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Abstract The adsorption of cetyltrimethylammonium
bromide (CTAB) on disturbed n-alkanethiolate self-
assembled monolayers (SAMs) was investigated by
electrochemical methods with potassium ferricyanide
[K3Fe(CN)¢] as a probe. Compared with the completely
restrained signal at ordinary compact n-alkanethiolate
SAMs, the electrochemical response of K3Fe(CN)g at
the disturbed n-alkanethiolate SAMs was partly restored
and became progressively reversible in the presence of
increasing concentrations of CTAB, which was em-
ployed to characterize the adsorption of cationic surf-
actants on hydrophobic SAMs. The effect of CTAB
concentration on electrochemical impedance spectros-
copy (EIS) plots indicated that CTAB experienced two
different types of adsorptive behavior at the disturbed
n-alkanethiolate SAMs: monomer adsorption at low
concentrations below 1x10"°®M and monolayer
adsorption at CTAB concentrations above 1x107> M.
The adsorption of a series of cationic surfactants with
similar structures to CTAB on disturbed n-alkanethio-
late SAMs was also explored. These surfactants had
similar adsorptive behavior and showed nearly linear
adsorption characteristics with the length of their
hydrophobic tails.
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Introduction

Surfactants are a kind of amphiphilic molecule with a
polar head on one side and a long hydrophobic tail on
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the other. The special properties of their structures
determine that these molecules spontaneously adsorb
on interfaces made up of two phases with different
polarities or concentrate into micelles in solution. The
applications of surfactants in electrochemistry and
electroanalytical chemistry have been widely reported
[1]. Hu’s group [2, 3, 4, 5] has used surfactants in elec-
troanalytical chemistry to improve the detection limits
of some biomolecules. The experimental results showed
that the electrochemical responses of these compounds
were greatly enhanced (see Table 1). It can be seen that
the presence of trace surfactants improved the sensitiv-
ities of these biomolecules by at least five times. A
“synergistic adsorption” mechanism was proposed to
interpret these enhancement effects of surfactants, i.e.
surfactants might combine with the substrates in certain
forms and strengthen their adsorption on the electrode
surface, which facilitates the electron or substance
transfer between the electrode and the solution. Besides
the addition of surfactants to the working solutions,
some researchers blended surfactants into the electrode
matrixes or dispersed surfactants on the electrode sur-
face to prepare chemically modified electrodes. Digua
et al. [6, 7] and Posac et al. [§] mixed the amphiphile
hexadecylsulfonic acid into carbon paste to produce a
chemically modified carbon paste electrode. This elec-
trode exhibited a strong cation exchange property and
showed an improved electron transfer rate between the
substrates and the electrode. Falaras et al. [9], Nassar
et al. [10] and Carrero and Ledn [11] prepared an
organoclay-modified glassy carbon electrode coated
with a cationic surfactant bilayer. They found that this
electrode possessed anion-exchange ability and could
accumulate both negatively charged metal complexes
and neutral redox active reagents. We have developed a
cetyltrimethylammonium bromide (CTAB) modified
carbon paste electrode based on surface modification
methods [12]. The electrochemical response of
K;3Fe(CN)g at this electrode revealed that CTAB formed
a stable monolayer on the electrode surface, based on
the hydrophobic interaction between the hydrophobic
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Table 1 Enhancement effects of surfactants on the electrochemical responses of some biomolecules

Concentration
Compounds Structure Electrode Surfactant L(nA)? I p(uA)b
M)
(0]
1x10*M
Progesterone!’! 1x107° DME 0 1.5
CTAB
O
6x10°M
Phenol™! OH 2x107° Nafion/GCE 10 60
CTAB
2Hs 1.2x10“M
Diethylstilbestrol™ HO C=C OH 4x107 CPE 2.5 25
: CPB
C,Hs5
c H
6x10°M
Estrodiol™ 4x107 Nafion/GCE 20 250
CTAB
HO

“The peak current of biomolecules in the absence of surfactants
®The peak current of biomolecules in the presence of surfactants

long chain of CTAB and the paraffin oil in the carbon
paste. The appearance of large redox peak currents at
low concentrations of K3;Fe(CN)g also indicated that
many defects existed in the CTAB film on a carbon paste
electrode, due to the complex surface property of such
electrodes.

Some less soluble surfactants have been employed in
the immobilization of macromolecules or other func-
tional materials. Wu et al. [13] developed stable multi-
wall carbon nanotube (MWNT) modified electrodes
based on the immobilization of MWNTs in a film of
insoluble dihexadecyl phosphate (DHP) on a glassy
carbon electrode. This electrode showed electrocatalyti-
cal activity toward trace substances and has been used as
a sensor for the determination of biomolecules [14, 15].
The applications of surfactants in the immobilization of
biomolecules have also been reported [16, 17, 18].
Chattopadhyay et al. [19] studied the direct electro-
chemistry of heme proteins at a neutral surfactant
modified glassy carbon electrode. The results showed
that surfactant molecules interacted with the electrode
surface in a specific manner and anchored the protein
molecules to align in a suitable orientation, which pro-
moted electron transfer between the protein molecules
and the glassy carbon electrode.

Contrary to the extensive applications of surfactants
in electroanalytical chemistry and electrochemistry, little
research has been carried out to explore the nature of
surfactant adsorption on electrode surfaces. Hu et al.

[20] have characterized the adsorption of sodium dode-
cyl sulfate (SDS) on both charge-regulated and hydro-
phobic substrates by atomic force microscopy force
measurement. They found that the interaction between
SDS and the positively charged electrode surface was a
strong function of SDS concentration. Moreover, with
the increase of concentration, SDS showed different
adsorptive behavior on the hydrophobic electrode sur-
face, including monomer adsorption and monolayer
adsorption. These results were consistent with the con-
clusions drawn by Montgometry and Wirth [21] using
spectroscopic methods. Sigal et al. [22] used surface
plasmon resonance spectroscopy to measure the associ-
ation of surfactants with hexadecanethiolate self-
assembled monolayers (SAMs) on gold. The adsorption
of surfactants with hydrophobic SAMs was described
well by the Langmuir adsorption isotherm. Although
these techniques were powerful tools for characterizing
the adsorption of various surfactants on solid surfaces,
the apparatuses employed were expensive and the
operations were complicated. Moreover, these systems
were unfit for electrochemical research because the
hydrophobic layers on the solid backstop were regulated
and compact, which completely blocked approaches of
the electrochemical probes to the electrode surfaces.

To our knowledge, no research involved in the elec-
trochemical characterization of the adsorption of surf-
actants on ordinary n-alkanethiolate SAMs has been
reported because of the completely restrained responses



of electrochemical probes at these electrodes. In this
paper, we propose an electrochemical method for the
characterization of cationic surfactants’ adsorption on
disturbed n-alkanethiolate SAMs, which allowed elec-
trochemical probes to pass through the hydrophobic
film of the n-alkanethiolate via the defects produced
during sonication in water. Compared with ordinary
dense and regulated n-alkanethiolate SAMs, the SAMs
sonicated in water might have many more defects, re-
flected by the reappearance of the K;Fe(CN)g response.
In the presence of cationic surfactants, both the revers-
ibility and the sensitivity of K;Fe(CN)g were apparently
improved. This phenomenon was used to characterize
the adsorption of surfactants on the hydrophobic elec-
trode surface. The results may help us to understand the
role of surfactants in electrochemistry and their
adsorptive behavior on hydrophobic solid surfaces.

Experimental
Chemicals

Lauryltrimethylammonium bromide (LTAB), cetylpy-
ridinium bromide (CPB), cetyltrimethylammonium
bromide (CTAB) and stearyltrimethylammonium bro-
mide (STAB) (purchased from Shanghai Reagent, Chi-
na) were dissolved in water to prepare 1x10™~ M stock
solutions. Dodecanethiol (>98.0%) from Shanghai
Reagent was dissolved in absolution ethanol to form a
4 mM solution for the self-assembly process. Potassium
ferricyanide [K;Fe(CN)¢] was obtained from Beijing
Reagent and was dissolved in water to form a 0.1 M
stock solution. All chemicals were of analytical grade
quality except for dodecanethiol and were used without
further purification. The water used was double-distilled
water.

Apparatus and procedure

Cyclic voltammograms and chronocoulometry were
performed using an EG&G model 283 electrochemical
workstation (Princeton Applied Research, USA) con-
trolled by M270 software and linked to a P4 computer.
Electrochemical impedance spectroscopy (EIS) was
carried out with the EG&G model 283 electrochemical
workstation and an EG&G model 5210 lock-in amplifier
(Princeton Applied Research) powered by Powersuit
software. The equivalent circuit was deduced using
ZsimpWin software produced by Echem Software. All
the experiments were carried out in a conventional
electrochemical cell. The electrode system contained a
disturbed n-alkanethiolate SAM-modified polycrystal-
line gold disk working electrode (CHI, 2 mm in diame-
ter), a platinum wire counter electrode and a potassium
chloride (KCl) saturated calomel reference electrode
(SCE). In EIS, the frequency range was from 100 mHz
to 100 kHz, the DC potential was 0.12 V vs. SCE and
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the amplitude was 10 mV. The parameters in chrono-
coulometry were as follows: initial potential 0.35 V, final
potential —0.05 V, pulse width 4 s. Prior to the mea-
surements, the working electrode was kept quiet for 6—
10 min to ensure equilibrium. The electrolyte used in all
measurements was an aqueous solution of 0.05 M KClI
containing 20% acetone (v/v).

Preparation of n-alkanethiolate SAM-modified
polycrystalline gold electrode

The gold electrode was firstly polished on a slush of
0.05 um alumina (Al,O3). Then this electrode was son-
icated in water for 5 min and scanned in 1 M H,SO, in
the potential range of —0.2 to 1.5 V until stable signals
were obtained. The area of the reduction peak at each
bare gold electrode was compared to ensure that all the
SAM-modified gold electrodes had the same effective
area. Then the gold electrode was sonicated for 5 min in
water and ethanol, successively.

The above electrode was immersed in 4 mM ethanol
solution of dodecanethiol and kept overnight. For an
ordinary SAM-modified gold electrode, the electrode was
taken out from the dodecanethiol solution and sonicated
in ethanol for 10 min to remove any physical adsorbate.
As for the disturbed SAM-modified electrode, the or-
dinary SAM-modified electrode was further sonicated in
water for another 10 min and dried with nitrogen gas.
The sonication of ordinary SAMs in water may produce
many defects in the compact SAM film because the ori-
entation of long hydrophobic chains of alkanethiolate
SAMs on a solid in the presence of water is different from
that in the presence of organic solvents [21, 23, 24].

Results and discussion

Voltammetric responses of K3Fe(CN)g at a disturbed
dodecanethiolate SAM-modified polycrystalline gold
electrode in the presence of CTAB

Figure 1 shows the cyclic voltammograms of K;Fe(CN)g
at a disturbed n-alkanethiolate SAM-modified gold
electrode in the presence of CTAB. Compared with the
well-defined redox peaks at a bare gold electrode (curve
a), the electrochemical response of K;Fe(CN)g at an
ordinary alkanethiolate SAM-modified gold electrode
(curve e) is completely repressed, due to the block of
mass transfer by the regulated compact hydrophobic
layer of the SAM. In the presence of CTAB, no apparent
response of K;Fe(CN)g is observed (curve c). However,
when the above SAM-modified gold electrode is soni-
cated in water for 10 min (the resulting electrode is re-
ferred to as the disturbed SAM-modified electrode), the
response of K3Fe(CN)g is partly restored (curve d). In
the presence of CTAB, the signal for K;Fe(CN)y is
apparently improved (curve b). The reappearance of the
electrochemical response of K5;Fe(CN)g at the disturbed
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Fig. 1 Cyclic voltammograms of 1 mM K;Fe(CN)g at: (a) a bare
gold electrode; (b) a disturbed n-dodecanethiolate SAM-modified
gold electrode in the presence of 1x10™> M CTAB; (¢) an ordinary
n-dodecanethiolate SAM-modified gold electrode in the presence of
1x107> M CTAB; (d) a disturbed n-dodecancthiolate SAM-
modified gold electrode; (¢) an ordinary n-dodecanethiolate SAM

SAM-modified gold electrode might arise from the
appearance of defects in the SAM film produced during
sonication in water, which allows the electrochemical
probe to pass through the thick insulated film and reach
the electrode surface. The linear relationships of both
the reduction and the oxidation peak currents with scan
rate showed that either K;3Fe(CN)g or K Fe(CN)g
underwent an adsorption-controlled process at a dis-
turbed SAM-modified gold electrode in the presence of
CTAB. By comparing the behavior of K;Fe(CN)g in the
presence and absence of CTAB, it is obvious that
K;3Fe(CN)g is indirectly adsorbed on to the electrode
surface with the aid of CTAB, i.e. the voltammetric re-
sponse of K3;Fe(CN)g in the presence of CTAB can be
utilized to characterize the adsorptive behavior of CTAB
on a disturbed n-alkanethiolate SAM-modified gold
electrode.

Figure 2 shows the effect of CTAB concentration on
the cyclic voltammetric responses of K;Fe(CN)g at a
disturbed SAM-modified gold electrode. With the in-
crease of CTAB concentration, the response of the
K3Fe(CN)g is gradually improved. The effects of CTAB
concentration on the redox peak currents and the peak
potentials (E,) are shown in Fig. 3. When the CTAB
concentration is lower than 1x107® M, both the redox
peak potentials (Fig. 3a) and the peak currents (Fig. 3b)
alter little. According to Hu et al.’s report [20], CTAB
may undergo monomer adsoré)tion in this concentration
range. In the range of 1x107° M to 1x107> M, the dif-
ference of the peak potentials and the peak currents
changes rapidly, which suggests variation of the CTAB
adsorptive behavior. With a further increase of CTAB
concentration, the redox peak potential and the oxida-
tion peak current tend to be stable. The different
behavior of the reduction and oxidation peak currents
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Fig. 2 Effect of CTAB concentration on the voltammetric response
of 1 mM Kj3Fe(CN)g at a disturbed n-dodecanethiolate SAM-
modified gold electrode. The CTAB concentration from curves («)
to (g) was 0, 1, 3, 5, 10, 45 and 100 pM, respectively

can be interpreted by the change of the electronic con-
figuration and the geometry of the ion pairs formed by
K;3Fe(CN)g and CTAB during the reduction process
[25]. At this concentration, CTAB might form a loose
monolayer on the SAM. When the CTAB concentration
is higher than 6.5x107> M, the response of K;Fe(CN)g
declines. Under this condition, the ion pairs of CTAB
and K3Fe(CN)g may be precipitated from solution to the
electrode surface and block the mass transfer of
K3Fe(CN)g. In fact, when the CTAB concentration was
too high, obvious deposits could be observed in the
solution. Over the whole concentration range, the
adsorption of CTAB on disturbed SAMs was weak and
the rate of adsorption/desorption was fast.

Chronocoulometry of CTAB adsorption
on a disturbed n-alkanethiolate SAM-modified
gold electrode

The adsorption of CTAB on hydrophobic SAMs was
achieved through the hydrophobic interaction between
the long chains of CTAB and the alkanethiolate, i.e.
interchain penetration. With the increase of CTAB con-
centration, the adsorption ability of CTAB on SAMs was
enhanced and the penetration between CTAB and the
alkanethiolate increased, which resulted in the conden-
sation of the hydrophobic layer [21]. If electrochemical
probes were present in the solution, the presence of
surfactants in the solution may inhibit the diffusion of the
probes. It is well known that chronocoulometry can be
used to measure the apparent diffusion coefficient (D).
Thus, chronocoulometry was employed to further esti-
mate the adsorption of CTAB on a disturbed n-alkan-
ethiolate SAM-modified gold electrode.

Figure 4 shows the effect of CTAB concentration on
the chronocoulometry of K;Fe(CN)g. With the increase
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Fig. 3 Variation of the redox peak potentials (a) and peak currents
(b) of 1 mM K;Fe(CN)g at a disturbed n-dodecanethiolate SAM-
modified gold electrode with CTAB concentration for the reduction
(open circles) and the oxidation (filled circles) processes

of CTAB concentration, the chronocoulometry of
K;Fe(CN)g varies regularly. In the range of 1x10™ M to
1x107* M, the charge (Q) exhibits a good linear rela-
tionship with the square root of time (1'/?). According to
the integrated Cottrell equation:

2nFACPD'/241/2
O=—157 (1)
Y

where n=1, 4=0.0314 cm? and C’=1 mol/cm3; thus
the D,,, of K3Fe(CN)g in the presence of various con-
centrations of CTAB can be obtained. It is interesting
that D,, decreases linearly with the increase of CTAB
concentration (inset of Fig. 4), indicating the increase of
the density of the hydrophobic film or the decrease of
free K3Fe(CN)g in solution by forming ion pairs with
CTAB. The above linear relationship can be used to
estimate the concentration of the surfactants. The
application of a n-alkanethiolate SAM-modified elec-
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Fig. 4 Chronocoulometry of 1 mM K3;Fe(CN)g at a disturbed n-
dodecanethiolate SAM-modified gold electrode in the presence of
(from a to h): 0.1, 1, 3, 5, 10, 25, 45 and 100 uM CTAB,
respectively. The inset shows the linear relationship between D,
and CTAB concentration

trode in the determination of surfactant concentrations
has been reported previously [25, 26, 27].

Electrochemical impedance characterization
of CTAB adsorption on a disturbed n-alkanethiolate
SAM-modified gold electrode

To investigate the structure of the electrode interface,
EIS was performed. A typical EIS plot for a semi-infinite
system contains a semicircle in the high-frequency region
and a declining line with a slope of 1 in the low-fre-
quency region. The semicircle in the EIS plot corre-
sponds to a dynamic process, while the declining line
stands for a diffusion process. From the composition of
the EIS plot, useful information involved in the interface
structure and important parameters about the dynamic
process can be conveniently deduced.

Figure 5 shows the EIS plot of K3Fe(CN)g at a dis-
turbed SAM in the presence of 1x10™> M CTAB. The
Nyquist plot (Fig. 5a) comprises an incomplete semi-
circle at high frequencies and a declining line at low
frequencies, which suggests that the electrochemical
reaction of K3Fe(CN)g under this condition is controlled
by both the dynamic and the diffusion processes. As for
the Bode plot (Fig. 5b), only one peak is observed,
indicating that only one semicircle exists in the semicircle
of the Nyquist plot. Thus, the intercept of the incom-
plete semicircle on the horizon axis could be used to
estimate the charge transfer resistance (R.) of
K;3Fe(CN)g at the disturbed SAMs in the presence of
CTAB.

It is clear that both the Nyquist plot and the Bode
plot could be well fitted by a modified Randle’s circuit.
This equivalent circuit is schematically represented in
Fig. 6. The equivalent circuit consists of two resis-
tances and two constant phase angle elements (CPEs).
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Fig. 5 The EIS plots of 1 mM K3;Fe(CN)s at a disturbed n-
dodecanethiolate SAM-modified gold electrode in the presence of
1x10™> M CTAB: (a) Nyquist plot; (b) Bode plot. The solid lines in
the plots are the fitting lines obtained from an equivalent circuit

Generally, the impedance of a CPE (Zcpg) can be de-
scribed by the following equation:

Zews = 5 (jo) )

0

where Y, (the admittance parameter, S cm > s~%) and ¢
(a dimensionless exponent) are two parameters inde-
pendent of the frequency, and w (Hz) is the angle fre-
quency. The admittance parameter Y| is not a constant
but represents a product depending on the type of CPE.
When n=0, the CPE is reduced to a resistance; when
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Fig. 6 The schematic representation of the equivalent circuit
mentioned in Fig. 5

n=1, the CPE could be regarded as a capacitor, for
which the impedance can be expressed as [28]:
Z&pe = (joo) "™ Cho 'R (3)

When n=0.5, the CPE is equal to a mass transfer
impedance (Warburg impedance), which is in relation to
the diffusion process. According to Retter et al. [29], the
CPE for Warburg impedance is:

W 120y gy 20y (1. =Dy
Zope = R ¢2¢0¢(J )¢

4)

In Egs. 3 and 4, Cy is the capacitor of the electric
double layer and ¢ is the Warburg coefficient. The use
of the CPE to replace the capacitor is to compensate
for the deviation of the actual electrode interface from
a pure capacitor. For the two resistances, R, refers to
the solution resistance and R is the charge transfer
resistance of the electrochemical reaction. As for the
two CPEs, Qyq; is used to describe the capacitor of the
electric double layer of the electrode interface and Q.
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Fig. 7 Effect of CTAB concentration on the Nyquist plot of I mM
K3Fe(CN)g at a disturbed n-dodecanethiolate SAM-modified gold
electrode. CTAB concentrations from curve a to curve g were 0,
0.1, 3, 5, 10, 25 and 65 pM, respectively
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Fig. 8 Effect of CTAB concentration on the equivalent elements in
Fig. 6: (a) R;; (b) R.i; (¢) Qqi; (d) Q. The data in (b) were measured
from the intercepts of the semicircles on Nyqusit plots (filled circles)
and from the equivalent circuit (open circles)

is used to express the impedance involved in the dif-
fusion process.

The effect of CTAB concentration on the voltam-
metric responses of K3Fe(CN)g at disturbed SAMs
indicate that CTAB could apparently affect the property
of the electrode surface. However, the information on
the structure of the electrode surface obtained from
voltammetric plots is limited. Here, EIS is employed to
characterize the effect of CTAB concentration on the
structure of the electrode surface. Figure 7 shows the
effect of CTAB concentration on EIS plots for
K;3Fe(CN)g. Apparently, the diameters of the semicircles
on the Nyquist plot decrease with the increase of CTAB
concentration at first. When the CTAB concentration
reaches 6.5x107° M, the diameter of the semicircle
changes in the reverse direction. This is in accord with
the result from voltammograms, i.e. when the CTAB
concentration is higher than 6.5x10™> M, the ion pairs of
K;3Fe(CN)g and CTAB could separate out from the
solution. The good superposition of the Nyqusit plots
with the plots simulated from the equivalent circuit of
Fig. 6 demonstrates that the proposed equivalent circuit
could be reliably used to explore the adsorption of
CTAB on disturbed SAMs.
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Figure 8 shows the effect of CTAB concentration on
the values of the equivalent elements in Fig. 6. The effect
of CTAB concentration on R; could be divided into two
parts (Fig. 8a): when the CTAB concentration is lower
than 1x107® M, R, remains stable with the variation in
CTAB concentration, reflecting the negligible interac-
tion between CTAB and K;3;Fe(CN)g; at higher concen-
trations, R; seems to have a linear relationship with
CTAB concentrations up to 1x10™* M, indicating that
the conductivity of the electrolyte might be increased by
the addition of CTAB. The linear relationship between
R, and CTAB concentration can be used to determine
the CTAB interaction. The variation of R with CTAB
concentration is different and is similar to the voltam-
metric responses (Fig. 8b), i.e. R, decreases significantly
in the range of 1x107° M to 1x10™> M, and tends to be
stable in the two extremes. This result proves that the
structure of the electrode interface has a dominant
influence on the charge transfer between the solution
and the electrode. The decrease of R, with the increase
of CTAB concentration may also suggest a catalytic
action of CTAB on the redox reaction of K3;Fe(CN)g.
The good consistency between the data measured from
the intercepts of the semicircles on the Nyqusit plots and
the data obtained from the equivalent circuit confirm the
validity of using this equivalent circuit to describe
the structure of the disturbed n-alkanethiolate SAMs in
the presence of CTAB.
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According to Montgomery and Wirth [21], the
adsorption of surfactants on alkanethiolate SAMs could
make the hydrophobic SAMs more compact through
interchain penetration between the long chains of the
surfactants and the alkanethiolate, which may change
the interface structure and the electric double layer.
Thus, the variation of CTAB concentration in solution
might change the value of Q4, which was used to de-
scribe the electric double layer. From Fig. 8c it is clear
that the obvious transformation of the electric double
layer occurs at CTAB concentrations higher than
1x10™> M. Considering the monolayer adsorptive
behavior at this concentration range, the conclusion
could be drawn that not the monomer adsorption but
the monolayer adsorption of surfactants on SAMs can
effectively change the electric double layer of the SAM-
modified electrode. Owing to the adsorption of posi-
tively charged CTAB, the charges on the electrode sur-
face increase and the capacitor of the electric double
layer or the value of Yy, is enlarged. At the same time,
the adsorption of CTAB on compact SAMs makes the
double electric layer looser as a whole. This explains the
drop in the value of ¢4, and the enhanced deviation of
the electric double layer from a pure capacitor. In the
CTAB concentration range of 1x1077 M to 1x107* M,
the value of ¢g is confined to the range of 0.81-0.85,
which is close to 1, i.e. Qg4 is approximately a capacitor.
This is consistent with the function of Qg as a capacitor
in the equivalent circuit.

In the equivalent circuit, Q,, stands for the impedance
involved in the diffusion process. When the CTAB
concentration is lower than 1x10™® M, ¢, and Yw.o
change little and ¢, has values around 0.3 (see Fig. 8d).
When the CTAB concentration increases from
IX100* M to 1x107> M, both ¢ and Yy increase
rapidly with CTAB concentration. With a further con-
centration increase, ¢ and Yy, o tend to be stable. From
Eqgs. 2 and 4, the relationship between Y, and R is
deduced as:

Voo = R 120720 (5

The above equation well explains the opposite vari-
ations of Yy, o and R with the increase of CTAB con-
centration. These results are in accord with the
voltammetric responses. Moreover, when the CTAB
concentration is higher than 1x107> M, the value of ¢,
varies near 0.45, i.e. Q, resembles a Warburg imped-
ance, or the effect of the diffusion process on the redox
of K5Fe(CN)g becomes dominant.

On the basis of the above discussions, it is clear
that CTAB undergoes two different types of adsorptive
behavior in the range of I1x107’ M to Ix107* M:
monomer adsorption at concentrations lower than
1x10~® M and monolayer adsorption at concentrations
higher than 1x107> M. Between these two extremes,
the adsorption of CTAB on SAMs behaves midway.
The good superposition of the values of R, obtained
from the diameter of the semicircle on Nyqusit plots

50 60

Z' | kohm

Fig. 9 Nyquist plots of 1 mM K;3Fe(CN)g at a disturbed n-
dodecanethiolate SAM-modified §old electrode in the presence
of: (a) 1x10™> M LTAB; (b) 1x10™ M CPB; (¢) 1x10™> M CTAB;
(d) 1x107> M STAB. The solid lines were the fitting lines from the
equivalent circuit in Fig. 6

and deduced from the equivalent circuit in Fig. 6
attests that this equivalent circuit is suitable to describe
the adsorption of CTAB on disturbed hydrophobic
SAMs. This conclusion is also supported by the
approach of the value of ¢4 to 1 and the value of ¢y,
to 0.5.

The adsorption of a series of cationic surfactants with
similar structures to CTAB on a disturbed n-alkanethi-
olate SAM-modified gold electrode

CTAB is a cationic surfactant composed of a long
hydrophobic chain of methylene groups and a hydro-
philic head of an ammonium salt. The adsorption of
CTAB on hydrophobic SAMs is achieved through the
interchain penetration of the long chains of CTAB and
the SAMs. The length of the hydrophobic tails of the
surfactants plays a critical role in their surface activity
and adsorption strength on the interfaces. Figure 9
shows the Nyquist plots of a series of cationic surfac-
tants at disturbed hydrophobic SAMs. The EIS plots
change regularly with the length of the surfactant tails,
except for STAB. Owing to its longer hydrophobic tail,
STAB exhibits different adsorptive behavior from
LTAB, CPB and CTAB, which is demonstrated by the
fitting data from Fig. 9 to the equivalent circuit
(Fig. 10). Except for STAB, the parameters of R;, R
and ¢,, in the equivalent circuit in the presence of cat-
ionic surfactants change linearly with the increase of the
number of carbon atoms in the hydrophobic tails (7).
The regularity of the other parameters is also apparent.
This result supports the idea that the surface activity of
surfactants is directly in relation to the length of their
hydrophobic tails. The good consistency of the Nyquist
plots of the four surfactants with the proposed equiva-
lent circuit suggests that this equivalent circuit could
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Fig. 10 The variation of the equivalent elements with the number
of carbon atoms in the hydrophobic tails of a series of cationic
surfactants obtained from Fig. 9: (a) Ry and R.; (b) Qq;; (¢) Q. The
number of carbon atoms in CPB was regarded as 14 for convenient
comparison

also be used to describe the adsorption of LTAB, CPB
and STAB on disturbed n-alkanethiolate SAM:s.

Conclusions

Investigation of the adsorption of cationic surfactants
on hydrophobic disturbed n-alkanethiolate SAMs was
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carried out by electrochemical methods. Compared with
the completely restrained response at ordinary compact
alkanethiolate SAMs, K;Fe(CN)s showed a quasi-
reversible response at disturbed SAMs. In the presence
of cationic surfactants, the response of K;Fe(CN)g was
apparently improved. This phenomenon was employed
to characterize the adsorption of cationic surfactants on
hydrophobic SAMs. The effect of CTAB concentration
on the voltammetric responses indicated that CTAB
underwent two different types of adsorptive behavior on
disturbed n-alkanethiolate SAMs: when the CTAB
concentration was lower than 1x10™® M, CTAB exhib-
ited monomer adsorptive behavior; when the CTAB
concentration was higher than 1x10™> M, the adsorption
of CTAB was as a monolayer; between the extremes,
CTAB behaved midway. The EIS study showed that the
adsorption of CTAB could be well fitted by a simple
modified Randle’s circuit, which consisted of two resis-
tances and two CPEs. The effect of CTAB concentration
on these equivalent elements demonstrated the adsorp-
tive behavior of CTAB as proposed above. Moreover,
the dependence of Q4 on CTAB concentration revealed
that not the monomer adsorption but the monolayer
adsorption of CTAB could effectively influence the
electric double layer of the electrode interface. Finally,
the effect of the length of a series of cationic surfactants
on their adsorption on disturbed n-alkanethiolate SAMs
was investigated by EIS. The results suggested that the
adsorptive behavior of these cationic surfactants was
similar to CTAB. The surface activity of these surfac-
tants increased with the increase of the length of their
hydrophobic tails, except for STAB.
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