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Ultrafine Metal-Organic Right Square Prism Shaped Nanowires
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Abstract: We report the structural design and control of
electronic states of a new series of ultrafine metal-organic right
square prism-shaped nanowires. These nanowires have a very
small inner diameter of about 2.0 A, which is larger than
hydrogen and similar to xenon atomic diameters. The elec-
tronic states of nanowires can be widely controlled by
substitution of structural components. Moreover, the platinum
homometallic nanowire shows a 100 times higher proton
conductivity than a palladium/platinum heterometallic one
depending on the electronic states.

Semiconducting one-dimensional (1D) nanowires have long
been studied for a variety of future nanoelectronic applica-
tions including transistors, supercapacitors, photovoltaics,
sensors, and memories.!! Nanowires are also important for
studying low-dimensional physics such as spin-density waves,
charge-density waves, solitons, polarons, large optical non-
linearity and Tomonaga-Luttinger liquid behavior.”! Various
materials such as organic, single/multi-elements, metal-oxide
and chalcogenide nanowires have been extensively
explored.”] Nanowires based on coordination bonds have
attracted particular interest recently because their structure
can easily be modified.”) Compared with other nanowires,
coordination nanowires have several advantages of system-
atic control of chemical and physical properties, including
electrical conductivity and magnetic properties through
substitution of structural components such as metal ions and
organic ligands.
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Among the coordination nanowires, 1D halogen-bridged
transition-metal complexes (MX-chains) are known as metal
complex nanowires with 1D electronic systems.”! Recently,
we have investigated the electronic properties of multi-strand
nanowire compounds'® using MX-chains with organic linkers.
The electronic properties of such nanowire systems, such as
valence arrangements and optical band gap, depend strongly
on the number of constituent wires./**!

Here, we report syntheses and electronic properties of
a new series of ultrafine metal-organic right square prism-
shaped nanowires with very small inner-diameters of about
2.0A. A platinum homometallic nanowire assembly was
synthesized using oxidative polymerization of a square plat-
inum complex. By using coordination-driven self-assembly,
three kinds of isostructural palladium/platinum heterometal-
lic nanowires were also obtained. In addition, we demon-
strated that the optical band gap can be widely controlled
between 2 and 4 eV by substitution of structural components.
Moreover, the proton conductivity of the platinum homome-
tallic nanowire was 100 times higher than that of a hetero-
metallic one.

In this study, we have focused on the cyano-bridged
square metal complex unit 1 as a building block of an ultrafine
right square prism-shaped nanowire. This complex is con-
structed from the self-assembly of cis-capped metal cyanide
and metal nitrate complexes (Figure 1a), then the target
square prism-shaped nanowire is constructed through oxida-
tive polymerization of 1 (Figure 1b). By using the same
strategy, heterometallic nanowires can be also formed from
the heterometallic square unit 2 (Figure 1a,c). The coordina-
tion-driven self-assembly reaction of two appropriate mono-
nuclear complexes offers isostructural heterometallic square
prism-shaped nanowire (Figure 1d and Figure S1 in the
Supporting Information).”

Oxidative polymerization of a square divalent complex
[Pt(dach)(CN)],(NO;), (1) using Br, offered a novel homo-
metallic right square prism-shaped Pt complex [Pt(dach)-
(CN)Br[4(NOs), (3) (Figures S2a and S3). Single-crystal X-
ray diffraction (SCXRD) analysis revealed that cyano-
bridged metal squares with a very short Pt-Pt distance of
approximately 5.1 A are connected by bridging-bromide ions
to form the ultrafine right square prism-shaped nanowire
structure shown in Figure 2a—c.

The compact CN~ connector results in a tightly-packed
quadruple-stranded structure consisting of four MX-chains
with an inner-diameter of about 2.0 A (Figure 2b). This size is
larger than hydrogen and similar to xenon atomic diameters.
The bridging bromide ions are disordered with half of the
occupancies around the midpoint between adjacent Pt sites,
indicating that the electronic state within one constituent
MX-chain of 3 corresponds to the mixed-valence state
(Pt X-Pt"V-X-+).F! Overall, the nanowire has a net 4+
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Figure 1. Schematic representation of the bottom-up synthesis of
a square unit and right square prism-shaped nanowires. a) Self-
assembly of a square complex unit. b) Oxidative polymerization of
homometallic square complex (1). c) Oxidative polymerization of

heterometallic square complex (2). d) Facile synthetic strategy of
heterometallic right square nanowires.
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charge per [Pt(dach)(CN)Br], unit; this charge is balanced by
nitrate anions that reside between the nanowires along the
b direction. The nearest Pt distance between each nanowire is
10.5 A, which is more than twice the intrawire Pt-Pt distance
(5.1 A), suggesting that each nanowire is well-isolated in the
crystalline state.

Next, we attempted syntheses of heterometallic right
square nanowires via the oxidative polymerization of a heter-
ometallic square unit 2, as shown in Figure 1c. However,
these approaches were not successful. On the other hand, by
using the coordination-driven self-assembly reaction of Pt-
(dach)(CN),X, and Pd(dach)(NOs;), (dach=(1R2R)-(—)-
diaminocychlohexane; X =Cl, Br, I) (Figure 1d, S2b-d and
S3), we successfully synthesized three heterometallic counter-
parts of 3, [Pd(dach)],[Pt(dach)(CN),X,],(NO;), (4 (X=Cl),
5 (X=Br), 6 (X=1)). The results of elemental analyses and
scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM/EDX) measurements indicated that the Pd
and Pt ions spread homogeneously throughout the crystals
with the composition ratio of Pd:Pt=1:1 in 4-6 (Figures 3 and
S4-S7). SCXRD studies revealed that the crystal structures of
4, 5, and 6 are isostructural with 3 (Figure 2¢,d for 5, and
Table S1). In addition, the site occupancy factors of all metal
sites were determined to be Pd 0.5 and Pt 0.5, respectively.
This is because the ac-plane orientation of each right square
prism-shaped nanowire would be random in the crystal, and
the averaged structure was observed in X-ray studies (Fig-
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Figure 2. Crystal structures of 3 and 5 at 100 K. One of the disordered
components is shown for clarity. a) Pt homometallic right square
nanowire structure of 3. b) Space-filling model of 3. c) Perspective view
of 3D packing of 3 in the ac plane. d) Pd/Pt heterometallic right
square-shaped nanowire structure of 5. €) Perspective view of 3D
packing of 5 in the ab plane. Red, blue, and brown spheres represent
Pt, Pd, and Br, respectively. In (c) counteranions (NO;") and crystal-

lization water molecules are also shown.

fill

Figure 3. a) Dark-field SEM image of single crystals of 5. b) Pd and
c) Pt L- sheII SEM-EDX maps. d) Overlay image of the EDX maps
shown in b) and c). The scale bars correspond to 10 um. (red, Pd;
green, Pt).

ure S8). In fact, the observed lattice constants along the
nanowire direction (b* direction) are half the expected Pt-X-
Pd-X-Pt lengths. X-ray photoelectron spectroscopy (XPS)
measurements were performed to confirm the valence state of
3-6 (Figure S9-10). Pt 4f core-level spectra of 3 indicated
mixed valence of Pt" and PtV (Figure S9a), which is
consistent with the result of the structural analysis. For 5§,
the binding energies of Pt 4f and Pd 3d leveles are similar to
those of the heterometallic MX-chain,®! indicating that the
valence states of Pd and Pt in 5 are Pd" and Pt", respectively
(Figure S9b,c). The same results were obtained for 4 and 6
(Figure S10; the XPS data of 3-6 are summarized in
Table S2). The observed X-ray diffuse scatterings with finite
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linewidth at k4 1/2 (leg direction) indicated twofold perio-
dicity of Pd"™ and Pt"Y (---Pd™.-X-Pt"-X---; Figure S11). These
results indicated that the heterometallic right-square-shaped
nanowires 4-6 are composed of Pd" and Pt" in an ordered
arrangement within one nanowire, as expected from the
synthesis method (Figure 1c¢).

To obtain further information about the electronic states,
Raman and diffuse reflectance spectra were collected. The
intense peaks of symmetrical stretching modes v(Pt-X) (X =
Cl, Br, I) with overtones were clearly observed at 191 (3), 326
(4), 198 (5), and 132 cm™ (6) in Raman spectra (Figure S12).
With decreasing temperatures, the overtone progressions
became clearer for homometallic nanowire compared with
those of heterometallic one (Figure S13). Because such
resonance Raman peaks of v(Pt-X) are forbidden in the
avererage valence state, the results indicated that the nano-
wires are in the mixed-valence state (-~-M"X-Pt"V-X-; M =
Pt (3), Pd (4-6))® from low temperature to room temper-
ature. In diffuse reflectance spectra, intense and broad bands
were observed at about 2.5 eV (3),4.0eV (4),3.0eV (5), and
2.2 eV (6), respectively (Figure 4). These bands are assignable

Kubelka-Munk / a.u.

'
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Figure 4. Diffuse reflectance spectra of 3, 4, 5, and 6 at room temper-
ature.

to the inter-valence charge-transfer (IVCT) transitions from
the M" to the adjacent Pt" (M = Pt for 3, and M = Pd for 4-6).
These results clearly demonstrate that their electronic states
are the mixed-valence state and correspond to the class II
mixed-valence compounds of the Robin-Day classification.”’
As is clearly observed, with the change in bridging halide, the
IVCT band gaps increased in the order of I< Br < CI,
indicating that the optical band gap can be wildly controlled.
The IVCT band gap in 5 is larger than that of 3. This is
because of the difference in energy levels between Pd" 4d and
Pt" 5d and the small overlap integral in 5, which is supported
by the observed higher binding energies of Pt" in XPS spectra
and higher frequency v(Pt-Br) mode in 5. Previous studies of
MX compounds have shown that there is a linear relationship
between IVCT band gap and the degree of distortion of
bridging halide ion."”! In addition, it was found that the linear
correlation of two-legged MX-ladder nanowires have a larger
slope than that of MX-chain systems.! In the present case,
they also show a similar linear relationship, but with a larger
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slope (Figure S14). The larger IVCT band gaps compared
with those of other existing systems indicate that ultrafine
right square prism-shaped nanowire systems have different
electronic states with other MX-systems (Figure S15 and
S16).01

Because the 1D hydrogen-bond networks composed of
NO;~, H,O and the -NH, of dach ligand are formed in the
crystal (Figure 2¢ and S17), we expected the proton con-
duction™ of the nanowires. Therefore, impedance measure-
ments were performed using single crystals of 3 and 5 along
the wire directions (b direction; Figure S18 insets). We also
confirmed that their dec conductivities are less than the lower
limit of measurement, indicating that the contribution of
electron conduction of the nanowires could be ruled out. On
the other hand, when measured with impedance at relative
humidity of 95%, 3 and § gave semi-circle responses in the
Nyquist plots that varied with temperature (Figure S18). At
35°C, their proton conductivities reached 1.29 x 107> Scm™!
for 3and 1.54 x 10”7 Scm ™! for 5. As clearly seen, 3 shows 100
times higher proton conductivity than that of 5. From the
Arrhenius plots of the proton conductivity, the activation
energies were estimated to be 0.54 for 3 and 0.43 eV for 5,
respectively (Figure 5). Therefore, the mechanism of proton
conduction of 3 and 5 is expected to be Grotthus type.['*"
Considering that 3 and 5 are isostructural, the lower optical
gap (i.e. lower charge modulation) might result in higher
proton conductivity.
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Figure 5. Temperature dependence of the proton conductivity of single
crystals of 3 and 5 at a relative humidity of 95%. Red and blue circles
denote the data for 3 and 5, respectively.

In summary, we have successfully synthesized a series of
ultrafine metal-organic right square prism-shaped nanowires
with a very small inner-diameter of about 2.0 A. The
homometallic platinum mixed-valence nanowire assembly
was synthesized using oxidative polymerization of cyano-
bridged platinum complex using elemental bromine. In
addition, three isostructural palladium/platinum heterome-
tallic nanowires were also obtained via coordination-driven
self-assembly. The electronic state of these nanowires can be
controlled via substitution of structural components. More-
over, we demonstrated the homometallic nanowire shows 100
times higher proton conductivity than that of heterometallic
one. Our results will provide a valuable insight into the
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realization of attractive physical properties in hollow nano-
wire materials. Our ongoing work is focused on systematic
control of the electronic properties of multistranded nano-
wires via carrier doping and the introduction of magnetic ions.
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