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General Introduction

1. Porous Coordination Polymers (PCPs) or Metal-Organic
Frameworks (MOFs)

Coordination polymers (CPs) with infinite coordination structures consist of
organic/inorganic ligands and metal ions. CPs have been studied since the early 1960s.!~
3 The ordering framework and porous structure of the CPs have attracted attention from
research fields involving molecular magnets and porous materials. Recently, crystalline
porous materials, such as porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs), have attracted much attention in the fields of materials science,
industrial science, and crystal engineering. MOFs are synthesized by the self-assembly of
metal ions or clusters as versatile nodes and organic ligands as bridging linkers; they
exhibit a variety of physical and chemical properties based on their component properties
and periodically ordered porous structures (Fig. 1). Moreover, the number of studies on
MOFs has rapidly increased in this decade owing to their potential for applications (e.g.,
storage, separation, and catalysis).*® MOFs possess various characteristics: (i) structural
diversity based on the combination of ligand binding direction and metal ion geometry;
(i1) simple synthesis by self-assembly; (iii) the regular, designable, and flexible
framework mainly composed of coordination bonds using host—guest interactions, for
example, hydrogen and metal-metal bonds, n—n, CH—n, van del Waals, and electrostatic
interactions; (iv) the reversible conversion of structure in response to guest uptake and

release; and (v) the physical and chemical properties of the framework.
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Fig. 1 Schematic illustration of metal-organic frameworks (MOFs) and their application
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2. Magnetic Ordering in MOFs

In the late 1980s, a rational synthetic strategy for molecular magnets assembled with
paramagnetic molecules was presented.!®!! Long-range magnetic ordering was achieved
by the formation of the desired assembled structure by arranging paramagnetic centers
using the appropriate bridging ligands for a magnetic exchange interaction. Because
magnetic ordering is a three-dimensional (3D) phenomenon, it is essential to design a
framework to propagate the 3D magnetic interaction. After establishing the basic
synthetic strategy, in the late 1990s, Kahn and co-workers found that some molecular
magnets exhibited drastic changes in structure and magnetic behavior due to the
adsorption/desorption of water.!>!3 These guest-responsive magnetic materials are named
“molecular magnetic sponge.” Subsequently, molecular magnets were developed into
multifunctional materials that exhibited magnetic properties and porosity. Several rational
designs of magnetic MOFs with regular pores have been suggested, and the number of
the designs has increased in the past few years, e.g, Prussian blue analog
Co'5[Cr"(CN)s]2'nH2O  (Fig.  2),'*  {[Cus(ptmtc)2(py)s(EtOH)2(H20)]}  (ptmtc =
polychlorinated triphenylmethyl tricarboxylic acid radical),'®
[Ni(dipn)]3[Fe(CN)s]>- 12H,O (dipn = N,N-di(3-aminopropyl)amine).!® These MOFs
exhibit reversible magnetic switching in response to desolvation/resolvation and can be
developed to produce guest-responsive switching in sensory and memory devices.!”!8

One of the rational strategies for the formation of porous magnets is based on a
framework that provides paramagnetic centers located on the sides and corners of the
inner pore, where the side and corner correspond to a connector and linker for the
framework, respectively. From this viewpoint, the hexacyanometalate anion, [M(CN)s]",
is a suitable linker because it provides a relatively long side (ca. 10 A) for the inner pore
and forms monodentate cyanide bridges for effective magnetic interaction and structural
flexibility. Ohba and Okawa et al reported the first Ni(I1)-Fe(II)(CN)s molecular magnet:
{[Ni(en)2]3s[Fe(CN)s]2-2H20} (en = ethylenediamine). This compound was prepared by
reacting [Ni(en)2Clz] and K3[Fe(CN)g] in water and was identified as a paramagnet based
on zero-field-cooled and field-cooled magnetization measurements.'*?° The molecular
magnets derived from [Ni'(di/triamine);]*" and [Fe(CN)s]*~ have been rationally

synthesized, and their magnetic nature has been evaluated (Fig. 3)!*%
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Fig. 2. Schematic variation of Co" coordination geometry in Co'3[Cr'''(CN)s]> between
six- and four-coordinate in response to the adsorption and desorption of water molecules
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3. Spin crossover (SCO) in MOFs

Magnetic-switchable materials have attracted considerable interest because of their
potential applications as memory and sensor devices, etc., using interchangeable states.?
Spin crossover (SCO) behavior is one of the fascinating phenomena that was first reported
in 1931.26 The SCO behavior is exhibited by 3d*-3d” metal complexes: they can exist in
two different switchable spin states driven by external stimuli, such as temperature,
pressure, light irradiation, and magnetic fields.?’° The SCO phenomenon is explained
based on ligand field theory.>!3? In Fe!! (3d®) compounds in octahedral geometry, the
electron configuration can be switched between paramagnetic high-spin (HS, t,,%,2, and
§ = 2) and diamagnetic low-spin (LS, t,%¢,%, and § = 0) states (Fig. 4(a)). Importantly,
the difference in the zero-point energies for the HS and LS states (AE®nL = E%us — EVLs)
can be located within a range of thermal energies if the ligand field is appropriate. Hence,
MOFs with infinite coordination structures are suitable candidates to obtain strong
cooperativity because their structural tunability involving various host—guest interactions,
such as m—r interactions and hydrogen bonding, can be incorporated into the framework.

Additionally, the effective propagation of spin-state change in solids, i.e., the high
cooperativity of SCO-active materials, is primarily governed by elastic interactions
between the spin-state-switchable metal ions through linker ligands and the packing
structure. Compared with discrete metal complexes, MOFs have the potential to be a good
platform for SCO materials with high cooperativity using an infinite framework structure.
Additionally, the systematic modification capability of the components is another
advantage for developing various compounds. Therefore, the rational choice of ligands is
an important factor in designing SCO-MOFs with desirable switchable magnetic behavior.
Thus far, many SCO-MOFs have been developed, in which the magnetic properties are
influenced by temperature, pressure, and guest molecules. For instance, Kepert and co-
workers reported that {Fex(azpy)s(NCS)s-guest} (azpy = trans-4,4’-azopyridine)
displayed SCO behaviors followed by the reversible exchange of guest molecules
adsorbed through hydrogen bonds with the framework. This was the first example of the
modulation of the SCO behavior in MOFs with guest adsorption.’® Furthermore,
enhanced cooperativity sometimes affords an abrupt spin transition (ST) and a
magnetically bistable property (e.g., hysteresis phenomenon; Fig. 4(b)).>! O. Kahn and
co-workers reported the design of a molecular material showing a hysteresis loop around

the room temperature using {[Fe(Htrz);](ClO4)>} (Htrz = 1,2,4-1H-triazole; Fig. 5).3*
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Fig. 4(a) Electronic configurations of d° transition metal with octahedral geometry in the
HS and LS states. (b) Schematic illustration of SCO behaviors. The horizontal axis shows

the temperature, and the vertical axis shows the fraction of the HS states.’!
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Fig. 5(a) Schematic Structure of [Fe(Htrz)s](ClO4)2. (b) ymT vs T plots for [Fe(H-
trz)2 8s(NHa-trz)o.15](C1O4)2 in both the warming (e) and cooling ( A ) modes.>*

Hofmann-type MOFs are one of the best-known and studied SCO-potential systems
with a regular infinite-coordination structure. The first Hofmann-type compound,
{Ni(NH3)>2[Ni(CN)4]-Guest}, was reported by Hofmann and Kiispert in 1897; the
compound can accommodate guest molecules that exist between the layers (Fig. 6(a)).3>~
37 Moreover, the first Hofmann-type MOF showing SCO behavior, {Fe''(py)2[Ni''(CN)4]}
(py = pyridine), was reported by Kitazawa and co-workers in 1996 (Fig. 6(b)).*® This
MOF exhibited a cooperative SCO behavior with a thermal hysteresis width of 9 K (7¢.'=
186 K, Tc!= 195 K). However, guest adsorption did not occur because of its closed

packing structure with strong n—n stacking between axial pyridine co-ligands.
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Fig. 6(a). Crystal structure of {Ni(NH3)2[Ni(CN)4]-2G} (G = benzene, pyrrole, thiophene,
furan),’>=7 where C, N, Ni atoms are colored in gray, blue, and light green, respectively.
(b) Crystal structure of {Fe(py)[Ni(CN)4]} (py = pyridine),*® where C, N, Fe, Ni atoms

are colored in gray, light blue, orange, and green, respectively.

et

6



Kepert and co-workers successfully coupled porosity and magnetic behavior using a
flexible 2D Hofmann MOF: {Fe''(bztrz),[Pd"(CN)4]} (bztrz = (E)-1-phenyl-N-(1,2,4-
triazol-4-yl)methanimine; Fig. 7).>° The environment of Fe ions in the framework
changed remarkably with guest adsorption, affording various magnetic properties,
depending on the type and ratio of the guest molecules. However, the development of
efficient guest-responsive magnetic MOFs remains challenging. There is a large

temperature gap between the guest adsorption/desorption and ST temperature.
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To obtain a high ST temperature and porous function, a pillared-layer Hofmann-type
MOF, {Fe(pz)[M(CN)4]} (1; pz = pyrazine, M = Ni, Pd, Pt; Fig. 8(a)), was reported by
Real and co-workers.*’ This 3D structure possesses 2D cyanide-bridged layers consisting
of octahedral Fe'"N¢ and square-planar [M(CN)4]*" units. The structural conversion of 1
between HS and LS induces a drastic change in the void space by over 30%. Moreover,
the activated sample of 1 exhibits a cooperative spin transition ST at room temperature
with a hysteresis of approximately 20 K at room temperature (7" = 304 K, T.! = 285 K
Fig. 8(b)). The framework of 1 provides two guest-interactive sites in the pores (Fig. 9).
One is the m—r interaction by pz as a pillar ligand, and the other is in the unsatisfied metal
center of Pt, which is called “open metal sites” (OMS). These guest-interactive sites play

an important role in the chemical response of 1.
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Fig. 8(a) Crystal structure of {Fe(pz)[Pt(CN)4]} (1), where C, N, Fe, and Pt atoms are

colored in gray, blue, orange, and purple, respectively. (b) Magnetic behavior of 1.

Furthermore, Ohba and Real reported that 1 showed the reversible chemo-switching of
the spin-state of Fe(IT) coupled with guest adsorption.*! Further, 1 exhibited reversible ST
behavior with color changes between yellow (HS) and reddish purple (LS) in association
with guest molecule adsorption at room temperature. In most cases, the framework of 1
was stabilized in the HS state, and the structure was expanded (e.g., benzene, toluene,
alcohol, and five-membered-ring organic solvents). Conversely, CSz, acrylonitrile
(AcCN), and acetonitrile (CH3CN) were stabilized in the LS state (Fig. 10). Due to the
stimuli-responsive properties of 1, it can be applied as a chemical sensor. The magnetic
properties of 1 were modified through the uptake and release of liquid guest molecules;

however, gaseous molecules, such as Oz, N2, and CO», could not induce a change in the



magnetic behavior because of the weak interaction with the framework.
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4. Gas-responsive Magnetic MOF's

Chemo-switchable magnetic materials have attracted much attention because of their
potential applications. Magnetic materials showing magnetic variability with guest
molecules have been significantly investigated.*”*” In particular, the development of
highly sensing materials for gas molecules, such as carbon dioxide (COz), N2, O,
hydrocarbons, and carbon monoxide (CO), is one of the crucial challenges in the field of
molecular science.*®>° Several strategies for constructing gas-switchable magnetic
materials have been explored.’!>* For instance, Long et al. demonstrated that
Fe,Cl,(bbta) (Hybbta = 1H,5H- benzo(1,2-d:4,5-d)bistriazole) with unsaturated iron(ii)
sites exhibited a spin-state transition driven by a threshold CO pressure, resulting in large
CO separation capacities with only small changes in temperature (Fig. 11).%3

Fig. 11(a) Portions of the structures of Fe,Cl,(bbta) (upper) and the CO-adsorbed state of
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red spheres represent C, Cl, Fe, N, and O atoms, respectively; H atoms are omitted for

clarity. The numbers in parentheses are the estimated standard deviation in the final digit

of each number. (b) ymT vs T plots collected for Fe,Cl,(bbta) (blue) and CO-adsorbed

state of Fe,Cl,(bbta) (red) collected at 1 T.>3
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Miyasaka et al.  successfully designed a  COz-responsive  MOF
[ {Ru2(F3PhCO2)4}2TCNQ(OEt):]-3DCM  (FsPhCO?*", 2,4,6-trifluorobenzoate; DCM,
dichloromethane) based on paddlewheel-type ruthenium(ii) dimers, as electron donors,
coordinated in-plane to 2,5-diethoxy-7,7,8,8-tetracyanoquinodimethane (TCNQ(OEt)>)
units, as the electron acceptor. This porous magnet undergoes an in-plane electron transfer
and a structural transition to adopt a paramagnetic form with CO» adsorption (Fig. 12).%*
An effective approach to induce a conversion in the magnetic phase is the manipulation
of magnetic interaction in the framework through a drastic structural change and guest
adsorption. However, establishing promising guidelines for the material design of gas
molecules remains challenging at this stage because of the weak interaction with MOFs,

as well as technical difficulties.
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Fig. 12(a) Packing views of {Rux(F3PhCO)4};TCNQ(OEt):]-:3DCM along the a
crystallographic axis. (b) The CO; pressure dependence of M—T curves at Hdc = 1 kOe
for [ {Ruz(F3PhCO2)4} >, TCNQ(OEt),].%*
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5. Purpose of this research

The precise control of the magnetic properties of guest-responsive MOFs is of
considerable importance in the development of novel functional molecular devices.
Conventionally, external stimuli (e.g., temperature, light, and pressure) have been
employed to modulate the magnetic properties of the framework. We explored the
conventional approach of manipulating the magnetic properties of the frameworks using
their choice of structural components, such as metal ions and organic ligands.
Furthermore, guest molecules are incorporated into the pores; they are used as a third
component for controlling a range of magnetic behaviors. The MOFs that confined the
guest molecules are called clathrates. The clathrates interact with the guest molecules
through weak host—guest interactions (e.g., van der Walls interaction), and the degree of
freedom for the motion of the guest molecules is partially maintained, significantly
affecting the Gibbs free energy of the system, as an entropic contribution. The motion of
the guest molecules and the host—guest interaction in such clathrates strongly depend on
the type of molecule, density (number of guest molecules per pore), and external stimuli,
such as temperature, pressure, and light. Therefore, the guest molecules should be a
significant factor for controlling the functions and physical properties of the MOF-based
clathrates. In other words, by confining the guest molecules, a potential function-
controller is incorporated into the system, and a new degree of freedom is provided in the
design of functional materials: novel clathrate systems.

The guest molecules in MOFs perform two important roles: (i) they work as a third
component that changes the magnetic profiles of the host framework, (ii) they introduce
chemical sensitivity to external stimuli to switch the spin states of the framework. The
guest-adsorbed molecule clathrates often display guest-dependent magnetic behavior.
The host—guest interactions operating in the clathrates influence the important factors that
govern the entire magnetic property in the framework (e.g., the magnetic interaction for
porous magnets, ligand field strength of magnetic centers, and cooperativity of the
frameworks). Notably, various guest factors, such as size, shape, flexibility, chemical
properties, adsorbed amounts, and pore dynamics, induce guest-dependent magnetic
behaviors, even when the same host framework is employed. Thus, the clarification of
the correlation between the host—guest interactions and magnetic behaviors of the
clathrates is a crucial challenge in the field of material engineering. Resultantly, novel

host—guest systems with unprecedented magnetic behavior are designed.
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Here, we summarize the current knowledge about the synergetic change in the

magnetic behavior in molecular clathrates based on guest-responsive magnetic MOFs.

In Chapter 1, we discussed the rational design of cyanide-based amorphous MOFs and

their coordination geometry changes involving amorphous—crystalline transformation

upon water adsorption. The local symmetry of metal ions in amorphous MOFs was

discussed based on L 3- and K-edge XAFS analyses and magnetic behavior (Fig. 13).%
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In Chapter 2, we describe the design of two types of flexible porous magnets that show
magnetic phase switching via structural changes arising from guest adsorption/desorption.
Dianions are employed as pillar ligands, leading to the guest-selective and multi-step
guest adsorption behavior. Importantly, the entire magnetic phase of the framework is
governed by interlayer magnetic interactions, which were manipulated by the threshold
interlayer distance of approximately 10 A (Fig. 14(a)).’° Furthermore, we achieved CO»-
induced magnetic phase switching from antiferromagnetic to ferromagnetic phases using
a novel double-layer-type porous magnet. The detailed magneto-structural correlation
was investigated using various in-situ physical property measurements, and novel gas-

responsive magnetic systems were designed (Fig. 14(b)).
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Fig. 14 (a) Schematic illustration of magnetic phase switching prompted by the changes
in the interlayer distance arising from guest adsorption/desorption in a flexible porous
magnet with pseudo-pillar-dianions. (b) Schematic illustration of CO;-induced magnetic

phase conversion in a double-layer-type porous magnet.
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In Chapter 3, we successfully induced multi-step spin state changes and non-
equilibrium state in alkane clathrate (12 C,Han+2; n = 1-4), based on a magnetically
bistable Hofmann-type MOF {Fe(pz)[Pt(CN)4]} (1). For 12C;Hs and 12C3Hs, the ymT
value decreased during the heating process. This might be caused by the change in the
density of alkanes in the pore (12C>H¢) and the existence of thermodynamically and
kinetically stable phases governed by the scan rate for the magnetic measurement. Several
mechanisms have been suggested to produce guest-switchable magnetic materials.

However, to the best of our knowledge, there are no reports on achieving synergistic
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physical property changes induced by the dynamic behaviors of the guest molecules
confined in the pores of MOFs. Therefore, our study provides new insights into the

rational design of gas-responsive MOFs (Fig. 15).
Fig. 15 Multiple spin state changes and non-equilibrium state in alkane clathrate based
on {Fe(pz)[Pt(CN)4]} (1).
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Chapter 1

Coordination Geometry Changes in Amorphous
Cyanide-bridged Metal—Organic Frameworks
upon Water Adsorption

Abstract

Metal-organic frameworks (MOFs) with amorphous state have attracted much
attention because of their various functionalities. Here, we report tunable water
adsorption in a series of amorphous cyanide-bridged MOFs with different central metals
(M[Ni(CN)4]: MNi; M = Mn, Fe, Co). All the compounds adsorb up to six water
molecules at a certain vapor pressure (Pags) and convert to crystalline two-dimensional
(2-D) Hofmann-type MOFs, M(H20)2[Ni(CN)4]-4H,O (MNi-H20; M = Mn, Fe, Co).
The Pags of MnNi, FeNi, and CoNi for water adsorption is P/Py = 0.4, 0.6, and 0.9,
respectively. Amorphous functions of these materials prevented structural elucidation
using X-ray crystallography techniques; however, the local-scale structures around the N-
coordinated M?" centers were evaluated by L»3-, K-edge X-ray absorption fine structure
(XAFS) and magnetic measurements. In the hydration process, the coordination
environment of central metals varied from tetrahedral to octahedral geometry, resulting
in important reorganization of the MOF local structure. In contrast, Ni[Ni(CN)4] (NiNi)
with square-planar Ni?* centers did not show significant structural change, and therefore
abruptly adsorbed water molecules in the low- humidity region. We demonstrated that the
changes in the bond lengths and coordination geometry are related to the adsorption
profiles of the cyanide-bridged MOFs.
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Introduction

Metal-organic frameworks (MOFs) based on metal ions and bridging organic ligands'

9-11 12-14

3 show various functional properties such as magnetism,®?® conductivity,”!! catalysis,

and luminescence'>!”

properties. The structural designability of MOFs arises from the
diversity of their crystal structures in which rational strategies are proposed by changing
the metal ion species and introducing substituents onto the ligands.!'®2! Cyanide-bridged
MOFs involving cyanometallates are advantageous for rational construction of functional
MOFs because various metal ions can be combined with cyanometallates, lead to versatile
functional platforms such as Prussian blue-type and Hofmann-type compounds.??’
MOFs area has expanded rapidly by the survey of crystalline materials. More recently,
liquids and amorphous glasses have attracted much attention because of their potential
for applications.?-3! Famous MOF families such as UiO-66 [ZrsO4(OH)4(O2C-CsHs-
CO»)s] and zeolitic imidazolate frameworks (ZIFs) have been changed into non-
crystalline states by ball-millings, melt-quenching, and annealing, providing novel
structure related physical property that dramatically enhance the magnetic properties,

3239 However, precise

luminescence, proton conductivity, and porous nature.
characterization of non-crystalline materials is one of the most challenges for the design
of functional materials with amorphous phase. By definition, the amorphous materials
prevent from using the crystallographic techniques for structural elucidation. Effective
approaches such as pair distribution function (PDF) analysis derived from X-ray total
scattering have been developed to obtain structural insight into these materials. For
example, this technique can be applied to the investigation of the switching for the proton
conductor [Zn(HPO4)(H2POs):](ImH,), (ImH, = imidazolium).** However, one major
drawback of PDF analysis is the complex signal processing; it displays the all interatomic
distances within the material. Numerical simulations have also employed for considering
the local deformations of MOFs such as MOF-5, MOF-74, and SNU-200. The decrease
in the crystallinity upon exposure to humidity enhance the ability of methane
adsorption.*! From this perspective, the potential applications of low-crystalline MOFs
have been expanded. However, the elcidation of the structural nature is still difficult,
which prevents investigation of the detailed mechanisms of the structural changes
induced by external or chemical stimuli. Also, the structural-related physical properties
of cyanide-bridged amorphous MOFs remain largely unexplored thus far.

Herein, we rationally prepared various cyanide-bridged MOFs with amorphous state of
type M[Ni(CN)4] (MNi; M = Mn, Fe and Co) and demonstrated the relationships between
the local structures of the metal centers and water adsorption behaviors. L»3-, and K-edge

X-ray absorption fine structure (XAFS) spectroscopy is powerful method to directly
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establish bond lengths and the geometries of the central metals in the amorphous phase.
The slight differences in the bond lengths lead to the tunable water adsorption profiles,
which is expounded by exploring the structural transformation from amorphous to the

crystalline hydrated states.
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Experimental Section

Materials

All chemicals were used without further purification. M(H20)2[Ni(CN)4]-4H>O (MNi-

H,0; M = Mn, Fe, Co, Ni) were synthesized according to a previously reported method.?*
27

Mn(H>0):[Ni(CN)4]-4H>0 (MnNi-H>0)

A solution of K>2[Ni(CN)4]-H:0 (198.7 mg, 0.767 mmol) in H>0 (100 mL) was added to
a solution of MnCl>4H>0 (151.8 mg, 0.767 mmol) in H>O (80 mL) at room
temperature. White powder samples were obtained after stirring for 24 h. Yield: 64.5%.

Fe(H>0):[Ni(CN)4]-4H>0 (FeNi-H:0)

FeNi-H>0 was prepared as a white powder sample in a similar method to that used for
MnNi-H;0, except for the use of Fe(NH)2(SO4)2-6H>0 (300.4 mg, 0.766 mmol) in
degassed H>O (80 mL). Yield: 70.1%.

Co(H:20):[Ni(CN)4]-4H>0 (CoNi-H:0)

CoNi-H;0 was prepared as a white powder sample in a similar method to that used for
MnNi-H;O0, except for the use of CoCl>6H>0 (180.4 mg, 0.758 mmol).  Yield: 74.5%.

Ni(H>0):[Ni(CN)4/-4H>0 (NiNi-H>0)

NiNi-H>0 was prepared as a white powder sample in a similar method to that used for
MnNi-H;0, except for the use of NiCl>-6H>O (180.4 mg, 0.759 mmol). Yield: 72.6%.

M/[Ni(CN)4] (MNi)

The dehydrated powder samples of MINi were prepared by heating MINi-H >0 under
vacuo at 400 K for 3 h.
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Physical Measurements

IR spectra were collected on a JASCO FT/IR-4200 spectrophotometer. PXRD patterns
of MNi-H»O were recorded with a Rigaku Ultima IV spectrometer using a reflection-free
sample holder. In situ PXRD measurements under vacuo for MNi were conducted with a
glass capillary connected to a homemade adsorption device. Thermal gravimetric analysis
(TGA) was conducted using a Perkin Elmer STA6000 instrument in the temperature range
of 300-930 K under N, atmosphere (heating rate: 5°C min!). The magnetic properties of
MNi-H;0 and MNi were investigated using a Quantum Design MPMS-XL5R SQUID
in the temperature range of 4400 K under an applied DC magnetic field of 1000 Oe.
Water adsorption and desorption isotherms were obtained using a BELSORP-MAX
volumetric adsorption equipment (Microtrac BEL Corp.) at 298 K. The samples were
dehydrated by heating at 400 K for 3 h before the measurements.

L>3-edge X-ray absorption fine structure (XAFS) measurements of MNi (M = Mn, Fe,
and Co) were performed at BL-11 of Synchrotron Radiation Center in Ritsumeikan
University (SR center). The L>3-edge XAFS spectra of M were obtained at room
temperature in the partial electron yield (PEY) mode with a photon energy resolution of
~500 meV. The varied-line-spacing plane gratings used for the measurement were
supplied with monochromatic light with a photon energy of Av = 40—-1000 eV. A
microchannel plate (MCP) for detecting the Auger and secondary electrons was set at an
angle of 45° below the direction of photon propagation. A voltage of =550 V was used to
the gold mesh installed in front of the MCP for the L3-edge measurements due to the
strong background caused by the C, N, and O K-edge absorptions in the spectra, Sample
preparation was carried out in an Ar-filled glovebox to prevent H>O adsorption of
atmospheric water. The sample was transported to a vacuum chamber by using a transfer
vessel. The photon energy for each sample was calibrated relative to top of the L3-edge
peak of MnxO3 (641.5 eV), a-Fe>03 (709.7 eV), and LiCoO> (780.3 eV), respectively.
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K-edge absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements of MNi-H20 and MNi (M = Mn, Fe, and Co) were
carried out at BL-11 of the SAGA Light Source (SAGA-LS). A Si(111) double crystal
monochromator was installed in the range of v = 2.1-23 keV with a photon energy
resolution (dE/E) of 10# — 10%. The XANES and EXAFS spectra were recorded with the
transmission mode at room temperature by two ionization chambers. The absorbance
(—log(11/lo)) was estimated from the incident X-ray intensity (/o) and the transmitted X-
ray intensity (/1). Mixture of He 50%/N2 50% and Ar 15%/N2 85% was employed as
ionization gases for Iy and I;, respectively. The calibration of photon energy was
performed by using a 3d transition metal foil at room temperature. The samples were
diluted with high-purity boron nitride for the appropriate concentration for XAFS
measurement. The samples were sealed in a polyethylene bag. Fourier-transform spectra
were obtained using the k*>-weighted EXAFS spectra in which the K-edge XAFS profiles

were processed using Athena and Artemis software.*?
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Amorphous MNi formation by dehydration of MNi-H20

The crystalline powders of Hofmann-type M(H20)2[Ni(CN)4]-4H>O (MNi-H,O; M =
Mn, Fe, Co) species were synthesized according to a previously reported method.?*2’
Figure 1(a) displays the crystal structure of CoNi-H>0. MNi-H20 formed flexible two-
dimensional (2D) cyanide-bridged layer structures based on the square-planar [Ni(CN)4]*
with octahedral M?*, in which two water molecules coordinate to the axial sites of
M?2* The four water molecules are located between layers as crystal solvents. The powder
X-ray diffraction (PXRD) patterns of MNi-H20 showed that the all MNi-H20 have
isostructural with slight systematic shifts in the diffraction peak positions, indicating the
effect of the different ionic radii of M?* (Figure 1(b)).

(b)
‘ MnNi-H,0
A FeNi-H,0
n CoNi-H,0

CoNi-H0 121
(simulation)
h YOS Y S

5 10 15 20 25 30 35 40 185 19 195 20
26/ degree 26/ degree

Intensity / a.u.

Intensity / a.u.

Fig. 1(a) Crystal structure of CoNi-H2O. Atomic code: Co, purple; Ni, green; C, grey; N,
blue; O, red. H atoms of H2O molecules are omitted for clarity. (b) PXRD patterns of
MNi-H,O (M = Mn, Fe, Co).

The FT-IR spectra of MNi-H20 exhibit the stretching mode of bridging CN™ ligands
around 2180 cm™! and broad bands of water around 1600 and 3000-3600 cm ™! (Figure
2). Thermogravimetric analysis (TGA) suggested that the incorporated six water
molecules in MNi-H20 were removed below 170°C (Figure 3). The dehydrated forms,
MNi, was prepared by heating MNi-H20 at 400 K under vacuo. Although MNi showed
low crystalinity (Figure 4), IR spectra of MNi indicated that the cyanide-bridged structure
maintained after rehydration treatment and the stretching bands of CN™ were confirmed
at 2162 cm™! for MnNi, 2164 cm™' for FeNi, and 2178 ¢cm™! for CoNi (Figure 5),

respectively.
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Fig. 2 IR spectra of MNi-H>O
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Fig. 3 TGA curves of MNi-H,0 (M = Mn, Fe, Co).
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Fig. 4 PXRD patterns of MNi-H2O (blue) and MNi (red), and a simulated pattern of
CoNi-H-O (black). ?°
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Fig. 5 IR spectra of MNi (M = Mn, Fe, Co).
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L>3- and K-edge XAFS spectroscopy

L>3-edge XAFS measurements were performed to reveal the local coordination
structures of the central metals (non-nickel metals) due to the difficulty of
crystallographic structural analysis for amorphous MNi. The information about the local
coordination geometry around the M?* sites can be obtained through L 3-edge XAFS by
allowing survey of the element-selective 3d local electronic structures arising from the
Coulombic interaction between the 2p core-holes and the 3d valence electrons via 2p—3d
(L23-edge) absorption process.*>** The Co L, 3-edge XAFS spectra of CoNi in the partial
electron yield (PEY) mode is shown in Figure 6.

LI [ e s a m e

Fe L, 3-edge XAFS

rrrr [T ™ T T

a (a) Co Ly s-edge XAFS e (b

Intensity / a.u.

705 710 715 720 725
Photon Energy | eV

J (c) Mn Ly 3-edge XAFS

Intensity / a.u.

Intensity | a.u.

" (Zn,Mn)Se m' n’

| IS S N T SO S T T ST T T T T S S T |

775 780 785 790 795 640 645 650 655
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Fig. 6 L»3-edge XAFS spectra of (a) CoNi (black), YBaCo3AlO7 (red),*> CoO (blue solid
line),* and Sr2CoOsCl (blue dashed line).*” (b) FeNi (black) and CsFe>Ses (red).*® (c)
MnNi (black) and (Zn,Mn)Se (red).*

The double-peak structures corresponding to the Co 2p core-hole spin-orbit coupling
were observed as L3 (a and b; hv =779 eV) and L» (c and d; hv= 794 eV) edges, indicating
that the Co?* centers in CoNi formed a tetrahedral geometry. Moreover, comparison with
a reference sample, YBaCo3AlO7, with a tetrahedral Co?* geometry exhibited the similar
L3 and L, edges.* The reference samples of CoO (octahedral Co**; 4 and B)* and
Sr2Co0s3Cl (octahedral Co**; C and D)*’ showed different electronic structures. The
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change in the coordination geometry from octahedral in CoNi-H»O to tetrahedral in CoNi
was also supported by their magnetic properties. The ymT value of CoNi was smaller than
CoNi-H20 due to the smaller orbital contribution of tetrahedral Co** (Figure 7).
Furthermore, the Mn and Fe L> 3-edge XAFS spectra suggested that the Mn and Fe centers
in MnNi and FeNi also formed tetrahedral geometry (Figure 6(b) and 6(c)). The main
peaks assigned to L3 (Fe =708, 710, 712 eV; e-g, Mn = 640, 641, 643 eV; j—I) and L, (Fe
=721, 723 eV; h and i, Mn = 650, 652 e¢V; m and n), which were good agreement with
the tetrahedral geometries of Fe?" and Mn?* (Figure 6(b) and 6(c) also involve the spectra
for CsFe,Ses (tetrahedral Fe?*; e —i’)*® and (Zn,Mn)Se (tetrahedral Mn?*; j —n")*).
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Fig. 7 ymT vs T plots in the heating process (300—400K) for (a) MNi-H20 (M = Mn, Fe,
Co) and (b) NiNi-H20. ymT vs T plots of MNi-H>O and MNi for M = (c) Mn, (d) Fe, (e)

Co, (f) Ni.
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K-edge XANES and EXAFS measurements were conducted for further investigation of
the local structures in MNi. The K-edge XAFS spectra provides the efficient information
of local structures around metal ions via the 1s—4p excitation process.’*>* The pre-edge
peaks were observed in the XANES spectra of MNi (M = Mn, Fe, and Co) at 6538 eV
(Mn), 7110 eV (Fe), and 7707 eV (Co), demonstrating the tetrahedral geometry lacking

the inversion symmetry (Figure 8).
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Fig. 8 K-edge XANES spectra of MNi-H2O, MNi (M = Mn, Fe, Co) and reference
samples of CoO (Co?*"), LiCoO;, (Co**), MnO (Mn?*), Mn,O3 (Mn**), FeO (Fe**), and o-
Fe;03 (Fe**)
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The systematic trend of the bond lengths around central metals was revealed by the
EXAFS data shown in Figure 9(a). The Fourier-transformed spectra exhibited the
characteristic triple-peaks originated from the distances between the central metal (M)
and the neighboring N (dm), C (dmc), and Ni (dv-ni) atoms of the [Ni(CN)4]*~ units,
respectively (Figure 9(b)). These assignments are supported by the close K-edge EXAFS
spectra with triple-peaks in the interdigitated Hofmann-type 2D-MOF of type
Fe(pyridine)2[Ni(CN)4].>* Importantly, the values of dv.x decreased in the order: dcon <
dre-N < dwvinN, corroborating the peak shift of the bridging CN™ bands confirmed in the IR
data (Figure 5).
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Fig. 9 (a) K-edge XAFS spectra of MNi (M = Mn, Fe, and Co), (b) Fourier-transformed
spectra. (c) Schematic illustration of the distance between the central metals (M) and the
neighboring N atom of CN™ ligand (dm-n).
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Metal-dependent Water Adsorption Behavior

Finally, we demonstrated the impact of differences in the coordination environment
involving the bond lengths for MNi series on the water adsorption behaviors.

The water adsorption behaviors were compared to those of the control material
Ni[Ni(CN)4] (NiNi), having a hydrated form of type Ni(H20)2[Ni(CN)4]-4H>O (NiNi-
H:0) identical that of the other MNi-H2O materials. Notably, the local geometry of the
N-coordinated Ni?* centers of NiNi retained a square-planar geometry after dehydration
treatment.>> We could investigate the structural impacts arising from different local
structures of M?* on the water adsorption behaviors by using NiNi. Figure 10 showed that
the all MNi adsorbed approximately six water molecules at 298 K along with re-forming
the crystalline MNi-H»O (Figure 11); however, the adsorption profiles strongly depended
on the central metals. The one-step abrupt water adsorption at a certain vapor pressure
(Pads) was observed in M = Mn, Fe and Co compounds. However, NiNi displayed two-
step adsorption from the low-vapor pressure region. Hence, the one-step water adsorption
property was attributed to the tetrahedral metal centers in amorphous MNi (M = Mn, Fe
and Co).
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Fig. 10 H>O adsorption/desorption isotherms of NiNi (orange), MnNi (red), FeNi (green),
and CoNi (blue) at 298 K. The filled and open circles display the adsorption and

desorption processes, respectively.
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Fig. 11 PXRD patterns of MNi-H2O (black), MNi (red), and MNi-H2O (rehydration;
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Importantly, crystalline materials with square-planar and tetrahedral centers adopting a
similar 3D-sphalerite type structure have been reported (named as Fe[Pd(CN)4] (FePd))>°
and Zn[M(CN)s] (M = Ni, Pd, Pt).>’ Also, FePd showed one-step water adsorption
behavior originating from a reversible single-crystal to single-crystal transformation from
the 3D structure with tetrahedral Fe** to 2D Hofmann-layers with octahedral Fe** in
Fe(H20)2[Pd(CN)4]-4H>0 (FePd-H>0) involving cleavage and reforming of the cyanide
bridges (Figure 12).°
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Fig. 12 Crystal structure of (a) Fe[Pd(CN)4] and (b) Zn[Ni(CN)4]
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Thus, the water-driven amorphous—crystalline transformation of MNi plausibly involve
the similar change in the local structure around the M?* centers except for M = Ni. The
coordinative water adsorption with amorphous—crystalline changes and the ensuing
lattice water adsorption would be observed as one-step adsorption because MNi with
tetrahedral structure do not possess interstitial adsorption sites. Moreover, the Pags of MINi
was related to the local structure of the M?* centers, where the values of P.gs increased as
the dvn became shorter. That is, smaller dv.x values give rise to higher activation
energies in the amorphous—2D structural changes because of hard breaking of the cyanide
bridge.>3-%° Additionally, MNi showed no structural transformations for other guests such
as MeCN, THF, and MeOH vapor (Figure 13).
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Fig. 13 IR spectra of MNi under saturated MeOH, THF, and MeCN vapors for M = (a)
Mn, (b) Fe, (¢) Co.
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The suggested mechanism of the water adsorption behaviors in MNi is also supported
by the result of NiNi, showing the two-step water adsorption. In the first step, intermediate
state of Ni(H20)2[Ni(CN)4]-H2O was formed with the coordination of water molecules to
square-planar Ni?* sites.> Then second adsorption step was observed around P/Py = 0.9.
Thus, the resultant two-step adsorption behavior in NiNi was driven by the formation of
the intermediate stable structure, which required smaller activation energy than those of
the other MNi systems with corresponding tetrahedral geometry (Figure 14).
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Fig. 14 Schematic illustration of the differences in the adsorption process for MNi
analogues (M = Mn, Fe, Co, and Ni).
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Conclusion

We described the rational design of cyanide-based amorphous metal-organic
frameworks (MOFs) M[Ni(CN)s] (MNi; M = Mn, Fe, Co) through regulating the water
adsorption properties by changing the central metals. All three compounds of MNi
showed an abrupt water adsorption up to six water molecules at a certain vapor pressure
(Pags) and  undergo conversion to crystalline Hofmann-type  MOFs,
M(H20)2[Ni(CN)4]-4H,O (MNi-H20; M = Mn, Fe, Co). Although the amorphous
properties of these materials prevented structural elucidation using X-ray crystallography
techniques, L»3- and K-edge XAFS analyses revealed that the Pags for water adsorption is
related by the tetrahedral M?* centers and bond length in amorphous MNi. In contrast,
Ni[Ni(CN)4] (NiNi) with square-planar Ni** centers did not undergo significant structural
transformation, and therefore abruptly adsorbed water in the low-pressure region. The
number of investigations of amorphous MOFs has increased rapidly because of their
potential for applications; however, the strict interpretation of structure—property
relationship of amorphous MOFs is still difficult at this stage. From this perspective, this
work finally highlights the control of guest adsorption properties arising from the local
structure in amorphous phases can provide new insights into the rational design of

functional amorphous materials.
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Chapter 2

Guest-induced Magnetic Phase Switching in

Dianion-based Flexible Porous Magnets

Abstract

Novel porous magnets of type [Ni''(dmen):]2[Fe"™(CN)s](A)o.s-7H0 (dmen =
1,1-dimethylethylenediamine, A* = 1,5-anthraquinonedisulfonate (AQDS?*; 1_H;0) or
= Azobenzene-4,4’-dicarboxylate (AZDC?>; 2 H»0)) were synthesized. These
compounds possessed different packing structures consisting of cationic 2-D layers
extended by Fe'-CN-Ni!! linkages and A* weakly interacted the layers as a pillar-anion.
1_H>O0 formed a pseudo 3-D pillared-layer type structure, in which the dianions were
located at each interlayer space uniformly. In contrast, 1_H>O possessed a double-layer
type framework with different interlayer structure, and AZDC? weakly linked the layers
as a pseudo-pillar-anion. Significant structural changes with guest uptake and release
were confirmed by in situ powder X-ray diffraction measurements in both compounds.
Furthermore, in situ magnetic measurements under guest atmosphere revealed that the
magnetic phase of 1 and 2 changed depending on the guest molecules. Dehydrated forms
of 1 and 2 exhibited metamagnetic behavior around 10 K based on a ferromagnetic

intralayer interaction between Ni'! and low-spin Fe!!

and an antiferromagnetic interlayer
interaction After adsorbing H-O and MeOH in 1, ferromagnetic ordering with shifts of
ordering temperature was observed. On the other hand, 2 exhibited two-steps CO2
adsorption with gate-adsorption around Pcoz = 85 kPa. In situ magnetic measurements
under CO; revealed that the ferromagnetic behavior appeared at Pco: = 100 kPa. The
flexible framework including the pillar dianions successfully converted the magnetic

phase through the interlayer structural change accompanying guest adsorption.
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Introduction

Chemo-switchable magnetic materials have attracted much attention because of their
potential for applications such as chemical sensors and memory devices.!” Recently,
porous materials based on porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs) are expected to be stimuli-responsive materials for interlocking
porosity-related functions and physical properties based on their highly regular, flexible
and designable structures.®® Indeed, the number of reports on MOFs showing magnetic
variability for guest molecules have been investigated.!%!” Several mechanisms of guest-
induced magnetic phase conversion have been explored;'®?° however, establish of
promising guideline for magnetic-MOF design to guest molecules remains challenging
due to a trade-off relationship between the short intermetallic distances for efficient
magnetic interactions and the extended ligand length favorable for porosity.

Herein, we demonstrate the design of novel flexible porous magnets showing
magnetic phase conversion through significant structural changes driven by guest
molecules. We prepared two types of porous magnets consisting of cationic magnetic
layers [{Ni'(L)2}2{Fe™(CN)¢}]" and dianions as pseudo-pillars. The magnetic layers
with monoanions have been reported by our group, in which the magnetic properties of
the framework were depended on weak interlayer interactions arising from the interlayer
distance.’® The dianion-based porous magnets were synthesized for the purpose of (i)
constructing flexible and porosity-rich magnetic materials, (ii) interconnecting magnetic
layers in the ionic MOFs, and (iii) control the interlayer distance with guest molecule. We
selected a rigid dianion, 1,5-anthraquinonedisulfonate (ADQS?’), as a pseudo-pillar
ligand for the abovementioned purposes, and pseudo three-dimensional (3-D) porous
magnet was rationally prepared.!

Furthermore, we achieved COs-induced magnetic phase switching from
antiferromagnetic to ferromagnetic phases using a novel double-later type porous magnet.
CO; is one of the most attracted sensing target because of the environmental problems
associated with the increasing concentration of CO; in the atmosphere.**-* From this
perspective, a novel CO;-responsive porous magnet was synthesized rationally by
incorporation of interaction site for CO> molecules. We selected a pseudo-pillar dianion,
Azobenzene-4,4’-dicarboxylate (AZDC?), because the dipole—quadrupole interactions
between polarizable CO2 molecule and the accessible nitrogen site have been reported.>*
36 Furthermore, theoretical and experimental studies have also been shown that nitrogen
donor groups in the framework enhance the CO: adsorption capacity and selectivity,

indicating the ideal adsorbents for CO, capture.’’->
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Experimental Section

Materials

All chemicals were purchased from commercial sources and used without further
purification.  Precursor  complex, [Ni'(dmen);]Cl (dmen = 1,1-
dimethylethylenediamine, H2NC(CH3),CH>NH») was prepared according to literature
method.’®  [Ni'(dmen),]2[Fe™(CN)6](AQDS)os-7HO (1_H20; AQDS* = 1,5-
anthraquinonedisulfonate) and [Ni'{(dmen),]2[Fe"(CN)s]J(AZDC)os-7H.O (2_H»O0;
AZDC?* = Azobenzene-4,4’-dicarboxylate) were prepared by following steps.

Single Crystals of [Ni"'(dmen):]2[Fe"'(CN)s](AQDS)o5-7H.0 (1_H,0)

1_H>0 was prepared by a liquid phase diffusion method in a straight tube. A solution
of [Ni'!(dmen);]Cl> (40 mg, 0.1 mmol) and Na,AQDS (10.3 mg, 0.025 mmol) in H,O (10
mL) were added to a solution of K3[Fe(CN)s] (16 mg, 0.05 mmol) in HO (10 mL) at
room temperature. The solution was allowed to stand for several weeks and the brown
crystals were obtained. Yield: 72 %. Elemental analysis (%); Calcd. for
C20H45N14SO9 sNixFe: C 36.24, H 6.19, N 20.40; found: C 36.25, H 6.42, N 20.45.

Single Crystals of [Ni''(dmen):]2[Fe"'(CN)s](AZDC)o.5-7H20 (2_H:0)

2_H20 was prepared by a liquid phase diffusion method in a straight tube. A solution
of [Ni'!(dmen);]Cl> (40 mg, 0.1 mmol) and Na,AZDC (15.7 mg, 0.025 mmol) in H>O (10
mL) were added to a solution of K3[Fe(CN)s] (16 mg, 0.05 mmol) in HO (10 mL) at
room temperature. The solution was allowed to stand for several days and the brown
crystals were obtained. Yield: 64 %. Elemental analysis (%); Calcd. for
C29Hs4N1503NixFe: C 41.76, H 6.53, N 25.19; found: C 41.87, H 6.45, N 24.76.

Powder Samples of 1 and 2

The dehydrated powder samples of 1 and 2 were prepared by heating 1_H>O and
2 _H»O under vacuum at 400 K for 6 h for 1_H>O and at 420 K for 12 h for 2_H»O.

Powder Samples of 1_MeOH

The powder samples of methanol clathrate (1_MeOH) were prepared via a vapor
diffusion method. The dehydrated powder samples of 1 were placed under MeOH vapor
for 3 h.
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Physical Measurements

Elemental analyses of carbon, hydrogen and nitrogen for
[Ni''(dmen),]2[Fe"™(CN)e](A)o.s- 7H,O (dmen = 1,1-dimethylethylenediamine, A* = 1,5-
anthraquinonedisulfonate (AQDS?; 1_H»0) or = Azobenzene-4,4’-dicarboxylate
(AZDC?*; 2_H,0)) were carried out at the division of graduate school of science in
Kyushu University. Infrared (IR) spectra were recorded with a JASCO FT/IR-4200
spectrophotometer with an ATR accessory. Thermal gravimetric analysis (TGA) was
performed using a Perkin Elmer STA6000 instrument, in the temperature range of 30—
700°C, under N> atmosphere (heating rate: 5°C min!). PXRD patterns at room
temperature were collected on a Rigaku Ultima IV spectrometer using a reflection-free
sample holder (A = 1.5418 A). In situ PXRD measurements for dehydrated 1 and 2 were
conducted under vacuum with a glass capillary connected to a homemade adsorption
equipment. /n situ variable-pressure powder X-ray structural analysis (VP-PXRD) of 2
was carried out using a Rigaku Smart Lab with Cu—Ka radiation (A = 1.54178 A)
connected to BELSORP-18PLUS volumetric adsorption equipment. Adsorption and
desorption isotherms were acquired using a BELSORP-MAX volumetric adsorption
equipment (Microtrac BEL Corp.). The magnetic properties were investigated using a
Quantum Design MPMS-XL5R SQUID. The samples were put into a gelatin capsule,
placed in a plastic straw, and then fixed to the end of the sample transport rod. In situ
magnetic measurements were carried out using a Quantum Design MPMS-XL5R SQUID
connected to an adsorption device (BELSORP-min II-PR). The samples were put into a
homemade sample cell, and then fixed to the end of the sample transport rod. Diamagnetic
correction was calculated by using Pascal constant.’> The molar magnetic susceptibility
(ym = M/H) were corrected for the diamagnetism of the constituent atoms and the sample
tube. The temperature dependence of field cooled magnetization (FCM) curves were
measured in the temperature range of 2—30 K under an applied magnetic field of 10 Oe.
The field-dependence of magnetization curves were measured in the field range of -5 T
to 5 T at 2 K. Temperature dependence of alternating-current (ac) magnetic
susceptibilities (y m = in phase, "M = out of phase) were measured in the frequency range
of 1-100 Hz under a zero dc field and an oscillating field of 3 Oe.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data of 1_H20 and 2_H20 were collected on a Bulker
SMART APEX II ULTRA CCD-detector Diffractometer, a rotating-anode (Bruker
Tourbo X-ray source) with graphite-monochromated MoK g, radiation (A = 0.71073 A)
was used. Computations were carried out on APEX2 crystallographic software package

and OLEX2 software.’* A single crystal was mounted on a polymer film with liquid
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paraffin and the temperature kept constant under flowing N, gas. The structure of 1_H>O
was solved by a standard direct method (XSHELL V6.3.1 crystallographic software
package of the Bruker AXS) and expanded Fourier techniques. Full-matrix least-squares
refinements were carried out with anisotropic thermal parameters for all non-disordered
and non-hydrogen atoms. All of the hydrogen atoms were placed in the measured
positions and refined using a riding model. Relevant crystal data collection and
refinement data for the crystal structure of 1_H>,O (CCDC 2063060) and 2 _H»O are
summarized in Table 1 and Table 2.
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Table 1. Crystallographic data and refinement parameter for 1_H»>O

1_H:0
CCDC 2063060
Formula C29H4sN14SO11NixFe
Temperature / K 100
Crystal system Monoclinic
Space group P2\/n
alA 14.205(2)
b/A 21.812(2)
c/A 14.694(2)
al® 90
ple 90.464(1)
y/° 90
VA3 4552.7(8)
Z 4
Goodness of Fit 1.046
R; 4.57
WwR> 13.2

Table 2. Crystallographic data and refinement parameter for 2 H,O

2 H,O
Formula C29Hs2N1509Ni2Fe
Temperature / K 196
Crystal system Triclinic
Space group P1
alA 10.3404(16)
b/A 10.4112(16)
c/A 21.615(3)
al® 102.089(2)
ple 97.493(2)
y/° 96.179(2)
VA3 2234.0(6)
Z 2
Goodness of Fit 1.052
R; 5.30
WR> 14.96
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Crystal Structure of 1_H>O and 2_H>O

Dianion-based porous magnets, [Ni'(dmen):]2[Fe"(CN)s](A)o.s:7H2O (dmen = 1,1-
dimethylethylenediamine, A* = 1,5-anthraquinonedisulfonate (AQDS?*; 1_H;0) or =
Azobenzene-4,4’-dicarboxylate (AZDC?"; 2__H,0)) were synthesized by slow diffusion
of an aqueous solution of [Ni(dmen)3]Clz, K3[Fe(CN)s] and Na,AQDS or Na,AZDC.
Powder samples of 1_H>O and 2_H»O for physical measurements were prepared for
characterization by mixing the same components in water. In the synthesis process, the
slow dissociation of [Ni(dmen);]*>* into [Ni(dmen),]** in aqueous solution leads to the

growth of crystals in a self-assembling process (Scheme 1).

N ) N )
<N///"[\|j"\\\\N e [\lj"\\\\N
I — ‘Ni
N | YN N7 | I
N\J N
[NiL3])?* [NiL,]%*

Scheme 1 Dissociation of [NiL3]** into [NiL,]**
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Single crystal X-ray diffraction (SCXRD) analysis revealed that 1_H»O possessed a
pseudo 3-D pillared-layer-type structure derived from cationic two-dimensional (2-D)
[{Ni''(dmen),},{Fe(CN)¢}]" layers and dianions (AQDS?), in which AQDS?*  was
located between grid-like pillar layers uniformly (Fig. 1, Table 1). Solvent-accessible void
space was calculated at 14.7 % by using PLATON/VOID software.>®> Thermogravimetric
analysis (TGA) of 1_H>O indicated the removal of all lattice water molecules in 1_H>O
below 420 K (Fig. 2). The crystalline powder samples of 1 was obtained by heating
1_H>O0 at 400 K under vacuum. The activation treatment of 1_H>O induced a remarkable
diffraction peak shifts to higher angles, suggesting the shrinkage of the framework (Fig.
3). The cell parameters of 1 was calculated using FOX and RIETAN-FP software,>>°
resulting in @ = 13.8370(10) A, b =20.268(11) A, ¢ = 14.594(12) A, B=90.155(14)° at
298 K (Fig. 4).

@ (b)

Fig. 1 Crystal structure of 1_H>O viewed along the (a) c-axis and (b) b-axis. Atomic code:
Fe, orange; Ni, green; C, grey; N, blue; O, red; S, yellow, respectively. C atoms of dmen
and all H atoms are omitted for clarity.
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Fig. 1 (¢) An ORTEP drawing of the crystal structure for 1_H>O from a view along c-
axis. Atomic code: Fe, orange; Ni, green; C, grey; N, blue; O, red; S, yellow, respectively.
Lattice solvents and H atoms are omitted for clarity. Thermal ellipsoids are shown at the
50% probability level.
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Fig. 2 TGA curve of 1_H>0
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Fig. 3 PXRD patterns of 1_H»O (blue), 1 (red), 1_H»O (rehyd.) (orange) and simulated
pattern of 1_H»O (black)
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Fig. 4 Le Bail analysis of 1 under vacuum at 298 K with the result of PXRD pattern (A =
1.5418 A). Red dots, black line, and blue line represent the observed plots, calculated
pattern, and their difference, respectively. Green bars are the calculated positions of the

Bragg reflections.
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SCXRD analysis revealed that 2 H,O formed a double-layer type framework structure
in which AZDC? weakly interact with layers as a pseudo-pillar-anion (Fig. 5, Table 2).
TGA of 2_H»O suggested that the removal of all lattice water molecules in 2_H20 below
420 K (Fig. 6). The crystalline powder samples of 2 was obtained by heating 2 H,O at
420 K under vacuum. The activation treatment of 2 H»O induced a remarkable
diffraction peak shifts to higher angles, suggesting the shrinkage of the framework (Fig.
7). The cell parameters of 1 was calculated using FOX and RIETAN-FP software,>>¢
resulting in @ = 10.187(2) A, b = 10.362(11) A, ¢ = 20.970(6) A, a = 102.92(6)°, B =
98.39(4)°, y=91.45(6)° at 298 K (Fig. 8).

—4— % A EERSEn GED S o
A AT

—F—t—F—4 ; +-
. P S o

b-#%*‘r%*’*#*‘

a

Fig. 5 Crystal structure of 2_H>O viewed along the (a) b-axis and (b) c-axis. Atomic code:
Fe, orange; Ni, green; C, grey; N, blue; O, red, respectively. C atoms of dmen and all H

atoms are omitted for clarity.
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Fig. 6 TGA curve of 2_H,0
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Fig. 7 PXRD patterns of 2 H,O (blue), 2 (red), 2_H»O (rehyd.) (pink) and simulated
pattern of 2_H»O (black)

54



. T/K:298
100 Triclinic P1

al A :10.187(7)
b/ A :10.362(9)
c/ A :20.970(6)
al° :102.92(6)
Bl° :98.39(4)
y/° :91.45(6)
“ VI A%:2130(2)
Rup = 5.217

Intensity / a.u.

sy owm W Viem oW S e i W ms s 8 Sa A e § R Sm e

"
° A

f . . R "
g e ™~ | ‘,/ e AP A ey, ﬂ'[ “’ﬂ_',‘\ A e, TUUUIP PR

‘vl v

6 $ 10 12 14 16 18 20 2 po) 26 2 30

26/ degree

Fig. 8 Le Bail analysis of 2 under vacuum at 298 K with the result of PXRD pattern (A =
1.5418 A). Red dots, black line, and blue line represent the observed plots, calculated
pattern, and their difference, respectively. Green bars are the calculated positions of the

Bragg reflections.
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Guest-responsivities of 1 and 2

The guest-responsivities of 1 and 2 was investigated through adsorption, PXRD and
magnetic studies. The adsorption and desorption profiles of 1 for H,O, MeOH, and EtOH
at 298 K are shown in Fig. 9. 1 exhibited two-step adsorption behavior for H>O in which
an abrupt adsorption was observed in the initial adsorption process (P/Pp < 0.3). In
contrast, the gate-opening behavior was observed in the second phase (P/Py > 0.8). The
saturated amount of adsorbed water was 6.78 mol/mol, collaborating the result of SCXRD
analysis (Fig. 1, Table 1). On the other hand, 1 exhibited one-step MeOH adsorption
behavior with gate-opening (P/Py = 0.3), while EtOH was not adsorbed unlike H>O and
MeOH.

70 | @@®® adsorption
| OOO desorption

6.0
5.0
4.0
3.0

2.0

Amount Adsorbed | mol mol-"

1.0

EtOH

0.0 & f == ———=—u——00

0 01 02 03 04 05 06 07 08 09 1
P/ Py

Fig. 9 Adsorption/desorption isotherms of 1 for H O (blue), MeOH (green) and EtOH
(orange) at 298 K. The filled and open circles display the adsorption and desorption

processes, respectively. Solid lines represent a guide for easier viewing.
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The differences in adsorption behaviors of 1 were revealed by considering the
environment of the guest-accessible pores. The space-filling model of 1_H>O indicated
that the methyl groups of dmen were exposed on the pore surface, leading to the
construction of bottleneck-type pores with narrow entrances for guest molecules (Fig.
10(a)). The size-selective guest adsorption behaviors were caused by the restricted pore
size (Fig. 10(b), Fig. 11).°® Thus, MeOH molecules required a higher vapor pressure
compared to H>O molecules due to the narrow accessible space in 1. EtOH molecules
were not adsorbed due to the size limitation imposed by the narrow entrance. Also,
gaseous molecules, such as N> and CO;, were not adsorbed due to weak interaction (Fig.
12).

4

‘Db,
L 3 M

Fig. 10 (a) The space filling model of 1_H»O viewed along the a-axis. Orange, light blue,
blue and grey colours in the framework represent AQDS?, dmen methyls, N atoms of
[Fe(CN)s]*, and the remaining atoms, respectively. H>O molecules are omitted for clarity.
(b) The bottleneck-type pores of 1_H>O with guest-accessible surface viewed along the
c-axis. Atomic code: Fe, orange; Ni, green; C, grey; N, blue; O, red; S, yellow. H and O
atoms of H>O molecules are omitted for clarity.

2O

H,O MeOH EtOH
Kinetic diameter (A) 2.641 3.626 4.530

Fig. 11 Kinetic diameter of H,O, MeOH and EtOH3®
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Fig. 12 Adsorption isotherms of 1 for N> (black) and CO- (red). The filled circles display

the adsorption process.
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The structural changes with guest adsorption and desorption of 1 were confirmed by
PXRD patterns. Rehydrated state of 1 (named as 1_H»O (rehyd.)) and the methanol-
adsorbed state (1_MeOH) were obtained by a vapor diffusion method. 1_H»O (rehyd.)
formed a similar structure that of 1_H»O, suggesting the reversible structural changes
dehydration and hydration treatment (Fig. 3). Notably, the (020) plane corresponding to
the interlayer distance shifted with water uptake and release (Fig. 13). The interlayer
distances (d) of were calculated by Bragg’s law,” resulting in the values of 10.14 A
(1_Hz0) and 11.08 A (1), respectively (Table 3). Hence, the resultant d values reflected
the flexibility of the pseudo-pillared-layer structure, leading to gate-opening behavior.
1_MeOH also showed analogous interlayer expansion, in which the d value of 1_MeOH

was 10.89 A.

1_MeOH

Intensity / a.u
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Intensity [ a.u
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1_H,0
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Fig. 13 PXRD patterns of 1_H>O (blue), 1 (red), and 1_MeOH (green) at 298 K
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Fig. 14 IR spectra of (a) 1_H2O (blue), 1 (red), 1_MeOH (green)

Table 3 Diffraction angles (26) of the (020) diffraction peak and interlayer distances (d)
of 1 H»O, 1, and 1_MeOH.

Sample 260/degree d/A @
1_H>O 7.98 11.08
1 8.72 10.14
1_MeOH 8.12 10.89

“Interlayer distance (d) was estimated from the equation d = nA/2sin6, where n and
A represent an integer and the X-ray wavelength, respectively.
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The H>O-responsivity of 2 was investigated through adsorption, PXRD and magnetic
profiles. The adsorption and desorption profiles of 2 for H>O at 298 K are shown in Fig.
15. 2 displayed an abrupt H>O adsorption from the low-humidity region, in which the
saturated amount of adsorbed H>O (7.12 mol/mol), collaborating the result of SCXRD
analysis (Fig. 5, Table 2). Rehydrated state of 2 (2_H»O (rehyd.)) was obtained via a
vapor diffusion method. 2 H,O (rehyd.) formed a similar structure that of 2_H»O,
suggesting the reversible structural changes dehydration and hydration treatment (Fig. 7).
Notably, the (002) plane corresponding to the interlayer distance shifted with water uptake
and release (Fig. 7).
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Fig. 15 Adsorption/desorption isotherms of 2 for H>O at 298 K. The filled and open circles
display the adsorption and desorption processes, respectively. Inset: low vapor pressure

region.
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The CO»-responsivity of 1 was investigated via adsorption, in situ variable-pressure
powder X-ray structural analysis (VP-PXRD) and in situ magnetic measurements. 1
exhibited two-step CO; adsorption with 1st physical adsorption (Pco2 < 50 kPa) and 2nd
gate-opening behavior (Pco2 > 85 kPa) at 196 K (Fig. 16). Furthermore, hysteric
adsorption and desorption profiles indicate that the strong host-guest interaction was
operated in the framework.
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Fig. 16 Adsorption isotherms of 2 for CO; at 196 K. The filled and open circles display
the adsorption and desorption processes, respectively. Solid lines represent a guide for

easier viewing.

COz-induced structural changes in 2 were monitored by in sifu variable-pressure
powder X-ray structural measurement (VP-PXRD) at 196 K. 2 was prepared via
activation treatment by heating at 420 K for 12 h before the measurements. The PXRD
pattern of COz-adsorbed sample at Pcoz = 50 kPa (25 CO» (50 kPa)) showed the similar
to the dehydrated , indicating that the large structural change was not occurred in the 1st
CO; adsorption process (Fig. 17). In contrast, CO»-adsorbed state at Pco2 = 100 kPa (25
CO7 (100 kPa)) exhibited the remarkable peak shift to lower angles, demonstrating the
interlayer expansion with 2nd CO» adsorption step (Fig. 17). The interlayer distances (d)
of 2, 22CO, (50 kPa) and 2 D CO, (100 kPa) were calculated by Bragg’s law,> resulting
in the values 0f 9.71 A, 10.01 A and 11.26 A, respectively (Table 4). Hence, the resultant
d values reflected the flexibility of the double-layer structure, leading to gate-opening
behavior.

62



Intensity / a.u.
Intensity / a.u.

_JL JLEEOZ (50 kPa) L
L A u
5

10 15 20 25 30 65 75 85 95
260/ degree 260/ degree

Fig. 17 PXRD patterns of 2 (red), 2 O CO: (50 kPa) (green), and 2 O CO, (100 kPa)
(orange) at 196 K

Table 4 Diffraction angles (26) of the (020) diffraction peak and interlayer distances (d)
of 2,225CO0; (50 kPa), and 2O CO> (100 kPa) at 196 K

Sample 260/degree d/A @

2 8.94 9.71

25 CO0O2(50 kPa) 8.83 10.01
25 CO0O2 (100 kPa) 7.85 11.26

“Interlayer distance (d) was estimated from the equation d = nA/2sin6, where n and
A represent an integer and the X-ray wavelength, respectively.
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Guest-induced Magnetic Phase Switching of 1 and 2

Magnetic profiles for 1 and its solvent adsorbed states (1_H>O and 1_MeOH) were
investigated to explore the magnetic response with guest adsorption and desorption.
Magnetic susceptibilities (ym) were measured under a dc magnetic field of 10 Oe.
Temperature dependence of field-cooled magnetization (FCM) for 1, 1_H»O, and
1_MeOH are shown in Fig. 18(a). For guest-free 1, the yw started to increase sharply at
approximately 10 K, reaching a maximum of 82.5 cm*mol™! at 9 K, and then decreased
to 2.9 cm®mol ™! at 2 K upon cooling process. The resultant sharp peak of 1 indicated the
occurrence of an antiferromagnetic ordering. Additionally, field dependence of the
magnetization (M—H) curves at 2 K demonstrated that the magnetization value of 1 was
5.13 Ngat 5 T (Fig. 18(b)), which was consistent with that for two ferromagnetically
coupled Ni(Il) (S = 2/2) and one low-spin Fe(Ill) (S = 1/2) ions per
[{Ni(dmen)2}2{Fe(CN)s}]" unit. Importantly, ferromagnetic interaction based on the
strict orthogonality between the magnetic drt orbitals of the low-spin Fe(III) ion and the
do orbitals of the Ni(IT) ion is worked in the cationic 2-D sheets.®® On the other hand, 1
exhibited a spin-flip behavior at approximately 250 Oe in the initial magnetization curve
(Fig. 18(b) inset), that is, metamagnetic behavior.®!
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Fig. 18 Magnetic properties of 1 (red), 1_H>O (blue), and 1_MeOH (green). (a)
Temperature dependence of v vs T plots under an applied magnetic field of 10 Oe. (b)
Field dependence of magnetization curves at 2 K. Inset: low-magnetic field region.
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Moreover, a magnetic hysteresis loop of 1 showed a coercive field (H.) of 300 Oe in

the applied external fields was in the range of -5 T to 5 T at 2 K (Fig. 19), indicating that

1 was categorized as a field-induced ferromagnet. The magnetic profile suggested the

strong magnetic anisotropy of 1 due to its structural anisotropy, in which the

ferromagnetic ordered spins were preserved by overcoming the antiferromagnetic

interlayer interactions. Furthermore, temperature dependence of alternating-current (ac)

magnetic susceptibilities (¥ M = in-phase, y "M = out-of-phase) was measured to confirm

the magnetic ordering. Fig. 20 depicts the yM vs. 7 and y"Mm vs. T Plots for 1 in the

frequency range of 1-100 Hz under a zero dc field and an oscillating field of 3 Oe. The

single distinct peak of 1 without notable frequency dependence indicated that the phase

transition temperature of 1 was determined to be 11 K and the long-range ordering of 1

might be caused by the partially produced spin-canted domains.
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Fig. 19 Magnetic hysteresis curves of (a) 1_H»O (blue), (b) 1 (red) and (c) 1_MeOH

(green) at 2 K.
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Fig. 20 Temperature dependence of ym vs. T and y "M vs. T plots for (a) 1_H»O, (b) 1 and
(c) 1_MeOH measured in the frequency range of 1-100 Hz under a zero dc field and an
oscillating field of 3 Oe (temperature range: 2—30 K).
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In contrast, 1_H>O and 1_MeOH exhibited abrupt increase of ym values at
approximately 10 K upon cooling in which the maximum values of 201.2 cm*mol™!
(1_H>0) and 204.0 cm® mol™! (1_MeOH) at 2 K, respectively (Fig. 18(a)). The resultant
magnetic behaviors of 1_H>O and 1_MeOH indicated the occurrence of a ferromagnetic
ordering. Also, temperature dependence of ac magnetic susceptibilities of 1_H»O and
1_MeOH demonstrated that the phase transition temperatures were determined to be 10
K (Figs. 20). 1 H»,0 and 1_MeOH also possessed a ferromagnetic coupling in the
cationic sheets, which was confirmed by the magnetization values of 1_H,O and
1 MeOH at 5 T were 5.11 and 5.05 N (Fig. 18(b)). However, the degree of hysteresis
loops with H: of 1_H>0 (200 Oe) and 1_MeOH (500 Oe) were different, indicating the
deference in the magnetic anisotropy originating from the intralayer structure (Fig. 21).
Furthermore, 1_H>O (rehyd) and methanol-re-adsorbed sample (1_re-MeOH) showed
the same magnetic profiles as 1_H>0 and 1_MeOH (Fig. 22), indicating the reversible
magnetic responsivity of 1.
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Fig. 21 (a) PXRD patterns of 1_H>O (blue), 1 (red) and 1_MeOH (green). (b) Lattice
plane of (202) and (212)
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Fig. 22 Temperature dependence of ym vs T plots for (a) 1_H>O (blue), 1 (red), 1_H,O

(rehyd.) (orange) and (b) 1_MeOH (green), 1 (red), 1_re-MeOH (black) under an applied
magnetic field of 10 Oe.
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Magnetic profiles for 2 and 2__H»0, and CO;-adsorbed states (2 5 CO> (50 kPa) and (2
D CO; (100 kPa)) were investigated through in situ magnetic measurement. Magnetic
susceptibilities (ym) were measured under a dc magnetic field of 10 Oe. Temperature
dependence of field-cooled magnetization (FCM) for 2_H»O and 2 are shown in Fig. 23.
Both 2_H>0 and 2 showed antiferromagnetic transition, in which the yw started to
increase sharply at approximately 10 K, reaching a maximum of 23.3 cm®mol™! (2_H>O,
at 9 K) and 16.7 cm®mol™! (2, at 11 K), and then decreased to 2.9 cm*mol ™ at 2 K upon
cooling process. Additionally, M—H curves at 2 K demonstrated that the magnetization
value of 4.95 N (2_H;0) and 5.25 Nf (2) were observed at 5 T, suggesting the
ferromagnetic coupling in the cationic 2-D sheet (Fig. 24).
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Fig. 23 Temperature dependence of ym vs T plots of 2 H>O (blue), and 2 (red) under an
applied magnetic field of 10 Oe.
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Fig. 24 Field dependence of magnetization curves of 2_H20 (blue), and 2 (red) at 2 K.

Inset: low-magnetic field region.
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Magnetic behaviors of the two types of COz-adsorbed states were investigated through
in situ pressure-dependent magnetic measurement under CO; at 196 K. In situ magnetic
measurements were performed using a Quantum Design MPMS-XLS5R SQUID
connected to an adsorption device (BELSORP-min II-PR). The samples were put into a
homemade sample cell, and then fixed to the end of the sample transport rod (Fig. 25).

Fig. 25 In situ magnetic measurement system
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Fig. 26 shows the FCM profiles for 2, 25 CO, (50 kPa) and 25CO; (100 kPa). 1O
CO2 (50 kPa) showed similar magnetic behavior that of 2, in which the ym of 12 CO2 (50
kPa) started to increase sharply at approximately 10 K, reaching a maximum of 20.15
cm’mol ! at 11 K, and then decreased to 7.59 cm®mol ! at 2 K, antiferromagnetic ordering.
Moreover, M—H curve at 2 K of 225 CO, (50 kPa) exhibited the magnetization value of
5.29 Npat 5 T (Fig. 27). In contrast, 22 CO> (100 kPa) displayed an abrupt increase of
m value and the maximum value of 164.5 cm?mol ™! at 2 K, suggesting ferromagnetic
ordering. Furthermore, temperature dependence of ac magnetic of 2 5 CO (100 kPa)
susceptibilities was measured to confirm the magnetic ordering. Fig. 28 depicts the ym
vs. T Plots for 25 CO> (100 kPa) in the frequency range of 1-1000 Hz under a zero dc
field and an oscillating field of 3 Oe. The single distinct peak of 25 CO> (100 kPa)
without notable frequency dependence indicated that the phase transition temperature of
25C0; (100 kPa) was determined to be 11 K and the long-range ordering of 25 CO;
(100 kPa) might be caused by the partially produced spin-canted domains.
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Fig. 26 Temperature dependence of ym vs T plots of 2 (red), 2 5 CO» (50 kPa) (green), and
25C0, (100 kPa) (orange) under an applied magnetic field of 10 Oe.
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Fig. 27 Field dependence of magnetization curves of 2 (red), 2O CO, (50 kPa) (green),
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Fig. 28 Temperature dependence of yM vs. T and y"m vs. T plots for 2O CO, (100 kPa)
measured in the frequency range of 1-1000 Hz under a zero dc field and an oscillating
field of 3 Oe (temperature range: 2—30 K).
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Mechanism of Guest-driven Magnetic Phase Conversion of 1 and 2

The magnetic phase of 1 is governed by intralayer and interlayer interactions.*’ In the
[{Ni(dmen)2}2{Fe(CN)s}]" sheet, ferromagnetic coupling operates based on the strict
orthogonality between the magnetic drt orbitals of the low-spin Fe(IIl) ion and the do
orbitals of the Ni(Il) ion (Fig. 29).3%3! Furthermore, entire magnetic phase depends on
through-space interlayer interactions.®?> Magnetic dipolar interactions relate to the
distance and angle between the magnetic dipoles. The threshold of interlayer distance is
approximately 10 A in 2-D magnetic systems. 30316364 In the case of 1, the d value
changes from 10.14 A to 11.08 A with hydration treatment, resulting in the magnetic
phase modulation from antiferro- to ferro-magnet. The correlation between the resultant
d values and magnetic phase of 1_H>0, 1, and 1_MeOH is good agreement with the
reported trends, suggesting that the reversible magnetic phase conversion was driven by
a porosity-enabled mechanism.

o — oo P 4y 4

/ @ 9 ")

Felll C N m

Fig. 29 Schematic illustration of ferromagnetic intralayer interaction based on the strict

orthogonality between the magnetic dr orbitals of the low-spin Fe(III) ion
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In the case of 220 CO;, (50 kPa), the d value changes from 9.71 A to 10.01 A, and, the
magnetic phase was not changed upon 1st CO adsorption. In contrast, the d value of 25
CO> (100 kPa) changes from 10.01 A to 11.26 A, in which the magnetic phase changes
from antiferro- to ferro-magnetic ordering with 2nd CO; adsorption along with gate-
opening behavior. The correlation between the resultant d values and magnetic phase of
2,25C02(50 kPa) and 2> CO» (100 kPa) is in good agreement with the reported trends,
suggesting that the magnetic phase switching was achieved via a porosity-enabled
mechanism. Thus, the resultant CO; -induced magnetic phase conversion plausibly
related to the adsorption sites in the framework (Fig. 30). In the 1st CO; adsorption, 2O
CO:> (50 kPa)) exhibited metamagnetic behavior similar to the activated 2 because CO»
molecules were adsorbed in the double-layers involving the AZDC? as a pseudo pillar
ligand. On the other hand, 2 5 CO; (100 kPa) showed ferromagnetic behavior which was
completely different from another two states, indicating that antiferromagnetic interlayer
interaction was canceled due to the expanding of interlayer distance along with the gate-
adsorption. Hence, CO; molecules were adsorbed in the interlayers in the 2nd CO;
adsorption. Furthermore, the suggested mechanism based on the magnetic phase
switching of 2 is supported by the results of CO; adsorption profiles and magnetic
behaviors. Thus, the CO2 molecules adsorbed in the interlayers is the origin of the

manipulation of the magnetic phase in 1.
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Fig. 30 Schematic illustration of the proposed mechanism CO; -induced magnetic phase

conversion of 2.
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Conclusion

In summary, Novel porous magnets, [Ni'((dmen):]>[Fe™(CN)¢](A)o.s-7H.0 (dmen =
1,1-dimethylethylenediamine, A* = 1,5-anthraquinonedisulfonate (AQDS?*; 1_H;0) or
= Azobenzene-4,4’-dicarboxylate (AZDC?*"; 2_Hz0)), showing guest-driven magnetic
phase conversion were rationally synthesized. These compounds possessed different
packing structures depending on the pillar dianions. 1_H>O formed a pseudo 3-D
pillared-layer type structure, in which the dianions were located at each interlayer space
uniformly. On the other hand, 2_H20 derived a double-layer type structure having
different interlayer structure. Significant structural changes with guest uptake and release
were confirmed by in situ powder X-ray diffraction measurements in both compounds.
Furthermore, in situ magnetic measurements under guest atmosphere revealed that the
magnetic phase of these porous magnets changed depending on the guest molecules.
Dehydrated samples of 1 and 2 exhibited gate-adsorption behavior owing to their flexible
structure, in which the magnetic phase of the framework converted from
antiferromagnetic and ferromagnetic phases because the antiferromagnetic interlayer
interaction was canceled due to the expanding of interlayer distance. The number of
studies on functional MOFs has increased rapidly because of their potential for
application. However, establish of promising guideline for material design to gas
molecules remains challenging. From this perspective, this work finally highlights that
dianion-based flexible porous magnet can provide new insights into the rational design

of gas-responsive functional materials.
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Chapter 3

Multiple Spin State Change and Non-equilibrium
State in Gaseous Alkane Clathrates

Abstract

A 3D Hofmann-type PCP {Fe(pz)[Pt(CN)4]} (1; pz = pyrazine) consisting of pillared
2-D cyanide-bridged Fe(IT)Pt(II) layers shows a cooperative spin transition (ST) behavior
around room temperature and a reversible chemo-switching of spin state of Fe(Il)
coupling with guest adsorption. Magnetic behavior of 1 strongly depends on the guest
molecules. However gaseous molecules such as O, N> and CO> hardly affect the
magnetic behaviors because of their weak interaction with the framework. Here, we
selected alkane derivatives as guest molecules which are expected to interact with pz in
the framework of 1 through CH-m contacts. In addition, magnetic and structural
properties of 1 with liquid alkanes adsorption were also investigated to evaluate
systematic responsivity for alkanes. 1O Liquid alkanes were obtained by vapor diffusion,
and the clathrates showed expansion of the framework relating with alkanes adsorption.
The magnetic behavior of 1O Liquid alkanes exhibited hysteretic two-steps ST, and the
phase transition temperature decreased as the size of alkanes increased. These results
indicate that the behavior of alkanes confined in the pore affect the magnetic properties
of the framework. The responsivity of gaseous alkanes was discussed based on various in
situ measurement systems. /n situ magnetic measurement under gaseous alkane revealed
that the high-spin state of 1 was smoothly stabilized by uptaking alkanes at 298 K, which
was also confirmed by in situ PXRD measurements. Magnetic behavior of 1> Gaseous
alkanes showed multi-step spin crossover which was completely different from that of
guest-free 1. In particular, 1 ©C3;Hg showed an extremely unique phenomenon that the
ymT value decreases in the heating process. Correlation among alkane chain length,
structure and magnetic behavior were discussed based on temperature dependence of in

situ powder X-ray diffraction measurement.
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Introduction

Research of porous coordination polymers (PCPs) or metal-organic frameworks
(MOFs) achieved remarkable developments in this century.! PCPs are a new class of
porous materials which consist of metal ions or clusters and organic ligands which are
connected into frameworks based on coordination bonds with the aid of other interactions,
such as hydrogen/metal-metal bonds, n-n, CH-m, electrostatic, and van der Waals
interactions, enabling the formation flexible structures.>” PCPs are utilized for a wide
range of application because of the following characteristics, (i) the simple synthetic
method by self-assembly of metal ions as connector and ligands as pillars, (ii) the rich
chemical diversity in the basis of combination of structural components (metal ions,
ligands and co-ligands), (iii) the high designability, regularity and flexibility of their
frameworks based on coordination bonds, and (iv) the tunable various physical properties
of the frameworks. In particular, the feature (iii) is not exhibited by other porous materials
such as zeolites and activated porous carbons. Excellent regularity and tunable porous
property of PCPs lead to attractive for various applications such as gas storage, separation,
catalysis, and sensor.”'* PCPs are also expected to be a platform interlocking porosity-

15-17

related functions and physical properties such as electrical conductivity, nonlinear

18-20 21-23 and magnetism.?*2% The flexible framework of PCP

optics, proton conductivity,
shows reversible structural changes relating with guest adsorption/desorption due to host-
guest interactions. Especially, magnetic interactions are susceptible to changes of the
overlap integral between metal ion and ligand orbitals and are therefore suitable for
evaluating guest-responsivity. In this work, we have investigated the porous and magnetic
properties of PCPs in order to combine porosity-related functions and physical properties.
Spin crossover (SCO) phenomenon, in which external stimuli (such as pressure,
temperature, magnetic field, or light) drive an electronic conversion between two local
spin states represents one of the most attractive classes of molecule-based switches.?’-34
Herein, we prepared a 3D Hofmann-type porous PCP {Fe'(pz)[Pt(CN)4]} (1; pz =
pyrazine) shows a cooperative spin transition (ST) around room temperature and a
reversible chemo-switching of spin state of Fe(II) coupling with guest adsorption. In the
magnetic behavior of 1, ST temperature (7¢), cooperativity of ST, and hysteresis width
strongly depend on the guest molecules. However gaseous molecules such as Oz, N2 and
CO; hardly affect the magnetic behaviors because of their weak interaction with the
framework. Here we focus on alkane derivatives as guest molecules which are expected
to interact with pz in the framework of 1 through CH—n contacts. Furthermore, magnrtic
and structural properties of 1 with liquid alkanes (C,H2.+2; n = 6 — 8) adsorption were

also investigated to evaluate systematic responsivity.
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Experimental Section

Materials

All chemicals were purchased from commercial sources and used without further

purification.

{Fe(p2)[Pt(CN)4]} (1)

This compound was prepared according to the literature method.
Fe!'(NH4)2(SO4)2:6H20 (0.256 g, 0.653 mmol) and pyrazine (0.105 g, 1.31 mmol) were
dissolved in degassed water (45 ml), and then a degassed methanolic solution (45 ml) of
K>[Pt(CN)4]-3H20 (0.255 g, 0.675 mmol) and antioxidant ascorbic acid (0.115 g) was
added to the solution under nitrogen at room temperature. After stirring for 3 days, the
yellow precipitation was collected by suction filtration, washed with water and methanol
and dried under ambient pressure. After heating at 403K for 6 hours, guest-free solid was
prepared. The compound was confirmed to be {Fe(pz)[Pt(CN)4]} (1) by PXRD, TGA,
elemental analysis, FT-IR and magnetic measurement. Yield: 183 mg (79.3 %).
Elemental analysis (%) calcd for {Fe(pz)[Pt(CN)4]} (CsHeN6OFePt): C 22.08, ; H 0.93 ;
N 19.32; found: C 21.92; H 0.94; N 19.02; X-ray fluorescence analysis (%) found: Fe /
Pt=1.2

Physical Measurements

Elemental analysis of carbon, hydrogen and nitrogen for [ {Fe''(pz)[Pt(CN)4]} (1; pz =
pyrazine) was carried out at the division of graduate school of science in Kyushu
University. Thermal gravimetric analysis (TGA) was performed using a Perkin Elmer
STA6000 instrument, in the temperature range of 300-900 K, under N> atmosphere
(heating rate: 5 K min™!). PXRD patterns at room temperature were collected on a Rigaku
Ultima IV spectrometer using a reflection-free sample holder (A = 1.5418 A). In situ
variable-pressure powder X-ray structural analysis (VP-PXRD) were carried out using a
Rigaku Smart Lab with Cu—Ka radiation (A = 1.54178 A) connected to BELSORP-
18PLUS volumetric adsorption equipment. Adsorption and desorption isotherms were
acquired using a BELSORP-MAX volumetric adsorption equipment (Microtrac BEL
Corp.). The samples were dehydrated by heating at 400 K for 12 h before the
measurements. /n situ magnetic measurements were carried out using a Quantum Design
MPMS-XL5R SQUID connected to an adsorption device (BELSORP-min II-PR) in the
temperature range, 100 to 320 K in an applied DC magnetic field of 1000 Oe. The samples

were put into a homemade sample cell, and then fixed to the end of the sample transport
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rod. The molar magnetic susceptibility (ym = M/H) were corrected for the diamagnetism
of the constituent atoms and the sample tube.
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Responsivity of liquid-alkene for 1

The adsorption and desorption isotherms of alkanes for 1 were performed using
activated sample by heating at 403 K and vacuuming for 6 hours. Compound 1 exhibited
typical type I adsorption isotherms according to the IUPAC classification without
hysteresis towards alkanes at 298 K. (Fig. 1). The maximum adsorption amount of C¢Hi4,
C7Hi6 and CgHis was 0.729, 0.658 and 0.543 per unit at P/Po = 1.0, respectively. This
shows the adsorbed amounts of alkanes depend on the alkyl chain length, which were
attributable to the pore size (7.259%7.457x7.457 A3).
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Fig. 1 Adsorption/desorption isotherms of 1 for C¢H14 (orange), C7His (blue) and CgHis

(pink) at 298 K. The filled and open circles display the adsorption and desorption
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processes, respectively.
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IR spectra of 1-GF (Guest Free) and 1> Liquid alkanes was recorded using a JASCO
FT/IR-4200 spectrophotometer in the range of 650—4000 cm™! at room temperature (Fig.
2(a)). Before the measurement, 1 was activated at 403 K for 6 hours.1 D Liquid alkanes
were obtained by vapor diffusion. All compounds showed major bands assigned to the
CN stretching around 2160 cm! and internal vibrations of pz between 1420, 1050 and
800 cm!. Focusing on the ven (2160 cm™) and Vying of pz (1050 cm™), the infrared spectra
of 12O Liquid alkanes shifted to lower wavenumbers compared with 1 (Fig. 2(b), (c)).

This indicates the expansion of the framework corresponding to alkane adsorption.
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Fig. 2. IR spectra of 1-GF (gray), 1> CsHi4 (orange), 1> C7Hi¢ (blue) and 1> CgHis
(pink) in the range of (a) 2700-700 cm, (b) 2200-2100 ¢cm™,(ven) and (¢) 1100-1000 cm-

: ’ (Vring) .
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PXRD patterns were collected on a Rigaku Ultima IV at room temperature.
{Fe(pz)[Pt(CN)4]-2H>O} (1) crystalized in the tetragonal space group P4/mmm in the LS
and HS states. 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. Fig. 3 shows the PXRD patterns of 1-GF and 12 Liquid alkanes.
Comparing the PXRD patterns of 1-GF and 12 Liquid alkanes, all samples showed
similar pattern which confirmed that these compounds formed nearly the same structure.
Focusing on the peak at 12.2 ° corresponding to (001) plane and at 23.8° corresponding
to (200) plane, systematically peak shift to lower degree was observed. This shows the

degree of peak shift depends on the size of alkanes and the framework was expanded to

the direction of a- and c-axis (Fig. 4).
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Fig. 3. PXRD patterns of 1-GF (gray), 1 © C¢H14 (orange), 1 © C7His (blue) and 15 CgHis
(pink) in the range of (a) 10 —40°, 11.5 — 13.0° and (c) 23.0 — 26.0°.
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Fig. 4. Detail view of the peak corresponding to (001) plane (left) and (200) plane (right).
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The magnetic behavior of 1-GF and 1 D Liquid alkanes are shown in Fig.5 in the
form of ymT vs. T plots. Because the magnetic properties of 1 such as spin
transition (ST) temperature (7¢) and hysteresis width strongly depends on the guest
molecules, the magnetic measurements were carried out after activation of the

samples by heating at 400 K over 6 hours.

1-GF (Guest Free)

The temperature dependence of the magnetic susceptibility of 1-GF was recorded in
the range 180-320 K (scan rate: 2 K min') in an applied DC field of 1000 Oe (Fig. 5).
The ymT value at 320 K is 3.52 emu K mol!, which fall into the range expected for an
Fe'l ion in the HS state. In the cooling process, the ym7T value remained practically
constant from 320 K to the vicinity of the 7t, then showed a sharp ST to the LS state with
abrupt decrease to ym7 value within 283 K. The ymT values below 260 K were consistent
with that for the LS state of Fe!' compounds, which indicated that the ST finished
completely. In the heating process, the ym7 values abruptly increased above 290 K. The
amT vs T curve in the heating process did not trace that in the cooling process, and the
cooling and heating processed formed a hysteresis loop. The spin transition temperature

(T." and T¢') were determined to be 303 K and 283 K, respectively.

1O Liquid alkanes

After 1 was adsorbed liquid alkanes by vapor diffusion, the temperature dependence of
the magnetic measurement was performed with first cooling from 320 K until 100 K and
then heating from 100 K to 320 K. The magnetic behavior of 1 D Liquid alkanes exhibited
hysteretic two-steps SCO which was different from 1-GF (Fig. 5). As the size of alkanes
increased, the 7: of 1D Liquid alkane decreased. The details of the magnetic properties
of each clathrate are described below. In the case of 1 5 CsHis, the ym7 value at 300 K is
3.54 emu K mol!, which is almost the same value as 1-GF, and the ymT value remains
constant until 210 K, where there is a rapid drop in the ym7 value to 1.90 emu K mol-'.
This value remains constant until about 178 K where is a further rapid decrease in 0.17
emu K mol™!, which closed to an expected value for the Fe!l ion in the LS state. In the
heating process, two-steps spin state change was observed with hysteresis loop around
185 K and at 215 K. The hysteresis loops are 10 K in the first step and 12 K in the second
step wide. The ymT value of 1D C7Hie at 300 K is 3.57 emu K mol!, the value remains
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constant until 200 K, where there is a rapid drop in the ym7 value to 1.92 emu K mol-'.
This ymT value remains constant until about 165 K where is a further rapid decrease in
0.19 emu K mol™!. In the heating process, two-steps spin state change was also observed
with hysteresis loop around 160 K and at 200 K. The hysteresis loops are 10 K in the first
step and 13 K in the second step wide. The ymT value of 12 CgHis at 300 K is 3.58 emu
K mol"!, the value remains constant until 190 K, where there is a rapid drop in the ymT
value to 2.02 emu K mol!. This value remains constant until about 140 K where is a
further rapid decrease in 0.20 emu K mol. In the heating process, two-steps SCO was
confirmed with hysteresis loop around 150 K and at 190 K. The hysteresis loops are 8§ K
in the first step and 19 K in the second step wide. The small loop observed in the high
temperature region of 1 5 CsHi4 and 15 C7Hjs is considered to be the influence of partial
desolvation of guest molecules in the pore. These results indicate that the behavior of
alkanes confined in the pore affect the magnetic properties of the framework. In order to
elucidate the mechanism of two-steps SCO, it is necessary to measure single crystal X-
ray diffraction of the clathrates at each temperature and focus on the behavior of guest

molecules such as spatial arrangement in the pore.*
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Fig. 5 ymT vs T plots of 1-GF (gray), 1 © CsHi4 (orange), 1 > C7Hi6 (blue) and 1> CgHis
(pink) in the range of 320-100 K.
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Responsivity of Gaseous alkene for 1

The adsorption and desorption isotherms of alkanes for 1 were performed in absolute
pressure range of 3.0x1072 to 100 kPa using activated sample by heating at 403 K and
vacuuming for 6 hours. Compound 1 exhibited reversible type I adsorption isotherms at
298 K. (Fig. 6(a)). The amount of adsorption of alkanes instantly reached about 1.0
molecule per 1 unit, and maximum adsorption amount of CH4, CoHs, C3Hsg and C4Hio was
0.329, 1.128, 1.091 and 1.001 molecule per 1 unit at 100 kPa, respectively. This shows
the adsorbed amounts of alkanes depend on the alkyl chain length, which was also
observed with 12 Liquid alkanes. Because most gaseous molecules such as O», N2, H>
and CO are not adsorbed in 1 due to weak interaction with the framework (Fig. 6(b)), this
result means that 1 showed higher affinity for alkanes than other gaseous molecules at
room temperature. Focusing on the low-pressure region (~ 1.0 kPa), the adsorbed amounts
of alkane increases as the carbon number increases, which displays CH-nt interaction
effectively operates between the framework of 1 and alkanes confined in the pore (Fig.

6(c)).

(@) 1,

™ CoHe
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Fig. 6(a) Adsorption/desorption isotherms of 1 for CHy4 (blue), CoHs (red), C3Hg (green)
and C4Hio (orange) at 298 K. The filled and open circles display the adsorption and
desorption processes, respectively.
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Fig. 6(b) Adsorption/desorption isotherms of 1 for H» (light blue), N> (light green), O>
(black) and CO (brown) at 298 K. The filled and open circles display the adsorption and

desorption processes, respectively.
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Fig. 6(c) Adsorption/desorption isotherms of 1 for CH4 (blue), CoHs (red), CsHg (green)
and C4Hio (orange) in log scale at 298 K.
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Activated 1 shows a cooperative ST behavior and a reversible color changes inside the
magnetically bistable region (7! = 283 K, T."= 304 K). After activation of 1 by heating
at 403 K over 6 hours, alkanes-responsivity of 1 was verified using an adsorption device
(BELSORP-min II-PR). 1 in the LS state was showed smoothly color change from reddish
purple to yellow with alkanes adsorption with 100 kPa at 298 K (Fig. 7), which suggests
the ST from the LS state to the HS state. Thereafter, the magnetic responsivities of 1 for
alkanes were investigated at 298 K through in situ magnetic measurement by using
SQUID connected to the adsorption device (Fig. 8). The sample folder was fabricated
from brass and the Pyrex glass, and a small amount of cotton was placed on the sample
to prevent scattering. The magnetic susceptibility of 1 in the HS state did not change
before and after alkane injection ((Fig. 9(a)). On the other hand, the ym7 value of 1 in the
LS state rapidly increased and reached approximately 3.57 emu K mol! within 1 minute
((Fig. 9(b)). These results indicate the framework of 1 was stabilized in the HS state by
uptaking alkanes. It is considered that the interaction between CH4 and the framework of

1 is too weak, so that 1 D CHy did not show the ST at 298 K.

C;Hsg
C4Hqo

at 298 K, 100 kPa

1 D Alkane

Fig. 7 Alkanes-responsivity of 1 for alkanes in the LS state at room temperature.
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Fig. 8 In situ magnetic measurement system
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Fig. 9 Magnetic responsivity of 1 for CH4 (blue), CoHs (red), C3Hs (green) and CsHio
(orange) in the (a) HS and (b) LS state.
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The magnetic behaviors of 1-GF and 1> Gaseous alkanes are shown in Fig. 10-13 in
the form of ym7 vs. T plots. Temperature dependence of in situ magnetic measurement
under gaseous alkanes (C,Ha+2; n = 1 — 4) was carried out after alkane injection at 298
K with first cooling from 298 K until 100 K and then heating from 100 K to 320 K. The
1O Gaseous alkanes exhibited multi-step spin crossover behavior which was completely
different from that of guest-free 1 except for CHy, and their 7. decreased systematically
enough to adsorb larger alkanes. The details of the magnetic properties of each clathrate

are described below.

1O CH;4

The magnetic behavior of 1 5 CH4 was almost the same as 1-GF because compound 1
hardly adsorbs CHs. The ST temperature (7.! and Tc') of 12 CH4 were determined to be
304 K and 280 K, respectively (Fig. 10).
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Fig. 10 ymT vs T plots of 1-GF (gray) and 15 CHg (blue) in the range of 320-100 K.
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12 C,Hs

15 C>Hs showed exhibited one-step spin state change in the cooling process; however,
one-step increase of ym7 value involving unique decrease in ym7 value was observed in
the heating process (Fig. 11). The ymT value at 298 K is 3.55 emu K mol!, which fall
into the range expected for an Fe' ion in the HS state. In the cooling process, the ymT
value at 298 K remains constant until 170 K, where there is a rapid drop in the ym7 value
to 1.80 emu K mol™! and this value remains constant until about 100 K. In the heating
process, the ym7 values abruptly increased above 265 K, and the ym7 value at 280 K is
3.56 emu K mol!, which means the all Fe!' ions in the framework is HS state. In the
heating process, the ymT value rapid drop around 188 K and reached 0.16 emu K mol! at
210 K. This value remains constant until around 250 K where there is an abrupt increase
in the ymT value to 3.60 emu K mol™! at 280 K, which indicated that the ST to the HS
state finished completely.

4.0
3.9
3.0
2.5
20
1.5
1.0

T I emu K mol!

0.5
0.0

100 150 200 230 300

Fig. 11 y,mT vs T plots of 1-GF (gray) and 15 C;Hg (red) in the range of 320-100 K.
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The resultant unique decrease in ym7 value of 1 C;Hg plausibly related to the change

of concentration of C2Hg in the pore. Fig. 12 exhibited alkane adsorption and desorption
isotherms at 298 K and 184 K (C>Hs), 231 K (C3Hg) and 273 K (C4Hio). The adsorption

amounts of C3Hg and C4Hio were not changed with temperature; however, remarkable

change of adsorbed amount was observed in C2Hg. Hence, change in the density of C2Hg

in the pore induced the unique decrease in ym7 value of 1 CoHs in the heating process

(Fig. 13).
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12O C3Hs

The magnetic behavior of 1 2 C3Hg was most complicated among 1 © Gaseous alkanes.
1 O C3Hs exhibited four-steps spin state changes in the cooling process. On the other hand,
three-steps increase of ym7 value including unusual phenomenon was observed in the
heating process (Fig. 14(a)). The ymT value of 1 D C3Hg at 298 K is 3.53 emu K mol™!. In
the cooling process, the ymT value at 298 K remains constant until 210 K, where there is
a rapid drop in the ymT value to 2.66 emu K mol™! as a first spin state change. This value
remains constant until about 195 K where is a further rapid decrease in the ym7 value to
1.80 emu K mol! as a second spin state change. the ymT value at remains constant until
170 K, where there is a rapid drop in the ymT value to 0.97 emu K mol™! as a third spin
state change. This value remains constant until about 145 K where is the last rapid
decrease in 0.15 emu K mol !, which indicates that the ST finished completely. In the
heating process, two-steps spin state change was observed with hysteresis loop around
155 K and at 180 K. The hysteresis loops are 15 K in the first step and 16 K in the second
step wide. After the increase in the ym7 value of the second step, an unique phenomenon
that the ym7 value decreases in the heating process was observed (inside the dotted frame
of Fig. 14(a)). The ymT value at 185 K is 1.81 emu K mol!. This value remains constant
until about 190 K where there is a rapid drop in the ym7 value to 0.50 emu K mol™'. It is
considered that the physical properties of C3Hs such as size and phase transition affect the
magnetic behavior of the framework because the 7! was near the boiling point of C3Hg
(231 K). This value remains constant until about 225 K where there is an abrupt increase
in the ymT value to 3.50 emu K mol™! at 250 K, which indicated that the ST to the HS
state finished completely.

Furthermore, scan-rate dependence of in situ magnetic measurement of 1 2O C3Hg
revealed the increase in the scan rate induced a loss of decreasing part in the ym7 value
(Fig.14(b)), and generated new multiple spin states (each spin states were named as Phase
1-6 in Fig. 15). To discuss the resultant scan-rate induced spin states in terms of its energy
diagram, Kissinger method was employed, leading that the activation energy for the
process from Phase 3 to Phase 6 was roughly evaluated to be 28 kJ mol™! (Fig.16(a)).
Based on this analysis, the proposed energy diagram involving the Phase 1-6 is shown in
Figure 16(b). In the slow scan rate, Phase 4 does not form but Phase 6 generates instead,
likely reflecting the large activation energy required for formation Phase 6 from Phase 3.

Fast scan rate can not give the enough energy for the activation energy of 28 kJ mol!,
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resulting in the formation of kinetically stable Phase 4 rather than Phase 6. Thus, the scan

rate acts as an important factor to determine the ratio of thermodynamically stable Phase

6 and kinetically stable Phase 4.
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Fig. 14(a) ymT vs T plots of 1-GF (gray) and 15 C3Hg (green) in the range of 320-100
K. (b) scan-rate dependence of in situ magnetic measurement of 1O C3Hg in the range of
0.5-5 K/min.
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Fig. 15 ymT vs T plots of 1-GF (gray) and 1 O C;3Hs (green) in the range of (a) 320-100
K and (b) 250-170 K (scan-rate: 0.5 and 5 K/min.)
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12 C4Hiyo

The magnetic behavior of 125 C4Hig is shown in Fig. 17. 125 C4Hio showed three-steps
spin state changes in the cooling process, and two-steps spin state changes in the heating
process, respectively. The ymT value of 1D CsHio at 298 K is 3.53 emu K mol!. In the
cooling process, the ym7 value at 298 K remains constant until 274 K, where there is a
decrease in the ymT value to 3.43 emu K mol™! as a first spin state change. This value
remains constant until about 200 K where is a further rapid drop in the ym7 value to 1.78
emu K mol™! as a second spin state change. This value remains constant until about 148
K where is the last rapid decrease in 0.11 emu K mol™!, which indicates that the ST to the
LS state finished completely. In the heating process, two-steps spin state change was
observed with hysteresis loop around 160 K and at 210 K. The hysteresis loops are 15 K
in the first step and 19 K in the second step wide. The ymT7 value at 100 K is 0.11 emu K
mol !, the ymT value remains constant until 150 K, where there is a rapid increase in the
amT value to 1.80 emu K mol™! as a first spin state change. This value remains constant
until about 200 K where is a further decrease in the ymT value to 3.56 emu K mol!, which

indicated that the all Fe'! ions in the framework is HS state at this temperature.
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Fig. 17 ;mT vs T plots of 1-GF (gray) and 12 C4Ho (orange) in the range of 320-100 K.
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The resultant unique decrease in ym7 value of 12 C4Hio plausibly related to the order-
disorder transition of C4Hio in the pore with temperature change. The two-step SCO
behavior has previously reported in this framework using furan molecules as a guest,
which revealed that the change of location and arrangement of confined guest molecules
induced the multi-steps spin state changes.®> Also, similar magnetic behavior was
observed in the liquid alkane clathrates (Fig.5), requiring additional measurement such as

in situ single crystal XRD measurement.
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Conclusion

In this work, we succeeded to create of multi-step spin state changes in a magnetically
bistable Hofmann-type porous coordination polymer {Fe(pz)[Pt(CN)4]} (1) in association
with alkanes adsorption (C,Hzu+2; n = 1 — 4). At 298 K, the activated 1 displayed
reversible type I adsorption isotherms, which suggests an effectively interaction between
the framework of 1 and alkanes operates because 1 hardly adsorbs gaseous molecules at
room temperature. Alkanes-responsivity and the magnetic behavior of 1> Gaseous
alkanes were discussed based on in situ magnetic measurements and temperature
dependence of magnetic susceptibility measurements. The ym7 value of 1 in the low-spin
(LS) state drastically increased at 298 K, which was also confirmed by in situ PXRD
measurements. This means the high-spin (HS) state of 1 was stabilized by uptaking
alkanes. Magnetic behavior of 12 Gaseous alkanes showed multi-step spin crossover
which was completely different from that of guest-free 1, and temperature dependence of
in situ PXRD measurements revealed that the structural conversion is accompanied by
the spin state change of the framework. In particular, 1> C3Hg showed an extremely
unique phenomenon that the ym7 value decreases in the heating process. These results
demonstrate that the approach of introducing gas molecules into magnetically-bistable
host results in the construction of ST clathrates exhibiting unprecedented ST behaviors
which cannot be obtained by conventional molecular approaches. Although the guest-
responsivity in 3D Hofmann-type MOFs has been already reported by several groups
including us, there are no reports that a creation of multiple stability induced by a
synergistic effect between behavior of guest molecules and spin transition. This suggests
that a significant effect of confined guest molecules cause interlocking of advanced

physical properties of MOFs.
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Concluding Remarks

In this doctoral thesis, the author systematically studied on the guest responsive
changes of physical properties in magnetic molecular clathrate based on metal-organic
framework.

In Chapter 1, we described the rational design of cyanide-based amorphous MOFs
M[Ni(CN)4] (MNi; M = Mn, Fe, Co) through regulating the water adsorption properties
by changing the central metals. MNi exhibited an abrupt water adsorption behavior at a
certain vapor pressure (Padgs). L23- and K-edge XAFS analyses revealed that the Pags for
water adsorption is governed by the tetrahedral M" centers in amorphous MNi.

In  Chapter 2, novel dianion-based porous magnets of type
[Ni''(dmen),]2[Fe"™(CN)e](A)o.s- 7H,0 (dmen = 1,1-dimethylethylenediamine, A* = 1,5-
anthraquinonedisulfonate (AQDS?*) or = Azobenzene-4,4’-dicarboxylate (AZDC?))
were synthesized. These compounds possessed different packing structures depending on
the pillar dianions, in which guest-selective gate-adsorption and vapor- or gas-driven
magnetic phase conversion were observed owing to their flexible structures. The
magnetic phases of these frameworks converted from antiferromagnetic and
ferromagnetic phases because the antiferromagnetic interlayer interaction was canceled
due to the expanding of interlayer distance.

In Chapter 3, we focus on a magnetically bistable Hofmann-type MOF of type
{Fe(pz)[Pt(CN)4]} in association with alkanes adsorption. The alkane clathrates exhibited
unprecedented multi-step spin state changes and which were completely different from
that of guest-free compound. Moreover, scan-rate dependence of in sifu magnetic
measurement of C3Hg clathrate revealed the increase in the scan rate induced a loss of the
amT value decreasing part, and generated new multiple spin states, indicating that these
magnetic behaviors are originated from the change in the density of alkane with
temperature, dynamics of alkane, order-disorder transformation of alkanes in the pore.

These works highlight that unique guest responsivity of molecular clathrate based
on functional MOFs toward expanded the concept of guest responsive spin state switching
to the synergetic transition with coupling the spin transition and dynamics of confined
guest molecules. This strategy using guest molecules as inherent variables would give a

new dimension for designing responsive and functional molecular materials.
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