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Abstract : To understand the electronic structure of [NiS;]” complex ions, two
complexes  with  such  [NiS;]” core, FcCH—CHPymCH;[Ni(dmit),]
(Pym = pyridinium, dmit*® = 2-thioxo-1,3-dithiole-4,5-dithiolate) and
FcCH=CHPymCH;[Ni(dddt),]*"2H,0 (dddt* = 5,6-dihydro-1,4-dithiin-2,3-
dithiolato), were synthesized to be characterized by X-ray crystallography, single
crystal electron paramagnetic resonance (EPR) and density functional theory (DFT)
calculation. Powder EPR spectra show narrow g-anisotropy but the anisotropy is
bigger in [Ni(dmit),] than in [Ni(dddt),]’, indicating bigger spin density in Ni(III) d-
orbital of [Ni(dmit),] than in [Ni(dddt),], which is consistent to DFT results. EPR
studies of the crystals of the complexes surprisingly suggest that the g,-axis of
[Ni(dddt),] is approximately on or perpendicular to the [NiS,] plane while the g,-
axis of [Ni(dmit),] is on the plane, though DFT study of the complexes of this study
and previously reported [NiS;]” complexes indicate that the gy-axis is on the [NiS,]
plane.

Keywords : Electron paramagnetic resonance, Single crystal EPR, Ni(III)
complexes, [NiS,]", DFT

INTRODUCTION

Ni is of interest for its biological roles in many Ni-containing enzymes such as Urease, Methyl

coenzyme M reductase, CO dehydrogenase, and Ni-containing superoxide dismutase'” as well as for
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its usage in developing magnetic and conducting materials.*® To understand the roles of the Ni ions
in the enzymes and the materials, many Ni model complexes have been invented and investigated.
Among those, square planar Ni-bis(thiolene) complexes have been found to be able to catalyze redox
reactions and to have delocalized molecular orbitals in the complex plane.'® These complexes tend to
form linear-chain structure in their solid state to be the excellent precursor of conducting molecular
solid.""""* Interestingly, the Ni thiolate complexes can have several oxidation states without changing
their coordination spheres. However, the redox active site, Ni or S, was not clearly identified.
ENDOR (electron nuclear double resonance) and ESEEM (electron spin echo envelope modulation)
have been employed to search the redox active portions of bis(maleonitriledithiolato)nickelate(I1I)
([Ni(mnt);]) and bis((trifluoromethyl)ethylenedithiolato) nickelate(III) ([Ni(tfd),]) which are
effective acceptor molecules for forming magnetic or conducting materials." In the present study, we
carried out powder and single-crystal EPR (electron paramagnetic resonance) studies and DFT
(density functional theory) calculations of two complexes, FcCCH=—CHPymCHj;[Ni(dmit),] (Pym =
pyridinium, dmit*= 2-thioxo-1,3-dithiole-4,5-dithiolate) and FcCH=CHPymCH;[Ni(dddt),]**H,0
(dddt*=5,6-dihydro-1,4-dithiin-2,3-dithiolato), to understand the details of the electronic structures of

the square planar [NiS,].complexes.

EXPERIMENTAL
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FcCH=—CHPymCH;[Ni(dmit),] (= trans-4-[2-(1-ferrocenyl)vinyl]-1-methyl pyridinium-bis(1,3-
dithiole-2-thione-4,5-dithiolato)nickelate(IIl)) was synthesized by following the previously published
method." FcCH—CHPymCHj;[Ni(dddt),]**2H,0 (=trans-4-[2-(1-ferrocenyl)vinyl]-1-
methylpyridinium-bis(5,6-dihydro-1,4-dithiin-2,3-dithiolato)nickelate(Ill)) was prepared similarly to
the synthetic method of FcCH—CHPymCH;[Ni(dmit),] except for using n-BuyN[Ni(dddt),] instead
of n-BuyN[Ni(dmit),]. Single crystals of the complex were grown by the -electrochemical
crystallization method under Ar atmosphere.'”” X-ray diffraction data were collected on an Enraf-
Nonius CAD-4 automatic diffractometer equipped with graphite-monochromated Mo-Ka radiation
(= 0.71073 A) at 293(2)K."> The Structures were solved and refined using SHELXS-86 and
SHELXS-93. Hydrogen atoms were theoretically added and included in the final refinement. X-band
(9 GHz) EPR spectra were recorded on Jeol JES-TE300 ESR spectrometer using 100 kHz field
modulation. Single crystal EPR spectra were obtained using a home-made Goniometer. Experimental
conditions are microwave (MW) frequency, 9.53- 9.54 GHz, MW power, 20 mW, time constant ,
125 ms for powder samples and 64 ms for crystals, modulation amplitude, 0.05 G, and temperature,
25 °C. Hartree-Fock (HF) and density functional theory (DFT) with the B3LYP exchange-correlation

functional theories were adapted to compute the geometries and the energies.'®

RESULTS AND DISCUSSION

Crystal Structures
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Crystallographic analyses of the complexes revealed that both the crystals of
FcCH—CHPymCHj;[Ni(dddt),]**2H,O and FcCH—CHPymCHj;[Ni(dmit),] were formed in
monoclinic crystal system. Figure 1 displays the crystal bases of the two complexes. Ni(III) ions are
coordinated by four sulfur atoms to form square planar geometry with D,, symmetry in both
[Ni(dddt),]” and [Ni(dmit),]". Two different orientations of [Ni(dddt),]” are found in the crystal of
FcCH—CHPymCHj;[Ni(dddt),]*¥2H,O while only one orientation of [Ni(dmit),]" exists in
FcCH—CHPymCHj;[Ni(dmit),]. In FcCH—CHPymCHj;[Ni(dddt),]**2H,0O, two independent
[Ni(dddt),] planes are near orthogonal. Ni-S bond lengths (2.1375(13) — 2.1463(11) A) of
[Ni(dddt),] are a little shorter than those (2.162(3) —2.174(11) A ) of [Ni(dmit),] . These lengths are
close to the general Ni-S bond length of 2.5 A. And the average S-Ni-S bite angle of [Ni(dddt),] is

found to be 91.9° which is smaller than 93.0° of [Ni(dmit),]"."”
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Figure 1. Crystal bases of (a) FcCH=CHPymCH;[Ni(dddt),]*’aH,O and (b)

FcCH=—CHPymCH;[Ni(dmit);]
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Figure 2(a) is the unit cell view of FcCH=—CHPymCH;[Ni(dddt),]*/2H,O crystal along the
crystal b axis. In the unit cell, four FcCH—CHPymCH;" units, four [Ni(dddt),],, and two water
molecules are found. There are two orientations of [Ni(dddt),]". One of them is normal to the b axis
and the other is normal to the ¢ axis. Figure 2(b) is the wunit cell view of
FcCH=—CHPymCHj;[Ni(dmit),] crystal along the crystal b axis. There are two FcCH—CHPymCH;"

units and two [Ni(dmit),] units in the unit cell. The [Ni(dmit),] planes are normal to the & axis.

Figure 2. Unit cell views of (a) FcCH=—CHPymCH;[Ni(dddt),]*»sH,O and (b)

FcCH—CHPymCH;[Ni(dmit),] along the crystal b axes.

Electron Paramagnetic Resonance

Figure 3 shows the paramagnetic centers and room temperature power EPR spectra of

FcCH—CHPymCHj;[Ni(dddt),]*¥2H,O and FcCH=—CHPymCHj;[Ni(dmit),]. At first glance, EPR of

FcCH—CHPymCHj;[Ni(dddt),]**2H,O (Figure 3(a)) seems to be axially symmetric. However,
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detailed EPR study with the single-crystal sample of the complex revealed that the complex had a
rhombic EPR feature with g, =2.063, g, =2.055, and g, =2.039. This EPR signal arises from the
[NiS4]" core, [Ni(Ill)(dddt),]. The rhombicity depends on the delocalization of the unpaired d-
electron spin. EPR of FcCH—CHPymCH;[Ni(dmit),] also arises from the [NiS;]" core,
[Ni(IIT)(dmit),]". (figure 3(b)) The observed rhombicity, g =2.10, g, =2.06, and g, =2.00, of

[Ni(dmit),] is bigger than that of [Ni(dddt),]".
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Figure 3. Paramagnetic centers and room temperature powder EPR spectra of (a)

FeCH—CHPymCH;[Ni(dddt),]*/sH,0 and (b) FeCH—CHPymCH;[Ni(dmit),]

Single crystal EPR spectra of the complexes are obtained for understanding the differences of
the rhombicities and electronic structures of the two complexes. Figure 4 depicts such spectra

obtained by rotating the crystals about the b axis of each crystal. Here, the b axis was placed to be
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normal to the external magnetic field direction. When we define the direction of the external

magnetic field, B,, with the angles ® and @ relative to the g axes as in figure 5, the observed g values

1/2 16

(Zobs) can be calculated by gqus = (g, sin’Ocos D+ gyzsin2®sin2(D+ g,°cos’®)

Figure 4. Single crystal EPR spectra of (a) FcCH—CHPymCH;[Ni(dddt),]**2H,O and (b)
FcCH—CHPymCH;[Ni(dmit),]. The crystals were rotated about the b axis of each crystal. The b axis

was placed normal to the external magnetic field.
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Figure 5. Definition of the external magnetic field, B,, with respect to the g axes

The observed g values of FcCH—CHPymCH;[Ni(dddt),]**2H,O could be well calculated with
@ =0° g, =2.0635, g, = 2.0395 and an arbitrary phase change of 1. (Zos =(&°sin’(O-n)+ g, cos*(O-
n))” *. (Figure 6(a)) This indicates that the crystal was rotated about gy axis. Since the EPR data were
obtained by rotating the crystal about the crystal b axis, g, axis is coincident with the b axis. Because
one of the [Ni(dddt),] planes is along the b axis and the other is normal to the b axis, the g, axis of
[Ni(dddt),]” is on the plane or normal to the plane. The observed g values of
FcCH=—CHPymCHj;[Ni(dmit),] could also be well calculated with ® = 0°, g, = 2.099, g, = 2.002 and
an arbitrary phase change of n. (Figure 6(b)) Therefore, analogously to [Ni(dddt),], the g, axis of

[Ni(dmit),] is normal to the [NiS,] plane.
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Figure 6. Observed g vales (dark square) and calculated g wvalues (solid line) of (a)

FeCH—CHPymCH;[Ni(dddt),]*/sH,0 and (b) FcCH—CHPymCH;[Ni(dmit),] (see text)

Though the core structures are similar, the rhombicity of [Ni(dddt),]’, Ag = g, — g, = 0.024, is
smaller than that of [Ni(dmit),], Ag = g — g, = 0.097. These are still smaller than the reported values
of [Ni(mnt),]” and [Ni(tfd),]” which have the same [NiS,] core structures.'” The EPR signals of
[NiS4] are arising from d’ configuration in which the unpaired electron spin is delocalized in the
[NiS4]" plane. EPR/ENDOR/ESEEM investigations of [Ni(mnt),]” found that the unpaired electron

spin density is p(Ni) = 0.25, p (S) = 0.20, and p ([NiS;]) = 0.85."7

DFT calculation
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To understand the small rhombicity in [Ni(dddt),]” and [Ni(dmit),], density functional
calculation is performed based on the crystal structures.'® Figure 7 shows the shapes of SOMO
(singly occupied molecular orbital) calculated from DFT calculations and atomic numbering schemes.
As in the figure, the unpaired electron spin is mostly delocalized on [NiS4] planes. Table 1 lists the

spin density distributions in [Ni(dddt),] and [Ni(dmit),]".
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Figure 7. The shapes of SOMOs and atomic numbering schemes of (a) [Ni(dddt),]” and (b)

[Ni(dmit),]

Table 1. Spin density distributions of [Ni(dddt),]” and [Ni(dmit),] obtained by DFT calculations

Spin density
Atom
[Ni(dddt),] [Ni(dmit),]
Ni 0.06 0.17
[S1, S2, S3, S4] 0.36 0.60
[C1, C2, C3, C4] 0.36 0.12
[Ss, S6, S7, S8] 0.22 0.04
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The calculated spin densities of [Ni(dmit),]” are similar to the reported values of [Ni(mnt),]"."”
This explains the similarity of EPR features of [Ni(dmit),]” and [Ni(mnt),]. p(Ni) = 0.06 of
[Ni(dddt),]” is much smaller than those of other [NiS,;]” complex ions. The spin density on [NiS,]
core of [Ni(dddt),] is about the half of other [NiS4]" complexes. This agrees with the spin density of
0.32 in C=C. In [Ni(dddt),]’, the m-orbitals of [S5, S6, S7, S8] have some spin density while those of
[Ni(dmit),] does not. This suggests that the ligand of [Ni(dddt),] has m-conjugation as in figure 8 and
SOMO has anti-bonding characters so that the spin distributes more widely. But this kind of -
conjugation is not expected in [Ni(dmit),]". Overall, low spin density in d-orbitals of [Ni(dddt),]” and

high spin density in the m-system of the ligand attribute the small rhombicity of EPR.
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Figure 8. A suggested -conjugation system present in [Ni(dddt),]

Summary
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Single crystal EPR studies of  FcCH=—CHPymCHj;[Ni(dddt),]*/2H,O and
FcCH—CHPymCHj;[Ni(dmit),] found that the g, axis of [Ni(dddt),] is normal to or on the [NiS,]
plane and that of [Ni(dmit),] is normal to the [NiS,]" plane. Even though the rhombicity of EPR
could be explained by DFT calculations, the directions of g-axes predicted by EPR are contradict to
the results of DFT calculations where the g, axes of the complexes are on the [NiS4]” planes and the
g, axes are normal to the planes. Current EPR study also contradicts the previous study of [Ni(mnt),]
where the g, axis lies on the [NiS4] planes and the g, axis is normal to the plane. In this study, the
rotation of the crystals was performed only one axis. Further experiments including full rotation of

the crystals about other axes will give insights into the detailed electronic structures of [NiS,]".
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