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Precise synthesis of BN embedded perylene diimide
oligomers for fast-charging and long-life
potassium—organic batteriesy

Guangwei Shao,?® Hang Liu,?° Li Chen,? Mingliang Wu,? Dongxue Wang, (2 *2°
Di Wu 2 *3® and Jianlong Xia (2 *abe

Replacing the C=C bond with an isoelectronic BN unit is an effective strategy to tune the optoelectronic
properties of polycyclic aromatic hydrocarbons (PAHs). However, precise control of the BN orientations in
large PAH systems is still a synthetic challenge. Herein, we demonstrate a facile approach for the synthesis
of BN embedded perylene diimide (PDI) nanoribbons, and the polarization orientations of the BN unit were
precisely regulated in the two PDI trimers. These BN doped PDI oligomers show great potential as organic
cathodes for potassium-ion batteries (PIBs). In particular, trans-PTCDI3BN exhibits great improvement in
voltage potential, reversible capacities (ca. 130 mA h g%, superior rate performance (19 s to 69% of the
maximum capacity) and ultralong cyclic stability (nearly no capacity decay over 30 000 cycles), which are
among those of state-of-the-art organic-based cathodes. Our synthetic approach stands as an effective
way to access large PAHs with precisely controlled BN orientations, and the BN doping strategy provides
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Introduction

Perylene diimide (PDI) is a versatile building block for the
construction of novel functional materials for organic
electronics.” In the past few decades, numerous tailor-made
PDI derivatives have been developed for application in elec-
tronic devices,*** sensors,*"” and energy storage.'®*' Due to
the presence of multiple redox-active carbonyl groups, as well as
the merits including but not limited to flexible structure design,
low-cost production, excellent stability and environmental
friendliness, PDI derivatives have been widely used in almost all
kinds of rechargeable ion batteries.”*** In terms of material
diversity and tunable redox properties, PDI-based electrodes
show great potential for application in potassium-ion batteries
(PIBs),?® which have recently been proposed as an alternative to
lithium-ion batteries owing to the earth-abundant and widely
distributed potassium resources.”’** One of the main chal-
lenges in the development of PDI-based electrodes is the low
electron conductivity of organic materials. Continuous efforts
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useful insight into the development of organic electrode materials for secondary batteries.

have been devoted to improving the performance of PDI-based
energy storage devices;***'*¢ the construction of oligomers and/
or hybrids with extended w-conjugation and an increased
number of redox-active sites has been proved to be a robust
strategy to obtain high-performance PDI-based electrodes.?
The enlarged 7 conjugation can significantly improve the
electron conductivity, and the definite chemical structures of
PDI oligomers/hybrids can avoid batch-to-batch variations and
reduce the use of redox-inactive linkers and side chains in
comparison with their polymer counterparts.’”** Very recently,
Nuckolls and co-workers demonstrated the iterative synthesis of
helical PDI nanoribbons; the longest oligomer with six PDI
units displayed remarkable cathode performance in lithium
batteries, with both high electrical conductivity and high ionic
diffusivity.** However, the synthetic route toward oligomers
with increasing length is somewhat cumbersome and expen-
sive, which hinders further application of this PDI hexamer.
Heteroatom doping is a powerful strategy for tuning the
electronic properties of carbon-based materials toward improved
electrochemical storage performance; the boron (B) and nitrogen
(N) co-doping approach has achieved great success in the devel-
opment of carbonaceous electrodes.**** And it has also been well
established that the substitution of C=C bonds with BN units
endows the resultant BN embedded polycyclic aromatic hydro-
carbons (PAHs) with similar structural features but with diver-
gent optoelectronic properties.**~** We speculated that the use of
the B and N co-doping strategy would provide an alternative way
for tuning the electrochemical properties of PDI oligomers,
besides extending the 7 conjugation through increasing PDI
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units with tremendous synthetic efforts. Although the synthetic
routes of BN doped PAHs have been well documented, a partic-
ular challenge is the precise control of the polarization orienta-
tions of BN units in BN-embedded PDI derivatives.*®

Herein, to prove our hypothesis, a BN bridged PDI dimer
PDI2BN and a pair of trimers trans- and cis-PDI3BN with
different BN orientations were designed and precisely synthe-
sized. It is worth noting that the direct bromination of the
commercially available PDI monomer usually yields a regioiso-
meric mixture of 1,7- and 1,6-dibrominated PDI precursors.
Although the regioisomeric mixtures of dibrominated PDI
intermediates were elaborately used to reduce synthetic efforts
in Nuckolls' iterative synthesis of helical PDI nanoribbons,* the
use of a mixture of 1,7- and 1,6-dibrominated PDI as a starting
material gives a mixture of trans- and cis-PDI3BN, which could
not be separated by column chromatography and crystallization
methods. By using a synthetic strategy recently developed in our
lab, the regiochemically pure 1,6-di(substituted) PDI precursor
can be easily accessed.”* With these key building blocks in
hand, trans- and cis-PDI3BN can be separately synthesized. In
comparison with the corresponding vinylene bridged counter-
parts, the photophysical and electronic properties of the PDI
oligomers were pronouncedly tuned by the introduction of BN
units. The development of PDI-based PIBs lags behind that of
other counterparts in terms of understanding the structure—
property—-performance relationships.” The first example of
a PDI derivative (3,4,9,10-perylene-tetracarboxylic dianhydride)
based PIB cathode with a decent reversible capacity was re-
ported in 2015; however, the potassium storage suffered from
poor cyclability.?® To investigate the electrochemical storage
performance of these BN co-doped PDI oligomers, the deal-
kylated oligomers PTCDI2BN, trans- and cis-PTCDI3BN
(Scheme 1) were prepared, and they all show more superior
performance than the vinylene bridged PDI dimer (PTCDI2)
when employed as the cathode in potassium batteries. The rate
performance and cycle stability of the two trimers are among
the top class of carbonyl-based potassium batteries, while trans-
PTCDI3BN shows certain superiority compared with the cis-
isomer, illustrating the vital role of BN orientation in the
performance of organic batteries (Scheme 1).
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Results and discussion

As shown in Scheme 2, the synthesis of PDI2BN commences
with the preparation of PDI2NH by reacting 1-Br-PDI 1°***> with
1-NH,-PDI 2°**” via a Buchwald-Hartwig coupling reaction.*®
Subsequently, borylation of PDI2NH by treatment with BClj,
Et;N affords PDI2BN in a yield of 76%. The trimers trans- and
cis-PDI3BN were synthesized based on the same sequence using
the regiochemically pure 1,7- and 1,6-di(substituted) PDI
precursors 3 and 4 as staring materials, respectively (Scheme 2).
The corresponding dealkylated oligomers PTCDI2BN, trans-
and cis-PTCDI3BN are prepared by vacuum thermolysis at 400 ©
C (Scheme S7-597).* The weight loss percentage of these PTCDI
oligomers was approximately 48% at 400 °C in thermogravi-
metric analysis (Fig. S211), which aligned with the soluble alkyl
chain content. And as shown in Fig. S22, vibrational modes of
alkyl chains disappeared in the PTCDI oligomers, accompanied
by the appearance of new signals identified as those of N-H
stretching vibration. These results indicated that PTCDI oligo-
mers were successfully synthesized. The vinylene bridged PDI
dimer PDI2 and PTCDI2 (Scheme S1071) were synthesized for
comparison following the method described in the litera-
ture.”®>>% The chemical structures of all new compounds were
well characterized by "H NMR, *C NMR and HRMS and the
synthetic details are illustrated in the ESIL.}

The photophysical properties of these BN embedded oligomers
were examined by using the ultraviolet-visible (UV-vis) absorption
spectra and fluorescence spectra (Fig. 1 and Table 1). As shown in
Fig. 1a, on comparing with that of PDI2, the absorption band of
PDI2BN in the 350-425 nm range is almost vanished, which is the
characteristic absorption of vinylene bridged PDI2.%** Similarly,
the characteristic absorption of trans- and cis-PDI3BN also dis-
appeared in comparison with vinylene bridged PDI3 (Fig. S11).*
trans- and cis-PDI3BN showcase a bathochromic-shift of around
20 nm and increased absorption coefficient compared to that of
PDI2BN, demonstrating the effect of extended conjugation.
Furthermore, the different BN orientations in PDI3BN lead to
distinct fine structures in the absorption spectra, and the cis-
isomer shows an absorption peak and shoulder at 385 and
609 nm, which may be ascribed to the different dipole-dipole

trans-PDI3BN Q =B A =N cis-PDI3BN Q=N A =B

Scheme 1 The design strategy of BN embedded PDI oligomers for high performance PIBs; the structure highlights the effect of BN orientation

and the length of conjugation.
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Scheme 2 The synthetic routes of (a) PDI2BN, (b) trans-PDI3BN and (c) cis-PDI3BN.

interactions of BN units.*** All the three BN embedded PDI
oligomers exhibit slightly red-shifted fluorescence compared to
vinylene bridged PDI2 (Fig. 1b) with decreases in fluorescence
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Fig. 1 (a) UV-vis absorption spectra of PDI2, PDI2BN, trans-PDI3BN
and cis-PDI3BN in chloroform (5 x 10~® M); (b) normalized fluores-
cence spectra of PDI2, PDI2BN, trans- and cis-PDI3BN in chloroform
(5 x 1078 M).

quantum yields (Table S1t), which are consistent with that of the
reported BN embedded PDIL* The redox properties of BN
embedded oligomers were examined by cyclic voltammetry (CV).
All compounds exhibit multiple reduction waves at a given
potential (Fig. S2f), which is similar to the reported B-N
embedded PDIL.* The overlapped CV curves of the five cycles of
scan and intensified redox peaks with the increase of scanning
rates were also observed, demonstrating the splendid reversibility
of these oligomers (Fig. S21).*** The BN doping exerts meagre
influence on the energy levels of PDI2BN in comparison to PDI2
(Table 1). In the case of trans-PDI3BN and cis-PDI3BN, the
orientations of BN units obviously adjust the highest occupied
molecular orbital (HOMO) energy level, while the impact on the
lowest unoccupied molecular orbital (LUMO) energy level is
negligible (Table 1).*°

Due to the notable redox characteristics of these BN bridged
PDI oligomers, they were tested as electrode materials in PIBs.

Table 1 Photophysical and electrochemical parameters of BN embedded oligomers

Compounds Aabs” (nm) ex 107> M tem ™) Erumo’ (€V) Exomo” (eV) Ey (eV)
PDI2 547 1.04 —3.78 —5.97 2.19
PDI2BN 482 0.82 —-3.75 —5.93 2.18
trans-PDI3BN 489 1.41 —-3.79 —5.90 211
cis-PDI3BN 486 1.42 -3.77 —5.72 1.95

“ Jabs Maxima were measured in the CHCL, solutions of a concentration of 5.0 x 10~ M. ? The E ymo was calculated by using the following
equation: Erymo = —(Ered ¢t — Epe + 4.8) eV, where the first reduction potential was measured by CV and Eg. was the half-wave potential of
ferrocene. The Exomo Was calculated by using the following equation: Enomo = —Eg + Erumo €V. ¢ The optical bandgap was estimated from the

onset positions of their absorption spectra and calculated by using the equation: E; = 1240/Aonget-
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The energy storage performances of these PTCDI oligomers
were systematically measured in coin cells with potassium
metal as the counter electrode and 1 M KPF; in ethylene glycol
dimethyl ether (DME) as the electrolyte. As shown in Fig. 2a, the
cyclic voltammograms (CVs) of the initial three cycles for
PTCDI2BN are nearly superimposed on each other, while
PTCDI2 shows two irreversible reduction peaks during the
initial cathodic scan, implying an irreversible structural trans-
formation.”® The significant enhancement in reversibility may
be related to the changed electron distribution of the carbon
plane induced by the heteroelectronic structure afforded by BN
doping.*® Besides, both cis- and trans-PTCDI3BN display similar
redox behaviors, but obviously extended CV area when
compared with PTCDI2BN, indicative of their enhanced potas-
sium storage capability. Correspondingly, the galvanostatic
charge/discharge (GCD) profiles (Fig. 2b) for all samples are
well-consistent with the CV results, i.e., PTCDI2BN, trans- and
cis-PTCDI3BN show similar GCD curves, and both trimers can
deliver higher reversible capacities of ca. 140 mA h g '
compared to dimers (ca. 90 mA h g~"). This should highlight
that such a high specific capacity is at the forefront of all
carbonyl cathodes for PIBs.?”*"3%3%¢7-6% These additional capac-
ities may be rooted in heteroatom substituents in the carbon
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enhances the electrochemical adsorption of K'-ions, further
leading to an improved capacity.*”® Besides, BN embedded
PTCDI2BN also shows a ca. 0.2 V higher plateau than PTCDI2
(Fig. 2c and S237), which can potentially increase the operating
voltage of these BN derivative-based full PIBs. It has been shown
that a higher redox potential is normally obtained by intro-
ducing inactive electron-withdrawing groups, which obviously
damages the reversible capacities.” Moreover, the balance
between stabilizing redox-potential and increasing 7-conjuga-
tion is always a dilemma since the average voltage would inev-
itably decrease with an increased m-conjugation degree.”’”
This dilemma can be effectively circumvented through precise
regulation of the polarization orientations of BN units in trans-
and cis-PTCDI3BN. As displayed in Fig. S23,f a rather low
voltage-loss of ca. 2.79% is obtained in trans-PTCDI3BN (2.09 V
vs. 2.15 V for PTCDI2BN), and a much higher one of ca. 12.56%
occurred in ¢is-PTCDI3BN (1.88 V vs. 2.15 V for PTCDI2BN).
More particularly, both trans- and cis-PTCDI3BN demonstrated
remarkable smaller overpotentials of ca. 0.02 V than PTCDI2BN
(Fig. 2d and S247), implying their better kinetic properties. In
summary, BN co-doped PDI oligomers show unique superiori-
ties as follows: (1) heteroelectronic BN linkers can change the
electron distributions of the carbon plane, contributing to

plane, which changes the surface-chemical properties and remarkable improvement in redox potentials of PTCDI
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Fig. 2 (a) CV curves at a scan rate of 2 mV s~ and (b) GCD splines at 500 mA g~* during the initial three cycles for PTCDI oligomers. (c) The
average oxidation and reduction potential comparison picture of PTCDI2 and PTCDI2BN. (d) Overpotential image of BN embedded PTCDI
derivatives. (e) Nyquist plots and its simulation lines at the third cycle and (f) the histogram for the b-value of PTCDI oligomers.
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derivatives; (2) an increased number of BN linkers offer addi-
tional K" storage sites, and improve the charge diffusion capa-
bility in bulk BN co-doped PTCDI trimers; (3) precise control of
BN units in PDI trimers as trans-PTCDI3BN can effectively
reduce voltage loss even with increased m-conjugation. Fig. 2e
demonstrates that the charge transfer resistance (R.) is signif-
icantly reduced with the increase of BN linkers (Fig. $257), and
trans-PTCDI3BN displayed the smallest R, value, reflecting its
fastest reaction kinetics. Detailed fitted R values are presented
in Table S2.1 Furthermore, a series of rectangle-like CV curves
with recognized redox peaks (Fig. S26t) are observed at various
scan rates from 0.5 to 10 mV s ', suggestive of co-managed
Faradaic and non-Faradaic behaviors during repeated K"
release/storage in these four PTCDI oligomers. According to the
power law between measured current (i) and sweep rates (v)
shown in eqn S1 and S2,7 PTCDI2BN, trans- and cis-PTCDI3BN
demonstrate a higher b-value compared to PTCDI2, implying
that BN co-doping is beneficial to increase the contribution
from pseudocapacitance (Fig. 2f and S277).

Encouraged by the improvement in K* storage and transfer
capability through BN co-doping, we further assessed their rate
performance. As shown in Fig. 3a, all the BN doped PTCDI
oligomers displayed apparent superiority in high-rate capability
compared to PTCDI2, and both trans- and cis-PTCDI3BN exhibit
enhanced reversible capacities and capacity retention at various

View Article Online
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a capacity response of ca. 135.2 mA h g~ ' at a current density of
0.5 A g™', and 69% of it can be retained even at a high rate of
20 A g7, suggestive of its excellent structural stability. More-
over, GCD curves collected at various current densities (Fig. 3b)
reveal the electrode polarization order to be trans-PTCDI3BN <
cis-PTCDI3BN < PTCDI2BN < PTCDI2, which is in accordance
with EIS results and indicates the outstanding high-rate
endurance of both trans- and cis-PTCDI3BN again. Further-
more, all three BN embedded PTCDI oligomers outperform
most of the state-of-the-art carbonyl cathodes for PIBs
(Fig. 3c).283339:36:38,33,75-82 Begides boosting the rate performance,
the extended conjugated structure of PTCDI3BN also contrib-
utes to remarkable improvement in cyclic durability, which was
evaluated at high current densities of 10 A g”" and 20 A g™,
respectively (Fig. 3d and e). Moreover, trans-PTCDI3BN exhibits
the best cyclability among these four PTCDI oligomers, followed
by by cis-PTCDI3BN. In detail, there is nearly no capacity fading
in the trans-PTCDI3BN cathode even after 13 000 cycles at
10 A g~" and 30000 cycles at 20 A g~ '. Furthermore, the cis-
PTCDI3BN cathode exhibits a high reversible capacity of
78.4 mA h g~ over 9000 cycles at 10 A g~ ', and retained 91% of
its initial value. Even after 20 000 cycles, a capacity retention of
85% can still be achieved. It should be highlighted that such an
ultra-long lifespan over 30 000 cycles with a capacity retention of
nearly 100% is among the best ones in state-of-the-art potas-
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Fig. 3 (a) The cycle performance at different current densities and (b) ohmic polarization at the selected current density for PTCDI oligomers. (c)

Comparison of the capacity retention among various reported OEMs. Cycle stability of PTCDI oligomers at (d) 10 A g~*and (e) 20 A g%
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Conclusions

In conclusion, a two-step synthetic route toward boron and
nitrogen co-doped PDI oligomers with precisely controlled BN
orientations was developed. The optoelectronic properties of
the obtained PDI2BN and trans- and cis-PDI3BN were investi-
gated. The introduction of BN units causes pronounced
changes in the absorption and emission characteristics as
compared with those of the vinylene bridged PDI oligomers.
The difference in LUMO energy levels of trans- and cis-PDI3BN
reveals the influence of BN orientations. Furthermore, the
successful application of dealkylated BN embedded PDI oligo-
mers in PIBs strongly verifies the superiority of the B, N co-
doping design strategy. Potassium batteries using PTCDI2BN
and trans- and cis-PTCDI3BN as cathodes show excellent rate
performance and cycle stability. Among them, trans-PTCDI3BN
shows remarkable superiority with ultrafast-charging capacity
and a capacity retention of 100% over 30000 cycles, which
displays great potential for practical application in PIBs. The
synthetic route developed here offers an applicable method to
access BN embedded PDI derivatives, and the B, N co-doping
strategy provides an effective way for tuning the electro-
chemical performance of organic electrodes for potassium
batteries with excellent rate performance and cycle stability.
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