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Abstract

Introduction

Photo-induced phase transitions have been intdgsstedied as one of the
attractive issues of non-equilibrium phenomena.eBdvtypes of materials exhibiting
photo-induced phase transition have been repop¢al date, for example, chalcogenides,
metal oxides, spin-crossover complexes, and cydmidiged bimetal assemblies.
Cobalt-octacyanidotungstate bimetal assemblies h@en reported to show photo-
induced magnetization with a high Curie temperaflicg and a large coercive fieltH().
This phenomenon is known to be caused by an ojytichhrge-transfer-induced spin
transition (CTIST) from CBiow-spings)(S= 0)-WV(S= 0) to Cdnigh-spinag(S = 3/2)-W'(S
= 1/2) phases. That is, light irradiation induces tharge transfer from WS = 0) to
Cd"is(S = 0) to produce Cly(S = 1/2)-W/(S = 1/2), and then a spin transition occurs
from Cd'is(S = 1/2) to C8ngS = 3/2), which results in the electronic state of dS =
3/2)-WY(S= 1/2). However, the electronic structure to déscthe optical transitions and
the mechanism of photomagnetic effects has not bleeified yet. In the present work,
a cobalt—octacyanidotungstate bimetal assembly, sO{B{Co"'(4-
bromopyridine{W ' (CN)g}] is reported. Interestingly, this compound exksbithe
Cd"'s=W!" phase over a wide temperature range from 2 K @k3%ven though all the
other reported cobalt—octacyanidotungstate binsssémblies take the Ge-WV phase
at room temperature. A light irradiation to thisngmund causes photo-induced
magnetization. First-principles calculations shole telectronic structure of this

compound to reveal the mechanism of the chargefeaprocess.



Results and Discussion

Svynthesis, crystal structure, and electronic state

The single crystal and the powder-form sample ofsOg)[Co" (4-
bromopyridine{W 'V (CN)s}] were synthesized by mixing NRVY(CN)g]-4H:0,
Cd'Cl2-6H0, and 4-bromopyridine-HCI in an acidic conditiadnraom temperature.
Elemental analyses confirm that the formula of thmmpound is (ED2)[Co(4-
bromopyridine){W(CN)s}].

Since the single crystals are in a very thin heragplate-form (e.gga.100x50x4
um), a synchrotron radiation X-ray single-crystalasierement at KEK was carried out
to determine the crystal structure. This compouasl & monoclinic crystal structure in
the P21/c space groupa(= 13.0471(10) Ab = 13.5910(10) A¢ = 14.6790(10) A, angd
= 106.3410(10)°). The asymmetric unit consists G& ion, a [W(CN}]*" ion, two 4-
bromopyridine ligands, and two water molecules. €berdination geometry of the Co
site is a six-coordinate pseudo octahedron, in kwkhe two axial positions of Co are
occupied by the N atoms of 4-bromopyridine, and filne equatorial positions are
occupied by the cyanide N atoms of [W(GN). The average distance of Co—N is 1.92
A, indicating that the Co ion takes a trivalentetd he coordination geometry of the W
site is an eight-coordinate square antiprism, whiggdour CN groups of [W(CN]*~ are
bridged to Co. The other four CN groups are nalded to Co, but connected ta®t"
by hydrogen bonds. The cyanide-bridged Co and W form two-dimensional layers in
the bc-plane, and the oxonium cations®t" are intercalated between the layers. The
{Co"[WV(CN)g]} ~ layers take negative charge, and the positivegehaf HO->" keeps
the whole charge of this compound neutral.

In the microscopic ultraviolet—visible measuremehg absorption peak for the



transmission mode along the direction of the outegplane is observed around 700 nm
(1.8 eV). The magnetic susceptibility was measubgdsuperconducting quantum
interference device (SQUID) using the assembledlsiorystals €.a. 8x1® pieces of
crystals). ThemT value is almost zero from 2 K to 390 K, which icatties that this
compound takes the electronic state of' @&= 0)-WV(S= 0) over the wide temperature
range of 2—390 K. Such a stabilization of thd'Gew" phase over the wide temperature

range has not been reported so far.

Periodic structure calculations

The periodic structure calculation ofg®b*)[Co'" (4-bromopyridine{W 'V (CN)g}]
was performed by Viennab initio simulation package (VASP) to reveal the optical
transitions of this compound, whdhee crystal structure determined by the singletatys
X-ray analysis was used. The band structure andehsity of states (DOS) show that
the band gap is composed of aSdialence band and a Co 3d conduction band. The
calculated optical absorption spectrum reproducelll thhe experimental spectrum. The
lowest-energy transition was a transition from vhénce band mainly composed af d
orbitals of W and p orbitals of N to the conductioand mainly contributed fromzd
orbitals of Co and sp orbitals of N. This indicatiest the lowest-energy transition of this
compound is the charge transfer fromY\t¢ Cd" through the orbitals of the bridging CN
ligands. Since the valence band from d orbitaB@fs below—3.5 eV, the absorption of
d-d transition in Co is not observed in the visitdgion. Thus, visible light irradiation

does not caused the spin transition if'Co

Photo-induced phase transition




The photomagnetic effect was investigated using BQUWhe 785-nm light
irradiation (220 mW cnif) at 3 K induced spontaneous magnetization. Maggikein (V)
versus temperaturd@) curve shows that a valuetf is 27 K.M versus external magnetic
field (H) curve exhibits aitlc value of 2000 Oe at 2 K. Considering the groundri&rs
doublet of an octahedral €oan expected saturation magnetizatibh) (value is 3.2:s
due to ferromagnetic coupling betweerY(&= 1/2,g = 2) and C&(S = 1/2,g = 13/3),
which is close to the observét value of 3.Qus. The photo-induced phase returns to the
initial phase upon annealing up to 80 K. Thesetligiadiation and heating treatment
provide reversible phase changes.

To determine the crystal structure of photo-indygledse, the powder XRD pattern
was measured after 785-nm light irradiation (250 e?) at 13 K. Rietveld analysis of
the XRD pattern after light irradiation shows ththe photo-induced phase has a
monoclinic structure in thB21/c space group with lattice constantsacf 13.193(10) A,

b =113.949(11) Ac = 15.040(12) A, ang = 107.35(9)°, which are larger in the two-
dimensional layerl{c-plane) by 3% compared to the original phase. Metzame Co—N
distance of photo-induced phase (2.05 A) is latgan that of original phase (1.91 A).
Such an elongation indicates that the valence efdl® changes from +3 to +2 by light
irradiation. After annealing up to 60 K, the cryss&ructure of photo-induced phase
returned to that of the original phase.

The photo-induced magnetization can be explainedhbyoptical CTIST effect
from Cd"is(S = 0)-WY(S = 0) to Cdn{S = 3/2)-W(S = 1/2) phases. When the
temperature is unddic, spontaneous magnetization is observed due taexg®nge

coupling between ClagS = 3/2) and W(S= 1/2) through CN groups.



Conclusions

In my thesis, a two-dimensional cyanide-bridged Wo-bimetal assembly,
(Hs502")[Co" (4-bromopyridine{W 'V (CN)e}] was synthesized. This compound shows a
stable Ctis=W" phase in the 2-390 K range. Such a wide temperaamge C8is—W"
phase has not been reported up to date. Lightiatrad to this compound causes the
photo-induced phase withTa value of 27 K and ahlc value of 2000 Oe. The crystal
structures before and after light irradiation weeéermined by X-ray structural analyses.
Additionally, first-principles calculations revedléat the photo-induced phase transition

is due to the charge transfer from e&WWalence band to a Co 3d conduction band.
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Chapter 1

Introduction

1.1. Background
1.1.1 Molecular based magnet

Magnetic materials have been used for various egdns such as magnetic
recording media, permanent magnets,and electromagnetic wave absorbers.
Conventional magnets were inorganic materialsef@mple, metals, metal alloys, and
metal oxides. However, some types of metal comglexere reported to exhibit
ferromagnetisn, revealing that molecular based materials are gomndidates for
magnetic materials. In molecular based magnetsalrais of metal complexes or/and
organic radicals are used as spin origin. As chdtaictures and electronic states of
molecular based magnets change by external stithelr, magnetism can be controlled
by external stimuli. Molecular based magnets hagl designability because selection
of metal ions and organic ligands of molecular dassggnets controls the crystal
structures, the magnetic properties, and otheripalyproperties and functionalities. In
the case of the molecular based magnets, variowgidmalities which have not been
achieved in conventional magnets are expected. oRhdticed magnetizatioh!?
humidity and alcohol vapor responsivii#* chirality® ferroelectricity!® ion
conductivity!” and magnetization-induced second harmonic geoer@i1SHG}® have

been reported.



1.1.2 Magnetism

Paramagnetisti

When magnetic momentd exist in an external fielth, potential energ¥(d) is
expressed as
E(6) =-MH cosd,
whered is the angle betweed andH. A direction alongH is z-axis. Given Boltzmann

distribution, probability thai faces the direction @f from z-axis is proportional to

exp{— E(g)] = exr{w} (Equation 1.1)
K KT

whereks is Boltzmann constant afids temperature. Probability thiskis oriented in the

direction betweel andd + d9 is represented as

exp{l\mgj@_nsinédﬁ ex;{M'_'COSBJSinéde
0 T ) K.

[ex MHcos8 | cinadg [ex MH cos9 i 410
0 T 0 T

p(6) (Equation 1.2)

Magnetization are expressed aszomponent oM, and the average bis taken byj to

be represented as

j”ex MH €09 i 9cosald
0 KT

| = NMcosd = NM [ costp(6)d6 = NM

.[”ex W sindé@
0 KT

1

xe™dx

= NM J“i (MH =aq, cosH:xj

I e™dx B

-1
= NM(cotha—gj = NML(a), (Equation 1.3)

whereN is the number o1, andL(«) is Langevin function. When << 1,



2
= v 2 =M

3 3T (Equation 1.4)
B

In the above, it is assumed that each magnetic mbimeble to face every direction.
However, it can be oriented only in the restrictiibction because of quantizatian.
component of the magnetic momém is expressed as

M, =gtpJ,, (Equation 1.5)
whereg is Landé g-factoys is Bohr magneton, an#l is zcomponent of the total angular

momentum.

J: can take 2+ 1 values,
J,=3,3-1--,-(3-2),-J,
wherel is total angular momentum quantum number. Theaapeeofl is taken byj to be

represented as

S 3, ex {gﬂs j

I : Ng/’IB Z:_J ;{ j
= Ng,uBJ(ZJ +lcoth2J +1a—icoth1j G:MJ
2J 2] 2] 2] ke T
= NguJB, (@), (Equation 1.6)
whereBs(a) is Brillouin function. Wher << 1,
2
| =Nggd g = (9t4,) I(I+H. (Equation 1.7)

3 3K, T

ol
Therefore, magnetic susceptibility = _ﬁ is represented as



2
X:%JU +1). (Equation 1.8)
B

As the orbital angular momentum disappears duigamd field in a transition metal ion,

J can be replaced by spin angular momentum quantumbarS and expressed as

2
)(:N:(ga—#_l'f)S(Sﬂ). (Equation 1.9)
B

Such a law that magnetic susceptibility is promordl toT* is called Curie’s law. The

product of molar magnetic susceptibility andT is represented as

2
XuT = (g’ol’LliB) s(s+1):%gzs(s+1). (Equation 1.10)
B

When several metal ions exist,
1
XuT :Zg 9,°S (S +1), (Equation 1.11)

which is called spin-only value. By comparing tixpected value from this equation and

the observed valu&§ values can be estimated.

Ferromagnetisfi

When molecular magnetic fieldm generated by surrounding spins acts on each
spin,Hm is expressed as

H =nl (n:%\]}, (Equation 1.12)
N(g#s)

where | is magnetizationZ is number of neighbor sites, arddis superexchange
interaction constant between spins. When exteraginetic fieldHex acts on the system,
total magnetic fields acting on each spih s represented as

H = Hex + Hm = Hex + Nl. (Equation 1.13)



The explanation about paramagnetism is also appliiis casel is expressed as

2S+1 2S+1 1 a .
| = Ngu.SB.\a)=N coth a ——coth— |, Equation 1.14
9 SB(a) %5( - 25 7 os 28) (Eq )
where o= 3HsH o _ 9usS(H., +nl)
kg T kgT
O l= KeT a- He : (Equation 1.15)
Oig SN n

The solutions of anda which satisfy two above equations at the same shwaild be
found. That is, when the equations are regardéahations depend o, the intersection
of the functions is obtained. Below a Curie tempe®(Tc), spontaneous magnetization
is generated dtlex = 0. Asl becomes a plus value just B, the differentials of the

functions aw = 0 take the same valueTai (Figure 1.1). That is,

ol S+1 kT,
_ = N S - B'C . £ " 11
(a(]}a:o e 3S gﬂBSn (Equation 6)
2
0T = N(gu, ' S(S+1)n _ z3g(s+1) Eauaton 117

3K, 3K,

Additionally, this equation is expanded to multirgmonent system. Total magnetic field

acting oni site Hi) is expressed as

Z
H,=H_,+>n. 1. n; zj—y'J Ji |- (Equation 1.18)
Zj: a ( J NJ gj/'IB i JJ

Similarly in the case of unitary systelris expressed as

l, =N gi,uBS,BS(ai),. (Equation 1.19)

giluBSLHex +Znij I j]

KT

where a, = 9HeH, S=
KT

S+l

WhenHex = 0 andT = Tc, by the approximatioBg(a, ) a., | is represented as



_ S+l _
I =Nig 1S gai =NG4S

iMB ij lJ' 2
519920 n(gu)s(s Doy
33 KeTe 3KsTc j s

(Equation 1.20)

For example, in the case of binary system,

_Na(Gas)'Sa (S0 +1)

|
' 3KeTe o (Equation 1.21)
guation 1.
_ No (a5 )*S5(Ss +1)
B nBAlA
3KoT.

a1 =Nal0ate)'Su (S +1) | Nol0ate)'Ss(Ss+1)

A KT, "B KT, BATA
_ MaeNeaNaNg (95 ) (Gate ) Si (S + 1S (S, +1),
(KeTe )’ "
2
= Ins ZaeZen S (SA J;l)SB (SB +1)IA . (Equation 1.22)
(3KsTe)
J
0T, =%\/ZABZBASA (SA +1)SB(SB +1) ) (Equation 1.23)
B

Using this equation, superexchange interactiag) (between metal ions can be estimated

from the observedc value.

1.1.3 Cyanide-bridged metal assembly

A cyanide-bridged metal assembly is a system coetpo$ metal ions bridged by
cyanide groups. Building blocks such as hexacyanatalate M(CN)g],
heptacyanidometalateM[CN)7], and octacyanidometalateM{CN)s], are used to
synthesize cyanide-bridged metal assemblies (Figu®). Cyanide-bridged metal

assemblies with various crystal structures caryh#hssized by combination of building



blocks, metal ions, and organic ligarfds.

Cyanide-bridged metal assembly based on hexacyaeiddate

Prussian blue, F&[F€' (CN)s]3- 4H0, is the most famous cyanide-bridged metal
assembly and consists of hexacyanidometalate. Metal in Prussian blue can be
substituted by the other metal ions, and alkalbcatcan be implemented in the crystal
structure. Such a system is known as Prussiandniakg (PBA) (Figure 1.3). PBA has
received attention in a study field of moleculargmets because PBA has a three-
dimensional network structure and can form a magimeteractive network with three-
dimensional expanse, expecting that PBA can exahiliiigh Curie temperatur@d). A
vanadium—hexacyanidochromate Prussian blue analog,
V0.4V o 5dCr(CN)sJo.ee 2.8H0, was reported to show a Curie temperature almve r
temperatureTc = 315 K)?1 PBA has also been reported to exhibit varioustfanalities.
PBA containing Co and Fe,o6Coi.4Fe(CN)|, was reported to exhibit photo-induced
magnetization for the first tin®. Our laboratory has reported mixed ferro-ferri
magnetisnt? two compensation temperatiffgphoto-induced magnetic pole inversfon,
humidity sensitive magnetist,spin ionics}’@zero thermal expansidh ferromagnetic

and ferroelectric coexistené&and ammonium adsorptiéh.

Cyanide-bridged metal assembly based on octacyamatidate

A coordination environment in hexacyanidometalatsix-coordinate octahedron,
whereas octacyanidometalate can take various cwdrdn environments such as square
antiprism, dodecahedron, and bicapped trigonalnpriependently on surrounding

environment (Figure 1.4f.Due to such variety of coordination environmentgnide-
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bridged metal assemblies based on octacyanidortetdkke various crystal structures.
Additionally, octacyanidometalates have high comation number, and their diffuse 4d
or 5d orbitals of the center metal ion enhance mxohange interaction. Therefore,
octacyanidometalates are useful building blockéoton molecular based magnets. By
incorporating organic ligands, cyanide-bridged rhetassemblies based on
octacyanidometalates take various dimensional&rgstucture such as zero-dimensional
cluster structures (Figure 1.5)pne-dimensional chain structures (Figure ayyo-
dimensional layer structures (Figure 12%\nd three-dimensional network structures
(Figure 1.8)° Since center metal ions in octacyanidometalates various electronic
states, for example, M&’ and W, cyanide-bridged metal assemblies composed of the
octacyanidometalates and appropriate metal ionsxgected to exhibit charge-transfer
phase transition by external stimuli such as teaipee, photo, and pressure. The charge-
transfer phase transition affects the magnetic gntgs of cyanide-bridged metal
assemblies because the magnetic properties aradtgeon the electronic states of the
metal ions. Our laboratory has reported photo-iedumagnetization caused by the
charge transfé!’ We have also presented magnetic materials based on
octacyanidometalates with various functionalitfes example, high Curie temperattite,
high thermal durability? luminescencé® spin crossover photomagnetisfand 90-

degree optical-switching of output second harméigta.*?°

1.1.4 Photo-induced phase transition

Photo-induced phase transition has received extereitention as one of the

attractive issues of non-equilibrium phenomé&hadditionally, photo-induced phase

11



transition materials are expected to be used fptiGgions such as optical memory
device and optical senstrSeveral types of them have been reported scofaexbmple,
chalcogenide® metal oxides! spin-crossover complexé$, and cyanide-bridged
bimetal assemblie¥.Our laboratory has reported a titanium oxide exinigi photo-
reversible phase transition at rodfand cyanide-bridged metal assemblies showing

photomagnetism based on photo-induced phase tcamit®12

1.1.5 Photo-induced magnetization in cyanide-bridged metsemblies based on

octacyanidometalates

Our laboratory has studied three types of photomisgnbased on
octacyanidometalates, containing Cu-MoCo-W!! and Fe-NB? Before light
irradiation, all of the systems show paramagnetidnght irradiation produces
spontaneous magnetization. The magnetization désappby annealing or/and light
irradiation. The mechanism of photomagnetism is¢h&ystems are different, and details

are described below.

Cupper—octacyanidomolybdate bimetal assembly

Photomagnets containing Cu—Mo have two-dimensilayakr or three-dimensional
network structures (Figure 1.8)The mechanism of the photomagnets is photo-induced
charge transfer. Before irradiation, these compeuakie Cli(S= 1/2)-Md"(S= 0) state,
and light irradiation induces charge transfer todoice C{(S= 0)-Mo’(S= 1/2). Since
stoichiometric ratio of the metal ions are Cu : M@ : 1, CU(S= 1/2) remains in the

system. Spontaneous magnetization is observed beidwy ferromagnetic interaction

12



between the MYS = 1/2) ions produced by light irradiation and teenained CI(S =

1/2) ions. However, the different mechanism, whbgét irradiation induces spin
crossover from MW(S = 0) to Md¥(S = 1), have been proposed. Recently, periodic
structure calculations have revealed optical ttaoms of Cu[Mo(CN)s]- 8H20, showing

charge transfer is induced by visible light irrdidia in this compound®

Iron—octacyanidoniobate bimetal assembly

Iron—octacyanidoniobate photomagnets have threesbional network structure
(Figure 1.10):2 The photomagnetism mechanism in this system lg-ligduced excited
spin state trapping (LIESST). These compound sHeslis(S = 0)-NBY(S = 1/2) state,
and light irradiation induces spin crossover todpice the electronic state of'hgS =
2)-NBV(S = 1/2), showing photo-induced magnetization. Oalboratory reported
Fe[Nb(CN)g] (4-pyridinealdoximed 2HO, which is the first example of a spin crossover
photomagnet?® A chiral photomagnet BENb(CN)s](4-bromopyridiney- 2H0,
exhibiting 90-degree optical-switching of outputeed harmonic light?® and a spin
crossover photomagnet fdb(CN)s](4-methylpyridiney- 2HO, showing two-step spin

crossovel?dwere also reported.

Cobalt—octacyanidotungstate bimetal assembly

Our laboratory has reported three cobalt—octacydnigjstate bimetal assemblies
exhibiting charge-transfer phase transition withrgéa thermal hysteresis,
CsCo[W(CN}](3-cyanopyridine)- H.O (Figures 1.11 and 1.19p110
Cos[W(CN)g]2(pyrimidinel-6HO  (Figures 1.13, 1.14, and 1.7%%" and

Co[W(CN)]2(pyrimidinep(4-methylpyridine)- 6HO (Figures 1.15 and 1.18¥ The

13



charge-transfer phase transition is a phase tiamsietween Cthhs—W" and Cd'is—W"Y
phases. All of the cobalt-octacyanidotungstate tahnessemblies show the Ge-WY
phase at room temperature and thé'eo!"V phase at low temperature. The phase
transition is known as charge-transfer-induced gpamsition (CTIST) because spin
transition in Co ion occurs accompanied by chargasfer between Co and W ions
(Figure 1.17). Additionally, these cobalt—octacylmungstate bimetal assemblies exhibit
photo-induced magnetization at low temperature. Mkehanism of photomagnetism is
thought to be optical CTIST. That is, light irraiikam induces charge transfer from(s

= 0) to Cd'is(S= 0) generating Ca(S= 1/2)-W/(S = 1/2), and then spin transition in
Co ion occurs, producing the GgS = 3/2)-W/(S = 1/2) phase. Ferromagnetism is
observed below a Curie temperature due to supeaegehinteraction between GgS=
3/2) and W(S = 1/2) ions (Figure 1.18). These cobalt—octacyatnidgstate
photomagnets have high Curie temperatures and lwgecive fields. For example,
Co[W(CN)g]2(pyrimidinek(4-methylpyridine)- 6HO exhibits photo-induced
magnetization with the highest Curie temperaturd #re largest coercive field in
photomagnet& Moreover, our laboratory has also reported cobatiaeyanidotungstate
bimetal assemblies with various functionalitiesisas chiral magnet$, high thermal
durability3?* and single molecule magnetic (SMM) and single mhmagnetic (SCM)

behaviors™

1.2. Objective and Outline

In my thesis, | have focused on cobalt-octacyanidgétate bimetal assemblies

because they are photomagnets exhibiting high Gem@erature and large coercive field.
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The photo-induced magnetization is thought to hesed by an optical charge-transfer-
induced spin transition. However, theoretical cilttans have not been conducted in
cobalt—octacyanidotungstate bimetal assembliegt@dechanism of photomagnetism
has not been clarified yet. From such a backgrotimel objective in my thesis is the
investigation of the photo-induced magnetization  clhagism in
cobalt-octacyanidotungstate bimetal assemblies.

In Chapter 2, the synthetic method, the crystacstire, and the magnetic properties
of (HsO2")[Co" (4-bromopyridine){W 'Y (CN)s}] are examined. A synchrotron radiation
X-ray single-crystal measurement at KEK reveals tngstal structure. Magnetic
measurements elucidate that the electronic statthisfcompound takes ®g(S =
0)-WV(S=0) between 2 K and 390 K.

In Chapter 3, periodic structure calculations usihg crystal structure of
(Hs502")[Co" (4-bromopyridine{W ' (CN)e}] are presented, and optical transitions are
discussed, revealing the mechanism of the chaagesfer process.

In Chapter 4, photomagnetic effect of  s@1")[Co" (4-
bromopyridine}{W " (CN)s}] is studied. Additionally, the crystal structu photo-

induced phase is determined by powder X-ray diffoecmeasurement.
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Figure 1.1 Brillouin function and straight lines at> Tc, T = Tc, andT < Tc.

16



Figure 1.2 Typical coordination environments of (a) hexacyanmetalate J1(CN)s]"",
(b) heptacyanidometalat®[CN)7]"", and (c) octacyanidometalatd([CN)s]™".
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18



(@) (b) (©

ZX

yz
—— zX, yz x2-y2 (Z2)
—— Z2 Xy
—_ 7 — X2-p? 22 (x2-y?)
Square antiprism Dodecahedron Bicapped trigonal prism
(Daa) (Dyq) (C)

Figure 1.4 Typical coordination environments of octacyanidcaete M(CN)s]"™ and
energy diagrams of d orbitals. Reprinted with pesian from ref. 26b. Copyright 2005
Elsevier B.V.

19



Figure 1.5 Crystal structure of {F&[Re'(CN)sls(MeOH)4}- 10MeOH (zero-
dimensional compoundReprinted with permission from ref. 27h. Copyrig2@15
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.6 Crystal structure of Gt(dimethylformamidegywW"(CN)s] (one-dimensional
compound)Reprinted with permission from ref. 28d. Copyri@®05 Royal Society of
Chemistry.
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Figure 1.7 Crystal structure of [M#Nb(CN)s}2(3-hydroxypyridinejz]-6H0O (two-
dimensional compound). Reprinted with permissioonifrref. 29e. Copyright 2012
Elsevier B.V.
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Figure 1.8 Crystal structure of MiNb(CN)s](5-methylpyrimidine}-4H0 (three-
dimensional compound). Reprinted with permissioomfrref. 30f. Copyright 2014
Elsevier B.V.
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Figure 1.9 (a) Crystal structure of GIMo(CN)s]-8H20. Reprinted with permission
from 10d. 30f. Copyright 2016 WILEY-VCH Verlag Gmh&Co. KGaA, Weinheim. (b)
Photo-induced magnetization of £Mo(CN)s]- 8H20. Reprinted with permission from
ref. 10b. Copyright 2006 American Chemical Society.
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with permission from ref. 11a. Copyright 2003 Ancan Chemical Society.
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Chapter 2
Synthesis, crystal structure, and characterizationof a
two-dimensional cobalt—octacyanidotungstate bimetal

assembly
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Chapter 3
Periodic structure calculations of a two-dimensionhk

cobalt—octacyanidotungstate bimetal assembly
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Chapter 4
Photo-induced magnetization of a two-dimensional

cobalt—octacyanidotungstate bimetal assembly
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Chapter 5

Summary and perspective

In my thesis, | focused on cobalt—-octacyanidotusigsbimetal assemblies, which
are photomagnets with high Curie temperatures ardel coercive fields. The
photomagnetism is based on photo-induced phassitteamfrom Cd'is(S= 0)-WV(S=
0) to Cd'ngS = 3/2)-W(S= 1/2) phases, but the mechanism has not beemsiade in
detail. An objective in my thesis is to reveal gmto-induced magnetization mechanism
in cobalt-octacyanidotungstate bimetal assembkesiodic structure calculations are
effective methods to investigate the mechanismusex¢éhe calculations give electronic
structure to discuss optical transitions. Detddimation of a crystal structure is required
to conduct the calculations. Therefore, we needagstal structure of the original phase
of Cd"is-W"V to understand the mechanism of the photo-inducednetization.
However, in cobalt-octacyanidotungstate bimetadadgies, the crystal structures of the
Cd"s-W"V phase have not been determined in detail. | sefidgssynthesized single
crystals of a cobalt-octacyanidotungstate bimesslembly and revealed the crystal
structure of the Chs—W'" phase. Photo-induced magnetization of this comgauas
investigated from both theoretical and experimewlpoints.

In Chapter 2, | presented the synthetic method, ctlystal structure, and the
electronic state of the cobalt-octacyanidotungsbateetal assembly, @D2")[Co'" (4-
bromopyridine{W ' (CN)g}]. A synchrotron radiation (SR) X-ray crystal sttural
analysis revealed the crystal structure. This campohas a two-dimensional layer

structure composed of cyanide-bridged Co and W.i@onium cations kD" are
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intercalated between the layers. The electronie stas C8s(S = 0)-WV(S= 0) in the
2-390 K range even though all the previously reszbrtobalt—octacyanidotungstate
bimetal assemblies takes 'G¢S = 3/2)-W/(S = 1/2) state at room temperature. The
origin of stabilizing C8/i=W!" phase even at room temperature is the stabilizatfo
W!V(CN)s by protonation. The determined crystal structurabéed to perform periodic
structure calculations to discuss optical transitiocobalt—octacyanidotungstate bimetal
assemblies.

In Chapter 3, the periodic structure calculatioresermconducted using the crystal
structure of (HO2")[Co" (4-bromopyridine{W 'V (CN)s}]. The calculations revealed the
electronic structure of this compound. The band gapsisted of a valence band
contributed from W 5d orbitals and a conduction dbalue to Co 3d orbitals. The
calculated optical absorption spectrum reproducedl whe experimental UV-vis
spectrum taking the absorption band around 1.&6U im), which was due to the charge
transfer from the W valence band to the Co condachand. The absorption of d-d
transition in Co was not observed in visible regimtause Co valence band was below
—3.5 eV. Therefore, visible light irradiation doest induce the spin transition in Co, but
the charge transfer from W to Cbhe calculation suggests that the mechanism of
photomagnetism in cobalt-octacyanidotungstate l@haetsemblies is an optical CTIST.

In Chapter 4, considering the results of the pégistfucture calculations indicating
that light irradiation around 700 nm induces tharge transfer from W to Cd'", |
investigated photomagnetic effects insQ4")[Co(4-bromopyridine{\W(CN)s}] by
magnetic measurements, UV-vis measurements, andgoo¢RD measurements. In the
magnetic measurements, spontaneous magnetizatisrobgerved by irradiating with

785-nm CW laser light at 3 K. The photo-inducedgghexhibited ferromagnetism with
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aTc value of 27 K and aHc value of 2000 Oe. Reversible changes by the iigddiation
and annealing up to 80 K were observed. The UVawssurements and the crystal
structural analysis suggested that the light iathdin produced the ¢eW" state. The
photomagnetism can be explained by optical CTISThan light of the results of the
calculations and the light irradiation experimeritsis is the first example to determine
the crystal structure of the photo-induced phasesolalt—octacyanidotungstate bimetal
assemblies.

As mentioned above, | successfully obtained theilstad Cd"is—-W'" phase even
at room temperature by protonating"{CN)s in the crystal structure, indicating that
including proton in crystal structures of matergti®wing charge transfer phase transition
can dramatically change the phase transition teatper. The periodic structure
calculations showed the electronic structure tdoknas to discuss the photo-induced
mechanism. As we are also able to obtain informadimout effects of organic ligands to
electronic structure, the results of the calcutegtidead to design metal complexes
exhibiting photo-induced phase transition and ptiotiuced magnetization. Additionally,
| determined the crystal structure of the photascetl phase, giving more information
about the photo-induced magnetization such as ntagirgeraction and magnetic
anisotropy. Therefore, the determination of thestalystructure is important to contrive
photomagnets. These results in my thesis give {onel¢o design phase transition

materials and photomagnets are expected to detlesp study fields.
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