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1. Introduction

Organic electrochemical transistors (OECTs) feature a polymer channel

capable of conducting both ions and electronic charges. The choice of the
channel material is critical for OECT performance. Many efforts have focused
on improving performance via the chemical tunability of conjugated polymers —
through backbone, side chain, and molar mass engineering — leading to useful
design principles for accumulation-mode OECT materials. However, tuning
the chemical structure of conjugated polymers often requires time-consuming
optimization of the synthesis route. Meanwhile, variations in molar

mass, dispersity, structural defects, and metal content present challenges
when attempting to analyze the detailed effects of structural modifications, as
multiple performance-determining factors are often (unintentionally) changed
at the same time. Therefore, this study explores blended channel materials
obtained by physically mixing glycolated and alkoxylated polymers in different
ratios, and compares their OECT performance with the corresponding
statistical copolymers. It is shown that mixing two well-performing materials
creates blends that enable rational tuning of the transistor properties

without compromising on performance. Thus, channels based on blends

of alkoxylated and glycolated polymers hold promise for OECT technology
with tailored response, as only two materials are needed to achieve any
desired side chain ratio, simplifying the optimization of OECT characteristics.

Organic  electrochemical  transistors
(OECTs) have emerged as a promising
technology for a wide range of applications,
such as biosensors, electrophysiology, and
brain-computer interfaces.[!! Their poten-
tial in these fields stems from their unique
operational principle, which relies on the
ability of the channel material to conduct
both electronic and ionic charge carriers.
In OECTs, the electronic conductivity of
this organic channel material is modulated
by the ionic flux of an electrolyte resulting
from a gate voltage modulation.?] This
provides several advantages over traditional
organic solid-state transistors, such as low-
voltage operation and high charge carrier
mobility. Moreover, since OECTs are based
on organic materials, they are fully print-
able and thus compatible with a wide range
of substrates, including flexible, stretch-
able, and biocompatible materials, posi-
tioning them as ideal for use in wearable
electronics, bio-sensing, and other applica-
tions that require conformable devices.l*!
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OECT performance is quantified by the product of its elec-
tronic mobility and volumetric capacitance (uC*). A high uC*
implies a more efficient OECT, as it indicates that the electronic
charge carriers are easily transported through the channel ma-
terial (u) and that this material can store a substantial amount
of ionic charges (C*) to compensate for the electronic charges.[*!
Another key performance metric is OECT stability under oper-
ating conditions.®] Conjugated polymers present themselves as
an ideal class of channel materials as they allow careful tailoring
of the desired properties due to their large versatility in molecu-
lar design.[®) Because semiconducting polymers are typically hy-
drophobic, they are not very suitable for doping in aqueous elec-
trolytes based on NaCl, often used to mimic biological systems.
To achieve mixed conduction in accumulation-mode OECTS, hy-
drophilic analogs of established intrinsic semiconducting poly-
mers are synthesized, most often by incorporating oligo(ethylene
glycol) (OEG) side chains on the polymer backbone.!”!

However, replacing the hydrophobic side chains with glycol
alternatives comes with some disadvantages. On the synthesis
and characterization side, solubility issues are often encountered,
complicating the synthetic protocols and purification steps, as
well as hindering the molar mass determination of the final
polymers.®! Furthermore, it was shown by Moro et al. that glycol
side chains do not interdigitate as well as alkyl chains, leading to a
decreased tendency to form ordered assemblies, influencing the
microstructure of these semiconducting polymers.?! This can
have a negative impact on the transport of electronic charge car-
riers. Therefore, it is interesting to design semiconducting poly-
mers that contain both hydrophilic and hydrophobic side chains.
Alkyl or alkoxy side chains can contribute to a higher degree of
order in the polymer microstructure, which could lead to im-
proved electronic transport.[>1% Also, hydrophilic side chains sig-
nificantly increase the amount of (passive) swelling in the film,
which is detrimental for device stability."!] Again, incorporating
some hydrophobic side chains in the polymer channel material
could mitigate this issue. Thus, there seems to be a trade-off
between a high volumetric capacitance, achieved by hydrophilic
side chains, and good electronic mobility and stability, promoted
by hydrophobic side chains. Another important factor of OECT
performance, also impacted by the type of side chain, is the re-
sponse time.['?] Since OECT channel materials require doping by
hydrated ions, a certain amount of glycolation is typically needed
for effective doping. However, it has been shown that excessive
glycolation can also negatively impact this figure of merit.[**!

Savva et al. previously reported an optimal glycol content in
copolymerized materials to maximize both uC* and the response
time of OECTs.[!*] They also showed that the threshold voltage
(V,) can be tuned by changing the ratio of OEG to alkoxy (OR) side
chains. More recently, Siemons et al. reported an improvement
of the electrochemical stability by incorporating 10% alkoxy side
chains in a fully glycolated polymer.'!] It was shown via compu-
tational modeling that alkoxy side chains tend to afford aggrega-
tion in polar environments, resulting in alkyl-alkyl physical cross-
links in the channel material, hereby avoiding excessive swelling
of the polymeric channel, which results in profound morphology
changes upon in- and out-flux of ions and ultimately a decrease in
device performance. These studies, along with other efforts to im-
prove performance via side chain and molar mass engineering of
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conjugated polymers, has led to a set of useful design principles
for p-type accumulation-mode OECT channel materials.[’¢14]

Apart from the synthetic challenges associated with side chain
engineering,[”®! the comparison of a series of copolymers with
different side chains is complicated by variations in molar
mass,!"*] dispersity, possible structural defects,!'®! and residual
metal content,['’] even when the polymerization approach is ex-
actly replicated throughout the full series. These factors can play
an important role in the eventual device performance, rendering
direct comparison of OECT performances troublesome.!'*"17] Tn
studies investigating the effect of different side chain ratios, the
intermediate ratios are usually obtained using a three-monomer
reaction. In a random copolymerization where both alkoxylated
and glycolated monomers are incorporated, the resulting poly-
mer chains will contain varying amounts of these units and are in
essence a blend thereof. We therefore suspected blends of purely
alkoxylated and glycolated polymers to perform similarly relative
to their copolymer counterparts at comparable OEG:OR ratios.
Furthermore, in a three-monomer reaction, it is difficult to know
exactly how much of each monomer is built into the polymer and
instead of the true side chain ratio, the monomer feed ratio is
usually reported.'"13] All these factors make it quite challeng-
ing to rationalize certain trends in a copolymer series. A solu-
tion for the laborious chemical modification of polymers and the
previously mentioned drawbacks could lie in physically mixing
two different polymers to attain a channel material with interme-
diate properties. It has been shown previously by Barker et al.
that the use of conjugated polymer blends as a channel mate-
rial enhances the response speed of OECT devices.['8! Also, Stein
et al. have successfully employed polymer blends to achieve am-
bipolar OECTs and inverters.!'”) However, the circumstances un-
der which blended channel materials perform (at least) as well
as their corresponding copolymer analogues have not yet been
revealed.

To investigate if adjusting the ethylene glycol content of the
channel material requires the synthesis of a new copolymer or
can simply be achieved by mixing two polymers, in this work, a
series of pBTTT!2! (poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
blthiophene) like copolymers are synthesized, containing differ-
ent ratios of ethylene glycol and alkoxy side chains. The fully
glycolated pBTTT analog, pgBTTT, is currently one of the best-
performing p-type accumulation-mode OECT materials.[?!] How-
ever, the use of side chain variations to adapt the hydrophilic-
ity of pgBTTT has not been investigated before. The copolymers
are then compared to physical mixtures consisting of glycolated
and alkoxylated polymers in the same OEG:OR side chain ra-
tios to investigate whether polymer blending could be a suit-
able alternative to synthetically modifying the side chain ratio.
One of the main advantages of blended channel materials is that
any desired side chain ratio can be reliably obtained by mixing
the same two polymers. The effect of mixing two materials in-
stead of synthetically changing the polymeric channel material
is thoroughly analyzed via grazing-incidence wide-angle X-ray
scattering (GIWAXS), dynamic spectroelectrochemistry, electro-
chemical quartz crystal microbalance with dissipation monitor-
ing (EQCM-D) measurements, and electrochemical and OECT
stability testing. Our investigations reveal that physically mixing
two high-performing OECT polymers results in blended channel
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Figure 1. The investigated channel materials, consisting of the random copolymer series (top) and the physical blends (bottom). The g-(x%) nomencla-
ture indicates the level of glycolation in the polymers. For the g-(90%) and g-(75%) copolymers, the feed ratios are reported, since these materials were
synthesized via a three-monomer reaction. Further, a distinction is made between blends of g-(100%) with g-(50%) (type 1, left) and with g-(0%) (type
2, right). The desired OEG:OR ratios in the blends were obtained by mixing the respective polymers according to the equivalents (w/w%) indicated in

the tables at the bottom.

materials that facilitate tuning of the transistor properties with-
out compromising on performance or stability.

2. Results and Discussion

2.1. Polymer Synthesis and Characterization

Initially, a pBTTT-like copolymer series containing different ra-
tios of randomly distributed OEG and OR side chains was
prepared (Figure 1), similarly to the study of Sawva et al.,
where they synthesized the following OEG:OR ratios: 100:0,
75:25, 50:50, and 0:100.13] However, in our series, a 90:10
OEG:OR ratio was incorporated as well, since it was proven
to be a beneficial side-chain ratio by Siemons et al.l'!l Also,
pgBTTT (poly(2-(4,4'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
[2,2'-bithiophen]-5-yl)-alt-thieno[3,2-b]thiophene)) was used as
the fully glycolated reference polymer instead of its regioisomer
pg2T-TT (poly(2-(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
[2,2'-bithiophen]-5-yl)-alt-thieno[3,2-b]thiophene)) because of its
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superior performance, attributed to a higher hole mobility due to
improved planarity of the polymer backbone.l?! By adding alkoxy
side chains we can investigate if the charge transport improves
due to a potential increase in microstructural order. The poly-
mer backbone with alternating thienothiophene and bithiophene
units remains untouched throughout the full series to only probe
for the influence of the hydrophobic/hydrophilic character in a
top-performing p-type OECT material.

The copolymer series was then compared to physical mix-
tures consisting of the fully glycolated polymer (g-(100%)) and
the 50% glycolated polymer (g-(50%)) and to mixtures consist-
ing of g-(100%) and the fully alkoxylated polymer (g-(0%))2!
in the same OEG:OR side chain ratios (Figure 1). Thus, a dis-
tinction is made between two different types of blends. Blends
of type 1 (g-(100%) + g-(50%)) are expected to be nicely inter-
mixed and well-performing, since both polymers are hydrophilic
and produce good OECTs when used as the single channel ma-
terial (Figure S14, Supporting Information). The comparison is
made with blends of type 2 (g-(100%) + g-(0%)). The latter fully
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alkoxylated polymer is hydrophobic, which could influence the
miscibility with g-(100%). Also, no operational OECTs could be
made with g-(0%) as the single channel material in contact with
a 0.1 M NaCl electrolyte (Figure S14, Supporting Information).
It was previously reported by Giovannitti et al. that the low de-
gree of swelling and ionic conduction in hydrophobic polymers
increases the required oxidation voltage, in turn leading to device
degradation or non-operational OECTs.[7313]

NMR spectroscopy analysis was performed on the highest
molar mass (chloroform) fractions of the polymers after Soxh-
let extractions. From the NMR spectra (Figures S3-S7, Support-
ing Information), it is clear that the OEG:OR ratio decreases
throughout the series, from g-(100%) to g-(0%). The NMR sig-
nal representing most of the alkoxy side chain protons (1.5-
1.25 ppm), excluding the methylene protons adjacent to the oxy-
gen atom, grows when the share of hydrophobic side chains in-
creases. Integration of this signal compared to the signal rep-
resenting the glycol side chain protons roughly confirms the
OEG:OR ratios in the different copolymers. However, it has to
be taken into account that quantitative analysis of NMR spectra
of conjugated polymers is difficult due to solubility issues, signal
broadening, and a pronounced H,O signal, rendering the exact
integration not as reliable as for small molecules.[*®]

A common challenge in the field, that was also faced during
this study, is the molar mass determination of glycolated con-
jugated polymers.l®#23] Various gel permeation chromatography
(GPC) systems were tried, but none provided reliable results (SI,
section 2). Therefore, we resorted to estimating molar mass using
MALDI-ToF (matrix-assisted laser desorption/ionization — time-
of-flight) mass spectrometry (MS) (Figures S8-S12, Supporting
Information), despite its clear limitations,**! to gauge the com-
parability of the chain lengths of the various polymers.[?>! From
the mass spectra, all polymers seem to have a comparable mass
distribution, except for g-(75%), where the chloroform fraction
gave little to no signal. This could be an indication that g-(75%)
is a higher molar mass polymer, since it has been reported that
at higher polydispersities (PD > 1.2), the high-mass components
are generally underrepresented in MALDI-ToF MS.[2*2¢] To ad-
dress this, a lower molar mass sample of g-(75%) was measured
instead. It was obtained via Soxhlet extractions, which were used
to purify all polymers, resulting in distinct molar mass fractions.
Before chloroform, which eluted the highest molar mass frac-
tions for all polymers, tetrahydrofuran (THF) was used, in which
the second highest molar mass fraction was obtained. For g-
(75%), this fraction was analyzed with MALDI-ToF MS instead.
For all further experiments, the chloroform fractions of all poly-
mers were used, so it has to be taken into account that g-(75%) is
likely of higher molar mass than the other polymers in the series
when comparing the results. This issue illustrates that obtaining
a similar molar mass for all copolymers in a series is rather chal-
lenging, even when using the exact same reaction conditions.

UV-Vis absorption spectroscopy analysis of the polymers and
the blends was then performed on completely dedoped films in
electrolyte solution (Figure S13a, Supporting Information), with
all the absorption maxima situated between 600 and 605 nm.
Hence, 4,,, is not significantly affected by the ratio of ethylene
glycol to alkoxy side chains. However, small changes are seen
in the ratio of the 0-0 (with a maximum at 650 nm) and the 0-
1 (with a maximum at 600 nm) vibronic bands when compar-
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ing the materials. A higher 0-0 to 0-1 ratio indicates the pres-
ence of more planar polymer chains, which suggests a significant
intrachain order that favors electronic delocalization along the
polymer chain.!?”] The enhanced chain ordering in certain com-
positions is also consistent with tight z-z stacking, ultimately
leading to a crystalline phase that might either boost device per-
formance by improving the carrier mobility or rather limit per-
formance because it restricts ion accessibility between the side
chains, affecting the doping efficiency of the material.l?’®! Among
the copolymers, only the g-(75%) copolymer exhibits a more pro-
nounced 0-0 vibronic band compared to g-(100%), which might
relate to a better polymer packing in the film, consistent with the
assumed higher molar mass of g-(75%) (Figure S13b, Support-
ing Information). We observe that the type 2 blends (g-(100%)
+ g-(0%)) show similar absorption spectra to the copolymers,
with a weaker 0-0 vibronic band, which suggests their morphol-
ogy is similar (Figure S13b,c, Supporting Information).!?] In ad-
dition, the type 1 blends (g-(100%) + g-(50%)) have a slightly
higher ratio between the 0-0 to 0-1 vibronic bands compared to
blends with g-(0%), indicating a higher degree of order which
would predict increased mobilities (Figure S13d, Supporting
Information).

2.2. OECT Performance

To compare the device performance of the copolymers and blends
as channel materials in OECT devices, their transistor character-
istics were determined. The transconductance, g,,, was extracted
and describes the extent to which an OECT can amplify a gate
voltage signal (g,, = %) In the saturation regime, g, depends
on specific device characteristics according to Equation (1):12°]

gn = %i uc* (Vt - Vg) (1)
In this equation, W, d, and L are the width, thickness, and
length of the channel, respectively, V, is the threshold voltage,
and V, is the applied gate voltage. In the OECT field, the mobility-
capacitance product (uC*) is generally used to compare different
channel materials.[**%] In this work, uC* was extracted from the
slope of the linear extrapolation of the square root of the saturated
transfer curves ata V; of -0.6 V according to Equation (2):

- Wd y Wd i s
,/Iaf ZHE”C ~(V£—Vg) éslopez\lﬁﬂc ouC
2L

=i slope? (2)

Very high uC* values were obtained, ranging from 960 + 160
Fem™ V71 s71 10 2420 + 250 F e~ V1 s7! for the full series.
However, it is important to recognize that direct comparison with
literature values may not be entirely appropriate, as discussed by
Shahi et al., since the uC* product reflects a device-specific char-
acteristic rather than an intrinsic material property.*!) Nonethe-
less, given that consistent measurement conditions and device
parameters were maintained in our study, the uC* product re-
mains a reliable indicator to establish trends within our material
series.
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Figure 2. Overview of the OECT characteristics for the copolymers, type 1 blends (g-(100%) + g-(50%)) and type 2 blends (g-(100%) + g-(0%)):
a) uC* extracted from the slope of the linear extrapolation of the square root of the saturated transfer curves at a V4 of —0.6 V, b) V, extracted from
fits of 141/2 vs. Vg plots, c) C* independently determined by chronoamperometry (Figures S16-S18; Tables S5-S7, Supporting Information), and d)
Inferred u determined by dividing uC* by C*. Reported uncertainties are one standard deviation with n = 2-3 devices with different channel dimensions,

T1 (LXW =2 X 3 mm) and T2 (LxW = 0.5 x 5.5 mm).

An overview of all the parameters extracted from the OECT
measurements is shown in Figure 2 and in the Supporting In-
formation (Tables S2-S4; Figure S14, Supporting Information).
The figure of merit uC* for g-(100%) is 2420 + 250 F cm™! V!
s71. Using chronoamperometry, a C* value of 630 + 20 F cm™3
is obtained, from which an OECT mobility of 3.8 + 0.4 cm? V~!
s7! can be estimated. In the original study on pgBTTT, a C* and
uvalue of 164 + 7 F cm™ and 3.44 + 0.13 cm? V! 57! were re-
ported, respectively.?!] The higher uC* for our pgBTTT batch can
thus mainly be attributed to an increase in C*. However, it is im-
portant to note that the experiments on original pgBTTT were
performed on um-scale devices, while in our study, mm-scale de-
vices were used. Also, in this study, higher gate potentials were
generally applied, so the measuring conditions were not exactly
replicated.

In the copolymer series, a peculiar trend in uC* was estab-
lished (Figure 2a). Namely, uC* for g-(90%) drops quite drasti-
cally to 1560 + 210 F cm™ V~! 57!, which is unexpected, given
that only 10% of ethylene glycol side chains are switched to alkoxy
chains. On the other hand, the g-(75%) polymer has a uC* similar
to that of g-(100%), namely 2360 + 490 F cm™' V~! s7'. This can
probably be attributed to its higher molar mass. The OECT per-
formance dependency of g-(75%) on molar mass was analyzed
by measuring the transistor characteristics of the lower molar
mass (THF) fraction of this polymer, which was also used for
MALDI-ToF analysis (Figure S10, Supporting Information), re-
sulting in a quite drastic drop in performance (uC* = 940 +
110 F cm™ V7! s71). Polymer g-(50%) has the lowest uC* in
the series, namely 1260 + 180 F cm~! V! s71. Based on previ-
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ous literature,['] a decrease in C* is expected with an increas-
ing amount of alkoxy side chains due to the hydrophobic na-
ture of these chains, which impedes water uptake.l”*] However,
in this copolymer series, this predicted trend does not hold true
(Figure 2c), which also makes the trend in inferred mobility more
difficult to explain (Figure 2d). The lack of a clear, predictable
trend of the transistor characteristics in the copolymers could
have different origins. First, if the polymers are not of similar mo-
lar mass, OECT performances cannot be directly compared.!'*hl
Second, batch-to-batch variations in dispersity, possible struc-
tural defects, and residual metal content can affect the device
performance further, even if the synthetic method is exactly repli-
cated within a series.['®!7] These factors make it difficult to com-
pare a series of copolymers and justify our approach to use blends
instead.

When using the blends as channel materials in the OECTS,
the trends are clearer. As expected, C* decreases slightly with an
increasing amount of alkoxy side chains, but remains relatively
high, with values above 400 F cm~ (Figure 2c). Concerning the
inferred hole mobility, for the blends with g-(50%), u slightly in-
creases when alkoxy side chains are introduced in the channel
material, with the optimum situated at 10%. However, blends
with g-(0%) show a gradual decrease in u with increasing frac-
tion of hydrophobic side chains, indicating that the expected im-
provement in polymer packing does not occur (Figure 2d). Over-
all, blends with g-(50%) have high uC* values, comparable to g-
(100%) as the sole channel material, while blends with g-(0%)
show a gradual decline in 4C* when more g-(0%) is incorporated
(Figure 2a).
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When comparing the threshold voltages of all the materials, it
is observed that a larger voltage needs to be applied for an increas-
ing amount of hydrophobic side chains in all cases (Figure 2b).
This follows the expected trend, since the alkoxy side chains do
not allow ion penetration as easily, requiring larger gate voltages
to dope the polymer channels.[”>13] For channel materials that
have the same level of glycolation, V, is of the same order of mag-
nitude. However, it can be noted that the increase in 'V, is slightly
more gradual in the blends compared to the copolymers.

By conducting time-resolved OECT measurements, the time
constants (r) of the various channel materials were determined
from the transient drain current curves after applying a square
voltage pulse at an overpotential of —0.2 V (Figure S15, Support-
ing Information). Notably, the introduction of alkoxy side chains
in the copolymers resulted in a decreased turn-on time for the
OECT, with an optimal reduction observed at 10% alkoxy chains.
For the blended channel materials, a similar trend was observed.
Compared to neat g-(100%), = generally decreases when alkoxy-
lated polymers are incorporated in the blends, although these
changes were again more gradual than for the copolymers.

Thus, it is clear that blending two polymers is a valid strat-
egy to adapt certain transistor characteristics (e.g. V,, y, 7), while
maintaining highly performant devices. The blends with g-(50%)
generally perform better and have faster response times than the
blends with g-(0%), especially when the amount of alkoxy side
chains increases. This was to be expected, since g-(50%) is a good
channel material on its own, while no working OECTs could be
made with g-(0%) as the sole channel polymer in contact with
a 0.1 M NaCl electrolyte because of its hydrophobic nature.[”?!
When comparing the copolymers to the blends with the same
side chain ratios, it is clear that the uC* values lie within the
same range. However, blending two polymers is a more acces-
sible strategy than copolymerization, since the same two materi-
als can be used to reliably obtain any desired ratio of side chains.
This way, the synthetic effort toward an extensive series is sig-
nificantly reduced, as well as the batch-to-batch variations within
that series, making it easier to predict and design certain trends.

2.3. Film Microstructure

To understand the effect of the varying OEG:OR content in the
copolymers and the respective blends on the film microstructure,
GIWAXS analysis was performed. The g-(0%), g-(50%), g-(75%),
and g-(100%) polymers and the 75:25 blends of type 1 and 2 were
analyzed and compared. The 2D plots, lineouts, and a peak anno-
tation table can be found in the SI (Figures S19 and S20; Table S8,
Supporting Information). Whereas g-(100%) and g-(75%) present
themselves as more edge-on, g-(50%), g-(0%), and both blends
show a mixed edge- and face-on orientation toward the substrate.
As is typical for these materials,[1%22!] clear (100) and (200) lamel-
lar peaks can be observed in Q, (Figure 3) but not in Q,, indi-
cating the absence of lamellar order in the in-plane direction,
consistent with literature.?!l All copolymers containing alkoxy
side chains show an attenuation in the (200) peak compared to g-
(100%). However, the (200) peak is more pronounced for g-(75%)
than for g-(50%) and g-(0%), indicating slightly better long-range
order, possibly originating from a higher molar mass. Due to the
shorter ethylene glycol side chains and their different interdigita-

Adv. Funct. Mater. 2026, 36, 2423913 2423913 (6 Of'|4)

www.afm-journal.de

a [ e Blend 75:25 g-(100%) + g-(0%)
(100) g-(100%)
: g-(75%)
" o g-(0%) |
S
K7 ! : :
8 |
£ AT
i (200)
_L: li 1 1 e 1 . ]
0.5 1.0 15 2.0
-1
Q,(A™)
b '— - Blend 75:25 g-(100%) + g-(50%)
(100) 9-(100%)
| g-(75%)
| [ g-(50%) |
z |
a "\
8 M
= \

-

\ (200)

\ - ~
‘\.G’“-.‘.' S
3 1 2 1 L 1 L 1
0.5 1.0 1.5 20
Q,(A™)

Figure 3. a) Q, lineout for the type 2 75:25 blend (g-(100%) + g-(0%)),
showing two (100) lamellar peaks whose maxima align with those of the
neat polymers. b) Q, lineout for the type 1 75:25 blend (g-(100%) + g-
(50%)), where the lamellar peak coincides with g-(75%). Dashed lines are
a guide for the eye only. Grey areas highlight the regions in which the (100)
and (200) lamellar peaks appear.

tion behavior, the g-(100%) (100) lamellar stacking peak appears
at 0.42 A-' (15.0 A), whereas for g-(0%), with alkoxy side chains,
it appears at 0.28 A~' (22.4 A), consistent with literature.!1%2!]
Copolymers g-(75%) and g-(50%) demonstrate intermediate val-
ues of 0.38 A~ (16.5 A) and 0.32 A~' (19.6 A), respectively (Figure
S21, Supporting Information). Despite the incorporation of both
alkoxy and glycol side chains in the copolymers, the (100) lamel-
lar stacking peaks appear featureless (one single peak; Figure 3),
similarly to what was observed by Savva et al. for the p(2T-TT)
regioisomer.!"3] This suggests that there are no large individual
crystallites with dominant alkoxy or glycol-decorated chains. Like-
wise, the type 1 75:25 blend (g-(100%) + g-(50%)) shows a single
peak at 0.38 A1 (16.5 A), the same value as obtained for g-(75%)
(Figure 3b). However, the type 2 75:25 blend (g-(100%) + g-(0%))
does show two distinguishable (100) lamellar stacking peaks with
maxima at 0.28 A~! (22.4 A) and 0.40 A~* (15.7 A), in accordance
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Figure 4. Electrochemical characterization and optical response of the copolymer and blend systems: a) Cyclic voltammograms for the copolymers
conducted at 100 mV s~ in 0.1 M aqueous NaCl electrolyte, normalized by layer thickness for cross-sample analysis. b) Cyclic voltammograms for the

type 1blends (g-(100%) + g-(50%)) in the same side chain ratios as (a).

c) Steady-state Vis-NIR electrochemical absorbance spectra at different applied

voltages for type 2 blend 75:25 (g-(100%) + g-(0%)) (film thickness = 112 nm) from +0.5 to —0.8 V, showing doping-induced spectral changes; a dwell
time of 30 s was used at each voltage. d) Neutral absorbance band evolution at 600 nm (scaled between 0 and 1) for the copolymers and blends as a

function of applied voltage from +0.5 to —0.8 V.

with the values obtained for the neat polymers (Figure 3a). This
indicates that, on a microstructural level, the film contains alkoxy-
lated and glycolated polymer crystallites and is less intermixed
as compared to the type 1 blend. As the backbone is the same
for all materials, the (010) z-z peak appears at very similar val-
ues (1.74-1.67 A~'; 3.6-3.7 A) for both the (co)polymers and the
blends (Figure S20; Table S8, Supporting Information).

The differences in intermixing between the type 1 and type
2 blends account for the variations in OECT performance and
UV-Vis absorption spectra. Type 1 blends, consisting of two hy-
drophilic polymers (g-(100%) and g-(50%)), exhibit better in-
termixing, resulting in a more organized structure. This is
evidenced by the higher 0-0 to 0-1 vibronic band ratio (Figure
S13, Supporting Information) and increased p values, which lead
to a higher uC* (Figure 2a,d). In contrast, type 2 blends, com-
prising a hydrophilic (g-(100%)) and a hydrophobic polymer (g-
(0%)), show less favorable intermixing, explaining the steeper de-
crease in uC* when more g-(0%) is incorporated in the blends
(Figure 2a).

2.4. Electrochemical and Swelling Behavior

The electrochemical properties of the copolymers and blends
were probed with aqueous cyclic voltammetry, spectroelectro-
chemistry, and EQCM-D. The oxidation onsets (E, were ex-

ox,onset)
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tracted from the voltammograms (Figure 4a,b; Figure S22, Sup-
porting Information) and are shown in Table 1.

The expected trend, an increasing oxidation onset with increas-
ing amount of alkoxy side chains, is observed for both the pure

Table 1. Oxidation onsets (E,y onset) €xtracted from the cyclic voltammo-
grams for the pristine copolymers and the blends, and quantification of
the electrochemical doping extent based on 50% of absorbance loss at

600 nm (neutral species, V,p 50%)-

Eoxonset g- 90:10 75:25 50:50
(100%)

Copolymers -0.11V 0.20V 0.28V 0.36 V

Type 1 blends / 0.04V 0.09V /

g-(100%) + g-(50%)

Type 2 blends / -0.02V 0.07V 0.08 V

g-(100%) + g-(0%)

Vabs 505 P 90:10 75:25 5050 g-(0%)

(100%)

Copolymers -0.15V -0.20V —-0.24 -035V -0.53V
\

Type 1 blends / -0.18V —-0.24 / /

g-(100%) + g-(50%) v

Type 2 blends / -0.17V -0.23 034V /

g-(100%) + g-(0%) \Y
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materials and the blends. It was previously reported by Savva
etal.l¥ that the ratio of OEG:OR side chains impacts the amount
of swelling and ion penetration, thereby changing the oxidation
onsets and hence the threshold voltages. Indeed, the EQCM-D
data show reduced swelling when alkoxy side chains are intro-
duced (vide infra). In the copolymers, the shift to higher E,_ .,
values upon adding more alkoxy side chains is most pronounced,
while the blends show a more gradual increase. This is to be ex-
pected based on the similar behavior of the OECT threshold volt-
ages (Figure 2b). When looking at the shape of the voltammo-
grams in Figure 4a,b and S22 (Supporting Information), a clear
difference can be seen between the copolymers and the blends.
As soon as alkoxy side chains are introduced in the copolymers,
the shape of the oxidation curve drastically changes. Instead of a
gradual current increase, as for g-(100%), the curve remains flat
until the oxidation onset is reached, after which it achieves its
maximal current almost instantaneously, causing a sharp oxida-
tion onset. This is a desired feature for transistor materials, since
the devices often need to operate as efficient switches.?2] On the
contrary, the voltammogram shapes for the blend series all re-
semble the shape of the g-(100%) curve, even when alkoxylated
polymers are included in the mixtures. This behavior might be
associated with a larger spread of local energetics, i.e. of polymer
segments having slightly different oxidation onsets, in the fully
glycolated polymer and the blends.

To gain further insights into the doping mechanisms of the
channel materials, we delved into the optical properties upon
electrochemical doping of the copolymers and blends, by measur-
ing the evolution of the steady-state absorbance at different volt-
ages to vary the doping level.l**] For this, the channel materials
were deposited on indium tin oxide (ITO) substrates. We used 0.1
M aqueous NaCl electrolyte and the voltages were progressively
applied from +0.5 to —0.8 V in —0.1 V steps with a dwell time
of 30 seconds (Figures S25 and S26, Supporting Information).
Note the inversion of the sign compared to cyclic voltammetry,
which is simply a difference in convention in describing the oxi-
dation potential during electrochemical and OECT (and spectro-
electrochemical) measurements. To show the reproducibility and
reliability of our findings, similar measurements were performed
on OECTs under comparable experimental conditions, which re-
vealed an almost identical behavior at all voltages, such as con-
sistent doping levels and similar absorbance bands (Figures S23
and S24, Supporting Information).?*34! Since all materials are
slightly doped in ambient conditions, a positive gate voltage be-
tween +0.5 to +0.6 V was applied after every measurement to
fully dedope the copolymers and blends and prove the reversibil-
ity of the doping/dedoping process.

As an example, the absorbance spectra for the type 2 75:25
blend (g-(100%) + g-(0%)) at different voltages are shown in
Figure 4c, while the results for the other materials are included
in Figure S26 (Supporting Information). At +0.5 V, only the ab-
sorbance from the neutral species is present, which exhibits a
Gaussian-like shape with a peak around 600 nm and an adja-
cent shoulder at ~650 nm, characteristic of the 0-0 and 0-1 ab-
sorption bands of the polymer, as discussed above.”’” The fea-
ture predominantly comprises #—x* transitions coupled with
the C=C stretching modes of the thiophene rings. This absorp-
tion band undergoes noticeable attenuation as the voltage be-
comes more negative. Simultaneously, we observe the emergence
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of new broad absorption bands with a maximum at ~950 and
1350 nm, indicative of the polymer’s oxidation and the forma-
tion of oxidized species, polarons and bipolarons, respectively.3]
As the voltage decreases, first the polaronic band at 950 nm in-
creases, while at more negative voltages it reaches its maximum
and then decreases again, with the concomitant rise of the ab-
sorbance band at 1350 nm due to the formation of bipolaronic
species. At the most negative voltages, we observe the polaron
decrease and bipolaron rise for all copolymers and blends, show-
ing that a similar doping extent and high doping level is reached
(Figure S26, Supporting Information). Exceptions to this are g-
(0%) and the type 2 blend 50:50 (g-(100%) + g-(0%)), where this
high doping level can’t be obtained, as the polaron band saturates
at the most negative voltages but does not decrease. This can be
justified by the higher oxidation onset of the g-(0%) copolymer.
In Figure 4d, we plot the evolution of the neutral absorbance
band (at 600 nm) as a function of voltage for the copolymers and
blends. For each system, the absorbance value at the most nega-
tive voltage was subtracted, thereby anchoring its lowest value to
zero, followed by normalization at the maximum value. This step
re-scales all traces between 0 to 1 to enable a comparative analysis
between the different channel materials. Through this analysis,
we assess the polymers’ optical onset voltage (E, and the

op,onset)
voltage inducing a 50% change in neutral absorbance (V,, so)

(Table S9, Supporting Information and Table 1, respectively). The
optical onset is quite scattered due to the relatively large voltage
steps (0.1 V) and the wider spread oxidation range for the blends
compared to the copolymers. However, the V,_ 5o, reveals a clear
trend, as such that the increase of alkoxy side chains leads to an
increase in the negative voltage required to deplete the neutral
peak, similar to the results obtained from cyclic voltammetry.2*
Interestingly, we see similar V5o, values for the copolymers
and two corresponding blends with the same ratio of OEG:OR
side chains, showing their comparable electrochemical behavior
and overall energetics.

EQCM-D measurements were carried out on selected samples
in 0.1 M aqueous NaCl electrolyte, namely g-(100%), g-(75%),
and type 1 blend 75:25 (g-(100%) + g-(50%)) (Figures S31-S34,
Supporting Information). As seen in Figure 5, both the pas-
sive (without applied voltage) and the active swelling (during
electrochemical doping) are reduced in both samples containing
25% alkoxy side chains. This confirms our hypothesis that the
addition of hydrophobic side chains reduces swelling, no matter
whether copolymerization or blending is used. Still, both chan-
nel materials demonstrate important mass uptake when the oxi-
dation voltage increases (Figure 5b), in line with efficient electro-
chemical doping. Moreover, the similar properties of the copoly-
mer and the type 1 blend with 25% alkoxy side chains are high-
lighted by their very comparable swelling level, confirming once
more that blending two well-performing OECT materials is an
effective alternative to copolymerization.

2.5. Doping Dynamics

Building on the steady-state and voltage-dependent insights, our
investigation was then extended to the time-resolved electro-
chemical and optical behavior of the copolymers and blends
(Figure 6). Figure 6a shows the absorbance spectra of the type
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Figure 5. EQCM-D measurements in 0.1 M aqueous NaCl electrolyte,
obtained for g-(100%), g-(75%), and type 1 blend 75:25 (g-(100%) + g-
(50%)). a) Shows the passive swelling without applied voltage, while b)
shows the active swelling during electrochemical doping.

2 75:25 blend (g-(100%) + g-(0%)) at different times, from 0 to
10 s after a voltage switch from +0.5 to —0.9 V. The dynamics
highlight the gradual transition from neutral species through po-
larons to bipolarons within the observed timeframe. At time zero,
the spectrum shows only neutral polymer,!?’] and then the dop-
ing process evolves and the neutral band is depleted. In parallel,
broad absorption bands emerge at longer wavelengths. The dif-
ferent temporal progression between the band peaking at 950 nm
(polarons) and the one at 1350 nm (bipolarons) reveals that the
formation of polarons takes place within 1.5 s, followed by evolu-
tion to bipolarons until 10 s.13¢]

The doping dynamics in the copolymers and blends were com-
pared by monitoring the temporal evolution of the neutral ab-
sorbance band at 600 nm. In general, the doping kinetics are in-
fluenced by factors such as the ion and hole mobility, the film
morphology, the rate of the electrochemical oxidation, and the
concomitant polymer backbone rearrangements.*”] For compar-
ative analysis between the different materials, films of similar
thickness (~50 nm) were used and the final voltage was always
chosen to be —0.4 V below V504, (Table 1). This allows taking
into account the shift in oxidation potential and enables compari-
son between similar doping levels. In Figure 6b, we compare the
neutral decay dynamics of all the copolymers. The polymers with
high OEG content, g-(100%), g-(90%), and g-(75%), all exhibit fast
and relatively similar doping dynamics (time constant of 0.30-
0.53 s, Table 2). Close inspection reveals that the doping is slightly
faster in g-(90%), which agrees with the OECT drain current tran-
sients discussed above. It is likely related to improved hole mo-
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bility (with reduced swelling due to the alkoxy side chains), com-
bined with favorable ionic transport.

However, as the amount of glycol side chains is further re-
duced in g-(50%) and g-(0%), the dynamics significantly slow
down (Figure 6b). Notably, the fully alkoxylated copolymer, g-
(0%), dopes with a time constant of x5 s, which is 15 times
slower than the doping speed for the fully glycolated polymer, g-
(100%) (Table 2). The dynamics of the polarons at 950 nm and of
the bipolarons at 1350 nm show exactly the same trend between
the different copolymers, with doping being fastest in g-(90%)
and slowest in g-(0%) (Figure S27, Supporting Information).
The spectro-electrochemical measurements optically detect the
doping, and in this set-up, the doping rate is particularly sensitive
to ion transport through the thickness of the film, as the holes are
injected from the ITO directly underneath the film. In contrast,
the transient drain current measures not only the doping rate,
but also the current flow across the large channel and any resis-
tance at the contacts, which might explain the slightly different
trends with glycolation (Figure S15, Supporting Information).

As the blends contain components with strongly different dop-
ing dynamics, any significant phase separation of the constituent
polymers could lead to strongly biphasic behavior with fast (for
the OEG-rich phase) and slow (for the alkoxy-rich phase) dynam-
ics. In Figure 6¢, we compare the neutral, polaron and bipolaron
dynamics of the g-(75%) copolymer with the two corresponding
75:25 blends, involving g-(100%) mixed with either g-(50%) or g-
(0%). We observe comparable dynamics for the three samples,
which are almost as fast as in g-(100%) and do not show sig-
nificantly slow components related to the alkoxy side chains. In
Figure S28 (Supporting Information), the g-(50%) and g-(90%)
copolymers are compared to their corresponding blends, and
again, the dynamics are relatively similar. For each glycol ra-
tio, the differences between the two blends and the copolymer
are much smaller than the differences between the individual
blend components. The precise dynamics in each sample are
likely affected by subtle changes in their morphology, which will
be investigated in more detail in a follow-up study. The trends
with increasing alkoxy content in the blends reflect the ones of
the copolymers: samples with a 90:10 OEG:OR ratio are always
fastest and the doping slows down significantly in the least gly-
colated samples (Table 2). Overall, our observations confirm suf-
ficient intermixing of the glycolated and alkoxylated polymers
in both blend types, so that they adopt an overall comparable
behavior as the copolymers.[®] This reinforces the notion that
the mixed ionic-electronic conduction between copolymers and
blends is comparable.

2.6. Stability

To investigate the stability of the polymer channels and deter-
mine if the stability of the blends matches that of the copoly-
mers, we examined the stability of g-(100%) and compared it to g-
(90%) and the type 1 blend 90:10 (g-(100%) + g-(50%)). First, we
focused on the electrochemical stability. The 90:10 ratio of gly-
col to alkoxy side chains was investigated, since Siemons et al.
found that adding 10% alkoxy chains to an initially fully glyco-
lated material increased its electrochemical stability.'!! This was
evidenced by a slight increase in the area under the CV curve

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

8SUB017 SUOWIWIOD 3A 11D 8|qedljdde auy Aq peusenoh a8 sojoiie YO ‘35N 4O S3|NJ 04 A%eiq 18Ul IUO AB|IA UO (SUOIPUOD-pUR-SLURYWI0D A8 | M AReIq U1 |UO//SaRY) SUORIPUOD PUe SWLB L 8U3 89S *[9202/90/9T] UO ARIq1T 8UIUO /8|1 ‘ETEEZF20C WPR/Z00T OT/I0P/W0D A8 M ARIq Ul juo"paouRApe//SARY WO papeo|umod ‘02 ‘920 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a Blend 75:25 g-(100%)+g-(0%) Time
0.8 - = 0.0s
(.95
Neutral }gz
8 0.6- — 2,08
g = 3.0S
'E o4 = 10s
2 Bipolaron
g Porleiron j
0.2 - = :
0.0 ! :
T 1 T — T !
400 600 800 1000 1200
Wavelength (nm)
b 1.0
© s g-(100%)
g = 7%
i = g-(75%
8 0.8 3
!8- === g-(0%)
2 0.6-
©
°
N 0.4
£
5 0.2
2
0.0
T I T I I I
0 2 4 6 8 10
Time (s)
¢ 1.01 R N Siee SPATSENISTE
8 Y 2 v
s 08 | L ' é VLTSRS ZvsZer YR SEE2M Y e
] ’
£ A gl#
(o} ) ’
2 0.6- ’
[}
“ 4 —g-(75%)
g ;. " Blend 75:25 g-(100%)+g-(50%)
N 0.4 i == Blend 75:25 g-(100%)+g-(0%)
© H
g 0.2 H
o ¢
=z ¥

0.0 —-""5
T T T T T

0 2 4 6 8 10
Time (s)

Figure 6. Oxidation dynamics in electrochemically doped copolymers and
blends. a) Temporal evolution of the absorbance spectra in the type 2
blend 75:25 (g-(100%) + g-(0%)): Absorbance spectra from 0 to 10 s when
switching from the dedoped state to —0.9 V in 0.1 M aqueous NaCl elec-
trolyte. Dotted vertical lines indicate the neutral species band at %600 nm,
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for that polymer, whereas other materials in the series showed
either a constant area or a slight decrease. Following the method-
ology of Siemons et al., electrochemical stability was assessed
using a CV setup. This involved repeatedly cycling the potential
against the reference electrode and analyzing changes in the area
under the CV curve, which indicates the total charge accumu-
lated in the material. In our study, all materials experienced an
increase in the area under the CV curve, indicating excellent elec-
trochemical stability (Figure S29, Supporting Information). This
increase was larger for both channel materials containing 10%
alkoxy side chains, in line with the results of Siemons et al.'!]
Furthermore, no significant difference was found in the behav-
ior of the copolymer and the blend with the same side chain ra-
tio under repeated CV cycling, demonstrating that blending two
polymers does not negatively impact the electrochemical stability
compared to copolymerization.

Second, we investigated the OECT stability by measuring the
drain current during continuous ON-OFF cycling of the OECT
devices. The ON state of the OECT is specified as the gate voltage
at which maximal transconductance is achieved, ~ —0.7 V for all
three systems, while the OFF state is taken at 0 V. The OECTs are
cycled over 10 min at a drain voltage of —0.6 V. The OECT with
g-(100%) retains over 40% of its original ON current, whereas the
OECTs with the copolymer g-(90%) and the 90:10 type 1 blend,
both have an ON current retention of ~15% (Figure S30, Sup-
porting Information). Despite the increased electrochemical sta-
bility when incorporating 10% alkoxy side chains, it seems like
this is not necessarily beneficial for OECT stability. Again, it has
to be noted that for the same side chain ratio, in this case 90:10
OEG:OR, very similar results are obtained, whether this ratio is
achieved through copolymerization or blending techniques, fur-
ther affirming the viability of blending as a more facile alternative
to copolymerization.

3. Conclusion

Our findings highlight the potential of physically mixing two
polymers as a strategy to rationally tailor the properties of semi-
conducting polymer channels in OECTs. By blending glycolated
and alkoxylated polymers in specific ratios, we were able to tune
the electronic and ionic properties of the channel materials ef-
fectively, achieving performance metrics comparable to those of
copolymer-based systems. Our study shows that the OECT re-
sults of a copolymer series can be complicated by batch-to-batch
variability, as illustrated for the g-(75%) copolymer. Conversely,
blending two polymers can circumvent the synthetic complex-

the polaron species at %950 nm, and the bipolaron species at ~1350 nm.
b) Dynamics for the copolymers with different OEG:OR side chain ratios:
Normalized absorbance (scaled between 0 and 1) at 600 nm as a function
of time for g-(100%) (—0.6 V, 57 nm), g-(90%) (—0.6 V, 51 nm), g-(75%)
(=0.7 V, 45 nm), g-(50%) (—0.8 V, 64 nm) and g-(0%) (—1.0 V, 58 nm)
to illustrate the impact of the OEG:OR side chain ratio. Films of similar
thickness were used, and in each case a voltage at —0.4 V below V,p, 59,
(Table 1) was applied, to compare similar doping levels for the different
samples. c) Oxidation dynamics in all materials with a 75:25 OEG:OR side
chain ratio: Dynamics of the neutral (full lines), polaron (dotted lines),
and bipolaron (dashed lines) band over time in g-(75%) and both 75:25
blends, for the same voltages as shown in (b).
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Table 2. Impact of glycol side chain ratio on the oxidation dynamics: Time
constants of the depletion of the neutral species absorbance band at 600
nm for copolymers and blends with varying glycol ratios. The correspond-
ing dynamics are shown in Figures 6 and S28 (Supporting Information).
Films of similar thickness were used, and in each case a voltage at —0.4 V
below V,p 5094 Was applied. Time constants were defined as the time for
the normalized absorbance to reach 50% of the initial amplitude.

T00nm, Abs50% [S]

g 90:10 75:25 50:50  g-(0%)
(100%,)
Copolymers 0.34 0.30 0.53 0.86 5.00
Type 1blends - 0.16 0.81 - -
g-(100%) +
£-(50%)
Type 2 blends - 0.03 0.31 0.67 -

g-(100%) + g-(0%)

ity and reproducibility issues associated with copolymerization,
while maintaining high uC* values. The physical mixtures of
glycolated and alkoxylated polymers exhibited controlled thresh-
old voltages and response times and afforded the same elec-
trochemical and OECT stability as their corresponding copoly-
mers, demonstrating the feasibility of this approach for fine-
tuning OECT properties. Generally, the blends with g-(50%) out-
performed those with g-(0%), indicating that the device perfor-
mance depends on the choice of polymer used to introduce the
hydrophobic side chains. The type 1 blends were fully intermixed
according to GIWAXS analysis and thus retained the high vol-
umetric capacitance characteristic of fully glycolated materials
but also benefited from the increased backbone planarity and re-
duced swelling conferred by the alkoxy side chains, as evidenced
by the slightly increased electronic mobility. In summary, poly-
mer blending emerges as a robust strategy to adapt OECT char-
acteristics. It provides a more straightforward approach to ma-
terial optimization compared to traditional copolymerization, as
only two polymers are needed to create channel materials with
any desired side chain ratio.

4. Experimental Section

Materials and Characterization: All reagents and chemicals were ob-
tained from commercial sources and used without further purification.
Dry solvents were obtained from a solvent purification system (MBraun,
MB-SPS-800) equipped with alumina columns. Purification of the inter-
mediates and final monomers was carried out on a Buchi Sepacore Flash
Chromatography System. NMR spectra were recorded on a Jeol NMR
spectrometer operating at 400 MHz for 'H (100 MHz for 13C). Chemi-
cal shifts (5, in ppm) were established relative to CDCl; (5 = 7.26 ppm
for TH NMR, 6 = 77.16 ppm for *C NMR) or DMSO-d; (5 = 2.50 ppm
for TH NMR). Matrix-assisted laser desorption/ionization — time-of-flight
(MALDI-ToF) mass spectra were recorded on a Bruker UltrafleXtremeTM
MALDI-TOF/TOF system. Sample preparation consisted of mixing 10
pL of the matrix solution (25 mg mL™" trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene] malononitrile (DTCB) in chloroform) with 3 uL
of the analyte solution (10 mg mL™" in chloroform), after which 0.5 pL
of the mixture was spotted onto an MTP Anchorchip 600/384 MALDI
plate. Cyclic voltammetry was performed using an Autolab PGSTAT30 from
Methrohm controlled with GPES software (version 4.9) and a standard
three-electrode configuration featuring a polymer-coated ITO glass slide

Adv. Funct. Mater. 2026, 36, 2423913 2423913 (11 0‘F14)

www.afm-journal.de

as the working electrode, a platinum counter electrode, and an Ag/AgCl
reference electrode. The ITO glass slides were cleaned by sonication in ace-
tone, methanol, and isopropanol, after which the polymers/blends were
deposited by spin-coating 100 uL of 6 mg mL~" solutions. Before per-
forming the measurements, the layer thicknesses were determined with
a Bruker Veeco Dektak XT profilometer. The CV measurements were car-
ried out in an aqueous electrolyte, consisting of 0.1 M sodium chloride
in distilled water and degassed for 10 min prior to the measurement.
The scan rate at which the voltammograms were recorded was 100 mV
s~ Typically, 6 scans per film were recorded and the oxidation onsets
were determined for the 6 scan from the intersection of the baseline
and the tangent at the point of the highest slope. Spectroelectrochem-
istry was performed using a home-built setup controlled by LabVIEW. Volt-
ages are presented in the transistor convention where the source elec-
trode (S) is grounded, such that V5 < 0 induces doping, with the drain
and gate electrodes short-circuited to prevent asymmetric doping along
the channel (Vps = 0). A data acquisition card (USB6211, National In-
struments) was used to apply and measure the GS voltage. The GS cur-
rent was converted into a voltage using a low-noise current preamplifier
(SR570, Stanford Research Systems) and measured with the data acquisi-
tion card (time resolution of 8 ps). A halogen light source (HL-2000, Ocean
Insight) was used to generate the incident white light. The UV-Vis-NIR ab-
sorbance spectra of polymer films in electrolyte solution were acquired
with a Flame UV-Vis spectrometer and a Flame NIR spectrometer (Ocean
Insight) triggered by the data acquisition card, with a time resolution of
10 ms.

OECTs:  Chromium/gold (10/60 nm) drain and source contacts were
thermally evaporated on ultra-flat cleaned quartz substrates. OECTs with
different channel dimensions were tested by using substrates contain-
ing 2 transistors, T1 (Lx W =2 X 3 mm) and T2 (Lx W = 0.5 X 5.5
mm), as well as preparing channels with different thickness. The poly-
mers/blends were deposited by spin-coating 100 pL of the respective so-
lutions in CHCl; at 1500 rpm for 1T min. Solutions of different concentra-
tions were used to obtain a variety of film thicknesses, which were mea-
sured using a Bruker Contour GT-K optical profiler using light interfer-
ometry (green light, PSI mode) controlled by Vision 64 software. Calibra-
tion curves were made to show that the absorbance is linearly dependent
on thickness. Each value used for the calibration curve is the average of
4-6 thickness measurements. The channel dimensions were defined by
wiping away all excess material with a cotton swab, after which the sub-
strate was placed in a closed cell. Prior to the experiment, the electrolyte,
a 0.1 M sodium chloride solution in distilled water, was degassed by ni-
trogen bubbling for 10 min and then injected in the cell. Transfer and out-
put characteristics were obtained using a home-built setup controlled by
LabVIEW. Voltages are given in transistor convention where the source
electrode is grounded, i.e. Vs < 0 induces p-doping. All transfer charac-
teristics were performed on pre-cycled (3x) OECTs. Vg was applied us-
ing a Keithley 2400 SMU (Tektronix) and fixed at —0.6 V prior to applying
Vis- Then, Vs was applied using a data acquisition system (USB-6211
from National Instrument Corp.) and swept back and forth from 0.1 to
—0.6 V and back to 0.1V at a scan rate of 10 mV s™'. The resulting Ig
was recorded with the same Keithley 2400 SMU. All output characteris-
tics were performed after acquiring the transfer curves. A fixed Vg was
applied using a data acquisition system (USB-6211 from National Instru-
ment Corp.) and decreased stepwise from —0.1to —0.6 V (AV = —0.1V).
Vps was swept using a Keithley 2400 SMU (Tektronix) from 0 to —0.6 V at
a scan rate of 10 mV s™'. The resulting Ips was recorded with the Keithley
2400 SMU.

Chronoamperometry:  Chronoamperometry measurements were con-
ducted on films deposited on ITO substrates using a degassed 0.1 M aque-
ous NaCl electrolyte in contact with a Ag/AgCl electrode. The gate-source
current (Igs) was recorded in response to square voltage pulses (V) ap-
plied to the system. These voltage pulses varied from +0.6 to —0.8 V in
steps of 0.1V, with each step maintained for a duration of 30 s to record
the current transients. The data analysis involved integrating the current
over time to estimate the total injected charge. The volumetric capacitance
(C*) was then determined by analyzing the slope of the carrier density as
a function of the applied voltage, particularly focusing on those above the
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threshold voltage. The transient response gate-source current (Igs) was
converted to voltage using a low noise current preamplifier (SR570, Stan-
ford Research Systems) and this voltage was measured with the USB 6008
data acquisition card.

GIWAXS: Samples were spin-coated at 1000 rpm onto a native oxide
silicon substrate from a 10 mg mL~" solution in CHCl;. GIWAXS measure-
ments were performed at the Stanford Synchrotron Radiation Lightsource
on beamline 11-3, with an X-ray energy of 12.7 keV and an incidence an-
gle of 0.1°. The sample-to-detector distance was 309.1 mm and calibrated
to a polycrystalline LaB6 standard. Measurements were performed in a
helium chamber to minimize air scattering. All data were corrected for
the geometric distortion of the flat detector used, normalized by exposure
time, sample thickness, and monitor counts, and analyzed using Nika 1D
SAXS 11391 and WAXstools!*0] software in Igor Pro.3%! Lineouts were taken
at azimuthal angle ranges of —25 to +25° and 70 to 88° for the Q, and Q,,
lineouts.

Electrochemical and OECT Stability Measurements:  The electrochemi-
cal stability was determined using the CV experiment as explained in the
materials and characterization section. The potential vs. the Ag/AgCl ref-
erence electrode was swept between —0.5 and +0.5 V for 500 consecutive
cycles and the changes in the area under the curves of the resulting voltam-
mograms were used to draw conclusions regarding stability.

The OECTs for the stability measurements were fabricated similarly to
the OECTs used for the other performance measurements (OECTs sec-
tion). Chromium/gold (20/80 nm) drain and source contacts were ther-
mally evaporated on cleaned borosilicate glass, creating OECT channels
with dimensions LxW = 0.5 X 6 mm. The polymers/blends were deposited
by spin-coating 100 L of the respective solutions in CHCl; (5 mg mL™")
at 1000 rpm for 1 min and the channel dimensions were defined by wiping
away all excess material with a cotton swab. The Ag/AgCl gate electrode (A-
M systems) was submerged in a 0.1 m NaCl electrolyte solution, contained
within a PDMS well on top of the OECT channel, in ambient conditions.
The OECT stability was determined by measuring the drain current during
the continuous ON-OFF cycling of the OECT devices, alternating the gate
voltage between 0 and —0.7 V over 10 min (each cycle comprising ~22 s)
while the OECT channel was biased at a constant drain voltage of —0.6
V. Two Keithley 2400 SMU (Tektronix) were used to apply the drain/gate
voltage and record the resulting drain/gate current, controlled by custom
LabVIEW software.

Vis/NIR Spectroelectrochemistry in OECTs and Thin Films on ITO Sub-
strates:  The spectroelectrochemical optical measurements were carried
out using a custom-designed setup to capture the absorbance spectra
with a time resolution of 5-10 ms. Films on ITO substrates submerged
in a degassed 0.1 M aqueous NaCl electrolyte solution were measured,
as well as OECTs, to compare the two configurations. The in situ Vis-NIR
absorbance setup includes a halogen light source (HL-2000, Ocean In-
sight) and Flame UV-vis and Flame NIR spectrometers (Ocean Insight).
The light is focused on the sample and transmits through a 2 mm path
length of electrolyte and the active transistor channel before it is focused
and collected by the spectrometers. The system is controlled and synchro-
nized using a digital delay/pulse generator (DG535, Stanford Research
Systems) and a custom LabVIEW code ensuring accurate timing and data
collection. The voltage application between the Ag/AgCl electrode and
the polymer-coated ITO substrates was conducted using a data acquisi-
tion card (USB-6008, National Instruments, time resolution of 5-10 ms).
In this setup, the Ag/AgCl quasi-reference electrode is connected to the
voltage source, while the polymer-coated ITO substrates were grounded.
Before the actual measurements, the polymer/blend films underwent a
pre-cycling process four times. Each pre-cycling step involves applying a
—0.8 V voltage pulse for 100 s to dope the polymer, followed by a +0.5
V or +0.6 V pulse for 100 s to dedope it. Time-resolved measurements
were then conducted by applying 100 s square voltage pulses to alterna-
tively dope and dedope the polymer. The doping voltage ranged from +0.6
to —0.8 V in —0.1 V steps, and the dedoping bias was consistently set
at+0.6 V.

EQCM-D: EQCM-D measurements were performed using a Q-Sense
analyzer (QE401, Biolin Scientific) with Cr/Au-coated quartz crystals sen-
sors (area of 0.7854 cm?) and a Qsense module (QEM 401) with an
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Ag/AgCl reference and platinum counter electrode. First, the bare sen-
sors, that were used as a reference, were measured in air and in NaCl 0.1
M aqueous electrolyte (flow rate of 50 uL min~"). Then, the sensors were
coated with the copolymer and blend solutions (3 mg mL™" in CHCl;).
Next, the measurement protocol was repeated for the coated sensors. For
each step, we waited long enough until the frequency and dissipation were
stabilized (Af < 0.1Hz per 5 min). The films were biased using a VMP-003
Biologic potentiostat. For each material, we first recorded the OCV and
then performed three CV cycles at a scan rate of 50 mV s~ followed by
chronoamperometry steps ranging from -0.1 to -0.6 V vs OCV. After each
step, the film was dedoped at 0 V vs OCV. The Saurbrey equation was used
to convert the shifts into mass. The swelling is defined as the percentage
change in volume relative to the dry film, as follows: Swelling = (V,; —
Viry) [Very * 100%.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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