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The effect of critical micelle concentration on the
amphiphilic species response using P3HT-based
organic electrochemical transistors
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Here, we present a proof-of-concept approach to study the effect of critical micelle concentration on

alkyl sulfonate amphiphilic species response using organic electrochemical transistors (OECT) working in

the accumulation mode. First of all, the drastic enhancement of the OECT response allows us to

estimate the critical micelle concentration of alkyl sulfonate amphiphilic species yielding quite similar

values compared to bulk solution conductivity experiments reported in the literature. Above the critical

micelle concentration (i.e. 100 mM), the best responsive OECT devices yielded ON/OFF ratios of 30–60,

maximum normalized transconductance of g�max ¼ 1:99� 1:39 mS cm�1 and threshold voltage of �Vth =

0.39–0.55 V at Vg = �1.0 V. Our impedance spectroscopy studies performed at ON and OFF modes

suggested that, in the presence of a sufficiently strong negative gate voltage (Vg = �1.0 V), not only the

sodium counterions are ejected from the interface, but also the amphiphilic molecules from the mono-

layer probably reverse their orientation and get injected into the P3HT region. In this scenario, the sulfo-

nate groups of the amphiphilic species synchronously induce doping of P3HT thus leading to a drastic

enhancement of the channel current above the critical micelle concentration. Our results indicate that

OECT devices represent a promising platform to estimate the critical micelle concentration of amphiphi-

lic species but also to study the formation of amphiphilic monolayers of more complex systems of bio-

logical interest.

1. Introduction

Organic electrochemical transistors (OECTs) are one of the
most promising sensing devices that can operate in aqueous
media and are particularly interesting for transducing and
amplifying low-amplitude ionic fluctuations of biological
interest.1 The OECTs can operate in depletion (i.e. the positive
biasing of the gate electrode introduces cations into the semi-
conducting polymer leading to a decrease in the channel
current) or accumulation (i.e. the negative biasing of the gate
electrode introduces anions into the semiconducting polymer
leading to an increase in the channel current) mode. The
corresponding most frequent materials used as a channel for
each working mode are poly(3,4-ethylenedioxythiophene)

doped with poly(styrenesulfonate) (PEDOT:PSS)2–4 and the
undoped poly(3-hexylthiophene) (P3HT) and all its glycolated
side chain analogs,5,6 respectively. Particularly, the use of P3HT
without glycolated side chain modification as channel materi-
als is usually reserved for electrolyte-gated organic field-effect
transistors (EGOFET) rather than an OECT considering its
hydrophobic nature.7–12 However, although P3HT swelling
abilities are limited compared to its glycolated side chain
analogs, there are a lot of studies suggesting that charge trans-
port and transfer processes are far from being only a simple
interface phenomenon. Huang et al. have reported that they
produce P3HT porous films with controlled morphologies with-
out the aid of polymer additives, enhancing OECT properties for
hydrophobic polymers with efficient doping, fast ion intercala-
tion/de-intercalation, high transconductance and capacitance.13

The performance of P3HT-based OECTs has been improved by
the preparation of a nanofiber microstructure, not only offering
a porous interface with electrolytes but also promoting efficient
ionic penetration and doping of the conjugated polymers.14 The
ionic fluctuations of biological origin refer to basic physiological
indicators such as body temperature, blood pressure, blood
oxygen levels, and heart rate, but can also refer to clinically
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relevant disease-specific biomolecules such as nucleic acid frag-
ments, proteins, and metabolic molecules.15,16 The most studied
analytes using OECT devices working in depletion or accumula-
tion mode are typically hydrophilic, e.g. simple ionic species
such as hydronium, sodium, potassium, fluoride, chloride
and bromide,17,18 metabolites such as lactic acid,19–21 ascorbic
acid,22 sialic acid,23–25 uric acid,26–28 hormones such as
epinephrine,29–31 neurotransmitters such as dopamine and
acetylcholine32–34 and more complex systems such as deoxyribo-
nucleic acid and proteins.35–38 However, other metabolites of
biological interest with hydrophobic nature have been much less
explored. For instance, an OECT-based electrochemical sensor
for the selective detection of vitamin A in the form of retinyl
acetate has been reported recently but using an organic electro-
lytic solution.39 In between, there are other metabolites with an
amphiphilic nature such as surfactants but also the particular
case of fatty acids and their corresponding salts that are extre-
mely relevant in different biological processes have not been
studied yet. An amphiphilic compound is a term used to
describe a compound containing a large organic cation or anion
that possesses a long unbranched hydrocarbon chain. The
existence of distinct polar (hydrophilic) and nonpolar (hydro-
phobic) regions in the molecule promotes the formation of
micelles in aqueous solution.40 In addition, it is well known
that the amphiphilic species form these micelles above a certain
concentration [i.e. the critical micelle concentration (c.m.c.)]
while the amphiphilic species are more or less isolated in the
diluted regime. The c.m.c. determination of amphiphilic spe-
cies in bulk solutions has been typically studied by conductiv-
ity, surface tension, fluorescence and dynamic light scattering
measurements.41 Furthermore, the formation of micelles above
the critical micelle concentration is accompanied by the for-
mation of monolayers at both air and electrode interfaces. In
the case of solid–liquid interfaces, not only monolayers and
bilayers but a wide variety of surface micelles on solid surfaces
have been found, such as hemicylinders, cylinders, hemi-
spheres, and spheres.42 Here, typical experimental methodolo-
gies include direct observation using atomic force microscopy
(AFM) but also electrophoretic light scattering (ELS), which
offers a rapid, high-resolution technique for the study of a wide
variety of samples but not so straightforward for small micelles
of surfactants whose sizes are in the range of only a few
nanometers.42 The use of self-assembled lipid bilayers on
PEDOT:PSS-based electrodes and transistors as promising plat-
forms for biosensing purposes has been reported recently,43–45

but in the case of P3HT-based transistors, only chemically
bonded lipid monolayers have been studied.46,47 However,
the later cases only use the amphiphilic species as biocompa-
tible platforms to sense different metabolites but, to the
best of our knowledge, there have been no approaches to
studying the interaction and detection of amphiphilic
species with P3HT using organic electrochemical transistors.
Here, we present a proof-of-concept approach to study the
effect of critical micelle concentration on the amphiphilic
species response using a P3HT-based OECT working in the
accumulation mode.

2. Methodology
2.1. Preparation of OECT devices

The OECT devices with coplanar geometry were prepared using
thin gold gate, source and drain electrodes which were sputtered
onto a glass substrate in a 0.2 mbar argon atmosphere at 30 mA
DC sputtering ion current for 300 s using a removable insulating
polymeric template (Scotchs Magict Tape 810HK) defining a
channel area with length L B 20 mm and widths W B 1000 mm.
Then, 5 mL of P3HT (SIGMA-ALDRICH CAS 104934-50-1: regiore-
gular 490%, average Mw 50 000–75 000) dissolved in toluene with
10 mg ml�1 concentration was deposited on the channel area and
dried at 100 1C for 60 minutes, yielding a thickness d B 2 mm. It is
important to note that the OECT channel thickness is relatively
high compared to typical values reported in the literature (e.g. 0.1
to 1.4 mm).48–50 However, as we have no prior information about
amphiphilic species interaction with P3HT-based OECTs, the use
of thicker films can be justified by favoring the expected enhance-
ment of transconductance at the expense of response times
declining, as already observed in the literature for both hydro-
phobic and hydrophilic cases.48–50 The same insulating polymeric
mask was then deposited, leaving only the channel and gate area
exposed to different amphiphilic electrolyte solutions based on
the sodium alkyl sulfonates CnH2n+1SO3Na (n = 4, 6, 8, 10 and 12)
with concentrations ranging from 1 to 100 mM, as schematized in
Fig. S1. In addition, sodium lauryl sulfate (C12H25SO4Na) was also
studied to evaluate the role of amphiphilic head groups and
sodium chloride (NaCl) was studied to evaluate the role of ionic
strength. All the electrolyte salts were provided by SIGMA-
ALDRICH and used without prior purification.

2.2. Characterization of OECT devices

The P3HT films comprising the OECT devices were characterized
using grazing incidence small- and wide-angle X-ray scattering and
microRaman imaging, as detailed and depicted in Fig. S2 and S3,
respectively. The hydrodynamic diameter and zeta potential of the
amphiphilic electrolytes were determined using the particle size/
zeta potential analyzer Nano-ZS (Malvern Instruments Ltd) in an
aqueous medium at 25 and 30 1C, for n = 10 and 12, respectively.

The hydrodynamic diameter was evaluated using dynamic
light scattering (DLS) and reported as the z-average, while zeta
potential was calculated from the electrophoretic mobility using
the Helmholtz–Smoluchowski equation. The contact angle mea-
surements were performed using the Sessile Drop Method. Each
sample was analyzed in triplicate. X-ray reflectometry (XRR) was
performed using Rigaku Ultima IV diffractometer with Cu Ka
radiation working in parallel beam configuration. XRR patterns
were used to estimate the critical angle and rugosity of P3HT films
exposed to electrolytes below and above the critical micelle
concentration. The channel current (Ids) for our OECT devices
was collected between the source and drain electrodes in the Vds =
�1.0 V to 0.0 V drain–source voltage range and different applied
gate voltages between the gate and the source electrodes in the
Vg = �1.0 V to 0.0 V range using the Keithley 2450 source-meter.
In each case, the gate voltages were applied for several minutes to
assure equilibrium conditions before each measurement, and
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then each output data point was collected for 240 seconds until
current stabilization. Impedance spectroscopy data were also
collected between the gate and short-circuited source–drain elec-
trodes of the OECT devices using Gamry Reference 3000 galvano-
stat/potentiostat working with an AC voltage amplitude of Vg,ac =
20 mV in the 0.1 Hz–100 kHz frequency range at the OFF (Vg,dc =
0.0 V) and ON (Vg,dc = �1.0 V) modes. All electrical characteriza-
tions were performed inside an isolated Faraday cage at 25 1C and
50% RH ambient conditions.

3. Results and discussion

First of all, it is important to mention that the solubility of
CnH2n+1SO3Na (n = 4, 6, 8 and 10) aqueous electrolytes was

observed below 100 mM concentrations for all amphiphilic
species at 25 1C. The c.m.c. reported for CnH2n+1SO3Na (n = 4, 6,
8, 10 and 12) aqueous solutions at room temperature is c.m.c.
B8–10 mM for n = 12, B43–45 mM for n = 10, and above
100 mM for n o 10, according to the literature,41 as schema-
tized in Fig. 1(a). Our dynamic light scattering experiments
corroborate the formation of micelles with a corresponding
hydrodynamic mean size between B2.1–3.0 nm, and the zeta
potential exhibited a crossover at B5–8 mM for n = 12 and at
B40–50 mM for n = 10, in good agreement with the bulk
solution c.m.c. values, as depicted in Fig. 1(b). It is important
to mention that the larger size region was omitted for clarity
and that both the hydrodynamic mean size and zeta potential
are quite expected in comparison with those reported in the
literature.51 X-ray reflectometry (XRR) profiles of P3HT films

Fig. 1 (a) Schematization of critical micelle concentration for CnH2n+1SO3Na (n = 4, 6, 8, 10 and 12) and (b) zeta potential (full circles) and contact angle
(hollow circles) at different CnH2n+1SO3Na concentrations for n = 10 and 12, at 25 and 30 1C, respectively.
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exposed at different CnH2n+1SO3Na concentrations for n = 10
and 12, at 25 and 30 1C, respectively, are depicted in the upper
panel of Fig. 2. The critical angle observed at yc B 0.461 is
mostly associated with the silicate glass substrate and the
critical angle of P3HT film is probably masked at lower angles,
as already observed for similar cases in the literature.52

However, the smoothness of the XRR profile indicates that
the film thickness is not thin enough, i.e. B2 mm according to
our Raman imaging analysis displayed in Fig. S3, to define the
typical Kiessing fringes oscillation patterns observed for thin-
ner films.53

In order to have more fine detail of X-ray reflectometry
analysis, the I(q)�q4 vs. q plots are plotted and analyzed. The
presence of broad oscillations that are frequently associated
with ultrathin layers (i.e. o3 nm) is observed for all cases and a
clear shift toward lower q values is progressively observed with
increasing amphiphilic species concentration until almost
stabilized at B40 mM (for n = 10) and at B5 mM (for n = 12),
in good agreement with bulk solution c.m.c. values. Although
the data does not allow the confirmation of the formation of a
well-defined monolayer, the formation of a stabilized ultrathin
layer comprised of amphiphilic species above the P3HT film is

in good agreement with the formation of micelles observed for
bulk solution experiments discussed earlier. The contact angle
images for P3HT films exposed at different CnH2n+1SO3Na
concentrations for n = 10 and 12, at 25 and 30 1C, respectively,
are shown in the lower panel of Fig. 2. The contact angles
showed a marked decrease from B671 at 1 mM until stabilized
on B301 at B40 mM (for n = 10) and showed a marked decrease
from B861 at 1 mM until stabilized on B401 at B5 mM (for n =
12), as depicted in Fig. 1(b), in agreement with the formation of
micelles observed for bulk solution experiments discussed
earlier.

The output characteristics collected at fixed Vds = �0.8 V and
Vg = �1.0 V for P3HT-based OECT working with [CnH2n+1SO3Na]
with n = 4, 6, 8, 10 and 12 at different electrolyte concentrations
ranging between 1–100 mM at 25 1C are displayed in the left
panel of Fig. 3. It is quite interesting to note that, while n o 10
species exhibit a soft increase in �Ids with increasing concen-
tration, n = 10 exhibits a sudden notorious increase in �Ids just
above the c.m.c. (i.e. B50 mM).

In the case of n = 12, we also observed a sudden but less
marked increase just below its corresponding c.m.c., i.e. B4–6 mM.
However, it is important to mention that this value is shifted to

Fig. 2 X-ray reflectometry (XRR) curves depicted as I(q) vs. 2y/o and I(q)�q4 vs. q plots (upper panel) and contact angle images (lower panel) for P3HT
films exposed at different CnH2n+1SO3Na concentrations for n = 10 and 12, at 25 and 30 1C, respectively.
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lower values compared to literature (i.e. B8–10 mM)41 as
similarly observed for n = 12 when interacting with polymers in
solution.51 Interestingly, n-alkyl sulfonates with shorter alkyl
chains, such as n = 10, do not exhibit drastic shifting of c.m.c.
when interacting with polymers in solution.51 In addition, it is
also important to note that the OECT response for n = 12
exhibited considerably lower channel current values above
c.m.c. compared to those observed for n = 10. This suggests
that the amphiphilic species c.m.c. value strongly affects the
OECT response and, particularly, those with higher c.m.c.
values exhibited a more marked response. In addition, we also
plot the �Ids values obtained at fixed Vds = �0.8 V and Vg =
�1.0 V for sodium lauryl sulfonate (C12H25SO3Na) and sulfate
(C12H25SO4Na) near above their c.m.c. (i.e. B8–10 mM) to
evaluate the role of different amphiphilic head groups,
as shown in the middle panel of Fig. 3. It is observed
that the electrolyte response is higher for sodium lauryl sulfo-
nate (C12H25SO3Na) compared to sodium lauryl sulfate
(C12H25SO3Na). This difference can be related to the higher
oxidant properties of sulfonate with respect to sulfate head
groups, considering that both species present the same alkyl
chain and very similar c.m.c. values. However, it is important to
note that their �Ids values are slightly higher compared to NaCl
10 mM aqueous solution, indicating that the doping abilities of
amphiphilic species with lower c.m.c. values (such as n = 12
alkyl sulfonates) are comparable to the effect of ionic strength
and, thus, are much poorer than those with higher c.m.c. values
(such as n = 10 alkyl sulfonates). The right panel of Fig. 3 shows
the output characteristic data collected for n = 10 electrolyte in
the same conditions as mentioned earlier at different stabili-
zation times, indicating that the OECT reaches stable values
after 25 minutes. These relatively long stabilization times
probably refer to the slow formation kinetics of the amphiphilic
species monolayer on the polymeric surface, but also to the
slow ionic diffusion kinetics when injected into the conducting
polymer. Furthermore, this is relevant to obtain more accurate
values for the critical micelle concentration by using the first

derivative maximum, yielding c.m.c. = (48.0 � 1.8) mM. Simi-
larly, but not shown in the figure, the c.m.c. for n = 12
electrolyte estimated using the same procedure yielded c.m.c. =
(3.6 � 0.7) mM. Here, we are demonstrating that our c.m.c.
estimation using a P3HT-based OECT device yielded quite
similar values compared to bulk solution conductivity experi-
ments reported in the literature.41

It is noteworthy to mention that in these cases, we are
obtaining information not only about the micelle but also
about the monolayer formed at the interface with the conduc-
tive polymer. We expanded the characterization of OECT
devices working with the more sensitive electrolyte above the
c.m.c. to evaluate the micelle and monolayer effect on the OECT
response. Thus, the corresponding output, transfer and hyster-
esis transfer characteristics for P3HT-based OECT working with
n = 10 electrolyte at 25 1C above its c.m.c. value; i.e. 0.1 M, are
shown in Fig. 4. The output and transfer characteristics, as well
as the transconductance and threshold voltage plots for P3HT-
based OECT working with n = 12 electrolyte at 30 1C just above
its c.m.c. value; i.e. 8 mM, are shown in Fig. S4. It is important
to note that the output characteristic showed a deviation from
the typical saturation behavior, as already observed to be
especially prevalent in hydrophobic materials with alkyl side
chains.54–56 This deviation can probably be associated with a
spatially non-uniform hole mobility throughout the volume of
the channel with regard to the transistor pinch-off operating in
a mixed OECT/EGOFET regime.17 In fact, for n = 10, the
transistor output characteristic switches from a linear regime
at Vds B �0.2 V but only reaches a quasi-saturation regime at
Vds B �0.8 V, which could be considered an underestimation
of the pinch-off voltage, as depicted in Fig. 4(a). For n = 10
above c.m.c., the transfer characteristics exhibited �Ids,Vg=�1.0V

values ranging from 7.26, 6.12, 5.24 and 4.20 mA and ON/OFF
ratios (estimated using the �Ids,Vg=�1.0V/�Ids,Vg=0.0V ratio) ran-
ging from 32, 39, 47 and 60 for Vds = �1.0, �0.8, �0.6 and
�0.4 V, respectively. The transfer hysteresis curve of the OECT
devices evidenced a notorious difference between forward and

Fig. 3 Output data collected at fixed Vds = �0.8 V and Vg = �1.0 V for P3HT-based OECT working with CnH2n+1SO3Na with n = 4, 6, 8, 10 and 12 at
different electrolyte concentrations ranging between 1–100 mM at 25 1C (left panel), working with C12H25SO3Na and C12H25SO4Na just above their c.m.c.
(i.e. B8–10 mM), NaCl at 10 mM and distilled water at 25 1C (middle panel) and working with n = 10 at different stabilization times and the corresponding
first derivative for stabilized data at 25 1C (right panel).
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backward transfer characteristics. Typically, P3HT-based OECT
devices exhibited a capacitive hysteresis behavior described by
the higher absolute values of the current in the backward
direction with respect to the forward direction.57 However, the
great difference between forward and backward transfer char-
acteristics is expected for such a large anion with limiting ionic
transport.57 It is important to note that the transfer hysteresis
curve was collected using a slow scan rate (B0.5 mV s�1) to
minimize the contribution to the hysteresis behavior due to fast
scan rates. The hysteresis behavior can thus be attributed mostly
to the slow ionic injection/ejection dynamics and the limitations
of ion diffusion kinetics.57 The transconductance (gm) defined as
gm = |qIds/qVg| and the square root current (|Ids|

1/2) as a function
of Vg at fixed Vds = �0.8 V are plotted in Fig. 5. The maximum
normalized transconductance (g�max ¼ gmaxL=Wd) exhibited

g�max ¼ 1:99; 1:85; 1:68 and 1:39 mS cm�1 values, while the
threshold voltage (Vth) obtained from the x-axis interception
exhibited �Vth = 0.39, 0.46, 0.52, and 0.55 V values for Vds =
�1.0, �0.8, �0.6 and �0.4 V, respectively. For n = 12 above
c.m.c., the output and transfer characteristics exhibited about
ten times lower�Ids values compared with n = 10 above c.m.c., as
also observed in the �Ids vs. concentration plots depicted in the
left panel of Fig. 3.

For instance, n = 12 above c.m.c. exhibited �Ids,Vg=�1.0V

values ranging from 0.55, 0.44 and 0.35 mA and ON/OFF ratios
(estimated using the �Ids,Vg=�1.0V/�Ids,Vg=0.0V ratio) ranging
from 1.3, 1.4, 1.5 for Vds = �1.0, �0.8 and �0.6 V, respectively,
as depicted in Fig. S4. To provide insights into the ionic
transport, injection and ionic–electronic charge transfer prop-
erties of these P3HT-based OECT devices, we performed impe-
dance spectroscopy studies. The total impedance (Z) response
can be defined as a function of the real part (Z0) and the
imaginary part (Z00) of impedance, as follows:

Z = Z0 � iZ00

The Nyquist plots (�Z00 vs. Z0) and the Bode plots (f vs. f and
|Z| vs. f ) at the OFF (Vg,dc = 0.0 V) and ON (Vg,dc =�1.0 V) modes
for n = 10 and 12 are depicted in Fig. 6 and Fig. S5, respectively.
The volumetric capacitance (C*) can be estimated from the
plateau observed at low frequencies for the total capacitance
response but, in our case, the presence of a small deviation at
low frequencies indicates a non-ideal behavior which is more
appropriate to study using a circuit model fitting.58 Our impe-
dance data showed best fitting with a circuit model based
on a resistor (Rion) (representing the electrolyte transport in

Fig. 4 (a) Output (�Ids vs. �Vds at selected Vg values), (b) transfer (�Ids vs. �Vg at selected Vds values) and (c) hysteresis transfer (�Ids vs. �Vg at selected
Vds value in forward and backward directions) characteristics for P3HT-based OECT working with [C10H21SO3Na] 0.1 M electrolyte at 25 1C. The voltages
at which the transistor output characteristic switches from linear to quasi-saturation regime are marked with arrows.

Fig. 5 (a) Transconductance (gm vs. Vg at selected Vds values) and (b) threshold voltage (|Ids|
1/2 vs. Vg at selected Vds values) plots for P3HT-based OECT

working with [C10H21SO3Na] 0.1 M electrolyte at 25 1C.
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solution) connected in series with the parallel combination of
resistor – diffusive-like constant phase element and capacitive-
like constant phase element (Rct//CPE) (representing the elec-
trolyte diffusion and charge transfer processes), as depicted in
Fig. S6. The constant phase element (CPE) impedance can be
described by the following equation:

ZCPE = (1/Q)/(io)a

where Q (admittance at o = 1 rad s�1) and a (exponent) are
frequency-independent parameters, with a = 1 and 0 represent-
ing an ideal capacitor and resistor, respectively, while a = 0.5 is
associated with diffusion processes.59 The fitted bulk solution
ionic resistance (Rion) values were 8.83 � 0.15/8.74 � 0.15 kO
(n = 10) and 32.51 � 0.54/37.16 � 0.61 kO (n = 12) for ON/OFF
modes, respectively. The similarity between both values is quite
expected considering that the micelles are at the same concen-
tration. On the other hand, the fitted charge transfer resistance
(Rct) values were 803 � 68/1579 � 211 kO (n = 10) and 426 �
166/578 � 117 kO (n = 12) and the non-ideal capacitor constant
phase element (QCPE) values were 15.1 � 1.2/28.5 � 1.3 nS sa

(n = 10) and 59.2 � 6.4/130 � 14 nS sa (n = 12) with a B 0.8 for
ON/OFF modes, respectively.

The decrease in the charge transfer resistance and pseudo-
capacitance clearly indicates that the negative gate voltage
induces interesting molecular rearrangements at the interface.
These results allow us to consider some scenarios to under-
stand the charge transfer processes at the interface between the
amphiphilic electrolyte monolayer and the conductive polymer
comprising the OECT channel. A possible scenario implies that,
in the absence of any gate voltage, the amphiphilic electrolyte
monolayer is formed at the interface with the sulfonate heads
exposed to the aqueous medium and the hydrophobic alkyl
chains interacting with the hydrophobic P3HT polymer. Then,
in the presence of a sufficiently strong negative gate voltage (e.g.
Vg = �1.0 V), not only the sodium counterions ejected from the
interface, but also the amphiphilic molecules from the mono-
layer probably synchronously reverse their orientation and
get injected into the P3HT region, as depicted in Fig. 7. This
scenario implies that the monolayer can be reversed completely
or partially, but this synchronous reversion enhances the
interaction of sulfonate groups with thiophene rings, inducing

Fig. 6 (a) Nyquist and (b) Bode plots for P3HT-based OECT working with [C10H21SO3Na] 0.1 M electrolyte at 25 1C for different operation modes; i.e.
OFF (Vg,dc = 0.0 V) and ON (Vg,dc = �1.0 V).

Fig. 7 Schematization of the formation of a monolayer in the electrolyte/P3HT interface above the critical micelle concentration and its effect on the
‘‘OFF’’ and ‘‘ON’’ states for P3HT-based OECT.
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the doping of P3HT and thus the enhancement in the channel
current, as is well understood in the literature.60 It is note-
worthy to note that the response of amphiphilic species with
lower c.m.c. values (such as n = 12 alkyl sulfonates) are much
poorer than those with higher c.m.c. values (such as n = 10 alkyl
sulfonates).

This could be related to the formation of more condensed
monolayers compared to the more expanded monolayers
formed by amphiphilic species with higher and lower c.m.c.
values, respectively.61 Below the critical micelle concentration,
there is only a diluted and isolated interaction of the amphi-
philic species sulfonate groups with P3HT and thus the OECT
response enhancement is expected to be less pronounced. This
can be associated with the surface adsorption of sulfonate ions
near the P3HT interface, even in the absence of severe penetra-
tion into the bulk film, which could produce electrostatic
doping effects via local field modulation. In addition, the
increase in ionic strength with increasing surfactant concen-
tration may also enhance electrochemical coupling, screening
effects, or double-layer capacitance at the interface, thus yield-
ing less pronounced enhancement on the OECT response.

4. Conclusions

In the present report, we present a proof-of-concept approach to
study the effect of critical micelle concentration on the amphi-
philic species response using organic electrochemical transistors
working in the accumulation mode. First of all, by using our
OECT devices, we estimate the critical micelle concentration of
alkyl sulfonate amphiphilic species, yielding quite similar values
compared to bulk solution conductivity experiments reported in
the literature. Above the critical micelle concentration, the OECT
devices working with n-alkyl sulfonates (n = 12) yielded ON/OFF
ratios of 30–60, maximum normalized transconductance of
g�max ¼ 1:99� 1:39 mS cm�1 and threshold voltage of �Vth =
0.39–0.55 V at Vg = �1.0 V. Our impedance spectroscopy studies
performed at ON and OFF modes suggested that, in the presence
of a sufficiently strong negative gate voltage (Vg =�1.0 V), not only
the sodium counterions are ejected from the interface, but also
the amphiphilic molecules from the monolayer probably synchro-
nously reverse their orientation and get injected into the P3HT
region. Our results indicate that OECT devices represent a pro-
mising platform to estimate the critical micelle concentration of
amphiphilic species, but also to study the formation of amphi-
philic monolayers of more complex systems of biological interest.
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(Vg,dc = 0.0 V) and ON (Vg,dc = �1.0 V). Equivalent circuit model
used to fit the impedance spectroscopy data. See https://doi.
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