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General Introduction

Metal-organic Frameworks (MOFs)

Coordination polymers (CPs) have structures with infinite coordination,
consisting of organic/inorganic ligands and metal ions, and they have been studied since
the early 1960s.!%* The ordering framework and porous structure of CPs have attracted
attention from research fields involving molecular magnets and porous materials.

In the late 1980s, a rational synthetic strategy for molecular magnets
assembled with paramagnetic molecules was clearly presented.*> Long-range magnetic
ordering is achieved by the formation of the desired assembled structure by arranging
paramagnetic centres via appropriate bridging ligands for a magnetic exchange
interaction. Since magnetic ordering is a three-dimensional (3D) phenomenon, it is
essential to design a framework to propagate the 3D magnetic interaction. After the
establishment of the basic synthetic strategy, in the late 1990s, Kahn and co-workers
found that some molecular magnets exhibited drastic changes in structure and magnetic
behaviour with the adsorption/desorption of water.®”8 They named this phenomenon a
“molecular magnetic sponge.” Then, molecular magnets were developed into

multifunctional materials that had both magnetic properties and porosity. Our group has

Guest molecule *)\ 7

Metal ion

Ligand

Physical Property

Adsorption Magnetic property
Separation x Conductivity

Storage etc. Nonlinear optics etc.

Figure 1. Schematic illustration of metal-organic frameworks (MOFs) and
properties of MOFs



reported the magnetic switching behaviour of
[Ni(dipn)]2[Ni(dipn)(H20)][Fe(CN)s].'nH2O  (dipn = N,N-di(3-aminopropyl)amine;
Figure 3).° Because of the orthogonality of the magnetic orbitals of the adjacent Ni'! and
Fe''' ions, the as-synthesized crystalline compound (n = 11) showed ferromagnetic
ordering at 9.5 K. However, the dehydrated compound (n = 0) showed paramagnetic
behaviour with changes to the amorphous phase, implying that the ferromagnetic
interaction was weakened via dehydration owing to disordered magnetic interaction
pathways. In addition, the initial ferromagnetic behaviour and ordered structure were
recovered by rehydration, which is a reversible structural and magnetic conversion
involving hydration/dehydration. In the case of [Mn(NNdmenH)(H>O)][Cr(CN)s]-H20
(NNdmenH = N,N-dimethylethylenediamine), a reversible transformation occurs
between a two-dimensional (2D) sheet and a 3D framework by the formation/cleavage of
cyano-bridges via dehydration/hydration.'® These compounds are examples of how to
solve the trade-off between porosity and long-range magnetic ordering. The framework
design of molecular magnets and porous magnets is a basic design concept for the
incorporation of physical properties into the porous framework and a basic mechanism
for linking the physical properties with porous functions.
In contrast, Yaghi'!, Kitagawa'?, and Férey'?® focused on the “porosity” of
CP in 1999. Porous materials have been used in our lives as water purification systems
and deodorants since ancient times.!* “Porous” coordination polymers (PCPs) or metal-

organic frameworks (MOFs) are promising porous materials for gas storage!>:1,

separation!”!819 heterogeneous catalysis®®-?! 22,23,24

, sensing , and other applications (
Figure 1).252%2728 Compared with typical porous materials, such as zeolite
and activated carbon, MOFs have narrow pore size distributions and highly regular and
designable structures.?*3® The porosity and guest-interactive sites for host-guest
interactions can be tuned and designed by selecting the components in their frameworks.
In 2012, Hupp and co-workers reported NU-110E ([Cu3(L®)(H20)3] (HeL = 1,3,5-
tris[((1,3-carboxylic acid-5-(4-(ethynyl)phenyl))ethynyl)phenyl]-benzene), which has a
Brunauer-Emmett-Teller (BET) surface area of 7140 cm™!.3! Such large porosity paves
the way for practical applications. In addition, MOFs provide guest-interactive sites:
metal-metal bonds, hydrogen bonding and n-n, CH-n, Coulomb, and van der Waals
interactions.?>¥ In particular, the open metal site (OMS) is a guest-interactive site that
can be created by the removal of coordinated solvent molecules.’*3>*¢ MOF-74 (M(L),
L = 2,5-dioxidoterephthalate, M = Mg, Mn, Fe, Co, Ni, Cu, Ni, Cu, Zn) is a prototypical
example of MOFs that have OMSs.?”-*® Mg-MOF-74 (M = Mg), which includes open

magnesium sites, showed CO; capture with a 8.9 wt.% capacity and release CO; at



80 °C.** More recently, Ghosh used MOF-74 as a separator of benzene and cyclohexane,
which have similar molecule sizes and boiling points, and found that OMS can interact
with the n-cloud of benzene as a Lewis acid.!® To introduce OMSs into MOF, Matsuda
suggested the metal replacement approach.®® This approach is classified in the category
of mixed-metal MOFs, as described later. In SIFSIX-1-Cu [Cu(SiF¢)(bpy)2] (bpy = 4.,4’-
bipyridine), Cu?* ions have an octahedral geometry and no OMS. They attempted to
exchange Cu?" with Pd**, which has square planar geometry, while maintaining the
original structure and stability. SIFSIX-1-CuPd-10 [Cuo.9031Pdo.0969(SiFs)(bpy):] is an
isostructure of SIFSIX-1-Cu, and regarding the adsorption amount of O2, SIFSIX-1-
CuPd-10 had much larger than that of SIFSIX-1-Cu, although the adsorption amount of
Ar was similar because of the interaction between open palladium sites with O>. These
results indicate that a framework can be designed for each objective, and OMSs are useful
guest-interactive sites that can be introduced into frameworks.

As mentioned above, the framework properties and porosities of CPs have
been studied in parallel. In MOF research, the focus is changing from porosity to
combination with the physical properties of the framework. Recently, the coexistence of
magnetic properties and porosity has attracted interest in terms of promising applications,
such as in magnetic sensors and switches.?® These ideas are similar to the molecular
magnetic sponge described above.*® In 2002, a typical example of guest-driven spin
crossover (SCO) behaviour was reported by Kepert and co-workers.*! SCO phenomenon
in {Fex(azpy)s(NCS)s-G} (azpy = trans-4,4’-azopyridine) can be switched reversibly by
alcohol vapour, which hydrogen bonds the framework. Miyasaka and co-workers used
the electronic state modulation as a trigger to change the magnetic properties, which was
not a structural change, and introduced donor D {Ruz(O2CPh-2,3,5-Cl3)4} (CIzPhCOy =
2,3,5-trichlorobenzonate) and acceptor A TCNQMe: (2,5-dimethyl-7,7,8,8-
tetracyanoquinodimethane) into  the  framework  [{Rux(O2CPh-2,3,5-Cl3)4},-
(TCNQMe,)]'4DCM (1; DCM = dichloromethane) (Figure 2).*> This D,A-layered
magnetic system showed a large 7c change (A7c = 70 K) with the electronic state
modulation by desolvation/solvation of the guest molecules. This type of guest-induced
electronic state modulation system has the potential to act as a multifunctional material
that combines not only magnetism and porosity but also conductivity.

The physical and chemical properties of the framework extend not only to
magnetic® but also to electrical***>*¢ and optical properties.?®4” The engineering of the
framework enhances the possibility of MOFs as the multifunctional platform combining

the physical properties with porosity.
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Figure 3. (a) Structure of [Ni(dipn)]2[Ni(dipn)(H20)][Fe(CN)¢]2-nH20 (dipn = N,N-di(3-
aminopropyl)amine) viewed along the c-axis, with lattice water molecules omitted. Ni, Fe, and
O atoms are indicated by green, orange, and red. (b) Temperature dependences of yM measured
at an applied dc field of 500 Oe (black circles, n = 11; open circles, dehydrated form; red
circles, rehydrated form; open squares, anhydrous form.
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Figure 2. Schematic illustration of the redox reaction of [Ru2] complex with the TCNQ
moiety and the electronic state of [ {Ru2}2(TCNQ)] (a D2A system). le-I, 2e-I, and 1.5e-
I* refer to the one electron-transferred ionic state, fully electron-transferred ionic state,
and charge disproportionate-disordered ionic state, respectively.



Mixed-component MOF's

As mentioned above, MOFs can act a platform to combine porous materials
with physical properties, and their possible applications can be enhanced by selecting
different components.*®*-*% By mixing components or combining MOFs, the physical
properties can be tuned or exceed those of original single MOFs.>!32-33 MOFs consisting
of two or more components are classified as mixed-component MOFs (MC-MOFs;
Figure 4).** When different metals (or ligands) have similar structural roles and these
metals (or ligands) arrange completely random in a single MOF, they are called mixed-
metal (or mixed-ligand) MOFs.3*%5 Mixed-metal (or mixed-ligand) MOFs are classified
as solid solutions in which more than two kinds of solutes melt into each other. MC-
MOFs consist of isostructural metals or ligands, which means that it is necessary to select
components carefully to prevent an amorphous structure. One example of a mixed-ligand
MOF, MTV-MOF (multivariate functionalities), was reported by Yaghi and coworkers.>®
They prepared 18 types of MTV-MOF-5 structures by combining nine types of BDC
(1,4-benzenedicarboxylate) derivatives -NH», -Br, -(Cl), -NO», -(CHz)2, -C4Hs, -
(OCs3Hs)z, and -(OC7H7)2) that contain up to eight distinct functionalities in one phase.
One of the MTV-MOF-5 containing -NO», -(OC3Hs)2, and -(OC7H7)> exhibited a 400%
better selectivity for carbon dioxide over carbon monoxide than the original MOF-5. The
mixed-metal approach also creates multiple functionalities;*” however, it is difficult to

Mixed-component MOFs (MC-MOFs)
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Figure 4. Classification of mixed-component MOFs (MC-MOFs)



select components because more than two different metals are used in the synthesis as a
precursor, and the crystallizations of single metal phases compete with each other. For
instance, in the case of MIL-53(Cr-Fe) {[Cro.cFeo4(OH)o.7Fo3(bdc)]'H20}, one of the

111

components, Cr'!!, is more inert than Fe''l. In the preparation of the single MOF MIL-

53(Cr) precursor, chromium nitrate hydrate and terephthalic acid were heated in water at
493 K for 4 days. In contrast, MIL-53(Fe) was prepared from the more reactive Fe!!
chloride in DMF at 423 K for only 1 day. Therefore, to obtain mixed-metal MOF MIL-
53(Cr-Fe), less reactive Fe® was used to control the reactivity. MIL-53(Cr-Fe) exhibited
unique carbon dioxide adsorption behaviour that was different than that of the original
MOFs of MIL-53(Cr) and MIL-53(Fe).® At 283 K, MIL-53(Cr) uptakes carbon dioxide
until 10 mmol/g, while MIL-53(Fe) uptakes it until approximately 3 mmol/g (> 20 bar);
therefore, the calculated mixture (60/40% Cr/Fe) was expected to absorb carbon dioxide
until approximately 7 mmol/g (>20 bar). However, mixed-metal MOF MIL-53(Cr-Fe)
showed adsorption up to 10
mmol/g with an adsorption
hysteresis. This result indicated
that the mixed phase of Cr (easy
to open) and Fe (hard to open)
sites provided unique adsorption / O

o

properties exceeding the original Siza selacivity

Storage Reaction Affinity Fluorescene

single MOFs. Furthermore, by
controlling the ratio of metal
cations, the adsorption behaviour r‘::’j: ¢
can be tuned on-demand without
any change in the polarity of the
pores. The other type of MC-
MOFs include hetero-structured
MOFs, which are called MOF-
on-MOF>?60:61 or core-shell type
MOFs 026364 These  hetero-

structured MOFs can be formed Extractor

via hetero-epitaxial growth in ¢
pgo o
which a MOF is grown on \+feee oo

another MOF surface.*® Epitaxial

growth is a way to grow crystals Figure 5. MOF crystal hybridization for sequential

on another crystal as a substrate functionalization systems



while maintaining the orientation; therefore, the lattice parameters of the two crystals
must be close. The first report on the hetero-epitaxy of bulk MOF was on a core-shell
A@B structure using {Zn»(ndc):-(dabco)} as the core crystal A and {Cux(ndc)2(dabco)}
as the shell crystal B (ndc = 1,4-naphthalenedicarboxylate, dabco = diaza
bicyclo[2.2.2]octane).®® Core-shell MOF A@B is one of the promising hierarchical

materials than has an arrangement of chemical functionalities at the desired positions (

Figure 5).% S. Kitagawa et al. fabricated a core-shell MOF that has
{Zny(adc)2(dabeo)} (2) (adc = 9,10-anthracene dicarboxylate; pore sizes 1.7 x 1.7 A2
along the ¢ axis, 4.5 x 2.7 A? along the a and b axes; micropore volume of 0.31 cm?g™!)
as the size separation filter and {Zn(bdc)x(dabco)} (1) (pore sizes 7.5 x 7.5 A? along the
c axis, 5.3 x 3.2 A? along the @ and b axes; micropore volume 0.75 of cm?g™!) as the
storage container in the core.® The prepared core-shell type MOF 1@2 could separate
cetane (m-hexadecane) from its branched isomer, isocetane (2,2,4,4,6,8,8-
heptamethylnonane), although when using a 1:100 mixture of cetane/isocetane, the cetane
storage amount was enhanced compared with that of the original MOF. This result
showed the possibility of enhancing the properties of MOFs by combining with other
MOFs, which have different roles as heterogeneous arrangements.

Crystal lattice engineering enables to design the pore space or layered
structure by forming mixed-metal MOFs or hetero-structured MOF, respectively. The
author focused on MC approach as a method of crystal lattice engineering to modulate or
enhance the physical properties and functions.



Hofmann-type MOFs

The spin crossover (SCO) phenomenon was first observed in 193197, and
this phenomenon has attracted attention from a theoretical point of view because of the
possibility of realizing devices.%®¢-7 The SCO phenomenon is explained by ligand field
theory.”" For octahedral coordination compounds, the d orbital splits into to, and e, sets,
and the spin state of d* — d’ coordination compounds is either a high spin (HS) or low
spin (LS) state depending on the ligand field strength. For example, in the case of Fell,
tre*e,? (T2g) and %0 (Aig) configurations correspond to the HS and LS states,
respectively. When the strength of the ligand field is appropriate, the difference in the
zero-point energies for the HS and LS states, AE’n. = E%s — E%s, can fall within a range
of thermal energies. When the cooperativity is strong, abrupt or even hysteretic SCO
behaviour can occur. Magnetic hysteresis is important for practical applications, such as
memory storage and switching devices. To obtain strong cooperativity, the introduction
of interactions (e.g. m-m interaction and hydrogen bonding) or covalent linkers to form
coordination polymers are effective, which means MOFs are suitable compounds.’*
The series of Hofmann-type coordination polymers have been expanded
to {[M'(L),M"(CN)4]:G} (M = Mn, Fe, Co, Ni, Cu, Zn, or Cd and M"! = Ni, Pd, or Pt),
where L can represent unidentate ligands or bridging ligands to form 2D or 3D
coordination networks.”>’¢77 The SCO phenomenon of Hofmann-type MOF
{Fe(py)[Ni''(CN)s]} (py = pyridine) was reported by Kitazawa and co-workers in
1996.787 However, their ST temperatures were lower than room temperature. To obtain
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Figure 6. (a) Electronic configurations of the high spin (HS) state and low spin (LS)
state of the d° transition metal in an octahedral ligand field (b) ym7 vs. T plot (yM:
molar magnetic susceptibility) and for 2D structure {Fe(py)[Pt''(CN)4]} (1¢; py =
pyridine) and 3D structure {Fe(pz)[Pt''(CN)4]} (2¢; pz = pyrazine)



both a high ST temperature and hysteresis width, it is important to change the pillar
ligands from pyridine to pyrazine because the internal pressure originating from the more
rigid 3D structures can result in a stronger ligand field at the Fe!! sites. As a result, 3D
Hofmann-type MOFs, {Fe(pz)[M"(CN)4]-nH20} (pz = pyrazine, M = Ni, Pd, Pt(1)),
showed higher ST temperatures (7¢* = 240-305 K and 7c%"" = 220-280 K) and a wide
hysteresis near 25 K (Figure 6).” These 3D networks have solvent-accessible voids
depending on the spin state (LS state: 18.1% and HS state: 22.4 %). Interestingly, guest
adsorption can be used as a driving force to change the magnetic behaviours, and these
guest-induced magnetic responses have been studied.’*!%8! Hofmann-type MOFs have
two kinds of guest-interactive sites: one is the open metal sites (OMS; M) mentioned in
the general introduction and the other is between the pz-bridges with n-n interaction
(Figure 7 (a)). Through the adsorption of guest molecules, the spin state can be changed.
M. Ohba and S. Kitagawa reported spin-state switching in a 3D Hofmann-type MOF
reversibly using carbon disulphide and benzene vapour (Figure 7 (b)).%?> Benzene
adsorption stabilized the HS state because benzene was a large molecule for the
framework and expanded framework, which means that the shrinkage of the framework
was prevented. Six- or five-membered aromatic molecules, such as pyrazine, pyridine,
thiophene, pyrrole, and furan, or solvents, such as methanol, ethanol, propanol, and
tetrahydrofuran, have similar effects on the framework and spin state. In contrast, carbon
disulphide adsorption stabilized the LS state. To consider the effect of carbon disulphide
adsorption, the position of CS; in the framework is important. One S atom in carbon
disulphide is located between two pz ligands, and the other S atom is between two OMSs
(Ni, Pd, or Pt).33 The position of this carbon disulphide molecule suppresses the pyrazine
rotation in both the HS and LS states, which decreases the rotational entropy difference
(ASHS~LS) between the HS and LS states.®* However, a similarly shaped molecule, carbon
dioxide, is located between two OMSs. This difference in adsorption position can be
explained by the difference in stabilization interaction. carbon dioxide absorption is
stabilized by the electrostatic interaction with the Pt(CN)4; however, the carbon
disulphide absorption is stabilized by the dispersion interaction with two pz molecules.
Considering the polarizability of carbon disulphide and carbon dioxide, carbon disulphide
is much larger than carbon dioxide. This larger polarization results in a larger dispersion
interaction in carbon disulphide. Only when a gas molecule is present between the pz
rings can two pz molecules induce a considerably large dispersion interaction, and this

dispersion interaction determines the carbon disulphide position in the framework.
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Figure 7. (a) Structure of 3D Hofmann-type MOF {Fe(pz)[M''(CN)4]} (pz = pyrazine,

M = Ni, Pd, Pt (1)) and interactive sites: open metal sites and 7-n interaction between

pz rings (b) Schematic chemical and thermal memory process and sample colour from
the photos of compound 1. After removal of guest molecules, bz (benzene) and carbon
disulphide, the colour of samples did not change, which means the spin state was

maintained.

Some guest molecules, such as SO, interact strongly with OMSs. SO»

molecules are coordinated to Pt!!

sites by an S atom which means that SO adsorption is
chemisorption (not physisorption) in other gases, such as N2, Oz. The MOF absorbed ca.
1 mol of SO, per mol of 1, and the LS state was stabilized. Thus, the ST temperature,
Tc*, increased compared with that of the guest-free 1.8 According to DFT calculations,
SO> molecules and Pt atoms formed a tilted pyramidal coordination geometry.
Considering this geometry of SO, there was no significant interaction between pz rings
and SO molecules, and the barrier of pz ring rotation increased slightly (LS state:
approximately 2 kcal/mol) compared with guest-free 1. Halogen adsorb with
chemisorption as well as SO> molecules. Real et al. prepared halogen adducts of
{Fe(pz)[PL{CN)4(X).]} X =Cl(n=1;1_Cl),Br(n=1;1_Br),[(0< n <1;1_I)) (Figure
8 (a)). The single crystal of 1_I retained the tetragonal P4/mmm space group; however,
the crystal parameter was similar to the LS state of guest-free 1 at 293 K. Upon increasing
the temperature up to 395 K, the colour of the crystal changed to yellow, indicating the
HS state, and the crystal parameter agreed with this change in colour. Their results
indicated an increase in ST temperature, 7c"?. The OMS: Pt sites were coordinated by
two halogen anions with half occupancy, forming an alternate arrangement of
[Pt"(CN)4]> and [Pt"V(CN)4(X)2]*", according to the results of the XPS spectra, the ratio

10



of Pt/X, and the Pt-I bond distance. From the thermal dependence of ym7 (ywm is the
molar magnetic susceptibility and 7 is the temperature), the critical temperatures, 7¢"?,
were 270 K (1_Cl), 324 K (1_Br), and 392 K (2_I); Tc¢%*" =258 K (1_CI), 293 K (1_Br),
and 372 K (1_I), respectively (Figure 8 (b)). Because of the enhancement in the o-donor
capability of the nitrogen through the n-donor capability of halide X, the LS state became
stabilized, and 7c" increased. This trend of increasing 7c¢" corresponds to the
electronegativity of halogen X. The m-donor capability of halide X~ decreases with
increasing electronegativity; therefore, the smaller electronegative iodide showed the
highest 7c". Thus, according to these results, the modification of OMSs is useful for
modulating the magnetic behaviour in 3D Hofmann-type MOFs.

(a) (b)

2.5-

x,, T/ em® K mol”
-
o w

-
1

o
&

0 T T T
240 280

T T
320 360

T/K
Figure 8. (a) Structure of halogen adducts {Fe(pz)[Pt(CN)4(X).]} (X~ = CI (n = 1;
1 Cl),Br(n=1;1_Br),I(n=1;1_I)). The occupancy of the X atoms was 0.5, and the
Pt atoms were in a mixed-valence state (Pt'//Pt!Y). The pyrazine ligands were disordered

about the C4 axis. (b) ymT vs. T plot for halogen adducts

11



Concept of This Research

In this research, we designed a pore space (Chapter 1) and layered structure
(Chapter 2) through a mixed-component approach to control the physical properties using
the behaviour of guest molecules in the pores (Figure 9). Hofmann-type MOFs were
selected as a platform in this research for two reasons. (i) There was a variety of
components; Hofmann-type MOFs can be expanded to {[M"(L),M"(CN)4]-G} M" =
Mn, Fe, Co, Ni, Cu, Zn, or Cd and M" = Ni, Pd, or Pt), where L can represent unidentate
ligands or bridging ligands to form 2D or 3D coordination networks. (ii) Guest-
responsible magnetic properties exist; when Fe!! is used for the framework, it exhibits a
spin crossover (SCO) phenomenon. The interaction between guest molecules and the
framework affects the spin state; thus, the magnetic behaviour can provide a clue to
understanding guest molecule behaviours in the pores. In particular, 3D Hofmann-type
MOFs, {Fe(pz)[M(CN)4]} (pz = pyrazine, M = Pt (1), Pd (2), Ni), were selected because
they have a high crystallinity structure, and there is considerable of knowledge about their
guest responsivity. For example, compounds 1 and 2, which have Pt or Pd sites as OMSs,
are ideal combinations for forming MC-MOFs because of their similar lattice parameters.
As a guest molecule, iodine was selected because it provides different magnetic

behaviours depending on the difference in open metal sites (OMSs) of Pt and Pd. In the

Chapter 1
Solid Solution

Design of “Pore Space”

Pt site Pd site

Chapter 2
Hetero-SURMOF

lodine Adduct — lodine Clathrate
g = g

t\
VA e 4 by
O High Tcue Temperature bl Il O Wide hysteresis
gh ic p :%‘-_F:;:_F r’& ‘ y
VoL ¥ Y LG Y
- ET2QIET- PP S §
g0 g § s 4

Figure 9. Concept of this research
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case of 1, the mixed-valence state is {Fe(pz)[Pt""V(CN)4(I),]} (1_I; n=0.0-1.0) because
iodine coordinates to Pt sites, and [Pt'{(CN)4]>~ and [Pt'Y(CN)4(X)2]*>" arrange alternately
(Figure 10). The spin transition (ST) temperature of iodine adducts 1_I increased up to
398 K.% However, for 2, iodine is confined as an I> molecule between two Pd centres so
that it forms an iodine clathrate of {Fe(pz)[Pd(CN)4]-0.95L2} (2_I; Figure 11). In the large
pores in the HS state, I> molecules have a high mobility and prevent shrinkage for the
framework. In contrast, in the small pores in the LS state, [» molecules are immobilized
through interactions with Pd sites and pyrazine rings. As a result, 2_I exhibits ST with a
wide hysteresis of 94 K through the order-disorder transition of the confined I molecules.
Based on these previous studies, the author attempted to control the iodine behaviour in
the pore and modulate the magnetic behaviour associated with the iodine behaviour by
designing the pore space or crystal structure through the mixed-component approach by
using 1 and 2.

In Chapter 1, the author describes how the pore space was designed using a
mixed-metal approach. Solid solutions {Fe(pz)[Pt,Pdi..(CN)4]} (3x) are expected to form
easily because 1 and 2 have similar lattice parameters. lodine-containing 3x_I will
provide different magnetic behaviours depending on the ratio of the Pt and Pd: x values.
In Chapter 2, the author describes how the layered structure was designed by arranging
Pt and Pd sites using the layer-by-layer (LbL) method. The LbL method is useful to

(a) (b)
Ptll//‘
-I\» 1{ ) o-donor 40
P ] capability
Fe! b 5 30 t
=
X
]
£
2 20 ¢}
~
=

n-donor
capability

10 | f

'ptll :‘? ) 260 280 300 3I20 34‘10 3(I30 3é0 4(‘)0
TIK

Figure 10. (a) Schematic structure of {Fe(pz)[Pt""V(CN)4(I),]} (1_L n = 0.0-1.0), which

forms I-Pt'V—I bonds and a mixed valance arrangement. The strong n-donor capability

of iodide enhances the 6-donor capability of the cyano nitrogen through the Pt!V site. (b)
Magnetic behaviour of 1_I; n = 0.0 (blue); 0.1 (sky blue); 0.3 (green); 0.5 (violet); 0.7
(pink); 0.9 (orange); 1.0 (red). The spin transition temperature, 7c"P, increases with

increasing amount of iodine (7).
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prepare high crystallinity and orientation MOF thin films called SURMOF (surface-
mounted MOF). Therefore, the Pt site layer and the Pd site layer will be separated like
the forming domain in the hetero-structured SURMOF. This means that I-Pt"Y—I bonds
and the confiding I, molecule space are expected to be separated in these hetero-
SURMOFs; thus, the layer arrangement will affect the ST behaviour.

v 4 . 4
(a) 3
In HS state (Large pore) In LS state (Small pore)
I, molecules have high mobility and I, molecules are immobilized by
prevent the framework from shrinking. the host-guest interaction.
4.0
(b)
3.0

T emu K mol
N
o
T

g
o
T

N2
N2

0.0 1 1 1
180 230 280 330 380

Temperature | K
Figure 11. (a) Schematic structure of {Fe(pz)[Pd(CN)4]-0.951>} (2_I), which confines
iodine as I> molecules and forms iodine clathrate. In the HS state, the framework is
prevented form shrinking because of I mobility in the pores. In contrast, I> molecules
are immobilized in the LS state. (b) Magnetic behaviour of guest-free 1 (grey) and
iodine clathrate 2_T (light blue)
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Chapter 1

Modulation of Spin Transition Behavior by
Designing Pore Space trough
the Mixed-metal Approach

Abstract

Almost all studied guest molecules provide the same effect on the spin state
of 3D Hofmann-type MOF {Fe(pz)[M(CN)4]} (pz = pyrazine, M = Pt (1) Pd (2))
regardless of the difference open metal sites (OMS): Pt or Pd.!>3 However, when iodine
is used as a guest molecule, 1 and 2 show quite different ST behaviour depending on the
OMSs. In the case of 1, iodine coordinates to Pt'V centres as I", and gives a mixed-valence
{Fe(pz)[P"V(CN)4(I)s]} (1_I, n = 0.0-1.0).*3 The ST temperature of 1 _I is linearly
raised to 398 K (n = 1.0) with increasing the iodine content. On the other hand, for 2,
iodine is confined as I molecules between two Pd centres and forms a clathrate
{Fe(pz)[Pd(CN)4]:0.95L>} (2_I). It exhibits ST with a wide hysteresis of 94 K through the
order-disorder transition of the confined I» molecules. To modulate both high 7¢" and
wide hysteresis, six types of solid solution {Fe(pz)[Pt.Pdi..(CN)4]} (3x) were prepared.
The magnetic behaviour of iodine-containing 3x I changed depending on x value,
however, it controlled mainly by 1_I component. The wide hysteresis was observed only
when x value was tiny. These results well reflected the different interactions of OMSs to
iodine. In the case of 1, iodine forms I-Pt!V—I bonds irreversibly, on the other hand 2
forms a clathrate with confining I> molecule between two Pd sites. In other words, a
vertical queue of two Pd sites is necessary to confine I> molecule. In the competition for
interacting with iodine, Pt site that forms irreversible bond is more advantageous clearly.
In the case 3x, Pt!! sites form I-Pt!V—I bonds preferentially, and the generated I-Pt!V—I
sites disturb confinement of I, between Pd sites, which is an undesirable situation to
obtain wide hysteresis. To obtain both high 7¢" and wide hysteresis at the same time, it
is essential to achieve both the formation of I-Pt'V—I bonds and the confinement of I, in
acceptable balance. The small x value (< 0.2) gave a sufficiently diluted Pt site
distribution, which successfully brought out high 7¢"? and wide hysteresis with increasing

the number of confined I molecules.
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Introduction

Recently, MOFs are one of the promising porous materials for gas storage®’

10,11 12,13,14 15,16,17,18

or separation®’, heterogeneous catalysis!®!!, sensing and other applications

because MOFs have a potential to be platform combining porous properties and physical

1192021 and optical properties.'® In this work, the

properties such as magnetic, electrica
author focused on magnetic behaviours, especially, spin crossover (SCO) phenomena in
MOFs.?223 Spin crossover (SCO) compounds have attached much attention from not only
fundamental studies but also their potential applications such as display, memory, and
switching devices.?*?3-26 To grow up SCO compounds to these applications, it is necessary
to control SCO behaviour.?” For example, a large thermal hysteresis around RT is needed
to save memories safely. To obtain a hysteresis behaviour, long-range elastic interaction
between metal centres which has a change of spin state is important, which means the
concentration of spin-changing metal centres is related to the magnetic behaviour.?®?° The
metal dilution approach has been investigated to obvious the elastic interaction.*® In the
research filed of Hofmann-type MOFs, there are a few reports about metal dilution.’!
Bousseksou and his co-workers have reported about the metal dilution effect on 3D
Hofmann-type MOFs {M(pz)[Pt(CN)4]} (M =Nior Co, 0 < x < 1).32 Usually, the metal
dilution effect can be observed the spin equilibrium temperature (7zq, defined as the
temperature for which Gus — Grs = 0) and the SCO behaviour becomes more gradual, and
the hysteresis width decreases and vanishes finally with increasing dilution. For 3D
Hofmann-type MOFs, both Ni and Co dilution decrease the hysteresis width and smooth
the transition curves depending on the x value. Here, the metal dilution approach can be
considered as the mixed-metal approach. Controlling the x value, magnetic behaviour can
be modulated, on-demand, however, dilution of spin-changing metal centres brings out a
decrease of hysteresis width. Therefore, the author attempted to modulate the magnetic
behaviour including the spin transition (ST) temperature and thermal hysteresis width in
3D Hofmann-type MOFs {Fe!l(pz)[M'(CN)4]} (pz = pyrazine, M = Pt (1), Pd (2)) by
mixed-metal approach using two kinds of OMS: Pt and Pd not dilution of spin-changing
metal centre Fe. There are two reasons why the combination of Pt and Pd was selected;
(1) solid solutions will be formed easily because 1 and 2 have similar lattice parameters;
(ii) guest-free compound 1 and 2 show the 'A; 2 5T, spin ST behaviour with thermal
hysteresis (Tc"? = 304 K, Tc%"" = 284 K)** but iodine-containing 1 and 2 show quite
different magnetic behaviours although most of the studied guest molecules bring out
same effects on both 1 and 2 regardless of the OMSs difference.

In the case of 1, iodine coordinated to PtV centres as iodine anion (I") and
formed a mixed-valence {Fe(pz)[Pt""V(CN)(I),]} (» = 0.0-1.0) (1._I)>* In the
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framework, the Pt!! and I-Pt'V—1I sites alternatively arranged because of the steric limit.
The ST temperature increased up to 398 K (n = 1.0) with increasing iodine content (7),
because the strong n-donor capability of iodide enhanced the 6-donor capability of cyano-
nitrogen through Pt!V, and increased ligand field strength around Fe!,, which derived
stabilization of the LS state. In addition, the ST temperature changes between 304 K (n =
0.0) and 398 K (n = 1.0) depending on iodine content (7). Interestingly, the iodine content
(n) can be controlled by the SBH (solid-state blending and heating) method in which
solid-state guest-free 1 and iodine adduct 1 _I are ground together and heated up to ST
temperatures 7¢"P. In general, a decrease of guest molecules provides heterogeneous state
and magnetic behaviour originated in the guest-free state are observed. However, in the
case of 1_I, ST temperature 7¢" increased with keeping a hysteresis width and

tIV sites

cooperativity. These results demonstrated that iodine which coordinate to P
migrates from 1_I to guest-free 1 triggered by the ST and formed a homogeneous solid-
state. On the other hand, for 2, iodine was confined as I, molecules in the pores, and it
formed a clathrate {Fe(pz)[Pd(CN)4]-0.951>} (2_I). In large pores of HS state, I> behaves
as a disordered monomer and preventing shrinkage of the framework. On the other hand,
in small pores of LS state, the host-guest interactions among I> molecules and Pd, pz form
an ordered arrangement of I> and contribute to further stabilization of the LS state. This
order-disorder transition of I» molecules in the pore gives a wide hysteresis of 94 K in ST
behaviour. From these results, the solid solutions {Fe''(pz)[Pt,Pdi.-(CN)4]} (3x) are
expected to modulate both ST temperature 7¢"? and hysteresis width depending on the x
value. In this work, six types of solid solutions having different Pt content; x were
prepared. The ST temperature 7c"P of iodine-containing solid solutions 3x_I increased
with increasing the Pt content (x) because the LS state was stabilized with forming I
Pt'V—I bonds. On the other hand, the hysteresis expanded only when the x value was quite
small. The correlation between x value and ST behaviours was discussed in terms of the

arrangement of OMSs in solid solutions.
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Experiments

1. Physical Measurements

All compounds were characterized using infrared (IR) spectroscopy, Raman
spectroscopy, thermogravimetric analysis (TGA), and powder X-ray diffraction (PXRD).
Elemental analysis of carbon, hydrogen and nitrogen was carried out by the staff of
technical support division Kyushu University. The ratio of Pt and Pd in solid solutions
were estimated by X-ray fluorescence analysis measurements. Shimazu Rayny
EDX-800HS2 X-ray fluorescence spectrophotometer at room temperature was used as a
X-ray fluorescence analysis measurements. The crystal size was evaluated by scanning
electron microscopy (SEM, Zeiss ULTRASS) analysis. The dispersion of Pt and Pd in
solid solutions was confirmed by elemental mapping using SEM-EDX (SEM-energy
dispersive X-ray spectrometry, Zeiss ULTRASS, with 10.00 kV accelerating voltage). IR
spectra were recorded with a JASCO FT/IR-4200 spectrophotometer. Raman
spectra were recorded with a Jasco NRS-1000. For temperature dependence Raman
spectra, the sample stage Model S84 C from S.T. japan Inc. were attached. The
excitation source was a 632 nm He-Ne laser and the laser power were carefully
kept low to avoid local heating during laser irradiation. TGA was carried out with
a Perkin ElmerSTA6000 from 303 to 973 K temperature range under nitrogen
atmosphere (heating rate: 5 K min™!). Rigaku Ultima IV spectrometer were used in
PXRD measurement using a reflection-free sample holder, and graphite-
monochromated CuK, radiation was set. Magnetic susceptibilities of the ground
samples were recorded using Quantum Design MPMS-XL5R SQUID with the
temperature range from 2 to 400 K in an applied dc magnetic field of 1000 Oe. A gelatin
capsule and a plastic straw were used to fix samples on the end of the sample transport
rod. The molar magnetic susceptibility, yM, was corrected for diamagnetism of the

constituent atoms and that of the sample tube.
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2. Materials

All chemicals purchased were of reagent grade and used without further
purification.

3. Preparation of Compounds

3-1. Guest-free solid solutions
The solid solutions were prepared according to the literature method
for synthesis of 1 and 2. Fe''(NH4)2(SO4)2:6H20 (0.2553 g, 0.651 mmol),
antioxidant ascorbic acid and pz (0.1041 g, 1.30 mmol) were dissolved in degassed
water (100 mL). A solution including K>[Pt(CN)4]-3H20 and K[Pd(CN)4]-3H20
(total: 0.651mmol) at an arbitrary ratio (at preparation x =0 (2), 0.5, 0.2, 0.1, 0.075,
0.05, 0.025, 1 (1)) in degassed methanol (50 mL) and water (50 mL) added to the
solution under nitrogen at room temperature. After stirring overnight, the yellow
precipitation was collected by suction filtration, washed with water and methanol,
and dried under ambient pressure. After heating at 393 K overnight, guest-free solid

was obtained.

3-2. Iodine-containing solid solutions
Iodine-containing solid solutions 3x_I were prepared by exposing the
solid solutions to iodine vapour at room temperature overnight. The colour of
samples became black from yellow (Figure 1-1). Before iodine adsorption, guest-

free solid solutions were activated at 393 K for 6 hours.

3x 3x_|
I, vapor at RT P
, 7-‘.1_” Overnight 2 !

Figure 1-1. Colour change from guest-free 3x (yellow) to iodine-containing 3x_1I (black).

v

24



Results and Discussion

1. Characterizations of Guest-free Solid Solutions
1-1. XRF measurement
XRF measurement of solid solutions 3x (x = 0.55, 0.26, 0.11, 0.085, 0.057,

0.030) were recorded using Shimazu Rayny EDX-800HS2 X-ray fluorescence
spectrometer with calibration curve method in order to confirm the metal ratio in the solid
solution. The found metal rate of solid solutions showed almost same with the preparation
ratio of Ko[Pt(CN)4] and Ko[Pd(CN)4]. (at the preparation: x = 0.5, 0.2, 0.1, 0.075, 0.05,
0.025).

Table 1-1. The Pt content (x value) in solid solutions 3x at the preparation and calculated
by XRF measurement.

50 7.5
20 5
10 2.5

1-2. SEM-EDX

SEM (scanning electron microscopy) analysis of the solid solutions 3x was
performed using a Zeiss ULTRAS5S5 (10.00 kV accelerating voltage). For this
measurement, powder samples were pasted on the carbon tape. To observe particle size
of samples, the magnitude was determined as 2500X for SEM analysis. To observe the
dispersion of Pt and Pd in solid solutions 3x and force on the single crystal, the magnitude
was decided as 9220X. Figure 1-2 shows the SEM images of 3x, however, the
distribution of crystal size have not been calculated. Figure 1-3 shows the SEM image
which forced on single crystal and elemental mapping measured by SEM-EDX (SEM-
energy dispersive X-ray spectrometry). The size of prepared solid solutions was around
2 um and the dispersion of Pt (colour: pink) and Pd (colour: light blue) was observed by
the elemental mapping.
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Figure 1-2. SEM images of solid solutions 3x. The accelerating voltage was 10.00 kV.
The magnitude was 2.50 KX.
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Figure 1-3. SEM-EDX images of solid solutions 3x. The accelerating voltage was 10.00
kV, and the magnitude was 9.92 KX. Pt, pink; Pd, blue.
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1-3. IR and Raman Spectra

The infrared (IR) spectra of these compounds exhibit v(C=N) modes around
2200cm™! and pyrazine internal modes between 600 and 1600 cm™. The lower frequency
modes originated from metal-ligand vibrations. In the previous work shows the v(C=N)
modes of 1 and 2 in HS state, 2172 cm™ and 2175 cm™! respectively by IR spectroscopy.**
From IR spectra of solid solutions, the v(C=N) modes around 2200cm™ were shifted
depending on the ratio of Pt and Pd (Figure 1-4). This result indicates that the Pt and Pd
sites are distributed in prepared solid solutions and agree with elemental mapping. By the
Raman microscopy measurement, the spin state of solid solutions was identified. The
most obvious peak shift by the spin transition is in-plane bending mode of pyrazine ring,
which exhibits a shift from 645 to 675 cm™! 3433

The Raman spectra showed v(C=N) modes around 2200cm™! and pyrazine
internal modes between 600 and 1600 cm™! as well as IR spectra. To confirm the spin
transition, Raman spectra were measured at RT and 250 K, 340 K respectively, and the
peak shift with the spin transition was observed (Figure 1-5). Comparing with 250 K and
340 K, the solid solution was high spin state at RT.

s W ——f—
N i

2180 2150 2120 1450 1250 1050 850 650

wavenumber/ cm1 wavenumber/ cmt

Figure 1-4. IR spectra of guest-free 1, 2 and 3x at RT.
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Figure 1-5. Raman spectra of 3x (0.057) and 3x (0.11) at 340 K, 250 K and RT.
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1-4.PXRD patterns

Compound 1 and 2 were crystallized in the tetragonal space group P4/mmm
in the LS and HS states, and I could characterize the spin state at RT from PXRD
experiments. The lattice parameters in the HS and LS states were a = b = 7.457(4), ¢ =
7.259(4) A and V = 403.6(4) A3, and a = b = 7.184(6), ¢ = 6.783(5) A and V = 350.1(5)
A3, respectively. The simulated pattern was obtained from the single crystal structure in
the HS state from previous work. The PXRD patterns indicated all guest-free solid
solutions 3x had similar structure with 1 and 2, and these patterns and yellow colour of
samples indicated HS state at RT (Figure 1-6).> According to Vegard’s law the lattice
parameters of solid solutions have a relationship with the ratio of pure solid.**3” However,
in this system, the shift of diffraction peaks was not observed because 1 and 2 had quite
similar lattice parameter (Figure 1-7). In some reports, this phenomenon was observed
in spite of the mixed-metal MOFs. 33

.
3x(0.55)J A N \ o

3x (0.030) n “ \
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Figure 1-6. PXRD patterns of guest-free 1, 2 and 3x at RT.
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Figure 1-7. PXRD patterns of guest-free solid solutions 3x, 1 and 2 at RT. Left graph
shows the diffraction peak that can be indexed as 001. Right graph shows the peak
indexed as 110.
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1-5. Magnetic Measurement

The magnetic behaviours of guest-free solid solutions 3x shown in Figure 1-8
and Table 1-2 in the form of ym7 vs. T. To avoid the influences of the guest water on
magnetic behaviours including ST temperature (7c), cooperativity of ST and hysteresis
width, the magnetic measurements were carried out after dehydration of the samples by
heating at 403 K for 6 hours. All solid solutions showed the ST temperature 7¢"? around
300 K and 20 K hysteresis width, and these behaviours were similar with 1 and 2.3° These
results agreed with PXRD patterns which indicated solid solutions have same structure in

regardless of Pt content (x value). Measurements details are shown blow.

Magnetic Behaviour of guest-free 3x(0.030)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7¢%"" were evaluated to be 308.5 K and 285.8 K,
respectively, therefore the hysteresis width was 22.7 K. The ymT value at 320 K is 3.51
emu K mol!, which closed to an expected value for the Fe'! ion at the HS state. In the
cooling process, ymT values continued constant until 285.8 K, and then the value of ymT
decreased sharply to 0.407 emu K mol™! at 240 K. This value was larger than a value of
the Fe'l ion at the LS state.

Magnetic Behaviour of guest-free 3x(0.057)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7¢%"" were evaluated to be 304.2 K and 283.8 K,
respectively, therefore the hysteresis width was 20.4 K. The ym7 value at 320 K is 3.35
emu K mol™!, which closed to an expected value for the Fe'! ion at the HS state. In the
cooling process, ymT values continued constant until 283.8 K, and then the value of ymT
decreased sharply to 0.144 emu K mol™! at 240 K. This value was larger than a value of
the Fe'l ion at the LS state.

Magnetic Behaviour of guest-free 3x(0.085)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7¢%"" were evaluated to be 302.2 K and 285.9 K,
respectively, therefore the hysteresis width was 16.3 K. The ymT value at 320 K is 3.55
emu K mol™!, which closed to an expected value for the Fe'! ion at the HS state. In the
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cooling process, ymT values continued constant until 285.9 K, and then the value of ymT
decreased sharply to 0.199 emu K mol™! at 240 K. This value was larger than a value of
the Fe! ion at the LS state.

Magnetic Behaviour of guest-free 3x(0.11)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7¢%"" were evaluated to be 310.2 K and 287.7 K,
respectively, therefore the hysteresis width was 22.5 K. The ym7 value at 320 K is 3.72
emu K mol™!, which closed to an expected value for the Fe'! ion at the HS state. In the
cooling process, ymT values continued constant until 287.7 K, and then the value of ymT
decreased sharply to 0.189 emu K mol™! at 240 K. This value was larger than a value of
the Fe'l ion at the LS state.

Magnetic Behaviour of guest-free 3x(0.26)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7¢%"" were evaluated to be 310.3 K and 291.6 K,
respectively, therefore the hysteresis width was 18.7 K. The ymT value at 320 K is 3.30
emu K mol™!, which closed to an expected value for the Fe'! ion at the HS state. In the
cooling process, ymT values continued constant until 291.6 K, and then the value of ymT
decreased sharply to 0.144 emu K mol™! at 240 K. This value was larger than a value of
the Fe'l ion at the LS state.

Magnetic Behaviour of guest-free 3x(0.55)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 240 and 320 K. The
spin transition temperature, 7c*? and 7c¢%"" were evaluated to be 302.3 K and 285.7 K,
respectively, therefore the hysteresis width was 16.6 K. The ymT value at 320 K is 3.70
emu K mol!, which closed to an expected value for the Fe'! ion at the HS state. In the
cooling process, ymT values continued constant until 285.7 K, and then the value of ymT
decreased sharply to 0.505 emu K mol™! at 240 K. This value was larger than a value of
the Fe'l ion at the LS state.
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Figure 1-8. Magnetic behaviour of guest-free 3x.
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Table 1-2. Spin transition temperature and hysteresis width of guest-free 3x.

Sample TP/ K Tcdown / K Hysteresis width / K

2 304 284 20

3x (0.030) 308.5 285.8 22.7

3x (0.057) 304.2 283.8 20.4

3x (0.085) 302.2 285.9 16.3

3x(0.11) 310.2 287.7 22.5

3x (0.26) 310.3 291.6 18.7

3x (0.55) 302.3 285.7 16.6
qrefs 304 284 20

2. Characterizations of Iodine-containing Solid Solutions

2-1. TG Analysis

The iodine content in solid solutions were determined using TGA curve

(Figure 1-9). From previous work about 1_I, iodine anion (I') and pz are removed at same

temperature around 500 K, which means iodine forms I-P

tIV

—I bonds until the framework

is decomposed.>* While for 2_1I, confined I» molecule is removed at around 350 K before

decomposition of the framework. In the case of solid solutions 3x_I, I> molecule between

Pd sites was removed firstly, then iodine anion of I-Pt'V—I bonds and pz were removed at

higher temperature, as a result, 3x_I showed two steps weight loss. Table 1-3 shows the

summary of iodine content as I not I> removed from both Pt sites and Pd sites.

Table 1-3. lodine content in 3x_I.

0.73
1.06
1.35
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Figure 1-9. TGA curve of iodine-containing 3x_I.
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2-2. Raman Spectra

Figure 1-10 shows the Raman spectra of 1_I, 2_I and 3x_I at RT. For this
measurement, N> gas was flowed to the samples for 10 min after exposing iodine vapour
overnight. Raman spectra showed not only information about framework but also iodine
state in the pore. The v(C=N) modes was observed at around 2200cm™ and pyrazine
internal modes, between 600 and 1600 cm™!. The lower frequency modes originated from
metal-ligand vibrations. From the previous works, I attempted to determine the spin state
of iodine-containing solid solutions 3x_I at RT. The most obvious peak shift by the spin
transition is in-plane bending mode of pyrazine ring, which exhibits a shift from 645 to
675 cm! 3*35 The intensity ratio of v(ring) modes (at 1230 cm™!) and §(CH) (at 1605 cm-
1) are changed through the ST as well. Considering these previous works, iodine-
containing 3x_I (x = 0.085) were considered the LS state at RT, which means the ST
temperature 7¢"P increased up to higher than RT.

In the case of iodine-containing 1_I, a very strong Pt-I vibration peak was
observed around 130 cm™! (g), and these results agreed with the reported Raman spectra
by Ohtani.* For iodine-containing 2_I, there were three kinds of peaks; (i) I, monomer at
around 170 cm™! (d); (ii) the coupled I motions of the pseudo I»--I> dimers (two inclined
I> molecules interacted though the Pd sites) similar with a strong intermolecular
interaction in I»+--I>, which observed in the solid I, crystal under high pressure (a); (c);
(e); (D), (iii) the intramolecular stretching mode of I, monomer (b). In the previous work,

type (ii) was observed only in the LS state, and type (iii) was observed only in the HS

V(CN) v(ring) S6(CH) v(ring) 5(ring)
11 LA J J__J v ’ [

3x (0.55)_I

3x (0.030) | —M— A ‘——~L—-J~/ __»,/\/\m
L___—LW
2.l W

1 (guest—free)__AL A ! J B —
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Raman shift / cm™? Raman shift / cm™?

Figure 1-10. Raman spectra of iodine-containing 1_I,2 T and 3x_I at RT.
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state. Therefore, the state of > molecules in 2_I was co nsidered not unified after exposing
I, vapour at RT, and it is necessary to swing temperature for unify the I molecules
behaviours. In the case of iodine-containing 3x_I, a strong peak originated in I-Pt bonds
were observed as well as 1_I. In addition, there were peaks originated from I monomer:
type (i), and the coupled I, motions of the pseudo I»:--I> dimers: type (ii).

Figure 1-11 shows the Raman spectra at 300 K, 180 K (in LS state) and
each temperature higher than 7c" (in HS state). Peak (g) originated in I-Pt bonds was
observed all solid solutions 3x_I at all temperature. However, peaks originated in I
molecules were difficult to recognize, especially, samples which have high Pt content
such as 3x_1(0.26) and 3x_1 (0.55) at 300 K. This result agreed with the TGA curve. The
higher Pt content decrease the Pd continuous arrangement which needed to confine I

t'V—I bonds disturb diffusion of I, molecules in the pore. As mentioned

molecules, and I-P
above, I> molecules exhibit the order-disorder transition in the original 2_I, and the
mobility of I, molecules are observed by the Raman spectra. In particular, the peaks (ii)
corresponded to the coupled I> motions of the pseudo I»---I> dimers is a distinctive feature.
Similarly, all iodine-containing 3. I showed type (ii) peaks at 180 K. For this result, I
considered confined 12 molecules exhibited the order-disorder transition in the solid

solutions 3x_I.
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Figure 1-11. Raman spectra of iodine-containing 3x_I at 180 K, 300 K and at

the higher than each spin transition temperature 7¢".



2-3. PXRD Patterns

In the case of guest-free solid solutions, the PXRD patterns indicated all
samples had similar structure and same spin state, HS state. However, the PXRD patterns
of iodine-containing solid solutions 3x_I showed different patterns, in particular 3x_I (x
> 0.085) had similar patterns with the simulation of 1_I at LS state, which means, these
3x_I(x = 0.085) were LS state at RT, and the ST temperature 7¢"P increased comparing
with guest-free 3x (Figure 1-12). The broad peaks in the lower x content samples such as
3x_1(0.030), 3x_I(0.057) were considered the effect of I, molecules disorder which
observed as well in 2_T at the HS state.

Ja A A Annr M1 | atLS_sim.
..,_J\}\, mJ A ANrMmr AN N AANL
A A A A Ao A A M 3%1(0.55)

_“JL*MMMMWM 3x_1(0.030)
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Figure 1-12. PXRD patterns of iodine-containing 1 I, 2 T and 3x_I at RT.
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2-4. Magnetic Measurement of Solid Solutions

The magnetic behaviours of iodine-containing solid solutions 3x are shown in
the form of ymT vs. T (Figure 1-13). To avoid adsorption water, iodine-containing solid
solutions (3x_I) were stuffed with the gelatin capsule as soon as possible after exposing
iodine vapour. The ST temperature 7c"? increased, in other word, LS state was stabilized
with increasing x value. While, the thermal hysteresis width decreased with increasing x
value, and a wide hysteresis was provided only when x value was tiny. Figure 1-15 shows
the correlation between ST temperature and x value. This graph indicated the increasing
rate of 7¢"? was drastically changed above and below x = 0.1. For the hysteresis, when x
value was over 0.1, they had 20 K thermal hysteresis as with guest-free, on the other hand,
the hysteresis expanded when x was less than 0.1. Therefore, only when x value was less
than 0.1, both 7c'"? and hysteresis width increased. Measurements details are shown blow.

If these prepared solid solutions have a large domain as the solid mixture (1_I :
2 I=1:1), it will show two-steps spin crossover phenomenon, and each step originated
in 1_I or 2_I. To compare with the solid mixture, I simulated the magnetic behaviour of
the solid mixture using the magnetic measurements results of 1_I and 2_I (Figure 1-14).
Comparing with simulated magnetic behaviour of solid mixture, all 3x_I showed a single
step spin crossover phenomenon. Which means, Pt and Pd sites disperse in prepared solid

solutions unlike solid mixture.

Magnetic Behaviour of 3x_1(0.030)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 180 and 360 K. The
spin transition temperature, 7c** and Tc%"" were evaluated to be 320 K and 240 K,
respectively, therefore the hysteresis width was 80 K. The ym7 value at 360 K is 3.52 emu
K mol !, which closed to an expected value for the Fe' ion at the HS state. In the cooling
process, ym7 values continued constant until 240 K, and then the value of ym7 decreased
sharply to 0.293 emu K mol! at 180 K. This value was larger than a value of the Fe!' ion
at the LS state.

Magnetic Behaviour of 3x_1(0.057)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 180 and 360 K. The
spin transition temperature, 7c* and Tc%"" were evaluated to be 328 K and 267 K,
respectively, therefore the hysteresis width was 61 K. The ym7 value at 360 K is 3.58 emu
K mol !, which closed to an expected value for the Fe! ion at the HS state. In the cooling
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process, ym7 values continued constant until 267 K, and then the value of ym7 decreased
sharply to 0.183 emu K mol! at 180 K. This value was larger than a value of the Fe!' ion
at the LS state.

Magnetic Behaviour of 3x_1(0.085)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 180 and 360 K. The
spin transition temperature, 7¢** and Tc%"" were evaluated to be 334 K and 289 K,
respectively, therefore the hysteresis width was 45 K. The ym7 value at 360 K is 3.58 emu
K mol !, which closed to an expected value for the Fe' ion at the HS state. In the cooling
process, ym7 values continued constant until 289 K, and then the value of ym7 decreased
sharply to 0.180 emu K mol! at 180 K. This value was larger than a value of the Fe!' ion
at the LS state.

Magnetic Behaviour of 3x_I(0.11)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 200 and 380 K. The
spin transition temperature, 7¢* and Tc%"" were evaluated to be 340 K and 315 K,
respectively, therefore the hysteresis width was 25 K. The ym7 value at 380 K is 3.55 emu
K mol !, which closed to an expected value for the Fe! ion at the HS state. In the cooling
process, ym7 values continued constant until 315 K, and then the value of ym7 decreased
sharply to 0.238 emu K mol! at 200 K. This value was larger than a value of the Fe!' ion
at the LS state.

Magnetic Behaviour of 3x_1(0.26)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 200 and 380 K. The
spin transition temperature, 7c* and Tc%"" were evaluated to be 352 K and 331 K,
respectively, therefore the hysteresis width was 21 K. The ym7 value at 380 K is 3.55 emu
K mol !, which closed to an expected value for the Fe' ion at the HS state. In the cooling
process, ym7 values continued constant until 331 K, and then the value of ym7 decreased
sharply to 0.175 emu K mol! at 200 K. This value was larger than a value of the Fe!' ion
at the LS state.
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Magnetic Behaviour of 3x_1(0.55)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 180 and 400 K. The
spin transition temperature, 7c* and Tc%" were evaluated to be 365 K and 349 K,
respectively, therefore the hysteresis width was 16 K. The ym7 value at 400 K is 3.51 emu
K mol !, which closed to an expected value for the Fe' ion at the HS state. In the cooling
process, ym7 values continued constant until 349 K, and then the value of ym7 decreased
sharply to 0.175 emu K mol! at 180 K. This value was larger than a value of the Fe!' ion
at the LS state.
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Figure 1-13. Magnetic behaviors of iodine-containing 1 I, 2 T and 3x_1.
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2-5. Magnetic Measurement of Solid Mixtures

To investigate the iodine migration between Pt and Pd sites in solid solutions,
I measured magnetic behaviour of two kinds of iodine-containing solid mixtures, 1_I and
2; 2 T and 1. In the previous work of 1_I, iodine migration from 1_I to guest-free 1
through the spin transition. Here, I attempted to investigate the iodine migration in solid
solution using solid mixture as a mimic condition. The iodine migration was evaluated
through cooling and heating in SQUID equipment repeatedly. The magnetic behaviours
are shown in the form of ym7 vs. T plots (Figure 1-16). To avoid adsorption water, iodine-
containing solid mixtures were stuffed with the gelatin capsule as soon as possible after
exposing iodine vapour.

Both solid mixtures showed two-step spin crossover phenomenon, and each
step corresponds to guest-free/iodine-containing 2 and guest-free/iodine-containing 1_I,
respectively. In the case of the solid mixture (1_I: 2 =1 : 1), magnetic behaviour did not
change even after 3rd cycle, which means the iodine migration from Pt sites to Pd sites
did not occur. On the other hand, for the solid mixture (1_I : 2 = 1: 1), the shape of
hysteresis at 1st step (lower temperature side) changed and the ST temperature of 2nd
step (higher temperature side) increased with repeating each cycle. This change of
magnetic behaviour in cooling and heating process indicated the iodine migration from
2_I to guest-free 1, in other word, from Pd sites to Pt sites. For these results, I considered
that iodine coordinates to Pt sites preferentially, then I> molecules were confined between

Pd sites. Measurements details are shown blow.

Magnetic Behaviour of Solid Mixture (1 1:2=2:1)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 260 and 400 K until
3rd cycle. The ymT value at 400 K was 3.45 emu K mol™!, which closed to an expected
value for the Fe'l ion in the HS state. The value of ym7T at 260 K was 0.159 emu K mol!,
which closed to an expected value for the Fe! ion in the LS state. Both spin transition
steps had around 20 K thermal hysteresis, and 1st step (lower temperature side)
corresponds to guest-free 1, 2nd step (higher temperature side) corresponds to iodine-

containing 1_1I.

Magnetic Behaviour of Solid Mixture (1:2 I=1:1)

The variable-temperature magnetic susceptibility measurements were carried
out operating at 1000 Oe magnetic field and at temperatures between 180 and 400 K until
4th cycle. The ymT value at 400 K was 3.30 emu K mol™!, which closed to an expected
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amT / emu K mol™?

value for the Fe!' ion in the HS state. The value of ymT at 180 K was 0.200 emu K mol!,
which closed to an expected value for the Fe!' ion in the LS state. The 1st step (lower
temperature side) corresponds to 1, 2nd step (higher temperature side) corresponds to 2.
In the Ist step, decrease of hysteresis and a concavity were observed with repeating
cooling and heating process because I> molecules came out from Pd sites and generated
the domain of guest-free 1. While, in the 2nd step, the ST temperature increased because

I> molecules which came out from Pd sites trapped at Pt"! sites and formed I-Pt'V—1 bonds.
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Figure 1-16. Magnetic behaviours of solid mixtures. (1 1:2=2:1),left; (1:2 I=1:
1), right.
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In this work, solid solutions achieved both high 7c"? and wide hysteresis only
when x value was tiny. To consider these results, a hypothesis was set up. First, after
exposing iodine to guest-free solid solutions, I-Pt!V-I bonds are formed, then the I,
molecule is confined between two Pd sites. In this case, the sites above and below I-Pt!V—
I sites cannot confine I> molecules. In the previous work, one of the author, R. Ohtani and
his colleague reported the iodine migration phenomenon from 1_I to guest-free 1.* When
the solid mixture of guest-free 1 and iodine adduct 1_I was heated above ST temperature
(450 K), the iodine migrated from the I-Pt'V—I sites to Pt!! site, then iodine dispersed in
the solid mixture. Although I-Pt!V—I bonds were formed once, iodine can migrate among
Pt sites. The iodine migration among Pt and Pd sites was evaluated using SQUID
measurement. In the case of the solid mixture (1_I: 2 =1 : 2), magnetic behaviour did
not change even though the temperature exceeded was greater than the spin transition
temperature of 1_I (398K). The iodine migration from I-Pt!V—I sites to Pd sites was not
observed in the solid mixture (1_I and 2). Which means I-Pt'"V-I bonds were formed
irreversibility.

For these results and hypothesis, the relationship between 7¢" and the Pt
content (x) in the iodine-containing solid solutions was considered. As mentioned above,
Tc*™ increases because of the formation of I-Pt'Y—I bonds, so it is easy to interpret the
increasing of 7¢c" with Pt content (x). In particular, when x was less than 0.1, the
increasing rate of 7¢"P was steeper, because the probability which Pt sites arrange
continuously was low when x was low, so almost all Pt sites can form I-Pt'V—I bonds
(Figure 1-17). While when x is higher than 0.1, the probability which Pt sites arrange

tIV—I site cannot form

continuously is high. In this case, the Pt sites above and below [-P
I-Pt"V-1, consequently slowing down the rate of increase of Tc¢*P. To confirm the
relationship between the x value and the ratio of Pt'V/Pt. The amount of PtV was estimated
by TG curve (Figure 1-18). When x was smaller than 0.1, around 80 % Pt sites in solid
solutions became Pt!Y and formed I-Pt!V-I bonds. In terms of the relationship between
hysteresis width and the Pt content (x) in the iodine-containing solid solutions, the
confined I> molecules between Pd sites is important. The synergistic transition coupling
between the spin transition of the framework and the order-disorder transition of confined
I> molecules brings out wide hysteresis. When x value increase, the probability which Pd
sites arrange continuously is low, which means the order-disorder transition of I cannot

be observed when x value is high.
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Conclusion

In this work, 3D Hofmann-type metal-organic framework solid solution
{Fe(pz)[Pt,Pdi.«(CN)4]} (3x; pz = pyrazine) were preprared successfully. The dispersion
of Pt and Pd was evaluated by SEM-EDX. All guest-free 3x had a similar structure and
magnetic behaviour with {Fe(pz)[Pt(CN)4]} (1) and {Fe(pz)[Pd(CN)4]} (2).

In the iodine-containing 3x_I, both the spin transition (ST) temperature and
hysteresis width were changed depending on the x value (Pt content). The ST temperature
Tc' increased with increasing x value. In the case of {Fe(pz)[Pt""V(CN)4(I),]} (1 I, n=
0.0-1.0), iodine coordinates to Pt sites and ligand field strength around Fe! are raised
through the o-donor capability of cyano-nitrogen through Pt enhanced by the strong -
donor capability of iodide. As the result, the low spin (LS) state is stabilized and 7¢c"°
increases with increasing of iodine content (n), in other word, increasing of I-Pt'V—I bonds.
In the 3x_I, the 7¢" increased depending on x value because I-Pt'V—-I bonds increased.
On the other hand, the higher x value condition decreased the space for confine I
molecules, and so the hysteresis width decreased with increasing x value. In addition, I-
Pt'V-I and Pt sites arrange alternately because of the steric effect in 1_I. However, in
3x_I, Pd" sites can play a role of the Pt" sites, which means I-Pt"V—I bonds form
effectively in dilute condition: x value is lower. Therefore, the increasing rate of 7¢c' is
steeper when x value was small. I succeed to tune the magnetic behaviour using the

difference of the interaction between open metal sites and iodine.
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Chapter 2

Modulation of Spin Transition Behaviour by
Patterning of Inter-layer Space through
the Layer-by-Layer Method

Abstract

SURMOF (surface-mounted metal-organic framework) prepared by the
Layer-by-Layer (LbL) method is one of the thin film MOFs!?, and they have high
orientation and crystallinity compared with other thin films MOFs.> More recently,
hetero-structured SURMOFs (hetero-SURMOFs) are attracting attention as an approach
to design the crystal structure.*? In this work, hetero-SURMOFs consisting of “Pt block”
{Fe(pz)[Pt(CN)s]} (pz = pyrazine; 1) and “Pd block” {Fe(pz)[Pd(CN)4]} (2) were
prepared. As mentioned in Chapter 1, when iodine is used for guest-molecules,
compounds 1 and 2 provide interesting magnetic behaviours because of the different
interactions with iodine. Therefore, hetero-SURMOFs are expected to exhibit unique
magnetic behaviour depending on the arrangement of Pt block and Pd block. The
orientation and crystallinity of hetero-SURMOFs were evaluated by XRD measurement.
After exposing iodine vapour, both I-Pt!V-I bonds and I, molecules were observed in
hetero-SURMOFs by Raman spectra. The spin transition (ST) behaviour was proved by
the temperature dependence of Raman spectroscopy. Comparing with guest-free hetero-
SURMOFs, all iodine-containing SURMOFs indicated an increase of ST temperature.
Furthermore, the SCO behavior was different depending on the different layered
structures using Pt and Pd block.
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Introduction

Recently, the MOF thin films technique gained significant importance® in

order to expand the MOFs application fields such as smart membranes’%*

, catalytic
coatings'?, or sensing devices.!""!? The seeded growth!3, spin coating!“, and the Langmuir-
Blodgett method!® have been reported as the way for the synthesis of MOF thin film.!®
However, MOF thin films prepared by these methods were not enough for the future
applications required monolithic, low defect density, and crystal orientation. In order to
make full these requests, some of the researchers focus on the layer-by-layer (LbL)
method (Figure 2-1)!7 which originated in the fabrication of multilayer organic LB
films!'® by Langmuir and Blodgett in 1937. MOF thin films fabricated using this LbL
method are called surface-mounted metal-organic frameworks (SURMOFs), and this
approach has been shown to provide monolithic and high crystallinity, and highly oriented
MOF thin films on suitable substrates.!*2° In 2007, Wéll and his co-workers reported the
first SURMOF of HKUST-1 [Cus(btc)>(H20),] (Hsbtc = benzen-1,3,5-tricarboxylic acid)
which had both high orientation and crystallinity.!” In this first report, Au substrate
functionalized by self-assembly monolayer (SAM) was used for its substrate.!” In general,
when substrate metal is coinage metal like gold or copper, thiol-based SAMs are used.?!
Because of the chemical reaction between the thiol groups and Au atoms of the substrate
surface, thiol-based monolayers arrange on the substrate (R-S-H + Au — R-S-Au +
1/2H2) (R = any functional species).?>?3 Not only Au substrate but also silver, silicon,
silicon oxide, quartz, alumina, etc. have been studied as a substrate for extensively
expanding their application field. One of the objectives in SURMOF research is preparing
hetero-structured SURMOF (hetero-SURMOF) because the systems in which the

components are segregated material have the potential to be hierarchical materials. Woll

SURMOFs
surface functionalized
substrate
1 B 0 |
[ substrate | [ substrate |
solvent NN solvent
linker

cycling

Figure 2-1. Schematic illustration of Layer-by-Layer (LbL) method.
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and his co-workers reported hetero-SURMOF containing photo switchable linkers
between trans and cis which can release guest molecules: butanediol only when the
hetero-SURMOF was irradiated with light.>* The bottom of hetero-SURMOF (50 layers)
was {Cux(BPDC)2(BiPy)} (BPDC = biphenyl-4,40-dicarboxylic acid, BiPy = 4,40-
bipyridine) which can uptake and storage butanediol, and the top (45 layers) was photo-
switchable MOFs {Cux(AB-BPDC),(BiPy)} (AB-BPDC = 2-azobenzene-4,40-
biphenyldicarboxylic acid). They determined the photo-switchable properties of
SURMOF by QCM (quartz crystal microbalance). QCM method is useful for the
evaluation of absorption properties on SURMOF which has a tiny amount compound on
the substrate. Not only absorption measurement but also other physical measurements are
different from the evaluation of bulk MOF because of a tiny amount and substrate.
Comparing with the solid solutions in which more than two components are dispersion,
hetero-SURMOFs have some domains like “block”, so that each single MOF can perform
each property such as storage and photo-switching.

In this research, the author focused on Hoffmann-type MOF thin film. In
2006, Bousseksou and co-workers prepared 3D Hofmann-type MOF {Fe(pz)[M(CN)4]}
(pz = pyrazine, M = Ni, Pd, Pt (1)) on Au substrate through the LbL method?>-*¢ (a total
of 30 cycles). It was the first report on 3D Hofmann-type MOF thin film mounted on the
substrate, however, the orientation and crystallinity had not been evaluated until when
Kitagawa and co-workers demonstrated it using XRD in 2012.27 In this report, they
carried out Raman microscopy measurements to probe spin state because the amount of
compound on substrate was not enough to measure by SQUID (Figure 2-3). They focused
on the intensity ratio of the pyrazine modes at 1025 and 1230 cm™ during the spin
transition (ST). For the results, MOF thin film revealed a hysteresis width around RT as
well as bulk MOF. The same research group demonstrated the nanopatterned thin film of
compound 1.26 In this work, the substrate was coated by PMMA (Polymethyl
methacrylate) to the pattern in nanoscale. They evaluated the quality of thin films by AFM
and surface plasmon resonance (SPR) observation without XRD measurement. Kitagawa
and his-coworker evaluated the orientation and crystallinity of thin film 1 (a total of 30
cycles) by synchrotron X-ray diffraction in 2012. Comparing with reports by Bousseksou
group, they did not use 4,4’-azopyridine as an anchoring layer. They monitored the thin
film growth by the infrared refraction absorption spectroscopy (IRRAS). The maximum
absorbance of the v(CN) mode increased with increasing the number of cycles linearly.
From Raman spectroscopy, prepared thin film was high spin (HS) state at RT. Synchrotron
radiation was selected for XRD measurement to obtain high-quality information because

of the low thickness and density of the thin film. In the horizontal direction (in-plane,
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grading-incidence mode), some peaks indexed /40 diftraction were observed. While, two
peaks indexed 001 were observed in the vertical direction (out-of-plane, 8-26 mode).
These results of XRD measurement provided the high orientation and crystallinity of thin
film. Besides, in situ XRD measurement revealed its guest molecules (benzene)
adsorption. The correlation between lattice constants (a or ¢ axis) and pressure indicated
benzene adsorption expanded the interlayer spacing. Although the structure and physical
properties of homo structured thin film have been already demonstrated, there is no report
on hetero-SURMOF of Hofmann-type MOF. Hetero-SURMOF has the potential to
enhance or combine its physical properties. As mentioned in Chapter 1, the magnetic
behaviour of iodine-containing 3x_I (3x: {Fe(pz)[Pt:Pdi..(CN)4]}) changed depending
on x value. However, the wide hysteresis was observed only when x value was tiny
because Pt sites form I-Pt'V—I bonds preferentially, and the generated I-Pt!V—I sites
disturb confinement of I» between Pd sites. In contract with solid solutions in which Pt
and Pd sites were dispersed, hetero-SURMOF can form Pt sites domain and Pd sites
domain separately. Here, three types of hetero-SURMOFs were prepared (Figure 2-2)

and evaluated their spin crossover phenomenon by Raman spectroscopy.
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Figure 2-3. The temperature dependence ym7 (x) and normalized Raman intensity ratio ((I
(norm) = 1(1025 ¢m™)/1(1230 cm');m) of bulk MOF 1 (left a). Comparison of bulk 1 (m)
and thin film 1 (0) by Raman intensity ratio (left b). Synchrotron XRD patterns of thin film
1 (A= 1.555 A, RT). In-plane XRD patterns provided diffraction peaks originated from /k0
(right top). Out-plane XRD patterns provided diffraction peaks indexed 001 and 002 (right
bottom).

Pt30Pd30 Pt20Pd20Pt20 Pt15Pd15Pt15Pd15

Pd30

]

Figure 2-2. Schematic representations of hetero-SURMOFs: Pt30Pd30, Pt20Pd20Pt20
and Pt15Pd15Pt15Pd15. The number after Pt or Pd indicates cycle number of LbL. method
(example: Pt30Pd30 indicates {Fe(pz)[Pd(CN)4]} 30 cycles after {Fe(pz)[Pt(CN)4]} 30
cycles).
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Experiments

1. Physical Measurements

All compounds were characterized using Raman spectroscopy, X-ray
diffraction measurement. The arrangement of Pt and Pd in hetero-SURMOF was
confirmed by elemental mapping using SEM-EDX (SEM-energy dispersive X-ray
spectrometry, Zeiss ULTRASS, with 10.00 kV accelerating voltage). Raman spectra
were recorded with a Jasco NRS-1000. For temperature dependence Raman spectra,
the sample stage Model S84 C from S.T. japan Inc. was attached (Figure 2-4). The
excitation source was a 632 nm He-Ne laser, and the laser power was carefully
kept low to avoid local heating during laser irradiation. XRD measurement was
recorded using a Rigaku Smart lab spectrometer with graphite-monochromated
CuK,, radiation. To observe the surface of SURMOF, atomic force microscopy
(AFM) images were obtained using a Nanocute system (SII NanoTechnology Inc.).

Cooling water

Figure 2-4. Raman spectroscopy and sample state for temperature dependence of
Raman spectra.
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2. Materials
[(C4H9)sN]2M(CN)4 (M = Pd or Pt) were prepared by reported method
using tetrabutylammonium perchlorate and K>[M(CN)4]. Other chemicals

purchased were of reagent grade and used without further purification.

3. Preparation of Compounds

3-1. Guest-free solid solutions
The substrates were prepared with chromium layer as a buffer between silicon
wafers (5 nm) and gold layer on the top (100 nm) purchased from Nilaco Corp. The
typical substrate size was 15 x 15 x 0.5 mm?. The Au/Cr/Si substrate was washed by basic
piranha solution (NH4OH and H»O») at 70 °C, then soaked in an EtOH solution of 4-
mercaptopyridine (1mM) for a day after. These substrates were alternately soaked in
EtOH solutions of 200 mM Fe(BF4)2-:6H>0, 30 mM [(C4Ho9)4aN]2M(CN)4 (M = Pt or Pd),
and 200 mM pyrazine for 3 min at 198 K until a total of each cycles, and the substrates
were washed with EtOH after each soaking to remove the uncoordinated metal connectors

or organic linkers.

3-2. lodine-containing solid solutions
Iodine-exposed thin films were prepared by exposing iodine vapour at room
temperature overnight. Before exposing iodine vaper, these thin films were vacuumed
overnight at RT. The colour of samples changed from yellow to black after exposing

iodine vapour.
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Results and Discussion

1. Characterizations of Guest-free Hetero-SURMOF's
1-1. Raman Spectra
In the case of these bulk compounds, v(C=N) modes appear around 2200cm™!
and pyrazine internal modes between 600 and 1600 cm™!' (as mentioned in Chapter 1).
The lower frequency modes originated from metal-ligand vibrations.?® Comparing with
bulk guest-free 1 and 2, prepared hetero-SURMOFs showed the same spectra (Figure 2-
5). Furthermore, the spin state of prepared hetero-SURMOFs at RT could be evaluated.
The spin state of Hofmann-type MOFs has been evaluated by using the Raman spectra in
the previous work.? In the reported paper, Bousseksou suggested a shift from 645 to 675
cm’! (the intense pyrazine in-plane bending mode) during ST from the HS state to the LS
state was useful. Using this suggestion, the prepared thin films were HS state at RT as
well as bulk samples. The intensity ratio of v(ring) modes at 1025 cm™! and §(CH) at 1230

cm! indicated HS state as well.

6(ring)  v(ring) 6(CH) v(ring) v(CN)
Pt15Pd15Pt15Pd15 w L

Pt20Pd20Pt20 MA—LL
) .

Pd60 w |

Pt60 w l L

2_GF (bulk) w L 1
1. GF (bulk) ear A ——__ ) L L

100 400 700 1000 1300 1600 1900 2200

=rErrrr

Figure 2-5. Raman spectra of bulk MOF 1, 2 and hetero-SURMOFs at RT.
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1-2. XRD patterns

The crystallinity and orientation of SURMOF are evaluated by XRD in
general.!>*3% The out-of-plane scan provides information on the direction perpendicular
to the substrate, whereas the in-plane scan provides information in the horizontal direction
to the substrate (Figure 2-6). In the case of the in-plane scan, to remove the effect of
substrate diffraction, the incident-angle fixed 20 scan geometry (GI-XRD; grazing-
incidence mode) is adopted. The rising of background is caused by the Au substrate.

In the out-of-plane diffraction (Figure 2-7), four peaks were observed. In
the previous work, only two peaks originated in 00! diffraction were obtained. Comparing
with previous works, the orientation of prepared hetero-SURMOFs was lower. One of the
reasons for the lower orientation of hetero-SURMOFs might be cycle number. In this
work, all samples were deposited through 60 cycles which were double times cycles and
increasing of cycles number brings out the decline of orientation. For the high orientation
SURMOF, the sheller equation provides the thickness of films, however, the orientation
of prepared SURMOF was not enough to discuss it.

X-ray Detector
0
= 20
Substrate T =
Detector
20
X-ray
Substrate

Figure 2-6. Schematic illustration of several experimental geometries of XRD
measurements to evaluation of SURMOFs. Out-of-plane (above); in-plane

geometries (below).
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Figure 2-7. XRD patterns of SURMOFs. Out-of-plane diffraction shows pyrazine ligand-
mediated interlayer spacing (left); In-plane diffraction shows an ordering of 2D sheet of
cyano-bridged layer (right).
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1-3. AFM Images
Atomic force microscopy (AFM) images were obtained by Nanocute system

(SII Nano Technology Inc.). To investigate the roughness depending on the cycle
number (thickness of films), three types SURMOFs: Pt15, Pt30 and Pt60 were
evaluated. The average roughness of these SURMOFs were 18.05 nm, 70.64 nm
and 113.7 nm, respectively (Figure 2-8). From amplitude images, MOF mounted

on the substrate uniformly, and the domain of particle was observed (Figure 2-9).

Pt15 Pt30 Pt60

= ) =

[nm]

Figure 2-8. AFM 3D images.

[nm) i [dee)

Figure 2-9. AFM images of SURMOFs at RT. Height image (left); Amplitude image (right).
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1-4. SEM-EDX Images

SEM (scanning electron microscopy) analysis hetero-SURMOFs was
performed using a Zeiss ULTRAS55 (10.00 kV accelerating voltage). For this
measurement, the substrate was cut and pasted on the holder with carbon tape. In this
measurement, the accelerating voltage was decided at 10.00 kV to avoid the
decomposition of SURMOFs. From SEM images, the thickness of SURMOFs prepared
with 60 cycles was around 1 pm (Figure 2-10).

The arrangement of Pt block and Pd block was evaluated by SEM-EDX.
Pt30Pd30 and Pd30Pt30 were selected for SEM-EDX measurement because it was easy
to observe the arrangement. In this measurement, to avoid overlap in spectra of three
elements: platinum, palladium, and gold which have a spectrum at the similar energy level,
the accelerating voltage 20.00 kV was determined. Figure 2-11 shows the elemental
mapping of two SURMOFs. As a result, the arrangement of Pt block (pink) and Pd block
(light blue) could be observed. In the elemental mapping of Pt, the colour intensity was
the strongest in the bottom due to the gold substrate.

—— 1um

Figure 2-10. Schematic illustration and SEM images of hetero-SURMOFs. The
accelerating voltage was 10.00 kV, the magnitude was 10.00 KX.

Pt+Pd+Au

Figure 2-11. Elemental mapping of hetero-SURMOFs, Pt30Pd30 and Pd30Pt30. The
accelerating voltage was 20.00 kV in order to use the spectrum originated from Lo at Au
elemental mapping. The magnitude was 10.00 KX. Pt, pink; Pd, blue; Au, yellow.
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2. Characterizations of Iodine-containing Thin-film MOFs
2-1. Raman Spectra at RT

Raman spectroscopy was performed to confirm iodine adsorption on hetero-
SURMOFs (Figure 2-12). The v(C=N) modes appear around 2200cm™ and pyrazine
internal modes between 600 and 1600 cm™! as well as guest-free hetero-SURMOFs.?® A
very strong Pt-I vibration peak was observed around 130 cm! in all SURMOFs including

Pt block. Comparing with bulk MOF 2_I, I, monomer vibration peak around 170 cm’!

was observed in SURMOFS including Pd remarkably. The SURMOF roughness might
be contributing to this result. In addition, the spin state of SURMOFs at RT was estimated
using the intensity ratio of v(ring) modes at 1025 cm™! and § (CH) at 1230 cm’!. For the
results, iodine-containing SURMOFs including Pt indicated LS state. Which means, the

ST temperature 7c"? might be increased by forming I-Pt!V—I bonds.

! I-Pt"V-1 bonds

: |, molecule

5(ring) v(ring) 5(CH)
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Figure 2-12. Raman spectra of iodine-containing hetero-SURMOF at RT.
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2-2. Temperature Dependence of Raman Spectra

In the previous work, the ST behaviour of Hofmann-type SURMOFs has
been probed by using the temperature dependence of Raman spectra.””> Using this
suggestion, the ST behaviours of iodine-containing hetero-SURMOF were probed
through the ratio of v(ring) modes at 1025 cm™! and 8 (CH) at 1230 cm™'. Figure 2-13
shows the temperature dependence of Raman spectra of guest-free Pt30Pd30 as an
example. From these spectra, the intensity ratio was picked up to probe ST behavour. The
ST behaviours of SURMOFs are shown in the form of Intensity ratio (I (1025cm™) / 1
(1230 cm™)) vs. T plots.

Figure 2-14 shows the comparison of the ST behaviour in guest-free
SURMOF (Pt30Pd30) and bulk MOF (solid mixture 1 : 2 =1 : 1). In general, crystal-
size effects on the spin crossover (SCO) phenomenon because the interaction between
electron and lattice is important in these behaviours.3!-*%33 In the previous works on nano-
or meso-sized particle of 3D Hofmann-type MOF, decreasing of ST temperature and
extinguish of hysteresis have been demonstrated.>*3-3° The crystal-downsizing effect has
been observed in the case of thin film.*® Therefore, the difference of ST behaviour
between SURMOF and bulk MOF was considered as the result of decreasing of
cooperativity by the crystal-downsizing. Figure 2-15 shows the ST behaviour on guest-
free/iodine-containing SURMOFs at the same graph (guest-free, pale colour; iodine-
containing, deep colour). Comparing with each guest-free SURMOF, iodine-containing
SURMOFs provided higher ST temperature. The increase in ST temperature was
considered as the result of forming I-Pt"V—I bonds. Interestingly, Pt30Pd30 I showed
two-step SCO  phenomena, although iodine-containing  hetero-SURMOF
Pt20Pd20Pt20 I and Pt15Pd15Pt15Pd15 I showed one step SCO phenomenon. In
addition, solid mixture (1_I : 2. I = 1 : 1) showed similar SCO behaviour with
Pt30Pd30_I.

In this work, the cycle number of LbL was decided until 60 cycles because
the cycle number effected on crystal-size.>®* However, the block thickness of prepared
three types of SURMOFs was different. In addition, the number of boundary surfaces
increased with decreasing in block thickness. The Pt block and Pd block were mixed and
formed like solid solution phase around the boundary surface because the roughness of
the SURMOF surface evaluated by AFM measurement was a nano-sized scale.
Pt20Pd20Pt20 I and Pt15Pd15Pt15Pd15 I had the boundary surface formed by
different metal (Pt and Pd) more than Pt30Pd30 _I. Therefore, Pt20Pd20Pt20 I and
Pt15Pd15Pt15Pd15_I formed a solid solution phase for wide areas in SURMOF.
However, Pt30Pd30 I had enough thickness to obtain both effects of Pt block and Pd

69



block, and so it showed two-step SCO originated from Pt block (SCO at a higher
temperature) and Pd block (SCO at a lower temperature) respectively in same way with

solid mixture.

350 K

v

230K
500 700 900 1100 1300 1500
Figure 2-13. Temperature dependence of Raman spectra and guest-free Pt30Pd30

colour at 350 K (yellow) and 230 K (orange).
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Figure 2-14. Temperature dependence of the normalized Raman intensity ratio (I(norm)
=1(1025 ecm™)/1(1230 cm'!)) of guest-free Pt30Pd30 and guest-free solid mixture (1 : 2
=1:1).
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Conclusion

Hetero-structured surface-mounted MOFs (hetero-SURMOFs) consisting of
“Pt block™ {Fe(pz)[Pt(CN)4]} (pz = pyrazine; 1) and “Pd block™ {Fe(pz)[Pd(CN)4]} (2)
were prepared. Compounds 1 and 2 which have similar lattice parameters are the
acceptable combinations for forming hetero-SURMOFs. As mentioned in Chapter 1,
when iodine is used for guest-molecules, compounds 1 and 2 show different magnetic
behaviours due to the different interactions with iodine. In this work, three types of
hetero-SURMOFs were prepared by the Layer-by-Layer (LbL) method. In this LbL
method, the functionalized substrate is soaked into the metal precursor solution and ligand
solution alternately. Therefore, the space for forming I-Pt'Y—I bonds and confiding I»
molecules can be formed and designed the crystal stricture in these hetero-SURMOFs.
The orientation and high crystallinity of guest-free hetero-SURMOFs were evaluated by
XRD measurement, and the arrangement of Pt block and Pd block were confirmed by
SEM-EDX images. In addition, the ST behaviour was evaluated using the intensity ratio
of Raman spectra. Guest-free hetero-SURMOFs showed spin crossover (SCO) behaviour
as well as bulk samples, however, the cooperativity decreased in SURMOF because of
the downsizing effect. After exposing iodine vapour, peaks originated from I-Pt!V-I
bonds and > molecules were observed in all hetero-SURMOFs by Raman spectroscopy.
Because of forming I-Pt'V—I bonds, the ST temperature 7c" increased in all iodine-
containing hetero-SURMOFs. Interestingly, only Pt30Pd30 I provided two-step SCO
phenomena. In contrast, iodine-containing hetero-SURMOF Pt20Pd20Pt20_I showed
increase of 7¢" and a bulge of hysteresis, and Pt1SPd15Pt15Pd15 showed an only
increase of 7¢". For these results, the author considered the gain of the boundary surface

and the decline of thickness provided the mixed state like solid solutions.
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Concluding Remarks

In this thesis, the author found the mixed-component (MC) approach was
appropriate to design the framework and control guest molecules behaviour in the metal-
organic framework (MOFs). The MC approach has been studied for combining each
physical property of single MOFs, and the physical properties of the framework can be
tuned or exceed by this approach. Here, the author focused on the correlation between the
design of inter-layer space by MC approach and guest molecule behaviours.

3D Hofmann-type MOFs {Fe(pz)[M(CN)4]} (pz = pyrazine, M = Pt (1), Pd
(2), Ni) were selected as a platform because they showed spin crossover phenomenon
depending on the interaction with the guest molecule. In other words, guest molecule
behaviour can be observed through the magnetic measurement. In the previous work, 1
and 2 exhibited quite different magnetic behaviour when iodine was used for guest
molecule. In Chapter 1, solid solutions {Fe(pz)[PtxPdi-x(CN)4]} (3x) were prepared and
evaluated. Although guest-free 3x exhibited similar magnetic behaviour regardless of the
ratio of Pt/Pd, iodine-containing 3x_I showed the different magnetic behaviour
depending on the ratio of Pt/Pd. Therefore, iodine behaviour in the pore could be changed
by the ratio of Pt/Pd. In addition, the author considered the arrangement of OMSs effected

t'V—I bonds, above and below sites could not confine

on iodine behaviour. Because of [-P
I> molecules, and so wide hysteresis was obtained only when Pt content (x) was quite
small. Therefore, in Chapter 2, the author focused on the Layer-by-Layer (LbL) method
as the way to arrange OMSs. In order to design the inter-layer space for forming I-Pt!V—
I bonds and confining I> molecules, “Pt block™ (1) and “Pd block™ (2) were separated by
the LbL method. As a result, magnetic behaviour was changed from two-step to one-step
spin crossover (SCO) behaviour with increasing the number of boundary surface and
decreasing block thickness. Hetero-SURMOF (hetero-structured surface-mounted MOF)
which had thicker blocks exhibited two-step SCO originated each 1_T and 2_I, however,
Pt sites and Pd sites were mixed around the boundary surface, and so hetero-SUFMOF
which had thinner blocks exhibited one step SCO as well as solid solutions.

More recently, MOFs have been attracted attention as the multifunctional
materials combining their porous property and physical properties. In this thesis, the
author suggested the MC approach was appropriate to modulate physical properties

linking with guest molecules behaviour, on demand.
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