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In recent years, one-dimensional (1D) electronic systems have
been attracting much attention in both applied and pure sciences.
From the viewpoints of applied sciences, these systems are very
promising in the field of nonlinear optics and nanoelectronics, while
from the viewpoints of pure sciences, many characteristic physical
properties have been observed, such as spin-density wave (SDW)
and charge-density wave (CDW) states in organic conductors,1,2

solitons, polarons, and bipolarons inπ-conjugated polymers,3,4 and
slow relaxation of magnetization in several ferro- and ferrimagnetic
quantum compounds.5-7 Among these compounds, quasi-1D halogen-
bridged complexes (MX chains) have recently attracted the interest
of many chemists and physicists as 1D electronic materials because
they show marked physical properties, such as intense intervalence
charge-transfer bands,8 overtone progression of resonance Raman
spectra,9,10 luminescence spectra with large Stokes shifts,11 large
third-order nonlinear optical properties,12 mid-gap absorptions
attributable to solitons and polarons,13,14 1D model compounds of
high Tc copper oxide superconductors,15 etc. From theoretical
viewpoints, electronic structures of these MX chains are considered
as Peierls-Hubbard systems, where the electron-phonon interaction
(S), the electron transfer (T), and the intra- and intersite Coulomb
repulsion energies (U and V, respectively) compete or cooperate
with each other.16,17The Pt and Pd compounds form charge-density
wave states (CDW) or MII-MIV mixed-valence states due to the
electron-phonon interaction (S), where the bridging halogens are
displaced from the midpoints between the neighboring two metal
ions.18 On the other hand, the Ni compounds form the NiIII -NiIII

Mott-Hubbard states due to the strong electron correlation (U),
where the bridging halogens are located at the midpoints between
neighboring two Ni atoms.19 Quite strong antiferromagnetic interac-
tions among the spins located on the NiIII dz2 orbitals through the
pz orbitals of bridging halogen ions are observed in these compounds
(J ≈ -3600 K).20 Recently, the gigantic third-order nonlinear optical
susceptibility (ø(3) ≈ 10-4 esu) has been observed in [Ni(chxn)2Br]-
Br2 (chxn ) (1R,2R)-diaminocyclohexane).12

More recently, a new series of MX chains, that is, the mixed-
metal complexes Ni1-øPdø(chxn)2Br3 (0 e ø e 1), were synthe-
sized,21 and their local electronic structures, such as the Mott-
Hubbard state, CDW state, and spin soliton, have been directly
observed by scanning tunneling microscopy (STM) for the first
time.22

Although many attempts on substituting bridging halogen ions
and counterions have so far been made, the substituting effect of
the in-plane ligand has not been studied. For the real application
of ø(3) as the optical devices, shortening of the NiIII -NiIII distances
is effective in order to increaseø(3) values. For this purpose, the
simpler ligands compared with the chxn are more preferable.

According to such a strategy, we have synthesized quasi-1D bromo-
bridged NiIII complexes, [Ni(AA)2Br]Br2 (AA ) (R)-1,2-diamino-
propane()pn) and (2R,3R)-diaminobutane()bn)), and made STM
measurements on these complexes. In this paper, we report the real
disorder of the methyl group of [Ni(pn)2Br]Br2 by STM in real
space, for the first time, as well as the crystal structures of [Ni-
(AA)2Br]Br2 (AA ) pn, bn).

Figure 1 shows the single-crystal X-ray structure [Ni(AA)2Br]-
Br2 (AA ) bn, pn). NiIII ions and bromide ions are arranged
alternately along theb axis, forming the linear chain structures.
The Ni-Ni distances at-152°C determined by X-ray single-crystal
structure analysis are 5.136(6) Å for [Ni(bn)2Br]Br2 and 5.110(7)
Å for [Ni(pn)2Br]Br2. These values are a little shorter than that of
[Ni(chxn)2Br]Br2 (5.157(1) Å).19 The inter- and intrachain hydrogen
bond networks are observed between the amino hydrogen of [Ni-
(AA)2] and the counter bromo ions, forming the two-dimensional
hydrogen bond networks. The crystal system of the bn compound
is monoclinic to avoid steric repulsion in the part of the methyl
groups of the bn ligand (Figure 1a). On the other hand, the crystal
structure of the pn compound is isomorphous with [Ni(chxn)2Br]-
Br2, and the methyl groups of the pn ligands are disordered on
both carbon atoms, with half occupancies (Figure 1b).

Figure 2a shows an STM image of in the range of 200× 200
Å. Bright spots in the image are observed every 5× 7 Å. Because
the Ni-Ni distances along theb (1D chain) andc axes are 5.136-
(6) and 7.102(9) Å, respectively, these spots reflect the periodicity
of [Ni(bn)2] units on thebc plane. Such an image is similar to that
observed in [Ni(chxn)2Br]Br2. A schematic band structure of [Ni-
(bn)2Br]Br2 is shown in Figure 2b. Because the STM measurements
were performed with the positive sample bias, the tunnel current
is observed from the Fermi energy (EF) of a tip to a conduction
band of the sample. According to the previous studies, the
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Figure 1. Crystal structures of (a) [Ni(bn)2Br]Br2 and (b) [Ni(pn)2Br]Br2

on theac plane.
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conduction bands of the halogen-bridged NiIII complexes are an
unoccupied upper-Hubbard (UH) band composed of thedz2 orbital
of Ni. Therefore, in [Ni(bn)2Br]Br2, the tunnel current from theEF

of a tip to the UH band of NiIII is observed as bright spots.
Figure 3a shows an STM image of [Ni(pn)2Br]Br2 in the range

of 200× 200 Å. Bright spots are observed in ca. 5 Å parts. As a
result of this and the single-crystal analysis, the [Ni(pn)2Br]Br2 is
in a Mott-Hubbard Ni3+-Ni3+ state. However, bright spots are not
completely one-dimensional, compared with the bn compounds but
are arranged in a zigzag-fashion (Figure 3). The image of the pn
compound is different from those observed in chxn22 and bn
compounds, as shown in Figure 2a. In our previous paper, we

clarified that the tunnel currents strongly reflect the electronic state
of the metal ions in the halogen-bridged Ni and Pd compounds.22

Therefore, in [Ni(pn)2Br]Br2, tunnel currents should be observed
through the methyl groups of [Ni(pn)2]. Interestingly, the bright
spots, that is, methyl groups, are not arranged on the right- and
left-hand alternatively, but in the domain structures or fluctuated
structures. As a result, in the X-ray single-crystal structure analysis
of [Ni(pn)2Br]Br2, the disorder of the methyl group is observed on
the two carbon atoms with half occupancies. Therefore, this is the
first direct observation of the disorder of the methyl group of the
pn ligands of [Ni(pn)2Br]Br2 in real space. Detailed discussion on
the disordered geometry is done in the Supporting Information.

In summary, we succeeded in synthesizing [Ni(AA)2Br]Br2 (AA
) bn, pn), and the Ni-Ni distance is shorter than that of chxn
compounds. In addition, we have succeeded in visualizing the Mott-
Hubbard state in these compounds and the real disorder of the
methyl group of pn ligands in [Ni(pn)2Br]Br2 by STM.
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Figure 2. (a) STM image of [Ni(bn)2Br]Br2 on thebcplane (200× 200Å).
(b) Schematic band structure of [Ni(bn)2Br]Br2.

Figure 3. (a) STM image of [Ni(pn)2Br]Br2 (200 × 200 Å) on thebc
plane. The white arrow shows the 1D chain direction. (b) STM image of
magnification of the square part in Figure 3a. The red and blue circles show
bright spots arranged in zigzag-fashion, respectively.
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