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ABSTRACT: Lipophilic paddlewheel biruthenium complexes
[Ru2(μ-O2CR)3X]n (O2CR = 3,4,5-tridodecyloxybenzoate, X =
Cl, I) self-assemble in organic media to form halogen-bridged
coordination polymers. The polymerization is accompanied by
spectral changes in π(RuO,Ru2) → π*(Ru2) and π(axial
ligand) → π*(Ru2) absorption bands. These polymeric
complexes form lyotropic liquid crystals in n-decane at
concentrations above ∼100 unit mM. The bridging halogen
axial ligands (X = Cl or I) exert significant influences on their
electronic structures and self-assembling characteristics: the
chloride-bridged polymers give hexagonally aligned ordered columnar structure (columnar hexagonal phase, Colh), whereas the
iodide-bridged polymers form less ordered columnar nematic (Coln) phase, as revealed by small-angle X-ray diffraction
measurements. Chloro-bridged coordination polymers dispersed in n-decane are thermally intact even at the elevated
temperature of 70 °C. In contrast, iodo-bridged polymers show reversible dissociation and reassembly phenomena depending on
temperature. These halogen-bridged coordination polymers show unidirectional alignment upon applying alternating current
(ac) electric field as investigated by crossed polarizing optical microscopy and scanning electron microscopy. The unidirectionally
oriented columns of chloro-bridged polymers are accumulated upon repetitive application of the ac voltage, whereas iodo-bridged
coordination polymers show faster and reversible alignment changes in response to turning on-and-off the electric field. The
controlled self-assembly of electronically conjugated linear complexes provide a potential platform to design electric field-
responsive nanomaterials.

■ INTRODUCTION
Formation of electronically conjugated molecular wires via self-
assembly of component molecules and their controlled
alignment in between electrodes are among priority challenges
in nanochemistry.1 A feasible solution to simultaneously pursue
these issues would be to develop electronically conjugated
coordination polymers based on the self-assembly of metal ions
and bridging ligands, and further to control their orientation in
response to the applied electronic field. Pseudo-one-dimen-
sional (1D) metal complexes are promising candidates as such
self-assembling nanowires, because they show wide variety of
electronic structures which are controllable depending on the
constituent metal ions and bridging ligands.2−5 However, they
usually exist as basic structural motifs of crystalline solid, and
accordingly their characterization have been the subject of
research in solid-state chemistry. The ability to disperse these
1D complexes in solution and to control their electronic
structures, macroscopic orientation between electrodes are
essential to develop future neuromorphic devices, which

spontaneously self-assemble into nanocircuits. We have devised
a supramolecular methodology to convert crystalline quasi-1D
halogen-bridged mixed valence complexes [Pt(en)2][Pt-
(en)2X2]

4+ (en; ethylenediamine, X; Cl, Br, I) to soluble
nanowires, by introducing oppositely charged synthetic lipids as
lipophilic counterions.6 This lipid-covering methodology has
been successfully applied to a variety of 1D metal complexes.7

An alternative approach to convert 1D coordination complexes
soluble in organic media is to covalently attach lipophilic alkyl
chains to the bridging ligands, as demonstrated for transition
metal 1,2,4-triazole complexes.8 These lipophilic coordination
nanowires show unique features such as formation of 1D
electronic structures in response to self-assembly,6,7a supra-
molecular band gap engineering,6f,g solvatochromism,6h,j heat-
set gelation of organic solvents,8a photoresponsive properties,8b

solvophobically controlled spin conversion,7a and formation of
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stereohoneycomb nanoarchitectures under far-from-equili-
brium conditions.6g Thus, the conversion of solid-state
pseudo-1D metal complexes to lipophilic supramolecular
polymers opened a new dimension in coordination nano-
chemistry.
To control macroscopic orientation of nanowires, the use of

shear stress9 and electrostatic absorption onto oppositely
charged surface patterns10 have been demonstrated. These
approaches, however, are less satisfactory in precisely
controlling their anisotropic alignments. In addition, the
electrostatic adsorption technique requires preparation of
charged surface patterns, and consequently, it is only applicable
to charged nanowires. Although nanofabrication techniques like
dip-pen lithography possess exquisite atomic manipulation
abilities,11 most scanning probes are slow and have limitations
in high-throughput fabrication. On the other hand, electric
fields have been used to align anisotropic nanomaterials such as
carbon nanotubes (CNTs),12−14 inorganic nanowires,15−18

biopolymers,19,20 and organic supramolecular fibers dispersed
in solution.21−23 Dielectrophoretic (DEP) force is generated
under nonuniform ac electric fields, which allowed assembly of
dielectric particles.12−16,18,19,22 Thus, electric field offers a
simple and practical way to align nanowires in between
opposing electrodes. However in spite of these advantages, to
the best of our knowledge, electric field has not been applied to
control macroscopic orientation of metal complexes in solution
or in liquid crystalline mesophases.24

In this study, we report self-assembly and electric-field
assisted unidirectional orientation of halogen-bridged, mixed-
valence diruthenium complexes Ru2(μ-O2CR)4X (RCOO =
3,4,5-tridodecyloxybenzoate, X = Cl, I) in organic media. The
diruthenium complex Ru2(μ-O2CR)4X belongs to a family of
MMX-chain complexes which show a rich variety of electronic
structures1,2 and magnetic characteristics.3,4 Because of the
strong electronic interaction in diruthenium units, they
generally reveal averaged valence electronic structure
(−Ru2.5+−Ru2.5+−X−)n with a quadruplet ground state (S =
3/2), where three unpaired electrons adopt a high spin
(δ*)1(π*)2 electron configuration.25 Although these unique
structural and electronic features are promising for developing
nanowire devises, they are parts of bulk crystals and dissolution
of RuRuX complexes in polar solvents resulted in the
dissociation of coordination chains into [Ru−Ru(solvent)2]+
and X− species.26 Meanwhile, Zamora et al. recently reported
atomic force microscopy (AFM) observation of Ru2(μ-
O2CC2H5)4X complexes which are spread on solid substrates
by casting aqueous micelle solutions (X = Br)27a or
ultrasonicated ethanol solutions (X = I).27b The propionate
equatorial ligands employed in these studies are discernibly
short in order to gain sufficient van der Waals interactions and
solubility in organic media, which are required to disperse them
as coordination polymers. Consequently, these systems suffer
from the undesirable use of surfactants and highly coordinating
solvent such as ethanol. Moreover, coordination polymers cast
on solid supports from these solutions show no orientational
order. Although Rusjan et al. reported mesophase behavior of
chloro-bridged diruthenium(II,III) 3,4,5-tetradecyloxyben-
zoates in n-dodecane,28 control on their electronic structures,
self-assembly and macroscopic orientation have not been
achieved. Here we show axial halogen ligands X (=Cl, I) in
Ru2(μ-O2CR)4X show crucial influences on the self-assembly of
diruthenium complexes, electronic structures of resultant
coordination chains and on their dielectrophoretic alignment

characteristics in organic media. These observations provide
valuable guidelines in designing electric-field-responsive coor-
dination nanowires.

■ RESULTS AND DISCUSSION
Self-Assembly in Solution. Halogen bridged, lipophilic

diruthenium complexes 1(X = Cl), 2(X = I) having four 3,4,5-
tridodecyloxybenzoate ligands per Ru−Ru-X unit were newly
synthesized (Chart 1). These complexes are soluble in

nonpolar solvents such as n-decane, cyclohexane and toluene.
The two axial halogen ligands (X = Cl, I) were introduced with
an aim to control their hierarchical self-assembly into
coordination wires and further to lyotropic liquid crystals in
organic media, their electronic structures and dielectrophoretic
properties. When 1(X = Cl) and 2(X = I) were dispersed in n-
decane at concentrations above 100 mM, birefringent liquid
crystals were obtained. In small-angle X-ray (SAXS) diffraction
data obtained for 1(X = Cl) in n-decane (Figure S1(a) in the
Supporting Information), a series of sharp scattering peaks are
observed at 2θ = 0.30, 0.51, 0.59, and 0.78°, with a d-spacing
ratio of 1:31/2:41/2:71/2. The small-angle diffractions are related
to the intercolumnar distances, and the observed higher order
diffraction peaks are indexed as (100), (110), (200), and (210)
diffractions. It clearly demonstrates the presence of highly
ordered hexagonal columnar arrangement (Colh) with long-
ranged structural order. The distance between centers of each
cylinder is determined as 3.46 nm, which is smaller than the
width of molecular wire 1 (width ∼4.75 nm, Supporting
Information, Figure S1(c, d)). It suggests interdigitation of side
alkylchains between hexagonally aligned coordination poly-
mers, which enhances intercolumnar interactions.28 The
interdigitation between peripheral alkyl chains require the
presence of void spaces around Ru−Ru−Cl coordination
chains, which would be facilitated when main chains assume
zigzag conformation.29 On the other hand, 2(X = I) dispersed
in n-decane (100 mM) exhibited a distinct broad XRD peak
which correspond to an intercolumnar distance of 5.2 nm
(Supporting Information, Figure S1(b)). This distance is larger
than the width of molecular wire of 2. It apparently indicates
that peripheral alkyl chains of coordination polymer 2(X = I)
are not interdigitated but are swelled by absorption of n-decane
molecules. It resulted in the decreased lateral positional order
as indicted by the broadness of the XRD reflection peak, which
is characteristic of columnar nematic phase (Coln). The LC
phases observed for 1(X = Cl) and 2(X = I) in n-decane were
obtained above the concentration of ∼100 mM, whereas

Chart 1. Unit Molecular Structure of Halogen-Bridged
Coordination Polymers 1(X = Cl) and 2(X = I)
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isotropic dispersions were obtained below this concentration as
indicated by disappearance of the birefringence and SAXS
peaks.
Figure 1a shows the visible spectra of 1(X = Cl) observed for

n-decane solutions at different concentrations of 0.01 mM, 0.1

mM and 1 mM (temperature, 25 °C). An intense absorption
peak is observed around at 450−500 nm, which is ascribed to
the π(RuO, Ru2) → π*(Ru2) transition polarized along the
coordination chain.25 At 0.01 mM, the π(RuO, Ru2) →
π*(Ru2) absorption showed a maximum at 452 nm. This
absorption maximum is identical with that observed for toluene
solution (concentration, 0.5 mM to 3 mM), in which 1(X = Cl)
is dispersed as a unit paddlewheel complex as confirmed by
vapor pressure osmometry. The peak around at 452 nm is also
reported for a monomeric long-chained [Ru2(O2CR)4Cl]
complexes (i.e., R = −C11H23) in CH2Cl2 which is coordinated
with one chloride ion in the axial position.30 Therefore, the
observed π(RuO, Ru2) → π*(Ru2) absorption peak at 452 nm
in 0.01 mM n-decane is reasonably assignable to monomeric
unit diruthenium complex of 1(X = Cl). On the other hand,
upon increasing the concentration to 1 mM, the peak shifted to
482 nm. This peak is identical to those observed for cast films
and matches with the reported absorption maxima for pseudo
one-dimensional complexes in the solid state.26 These
observations clearly indicate that the observed red shift in
π(RuO, Ru2)→π*(Ru2) absorption reflects polymerization of
unit complex 1(X = Cl) in n-decane at higher concentrations.
In Figure 1b, absorption spectra of 2(X = I) in n-decane at

varied concentrations are shown. At low concentration of 0.01
mM, the π(RuO, Ru2) → π*(Ru2) absorption band is observed
at 650 nm. Upon increasing the concentration to 0.1 mM, the
peak shifted to 633 nm with enhancement in peak intensity at
422 nm. The 422 nm-peak is attributed to π(axial ligand) →
π*(Ru2) absorption26 and the observed peak wavelengths are

similar to those reported for a molecularly dispersed unit
paddlewheel complexes with one axial position occupied by an
iodide ion. Interestingly, when the concentration is further
raised to 1 mM, the absorption peaks of π(axial ligand) →
π*(Ru2) and π(RuO, Ru2) → π*(Ru2) bands shifted to 435
and 558 nm, respectively with considerable increase in the
absorption intensity. Although spectral data for iodo-bridged
polymeric complex Ru2(μ-O2CR)4I have not been reported to
date, we assign the observed salient spectral changes to
polymerization of 2(X = I) in n-decane, based on the
measurement of temperature-dependent visible spectra as
described below.
Figure 2 shows temperature dependence of visible absorption

spectra observed for 1(X = Cl) (a) and 2(X = I) (b) in n-

decane (1 mM). 1(X = Cl) showed almost no spectral changes
in the temperature range of 20−70 °C (Figure 2a). It indicates
that the polymeric (Ru−Ru−Cl)n structure is thermally intact
even at elevated temperatures. In contrast, 2(X = I) in decane
showed salient thermochromism. The dark brown color
observed at room temperature turned green upon heating
(pictures in Figure 2b). The color change observed upon
heating is ascribed to the decrease in absorption intensities at
435 and 558 nm, which shifted to 422 and 650 nm respectively
with an isosbestic point appearing around at 625 nm (Figure
2b). The 422 nm and 650 nm peaks observed at 70 °C are

Figure 1. Visible spectra of (a) 1(X = Cl) and (b) 2(X = I) at
concentrations of 0.01 mM, 0.1 mM, and 1 mM in n-decane.
Temperature: 20 °C.

Figure 2. Temperature dependence of visible spectra for (a) 1(X = Cl)
and (b) 2(X = I). concentration, 1 mM in n-decane (cell width, 0.1
mm). Spectra are recorded from 20 °C at every 10 °C. (c) Schematic
illustration of thermally controlled self-assembly of columnar nematic
2(X = I) in decane.
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identical to those observed for dilute 0.01 mM solution (Figure
1b), indicating that the polymeric structure of 2(X = I)
dissociates into unit paddlewheel complexes at elevated
temperatures. On the other hand, cooling of the solution to
room temperature reversibly afforded the original absorption
spectra with peaks located at 435 and 558 nm (Supporting
Information, Figure S2). These observations clearly demon-
strate that iodo-bridged coordination polymers in columnar
nematic mesophase show thermally reversible self-assembly:
they dissociate into discrete paddlewheel complexes by heating
and reassemble upon cooling (Figure 2c).
Thus, axial halide ligands X (Cl or I) in (Ru−Ru−X)n

polymers play crucial roles in determining 1D electronic
structures, integrity of coordination chains, intercolumn
interactions and accordingly their thermal self-assembling
characteristics in organic media. It is apparent that iodine
ions show weaker coordination ability to bridge paddlewheel
Ru2(μ-O2CC6H5)4 units compared to chloride ions.31 This is

consistent with a number of one-dimensional structures
reported for chloro-bridged [Ru2(μ-O2CR)4Cl]n complexes in
the solid state,2−5 whereas reports on polymeric coordination
structures of iodo-bridged complexes have been surprisingly
limited to tetrakisbenzoate [Ru2(μ-O2CC6H5)4I] and tetrakis-
propionate [Ru2(μ-O2C2H5)4I] complexes.

26,27b

Dielectrophoretic Alignment. To regulate macroscopic
orientation of coordination polymers 1(X = Cl) and 2 (X = I)
in n-decane, alternating electric field was applied at different
voltages and frequencies (Hz). The indium tin oxide (ITO)
electrode used to apply ac voltage is schematically shown in
Figure S3 (Supporting Information). 1(X = Cl) and 2(X = I)
dispersed in n-decane (100 mM) were filled between ITO-
coated glass slides (thickness, 20 μm, ITO electrode-coated
area shown in red broken line, 5 mm ×5 mm) which were
placed between a set of crossed polarizers. Figure 3 shows
appearance of n-decane solution of 1(X = Cl) confined in the
ITO-coated cell. The n-decane dispersion showed significant

Figure 3. Pictures of decane solution of 1(X = Cl) sandwiched between ITO cell under crossed polarizers. (a) Picture before applying ac electric
field. An area surrounded by a box in red broken line indicates the ITO-electrode coated area. A set of orthogonally oriented polarizers were placed
above and under the ITO cell and the double-arrows indicate the configuration of the polarizers. The darker portion in upper left of the cell is
ascribed to air bubble. (b) Picture after applying ac electric field (0.8 V μm−1, 100 Hz) between ITO electrodes. ITO-electrode area surrounded by a
box in red broken line does not show light transmission under crossed polarizers. (c) Schematic illustration of coordination nanowires
homeotropically aligned between ITO electrodes under the ac electric field. The sample 1(X = Cl, 100 mM in decane) was filled between ITO
electrodes with a thickness of 20 μm.
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light transmission between crossed polarizers due to optical
birefringence revealed by the hexagonal columnar phase
(Figure 3a). On the other hand, upon applying ac electric
field to the electrodes (0.8 V μm−1, 100 Hz), birefringence of
the sample under ITO electrodes immediately disappeared and
turned dark (Figure 3b). It indicates that coordination
nanowires are homeotoropically aligned in the direction of
the electric field, i.e., oriented perpendicularly to the ITO
electrodes as schematically illustrated in Figure 3c.
Figure 4 compares time dependence of transmitted light

intensity for 1(X = Cl) and 2(X = I) after applying ac electric

fields of (a) 0.8 V μm−1 and (b) 0.25 V μm−1, respectively
(concentration, 100 mM). Application of the ac electric field of
0.8 V μm−1 (100 Hz) elicits a response from 1(X = Cl), and
time required for 1(X = Cl) to adopt homeotropic alignment
was within ∼15s (Figure 4a). On the other hand, 2(X = I)
showed much faster response and coordination nanowires were
oriented hometropically within ∼2s (Figure 4a). Even under a
weaker ac electric field of 0.25 V μm−1, 2(X = I) showed a drop
in the light transmission within ∼30s (Figure 4b). This is in
remarkable contrast to 1(X = Cl) which revealed no response
under this weak applied voltage (Figure 4b). These
observations clearly indicate that 2(X = I) in columnar nematic
phase show higher responsiveness to the applied ac electric
field. Figure S4 and S5 (Supporting Information) show time
dependences of the light transmission observed for 2(X = I) at
varied applied voltages (0.1−0.8 V μm−1, at 100 Hz) and
frequencies (0−5000 Hz, at 0.25 V μm−1). Appreciable drop in
transmittance occurred above the applied voltage of 0.1 V μm−1

and it became faster under larger electric field (Figure S4 in

Supporting Information). On the other hand, the drop in the
transmittance occurs most effectively in the frequency range of
10−100 Hz and the ac-electric field induced homeotropic
alignment is suppressed at frequencies both below 2 Hz or
above 1000 Hz. This frequency dependence is reasonable since
orientational changes of coordination nanowires require
dielectric torque imposed by the electric field, which is weaker
at low-frequencies. On the other hand, the coordination
polymers cannot follow the high-frequency electric field
above ∼1000 Hz.
Remarkable difference was also observed in recovery profiles

of the light transmission after turning off the electric field
(Figure S6, Supporting Information). In the case of 1(X = Cl),
intensity of the transmitted light after turning off the electric
field showed slow increase within ∼15 min and it leveled off at
ca. 48% of the initial light intensity. The decrease in
transmittance occurred in every recovery cycles and after
three cycles, it was reduced to ca. 5% of the initial intensity.
Consistent with the observed decrease in transmittance upon
repetitive application of external electric field, crossed polariz-
ing optical microscopy image under ITO-electrode showed
increase in the fraction of darker area (right side in Figure S6b,
Supporting Information). It indicates that homeotropically
aligned coordination nanowires are accumulated without
relaxing into random orientation, after switching off the applied
electric field. It reflects larger interchain interactions between
hexagonally oriented coordination polymers of 1(X = Cl). In
contrast, 2(X = I) in n-decane showed reversible changes in the
intensity of transmitted light even at the weak electric field of
0.25 V μm−1 (Figure S6c, Supporting Information). It is
noteworthy that columnar nematic phase of 2(X = I) show
higher responsiveness to the applied ac field, compared to
ordered columnar hexagonal phase formed from 1(X = Cl).
These observations clearly indicate that homeotropic orienta-
tion of coordination nanowires depends on interactions
between coordination nanowires and consequent viscoelastic
character of lyotropic liquid crystals. The weaker bridging
ability of axial iodide ions would lead to enhanced flexibility of
the (−Ru−Ru−I−)n chains, which is seemingly unfavorable for
peripheral alkyl chains to interdigitate between nanowires. As a
result, 2(X = I) formed the swollen columnar nematic (Coln)
phase with enhanced responsiveness to the applied electric
field.
To further control macroscopic orientation of coordination

nanowires in two dimension, ac electric field was applied to n-
decane solution of 1(X = Cl) placed in between a set of
parallel-oriented copper electrodes separated with a gap of 100
μm (Figure 5a). To evaluate electric field-induced lateral
anisotropy, transmittance of polarized light was observed by
attaching a polarizer under the n-decane solution. The solution
show brown color due to the π(RuO, Ru2) → π*(Ru2)
absorption, is most darkly observed when the plane of polarized
light is fixed parallel to the electric field (Figure 5c). On the
other hand, the highest transmittance was obtained when
polarizers are oriented perpendicular to the electric field
(Figure 5b). As the π(RuO, Ru2) → π*(Ru2) transition is
oriented along the linear coordination chain, these observations
clearly indicate that main chain of coordination polymer 1(X =
Cl) are oriented in the direction of electric field, that is,
perpendicular to the opposing electrode edges.
Interestingly, the dielectrophoretic alignment of coordination

polymer 1 was observed also for dilute isotropic solution
(concentration, 20 mM, Supporting Information, Figure S7). At

Figure 4. Time dependence of the light transmittance after applying ac
electric field. Key: (a) at 0.8 V μm−1, 100 Hz and (b) at 0.25 V μm−1,
100 Hz. [1(X = Cl)] = [2(X = I)] = 100 mM in n-decane. Light
transmittance was measured by using Otsuka electronics MCPD-1000
with optical set up shown in Figure 3, with liquid crystal cell placed in
between the two crossed polarizers. The vertical scale is normalized to
the light intensity before applying electric field. The decrease in
transmittance is ascribed to homeotropic alignment of coordination
nanowires induced by the electric field.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja208958t | J. Am. Chem.Soc. 2012, 134, 1192−11991196



this concentration, coordination polymer 1 (X = Cl) is
molecularly dispersed without forming liquid crystals. At zero
voltage, the n-decane solution of 1 did not transmit light. It
indicates that the coordination polymers are dissolved without
anisotropic alignment, as can be seen from the dark image
observed under crossed polarizers (Figure S7a, Supporting
Information). In contrast, the highest transmittance was
immediately obtained after applying the ac electric field (100
V, 20 Hz, Figure S7b). The change in optical transmission was
quickly turned on-and-off in response to the applied electric
field, which was much faster than those observed for the 100
mM lyotropic liquid crystalline dispersion. These observations
confirm that polarization forces produced by the alternating
electric field induce motion and reorientation of molecularly
dispersed coordination nanowires.
To observe anisotropically aligned coordination polymers

under the applied ac electric field, they were immobilized by
freeze-drying technique and were viewed by scanning electron
microscopy (SEM). Cyclohexane was selected as a solvent
because it is facilely sublimated under reduced pressure. A

lyotropic cyclohexane solution of 1(X = Cl, 100 mM) was
injected between opposing copper electrodes as described
above. After applying ac electric field (50 V, 100 Hz, for 1 min)
in a Petri dish saturated with cyclohexane vapor, the sample was
rapidly cooled in liquid nitrogen and freeze-dried at −15 °C
under vacuum. Figure 5(d,e) shows SEM pictures of the
specimen. In spite of the possible disarray caused by the freeze-
drying procedure, macroscopically oriented fibrous structures
were observed between electrodes. These fibrous structures
appears to have a continuous structure over a length of ∼100
μm, in agreement with the macroscopic anisotropy observed in
Figure 5(b,c). With the present parallel electrode geometry in
nonpolar organic media, the electric field and the field gradient
is expected to be larger near the electrodes. That is, the field
strength would decrease for larger distances from the
electrodes. Therefore, the long-ranged macroscopic orientation
of nanofibers observed in between electrodes (Figure 5d,e)
indicates the presence of end-to-end interactions between
hexagonally aligned columnar structures. The combination of
lipophilic coordination chains and electrophoretic force thus
provide a useful means to hierarchically self-assemble metal
complexes over scales ranging from a molecule to micrometer-
sized anisotropic architectures.

■ CONCLUSION
In summary, mixed-valence diruthenium paddlewheel com-
plexes self-assemble in organic media to give halogen-bridged
supramolecular polymers, which are hierarchically developed
into columnar hexagonal structure (for 1(X = Cl)) or nematic
columnar phase (for 2(X = I)). The halogen axial ligands exert
decisive roles to determine 1D electronic structures, integrity of
polymeric coordination chains, interchain interactions and
hierarchical self-assembly. They also affect responsiveness to
the applied electric field. The self-assembly of coordination
polymers and application of ac electric field provide a versatile
means to control their macroscopic orientation over a large
area. The integration of bottom-up and top-down approaches
as shown in this study would be widely applicable to push back
the frontiers of coordination nanomaterials chemistry.

■ EXPERIMENTAL SECTION
M a t e r i a l s . S y n t h e s i s o f T e t r a k i s ( μ - 3 , 4 , 5 -

tridecyloxybenzoyloxy)diruthenium Chloride 1(X = Cl).
Chlorotetrakis(acetate) diruthenium(II,III) Ru2(μ-O2CCH3)4Cl

29

and 3,4,5-tridodecyloxybenzoic acid32 was prepared according to the
previous reports. To a solution of 3,4,5-tridodecyloxybenzoic acid (639
mg, 1.26 mmol) in dichloromethane (15 mL) was added
chlorotetrakis(acetate) diruthenium (100 mg, 0.21 mmol), ethanol
(5 mL), and water (20 mL) under an nitrogen atmosphere. After the
mixture was vigorously stirred for 8 h at ambient temperature, the
organic phase was separated and dried over anhydrous sodium sulfate.
The solvent was removed under reduced pressure and residual solid
was purified by silica gel chromatography eluted with dichloro-
methane. 1 was obtained in 81% yield (384 mg, 0.17 mmol) as brown
waxy solid. IR (ATR, cm−1) 2920 (νCH), 2852 (νCH), 1586 (νCC),
1452, 1410, 1371, 1229, 1113, 769, 720. MALDI−TOF−MS
(dithranol, positive), m/z: calcd for C124H212O20Ru2, [(M − Cl)+],
2225; found, 2222. Anal. Calcd for C124H212ClO20Ru2: C, 65.88; H,
9.45. Found: C, 65.85, H, 9.4.

Synthesis of Tetrakis(μ-acetoxy)diruthenium Iodide. To a
suspension of Ru2(μ-O2CCH3)4Cl (400 mg, 0.84 mmol) in dry
THF (50 mL) was added silver tetrafluoroborate (197 mg, 1.01 mmol)
under an argon atmosphere. After the mixture was stirred for 12 h at
room temperature, silver chloride precipitated was filtered off and
aqueous potassium iodide (3.50 g, 21.1 mmol/20 mL) was added to

Figure 5. (a) Schematic illustration of the experimental cell for
investigating optical anisotropy of coordination nanowires under
applied ac electric field (50 V, 100 Hz). Two copper wire electrodes
(diameter, 0.2 mm) are placed parallel in between glass plates with a
gap of 100 μm. n-decane solutions of 1(X = Cl, concentration, 100
mM or 20 mM) were filled between the electrodes and the cell was
sealed by using adhesives to prevent evaporation of the solvent. (b, c)
Polarizing microscope images of decane solution of 1(X = Cl)
(concentration, 100 mM): (b) optical axis of polarizer set
perpendicular to the direction of electric field; (c) optical axis of
polarizer fixed parallel to the applied electric field. (d, e) Scanning
electron micrographs of 1(X = Cl) immobilized between opposing
electrodes. The specimen was prepared by freeze-drying cyclohexane
solution of 1(X = Cl, 100 mM) under the applied ac electric field.
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this brown solution. The precipitates formed immediately were
collected by filtration and washed with saturated aqueous potassium
iodide (10 mL), water (10 mL), and then methanol (5 mL) to give
Ru2(μ-O2CCH3)4I in 80% yield (382 mg, 0.68 mmol) as dark gray
solid. IR (ATR, cm−1) 1431, 1394, 1344, 1049, 688. MALDI−TOF−
MS (dithranol, positive), m/z: calcd for C8H12O8Ru2, [(M − I)+], 440;
found, 440. Anal. Calcd for C8H12IO8Ru2: C, 17.00; H, 2.14. Found:
C, 17.02; H, 2.10.
Synthesis of Tetrakis(3,4,5-tridodecyloxybenzoyloxy)diruthenium

Iodide 2(X = I). Ru2(μ-O2CCH3)4I (100.0 mg, 0.18 mmol) and 3,4,5-
tridodecyloxybenzoic acid (716.6 mg, 1.06 mmol) were added
dichloromethane (20 mL), ethanol (5 mL), and water (50 mL)
under an nitrogen atmosphere. The mixture was stirred at room
temperature for 12 h. At the end of reaction, the solid of Ru2(μ-
O2CCH3)4I completely disappeared and the organic phase turned to
dark purple. The organic phase was dried over anhydrous sodium
sulfate and evaporated in vacuo to dryness. The residual brown solid
was purified by silica gel chromatography eluted with dichloromethane
to give 2(X = I) in 49% yield (266.8 mg, 0.088 mmol) as dark brown
solid. IR (ATR, cm−1) 2920 (νCH), 2852 (νCH), 1586 (νCC), 1451,
1410, 1371, 1229, 1113, 769, 720. MALDI-TOF-MS (dithranol,
positive), m/z: calcd for C172H308O20Ru2, [(M − I)+], 2898; found,
2897. Anal. Calcd for C172H308IO20Ru2: C, 68.29; H, 10.26. Found: C,
68.56, H, 10.30.
Measurements. Matrix-assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-TOF-MS) was performed on a
Bruker Autoflex-III. Elemental analysis was conducted at the Elemental
Analysis Center, Kyushu University. For small-angle X-ray scattering
(SAXS) of 1D complexes dispersed in n-decane, the solutions were
loaded into 0.7 mm diameter capillaries (Markrohrchen aus Glas Nr.
14, length, 80 mm, thickness, 0.01 mm, Hilgenberg GmbH). The
sample was then exposed to synchrotron X-ray radiation of wavelength
0.9 Å at BL40B2 in the SPring-8 (operation energy of 8 GeV and
stored current of 100 mA, λ = 1.0 Å). Vapor pressure osmometry was
performed on GONOTEC OSMOMAT 070. Polarized optical
microscopy and scanning electron microscopy (SEM) and was
conducted on a Nikon ECLIPSE 80i and Hitachi S-5000, respectively.
The ac electric field was generated by WF1944B and amplified by
HSA4051 (NF Corporation). Electric field-assisted alignment
measurements were performed by using commercially available
electro-optical cell covered with indium tin oxide (ITO) (INSTEC
LC2−20.0, cell thickness, 20 μm) or a handmade cell integrated in the
optical microscope. In the handmade cell, two copper wire electrodes
(ϕ 0.2 mm) were placed parallel on a glass substrate with a gap of 100
μm, and a cover glass was placed on these electrodes. After injection of
lyotropic liquid crystals of 1(X = Cl) or 2(X = I) in n-decane
(concentration, 100 mM) between the electrodes, the cell was sealed
by using adhesives to prevent evaporation of the solvent. Ac voltage
was applied to the samples at frequencies of 0−10 kHz, and the
specimens were observed in situ under the polarizing microscope. The
coordination polymers macroscopically aligned under the electric field
was immobilized by applying freeze-drying technique (at −15 °C for 4
h).
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(27) (a) Olea, D.; Gonzaĺez-Prieto, R.; Priego, J. L.; Barral, M. C.; de
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