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Using the density functional theory with generalized gradient approximation, we studied the energetics
and electronic structures of nanoscale rotors consisting of tryptycene and hydrocarbon molecules with
respect to their mutual orientation. Energy barriers for the rotational motion of an attached hydrocarbon
molecule range from 40 to 200 meV, depending on the attached molecular species and arrangements.
The electronic structure of the nanoscale molecular rotors does not depend on the rotational angle of the

attached hydrocarbon molecules.

1. Introduction

Triptycene is an aromatic hydrocarbon molecule with Dg;, symmetry and a Y-shaped
ridged structure consisting of three benzene rings connected via bridgehead C atoms
with fourfold coordination (sp® hybridization) situated at the molecular axis.! In addi-
tion to triptycene, the molecules possessing acene panels with sp? C bridgeheads have
been synthesized experimentally and known as iptycene, which is characterized by the
size and shape of three acene planes.>® The ridged three-dimensional structures of ip-
tycene, especially triptycene and pentiptycene, allow them constituent units of covalent

5-9)

organic frameworks for atoms and molecular storages, supermolecules for a hybrid

10,11 12-14

structure with other molecules, ) and molecular machines. ) The oligomerization
and polymerization of triptycene result in porous and covalent architectures, exhibiting
an unusual electronic structure. Triptycene and its derivatives self-assembly form con-
densed phases in which triptycene and its derivatives act as hosts for foreign molecules
and atoms forming host-guest complexes with interesting structural hierarchy, being
expected to result in unusual physical properties that are absent in the simple super-
position of that of constituents as in the case of complexes consisting of nanocarbon

materials.!>18)
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Triptycene is a key material for designing molecular machines owing to its high-
symmetry molecular shape. By attaching other triptycene or hydrocarbon molecules
to the bridgehead C atoms via a C chain, we can construct molecular rotors with
nanometer scale as a key component of molecular machines. For instance, the three-
fold symmetrical shape of the molecule makes the triptycene complexes molecular gears
for conveying mechanical motion in nanoscale machines, by rotating around C chains
connecting constituents as in the case of the polyarenes. Despite several triptycene
derivatives have been synthesized as the potential candidate for the nanoscale rotors,
the microscopic mechanism of the rotational motion, the energetics, and the electronic
structure of such derivatives are still unclear. Thus, in this paper, we aim to investigate
the energetics and electronic structures of molecular complexes consisting of triptycene
and hydrocarbon molecules connected via a linear C chain, by conducting first-principles
total-energy calculations within the framework of the density functional theory (DFT).
Our calculations show that the attached hydrocarbon molecules prefer the molecular
orientation in which their acene panels are separated from the acene panels of triptycene
as much as possible. The potential energy barrier for the rotational motion of attached
molecules strongly depends on the molecular species and mutual arrangement. In con-
trast, the electronic structure of nanoscale rotors is insensitive to the mutual molecular

arrangement of the attached hydrocarbon molecules.

2. Calculation method and structural model

All calculations were performed using DFT'20) implemented in the STATE package.?")
For the calculation of the exchange-correlation energy among interacting electrons, we
used the generalized gradient approximation (GGA) including the spin degree of free-
dom with functional forms of Perdew-Burke-Ernzerhof.?*2%) Ultrasoft pseudopotentials
generated with the Vanderbilt scheme were used to describe electron-ion interactions.?%
The valence wave functions and deficit charge density were expanded using plane-wave
basis sets with cutoff energies of 25 and 225 Ry, respectively, which give sufficient conver-

25,26) Structural

gence in both geometric and electronic structures of carbon derivatives.
optimizations were performed for each rotational angle until the remaining forces on
each atom were less than 5 mRy/ A. To simulate isolated molecular complexes consisting
of triptycene and hydrocarbon molecules, the complexes are situated in a large cubic
cell of which cell parameter is 17 A. Brillouin-zone integration was performed with the

I' point sampling for self-consistent geometric and electronic structure calculations.
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Fig. 1. (a) A schematic structural model of a nanoscale rotor consisting of triptycene and
hydrocarbon molecules R, where R represent (b) naphthalene, (c¢) anthracene with the symmetric
arrangement, (d) anthracene with the asymmetric arrangement, and (e) triptycene. The gray and

white circles denote C and H atoms, respectively.

In this work, we consider nanoscale rotors consisting of triptycene and the hydro-
carbon molecules, e.g. naphthalene, anthracene, and triptycene, which are connected
via Cy alkyne to avoid the steric hindrance of the rotational motions (Fig. 1). The Cs
alkyne unit is attached to a sp® C bridgehead of triptycene by replacing the H atom.
These hydrocarbon molecules are attached to triptycene, in which the acene panels are

arranged in parallel conformations to that of triptycene. For anthracene, we consider
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Fig. 2. Relative total energies of the nanoscale rotors consisting of triptycene and the hydrocarbon
molecules R, where R represent naphthalene, anthracene with the symmetric arrangement,
anthracene with the asymmetric arrangement, and triptycene with respect to the energy of these
complexes in their most stable conformation. The triangles, crosses, circles, and squares denote the
energies of the molecular rotors containing naphthalene, anthracene with the symmetric arrangement,

anthracene with the asymmetric arrangement, and triptycene, respectively.

the symmetric and asymmetric arrangements with respect to the three Cg rings. Ow-
ing to the molecular conformation of the complexes, the attached molecules can rotate

along the bridging C, unit as the nanoscale rotors.
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3. Results and discussion

Figure 2 shows the relative total energy of the nanoscale rotors as a function of the
mutual rotational angle with respect to the total energy of their stable conformation.
Under the stable conformation, the attached molecules prefer the rotational angle in
which their acene panels are separated from the acene panels of triptycene as much as
possible. In contrast, the attached molecules do not prefer the arrangement in which
their acene panels are situated above the acene panels of triptycene. The relative sta-
bility in terms of the rotation angles are ascribed to the Coulomb repulsive interaction
between positively charged H atoms attached to the acene panels. Thus, the total energy
monotonically decreases with increasing rotational angle for all complexes.

To induce the rotational motion of the attached molecules, it is necessary to over-
come the energy barriers arising from the repulsive interaction between H atoms. The
calculated energy barriers for the rotational motion are 63.09, 76.10, 39.09, and 192.13
meV for naphthalene, anthracene with the asymmetric arrangement, anthracene with
the symmetric arrangement, and triptycene, respectively. This fact indicates that the
rotational motion of the nanorotors strongly depends on the constituent hydrocarbon
molecules. It is notable that the barrier for triptycene is approximately three times
higher than that for naphthalene, corroborating that the Coulomb repulsive interaction
is the physical origin of the energy barrier because triptycene possesses three acene
panels. Among the attached molecules, anthracene with the symmetric arrangement
has the lowest energy barrier for the rotation, while triptycene has the largest barrier.

Figure 3 shows the electronic energy level near the Fermi level and the isosurfaces
of the squared wave function of the highest occupied (HO) and the lowest unoccupied
(LU) states of the nanorotors with the mutual angles of 0 degree. Because a 7 electron
system of triptycene consists of three isolated Cg rings connected to bridgehead sp?
C atoms, triptycene has a large HO-LU gap, although it has 18 7 electrons on the
covalent network. Thus, the nanoscale rotors have a narrower HO-LU gap than that
of triptycene, owing to the extended nature of the 7 electrons of naphthalene and
anthracene. As shown in Fig. 3, the wave function of HO and LU states is distributed
on the attached naphthalene and anthracene portions. It is noteworthy that the HO-LU
gap of nanoscale rotors is slightly narrower than that of an isolated naphthalene and
anthracene, owing to spilled 7 electrons on the interconnect alkyne.

In contrast to the energetics with respect to the rotational motion of the attached
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Fig. 3. Electronic energy levels near the Fermi level and isosurfaces of squared wave functions of
the HO and LU states of the nanoscale rotors consisting of triptycene and the hydrocarbons R, where
R represent (a) naphthalene, (b) anthracene with the symmetric arrangement, (c) anthracene with
the asymmetric arrangement, and (d) triptycene. The energies are measured from that of the vacuum

level. The asterisk denotes the HO state.

molecules, the electronic structure of the nanoscale rotors is insensitive to the rotational
motion (Fig. 4). For all molecular rotors, the electronic energy levels near the HO-LU
gap retain their energies against the rotation. This fact indicates that the m electron
systems on each constituent, triptycene and the attached hydrocarbon molecules, are
perfectly separated from each other by bridgehead sp? C atoms situated at the molecular
axis of triptycene. This fact implies that the triptycene derivative is not suitable for the
mechanoelectronic applications. On the other hand, the structurally robust electronic
structure of the hybrids allows them a constituent for the sensing devices. However,
note that the LU and HO states of the attached hydrocarbon molecules show the
downward shift by attaching to triptycene, because of the extent of the 7 electron

to the interconnect C, unit between them.
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Fig. 4. Electronic energy levels near the Fermi level of the nanoscale rotors consisting of triptycene
and hydrocarbon molecules R, where R represent (a) naphthalene, (b) anthracene with the
symmetric arrangement, (c) anthracene with the asymmetric arrangement, and (d) triptycene as
functions of the rotational angle §. The energies are measured from that of the vacuum level. The

crosses, triangles, squares, and circles denote LU+1, LU, HO, and HO-1 states, respectively.

4. Summary

Using DFT with GGA, we studied the energetics and electronic structure of nanoscale
rotors consisting of tryptycene and the hydrocarbon molecules naphthalene, anthracene,
and triptycene, with respect to their mutual orientation. The energy barrier for the rota-
tional motion of the attached hydrocarbon molecules is sensitive to the molecular species
attached to triptycene via the Cy chain. The calculated energy barriers for the rota-
tional motion are 63.09, 76.10, 39.09, and 192.13 meV for naphthalene, anthracene with
the asymmetric arrangement, anthracene with the symmetric arrangement, and trip-
tycene, respectively, indicating that the attached molecules oscillate around the energy
minima under room temperature. The energy barrier is ascribed to the Coulomb repul-
sive interaction between H atoms attached to triptycene and hydrocarbon molecules.
In contrast, the electronic structure of the nanoscale rotors is insensitive to the mu-
tual molecular arrangement of the attached hydrocarbon molecules. The formation of

the complexes leads to the downward shift of the electron states associated with the
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attached hydrocarbon owing to the extent of the 7 states on the Cy linker.
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