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ABSTRACT: Double-walled nanotubes are promising materials in various scientific fields because of their high stability and large surface area.

Herein, we report the synthesis of double-walled noncovalent carbon
nanotubes (CNTs) through host-guest complexation of nanotube
fragments and tube-forming crystal engineering. As the smallest frag-
ment of double-walled CNTs, a host—guest complex of perfluorocyclo-
paraphenylene (PFCPP) and carbon nanobelt (CNB) was synthesized
by mixing them in solvents. The immediate complexation of the
PF[12]CPP>(6,6)CNB complex with a remarkably high association
constant (K:) of 2x10° L/mol was observed. Time-dependent 'H NMR
and thermogravimetry measurements revealed that the stability of
(6,6)CNB was significantly improved by encapsulation. X-ray crystal-
lography confirmed the robust belt-in-ring structure of this complex. As
indicated by the short distance between PF[12]CPP and (6,6)CNB
(2.8 A), intermolecular orbital interactions exist between the belt and
the ring, which were further supported by theoretical calculation and
phosphorescence While the

quenching experiments.
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PF[12]CPP>(6,6)CNB complex adopts various crystal packing structures, chloroform was discovered to be a magic “glue” solvent inducing
one-dimensional alignment of the PF[12]CPP>(6,6) CNB complex to build an unprecedented double-walled noncovalent CNT structure.

INTRODUCTION

Carbon nanotubes (CNTs) have hollow tube-like cylindrical
structure." Double-walled CNTs consist of two coaxial layers of
nanotubes that are known to be thermally and chemically more sta-
ble than single-walled CNTs and more flexible than multi-walled
CNTs (Figure 1A).”° However, current methods for synthesizing
double-walled CNTs cannot precisely control the diameter and he-
licity of the CNTs, resulting in the physical properties of the CNT's
being an average of the mixture. Therefore, the controlled synthesis
of double-walled CNTs is required to induce defined macroscopic
material properties. Cycloparaphenylenes (CPPs) and carbon nano-
belts (CNBs) have been synthesized as armchair-type CNT frag-
ments.”"” Since these host-guest complexes of CNT fragments can
be regarded as ultrashort double-walled CNTs, the synthesis and
property evaluation of such host-guest complexes have also been ex-
plored in recent years."" These host-guest complexes can serve as
a potential platform for bottom-up synthesis of molecularly defined

double-walled CNTs.

A possible route for synthesizing molecularly defined double-
walled CNTs is to convert noncovalent nanotubes, in which each
fragment, such as CPP and CNB, is flexibly bound by noncovalent
interactions, into double-walled CNTs (Figure 1A). However, it has
been well established that most CPPs and CNBs arrange themselves
in a herringbone packing arrangement via intermolecular CH—7 in-
teractions, making it challenging to achieve the synthesis of non-
covalent CNTs via one-dimensional (1D) assembly of CNT frag-
ments.'" In contrast, certain substituted CPPs are known to assem-
ble in a 1D manner by preventing CH-m interactions through the
introduction of substituents or by incorporating strong interactions
such as hydrogen bonds.'*** Therefore, we hypothesized that 1D
alignment of double-walled CNT fragments could be accomplished
by carefully designed host-guest complexes with substituted CPPs
(Figure 1A). Such double-walled noncovalent CNTs represent a
novel nanomaterial that combines the diverse chemical properties of
noncovalent supramolecular nanotubes,*** with the structural rigid-
ity of CNTs. Once the host—guest complex is assembled in a 1D
manner in the crystal, the precise construction of double-walled
noncovalent nanotubes at the molecular level can be confirmed by
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X-ray structural analysis. Herein, we report the synthesis of double- complex has intramolecular orbital interactions. While the
PF[12]CPP>(6,6)CNB complex adopts various crystal packing
structures, chloroform was discovered to be a magic “glue” solvent

inducing 1D alignment of PF[12]CPP>(6,6)CNB to build an un-

precedented double-walled noncovalent CNT structure.

walled noncovalent CNT's through very strong host—guest complex-
ation of perfluoro[12]CPP (PF[12]CPP)" and (6,6)carbon nano-
belt ((6,6)CNB)", followed by tube-forming crystal engineering
(Figure 1B). Density functional theory (DFT) calculations and
phosphorescence measurements suggest that this host-guest
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Figure 1. (A) Retrosynthesis of molecularly defined double-walled CNTs. (B) The first belt-in-ring complex as an ultrashort double-walled CNT (this

work).

RESULTS AND DISCUSSION

Design of double-walled noncovalent carbon nanotubes

We believe that there are four essential conditions for the con-
version of a double-walled noncovalent CNT into a molecularly de-
fined double-walled CNT (Figure 1). First, the double-walled non-
covalent CNT's must have ultrashort double-walled CNT's as com-
ponents containing all the necessary carbon atoms in the double-
walled CNTs (condition 1). Double-walled noncovalent CNTs
must be capable of being converted into double-walled CNTs by
linking the components through C—C bond formation. Additionally,
these ultrashort double-walled CNT's must be able to form nano-
tubes through 1D assembly (condition 2). Furthermore, the host—
guest complexes should have high stability and association constants
to endure the conditions of component-assembling C—C bond for-
mation (condition 3). Lastly, for successful tubular assembly, “glue”
molecules are required to fill the internal space of the host-guest
complex and link the complexes together to help achieve otherwise-
difficult 1D alignment (condition 4).

Perfluorocycloparaphenylenes (PFCPPs) have a structure in
which all the hydrogen atoms of CPPs are replaced by fluorine at-
oms." Unlike pristine CPPs, PECPPs are known to adopt columnar
packing through van der Waals interactions in various ring sizes be-
cause PFCPPs lack C-H bonds that would trigger the formation of
various crystal packings through CH-= interactions. Therefore, we
envisioned that host-guest complexes with PFCPP components

would help the host—guest complexes to be arranged in a 1D assem-
bly in crystals. There are two possible approaches for utilizing
PECPP: either as a host or as a guest molecule. If PECPP is used as
a guest molecule, CH-7 interactions between the host molecules
such as CPP or CNB would prevent 1D packing. Conversely, the use
of PFCPP as a host molecule allows for 1D packing while providing
atubular internal space. By arranging guest molecules in this internal
space, CH-7 interactions between guest molecules are inhibited
from forming double-walled noncovalent CNTs. As a guest mole-
cule, CNBs were chosen considering their higher rigidity compared
to CPPs and their reduced tendency to form unexpected arrange-
ments due to CH-= interactions between guest molecules. In addi-
tion, we expected that a donor-acceptor-type interaction between
CNB and PFCPP might occur to help constructing a strong host—
guest complex. Thus, we began by computational screening regard-
ing the combination of complex partners by DFT calculations that
led to the suggestion that PF[12]CPP is the best candidate for en-
capsulating (6,6)CNB (see Figure S11 in Supporting Information

(SD).

Synthesis of PF[12]CPP>(6,6)CNB and NMR analysis

The synthesis of host-guest complexes of PF[12]CPP and
(6,6)CNB is extremely simple and facile. One equivalent of
(6,6)CNB was mixed with PF[12]CPP in CH.ClL and
PF[12]CPP>(6,6)CNB was obtained by heating the mixed solu-
tion in air at 40 °C for S min (Figure 2A). The structural properties
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of PF[12]CPP>(6,6)CNB were investigated by 'H NMR analysis
(Figure 2B). In CD,Cl, the 'H NMR spectrum of pristine
(6,6)CNB shows two singlet signals at 8.32 ppm and 7.54 ppm. In
contrast, the 'H NMR spectrum of PF[12]CPP2(6,6) CNB exhibits
two singlet signals at 7.57 ppm and 7.09 ppm. Based on previously
reported assignments and 'H NMR prediction with DFT calculation
of (6,6)CNB," the signal observed at 7.57 ppm can be assigned to
hydrogen atoms in the K-region, while the signal observed at 7.09
ppm can be assigned to hydrogen atoms in the bay-region of
(6,6)CNB. Therefore, it is likely that the signals in the K- and bay-
regions shift toward a higher magnetic field when encapsulation
within PF[12]CPP takes place. Moreover, when adding two equiva-
lents of (6,6)CNB to PF[12]CPP in a CD,CL solution, the signals
of free (6,6)CNB and of PF[12]CPP2(6,6)CNB were observed
simultaneously. This result indicates that PF[12]CPP>(6,6)CNB
has slower association and dissociation processes compared to the
'H NMR relaxation time. This shift in each signal can be attributed
to the shielding effect of the host PF[12]CPP molecule. Conse-
quently, the effect of solvent on 'H NMR spectra was investigated.
In CDCL and CD:CL, the signals of (6,6)CNB were also shifted
whereas no signals were shifted in DMSO-dk, clearly showing that
the formation of PF[12]CPP2(6,6)CNB is a solvent-dependent
process (see Figure S13 in SI). The association constant (&) of the
host-guest complex was determined by the integral ratio of the 'H
NMR spectrum in a mixed solvent of CDCl; and CS, (v/ v= 4:3).

_ [PF[12]CPP > (6,6)CNB]
27 [PF[12]CPP][(6,6)CNB]

Using the above equation, K; was determined to be 2x 10°L/mol
(Figure 2C). Compared to the K values of [n+5]CPPD[n]CPP in
1,1,2,2-tetrachloroethane- solution at 50 °C (& < 10° L/mol) re-
ported by Yamago et al,"* PF[12]CPP>(6,6) CNB has a remarkably
large K. value. This high X is likely due to the entropy effect caused
by expulsion of the encapsulated solvent and weak orbital interac-
tions between PF[12]CPP and (6,6)CNB. Notably, during the
NMR experiments conducted under air in solution, (6,6)CNB re-
mained nearly unchanged. This is in sharp contrast to pristine
(6,6)CNB, which undergoes decomposition under air in solution. A
significant increase in the stability of (6,6) CNB against oxidation is
thought to occur because the sidewall of (6,6)CNB is covered by
PF[12]CPP to block reactions with oxygen (see Figure S14 and S15
in SI). Thermogravimetry (TG) measurements were also conducted
to investigate the thermal stability of PF[12]CPP, (6,6)CNB and
PF[12]CPP>(6,6)CNB (see Figure S10 in SI). These results indi-
cate that the thermal decomposition behavior is changed by encap-
sulation, and clearly show that the stability of
PF[12]CPP>(6,6)CNB against heat is also significantly improved
from that of (6,6)CNB. Furthermore, the signal of the host-guest
complex was even detected in the MALDI-TOF MS spectrum (see
Figure S20 in SI).
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Figure 2. (A) Synthesis of PF[12]CPP2(6,6)CNB: (6,6)CNB (1.0
equiv.), PE[12]CPP (1.0 equiv.), CH2Cl,, under air, room temperature.
(B) 'H NMR spectra of CD.CL solution of (6,6)CNB,
PF[12]CPP+(6,6)CNB (1.0 equiv.), and PF[12]CPP+(6,6)CNB (2.0
equiv.). (C) 'H NMR spectra of PF[12]CPP2(6,6)CNB to determine
association constant in a mixed solvent of CDCl; and CS; (v/ v = 4:3).
The vertical numbers in "H NMR spectrum represent the integral ratio
of each signal.
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Photophysical properties of PF[12]CPP>(6,6)CNB

In the optimized structure of PF[12]CPP>(6,6)CNB, the dis-
tance between the host molecule and the guest molecule is approxi-
mately 2.8 A, which is close enough to suggest the existence of an
intermolecular orbital interaction. Thus, the frontier molecular or-
bital of PF[12]CPP2(6,6)CNB was calculated and illustrated by
DFT, which suggested the existence of a weak intermolecular orbital
interaction (Figure 3A and 3B). Therefore, the photophysical prop-
erties were measured to clarify the orbital interactions. Although no
signal change was observed in the absorption or fluorescence spectra
(see Figure S7 in SI), low-temperature phosphorescence measure-
ments in 2-MeTHF revealed that the phosphorescence intensity de-
creased with the addition of (6,6) CNB to PF[12]CPP (Figure 3C).
This phosphorescence quenching process is most likely due to the
transfer of excitons on PE[12]CPP to (6,6)CNB via intermolecular
orbital interactions, leading to a nonradiative deactivation pathway.
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Figure 3. (A) Frontier molecular orbital energy of (6,6)CNB,
PF[12]CPP, and PF[12]CPPD(6,6)CNB. (B) Isosurface of
PF[12]CPP2(6,6)CNB (calculated by the CAM-B3LYP/6-31G(d)
level of theory, isovalue = 0.001). (C) Phosphorescence spectra change
of PF[12]CPP by adding (6,6)CNB in 2-MeTHF at 77 K (excitation at
270 nm).

Construction of noncovalent nanotubes

The molecular and packing structures of
PF[12]CPP>(6,6)CNB were successfully determined by X-ray
crystallography.” Single crystals of PF[12]CPP>(6,6)CNB were
obtained from chloroform/pentane solution. This crystal structure
showed a “dimeric” brickwall packing structure (Figure 4A; see also
Figures S1 and S2 in SI). The observation of noncolumnar packing
structure of PF[12]CPP>(6,6) CNB was initially somewhat disap-
pointing, but the careful examination led to the analysis that this
unique packing is due to the encapsulated pentane, preventing the
formation of a columnar packing structure with more than three
molecules. This analysis suggests that encapsulated solvent can dic-
tate the packing structure of PF[12]CPP>(6,6)CNB. Previous
studies also suggested that the packing mode of pristine CPPs can be
adjusted by carefully optimizing the recrystallization conditions.>**’
To manipulate the packing structure, the solvent used in the crystal-
lization process was modified. When 1,1,1-trichloroethane was used
as the good solvent and octane was used as the poor solvent, the crys-
tals showed a herringbone assembly (Figure 4B; see also Figures S3
and S4 in SI). This is possibly because the encapsulated octane mol-
ecule protrudes on both sides of PF[12]CPP2(6,6)CNB, prevent-
ing columnar assembly. Therefore, encapsulated solvents that are
smaller in size than PF[12]CPP>(6,6)CNB and do not interfere
with columnar packing are considered to work as “glue” molecules
that link the host—guest complex together to form a 1D assembly.

Our investigation along this line led to the discovery that chlo-
roform was discovered to be a magic “glue” solvent inducing 1D
alignment of the host—guest complex. Needle-shaped crystals of
PF[12]CPP>(6,6) CNB were obtained by slow evaporation of chlo-
roform solution (Figure 4C; see also Figures S5 and S6 in SI). In the
crystal structure, PF[12]CPP>(6,6)CNB aligns with columns to
form double-walled noncovalent CNT. Chloroform is located be-
tween the two molecules of PF[12]CPP2(6,6)CNB in the crystal
(Figure 4D). This chloroform acts as a “glue” solvent, inducing a 1D
alignment of PF[12]CPP2(6,6) CNB to build a double-walled non-
covalent CNT. In addition, slight disorder is observed both above
and below the (6,6)CNB in this crystal. This disorder suggests that
(6,6)CNB exists within the PF[ 12]CPP cavity with some dispersion
(Figure 4E). By conducting Hirshfeld surface analysis of the double-
walled noncovalent nanotubes using (6,6)CNB as a probe, the sur-
face of the host-guest complex was further inspected (Figure 4F).
This surface analysis revealed that the (6,6)CNB in the upper and
lower complexes were sufficiently close to each other. These results
also indicate that the construction of novel double-walled noncova-
lent CNTs were achieved by the precise arrangement of (6,6)CNB
in the crystal.
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B. 1,1,1-trichloroethane/octane
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Figure 4. ORTEP and packing structures of PF[12]CPP2(6,6) CNB from chloroform/pentane (A), 1,1,1-trichloroethane/octane (B), and chloroform.
(C) with thermal ellipsoids at S0% probability (hydrogen atoms and some solvents are omitted for clarity). PE[12]CPP are represented in gray and
green, (6,6)CNB are represented in orange, and solvent are represented in blue. (D) Magic “glue” solvent effect inducing 1D alignment of
PF[12]CPP>(6,6)CNB to build a double-walled noncovalent CNT. (E) Crystal structure of PE[12]CPP2(6,6) CNB and its disorders. Four different
orientations of (6,6) CNB were shown in different colors. (F) Hirshfeld surface analysis of double-walled noncovalent nanotube.

CONCLUSION

In summary, we have synthesized PF[12]CPP2(6,6)CNB,
which represents the shortest fragment of double-walled noncova-
lent carbon nanotubes. Formation of the host—guest complex was
confirmed by NMR, MALDI-TOF MS, and X-ray crystallography.
Time-dependent "H NMR and thermogravimetry measurements re-
vealed that the stability of (6,6) CNB was significantly improved by
encapsulation. While PF[12]CPP2(6,6) CNB exhibited a “dimeric”
brickwall alignment from chloroform/pentane and brickwall pack-
ing from 1,1,1-trichloroethane/octane in crystals, the crystals recrys-
tallized from chloroform adopted a tubular arrangement. These re-
sults indicate that the encapsulated solvent molecules dictate the
packing structure. This tubular arrangement represents a new class
of nanotubes, double-walled noncovalent CNTs, which are ex-
pected to be not only promising supramolecular materials® with
high structural uniformity and structural resilience but also a com-
ponent for molecularly defined double-walled CNTs.
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