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General introduction

Background of this work

Unstable phenomena at the liquid-liquid interface, such as emulsification, irregularly increased
currents, and oscillations of the meniscus, interfacial tension (), and phase-boundary poten-
tial (A ¢), not driven by input of externally applying mechanical or thermal agitation have
been studied for a long time. For example, the spontaneous emulsification was addressed by
Gad as a scientifically interesting subject in 1878 [1]. The spontaneous emulsification is the
formation of emulsions without the external energy. This phenomenon has been tackled by
many researchers [1-25] because of its importance in surface chemistry and related applica-
tions, such as dispersion of chemicals in industrial and agricultural processes [6], drug delivery
systems [22,23], and the digestion of food in our body [5] as well as other animals. The fact
that many hypotheses have been proposed for the mechanism of spontaneous emulsification, for
example, the local surface tension gradient [2], the ultra-low ~ [26], the diffusion and strand-
ing [3,6,10], the differences in osmotic pressure [16], and the local super-saturation [17] attests
that the mechanism is not fully explained yet. The oscillation phenomena have also been well-
known as an expression of instability at the liquid-liquid interface [27-30] and studied mainly
in two aspects: the generation of the spontaneous oscillation of A¥¢ and that of v upon
contact of two immiscible liquids directly [30-38] or their contact with a liquid membrane in-
between [27-29,36,39-42]. The oscillation phenomena and the spontaneous emulsification often
induce the interfacial turbulence [4,18,19,30-33,35,37] caused by the Marangoni effect due to

an irregular temporal change in . After the pioneering work by Sternling and Scriven [43], the



hydrodynamic instability of the liquid-liquid interface has been chiefly analyzed with a linear
stability theory [36,44-57]. Although the model has been refined over times, theoretical results
do not fully agree with experimental results [36, 43,49, 55,56, 58,59]. This disagreement sug-
gests that the mass transfer and the energy transfer across the liquid-liquid interface treated
within the framework of the linear stability theory are not the origin of the instability. The
spontaneous emulsification and the oscillation phenomena not only invoke scientific curiosity
but are of technological and physiological importance having a potential for wide applications.

However, our understanding of these phenomena is still limited.

Ionic surfactants have been employed most commonly to study the spontaneous emulsifi-
cation [1-5,11,16-18,24] and the oscillation phenomena [30,34,37,39-42]. The distribution of
ions in the liquid-liquid two-phase system can be controlled through the applied voltage when
the interface is electrochemically polarized [60,61]. Therefore, the electrochemistry of liquid-
liquid two-phase system has been used to study these unstable phenomena at the liquid-liquid
interface. It should be noted that there exists a potential difference across the liquid-liquid
interface even without the external application of a voltage across the interface. In this case,
A¥ ¢ is a function of the composition of the adjacent solution phases. The significance of such
AY ¢ in the absence of externally applied voltage has been demonstrated by Gavach et al. at
the nitrobenzene|water interface [60]. However, this aspect has not been addressed in studies

of the instability at the liquid-liquid interface described above.

Kucera found anomaly in electrocapillary curves at the mercury| solution interface [62],
which led to the invention of polarography [63]. The regularly irregular augmentation of the
current on polarograms beyond the level of diffusion-limited current, called polarographic max-
ima, was first studied by Shikata and Heyrovsky in 1925 [64]. Typically, the maxima observed
on the rising portion of a polarogram are suppressed by addition of surface-active agents such
as gelatin. Antweiler described in detail the streaming of mercury at a dropping mercury elec-
trode by a photographic technique [65]. Some researchers have proposed that the streaming was

induced by heterogeneity of the current density on the electrode surface [66-73]. However, the
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polarographic maxima occur even at a stationary mercury pool electrode. Moreover, this type
of models based on the fluidics can not explain why the maxima appear in the certain potential
region near the half-wave potential. The unstable phenomena at the mercury electrode have
been revisited, recently using hanging drop electrodes [74-77] but its origin seems to remain
unclear.

Many different aspects of the instability at the liquid-liquid interface have been described in
papers so far published [14,20,21,37,38,76,78-88]|. However, missing is the explanation of when
and how a liquid-liquid system enters in the mode of instability and also gets out of it. The
electrochemical instability [89] is a concept that explains the unstable phenomena at the liquid-
liquid interface by clarifying the condition of the instability in terms of the thermodynamic

stability of the liquid-liquid interface,

0%y

—_— > 0,
0 (A ¢)”

T)Pnu‘i

where v is the interfacial tension, 7T is the temperature, P is the pressure, and p; is the
chemical potential of relevant chemical species, i. This is a special case of the condition of the
thermodynamic instability, (0*°G/0X?) > 0 [90], where G is a thermodynamic function and X
is an intensive variable. The emergence of the electrochemical instability has been observed
in voltammetry of the transfer of various surface-active ions as an anomalous increase in the
current [91-96], the turbulence at the liquid-liquid interface [91-95,97], and the emulsification
[91,92,95]. The characteristic features of the electrochemical instability include its appearance
in the certain limited potential range on the voltammograms around the standard ion transfer
potential of the surface active ion, the substantially high value of v in the vicinity of stable-
unstable transition, and the controllability of the stability-instability conditions based on AY ¢.

The previously proposed model for the electrochemical instability [89] assumed that the
change in v due to the potential-dependent adsorption of surface-active ions and that due to
the presence of the diffuse double layers were additive. However, this assumption oversimplifies
the picture in that the structure of the electrical double layer is independent of the specifi-

cally adsorbed surface-active ions. The linear dependence of the adsorption Gibbs energy on
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A ¢ 98] is also assumed in this model. However, we have little information about specific
parameters of the potential-dependent adsorption of various surface-active ions. Moreover, the
electrochemical instability may be able to explain why the interface is unstable, but does not
tell how the interface falls into the unstable conditions. Although several photographic observa-
tions of the instability at the liquid-liquid interface have been reported [25,38,65,82,83,99,100],

microscopic details of the instability have not been investigated.

Outline of this work

In chapter 1, the author proposed a revised model of the electrochemical instability at the
liquid-liquid interface, allowing for the effect of the specifically adsorbed ions on the structure
of the diffuse part of the double layers, which was ignored in the previous model [89]. Then,
the new model was used for the analysis of the electrocapillarity of the liquid-liquid interface
in the presence of common ions distributed in both phases.

The precise knowledge of the potential-dependent adsorption of surface-active ions is crucial
in quantitatively understanding the electrochemical instability. In chapter 2, the author devel-
oped a method for the simultaneous recording of an electrocapillary curve and an ion transfer
voltammogram and determined the potential-dependent adsorption of the surface-active ions.
The author showed that decylammonium and decylsulfate strongly adsorb at the interface in
the potential range where the ions were predominantly distributed in the aqueous phase and
that they adsorb only weakly, if any, at the potential region where the ions were predominantly
distributed in the 1,2-dichloroethane (DCE) [97].

The emergence of the electrochemical instability has been mainly observed as the irregularly
increased current in voltammetry [91-96]. However, such a macroscopic method provides no
information about a way how the interface falls into the state of the electrochemical instabil-
ity. In chapter 3, for the sensitive detection of the emergence of the electrochemical instability
at the microscopic level and for the clarification of the structure of the interface under the

electrochemical instability, the author developed a method of directly imaging the liquid-liquid
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interface under the potential control using confocal fluorescence microscopy. The commence-
ment of the hydrodynamic movement of the solutions due to the electrochemical instability
has been detected as the appearance of heterogeneous domains at the edge of the interface,
that is, along the three-phase contact line of the DCE-W-glass wall confining the interface.
The dark domains where fluorophores were much less populated than the interface before the
electrochemical instability gradually grew with time while applying the potential for the onset
of the instability and with the scanning of the potential. When the entire interface became
unstable, the domains moved vertiginously due to the Marangoni convection of the adjacent

solution phases [101].

The microscopic observation in chapter 3 demonstrated the electrochemical instability ap-
peared at the three-phase contact line. In chapter 4, the author estimated the effect of the
area of the interface on the emergence of the electrochemical instability by forming the inter-
face supported at the tip of the glass micropipette. The concentration of the surface-active
ion required to induce the irregular current on the voltammogram due to the electrochemical
instability at the micro liquid-liquid interface was significantly higher than that at the interface
of conventional size, i.e., the decrease in the diameter of the pipette suppressed the irregular

current [96].

The observations of the electrochemical instability have been carried out under the transfer
of surface-active ions by external control of the potential in chapters 2, 3, and 4. However, the
electrochemical instability is a general concept that is valid no matter how AY ¢ is controlled or
determined. The spontaneous emulsification and the oscillation phenomena at the liquid-liquid
interface are considered to be due to the electrochemical instability, which is conditioned by
the inner potential difference determined not only by the externally applied voltage but by the
partition of ionic species between the two phases. In chapter 5, liquid-liquid two-phase systems
that expressed the spontaneous emulsification were interpreted in terms of the electrochemical

instability.
The potential-dependencies of the adsorption of the conventional surface-active ions having
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a charged hydrophilic part and an uncharged hydrophobic part possibly reflect the position of
the charge in the adsorbed ions [97]. In chapter 6, for the control of the potential-dependent
adsorption on the basis of the molecular structure, the author synthesized novel surface-active
ions having a charged hydrophobic part and an uncharged hydrophilic part. The synthesized
surface-active ions showed the adsorption behaviour that is fundamentally different from that
of conventional surface-active ions. For example, the adsorption of the newly synthesized ions
at the air|water interface was far weaker than that at the oil|water interface and the adsorption
of these aerophobic ions at the liquid-liquid interface at the potentials where the ions were
distributed in the oil phase was stronger than the adsorption at the potential where the ions
were distributed in the aqueous phase.

Chapter 7 concludes my study on the electrochemical instability at the liquid-liquid interface

and summarized the remained problems and scope for future studies.
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Chapter 1

A model of the electrochemical
instability at the liquid-liquid interface
based on the potential-dependent
adsorption and (GGouy’s double layer

theory

A new model has been formulated for the electrochemical instability at the liquid|liquid inter-
face, for which only a rudimentary model (T. Kakiuchi J. Electroanal. Chem. 536 (2002) 63-69)
had been available. The new model considers the diffuse double layers in the presence of the
specifically adsorbed surface-active ions, whose adsorption Gibbs energy linearly varies with
the phase-boundary potential. The electrocapillary equation in the presence of the common
ions partitioning in both phases is employed under the assumption that the partition of the
surface-active ions is described by the Nernst equation. The excess surface charge due to the
specific adsorption of surface active ions is allowed for in calculating the structure of the diffuse
part of the electrical double layers on both sides of the interface. The calculated electrocapillary

curves agree with the experimental results. Electrocapillary curves may have positive curvature

1



in a certain potential region, which signifies the presence of an instability window.



1.1 Introduction

The electrochemical instability (EI) is a thermodynamic instability of the liquid-liquid inter-
face caused by the potential-dependent adsorption of surface-active ions [1]. The EI has been
observed in various liquid-liquid two-phase systems containing surface-active ions [2-12], which
fact suggests the general significance of the potential-dependent adsorption of surface-active
ions in a variety of surface phenomena [13]. The EI is a pivotal concept to explain abnor-
mal interfacial phenomena, such as spontaneous emulsification [14-17] and oscillation of the
interfacial tension or phase-boundary potential [18-21]. The previous model of the EI assumed
that structure of the electrical double layer (EDL) is independent of the specific adsorption of
surface-active ions, i.e., the variation in the interfacial tension () due to the specific adsorption
of the ions and that due to the presence of the diffuse double layer are additive [1]. Although
this simplistic model can explain the salient features of EI [1], it is obviously an oversimplifica-
tion to neglect the effect of specifically adsorbed ions on the structure of the diffuse part of the
EDL. A more realistic model of the EI should be formulated by taking into account the effect
of the specific adsorption of surface-active ions on the structure of the diffuse double layer. In
this work, we have developed an improved model of the EI, allowing for the effect of specif-
ically adsorbed surface-active ions on the structure of the diffuse double layer, for which we
used the Gouy’s theory [22]. When a charge transfer across an electrochemical interface, either
a liquid-liquid or liquid-metal, takes place under the external control of the phase-boundary
potential, the interface is nonpolarized with respect to the relevant chemical species, because
the phase-boundary potential is uniquely related to their compositions in both phases. Even
in such a situation, we can still control the phase-boundary potential through a potentiostat or
other appropriate means, although the interface is not rigorously a completely polarized inter-
face. To deal with such partially nonpolarized interface relevant to the EI, the electrocapillary
equation for the liquid|liquid interface in the presence of ionic components distributed between

the two phases is formulated.



1.2 Theoretical

1.2.1 Electrocapillary equation.

To consider the structure of the interface between two immiscible electrolyte solutions in the
presence of surface-active ions that not only adsorb at the interface but distribute between the
two phases, we start with an electrocapillary equation for a nonpolarized interface where the

distribution of constituent ionic species may take place [23].

An electrochemical cell containing a liquid-liquid interface may be represented as:

M|R1|O[W|R2[M, (1.1)

where M and M’ are the same metal, R1 is a reference electrode reversible to a cation in the oil
phase (O), and R2 is a reference electrode reversible to an anion in the water phase (W). The
phase O contains ¢ cations, j anions, and k£ neutral components, while the phase W contains
p cations, g anions, and h neutral components. Among these ions, o cations and [ anions,
and [ neutral components exist in both phases. The potential of M’ with respect to the M in
the cell (1) is denoted as £ '+ . The salts 7'y’ and ¢'p’ are the indicator salts composed of the
ions reversible to R1 and R2, and I’ and [” are the reference components for surface excesses

quantities. When the interface between O and W is planar, the electrocapillary equation of the
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cell (1) is expressed as follows [23]
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(1.4)

(1.5)

The symbols, I', x, z, v, T, P, and F denote the surface excess, the mole fraction, the charge

of an ion, the stoichiometric number of an ion in a salt, the absolute temperature, the pressure,

and the Faraday constant, respectively. The superscripts W and O denote the phase W and



O, respectively. The subscripts ¢, j, k, ...designate the chemical species. The symbols 3, v,

71, and 7 denote the mean molar entropy of bulk phase, the mean molar volume of bulk phase,

the entropy of the surface phase, and the thickness of the surface phase, respectively. The

quantities p', s, and v are linear combinations of the chemical potentials, the molar entropies,

and the molar volumes of the neutral substances involved in the electrochemical reactions at

the reference electrodes, respectively.

Assuming that the activity coefficients are unity, the Nernst equation for the partition of «

and ( is written in the form

RT = =V, RT W
EY- =E° — In—2 — pe 4 2 8
O TR T L F 0, T T F g,

where E° is EX)V '+ when the activity of an ion in O is equal to that in W.

The total amounts of o (X,) and [ (Xj) in the system are defined as

W, W 0,.0
M Loy +m e = X

and

mwx;}yﬂ + moxi% = Xg,

(1.6)

(1.8)

where m%W and m© are the total amounts of chemical species in W and O, respectively. Ac-

cording to equations 1.6 ~ 1.8, the mole fractions of salts contained « and (3 are written as

o Xa
aj nga + mO’
[L‘W/ _ ongoc
aq nga +mO’
0 X3

Tig = —~————=
(4] mW€B+mO’

and

W Xabs
p'B mWé"B_'_mO’

where, £, and &g are given by

2o F

T (ES — Ez)

§a =€Xp |—

6

(1.9)

(1.10)

(1.11)

(1.12)

(1.13)



and

2| F _
g — e |27 (537 - 53)] . (114)

The derivatives of the logarithms of mole fractions are expressed as

w o 2oF o zaF mWVE, -
dlnxaq, = dlnXa — ﬁdEO—‘r —|— RT mo + mwgadEO_i_ (115)
and
W 26| F | we lzslF . mWVEs W—
dln.ﬁEp/B—dlnXﬁ—i-ﬁ EWOJr — RT mo—|—mW§,3dEO+ . (116)

Substitution of equations 1.9 ~ 1.16 into equation 1.2 to eliminate the chemical potential
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terms of the salts contained o and (3, we obtain
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The differentiation of v with respect to E’(\;V  at constant T', P, and p, except the salts including

a and (3, gives

pFa q#B

15}
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_Z‘Z_ﬂ (1— ) s TXgVis (Vs = 1) = (Ve KX+ Tym™) &
v p'B) P mWV s + mO
(Vg + vy 5K E3) XamWes
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A Ot 2O N g (et W~ W
—J (2 iy |z]/|yp,j,xp,j,) K (i g |er|l/p,j,l‘p/j/) . (1.18)

The value

0
g=— <8E;’YV‘> (1.19)
o+ Tvpvl‘ij,pq,k:,h,l

is formally identified with the excess charge per unit area in W. We note that ¢ is not the same
as the excess surface charge density at a polarized interface, in that the commonly distributed
ions obscure the unequivocal meaning of the excess surface charge density that belongs to
either O or W. The value of ¢ may be regarded as the surface charge density of a capacitor with
the potential-dependent leakage with regards to a and 3, which reduces to the double layer
capacitance of a polarized liquid-liquid interface only when « and 3 are absent. Differentiating

q with respect to £ '+, we obtain the formal capacitance, C’, of the interface

dq Oy
O+ T,P,ij,pq,k,h,L 9 (EO+ ) T, P, prij,pq,k,h,1

The electrochemically unstable condition of the interface [1], i.e., (0%y/0AY ¢*) > 0, translates

to the negative value of the formal capacitance C" < 0.
When an oil-water two-phase system contains a surface-active cation a distributed in the

both phases, while monovalent ions p’ and ¢’ (¢ and j’) are present only in W (O), and X, is
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negligibly small. Then, equation 1.18 is simplified to

W
( % ) —F (—Fp, Iy — M) . (1.21)
TP,

OES mWE, +mO

Gyt o
Similarly, when a surface-active anion [ distributes in the both phases and Xj is negligibly

small, eq 1.18 reduces to

9 rymW
( il ) —F (—Fp, + T+ M) . (1.22)
T’P#‘i/j/’/»‘p/q’

OB Ve, + mO

On the other hand, the differentiation of v with respect to the logarithms of X, and Xz at

constant T, P, EX)V '+, and p, expect the salts including o and 3 under the former conditions,

gives

0
( . ) _ _grr (1.23)
Oln Xa T7P7[.Lij7pq,k,h,l7E8V+_

and

87 ) W
e 6. ( ‘ )
( 5 i ,1 “Ufij,pq,k,h,l’EO+

Equations 1.23 and 1.24 mean that v does not vary with the variations of X, and Xz at the

potential where the adsorbed amounts of a and ( are virtually zero.

1.2.2 Model of the interface without the inner layer.

To understand the EI, we first consider a simple model for the partially nonpolarized interface
in the presence of the potential-dependent adsorption of surface-active ions adsorbed at the
interface of two back-to-back diffuse parts of the double layers (Figure 1.1A). The relative
permittivities of O and W and the permittivity of the vacuum are denoted as €°, eV, and &,
respectively. The concentrations of a hydrophobic 1:1 electrolyte in O and a hydrophilic 1:1
electrolyte in W are denoted as ¢® and ¢V, respectively. According to the Gouy theory [22],

the charge per unit area of the diffuse double layer in O (¢°) is written in terms of the potential

at the interface (¢') as

o _ 0O O o F(¢i_¢o)
¢~ = —/8pe®RTc® sinh ——+, (1.25)

2RT
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Figure 1.1: The models of the liquid-liquid interface without (A) and with (B) the inner layer.

The symbols I, II, and III in B show the available positions of the adsorbed surface-active ions.

where ¢© is the bulk potential in O. The charge per unit area of diffuse double layer in W (¢")

is written by using the bulk potential in W (¢°) as

F i W
& = SR VRTeY sinh L 2) (1.26)

2RT
In this model, the charged moiety of specifically adsorbed surface-active ions (S) is located

at the interface. The charge density caused by the specific adsorption of S is written as
' = 28 F NnaxsBs (1.27)

where, 0g is the surface coverage of S, ks is the maximum adsorption of S, and zg is the

charge of S. We assume that the adsorption of S is described by the Frumkin isotherm [24]

AGZZ?S W 98
exp (— BT ) s =1 s exp(—2g0s), (1.28)

where AG:Z’:S is the standard adsorption Gibbs energy for the adsorption of S from W, g is
the interaction parameter, and ¢ is the bulk concentration of S in W. We further assume that

the AGZZ’: 5 linearly varies with AY¢ and is written in the form: [13]

AGZXZ:S = AG:Lds,s —zF (1= 03) (A\(Z)vﬁZS - Ag¢§) ) (1.29)

11



where A ¢% is the standard transfer potential of S, zs is the charge of S and AGHy, s is the
standard adsorption energy of S at A @g. The bulk concentrations of S in O and W, ¢ and
c¥', are related through the Nernst equation. We assumed that the activity coefficients of S in
W and O are unity. Assuming that the volume of O is equal to the volume of W, V| the mass

balance is written as follows.

eV 4+ cQV = ms, (1.30)

where mg is the total amount of S in the system.

The electroneutrality condition of the interface is written as
&V +®+4¢ =0. (1.31)

From the equations 1.25 ~ 1.31, the values of ¢"V, ¢°,and ¢' at a certain A} ¢ are determined.

The value of ¢ can then be as

w, dexp [~ (A59 - A5 )]

q1=q L o (1.32)
L+ exp [~ 37 (A5¢ — AT ¢3)]
The values of
dg
= 1.33
N (1:33)
and

v=— /qu\C])Vqﬁ + const, (1.34)

are calculated, where const means the integration constant.

1.2.3 Model of the interface with the inner layer.

It is more realistic to suppose that the diffuse double layers are separated by an inner layer
which contains no ion except specifically adsorbed S [25-27] (Figure 1.1B). The thicknesses of
W side and O side of the inner layers are denoted as 6" and 6°, respectively. We assume that
the permittivities in the inner layers are the same as the values in the respective bulk phases.

In this model, the position of the charged parts of specifically adsorbed ions must be defined.

12



Three possible locations I, II, and III are shown in Figure 1.1B. The expressions for potential

drop in the inner layers when S is adsorbed at the positions I, II, and III are written as

W o) i, 0 & oW

sw — 050 = — (¢ +¢°) (5050 + —eoew) ; (1.35)
6° oW oW

‘W O O i
0 _ )i 1.36
oW QS(SO q (5050 + €ng) q Eogwﬂ ( )

and
50 oW
W O _ _ 0

sW — P50 = —q <5050 T 505W> ’ (1.37)

respectively, where QS?O is the potential at the position I in Figure 1.1B and ¢X¥V is the potential
at the position III in Figure 1.1B.

In this model, the charges in the diffuse double layers are written as

F o _ 10
q° = — /80O RT'© sinh M (1.38)

2RT

and

F w W
¢ = —/8c0eWRT W sinh (@ — @ >. (1.39)

2RT

The electroneutrality (equation 1.31) also holds in this model. The values of ¢, C, and ~ at a

given value of AY¢ may be calculated from to equations 1.32, 1.33, and 1.34, respectively.

1.3 Results and Discussion

1.3.1 Potential-dependence of ¢ and C based on the model without

the inner layer.

The simple model without the inner layer will obviously show the effect of the adsorbed ions
on the diffuse double layers. The following parameters are used in following the calculation:
® =" =100 mol m=3, © = 10, eV = 78, Iyaxs = 8.5 x 107¢ mol m™2, A¥¢g = 0V,
AGLs =01 mol™!, g =1, zg = 1, and § = 0.9. These parameters are selected to compare

with the experimental results [11].
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Figure 1.2: Potential-dependences of ¢' (A), ¢° (B), ¢V (C) and ¢ (D). The values of cg are 0

(dotted lines), 0.1 (dash-dotted lines), 0.2 (broken lines), and 0.5 mol m~3 (solid lines).
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Potential-dependencies of ¢', ¢°, and ¢V in the model in Figure 1.1A are shown in Figures
1.2A, 1.2B, and 1.2C at different value of cg, respectively. The dotted lines in Figure 1.2 show
the charges in the absence of S. The solid, broken, and dash-dotted lines show the charges
when cg = 0.5, 0.2, and 0.1 mol m™!, respectively. When c¢g > 0.1 mol m~3, the regions with a
positive slope in Figure 1.2B and a negative slope in Figure 1.2C are observed. The calculated
q based on equation 1.32 is shown in Figure 1.2D. The negative slope of ¢ appears in Figure
1.2D, for example, between —0.084 and —0.006 V on the solid line. In this potential-regions,
the excess charge in W decreases with the increase of AY¢. This potential-dependence of ¢

means that the interface is under the EI.

To determine the potential range where the interface is under the EI (instability window,
IW), C is calculated from the potential-dependence of ¢q. Figure 1.3A shows the calculated C
when ¢g = 0 (dotted line), 0.1 (dash-dotted line), 0.2 (broken line), and 0.5 mol m~3 (solid
line). The curves in the presence of S in Figure 1.3A show the minimum at AY¢ = —0.01
V. The observed negative value of C' means (9%y/0A§ ¢?) > 0, i.e., the interface is under the

EI [1]. When c¢g increases, the IW widens with its center remaining unchanged.

The calculated electrocapillary curves are shown in Figure 1.3B. The calculation was carried
out assuming that fs at A ¢ = 0.4 V is zero. Such a merge of electrocapillary curves in the
presence of surface-active ions to that in the absence of surfactant is typically observed in the

positive branch experimentally for the adsorption of cationic surfactants [12].

The electrocapillary curves in the negative branch (A ¢ < 0 ) in Figure 1.3B depend on cs.
In the more negative potential region, v increases with cg, which shows the negative adsorption
of S. According to equation 1.23, the negative adsorption of S is unrealistic. Therefore the
model shown in Figure 1.1A are inadequate to describe the potential-dependent adsorption of
ionic surfactant, although the model does exhibit an EI depending on the concentration of the

surfactant.
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Figure 1.3: Potential-dependence of C' (A) and « (B), when ¢g = 0 (dotted lines), 0.1 (dash-

dotted lines), 0.2 (broken lines), and 0.5 mol m™ (solid lines).
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Figure 1.4: Effect of the position of the adsorbed surface-active ions and [ parameters on the
electrocapillary curves, when the adsorbed S exists at position I (A and D), II (B and E), and
III (C and F) in Figure 1.1B. 8is 0.3 (A, B, and C) and 0.9 (D, E, and F) and ¢g is 0 (dotted

lines), 50 (dash-dotted lines), 100 (broken lines), and 200 mol m~3 (solid lines).
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1.3.2 Electrocapillarity based on the model with the inner layer.

In addition to the parameters used above, we introduced an inner layer of W = 6° =4 x 10710
m (Figure 1.1B) for calculating 7, ¢, and C. The effects of the positions of the adsorbed S
(Figure 1.4B) and the value of 5 on the electrocapillary curves are shown in Figure 1.4. Figures
1.4A, 1.4B, and 1.4C show the electrocapillary curves calculated for g = 0.3 and Figures 1.4D,
1.4E, and 1.4F show the electrocapillary curves calculated for § = 0.9 when S is adsorbed
at three different positions in Figure 1.1B, that is, the positions I (1.4A and 1.4D), II (1.4B
and 1.4E), and IIT (1.4C and 1.4F). The dotted, dash-dotted, broken, and solid lines show the
results when cg = 0, 0.05, 0.1, and 0.2 mol m~3, respectively. The calculation of v was carried
out under the assumption that the adsorbed amount of « is virtually zero at Ay ¢ = —0.4
when 8 = 0.3 (Figures 1.4A, 1.4B, and 1.4C) and that at A% ¢ = 0.4 when 3 = 0.9 (Figures

1.4D, 1.4E, and 1.4F).

When 8 = 0.3, the adsorption of S occurs mainly in the region, Ay ¢ > A ¢°. However,
the increase in v with an increase in cg is seen in Figures 1.4B and 1.4C. When g = 0.9,
although the adsorbed amount of S in A ¢ < A¥¢° is positive, the increase in v with an
increase in cg is seen in Figure 1.4D. Also in Figure 1.4E, the negative adsorption of S appears
when A ¢ < —200 mV. The negative adsorption shown in Figures 1.4B, 1.4C, 1.4D, and 1.4E

indicates that those conditions are inadequate for reproducing experimental results [12].

The electrocapillary curves in Figures 1.4A and 1.4F when [ is 0.3 and 0.9 are physically
acceptable in the sense that the adsorption of surfactant does not raise . The electrocapillary
curves in Figure 1.4F well reproduce experimental results for the adsorption of decylammonium
with an experimental value of 3 = 0.9, showing strong adsorption when A¢ < 0 mV and no
adsorption when A% ¢ > 0 mV [11]. In contrast, when 3 = 0.3 (Figure 1.4A), the potential-
dependency of the adsorption is opposite. The calculated electrocapillary curves in Figure 1.4
suggest that the magnitude of 3 is related to the position of the adsorption. When the S has
a high 3 value, the adsorption of S from W is little depend on AY @, that is, the potential at

the bulk of the W phase is nearly equal to the potential at the location of the adsorbed ions.
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Then, the charged part of the specifically adsorbed S would exist at the aqueous side of the
interfacial region (position III in Figure 1.1B). When S has a low 3 value, the charged part of S
would exist at the oil side of the interfacial region (position I in Figure 1.1B). The magnitude

of # may thus be taken to be a parameter to infer the position of specifically adsorbed ions.

Capacitance of the liquid-liquid interface.

Since the liquid-liquid interface shown as the model in Figure 1.1B is seen as the series-connected
capacitors, the value of C' is written as follows.

111
cC o oW v

(1.40)
where CO, CWV, and C' are the capacitance of the diffuse layer in W, the capacitance of the
diffuse layer in O, and the capacitance of the inner layer. Figure 1.5A shows the potential-
dependence of C' when § = 0.9 and S adsorbs at the position III in Figure 1.1B. The dotted
lines, dash-dotted lines, broken lines, and solid lines in Figure 1.5 shows the curves calculated
at cs = 0, 0.05, 0.1, and 0.2 mol m~3, respectively. The introduction of the inner layer weakens
the potential-dependence of C' at cg = 0 and widens the width of the IW at ¢ = 0.1 mol m—3
from 56 mV in Figure 1.3A to 90 mV in Figure 1.5A.

Figure 1.5B and C show the potential-dependence of calculated C© and CW from the Gouy’s
theory using ¢, and @}y, respectively. Since the values of ¢S, and ¢}, change with the
adsorption of S, the values of C° and CW depend on cg in the potential region where S adsorbs
at the interface. The adsorption of S increases CV and decreases C'° except the potential region
around AY ¢%. Around AY ¢%, C© increases with the increase of cs. The effect of the adsorbed
S on CWV is greater than that on C©. The difference between the potential-dependence of C©
and the potential-dependence of CW reflects the permittivities of the phases and the position
of the adsorbed S.

The potential-dependence of C' is shown in Figure 1.5D. When ¢g = 0, C' is independent of

AY ¢ and the value is 0.196 F m~2 in this condition. In the potential region where A} ¢ < —0.2

V and A ¢ > 0.15 V, C' hardly depends on cg. In the IW, C' contributes to the main part of
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Figure 1.5: Potential-dependence of C' (A), C° (B), CW (C), and C' (D) when ¢g = 0 (dotted
lines), 50 (dash-dotted lines), 100 (broken lines), and 200 mol m™ (solid lines), 8 = 0.9 and S

adsorbs at the position III.
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Figure 1.6: Effect of the concentration of the supporting electrolyte on C' at ¢g = 0.03 (solid
lines) and 0 mol m—® (dotted lines), when ¢V = ¢© = 1000 (1), 100 (2), and 10 mol m~3 (3),

£ =0.9, and S adsorbs at the position III.

C because of its slightly negative value. In the potential region where 0 < Ay ¢ < 0.15 V, '
has highly negative or highly positive values, therefore, the contribution of C' on C' is smaller

than that of C©.

1.3.3 Effect of the conditions on EI.

The effect of the parameters on the calculated EI are examined. The concentration of the
supporting electrolyte affects the EI, through the charge density in the diffuse double layer,
which is determined by the concentration of the supporting electrolyte. Calculated C values
under three concentrations of the supporting electrolytes are shown in Figure 1.6 for ¢V = ¢© =
1000 (1), 100 (2), and 10 mol m~ (3) at 3 = 0.9 when adsorbed S is located at position III. The
solid and dotted lines in Figure 1.6 show c¢g = 0.3 and 0 mol m~2, respectively. The dotted lines
are always positive at any AY'¢. In the cases of the solid lines 2 and 3, IW appears around

—0.03 V. The IW narrows with increasing the concentration of the supporting electrolytes.

When cg is low enough and the concentration of the supporting electrolytes is high enough, the
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Figure 1.7: Effect of AY¢g on C at cs = 0.05 mol m™3, when AY¢% = —0.2 (solid line), 0
(broken line), 0.2 (dash-dotted line), 5 = 0.9, and S adsorbs at the position III. The dotted

line is calculated at cg = 0 mol m~3.

IW disappears. This tendency has been predicted by the previous model [1].

To compare surface-activity of ions on the EI, the effect of the location of AY ¢¢ on the IW
was examined. Figure 1.7 shows the potential-dependences of C' at cg = 0.05 mol m™—2 when
Ay dg = —0.2 (solid line), 0 (broken line), and 0.2 V (dash-dotted line). The dotted line in
Figure 1.7 shows C in the absence of S. The effect of AY @3 on the width of IW is negligibly
small, which is different from a prediction of the previous model [1]. In the latter, the system
becomes stable when AY ¢3 is away from the potential of zero charge, which is determined by

the type and concentration of the supporting electrolyte.

1.3.4 Comparison between the present and previous models.

To show the difference between the previous model of the EI [1] and the present model of the
EI, the electrocapillary curves and potential-dependence of C' were calculated under the same

condition. The value of v based on the previous model using the Frumkin isotherm is written
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Figure 1.8: The comparison between the present model (solid lines) and the previous model
(broken line) of the EI based on v (A) and C' (B), when ¢g = 0.5 and 3 = 0.9. In the present

model, S adsorbs at the position III. The dotted lines are calculated at c¢g = 0 mol m~3.
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as follows.

v = — RT Iyax [In(1 = 0) + g6°] (1.41)

where 7 is 7 determined by the supporting electrolyte at cg = 0. The solid lines in Figures
1.8A and B show the electrocapillary curve and the potential-dependence of C' based on the
present model at ¢ = 0.5 mol m~2 and the broken lines in Figures 1.8A and B show those based
on the previous model. The dotted lines were calculated in the absence of S. In the potential
region Ay ¢ < 0V, 7 of the previous model is greater than « of the present model. The broken
line in Figure 1.8A has an apparent dent, while the solid line in Figure 1.8A have no dent. The
condition which provides a dent on the electrocapillary curve based on the improved model is
limited compared with that based on the previous model.

The difference between C' based on the previous model and C' based on the present model
is observed in the potential region A ¢ < 0.05 V in Figure 1.8B. In the potential region where
—0.05 < AY ¢ < 0.05 V, C from the present model is greater than C' from the previous model.
When AY ¢ < —0.05 V, C from the present model is smaller than C from the previous model.
Under this condition, the IW based on the present model (between —120 mV and 0 mV) is
wider and more negative than the IW based on the previous model (between —106 mV and 4
mV).

According to equation 1.23, I's should be determined from cg regardless of the model.
Therefore, the previous and present models based on the same isotherm should give the same
electrocapillarities. The disagreement of the electrocapillary curves is caused by the oversim-

plification of the models shown in Figure 1.1B.

1.3.5 Comparison of the location of IW with experiments.

In the present model, EI appears on the negative sides of Aj#g in all three cases in Figure
1.7. However, the experimental observations of the EI induced by the transfer of surface-active
ions [5-7,9-11] show that the EI appears around the midpoint potential and extends to the

limiting current region on voltammograms of ion-transfers. There are possible reasons for this
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discrepancy. First is the difference between the mid-point potential determined experimentally
and AY @5 of the surface-active ion. In experimental condition employed, the activity coefficient
of ions is significantly less than unity and the ion-pair formation may not be negligible in O.
Second, the structure of the interface can be much more complicated than that illustrated in
Figure 1.1B. At this moment, we have little information about the thickness of the inner layer,
the position of adsorbed ions, and the permittivity in the inner layer, granted that such a
compact layer does exist. Third, the potential-dependence of the adsorption Gibbs energy may
not be well described by the linear variation of the adsorption Gibbs energy with AY ¢ [13].

These are the points to be addressed in future detailed modelling of the EI.

1.4 Conclusion

The electrocapillary equation of the oil|water interface in the presence of the common ion
in both phases was formulated under the condition that the Nernst equation describes the
partition of the common ion. On the basis of this equation, an improved model for the EI
has been presented. The model consists of the structure of the diffuse double layer under
the influence of the specific adsorption of surface-active ions. The present model predicts the
potential-dependence of the capacitances of the interface, the excess charge in the aqueous
phase, and the electrocapillary curve in the presence of the common ion in both phase. In
addition to the diffuse double layer, the introduction of the inner layer and the consideration of
the position of the adsorbed ion provides a more reasonable picture of electrocapillarity in the
presence of the EI. The calculated electrocapillary curves suggest that the potential-dependence
of the adsorption Gibbs energy reflects the position of the charged part of adsorbed ions. In
the strictly model of the EI, the electrocapillary curve based on ¢ should agree with that based

on Is.
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Chapter 2

Potential-dependent adsorption of
decylsulfate and decylammonium prior
to the onset of electrochemical

instability at the

1,2-dichloroethane|water interface

The adsorption of decylsulfate (DeSO; ) and decylammonium (DeNHj) at the 1,2-dichloro-
ethane (DCE)|water (W) interface has been examined as a function of the phase-boundary
potential by simultaneous recording of electrocapillary curves and voltammograms. The stan-
dard Gibbs energies for the adsorption of DeSO; and DeNH; at the DCE|W interface from the
W phase depend linearly on the phase-boundary potential, having the slopes of 9.1 and —9.8
kJ mol=! V1, respectively. These values suggest that the charged head-groups of adsorbed
surface-active ions are located almost outside of the diffuse-part of the electrical double layer in
W. It has also been demonstrated that the interface enters into the mode of the electrochemical
instability in the potential region where the current is slightly augmented in comparison with

that of the diffusion-limited current, that is, prior to the appearance of irregularly increased
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currents on the voltammogram.
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2.1 Introduction

The electrochemical instability of a liquid-liquid interface [1] emerges when the interface is
under the thermodynamically unstable condition due to the potential-dependent adsorption of
surface-active ions, that is, when

(0%v/ 0E2)T7 p > 0 where, v is the interfacial tension, E is the applied voltage, T" is the tem-
perature, and P is the pressure. This instability explains unstable phenomena at the interface
induced by the transfer of surface-active ions [2-6] and facilitated ion transfer by surface-
active ligands [7] across the liquid-liquid interface. Irregularly increased currents in ion-transfer
voltammetry in a certain limited potential window caused by the convective motion of the so-
lution adjacent to the liquid-liquid interface provide evidence that the interface is under the
condition of the electrochemical instability.

To explain the electrochemical instability, a model has been proposed based on the interplay
of potential-dependent adsorption of surface-active ions and the energy of the electrical double
layer at the interface [1]. This simple model assumes a linear dependence of the standard
Gibbs energies of adsorption of the surface-active ions at the oil (O)-water (W) interface from

W (AGY?) and from O (AGY?) on the phase-boundary potential (AY ¢) in the forms [8],

ads ads

AGNE = AG2, — 2F(1 - ) (AY ¢ — Ay ¢°) (2.1)
and
AGOE = AGey, + 2FB (A ¢ — AY 6°) (2.2)

where z, 8, AY¢° and AGZ,, are the charge of the ion, the coefficient which is independent of
A¥¢ (0 < 3 < 1), the standard ion-transfer potential of the surface-active ion, and the stan-
dard adsorption Gibbs energy at AY ¢°, respectively. The experimental determination of 3 is
crucial to quantitatively describe the electrochemical instability. The potential-dependent ad-
sorption of ions at the liquid-liquid interface has been reported for the adsorption of hexadecyl-
trimethylammonium [9,10] and ion-pairs of sodium and cesium ions with organic anions [11,12]

at the nitrobenzene (NB)|W interface, bis-quaternary ammoniums at NB and 1,2-dichloro-
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ethane (DCE)|W interfaces [13], and 2-(N-octadecylamino)naphthalene-6-sulfonate [14], ionic
dyes [15-17], tetraalkylammoniums [18,19], complexes of metal ions with Triton X [20], and
porphyrin derivatives [21-23] at the DCE|W interface. The potential-dependent adsorption of
ions under the ion-transfer across the liquid-liquid interface has also been detected in a second
harmonic generation study of the Methyl Orange adsorption [15] and in ac-modulated voltflu-
orometry of Erythrosine B, Eosin Y, and Rose Bengal [16,17]. However, the determination of
[ has never been reported for the ionic surfactant under the current flow, i.e., in the presence
of the ion-transfer across the interface. Electrocapillary measurements are useful to determine
B from the surface excess of ionic surfactants, while voltammetry can visualize the stable-
unstable transition of the interface. In the present work, voltammograms and electrocapillary
curves at the DCE|W interface were recorded simultaneously in the presence of either decyl-
sulfate (DeSO; ) or decylammonium (DeNH3J). From the dependence of the relative surface
excesses of DeSO; and DeNHf on AY¢, the values of AGY . for the adsorption of DeSO;

and DeNHJ were determined as a function of the applied potential before the onset of the

electrochemical instability.

2.2 Experimental section

2.2.1 Measurement of the interfacial tension.

A pendant drop method was employed to measure 7 [24,25]. Although the basic principle is the
same as that we used previously [25], we thoroughly renewed both hardware and software for
the determination of v. The optical cell (width, height, and optical length are 24, 40, and 50
mm, respectively) filled with an aqueous solution (W) was set in a jacketed holder at 25.0 0.1
°C. A typical size of a pendant drop (O) was about 3 mm equatorial diameter. A pendant drop
of O in W was illuminated with paralleled light from a light-emitting diode (MCVP-CG3430,
Moritex, Japan). A monochrome camera with a trigger input (DMK41BF02, The Imaging

Source, Germany) equipped with a telecentric zoom lens (MIL-Z07545, Moritex) was employed
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to acquire an image of the drop. The maximum frame rate of the camera is 15 frames per
second. High-accuracy silicon nitride balls for bearings of two different diameters (5.5562 and
3.9689 mm) were used for the calibration of camera images. The optical axis of the apparatus

was aligned with a laser beam from a He-Ne laser (05-LHP-151, Melles Griot).

Homemade programs were used to extract the contour of a drop. The Bashforth-Adams
equation [26] was fitted to the contour using a software for the nonlinear least squares fitting,
SALS [27]. Three fitting parameters Ry, AY, and o are the radius of curvature at the origin of
the contour of the drop, an error of origin of y axis, and ¢ = ApgR3 /7, where Ap, and g are the
difference of the densities, and the acceleration of gravity. The introduction of AY is to take
into account the error due to the quantization of the contour of the drop [28]. The length of
RyAY is smaller than the length per pixel. The value of v at the DCE|W interface determined
by the present method was 27.92 + 0.02 (95% confidence interval) mN m~! at 25.0 °C. This

value well agrees with the literature value 27.93 +0.09 (95% confidence interval) mN m~! [25].

2.2.2 Chemicals.

DCE was washed with concentrated sulfuric acid, water, an aqueous solution of NayCOs3, and
water, successively. After being dried with CaCly, the DCE was distilled and washed with
water three times before use. Water was purified with a Milli-Q system (Milli-Q Gradient,
Millipore). Tetrapentylammonium tetraphenylborate (TPnATPB) and tetrapentylammonium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TPnATFPB) were synthesized as described else-
where [16,29]. Tetrapentylammonium chloride (TPnACl), hydrochloric acid, MgCly, sorbitan
monooleate (SMO), sodium decylsulfate (NaDeSOy), and decylamine (DeNH,) were all reagent
grade and were used without further purification. Aqueous solutions of DeNH; were prepared

by dissolving DeNH, in aqueous hydrochloric acid solutions.
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2.2.3 Simultaneous recording of an electrocapillary curve and a voltam-

mogram.

Two electrochemical cells employed in the present study are

5 mM TPnACl| 50 mM 100 mM MgCly
Ag | AgCl AgCl| Ag (I)
10 mM MgCl, | TPnATPB |0 ~ 500 M NaDeSO,
Wref DCE W
and
5 mM TPnACl| 50 mM 100 mM HCI
Ag | AgCl AgCl| Ag (1)

10 mM MgCly | TPnATFPB | 0 ~ 400 uM DeNH,
Wiet DCE W
where M stands for mol dm~2 and W, designates the aqueous phase for the reference of the
potential in the DCE phase. The bulk concentrations of DeSO; and DeNHj in W phase are

b,W

and >V
DeSO,

DeNH respectively. The potential of the right-hand-side terminal
€NH3

represented by c
with respect to the left is hereafter denoted as E. The current (I) due to the flow of the positive
charge from W to DCE was taken to be positive. A four-electrode potentiostat equipped
with a positive-feedback circuit (HA10100mM1A, Hokutodenko, Japan) was used to apply the

potential.

A homemade program was used for synchronized recording of video images, at intervals of
5 mV and I at intervals of 1 mV at the scan rate (v) of 10 mV s~!. The accuracy of timing
between the image recording and the control of F depends on the exposure time of the camera
in this apparatus. A typical exposure time was 5 ms, which corresponds to a change in the

applied voltage by 0.05 mV at v = 10 mV s~ 1.
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Figure 2.1: A: Electrocapillary curves recorded in the presence of 100 pymol dm=3 DeSO; in
the W phase (filled circles and solid line) and in the absence of DeSO; (open circles and dotted
line). The circles were recorded by potential-step with holding time of 25 seconds (open circles)

~1. B: Time dependence of

and the lines were recorded by potential sweep at v = 10 mV s
when the potential was stepped from 450 to 440 (open triangles), 300 to 290 (filled triangles),
250 to 240 (open circles), and 200 to 190 mV (filled circles) in the presence of the 100 pmol

dm~3 DeSO; in the W phase.
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2.3 Results and discussion

2.3.1 A comparison of interfacial tensions under the potential sweep

and potential step.

First, we compare the electrocapillary curves recorded by the potential sweep with those
recorded by the potential-step method. If the response of v to the change in F is fast enough,
v recorded under the potential sweep should give the same values as those recorded with the

potential-step method. The dotted line in Figure 2.1A shows an electrocapillary curve recorded

b,W

DeSOT — 0. Open circles in

by potential sweep from 480 mV to 100 mV at v = 10 mV st at ¢
Figure 2.1A show 7 recorded by the potential-step method after ' was kept at the stepped po-
tential for 25 s. The electrocapillary curve represented by the open circles agrees well with the
electrocapillary curve of the dotted line over the entire potential region studied. These electro-
capillary curves have parabolic shapes, as previously reported for similar systems [4,5,24,30-32].
The point of zero charge (pzc) of this interface is located at E' = 300 mV. This pzc agrees with
a reported value [4] when FE is corrected for the change in the supporting electrolyte in W from
LiCl to MgCls,.

When F is set to a certain value, the liquid-liquid interface in the absence of the transferring
ions across the interface reaches an electrochemical equilibrium through charging the double
layer. When the uncompensated resistance is 500 2 and the capacitance of the DCE|W interface
is 0.15 uF m~2 [33], the time constant of charging the liquid-liquid interface with the interfacial
area of 28 mm? is 2 ms. Hence, 7 after a potential-step should be settled to a constant value
at least within a few ms. This fast response of v at the O|W interface to the change in £
assures that v recorded by the potential sweep at a moderate scan rate is regarded as that in

the thermodynamic equilibrium [34] at DCE|W interface. In other words, ~ is determined by

the surface concentration and is not affected by the concentration gradient.

An electrocapillary curve for cg’vgo_ = 100 pgmol dm~3 recorded from 490 mV to 100 mV by
sy

potential-step at the interval of 10 mV is shown as filled circles in Figure 2.1A. The potential
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was kept for 25 s after each potential-step. The electrocapillary curve recorded by the potential
sweep from 480 to 100 mV at v = 10 mV s~! is shown as the solid line in Figure 2.1A. The solid
line and filled circles in Figure 2.1A generally well agree with each other, although ~ values from
the potential-step method are slightly greater (smaller) than those from the potential sweep
method in the E values between 400 and 500 (180 and 230) mV.

Figure 2.1B shows the time-dependences of 7 after E was stepped from 450 to 440 (open
triangles), 300 to 290 (filled triangles), 250 to 240 (open circles), and 200 to 190 mV (filled cir-
cles). No significant time dependence of v was observed. The agreement of the electrocapillary
curve recorded by the potential sweep with that by the potential-step in Figure 2.1A and also
the time-invariant v values at a given value of F in Figure 2.1B assure that the electrocapillary

curves recorded under the ion transfer can be a subject for thermodynamic analysis.

2.3.2 Simultaneous recording of a voltammogram and an electro-

capillary curve.

Electrocapillary curves in Figure 2.2A and voltammograms in Figure 2.2B were recorded si-
multaneously with sweep E from 480 to 100 mV at v = 10 mV s~!. The solid lines and dotted
lines in Figure 2.2 represent the forward and reverse scans, respectively. Curves 1 and 1’ were

b
bW — 0. Curves 2 and 2’ were recorded at ™"V __
DeSO; DeSO;

b,W
DeSO,

recorded when ¢ = 200 pmol dm™3. Curves 3

and 3" in Figure 2.2 were recorded at ¢ = 200 pmol dm~3 in the presence of 3 mmol dm—3
SMO in the DCE phase, which was used to suppress irregularly increased currents induced
by the electrochemical instability [2-6]. From curve 3', the mid-point potential (Epq) of the
transfer of DeSO; was estimated to be 288 + 3 mV in this system (cell I). The electrocapillary
curves recorded in the forward scan agree with those recorded in the reverse scan. The value of
v in curve 3 was lower than curve 2 throughout the range of E by nearly a constant amount,
12 mN m~!. This indicates that SMO adsorbs in the entire range of E studied [35].

Comparing the electrocapillary curves with the voltammograms in Figures 2.2A and 2.2B,

we may distinguish four regions in E in curves 2 and 2. In the potential region between 480 and
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Figure 2.2: Simultaneously recorded electrocapillary curves (A) and voltammograms (B) in the
absence of DeSO; (1 and 1’) and presence of 200 gmol dm™ DeSO; (2 and 2’) in W at v = 10
mV s~ The curves 3 and 3’ are recorded in the presence of 200 ymol dm™® DeSOj in the
W phase and 3 mmol dm~—2 SMO in the DCE phase. Solid and dotted lines are recorded in
the forward and reverse scan, respectively. F,.;q indicates the mid-point potential of transfer
of DeSO; . Vertical lines roughly distinguish characteristic regions of E, reflecting the manner

of adsorption of DeSOj . 28



350 mV (region I), ion transfer currents were not observed. In the region I, v increased with
potential sweep. In the potential more negative than 350 mV, the ion-transfer current due to
the transfer of DeSO, from W to DCE appeared on curve 2'. In the potential region between
250 and 350 mV (region II), curve 2 has a positive curvature, which is thermodynamically
forbidden. The current increased conspicuously in curve 2/, but with no irregularities. The
negative current in curve 2’ grew rapidly from 250 mV and showed irregular changes in the
potential region between 250 and 150 mV (region III). In the region III, curve 2 also showed a
similar irregularity. In the region more negative than 150 mV (region IV), the pendant drops
were still and curve 2 agreed with curve 1. In the reverse scans, basically similar distinctions

are seen in curves 2 and 2'.

In the region I, the system is in an equilibrium state because no significant ion-transfer
takes place across the DCE|W interface. The decrease in 7 in curve 2 in this region reflects
the adsorption of DeSO; ions at the DCE|W interface. In the region II, a pendant drop of
DCE in W looked still in the video images, though the current in curve 2’ began to deviate
from the reversible ion transfer [3]. In the region II, the DCE|W interface is probably under the

electrochemical instability condition, because the electrocapillary curve has a positive curvature.

The sudden and irregular increase in the negative current on curve 2’ in the region III is
ascribed to the convective motion of the bulk liquid phases. In this region, the pendant-drop
showed irregular movements, which made the meanings of v obtained from the drop shape from
video imaging obscure. In the following section, the electrocapillary curve in this region in the
presence of DeSO, adsorption was not analyzed. The irregularly increased currents are caused
by the Marangoni effect [2,36,37]. The lowering of v by addition of SMO probably reduces
the gradient of v between the desorbed domains and adsorbed domains at the interface. The

driving force of the movement of the interface should then become weaker.

In the region IV, the similarity between curves 1 and 2 indicates that the adsorption of
DeSO; at the DCE|W interface is negligibly small, if present. In this region, the convec-

tion of the interface was not observed, although the current was greater than that expected
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for a diffusion-limited case in the presence of SMO. This indicates that the aftereffect of the

convection remains in the region IV.

2.3.3 Potential-dependent adsorption of DeSO, .

b,W
DeSO,

0, 20, 50, 80, 100, 200, 300, and 500 gmol dm~ (curves 1 to 8, in this order). On curves 2,

Figure 2.3 shows voltammograms for the transfer of DeSO; at eight different c between
3, and 4, the negative current peaks due to the transfer of DeSO, from the W phase to the
DCE phase appeared around 250 mV in the forward scans and positive peaks appeared around
320 mV in the reverse scans. Fq of the transfer of DeSO,, 284 + 2 mV, agrees with the
value recorded in the presence of SMO as described above. On the curves 4 and 5, the irregular
currents in the reverse scans appeared in 150 < £ < 200 mV. On the curves 6, 7, and 8, the
irregular currents appeared when £/ < 260 mV in both forward and reverse scans. In the present
study, the irregularly increased currents were thus appreciable at lower concentrations than the
concentration used in our previous studies of the electrochemical instability for alkylsulfates,
alkylsulfonate, and alkylammoniums at the DCE|W interface [3,4,6]. The spherical shape of
the interface in recording voltammograms in the present study may be responsible to the lower
threshold concentration for the electrochemical instability.

Electrocapillary curves recorded simultaneously with voltammograms in the forward scans
are shown in Figure 2.4. Each electrocapillary curve is the average of ten measurements and ver-
tical bars on the electrocapillary curves indicate the 90% confidence interval. The dotted parts
in the capillary curves in Figure 2.4 are v values obtained in the regions where the irregularly
increased currents appeared clearly on the voltammograms. The concentration dependence of
the electrocapillary curves (Figure 2.4) shows that the adsorption of DeSO; when E > Eq is
stronger than that when F < Eq.

When ngo; > 50 pmol dm™3, the electrocapillary curves have a positive curvature in

the region around FE,;q. The width of this potential region became wider with the increase in

Cg;go*' This widening with the concentration of surface-active ions agrees with the prediction
4
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Figure 2.3: Cyclic voltammograms for the transfer of DeSO, across the DCE|W interface at
v =10 mV s71 ngo; =0 (1), 20 (2), 50 (3), 80 (4), 100 (5), 200 (6), 300 (7), 500 (8)

pmol dm~3. Dotted lines show the currents recorded in the reverse scans. Epq indicates the

mid-point potential of transfer of DeSO; .
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Figure 2.4: Electrocapillary curves at DCE|W interface recorded in the presence of DeSO;
— -1 bW

at v = 10 mV s7, Cheso; = 0 (1), 20 (2), 50 (3), 80 (4), 100 (5), 200 (6), 300 (7), 500 (8)

pumol dm—3. Dotted lines of the electrocapillary curves indicate the region where v is recorded

under the irregularly increased current. Vertical bars show the 90% confidence interval for 10

independent measurements.
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of the model of the electrochemical instability [1].

To estimate the adsorbed amount of DeSO, , we need to take account of the fact that under

the current flow the surface concentrations of DeSO; on both side of the interface, C%:\S[O’
4
and > are different from " d > Not ¢ but ¢’ should be used in

DeSOy’ DeSO; an DeSOy * DeSO, DeSO,

the Gibbs adsorption equation and an adsorption isotherm. Assuming that the ion-transfer

process is electrochemically reversible and the potential is uniform throughout the interface,

b,W

DeSO; based on

we calculated the distribution of C%Zgo; at a given value of F from FE,;q and ¢
the diffusion equation and the Nernst equation, taking account of the shape of the pendant
drop, using FEMLAB 3.1 (COMSOL). The ratio of the diffusion coefficient of DeSO; in the W
phase to that in the DCE phase was assumed to be 0.87, as deduced from the ratio of viscosity
coefficients of the DCE phase to that in W phase [38]. The value of cO’WOZ at the bottom of

DeS

the pendant drop was used for a calculation of the adsorbed amount.
The Gibbs adsorption equation in the system (cell I) under the constant temperature and

pressure is

1 C_IW aNa+acC1—
——dy = —dF r — ———T'w)dl
2
ang2+a 0SO—
+(peso; — 2 — I'w)dInapgo- (2.3)
aw 4

where I'; and a; are the surface excess and the activity of the chemical species ¢ in the W
phase, respectively, and ¢V is the excess surface charge density in W. Here, we have assumed

that the activities of Mg?*, C1=, TPnA™, and TPB~ are independent of cg\zo,, because these
ey

b,W

concentrations are much higher than ChosO-
4

[39]. Since Upegor << aw and an,+ << aw, the
activity coefficient of DeSOj is constant over the concentration range of DeSO; studied. Then,

from eq 2.3 we obtain

1 oy
_ﬁ W = FDeSOZ + FNa+ = FNaDeSO4- (24)
1 Cpesor

P,T,;Li,E
The adsorptivity of DeSO; must be higher than Na*, and hence, FDeso; >> ['na and I'napeso, =

PDesog- This equation does not contain the factor, 2, in the denominator of the left hand side
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Figure 2.5: Potential-dependence of surface excess of NaDeSO, at cbD’ZgO, =50 (1), 80 (2), 100

(3), 200 (4), and 300 gmol dm~—3(5). The dotted lines represent the regions where the interface

is possibly under the electrochemical instability.

of eq 2.4, because the electroneutrality at this interface is maintained by the supporting elec-

trolytes [39]. Figure 2.5 shows the dependence of Ipesor on E at ngo; =50 (1), 80 (2), 100

(3), 200 (4), and 300 pmol dm~—3 (5). The values of I'peso Were obtained using a weighted three-

0,W

point (curves 1 and 5) or a five-point (curves 2-4) moving average method of v vs. Inc o -
oMy

plots. I'pego; increases with increasing CE’\ZO, and also increases with the negative shift of £
ey
from 480 to 380 mV (Figure 2.5). The dotted lines in Figure 2.5 show I'pesor in the regions

where the interface is probably under the electrochemical instability.

We estimated the values of AGZZ’Se from the dependence of v on C%V;O,. From eq 2.4, the
ey

lowering of v with the adsorption of DeSO; is written as

0,W
c _
DeSO

* Tpego; dIn C%:goz (2.5)

’Yo—’V:RT/
0
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Figure 2.6: Potential-dependence of the standard Gibbs energy for the adsorption of DeSO,
from W at the DCE|W interface. The open circles shows the regions where the interface is
possibly under the electrochemical instability. The regression line is for the data between 380

mV and 480 mV.

b,W

eS0T = 0. In the case of the Langmuir isotherm,

where 7 is v when ¢

I _
DeSO
B = 4 : (2.6)
DeSO [max  _ T _
DeSO; DeSO,

the dependence of 7 is expressed as

max 0,W
90— 7= RTTa%, n (14 BN, ) (2.7)

where I'J%0 _ and B are the maximum adsorbed amount of DeSO; and the adsorption coeffi-
ey

cient B = exp(—AGYV* /RT), respectively. nggog was assumed to be 8.5 x 107 mol m~2, the

cross-section of all-trans alkane [40].

W ;e
ads

Figure 2.6 shows the potential-dependence of AG, ;" obtained by the weighted least-square
0,W

DoSO; Open circles in Figure 2.6 indicate the

fitting of eq 2.7 to the dependence of v on ¢

Wse
ads

values possibly affected with the electrochemical instability. It is dearly seen that AG
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linearly decreases with the change in E to the negative direction. It is questionable to give
any physical meanings to the plot in £ < 380 mV, because the interface is possibly in the
instability condition in these regions. The straight line in Figure 2.6 is the linear regression line
for the data between E = 380 and 480 mV. The slope of the line is 9.1 kJ mol~* V~!, which
corresponds to § = 0.91. A simple interpretation for the departure of 5 from 0.5 is that the
center of the charge of adsorbed ions is located in the W side of the interface, probably almost

outside of the diffuse-part of the double layer in W [41].

2.3.4 Potential-dependent adsorption of DeNH; .

Figure 2.7 shows cyclic voltammograms for the transfer of DeNHZ across the DCE|W interface
at CEX\IH; =0, 10, 20, 30, 40, 50, 60, 70, 80, 100, 200, 300, and 400 gmol dm~ (curves 1 to 13, in
this order). The dotted lines in Figure 2.7 are voltammograms recorded in the reverse scans. In
Figure 2.7, the voltammograms were shown after £ was corrected to have the same E,;q value,
since the potential of the reference electrodes occasionally drifted between the measurements. In
Figure 2.7, E,,;q of the voltammograms is located at 395 mV. When C%XTH; > 100 pmol dm~3 |
the irregularly increased currents were discerned in the voltammograms. In our previous studies
[4,6], the irregularly increased currents induced by the transfer of DeNHJ clearly appeared in
a certain potential region (instability window) in the polarized window above 500 gmol dm~3
of DeNHZ. In the present voltammograms, such a clear instability window was observed only
at the highest concentration of C%XJH;’ 400 pmol dm=3.

Electrocapillary curves at the DCE|W interface in the presence of DeNH7 are shown in
Figure 2.8. The numbers in Figure 2.8 correspond to the numbers in Figure 2.7. Dotted

line parts of the electrocapillary curves in Figure 2.8 were recorded in the regions where the

irregularly increased currents clearly appeared on the voltammograms.

b,W

An increase in NI reduces v. When E > 570 mV, the v values of all electrocapillary
eNH3
curves agreed with ~ at cg\?\]}m = 0. This shows that the adsorbed amount of DeNHJ at the
eNH3

DCE|W interface is negligible in the limiting current region. The maximum decrease in v with
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Figure 2.7: Cyclic voltammograms for the transfer of DeNH; across the DCE|W interface at

v=10mV s and "V . =0 (1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60 (7), 70 (8), 80 (9),
eNH3

100 (10), 200 (11), 300 (12), and 400 (13) gmol dm™3. Dotted lines show the currents recorded

in the reverse scans.

47



28|

27}

y—5

y ——— |
1211

\ W NS

o~NoOOThWN-

24 1
12
13
23
Einid
200 300 400 500 600
E/mV

Figure 2.8: Electrocapillary curves recorded at v = 10 mV s™! in the presence of DeNHJ .

s = 0 (1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60 (7), 70 (8), 80 (9), 100 (10), 200
(11), 300 (12), and 400 (13) pmol dm™3. Dotted parts of the curves show the data recorded

with the irregularly increased current. Vertical bars show the 90% confidence interval for 10

measurements.
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the increase of CISZIV\IH:J{ was observed around F,,;q. The decrease in v in E' < E,,;q was greater
than that in £ > Eq. These electrocapillary curves indicate that DeNHZ strongly adsorbs
when DeNH3 is distributed in the W phase than when DeNHj is distributed in the DCE phase.
These tendencies of the distribution and adsorption are similar to the cases of the adsorption of
DeSO; described above. The adsorptivity of DeSO; is stronger than that of DeNHj , because
at the same concentration and at F,;q the value of v in the presence of DeNHgr is higher than
the presence of DeSO; .

When cbD’ZlV\IH3+ > 50 pmol dm™3, the electrocapillary curves have a positive curvature in
the region around Ep,;q. In these potential regions, the DCE|W interface should be under the
electrochemical instability and v values have no thermodynamic meaning. The surface excesses
of DeNH3 (FDENH;) for six different ng\m; were calculated using a five-point moving average

method of v vs. In c%’v;m plots. From the Gibbs adsorption equation in the system (cell II) in
eNH3

the presence of the supporting electrolytes, we obtain

1 oy
“RT \ gl = oo =
DeNH; PT i
Figure 2.9 shows the potential-dependence of I'p i+ on E at c}];’gH; =40 (curve 1), 50 (curve

2), 60 (curve 3), 70 (curve 4), 80 (curve 5), and 100 gmol dm™2 (curve 6). I'penpy increases

b,W

with an increase in cDeNH;.

The maximum of I' DeNH appeared around 350 mV, where is about
50 mV more negative than F,;q. In the potential more positive than this maximum, the values

of FDENH; decreased sharply with E.

The value of AGZE’;’ for the adsorption of DeNHZ at DCE|W was estimated with weighted

least-square fitting of eq 2.7 to the experimental dependence of v on C%ZI\;HJr. In this fitting,
3
we assumed that '™ = 8.5 x 107% mol m~2. Figure 2.10 shows the potential-dependence

DeNH

of AGY” of DeNHZ. A linear relationship with the slope of —9.8 kJ mol~! V! was observed

ads

between AGZE’SQ of DeNHy and E. The slope corresponds to 3 of 0.90. This value of 3 is close
to the 3 value of DeSO; and suggests that the center of charge of adsorbed DeNHJ is located
almost outside of the diffuse-part of the electrical double layer in W. According to the model

of potential-dependent adsorption, the maximum adsorption occurs at AY ¢° —57/z mV when
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Figure 2.9: Potential-dependence of the surface excess of DeNHJ at cbD’V;H+ =40 (1), 50 (2),
eNH3
60 (3), 70 (4), 80 (5), and 100 (6) pumol dm~—3. The dotted lines represent the regions where

are possibly affected with the electrochemical instability.
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B = 0.9 [8]. The location of the maximum of FDENH; in Figure 2.9 seems to corroborate this

relation.

2.4 Conclusions

The simultaneous recording of a voltammogram and an electrocapillary curve has revealed that
the interface is under the electrochemical instability even in the potential region where the
irregularly increased current is not discerned in the voltammogram. The potential-dependent
adsorption of DeSO; and DeNH; at the DCE|W interface under the transfer of these ions was
examined. In the potential region before the emergence of the electrochemical instability, the
standard Gibbs energies for the adsorption of DeSO; and DeNHj are both linearly dependent
on the potential, as was assumed in the simple model for the potential-dependent adsorption
and partitioning of surface active ions at the liquid-liquid interface [8]. The values of 3 of
DeSO; and DeNHj determined were 0.91 and 0.90, respectively. These 3 values suggest that
the charged head groups of adsorbed DeSO; and DeNHj are protruded into the W phase. The
large departure of 5 from 0.5 seems to be a property common to conventional ionic surfactant

composed of a non-charged hydrophobic part and a hydrophilic charged part.
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Chapter 3

Imaging of the liquid-liquid interface
under the electrochemical instability

using confocal fluorescence microscopy

The onset of the electrochemical instability has been imaged at the 1,2-dichloroethane (DCE)|water
(W) interface modified with a fluorescent phospholipid using confocal fluorescence microscopy
(CFM). Heterogeneously fluorescent images are recorded successively under the transfer of do-
decylsulfate ions (DS™) across the interface, which induces the irregularly increased current in
a voltammogram. The commencement of the hydrodynamic movement of the solutions due to
the electrochemical instability has been detected as the appearance of dark domains at the edge
of the interface, that is, the three-phase contact of the DCE-W-glass wall confining the inter-
face. In the potential region around the mid-point potential of the transfer of DS™, the area
of the dark domains fluctuates and gradually grows with time. These locally confined unstable
domains give rise to slightly augmented current in the simultaneously recorded voltammogram.
The interface in this potential range appears to be globally stable at the expense of small un-
stable domains. In the potential region where the irregularly increased current is visible in the
voltammogram, the entire interface becomes unstable and the dark and bright regions move

vertiginously due to the Marangoni convection of the adjacent solution phases.
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3.1 Introduction

The electrochemical instability is a thermodynamically unstable condition of the liquid-liquid
interface [1] caused by the potential-dependent adsorption of surface-active ions [2], and induces
irregular currents on ion-transfer voltammograms of surface-active ions [3-7]. The irregular
current corresponds to the turbulence near the interface due to the interfacial-tension-driven
convection or the Marangoni convection. The electrochemical instability is conditioned by the
phase-boundary potential (AY ¢) and appears only in the limited range of AY ¢, that is, in the
instability potential window [1]. The stable and unstable states are switched by A% ¢. Tt is
interesting to see microscopically how the interface enters into the mode of the electrochemical
instability.

Uredat and Findenegg observed the phase transition and the formation of the domain struc-
ture in the Gibbs monolayer of octadecanol and 1,1,2,2-tetrahydroperfluorododecanol at the
hexane|water interface using Brewster angle microscopy (BAM) [8] and showed the usefulness
of BAM to study the temperature-induced phase transition of the Gibbs monolayer films at the
liquid-liquid interface. At the air-water interface, the phase transition and the domain forma-
tion of the phospholipid films have been observed by epifluorescence microscopy [9, 10]. Dale
and Unwin employed CFM to see the movement of the liquid-liquid interface, responding to the
applied voltage [11]. However, the two-dimensional imaging of the liquid-liquid interface under
the control of AY ¢ has not been reported. It is highly likely that the electrochemical instability
is accompanied by the microscopic domain formation at the liquid-liquid interface, because the
hydrodynamic movement of the liquid phase caused by the Marangoni effect, where the local
change in the interfacial tension is the driving force of the movement, is responsible to the ir-
regular current. The microscopic structure at the liquid-liquid interface at the incipient stage of
the electrochemical instability may then be observed with microscopic techniques. Confocal flu-
orescence microscopy (CFM) has a potential to observe adsorbed molecules at the liquid-liquid
interface with high sensitivity and selectivity [12], because CFM has a higher depth resolution

than conventional fluorescence microscopy and is suitable to observe the fluorophore-adsorbed
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liquid-liquid interface in the presence of the fluorophore in the adjacent bulk phase. In the
present work, we successfully imaged the inhomogeneity at the 1,2-dichloroethane (DCE)|water
(W) interface caused by the transfer of dodecylsulfate (DS™) across the interface using CFM
and a probe, a fluorescent phospholipid, which is zwitterionic and stays adsorbed in the en-
tire range of the applied potential across the interface, unless disturbed by the electrochemical

instability.

3.2 Experimental section

DCE was washed with concentrated sulfuric acid, water, an aqueous solution of Nay;COj3, and
water, successively. After being dried with CaCly, the DCE was distilled and washed with copi-
ous water three times before use. Water employed was purified with a Milli-Q) system (Milli-Q
Gradient, Millipore). Tetrapentylammonium tetraphenylborate (TPnATPB) was synthesized
as described elsewhere [13]. Tetrapentylammonium chloride (TPnACI), LiCl, MgCl,, sorbitan
monooleate (SMO), sodium dodecylsulfate (NaDS), 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-
diaza-s- indacene-3-pentanoyl)-1-hexadecanoyl- sn-glycero-3- phosphocholine (D3815, Molecu-
lar Probes) were used without further purification.

A¥ ¢ of the polarized DCE|W interface was controlled using the electrochemical cell:

5 mmol dm~ | 50 mmol dm—2 | 100 mmol dm—3

TPnACl TPnATPB LiCl
Ag | AgCl AgCl| Ag (I)
10 mmol dm~2| 0.3 gmol dm™3 1 mmol dm~3
MgCl, D3815 NaDS
Wref DCE W

The potential of the right-hand-side terminal with respect to the left is hereafter denoted as F.
The current (/) due to the flow of the positive charge from W to DCE was taken to be positive.
The configuration of the cell is illustrated in Figure 3.1. A glass plate of 1.7 mm thick-

ness having a center hole of 2 mm diameter was used to support the DCE|W interface. The
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Figure 3.1: Shematic representation of the experimental cell, A: Teflon body, B: objective, C:

slide glass, D: O rings, E: micro injector, and F: glass plate with a hole of 2 mm diameter.

position of the interface was adjusted to be located at the upper orifice of the hole. A four-
electrode potentiostat equipped with ohmic drop compensation (HA10100mM, Hokuto Denko)

was employed to control the potential drop across the DCE|W interface.

A confocal unit (CSU10, Yokogawa), which is capable of collecting 360 images per second,
and a high sensitivity camera (C7190, Hamamatsu), which collects 30 frames per second, were
attached to a fixed stage upright microscope (BX51WI, Olympus) on a vibration isolation stage.
The flatness of the DCE|W interface was checked by the homogeneity of the fluorescence.
To set the focal plane at the DCE|W interface, the focus was adjusted to have the highest
fluorescence intensity [12]. A water-immersion objective lens with 10x magnification and the
numerical aperture of 0.3 was employed. A home-made program was used for synchronized
recording of I and fluorescence microscopy images and for controling of £. The accuracy of
the synchronization between setting a value of F and an image recording was at least 33 ms,
which corresponds to the precision of 3 mV in the setting of £ at the scan rate (v) of 100 mV

s7!. A home-made program was employed for the analysis of CFM images.

60



3.3 Results and discussion

3.3.1 CFM imaging under the potential sweep.

Two voltammograms in Figure 3.2A were recorded in the presence of 1 mmol dm~—3 DS~ in
W and 0.3 gmol dm™—3 D3815 in DCE at v = 100 mV s™!. The solid and the dotted lines in
Figure 3.2A are the voltammograms recorded in the absence and presence of 1 mmol dm™3
SMO in DCE, respectively. The addition of SMO suppresses the irregularly increased current
on the ion-transfer voltammogram due to the electrochemical instability [3-7]. The forward
scan starting from 500 mV to the negative direction of F gives rise to the negative current
due to the transfer of DS™ from W to DCE. The dotted line shows a diffusion-limited-like ion
transfer with a negative peak in the forward scan and a positive peak in the reverse scan, giving
the mid-point potential (Ep;q) of 355 mV. The irregularly increased current appeared in the
potential regions between 300 and 140 mV in the forward scan and between 160 and 380 mV in
the reverse scan (the solid line in Figure 3.2A). The currents outside of this region agree with

the dotted line, as has been observed in previous works of the electrochemical instability [3-7].

The intensity of the fluorescence at the DCE|W interface in the absence of DS~ was uniform
and independent of E in the polarized window of 100 < E < 500 mV. When E = 500 mV,
there was no visible difference in the fluorescent intensities at the DCE|W interface in the
absence and presence of DS™. The adsorption of DS~ should be appreciable [14], but does not
seem to appreciably affect the adsorption of D3815. Figure 3.2B shows a series of the confocal
fluorescence images of the DCE|W interface recorded simultaneously with recording the solid
line in Figure 3.2A. The alphabetical label in each panel of the images corresponds to the same
label in the voltammogram in Figure 3.2A at the potential indicated. The lower right corners
of the images in Figure 3.2B are the edge of the glass plate supporting the DCE|W interface.
The bright circle at the lower right corner is a drop of the DCE phase attached on the glass

plate while the handling of the cell.
From E = 500 to 370 mV in the forward scan, the DCE|W interface was homogeneously
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(B) 100 200 300 400 500

Figure 3.2: Voltammograms for the transfer of DS~ across the DCE|W interface modified
with D3815 at v = 100 mV s7! (A) and simultaneously recorded fluorescent images of the
interface (B). The solid and dotted lines indicate the voltammograms recorded in the absence
and presence of 1 mmol dm~3 SMO in the DCE phase, respectively. Epq indicates the mid-

point potential of the transfer of DS™. The arrow in image ¢ points the appeared dark domain.
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fluorescent (Figure 3.2B, (a, b)). At £ = 360 mV, the domain with weaker fluorescence or a
darker domain appeared at the interface, as pointed by the arrow in Figure 3.2B, (c). The dark
domains grew slowly with scanning of £ (Figure 3.2B, (d-h)). When F < 300 mV, the dark
domain at the lower left grew rapidly and the movement of the dark domain continued while
the irregularly increased current was recorded on the voltammogram. In this potential region,
the dark domains grown at the interface were flushed out from the field of view because of the
vigorous lateral flow of the interface (Figure 3.2B, (i-k)). The irregularly increased current on
the cyclic voltammogram disappeared in concurrence with the disappearance of the movement
when £/ < 140 mV. The trace of the turbulence persisted as inhomogeneous fluorescence at the

DCE|W interface (Figure 3.2B, (1)).

There must be a depletion of D3815 in the dark domain. The instability caused by the
adsorption and partition of DS~ carried away adsorbed D3815 from the interface in the region,
140 < F < 360 mV. Since the adsorption of DS™ in this potential range is thermodynamically
unstable, adsorbed DS~ ions should also be absent or significantly reduced in the dark domains

[14]. The fluorescent probe is carried away hydrodynamically with the desorption of DS™.

It is notable that the irregularly increased current was not observed in the region, 310 <
E < 370 mV (Figure 3.2B, (b-h)). In our previous studies of the electrochemical instability
accompanied by the transfer of surface-active ions, we noticed in voltammograms of ion transfer
a small but appreciable current increase in E,;q in comparison with the diffusion-limited current
[3,4,14]. These observations demonstrate that the irregularly increased current is not the
only phenotype of the electrochemical instability at the liquid-liquid interface and the locally

confined unstable regions coexist with the stable part of the interface.

The appearance and growth of dark domains with the scanning of E was imaged around
FEiq at different values of v studied. The existence of the dark domain is therefore conditioned
by E and is independent of I, that is, the concentration gradient of DS~ at the DCE|W
interface. This corroborates the thermodynamic nature of the electrochemical instability [1].

In the present system, all the dark domains appeared at the edge of the DCE|W interface or the
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DCE-W-glass wall boundary. The heterogeneous current density at the meniscus may catalyze
the emergence of the electrochemical instability. While the electrochemical instability emerged
at the boundary remains to be locally confined to the dark domains, the global stability of the
entire DCE|W interface is maintained. The dark domains may be likened to a sacrificed anode

in corrosion of metals.

3.3.2 Evolution of the dark domains under the potentiostatic con-
dition.

To see the evolution of the dark domains at a given value of E, the CFM images of the
interface were recorded under the potentiostatic condition. Figure 3.3A shows a potential-step
chronoamperogram for the transfer of 1 mmol dm=3 DS~ in W when E was stepped from
400 to 340 mV at ¢t = 0 and further stepped from 340 to 320 mV at t = 5 s. Figure 3.3B
shows the time-dependence of the area of the dark domain (S) appeared at the bottom-right
corner on the view-field. Figure 3.3C shows a series of CFM images of the DCE|W interface
recorded simultaneously with Figure 3.3A. The alphabetical labels in the images correspond to
the alphabets on Figure 3.3B, showing the values of ¢ when the images were acquired.

At E = 400 mV, the interface was homogeneously fluorescent (Figure 3.3C, (a)). When E
was stepped from 400 to 340 mV (¢ = 0), the current similar to the diffusion-limited current
was recorded, but a dark domain appeared in Figure 3.3C at ¢t = 0.2 s, (b). Then S increased
slowly with time (Figure 3.3C, (c—e)) and seemed to reach a quasi-stationary value, while £
was kept at 340 mV. In Figure 3.3C, the shape of the dark domain at 340 mV was not deformed
extremely as the dark domain in Figure 3.2B, (f-i). The presence of the slowly growing dark
domain in Figure 3.3C, (b—e) corresponds to a slightly augmented current in comparison with
that for the diffusion-limited case. When E was stepped from 340 to 320 mV at t = 5 s, S
decreased abruptly (Figure 3.3C, (f, g)). This conspicuous change of S may correspond to the
emergence of another dark domain out of the view-field. In Figure 3.3C, (h), another dark

domain is seen over the top edge of the view-field. When E was kept at 320 mV, the dark
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Figure 3.3: A potential-step chronoamperogram for the transfer of DS~ across the D3815
modified DCE|W interface (A), a time-dependence of the area of a dark domain (B), and
simultaneously recorded fluorescent images of the interface (C) when E was stepped from 400
to 340 mV at t = 0, from 340 to 320 mV at t = 5 s, and from 320 to 400 mV at t = 10 s.
The alphabets in the images correspond to the alphabets in B. The arrow in image b points

the appeared dark domain.
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domain at the lower right corner of the view-field showed stretching or elongating motion Figure

3.3C, (h-1).

At both F = 340 and 320 mV, the interface is under the electrochemically unstable condi-
tion. However, the motion of the dark domain at £ = 320 mV was more vigorous than that
at £ = 340 mV. The degree of the Marangoni effect or the driving force of the hydrodynamic
movement of the adjacent solutions thus depends on E. The global stability of the interface
in the presence of the dark domains when E is in the instability window implies that the local
value of AY ¢ may be different from place to place, though the global AY ¢ is maintained at
a constant value by the potentiostat. The locally confined domain, which is under the elec-
trochemically unstable condition, in effect maintains the global stability of the interface, as
described above. The existence of such a domain in the interface should cause the local en-
hancement of the mass transfer in the vicinity of the interface and augment the current, which

is, otherwise, diffusion-limited.

When the interface is under the global stability in spite of the electrochemical instability, the
interface often shows a kind of rhythmic motion. Figure 3.4A shows potential-step chronoam-
perograms for the transfer of 1 mmol dm=2 DS~ in W when E was stepped from 400 to 330
mV at ¢t = 0. The dotted line in Figure 3.4A was recorded in the presence of 1 mmol dm™3
SMO in the DCE phase. Figure 3.4B shows the time-dependence of S when the solid line in

Figure 3.4A was recorded.

The negative current in Figure 3.4A decreased monotonically when ¢ > 0. The current
shows the interface at £ = 330 mV is under the global stability. Appeared dark domains in
CFM images showed an oscillatory deformation like as Figure 3.3C, (h-1) when ¢t > 0.15s. The
estimated period of the deformation in the case shown in Figure 3.4 is about 1.4 s. The period
seems to be affected by several factors, such as F, the concentration of DS™, and the shape of
the interface. This rhythmic motion at the interface is quasi-two-dimensional and should be
distinguished from the oscillation phenomena at the liquid-liquid interface where the interface

is globally unstable [15-18].
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Figure 3.4: A potential-step chronoamperogram for the transfer of DS~ across the D3815
modified DCE|W interface (A) and a time-dependence of the area of a dark domain (B) when £
was stepped from 400 to 330 mV at ¢ = 0. The dotted line in (A) shows the chronoamperogram

recorded in the presence of 1 mmol dm=2 SMO in the DCE phase.
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3.3.3 CFM imaging under the globally unstable conditions.

We examined the evolution of the dark domains when E was stepped to 300 mV, where the
interface was globally unstable and the irregularly increased current appeared in Figure 3.2A.
The solid line in Figure 3.5A shows a chronoamperogram recorded when E was stepped from
400 to 300 mV at ¢ = 0 in the presence of 1 mmol dm=3 DS~ in W. Images in Figure 3.5B show
the CFM images of the DCE|W interface from ¢ = 0 to ¢ = 0.33 s with the interval of 1/30 s.

The number in each image shows the time when the image was recorded.

The negative current, which is the convolution of the charging current and ion-transfer
current due to the transfer of DS™, initially decreases with time, as is usual in potential-
step chronoamperometry. However, at ¢ = 0.09 s, the current reached a minimum and, when
t > 0.09 s, the negative current of the solid line fluctuated irregularly (See inset of Figure 3.5A).
In contrast, the current recorded in the presence of 3 mmol dm= SMO in DCE (dotted line)
monotonically decreased with time. The magnitude of the current in the solid line is much
greater than that of the dotted line, suggesting the hydrodynamic movement of the solution

bulk.

In CFM images in Figure 3.5B, the dark domain appeared right after the step of E (the
arrow in the image at ¢ = 0.03 s) and grew rapidly (images when 0.03 < ¢t < 0.13 s). When
t < 0.13 s, the irregular movement of the interface was not observed. When ¢ > 0.13 s, the
growing dark domain from the upper left in the images drove the other dark domain in the
lower right corner. The disagreement between the augmentation of the current at ¢ = 0.09 s
and this pushing out of the dark domain suggests that the irregular movement of the interface
has emerged outside of the view-field. Once the irregularly increased current or the turbulence
near the DCE|W interface appeared, the motion of the CFM image was too fast to follow the

details of the evolution or movement of the unstable domains.

The addition of SMO is known to be effective to suppress the irregularly increased current
and the vigorous movement of the interface [3-7,14]. Figure 3.5C show the CFM images

recorded simultaneously with the dotted line in Figure 3.5A. When ¢ > 0, the dark domain
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Figure 3.5: Potential-step chronoamperograms for the transfer of DS~ across the D3815 mod-
ified DCE|W interface (A) and simultaneously recorded CFM images of the interface (B and
C) when E was stepped from 400 to 300 mV at ¢ = 0. The images in (B) were recorded
simultaneously with the solid line in (A) from ¢t = 0 to ¢ = 0.33 s with the interval of 1/30 s.
The dotted line in (A) and images in (C) are recorded in the presence of 3 mmol dm—® SMO
in the DCE phase. The inset in (A) shows the magnified chronoamperograms. The numbers in
each image show the times when the images were recorded. The arrow in (A) shows the region
where images in (B) are recorded. The arrows in images (B) at ¢ = 0.03 s and (C) t = 0.20 s

point the emerged dark domains.
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appeared in the CFM images of the DCE|W interface even in the presence of SMO (the arrow
in the image at ¢ = 0.20 s). This demonstrates that the electrochemical instability does develop
even in the presence of 3 mmol dm=2 SMO in DCE. The rapid expansion and the deformation of
the dark domain were not observed. The addition of SMO thus suppresses the global movement
of the interface, and, it is effective only to that extent to contain the irregularly increased current

on a voltammogram.

3.4 Conclusions

Simultaneous recording of a cyclic voltammogram or a potential-step chronoamperogram and a
series of CFM images demonstrates that a slightly augmented current in a cyclic voltammogram
prior to the onset of irregularly increased currents is caused by the locally confined instability
due to the presence of unstable domains, which emerge at the edge of the interface. The
abnormally large irregular current is not the only phenotype of the electrochemical instability.
The coexistence of such unstable small domains and the large stable regions in the interface
creates a sort of a globally metastable state. Such inhomogeneity of the interface is probably
responsible to the apparent potential dependence of the degree of instability, which should

follow the all-or-none law, if it is of thermodynamically nature.
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Chapter 4

Emergence of the electrochemical
instability in transfer of
decylammonium ion across the
1,2-dichloroethane|water interface

formed at the tip of a micropipette

The effect of the size of a liquid|liquid interface on the electrochemical instability (EI) has been
studied voltammetrically for the transfer of decylammonium ions (DeNHj) across the 1,2-
dichloroethane|water interface formed at the tip of a micropipette. An abnormally increased
irregular current (AIIC) reproducibly appears on the voltammogram without the positive-
feedback for the ¢R compensation. This fact confirms that the AIIC is not an artifact associ-
ated with the positive-feedback usually employed for the iR compensation at the liquid|liquid
interface of conventional size. The emergence of the AIIC at the micro liquid|liquid interface
supported at the tip of the micropipette is suppressed by either a decrease in the concentration
of DeNHj or a decrease in the diameter of the interface. The concentration of DeNH3 required

to induce the AIIC at the micro liquid|liquid interface is significantly higher than that at the
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interface of conventional size. The effect of the diameter of the micropipette on the AIIC is in
line with the case of the aspect-ratio effect on the formation of cellular convection of Marangoni

instability.
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4.1 Introduction

The electrochemical instability (EI) of a liquid|liquid interface [1] is a thermodynamic instability

that takes place when
0%y

_ 0 4.1
ST b

TaPnU'i

where v is the interfacial tension and AY ¢ is the phase-boundary potential. This condition
may be fulfilled through the interplay of the potential-dependent adsorption and partition of
surface-active ions between the two phases [2]. The EI explains the characteristic features of
the instability experimentally found at the liquid|liquid interface when surface-active ions move
across the interface [3-7]. Three main features of the EI are the existence of the instability
window of the phase-boundary potential, the location of the instability window close to the
half-wave potential, and a positive finite value of v when the interface becomes unstable.

When a liquid-liquid two-phase system falls in the state of the EI due to the transfer
of surface-active ions across the liquid|liquid interface, the Marangoni convection is induced
owing to the heterogeneity of the interfacial tension. Because the convection enhances the
mass-transfer of surfactant ions to the interface, the abnormally increased irregular current
(AIIC) emerges in the ion-transfer voltammogram [3-5,7, 8.

The area of the liquid|liquid interface where the EI has so far been found is relatively large,
ca. 0.1 [3-6,8] or 50 cm? [7]. Since the EI is a thermodynamic concept as expressed in equation
(1), it is supposed to be independent of the dimension and the shape of the interface, as has
been found previously [3-5,7,8]. However, when the area of the liquid|liquid interface is very
small, the appearance of the EI can be different. It is known that the interface is stabilized with
a decrease in the interfacial area in case of the thermally induced Marangoni convection [9-11].

The ion transfer across the micro liquid|liquid interface has been studied [12-14] at the tip
of a micropipette, where the aspect ratio (ratio of diameter of the pipette to the depth) is very
small. In the Marangoni convection in a cylinder caused by the temperature gradient [9, 10],
the convective motion is suppressed due to the presence of the wall of the cylinder when the

aspect ratio is small. Then, it is natural to expect that the Marangoni convection due to the
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EI can also be suppressed at the interface formed at tip of the micropipette.

Aside from the hydrodynamic constraint due to the aspect ratio, a decrease in the interfacial
area may bring about other consequences. If the turbulence of the interface occurs in a way
similar to the nucleation and growth mechanism, that is, the initial formation of unstable micro
domains at the interface followed by the growth of these domains, the onset of the EI should be
proportional to the interfacial area, provided that the frequency of the nucleation per unit area
and unit time is constant. Then, with decreasing the area of the interface, a stochastic nature
of the EI would become surfaced. The effect of the edge of the interface on the EI may also
become appreciable at a nm-sized pipette because of the electrical double layer on the surface
of a glass pipette.

The present paper reports a study of the EI at the micro liquid|liquid interface supported at
the tip of a micropipette [12-14]. An advantage of using a micro liquid|liquid interface is that
the positive-feedback for the iR compensation is not required. At the liquid|liquid interface of
conventional size, we can not rule out the the possibility that the positive-feedback which is
mandatory in recording voltammograms causes the EI. In this work, we demonstrate that the
EI appears without the iR compensation. We also describe some new features of the EI at the

micro liquid|liquid interface supported at the tip of a micropipette.

4.2 Experimental

Tetrapentylammonium tetraphenylborate (TPnATPB) used as the supporting electrolyte in
the 1,2-dichloroethane (DCE) phase was prepared from tetrapentylammonium iodide (Tokyo
Kasei Kogyo, 98%) and sodium tetraphenylborate (NaTPB, Dojindo Lab., 99.5%), as described
elsewhere [15]. Lithium chloride monohydrate (Wako Chemical Industries, 99.9%), magnesium
chloride (Merck, pro analysis), and sorbitan monooleate (Span80, Wako Chemical Industries)
were used without further purification. DCE (Wako Chemical Industries, 99.5%) was washed
with water three times before use. A stock solution containing 10 mmol dm~— decylamine

(Tokyo Kasei Kogyo, 95%), 12 mmol dm™— HCI, and 0.1 mol dm—3 LiCl was diluted with
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a 0.1 mol dm=3 LiCl aqueous solution to prepare test solutions at desired concentrations of
decylammonium ions (DeNHZ). The electrochemical cell employed in the present study is

represented as:

5> mM NaTPB 20 mM 100 mM LiCl

Ag | AgCl| 10 mM MgCl, | TPnATPB HC1 AgCl| Ag (I)

‘W.,0 +
Cpentrt mM DeNH;z

(Wier) (DCE) (W)

where M stands for mol dm—2, W, is the aqueous phase for the reference of the potential in

DCE, W is the aqueous phase containing DeNHZ, and CEV’I(\)IH+ is the initial concentration of
eNHg

DeNH3 in the W phase. The potential of right-hand-side terminal with respect to the left is

hereafter denoted as E. The current, I, corresponding to the flow of the positive charge from

W to DCE is taken to be positive.

Micropipettes were made from borosilicate glass capillaries (G-1, Narishige, o.d./i.d.=1.0
mm/ 0.6 mm ) using a pipette puller (PC-10, Narishige). An optical microscope (BX-60, x200-
x1000, Olympus) was used to observe the tip of a pipette for determining the inner diameter of
the tip, d, prior to an electrochemical measurement. A micropipette filled with the W phase was
immersed in the DCE phase to form a micro liquid|liquid interface. The interface supported
at the tip of a micropipette was confirmed using a digital camera (C7190-20, Hamamatsu

Photonics) equipped with a long-working-distance objective (x100, LMPlanFL, Olympus).

Electrochemical measurements were made using either a microelectrode potentiostat (HECS-
972C, Fusou Electro Chemical System) without Ohmic drop compensation or a four-electrode
potentiostat (HA1010mM1A, Hokuto Denko Co.) with a positive feedback for the i R drop com-
pensation in the cases when d was 580 um and 5 mm. Cyclic voltammograms were recorded

with a homemade computer-controlled system.
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4.3 Results and discussion

In previous studies, the abnormally increased irregular currents (AIIC) in voltammograms, that
is, the irregular currents whose magnitude far exceeds the diffusion-limited current, were taken
as evidence of the EI [3-5]. In the present study, we found that the emergence of the AIIC in
voltammograms for the transfer of DeNHJ across the micro liquid|liquid interface supported at
the tip of a micropipette was dependent on the concentration of DeNHy (CE\;’;H;), d , and the
scan rate of the applied voltage (v). In the following, we first describe typical voltammograms

that exhibit the ATIC. We then describe the effects of the concentration of DeNH3 | the area of

the interface formed at the tip of the micropipette, and v on the emergence of the AIIC.

4.3.1 AIIC at the micro liquid|liquid interface

Curve 1 in Figure 4.1 shows a voltammogram for the transfer of DeNHZ across the micro

liquid|liquid interface supported at the tip of the micropipette when d = 25 ym, v = 100 mV

W,0

1 —
DeNHJ

s, and ¢ 10 mmol dm~3. The solid line and the broken line represent the traces in
the forward and reverse scans, respectively. In the forward scan, the potential where the AIIC
begun (F;) was -340 mV and the potential where the AIIC ended (F5) was -230 mV. Thus,
the instability window that was seen in the transfer of DeNHZ at the conventional liquid|liquid
interface [5] appeared also at the micro liquid|liquid interface without the positive feedback for
1R compensation. The AIIC was also seen in the reverse scan. The potential where the AIIC
resurged was close to Fy and subsided at ca. -300 mV. The current was large positive in the
AIIC region in both forward and reverse scans. The width of the AIIC region in the reverse
scan was narrower than that in the forward scan.

Curve 2 in Figure 4.1 shows the voltammogram recorded when the DCE phase contained 6
mmol dm~! Span80, which is a nonionic surfactant and is known to suppress the AIIC [3-5,7,8].
The shape of this voltammogram reflects the diffusion-controlled transfer of DeNHZ in the

micropipette [16], which is characterized by the appearance of a peak caused by the linear

diffusion in the forward scan and a sigmoidal voltammogram in the reverse scan. The AIIC is
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Figure 4.1: Cyclic voltammograms for the transfer of DeNH; across the DCE|W interface
supported at the tip of a micropipette, when the W phase filled in the pipette contained 10
mmol dm™ DeNHj , d was 25 ym and v was 100 mV s™! (curve 1). Curve 2 is a voltammogram
recorded when the DCE phase contained 6 mmol dm™ Span80. Solid and broken lines show
the forward and backward scans, respectively. E; and FEs represent potentials of the beginning

and the end of the AIIC respectively.
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thus suppressed in the voltammograms in the presence of Spang80.

The determination of the half-wave potential of DeNHJ transfer based on the voltammogram
using the micropipette is not straightforward because of the asymmetric diffusion of DeNHy
on both sides of the interface, that is, the approximately linear diffusion inside the pipette and
the radial diffusion in the DCE phase [13,17,18]. We therefore fitted numerically simulated
voltammograms, taking account of the shape of the micropipette [16], to experimental voltam-
mograms for determining the formal potential of the transfer of DeNH; (EY). The obtained
value, B = —380 mV, is close to the point of inflection in the voltammogram in the reverse

scan in Figure 4.1.

All features of the AIIC found at the micro liquid|liquid interface, that is, the existence of
the AIIC as an instability window, the location of the instability window being close to E¥, and
the disappearance of the AIIC by addition of Span80 in DCE, are similar to the features of the
EI reported at the liquid|liquid interface of conventional size [5]. The emergence of the AIIC
at the micro liquid|liquid interface supported at the tip of the micropipette thus ascertains the
generality of the EI. The fact that, the AIIC was confirmed without applying the positive-
feedback for the iR compensation demonstrates that the EI is not an artifact caused by the

positive-feedback.

Curve 1 in Figure 4.1 shows significantly larger currents than the diffusion-limited current
(curve 2) between the initial potential of the voltammogram and Ej, before the onset of the
AIIC. According to the electrocapillary curve reported by Kasahara et al. [5], DeNH; adsorbs at
the interface in this potential range. The increase in the current in the absence of Span80 when
E < E; is probably attributable to the desorption of DeNHZ, as is the case of voltammograms
in the presence of weakly adsorbed reactants on an electrode [19]. At the potentials more
positive than FEs, the current of curve 1 was considerably lower than that of curve 2. This

reflects the exhaustion of DeNHJ inside the pipette after the ATIC.
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Figure 4.2: Effect of the bulk concentration of DeNHZ in W on the shape of the voltammograms.

c\];V’I(\)Im : 2 (curve 1) and 5 (curve 2) mmol dm=3. d : 25 ym. v : 100 mV s~1.
eNH3
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4.3.2 Effect of the concentration and the interfacial area on the AIIC

Although the AIIC was confirmed in Figure 4.1, the value of ¢*°

-3 .
DN 10 mmol dm™, is at

least ten times higher than that required to cause the AIIC at the interface of a conventional

W,0

2 mmol dm~3
DeNHj’

size. Figure 4.2 shows voltammograms for two different concentrations of ¢
(curve 1) and 5 mmol dm™3 (curve 2), recorded at v = 100 mV s~ and d = 25 um. Surprisingly,
the AIIC was not detected at C\];\QEH; = 2 mmol dm~3 as shown in the voltammogram (curve
1). By raising the concentration to 5 mmol dm™3, the AIIC did appear between E; = —320
mV and Fy = —260 mV (curve 2). The threshold level for the AIIC at this interface resides
between 2 and 5 mmol dm™3. This is in marked contrast with the case of AIIC at the DCE|W
interface of conventional size, where the AIIC was detected at CE\L’;H; = 0.5 mmol dm™? [5].

The decrease in the area of the interface apparently stabilizes the interface against the AIIC;

W,0

the occurrence of the AIIC depends on the size of the interface and ¢’ -
3

We systematically examined the influence on the AIIC of three factors d, v, and CEV’;HJr. The
eINH3

results are summarized in Figure 4.3 at two values of v, 10 (a) and 200 mV s~! (b). The AIIC

always appeared when c\g’;m was high and d was large (o). The AIIC never appeared when
eNH3

c\];Ve’l(\)Im was low and d was small (o). Between these two cases, the AIIC occasionally emerged
3

(A) for multiple measurements. In each set of the experimental conditions, voltammograms

were recorded at least twice. There seems to be a demarcation line shown as a dashed line in

each panel of Figure 4.3 that divides the experimental conditions into two groups, that is, the

conditions that make the interface AIIC-prone and those AIIC-resistant.

According to the studies of the thermally induced Marangoni convection in a cylinder, the
convection is suppressed when the aspect ratio is small [9,10]. Since the aspect ratio of the
pipette decreases with the decrease in d, the inner space of the pipette is probably too small
to allow the formation of rolls. In other words, the suppression of the AIIC at small values
of d in Figure 4.3 is likely to be explained by the effect of the aspect ratio on the Marangoni

convection.

It is known that, the driving force of the surfactant induced Marangoni convection is pro-
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Figure 4.3: Effect of the inner diameter of the pipette orifice and the concentration of DeNH;
on the appearance of the AIIC on voltammograms. v : 10 (a) and 200 mV s! (b). Filled
circle, open triangle, and open circle show the case when the AIIC was observed, occasionally
observed, and not observed, respectively. Dashed lines show the demarcation between the filled

circles and the open circles.
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portional to the concentration gradient of the surfactant normal to the interface [20,21]. In the
present case of the El-induced Marangoni convection, the slopes of the dashed line in Figure
4.3 at both scan rates have the same value, -0.7. This suggests that for the AIIC to occur, ¢
is approximately equivalent to d?, i.e., the concentration is more effective than the increase in
the size of the interface.

Another possible factor that can cause the observed dependence (dashed line in Figures
4.3a and 4.3b) is the edge effect due to the double layer of the wall of the pipette, which can
be responsible to possible nonuniform distribution of the potential at the interface, nonuniform
flow of DeNH;, and streaming potential. However, this edge effect is expected to be small
because the thickness of the double layer is thin in comparison with the size of the tip of the

micropipette.

If the probability of the occurrence of electrochemically unstable domains in the interface is

W,0

proportional to CheN

- and the area of the interface, the dashed line in Figure 4.3 is expected
3
to have a slope of —2. However, the experimental slope is considerably smaller, about —0.7

as described above. The nucleation-and-growth-type process, if any, does not seem to be a

determining factor of the AIIC under the present experimental conditions.

4.3.3 Depletion of DeNH in pipette due to the AIIC

One thing we should be aware of in studying the EI using micropipette is the depletion of
surfactant ions inside the pipette during recording a voltammogram, as exemplified in the
positive end of curve 1 in Figure 4.1. Since the depletion depends on the total amount of
surfactant ions transferred across the interface, it should also depend on v. We therefore

examined the effect of v on the appearance of the AIIC in voltammograms.

Effect of the scan rate on the AIIC

Figure 4.4 shows voltammograms recorded at three different values of v, 10 (a), 50 (b), and

200 mV s~! when d = 25 ym and CEV’I(\)IH+ =5 mmol dm~3. In Figure 4.4a, the AIIC was barely
eNH3
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Figure 4.4: Effect of the scan rate on the shape of the voltammograms. v : 10 (a), 50 (b), and
200 mV s~ !(c). CEV’;HJr : 5 mmol dm™3 and d : 25 pm. The inset in a shows magnified view of
eNHg

the forward scan where the AIIC emerged.
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visible around £ = —300 mV. In Figures 4.4b and 4.4c, the AIIC was clear. The degree of
AIIC judged from the magnitude of the AIIC thus depends on v. A decrease in the peak area
of the AIIC with a decrease in v means that the charge transported across the interface due to

the AIIC reduces with decreasing v.

This dependence indicates that the diffusion-layer thickness for the transfer of DeNHSZ or
the concentrations gradient of DeNH7 inside the pipette affects the degree of AIIC. Since this
type of scan rate dependence is not observed at the interface of conventional size, the depletion
of DeNH; inside the pipette is likely to be responsible to the dependence of the degree of the

AIIC on v.

Moreover, the shape of the voltammogram during the AIIC recorded at the micro liquid |liquid
interface is different from that recorded at the liquid|liquid interface of conventional size. The
shape of all voltammograms exhibiting the AIIC (Figures 4.1, 4.2, and 4.4) is triangle. In
contrast, at the interface of conventional size, the magnitude of the AIIC is almost independent
of v; the shape of the voltammogram during the AIIC is trapezoidal [5]. The steady current
during the ATIC means that the convective transport of DeNH3 is independent of time. In con-
trast, the ATIC of a triangle shape in the present case indicates that the transport of DeNH;

by the convection inside the capillary decreases with time because of the depletion of DeNHj3 .

ATIIC in the multiple cyclic voltammogram

To further demonstrate the exhaustion of DeNHJ in the vicinity of the tip of the pipette , we
recorded voltammograms with consecutive scans of the applied voltage. Figure 4.5 shows the
W,0

voltammograms recorded at v = 50 mV s~! when d = 33 ym and ¢’

DoNHE = 10 mmol dm~3.

The number indicated by each curve indicates the number of cycles of the voltage scan, n. The
ATIC clearly appeared in the first cycle, but was narrower and smaller in curve 2 and was even
smaller in curve 3. The AIIC completely disappeared in curve 4. FE; shifted to the positive
potentials with n. Obviously, the concentration of DeNHJ in the pipette decreases with n. In

the fourth cycle, the concentration of DeNH3 in the vicinity of the tip of the pipette is estimated
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Figure 4.5: Effect of the cycles on the cyclic voltammograms of the transfer of the DeNH . v :

50 mV s71, c\g’;m : 10 mmol dm~2 and d : 33 gum. The numbers show the number of cycles.
eNHg
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to be 4 mmol dm™3 from the diffusion-limited peak current (curve 4). This concentration is
within the stable region in Figure 4.3.

The results in Figure 4.4 and 4.5 raise a concern that at smaller values of d and C&;H; the
EI may not be detected as AIIC, because of the depletion of DeNHJ inside the capillary.

One of the methods free from this depletion problem is the employment of a liquid|liquid
interface formed at a micro-hole [22] in a thin membrane separating two immiscible electrolyte
solutions. Since the two semi-infinite bulk phase assures the supply of DeNHZ even under the
AIIC, there should be no depletion problem unlike micropipette experiments above. We plan

to conduct experiments using a micro liquid|liquid interface at the micro-hole to examine the

effect of interfacial area on the AIIC.

4.4 Conclusion

The AIIC caused by EI has been shown to take place in the transfer of DeNHZ across the
DCE|W interface formed at the tip of the micropipette. The AIIC without the positive-feedback
for the ¢ R compensation confirmed that the EI is not an artifact caused by the positive-feedback.
The effect of the size of the pipette and the concentration of DeNHZ on the AIIC is in accordance
with other Marangoni instabilities. Care must be exercised in studying the EI at the micro
liquid|liquid interface formed at the tip of the micropipette because of the problem of the

depletion of ions in the vicinity of the interface.
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Chapter 5

Spontaneous emulsification under the

electrochemically unstable condition

The phase-boundary potential (AY¢) across the 1,2-dichloroethane (DCE)|water interface in
the presence of dodecyl sulfates is controlled by the distribution potential determined by se-
lection of the composition of the electrolytes dissolved in either one or both of the two phases.
When tetraethylammonium dodecyl sulfate, tetrapropylammonium dodecyl sulfate, and tetra-
butylammonium dodecyl sulfate exist in the system, A ¢ is in the potential region where the
interface is under the electrochemical instability due to the potential-dependent adsorption of
dodecyl sulfate. In this system, the spontaneous emulsification and oscillation of the inter-
facial tension develop in the vicinity of the interface. On the other hand, in the presence of
tetrapentylammonium dodecyl sulfate in DCE, A¥¢ is out of the potential region and the

spontaneous emulsification is not observed.
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5.1 Introduction

The electrochemical instability (EI) [1] defines the condition when a liquid-liquid interface be-
comes thermodynamically unstable due to the potential-dependent adsorption of surface-active
ions and can explain salient features of various unstable phenomena at the liquid-liquid inter-
face, such as the spontaneous emulsification [2-13] and the oscillation of the interfacial tension
(7) or the phase-boundary potential (A ¢) [14-18,18-26]. EI defines the condition when a
liquid-liquid interface become thermodynamically unstable due to the potential dependent ad-
sorption at the electrified interface [27]. The emergence of the EI has been observed for various
surface-active ions [28-36] in the certain potential region around the standard ion transfer po-
tential (AY@°) of these ions. These observations have been carried out under the external
control of the potential. However, the EI is a general concept which is independent of the
way how AY ¢ is controlled. In fact, many of the studies of the oscillation phenomena at the
liquid-liquid interface have been conducted without externally applying the potential across the
interface. An important point to obtain a consistent understanding of the instability at both
polarized and nonpolarized liquid-liquid interface is to apprehend the fact that the AY ¢ value
can be controlled also by the partition of ions [37-39]. When a single 1:1 electrolyte distributes
in an oil-water two-phase system, AY ¢ under the partition equilibrium is determined by the
distribution of the ions and is given by the equation [37,39] :

AN + AY 5 -
2 b

AYo = (5.1)

where A\(’)VQSEJF and A ¢ _ are the standard ion-transfer potentials of the cation, CT, and anion,
A~ respectively. The A ¢ of the system in the presence of a single ionic surfactant can be
turned by the selection of the counterion for a given ionic surfactant. Therefore, the emergence
of the EI in the presence of surface-active ions can be controlled with the selection of those
counterions. The purpose of the recent work is to demonstrate that AY¢ determined by the
composition of ionic component in both phases in nonpolarized liquid-liquid systems does play

a central role in developing the instability and resting a stable state.
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In this work, we employ dodecyl sulfate (DS) as a surface-active ion, because the EI in-
duced by the transfer of DS is well documented [29,30,36]. To control AY ¢, we employed
tetraalkylammonium as the counter ion, because the values of AY ¢° are available in the lit-
erature [40-42]. We found that the spontaneous emulsification and the oscillation of v at the

1,2-dichloroethane (DCE)| water (W) interface take place only in a certain range of AY ¢.

5.2 Experimental

DCE was washed with concentrated sulfuric acid, water, an aqueous solution of NayCOj3, and
water, successively. After being dried with CaCly, the DCE was distilled and washed with
water three times before use. Water was purified with a Milli-Q system (Milli-Q Gradient,
Millipore). Water and DCE were mutually saturated before preparation of the solutions.
Tetraethylammonium chloride (TEACI), tetrapropylammonium chloride (TPrACl), tetrabuty-
lammonium chloride (TBACI), tetrapentylammonium chloride (TPnACI), and sodium dodecyl-
sulfate (SDS) were used without further purification. Tetraethylammonium dodecyl sulfate
(TEADS) was prepared by extraction with chloroform from the mixture of TEACI and SDS.
Then the chloroform solution was evaporated under the vacuum. TEADS is a hygroscopic
white powder. Tetrapropylammonium dodecyl sulfate (TPrADS), tetrabutylammonium do-
decyl sulfate (TBADS), and tetrapentylammonium dodecyl sulfate (TPnADS) were prepared
by extraction with dichloromethane form the aqueous solution of TPrACl and SDS, TBACI
and SDS, and TPnACI and SDS, respectively. The dichloromethane solution was washed with
water three times, and then, dichloromethane was evaporated under the vacuum. TPrADS is
a hygroscopic waxy solid. TBADS and TPnADS are viscous transparent liquids.

Video imaging of the interface was carried out by using a CCD video camera. To form the
interface, the aqueous solution was slowly poured onto the DCE phase in a glass cuvette with
1 ¢m width, 4.5 cm height, and 1 cm optical length. A pendant drop method was employed for
the v measurement. A drop of the DCE solution was formed at the tip of a grass capillary tube

dipped into the aqueous solution. The detail of the apparatus has been described elsewhere [35].
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All the measurements were made at 25.0+0.1 °C.

5.3 Results and discussion

Figure 5.1 shows the voltammogram for the transfer of DS across the DCE|W interface in the
absence of (broken line) and in the presence of 10 gumol dm™3 2-(4,4- difluoro-5,7- diphenyl- 4-
bora-3a,4a- diaza-s- indacene-3- pentanoyl)-1- hexadecanoyl- sn-glycero-3- phosphocholine in
DCE phase for a suppression of the irregularly increased current (solid line) at the scan rate of
50 mV s~!. In Figure 5.1, Eia,rEa denotes the mid-point potential of voltammogram for the
transfer of TEA across the DCE|W interface. The irregularly increased current was observed in
the potential range, —150 < ' < 35 mV vs Eiqrea. This potential range of instability agrees
with our previous observation for the transfer of DS [29,30,36]. This potential region, may
be called the instability potential window. In the voltammograms, Eniqps was 70 mV more
positive than Eyiq tea. The reported values of A‘évgzﬁe of TEA, TPrA, TBA and TPnA are 44 , -
91, -225, and -360 mV, respectively [40]. Assuming that Euidps— Emia TEa = AY Fps—AY drpas
the value of AY ¢pg is determined as 114 mV. The potentials at A, B, C, and D in Figure 5.1
show the locations of AY¢ at the DCE|W interface in the presence of TEADS, TPrADS,
TBADS, and TPnADS deduced using equation 5.1, respectively. The locations of AY ¢ for
TEADS, TPrADS, and TBADS are within the instability window. In the case of TPnADS, the
location of AY ¢ is out of the instability window. It is therefore expected that the EI at the
DCE|W interface would develop in the presence of TEADS, TPrADS, and TBADS but would
not in the presence of TPnADS.

Figure 5.2 shows the successive images of the side view of DCE|W interface after the DCE
solution of 20 mmol dm~= TEADS was contacted with the DCE saturated water in a glass
cuvette. The time elapsed after the contact for each image in Figure 5.2 is 0 (A), 2 (B), 5
(C), 10 (D), 20 (E), 40 (F), 60 (G), 120 (H), and 300 minutes (I). The contact of two liquids
immediately induced the convective motion in both bulk phases. The upper W phase and the

lower DCE phase gradually became clouded (Figures 5.2B to 5.2G). The cloud was due to the
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Figure 5.1: Cyclic voltammograms for the transfer of DS across the DCE|W interface when its
concentration in the W phases is 1 mmol dm~2 at the scan rate of 50 mV s~!. The DCE phase
contains 50 mmol dm =3 tetrapentylammonium tetraphenylborate and the W phase contains 100
mmol dm~! LiCl as the supporting electrolytes. Broken line was voltammogram suppressed
the irregularly current increase. A, B, C, and D show the locations of AY¢ in the presence of

TEADS, TPrADS, TBADS, and TPnADS.
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Figure 5.2: Spontaneous emulsification when the DCE solution of 20 mmol dm™3 TEADS

contacts with water at 0 (A), 2 (B), 5 (C), 10 (D), 20 (E), 40 (F), 60 (G), 120 (H), and 300

minutes (I).
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Figure 5.3: Spontaneous emulsification when the aqueous solution of 25 mmol dm~—3 TPrADS

contacts with DCE at 0 (A), 2 (B), 5 (C), 10 (D), 20 (E), 30 (F), 40 (G), 50 (H), and 60 minutes

(D).

dispersion into the bulk of the emulsion formed at the interface by the interfacial turbulence.
After one hour, the cloud became thinner (Figures 5.2G to 5.21). Eventually, the both phases
became transparent and the convective motion rested. In contrast, the emulsification and
interfacial convection were not observed when the aqueous solutions of 10 and 70 mmol dm—3

TEADS were contacted with DCE.

The contact of the DCE solution of 20 mmol dm~—2 TPrADS with water did not induce
the emulsification nor the visible motion of the interface. On the other hand, the contact of
the aqueous solution of 25 mmol dm~= TPrADS with the water saturated DCE induced the

emulsification. Figure 5.3 shows the images of the DCE|W interface in the presence of 25 mmol
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Figure 5.4: Spontaneous emulsification when the aqueous solution of 2.5 mmol dm—3 TBADS
contacts with DCE at 0 (A), 2 (B), 5 (C), 10 (D), 30 (E), 60 (F), 90 (G), 120 (H), and 180

minutes (I).

dm™3 TPrADS in the W phase taken at 0 (A), 2 (B), 5 (C), 10 (D), 20 (E), 30 (F), 40 (G), 50
(H), and 60 minutes (I) after the contact. The emulsion was formed in the upper W phase and
remained near the DCE|W interface in contrast with the emulsification induced TEADS. The
eruptive motion at the interface was occasionally observed (Figures 5.3H and 5.31) instead of

the continuous convection in the bulk phases.

The spontaneous emulsification was observed when the aqueous solution of TBADS with
DCE. Figure 5.4 shows the images of the DCE|W interface in the presence of 2.5 mmol dm™—>
TBADS in the W phase taken at 0 (A), 2 (B), 5 (C), 10 (D), 30 (E), 60 (F), 90 (G), 120 (H),

and 180 minutes (I) after the contact. The emulsion was formed in the upper W phase and
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the twitching motion at the interface was observed. After one hour, the emulsion disappeared

gradually. While the emulsification occured, the DCE phase remained clear.

The spontaneous emulsification was not observed when the DCE solution of 10 to 50 mmol
dm~3 TPnADS was contacted with the water saturated with DCE and when DCE was contacted

with the TPnADS saturated aqueous solution.

The fact that the spontaneous emulsification was observed at the DCE|W interface in the
presence of TEADS, TPrADS, and TBADS and not observed for TPnADS demonstrates that
the emergence of the EI is conditioned by A ¢. This demonstrates the controllability of the
spontaneous emulsification induced by a single ionic surfactant based on the EI. In a typical
ionic surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (Nat BEHSS™) which is known to
induce the spontaneous emulsification [9,12,43-45], the distribution potential created by the
distribution of Na®™ and BEHSS™ would be within the instability window that is determined
by the potential-dependent adsorption of bis(2-ethylhexyl)sulfosuccinate ion. This prediction is
supported by the observed value of E, 4 penss- was 0.12 V vs Eiq tea, the observed instability
window was located between 0.1 and 0.4 V vs E\iq rea When the concentration of BEHSS™ was

0.3 mmol dm™ (unpublished data), and the reported value of AJ ¢, is 0.59 V [46].

It seems necessary to distinguish two phenotypes of EI, the emulsification in one or both
phases and the oscillation of v and/or the movement of the interface. The spontaneous emulsi-
fication induced by TEADS was observed when the concentration of TEADS in the DCE phase
is higher than 4 mmol dm~3. When the concentration is lower than 4 mmol dm~3, the oscilla-
tion of v was observed at the drop-shaped interface. In producing mayonnaise, it is successful
only when sufficiently vigorous stirring is given to the mixture of egg yolk, vinegar, and oil. In
this analogy, it is expected that the greater the value of AGgisso1 the stronger the Marangoni
effect is to cause the emulsification. The only during force for the spontaneous emulsification
is the energy of the dissolution of the salt compared of an ionic surfactant and its counterion.

It is interesting to estimate semiquantitatively the dissolution energy in such cases.
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The distribution equilibrium of an ionic surfactant is described by

W W

AWge — AWge RT Iy CC+CA-
O ¥Yc+ O YA- F CO CO )
c+Ca-

(5.2)

where R, T, and F' are the gas constant, the temperature, and the Faraday constant, re-
spectively. cé» (t = W and O, j = C" and A7) is shown the concentration of ion j in the
phase 7. The values of the concentration ratio c‘év+cxv_ / (c&cg_) for TEADS, TPrADS, and
TBADS at equilibrium are 0.07, 3.4 x 107%, and 1.8 x 1079, respectively. Upon contact of
the two phases, the surfactant dissolved in one of the phases starts to dissolve into the other
phase. In this process the system may be under the non-equilibrium condition if the A¥ ¢
is within the instability window. The energy change for the dissolution of the surfactant (
AGgissot = RT In c‘é\ﬁcxv, — RTIn c\évf cxvf ), where the superscript © on ¢ indicates the value at
equilibrium, acts presumably as the driving force for the emulsification at the interface. The
fact that 4 mmol dm™3 is the threshold for the spontaneous emulsification by TEADS suggest
that AGgissol = 1.2 kJ mol~! is required for the present case of the area of the interfacel cm?.
It is important to note that during the transfer of the salt from one phase to the other AY ¢
is equal to (A\(’)V(b% ++ A\évgbi,) /2 under such a non-steady state, provided that C+ and A~
are the only charged components in both phases, when the interface is planar and the mean
transport of ions follows with the semi-infinite linear diffusion regime [47].

Figure 5.5 shows the time-dependence of v at the DCE|W interface when the water was
made contact with the DCE solutions of 2 mmol dm ™ TEADS (solid line) or TPrADS (broken
line). Dotted line shows the case when the aqueous solution of TPrADS with water saturated
DCE. ~v increases with time in the presence of the salts in the DCE phase. In the case of
TEADS, 7 almost reached the value for the neat DCE|W interface [35,48,49]. This reflects
that the volume of the DCE drop (about 30 mm?) is distinctly smaller than the volume of the
W phase (about 10* mm?)in this measurement.

Oscillation of v and AY ¢ at the dichloromethane |water interface due to the extraction
of TEADS and TPrADS has been reported [19]. In this work, the weak oscillation of v was

observed in the presence of TEADS. However, no oscillation was observed in the presence of
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t/s

Figure 5.5: Time-dependences of v after the water was made contact with the DCE solution

of 2 mmol dm™ TEADS (solid line) or TPrADS (broken line) and the pure DCE was made

contact with the aqueous solution of 2 mmol dm~3 TPrADS (dotted line).
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TPrADS.

5.4 Conclusion

The existence of TEADS TPrADS, TBADS brings the DCE|W interface unstable, because the
distribution potential enters in the instability window determined by the potential-dependent
adsorption of DS and the partition of its salts, TEADS and TPrADS. When the TEADS
transfers from DCE to W and when TPrADS and TBADS transfer from W to DCE, the
spontaneous emulsification occurs at the DCE|W interface. When the concentration of TEADS
is low, the oscillation of v at the DCE|W interface takes place. The EI emerges regardless of
the way of controlling the potential. The spontaneous emulsification due to the emergence of

the EI can be controlled by the selection of the counter ion in the ionic surfactant.
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Chapter 6

Adsorption characteristics of
aerophobic surfactants having a
charged hydrophobic part and an

uncharged hydrophilic part

Novel surface-active ions, (6-(methyl(2,3,4,5,6-pentahydroxyhexyl)amino)-6-oxohexyl)tripropyl-
phosphonium (G3P) and tributyl(6-(methyl(2,3,4,5,6-pentahydroxyhexyl)amino)-6-oxohexyl)-
phosphonium (G4P), having a quaternary phosphonium as a charged hydrophobic part and
a glucamide as an uncharged hydrophilic part, show adsorption characteristics distinctively
different from those of conventional ionic surfactant having a charged hydrophilic part and
an uncharged hydrophobic part. G3P and G4P, which are moderately hydrophobic, hardly
adsorb at the air|water interface, whereas do strongly at the oil|water interface. The depen-
dence of adsorption on the phase-boundary potential at the 1,2-dichloroethane (DCE)|water
interface makes a sharp contrast with that of conventional ionic surfactants in that G3P and
G4P strongly adsorb from the DCE side of the interface, whereas conventional ionic surfactants
strongly adsorb from the aqueous phase. The dependency of the adsorption of surface-active

ions on the phase-boundary potential at the liquid-liquid interface can be reversed by replac-
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ing the charged moiety in hydrophilic part with the charged hydrophobic part and nonpolar

uncharged part with hydrophilic charged part.
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Figure 6.1: Structures of G3P and G4P.

6.1 Introduction

Conventional surfactants show high affinity to both air|water and oil|water interfaces. We report
herein novel ionic surfactants that are almost aerophobic, showing little surface activity at the
air|water interface, but are highly surface active at the oil|water interface, as are conventional
surfactants. Novel surface-active ions we synthesized are (6-(methyl(2,3,4,5,6-pentahydroxy-
hexyl)amino)-6-oxohexyl)tripropylphosphonium (G3P) and tributyl(6-(methyl(2,3,4,5,6-penta-
hydroxyhexyl)amino)-6-oxohexyl)phosphonium (G4P), (Figure 6.1) having a charged hydropho-
bic part and an uncharged hydrophilic part. The uniqueness of these novel surfactants has been
quantitatively characterized by measuring the interfacial tension at the air|water, heptane|water,
and 1,2-dichloroethane (DCE)|water interfaces. The dependence of the surface activity of the
surfactants on the phase-boundary potential across the oil-water interface (A ¢) has also been
studied the case of the DCE|W interface.

The dependence of adsorption of surface-active ions on AY ¢ is of fundamental importance
in understanding the behavior of ionic surfactants at the liquid-liquid interface, in general [1],
and also from the viewpoint of the electrochemical instability [2]. The adsorption Gibbs energies

of surface-active ions from the water phase (W) and from the oil phase (O) depend on AY ¢.
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A simple model [1] to describe the linear dependence of the standard adsorption Gibbs energy

for an ion from one side of the interface, AGLy (a = W or O), is

AGYZ = NG, — 2F(1 - B) (AY ¢ — AY 6°) (6.1)
and
AGOZ = NGy, + 2FB (AY ¢ — AY 6°) (6.2)

where 2, 3, AY¢° and AG?,

-4s are the charge of the ion normalized to the electronic charge, the

coefficient which is independent of AY'¢ (0 < 8 < 1), the standard ion-transfer potential of the
ion, and the standard adsorption Gibbs energy at AY ¢°, respectively [1].

In the case of the adsorption of decylammonium and decylsulfate at the DCE|W interface [3],
(3 parameter of these ions are about 0.9. Electrocapillary curves of the DCE|W interface
recorded in the presence of bis-quaternary ammoniums [4] indicate that the ( values of the
ions are close to unity. These ions consist of a charged hydrophilic part and an uncharged
hydrophobic part. When these ions are adsorbed at the DCE|W interface, the charged parts
of these ions are likely to be located on the aqueous side of the interface. The values of
would reflect the positions of the charged parts of the surface-active ions at the liquid-liquid
interface. If so, the value of # may be altered by properly designing the structure of surface-
active ions. It is expected that G3P and G4P could have (3 values significantly different from
those of conventional ionic surfactants.

In this chapter, the author describes the adsorption properties of G3P and G4P at the

air|water, the heptane|W, and the DCE|W interfaces.

6.2 Experimental

6.2.1 Chemicals.

6-Bromo- N-methyl-N-(2,3,4,5,6-pentahydroxyhexyl) hexanamide (G6Br) was synthesized using

a mixed anhydride reaction from N-methyl-D-glucamine and 6-bromohexanoic acid with ethyl
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chloroformate [5]. 6-Bromohexanoic acid (Aldrich) 30 g (0.152 mol) was added to a 200 ml
of diethylether containing 15 ml pyridine. Ethyl chloroformate 20.6 g (0.19 mol) was added
in the diethylether solution on ice. The mixture was then filtrated into a A solution of 30.9 g
(0.158 mol) of N-methyl-D-glucamine (Acros) in 250 ml of methanol with a glass filter. The
filter cake was washed twice with 50 ml of diethylether. The mixture was retained at 50 "C
for 150 min. The solvent was removed from the mixture with a rotary evaporator under the
reduced pressure. The residue was washed with 50 ml of diethylether three times and then
washed with 50 ml of hexane three times. The product was dissolved into water, and extracted

with dichloromethane. The evaporation of dichloromethane from the extract gave a white waxy

solid (G6Br) with the yield of 18 g (32%) .

The reaction of G6Br(0.94 g, 2.5 mmol) with tripropylphosphine (0.5 ml, 2.5 mmol) was
carried out in 12 ml of 2-butanol by reflux for 13 h under nitrogen atmosphere. 2-Butanol
was removed from the reaction mixture, and then the mixture was washed with hexane. The
product was purified by HPLC similarly. The obtained bromide salt was viscous liquid. HRMS
(FAB+) 452.3125, CyoHy7O6NP requires 452.3136, deviation 2.4 ppm. (6-(methyl(2,3,4,5,6-
pentahydroxyhexyl)amino)-6-oxohexyl)tripropylphosphonium chloride (G3PCl) was obtained

from the ion exchange of Br~ to CI~ by Amberlite resin (IRA-900, Organo) in methanol.

The reaction of G6Br (2.9 g, 7.7 mmol) with tributylphosphine (2.0 ml, 8.0 mmol, Wako)
was carried out in 35 ml of 2-butanol by reflux for 13 h under nitrogen atmosphere. The
product was purified with HPLC using an aminopropyl silica column (Unison UK-Amino,
Imtakt) eluting with acetonitrile / 60 mM NH4CO;3; aq = 40/3. The obtained bromide salt
was viscous liquid. HRMS (FAB+) 494.3628, CosH5306NP requires 494.3605, deviation 4.7
ppm. Tributyl(6-(methyl(2,3,4,5,6-pentahydroxyhexyl)amino)-6-oxohexyl)phosphonium chlo-
ride (G4PCl) was obtained from the ion exchange of Br~ to Cl~ by methathesis with silver

chloride in aqueous solution.
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6.2.2 Interfacial tension measurements.

Water was purified with a Milli-Q system (Milli-Q Gradient, Millipore). DCE was washed
with concentrated sulfuric acid, water, an aqueous solution of NayCO3, and water, successively.
After being dried with CaCl,, the DCE was distilled and washed with water three times before
use. Heptane was washed with water four times before use. Tetrapentylammonium tetrakis-
3,5-bis(trifluoromethyl)phenyl]borate (TPnATFPB) was synthesized as described elsewhere [6].
Tetrapentylammonium chloride (TPnACI), MgCl,, and LiCl were all reagent grades and used
without further purification.

The electrochemical cell employed in the present study is

100 mM LiCl
5 mM TPnACl| 50 mM
Ag | AgCl b G3PClor | AgCL| Ag  (I)
10 mM MgCl, | TPnATFPB
ceipey G4PCl

Wiet DCE W

where M stands for mol dm~2 and W, designates the aqueous phase for the reference of the
potential in the DCE phase. The bulk concentrations of G4PCl and G3PCl in the W phase are
represented by C}(D”‘;X\P[’Cl and cgg}[,m, respectively. The potential of the right-hand-side terminal
with respect to the left is hereafter denoted as E. The current (I) due to the flow of the positive
charge from W to DCE was taken to be positive. A four-electrode potentiostat equipped with
a positive-feedback circuit (HA10100mM1A, Hokuto Denko, Japan) was used to control the
phase-boundary potential across the DCE|W interface.

A pendant drop method was employed to measure the interfacial tension (7). A homemade
program was used for synchronised recording of video images of a drop and I. The detail of the

apparatus has been described elsewhere [3]. All the measurements were made at 25.0+£0.1 °C.

6.3 Results and discussion

Figure 6.2 shows 7 at the interface between the aqueous solutions of G3PCI (triangles) or

G4PCIl (circles) and the air. The open square in Figure 6.2 indicates v at the neat water|air
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Figure 6.2: Surface tension of the aqueous solution of G3PCI (triangles) and G4PCI (circles)

at 25 “C. The surface tension at pure water is shown in open square.
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Figure 6.3: Interfacial tension at the heptane|W interface in the presence of G3PCI (triangles)

and G4PCI (circles) in W at 25 “C. Open square shows 7 at the pure heptane|water interface.

interface of 73.1 & 0.3 mN m™! (literature value 72.1 & 0.3 [7], 72.00 & 0.07 [8] mN m™!).
In present experimental conditions employed, the adsorption of G3P at the air|W interface
was not observed up to 5 mmol dm~3. This indicates that G3P has little surface activity at
the air|W interface and may hence be called aerophobic. Adsorption of G4P at the air|W
interface was observed when CE’XYDCI > 1 mmol dm™3. However, the surface activity of G4P at
the air|W interface is much weaker than that of a typical cationic surfactant, decylammonium
chloride, because the drop of v at the air|W interface at CE’LZCI = 10 mmol dm ™2 is smaller than
that reported in the presence of decylammonium chloride at the same concentration (v = 64
mN m~') [9]. The critical micelle concentration (CMC) of G4PCl was not observed in this
concentration region by v measurements up to 18 mmol dm—3, whereas decylammonium has
the CMC at 67 mmol dm 3.

Figure 6.3 shows 7 at the heptane|W interface in the presence of G3PCI (triangles) and

G4PCIl (circles) in W. The open squares in Figure 6.3 indicate v of 50.7 + 0.5 mN m™! at
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the pure heptane|pure water interface (literature value 50.2 mN m~! [10]). The v at the
heptane|W interface decreases with the increase in CE}’:\;}YD@ and cé’}l\écy The adsorption of G3P
at the heptane|W interface was discernible when c]é’g}/,m > 0.1 mmol dm~3. Therefore, G3P
does adsorb at the heptane|W interface, unlike the case at the air|W interface. The adsorption
of G4P at the heptane|W interface is also stronger than that at the air| W interface. The critical
concentration for the formation of micelles or aggregates was not observed for both G3P and

G4P in the concentration range studied.

Generally, zwitterionic surfactants and conventional ionic surfactants having a charged hy-
drophilic part and an uncharged hydrophobic part are adsorbed both at the air|W interface
and at the alkane|W interface [9,11-15]. On the other hand, G3P and G4P are unique in
that the adsorption of the ions at the air|W interface is much weaker than that at the oil|W
interface. This interesting feature of G3P and G4P is probably ascribed to the fact that the
hydrophobic part is also aerophobic because of its charge. In the adsorption of conventional
ionic surfactants at the air|W interface, the hydrophobic moiety, such as a long-chain alkyl
group, is protruded in the air. In the case of G3P, the hydrophobic moiety is charged and it is

energetically unfavoured to be in the air.

Figure 6.4 shows the voltammograms for the transfer of G3P (solid line) and G4P (broken
line) across the drop shaped DCE|W interface at the scan rate (v) of 10 mV s™'. The dotted
line in Figure 6.4 shows the voltammogram recorded in the absence of the surface-active ions.
The mid-point potentials (Eyq) determined from the voltammograms are 455 mV for G3P
and 360 mV for G4P. Under the same cell configuration, F,;q values of tetraethylammonium
and decylammonium were observed 300 mV and 395 mV, respectively. FE,;q values of G3P
and G4P suggest that the hydrophobic-lipophilic balance of G3P and G4P is close to that of
decylammonium. Although the total carbon number of G3P and G4P are large (22 for G3P
and 25 for G4P), these ions are moderately hydrophilic owing to five hydroxyl groups in G3P
and G4P. From a comparison with the transfer Gibbs energies of tetraalkylammoniums [16,17],

the estimated effect of the addition of a hydroxyl group into an ion on its transfer Gibbs energy
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Figure 6.4: Cyclic voltammograms for the transfer of G3P (solid line) and G4P (broken line)
across the drop-shaped DCE|W interface at 10 mV s™!, when CE’X}/)CI and cg’g,m are 100 pmol

dm=3. The dotted line shows the voltammogram in the absence of the surfactant.
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is -12 kJ mol~1.

Usually, the spherical shape of the interface on the DCE drop (the equatorial diameter of 3
mm) decreases the threshold concentration for the appearance of the electrochemical instability
on voltammograms [3]. However, the transfer of G3P and G4P across the interface does not
induce the irregular increased current due to the electrochemical instability [18-23] nor the

irregular motion of the drop [3].

It is clearly seen that the electrocapillary curves at the DCE|W interface is shown in Figure
6.5 when ckc’;?%m =0 (1), 5 (2), 10 (3), 21 (4), 27 (5), 41 (6), 50 (7), 60 (8), 79 (9), 102
(10), 150 (11), and 200 gmol dm~ (12) at v = 10 mV s~. ~ decreased with ciype. The
adsorptivity of G3P at the DCE|W interface, where v decreases even at cg?\gm =5 pmol dm ™3,
is thus stronger than that at the air|W interface, where v does not decrease at c'g;v)c] = 5 mmol
dm™3. G3P is adsorbed at the DCE|W interface in the entire range of E. The adsorption of
G3P in the positive branch (A% ¢ > 400 mV) is stronger than that in the negative branch
(A% ¢ < 400 mV). This potential-dependence is distinctly different from that of conventional
cationic surfactants [3]. The maximum depression of v showing the maximum adsorption of
G3P occurs around E = 500 mV, which is more negative than Epqasp (455 mV).

Figure 6.6 shows the electrocapillary curves recorded in the presence of G4P at CE’X\F’,@ =

0 (1), 10 (2), 20 (3), 40 (4), 50 (5), 60 (6), 80 (7), 100 (8), 150 (9), 200 (10), and 250 pmol
dm™ (11). G4P is adsorbed at the DCE|W interface in whole potential region. The maximum

adsorption appeared around 400 mV is more negative than Eyqcsp (360 mV).

The electrocapillary curves have a positive curvature around 400 mV. In this region, the
interface should be under the electrochemical instability [2], as are the cases of conventional
ionic surfactants [3,18-23] However, neither convective motion of the liquid nor vibration of
the pendant drop was observed in recording electrocapillary curves. G4P appears to have
little ability to induce the macroscopically observable convective motion in the vicinity of the
interface. The Marangoni convection is caused by the regional heterogeneity of v. G3P and

G4P adsorption at the DCE|W interface is seen in the entire range of E. It is therefore likely
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Figure 6.5: Electrocapillary curves at DCE|W interface recorded in the presence of G3PCI at
v=10mV s7!, v = 0 (1), 5 (2), 10 (3), 21 (4), 27 (5), 41 (6), 50 (7), 60 (8), 79 (9), 102

(10), 150 (11), and 200 (12) pmol dm~3. Vertical bars show the 90% confidence interval for 10

independent measurements.
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Figure 6.6: Electrocapillary curves at DCE|W interface recorded in the presence of G4PCI at
v =10 mV s!, b = 0 (1), 10 (2), 20 (3), 40 (4), 50 (5), 60 (6), 80 (7), 100 (8), 150

(9), 200 (10), and 250 (11) gmol dm—3. Vertical bars show the 90% confidence interval for 8

independent measurements.
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Figure 6.7: Voltammogram for the transfer of G3P across the DCE|W interface modified with
0.7 pmol dm=> D3815 at v = 50 mV s, ciapey = 1 mmol dm™ and simultaneously recorded
fluorescent image of the interface. The alphabetic labels in the images correspond to that in

the voltammogram.

that the difference in v values in the unstable and stable regions is not large enough to induce

a macroscopic movement of the interface.

Direct observation of the liquid|liquid interface by using confocal fluorescence microscopy
(CFM) is useful to determine the potential region where the electrochemical instability emerges
(instability window) [23]. Voltammograms for the transfers of G3P and G4P at v = 50 mV
s7! and ¢®V = 1 mmol dm~3. CFM images of the interface which is modified with fluorescent
phospholipid (D3815, Molecular Probes) are shown in Figures 6.7 and 6.8, respectively. The

CFM images are simultaneously recorded with voltammogram, and the alphabetic labels in
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Figure 6.8: Voltammogram for the transfer of G4P across the DCE|W interface modified with
0.7 pmol dm= D3815 at v = 50 mV s, cyjhey = 1 mmol dm™ and simultaneously recorded
fluorescent image of the interface. The alphabetic labels in the images correspond to that in

the voltammogram.
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Figure 6.9: Potential dependence of surface excess of G3P (broken line) and G4P (solid line)
at 60 ymol dm~3. The dotted line represents the region where the interface is possibly under

the electrochemical instability.

images correspond to the alphabetic labels in voltammograms. In the presence of G3P, the
dark domains appeared in the region 500 mV < E in the forward scan (images B and C in
Figure 6.7). In the presence of G4P, the dark domains appeared in the region 350 mV >
E in the forward scan (images B to E in Figure 6.8). The positive ends of the instability
windows were not observed. The CFM observation demonstrates that the transfers of G3P
and G4P do induce the heterogeneity of the interface, a characteristic phenotype of the EL.
The macroscopically convective motion at the interface was not observed even in this relatively
higher concentration of the surfactants.

The surface excesses (I") of G3P and G4P at a given value of E were evaluated from the
data in Figures 6.5 and 6.6. The values of I' in Figure 6.9 were obtained using a weighted

seven-point moving average method of v vs. In cl?”w. The potential dependence of I' of G3P

and G4P at the concentrations of 60 gumol dm ™ are shown as the broken and the solid lines in
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Figure 6.10: Potential dependence of AG,”° of decylammonium (circles), G3P (squares), and

G4P (triangles) at DCE|W interface.

Figure 6.9, respectively. The dotted part in solid line indicates the data taken in the potential
range where electrocapillary curves show a positive curvature and the interface is possibly under

the electrochemical instability. The maxima of I" for G3P and G4P exist at 490 mV and 400

mV, respectively.

The values of AGZX’: were estimated from the fitting of the Langmuir isotherm to the
dependence of v on ¢"W [3]. The fitting was made in the potential region where G3P and G4P
are mainly distributed in the W phase and the transfer of surface-active ions into the pendant

drop does not accumulated within the drop to a saturated concentration.

W e

s of decylammonium (circles), G3P

Figure 6.10 shows the potential-dependence of AG
(squares), and G4P (triangles), which were derived from fitting v values at a given potential
to the Langmuir isotherm, assuming that the maximum adsorption is 8.5 x 107% mol m=2 .

Linear relationships between AGZX’: of G3P and G4P and F are observed. The straight lines

in Figure 6.10 show linear regression line for each data. The slopes of the regression lines are
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—15 kJ mol™ V! for G3P and —24 kJ mol~! V! for G4P. The values are smaller than that
for decylammonium of —10 kJ mol~! V~!. The corresponding 3 values for G3P and G4P are

0.85 and 0.75, respectively, smaller than ( of 0.9 for decylammonium.

6.4 Conclusion

Novel surface-active ions, G3P and G4P, having a charged hydrophobic part and an uncharged
hydrophilic part demonstrate unique features of adsorption. G3P and G4P are aerophobic
surfactants, that is, they are adsorbed at the liquid-liquid interface but hardly adsorbed at
the air|water interface. They are adsorbed at the liquid-liquid interface on the positive side of
the mid-point potential of the respective ion. These features are distinctly different from con-
ventional surface-active ions having a charged hydrophilic part and an uncharged hydrophobic
part. G3P and G4P do not induce macroscopically appreciable interfacial turbulence under the
electrochemically unstable condition, although the development of microscopic heterogeneity
forming the domains of submillimeter size was confirmed with fluorescence microscopy. The /3

parameters of novel ions are smaller than 3 of the regular surface-active ions.
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Chapter 7

Conclusions

Any interface is inevitably charged unless it is fortuitously or artificially made to zero. The
electrical potential across the liquid-liquid interface, AY ¢, is a quantity of fundamental impor-
tance in studying as well as utilising two-phase systems of any kind. Electrochemistry is hence
a useful tool to study interfacial phenomena at the liquid-liquid and solid-liquid interfaces.
The present study clarified the relation between the unstable phenomena at the liquid-liquid
interface and improved the model of electrochemical instability. However, many problems still
remain unsolved. In this chapter, the current understanding about the unstable phenomena at
the liquid-liquid interface based on this work is summarized and the remaining problems in the

more than century-old research area are discussed.

7.1 Unstable phenomena at the liquid-liquid interface
from viewpoint of the electrochemical instability

As already mentioned, spontaneous emulsification is a well-known phenomenon that is in useful
industrial, agricultural, and medical applications [1-4]. In chapter 5, the author has shown the
importance of AY ¢ in the spontaneous emulsification induced by ionic surfactants. When the
spontaneous emulsification occurs, AY¢ is kept in the potential region (instability window)

where the interface is under the electrochemical instability. The instability window is deter-
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mined by the standard ion-transfer potential (A% ¢°), the standard adsorption Gibbs energy

(AG®

ads

), the potential-dependency of the adsorption Gibbs energy (), and the concentrations
of coexisting electrolytes (Chapter 1). Spontaneous emulsification can be controlled by the ad-

justment of Ay ¢°, AG?

-4s> and 3 of the surface-active ion and by the selection of the counterion

and the concentrations of the surfactant salt and of indifferent electrolyte in the system.

The oscillation of v at DCE|W interface in the presence of tetraethylammonium dodecyl
sulfate (Chapter 6) shows that the electrochemical instability is able to explain some oscillation
phenomena at the liquid-liquid interface in the presence of ionic surfactants. However, many
researchers have reported the oscillation not only v but also AY'¢ [5-12]. The comparison
of the current system with such studies is necessary to understand the oscillation phenomena

based on the electrochemical instability.

The features of the polarographic maxima are very similar to those of the irregularly
increased current on voltammograms of ion-transfer across the liquid-liquid interface when
the electrochemical instability occurs. Many mechanisms, such as the adsorption of depolar-
izer [13,14] and the streaming of the interface due to the heterogeneous surface potential or
flow of mercury [15,16], were proposed to explain the polarographic maxima. However, these
mechanisms are not able to explain why the polarographic maxima appear in a certain poten-
tial region near the half-wave potential. The electrochemical instability clearly explains why
the phenomena appear in certain potential region. At the moment, the interplay of potential-
dependent adsorption and redox equilibrium of redox active species at the electrode surface has
not been formulated. However, the phenomena should be described in the same way as the
potential-dependent adsorption and partition of surface-active ions at the liquid-liquid inter-
face. The quantitative understanding of polarographic maxima based on the electrochemical
instability requires such a formulation and reliable data of the potential dependence of the

adsorption Gibbs energy of the redox active species at the mercury surface.
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7.2 Remaining problems and scope for future studies

Although many types of unstable phenomena at the liquid-liquid interface have been reported,
the potential-dependence of the adsorption of surface-active ions has been quantitatively deter-
mined only for few species [17]. The determination of the potential-dependent adsorption for
many more ions is necessary to get deeper understanding about the unstable phenomena; for
example the potential dependent adsorption is important for the understanding of the surface
active species employed in the digestive process such as bile salts [18] and the membrane active
species such as melittin [19]. Moreover, the liquid-liquid interface seems to the most simple
model of bilayer membrane. The stability of bilayer membranes like vesicles is highly affected
by surfactant. The electrochemical instability should play an important role in this unstable
phenomena at the bilayer membrane such as the fusion of membranes and the formation of

pores.

We avoided discussing the interfacial tension at the interface which is under the electro-
chemically unstable condition. When the electrochemical instability emerges at the liquid-
liquid interface, the interface does not disappear [17,20-25] , and the interfacial tension is
still measurable [17,22,23]. The meaning of the interfacial tension when the interface is un-
der the electrochemically unstable condition is difficult to define but an interesting problem in
technological viewpoints.

In this study, the author clarified the heterogeneity of the interface under the electrochemi-
cally unstable condition. However, the microscopic details of the emergence of the electrochem-
ical instability remain unclear. In addition, the accurate detection of the instability window can
allow the recognition of the surface-activity of ionic surfactants based on the electrochemical
instability.

The model of the electrochemical instability has been improved in this study. However,
many assumptions, whose validity has yet to be confirmed, are employed in the improved
model. The clarification of the fine details of the potential-dependent adsorption of ions at the

liquid-liquid interface and the determination of the structure of the interface are necessary to
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analyze the electrochemical instability more quantitatively and realistically.
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