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ABSTRACT: Stable doping of indacenodithieno|[3,2-b]thiophene o W
(IDTT) structures enables easy color tuning and significant e
improvement in the charge storage capacity of electrochromic PIDTT-TBT
polymers, making use of their full potential as electrochromic _;004‘,"
supercapacitors and in other emerging hybrid applications. Here, il - PIDTT-EBZE /
the IDTT structure is copolymerized with four different donor— s : 10:‘1/9
acceptor—donor (DAD) units, with subtle changes in their ngo/o
electron-donating and electron-withdrawing characters, so as to \ /
PIDTT ‘[ BzE

obtain four different donor—acceptor copolymers. The polymers
attain important form factor requirements for electrochromic

supercapacitors: desired switching between achromatic black and S & E =

transparent states (L*a*b* 45.9, g—3.1, —4.2/86.7, —2.2, and —2.7 g 4 E E g ! l I l l I I l

for PIDTT—TBT), high optical contrast (72% for PIDTT—

TBzT), and excellent electrochemical redox stability (I"*/I°* ca. 1.0 for PIDTT—EBE). Poly[indacenodithieno[3,2-b]thiophene-2,8-
diyl-alt-4,7-bis(2,3-dihydrothieno[3,4-b][ 1,4]dioxin-5-yl)-2-(2-hexyldecyl)-2H-benzo[ d][ 1,2,3 ]triazole-7,7'-diyl] (PIDTT—EBzE)
stands out as delivering simultaneously a high contrast (69%) and doping level (>100%) and specific capacitance (260 F g™").
This work introduces IDTT-based polymers as bifunctional electro-optical materials for potential use in color-tailored, color-
indicating, and self-regulating smart energy systems.

[l Metrics & More | @ Supporting Information
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B INTRODUCTION

supercapacitors and other hybrid applications where the stored
energy level can be visually observed or more precisely

Fast-growing interest in electrochromic materials has resulted
in a steady supply of conjugated polymers capable of changing
color between two or more states, with the common feature of
delivering reversible color change, high contrast, and stable
long-term operation.' > This accordingly feeds the promised
commercialization of smart w1nd0ws/m1rrors,6_8 eyewear,9 e-
paper, and other energy-efficient passive displays'”'" and their
scale up by solution-based methods.'”"? On the other hand,
conjugated polymers exhibit an intrinsic property of switching
between conjugated and quinoidal forms upon electrochemical
oxidation (p-type doping) and reduction (n-type doping), and
this property has opened another interesting possibility to
store energy through sufficient stabilization of the doped states.
The concept of energy storage in conjugated polymers was
introduced more than three decades ago by Heeger et al.,,'*™"¢
and thereafter, plentiful research efforts have been focused on
improving the charge storage capacity of the “pseudocapaci-
tive” polymers for use as electrodes (or composite electrodes)
in solid-state batteries and supercapacitors."’~'” An intriguing
concept follows, as the electrochromic and energy storage
properties of conjugated polymers can be merged into a single,
bifunctional electro-optical material for use in electrochromic

© 2020 American Chemical Society
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optically detected in real time.”” The switchable coloration can
be tuned to transmit/block specific wavelengths in the visible
and near-infrared (NIR) spectral regions for a particular
interest in smart regulation of organic photovoltaics (OPVs),
that is, integration of the two devices into self-powered systems
that can simultaneously harvest and store solar energy.”'
Recent work of Cho, et al*® stands as an example of
electrochromic supercapacitors based on a viologen/dimethyl
ferrocene gel composite that was integrated with a semi-
transparent OPV device, effectively regulating the transmission
at 545, 596, and 602 nm wavelengths when fully charged.
The vast majority of electrochromic polymers are based on
3,4-ethylenedioxythiophene (EDOT) and similar dioxythio-
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phene building blocks because of their low oxidation potential,
fast color switching, and relatively simple chemical structures
that allow easy color tuning, as spearheaded by the Reynolds
group.”” ™" Other groups have developed similar structures to
further tune the doping characteristics, optical contrast, and
color purity of the polymers, for example, b;f means of
chemical doping and electropolymerization.”*™"" However,
polymers based on the EDOT and dioxythiophene structures
are often identified by a blue transmission window in their
neutral state or remaining absorption band in the low-energy
visible spectral region, causing a characteristic blue tint to the
oxidized state. To counteract this issue, an inverse approach
has been developed where the effective conjugation of the
polymer backbone has been reduced to obtain a weakly
absorbing neutral state, for example, by incorporating twisted
triphenylamine and other arylamine building blocks, and a
strongly absorbing colored state is obtained upon oxidation
with an optical contrast exceeding 90%.”>**

Being designed mainly for fulfilling the optical requirements
at minimal energy cost, the conventional electrochromic
polymers exhibit relatively low charge storage capacities.
Hence, completely different design approaches have been
used to obtain conjugated polymers with sufficiently high
specific capacitances (C,) above 100 F ¢! (or volumetric
capacitances in the order of 10° mF cm™). One example is a
carbazole-based donor—acceptor copolymer, where the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were spatially
separated.”® This action improved the electrochemical stability
of the polymer during 2000 charge—discharge cycles, as
compared to the corresponding polymer with the HOMO and
LUMO delocalized along the conjugated backbone, but no
connection to electrochromic functionality was reported.
Polyanilines are common electrode materials in super-
capacitors because of their high capacitances in the excess of
600 F g™' (or 6 X 10° mF em™2).>% Other examples include
donor—acceptor copolymers incor;)orating naphthalene dii-
mide and quinoxaline acceptors’”*® and microporous poly-
mers exhibiting improved electrolyte ion transport and a high
C, of up to 576 F ¢! (for details about the experimental
setups, refer to the cited literature).””*

Chen, et al*' reported a stretchable electrochromic
supercapacitor based on a polyaniline/carbon nanotube
composite electrode, which exhibited a high C, of 308 F g™*
and visually observable color change. Poly(3,4-ethylenediox-
ythiophene) (PEDOT) derivatives are more conductive but
tend to exhibit lower capacitances than the aforementioned
examples because of their limited doping levels of 33% or
s0.”7" A handful of examples exist where EDOT-based
copolymers have been used in combined electrochromic and
charge storage applications delivering either a high optical
contrast of up to 75% or high capacitance of up to 92 F g™
(linked to a lower contrast of 46%) under applied potential
switches.* ™ Crosslinking has been reported to stabilize a
carbazole-benzodithiophene copolymer, maintaining its capaci-
tance at 42 F g_1 after 5000 cycles, while the maximum optical
contrast was 46%."” Yun and co-workers®® obtained a much
improved C; of 471 F g~' and moderate contrast of ca. 42%
from a stretchable electrochromic supercapacitor using a WO,
nanotube/PEDOT:PSS composite electrode. Considering
practical applications, it would be appealing to simplify the
electrode design and develop polymers that can deliver both
performance factors as a single active material in the solid state,

that is, substantial color changes indicating high energy storage
levels.

Conjugated polymers incorporating extended thiophene-
based structures, such as the rigid and planar indacenodithio-
phene (IDT) and indacenodithieno[3,2-b]thiophene (IDTT)
backbones, are known for their high absorption coefficients
and excellent electrochemical stabilities and charge transport
kinetics, which have made them attractive for use as
photoactive materials in OPVs,> ' ™3 organic photodetectors
(OPDs),”** organic field-effect transistors (OFETs),” "’
organic light-emitting diodes (OLEDs),”® and light-emitting
electrochemical cells (LECs)*”® and recently in electro-
chromic devices®"®* and hybrid electrochromic supercapaci-
tors.”> However, significant improvements to the combined
optical contrast and charge storage performance are needed for
the realization of hybrid electrochromic and energy storage
applications.

Herein, we synthesized four different donor—acceptor—
donor (DAD) units and copolymerized them with the IDTT
donor monomer to obtain four different donor—acceptor
copolymers, with a specific aim of introducing electrochemi-
cally stable alternatives to the EDOT-based polymers for use in
all-polymer electrochromic supercapacitors. Together with the
improved stability, the IDTT structure ensured strong optical
absorption, while the varied DAD units delivered distinctively
different optical absorption profiles and colors to the polymers.
Despite the different colorations, all polymers featured
similarly bleached transparent states without the obvious
blue tint observed in EDOT-based polymers. The generally
good electrochemical stability of the polymers is manifested by
an uninterrupted operation over 1800 charge—discharge cycles
while maintaining 80—98% of their initial optical contrast.
Specifically, incorporation of thiophene as the donor and
benzo[c][1,2,5]thiadiazole as the acceptor in the DAD unit in
PIDTT—TBT ensured fully reversible anodic oxidation and
cathodic reduction with much desired electrochromic switch-
ing between achromatic gray/black and transparent states. The
electrochemical reversibility in the anodic range was
significantly improved using EDOT as the donor in
PIDTT—EBE. The ratio between reduction and oxidation
peak potentials (I*Y/I°*) was close to 1.0 but, however, with a
concomitant penalty of decreased optical contrast. The optical
contrast was improved to 72% using thiophene as the donor
and benzo[d][1,2,3]triazole as the acceptor in PIDTT—TBzT.
Further design using EDOT as the donor in PIDTT—EBzE
combined the benefits of the polar polymer backbone and
spacing of the polymer chains by alkyl side chains, which
improved the electrolyte ion ingress and p-type doping in the
excess of 100%, thus maximizing the charge storage capacity.
Nevertheless, the measured capacitances were substantially
high for all four polymers, varying in the range of 1.3—-2.3 X
10° mF cm™ at the high scan rate of 100 mV s™'. The
corresponding specific capacitances were evaluated to be 110—
190 F ¢!, which have not been achieved for other polymers
containing similar DAD structures or for other charge-storing
polymers in combination with high contrast optical switching,
that is, without the IDTT structure in the polymer back-
bone.***$%47% | ower scan rates further improved the
capacitance, eventually reaching 260 F g™ at S mV s~ in
the case of PIDTT—EBzE. We envision that the combination
of high-contrast electrochromic switching and high charge
storage capacity opens new possibilities to unconventional
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Scheme 1. Chemical Structures of PIDTT—TBT, PIDTT—EBE, PIDTT—TBzT, and PIDTT—EBzE

PIDTT-TBT

CeHi3

PIDTT-TBzT

PIDTT-EBzE

applications of these and other (published and unpublished)
IDTT-based polymers.

B RESULTS AND DISCUSSION

Chemical structures of the four copolymers PIDTT—-TBT,
PIDTT—EBE, PIDTT—TBzT, and PIDTT—EBzE are shown
in Scheme 1, while the detailed synthetic procedures for the
DAD segments and the copolymers are represented in
Schemes S1 and S2 in the Supporting Information. For the
design of the copolymers, we chose IDTT as an extended rigid
donor group because IDTT-based polymers can deliver
electrochromic switching at ultralow voltages down to 0—0.6
V and thereby excellent stability upon electrochemical p- and
n-type doping.”> The bulky hexylphenyl groups were selected
as solubilizing substituents with the prospect of facilitating
scalable processing. Different combinations of the electron-rich
EDOT donor monomer and either of the electron-deficient
benzo[c][1,2,5]thiadiazole or benzo[d][1,2,3]triazole acceptor
monomers are commonly used in well-functioning electro-
chromic polymers.”***°*” These two acceptor moieties are
also present in some charge storage polymers.*®**>
Chemical coupling of the donor and acceptor units (so-called
electron “push—pull” design) allows easy tuning of the energy
gap (Eg), oxidation potential, color, and electrochromic
switching kinetics of the polymers. We introduced less-polar
thiophene as an alternative to the highly polar EDOT donor
and used the abovementioned building blocks to construct four
different DAD structures with varying optical and electrical
properties: either based on the stronger electron acceptor in
4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole
(TBT) and 4,7-bis(7-bromo-2,3-dihydrothieno[3,4-b][1,4]-
dioxin-S-yl)benzo[c][1,2,5]thiadiazole (EBE) monomers or
the weaker electron acceptor in 4,7-bis(S-bromothiophen-2-
yl)-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (TBzT) and
4,7-bis(7-bromo-2,3-dihydrothieno[3,4-b][ 1,4]dioxin-5-yl)-2-
(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (EBzE) monomers.
The 2-hexyldecyl side chain was introduced to the latter two
DAD structures for improved solubility.

Each of the dibromo-substituted TBT, EBE, TBzT, and
EBzE monomers were copolymerized with the bis-
(trimethylstannyl)-substituted IDTT monomer via Pd-cata-
lyzed Stille polycondensation. Good degrees of polymerization
were observed for PIDTT—TBT and PIDTT-TBzT, with
number-average molecular weights (M,) of 24.8 and 72.8 kg
mol™!, respectively (Figure S1, Supporting Information).
PIDTT—TBzT presents improved solubility and higher M,
because of the 2-hexyldecyl side chains. However, the
molecular weights of PIDTT—EBE and PIDTT—EBzE cannot
be determined using the gel permeation chromatography
(GPC) technique, which we attribute to the highly polar
EDOT groups in these two polymer backbones and their
adhesive interaction with the stationary phase. Similar issues
were not observed when the EDOT concentration was
decreased in the IDTT backbone.”” Matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass
spectrometry requires evaporation of the ionized material in
high vacuum, which is practical for the TBT, EBE, TBzT, and
EBzE monomers and short-chain oligomers with an M, of
around 10 kg mol™ or less,***” and our MALDI-TOF
experiments accordingly suggest that PIDTT—EBE and
PIDTT—EBzE exhibit polymeric chain lengths because of
the absence of oligomer-sized fractions. We confirmed the
chemical structures and compositions of all four polymers
using "H NMR spectroscopy and elemental analysis techniques
(see Figures S2 and S3, Supporting Information). The
chemical shifts of the polymers are designated to those of
the IDTT and either the TBT, EBE, TBzT, or EBzE donor—
acceptor repeating units of the PIDTT—TBT, PIDTT—EBE,
PIDTT-TBzT, and PIDTT—EBzE copolymers, respectively.
Three of the polymers, PIDTT—TBT, PIDTT—TBzT, and
PIDTT—EBzE, were isolated at high yields of ca. 90%, while
the lower yield of PIDTT—EBE (34%) is attributed to the
formation of insoluble, presumably very high M, polymer
fraction in the polycondensation. Importantly, however, the
isolated polymer fractions were soluble and processable either
from concentrated chlorobenzene solutions (10—20 mg mL™")
or dilute toluene solutions (1—2 mg mL™"). Thermogravi-
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Figure 1. Absorption coefficient of the polymers (a) in chlorobenzene solution and (b) as a solid-state thin film. The thin-film samples were

prepared by spin coating onto a glass substrate.

metric analysis (TGA) of the polymers shows that they all
feature excellent thermal stabilities with 1% weight loss
occurring at high temperatures of Toy > 390 °C (Figure S4,
Supporting Information). The lack of thermal transitions in
differential scanning calorimetry (DSC) measurements in-
dicates that none of the polymers exhibit significant
crystallinity (Figure SS, Supporting Information), which
would inhibit the electrolyte ion ingress during the electro-
chromic operation.

Figure 1 shows the absorption coeflicient versus wavelength
curves of the polymers in chlorobenzene solution and as a
solid-state thin film. PIDTT—TBT and PIDTT—EBE featured
a characteristic two-band absorption profile of a donor—
acceptor copolymer, which we tentatively attribute to low-
energy intramolecular charge transfer (ICT) transitions and
high-energy local excitations in the donor-rich polymer
backbone. The general observation is that the high-energy
peak shifted toward a longer wavelength and its intensity
increased relative to the ICT band when going from PIDTT—
TBT to PIDTT—EBE, in accordance with an increasing
electron-rich character of the polymer. In solution, PIDTT—
TBT exhibited a stronger ICT band peaking at 596 nm as
compared to the corresponding absorption of PIDTT—EBE at
649 nm. In the solid state, the two absorption bands became
more balanced as a result of increasing 7—7 interactions, that
is, stacking of the polymer chains. However, the dominant ICT
band of PIDTT—TBT is attributed to weaker electron donor
contribution of the two thiophene spacers as compared to
PIDTT—EBE where the acceptor is endowed with two EDOT
spacers. The same trend is observed in both solution and thin-
film samples. This stems from our design motif, as the more
balanced push—pull character of the polymer is anticipated to
induce more effective formation of intrachain charge-transfer
states along the PIDTT—TBT donor—acceptor backbone.”
We further note that the onset of absorption of PIDTT—EBE
is red-shifted over 50 nm (and only half of that for PIDTT—
TBT) when going from solution to thin films, while the high-
energy peak position remained essentially unchanged for both
polymers. This translates to a substantial broadening of the full
width at half maximum (fwhm) in the solid state (257 nm for
PIDTT-TBT and 324 nm for PIDTT—EBE). Optical band
gaps (E,p) of 1.77 and 1.58 eV were estimated for PIDTT—
TBT and PIDTT—EBE, respectively, from the low-energy
onsets of absorption in thin films.

The other two polymers, PIDTT—TBzT and PIDTT-
EBzE, featured distinctively different absorption envelopes. In

both cases, the local excitations and ICT transitions are
observed to merge as a narrow, energetically overlapping single
band with a peak maximum at 558 nm (for PIDTT—TBzT)
and 553 nm (for PIDTT—EBzE) in solution, but the
absorption of PIDTT—EBzE was more structured. Strong
single-band absorption is a typical characteristic of a polymer
containing only electron-rich units such as the PIDTT
homopolymer.®””" We note that the strong and narrow
absorption of these two polymers is retained in the solid state,
with the difference that the PIDTT—TBzT band was more red-
shifted upon transition from solution to thin films. We
attribute these features to the weak electron acceptor that
accounts for a weak charge-transfer interaction and a dominant
donor contribution in the optical absorption. Another feature
that differentiates the PIDTT—TBzT/PIDTT—EBzE pair from
the PIDTT—TBT/PIDTT—EBE pair is that the thin-film
onset of absorption was not significantly red-shifted when
replacing the thiophene spacers in PIDTT—TBzT with the
EDOT spacers in PIDTT—EBzE. As a result, the fwhm
remained narrow for both PIDTT—TBzT (128 nm) and
PIDTT—EBZE (148 nm) in the solid state and an E,, of 2.03
and 1.95 eV were estimated for the two polymers, respectively.
PIDTT—TBzT featured the narrowest absorption band in this
series, in both solution and thin films, which in turn translates
to the highest absorption coeflicient because of the coalescence
of energetically overlapping optical transitions.

To predict the potential of PIDTT—TBT, PIDTT—-TBzT,
PIDTT—EBE, and PIDTT—EBZE for p-doping, we carried out
density functional theory (DFT) calculations for neutral and
oxidized polymers. Two repeating unit model structures were
used to identify the oxidation sites in the polymers (see Figures
S6—S10, Supporting Information). In the case of the dimers,
one and two electron oxidations correspond to 50 and 100%
doping, respectively. The thiophene-containing polymers
PIDTT—TBT and PIDTT—-TBzT are effectively planarized
upon oxidation. On the other hand, the EDOT-containing
PIDTT—EBE and PIDTT—EBzE feature coplanar conforma-
tions also in their neutral states, and oxidation does not cause
any backbone distortion either. The structural integrity of the
latter two polymers is highly favorable with regard to
electrochemical stability during the charge—discharge cycles.
Comparing the doping of the PIDTT—TBT/PIDTT—EBE
pair, in PIDTT—TBT, the positive charge is localized at the
IDTT donor units, whereas in PIDTT—EBE, the EDOT
groups provide additional stabilization by delocalizing the
charge. The same applies to the PIDTT—TBzT/PIDTT-
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Macromolecules 2020, 53, 11106—11119


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02212/suppl_file/ma0c02212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02212/suppl_file/ma0c02212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02212/suppl_file/ma0c02212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02212?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02212?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

1.5
1(a) m 4
14 i
] (1 :
05: A
- 0__ ! \_// ;“‘%;
] ( N/
—0.5 \\ { Sweep 1
] “/ —— Sweep 2
1 \
A —
-3 25 -2 -15 -1 =05 0 05 1 15
E/V (Fc/Fc*)
<
E

—_——————
2 -5 -1 -0.5 0 0.5
E/V (Fc/Fc*)

1

4<
2 (b)
2
1- 41
< ] 2%
04 2 oA
S I
-19E ole” -
g 1 E: . PE
24 14
q -2
34 |
o . —
1 o o1 o2 o3
= 7 Scan rate (Vs)
i EE T A
-1.5 -1 -0.5 0 0.5 1

E/N (Fc/Fc*)

Full CV after 10 anodic sweeps (ox)
10 anodic sweeps (0x)
---0--- Full CV after 10 cathodic sweeps (red)

10 cathodic sweeps (red)

R TR T I I
3 25 -2 -15 -1 -05 0 05 1
E/N (Fc/Fc*)

Figure 2. (a) Full cyclic voltammetry traces of PIDTT—TBT recorded at 100 mV s™' and (b) its anodic response at different scan rates ranging
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acetonitrile.

EBzE pair, with a notion that the oxidized triazole-ammonium
group shares the positive charge, and thereby, in PIDTT—
EBzE, the charge is even more delocalized in the donor and
acceptor units over the entire polymer backbone. The effective
charge delocalization is anticipated to lower the oxidation
potential and facilitate high redox activity in the EDOT-
containing polymers, particularly in PIDTT—EBzE.
Electrochemical studies with assistance of X-ray photo-
electron spectroscopy (XPS) surface analysis were conducted
on PIDTT-TBT, PIDTT—EBE, PIDTT-TBzT, and
PIDTT—EBzE films to understand the p- and n-type
doping/dedoping cyclability and location of the generated
charges in the synthesized polymers during electrochromic
operation. Considering n-doping, the strong benzo[c][1,2,5]-
thiadiazole acceptor stands out as the most stabilizing unit in
the polymer backbone. Unlike other IDTT-based polymers,
PIDTT—-TBT exhibits two distinct and reversible reduction
peaks at —1.47 V (II) and —1.94 V (III) versus the ferrocene/
ferrocenium (Fc/Fc") redox couple (Figure 2a), with the main
reduction peak (III) originating from the IDTT donor
moiety.”” The less-intense peak (II) at a lower potential is,
therefore, ascribed to the reduction of the benzo[c][1,2,5]-
thiadiazole acceptor unit. The anodic oxidation (p-doping)
peak of PIDTT—TBT appears reversible and sharp at 0.59 V
(1) versus Fc/Fc*. Notably, PIDTT—TBT did not suffer loss of
either cathodic or anodic reversibility during full cyclic
voltammetry (CV) sweeps in the wide potential range between
—2.5 and 1.2 V (ie., only limited by the potential window of
the solvent), as indicated by the unchanged peak (I-III)
currents and their respective positions after two subsequent
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scans. This is an important example of a new line of
electrochemically stable polymers that do not require
protection of the 3,4-positions of the thiophene units, unless
specifically intended, for example, for color-tuning purposes.

When introducing EDOT into the IDTT structure in
PIDTT—EBE, the reversible oxidation peak is shifted down to
0.53 V (1) with the cathodic reduction appearing irreversible at
—1.5 V (II) (Figure 2c). As per definition, the reduction is
interpreted as an irreversible process. However, the most
interesting electrochemical feature of PIDTT—EBE is the
electrochemical dedoping of the n-doped (reduced) film
occurring in the anodic range, observed as an increased
intensity of the peak at 0.37 V in the subsequent scan (Figure
2¢, sweep 2). This effect is understood as a capacitive effect
where charges are being trapped in the polymer structure
during electrochemical cycling between different doping
states.” We speculate that changes in the applied electric
field cause changes in the permeability of the deposited films
for sufficient electrolyte ion ingress and release, effectively
stabilizing the trapped charges.””’* Unlike in PIDTT—TBT,
the cathodic reversibility in PIDTT—EBE does not occur
during the reverse scan; it requires a counter potential to be
applied in the anodic range to extract the injected charges and
to achieve a neutral state. This observation clearly highlights
the importance of understanding the electrochemical redox
processes of newly synthesized polymers, particularly when
estimating their HOMO/LUMO energy levels from freshly
deposited versus preconditioned films.

The tendency of the IDTT structures to accumulate charges
is clearly highlighted in PIDTT—EBzE. When cycling PIDTT—
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Figure 3. Fitted N(1s) XPS core-level spectra of (a) PIDTT—TBT, (b) PIDTT—EBE, (c) PIDTT—TBzT, and (d) PIDTT—EBZE in their (top
panels) discharged neutral and (bottom panels) charged oxidized states, representing a complete charge—discharge cycle. The peaks are assigned to
the oxidized state of the C=N—S/N species (orange fit), its reduced version (blue fit), and further oxidized state of C=N—S/N (red fit) in the
acceptor unit of each polymer (see Table S1, Supporting Information, and detailed discussion therein). Quaternary nitrogen (green fit) is assigned
to unbound NBu,PF, electrolyte. The arrows indicate the change in intensity of the respective peaks upon oxidation (up: increase; down:

decrease). The dotted lines are guides to the eye only and centered at the peaks of the neutral samples.

EBzE for 10 consecutive steps between neutral and p-doped
states at 100 mV s~ and sweeping the polymer thereafter in
the full CV range, a gain in cathodic current by 70% was
recorded (Figure 2d, red CV traces). When inversing the
procedure and first cycling the same film in the cathodic range,
the increase in anodic current goes up to 55% (Figure 2d, blue
CV traces). We attribute the high redox activity of PIDTT—
EBZE to the effective charge delocalization/stabilization in the
polymer backbone (see the DFT discussion mentioned above)
and enhanced electrolyte ion ingress because of separation of
the polar polymer chains by the 2-hexyldecyl side chains. The
better electrolyte transport is directly observed as improved
reversibility of the cathodic reduction of PIDTT—EBzE
(Figure 2d), as compared to that of PIDTT—EBE (Figure
2¢). PIDTT-TBT, PIDTT—EBE, and PIDTT—EBzE show
linear peak currents during forward and reverse scans (I°* and
I'*d, respectively) with intensity ratios (I"*/I°%) close to 1.0 at
fast scan rates >100 mV s~ (Figures 2b and S11, Supporting
Information). At lower scan rates and controlled diffusion of
the electrolyte, the relative peak ratios drop sharp toward 0.5,
indicating stable charge trapping. PIDTT—TBzT appears as
the least reversible candidate during electrochemical studies.
The electrochemical stability increases in the order PIDTT—
TBzT <« PIDTT-EBzE < PIDTT-TBT < PIDTT-EBE
(with electrochemical stability, we refer to doping/dedoping
cyclability of the polymer). This tendency is also reflected in
the short-term CV cycling stability studies shown in Figure S12
(Supporting Information).

To trace the trapped charges during p-doping at low scan
rates, the polymers were drop-casted on a platinum mesh each,
oxidized for 3 min by halting the CV potential after passing the
respective anodic peak, washed thoroughly with acetonitrile to
remove the unbound background electrolyte, dried, and
subjected to surface analysis using XPS (see the Supporting
Information for details). The neutral films were prepared in the
same way and used as reference compounds by passing the
anodic CV scans and stopped at —0.4 V versus Fc/Fc',

representing a complete charge—discharge cycle. Figure 3
shows fitted N(1s) core-level spectra of PIDTT—TBT,
PIDTT—EBE, PIDTT—-TBzT, and PIDTT—EBzE after p-
doping (bottom panels) compared with their neutral states
after dedoping of the doped films (top panels). The
corresponding S(2p) core-level spectra are included in Figure
S13 (Supporting Information), while detailed assignments of
the peak positions for N(1s), S(2p), O(1s), and C(1s) are
discussed in the Supporting Information and summarized in
Table SI.

Overall, the fitted N(1s) core-level spectra of the PIDTT—
TBT/PIDTT—EBE pair are shifted toward higher binding
energies in their oxidized states, highlighting the strong
electron-deficient character of the benzo[c][1,2,5]thiadiazole
acceptor, whereas their S(2p), O(1s), and C(1s) core-level
spectra slightly fluctuate, by less than 0.3 eV (see Table S1,
Supporting Information). Of particular note is the strong shift
of N toward higher binding energies by 3.4 and 2.7 eV in C=
N—S species in the acceptor unit in PIDTT—TBT and
PIDTT—EBE, respectively, after 3 min of electrochemical
oxidation, suggesting their transition from neutral states to
higher levels of doped states (see the orange and red peaks in
Figure 3ab).”” Such cationic doping is much stronger in
contrast to the weak benzo[d][1,2,3]triazole acceptor-contain-
ing PIDTT—TBzT/PIDTT—EBzE pair. PIDTT—TBzT was
found as the least reversible candidate during the electro-
chemical stability tests and anodic oxidation at variable scan
rates, as discussed earlier (see Figures Sllab and Sl2c,
Supporting Information). XPS analysis of its oxidized state
revealed moderate shifts of the imine and amine functional
groups up to 0.7 eV toward higher binding energies but also
showed strongest shifts of the S(2p) core level spectra toward
lower binding energies as compared to the other three
polymers, indicating an electronic imbalance in the doped
polymer backbone (see Figure S13 and Table S1, Supporting
Information). In the case of PIDTT—EBzE, the electro-
chemical doping was less localized at the nitrogen atoms in the
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Figure 4. Electrochromic spectra of (a) PIDTT—TBT, (b) PIDTT—EBE, (c) PIDTT—TBzT, and (d) PIDTT—EBzE thin films, as prepared by
spin coating onto an ITO/glass substrate. The spectra were measured by increasing the voltage from —0.4 V (blue line) to 1.0 V (red line) vs Fc/
Fc* at intervals of 0.1 V. The supporting electrolyte was 0.1 M solution of NBu,PF, in anhydrous acetonitrile. The polaronic and bipolaronic
absorption regions are schematically illustrated by the orange and red highlights, respectively. The corresponding L*a*b* color coordinates are
included in Figure S15 and Table S3 (Supporting Information), while Figure S16 (Supporting Information) shows the transmission spectra and

photographs illustrating the development of the color of the films.

acceptor unit but instead more balanced by the EDOT groups
as indicated in the positive shifts of the fitted binding energies
of O(1s) in Table S1 (Supporting Information). In other
words, the charge is evenly delocalized along the polymer
backbone, effectively stabilizing the doped states, which was
also suggested by the DFT calculations discussed earlier (i.e.,
also without taking into account the interactions of doped
polymers and electrolyte counterions and following additional
stabilization, which would be computationally very expensive
to simulate).

Although the oxidized and neutral films on the Pt mesh were
thoroughly washed with acetonitrile, XPS analysis detected
unbound electrolyte salt (NBu,PF) as indicated by the N(1s)
core-level spectra in Figure 3 and Table S1 (Supporting
Information). Excluding neutral PIDTT—TBT, quaternary
nitrogen was found in all other polymer samples both in
their oxidized and neutral states, as indicated by the green
peaks in Figure 3. As for PIDTT—EBzE, no indication for
quaternary nitrogen can be made because of the strong overlap
of triazole-ammonium species in the polymer structure.

High doping levels were calculated for the oxidized polymers
based on the atomic compositions of the XPS samples in Table
S2 (Supporting Information). PIDTT—TBT and PIDTT—EBE
featured 82 and 62% p-doping after 3 min of electrochemical
oxidation, which is equivalent to four out of five and three out
of five repeating units being doped, respectively, whereas
PIDTT—-TBzT and PIDTT—EBzE exhibited >100% doping
levels upon oxidation. Significant percentage of p-doping was
also found in the dedoped neutral state of PIDTT—EBE and to
smaller extents in the neutral states of PIDTT—TBT and
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PIDTT—TBzT, further indicating the inherent property of
IDTT-based polymers for stable capacitive trapping of charges
at low scan rates, in line with our earlier observation in CV
measurements. PIDTT—EBzE was an exception in that it was
the only polymer displaying complete dedoping in its neutral
state, which is combined with highest doping levels in this
study. We note, however, that the calculated doping levels only
represent the top layer of the films because the penetration
depth of XPS is within the few-nanometer range. During
electrochemical cycling (doping/dedoping), the bottom layers
of the films in close contact with the Pt electrode are effectively
neutralized, becoming less conducting and insulating the
doped polymer layers further away from the electrode.
Oxidized structures of the neutral films (Figure 3, top panels)
were detected under XPS because of the charge trapping in the
top layers of the films. It is also noteworthy that the
electrochemically conditioned films were stable in their neutral
and oxidized states, as they were washed, dried, and stored
under ambient conditions in total 3+ days before they were
subjected to XPS analysis (see the Supporting Information for
details). The ability of the IDTT-based polymers to trap and
stabilize charges highlights their potential as highly energy
efficient materials for electrochromic operation and energy
storage applications. Herein, no continuous input of energy is
needed to maintain the doped states.

For the electrochromic characterization, the polymer films
were either spin-coated or spray-coated onto an ITO-glass
substrate, which functioned as the electrochemical working
electrode. The polymers were coated to an absorbance of 1.00
+ 0.03 a.u. to allow fair comparison of their optical properties,
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Figure 5. Kinetic measurements of spin-coated (a) PIDTT—TBT, (b) PIDTT—EBE, (c) PIDTT—TBzT, and (d) PIDTT—EBzE films, as
measured at the maximum transmittance difference in the electrochromic spectra with potentials vs Fc/Fc*. The film thickness was 190 nm for
PIDTT-TBT, 150 nm for PIDTT—EBE, 90 nm for PIDTT—TBzT, and 115 nm for PIDTT—EBzE. The supporting electrolyte was 0.1 M solution

of NBu,PF in anhydrous acetonitrile.

and the resulting spectra of the spin-coated films are shown in
Figure 4 and those of the spray-coated films are included in
Figure S14 (Supporting Information). The electrochromic
characterization was performed by a stepwise increase in the
applied potential at intervals of 0.1 V in the range from —0.4 to
1.0 V. The blue line represents the absorption of the neutral
polymer at —0.4 V through the black lines at increasing
potentials to the red line describing the absorption of the fully
oxidized polymer at 1.0 V. Both spin- and spray-coated
polymers featured spectra that are closely similar to the
absorption profiles shown in Figure 1, with minor discrep-
ancies in the relative peak intensities, which we attribute to the
slightly different stacking of the polymer chains on the ITO-
glass substrate as compared to the neat polymer films on the
glass substrate. Note that the electrochromic spectra are
reported in situ after applying two electrochemical redox cycles
in the supporting electrolyte (see the Supporting Information
for details).

The strong absorption of PIDTT—TBT, PIDTT-EBE,
PIDTT—TBzT, and PIDTT—EBzE is fully bleached and a new
absorption band in the NIR region is formed upon oxidation in
all cases. The newly formed absorption band red-shifted and
eventually fell out of the measured spectral range at 1.0 V,
although the broad absorption of PIDTT—TBT diminished
already at 0.9 V and that of PIDTT—EBE diminished at a
slightly lower potential of 0.8 V. Higher applied potentials did
not deliver any observable benefit in further bleaching the
visible absorption of these two polymers. In fact, the spray-
coated films showed signs of excess doping taking place at 1.0
V, which is regarded as overoxidation and observed as an
emerging blue absorption band at 400—500 nm (see Figure
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S14ab, Supporting Information). The spin-coated films
featured superior stability toward high voltages. In the case
of PIDTT—TBzT, the absorption is rapidly extinguished
between 0.4 and 0.8 V but the far-red/NIR tail of the oxidized
polymer kept bleaching up to 1.0 V in both spin- and spray-
coated films, producing fully transparent states. Sufficient
bleaching of PIDTT—EBzE is obtained by stepwise oxidation
to 0.8 V, without any sign of overoxidation at higher potentials.

Color coordinates of the polymer films in the Commission
Internationale de 1'Eclairage (CIE) L*a*b* color space are
included in Figure S15 and Table S3 (Supporting Informa-
tion), whereas the observed colors in the red—green—blue
(RGB) color space are visualized by the transmission (T %)
spectra in Figures $16 and S17 (Supporting Information) and
further illustrated by the photographs therein. As expected,
PIDTT-TBT displayed a color-neutral, strongly absorbent
dark gray/black neutral state. The green tint of PIDTT—EBE
originates from the small transmission window in the 525—575
nm spectral region. PIDTT—TBzT and PIDTT—EBzE
featured deep-pink and purple neutral states, respectively.
Despite the distinctively different optical absorptions of the
four polymers, they all featured similarly bleached oxidized
states with the minor difference that the PIDTT—EBE/
PIDTT—EBzE pair showed a relatively stronger residual
absorption tail in the far-red/NIR region as compared to the
PIDTT-TBT/PIDTT—TBzT pair, causing relatively more
blue transmission in the former two polymers (see Figures S16
and S17, Supporting Information). This observation is in good
agreement with our earlier discussion about Figure 1 because
the stronger donor contribution in the optical absorption of
EDOT-containing polymers translates to a stronger polaronic
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band in Figures 4 and S14 (Supporting Information), as
compared to the weaker thiophene donor-containing polymers
(see ref 76 for the detailed constitution of polaronic and
bipolaronic absorption). We note that the coloration and
bleaching of the spray-coated films were almost identical to
those of the spin-coated films, which is further observed from
the superimposed color coordinates following the same
bleaching pattern in Figure S1S5 (Supporting Information).
The electrochromic performance of the polymers reported in
this work is sufficiently robust regardless of the coating
method, thus allowing facile scale up of electrochromic
applications.

The speed of optical switching between fully oxidized and
reduced states, that is, kinetics, of the spin-coated polymer
films is shown in Figure S and that of the spray-coated films is
included in Figure S18 (Supporting Information). The
switching kinetics were measured at the absorption maxima
of PIDTT—-TBT, PIDTT—EBE, PIDTT—TBzT, and PIDTT—
EBzE, as specified in the figures. The potential range was
chosen for each polymer based on the full CV redox cycle in
Figure S12 (Supporting Information) and the achieved
bleaching in Figures 4 and S14 (Supporting Information).
The oxidation and reduction were recorded at constant
potential steps over 10, 2.5, 1, and 0.5 s.

We observe that the full optical switching capacity of
PIDTT—TBT is steadily decreased at increasing speed from 10
s to 2.5 s and faster, the maximum speed for full switch laying
in the S s timeframe. For the other three polymers, PIDTT—
EBE, PIDTT—TBzT, and PIDTT—EBzE, the performance is
maintained at 2.5 s and close to that at even higher speeds.
Only PIDTT—TBzT showed a significant delay in 0.5 s
switching (observed as shift of the baseline in Figure Sc),
which we tentatively attribute to the low polarity of the
polymer backbone that made it susceptible for charge trapping,
in line with the limited electrochemical stability of the polymer
(see Figures S1la,b and S12c, Supporting Information). This
assumption is further supported by the fact that the less-polar
PIDTT-TBT/PIDTT—TBzT pair exhibited faster switching
kinetics when spray-coated, while the more polar PIDTT—
EBE/PIDTT—EB:ZE pair performed faster by spin coating (see
Figures S and S18, Supporting Information). Spray-coated
polymer films tend to exhibit a rougher morphology than their
spin-coated counterparts, and the spray-coated films may
accordingly facilitate better ingress of the electrolyte ions for
improved charg7e transport and stabilization of the oxidized
polymer.°>®*””"® This is observed as improved kinetics,
particularly in the case of the spray-coated PIDTT—TBzT
film. The same is true for PIDTT—TBT, which, however, did
not show any obvious optical sign of charge trapping neither in
the spin-coated nor spray-coated films. In the case of PIDTT—
EBE and PIDTT—EBzE, spin-coated films were more effective
in facilitating a polar environment for charge transport on one
hand and efficient electrochemical oxidation and reduction of
the polymer backbone on the other hand.

The promising electrochromic performance of the polymers
encouraged us to further study their long-term kinetics, and the
measurements were carried out for the spin-coated polymer
films over 1800 redox cycles. A switching speed of 5 s was
selected for PIDTT—TBT to obtain full oxidation and
reduction but 2.5 s was enough for PIDTT—EBE, PIDTT—
TBzT, and PIDTT—EBzE because of their fast kinetics,
corresponding to 300 min and 150 min of uninterrupted
operation. The acetonitrile-based supporting electrolyte was

replaced by the corresponding propylene carbonate solution to
prevent evaporation of the solvent during these long
experiments (acetonitrile bp 82 °C vs propylene carbonate
bp 240 °C). The potential range of the polymers is well within
the electrochemical window of these solvents. Figure S19
(Supporting Information) shows that all four polymers
featured good long-term switching stabilities. PIDTT—TBT,
PIDTT—EBE, and PIDTT—EBzE maintained >90% of their
maximum optical contrast (AT %) after 1800 redox cycles (i.c.,
3600 switches). However, PIDTT—TBzT was an exception in
that the polymer featured a slow decrease in optical contrast up
to ca. 1000 cycles, after which the performance stabilized and
remained essentially constant (80% of AT % retained). We
attribute the initial conditioning of PIDTT—TBzT to the
somewhat limited electrochemical stability and related charge
trapping in the spin-coated film, as discussed above. To get
further insights into this hypothesis, we carried out electro-
chemical impedance spectroscopy (EIS) measurements for the
spin-coated polymer films before and after the long-term
kinetic measurements. The EIS curves were recorded at an
increasing applied potential, as detailed in Figure S20
(Supporting Information). The general observation is that
the resistance of the films was not significantly decreased when
the potential was increased above 0.8 V (for PIDTT—TBT and
PIDTT—TBzT) and 0.4 V (for PIDTT—EBE and PIDTT—
EBzE), thus further confirming that the polymer chains are
fully oxidized and the films are saturated at their corresponding
bleaching potentials (see Figure 4). The decreasing resistance
in the order PIDTT—TBzT > PIDTT—TBT > PIDTT—EBzE
> PIDTT—EBE is well in line with the (designed) increasing
polarity of the polymers and the (observed) improving
electrochemical stability of the spin-coated films, specifically,
in the same order. The EIS curves of PIDTT—TBT, PIDTT—
EBE, and PIDTT—EBzE remained unchanged after 1800 redox
cycles, which further demonstrates the good long-term stability
of the films and the suitability of the polymers for real-life
electrochromic applications.

The ability of the polymers to retain their bleached state and
store the injected charge was studied by fully oxidizing the
spin-coated films and recording the development of the optical
absorption every 30 s over a period of 300 s, before finally
discharging the films electrochemically. The resulting spectra
are shown in Figure S21 (Supporting Information). All four
polymers featured diminishingly small self-discharging in situ
(i.e, immersed in the electrolyte), which is observed as
maintained bleached states after switching off the electrical
circuit. The PIDTT—TBT/PIDTT—TBzT pair showed almost
complete recovery of the optical absorption after electro-
chemical discharging. From the PIDTT—EBE/PIDTT—EBzE
pair, the absorption of PIDTT—EBE was completely
recovered, while PIDTT—EBzE displayed a decreased optical
density by ca. 0.2 a.u. (corresponding to a 20% decrease). We
attribute the incomplete optical regeneration of PIDTT—EBzE
to leaching of the well-maintained oxidized polymer film from
the ITO-glass surface instead of incomplete discharging
because the discharged film (Figure S21d, Supporting
Information) lacks the characteristic >800 nm absorption
band of a partially bleached polymer (see Figure 4d). The
leaching would be overcome in solid-state devices, where the
photoactive layer is sandwiched between two electrodes.”'* An
essential feature of electrochromic polymers is that they can be
used in passive displays and other optoelectronic applications
more energy efficiently, if they are able to maintain their
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Figure 6. Transmittance of spin-coated (a) PIDTT—TBT, (b) PIDTT—EBE, (c) PIDTT—TBzT, and (d) PIDTT—EBzE films as a function of
redox charge density and film thickness (symbols) with the curve fits (lines). Optical contrast (green) is calculated as the transmittance difference
between the oxidized (red) and reduced (blue) states. The supporting electrolyte was 0.1 M solution of NBu,PFy in anhydrous acetonitrile.

Table 1. Summary of the Performance of Spin- and Spray-Coated Polymer Films“

redox charge

maximum density coloration

contrast (QmC efficiency volumetric charge volumetric capacitance specific capacitance

(AT %) em™) (g, em’* CY) (Q, mC em™ (C, mF cm™) (C, Fg™)

polymer spin spray spin spray spin  spray spin spin spin

PIDTT-TBT 60 55 31 32 250 220 1.9 [2.1 + 02] x 10° 1.7 [1.9 + 0.1] x 10° 150
PIDTT-EBE 43 35 2.4 2.4 230 130 1.6 [1.8 + 0.4] x 10° 1.3 [1.5 + 0.4] x 10° 110
PIDTT-TBZT 72 66 27 27 360 330 2.3 [2.6 £ 0.6] x 10° 1.9 [2.2 + 0.5] x 10° 160
PIDTT—EBzE 69 60 3.1 3.2 300 260 2.8 [2.7 £ 0.5] x 10° 2.3 [22 + 04] x 10° 190

“The values are estimated from the fits in Figures 6 and S22 (Supporting Information) at their peak optical contrasts, while those in brackets are
averaged over at least 10 different samples with the film thickness varying in the full range of Figure 6a—d.

colored and bleached states without an external bias, as
successfully demonstrated for the four polymers in this work.
An interesting observation outside the presented data is that all
four polymers maintained their bleached state also when
exposed to ambient air outside the supporting electrolyte for
30 min or so, and the colored state was recovered by applying a
CV redox cycle back in the electrolyte solution.

Figure 6 shows the evolution of the optical contrast as a
function of film thickness and redox charge density (Q) for the
spin-coated polymers, while the corresponding data for spray-
coated polymers are included in Figure S22 (Supporting
Information). Linear correlation was found between the film
thickness and Q. Table 1 summarizes the electrochromic
performance and the charge consumed—or stored—in the
process of obtaining the reported AT % values, as calculated
from integrated CV redox cycles at 100 mV s™' in the

corresponding anodic potential range (see the Supporting
Information for details). For the volumetric charge (Q,) and
volumetric capacitance (C,) describing the available redox cites
per volume, we focus on spin-coated films because the high
surface roughness of spray-coated films would translate to a
relatively large error in the measured thickness.

The optical contrast was systematically higher for the spin-
coated films in all four polymers, with a notion that the less-
polar PIDTT—TBT and PIDTT—TBzT featured higher AT %
than the corresponding more polar PIDTT—EBE and
PIDTT—EBzE, respectively. Another general observation is
that PIDTT—TBT and PIDTT—EBE reached their AT % at a
film thickness of ca. 150 nm but in the case of PIDTT—TBzT
and PIDTT—EBzE, the maximum optical contrast was
achieved with slightly thinner films of ca. 110 nm (see Figure
6, lines), as expected from the higher absorption coefficients of
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the latter two polymers. Contrary to AT %, the redox charge
density was far less sensitive to the film quality, and both spin-
and spray-coated films exhibited almost identical charge
densities within +0.1 mC cm ™ deviation (see Table 1). The
coloration efficiency () was in good agreement with the
observed AT % for both spin- and spray-coated films, and the
higher optical contrast of spin-coated films translated to higher
1, as summarized in Table 1. To the best of our knowledge,
these values rank to the top of all-polymer electrochromic
supercapacitors’**®* and among the best-performing black-
to-transparent and colored-to-transparent electrochromic
polymers.””**** The record 5 values are more than three
times higher for conventional electrochromic polymers, which
stem from their approximately three times lower charge
densities compared to the IDTT-based polymers in this
study.””

Efficient doping/dedoping of PIDTT—TBT and PIDTT—
EBzE (illustrated by the XPS atomic composition of the
oxidized/neutral films in Table S2, Supporting Information) is
observed as the highest Q among the four polymers, whereas
the less efficiently dedoped PIDTT—EBE and PIDTT—TBzT
teatured lower charge densities. A further observation is that
the thinner films of PIDTT—TBzT and PIDTT—EBZzE led to
higher Q, and C, as compared to the thicker PIDTT—TBT and
PIDTT—EBE films (Table 1). The measured Q, and C,
correlate well with the optical contrast of the four polymers,
and the low contrast of PIDTT—EBE is inherently linked to its
incomplete dedoping and lowest C, in this series. PIDTT—
EBZE stands out, as it featured a highest C, of 2.3 X 10° mF
cm™3, which we attribute to the strong polymer—electrolyte
interaction and sufficient stabilization of the charged states
following the complete doping/dedoping process. This is
further justified by comparing the scan rate dependency of the
capacitance of PIDTT—EBzE in acetonitrile and propylene
carbonate electrolytes (Figure S23a,c, Supporting Informa-
tion). The C, was significantly higher in the acetonitrile
electrolyte at all scan rates, eventually exceeding 3 X 10° mF
em™ at 5 mV s7, thanks to the enhanced ion ingress. The
corresponding CV redox cycles became relatively more
resistive at high scan rates without a significant change in the
peak currents above S00 mV s™', as the ions could not get
sufficient time to diffuse into the films (see Figure S23b,d,
Supporting Information). We note, however, that the polymer
featured excellent electrochemical stability even under the
latter conditions, where it could not be stabilized by the
electrolyte ions. Assuming an average density of ca. 1.2 g cm™
of a conjugated polymer (thiophene- and EDOT-based, alkyl
side chains containing polymers typically ranging between 1.0
and 1.4 g cm™),”"*" the C, of PIDTT—TBT, PIDTT—EBE,
PIDTT—TBzT, and PIDTT—EBzE measured at the high scan
rate of 100 mV s~ corresponds to a C, of approximately 150,
110, 160, and 190 F g7', respectively, which are the highest
values reported for all-polymer electrochromic supercapacitors
(for comparison, see Table S4 and Figure S24, Supporting
Information).>**®*3 It is then significant that the C, of
PIDTT—EBZE reaches 260 F g™" at the low scan rate of S mV
s™' and compares to that of the state-of-the-art polymer
composite electrodes used in supercapacitors—as a single
electro-optical material.>*>°

Overall, we attribute the high charge storage capacity to the
combination of (i) strong absorption of the polymers that
allows coating of the films at low thickness and (ii) effective
stabilization of the oxidized polymers by the optimized

electrolyte that facilitates (iii) substantially high doping levels
and full charging and discharging within a 5—10 s timeframe,
thereby making PIDTT—TBT, PIDTT—EBE, PIDTT—TB:zT,
and PIDTT—EBZE an intriguing set of polymers with regard to
hybrid electrochromic and energy storage applications. More-
over, IDTT-based polymers are promising anodic (p-type)
electrodes that can be used to develop electrochromic
asymmetric supercapacitors with a wide potential window, in
combination with cathodic (n-type) polymer electrodes, so as
to obtain very high-energy density devices.

B CONCLUSIONS

This work represented the fusion of electrochromic and
energy-storing donor—acceptor copolymers. The optical and
electrochemical properties of the polymers were varied by
copolymerizing the IDTT donor monomer with four different
DAD segments, based either on a stronger electron acceptor in
PIDTT—TBT and PIDTT—EBE or a weaker electron acceptor
in PIDTT—TBzT and PIDTT—EBzE. The acceptors were
endowed either with the more polar EDOT or less-polar
thiophene spacers. The polymers featured strong optical
absorption but their distinctively different colors were
attributed to the DAD units and changes in the ICT character
in the polymer backbone. The absorption of PIDTT—TBT
spanned over the entire visible spectrum and produced an
achromatic dark gray/black color, while the spectrum of
PIDTT-EBE extended further into the NIR region with a
maintained absorption coeflicient and green tint to the film.
The coalescence of the two-band absorption of PIDTT—TBT
and PIDTT—EBE into a narrow single band in PIDTT—TBzT
and PIDTT—EBzE due to a weak ICT interaction is observed
as a deep-pink and purple color, respectively. Despite the
different colorations, all four polymers were effectively oxidized
to produce similarly bleached transparent states. The IDTT
structure stabilized the doped states and allowed electro-
chemical switching within a low potential range of AV < 1.2 V.
Hence, the polymers showed excellent long-term switching
stabilities, which is manifested by maintaining 80—98% of their
initial optical contrast after 1800 charge—discharge cycles.
PIDTT—EBzE outperformed the other polymers in this study,
as the strong polymer—electrolyte interaction, separation of the
polymer chains by alkyl side chains, and efficient electro-
chemical doping (and dedoping) of the polar backbone in the
excess of 100% had a direct impact in delivering the highest
specific capacitance out of the four polymers, reaching 260 F
g ' at 5 mV s7'. Nevertheless, the capacitances of the polymers
were all in the range of 110—190 F g_1 at 100 mV s~}, which
rank as the highest values reported for all-polymer electro-
chromic supercapacitors. It is significant that the IDTT-based
polymers deliver an electro-optical performance that is close to
that of the state-of-the-art nanostructured composite electro-
des but importantly allow much simplified solution-based
fabrication of electrochromic supercapacitors. Further opti-
mization is needed to surpass the performance of the
composite electrodes, for example, by improving the electro-
Iyte jon transport in well-structured polymer architectures.
This work provides a new approach not only to (i) the design
of electrochemically stable alternatives to the EDOT-based
polymers aiming at high-contrast electrochromic switching and
easy color tuning but also to (ii) the development of new types
of energy-storing polymers that exhibit high capacitances and
enable fast charging and discharging on demand and their
synergistic applications in color-indicating and self-regulating
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smart energy systems that can visually show the stored energy
level and, if integrated with OPVs, simultaneously harvest and
store solar energy.
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