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Ladder-type structures can impart exceptional stability to poly-
meric electronic materials. This article introduces a new class of
conductive polymers featuring a fully ladder-type backbone. A
judicious molecular design strategy enables the synthesis of alow-
defect ladder polymer, which can be efficiently oxidized and acid-
doped to achieve its conductive state. The structural elucida-tion
of this polymer and the characterization of its open-shell nature
are facilitated with the assistance of studies on small mole-cular
models. An autonomous robotic system is used to optimize the
conductivity of the polymer thin film, achieving over 7 mS cm'?.
Impressively, this polymer demonstrates unparalleled stability in
strong acid and under harsh UV-irradiation, significantly surpassing
commercial benchmarks like PEDOT:PSS and polyaniline. Moreover, it
displays superior durability across numerous redox cycles as the active
material in an electrochromic device and as the pseudocapacitive
material in a supercapacitor device. This work provides structural
design guidance for durable conductive polymers for long-term device
operation.

Introduction

Conjugated ladder polymers represent a distinct class of macro-
molecules characterized by multiple strands of covalent bonds
along a p-conjugated backbone. This unique constitution
features an uninterrupted sequence of p-conjugated rings along
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New concepts

This article introduces a new concept in the field of conductive polymers,
through the development of low-defect ladder polymers inspired by
polyaniline. Distinguished from existing research, this innovative
approach utilizes a unique ladder-type molecular design strategy that
results in an open-shell conductive polymer with exceptional robustness.
Through a novel molecular design approach, we demonstrated that this
ladder polymer exhibits intrinsic conductivity and unmatched resilience
under harsh acidic or UV-irradiated conditions, and demonstrates robust
performance across numerous redox cycles, notably surpassing
commercial benchmarks. A further point of differentiation is the
material’s remarkable redox cyclability when used in operational
electrochromic and supercapacitor devices. The insights gained from
this study not only advance our mechanistic understanding of open-shell
conductive polymers but also set a promising trajectory for the
development of future generations of conductive polymers. This new
concept has the potential to reshape the design of durable, high-
performance redox-active organic electronic materials, paving the way
for significant advancements in the fields of smart materials, energy
storage, and bioelectronic interfaces.

the main chain, with adjacent rings sharing at least two common
atoms.' The fused, conjugated backbone often imparts conju-
gated ladder polymers with high stability, even under extreme
conditions and in operating devices.>® In addition, the ladder-
type constitution can offer advantages in electronic properties,
because the backbone rigidity lowers reorganization energy
during charge transport while the coplanarity promotes delocal-
ization of states.”® For instance, the ladder polymer poly-
(benzimidazobenzophenanthroline) (BBL) exhibits n-type electrical
conductivity as high as 8 S cm”" after doping,” n-type mobility'® up
to 1 em® V¥' s¥! on field effect transistors, and high geometry-
normalized transconductance (gm norm E 11 S cm’!) on electro-
chemical transistors.!! In addition, BBL also boasts exceptional
stability, which enables the processing of this material under
strong acidic conditions'? and ensures long-term durability of
device performance without encapsulation or environmental
control. We envision that the unique advantages offered by the
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ladder-type constitution could also be harnessed to enhance the
stability and device performance of derivatives of polyaniline,
which represents one of the most widely applied redox switch-
able conductive polymers.

Being redox active, highly conductive after doping,'? in-
expensive, and easy to synthesize,!* oligoanilines and poly-
anilines have been utilized in a wide range of applications,
such as in commercial products for antistatic coatings!> and
corrosion protection.'®> Moreover, it demonstrates significant
potential as an active material for batteries,'®'®
capacitors,'®2° electrochromic devices,?!?> and sensors.
Polyaniline can undergo reversible redox reactions between
the reduced leucoemeraldine base (LB) state, partially oxidized
emeraldine base (EB) state, and fully oxidized pernigraniline
base (PB) state. Acid doping of the EB and PB states gives the
emeraldine salt (ES) and pernigraniline salt (PS) states, respec-
tively. The ES state is known to be highly conductive. However,
these acid doped states of polyaniline, especially the fully
oxidized and protonated PS state, have limited stability.25-2¢
Previous research on the conductive nature of the PS state has
been debated because the poor stability of the PS form hinders

super-
23,24

comprehensive investigation.?”*® Moreover, such poor stability
impacts the long-term performance of polyaniline-based
devices, particularly those involving redox processes such as
electrochromic or energy storage devices.”®

In order to address the stability issue of polyaniline, we
developed and investigated a class of ladder-type polyaniline
analogues, e.g., f-LPANI and TolMSQ shown in Fig. 1a.%%

(a) Previous work:

C12H25 CqaoHos

f-LPANI

(b) This work:
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Several significant findings were revealed. Firstly, the ladder
polymer f-LPANI exhibited unprecedented stability even in the
PS state. This high stability enabled an unambiguous demon-
stration of polaron delocalization in the fully oxidized and acid-
doped PS state of f-LPANI, which exhibits Pauli Paramagnetism
and electrical conductivity.*?° More recently, single-molecule
junction study on a similar small molecular model TolMSQ
showed robust switching of the single-molecule conductance
between the LB, PB, and PS states, among which the PS state
exhibited the highest conductance.’® These findings suggest
that ladder-type polyaniline analogues, as a class of robust
electronic materials with switchable properties, have highly
promising application prospects. However, these applications
still face a number of critical challenges. On one hand,
although f-LPANI is intrinsically conductive in the PS state,
its overall bulk conductivity in the thin film state is relatively
low (B10Y® S cm'') due to the presence of a high content
of nonconductive side chains (70.8 wt%) in its molecular
structure. On the other hand, the basicity of f-PANI is compara-
tively weak, requiring a large amount of strong acid to dope the
material into the conductive state. This requirement may lower

device performance and introduce engineering challenges.
To address these issues, we report herein the synthesis, mechanistic

studies, and applications of a new type of polyaniline-inspired
conjugated ladder polymers, Pla and Plb, along with their small
molecular analogues, la-lc. Pla not only exhibits conductivity
that is four orders of magnitude higher compared to f-LPANI, but
also displays a high doping efficiency. More importantly, Pla

TolMSQ

oo LT

LSRR

Hex Hex

1a_PB

1b_PB

1c_PB

Fig. 1 (a) Structural formulas of the previously reported ladder polymer f-LPANI and small molecule ToIMSQ. (b) Structural formulas of ladder polymers P1a
and P1b, as well as small molecule model compounds 1a, 1b, and 1c, all studied in this work. The suffix “PB” in these labels indicates that these structures

are shown in the form of pernigraniline base.
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demonstrates remarkable durability in operating electrochromic
and supercapacitor devices, outperforming benchmark materials
such as polyaniline and poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS).

Results and discussion

In order to achieve a higher conductivity and ensure the desired
excellent stability in ladder-type polyaniline analogues, we
designed Pla (Fig. 1) based on several key principles. First,
the polymer should possess a well-defined, ladder-type struc-
ture with minimal structural defects. Potential defects of a
ladder polymer backbone, such as uncyclized sites or regio-
isomerization, can arise due to low conversion or side reactions
during the cyclization step.>' Formation of defects should be
prevented in order to avoid negative impacts on the durability
and electronic properties of the resulting materials. Second, for
efficient acid doping of the PB state into the conductive PS
state, the PB backbone must be endowed with strong enough
basicity to facilitate protonation with a minimum amount of
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acid. Finally, the content of insulating side-chain needs to be
minimized while ensuring reasonable solubility and solution
processability.

In our designed strategy for synthesizing the ladder polymer
Pla, the key cyclization step is an intramolecular Friedel-Crafts
reaction between an electron-rich p-phenylene diamine unit
and a tertiary alcohol function on a neighboring unit
(Scheme 1a). In order to promote the electrophilic aromatic
cyclization only at the 2,5 positions of the p-phenylene diamine
unit while avoiding the formation of undesired regioisomers,
we installed two methoxy side groups on the 3- and 6-positions.
These electron-donating methoxy groups can (i) block the 3-
and 6-positions hence prevent the formation of undesired
isomers, (ii) increase the nucleophilicity of the phenylene
diamine unit to promote the electrophilic aromatic cyclization
reaction, and (iii) enhance the basicity of the product, allowing
more efficient acid doping. To ensure good solubility along the
synthesis and processability of the final product, the bridge sp’
carbons of Pla were decorated by solubilizing groups, which
can be installed during the step of Grignard reaction. It is
important to note that undesired E1 elimination can take place
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Scheme 1 (a) Key steps during the synthesis: Grignard reaction to generate the tertiary alcohol groups followed by Lewis acid catalyzed intramolecular
Friedel-Crafts cyclization. (b) Synthesis of Pla_LB and Pla_PB. (c) Synthesis of 1a_LB and 1a_PB.
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during the subsequent Lewis acid-promoted cyclization step.
Thereby, a solubilizing group without hydrogen b to the hydro-
xyl group was desired to avoid potential defects along the
backbone caused by such El elimination. In this context, p-
tolyl magnesium bromide was used to install the bridge
carbon. On parallel, a similar polymer P1b with less electron-
rich methyl groups installed on the 3,6-positions was designed
and synthesized as a control for direct comparisons. Three
small molecular analogues, namely, la, 1b, and lc were also
designed and synthesized as models to better characterize and
understand the properties of the polymeric samples.

The synthesis of Pla started with the Buchwald-Hartwig
cross-coupling polymerization between diamino-functionalized
monomer 2a and dibromo-diester-functionalized monomer 3
(Scheme 1b). The resulting polyaniline-like intermediate P2a
(M, = 12.6 kg mol’!, D = 2.02) was obtained in over 80% yield
and exhibited good solubility thanks to the presence of the long
Ci» chain attached to the ester functionalities. Subsequently,
P2a was treated by p-tolyl magnesium bromide to convert the
carboxylic ester groups into tertiary alcohol groups, followed by
cyclization promoted by BF;, to afford the ladder-type polymer
product Pla in its LB form (Pla_LB) (M, = 11.2 kg mol'!, P
= 2.0). The conditions for the Grignard and cyclization
reactions were optimized to minimize the possibility of
unreacted defect sites. Meanwhile, the absence of b-hydrogen
on the p-tolyl group precludes potential elimination side-
reactions involving the tertiary alcohol group during the Lewis
acidic cyclization reaction. Consequently, the final ladder poly-
mer, Pla LB, was obtained without any observable defects
(see ESIt). The oxidized form of the polymer (Pla PB) (M, =
11.8 kg mol¥!, P = 1.91) was obtained in a quantitative conver-
sion by treating Pla LB with Ag>O. The control polymer P1b
was synthesized using a similar method (Scheme S11, ESIf),
yielding P1b_PB with an M, of 20.3 kg mol'' and a B of 1.73.

The synthesis of the small molecular model la began with
an imine condensation reaction between amino-functionalized
starting material 4a and dimethylsuccinylsuccinate 5.3%33 The
resulting intermediate la was subsequently subjected to reac-
tion conditions similar to the synthesis of Pla, to afford 1a LB
and la PB in high yields. Model compounds 1b and 1lc were
synthesized via similar procedures (see ESIt). These small
molecular model compounds were fully characterized by using
high-resolution mass spectrometry (HRMS), 'H, '3C, HSQC,
and HMBC NMR spectroscopy (Fig. S27-34, 40-47, ESIT). The
NMR peak assignments of these small molecular models were
used as references to validate the NMR characterization and to
assign the NMR peaks of polymer products Pla and Plb
(Fig. S39, ESI¥).

The ladder-type polyaniline analogues Pla and Plb were
anticipated to undergo transformations between the LB, PB,
and PS forms, in which the core phenylene-diamine unit
was anticipated to interconvert between aromatic, closed-shell
quinoidal, and open-shell states, respectively (Fig. 2a). The
difference in these forms, thereby, can be characterized by
difference in the bond lengths of the phenylene—diamine unit.
In order to do so, single crystal structures of the LB form of 1a,
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the PB form of 1b, and the PS form of Ic¢ were obtained (see
details in ESIt). Despite the difference of the peripheral func-
tional groups of these model compounds, the backbones share
the same constitution so that the bond length comparison of
these crystal structures offer a good structural comparison of
these three different states (Fig. 2b). In our comparison, five
bonds in the core phenylene—diamine moiety were labeled from
a—e. The aromatic la_LB showed small bond length alternation
(BLA). Specifically, b, ¢, and d are nearly equal at the value of a
typical benzene ring (b: 1.395 A, c: 1.390 A, d: 1.396 A),
confirming the aromatic nature of the ring in the LB state.
Meanwhile, the bond lengths of a (1.396 A) and e (1.391 A)
represented the typical lengths of a C-N single bond. In contrast,
the crystal structure of 1b_PB exhibited the largest BLA. Bond
lengths of b (1.449 A) and d (1.453 A) became close to that of a
single bond, while bond ¢ (1.351 A) was much shorter like a
double bond. Bonds a (1.303 A) and e (1.303 A) were close to the
length of CQN double bonds. Finally, in 1c_PS, the protonated PS
state exhibited a medium BLA due to the contribution of both
quinoidal and aromatic resonance forms. Bonds b (1.417 A) and d
(1.411 A) were shorter than single bonds, but longer than bonds in
benzene rings, while bond ¢ (1.371 A) was longer than a double
bond and shorter than bonds in benzene rings. The lengths of
bonds a and e (both 1.353 A) were also between the length of a C—
N single bonds and a double bond. The BLA values of the 1c_PS
suggested a partially open-shell nature. Based on this structure,
DFT calculation and natural orbital analysis of 1c PS was per-
formed, revealing a diradical character of 0.57 (Fig. S6, ESIY).
These data on small molecular models give us a quantitative
analogy of the aromatic, quinoidal, and open-shell natures of the
various redox and protonation states of the polyaniline-analogous
ladder polymers Pla and P1b.

We tested the redox transformation and recyclability of Pla
between the LB and PB forms. Starting from Pla LB, the
addition of an oxidant reagent (m-CPBA) to its THF solution
led to the conversion to Pla PB, accompanied by a distinct
color change from pale yellow to green and then to blue. This
color change was recorded by UV-vis absorption spectroscopy to
show the appearance of a peak around 650 nm and the decrease
of the UV-absorption band with a clear isosbectic point (Fig. S1,
ESIt). Upon the subsequent addition of a reducing reagent,
diethylhydroxylamine, the solution reverted to its original
pale-yellow color via an intermediate green state. The UV-vis
absorption spectrum was also restored to the original state. The
electrochemical interconversion was also investigated via cyclic
voltammetry (CV) analysis (Fig. S8 and S9, ESIf). In the
presence of proton acid or lithium ion, recyclable electroche-
mical transformation between the oxidized and reduced forms
were observed, which has also been observed on small mole-
cule models la (Fig. S7, ESI}) and 1b (Fig. S10, ESIt). Electro-
chemical oxidation without acid in TBAPF¢ electrolyte was also
performed to measure the HOMO level of the ladder polymers
in their PB states. The HOMO levels were measured to be
y5.03 eV for Pla PB (with —OCH3 side chains) (Fig. S8, ESIY)
and §5.65 eV for Plb PB (Fig. S11, ESI{) (with —CH3 side
chains). Similarly, la LB (y4.50 eV, Fig. S7, ESIf) was also

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Structures and bond labeling of the LB, PB and PS forms; (b) single-crystal structures of 1a_LB, 1b_PB, and 1c_PS. Hydrogen atoms and solvent
molecules are omitted for clarity. Thermal ellipsoids are scaled to the 50% probability level. (c) Comparison of bonds lengths of the phenylene diamine

core, marked as a, b, ¢, d and e.

measured to have higher HOMO than 1b LB (y4.90 eV,
Fig. S10, ESIt). The significantly higher HOMO of Pla PB
demonstrated the strong impact of the methoxy groups on
enhancing the electron density of the ladder polymer backbone.
Given its electron-rich nature, Pla PB was anticipated to be
protonated more easily than the less electron-rich control
polymer P1b_PB. The acid titration process of both polymers
(concentration counting on repeating unit = 1 10¥% mol LV")
with methanesulfonic acid (MSA) was monitored using UV-
visible-near infrared absorption spectroscopy in a THF solution
(Fig. 3). The addition of MSA into Pla PB resulted in the
emergence of a low energy near infrared absorption peak
(Imax B 1000 nm; lonset B 1600 nm) and diminishing of the
original absorption band (lmax B 620 nm), while presenting a
distinct isosbestic point. The low energy absorption peak sig-
nifies the characteristic formation of the PS state. Despite
multiple protonation stages in Pla PB, the clear isosbestic
point indicated a distinct transformation from the unproto-
nated state to the doubly protonated state for each repeating
unit at the concentration used in this titration experiment. The
concentrations of unprotonated Pla PB and fully protonated
Pla PS were plotted as a function of MSA concentration*
(Fig. 3a, right). Full protonation was nearly accomplished when
the MSA concentration reached 250 mmol LY'. In stark con-
trast, P1b_PB, with less electron-rich methyl substituents, was

This journal is © The Royal Society of Chemistry 2023

much harder to get protonated. A model study on small
molecule 1b PB showed that it could only be mono-
protonated although there were two basic sites on the molecule
(see Fig. S2, ESIt). The same was observed for P1b_PB, where
each repeating unit could only be mono-protonated to give
Plb PBnH"", even if the concentration of MSA reached
250 mmol LY! (Fig. 3b). The fully protonated state of P1b_PS
could not be achieved within a reasonable acid concentration.
Among these two polymers, the higher basicity and feasible
protonation process of Pla PB enabled its application as a
conductive polymer with feasible acid doping.

Upon full protonation, the PS form of the ladder type
polyaniline analogues are anticipated to be partially open-
shell as indicated by the crystal structure of lc_PS.*?° The
open-shell nature of Pla PS and la PS was validated by elec-
tron paramagnetic resonance (EPR) spectroscopy in solid state.
The solid samples were prepared by mixing Pla PB or la PB
mixed with 2 equivalents of p-Toluenesulfonic acid (PTSA). EPR
spectra of both samples (Fig. S3, ESIf) showed broad and
strong one-line signal (g factors = 2.0010-2.0030), confirming
their open-shell character and the presence of radical cations
(polarons) in the solid state. The nature of these polarons were
further investigated by using a variable temperature super-
conducting quantum interference device (SQUID) from 2 K
(Fig. S5, ESIf). The results showed that both Pla PS and

Mater. Horiz.
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Fig. 3 UV-vis-NIR absorption spectra (left) and molar fraction calculated using Bind-fit (right) corresponding to doping process of (a) Pla_PB
(concentration of repeating unit: 1 10¥* mol L¥!) and (b) P1b_PB (concentration of repeating unit: 1 1074 mol LY!) with increasing amount of MSA.

la_PS had a triplet ground state (S = 1) with a small positive
coupling constant (J = 0.5 cm'! for Pla_PS and 0.12 cm'! for
la_PS), suggesting weak ferromagnetic coupling between the
radical pair. This coupling is possibly facilitated by the rigidity
and coplanarity of the conjugated ladder-type backbone. Both
Pla PS and la PS displayed temperature-independent Pauli
paramagnetism (Fig. 4a) at 4 10" and 1 10" emu per mole
of repeating unit, indicating a delocalized nature of the radical
cations (polarons). Compared to that of polyaniline®> (Wpyy;
B10Y4 emu per mole of repeating unit), both Pla_PS and 1a_PS
exhibited higher wpaui, suggesting a stronger delocaliza-tion
effect of the polarons in the solid state. This observation agreed
well with that observed previously on f-LPANI oligomers.?’ Among
these two, the higher wp™j of Pla PS suggested that

Mater. Horiz.

longer ladder polymer chains enable the extension of polaron
delocalization, likely through an intrachain mechanism.
In sharp contrast, the solid-state mixture of P1b_PB and 1b_PB
with large excessive of PTSA (10 equivalent) remained diamag-
netic because they could not be fully acid-doped due to low
basicity (Fig. S4, ESIT).

The presence of delocalized polarons in Pla PS suggests
that they are electrically conductive. Initial conductivity mea-
surements were performed on a sample prepared from mixing
Pla PB with 1 equivalent of PTSA. The mixture was pressed
into a pellet and a 4-point probe conductivity measurement

gave a conductivity of 1.10 1073 S cm¥! at ambient conditions.
This value was already 10° times higher than that measured on
f-LPANI, likely due to the lower content of insulating side chains

This journal is © The Royal Society of Chemistry 2023
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(a) Temperature-varied magnetic susceptibility of 2 equivalents PTSA mixed la_PS (left) and 1a_PS (right); (b) workflow of the automated

conductivity screening by Polybot; (c) plot of conductivity data points measured by Polybot.

in Pla (58.2% wt), as compared with that of f-LPANI (70.8%).
To further explore the doping formula and testing conditions for
achieving high conductivity of Pla PS in the thin film state, an
automated solution processing and characterization systemin the
self-driving laboratory named Polybot was employed.>® This
platform comprises an enclosed frame with a N> environment,
liquid and substrate/vials handling system, coating station
with programmable speed, annealing stage, electronic charac-
terization systems and on-line data analysis. Various films of
acid-doped Pla PS were coated on SiO, substrates for quick
screening. The electronic conductivities were measured by
Keithley 4200 using the 4-point probe method. The sequence of
automated operations includes (i) solution formulation, (ii)
coating, (iii) annealing, and (iv) 4-point probe measurements of
conductivity (Fig. 4b). We investigated a two-dimensional
experimental space to dope Pla PB comprising of the following
parameters: acid type (Lewis and proton acids) and concen-
tration (equivalents). A total of 12 distinct types of acids and
10 different concentrations (equivalents from 1 to 10) were
treated as categorical variables. To facilitate the exploration of
this experimental space, we employed the latin hypercube sam-
pling to allow for comprehensive and uniform sampling across

This journal is © The Royal Society of Chemistry 2023

the entire parameter space.>’ During the thin film preparation
and characterization process, Polybot system tested all the
parameters proposed by latin hypercube sampling and created a
series of thin films with measured conductivities. The experi-
mental points explored are presented in Fig. 4c where grey
circles represent all the possible experimental space. A localized
optimum is observed for high equivalents for HCI. The conduc-
tivity reached 7 10"® S cm"', which is much higher than the
initial value measured.

As a conjugated ladder polymer, Pla was anticipated to
possess high durability against harsh conditions. Here, we
studied not only the stability of Pla in acidic conditions but
also under strong UV irradiation. The acid stability of Pla or
other polyaniline analogues is important, as these types of
materials often need to function in acidic conditions to achieve
their conductivity and redox switchability.>*** Firstly, Pla_PS
was dissolved in the strong acid MSA, and the absorption
spectrum was monitored using UV-vis-NIR spectroscopy.
Remarkably, little change was observed on its spectrum even
after 16 days (Fig. S12, ESIf). In comparison, the benchmark
commercial conductive polymer, PEDOT:PSS,3¥*! tested in the
same conditions, showed decomposition within a few days, as
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Fig. 5 Plots of UV-vis-NIR absorbance intensity at 1,,,, as a function of time under 254 nm and 365 nm UV irradiation (10 mW cm'!): (a) Pla_PB + 4
equivalents of PTSA (P1a_PS); (b) PEDOT:PSS; and (c) PEDOT:PSS + 4 equivalents of PTSA film. The insets are the corresponding UV-vis-NIR absorption

spectra over time.

evidenced by a drastic change of the absorption spectrum in
the 300-800 nm range. Likewise, commercial polyaniline exhib-
ited a fast decomposition within hours and fully decomposed
after one week when dissolved in MSA, due to the dissociation
of imine bond in strong acidic conditions.**** UV light is also
known to be extremely aggressive for organic materials.*>#’
Here the photostability of Pla_PS (prepared from drop-casting a
solution of Pla PB with 4 equivalents of PTSA in THF) and
control polymers in a thin film state was examined when
exposed to UV light (Intensity: 10 mW cm'?) (Fig. 5). To ensure
that the absorbance wavelength of all the polymers was cov-
ered, both 254 nm and 365 nm wavelength UV lamps were used
simultaneously. After 8 hours, the absorbance of the Pla PS
film did not show any obvious change (Fig. 5a). In comparison,
the absorbance of a PEDOT:PSS film decreased for 50% after 8
hours, which is attributed to the morphological change or
light induced oxidation, as mechanism study proposed in
literature (Fig. 5b).**>° When PEDOT:PSS was mixed with
PTSA, it was even more vulnerable under UV irradiation,
exhibiting quicker decomposition within 3 hours (Fig. 5c).
The exceptional photostability of Pla PS is unmatched by
non-ladder type conductive polymers, and was only observed
on other ladder polymers such as BBL derivatives.’>> This
result provides a solid foundation for the use of conductive
ladder polymers in real-world applications where UV irradia-
tion is inevitable, such as in outdoor wearable devices. The
photostability will also enable this conductive ladder polymer
to withstand harsh processing conditions, such as those invol-
ving UV-crosslinking or curing.

The outstanding stability, robust redox transformation, and
good conductivity of Pla make it a highly promising active
material for electrochemical device applications.?> We further
investigated the performance durability of Pla in operating
electrochromic and energy storage devices. Pla_PB was applied
as the active material in a sandwiched electrochromic device,
which was composed of two ITO-glass substrates, a spin-cast
Pla_PB thin film, and a layer of lithium gel electrolyte (PMMA/
PC/LiClO4). Under a +2 V positive bias (oxidative potential on
the active layer), the active layer turned into deep blue and
exhibited a NIR absorption feature with 1nax = 900 nm accord-
ing to the spectroelectrochemical measurement (Fig. S13, ESI).
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This color change was a result of the formation of Pla_PS with
the Li" doping from the electrolyte layer. Upon switching the
bias to y2 V, the device exhibited a pale yellowish-green color
as a result of electrochemically reducing Pla PS into Pla LB.
The device was cycled between y2 V/+2 V repeatedly, and the
color change was measured by its absorbance at 900 nm. After
200 cycles, the color change exhibited only less than 5%
degradation, showing excellent robustness and recyclability
between this wide voltage window. In fact, the slight degrada-
tion after 200 cycles was on account of the exfoliation of the Pla
layer from the glass substrate due to the mechanical brittleness
of the film, not a result of intrinsic chemical decomposition. In
comparison, a similar electrochromic device fabricated with
PEDOT: PSS showed significant degradation after only 20 cycles
under the same test conditions (Fig. S14, ESI).

Polyaniline has been widely employed as the pseudocapaci-
tive electrode materials for supercapacitors, thanks to its redox
activity and conductivity.'®3*** However, these devices often
show a drastic performance decline over charge/discharge
cycles.>>>8 As a more stable analogue of polyaniline, Pla is
anticipated to also function as pseudocapacitive electrode material,
while offering much better durability during device operation.>

We fabricated coin cell supercapacitors®® 2 by using either
polyaniline or Pla, by drop casting the active material onto
carbon cloth to reach a 0.5 mg loading (Fig. 6a). This electrode
was used as the cathode, and the anode was a 100 mm thick Zn
foil. The separator was a glass microfiber with a thickness of
260 mm. The electrolyte was a acetonitrile solution of Zn(TFSI),
(0.2 mol L¥!). First, we investigated the redox durability of
polyaniline and Pla using a 3-electrode configuration. An Ag/
AgCl reference electrode was inserted in the electrolyte, and the
measurements were taken in an inert N, atmosphere in a
glovebox. Cyclic voltammetry scans of polyaniline and Pla were
recorded at 100 mV s¥' in the 3-electrode setup by sweeping the
cell between y0.5 and 1.2 V (Fig. 6b). The current of the
polyaniline electrode decreased over 200 cycles, and the shift
in the redox peaks indicated that the reaction was not fully
reversible at this 1.7 V window. In contrast, Pla showed no
decrease but an increase in current after 200 cycles, and the
symmetric redox peaks indicated an excellent reversibility of
the redox reactions after these repeated cycles.®

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Setup of supercapacitor for measurements. (b) 3-electrode cyclic voltammetry (CV) of polyaniline and Pla over a 1.7 V window. (c) Plot of
capacity against number of cycles of 2-electrode polyaniline and Pla devices over a 0.2-2 V and 0.2-2.2 V range, respectively.

Stability and galvanostatic charge-discharge (GCD) mea-
surements were taken on these supercapacitor cells in ambient
conditions with a 2-electrode setup. The sealed coin cells
prevented the evaporation of the electrolyte solvent acetonitrile
and allowed for longer cycling than the 3-electrode setup. The
coin cells were cycled from 0.2 to 2.0 or 2.2 V for 2400 cycles at
4 A g''. The capacity of the polyaniline coin cells peaked
around 200 cycles and then dropped by 8% and 31% after
2400 cycles for the 2 V and 2.2 V ranges, respectively.
In contrast, the capacity of the Pla coin cells increased and
stabilized over time (Fig. 6¢). The cycling was stopped at
2400 cycles due to limitation of the Zn anode, in which
dendritic formations on the Zn anode started to penetrate the
separator and short circuited the cell.** No decline of the cell
capacity was observed at the point of 2400 cycles. The indivi-
dual GCD curves are presented in Fig. S15 (ESIY). The decreased
capacity of polyaniline is indicated by the shorter charge-
discharge period at the 2400th cycle. In contrast, Pla shows
the opposite characteristics with an increased charge—
discharge period at the end of cycling, so its percentage reten-
tion of capacity became over 100% compared with beginning.
This rise in capacity is associated with expansion and contrac-
tion of polymers with cycling which made the film morphology
more accommodating to counter ion movement and increase
the cell capacity. In this study, although the observed current
output and capacity of the Pla electrode were lower than that of
polyaniline due to the presence of inert solubilizing groups that
curtailed the theoretical capacitance, this limitation can be
addressed by changing the design and synthesis of ladder
polyaniline analogues with side chains of low molecular
weights, considering that solubility of the material for

This journal is © The Royal Society of Chemistry 2023

supercapacitor application is not strictly required. Importantly,
our findings validate the premise that ladder-type polyaniline
analogues, as presented in this study, can operate within a
considerably broader potential range, and demonstrate super-
ior redox stability in supercapacitor devices compared to com-
mercial polyaniline.

Conclusions

In conclusion, this work showcases the design and synthesis of
an exceptionally durable conductive polymer, Pla. The strategic
molecular design enabled us to achieve a low-defect ladder
polymer structure and facilitate efficient acid doping of the
product. Through studies on small molecular models, magnetic
characterization, and optimization of conductivity, we eluci-
dated the open-shell, conductive nature of the pernigraniline
salt form of the polymer (P1a_PS). Remarkably, Pla PS not only
demonstrated stability under harsh acidic or UV-irradiated
conditions, but also exhibited robust redox transformations
over a large number of cycles in operational electrochromic
and supercapacitor devices. The insights gained from this
study pave the way for future developments of truly robust,
high-performance, redox-active organic electronic materials.
Such materials are poised to be desirable in various devices,
including supercapacitors, electrochromic devices, and electro-
chemical transistors. Nonetheless, overcoming the challenges
associated with multi-step synthesis from non-commercial
starting materials remains a prerequisite for these materials
to significantly propel advancements in crucial fields like smart
materials, energy storage, and bioelectronic interfaces.
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