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Abstract: N-type conjugated polymers as the semiconducting
component of organic electrochemical transistors (OECTSs) are still
undeveloped with respect to the p-type counterparts. Herein, we first
report two rigid n-type conjugated polymers bearing oligo(ethylene
glycol) (OEG) side chains, PgNaN and PgNgN, which demonstrated
an essentially torsion-free T-conjugated backbone. The planarity and
electron-deficient rigid structures enable the resulting polymers to
achieve high electron mobility in an OECT device of up to 10° cm2 V-
1 s range, with a deep-lying lowest unoccupied molecular orbital
(LUMO) energy level lower than -4.0 eV. Prominently, the polymers
exhibited a high device performance with a maximum dimensionally
normalized transconductance of 0.212 S cm™ and the product of
charge carrier mobility p and volumetric capacitance C* of 0.662 +
0.113 Fcm* vt s, which are among the highest in n-type conjugated
polymers reported to date. Moreover, the polymers are synthesized
via a metal-free aldol condensation polymerization, which is beneficial
to their application in bioelectronics. Our work proves a new way for
designing glycolated n-type conjugated polymers with low-lying
LUMO and conformation-locked backbones for high performance
OECTs.

Organic electrochemical transistors (OECTs) have attracted
great attention in recent years as a promising device used for
organic bioelectronics due to their low operation voltages, high
sensitivity, good biocompatibility, operability in aqueous
environments, as well as excellent signal amplification
characteristics. The core component of an OECT is a mixed

conducting conjugated polymer which is able to efficiently conduct
both electronic and ionic charge carriers. The electroactive
polymers constituting the channel of OECT are in direct contact
with an electrolyte and with the source and drain metal electrodes.
As aresult, ions are able to penetrate from electrolyte into the bulk
of the transistor channel while a gate voltage (V) is applied in an
OECT device. Subsequently, the ionic signals can be transduced
into electronic ones.? The transduction efficiency is quantified in
the OECT transconductance (gm = dla/dVy), which is one of the
most important figures of merit for an OECT device and is affected
by the properties of the channel polymers, such as, carrier
mobility and ion transportation.l®! Thus, in-depth understanding
the structure—property relationship of the semiconducting
polymers is crucial to design new high-performance materials for
OECT applications. Several ways to improve the mobility of
conjugated polymers have been demonstrated in polymer solar
cells (PSCs) and organic field-effect transistors (OFETS):
enhancing backbone planarity, increasing the crystallinity of
conjugated polymers, modifying the molecular weight, etc.” On
the contrary, a closely packed and crystalline polymer has been
shown to give rise to adverse ionic transportation. To strike the
best compromise between electron mobility and ion penetration
in conjugated polymers, side chain modification is an efficient way
to enhance ion uptake while maintain a high mobility within the
arrangement of polymer backbones. Conjugated polymers with
hydrophilic or ion-transporting side chains have been developed
for OECTs with high transconductance to mS range, for example,
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poly(2-(3,3’-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2-
bithiophen]-5-yl)thieno[3,2-b]thiophene) (Pg2T-TT), poly(2,5-diyl-
3,4-[2,2-di(2,5,8,11-tetraoxadodecyl)propylene]-dioxythiophene-
alt-2’,5’-diyl-3',4’-[2,2- dimethylpropylene]-dioxythiophene)
(ProDOT(OE)-DMP) and poly(3,4-
ethylenedioxythiophene)sulfonate (PEDOT-S).! However, the
vast majority of active polymers reported for OECTs so far are p-
type materials, while n-type counterparts are lag far behind both
in performance and availability(",

N-type conjugated polymers have been extensively
developed and investigated in OFETs and PSCs over the past
decades, but less so for electrochemical transistors, mainly due
to their low performance, and the lack of robust design rules to
achieve high mixed mobility and stability in aqueous conditions.
The majority of current n-type semiconducting polymers are
donor(D)-acceptor(A) alternating co-polymers, synthesized via a
transition metal-mediated cross coupling polymerization. The
alternation of electron-rich and electron-deficient units of the
polymers is facilitated with single bonds along the backbone, and
promotes molecular orbital hybridization.!®! Rationally, rotational
torsions around these single bonds are allowed which will give
rise to conformational disorder, and consequently lead to a
negative effect on the charge carrier mobility of the polymers.
Meanwhile, the highly localized distribution of the LUMO frontier
orbitals of D-A polymers further hinders intermolecular charge
hopping and subsequently the charge carrier mobility.!®! Typically,
the electron withdrawing functionality along these polymers is
either insufficiently strong or prevalent to ensure that the polymer
has a high enough electron affinity (EA) required to both facilitate
electron injection, reduce the influence of shallow trapping and
ensure the oxidative stability of the n-doped polymers, in
operation in the presence of oxygen and/or in aqueous
environment.!% In addition, residual metallic species arising from
polymerization, such as organostannannes as well as the
transition metal catalysts, present a limitation for the polymers to
be applied in bioelectronics. Thus, it is desirable to design
polymers that comprise only of electron-deficient repeat units into
the polymer backbone, have a delocalized LUMO energy level
distribution, and eliminate torsional twists along the backbone. A
series of conjugated n-type polymers with oligo(ethylene glycol)
(OEGQG) side chains, are herein reported, with low-lying LUMO
energy levels, polymerized via a metal-free aldol condensation,
where all the repeat units are electron-deficient and locked in-

plane by double bond linkers for use in electrochemical transistors.

OEG chains have been previously used in semiconducting
polymer side chains for OECT applications[® 5 62 11 gwing to
their hydrophilicity and solubility. It has been demonstrated that
replacing alkyl chains by glycol analogues endow the resulting
semiconducting polymers with a decreased - stacking
distance,*? higher dielectric constant,? 3l |arger volumetric
capacitance and higher ion uptake.!™ ¢ 14 |t has also been
reported oxygen atoms along OEG chains can coordinate with the
ions facilitating penetration into the polymer morphology from the
electrolyte, in a manner similar to crown ethers, and enhance ion
transport.*® Herein, we report novel n-type semiconducting
polymers that simultaneously incorporate a rigid 1-conjugated
backbone and OEG side chains. Owing to the high rigidity and
planarity of the polymer backbone and the lack of donor-acceptor
character, the LUMO frontier orbitals are highly delocalized which
leads to a high electron mobility of 10° cm2 V* s? range,
measured in an OECT. Meanwhile, both polymers exhibited a
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deep-lying LUMO energy level lower than -4.0 eV due to an all
electron-deficient polymer backbone. While applied in OECTs,
the polymers demonstrated a high device performance with a
maximum dimensionally normalized transconductance reaching
0.212 S cm™ and the product of charge carrier mobility pu and
volumetric C* (uC*) of 0.662 + 0.113 F cm™ V! s, which are
higher than previously reported glycolated polymers, and
comparable with the best performing BBL polymer.ttic: 16
Additionally, as prepared through a metal-free aldol condensation
polymerization, these polymers should have a low concentration
of toxic residues and be good candidates for bioelectronics. To
the best of our knowledge, these are the first reported rigid n-type
conjugated polymers with OEG side chains for OECT applications.
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Figure 1. The typical structure of an OECT device (left) and the chemical
structures (right) of PgNaN and PgNgN.

The chemical structures of the polymers, PgNaN and PgNgN,
are shown in Figure 1. Both polymers comprise of fused electron-
deficient lactam rings with OEG (and also alkyl in the case of
PgNaN) side chains. To investigate the effect of OEG side chains
on ion transport, the two polymers were designed to have a
differing ratio of OEG groups, with PgNgN having a higher OEG
chain density than that of PgNaN. As shown in Figure S1, the bis-
isatin monomer was synthesized by a substitution reaction with
bis-isatin and the iodine end-capped glycol chain. The most
challenging step is to carry out the purification processes of
glycolated bis-isatin monomer due to its large polarity and sticky
physical nature. Finally, the pure monomer was obtained through
recycling gel permeation chromatography (GPC) following earlier
purification procedures of precipitation and silica gel column
chromatography. Both polymers were prepared via acid-
catalyzed aldol polymerization in toluene, which is more
sustainable and benign to the environment compared with
transition-metal-catalyzed polymerizations.

Table 1. Molecular weight, photophysical and energy level properties of PgNaN
and PgNgN.

fa] b] [l Apeak EgP"

al C}

(I'(V'//r:]"owl) PDI (':V) '(EQ/) '(E(:/) (film/sol.)l fel
9 (nm) (eV)

PgNaN 20.7/162.1 7.8 514 4.09 428  916/912 1.05

PgNgN  87/19.3 22 522 416 435  896/893 1.06

[a] Measured by photoelectron spectroscopy in air (PESA). [b] Calculated from
Eq° and IP. [c] Calculated from the onset of electrochemical reduction. [d] The
lower energy absorption peak of thin film and solution. [e] Estimated optical gap
calculated using onset of film absorption spectra (Eq°" = 1240/Aonset).

It was observed that as the density of OEG chains get higher,
the solubility of the resulting polymers significantly reduces during
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polymerization and the reaction solution becomes a gel at room
temperature. This contributes to the lower molecular weight of
PgNgN compared to PgNaN (Table 1). The high PDI of PgNaN
measured by GPC may be ascribed to its strong aggregation
behavior resulting from the rigid polymer backbone. Both PgNaN
and PgNgN show good solubility only in chloroform, with limited
solubility in other common solvents, for example, chlorobenzene
(CB), o-dichlorobenzene (0-DCB), 1,1,2,2-tetrachloroethane and
dimethylformamide (DMF). Thermogravimetric analysis (TGA)
measurements indicate that both PgNaN and PgNgN exhibit good
thermal stability with thermal degradation temperature (Tq) higher
than 330 °C (Figure S10).

The UV-Vis NIR absorption spectra of PgNaN and PgNgN in
thin film and solution are shown in Figure S12. Both polymers
exhibit broad absorption up to 1200 nm with a narrow band gap
of 1.05 eV for PgNaN and 1.06 eV for PgNgN (listed in Table 1).
There are two significant absorption peaks of the polymers, a
higher-energy band in the visible and a broad NIR absorption
band. It was demonstrated previously*® by time dependent
density functional theory (TD-DFT) and solvatochromic
experiments that the NIR absorption bands are not as a result of
intermolecular charge transfer, and thus have little donor acceptor
character. lonization potentials (IP) of the two polymers were
estimated by photo-electron spectrometer in air (PESA) and the
electron affinity (EA) were calculated by subtracting the optical
band gap from the IP values, the results are summarized in Table
1. Both PgNaN and PgNgN show a high EA up to 4.09 eV and
4.16 eV, respectively, which can facilitate electron injection and
potential stability of the polymers in aqueous environment. The
EA of both polymers were also estimated by cyclic voltammetry
(Table 1 and Figure S13). The electrochemically derived EA
levels are larger but share the same relative trends. The high EA
of the two polymers may benefit from their all electron-deficient
conjugated backbone.
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Figure 2. Organic Electrochemical Transistors: Transfer curves and voltage
dependent transconductance of (a) PgNaN and (b) PgNgN. Output curves of (c)
PgNaN and (d) PgNgN.

To evaluate the electrical properties of PgNaN and PgNgN,
OECTs employing these two polymers as the channel material
were fabricated with gold electrodes (source and drain) patterned
on a glass substrate, illustrated in Figure 1. The conjugated
polymer was deposited by drop casting without additives or further
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annealing steps, and the device was operated in an aqueous 0.1
M NacCl solution with an Ag/AgCl gate electrode. To provide a
better comparison between the two polymers in this work and
previously reported polymers, the maximum transconductance
(gmmax) values have been normalized by the channel geometry:
Om,max,norm. = Om, max/(Wd/L), where W is the channel width (100 pm),
L is the channel length (10 ym), and d is the thickness of the
electroactive layer (1500 nm for PgNaN and 500 nm for PgNgN),
respectively.

The transfer and output characteristics of PgNaN and PgNgN
based OECTs are shown in Figure 2 and summarized in Table 2.
PgNaN based OECTs displayed ideal saturation behavior
(squared increase in lq and linear increase in gm) out to Vg of 0.5
V. The maximum gp, value (0.212 S cm) of PgNaN based OECT
was reached at Vg of 0.58 V. The threshold voltage (V:) of PgNaN
based devices was extrapolated to be 0.37 + 0.01 V. In
comparison, PgNgN based OECT threshold voltage was 160 mV
lower (V; = 0.21 % 0.02 V), reflecting the similar trend in EA.
PgNgN OECTSs displayed much lower drain currents, and a gm
peak around 0.007 S cm? at Vg of 0.38 V. When measuring
transfer curves on PgNgN based device beyond V4 = 0.4 V, the
maximum Iy reached showed large drops with each successive
transfer curve, indicating electrochemical degradation of the
PgNgN channel. The saturation mobilities of PgNaN and PgNgN
were calculated to be 6.5 x 10® and 1.9 x 10* cm? V1 s?
respectively. The rigid -backbones with only electron-deficient
repeat units help facilitate delocalized LUMO frontier orbitals and
strong interchain interactions, enhancing the intra- and interchain
carrier transport. The significantly poorer performance of the
PgNgN polymer is likely to arise from its low molecular weight,
which in turn arises from poor solubility during polymerization. The
volumetric capacitance (C*) measured by electrochemical
impedance spectroscopy (EIS) (Figure S14) for PgNgN was 239
F cm3 while for PgNaN was 103 F cm3, presumed to arise from
the 50% hydrophobic alkyl side chain.

A common figure of merit for OECT is pC*, which quantifies
the intrinsic source of transconductance of a channel material.
The uC* of PgNgN (0.037 + 0.016 F cm™ V! s is similar to state
of the art glycolated N-type polymer OECT channel materials.[b!
Interestingly, however, the uC* of PgNaN (0.662 + 0.113 F cm™*
V1 s1) is much higher. Increasing Vg to 0.6 V revealed a gm peak
for PgNaN (0.212 S cm™) (Figure S15a), where the device no
longer followed ideal saturation behavior. This has been variously
attributed to contact resistance, DOS/disorder, and non-linear
dopant/carrier density across the length of the OECT channel.[!]
Beyond 0.6 V electrochemical degradation was significant as Iq
decreased sweep-to-sweep. The stability of PgNaN OECTs up to
Vy = 0.6 V was established by continuous ON-OFF cycles via
repeated gate pulsing, as shown in Figure S15e. On currents
displayed an initial “break in”, stabilizing at 75% of that of the first
measurement. PgNaN seems to exhibit an optimal balance of
hydrophilic/hydrophobic behaviour, providing a hydrated channel
for ionic diffusion without overly swelling, thus retaining structural
order.

Spectroelectrochemistry was carried out to better understand
the differing stability limits of PgNaN and PgNgN based OECTs.
Upon increasing application of a reducing potential, the two main
neutral absorption features (centered ~500 nm and ~900 nm)
increasingly diminished, while new polaron absorption features
emerged (with a maximum between 1000 and 1050 nm, 1100 and
1150 nm, and one with a maximum at wavelengths longer than
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1300 nm, beyond the range of the detector), as shown in Figure
3a-b. At voltages close to the threshold voltage of each polymer
device, the neutral absorptions were both present but reduced in
intensity. The polaron absorption between 1000 and 1050 nm was
heavily conflated with the neutral absorption at ~900 nm, and the
lower energy charged absorption had yet to significantly emerge.
Approaching the gate voltage limit of stable OECT operation (0.6

Table 2. OECT performance of the polymers.
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V and 0.4 V for PgNaN and PgNgN, respectively), the absorption
spectra were dominated by strong polaron absorption above 1000
nm with residual neutral absorption still present. Near the voltage
stability limit and beyond, an additional low energy absorption with
a peak beyond the accessible range (>1300 nm) emerged.

Polymer (cnﬁza\l}gﬁ)[ﬂl F c(r:n*'?*)[dl (F cnkﬁf[\ig*s-l)lel F cm-Lllcv*-1 sy g(ms omy1 on/foff ratio
' PgNaN © (650£1.01)x10° 1006 | 065280107 066280113 0.212 ' ~10¢ '
PgNgGN (1.89 + 0.23) x 10* 239 + 97 0.046 + 0.024 0.037 + 0.016 0.007 ~10°
BBLA 7% 10 930 0.65 ~0.6 03 ~10¢
P9OL) 2.4x 10% 200 0.048 ~0.06 0.021 ~10¢

[a] From reference.l*¥ [b] From reference.® [c] Saturation mobility extracted from the slope of l5¥2 vs Vg. [d] Volumetric capacitance measured with electrochemical
impedance spectroscopy. [e] The product of the saturation mobility and the volumetric capacitance. [f] Extracted from the slope of OECT transfer curves and

normalized by channel thickness and aspect ratio.
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Figure 3. Spectroelectrochemistry: Potential dependent UV-Vis-NIR absorption
spectra of (a) PgNaN and (b) PgNgN. Voltage profiles, current traces, and
absorption color maps of (c) PgNaN and (d) PgNgN cycled within the window of
voltage stability. Voltage profiles, current traces, and absorption color maps of
(e) PgNaN and (f) PgNgN cycled beyond the window of voltage stability. Note
the cumulative cycle by cycle changes in current trace and absorption color
maps in panel (f), indicating film degradation.

While collecting absorbance spectra, films were cycled to
potentials 50 mV below their apparent OECT stability limit (Figure
3c-d) and 50 mV beyond their apparent OECT stability limit
(Figure 3e-f). To replicate OECT testing, these measurements
were carried out in ambient conditions (i.e. exposed to ambient
oxygen). The current traces show a large negative current
indicative of potential side reactions that overshadow the polymer

charging current, which is common with OECT materials in these
potential ranges.[18] Below the apparent OECT stability limit,
absorption color maps exhibited repeatable inducing of charged
absorbing species for both polymers, as shown in Figure 3c-d.
Beyond the apparent OECT stability limit, the low energy
absorption of PgNgN decayed with each cycle, as shown in the
color map in Figure 3f. Further, the PgNgN charging
peak/shoulder in the current traces during negative potential
sweeps was significantly diminished after each cycle. This
seemed to indicate that charged species were not stable at these
potentials and their presence irreversibly degraded the polymer
such that these states were no longer electrochemically
accessible upon further cycling. Conversely, PgNaN displayed
largely reversible absorption spectra changes even when cycled
beyond the apparent OECT stability limit, with current traces
retaining the PgNaN charging shoulder each cycle. Thus it seems
that though these electrochemical states are still accessible,
charges in these states are much less mobile after cycling PgNaN
beyond 0.6 V. This reversible charging of the PgNaN film at
potentials where device degradation occurred (as assessed by
OECT drain current decreases), indicates that the stability of
PgNaN and PgNgN were limited by different processes.

Grazing incidence wide angle X-ray scattering (GIWAXS) was
carried out to investigate the microstructure of the two polymer
thin films and to establish a link between morphology and OECT
performance. As shown in Figure 4a-b, both films displayed an
isotropic ring of amorphous like scattering pattern centered
around 1.5 A, along with rather isotropic lamellar scattering (100)
indicating a broad distribution of crystallite orientations. The out-
of-plane first order lamellar peak was conflated with a strong
specular ridge, though second and third order (hO0) peaks were
identifiable. In-plane, the (100) peak was clearly resolved, though
higher order peaks were not apparent. PgNaN showed increased
scattering intensity from the r-stack in- and out-of-plane, while
PgNgN Ttr-stack scattering was predominately out-of-plane, as
highlighted in the line cuts in Figure S16. This indicated a
preferred face-on orientation of the crystallites in PgNgN, while
PgNaN displayed a mix of edge-on and face-on oriented
crystallites. The face-on orientation of the all glycol PgNgN was

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

similar to the previously reported all alkyl side chain analogue.[°
Lamellar d-spacing, calculated from the in-plane (100) peak
center, were 2 A narrower for the mixed alkyl/glycol side chain
PgNaN (28.3 A), compared to the all glycol PgNgN (30.3 A).
PgNaN displayed an expanded t-stack d-spacing (3.76 A)
compared to PgNgN (3.65 A) (listed in Table S1). While
decreased T-stack d-spacing is at times correlated with improved
charge transport (presumably due to improved molecular orbital
overlap), in this case the polymer with the expanded m-stack
(PgNaN) had the better charge transport. The mix of edge-on and
face-on crystallites in PgNaN may be beneficial for three-
dimensional charge transport which dominates in OECTSs.
Comparisons of similar conformationally locked polymers showed
improved 2D transport (OFET) in predominantly face on textured
films, and improved 3D transport (bulk molecular doped) in mixed
face-on and edge-on textured films.*®! Additionally, peak width
estimates of the coherence length of the m-stacking show that
PgNaN mr-stack ordering extended for 30-75% greater distances
than that of PgNgN, which could be a contributing factor to
improved charge transport PgNaN.

Figure 4. Two-dimensional grazing incidence wide angle scattering of (a)
PgNaN and (b) PgNgN thin films.

In summary, we have developed two n-type conjugated
polymers, PgNaN and PgNgN, bearing OEG side chains. Owing
to their all electron-deficient polymer backbone, both polymers
exhibit a deep-lying LUMO energy level lower than -4.0 eV, which
is beneficial for electron transport. Arising from the aldol
condensation polymerization process, the polymer backbone is
fully conformationally locked, with no single linking bonds, thus
promoting coplanarity and delocalization of molecular orbitals
along the aryl lactam repeat units. These features contribute to
the high OECT mobility of the polymers, which results in a
maximum dimensionally normalized transconductance of 0.212 S
cm™? and the product uC* of 0.662 + 0.113 F cm* V1 s for the
PgNaN polymer.
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