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ABSTRACT: Atomically precise carbon nanomaterials with curved topologies
define a central direction in modern synthetic chemistry and materials science.

Motivated by the pioneering discovery of fullerenes, this pursuit has evolved to N %»6
encompass the precision synthesis of carbon allotropes across dimensionalities, & < (}) VN "9,)
from zero-dimensional fullerenes and quasi-one-dimensional carbon nanotubes S 050 ‘(9) %

. . . . . . . < ¢ ) N S
to three-dimensional schwarzites. This review summarized recent progress in ) 7 vy =)
bottom-up strategies towards these targets, highlighting the rational synthesis of = Curved carbon * ®
key molecular segments. It formulated how such structurally defined fragments nanostructures
serve as both fundamental building blocks and critical model systems. These
advances have not only enabled the establishment of precise structure—property .
relationships but also opened pathways for their controllable assembly. How to qf’; \\ Gy
transform these discrete molecular units into macroscopically ordered and @\‘:\b/f\x‘

extended architectures, such as schwarzites, still remains great challenge.

Schwarzite

KEYWORDS: curved carbon nanostructures, fullerenes, molecular carbons, schwarzite carbons, polycyclic aromatic

hydrocarbons

1 Introduction

Recent decades have witnessed the exploration of numerous novel
curved carbon allotropes, driven by advances in synthesis and
characterization techniques. The spherical carbon allotrope C,
commonly known as fullerene, was first identified by Kroto and
colleagues in 1985 through laser ablation experiments [1].
Subsequently, Iijima reported the discovery of carbon nanotubes
(CNTs) during arc-discharge evaporation [2]. Building on these
experimental advances, in 1991, Mackay proposed a new form of
three-dimensional (3D) curved carbon allotrope, now referred to as
schwarzite, by theoretically decorating the triply periodic minimal
surface (TPMS) with sp>-hybridized carbon atoms [3]. The special
topological structures endow these fully conjugated curved carbon
allotropes with intriguing physicochemical properties, offering
potential applications in electronic devices and advanced
engineering materials.
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The topological characteristics of these fully conjugated curved
structures can be quantitatively described using Gaussian curvature
(K), defined at a point on a surface as the product of the two
principal curvatures, k, and k, representing the maximum and
minimum curvatures of all curves passing through the given point,
respectively. Fullerenes, possessing spherical topology, exhibit
positive Gaussian curvature (K > 0) across their entire surface.
Carbon nanotubes, with cylindrical topology, demonstrate zero
Gaussian curvature (Fig. 1). Conversely, schwarzite, defined by a
triply periodic minimal surface structure, displays a negative
Gaussian curvature (K < 0) [3, 4]. These curved carbon
nanomaterials exhibit distinctive electronic properties arising from
their characteristic curvatures, establishing them as a major focus in
materials science and nanotechnology [5-10].

Although conjugated carbon nanomaterials with complex
topologies have been analyzed and characterized using techniques
such as scanning electron microscopy and spectroscopy, achieving
their macroscale synthesis with atomic precision remains a
formidable challenge. Traditional material synthesis methods, such
as electric arc techniques and laser irradiation, have achieved
considerable success in producing closed-cage molecules like Cg,
[11, 12]. Arc-discharge, laser ablation, and chemical vapor
deposition (CVD) have made significant progress in industrial-scale
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Figure1 Curved carbon nanostructures.

production of carbon nanotubes, but still face considerable
challenges in achieving precise control over edge structures and
length. Moreover, such methods often generate substantial amounts
of amorphous carbon, metal catalyst particles, and various other
impurities, while simultaneously producing carbon nanomaterials
with diverse sizes and fine structures. These complex mixtures pose
significant challenges for the separation and purification of
conjugated carbon nanomaterials. In particular, trace impurities
that are difficult to remove hinder in-depth investigations of the
intrinsic  properties of this class of conjugated carbon
nanomaterials.

Besides the aforementioned methods, the bottom-up strategy has
become increasingly important in the synthesis of curved carbon
nanomaterials. Molecular carbons are defined as a class of
structurally precise and monodisperse nanocarbon architectures
that serve as critical models for deciphering structure-property
relationships in carbon-based nanomaterials. As the synthetic
methodology has progressed by leaps and bounds, the cross-
coupling reactions catalyzed by transition metals facilitate the
interconnections of two carbon moieties, such as the Suzuki cross-
coupling, Negishi cross-coupling, and Heck cross-coupling
reactions. This bottom-up approach not only facilitates the creation
of complex carbon nanostructures with intriguing properties but
also provides a fundamental platform for exploring physical and
chemical properties in nanoscale carbon systems. This review
summarized recent advances in the synthesis of curved molecular
carbons with different topological structures aiming to stimulate the
precise synthesis of novel carbon nanostructures.

2 Carbon nanostructures with positive curvature

In 1985, Kroto et al. simulated the high vacuum and high-energy

Presumed intermediate
Ceo(D30n)

conditions of cosmic nebulae [1]. They introduced pure graphite
into this high vacuum environment and irradiated it with a high-
power laser. They observed the formation of C, in mass
spectrometry. They proposed that its structure was a perfect hollow
soccer ball-shaped sphere composed of 12 pentagons and
20 hexagons, naming it Buckminsterfullerene (commonly referred
to as fullerene or Buckyball). Subsequently, in 1990, Kritschmer et
al. successfully produced single crystals of Cg, via arc discharge [11]
and unambiguously confirmed the soccer ball-like structure of Cq,
via X-ray diffraction.

The discovery of Cg, not only unveiled the existence of fullerene
materials but also represented a major breakthrough in atomically
precise carbon nanomaterials. According to Euler’s theorem,
classical fullerenes consist of closed cage structures formed by 12
pentagonal rings and a variable number of hexagonal rings, with
the total number of carbon atoms following the mathematical
relationship # = 20 + 2i (where i denotes the number of hexagons)
[13]. As the most representative member of this series, Cg, is
composed of 12 pentagons and 20 hexagons arranged in a spherical
configuration. Its hollow cage structure, with an outer diameter of
approximately 0.71 nm, could be considered as a zero-dimensional
carbon nanomaterial. C,, and its derivatives exhibit remarkable
potential in multidisciplinary applications owing to their unique
electronic configuration and structural adaptability. They could
function as core components in organic photovoltaic devices by
facilitating charge separation and transport [14], neuroprotective
agents [15], hosts for drug delivery systems [16], and catalysts in
synthetic transformations [17, 18]. These applications demonstrate
Cg's versatility as a multifunctional nanomaterial with tailored
properties for advanced technologies.

Although C, and C,, can be synthesized on an industrial scale
through arc discharge and combustion methods currently,
continued interest in the unique properties of its curved cage
structure has motivated several research groups to pursue bottom-
up approaches for the precise organic synthesis of Cy. Early
theoretical work suggested that precursor 1 might spontaneously
rearrange into C, in the gas phase via a 60-carbon ring
cyclo[60]carbon intermediate (Fig. 2(a)) [19]. Due to the synthetic
challenges associated with producing such a large ring system,
Rubin and colleagues proposed an alternative strategy using carbon

(b)

Figure2 (a) Rearrangement from cyclo[n]carbons 1 to fullerene in the gas phase. (b) The chemical structures of hypothesized precursors 2 and 3. (c) The chemical
structures of synthesized precursors 4 and 5. (d) Rearrangement from hypothesized metallocene precursors 6 and 7 to fullerene.

Nano Research, 2026, 19, 94908735

94908735 (2 of 12)

@ 77w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735

Nano Research | Vol. 19, No. 8

Long et al.

1000 °C

10% 18%

Corannulene
Scott scheme

(c)

FVP, 1-2 torr

1200-1300 °C
0.2%

KN(SiMes3)2
e

THF-dg
CHO -80°Ctort
quant.

16

1000°C g,

FvP O FVP
() ————
. SOR
9

Siegel scheme

T L
1000 °C

Alvee

Pd(PCyj3),Cl,
DBU

—_—
DMAc
180 °C, M,,
35%

19

Figure 3 (a) Synthesis of corannulene using FVP. (b) Synthesis of segment 11 by using FVP. (c) Synthesis of segment 13 by using FVP. (d) Synthesis of Cy, by using FVP.
(e) Synthesis of segment 17 from a trisubstituted sumanene 16. rt: room temperature. (f) Synthesis of a pentaindenocorranulene 19.

cage precursors 2 and 3, which could potentially undergo
dehydrogenation or rearrangement to form fullerenes (Fig. 2(b))
[20]. They successfully synthesized precursor 4, but mass
spectrometry results revealed lower mass peaks m/z from 734 to
737, indicating that the precursor undergoes dehydrogenation at
least down to CyH,,, with no evidence of fullerene formation. In a
separate effort, Tobe et al. synthesized an adduct of 2 and indane
(precursor 5) and observed the generation of fullerene ions via laser
desorption mass spectrometry (Fig. 2(c)) [21]. Nevertheless, the
yield was too low to permit isolation. In addition to the
aforementioned approaches using benzene rings as the core
structure for carbon cage formation, Bunz et al. investigated a
synthetic strategy employing 7 as precursors (Fig. 2(d)) [22].
However, due to the challenging synthesis of the precursor
complexes, this method failed to succeed.

Another approach for the rational synthesis of C, involves using
polycyclic aromatic hydrocarbon (PAH) precursors, where
pentagons are surrounded by hexagons, to form the fullerene cage
via intramolecular C-C bond formation under high-temperature
pyrolytic conditions. In 1991 and 1992, the research groups of Scott
and Siegel independently reported simplified synthetic routes to
corannulene using the flash vacuum pyrolysis (FVP) method,
thereby introducing FVP as a viable technique for synthesizing
“buckybowls” or “fullerene fragments” (Fig. 3(a)) [23, 24]. In 1994,
Rabideau’s team synthesized a semibuckminsterfullerene molecule
via FVP, a structure containing 30 carbon atoms that maps directly
onto the surface of Cy, (Fig. 3(b)) [25]. Scott et al. and Rabideau et
al. subsequently expanded this methodology significantly [26-29].
The following year, Rabideau et al. reported another FVP-derived
molecule, hemifullerene, centered on a six-membered ring
framework [30]. In 1996, Scott et al. synthesized a larger fullerene
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fragment 13, whose configuration closely resembles that of C
(Fig. 3(c)) [31]. 2001, his group reported a CiH,, PAH (structure
14), whose Schlegel diagram revealed that it already contained 13 of
the 20 benzene rings and 75 of the 90 C-C bonds required to form
Cq [32]. Although mass spectrometry indicated that this precursor
could undergo “stitching” under high-energy laser irradiation, the
isolation of pristine C, remained unsuccessful. A breakthrough
came in the next year, when Scott’s group described an FVP
procedure starting from a chlorinated hydrocarbon precursor 15
(Fig. 3(d)) [33]. This method achieved the formation of C, with a
yield of about 1%, marking the first targeted synthesis of the
fullerene via a rational precursor route. Meanwhile, substantial
progress has also been achieved through wet-chemical approaches
[34]. In 2009, Hirao and co-workers used a trisubstituted sumanene
16 to obtain the deepened bowl 17 via triple Knoevenagel-like
benzannulation (Fig. 3(e)) [35]. Scott et al. also obtained a
pentaindenocorranulene 19 from a pentaaryl precursor 18 using
catalytic direct arylation (Fig. 3(f)) [36].

In the synthetic routes involving polycyclic aromatic
hydrocarbons (PAHs) described above, it has been elucidated that
planar compounds containing benzene rings exhibit excellent
compatibility with metal surfaces. This characteristic makes them
highly suitable for applications such as surface-assisted cyclization,
metal-catalyzed coupling reactions, or the formation of well-
ordered self-assembled monolayers on metallic substrates. The
planar geometry and extended m-system of these benzene-ring-
containing compounds facilitate strong adsorption and electronic
interaction with metal surfaces, which is crucial for achieving high
efficiency and selectivity in related synthetic processes. Many of the
carbon-carbon bond formation reactions between such aromatic
systems are catalyzed by transition metals, including

Nano Research, 2026, 19, 94908735
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Suzuki-Miyaura coupling, Ullmann coupling between two aryl
halides, and even dehydrogenative coupling between two C-H
bonds. This provides a theoretical foundation for the metal-
catalyzed closure of fullerenes. In 2008, the first synthesis of C4 on a
metal surface was achieved by Otero et al. (Fig. 4) [37]. They chose
20 as a precursor. Using scanning tunneling microscopy (STM) to
monitor the chemical transformation process, they observed that
when CgH,, was adsorbed on a Pt(111) surface, the three “wings”
of the molecule were clearly visible, appearing as triangular features
approximately 22 nm in length and 0.14 nm in height. After
annealing at 750 K, all these triangular structures transformed into
circular features with a reduced diameter of about 1.5 nm and an
increased height of 0.38 nm. The reaction proceeded with nearly
100% vyield. Furthermore, azafullerene C;N, from 21 was
synthesized with this method.

3 Carbon nanostructures with zero curvature

In 1991, Iijima accidentally produced multi-walled carbon
nanotubes while preparing fullerenes using the arc discharge
method [2]. Two years later, Iijima and Ichihashi, and Beyers et al.
reported that single-walled carbon nanotubes could be synthesized
via the arc discharge method with iron as a catalyst [38, 39]. Carbon
nanotubes are a quasi-one-dimensional carbon allotrope with
nanoscale diameters and macroscale lengths. They can be
conceptualized as seamless and hollow tubular molecules formed by
rolling single or multiple layers of graphene sheets in a specific
direction and connecting them end to end. The carbon atoms are
primarily bonded through sp® hybridization, forming a highly

(a)

delocalized m-electron conjugated system. The rolling direction is
determined by the chiral vector C;: G, = na, + ma,, where (n, m) is
a pair of integers known as the chiral indices, which uniquely define
the electronic properties and geometric structure of the carbon
nanotube [40]. When m = 0, it is referred to as zigzag-type,
exhibiting semiconductor electronic properties; when n = m, it is
called armchair-type, displaying metallic electronic properties; and
when n # m and m # 0, it is termed chiral-type or helical-type, most
of which are semiconductors. The diameter can be directly
calculated from the chiral indices (1, m). Therefore, the precise
synthesis of carbon nanotubes with a single chirality is of great
importance. Carbon nanotubes demonstrate exceptional versatility
in advanced applications due to their extraordinary mechanical
strength, tunable electronic properties, and high surface-to-volume
ratio. In materials engineering, they serve as reinforcing agents in
high-performance composites and flexible electronics [41]. Their
unique electronic  characteristics enable applications in
nanoelectronics as transistors and interconnects [42]. Additionally,
CNTs function as efficient catalyst supports in energy conversion
systems and as robust scaffolds in biomedical devices for drug
delivery and tissue engineering. These multifunctional capabilities
position CNTs as pivotal nanomaterials for technological
innovation across disciplines [43].

Metal-catalyzed chemical vapor deposition (CVD) has made
overwhelming progress in the synthesis of carbon nanotubes with
uniform chirality [44]. In 2003, Resasco and colleagues reported the
enriched growth of (6, 5)/(7, 5) chirality-enriched single-wall
carbon nanotubes (SWCNTs) using a bimetallic Co/Mo catalyst
[45]. In 2005, Lijima et al. demonstrated an epitaxial relationship

405 400 395
Binding energy (eV)

Figure4 Synthesis of C, on a Pt(111) surface. Reproduced with permission from Ref. [37], © Macmillan Publishers Limited 2008.
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between cobalt nanocrystals and the growth of single-wall carbon
nanotubes [46]. In 2006, Robertson et al. proposed for the first time
an epitaxial growth model, predicting selective growth of single-wall
carbon nanotubes on solid catalysts and suggesting that epitaxial
growth on solid Ni catalysts could lead to chirality selectivity [47].
Subsequently, the principle of epitaxy was widely utilized to
rationalize the chirality-controlled growth of SWCNTs [48, 49]. In
2014, Li et al. developed a bimetallic Co,W catalyst with a very high
melting point and a rhombohedral crystal structure, achieving
chirality-specific growth of single-wall carbon nanotubes, such as
(12, 6), (16, 0), and (14, 4) [50-53].

Although carbon nanotubes produced via the CVD method
currently dominate the market and meet the demands of numerous
applications, their inability to precisely control length and edge
structure remains an unresolved issue. Consequently, the bottom-
up synthesis of single-walled carbon nanotubes continues to hold
significant research importance. Following the successful precise
synthesis of Cg, using the FVP method, Scott and his team also
attempted to apply this approach to the precise synthesis of carbon
nanotubes, ultimately achieving the synthesis of a (5, 5) CNT end-
cap (Fig. 5(a)) [54]. This molecule features an armchair-type edge
structure, offering potential for subsequent tubular structure
synthesis through Diels-Alder reactions, or as seeds for carbon
nanotube growth. Another bottom-up synthesis route utilizes
cyclopara-phenylenes (CPPs) as the starting material, which can be
regarded as the simplest segments of armchair carbon nanotubes.
In 2013, Itami and his team utilized CPP as a template to grow
uncapped sidewall segments of carbon nanotubes (Fig. 5(b)) [55].
In 2014, Amsharov, Fasel, and their colleagues synthesized an ultra-
short singly capped (6, 6) SWCNT through surface-catalyzed
cyclodehydrogenation (Fig. 5(c)) [56]. They further reported using
this structure as a seed for the epitaxial growth of SWCNTs
exceeding 300 nm in length. In 2015, Zhou et al. pioneered a novel
approach for the metal-free catalysis of nearly pure SWCNTSs from
molecular seeds [57].

Therefore, the precise synthesis of well-defined CPPs can be
regarded as a crucial preliminary research objective. In 2008, Jasti et
al. first proposed a synthetic approach in which a macrocyclic
precursor was obtained via Suzuki coupling, followed by reduction
using lithium naphthalenide to produce [9]-, [12]-, and [18]CPP
(Fig. 6(a)) [58]. One year later, Itami and colleagues reported a
strategy for synthesizing [12]CPP through aromatization of a
macrocyclic precursor (Fig. 6(b)) [59]. Another year later, Yamago
et al. introduced an alternative route using a 44-
bis(trimethylstannyl)biphenyl 31 as the substrate, which was
transformed into the target molecule [8]CPP via a cyclic platinum
complex intermediate, followed by bromine-induced reductive
elimination (Fig. 6(c)) [60]. In 2020, Tsuchido and coworkers
employed a strategy and developed an efficient synthesis of [6]CPP
using a cyclic digold(I) complex intermediate [61].

Carbon nanobelts (CNBs) are belt-shaped molecular carbons
entirely composed of fused benzene rings. They possess at least a
double-stranded structure, meaning that breaking at least two
carbon-carbon bonds is required to fully unfold them into a planar
configuration. The synthesis of such compounds has been a highly
challenging scientific problem over the past few decades [62]. As
early as 1991, Vogtle and colleagues reported attempts to synthesize
these carbon nanobelts (Fig. 7(a)) [63]. The Vogtle belt can be
conceptually described as a segment of an armchair carbon
nanotube composed of two rows of structural units, or alternatively,
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as a macrocyclic nanobelt formed by connecting naphthalene units
at their 1,8- and 4,5-positions. This fused nature results in
significantly higher ring strain, making their synthesis considerably
more challenging. In early efforts, Iyoda et al. observed a mass
spectral signal corresponding to [10]cyclophenacene using laser
desorption time-of-flight (LD-TOF) mass spectrometry (Fig. 7(b))
[64]. However, it was not until 2017 that the Itami’s group achieved
the first total synthesis of [12]JCNB 39 via a strategy involving
Wittig reaction to construct a precursor followed by a nickel(0)
Yamamoto coupling to effect macrocyclization (Fig. 7(c)) [65]. One
year later, they also synthesized [16]CNB and [24]CNB [66]. In
2019, Miao and colleagues reported a “ring-to-belt” approach for
the synthesis of an armchair CNB 41 from a [12]CPP derivative
[67]. The chiral CNB 43, which represents a sidewall segment of
chiral (18, 12)CNT, was also reported. They started from a [12]CPP
derivative bearing twelve aryl substituents and performed a Scholl
reaction to induce cyclodehydrogenation. The isopropoxy groups
attached to the precursor not only improved solubility but also
helped lower the oxidation potential through electron-donating

1100 °C
0.25 torr

Carbon nanorings Carbon nanotubes

(template)

(c)

Precursor
CggHs, (P1)

S

(6,6) SWCNT
seed (S1) Singly capped

(6,6) SWCNT

Figure5 (a) Synthesis of a (5,5) CNT end-cap. ((b) and (c)) Synthesis of CNTs
from its segments. Reproduced with permission from Ref. [55], © Springer
Nature Limited 2013; Ref. [56], © Springer Nature Limited 2014.
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Nano Research, 2026, 19, 94908735 94908735 (6 of 12) (&) 27w | Sci@pen

\\\\\\\\\\\\\\\\\\


https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735
https://www.sciopen.com/article/10.26599/NR.2026.94908735

Nano Research | Vol. 19, No. 8

Long et al.

effects, thereby facilitating the cyclization process. Recently,
Anderson et al. synthesized porphyrin nanobelts 46 by nickel-
mediated coupling ofmeso-bromoporphyrins to form singly
linkednanorings, followed by oxidation with gold(III) chloride [68].
The synthesis of segments of zigzag carbon nanotubes, such as
[n]cyclacenes or belt[n]arenes, can be expected to be more
challenging due to their fully fused benzene ring structures forming
a cyclic belt [69]. According to Clar’s rule, extended linear
annellation of benzene rings in one dimension significantly reduces
the overall aromaticity [70]. Early attempts to synthesize
[n]cyclacene via Diels-Alder reactions were hindered by
aromatization in approaching the target molecules [71-73]. In
2016, Itami and colleagues attempted to obtain [12]cyclacene by
cyclizing a macrocyclic precursor linked with alkynyl groups but
observed an unexpected rearrangement instead [74]. It was not
until 2020 when Wang and coworkers reported the observation of
51 using mass spectrometry (Fig. 8(a)) [75]. One year later, Itami et
al. introduced an efficient strategy for synthesizing a derivative of
[18]cyclacene 55 by constructing a macrocyclic precursor through a
Diels-Alder reaction, followed by reduction using low-valent
titanium (Fig. 8(b)) [76]. Around the same time, Chi et al. also
reported the synthesis of a [12]cyclacene derivative 60 via a similar

DCM, rt

48a (Ar = 2-isopropylphenyl) 49b (Ar = 3,5-dimethylphenyl), 46%
48b (Ar = 3,5-dimethylphenyl)

Figure 8 Synthesis of zigzag carbon nanotubes.
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approach (Fig. 8(c)) [77]. In 2025, Chi et al. also synthesized non-
alternant CNBs using an iterative Diels-Alder reaction followed by
deoxygenative aromatization [78].

4 Carbon nanostructures with negative curvature

In the early 1890s, the mathematician Schwarz pioneered the study
of triply periodic minimal surfaces (TPMS) and described several
possible structures, such as the D-surface and the P-surface [4]. In
1991, Mackay and Terrones first proposed that carbon atoms could
be arranged on these TPMS frameworks to form a novel three-
dimensional carbon allotrope with negative curvature, which would
require the incorporation of rings containing more than six carbon
atoms [3]. The following year, in 1992, Elser and colleagues
theoretically demonstrated an alternative approach to negatively
curved graphite-like structures based on TPMS containing
heptagonal and hexagonal rings [5]. They named this proposed
carbon allotrope “schwarzite” in honor of the mathematician
Schwarz.

The defining characteristic of schwarzites lies in the negative
curvature of their atomic network. This structure is composed
entirely of sp>hybridized carbon atoms, where the introduction of

o TICILIAIH,
e,
 THF, reflux
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topological defects such as heptagons or octagons induces curvature
into graphene-like sheets, forming a penetrating three-dimensional
pore system. Based on their underlying geometric topology, they
are primarily classified into families such as primitive-type (P),
diamond-type (D), and gyroid-type (G). Taking the P192 structure
as an example, its nomenclature directly reflects the primitive
surface type and the unit cell composition of 192 carbon atoms. The
structure can be described as an atomically precise “carbon
nanofoam”: a distorted sp* carbon network woven according to the
strict topology of the P-surface, forming a periodic open framework
with cubic symmetry and continuous channels. The P192 model
elucidates, from the atomic scale, how the precise control over the
type, quantity, and spatial distribution of non-hexagonal rings
enables the construction of a macroscopically ordered carbon
network with negative curvature. This provides a crucial theoretical
blueprint for the “bottom-up” synthesis of such materials.

Schwarzites are characterized by highly symmetric structures and
intricate interconnected cavities, endowing them with extremely
high specific surface areas, exceptional mechanical strength, and
other intriguing properties. Although schwarzites have not yet been
synthesized to date, many theoretical studies suggest that this
porous carbon-based nanomaterial holds promising potential for
applications in energy storage systems due to their ultrahigh surface
area and tunable pore architecture, enabling superior gas
adsorption and electrochemical performance. Their unique negative
curvature and electronic structure make them promising candidates
for advanced catalysis and quantum computing applications.
Additionally, the mechanically robust yet lightweight framework
positions schwarzites as ideal materials for next-generation
composite materials [6—10, 79].

A variety of synthesis methods for schwarzites have been
proposed over the past few decades. In 2002, Milani et al. reported a
sponge-like nanocarbon structure produced by bombarding
graphite with a pulsed plasma cluster source under extremely low
concentrations of organometallic catalysts [80]. Another idea is that
template-mediated synthetic method may be of high efficiency to
realize its precise synthesis. The resulting porous material exhibited
structural features of negative curvature, drawing parallels to
zeolites due to its porous nature [81, 82]. This similarity led to the
hypothesis that zeolites could act as solid-phase templates for
synthesizing schwarzite-like carbon. The proposed pathway
involves the pyrolysis and reorganization of hydrocarbons on the
zeolite surface, followed by template removal, to theoretically
generate triply periodic carbon structures. The complex amorphous
nature of these products presents significant challenges for precise
characterization. In 2016, Ryoo and colleagues reported a 3D
graphene-like structure that could be selectively constructed within
zeolite templates, representing the carbon nanostructure most
similar to schwarzites achieved to date [83]. Two years later, Smit
and coworkers developed a theoretical framework through
computational simulations that established a relationship between
zeolite-templated carbons (ZTCs) and schwarzites, and identified
specific zeolite types promising for the production of schwarzites
via this method [81]. Simulation results indicated that P-type
schwarzites, due to their higher strength and relatively greater
thermodynamic stability, are likely the most promising candidate
structures for experimental synthesis [79]. However, because of the
lack of suitable templates and the limitations of current techniques,
this zeolite-templating approach typically yields amorphous
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mixtures or non-periodic carbon materials, preventing the ZTC
method from producing well-defined and macroscopically ordered
schwarzites. A feasible strategy would be to synthesize molecular
fragments exhibiting structural features of schwarzites first, and
then use the fragments as seeds for the growth of macroscopically
ordered schwarzites carbon [84—86].

From a structural perspective, the key feature of schwarzites is
the incorporation of seven- or eight-membered rings, which
introduce negative curvature and significant strain energy.
Therefore, the synthesis of molecular carbons containing seven- or
eight-membered rings is a critical initial step in the bottom-up
construction of schwarzites. These negatively-curved molecular
carbons, which inherently exhibit negative curvature, can serve not
only as synthetic building blocks but also as model compounds for
studying the influence of negatively curved topology on the
properties of negatively-curved molecular carbons.

The synthesis of negatively-curved molecular carbons dates back
to 1983, when Yamamoto et al. reported the synthesis and
characterization of [7]circulene 65 via a two-step route involving
photocyclization and McMurry coupling (Fig. 9(a)) [87].
[7]circulene can be regarded as the smallest fragment representing
the structural features of schwarzite P216. Due to the synthetic
challenges, Suzuki and Sakamoto, and the group of Wu
independently reported the synthesis of [8]circulene and
tetrabenzo(8]circulene respectively until 2013, which is the smallest
fragment embodying the structural characteristics of schwarzite
P192 [88, 89]. Suzuki and Sakamoto adopted an “out-in” strategy,
constructing a cyclic octaphenylene precursor via palladium-
catalyzed cross-coupling, followed by a Scholl reaction to form the
highly strained eight-membered ring, vyielding tetrabenzo[8]
circulene 69 (Fig. 9(e)). In contrast, Wu et al. employed a
fundamentally different approach, first building the central eight-
membered ring and then performing a palladium-catalyzed
cyclization using symmetrically substituted diarylacetylenes and
iodinated precursors to afford [8]circulene. Single-crystal X-ray
diffraction confirmed a deep saddle-shaped geometry resulting
from the presence of the octagonal ring. The synthesis of
[7]circulene and [8]circulene significantly advanced the field of
negatively curved PAHs and inspired the pursuit of schwarzite
fragments containing multiple non-hexagonal rings. Besides, Itami
et al. also reported the synthesis of a grossly warped nanographenes
that contains one 5-membered ring and five 7-membered rings by
oxidation reaction [90]. Although not fitting into a classical
schwarzite structure, this Cy, molecule carbon exhibits significant
negative curvature characteristics. In 2015, Miao et al. reported the
synthesis of a saddle-shaped PAH containing two heptagonal rings
via an oxidative cyclodehydrogenation with 2,3-dicyano-5,6-
dichlorobenzoquinone (DDQ) [91]. This molecule can be viewed as
a fragment of schwarzite P216. Two years later, Miao et al
described the synthesis of dipleiadiene, an SR-PAH 66 (Fig. 9(b))
with 46 carbon atoms, which constitutes a substructure of
schwarzite D216 [92]. In 2019, Wiirthner et al. developed a
palladium-catalyzed [5+2] cyclization strategy for the rational
synthesis of negatively curved heptagon-containing PAHs [93]. In
2024, Mastalerz et al. reported aromatic saddle-shaped PAHs 67,
which represent extensive substructures of schwarzite P216 [94]
(Fig. 9(c)). The symmetric incorporation of four heptagonal rings
leads to pronounced bending of the entire backbone, generating
two saddle-shaped surfaces. The largest saddle surface measures
112 A in width and 4.64 A in depth. In 2025, Miao’s group
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reported another key fragment 68 of schwarzite P216 containing
three heptagonal rings [95]. The C;-symmetric point group endows
it with a characteristic “monkey saddle” configuration (Fig. 9(d)).
Most recently, our group reported the synthesis of a semi-tubular
aromatic fragment 70 of schwarzite P192 containing two octagonal
rings (Fig. 9(f)) [96]. This C, fragment is the largest known SR-
PAH to date, accounting for 41% of the P192 unit cell volume. In
this molecular carbon, each of the two octagonal rings induces a
bending of approximately 90° in the same direction, resulting in a
nearly 180° curvature of the conjugated molecular backbone. The
root-mean-square deviation between its molecular structure and
the corresponding fragment in schwarzite P192 is only 0.37 A,
indicating that the highly distorted carbon structure in schwarzite
P192 is intrinsically consistent with the configuration of such
negatively curved molecular carbons. This provides a fundamental
basis for synthesizing the key negatively curved structural units
required for schwarzite P192.

5 Conclusions

Curved carbon nanomaterials constitute a significant class of
materials due to their unique geometric structures and
corresponding physicochemical properties, which underpin broad

..................
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potential applications. Despite the availability of conventional
synthesis routes, the precise and controllable fabrication of these
materials remains both critically important and challenging. In
recent decades, bottom-up synthetic strategies have emerged as a
powerful approach, offering distinct advantages for advancing this
field. First, molecular carbon nanostructures derived from the
extension of polycyclic aromatic hydrocarbons represent atomically
precise entities. Their well-defined structures serve as ideal
prototypes for establishing unambiguous structure—property
relationships. Second, the chemical synthesis of such molecular
carbons provides a versatile platform for accessing a diverse range
of nanostructures. Furthermore, they serve as a programmable
molecular platform for building larger carbon architectures by
enabling controlled assembly or transformation.

Therefore, future research should prioritize the following key
directions to address existing challenges and harness emerging
opportunities: (1) Advancing atomically precise synthesis. The
comprehensive and simultaneous control over multiple structural
parameters (e.g., chirality, diameter, length, and edge topology)
remains a paramount challenge. While methods like chemical
vapor deposition have achieved chirality-specific growth of carbon
nanotubes, synergistic control over other dimensions is still limited.
Developing synthetic methodologies with enhanced selectivity and
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scalability is essential for moving from singular parameter control
to integrated multidimensional design. (2) Elucidating
structure—property relationships for targeted applications. A deeper
understanding requires the integration of advanced in situ
characterization with multiscale computational simulations. This
correlation is crucial for unraveling how curvature and topology
dictate optical, electronic, and catalytic behaviors. Research should
focus on properties arising from curvature to guide application-
driven development in energy, electronics, and sensing
technologies. (3) Extending from molecular to infinite system. How
to realize the precise synthesis of Schwarzite carbons has become
the most intriguing scientific holy grail. Realizing this “molecular
building-block” approach necessitates innovative coupling and
assembly strategies, demanding close collaboration between organic
chemists, materials scientists, and theoreticians.

By continuously focusing on these fields, research on curved
carbon nanomaterials holds promise for not only uncovering new
physical properties of carbon materials but also providing
innovative material solutions for next-generation energy,
electronics, and quantum technologies.
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