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Molecular recognition in curved -systems: effects
of w-lengthening of tubular molecules on
thermodynamics and structuresy

Taisuke Matsuno,?® Sota Sato,?® Ryosuke lizuka® and Hiroyuki Isobe*@?

The thermodynamics and molecular structure of a supramolecular complex between a tubular molecule,
(P)-(12,8)-[4]cyclo-2,8-anthanthrenylene, and investigated. The enthalpy-driven
characteristics of the association were enhanced upon lengthening of the curved sp?-carbon networks
in the tubular molecule as a result of an increase in the C—C contact areas in addition to the emergence

fullerene were

of CH-m contacts with aliphatic chains. The involvement of CH-m interactions in the molecular
recognition consequently increased the entropy cost for the association, and the importance of
molecular structures at the edge of tubular molecules was revealed. An inflection-free, smooth surface
inside the tubular molecule was revealed by crystallographic analysis, which allowed for dynamic
motions of the encapsulated fullerene molecule in solution. This study provided a new example of a
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Introduction

A supramolecular combination of single-wall carbon nano-
tubes (SWNT) and fullerenes, the so-called peapod, consti-
tutes a unique class of molecular assemblies." The structure
of this complex is composed of curved m-systems with a
concave-convex interface, and its assembly is driven solely by
van der Waals interactions.” The complemental interface
with a non-directional association force further allows for
dynamic motions of the encapsulated guests, which is also of
interest to researchers in the field of molecular machines.** A
range of methods for assembling this complex are being
explored, and a solution-phase method is becoming one of
the most popular and important methods because of its mild
conditions.” Although the exploration of solution-phase
methods has provided phenomenological insights on the
assembly, the fundamental thermodynamics and structures
are poorly understood due to the available SWNT being
inhomogeneous.

The host-guest chemistry at the curved w-interface is
currently being exploited through the introduction of finite
tubular molecules that possess segmental structures of
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relationship study and led to an in-depth understanding of peapods in general.

SWNT.® The encapsulation of fullerenes in finite nanorings
was first demonstrated by Kawase with sp®/sp-carbon nanor-
ings” and recently demonstrated by Yamago, Jasti and Itami
with sp*-carbon nanorings.® Simultaneously, we introduced
belt-persistent tubular molecules, [4]cyclochrysenylenes
([4]CC; Fig. 1), with sp>-carbons®'® and showed that the unique
structural features of SWNT, such as a persistent “wall”, are
critically important for the molecular assembly of peapods.
The belt-persistent molecules resulted in a several-million-
fold higher equilibrium constant for the association of Ce in
comparison to the flexible nanorings, and the fundamental
thermodynamics have been investigated.'>'> The presence of a
smoothly curved surface without inflection nodes in the
molecular peapod (12,8)-[4]CCDCg, was observed and was
beneficial for the dynamic motions of fullerene guests even in
the solid state.”® We herein report the thermodynamics and
structures of molecular peapods with a w-lengthened tubular
molecule, (12,8)-[4]cyclo-2,8-anthanthrenylene ([4]ca;
Fig. 1).'*** The thermodynamics study revealed that the
molecular assembly has an enthalpy-driven nature, and the
comparison between tubular molecules with different lengths
showed that the entropy term has an unexpected effect on the
association. The atomic-level structure of the molecular pea-
pod was investigated through crystallographic analysis, which
revealed the presence of an inflection-free concave surface
inside the peapod, and dynamic motions of the fullerene guest
were also revealed through solution-phase NMR analysis. The
fundamental thermodynamics and the molecular structure
will be informative for designing elaborate functional peapods
in the future.
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(P)-(12,8)-[4]CCDfullerene
length index (t;) = 1.66

= [60]fullerene (Cygo)
or [70]fullerene (C)

(P)-(12,8)-[4]CADiullerene
length index () = 2.45

Fig. 1 Chemical structures of molecular peapods.

Results and discussion
Thermodynamics of fullerene encapsulation in (P)-(12,8)-[4]CA

The thermodynamics of a molecular peapod, (P)-(12,8)-[4]-
CADfullerene, was first investigated using the fluorescence-
quenching titration method in o-dichlorobenzene (0DCB). As
shown in Fig. 2, the fluorescence of [4]CA was quenched upon
the introduction of fullerenes, and the quenching behavior was
analyzed using the Weber curve-fitting method to determine the
association constant (Kj; see also Fig. S1}).'*>® The one-to-one
stoichiometry of [4]CA and fullerene in the complex was sepa-
rately confirmed by the Job plot of the UV-vis spectra (see also
Fig. S21). The Gibbs free energy gain (AG) for the formation of
the peapod was thus derived at 25 °C using the K, value. The
contribution of the enthalpy terms (AH) to the association was
analyzed using isothermal titration calorimetry (ITC; Fig. S31),
which, together with the AG values, revealed the contribution of
the entropy terms (AS).

The thermodynamics data for the association of Cgy and C;o
are summarized in Table 1 along with the reference data for
shorter peapods, (P)-(12,8)-[4]CCDfullerene.’” The associa-
tion constants, log K,, and the resulting free energy gains (AG,
25 °C) were not affected by the length of the tubular molecules
and were the highest levels (log K, ~ 9, AG ~ —13 kcal mol )
for host-guest complexes in organic solvents.’®* However, the
content of the association energy changed depending on the
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lengths of the tubular molecules. The contribution of the
enthalpy terms for the association was pronounced with longer
[4]CA molecules, and the enthalpy gains were increased to ca.
—14 keal mol . The differences of the enthalpy gains between
[4]CA and [4]CC were 1.8-fold for Ceo and 1.4-fold for Cy,. The
contribution of the entropy terms, therefore, changed its nature
for the association: for the shorter [4]CC, the entropy term
operated favorably for the association (—TAS = —5.3 kcal mol "
for Cgo and —3.0 kcal mol " for C,o; 25 °C), whereas for the
longer [4]CA, the entropy term negligibly or unfavorably
contributed to the association (—TAS = +0.5 kcal mol " for Cgo
and +1.2 kcal mol ™ for C,,; 25 °C).

Solid-state crystal structure of (P)-(12,8)-[4]CAD Ceo

The molecular structures of (P)-(12,8)-[4]CADCg in the crys-
talline solid state were determined by crystallographic analysis
of a single crystal. The diffraction analysis was performed with
monochromated X-rays (beamline BL-1A, Photon Factory,
KEK) to determine the structures with confident R factors [Ry
(observed data) = 0.1420 and wR, (all data) = 0.3849]. Residual
chloroform molecules in the crystal were beneficial for
reducing the Flack parameter to a reliable level of 0.25(12)
through anomalous dispersion effects from chlorine atoms.
The absolute configuration of [4]CA in the C2 space group was
thus confirmed as (P)-helicity,"*® which confirmed the
previous assignment through theoretical analyses of CD
spectra.**

The representative features of the molecular structures are
described. Two non-identical structures of [4]CA were found in a
unit cell. As shown in the overlaid structures (Fig. 3a),** two
molecules shared similar tubular structures with small struc-
tural deviations. The average diameter of [4]CA was measured at
the carbon atoms closest to the equator (2- and 8- positions) and
was equal to 14.00 + 0.06 A. Each of the [4]CA molecules
encapsulated two disordered Cg, molecules, and as a result,
four different structures of C¢o molecules were found. Although
the structures of the disordered Cg, molecules showed various
orientations, a pair of hexagons on the opposite faces occupied
the same position in the [4]CA molecules (see the side view in
Fig. 3a). Because the hexagon-hexagon distance is slightly
shorter than the pentagon-pentagon distance (~97%) in an
ideal truncated icosahedron,* we believe that this orientation
may minimize the energy for the encapsulation in the crystal-
line solid state.

The aliphatic hexyl chains at the edge of the [4]CA molecules
were folded to wrap the Cq, molecules in the crystal, which is
different from the interdigitated structures found in the shorter
[4]CC peapods.” The dihedral angle at the linkage between the
hexyl chain and the anthanthrenylene base was —83.55 + 3.08°
(C5a-C6-C1'-C2’; ¢f: Fig. 4 and 5) and most likely directed the
hexyl chains to the inner side of the tubular molecule and hence
to the folding orientations (vide infra).”® In addition to this
directed orientation, the helical environment of (12,8)-[4]CA
with (P)-helicity aligned the hexyl chains in a left-handed
spiral on each end of the tubular molecule to cover the
encapsulated Cgo molecules. In contrast, the dihedral angles of

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Analysis of (P)-(12,8)-[4]CADfullerene complexation in oDCB
at 25 °C. The fluorescence spectra were recorded with excitation at
442 nm, and the change in the fluorescence intensities were moni-
tored at 531 nm (Fig. S1f). The intensities were calibrated and cor-
rected using the competitive absorbance of fullerenes**¢ The Job
plot was obtained from the absorbance at 350 nm in the UV-vis
spectra (Fig. S21). (a) Fluorescence-quenching titration for (P)-(12,8)-
[4]CADCgp. The concentratlon of (P)-(12,8)-[4]CA was 3.53 x 107 ° M,
and the concentration of Cgg for the titration was 3.57 x 1078 M. (b)
Job plot analysis for (P)-(12,8)-[4]|CAD Cg at a total concentration of
3.89 x 107° M. (c) Fluorescence-quenching titration for (P)-(12,8)-[4]-
CADCyq. The concentration of (P)-(12,8)-[4]CA was 2.75 x 10°M
and the concentration of Cyq for the titration was 2.76 x 10™8 M. (d)
Job plot analysis for (P)-(12,8)-[4]CADCy( at a total concentration of
310 x 107° M.

(M)-(12,8)-[4]CC D Cs, at the same position (C5-C6-C1'-C2; cf.
Fig. 5) varied over the range of 87° to —113°,>* which varied the
pointing directions of hexyl chains from the inner, in-plane and
outer sides of the tubular molecule.

A detailed analysis of the atomic contacts in the molecular
peapod was performed using Hirshfeld surfaces.”**® The
Hirshfeld surface provides a unique and convenient method for
structural analysis: the surface of a molecule provides graphical
information about the shape of the space dominated by the
electron distribution of the internal molecule. The surface can
be further mapped with colors with measures for curvedness,
shape index and distances from the surface to the external
atoms (d.) to provide information about the environment
surrounding the surface.

Table 1 Thermodynamics data for molecular peapods®
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As shown in Fig. 3b, the Hirshfeld surface showed that the
Ceo molecule was confined in an inner tubular space of the [4]CA
molecule. Except for the presence of the aliphatic lids at both
ends of the tubular molecule, the Hirshfeld surfaces and the
color mappings well resemble those of the shorter [4]CC peapod
(Fig. S5%).** The curvedness mapping showed no inflection
nodes in the contacting areas with [4]CA and revealed a
smoothly curved surface inside the [4]CA molecule. The shape
index showed no indication of mw-m stacking but rather indi-
cated the presence of a unique tube-sphere recognition. The d.
mapping showed the presence of intimate C-C contacts that
distributed over the smooth concave-convex interface.

Surface areas with C-C contacts were compared between
peapods with the longer [4]CA peapod and the shorter [4]CC
peapod (Fig. S61). The surface areas of the Cg, molecule that
possessed C-C contacts with the tubular molecule were 35.9%
for the [4]CA peapod and 27.8% for the [4]CC peapod, and a 1.3-
fold increase in the contact areas was observed for [4]CA. This
increase in the experimental contact areas is well expected from
the geometry of finite SWNT molecules: the geometrical
increase in the length of [4]CA is 1.5-fold, the atom-filling rate of
[4]CA is 85%,”” and an increase of 1.3-fold (1.5 x 0.85) is thus
expected from the geometry of the molecules.” Note that this
good correlation between the mathematical geometries and
experimental structural features confirmed a tubular character
of [4]CA and [4]CC that allows for a vector description of the
molecular structures.*®

Solution-phase structures of (P)-(12,8)-[4]CADCq,

Dynamic motions of fullerene guest. Analysis of (P)-(12,8)-[4]-
CADCg using '"H NMR spectroscopy revealed the dynamic
motions of the Cgo guest with the aid of the inherent discrep-
ancy in the symmetries of [4]CA (D, symmetry) and Cgo (I,
symmetry). The symmetry operations of [4]CA and the NMR
spectra in CD,Cl, are shown in Fig. 4. Four resonances (two
singlets and two doublets) in the aromatic region were fully
assigned by NOE correlations (Fig. S10%), and the assignments
are shown in the spectra. The result shows that 1/7, 3/9, 4/10
and 5/11 protons as well as those in four anthanthrenylene
units are spectroscopically equivalent and confirms that all the
symmetry operations for [4]CA were preserved even after the
encapsulation of the C4, guest.”® Because the symmetry axes of
the Cg, guest penetrate the centroid of every pentagon (Cs axes)
and hexagon (C; axes), no static molecular orientations can
regenerate the D, symmetry of [4]CA due to the discrepancy in

Peapod log K, G (keal mol ) H (kcal mol ) AS (cal mol ' K1)
(P)-(12,8)-[4]CAD Cgo 9.7 £ 0.1 ~13.2 £ 0.1 ~13.7 £ 0.3 ~15+ 1.5
(PH(12,8}[4]CAS Cro 9.6 + 0.3 —~13.1 4+ 0.4 —14.3 £ 0.1 —41+ 1.7
(P)-(12,8)- [4]cc:>060 9.5+ 0.2 ~13.0 £ 0.3 —7.74+02 17.6 + 1.6
(P-(12,8)]4]CCDC;y” 9.6 + 0.1 -13.1 £ 0.1 ~10.1 + 0.2 10.0 + 1.1

“ The data are obtained from triplicate experiments, and the errors in s.d. are shown. ?

were slightly corrected in this study."”

This journal is © The Royal Society of Chemistry 2015

The data for [4]CC were originally reported in ref. 11 and
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Fig. 3 Crystallographic analysis of the molecular structures of (P)-
(12,8)-[4]CAD Cgo. Two sets of non-identical peapod structures were
found in a unit cell, and two disordered structures of Cgg molecules
were found for each peapod. (a) Top (left) and side (right) views of the
molecular structure of (P)-(12,8)-[4]ICADCgp. Using four 2,8-carbon
atoms at the linkage as the matching atoms, the two coordinates of the
non-identical structures were overlaid. The root-mean-square devi-
ation (RMSD) for the positions of the matching atoms was 0.036 A2
The structure thus shows four structures of Cgo molecules (colored
sticks) and two structures of (P)-(12,8)-[4]CA (gray lines) with a trans-
parent solvent-excluded molecular surface of [4JCA molecules.?®
Hydrogen atoms are omitted for clarity. See Fig. S41 for the separate
structures. (b) Hirshfeld surfaces of (P)-(12,8)-[4|CADCgq for one of
the non-identical structures. See Fig. S5 for the other structure. Color
mappings are shown for curvedness, shape index and de.

the position and symmetry for these symmetry operations. The
simple spectrum, therefore, shows that the Cg, guest is
dynamically rolling in the [4]CA host.

The spectral pattern of resonances did not change upon
cooling the sample to —90 °C, which indicated that the dynamic
motions were maintained at this temperature. A comparable
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analysis of the shorter (P)-(12,8)-[4]CC D Cg also showed similar
spectral behaviors, and no noticeable effect of w-lengthening
on the dynamic motions of the Cg, guest was detected under the
present conditions in spite of the presence of a higher enthalpic
constraint for the association.

Orientations of alkyl chains. An interesting spectral differ-
ence was observed for the 1’-protons of hexyl chains on the
longer [4]CA and the shorter [4]CC. Fig. 4c shows the corre-
sponding resonances for (P)-(12,8)-[4]CAD Cqo, (P)-(12,8)-[4]CA,
(P)-(12,8)-{4]CCDCqy and (P)(12,8){4]CC. The methylene
protons for the 1’-position appeared as one set of resonances for
[4]CA and as two sets of resonances for [4]CC. This observation
indicated that the two methylene protons of [4]CA are located in
similar environments whereas those of [4]CC are located in
different environments.

The spectral change of the 1’-protons in [4]CA should
originate from the steric variance due to the additional sp*-
carbon atoms at the edge of the tubular structure, and
theoretical calculations of model molecules suggested a
structural origin for this change. As shown in Fig. 5, we
investigated the rotational preference of alkyl chains on
[4]CA and [4]CC, using one ethyl substituent as the model for
the rotating alkyl group. The other seven substituents were
simplified as methyl groups, and energy profiles for the
rotation at the linkage of the ethyl group (C5a-C6-C1’'-C2’ for
[4]CA and C5-C6-C1'-C2’ for [4]CC) were obtained using the
semiempirical PM3 method.

Two structures were found as global minima, and the
orientations of these structures were identical for [4]CA and
[4]-CC: the ethyl group pointed toward either inner or outer
sides with a dihedral angle of ca. —100° or 95° (Fig. 5). On the
other hand, a difference between [4]CA and [4]CC was
observed at an orientation for in-plane conformations. The
two in-plane orientations were saddle points for [4]CA,
whereas one of them for [4]CC was located near a second
global minimum with a dihedral angle of —20°. The presence
of this second global minimum as well as an associated
barrier with a low energy height indicate that the ethyl group
on [4]CC oscillates through this point to set the time-average
structure at the biased in-plane orientation at 0°. This
different dynamic behavior of alkyl groups should be the
structural origin of the NMR spectra, which originates from a
subtle structural difference at the edge of the tubular mole-
cules. Spectroscopically, two 1’-methylene protons of [4]CA
should simultaneously be located in the same environments
on the same side of the tube, either inner or outer, whereas
two 1’-methylene protons of [4]CC should be located sepa-
rately in the different environments on the different
sides.>**® This conclusion is also supported by the alkyl
orientations observed in the crystal structures (vide
supra).*»>* The orientations were scattered among the inner,
in-plane or outer directions for [4]CC and were fixed at the
inner directions for [4]CA. The CH- contact between alkyl
chains and fullerene in the crystal structure may further
indicate that such inner orientations were preferred, even in
the solution phase.

This journal is © The Royal Society of Chemistry 2015
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25°C (P)-(12,8)-[4]CADC4,
117 39 511 4110
(P)-(12,8)-[4]CA

(P)-(12,8)-[4]CCDCqq

-90°C
(P)-(12,8)-[4]CC
88 86 84 82 80 7.8ppm 38 36 34 32 30 28ppm

Fig.4 NMR analysis of dynamic structures. (a) The molecular structure of (P)-(12,8)-[4]CA D Cgo showing symmetry axes (four C, axes in blue and
one C4 axis in green) and position numbers for representative atoms. Representative coordinates from the crystallographic analysis are used, and
a part of the hexyl chains are omitted for clarity. (b) Representative spectra from variable temperature NMR analyses of (P)-(12,8)-[4]CAD Cg for
the aromatic region in CD,Cl; at 25 °C and —90 °C. See Fig. S7 and S8 for the spectra of the whole region and for the spectra for vacant (P)-
(12,8)-[4ICA, respectively. (c) Representative spectra for 1’-proton resonances of (P)-(12,8)-[4]CAD Cgp, (P)-(12,8)-[4]CA, (P)-(12,8)-[4]CC D Cqo
and (P)-(12,8)-[4]CC at 25 °C in CD,Cl,. See Fig. S9% for the whole region.
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Fig. 5 Theoretical analysis of orientation preferences of an alkyl substituent. Tubular molecules with one ethyl and seven methyl substituents
were used as the models. Dihedral angles at the linkage of the ethyl substituent and the tubular structures were scanned at intervals of 5°, and the
relative energies of conformers were estimated at the semiempirical PM3 level. Energy profiles (left) and representative structures at the local
energy minima (right) are shown. In the model structures, corresponding bonds for the dihedral analysis are highlighted in blue. (a) (P)-(12,8)-[4]CA.
(b) (P)-(12,8)-[4]CC.

Conclusion association, resulting in large enthalpy values of —14 kcal mol .

Crystallographic analysis of (P)-(12,8)-[4]CADCg, provided
Analysis of the thermodynamics for the formation of a peapod  precise, atomic-level structures of the molecular peapod, which
in a t-lengthened tubular molecule revealed an enthalpy-driven ~ further provided an important structural basis for

This journal is © The Royal Society of Chemistry 2015 Chem. Sci,, 2015, 6, 909-916 | 913
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understanding the details for peapod formation. The 1.8-fold
increase in the enthalpy gains with the longer [4]CAD Cg, pea-
pod compared to the shorter [4]CC D Cg, peapod can primarily
be attributed to the 1.3-fold increase in the C-C contact areas at
the concave-convex interface of curved m-systems. The
discrepancy from a commensurate increase in the enthalpy gain
is best explained by the addition of CH-7 interactions between
alkyl chains and fullerene in the longer [4]CA peapods.**?
Effects of m-lengthening on the electronic communications
between host and guest is of interest for future studies.*® The
lengthening structure with additional sp*-carbon atoms at the
edges not only increased the C-C contact areas but also helped
direct the alkyl chains to wrapping orientations, most likely
even in the solution phase. The asymmetric environment,
arising both from an sp*>-carbon wall and wrapping alkyl chains
around the encapsulated fullerenes, is of great interest for its
effect exerted on the dynamic motions of the guest. The forced
orientations of alkyl chains, on the other hand, should accom-
pany a large entropy cost for the association, which has indeed
been observed. The favorable entropy contribution that was
observed in the shorter [4]CC peapod consequently diminishes
in the longer [4]CA peapod.** Molecular design at the edge of
tubular molecules should thus be important for enabling
synergetic and favorable contributions of enthalpy and entropy.
The structural and thermodynamic bases obtained in this study
should also be useful for exploring the solution-phase method
for the preparation of infinite SWNT peapods. Consideration of
the molecular structures at the edge, for instance, may be
important for further development.®*3¢

Experimental section

Materials

The tubular molecules, (P)-(12,8)-[4]CA and (P)-(12,8){4]CC,
were synthesized following the methods reported in the litera-
ture,”* and the molar amounts of specimens were determined
by combustion elemental analysis. Fullerenes, C¢o and C, were
purchased from Kanto and Aldrich, respectively.

Physical measurements and instrumentation

The experiments were performed following the methods
reported in the literature.'* Fluorescence spectra were recorded
on a Hitachi High-Tech F7000 spectrometer equipped with a
thermostatic cell holder and a stirrer, UV-vis spectra were
recorded on a JASCO V-670 spectrophotometer equipped with a
JASCO ETC-717 temperature controller, and NMR spectra were
recorded on a Bruker AVANCE 400 (400 MHz for 'H) or JEOL
ECA-600 (600 MHz for 'H) spectrometer. ITC analysis was per-
formed wusing a GE Healthcare MicroCal iTC200
microcalorimeter.

Preparation of (P)-(12,8)-[4]CAD Cg, for NMR analysis

A solution of the molecular peapod, (P)-(12,8){4]CAD Cg, for 'H
NMR analysis was prepared with (P)-(12,8)-[4]CA (8.00 mg, 4.52
pmol) and Cg (3.26 mg, 4.52 pmol) in CD,Cl,. The solution was
degassed using the freeze-thaw method prior to analysis.

914 | Chem. Sci., 2015, 6, 909-916
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Crystallographic analysis

A solution of the molecular peapod, (P)-(12,8)-[4]CADCq (ca.
0.5 mg), for crystallographic analysis was prepared in chloro-
form (ca. 0.6 mL), and ethanol was introduced as a poor solvent.
The solution was left at 25 °C for 3 days in a loosely sealed vial to
afford a single crystal. A single crystal was mounted on a thin
polymer tip with cryoprotectant oil and frozen at —178 °C via
flash-cooling. The diffraction analysis of a single crystal with a
synchrotron X-ray source was conducted at —178 °C at the
beamline BL-1A at the KEK Photon Factory using a diffractom-
eter equipped with a Dectris PILATUS 2M-F PAD detector. The
collected diffraction data were processed with the HKL2000
software program.®” The structure was solved using the charge-
flipping method?®® and refined by full-matrix least-squares on F>
using the SHELX program suite* running on the Yadokari-XG
2009 software program.”® In the refinements, fullerene mole-
cules were treated as rigid body models and restrained by SIMU,
and alkyl groups and solvent molecules were restrained by
SIMU, DFIX, and DANG. The non-hydrogen atoms were
analyzed anisotropically, and hydrogen atoms were input at
calculated positions and refined with a riding model. Due to
disordering solvents, the electron density distributed to some
solvent molecules was not properly modeled, and the structures
were refined without these solvents using the PLATON squeeze
technique.*** The details of the crystal data are summarized in
Table S2.}

Theoretical calculations

The Gaussian 09 program suite was used,” and the semi-
empirical calculations for the scan analysis were performed
using the PM3 method.**
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