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Based on the hypothesis that cyclic voltammetry applied to the interface formed by two immiscible
electrolyte solutions can be used for determining critical micellar concentrations (cmc) of charged sur-
factants provided they exhibit ion transfer currents, we have carried out the study of three perfluorinated
acids (perfluoroctanoic acid, PFO, perfluorononanoic acid, PFN, and perfluorodecanoic acid, PFD), dis-
solved in the aqueous phase. Cyclic voltammetry at the water/1,2-dichloroethane interface as well as
fluorescence and surface pressure measurements, have been employed for cmc determinations and
comparison. From the variation of voltammetric parameters on surfactant concentration it was possible
to determine the cmc for these surfactants, obtaining good agreements with other methodologies.
Impedance spectroscopy experiments have been also carried out to characterize the properties of the
interface, demonstrating that at high surfactant concentration values, a monolayer with different do-
mains is formed.
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1. Introduction

Due to the wide range of applications related with surfactant
adsorption at different interfaces, the critical micellar concentra-
tion (cmc) is the simplest and one of the more important param-
eters for the characterization of colloid and surface properties of
surfactant species, which also determines its industrial usefulness,
such as foaming, wetting, emulsification and solute solubilization
[1].

Several experimental methods for the determination of cmc of
surface-active agents have been developed, all of them based on the
discontinuity or inflection point in a measurable physical property
of the solution as the surfactant concentration is increased [2—5].

Electrochemical techniques at solid/liquid interfaces have been
successfully used for studying different properties of these orga-
nized structures, such as diffusion coefficients, micellar hydrody-
namic radius, cmc [6—8], aggregation number of reverse micelles,
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amount of micelles forming droplet clusters and standard electron
transfer heterogeneous rate constants [9]. Electrochemistry at
liquid/liquid interfaces, formed between two immiscible electrolyte
solutions, has also been employed for studying the interfacial
behavior of different surfactants. Special interest has been paid to
the study of the adsorption of phospholipids and ion transfer across
these monolayers [10—16]; the effect of surfactants on fusion of
emulsion particles to the interface [17]; as well as the transfer of
cationic surfactants, employed as template species for the genera-
tion of mesoporous silica deposits [18—22], and the use of micelles
for the amperometric detection of proteins at liquid/liquid in-
terfaces [23].

Fluorinated surfactants have been extensively used in different
industrial applications due to their unique properties such as their
higher surface activity and stability compared to the corresponding
hydrocarbon compounds. Motivated by these unique properties of
perfluorinated surfactants, numerous investigations have focused
on the study of their adsorption at different interfaces [24], and the
micellar systems formed by these species [25,26] or by their mix-
tures with hydrocarbon surfactants [27].

The aim of the present paper is to study the transfer of per-
fluorinated acids trough a polarized water/1,2-dichloroethane and
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to demonstrate that the variation of voltammetric parameters with
surfactant concentration in combination with impedance spec-
troscopy experiments provide useful information related to the
interfacial and micelar properties.

2. Experimental
2.1. Materials and electrochemical cell

A four-electrodes system employing a conventional glass cell of
0.17 cm? interfacial area was used for the electrochemical mea-
surements. The reference electrodes were Ag/AgCl and two plat-
inum wires were used as counter electrodes. The reference
electrode corresponding to the organic phase was immersed in an
aqueous solution composed of 10.00 mM tetrapentylammoniun
bromide (TPnABr, Sigma-Aldrich) and 10.00 mM LiCl. All potential
values (E) reported in this work are those which include A¢°tr_ TPRA+
for the transfer of TPnA™ as reference ion.

The base electrolytes solutions were 10.00 mM LiCl (p.a. grade)
in ultra-pure water and 10.00 mM tetrapentylammonium tetrakis
(4-chlorophenyl) borate (TPnATCIPB) in 1,2-dichloroethane (DCE,
Dorwill p.a.). TPnATCIPB was prepared by metathesis of TPnABr and
potassium tetrakis (4-chlorophenyl) borate (KTCIPB, Sigma -
Aldrich p.a.).

The surfactants perfluorooctanoic acid (PFO), perfluorononaic
acid (PFN) and perfluorodecanoic acid (PFD) were purchased from
Sigma — Aldrich and employed without further purification (purity:
98%). These acids were added to the aqueous phase in a concen-
tration range from 0.05mM to 3.00 mM. All experiments were
carried out at pH = 6.00, at this pH value, the three surfactants are
completely ionized in water, in their anionic form with their polar
head group negatively charged.

In this way, the electrochemical cell employed was as follows:

2.3. Surface pressure - molecular area isotherms and surface
pressure — concentration curves

A mini-trough II from KSV Instruments Ltd. (Helsinki, Finland)
was used to obtain the surface pressure - molecular area isotherms
for the three surfactants analyzed. The surface tension was measure
using the Wilhelmy plate method with a platinum plate.

The aqueous subphase was 10.00 mM LiCl placed in a Teflon
trough (364 mm x 75 mm effective film area). For the compression
experiments (surface pressure vs molecular area isotherms), 100 puL
of 0,70 mM PFO, PFN or PFD solutions in 1:2 methanol:choloform
were spread at the air/water interface employing a Hamilton
micro-syringe. Before spreading these solutions, the subphase
surface was cleaned by sweeping it with the Delrin barriers and
then any surface contaminant was removed by suction from the
interface. The cleaning of the surface was checked by recording an
isotherm in the absence of the surfactants and verifying a surface
pressure value lower than 0.20 mN m~'. After spreading, the sol-
vent was allowed to evaporate by 10 min, and then the film was
compressed with two barriers at a compression speed of
5 mm min~, while the automatic measurement of the lateral sur-
face pressure (1) was carried out.

For analyzing the variation of surface pressure with surfactant
concentration, successive volumes of 5 puL of 0.100 M PFO, PFN or
PFD aqueous solutions were injected to a 10.00 mM LiCl subphase,
contained in a cell with a constant surface area equal to 3.94 cm?,
while the stationary surface pressure value was recorded for each
concentration. In this way, surfactant concentration values within
the range 1.00—4.00 mM were attained.

2.4. Fluorescence measurements

Fluorescence experiments were carried out employing 8-
anilinonaphthalene-1-sulfonate (ANS) as fluorescence probe at

TPnABr | TPnATCIPB LiCl
Ag | AgCl AgCl | Ag
10.00mM | 10.00 mM 10.00 mM
W) (0) (W)
PFO, PFN or
PFD
0.05-3.00 mM

2.2. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) experiments

A four-electrode potentiostat with periodic current interruption
for automatic elimination of solution resistance was used for CV
experiments. The potential was changed from 0.150V to 0.900V
with a waveform generator (Hi-Teck Instruments). Voltammograms
were recorded employing a 10 bit computer board acquisition card
connected to a personal computer. The voltammograms were ob-
tained with typical errors of +10% in current values.

EIS experiments were carried out employing an electrochemical
analyzer CHI C700. The data acquisition and processing were made
with ZPlot/Zview (Scribner Associates Inc.) program. The frequency
range was 0.1-2000 Hz, the amplitude of the ac perturbation was
10 mV and different constant dc potential, E, were applied.

Capacitance (C) vs E curves were also recorded at the frequency
value corresponding to the maximum of Bode plots (phase angle vs
frequency).

constant concentration equal to 0.14 mM. The variation of fluores-
cence intensity (F) as a function of surfactants concentration was
analyzed within the range 1.00 mM < Cgyrfactant < 3.00 mM.

ANS emission spectra and fluorescence emission intensities at
A=475nm were recorded employing a Perkin Elmer LS 55 fluo-
rescence spectrophotometer by exciting at 370 nm.

2.5. Determination of aggregation numbers

The aggregation numbers of the perfluorinated surfactants were
determined by quenching of the fluorescence of Pyrene. The mea-
surements were performed with a Perkin Elmer LS 55 fluorescence
spectrophotometer using a 1 cm optical path length quartz cuvette.
The concentration of the probe (Pyrene, Fluka 98%) was maintained
constant (Cpyrene = 2.0 uM) whereas the quencher concentration
was varied from 50.0 to 600.0 uM (quencher: cetylpyridinium
bromide, Aldrich 98%), maintaining a constant concentration of the
perfluorinated surfactant above their cmc. Pyrene is hardly soluble
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in water, for this reason the stock solution of this probe was pre-
pared in methanol, so that, the final pyrene solutions contained
methanol at 0.4vol %. Before the determinations, the solutions
were shaken for 24 h at 25°C in a thermostated bath to attain
solubilization equilibrium. Pyrene was excited at 335 nm and the
bandwidths of the excitation and fluorescence slides were both set
as 3.0 nm. The measurements were carried out at (25.0 +0.1) °C.

3. Results and discussion

3.1. Critical micellar concentration (cmc) determined by cyclic
voltammetry

Fig. 1 shows the voltammograms obtained for the anionic form
of the three fluorinated surfactants analyzed in the present paper,
PFO~, PFN~, PFD . These anions are transferred from the aqueous to
the organic phase, during the negative potential scan, at potential
values Ep(—)=0.410, 0.425 and 0.475V respectively. The gradual
shift of peak potentials towards negative values as the chain length
decreases is due to decrease in the hydrophobicity. For the three
anions, peak current values are proportional to square root of scan
rate, while peak potentials and AEp =Ep(+) — Ep(-), equal to
0.060V, are constant within the whole scan rates range analyzed.
These results allow concluding that the transfer of the three anions
is reversible and diffusion controlled.

Fig. 2 shows the voltammograms obtained when PFN™ is pre-
sent in aqueous phase at different concentrations. A single peak
system is observed at low concentrations of surfactant (Fig. 2a).
Under these conditions a linear relationship between peak current
and anion concentration was obtained and, from the slope of this
plot the diffusion coefficient of PFN™~ in aqueous phase was deter-
mined. Similar behaviors were observed for PFO~ and PFD™ and the
diffusion coefficient values calculated are listed in Table 1 for the
three anions. As the concentration increases, a second peak system
is evident at more negative potential values, as can be noted in
Fig. 2 b) — d). Also in this case a linear relationship of peak current
with square root of scan rate and with surfactant concentration (not
shown) was observed. Three different processes could be respon-
sible for this second peak: 1) the facilitated transfer of TPnA™

----PFD

" 1 " 1
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E/V

Fig. 1. Cyclic voltammograms for PFO™ (—), PFN™ (- + —) and PFD~ (- -+ —) transfer at
the water/1,2-dichloroethane interface. Aqueous phase composition: 0.25 mM per-
fluorinated acid +10.00 mM LiCl. Organic phase composition: 10.00 mM TPnATCIPhB.
v=0.050Vs.

cations present in the organic phase, by interfacial ionic pair for-
mation with the negatively charged surfactants present in the
aqueous phase, 2) the transfer of pre-micellar structures, whose
formation is favored at high surfactant concentrations, occurring at
more negative transfer potential compared to that corresponding
to the monomeric form of the surfactant; this fact can be explained
taking into account that the association of two or three surfactant
molecules leads to a more hydrophilic species due to the higher
negative charge on the aggregates, provided by the polar head
groups, and also by the fact that hydrophobic chains remain hidden
from the aqueous medium; 3) considering that the increasing
surfactant concentration leads to the adsorption of these molecules
at the interface, the second peak could be due to desorption of
surfactant molecules from the interface to the organic phase. In
order to determine which of both processes corresponds to the
second peak, the surface pressure, in the presence of a surfactant
concentration equal to 0.50 mM, was recorded, before and after
applying a potential step at E=0.250V during 30s. At this con-
centration value, the second process is evident and, in the case that
desorption process would be occurring, important changes in sur-
face pressure values should be observed after a potential step at
E=0.250V. Fig. 3 shows the changes in surface pressure (AT =1 -
Tinitial, Where Tinitial correspond to the initial surface pressure
before any perturbation while 7 is the pressure recorded during or
after the perturbation) obtained before, during and after the step at
E=0.250V (full line). It is worth noting that the initial potential,
before the application of the step, was the equilibrium open circuit
potential. The response observed in the absence of the surfactant
(dashed line) is also included for comparison. The ascending arrows
indicate the beginning of the potential step and the descending
arrows the end of the step. As can be noted, there is no a significant
decrease in the pressure during the potential step as might be ex-
pected if a desorption process was occurring under these polari-
zation conditions. The decrease in pressure observed after the step,
corresponding to barely 0.06 mN m~!, both in the absence and in
the presence of the surfactant, may be due to interface rearrange-
ment. Besides, the linear dependence of current peak with v'/2
observed for the second process (not shown) indicates a diffusion
controlled transfer reaction. These both evidences could be con-
firming that the second peak corresponds to the transfer of pre-
micellar species or to the ionic pair formation between
TPnA+ cations and perfluorinated anions and could allow to
discard the possibility of desorption of surfactant molecules from
the interface to the organic phase.

If PFN~ concentration continues to increase, and values equal to
or greater than 2.24 mM are reached, a sudden change in the shape
of the voltammogram occurs as can be observed in Fig. 4. The
normalization of the current by the concentration values allows to
better clarifying the effect of increasing the surfactant concentra-
tion. A sharp increase in the negative current along with a sta-
tionary shape response, at low scan rate, is evident for these high
concentrations. This sudden change in voltammetric response is
assigned to the micelle formation. On one hand the sharp increase
in current is due to the increase in the negative charge of the
transferred species and, on the other hand, the stationary current
observed at low scan rates can be explained considering that an
important amount of surfactants molecules are adsorbed at the
interface. At this point, it is worthwhile to remark that ion transfer
processes on modified interfaces, by surfactants adsorption, can
take place in different ways [28]. On homogeneous films, ion
transfer across the film is possible by permeation, and kinetic
control will appear in the electrochemical process. If the distribu-
tion of adsorbing molecules is not uniform, with blocked and bare
domains (pinholes), the ion transfer can occur both, by the above
mechanism and through clean surface spots. In the last case, the
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Fig. 2. Cyclic voltammograms for PFN~ transfer at the water/1,2-dichloroethane interface. Aqueous phase composition: 10.00 mM LiCl + PFN at different concentrations: A)
0.05 mM, B) 0.32 mM, C) 0.74 mM and D) 0.95 mM. Organic phase composition: 10.00 mM TPnATCIPhB. v = 0.010, 0.025, 0.050, 0.075, 0.100, 0.150 and 0.200 Vs,

Table 1
Diffusion coefficient (D) for the surfactants studied (PFO~, PEN~ and PFD") at
monomeric and micellar forms.

Diffusion coefficient (Djcm?.s~)

Monomeric surfactants Micelles
PFO 1.44.107° 2,4.10°
PFN 1.29.10°° 4,46 .10
PFD 1.19.107> 7,76.107°

voltammetric response depends on size, distribution and number
of pinholes and on the time scale of the experiment, as stated by the
theoretical models for diffusion behavior at microelectrode as-
semblies [29—31]: at high scan rates, when the microhole diameter,
¢, is higher than the diffusion layer thickness, 4, a semi infinite
linear diffusion should occur and the typical peaked shape vol-
tammogram should be observed. As scan rate decreases and ¢ is
large compared to ¢, but small compared to the distance d between
two adjacent microholes, spherical diffusion to individual pinholes
occurs and a stationary shape voltammogram should be observed.

The steady - state wave response observed for PFN™ at low
sweep rates during the negative sweep rate, evidences a spherical
diffusion process. This result would be demonstrating the presence
of uncovered microholes at the interface, where the PFN™ transfer
process takes place. The peaked shape of the process observed
during the reverse scan and the lower peak current values
compared to those of forward process could be explained consid-
ering that micelles are disaggregated in the organic phase and the
monomeric species, or other structures of surfactant are transferred
to the aqueous phase at the corresponding Ep(+). If scan rate is

0.06 +
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Fig. 3. Variation of surface pressure difference (AT = T-Tinitia) before and after
applying a potential step at E = 0.250 V during 30 s. Aqueous phase composition:
(dashed line) 10.00 mM LiCl, (full line) 10.00 mM LiCl + 0.50 mM PFN.

increased, a peaked shape voltammogram is observed for the for-
ward process, even for high surfactant concentrations (not shown).
Also in this case an abrupt change in current values is observed at
surfactant concentration values equal to or greater than 2.24 mM.

From these voltammograms, the dependence of Ip(—), the
negative peak current values, on PFN™ concentration was analyzed.
In Fig. 5 the variation of Ip(—) measured at E; =0.425V (first pro-
cess corresponding to monomeric PFN™ transfer) and at
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Fig. 4. Cyclic voltammograms for PFN™ transfer at the water/1,2-dichloroethane
interface normalized by PFN concentration in the aqueous phase. Aqueous phase
composition: 10.00 mM LiCl + PFN. Organic phase composition: 10.00 mM
TPnATCIPhB. v=0.010Vs ™.

E; =0.320V (second process corresponding to the transfer of pre-
micellar species) was ploted vs PFN™ concentration. For this pur-
pose, the first voltammetric peak was fitted to a theoretical
reversible and diffusion controlled process, which allowed the
determination of the peak current for the second process. As can be
noted in Fig. 5, the peak current for PFN~ transfer shows a linear
relationship with the anion concentration up to a constant value. In
parallel the peak current corresponding to the second process in-
creases linearly with PFN™ concentration up to a value between
2.00 and 2.27 mM, from which a sharp current increase, associated
with charged micelles transfer, is observed. This abrupt increase in
current values is coincident with the concentration range where
constant peak current is observed for the first process, reinforcing
the hypothesis that the equilibrium monomeric surfactant/micelle
is reached. Thus, from the intercept point between two functions
resulting from the linear fit of both data sets measured at E;, the
critical micellar concentration (cmc) equal to 2.23 mM for PFN™ is

250 25
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— ' {20
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E 150 | 3 <
R -/ {15 -
2 00} K W
@®© 4 ©
o, 4 O
~* 50t Lo {10 =&
m £ =0425V
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Fig. 5. Variation of I, at E = 0.320 V (@) and E = 0.425 V (M) with PFN concentration.
Aqueous phase composition: 10.00 mM LiCl + PFN. Organic phase composition:
10.00 mM TPnATCIPhB. v=0.050 Vs~

determined. Similar behavior was obtained for PFO™ and PFD~ and
following the same procedure, cmc values were calculated for both
surfactants and listed in Table 2. As expected, the highest cmc value
was obtained for PFO™ due to its shorter hydrocarbon chain, which
leads to lower hydrophobic forces, i.e. lower entropy — dominated
association of surfactants in micelles.

3.2. Comparison with cmc values determined by other methods

3.2.1. Surface pressure measurements

Fig. 6a shows the compression isotherm (pressure vs trough
area) obtained for PFN~ at 25 °C. There is an initial slight decrease of
surface pressure, at the beginning of compression, indicating an
initial desorption of a small amount of molecules from the surface,
which is an already reported behavior for partially water soluble
compounds, such as these ionic species [32]. Despite this initial
desorption, the increase in pressure observed from area values
lower than 100 cm? reveals that this ion has an important surface
activity. In this way, experiments that allow analyzing the variation
of 7 on surfactant concentration were carried out. For this purpose
successive volumes of a solution 1.00 mM PFN~ were added to the
subphase containing 10.00 mM LiCl in order to reach PFN~ con-
centration values within the range 1.00—3.50 mM. After each in-
jection, the variation of surface pressure on time was recorder
(Fig. 6b). The stationary m values measured after each injection
were plotted as a function of PFN~ concentration and the results are
shown in Fig. 6¢. As it can be noted, the increase in surfactant
concentration produces an increase in surface pressure, due to
PFN™ adsorption, up to a constant value attained when the surface
is saturated with surfactants molecules and the micelle formation
begins to occur. The concentration value corresponding to the
intercept of both linear regressions in Fig. 6¢ is the cmc. Similar
behavior was observed for the other surfactants and cmc values,
determined using the present methodology, are listed in Table 2. As
can be observed, there is a good correlation between cmc values
determined by surface pressure measurements and by cyclic
voltammetry.

3.2.2. Fluorescence measurements

Fluorescence experiments were carried out employing 8-
anilinonaphthalene-1-sulfonate (ANS) as fluorescence probe [33].
It is important to remark that ANS exhibits fluorescence emission
only in hydrophobic media, for example, when partitioned into a
micelle. Fig. 7 shows the fluorescence intensity of a 0.70 mM ANS
solution after the addition of increasing amounts of PFN™. The
abrupt change of the slope observed in the fluorescence intensity vs
PFN™ concentration plot is due to the micelle formation and the
access of ANS to a more hydrophobic media, where it exhibits
fluorescence emission. The concentration value corresponding to
the intercept of the linear regressions of both data sets is the cmc. In
this way the values reported in Table 2 were determined for PFO,
PFN™ and PFD".

Similarly to the results obtained from surface pressure

Table 2

cmc values for PFO~, PFN™ and PFD~ determined by surface pressure variation on
concentration, fluorescence of ANS and cyclic voltammetry at the water/1,2-
dichloroethane interface.

cmc/Method

Surface Pressure Fluorescence Cyclic Voltammetry

PFO 1,11.1072M 9.91.103M 94.103M
PFN 224 .103M 225.103M 223.103M
PFD 2,21.1073M 2,10.103M 2,1.103M
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Fig. 6. A) Compression isotherms of PFN™ at air/water interface obtained after the injection of 100 pL of 0.70 mM PFN solution at the interface. Subphase composition: 10.00 mM
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Fig. 7. Variation of fluorescence intensity (F) against PFN concentration. Solution
composition: 0.70 mM Fluorescent probe + PFN at different concentrations from
1.00 mM to 3.00 mM + 10.00 mM LiClL.

measurement, also in this case, the data obtained from
fluorescence-based method are in very good agreement with those

derived from cyclic voltammetry. These evidences validate the use
of cyclic voltammetry at a liquid/liquid interface as an alternative
method for determining cmc values of charged surfactants.

3.3. Electrochemistry impedance spectroscopy (EIS) and
capacitance measurements

EIS experiments were carried out to evaluate the interface
properties in the presence of high concentrations of the surfactants
in aqueous phase. Under these conditions, adsorption of surfactants
forming a compact monolayer is expected, and differentiation be-
tween homogeneous or heterogeneous film with different do-
mains, should be possible from these experiments. In this way,
impedance spectra were recorded in the frequency range
0.1 Hz < f< 2 kHz, at two different dc potential values: Eqc = 0.400 V
(where the surfactant or micelle transfer takes place) and
Egqc=0.800V (where surfactant transfer does not occur), and two
PFN™ concentrations in the aqueous phase: ¢;=0.25mM and
c2=3.00mM (c; <cmc < cy). Fig. 8 shows the Nyquist plots ob-
tained under these conditions, together with the fitting results
(solid lines) obtained with the equivalent circuits shown in Fig. 8 (c
and d). The best circuit fitting the experimental data depends on
surfactant concentration. On the one hand for low PFN™ concen-
trations compared to cmc (cq) the results were well fitted to the
typical Randles circuit (Fig. 8 ¢), where R1 is the solution resistance,
CPE1 is the constant phase element which takes into account the
double layer capacitance (Cq), R2 is the charge transfer resistance
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(M) 3.00 mM PFN. Organic phase composition: 10.00 mM TPnATCIPhB. C) and D): Equivalent circuits employed to fit EIS results.

and the Warburg element, W1, was included when Eq. = 0.400V
was applied to the interface, which models the diffusion process
involved in PFN™ transfer. It was not necessary to include this
Warburg element for Eqc = 0.800V, potential at which the surfac-
tant transfer does not occur. On the other hand, for PFN~ concen-
trations higher than cmc (c), the EIS response could no longer be
fitted with a Randles circuit. Instead, the results fit better with the
equivalent circuit shown in Fig. 8 d, which can be interpreted by
considering the formation of an inhomogeneous film, in which
different domains are present, with uncovered zones (bare, without
PFN™ molecules) characterized by a charge transfer resistance (R3),
a double-layer capacitance (CPE2) and a solution resistance within
the pores (R2); and another domains corresponding to covered
zones (domains with adsorbed PFN~ molecules) and characterized
by a monolayer capacitance (CPE1). These findings from the EIS
experiments, demonstrating the presence of different domains, are
consistent with the steady - state wave response observed for PFN™
transfer at low sweep rates during the negative voltammetric
sweep rate, typical for ion transfer at microholes.

Fig. 9 shows the variation of capacitance, C, with potential ob-
tained by a.c. voltammetry at the liquid/liquid interface, for the base
solutions in the absence or in the presence of PFN™ in the aqueous
phase at concentrations equal to ¢; and c; as describes above. As it
can be noticed, the curves corresponding to double layer capaci-
tance at the interface between the base electrolytes in the absence
or in the presence of low PFN™ concentration (c;) are almost
coincident, except by the maximum observed at E = 0,450V due to
the pseudo-capacitance of PFN™ transfer. For PFN~ concentrations
higher than cmc (c;), an important shift of C vs E curves towards
more positive potential is observed, which evidences the presence
of PFN™ negatively charged molecules adsorbed at the interface at
these high surfactant concentrations.

3.4. Determination of the aggregation number

The aggregation number (N) of a micellar aggregate can be
determined measuring the change in fluorescence of a probe when
it is in the presence (F) or in the absence (Fp) of a quencher (Q) at
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Fig. 9. Plots of Capacitance vs Potential. Aqueous phase composition: (—) 10.00 mM
LiCl, ( ... ) 10.00 mM LiCl + 0.25 mM PFN and (- - -) 10.00 mM LiCl + 3.00 mM PFN.
Organic phase composition: 10.00 mM TPnATCIPhB.

different quencher concentrations, according to the method re-
ported by N.J. Turro et al. [34]. This method is based on the
quenching of a fluorescent probe (P, pyrene in the present work) by
a hydrophobic quencher (Q, cetylpyridinium chloride in this work).
Both, quencher and probe reside exclusively in the micellar phase,
then they are distributed among the available micelles. For a so-
lution containing a surfactant (PFO, PFN or PFD) concentration
[So] > cmc, then monomeric surfactant and micelles, formed by N
molecules of surfactant, are both present and the micelle concen-
tration [M] is equal to:

[M] = ([So] - cmc) / N (1)

If the quencher is present in the same solution, at a
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Fig. 10. A) Pyrene spectrum at different concentration of quencher (cetylpyridinium bromide). Solution composition: 2.0 uM Pyrene + Quencher at different concentrations from
50.0 uM to 600.0 uM + 4.00 mM PFN +10.00 mM LiCl. B) Plot of Ln (F/F,) for Pyrene as a function of quencher concentration.

concentration [Q], and the probe is added to the system, it will
partition among micelles containing Q and among “empty” mi-
celles. Poisson statistics can describe the distribution of probe and
quencher among micelles in this tertiary system. If the probe is
fluorescent only when it occupies an empty micelle (and fluores-
cence is completely quenched when it occupies a micelle contain-
ing at least one Q molecule), then the measured ratio of
fluorescence intensities (F/Fp) in the presence of Q respect to that in
the absence of Q is related by:

F[Fo = exp (-[Q]/[M]) (2)

Then, a decrease of F with quencher concentration is expected.
By combination of Equations (1) and (2), the following expression is
obtained:

nF_ N

Fp~  [So]—-CMC (3)

In this way, the logarithm of the ratio between the integrated
area from each fluorescence spectrum of pyrene in the presence or
in the absence of the quencher for each surfactant (Fig. 10 a for
PFN™), was plotted against the quencher concentration (Fig. 10b for
PFN™) and from the slope of the plot, the value of N was calculated.
Similar plots were obtained for PFO~ and PFD~. The resulting N
values were 12, 9 and 5 molecules/micelle for PFO~, PFN~ and PFD~
respectively. Although these values may seem very small, a similar
aggregation number was previously determined by Turro and Lee
for micelles of sodium perfluorooctanoate (N=7 molecules/
micelle) [35], and in that work, the authors mentioned the for-
mation of “mini” micelles of this surfactant in contrast to the typical
micelles of hydrocarbon surfactants that normally presents higher
N values. There is a good linear correlation between N and the
number of carbons in the perfluorinated chain (r?=0,9932, not
shown).

Once N values have been calculated, it was possible to deter-
mine diffusion coefficient values for micelles of the three surfac-
tants analyzed from the variation of current peak with surfactant
concentration (Fig. 5) within the concentration range
2.10 mM < ¢ < 3.00 mM. The results are listed in Table 1 and they are
in the same magnitude order than those reported by T. Asakawa
et al. [7] for PFN micelles.

4. Conclusions

Taking into account the results obtained in the present paper,

we propose cyclic voltammetry at liquid/liquid interfaces as an
useful methodology for the determination of cmc of charged sur-
factants provided they can be transferred across the interface. The
cmc values are evaluated from the abrupt change in voltammetric
current, in addition to a change in the shape of the voltammogram
as the surfactant concentration is increased. The obtained values
were in good agreement with those determined in the present
paper by conventional methods. In the same way, the diffusion
coefficient of the micelles could be determined from current values,
provided previous evaluation of the aggregation number by spec-
trofluorimetric methods. Impedance spectroscopy experiments
showed that at high surfactants concentrations a heterogeneous
monolayer of the surfactant, with bare and covered domains, is
formed at the liquid/liquid interface.

Besides the possibility of determining important parameters of
micelles by this methodology, the results obtained in this paper
contribute to the knowledge of the behavior of surfactants and
micelles at an interface formed by two immiscible solvents, which
is particularly important considering that the main applications of
micellar species are based on the transport of different substances
through different mediums, changing from polar to non-polar
environment, which can modified their nature. The possibility of
handling the entry and exit of these species from water to the
organic solvent, and vice versa, applying a potential difference, is an
interesting strategy to predict the behavior of micelles in such
interfaces.
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