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The X-ray photoelectron spectra have been measured for the one-dimensional halo ogen- brldgied metal-
alternated mixed-valence complexes, [Pd"(en)z][Pt" Xa(en)2](C104)s (X=CI, Br, and I) and [Ni''(en)z][Pt' " Xz(en)s]-
(ClO4)s(X=Cl and Br), along with their parent complexes, [Pd(en)z]Clz, Nl(en)2C12, and [PtClz(en)2]Clz. As the
bridging halogen changes from Cl to I, the binding energies of the Pt(IV)4f levels become lower while those of
M(IT) (M=Pd and Ni) levels become higher, each gradually approaching to the M(III) binding energies (M=Pt,
Pd, or Ni), respectively. Comparing the binding energies of the Pt(IV)4f levels in these hetero-metal mixed-
valence complexes with those previously reported for the homo-metal halogen-bridged Pt(II)-Pt(IV) mixed-
valence complexes having the same bridging halogens, the reductive trend of the oxidation states of Pt(IV) is
found to be significantly suppressed by the metal alternation. In accord with this result, the activation energies
obtained from the electrical conductivities are fairly larger than those of the homo-metal Pt(II)-Pt(IV) mixed-
valence complexes. Their magnitudes are in the order of Pd"-Pt"">Ni"-Pt"¥>Pt"-Pt", suggesting that the
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electron-electron repulsion energy on M(II) ions plays an important role in mixed-valence states.

Various kinds of halogen-bridged one-dimensional
M(I)-M(IV) mixed-valence complexes of Pt, Pd, and
Ni have created a greater current interest in the field of
low-dimensional chemistry and physics.=® So far, we
have prepared about one hundred compounds with a
general formula of [M(AA):][M'VX3(AA)2]Ys (M=Pt,
Pd and Ni; X=Cl, Br and I; (AA);=(diamines)z, lin-
ear-tetramines, and tetraaza-macrocycles; Y=C1Oy4, BF4
etc.).5"9 Although these complexes exhibit a consid-
erable variety of semiconducting properties, they can
be well characterized by a common feature; the elec-
trical,10-12 optical,!3-19 and vibrational properties16—18
are closely correlated with the degree of the oxidation
states of the M(II) and M(IV) ions. This has been clear-
ly demonstrated by the X-ray photoelectron spec-
tra’¥-22 and XANES.29 From the results of the X-ray
diffraction measurements,24-30 the oxidation states of
metal ions were found to be systematically dependent
on the ratio between M(IV)-X and M(II)---X distances,
which is influenced by the kinds of metals, bridging
halogens, counter ions, and in-plane ligands.
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For example, as the bridging halogen ions change
from Cl to I, the ratio between M(IV)-X and M(II)---X
distances approaches unity.3) At the same time, the
oxidation states of the M(II) and M(IV) metal ions
almost become tervalent states. These characteristic
behaviors have been theoretically elucidated by energy-
band calculations by Whangbo and Foshee?? using the
extended Hiickel method and recently by Nasu33-35
on the basis of an extended Peierls-Hubbard model.

According to Nasu’s model, the oxidation states of met-
al ions are determined by three physical parameters:
the distortion energy due to the displacement of a
halogen ion from the midpoint between adjacent metal
ions, the transfer energy between metal ions, and the
electron-electron (e—e) repulsion energy on metal ions.
In a preceding paper,3® it has been confirmed that the
metal (M) and halogen ions (X) dependences on interval-
ence charge transfer transitions along the chains can
be interpreted in terms of these parameters, including
the e-e repulsion energy on the adjacent metal ions.

In order to obtain more detailed information re-
garding the mixed-valence states in one-dimensional
complexes of this type, we have measured the X-ray
photoelectron spectra and single-crystal electrical con-
ductivities of the hetero-metal mixed-valence com-
plexes, [Pd(en)z][PtX2(en)2](ClO4)4(X=Cl, Br, and I)
and [Ni(en)2][PtXz(en)2](ClO4)4 (X=CI and Br) (here-
after, they are abbreviated to Pd(II)-X-Pt(IV) and
Ni(II)-X-P¢(IV)). The X-ray photoelectron spectra of
their parent complexes, [Pd(en)2]Clz, Ni(en)2:Cl23? and
[PtCly(en)z]Cle have also been measured as references.
The metal alternation is expected to add two different
types of energy to the one-dimensional M-X-M system.
One is due to the alternating ionization energies and
the other is due to the alternating electron-electron
repulsive energies on metal sites.

Experimental

Materials. The M(II)-X-Pt(IV) complexes were
synthesized by methods previously described.5:8:3® Single
crystals of the Pd(I1)-X-Pt(IV) complexes were grown from
dilute perchloric acid solutions, while those of the Ni(II)-
X-~Pt(IV) complexes were obtained from aqueous solutions
containing NaClOs.
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Fig. 1. X-Ray photoelectron spectra of Pt4f in [Pd-
(en)2][PtCIz(en)z](ClO4)4.

X-Ray Photoelectron Spectra. The X-ray photoelectron
spectra were obtained on a SHIMADZU ESCA 750 using
Mg Ka exciting radiation at room temperature, the source
vacuum being =107 Torr.” The spectra were calibrated by
the emission from the Cls line (285.0eV). The absolute
energy of emitted electrons, however, may not be so meaning-
ful in the present study because it is not free from possible
systematic errors due to charging-up. Thus, in this paper,
we will refer only to a relative energy with respect to the refer-
ence signals for the parent complexes.

Electrical Conductivities. Single-crystal d.c. conduc-
tivities along the needle axis were measured in a temperature
range below 100°C by the two-probe method. Silver paste
was used as the electrode material.

Results and Discussion

As a probe for an examination of the oxidation
states of metal ions in metal-alternated mixed-val-
ence complexes, we measured the binding energies
of Py(IV)4f, Pd(II)3d, and Ni(II)2p levels in the
PA(II)-X-P(IV), Ni(II)-X-P¢(IV) and their parent
complexes. InFig. 1, the X-ray photoelectron spectrum
of PyIV)4f levels in the Pd(II)-Cl-Pt(IV) complex is
shown as an example. The peak energies of the doublet
correspond to the binding energies of the 4f72 and
452 levels of Py(IV). All the Pt(IV)4f spectra observed
in the metal-alternated mixed-valence complexes, in-
cluding the reference complexes, are quite similar, but
the magnitudes of their binding energies show a char-
acteristic dependence on the kind of the constituent
metal and halogen ions. The observed binding ener-
gies of the PyIV)4fs, and Pd(II)3dse levels for the
PA(IT)-X-Pt(IV) complexes and for the Pt(IV)4f72 and
Ni(IT1)2P3/ levels of the Ni(II)-X-Pt(IV) complexes are
listed in Table 1, along with those for reference states of
the parent complexes.

In this table, it is immediately noticed that the
binding energy of the Pt(IV)4f72 level shifts to a lower

71 Torr=133.322 Pa.
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TABLE 1. BINDING ENERGIES /eV
(i) PA(IT)-P¢(IV)
Pd3ds2 Pt4f7,2
[Pd"(en)z]Cl, 338.6 -
[Pt"VClz(en)2]Cl; — 75.8
[Pd(en)2][PtClz(en)2](C1O04)4 338.6 75.8
[Pd(en)2][PtBrz(en)2)(ClO4)4 338.7 75.6
[Pd(en)z][Ptlz(en)2](ClO4)4 338.9 75.4
(i1) Ni(II)-P(1V)
Ni2pa/2 Pt4f/2
Ni"(en)zClz 855.6 -
[Ni(en)z][PtClz(en)2](Cl1O4)4 856.1 75.8
[Ni(en)z][PtBra(en)2](C104)s 856.4 75.6

energy while those of the Pd(II)3ds2 and Ni(II)2ps;
levels shift to higher energies by changing halogen ions
in order of X=Cl, Br, and I. Such a trend is the same as
that previously observed for homo-metal M(II)-M(IV)
mixed-valence complexes.1®22 This can be interpreted
in terms of the difference of magnitudes of the charge-
transfer dependence on the ionic radius of the bridg-
ing halogens.?® The energy shifts of the Pt(IV)4f7,
level in the metal-alternated Pd(II)-X-Py(IV) com-
plexes from the reference energy of [Pt'VCly(en):2]Cle
yield 0.0, —0.2, and —0.4eV for X=Cl, Br, and I,
respectively. These values are remarkably smaller than
—0.3, —0.7, and —1.0eV for the Pt(IV)4f7; level in the
homo-metal Pt(II)-X-Pt(IV) complexes.!?® Suchasup-
pression of the reductive trend of the Pt(IV)4f bind-
ing energy due to the alternated substitution of Pd
ions indicates that the alternated core-potentials in the
Pd-X-Pt chain structure give a fairly large effect on
the mixed-valence states constituted by the metal d
electron. Since there is a considerable energy differ-
ence between the Pd-4d and Pt-5d levels, the 4d-5d
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Fig. 2. Electrical conductivities of [M(en)s][PtXs-
(en)z](ClO4)4.
1) [Pd(en)z][PtClz(en)2])(ClO4)s, 2) [Ni(en)z][PtCls-
(en)2](Cl1O4)4, 3) [Pd(en)2][PtBra(en)2](C104)4,
4) [Ni(en)z2][PtBra(en)2](Cl1O4)s, 5) [Pd(en)z][Ptls-
(en)2](ClO4)4.
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TABLE 2. ELECTRICAL CONDUCTIVITIES (0) AND ACTIVATION ENERGIES (AE) OF [Mn(en)2][Msz(en)z](ClO4)4

X Ni(ID-Ni(IV)®  Pd(II)-Pd(IV)®  Py(II)-Pt1V)®  Ni(Il)-Py(IV)  Pd(II)-PyIV)
a® a 1.3X10-8 2.0X1012 2.0X10-15 3.2X10-17* 4.0X10-18%
AE? 0.5 0.8 1.4 1.8 2.1
o B — 1.2X10-8 3.0X1011 8.4X10-14* 1.4X10-15*
AE® T — 0.5 0.8 1.3 1.3
a® I — — 1.8X10-8 — 4.5X10-11
AE? — — 0.4 — 0.6

a) Ref. 6, b) Ref. 12,
conductivities obtained by an extrapolation.

charge transfer in the Pd(II)-X-P¢(IV) complexes is
thought to be considerably smaller compared with the
resonance 5d-5d charge transfer in the Py(II)-X-
Pt(IV) complexes. The decrease in the charge transfer,
therefore, provides for the smaller energy shift of the
Pt(IV)4f72 level, indicating that the oxidation state
of the Pt(IV) species remains close to the quadrivalent
state. A similar interpretation can hold for the change
in the Pt(IV)4f72 binding energy in the Ni(II)-X-
Pt(IV) complexes. Thus, it may be concluded that the
metal alternation in the mixed-valence complexes leads
to a suppression of the mixing of d.2 orbitals between
adjacent metal ions.

The metal alternation effect is expected to cause a
change in the semiconducting properties of the mixed-
valence complexes. The experimental results of the
electrical conductivities of M(II)-X-Pt(IV) complexes
along the chain are presented as a function of temper-
ature in Fig. 2. Their behaviors suggest a hopping-
type of electron-conduction with a thermal-activa-
tion energy AE. Upon assuming this conduction
mechanism, estimated activation energies can be deter-
mined as summarized in Table 2, together with con-
ductivities at room temperature. For complexes
indicated by an * mark, we used room-temperature
conductivities obtained by extrapolation. In this
table, for comparison, we also list data concerning
the homo-metal M(II)-M(IV) mixed-valence complexes
of Pt, Pd, and Ni.

It is found that the activation energies decrease
in the order of CI>Br>I for X in both Pd(II)-X-
Pt(IV) and Ni(II)-X-Pt(IV) complexes. This tendency
is also coincident with those observed in homo-metal
mixed-valence complexes. Such a AE behavior can be
qualitatively interpreted in terms of a small polaron
model,3® whose activation energy is closely correlated
with the degree of the charge transfer between M(II) and
M(IV) ions; the smaller the charge transfer, the larger
the binding energy of the polaron. This may be the
reason why the activation energies are in the order of
CI>Br>1.

It is interesting to note that the activation ener-
gies in changing metal ions increase in the order of
PA(II)-Py(IV)>Ni(II)-Pt(IV)>Py(II)~-Pt(IV) for the
same bridging halogen ions. The relation, M(II)-
X-Pt(IV)>P(II)-X-P(IV) (M=Pd and Ni), that is, the
activation energies of the metal-alternated complexes

c) Qtcm™1, d)eV The * mark denotes the values of the room-temperature electrical

are larger than those of the regular Pt(II)-Pt(IV)
mixed-valence complexes, may be naturally under-
stood assuming a smaller charge-transfer energy in
the metal-alternated complexes, as described before
regarding the M-dependence of the Pt(IV)4fs2 bind-
ing energy. However, the order of Pd(II)-X-Pt(IV)>
Ni(IT)-X-P(IV) is rather peculiar because the ioniza-
tion energy of a Ni ion is much larger than that of a
Pd ion and, thereby, it gives a smaller charge transfer,
suggesting an opposite relation regarding the activa-
tion energy to the experimental results. In order to
interpret such a characteristic nature of the metal-
alternated complexes, we have to take into account
another contribution arising from metal alternation. In
the M(II) species of M(II)-X-M(IV) complexes, electron-
electron (e-e) repulsion energy is much larger for M=
Ni(II) than for M=Pd(II). This surpassed the effect
brought about by a change in the ionization energy,
resulting in the observed relation concerning AE, Pd-
(ID-X-Pt(IV)>Ni(II)-X-Pt(IV). Such an important
role of the e-e repulsive energy in mixed-valence com-
plexes has been emphasized in a previous paper.3®
For a more concrete discussion, we need information
regarding the crystal structures of alternated-metal com-
plexes, which is now under investigation. The opti-
cal results will be reported elsewhere.

This work was supported by the Joint Studies
Program (1983—1984) of the Institute for Molecular
Science.

References

1) J.S. Miller and A. J. Epstein, Prog. Inorg. Chem., 20,
1 (1976).

2) 1. F. Shchegolev, Phys. Status Solidi 4, 12, 9 (1972).

3) R. J. H. Clark, “Mixed-Valence Compounds,” ed by
D. B. Brown, Reidel, Dordrecht (1982), p. 271.

4) H. J. Keller, Extended Linear Chain Compound, J. S.
Miller, Plenum Press, New York (1982), Vol. 1.

5) N. Matsumoto, M. Yamashita, and S. Kida, Bull.
Chem. Soc. Jpn., 51, 2334 (1978).

6) M. Yamashita, Y. Nonaka, S. Kida, Y. Hamaue, and
R. Aoki, Inorg. Chim. Acta, 52, 43 (1981).

7) M. Yamashita, H. Ito, K. Toriumi, and T. Ito, Inorg.
Chem., 22, 1566 (1983).

8) M. Yamashita, I. Murase, T. Ito, T. Mitani, and
I. Ikemoto, 49th National Meeting of the Chemical
Society of Japan, Tokyo, April 1984, Abstr. No. 1035.



August, 1985]

9) M. Yamashita and I. Murase, Inorg. Chim. Acta, 97,

L.43 (1985).

10) T. W. Thomas and A. E. Underhill, J. Chem. Soc. A,
1971, 512.

11) L. V. Interrante and K. W. Browall, Inorg. Chem., 13,
162 (1974).

12) Y. Hamaue, R. Aoki, M. Yamashita, and S. Kida,
Inorg. Chim. Acta, 54, 1.13 (1981).

13) H. Tanino and K. Kobayashi, J. Phys. Soc. Jpn., 52,
1446 (1983).

14) G. C. Papavassiliou and A. D. Zdetsis, J. Chem, Soc.,
Faraday Trans. 2, 76, 106 (1980).

15) H. Tanino, N. Koshizuka, K. Kobayashi, M.
Yamashita, and K. Hoh, J. Phys. Soc. Jpn., 54, 483 (1985).
16) R.]J.H. Clark and M. L. Franks, J. Chem. Soc., Dalton,
1977, 198.

17) R. J. H. Clark, M. L. Franks, and W. R. Trumble,
Chem. Phys. Lett., 41, 287 (1976).

18) N. Ohta, M. Kozuka, K. Nakamoto, M. Yamashita, and
S. Kida, Chem, Lett., 1978, 843.

19) M. Yamashita, N. Matsumoto, and S. Kida, Inorg.
Chim. Acta, 31, L381 (1978).

20) M. Yamashita, H. Ito, K. Toriumi, and T. Ito, 32th
Meeting on Coordination Compounds, Nagasaki, October
1982, Abstr. No. 2B10.

21) M. Yamashita and T. Ito, Inorg. Chim. Acta, 87, L5
(1984).

22) M. Yamashita, I. Murase, and I. Ikemoto, Bull. Chem.
Soc. Jpn., in press.

23) H. Tanino, H. Ovyanagi, M. Yamashita, and K.
Kobayashi, Solid State Commun., 53, 953 (1985).

XPS and Electrical Conductivities of Pd(II)-Pt(IV) and Ni(II)-Pt(IV) Complexes

2339

24) B. M. Craven and D. Hall, Acta Crystallogr., 14, 475
(1961).

25) N. Matsumoto, M. Yamashita, and S. Kida, Bull.
Chem. Soc. Jpn., 51, 3514 (1978).

26) N. Matsumoto, M. Yamashita, S. Kida, and I. Ueda,
Acta Crystallogr., Sect. B, 35, 1458 (1978).

27) H. Endres, H. J. Keller, R. Martin, H. N. Gung, and
U. Treagar, Acta Crystallogr., Sect. B, 35, 1885 (1979).

28) P. E. Franwick and J. L. Huckaby, Inorg. Chem., 21,
3067 (1982).

29) M. Tanaka, I. Tsujikawa, K. Toriumi, and T. Ito, Acta
Crystallogr., Sect. B, 38, 2793 (1982).

30) M. Yamashita, K. Toriumi, and T. Ito, Acta Crystallogr.,
Sect. C, in press.

31) N. Matsumoto, M. Yamashita, I. Ueda, and S. Kida,
Mem. Fac. Sci., Kyushu Univ. Ser. C, 11, 209 (1978).

32) M. -H. Whangbo and M. J. Foshee, Inorg. Chem., 20,
113 (1981).

33) K. Nasu, J. Phys. Soc. Jpn., 52, 3865 (1983).

34) K. Nasu, J. Phys. Soc. Jpn., 53, 302 (1984).

35) K. Nasu, J. Phys. Soc. Jpn., 53, 427 (1984).

36) Y. Wada, T. Mitani, M. Yamashita, and T. Koda, J.
Phys. Soc. Jpn., in press.

37) Ni(en)Clz is formulated as [NizClz(en)s]Clz, which
consists of chloro-bridged cation dimers of cis-[NiCl(en)z]*
and uncoordinated Cl- anions (Inorg. Chem., 18, 804 (1979)).

38) G. C. Papavassiliou and D. Layek, Z. Naturforsch.,
37b, 1406 (1982).

39) G. Whitfied and P. B. Shaw, Phys Rev., B, 14, 3346
(1976).






