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ABSTRACT: This study reveals how the morphology of organic mixed ionic-
electronic conductors (OMIECs) controls the mixed ionic-electronic transport of \

organic electrochemical transistors (OECTs). Two p-type OMIECs with oligo- . VS
ethylene glycol (OEG) side chains, namely PAMEEET and P3MEEMT, are blended
with polystyrene (PS) to produce laterally phase-separated morphologies. By varying
the ratio between OMIEC and PS, distinct morphologies are created via nucleation
and growth and via spinodal decomposition. Furthermore, porous films are fabricated
through the selective dissolution of PS, providing a direct comparison between blend and porous structures on OECT performance.
In blends, the reduced ion injection area significantly enhances the mobility () and figure of merit (#C*). Due to the hydrophilic
nature of the OMIECs, adding pores to the films does not have a positive effect on signal amplification but improves ion storage via
side injection and increases the effective volumetric capacitance (C*). Comparing the two OMIECs studied, porous samples based
on PAMEEMT experience a greater benefit from electrolyte side injection. Both blend and porous samples are characterized using a
range of techniques, including spectroelectrochemistry (SEC), atomic force microscopy (AFM), scanning transmission X-ray
microscopy (STXM), quartz crystal microbalance (QCM), along with ex situ and in situ grazing-incidence wide-angle X-ray
scattering (GIWAXS) to unravel the mechanism of the mixed ionic-electronic transport from both an ionic and electronic
perspective.
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Bl INTRODUCTION

Organic mixed ionic-electronic conductors (OMIECs) are
attractive materials for biocompatible devices due to their

charge carriers close to the dielectric/semiconductor interface,
the ion penetration throughout the bulk of the OECTs
substantially increases the amount of charge carriers induced

superior sensing capabilities and design flexibility. These
properties make OMIECs suitable for diverse environ-
ments,'” with OMIECs showing promise for practical
implementation in real-life contexts such as stretchable
electronics,'’”™"” wearable devices,"” neuromorphic sys-
tems,"™"® clinical diagnosis,“’m_19 and drug delivery.20’2] All
of these applications are based on organic electrochemical
transistors (OECTs), which can convert and amplify biological
signals in the form of ions in an electrolyte into an electronic
current under low driving voltages."”****> OECTs work by
applying a gate bias that induces electronic charge carriers in
the polymer channel, accompanied by the penetration of
counterions from the electrolyte to maintain charge neutrality
within the bulk of the OMIEC film, assisted by its hydrophilic
nature,””** thereby generating charge carriers within the bulk
of the polymer film of OMIEC materials.”** This bulk
electrochemical doping of the film then enables a drain current
to flow between two source/drain electrodes, establishing a
mixed ionic-electronic system.”””> The ionic conduction
process plays a critical role in the operation of OECTs.”
Unlike traditional field-effect transistors that can only induce
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within the channel, resulting in a significant boost of current
with a low-voltage requirement.”””*° However, elevated uptake
of water negatively affects the electronic conductivity as a
result of the swelling of the polymer film, making the ionic
transport process a double-edged sword for the overall
performance of OECTs.%*"?® Thus, it is essential to achieve
a balance between swelling and ionic transport on the one
hand and electronic transport on the other hand to optimize
device performance.””**’

The structural and morphological properties of OMIEC
materials strongly affect the performance of OECTs, with
recent work focusing on understanding the effect of polymer

chemistry,”’ ~*' thin-film crystallinity,””~* and device geo-
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metries on the mechanism of mixed ionic-electronic

transport. The swelling process, in particular, is highly
dependent on the polymer chemistry. A recent study illustrated
the swelling mechanism of poly(3-([2-(2-methoxyethoxy)-
ethoxy]methyl)thiophene-2,5-diyl) (P3MEEMT) in the hy-
drated and doped states. In the hydrated, neutral state,
expansion of the crystalline lattice was observed because of the
hydrophilic nature of the ethylene glycol side chains. During
the process of doping and dedoping, water is seen to be
absorbed and repelled more so in the amorphous regions
compared to the crystalline regions.*> Notably, these swelling
and deswelling processes are reversible. Similarly, in the case of
poly[2,5-bis(thiophenyl)-1,4-bis(2-(2-(2-methoxyethoxy)-
ethoxy)ethoxy)benzene] (PB2T-TEG), ions can be interca-
lated or extracted within polymer chains at the crystalline
domains, leading to a reversible phase transition through lattice
expansion.”> The side-chain-free polymer poly-
(benzimidazobenzophenanthroline) (BBL), however, exhibits
an irreversible swelling process: during deswelling, water
molecules are not able to be fully removed between the gap
of rigid backbones.”> Coupled with the swelling effect, the
ionic transport process primarily involves the drift of ions
within the amorphous domains. Although ethylene glycol side
chains facilitate the migration of water molecules and ions,
they largely avoid the crystalline domains that represent
barriers to ion transport in the swollen state, lengthening the
effective drift pathway of ions compared to purely amorphous
regions.*” The impact of crystallization shows a complex
scenario regarding its potential to either enhance or restrict
electronic transport in OECTs combined with swelling and
ionic transport. The increased crystallization caused by thermal
annealing negatively affects electronic transport in the specific
p-type polymer PAMEEMT by blocking the motion of charge
carriers due to the formation of heterogeneity inside the bulk
between amorphous and crystallized regions.*’ In contrast, a
recent study of NDI-based n-type materials suggested that
enhanced crystallization through thermal annealing signifi-
cantly boosts electronic mobility by establishing rigid networks
between crystallized regions.**

The geometry of the device is an essential factor in the
performance of the OECTs. Vertical OECTs (v-OECTs), as a
popular configuration, have been widely utilized in high-
density integrated circuits.'>****37° In terms of mixed ionic-
electronic transport, a key lesson learned from v-OECTs is that
lateral ion injection (as opposed to vertical injection in
conventional OECTs) can be beneficial for device perform-
ance, especially for specific polymer film textures.*”*” One way
to facilitate side injection from an ionic perspective is by
fabricating laterally patterned (e.g, striped) films through
lithography, which can produce precisely patterned films that
allow for ion injection from both top and side directions. A
recent study found that increasing the area of lateral injection
significantly enhances the performance of poly(3-hexylthio-
phene) (P3HT)-based devices.*® This study also elucidated
that films with mixed crystallite orientations experience the
greatest benefit from side injection.”® Another approach for
promoting side injection in OECTs involves the formation of
pores within the film.'”*" The breath-figure technique has
been widely used to create porous polymer films; by spin-
coating in a humid environment, pores are formed via the
condensation of water droplets during solvent evaporation.*®
This method has been employed to significantly enhance the
transconductance of OECT's based on OMIECs with alkyl side

chains and oligoethylene glycol (OEG) side chains.”'
Together, these approaches to introduce side injection in
OECTs highlight the critical role of film geometry in
facilitating the injection and transport of ions for optimizing
the device performance.

While the introduction of side injection of ions focuses on
enhancing ionic transport for the performance of OECTs, it is
equally important to consider electronic transport. Blending
active polymers with insulating polymers is regarded as an
effective way to improve the electronic mobility of the
devices.”” ™" In hydrophilic polymers, the incorporation of
insulating polymers could reduce excessive swelling, which is a
primary factor contributing to the decreased electronic
transport in OECTs. A good example of this is the blending
of p(N-T) with polystyrene (PS) (10 kDa) at a ratio of 1:6.
Upon blending, the product of the electronic mobility and
volumetric capacitance (uC*), also known as the figure of
merit, was shown to exhibit a 3-fold enhancement to pristine
p(N-T), with the reduced swelling contributing to the
stabilization of the motion of charge carriers.”’ Another good
example is the blending of poly(3-(methoxyethoxyethoxy)-
thiophene) (P3MEET) with the radical polymers poly(4-
ethylenedioxythiophene-co-ethylene oxide) (PTEO) and poly-
(4-episulfide-2,2,6,6-tetramethylpiperidine-1-oxyl) (PTES),
demonstrating a significant boost of electronic mobility and
uC*. The addition of radical polymers also provided a 3 to 4-
fold improvement in volumetric capacitance, while also
reducing the threshold voltage.61 However, the blending of
two polymers does not always produce a uniform film,
alternatively, phase separation may occur.””®® Phase-separated
blends of P3HT and PS were investigated in a study focused
on ion-gel gated OECTSs, where the phase-separated blend
exhibited a pronounced enhancement of electronic mobility
with respect to the neat P3HT film.®* Another study studied
the blending of P3HT and poly(1,4-butylene adipate) (PBA)
that resulted in vertical phase separation with PBA enriched at
the film surface. By dissolving the PBA, a rough surface on the
film could be realized thereby optimizing the contact area
between P3HT and ion-§el electrolyte, enhancing both ionic
and electronic mobility.”” In terms of phase-separated blends
of semiconducting and insulating polymers, despite some
studies focusing on alkyl-based hydrophobic OECTs with ion-
gel gated electrolytes, there have been few studies of the effect
of blending hydrophilic OMIECs in liquid electrolyte gated
OECTs.

Motivated by the above investigations on the effect of
swelling on mixed ionic-electronic transport and the enhance-
ments achieved through lateral injection and blending with
insulating polymers, we report the first comparative analysis of
mixed ionic-electronic transport in phase-separated and porous
morphologies. Laterally phase-separated morphologies are
produced by blending of P3AMEEET and P3MEEMT with
PS, with phase separation produced via nucleation and growth
or spinodal decomposition, depending on the blend ratio.
Porous films are then realized through the selective dissolution
of PS using cyclohexane. Atomic force microscopy (AFM) and
scanning transmission X-ray spectromicroscopy (STXM) are
employed to investigate the lateral phase separation and
chemical composition of blended and porous samples,
effectively demonstrating well phase-separated blends and
high-purity porous films. During doping, notable changes in
the polaron peaks are observed in the porous samples of
P3MEEMT series when compared with the blends, while the
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Figure 1. (a) Chemical structures of PBAMEEMT, P3MEEET, and PS. (b) Ilustration of blending-induced phase separation and selective
dissolution. (c) Distinct phase-separation mechanisms via nucleation and spinodal decomposition by adjusting the ratio between OMIEC and PS.

P3MEEET series exhibits consistency between the porous and
blend samples, indicating that PSMEEMT benefits more than
P3MEEET in terms of lateral ion injection. From the
perspective of device performance, the blends demonstrate
significant improvements in electronic transport and figure of
merit (uC*) in both the PAMEEET and P3MEEMT series,
whereas porous structures adversely affect electronic transport.
Conversely, the porous structure demonstrates a notable
enhancement in ionic transport by improving the effective
volumetric capacitance (C*) and reducing the response time.
The quartz crystal microbalance (QCM) technique is
employed to examine the swelling effect in blend and porous
samples in relation to pure samples, while both ex-situ and in
situ electrochemical doping grazing incidence wide-angle X-ray
scattering (GIWAXS) are conducted to explore the impact of
passive and active swelling on the crystalline domains within
the blends and porous systems. From the perspective of these
combined characterizations, we elucidate the mechanism
underlying the mixed ionic-electronic transport in the blended
and porous systems of P3SMEEET and P3MEEMT, thereby
enhancing our understanding of the influence of blends and
pores from both ionic and electronic perspectives.

B RESULTS AND DISCUSSION

Fabrication of Phase-Separated Blend and Porous Films

P3MEEMT and P3MEEET were selected as the active
polymers (Figure la), with PS selected as the insulating
polymer for blending. The major difference between
P3MEEMT and P3MEEET is the presence of an ethyl spacer
between the thiophene backbone and the glycol side chain in
P3MEEET instead of a methyl spacer in the case of
P3MEEMT. This small difference in their chemical structure
leads to a pronounced difference in their passive and active
swelling behavior: PAMEEMT exhibits greater passive swelling
compared to P3MEEET, whereas P3MEEET exhibits
enhanced active swelling in the doping stage.’’ These

differences make for an interesting study of the effects of
blending and porous structure on the behavior and OECT
performance of PSMEEMT and P3MEEET.

To fabricate various blend and porous structured films, we
first blended the OMIECs (P3MEEET or PAMEEMT) and PS
(10 g/L in chloroform) at different blending ratios (v/v) (see
Figure 1b). Figure 2a—f shows the AFM results that reveal the
different phase-separated morphologies produced for the
P3MEEET:PS films for the different ratios (see Figure S1 for
P3MEEMT:PS blends). Examining the morphologies pro-
duced as a function of the blend ratio, lateral phase separation
is observed over the range of OMIEC:PS from 4:12 (v/v) to
12:4 (v/v). Since the relative area of the dark phases (lower
height) increases as the percentage of P3MEEET (or
P3MEEMT) increases, the dark (lower) phase can be assigned
to PBMEEET (or P3MEEMT), while the bright (higher)
phases can be assigned to PS. This assignment is confirmed by
the STXM results presented below. (It is noted that these
phases are not necessarily pure and are better regarded as
P3MEEET-rich or PAMEEMT-rich and PS-rich phases.) As
continuous P3MEEET (or P3MEEMT) phases are observed
for the 10:6 (v/v), 11:5 (v/v), and 12:4 (v/v) compositions,
these compositions were selected for further investigation and
the preparation of corresponding porous films. These
compositions will subsequently be referred to by their
composition ratios of 10:6 (v/v), 11:5 (v/v), and 12:4 (v/v)
OMIEC:PS. Figure 2g-i shows the porous samples produced
for these blend compositions via selective dissolution in
cyclohexane. Comparison with the AFM images of the
corresponding blend samples, the previous bright (higher)
regions now appear dark, suggesting the successful removal of
PS, which is further confirmed by the STXM results presented
below.

Scanning transmission X-ray microscopy was employed as a
complementary technique with similar resolution to AFM but
with chemical contrast afforded by near-edge X-ray absorption
fine-structure (NEXAFS) spectroscopy. Figure 3a shows the
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Figure 2. AFM height images (20 y#m X 20 ym) of PSMEEET:PS samples with (a) 4:12 (v/v) blend; (b) 5:11 (v/v) blend; (c) 8:8 (v/v) blend;
(d) 10:6 (v/v) blend; (e) 11:5 (v/v) blend; (f) 12:4 (v/v) blend; (g) 10:6 (v/v) porous; (h) 11:5 (v/v) porous; (i) 12:4 (v/v) porous. The scale

bar is § pm.

reference NEXAFS spectra taken of neat samples, demonstrat-
ing that PS has a distinct chemical “fingerprint” to both
P3MEEET and P3MEEMT. In particular, PS has a sharp peak
at ~285 eV associated with the pendant phenyl rings.
P3MEEET and P3AMEEMT have similar spectra as expected
due to their similar chemistry. Figure 3b shows the STXM
image of the 11:5 PAMEEET:PS blend (68.75% blend) taken
at 284.75 eV, where PS preferentially absorbs (images taken at
other energies are shown in the Supporting Information,
Figures $2—S13). Dark regions therefore correspond to areas
rich in PS, with the morphology consistent with that seen by
AFM, consisting of enclosed PS-rich domains surrounded by a
continuous P3AMEEET rich phase. Figure 3¢ shows the STXM
image of the 11:5 P3MEEET:PS porous sample taken at
284.75 eV. Regions that appeared dark in the blend sample
now appear bright, indicating PS has been removed from the
sample. Calibrating the reference neat spectra to the absolute
X-ray absorption cross sections of the samples (based on their

chemical formula), it is possible to produce 1D line profiles of
PS thickness, P3BMEEET thickness, and total film thickness,
Figure 3d,e. This was achieved by taking line scans where full
NEXAFS spectra were taken at each point along the line and
fitting each spectrum to a linear combination of the neat
spectra. Figure 3d shows a line profile for the 11:5
P3MEEET:PS blend sample, which confirms that the enclosed
regions are rich in PS and the continuous phase is rich in
P3MEEET. Notably, there is a significant amount of
P3MEEET detected in the PS-rich phase, while the
P3MEEET-rich phase is essentially pure within experimental
uncertainties. Examining the line profile of the 11:§
P3MEEET:PS porous sample, in Figure 3e (also in Figures
$2—S13), all PS has been removed except for some small
inclusions. Of note is that while there are holes that extend
through the film where PS domains once were, there is also a
residual P3SMEEET wetting layer of ~20 nm that partially
blocks some of these holes. To further check for evidence of

https://doi.org/10.1021/acsami.6c05714
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Figure 3. STXM of 11:5 PAMEEET:PS blend and porous samples: (a) transmission NEXAFS spectra of neat films; (b) transmission STXM image
of 11:5 blend taken at 284.75 eV where PS selectively absorbs (PS-rich regions are dark); (c) transmission STXM image of 11:S porous sample
taken at 284.75 eV showing removal of PS; (d) line profile of 11:5 blend; and (e) line profile of 11:S porous sample.
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Figure 4. Surface composition at various blending ratio between (a) PSMEEET:PS and (b) PSMEEMT:PS.

vertical stratification, in particular at the top surface, surface-
sensitive NEXAFS spectroscopy was next employed.

By performing electron-yield NEXAFS spectroscopy meas-
urements on films in vacuum, surface sensitivity of a few nm
(similar to X-ray photoelectron spectroscopy) can be achieved.
The NEXAFS spectra of blends were measured and then fit
with a linear combination of neat spectra to determine the
surface composition of the blends. Note that NEXAFS
spectroscopy measurements were performed with a mm-sized
beam that averages over the lateral variations seen by STXM.
Figure 4 plots the surface composition of the uppermost layer
of the blend samples as a function of blend ratio (example fits
are shown in Figure S14). For all compositions, an enrichment
of PAMEEET or P3AMEEMT is seen at the top surface. For

30254

example, the 4:12 blend with a PAMEEET volume fraction of
25% has a surface composition of ~75% P3MEEET. For
compositions studied in devices, ranging between 10:6
(62.5%,) and 12:4 (75%,) more than 80% of the surface is
covered by PAMEEET (or PSMEEMT). These results indicate
that there is a thin (partial) capping layer of PAMEEET (or
P3MEEMT) that also covers the laterally phase-separated PS-
rich domains.

Optoelectronic Properties

The UV—vis spectra of PAMEEET and P3MEEMT with their
respective blends and porous films are displayed in Figure Sa,b.
The pure P3AMEEET exhibits a major absorption peak at 505
nm, along with two further peaks at 550 and 600 nm. For
blends and porous films, the major absorption peaks exhibit a

https://doi.org/10.1021/acsami.6c05714
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Figure S. UV—vis spectra as thin films on glass of: (a) PMEEET and (b) P3MEEMT both with its blend and porous series; Cyclic voltammogram
of (c) P3MEEET and (d) PAMEEMT as thin films both with its blend and porous series on ITO in 0.1 M NaCl.

blue shift to the range of 490—500 nm, which suggests a
reduction in local order upon addition of PS. This elevated
apparent absorbance at lower wavelengths may also have a
contribution from light scattering due to the rough surfaces of
the blend and porous samples. In the PAMEEMT series, all of
the pure, blend, and porous samples exhibit a single absorption
peak at 485 nm, which implies reduced aggregation features
compared to P3AMEEET with P3MEEMT also exhibiting a
larger optical gap than P3MEEET.

The cyclic voltammograms (CV) of both PBMEEET and
P3MEEMT were next measured, along with their blends with
PS and corresponding porous films in 0.1 M NaCl. Films of
these samples were measured on conductive indium tin oxide
(ITO) substrates with the voltage varied from 0 to 0.9 V vs
Ag/AgCl to study the oxidation process and obtain the
oxidation potentials (Figures Sc,d and S1S5), which remain
below the potential where substantial water oxidation happens
(~1.23 V). Three cycles were performed per sample, showing
that no obvious irreversible changes or oxidation processes
happened under high potentials (Figure S16). Comparing the
P3MEEET and P3MEEMT series of samples, P3SMEEET
samples in general exhibit a slightly lower oxidation voltage
(~0.42 V) compared to PSMEEMT samples (~0.47 V), with
the geometry of the film (i.e., neat, blend, or porous) not
substantially affecting the oxidation potential (see Table S1).
Spectroelectrochemistry (SEC) experiments were also per-
formed on these films to investigate changes in absorption
during the electrochemical doping process (Figure S17). As for
CV measurements, all films were deposited on ITO substrates
with the applied potential varied from 0 to 0.9 V vs Ag/AgCl
with 0.1 V increment. Examples of normalized SEC spectra
with the OMIEC:PS ratio of 11:5 are shown in Figure 6a,b for
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both blends (top) and porous (bottom) samples for both
P3MEEET and P3MEEMT. With increasing voltage, the
ground state 7—z* absorption of PAMEEET at A = 505 nm
gradually decreases accompanied by the emergence of a
polaron peak at A = 750 nm. This trend is seen for both blend
and porous samples. Similarly, for the PAMEEMT samples, the
ground state 7—7* absorption at A = 485 nm decreases with
increasing potential alongside the growth of the polaron peak A
= 780 nm. Figure S19 shows the changes in the polaron and
n—n* absorption peaks for each sample, which were obtained
from their reduced SEC spectra (Figure S18). Example curves
showing peak changes versus the applied potential are shown
in Figure 6¢ for PAMEEET:PS = 11:5 and P3AMEEMT:PS =
11:5. All samples demonstrate a doping onset at approximately
0.3—0.4 V and reach a maximum doping level at 0.8 V. At 0.9
V, the strength of the polaron peak and degree of ground state
bleaching both decrease, more likely as a result of film
delamination caused by the high applied potentials. Notably,
when comparing the polaron peak variations at the maximum
doping potential among the pure, blend, and porous samples
(Figure 6d), it is obvious that the porous samples demonstrate
markedly greater peak changes than the corresponding blends
and pure samples in PSMEEMT at their highest doping stages,
as also illustrated in Figure 6¢. In P3MEEET, analogous
behavior is observed; however, the difference of the polaron
peaks between its blend and porous is less noticeable than that
in P3BMEEMT. This difference indicates an increased doping
level in porous films, suggesting that these films have superior
ion storage capabilities compared to blends and pure films,
consistent with increased ion injection from the sides.
Consequently, porous samples demonstrate superior ion
storage in comparison to their corresponding blends and
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Figure 6. An example comparison of SEC spectra between (a) P3MEEET:PS = 11:5 blend (top) and porous (bottom) samples; (b)
P3MEEMT:PS = 11:5 blend (top) and porous (bottom) samples; (c) Changes in the intensities of polaron peak and 7—7z* absorption peaks
obtained from the difference spectra (Figure S18); (d) Reference maximum polaron peak changes (0.8 V) of pure P3MEEET and P3MEEMT,
with comparative analysis of maximum polaron peak changes at 0.8 V in blend and porous samples across different blending ratios with PS.

pure samples, with P3AMEEMT samples showing a strong
enhancement compared to PMEEET samples.

OECT Performance

The OECT performance of all PSMEEET and P3MEEMT
systems (pure, blend, and porous) were evaluated utilizing an
Ag/AgCl pellet as the gate and a 0.1 M NaCl aqueous solution
as the electrolyte. Figure 7a,b compare the transfer character-
istics and transconductance for the P3MEEET blend and
porous systems, while Figure 7d,e compare the same for the
P3MEEMT blend and porous systems. Gate voltages ranging
from 0 to —0.8 V were applied while the drain voltage was set
at —0.8 V. In blend systems, both PSMEEET and PAMEEMT
demonstrate that the inclusion of PS results in a substantial

enhancement of their transconductance. The P3MEEET:PS
and P3BMEEMT:PS blends with a ratio of OMIEC:PS of 11:5
exhibit superior performance compared to the other blends
and pure samples. In particular, for the PAMEEET series, the
film thickness normalized transconductance increases from
1.70 S/cm for the neat sample to 2.76 S/cm for the 11:5 blend,
while for the PAMEEMT series the transconductance increases
from 1.05 S/cm for the neat sample to 1.95 S/cm for the 11:5
blend (see Table 1 for a summary of all performance
parameters). Indeed, the device output, illustrated in Figure
S20, demonstrates that the PMEEET/P3MEEMT:PS = 11:5
blend samples yield the maximum saturation drain current (I,)
at —0.8 V for all systems. However, for the porous systems, the
transconductance exhibits a systematic decrease with decreas-
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Figure 7. Transfer curves (top) and g,, (bottom) between pure and (a) blend (b) porous PAMEEET samples across different blending ratio of PS;
(c) Figure of merit (top), mobility (middle) and effective volumetric capacitance (bottom) of PAMEEET blend and porous samples across different
blending ratios with PS; Transfer curves (top) and g, (bottom) between pure and (d) blend (e) porous PMEEMT samples across different
blending ratios of PS; (f) Figure of merit (top), mobility (middle), and effective volumetric capacitance (bottom) of PAMEEMT blend and porous

samples

across different blending ratios with PS.

ing OMIEC content (corresponding to an increase in pore
volume). For the poorest performer, P3MEEET/

P3MEEMT:PS = 10:6 porous samples, the transconductance
decreases to half that of corresponding pure samples.
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Table 1. Summary of All OECT Parameters”

polymer Zomymax [S/cm]? uC* [F/cmVs]© u [em?/(V s)]¢ C* [F/ecm?]® 7, [V
P3MEEET pure 1.70 13.0 £ 0.5 0.07 + 0.02 180 + 9 1.5 + 0.1%
P3MEEET:PS = 10:6 blend 1.37 10.2 + 0.4 0.10 = 0.02 99 + 8 0.093 + 0.007
P3MEEET:PS = 11:5 blend 2.76 18 +1 0.15 + 0.02 120 + 10 0.0S + 0.02
P3MEEET:PS = 12:4 blend 2.35 14.1 £ 0.8 0.12 + 0.04 122 + § 0.45 + 0.06*
P3MEEET:PS = 10:6 porous 0.85 8.0 + 04 0.031 + 0.006 260 + 20 2+ 1%
P3MEEET:PS = 11:5 porous 1.52 10+1 0.050 + 0.006 207 £ 9 1.9 + 0.4*
P3MEEET:PS = 12:4 porous 1.53 12.0 £ 0.3 0.067 + 0.006 181 + 8 1.6 + 0.3*
P3MEEMT pure 1.08 11.6 + 0.6 0.06 + 0.02 180 + 10 0.19 + 0.06
P3MEEMT:PS = 10:6 blend 0.85 9.0 + 0.6 0.08 + 0.04 116 + 9 0.40 + 0.06
P3MEEMT:PS = 11:§ blend 1.95 20+ 1 0.18 + 0.06 1317 0.36 + 0.04
P3MEEMT:PS = 12:4 blend 1.59 17 +1 0.11 + 0.0S 160 + 8 0.28 + 0.06
P3MEEMT:PS = 10:6 porous 0.55 5.7 + 04 0.020 + 0.008 290 + 20 0.17 = 0.03
P3MEEMT:PS = 11:5 porous 0.77 8.3 + 0.7 0.031 + 0.009 260 + 20 0.18 + 0.03
P3MEEMT:PS = 12:4 porous 1.12 13+1 0.06 + 0.01 220 + 20 0.17 = 0.02

“Data are presented as mean + standard deviation, based on measurements from $ individual devices for each composition and architecture. “The
maximum transconductance is extracted from the first-order derivative of the forward transfer curves. “The product of uC* is derived from the
transconductance curves by applying Bernard’s model.*® “The mobility 4 is decoupled by dividing #C* by the volumetric capacitance C* “The
volumetric capacitance C* was measured by EIS. JFor transient response, the * denotes the “spike and recovery” behavior.

The figures of merit (uC*) were derived from their
respective g, to assess the overall performance of their
mixed ionic-electronic conductance (see Figure S21). Sub-
sequently, they were decoupled to evaluate electronic mobility
and ionic storage independently by determining the effective
volumetric capacitance from EIS (see Figure S22), with uC*,
#, and C* plotted as a function of composition and sample
type in Figure 7c for the PAMEEET series and in Figure 7f for
the PAMEEMT series. From these plots, it can be seen that the
incorporation of PS in the blend systems for both the
P3MEEET and P3BMEEMT series enhances the overall device
performance. The optimal performers (P3MEEET/
P3MEEMT:PS = 11:5) exhibit a notable improvement in
uC* compared to their pure samples: for the PAMEEET:PS =
11:5 blend, yC* increases from 13.0 + 0.5 F/cmVs for the neat
sample to 18 + 1 F/cmVs for the PAMEEET:PS = 11:5 blend,
while uC* increases from 11.6 + 0.6 F/cmVs for the neat
sample to 20 = 1 F/cmVs for the PAMEEMT:PS = 11:5 blend.
In porous systems, the figures of merit show systematically
decreasing trends with increasing pore volume for both the
P3MEEET and P3AMEEMT series, decreasing to 8.0 &+ 0.4 F/
cmVs for the PAMEEET:PS = 10:6 porous sample and to 5.7
+ 0.4 F/cmVs for the PSMEEMT:PS = 10:6 porous sample.
This observation indicates that the presence of pores adversely
impacts the overall mixed ionic-electronic performance of
these two polymer types.

Upon decoupling pC* into separate y and C* values by
measuring C* using EIS, it is observed that the electronic
mobility (u) exhibits an upward trend with the incorporation
of PS until a ratio of P3SAMEEET/P3MEEMT:PS = 11:5,
followed by a slight decline upon further increasing the PS
amount to the ratio of PAMEEET/P3MEEMT:PS = 10:6. In
the P3AMEEET series, for the top performer, PSMEEET:PS =
11:5, the mobility is enhanced to 0.15 + 0.02 cm?/(V s) from
0.07 + 0.02 cm?/(V s) for the neat sample, representing a 2-
fold increase. For PSMEEMT, the mobility is enhanced by 2.5
times in the optimum blend (PAMEEMT:PS = 11:5), up to a
value of 0.18 + 0.06 cm?/(V s) from a value of 0.06 + 0.03
cm?/(V s) for the neat sample. On the other hand, the effective
volumetric capacitance (C*) demonstrates monotonic de-
creases with increasing PS content in the blend system; for the
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sample with a PSMEEET:PS ratio of 10:6, C* is reduced to 99
+ 8 F/cm® down from a value of 180 + 9 F/cm? for the pure
sample. The P3SMEEMT:PS = 10:6 blend sample exhibits the
lowest C* value among all blend samples, with a value of C* =
120 + 10 F/cm?, compared to a value of C* = 180 + 10 F/cm?
for the neat PAMEEMT sample. In contrast, the addition of
pores is found to enhance the effective volumetric capacitance.
As porosity increases, effective volumetric capacitance grows
correspondingly. The P3MEEET/P3MEEMT:PS = 10:6
porous samples in particular exhibit a notable increase in
effective volumetric capacitance, increasing to C* = 260 + 20
F/cm? for the PBMEEET series to C* = 290 + 20 F/cm? for
the PAMEEMT series. These findings regarding the C* of the
porous samples were also consistent with the SEC results,
indicating that the incorporation of pores improves the ability
of ion storage. We also observe a decline in the mobility upon
increasing the proportion of pores from P3MEEET/
P3MEEMT:PS = 11:5 to 10:6, likely due to the increase in
discontinuity of the film. As illustrated in Figure 3, the addition
of PS and pores can induce discontinuities that obstruct the
pathway of charge carrier transport, resulting in adverse effects
on electronic transport.

QCM analysis was performed to examine the influence of
blending with PS, along with the influence of the porous
structure, on the swelling behavior of P3MEEET and
P3MEEMT. Films were spin-coated onto crystal sensors and
examined on the QCM while being exposed to an aqueous 0.1
M NaCl solution. Samples with a ratio of P3MEEET/
P3MEEMT:PS = 11:5 films were selected, and changes in
their oscillation frequency and their translated volume changes
are recorded illustrated in Figure S23, while their swelling
percentages are summarized in Figure S24. The PAMEEET:PS
= 11:5 blend sample showed a reduced swelling of 5%
compared to the reference neat sample (12%), while the
corresponding 11:5 porous sample showed an increased
swelling percentage to 20%. In the P3AMEEMT series, the
11:5 blend sample had a diminished swelling of 15% relative to
the neat PSMEEMT sample (29%), whereas the 11:S porous
sample showed an increased swelling percentage of 41%. These
findings indicate that the incorporation of PS mitigates
swelling effects by restricting water penetration, while the

https://doi.org/10.1021/acsami.6c05714
ACS Appl. Mater. Interfaces 2026, 18, 30250—30268

920z isnbny $0 uo J1asn HINIYAVE A INN Ag 4pd "yT.5099ue /EE07ZESI /0GCOE /TT /8T /4pd -8 |9 11 4e /2 wee /6 1o "soe "sqnd //:d 13y wo 1} papeo juwod


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c05714/suppl_file/am6c05714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c05714/suppl_file/am6c05714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c05714/suppl_file/am6c05714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c05714/suppl_file/am6c05714_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c05714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a)

O Blend

25t O Porous

201

Ton (S)

0.5} o

oof B o

106 15 124 Pure
P3MEEET:PS Ratio

—_—
)
~—
-
S

—— P3MEEET Pure

P3MEEET:PS=11:5 Blend

Normalized Ip
© o o =2 =
- (-} -] o N

e
N

0.0k == " . N " . =

0 1 2 3 4 5 6 7
Time (s)

(b)

[] Blend
0.5 © Porous
0.4 0
(m]
Zo03
s o
b~
0.2 o
0 Q o
0.1
10:6 11:5 12:4 Pure
P3MEEMT:PS Ratio

(d)

1.2} ——— P3MEEMT Pure
) P3MEEMT:PS=11:5 Blend
1.0} - |
5 F"—\
< 0.8}
[
N
T 0.6}
£
E
o
Z 04}
0.2}
(Y Sp— . . : . A
0 1 2 3 4 5 6 7

Time (s)

Figure 8. Summarized switch-on time of (a) PAMEEET and (b) PAMEEMT blend and porous samples across different blending ratios with PS;
Comparison of the transient response between (c) PAMEEET pure and P3MEEET:PS = 11:S blend and (d) PAMEEMT pure and PAMEEMT:PS

= 11:5 blend.

incorporation of pores enhances swelling by increasing the
areas accessible for water penetration from the sides. This
finding also indicates that the porous samples exhibit
heightened sensitivity during the hydration process, partic-
ularly for PMEEMT. This enhanced swelling may facilitate
the entrance of ions into the film during the initial doping
stage, thereby potentially enhancing ion storage, consistent
with the SEC results and values of the effective volumetric
capacitance.

The transient response of an OECT reflects the coordina-
tion of mixed ionic-electronic transport in the device. The
transient response of the OECT devices was characterized by
applying a —0.8 V drain voltage with a —0.8 V gate voltage
impulse for S s to determine the switch-on time, see Figure S25
for the full data set. Transient response typically exhibits two
behavioral types: “monotonic relaxation,” characterized by
ionic charging occurring more slowly than electronic transport,
and “spike and recovery,” which arises when there is latency in
electronic transport. Figure 8c,d illustrates the switch-on time,
Ton for all pure, blend, and porous samples of P3AMEEET and
P3MEEMT (see Figure S26 for example fits used to determine
T, and see the Experimental Section for how 7, is defined and
determined). These findings are summarized in Table 1, where
an asterisk indicates spike and recovery behavior. We observe a
notable difference in the transient characteristics between
P3MEEET and P3MEEMT. In the P3AMEEET series, both
pure and porous samples exhibit a pronounced spike and
recovery behavior, indicating accelerated ionic transport. The
recorded latency values were found to increase slightly with
increasing porosity. In the P3MEEET:PS = 11:5 porous
sample, the switch-on time is 1.9 + 0.4 s, which is slightly

increased, but comparable to 1.7 + 0.1 s for the pure sample,
likely due to the side injection boosting the ionic process.
Conversely, the incorporation of PS may reduce the latency
caused by electronic transport, progressively transitioning its
behavior to monotonic relaxation. (Figure 8c) This allows for
optimization of the precise orchestration between ionic and
electronic processes at a ratio of PSMEEET:PS = 11:5 with 7,
= 0.05 + 0.01 s. In the P3SMEEMT series, all pure, blend, and
porous films exhibit 2 monotonic relaxation behavior (Figure
8d); as the amount of PS in the blend increases, the ionic
latency rises monotonically from 0.19 + 0.06 s in the pure
sample to 0.40 + 0.06 s. Unlike the P3MEEET series, the
incorporation of pores for a system where there is already
monotonic relaxation behavior can expedite the ionic response,
thereby reducing latency in relation to the electronic response
and slightly reducing the switch-on time of the device.

Structural Characterization

To investigate the impact of electrochemical doping on film
microstructure and its potential effects on electronic transport,
grazing incidence wide-angle X-ray scattering was performed.
Figure 9a,c illustrate the 2D GIWAXS patterns of pure
P3MEEET, P3MEEMT, and PS, while the 2D GIWAXS
patterns of additional blends and porous films are depicted in
Figure S27; the corresponding linecuts in both in-plane and
out-of-plane directions are presented in Figure 9d—g. All
relevant GIWAXS indices are listed in Table S2. The 2D
GIWAXS figures indicate that both P3MEEET and
P3MEEMT, along with their blend and porous films, display
mixed orientations, including both face-on and edge-on
configurations, whereas PS is characterized by an amorphous
microstructure with only broad, diffuse scattering features as
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Figure 9. 2D GIWAXS reciprocal space maps of (a) PSMEEET pure, (b) PSMEEMT pure, and (c) PS pure; reduced 1D GIWAXS map for (d) in-
plane and (e) out-of-plane of PSMEEET pure, blend, and porous samples across different blending ratios with PS; reduced 1D GIWAXS map for
(f) in-plane and (g) out-of-plane of PAMEEMT pure, blend, and porous samples across different blending ratios with PS.

previously reported.””*® The 1D linecuts in Figure 9d—g reveal
both lamellar stacking peaks and 7-7 stacking peaks in the in-
plane and out-of-plane directions for the P3MEEET and
P3MEEMT series. The linecuts also evidence that these peaks
are still present in the blend and porous samples, indicating
that the incorporation of PS and the selective dissolution of PS
to form porous samples does not significantly alter the thin film
crystallinity.

The GIWAXS data were then further analyzed by peak
fitting to obtain a detailed comparison between samples. As
shown in Figure 9d,e, the (100) peaks appear at approximately

qxy = 0.30 A~"and q, = 0.31 A™" for all pure, blend, and porous
films in the PAMEEET series; while in the PAMEEMT series,
the (100) peaks were observed at approximately q,, = 0.34 A™'
and g, = 0.34 A™! (Figure 9fg). A weak 7—x stacking peak is
detected at around q = 1.67 A" in both the in-plane and out-
of-plane directions for both types of polymer. The d-spacings
were determined from the (100) lamellar peak via the equation

d= 27”, to be approximately d = 20.5 A for the PAMEEET
series and about 18.5 A for the PAMEEMT series, indicating

that the P3BMEEMT blends exhibit a consistently denser
lamellar packing consistent with the short side chain length of
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P3MEEMT. The P3MEEET series has distinct (200) and
(300) lamellar peaks in both in-plane and out-of-plane
directions, whereas these peaks are absent in the in-plane
direction for the PMEEMT series. This observation indicates
that the P3MEEET series demonstrates a mixed orientation
without preference, while the PAMEEMT series exhibits a
mixed orientation but with a preferential edge-on orientation.
Differences in microstructure can be studied through
quantification of the peak fwhm, enabling determination of
the coherence length, which is influenced by crystallite size and
disorder, with a larger coherence length generally reflecting
larger, and/or more ordered crystals. As shown in Table S2,
the coherence length, calculated from the peak fwhm, of the
P3MEEET series (approximately 245 A at the in-plane
direction and 190 A at the out-of-plane direction) is larger
than that of the PAMEEMT series (approximately 100 A at the
in-plane direction and 145 A at the out-of-plane direction),
suggesting a higher degree of crystalline order in the
P3MEEET series relative to the PMEEMT series, which has
also been discussed in previous work by Schmode et al.*!

We further conducted GIWAXS experiments during electro-
chemical doping (in situ) on the pure, 11:5 blend, and 11:5
porous films within both the PAMEEET and P3MEEMT series
to examine the lattice expansion in the crystalline domains
during hydration and doped stages. The experiments were
performed utilizing a rolling drop configuration as described by
Flagg et al.°® In brief, samples were prepared on gold-coated
silicon wafers with a silver-coated glass slide used to blade-coat
a thin film of the electrolyte. This silver-coated glass slide also
serves as an electrode, with a voltage applied between the blade
and the gold-coated substrate acting to electrochemically gate
the film. As the electrolyte layer obscures the X-ray beam, as
the electrolyte film recedes/dries, there is a small window in
time where there is enough electrolyte to electrochemically
gate the sample but it is thin enough to allow the X-ray beam
to be transmitted for investigation of the polymer film.
GIWAXS images were measured as a function of time during
this transition from completely swollen to dry, allowing for this
window to be captured. Experiments were performed with
applied voltage, corresponding to electrochemical doping, and
without applied voltage, corresponding to swelling/hydration
only. Figure 10 illustrates that in both polymer types the
porous films demonstrate a more significant peak shift than the
pure films during hydration and doping. Conversely, the blends
exhibit a reduced peak shift during these stages. This
observation implies that the incorporation of PS could reduce
lattice expansion during hydration and doping, while the
presence of pores could promote lattice expansion. Figure
11a,b illustrates the d-spacing calculated from the (100) peak
positions during the dried, hydrated, and doped stages. The
data indicate that the d-spacing increases during the swelling
process, with active swelling demonstrating a more significant
lattice expansion, suggesting that ion insertion from the
electrolytes facilitates greater expansion of the crystallized
domains. In blends of P3BMEEET and P3MEEMT, the d
spacings varied less than in the pure samples, while the porous
samples exhibited greater enhancement than their correspond-
ing pure samples. This indicates that the incorporation of PS
could inhibit lattice expansion during both hydration and
doping stages, whereas the introduction of pores facilitates an
increased capacity for water and ion insertion, thereby
disrupting the crystallized domains more significantly than
that in the pure samples.

The percentage expansion of the crystalline domains along
the (100) direction was determined from the change in d-
spacing, as illustrated in Figure 1lc,d. Our observations
indicate that P3MEEET exhibits greater expansion of
crystallites than PAMEEMT across pure, blended, and porous
films during both passive and active swelling, suggesting that
the crystalline regions in P3MEEET are less resistant to
swelling than those in P3AMEEMT. Table 2 illustrates that

Table 2. Comparisons of Swelling from In Situ GIWAXS
and QCM

passive active
swelling swelling passive
from in situ  from in situ swelling
GIWAXS GIWAXS from QCM
polymer (%) (%) (%)
P3MEEET pure 4.0 £ 0.5 11.6 +£ 0.5 12+1
P3MEEET:PS = 11:5 blend 1.7 £ 0.5 7.8 £ 0.5 5$+0S5
P3MEEET:PS = 11:5 porous 6.5 + 0.7 17.4 £ 0.6 20+ 1

P3MEEMT pure 12 + 04 102 + 0.7 29 £2
P3MEEMT:PS = 11:S blend 09 + 04 4.7 £ 0.7 1Is+1
P3MEEMT:PS = 11:5 porous 3.6 +£0.7 12.7 £ 0.8 42 +3

during the passive swelling phase, the crystalline components
in the neat P3MEEET:PS and P3MEEMT:PS blend films
exhibit expansions of 1.7 and 0.9%, respectively, which is lower
than their corresponding pure samples (4.0% for PAMEEET
Pure and 1.2% for PAMEEMT Pure). Conversely, in porous
samples, the crystalline components exhibited enhanced
expansion, measuring 6.5% for P3MEEET and 3.6% for
P3MEEMT. In active swelling, all films demonstrated an
increased expansion of crystallites relative to passive swelling:
Crystallites in PSMEEET were found to expand by 11.6% in
the neat film, by 7.8% in the blend with PS, and by 17.4% in
the porous sample. For PAMEEMT samples, crystallites in the
neat sample were found to swell by 10.2%, by 4.7% in the
blend, and by 12.7% in the porous sample. These results
indicate that during active swelling, the inclusion of PS could
still effectively inhibit swelling of the film; nevertheless, the
pores could intensify swelling in the crystalline domains. This
outcome further indicates that, during active swelling, the
porous samples possess a greater potential to facilitate ion
injection into the films, hence enhancing ionic storage, whereas
the blends exhibit the opposite, consistent with the SEC data
presented in Figure 6d. Upon comparison with the prior QCM
results depicted in Figure S24, it is evident that the overall
swelling in the PAMEEMT series is greater, but the swelling of
the crystalline domains demonstrates the opposite, indicating
that PSMEEMT contains a higher proportion of amorphous
domains than P3MEEET, which is also consistent with the
UV—vis measurements. The passive swelling of the crystalline
domains is considerably less than that observed from QCM,
suggesting that the majority of swelling occurs in amorphous
regions, which may isolate the crystalline domains and
consequently hinder charge transport in OECT devices,
thereby diminishing carrier mobilities and the overall device
performance. These results are in agreement with the
mechanistic framework proposed by Ginger and co-workers, "
further substantiating the role of amorphous domain swelling
in limiting electronic transport.
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Figure 12. Schematic representation of OECT device with (a) blend films and (b) porous films. (c) Side view of the evaluation of the film in dried,

hydrated and doped stages.

Mechanism of Mixed lonic-Electronic Transport in Blend
and Porous Films

To consolidate our findings, we proposed a mechanism for the
film changes in mixed ionic-electronic transport during device
operation. Figure 12a,b presents a schematic illustration of the
device. Figure 12c(i) illustrates that the results of AFM and
STXM indicate a pronounced lateral and vertical phase
separation between the active polymers (P3MEEET or
P3MEEMT) and PS. In the porous films, not only is the
bulk PS phase removed, but the P3MEEMT/P3MEEET
capping layer is removed along with it (Figure 12c (iv)).
The results from QCM and in situ GIWAXS indicate that
blend films inhibit swelling, while porous films promote it.
When blend films are exposed to the electrolyte, the
incorporation of PS appears to restrict swelling of the
underlying active polymers by reducing their exposure to the
electrolyte (Figure 12c(ii)). Conversely, in porous films, the
underlying material expands the contact areas with the

electrolyte after the PS is removed, resulting in increased
swelling and enhanced permeability to ions and water
molecules (Figure 12¢(v)). During the doping stage, some
active polymers in blend films are shielded by PS, which
prevents further swelling and enhances electronic transport
mobility. The swelling in the amorphous regions is diminished,
leading to reduced separation between crystallized areas due to
the limited ion and water injection zones. This enhancement
facilitates the motion of charge carriers, improving the figure of
merit and mobilities, as indicated in Figure 12c(iii) and
suggested in Figure S. Conversely, as indicated in Figure 7 and
the combined result of QCM and in situ GIWAXS, porous
films have greater exposure to the electrolyte, facilitate
swelling, which results in increased expansion of the
amorphous regions and separation of the crystalline domains,
ultimately impeding the movement of charge carriers within
the film. Furthermore, the loss of the PMEEMT/P3MEEET
capping layer leads to a reduction in connectivity, creating
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additional barriers for electronic transport throughout the film
(Figure 12¢(vi)).

B CONCLUSIONS

In summary, we have demonstrated a morphology-engineering
strategy to tune mixed ionic—electronic transport in
P3MEEET and P3MEEMT through blending with PS and
the fabrication of porous films through selective dissolution.
Both approaches introduce pronounced phase separation,
which strongly influences ionic accessibility and transport
pathways. SEC and EIS collectively show that porous films
enable greater ion penetration and higher effective volumetric
capacitance, whereas blend films restrict ionic ingress as PS
content increases.

In OECT devices, the OMIEC:PS blends exhibited
markedly enhanced OECT performance. The 11:5 blend
films of both polymer series in particular exhibited substantial
improvements in yC* and charge carrier mobility—up to 2—
2.5 times relative to pristine films—enabled by reduced
swelling. In contrast, porous films exhibited excessive ion and
water uptake disrupting electronic transport, consistent with
their passive swelling behavior from QCM. Transient response
measurements indicated that ionic—electronic coordination
can be accurately adjusted through morphological modifica-
tions. The incorporation of PS was found to decrease latency
from electronic transport in pristine PSMEEET and optimize
switching kinetics in the 11:5 blend, whereas introducing
porosity slightly enhanced switching in P3MEEMT by
improving ionic access.

The ex situ and in situ GIWAXS experiments provided
mechanistic insights into these trends, indicating that lattice
expansion during hydration and doping is markedly reduced in
blend films while being enhanced in porous films. These
results, in conjunction with QCM, suggest that swelling
primarily impacts amorphous regions, thereby separating the
crystallized areas and obstructing the electronic pathways.

Overall, we propose that PS blending is effective in
mitigating excessive swelling, thereby preserving electronic
transport, while porous architectures facilitate ion injection by
providing additional pathways for ions and water, which lead to
enhanced swelling that can negatively impact electronic
mobility in the present case. However, the selective dissolution
approach holds significant potential for application to other
polymer systems that could enhance OECT perform-
ance.'”' """ Overall, this work helps to establish morphol-
ogy manipulation through blending and selective dissolution as
a powerful route to engineer mixed transport and transient
response in OMIEC-based devices.

B EXPERIMENTAL SECTION

Materials

Poly(3-([2-(2-methoxyethoxy)ethoxy]ethyl) thiophene-2,5-diyl)
(P3SMEEET, M,, = 123 kDa, M, = 24 kDa, P = S5.1) and Poly(3-
([2-(2-methoxyethoxy)ethoxy]methyl) thiophene-2,5-diyl)
(P3SMEEMT, M,, = 70 kDa, M,, = 20 kDa, D = 3.4) were purchased
from Rieke Metals, Polystyrene (PS, M,, = 183 kDa, M,, = 177.8 kDa,
D = 1.03) and sodium chloride (NaCl) were purchased from Sigma-
Aldrich. Chloroform and cyclohexane were purchased from Merck
Millipore.

Solution and Film Preparation

P3MEEET, P3MEEMT, and PS were separately dissolved in
chloroform at a concentration of 10 g/L and then heated at 60 °C
for 3 h before mixing. After mixing, all blended solutions were heated

at 60 °C for another 1 h and then quenched to room temperature; no
additional quenching process, heat treatment, or postpreparation
processing was applied to the solutions. After preparation, the
solutions were stored in a glovebox before film deposition. All films
were prepared via spin-coating at 1000 rpm for 1 min. Prior to spin-
coating, the substrates were cleaned by ultrasonication in acetone and
isopropanol for 10 min each, then dried using a nitrogen gun. To
fabricate the porous samples, the films were then dissolved in
cyclohexane for 3.5 h to fully dissolve the polystyrene.

Atomic Force Microscopy (AFM)

Images of films were obtained using a JPK Nanowizard 3 in
alternating contact (AC) mode in air at a 20 gm X 20 um size (at 0.5
Hz). Bruker Model NCHV (nominal resonant frequency 340 kHz)
cantilevers were used. Images were processed using Gwyddion
(version 2.69).

Scanning Transmission X-Ray Microscopy

STXM measurements were performed at the PolLux beamline at the
Swiss Light Source (SLS).G7 Samples for STXM measurement were
prepared following the same protocols used elsewhere except that a
water-soluble layer of sodium polystyrenesulfonate (NaPSS) layer was
first deposited on the glass substrate prior to coating of the sample to
aid with float-off. Films were delaminated by floating off in deionized
water and then transferred to the TEM grids. Images were taken at 4
different energies: 280 eV (pre-edge), 284.7S eV (preferential
absorption by PS), 289.4 eV (preferential absorption by
P3MEEMT/P3MEEET), and 320 eV (postedge; sensitive to the
thickness only). Line profiles were then taken of select regions, where
a full carbon K-edge NEXAFS spectrum was acquired at each point
along the line profile. Using reference taken spectra of neat samples,
and by calibrating to the known X-ray cross sections of the
constituent atoms, the chemical composition as a function of position
was determined, expressed as plots of P3MEEMT/P3MEEET
thickness and PS thickness vs position. STXM data were processed
using the IDL widget aXis2000.%

Near-Edge X-Ray Absorption Fine Structure Spectroscopy
(NEXAFS)

Carbon K-edge NEXAFS spectroscopy measurements were per-
formed at the soft X-ray beamline at the Australian synchrotron. Each
sample was also measured at five different polar angles of incidence,
namely, 20, 40, 55, 70, and 90°, where an angle of 90° corresponds to
normal incidence and an angle of 20° corresponds to glancing
incidence. Signals were acquired using pseudo-electron yield (PEY)
mode using a hemispherical energy analyzer. Data were analyzed
using QANT,* with further details of experiment methods and data
analysis provided elsewhere.”’

UV-Vis Spectroscopy

UV—vis spectra were acquired with a PerkinElmer Lambda 950 UV—
vis-NIR spectrometer.

CV and Spectroelectrochemistry (SEC)

CV measurements were performed using a VMP-3-based Biologic
potentiostat. The three-electrode setup consisted of Ag/AgCl as the
reference electrode, a Pt wire as the counter electrode, and polymer
thin films on ITO-coated glass substrates as the working electrode,
scans were recorded at a scan rate of 50 mV s™'. Three CV cycles
were performed on each sample to ensure that there are no obvious
irreversible changes under a high potential. Spectroelectrochemistry
measurements were performed using an Ocean Optics DH-2000
Deuterium Tungsten Halogen light source combined with a SP-50
Biologic potentiostat. The polymer films on ITO-coated glasses were
placed in Hellma Analytics high precision quartz cuvettes. All films
were measured under a three-electrode setup with 0.1 M NaCl
solution as mentioned above. The spectra were collected under the
mode of staircase voltammetry from 0 to 0.9 V with a 0.1 V step for a
duration of 2 min.

https://doi.org/10.1021/acsami.6c05714
ACS Appl. Mater. Interfaces 2026, 18, 30250—30268

920z isnbny $0 uo J1asn HINIYAVE A INN Ag 4pd "yT.5099ue /EE07ZESI /0GCOE /TT /8T /4pd -8 |9 11 4e /2 wee /6 1o "soe "sqnd //:d 13y wo 1} papeo juwod


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c05714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Electrochemical Impedance Spectroscopy (EIS)

Measurements were performed on polymer-coated gold electrodes
(0.0025 cm?) with a VMP-3 based biologic potentiostat. The
impedance spectra were measured in 0.1 M NaCl solution using a
Ag/AgCl wire as reference electrode and with a platinum wire as
counter electrode. The experiment was conducted at a 0.8 V DC
offset for the polymer films and an AC amplitude of 10 mV between 1
Hz and 10° Hz. Capacitances are calculated from the following
formula obtained by impedance magnitude equation:

_ 1
B 27f1Z, 1y (1)

where f is the frequency and |Z;,,| is the imaginary part of the
impedance. The effective volumetric capacitance was calculated by
dividing the measured capacitance by its volume, where the film
thickness was determined using a Bruker Dektak surface profilometer
for the case of pure samples. For blend and porous samples, the UV—
vis data was used to determine the effective thickness of the film. Neat
samples (whose thickness was measured with the profilometer) were
used to calibrate absorbance values measured by UV—vis to thickness
values. For the porous samples, the film thickness was estimated by
multiplying the thickness of the neat film by the ratio of the UV—vis
absorbance of the porous sample to that of the corresponding neat
film. For the blend samples, the thickness was first estimated using the
same UV—vis absorbance ratio method and was subsequently
normalized by the component ratio of the corresponding active
polymer. Scanning Transmission X-ray Microscopy (STXM) was used
as a complementary technique to assess the local film thickness within
a selected region of approximately 20 ym X 20 um. Although STXM
offers high spatial precision, its limited measurement area may not
fully capture thickness variations across the entire film.

OECT Characterization

The substrates of the devices were received from the Fraunhofer
Institute for Electronic Nano Systems in Chemnitz. The architecture
comprises a silicon oxide wafer, a 10 nm chromium adhesion layer,
and 100 nm patterned gold electrodes, along with two parylene C
layers, each with a thickness of 2 gm. The channel widths ranged from
S to 15 pum. OECTSs were characterized using an Agilent B2902A 2-
channel source measure unit in conjunction with a homemade probe
station. A PDMS holder was placed onto the substrate, and its cavity
was filled with 0.1 M NaCl (aq.) electrolyte. The Ag/AgCl gate
electrode was placed in the droplet of the electrolyte. The figure of
merit was extracted by plotting the transconductance (g,) vs
WTdIVG — Vil and fitting the linear regime according to Bernard’s

model:*°

wd .
8=~ HCV = Vil @
where g, is the transconductance, W is the gate width, L is the gate
length, d is the film thickness determined by UV—vis spectroscopy for
blend and porous samples as discussed earlier and calculated from the
profilometer for the pure samples, y is the mobility, C* is the effective
volumetric capacitance, Vg is the gate voltage, and V7 is the threshold
voltage.

Measurement of Transient Response
Transient drain current was measured by applying a V; pulse of —0.8
V using Agilent B2902A source measure unit at a 0.8 V constant drain

voltage. The switch-on time is determined by fitting with the
exponential decay function as below:

I(t) = I, + Ae'/" (3)

Quartz Crystal Microbalance

QCM measurements were conducted utilizing a Q-sense analyzer
(QE401, Biolin Scientific, Gothenburg, Sweden). The frequency and
dissipation response are measured on bare Au sensors (QSX 301, Q-
Sense AB, Vastra Frolunda, Sweden) in both air and a 0.1 M NaCl

solution. The polymer-coated Au sensors were then measured under
the same conditions as earlier. The absolute frequency values for each
polymer-coated sensor were obtained in both air and 0.1 M NaCl
solutions once the f signal stabilized (f < 0.5 Hz), confirming that the
system reached equilibrium. The absolute differences in frequency for
multiple overtones (1% 3 st 7t ot 11 and 13%) between the
bare sensor and the polymer-coated sensors were compared in both
air and 0.1 M NaCl solutions. The mass change was calculated using
the 7" overtone with the Sauerbrey equation:

Am = ———A

n , (4)
where Am is the mass change, n is the overtone number, and Af, is
the change of the frequency on the specific overtone number. The
mass differences were subsequently converted to volume differences,
and the swelling was calculated as follows:

‘/swollen - V:i

Swelling % = Y % 100%

dry

where Vi i is the volume of the film under the swelling stage, and
Vi is the volume of the film under dry stage.

Grazing Incidence Wide-Angle X-ray Scattering

Ex situ GIWAXS measurements were conducted at the SAXS/WAXS
beamline of the Australian Synchrotron. Samples for GIWAXS
measurements were spin-coated onto bare Si substrates. X-rays with
15 keV energy were applied to the materials at angles between 0.07
and 0.13°. The exposure duration was 1 s. The measurement for each
incident angle was recorded at a new location to prevent beam
damage. Scattering patterns were acquired using a two-dimensional
Dectris Pilatus 2 M detector, featuring a pixel size of 0.172 mm X
0.172 mm, positioned 696 mm downstream from the sample stage.
Samples were tested in a vacuum, with the entire beam path enclosed
to reduce air scattering. GIWAXS data were analyzed using a modified
Nika package in Igor Pro 8; in situ GIWAXS measurements were
conducted using the rolling drop setup as described by Flagg et al.%
In passive swelling measurements, samples were coated on bare Si
substrates, 45 yuL DI water was dispensed between the glass blade and
the substrate, the blade height was 150 um, the 15 keV X-ray was
applied continuously for 30 s during the time when water was
vaporized after the blade was moved; In the measurement of active
swelling, a silver-coated blade with approximately 200 nm of Ag and a
10 nm Cr adhesion layer was utilized. The potential between the
sample and the blade was regulated by an Agilent B2902A two-
channel source measure unit. The beam was applied following the
same procedure outlined in the passive swelling section after the
potential was applied. A photo of the setup can be found in Figure
S28.
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