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Pseudocapacitive polymers offer potential for higher energy densities than electrostatic double layer capacitive materials and lower
cost than pseudocapacitive metal oxides. These polymers typically demonstrate good stability when storing positive charge but poor
stability when storing negative charge. The power and energy densities of these materials is also limited when the operating voltage
window is restricted to positive voltages. The development of polymers capable of stable positive and negative charge storage is
necessary to allow a wider voltage window and create high performance polymer supercapacitors. Here we present a PEDOT-
pendant tetrachlorinated perylene diimide polymer capable of storing positive and negative charge, which utilizes a donor-node-
acceptor architecture to prevent electronic interaction between positive and negative charge storing units. The polymer films show
balanced charge storage and excellent stability in both positive and negative charge storage, retaining more than 80% of their ca-
pacitance over 1000 cycles. The films demonstrate moderate capacitances of 78.6 F g* in the positive region and 73.1 F g in the
negative region at 0.5 A g, as well as excellent rate capabilities in positive and negative charge storage regions of 87% and 56% at
20 A g%, respectively. The polymer film was applied as both electrodes in a symmetric type Il supercapacitor device with a gel
polymer electrolyte, demonstrating a wide operating potential range of 2.2 V. These results demonstrate that the cycling stability of
ambipolar polymers can be improved using a donor-node-acceptor polymer architecture with an extended m-conjugated donor unit.

INTRODUCTION

Supercapacitors are energy storage devices that are capable of
delivering both high specific energy and high specific power."
% High surface area carbon materials such as activated carbon,
carbon nanotubes, and graphene have received significant
attention as electrode materials for supercapacitors.*” These
materials store energy through a non-Faradaic electrostatic
double-layer (EDLC) mechanism, which allows very rapid
charge and discharge, but limits the energy that can be stored
by the accessible surface area of the electrode materials.®® In
contrast to EDLC materials, pseudocapacitive materials such
as RuO,, MnO; and m-conjugated organic polymers exhibit
Faradaic charge storage, with formal chemical oxidation and
reduction, in addition to electrostatic charge storage.'%!? The
Faradaic charge storage mechanism allows these pseudocapac-
itive materials to store greater amounts of energy than high
surface area carbon-based materials.* n-conjugated polymers
offer high power density, good cycle life, redox tunability by
chemical modification, and potential low cost relative to the
inorganic pseudocapacitive materials.*** However, most
common z-conjugated polymer systems used in supercapacitor
devices, such as poly(3,4-ethylenedioxythiophene) (PEDOT),
polypyrrole, and polyaniline, are only capable of positive
charging.®*® Supercapacitors using these polymers are limited
to narrow positive charging voltage windows, typically 0.8 to
1.4 V. This voltage window restricts the amount of energy that
can be stored, which is proportional to the square of the oper-
ating voltage.® Negative charge storing polymers have been
developed, however they typically suffer from poor cycling
stability, and it is difficult to match charge storage across dif-
ferent polymers to be used in asymmetric devices.®

The optimal configuration for a polymer-based supercapaci-
tor device would consist of two electrodes made from a single
ambipolar polymer capable of stably storing both positive and
negative charge, known as a Type Il device.'"*® However,
suitable ambipolar materials are rare, usually exhibiting rela-
tively poor stability for negative charge storage.’®* Recent
progress on donor-acceptor n-conjugated polymers has shown
that it is possible to improve negative charge storage stability
by introducing electron-withdrawing groups, but this results in
a corresponding reduction in positive charge storage perfor-
mance.?*% It is thus beneficial to isolate positive and negative
charge storing units in order to maintain the individual per-
formance of each. Qin et al. synthesized a donor-node-
acceptor polymer, consisting of a dicarbazole donor unit and a
tetrachlorinated perylene diimide (PDI) acceptor unit.?” This
donor-node-acceptor architecture decouples the performance
of the positive and negative charge storage by separating the
negative charge accepting PDI unit from the positive charge
accepting dicarbazole through the node-like nitrogen atoms.?
Contrary to most ambipolar polymers, the donor-node-
acceptor network polymer synthesized by Qin et al. demon-
strated remarkable negative region stability of 89% capacity
retention after 1000 cycles, but limited positive region stabil-
ity. This limited positive region stability was potentially
caused by the minimal amount of possible delocalization of
positive charge across the small dicarbazole donor unit, as
poly(carbazole) derivatives have shown excellent cycling sta-
bilities in previous reports.?*

We hypothesized that we could improve the stability of the

donor-node-acceptor structure by using an extended =-
conjugated polymer donor unit. Herein we report the synthesis



of a 3,4-ethylenedioxythiophene (EDOT)-functionalized tetra-
chlorinated perylene diimide monomer. This monomer was
electrochemically polymerized to form an ambipolar
poly(EDOT)-pendant tetrachlorinated perylene diimide donor-
node-acceptor polymer film possessing excellent ambipolar
character and remarkable stability. This synthetic strategy can
be extended to vary the donor unit and solubilizing groups to
optimize film properties and electrochemical behaviour. A
type 1l polymer supercapacitor was constructed using the
electropolymerized polymer films.

RESULTS AND DISCUSSION

The asymmetric EDOT-functionalized tetrachlorinated PDI
was designed to provide isolated units for positive and nega-
tive charge storage. The PDI acceptor unit is able to store two
electrons per unit with excellent stability.®*%2 The addition of
the chlorine atoms at the bay positions of the PDI unit lowers
the HOMO and LUMO of the PDI unit, stabilizing the n-
doped charge state and lowering the reduction potential.®*34
The EDOT monomer unit can be electropolymerized at posi-
tive potentials without affecting the PDI unit.*® In addition,
PEDOT is known to possess excellent cycling stability due to
its delocalization of positive charge across extended conjuga-
tion lengths. The extended branched alkyl chain confers solu-
bility to the monomer unit.

The node nature of the imide nitrogen atoms was examined
using DFT calculations with a B3LYP functional and 6-
31G(d) basis set (Figure 1). A tetrachlorinated PDI core (PDI-
4Cl), an EDOT monomer, and the asymmetric PDI-4CI-EDOT
monomer were modeled, with methyl groups substituted for
alkyl chains for computational simplicity, and the molecular
orbital energy levels were compared. The DFT calculations
support the predicted node nature, as the HOMO of the PDI-
4CI-EDOT is localized on the EDOT unit (Figure 1a). The
LUMO is localized on the tetrachlorinated PDI core in both
the PDI-4Cl and the PDI-4CI-EDOT monomer (Figure 1b).
This reinforces that the PEDOT backbone stores positive
charge while the negative charge storage is localized to the
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tetrachlorinated perylene diimide cores. In addition, the calcu-
lated energy levels of the PDI-4CI-EDOT monomer were
compared to the component units (Table S1). The HOMO
level is comparable to that of the EDOT unit, while the LUMO
level is comparable to the LUMO level of the PDI-4CI unit.
This resembles traditional donor-acceptor structure polymers,
where the donor contributes much of the HOMO character and
the acceptor contributes much of the LUMO character.%

To carry out the synthesis, several important intermediates
needed to be prepared. The PDI core was synthesized by first
chlorinating the bay positions on perylene-3,4,9,10-
tetracarboxylic dianhydride (S1) with chlorosulfonic acid and
iodine. A mixture of tri-, tetra- and penta-chlorinated deriva-
tives was formed (S2), which was unable to be separated
through chromatography or recrystallization. The crude mix-
ture was treated with 1-butanol and 1-bromobutane, which
enabled isolation of the tetrachlorinated tetraester dye (S3) by
silica gel chromatography (Scheme S1).%7

The amine-functionalized EDOT unit (EDOT-MeNH,) was
synthesized from the chlorinated precursor (S4) by treating
with sodium azide to form EDOT-MeN; (S5). The EDOT-
MeN; was subsequently reduced to EDOT-MeNH, (S6) using
triphenylphosphine and sodium hydroxide (Scheme S2).

The asymmetric EDOT and octyl-dodecylamine-
functionalized PDI (PDI-4CI-EDOT-012) was synthesized
from the tetrabutyl ester dye (1) (Scheme 1). The tetrabutyl
ester compound was treated with p-toluenesulfonic acid mon-
ohydrate in refluxing heptanes to obtain the tetrachlorinated
bisester dye (2).%® This reaction was extremely sensitive to
temperature and reaction time, resulting in a mixture of the
tetrachlorinated bisanhydride, bisester and tetrabutyl ester
derivatives. The tetrabutyl ester derivative was removed by
repeated washing with hexanes, and the monoanhydride was
purified using Soxhlet extraction, though some of the bisanhy-
dride compound remained. The tetrachlorinated bisester (2)
was functionalized with a large branched alkyl chain to pro

PDI-4CI-EDOT
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Figure 1. a) HOMO and b) LUMO diagrams of PDI-4Cl core, EDOT monomer, and asymmetric PDI-4CI-EDOT monomer. DFT

was performed using the B3LYP functional and 6-31G(d) basis set.



Scheme 1. Synthesis of PDI-4CI-O12-EDOT

R-NH, cl
— = cCl

propionic acid
reflux, 16 h

vide solubility (3). This intermediate was treated further to
remove the remaining tetrabutyl esters (4) and conjugated to
an EDOT unit by treating with EDOT-MeNH- in propionic
acid to form PDI-4CI-EDOT-012 (5). The structure of PDI-
4CI-EDOT-012 was confirmed by MALDI-TOF mass spec-
trometry, *H NMR spectroscopy and *C NMR spectroscopy
(Supporting Information).

The PDI-4CI-EDOT-012 monomer was polymerized
through oxidative electrochemical polymerization on a Pt
button electrode using cyclic voltammetry (CV). The poten-
tial was cycled from 0 V to 1.5 V relative to the ferro-
cene/ferrocenium (Fc/Fc*) redox couple in a dichloro-
methane solution containing 5 mM PDI-4CI-EDOT-012 and
0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg).
The current passed at the electrode surface increased with
additional cycling, consistent with the formation and deposi-
tion of polymer on the electrode surface (Figure 2).
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Figure 2. Cyclic voltammogram of PDI-4CI-O12-EDOT in 0.1
M TBAPFs in dichloromethane at 100 mV s (20 scans shown).

After the potential was cycled 20 times, the films were
thoroughly rinsed with 0.1 M TBAPF; in dichloromethane to
remove any residual monomer. The mass of the polymer
films was estimated by the amount of charge passed during
film formation. The electrochemical characterization of the
polymer films was carried out using CV, galvanostatic
charge/discharge (GCD) and electrochemical impedance
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spectroscopy (EIS). Cyclic voltammograms of the

PEDOT/PDI polymer film were carried out separately in
both the negative and positive regions to prevent charge
trapping. The CVs showed balanced charge storage in both
positive and negative regions, which is beneficial for a Type
111 supercapacitor (Figure 3). In the positive region, the film
exhibited a broad delocalized redox wave indicative of a
PEDOT backbone. In the negative region, there are two re-
versible redox processes at -0.72 V and -0.89 V relative to
the Fc/Fc* redox couple. These are associated with the re-
versible two electron reduction of the PDI-4Cl core.
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Figure 3. Positive (black) and negative (red) cyclic voltammo-
grams of PEDOT/PDI polymer film in acetonitrile with 0.1 M
TBAPFs at a scan rate of 10 mV s,

The redox behaviour was further examined using GCD
curves (Figure 4). The positive GCD curve demonstrates
expected triangular behaviour, with deviation from ideal
behaviour due to the pseudocapacitance of the polymer. The
small IR drop is attributed to the large, non-conductive alkyl
chains causing increased resistance within the films relative
to PEDOT. The negative GCD curve shows triangular be-
haviour with a prominent IR drop, which is attributed to poor
conductivity across the PEDOT in the n-doped state, as well
as the non-conductive alkyl chain mass. The capacitances of
the film were calculated from GCD in both positive and neg-
ative potential ranges by integrating the area under the GCD



curves. The positive region capacitance was 78.6 F g* at 0.5
A g%, while the negative region capacitance was 73.1 F g at
0.5 A g, demonstrating well balanced charge storage and
moderate capacitances relative to other ambipolar polymers
in literature (Table S3). The moderate capacitances are at-
tributed to two factors: the redox-inactive alkyl chain needed
for monomer solubility, and potentially overestimated film
masses. The large, branched alkyl chain accounts for ~30%
of monomer mass, but does not significantly contribute to
the electrochemical properties, which decrease the capaci-
tances relative to films without these alkyl chains. In addi-
tion, film masses were calculated based on the charge passed
during the polymerization with an assumed efficiency of
100%, but the coulombic efficiencies of electrochemical
polymerization can be as low as 16%, suggesting these ca-
pacitance values may be a significantly higher.3%40
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Figure 4. Galvanostatic charge-discharge of PEDOT/PDI film in
a) positive and b) negative regions in acetonitrile with 0.1 M
TBAPFes.

The film rate capabilities were studied at currents densities
of 0.5 A g*to 20 A g*. The film demonstrates excellent rate
capability in the positive region, maintaining 87.4% of its
capacitance at discharge current rates as high as 20 A g*
(Figure 5a). The negative region demonstrated moderate rate
capability, maintaining from 89.9% to 56.3% of capacitance
across the range of increased discharge current rates. This is
attributed to the increased resistance of the film in the nega-
tive region as a result of the poor conductivity through the
PEDOT backbone in the n-doped state.** The film was re-
peatedly charged and discharged in both positive and nega-
tive regions to examine capacitance retention and coulombic
efficiency during cycling (Figure 5b). The film has good
positive charge storage stability, retaining 79.6% of its initial
capacitance after 1000 cycles at a high current rate of 10 A g
! with coulombic efficiencies near 95%. The film also has
excellent negative charge storage stability, retaining 94.7%
of its initial capacitance after 1000 cycles at 5 A g, with
coulombic efficiencies near unity. This is among the most
stable positive and negative cycling of ambipolar polymers
we found in literature (Figure 5c, Table S3).

The electrical conductivity and charge transport behavior
of the films was probed using EIS. The films were held at six
different potentials relative to Fc/Fc* across a 2 V window
during testing. Nyquist plots of the films were prepared
(Figure Sla-f), and the data was fitted to an equivalent cir-
cuit (Figure S1g) to examine how the behaviour changed
across the regions. The Nyquist plots show near vertical lines
in the low frequency regions across multiple potentials. This
suggests an accessible polymer film surface and good ca-
pacitive behaviour. In the negative regions, the resistance
values vary across different potentials, which arises as a
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Figure 5. a) Positive (black) and negative (red) capacitances of
PEDOT/PDI film at various discharge current densities. b) Ca-
pacitance retention (squares, left) and coulombic efficiencies
(triangles, right) of PEDOT/PDI film in positive (black) and
negative (red) regions. c¢) Comparison of ambipolar polymer
cycling stability in positive (black) and negative (red) re-
gions.2427

result of the interaction of densely packed PDI units in re-
duced states with cations.* In the negative region, the x-axis
of the Nyquist plot shifts to more positive values, suggesting
increased resistance relative to the positive and neutral po-
tentials. This is attributed to the difference in electron



transport along the zm-conjugated PEDOT backbone in the
positive and negative potential regions.*

The potential of the films in energy storage applications,
specifically as electrodes in supercapacitor devices, was ex-
amined in a Type 1l supercapacitor. The device was assem-
bled using two platinum button electrodes with polymer
films. Each film was deposited by electropolymerization,
then the films were rinsed thoroughly with monomer-free
electrolyte solution. The electrodes were charged to 0.1 V,
the midpoint of the operating range of the polymer films
determined using CV. The electrodes were coated with a
poly(methyl methacrylate)/TBAPF¢/acetonitrile gel polymer
electrolyte, and placed inside a Teflon casing separated by a
Celgard polypropylene separator. The devices were exam-
ined using CV (Figure 6a) and GCD (Figure 6b) across a 2.2
V potential range. The device produces rectangular capaci-
tive behaviour up to about 1.5 V, after which the rectangular
CV profile deviated. This is attributed to charge leakage
from the electrodes during device assembly. The GCD of the
device showed non-ideal triangular behaviour, including a
prominent IR drop, which is attributed to charge leakage
from the electrodes during assembly, as well as the re-
sistance of the polymer electrolyte and separator. The energy
and power densities of the device were calculated from the
discharge profiles (Figure S2). The device had a maximum
energy density of 8.95 Wh kg* at 1 A g and maximum
power density of 76.8 kW kg* at 100 A g*, demonstrating
the potential of this ambipolar polymer architecture to im-
prove the power and energy densities of supercapacitors by
allowing for wider operating potential windows.
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Figure 6. a) Cyclic voltammogram obtained at 100 mV s scan
rate and b) galvanostatic charge-discharge of PEDOT/PDI
symmetric supercapacitor.

CONCLUSIONS

In summary, a donor-node-acceptor monomer consisting of
an asymmetric tetrachlorinated perylene diimide functional-
ized with an EDOT monomer and a branched alkyl chain
was synthesized. The monomer was electrochemically pol-
ymerized to form a PEDOT/PDI polymer film. Cyclic volt-
ammetry of the polymer film reveals balanced positive and
negative charge storage with a wide operating potential win-
dow of 2.2 V. Galvanostatic charge-discharge experiments
show that the polymer films has moderate capacitances of
78.6 F g* (positive region) and 73.1 F g* (negative region)
and excellent rate capabilities in the positive region, retain-
ing 87.4% capacitance at 20 A g, with moderate rate capa-
bilities in the negative region. It is expected that modifying
the side chain used to confer solubility to the monomer could
improve the performance of this polymer further. Cycling
experiments show excellent stability in both regions, retain-
ing 79.6% capacitance after 1000 cycles in the positive re-
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gion and 94.7% in the negative region at high current densi-
ties. These are some of the most stable ambipolar polymer
electrodes to date, making them ideal for application in ener-
gy storage devices such as supercapacitors. The polymer
affords a Type Il supercapacitor using a gel polymer elec-
trolyte, operating over a wide voltage window of 2.2 V, and
demonstrating high maximum energy and power densities of
8.95 Wh kg and 76.8 kW kg respectively.
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