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Abstract: Pseudocapacitors offer a unique strategy to combine the rapid charging rates of a
capacitor with the high energy density of a battery, potentially offering a unique solution to energy
storage challenges. Bending, twisting, and generally deplanarizing aromatic building blocks to
form contorted aromatics has emerged as a new strategy to create organic materials with unique
and tunable properties. This manuscript studies the union between these two concepts: molecular
contortion and organic pseudocapacitors. The recent development of fully-organic
pseudocapacitors, including high-performing devices based on perylene diimide organic redox
units, introduces the added benefit of low cost, synthetic tunability, and increased flexibility. We
synthesize a series of polymers by joining perylene diimide with various linkers which incorporate
a helical moiety from [4]helicene to [6]helicene into the molecular backbone. We prepare three
new electroactive polymers that incorporate benzene, naphthalene, and anthracene linkers and
studied their pseudocapacitive performance to infer key design principles for organic
pseudocapacitors. Our results show that the naphthalene linker results in the most strongly-coupled

redox centers and displays the highest pseudocapacitance of 292 +47 F/g at 0.5 A/g. To understand



the pseudocapacitive behavior, we synthesize dimer model compounds to further probe the
electronic structure of these materials through electronic absorption spectroscopy and first-
principles calculations. Our results suggest that the identity of the aromatic linker influences the
contortion between neighboring perylene diimide units, the coupling between redox centers, and
their relative angles and distances. We find that competing molecular design factors must be
carefully optimized to generate high-performance devices. Overall, this study provides key
insights into molecular design strategies for generating high-performing organic pseudocapacitor

materials.

Introduction

The increasing electrification of the modern world has led to growing demands for improved
energy storage systems. The proliferation of personal electronics, electric vehicles, and electric
aircraft is largely enabled by metal-ion battery technologies. However, battery materials continue
to suffer from fundamental energy density limits, sluggish charging/discharging rates, and thermal
runaway issues.!> Furthermore, batteries typically rely on metal oxide materials that prevent the
development of flexible energy storage devices and in many cases contain expensive elements.’
Pseudocapacitors offer unique benefits as charge storage materials because they combine the high
energy densities of batteries with the high-power densities of capacitors.*® While a majority of
high-performance pseudocapacitors are based on metal oxide materials, the recent development of
advanced organic pseudocapacitors (in particular those incorporating conducting polymers) has
enabled the production of devices that are economical, sustainable, high performing and with a
diversity of form factors.”® Perylene diimide (PDI) derivatives are a stable, tunable, and low-cost
building block to construct organic pseudocapacitor materials with extraordinary properties.”!!

Previous studies explored coupling PDI redox sites through a triptycene linker, resulting in a



conducting polymer with stable pseudocapacitance for >10,000 cycles.’ The high performance of
these devices was attributed to the three-dimensional structure imposed by the triptycene core and
its high internal surface area, though the specific influence of the linker structure on the observed
electrochemical properties remains unexplored.

In this study, we design a series of PDI-based building blocks with variable conjugated linkers
to elucidate the design principles for helically contorted moieties in pseudocapacitor devices. We
create and compare three new polymers by systematically varying the linker length, from benzene,
to naphthalene, and anthracene (Figure 1), with the added benefit of including a helical moiety
from [4]helicene to [6]helicene into the molecular backbone. These materials offer a platform to
study the impact of linker length, conjugation, and the coupling between redox sites as they
decrease in distance due to the helical contortion. Electrochemical measurements of these
polymers indicate that the polymer containing the naphthalene linker (p-NPH) exhibits the optimal
performance, with the highest pseudocapacitance in the series at 292 + 47 F/g at 0.5 A/g, while
also being the most contorted with the [6]helicene backbone, resulting in the greatest coupling
between redox centers. To further understand the structure-properties relationship in these
materials, we synthesize small-molecule dimer models with varying conjugation, length, and
helicity. We probe the electronic structure of these materials through electronic absorption
spectroscopy, cyclic voltammetry, and DFT calculations.

Results and Discussion

Preparation of pseudocapacitive polymers. We synthesize the polymers p-BZ, p-NPH, and p-
ANH, where p stands for polymer and -BZ, -NPH, -ANH indicates benzene, naphthalene and
anthracene, respecitvely. These polymers are prepared through Suzuki coupling followed by

photocyclization onto the bay-region of PDI (Figure 1).!?> The photocyclization to form the



helicene subunits of the PDI core increases the rigidity and aromatic surface area of the polymers.’
The preparation of the dibromo-PDI and the respective borylated linkers is described in Reaction
Scheme S1-3, S6-8, S11-13. The dibromo-PDI core contains branched C-11 alkyl chains to
improve the solution processability of these materials. We characterize the polymers via mass
spectrometry and 'H-NMR, comparing characteristic peaks to that of dimeric materials, and then
remove the alkyl chains to increase porosity and conductivity through thermolysis to yield
insoluble powders (Figure S4-7, S10-15).>! We characterize these insoluble materials with TGA,
FT-IR, and CO; adsorption analysis to confirm their identity and properties prior to device-level

studies.
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Figure 1. Synthesis of the PDI polymers using a Suzuki coupling and photocyclization to form the

structures shown on the bottom right. The box inset shows the starting materials in the synthesis
with the polymer p-BZ linked via benzene, p-NPH linked via naphthalene, and p-ANH linked via

anthracene.

Electrochemistry and Pseudocapacitance Studies. To evaluate the electrochemical
performance of these polymers, we first prepare a slurry containing carbon black,
polytetrafluoroethylene (PTFE), and the active material (1:1:8 mass ratio) in N-methyl-2-

pyrrolidone. We next drop cast the slurry onto carbon paper and vacuum dry (see Supporting



Information for additional details) to form the working electrode. Finally, we soak the working
electrodes in 5 M NaCl solution under vacuum for 1 h to ensure full permeation of the porous
material. Figure 2a,b displays the cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) studies for each polymer. Taken together these data establish the pseudocapacitive nature
of these polymers. While PDI, the parent compound, is known to undergo two single-electron
reduction events centered on the imides, the cyclic voltammograms for these polymers each

display a single, broad, multi-electron reduction.”!® We measure half-wave potentials (E /2) for

these materials of —0.68, —0.66 and —0.76 V for p-BZ, p-NPH and p-ANH, respectively, indicating
that the extended, m-electron rich anthracene linker destabilizes reduction of p-ANH. Analyses of
the scan rate dependence of the CV profiles reveals pseudocapacitive behavior for these materials
(see the Supporting Information for details), which is further corroborated by the triangular shape
of the GCD curves (Figure 2b). The specific capacitance (Cs) in Figure 2¢ can be calculated from

the GCD according to the following equation:

o Ixt
ST mxAE

where [ is the current, ¢ is the discharging time, m is the mass and AE is the potential difference
for the discharge process. From this data measured across multiple devices, we find that p-NPH
exhibits the highest pseudocapacitance at 292 + 47 F/g, followed by p-BZ at 250 + 34 F/g, and p-

ANH at 147 + 18 F/g (at a cycling rate of 0.5 A/g).
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Figure 2. (a) Cyclic voltammograms of the PDI polymers measured at a scan rate of 30 mV/s with

the half-wave potential shown as a dashed line in the respective color for each polymer. (b) GCD

curves measured at 1 A/g. (c) Specific capacitance as a function of scan rate. (d) Nyquist plot from

100 kHz to 20 mHz. Inset: small semicircles at high frequencies. Measurements in (a-d) were

performed in a three-electrode set up in 5 M aqueous NaCl.

To probe the ion diffusion behavior and its relation to the differences in pseudocapacitance, we

perform electrochemical impedance spectroscopy (EIS) (Figure 2d) and galvanostatic intermittent

titration technique (GITT) (Figure S32). Figure 2d shows the Nyquist plots measured at the half-

peak potential of each polymer, which display semicircles in the high frequency regions, where

the x-axis intercept is attributed to the equivalent series resistance (ESR) of the system and the



diameter is the charge-transfer resistance (Rct) (see SI for a model of the circuit).!*>!* The ESR
values across the series show a slight variation with values of 1.95, 2.35, and 1.93 Q for p-BZ, p-
NPH and p-ANH, respectively. The Rct value also shows a small change from 0.68 Q in p-ANH
to 0.25 Q for p-BZ and 0.20 Q for p-NPH. Further analysis of the polymers show that the increased
length of the linker bridge does not affect the diffusion coefficient obtained from GITT (Table S1)
as ion mobilities on the order of 107 cm? s~ ! are measured across the series. In addition, we explore
CO» adsorption analysis on each of the polymers which shows increased adsorption and BET
surface area for p-NPH compared to p-BZ and p-ANH (Figure S33, Table S1). This increased
adsorption as derived from the helical structural motif is suggestive of a more open structure for
better ion diffusion though not manifested in the diffusion coefficient and ion mobility. Overall,
the CV, EIS, and CO, adsorption analysis results highlight key differences in the electrochemical
behavior of these materials, demonstrating the critical role of molecular design on device-level
performance. In particular, we find that the extended anthracene linker in p-ANH destabilizes the
PDI reduction events (by 100 mV relative to p-NPH) and generates an active material with the
highest charge transfer resistance (0.68 €2). In contrast, the naphthalene linker in p-NPH results in
an active material with the lowest charge transfer resistance (0.20 Q), the least negative reduction
potential (—0.66 V), highest BET surface area, and the highest pseudocapacitance (292 + 47 F/g)
in the series.

Synthesis of Model Dimers. To further probe the structure-properties relationships influencing
electrochemical performance in these systems, we synthesize dimer model compounds (d-BZ, d-
NPH, and d-ANH) as soluble analogues for homogeneous electrochemical and spectroscopic
studies (Figure 3a). The Supporting Information contains synthetic details.!®> The structures of d-

BZ, d-NPH, and d-ANH were confirmed through both NMR spectroscopy and mass spectrometry



(Figures S7-9, S16-18). The alkyl chains are not removed for these studies, in contrast to the

polymer synthesis, to allow for the solution-phase studies that follow. Sidechains were removed

on a small sample of each dimer via thermolysis followed by mass spectrometry to confirm

structure post thermolysis (Figure S19-21).
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Figure 3. (a) Structures of d-BZ, -NPH, and -ANH without dodecane sidechains. Pathway between

the imides to represent the PDI overlap colored in yellow, green, and red, respectively. (b)

Normalized electronic absorption spectra of PDI and the PDI dimers in dichloromethane with the

0-1 and 0-0 transitions of PDI labeled. (c) Cyclic voltammograms of PDI and the PDI dimers in

dichloromethane, measured at a scan rate of 50 mV/s.

Spectroscopy of Model Dimers. Figure 3b displays the electronic absorption spectra of d-BZ,

d-NPH, and d-ANH in dichloromethane (PDI parent compound spectra shown for comparison, see

Figure S34). PDI exhibits two characteristic peaks at 488 and 525 nm associated with m — "



electronic transitions.'®!® The higher energy 488 nm peak represents the 0-1 vibronic transition
and the lower energy 525 nm peak represents the 0-0 vibronic transition. When comparing the

dimers to PDI, both the 0-0 and 0-1 peaks are blue shifted in all cases. The ratio between the

absorbance of the 0-1 transition and the 0-0 transition ::0_1
0-0

aggregation in heavily conjugated molecules, like perylene compounds.'®!*2! A decrease in this
ratio represents an increase in aggregation and therefore an increase in the m — 7 interactions
between molecules in solution. Here, the Ao-1/A¢-o ratio decreases from d-BZ to d-ANH with a
value of 0.97, 0.77 and 0.65 for d-BZ, d-NPH and d-ANH, respectively (Figure S35a).
Furthermore, d-NPH experiences a red shift in the 0-0 transition when compared to d-BZ,
indicating an increase in the conjugation?? due to the NPH linker (Figure S35b). In comparison, d-
ANH displays a new low energy peak at 561 nm. A previous report on d-ANH attributes this low
energy absorption to anthracene-PDI intramolecular charge transfer (ICT)'8, suggesting a distinct
electronic structure for this material and further highlighting the influence of linker design on

material properties.
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d-BZ
8.71A

Figure 4. DFT energy minimized structures of d-BZ, -NPH, and -ANH showing the first lowest
unoccupied molecular orbital (LUMO) centered on the PDI rings. Shown here is the distance

between the central PDI rings (PDI-PDI distance is measured as shown in Figure S39d).



Electrochemistry of Model Dimers. To elucidate the connection between the linker structure
and electron delocalization, we perform electrochemical analysis of the dimers (Figure 3c). As a
proxy for electron delocalization in the reduced state, we investigate the electronic coupling
through CV. To quantify the electronic coupling, the comproportionation constant (KC) can be
calculated according to the following equation:

K¢ = exp{[E7 — E?]F/RT}
where EY and EY are the potential peaks labeled in the cyclic voltammogram of d-NPH (Figure
3c), F is Faraday’s constant, R is the gas constant, and 7 is temperature. A larger value of K¢ is
indicative of greater electronic coupling as seen in other fully organic systems.>*?’ The CV
profiles of d-BZ, d-NPH, and d-ANH exhibit four reduction waves consistent with two single-
electron reductions of each PDI unit in the dimers. In agreement with a previous study on the
electrochemistry of d-NPH and d-ANH'8, d-NPH displays a greater peak separation between the
four single-electron redox events when compared to d-ANH. The newly synthesized d-BZ exhibits
a larger peak separation than d-ANH, but overall, the cyclic voltammogram of d-NPH shows the
greatest separation between the two PDI redox events and is attributed to the greatest electronic
coupling across the NPH bridge. The K¢ values for d-NPH and d-BZ are 158 and 40, respectively,
indicating a greater degree of electronic coupling across the NPH linker. By contrast, no peak
separation is observed in the voltammogram of d-ANH, suggesting negligible electronic
communication across the ANH linker. The weak electronic coupling in d-ANH is consistent with
the steep decline in the pseudocapacitance of p-ANH compared to the other two materials. On the
other hand, d-NPH experiences both the greatest degree of electronic coupling and the highest
pseudocapacitance. The electronic coupling in the dimer models is one of the various factors

influencing the performance of our devices. The measured electronic coupling aligns with the trend

10



in the performance of our polymeric material and helps elucidate the mechanism behind the device
performance.

DFT Calculations for Model Dimers. To explore this impact of linker length on the distance
between the redox active PDIs, we perform density functional theory calculations on the dimer
models (computational methods provided in the SI). Geometry optimization of d-BZ, d-NPH, and
d-ANH result in stacked PDI units with varying degrees of PDI-PDI separation and qualitative
increase of aromatic surface area depending on the linker and helical motif (Figure S36-39). These
changes to the structure along the series could influence local hydrophilicity and electrolyte access
to the redox active sites. However, the lowest occupied molecular orbitals shown in Figures 4 of
the dimers predict that the PDI units remain the sites for reduction after coupling to these aromatic
linkers. We measure the distance between the centers of adjacent PDI units as a convenient proxy
for the separation between redox sites across the series. The smallest distance is calculated for d-
NPH, due to favorable [6]helicene contortion, relative to the shorter d-BZ, and the largest distance
between the PDI units is measured for d-ANH (Figure 4). The naphthalene linker results in the
shortest distance between neighboring PDI units in the optimized dimer, which is in line with the
strong electronic coupling observed in CV studies of d-NPH. These results indicate higher
electronic coupling between redox sites for the d-NPH structure as a function of n-m interactions
in the contorted structure rather than through bond coupling. Consequently, the calculated PDI-
PDI distances also follow the trend in polymer pseudocapacitance performance.

Conclusion

In this study, we prepared a series of contorted electron accepting polymers to probe the

influence of linker structure on electrochemical properties. Our results reveal key differences in

the electronic structure and electrochemical performance of these active materials as the linker is

11



changed from benzene, to naphthalene, to anthracene. By understanding the electrochemical
performance of these polymers through the prism of dimer models, we identify the degree of
electronic communication between neighboring redox sites as a critical parameter influencing
overall performance. The naphthalene-bridged polymer, featuring low charge-transfer resistance,
a small reduction potential, higher CO» adsorption, and minimized spatial separation between
redox units ultimately offers the best device performance in the series. As a result of these
combined factors that determine device performance, we measured capacitance values of 292 + 47
F/g for p-NPH, 250 + 34 F/g for p-BZ, and 147 + 18 F/g for p-ANH at a cycling rate of 0.5 A/g.
Other reported organic based pseudocapacitors show values of up to 689 F/g which demonstrate
the potential of this field but lack the insight gained from a fundamental study to describe design
principles for these materials.!” The recent development of PDI polymers with pseudocapacitance
comparable to inorganic materials charts a path towards innovative designs, including secondary
redox sites, along with further consideration of the electronic communication between these redox
sites. These design principles could enable next-generation materials to out-compete inorganic
counterparts, offering a new platform for economical, flexible, and adaptable energy storage

solution.
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