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ABSTRACT: The performance of organic electrochemical el L @
transistors (OECTSs) relies on the interaction between organic £ T . f
semiconductors and ions. Consequently, hydrophilic ethylene ‘Q&_‘gzﬁ z:ﬁ:ff iz =
glycol (EG) side chains are incorporated into organic

semiconductors to improve the channel’s capacity to absorb \ \‘ o

ions. However, the EG substituted organic semiconductors | } -
tend to swell when immersed in aqueous electrolytes and — e —
exhibit microstructural changes induced by dopant ions. In our research, we introduce an alkyl spacer to create distance
between the fullerene and EG chain. This approach is designed to reduce the negative effects of swelling and balance the
ion and electron conduction. We conducted an analysis of OECTs using four fullerene derivatives: no alkyl spacer, butyl,
hexyl, and octyl spacers. The OECTs based on fullerene derivatives with butyl and hexyl spacers exhibit enhanced
transconductance (g,, = 11.8 and 19.4 mS) compared to the ones without alkyl spacers. It has also been observed that the
butyl and hexyl spacers lead to a more than tenfold increase in volumetric capacitance. Further increasing the alkyl spacer
(octyl group) leads to no transistor behavior. Our study uncovers the relationship between alkyl spacers and the
performance of OECTs based on fullerene derivatives. This will serve as a guideline for designing n-type small molecules
for OECTs. Finally, we showcased the potential of utilizing OECTs based on these fullerene derivatives in cation sensing,
which is promising for developing sweat sensors.

KEYWORDS: organic electrochemical transistors, fullerene derivatives, ethylene glycol side chains, ion and electron
conduction

1 Introduction

Organic electrochemical transistors (OECTs) have garnered
widespread attention due to their potential applications in areas
such as neuromorphic sensing, perception, and computing [1-3].
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OECTs present numerous advantages compared to silicon-based
transistors, including lower operating voltages, high sensitivity to
ions and biomolecules, and the capacity to be manufactured as
flexible electronics. Researches on organic mixed ionic-electronic
conductors (OMIECs) [4] have focused on electronic transport in
the context of delocalized m-conjugated polymers, which are
responsive to ions in the electrolyte and then conduct electrons via
carrier hopping between chains. OECTs using OMIECs as channel
materials are electrochemical devices with an emerging bio-like
operating mechanism. OECTs are a three-terminal device with a
gate electrode, a source electrode, and a drain electrode. The gate
voltage, Vi, drives ions to migrate from the electrolyte into the
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OMIECs to compensate for the electron charge, which changes the
channel conductance via electrochemical oxidation or reduction
reaction [5]. During this process, ions could reversibly dope into
and launched from the bulk of the material. OECTs can amplify
small gate potential changes into significant current modulations,
making them ideal for trace substance detection or circuit signal
amplification. In addition, the conduction mechanism enables
OECTs to be applied in organisms in the most biologically relevant
operation mode for transmitting signals across biological and non-
biological interfaces or simulating biological functions [6]. OECT's
have a low operating voltage, a biologically-like ion-electron
conduction mechanism, good biocompatibility, and other
application advantages. As an excellent artificial device for human-
computer interaction, it is currently applied in, for example,
artificial synapses [7—10] and artificial neurons [11-13].

An important indicator for evaluating the OECT performance is
the transconductance g, which can be extracted from the linear
region of the transfer curve by 0I,/0V,. The g, quantifies the
amplification factor and is determined by the combination of
channel size and material intrinsic characteristics according to
Eq. (1) [14]

&n = HCWA/L|V,, — V5| (1)

where y is the carrier mobility, C* is the volumetric capacitance of
the material, W is the channel width, L is the channel length, d is
the film thickness, and Vy, is the threshold voltage for OECTs.
Maximum transconductance g, is often employed to compare the
signal amplification performance of different devices. To eliminate
the influence of channel size on the evaluation of material
performance, yC* was utilized as the merit value of channel
materials. Due to the aqueous system of poly(3,4-
ethylenedioxythiophene):poly(styrene ~ sulfonate) (PEDOT:PSS),
stable performance and higher yC* values make it widely used as an
active layer for OECTs. However, since PEDOT:PSS OECTSs
operate in depletion mode, it is necessary to apply V to turn off the
devices. Moreover, the quiescent power consumption is high, so it
is necessary to develop the OECTs that operate in enhanced mode
[15]. By molecularly designing the backbone and side chains
[16-20], conjugated polymers achieve better and more stable
performance than PEDOT:PSS. P-type OECTs are being widely
developed, which is an order of magnitude higher in performance
than the best n-type counterparts [21, 22]. N-type OECTs have
been applied in various fields [23-25], but their performance
remains a limiting factor. The main reason limiting the
development of n-type OMIECs is their instability in aqueous
environments and air. However, complex logic circuits [26], and
biosensing [27], urgently require high-performance n-type organic
semiconductor materials. Recently, it has been shown that the
OECT performance is improved by substituting hydrophobic alkyl
chains with hydrophilic glycol side chains [28], or inserting alkyl
units into glycol chains [20].

Although the side-chain engineering strategy in materials has
significantly improved the performance of conjugated polymer-
based OECTs [20, 29, 30], n-type conjugated polymers have always
faced the problem of low electron mobility [31]. Small
semiconducting molecules are usually better crystallized, facilitating
carrier transport within the bulk of the material. They have an
overall electron mobility one order of magnitude higher than that
of conjugated polymers [32], and, thus, can serve as promising
active layers for OECTs. In addition, organic small molecules have
the advantage over polymers in that they are easy to synthesize and
purify and have less influence from batch to batch. However, at the
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same time, there are fewer doping sites within the bulk, ion doping
becomes more difficult.

Fullerenes are fascinating materials for electronics due to their
efficient electron transport. Since fullerenes are insoluble,
researchers have used side-chain modifications to obtain fullerene
derivatives, a class of small-molecule receptors with excellent
performance [33]. Although fullerene derivatives have long been
used as active layers of OFETs, there have been few studies on
fullerene derivatives based OECT. Bischak et al. used C60-TEG, a
fullerene derivative of the glycosylated side chain, as the active layer
of OECT for the first time [34]. C60-TEG has a great performance
improvement compared to PCBM. Stein et al. successfully
fabricated ambipolar OECTs by blending PrC60MA with p(g2T-
TT) [35]. The work of Bischak et al. is very constructive; they show
that many of the design rules for conjugated polymers are suitable
for small molecule n-type semiconductors. However, this is not
enough, and many previous studies have revealed the effects of
different ratios of EG and alkyl on OECT performance and the
trade-off relationship between C* and u [20, 29, 30]. It is necessary
to explore the properties of fullerene derivative OECT further.

The OECT mechanism requires that its materials facilitate the
entry and ejection of ions. Oligomeric ethylene glycol (OEG) has
good hydrophilic properties, and introducing OEG into the side
chain is commonly used to improve the hydrophilic and ion-
permeable properties of OECT materials. The hydrophilic side
chains ensure the doping and storage of ions in the bulk of the
material [36]. In an electrochemical cycle, the material immersed in
the electrolyte undergoes passive and active swelling. Doping and
dedoping by hydrated ions from the electrolyte disrupts the internal
buildup of the material. Excessive swelling leads to the disruption of
electronic pathways in OECT materials, and the introduction of
side chains in alkyl units can inhibit passive swelling and thus
improve OECT performance. Alkyl units of different lengths are
inserted into the side chains of fullerene spheres to obtain optimal
performance.

In this study, we investigate fullerene derivatives functioned with
hybrid alkyl-glycol side chains as active layers for n-type OECTs
(Fig. 1(a)) and explore how the alkyl spacers affect the mixed ionic-
electronic conduction properties. The detailed synthesis of the
molecules is given in the Electronic Supplementary Material (ESM).
We introduce the alkyl units to form amphiphilic side chains for
comparison with the EG-substituted fullerene derivative (PTEG1).
The fullerene derivatives comprising butyl (PC4TEG), hexyl
(PC6TEG), and octyl spacers (PC8TEG) are shown in Fig. 1(b).
The results demonstrate that the appropriate alkyl spaces could
effectively enhance the volumetric capacitance and ion diffusion
capacity of fullerene derivatives. PC6TEG has the highest
volumetric capacitance among all four molecules, which is
569.49 F-cm”. PCATEG exhibits approximately twice the ion
diffusion capacity of other materials. OECTs based on PC8TEG
with the longest alkyl spacers are unable to switch on within the
water’s potential window. The response of PC4TEG-based OECT's
to Na proves the potential of n-type OMIECs for cation sensing
applications. This study aims to demonstrate that embedding
proper alkyl spacers into EG side chains can effectively improve the
performance of fullerene-based n-type OECTs.

2 Results and discussion

Four fullerene derivatives are used as the channel material for
OECTs, and the device structure of OECTs is shown in Fig. 1.
0.1 M NaCl is used as the electrolyte. The atomic force microscopy
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Figure1 (a) Schematic of OECTs. (b) Chemical structure of fullerene derivatives: PTEG-1, PCATEG, PC6TEG, and PCSTEG.

(AEM) of four fullerene derivatives before and after doping is
shown in Fig. S20 in the ESM. The OECTs are characterized by the
transfer curves (where Vj, is fixed, recording I, versus V) and the
output curves (I, versus Vp, at different Vi values). The devices
could not be turned on within the operation voltage when PC8TEG
is used as the channel material of OECTs, and its transfer and
output curves are shown in Figs. S13(c) and S13(d) in the ESM.
Since PC8TEG has the most extended alkyl unit, we hypothesize
that its hydrophobic nature hinders Na* ions from approaching the
bulky fullerene balls and doping them. The output curves of
OECTs based on PTEG-1, PC4TEG, and PC6TEG (Fig. S14 in the
ESM) indicate that all devices have reached the saturation region at
Vp = 0.6 V. Therefore, the transfer curve for the saturation region is
recorded at Vp, = 0.6 V (Fig. 2(a) and Fig. S13(b) in the ESM). The
PTEG-1, PC4ATEG, and PC6TEG based OECTs all exhibit n-type
enhancement operation. OECTs with PC4TEG and PC6TEG
achieve an on-off ratio exceeding three orders of magnitudes. The
trends of Vy, and g, can be visualized in Fig. 3(a). PTEG-1 with
only EG side chains has the lowest g, resulting from its highest
threshold voltage Vy, and lowest yC* (see Table 1 and Fig. S19 in
the ESM). PCATEG OECTs have the lowest threshold voltage, in
contrast to PC6TEG OECTs, which have a slightly higher V, and
gn (up to 30 mS for all devices). The parameters of OECTs are
summarized in Table 1.

The ions are injected from aqueous electrolyte into OMIECs, so
the jonic-electronic coupling depends on the hydrophobic nature of
the material. The film’s water contact angles exhibit the trend in
hydrophilicity of these four molecules, as shown in Fig. S10 in the
ESM. From PTEG-1 to PC8TEG, the water contact angles show a
gradual increase with the extension of the alkyl unit; they are 64.8°,
68.5°, 71.4° and 75.4° respectively. The material with smaller
contact angle is more hydrophilic, making it more favorable for
ions to penetrate. The fullerene derivatives are spin-coated on
indium tin oxide (ITO) as the working electrode and placed in

(@ 3s 25
PTEG-1
3.0 PCATEG L20
25| — PC6TEG
- Vp=0.6V F1s
Eﬁ 204 P
=151 L10
- —_-—
1.0 1 s
0.5 1
fffffffffff L u
0.0 _ i i
00 02 04 06
Ve (V)

0.1 M NaCl solution for cyclic voltammetry (CV) scanning. The
results are shown in Fig. S11 in the ESM. During the CV
experiments, electrons transfer between the active film and ITO
electrode, causing Na* in the electrolyte to migrate to compensate
for the charge. The CV plots show that the fullerene derivatives can
be reversibly reduced and oxidized. The reduction potentials of the
materials can be extracted from the CV plots (trend plot in
Fig. 3(b)), which indicates the ease with which Na' can
electrochemically dope the materials in solution. The trend in
reduction potential aligns with the OECT threshold voltage of the
fullerene derivatives. Both PTEG-1, which contains hydrophilic EG
side chains, and PC8TEG, which contains the most extended alkyl
unit, have the highest reduction potential onset (-0.51 V). These
reduction potential onsets indicate that PTEG-1 and PC8TEG are
more difficult to be doped in an aqueous solution than PC4TEG
and PC6TEG.

To monitor the ion doping process of the fullerene derivatives at
various voltages, we conduct spectroelectrochemical tests in a 0.1 M
NaCl solution. The tests are performed using ITO coated with a
fullerene film as the working electrode, which is immersed in the
solution. Figure S12 in the ESM shows the absorption spectra of the
four materials as a function of applied bias (vs. Ag/AgCl). All the
fullerene derivatives exhibit minimal change within the scanning
range of wavelengths with applied bias. Only PC6TEG displays a
slight increase in the visible range, consistent with the previous
study on C60-TEG [34]. This suggests that the doping of PC6TEG
with Na* OECTs is the most effective among all four materials. The
transient response is tested by applying a square wave pulse V; = 0
to 1 V to the gate, recording the change in I, over time, and then
fitting the device’s turn-on and turn-off response times with an
exponential function. Figure 3(a) and Fig. S15 in the ESM show
that OECT's based on PCATEG have the fastest turn-on response
(Ton = 21.6 ms, 7,5 = 1.9 ms), followed by the PTEG-1 (7, = 36.7
ms, Ty = 3.5 ms), while the PC6TEG have the slowest turn-on

(b) 0.07 T
1
006 PTEG-1
PC4TEG
0.051 — PC6TEG
1< 0.04{ Vp=06V
=5 0.03
0.02
0.01
0.737V
0.00
0.0 02 04 06 08 10

Vo (V)

Figure2 (a) Transfer curves of PTEG-1, PCATEG, and PC6TEG. (b) Linear fit of \/T, vs. V,, from the transfer curve and extracting the intersection of the fit linear and
V/1I,, =0 to get the threshold voltage V.. The Vy, of PTEG-1, PCATEG, and PC6TEG were 0.917, 0.730, and 0.737 V.
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Figure3 (a) Vy, g, 7 and p extracted from OECTs data of four fullerene derivatives. (b) The reduction potential of all fullerene film extracted from CV in 0.1 M
NaCl(aq). (c) Ion diffusion coefficient of all fullerene film extracted from chronoamperometry measurements.

Table1 The summary of steady-state OECT based on fullerene derivatives, four devices were measured for each fullerene derivative to extract the standard deviation

Fullerene Vi &n ucC* U Cc* I

derivative V) (mS) (F-V'cm™s™) (107 cm?V-'.s1) (F-cm™) onfoff
PTEG-1 0.84 + 0.06 4.6+0.8 0.104 £ 0.021 2.61 £0.528 39.78 >10?
PC4TEG 0.71 £ 0.02 11.8 £ 8.8 0.347 £ 0.054 0.853 £0.133 406.77 >10°
PC6TEG 0.75 + 0.07 194 £ 11 0.300 £ 0.045 0.527 £ 0.079 569.49 >10°
PC8TEG N/A N/A N/A N/A N/A N/A

response (7,, = 1143 ms, T,z = 8.8 ms). The sequence of device
response speed from highest to lowest is as follows: PCATEG >
PTEG-1> PC6TEG.

OECTs consist of two conducting pathways: ionic conduction
(between the electrolyte and the channel) and electronic conduction
(between the source and drain) [15]. The switching speed of
OECTs can be influenced by the rate of ion diffusion within the
electrolyte and channel material and the rate of electron transport
between source and drain. However, the electron velocity is
significantly faster than the jon migration within the electrolyte and
diffusion within the material. Hence, ion diffusion is a key factor
limiting the device’s operating speed. In Fig. 3(c) and Fig. S17 in the
ESM, the ion diffusion coefficients of these four fullerene materials
are extracted using chronoamperometry. The result follows the
order: PCATEG > PTEG-1 > PC6TEG > PC8TEG. The trend of ion
diffusion aligns with the device’s transient response, indicating that
the ion diffusion correlates with the device’s operation speed.
Inserting the proper alkyl spacer, like butyl (C4), favors ion
diffusion. Furthermore, we speculate that the inserted alkyl unit
extends the distance between the induced electrons on Cg, and the
cations on the EG side chains. The electrostatic interaction force
between Na* and electrons on Cg, is inversely proportional to the
distance. When the distance between the two is short, this strong
Coulombic force reduces the number of free charges [37]. The
extended distance of PC4TEG weakens the ion-electron interaction
force, resulting in faster ion diffusion. However, the ion diffusion
coefficients decrease significantly as the hydrophobicity of PC6TEG
and PC8TEG affects the jons.

The volumetric capacitance (C*) is determined using
electrochemical impedance spectroscopy (EIS) at an offset potential
of -0.8 V vs. Ag/AgCl in a 0.1 M NaCl aqueous solution. We use
Kovac’s circuit to fit the capacitance values of PTEG-1, PCATEG,
and PC6TEG, and normalize the capacitance by volume (Table S1

Nano Research, 2025, 18, 94907149

94907149 (4 of 8)

in the ESM). The double peaks in the phase angle plot indicate the
presence of two capacitances within the system [30], which
originate from the flat plate capacitance at the electrolyte-channel
interface and the bulk capacitance of the channel material [38].
Instead of a pure capacitive element, we use an equivalent circuit
with two capacitive elements, CPE1 and CPE2, and a constant
phase element, CPE, because the system is more complicated than
an ideal capacitor. The phase peaks corresponding to CPE2 occur
in the 1 to 10 Hz, and those corresponding to CPE1 in the 10° to 10*
Hz. The CPE2 capacitance values of all materials are higher than
the CPEl capacitance values, which is in line with the
characteristics of bulk and flat plate capacitance. In Fig. S18 in the
ESM, the capacitance C represents the corresponding volumetric
capacitance value of CPE2 from the equivalent circuit. PC6TEG
shows the highest C* at 569.49 F-cm”, and both PC4TEG and
PC6TEG have C* values more than ten times higher than PTEG-1.
The volumetric capacitance values of the materials, C*, follow the
same trend as the OECT transconductance values, further
confirming the enhancement of ionic doping into the bulk by
introducing a butyl or hexyl spacer.

To investigate the impact of alkyl spacers on the micro structure,
we utilize grazing incidence wide angle X-ray scattering (GIWAXS)
to characterize the thin film morphology of these four fullerene
derivatives, as depicted in Fig. 4. The narrow arc-like signals
indicate all samples have a high degree of crystal orientation across
the entire film. Three reflection peaks ((001), 1 = 1, 2, 3) can be seen
in the out-of-plane g, direction (Fig. 4(b)), indicating that these
fullerene derivatives form a layered structure along the normal
direction of the substrate. The d-spacing is 2.4 nm for PTEG-1, 2.8
nm for PC4TG, 3.3 nm for PC6TEG, and 2.6 nm for PC8TEG. As
the (001) peaks move toward lower q values, the d-spacing
increases, which is possibly more favorable for the penetration of
hydronium ions into the bulk of materials. When the alkyl unit is

) 422w | Sci@pen
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Figure4 (a) 2D GIWAXS patterns of PTEG-1, PCATEG, PC6TEG, and PC8TEG. (b) The out-of-plane and (c) in-plane line cuts of each fullerene derivative.

further increased, the (001) peak of PC8TEG shifts to lower g
values, and the d-spacing decreases. The internal order of the
material increases, and due to its hydrophobic nature, the OECTs
based on PC8TEG exhibit difficulty turning on within the potential
window. Molecular arrangement affects the formation of ion
transport pathways. When the crystal face spacing is moderate, it is
conducive to forming continuous and stable ion channels so ions
can be efficiently transported [4]. In general, the larger the spacing
between crystal faces, the easier the ion migration [29]. This is
because larger crystal face spacing can provide more space for ions
to move, reducing interactions and collisions between ions and thus
reducing energy loss during migration. This explains the substantial
increase in OECT’s g, I om for PCATEG and PC6TEG compared
with PTEG-1. However, it must be noted that the movement of
ions within the OECT channel is a complex process, and this study
attempts to give a preliminary outline of the performance changes
of the four materials with GIWAXS data.

Ions are indispensable for energy conversion and the
fundamental substances in organisms, which can maintain acid-
base balance and normal physiological activities. Na* and K* are
essential for generating and transmitting nerve signals and muscle
activities. The rapid and portable detection of Na* and K* is crucial
in bioelectronics [39, 40]. OECTs, as ion-responsive electronic
devices, are known for their low operating voltage and sensitive
response to voltage changes [41]. While there have been numerous
reports of OECTSs detecting ion concentration [42], there are still
some challenges with OECTs cation sensing. Firstly, the current
chemical sensing predominantly relies on PEDOT:PSS-based
OECTs, but the energy consumption problem of the depletion
mode devices is limiting further development [15]. Secondly, the
voltage response of p-type OECTs originates from anionic entry
into the channel, which is contradictory to cation detection. N-type
accumulation mode OECTs respond to cation doping and are
more suitable for cation detection [27]. Given the OECT
performance of fullerene derivatives in terms of response time and
transconductance, we demonstrate PC4TEG-based OECT' sensing
for Na* and K* concentration and jon-selective detection.

The OECT transfer and output curves of PCATEG are
characterized with 0.1 M NaCl(aq) and 0.1 M KCl(aq) as
electrolytes, as shown in Fig. S21 in the ESM. The PCATEG OECT's
(channel length = 100 pm and channel width = 5 mm) have a stable
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current response with a maximum current response I, > 10° A and
a switching current ratio I, g > 10% The rapid and stable change in
current indicates that the metal cations can smoothly enter the
PC4TEG. When using OECTs as ion sensors, it is important to
maintain stable current during operation to minimize the impact of
disturbances other than ion concentrations. To ensure stability, we
select Vo =1V and Vp = 06 V as the working voltage for
subsequent ion sensing, based on the saturation region of the
output curve. The stability of OECT operation in an aqueous
environment is crucial for ion sensing. The rapid change in voltage
pulses replicates the constant change in effective voltage acting on
the channel caused by ion concentrations in real-world scenarios.
Figure S16 in the ESM demonstrates that PC4TEG OECTSs can
continuously operate for 5000 cycles under rapid voltage switching,

We initially measure the device’s current response in the absence
of an ion-selective membrane (ISM), using 100 pM NaCl (aq) and
KCl(aq) as the background, and then gradually introduce solutions
of different concentrations after the currents have stabilized. In Fig.
S22(a) in the ESM, the response of PC4TEG OECTs to
continuously varying concentrations of NaCl and KCl solutions
ranging from 100 uM to 1 M is demonstrated. As the concentration
of the tested solution increased, the current change displays a
gradual and steady upward step. Since the response speed of the
OECTs is primarily limited by ion motion, the device is held for
50 s after each concentration change to reach a steady current. The
current change at drain Al, is used to monitor the ion
concentration change in the solution. The sensitivities of PC4TEG
OECTs to Na' and K' are separately extracted, as shown in Figs.
$22(b) and S22(c) in the ESM. The current change displays a good
linear relationship with the ion concentration range from 10 mM to
1 M. The sensitivity is 17.55 + 0.93 pA-dec’ for Na* and 8.09
+0.38 pA-dec for K'.

In practical ion sensing scenarios, precise detection of specific
ions is often necessary. To verify the selectivity of our devices for
Na’, we mount a Na* ISM on PC4TEG OECTs. The sandwich
structure of the ion-selective sensor is depicted in Fig. 5(a): The Na*
ISM is placed above the channel, and a 0.1 M NaCl solution serves
as the filling solution between the ISM and the channel. Figure 5(b)
illustrates the comparison of the current response of the OECTs to
Na* and K* after introducing the Na® ISM. In the same
concentration range of 10 mM to 1 M, the current changes caused
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Figure5 (a) Schematic diagram of a device with an ISM. (b) The current response of ion sensing tests using ISMs with varying NaCl and KCl aqueous concentrations
ranging from 100 M to 1 M. (c) and (d) The values of current changes in response to different concentrations of ions with ISM and their corresponding fitted curves.

by Na* are approximately three times higher than those caused by
K. The data show a Na* sensitivity of 41.89 + 2.83 uA-dec” and a K*
sensitivity of 16.83 + 0.34 puA-dec”, which is more than two times
higher for Na* than for K*, with R’ > 0.98 indicating a good linear
fit. These results demonstrate the excellent selectivity of the
PCATEG OECT towards Na* after incorporating a Na'-selective
film.

3 Conclusions

Side-chain engineering on OMIECs is a pivotal strategy for
enhancing the performance of OECTs. In this study, we synthesize
four fullerene derivatives with varying alkyl spacer lengths between
fullerene and EG chains. PC4TEG and PC6TEG OECTs with
appropriate alkyl spacers improve OECTs transconductance and
volumetric capacitance by one magnitude, compared with the
fullerene with only EG chain. Further increasing the alkyl spacer
length results in non-functional device. The GIWAXS shows that
PCATEG and PC6TEG have larger intermolecular spacing, which
may facilitate ion penetration. The volumetric capacitance of
PCATEG is 406.77 F-cm™, and PC6TEG is 569.49 F-cm™. However,
alkyl groups’ hydrophobic nature obstructs the movement of
hydrated ions. Our investigation indicates the appropriate
amphipathic side chains balance intermolecular spacing and ion
motion, leading to optimized performance of OECTs. The
enhanced transconductance is beneficial for amplifying the sensing
signal in biological applications (the inverter displayed in Fig. S23 in
the ESM). We have demonstrated that our OECTs are capable of
selectively detecting Na* by employing a Na* ISM, with nearly three
times higher sensitivity than K*. This gives us confidence in using n-
type OECTs for cation sensing in the future.

4 Experimental

4.1 Materials

Chloroform, NaCl, and KCl were purchased from Sigma-Aldrich.
Tetrahydrofuran and valinomycin were obtained from Shanghai
Acmec. High-molecular-weight polyvinyl chloride (PVC) and
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (Na-TFPB)
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were bought from Shanghai Aladdin. Bis(2-ethylehexyl) sebacate
(DOS) was procured from Shanghai Titan. All chemicals were used
as received.

4.2 OECT fabrication and characterization

The polymer solutions were dissolved in chloroform at a
concentration of 5 mgmL". The interdigitated microelectrodes
IDA-Au-6 were purchased from MicruX technologies with channel
length 5 pum, number of pairs 30, and individual channel width
1.8 mm. The interdigitated microelectrodes were treated with UV
zone for 20 min, following polymer solution spin-coating on it with
1000 rpm for 30 s and annealing at 100 °C for 30 min. The electrical
characterization of devices was measured and recorded in 0.1 M
NaCl solution covering the channel using a NI 1460 sourcemeter
and Keithley 2612B. The transient response time was measured by
waveform generator applying a 0-1 V pulsed voltage (with 3 Hz for
PTEG-1, 3 Hz for PC4TEG, and 0.5 Hz for PC6TEG) to the gate of
devices. At the same time, the sourcemeter applied the Vp and
measured the I,

4.3 Cyclic voltammetry

The electrochemical workstation CHI760E (Shanghai Chenhua
Instrument Co., Ltd) was used to conduct CV measurement. Spin-
coated small molecule films on ITO glass were used as working
electrodes. Three-electrode single-compartment cell was employed
at 0.1 Vs scanning rate from 0 to -0.8 V (vs. Ag/AgCl) with Pt
sheet as couple electrodes and Ag/AgCl as reference electrodes in
0.1 M NaCl(aq).

44 Electrochemical impedance spectra

EIS measurement was performed on the polymer-coated Au
electrodes using a three-terminal set-up and the electrochemical
workstation CHI760E (Shanghai Chenhua Instrument Co., Ltd).
Polymer was coated on @ = 0.7 mm gold electrodes with Si
substrate which was patterned by the lithography technique. The
polymer coated gold electrodes were employed as working
electrodes followed by the employment of Pt sheet as couple
electrodes and Ag/AgCl as reference electrodes in 0.1 M NaCl
solutions. The AC amplitude of voltage in form of sine-wave on the
working electrodes was set as 10 mV with a frequency range
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between 0.1 Hz to 100 kHz. The obtained dates were fitted to the
Kovac’s circuit.

45 Grazing incidence wide-angle X-ray scattering

characterization

Two-dimensional (2D) GIWAXS was measured on a GANESHA
300XL+ system from JJ X-ray equipped with a Pilatus 300K
detector, with a pixel size of 75 um x 75 pum. The X-ray source was
a Genix three-dimensional (3D) microfocus sealed tube X-ray Cu-
source with an integrated monochromator (multilayer optic “3D
version” optimized for SAXS) (30 W). The X-ray wavelength used
was 154189 A. The detector model was Dectris EIGER2 Si 500K.
Date of corresponding line cut was processing via Fit 2D.

4.6 Spectroelectrochemistry measurements

Electrochemical spectroscopic measurements were tested by UV
absorption spectrometer and electrochemical workstation CHI760E
(Shanghai Chenhua Instrument Co., Ltd). Spin-coating of fullerene
derivatives on ITO to prepare thin film samples was used as
working electrodes.

4.7 Water contact angle measurement

The contact angle was measured by the angle of water on the
fullerene film of ITO glass using the CA100 instrument of Guang
Dong Hokuto Instrument Co.

4.8 Ion sensor device preparation

The ionic sensors used gold electrodes vaporized on the glass
substrate with channel length of 100 pm and width of 0.5 mm. The
current changes of the sensors caused by tested solutions were
recorded by the timed current method. The Na® selective
membrane was prepared from Na ionophore X (1% w/w), Na-
TEPB (0.55% w/w), PVC (33% w/w), and DOS (65.45% w/w).
100 mg of the mixture was dissolved in 660 uL of tetrahydrofuran.
The ion-selective membrane was formed by spin-coating the
solution onto a glass substrate. The jon-selective membrane was
placed between the reservoir and the tested solution, and the
reservoir was filled with 0.1 M NaCl/KCl(aq).

Electronic Supplementary Material: Supplementary material
(material synthesis, detailed thin film characterization data and
additional OECT device characterization data) is available in the
online version of this article at https://doi.org/10.26599/NR.2025.
94907149.
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