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Carbon-nanohoop structures featuring one or more round-
shaped cavities represent ideal supramolecular hosts for
spherical fullerenes, with potential to form host-guest com-
plexes that perform as organic semiconductors in the solid
state. Due to the tight complexation between the shape-
complementary hosts and guests, carbon nanohoops have the
potential to shield fullerenes from water and oxygen, known to
perturb the electron-transport process. Many nanohoop recep-
tors have been found to form host-guest complexes with

fullerenes. However, there is only a little or no control over the
long-range order of encapsulated fullerenes in the solid state.
Consequently, the potential of these complexes to perform as
organic semiconductors is rarely evaluated. Herein, we present
a survey of all known nanohoop-fullerene complexes, for which
the solid-state structures were obtained. We discuss and
propose instances where the inclusion fullerene guests form
discrete supramolecular wires, which might open up possibil-
ities for their use in electronic devices.

Introduction

The design of receptors with high affinity for binding fullerenes
is a subject of fundamental research in the areas of
supramolecular and materials chemistry.[1] Since the discovery
of C60,

[2] fullerenes have been investigated as potential
components of organic field-effect transistors[3] and solar cells,[4]

owing to their ability to absorb visible light, accept electrons,
and transport charge. Encapsulation of fullerenes inside macro-
cyclic hosts via π-π interactions represents a convenient
strategy for supramolecular manipulation of the electronic
properties and solid-state morphology of fullerenes.[5]

Calixarenes,[6] π-extended tetrathiafulvalene derivatives,[7] and
metalloporphyrins[8] are commonly used as electron-rich hosts
for electron-poor fullerenes, because of electronic and structural
complementarity. Single-walled carbon nanotubes[9,10] featuring
a one-dimensional hollow channel have also been extensively
explored as π-hosts toward fullerenes, forming the so-called
“nanopeapods”.[11] It was found that the orientation of fullerene
molecules in the tubular hollow space is the key factor
determining the electronic and charge-transport properties of
the nanopeapods.[12] From a supramolecular perspective, carbon
nanotubes function as templates for the alignment of fullerenes
inside the channels, enabling a controlled assembly of encapsu-
lated fullerenes into one-dimensional wires.

Cycloparaphenylenes (CPPs) are tube-shaped radially π-
conjugated molecular loops comprised of distorted para-linked
phenylene rings.[13] They represent the shortest segments of

armchair carbon nanotubes.[14] Their synthesis was elusive until
the landmark achievement of [9]-, [12]-, and [18]CPP in 2008.[15]

The development of advanced synthetic methodologies[16] has
enabled size-selective syntheses of [n]CPPs (n�5) and more
complex CPP-derived architectures including lemniscates,[17,18]

double nanohoops,[19] propellers,[20] cylinders,[21] cages,[22] and
catenanes.[23] In addition to CPPs bearing phenylene as a
repeated panel, π-extended aromatics such as naphthalene,[24]

anthracene,[25] phenanthrene,[26] dibenzopentalene,[27] pyrene,[28]

chrysene,[29] anthanthrene,[30] dibenzochrysene,[31] rubicene[32]

and hexabenzocoronene,[33] have been exploited to construct a
variety of hydrocarbon nanohoops.[34] A unique structural
feature of CPPs and their π-extended analogs is the radial cavity
that enables them to encapsulate fullerenes and small poly-
cyclic arenes.[35] Their concave aromatic framework is comple-
mentary to the convex surface of fullerenes, which results in
strong π-π interactions. Additionally, the associated complexes
are stabilized by means of electronic complementarity between
the electron-rich carbon nanohoops and electron-deficient
fullerenes. [10]CPP was the first carbon nanohoop shown to
have a suitably sized cavity for binding C60.

[36] The solid-state
structure of the 1 :1 [10]CPP�C60 complex revealed a close
concave-convex π-π interaction between the two
components[37] and the quenching of fluorescence of [10]CPP
indicated strong electronic communication between the host
and the guest.[36] Compared to [10]CPP and C60, π-π interactions
are significantly enhanced in the complexes of π-extended
nanohoops and C60, as implied by the larger association
constants.[38,39]

Fullerenes and their derivatives are typical n-type semi-
conductors. Among all pristine fullerenes, only C60 and C70 are
synthetically available in large quantities. C60 holds the record
of the highest charge-carrier mobility among fullerenes, with a
single-crystal mobility of 11 cm2V� 1 s� 1[40] due to its high
symmetry and isotropic properties in the solid state. Despite
these desirable features, fullerene-based semiconductor devices
are not stable in air because electron transport produces free
radicals that are reactive toward oxygen and water. As a result,
rigorous exclusion of oxygen and water contamination is
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required for the device fabrication and measurements. In this
regard, the host-guest supramolecular assembly of carbon
nanohoops and fullerenes offers an opportunity to 1) protect
the active organic layer from oxygen and water and 2) improve
the solubility, thus enabling solution-processed fabrication of
electronic devices. In this endeavor, the packing structure of the
nanohoop-fullerene complexes is of critical importance because
an isolated or a random arrangement of fullerene molecules is
not suitable for achieving effective charge transport. In this
Review article, we discuss and propose all the examples of host-
guest complexes between hydrocarbon nanohoops and full-
erenes, where the inclusion fullerene guests align into discrete
supramolecular wires – potential materials for organic semi-
conductors with enhanced conductivity performance.

Single-Nanohoop Systems

Since the discovery of the host function of [10]CPP toward
C60,

[36,37] [10]CPP has been investigated as a receptor in
supramolecular chemistry. For example, [10]CPP acts well as a
supramolecular template in the synthesis of [10]CPP-fullerene
[2]rotaxanes.[41] In contrast to C60, which displays a spherical
shape with a diameter of 0.71 nm, its analog C70 has an
ellipsoidal shape. The size of C70 with a long and short axis of
0.796 nm and 0.712 nm, respectively, makes it an ideal guest for
encapsulation by [11]CPP (1 a, Figure 1a). The solid-state
structure of a 1 :1 1 a�C70 complex (Figure 2) revealed that C70
adopted a “standing” orientation with its long axis aligned
within the [11]CPP plane.[42] The large association constant of
4.7×104 M� 1 in toluene indicates a strong concave-convex π-π
interaction between 1 a and C70. Despite a herringbone packing
arrangement of the complex, the encapsulated C70 molecules
are highly ordered, forming zigzag C70 wires (Figure 2) with the
shortest C� C distances between the neighboring C70 molecules
of 3.187 Å and 3.253 Å. Such supramolecular array of C70 guests
opens up the possibility employing this cocrystal in semi-
conductive materials.

Given the cavity size of 1 a that allows accommodation of
C70, a cyclic heptamer of naphthalene (1 b, Figure 1a) with a

diameter (1.47 nm) similar to that of 1 a (1.51 nm) is another
suitable host for C70. The extended π-surface gives rise to a
tighter complexation between 1 b and C70, as implied by the
larger association constant of 1.6×108 M� 1 in toluene.[43] A
standing orientation of C70 is found also in the solid-state
structure of the 1 :1 1 b�C70 complex (Figure 3). Similarly to the
case of the 1 a�C70 complex, C70 molecules in 1 b�C70 are also
aligned into one-dimensional nanowires with the shortest C� C
distances of 3.595 Å and 3.143 Å between the C70 molecules.
The 1 b�C70 complex is therefore also a potential candidate for
charge-transport materials.

The void of [10]CPP was shown to have an ideal diameter
(1.38 nm) for binding C60 with an association constant of 6.0×
103 M� 1 in 1,2-dichlorobenzene.[36] Benefitting from a larger π-
surface of the aromatic panels and similar void shape (diameter
of 1.39 nm), [4]cyclochrysenylene (1 c, Figure 1a) exhibited an
incredibly strong affinity toward C60 with an association
constant of 4.0×109 M� 1 in 1,2-dichlorobenzene.[39a] The mole-
cules of the 1 :1 1 c�C60 complex stack in a columnar assembly,
resulting in a linear supramolecular wire of the inclusion C60
molecules (Figure 4). The large C� C distance of 6.340 Å between
the neighboring C60 molecules impedes, however, an effective
charge transport that is a decisive factor in organic semi-
conductors. The π-extended analog of 1 c,
[4]cycloanthanthrenylene (1 d, Figure 1a) has a cavity size
identical to 1 c with a diameter of 1.40 nm. As expected, 1 d
forms even a tighter complex with C60, with the association
constant reaching 5.0×109 M� 1 in 1,2-dichlorobenzene.[44] Given
the strong complexation between 1 c/1 d and C60, a dumbbell-
shaped C60 dimer, C120,

[45] is a suitable double-fullerene guest for
encapsulation by two host molecules of 1 c or 1 d to form a 2 :1
complex.[46,47] The inclusion C120 guests of these two 2 :1
complexes are, however, arranged randomly in an isolated
fashion. Interestingly, in the 1 :1 1 d�C120 complex, C120
molecules adopted two orientations and were uniformly
arranged in each column (Figure 5). Within one column, the C120
molecules are aligned to form zigzag C60 wires, where the C60
molecules are – in an alternating fashion – either connected by
two C� C single bonds or in close van der Waals contact (d=

3.280 Å).
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Double-Nanohoop Systems

Nanohoop systems that feature two nanoring-cycles are
promising host candidates to form 1 :2 complexes with two
guest molecules.[17–19] To date, only two nanohoop hosts were
found to form a 1 :2 host-guest complex with a fullerene guest:

a nanotube-like CPP dimer (2 a, Figure 1b) that incorporates
two C60 molecules

[19c] and a conjoint bis[10]CPP (2 b, Figure 1b)
that interacts with two [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) molecules.[19d] Because, however, the solid-state struc-
tures of these 1 :2 complexes have not yet been validated by
means of single-crystal X-ray diffraction (SC-XRD), the spatial
arrangement of the fullerene guests in the solid state is
unknown.

Recently, we synthesized a peropyrene-bridged double
nanohoop system CPP-PP (2 c, Figure 1b) and by means of SC-
XRD unequivocally confirmed its all-sp2-framework featuring
two large round-shaped cavities.[18a] The formation of host-guest
complexes with fullerenes could not, however, be observed,
which indicates that the shape of the cavities is not a perfect
match. Structural adjustment was implemented to modify these
voids and a new member of the double-nanohoop family,
CPP-bPP (2 d, Figure 1b) was devised and synthesized.[18b] In this
system, the nanoring-cycles are connected at the bay-regions of
the central peropyrene segment and the two oval-shaped voids
have a slightly different shape in the solid state depending on
the crystallization conditions. Unexpectedly, no binding inter-
action between 2 d and C60/C70 was detected in solution,
possibly due to the cavity-reorganization energy that counter-

Figure 1. Structures of selected hydrocarbon nanohoops featuring a) one
and b) two nanoring-cycles as supramolecular hosts for fullerenes.

Figure 2. Packing in the solid-state structure of a 1 :1 1 a�C70 complex,
d1=3.187 Å, d2=3.253 Å (CCDC no. 941083). Disordered solvent molecules
are omitted for clarity.
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acts the host-guest complexation energy. Nevertheless, the
binding behavior was clearly observed in the solid state.
Surprisingly, a 1 :1 2 d�C60 complex, instead of a 1 :2 complex,

was revealed by SC-XRD. Strong concave-convex π-π interac-
tion is found between 2 d and C60 as indicated by the shortest
intermolecular C� C distance of 2.86 Å. The other interesting
feature of the 2 d�C60 complex is its unique lamellar packing
motif (Figure 6a) that is unprecedented for all nanohoop-
fullerene complexes, and nanohoops in general. The tight
lamellar packing motif is the reason for the formation of the
1 :1 complex and not 1 :2. If a 1 :2 2 d�C60 complex would form,
the zigzag C60 wires would be assembled (Figure 6b). But in this
manner, the close contacts between the neighboring C60
molecules (shortest C� C distance of 2.241 Å) would result in
significant steric repulsion, assuming that the packing and
interlayer distance would remain the same. To potentially
achieve these zigzag supramolecular wires of the C60 guests,
C120 represents an ideal alternative for encapsulation by 2 d
because the length of the bridged C� C single bonds is 1.575 Å,
shorter than the distance between C60 molecules in the packing
structure of the hypothetical 1 : 2 2 d�C60 complex (Figure 6b).
At the same time, C120 is able to accomplish the full occupancy
of the two cavities of 2 d, thus leading to the formation of one-
dimensional zigzag C60 wires. On the other hand, the electronic
communication between 2 d and C120 might help to reduce the
interlayer distance between 2 d molecules and thus improve
the change-transport properties.

Figure 3. Packing in the solid-state structure of a 1 :1 1 b�C70 complex,
d1=3.595 Å, d2=3.143 Å (CCDC no. 1875818).

Figure 4. Packing in the solid-state structure of a 1 :1 1 c�C60 complex,
d=6.340 Å (CCDC no. 993074).

Figure 5. Packing in the solid-state structures of a 1 :1 1 d�C120 complex,
d=3.280 Å (CCDC no. 1573516).
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Even though the solid-state structures of the surveyed
nanohoop-fullerene complexes endow them with a potential to
be employed as organic semiconductors and components of
solar cells,[48] their suitability for fabrication of semiconductive
devices is scarcely assessed. In addition to the challenges
associated with obtaining single crystals that are qualified for
SC-XRD, solvent molecules encapsulated in the crystals are
another concern because the volatile behavior of inclusion

solvents can disrupt the packing structure and thus the
supramolecular arrangement of the fullerene wires. In a recent
study, semiconductive performance of a [10]CPP polymer that
can bind multiple C60 molecules was evaluated.

[49] The solid-
state structure of this complex is, however, elusive, which
impedes an in-depth understanding of the structure-property
relationship. In addition, the norbornene-embedded CPP poly-
mers are potential hosts for fullerenes or metallofullerenes and
the corresponding complexes are of interest as organic
materials for applications in electronics and spintronics.[50]

Deposition Numbers 941083, 1875818, 993074, 1573516,
and 2104609 contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service www.ccdc.
cam.ac.uk/structures.

Conclusion and Outlook

The structural feature of CPPs and their π-extended and more
complex nanohoop analogs makes them ideal supramolecular
hosts for encapsulation of fullerenes. The well-developed
synthetic tools contribute to the diversity of the available
nanohoop architectures, which drives a considerable interest in
their host-guest chemistry. Although a variety of carbon nano-
hoops have been shown to bind fullerenes, the solid-state
structures of the complexes are not often available, presumably
owing to the formidable challenge in obtaining single crystals
qualified for XRD and high disorder of inclusion fullerenes.
These obstacles impede the in-depth understanding of the
packing motif and materials application. Among some of the
instances, where the solid-state structures of the complexes
were disclosed, the research focused on the dynamic behavior
of the fullerene guests inside the carbon-nanohoop hosts.
However, applications of these complexes in functional materi-
als have been far less exploited. In this Review, we summarized
and proposed all the examples of nanohoop-fullerene com-
plexes, where the encapsulated fullerene guests align to form
supramolecular linear or zigzag nanowires with close π-π
contacts between discrete fullerene molecules. Such fullerene-
based supramolecular wires hold potential for applications in
organic semiconductors[5,51] and have rarely been explored
within the nanohoop-fullerene systems. The capability of
carbon-nanohoop hosts to act as templates that regulate the
packing arrangement of the fullerene guests can aid and abet
charge transfer between the components in close contact and
thus enhance the semiconductive performance. In addition, the
concave-convex shape complementarity between carbon nano-
hoops and fullerenes can assist in excluding water and oxygen
perturbations in the charge-transport process. We look forward
to the future development of nanohoop hosts that can form
tight complexes with fullerenes aligned into supramolecular
wires and their use in semiconducting and solar-cell materials.

Figure 6. a) Packing in the solid-state structure of a 1 :1 2 d�C60 complex
(CCDC no. 2104609). Please note that the distribution of C60 shown here is
only a representative example, and C60 can randomly reside in one of the
two cavities, resulting in an average ratio of 1 :1. Disordered solvent
molecules are omitted for clarity. Hypothesized in this Article are the
imaginary packing in the solid-state structure of b) a 1 :2 2 d�C60 complex, d1

and d2 indicate the shortest C� C distance between two fullerene molecules
inside the green and red box, respectively, d1=3.295 Å, d2=2.241 Å, and
c) a 1 :1 2 d�C120 complex, bridged C� C single bond (highlighted in red) of
1.575 Å in C120, given the packing and interlayer distance would stay the
same.
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