties of the dye 

upon adsorption. On the other hand, Re and Cr of the data at 54.7° exhibited non-random 

distributions from those predicted by the best fit (b), particularly, in the initial stage of 

excitation « 10 ns). The ,·t and Durbin-Watson (D.W.) parameters also support that the 

best fit by a single exponential function can be attained by setting emission polarization at 

the magic angle, 45° (Table 3_1).44 Analogous results were obtained for other waterlPE 

systems. Therefore, it can be concluded that the water/phthalate ester interface is sharp in 

respect to the molecular size of SRI01 and three-dimensional rotations of SR101 are 
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inhibited at the interface. The two-dimensional rotational reorientation model in eq 3.1 is 

valid for the present system. Recently, Wirth and Burbage reported roughness of a 

water/oil interface on the basis of the r(O) value for the out-of-plane rotational 

reorientation time of Acridine Orange determined by a frequency-domain technique.45 A 

direct comparison between these two results is very difficult, since both oil and probe 

molecule studied are different : n-hexadecane, cyclohexane, or cisltrans-decalins as an oil 

in their case. Compared to a frequency-domain technique, nonetheless, the magic angle 

dependence study on the fluorescence decay based on the dimensionality models (eqs 3.1 

and 3.2) and a single-photon counting method would be a more direct approach to study 

rotational reorientation of a molecule at a water/oil interface. 

3.4.3 Viscosity Dependence of Rotational Reorientation Time of SR10l in 

Bulk Solutions 

In order to discuss characteristics of the waterlPE interfacial structures, factors 

governing the rotational motions of SRI 0 1 should be clarified. In bulk solutions, it is well 

known that the rotational reorientation time (tO~ of an excited molecule is highly 

dependent on the viscosity of a medium. A comparison of tot of SRI Olin the interfacial 

system with that in a bulk solution is one possible approach of the study along the line. 

Before describing results on fDt at the waterlPE interfaces, therefore, a viscosity (1J) 

dependence of tot of SRI Olin bulk solutions is discussed. 

Anisotropy decay profiles (rCt)) of SRI0l determined in a series of water-glycerol 

mixtures and the relevant fits by the three-dimensional model in eq 3.2 (solid lines) are 
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summarized in Figure 3-9. As seen clearly in the figure, all of the decays were fitted 

satisfactorily by single-exponential functions irrespective of a wide variation of TJ (I ~ 70 

cP). The fOt and r(O) values determined for each medium are listed in Table 3-2. The r(O) 

value was almost constant at 0.38 - 0.39 regardless of TJ as expected, while tot increased 

with increasing in TJ. If tot is governed by rotational reorientation of SRIOI, a relationship 

between 'r and TJ should obey with the Debye-Stokes-Einstein (DSE) hydrodynamic 

theory (eq 3.3),46 

Trot = 41lTJR3 TJV 
3kT kT 

(3.3) 

where k and T are the Boltzmann constant and the absolute temperature, respectively. R 

and V are the hydrodynamic radius and volume of a probe molecule, respectively. 

Equation 3.3 predicts a linear increase in tot with TJ and, the slope of the plot should give 

the hydrodynamic radius of SRIOI. Indeed, a linear relationship between tot and TJ was 

obtained as shown in Figure 3-10 (correlation coefficient = 1.00). Although the value at TJ 

= 70.7 seems to deviate slightly from the linear relation, this will be explained by a 

saturation effect as reported for an TJ dependence of tot for Rhodamine 6G.47 The 

hydrodynamic diameter of SRI0l thus calculated from the slope of the plot was ~ 11A, 

which was in good agreement with that estimated by a molecular orbital simulation (10 ~ 

14 A). Thus, dynamic anisotropy of SRlOl in bulk solutions is explained satisfactorily by 

the DSE theory. 
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Figure 3-9 Fluorescence anisotropy decay curves of SRlO 1 in glycerol/water mixtures. 

The weight percentage of glycerol in water is 83 (a), 80 (b), 75 (c), 70 (d), 60 

(e), and 0 (t). 
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Table 3-2: Anisotropy decay parameters of SR101 in glyceroVwater mixtures at 23°C. 

GlyceroV r(O) X2 

Water T7 (23°C) a) 1: rot 

wt% cP ns 

0 0.93 0.21 0.38 1.17 

60 9.74 2.04 0.39 1.00 

70 18.9 3.71 0.38 1.03 

75 28.4 5.57 0.38 0.98 

80 43.4 8.44 0.39 0.93 

83 70.7 12.9 0.39 1.05 

a) The viscosity was determined by an Ostwald viscometer at 23°C. 
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Figure 3-10 A relationship between the reorientational reorientation time of SRlOl and the 

viscosity of the glycerol/water mixture. The solid line represents the best fit by eq (3.3). 
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3.4.4 Rotational Reorientation Times ojSR10l at WaterlPE Interface 

A waterlPE interface is expected to be very sharp similar to a water/l,2-

dichloroethane or water/nitrobenzene interface (thickness - 1 nm),37,48 since the solubility 

of water in the phthalate ester is very low (0.2 - 0.5 wt %).34 As discussed in the previous 

section, actually, the fluorescence dynamics at the waterlPE interface was best analyzed 

by eq 3.1 (two-dimensional model). Therefore, the thickness of the interfacial layer is 

comparable to the molecular size of SRI0l (10 - 14 A). Since the dye molecule sits on 

the interface, the chemical and physical structures of the waterlPE interface should reflect 

on tot. FI.uorescence dynamic anisotropy measurements under the TIR conditions were 

thus performed for the waterlPE interfacial systems with the viscosity of the oil phase 

being varied from 11 (DEP) to 62 cP (DEHP). The results are summarized in Figure 3-11 

and Table 3-3, in which r(t) was analyzed by eq 3.1 as discussed before. Note that the 

anisotropy decay of the dye at the waterlDEP interface was very similar to that at the 

waterlDBP interface, so that the results are not shown in Figure 3-11. 

Table 3-3: Anisotropy decay parameters of SR101 at the water/phthalate ester interfaces. 

oil 1] / cP a) ylmNm·1b) rl Z'l
rot 

/ ns r2 Z'2rot 
/ ns r(O) X2 

DEP 11.0 15.3 0.14 0.27 0.40 1.38 0.54 1.07 

DBP 16.9 21.5 0.18 0.28 0.32 1.54 0.50 1.04 

DHP 34.5 41.1 0.12 0.32 0.39 2.00 0.51 1.17 

DEHP 61.6 45.8 0.15 0.89 0.31 3.30 0.46 1.06 

a) The viscosity was determined by.an Ostwald viscometer at 23 ·C. 

b) The interfacial tension was determined by a pendant drop method. 
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Figure 3-11 Anisotropy decay curves of SRIOI at the water/phthalate ester interfaces observed 

under the TIR conditions: DEHP (a), DHP (b), or DBP (c). The result on DEP was 

very similar to that on DBP, so that the data were not shown here. 
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Although the initial anisotropy values (r(O» obtained for DEP and DEHP deviated 

slightly from 0.5, the best fit of r(t) was attained by a double-exponential function, in 

marked contrast to that in a macroscopically isotropic bulk solution: 

(i = 1,2) (3.4) 

Knowing the rotational reorientation time of SR101 in water to be 0.21 ns (Table 3-2), it 

is concluded that the time constants ('ljrot) are influenced by the presence of the oil phase 

and, the fast (1/o~ and slow decay times (T2ro~ ranged 0.3 - 0.9 ns and 1.4 - 3.3 ns, 

respectively, with T2
rot being the major component contributed to r(t) as judged by the pre

exponential factor of the decay component (rj in Table 3-3). 

The appearance of the two rotational reorientation times is characteristic to the 

waterlPE interface. In Figure 3-12, T1
rot and T2

rot were plotted against T/ of PE. Although 

the variation of Tl rot with T/ is small, Tl rot tends to converge to that in water with decreasing 

T/. On the other hand, T2
rot was affected by T/ stronger than T{ot. However, the 

T/ dependence of T2
rot was much weaker than that predicted from the rotational 

reorientation time of SRI0l in a bulk solution (DSE theory in eq 3.3; solid line in Figure 

3-12). The deviation between the observed (T2ro~ and calculated rotational reorientation 

times for a given T/ (solid line) increases with increasing T/. This is also characteristic 

behavior of tot at the waterlPE interface. All of these results should be discussed to 

clarify characteristics of the waterlPE interface. 
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Figure 3-12 Relationships between the rotational reorientation times of SRIOI at the 

water/phthalate ester interfaces and the viscosity of PE. The data point shown by the 

triangle represents the result detennined in water. 

One possible explanation for the origin of the double exponential decay of ret) might 

be to assume excitation energy migration between SR10I at the interface. However, the 

concentration of SRIOI was set as low as possible (1.0 x 10-7 M) and the mean distance 

between adsorbed SR10I on the interface is 75 A as estimated from the interfacial area 

and the r value. The mean distance is larger than the critical energy transfer distance 

reported for that between rhodamine 6G (58 A).49 Furthermore, the TIR fluorescence 

decay curve observed at the magic angle (45 ) was analyzed successfully by a single-

exponential function, and the fluorescence lifetime agreed satisfactorily with that in a 

dilute aqueous solution. Therefore, energy migration between SRI 0 1 at the waterIPE 

interface is not the origin of the double exponential decay ofr(t). 
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Another explanation might be an effect of thermal capillary waves at the interface, 

since the variation of the oil phase accompanies that of the interfacial tension (Table 3.3) 

and, both frequency and amplitude of a thermal capillary wave generated at the interface 

are related to the interfacial tension.so-s3 If the capillary wave contributes significantly to 

rotational reorientation of SRIO I, only high frequency capillary waves, whose 

wavelengthes are comparable to the molecular size of SRI 0 I, would influence 'ljrot. When 

one assumes that the wavelength of the capillary. wave is as short as the thickness of the 

interfacial layer (_. I nm), the frequency of the wave is calculated to be several hundreds 

of GHz on the basis of the Lamb's equation. 54 This frequency corresponds to the time 

scale of the thermal fluctuation of several ps. Since the observed rotational reorientation 

times at the interface are 0.3 - 3 ns, it is concluded that the thermal fluctuations at the 

interface are not reflected on '(tt and/or ttt. Thus, the thermal capillary waves at the 

interface cannot explain the present results. 

The '(I rot value is rather similar to that in water except for the data at the waterlDEHP 

interface, while '(2
rot increases with increasing 17 ofPE. Thus, an adsorption equilibrium of 

SRI 0 I between the interface ('(2 rot) and water phase ('(tt; not far from the interface) might 

explain the double exponential decay. If this is the case, the adsorption equilibrium 

should reflect on the r/r2 ratio and the value is expected to decrease with increasing y. 

However, such a tendency cannot be seen from the data in Table 3-3. Furthermore, when 

SRIOI locates in the water phase much deeper than the thickness of the interfacial layer 

or molecular size of SRIOI, the dynamic anisotropy data cannot be analyzed by the two

dimensional model in eq 3.1. Thus, the emissive species responsible for '(I
rot and T2

rot 

should locate close vicinity of the interface, whose thickness allows the two-dimensional 

analysis (-I nm). 
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3.4.5 Adsorption of SR10l on the Water/PE Interface and Its Implication 

to Rotational Reorientation Times 

Above discussions lead to the conclusion that the double exponential decay of r{t) is 

intrinsic nature of dynamic anisotropy at the waterlPE interface and is caused by the 

microscopic structure of the interface itself. It is noteworthy that 'r2
rot should be slower 

than the value expected from the three-dimensional rotation model, since theout-of-plane 

rotational motion is restricted at the waterlPE interface; the freedom of the molecular 

motion is reduced at the interface. Nevertheless, 'rtt was faster than that predicted by 

DSE at a given 1] (solid line in Figure 3-12) and the deviation between the observed ('rrt) 

and predicted values increased with increasing 1]. The results would indicate that 

rotational reorientation of SRlOl at the interface is not governed by the bulk viscosity of 

the oil itself, but determined by microscopic friction between the dye and solvent 

molecules. Therefore, it is supposed that the two rotational reorientation times of SRI0l 

('rl
rot and 'r2

rot) are originated from two different adsorption modes (mode-l and -2, 

respectively) as schematically illustrated in Scheme 3-2. A simple molecular orbital 

calculation indicates that the phenyl ring of SRlOl rotates almost perpendicularly to the 

plane of the xanthene ring owing to steric hindrance of the sulfonate group. Such a 

conformation is also favorable for electrostatic attraction between the sulfonate group and 

the cationic charge on the xanthene chromophore. Furthermore, the xanthene ring is 

planer and rigid. As one mode, therefore, SRI 0 1 will adsorb on a waterlPE interface with 

the molecular plane of the xanthene chrorhophore being almost faced' to the interface 

while the -S03 -group on the phenyl ring directs to the water phase: mode-I. Under such a 

condition, the rotational and/or tumbling motions of SRI0lare restricted in the X-Y 

plane, and expected to be insensitive to the viscosity of the oil phase: 'r{ot = 0.27 ns {1] = 
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11.0 cP) ~ 0.32 ns (17 = 34.5 cP). In the waterlDEHP system, the oil is very viscous (61.6 

cP) so that the molecular motion of SRIOI at the interface is influenced by 11: ~r = 0.89 

ns. The adsorption mode-I, however, would be unstable (r/r2 = OJ ~ 0.5, Table 3), since 

the hydrophobic part of SRIOI (i.e., aza-tetraline part of the xanthene chromophore) will 

be likely to bury in the oil· phase with the hydrophilic parts (-S03- and the quinoid 

structure) being toward the water phase; thus, the long axis of the xanthene chromophore 

corresponding to the direction of the emission dipole bisects the waterlPE interface 

(mode-2). In such an adsorption mode, a contribution of the Z-axis component of the TIR 

fluorescence to the total fluorescence intensity will not be neglected and, therefore, the 
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Scheme 3-2 A proposed model for the interfacial structure and adsorption of SRI 0 I. 
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observed decay curve should be fitted by the three-dimensional model. Nonetheless, the 

TIR fluorescence decay curve observed at an emission polarization angle of 54.7° could 

not be fitted by a single-exponential function as described before, indicating a minor 

contribution of the Z-axis component (out-of-plane) of the fluorescence to the TIR 

fluorescence. This might be explained by a small tilt angle of SRlol at the interface as 

shown in Scheme 3-2. Recently, Uchida et aI. reported that Rhodamine derivatives 

(Rhodamine B, Sulforhodamine B, and Rhodamine· 110) were adsorbed on a 

water/heptane interface with the long axis of the xanthene ring being tilted about 70° to 

surface normal as revealed by a second harmonic generation technique.55 Their results 

would support the present adsorption mode: mode-2. It is supposed that wobbling-cone 

like rotation and/or tumbling motions of SR101 around the axis shown in Scheme 3-2 

take place within the thin interfacial layer. Such the adsorption model is favored for the 

explanation, since the T2
rcx value is dependent on the viscosity of PE (Figure 3-12) as 

discussed below. 

The characteristics of the waterlPE interface are reflected on the 1] dependence of T2
rot

• 

The first layer of the PE phase at the interface is expected to possess, more or less, an 

ordered structure, with the ester -COOR groups as a relatively hydrophilic part facing to 

the water phase while the phenyl ring and the alkyl chains as hydrophobic parts direct 

toward the PE phase (Scheme 3-2). For such a structure, the bulk viscosity ofPE will not 

determine T2
rot

• Even in bulk solutions, Kim and Jonas reported that the macroscopic and 

microscopic viscosities of the phthalate esters are governed strongly by the length of the 

alkyl chain as well as by the presence or absence ofa branching group in the alkyl chain, 

and demonstrated important roles of the mobility of the alkyl chain in the medium 

viscosity.26.27 The mobility of the alkyl carbons increases as one moves·away from the 

phenyl group of the molecule to the end of the chain, and the absence of the branching 
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group also increases the mobility. Therefore, the rotational reorientation time of SRI0l 

('&'2ro~ adsorbed on the waterlPE interface is not governed by the bulk viscosity, but is 

influenced by the length of the alkyl chains ofPE. When the alkyl chains ofPE is long as 

in the case of DHP, the flexible alkyl chains of PE result in a faster rotational 

reorientation time relative to that predicted by the macroscopic viscosity. On the other 

hand, when the alkyl chains of the phthalate are short (i.e., DEP), the alkyl carbons are 

not flexible compared to the terminal alkyl groups in DHP, so that the rotational 

reorientation of SRI 0 1 at the interface is determined mainly by the macroscopic viscosity. 

If the motional flexibility of the alkyl chains of PE is important for determining '&'2
r0t, the 

deviation between the observed ,&,{ot and that predicted from the bulk viscosity (solid line 

in Figure 3-12) increases with increasing the length of the alkyl chain and, thus, with 

increasing 'l7. Phenomenologically, this is what is observed in Figure 3-12. In preliminary 

experiments, fluorescence dynamic anisotropy of perylene in bulk PE solutions was 

shown to be governed by the bulk viscosity. For discussion on fluorescence anisotropy 

data, the chemical structure of a probe molecule is important, so that a comparison of the 

present results with those on the perylene/bulk PE solution data might be difficult. Also, 

the models in Scheme 3-2 are speculative and needed a more detailed study including a 

molecular dynamic simulation. Nonetheless, the appearance of the two rotational 

reorientation times of SRIOI and faster T2
rot at the interface compared to the prediction 

from the DSE theory would indicate the characteristic structure of the waterlPE interface. 
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Conclusions 

A study on a magic angle dependence ofthe TIR fluorescence decay profile of SRIOI 

adsorbed on the waterIPE interface was shown to be a potential means to discuss the 

thickness of the interfacial layer, and the two-dimensional interfacial model explained 

very well the present results. Thus, the waterIPE interface was concluded to be very sharp 

in respect to molecular dimension of SRI01: 10 - 14 A. Furthermore, the observed 

rotational reorientation times ('Z'i rot and T2ro~ provided molecular-level information about 

both adsorption mode of SRIO 1 on the interface and the structure of the interface 

(Scheme 3-2). So far, characteristics of a water/oil interface has been discussed in terms 

of the polarity, the density, and thermal capillary waves.56
-
59 However, the interfacial 

viscosity at a water/oil interface has been rarely discussed except for the report by Wirth 

and Burbage.45 In the present experiments, clear evidence for the 17 dependence of the 

rotational reorientation time at the waterlPE interfaces was demonstrated. A further study 

including a molecular dynamic simulation will reveal detailed characteristics of a 

water/oil interface and its roles in separation sciences. 
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Chapter 4 

Excitation Energy Transfer from Sulforhodamine 101 to Acid Blue 1 at a Liquid/Liquid 

Interface: Experimental Approach to Estimate Interfacial Roughness. 
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4.1 Introduction 

In the previous chapters, dimer formations of PSA and fluorescence dynamic 

anisotropy of SR101 under TIR conditions were shown to be highly potential to study 

characteristics of water/oil interfaces. I, 2 These approaches are certainly sensitive to the· 

microstructures and the dynamic motions of a solute at the interface. Nonetheless, 

chemical and physical properties at a liquidlliquid interface would be governed by 

various factors, another experimental approaches other than those described in Chapter 2 

and 3 should be also explored. In this study, therefore, dipole-dipole (Forster-type) 

excitation energy transfer between an energy donor (D) and an acceptor (A) both 

adsorbed on a liquidlliquid interface was introduced to study a water/oil interface.3 An 

idea of the experiments is as follows. 

When diffusional motions ofD and A are inhibited" as in the case for strong binding of 

the molecules to the surface by adsorption, excitation energy transfer quenching 

dynamics of D by A reflects structural dimension around D and A through spatial 

distributions of the components.4,5 In such a case, fluorescence dynamics of D (ID(t» 

should obey the following equation as reported by Klafter and Blumen,4,5 

(4.1) 

where A is a pre-exponential factor and'Z"D is the excited state lifetime of D without A. P 

is a parameter proportional to the probability that A resides within the critical energy 

transfer distance (Ro) of the excited donor. a is called fractal dimension and reflects a 

spatial distribution of the acceptor around the donor. Therefore, a study on excitation 

energy transfer dynamics provides invaluable information about the characteristics at a 
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liquid/liquid interface, along with a complementary study· on the same system by 

fluorescence dynamic anisotropy. 

In this study, experiments are focused on water/carbon tetrachloride (CCl4) and 

waterll,2-dichloroethane (DCE) interfaces. So far, water/CCl4 and waterlDCE interfaces 

have been studied by various techniques, and it has been reported that the water/CCl4 and 

waterlDCE interfaces are very thin: the thickness -I nm.6
-
12 Furthermore, molecular 

dynamics simulations reported by Michael and Benjamin indicate that the waterlDCE 

interface is thick and rough compared to the water/CCl4 interface. ll Molecular dynamics 

simulations give molecular-level insight about a liquid/liquid interface and are the 

indispensable basis for understanding the characteristics at the interface. Nonetheless, 

complementary studies by experiments are absolutely necessary. Therefore, the present 

idea was tested to elucidate the structures of water/CCl4 and waterlDCE interfaces, and 

explored to compare the results with those predicted by molecular dynamics simulations. 

In the following, fluorescence dynamic anisotropy and excitation energy transfer 

quenching of Sulforhodamine 101 (SRIOI) at water/CCl4 and waterlDCE interfaces are 

discussed, with special references to elucidating thickness and/or roughness of the 

interface. 13 
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4.2 Experimental 

Chemicals and Sample Preparation 

Carbon tetrachloride (Kanto Chemical Co., Inc.) was purified by distillation after 

washing successively with an aqueous potassium hydroxide solution and water. 1,2-

Dichloroethane (DCE; ]\ffiRCK, Uvasol) and Sulforhodamine 101 (SR101; ACROS 

ORGANICS, Laser grade) were used without further purification. Acid Blue 1 (ABl; 

Tokyo Kasei Kogyo Co., Inc) was purified by recrystallizations from an acetone-water 

mixture. The chemical structures of SRI Oland AB 1 are inserted in Figure 4-2. 

For dynamic anisotropy experiments, an aqueous SR101 solution (concentration 

[SR101]=1.0 x 10-9 M) saturated with CCl4 or DCE was poured carefully onto water

saturated carbon tetrachloride or DCE in a Pyrex cell (inner diameter = 40 mm). As a 

sample for excitatin energy transfer measurements, a mixture of SRI0l (1.0 x 10-9 M) and 

ABI (1.9 - 5.7 x 10-9 M) was used as a water phase and a water/oil interface was 

constructed by the analogous procedures with those mentioned above. Spectroscopic 

measurements were carried out after the sample solution in the cell being kept standing 

over 100 min. 

Measurements 

TIR fluorescence decay profiles of SR101 were measured by the system described in 

Chapter 3. The steady-state absorption and fluorescence spectra were measured by using 

Hitachi U-3300 and Hitachi F-4500 spectrometers, respectively. All experiments were 

conducted at room temperature (-23 DC). 
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4.3 Results and Discussion 

4.3.1 A Magic-Angle Dependence of the TIR Fluorescence Decay Profiles 

of SR1 01 at the Water/Oil Interfaces 

Before describing the results on excitation energy transfer quenching of SRIOI by 

AB I at water/CCl4 and waterIDCE interfaces, a magic angle dependence of the total-

internal reflection (TIR) fluorescence decay profile of SRIO I at the interface is worth 

discussing. The studies are quite important to compare the results with those by excitation 

energy transfer quenching, as discussed later in detail. 
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Figure 4-1 TIR fluorescence decay curves of SRlOl at water/CCl4 «a) and (b» and waterlDCE 

«c) and (d» interfaces. The angle of the emission polarizer was set at 45 0 «a) and (c» or 

54.70 «b) and (d» in respect to the direction of excitation polarization. The upper trace 

and the inner panel of each figure represent the plots of the weighted residuals (Re) and 

the autocorelation trace (Cr) for a single-exponential fitting, respectively. 
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Table 4-1. Fluorescence Decay Parameters of SRI0l Adsorbed on Water/Oil Interfaces 

Observed under the TIR Conditions and in an Aqueous Solution. 

water/CCl4 450 b 4.06 ±0.02 1.11 1.88 

54.70 b 4.21 ± 0.03 1.61 1.37 

waterlDCE 450 b 3.62 ±0.02 2.28 0.90 

54.70 b 4.12 ± 0.03 1.09 1.73 . 

4.12 ± 0.01 1.16 1.94 

a) r and DW represent the r and Darbin-Watson parameters for the fitting, respectively. 

b) The angle of the emission polarizer in respect to that of the excitation laser beam. 

e) . Determined in an aqueous SR101 solution ([SRI01] = 1.7 x 10-7 M). 

Figure 4-1 shows fluorescence decay profiles ofSRI01 observed from water/CCl4 and 

waterlDCE interfaces at an emission polarization angle of 45° «a) and (c» or 54.7° «b) 

and (d», together with the relevant weighted residuals (Re) and autocorelation trace (Cr) 

for each single-exponential fit. In the case of the water/CCl4 interface «a) and (b»,Re 

and Cr of the data observed at 54.7° exhibited nonrandom distributions compared to those 

predicted by the best fit (b), particularly, those in the initial stage of excitation «1 ns). 

Contrary, the profile observed at the magic angle 45° was reasonably fitted by a 

single exponential function as judged by the relevant Re and Cr (a).14 The t and Durbin

Watson (OW) parameters for the fitting also support that the best fit of the observed data 

by a single-exponential function is attained by setting an emission polarizer at the magic 

angle, 45° (Table 4-1). Therefore, it is concluded that the water/CCl4 interface was sharp 

with respect to the molecular size of SRI0l and, three-dimensional rotational motions of 

SRI 0 1 were inhibited at the water/CCl4 interface. 

In the case of a waterlDCE interface « c) and (d», on the other hand, a fitting of the 

data by a single exponential function cannot be attained by setting an emission polarizer 

at 45° as confirmed by deviations of Re and Cr from the optimum values (c). When the 
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fluorescence decay profile is measured by setting an emission polarizer at 54.7° (d), 

fluorescence anisotropy can be reasonably fitted by a single exponential function 

including the time response in the initial stage of excitation (see also i and DW in Table 

4-1). Therefore, the interfacial layer of the waterIDCE interface is thick compared to the 

molecular size of SRlOI, and the dye molecules adsorbed on the interface are weakly 

oriented. Otherwise, the interface is spatially rough at the molecular size of SRIO 1. An 

orientational distribution of SRI 0 1 at the interface might also influence the fluorescence 

dynamics. Irrespective of the reason, however, SRIO 1 molecules at the waterIDCE 

interface behave similar to those in an isotropic medium in contrasting to the results at the 

water/CC14 interface. 

4.3.2 Excitation Energy Transfer and Its Dynamics at the Interface. 

Although both water/CCl4 and waterIDCE interfaces are believed to be shC:lrp, the 

fluorescence dynamic anisotropy study suggested that the structure of the interface was 

different with each other. In order to obtain more detailed information, therefore, 

excitation energy transfer quenching of SRlO 1 by AB 1 at the interface was explored. 

Figure 4-2 shows the fluorescence and absorption spectra of SRlOI (donor) and ABI 

(acceptor) in water, respectively. As seen in Figure 4-2, since the fluorescence spectrum 

of SRIOI overlaps with the absorption spectrum of ABI, effective excitation energy 

transfer from SRIOI to ABI is expected. In the present case, energy transfer between the 

excited singlet state of SRIOI and ABI proceeds via a Forster-type mechanism,3 so that 

the energy transfer efficiency can be estimated by the following equation. 
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(4.2) 

In eq 4.2, Ro is the critical energy transfer distance and 12- is an orientational factor for 

energy transfer (usually assumed to be 2/3). ¢o is the fluorescence quantum yield of the 

donor in the absence of an acceptor and n is the refractive index of the medium. NA, FD( v) 

and civ) are the Avogadro's number, the spectral distribution of the fluorescence in 

quanta normalized to unity, and the molar absorptivity of ABI at each wavenumber 

v, respectively. According to eq 4.2, Ro in water is calculated to be 71 A, 15 indicating that 

efficient excitation energy transfer from SRIOI to ABI should occur. Therefore, on the 

basis of analysis of fluorescence decay curves of SRlOl at the water/oil interface in the 

presence of ABl, the structure of the water/oil interface could be estimated with the 

spatial resolution being in the order of Ro. 
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Figure 4-2 Fluorescence spectrum ofSRIOI (a) and absorption spectrum of ABI (b) in water. 
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Figure 4-3 shows the fluorescence decay curves of SR101 at a water/CCl4 interface in 

the absence «a» and presence of ABI (1.91, 3.82, and 5.73 x 10.9 M for (b), (c) and (d), 

respectively). Analogous results were obtained for the waterlDCE system and, data are 

shown in Figure 4-4. In the absence of AB1, the fluorescence decay of SR101 was fitted 

satisfactorily by a single-exponential function with the decay time of 4.06 ns. In the 

presence of the acceptor, on the other hand, the fluorescence exhibited a non-single 

exponential decay. 
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Figure 4-3 Fluorescence decay profiles of SRIO I at a water/CCl4 interface in the absence and 

presence of ABI: (a) [ABI] = 0, (b) 1.91 X 10.9, (c) 3.82 X 10.9, (d) 5.73 x 10.9 M. The 

solid curve shows the best fit by eq 4.3, and the fitting parameters are listed in Table 4.2. 
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Figure 4-4 Fluorescence decay profiles of SRIO 1 at a waterlDCE interface in the absence and 

presence of ABl: (a) [AB1] = 0, (b) l.91 X 10-9, (c) 3.82 X 10-9, (d) 5.73 x 10-9 M. The 

solid curve shows the best fit by eq 4.3, and the fitting parameters are listed in Table 4.2. 

For energy transfer dynamics in fixed geometries of both energy donor and acceptor, the 

fluorescence decay profile of the donor cannot be expressed by a single exponential 

function, but should be analyzed by a Klafter-Blumen equation (eq 4.1) as demonstrated 

for that in various inhomogeneous systems.4
, 5, 18-27 In eq 1, a is the structural (fractal) 
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dimension as described before and, in the present case, this reflects the spatial distribution 

of AB 1 around SRI 0 1 at a water/CCl4 or waterlDCE interface. P is the term related to the 

ABI concentration at the water/oil interface, which is defined by eq 4.3. 

(4.3) 

In eq 4.3, BA is the degree of interfacial coverage of AB 1 and d is an Euclidean dimension 

(2, in the case of surface adsorption). a is the effective radius of SR101 (7 A). 

Simulations ofthe observed decay profiles in Figures 4-3 and 4-4 were then performed on 

the basis ofeq 4.1 with 'tD being fixed at 4.06 and 4.21 ns, respectively. Theparameters 

obtained by the simulation, P and a , are summarized in Table 4-2, together with the X

parameters of the fittings. The X- parameters and the weighted residuals (Re) of the 

fittings, shown in the upper traces of Figures 4-3 and 4-4, indicate that the fluorescence 

decay profiles ofSRI0l are well fitted by eq 4.1. 

Although statistical validity of the fitting can be judged by X- and Re, the application 

of the Klafter-Blumen equation to the decay profile analysis is not necessarily warranted 

and worth checking in detail. First, the Klafter-Blumen model requires that the 

fluorescence decay profiles observed at different AB 1 concentrations should be fitted by 

a common a value. As shown in Table 4-2, this requirement is safely satisfied; the a value 

for the water/CCl4 or waterlDCE system was 1.86-2.00 or 2.45-2.53, respectively, which 

were within the experimental errors. 
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Table 4-2. Structural Dimension Analysis of Excitation Energy Transfer Quenching of 

SRI0l by ABI at the Water/Oil Interfaces. 

Water/CCl4 

WaterlDCE 

[ABl] /10-9 M 

1.91 

3.82 

5.73 

1.91 

3.82 

5.73 

P 

0.82 

1.46 

1.97 

0.50 

1.06 

1.40 

a 
1.86 

1.94 

2.00 

2.47 

2.45 

2.53 

t 
1.06 

1.00 

1.01 

1.05 

1.05 

1.15 

According to eq 4.3, second, the P value obtained by the fitting should increase 

linearly with an increase in the degree of interfacial coverage (eJ of AB 1 on the water/oil 

interface. In order to estimate eA, therefore, interfacial tension (y) measurements were 

conducted. The relationship between y and log [AB 1] determined for a water/CCl4 or 

waterlDCE system is shown in Figure 4-5. It is clear from Figure 4-5 that the y value 

decreases with increasing [AB 1] in the range of 10-7 
- 10-6 M. This behavior is quite 

analogous to a concentration dependence of y for a typical surfactant. The [AB 1] 

dependence of ywas thus analyzed by the Gibbs equation and the Langmuir isotherm. 

The interfacial excess (Ij of a solute (AB 1) is defined by the Gibbs equation, 

J:- 1 oy 
i - RT Oln[ABl] 

(4.4) 

where R and T have their usual meanings. According to the Langmuir isotherm, on the 

other hand, the interfacial concentration of AB 1 (Cj ) is given by, 
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dK'[ABI] C - ----''''-----"'--
j - d+K'[ABI] 

(4.5) 

where a' and K' are the saturated amount of adsorbed AB 1 on the interface and the 

adsorption equilibrium constant of AB 1 between the interface and the water phase at 

infinite dilution, respectively. Under the approximation of r; = Cj , eqs 4.4 and 4.5 afford 

eq 4.6,28 

(4.6) 

where Yo is the interfacial tension at [ABI] = O. A simulation of the data in Figure 4-5 was 

then performed by using eq 4.6 with a' and K' as variable parameters. The results of the 

fits are shown by the solid curves in Figure 4-5 and, the parameters, a' and K', are 
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Figure 4-5 ABI concentration dependence of the interfacial tension in water/CC14 (a) 

and waterlDCE (b) systems. 
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Figure 4-6 SRIO I concentration dependence of the interfacial tension in water/CC~ 

(a) and waterlDCE (b) systems. 

Table 4-3. Parameters for Interfacial Adsorption of AB 1 

Water/CCl4 

WaterlDCE 

a' I mol cm-2 

8.6 X 10-11 

7.2 X 10-11 

Table 4-4. Parameters for Interfacial Adsorption ofSR101 

Water/CCl4 

WaterlDCE 

a' I mol cm-2 

9.6 X 10-11 

7.6 X 10-11 
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K'lm 

2.3 X 10-3 

4.5 X 10-4 

K'lm 

2.9 X 10-3 

5.3 X 10-4 



summarized in Table 4-3. On the basis of these parameters and eq 4.6, Cj and 8A at each 

ABI concentration were calculated, as the results were included in Table 4-5. The 

relationship betweenP and 8A thus obtained is shown in Figure 4-7. It is worth noting that 

the P value increases linearly with an increase in 8A for both cases. The results 

demonstrate explicitly that the Klafter-Blumen model in eqs 4.1 and 4.3 is applicable to 

the present system. Furthermore, the dye concentration adsorbed on the interface is very 

low (interfacial coverage of ABl: 0.12 - 1.51% shown in Table 4-4, SR101: 0.06 -

0.29% data are shown in Figure 4-6 and the fitting parameters are summarized in Table 4-

4) so that the interfacial structure is not influenced appreciably by the dye adsorption. 

Therefore, the variation of the a value with the nature of the oil (Table 4-2) is meaningful 

and worth discussing in detail. 

The results in Figure 4-7 also provide information about the critical energy transfer 

distance between SR101 and ABI at the water/oil interface. Knowing d, a, and a, one 

can calculate the Ro value on the basis of the slope value of the plot in Figure 4-7 and eq 

4.3. Actually, the Ro value at the water/CCl4 or waterIDCE interface was calculated to be 

75 or 74 A, respectively. These Ro values are comparable to that (71 A) estimated from eq 

4.2. This also supports validity of the present analysis of the dynamic data by the Klafter

Blumen model in eq 4.1. 
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Table 4-5. Interfacial Coverage BA of AB 1 on the Water/Oil Interfaces and P Parameters 

C/M a Cj / mol cm-2 BAh P 

Water/CCl4 1.91 x 10-9 4.4 X 10-13 5.1 X 10-3 0.82 

3.82 x 10-9 8.7 X 10-13 1.0 X 10-2 1.46 

5.73 x 10-9 1.3 X 10-12 1.5 X 10-2 1.97 

WaterlDCE 1.91 x 10-9 8.6 X 10-14 1.2 X 10-3 0.50 

3.82 x 10-9 1.7 X 10-13 2.4 X 10-3 1.06 

5.73 x 10-9 2.6 X 10-13 3.6 X 10-3 1.45 

a) The concentration of AB 1 in an aqueous phase. 

b) Interfacial coverage defined by (}A = Cj I a' (saturated concentration on the interface; see also 

Table 4-3). 
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Figure 4-7 Relationship between P and ()" for water/CCl4 (a) and waterlDCE systems (b). The 

solid curve represents the best fit by using eq 4.3. 
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4.3.3 Structural Dimension of Energy Transfer at the Water/Oil Interface 

The structural dimension for energy transfer at the water/CCl4 or waterlDCE 

interface (Table 4-2) was 1.86 - 2.00 (average, 1.93) or 2.45 - 2.53 (2.48), respectively. 

The present Klafter-Blumen analysis of the data is very meaningful as described above, 

so that structural characteristics of the interface should be reflected on the a value. The a 
value for the water/CCl4 interface (1.93) indicates that the interface is sharp and regarded 

as two-dimension, as long as the spatial resolution by the energy transfer quenching 

method (- 70 A or - 7 nm). Phenomenologically, the result agrees well with that derived 

from fluorescence dynamic anisotropy measurements; the interface is thin enough to 

inhibit three-dimensional rotational motions of SRI01. If the interface is thin enough and 

modeled strictly by two-dimension, however, the structural dimension should be equal to 

2.0 since energy transfer quenching is restricted in the X-V plane of the interface. A a 
value smaller than 2.0 has been frequently reported for the interfacial systems such as 

vesicles and Langmuir-Blodgett films, and a < 2.0 in these systems has been discussed in 

terms of a non-uniform distribution of an energy acceptor at the interface: fractal 

structure. 15
, 16 Therefore, a fractal-like distribution of AB 1 at the water/CCl4 interface 

might playa role in deciding the a value. 

On the other hand, the structural dimension determined for the waterlDCE interface 

was larger than 2.0: 2.48. This suggests that the waterlDCE interface is thicker than the 

water/CCl4 interface. The fluorescence dynamic anisotropy measurements also gave 

analogous results; the interface is thick enough to allow three-dimensional rotational 

motions of SRlO1. It should be noted that these results do not necessarily imply that the 

waterlDCE interface is characterized by a three-dimensional space. Taking the results 

obtained by molecular dynamics simulations into account, it is supposed that the 
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waterIDCE interface is thin, but is rough in respect to the spatial resolution by the energy 

transfer quenching method as discussed in the following section. 

4.3.4 Structures of the Water/CCl4 and Water/DCE Interfaces 

A water/CCl4 or waterIDCE interface is a representative system studied by various 

techniques and, so far, invaluable information about the structure ofthe interface has been 

accumulated.6-12. As an example, Benjamin and his co-workers have reported the 

stt:Uctures of water/CCl4 and waterlDCE interfaces on the basis of molecular dynamics 

computer simulations, and demonstrated that a waterlDCE interface is molecularly sharp; 

there is no-mixed solvent layer between the two phases.6
,7, 9,11 However, they have also 

pointed out that the physical property of the interface is characterized by thermally 

capillary waves generated at the sharp interface and, the interface is quite rough at a short 

time scale.7
, 29 According to their calculations, namely, the capillaries with the amplitude 

as short as 0.8 nm are constantly moving at the interface and these protrude into the DCE 

phase on the time scale of tens of picoseconds. However, the long time average (hundreds 

of picoseconds) of the interface results in a relatively smooth density profile that gives 

rise to the interface thickness of about 1 nm. Molecular dynamics simulations and 

interfacial tension measurements have also demonstrated that the water/CCl4 interface is 

thinner than the waterlDCE interface and, the thickness of the water/CCl4 interface has 

been reported to be <1 nm. 11 

In the present study, both fluorescence dynamic anisotropy and excitation energy 

transfer methods were successful to provide information about the structures and 

thickness/roughness of the water/CCl4 and waterlDCE interfaces. Therefore, the present 
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results are worth comparing with the available information described above. However, it 

should be noted that, although the results obtained by the present two methods are 

complementary to discuss the structures of the interfaces,. these cannot be compared 

directly with each other, since fluorescence dynamic anisotropy provides information 

about molecular level structures of the interface (i.e., dimension of the molecular size of 

SRIOI - 1 nm) while the excitation energy transfer method affords relatively long-range 

interfacial structures (i.e., dimension of the critical energy transfer distance - 7 nm). On 

the basis of such experimental backgrounds, following discussions could be made. 

The thickness of the waterIDCE interface (I nm) is comparable to the molecular 

SIze of SRIOI (1.0 - 1.4 nm)? Furthermore, SR101 molecules adsorbed on the 

waterIDCE interface are supposed to be restricted within the two-dimensional plane, with 

the hydrophilic S03 - group being towards to the water phase while the hydrophobic 

xanthene ring being directed to the DCE phase.2 Therefore, when the waterIDCE interface 

is very sharp, three-dimensional-like rotational reorientation of SR101 would not be 

observed, in contrast to our experimental observation. One possible reason for this is 

thermal fluctuations of the interface, by which SRIOI molecules behave similar to those 

in an isotropic medium: SRIOI sit on the interface is tumbled by thermal fluctuations. 

Similar situations are also expected for SR101 at the water/CCl4 interface, while the 

dynamic anisotropy experiments suggest that· the interface is a two-dimensional-like. It 

has been reported that thermal capillary waves at an interface are related to the interfacial 

tension of the system.30-33 In the present systems, the lower interfacial tension of the 

waterIDCE system compared to that at the water/CC4 interface (infinite dilution limit of 

the data in Fig 4-4) indicates that the amplitude(s) of the surface wave(s) is larger for the 

waterIDCE system relative to that for the water/CCl4 interface. This prediction agrees 

with the results by the computer simulations as described above; the thickness of the 
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waterIDCE or water/CCI4 interface is 1 nm or < 1 nm, respectively. Thus, the contribution 

of the thermal capillary waves to the rotational motions of SRI 0 1 would be smaller at the 

water/CCl4 interface, leading to a two-dimensional-like anisotropy decay of the dye at the 

interface. Furthermore, the adsorption equilibrium constant (K') of SR101 measured at 

the water/CCl4 interface (K' = 2.93 x 10-3 m) is larger than that at the waterIDCE interface 

(K' = 5.27 x 10-4 m). Therefore, relatively strong adsorption of SR101 on the water/CCI4 

interface also makes the rotational motions of the dye two-dimensional-like. 

Short-range (-1 nm) structural information about the interface obtained by 

fluorescence dynamic anisotropy experiments is not contradicted from the results by the 

excitation energy transfer method: a (water/CCI4) = 1.93 and a (waterIDCE) = 2.48. 

Energy transfer at a liquidlliquid interface is schematically shown in Scheme 4-1. For 

simplicity, it is assumed here that an SRI0l molecule (closed circle) sits on the interface 

(X-Y plane). The molecular size of SR101 is 1.4 nm and the critical energy transfer 
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distance is ~7 nm, so that energy transfer proceeds at a long distance. When both SRlOl 

and AB 1 are located at a flat interface, the structural dimension of energy transfer should 

be exactly 2.0. If the interface is rough and ABI (closed triangle in Scheme 4-1) is 

displaced from the X-Y plane, on the other hand, the angle between the positions of the 

SRI0l and AB 1 molecules along the Z axis (<p in Scheme 4-1) determines the a value. 

Clearly, when the displacement along the Z axis (0) is very small, a is 2.0. An increase in 

o implies that the interface becomes more rough, and thus, a increases to 3.0. Since 

SRI 0 1 at the waterIDCE interface exhibits three-dimensional-like motions and the 

interface has been suggested to be more rough compared to the water/CCl4 interface. 

Therefore, the structural dimension of the waterIDCE interface (a = 2.48) will be a 

reasonable consequence, reflecting the characteristic structure of the interface. 

In the present experiments, the size of the probe molecule used (~1.4 nm) is 

comparable to the thickness of the water/CCl4 or waterIDCE interface (~1 nm), so that 

one cannot estimate the thickness of the interface. A smaller probe molecule should be 

employed for further discussion on this problem. Nonetheless, the present results indicate 

that the waterIDCE interface is more rough compared to the water/CCl4 interface. The 

results agree with those predicted by molecular dynamics simulations. 

Although the structural difference between the water/CCl4 and waterIDCE 

interfaces is not so large, the chemical and/or physical nature of the organic phase itselfis 

reflected on the photo physical properties of a probe molecule, indicating novelty of the 

present experimental approaches. The simplest way to understand the difference in the 

interfacial structure will be to consider the difference in the interfacial tension. In terms of 

thermodynamics, an interfacial tension in a water/oil system is closely related to 

miscibility of water in an oil (vide infra).34 As shown in Figure 4-4, the interfacial tension 

(free energy) in the water/CCl4 system (44.5 mN m-l (mJ m-2» is higher than that in the 
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waterIDCE system (27.9 mN m-I (mJ m-2
)). The solubility of water in the oil (or that of 

the oil in water) is reported to be 0.07 (0.01) and 0.81 (0.15) wfl/o for CC14 and DCE, 

respectively.17 These values indicate that the solubility of water in CCl4 is almost ten 

times smaller than that in the DCE. Because of the immiscible nature of water in CCI4, 

the water/CCl4 interface is likely to construct a molecularly sharp interface as compared 

to the waterIDCE interface. Beside this, the molecular shape of CCl4 or DCE might also 

play an important role in determining the interfacial structure. 

The present approaches have a high potential to elucidate experimentally the 

structure and properties of a liquid/liquid interface and, complementary studies by both 

experiments and computer simulations are fruitful for further progresses in chemistry at 

liquid/liquid interfaces. 
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Conclusions 

A study on structural dimension analysis of excitation energy transfer dynamics 

between the dye molecules adsorbed on water/oil interfaces was shown to be a potential 

means to discuss thickness and roughness of the interfacial layer and, structural 

dimension of the water/CCl4 or waterIDCE interface was determined to 1.93 or 2.48, 

respectively. The magic-angle dependence of the TIR. fluorescence decay profile of 

SRIOI adsorbed on the interface also supported the results derived from the present 

structural dimension analysis. Thus, the water/CCl4 interface was concluded to be very 

sharp with respect to molecular dimension of SRIO 1: 1. 0 - 1.4 nm. On the other hand, the 

waterlDCE interface was demonstrated to be more rough than the water/CCl4 interface. It 

is worth noting that the spatial resolution of the present approaches is 1 (anisotropy) - 7 

nm (energy transfer), so that other techniques having smaller spatial resolution might 

afford different aspect on the interfacial structures. Also, the results obtained by the 

present study are limited to water/CCl4 and waterlDCE interfaces, and analogous study 

should be extended to other systems. Nonetheless, the present study is very meaningful in 

respect to comparative discussion on the same systems by both experiments and available 

computer simulation data. 
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Chapter 5 

Time-Resolved Total Internal Reflection Fluorometry Study on Polarity at LiquidlLiquid 

Interface 
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5.1 Introduction 

The polarity of a liquid/liquid interface sometimes plays important roles in deciding 

heterogeneous reaction kinetics. l
-4 Such results suggest that solvent environments at the 

interface are different from those in bulk media. In practice, the polarity of interfacial 

regions such as in microemulsions5 and micelles6
• 7 has been investigated by means of 

UV/vis absorption spectroscopy on a polarity indicator molecule: 2,6-diphenyl-4-(2,4,6-

triphenyl-I-pyridino) phenoxide (DPP). However, these studies do not provide direct 

information about the interfacial polarity, since the experiments are conducted for bulk 

systems. Recently, surface selective spectroscopic techniques have been applied to 

studying the polarity of a liquid/liquid interface. As an example, Perera et al. reported the 

mean polarities at waterln-heptane, waterln-decane, and water/cyclohexane interfaces by 

using attenuated-total-internal reflectance (ATR) absorption spectroscopy and, 

demonstrated that the absorption peak of DPP at the interface was in the range of 600 ± 

10 nm, corresponding to a solvent polarity parameter of ET(30) = 47.7 ± 0.8 kcal/mo1.4 

Since the bulk polarity of the oil used was very similar with each other, the interfacial 

polarity was almost independent of the oil. On the other hand, Bessho et al. applied time

resolved total-internal-reflection (TIR) fluorescence spectroscopy to studying 

micro environments around 8-anilino-I-naphthalenesulfonate (ANS) at a water/heptane 

interface,8 and they suggested that the interfacial polarity was intermediate between that 

of heptane and water. 

As an another approach, Wang et al. reported an SHG (second harmonic generation) 

spectroscopic study on the polarities of waterll,2-dichloroethane (DCE) and 

water/chlorobenzene (CB) interfaces by using a polarity indicator molecule: N,N-diethl-p

nitroaniline (DEPNA).9 According to their study, the interfacial polarity (P AlB) is equal to 
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the arithmetic average of the polarity of the adjoining bulk phase (PA and PB): eq 5.1. 

(5.1) 

They explained the results by dominance of long-range solute-solvent interactions in 

determining the difference in the excited- and ground-state solvation energies around 

DEPNA at the interface, but not by local interfacial interactions. The validity of this idea 

was checked experimentally by using a n* scale polarity parameter, which was derived 

from the peak of the SHG spectrum of DEPNA at the waterIDCE or water/CB interface. 

As discussed in their paper, an ET(30) scale parameter is more suitable to estimate the 

interfacial polarity compared to the use of the n* scale parameter, since a relationship 

between the absorption maximum of a probe molecule and a dielectric constant has been 

checked for more than 30 solvents. In practice, the applicability of eq 5.1 was checked for 

waterln-heptane, waterln-decane, and water/cyclohexane systems on the basis of the 

ET(30) parameter. However, a variation of Er(30) by these three solvents was only 1.2 

kcallmol. On the other hand, Michael and Benjamin reported molecular dynamics 

computer simulations of an electronic spectrum of DEPNA at a waterIDCE interfacelo 

and predicted that the interfacial polarity was influenced by both interfacial roughness 

and the position of the probe molecule at the interface. II In addition to the long-range 

solute-solvent interaction at the interface, they demonstrated that short-range solute-

solvent interactions were also important in determining the difference in the excited- and 

ground-state solvation energies around the probe molecule at the interface. Both 

experimental and theoretical studies on the polarity at an water/oil interface are still 

limited as discussed above. In particular, the applicability of eq 5.1 should be checked in 

a wide range of ET(30) and, the role of interfacial roughness in determining the polarity 
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should be clarified experimentally. 

In this study, Sulforhodamine B (SRB) was used as a probe molecule to investigate 

the interfacial polarity. Since SRB is surface active and possesses a high fluorescence 

quantum yield, the dye is very suitable for TIR fluorescence measurements at a 

liquid/liquid interface. Furthermore, it has been reported that the non-radiative decay rate 

constant (knr) of Rhodamine B (RB) is sensitive to a medium polarity and, In(knr) is 

linearly correlated to ET(30).12. 13 On the basis of fluorescence dynamic measurements of 

SRB adsorbed on a water/oil interface, therefore, a relationship between interfacial 

thickness/roughness and the polarity at the interface was studied in detail, and the 

applicability of eq 5.1 was discussed. 

5.2 Experimental 

Chemicals and Sample preparation 

Water was purified by distillation and deionization prior to use (GSR-200, Advantec 

Toyo Co., Ltd.). Carbon tetrachloride (Kanto Chemical Co., Inc.) was purified by 

distillation after washing successively with an aqueous hydroxide solution and water. 

Chlorobenzene (Kanto Chemical Co., Inc.) was purified by distillation after washing 

successively with an aqueous sodium hydrogencarbonate solution and water. 

Cyclohexane (Dojindo, Sp grade), toluene (Dojindo, Sp grade), a-dichlorobenzene (Wako 

Chemical Co., Inc.), 1,2-dichloroethane (MERCK, Uvasol) and 1,4-dioxane (Dojindo, Sp 

grade) were used without further purification. Sulforhodamine 101 (SR101; ACROS 

Organics, laser grade) and Sulforhodamine B (SRB; Tokyo Kasei Kogyo Co., Inc.) were 
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used as received. Acid Blue 1 (ABI; Tokyo Kasei Kogyo Co., Inc) was purified by 

recrystallizations from an acetone-water mixture. 

For TIR experiments, an aqueous SRB solution (concentration [SRB] = 1.0 x 10-9 M) 

saturated with an organic solvent was poured carefully onto a water-saturated organic 

solvent in a Pyrex cell (inner diameter = 40 mm). The lower or upper inside of the cell 

was treated with dichlorodimethylsilane to construct a flat water/oil interface. The cell 

was washed thoroughly with each organic solvent and then with water prior to a sample 

preparation. Spectroscopic measurements were carried out after the sample solution in the 

cell being kept over 100 min at 25°C. 

Measurements 

Steady-state absorption and fluorescence spectroscopy were conducted by usmg 

Hitachi U-3300 and Hitachi F-4500 spectrometers, respectively. Fluorescence 

measurements for bulk solutions were carried out at 25 ± 1°C. Relative fluorescence 

quantum yields of SRB in several solvents were determined with that of SRI Olin ethanol 

as a standard.15 Corrected fluorescence spectra were obtained by accepted procedures. 

Fluorescence dynamic spectroscopy was conducted with a time-correlated single 

photon-counting technique, as described in Chapter 3. 14
, 16 TIR fluorescence spectra were 

measured by using a gated photon counter (STANFORD RESERCH SYSTEMS, SR400). 

The temperature of the sample cell for bulk and TIR fluorescence measurements was 

maintained at 25 ± I °C by using an electric temperature controller. Fluorescence decay 

curves were analyzed by a non-linear least-squares iterative convolution method based on 

the Marquardt algorithm. 17 
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5.3 Results and Discussion 

5.3.1 Estimation a/Interfacial Roughness· 

As discussed in the previous chapter, fluorescence dynamic anisotropy of SRI0 1 

adsorbed on a liquid/liquid interface provides information about molecular-level 

structures of the interface (Le., dimension of the molecular size of SR101 - Inm).14. 16 

Figure 5-1 shows fluorescence decay profiles of SR101 observed at water/CCI4, water/o

dichlorobenzene (DCB), and waterIDCE interfaces with an emission polarization angle of 

45° «a), (b), (c» or 54.7° «d), (e), (f), together with the relevant weighted residuals (Re) 

for each single-exponential fit. Fluorescence anisotropy at the water/CCl4 interface «a) 

and (d» and waterlDCE interfaces «c) and (f) was reasonably canceled by setting the 

emission polarizer at 45° «a» and 54.7° «f), respectively. This demonstrates that the 

water/CCl4 interface is regarded as two dimension while thickness of the waterlDCE 

interface is comparable to the molecular size of SRI0l, as described previously in 

detai1.14 For TIR fluorescence decay observed at the waterlDCB interface «b), and (e», 

on the other hand, a single-exponential fit was failed by either the polarization angle of 

45° or 54.7°, as revealed by Re in the initial stage of excitation. Therefore, it is 

considered that thickness of the waterIDCB interface is intermediate between that of the 

water/CCl4 and waterlDCE interfaces. Analogous experiments were conducted for other 

water/oil systems and, the results of the magic angle of the TIR fluorescence decay 

profile of SR101 are summarized in Table 5-1, together with the ET(30) values of the oils. 

Phenomenologically, Table 5-1 demonstrates that rotational freedom of SRI0l at the 

interface is two- dimensional-like (magic angle -45°) for the system with a low ET(30) 

value, while rotational reorientation of the dye at the water/oil interface having a 
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relatively large ET(30) value (DCB and DCE) takes place in three-dimensional-like. 

Another possible approach to estimate the interfacial structures is an application of an 

excitation energy transfer dynamics method as described in Chapter 4.14 It has been well 

known that Forster-type excitation energy transfer takes place within the spatial range of 

several nanometers (i.e., critical energy transfer distance), so that an information about 

relatively long-range interfacial roughness can be studied if excitation energy transfer 

proceeds exclusively at a water/oil interface. Therefore, excitation energy transfer 

quenching of SRIOI fluorescence by ABI at the water/oil interfaces was explored (data 

are shown in Figure 5-2 ~ 5_5).14 
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Figure 5-1 TIR fluorescence decay curves of SRlOl at water/CCl4 «a) and (d», waterlDCB 

«b) and (e», and waterlDCE «c) and (t) interfaces. The angle ofthe emission polarizer 

was set at 450 «a), (b) and (c» or 54.70 «d), (e) and (t) in respect to the direction of 

excitation polarization. The upper panel represents the plot of the weighted residuals 

(Re) for a single-exponential fit of each decay profile. 
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Table 5-1. Magic-Angles for the TIR Fluorescence Anisotropy Measurements and 

Structural Dimensions at the Interfaces. 

Org. Phase E
T
(30) a) y b) Magic Angle c) ad) 

I kcal mol-I ImNm-1 

Cyclohexane 30.9 5Ie) 45° 1.90 

CCl4 32.4 45 45° 1.93 

Toluene 33.9 33 -45° 2.13 

CB 36.8 37 -45° 2.20 

DCB 38.0 39 45-54.7° 2.30 

DCE 41.3 28 -54.7° 2.48 

a) Taken from ref. (28) 

b) Interfacial tension of the water/oil system, determined by a pendant drop method. 

c) The angle of an emission polarizer, by which the fluorescence decay is best fitted by a single

exponential function. 

d) The structural dimension determined by excitation energy transfer quenching of SRI 0 I 

fluorescence by ABI (see main text). 

e) Ref. (29) 

The structural dimension (a) of the interface was then estimated by fitting the TIR 

fluorescence decay curve in the presence of AB I (data are not shown) by using the 

Klafter-Blumen equation.18 The results are included in Table 5-1. The structural 

dimension increased with increasing the polarity (ET(30)) of the organic solvent. It has 

been reported that thermal capillary waves at the interface are related to interfacial 

tension of the system. 19-22 However, any clear relationship between interfacial tension and 

interfacial roughness could not be obtained as long as the experiments by dynamic 

anisotropy and the excitation energy transfer dynamics. Therefore, molecular-scale 

interfacial roughness could be governed by not only interfacial tension (as a macroscopic 

property), but also the nature of the organic solvent. 
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Figure 5-2 Fluorescence decay profiles of SRIO I at a water/Cyclohexane interface in the 

absence and presence of ABI: (a) [ABI] = 0, (b) 4.0 X 10-9 M. The solid curve shows 

the best fit by eq 4.3. 
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Figure 5-3 Fluorescence decay profiles of SRIOI at a waterrroluene interface in the absence 

and presence of AB1: (a) [ABl] = 0, (b) 1.91 X 10-9, (c) 3.82 X 10-9, (d) 5.73 x 10-9 M. The solid 

curve shows the best fit by eq 4.3. 
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Figure 5-4 Fluorescence decay profiles of SRlO I at a water/CB interface in the absence and 

presence of ABI: (a) [ABI] = 0, (b) 1.91 X 10-9, (c) 3.82 X 10-9, (d) 5.73 x 10-9 M. The solid curve 

shows the best fit by eq 4.3. 
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Figure 5-5 Fluorescence decay profiles of SRI0 1 at a waterlDCB interface in the absence and 

presence of ABl: (a) [ABl] = 0, (b) 1.91 X 10-9, (c) 3.82 X 10-9, (d) 5.73 x 10-9 M. The solid curve 

shows the best fit by eq 4.3. 
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5.3.2 Solvent Polarity Dependence of the Non-radiative Decay Rate 

Constant of SRB in Water-Dioxane Mixtures 

For the dynamic anisotropy and excitation energy transfer experiments, SRlOI was 

used as a probe. However, the fluorescence properties of SRIO I are not sensitive enough 

to micropolarity.23 Therefore, SRB was used as a probe for interfacial polarity 

measurements. Before describing the results on TIR. fluorescence of SRB at the water/oil 

interfaces, one should discuss the effects of a solvent polarity on the non-radiative decay 

rate constant of SRB in a bulk solution, which is the fundamental basis for the further 

discussion on the interfacial structures. 

The photophysical properties of a xanthene dye have been extensively studied. l
2, 13,23-26 

In order to explain a relationship between the non-radiative decay rate constant (knr) of the 

dye and a solvent polarity parameter Er<30), Quitevis et al. proposed a two-state model. l
2, 

13 In the model, a fluorescent state A *, which can only decay radiatively to the ground 

state So, is in rapid equilibrium with a non-emissive state B*, which can only decay to So 

via internal conversion. According to the model, knr is given by 

(5.2) 

where p and K are c.onstants and, AG A*B* a is the Gibbs free energy difference between A * 

and B* in a non-polar solvent. If eq 5.2 holds, a plot oflnknr vs. Er(30) should be linear 

with the slope value being equal to -(j3 /RT + K). In practice, Quitevis et al. succeeded in 

explaining solvent effects on the photophysical characteristics of rhodamine B in various 

alcohols and nitriles. The physical meaning of eq 5.2 is not straightforward and will be 

better to consider as an empirical equation. Nonetheless, the relation is useful to explain 
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solvent effects on the spectroscopic properties of a xanthene dye. Therefore, an 

applicability of the model to the photophysical properties of SRB was checked in water

dioxane mixtures and several alcohols. (data are shown in Figure 5-6, 5-7) 
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Figure 5-6 Fluorescence decay profiles of SRB in water and dioxane mixtures. The solid curves 

show the best fit by a single-exponential function, and fitting parameters are listed in a Table 5-2. 
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Figure 5-7 Fluorescence decay profiles of SRB in alchols. The solid curves show the best fit by a 

single-exponential function, and fitting parameters are listed in a Table 5-2. 
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Figure 5-8 Normalized Fluorescence spectra of SRB in water-dioxane mixtures . 
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Figure 5-9 Normalized Fluorescence spectra of SRB in alcohols. 
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Table 5-2. Photophysical Parameters ofSRB in Water-Dioxane Mixtures and Alcohols 

solvent E
T
(30)a) A. b) 

em 't kr knr f/J c) 

Ikcal mol-1 Inm Ins /108 S-1 /108 S-1 

H20: Dioxane 
Ivol% 
100: 0 63.1 583 1.50 2.61 4.08 0.39 
90: 10 61.1 584 1.75 2.78 2.95 0.49 
70: 30 57.1 583 2.07 2.46 2.37 0.51 
50: 50 53.6 582 2.33 2.54 1.76 0.59 
30: 70 50.9 579 2.56 2.33 1.58 0.60 
10: 90 46.7 576 2.85 2.20 1.31 0.63 
2: 98 41.4 569 3.38 2.24 0.72 0.79 

Alcohol 
MeOH 55.4 574 2.33 2.06 2.24 0.48 
EtOH 51.9 572 2.83 1.94 1.63 0.55 
PrOH 50.7 570 3.13 1.73 1.47 0.54 
BuOH 49.7 570 3.20 1.68 1.44 0.54 

OctaOH 48.1 572 3.21 1.90 1.21 0.61 
a) The value is calculated on the basis of a volume percentage of H20 and dioxane. 

b) The fluorescence maximum of SRB. 

c) The fluorescence quantum yield of SRB relative to the value for SRIO I in ethanol. 

The fluorescence lifetimes (T determined at 580 nm) and quantum yields (f/J) of SRB 

determined in water-dioxane mixtures and a series of an alcohol at 25°C are summarized 

in Table 5-2. The non-radiative decay rate constant (knr) thus calculated from T and f/J is 

also included in Table 5-2. The knr value varied with the medium in the range of (4.1 -

0.7) x 108 s-t, whereas the radiative decay rate constant (kr) was rather insensitive to the 

medium properties (2.8 - 1.7) x 108 S-I. The relationship between lnknr and ET(30) is 

shown in Figure 5-10. As seen clearly, all the data fall on a straight line and the slope 

value of the plot was 0.074 ± 0.01. Although the slope value is somewhat smaller than 

that determined for rhodamine B in alcohols (0.12 ± 0.02),12 the photophysical properties 

of SRB and eq 5.2 are applicable to probe the polarity at a waterloil interface. 
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Figure 5-10 Relationship between the natural logarithm of knr (determined in 

water-dioxane mixtures and alcohols) and Er(30). 

5.3.3 Solvent Polarity Dependence oj the Non-radiative Decay Rate 

Constant ojSRB at Water/Oil Interface 

In order to estimate the polarity at a water/oil interface by means of TIR fluorescence 

spectroscopy, a probe molecule should be highly surface active and adsorb on the 

interface, so as to exclude fluorescence of the probe molecule from the bulk phase.27 In 

practice, SRB is highly surface active and adsorbed on the water/oil interfaces. Therefore, 

the contribution of the fluorescence from bulk water phase, which is excited by an 

evanescent wave, to the observed fluorescence is negligible. Figure 5-11 shows 

fluorescence spectra of SRB in an aqueous solution and at a waterlDCE interface. The 

peak position of the TIR fluorescence spectrum at the interface (579 nm) is slightly blue-
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shifted compared to that in a dilute aqueous solution (583 nm). This result suggests that 

the waterlDCE interface is less polar than the bulk aqueous solution. 
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Figure 5-11 Fluorescence spectra of SRB at a waterlDCE interface (a) and in water (b). 

Figure 5-12 shows the fluorescence decay profiles of SRB at the waterlDCE interface 

and in an aqueous solution, together with the relevant Re for each single-exponential fit. 

Analogous results were obtained for other water/oil systems (data are shown in Figure 5-

13 - 5-17), and the T values determined are summarized in Table 5-3. It is noteworthy 

that the TIR fluorescence decay curve observed at each water/oil interface was reasonably 

fitted by a single-exponential function as judged by Re, and their lifetimes were longer 

than that in an aqueous phase (1.5 ns). The single-exponential fit indicates that the local 

solvation structure around SRB adsorbed on the interface is almost uniform. Nevertheless, 

as discussed in the preceding section, the structural dimension of the waterIDCB or 

waterIDCE interface is larger than 2, demonstrating that excitation energy transfer 

quenching of the SRI 0 1 fluorescence takes place other than the lateral direction. If the 
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water/oil interfacial layer is thick (> 1 nm) and the water/oil composition varies gradually 

within the layer, the TIR fluorescence of SRB should decay multi-exponentially. On the 

other hand, short-range structural information about the interface obtained by the 

. fluorescence dynamic anisotropy experiments suggested that the interface is three-

dimensional-like. These results can be understood only by the fact that the waterlDCB 

and waterlDCE interfaces are thin (- 1 nm), but is rough with respect to the spatial 

resolution of the excitation energy transfer quenching method (- 7 nm), as discussed later 

agam. 
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Figure 5-12 Fluorescence decay profiles of SRB at a waterlDCE interface (a) and in water (b). The 

solid curve shows the best fit by a single-exponential function. 
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Figure 5-13 Fluorescence decay profiles of SRB at a water/cyclohexane interface_ The solid curve 

shows the best fit by a single-exponential function_ 
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Figure 5-14 Fluorescence decay profiles of SRB at a water/CCL. interface. The solid curve shows 

the best fit by a single-exponential function_ 
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Figure 5-15 Fluorescence decay profiles of SRB at a water/toluene interface. The solid curve shows 

the best fit by a single-exponential function. 
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Figure 5-16 Fluorescence decay profiles of SRB at a water/CB interface. The solid curve shows the 

best fit by a single-exponential function. 
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Figure 5-17 Fluorescence decay profiles of SRB at a waterlDCB interface. The solid curve shows 

the best fit by a single-exponential function. 

Table 5-3. Photophysical Parameters of SRB and Polarities at the Water/Oil Interfaces 

Org. Phase Er(30)a) 't kw: ET(30)int ET(30)calc 

/kcal mol-! Ins /108 s-! /kcal mol-! /kcal mol-! 

Cyclohexane 30.9 3.00 1.13 46.7 47.0 

CClt 32.4 2.95 1.18 47.4 47.8 

Toluene 33.9 2.84 1.32 48.8 48.5 

CB 36.8 2.89 1.25 48.1 50.0 

DCB 38.0 3.00 1.13 46.7 50.6 

DCE 41.3 2.78 1.39 49.5 52.2 

a) The value for the oil. 
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Table 5-2 indicates that kr is not sensitive to solvent environments compared to kor. 

Assuming kr being constant at the average value (2.21 x 108 
S-I) of those in the bulk 

solutions (Table 5-2), kor of SRB at the interface was calculated: kor = t"1 - kr• The 

interfacial polarity ET(30)int in each water/oil system was then estimated on the basis of 

the relevant kor value and the relationship in Figure 5-6. The results are summarized in 

Table 5-3 and Figure 5-18, together with calculated interfacial polarity ET(30)calc as the 

arithmetic average of ET(30) of the water and organic phases. These data demonstrate that 

Er(30)int observed takes always an intermediate value between ET(30) of water and the 

relevant organic phase. However, a close inspection of the data in Figure 5-18 indicates 

that the discrepancy between ET(30)int and ET(30)calc becomes larger with an increase in 

El30) of the oil itself. In the case ofa relatively low polarity solvent (cyclohexane, CCI4, 

or toluene), namely, Er(30)int agreed very well with ET(30)calc- According to the results of 

dynamic fluorescence anisotropy of SRI 0 1 at the interfaces, when the polarity of the 

organic phase is low, the water/oil interface is thin with respect to the molecular size of 

SR101 « 1 nm). In such a case, it is concluded that the interfacial polarity is well 

predicted by the arithmetic average of the polarities of the water and organic phases (eq 

5.1). In the case of a relatively high polarity solvent (CB, o-DCB or DCE), on the other 

hand, ET(30)int was always lower than E~30)calc. It is worth noting that, although 

thickness of the interfacial layer in these water/oil systems is -1 nm as estimated by 

fluorescence dynamic anisotropy, the interfacial polarity deviates from ET(30)calc. 

Therefore, it is concluded that eq 5.1 dose not hold in these systems. Benjamin et al. 

predicted that the interfacial polarity was determined by both long-range interfacial 

solute-bulk solvent and local solute-interfacial solvent interactions (first shell). 10. 11 If this 

is the case, the interfacial polarity of a water/CB or waterlDCE interface determined 1)y 

Eisenthal et al. using SHG spectroscopy should also deviate from Er(30)calc. Nonetheless, 
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their observations do not agree with such a prediction. It is suspected that the origin of the 

present results on the water/oil systems would be due to the orientations of SRB adsorbed 

on the interface, as discussed below. 
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Figure 5-18 Relationship between ET(30)int and ET(30)ca1c. Open circles and solid curve 

The observed interfacial polarity agrees roughly with ET(30)calc irrespective of an 

experimental method (SHG, ATR absorption, TIR fluorescence) as well as a probe 

molecule used (DEPNA, DPP, SRB). Therefore, it is concluded that the interfacial 

polarity is governed predominantly by long-range dipole-dipole interactions between 

solute and solvent molecules, as predicted by eq 1. When the interface is relatively flat 

and sharp with respect to the molecular size ofSRI0l « 1 nm), the rotational freedom of 

the dye at the interface becomes two-dimensional-like. Therefore, the orientational 

distribution of the probe molecule at such an interface could be very narrow, as 
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schematically illustrated in Figure 5-19 (a). As reported previously, a xanthene dye is 

adsorbed on a water/heptane interface with the long axis of the xanthene ring being tilted 

about 70° to surface normal, while the -S03- group of the dye being directed to the water 

phase.16 When the interface is molecularly sharp, the interface becomes two-dimensional

like. Therefore, the orientational distribution of the dipole moment governing the 

photophysical characteristics of SRB at the interface would be aligned with respect to 

surface normal. The electric field generated across the water/oil interface stabilizes the 

dipole of the probe molecule, since the direction of the electric field is parallel to the 

dipole moment of the dye (Figure 5-19 (a». In such a case, the interfacial polarity 

coincides to ET(30)ca1c. On the other hand, when interfacial roughness is comparable to the 

molecular size of SRI 0 1 (~ 1 nm), three-dimensional-like rotational freedom of SRI 0 1 at 

the interface would render a random distribution of the dipole moment of the dye at the 

interface. The rough interface also leads to randomization of the direction of the electric 

field at the interface (Figure 5-19 (b». As the result, the probe molecule adsorbed on the 

rough interface is less influenced by the electric field, leading to the interfacial polarity 

being smaller than E~30)ca1c. 

It is worth pointing out that the present results on the polarity at the water/CB and 

waterIDCE interfaces do not agree with those demonstrated by SHG spectroscopy. It is 

suspected that SHG spectroscopy dose not necessary reflect all molecules adsorbed on the 

interface, since the signal is generated only by SHG active molecules aligned at the 

interface. On the other hand, Benjamin et al. predicted that the interfacial polarity at a 

rough interface became higher than that at a sharp interface. In their :MD simulations, a 

probe molecule is assumed to be located at the interface of an oil side. In such a case, 

they demonstrated that the probe molecule was more likely to interact with water 

molecules at a rough interface compared to that at a sharp interface. However, this also 
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Figure 5-19 Schematic illustrations of sharp «a)) and rough «b)) water/oil interfaces. 
E denotes the direction of the electric field generated across the water/oil interface. 
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contradicts to the present experimental results for the rough interfaces. If their prediction 

is valid, the present results may indicate that SRB is adsorbed on the interface of the 

water side, by which interfacial roughness makes it more feasible to interact SRB with oil 

molecules. In the present discussions,. although a role of short-range solute-solvent 

interactions was neglected, this would also play an important role in determining the 

excited state energy of SRB and, thus, the interfacial polarity reported by the probe 

molecule. A comparative study on the same liquid/liquid system by TIR, SHG, and MD 

simulations could reveal further molecular-level properties of the interface. 
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Conclusions 

A study on excitation energy transfer dynamics of SRlOl adsorbed on water/oil 

interfaces showed that waterIDCB and waterIDCE interfaces were rough (-7 nm), while 

the TIR fluorescence decay profiles of SRB adsorbed on the these interfaces 

demonstrated that the solution structures around the dye was uniform in the interface. 

According to these results, it was concluded that these liquidlliquid interfaces were sharp 

(- Inm), but rough in the range of -7 nm (i.e., critical energy transfer distance). In the 

case of an oil having a relatively low solvent polarity, the relevant water/oil interfacial 

layer is thin « 1 nm) and the interfacial polarity becomes to be equal to the arithmetic 

average of the polarities of the adjoining bulk phases. For a rough water/oil interface, on 

the other hand, the interfacial polarity observed dose not agree with ET(30)cale, probably 

due to random orientations of the probe molecule at the interface. The interfacial polarity 

is governed by not only the long-range interfacial solute-bulk solvent interactions, but 

also by local solute-interfacial solvent interactions (first shell). 
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Summary 

In this thesis, several experimental approaches were proposed to obtain 

structural information about liquid/liquid interfaces at a molecular level and, the 

chemical and physical characteristics of the interfaces were discussed on the basis 

of time-resolved total-internal reflection fluorescence spectroscopy. 

In order to apply the present experimental ideas to liquid/liquid interfacial 

systems under TIR conditions, interfacial adsorption of a probe molecule was a 

key point as discussed in Chapter 2. Fluorescence spectroscopy is intrinsically a 

high sensitive method compared to other optical methods. This is an advantage of 

the present method. Under TIR conditions, however, this sometimes disturbs the 

study on liquid/liquid interfacial systems. If a probe molecule possesses a high 

fluorescence quantum yield, namely, the dye fluorescence from a bulk phase 

excited by an evanescent wave is superimposed more or less to that from the 

interface. Therefore, a probe molecule should be highly surface active. 

Throughout the present study, surface-active fluorescence probes such as 1-

pyrene sulfonate, sulforhodamine 101 and sulforhodamine B were employed, 

which was essential basis to obtain information about liquid/liquid interfaces. 

In order to obtain structural information about liquid/liquid interfaces at a 

molecular level, two different approaches were introduced successfully to the 

study. One is a magic angle dependence of the TIR fluorescence decay profile of SRIOI 

adsorbed on a liquid/liquid interface. First, this experimental idea was introduced to 

study waterlPE interfacial systems (in Chapter 3). The observed rotational 

reorientation times of the dye provided molecular-level information about specific 

adsorption modes of SRIOI on waterlPE interfaces and, rotational freedom of SRIOI 
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observed at the interfaces also revealed that the waterlPE interfaces were considered to be 

sharp in respect to the molecular size of SRI0 1 (-1 nm). This method was shown to be a 

potential means to discuss the thickness of the interfacial layer in the spatial resolution of 

the order of -1 nm. The other approach was a structural dimension analysis of excitation 

energy transfer dynamics between dye molecules adsorbed on water/oil interfaces. This 

method was also shown to have high potential to elucidate the thickness and roughness of 

the interfacial layer in the spatial resolution of the critical energy transfer distance (-7 

nm) between an energy donor and an acceptor (Chapter 4). By using these two methods, 

the water/CCl4 interface was demonstrated to be very sharp with respect to molecular .. 
dimension of SRI01. On the other harid, the waterlDCE interface was shown to be 

rougher than the water/CCl4 interface. It is worth noting that the present results are first 

experimental proof of the structural difference between the water/CCl4 and waterlDCE 

interfaces. These approaches are very meaningful in respect to comparative discussion on 

the same systems by both experiments and available computer simulation data. 

Furthermore, it has been suggested that roughness of the waterlDCE interface is caused 

by thermal fluctuation of the sharp (- 1 nm) interface in the range of -7 nm as described 

in Chapter 5. These results support a "sharp boundary model" described in Chapter 1. 

These methodologies were also extended to study other liquid/liquid interfacial 

systems with the properties of an oil being varied (in Chapter 5). Such a systematic study 

on liquid/liquid interfaces has been scarcely explored up to the date and, therefore, the 

present study contributes to further advances in the relevant researches. Systematic 

investigations on liquidlliquid interfaces are the fist step to reveal factors governing 

structural and physical characteristics of liquidlliquid interfaces. Usually, interfacial 

roughness is explained in terms of the thermal capillary waves propagating at the 

interface, which are related to interfacial tension of the system. However, the thermal 
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capillary wave theory has been derived from macroscopic properties of a liquid/liquid 

interface, so that the theory is not necessarily sufficient to explain interfacial roughness at 

a molecular level. Actually, any clear relationship between interfacial tension and 

interfacial" roughness could not be obtained in this study. The results clearly suggest that 

molecular-scale interfacial roughness would be governed by not only interfacial tension 

(as a macroscopic property), but also chemical/physical nature of an organic solvent itself. 

Liquid/liquid interfacial structures would be governed by several factors such as dipole 

moment, dielectric constant, hydrogen bonding, density, molecular shape of a liquid, and 

so forth, so that interfacial roughness and nature of a liquid could be correlated in a very 

compled manner. Further experimental and theoretical studies including a molecular 

dynamic simulation will reveal detailed characteristics at a liquid/liquid interface. 

Various chemical processes at or across liquid/liquid interfaces are governed by the 

molecular level structures of the interfaces. For example, a relationship between 

interfacial thickness/roughness and the polarity at the interface was discussed in this 

thesis (in Chapter 5). Also, interfacial roughness may influence mass/electron transfer 

processes across liquid/liquid interfaces. In separation sciences, such a process is very 

important as a typical example being solvent extraction, liquid chromatography, and so 

on. Although flat liquid/liquid interfaces were studied in this thesis, the results and 

methodologies introduced by this study will contribute to further researches in the 

chemistry at liquid/liquid interfaces. 
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