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Abstract: Nanoscale molecular rotors that can be driven in the solid state have been realized in Cs,([18]-
crown-6)s[Ni(dmit).]. crystals. To provide interactions between the molecular motion of the rotor and the
electronic system, [Ni(dmit),]~ ions, which bear one S = %/, spin on each molecule, were introduced into
the crystal. Rotation of the [18]crown-6 molecules within a Cs,([18]crown-6); supramolecule above 220 K
was confirmed using X-ray diffraction, NMR, and specific heat measurements. Strong correlations were
observed between the magnetic behavior of the [Ni(dmit).]~ ions and molecular rotation. Furthermore, braking
of the molecular rotation within the crystal was achieved by the application of hydrostatic pressure.

Introduction tional molecular rotors can be applied to novel energy conver-
sion systems that can extract kinetic energy via Maxwell's

demon within the second law of thermodynamics. The successful
design of artificial molecular motors as components of molecular
machines involves several important points: (i) construction in

the solid state, (ii) effective utilization of thermal noise, (iii)

Molecular motors serve as important nanoscale molecular
machines for energy conversion and in the transport of
substances in biological systeA%Biological molecular ma-
chines, such as ATPase in cell membranes, actin/myosin in
muscles, and kinesin motor on microtubes, yield significantly .~ = . .
high energy conversion efficiencies of up to nearly 10696 injection of external energy, except as chemical energy, to bias

In these biological machines, the energy needed to operate théhe rota’Flon, and (iv) coupling of the moleculgr rotatlop with
nanoscale motors is supplied chemically from a nonequilibrium electronic systems. Molecular rotors coupled with electrical and

energy gradient under thermal fluctuations within the limits of magnetl_c properties can be de\_/elo_ped Into nov_el_ energy
the second law of thermodynamiés. conversion systems based on the kinetic energy of unidirectional

With energy conversion efficiencies comparable to those of molecular rotation in the solid state to electromagnetic energies.
highly efficient biological motors, artificial molecular motors Several attemptsl';o synthesize nanoscale molecular motors
can be utilized for nanoscale electronic devices such as quantun’ave been reportéd*? Unidirectional rotary motion in solution

electronic pumps and quantum ratchietsAdiabatic unidirec- was successfully realized using photochemical/thermal isomer-
T Research Institute for Electronic Science, Hokkaido University. (7) Linke, H.; Humphrey, T. E.; lfgren, A.; Sushkov, A. O.; Newbury, R.;
* Graduate School of Environmental Earth Science, Hokkaido University. ® Ia%yhl/loc[ieEiJIZ}; SJGTC'Z\S% Eg?\;l%g%%ggalzg?] i2\3/14Venturi VL. Dredi. A
1CREST, JST. oIt ! AN v Ve A L, UIEHE, A
0 Graduate School of Science, Hokkaido University. Edséawl\l,si){é\;_cv%st\',l?ﬁr']ng;nf Oggc.)gbmlecular SwitchesFeringa, B.
'§'Inst|tute for Molecular Science. ) (9) Molecular Machines Special Issugcc. Chem. Re001, 34, 412.
% Research Center for Molecular Thermodynamics, Graduate School of (10) (a) Koumura, N.; Zijlstra, R. W. J.; Delden, R. A.; Harada, N.; Feringa, B.
Science, Osaka University. L. Nature1999 401, 152. (b) Koumura, N.; Geertsema, E. M.; Meetsma,
(1) Stryer, L.Biochemistry Freeman: New York, 1995. A.; Feringa, B. L.J. Am. Chem. So@00Q 122, 12005.
(2) Molecular Machines and MotorsSauvage, J.-P., Ed.; Springer: Berlin, (11) (a) Dominguez, Z.; Dang, H.; Strouse, M. J.; Garcia-Garibay, MJ.A.
2001. Am. Chem. SoQ002 124, 7719. (b) Dominguez, Z.; Dang, H.; Strouse,
(3) Kitamura, K.; Tokunaga, M.; lwane, A.; Yanagida, Nature 1999 397, M. J.; Garcia-Garibay, M. AJ. Am. Chem. So002 124, 2398. (c)
129. Godinez, C. E.; Zepeda, G.; Garcia-Garibay, M. A.Am. Chem. Soc
(4) Funatsu, T.; Harada, Y.; Tokunaga, M.; Saito, K.; YanagidaNature 2002 124, 4701. (d) Dominguez, Z.; Khuong, T. V.; Dang, H.; Sanrame,
1995 374, 555. C. N.; Nurez, J. E.; Garcia-Garibay, M. Al. Am. Chem. So@003 125
(5) Astumian, R. D.Sciencel997, 276, 917. 8827. (e) Godinez, C. E.; Zepeda, G.; Mortko, C. J.; Dang, H.; Garcia-
(6) Switkes, M.; Marcus, C. M.; Campman, K.; Gossard, ASCiencel 999 Garibay, M. A.J. Org. Chem2004 69, 1652.
283 1905. (12) Leigh, D. A.; Wong, J. Y.; Dehez, F.; Zerbetto,Nrature2003 424, 174.
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Table 1. Selected Temperature-Dependent Crystal Parameters of Salt 1
temperature, K

100 145 180 210 180 260 300
a A 10.7634(9) 10.7902(7) 10.810(2) 10.804(1) 10.810(2) 10.774(3) 10.787(3)
b, A 12.8715(9) 12.9099(7) 12.929(3) 12.906(2) 12.929(3) 12.977(5) 13.061(4)
c, A 13.466(1) 13.4876(8) 13.526(3) 13.573(2) 13.526(3) 13.751(3) 13.808(3)
o, deg 84.967(4) 84.719(3) 84.430(6) 84.226(4) 84.430(6) 84.03(1) 83.94(1)
p, deg 87.007(4) 86.876(3) 86.974(6) 87.300(4) 86.974(6) 88.06(1) 88.09(1)
y, deg 80.751(3) 80.733(3) 80.520(9) 80.552(3) 80.520(9) 80.62(1) 80.613(9)
Vv, A3 1832.9(2) 1844.9(2) 1854.5(6) 1856.5(4) 1854.5(6) 1886.3(9) 1908.4(8)
Dealo g CNT3 1.777 1.765 1.831 1.754 1.831 1.727 1.832
u, cmt 21.23 21.10 21.05 20.96 21.05 20.63 20.47
no. of reflns measd 8140 8182 7906 7907 7906 7890 8008
no. of indep reflns used 7177 7077 6128 5576 6128 5288 4812
o(l) 3 3 3 3 3 2.6 2.80
R2 0.021 0.021 0.039 0.070 0.039 0.052 0.050
Ry2 0.026 0.031 0.071 0.077 0.071 0.079 0.048
GOF 1.25 1.18 0.89 0.11 0.89 0.39 0.43

AR = 3 ||Fol — IFdll/3|Fol andRy = [Y(w(Fo? — FAA)/ X w(Fe?) 2

Scheme 1. Molecular Rotor of Cs;,([18]crown-6); and Magnetic
System of [Ni(dmit)z], Which Bear One S = 1/, Per Molecule,
Coupled within the Crystal
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Magnetic [Ni(dmit),]

ization and chemical enerd{:12 The first step in obtaining
molecular rotors in the solid state is to introduce loosely packed

rotary structures that are connected through weak intermolecular
forces, and accordingly, the supramolecular approach should

be useful for this purpose. When the thermal energig¥)(
supplied to the molecular rotors are much greater than that which
overcomes the potential barriers of molecular rotation, random
rotations with large amplitudes occur, even in the solid state.
Biasing mechanisms of the random rotation, as well as asym-
metric potential field of the rotational coordinates, cause the
unidirectional rotation of the molecular rotors. In these cases,
the energy required for biasing the random rotation can be
introduced as external stimuli, including physical stimuli such

as temperature, pressure, or electromagnetic force, which are

preferable to chemical energy within the crystal. These external
stimuli can act to perturb the asymmetric potential field, resulting
in the unidirectional rotation of thermally fluctuating molecular
rotors.

Various types of supramolecular cation structures, based on
inorganic cations and crown ethers, have been introduced into
[Ni(dmit),]-based (dm#~ = 2-thioxo-1,3-dithiole-4,5-dithiolate)
molecular conductors and magnétsl® One such example
involved the molecular conductors (Db .¢([15]crown-5)[Ni-

(13) Nakamura, T.; Akutagawa, T.; Honda, K.; Underhill, A. E.; Coomber, A.
T.; Friend, R. H.Nature 1998 394, 159.

(14) (a) Akutagawa, T.; Nakamura, T.; Inabe, T.; Underhill, A.JEMater.
Chem 1996 7, 135. (b) Akutagawa, T.; Nezu, Y.; Hasegawa, T.; Nakamura,
T.; Sugiura, K.; Sakata, Y.; Inabe, T.; Underhill, A. Ehem. Commun
1998 2599. (c) Akutagawa, T.; Hasegawa, T.; Nakamura, T.; Takeda, S.;
Inabe, T.; Sugiura, K.; Sakata, Y.; Underhill, A. Fiorg. Chem 200Q
39, 2645. (d) Akutagawa, T.; Hasegawa, T.; Nakamura, T.; Takeda, S.;
Inabe, T.; Sugiura, K.; Sakata, Y.; Underhill, A. Ehem. Eur. J2001, 7,
4902.

(15) Akutagawa, T.; Hasegawa, T.; Nakamura, T.; Inabd, Am. Chem. Soc
2002 124, 8903.
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Figure 1. Crystal structure of G§[18]crown-6)}[Ni(dmit),], (T = 100 K).
(a) Unit cell viewed along thb-axis. [Ni(dmit)] ~ anions formedr-dimers,
and Cg([18]crown-6) stacked along thé-axis. (b) z-Dimer chain of
[Ni(dmit),]~ anions and C#[18]crown-6} stacking along thé-axis.

(dmit);]2(H20) and (LiY)o.g([18]crown-6)[Ni(dmity]2, which
feature the translational motion of lithium ions within the ionic
channel structure of a regular stack of crown ethers, influencing
the electrical properties of the [Ni(dmi}) conducting col-
umnst415

Our studies involved the introduction of a cylindrical su-
pramolecular cation, Gf18]crown-6}, into a magnetic
[Ni(dmit),]~ crystal (Scheme 1). Within the crystal, [18]crown-
6 showed a molecular rotation, strongly coupled with the
magnetic exchange interaction of the [Ni(dmit) 7-dimer

(16) Nishihara, S.; Akutagawa, T.; Hasegawa, T.; Nakamur&h&m. Commun
2002 408.
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Figure 2. Temperature-induced molecular rotation ob({E3]crown-6} unit in the crystal. (a) Temperature dependence of the crystal structure, showing
that [18]crown-6 has two orientations éndIl ) above 240 K. (b) Temperature dependence of the averag©istance (left scale) and occupancy factor
of [18]crown-6 of orientatiorll (right scale).

structure, and powerfully influenced the magnetic properties refinements were performed using the full-matrix least-squares method
arising from thes-spins & = %,) localized on [Ni(dmit)]~ onF2. Calculations were performed using the Crystal Structure software
anions. Braking of these molecular rotors for the perturbation Package® Parameters were refined using anisotropic temperature
of the potential energy of rotational coordinates can be achieved'actors, except for hydrogen atoms.

by applying pressure as the external stimulus. Magnetic Susceptibility. The magnetic susceptibility was measured
using a Quantum Design model MPMS-5 SQUID magnetometer for
Experimental Section polycrystalline samples. The applied magnetic fieldswlaT for all

measurements. Hydrostatic pressure was applied by using-diBe
clamp cell and pressure media (FOMBLINR oil, Ausimont div.,

recrystallized from CHCN (distilled prior to use). The crystals were YH-VAC140/13). The pressure was corrected by using the transition

grown using the standard diffusion methods in a via§Q mL). The temperatur.e of Pb from the metallic to a supercorﬂuctmg &tate.
green-colored solution of¢BusN)[Ni(dmit)] (20 mg in ~20 mL of Calculation of Transfer Integrals. The transfer integralg)(were
CHCN) was poured into a 4N solution 20 mL) of Csl (50 mg) calculated within the tight-binding approximation using the extended
and [18]crown-6 (1 g). Since the density of the former solution was Huckel molecular orbital method. The LUMO of the [Ni(dmit)
lower than that of the latter one, slow diffusion between the upper and Molecule was used as the basis functibBemiempirical parameters
lower liquid layers occurred. After 1 week, single crystals with a typical for Slater-type atomic orbltals_were obtained from the literatiihe
dimension of 0.5x 0.5 x 0.4 mn? were obtained as black blocks. ! value_s between each pair of mplecules were assumed to be
The stoichiometry of the crystals was determined by X-ray structural propo.rtlonal to the overlap |r.1tegraﬂ§)(V|§1 the_ equationt = —10SeV.
analysis and elemental analysis. Anal. Calcd faHasOoS;NiCs: C, Solid-State NMR. The solid-state wide-linéH NMR spectrum of
29.39; H, 3.70; N, 0.00. Found: C, 29.30; H, 3.61; N, 0.00. the sample under static conditions was measured by solid echo pulse

Crystal Structure Determination. Crystallographic data (Table 1)
were collected by a Rigaku Raxis-Rapid diffractometer using Mo K  (18) g_rysLaI (S:tructure: Singl?\;lcrlystall stéucture aréalysis s‘oftvvezl{)(?)rz.1 3.6;

— iati i igaku Corporation an olecular Structure Corporation, .
(A = 0.71073 A) radiation from a graphite monochromator. Structure (19) Hosokoshi, Y. Mito, M.: Tamura, M. Takeda, K.. Inoue, K.. Kinoshita,

M. Rev. High-Pressure Sci. Techndl988 7, 620.

(17) Steimecke, G.; Sieler, H. J.; Krimse, R.; HoyerPBosphorus Sulfut979 (20) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi,
7,49, H. Bull. Chem. Soc. Jprl984 57, 627.

Preparation of [Ni(dmit),] Salts. The precursor monovalent
(n-BugN)[Ni(dmit),] salt was prepared according to literatif€sl was

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4399
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Figure 3. Solid-state NMR and specific heat. (a) Temperature dependence of the line width'ef MR (red) spectra and the chemical shifts of Cs in

the 133Cs NMR (blue) of a polycrystalline sample of saltThe chemical shifts represent the maximum position of the spectrum and are not the isotropic
shifts. The shifts of the Cs signal were determined gisidt M CsCl agueous solution as an external reference. (b) Temperature dependence of the specific
heat Cp). The background is represented as a red line.

sequencer/2,—t—n/2, (the /2 pulse width and were 1.0 and 1@s, L L= 20x107
respectively), using a Bruker DSX 300 spectrometer at an operating 3E 3
frequency of 300 MHz for protons. The solid-state wide-fiff€s NMR _ 2.0x10 3 B
spectrum of the sample under static conditions was measured using z C 416 o
single pulse of 2.Qus width at a resonance frequency of 39.4 MHz. E L5 3 a o
The line shape of the spectrum showed a characteristic feature of £ 10 3 s e
chemical shift anisotropy. The magic angle spinning NMR spectrum = E ]
was also measured at room temperature. The full-width at half- 2 05 2 ]
maximum was 50 Hz at the spinning speed of 7 kHz. Fine structure of C =
second-order quadrupole coupling was not detected. 0.0 - ]
Heat Capacity. Heat capacity measurement on saltas performed e —
by a heat-pulse method using a laboratory-made adiabatic calorimeter. 0 100 200 300
Polycrystalline salt (ca. 1 g) was sealed in a gold-plated copper sample TIK
vessel (ca. 3 cﬁnn volume) with atmospheric helium gas as the heat Figure 4. Temperature-dependent magnetic susceptibijity) per one
exchange medium. [Ni(dmit)o]~ molecule (left scale) and the intradimer magnetic exchange

energy {) estimated from the intradimer transfer integra) (right scale)
of salt1l. The fit using the ST model calculated from thgnw,—T behavior

o E below 200 K is indicated as a blue curve. Temperature-depeddethties
As shown in Figure 1, the crystal structure of shieatures were applied to fit the;mo—T behavior above 150 K (brown curve, see

a supramolecular cation of gfL8]crown-6} that possess a ey,
club-sandwich structure with a diameter of 1.2 nm and a height
of 1.3 nm. The cation stack generated a pseudo-channel structuréemperatures. Below 200 K, the line width was nearly constant
along theb-axis. The [Ni(dmit}]~ anions (bearing on8= 1/, at ~60 kHz. On the basis of the change in the line width at
spin for each [Ni(dmit]~ ion) formed an-dimer structure, ~220 K, the rotary speed of [18]crown-6 was estimated as
which was surrounded by four supramolecular cations. The several tenths of a kilohertz. The temperature-dependent spectral
m-plane of the [Ni(dmit)]~ dimer was in contact with the  changes followed the thermally activated behavior of the rotation
cylindrical Cs([18]crown-6) unit. of [18]crown-6 in the solid phase, which is consistent with the
Temperature-dependent X-ray structural analyses oflsalt results of X-ray structural analysis. A sudden change in the
revealed the rotational motion of the [18]crown-6 within the chemical shifts in thé33Cs NMR spectra was also evident at
crystal (Figure 2a). Only the fixed orientatidnwas observed ~220 K. The chemical shifts of Cs ions are influenced by the
for [18]crown-6 at 100 K, whereas a disordered structure was motion of [18]crown-6 through interactions between the Cs ions
observed at 300 K in which two [18]crown-6 molecules overlap and the oxygen atoms. As shown by X-ray diffraction (Figure
(orientationsl andll) at a 30 rotational angle to each other.  2b), the longer distances of the €8 (3.41 A) above 220 K
Because one of the [18]crown-6 orientations (orientalignvas than that (3.28 A) below 220 K, associated with the molecular
detected above 240 K, the disorder of [18]crown-6 observed rotation, corresponded to the decreased interactions between the
using X-ray analysis was attributed to the thermally induced Cs ions and the oxygen atoms of [18]crown-6, causing an upfield
rotation of the cation structures. In fact, the occupancy factor shift of the NMR signals.
of orientationll showed a thermally activated behavior; the To evaluate molecular rotation thermodynamically, the
occupancy factor at 240 K was 0.27, which increased to 0.50 specific heatC,) of the crystals was measured. The temperature
(saturation) at 300 K (Figure 2b). dependence of the specific he&l,) is shown in Figure 3b
The solid-state wide-lineH NMR spectra of saltl clearly (background is indicated as a red lir@&,). The maximum of
indicated the rotation of [18]crown-6 in the crystal (Figure 3a). Cex (C; — Cp) was observed at-220 K, which is in good
The line width was dependent on the temperature, indicating agreement with the results of the NMR and X-ray measurements.
motional narrowing above 250 K10 kHz). Furthermore, at  The entropy of the transition calculated fradbg, was 52 J K1
~220 K, the line widths abruptly increased with decreasing mol~%, which is equal to RIn 23 (whereR is the gas constant),

Results and Discussion

4400 J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005
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Figure 5. Temperature-dependent crystal parameters. (a) Temperature-dependent crystal Villatte¢ constant, and dihedral angle between tw8C
planes ¢). (b) Schematic lattice modulation from 100 to 300 K (upper figure) and [Ni(dinity-dimer configuration (lower figure). Temperature-dependent
intradimer structural parametemdytne ¢, anddi—ds). dpaneand anglep are the interplanar distance between two [Ni(dghitimean planes and the dihedral
angle between two £5s planes within the [Ni(dmig] ~ molecule, respectively. Theh—ds are intermolecular NiNi and S-S distances within the [Ni(dmif)~
dimer. (c) Temperature-dependent intradimer structural paramdggrs ¢, andd;—ds). dpianeand anglep are the interplanar distance between two [Ni(dgfit)
mean planes and the dihedral angle between ty& planes within the [Ni(dmit]~ molecule, respectively. Théy—ds are intermolecular NiNi and S-S
distances within the [Ni(dmit)~ dimer.

showing thatCey originates from the independent orientations susceptibility per one [Ni(dmit)~ molecule {mq) is shown in
of three [18]crown-6 molecules of the £J4.8]crown-6} cation, Figure 4. The magnetic exchange enerdywithin the z-dimer
each having two positions (as observed in the X-ray analysis). is also indicated. The magnetic exchange energy is proportional
Because the temperature-depend€qf exhibited a broad to the square of the transfer integril], = 4t 2/Ues, whereUeg
maximum, the stopping of the molecular rotation is not a first- is the effective on-site Coulomb repulsive energy in the s8lid.
order phase transition. The rotations of [18]crown-6 are not The intradimer interactiont{ = 110 meV at 100 K) based on
independent within the crystal, but are somewhat synergetic; the extended Htkel molecular orbital calculation was signifi-
the rotations, however, are not correlated over the entire crystal.cantly stronger than other interdimer interaction®(1 meV).
Above 200 K, [18]crown-6 exhibited thermally activated The w-dimer is magnetically isolated within the crystal. Ac-
molecular motion, which largely influences the magnetic prop- cordingly, the magnetic property is dominated by that of the
erties of the crystal. The temperature-dependent molar magnetidNi(dmit);]~ w-dimer with the singlet spin ground state.

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4401



ARTICLES Akutagawa et al.

deviations from linearity were observed in thxaxis and3-angle

10107 | 8 i - at ~220 K, which is consistent with the temperature at which
- 08 F O i - [18]crown-6 starts to rotate. Moreover, the dihedral angle
g I d’ L" between two S5 planes ¢) exhibited an abrupt change-a220
E 0.6F K. Lattice modulation induced by the rotation of [18]crown-6
3 C 07 affected the [Ni(dmit)] ~ conformation (from planar to slightly
E 04 3 E twisted) and increased thginteraction and intradimer magnetic
B 02k 3 exchange energy.
- y Because molecular rotation has been confirmed within the
0.0 b PR R - crystal, the next step is to realize unidirectional rotation in the
0 100 200 300 solid state. At least two conditions are essential for the
TIK unidirectional rotation: introduction of an asymmetric potential
Figure 6. Temperature- a_lnd pressure'-dep(_e'ndent _rpagnetip susceptibility L()r;I’kC;:laIIO?,tﬁnd pte I’tt.urbal.)tlon Oflth.e pc:e(;mal te?_ergy. MeChqmcal
of Cs([18]crown-63[Ni(dmit)2]2. ¥mai at (i) O, (ii) 0.6, (iii) 1.1, (iv) 2 kbar, g or the rotation by applying hydrostatic pressure Is an
and (v) 4 kbar. The solid lines correspond to curve fitting of théf'$nodel, example of an external stimulus for such a perturbation. We
in which C andJ are a constant and a fitting parameter, respectively. examined the temperature dependencex,ﬁm—T behaviors
under hydrostatic pressure (Figure 6). By applying pressure,
Over the temperature range from 4 to 160 K, the—T deviation from the ST model was gradually suppressed, and
behavior of saltl was fitted using the singletriplet (S—T) the ymo—T behavior was almost identical with that of the B
thermal excitation model with a fixed Curie constant of 0.396 yodel at 4 kbar. At this pressure, molecular rotation can be
emuK mol™, obtained using EPR measuremergs<(2.051, stopped over the entire range of measured temperatimesher

AH =102.3 mT), and variabld = —218 K. As expected from  yords, the molecular rotation in the crystal can be externally
the dimeric structure of [Ni(dmif)~, the ymo—T behavior at  piased by applying pressure. Although the pressure required to
lower temperatures showed good agreement with thd S stop molecular rotation completely at room temperature is

model. Above 160 K, however, significant deviations from the ' re|atively high, perturbation of the potential can be achieved at
S—T model were observed, with a broad maximunygf at much lower pressures.

~200 K. . ) Summary

The temperature corresponding to the maximumg was A lecul tor struct f qlS 6
comparable to that at which the [18]crown-6 molecules start to . ; juprg\mo ecu artro ort.s rgcture 0 @Ht.]cr'il).vvn-.)glwal\s
rotate. Typically,J values are nearly temperature-independent introduced as a countercation into a magnetic [Ni(dfitsingle

due to the consumption of the uniform thermal contraction of crystal, in which molecular rotation and magnetic behavior are
a crystal lattice betweetrandUes, both of which increase with strongly coupled. Temperature-dependent X-ray structural analy-

decreasing temperature. However, as shown in Figure 4, ases,lH a_nd "#Cs NMR, and specific heat studies ponfirmed
minimum was observed fat at ~180 K (t, = 90 meV). The the rotation of [18]crown-6 above 220 K. The [Ni(dm]t)

temperature-dependehtalues were incorporated into the-$ anions formed. strong-qimers, possessing a magneti(? gr.o.und
model. The results of the fit were almost identical to that of the Ztat_e t\_N'th ? Sm%'qet ;_F:_'n' Aat lhlgher tebmpera(;[ureﬁ_, ?gnlﬂc[;ant
ymo—T behavior above 160 K (brown line), indicating that ¢€V!ations from the ST model wereé observed, which can be

deviations from the simple-ST model are attributable to the (Fazxpt)le:!ned ;’;1518change56|n the |3trz;11d|mer traTrs]fertlntegttr?lsf(th
changes in intradimer interactions between the [Ni(dinit) otation of [18]crown-6 caused changes in the strength of the

anions. On the basis of the temperature dependences of th intradimer magnetic interactions through intermolecular forces
intradimer transfer integralsH NMR spectra,133Cs NMR etween the supram_olecular cation and the [Ni(dimitanion.
spectra, specific heat, and magnetic susceptibility, it can be The molecular rotation was controlled externally by the ap-

concluded that molecular rotation and magnetic properties arepIication of pressure. The unidirectional molecular rotation in
strongly coupled within the crystal the solid state, coupled with the electronic system, has a potential

Because the [Ni(dmis]~ z-dimer was sandwiched between to convert kinetic energy to electromagnetic energy with high

layers of molecular rotors (Figure 1a), the [Ni(drglit) con- efficiency. _
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