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Theoretical studies on a carbonaceous molecular
bearing: association thermodynamics and dual-
mode rolling dynamicst

Hiroyuki Isobe,*®® Kosuke Nakamura,® Shunpei Hitosugi,” Sota Sato,?”
Hiroaki Tokoyama,© Hideo Yamakado,® Koichi Ohno®® and Hirohiko Kono*®

The thermodynamics and dynamics of a carbonaceous molecular bearing comprising a belt-persistent
tubular molecule and a fullerene molecule have been investigated using density functional theory (DFT).
Among ten representative methods, two DFT methods afforded an association energy that reasonably
reproduced the experimental enthalpy of —12.5 kcal mol™ at the unique curved m-interface. The
dynamics of the molecular bearing, which was assembled solely with van der Waals interactions,
exhibited small energy barriers with maximum values of 2-3 kcal mol™ for the rolling motions. The
dynamic motions responded sensitively to the steric environment and resulted in two distinct motions,
precession and spin, which explained the unique NMR observations that were not clarified in previous
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Introduction

Assembled solely by van der Waals force, supramolecular
complexes between single-wall carbon nanotubes (SWNT) and
fullerenes, the so-called peapod structure, represents a unique
class of host-guest complexes and has attracted attention from
both chemists and physicists." The tube-sphere combination
behaves as a carbonaceous bearing, and the inner fullerene
journal moves dynamically.” In addition to the direct observa-
tion of sliding and rolling motions in an infinite SWNT by
transmission electron microscopy,®* detailed experimental
analyses of the thermodynamics and dynamic motions are
currently being exploited with finite SWNT molecules as the
outer bearing to reveal fundamental structural features of pea-
pod bearings.>® Notably, the introduction of a substituent on
the fullerene molecule allowed for a single-axis rolling motion
of the journal,>** which should permit the modular design of
carbonaceous molecular bearings. Although the non-direc-
tional nature of the association force is also unique among
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molecular machines,” an understanding of the dynamic
behaviors has not been achieved thus far due to anomalous
molecular structures. We herein report quantum chemical
studies of the peapod bearing. Along with evaluations of
appropriate methods for theoretical studies on curved -
systems, we report on the energetics and dynamics of the single-
axis rolling motions of the peapod bearing. The theoretical
study revealed the presence of a minute energy barrier for
dynamic motions as well as dual-mode rolling dynamics of the
fullerene journal. The present theoretical picture should be
informative for the future molecular design of carbonaceous
bearings with elaborate functions.

Results and discussion

Single-axis rolling motions of the fullerene journal have been
experimentally demonstrated with a series of fullerene mole-
cules encapsulated in a finite SWNT molecule, (P)-(12,8)-[4]-
cyclo-2,8-crysenylene ([4]CC),>** and, as a representative journal
for this theoretical investigation, we adopted fulleropyrrolidine
(1) and its protonated pyrrolidinium (1%) (Fig. 1). The substitu-
ents on the outer bearing were modeled with methyl groups,
which mimic alkyl groups with minimum conformational
variations.*

Evaluation of methods of density functional theory (DFT) for
association energetics

Considering the lack of established methods for theoretical
studies of curved m-systems, we first screened the level of theory
among representative DFT methods for the reproducibility of

This journal is © The Royal Society of Chemistry 2015
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Fig.1 Chemical structures of peapod bearings for theoretical studies.

experimental thermodynamics of association." We used 6-
311G(d) as a common basis set throughout the DFT investiga-
tions.” In vacuo, basis set superposition errors (BSSE) were
corrected by the counterpoise method (Table S31),"*'* and, in a
theoretical solvated state, dichloromethane was incorporated
via the polarizable continuum model (PCM)."* For DFT
methods, we selected six methods from long range-corrected
(LC)-DFT (CAM-B3LYP,'* LC-BOP,” LC-wPBE,® LC-BLYP,"
wB97X*® and wB97 (ref. 20)), two methods with implementation
of dispersion forces (B97-D*' and wB97X-D**) and two other
popular methods (BMK** and M06-2X**).

A molecular structure for this screening study is described.
As a representative geometry, we started with the molecular
structure shown in Fig. 2. In this geometry, a central axis of 1
through the gravity center of two sp’-carbon atoms at the
hexagon-hexagon junction of the fullerene and the gravity
center of two sp’-carbon atoms at the opposite hexagon-
hexagon junction were aligned on the C, symmetry axis of the
[4]CC bearing. As a result, the C, axis of the [4]CC bearing (green
axis in Fig. 2) is placed on the Cs mirror plane of the journal
molecule 1 (gray plane in Fig. 2). Note that this structure
represents one of the time-averaged structures that have been
experimentally deduced by NMR analysis.>** As we discuss the
details in the following section, this orientation also corre-
sponds to one of the global minima of idealized single-axis
rolling motions (0° in Fig. 3).

After geometry optimizations, the structures of (P)-(12,8)-
[4]-CCD1 converged, independent of the DFT methods, into
an essentially identical structure with a small root-mean-
square deviation (RMSD) of 0.195 A (Fig. S11).2° We estimated
the theoretical association energy (AE) for the formation of (P)-
(12,8)-[4]cC>1 both in vacuo and in PCM dichloromethane
solution by comparing the potential energy of (P)-(12,8)-[4]-
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Fig.2 Molecular structure of (P)-(12,8)-[4]CC D1 from the calculation
(LC-BLYP/6-311G(d), geometry optimized). Hydrogen atoms are
colored in white, carbon atoms of [4]CC are colored in red, carbon
atoms of 1 are colored in gray, and a nitrogen atom of 1 is colored in
blue. Representative symmetry elements are also shown: for [4]CC,
the C4 axis is shown as a green tube, and, for 1, the Cs mirror plane is
shown as a gray transparent plane. For the discussion of rotation
motions, X- and Y-axes are defined and shown as light-blue tubes.
Note that the green C,4 axis in this figure also serves as Z-axis in the
fixed system. Representative rolling angles 6 for single-axis motions
are shown as X- and Y-axes.

CC D1 with those of each component. As a reference, we also
carried out isothermal calorimetry (ITC) analysis to derive the
experimental enthalpy for the association of (P)-(12,8)-[4]
CC>D1indichloromethane and obtained a value of —12.5 0.2
keal mol ™" (Fig. S21).%*7-° The energetics of the association is
summarized in Table 1. The PCM implementation commonly
contributed to the energy in a positive manner by ca. +3 kcal
mol ', and these data with PCM solvation were compared with
the experimental value. The dependence of the association
energy on the DFT method was considerably large, and the
energy values varied between +7.6 kcal mol ' and —66.6
kcal mol™'. Among the ten DFT methods examined in this
study, the LC-BLYP/PCM method afforded a value of —9.2
kcal mol ! and the smallest deviation of +3.3 kcal mol ™" from
the experimental value. Albeit counterintuitively, the imple-
mentation of dispersion force in DFT methods did not
necessarily improve the theoretical prediction, which might
indicate that the dispersion effects at the curved m-interfaces
are overestimated by the present DFT methods with pairwise
dispersion forces.** The BMK/PCM method gave the second
nearest value of —7.6 kcal mol ' with a deviation of +4.9 kcal
mol 1.3* The superiority of the BMK method has been previ-
ously reported for van der Waals - interactions,*” but the
reproducibility tendencies of other methods are different in
curved -systems.*® The present result of the screening study
could thus serve as a benchmark for the theoretical studies on
curved m-structures including infinite SWNTSs. Examination of
other curved systems, for instance with LC-BLYP and BMK, is
of interest for examining the versatility of the methods.** The
van der Waals interactions including effects of resultant
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Fig. 3 Energetics of the idealized motions of 1* in (P)-(12,8)-[4]CC from single-point calculations with LC-BYLP/6-311G(d)/PCM. (a) Energetics
of single-axis rolling motions. Data from DFT calculations are plotted as filled squares, and the fitting curve is derived from eqn (1). (b) Energetics
of tilting motions along the X—Z plane. (c) Energetics of tilting motions along the Y—-Z plane.

Table1 Experimental and theoretical energetics of association of (P)-
(12,8)-[41CCD1*

Methods AE in vacuo® AE with PCM Deviation?
Experiment® — —12.5 —
CAM-B3LYP +5.3 +7.6 +20.1
LC-BOP +1.7 +4.3 +16.8
LC-wPBE —4.1 —-1.3 +11.2
BMK —10.5 —7.6 +4.9
LC-BLYP —12.0 —9.2 +3.3
wB97X —27.8 —25.0 —12.5
wB97 —35.9 —32.9 —20.4
M06-2X —47.9 —44.5 —-32.0
B97-D —62.2 —59.2 —46.7
wB97X-D —69.8 —66.6 —54.1

“ The basis set of 6-311G(d) was commonly used. ? Data are shown in
keal mol~?.  See Table S3 for BSSE corrections. ¢ Deviation from the
experimental value. The value from DFT -calculations with PCM
solvation was subtracted by the experimental value of —12.5 kcal
mol ™. ¢ The experimental value (AH) was obtained from ITC analysis
in dichloromethane. See Fig. S2 for the data.

charge transfer in the peapod systems® may be modeled well
by LC-BLYP.'*%

Energetics of idealized single-axis rolling dynamics

We next explored the energetics hitherto unavailable by exper-
iments. The effects of protonation with the fullerene journal
were first examined by DFT methods with PCM solvation. Note
that the dynamics of the journal were experimentally investi-
gated with the protonated form of (P)-(12,8)-[4]CCD 17, but the
association energetics were not readily accessible by experi-
ments.’ As shown in Table S2,} the protonation of the pyrroli-
dine ring was common in the stabilization of the complex by ca.
—1 kecal mol™" without any structural deviations in both the
bearing and the journal. The small difference indicated a minor
contribution of electrostatic interactions for the association of
fullerene, which was consistent with the experimental analysis
for the association of Li*-encapsulated Cg.*

With this protonated structure of (P)-(12,8)-{4]CC>1" in hand,
we then investigated the energetics of idealized single-axis rolling
motions. As we observed in the crystallographic analysis of

2748 | Chem. Sci,, 2015, 6, 2746-2753

(12,8)[4]CC D Cgp,* the structural rigidity of the bearing and the
journal allows, experimentally, for rolling motions without
affecting the curved sp>-structures of each component: hence, the
energetics from single-point calculations of different molecular
orientations should provide coarse yet valuable information on
the energy profiles. We therefore rolled journal 1* from the
geometry obtained for the association energetics (Fig. S31) by 5°
around the Z-axis of the fixed system of coordinates, i.e., the C,
symmetry axis of the [4]CC bearing, and obtained the energetics.
The relative potential energies (AAE) obtained with LC-BLYP/
PCM method are plotted with squares in Fig. 3a.*® The highest
energy barrier for the idealized single-axis motions was estimated
to be +4.3 kcal mol™', which is as small as the experimental
barrier for methyl rotations.’” The small barriers found in this
study also explains the dynamic motions of the molecular
bearing of (12,8){4]CCDCgo in the solid state where four
different orientations of Cg, molecules were observed in the
absence of structural fluctuations in the [4]CC bearing.®

Four sets of nearly identical potential barriers appeared
periodically at the intervals of 1/4 rotations through one circle of
the rolling motion. Each of the curves for 1/4 rotations accom-
panied two energy minima and two saddle points. As a result of
a Fourier series expansion of the energetics, we found that the
potential curve can be fitted by the following equation

AAE = —0.86 sin 6 + 0.37 sin 86 — 0.42 cos 44
— 1.46 cos 80 + 1.89 (1)

where 6 is the rolling angle of 17 (¢f. Fig. 2). The potential curve
fitted with this equation is shown as a line in Fig. 3a, which
shows that the DFT energetics for the rolling motion can be well
described by this equation. Although we could not deduce any
apparent electronic origin of this equation from the orbital
analysis, a phenomenological interpretation can be made from
the sterics analysis. The periodicity of the potential energy curve
corresponds well to the periodicity of the passing of two carbon
atoms on the Cq, equator over the C, symmetry axes of [4]CC
(Fig. S31), and the energy minima appear when the equator
carbon atoms are located over the C, symmetry axes.*® Note that
a pair of carbon atoms on opposite sites defines the longest C-C

This journal is © The Royal Society of Chemistry 2015
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distance, i.e., diameter of Cg. This simplification of the ener-
getics with an equation largely owes its origin to the van der
Waals nature of the contacts without any directional and
biasing interactions from substituents. This energy profile
estimated by single-point calculations does not deviate much
from the transition-state (TS) analysis of realistic motions
(vide infra), which is most likely ascribed to the unique tube-
sphere molecular recognition with persistent molecular
shapes.®

For the idealized rolling motions, we also examined self-
consistent-charge density-functional-based tight-binding (SCC-
DFTB) method as a computationally cheaper substitute to be
explored further in molecular dynamics (MD) simulations.***
As shown in Fig. S4,T the SCC-DFTB method afforded a poten-
tial energy curve with two saddle points and two local minima
for 1/4 rotations, which is qualitatively similar to that of the DFT
result.*” Attention must be paid, however, to the quantitative
discussion of the SCC-DFTB method because a deviation of ca.
—3 keal mol " from the LC-BLYP/PCM method was observed for
the energy barrier. Nonetheless, the similar shapes of energy
profiles between DFTB and DFT methods might preferably lead
to similar trajectories, for instance, in MD simulations
(vide infra).

Energetics of tilting fluctuation toward realistic rolling
motions

The idealized single-axis rolling motions describe the simpli-
fied, time-averaged dynamics of the experiments, and we
further investigated another possible fluctuation in the struc-
ture to step into realistic motions. Another possible fluctuation
is the tilting motions of 1*. We thus calculated the tilting
energetics for two directions in a range of £45°. The central axis
of 1* was thus tilted along either the X-Z plane or Y-Z plane by
5° (¢f. Fig. 2), and the energies are shown in Fig. 3b and c. The
titling fluctuation of 1" for both directions were below 4 keal
mol ™" until £30° with minute kinks of steric origins in the
profile. The height of the tilting energetics within £30° is
therefore lower than that of the rolling energetics, which indi-
cates that the rolling motions might also accompany the tilting
fluctuations.

Theoretical studies of the dynamic motions: dual-mode
dynamics

Finally, theoretical investigations on realistic dynamic motions
of 1" revealed the structural origins of anomalous spectroscopic
observations from experiments. Previous spectroscopic studies
are briefly summarized.>** Proton NMR studies on (P)-(12,8)-[4]-
CC>1" in dichloromethane confirmed the rolling motions of 1*
by demonstrating symmetric relationships among four chrys-
enylene units through motions of encapsulated 1°. Methylene
resonances on the pyrrolidinium unit, however, behaved
unexpectedly: at low temperature (<25 °C), four protons, ie., two
equatorial protons (eq-1, eq-2) and two axial protons (ax-1, ax-2)
(Fig. 4a), appeared separately as expected, but at elevated
temperature (25 °C), they were unexpectedly merged into two
broad resonances (see Fig. 2e in ref. 5).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Realistic dynamics of (P)-(12,8)-[4]CCD1*. (a) The tilted
geometry of (P)-(12,8)-[4]CCD1* showing axes for precession
motions (green) and spin motions (purple). Four methylene protons of
pyrrolidiniums are shown in ball-and-stick models and are labeled.
This geometry was located as an energy minimum for the X-Z tilting
motion with SCC-DFTB calculations and was used as the starting
geometry for MD simulations. (b) Kinetics of precession motions
(green) and spin motions (purple) from MD simulations at 400-700 K.
(c) Energetics from TS calculations with LC-BLYP/6-311G(d)/PCM//
SCC-DFTB. Values in parenthesis show the energies obtained by SCC-
DFTB. See Fig. S5t for energetics with SCC-DFTB and LC-BLYP/6-
311G(d)//SCC-DFTB and Fig. S6t for the structures.

The MD simulations of (P)-(12,8)-[4]CCD 1" thus revealed the
presence of two different types of motions in real time.** One is
a “precession” motion, and the other is a “spin” motion
(Fig. 4a). Note that these two motions emerge from a combi-
nation of the idealized single-axis motion (Fig. 3a) and the
tilting motion (Fig. 3b and c). We performed MD simulations at
a time increment of 1 fs for 200 ps by using the SCC-DFTB
method. The simulations were performed for 20 trajectories at
each temperature varying from 400 K to 700 K, and the
frequencies of each motion were counted to afford rate
constants for the motions (Tables S3 and S4t). The rate
constants were plotted against 1/T to generate the Arrhenius

Chem. Sci., 2015, 6, 2746-2753 | 2749
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plots shown in Fig. 4b, which gave pre-exponential factors (A)
and activation energies (E,) of 2.2 x 10'* s~ " and 4.0 kcal mol ",
respectively, for the precession and 2.8 x 10"> s~ " and 5.3 kcal
mol ™, respectively, for the spin. The MD simulations thus show
that among these two motions found in dynamics analysis, the
precession motions proceed faster than spin motions.

The energy barriers for the two motions were further exam-
ined by TS analysis. We first allocated TS by searching the
energy surface with a global reaction route mapping (GRRM)
method*” combined with SCC-DFTB. We then performed single-
point calculations with LC-BLYP both in the absence and in the
presence of PCM solvation. The energy diagrams are shown in
Fig. S5t and 4c. The TS allocated with the SCC-DFTB method
were located +3.28 kecal mol™' (TS, in Fig. S51) and +4.60
kcal mol ' (TS, in Fig. S51) above the global minimum for the
precession motion and for the spin motion, respectively.*® The
single-point analysis with LC-BLYP in vacuo negligibly affected
the energetics (Fig. S51). Because the energy barriers matched
qualitatively with the values estimated from MD simulations
(Fig. 4b), we concluded that the TS analysis yielded reasonable
structures for rolling motions. Further implementation of PCM
solvation resulted in the energy profile (Fig. 4c) where the PCM
solvation lowered the energies of some species most likely
through suppression of an overestimation of interactions with
charges. With the LC-BLYP/6-311G(d)/PCM//SCC-DFTB method,
the energy barrier for precession was thus estimated as +1.81
kcal mol™?, and the one for spin was estimated as +2.78 kcal
mol . All the analysis of the realistic dynamic motions indicate
that the precession motion is preferred over the spin motion by
ca. 1 keal mol ™.

The two motions, ie., precession and spin, should exert
distinct effects over the proton atoms on the pyrrolidinium unit.
The precession motions move the methylene protons along the
arylene rims and do not change the relative locations from the
[4]CC bearing and, as a result, the magnetic effects from the
arylene units. However, the spin motions flip the pyrrolidinium
unit and its methylene protons, which results in a change in the
relative locations from the [4]CC bearing and thus in the
magnetic effects from the arylene units. We can therefore
interpret the unique spectroscopic behaviors of methylene
protons as the result of two different motions with different rate
constants.” At low temperature, the precession motions
predominate to give four independent resonances of methylene
protons, and at high temperature, the spin motions begin to
merge the two resonances.

Conclusion

Theoretical studies on a carbonaceous molecular bearing have
been conducted. The first extensive evaluation of various DFT
methods for application to curved m-systems revealed a
considerable method dependence of the theoretical estimation
of the association energies. Among ten DFT methods examined
in this study, two methods, i.e., LC-BLYP and BMK, reproduced
the experimental enthalpy for the association. These methods
should be of interest for the theoretical studies of ever-
increasing curved m-systems, and their versatilities should be
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examined in the future studies. The theoretical energetics
demonstrates the presence of small energy barriers for the
rolling motions, which gives the theoretical/chemistry back-
ground of the unique friction-free carbonaceous bearings.***
The molecular dynamics studies on the dynamic behavior also
revealed dual-mode motions in the dynamics, which led to a
clear-cut understanding of the spectroscopic observations that
remained unanswered in previous experimental studies. The
theoretical background reported in this study is informative for
further molecular designs of molecular complexes assembled
solely by the van der Waals force. We hope that, together with
recent advancements of relevant theoretical methods,***%*° this
study will lead to the development of carbonaceous molecular
machines with elaborate functions in the future.*

Experimental section

Materials

The molecular bearing, (P)-(12,8){4]CC D1, was prepared by the
method reported in the literature.?

ITC analysis

The experiments were performed following the methods
reported in the literature with a GE Healthcare MicroCal VP-ITC
microcalorimeter.®

Theoretical calculations

Outline. The geometry optimization with DFT calculations
was carried out with Gaussian 09, Revision D.01 except for the
LC-BOP method" with a development version of Revision
A.02.>* The dichloromethane solvent was modeled for single-
point calculations with the integral equation formalism PCM
(IEFPCM).* For the computationally expensive calculations
such as MD simulations, the SCC-DFTB method was adopted
and was performed with DFTB+ program version 1.2 in
combination with the mio-1-1 parameter set.””> Note that
preceding theoretical studies on nanocarbons have demon-
strated the applicability of the DFTB method for carbonaceous
systems.**** Transition state analyses were performed with the
DFTB+ program in combination with the GRRM method
(version 1.21) for exploring the reaction pathways.*

Association energetics. To minimize the BSSE from basis-set
truncations, we adopted a procedure of the counterpoise
corrections for the association energy estimations in vacuo.** In
short, the energy of one component before the association is
estimated in the presence of another component's basis func-
tions and is compared with the associated complex. The
amount of energy corrections (AE.) found for each method is
summarized in Table S3.T The energy corrections for BSSE were
found in a range of 7-10 kcal mol ™", and certain care should be
paid to any theoretical investigations of association energetics
of curved mt-systems. Assuming that the same amount of BSSE is
present in the energies with IEFPCM, we also added AE, to the
association energies obtained from DFT/PCM calculations.

Idealized motions. Single-point calculations were performed
to elucidate the coarse energy profiles for the structural

This journal is © The Royal Society of Chemistry 2015
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fluctuations of the molecular bearing. The relative orientations
of the 1" journal was thus changed by 5° in the directions
described in the main text.

Molecular dynamics. No thermostats were set for MD
simulations with electronic structure calculations of SCC-DFTB
to conserve the total energy of the system. We started the MD
simulations from the molecular structure of the global
minimum in SCC-DFTB calculations (Fig. 4a). After inputting
initial velocities of the nuclei at random, we observed a ca. 50%
decrease in the total kinetic energy of nuclei within 50 fs. After
an equilibrium time of 1 ps, the total kinetic energy converged
to the mean kinetic energy (K) with a minute fluctuation. The K
value was used to obtain the effective temperature (7) by T = 2K/
3Nkg where kg is the Boltzmann constant and N is the number
of atoms. For each of the four temperature variations of 400,
500, 600 and 700 K, we ran 20 trajectories of 200 ps temporal
length. We began to count the precession and spin motions
after the equilibrium stage of 1 ps and, by using the total
frequencies accumulated for 4000 ps (Table S3+t), obtained the
rate constant k shown in Table S4.7 Note that we observed
sufficient linear correlations in the Arrhenius plots that were
derived from this procedure.

Transition-state calculations. The GRRM method allows for
ascending the potential energy surface toward the direction of a
large anharmonic downward distortion and, thus, for allocating
the transition state of complicated systems.** For the present
study dealing with over 200 atoms, the GRRM program was
slightly modified to enable the calculations of such large
systems. The transition state analysis was initially performed by
SCC-DFTB, and the single-point energies were then obtained by
LC-BLYP/6-311G(d) in the absence and in the presence of PCM
solvation. Note that the energy barriers estimated by TS calcu-
lations with SCC-DFTB matched well with those of MD calcu-
lations (see Fig. 4b and S57), which indicated that the rate-
determining steps were preserved in these two different
approaches.
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