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The absorption spectra of [Ni(dmg)z], [Ni(niox)z], [Ni(dpg)z], and [Ni(bqd)z] were studied at various pressures.
Two characteristic absorption bands, the metal-to-ligand charge-transfer (M—L) and the 3d—4p bands, were

observed in the visible region for these complexes.

were: (1) The excitations shift remarkably to lower energies with increasing pressure.
shifts for the d—p and M—L bands increase in the order [Ni(niox)z] <[Ni(dmg)z] <[Ni(dpg)2].
of the M—L bands are much smaller than those of the d—p bands.
of [Ni(niox)z] decreases rapidly above 10 GPa, and the band is hardly observed at around 14 GPa.
absorption band in [Ni(dpg):] exists above about 3 GPa.

[Ni(dpg)2] has been studied under high pressures.
atmospheric pressure.
and 2X103 Q cm for [Ni(dpg)z].

One-dimensional d® metal complexes with various
kinds of 1,2-dionedioximes (Fig. 1) show interesting
electrical and optical properties under high pressures.1—5
Pressure-induced insulator-to-metal-to-semiconductor
transitions and pressure-induced absorption bands for
bis(1,2-dionedioximato)platinum(II) complexes have
been found at room temperature.6” The electrical and
optical properties of d® metal complexes are very sensi-
tive to any decrease in the metal-metal distance in a
linear chain.

The nickel ions in square planar d8 complexes(shown
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Fig. 1.

The interesting spectral features observed under high pressures

(2) The rates of the peak
(3) The peak shifts
(4) The absorption intensity of the M—L band
(5) A new

The electrical resistivity of [Ni(dmg)z], [Ni(niox)z], and
These complexes are insulators with a resistivity of 1015 Q cm at
The resistivities at around 23 GPa were 50 Q cm for [Ni(dmg)z], 7X105 Q cm for [Ni(niox)]

in Fig. 1) are surrounded by four nitrogen atoms of two
1,2-dionedioxime anions. The d orbitals of the nickel
ion are split by a crystal field of D4, symmetry. The 8
electrons of the nickel ion core fill the d, dyy, dy,, and
d.x states. These complexes crystallize in a columnar
structure. The molecules of the complexes stack one
above the other with rotation of 90°, which forms a
chain with the metal-metal distance, varying from 3.2 to
3.6 A89 The crystalline spectra of [Ni(dmg)z] have
been studied in the 170—800 nm region at atmospheric
pressure.!61)  Two characteristic bands in a crystalline
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Molecular structures of bis(1,2-dionedioximato)nickel(I); a) bis(di-

methylglyoximato)nickel(II), [Ni(dmg):], b) bis(diphenylglyoximato)nickel(II),
[Ni(dpg)2], ¢) bis(1,2-cyclohexanedionedioximato)nickel(II), [Ni(niox)2](1,2-
cyclohexanedionedioxime is usually called nioxime), d) bis(1,2-benzo-

quinonedioximato)nickel(II), [Ni(bqd)z].
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state were observed at around 410 and 530 nm in the
visible region. The latter band is polarized parallel to a
column, and is ascribed to the 3d-4p transition.!V This
band shifts rapidly to longer wavelengths with increas-
ing pressure.4® The 410 nm band is polarized perpen-
dicular to the column and has been assigned to the
metal-to-ligand charge-transfer (M-L) transition.lV
The pressure effect of this band has not yet been studied.
The absorption spectra of [Ni(niox)z] and [Ni(dpg):]
have briefly been reported.412)

[Ni(dmg).] is an insulator with a resistivity of 1015
Qcm at atmospheric pressure.!¥ The resistivity of the
complex decreases rapidly with increasing pressure in
the low-pressure region, and levels off above 20 GPa.?
The pressure shift of the d—p band tends to become level
above 20 GPa.5 Thus, the resistivity of [Ni(dmg)z] at
high pressures is mainly interpreted in terms of a
decrease in the band gap between filled 3dz valence and
4p, conduction bands with pressure. The unusual elec-
trical behavior is observed for [Ni(niox)z] and [Ni(dpg)2]
at high pressure.?

In this paper we present some results concerning the
optical and electrical behavior in four bis(1,2-
dionedioximato)nickel(II) complexes at various pres-
sures, and discuss the electronic states of these
complexes.

Experimental

The nickel complexes shown in Fig. 1 were prepared from
an aqueous solution of NiClz and a hot alcoholic solution of
the 1,2-dionedioximes. The compounds used in this experi-
ment were dimethylglyoxime (Hdmg), diphenylglyoxime
(Hdpg), 1,2-cyclohexanedionedioxime [nioxime(Hniox)] and
1,2-benzoquinonedioxime (Hbqd). These complexes were
purified by recrystallization from o-dichlorobenzene or
dimethylformamide.

Thin films of d® complexes with 1,2-dionedioxime ligands
can be easily prepared by evaporation onto either a quartz or
glass substrate in high vacua.’4) The thickness of the film was
monitored by means of a quartz-crystal oscillator. The
absorption spectra of the evaporated films with thickness of
600—1000 A were measured with a Hitachi 330-type spectro-
photometer at room temperature.

A diamond-anvil pressure cell was used for measuring the
absorption spectra at high pressure. The optical system com-
prised a stanard microscope and a monochromator with an
associated photodetection system.!% The absorption spectra
at high pressure were measured in the 400—800 nm region at
room temperature. The pressure was determined from a
pressure shift in the sharp R-line fluorescence spectrum of
ruby.1® Water was used a pressure-transmitting medium.

Resistivity measurements at high pressure were performed
using a split-sphere apparatus.!” The electrical resistivity of
the polycrystalline pellets of the nickel complexes was mea-
sured as a function of pressure at room temperature.

Results and Discussion

Electronic Spectra. Figure 2 shows the absorption
spectra of thin films of [Ni(dmg)z], [Ni(niox)z],
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Fig. 2. Absorption spectra of thin films of bis(l,2-
dionedioximato)nickel(II) complexes.
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Fig. 3. Reflectance spectra of a single crystal of
[Ni(dpg)2].

[Ni(dpg)z]), and [Ni(bqd)z]. The thickness of the films
was about 1000 A. The three characteristic bands in
the films were observed over the 200—900 nm range.
The 280, 410, and 530 nm bands in the film of [Ni(dmg)]
correspond to the polarized absorption spectra of the
single crystal studied by Ohashi et al.!¥? The 280 and
410 nm bands in the film are ascribed to the n-m*
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transition in the ligand and the M-L transition, respec-
tively. The 530 nm band in the film is due to the 3d-
4p, transition. The polarized reflectance spectra of a
single crystal of [Ni(dpg)z] were measured using an
optical system comprising a microscope and a mono-
chromator as well as a photodetector at room tempera-
ture. Figure 3 shows the polarized reflectance spectra
of a single crystal of [Ni(dpg)2]. Since the 430 nm
(23300 cm™!) band is polarized perpendicular to the
needle axis, the band is assigned to the M-L transition.
The 510 nm (19600 cm™) band is polarized parallel to
the needle axis. This band is ascribed to 3d,-4p, transi-
tion. These crystalline spectra correspond to both
bands in a film of [Ni(dpg)2]. The spectral features of
[Ni(niox)z] are analogous to those of [Ni(dmg)z]. The
polarized reflectance spectra of [Ni(bqd)z] have already
been measured in the 500—800 nm region.!® The 750
nm band in a film of [Ni(bqd)z] corresponds to the 3d.—-
4p, transition of the crystalline spectra. The d-p band
of [Ni(bgd):] is at a much longer wavelength than that
of the other nickel complexes. The 440 nm band of this
complex has not yet been identified. Detailed results
concerning [Ni(bqd)z] will be reported elsewhere.

The absorption intensity of [Ni(niox)z], [Ni(dmg):],
and [Ni(dpg)2] shows some interesting features: The
intensity increases in the order [Ni(niox)2] <[Ni(dmg)z]
<[Ni(dpg):] for the M-L band and, on the contrary, in
the order [Ni(dpg)z] <[Ni(dmg)z] <[Ni(niox)z] for the
d-p band. The M-L bands of the nickel complexes are
located at much longer wavelengths compared with
those of the palladium and platinum complexes. The
absorption intensity of those bands of the nickel com-
plexes is stronger than that of the palladium and plati-
num complexes. Thus, the effect of pressure on the M-
L bands of the nickel complexes can easily be studied.

The absorption spectra of [Ni(dmg)e], [Ni(niox)z],
and [Ni(dpg)z:] were measured in the 400—800 nm
region at high pressures. Polycrystalline samples were
used in this experiment. Figures 4a and 4b show the
absorption spectra of [Ni(dmg)z] at high pressures. The
d-p band at around 530 nm shifted to longer wave-
lengths with a pressure increase at the rate of ca. —840
cm~1/GPa in the 0—6 GPa region. This agrees with
the result of Drickamer et al.4% The M-L band at
around 410 nm showed a red shift at a rate of ca. —330
cm~!/GPa in the same presure region. This is about
1/3 of the pressure shift of the d-p band.

Figure 5 shows the absorption spectra of [Ni(niox)z]
at high pressures. The d-p band at around 530 nm
shifted to longer wavelengths with increasing pressure at
a rate of ca. —810 cm~1/GPa in the 0—6 GPa region.
The M-L band at around 410 nm showed red shift at a
rate of ca. —320 cm~!/GPa. This is about 1/3 of
pressure shift of the d—p band. The rate of the pressure
shift of [Ni(niox)z] is slightly smaller than that of
[Ni(dmg)z]. The absorption intensity of the M-L band
of [Ni(niox):] rapidly decreased above 10 GPa. The
M-L band of the complex was hardly observed at 14
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Figs. 4a and 4b. Absorption spectra of [Ni(dmg)z] at
high pressures.
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Fig. 5. Absorption spectra of [Ni(niox)z] at high
pressures.
GPa.

Figure 6 depicts the absorption spectra of [Ni(dpg)z]
at high pressures. The d-p band at around 510 nm
shifted remarkably to longer wavelengths at rates of ca.
—1300 cm~!/GPa. The absorption peak were not
located in the visible region above 6 GPa. The rate of
the red shift of the M-L band is ca. —620 cm~!/GPa.
This is about 1/2 of pressure shift of the d-p band.
Both bands of [Ni(dpg)2] showed a marked red shift
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Fig. 6. Absorption spectra of [Ni(dpg)e] at high
pressures.
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Fig. 7. Absorption spectra in the CHCls solution and

in the film of [Ni(dpg):].

compared with those of [Ni(dmg)s] and [Ni(niox)z].
Above 3 GPa a new absorption band appeared at
around 410 nm. This new band was not observed for
[Ni(dmg)z] and [Ni(niox).] at high pressures. Figure 7
shows the absorption spectra in a chloroform solution
and in a film of [Ni(dpg)2]. The absorption bands of
[Ni(dpg)2] in the solution were observed at around 360
and 410 nm. Both bands correspond to those found at
around 328 and 377 nm for [Ni(dmg)z]. The 328 and
377 bands are assigned to the M-L bands of Bs, and Bou
symmetry, respectively.l?) The 360 and 410 nm bands
of [Ni(dpg)z] may be ascribed to the M-L bands of Bs,
and By, symmetry, respectively. As is shown in Fig. 7,
the 370 and 410 nm bands in the film correspond to both
bands in the solution. The 370 nm band of [Ni(dpg)z],
that may correspond to the M-L band of Bs, symmetry,
shifted to longer wavelength with increasing pressure,
and appeared in the visible region above 3 GPa.
Recently, the effect of pressure on the absorption
spectra of [Pt(dpg)z] has been studied.’® The rates of
the red shift with pressure were ca. —1900 cm~!/ GPa for
M-L band and ca. —3000 cm~!/GPa for d-p band.
These values are much larger than those of [Ni(dpg)z].
The new band observed for [Ni(dpg)z] was not found for
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Fig. 8. Pressure shifts of the d-p and M-L bands of
the three nickel complexes. The energies of absorp-
tion peaks at atmospheric pressure are given in Table
1.

[Ni(dmg)z]: O, d-p band; @, M-L band.
[Ni(niox)z]: A, d-p band; A, M-L band.
[Ni(dpg)2]: O, d-p band; B, M-L band.

Table 1. Physical Properties of Bis(1,2-
dionedioximato)nickel(II) Complexes

[Ni(dmg)z] [Ni(niox)s] [Ni(dpg).]

Ni-Ni distance/ A 3.255%  3.237" 3.529
Absorption peaks

vm-1(max.)/cm™! 24400 24400 23300
dvm-L/dP/cm1/GPa —330 —320 —620
v4_p(max.)/cm™! 18900 18200 19600
dvgp/dP/cm~1/GPa —840 —810 —1300
Resistivity at 23 GPa/Qcm 50 7X105 2X103

a) Ref. 9. b) J. Chem. Soc., 1958, 3579. c¢) Ref. 20.

[Pt(dpg)z] at high pressure.

Figure 8 shows the pressure shifts of the M-L and d-p
bands of three nickel complexes. The mean rates of the
red shifts of these bands are summarized in Table 1.
There are several characteristic spectral features: (1)
The excitations shift remarkably to lower energies with
increasing pressure. (2) The rates of the peak shifts for
the d-p and M-L bands increase in the order [ Ni(niox)s]
<[Ni(dmg)2] <[Ni(dpg)2]. (3) The peak shifts of the
M-L bands are much smaller than those of the d-p
bands.

We have studied the crystal structure of [Pt(dmg)z]
using X-ray diffraction at high pressure.l® [Pt(dmg)]
crystallizes in the space group Ibam and lattice con-
stants of a=16.774, bo=10.579, coc=6.518 A, Z=4. The
ratios of lattice constants at high pressures to those at
atmospheric pressure (a/ao, b/ bo, ¢/ co) decreases rapidly
with pressure. The lattice constant shrinks about 9%
for the c-axis (needle axis) and about 4.5% for the a-
and b-axes up to 4 GPa. The lattice constants of nickel
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complexes have not yet been investigated at high pres-
sure. [Ni(dmg)2] and [Pt(dmg):] are isostructural.
[Ni(dmg)z] has lattice constants of ay=16.68, bp=10.44,
c0=6.49 A, Z=4. These almost agree with the lattice
constants of [Pt(dmg)z]. Thus, the lattice constants of
[Ni(dmg).] at high pressures would be expected to agree
with the results of [Pt(dmg)2]. The c-axis of [Ni(dmg)]
would easily shrink compared with the a- and b-axes.

The polarization of the transition for the d—p band is
parallel to the c-axis with the Ni-Ni bonds. The dz
and p. orbitals extend in the direction of the c-axis.
Thus, the d—p band shows a marked red shift with
decreasing Ni-Ni distance. Polarization of the transi-
tion for the M-L band is perpendicular to the c-axis.
The M-L band is the transition from the d,, and d.x (d=)
orbitals in the central metal to the m* orbital in the
ligand. It is reasonable that the pressure shift of the
M-L band is much lower than that of the d-p band
because the compressibility of the a- and b-axes is about
half that compared with that of the c-axis. The absorp-
tion bands of [Ni(dpg)z] showed the largest red shift
with increasing pressure in the three nickel complexes.
The crystal packing of [Ni(dpg):] is very loose because
of a bulky phenyl group. [Ni(dpg):] has the largest Ni-
Ni distance (3.52 A) of the three nickel complexes.20)
Thus, the optical properties of [Ni(dpg):] are very sensi-
tive to pressure.

New pressure-induced absorption bands have been
found for [Pt(dmg)2), [Pt(bgd):] and [Pt(niox):] at room
temperature.®” These bands have been assigned to an
intramolecular d-d transition. The anomalous absorp-
tion spectra were not observed for the nickel complexes
at high pressure.

Pressure Indicator Bis(1,2-dionedioximato)metal(II)
[Ni, Pd, Pt] complexes are chemically stable, and have
various fine colors at atmospheric pressure. Since the
absorption bands of these complexes shift to longer
wavelengths with pressure, the colors change rapidly
with increasing pressure. For example, the color of
[Pd(niox)z] turns from yellow to orange, and then to
successive colors in the visible spectrum with increasing
pressure.2)  We recently observed the pressure-
sensitive absorption spectra of [Pt(dpg)z]; the color of
the complex turns from red-brow ( atmospheric pres-
sure) to brown (0.27 GPa), to green (0.69 GPa), to
yellow green (1.24 GPa) and to yellow (1.92 GPa) with
increasing pressure.!’® If the relationship between the
color and the pressure is studied in detail, a semiquanti-
tative value of pressure could be obtained from a visual
observation of the color change with pressure.22 This
can be utilized as an indicator of pressure by a colori-
metric method similar to pH testing paper. The
absorption bands of [Ni(dmg)z] shift remarkably to
longer wavelengths with pressure. Thus, the color of
the complex turned from red (atmospheric pressure) to
green (1.7 GPa) and to yellow green (5 GPa). Nickel
complexes are also available as an indicator of pressure.

Electrical Resistivity. Bis(1,2-dionedioximato)nickel(II)
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complexes crystallize in columnar structures. These
columns are formed by square planar complex mole-
cules with Ni-Ni bond in the direction of the stacks.
The overlap of the dz orbitals can, thus, produce a band
that is completely filled and separated from the next
empty band formed by the p. orbitals due to a large gap.
The nickel complexes are insulators with a resistivity of
101> Qcm at atmospheric pressure.l® Figure 9 shows
the electrical resistivity of [Ni(dmg)z], [Ni(niox)2] and
[Ni(dpg)z] at high pressures. Polycrystalline pellets of
the complexes were used in this experiment. The resis-
tivity decreased rapidly with increasing pressure over the
0—30 GParegion. An anomaly in the resistivity-pres-
sure curve of [Ni(dpg)z] was observed at around 20 GPa.
This unusual behavior may be due to a pressure-induced
phase transition. The lowest resistivities of the three
nickel complexes were about 50 Qcm for [Ni(dmg)z],
7X105 Qcm for [Ni(niox)z], and 2X103 Qcm for
[Ni(dpg)z] at around 23 GPa. Tkacz and Drickamer
have reported the pressure shift of the d-p band of
[Ni(dmg)z] up to 32 GPa.® The shift tends to become
level above 20 GPa. A similar tendency was also found
in the resistivity-pressure curve of [Ni(dmg):]. The
resistivity of [Ni(dmg)z] at high pressure may mainly be
interpreted in terms of a decrease in the band gap
between filled 3d- valence and 4p, conduction bands
with shrinking Ni-Ni distance. The lowest resistivity
of [Ni(niox)z] is 10¢ higher than that of [Ni(dmg)z]. As
is shown in Table 1, the pressure shift of the d—p band of
[Ni(niox)g] is slightly smaller than that of [Ni(dmg)z].
However, the marked differences in the resistivities for
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Fig. 9. Electrical resistivity of the three nickel com-

plexes at high pressures.
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both complexes can not be explained in terms of a
pressure shift of the d—p band.

The intramolecular and intermolecular backbondings
play an important role in achieving the low resistivity of
the complexes.?324)  Since the d electrons of the metal
penetrate into electron-poor ligands through intramo-
lecular backbonding, the coulomb repulsion between
the d electrons on the metal is reduced. The absorption
intensity of the M-L band of [Ni(niox):] is weaker than
that of [Ni(dmg):] and [Ni(dpg)z] at atmospheric pres-
sure. As is shown in Fig. 5, the intensity of this band
rapidly decreased above 10 GPa. Thus, the backbond-
ing effect must be weak at higher pressures. The high
resistivity of [Ni(niox)z] at high pressure may be closely
related to a decrease in the intramolecular backbonding.
[Ni(dpg)z] has a longer Ni-Ni distance of 3.52 A in the
linear chain. However, the resistivity of [Ni(dpg)s] is
lower than that of [Ni(niox)2] at various pressures.
The absorption intensity of the M-L band of [Ni(dpg)2]
is strong at atmospheric pressure. The energy of the
M-L band is the lowest, and the pressure shift of this
band is largest of the three nickel complexes. As is
shown in Fig. 6 the new band, which has been assigned
to M-L band of Bs, symmetry, is found above 3 GPa.
Both M-L bands of Bs, and Bz, symmetry appeared in
the visible region at high pressure. These results sug-
gest that the backbonding effect for [Ni(dpg):] becomes
stronger at higher pressures.

The electrical resistivity of [Pt(bqd)z], [Pt(dmg)z], and
[Pt(niox)z] drastically decreases with increasing pres-
sure, and reaches a resistivity minimum at higher pres-
sures. Further, pressure-induced insulator-to-metal-
to-semiconductor transitions are observed for [Pt(bqd)]
and [Pt(dmg)2] at around the pressure at which the
resistivity minimum was observed.” No anomalous
electrical behavior was found for bis(1,2-dione-
dioximato)nickel(II) complexes, at least up to 23 GPa.
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