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ABSTRACT: Successful control of the orientation of the
m-electron systems in media has been achieved in certain
liquid crystals, making them applicable to devices for
optical systems because of the variation in the optical
properties with the orientation of the z-electron system.
However, because of close packing, changing the
orientation of molecules in the crystalline state is usually
difficult. A macrocage molecule with a bridged thiophene
rotor was synthesized as a molecular gyrotop having a
dipolar rotor, given that the dipole derived from the
thiophene can rotate even in the crystal. The thermally
induced change in the orientation of the dipolar rotors
(thiophene ring) inside the crystal, i.e., order—disorder
transition, and the variation in the optical properties in the
crystalline state were observed.

he chemistry and properties of molecular machines, in

which mechanical motions of parts of the molecules are
observed, have been extensively studied.'”® Macrocage
molecules with a bridged rotor have been synthesized as
molecular gyroscopes and molecular gyrotops given that the
rotor can rotate even in the crystalline state.” ® Recently, we
reported thermal modulation of the birefringence of a
molecular gyrotop crystal possessing a phenylene rotor encased
in three long alkyl-spokes as the first application of variation in
the optical properties because of the dynamics of the phenylene
rotor in a crystal.

Molecular gyroscopes or gyrotops with a dipolar rotor,
sometimes referred to as molecular compasses, have also been
reported.” Study of the orientation of rotating dipoles is of
interest in terms of the physics of nanoscale materials. Clarke,
Garcia-Garibay, et al. recently characterized the rotational
dynamics of rotor—rotor interactions within crystalline three-
dimensional arrays of dipolar molecular rotors.” Akutagawa et
al. have also reported supramolecular rotors of [Ni(dmit),]”
salts (dmit,” = 2-thioxo-1,3-dithiole-4,5-dithiolate) exhibiting
ferroelectric properties.'® Study of the orientation and dipole—
dipole interactions in arrays of dipolar molecular rotors remains
important to understanding the dielectric properties of
materials and the dynamics of the dipolar rotors. We
demonstrate the order—disorder transition of the orientation
of the dipolar rotor in a molecular gyrotop using X-ray
crystallographic analysis and solid-state NMR spectroscopy and
variation in the optical properties in the crystalline state.
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The molecular design for this experiment is as follows: a
molecular gyrotop consists of a frame cage and a rotor (Figure
1). Derivatives of our previous molecular gyrotop having a
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Figure 1. (a) Schematic representation of a molecular gyrotop, ie.,
consists of a frame cage and a rotor, and (b) structural formula of the
molecular gyrotop 1.

phenylene rotor encased in three tetradecyl-spokes were first
synthesized. In order to introduce a dipole into the rotor, a
thiophene ring with a dipole moment of 0.52 D' was applied
as a rotor. The position of the thiophene ring can be easily
determined by X-ray diffraction study because of the presence
of the sulfur atom. The tetradecyl-spokes are utilized for the
cage, given that the size of the thiophene rotor is comparable to
the phenylene rotor.

Synthesis of the molecular gyrotop having a thiophene rotor
1 was achieved as shown in Scheme 1.'* The cage compound 1
was synthesized by ring closing metathesis of 1,4-bis(tri-7-
octenyl)silylthiophene 2, which was synthesized by reaction of
dilithiothiophene with a corresponding trialkenylchlorosilane,

Scheme 1. Synthesis of Molecular Gyrotop 1
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Figure 2. (a) Temperature dependence of crystal structures of 1 determined via X-ray crystallography. (b) Photographs of the single crystals of 1
upon irradiation with polarized white light (the light passed through the crystal along the rotational axes of the molecules, i.e., through the (011) axis,
at 200 K) [Directions of two optical axes (fast and slow axes) are shown. For details, see Figure $20.] (c) Temperature-dependent solid-state *H
NMR spectra of 1-d, [solid line: observed spectra; dotted line: spectra simulated spectra. For details, see Figure S15].

with subsequent hydrogenation under hydrogen pressure of 3
atm using Pd/C as a catalyst. Preparative recycling GPC was
used to isolate the desired cages from the reaction mixture,
which also contained the structural isomer 1i and polymeric
byproducts. The ratio of formation of 1 to 1i was 10:1. The
structures of 1 and 1i were confirmed via 'H, *C, and ¥Si
NMR spectroscopy. The 'H and *C NMR spectra of 1
demonstrated that, in solution, the three alkyl-chains were
identical, indicating that the thiophene ring rotates rapidly
inside the cage.

Recrystallization of 1 from a mixture of tetrahydrofuran and
methanol afforded a single crystal; unfortunately, isomer 1i was
not crystallized. Figure 2a(i) shows the structure of 1 in the
single crystal at 200 K (CP-I)."® In the crystals, the molecules
were arranged by their rotation axes. Because the thiophene
ring has a dipole moment, the direction of the ring inside the
crystal is also important for analysis of the intermolecular
dipole—dipole interactions. The rings were oriented diametri-
cally opposite to each other to cancel out polarization of the
crystal at 200 K. Interestingly, the orientation and direction of
the thiophene ring inside the crystal were temperature-
dependent, and three crystal phases could be observed by
temperature-dependent X-ray crystallographic analysis of 1 at
200 K (CP-I), 270 K (CP-II), and 300 K (CP-III). The
direction of the thiophene ring of 1 in the CP-II crystal is
perpendicular to the structure in both CP-I and CP-III, and the
rings were oriented completely opposite one to another to
cancel out the polarization of the crystal as shown in Figure
2a(ii). In other words, the alignment of the ring was ordered,

but the direction of the entire ring was perpendicular to that of
CP-1. Figure 2a(iii) shows the crystal structure of CP-III of 1.
The overall position of the ring is similar to that of CP-I, which
is perpendicular to CP-II. The thiophene ring was observed at
two sites with occupancy factors of 0.5, respectively. These
results indicate that the rings orient randomly between the two
sites with exchange, and the average population of the sites is
1:1. Therefore, order—disorder transition of the orientation of
the dipolar rotor in the crystal was observed between CP-1/CP-
IT and CP-IIL.

In accordance with the orientational change of the dipolar
rotor in the crystal induced by varying the temperature, changes
in the optical properties of the crystal were also apparent.”'*
The birefringence (An), which is the difference between the
two refraction indices (of the slow and fast optical axes), can be
analyzed by measuring the interference colors due to
retardation upon irradiation of the crystal with polarized
white light."> A photograph of a single crystal of 1 is shown in
Figure 2b. The widest face of the crystal corresponds to the
{011}-face as determined by X-ray diffraction at 200 K. By
viewing this crystal face, molecular aggregation is observed
along the rotational axis. Figure 2b also shows photographs of
the single crystal of 1 (the {011}-face at 200 K (CP-I)) upon
irradiation with polarized white light at various temperatures.
Interference colors (blue at 200 K) due to retardation were
observed. The colors remained unchanged during the course of
the transition from CP-I to CP-II. At 285 K, the interference
color changed discontinuously from blue to yellow because of
the phase transition from CP-II to CP-III. Notably, the
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directions of the fast and slow optical axes of the crystal were
exchanged among CP-], -III, and -II as depicted in the figure.
This observation is closely related to the fact that the overall
position of the thiophene ring inside the crystal of CP-II was
perpendicular to that of CP-I-III. Therefore, this is direct
evidence that the refractive indices of the crystal depended
primarily on the orientation of the thiophene. In addition,
during the phase transitions, the external morphology of the
crystal was also slightly changed.

Figure 3 shows a plot of the temperature dependence of An,
derived from the observed retardation divided by the crystal
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Figure 3. Plot of An versus temperature for the crystal of 1 on the
crystal face ({011}-face at 200 K).

thickness (i.e, optical path length)."> The value of An is
apparently large at low temperature. With increasing temper-
ature, An decreased slightly, with a discontinuous change
because of the phase transition from CP-I to CP-II at 263 K. At
285 K, An decreased discontinuously because of the phase
transition from CP-II to CP-IIL. Thus, the birefringence (An)
of the crystal face is relatively large below 285 K because of the
ordered orientation of the thiophene in the crystal. Above 285
K, An decreased because of the disordered orientation of the
thiophene in the crystal. These structural and optical property
changes are completely reversible, at least in the temperature
range from 230 to 370 K. These results indicate that the
birefringence of the crystal was completely different for the
ordered and disordered orientations of the thiophene ring.
Dynamic motions of the thiophene rotor in the crystal were
estimated using solid-state NMR spectroscopy.'® Detailed
temperature-dependent quadrupolar echo *H NMR spectra of
1-d,, in which the thiophene moiety was labeled with two
deuterium atoms, acquired at 10 K intervals in the temperature
range of 240—350 K, are shown in Figure S15. Figure 2c shows
representative “H NMR spectra observed at each crystal phase.
For CP-I (240 K), the thiophene ring was static. In the case of
CP-Il (270 K), the thiophene ring underwent slow site
exchange among the three equilibrium sites, which are located
every 120° around an axis of rotation. The occupancy factors
for each site and the rates of flipping were estimated by
simulation of the spectral line shapes (Pake pattern).'” In the
case of CP-III (280 K), rapid three-site exchange of the
thiophene rotor was observed. Although the thiophene
positions were disordered in CP-III based on X-ray structural
analysis, inversion of the ring was not observed in *H NMR
analysis, plausibly because of the very low frequency of the
inversion. Nevertheless, these results indicate that the dynamic
modes of the thiophene were switched during phase transition

of the crystal and that the motion of the thiophene became
vigorous with increasing temperature.

The temperature dependence of the crystal phase trans-
formation can be explained by assuming that the molar Gibbs
free energies (AG), ie., chemical potentials (1), of the crystal
phases depend primarily on that of the molecule, although the
present analysis is quite qualitative. Figure 4 shows a schematic
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Figure 4. Schematic Gibbs free energy vs temperature diagram for the
multiphases of the molecular gyrotop 1.

molar Gibbs free energy (AG) versus temperature (T) diagram
for the multiphases of the molecular gyrotop 1. The y-intercept
and the slope of the graph indicate AH and —AS, respectively
(AG = AH — TAS). AH depends on the stability of the
molecule, especially the cage structure. The cage structure of
CP-I is the most stable among the phases given that the static
thiophene ring is wrapped by the folded cage, based on
theoretical calculation (Supporting Information Figure S21).
Thus, the molecular structure of CP-I has the lowest AH value
among the crystal phases. On the other hand, rotation of the
thiophene in CP-I was prohibited, indicative of the negative AS
in CP-I. The thiophene in CP-III can be oriented in several
directions during the dynamic motion, indicating the large AS
in CP-IIL The solid lines shown in the graph indicate the stable
phases, ie., those with the lowest chemical potential at each
temperature. It is thus concluded that these crystal phase
transitions were induced by switching between the static and
the dynamic modes of the rotor within the crystal.

In summary, the temperature-dependent order—disorder
transition of the orientation of a dipolar rotor was
experimentally observed in the crystal state for the molecular
gyrotop 1 having a thiophene rotor. The ordering of the
alignment of the dipolar rotor may be ascribed to
intermolecular dipole—dipole interactions. The orientation of
the dipolar rotors becomes disordered above the transition
temperature given that the thermal noise (kT) is sufficiently
large relative to the stabilization energy for alignment of the
dipoles and the rotational energy barrier. The optical
properties, such as the refractive indices, of the crystal were
primarily dependent on the orientation of the thiophene. Thus,
single crystals of these molecular gyrotops with a dipolar rotor
may be applicable to devices for optical systems, and
orientational changes of the dipolar rotor in the crystal can
easily be detected by observation using a polarized-light
microscope.
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