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By use of synchrotron radiation, powder X-ray diffraction of one-dimensional
bis(dimethylglyoximato)nickel(Il), Ni(dmg)s, has been studied at room tempera-
ture and at high pressure. The lattice constants with an orthorhombic structure
for Ni(dmg)s monotonically decrease with increasing pressure up to 7.4 GPa; the
linear compressibility of each axis is estimated. The magnitude of the linear
compressibility increases in the order ¢ > b > a in the low-pressure region. How-
ever, the lattice constant along the b-axis is smaller than that along the a-axis
at pressures greater than 6 GPa. A Ni-Ni distance along the c-axis abruptly
decreases from 3.255A at ambient pressure to 2.82A’at 7.4 GPa. A bulk modulus
of Ni(dmg)s is obtained from the volume versus pressure curve fitted by a Birch
equation of state. The bulk modulus of this complex is very small, 8.0GPa.
Ni(dmg)s is a very compressible compound. The electrical and optical properties
of Ni(dmg)s have been investigated at high pressures. The dn—n* and 3d—4p bands
shift to a lower energy region with increasing pressure. The absorption peak of the
3d—4p band is very sensitive to pressure. The resistivity of Ni(dmg)s decreases
monotonically with increasing pressure up to 23 GPa. The lowest resistivity of this
complex is about 50 Q cm at around 23 GPa. These electrical and optical properties
are closely related to the rapid shrinkage of the Ni-Ni distance with increasing
pressure.
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INTRODUCTION

Interesting electrical and optical behaviors of one-dimensional d®-
metal(IT) complexes with dionedioxime ligands have been observed at high
pressures [1-4]. The electrical resistivity of one-dimensional bis(dimethyl-
glyoximato)platinum(II), Pt(dmg)s, drastically decreases with increasing
pressure, reaches the minimum at around 6.5 GPa, and then slowly
increases with increasing pressure greater than this pressure. The
insulator-to-metal-to-insulator (IMI) transitions for this complex occur
at high pressures [1,2]. The similar transitions for bis(1,2-benzoquinone-
dioximato)platinum(II), Pt(bqd)s, are also observed at around 0.8 GPa
[3,4].

By use of synchrotron radiation, powder X-ray diffraction of several
one-dimensional metal complexes has been studied at high pressures.
The Pt-Pt distance along the one-dimensional chain for Pt(dmg),
decreases rapidly with increasing pressure. The one-dimensional bis
(diphenylglyoximato)metal(II), Pt(dpg)., has the smallest bulk modulus
[56]. The anomalous behavior for Pt(bqd); has been found in lattice
constant versus pressure curves at room temperature [6]. The pressure-
induced amorphization and the solid-phase reaction occurs in the one-
dimensional Pd complex, a-Pd(bqd)s [7].

A crystal structure of one-dimensional bis(dimethylglyoximato)
nickel(II), Ni(dmg),, is orthorhombic, has space group .., [8], and is
exhibited in Fig. 1. Ni(dmg), is isostructural with Pt(dmg)s. The com-
plex crystallizes in linear chain columnar structures. The columns
are formed by square planar complex molecules with a Ni-Ni distance
of 3.255 A in the direction of the stack [8]. The resistivity of Ni(dmg)s
abruptly decreases with increasing pressure; however, the insulator-
to-metal transition is not found up to 23 GPa [9]. An absorption spec-
trum of Ni(dmg), comprises two bands at around 410 and 530 nm in
the visible region at ambient pressure; the former band is ascribed to
the metal-to-ligand charge transfer (dn—=n*) transition; latter band is
assigned to the 3df—4pZ transition [10]. The d—p band of Ni(dmg),
rapidly shifts to the longer wavelength region with increasing pressure
[11,12].

Using synchrotron radiation, we have studied powder X-ray diffrac-
tion of Ni(dmg)s up to 7.4 GPa at room temperature. Further, the
absorption spectra and electrical resistivities of Ni(dmg), have been
studied in detail at high pressures. In this report, the relationship
between the structure and physical properties in this complex is dis-
cussed. Further, the physical properties of Ni(dmg), are compared to
those of Pt(dmg),.
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FIGURE 1 Crystal structure of Ni(dmg)s,.

EXPERIMENTAL

Ni(dmg)s; was prepared from an aqueous solution of NiCl, and a hot
alcoholic solution of dimethylglyoximes. This complex is characterized
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FIGURE 2 Powder X-ray diffraction pattern with CuK, radiation for
Ni(dmg), at ambient pressure.

by powder X-ray diffraction using CuK, radiation and silicon as a
standard. Figure 2 shows a powder X-ray diffraction pattern of
Ni(dmg), at ambient pressure. All diffraction lines were indexed in
the orthorhombic structure [8]. The values of the lattice constant
obtained from powder X-ray diffraction lines for Ni(dmg), agree with
almost all results (Table 1) of the single-crystal diffraction data.

By use of synchrotron radiation, powder X-ray diffraction of Ni(dmg)s
was studied with a diamond-anvil cell and an imaging plate at pres-
sures up to 7.4GPa at room temperature [5,6]. The incident beam

TABLE 1 Lattice Constant, Linear Compressibility (Ko,), and
Bulk Compressibility (Ky) for Ni(dmg)s, Pt(dmg)s, and Pt(dpg)s

Parameter Ni(dmg), Pt(dmg), Pt(dpg)2
a (A) 16.68 16.7735 22.829

b (A) 10.44 10.579 15.4591
ON) 6.49 6.5175 7.0114

d (g/cm®) 1.70 2.443 1.809
Ko, (GPa™) 0.0113(3) 0.0190(4) 0.0134(6)
Ko, (GPa™) 0.02(2) 0.0158(7) 0.0075(6)
Ky (GPa™) 0.034(2) 0.0312(8) 0.040(2)

K, (GPa™) 0.125 0.1 0.132
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was monochromatized by Si(111) double crystals. The X-ray beam with
a wavelength of 1=0.6199 A was collimated to 40 nm in diameter. High-
pressure diffraction experiments were performed at the beam line (BL —
18 C) of the KEK Photon Factory in Tsukuba. A 4:1 methanol-ethanol
solution was used as the hydrostatic pressure fluid. The pressure in a
diamond-anvil cell was determined from a pressure shift in the sharp
R-line fluorescence spectrum of ruby. The measurement of X-ray dif-
fraction was carried out under hydrostatic conditions because the 4:1
methanol—ethanol solution used as pressure medium was solidified at
around 10 GPa.

The absorption spectra of Ni(dmg), were measured with the diamond-
anvil cell up to 11 GPa at room temperature [2]. The optical system
comprised a standard microscope and a spectrophotometer with an
associated photodetection system. A FT-IR (Nicolet Magna-IR760) was
used for the measurement of the absorption spectra in the near infrared
region. A thin film of this complex was prepared by evaporation onto
the surface of the diamond-anvil in high vacuum. The thickness of
the evaporated film is about 1500 A. Fluorinert was used as the hydro-
static pressure fluid. The electrical resistivity of polycrystalline
Ni(dmg), was measured as a function of pressure up to 23 GPa at room
temperature [9].

RESULTS

X-ray Study of Ni(dmg), with Synchrotron Radiation
at High Pressures

Figure 3 shows powder X-ray diffraction patterns measured with
synchrotron radiation of 1 = 0.6197 A for Ni(dmg), at high pressures.
As shown in Fig. 2, two very strong diffraction lines, 110 and 200, of
the complex are observed in the low-angle region. However, both
strong lines are cut in Fig. 3 because there are many weak diffrac-
tion lines in the high-angle region. These diffraction lines shift to
the high-angle region with increasing pressure. Each line shows
the different pressure shift. The d-value of the 002 line agrees with
the Ni-Ni distance in the linear metal chains. This line is very sensi-
tive to pressure. The intensity of the diffraction lines decreases and
the width broadens with increasing pressure. The change of the pow-
der X-ray diffraction pattern with the phase transition for Ni(dmg),
is not observed up to 7.4GPa. When pressure is reduced from
7.4 GPa to the ambient pressure, the diffraction pattern at normal
pressure appears again at room temperature. This behavior is
completely reversible.
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FIGURE 3 Powder X-ray diffraction patterns with synchrotron radiation for
Ni(dmg), at high pressures.

Figure 4 shows the ratio of lattice constant (L/Ly, where Lg is
the value at ambient pressure) versus pressure curves for Ni(dmg),.
As shown in Fig. 1, the crystal structure of the complex is anisotropic.
The lattice constant of each axis shows the different pressure depen-
dence. These experimental data can be fitted by a quadratic equation
of state:

l% =1 +KOLP +KI/JP2 (1)
0

where Ky, is the linear compressibility of each axis, K7, its pressure
derivative, and P the pressure. The magnitude of the linear compress-
ibility increases in the order ¢ > b > a in the low-pressure region.
However, the lattice constant along the b-axis tends to level at pres-
sures greater than 4 GPa. The lattice constants along a- and b-axes
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FIGURE 4 Ratio of lattice constant (L/L,) versus pressure curves for
Ni(dmg)y at room temperature.

are not sensitive to pressure compared with that along the c-axis. On
the other hand, the c-axis is very compressible. We have already stud-
ied powder X-ray diffraction of Pt(dmg)s; with synchrotron radiation at
high pressures [4]. The values of the lattice constant and the linear
compressibility for Ni(dmg)s, Pt(dmg),, and Pt(dpg)s are summarized
in Table 1. The c- and b-axes of Ni(dmg), are more shrinkable than
those of Pt(dmg),. In contrast, the a-axis of Ni(dmg), is less compress-
ible compared with that of Pt(dmg)s.

Figure 5 shows the relative cell volume (V/V,) versus pressure
curve for Ni(dmg)s. The cell volume monotonically decreases with
increasing pressure up to 7.4 GPa. The experimental data can be fitted
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FIGURE 5 Relative cell volume (V/V,) versus pressure curve for Ni(dmg)s.
The solid line is the fitted Birch equation of state.

by a Birch equation of state [13]:
3 VB iy o\
p= (o)l (v) ()
3 vy
X {1—4(4—30) <Vo> —11} (2)

where By is the bulk modulus, Bjits first pressure derivative, V the vol-
ume, and P the pressure. A least-squares fit to the data of Ni(dmg),
gives the following values: By=8.0 +0.4GPa and B{=11.0+0.7.
The bulk modulus is defined as follows: Bo=—V, dP/dV. The bulk
compressibility (Ky) is Ko=1/By. The bulk modulus and its pressure
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derivative of Pt(dmg), are Bo = 10.0 = 0.5 GPa, By = 7.2 & 0.5, respect-
ively. The bulk modulus of Ni(dmg), is smaller than that of Pt(dmg),.
Ni(dmg), is somewhat compressible compared with Pt(dmg)s.

Absorption Spectra and Electrical Resistivity of Ni(dmg),
at High Pressures

Absorption bands of the thin film of Ni(dmg), are observed at around
410 and 530 nm at ambient pressure. The 410-nm band is ascribed
to the metal-to-ligand charge-transfer (dn—n*) transition, and the
530-nm band is due to the 3d2—4p, transition in the central metal
[10]. Figure 6 shows absorption spectra of the thin film of Ni(dmg), at

dn- Ni(dmg),

3d,-4p,

3 /k&
S 8.3
S 7.0
: k/\ |
= 5.8
2
< 43
3.6
23
1.1
| o , 0,01 GPa
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FIGURE 6 Effect of the pressure on the absorption spectra of the thin film of
Ni(dmg)s.
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high pressures. We have studied the absorption band in detail in the
near-infrared region at higher pressures. The dr—=* and 3d—4p bands
in the visible region monotonously shift to the lower energy region
up to 11 GPa. Figure 7 shows the pressure shift of the absorption
peaks for both bands in Ni(dmg)s. The average pressure shift of the
d—p band is much larger than that of the dz—=* band. The peak of the
d—p band shifts from 18, 900 cm™! at ambient pressure to 12, 400 cm™*
at 10.7GPa. The rate of the average pressure shift is about
—600cm ! /GPa. The absorption edge of Ni(dmg)s is located at around
17, 100cm™! (585 nm) at normal pressure. From Fig. 7, the pressure
in which the optical energy gap between Sdf and 4p, bands becomes
zero is expected to be greater than 28 GPa. In contrast, the absorption
edge of the 5d-6p transition in Pt(dmg), is observed at around

26
| Ni(dmg),
24% o
(@) O o o
o}
o~ 22+ © O o
‘g dm—m*
(&}
5 20
E/ '
‘_q.é 18_ Y
=
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FIGURE 7 Absorption peak energy versus pressure curves for dn—n* and
3d—4p bands in Ni(dmg)s.
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12,000 cm ! at ambient pressure. A rate of the average shift of this band
is —2300 cm ' /GPa [2]. Thus, the optical energy gap between 5d,” and
6p, bands for Pt(dmg), becomes zero at around 5 GPa. Figure 8 shows
the peak energy versus M-M distance curves for Ni(dmg), and
Pt(dmg),. The peak energies of both complexes decrease linearly with
decreasing M-M distances. However, the slope of Pt(dmg); is much
larger than that of Ni(dmg),. The Pt-Pt distance within the chain
becomes less than 2.9A at around 5.0 GPa. This distance almost
agrees with the Pt-Pt spacing of the one-dimensional metal,
KsPt(CN)4Bry 33H,0. The M-M distances along the linear chains for
Ni(dmg)s and Pt(dmg), are almost the same at high pressures. How-
ever, the pressure shift of the d—p band for both complexes differs
remarkably. Further, the new pressure-induced absorption band

20
Ni(dmg), b
-~ 15+
g
)
=
_g 10 o
5
< Pt(dm
B sk ( g)z
dzz_pz
0 | ] ] ]

28 29 30 31 32 33
M-M distance (A)

FIGURE 8 Absorption peak energies plotted as a function of the M-M
distance for Ni(dmg); and Pt(dmg),.
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for Pt(dmg), has been observed at around 540 nm above 6.2 GPa [14].
Thus, the electronic states of Ni(dmg), and Pt(dmg), differ essentially
at higher pressures.

Figure 9 shows the resistivity of polycrystals of Ni(dmg), and
Pt(dmg), at high pressures. The resistivity of Ni(dmg), decreases
monotonically with increasing pressure up to 23 GPa. The lowest
resistivity of this complex is about 50 Qcm at around 23 GPa. On the
other hand, the resistivity of Pt(dmg), drastically decreases with
increasing pressure, reaches the minimum at around 6.5 GPa, and
then slowly increases with increasing pressure greater than this
pressure. The lowest resistivity of this complex is 0.1 Qcm at around
6.5 GPa. The electrical behavior of both complexes is very different
at high pressures.

10°
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FIGURE 9 Electrical resistivity of Ni(dmg); and Pt(dmg)s at high pressures.
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DISCUSSION

A molecule of Ni(dmg), is a d®-square planar complex; each Ni?* jon is
surrounded by four nitrogen atoms of two dimethylglyoxime anions.
The 3d orbitals of a Ni®" jon are split into four energy levels (dxy, dz,
dy, and d,, dz - 32,) by a crystal field of Dy, symmetry, where d,, and
d,x are double degeneracy. The eight d electrons of the Ni?* ion core fill
the d2, dy, d,x, and dz — 5 states [1,10,12]. The complex crystallizes in
columnar structures. The columns are formed by square planar com-
plex molecules with the relatively short Ni-Ni distance of 3.255 A in
a direction of the stacks. The overlap of the 3dZ orbitals can be produced
a valence band that is completely filled by 8d electrons. The conduction
band is composed of 4p, orbitals. Both bands are separated by large
energy gap at normal pressure. The band structure of Pt(dmg), is simi-
lar to that of Ni(dmg), at ambient pressure [1].

The lowest resistivity of Ni(dmg), is about 50 Q cm at around 23 GPa.
The pressure in which the optical energy gap between 3d2 and 4p,
bands becomes zero is greater than 28 GPa. Thus, Ni(dmg)s; shows
the semiconducting behavior even at very high pressures. On the other
hand, the resistivity of Pt(dmg)s drastically decreases with increasing
pressure up to 6.5 GPa, and then reaches the resistivity minimum. The
energy gap of this complex rapidly decreases with decreasing Pt—Pt dis-
tance, becoming zero at around 5 GPa. Then, the 6p, conduction band
crosses the 5d2 valence band at around 5 GPa. The insulator-to-metal
transition is observed at around this pressure [2]. Electrical and optical
behaviors of Ni(dmg), and Pt(dmg), are very different at high pres-
sures though the bulk and linear compressibilities for both complexes
are almost same. These may mainly be explained in terms of the rela-
tive spatial extent of the outer d and p orbitals in Ni and Pt atoms.

At pressures greater than 6.5 GPa, the resistivity of Pt(dmg)s slowly
increases with increasing pressure. Pt(dmg), behaves as the insulator
again at around 6.5 GPa. The Pt—Pt distance monotonously decreases
with increasing pressure even greater than 6.5 GPa. Because the
width of the 5d2 and 6p, bands must widen with increasing pressure,
the metallic phase should be stabilized at higher pressures. However,
Pt(dmg), changes from the metal to the insulator at 6.5 GPa. This
result suggests that the electrical behavior of Pt(dmg)s; cannot be
explained by the model of two bands (5d2 and 6p,) at pressures greater
than the pressure that shows the resistivity minimum. Further, the
new absorption band for Pt(dmg), is induced at around 540 nm under
6.5 GPa [14].

Bella et al. have studied the molecular orbitals of a Pt(dmg)s molecule
by ab initio linear-combination-of-atomic-orbitals self-consistent-field
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(LCAO-MO SCF) calculations [15]. The top of the valence band consists
of the 9a, molecular orbital (d? character, metal-based molecular
orbital) at ambient pressure. There is the 3bs, orbital (d,, and 4 charac-
ter, ligand-based molecular orbital) below the energy level of the 9a,
orbital. As mentioned previously, the resistivity minimum and the
metal-to-insulator transition for Pt(dmg), are observed at around
6.5 GPa. These arise from essentially the change of the electronic
states. We have suggested that the highest-occupied-molecular-orbital
(HOMO) of Pt(dmg), is replaced from the metal-based orbital to the
ligand-based orbital at higher pressures [2].

The linear and bulk compressibilities for Ni(dmg), and Pt(dmg), are
almost same. However, the resistivity of Ni(dmg), decreases monotoni-
cally with increasing pressure greater than 6 GPa. The pressure-
induced absorption band for Ni(dmg)s is not found up to 30 GPa [11].
We suggest that the band structure of Ni(dmg), differs essentially that
of Pt(dmg), at high pressures.
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