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The synergy between the electrical conductivity within the stacks
of Ni(dmit)2 in the newly electrocrystallized [Fe(qsal)2][Ni(dmit)2]3‚
CH3CN‚H2O and the spin conversion of Fe(qsal)2 is evidenced. In
addition, the presence of a light-induced excited spin state trapping
effect suggests that this complex is a prototypal photoswitchable
spin-crossover molecular conductor.

Recently considerable interest has been devoted to the
development of molecular conducting materials exhibiting
the synergy between conductivity and magnetism. Along this
line, a paramagnetic superconductor,1 a ferromagnetic metal,2

and an antiferromagnetic superconductor3 have been devel-
oped. In particular, the discovery of the field-induced
superconducting transition inλ-(BETS)2FeCl44 gave a splen-
did example of the synergetic action of conduction electrons
and localized magnetic moments in the hybrid system.

As another kind of correlation between electrical conduc-
tivity and magnetism, the conducting state switching driven
by a temperature-induced charge transfer was reported in
an Fe mixed-valence complex5 and Prussian blue analogues.6

Although these switching phenomena are very attractive, it
has been difficult to develop other molecular conducting

system by using related molecular magnetic materials
because these systems are almost in the insulating states and
their conduction mechanisms are not clear. On the other hand,
it is well known that the electrical properties of molecular
conductors are very sensitive to small modifications of their
crystal structures. This means that it can be controlled by a
structural change. Thus, we have focused our attention on
combining mixed-valency in organics or metal-organic
systems with spin-crossover (SCO) components because the
spin transition (low-spin (LS)shigh-spin (HS)) is accom-
panied by considerable changes in coordination bond lengths
and geometries.7 Furthermore, given that the spin transition
can be controlled by external perturbations, such as temper-
ature, pressure, and light, it would be possible to control the
electrical conductivity of an SCO-molecular conductor
reversibly. Consequently, we have developed Fe(II) and Fe-
(III) SCO complexes with redox-active components based
on 1,3-dithiol-2-ylidene8 and Ni(dmit)29 [dmit ) 4,5-dithio-
lato-1,3-dithiole-2-thione], respectively. These have the
potential electrical conducting properties. Both complexes
showed spin transitions and light-induced excited spin state
trapping (LIESST) effects, suggesting that they are promising
candidates for photocontrollable SCO molecular conductors.
As a similar approach to SCO conducting complexes, a
TCNQ anion radical salt10 and a Ni(dmit)2 salt11 involving
the Fe(III) SCO ion as a countercation are known [TCNQ
) 7,7,8,8-tetracyanoquinodimethane]. However, the direct
synergy between electrical conductivity and spin conversion
has never been evidenced. In this paper, we describe the clear
observation of the coupling between the electrical properties
and the spin transition in the SCO molecular conductor, [Fe-
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(qsal)2][Ni(dmit) 2]3‚CH3CN‚H2O [qsalH ) N-(8-quinolyl)-
salicylaldimine]. The LIESST effect on this complex is also
presented.

The complex was prepared by applying a constant voltage
(1.5 V) to the dry acetonitrile solution of [Fe(qsal)2][Ni-
(dmit)2]‚2CH3CN9 in an H-type glass cell with Pt electrodes.
The crystals grew on the anode as very thin dark brown
platelets. The EDX analyses indicate that the ratio of Fe to
Ni is 1:3 for all the crystals examined. This complex is,
hereafter, designated as the 1:3 complex. Its crystal structure
was determined at room temperature (Figure 2),12 though
most crystals were heavily twinned. There are two Fe(qsal)2

and six Ni(dmit)2 crystallographically independent molecules
in the unit cell. The numbers of solvent molecules found by
the difference Fourier map were decided by convergence of
the least-squares refinement cycle. Ni(dmit)2 molecules are
arranged in a face-to-face manner to form a 6-fold column
along theb axis. These columns are arranged in a her-
ringbone-type side-by-side manner to generate layers along
the transverse direction. The overlap integrals based on
extended Hu¨ckel calculations indicate that Ni(dmit)2 mol-
ecules formed a trimer within a column and there was no
favorable exchange interaction between columns. Fe(qsal)2

cations are dimerized byπ-π interactions. The Fe(qsal)2

dimers construct a one-dimensional chain parallel to the Fe-
Fe direction of a dimer,9 which is thea + b direction in the
present case. Thus, Fe(qsal)2 chains were interwoven with
the Ni(dmit)2 columns.

Temperature dependence of the electrical resistivity of a
single crystal was measured by a HUSO HECS 9065
conductometer using a conventional four-probe method in
the temperature range of 70-300 K (Figure 3). Though the
crystal showed semiconducting behavior, the room-temper-
ature conductivity was relatively high (σRT ) 2.0 S cm-1).
Interestingly, a hysteretic behavior in the resistivity was
observed in the temperature range of 90-120 K. Note that
the resistivity in the heating process was lower than that in
the cooling process, which is contrary to the hysteretic
behaviors observed in molecular conductors. The activation
energy in the low-temperature phase (Ea ) 0.17 eV between
70 and 90 K) was lower than that in the high-temperature
phase (Ea ) 0.25 eV between 125 and 250 K).

Temperature dependence of the magnetic susceptibility of
the sample consisting of only crystals on the anode was

measured by a Quantum Design MPMS-XL SQUID mag-
netometer in the temperature range of 2-300 K (Figure 4).
The value oføMT at 300 K is 3.75 emu K mol-1, suggesting
the coexistence of 84% of the Fe(III) HS state and 16% of
the LS state. The HS ratio was consistent with that estimated

(12) X-ray data for the 1:3 complex: triclinic,P1h (No.2),a ) 12.5203(5)
Å, b ) 22.94040(10) Å,c ) 26.8278(5) Å,R ) 68.242(7)°, â )
84.900(8)°, γ ) 76.956(8)°, V ) 6971.8(3) Å3, Z ) 4, Dcalcd ) 1.871
g cm-3, R1 ) 0.062 (I > 3σ(I)), wR2 ) 0.091 (I > 3σ(I)), GOF )
1.002. The Ni, Fe, and S atoms were refined anisotropically, and the
rest of the non-hydrogen atoms except solvent molecules were refined
isotropically.

Figure 1. Molecular structure of [Fe(qsal)2][Ni(dmit) 2]‚CH3CN‚H2O.

Figure 2. Crystal structures of [Fe(qsal)2][Ni(dmit) 2]3‚CH3CN‚H2O. (a)
Viewed along thea axis. The solvent molecules were omitted for clarity.
(b) End-on projection of one Ni(dmit)2 layer. The overlap integrals of the
LUMO of Ni(dmit)2 arep ) -13.7,q ) -5.27,r ) 11.9,s ) -10.8,t )
-3.24, andu ) -11.1× 10-3, respectively. The overlap integrals between
columns are below 0.6× 10-3.

Figure 3. Temperature dependence of the resistivity of a single crystal of
[Fe(qsal)2][Ni(dmit) 2]3‚CH3CN‚H2O. The inset shows the Arrhenius plot
of the 1:3 complex.
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by Mössbauer spectroscopy of the57Fe-enriched sample at
300 K (Figure 5), which also indicated that the valence of
the Fe atom is trivalent and the moment on the Ni(dmit)2

stacks is negligible. On cooling, theøMT value gradually
decreased down to 120 K and then showed a relatively abrupt
two-step change. TheøMT value below 60 K is 0.57 emu K
mol-1, indicating that the 1:3 complex was almost in the LS
state. For the heating process, the reverse transitions appeared
in each step. It should be noted that the narrow hysteresis

loop between 90 and 120 K corresponds exactly to the
temperature range where the anomaly in conducting behavior
was observed. The HS ratios of 12% and 33% at 80 and
130 K, respectively, calculated from magnetic measurement
are in good agreement with those estimated from Mo¨ssbauer
spectroscopy (Figure 5). Thus, thisøMT change is considered
to be derived from the cooperative spin transition of the Fe-
(III) cations. The relatively low resistivity in the heating
process may be due to a sort of “chemical pressure effect”
associated with the spin transition. Since the smaller size of
SCO ions in the LS state than in the HS state will produce
the more compact molecular packing of the cationic layers,
this contraction exerts a pressure to the Ni(dmit)2 conducting
layers to make the system more conducting. Thus, to the
best of our knowledge, this is the first evidence of a resistivity
anomaly coupled with a spin transition in the SCO-
molecular conductor hybrid.

A preliminary LIESST experiment was carried out on the
1:3 complex (Figure 4, inset). On illuminating with a diode
laser (830 nm) at 5 K, an increase in the magnetization was
observed, suggesting the metastable HS state can be trapped
in the 1:3 complex. This metastable state was relaxed to the
ground LS state at about 60 K. This behavior is consistent
with that of the metastable HS state in [Fe(qsal)2][Ni(dmit)2]‚
2CH3CN.9 We believe that if a system exhibiting a higher
relaxation temperature from the metastable HS state can be
designed, the photocontrollable molecular conductor will be
realized. The 1:3 complex should be a precursor of such a
molecular conductor.

In summary, we have observed a clear synergy between
the SCO phenomenon and an electrical conduction a SCO-
molecular conductor hybrid, which also displayed the
LIESST effect. Thus, the 1:3 complex can be classified as a
prototypal photoswitchable SCO molecular conductor. It
might be possible that larger response such as the metal-to-
insulator transition will be realized by external perturbations
if a molecular “metal” with a suitable SCO counterion is
prepared. Further trials to enhance the conductivity and to
increase the relaxation temperature are now in progress.
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Figure 4. øMT vsT plot of [Fe(qsal)2][Ni(dmit)2]3‚CH3CN‚H2O. The sweep
speed is 1 K min-1. The inset shows the LIESST effect of the 1:3 complex.

Figure 5. Temperature dependence of Mo¨ssbauer spectra of [57Fe(qsal)2]-
[Ni(dmit)2]3‚CH3CN‚H2O. Green dots, observed spectra; blue line, simulated
LS curve; red line, simulated HS curve; black line, the sum of the simulated
LS and HS curves. Mo¨ssbauer Parameters; 293 K: HS (85.0%) I.S.) 0.139,
Q.S.) 0, LS (15.0%) I.S.) -0.024, Q.S.) 2.377; 130 K: HS (39.4%)
I.S. ) 0.65, Q.S.) 1.32, LS (60.6%) I.S.) 0.06, Q.S.) 2.85; 80 K: HS
(20.0%) I.S.) 0.79, Q.S.) 1.30, LS (80.0%) I.S.) 0.06, Q.S.) 2.85.
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