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Abstract

Structural determination of tetra-n-butylammonium bis(maleonitriledithiolato)platinate(1—
), a polymorphic compound, revealed that one polymorph consists of a columnar arrangement
of dimers of the anion and is isomorphous with a corresponding nickelate complex. In
contrast to the nickelate complex, the complex exhibited no spin-Peierls transition; strong
antiferromagnetic interactions were observed between the anions due to dimerization in the

column. The other polymorph consists of a tetramer unit of the anion.
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1. Introduction



Metal dithiolene complexes are versatile m-conjugated molecules that are frequently
employed as components of molecular conductors and magnets [1]. Among these, [M(mnt):]
(mnt = maleonitriledithiolato) anions often form one-dimensional columnar molecular
arrangements, and have drawn attention due to their low-dimensional electronic properties. In
particular, spin-Peierls-like paramagnetic-diamagnetic phase transitions [2] and ferromagnetic
interactions [3,4,5] in [Ni(mnt)2] salts have attracted special interest. Our studies on
ferrocenium salts of [M(mnt):] revealed supramolecular structures and phase transition
phenomena [6]. Examples of [Pt(mnt),] salts are fewer, but they also exhibit phase transitions
[7] and their electronic properties are of interest.

In previous work, we performed structural characterization of (NBu4)[Ni(mnt)2] and
(NBu4)2[Co(mnt)2]> [8,9]. Because the nickel complex exhibits a first-order paramagnetic-
diamagnetic phase transition at around 170 K [10], we were interested in the results when
different metal atoms were used. We report herein the crystal structures and magnetic
properties of two polymorphs of (NBus)[Pt(mnt)2] (Fig. 1). One of the polymorphs (a-form)
was found to be isomorphous with the corresponding nickel salt, and exhibited strong
antiferromagnetic interactions. In contrast to the nickelate complex, the complex exhibited no
spin-Peierls transition due to stronger dimerization. The structure of the other polymorph (3-

form) was found to be isomorphous with that already determined by Kirmse (CCDC 57234)

[11].

2. Results and Discussion
2.1. Crystal structures

The complex exhibited polymorphism, forming block crystals (a-form) and plate crystals
(B-form). Figure 2(a) shows the packing diagram of the a-form, which was found to be

isomorphous with (NBu4)[Ni(mnt):]. The space group of the crystal is C2/c. The cell volume



of the complex, V = 6080.6(6) A3, is greater than that of the isomorphous nickel salt (V =
6014(3) A%), reflecting the larger ionic radius of platinum. The crystal contains one
crystallographically independent anion. The intramolecular Pt---S bond lengths are virtually
identical to those of other [Pt(mnt),] salts [12]. The anions form dimers and are stacked in
columnar fashion along the c-axis. The arrangement of anions is shown in Fig. 2(b), together
with the intermolecular distances. Within the dimer, the molecular long axes of the anions are
parallel, and the anions are in a slipped configuration such that the central metal atom of one
anion is positioned above one of the S atoms in the other anion, with a Pt---S distance of
3.813(1) A. The dimers are canted with respect to each other, interacting via a Pt---S contact
of 3.738(1) A, and the intradimer and interdimer Pt---Pt distances are 3.8680(3) and 4.6574(3)
A. In the isomorphic nickel salt (NBus)[Ni(mnt),], the corresponding intradimer and
interdimer Ni---Ni distances are 3.9963(8) and 4.5263(8) A. Thus, the degree of dimerization
is stronger in the platinum salt. In addition, in the nickel complex, the intradimer and
interdimer Ni---S distances are the same (3.715 A) at room temperature [8]. The anion
columns are surrounded by tetrabutylammonium cations, in which the butyl groups adopt an
all-trans conformation. The thermal ellipsoid of one of the terminal methyl groups, C(16), is
elongated, which indicates a slight disorder.

In the crystal structures of (NEt4)[M(mnt)2] (M = Pt, Ni), the anions also form columnar
arrangements with dimerization [13,14], but there is interdimer contact between the sulfur
atoms and the structures are different from those of the complexes under discussion.

To obtain a qualitative evaluation of the intermolecular interactions, intermolecular
overlap integrals between the SOMO orbitals were calculated based on the extended Hiickel
molecular orbital method. In the platinum complex, the overlap integrals within the dimer
(S1) and between the dimer (S2) are 9.24 x 107 and 4.92 x 107, respectively. Thus, the

intradimer interaction is twice the strength of the interdimer interaction. For intermolecular



configurations of [M(mnt);] with Pt---S-type interactions, ferromagnetic interactions may
appear when the intermolecular overlap integral is small [3,4], but the values for the
complexes under discussion are large. Calculations for the room temperature structure of the
nickel complex [8] afforded overlap integrals within the dimer (S1) and between the dimer
(S2) of 3.72 x 107 and 5.41 x 1073, respectively. These data support the stronger tendency
toward dimerization in the platinum complex.

The packing diagram of the B-form, viewed along the a-axis, is shown in Fig. 3(a). As the
structure has already been determined [11], we will give only a brief description of the
structure in order to discuss intermolecular interactions, based on our redetermination data.
The structure is isomorphic with the corresponding Au salt [15]. The space group is P—1 and
there are two crystallographically independent [Pt(mnt);] anions in the crystal. The crystal
consists of tetramer units of the anions, as shown in Fig. 3(b). Two molecules form a
centrosymmetric dimer (anions I and I'), and the other two (anions II and II') are located on
both sides of the dimer. Within the central dimer, the intermolecular S---S distance was found
to be 3.760(2) A, and between anions I and II, the Pt---S distances were found to be 3.935(2)
and 3.958(2) A. There is no significant intermolecular interaction between the tetramers.

Intermolecular overlap integrals for the SOMO orbitals were also calculated for this
complex. The overlap integrals between molecules I and I' (S1) and molecules I and II (S2)
are 11.6 x 107 and 2.55 x 1073, respectively; S1 was four times the value of S2. This shows
that strong interaction exists within the central dimer, as the value is comparable to that of the
dimer unit in the a-form. The overlap integral between tetramers is 1.00 x 1073, which is far

smaller than those within the tetramer.

2.3. Magnetic susceptibilities

The magnetic susceptibilities for the o-form are shown in Fig. 4 in the form of yT versus



T plots. The 4T value was ca. 0.22 emu K mol™! at room temperature, which is much smaller
than the value expected for non-interacting S = 1/2 spins (= 0.375 emu K mol ™). The value
decreased with decreasing temperature, and the complex became almost diamagnetic below
70 K. This indicates the presence of strong intermolecular antiferromagnetic interactions.

The acceptor columns can be regarded as alternating antiferromagnetic chains with S =1/2,
with J; and J> interactions operating in alternating fashion. The magnetic exchange energy (J)
is proportional to the square of the transfer integral (t), J ~ 4t>/Ues, where Ut is the on-site
Coulomb repulsive energy, and t = —ES (eV), where E = 10 eV [16]. Using these relationships
and based on the results of overlap integral calculations, Ji/J> was estimated to be 1:0.28.
Although the magnetic data may be better analyzed using the Ising model [4,17], the data
were analyzed based on the alternating Heisenberg chain model (J < 0), taking into account
the rather small anisotropy in the g-values and the high temperature range of fitting. The

theoretical molar susceptibility is given by the following equation [18]:

_ Ng’us  A+Bx+Cx’
AT 1+Dx+EXC +FX

where x = |J|/ksT (J < 0), and A—F are a set of parameters that are dependent on J2/J1 (= ).
The expression is derived from the spin Hamiltonian H =-2J X [Szi - Soi.1 + aSai + Szi+1]. In the
analysis, g = 2.034 [19] and a = 0.28 were used for fitting the data. The best-fit parameters
were Ji/ks = —230 K and J»/ks =—64 K. The fitting deviates somewhat from the experimental
data, but the parameters obtained, which indicate strong antiferromagnetic interactions, are
reasonable considering the crystal structure. The magnetic structure of the B-form can be
viewed as an antiferromagnetic four-spin system, taking into consideration the result of the
overlap integral calculations. Magnetic characterization was not performed for this compound

due to its small yield.



3. Experimental

The complex (NBus)[Pt(mnt);] was prepared according to the literature method [20].
Black block crystals of the a-form were obtained by vapor diffusion of pentane into an ethyl
acetate solution of the compound. Crystals obtained from ethyl acetate were mostly a-form
but sometimes contained a small amount of the B-form, which were black plate crystals and
could be isolated under a microscope. The PB-form crystals were also obtained by vapor
diffusion of diethyl ether into a dichloromethane solution of the compound. These
polymorphs could not be distinguished by infrared spectroscopy. The temperature dependence
of magnetic susceptibility was obtained from 300 to 2 K using a Quantum Design MPMS-XL
SQUID magnetometer under a magnetic field of 5000 G. The core diamagnetic components
were corrected by calculation from Pascal’s constants. The intermolecular overlap integrals
between the SOMO orbitals were calculated based on the extended Hiickel molecular orbital
method, using a software package developed by Prof. T. Mori (Tokyo Institute of Technology)
[21].

X-ray diffraction data for single crystals were collected at room temperature on a Bruker
SMART APEX CCD diffractometer equipped with a graphite crystal and incident beam
monochromator using Mo K« radiation (1 =0.71073 A). The frames were integrated by using
the Siemens SAINT+ program [22], and the data were corrected for absorption by using the
SADABS program [23]. The structures were solved by the direct method (SHELXS 97 [24])
and expanded using Fourier techniques. The non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were placed at idealized positions and allowed to ride on the relevant
heavier atoms. Crystallographic parameters of the o-form are listed in Table 1.
Crystallographic data (excluding structure factors) for the structures in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos.

CCDC 255520 (a-form) and 255521 (B-form). These data can be obtained free of charge from



the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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Figure Legends

Fig. 1. Structural formula of tetra-n-butylammonium bis(maleonitriledithiolato)platinate(1-).
Fig. 2. (a) Packing diagram of the a-form viewed along the b-axis. (b) ORTEP [25] drawing
of the molecular arrangement of the anions. Intermolecular contacts are shown as dashed lines,
and the corresponding distances in the isomorphic nickel complex are shown in parentheses.
Thermal ellipsoids are drawn at the 20% probability level, and hydrogen atoms are omitted
for clarity.

Fig. 3. (a) Packing diagram of the B-form viewed along the a-axis. (b) ORTEP drawing of the
molecular arrangement of the tetramer anion unit. Thermal ellipsoids are drawn at the 20%

probability level, and hydrogen atoms are omitted for clarity.



Fig. 4. Temperature dependence of magnetic susceptibility for the a-form polycrystals,

represented in the form ymT versus T.
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Table 1
Crystallographic data

a-form B-form
Formula Ca4H36NsPtS, Cp4H;6NsPtS,
Formula weight 71791 71791
T/K 298 298
Crystal system Monoclinic Triclinic
Space group C2/c P-1
al/A 30.847(2) 13.4636(9)
b/A 13.8689(8) 13.6015(9)
c/A 15.7393(9) 17.729(1)
al® 73.379(2)
B/e 115.442(1) 78.933(2)
y/° 78.181(1)
V /A3 6080.6(6) 3014.03)
z 8 4
D caled | g € 1.568 1.582
#(Mo-Ka) / e 49.11 49.35
Refl. / Parameter ratio 2427 14.36
R, Ry 0.0306; 0.0714 0.045; 0.102
Goodness of fit 1.03 1.02

Ry =Z|F | [Fdll/ZIF o Ry = [EW(F ,/—F 2)* / Tw(F })"]'"?
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