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Properties

Jianfeng Zhao,™® Renping Li,™ Wei Ai," Dai Dong,” Jiewei Li,” Lin Chen," Linghai Xie,*®!

Ting Yu,*? and Wei Huang*®* "

Abstract: Pi-extended polyaromatics tend to exhibit im-
proved electronic properties with respect to the intrinsic
structures. Herein, the rational design of a m-extended diin-
dole-fused diazapentacenone (IP), with a nine-ring-fused
core, obtained by applying an intramolecular Friedel-Crafts
diacylation synthetic routine, is reported. The chemical struc-

ture, physical properties, and morphology of IP were fully
characterized. Serving as an organic cathode material for
a lithium-ion battery, the as-prepared nanorods of m-extend-
ed IP display higher conductivity and superior electrochemi-
cal performance than those of the naked diazapentacenone
without diindole fusion.

Introduction

Pi-extended polyaromatics have attracted increasing attention
in recent decades owing to their potential applications in or-
ganic electronics'™ and energy-storage devices.”’ The planarity
and rigidity of multiring-fusion of the m-conjugated backbones
of these m-extended aromatic molecules may enhance or
enrich their abundant optophysical properties, including ab-
sorbance, quantum efficiency, charge mobility, environmental
stability, and crystallinity.”) Therefore, the development of
a facile and effective strategy for fabricating novel m-extended
polyaromatic derivatives is highly desirable, but remains a chal-
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lenge. To this end, various one-step fusion synthetic ap-
proaches have been developed to achieve large m-extended
polyaromatics as electron-rich® or -deficient organic semicon-
ductors.”! In particular, large m-extended diazapentacenone de-
rivatives have been widely explored as highly efficient dopants,
green-light emitters,” and effective charge carriers.”” However,
the lithium-ion storage properties of m-extended azapentace-
none derivatives with versatile carbonyl groups have rarely
been reported.®! It is believed that stronger intermolecular in-
teractions among large molecular &t surfaces, in synergy with
electron-donatable sp*N, could induce the effective self-as-
sembly of IP molecules; hence, facilitating intermolecular
charge injection and transportation, and consequently, over-
coming intrinsic electron insulation.”” In addition, the embed-
ding of carbonyl groups into the large conjugated framework
results in the formation of a stable structure that can potential-
ly promote the Li* insertion/deinsertion reaction through the
known enolization process.?*'”

Herein, a novel m-extended diindole-fused diazapentace-
none, indolol[1,2,3-fglindolo[3’,2’,1":8,1]1quinolino[2,3-blacridine-
8,18-dione (IP; Scheme 1a), has been designed and synthe-
sized through intramolecular Friedel-Crafts diacylation. The
nine-ring-fused IP core with two end-fused indoles is electro-
chemically active and is able to capture lithium through
a chemical reaction between Li* and the carbonyl groups. The
structural and physical properties of IP were systematically
characterized by 'HNMR spectroscopy, high-resolution mass
spectrometry, UV/Vis spectroscopy, fluorescence spectroscopy,
transient fluorescence spectroscopy, elemental analysis, and
theoretical calculations. *C NMR spectroscopy is not available
owing to low solubility in CDCl;/CF;COOD and other common
organic solvents. Moreover, a recrystallization technique was
further applied to convert the as-prepared IP into a nanorod
structure, as confirmed by XRD, field-emission (FE) SEM, and
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Scheme 1. The synthetic routine to IP and molecular structure of quinoli-
no[2,3-blacridine-7,14(5 H,12 H)-dione (HP). a) i) Cul, K,CO;, [18]crown-6, car-
bazole, o-dichlorobenzene (0-DCB), 180 °C, N,, 24 h; ii) 1) NaOH/MeOH,
reflux, 10 h; HCl,,, SOCL,/DMF (cat.), reflux, 12 h; 2) AlCl;/CH,Cl,, RT, 12 h.
Dashed squares indicate the azapentacene backbone. b. Scheme of the pro-
posed mechanism for Li* insertion/deinsertion in IP/HP.

TEM. Notably, the IP nanorods illustrate different lithium stor-
age performance compared with that of commercially available

P (Scheme 1b). The embedded carbonyl groups on the IP
ring could promote the redox enolation reaction; thus playing
an important role in reversible Li* insertion/deinsertion.

Results and Discussion
Synthesis

The traditional synthetic routine to a soluble diazapentacenone
analogue is a four-step procedure,®"''? which involves high-
temperature (260 °C)/nitrobenzene conditions and strong base
treatment to dehydrolyze precursors to give the final product.
Herein, we designed a synthetic route starting from commer-
cially available DBT (Scheme 1) and carbazole to achieve the
novel IP through a typical copper(l)-catalyzed Ullmann reac-
tion. Then, high-yielding demethylation, chlorination, and
a key intramolecular Friedel-Crafts diacylation step were ap-
plied sequentially. The obtained IP powder was further
washed, under sonication, with various solvents, including ace-
tone, methanol, N,N-dimethylformamide (DMF), and Soxhlet
extraction in CH,Cl,, in turn, and finally treated with a recrystal-
lization step from o-DCB.

Photophysical Properties

The UV/Vis absorption and fluorescence spectra and emission
decay curve of IP are presented in Figure 1. The UV/Vis absorp-
tion spectrum (Figure 1a, excited at A =365 nm) of IP in 0o-DCB
(1.0x 10> molL™") exhibits an absorption maximum (1,,) at
A =498 nm, which can be assigned to an electronic mt—t* tran-
sition of the planar conjugated backbone, resulting in a calcu-
lated optical band gap of 249 eV. A strong emission at 1=
510 nm and a shoulder at A=543 nm were observed, which
presented pure green fluorescence. Compared with the emis-
sion maximum at =510 nm, the Stokes shift was calculated
to be as small as 12 nm owing to the strong rigid conjugated
backbone.” The normalized emission decay curve for IP in o-
DCB (1.0x10° molL™") and corresponding decay fitting are
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Figure 1. a) UV/Vis absorption and photoluminescence (PL) spectra of IP in
0-DCB (10> molL™"). b) Normalized emission decay curve for IP in 0-DCB
(10> molL ™).

shown in Figure 1b. The intensity decays with time through
a single-exponential function, with a well-defined value of y?
(0.97064) and fitted decay lifetimes as long as 12.56 ns. There-
fore, the IP molecule possesses as long a photoluminescent
lifetime as other azapentacenones.®® The rigid backbone was
also confirmed by the long fitted decay lifetimes and narrow
UV/Vis absorbance and PL bands. Therefore, the insolubility of
IP molecules in the organic electrolyte is enhanced by strong
intermolecular -t stacking, which leads to improved intermo-
lecular charge-transfer abilities.

Theoretically, the planar conjugated structure of IP was
a local minimum because there were no imaginary frequencies
in the harmonic vibrational analysis with the 6-31G(d) basis
set. The theoretical value of the HOMO/LUMO (—5.56/
—2.43 eV) band gap was 3.13 eV (Figure 2). Because of the two
fused indoles and two central carbonyl groups, the large hole
and electron affinities of ambipolar IP molecule are favorable

for both hole and electron injection in ambient, stable devi-
ces.[ie,'l3,14]
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Figure 2. Wave functions for the a) HOMO (—5.56 eV) and b) LUMO
(—2.43 eV) of the IP molecule.
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Morphology

Large m-extended IP molecules have a strong tendency to
form self-assembled nanostructures with good crystalline prop-
erties to facilitate charge transfer in the aggregates, as driven
by intermolecular - stacking and van der Waals forces.
Therefore, the IP molecules directly precipitated in the form of
self-assembled nanorods during recrystallization. The obtained
nanorods were observed through FE-SEM and TEM (Figure 3).
Figure 3a and c presents typical FE-SEM and TEM morpholo-
gies of IP nanorods; the diameters of which cover the range of
about 50-500 nm and lengths range from about 500 nm to
5 um, owing to the rapid evaporation of o-DCB. Figure 3b and
d presents typical FE-SEM and TEM morphologies of commer-
cially available HP nanorods, which have uniform diameters in
the range of about 50-100 nm and lengths ranging from
about 100 to 200 nm. Nanorods of IP and HP both exhibit
smooth, clean surfaces and crystalline forms. The IP and HP
nanorods were also characterized by powder XRD. As shown in
inset in Figure 3a, the main peaks at 26=7.6, 11.58, 12.52,
25.26, and 26.77° give crystalline interplane distances of 1.162,
0.764, 0.706, 0.352, and 0.333 nm, respectively, according to
Bragg's law: 2dsin@=niA (1=1.540562 A). These distances
result from the ordered packing of IP molecules; thus indicat-
ing the high crystallinity of IP aggregates. The polarized optical
microscopy image of IP nanorods indicates that IP molecules
stack anisotropically in the crystals (Figure S4, right, in the Sup-
porting Information)."? The successful preparation of IP nano-
rods would potentially enhance the performance of the elec-
trode as a cathode material for lithium-ion batteries.

25.26°

Figure 3. FE-SEM (a, b) and TEM (c, d) images of self-assembled IP (a, c) HP
(b, d) nanorods. Insets: XRD patterns of the IP and HP nanorods.
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Electrochemical Performance

Figure 4 shows the electrochemical lithium storage per-
formance of IP/HP by using the standard half-cell configura-
tion.®™ ™1 As shown in Figure 4a, the cells were first discharged
(Li* inserted) to 1.5V and then charged (Li* released) to 4.5V
at a constant current of 50 mAg . During discharging, each
carbonyl group of the reduced IP molecule can accept one
electron and combine with one Li*™ to form a lithium-enolated
cyclohexa-1,4-diene structure (IP/HP* -2Li*; Li* insertion),
whereas the charging process proceeds with a Li™ deinsertion
step to give a reconstituted diketone structure (Scheme 1b).
Although the large initial irreversible specific charge capacity
of 444 mAhg™' of the IP electrode is similar to that of the HP
electrode (460 mAg™'; Figure S9 in the Supporting Informa-
tion), its initial irreversible specific discharge capacity still
reaches a value that is 175 mAhg™" higher than that of the HP
electrode (135 mAhg™"). Their irreversibility can most likely be
ascribed to the strong trend of less-lithiated, amorphous IP
and HP molecules on the surface of the nanorods dissolving in
the electrolyte.”™'®"”! However, the decreased capacities exhib-
it as-predicted stability and reversibility after the first few
cycles. The initial reversible charge/discharge specific capacities
of the IP electrode retain 266 and 147 mAhg™', which are 1.5/
1.2 times that of 170 and 116 mAhg™' for the HP electrode.
After 150 cycles, the reversible specific charge/discharge ca-
pacity retentions of the IP electrode show values of 103 and
100 mAhg™', which are both 1.2 times higher than the values
of 82 and 81 mAhg™" for the HP electrode, respectively. The IP
electrode appears to exhibit a strong competitive advantage
over the HP electrode. Meanwhile, the coulombic efficiencies
(Figure S9 in the Supporting Information) in the 150th cycle
tend to be very close (95.41 and 99.28 %).

In Figure 4b, the line composed of squares shows the dis-
charge rate performance of the IP electrode. The correspond-
ing rate capacities with cycle numbers are 148.6/6th, 110.2/
12th, 84.7/18th, 64.3/24th, 102.4/30th, and 127.8/36th mAhg™'
at specific current densities of 50, 100, 200, 400, 100, and
50 mAg™, respectively. Interestingly, even at the highest cur-
rent density of 400 mAg™', the IP electrode can still deliver
64.3 mAhg~'. Most importantly, when the current density is
adjusted to be 50 mAg™"' at the 36th cycle, the measured dis-
charge capacity was 127.8 mAhg™', which recovered to almost
the same value as that of the initial capacity in the first cycle.
A set of lower capacities are compatible with the IP electrode
and demonstrate the better rate performance of the IP elec-
trode. The corresponding voltage profiles (Figure 4c and Fig-
ure S10 in the Supporting Information) exhibit similar electro-
chemical properties with similar charge/discharge voltage-ca-
pacity curves at the four different current densities. Meanwhile,
the dashed lines in Figure 4c and Figure S10 in the Supporting
Information indicate the two slopes without clear plateaus in
the discharge process for the IP electrode, which imply a rever-
sible mechanism for the 2Li" insertion/deinsertion process. A
similar two-slope curve of the HP electrode further confirms
the mechanism.
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Figure 4. a) Discharging curves of the IP/HP nanorod electrodes tested at a current density of 50 mAg™". b) Discharge rate performance of the IP/HP electro-
des at various current densities and cycles. ¢) Discharge—charge curves of IP electrodes at various current densities. Dashed lines indicate the turning point of
different slopes in the discharging process. d) Electrochemical impedance spectroscopy (EIS) results for the IP/HP electrodes.

To further confirm the stronger charge-transfer ability and to
determine the most rational reason for the better performance
of the IP electrode than that of the HP electrode, we carried
out an EIS test on the IP and HP electrodes under the same
EIS testing conditions, including carbon black ratio, additive,
dispersion solvent, and drying time in the oven. The charge-
transfer resistance result is depicted in Figure 4d. It can be
seen that both IP and HP electrodes exhibit a small semicircle
in the high-frequency region, which corresponds to the
charge-transfer process. The low-frequency region of the EIS
plots suggests that the IP electrode exhibits a much lower Li*
diffusion resistance than that of the HP electrode. Notably, the
charge-transfer resistance of the IP electrode is about 46.4 Q,
which is much smaller than the value of about 84.1 Q for the
HP electrode; this indicates better conductivity of the IP elec-
trode under the same EIS testing conditions. Furthermore, the
reasons for better conductivity with a lower charge-transfer re-
sistance for the IP electrode, compared with that of HP, are
most likely 1) the structurally larger m-conjugated surface, and
2) the naked backbone of IP molecule without steric hindrance
from substituents, leading to well-crystallized intermolecular
m—7t stacking to facilitate charge transfer. Therefore, the better
lithium storage properties of the IP electrode can be attributed
to the molecular m-extended skeleton, which can ensure good
electron and Li* transportation in the nanostructures. The diin-
dole-fused m-extended microstructure exerts an effective influ-
ence on the macroproperties. The experimental results demon-
strate that m-extended azapentacenone derivative IP is more
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useful than HP as a high-performance lithium storage cathode
material.

Conclusion

A well-designed, larger, m-extended diazapentacenone deriva-
tive IP and its self-assembled nanorods have been successfully
obtained and explored as a cathode for a lithium storage ma-
terial. The nine-ring-fused framework of symmetrical IP pos-
sesses three pre-embedded elements, including m extension,
two carbonyl groups, and sp*-N, obtained through a key intra-
molecular Friedel-Crafts diacylation reaction. From the pre-
sented data and analysis, including better specific capacities,
rate capabilities, and cyclabilities, the nanostructured IP elec-
trode is a better m-extended carbonyl electrode than that of
HP. The advantages of a large, m-extended diazapentacenone
as a novel organic energy-storage system for lithium storage
has been demonstrated. Further work is in progress is to devel-
op much larger m-extended derivatives with better per-
formance for high-capacity, high-power lithium-ion batteries.

Experimental Section
Materials

Dimethyl 2,5-dibromoterephthalate and carbazole were purchased
from Beijing dtftchem Technology Co., Ltd. The HP (98%) com-
pound was purchased from Nanjing DeBioChem Co., Ltd. Other re-
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agents and solvents were purchased from Sigma-Aldrich. All sol-
vents were used without further purification.

Synthesis of DCT

A mixture of dimethyl 2,5-dibromoterephthalate (3.49 g, 0.01 mol),
carbazole (3.5 g, 0.021 mol), o-DCB (15 mL), K,CO; (2.9 g, 0.02 mol),
[18]crown-6 (530 mg, 2 mmol), and Cul (390 mg, 2 mmol) were
added to a flask (50 mL) under a nitrogen atmosphere and heated
at reflux for 24 h. The mixture was cooled to room temperature
and washed with CH,Cl,. The solvent was removed in vacuum.
Hexane (100 mL) was added and the solution was allowed to stand
for several hours. The precipitated crude product was filtered and
purified by column chromatography with petroleum ester/ethyl
acetate (PE/EA) as the eluent (6:1). DCT was recrystallized from PE/
EA as yellow—green crystals (3.98 g, 7.4 mmol, 76%). M.p. 239°C;
"HNMR (400 MHz, CDCly): 6=8.34 (s, 2H), 8.17 (d, J/=7.716 Hz,
4H), 746 (m, 4H), 7.34 (t, J=7.329 Hz, 4H), 7.31 (d, J=8.073 Hz,
4H), 3.28 ppm (s, 6H); *C NMR (100 MHz, CDCl,): 6 =164.9, 141.3,
136.5, 134.3, 133.5, 126.3, 123.7, 120.6, 120.5, 109.2, 52.7 ppm; GC-
MS (El): m/z: 524.1 [M]*; elemental analysis calcd (%) for
C54H,4N,0,: C 77.85, H 4.61, N 5.34; found: C 77.92, H 4.78, N 5.43.

CCDC 921472 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Synthesis of IP

DCT (2.62 g, 5mmol), NaOH (0.44 g, 0.011 mol), and methanol
(20 mL) were heated at reflux for 10 h. After cooling to room tem-
perature, water was added and the mixture was acidified to pH 1-
2. A yellow powder was collected by filtration and dried in
a vacuum oven. Then the yellow powder was heated at reflux in
SOCl, (1 drop of DMF) for another 10 h. Following the distillation
of SOCI, under reduced pressure, AICl; (1.45 g, 0.011 mol) and dry
CH,Cl, (15 mL) were added to the flask with agitation for 12 h
under ambient conditions. Moisture was prevented from entering
the flask through the addition of a dry tube filled with anhydrous
CaCl,. Water was added to the mixture portionwise and the prod-
uct was collected by vacuum filtration. The filtrate cake was dried
and ground for 20 min to give a powder that was washed sequen-
tially by HCI (1 m), water, MeOH, acetone, and CHCl; under ultra-
sonication, followed by Soxhlet extraction with CH,Cl, for a week.
The obtained IP product was finally collected as a reddish orange
powder (1.7 g, 3.7 mmol, 72%). M.p. >300°C; 'H NMR (400 MHz,
CDCl,/CF,CO0D): 6=9.56 (s, 2H), 8.44-8.47 (m, 6H), 8.13 (d, J=
7.453 Hz, 2H), 7.72-7.76 (t, J=7.744/7.760 Hz, 4H), 7.53 ppm (t, J=
7.349/7.390 Hz, 2H); MALDI-TOF MS: m/z: 460.21 [M"]; HRMS: m/z
calcd for C;,H;N,0, [IM4-H]™: 460.1212; found: 461.1184; elemental
analysis calcd (%) for C;,H,6N,O,: C 83.47, H 3.50, N 6.08; found: C
83.59, H 3.64, N 6.21.

Methods

Solution "H NMR spectra were measured on a Bruker ARX 400
spectrometer. The UV/Vis absorption and fluorescence spectra
were recorded on Shimadzu UV-2501 and RF-5301 spectrophotom-
eters, respectively. MS were collected on a MALDI TOF2 AXIMA
mass spectrometer. High-resolution MALDI TOF mass spectra were
recorded on a Waters Q-Tof premier TM mass spectrometer. Ele-
mental analyses were performed on an elementar Analysensysteme
GmbH-vario EL Ill element analyzer. DFT at the B3LYP/6-31G(d)"®
level was applied to optimize the geometry of the rigid IP molecu-
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lar structure. Gaussian 09" code was used to relax the structure
fully.”® The as-prepared nanorods were coated with platinum in an
ion coater for 60 s before FE-SEM imaging. The sizes and shapes of
the nanorods were observed on a JSM-6700F field-emission scan-
ning electron microscope (JEOL) at an accelerating voltage of 5 kV.
Fluorescence decay lifetimes were measured by exciting the
sample with a laser flash-photolysis spectrometer (LKS.60, Applied
Photophysics), equipped with a Q-switched Nd:YAG laser (Brilliant
B, Quantel), a 150 W pulsed Xe lamp, and an R928 photomultiplier,
which was used to record nanosecond-difference absorption spec-
tra. Samples were excited at A =400 nm, and each time-resolved
trace was acquired by averaging 10 laser shots at a repetition rate
of 1 Hz. The room-temperature fluorescence decay was measured
by exciting the samples in 0-DCB (1.0x107> molL™") with A=
400 nm, 150 fs, laser pulses. These laser pulses were generated
from a Coherent TOPAS-C optical parametric amplifier that was
pumped by using a 1 kHz Coherent Legend regenerative amplifier,
which was seeded by an 80 MHz Coherent Vitesse oscillator. The
laser pulses were focused by a lens (f=25 cm) on the solution in
a 2 mm thick quartz cell. The emission from the samples was col-
lected at a backscattering angle of 150° by means of a pair of
lenses and directed into an Optronis Optoscope streak camera
system, which had an ultimate temporal resolution of 10 ps.

Electrochemical Tests

Conductive carbon was added to improve utilization of the carbon-
yl groups. The cathodes were fabricated by blending the as-ob-
tained samples of IP/HP nanorods, carbon black, and polyvinyli-
dene fluoride (PVDF) in N-methyl-2-pyrrolidone, with a weight ratio
of 60:30:10. The obtained slurry was pasted onto an aluminum foil
and dried at 100°C for 12 h in a vacuum oven. Lithium metal was
simultaneously used as the counter anode and reference electrode.
The electrolyte was 1.0 M LiPF, in a solution of ethylene carbonate
and dimethyl carbonate. The cathode and anode were assembled
into coin cells in an argon-filled glove box with both moisture and
oxygen contents below 0.1 ppm. The galvanostatic charge/dis-
charge tests of the assembled cells were performed by using
a NEWARE battery-testing system between 1.5 and 4.5V at differ-
ent rates. The capacity values were calculated based on the weight
of nanorod materials loaded on the aluminum foil. The alternating
current (AC) impedance measurements were carried out at room
temperature on a CHI 760D electrochemical workstation (CH In-
struments, Inc.). EIS was performed with an AC voltage of 5mV
amplitude in the frequency range from 100 kHz to 10 mHz.
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