
The pursuit of unusual and synthetically challenging 
molecular entities often results in unpredictable devel-
opments in terms of applications. This is perhaps unsur-
prising, given that unique molecular architectures often 
give rise to novel chemical properties. Possessing strik-
ingly distorted phenylene moieties and radially oriented 
π-​systems, the cycloparaphenylenes (CPPs) — often 
referred to as carbon nanohoops — exemplify how a 
unique molecular form can afford equally unique func-
tions1 (Box 1). Initially envisioned as seeds from which 
to begin the size-​selective growth of carbon nanotubes 
(CNTs), CPPs have, since their first synthesis in 2008 
by Jasti, Bertozzi and colleagues, quickly established 
themselves as interesting molecules in their own right. 
This is in no small part due to the bent cyclic geom
etries of CPPs exhibiting a wealth of unexpected, unique 
photophysical and electronic properties2–7. In parallel 
with these studies, our synthetic methodologies have 
advanced to allow access to CPPs on the gram scale8–10 — 
a roughly three-​orders-of-​magnitude increase over the 
first synthesis1. Likewise, a variety of synthetic strategies 
have been developed that allow bottom-​up functionali-
zation of CPPs to further fine-​tune their properties11–17. 
With ready access to tunable CPPs, many chemists have 
sought to explore their practical utility.

In this Review, we focus primarily on the applica-
tions of CPPs that have begun to surface in the liter-
ature throughout the past 5 years. These applications 
include the implementation of CPPs as novel solution-​
state and solid-​state fluorophores18–21, organic electronic 
components10,22,23 and synthons for the construction of 
bulk supramolecular, carbon-​rich nanomaterials24–26. 
We also describe how these properties are intimately 

connected to the strained, cyclic nature of the nanohoop 
structures. The development of CPP syntheses has been 
covered thoroughly in numerous reviews27–31 and we  
thus choose not to focus on synthetic developments;  
a brief summary of general synthetic approaches towards 
CPPs can be found in Box 1. Likewise, non-​applied syn-
thetic landmarks in the field of nanohoop chemistry 
will not be covered, although we acknowledge recent 
advancements in the syntheses of both aromatic belts 
and interlocked CPP-​based structures32–34. We speculate 
here on potential CPP applications, proposing CPPs as 
potential imaging agents for the study of complex bio-
logical phenomena, electronic materials that are tunable 
by functionalization or guest uptake and building blocks 
for atomically precise CNT mimics.

CPPs as versatile fluorophores
The structures of [n]CPPs (where n is the number of 
phenylene units in the hoop) are strained and non-​
planar, and afford size-​dependent photophysical pheno
mena2–7. Specifically, the energy gap between the highest 
occupied molecular orbital (HOMO) and the lowest  
unoccupied molecular orbital (LUMO) of a CPP decreases  
with decreasing numbers of phenylenes in the hoop 
(Fig. 1a). This trend is opposite to that observed for linear 
oligo(para-​phenylene) species, the HOMO–LUMO gaps 
of which decrease with increasing n due to extended 
conjugation35. Although decreasing the number of 
phenylene moieties in a [n]CPP lowers the potential 
extent of conjugation, it also leads to radial planarity 
of the π-​system (a lowering of torsional angles) due to 
increased strain (Fig. 1b,c). The average dihedral angle θ 
between phenylenes in odd-​numbered CPPs is typically 
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lower than the trend would imply due to greater angu-
lar variance36,37. Despite the different energies of their 
frontier molecular orbitals, all CPPs share a common 
absorbance maximum at ~340 nm (Fig. 1b,c) assigned to 
a symmetry-​forbidden (on account of centrosymmetry) 
HOMO→LUMO electronic transition3. Because of 
this, the absorptions observed for CPPs of all sizes 
are the result of energetically similar transitions, such 
as HOMO→LUMO+1/LUMO+2 and HOMO−1/
HOMO−2→LUMO. By contrast, CPP emission red-​
shifts with decreasing n (Fig. 1b,c), which follows the 
HOMO–LUMO trend. A theoretical study38 indicates 
that CPP emission is dependent on the breaking of 
orbital symmetry in the excited state, which results from 
partial planarization of the nanohoop backbone (Fig. 1d). 
Therefore, by simply changing n, we can access emission 

maxima in the range 450–587 nm (in the n = 7–12 series) 
without functionalization of the nanohoop backbone.

The strain-​induced planarization that gives rise  
to the unique photophysical properties of CPPs also pre-
vents emission from smaller nanohoops (n = 5, 6)38–40. 
Thus, the substantial strain present in [5]CPP and [6]
CPP (119 kcal mol−1 and 97 kcal mol−1, respectively)39,40 
inhibits partial planarization and the breaking of orbital 
symmetry in their respective excited states38, such that 
fluorescence emission is Laporte-​forbidden (Fig. 1d). 
However, the emission window accessible using nano-
hoop structures can be expanded by breaking mole
cular symmetry, as can be achieved by introducing a  
single meta connectivity41. For example, a series of [n]
CPPs (n = 5–8, 10, 12) in which a single phenylene 
is meta substituted (denoted m[n]CPPs; Fig.  1e) 

Box 1 | Cycloparaphenylenes are the smallest cross-​sectional fragments of armchair carbon nanotubes

a cycloparaphenylene [n]CPP consists of n para-​phenylene moieties 
linked together to form a hoop1. [5]CPP resembles the armchair edge 
of the carbon nanotube [5,5]CNT (see the figure, part a). [n]CPPs 
feature a strained structure with a radially oriented π-​electron system 
and an electron-​rich central cavity similar to that in carbon nanotubes139 
(see the figure, part b). Three common synthetic routes to cyclopara-
phenylenes are shown (see the figure, part c). Two routes make use of 

cyclohexadiene1 and cyclohexane99 as ‘masked’ benzene rings. 
These sp3-C-​containing precursors have the appropriate curvature 
and are subjected to a strain-​building aromatization step to 
afford the desired cycloparaphenylene ([12]CPP in this case).  
An alternative route employs a Pt molecular square with 
4,4′-biphenylene sides, reductive elimination of which affords  
a [4n]CPP, such as [8]CPP99.
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exhibits size-​dependent emission almost identical in 
nature to that observed for the all-​para-linked CPPs. 
The incorporation of a meta-​linked phenylene allows for 
excited-​state orbital symmetry breaking in each of the 
studied m[n]CPP species, with even m[5]CPP display-
ing moderately bright emission (ελmax × Φλmax = 4.2 × 102). 
Importantly, the brightness of the m[n]CPPs was found 
to be comparable to or even greater than that of their 
respective all-​para-linked counterparts1,39,40,42–45 (Fig.1f), 
thus providing a viable alternative strategy for access-
ing the unique, size-​dependent emissive properties of 
CPPs. Additionally, as with CPPs, the m[n]CPPs all 
share a common absorbance, here at ~328 nm. As will 
be discussed below, both [n]CPPs and the more recently 

developed m[n]CPPs are quickly proving themselves to 
be effective scaffolds for fluorophore development.

CPP rotaxanes as fluorescent sensors. Interlocked archi-
tectures such as rotaxanes and catenanes46 have garnered 
a great deal of attention, not least serving as the basis  
of the Nobel Prize in Chemistry 2016 (ref.47). A variety of  
applications of these systems are beginning to take 
shape48–52, notable among which are sensors compris-
ing interlocked systems in which the thread component 
exhibits a photophysical response to a particular ana-
lyte49,50,53. With CPPs being rare examples of highly emis-
sive macrocycles, we were curious to investigate whether 
one could invert this paradigm and have the macrocycle 
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serve as the responsive component of a rotaxane sensor. 
For example, an interlocked m[n]CPP scaffold, where 
the meta-​substitution takes the form of a 2,6-substituted 
pyridine, has been incorporated into small-​molecule 
sensing platforms18 (Fig. 2a,b). A key design feature 
of pyridyl-​m[n]CPPs is the position of the N atom — 
directed towards the inside of the nanohoop. This atom 
can bind a metal such as Cui, which can mediate an 
azide–alkyne cycloaddition or a Cadiot–Chodkiewicz 
alkyne cross-​coupling within the nanohoop cavity. This 
approach, in which the nanohoops act as ligands to pro-
mote coupling reactions within the macrocyclic pore, 
is often referred to as an active template strategy52,54,55. 

The fluorescence from 1, a pyridyl-​m[6]CPP-​based 
rotaxane with dimethyl isophthalate stoppers (Fig. 2a), 
could be almost entirely quenched by adding equimolar 
[Pd(MeCN)4](BF4)2. This effect, presumably due to 
coordination of Pdii to the triazole in the thread and the 
pyridyl in the nanohoop, is reversible — demetallating 
the complex with one molar equivalent of ethylenedi-
aminetetraacetate resulted in a 30-fold increase in emis-
sion intensity. Hydrolysis of the ester groups in rotaxane 
1 affords the H2O-​soluble carboxylic acid derivative 
1s (Fig. 2a), which exhibited the same turn-​on sensor 
behaviour with a 10-fold increase in fluorescence upon 
demetallation. These responsive nanohoop rotaxanes 
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inspired the design of unsymmetrical rotaxanes such as 
2, which bears a pyridyl-​m[6]CPP around a butadiyne 
thread with bulky SiiPr3 and 3,5-dinitrobenzene stopper 
groups on either end (Fig. 2b). Emission from the nano-
hoop is completely quenched when it exists as part of 
the rotaxane, and density functional theory calculations 
suggest that this is a result of charge transfer from the 
nanohoop to the dinitrobenzene stopper group. Adding 
nBu4NF cleaves off the SiiPr3 stopper, leading to deth-
reading and a striking 123-fold increase in fluorescence 
intensity (Fig. 2c,d). Nanohoop-​containing interlocked 
structures are thus predicted to afford tunable plat-
forms from which to develop small-​molecule sensors. 
Additionally, one can imagine that the SiiPr3 group of 
nanohoop 2 could be replaced with a variety of cleav
able functional groups, allowing this scaffold to be engi-
neered to sense a myriad of small molecules beyond F−. 
Indeed, pyridyl-​m[6]CPP is relatively small, such that 
its dethreading can be prevented by a wide variety of 
stoppers, even relatively small groups.

CPPs as biological fluorophores. Imaging techniques 
that rely on small-​molecule fluorescent dyes are becom-
ing increasingly important tools for studying biological 
phenomena at the cellular level56–58. Despite this, there 
is a surprising dearth of structural diversity among 
biologically relevant fluorophores59–62. The inherent 
brightness and tunable emission of CPPs makes them 
excellent potential scaffolds for new biological probes. 
Additionally, the common absorption shared by all CPPs 
has been predicted to enable multiplexed imaging63, 
whereby multiple CPP fluorophores could, in principle, 
be excited simultaneously by a single laser to closely 
study complex biological phenomena. Inspired by this, 
we reported the synthesis of a bis(sulfonate) [8]CPP 
analogue19 3 (Fig. 2e), which, unlike its parent [8]CPP, is  
soluble in aqueous media and exhibits cellular uptake. 
The photophysical properties of 3 in both Me2SO and 
phosphate-​buffered saline (PBS) were found to be 
almost identical to those of [8]CPP (Fig. 2f,g). Compared 
with commercially available fluorescein64, 3 exhibits 
moderately lower brightness, albeit with a substantially 
larger effective Stokes shift (41 nm for fluorescein ver-
sus 180 nm for 3). Additionally, the emission intensity 
from 3 is unaffected by pH over a wide range (pH 3–11), 
whereas that from fluorescein drops off dramatically 
when the probe exists in acidic solution.

Nanohoop 3, and most likely a range of nanohoop 
derivatives, are biologically compatible. Indeed, treating 
live HeLa cells with up to 25 µM of 3 revealed the latter 
not to be cytotoxic according to the WST-8 formazan 
reduction and Cell Counting Kit-8 (CCK-8) cell assay64. 
To test the utility of 3 as a biological probe, HeLa cells 
were incubated with 3 and the nuclear stain NucRed 647 
for 1 h. After washing the cells, they exhibited clear per-
meation, with moderate colocalization in the cytosol and 
lower colocalization in the mitochondria and endoplas-
mic reticulum, but no colocalization with the nuclear 
dye65. Building on this, an azide-​functionalized [8]CPP 
was synthesized and ‘clicked’ to an alkyne-​functionalized 
folic acid group, which is effective in targeting cancer 
cells66,67. This folic-​acid-functionalized [8]CPP is taken 

up in HeLa cells, suggesting that azide-​functionalized 
nanohoops could provide a versatile scaffold for tar-
geted cell imaging. The ultimate realization of such 
work would be the incorporation of azide groups into 
CPPs of various sizes, where one could ‘click’ distinct tar-
geting groups to each one. This could potentially allow 
for simultaneous imaging of various targeted cellular 
structures by multiplexed imaging.

CPPs as solid-​state emitters. Organic, small-​molecule 
fluorophores are of great interest as solid-​state emitters 
due to their synthetic tunability, solution processability 
and potential to be implemented into flexible devices68–70. 
However, the luminescence of many organic fluorophores 
is severely quenched on aggregation in the solid state69. 
By contrast, the bright emission of CPPs in solution is 
retained in the solid state20,21,26 and, as discussed above, 
enables highly tunable emission. Additionally, the cen-
tral pores of CPPs — not a feature found in traditional 
fluorophore scaffolds — offer a handle by which to tune 
emission20. A prime example of the exploitation of these 
properties in a functional capacity is [10]CPP·2I2 (ref.20), 
an I2 inclusion complex that is responsive to electrical 
stimuli71–74 (Fig. 3a). Simply evaporating solvent from a 
solution of [10]CPP and I2 affords crystalline [10]CPP·2I2, 
which assumes a herringbone-​like packing arrangement  
of [10]CPP molecules, each of which hosts two I2 mole
cules. Application of a 500-mV stimulus to solid [10]
CPP·2I2 resulted not only in decreased electrical resistiv-
ity but also a broadened white-​light emission profile that 
contrasts the green–blue emission prior to the stimulus 
(Fig. 3b). The underlying mechanisms of these phenom-
ena are not yet understood but are most likely the result of 
structural changes in I2 guest molecules — an effect that 
has been reported in numerous studies75–77. In support of 
this, the formation of anionic iodide chains within the 
nanohoop pores after the stimulus was identified using 
Raman spectroscopy and X-​ray absorption near-​edge 
spectroscopy (XANES). Raman spectra feature a stretch-
ing mode for I2 (Fig. 3c) that is shifted from 207 cm−1 
to 205 cm−1 upon stimulation, and the new bands at 
112 cm−1 and 165 cm−1 have been ascribed to polyiodide 
chains78. Likewise, XANES data for [10]CPP·2I2 (Fig. 3d) 
suggest that the antibonding orbitals in I2 become popu
lated after electrical stimulation, as evidenced by a 
decrease in intensity of a peak at 5,187 eV (representing 
the transition from the 2s to 5p antibonding orbital of I) 
and the emergence of a peak at 5,194 eV that has been 
previously observed for polyiodide chains79. Regardless 
of the mechanism behind the aforementioned emission 
broadening, achieving white-​light emission is typically 
difficult80,81, and doing so with a single-​component sys-
tem is relatively rare80,81. Perhaps more important than the 
results themselves, however, is the proof of concept that 
the uptake of guest molecules into a nanohoop can dra-
matically affect the system’s photophysics. As we describe 
below, it turns out to be relatively common to observe  
fluorescence quenching in CPPs upon guest uptake8,82.  
This study shows that CPPs can be incorporated into  
complex host–guest systems with photophysical properties  
that can be tuned in a reversible, non-​covalent manner  
by the stimulus-​induced response of a guest.

Nature Reviews | Chemistry

R e v i e w s



A more recent report describes the incorporation 
of CPPs into luminescent solar concentrator (LSC) 
devices21, which are of interest due to their ability to 
efficiently convert optical power to electrical power83–87. 
CPPs are considered attractive for this purpose due to 
their large effective Stokes shifts (193 nm for [8]CPP and 
128 nm for [10]CPP), which render photon reabsorption 
highly unlikely and, thus, improve LSC device efficien-
cies. Photoluminescence (PL) spectra were acquired 
for rectangular poly(methyl methacrylate) (PMMA) 
slabs doped with either [8]CPP or [10]CPP, revealing 
unique behaviour of the nanohoop fluorophores within 
this device geometry. The CPPs did indeed behave as 
effective LSC fluorophores, with solid-​state emission 
very obviously concentrating at the edges of the PMMA 
slabs upon UV irradiation (365 nm) (Fig. 3e,f and insets). 

Additionally, photon reabsorption was found to be very 
minor (~10% loss) over a wide range of optical distances 
(0–18 cm, the length between the point of UV laser 
excitation and the point of emission detection) for both 
[8]CPP (Fig. 3e) and [10]CPP (Fig. 3f). In terms of effi-
ciency, the nanohoop-​based LSCs far outperform devices 
constructed using Lumogen R305 (ref.88) (Fig. 3e,f), a 
commercial perylene diimide marketed for the pur-
poses of concentrating emitted light in devices such as 
LSCs. Along with the promising LSC performance, this 
study revealed important fundamental details regarding 
the solid-​state emission of CPPs. The first and arguably 
most important detail is that nanohoop photophysics 
remain almost completely unchanged when the mole-
cules are incorporated into a solid-​state matrix such as 
PMMA, such that future CPP-​based optical devices can 

λ (nm) –1) E (eV)

N
or

m
al

iz
ed

 in
te

ns
it

y 

N
or

m
al

iz
ed

 o
ut

pu
t i

nt
en

si
ty

 

I

400

0

0.2

0.4

0.6

0.8

1.0

2 4 6 8 10 12 14 16 18

N
or

m
al

iz
ed

 o
ut

pu
t i

nt
en

si
ty

 

0

0.2

0.4

0.6

0.8

1.0

2 4 6 8 10 12 14 16 18

500 600

250 min0 min

700 800 80 120

112 165 205

207

(×9)

1,589

1,587

160 200 1,560 1,600 1,640

500-mV
stimulus

White-light emission

a 

b 

e   f   

c 
Before

[8]CPP (600 ppm)
Lumogen

d (cm) d (cm)

[8]CPP (300 ppm) [10]CPP (600 ppm)
Lumogen
[10]CPP (300 ppm)

I

5,170 5,180

5,194 eV

5,187 eV

5,190 5,200 5,210 5,220 5,230

d

Before

Fig. 3 | electrical and optical stimulation of cycloparaphenylenes. a | Electrical stimulation of [10]CPP·2I2 affords 
polyiodide chains and a change from blue to white emission. b | Emission broadening of [10]CPP·2I2 as the electrical 
stimulus is maintained over 250 min. c | Raman spectra of [10]CPP·2I2 before (blue) and after (red) the stimulus. d | X-​ray 
absorption near-​edge spectroscopy data of [10]CPP·2I2 before (blue) and after (red) stimulus. e | Emission from luminescent 
solar concentrators containing [8]CPP at two concentrations, as well as the standard dye Lumogen, as a function of optical 
distance d. f | The same experiment as in part e carried out using [10]CPP. Parts b–d adapted with permission from ref.20, 
Wiley-​VCH. Parts e and f adapted with permission from ref.21, Royal Society of Chemistry (https://doi.org/10.1039/
C8CC09859J).

www.nature.com/natrevchem

R e v i e w s



be predictably designed. Additionally, embedding CPPs 
within a solid slab of PMMA was found to moderately 
increase PL decay time, implying that immobilizing 
CPPs in solid media could provide a viable means to 
improve the efficiency of their solid-​state PL devices.

CPPs in electronic applications
Recent studies indicated that fully conjugated, macro-
cyclic systems can outperform their linear analogues as 
active components in organic electronics89. This pheno
menon is largely attributed to the radial geometries 
exhibited by certain conjugated macrocycles, which, like 
the 3D shape of fullerenes, allows for more intermolec-
ular contacts than a comparable linear system89. Thus, 
the radially oriented π-​systems of CPPs are expected 
to make them potentially attractive scaffolds for small-​
molecule-based electronics. Additionally, as discussed 
above, nanohoops offer an inherently tunable electronic 
scaffold in that their HOMO–LUMO gaps decrease with 
decreasing n2–7 (Fig. 1a). Furthermore, numerous reports 
have established that the frontier molecular orbital 
energies of CPPs can be further tuned by functionaliza-
tion reactions, such as the protonation or alkylation of 
pyridine-​containing nanohoops, which afford charged 
donor–acceptor systems90–92. Although incorporating 
either one or two pyridine moieties into the [8]CPP 
backbone has little impact on frontier molecular orbital 
levels, methylating these systems to afford the analo-
gous monocationic or dicationic N-​methylpyridinium 
species results in a striking decrease in HOMO–LUMO 
gaps92 (Fig.  4a). Approaches such as fluorination17 
and the inclusion of a 11,11,12,12-tetracyano-9,10- 
anthraquinodimethane (TCAQ) moiety into the nano-
hoop backbone93 have also proven successful for tuning 
the electronic structures of CPP. In this way, CPPs are 
fascinating frameworks with predictably tunable frontier 
molecular orbitals, a highly sought after property in the 
field of organic electronics.

Although experiments interrogating the electronic 
capabilities of CPPs have been limited, interest in 
nanohoop-​based electronics has been heightened by 
a number of theoretical reports probing their poten-
tial utility94–97. For example, the charge mobilities µ of 
crystalline CPP assemblies can be estimated98 (Fig. 4b) 
using kinetic Monte Carlo simulations on solid-​state 
assemblies of [5–12]CPP (extracted from their respec-
tive crystal structures)8,39,42,99–103. While the smaller nano-
hoops (n = 5–9) are predicted to exhibit low-​to-moderate 
mobilities, [10–12]CPPs exhibit mobilities >1 and, thus, 
could offer formidable performance in organic semi
conductors (Fig. 4b). Additionally, the theoretical charge-​
transport properties of both [5]CPP and [10]CPP can be 
compared with those of C60 (ref.104) in an effort to gauge 
where the bulk electronic properties of CPPs lie with 
respect to other curved, carbon-​rich systems (Fig. 4c). 
The curved π–π contacts in all three systems are com-
parable, suggesting that they might have similar charge-​
transport capabilities. The calculations indicate that 
energetic disorder σ and reorganization energy λ domi-
nate the mobilities. For [5]CPP, both energetic disorder 
(σ = 66 meV) and reorganization energy (λ = 261 meV) 
were predicted to be substantially higher than those 

of C60 (σ = 4 meV, λ = 135 meV), providing theoretical 
grounds for the two-​orders-of-​magnitude difference 
in mobility between [5]CPP (µ = 0.05 cm2 V−1 s−1) and 
C60 (µ = 3.1 cm2 V−1 s−1). Although the calculated reor-
ganization energy of [10]CPP (λ = 98 meV) is markedly 
lower than that of C60, its higher energetic disorder 
(σ = 42 meV) allows us to rationalize its moderately low 
charge mobility (µ = 0.83 cm2 V−1 s−1). While experimen-
tal verification is still necessary, these results serve as 
excellent theoretical groundwork from which CPP-based 
electronic systems can be designed.

Numerous reports describe the redox properties 
of CPPs, which appear to be good electron acceptors.  
We have reported the isolation of [8]CPP4− (ref.105), [6]
CPP− and [6]CPP2− (ref.106) as salts of ether-​ligated Na+ or 
K+. These reduced nanohoop structures exhibit enhanced 
quinoidal character, which is evidenced by a shortening 
of the C–C bonds between phenylene moieties, and, in 
the case of [8]CPP4−, considerable structural perturba-
tions, resulting in an oval-​like geometry. It should also be 
noted that both the trianions and the tetraanions of [6]
CPP were detected using UV–visible spectroscopy but 
have, so far, eluded isolation106. CPPs can also be readily 
oxidized107–111, with the monocations and dications of [n]
CPP (n = 5, 6, 8, 10, 12) all being accessible by oxidiz-
ing the neutral species with [NO]SbF6 or SbF5 (ref.110).  
A wealth of fundamental information regarding these 
oxidized states has been reported, including the full 
charge delocalization in both [n]CPP•+ and [n]CPP2+ 
species, and even the emergence of biradical character 
in [10]CPP2+ and [12]CPP2+ (ref.110). The weak, near-​
infrared emission from [6–9]CPP2+ implies a drastic 
alteration in electronic structure upon oxidation111, 
which has been attributed to in-​plane aromaticity rel-
evant to the oxidized CPP structures109,111. The strategy 
of altering CPP properties by reduction or oxidation is 
no doubt a fascinating prospect worthy of lengthier dis-
cussion, but the studies described above are also vital in 
furthering our understanding of nanohoops in the con-
text of organic electronics. The ability of CPPs to readily 
accept or donate electrons bodes well for their use as 
potential bulk charge-​transport materials. Additionally, 
the fundamental characterization of oxidized and 
reduced CPP structures that has been carried out thus 
far provides us with an approximate picture of how CPPs 
will behave on the molecular level when incorporated 
into electronics, allowing for better practical design of 
future CPP-​based devices.

Despite numerous computational studies on the elec-
tronic applications of CPPs, only one experimental report 
describing properties of a CPP-​based device exists. This 
is possibly a result of both the general difficulty in pre-
paring these materials and the, until recently, relatively 
small number of researchers working in this area. A 2017 
report described a streamlined synthesis of [10]CPP  
that enables access to a variety of tetraalkoxy[10] 
CPP derivatives10. Although the addition of alkoxy sub-
stituents to the [10]CPP backbone perturbed photo
physics/electronics only to a small extent, the new [10]
CPP derivatives exhibit substantially improved solubility 
in CHCl3, making them amenable to solution-​processing 
techniques112, such as spin casting, for the preparation 
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of thin films. Of the [10]CPP derivatives synthesized, 
only tetrabutoxy[10]CPP (4, Fig. 4d) could be imple-
mented into a vertical device architecture (Fig.  4e) 
that can allow for the space-​charge-limited current 

(SCLC) to be measured113. Analysis of the current– 
voltage behaviour of the device revealed an electron 
mobility of 4.5 × 10−6 cm2 V−1 s−1 (Fig. 4f), which, while 
a relatively low value, provides a baseline for future 
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studies of CPP electronics. The HOMO and LUMO 
energy levels of [10]CPP and 4 are comparable, so the 
massive, six-​orders-of-​magnitude discrepancy between 
the observed mobility for 4 and the theoretical mobility 
for the parent compound [10]CPP is instead rationalized 
in terms of differences in bulk morphology between the 
two systems. The theoretical study relied on the exper-
imental X-​ray crystal structure of [10]CPP and 4 pre-
sumably assumes a less-​ordered solid-​state structure on 
account of the conformationally flexible butoxy groups114 
(further characterization of these thin films would be 
required to confirm this). Single-​crystal device measure-
ments115 on the [n]CPP (n = 5–12) series would, there-
fore, be intriguing, because such measurements could 
be directly compared with established theoretical work 
to produce a more complete picture of the fundamental 
bulk electronic properties of CPPs.

Fullerene@CPP systems. Fullerenes are ubiquitous 
in organic electronics because their anomalously low 
LUMO energies mean that their anions are relatively 
stable. This useful n-​type behaviour is complemented by 
their ability to be readily incorporated into device archi-
tectures116,117. However, tuning fullerene properties by 
functionalization is a non-​trivial task. As a result, supra-
molecular approaches to altering fullerene behaviour are 
attractive methods to prepare novel, fullerene-​based sys-
tems118. A particularly notable example of this is the lin-
ear encapsulation of C60 by CNTs to give ‘CNT peapods’ 
(refs119,120), in which there is enhanced electronic com-
munication between the fullerene guest molecules121. 
Similarly, the linear encapsulation of C60 within ExBox2

4+ 
(an extended-​bipyridinium-containing cyclophane) 
affords C60⊂ExBox2

4+, which has the desirable electrical 
conductivity of C60 without the air sensitivity and mois-
ture sensitivity of bulk C60 anions122. The CNT-​like inner 
pores of CPPs offer a unique, electron-​rich environment 
capable of encapsulating fullerenes8,82, making CPPs an 
ideal platform to tune fullerene behaviour. The first 
evidence of a fullerene@CPP system came in 2011 with 
the report of a C60@[10]CPP complex82, which is stable 
on account of the remarkably high binding constant 
(2.79 × 106 M−1). Shortly after this, we reported the first  
crystal structure of C60@[10]CPP, which reflects the 
beautiful π–π complementarity of the two components8. 
The formation of C60@[10]CPP is accompanied by a 
dramatic quenching of [10]CPP emission, suggesting 
photophysical and electronic consequences of binding. 
In 2013, C70 was shown to be captured by both [10]CPP  
and [11]CPP, expanding the scope of fullerene@ 
CPP host–guest chemistry123. Following this, inspired 
by the unique electronic and magnetic properties of 
metallofullerenes124–127, came syntheses of (La@C82)@
[11]CPP128 and (Li+@C60)@[10]CPP129, respectively. 
Interestingly, both systems exhibit varying degrees of 
charge-​transfer behaviour, a property not observed for 
the analogous all-​hydrocarbon fullerene@CPP com-
plexes. Although outside of the scope of this Review, 
we note that fullerenes exhibit unique frictionless rota-
tion within nanohoop pores130–132, and these nanoscale 
‘bearings’ might, one day, be used as components of  
nanoscale machinery.

The propensity of fullerenes to accept electrons has 
made them popular for implementation into small-​
molecule charge-​transfer systems. Among the most 
studied of these are fullerene–porphyrin dyads, in which 
an excited porphyrin moiety can transfer an electron 
to an appended fullerene133–135. The syntheses of these 
systems are typically non-​trivial, as they require a cova-
lent linkage between the porphyrin and fullerene compo-
nents. Instead, a clever use of fullerene@CPP host–guest 
chemistry has afforded porphyrin-​functionalized [10]
CPP (5, Fig. 5a), which, upon binding of C60 within the 
appended [10]CPP, allowed for through-​space charge 
transfer between the porphyrin and fullerene without 
the need for fullerene functionalization22. Transient 
absorption spectra of C60@5 have features at ~670 nm 
and 1,090 nm (Fig. 5b,c) assigned to the singly oxidized 
porphyrin136 and singly reduced C60 (ref.137), respectively, 
that are part of a metastable, charge-​separated state 
C60

•−@5•+ that has a lifetime of 4.3 ns. This contrasts the 
behaviour of uncomplexed 5, in which the porphyrin 
excited state eventually undergoes intersystem crossing 
to afford an excited triplet state. Charge separation has 
also been observed for several other fullerene derivatives, 
which exhibit comparable lifetimes when irradiated. The 
study also explored the use of a fullerene dimer (C60)2 in 
this system. It was found that, by varying stoichiometry 
and concentration, either a 1:1 complex (C60)2@5 or a 
2:1 complex 5@(C60)2@5 could be formed (Fig. 5d). For 
the 1:1 complex, the formation of two distinct fuller-
ene monoanions was observed, one with a lifetime of 
~2.5 ns and another with a greatly extended lifetime  
of ~13.4 ns (Fig. 5d). The longer-​lived anion is thought to 
have the negative charge on the non-​complexed fuller-
ene, which is situated farther away from the porphyrin 
moiety of 5. Particularly surprising was the discovery 
of a ~541-ns lifetime for the charge-​separated state of 
the 2:1 complex 5@(C60)2@5, which was attributed to 
charge delocalization in the system (Fig. 5d). Overall, 
this study suggests that altering the relative spatial 
arrangement of donor and acceptor in this [10]CPP-​
based supramolecular system, perhaps by lengthening 
of the phenylene linker of 6, might allow for unprece-
dented control over charge-separated state lifetimes in 
fullerene–porphyrin charge-​transfer systems.

One of the more popular uses of fullerenes is as the 
n-​type component (electron acceptor) in photovoltaic 
systems116. Thus, a CPP derivative with appropriately 
tuned frontier molecular orbital levels could be used 
as an electron-​donor component in conjunction with 
a fullerene to afford a unique, supramolecular photo-
voltaic system. Despite this prospect, electronic appli-
cations of fullerene@CPP systems have been relatively 
unexplored from a practical viewpoint. An exception to 
this is a very recent report describing the first imple-
mentation of fullerene@CPP complexes into functional 
device architectures23. Two new [10]CPP derivatives 
were prepared: one containing a tribenzo[fj,ij,rst]penta
phene (TBP) group (6, Fig. 5e) and another with a  
hexa-​peri-hexabenzocoronene (HBC) moiety embed-
ded in the nanohoop backbone (7, Fig. 5e). The LUMO 
energies of both 6 and 7 are lower than that of the par-
ent [10]CPP, suggesting that C60 may engage in faster 
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electron transfer when complexed to 6 or 7 than if com-
plexed to [10]CPP (Fig. 5e). The binding constants of C60 
to nanohoops 6 and 7 (Ka = 3.34 × 106 mol l−1 for 6 and 
Ka = 2.33 × 107 mol l−1 for 7) are higher than that of C60 
to [10]CPP due to the smaller π-​conjugated surface area 
of the latter (Fig. 5f). One can probe the electronic prop-
erties of these host–guest systems by spin-​coating them 
as films onto fluorine-​doped tin oxide (FTO) working 
electrodes. These electrodes can then be irradiated and it 
is possible to measure photocurrent that may arise from 
excited-​state charge transfer from the nanohoop to the 
fullerene. Notably, photocurrent was observed for C60@6, 
C60@7 and C60@[10]CPP, as well as the free nanohoops 
6 and 7, with no photocurrent observed for free [10]CPP 
(Fig. 5f). Of these systems, 7 was found to have the great-
est photocurrent response, presumably due to the lower 
LUMO energy of 7 and, thus, greater ease with which it 
can transfer electrons to the LUMO of C60. Further analy
sis of the current–voltage response of C60@7 revealed a 
1,000-fold increase in current upon photoirradiation 
(Fig. 5g). Similar to fullerene@5 systems22, transient 
absorption spectroscopy revealed that both C60@6 and 
C60@7 form metastable, charge-​separated states upon 
excitation and, thus, represent supramolecular donor–
acceptor charge-​transfer systems. Overall, the superior 
performance of the C60@7 complex in the generation of 
photocurrent implies that nanohoops can indeed be pre-
cisely tuned to afford ideal hosts for the construction of 
high-​performance photovoltaics.

CPPs as building blocks for carbon nanomaterials
CPPs were originally envisioned as potential templates 
for the growth of homochiral CNTs, a prospect that 
has yet to be realized, despite promising preliminary 
results138. As an alternative to using CPPs as precursors 
to carbon nanomaterials, research is rapidly emerging 
regarding the use of bulk CPP systems as novel materials 
in their own right. One of the first such studies reported 
that [12]CPP behaves as a soft, porous, molecular solid24. 
The pores of bulk [12]CPP are inaccessible to N2 and 
CO2 gas at 77 K and 87 K, respectively, presumably due to 
the material’s dense, herringbone-​like packing99 (Fig. 6a). 
Although no N2 was adsorbed at 195 K, this higher tem-
perature allowed for CO2 uptake corresponding to a 
Brunauer–Emmett–Teller surface area of 503 m2 g−1 — 
a relatively high value for bulk assemblies of intrinsi-
cally porous macrocycles140,141. The increased molecular 
motion at elevated temperatures increases the average 
pore size of bulk [12]CPP, which, apparently, is selective 
for CO2 at this temperature142. The material also adsorbs 

MeOH, EtOH, cyclohexane and n-​hexane vapour, 
although it does not take up H2O because H2O forms sta-
ble, hydrogen-​bonded aggregates that were thought to be 
too large for the small [12]CPP pores. The bulk [12]CPP 
material was also found to be soft in the sense that its 
solid-​state morphology could change to accommodate 
guests. For example, powder X-​ray diffraction (XRD) 
measurements during MeOH uptake revealed clear 
changes in peak pattern and intensity upon increasing 
MeOH uptake (Fig. 6b,c). Importantly, this process was 
found to be reversible, with the [12]CPP diffraction pat-
tern returning to its initial state upon desorption. These 
XRD data served as the basis for a stepwise mechanistic  
proposal, in which MeOH uptake involves multiple 
distinct structural deformations, ultimately resulting in 
the uptake of ~9 molecules per nanohoop. The ability of 
bulk CPP samples to adsorb various analytes opens the 
door to myriad potential studies. For example, because 
guests can alter the emissive properties of CPPs, bulk 
CPP samples could be used as dynamic sensors that 
exhibit altered fluorescence upon analyte uptake.

Self-​assembled carbon nanomaterials have begun 
to see use as novel materials to target specific cellular 
sites143–145. However, the design of these materials is diffi-
cult because most biomaterials enter cells by endocytosis 
and localize in endosomes before undergoing degrada-
tion in lysosomes146,147. Therefore, it remains a challenge  
to find supramolecular synthons from which bio
materials can be self-​assembled. Due to their low cyto-
toxicity18 and bright emission, CPPs represent excellent 
candidates for the fabrication of new functional bioma-
terials. This is further supported by a recent observa-
tion, using cryo-​transmission electron microscopy, of 
vesicle-​like [10]CPP aggregates in THF or Me2SO upon 
the addition of H2O25 (Fig. 6d,e). The size of these ves-
icles could be loosely controlled by varying the cosol-
vent:H2O ratios at [10]CPP constant concentration.  
To explore the uptake of the [10]CPP vesicles in cells, vesi
cles of 78 nm in mean diameter were co-​incubated with  
human alveolar basal epithelial cells (A549) and mouse 
colon cancer cells (CT26) in Me2SO–PBS (1:99). [10]
CPP vesicle uptake was observed in both cell lines, with 
bright-​blue emission from [10]CPP appearing primarily 
in the cytoplasm, with none coming from the nucleus 
(Fig. 6f). Interestingly, vesicle uptake was observed at 
both 4 °C and 37 °C, implying that the uptake mecha-
nism is independent of both energy and temperature. 
Likewise, cellular uptake of [10]CPP vesicles was found 
to be unaffected by a variety of endocytosis inhibitors, 
suggesting that cellular permeation by the vesicles does 
not occur through an endocytosis-​dependent mecha-
nism. Cell-​viability experiments revealed IC50 values of 
7.2 µg −1 and 4.9 µg ml−1 for the A549 and CT26 cell lines, 
respectively. These preliminary results, which implicate 
a non-​endocytotic uptake mechanism, encourage the 
further exploration of nanohoops as building blocks for 
functional self-​assembled biomaterials.

The above CPP vesicles represent a unique case of 
CPP self-​assembly induced by an external stimulus (the 
presence of H2O). We have taken a different approach 
and chosen to focus on the programmed self-​assembly of 
functionalized nanohoops. Inspired by the idea of using 

Fig. 5 | electron transfer involving cycloparaphenylenes. a | The porphyrin-​appended 
[10]CPP host 5 can bind C60 to form a charge-​transfer complex. b | Differential absorption 
spectra of C60@5 in PhCN acquired in pump–probe experiments (430 nm, 500 nJ).  
c | Time–absorption profiles and fits of the absorption fingerprints of the C60 radical anion 
at 1,090 nm (black) and the porphyrin radical cation at 670 nm (red). d | Lifetimes of 
charge-​separated states of (C60)2@5 and 5@(C60)2@5. e | Highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies (relative to 
vacuum) of [10]CPP, nanohoop 6, nanohoop 7 and C60. f | Photocurrent response of spin-​
coated films of C60@7 (black), 7 (red), C60@6 (dark blue), 6 (light blue), [10]CPP@C60  
(pink) and [10]CPP (purple). g | I–V profiles of C60@7 before (blue) and during (red) 
photoirradiation. Parts b and c adapted with permission from ref.22, Wiley-​VCH.  
Parts f and g adapted with permission from ref.23, Wiley-​VCH.
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CPPs in the size-​selective construction of CNTs, we 
hypothesized that it would be possible to construct non-​
covalent CNT mimics from appropriately functional-
ized CPPs. Towards this, we presented the synthesis and  
characterization of the nanohoop 3F[12]CPP, which fea-
tures three 2,3,5,6-tetrafluorophenylenes, each spaced by 
a regular triphenylene group26 (Fig. 6g). The fluorinated 

nanohoops were designed to self-​assemble into cyl-
inders, driven by a combination of C–H···F hydrogen 
bonding148 and arene–perfluoroarene interactions149–152. 
XRD analysis revealed that 3F[12]CPP packs into per-
fectly linear nanotube-​like channels in the vertical direc-
tion and perfect hexagonal sheets in the lateral direction. 
Thirty-​six C–H···F interactions (2.53–2.62 Å) per hoop 
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were found to guide vertical assembly, while six arene–
perfluoroarene interactions (3.69 Å) per hoop appeared 
to dominate assembly horizontally. The resulting CNT-​
like channels are all 1.63 nm in diameter, underscor-
ing the promise of the present approach to preparing 
functional CNT mimics with atomic-​level control.

The hexagonal 3F[12]CPP nanowires can also 
be grown through mild solution casting onto highly 
ordered pyrolytic graphite (HOPG; Fig. 6h). In this way, 
one can construct hexagonal prismatic pillars, and scan-
ning electron microscopy (SEM) indicates that these 
pillars span, on average, ~1–2 µm in height and width. 
The hexagonal pillars are presumed to comprise ver-
tically aligned arrays of 3F[12]CPP, which are evident 
in the crystal packing in the X-​ray structure (Fig. 6h). 
The alignment of these pillars on HOPG is tentatively 
attributed to lattice matching because the in-​plane lat-
tice constant of graphene is a factor of 8 less than that 
of 3F[12]CPP153. The hexagonal pillars are quite flexi-
ble, and many oscillate like cantilever beams during 
SEM imaging. Additionally, fluorescence microscopy 
revealed the pillars to be bright-​blue emitters, estab-
lishing that the emissive properties of 3F[12]CPP are 
retained in the solid state. We intend to further study 
the utility of these CNT mimics, particularly in view of 
exploiting the functionality of their inner channels. The 
hydrophobic, electron-​rich channels of CNTs exhibit fast 
mass and H+ transport154,155, albeit with strong depend-
ence on the channel diameter. Applications of such 
transport have been hampered by the lack of method-
ologies for synthesizing CNTs size selectively156,157, but 
the recent size-​selective syntheses described above 

will undoubtedly afford CNT mimics with the desired 
transport properties. Overall, the fluorination-​based 
approach is applicable to CPPs of other sizes17, and par-
ticularly appealing would be the synthesis of a fluori-
nated [10]CPP analogue, which could, in principle, 
be employed to construct non-​covalent CNT peapod 
mimics through linear C60 alignment.

Conclusions and outlook
In just a decade, CPPs have gone from being synthetic 
curiosities to readily accessible materials with highly 
tunable properties. The syntheses of CPPs are moti-
vated by a broad scope of exciting applications, ranging  
from solid-​state nanomaterials to biological imaging.  
The bright, tunable emission from CPPs in solution and  
in the solid state is expected to be useful in next-​generation 
display technologies and new, biologically relevant 
fluorophores and sensors, among other applications.  
Likewise, the ability to tune the electronic structure of 
CPPs by covalent functionalization or complexation 
with guest molecules such as fullerenes is predicted to 
be advantageous in areas such as organic photovoltaics. 
Finally, the self-​assembly of CPPs, which has attracted 
little attention until recently, has already proved to be 
useful to form microporous materials, biologically rel-
evant nanomaterials and atomically precise CNT mim-
ics. With such a wide breadth of potential uses already 
beginning to emerge, we foresee carbon nanohoops and 
their derivatives evolving into ubiquitous, atom-​precise 
scaffolds in carbon-​based nanomaterials.
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