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ABSTRACT: We report here the first successful demon-
stration of a “π-conjugated redox polymer” simultaneously
featuring a π-conjugated backbone and integrated redox
sites, which can be stably and reversibly n-doped to a high
doping level of 2.0 with significantly enhanced electronic
conductivity. The properties of such a heavily n-dopable
polymer, poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naphtha-
lenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)}
(P(NDI2OD-T2)), were compared vis-a-̀vis to those of the
corresponding backbone-insulated poly{[N,N′-bis(2-octyl-
dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-
5,5′-[2,2′-(1,2-ethanediyl)bithiophene]} (P(NDI2OD-
TET)). When evaluated as a charge storage material for
rechargeable Li batteries, P(NDI2OD-T2) delivers 95% of
its theoretical capacity at a high rate of 100C (72 s per
charge−discharge cycle) under practical measurement
conditions as well as 96% capacity retention after 3000
cycles of deep discharge−charge. Electrochemical, impe-
dance, and charge-transport measurements unambiguously
demonstrate that the ultrafast electrode kinetics of
P(NDI2OD-T2) are attributed to the high electronic
conductivity of the polymer in the heavily n-doped state.

Organic π-conjugated polymers are emerging as a materials
class for energy-related applications enabling a path to a

more sustainable energy landscape without the need of energy-
intensive, expensive, and sometimes toxic metal-based com-
pounds.1 Furthermore, the possibility to fabricate lightweight
and mechanically flexible devices makes polymeric materials
even more attractive. Hole-transporting (semi)conducting
polymers with substantial redox activity and electronic
conductivity have been long recognized as electrode materials
for batteries, supercapacitors, and thermoelectrics.2 However,
all-polymer devices of this type have been difficult to realize due
to the limitations of electron-transporting polymers.3 Two
general classes of electron-transporting polymers are known: π-
conjugated polymers and nonconjugated redox polymers.2a

Electron-transporting (or n-type) π-conjugated polymers
typically need multiple repeating units in the backbone to
stabilize injected electrons. Thus, the inability to stably and
reversibly store these charges limits the n-doping level,4 which
in turn reduces the amount of free electrons and therefore
restricts the electronic conductivity. On the other hand,
nonconjugated redox polymers have dedicated redox active

sites accepting one or more electrons per repeating unit5 but
lack a π-conjugated backbone as found in π-conjugated
polymers, which is crucial for efficient electron conduction.
Since the advantages of the two classes of polymers perfectly
complement each other, the weakness of both polymers could
be addressed by a rational combination of the characteristics
from each class, such as a “π-conjugated redox polymer”
(Figure 1a). Pioneering attempts to construct such a polymer

were limited by insufficient reversibility of the doping process,6

unknown doping level,6b,c,7and/or uninvestigated/poor con-
ductivity of the n-doped state.6,7 Thus, it remains a major
challenge to develop heavily n-dopable π-conjugated polymers
with high electronic conductivity.
Herein we report the first demonstration of a π-conjugated

redox polymer in poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naph-
thalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (P-
(NDI2OD-T2)), which can be stably and reversibly n-doped to
a high doping level (2.0) and exhibits significant electronic

Received: March 6, 2015
Published: March 31, 2015

Figure 1. (a) Graphical illustration of the structural characteristics of
π-conjugated polymers, redox polymers, and π-conjugated redox
polymers. (b) Molecular structure of the nonconjugated P(NDI2OD-
TET) and the π-conjugated P(NDI2OD-T2).
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conductivity, enabling the realization of ultrafast rechargeable Li
batteries (Figure 1b). P(NDI2OD-T2) is an electron-trans-
porting π-conjugated polymer extensively studied in organic
electronics, but only in its intrinsic and slightly n-doped states
(doping level ≤0.1).8 Our results demonstrate that P-
(NDI2OD-T2) meets key criteria for an efficient π-conjugated
redox polymer: a linear π-conjugated alternating naphthalene−
bithiophene backbone providing an electron-transport pathway
and a naphthalene dicarboximide (NDI) unit, which is a highly
reversible two-electron acceptor,5bensuring a high n-doping
level. The advantage of a π-conjugated redox polymer as an
energy storage material over a nonconjugated one is highlighted
by the design of a control polymer, poly{[N,N′-bis(2-
octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-
5,5′-[2,2′-(1,2-ethanyl)bithiophene]} (P(NDI2OD-TET, for
synthetic details see SI)), where a saturated −CH2-CH2−
group is inserted in between the two thienyl units to break
polymer backbone π-conjugation, leaving all the other
P(NDI2OD-T2) structural components unaltered (Figure 1b).
The vis-a-̀vis n-dopability of the two polymers was

investigated using an in situ electrochemical doping method.
This method enables precise control of the doping process and
monitoring of the property change of the polymer. Li is an ideal
doping reagent because the small size of Li+ prevents phase
segregation (vide inf ra). For this purpose, coin-type recharge-
able Li cells were fabricated with a polymer/conductive carbon
mixture as the working electrode and metallic Li as the counter
and reference electrode (see SI). Polymer/carbon black
composite films containing 60 wt % of polymer with an active
mass of 0.3 mg cm−2 was galvanostatically cycled in a Li+-
containing ethereal electrolyte solution to realize the redox
process. Every NDI unit of our polymers contains four carbonyl
groups, two of which are expected to be reversibly reduced via a
two-step two-lithium addition reaction (Figure 2a; further

reduction of more carbonyl groups leads to irreversible
transformation of the NDI structure).9 During the two-
carbonyl reduction, two electrons will be delocalized in the
polymer backbone repeating units, corresponding to an n-
doping level of ∼2.0. Figure 2b,c shows the potential profile
during the n-doping−undoping process, demonstrating that
both polymers undergo two-step reduction. The two stages are

less discernible for P(NDI2OD-T2), reflecting the charge
delocalization by the π-conjugated backbone. Judging from the
charge injected during n-doping, both polymers roughly
complete the two-electron reduction, leading to high n-doping
levels of 1.8 and 2.0 for P(NDI2OD-TET) and P(NDI2OD-
T2), respectively. If considered as a Li storage material, the
specific capacity of P(NDI2OD-T2) is 54.2 mAh g−1, or 100%
of its theoretical capacity (54.2 mAh g−1; calculated for a 2-
electron redox reaction), whereas the specific capacity of
P(NDI2OD-TET) is 47.4 mAh g−1, or 90% of its theoretical
capacity (52.7 mAh g−1). Thus, the π-conjugated backbone of
P(NDI2OD-T2) does not decrease the n-dopability.
The electrode kinetics of P(NDI2OD-T2) and P(NDI2OD-

TET) were compared via fast charge−discharge measurements.
As shown in Figure 3a, the capacity retention at 10C (12 min

per cycle) is 99% and 80% for P(NDI2OD-T2) and
P(NDI2OD-TET), respectively, whereas at the ultrafast rate
of 500C (14 s per cycle) the capacity difference between the
two polymers is larger (79% and 43%, respectively). The
potential difference between charge and discharge curves is also
smaller for P(NDI2OD-T2) at all C-rates (Figure S1). Clearly,
P(NDI2OD-T2) exhibits much faster electrode kinetics than
that of P(NDI2OD-TET).
The kinetics of a solid-state battery electrode is determined

by three major parameters: (1) reaction rate of the redox site,
(2) solid-state ion (Li+) transport, and (3) electronic
conduction. Thus, we have measured these parameters for
our polymers to understand the origin of the fast electrode
kinetics of P(NDI2OD-T2). First, the redox activity was
probed with electrochemical impedance spectroscopy (EIS).
The obtained Nyquist plots (Figure 3b) for the two polymers
at a depth-of-discharge of 25% (corresponding to a doping level
of 0.5) show semicircles of about the same size in the low- to
mid-frequency region, which can be fitted to yield almost
identical charge transfer resistance (Rct = 206.7 and 210.4 Ω for
P(NDI2OD-T2) and P(NDI2OD-TET), respectively). The Rct
values for the two polymers remain very similar (235.5 and
223.8 Ω) at a depth-of-discharge of 75% (corresponding to a
doping level of 1.5). Since Rct is a measure of the

Figure 2. (a) Two-step n-doping/lithiation mechanism of the
naphthalene diimide unit. (b,c) Potential profile of P(NDI2OD-
TET) (b) and P(NDI2OD-T2) (c) during n-doping−undoping at 1C
(2 h per cycle).

Figure 3. Electrochemical measurements for the indicated polymers.
(a) Capacity retention of Li cells at increased charge−discharge rates.
(b) Nyquist plot from EIS measurements of Li cells at a depth-of-
discharge of 25%. (c) Solid-state Li diffusivity measured with GITT at
different doping levels. (d) Electronic conductivity of polymer films
without carbon additive in different chemically n-doped states.
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electrochemical reactivity of an electrode material at a given
discharged state, the almost identical values indicate no obvious
difference in the reaction rate for the two polymers in any n-
doped state. Second, the solid-state Li diffusivity was assessed
with galvanostatic intermittent titration technique (GITT), and
the calculated diffusivity values are plotted against doping level
(Figure 3c). The Li diffusivity−doping level dependence is
similar for both polymers. The average Li diffusivities are 1.45
× 10−11 and 3.38 × 10−11 cm2 s−1 for P(NDI2OD-TET) and
P(NDI2OD-T2), respectively, again very close to each other.
These similarities are not unexpected given the largely identical
functional groups in the two polymers. The slight advantage of
P(NDI2OD-TET) over P(NDI2OD-T2) in Li diffusivity may
be due to the less efficient stacking of P(NDI2OD-TET)
compared with P(NDI2OD-T2) (Figure S2), which allows
faster Li diffusion. Finally, the film electronic conductivity of
our polymers was measured for chemically doped samples.
Note, conductive carbon was not used in these measurements
to extract the intrinsic conductivity of the polymers. Both
pristine polymers exhibit a conductivity of ∼10−8 S cm−1.
However, when reduced with progressively larger amounts of
the molecular dopant 4-(1,3-dimethyl-2,3-dihydro-1H-benzimi-
dazol-2-yl)-N,N-diphenylaniline (N-DPBI),10 the conductivity
of P(NDI2OD-T2) rapidly increases by 5 orders of magnitude
to ∼10−3 S cm−1, whereas that of P(NDI2OD-TET) only
increases slightly (∼10−7 S cm−1). These data indicate that
intrachain charge transport within the π-conjugated backbone
of P(NDI2OD-T2) dramatically enhances electronic conduc-
tivity, whereas that of P(NDI2OD-TET) must rely only on the
less efficient interchain charge hopping. In our lithium cells,
although the addition of conductive carbon will increase the
apparent conductivity of the electrodes based on both
polymers, the electron transport within the polymer domains
will be still dominated by the intrinsic conductivity of the
doped polymers. The combined results demonstrate that the
presence of the π-insulating ethanyl group in P(NDI2OD-
TET) does not alter the redox activity nor the ionic
conductivity and that the highly conducting nature of the
heavily n-doped P(NDI2OD-T2) is unambiguously responsible
for the ultrafast energy storage capability.
We believe that the electronic conductivity saturation

observed in Figure 3d for P(NDI2OD-T2) at N-DPBI molar
doping ratio >15 mol % is due to inefficiencies of the dopant
rather than an intrinsic limitation of the polymer. Indeed,
Figure 4 compares the morphology of the pristine P(NDI2OD-
T2) film, the chemically doped polymer film with 28 mol % of
N-DPBI, and the electrochemically doped polymer film with
200 mol % of Li ion. The pristine film shows fiber-like structure
as previously reported.8a N-DPBI-doped film at 28 mol %
shows grainy aggregates, indicating significant phase segrega-
tion of the molecular dopant. This observation is in agreement

with previous studies showing similar phase segregation of
molecular dopants in the polymer host films for N-DPBI
dopant ratio >10 mol %,8b thus precluding further doping. In
contrast, the electrochemically Li+-doped P(NDI2OD-T2) film
exhibits negligible phase segregation and the increased surface
roughness is due to the exceptionally large (200 mol %) dopant
content (Figure 4c). Because of the much higher doping level,
it is expected that Li-ion-doped films should exhibit similar
trends but with far higher conductivities than those measured
for the N-DPBI-doped films in Figure 3d.
The improved redox kinetics of P(NDI2OD-T2) encouraged

us to further explore its fast charge−discharge capability.
Electrodes with higher loading (up to 1.3 mg cm−2; see Figure
S3) and higher active mass ratio (up to 80 wt % active mass; see
Figure S4) were fabricated, and the results are compared to the
state-of-the-art organic electrode materials (Table S1). For
relatively “standard” high-rate conditions (∼1 mg cm−2, ∼60 wt
% active mass, ∼10C), very few materials approach the capacity
retention level of P(NDI2OD-T2). Under more harsh testing
conditions such as an ultrahigh-rate of 100C (72 s per cycle)
and a high active mass ratio of ≥80 wt % (unusually high for
organic electrode materials), the superiority of P(NDI2OD-T2)
becomes even more evident (Table 1). Note that all these

results were achieved without the need for the construction of
porous polymer structures, incorporation of nanostructured 1-/
2-/3-dimensional conducting reagents, or nanoscale morphol-
ogy control, which are strategies usually necessary to achieve
fast kinetics for organic electrode materials.5c,11 The fact that
P(NDI2OD-T2) exhibits the best electrode kinetics despite the
presence of significant amount (∼57% by mass; >65% by
volume from DFT computations) of redox-inactive/insulating
alkyl chains in the molecular structure fully demonstrates the
potential of this molecular design for energy storage purposes.
The stability of P(NDI2OD-T2) when heavily n-doped and

the reversibility of the doping process were investigated
through repeated doping/undoping cycles. Impressively, after
3000 cycles to a doping level of 2.0 and complete undoping to
the intrinsic state, the dopability of P(NDI2OD-T2) remains
intact (Figure 5), with a capacity retention of 96% and an
average Coulombic efficiency >99.95%. These results demon-
strate for the first time that π-conjugated redox polymers can be
stably and reversibly n-doped to such high levels. As a charge
storage material, the specific capacity of P(NDI2OD-T2) (∼54
mAh g−1) is lower than that of inorganic counterparts due to
the unoptimized long solubilizing alkyl chains that do not

Figure 4. AFM height images of (a) pristine P(NDI2OD-T2) thin-
film, (b) P(NDI2OD-T2) thin-film doped with 28 mol % of N-DPBI,
and (c) P(NDI2OD-T2) thin-film doped with 200 mol % of Li ion.
Scale bar: 500 nm. The rms roughness for three films is 1.07, 1.33, and
5.14 nm, respectively.

Table 1. Comparison of the Rate Capability of P(NDI2OD-
T2) with Those of State-of-the-Art Electrode Materials

compound
doping
type

active
ratioa

capacity
retentionb ref

P(NDI2OD-T2) n 60% 95% (100C)
this work

80% 81% (10C)
PTCDA−PI2 n 60% 28% (80C) 12
PVK p 55% 78% (100C) 11a
PTMA p 50% 71% (50C) 11b
Li4C6O6 n 80% 27% (6C) 13
aOnly the results obtained with an active mass ratio of ≥50% and non-
thin-film devices (e.g., thickness >1 μm) are included. bRelative to the
highest capacity recorded at low rates. Only the results obtained at
≥50C (for active ratio ≥50 wt%) or ≥5C (for active ratio ≥80 wt%)
are included.
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contribute to redox reaction. Thus, improved molecular design
of π-conjugated redox polymers should result in significant
improvement in energy density.
In summary, we have successfully demonstrated that π-

conjugated redox polymers are a class of heavily n-dopable
conducting polymers combining the high redox activity of
redox polymers and the high electronic conductivity of π-
conjugated polymers. A model polymer, P(NDI2OD-T2), was
stably and reversibly n-doped to a high doping level of 2.0, a
significant progress for electron-transporting π-conjugated
polymers. The high electronic conductivity of the heavily n-
doped P(NDI2OD-T2) leads to unprecedented electrode
kinetics when evaluated as an organic electrode material for
rechargeable Li batteries. With rational molecular design, π-
conjugated redox polymers will establish new design space in
polymer chemistry and see widespread applications especially in
energy-related ones such as batteries, supercapacitors, and
thermoelectrics.14
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