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The development of energy-storage materials has traditionally 
focused on costly metal-containing solids1. Recent successes 
in fully organic energy-storage materials2 have galvanized 

interest in lightweight, affordable and high-performance solutions 
for meeting globally increasing energy demands3. Pseudocapacitors 
bridge the gap between secondary batteries and supercapacitors, 
leveraging a combination of electrical double-layer capacitance and 
surface-level Faradaic redox processes to store and release charge at 
rapid rates4. As a result, pseudocapacitors can provide higher power 
than batteries and higher energy density than supercapacitors. 
However, most high-performance pseudocapacitors are fabricated 
from metal oxides, often requiring transition metals that are not 
Earth-abundant4. Fully organic pseudocapacitors are an inexpen-
sive and green alternative, but until now, they have underperformed 
compared with their inorganic counterparts5. These limitations are 
especially salient for electron-accepting materials used in negative 
electrodes, which are required for pairing with electron-donating 
materials in positive electrodes to achieve maximum performance 
in asymmetric cells6,7.

Here we report an extraordinarily high pseudocapacitive perfor-
mance from PHATN (perylene diimide–hexaazatrinaphthylene), 
an organic network fabricated from perylene diimide (PDI) and 
hexaazatrinaphthylene (HATN), whose synthesis and charac-
terization are demonstrated in this work. These complementary 
molecular units were selected for their unique structures and 
robust electrochemical properties. PDIs are common and inexpen-
sive industrial pigments8. Their use in electrochemical systems has 
been investigated extensively due to their notable stability, ease of 
derivatization and ability to reversibly accept electrons9. HATN is a 
planar aromatic molecule exhibiting a high density of electroactive 
moieties10 and synthetic flexibility11. In the design of PHATN, we 
demonstrate two major principles that may be generalized to other 
organic materials: (1) the selection of complementary electroactive 

components, in which each expands the voltage range and thus the 
charge-storage capacity of the system, and (2) the contortion of the 
aromatic surface participating in the pseudocapacitive behaviour, 
which opens space for electrolyte and ion movement, leading to 
enhanced rate capability.

Figure 1a summarizes the material synthesis (see Methods 
for details). The polymerization of PDI and HATN building 
blocks into the scaffold PHATN utilizes a facile two-step strat-
egy (Fig. 1a,b) based on Suzuki cross-coupling (Fig. 1c) fol-
lowed by visible-light flow photocyclization (Fig. 1d)12. The PDI  
building block is initially decorated with alkyl chains (R) to facili-
tate solution processing. Once formed into the polymeric frame-
work, these chains are removed via vacuum thermolysis, as shown 
by thermogravimetric analysis and gas chromatography-mass 
spectrometry of the condensate (Supplementary Figs. 5 and 6, 
respectively). Both 13C solid-state NMR (ssNMR) and infra-
red spectroscopy confirm near-quantitative removal of the alkyl 
chains (Extended Data Fig. 1a and Supplementary Fig. 7a) and 
retention of the imide moiety (Supplementary Fig. 7b). The result-
ing material (Fig. 1e) achieves best-in-class capacitance values of 
689 F g−1 at a current density of 0.5 A g−1 and performs well even 
at extremely high current densities (75 A g−1), yielding capaci-
tance values of over 430 F g−1. These values are the highest of any 
reported negative-electrode (that is, electron-accepting) organic 
pseudocapacitor material and outperform even well-established 
positive organic pseudocapacitor architectures (Fig. 1f). To dem-
onstrate a practical implementation of this material, we fabricated 
two-electrode hybrid energy-storage cells from PHATN using acti-
vated carbon (AC) as the cathode; these cells display impressive 
specific energy and power. Overall, we find that the mechanistic 
origin of PHATN’s performance is the prevalence of surface-level 
redox events that are directly attributable to the molecular design 
principles outlined above.

High-performance organic pseudocapacitors via 
molecular contortion
Jake C. Russell   1, Victoria A. Posey1, Jesse Gray1, Richard May2, Douglas A. Reed1, Hao Zhang3, 
Lauren E. Marbella   2, Michael L. Steigerwald   1, Yuan Yang   4, Xavier Roy   1 ✉, Colin Nuckolls   1 ✉ 
and Samuel R. Peurifoy   1 ✉

Pseudocapacitors harness unique charge-storage mechanisms to enable high-capacity, rapidly cycling devices. Here we describe 
an organic system composed of perylene diimide and hexaazatrinaphthylene exhibiting a specific capacitance of 689 F g−1 at a 
rate of 0.5 A g−1, stability over 50,000 cycles, and unprecedented performance at rates as high as 75 A g−1. We incorporate the 
material into two-electrode devices for a practical demonstration of its potential in next-generation energy-storage systems. 
We identify the source of this exceptionally high rate charge storage as surface-mediated pseudocapacitance, through a com-
bination of spectroscopic, computational and electrochemical measurements. By underscoring the importance of molecular 
contortion and complementary electronic attributes in the selection of molecular components, these results provide a general 
strategy for the creation of organic high-performance energy-storage materials.

Nature Materials | www.nature.com/naturematerials

mailto:xr2114@columbia.edu
mailto:cn37@columbia.edu
mailto:
s.peurifoy@columbia.edu
mailto:
s.peurifoy@columbia.edu
http://orcid.org/0000-0001-5539-2716
http://orcid.org/0000-0003-1639-3913
http://orcid.org/0000-0001-6337-2707
http://orcid.org/0000-0003-0264-2640
http://orcid.org/0000-0002-8850-0725
http://orcid.org/0000-0002-0384-5493
http://orcid.org/0000-0003-3875-3035
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-021-00954-z&domain=pdf
http://www.nature.com/naturematerials


Articles Nature Materials

The key structural feature underpinning the performance of 
PHATN is the contortion of the aromatic system, which simultane-
ously improves its ion mobility, exposed surface for ion association and 
processability. These features are in sharp contrast with traditional pla-
nar systems in which strong π-stacking disrupts solubility and hinders 
ion mobility. The concept of molecular contortion is well-established 
within the field of organic electronics13,14. These established principles15 
are used to support our conclusions of contortion within PHATN and 
explain the resulting emergent properties. The contortion of the aro-
matic system was spectroscopically and theoretically studied using 
a soluble model compound composed of one HATN unit and three 
PDI units (PHATN monomer, structure shown in Supplementary 
Scheme 4), as well as with an uncontorted control material, as dis-
cussed later in the manuscript. NMR spectroscopy of the PHATN 
monomer (Supplementary Figs. 3 and 4) confirms the position of the 
cyclization, and density functional theory (DFT) calculations reveal 
the contorted helical character of the structure (Extended Data Fig. 2 
and Supplementary Figs. 29 and 30). Although PHATN is composed 
of two planar aromatic systems, steric interaction at the imide position 
and a proximal hydrogen on the HATN linker (labelled Ha in Fig. 1d) 
force the aromatic network out of planarity.

To evaluate the electrochemical behaviour of this new mate-
rial, we fabricated working electrodes by drop casting onto carbon  

paper a slurry of PHATN, carbon black (as conductive agent) 
and polytetrafluoroethylene (PTFE; as binder) in a mass ratio 
of 8:1:1 suspended in N-methyl-2-pyrrolidone. We utilized a 
three-electrode setup comprising the PHATN working electrode, a 
graphite counter electrode and a Hg/HgO reference electrode, all 
suspended in 6 M KOH aqueous electrolyte. The PHATN electrode 
was presoaked in electrolyte under vacuum to ensure full infiltra-
tion of the pores. During this process, the imide carbonyl groups 
associate with the K+ ions in solution, as indicated by a shift of the 
carbonyl 13C ssNMR resonance to higher frequency upon soaking 
(Extended Data Fig. 1b). Note that the 13C ssNMR chemical shift 
upon K+-ion association is remarkably large, a consequence of the 
molecular contortion16,17. In addition, the contortion of PHATN 
produces an easily accessible internal surface area, as demonstrated 
by the large Brunauer–Emmett–Teller surface area of 131 m2 g−1 
calculated from the gas adsorption isotherms collected using CO2 
(Extended Data Fig. 4). Together, the 13C ssNMR and gas adsorption 
isotherm measurements support the contortion model and result-
ing pore-infiltration hypothesis.

Cyclic voltammetry (CV) of the PHATN electrode reveals broad 
and overlapping reduction peaks at −0.7 and −1.0 V versus Hg/HgO 
(Fig. 2a,b). These fully reversible peaks originate from the sequential 
reductions of the PDI and HATN units. To confirm this assignment,  
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we investigated the individual redox processes by performing CV 
experiments on PDI, HATN-Br and the PHATN monomer in solu-
tion (Fig. 2c). Both PDI and HATN-Br display two clear reduction 
peaks, with the pair for HATN-Br at a slightly more negative poten-
tial11,18. The cyclic voltammogram of the PHATN monomer can be 
understood as a convolution of these two behaviours. These obser-
vations are supported by DFT of the PHATN monomer: the levels 
associated with the PDI moieties are more energetically accessible 
than those associated with the HATN moieties (Fig. 2d). Figure 2e  
illustrates the charge-storage mechanism of PHATN: the PDI  
moiety first accepts two electrons19, then the HATN moiety accepts 
two more11,20. The charges are delocalized across their respective 
π-systems, giving rise to the observed broad and overlapping peaks. 
This mechanism leads to a calculated theoretical specific capaci-
tance of 996 F g−1 for PHATN.

To understand the remarkable charge-storage kinetics of PHATN 
and demonstrate its capacitive behaviour, we performed CV at differ-
ent sweep rates (1–300 mV s−1). The reduction peaks display a slight 
anodic shift with respect to the oxidation peaks. When intercalation 
kinetics are at play in battery materials, this shift is often greater 
than 0.1 V, even at rates as low as 0.1 mV s−1, and increases dramati-
cally at higher rates21, leading to reduced energy efficiency. By con-
trast, pseudocapacitors are kinetically limited at low rates only by 
the speed of the surface-level Faradaic (that is surface-controlled) 
reactions, and at higher rates by electrolyte diffusion. Figure 3a 
shows the peak separation of the first redox event in PHATN as a 
function of the sweep rate. At low rates, the peaks are nearly coinci-
dent (separation < 0.05 V) and the separation increases slowly with 
sweep rate, indicating surface-limited redox behaviour21,22. Above a 
critical rate of ~50 mV s−1, the peak shift increases more dramati-
cally as the system reaches diffusion-limited behaviour.

Figure 3b displays a log–log plot of the sweep rate (v) versus the 
peak current (i). These parameters obey the power law given in 
equation (1):

i ∝ vb (1)

where the slope of the linear fit of the log–log plot is b. From the 
lowest rate up to 50 mV s−1, the slope b of the linear fit is 0.98. A 
value near unity indicates purely surface-controlled behaviour, 
while b = 0.5 implies diffusion-controlled Randles–Ševčik behav-
iour23. Above 50 mV s−1, the slope decreases to 0.72, suggesting 
a rate limitation that arises from diffusion constraints. That the 
surface-controlled regime extends to such high rates supports the 
pseudocapacitive behaviour and explains the exceptionally good 
performance of PHATN at fast charging speeds.

The relationship between the capacity (Q) and sweep rate pro-
vides further evidence for surface-mediated charge storage in 
PHATN. Figure 3c displays a plot of Q versus v−1/2. Sweep rates 
below 50 mV s−1 have purely surface-controlled kinetics, whereas 
higher sweep rates are limited by diffusion. By taking a linear 
extrapolation of this surface-controlled region to v = ∞, the infi-
nite sweep rate capacity can be estimated, which corresponds to 
the ‘outer’ charge of the material, that is easily accessible by the 
electrolyte24–26. Similarly, a plot of 1/Q versus v1/2 (Fig. 3d) can be 
extrapolated to v = 0 to estimate the ‘total’ charge, which includes 
areas shielded from the electrolyte. Here, the outer charge is esti-
mated at 105 mAh g−1, representing 60% of the total charge, which 
is 174 mAh g−1. This ratio indicates that a majority of the charge 
capacity of the material is found in electrolyte-accessible regions 
and is due to surface processes. Together, these results support rapid 
surface-level redox activity as the source of the material’s high rate 
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capability. As discussed below, this high rate capability is enabled by 
molecular contortion, which permits both long-range conjugation 
and highly accessible areas for redox activity.

Figure 3e shows galvanostatic charge–discharge (GCD)27 curves 
of the material in a three-electrode setup, at current densities 
ranging from 0.5 to 2 A g−1. The triangular shape characteristic of 
capacitor-like materials is obvious. We note that at lower currents, 
the electrolysis of water begins to dominate the reduction cycle, 
lowering the coulombic efficiency. From the GCD data, we calculate 
specific capacitance using equation (2):

Cs =
I× t
∆E (2)

where I is current density, t is cycle time and ΔE is the potential 
difference between the top and bottom of the cycle. At 0.5 A g−1, we 
measure an extremely high capacitance of 689 F g−1, far surpassing 
comparable organic pseudocapacitor materials, both negative and 
positive electrodes alike (Fig. 1f and Extended Data Fig. 3). This 
value is 69% of the theoretical capacitance (996 F g−1), in agreement 
with the Q–v analysis, and suggests that an even better performance 
could be achieved with further device optimization and nano-
structuring28. The capacitance decreases at higher cycling rates, as 
expected from the kinetic limitations detailed above, but even at the 
highest measured current density of 75 A g−1, PHATN retains a per-
formance of 432 F g−1 (Supplementary Table 3).

We measured the impedance of the system at different fre-
quency (f) values using electrochemical impedance spectroscopy 
(EIS). Figure 3f displays the Nyquist plot of PHATN collected at 
−0.7 V versus Hg/HgO. The high-frequency region, from 100 kHz 
to 30 Hz, shows a semicircular shape with a diameter of ~0.8 Ω, 
indicating very low interfacial charge-transfer resistance (Rct)29.  

The high-frequency x-intercept of the curve represents the equiva-
lent series resistance (ESR, Rs) of the entire system, ~1 Ω. Finally, the 
low-frequency region corresponds to the Warburg impedance (ZW), 
with the near-vertical slope indicating fast diffusion of ions towards 
the electrode surface. The specific capacitance as a function of fre-
quency can also be calculated from EIS data using equation (3):

C (f) = −

1
2π ×m× Z′′

× f (3)

where m is the mass of the active material on the electrode and Z′′ 
is the imaginary component of the resistance.

A value of around 800 F g−1 is achieved at the lowest frequencies, 
while capacitance values of 400 and 200 F g−1 are retained even at 
1 and 10 Hz, respectively (Extended Data Fig. 5c). We also tested 
the cycling stability of PHATN at a high current density of 50 A g−1 
(Fig. 3g and Supplementary Fig. 10c) and observed an 8% decrease 
in capacitance and no decrease in coulombic efficiency over  
50,000 cycles. Another device was cycled 10,000 times at 20 A g−1, 
with a 3% decrease in capacitance (Supplementary Fig. 10b). 
Self-discharge measurements show a behaviour comparable to 
other organic supercapacitor materials, retaining 84% capacity after 
3 h (Extended Data Fig. 6). The retained capacity increases to 99% 
after 3 h when the electrode is held at −1.0 V for 10 min before the 
self-discharge test.

To conclusively demonstrate the efficacy of the contortion 
design, we synthesized a planar analogue of PHATN composed 
of alternating phenazine and PDI units (PA-PDI). Phenazine 
emulates the structure and electrochemical properties of HATN, 
but, as opposed to the tritopic contorted HATN, it cyclizes with 
PDI to form a planar linear structure (Supplementary Scheme 6). 
The cyclic voltammogram of PA-PDI resembles that of PHATN 
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(Extended Data Figs. 7a and 8a) but its capacitance is notably lower 
(for example, 100 F g−1 at 10 A g−1; Extended Data Fig. 9a) and the 
shallower Warburg slope from EIS indicates a less capacitive behav-
iour (Extended Data Fig. 8c). The cycling performances of PA-PDI 
and PHATN are comparable, underlining the general and outstand-
ing stability of the structures produced by coupling PDI and annu-
lated pyrazines (for example PA and HATN; Extended Data Fig. 9b). 
The key difference is that the diffusion coefficient of ions in PHATN 
is almost one order of magnitude larger than in PA-PDI, as mea-
sured by the galvanostatic intermittent titration technique (GITT; 
Extended Data Fig. 10). Consistent with this result, gas adsorption 
isotherms in PA-PDI reveal a much smaller surface area (12 m2 g−1) 
than in the contorted PHATN (Extended Data Fig. 4). Overall, we 
attribute these differences to the contortion of PHATN. Namely, 
(1) contortion improves the accessible surface area30 to facilitate 

ion diffusion, (2) contortion improves solubility by preventing 
π–π stacking during synthesis14, which may in turn lead to larger 
molecular weight polymers, and (3) contortion enables cavity-like 
and bowl-like shape-matching for potential guest ions to easily bind 
in a stable and reversible fashion15.

Taken together, the results presented here indicate that 
PHATN holds potential as a practical electrode material, lead-
ing us to further investigate its use in a realistic device architec-
ture. Using PHATN, we constructed and tested two-electrode 
capacitor devices. We assembled several different architectures 
of two-electrode cells, using PHATN and AC as the negative and 
positive electrodes, respectively (full results are in Supplementary 
Figs. 12–22 and Supplementary Tables 5–7). To highlight the 
versatility of PHATN as a negative electrode, we also fabricated 
two-electrode ‘hybrid’ devices using Ni(OH)2 as the positive elec-
trode, which shows a similar performance to AC (discussed in 
Supplementary Figs. 23–27). CV of the AC-based two-electrode 
cell produces a similar shape to that seen in the three-electrode 
measurements, with multiple broad overlapping peaks (Fig. 4a). 
While the contribution of the AC electrode causes some expected 
asymmetry between the cathodic and anodic peaks, the accessible 
voltage window is extended to 1.3 V, much higher than for the 
individual PHATN electrode.

Charge–discharge measurements (Fig. 4b) confirm that the 
high rate capability of PHATN is maintained in the two-electrode 
devices. At the lowest rate of 5C (0.5 A g−1), we measure a capacity 
of 103 mAh g−1, slightly less than that found in the single electrode. 
Even at the extraordinarily high rate of 600C (20 A g−1), the cell still 
displays a capacity of over 30 mAh g−1 and is able to return to lower 
rates without a loss of performance (Fig. 4c). Furthermore, the cell 
has good cycling stability at high rates, cycling 10,000 times at 600C 
with near 100% coulombic efficiency (Fig. 4d) and no loss in capac-
ity (Supplementary Fig. 15).

In summary, we have demonstrated a robust organic mate-
rial composed of PDI and HATN exhibiting best-in-class 
energy-storage properties among organic pseudocapacitor materi-
als. Displaying single-electrode capacitance of nearly 700 F g−1 in 
aqueous electrolyte and high performance at current densities of 
up to 75 A g−1 over tens of thousands of cycles, this system pushes 
the boundaries of organic energy-storage materials. These proper-
ties are a direct consequence of our design principles: (1) the com-
bination of complementary organic components, which increase 
the total available energy and potential window, and (2) molecular 
contortion to permit both facile diffusion and long-range charge 
delocalization. Such characteristics combine synergistically to 
promote rapid charging, high capacitance and long-term stability. 
Future designs could explore the use of larger polycyclic aromatic 
hydrocarbon fragments, such as coronene, decorated with elec-
tronically tunable edge groups and cyclized onto a three-pronged 
scaffold such as triptycene or hexaazatrinaphthylene. Taken 
together, these results advance our fundamental understanding of 
the design characteristics necessary to achieve high-performance 
pseudocapacitors, and underpin promising developments in 
the search for affordable, organic, high-power energy-storage 
solutions.
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Fig. 4 | Characterization of two-electrode button cells assembled from 
PHATN(−) and AC(+) electrodes. a, CV of the device, showing overall 
rectangular shape and a suggestion of the two redox peaks characteristic 
of PHATN. b, Charge–discharge curves of the PHATN/AC cell showing 
substantial capacity, even at extremely high C-rates. c, Capacity retention 
of the PHATN/AC cell at sequentially higher C-rates. After GCD cycling 
up to an extremely high rate of 600C, the rate can be lowered back to 5C 
while maintaining the original capacity. d, Coulombic efficiency and energy 
efficiency of the PHATN/AC device over 10,000 cycles at a rate of 600C 
(20 A g−1). Energy efficiency is low due to the relatively low voltage of the 
PHATN/AC cell. Measurements in a–d were performed using 6 M KOH 
aqueous electrolyte with a PHATN electrode mass loading of 6.4 mg cm−2.
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Methods
Synthetic details. All reactions were carried out under an inert atmosphere using 
standard Schlenk techniques, unless otherwise noted. Dry and deoxygenated 
solvents were prepared by elution through a dual-column solvent system (Glass 
Contour).

1-Bromoperylene-3,4,9,10-tetracarboxylic diimide and a mixture of 1,6- 
and 1,7-dibromoperylene-3,4,9,10-tetracarboxylic diimide were synthesized 
according to reported procedures37. Tribromo hexaazatrinaphthylene (HATN-Br) 
was prepared according to a reported procedure38 and used in the synthesis of 
hexaazatrinaphthylene tris-boronic acid pinacol ester (HATN-bpin). PA-bpin39,40 
was prepared according to the reported procedures and used in the synthesis of 
PA-PDI. [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(ii) (Pd(dppf)
Cl2), potassium carbonate, cyclohexaneketone octahydrate, 4-bromobenzene-
1,2-diamine and bis(pinacolato)diboron were purchased from Millipore Sigma.

The flow reactor is a home-built reactor12,41,42 consisting of a peristaltic 
pump (Masterflex L/S PTFE-Tubing Pump System; 3–300 r.p.m., 90–260 Va.c.), 
fluoropolymer tubing (Chemfluor FEP) and 17,500 lumen light-emitting diode 
corn bulb lamps (EW-IP64CB-150W-E39NB24, 150 W; EverWatt). The tubing was 
wrapped around the light-emitting diode bulbs to provide the reaction surface. 
During the photocyclization reaction, the temperature was ~55–65 °C.

Synthesis of HATN-bpin. A 100 ml oven-dried flask was charged with a 
stir bar, a regioisomeric mixture of tribromo hexaazatrinaphthylene (3.58 g, 
5.76 mmol), bis(pinacolato)diboron (8.95 g, 35.4 mmol), Pd(dppf)Cl2 (412 mg, 
0.563 mmol) and potassium acetate (3,390 mg, 34.6 mmol). The charged vial 
was capped with a rubber septum, evacuated and backfilled with N2. Degassed 
dioxane (37.9 ml) was syringed into the flask. The mixture was then heated to 
90 °C with stirring overnight. The solution was cooled to room temperature and 
diluted with dichloromethane, then dried. The crude mixture was dissolved in 
dichloromethane and filtered over a silica plug. This dark green solution was then 
dried again, brought up in a small amount of dichloromethane and triturated 
into methanol. The suspension was washed over a Celite plug using methanol 
and a blue solution was pulled through using dichloromethane. This solution was 
dried to afford the yellow-green solid HATN-bpin in 73% yield (3.2 g) consisting 
of a mixture of regioisomers. This regiomixture was carried forward through the 
following synthetic steps without further resolution. NMR spectra are provided in 
Supplementary Figs. 1 and 2.

Synthesis of uncyclized PHATN. A 20 ml vial was charged with a stir bar, 
HATN-bpin (460 mg, 0.6 mmol), a mixture of 1,6- and 1,7-dibromoperylene-
3,4,9,10-tetracarboxylic diimide (770 mg, 0.9 mmol), Pd(dppf)Cl2 (88 mg, 
0.120 mmol) and potassium carbonate (665 mg, 4.8 mmol). The charged vial 
was capped with a rubber septum, evacuated and backfilled with N2. Degassed 
water (1.5 ml) and degassed tetrahydrofuran (6.0 ml) were syringed into the vial. 
The mixture was then heated to 57 °C with stirring overnight. The solution was 
cooled to room temperature and diluted with water and dichloromethane. The 
mixture was triturated with methanol and the solid was collected. The solid was 
subjected to consecutive Soxhlet extractions comprised of methanol, hexanes and 
chloroform. The chloroform fraction was collected and dried to yield uncyclized 
PHATN as a maroon solid in 61% yield (520 mg).

Synthesis of PHATN. In a 100 ml round-bottom flask, uncyclized PHATN 
(100 mg) and iodine (25 mg) were dissolved in chlorobenzene (65 ml). The 
mixture was stirred for 15 min and then irradiated for 72 h with visible light 
using the home-built reactor described above. The solvent was then removed 
under vacuum and the resulting solid was suspended in methanol and loaded 
onto a Celite plug. The solid was washed with methanol, hexanes and acetonitrile 
and then redissolved in chloroform. The solvent was removed under vacuum to 
afford cyclized PHATN as an orange solid in 90% yield (90 mg). The NMR of the 
PHATN monomer (Supplementary Fig. 3) was used to assign the conformation 
of the extended material. Cyclized PHATN (141 mg) was sealed in a borosilicate 
glass tube under vacuum. The tube was placed in a tube furnace, with one end of 
the tube sticking out of the furnace and the other end containing the solid in the 
middle of the furnace. The furnace was heated to 375 °C for 2 h, over which time 
the material turned black and a clear, yellow liquid condensed at the cool end 
of the tube. The tube was opened and thermolysed PHATN was collected as an 
orange-black solid in 63% yield (89 mg).

Synthesis of PHATN monomer. 

	1.	 A 3 ml vial was charged with a stir bar, HATN-bpin (92 mg, 0.12 mmol), 
1-bromoperylene-3,4,9,10-tetracarboxylic diimide (290 mg, 0.372 mmol), 
Pd(dppf)Cl2 (22 mg, 0.03 mmol) and potassium carbonate (133 mg, 
0.96 mmol). The vial was capped with a rubber septum, evacuated and 
backfilled with N2. Degassed water (0.3 ml) and degassed tetrahydrofuran 
(1.2 ml) were syringed into the vial. The mixture was then heated to 57 °C 
with stirring overnight. The solution was cooled to room temperature and 
diluted with water and dichloromethane. The mixture was triturated with 
methanol and the solid was collected. The solid was washed with water then 

subjected to consecutive Soxhlet extractions comprised of methanol, hexanes 
and chloroform. The chloroform fraction was collected and dried to afford 
uncyclized PHATN monomer as a maroon solid in 64% yield (190 mg).

	2.	 In a 100 ml round-bottom flask, uncyclized PHATN monomer (100 mg) 
and iodine (25 mg) were dissolved in chlorobenzene (65 ml). The mixture 
was stirred for 15 min and then irradiated for 72 h with visible light using a 
home-built photoreactor. The solvent was then removed under vacuum and 
the resulting solid was suspended in methanol and loaded onto a Celite plug. 
The solid was washed with methanol, hexanes and then redissolved in chloro-
form. The solvent was removed under vacuum to provide a regioisomeric mix-
ture of PHATN ‘monomer’ as an orange solid. The symmetric isomer could be 
isolated in small yield by preparatory thin-layer chromatography methods and 
was used for structural assignment by NMR (Supplementary Figs. 3 and 4).

Synthesis of uncyclized PA-PDI. A 50 ml vial was charged with a stir bar, 
PA-dibpin (400 mg, 0.93 mmol), a mixture of 1,6- and 1,7-dibromoperylene-
3,4,9,10-tetracarboxylic diimide (720 mg, 0.93 mmol), Pd(dppf)Cl2 (136 mg, 
0.19 mmol) and potassium carbonate (1,020 mg, 7.4 mmol). The charged vial 
was capped with a rubber septum, evacuated and backfilled with N2. Degassed 
water (1.5 ml) and degassed tetrahydrofuran (6.0 ml) were added to the vial with a 
syringe. The mixture was then heated to 57 °C with stirring overnight. The solution 
was cooled to room temperature and reduced under vacuum. The mixture was 
triturated with methanol and the solid was collected. The solid was subjected to 
consecutive Soxhlet extractions comprised of methanol, hexanes and chloroform. 
The chloroform fraction was collected and dried to yield uncyclized PA-PDI as a 
purple-black solid in 83% yield (671 mg).

Synthesis of cyclized PA-PDI. In a 150 ml Erlenmeyer flask, uncyclized PA-PDI 
(251 mg) and iodine (36 mg) were dissolved in a mixture of chlorobenzene (100 ml) 
and chloroform (20 ml). The mixture was stirred until completely dissolved 
then irradiated for 72 h with visible light using the home-built reactor described 
above. The solvent was then removed under vacuum and the resulting solid was 
suspended in methanol and isolated using vacuum filtration and washed using 
methanol. After collecting the solid, any additional solvent was removed under 
vacuum to afford cyclized PA-PDI as a dark purple solid in 38% yield (96 mg). 
Cyclized PA-PDI (96 mg) was sealed in a quartz tube under vacuum. The tube was 
placed in a tube furnace, with one end of the tube sticking out of the furnace and 
the other end containing the solid in the middle of the furnace. The furnace was 
heated to 375 °C for 2 h, over which time the material turned black and a clear, 
yellow liquid condensed at the cool end of the tube. The tube was opened and 
thermolysed PA-PDI was collected as a purple-black solid in 60% yield (58 mg).

NMR. 1H spectra were recorded using a Bruker AVANCE III 500 (500 MHz) 
spectrometer, and 13C spectra were recorded using a Bruker AVANCE III 400SL 
(400 MHz) spectrometer. Chemical shifts for protons are reported in parts per 
million downfield from tetramethylsilane and are referenced to residual protium 
within the NMR solvent (CDCl3: δ 7.26 or C2D2Cl4: δ 6.00).

Solid-state NMR. The ssNMR experiments were performed using a Bruker Avance 
NEO 600 MHz spectrometer equipped with a 1.6 mm HXY MAS (magic-angle 
spinning) Chemagnetics probehead operating at 599.37 MHz for 1H and 
150.71 MHz for 13C. Samples were packed in 1.6 mm ZrO2 rotors and sealed with 
Torlon caps for measurement. Before each set of experiments, the magic angle 
was set using KBr. 1H–13C cross polarization-MAS measurements were performed 
with a Hartmann–Hahn match of 60 kHz with a ramped (90–100%) pulse on 
1H, a contact time of 3 ms, a recycle delay of 3 s, 1H decoupling at 120 kHz using 
two-pulse phase modulation and with between 4,000 and 27,000 scans (depending 
on the sample). 1H NMR was externally referenced to adamantane at 1.85 ppm; 13C 
NMR was referenced to adamantane at 38.5 ppm.

Thermogravimetric analysis. Thermogravimetric analysis traces were collected 
using a TA Instruments Q500 analyser under nitrogen flow.

Infrared spectroscopy. Infrared spectra were collected using a Perkin Elmer 
Spectrum 400 FT-IR instrument.

Gas adsorption measurements. Gas adsorption isotherms for pressures in the 
range of 0–760 torr were measured by a volumetric method using a Micromeritics 
ASAP 2020 gas sorption analyser. Measurements were collected on approximately 
200 mg of sample, which was evacuated by heating at 150 °C with a ramp rate of 
10 °C min−1 under dynamic vacuum for 3 h. Free-space correction measurements 
were performed using ultrahigh purity He gas. Ultrahigh purity (99.999%) CO2 
was used for measurements. Isotherms of CO2 collected at 195 K were measured in 
a dry ice/isopropanol bath. Oil-free vacuum pumps and oil-free pressure regulators 
were used for all measurements to prevent contamination of the samples during 
the evacuation process, or of the feed gases during the isotherm measurements.

Gas chromatography-mass spectrometry. Gas chromatography-mass 
spectrometry data were collected using an Agilent Technologies GC-MS 

Nature Materials | www.nature.com/naturematerials

http://www.nature.com/naturematerials


Articles Nature Materials

instrument consisting of a 7890B GC inlet, 5977B mass spectrometer (electron 
impact ionization, EI) and a PAL LSI 85 autosampler.

Powder X-ray diffraction. Powder X-ray diffraction patterns were measured 
using a PANalytical XPert3 Powder X-ray diffractometer, on a rotating Si 
zero-background plate.

Electrochemical characterization. Electrochemical measurements, including CV, 
GCD and EIS, were performed using a Bio-Logic VSP-300 potentiostat/galvanostat 
running EC-lab software.

Solution-phase CV. The molecule of interest (PDI, HATN-Br or the PHATN 
monomer) was dissolved to a known concentration (0.01, 0.001 or 0.005 M, 
respectively) in a solution of dichloromethane with 0.1 M tetrabutylammonium 
hexafluorophosphate as the supporting electrolyte. A three-electrode setup was 
used with a 3 mm glassy-carbon disc or a 1.6 mm platinum disc as the working 
electrode, platinum wire as the counter electrode and a non-aqueous reference 
electrode composed of 0.01 M Ag/AgNO3 in acetonitrile. Measurements were 
performed in a glovebox under N2 atmosphere. The potential was swept from 
open-circuit voltage to −1.7 V at rates ranging from 10 to 200 mV s−1.

No difference was observed between the glassy-carbon and platinum working 
electrodes after correcting for the electrode area. The glassy-carbon electrode was 
used for subsequent measurements.

The peak current (i) from the cathodic trace of each scan was plotted versus the 
square root of the sweep rate (v; Supplementary Fig. 9). The resulting linear shape 
for each molecule indicates that each diffuses freely in solution without adsorption 
to the electrode, according to the Randles–Ševčik equation:

i = 0.446nFAC0
√

nFvD0

RT

where n is the number of electrons transferred, F is Faraday’s constant, A is the 
surface area of the electrode, C0 is the molecule concentration and D0 is the 
diffusion coefficient of the reduced molecule.

Electrode fabrication. The active material was ground using an agate mortar 
and pestle. The material was combined with carbon black and PTFE (60% w/v 
suspension in water) in a mass ratio of 80:10:10, respectively. Approximately 3.6 
times the total mass of the mixture was then added of N-methyl-2-pyrrolidone 
to form a slurry. The slurry was stirred for several hours. Carbon paper (AvCarb 
MGL190) was cut into rectangles (~0.5–1 cm × 1–2 cm) and the resulting substrates 
were sonicated in 1 M H2SO4 for 20 min to remove any residue or carbon dust. 
The substrates were then washed with deionized water and acetone, dried at 60 °C 
under vacuum and weighed on an analytical balance (0.001 mg precision). The 
slurry was manually deposited on the bottom half of the substrates and pressed 
using a spatula. The electrode was dried at 70 °C under vacuum overnight. The 
electrode was then weighed on an analytical balance to obtain the active material 
mass. Typically, the mass loading was 2–3 mg cm−2. Finally, before testing, the 
electrode was soaked in 6 M aqueous KOH solution under static vacuum for 
several hours.

Three-electrode measurements. Unless otherwise noted, measurements were 
performed in 6 M aqueous KOH electrolyte prepared from ultra-pure distilled 
water. Compared with organic electrolytes, the aqueous electrolyte has a higher 
conductivity and may provide a lower viscosity for faster ion diffusion through 
the material. Measurements were performed in a three-electrode cell with 
~20 ml of electrolyte. A copper clip was used to hold the carbon paper working 
electrode, with a small piece of titanium foil interposed to prevent contact with the 
electrolyte. The counter electrode was a graphite rod and the reference was a Hg/
HgO reference electrode in 6 M KOH (BASi). Before measurement the electrolyte 
was sparged for 10 min with N2 and the cell was subsequently kept under a 
blanketing N2 atmosphere.

CV experiments were performed in the range of −1.25 to −0.3 V versus Hg/
HgO, at rates from 1 to 300 mV s−1. GSD measurements were performed by 
applying a constant current, with the current switching signs upon reaching set 
voltage limits of −1.15 and −0.65 V. The set current density was calculated using 
the equation:

I = i
ma

where I is the current density, ranging from 0.5 to 75 A g−1, i is the current and 
ma is the mass of active material. Unless stated otherwise, potentiostatic EIS 
measurements were performed at −0.7 V versus Hg/HgO in the frequency range of 
100 kHz to 20 mHz with a sinus amplitude of 5 mV.

Peak current potentials for the cathodic shift (Fig. 3a) and i–v plots (Fig. 3b) 
were found with the EC-lab peak finding function and were taken from the first 
reduction peak (approximately −0.7 V). Capacity values for the capacity versus rate 
plots (Fig. 3c,d) were found by integrating under the CV curve.

Calculation of specific and volumetric capacitance. Specific capacitance via GCD. 

Cs =
i × t

ma × ΔE

where i is the current, t is the cycle time, ma is the measured mass of the active 
material and ∆E is the change in potential between the voltage limits.

Via EIS, series model. 

Cs =
−1

Z′′
× 2π × f

where Z″ is the imaginary component of the resistance and f is the EIS frequency.

Volumetric capacitance. PHATN (30 mg) was pressed into a circular pellet under 
4 tons of pressure and measured (1.1 mm thick, 5 mm diameter). The resulting 
volume (21.6 mm3) was used to calculate the density of PHATN (1.39 g cm−3). This 
density multiplied by specific capacitance gives the volumetric capacitance.

Potential-dependent EIS. The potential was held for 1 min. Then, a sinusoidal 
potential was applied with 5 mV amplitude and frequencies ranging from 100 kHz 
to 20 mHz.

Characterization in organic electrolyte. The supporting electrolyte was 0.1 M 
tetraethylammonium hexafluorophosphate (TEA-PF6), the counter electrode was 
a platinum mesh and the non-aqueous reference electrode was 0.01 M AgNO3 in 
acetonitrile. Measurements were performed in a glovebox under N2 atmosphere.

Diffusion coefficient. The chemical diffusion coefficient, D, can be estimated from 
the GITT data using the equation43

D =

4
π × τ

×

(m × ρ

S

)2
×

(

ΔVS

ΔVT

)2

where τ is the current pulse length, m is the mass of the active material on the 
electrode, ρ is the density of the active material, S is the surface area of the 
electrode, ΔVS is the change in steady-state potential after each current pulse and 
ΔVT is the change in potential during the current pulse.

Two-electrode measurements. Two-electrode cells consisted of one PHATN 
electrode and one counter electrode, assembled into one of three different cell 
types: a button cell, a small pouch cell and a large pouch cell. The PHATN 
electrodes were fabricated as described above, using carbon paper (AvCarb 
MGL190) as the current collector.

Counter-electrode fabrication. Two types of counter electrodes were fabricated:

	1.	 AC counter electrode: the AC was prepared using the alkali activation 
method44. Briefly, an apricot pit produced from north China was used as the 
starting material. The apricot pit was heated to 550 °C and pyrolysed for 1 h 
in a tubular furnace under nitrogen (99.999%). The resulting char and KOH 
were mixed with a weight ratio of 1:2 and heated to 700 °C under nitrogen 
for 2 h to activate the material. After activation, the product was sequentially 
washed with 0.5 M HCl, hot water and distilled water to remove the residual 
base completely, followed by drying at 120 °C for 12 h to obtain the final AC 
sample. A mixture of 87 wt% AC, 10 wt% of acetylene black (Jinpu) and 3 wt% 
of PTFE binder (Shanghai Macklin) was prepared and hot pressed into sheets 
with a thickness of ∼0.35 mm as supercapacitor electrodes. The mass loading 
was 11 mg cm−2.

	2.	 Ni(OH)2 counter electrode: the Ni(OH)2 electrode was extracted from a 
discharged commercial nickel metal hydride battery and cut into a 1 × 1 cm 
square. The material was scraped off one face of the electrode. The mass load-
ing (wet) of Ni(OH)2 was around 100 mg cm−2.

Button-cell assembly. Two-electrode button cells were assembled according to 
established protocols45. Briefly, a circular PHATN electrode (1.27 cm diameter) 
was fabricated as described above. The mass loading was 6.4 mg cm−2. This 
electrode was stacked with a cellulose filter paper separator (Whatman Grade 
1, thickness = 180 μm) and an a.c. electrode (1.27 cm diameter, fabrication 
as described above) and wetted with 250 μl of 6 M KOH aqueous electrolyte 
(31 μl mg−1 active material). A steel spacer and spring were then added and the 
stack was enclosed in a steel button-cell shell and sealed with Parafilm to prevent 
electrolyte evaporation. The cell was then tested using a standard spring-loaded 
clip connected to the potentiostat (see Supplementary Fig. 13).

Small pouch-cell assembly. Square electrodes with 1 cm2 area were prepared as 
described above, with ~2 mg cm−2 mass loading of PHATN. AC (see above) was 
used as the counter electrode. The two electrodes were separated with a cellulose 
filter paper separator (Whatman Grade 1, thickness = 180 μm) and wetted with 
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300 μl of 6 M KOH aqueous electrolyte. The stack was placed inside a plastic pouch 
(~5 × 5 cm), contacted with titanium foil strips as the current collectors (thickness 
~0.13 mm) and sealed using an impulse heat sealer. No pressure or calendering 
was applied during sealing. The cell was clamped in a vice with flat blocks on 
either side to ensure good contact between all components, under a pressure of 
~100 pounds per square inch. The cell was then connected to the potentiostat (see 
Supplementary Fig. 16).

Large pouch-cell assembly. Square electrodes of 10 cm2 area were prepared with 
a 6.7 mg cm−2 mass loading of PHATN. AC (see above) was used as the counter 
electrode. The two electrodes were separated with a cellulose filter paper separator 
(Whatman Grade 1, thickness = 180 μm) and wetted with 750 μl of 6 M KOH 
aqueous electrolyte (11 μl mg−1 active material). The stack was placed inside 
a plastic pouch (~4 × 4 cm), contacted with titanium foil strips as the current 
collectors (thickness ~0.13 mm) and sealed under vacuum using a vacuum heat 
sealer. The cell was clamped in a vice with flat blocks on either side to ensure good 
contact between all components, under a pressure of ~100 pounds per square inch. 
The cell was then connected to the potentiostat (see Supplementary Fig. 21).

Calculation of specific capacity, energy and power. The specific capacity, energy and 
power for the two-electrode cells were calculated from GCD data (discharge cycle). 
The specific capacity is calculated using the equation

Qs =
i × t
ma

where i is the current, t is the cycle time and ma is the mass of active material 
(PHATN) on the anode.

For calculating the specific energy and power of the two-electrode cell, we use 
the total mass of all cell components, as is typical in the literature46,47. The specific 
energy is calculated using the equation

Es =
i × t × ΔE

mtotal

where ∆E is the change in potential and mtotal is given by

mtotal = ma + mc + me

where mc is the theoretical mass of Ni(OH)2 or AC required to balance the 
measured discharge Q or C, respectively. For Ni(OH)2 this is based on the 
theoretical capacity of Ni(OH)2 (289.04 mAh g−1), whereas for AC this is based 
on the reported capacitance of the AC material used (339 F g−1)44. The parameter 
me is the theoretical mass of electrolyte required to supply ions for the measured 
discharge Q.

The specific power was calculated using the equation

Ps =
i × ΔE
mtotal

.

Computational modelling. Quantum chemical calculations were performed using 
Jaguar 8.7 (Schrödinger)48. Geometries were optimized using the B3LYP or M06-
2X functional and the 6–31G** basis set. The geometry of the PHATN monomer 
is presented in Extended Data Fig. 2 as a rough electronic approximation of the 
geometry of the extended material PHATN.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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Extended Data Fig. 1 | Solid state 13C NMR of PHATN. a, Cyclized PHATN (2) and the thermolyzed product (PHATN). Note the retention of the 
characteristic aromatic material peaks between 𝛿 200-100 ppm and the disappearance of the alkyl peaks between 𝛿 75-0 ppm, indicating the 
near-quantitative removal of the alkyl chains during thermolysis. b, Solid-state 13C NMR of the PHATN material incorporated into an electrode (see 
Methods for details), both as-fabricated (orange trace) and soaked in electrolyte (purple trace), showing a shift assigned to ion association to a carbonyl 
within the material. Asterisks denote spinning sidebands at magic angle spinning frequency of 18 kHz.
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Extended Data Fig. 2 | DFT model of extended PHATN. (a) Top-view and (b) side-view of the DFT energy-minimized structure of Extended PHATN 
composed of multiple units of PDI and HATN. The accessible space provided by molecular contortion is clearly visible.
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Extended Data Fig. 3 | Specific capacitance as a function of current density for PHATN and a suite of benchmark materials. Green symbols are 
carbon-based materials;35,49–51 red symbols are conducting polymer-based materials;5,27,31–34,52–64 purple symbols are hybrid organic/inorganic materials;65–82 
and blue symbols are inorganic materials83–92. PHATN outperforms nearly all other pure organic materials at lower rates, and at higher rates achieves 
performance unprecedented in any material class besides inorganic compounds. PHATN values and all reference values are taken from three-electrode 
measurements.
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Extended Data Fig. 4 | Gas adsorption measurements of PHATN and PA-PDI. Adsorption (filled symbols) and desorption (open symbols) isotherms 
of CO2 for PHATN (dark green) and PA-PDI (blue) collected at −78 °C. Analysis of the PHATN isotherm (dark green) shows a Brunauer-Emmett-Teller 
surface area of 131 m2/g, calculated using the pressure range 50–227 torr, and a Langmuir surface area of 671 m2/g, calculated using the pressure range of 
227–647 torr. However, as PHATN can likely undergo further structural distortions under operating conditions, these values are intended to be an estimate 
of the surface area and are included here for reporting purposes only. Analysis of the PA-PDI isotherm (blue) shows a Brunauer-Emmett-Teller surface area 
of 12 m2/g, calculated using the pressure range 50–227 torr. This is indicative of extremely low porosity, consistent with our hypothesis that contortion is 
crucial to the characteristic porosity shown in PHATN.
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Extended Data Fig. 5 | EIS measurements of PHATN performed at a range of hold potentials. a, High frequency region of the Nyquist plots displaying 
potential dependence of the diameter of the semicircular segment. The change in diameter of the semicircle with potential is indicative of a change 
in charge transfer resistance, as expected from a pseudocapacitive process93. The dotted lines are guides for the eye. b, Low frequency region of the 
Nyquist plots, which shows steeper Warburg regions at more negative potentials. c, Frequency dependence of the specific capacitance, which shows a 
low-frequency plateau forming near 800 F/g – near the maximum measured capacitance (689 F/g) and approaching the theoretical capacitance of the 
material (996 F/g). The potentials are in V vs Hg/HgO.
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Extended Data Fig. 6 | Self-discharge of PHATN in a three-electrode configuration. (a), (b), and (c) show the effect of holding the electrode at the max 
charge voltage before allowing to relax, with (a) in linear time, (b) in log time, and (c) in root time. (d), (e), and (f) show the effect of the max charge 
voltage on the self-discharge behavior, with (d) in linear time, (e) in log time, and (f) in root time.
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Extended Data Fig. 7 | Electrochemical characterization of PA-PDI, an uncontorted control material. a, CV of PA-PDI shows similar reversible 
redox peaks to PHATN, though sharper and less broad. b, GCD of PA-PDI shows relatively high IR drop and less ideal triangular capacitor shape. All 
measurements were performed in 6 M KOH aqueous electrolyte.
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Extended Data Fig. 8 | Direct electrochemical comparison of PA-PDI with PHATN. a, CV at 50 mV/s and b, GCD at 1 A/g. c, Nyquist plot of PA-PDI, 
when compared to PHATN, displays a less steep Warburg slope in the low-frequency region, indicating less capacitive character. Both measurements are 
performed at −0.7 V vs Hg/HgO. Frequency range is from 100 kHz to 20 mHz.
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Extended Data Fig. 9 | Rate and cycling performance of PA-PDI. a, Specific capacitance values vs. rate for PHATN and PA-PDI. The latter has consistently 
lower performance, especially at high rates, attributable to the absence of contortion and resulting internal space which enable ion movement. b, Capacity 
retention and coulombic efficiency vs. number of cycles for PA-PDI. The material maintains the same high stability over 10,000 cycles as PHATN, 
indicating that the polymeric material is well-formed and not affected by repeated charging and discharging.
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Extended Data Fig. 10 | Galvanostatic intermittent titration technique (GITT) for PHATN and PA-PDI. GITT discharge curves as function of time for (a) 
PHATN and (b) PA-PDI. The measurements were performed at 2 A/g with 20 s current pulse and 1 min open circuit relaxation. c, Schematic interpretation 
of the GITT data to estimate the diffusion constant (see below equation). d, Diffusion coefficient (D) of the charge carrying species measured from GITT 
for PHATN and PA-PDI. Comparing the diffusion coefficients across the potential range, we observe that the diffusion coefficient of PHATN (~1 × 10−7 
cm2/s) is nearly one order of magnitude larger than that of PA-PDI (~3 × 10−8 cm2/s), indicating that the charge carrying species (K+) diffuses through the 
internal space created by contortion much more quickly, leading to the superior performance of PHATN. These values of ionic diffusion coefficients are 
comparable to reported values measured with aqueous electrolyte in porous polymeric materials94,95.
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