¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

A facile membraneless method for detecting
alkali-metal cations using organic
electrochemical transistorsy

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C,
2024, 12, 18282

Waner He, (2 +° Yurika Kashino,1* Naoya Nozaki,® Joost Kimpel, (2 °

Hidetoshi Matsumoto, (2 ? Yuhei Hayamizu (2 ® and Tsuyoshi Michinobu () *@
Organic electrochemical transistors (OECTs) have garnered significant attention due to their
exceptional capability to efficiently monitor biological signals, making them an ideal platform for bio-
signal detection. Many recent research studies have focused on detecting alkali-metal cations, such
as the key cellular messengers of sodium (Na*) and potassium (K*) ions. We now report a
straightforward and effective method for fabricating membraneless ion-selective OECTs (IS-OECTs) by
directly incorporating crown ethers, specifically 18-crown-6 (18C6) and 15-crown-5 (15C5) ethers, into
a polymer matrix of p(g2T-TT), a conjugated polymer bearing glycol side chains. The resulting IS-
OECTs demonstrated good sensitivity and a low limit of detection for both Na® and K* ions.
Importantly, stability tests revealed that 15C5-mixed polymer OECTs show no degradation over
450 continuous cycles in a NaCl aqueous solution, underscoring the excellent retention performance.
This study not only provides a facile and efficient approach for the development of ion detection
systems based on OECTs but also opens new avenues for advancing bioelectronic devices in future
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1. Introduction

Recently, organic electrochemical transistors (OECTs) have
attracted considerable attention due to their unique ability
to convert ionic signals into electronic responses, making them
highly suitable for diverse sensing applications such as biome-
dical diagnostics, environmental monitoring, and ion-selective
sensing devices.'™ The fundamental principle of OECTs
involves modulating channel conductivity through the inter-
action between the gate electrode and ions in an electrolyte.
This interaction subsequently affects the charge carrier density
within the organic semiconductor channel.®® This intrinsic
coupling of ionic and electronic processes allows for excep-
tional sensitivity and selectivity, even under low operating
voltages, particularly in aqueous environments. One of the
OECT applications is ion-selective OECTs (IS-OECTs), which
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monitor biologically relevant ions, such as Na*, K*, Ca**, and
Cl™. These ions are vital for regulating nerve, muscle, and
other signal activities in humans.'®™* Previous studies have
employed IS-OECT sensors in conjunction with ion-selective
membranes (ISMs).'*'* In these cases, the selectivity of ion
sensors relies on the ionophores in a plasticized polymer
matrix within ISM layers.'® Ionophores selectively and reversi-
bly interact with target ions to form supramolecular complexes,
thereby ensuring ion selectivity. For instance, Han et al. devel-
oped a high-performance IS-OECT with a super-Nernstian
sensitivity (85 mV dec™') and a high current sensitivity
(224 pA dec™") for Na* detection by using a polyelectrolyte film
between the ISM and the channel layer.'” In 2022, Li et al.
enhanced the performance of an OECT by incorporating bio-
compatible ionic liquid [MTEOA][MeOSO;] into poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)
as channel materials, achieving a high uC* (the figure of merit
of the material is defined by the product of the charge-carrier
mobility u and volumetric capacitance C* in OECTs) of approxi-
mately 283.80 F em™ ' V™' s™'. Subsequently, ISMs were
integrated into OECTs and demonstrated their capability to
monitor electrophysiological events of Na“ and K ions.'®
Recently, Shi et al. reported a stable n-type OECT device using
a Cgo derivative with N,N,N-trimethyl-1-(2,3,4-tris(2-(2-methoxy-
ethoxy)ethoxy)phenyl) methanaminium monoadduct (PrCs,MA)

This journal is © The Royal Society of Chemistry 2024
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and also introduced a selective membrane layer, enhancing the
detection selectivity for Na* and K*.*°

Although many IS-OECTs demonstrated high-performance
sensing properties by designing and synthesizing complicated
organic semiconductors, the preparation of such ISMs on
miniaturized surfaces is an arduous and costly process. Addi-
tionally, ISM implantation can lead to issues such as potential
drifts due to weak membrane adhesion to the sensor surface,
affecting the device readouts.*® Therefore, developing func-
tional single-component electronic materials, membraneless
IS-OECTs, would simplify the fabrication process whilst not
compromising sensor stability. This design strategy has been
successfully employed by Tseng et al., who showed an electrical
analysis method using membraneless ion-selective PEDOT:PSS-
based OECTSs. Specifically, a two-PEDOT:PSS-electrode poten-
tiostat in a microelectrode array was employed for impedance
analysis to independently determine ion concentration and ion
species in the range from 1 to 100 mM.*! Given the supramo-
lecular interactions between crown ethers and metal cations,
Inal et al. developed a membrane-free method for detecting
metal cations using the single-component conjugated polymers
(CPs) functionalized with crown ether units as the gate electro-
des. Subsequently, these can be used in both the recognition of
a particular cation and the signal-transduction process.***
Although there is a noticeable progress in the ion detection
by membraneless IS-OECTs, it remains underreported and
faces numerous challenges, including device stability, low
sensitivity, and material selection. The membraneless, highly
selective, crown ether tethered CPs by Inal et al. inspired us to
combine crown ether units with IS-OECTs. Unlike their high-
cost approach which requires CPs to be functionalized with
crown ether, compounding commercially available crown ethers
with the well-reported conjugated polymer named poly(2-(3,3'-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5-yl)-
thieno[3,2b]thiophene) (p(g2T-TT)), a simple and cost-effective
method to IS-OECT active layers is achieved. The p(g2T-TT) was
first synthesized by Giovannitti et al. in 2016, featuring hydro-
philic chains, for use in OECTs. Notably, the OECT based on
such a polythiophene with glycolated side chains exhibited
better transconductance values than PEDOT:PSS-based OECTs
of the same geometry.>* Since this finding, research interest in
employing p(g2T-TT) and other glycolated organic semiconduc-
tors for OECT applications has markedly escalated among
scholars.>>°

In this study, we added 15-crown-5 (15C5) and 18-crown-6
(18C6) ethers into the p(g2T-TT) semiconducting polymer as a
hybrid active channel layer to develop membraneless IS-OECTs.
The choice of these specific crown ethers was motivated by
their known affinities for Na* and K' ions, respectively.””
Compared to the pristine p(g2T-TT), it is demonstrated that
integrating these crown ethers into the polymer matrix in
OECTs not only significantly enhances the ion selectivity for
Na' and K" ions but also achieves good stability and improved
sensitivity. Our findings underscore the potential of simple
ionophore-mixed material systems for a wide range of ion-
detective sensor applications.
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2. Results and discussion
2.1 Optimization and characterization of polymer films

Semiconducting polymer p(g2T-TT) was synthesized as reported
in the literature (Scheme S1, ESIt).>* Before evaluation of the
device, microstructure of the as-cast and annealed polymer and
polymer:crown ether mixed films were studied. This is necessary
since annealing facilitates polymer chain mobility, leading to
improved crystallinity and better device performance. First, the
microstructures of the p(g2T-TT) polymer and p(g2T-TT) with
1 wt% crown ether blend films were characterized. The two-
dimensional grazing incidence wide-angle X-ray scattering (2D
GIWAXS) patterns of the pristine p(g2T-TT) and p(g2T-TT):crown
ether mixture films are shown in Fig. 1b-d and Fig. S1 (ESIf).
As-cast polymer films showed a largely amorphous state, while
the incorporation of 1 wt% 18C6 or 15C5 led to improved
ordering of p(g2T-TT) chains without necessity of any thermal
treatment (Fig. S1, ESIT). Annealing treatment at optimal 125 °C
induced a clear increase in crystalline features compared to as-
cast thin films, as evidenced by the sharpening and intensifica-
tion of peaks in the GIWAXS 1D profiles (Fig. S2, ESIt). Conse-
quently, all the OECTs developed in this study utilized thin films
that were annealed at 125 °C. The addition of 1 wt% 18C6
(Fig. 1c) or 1 wt% 15C5 (Fig. 1d) to the p(g2T-TT) film resulted
in a more pronounced peak at lower g,, and g, values. From the
(100) peak, the polymer with crown ether produced longer
lamellar distances and longer lamellar coherence lengths in
the out-of-plane direction (Table S1, ESIT). These results suggest
the formation of larger ordered domains of p(g2T-TT) due to the
interaction between the polymer and crown ethers. It is known
that the addition of crown ethers can enhance polymer crystal-
linity induced by phase separation.>” A summary of the extracted
peak values and calculated parameters from 1D GIWAXS profiles
is provided in Table S1 (ESIY).

To investigate the water wettability and surface energy of the
above-mentioned thin films, contact angle measurements (Fig. S3,
ESIt) and calculations of surface energies (y) based on the Owens-
Wendt method were conducted.”® The experimental surface ener-
gies of pristine p(g2T-TT), 18C6-mixed p(g2T-TT), and 15C5-mixed
p(g2T-TT) were calculated to be 31.2, 40.4, and 22.4 mN m ™",
respectively (Table S2, ESIT). Compared to the pristine p(g2T-TT),
the 18C6-mixed p(g2T-TT) film displayed a reduced water contact
angle and a higher surface energy. This was due to the increased
hydrophilicity mainly caused by the 18C6 incorporation. On the
other hand, the 15C5-mixed polymer film showed a higher water
contact angle and lower surface energy, suggesting that the hydro-
philicity/hydrophobicity and surface energy of the semiconducting
layer are tuned by the crown ethers and that the 15C5-mixed film
hinders electrolyte penetration. The observed differences may be
mainly due to the difference in the ring size between 18C6 and
15C5, which significantly affect ion affinity, interactions with water
molecules and the polymer matrix, and hydrophilicity.>

2.2 Basic performance of ion-selective OECTs

Next, the OECTs based on p(g2T-TT) or p(g2T-TT):crown ether
mixture films as active layers were fabricated (Fig. 1a), and their
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(a) The schematic representation of organic electrochemical transistor (OECT) in this study with different active materials membrane: pristine
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p(g2T-TT); 18C6-mixed p(g2T-TT) and 15C5-mixed p(g2T-TT). The electrolyte in OECT was 0.1 M NaCl or KCl aqueous solution. Comparison of grazing
incidence wide-angle X-ray scattering (GIWAXS) 2D patterns of polymer thin films after annealing at 125 °C for 10 minutes: (b) p(g2T-TT), (c) 1 wt% 18C6-

mixed p(g2T-TT) and (d) 1 wt% 15C5-mixed p(g2T-TT).
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Fig. 2 Output and transfer characteristics of OECTs in the electrolyte of 0.1
(b) and (e) 18C6-mixed p(g2T-TT) and (c) and (f) 15C5-mixed p(g2T-TT).

electrical properties were evaluated. Fig. 2 shows the typical
output curves, transfer curves, and transconductance (g,
defined as the slope of the transfer curve: AI,/AVg) of the OECT
with the electrolyte of 0.1 M of NaCl or KCl aqueous solution. By
varying Vg from 0.2 to —0.8 V with V = —0.2 V, all the channel
currents gradually increased to a saturated current state,

18284 | J Mater. Chem. C, 2024, 12,18282-18290

M NaCl (blue) or KCl (red) aqueous solution: (a) and (d) pristine p(g2T-TT);

indicating the successful p-channel accumulation operation
behavior. Compared to the pristine p(g2T-TT) films, the blend
film of 15C5 crown ether exhibited a lower channel current,
which is consistent with the wettability change by adding crown
ether. As shown in Fig. 2a and d, the OECT based on the
pristine p(g2T-TT) showed no ion-selective behavior for Na* and

This journal is © The Royal Society of Chemistry 2024
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K" ions with similar drain current and transconductance. When
p(g2T-TT):crown ether blend films were employed as channel
materials, the higher transconductance values were observed
for KCI than for NaCl as the gate voltage became more negative
(—0.4 to —0.7 V for 1 wt% 18C6 mixed p(g2T-TT) and —0.6 to
—1.0 V for 1 wt% 15C5 mixed p(g2T-TT)). This result clearly
suggests Na'/K'-selective characteristics.

To further understand the effect of the crown ethers on the
electrical properties, the concentration dependence of metal
cations on the threshold voltage (Vi) and g, in transfer
characteristics was studied and the data are summarized in
Fig. 3. The incorporation of the crown ethers into the p(g2T-TT)
matrix resulted in a noteworthy reduction in the threshold
voltage, Vi, (absolute value), which can be attributed to
several key factors. The selective ion-complexation capabilities of
crown ethers alter the electrostatic environment within the polymer
matrix, reducing the energy barrier for channel formation.*
Additionally, as revealed by the GIWAXS patterns, the morphologi-
cal changes by adding the crown ethers enhance polymer chain
ordering, facilitate more efficient charge transport, and passivate
the trap states, thus lowering the V.. When a negative voltage is
applied at the Ag/AgCl gate electrode, ionic polarization occurs in
the electrolyte gate dielectric to accumulate hole carriers in p(g2T-
TT). In the case of pristine p(g2T-TT), the Na* or K’ ions in the
electrolyte solution migrate toward the gate electrode to compen-
sate for the electrode potential at the electrolyte/gate electrode
interface. Simultaneously, the Cl~ ions penetrate into the p(g2T-
TT) semiconductor layer and induce positive hole carriers in the
transistor channel. As the electrolyte concentration gradually
increases, more available Cl~ ions penetrate into the polymer
matrix, resulting in a lower Vy,. On the other hand, in the case of
p(g2T-TT):crown ether blend films, the increase in the electrolyte
concentration from 10> M to 1 M led to an increase in the Vj,. This
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Fig. 3 Concentration dependence for (a) Vin (b) gm and (c) uC* in
transfer characteristics. The results of p(g2T-TT) stand as triangle markers,
hexagon as 1 wt% 18C6-mixed p(g2T-TT), and star as 1 wt% 15C5-mixed
p(g2T-TT). Blue markers show the data obtained by using the NaCl
aqueous solution as the electrolyte and the red ones by using the KCl
aqueous solution.
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is due to the stronger interaction between the p(g2T-TT) and crown
ether complex with Na'/K" ions, leading to less effective charge
screening by ions and requiring a higher gate voltage to induce
conductivity.*!

Incorporating crown ethers into the p(g2T-TT) matrix led to
a reduction in transconductance (g,,) (Fig. 3b). The g, for
pristine p(g2T-TT) approximately ranged from 0.6 to 0.7 mS,
while the g, decreased to approximately 0.3 to 0.4 mS by
adding the crown ethers. The thickness of the pristine polymer
film, 18C8 mixed p(g2T-TT), and 15C5 mixed p(g2T-TT),
measured by atomic force microscopy (AFM), were 47 nm,
45 nm, and 38 nm, respectively. By applying the formula g, =
(Wd/L)uC*(Vy, — Vi) for steady-state performance at saturation
conditions in OECTs,® where W is the channel width, L is the
channel length, d is the channel film thickness, Vg is applied
gate bias, u is the charge carrier mobility, and C* is the
volumetric capacitance, uC* values were calculated and pre-
sented in Fig. 3c and Table S3 (ESIt). Thinner films generally
exhibit reduced g, due to surface effects, such as increased
surface roughness and defects, which can trap charge carriers
and reduce mobility.” The change in uC* values suggests that
the incorporation of crown ethers into p(g2T-TT) resulted in
complex ion-polymer interactions and morphological changes that
collectively reduce the effective mobility and transconductance.

2.3 Real-time cation detection and long-term operation
stability

To further estimate the ion-selective performance in OECTs
with channel materials of crown ether-mixed p(g2T-TT), how
real-time OECT currents respond to a concentration reduction
of Na" and K" ions in the electrolyte solution was evaluated and
the results are shown in Fig. 4a-c. Differences in the ion-
responsive performance were quantified by extracting and
calculating the sensitivity of these two ions. Sensitivity is a
key criterion for evaluating the detection capability of various
biosensors. Here we employed a source-drain current difference
(AIp) to analyze the response performance of different ions and
confirmed the validity of our findings, where Al = I — 15"~
(15"~ is the source-drain current corresponding to the initial
minimum concentration, and I5°" denotes the source-drain
current after decreasing the target ion concentration).* Accord-
ingly, the related dose curves for each cation are presented in
Fig. 4d-f. Such current responses to ion concentration were nearly
instantaneous and do not require prolonged incubation of the
device with the measurement solution.

As shown in Fig. 4a and d, the OECT with the pristine p(g2T-
TT) channel exhibited no ion-selective behavior when gating
with two types of aqueous electrolyte: NaCl and KCl (10~ % M to
1 M), which is in line with the results in Fig. 2. The sensitivity
was proportional to the logarithm of the ion concentrations,
which were extracted from the steady-state response after
each injection. OECTs based on pristine p(g2T-TT) per-
formed a similar I, sensitivity in the linear range of 10™*-1 M
(10.63 pA dec™ for Na™; 10.45 pA dec™ ' for K*) and the limit of
detection (LOD) (1.65 x 10~> M for Na*; 3.34 x 10> M for K*) by
applying these two different kinds of electrolytes (Table S4, ESIt).

J. Mater. Chem. C, 2024, 12,18282-18290 | 18285
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Fig. 4 Real-time cation detection using the studied OECTs and the response of the Na* and K* OECTs to a change in the electrolyte concentration
(NaCl, blue; and KCl, red) from 1 M to 1078 M (V5 = —0.6 V): (a) p(g2T-TT) at Vg = —0.6 V, (b) 1 wt% 18C6-mixed p(g2T-TT) at Vs = —0.5V, and (c) 1 wt%
15C5-mixed p(g2T-TT) at Vg = —0.8 V. Calibration curves of the measured current at equilibrium to NaCl and KCl aqueous solutions with different
concentrations: (d) p(g2T-TT), (e) 1 wt % 18C6-mixed p(g2T-TT), and (f) 1 wt% 15C5-mixed p(g2T-TT).

After incorporating the crown ethers into the polymer matrix, the
ion-selective characteristics can be clearly observed, showing the
higher drain-current response of K" ions (Fig. 4b and c). For 18C6-
mixed p(g2T-TT), the sensitivity of the OECT for K' ions in the
range of 10~ *~1 M was 10.63 pA dec™* with LOD of 6.22 x 10> M.
The device also responded to Na* ions, but the linear regime of the
calibration curve was narrowed to the dynamic concentration
range of 10 °-1 M with a sensitivity of 7.84 pA dec™' and LOD
of 406 x 10" M (Fig. 4e). For 15C5-mixed p(g2T-TT), the
sensitivity to K" was 13.9 pA dec™ ! in the range of 10 *-1 M, while
its sensitivity to Na" was 10.3 pA dec™' in the same linear range
(Fig. 4f). Similar to the 18C6-mixed p(g2T-TT) sensor, the LOD of
K" was lower than that of Na* for the 15C5-mixed p(g2T-TT) device.
The parameters of the above discussion are summarized in
Table S4 (ESIt). The performance of crown ether-mixed p(g2T-
TT) OECT sensors for alkali-metal detection is compared with
several ion-selective OECTs in Table 1. Compared to the other
OECT sensors shown in Table 1, most of the OECTs required an
additional membrane layer in the device configuration to achieve
ion-selective detection technology. In this study, the membraneless
detection of alkali metal ions was demonstrated in a simple way,
and the developed OECT devices also exhibited a low detection
limit and wide detection range.

Interestingly, the addition of crown ethers resulted in dif-
ferent current responses in the real-time concentration depen-
dence measurements compared to the channel material with
pristine p(g2T-TT) in OECTs (Fig. 4a—c). As the concentration
decreased, the I, of the pristine p(g2T-TT) device became
progressively smaller, while the drain current of the crown
ether-mixed channel gradually increased. The OECT based on

18286 | J. Mater. Chem. C, 2024, 12,18282-18290

P(g2T-TT) needed more than 50 s to reach a stable value, while
the IS-OECTs based on crown ether-mixed polymers were
stabilized within approximately 15 s at the range of 1-10"* M,
and the response time was independent of the ion concen-
tration. At the same time, for IS-OECTs based on p(g2T-
TT):crown ether system, the so-called current saturation period
appeared in the range of 10 *-10"® M. Specifically, the Ip
change showed an instantaneous increase at the moment the
electrolyte concentration was changed, and such an instanta-
neous current was realized as the lower the concentration, the
larger the current. Subsequently, the residual ions (such as C17)
in the channel gradually diffused or made a weaker contribution
to the current, resulting in the observed gradual decrease in Ip,.
Finally, nearly identical equilibrium values were reached, and ion
selectivity could be achieved even in such a detection range.

One of the major requirements for IS-OECTs detection is a
stable operation of the active material. Therefore, after identify-
ing the detection range and sensitivity of the sensors, the long-
term operation stability of the IS-OECTs was evaluated (Fig. 5
and Fig. S4, ESIT). During this measurement, Vi was periodi-
cally turned on at —0.4 V for 5 seconds and turned off at 0 V for
5 seconds while maintaining Vp, constant at —0.4 V. The I, was
recorded throughout the operation. As shown in Fig. 5a and c,
the device based on pristine p(g2T-TT) and 1 wt% 15C5 mixed
p(g2T-TT) exhibited extremely stable operational performance
with 100% retention in NaCl aqueous solution. The stable
operations were also demonstrated with no sign of degrada-
tion. However, in the OECT device based on 1 wt% 18C6 mixed
p(g2T-TT) a slow device degradation was observed after 450
switching cycles (Fig. 5b), which aligns with the structural

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of ion-selective OECT performances for alkali-metal detection

Sensitivity
Current  Voltage Linear LOD

Technology Materials Analytes (uA dec™) (mV dec™') range (M) (uM) Fabrication Year Ref.
Electrolyte-gated ISM/P3HT Na* — 62 10°%10" 1 Soft-molding/drop-casting 2013 33
OFET
Membraneless PEDOT:PSS/p(T15¢5- Na‘, K" 49 — 107°-107", 100 Photolithography/ 2019 23
OECT ran-EDOT) or p(T18c6- 10731 electropolymerization

ran-EDOT) electrode gate
Microfluidics- ISM/PEDOT:PSS Na', K' =10 — 10310 — Inkjet printing 2020 34
integrated OECT
array
IS-OECT ISM/PSS:Na/PEDOT:PSS Na’, K* 98,224 — 107*107" 9,15 Photolithography/spin-coating 2020 17
OECT complementary ISM/BBL/PEDOT:PSS K" — 2344 107°-1 — Photolithography/spin-coating 2020 35
amplifier
Integrated IS-OECT  ISM/PSS:Na/PEDOT:PSS Na', K' — — 1077-107% — Photolithography/spin-coating 2021 36
IS-OECT ISM/PEDOT:PSS with Na*, K" 312,488 — 10731071 750, 800 Reactive ion etching/ 2022 18

[MTEOA][MeOSO;] spin-coating
IS-OECT ISM/PSS:Na/PEDOT:PSS  Na* 126 85 107%1 110 Photolithography/spin-coating 2023 37
IS-OECT ISM/PrCeoMA Na', K" — — 107%-1 0.1 Photolithography/spin-coating 2024 19
Membraneless Ionophore mixed- Na', K" 8-14 — 1071 ~18, 62 Commercial electrodes/ This
OECT p(2gT-TT) spin-coating work
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Fig. 5 Operational stability of drain current for OECTs. Transient
responses of the drain current for Vp is —0.4 V and square pulse Vg
switching between 0 and —0.4 V with the pulse width of 5 s for 450 cycles
in 0.1 M NaCl aqueous solution. The right figures show the first 45 cycles
(top) and the last 45 cycles (bottom): (a) pristine p(g2T-TT); (b) 18C6-mixed
p(g2T-TT), and (c) 15C5-mixed p(g2T-TT).

insights from GIWAXS analysis. Upon addition of crown ether,
the p(g2T-TT) polymer with 15C5-crown ether showed larger
ordered crystalline domains than the case of 18C6-mixed p(g2T-
TT), which is beneficial for better ion transport and interaction
under different gate bias operation. The evaluation in KCI
aqueous solution further reinforced these findings, where
devices with 15C5-crown ether again showed good stability
(Fig. S4, ESIt), showing 100%, 74.8%, and 97.8% retention
performances for pristine p(g2T-TT), 1 wt% 18C6-mixed p(g2T-
TT), and 1 wt% 15C5-mixed p(g2T-TT), respectively. Overall, the
addition of 15C5-crown ether did not affect the stability of the
polymer semiconductor, which showed an excellent long-term

This journal is © The Royal Society of Chemistry 2024

operational performance in both 0.1 M NaCl and KCIl aqueous
solutions. The comparison data of long-term stability measure-
ments are summarized in Table S5 (ESIT).

2.4 Ion-selective proposed mechanism

In the case of pristine p(g2T-TT), the OECTs without crown
ethers showed almost the same responses to changes in KCl
and NaCl concentrations (Fig. 4a and d). According to the
device physics, the I current of the p(g2T-TT)-based OECT
depends on the anion injection.® As the electrolyte concen-
tration gradually decreases, the I, correspondingly decreases.
Based on this analysis, the p(g2T-TT)-based OECT could not
demonstrate ion selectivity for K* and Na'. Additionally, the
devices exhibited instability at the beginning of each cycle
during injections, likely due to the high ionic strength of the
solution.** On the other hand, as shown in Fig. 6b, since crown
ethers and alkali metal ions can form supramolecular com-
plexes, the crown ether incorporation into the semiconducting
polymer matrix directly affects the I, current in the channel.
Specifically, taking exemplar 18C6-mixed p(g2T-TT), the incor-
poration of crown ethers caused phase separation between the
polymer matrix and crown ethers (Fig. 1c and d). Hydration in
the bulk of the polymer film and the swelling stage by ion
injection could be facilitated. During the period of ion injection
and exchange, cations (K') remain in the semiconductor chan-
nel because of their strong affinity to crown ethers. At the same
time, since this kind of coordination compounds forms alkali
metal cation-n interaction with the conjugated system, hole
transport is hindered in the channel and accordingly the
I current is lowered.*" In the concentration-dependent ion
selectivity test (Fig. 4b and e), as the electrolyte concentration
decreased, the chloride concentration also decreased, directly
reducing the conductivity of the channel. In this case, however,
the polymers swelled and crown ether complexes were water-
soluble. Therefore, the components of the system were further
exchanged and diluted until the mass balance was restored.

J. Mater. Chem. C, 2024, 12,18282-18290 | 18287
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Fig. 6 Proposed mechanism of polymer doping process (polymer oxidation) based on (a) pristine p(g2T-TT) or (b) crown ether mixed polymer matrix
(example of 18C6-mixed p(g2T-TT)), including the initial and swelling stages of the polymer film due to hydration and ion injection, the doping process in
the presence of gate bias followed by conventional charge compensation via anion injection. The yellow arrows refer to the change in the polymer film
volume (swelling); the green arrows correspond to the transport of charged species (injection/ejection).

This led to a weakening of the alkali metal cation-r interaction,
which corresponds to the unblocking of holes in the polymer,
thereby increasing the channel conductivity. Due to the syner-
gistic effects of these factors, the Iy current of the IS-OECT
increased as the concentration of the electrolyte solution
decreased (Fig. 4b and c). Further investigation of the factors,
such as the differences in the ion-complexation properties of
Na' and K" with 18C6 or 15C5, variations in alkali metal cation—
n interaction strengths with the conjugated polymer, and
differences in the hydration capacity of the complexes, revealed
that the OECTs with crown ether-mixed polymers exhibit ion
selectivity for Na* and K" ions.>**°

3. Experimental section
3.1 Materials

The polymer semiconductor p(g2T-TT) was synthesized follow-
ing a procedure previously reported in the literature as detailed
in the ESIt (Scheme S1).** 18-Crown-6-ether (18C6) (TCI),
15-crown-5-ether (15C5) (TCI), sodium chloride (NaCl) (TCI),
potassium chloride (KCI) (Fujifilm-Wako), potassium tetrakis-
(4-chlorophenyl)borate (TCI) and chloroform (Sigma-Aldrich)
were purchased from respective suppliers and used as received,
without further purification. All aqueous solutions were pre-
pared with ultrapure water (Millipore Milli-Q).

3.2 Polymer solution preparation

The p(g2T-TT) solution was prepared in chloroform at the
concentration of 4 mg mL'. Blend solutions of 18C6-mixed
p(g2T-TT) and 15C5-mixed p(g2T-TT) were prepared by incor-
porating 1 wt% of 18C6 or 15C5, along with 0.1 wt% potas-
sium tetrakis(4-chlorophenyl)borate, into the p(g2T-TT) stock

18288 | J Mater. Chem. C, 2024, 12,18282-18290

solution and these solutions were homogenized by stirring
prior to thin film fabrication.

3.3 Characterization of polymer films

Two-dimensional grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were conducted at beamline BL40B2 in
SPring8 (Hyogo, Japan). The X-ray beam had a wavelength of
0.1000 nm, with a camera length set to 111.0240 mm. The two-
dimensional scattering image was captured using an Eiger2 S 500k
photon counting detector (DECTRIS Ltd.). GIWAXS results were
measured at the incident angle of 0.10°, which was lower than the
critical angle of total external reflection at the silicon surface and
was close to those of samples. The components of the scattering
vector, g, parallel (g,,) and perpendicular (g,) to the sample surface,
were distinctly defined. Thin film samples for GIWAXS measure-
ments were prepared by spin-coating (2000 RPM/45 s) of the
polymer solutions in chloroform onto N''Si/SiO, substrate with/
without annealing at 125 °C for 10 min. The thickness of annealed
polymer films was examined by a Seiko Instruments SPA-400 with
a stiff cantilever of Seiko Instruments DF-20. The samples for
contact angle measurements were prepared by the same method
as the GIWAXS sample fabrication. Static contact angles of the thin
films were measured by the sessile drop technique using deionized
water and glycerol as probe liquids with a surface electro optics
Phoenix 150/300 contact angle analyzer. The surface energies were
calculated based on the Owens-Wendt method.”®

Youier? | Bourer?”
1 + cos 9 — water water 1
Pt ) = et Fa b O
4,le cerolyd 4'Vpl cerol Vp
Vel 1(1 + cos Oglycerol) = & £ (2)
e yglycerol + ’yd Vglycerol +77
ytotal _ Vd + ,Vp (3)
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3.4 OECT fabrication and characterization

The electrodes (10 nm Ti and 90 nm Pt) on a quartz glass
substrate for the OECTs were sourced from BAS Inc. First, the
above substrate was ultrasonically cleaned with deionized water,
acetone and isopropanol, and then thoroughly dried by gas flow.
Second, the prepared polymer solution was spin-coated onto the
electrode-laden substrate at 2000 RPM for 45 s to form the thin
films, which were subsequently annealed at 125 °C on a hot plate
in air for 10 min. Finally, an Ag/AgCl electrode served as the gate
electrode, with a PDMS well encasing the device channel. This
configuration created a well-defined liquid area, isolating the
solution from the source and drain electrodes. In this study, the
channel dimensions were 100 pm in length and 10 pm in width.
All electrical characterizations of the OECTs were conducted using
a Keithley 4200A-SCS parameter analyzer in ambient conditions
and ambient lighting. To obtain real-time current responses
(In-time) with respect to the stepwise change in ion concentra-
tions, the PDMS well was first placed on top of the substrate and
filled with the original aqueous solution, and then I, was
recorded under constant Vi and V, conditions. Once the baseline
current was stabilized, the concentrations of Na' or K' were
decreased by successively replacing the original aqueous solution
by the subsequent corresponding NaCl and KCl solutions ranging
from to 1 M to 10~ ® M in the PDMS well.

4. Conclusions

In summary, the simple addition of crown ethers (15C5 and
18C6) to semiconducting polymers as channel materials has
been successfully demonstrated as an efficient and straight-
forward method to fabricate the membraneless ion-selective
(IS)-OECTs. The IS-OECTs in this study exhibited a higher
current response to K' than to Na', demonstrating relatively
high sensitivity and a low limit of detection. Notably, the
IS-OECT based on 15C5-mixed p(g2T-TT) showed excellent
stability with approximately 100% retention of performances.
Finally, considering the device physics and substance inter-
actions (e.g., ion penetration and coordination interaction),
an operating mechanism was proposed. The current study
presents a simple and straightforward approach to modulate
the electrical properties of conjugated polymers by utilizing
crown ethers as additives in different sensor applications. The
possibility of simply combining the ion-selective ionophores
and a variety of functional materials with ionic-electronic
transport functions opens up a broad range of prospects for
future research.
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