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Structural and Electronic Properties of a Metal-Organic

Mixed-Valence Nanotube

their size, shape and electronic states. One useful synthetic approach for well-defined nanostructures is using

N anotubes are generally prepared from constituent elements at high temperatures and thus it is difficult to control

building blocks such as metal ions and organic molecules. We report the successful fabrication of a porous met-
al-organic nanotube obtained from simple polymerization using a square-shaped metal-organic frame. This nanotube
exhibits selective gas sorption of water and alcohol. Synchrotron X-ray and theoretical studies revealed that it shows a
unique electronic structure of charge-density wave (CDW) quartets based on a four-legged ladder system.

The synthesis of nanotubes with a well-defined
structure is very challenging, as is investigating their
structural and electronic properties. Since the discov-
ery of carbon nanotubes, many tubular nanomateri-
als have been reported [1]. However, sometimes it is
difficult to control the structural and electronic tuning
of such nanotubes because extreme conditions are
needed for their synthesis. Here, we report the bottom-
up fabrication of a porous metal-organic nanotube,
[Pt(en)(bpy)114(NO,)g16H,0 (1, en: ethylenediamine,
bpy: 4,4"-bipyridine), which shows selective sorption of
water and alcohol. In addition, this nanotube consists
of a one-dimensional (1D) halogen-bridged transition-
metal covalent chain (MX-chain) that shows a variety of
physical properties due to the high degree of electronic
freedom [2]. X-ray, optical and theoretical studies were
used to reveal its unique electronic structure based on
the four-legged ladder system.

Single crystals of 1 were successfully obtained from
the reaction of the square-shaped complex [Pt(en)
(bpy)14(NO,)s-5H,0 and 1, in a mixture of water and
methanol at room temperature. The crystal structure of
1 was determined using single-crystal X-ray crystallog-
raphy at 100 K. Each square-shaped platinum complex
is bridged by I” to form a quadrangular prism-shaped tu-
bular structure (Fig. 1). Viewed differently, this nanotube
1 is composed of four iodide-bridged MX-chains, which
form the four-legged ladder lattice (MX-tube).

We firstly examined the sorption property of the de-
hydrated form (1a) obtained by drying as-synthesized
1 under vacuum. High uptakes of water, methanol, and
ethanol were observed at 298 K, whereas no N, adsorp-
tion was observed at 77 K. To elucidate the origin of this
selective sorption behavior, synchrotron X-ray powder
diffraction (XRPD) measurements were carried out at
BL-8B [3]. The results revealed that dehydration of 1
caused broadening of the XRPD pattern, indicating that
the long-range order disappeared. However, its crystal-
linity was smoothly recovered when 1a was exposed to
water, methanol, or ethanol vapor. The hydrogen bond
network between host framework and guest molecules
might play a key role in the recovery of the long-range
order and selective sorption behavior.
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The optical conductivity spectrum and Raman spec-
trum of 1 indicated that the electronic state within one
MX-chain is the charge-density wave (CDW: --Pf*...|-
Pt"—|...) state. In 1, sheet-shaped diffuse X-ray scat-
tering was observed at / = n + 0.5 (n being an integer)
positions originating from the two-fold periodic charge
ordering of the CDW state, indicating that there can be a
short-range ordering such as intra- or inter-tube correla-
tions of the MX-chain (Fig. 2(a)). If the three-dimension-
ally ordered CDW state is realized in this compound,
X-ray scattering derived from the CDW state would be
observed not as diffuse scattering but as superlattice re-
flection. Because 1 has a ladder lattice [4], where each
MX-chain constitutes its legs, we expected 1 to exhibit
a distinctive electronic structure compared with similar
MX-typed analogues. Four types of four-legged ladder-
shaped valence arrangements like “quartets” of CDWs
(Fig. 2(b)) composed of adjacent MX-chains are predict-
ed to appear according to a theoretical study [5]. The
metal-halogen distance is dominated by the valence of
the adjacent metal ions, and therefore X-ray scattering
reveals the CDW state through displacements of the
halide ions [6]; this was studied using diffuse X-ray scat-
tering analysis at BL-4C.

Figure 1

The tubular structure of MX-tube 1. Platinum, iodine, carbon,
and nitrogen atoms are shown in orange, purple, gray, and blue,
respectively.

Figure 2
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(a) Perspective views of two types of quartets of MX-chains composed of the intra- (blue) and inter-tube (red) correlations in the crystal
structure. These intra- or inter-tube quartets can be considered as candidates to form CDW quartets, respectively. (b) Four types of “CDW
quartets” composed of adjacent MX-chains based on a theoretical study (for details, see refs. [3] and [5]). (c) Contour map of the diffuse X-ray
scattering intensity distribution measured at the (h k 4.5) plane. (d) Contour map of calculated intensity distribution.

Figure 2(c) shows the diffuse X-ray scattering in-
tensity distribution measured at the (h k 4.5) reciprocal
lattice plane. If there is no inter-chain electronic interac-
tion, a flat diffuse X-ray scattering intensity distribution
can be observed. However, X-ray diffuse scattering
intensity is not constant. As shown in Fig. 2(c), clear
intensity minima were observed. The d-value corre-
sponding to 1.99a* + 0.82b* is 8.75 A. Surprisingly, this
value is close to the inter-tube distance (Fig. 2(a)). In
order to determine this inter-tube phase correlation, we
made a model calculation of the diffuse scattering inten-
sity distribution. We obtained successful results on the
assumption that B and C type CDW states coexist as
major phases (Fig. 2(d)), whereas the model calculation
of every single electronic state and that of the intra-tube
correlation could not reproduce the experimental result.
Considering these findings, the valence arrangement in
our four-legged MX-tube system might be selected to
keep the charge neutrality in the same layer, because
the average valence state of Pt ions in the same layer
of both B and C type CDW states is +3, whereas that of
A type is +2 or +4. The results of theoretical calculations
using Hartree-Fock and configuration-interaction meth-

ods were also consistent with experimental observa-
tions [3].
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