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Abstract

In the quasi-one-dimensional halogen-bridged metal complexes, the Pt and Pd compounds
have charge density wave (CDW) states or the M"-M'V mixed-valence states where the
bridging halogens are distorted from the midpoints between neighboring two metal ions due
to the stronger electron-phonon interaction. However, Ni compounds have spin density
wave (SDW) states or the M"' states where the bridging halogens are located at the
midpoints between neighboring two metal ions, due to the stronger electron-correlation.
These Ni compounds are not Mott-insulators but charge-transfer-insulators. The electronic
structures in [Ni'"'(chxn),X]Y, (chxn = cyclohexanediamine; X = Cl, Br and mixed-halides;
Y = Cl, Br, mixed-helides, NO;, ClO, and BF,) are tuned by substituting the bridging
halogens and counteranions. The competition between the SDW states in Ni'!' sites and the
CDW states in Pd''—Pd'"" sites in the Ni-Pd mixed-metal compounds, Ni, _  Pd_(chxn),Br,,
has been investigated. The Pd"'-Pd'V states are approaching the Pd'" states with increase of
the Ni components in this system due to the stronger electron-correlation in Ni''' sites.
© 1999 Elsevier Science S.A. All rights reserved.

Keywords: MX-chains; Spin density wave; Charge density wave; Peierls-Hubbard model

1. Introduction

Recently, low-dimensional compounds have been attracting much attention since
they show very interesting physical properties based on the low-dimensional crystal
and electronic structures such as Peierls transition, spin-Peierls transition, neutral-
ionic transition, charge density wave (CDW) state, spin density wave (SDW) state,
superconductivity etc. [1]. Among these compounds, the quasi-one-dimensional
halogen-bridged Pt, Pd and Ni mixed-valence compounds (hereafter abbreviated as
MX chain compounds) have been extensively investigated for the last 20 years
because they show very interesting properties such as dichroic and intense interva-
lence charge transfer bands, progressive resonance Raman spectra, luminescences
with large Stokes shift, midgap absorptions attributable to the solitons and polar-
ons, large third-order nonlinear optical susceptibilities etc. [2—4]. Theoretically
speaking, the MX chains are considered as a Peierls—Hubbard system where the
electron—phonon interaction (S), the electron transfer (7'), the on-site and inter-site
Coulomb interactions (U and V, respectively) compete or cooperate with one
another as shown in Fig. 1 [5-7]. Originally, the MX chains are considered as
one-dimensional metallic states with half-filled d? orbitals of the metal ions and the
filled p. orbitals of the bridging halogen ions. However, as is well known, the
one-dimensional metallic state is unstable and is subsequently transferred to the
insulating state by the electron-phonon interaction (S) or the electron-correlation
(U) (Fig. 2). In most Pt and Pd compounds, due to the strong electron—-phonon
interaction (S), the bridging halogen ions are distorted from the midpoints between
the neighboring two metal ions, giving the CDW states or M"—M!'V mixed-valence
states (...M".. X-M"-X...M"...). Accordingly, the half-filled metallic bands are
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Fig. 1. Phase diagram in the 7-U-S-V tetrahedron (T, electron transfer energy; U, on-site Coulomb
repulsion energy; S, electron-phonon interaction energy; V, inter-site Coulomb repulsion energy). The
CDW and SDW show the charge density wave state and the spin density wave state, respectively. The
shaded plane denotes the phase boundary between these two phases.

split into the occupied valence bands and the unoccupied conduction bands with
the finite Peierls gaps. Therefore, these compounds belong to the class 11 type of the
Robin-Day classification for mixed-valence compounds [1]. So far more than 200
compounds of M = Pt and Pd have been synthesized, since the constituents such as
metal ions, in-plane ligands, etc. are various and capable of substitution. These
compounds are formulated as [M'(AA),JIM'VX,(AA),]Y, (abbreviated as
M(AA).XY,, M''-M" =Pt'".Pt'"Y, Pd"-Pd"V, Ni'-Pt'V, Pd"-Pt"Y, and Cu'-Pt':
X=Cl, Brand I; Y = ClO,, BF,, PF, X, etc.; AA = ethylenediamine(en), cyclohex-
anediamine(chxn), etc.).

I. The magnitudes of the band gaps can be tuned by varying chemical factors such
as M, X, AA, and Y, that is, the physical parameters (S, 7, U and V) can be
tuned by substitution of the chemical factors.

The interchain interaction or the dimensionalities of the CDW states can be
controlled by using the intra- and inter-chain hydrogen bonds between the
aminohydrogens and the counteranions.

£

X -MPE XM M x—mit S>U

CDhwW
Mm_lﬂr_u— (nonmagnetic)

X—MEX—MEx—MEx—mitx  S<U

U U e

(antiferromagnetic)

Fig. 2. CDW states (upper) and SDW states (lower), and their spin states for d2 orbitals of metal ions
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3. Single crystals can easily be obtained.

On the other hand, theoretically it was proposed that in the case of the stronger
on-site Coulomb interaction (U) compared with the electron—phonon interaction
(S), the M""' states or SDW states are considered to be more stable, where the
bridging halogens are located at the midpoints between the neighboring two metal
ions (-X-M"-X-M"'-X-). Therefore, these compounds belong to the class III
type of the Robin-Day classification for the mixed-valence compounds [1]. Our
group succeeded in synthesizing such compounds formulated as [Ni'"'(chxn),X]Y,
(X = Cl, Br and mixed-halides; Y = Cl, Br, mixed-halide, NO,, CIO,, etc.), since a
Ni ion has the stronger U compared with that of a Pd or Pt ion [8,9]. More
recently, we have succeeded in synthesizing the Ni—-Pd mixed-metal compounds,
where the electron-correlation of the Ni" sites and the electron—phonon interaction
of the Pd"-Pd'v sites compete with each other.

While several reviews on Pt and Pd compounds have been published concerning
the crystal structures, the resonance Raman spectra, and the dynamics of solitons
and polarons [10], no reviews on the Ni compounds have so far been published.

In this review, we will focus on the electronic structures of [Ni"'(chxn),X]Y,, and
the competition between CDW and SDW states in the Ni—Pd mixed-metal com-
pounds, Ni, _ Pd (chxn),Br;.

2. Electronic structures of [Ni'"(chxn),X]Y,
2.1. Syntheses of Ni'" complexes

Single crystals of [Ni"!(chxn),X]X, (X = Cl and Br) were obtained by halogena-
tions of the 2-methoxyethanol solutions of [Ni"(chxn),]X, [8,9]. Single crystals of
the mixed-halogen compounds, Ni(chxn),Cl,45Bryss; and Ni(chxn),Cl, ,4Br, 5,
were obtained by slow diffusion of Br, and Cl, into the 2-methoxyethanol solutions
of [Ni(chxn),]JCl, and [Ni(chxn),]Br,, respectively [l11]. Single crystals of
[Ni(chxn),X](NO;), (X=Cl and Br) were synthesized by an electrochemical
method using 2-methoxyethanol solutions of [Ni(chxn),]X, including NH,NO, as
an electrolyte [12]. [Ni(chxn),X](ClO,), was obtained by halogenation of 70%
HCIO, solutions of [Ni(chxn),(ClO,), at — 10°C. The [Ni(chxn),CI|(BF,), was
obtained by chlorination of the 40% HBF, solution of Ni(chxn),(BF,), at — 10°C.

2.2, Crystal structures of Ni'" complexes

The crystal structures of [Ni(chxn),X]X, (X = Cl and Br), Ni(chxn),Cl,Br, and
[Ni(chxn),X](NO,), are isomorphous to one another, and moreover to the mixed-
valence compounds [M'(chxn),][M"Y(chxn),X,]Y, (M = Pt and Pd; X = CI, Br and
I; Y =X and ClO,) although the positions of the bridging halogens are different
from one another [13]. The chain structure of [Ni(chxn),Br]Br, is shown in Fig. 3.
The relevant bond distances of these compounds are listed in Table 1. The four N
atoms of two chxn are coordinated to a Ni atom in a planar fashion. The Ni(chxn),
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Fig. 3. Crystal structure of [Ni""(chxn),Br]Br,. In the crystal, the planar [Ni'"(chxn),] units are bridged
with Br ions, forming the linear chain structures. Each chain is hydrogen-bonded with Br counteranions,
forming two-dimensional hydrogen-bond networks.

moieties, lying on special position 222, are bridged by halogen atoms and stacked
along the b-axis, constructing linear-chain structures. The neighboring Ni(chxn),
moieties along the chain are linked by the hydrogen bonds between aminohydro-
gens and counteranions, and moreover, there are hydrogen bonds among the
neighboring chains, constructing the two-dimensional hydrogen bond networks
parallel to the bc plane. In Ni(chxn),X(NO,), (X =Cl and Br), the intra- and
inter-chain hydrogen bonds are composed of NH...O..HN and NH...O-N-
O...HN systems, respectively. In Ni(chxn),Cl,Br,, the occupancy factors of Cl and
Br ions in the bridging and counteranion positions were determined by the

Table 1 .
Crystal data and relevant bond distances in [Ni(chxn),X]Y, (A)

a b ¢ Ni-X Ni-N
Ni(chxn),Cl, 23.975(5) 4.894(1) 6.913(1) 2.447(1) 1.944(1)
Ni(chxn),Cl, 4soBro sy 23.901(1) 4.914(1) 6.971(1) 2.457(1) 1.934(2)
Ni(chxn),CI(NO), 22.990(20) 4.982(3) 8.001(5) 2.491(1) 1.927(7)
Ni(chxn),Cl, 54Br, 55 23.720(2) 5.063(1) 7.18%(1) 2.531(1) 1.948(3)
Ni(chxn),B, 23.587(5) 5.161(2) 7.121(1) 2.578(1) 1.944(3)

Ni(chxn),Br(NO,), 22.906(3)

5.213(1) 7.855(1) 2.6065(5) 1.937(4)
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full-matrix least-squares refinements. The occupancy factors of Cl and Br at the
bridging halogen sites are 0.976 and 0.024 for Ni(chxn),Cl, 450Br, <4, (1) and 0.68
and 0.32 for Ni(chxn),Cl, ,3Br, ;, (2), respectively and those at the counter halogen
sites are 1.483 and 0.517 for (1) and 0.60 and 1.40 for (2), respectively. Accordingly,
their formula can be correctly represented as [Ni(chxn),Cly ¢7¢B1¢ 24] Cli 458BT0 5175
for (1) and [Ni(chxn),Cl; (sBr 3,] Cly6oBr, 49 for (2) [11].

In order to discuss their electronic structures, it is essential to decide whether the
bridging halogens are located at midpoints between neighboring two Ni atoms
(Ni""-X-Ni'" structure) or deviated from the midpoints (Ni"...X-Ni'"V-X struc-
ture). On the basis of the X-ray diffraction, it was concluded that these Ni
compounds have the Ni'"-X-N"! structures. Firstly, their Ni'"'-X distances are
significantly shorter than those of the discrete octahedral Ni''' compounds,
[Ni"'X,([14]aneN]CIO, (X = Cl and Br). Secondly, the structure analyses of these
compounds do not indicate positional disorders of the bridging halogen atoms. The
thermal ellipsoids of the bridging halogen atoms are very small. Finally, neither
diffuse scattering nor satellite peak relating to a superstructure has been observed
on the X-ray oscillation and Weissenberg photographs of these compounds.

The b-axis and c-axis are correspondent with the Ni'"'-X-Ni'"! distance along
the chain and the inter-chain distance in the direction of the hydrogen-bonds,
respectively. These two axes are systematically influenced by substitution of the
bridging halogens and counteranions. The axes in Ni(chxn),Cl Br, increase in
the sequence [Ni(chxn),ClJCl, < [Ni(chxn),Cl 476Brp 124]Cl, 453Bry 517 < [Ni(chxn),-
Cl, 5sBry 35]Cly 40Br 40 < [Ni(chxn),Br|Br,, due to the increase of the amounts of Br
ions with larger ionic radius. Next, in order to investigate the effect of the
counteranions of NO;~ and halogen ions (X ) on the b- and c-axes, we compare
[Ni(chxn),X]}(NO,), with [Ni(chxn),X]X, (X =Cl and Br). While the Ni""-X or
Ni'"'-X—Ni'"" distances (b-axis) are almost similar in compounds with the same
bridging halogens, the c-axes of the NO; compounds are much larger than those
of X~ compounds, due to the larger ionic radius of NO;~ compared with those of
X . The correlation between the b-axis and c-axis is shown in Fig. 4. The
Ni'"'-X-Ni"" distances or h-axes are dependent on the species of bridging halogen
and almost constant in the same bridging halogens. This is due to the tight covalent
bonds of Ni'"'-X-Ni"". Unfortunately, single crystals of Ni(chxn),X(ClO,), (X =
Cl and Br) and Ni(chxn),CI(BF,), were not obtained. Therefore, their crystal
parameter such as a-, b- and c-axes were obtained by using X-ray powder patterns,
since their structures are also isomorphous to Ni(chxn),X; whose crystal structures
were determined by single-crystal X-ray diffraction methods. The correlations
between b- and c-axes are also shown in Fig. 4. The lattice constants along the 1-D
chains (h-axes) in the compounds with the same bridging halogens are almost
unchanged, while the c-axes or the distances in the direction of the interchain
hydrogen-bonds are remarkably lengthened in the counteranion order X < NO, <
BF, < ClO,. Such a trend is consistent with the order of the counteranion ionic
radius. Since the Ni'"'-X-Ni'""" covalent bonding is tight, the larger counteranions
cannot approach to the chains, resulting in lengthening the c-axes.
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Fig. 4. Correlation between b- and c-axis in Ni(chxn),XY,.

At this stage, it is very interesting to compare the correlation between the - and
c-axes in the Ni compounds with those in the Pd and Pt compounds in the
M(chxn),ClY, (Y = Cl~ and ClO,"), systems where the Ni compounds exhibit Ni'"
states, and the Pt and Pd compounds exhibit M"-M!'V mixed-valence states. The
correlation is shown in Fig. 5. Going from Y = Cl to ClO, in the Pt compounds,
both b- and c-axes are lengthened, while the Pt'V--Cl distances in both compounds
are almost constant, and the Pt'...Cl distance in the ClO, compound is much
longer than that in the CI compounds [13,14]. The c-axis in the ClO, compounds is
much larger than that in the Cl compound, due to the difference of their ionic
radius and the hydrogen bond systems. A similar trend is also observed in the Pd
compounds, but the degree of the inclination is smaller than that of the Pt
compounds. Such results are reasonable from the viewpoint of the intervalence
interaction. Since the interaction or overlapping of orbitals between Pd" and Pd'V
atoms through the bridging halogens is larger, judging from the results of interva-
lence CT bands and electrical conductivities. The Pd"...Cl1-Pd"Y distance or b-axis
is also short. Since the ClO, counteranion cannot approach the chain, the c-axis
lengthen compared with the Pt compounds. In the Ni compounds, such trends are
even more prominent as shown in Fig. 5, due to the tight covalent bonding of
Ni'"'-Cl-Ni'!l,

2.3. CP-MAS “C-NMR of Ni'"' compounds

CP-MAS ""C-NMR spectra are good probes for evaluating their crystal and
electronic structures. The CP-MAS '*C-NMR spectra of Ni(chxn),X; (X = Cl, Br
and mixed-halides) observed at room temperature exhibited three resonance lines
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Fig. 5. Correlation between b- and c-axis in M(chxn),ClY, (M = Pt, Pd and Ni; Y = Cl and Cl0,).

with almost equal integrated intensity (Fig. 6). These results are in good agreement
with the crystal structural data, revealing the presence of three kinds of crystallo-
graphically independent carbon atoms of the chxn ligands in the crystals, namely,
a-, B-, and y-carbons. In contrast with such results, the *C-NMR spectrum of
[Pd(chxn),][PdCl,(chxn),)(ClO,), exhibits the doublet signal of the a-carbons due to
the Pd" and Pd'Y components.

2.4. XP spectra and Auger spectra of Ni'"' compounds

In order to estimate the on-site Coulomb energies of these compounds, their
Auger spectra and XP spectra were measured [15,16]. Fig. 7 shows the valence-band
XP spectra of the Ni compounds, which were obtained by using Mg—K, radiation.
Broad peaks centered at 3—-4 eV binding energies are observed. Both Ni 3d and
bridging halogen 3p(Cl) or 4p(Br) electrons will contribute to the XPS intensities in
this region. Since the XPS cross section of the Ni 3d electrons is comparatively
larger than those of Cl 3p and Br 4p electrons for Mg-K,, radiation, the broad
peak at 3-4 eV can be considered to have dominant 3d character. The Ni 2p XP
spectra obtained using Mg-K, radiation are shown in Fig. 8. The spectra are
composed of two peaks, Ni 2p,, and Ni 2p, ,, where the former is observed at
higher energy compared with the latter. These binding energies are higher than
those in Ni'' complexes. Fig. 9 shows the Auger spectra which are obtained with
Al-K, radiation, since the strong N 1s XP line appears in the Auger spectral region
with excitation of the Mg-K, radiation. From these results, the U/ values are
obtained by using the equation described previously [15,16]. All results are listed in
Table 2. The U in these compounds are about 5 eV.
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Fig. 6. CP-MAS "*C-NMR spectra of Ni(chxn),X, and Pd(chxn),CI(ClO,),.
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2.5. Absorption spectra of Ni''' compounds

The optical conductivity spectra of the single crystals of these compounds are
shown in Fig. 10. They were obtained by the Kramers—Kronig transformation
from the polarized reflectivity spectra with the electric vector E parallel to the
chain axis b (E|b). In the energy region from 1.2 to 2.0 eV, prominent absorptions
are observed polarized parallel to the chain axis b, but no prominent structures are
observed for the E_Lb spectra (Table 2). As mentioned above, the on-site Coulomb
energies are estimated to be about 5 eV. On the other hand, the lowest transitions
are observed in the energy regions from 1.2 to 2.0 eV. Therefore, the lowest
transitions are considered as those of the bridging halogens to the upper-Hubbard
bands of Ni 3d?. These compounds are then, not Mott-insulators, but CT-insula-
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tors, where the energy levels of the bridging halogens are located between
the lower and upper Hubbard bands composed of the Ni'!' 3d? orbitals. The
peak energies shift in the order Ni(chxn),Cl; > Ni(chxn),Cl, 450Bry gs54, > Ni-
(chxn),Cl, ,4Br, 5, > Ni(chxn),Br;, which is understood in terms of energy differ-
ence of the 3p of Cl and 4p of Br ions. In compounds with the same bridging
halogens, the peak energies of the NO; compounds are higher than those of the
halogen-counteranions, due to a little longer Ni'"'-=X-Ni"" distances in the NO;"
compounds.

2.6. Electrical conductivities of Ni'" compounds

Single crystal electrical conductivities have been measured along the chain axes
by the four-probe method (Fig. 11). All these compounds show semiconducting
behavior. The activation energies (E,) and the conductivities at room temperature
(ory) are listed in Table 2, where the resistivities at room temperature and the
activation energies increase in the order Ni(chxn),Br; < Ni(chxn),Cl, ,¢Br, ,, <
(Ni(chxn),Cl, 450Bry s4;) < Ni(chxn),Cl;, and in the same bridging halogens those

Ni3d (Valence)

:::Wﬂ\\‘

Nl(chxn)zBl‘(Nos)z

Nl(chxn)ZCl(Nos)z

WMMW

Ni(chxn);Cl, 459BFg.54;

Ni(chxn),Cl, ,3Br; 7,

" 1 s 1 1 .

8 6 4 2 0
Binding (eV)

Fig. 7. Valence-band XP spectra of Ni(chxn),XY.
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Ni(chxn),Br; Ni2p;,

Ni(chxn);Br(NO;),

Ni(chxn),CI(NO;),

Ni(chxn),Cl, 450Bro s41

Ni(chxn),Cl, »sBr; 7,

{ i i 2
870 860 850

Binding (eV)

Fig. 8. Ni 2p XP spectra of Ni(chxn),Y,.

of the NO; compounds are larger than those of halogen—counteranion com-
pounds. Such orders are the same as those of the peak energies of the charge
transfer bands.

2.7. Magnetic susceptibilities of Ni'"" compounds

The temperature-dependent magnetic susceptibility measurements reveal that all
these compounds show the very strong antiferromagnetic interactions, due to the
superexchange mechanism through the bridging halogens between neighboring
spins located on the Ni 3d? (Fig. 12).

3. Competition between charge density wave and spin density wave states in Ni-Pd
mixed-metal complexes

The [Ni(chxn),Br]Br, (SDW) and [Pd(chxn),][Pd(chxn),Br,]Br, (hereafter abbre-
viated as Pd(chxn),Br;, CDW) are isomorphous with each other (same space group
1222), although the positions of the bridging halogens are different from each other,
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NiLVV

W%

Ni(chxn),Br(NOs),

Ni(chxn),CKNO3),

Ni(chxn),Cl, 23Br, 7,

1 . 1 i 1
830 840 850

Kinetic (eV)

Fig. 9. Ni LVV Auger spectra of Ni(chxn),XY.. The LVV means a radiation of a valence electron when
other valence electron falls down to the vacant L shell of Ni.

that is, located at midpoints and distorted from the midpoints between neighboring
two metal ions, respectively, as mentioned above. If we can obtain single crystals of
the Ni—Pd mixed-metal compounds, we can directly investigate the competition
between the electron-correlation (U) in Ni'"' states (SDW) and the electron-phonon-
interaction (S) in the Pd"-Pd'Y mixed-valence states (CDW) in this system. In

Table 2
Electron-correlations (U), CT peak energies (E ), activation energies (£,), and electrical conductivi-
ties at room temperature (log o)

U (eV) Ecr (€V) E, (eV) logo (s em™")
Ni(chxn),CI(NO;), ~4.47 1.95 0.302 —6.61
Ni(chxn),Cl, ~4.9 1.80 0.232 —6.00
Ni(chxn)>Cl, 450Br, 54, ~5.95 1.75 a a
Ni(chxn),Br(NO,), ~591 1.45 0.178 5.6
Ni(chxn),Cl, »Br, - ~535 145 0.137 —4.73

Ni(chxn),B, ~5.84 1.28 0.117 —3.16

“ Single crystals are too small to be measured.



M. Yamashita et al. / Coordination Chemistry Reviews 190—192 (1999) 309--330 321

T T T T T T T T i 7 ! '

4000 k- Ni(chxn);Br; -
E
i
A
< L Ni(chxn);Cly 28Br1.72 T
::;:
-
H
= 2000
=
]
Qo

0l ) 1

Energy (eV)

Fig. 10. Optical conductivity spectra of single crystals of Ni(chxn),XY.

studies on the transition metal oxides, the filling control or doping method is
usually employed, where the physical parameters are controlled indirectly. On the
other hand, in the MX-chain compounds, we can control the physical parameters
directly by substituting the chemical factors such as metal ions, bridging halogens,
etc.

Ni{chxn),Br(NO3),
Ea=0.178 eV

-6

log(o -Sem™)
4

-8

Fig. 11. Single-crystal electrical conductivities of [Ni(chxn),X}(NO,),.
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Fig. 12. Magnetic susceptibilities of [Ni(chxn),Br]|Br,.

According to such a strategy, the physical properties of a series of
Ni, _.Pd. .(chxn),B; with various mixing ratios were investigated [17,18].

3.1. Syntheses of Ni, . Pd (chxn),Br;

A series of single-crystals of the Ni—-Pd mixed-metal compounds,
Ni, .  Pd (chxn),B; were obtained by electrochemical oxidation methods of the
mixed methanol solutions of [Ni(chxn),]Br, and [Pd(chxn),]Br, with various mixing
ratios. As electrolyte, tetra-n-butylammonium bromide was used. The current
dependence and concentration dependence on the ratios of the Pd and Ni ions in
these compounds were investigated. The ratios between the Pd and Ni ions for all
compounds were determined by ICP emission spectrometry.

3.2, Crystal structures of Ni,_ Pd (chxn),Br,

Since the crystal structures of Ni, _,Pd (chxn),Br; could not be determined by
single crystal four-circle X-ray diffractometry; only their crystal parameters such as
a, b and ¢ axes were obtained. The crystal structures of Ni, _ Pd (chxn),B; are
isomorphous to [Ni'''(chxn),Br]Br, and Pd(chxn),B,, although the positions of the
bridging halogens are assumed to be different among these compounds. Accord-
ingly, their structures are assumed as follcws. The four N atoms of two chxn
ligands are coordinated to Ni and Pd atoms in a planar fashion. The M(chxn),
moieties, lying on special position 222, are bridged by halogen atoms and stacked
along the h-axis, constructing linear-chain structures. The neighboring M(chxn),
moieties along the chain are linked by the hydrogen bonds between aminohydro-
gens and counteranions. Moreover, there are hydrogen bonds among the neighbor-
ing chains, constructing two-dimensional hydrogen bond networks parallel to the
be plane. The M-M distances correspond to the b-axis, The M—M distances
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Fig. 13. b- (upper) and c-axes (lower) in Ni, _ Pd (chxn),Br;.

(b-axis) increase in Pd component due to the larger ionic radius of a Pd ion,
compared with that of a Ni ion as shown in Fig. 13. On the other hand, the c-axis
which is along the direction of the inter-chain hydrogen-bonds gradually decreases
with increase of the Pd ratios, since the counter Br~ ions can approach the chain.
Such a negative correlation is also observed in M(chxn), XY, (X =Cl and Br;
Y = ClO, and X).

3.3. IR and Raman spectra of Ni, _Pd (chxn),Br,

In this system, the IR v(N-H) signals around 3000 cm ~' are very good probes
for evaluating their oxidation states [19]. The [Ni(chxn),Br]Br, shows a singlet
v(N-H) signal around 3000 c¢m ! due to the Ni''' oxidation state, while the
Pd(chxn),B; shows doublet v(N-H) signals due to the Pd" and Pd'V, oxidation
states. Fig. 14 shows the IR spectra of Ni, _ .Pd (chxn),B; at 17 K. The compounds
with x larger than ca. 0.5 show triplet signals which are assignable to the
superpositions of the Pd"-Pd'V doublet state and the Ni'"' singlet state. The
doublet peaks of v(N--H) attributable to the Pd" and Pd" sites approach each
other with increase of the Ni component. Compounds with x smaller than ca. 0.5
show the singlet v(N-H) signal, indicating that in this system the oxidation states of
Pd"-Pd"V mixed-valence states approach Pd" states with increase of the Ni
component.

The Raman spectrum is another good probe for evaluating their oxidation states.
Clark and Swanson have both measured Raman spectra for many M"-M'
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Fig. 14. IR spectra of »(N-H) in Ni, _ Pd, (chxn),Br,.

mixed-valence compounds [2,4]. The numbers and intensities of Raman spectra
depend on their oxidation states in these systems. Fig. 15 shows the Raman
spectra of the Ni~Pd mixed-metal compounds along with those of the pure Ni'"
and pure Pd"-Pd'" mixed-valence compounds. The pure Pd"-Pd"Y mixed-valence
compound, Pd(chxn),B;, shows characteristic overtone progressions of v(Pd'V-Br)
in the Raman spectrum, while the pure Ni'" compound, [Ni(chxn),Br]Br, shows
no Raman signals because of the central positions of bridging Br ions between
neighboring two Ni''" atoms. The intensities are weakened and the number of
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Fig. 15. Resonance Raman spectra of Ni, _  Pd (chxn),Br;.

overtones decrease with increase of the Ni component, indicating that the bridging
Br~ ions positions gradually shift to the central positions from the distorted
positions with decrease of the Pd component. These results indicate that the
oxidation states of the Pd"-Pd'"V mixed-valence states approach Pd™ with
increasing Ni component. The results are consistent with the IR spectra mentioned

above.
3.4. XP spectra and Auger spectra of Ni, . Pd (chxn),Br,

In order to directly investigate their oxidation states, the XP and Auger spectra
were measured for these compounds at 165 K. Fig. 16 shows that Ni 2p;,, and Ni
2p,» signals in the XP spectra of the Ni components of the Ni—-Pd mixed-metal
compounds are essentially the same in these compounds, indicating that the Ni ion
oxidaton states are + 3 in all these compounds. On the other hand, the Pd3ds;, and
Pd3d;, signal of the Pd components of the Ni-Pd mixed-metal compounds
gradually change from relatively broad to sharp. The spectra are resolved into the
Pd" and Pd" components as shown in Fig. 17, where the Pd" and Pd" species
gradually approach each other with decrease of Pd component. As shown in Fig.
16, the binding energy differences between the Pd" and Pd' components gradually
decrease with decrease of the Pd component, indicating that the Pd"~Pd'Y mixed-
valence states gradually approach the Pd'" state. These results are consistent with
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Fig. 16. XP spectra of Ni components in Ni, _  Pd (chxn),Br;.

those of the IR and resonance Raman spectra, and reveal that the
electron—phonon interactions in the Pd"-Pd"Y mixed-valence states is weakened
with increase in the Ni'! components which have strong electron correlation. The
magnitude of the Ni ions electron correlation in these Ni—-Pd mixed metal
compounds is estimated to be 4-5 eV by XP and Auger spectra. On the other
hand, the electron—-phonon interaction of the Pd"—Pd'Y mixed-valence state is
estimated to be about 1 eV. The experimental results are fully consistent with
these physical parameters.

3.5. Magnetic properties of Ni,_ Pd (chxn),Br;

In order to investigate the magnetic properties of these compounds, temperature-
dependent EPR and magnetic susceptibilities are measured. The magnetic suscepti-
bility of the pure Ni'"' compound, [Ni(chxn),Br]Br, is small and almost
temperature-independent from room to low temperature as shown in Fig. 12. This
is due to the very strong antiferromagnetic interaction among the spins located on
the Ni 3d? orbitals via the bridging halogen ions. At very low temperature, the
magnetic susceptibility increases abruptly. Such a component obeys the Curie law,
which is considered to be due to the impurities of the chain edges and defects. The
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Fig. 17. XP spectra of Pd components (upper) and differences of binding energies between Pd" and Pd'Y
components (lower) in Ni, .Pd,(chxn),Br,.

pure Pd"-Pd" mixed-valence compound, Pd(chxn),Br, is diamagnetic. In
this compound, an abrupt increase in susceptibility is also observed at very
low temperature, and is also due to Pd"' impurities at chain edges or defects; it
obeys the Curie law. In the Ni—Pd mixed-metal compounds, the absolute values
of the magnetic susceptibilities gradually decrease with increase of the Pd compo-
nent.

In the EPR spectra at room temperature, the pure Ni compound shows a very
broad signal around g =2, due to the very strong antiferromagnetic interaction
among spins located in the Ni 3d? orbitals. The signals sharpened gradually with
increase of the Pd component (Fig. 18). The integrated intensities plotted against
the Pd components obtained by Kuroda and Marumoto are shown in Fig. 19.
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Fig. 18. EPR spectra of Ni, _ ,Pd (chxn),Br,.
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Fig. 19. Dependence of spin susceptibilities at room temperature of Ni,  Pd (chxn),Br; obtained by
EPR signals.

The dotted line shows the summation of Ni'"' and Pd"-Pd"V components. The
results are not linear but deviate to the upper side [20]. Showing that the Pd
oxidation state approaches Pd"’ with increase of the Ni component.

4. Conclusion

A series of Ni''' complexes were synthesized. They are CT-insulators and their
electronic structures are tuned by substituting the bridging halogens and the
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counteranions. The Ni-Pd mixed metal compounds, Ni, _ Pd .(chxn),Br, were
synthesized, where the electron-correlation in the Ni sites and the electron—phonon
interaction in the Pd sites compete with each other. The Pd"-Pd'Y mixed-valence
states approach Pd'' with increase of the Ni component due to the very strong
electron-correlation of the Ni sites.
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