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ABSTRACT: This study explores a bottom-up approach toward
negatively curved carbon allotropes from octabenzo[8]circulene, a
negatively curved nanographene. Stepwise chemical reduction
reactions of octabenzo[8]circulene with alkali metals lead to a
unique highly reduced hydrocarbon pentaanion, which is revealed
by X-ray crystallography suggesting a local view for the reduction
and alkali metal intercalation processes of negatively curved carbon
allotropes. Polymerization of the tetrabromo derivative of
octabenzo[8]circulene by the nickel-mediated Yamamoto coupling
reaction results in a new type of porous carbon-rich material, which
consists of a covalent network of negatively curved nanographenes.
It has a specific surface area of 732 m2 g−1 and functions as anode
material for lithium ion batteries exhibiting a maximum capacity of
830 mAh·g−1 at a current density of 100 mA·g−1. These results indicate that this covalent network presents the key structural and
functional features of negatively curved carbon allotropes.

■ INTRODUCTION

Carbon allotropes comprised exclusively of sp2-hybridized
carbon atoms have fascinated the scientific community with
their esthetic nanostructures1 and unparalleled physical
properties over the last several decades. Such allotropes
including fullerenes, carbon nanotubes, and graphene present
flat or curved surfaces whose overall geometric feature is
reflected by a geometric quantity called the polygonal
curvature of the surface.2 Consisting of six-membered rings
exclusively, graphene has zero curvature. Five-membered rings
induce positive curvature as displayed in fullerenes, while
seven-membered, eight-membered, or larger rings in a
hexagonal lattice of carbon induce negative curvature as
displayed in a saddle-shaped surface. Negatively curved three-
dimensional periodic covalent networks of sp2 carbon atoms
are known as Mackay crystals or carbon schwarzites, which are
named after A. L. Mackay and H. A. Schwarz, respectively.
Mackay, together with Terrones, first proposed negatively
curved carbon allotropes3 by embedding octagons in the
graphitic lattice in 1991, while Schwarz in the 1880s first
described the triply periodic minimal surface, the topological
model for Mackay crystals.4 Carbon schwarzites are a long-
sought-after target in carbon nanoscience but have not been
synthesized unambiguously yet.5,6 Interesting properties and
potential applications of carbon schwarzites are predicted on
the basis of computational studies.7,8 First-principles calcu-
lations suggest potential application of carbon schwarzites in

lithium ion batteries as new anode materials,9 where the
negatively curved surface binds lithium ions with higher affinity
than a flat surface10 and the presence of pores enable three-
dimensional lithium ion diffusion paths with relatively small
energy barriers. Fragments that contain key structural
information on carbon schwarzites are negatively curved
nanographenes,11−16 which have polycyclic aromatic frame-
works containing seven-,17−27 eight-membered28−35 or larger
rings. They are proposed as templates or monomers in
synthesis of carbon schwarzites in a bottom-up ap-
proach.15,16,32

As inspired by the concept of bottom-up approach, we
envisioned that linking negatively curved nanographenes into a
network through C−C single bonds results in a new type of
carbon-rich material, which can mimic negatively curved
carbon allotropes with respect to both structure and function.
When the covalent network functions as the anode material in
lithium ion batteries, its negatively curved polycyclic aromatic
units are reduced during the charging process and interact with
lithium ions. Therefore, studying chemical reduction of
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negatively curved nanographenes by alkali metals can provide a
local view for the reduction and metal intercalation processes
in the anode materials in lithium ion batteries, shedding light
on the structure−property relationship for advancement of the
anode materials on the basis of negatively curved nanocarbons.
One of the scientific motivations that drove this study is to
reveal whether negatively curved polycyclic arenes are similar
to positively curved carbon π-bowls in acquiring multiple
electrons in stepwise chemical reduction reactions with alkali
metals36 or exhibit unique metal intercalation patterns.37,38

The negatively curved nanographene explored herein is
octabenzo[8]circulene (OB8C)32 as shown in Figure 1.

Detailed below are the chemical reduction of OB8C with
alkali metals, synthesis of the covalent network of OB8C
(POB8C in Figure 1) by polymerization of a tetrabromo
derivative of OB8C, and the performance of POB8C as anode
material for lithium ion batteries.

■ RESULTS AND DISCUSSION
Chemical and Electrochemical Reduction of OB8C.

The chemical reduction of OB8C with Li and Na metals in
THF was investigated at room temperature and monitored
with in situ UV−vis spectroscopy. Multiple reduction steps
accompanied by notable color changes were detected for these
reactions as detailed in the Supporting Information. The Na-
induced reaction quickly progressed through the formation of
intermediate brown, purple, and green solutions until it
reached the final brown-purple color (λmax = 475 nm, Figure
S1) with prolonged reaction time. It is worth noting that these
multiple reduction steps proceed very fast (over ca. 45 min),
thus thwarting our attempts to isolate the transient reduction
intermediates. An excess of Na metal with prolonged reaction
time was finally used to ensure the formation of the highest
reduction stage of OB8C. Slow diffusion of hexanes to the
reaction solution in THF at this stage led to isolation of a
highly reduced product as a crystalline material after 5 days.
Single-crystal X-ray diffraction analysis revealed its composi-
tion to be [Na+(18-crown-6)(THF)2]2[Na

+(18-crown-6)-
(THF)][{Na+2(THF)3}(OB8C5−)]·4.5THF. Notably, the re-
action of OB8C with Li metal followed the same steps as that
with Na but, after extended reaction time, led to a solution of a
distinctive violet color (Figure S2). This violet solution may be
attributed to formation of a higher reduced state than the
pentareduced anion or be explained by the sensitivity of the
absorption spectra of anionic π-systems to their coordination
environments.
Figure 2a shows the crystal structure of the sodium salt of

the OB8C pentaanion, which includes five crystallographically
independent Na+ ions. Two sodium ions (Na1 and Na2)
occupy structural pockets formed by the negatively curved core

of OB8C5−, while the other three sodium ions (Na3, Na4, and
Na5) remain solvent-separated from the OB8C5− anion.
Specifically, Na1 binds to the internal surface of OB8C5−

with Na−C distances ranging over 2.616(5)−2.855(5) Å and
is also capped by two THF molecules (Na−OTHF: 2.190(20)/
2.224(4) Å) (Figure S10). Na2 binds to the opposite side of
the pentaanion core (Na−C: 2.560(5)−3.003(5) Å) and has
one coordinated THF molecule (Na−OTHF: 2.120(30) Å).
Two external sodium ions (Na3 and Na5) are wrapped by one
18-crown-6 (Na−Ocrown: 2.420(20)−2.535(18) Å and
2.500(6)−2.967(7) Å, respectively) and two THF molecules
(Na−OTHF: 2.338(7)/2.427(9) Å and 2.312(15)/2.359(13)
Å). In contrast, Na4 is coordinated by one THF molecule
(Na−OTHF: 2.303(7) Å) and one highly twisted 18-crown-6
ligand (Na−Ocrown: 2.425(7)−2.561(6) Å). In addition, Na2
also exhibits a short contact (2.293(16) Å) with one O atom of
the 18-crown-6 ligand bound to Na3. All Na···C and Na···O
distances are comparable to those previously reported.39−41

For direct structural comparison of the neutral and
pentareduced states of OB8C, crystals of neutral OB8C were
also isolated (see the Supporting Information for more details)
and characterized by X-ray diffraction as OB8C·2THF (Figure

Figure 1. Structures of octabenzo[8]circulene (OB8C) and its
covalent network POB8C.

Figure 2. (a) Crystal structure of [Na+(18-crown-6)-
(THF)2]2[Na

+(18-crown-6)(THF)][{Na+2(THF)3}(OB8C5−)]; (b)
[Na+2(OB8C5−)]3− in the crystal; (c) OB8C in the crystal structure
of OB8C·2THF. (In panel a, H atoms are removed for clarity, Na
atoms and C atoms in OB8C are shown as balls, and other atoms are
shown as sticks. In panels b and c, Na and C atoms are shown as
ellipsoids at 50% probability level.)
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S9). In the neutral state, the OB8C molecule is more twisted,
as mainly observed on the peripheral phenyl rings. Parts b and
c of Figure 2 compare the structures of [{Na+2(OB8C5−)]3−

and neutral OB8C in the crystals. OB8C is shaped like a
twisted saddle with approximate D2 symmetry, which deviates
from the D2d symmetry predicted by the density functional
theory (DFT) calculations.32 Figure 2c shows the three C2
symmetry axes of OB8C, C2-x, C2-y, and C2-z, which are
perpendicular to each other. In comparison to the neutral
form, the pentaanion is less twisted and closer to the D2d
symmetry. Comparisons of the dihedral and torsion angles and
bond lengths in OB8C5− and OB8C are detailed in Tables S2
and S3. Briefly, the dihedral angles between the rings A and C
and the rings B and D of 11.4° and −11.1° in neural OB8C,
respectively, are dramatically reduced to 1.2° and −2.3° in
OB8C5− (Figure S12). Accordingly, the central eight-
membered ring becomes more symmetric upon electron
charging with torsion angles b−f and d−h measured at
−0.2° and 2.8° in OB8C5− in comparison to those of −11.4°
and 10.4° observed in the more distorted neutral state. This is
accompanied by significant bond length changes in the central
eight-membered ring in OB8C5− vs those in OB8C (Scheme
in Table S2). Specifically, the C−C bond lengths at positions
b, d, f, and h ranging over 1.460(3)−1.472(3) Å in OB8C are
shortened by about 0.08 Å in OB8C5− (1.379(7)−1.398(7)
Å). In contrast, the bonds at a, c, e, and g (1.445(3)−1.463(3)
Å in OB8C) are slightly elongated upon five-electron addition
(1.464(6)−1.486(7) Å). In [Na+2(OB8C5−)]3−, the Na+ ions
occupy the spaces above and below the saddle of OB8C, and
each Na+ coordinates four carbon atoms in the eight-
membered ring and two adjacent carbon atoms. This is in
agreement with the electrostatic potential map of OB8C5−

(Figure 3), which shows high negative charge in the central

valley. In contrast, the electrostatic potential map of neutral
OB8C shows the most negative electrostatic potential at the
center of peripheral benzene rings.
In the solid state, molecules of OB8C self-assemble into a

layered structure and the space between layers of OB8C are
occupied by the cocrystallized solvent (THF) molecules. As a
result of its approximate D2 symmetry, OB8C is chiral and
exists as a pair of enantiomers in the crystals. Figure 4a shows
one layer of OB8C in the bc plane, where two enantiomers are
colored in light green and light blue, respectively. In this layer,
one molecule of OB8C interlocks with two adjacent
enantiomers by inserting one periphery benzene ring into the
space below the saddle of one adjacent enantiomer. Such
interlocking is not available in the reduced form of OB8C

because the space above and below the saddle is occupied by
Na+ cations. Instead, a three-dimensional network (Figure 4b)
is formed through multiple C−H···π interactions between the
highly negatively charged pentaanions of OB8C and the
{Na+(18-crown-6)(THF)n} (n = 1 and 2) cationic moieties,
with contacts ranging from 2.503(8) Å to 2.743(8) Å. The
contorted and twisted core of OB8C (see Table S2 for
dihedral and torsion angles) allows for the formation of
internal cavities that are filled by interstitial THF molecules in
both crystal structures without any notable interactions.
The electron paramagnetic resonance (EPR) spectrum

collected from the crystals that were sealed in a glass capillary
under argon exhibited a signal typical for organic radicals
(Figure S5). The lack of fine structures suggests the spin is
localized inside the π-backbone of OB8C without coupling
with the peripheral hydrogen atoms. This is also in agreement
with the observed high negative charge in the central valley of
OB8C5− in its electrostatic potential map (Figure 3).
Consistent with the radical nature of OB8C5− based on the
EPR, the 1H NMR spectrum of the crystals dissolved in THF-
d8 was silent in the aromatic region and showed only signals of
18-crown-6 and THF (Figure S6).
The electrochemical reduction of OB8C was studied with

cyclic voltammetry (CV) under different conditions. When
OB8C was dissolved in a mixed solvent of o-dichlorobenzene/
acetonitrile (4:1), the cyclic voltammogram with a scan rate of
25 mVs−1 exhibited two pseudoreversible single-electron
reduction waves with half-wave potentials of −1.88 and
−2.00 V versus ferrocenium/ferrocene (Fc+/Fc) as shown in
Figure 5. Avoiding o-dichlorobenzene as the solvent can allow
a wider test window of CV. However, OB8C is not soluble in
acetonitrile, and the CV of OB8C collected from the solution

Figure 3. Electrostatic potential maps on the 0.002 isodensity surface
of neutral OB8C (left) and OB8C5− (right) pentaanion calculated at
the B3LYP level of DFT with 6-31G(d,p) basis set.

Figure 4. Solid-state packing of (a) OB8C (two enantiomers are
shown in light green and light blue space-filling models, respectively),
and (b) [Na+(18-crown-6)(THF)2]2[Na+(18-crown-6)(THF)]-
[{Na+2(THF)3}(OB8C5−)] (mixed model; 18-crown-6 ether and
coordinated THF molecules are shown in light blue). Interstitial THF
molecules are not shown.
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in THF (Figure S8) shows weak and poorly resolved reduction
peaks presumably due to its low solubility in THF, although
THF was used as the solvent for chemical reduction of OB8C
with alkali metals. Therefore, OB8C was drop-cast onto a
glassy carbon electrode for further electrochemical measure-
ment in acetonitrile at a scan rate of 50 mVs−1. Four
irreversible reduction peaks were observed at −1.91, − 2.26, −
2.76, and −3.18 V versus Fc+/Fc, and another reduction peak
was barely observable at −3.28 V versus Fc+/Fc (Figure 5).
The obseration of multiple reduction waves in the cyclic
voltammograms is in agreement with the multiple electron
chemical reduction of OB8C by alkali metals.
Covalent Networks. In order to link OB8C molecules

into a covalent network, tetrabromooctabenzo[8]circulene (1)
was synthesized by modifying the reported synthesis of
OB8C32 and then polymerized through nickel-mediated
Yamamoto coupling reaction as shown in Scheme 1.
Treatment of tetrabromide 2 with potassium tert-butoxide
enabled elimination of HBr from 2 giving diyne 3, which was
not purified or characterized due to its poor solubility. The
subsequent 2-fold Diels−Alder reactions of 3 with 1,3-bis(4-
bromophenyl)isobenzofuran (4)42 gave the adduct 5 as a
mixture of diastereomers in a yield of 53%. Reaction of 5 with
iodotrimethylsilane and sodium iodide afforded 6 with the
oxygen bridges cleaved. The Scholl reaction of 6 with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in triflic acid
resulted in 1 in a yield of 56%. Finally, polymerization of 1 was
carried out in dry DMF through nickel-mediated Yamamoto
homocoupling reaction43 resulting in the covalent network
POB8C in a good yield (82%). The resulting POB8C is a red
powder, which is insoluble in common organic solvents.
The red powders of POB8C were characterized with

different techniques. The elemental analysis reveals 91.40%
of C, 3.92% of H, and 1.39% of Br. The molar ratio of Br to C
is 0.00229, indicating that, on average, each unit of OB8C in
the polymer has 0.146 atom of Br unreacted. The low ratio of
unreacted Br suggests formation of a covalent network rather
than oligomers because even if one C−Br bond in each

molecule of 1 remained intact during the coupling reaction,
formation of three C−C single bonds to each repeating unit
would guarantee a network. In comparison to POB8C, the
reported two-dimensional conjugated aromatic polymer that
was synthesized from tetrabromopolyaromatic monomers via
C−C coupling reactions has 0.213 atom of Br unreacted per
repeating unit.44 The rest of the mass (3.29%) can be
attributed to oxygen as a result of oxidation of the OB8C units
by O2 in air. This is in agreement with the fact that the mass
spectrum from the crystalline powders of OB8C (C64H32)
stored in air at room temperature for six months exhibited
molecular ion peaks with m/z of 816.2456 and 832.2387,
which correspond to oxidation products, C64H32O and
C64H32O2, respectively. The oxidation of POB8C, particularly
on the surface, is further supported by its X-ray photoelectron
spectrum (XPS), which exhibits a major peak at 285.0 eV and a
minor peak at 533.4 eV corresponding to C (sp2) and O
atoms, respectively (Figure S19). The observed oxidation of
POB8C is similar to that of a recently reported three-
dimensional sp-sp3 hybridized porous carbon material.45

The X-ray diffraction from the powders of POB8C (Figure
S20) exhibits two broad peaks centered at about 2θ = 7° and
22°, indicating existence of short-range order but lack of long-
range order in this material. The peak at 2θ = 7° corresponds
to a d-spacing of 1.3 nm, which is roughly in agreement with
the size of OB8C unit (1.46 nm). The thermogravimetric
analysis (TGA) indicates that POB8C is thermally stable with
only 2.2% and 3.2% loss of weight when heated to 200 and 300
°C, respectively. The IR spectrum of POB8C (Figure S19) is
very similar to that of OB8C exhibiting absorption peaks

Figure 5. Cyclic voltammograms of OB8C measured from a solution
in o-dichlorobenzene/acetonitrile (4:1) containing 0.1 M of
tetrabutylammonium hexafluorophosphate as the supporting electro-
lyte with a scan rate of 25 mVs−1 (top) and a film deposited a glassy
carbon working electrode immerged in CH3CN with a scan rate of 50
mVs−1 (bottom).

Scheme 1. Synthesis of Covalent Network POB8C
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attributable to the stretching and bending of C−H bonds and
the stretching of C−C bonds. As shown in Figure S23a, the
Raman spectrum of POB8C exhibits four major peaks at 1295,
1355, 1563, and 1606 cm−1, which are in the D and G regions
for graphitic materials,24,46,47 respectively. In contrast, the
Raman spectrum of OB8C (Figure S23b) exhibits two major
peaks at 1293 and 1353 cm−1 and a few minor peaks including
those at 1566 and 1606 cm−1, in agreement with the
vibrational Raman spectrum of OB8C (Figure S23b)
calculated at the B3LYP level of density functional theory
(DFT) with the 6-311G(d,p) basis set. The calculated
vibrational motions (Figure S24) indicate that the major
peaks of OB8C at 1293 and 1353 cm−1 can be attributed to the
collective breathing motions46 of the central [8]circulene
moiety, while the minor peaks of OB8C at 1566 and 1606
cm−1 can be attributed to the stretching and waggling
motions47 of the peripheral benzene rings. In POB8C, the
collective breathing motions of the central [8]circulene in each
unit are almost unchanged giving rise to the peaks of POB8C
at 1295 and 1355 cm−1, while the stretching and waggling
motions of the peripheral benzene rings are largely affected by
the formation of C−C single bonds between the OB8C units
giving rise to the enhanced peaks of POB8C at 1563 and 1606
cm−1. The transmission electron microscopy (TEM) image
(Figure S25) taken from POB8C also suggests formation of
porous networks. The porosity of POB8C was characterized
with nitrogen adsorption measurements at 77 K, which show a
specific surface area of 732 m2 g−1. This value surpasses that of
multiwalled carbon nanotubes (204 m2 g−1)48 and graphdiyne
(321 m2 g−1)49 and is comparable to that of the three-
dimensional sp−sp3-hybridized porous carbon material (766
m2 g−1).45 The pore size distribution (Figure S26) derived
from the nitrogen uptake isotherm at 77 K shows a peak
centered at 3.78 nm.
To evaluate the performance of POB8C as the anode

material for lithium ion batteries, coin cells were assembled
using Li foil as the counter electrode50 as detailed in the
Supporting Information, and their discharge/charge behaviors
and electrochemical properties were studied. Figure 6a shows
the first three cycle discharge/charge profiles of the POB8C
electrode at a current density of 100 mA·g−1. The initial
discharge/charge cycle involves a large irreversible capacity
and a low initial Coulombic efficiency (20%). After the initial
cycle, it delivers a discharge capacity of 670 mAh·g−1 in the
second discharging and a reversible capacity of 459 mAh·g−1 in
the second charging. This discharge capacity is higher than that
of graphite (372 mAh·g−1, based on the fundamental Li ion
storage limit of LiC6)

9 by 80%, in agreement with its porous
structure. When the discharge/charge process was cycled 200
times, the discharge capacity exhibited a slow activation
reaching a maximum of 830 mAh·g−1 after 66 cycles and then
gradually dropped to 546 mAh·g−1 in the 200th cycle, and the
Coulombic efficiency increased to higher than 98% after 20
cycles as shown in Figure 6b. The maximum discharge capacity
of POB8C is comparable to that of disordered graphene
nanosheets (794−1054 mAh g−1)51 and those of many
composite materials based on three-dimensional porous
graphene networks52 but lower than that of curled graphene
nanosheets (1264 mA h g−1).53 As shown in Figure 6c, the
cyclic voltammogram (CV) of the POB8C in the first cycle
exhibits cathodic peaks centered at 0.35, 0.89, and 1.40 V
versus Li+/Li, which are not observed in the second to fifth
cycles. These peaks can be attributed to two processes. First,

formation of a solid electrolyte interphase (SEI) layer54 on the
electrode surface is a common reason for irreversible capacity.
Second, the peaks at 0.35 and 0.89 V versus Li+/Li correspond
to −3.33 V and −2.79 V versus Fc+/Fc (calculated on the basis
of the standard reduction potentials of Li+/Li and Fc+/Fc,
which are −3.04 V versus NHE55 and 0.64 V versus NHE,56

respectively). They are very close to the reduction potentials of
OB8C at −3.28 V and −2.76 V versus Fc+/Fc (Figure 5), and
thus may be attributed to the reduction of the OB8C repeating
units in the covalent networks. The irreversible nature of these
peaks suggests that these reduction processes are associated
with strong interactions of Li+ cations with OB8C, possibly at
the central valley as suggested by the crystal structure of
OB8C5−. The CV of POB8C also exhibits a large cathodic
peak close to 0.0 V, which becomes weaker after the first cycle.
This peak is typical for graphite57 and different forms of
graphene,58,59 to which intercalation of lithium ions is in
accompany with a potential very close to that of metallic
lithium. The above observations from CV are in agreement
with the large irreversible capacity in the initial discharging and
a low initial Coulombic efficiency.

Figure 6. (a) First three discharge−charge profiles of POB8C at a
current density of 100 mA·g−1; (b) cycling performance of POB8C at
a current density of 100 mA·g−1 showing the charge capacity (solid
square) and discharge capacity (black circle) and Coulombic
efficiency (blue circle); (c) cyclic voltammograms of the first five
cycles for POB8C at a scan rate of 0.1 mV s−1 in an electrochemical
window of 0.01−3.0 V.
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■ CONCLUSIONS
In conclusion, the above study puts forth a bottom-up
approach toward negatively curved carbon allotropes by
covalently linking negatively curved nanographenes (OB8C)
into a network. In connection with the application of this
covalent network as anode material for lithium ion batteries,
OB8C was found able to acquire multiple electrons in stepwise
reduction reactions with two alkali metals (Li and Na) in
solution, as revealed spectroscopically. Importantly, the highly
reduced pentaanion of OB8C has been crystallized with five
sodium counterions to exhibit unique metal intercalation
patterns as revealed by X-ray crystallography. Polymerization
of the tetrabromo derivative of OB8C by a nickel-mediated
Yamamoto coupling reaction resulted in POB8C, which is a
new type of porous carbon-rich material having a specific
surface area of 732 m2 g−1. It functioned as the anode material
for lithium ion batteries exhibiting a maximum discharge
capacity of 830 mAh·g−1 at a current density of 100 mA·g−1.
These results indicate that POB8C presents the key structural
and functional features of negatively curved carbon allotropes.
However, because POB8C lacks long-range order, it still
cannot mimic carbon schwarzites in the aspect of periodical
structures. We envision long-range order can be achieved by
constructing covalent organic frameworks (COFs) of neg-
atively curved nanographenes through formation of dynamic
covalent bonds,60 as inspired by the recent success in synthesis
of COFs of fullerene and corannulene.61,62 Research in this
direction is in progress in our laboratory.
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