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Study on the Rapid Spin Equilibrium in PhyP[Zn'"Fe'"'(mto);] (mto = Monothiooxalato)

Koichi Kagesawa, Atsushi Okazawa, Masaya Enomoto,” and Norimichi Kojima*
Department of Basic Science, Graduate School of Arts and Sciences, The University of Tokyo,
3-8-1 Komaba, Meguro-ku, Tokyo 153-8902

(Received May 19, 2010; CL-100481; E-mail: cnori@mail.ecc.u-tokyo.ac.jp)

We synthesized a mto (= monothiooxalato)-bridged hetero-
metal complex, PhyP[Zn"Fe(mto);] consisting of Fe0;S;
and Zn"Og4 octahedra and investigated its physical properties.
Ph4P[Zn""Fe™(mto);] has a two-dimensional honeycomb net-
work structure. The ESR and 3’Fe Mossbauer spectra revealed
that the rapid spin equilibrium in which the high-spin (HS) state
and the low-spin (LS) state exchange in the time scale of
10719 < 7 < 10775 occurs at the Fe"O5S5 site, which is the first
report for an assembled metal complex system.

One of the most important topics in recent research in
the field of molecular solids is to produce various kinds of
multifunctionalities coupled with transport, optical, or magnetic
properties.! In the case of assembled heterometal complex
systems whose spin state is situated in the spin-crossover region,
novel types of conjugated phenomena coupled with spin and
charge are expected. In fact, recently Kojima et al. discovered a
new type of phase transition for a dithiooxalato-bridged iron
mixed-valence complex, (n-C3H;),N[Fe"Fe'(dto);] (dto = di-
thiooxalato), where the thermally induced charge-transfer phase
transition reversibly occurs around 120K in order to minimize
the free energy in the whole system.* (n-C3H;),N[Fe"Fe(dto)s]
has a two-dimensional honeycomb network structure with an
alternating array of Fe'l and Fe" atoms through dto ligand, and
the (n-C3H;);NT cation layers are intercalated between two
[Fe"Fe™(dto);].. layers.’ In the high-temperature phase, the Fe™
(S =1/2) and Fe'' (S = 2) sites are coordinated by six S atoms
and six O atoms, respectively. In the low-temperature phase,
on the other hand, the Fe' (§ = 5/2) and Fe' (S = 0) sites are
coordinated by six O atoms and six S atoms, respectively.
Moreover, (n-C3H;),N[Fe"Fe'(dto)s] behaves as a ferromagnet
with Te = 7K.4

In general, the Fe™' site coordinated by six S atoms is in the
low-spin (LS) state, while the Fe' site coordinated by six O
atoms is in the high-spin (HS) state. Therefore, it is expected that
the spin state of Fe'' coordinated by three S atoms and three O
atoms is situated in the spin-crossover region. Actually, the spin
equilibrium in which the high-spin (HS) state and the low-spin
(LS) state exchange have been confirmed for mononuclear Fe
complexes consisting of FeM03S;.%7 However, the rapid spin
equilibrium phenomenon has not yet been observed for
assembled metal complex systems. From this viewpoint, in
order to build an assembled metal complex system including
Fe'™0;S; site, we have synthesized PhyP[Zn"Fe™(mto);] (mto =
monothiooxalato) (1) consisting of Fe™03S; and Zn"Og octahe-
dra and investigated the spin state of the FeO;S; site in 1.
The two-dimensional network structure of [Zn'Fe(mto);] is
schematically shown in Scheme 1.

K,(mto) was prepared according to a previous paper.® A
methanol solution of iron(Ill) nitrate (291 mg, 0.72 mmol) was
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Scheme 1. Schematic representation of the 2-D network
structure in [Fe"Zn"(mto);] complex.

added to a methanol solution of K;(mto) (393 mg, 2.16 mmol)
and (Cg¢Hs)4PBr (453 mg, 1.08 mmol). After stirring for 1h,
[Fe"(mto);]3~ solution was given. This suspension was filtered
to remove solid impurities. The filtrate was cooled at —10°C,
and methanol solution (25mL) of zinc(Il) chloride (65mg,
0.48 mmol) was added to the filtrate. The mixture was stirred for
12h. The red-brown colored product was collected by suction
filtration and dried in vacuo. Elemental Analysis calculated for
C;30H2009PS3ZnFe: C, 46.62; H, 2.60; S, 12.45%. Found: C,
45.82; H, 2.85; S, 12.54%.

Powder X-ray diffraction measurement was performed in
order to determine the crystal system and space group. The static
magnetic susceptibility was measured by a Quantum Design,
MPMS-5 SQUID susceptometer between 2 and 300K under
0.5 T. The X-band ESR measurement was performed between 10
and 300 K. The >’Fe Méssbauer spectra were measured between
10 and 300 K. The spectra were calibrated by using the six lines
of a body-centered cubic iron («-Fe) foil, the center of which
was taken as zero isomer shift. The spectra were fitted with a
MossWinn 3.0 program.’

The powder X-ray diffraction pattern of 1 resembles clearly
that of (n-C3H;)4;N[Fe'"Fe(dto);], which implies that the crystal
structure of 1 consists of two-dimensional honeycomb network
structure.>'® The crystal system and space group of 1 were
assigned to hexagonal and P63, respectively.

Figure 1 shows the molar magnetic susceptibility multiplied
by temperature, x\7, as a function of temperature for 1. The
xmT value decreases with lowering temperature. In (n-
C4Ho)4N[Zn""Fe(0x);] (ox = oxalato) with similar structure of
1, the xmT value (= 4.22 cm® K mol™!) is essentially constant in
the whole temperature range of 4.2-300 K.!' However, the xmT
value for 1 decreases from 3.60 (at 300K) to 2.66 cm® K mol™!
(at 4.2K). In connection with this, it should be noted that the
spin-only xuT value is 4.375cm®Kmol~! for the HS state
(S =5/2) of Fe'', while that is 0.375cm>Kmol~! for the LS
state (S = 1/2) of Fe'l. Therefore, the T value of 1 is situated
in the middle value between the magnetic moments for the HS
and LS states of Fe™. The xyu7 curve steeply decreases below
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Figure 1. Molar magnetic susceptibility multiplied by temper-
ature, xm7, as a fuction of temperature for 1.
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Figure 2. Temperature dependence of ESR spectra for 1.

10K due to a weak antiferromagnetic interaction (6=
—0.66(4)K).

The temperature dependence of ESR spectra for 1 is shown
in Figure 2. The ESR signals corresponding to the HS state and
the LS state of Fe' site are observed at about 300 mT (g ~ 2.05)
and at about 150 mT (g ~ 4.25), respectively, in the temperature
range between 10 and 300 K. The ESR signal ratio of the LS
state to the HS state increases with decreasing temperature,
which is consistent with the temperature dependence of xuT.
Therefore, these results indicate that the spin state of Fe"O;S5 is
the spin equilibrium of the HS and LS states, where the HS and
LS states are clearly distinguishable in the time scale (10~'%s) of
ESR spectroscopy.

Figure 3 shows the ’Fe Méssbauer spectra of 1 at 300,
77, and 10K.!® The single quadrupole doublet of Fe' was
observed despite of the coexistence of the HS and LS states
in the ESR measurement between 10 and 300K. The 3"Fe
Mossbauer spectra of HS and LS states should be distinguish-
able, if the time scale of spin equilibrium is slower than that
of the *’Fe Mossbauer spectroscopy (T =107"5).® On the
other hand, the averaged spectra of HS and LS states are
observed, if the time scale of spin equilibrium is faster than
that of the 3'Fe Méssbauer spectroscopy.” Therefore, the 3’Fe
Mossbauer spectra of 1 shown in Figure 3 indicates that the
rapid spin equilibrium in which the HS and LS state exchange in
the time scale faster than that of 3’Fe Mdssbauer spectroscopy
occurs at the Fe'O5S; site. The relaxation process between HS
and LS states at the Fe"O5S; site is considered to be a tunneling
process. !?
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Figure 3. Temperature dependence of >’Fe Mossbauer spectra
for 1. Solid line represents the least-squares fitting curve.

In summary, we found the rapid spin-equilibrium phenom-
enon between the HS and LS states at the Fe™0;S; site in 1,
which is the first report for an assembled metal complex
system. The time scale of spin equilibrium was estimated
at 1071 < 7 < 1077s from the analysis of ESR and 3'Fe
Mossbauer spectroscopy.
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