
Why Does the Disorder of R-pn and rac-pn Ligands in the
Quasi-One-Dimensional Bromo-Bridged Ni III Complexes, [Ni(pn) 2Br]Br 2

(pn ) 1,2-diaminopropane) Afford Similar STM Patterns?

Hashen Wu, † Daisuke Kawakami, † Mari Sasaki, † Jimin Xie, † Shinya Takaishi, † Takashi Kajiwara, †

Hitoshi Miyasaka, † Masahiro Yamashita,* ,† Hiroyuki Matsuzaki, ‡ and Hiroshi Okamoto ‡

Department of Chemistry, Faculty of Science, Tohoku UniVersity and CREST(JST),
Aramaki-Aza-Aoba, Aoba-ku, Sendai 980-8578, Japan, and Department of AdVanced Materials
Science, Graduate School of Frontier Sciences, The UniVersity of Tokyo,
Kashiwa 277-8561, Japan

Received February 28, 2007

The disordered patterns of R- and rac-1,2-diaminopropane (pn) in quasi-one-dimensional bromo-bridged Ni(III)
complexes, [NiIII(pn)2Br]Br2, have been investigated by single-crystal X-ray structure determination and scanning
tunneling microscopy (STM). X-ray structure determination shows that the methyl moieties are disordered on the
right- and left-hand sides with half occupancies in both compounds, while the carbon atoms of the ethylene moieties
of pn ligands are disordered in [Ni(rac-pn)2Br]Br2 and not disordered in [Ni(R-pn)2Br]Br2. In the STM images of both
compounds, the bright spots are not straight but fluctuated with the similar patterns. We have concluded that
tunnel current from the STM tip to metal ions are detected via methyl groups of pn ligands.

Introduction

Quasi-one-dimensional compounds have attracted consid-
erable attention due to their novel physical properties such
as the Peierls transition, spin-Peierls transition, neutral-
ionic transition, charge density wave (CDW) states, spin
density wave (SDW) states, Mott-Hubbard (MH) states,
superconductivities, etc.1 Among these compounds, the quasi-
one-dimensional halogen-bridged mixed-valence compounds
(hereafter abbreviated as MX-chains) have been extensively
investigated during the past 20 years, since they exhibit a
wide range of interesting physical properties. These include
intense and dichroic intervalence charge transfer (CT) bands,2

progressive overtones of resonance Raman spectra,3 lumi-
nescence spectra with large Stokes shifts,4 mid-gap absorp-

tions attributable to solitons and polarons,5 large third-order
nonlinear optical properties, one-dimensional model com-
pounds of high-Tc copper-oxide superconductors, etc.6 The
third-order nonlinear optical susceptibilities (ø(3)) of these
compounds are observed to be larger than that of poly-
(diacetylene) or poly(silane).7 Indeed, recently a gigantic
third-order optical nonlinear susceptibility has been observed
in [Ni(chxn)2Br]Br2 (ø(3) ≈ 10-4 esu) (chxn) 1R,2R-
diaminocyclohexane).8

From a theoretical viewpoint, the MX-chain compounds
are regarded as Peierls-Hubbard systems. In such a system,
the electron-phonon interaction (S), the electron-transfer
energy (T), the on-site and intersite Coulomb interactions
(U andV, respectively) compete and/or cooperate with one
another.9 Originally, these MX-chain compounds were
regarded as a one-dimensional metallic state with half-filled* To whom correspondence should be addressed. E-mail: yamasita@
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dz2 orbitals of the metals and filled pz orbitals of the bridging
halides. However, it is well known that the one-dimensional
metallic state is unstable and that the system is subsequently
transferred to the insulating state via theSor theU. In most
MX-chain compounds, due to theS, the bridging halides are
displaced from the midpoints between the neighboring two
metal atoms, giving rise to CDW states or MII-MIV mixed-
valence states (‚‚‚MII‚‚‚X-MIV-X‚‚‚MII‚‚‚). Accordingly, the
half-filled metallic band is split into an occupied valence
band and an unoccupied conduction band with a finite Peierls
gap. Therefore, these compounds belong to the class II type
of the Robin-Day classification for the mixed-valence
complexes.10

Theoretically, it has been proposed that the MIII state or
MH state, in which the bridging halides are located at the
midpoints between two neighboring metal ions (-X-MIII-
X-MIII-X-), is stabilized whenU is larger than S.
Therefore, these compounds belong to the class III type of
the Robin-Day classification.10 We have succeeded in
synthesizing a series of such compounds, formulated as [NiIII -
(chxn)2X]Y 2 (X ) Cl, Br, or mixed halides; Y) Cl, Br,
mixed halides, ClO4, BF4, or NO3) for the first time. The
choice of Ni is because the Ni ion has largerU compared
with that of a Pd or Pt ion.11 These NiIII compounds showed
a very strong antiferromagnetic interaction among spins
located on 3dz2 orbitals of each NiIII ion throughout the
bridging halides (J ≈ 2800 K). Okamoto et al. have revealed
the band structure of halogen-bridged Ni compounds by using
the X-ray photoelectron spectrum (XPS), Auger electron
spectrum (AES), and optical conductivity spectrum.12 From
XPS and AES, theU value was estimated to be ca. 5.5 eV
(U ) E2p(XPS)- 2Evalence(XPS)- Ek(AES)), which is much
larger than that of Pd (∼1.5 eV)13 or Pt (∼1.0 eV)14 systems.
On the other hand, optical conductivity spectra showed an
intense CT band at 1.3 eV, which is attributable to CT from
bridging halide ions to upper Hubbard band of Ni. Therefore,

the band structure can be schematically illustrated as
in Figure 1. Since the energy levels of the bridging
halides are located between the upper- and lower-Hubbard
bands composed of the Ni3+dz2 orbitals, these Ni com-
pounds are strictly not in the Mott insulators, but in the CT
insulators. Such a band structure is quite analogous to that
of starting materials of the copper oxide superconductors
(La2CuO4), except for the dimensionality of the electronic
system.

Although many attempts on substituting bridging halide
ions and counter-anions have so far been carried out in the
NiIII complexes, the substituting effect of the in-plane ligands
has been limited. For the application ofø(3) to the optical
devices, the shortening of the NiIII-NiIII distances is effective,
which can afford increase ofø(3) values. For this purpose,
the simple ligands compared with chxn are more preferable.
According to such a strategy, we have synthesized quasi-
one-dimensional bromo-bridged NiIII complexes with diami-
nopropane ligands, [Ni(R-pn)2Br]Br2 (R-pn ) (R)-1,2-
diaminopropane) and [Ni(rac-pn)2Br]Br2 (rac-pn) rac-1,2-
diaminopropane). In the preceding paper, we have shown
the direct observation of the disorders of the methyl groups
in [Ni(R-pn)2Br]Br2 by STM.15 As a result, the methyl groups
are not disordered on the right-hand and left-hand sides
alternatively, but make domain structures or fluctuated
structures. In this paper, we will discuss the electronic states
and structural disorders of [Ni(R-pn)2Br]Br2 and [Ni(rac-
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Figure 1. Schematic band structure of [Ni(chxn)2Br]Br2.

Figure 2. Crystal structure of [Ni(rac-pn)2Br]Br2. Hydrogen atoms are
omitted for clarity. Dashed lines show hydrogen bonds between amino-
protons and bromide ions.

Figure 3. Disordered states of (a) [Ni(R-pn)2Br]Br2 and (b) [Ni(rac-pn)2Br]-
Br2.
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pn)2Br]Br2 by optical spectra, X-ray structural analyses, and
STM measurements.

Experimental Section

Single crystals of [Ni(R-pn)2Br]Br2 and [Ni(rac-pn)2Br]Br2 were
obtained by electrysis of [Ni(L)2Br2] (L ) R-pn orrac-pn).16 X-ray
single-crystalstructuralanalysesweremadeusingBrukerSMART1000
diffractometer at 100 K. Polarized reflectivity spectra were obtained
by using a specially designed spectrometer equipped with a 25-cm
grating monochromator and an optical microscope. The electric field
vector is chosen to be parallel to the 1D chain direction (E||b).
The obtained reflectivity spectra were converted to the optical
conductivity spectra by a Kramers-Kronig transformation. STM
measurements were performed at room temperature and ambient
pressure with mechanically sharpened Pt/Ir tips. Single crystals of
the present compounds were cleaved and mounted onto a sample
stage with carbon pastes so that the surface of thebc plane can be
observed. STM images were acquired with the constant height mode
using a JEOL JSPM-5200 microscope. A sample bias voltage (Vs)
was chosen to be+1.1 V.

Results and Discussion

Figure 2 shows the single-crystal X-ray structure of [Ni-
(rac-pn)2Br]Br2 at 100 K.17 Two rac-pn ligands are coordi-
nating to the NiIII ions to form the planer [Ni(rac-pn)2] units.
The [NiIII (rac-pn)2] units and bromide ions are arranged
alternatively along theb axis, forming the linear chain
structures. The unit cell parameters of [Ni(rac-pn)2Br]Br2

and [Ni(R-pn)2Br]Br2 are completely the same within error.
The Ni-Ni distances of these compounds along the 1D chain
are ca. 5.10 Å, which is the shortest among Ni-Br 1D chain
compounds so far reported. The marked difference of crystal
structure in the present two compounds is in the feature of
structural disorder. In [Ni(rac-pn)2Br]Br2, the methyl groups,
as well as the carbon atoms of the ethylene moieties of the
rac-pn ligands, are disordered with half occupancies. The
twisting motion of the ethylene moiety is prohibited because
the methyl group is fixed in the equatorial direction.
Therefore, the disorder of the ethylene moieties is not
dynamic but statically (statistically) one, namely a 1:1
mixture of theR-pn andS-pn ligands are in the crystal,
resulting in an achiral space group (Immm). On the other
hand, there is no disorder in the ethylene moieties in [Ni-
(R-pn)2Br]Br2, affording a chiral spacegroup (I222), while
the methyl groups of theR-pn ligands are still disordered.
Such situations are illustrated in Figure 3.

Figure 4 shows the optical conductivity spectrum of [Ni-
(R-pn)2Br]Br2 together with that of [Ni(chxn)2Br]Br2.12 The
optical conductivity spectrum of [Ni(R-pn)2Br]Br2 showed
an intense peak at ca. 1.3 eV, which is attributable to a CT
transition from the bridging bromide ion to the upper

Hubbard band of Ni. Such a situation is quite analogous to
that of [Ni(chxn)2Br]Br2. Okamoto et al. have revealed that
the U value is mainly characteristic of the metal ion itself
and almost independent of the surroundings.12 Therefore, the
fundamental band structure is supposed to be the same as
that of [Ni(chxn)2Br]Br2, as shown in Figure 1.

In order to observe the feature of the disorder in methyl
group, we performed the STM measurements of [Ni(rac-
pn)2Br]Br2. Figure 5 shows an STM image of [Ni(rac-pn)2Br]-
Br2 on thebc plane in the range of 240× 240 Å2. Bright
spots are observed every 5 Å along theb axis (1D chain).
Since the STM measurements were performed with the
positive sample bias (Vs ) +1.1 V), the tunnel current is
observed from the Fermi energy (EF) of a tip to a conduction
band of the sample. According to the above discussion, the
conduction band of the present complex is an unoccupied
upper-Hubbard (UH) band composed of the dz2 orbital of
the NiIII ions. Therefore, the tunnel current from theEF of a
tip to the UH band of the NiIII is observed as bright spots.
However, the bright spots are not completely linear, but are
arranged in a zigzag fashion. The image of this compound
is similar to that of [Ni(R-pn)2Br]Br2 but different from that
of [Ni(chxn)2Br]Br2. In the previous paper, we clarified that
the tunnel currents strongly reflect the electronic state of the
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Figure 4. Optical conductivity spectra of [Ni(R-pn)2Br]Br2 and [Ni(chxn)2-
Br]Br2.

Figure 5. STM image of [Ni(rac-pn)2Br]Br2 on thebc plane (240× 240
Å2). The white arrow shows the 1D chain direction. (b)STM image of
magnification of the square part of (a). The blue circles show bright spots
arranged in a zigzag fashion.
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metal ions in the Ni-Pd mixed-metal compounds.18 The
bright spots, which are the methyl groups, are not arranged
on the right- and left-hand side alternatively, but in the
domain structures or fluctuated structure as observed in [Ni-
(R-pn)2Br]Br2 previously reported.15

Figure 6 shows the schematic geometry of the disordered
methyl group. From the crystal structural data, distances
between carbon atoms of the disordered methyl group of
the neighboring chains along thec axis are evaluated to be
4.29, 6.93, and 9.57 Å when the disordered methyl group is
located in the head-to-head(i), head-to tail(ii), and tail-to-
tail(iii) fashions, respectively. By measuring the distance
between neighboring bright spots along thec axis, we have
succeeded in determining the local geometry of methyl
groups of rac-pn ligands. Therefore, the tunnel currents
should be observed through the methyl groups of pn
ligands.

At this point, we can compare the configurations of the
pn ligands in [Ni(R-pn)2Br]Br2 and [Ni(rac-pn)2Br]Br2.
As shown in the X-ray crystal structures of these com-
pounds, the methyl groups of pn ligands are disordered
in both compounds. The STM images of both compounds
are very similar to each other, because the oxidation
states of both compounds are the same (NiIII states) and
the tunnel currents are observed through the methyl
groups. The marked structural difference between the
two present compounds is in the disorder of the ethylene
moieties in the pn ligands, that is, the disorder in [Ni(rac-
pn)2Br]Br2 and no disorder in [Ni(R-pn)2Br]Br2. However,
since the circumstances of the methyl groups in both pn
compounds are similar to each other, the tunnel currents are

the same and the STM images of these compounds are
observed similarly.

Finally, we discuss the difference between the electronic
structure of bulk crystal and crystalline surface. Strictly
speaking, the electronic structure of the crystalline surface
is different from that of bulk crystal because the chemical
and physical environments are different from each other.
Atomic rearrangements sometimes occur so as to reduce the
surface energy, e.g., 7× 7 structure of silicon crystal. In
the present system, there are relatively strong chemical bonds
within thebcplane, i.e.,-Br-Ni-Br- strong covalent bond
along theb axis19 and NH‚‚‚Br‚‚‚HN-type hydrogen bond
within the bc plane, whereas alonga axes, there are only
weak van der Waals contacts, as shown in Figure 7.
Therefore, the environment of the crystalline surface is
considered not to be so different from that of the bulk crystal.
Actually, we have measured STM images of Ni-Pd mixed-
metal compounds [Ni1-xPdx(chxn)2Br]Br2 and succeeded in
explaining the images by the electronic structure of the bulk
crystals.18
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Figure 6. Interchain disordered patterns of the methyl groups.
Figure 7. Perspective view of the crystal structure of [Ni(rac-pn)2Br]Br2

onto theac plane. Hydrogen atoms are omitted for clarity. Dashed lines
show hydrogen bonds between amino protons and bromide ions.
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