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ABSTRACT: We report here an iterative synthesis of long helical perylene diimide (hPDI[n]) nanoribbons with the length up to 16 
fused benzene rings. These contorted, ladder-type conjugated, and atomically precise nanoribbons show great potential as organic 
fast-charging and long-lifetime battery cathodes. By tuning the length of the hPDI[n] oligomers, we can simultaneously modulate 
the electrical conductivity and ionic diffusivity of the material. The length of the ladders adjusts both the conjugation for electron 
transport and the contortion for lithium-ion transport. The longest oligomer, hPDI[6], when fabricated as the cathode in lithium 
batteries, features both high electrical conductivity and high ionic diffusivity. This electrode material exhibits a high power density 
and can be charged in less than one minute to 66% of its maximum capacity. Remarkably, this material also has exceptional cycling 
stability and can operate 10,000 charging-discharging cycles without any appreciable capacity decay. The design principles described 
here chart a clear path for organic battery electrodes that are sustainable, fast-charging, and long lasting. 

INTRODUCTION 
Lithium-ion batteries (LIBs)1–3 are the world’s predominant 

energy storage devices and as such have significantly acceler-
ated the development of today’s digital information society.4–6 
While current LIBs boast amazing performance, their power 
density and cycling stability are areas in need of improvement.7–

12 This need is particularly acute for many applications, such as 
electric vehicles, due to the relatively long charging time and 
cycling capacity loss associated with current battery technolo-
gies.13 Compared to the current inorganic electrode materials, 
organic electrode materials (OEMs) provide unique opportuni-
ties to achieve high power density through molecular engineer-
ing that can, in principle, yield simultaneously high ionic diffu-
sivity and high specific capacities.14–19 Further, OEMs benefit 
from being sustainable and “green” due to the earth abundance 
of their components, low cost to produce, and low environmen-
tal impact.20–22 However, one of the major issues regarding 
OEMs is their trade-off between specific capacity and cycling 
stability.18 Organic molecules, albeit with high capacity, leach 
into the electrolyte solution during the redox reactions, which 
results in poor cycling stability. Organic polymers can over-
come the dissolution issue, but they typically have low charge 
capacity due to the redox-inactive nature of their linkers and 
solubilizing side chains. Beyond these challenges, the low in-
trinsic electrical conductivity of OEMs has thwarted their abil-
ity to achieve high rate capability and high areal mass-loading.17 
Consequently, incorporating a high ratio of conductive addi-
tives is usually necessary in electrode fabrication for organics 
to achieve idealized results, which further limits OEMs’ tech-
nological utility.17,19 

Here we describe a molecular design of contorted, fully-con-
jugated, atomically precise, electroactive molecular ladders that 
simultaneously solves the fundamental issues associated with 
the existing classes of OEMs. These conjugated molecular lad-
ders shown in Figure 1a, known as the helical perylene diimide 
(hPDI[n]), are significant because they have proven useful in 

photovoltaics,23 photosensors,24 field effect transistors,25 pseu-
docapacitors,26 and as the electron transport layer in perovskite 
solar cells.27 Despite their good performance and excellent char-
acteristics, the synthesis of the hPDI[n] series is not effective 
to synthesize ribbons that are longer than four PDI subunits (i.e., 
hPDI[4]).25 This manuscript describes a new synthetic method 
that allows them to be synthesized in longer form with up to 16 
fused benzene rings (hPDI[6], Figure 1b), allowing us to study 
the optoelectronic properties of the family. Furthermore, we 
demonstrated these molecular ladders have great potential as 
fast-charging and long-life OEMs. The most efficacious mem-
ber of this series, hPDI[6],  highlights four design principles for 
organic electrodes to achieve exceptional rate capability and cy-
cling stability (Figure 1b): (1) redox-active PDI subunits that 
feature high stability and fast redox kinetics;28,29 (2) insoluble 
macromolecules that overcome the dissolution issue associated 
with small molecules; (3) molecular contortion that facilitates 
lithium-ion transport and thus leads to high ionic diffusivity 
within the solid material;30 (4) precisely defined fully conju-
gated ladder structure that provides high electrical conductivity. 



 

 
Figure 1. (a) Helical perylene diimide nanoribbons. (b) The 
schematics of hPDI[6] as fast charging lithium battery cathode. 
(c) Performance comparison of hPDI[6] with other reported 
OEMs with similar mass loadings and specific capacities (100-
250 mAh/g). The active material portions are indicated by the 
size of the circles, the average active material mass loadings are 
shown in parentheses. The three red circles for hPDI[6] repre-
sent three different cells cycled at different current or mass 
loading. See Table S1 (Supporting Information) for detailed in-
formation used in this graph. 
 

When hPDI[6] is formulated as a cathode, it shows excellent 
rate performance of 126 mAh/g and 87 mAh/g (96% and 66% 
retention of their theoretical capacity) under a current density 
of 1 A/g (7.7 C) and 10 A/g (77 C), respectively. Such high rate 
performance significantly reduces the charging time to less than 
one minute, and leads to an output power density up to 22,500 
W/kg. Moreover, hPDI[6] cathodes exhibit exceptional cycling 
stability over 10,000 charge-discharge cycles with capacity fade 
of 0.004% and 0.0017% per cycle for 7.7 C and 77 C, 

respectively. Importantly, these hPDI[6] cathodes are fabri-
cated with a high active material portion of 80 wt.%, which is 
unusually high for organic electrodes.19 Figure 1c displays the 
particular advantages of this design over state-of-art organic 
cathodes by its rate performance, cycling stability and active 
material portion. To demonstrate the practical relevance, we as-
sembled coin cells with high active mass loading (5 mg/cm2, 
shown in Figure 1c) and with high temperature (60 °C) opera-
tion capability, and pouch cells that are able to power a com-
mercial LED fan. This new material and the associated design 
strategy set forth a path for sustainable,  fast-charging and long 
lifetime organic batteries.  

 

RESULTS AND DISCUSSION 
Iterative Synthesis of hPDI[n]. PDI-based molecules and 

polymers have been investigated as electrode materials by other 
research groups because of its stable redox reaction. However, 
due to densely packed structure and low electrical conductiv-
ity,31 the materials showed limited power density and poor cy-
cling stability (Table S2). We hypothesized that the electrical 
conductivity and ionic diffusion could be simultaneously im-
proved by increasing both the length of π-conjugation and the 
number of contorted aromatic sites. In addition, a longer fully 
conjugated system can stabilize the reduced states thus make 
the redox-active groups more accessible (Figure 1b). Critical to 
this study was the need to synthesize atomically defined, ladder-
type fully conjugated structures of substantial length. However, 
previous synthetic approaches32 used to synthesize hPDI[n] (up 
to n = 4) does not allow the production of longer ribbons due to 
incomplete photocyclization. 

Two observations guided our synthetic plan for the prepara-
tion of the longer oligomers. First, in our prior synthesis of 
hPDI[4], we found that the photo cyclization of the precursor 
with an internal double bond flanked by two hPDI[2] precur-
sors results in recovery of the starting material and essentially 
no photocyclization.25 Second, previous reports33 indicate that 
the photocyclization on PDI to form benzo-PDI (formation of 
the A-bond in Figure 2a) is much more facile than the photocy-
clization to the coronenediimide (formation of the B-bond in 
Figure 2a). Putting these two factors together, we hypothesized 
that the formation of “Type B” precursors in Figure 2b would 
lead to an efficient and high yielding synthesis of hPDI[5]-C11 
and hPDI[6]-C11 (C11 refers to the branched undecyl solubil-
izing groups).  



 

 
 
Figure 2. (a) Cyclization sequence of hPDI[n] precursors. (b) 
Hypothesized precursors for longer hPDI[n] ribbons.  

 
Scheme 1 displays the iterative synthesis of hPDI[5]-C11 

and hPDI[6]-C11 from shorter ribbons hPDI[3]-C11 and 
hPDI[4]-C11, respectively. We first dibrominated hPDI[3]-
C11 using large excess of bromine in dichloromethane at room 
temperature. Since MIDA boronates can serve as masked bo-
ronic acid reagent,34–36 we installed ethylene N-methyliminodi-
acetate (MIDA) boronate group on hPDI[3] by Suzuki coupling 
of  with  trans-2-(pinacol boronate)vinylboronic acid MIDA es-
ter. We then subject the DiBmida-hPDI[3] to Mallory photo-
cyclization using iodine and light under room temperature. We 
deprotect the MIDA boronates and react this with PDI-Br to 
give “Type B” precursor pre-hPDI[5]. To complete the synthe-
sis of hPDI[5]-C11, we irradiate pre-hPDI[5] with a common 
visible light LED in the presence of iodine in chlorobenzene at 
90 °C. hPDI[5] formed quantitively in two hours. We purify the 
product by simply removing the solvent and washing with 
methanol. Using this same approach, we synthesized hPDI[6]-
C11 from hPDI[4]-C11. Importantly, this new procedure is ap-
plicable to longer and functionalized hPDI[n] nanoribbons. We 
then performed vacuum thermolysis on hPDI[n]-C11 at 360 °C 
to quantitatively remove the alkyl chains (see thermogravimet-
ric analysis, Figure S1). The resulting hPDI[n] exhibit en-
hanced gravimetrical capacity by reducing the electro-inactive 
mass and simultaneously renders the material insoluble (Figure 
S28). hPDI[2] was not included due to the unsuccessful 

thermolysis from corresponding hPDI[2]-C11. The structure of 
hPDI[n] (n=3–6) was confirmed by 13C solid-state NMR, infra-
red spectroscopy and MALDI mass spectrometry (characteriza-
tion and synthetic details can be found in Supporting Infor-
mation, section 2&3).  

 
Scheme 1.  Synthesis of hPDI[5]-C11, hPDI6-C11 and 
hPDI[n] (n=3–6).   

 
 
Reaction conditions: (i) Br2, CH2Cl2, rt. (ii) trans-2-(pinacol 
boronate)vinylboronic acid MIDA ester, Pd(dppf)Cl2, K3PO4, 
THF/H2O, rt. (iii) I2, DCM, hn, rt. (iv) PDI-Br, Pd(dppf)Cl2, 
K2CO3, THF/H2O, 57 °C. (v) I2, PhCl, hn, 90 °C. (vi) 360 °C, 
in the vacuum. MIDA: N-Methyliminodiacetate. 
 

Electrical conductivity and effective conjugation length of 
hPDI[n].  

We measured the electrical conductivity of the hPDI[n] (n = 
3–6) thin films by a two-probe method (Figure 3b and Figure 
S4). The electrical conductivity of hPDI[5] and hPDI[6] are 
one order of magnitude higher than those of shorter ribbons. 
Such high conductivity is attributed to both the extended ladder 
conjugation and the array of hydrogen bond donors and accep-
tors on the primary imide organizing the nanowires.37 The 
important conclusion is that the electrical conductivity of the 
hPDI[n] family increases as the ribbons are extended. We esti-
mated the HOMO-LUMO gap of hPDI[n] ribbons from elec-
tronic absorption maxima of their alkylated counterpart, 
hPDI[n]-C11. We used Meier’s method38 to determine the 
bandgap of infinite hPDI[n] polymers to be 1.96 eV, which 
suggests that hPDI[6] (with a bandgap of 2.00 eV) is a good 
proxy for the polymeric hPDI[n] structures (Figure S2). 
Therefore, the improvement of electrical conductivity 
originates from the lengthy conjugated structure of hPDI[n]. To 
note, these conductivities are from the undoped molecules, and 
their anionic forms after reduction presumably have much 
higher conductivities.39 Taken together, these results show that 
increasing the length of the conjugated ribbons is an effective 
way to improve the electrical conductivity. 



 

Electrochemical performance of hPDI[n]. To evaluate the 
electrochemical performance of hPDI[n], we prepared the elec-
trodes by drop casting a slurry of 80 wt.% hPDI[n], 10 wt.% 
carbon black (as conductive agent) and 10 wt.% polyvinylidene 
fluoride (PVDF, as binder) in N-methyl-2-pyrrolidone onto a 
carbon paper. The carbon paper, which is a common current 
collector just like nickel foam, is used here because of their abil-
ity to hold the diluted slurries. Such high portion of active ma-
terial is typical for tests of inorganic materials but is much 
higher than those typically tested in organic materials.19 The 
electrodes were then assembled with lithium metal and 1 M 
LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 
by volume) electrolyte in 2032 coin cells. For comparison, we 
also investigated the PDI monomer and a PDI-vinyl conjugated 
polymer (PDIv, section 2.3 of Supporting Information provides 
synthetic details) with similar theoretical gravimetric capacities 

(Figure 3a). The electrochemical impedance spectroscopy (EIS) 
of these cells reveals that the charge-transfer resistance (Rct) for 
hPDI[n] decreases as the ribbon is made longer (Figure 3c), 
PDI exhibits a high Rct of 1400 Ω (Table S3) and PDIv exhibits 
similar Rct as hPDI[3]. This trend of Rct correlates well with the 
electrical conductivity of the pristine materials (Table S3). The 
low charge transfer resistance of hPDI[6] (47 Ω) facilitates fast 
electron transport, presumably resulting from fast intramolecu-
lar and intermolecular charge transfer. 

We next performed cyclic voltammograms (CV) to examine 
the electrochemical behaviors of hPDI[n] (n = 3–6), PDI and 
PDIv (Figure 3d and Figure S29). At a scan rate of 1 mV/s, 
hPDI[n] displayed a broad and reversible redox couple at a po-
tential of 2.25 V vs Li/Li+, matching the redox events of PDI 
subunits. The peak current of hPDI[n] increases as the ribbon 

 

 
Figure 3. The electrochemical characterization of hPDI[n]. (a) Molecular structures of the compounds for comparative studies: 
hPDI[3] (blue), hPDI[4] (green), hPDI[5] (orange), hPDI[6] (red), PDI (black) and PDIv (cyan). (b) Electrical conductivities and 
bandgaps of hPDI[n]. Bandgaps were estimated from the optical energy gaps of hPDI[n]-C11s. (c) EIS and (d) CV (scan rate: 1 
mV/s) of all cathode materials. (e) Rate performance of PDI, PDIv, hPDI[3] and hPDI[6]. (f) Cycling performance of hPDI[6] at 
7.7C (1 A/g, capacity in red and Coulombic efficiency in cyan) and 77C (10 A/g, capacity in pink and Coulombic efficiency in 
blue. 
 
 



 

length increases, revealing the improved electrochemical per-
formance as [n] increases. Analysis on the log-log plot of the 
sweep rate (v) versus the peak current (i) shows that hPDI[n] 
ribbons exhibited surface-controlled kinetics, PDI exhibited 
diffusion-controlled behavior, and PDIv was in-between (Fig-
ure S30). To further demonstrate the contortions effect on lith-
ium-ion transport, we investigate the lithium-ion diffusivity 
(DLi+) obtained by EIS (Figure S31 and Table S3).40,41 For 
hPDI[n] series, the DLi+ increases as the length of the macro-
molecule increases from hPDI[3] (1.8 × 10-11 cm2/s) to hPDI[6] 
(5.7 × 10-10 cm2/s, Table S3). This DLi+ increment as the ribbons 
extended longer is attributed to both the increase in particle sur-
face area (Figure S6) and the more well-defined contorted car-
bonyl position. The PDIv conjugated polymer, however, exhib-
ited a significantly lower diffusion coefficient of 1.9 × 10-11 

cm2/s. Such lower diffusivity of PDIv indicates the importance 
of well-defined position of the carbonyls imposed by molecular 
contortion in the longer oligomers.  

With significantly improved electrical conductivity and ionic 
diffusivity, hPDI[6] achieves exceptional power density and 
best-in-class cycling stability as a cathode material. Figure 3e 
displays the increasing rate capability from PDI, PDIv and 
hPDI[3] to hPDI[6] at different discharge rates (the rate per-
formance of hPDI[4] and hPDI[5] can be found in Figure S32). 
Multiple tests were performed to confirm that the PDI monomer 
has a minuscule capacity at 80% active material mass loading. 
At 0.1 A/g (0.77 C), hPDI[6] has reached 99% of the theoretical 
specific capacity value (131 mAh/g). It is important to note that 
hPDI[6] exhibits almost no loss in capacity until the rate of the 
current was increased to 2 A/g. Even at a 100-fold current rate 
of 10 A/g (77 C), hPDI[6] boasted a specific capacity of 87 
mAh/g. These results suggest that hPDI[6] batteries are able to 
be charged to 66% of its capacity within 35 seconds, corre-
sponding to a specific power density of 22,500 W/kg. We at-
tribute this exceptional rate performance of hPDI[6] to both 
high ionic diffusivity from the molecular contortion and high 
electrical conductivity from the precisely defined, "ladder-type" 
conjugated structure. Recently, Abruña, Fors and coworkers42 
reports an elegant work on phenazine-based OEMs with high 
energy and power densities by cross-linking, which also 
demonstrates the effect of increasing conjugation. Importantly, 
hPDI[6] cathode exhibits extraordinary cycling stability (Fig-
ure 3f). At 1 A/g, hPDI[6] has an initial capacity of 126 mAh/g 
and preserves 86 mAh/g after 10,000 cycles at 7.7 C, corre-
sponding to capacity fade of only 0.004% each cycle. At a 
higher rate (10 A/g, 77 C), hPDI[6] cathode also maintains its 
stability, with 84% capacity retention over 10,000 cycles, cor-
responding to an ultra-low capacity 0.0017% loss per cycle. To 
note, all the hPDI[n] (n = 3–6) cathodes exhibited extraordinary 
cycling stability (Figure S33). There is a large overpotential 
from lithium metal which may result in electrochemical irre-
versibility and capacity loss when the batteries are operated at 
high current density. Even so, these batteries can cycle for 
10,000 cycles with no issue. Collectively, the hPDI[6] is a very 
promising fast-charging cathode for its high power density and 
cycling stability to fill the absence between supercapacitor and 
batteries.  

High mass loading and high temperature test of hPDI[6]. 
Besides the high rate performance and cycling lifetime, hPDI[6] 
cathodes are able to maintain their superior performance in both 
high mass loading and high temperature conditions. To date, 
most research using organic materials as electrodes are limited 
to a low mass loading around 0.1~1 mg/cm2 due to materials’ 
low intrinsic electrical conductivity.14 To investigate the high 

active mass loading ability of hPDI[6], we fabricated the elec-
trodes with an active material loading of 5 mg/cm2. This mate-
rial loading is not only a practical mass loading but amongst the 
highest ever reported in an organic cathode material (Table S1). 
As shown in Figure 4a, these cells with high active mass loading 
were able to maintain 92% of the theoretical specific capacity 
(121 mAh/g) at 1 A/g, and still exhibit high cycling stability 
with 75% capacity retention after 3,000 cycles. Furthermore, 
hPDI[6] cathodes also exhibit reliable high temperature perfor-
mance with an initial capacity of 131 mAh/g and 71% capacity 
retention after 1000 cycles at 60 °C (Figure 4b). 

 

 
Figure 4. Demonstration of practical application of hPDI[6] 
batteries. (a) The high mass loading of hPDI[6] batteries with 
an areal mass loading of 5 mg/cm2. (b) The 60 °C high temper-
ature test. The mass loading is 1 mg/cm2. (c) The scheme of 
hPDI[6] batteries powering a LED fan. 
 

Practical demonstration of hPDI[6]. Finally, we demon-
strated the practical relevance of hPDI[6] materials by fabricat-
ing pouch cells to power a commercial LED fan. The working 
voltage and current of the fan are 4-5 V and 200-300 mA, re-
spectively, corresponding to a total power of ~1.12 W. Accord-
ingly, we built pouch cells with an electrode area of 20 cm2 and 
a cathode composite containing 20 mg of hPDI[6]. Two pouch 
cells were connected in series to provide enough voltage. As 
shown in Figure 4c and the Supplemental Video, the battery was 
able to power the LED fan for 30 seconds, corresponding to a 
power density of 28,000 W/kg. Such power density is 50-fold 
beyond current state-of-the-art LIBs. These results show that 
hPDI[6] can be easily integrated into existing battery manufac-
turing processes. 

 

CONCLUSION 



 

In summary, we designed and introduced a contorted, atomi-
cally defined hPDI[6] macromolecular ladder with high ionic 
diffusivity and electrical conductivity as a fast-charging and 
long-lifetime battery cathode. hPDI[n] was efficiently synthe-
sized via a newly developed iterative protocol. We found that 
the electrical conductivity of hPDI[n] can be engineered and 
significantly improved by increasing the conjugation length of 
the ribbons. In addition, longer hPDI[n] ribbons also introduce 
more contortion sites to accelerate the ion transport. With im-
proved electrical conductivity and ion diffusivity, hPDI[6] 
cathodes show a power density two orders of magnitude higher 
than the conventional inorganic materials. Batteries with 
hPDI[6] as a cathode can be charged to 66% of its maximum 
capacity within 35 seconds. Meanwhile, the stable structure of 
hPDI[6] allows it to cycle 10,000 times without significant ca-
pacity decay. Moreover, hPDI[6] is also compatible with exist-
ing manufacturing line that can be immediately used for batter-
ies without further modification. These results demonstrate that 
both the conjugation and contortion are critical to improve rate 
performance of organic materials. Such design principles pro-
vide a streamlined chemical blueprint for fast charging, long 
lifetime, and sustainable battery electrodes. 
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