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Research Overview
Norimichi Kojima

One of the most attractive research in the field of molecular solids is the investigation of
multi-functionality induced by the synergetic effect between magnetic, optical or
transport properties. Among various multifunctional materials, assembled transition-
metal complexes are the leading candidates as field-responsive multifunctional materials.
From these viewpoints, we have developed various kinds of assembled transition-metal
complexes and investigated their multifunctional phenomena.

[Study on the magneto-optics of transition-metal compounds](1976-
1995)

In magnetic compounds, various types of elementary excitations (excitons, magnons,
phonons, domain-solitons, etc.) exist. The interaction between these elementary
excitations enables them to combine with one another, forming new and more complex
excitations such as exciton-magnon transition (magnon sideband). This interaction has an
effect on the propagation, energy position and shape of the complex excitations. The most
dramatic effect is the existence of the bound states below or above the two-particle
continuum under certain circumstances. We have investigated the behavior of these
elementary excitations in the optical 3d-3d or 4f-4f transition for various magnetic
insulators, which has been reviewed in “Magneto-Optics” ed. S. Sugano and N. Kojima
(Springer, 2000).
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[Study on the optical properties of platinum mixed-valence
complexes](1986-1996)

The inter-valence charge-transfer absorption spectra in the mixed-valence complexes
[Pt(en)2][Ptl2(en)2](SO4)2:6H20 and [AuxPtixl(en)2]S04-3H20 (x = 0.03) have been
investigated at 4.2 K. In these complexes, below the charge transfer absorption edge, a
weak absorption band (A band) has been observed for the light polarized parallel to the
chain axis. When these complexes were irradiated with the light in the region of the
charge transfer transition from Pt" to Pt"V, the absorption coefficient of the A band
remarkably increased, which implies that the A band is a photo-induced absorption band.
The photo-induced effect for the A-band in [AuxPt1-xI(en)2]SO4-3H20 (x = 0.03) is more
intense than that in [Pt(en)z][Ptl2(en)2](SO4)2-6H20. The A-band suggests the existence
of new excitations such as a soliton-like excitation in the electronic state of the platinum
chains.

Discovery of photo-induced soliton for halogen-bridged
one-dimensional mixed-valence Pt complex system.
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Fig. 2. Absorption spectra at 4.2K in [Pt(en),]
[Ptl,(en),](SO,),-6H,0. E denotes the electric vector
of the incident light.

IVCT: Inter-valence charge
[Pt(en),][Ptl,(en),](SO,),"6H,0 transfer from Pt! to PtlV.

N. Matsushita, N. Kojima, T. Ban, I. Tsujikawa, J. Phys. Soc. Jpn. 56, 3808 (1987).



Discovery of photo-induced effect on [Pt(en),][Ptly(en),](SO,),-6H,0
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Fig. 5. A possible mechanism for the origin of the A- measuring methods in [Pt(en),][Ptl,(en),](SO.),-
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Soliton: the mismatch of valence alternation 2 (above 4600 A by Y46), (g) - - -: method 3.

N. Matsushita, N. Kojima, T. Ban, I. Tsujikawa, J. Phys. Soc. Jpn. 56, 3808 (1987).

[Study on the crystal structure and transport phenomena for ternary
copper chalcogenide, A-Cu-X (A= Na, K, Rb, Cs; X =S, Se)](1988-1994)

We have systematically investigated the crystal structure and transport phenomena for
ternary copper chalcogenides such as KsCusSs, KCusSs, NasCusSs, which have various
kinds of low-dimensional structures and mixed valent compositional ratios. KzCugSe,
which is one of such mixed valent low-dimensional copper sulfides, has a layered
structure composed of CusSs sheets separated by potassium ions. Each CusSes sheet is
composed of the CusS4 chains seen in NasCusS4 and the networks of edge-shared CuSa
tetrahedrons seen in KCusSs, etc. In the case of KzCugSs, two phase transitions are
observed at T1 (153 K) and at T> (55 K). The resistivity is metallic above T1, while non-
metallic between T: and T2, in which an incommensurate superstructure (0, (1-3)/2, 0)
appears. The behavior of resistivity between Ty and T2 is a typical CDW system, while
the intensity of superstructure shows an anomalous oscillation as a function of
temperature. On further cooling, the resistivity decreases drastically at T>. Below T, the
resistivity becomes metallic again, and the incommensurate superstructure disappears but
another commensurate superstructure (1/2, 1/2, 0) instead appears. A possible explanation
of the T transition is a lock-in transition of the CDW.



Study on the crystal structure and transport phenomena for
the ternary copper chalcogenide, A-Cu-X
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H. Sato, E. Igaki, T. Nakamura, T. Ban, N. Kojima, Solid State Commun. 71, 793 (1989) , H. Sato,
N. Kojima, K. Suzuki, T. Enoki, J. Phys. Soc. Jpn. 62, 647 (1993), H. Sato, N. Kojima, S.
Kagoshima, J. Phys. Soc. Jpn. 62, 2051 (1993).

[Study on the pressure-induced and photo-induced Au valence
transition of gold mixed-valence complexes, M2Au'Au'''Xs](1995-2012)

Halogen-bridged gold mixed-valence complexes, Mz[Au'Xz][Au'"X4] (M= K, Rb, Cs;
X=Cl, Br, and 1) are typical examples for the mixed-valence complexes belonging to the
class Il, in which strong inter-valence charge transfer (IVCT) bands appear in visible
region. Their characteristic properties of crystal structure and mixed valence state are
quite similar to those of BaBiOs, which is the parent compound of the superconductors,
Ba;xKBiOs and BaBi1xPbOs. M2[AuXz][Au'"Xs] (M= K, Rb, Cs; X= Cl, Br, and I)
undergo the pressure induced valence transition from the mixed valence state of Au' "' to
the single valence state of Au'", which is coupled with a structural phase transition. In the
case of Csz[AuXz][Au'""X4] (X = CI, Br, and 1), the Au valence transition takes place at
11-12, 9, and 5.5 GPa, respectively. In the pressure region below the Au valence transition,
these complexes show a metallic behavior due to the valence fluctuation of the Au' and
Au'" states. The metallic cubic phase appearing commonly for these complexes under
high pressure and high temperature can be obtained as a metastable state even at ambient
pressure and room temperature. Moreover, we have discovered a photo-induced Au
valence transition for Csz[Au'Br2][Au'"'Bra].



Optical properties of Cs,[AUX,][AUMX,](X = Cl, Br, 1): origin of golden color
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We have succeeded in synthesizing nine kinds of hetero-halogen bridged gold mixed-
valence complexes having perovskite-type structure, Csz[Au'Xz][Au'"'Y4](X, Y = Cl, Br,
and I; X £Y), in organic solvent, and obtained their single crystals. Metallic golden color
is attributed to the IVCT transition from the Au' site to the Au'" site.

N. Kojima, H. Kitagawa, J. Chem. Soc. Dalton Trans., 327 (1994), N. Kojima, Bull. Chem. Soc.
Jpn., 73, 1445 (2000), N. Kojima, K. Ikeda, Y. Kobayashi, M. Seto, Mdssbauer Effect Reference
and Data Journal, 36, 57 (2013).
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Figure: Pressure and temperature induced metallic phase and the existence of metastable
metallic phase of Cso[Au'lz][Au'"'ls]. P-T phase diagram of Csa[Au'lz][Au'"'l4].

N. Kojima, H. Kitagawa, T. Ban, F. Amita, M. Nakahara, Solid State Commun. 73, 743 (1990), N.
Kojima, M. Hasegawa, H. Kitagawa, T. Kikegawa, O. Shimomura, J. Am. Chem. Soc. 116,
11368 (1994).
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S.S. Hafner, N. Kojima, J. Stanek, Li Zhang, Phys. Lett. A, 192, 384 (1994).
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We have found a photo-induced phase transition (PIPT) for CsAu2Byrs from the mixed-
valence state of Au" """ to the single-valence state of Au'! in the pressure region from 6.4
to 6.8 GPa. The PIPT shows a distinct threshold behavior against the photon density as
well as the shots number, which has been interpreted in terms of the critical nucleation of
the photo-injected Au"' clusters.
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X.J. Liu, Y. Moritomo, M. Ichida, A. Nakamura, N. Kojima, Phys. Rev. B 61, 20 (2000), N.
Kojima, Bull. Chem. Soc. Jpn., 73, 1445 (2000).

[Study on the charge transfer phase transition and ferromagnetism for
Mixed-Valence Iron Complexes](2000-2018)

Assembled organic-inorganic hybrid system has a possibility to exhibit multifunctional
properties as a whole system through the interaction between individual components.
From this viewpoint, we have developed a ferromagnetic organic-inorganic hybrid system,
A[Fe"Fe"'(dto)s] (A = (n-CnHazn+1)aN, spiropyran; dto = C20.S;), and investigated their
multifunctional properties coupled with spin, charge and photon. In (n-
CnH2n+1)aN[Fe""'Fe'"'(dto)s], a charge transfer phase transition (CTPT) takes place at 122.4
K and 142.8 K for n = 3 and 4, respectively, where a thermally induced charge transfer
occurs reversibly between the Fe' and Fe'" sites. The CTPT and the ferromagnetic phase
transition strongly depend on the honeycomb ring size in [Fe''Fe'"(dto)s]... The increase
of cation size expands the honeycomb ring, which stabilizes and destabilizes the HTP
with Fe' (tzg’eg?: S = 2) and Fe'"' (tzg>: S = 1/2) and LTP with Fe'' (t2,%: S = 0) and Fe'"
(tzg®e®: S = 5/2), respectively. In order to control the ferromagnetic properties and the



CTPT by means of photo-irradiation, we synthesized a photo-responsive organic-
inorganic hybrid system, (SP-R)[Fe'Fe'!'(dto)s] (SP = spiropyran; R = CH3 (Me), C2Hs
(Et), CsH7 (Pr)), and found that this system undergoes the photo-isomerization of SP-R
reversibly in solid state, and the photo-isomerization of SP-Me by UV light irradiation
partially induces the CTPT from LTP to HTP on the two-dimensional [Fe''Fe'''(dto)s]
layer and the change of Tc from 5 K to 22 K.
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Figure: Haneycomb structure of [Fe''Fe'!'(dto)s]. and the schematic representation of charge
transfer phase transition for (CnHzn+1)aN[Fe''Fe''(dto)s] (dto = C202S5)

N. Kojima, W. Aoki, M. Itoi, Y. Ono, M. Seto, Y. Kobayashi and Yu. Maeda, Solid State
Commun., 120, 165-170 (2001), T. Nakamoto, Y. Miyazaki, M. Itoi, Y. Ono, N. Kojima, M.
Sorai, Angew. Chem.Int. Ed., 40, 4716-4719 (2001).
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Figure: ®"Fe Mossbauer spectra for (n-CyHan+1)sN[Fe"'Fe''(dto)s] (n = 3-6) at 200 K, 77
Kand 4 K.

The assignment of the >'Fe Mdssbauer spectra were confirmed by the measurements
for >’Fe-enriched samples, (n-CsH7)sN[>’Fe''Fe'"!(dto)s] and (n-CsH7)sN[Fe' >"Fe!'(dto)s].
At 200 K, the line profiles of all the complexes are quite similar to each other, where two
quadrupole doublets (A and B) mainly exist. The wider doublet (B) and the narrower
doublet (A) are assigned to the Fe'' (S = 2) site coordinated by six O atoms, and the Fe'"
site coordinated by six S atoms. In the cases of n = 3 and 4, with decreasing temperature
from 200 K to 77 K, the >"Fe Mdssbauer spectra corresponding to the HTP decrease by
about 80%. Instead of these spectra, two doublets (C and D) appear. At 4 K, a central
strong doublet (C) and a sextet (D) divided from —8 to +8 mm s with a large hyperfine
field (Hint = ~450 kOe) are observed. The former can be assigned to the diamagnetic state
of Fe'' (S = 0) and the latter is typical of the magnetically ordered state of Fe'"' (S = 5/2).
From the analysis of %’Fe Mdssbauer spectra for (n-CnHzns1)aN[Fe'Fe'!'(dto)s], it is
obvious that the charge transfer between the Fe'' and Fe'" sites takes place between 200
K and 77 K for n = 3 and 4. The %"Fe Mdsshauer spectra in the ferromagnetic phases for
n =5 and 6 are completely different from those for n = 3 and 4. In the cases of n =5 and
6, the CTPT does not take place, so that the spectra at 4 K can be assigned to the Fe' (S
=2) and Fe'"' (S = 1/2) sites in the magnetically ordered phase.

N. Kojima, N. Kida, A. Okazawa, M. Enomoto, Mdssbauer Effect Reference and Data Journal,
35, 154 (2012), N. Kojima, M. Itoi, Y. Miyazaki, Current Inorg. Chem., 4, 85 (2014).



Ferromagnetism of (n-CH,,,1),N[Fe'Fe!(dto),]
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M. Itoi, Y. Ono, N. Kojima, K. Kato, K. Osaka, M. Takata, Eur. J. Inorg. Chem., 1198 (2006).
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Figure: Molecular design of (SP)[Fe''Fe'"'(dto)s] (SP = spiropyran) toward photo-induced
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Magnetization before UV
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Figure: Temperature dependence of the magnetization for (SP-Me)[Fe''Fe'!'(dto)s] before
and after the UV light irradiation (350 nm with half width of 10 nm, 40 mW cm) for 4
h at room temperature. FCM: field cooled magnetization, RM: remnant magnetization,

ZFCM: zero-field cooled magnetization.

N. Kida, M. Hikita, I. Kashima, M. Okubo, M. Itoi, M. Enomoto, K. Kato, M. Takata, N. Kojima,

J. Am. Chem. Soc., 131, 212 (2009).
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Figure: >"Fe Mossbauer spectra of (SP-Me)[Fe''Fe''(dto)s] at 6 K before and after UV
light Irradiation (350 nm with half width of 10 nm, 40 mW cm) for 3 h at 300 K.



N. Kida, M. Hikita, I. Kashima, M. Enomoto, M. Itoi, N. Kojima, Polyhedron, 28, 1694 (2009).

Photo-isomerization induced CT phase transition at 70 K
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N. Kida, M. Hikita, I. Kashima, M. Okubo, M. Itoi, M. Enomoto, K. Kato, M. Takata, N. Kojima,
J. Am. Chem. Soc., 131, 212-220 (2009).

[Dynamical Behavior of the Charge Transfer Phase Transition by means
of muon spin spectroscopy](2007-2010)

Muon is a very useful elemental particle for sensing the magnitude, distribution and
fluctuation of internal field. Therefore, the muon spin spectroscopy (uSR) has been
applied to the study of magnetic phase transitions, various kinds of spin frustrations,
superconducting phenomena and so forth. We have applied the uSR technique to an iron
mixed-valence system, (n-CnHzn+1)sN[Fe''Fe!''(dto)s] in order to investigate the
dynamical behavior of the charge transfer phase transition (CTPT), and the hopping rate
of electrons between Fe' and Fe'!' sites at the CTPT was revealed for the first time by the
analysis of uSR under longitudinal magnetic field.



Muon spectroscopy of (C;H,),N[Fe!'Fe'l(dto);] under longitudinal field
Enhancement of muon relaxation rate by CTPT
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N. Kida, M. Enomoton, I. Watanabe, T. Suzuki and N. Kojima, Phys. Rev. B 77, 144427 (2008),
M. Enomoto, |. Watanabe, N. Kojima, Current Inorg. Chem., 6, 49 (2016).

[Control of ferromagnetism of Cos4(OH)7(DAE)os-3H20 by means of
photo-isomerization of intercalated diaryletnene] (2005-2016)

Novel cobalt-based organic-inorganic compounds were prepared by anion exchange
reaction, using the photochromic diarylethene anion (DAE). From the magnetic
susceptibility measurements, the ferromagnetic transition temperature of
Co4(OH)7(DAE)o.5-3H20 changes from 9 K to 20 K with substitution of the intercalated
anion from the open-form of DAE (1a) to the closed-form of DAE (1b). Therefore, the
change of the Curie temperatures between Cos(OH)7(DAE-open form)os-3H20 (2a) and
Co4(OH)7(DAE-closed form)os-3H2.O (2b) can be attributed to the change of the =
electron system in the DAE molecule. Moreover, the appearance of shoulder in the AC



magnetic susceptibility for Cos(OH)7(DAE-open form)os-3H20 after the irradiation of
UV implies that the ferromagnetism of this system can be controlled by photo-irradiation.
In the temperature range between 9 K and 20 K, 2a is placed above the ferromagnetic
transition temperature, while 2b is in below the ferromagnetic temperature, when the
photoisomerization occurs in this temperature region, we can select the magnetism as the
paramagnetic phase with 2a or the ferromagnetic phase with 2b by selecting the
wavelength of irradiated light. This compound may be developed to realize a novel optical
writing medium at low temperature.
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Figure: Synthesis of Co4(OH)7(DAE)o.5-3H20 by means of anion exchange
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M. Okubo, M. Enomoto, N. Kojima, Sold State Commun., 134, 777 (2005), H. Shimizu, M. Okubo,
A. Nakamoto, M. Enomoto, N. Kojima, Inorg. Chem., 45, 10240 (2006).

[Study on the dynamical spin equilibrium and its induced successive
magnetic phase transition](2010-2018)

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 Fe'"'O3Ss. 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'"O3Ss site,
we have synthesized PhsP[Zn'Fe'!l(mto)s] (mto = monothiooxalato) consisting of
Fe'"O3S; and Zn''Og octahedra and investigated the spin state of the Fe''O3Ss site.
PhsP[Zn"Fe"l(mto)s] has a two-dimensional honeycomb network structure. The ESR and
>"Fe Mosshauer 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 10 <1< 107" s
occurs at the Fe""O3S3 site, which is the first report for an assembled metal complex
system.

Dynamical spin-equilibrium at Fe"O,S; in Ph,P[Zn'Fe'l(mto),] (mto = C,0,S)
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In the case of assembled transition metal complexes whose spin states are situated in
the spin-crossover region, concerted phenomena coupled with spin-crossover
phenomenon and magnetic phase transitions are expected. From this viewpoint, we have
synthesized a mto (= C,03S) bridged hetero-metal complex system, (CsHs)sP
[Mn''Fe"'(mto)s] consisting of Fe''"O3Ss and Mn'Os octahedra. The molar magnetic
susceptibility (ym) as a function of temperature has a broad maximum, typical character
of 2D Heisenberg-type antiferromagnet, around 50 K, and shows a steep increase below
30 K with a hump around 23 K, where both of the real (y’) and imaginary (y”) parts in
AC magnetic susceptibility exhibit steep peaks indicating a magnetic phase transition.
The field cooled magnetization shows a rapid increase below 30 K, and almost saturares
below 23 K. At 30 K, the remnant magnetization and the magnetic hysteresis loop
disappear. Therefore, it is obvious that (CeHs)sP[Mn"Fe'(mto)s] undergoes two
successive magnetic phase transitions at 30 K and 23 K. The °'Fe Madssbauer
spectroscopy for (CeHs)sP[Mn''Fe'"'(mto)s] implies that the spin state at the Fe'' site is
still paramagnetic even at 24 K. At 23 K, both of the Mn' and Fe'!" spins are eventually
ordered. It is considered that the successive magnetic phase transitions in (CsHs)sP
[Mn''Fe'"'(mto)s] are induced by the rapid spin equilibrium at the Fe'" site.

Successive magnetic phase transitions in (CgHs)4sP[Mn'Fel(mto);]
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Figure: Successive magnetic phase transitions induced by the rapid spin equilibrium of
Fe'''O3S; site for (CsHs)sP[Mn'"Fe!''(mto)s].



[Control of spin crossover phenomena by means of functional counter
ions[(2005-2018)

The spin-crossover (SCO) phenomenon between a high-spin and a low-spin
state has attracted much attention in the field of materials science. Among the
various kinds of SCO complexes, the triazole-bridged iron(II) polymeric chain
system, [Fe(Il)(R-trz)s]X22xH20 (where trz is triazole and X is the anion),
exhibiting the SCO phenomenon with thermal hysteresis around room
temperature, has been extensively studied from the viewpoint of molecular
memory and molecular devices. In connection with this system, we have
controlled the SCO phenomenon according to the characteristic properties of
counter ions. In the case of X = C:H2:+SOs7, the spin transition temperature (T12)
increases with increasing the length (1) of the alkyl chain of the counter ion and
saturates above n = 5, which is attributed to the increase in the intermolecular
interaction of the alkyl chains of CiH2:150s, called the fastener effect. The
hysteresis width of T2 decreases with increasing 1, showing the even-odd effect.
In the cases where X is toluenesulfonate (tos: CHsCeHsSOs) and
aminobenzenesulfonate (abs: NH2CsHsSOs"), T12 and its hysteresis width vary
drastically with the positional isomersism (ortho-, metha- and para-substitution)
of counter ions, which implies the possibility of photoinduced spin transition by

means of the photoisomerization of counter ions.

Fastener effect of counter ions on SCO for [Fe(ll)(R-trz);](C H-,.,SO5), system
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Figure: Nearest-neighbor Fe—Fe distance as a function of the alkyl chain length (n) at 35
K, and the correlation between SCO temperature (T12) and the nearest neighbor Fe—Fe
for [Fe''(NH2-trz)s](CnH2n+1S03)2-xH20. Schematic representation of the fastener effect
on R(Fe—Fe) and R(Fe=N) for [Fe' (NH2-trz)s](CnHz2n+1S03)2-xH20;

H. Kamebuchi, A. Nakamoto, T. Yokoyama, N. Kojima, Bull. Chem. Soc. Jpn., 88, 419 (2015).
A. Sugahara, H. Kamebuchi, A. Okazawa, M. Enomoto, N. Kojima, Inorganics, 5, 50 (2017).

The Effect of Structural Isomerism of Counter lons on SCO for the [Fe(l1)(R-trz)s]
System

Effect of structural isomerism of counter ions on SCO for [Fe(ll)(R-trz),] System
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A. Sugahara, H. Kamebuchi, A. Okazawa, M. Enomoto, N. Kojima, Inorganics, 5, 50 (2017).

[Development of multifunctional spin crossover complex film] (2003-
2018)
Transition metal complexes with 3d*-3d’ configurations in octahedral surroundings

have a possibility of spin-crossover transition between low-spin (LS) and high-spin (HS)
states. The spin-crossover phenomenon has attracted much attention since the discovery
of the photo-induced spin transition (light induced excited spin state trapping (LIESST))
for [Fe(ll)(ptz)e](BF4)2 (ptz = 1-propyltetrazole), and the thermally-induced spin
transition with large thermal hysteresis around room temperature for 1,2,4-triazole (= trz)
bridged Fe(Il) complexes, [Fe(ll)(R-trz)s]A2'nH20 (A = anion). In particular, the triazole



bridged polymeric Fe(ll) chain system has a possibility of molecular device such as
display and memory at room temperature. In order to realize photo-responsive molecular
devices, the development of transparent spin-crossover film has been desired. From this
viewpoint, we have succeeded in synthesizing a transparent complex film, [Fe(ll)(H-
trz)s]-Nafion, exhibiting the spin crossover phenomenon around room temperature, in
which Nafion membrane behaves as counter anion as well as transparent substrate. From
the analysis of Fe K-edge EXAFS spectra, we have proved the existence of one-
dimensional Fe chain structure, [Fe(H-trz)s]n, in Nafion film, and the LIESST effect at
4.2 K.

Transparent spin-crossover complex film, [Fe(ll)(Htrz);]-Nafion
[Fell(Htrz),]-Nafion®
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A. Nakamoto, Y. Ono, N. Kojima, D. Matsumura, T. Yokoyama, Chem. Lett., 32, 336 (2003),
A. Nakamoto, N. Kojima, X.J. Liu, Y. Moritomo, A. Nakamura, Polyhedron, 24, 2909 (2005).

LIESST effect of the spin crossover complex film, [Fe''(H-trz)s]-Nafion,

We have investigated the LIESST effect for the transparent spin crossover complex film,
[Fe''(H-trz)s]-Nafion, and observed the condensed phase of photo-generated HS
molecules below 35 K. The life time of the photo-generated HS state strongly depends on
the intensity of irradiated light and temperature. Figure shows the relaxation dynamics of
the photo-generated HS molecules for [Fe''(H-trz)s]-Nafion at 4.2K after turning off the
excitation light: (a) P = 37 mW/cm? and (b) P = 350 mW/cm?. Solid curves are least-
squares-fitting results. Phase diagram of the Fe''(Htrz)s]-Nafion against excitation power
density (P) and temperature (T). The hatched region represents the condensed phase of
the photo-excited HS molecules.



Condensed phase of photo-generated HS state for [Fe(ll)(Htrz);]-Nafion
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X.J. Liu, Y. Moritomo, T. Kawamoto, A. Nakamoto, N. Kojima, Phys. Rev. B, 67, 012102 (2003),
J. Phys. Soc. Jpn., 72, 1615 (2003).

pH-responsive spin-crossover complex film, [Fe''(diAMsar)]-Nafion

We have developed pH-responsive spin-crossover Fe!' complex films, by using
diAMsar (1,8-diaminosarcophagine) as a ligand. Sarcophagine (sar) and its derivatives
are hexadentate cage-type ligands, whose coordination compounds with Fe'" exhibit the
spin-crossover phenomenon between the high spin state with tzg*eg? (S = 2) and the low
spin state with t® (S = 0). The spin-transition temperature and the color of
[Fe''(diAMsar)] in the solution depend on pH (T2 = 290 K for pH = 4.5; T12 = 370 K for
pH = 8.5) due to the protonation/deprotonation of the terminal amino groups in diAMsar.
[Fe''(diAMsar)]-Nafion also has different colors depending on the proton concentration
controlled by buffer solution (pH = 4, 7 and 10), which indicates the spin state of
[Fe''(diAMsar)]-Nafion is spatiotemporally manipulated by the gradient of proton
concentration derived from applied voltage. In this way, we can visualize the proton flow
in Nafion membrane by using the pH-responsive spin-crossover complex as a color
indicator. The development of field responsive spin-crossover complex films will open a
large field of multifunctional molecular devices based on Nafion membrane.



pH-responsive spin crossover complex film,
[Fe(ll)(diAMsar)]-Nafion
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H. Kamebuchi, T. Jo, H. Shimizu, A. Okazawa, M. Enomoto, N. Kojima, Chem. Lett., 40, 888
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Ch. 6, (Nova Science Publishers, Inc., 2016),

[Study on thiolate-protected Au clusters by means of ”Au Mdssbauer
spectroscopy] (2006-2018)

The evolution of geometrical structures of thiolate (SR)-protected gold clusters,
Aun(SR)m, in a n = 10 — 55 size range, was studied by means of *’Au Mdsshauer
spectroscopy. Successful analysis of the Auxs(SR)is spectrum, based on the
crystallographically determined structure, enabled us to estimate quantitatively the
numbers of gold atoms coordinated by different numbers (0, 1, and 2) of SR ligands for
all the Aun(SR)m clusters. In Auio(SR)10, all the gold atoms are bonded to SR ligands,
indicating —Au-S(R)- cyclic structures. A catenane structure was proposed for Au1o(SR)1o.
At n = 15, gold atoms bonded to a single SR ligand appeared, suggesting the formation
of small clusters. At n = 25, a single Au atom without the SR ligation appeared, consistent
with the formation of an icosahedral Auiz core protected by six staples, —S(R)-[Au-
S(R)-]2. At n = 39, the number of Au atoms without the SR ligation increases from one
to two, and the 1%’ Au Méssbauer spectrum is consistent with the face-fused bi-icosahedral
Augs core. These results demonstrate that °’Au Mossbauer spectroscopy will provide
detailed information on the structures of thiolate-protected gold clusters whose single
crystals are difficult to make.



197Au Méssbauer spectra of Au,,(SG),, (n =10 - 55)
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Seto, T. Tsukuda, Hyper. Interact., 217, 91 (2013),



[Study on molecular magnetism and single molecule magnet]
(2005-2018)

Study on the 4f-3d magnetic interaction of [Ln2Cuz] (Ln = lanthanide)
The magnetization measurements and HF-EPR spectroscopy are complementary

methods for the elucidation of the spin structures and energy diagrams for 4f-3d
heteronuclear systems. By using HF-EPR spectroscopy, We have demonstrated the
significant chemical trend in the plot of Js-34 against Z for the 4f—3d heteronuclear system,
[Ln2Cu2]n (Ln = Pr, Nd, Sm, Eu, Gd, Tb, Ho, Er). The ferro- and antiferromagnetic 4f-
3d couplings were characterized for the light and heavy lanthanoid derivatives,
respectively. The Js-3¢ magnitude monotonically decreases with a decrease of the number
of the 4f spins, and the strongest coupling was observed for the Gd** (4f") derivative.
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A. Okazawa, K. Fujiwara, R. Watanabe, N. Kojima, S. Yoshii, H. Nojiri, T. Ishida, Polyhedron,
30, 3121 (2011).

Study on the single molecular chain magnet of mixed-valence Fe complex,

We have investigated the single molecular chain magnet of mixed-valence Fe complex,
[Fe''(C104)2{Fe"!(bpca).}]CI04 (Hbpca = bis(2-pyridylcarbonyl)amine) by means of AC
magnetic susceptibility, >’Fe Mdssbauer spectroscopy and muon spin spectroscopy. The
relaxation times 7 (T) extracted from the AC susceptibility and °’Mdssbauer spectra were
used to construct an Arrhenius plot giving an estimated activation energy of 27 K.
Extrapolating the Arrhenius plot, the blocking temperature (z (Tg) ) 100 s) was estimated
as Tg = 1.3 K.
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Figure: Crystal structure of [Fe'(ClIO4){Fe"'(bpca)}]CIOs (Hbpca = bis(2-
pyridylcarbonyl)amine) and the spin allignment  of Fe'' (S = 2)-Fe'"' (S = 1/2).
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3) Study on the single molecule magnet of linear two-coordinate Fe'' complex

We have investigated the behavior of single molecule magnet of linear two-coordinate
Fe!' complexs bearing fused-ring bulky Rind groups, Fe'(Rind)2, by means of AC
magnetic susceptibility and °"Fe Mdssbauer spectroscopy. All of these Fe(ll) complexes
adopt an almost linear C—Fe—C arrangement in the crystals (C—Fe—C angles of ca. 174—
178°). For Fe(Eind)z, a significant orbital contribution due to the linear two-coordination
of the Fe(ll) ion has been determined by the high effective magnetic moment (uefr = 5.82
ug) and the extraordinarily large internal hyperfine field (Hn = ca. 140 T) in the %Fe
Massbauer spectrum. Variable frequency out-of-phase ac susceptibility data for Fe(Eind)2

demonstrate an effective spin-reversal barrier of Uer = 51.2 cm™ associated with the
single-ion magnet behavior.
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Figure: 3d electron configuration of Fe' and the Molecular structure of Fe''(Eind)s.
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