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Why Does the Disorder of R-pn and rac-pn Ligands in the
Quasi-One-Dimensional Bromo-Bridged Ni " Complexes, [Ni(pn) Br|Br ;
(pn = 1,2-diaminopropane) Afford Similar STM Patterns?
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The disordered patterns of R- and rac-1,2-diaminopropane (pn) in quasi-one-dimensional bromo-bridged Ni(lll)
complexes, [Ni"(pn),Br]Br,, 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),Br]Br, and not disordered in [Ni(R-pn);Br]Br.. 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 tions attributable to solitons and polardriayge third-order

Quasi-one-dimensional compounds have attracted consig"onlinear optical properties, one-dimensional model com-
erable attention due to their novel physical properties such Pounds of highitc copper-oxide superconductors, &fthe
as the Peierls transition, spifPeierls transition, neutral  third-order nonlinear optical susceptibilitieg') of these
ionic transition, charge density wave (CDW) states, spin cOmPounds are observed to be larger than that of poly-
density wave (SDW) states, MetHubbard (MH) states, (diacetylene) or poly(silan€)Indeed, recently a gigantic
superconductivities, efcAmong these compounds, the quasi- third-order optical nonlinear susceptibility has been observed

L - L . . 3 ~ _

one-dimensional halogen-bridged mixed-valence compounds” [Ni(€hxn:BrjBr. (9 ~ 107 esu) (chxn= 1R2R-
(hereafter abbreviated as MX-chains) have been extensivelyd'am'nocydOhexe_‘n@' _ , ,
investigated during the past 20 years, since they exhibit a oM @ theoretical viewpoint, the MX-chain compounds
wide range of interesting physical properties. These include &€ régarded as Peierlsiubbard systems. In such a system,
intense and dichroic intervalence charge transfer (CT) bands, the €lectrorrphonon interaction), the electron-transfer
progressive overtones of resonance Raman spetirai- energy 1), the on-site and intersite Coulomb interactions
nescence spectra with large Stokes sHiftid-gap absorp- (U andV, respectively) compete and/or cooperate with one
anothe Originally, these MX-chain compounds were
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Quasi-One-Dimensional Bromo-Bridged NiComplexes
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halides. However, it is well known that the one-dimensional =

metallic state is unstable and that the system is subsequentI)Fig_urede- C:ystal ssruchtugel_of [Ni(ﬁC-pnr)]zE;r]Brz- Hgdr?jgeg atoms are

transferred to the insulating state via Ber theU. In most gp;'ttéi < an dcb?[)'%'i do e ines show yErogen bonds etween amino

MX-chain compounds, due to tt® the bridging halides are

displaced from the midpoints between the neighboring two (a) & (b) ®

metal atoms, giving rise to CDW states of M"Y mixed-

valence stateg¢M"++-X—M" —X---M"+-+), 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 Il type

of the Robin-Day classification for the mixed-valence

complexes? ¢ ®
Theoretically, it has been proposed that th¥ ktate or Figure 3. Disordered states of (a) [NRtpn)Br]Brz and (b) [Ni¢ac-pn),Br]-

MH state, in which the bridging halides are located at the Bra.

midpoints between two neighboring metal iors{(—M"'—

X—M"—-X-), is stabilized whenU is larger thanS

Therefore, these compounds belong to the class Il type of

the Robin-Day classificatio?® We have succeeded in

synthesizing a series of such compounds, formulated ds [Ni

(chxn}kX]Y, (X = CI, Br, or mixed halides; Y= ClI, Br,

mixed halides, CIQ BF,, or NO;) for the first time. The

choice of Ni is because the Ni ion has largércompared

with that of a Pd or Pt ioA! These Ni' compounds showed

a very strong antiferromagnetic interaction among spins

located on 3d orbitals of each Ni ion throughout the . . . )
Co . ions and counter-anions have so far been carried out in the
bridging halidesJ~ 2800 K). Okamoto et al. have revealed ., I . .
Ni'" complexes, the substituting effect of the in-plane ligands

the band structure of halogen-bridged Ni compounds by using has been limited. For the application g to the optical
the X-ray photoelectron spectrum (XPS), Auger electron : , T . .
: L devices, the shortening of the'Ni-Ni"" distances is effective,
spectrum (AES), and optical conductivity spectrtfrfrrom . : 3) :
which can afford increase gf® values. For this purpose,

XPS and AES, thél value was estimated to be ca. 5.5 eV the simple ligands compared with chxn are more preferable
(U= EoXPS) = 2BvaiencdXPS) ~ E(AES)), which is much According to such a strategy, we have synthesized quasi-

3 ~ 4
larger than that of Pa1.5 eV)P or Pt ¢-1.0 eV} systems. one-dimensional bromo-bridged'Ncomplexes with diami-

On the other hand, optical conductivity spectra showed an . . P 1o
intense CT band at 1.3 eV, which is attributable to CT from nopropane ligands, [NR pn)BriBra (R-pn - (R-1,2
diaminopropane) and [Ni@c-pn)Br]Br; (rac-pn = rac-1,2-

bridging halide ions to upper Hubbard band of Ni. Therefore, .~ . .
diaminopropane). In the preceding paper, we have shown
the direct observation of the disorders of the methyl groups

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 Nz 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
(La,CuQy), except for the dimensionality of the electronic
system.

Although many attempts on substituting bridging halide

(9) (a) Baeriswyl, D.; Bishop, A. R]J. Phys. C1988 21, 339-356. (b)

Mishima, A.; Nasu, KPhys. Re. B 1989 40, 5593-5597. in [Ni(R-pn)Br]Br, by STM1!® As a result, the methyl groups
(10) 5202"‘”' M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 9, 247— are not disordered on the right-hand and left-hand sides
(11) Toriumi, K.; Wada, Y.; Mitani, T.; Bandow, S.; Yamashita, M.; Fujii, ~ alternatively, but make domain structures or fluctuated

Y. J. Am. Chem. Socl989 111, 2341-2342. (b) Toriumi, K.; structures. In this paper, we will discuss the electronic states

Okamoto, H.; Mitani, T.; Bandow, S.; Yamashita, M.; Wada, Y.; Fuijii, . .

Y.; Clark, R. J. H.; Michael, D. J.; Edward, A. J.; Watkin, D.; Kurmoo, and structural disorders of [N%pn)ZBr]Brz and [N|(rac-

M.; Day, P.Mol. Cryst. Lig. Cryst199Q 181, 333-342.
(12) Okamoto, H.; Shimada, Y.; Oka, Y.; Chainani, A.; Takahashi, T.; (14) Nasu, K.J. Phys. Soc. Jpri984 52, 3865-3873. (b) Iwano, K.; Nasu,

Kitagawa, H.; Mitani, T.; Toriumi, K.; Inoue, K.; Manabe, T.; K. J. Phys. Soc. Jpri992 61, 1380-1389. (c) Webber-Milbrodt, S.

Yamashita, M.Phys. Re. B 1996 54, 8438-8445. M.; Gammel, J. T.; Bishop, A. R.; Lor, E. Y., JPhys. Re. B 1992
(13) (a) Okamoto, H.; Mitani, T.; Toriumi, K.; Yamashita, Mater. Sci. 45, 6435-6458.

Eng. B1992 13, L9—-L14. (b) Okamoto, H.; Mitani, TProg. Theor. (15) Sasaki, M.; Takaishi, S.; Miyasaka, H.; Sugiura, K.; Yamashita, M.

Phys.1993 113 191-201. J. Am. Chem. So@005 43, 14958-14959.

Inorganic Chemistry, Vol. 46, No. 18, 2007 7411



Wu et al.

pn)Br]Br, by optical spectra, X-ray structural analyses, and & so00l LI
STM measurements. ; L —— [Ni(R-pn),Br]Br;
_ _ E" 4000+ —— [Ni{chxn),Br]Br, -

Experimental Section = 3000 ]

Single crystals of [NiR-pn),Br]Br, and [Ni(rac-pn),Br]Br, were § 20001 ]
obtained by electrysis of [Ni(LBr,] (L = R-pn orrac-pn).1é X-ray 3
single-crystal structural analyses were made using Bruker SMART1000 3 1000 .
diffractometer at 100 K. Polarized reflectivity spectra were obtained ' 0' N AT A e
by using a specially designed spectrometer equipped with a 25-cm © 1 1.5 2 2.5
grating monochromator and an optical microscope. The electric field Photon Energy / eV
vector is chosen to be parallel to the 1D chain directiBfjhb). Figure 4. Optical conductivity spectra of [NR-pn).Br]Br, and [Ni(chxn)-

The obtained reflectivity spectra were converted to the optical BrlBrz
conductivity spectra by a Kramet&ronig 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 obttygane can be
observed. STM images were acquired with the constant height mode
using a JEOL JSPM-5200 microscope. A sample bias voltege (
was chosen to be-1.1 V.

Results and Discussion

Figure 2 shows the single-crystal X-ray structure of [Ni-
(rac-pn)Br]Br, at 100 K" Two rac-pn ligands are coordi-
nating to the NI' ions to form the planer [Nific-pn),] units.
The [Ni"(rac-pn)] units and bromide ions are arranged
alternatively along theb axis, forming the linear chain
structures. The unit cell parameters of [ifdi§-pn)Br]Br,
and [Ni(R-pn)Br]Br, are completely the same within error.
The Ni—Ni distances of these compounds along the 1D chain
are ca. 5.10 A, which is the shortest amongB'r 1D chain A?). The white arrow shows the 1D chain direction. (b)STM image of
compounds so far reported. The marked difference of crystal maénification of the square part of (a). The blue circlés show bright spots
structure in the present two compounds is in the feature of arranged in a zigzag fashion.
structural disorder. In [Nic-pn)Br]Br,, the methyl groups,
as well as the carbon atoms of the ethylene moieties of theHubbard band of Ni. Such a situation is quite analogous to
rac-pn ligands, are disordered with half occupancies. The that of [Ni(chxn}Br]Br,. Okamoto et al. have revealed that
twisting motion of the ethylene moiety is prohibited because the U value is mainly characteristic of the metal ion itself
the methyl group is fixed in the equatorial direction. and almostindependent of the surrounditigeherefore, the
Therefore, the disorder of the ethylene moieties is not fyndamental band structure is supposed to be the same as

dynamic but statically (statistically) one, namely a 1:1 {y5¢ of [Ni(chxn}Br]Br», as shown in Figure 1.
mixture of theR-pn andSpn ligands are in the crystal,

resulting in an achiral space groupmfnm. On the other
hand, there is no disorder in the ethylene moieties in [Ni-
(R-pn)Br1Br,, affording a chiral spacegroup2@2), while . X
the methyl groups of th&pn ligands are still disordered. Brz On thebc plane in the range of 24& 240 A, Bright
Such situations are illustrated in Figure 3. spots are observed eyeb A along theb axis (1D cha|'n).
Figure 4 shows the optical conductivity spectrum of [Ni- Since the STM measurements were performed with the

(R-pn):BrIBr, together with that of [Ni(chxnBr]Br,.12 The positive sample biasV = +1.1V), the_ tunnel current is
optical conductivity spectrum of [NR-pn),Br]Br, showed observed from the Fermi enerdyd] of a tip to a conduction

an intense peak at ca. 1.3 eV, which is attributable to a CT band of the sample. According to the above discussion, the
transition from the bridging bromide ion to the upper conduction band of the present complex is an unoccupied
upper-Hubbard (UH) band composed of the atbital of

(16) A solution of [Ni(L)]Br> (L = R-pn orrac-pn) (60 mM) and saturated  the Ni' ions. Therefore, the tunnel current from tBeof a

tetamethylammonium bromide in anhydrous 1-propanol was electro- . . .
lyzed under the constant current of A for 2 weeks. Black prismatic 1P t0 the UH band of the Ni is observed as bright spots.

In order to observe the feature of the disorder in methyl
group, we performed the STM measurements of il
pn)Br]Br,. Figure 5 shows an STM image of [&c-pn)Br]-

single crystals were obtained at the anoded_AnaI. Calcd fbhe However, the bright spots are not completely linear, but are

BrNallis: C, 1613 H, 4.51; N, 12.54. Found: C, 16.00:H, 463: N, 5rranged in a zigzag fashion. The image of this compound
(17) CrKstarl]l daga of [Nifac-pn)Br]Bra: CngoBr3N4N(i15 /’\&AB: 446.70, is similar to that of [NiR-pn).Br]Br, but different from that

orthorhombic/mmm T = 100+ 2 K, a= 19.360(5) Ab = 5.0951- : : e

(12) A, ¢ = 6.9308(17) AV = 683.7(3) B. Z = 2. poea = 2.170, of [Ni(chxn),Br]Br». In the previous paper, we C.|al'lfled that

final R = 0.0359,R, = 1.004, GOF= 1.191 withl > 2.00x(l). the tunnel currents strongly reflect the electronic state of the
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Figure 6. Interchain disordered patterns of the methyl groups. . ) ) )
Figure 7. Perspective view of the crystal structure of [féi§-pn),Br]|Br,

onto theac plane. Hydrogen atoms are omitted for clarity. Dashed lines
. . . . show hydrogen bonds between amino protons and bromide ions.
metal ions in the Ni-Pd mixed-metal compound$.The

bright spots, which are the methyl groups, are not arranged ,
on the right- and left-hand side alternatively, but in the the Same and the STM images of these compounds are

domain structures or fluctuated structure as observed in [Ni- °PServed similarly. _ _
(R-pn):Br]Br, previously reported® Finally, we discuss the difference between the electronic

Figure 6 shows the schematic geometry of the disorderedStr“C“,‘re of bulk crys?al and crystalline surfacg. Strictly
methyl group. From the crystal structural data, distances speaking, the electronic structure of the crystalline surface

between carbon atoms of the disordered methyl group of is different from that of bulk crystal because the chemical
the neighboring chains along tieeaxis are evaluated to be and physical environments are different from each other.
4.29, 6.93, and 9.57 A when the disordered methyl group is Atomic rearrangements sometimes occur so as to reduce the
located in the head-to-head(i), head-to tail(ii), and tail-to- Surface energy, e.g., ¥ 7 structure of silicon crystal. In
tail(iii) fashions, respectively. By measuring the distance th_e present systemf there are _relatlvely strong chemical bonds
between neighboring bright spots along thaxis, we have ~ Within thebc p'f"‘rl‘ge' I.e..~Br—Ni—Br— strong covalent bond
succeeded in determining the local geometry of methyl @0ng theb axis® and NH--Br---HN-type hydrogen bond
groups ofrac-pn ligands. Therefore, the tunnel currents Within the bc plane, whereas along axes, there are only

should be observed through the methyl groups of pn Weak van der Waals contacts, as shown in Figure 7.
ligands. Therefore, the environment of the crystalline surface is

At this point, we can compare the configurations of the considered not to be so different from that of the bulk crystal.
pn ligands in [NiR-pn)Br]Br. and [Nifac-pn)BriBr.. Actually, we have mgasured STM images of-¥id mlxed-'
As shown in the X-ray crystal structures of these com- Metal compounds [NixPd(chxn}Br]Br; and succeeded in
pounds, the methyl groups of pn ligands are disordered explaining the images by the electronic structure of the bulk

in both compounds. The STM images of both compounds CTYStals™®

are very similar to each other, because the oxidation Aacknowledgment. This work was partly supported by a
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