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Selective recognition and enrichment of fullerenes (e.g., Cgo and C;g) remains challenging due to the same
diameter and geometrical similarity. Herein, we report a hexagonal anthracene-based nanotube (1) through
a one-pot Suzuki—Miyaura cross-coupling reaction. With anthracene-based side walls and pyridine linkers,
1 features a nano-scale tubular cavity measuring 1.2 nm in diameter and 0.9 nm in depth, along with pH-
responsive properties. Interestingly, the electron-rich 1 shows high binding affinity (K, = 10° M™% and

selectivity (Ks = 140) to C;o over Cgo in toluene, resulting from their different contribution of -7
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nanotube, resulting in the release of the fullerene guests. Lastly, the selective recognition and pH stimuli-

DOI: 10.1039/d4sc02814g responsive properties of the nanotube have been utilized to enrich C5q from its low-content mixtures of
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Introduction

Since Kritschmer and coworkers reported the extraction of Cgg
and C,, from carbon soot by using aromatic solvents in 1990,
a number of artificial receptors have been extensively developed
for the recognition and separation of fullerenes.>® Most tradi-
tional macrocyclic hosts and their derivatives, such as y-cyclo-
dextrin (y-CD),*” calix[n]arenes,*** pillar[10]arene,”* and
theoretical cucurbit[9]uril (CB[9]),"* have shown similar binding
affinities to fullerene compounds including Cgo and Cy,. There
are still many challenges in efficiently distinguishing Ce, and C,
through molecular recognition. For example, Cgo and C,, have
the same diameter but differ in length, leading to challenges in
their selective recognition. This requirement implies that there is
variation in the geometric-shape matching between the recep-
tors' cavities and different fullerenes. On the other hand, fuller-
enes can be regarded as electron-deficient guests in the host-
guest interaction. The electron-rich aromatic units, such as
porphyrins,***® anthracene,'*** and nanographene® can be used
as building blocks to achieve the complementary charge
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interactions with fullerenes. As a result, several fullerene-selective
receptors with various geometric-shape cavities have been re-
ported (Scheme 1a), including molecular cages,** coordination
capsules,* deep cavitands,* and so on. These three-dimensional
(3D) structures with both restricted cavities and buried w7
interactions have achieved selective binding for fullerenes based
on the shape matching and/or the charge complementation.

The design and synthesis of macrocyclic compounds has
been one of the interesting areas for supramolecular chem-
ists.?*?¢ Especially, a class of aromatic macrocycles with nano-
scale cavities, such as cycloparaphenylenes (CPPs)”’* and
cyclophanes,**** can bind to the outer convex surface of
a fullerene within their inner concave surfaces via the charge-
and shape-complementary -7 interactions. However, the
selective recognition of fullerenes by aromatic macrocycles or
nanotubes has been rarely achieved. Although there are some
examples, the selectivity of fullerenes is still not satisfactory for
their separation.®*** In fact, there are enormous challenges
associated with selective recognition of macrocyclic hosts for
fullerenes, including issues related to synthesis procedures,
molecular structure design, and control over flexibility for size
expansion. In general, large macrocycles that are tailored to the
size of fullerenes can be synthesized by increasing both the
number™ and size**?*® of building blocks.’”*®* However, the
flexibility may increase with the enlargement of the ring size,
which may cause the collapse of the macrocyclic compounds.*
Additionally, a more intricate molecular structure is required to
differentiate the small size disparity between Cgo and C,o
(Scheme 1b). Therefore, an effective solution is to achieve
selective recognition by matching the size of a macrocyclic
cavity with different fullerenes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Representative samples of the host > C,o complexes. (b)

Comparison of the sizes of Cgo and C5q. (c) The bent structure of the
anthracene-dimer building block.
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The anthracene-dimer building block™*® with a bent struc-
ture of 120° angle was used to construct a series of coordination
capsules/tubes,” covalent nanotubes,” and polyaromatic
capsules (Scheme 1c).*»** And, anthracene, as a large aromatic
electron-rich panel with a length comparable to that of C,,
could be a suitable building block for constructing receptors to
selectively recognize C, over Cgo.*>** Herein, we have designed
and synthesized a hexagonal anthracene-based nanotube (1)
formed from three anthracene-dimer building blocks and three
2,6-dibromo-4-methoxypyridine rings via a one-pot Suzuki-
Miyaura cross-coupling reaction. In the macrocyclic structure of
1, six anthracene panels serve as side walls and are covalently
linked through alternating benzene and pyridine rings to form
a hexagonal cavity. Interestingly, the size of the inner cavity with
the diameter of ~1.2 nm and the depth of ~0.9 nm perfectly
matches with the size of C,,. As a result, the nanotube can
selectively encapsulate C, along the long axis via enhanced -
7 interactions over Cg, showing a high binding selectivity (Kj)
of ~140 times. On the other hand, the pH stimuli-responsive
properties of the nanotube were verified through NMR, UV-vis,
and fluorescence spectroscopy, which are attributed to the
protonation and deprotonation of the pyridine rings in the
nanotube. As a result, this anthracene-based nanotube was
successfully employed in the enrichment of C;, from a fullerene
mixture enriched with Cgo, owing to its selectivity towards C,,
and pH stimuli-responsive properties.

Results and discussion

The synthetic route of the nanotube is shown in Fig. 1a. First,
2ppin €an be directly obtained by 2y, through the Miyaura bor-
ylation reaction (Fig. S1-5S4t). The anthracene-based nanotube

~100e.q.
Trifluoroacetic

8.0

7.0 6.0

5.0 4.0 ppm

Fig.1 (a) Synthesis of 1and its protonation. (b) Partial *H NMR spectra of 1 (bottom) and (1 + 3H)** (top) in toluene-dg at 298 K. The satellite peaks

of solvents are indicated by the asterisk symbol.
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Fig. 2 X-ray structures of (1 + 3H)>*(TFA™)s: (a) top view and (b) side
view of a single molecule; (c) side view of neighboring nanotubes
inserted into each other; (d) top view of the structure of the packing
nanotubes. For clarity, all counterions and solvent molecules are
omitted. CCDC No.: 2323307.

1-was synthesized in ~5% yield from a one-pot Suzuki-Miyaura
cross-coupling of 2ppin and 2,6-dibromo-4-methoxypyridine (3)
in a 1:1 molar ratio (Fig. S5t). 1 was fully characterized by 'H,
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3¢, and 2D NMR spectroscopy as well as high-resolution mass
spectrometry (HR-MS) measurements (Fig. S6-S107). The
nanotube displayed good solubility in toluene, chloroform, and
dichloromethane, but was insoluble in methanol. A highly
symmetric structure was indicated by "H NMR spectra, and no
significant aggregation or other conformational isomers were
observed at NMR concentrations (Fig. S61). Notably, the inward-
directed nitrogen atoms of pyridine rings can be protonated by
adding excess trifluoroacetic acid (TFA) (Fig. 1b). The simplicity
of the NMR signals suggested that all pyridine rings were
protonated, and significant splitting of anthracene rings was
observed (Hg;), which indicated that anthracene rings were
situated in a more asymmetric chemical environment. The
electron cloud density of pyridine rings decreased after full
protonation, resulting in the proton resonances of anthracene
(H;) and pyridine (H,) groups displayed obvious upfield shifts
because these protons are located at the deshielding area of
pyridine rings. However, the other proton resonances (Hy, Hg,
and H,_,) were significantly shifted downfield. There are little
shifts of protons H. and H, on the benzene rings, due to a more
positive electronic environment of the inner cavity. The broad
peaks implied that the solubility of the protonated nanotube in
toluene-dg was slightly reduced under the acidic conditions.
Fluorescence experiments were conducted to investigate the
pH stimuli-responsive properties of 1. The unprotonated 1
exhibited a distinct anthracene monomer emission at 436 nm

b)
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Fig.3 (a) Partial *H NMR spectra (500 MHz, toluene-dsg, 298 K) recorded for (bottom) 1, (medium) 1 D Cgo, and (top) 1 D Cyq ([1] = 2.0 mM; [Ceo
and Cyol = 2.0 mM); (b) competitive *H NMR experiment and association constant of 1 © Cyq; (c) experimental and simulated ESI mass spectra of

1> C70.
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(Fig. S11at). Upon gradual addition of TFA, the monomer
emission decreased while the anthracene excimer emission at
~518 nm increased progressively, indicating the formation of
the protonated nanotube. As anticipated, the protonated
nanotube could be neutralized by the addition of triethylamine
(TEA), resulting in a blueshift from excimer to monomer
emission after excessive TEA addition (Fig. S11b¥). The revers-
ible response of the nanotube to pH was supported by the UV-
vis absorption spectra (Fig. Silct). Furthermore, dilution of
the protonated nanotube led to an increase in excimer emission
(Fig. s11dt), followed by a gradual blueshift. These findings
highlight the pH stimuli-responsive nature and intriguing
photophysical properties of the nanotube, which will be utilized
for the release of guests. Fortunately, single crystals of the
protonated nanotube suitable for X-ray measurement were ob-
tained by adding an appropriate amount of trifluoroacetic acid
(TFA) to a solution of 1 in toluene because the protonated
nanotube has lower solubility (Fig. 2, S12 and Table S2+t). In the
X-ray structure of (1 + 3H)>*-(TFA™);, six anthracene rings, three
benzene rings, and three protonated pyridine rings mainly
formed the hexagonal nanotube with a diameter above 1.2 nm
(Fig. 2a). Among them, six anthracene rings are perpendicular
to the equatorial plane of the nanotube, while the benzene rings
and protonated pyridine rings are parallel to the equatorial
plane of the nanotube, forming a tubular cavity with a depth of
~0.9 nm (Fig. 2b). Furthermore, adjacent nanotubes were
inserted into each other, where the cavities of the nanotubes or
the gaps between the nanotubes are filled with TFA™ and
toluene molecules (Fig. 2c). This insertion was accompanied by
a slight curvature of the equatorial plane, leading to the
blockage of the pore structure of the nanotubes (Fig. 2d).
Based on the X-ray structure, the diameter size of the inner
cavity of the nanotube is well matched with the size of the
fullerenes. Initially, the 1 : 1 host-guest complexes formed from
1 and fullerenes (including Cs, and C,,) were investigated using
'H NMR spectra (Fig. 3a). Fullerenes can be considered as
electron acceptors. Consequently, the addition of fullerenes to
nanotubes results in a significant chemical shift of the proton
Hg, which is directed towards the inner part of the cavity. The
7-1 interactions between fullerenes and nanotubes greatly
diminish the shielding effects of the anthracene rings. As
a result, the proton Hy, which is located within the shielding
area in the complex, experienced a significant downfield shift.
Additionally, the CH-- -7 interactions between Hq and fullerenes
also play a role in the observed downfield shift. Similarly, the
resonances of the methoxy proton (H.) and the proton (H.) on
the benzene rings exhibit slight downfield shifts. The protons of
the anthracene rings exhibit distinct splitting patterns. Specif-
ically, H; and Hg split into two separate sets of peaks, while Hy
and Hj, which are located at the port of the nanotube, experi-
ence only a slight split. These findings suggest that the fuller-
enes are completely encapsulated within the cavity and
primarily bind to the equatorial plane of the nanotube. The
electron-deficient nature of the pyridine ring leads to a signifi-
cant upfield shift of the protons H,j in the presence of the
fullerene ring current in complexes. The chemical shifts of 1 D
C,o were observed to be more significant compared to those of 1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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D Cgo, suggesting a stronger interaction between 1 and C,, than
with Cg. To determine the affinities of nanotubes to fullerenes,
"H NMR titration experiments were used to calculate the asso-
ciation constants (K,) of the host-guest complexes. The K, of 1
D Cgp could be measured to be 2.3 x 10* M~" by using the 1:1
binding mode in toluene-ds (Fig. $13f). The competitive "H
NMR experiment confirmed a higher binding affinity for 1 D
Cyo (Ko = 3.3 x 10° M), in which Cg, was used as a competitor
(Fig. 3b and S147). Fluorescence titration experiments (Fig. S15
and S161) were employed to further confirm the association
constants (K, = 3.3 x 10 M ' and 3.1 x 10° M for 1 D Cgq
and 1 D C,, respectively), which were consistent with the
results from 'H NMR titration experiments. Job plots and HR-
MS strongly supported the 1:1 binding stoichiometry
between 1 and fullerenes (Fig. 3¢, and S17-S197). The results of
all host-guest experiments consistently indicated that the
nanotube cavity is sufficiently spacious to fully encapsulate the
entire fullerene molecules.

Despite the similarities in structure and properties among
fullerenes, the nanotube demonstrated a remarkable binding
selectivity (Ks = 140) between C,, and Ceo. To gain deep insights
into the selectivity of 1 for fullerenes, theoretical calculations

15Cq0
AAE =0 kJ/mol

Fig. 4 (a) Electrostatic potential surface of 1, Cgo, and C;o; non-
covalent interaction analysis (using an independent gradient model
based on Hirshfeld partition, IGMH)*® for (b) 1 D C50 and (c) 1 D Cgo,
using the wB97XD functional®® together with the Pople basis set;*” side
view of the anthracene fragment and (d) Ceo and (e) Cyo.
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were performed using Density Functional Theory (DFT) and
with the Multiwfn program to process wavefunction files.*® As
shown in Fig. 4a, the concave cavity of 1 is electron-rich and
complements the electron-deficient convex surface of fuller-
enes. In both 1 D Cgy and 1 D C,, the shortest atom-to-atom
distances between the aromatic ring and fullerenes were
~3.1-3.3 A. The CH---T interactions were also observed arising
from benzene rings and guests, which were around 2.5 A and 2.4
Afor 1 D Cg and 1 D Cyy, respectively. In the host-guest
binding structures, the anthracene planes undergo rotation
along the equatorial plane of the nanotube. This conforma-
tional adaptation optimizes the w-m interactions between the
anthracene fragments and fullerenes (Fig. 4b, ¢ and S20%).
Moreover, the lengths of the anthracene planes and C,, are
more matched, resulting in an increased contact area between
the host and guest. This matching could potentially contribute
to the selectivity of 1 towards C,, over Cq, (Fig. 4d and e).
Meanwhile, the HOMO and LUMO of the complexes were
mainly located on the anthracene rings and fullerenes, and the
energy gaps were 5.38 eV for 1 D Cgo and 5.32 eV for 1 D Cy,
respectively (Fig. S21 and S221). By comparing the binding
energy of 1 D Cgpand 1 D Cy, the binding affinity of 1 D Cyq is
stronger than that of 1 D Cgy, with a lower free energy of
—36.8 kJ mol ™~ ". The selectivity is primarily driven by enthalpic
differences, with a slight entropic contribution, as revealed by
the analysis of thermodynamic parameters (Table S2t). This
suggests that the nanotube may undergo more shape changes to
achieve maximum contact with the guest during the binding
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process of Cgo. Additionally, due to its longer size and larger
volume, C5, is better suited to the volume and shape of the host
cavity compared to Cg.

The protonation of the inward-directed pyridine rings can
alter the electronic environment of the inner cavity, leading to
a decrease in electron cloud density within the cavity. As
aresult, the binding between the nanotube and fullerenes could
be dissociated under the low pH conditions. Based on the
binding selectivity for fullerenes and pH stimuli-responsive
properties of 1, the separation of C,, from Cgp-enriched
fullerene mixtures by using 1 as extractant was explored."” First,
the release of the fullerenes was observed by adding excess TFA
through UV-vis and '"H NMR experiments (Fig. $23 and S24+t). In
the NMR spectra, signals corresponding to complexes dis-
appeared, and a new set of signals appeared, which corre-
sponded to the protonated nanotube. The protonated nanotube
was also subjected to theoretical calculations (Fig. S25t). The
electrostatic potential surface (EPS) of the (1 + 3H)>" species
exhibited a significantly higher positive charge compared to the
unprotonated 1. As a result, the EPS of the nanotube and
fullerenes, which was previously in equilibrium, became
repulsive. This repulsion, along with the change in the internal
volume of the cavity before and after protonation, contributes to
the release of fullerenes.

Next, the enrichment of C, from the Cyo/C;o (n:1 = 9:1)
mixture was investigated using UV-vis absorption spectra
(Fig. 5). A mixture of C4,/Co with 1 in chloroform was set as the
test group, while the mixture of Cgy/C;o Was set without the
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Fig. 5 Schematic presentation and UV-vis spectra of the C;o enrichment process.
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nanotube as the control experiment. The two mixed groups were
sonicated for 1 min, and the solvent was separated by centri-
fugation. The solution color of the test group was darker
compared with the control group, indicating that 1 may
increase the solubility of the fullerene by forming 1 O fullerene
complexes in chloroform. After the addition of acid and soni-
cation, a black solid precipitated in the test group, while no
precipitation occurred in the control group. The solid was
separated, and 1 could be regenerated by neutralization with
TEA. The UV-vis absorption revealed an increase in C,, content
from ~10% to ~50% after just one cycle.'” This result demon-
strates the selective binding and enrichment capability of 1 for
C-, in a mixture of fullerenes.

Conclusions

In conclusion, we have developed the synthesis of an
anthracene-based nanotube with a hexagonal cavity of ~1.2 nm
x 0.9 nm. The selective binding and pH stimuli-responsive
behaviors of the nanotube with Cg, and C,, were investigated
by NMR, fluorescence, UV-vis, and HR-MS experiments. The
electron-rich cavity formed by anthracene-based side walls
exhibited high affinity and selectivity to C,, over Cgo. Theoret-
ical calculations showed that the selectivity is primarily driven
by enhanced w7 interactions between anthracene fragments
and fullerenes. Moreover, this study successfully achieved the
enrichment of C,, from its low-content mixtures of fullerenes.
As a result, these findings provide significant insights into the
selective recognition of fullerene molecules and contribute to
the expansion of the family of supramolecular hosts with nano-
scale recognition cavities.
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