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ABSTRACT: A solid-state molecular rotator comprising [18]crown-6 was assembled into a crystalline array of (Cs*)s([18]crown-
6)3(H)2[PM01204]°, whereby two Cs*([18]crown-6) supramolecular rotators were complexed with a two-electron-reduced
a-[PMo01,040]°~ Keggin cluster. The size-compatible rotators of [18]crown-6 were directly complexed to an a-[PM012040]°~ axle
through Cs*—O interactions. The investigation of the dynamics of the system revealed that two rotation frequencies for [18]crown-
6 were observed by using temperature-dependent *H NMR studies, and these were dominated by intermolecular interactions in the

solid state.

Artificial molecular rotors have been extensively investigated
as components of nanoscale molecular machines.* For example,
the design of triptycene, catenane, and rotaxane derivatives that
undergo unidirectional molecular rotation is driven by a
photothermal isomerization process that has been successfully
achieved in solution.? Despite this progress, the assembly of
molecular motors capable of unidirectional molecular rotation
in the solid state and capable of doing work has not been
realized. The design of such systems is a significant challenge
because of the competition between packing forces and the need
to incorporate a rotator and stator that is free to rotate about a
fixed axis. Despite these limitations, there are several examples
of systems that are getting closer to these goals. In these systems,
a design principle based upon cage-type molecules, such as
molecular gyroscopes, turnstiles, and so forth, is used.>™®

In our approach to this challenging problem, we have recently
developed a supramolecular cation system, which is constructed
from the complexation of crown—ether metal ion complexes,
M™ ([18]crown-6), as counter cations of [Ni(dmit),]~ (dmit*>~
= 2-thione-1,3-dithiole-4,5-dithiolate) anions.®” The idea behind
the use of the planar w-delocalized [Ni(dmit),] building-block
is to attempt to introduce a magnetic and conducting moiety
into the solid-state molecular rotator system.® For example, the
thermally activated rotation of [18]crown-6 with a rotational
frequency of ~60 kHz at ~300 K has been comfirmed in
(Cs™)2([18]crown-6)3[Ni(dmit)2] "2, in which the rotation of
[18]crown-6 was coupled with the magnetic properties through
distortions in the [Ni(dmit),]~ sublattice at ~220 K.”® In
addition, a route to biasing the molecular rotation was achieved
by applying hydrostatic pressure to the crystals, which could
be monitored from the changes in the temperature-dependent
magnetic susceptibilities.”® Another solid-state rotator system
comprised of anilinium and adamantylammonium complexed
on[18]crown-6hasbeendevelopedinthe complex (anilinium)([18]crown-
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6)[Ni(dmit),]~ and (adamantylammonium)([18]crown-6)[Ni(d-
mit);]~ salts; here, two kinds of rotation frequencies were
observed in the solid state.”*?

Here, we report the extension of our approach by replacing
the [Ni(dmit),] unit with a Keggin-type polyoxometalate (POM)
cluster, [PMo012040], because it has potential as a redox-active
anion species and as a nanoscale space unit.>° The planar
sr-conjugated [Ni(dmit),] complex exhibits rich magnetic and
electrical conducting properties according to the oxidation states
of the complex, whereas the [PM01,040] Keggin ion has variable
redox and protonation states, making it potentially useful in
catalysis and as a switchable electronic unit for nanoscale
materials.® A strong coupling between the molecular motion
within our rotor—guest system and the magnetic properties of
[Ni(dmit),] anions is one of our targets to engineer new
physical properties, for example, phase transition and/or switch-
ing system in the solid state as a direct consequence of the
molecular motion. However, until now, it should be noted that
the intermolecular interactions between the supramolecular
rotators and [Ni(dmit),]  anions were too weak; therefore, we
are adopting here a more direct approach to utilize the Keggin
ion as a counter part.” This is because the [PMo01,040] Keggin
cluster has basic outer oxygen atoms presented in 3D, which
should be able to form stronger intermolecular interactions with
the supramolecular cations. As such, these interactions could
enhance the magnitude of the coupling between the magnetic
units and the rotating units within the crystalline array.
Furthermore, the nanoscale POM Keggin is a very useful
building block to construct 3D arrays of the supramolecular
cation system. By achieving the expansion of the 3D array
compared to the structure of the [Ni(dmit).], the resulting lattice
should be able to have enough void space to incorporate a
building block that can act as a rotator.”®

Crystals of (Cs*)3([18]crown-6)3(H™)2[PM01,040](CHzCN)
(2) were formed by a diffusion process between Csl/[18]crown-
6 and H3[PMo012040]-20H,0 in CH3CN, yielding single
crystals as black plates.** The direct reaction between
(H)3[PM012040]°~ and Csl in CH3CN vyielded a black-colored
powder (Cs*),[PMo01,040] salt, whereas the presence of
[18]crown-6 in CH3CN provided high-quality single crystals
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Figure 1. Electronic spectra of (i) salt 1 in KBr pellet (black) and (ii)
(H")3[PM01,040]®~ in DMF (red). The electron-reduced [PMo12040]°
state was confirmed by the existence of electronic absorption at NIR
and IR energy regions.

of salt 1. Importantly, the incorporation of [18]crown-6 was
effective in increasing the crystalline properties of the electron-
reduced [PMo1,040] cluster. Although the initial [PMo1,040]%
is diamagnetic with hexavalent Mo"" ions within the cluster,
the [PM01,040]>~ is easily reduced to [PMo3,040]*~ with a total
S=1/2 spin and [PM012040]°~ with two S= 1/2 spins within
the cluster. Thus, the crystallization process with an excess of
iodide causes an electron-transfer process from I~ (317 = I3~
+ 2e7) to [PM012040)*>~ and the reduction of the material,
resulting in the crystals changing color from bright-yellow to
black. Figure 1 shows the electronic spectra of salt 1 in KBr
pellet and (H™)3[PMo012040]*~ in DMF. The electronic spectrum
of [PM01,040]®~ showed a broad absorption maximum at 32.0
x 10% cm™?, whereas salt 1 indicated electronic transitions at
9.8, 13.9, and 30.3 x 10® cm™ The yellow-colored
(H)3[PM012040]°~ did not show the d—d transition (spectrum
(i) in Figure 1) because of the (4d)° electronic structure of the
MoV ions. The electronic absorption at 32.0 x 10% cm™? has
been assigned to the metal—ligand charge-transfer electronic
excitation from the doubly occupied oxo-orbitals to the unoc-
cupied d-orbitals of Mo"'.*? On the other hand, the electronic
spectra of salt 1 showed a broad absorption in the vis—NIR—IR
energy region. Because the octahedral coordination of six
oxygen atoms to Mo gives a crystal field splitting, the energy
separation of which was usually larger than 10 x 10% cm™,
the low energy electronic absorption in salt 1 at 9.8 x 10°cm™*
was assigned to the intervalence transition from MoV to
MoV'.2%22 The absorption band at 13.9 x 10° cm™* was observed
in the typical energy region of the d—d transitions of MoV ion.

The temperature-dependent molar magnetic susceptibility (T
Vs xmo) Of salt 1 showed a small ymoT value of 0.01
emu-K-mol~* (2 < T < 300 K), which is lower than expected
for the one-electron-reduced Keggin; therefore, it was concluded
that the electronic structure of [PMo01,040] in salt 1 was best
described as originating from the two-electron-reduced
[PM012040]°~, where two S = 1/2 spins are antiferromagneti-
cally coupled to each other. From the elemental analysis, X-ray
crystal structural analysis, optical spectra, and magnetic sus-
ceptibility, the stoichiometry of salt 1 was deduced to be
(Cs™M)s([18]crown-6)3(H™)2[PM012040]°>~ (CH3CN), where two
protons are required to compensate the charge of the
[PMo012040]° anion. Although the exact positions of the two
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protons in the structure are unclear, several potential sites that
could bind these protons are observed.

The examination of the structure of 1 shows that half a unit
of [PM012040] and two [18]crown-6 molecules (A and B) are
incorporated in the asymmetric unit (T = 163 K).** Two kinds
of orientational disorder present in the [18]crown-6 A were
confirmed at 163 K, where the first [18]crown-6 was rotated
30° to the second one (Figure 2a,b). An average structure of
the two orientations was observed in the crystal structural
analysis. The same type of orientational disorder has been
observed in the crystal structure of Cs*,([18]crown-6)s[Ni(d-
mit),], at temperatures above 250 K.”® To confirm the temper-
ature-dependent orientational changes in [18]crown-6 A, the
crystal structure of salt 1 was evaluated at 100 K. Although the
positional disorder associated with the [18]crown-6 B was
observed at 100 K, the two orientations merge to one [18]crown-
6 A orientation (lower-figure in Figure 2b). The molecular
rotation of [18]crown-6 A was frozen at 100 K. Although it
was difficult to determine the precise atomic positions because
of the significant disorder in [18]crown-6 B, the Cs™ ion could
be clearly located, interacting with the six oxygen atoms of
[18]crown-6 B and one nitrogen atom of CH3CN, coordinated
as an axial ligand. Four kinds of positional disorder were
confirmed in [18]crown-6 B (Figure 2c), where one of the four
disordered arrangements was introduced into the crystal. The
(Cs*)2([18]crown-6 A)2[PM012040]° is fundamental to the
structural unit in salt 1, where two (Cs*)([18]crown-6 A)
supramolecular cations are interacting with one [PM012040]°~
at the upper and lower positions of the Keggin terminal oxo
framework, as shown in Figure 2a. Because the diameter of the
[18]crown-6 molecule (~1 nm) is complementary with that of
the [PMo01,04] cluster, a cylindrical (Cs*)([18]crown-
6)2[PM01,040]°>~ with a diameter of ~1 nm and a height of
~1.6 nm was observed (Figure 2a). A typical (Cs™)([18]crown-
6 A) structure with six Cs*—O interatomic interactions with
an average distance of 3.28 A was observed, whereas four
bridging oxygen atoms at the Mo—O—Mo bonds of [PM01,04]
interacted with the Cs* ion with an average Cs*—O distance
of 3.36 A*® The sum of the ionic radius of Cs™ with a
coordination number of 10 (1.81 A) and the van der Waals
radius of oxygen (1.52 A) is similar to the average Cs™—0
distances found in salt 1. Therefore, the Cs* ion was moderately
coordinated by 10 oxygen atoms of [18]crown-6 and
[PMo012040]°~, forming a cylindrical (Cs™)([18]crown-
6)2[PM012040]°~ molecular assembly. The oxygen atoms of
[PM012040]°" interact directly with the molecular rotators of
[18]crown-6 through the Cs* cation.

Panels d and e of Figure 2 show the unit cell of salt 1 viewed
along the c-axis and the b-axis, respectively. The cylindrical
(Cs™)2([18]crown-6)2[PM012040]°~ units were arranged within
the ab-plane (Figure 2d), in which four (Cs*)([18]crown-6 A)
units were orthogonally assembled together to form the tetramer
unit. Each [PMo01,040]°~ cluster connected by the tetramers
formed a 2D layer structure, and each layer was stacked along
the c-axis. The space shown in the ac-plane in Figure 2e is
occupied by the (Cs*)([18]crown-6 B)(CH3CN) units.

The temperature-dependent *H NMR spectra of salt 1 were
measured to evaluate the dynamic properties of the [18]crown-
6 molecules in the temperature range from 120 to 340 K.*® The
thermal stability of salt 1 was evaluated by thermogravimetry
differential thermal analysis (TG-DTA) with a scanning rate of
5 K+min~* under N, flow (Figure S5). Because a gradual weight
loss was observed above 300 K, the elimination of the solvent
molecules of CH3CN occurred at room temperature. The
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Figure 2. Crystal structure of salt 1. (a) Basic (Cs™)([18]crown-6 A),[PM01,040]°~ structure; the height and diameter of the unit are 1.6 and 1.0
nm, respectively. (b) Orientation disorder structure of [18]crown-6 A at T = 163 K (upper figure) and freeze structure of [18]crown-6 A at T = 100
K (lower figure). Two kinds of orientations with a rotation angle of 30° were overlapped at 163 K, whereas one kind of orientation was confirmed
by the structural analysis at 100 K. (c) Selected orientation of [18]crown-6 B (top) and schematic representation of four positional disordered
arrangements (bottom). One of the four disordered arrangements of [18]crown-6 B and one CH3;CN were introduced into the crystalline space of
B in panel e. (d) Unit cell viewed along the c-axis. (e) Unit cell viewed along the b-axis. (Cs™*)([18]crown-6 B)(CHsCN) units were omitted in the

figure.

magnitude of the weight loss (~1%) at 340 K was slightly less
than the calculated weight loss of one CH3CN from
C3gH75sNOsgPMo01,Cs3 (~1.3%). The XRD profiles of salt 1 at
320 K were consistent with those at 300 K (Figure S6),
suggesting that the structure of the crystal lattice remains
unchanged in the absence of CH3CN solvent at 320 K. Because
the low thermal stability of salt 1 was confirmed by the TG-
DTA diagram, the *H NMR measurements were started at 120
K with freshly prepared salt 1.

The *H NMR spectra of salt 1 are clearly composed of two
kinds of signals (Figure 3a and Figure S7). The differential
spectra (red lines) were evaluated in order to extract the
information on the narrow signal assigned to [18]crown-6 B.
The full width at half-maximum (AHp) and peak-to-peak line
width (AHg) of the differential spectra correspond to [18]crown-
6 A and [18]crown-6 B, respectively (Figure 3b). Because the
protons of [18]crown-6 A (24H x 2), [18]crown-6 B (24H),
one CHsCN (3H), and two H™ of salt 1 are detected in the NMR
experiment, the spectrum is largely dominated by the two

components of [18]crown-6 A (48H) and [18]crown-6 B (24H).
The crystallographically equivalent two [18]crown-6 A mol-
ecules in the cylindrical (Cs™)2([18]crown-6 A)2[PM012040]°~
should have the same T vs AH behavior, whereas the
(CsM)([18]crown-6 B) unit can show a different T vs AH
behavior from those in [18]crown-6 A. From the X-ray crystal
structural analysis, the atomic arrangement of the [18]crown-6
B is much more disordered than that of [18]crown-6 A.
Therefore, the AHg corresponds to [18]crown-6 B.

When the temperature was lowered down to 120 K, a
broadening of AH was observed around 220 K (Figure 3b). The
AH values at temperatures below 200 K were almost constant
at ~50 kHz, and those above 300 K also reached a constant
value of ~10 kHz. The magnitudes of AH in the rotational and
frozen states for [18]crown-6 have been reported at ~60 and
~10 kHz, and the dynamic disorder without the rotation of
[18]crown-6 yielded a AH value of 20—30 kHz.3*"aP Therefore,
the thermal energy of ksT (~220 K) activates the rotation of
[18]crown-6 in salt 1 with a rotary frequency of several tens of
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Figure 3. Solid-state *H NMR spectra of salt 1. (a) Temperature-dependent spectra (upper black line) and differential spectra (lower red line) at
150, 230, and 320 K. (b) Temperature dependence of the line width of [18]crown-6 A (open circle: AH,), the line width of [18]crown-6 B (filled
circle: AHg), and AH of the reference salt of (Cs*),([18]crown-6)s[Ni(dmit),] > (dashed line).

kHz. At about 40 kHz, the change of the AHa values, which
occured when the temperature was lowered, was almost the same
asthat ofthe molecular rotation of [18]crown-6 in (Cs™)2([18]crown-
6)s[Ni(dmit),], salt (2).” The similar type of orientational
disorder of [18]crown-6 for salts 1 and 2 revealed a temperature-
dependent line width. The crossover temperatures from the
rotation state (T > 220 K) to the frozen state (T < 220 K) of
salts 1 and 2 were consistent with each other. Although the
interaction between [PMo01,040]°~ and [18]crown-6 A occurred
through the Cs*—0 interactions in salt 1, the thermally activated
molecular motion of orientationally disordered [18]crown-6
showed the same activation behavior. On the other hand, a
temperature-independent narrow line width was observed at a
AHg of ~10 kHz in the entire temperature range, suggesting
that the molecular rotation of [18]crown-6 B occurred even at
120 K.

In the ac-plane, the molecular planes of the four [18]crown-
6 molecules (tetramer) are arranged perpendicularly to each
other (Figure 2b). Although each [18]crown-6 molecule in the
tetramer can show a collective rotation of the [18]crown-6,
significant evidence of a phase transition in salt 1 was not
detected at ~200 K from the temperature-dependent DSC
measurements. Therefore, the molecular rotation of [18]crown-
6 is a thermally activated random motion. However, a slight
enhancement of the dielectric constant was observed at tem-
peratures above 200 K (Figure S8). Because the dielectric
constant is not affected by the symmetric [18]crown-6 mol-
ecules, the thermally activated molecular fluctuation of [18]crown-
6 is expected to influence the dielectric response of the crystal
indirectly.

In conclusion, the thermally activated rotator of [18]crown-
6 was complexed with the surface of a two-electron-reduced
[PM01204]°" cluster through Cs*—0 interactions. The molec-
ular rotations of [18]crown-6 were confirmed in the temperature-
dependent *H NMR spectra, which revealed two kinds of
rotational frequencies. A cylindrical molecular assembly of
(Cs™)2([18]crown-6)2[PMo12040]°~ was constructed by Cs™—0

Scheme 1. Schematic of the Molecular Structures of
Cs"([18]crown-6) and [PM0;12040]°~ in Salt 1. Red, violet,
and yellow spheres of [PM0,,04q] cluster are O, Mo, and P
atoms, respectively. The Cs*([18]crown-6) was introduced as
the counter cation of [PM 0;,04]°~, where the [18]crown-6
molecules acted as the solid-state molecular rotators.
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interatomic interactions between Cs* and [18]crown-6 and/or
[PMo12040]°~, which has the potential of increasing the coupling
magnitude between the molecular rotators and magnetic spins.
The 3D molecular structure of the a-[PMo032040] cluster was
fitted to the diameter of the [18]crown-6 molecule, forming
cylindrical rodlike supramolecules, where the molecular rotation
of [18]crown-6 in the solid state was allowed.

[PM012040]™
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