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Abastract

Metal-organic frameworks (MOFs) are crystalline and porous solid materials formed by an
extended network of metal ions (or clusters) coordinated to multidentate organic molecules. Therefore,
with metal-ligand coordinative bonds stronger than hydrogen bonds, these materials have large internal
surface areas, ultralow densities, and uniformly structured pores and channels. Also, the combination
of their unique properties enables MOFs to have numerous promising applications, including hydrogen
storage, methane storage, catalysis, sensing, and biomedical imaging. This new class of porous
materials started to gain increasing interest in the 1990s, and now MOF chemistry is developing at an
extraordinary pace with an explosion of papers in the chemical literature. In the line of MOF researches,
it has been known that MOF structures have inherent transformability, and their dynamic properties are
not only scientifically interesting but also practically applicable in various forms such as advanced
nono-composite materials and stimuli-responsive smart materials.

In this sense, | demonstrated the utilization of MOFs as precursors, transforming into various
functional nanomaterials with a special emphasis on understanding the relationship between the
intrinsic nature of the parent MOFs and the daughter nanomaterials. For example, in section 2.2, |
synthesized nanoporous manganese oxides via the thermal conversion of an Mn-based MOF by
introducing another aliphatic ligand. Furthermore, we could control the oxidation states of the
manganese oxides (i.e., MnO, Mn3O4, MnsOs, and Mn,03) by optimizing the sequential conversion
reactions during annealing in N and calcination with atmospheric oxygen. Importantly, the resultant
MnO, Mn30., and MnsOs exhibited almost identical textural properties, including their morphology,
surface areas, pore volumes, and the size of nanocrystals composing the nanoporous frameworks.
Meanwhile, a Si-centered tetracarboxylic acid ligand that was capable of charge-balancing four Li+
ions was demonstrated. This newly designed MOF containing Li and Si was converted into Li-based
ceramic, LisSiO4 with an unusual morphology. In addition to these two approaches, the targeted sulfur
elements can be directly incorporated into organic ligands to construct a MOF to be used as a single
precursor for the preparation of nanostructured metal sulfide catalysts. Also, | exploited the pyrolysis
of bimetallic MOFs with adipate introduced as an aliphatic ligand to prepare nanoporous structures
consisting of nanocrystalline frameworks of transition-metal—ceria solid solutions.

Another trendy topic in the MOF field is imparting flexibility to MOF frameworks and revealing
their structural dynamics so that external stimuli such as guest exchange, temperature, pressure,
oxidation, and light can elicit structural rearrangement to alter the physicochemical properties of MOFs.
Based on this background, | have prepared two flexible MOF crystals, a Luminescent Li-based MOF
and a doubly interpenetrated Zn,O-based MOF, which are capable of transforming their structures
dynamically in a single-crystal to single-crystal manner upon the introduction of various nitroaromatic
compounds including explosives or different kinds of solvents. Those results have allowed us to
understand structural dynamism more deeply.
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Figure 3.18. Fluorescence spectra of 1 and 1> DNT.
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crystal data of Lyeon.
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Chapter 1. General Introduction

1.1. Metal-organic framework

Metal-organic frameworks (MOFs) are a class of crystalline solids in which metal cations or
clusters are linked by organic struts via coordination bonds (Figure 1.1).%2 According to the IUPAC
definition, MOFs are described as a “coordination network with organic ligands containing potential
voids.” The high degree of tunability and modularity of MOFs with a variety of metal building blocks
and organic linkers have generated a myriad of MOFs that allow for their applications in a wide range
of areas.>® In particular, organic ligands as structure-directing building units provide two important
features for MOFs: (1) added flexibility and diversity in the geometric structures of MOFs®® and (2)
alteration of the electronic structures and surface functionalities of MOFs.%! Because the structure of
a MOF is the decisive factor in these functionalities, various symmetry conformations, lengths and
dimensions, and numbers of coordinating groups in the ligands have been adopted for the construction
of functional MOFs.

Molecular Complexes Extended Solids

Figure 1.1. Copolymerization of metal ions with organic linkers toward assembly of MOFs, and
specific examples of (a) metal-bipyridine structures with expanded diamond topology and (b) MOF-5

structure composed of metal-carboxylate clusters that are linked by benzene struts.*

12



1.2. Rigidity and flexibility of MOFs

The history of MOFs dates back 30 years when Robson reported an ‘infinite polymeric
framework’,'? after which, Yaghi coined the term ‘metal-organic framework’ in 1995.%® At the time, a
wide variety of microporous coordination compounds, which usually accommodated guest solvent
molecules in the pores, were known. However, unfortunately, most of the compounds irreversibly lost
their crystallinity and porosity upon the removal of the guest molecules. Therefore, a major research
effort was devoted to the synthesis of MOFs that could endure the guest removal/reintroduction without
the alteration of their porous structures. Based on this trend, in 1998, Kitagawa classified MOFs into
three categories: 1st,2nd, and 3rd generation MOFs (illustrated in Figure 1.2a).1*® Interestingly, he
defined the 3rd generation compounds as flexible porous frameworks that respond to external stimuli,
and predicted their appearance and prevalence in the immediate future. From 2002 onwards, owing to
the pioneering works led by Férey’s and Kitagawa’s groups, studies on the synthesis and utilization of

flexible MOFs have attracted extensive interests.16-18

(a) (b)
1st generation [ + Guest
@ o re—
AL - Guest
+ Guest
e —.
- Guest
Guest
exchange

+ Guest
[E———

|

|

- Guest

OO = Guests /

Figure 1.2. (a) Classification of porous coordination polymers (or MOFs) as 1st, 2nd, and 3rd

generation ones (left side). The illustrations in the box on the right side represent the behaviors of
dynamic structures upon adsorption/desorption of guest molecules; (b) induced-fit-type pores, (c)

breathing-type pores, (d) guest-exchange deformation-type pores, and (e) healing-type pores.1®2°
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In 2005, Kitagawa et al. focused on the relationship between the guest molecules and pores of
flexible MOFs in a review.'® As shown in Figure 1.2b—e, the dynamic pore behaviors depending on the
presence and absence of guests were categorized into four types: (b) induced-fit-type pores, (c)
breathing pores, (d) guest exchange pores with deformation, and (e) healing pores. Overall, type (b)/(d)
pores respond to the guest molecules, staying open during the guest inclusion or exchange. In contrast,
type (c)/(e) undergo structural transformation from close to open form. This implies that the pore
properties of a host framework and interactions between guest and pore-wall molecules both play a key
role in determining the difference between these four types of behaviors. It is worth noting that,
according to our definition of flexibility, as stated above, controversies might arise as to whether type
(e) can be considered ‘flexible’, because the framework does not retain the structural topology during
its deformation, although the authors regarded it as a flexible framework.

Actually, the term ‘flexibility’ used in the field of MOFs has been somewhat vague. According to
common sense, one can designate a MOF as a flexible MOF when a significant yet reversible change
in the unit cell is observed upon a change in the external environment. However, in terms of the
structural dynamism, the scope of flexible motions would be very wide whether it is at the microscopic
or macroscopic level. For example, it appears in various forms such as the rearrangement of the metal-
carboxylate (M-COO) cluster constituting the secondary building unit (SBU), the rotation of the
benzene ring of the organic ligand, and the expansion/contraction of the cell volume. Even MOF-5 and
HKUST-1, the MOFs known to be rigid, dis-play certain degree of flexibility (which will be discussed
later in detail). In a similar sense, in 2009, Susumu Kitagawa newly categorized MOFs as ‘soft porous
crystals’.?® According to his definition, structural flexibility (or transformability) in a crystalline phase
is only enabled via the cooperative integration of softness (atomic and molecular freedom of motion)
and rigidity (mechanical strength to maintain the crystal integrity). On the other hand, regional
molecular displacements can occur without altering the host framework entirely (e.g., movement of
dangling chains into the pores, rotation of phenyl rings, and exchange of coordinating solvents). In this
background, the broad community of chemists, materials scientists, and engineers have been devoting
to elucidate the rigidity/flexibility of MOFs in depth and impart the basic principles.

Through much research progress to date, the very definition of flexibility in MOF community
continues to expand. For instance, reversible switching of MOFs between crystalline and amorphous
solid or liquid states has also been demonstrated in a few studies,?*2® and these might be categorized as
a new type of flexible MOFs. Likewise, depending on the perspective, flexibility can bein various forms,
from just vibrational motions in so-called rigid MOFs to soft porosity like breathing effects and the
structural collapses with higher disorder. In this regard, Bennett et al. provided a new intriguing
perspective that flexibility, defects, and disorder are not just prevalent in MOFs but are also strongly
related to each other in terms of entropy, exemplified with specific studies (Figure 1.3).2* Recent active

researches into defects and disorder have redefined even our perception of MOFs as crystalline

14



materials, combining with advances in the
MOFs.21:25

Metastable systems
Structural deformation

Flexibility

understanding of the flexible behavior of soft porous

Disorder

Correlated defects
Liquids, gels, glasses

Entropy

Defects

Tuneable mechanics

Heterogeneous systems

Figure 1.3. lllustration of the interplay between the intertwined concepts of flexibility, defects and

disorder in MOFs, highlighting some of the phenomena (grey arrows) that emerge from their coupling.

Entropy plays a central role in all these systems.?
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1.3. Thermal decomposition and transformation of MOFs into nanomaterials

Nanostructured materials such as porous metal oxides, assembled metal nanoparticles (NPs), porous
carbons, and their composites have been intensively studied due to a variety of applications including
energy conversion and storage devices, catalysis, and gas storage.?® In order to synthesize the target
materials, the appropriate precursors and synthetic methods are adopted. For instance, soft- and hard-
templating routes are commonly used to develop pores by incorporating organic and inorganic
precursors for porous carbon and metal oxides, respectively.??® To prepare composite materials of
carbon and metal species, sequential and/or separate synthesis are required. As a new type of a precursor
for these nanomaterials, metal-organic frameworks (MOFs) deserve attention because they contain both
organic and inorganic species, which can play parallel roles as both a template and a precursor in parallel
under appropriate conditions.?°

Metal/metal-oxide nanoparticles embedded in a carbon matrix can be obtained from direct
thermolysis of MOFs (Figure 1.4).%3! Over the thermal decomposition temperature and under inert
atmosphere, organic linking ‘struts’ begin to collapse, and metal ions (or metal clusters) aggregate to
form nanoparticles. Decomposed organic species can inhibit the agglomeration of nanoparticles by
surrounding them as the amorphous carbon matrix. The amorphous carbon can be also removed through
calcination under the air or utilized together with nanoparticles as composite materials.® Especially,

these nanostructured materials directly synthesized from MOFs have performed well in fuel cell

8
- B8
QZ\

Metal-Organic Frameworks () = Metal/metal oxide
(MOFs) nanoparticle

Il = Carbon matrix

catalysts and battery electrodes.®?-%

Figure 1.4. Schematic view of thermolysis of MOFs to synthesize metal/metal-oxide nanoparticles or

nanoporous carbon-based materials.

Nanoporous graphitic carbon can be produced in a similar but opposite way. In 2008, for the first
time, Xu et al. reported an MOF as a template to prepare nanoporous carbon.® They confirmed that

ZnO is reduced into Zn metal at a temperature higher than 800 °“ and subsequently vaporized (boiling

16



point of Zn is 908 ) at 1000 ““ for 8 h under an Ar flow, leaving the carbon species with nanopores.
Since then, many advanced nanoporous carbon materials have been reported based on this method
(Figure 1.5), attempting to adjust heat treatments,3’ switch additional carbon sources,* and change the
kinds of MOFs.% Those nanoporous carbons have exhibited not only improved gas uptake with a high

specific surface area but also excellent electrochemical properties in electrodes.

MOF-5 ZnO0@C Porous Carbon

Figure 1.5. Schematic view of structural changes of MOF with heat-treatment to yield the highly porous

carbon material.
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Chapter 2. Thermal Conversion into Functional Nanomaterials

2.1. Fundamentals

MOFs are well-ordered crystalline materials constructed from coordination bonds between organic
ligands and metal ions. So far these days, most works on MOFs have been targeted for synthesizing
new MOFs and examining their applications such as catalysis, sensing, gas storage and separation, and
electronics.? In MOF frameworks, the inorganic and organic components are periodically arranged at
a certain distance, which enables their conversion reaction to produce materials with well-defined
structures and chemical compositions even in the solid state. Owing to the countless types of metal ions/
clusters and organic ligands that comprise MOFs, the coordination strength between those components
and the thermal stability of the framework can vary extensively. This implies that various chemical
reactions can occur according to the precursor MOFs and conversion condition, thus providing
inexhaustible potential for synthesizing diverse functional nanomaterials

Over the past decade, the thermal conversion of MOFs and applications of the resulting materials
have been increasingly studied, particularly for electrocatalysis. The results have proved that MOFs
offer a promising toolbox for synthesizing advanced nanomaterials that are not easily obtainable using
conventional methods. Many relevant reviews have been published by groups of Xu, Gascon, and
Yamauchi.*® According to previous literatures, the high dimensionality and porosity are not always
necessary requirements for the targeted functionalization of nanomaterials, even though those factors
make MOFs distinguished from their coordination compounds. In this sense, recent works have also
extended the materials of interest from MOFs to coordination polymers (CPs), which represent a
conceptually lager family of materials than MOFs; CPs are defined as “a coordination compound with
repeating coordination entities extending in 1, 2, or 3 dimensions,” and MOFs as a “coordination
network with organic ligands containing potential voids.”’

Pioneering studies on MOF conversion were conducted by the Morsali group, who synthesized
various nanosized metal oxides by calcining CPs in air, which were collectively discussed in a review
article in 2012.8 However, because of rapid, severe reactions between CPs and O, such as carbon
combustion and metal oxidation, the products were not sufficiently well controlled to generate
nanomaterials. Thus, recent studies on converting MOFs and CPs have mostly focused on thermolysis
under an inert atmosphere. Performing the conversion reaction under these conditions enables
emphasizing and revealing the role of the organic ligands on the phase and structural transition during
the decomposition of MOFs, which will be discussed in this Account. Meanwhile, several intriguing
solution-based conversions of MOFs have been reported,®° but those wet chemical synthetic routes

will be excluded from this Account, which deals solely solid-state conversion. Furthermore, Prussian
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blue analogue (PBA), a representative cyanide-based coordination compound, has been widely used as

a precursor, usually to produce hollow metal-based nanomaterials.!

M2+ — M2+ M2+_) M
< -027V —»
M92+ Mn2+ Zn2*+ Cd2+*Co?2+ Cu?2+
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Figure 2.1. Effect of the reduction potentials of the metal ions in MOFs on the formation of metal/metal

oxide species.*?

To examine the thermal stability of MOFs, thermogravimetric analysis (TGA) is routinely
performed under an inert atmosphere. Upon heating, MOFs mostly lose solvent molecules first, and
then their entire structures thermally decompose at higher temperatures (principally >400 °C). Ina TGA
trace, this decomposition is indicated by an abrupt weight loss, which is usually attributed to organic
ligands. Tens of percent by weight remain after the thermal decomposition is completed. In this section,
our main area of interest is the remaining compounds during and after the destruction of MOFs,
especially metal-based materials. Das et al. proposed that the reduction potentials of metal ions in MOFs
are the standard factor to explain and predict the resultant materials (Figure 2.1).12 Metal ions with a
standard reduction potential of —0.27 V or higher generate the metal phase after pyrolysis under an inert
atmosphere, while those with a reduction potential of less than —0.27 V generate the metal oxide phase.
Although highly significant, this threshold would be not generally applicable because it does not
consider chemical reactions with organic substances. Organic ligands for MOFs mostly consist of C, N,
and O, but the compositions can be extended to include other elements such as S, P, and Se to produce
metal chalcogenides and pnictides. Therefore, understanding the mechanism of MOF conversion is not
a simple issue, and thus, designing tailor-made MOFs to synthesize target nanomaterials is very
challenging.

CsHs
+H
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—— €0, (@) +CoHs — )< )

-H
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E— C—< >—C — C—< >—C—< >—C

b breaking t t

Figure 2.2. Schematic view of the decomposition mechanism of MOF-5.
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In 2010, Hu and Zhang were the first to propose a mechanism for the decomposition of MOF-5
([ZnsO(BDC? )s]s; BDC = terephthalate).’® As shown in Figure 2.2, three types of cleavages, a, b, and
c, are plausible below 500 °C, and as evidenced by the temperature-programmed mass spectrum (MS)
the combination of breaking at positions (a + ¢) and b resulted in ZnO and CO- with benzene-derived
carbon species, which then formed amorphous carbon. Therefore, the product of the thermolysis of
MOF-5 was a composite of ZnO nanocrystals covered with amorphous carbon. Based on an
understanding of this MOF-5 decomposition mechanism, Yang et al. synthesized porous carbon-coated
Zn0O quantum dots (~3.5 nm) via a controlled pyrolysis.'* During this process, hydrocarbons, which can
evolve from the cleavage of benzene rings, were not detected.

aph-MOF
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Figure 2.3. (a) Schematic view of the thermally induced conversion process of aph-MOF and (b—d) ex
situ TEM images taken at various temperatures during heating. (¢) TGA and pyro-GC/MS result of Mg-
aph-MOF.

Paying attention to the robustness of the aromatic carboxylate, our group conversely employed
aliphatic carboxylate ligands in a previous literature.’® These ligands may construct less thermally stable
aliphatic-ligand-based MOFs (aph-MOFs), and thus, a different thermal conversion route can be
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expected. As schematically illustrated in Figure 2.3a, during the thermolysis of a Mg-aph-MOF under
N, flow, before the structure was destroyed, labile adipate ligands were first transformed into organic
moieties to act as pore-formers, which subsequently evaporated at higher temperatures. Ex situ
transmission electron microscope (TEM) images recorded at each temperature during heating up to
500 °C support this conversion mechanism (Figure 2.3b—d). Specifically, at 350 °C, organic vesicles
were distributed over the material, which indicates the generation and confinement of large amounts of
organic moieties, and at the end of heat treatment at 500 °C, we obtained hierarchical nanoporous MgO
(np-MgO). The pyrolysis—gas chromatography/mass spectrometry (pyro-GC/MS) results demonstrated
how the organic substances were generated during thermolysis (Figure 2.3e). Many new organic species
with high boiling points evolved in each temperature range. This process indicated that organic
fragments that had decomposed from Mg-aph-MOF first reacted to generate new organic moieties,
which were then confined in the solid until the temperature was sufficiently high to evaporate them.
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2.2. Transformative route to nanoporous metal oxides with identical textural properties

Introduction

Conversion reactions have been explored extensively with various types of precursors, and have
enabled the synthesis of new materials with a high degree of compositional and structural complexity.
® The versatility of conversion reactions can be exemplified in the preparation of thermodynamically
unfavorable hollow nanoparticles from solid analogues by exploiting the nanoscale Kirkendall effect®
or galvanic replacement reaction.” In the context of conversion reactions, MOFs can serve as excellent
precursors, and accordingly, conversion reactions utilizing MOFs are currently being actively
pursued.®*2

Figure 2.4. SEM images and atomic structures of Mn-MOF and converted manganese oxides during
structural transformation of Mn-MOF into MnO, Mn3;04, MnsOg and Mn;Os.

In this chapter, we demonstrate that conversion reactions using MOFs as precursors can be
successfully exploited to prepare nanoporous nanocrystalline metal oxides with tunable oxidation states.
Manganese oxides were chosen as a model system because they can exist in various oxidation states'®
and are the centers of great interest in energy conversion and storage as well as catalysis.**" We show
that sequential conversion reactions are capable of transforming a Mn-based MOF (Mn-MOF) into
nanoporous nanocrystalline manganese oxides with continuously tuned oxidation states, MnO, Mn3Os,
MnsOg, and Mn,O3, with conservation of the original morphology of the Mn-MOF crystals (Figure 2.4).
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Importantly, these conversion reactions enabled the preparation of low-oxidation-state MnO and
metastable intermediate MnsOs phases with nanoporous nanocrystalline architecture, which was
previously difficult to access. Nanoporous MnO, Mn3O4, and MnsOg have almost identical textural
properties, including their morphology, surface areas, pore volumes, and the size of nanocrystals
composing nanoporous frameworks. The textural similarity among the series of manganese oxides
allowed them to be used as a system for studying the oxidation-state effect in catalysis; previous studies
related to such an effect were mostly performed with a series of catalysts possessing various other
variables that can affect catalytic performances.82! We investigated the electrocatalytic activity of these
nanoporous manganese oxides for the oxygen reduction reaction (ORR), and observed oxidation-state-
dependent catalytic activity and kinetics in the ORR
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Figure 2.5. Synthesis and single-crystal X-ray structure of Mn-MOF. (a) Synthetic scheme of Mn-MOF.
(b) Side view of one layer of Mn-MOF. Hydrogen atoms and guest molecules are omitted for clarity
(color scheme: C, white; O, purple; N, light blue; Mn, pink). (c) Entire structure of Mn-MOF (color
scheme: 2-D layer, white; coordinating DMA, blue).

Experimental section

All chemicals and solvents were of reagent grade and used without further purification. meso-Butane-
1,2,3,4-tetracarboxylic acid (HsBuTC, >98%), and N,N-dimethylacetamide (DMA, >99%) were
supplied by TCI. Mn(NOs),-4H,0 (>97%) was purchased from Aldrich.

Synthesis of Mn-MOF ([Mnx(BuTC)(DMA)]»). H:BuTC (0.037 g, 0.16 mmol) was dissolved in
DMA (2.5 mL), and mixed with a DMA (2.5 mL) solution of Mn(NQO3),-4H,0 (0.080 g, 0.32 mmol).
The solution was sealed in a glass jar, heated to 100 °C for 24 h, and then cooled to room temperature.

Yellowish leaf-shaped crystals formed, which were filtered and washed briefly with the mother liquor.
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Yield: 35%. FT-IR (Nujol mull): vc=o(DMA), 1652 (S); vo-c=o, 1615, 1418 (s) cm™. Anal. Calcd for
Mn,C1sH24010N2: C, 37.37; H, 4.70; N, 5.45. Found: C, 37.53; H, 4.59; N, 5.44,

Synthesis of MNnO. Solid Mn-MOF was heated at 5 °C min™* under a nitrogen flow of 60 mL min™.
After reaching the target temperature of 550 °C, the material was maintained at that temperature for 12
h. After cooling to room temperature, black solid was obtained.

Synthesis of Mn3;0a4. As-synthesized MnO solid was heated in a box furnace (ambient air environment)
at 5 °C min!. After reaching the target temperature of 300 °C, the material was maintained at that
temperature for 2 h. After cooling to room temperature, brownish solid was obtained.

Synthesis of MnsOs. As-synthesized MnO solid was heated at 1 °C min~ under an oxygen flow of 100
mL min~t. After reaching the target temperature of 350 °C, the material was maintained at that
temperature for 2 h. After cooling to room temperature, blackish solid was obtained.

Synthesis of Mn,Os. As-synthesized MnO was heated at 1 °C min™* under an oxygen flow of 100 mL
min~t. After reaching the target temperature of 500 °C, the material was maintained at that temperature
for 2 h. After cooling to room temperature, dark grey powder was obtained.

Single-crystal X-ray crystallography. A single-crystal of Mn-MOF was coated with paratone-N oil,
and the diffraction data were measured at 100 K with synchrotron radiation (A = 0.69999 A) on an
ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator (DCM)
at the Pohang Accelerator Laboratory, Republic of Korea. The ADSC Q210 ADX program*! was used
for data collection, and HKL3000sm (Ver. 703r)*? was used for cell refinement, reduction, and
absorption correction. The crystal structures were solved by direct methods and refined by full-matrix
least-squares calculations with the SHELX-97 computer program.*® The positions of all non—hydrogen
atoms were refined with anisotropic displacement factors. The hydrogen atoms were positioned
geometrically using a riding model.

Characterization methods. All characterizations were carried out at the Ulsan National Institute of
Science and Technology (UNIST) Central Research Facilities (UCRF) Center. Infrared spectra were
recorded with a ThermoFisher Scientific iIS10 FT-IR spectrometer. Elemental analyses (for C, H, N, S,
and O) were performed by using a Thermo Scientific Flash 2000 series CHNS/O analyzer.
Thermogravimetric analyses (TGA) were performed under nitrogen gas at a scan rate of 5 °C min™,
using a TGA Q50 from TA Instruments. X-ray photoelectron spectroscopy (XPS) was performed on a
K-alpha from Thermo Fisher. X-ray powder diffraction (XRPD) data were recorded on a Bruker D8
advance diffractometer at 40 kV and 40 mA and a Bruker D2 phaser diffractometer at 30 kV and 10
mA for Cu Ko (4 = 1.541 A), with a step size of 0.02° in 26. Scanning electron microscope (SEM)
images were taken using a Quanta 200 microscope (FEI) operating at 18 kV. Transmission electron
microscope (TEM) images and energy dispersive X-ray spectra were obtained with a JEOL JEM-2100F
microscope. The nitrogen adsorption—desorption isotherms were measured at 77 K using liquid nitrogen

on a BELSORP-MAX. Prior to the adsorption measurement, the samples were evacuated at 200 °C
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under vacuum (p < 10°° mbar) overnight. The specific surface area was determined in the relative
pressure range from 0.05 to 0.3 of the Brunauer—Emmett—Teller (BET) plot, and the total pore volume
was calculated from the amount adsorbed at a relative pressure of about 0.98-0.99. Pore size
distribution curves were obtained from the corresponding isotherms using the Barrett-Joyner-Halenda
(BJH) method.

Electrochemical measurements. Electrochemical characterization of the samples was carried out
using an lviumsStat electrochemical analyzer. The electrochemical experiments were performed at room
temperature (25 °C) and under atmospheric pressure using a three-compartment electrochemical cell. A
graphite counter electrode and Hg/HgO reference electrode (XR400, Radiometer Analytical) with 1 M
KOH (99.999%, Aldrich) filling solution were used. The Hg/HgO reference electrode was calibrated
with respect to the reversible hydrogen electrode (RHE) before use. For this purpose, Pt wires were
used as both the working electrode and counter electrode, and the potential cycle between —0.93 V and
—0.87 V (vs. Hg/HgO) was applied with a scan rate of 1 mV st in Hp-saturated 0.1 M KOH solution.
The resulting potential—current (V—I1) curve after averaging the anodic and cathodic currents gave a
result of E(RHE) = E(Hg/HgO) + 0.887 V. All potentials in this report were reported in the RHE scale.
For ORR performance measurement, a rotating ring disk electrode (RRDE) with a glassy carbon disk
(GC, 4 mm in diameter) and a Pt ring (5 mm in inner diameter and 7 mm in outer diameter) was used
as a working electrode (ALS, Cat. No. 012613). The RRDE was polished with 1.0 and 0.3 um alumina
suspensions to generate a mirror finish. For preparation of a catalyst ink, Nafion (5 wt% in isopropyl
alcohol (IPA), Aldrich) was neutralized by 0.1 M NaOH (99.99%, Aldrich) at a volume ratio of Nafion :
0.1 M NaOH = 2 : 1 in order to prevent oxide passivation.** Commercial carbon black (Vulcan XC-
72R) was added to the catalyst ink to overcome the low electrical conductivity of oxides. The catalyst
ink was prepared by mixing 5 mg of catalyst, 12 mg of Vulcan, 116 pL of neutralized Nafion, 100 pL
of deionized water, and 0.98 mL of IPA (>99.9%, Aldrich) with ultra-sonication for at least 30 min. 3
uL of the catalyst ink was deposited onto the GC electrode with a micro-syringe. The resulting catalyst
loading was 0.1 mgoxice cM~2. Prior to the electrochemical measurements, a potential cycle from 0.7 to
1.0 V was applied in a Np-saturated 0.1 M KOH for 50 cycles at a scan rate of 100 mV s for
electrochemical cleaning. Subsequently, the cyclic voltammogram was obtained under the same
condition used for electrochemical cleaning, except for the change in the scan rate of 20 mV s for 3
cycles. Linear sweep voltammetry (LSV) curves for the ORR were obtained by cycling the potential
from 1.1 to 0.2 V in an O-saturated 0.1 M KOH solution with O purging at different rotating speeds.
The anodic and cathodic sweeps for the ORR were averaged in order to correct the capacitive-current
contribution.* The ORR measurement was independently repeated three times, and the averaged

currents were used.
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For the evaluation of four-electron selectivity, the potential of the Pt ring was fixed at 1.3 V (vs. RHE)
during LSV scans for the ORR. The number of electrons transferred was calculated by the following

equation:

Here, Ip, I, and N are the disk current, the ring current and the collection coefficient, respectively. The
value of N was measured in 1 M KNO3; + 2 mM KsFe(CN)s at a rotating speed of 1000 rpm, and was
determined to be 0.47.
The four-electron selectivity was also assessed by Koutecky-Levich equation:

1 1 1 1 1

I Ix I, Ix 0.62nFADYv-1/6C,w1/2

Here, I, I. and Ik are the measured current, the diffusion-limited current and the kinetic current,
respectively. F is the Faraday constant. (9.65 x 107 mA s mol™1), A is the GC disk area. (0.126 cm?),
Do is the diffusion coefficient of O, in 0.1 M KOH solution (1.9 x 10~° cm? s~1), v is the kinematic
viscosity of 0.1 M KOH. (0.01cm?s™1), Co is the concentration of O, in 0.1 M KOH.
(1.2 X 107® mol cm™3), and w is the rotation speed of the unit in radian per second.*?**

Before electrochemical impedance spectroscopy (EIS) measurement, the potential was cycled from 0.7
to 1.0 V for 50 cycles in Np-saturated 0.1 M KOH solution. Then, impedance spectra were obtained in
O»-saturated 0.1 M KOH at the fixed potential of 0.7 V (vs. RHE) in the frequency range varying from
10 kHz to 0.05 Hz.

Results and discussion

We began with the synthesis of the Mn-MOF precursor. A solvothermal reaction of
Mn(NOs).-4H,O and aliphatic ligand, meso-butane-1,2,3,4-tetracarboxylic acid (HsBuTC), in N,N-
dimethylacetamide (DMA) solvent at 100 °C for 24 h afforded yellowish leaf-shaped crystals of
[Mn2(BuTC)(DMA).]. (Figure 2.4 and 2.5). Single-crystal X-ray crystallographic data®® (Figure 2.5)
revealed that Mn-MOF is constructed with Mny(COQ). paddle-wheel clusters as secondary building
units interconnected by the BuTC ligand to form a 2-dimensional layer. In the Mn-MOF, each Mn'" ion
is coordinated with four oxygen atoms of four different BuTC ligands in the equatorial positions and an
oxygen atom of a DMA molecule at the axial position to show a square-pyramidal coordination
geometry. Four carboxylate groups of four different BuTC ligands bridge between the two Mn'' centers
in a syn—syn bidentate mode, forming a paddle-wheel shaped SBU. The Mn—Mn distance in a SBU is
3.051(1) A . Each BUTC* acts as a tetrabidentate bridging ligand by coordinating to eight different Mn"

centers. The shortest interlayer distance is 3.8 A, based on the van der Waals radii. The X-ray powder
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pattern (XRPD) pattern of [Mn,(BuTC)(DMA):]. showed good agreement with the simulated pattern
(Figure 2.6a). In the TGA trace of the as-synthesized Mn-MOF in a N2 atmosphere (Figure 2.6b), the
two coordinating DMA molecules per formula ([Mnz(BuTC)(DMA).]») were removed over the range

200-300 °C, and decomposition of Mn-MOF ensued above ~400 °C.
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Figure 2.6. (a) Experimental and simulated XRPD patterns and (b) TGA trace of Mn-MOF.

We explored the conversion reactions of Mn-MOF into manganese oxides. Based on the above TGA
result, we first heated as-synthesized Mn-MOF under N flow to 550 °C and maintained this temperature
for 12 h to achieve complete thermal decomposition of the MOF structure (refer to the experimental
section). Scanning electron microscope (SEM) images of pristine Mn-MOF and converted black
powder revealed a pseudomorphic conversion process (Figure 2.4). The converted material was
nanoporous, as its cross-sectional SEM and TEM images (Figure 2.7a and d) clearly showed the
macropores and mesopores, respectively. The TEM image revealed that the frameworks of the
converted material were composed of small nanoparticles of ~5 nm. A high-resolution (HR) TEM image
of this material (Figure 2.7d, inset) exhibited distinct lattice fringes indicating the highly crystalline
nature of these nanoparticles. The XRPD pattern of the converted material identifies its structure as
single-phase cubic manganosite (MnO), which is coincident with JCPDS no. 71-4748 (Figure 2.8,
bottom). The cubic MnO phase could be confirmed by its electron diffraction pattern (Figure 2.7d, inset)
as well. The crystalline size of MnO nanoparticles, calculated by applying the Scherrer equation to the
(200) reflection, was 5.0 nm in diameter. The elemental analysis revealed that the nanoporous MnO

contained residual carbon (18 wt%) and nitrogen (0.6 wt%).
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Figure 2.7. Characterization of converted manganese oxides. (a—¢) SEM images, (d—f) TEM images,
and (d-f, insets) HR-TEM images and electron diffraction patterns of nanoporous MnO (a and d),
MnzO4 (b and e), and MnsOs (c and f).
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Figure 2.8. XRPD patterns of converted manganese oxides.

Using the nanoporous MnO that has the lowest oxidation state among the manganese oxide
structures as a precursor, we further carried out sequential conversion reactions in an oxidizing
environment to generate manganese oxides with higher oxidation states. First, nanoporous MnO was
heated in ambient air. The XRPD patterns monitored at incremental heating temperatures (Figure 2.9a)

indicated that the transformation of cubic MnO into tetragonal spinel-phase hausmannite-Mn3;O.
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(JCPDS no. 24-0734, hereafter Mn30,) started at 100 °C, and the latter phase was maintained up to
300 °C. At 350 °C, several new peaks started to appear in the XRPD pattern, which correspond to
bixbyite Mn,O; (JCPDS no. 73-1826). Further heating to >450 °C yielded the pure phase of Mn,0Os.
Meanwhile, conversion reactions in a more oxidative environment allowed for the stabilization of
metastable intermediate MnsQOs; we found that the nanoporous MnO can be transformed into a pure,
layered MnsOg phase by way of the Mn3sO4 phase, when it was heated to 350 °C under oxygen flow at
a very slow ramping rate of 1 °C min* (Figure 2.9b and c). The heating of MnO to the same temperature
but with higher ramping rates (3 or 5 °C min) afforded a mixture of MnsO4 and MnsOs phases instead
of the sequential formation of pure Mn3O4 and MnsOs phases (Figure 2.9c). Hence, the degree of
oxidation environment and the change of heating rate can adjust oxidation states and purities of the
resultant manganese oxides.
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Figure 2.9. Monitoring structural transformations from MnO to manganese oxides with higher
oxidation numbers. XRPD patterns for MnO before and after heat treatment at various temperatures (a)
in a box furnace with a ramping rate of 5 °C min* and (b) in a tube furnace under an oxygen flow of
100 mL minl with a ramping rate of 1 °C min?. (c) XRPD patterns of MnO after heat treatment at
350 °C in a tube furnace under an oxygen flow of 100 mL min! and with different ramping rates of
1 °C min?, 3 °C min?, and 5 °C min™.
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Under the optimized experimental conditions based on the above experiments, we could obtain
Mnz0, and MnsQOg in pure phases via pseudomorphic transformation of nanoporous MnO (Figure 2.4).
Further examination of these two manganese oxides with cross-sectional SEM and TEM images (Figure
2.7b, c, e and f) revealed that the nanoporous structure of MnO was retained despite the structural
transformation processes. The crystalline sizes of Mn;0s and MnsQs, calculated by applying the
Scherrer equation to the (101) and (201) reflections of their XRPD patterns (Figure 2.8), respectively,
were 5.6 nm and 5.2 nm, similar to those of MnO. The crystallinity and pure phases of nanoporous
MnsO. and MnsOg were also confirmed by their HR-TEM images and electron diffraction patterns
(Figure 2.7e and f, insets), respectively. However, Mn,O3 showed a marked increase in the nanocrystal
size, from 5.0 to ~20 nm, regardless of the reaction conditions such as the gas environment or heating
rate (Figure 2.9a and b, and 2.10). Hereafter, we will focus on the three phases—MnO, Mn3O., and
MnsOs—that have almost identical textural properties, for further discussion of the converted
manganese oxides.
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Figure 2.10. Characterization of an Mn;Os; sample: (a) XRPD pattern, (b) nitrogen
adsorption—desorption isotherms, and (c,d) TEM images.

Figure 2.11a shows the nitrogen adsorption—desorption isotherms of the three manganese oxides,
which feature type IV isotherms with H3-type hysteresis loops over all three samples, indicating well-
developed mesoporosity. The highly porous nature of the three nanoporous manganese oxides provide

similarly large Brunauer—-Emmett-Teller (BET) surface areas (~145 m? g') and pore volumes (~0.3
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cm? g1). The pore size distribution curves obtained by the BJH method exhibited similar pores sizes (5
to 20 nm) of manganese oxides (Figure 2.12). The detailed textural data are summarized in Table 2.1.
While the N, adsorption data reveal similar porous properties of the three manganese oxides, the X-ray
photoelectron spectroscopy (XPS) data clearly establish a marked difference in their oxidation states
(Figure 2.11b and Table 2.2). The Mn 3s XPS spectra (Figure 2.11b) revealed that the position of the
lower binding energy peak gradually shifted to higher energy with the increase in the oxidation number
of the sample (MnO / Mn3O4 / MnsQOs), which is consistent with previous results.?-% This systematic
peak shift results in a corresponding decrease in the 3s multiplet splitting (4Ess) of these manganese
oxides (Table 2.2)
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Figure 2.11. (a) Nitrogen adsorption—desorption isotherms and (b) Mn 3s XPS spectra of converted
manganese oxides. The blue asterisk indicates the presence of low-valent (e.g. Mn?*) manganese species
in MnsQOs.
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Figure 2.12. Pore size distribution of the nanoporous manganese oxides obtained by BJH method

from desorption branch of N2 physisorption isotherm.
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Table 2.1. BET surface areas and total pore volumes obtained from nitrogen adsorption analysis, and

the nanocrystalline sizes of nanoparticles composing frameworks of manganese oxides.

Sample BET surface area? Pore volume® Nanocrystalline size®
P (m* g (cm® g (nm)

MnO 146 0.29 5.0

Mn3z04 144 0.33 5.6

MnsOs 147 0.33 5.2

Mn,0s 39 0.22 20

@ BET surface area was obtained in the relative pressure range of 0.05-0.3.
b Pore volume was calculated at the relative pressure of 0.98-0.99.
¢ Nanocrystalline size was calculated by applying the Scherrer equation to the proper reflection of XRPD patterns.

Table 2.2. The peak positions and multiplet splittings deduced from Mn 2p and 3s XPS analyses.

Sample ?:s/) ?;:/) AEss
MnO 82.9 88.7 5.8
Mn304 83.4 88.6 5.2
MnsOg 84.1 88.7 4.6

a.b peaks at lower and higher binding energies, respectively

¢ Multiplet splitting values between the peaks for lower and higher BEs were obtained from the fitted XPS spectra.

Nanoporous manganese oxides thus far reported have been predominantly limited to those with high
oxidation states such as MnO_ and Mn,05.26-* Toward the low-oxidation-state manganese oxide, Bruce
et al. prepared nanoporous Mn3Q4 by reducing pre-synthesized nanoporous Mn,O3 with hydrogen gas.*
Likewise, other nanoporous metal oxides with low oxidation states, for instance, CoO and FezO4, could
be prepared by the reduction of the corresponding metal oxides with higher oxidation numbers.?*3 In
contrast, in our approach, the oxidative conversion reactions of Mn-MOF could sequentially generate
nanoporous MnO, Mnz04, MnsOs, and Mn;Os, by progressively increasing the degree of oxidation.
Significantly, our MOF-driven route enabled the isolation of the low-oxidation-state MnO and
metastable intermediate MnsOg as pure phases with nanoporous nanocrystalline structures, which were
previously rarely attainable.®*3" In particular, to our knowledge, nanoporous MnsOs with such a large
surface area and well-developed porosity is prepared for the first time.

We note that the transformations between different structures, from cubic (MnO) to spinel (Mn30.),
and to layered (MnsQs), occurred while preserving a nanoporous structure and textural properties. As

demonstrated in our previous work,!! the conversion reactions exploiting aliphatic ligand-based MOFs
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allow for the formation of thermally stable nanoporous metal oxide frameworks that are composed of
small nanoparticles. In this approach, labile aliphatic ligands can act as self-templates during the thermal
conversion process, and finally evaporate to generate nanopores. We also found that the infinite
coordination between inorganic and organic moieties in the MOFs is critical for suppressing the
aggregation of metallic entities into large particles; instead, the thermal conversion of a single
coordination compound generated very large agglomerates.’? In this way, the prepared nanoporous
manganese oxide frameworks are constructed with small (~5 nm) manganese oxide nanoparticles,
which have a high density of defects or grain boundaries. Compared to bulk metal oxides, nanometer
scale manganese oxide nanoparticles could relieve or minimize the structural stress during the
transformations between different structures, which could lead to a minimal change in their textural
properties.
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Figure. 2.13. Electrocatalytic activity of series of nanoporous manganese oxides for the ORR. (a) LSV
curves of nanoporous manganese oxides on glassy carbon electrodes. (b) The numbers of electrons
transferred at 0.4 V (vs. RHE) during the ORR obtained from the RRDE measurements. (c) Plot of the
number of transferred electrons against potential during the ORR obtained by RRDE measurement. (d)
Koutecky-Levich plots at 0.4 V (vs. RHE). The dotted lines show the theoretical slopes when two and

four electrons are transferred during ORR. The numbers in the parentheses indicate the number of
transferred electrons.
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Among the transformed nanoporous manganese oxides, Mn3;O4 and MnsOsg have nearly identical
textural properties (such as morphology, surface area, and crystallite size of framework nanoparticles)
and are free of residual carbon, but differ only in their oxidation states. As such, these two manganese
oxides can serve as a system for the study of the oxidation state effect in catalysis. We investigated the
electrocatalytic properties of the two nanoporous manganese oxides for the ORR (Figures 2.13, 2.14,
and 2.15), because the latter is a key reaction in energy conversion devices such as fuel cells and metal—
air batteries. The LSV curves for the two nanoporous manganese oxides (Figure 2.13a), measured in
0.1 M KOH electrolyte at a rotating speed of 1600 rpm revealed that the nanoporous MnsO4 had higher
on-set potential (0.75 V vs. RHE) and current density at 0.75 V (-0.26 mA c¢cm?) than those of MnsOs
(0.73 V and -0.15 mA cm?, respectively). In addition, nanoporous Mns;O, showed a higher limiting
current density than MnsOg. We note that nanoporous MnO showed higher current density than the
other oxides in the kinetic-diffusion controlled region of the LSV curve (Figure 2.16). This result does
not correspond to the previous report where MnO exhibited inferior ORR activity to Mn304.% We
attribute this higher activity of the nanoporous MnO to the presence of residual carbon and nitrogen.
The kinetic parameters of the two catalysts for the ORR were deduced by measurement of the ring
currents during the ORR (Figure 2.13b and c) and the Koutecky-Levich analyses (Figure 2.13d and
2.14). Results from both the methods consistently indicated that the electron numbers transferred by the
nanoporous MnzOs were higher (3.8) than MnsOs (3.1~3.5). The excellent kinetics observed for
nanoporous Mn3O, could also be confirmed with its smaller charge transfer resistance at 0.7 V in EIS
data (Figure 2.15).
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Figure 2.14. LSV polarization curves for the ORR measured at different rotating rates: (a) nanoporous

Mnz04, and (b) nanoporous MnsQs.

Collectively, nanoporous MnzO4 had higher diffusion-limited current, electron transfer number, and
lower charge transfer resistance than those of MnsQOs. For the ORR in alkaline electrolyte, the most
efficient way is direct four electron transfer mechanism, which is, however, kinetically impeded due to

its high activation barrier. Instead, two-step mechanism is favored, wherein oxygen is first reduced via

35



two electron pathway producing peroxide species (HO2) and the catalytic decomposition of HO;
produces half of oxygen molecule that is further reduced. Importantly, rapidly repeated the latter cycles
lead to quasi-four-electron transfer mechanism. Comparing the oxidation state of the two manganese
oxides, spinel Mn3O. structure consists of Mn cations with +2 and +3 oxidation numbers, whereas
layered MnsOg has +2 and +4 oxidation states. The decomposition of HO, can be facilitated by facile
redox mechanism between +2 and +3 Mn cations on the surface of MnzOs structure.®® Such enhanced
HO, decomposition results in quasi-four-electron transfer with nanoporous MnsO.. It is suggested that
the disparity in framework structure between Mn3;O, and MnsOg could also contribute to the difference
in their ORR activity. Layered MnsOs is constructed with dense frameworks, which can impede facile
adsorption of oxygen molecules. In contrast, spinel MnzO4 with relatively opened framework is
favorable for oxygen adsorption, thus expediting catalytic cycles. Likewise, a recent study revealed that
among a series of calcium manganese oxides, Ca-Mn3Og that has analogous crystal structure to MnsOs
thus exhibited lowest ORR activity.%
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Figure 2.15. Nyquist plots of the manganese oxide samples obtained by impedance spectra at a fixed
potential of 0.7 V (vs. RHE) in Oz-saturated 0.1 M KOH.
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Figure 2.16. LSV polarization curves for the nanoporous MnsOg, MnzO4, and MnO measured at 1600
rpm in O.-saturated 0.1 M KOH.
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Conclusion

In summary, conversion reactions using Mn-MOF precursor yielded a series of nanoporous
manganese oxide structures via sequential transformations. Significantly, this transformative route
allowed for the preparation of low-oxidation-state (MnQ) and metastable intermediate (MnsQOsg) phases
while having nanoporous architecture, which were otherwise difficult to synthesize. Additionally, this
method enabled facile structural transformations between different manganese oxide structures while
preserving their structural properties. In comparative investigation of the electrocatalytic activity of
nanoporous manganese oxides, MnsO4 showed better ORR activity and kinetics than nanoporous
MnsQs, demonstrating an important role of oxidation state for enhanced performance for the ORR.

Based on our previous work,'! conversion reactions exploiting aliphatic ligand-based MOFs have
been demonstrated as a versatile route to nanoporous metal oxides with nanocrystalline frameworks.
This work, in particular, has shown that this transformative route can enable the preparation of
nanoporous architectures with unexplored compositions. We envisage that further investigations into
the MOF-driven conversion reactions can enrich the composition, structure, and function of nanoporous

metal oxide materials.
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2.3. Thermal conversion of a Li- and Si-containing MOF for preparation of LisSiO4 ceramic

Introduction

Anthropogenic carbon dioxide (CO;) emission is considered to be one of the major reasons for
global warming, which is a serious environmental threat.> CO; is mostly derived from the combustion
of fossil fuels in power plants (approximately one-third of the emitted CO,) and it is expelled as a hot
gas.?® In this regard, the capture and sequestration of CO; at high temperatures is an emerging area of
research aimed at reducing the concentration of CO; in the atmosphere. Among various CO,-capture
materials, lithium-based ceramics such as Li>ZrOs, Li>SiOs, LigSiOg, LisAlOs, LisTiO4, and LisSiO4
have achieved recognition, because they capture CO; via chemisorption in a wide temperature range
and with a high degree of recyclability.*® Among them, lithium orthosilicate (LisSiO.) is a qualified
candidate for the uptake of CO, from combustion gases, because of its fast absorption kinetics and large
absorption capacity (theoretical sorption amount of 36.7 wt%).1%1

LiaSiO4-based absorbents are conventionally synthesised by the solid-state reaction of silica with
lithium salts such as LiOH and Li>COs, as described in equation (1). As part of an effort to vary the
types of precursors and the synthetic conditions, the impregnation-precipitation process'?*® and sol-gel
synthesis'**® have been used for the synthesis of LisSiO4, which has led to changes to its surface
properties and to an increase of its surface area. Because CO2 molecules react with Li* and O% ions
diffused from inside of the Li,SiO4 absorbent on the surface!® according to equation (2), those efforts
were effective for enhancing the COz-capture performances. Therefore, various attempts with new

precursors and methods are meaningful to develop absorbents with good performances.

2Li,CO3 + SiO, — LiaSiO4 + 2C0O» Eq (1)
LisSiOs + CO; — LisSiOs + Li,CO3 Eq (2)

The conversion reaction of MOFs has been employed as a synthetic method that affords inorganic
materials with novel properties. In particular, because ceramics that require solid-state reactions at high
temperatures hardly allow for control of the morphologies, the implementation of a method to convert
MOFs into ceramics enables ceramics to possess various interesting morphologies. In this work, a newly
designed MOF, containing Li and Si atoms, was synthesised and used as a precursor. This MOF was
thermally converted into LisSiO4, which has a coral-like morphology; its unique structural properties
enhance its CO»-sorption behaviour. We attribute these features to the MOF precursor and its thermal
conversion reaction. To construct a MOF containing Li and Si atoms in a 4:1 ratio, it is important to
introduce an appropriate organic building block. In this sense, tetrakis(4-carboxyphenyl)silane (HsTCS)
is a proper ligand.Y It is a Si-centred tetracarboxylic acid ligand (Figure 2.17); the electronic charge of

the derived tetracarboxylate can be balanced by four Li* ions.
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Figure 2.17. Tetrakis(4-carboxyphenyl)silane (H4TCS).

Experimental section

All chemicals and solvents used in the synthesis were of reagent grade and those were used without
further purification. Tetrakis(4-carboxyphenyl)silane (TCS) was prepared by the method reported in the
previous study.?* Infrared spectra were recorded with a ThermoFisher Scientific iS10 FT-IR
spectrometer. Elemental analyses were performed at the Ulsan National Institute of Science and
Technology (UNIST) Central Research Facilities by using a Thermo Scientific Flash 2000 series
CHNS/O analyzer. TGA was performed under a N, (g) atmosphere at a scan rate of 5 °© min™ using Q50
from TA instruments. XRPD data were recorded on a Bruker D2 phaser diffractometer at 30 kV and 10
mA for Cu Ka (L = 1.541 A), with a step size of 0.02° in 20. SEM images were taken using a Quanta
200 microscope (FEI) operating at 18 kV. TEM images and energy dispersive X-ray spectra were
obtained with a JEOL JEM-2100F microscope. The nitrogen adsorption-desorption isotherms were
measured at 77 K using liquid nitrogen on a BELsorp-MAX. Prior to adsorption measurement the
samples were evacuated at 250 " under vacuum (p < 10 bar) for 6 h.

Synthesis of LiTCS, [Lis(TCS)-2DEF-1EtOH]-0.25EtOH-1H,0. TCS (40 mg, 0.078 mmol) was
dissolved in DEF (4 mL) and added to an EtOH solution (2 mL) of LiNO3z*6H-0 (25 mg, 0.31 mmol).
The mixture was placed in a Teflon vessel within the autoclave, and heated and kept at 120 © for 24
h. The solution was cooled to room temperature. Pale-yellow crystals formed, which were filtered off
and washed briefly with the mother liquor. Yield: 69%. FTIR (KBr, cm?): 3449 (O-H, coordinated
EtOH), 3059 (Ar-H), 2976 (C-H, DEF), 2880 (C-H, aldehyde in DEF), 1660 (C=0O amide in DEF),
1611 (asymmetric O-C=0, carboxylate), 1414 (symmetric O-C=0, carboxylate), 1100, 730 (Si—Ph).
Anal. Calcd for CagsHa7.5L1aN201225Si1: C, 59.75; H, 5.88; N, 3.44. Found: C, 59.10; H, 5.13; N, 3.41.
Synthesis of Li4SiO4 by a conversion reaction of LiTCS MOF. Grinded LiTCS crystals were heated
at 5 °© mint under a nitrogen flow of 250 mL min*. After reaching the target temperature of 700 ¢, it
was maintained for 6 h, then cooled to room temperature. As the next step, the resultant black powder

was heated in a box furnace (ambient air environment) at 10 *° min?. After reaching the target
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temperature of 650 ©, the material was maintained at that temperature for 2 h. After cooling to room
temperature, white solid was acquired.

Synthesis of LisSiO4 by a conventional method for comparison. A mixture of lithium hydroxide
monohydrate and fumed silica in water with a Li/Si molar ratio of 4.1:1 was stirred and heated at 70 <C
until the precursors were dissolved in water. Then, the solution was heated at 105 C to evaporate the
water and the resulting powder was calcined at 700 C for 4 h in tube furnace under a nitrogen flow of
500 mL/min.

Single-crystal X-ray crystallography. A single-crystal of LiTCS was coated with paratone-N oil, and
the diffraction data were measured at 100 K with synchrotron radiation (A = 0.64999 A) on an ADSC
Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator (DCM) at the
Pohang Accelerator Laboratory, Republic of Korea. The ADSC Q210 ADX program? was used for
data collection, and HKL3000sm (Ver. 703r)?® was used for cell refinement, reduction, and absorption
correction. The crystal structures were solved by direct methods and refined by full-matrix least-squares
calculations with the SHELXL computer program.?’” The positions of all non—hydrogen atoms were
refined with anisotropic displacement factors. The hydrogen atoms were positioned geometrically using

a riding model.

Results and discussion

The solvothermal reaction of LiNO3-6H,O with HsTCS in a mixture of N,N-diethylformamide
(DEF) and ethanol (EtOH) yielded yellowish block-shaped crystals of
[Lis(TCS)(DEF).(EtOH)]-0.25EtOH-H,O (designated as LiTCS; synthetic details in Experimental
section). The structure of LiTCS, determined by single-crystal X-ray diffraction,'® consists of one TCS
ligand, four lithium ions, two coordinating DEF molecules, and one coordinating EtOH molecule per
asymmetric unit. All the Li* ions have distorted tetrahedral geometries (Figure 2.18a): Li3 and Li4 are
bonded to carboxylate oxygen atoms associated with four different TCS* moieties. Lil is coordinated
by two carboxylates and two DEF molecules. Li2 is coordinated by three carboxylates and one EtOH
molecule. As shown in Figure 2.18b, among the various possible bridging modes of carboxylate ligands,
the carboxylates belonging to Ph1 and Ph4 display ps-n%n? modes, the carboxylate from Ph2 displays
a ps-nt:n? mode, and the carboxylate from Ph3 shows a p-n*:n! mode. The infinite coordination in these
modes generates one-dimensional [Li-COO] chains as secondary building units along the b axis (Figure
2.18c). Because the central Si atom of a TCS ligand has a tetrahedral geometry, the TCS ligand is
expected to act as a tetrahedral node. However, in the present MOF, because two carboxylates
(belonging to Phl and Ph4) in a TCS ligand coordinate to the intrachain Li ions, the two other
carboxylates extend to coordinate to two neighbouring [Li-COQ] chains (Figure 2.18d). Thus, this
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ligand is a three-way junction to generate a three-dimensional (3D) network. Because of the pore
blockage of two coordinating DEF molecules, this 3D MOF possesses 1D channels (Figures 2.18c¢ and
d). The X-ray powder diffraction (XRPD) pattern of the as-synthesised LiTCS is consistent with the
simulated pattern derived from the single-crystal diffraction data (Figure 2.19), indicating that the bulk

and single crystals are the same material.

Figure 2.18. Crystal structure of LiTCS. (a) SBUs of the Li-COO chain. (b) The coordination modes
of the carboxylates of a TCS* ligand. Three-dimensional framework formed by SBUs and organic
ligands, projected along (c) the ¢ axis and (d) the b axis. Coordinating DEF molecules and Lil in Fig

2d were omitted for clarity. (Colour scheme: C, grey; O, red; N, blue; Si, orange; Li, purple.)
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Figure 2.19. XRPD patterns of LiTCS: (a) measured pattern of as-synthesized LiTCS and (b) simulated

pattern from the single-crystal X-ray diffraction data.

Thermogravimetric analysis (TGA) indicated that LiTCS thermally decomposes above ca. 550 °C
(Figure 2.20a). Because the conventional synthesis of LisSiO4 is conducted at 600-900 °C, the grinded
yellowish crystals of LiTCS were heated at 700 °C for 6 h in a tube furnace under a N, flow of 250
mL/min. As shown in Figure 2.21a, XRPD data for the resulting black powder show broad peaks that
coincide with those measured for Li,SiO4 (JCPDS No. 76-1085). The relatively low crystallinity might
originate from a large amount of carbon residue (49 wt%, based on elemental analysis) due to
incomplete reaction (Figure 2.20b). Further heat treatment under air at 650 °C for 2 h (Figure 2.20b)
consequently resulted in highly crystalline white product, displaying the sharp XRPD pattern (Figure
2.21b) of LisSiO4 (trace amounts of Li,SiO; were present). Despite the high annealing temperature, a
small amount of carbon (~1.3 wt%) was still detected; this may be attributed to unburned carbon in the

solid and/or to lithium carbonate on the surface.

(a) 100 4 3.7% (calc. 3.6% for uncoordinating guest solvent) (b) 100 A

90 - \ 6.0% (calc. 5.7% for coordinating 1 EtOH) 90

—~ 80 A1 —~ 80 A
X 24.7% (calc. 24.8% for X
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ey

S 60 A S 60
K<) ()
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40 4 40 A

30 A 30 A
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Figure 2.20. TGA traces of (a) LiTCS and (b) black powder LisSiOs, measured under nitrogen and
oxygen atmosphere, respectively. The result of the LisSiO4 indicates 70% weight loss until 550 °C,

corresponding to decomposition of carbon residue and further progress of incomplete reaction.
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Figure 2.21. XRPD patterns of the LisSiO, (a) before and (b) after thermolysis under air at 650 °C.

The morphology of the prepared LisSiO4 was investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The SEM images (Figures 2.22 and 2.23) reveal the loss
of original LiTCS morphology and the formation of large cracks in the solid, which is presumably
caused by volume shrinkage in going from LiTCS to LisSiO4 (1057.9 to 82.4 A3, based on the volume
for each formula containing one Si) and by the liberation of organic components during the thermal
conversion. Interestingly, the resulting solid of LisSiO4 has a coral-like morphology, constructed by the
connection of secondary particles with relatively uniform dimensions (ca. 300 nm). The coarse
integration of the secondary particles results in voids, corresponding to macropores. Thus, even though
the nitrogen adsorption/desorption experimental results indicated a low surface area (Brunauer—
Emmett—Teller surface area of 8 m?/g), the material’s macroporosity helps the mass transport of gas
during CO; capture, thus enhancing the uptake rate and amounts. High-magnification SEM and TEM
images, for closer observation, show that each secondary particle is composed of primary particles of
20-50 nm (Figure 2.23a (inset) and b). It should be noted that the present LisSiO4 has a unique
morphology which cannot be achieved by conventional synthetic methods (details in the experimental
section).* As shown in Figure 2.24, Li,SiOs is usually in the form of large agglomerates, forming a
rock-like bulk solid. In contrast, the coral-like morphology of the LisSiO. reported herein is attributed
to the self-templating effect of the MOF. We have previously suggested that organic substances
generated during the thermal decomposition of the MOF are confined to act as templates;**-2 afterwards,
they are converted into nanopores. Accordingly, the conversion reaction of MOFs can be a facile and
successful method to impart metal oxides with interesting architectures; this is especially true for

ceramics, which require high reaction temperatures.
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Figure 2.23. (a) SEM and (b) TEM images of the as-synthesised LisSiOs4, showing its coral-like

morphology.

Figure 2.24. (a) SEM and (b) TEM images of the rock-like LisSiO. synthesized conventionally.
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To verify the advantages of the special morphology of LisSiO4 regarding CO. capture, CO--
absorption experiments were conducted using a TGA apparatus. Figure 2.25a displays the dynamic
thermogram measured at a heating rate of 5 °C/min and a flow of 15% (v/v) CO2 in N2, which mimics
flue gas. This trace displays CO, chemisorption around 500 °C, accompanied by a small sorption peak
below 300 °C (2.6 wt%; the blue asterisk in Figure 2.25a), which is due to the reaction of Li,SiOs; with
C0,.222% The actual CO2-chemisorption process of LisSiO4 begins at 455 °C and reaches the apex of
18.7 wt% at 620 °C, at which absorption and desorption are in equilibrium. At higher temperatures, the
absorbed CO, molecules in this LisSiOs are liberated, resulting in a loss of 27.7 wt%. More mass loss
relative to the initial weight (ca. 9 wt%) results from the decomposition of remaining carbon species as
well as from the dissociation of CO, from the pre-existing Li»COjz in the as-synthesised LisSiO4, as
mentioned previously. To examine the temperature dependence of the CO,-absorption behaviour of
Li4SiO4, the absorbent was monitored isothermally under flowing mimicked flue gas at 500, 550, and
600 °C for 6 h (Figure 2.25b). At 500 °C, the uptake of Li,sSiO4 shows a relatively slow saturation to
29.4 wt%. The ultimate CO»-uptake amounts at 550 and 600 °C similarly approach 32.4 wt%, which
corresponds to 88% of the theoretical capacity of LisSiOs. However, the initial absorption rates at 550
and 600 °C are significantly different: during the first 5 min, while 12.0 wt% uptake occurs at 550 °C,
only 3.5 wt% uptake occurs at 600 °C.

The LisSiO, reported herein shows a CO-sorption behaviour superior to that of LisSiOs-based
absorbents previously prepared by the conventional solid-state synthesis (maximum uptake at 550 °C
of 7.8 wt%,; 3.3 wt% uptake at 550 °C after 5 min) (dotted line in Figure 2.25b). The stability of the
coral-like LisSiO, was also tested by cyclic absorption/desorption experiments. Absorption was
performed with 15% CO, in N at 550 °C and desorption was performed under pure N at 650 °C. The
experimental results indicate a severe decay of the absorption amounts during the first four cycles,
decreasing from 22.4 wt% to 11.4 wt%. After 25 cycles, the CO-absorption/desorption processes
converged to 7.7 wt%, which is a third of the uptake of the first cycle. SEM images of the solid at the
end of the experiment show that the porous coral-like morphology had mostly collapsed (Figure 2.26).
This result indicates that the deterioration of the COj-capture capacity is directly related to the
destruction of the material’s morphology. The same cyclic test for the morphologically featureless rock-
like LisSiO., meanwhile, displayed a gradual decline of the absorption capacity from 6.5 wt% to 2.2
wit% over the 25 cycles (dotted red line in Figure 2.25c). The result implies there might be other factors
that have a bad influence on the reversibility of the CO; absorption processes, except the morphological
one. However, since the coral-like sample shows the much larger degradation of absorption capacity
during the cycles, it can be said that the enhanced CO.-uptake capacity is surely caused by the coral-
like morphology generated during the MOF conversion, which has a significant effect on the absorption
rate and capacity. As a result, the development of absorbents showing advanced and robust

morphologies will be a further important direction of this research.
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Figure 2.26. SEM images of the LisSiO4 absorbent after twenty-five absorption-desorption cycles.

Conclusion

LiTCS, which is a tailored MOF containing Si and Li atoms, was synthesised and used as a precursor
for LisSiO4. This MOF-conversion method resulted in a coral-like morphology of LisSiOa, which can
hardly be achieved by the conventional synthetic approach. The as-prepared LisSiO4 showed CO,-
absorption behaviour superior to that of other materials, having a much higher uptake amount and faster
absorption. This might be attributed to its interesting coral-like morphology, providing a passage for
the mass transport of gas and a high surface area for effective interaction. Therefore, this novel approach
of MOF conversion can be a new route toward useful metal oxides (especially ceramics) with interesting
architectures and advanced properties.
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2.4. Gradual decomposition of a tailored MOF toward CdS photocatalyst with S-doped carbon

Introduction

Hydrogen peroxide (H20,) is an extremely efficient and environment-friendly oxidant, since it
possesses the highest content of active oxygen (~47%) and only release H,O as by-product on oxidation,
so has been selected as one of the 100 most important chemical compound.*? The commercial H.O,
production has been mainly done by the anthraquinone oxidation (AQO) process, but this process
requires high energy input for hydrogenation/oxidation reaction, supply of H, gas, and organic
solvents.®* To not only minimize the waste generation during liquid-liquid extraction for H,O, recovery
at the end of AQO process but also improve the sustainability of the H,O, production, noble metal-
based catalysts (Pd, Pd-Au alloys, Ag, etc.) have been proposed in a direct reaction of H, and O, gases.>
& However, the explosive nature of the mixture of those gases incurs extra expenses for its
operationalization and prevention of the contingencies, demanding a more advanced route toward cost-
effective and eco-friendly H.O> generation.

To subdue concerns for the explosion as well as the environment, photocatalytic production of H,O,
has been demonstrated to be very promising because its synthetic pathway only requires natural
resources (sun light, air (O gas), and water).>** Metal oxide-based materials (particularly TiO,) have
shown great performances in the photocatalytic H,O production, but are only active in UV spectrum
of light and have strong tendency to oxidize H,O; on their surfaces, which results in the decomposition
of photogenerated H,0- again.** Many studies have observed saturation in the H,O, production after a
certain time period (mostly ~3 h), associated with the self-oxidation of H,O; at higher concentration.
To restrict this and enhance the photo-efficiency, several strategies have been proposed, such as surface
passivation by fluorine,*>*" use of a hole scavenger,'>!38 loading metal nanoparticles,'®? and addition
of redox/charge transfer mediator.?> Nevertheless, all the methods still indicate serious either
environmental or economic implications with insufficient catalytic activities. Apart from them, a
polymeric/complex system has been also adopted, but still had photostability issues.??2® Therefore, it is
critical to develop ideal photocatalysts, which should be: i) robust and photostable, ii) photocatalytic
with high efficiency preferably under visible light, and, at the same time, iii) inactive to photogenerated
H>O, as much as possible.

We firstly selected cadmium sulfide (CdS) as a potential photocatalyst, because it has narrow band
gap (2.42 eV) and relatively high conduction band edge position (-0.52 V, vs NHE), so can reduce O;
and generate H,O, under visible spectrum of light.2-?° Furthermore, it has been known that the carbon
encapsulation on the catalyst can restrict the fast charge recombination, which subsequently improves
the photocatalytic efficiency for H.O, formation.*®3! Thus, to produce a composite material of CdS and
carbon species, we employed a metal-organic framework (MOFs) composed of Cd(I1) ions and sulfur-

containing organic ligands, because it has been well-known that MOFs can play parallel roles as both a

50



template and a precursor under an appropriate condition. For example, by utilizing the thermolysis of
Ni(EDTA) (EDTA* = ethylenediaminetetraacetate), Ni nanoparticles embedded in a carbon matrix
could be easily prepared, where the carbon species are derived from the decomposition of the organic
ligand.®232 Herein, based on this background, [Cd(EDDA)], the Cd- and S-based MOF (EDDA%* =2,2’-
(ethylenedithio)diacetate), was thermally transformed into CdS nanoparticles with S-doped carbon
(Figure 2.27), which showed remarkable photocatalytic activities and much longer lifetime in H.O;
production. It is also noteworthy that using a MOF with a sulfur-containing ligand as a single precursor

for the synthesis of metal sulfide nanocomposites has not been reported yet.

Cd(EDDA) crystal CdS nanocomposite

Figure 2.27. Schematic of MOF-derived synthesis of CdS nanocomposites with S-doped carbon.

Experimental section

All chemicals and solvents used in the syntheses were of reagent grade and they were used without
further purification. 2,2’-(Ethylenedithio)diacetic acid (H.EDDA) was bought from TCI, and
Cd(NOs)2-4H,0 from JUNSEL. Infrared spectra were measured by a Thermo Fisher Scientific Nicolet
6700 FT-IR spectrometer. XRPD data were recorded on a Bruker D2 phaser diffractometer at 30 kV
and 10 mA for Cu Ka (A= 1.54050 A), with a step size of 0.02° in 26. N, CO,, H,O sorption isotherms
of samples were obtained using a BELSORP-max at 77 K, 196 K, and 298 K, respectively. Prior to the
adsorption measurements, the samples were evacuated (p < 10° mbar) at RT for 24 h and then 110 °C
for 4 h. TGA were performed under N2(g) atmosphere at a scan rate of 5 “/min using Q50 from TA
instruments. Elemental analyses were done by UNIST Central Research Facilities center (UCRF) in
Ulsan National Institute of Science and Technology (UNIST).

Preparation of [Cd(EDDA)]. Cd(NO3)2-4H.0 (1.54 g, 5 mmol) and H.EDDA (1.05 g, 5 mmol) were
dissolved in a mixture of N,N-dimethylformamide (DMF) and H,O (100 mL, 1:1, v/v). The mixture
solution was placed in a 500 mL glass reaction vessel, and heated at a rate of 1 °C/min and maintained

at 80 °C for 12 h. After cooling to room temperature, colorless crystals were filtered off and briefly
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washed with water and ethanol. Yield: ~23.5%. Anal. Calcd for Cd;CsHgO.S;: C, 22.47; H, 2.51; N,
0.00; S, 20.00. Found: C, 22.47; H, 2.49; N, 0.00; S, 20.74. FT-IR (ATR, cm™): vc.n 2969, 2914 (w),
ve-0-0 1566, 1370 (s). The hydrothermal reaction with a small portion of triethylamine (1.4 mL, 10
mmol) also afforded the synthesis of the same compound in powder form.

Synthesis of CdSx y hanocomposite (where x = the gas type (O2 or N2) and y = the heating time). Solid
[Cd(EDDA)] was heated at 5 °C min~* under a 500 mL min™t of X gas. After reaching the target
temperature of 270 °C, the material was maintained at that temperature for Y h. After cooling to room
temperature, dark yellow solid was obtained.

Photocatalytic production of H,O,. Photocatalytic activity of the samples for hydrogen peroxide
production was evaluated at room temperature and pressure (Figure 2.28). 0.1g of photocatalyst powder
was dispersed in 100 ml of deionized water with and without the presence of 2-propanol that was used
as a sacrificial agent. The colloidal solution in the reactor was purged with oxygen gas for half an hour
to saturate the oxygen in the solution in the dark condition. The performance test of the H,O, production
was carried out with 300W Xenon lamp with continuous oxygen bubbling. To maintain dispersion, the
solution was stirred by magnetic stirrer before and during the reaction. The photocatalyst samples were
tested under both visible light irradiation with 420nm cut-off filter and 1sun (100mW/cm?) irradiation
with one sun filter. 1 mL of sample was collected at every 30 min for 3 hours of the reaction by a syringe
and filtrated by 0.45 uM PTFE syringe filter (Millex).

Sample preparation H,0, production

continuous O, bubbling

O, bubbling for 30min

100ml solution

0.1g CdS sample

solution: 90ml DI water + 10ml 2-propanol Visible light: 420nm cutoff filter

Figure 2.28. Schematic illustration of the photocatalytic experiment for H.O, production.

Photocatalytic decomposition of H,O,. Hydrogen peroxide decomposition activity of commercial
CdS and MOF-derived CdSs is tested under 1sun (100mW/cm?) intensity with 1 sun filter and polymer/
TiO- is tested under visible light irradiation with 420nm cut-off filter with 300W Xenon lamp with

continuous stirring. 0.1 g of commercial CdS and MOF-derived CdSs was dispersed in 100 ml of 1mM
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H»O; solution that was made by diluting hydrogen peroxide (35%, Alfa Aesar) in deionized water. To
avoid H,O; production from oxygen, reactor was purged with nitrogen gas and oxygen gas was removed
for 30 mins in dark before decomposition test.

Measurement of H,O, concentration. The concentration of generated H.O, is measured by DPD
method. 1 mL H,O, sample was collected by syringe from the reactor and it was filtrated by 0.45 M
PTFE filter (Millex) to separate H,O-containing solution from photocatalyst powders. Sodium
phosphate buffer was added to properly diluted sample and then, deionized water is added. N,N,-
Diethyl-p-phenylene-diamine sulfate (DPD, >98%, Sigma-Aldrich) solution (in 0.1 N sulfuric acid
standard solution) and peroxidase (POD, horseradish, Sigma) solution (in deionized water) was used to
make vivid color for measuring absorbance of hydrogen peroxide. The concentration corresponding its
absorbance was automatically calculated by using UV-visible spectrophotometer (UV-2600, Shimazu).

Results and discussion

[Cd(EDDA)] can be readily prepared via the coordination of Cd(ll) ions with EDDA? by heating
in a 1.1 (v/v) mixture of N,N’-dimethylformamide (DMF) and water. In the corresponding product,
which is colorless crystals,® the Cd(ll) center is positioned in an octahedral geometry, forming six
bonds with two sulfur atoms of the thioethers from one EDDA ligand and four oxygen atoms of the
carboxylates from the three different EDDA ligands (Figure 2.29 and 2.30). Their repetitive assemblies
generate 2D sheets, which are stacked in parallel. Thermogravimetric analysis (TGA) showed that this
compound is thermally stable up to 300 °C without any weight loss, whether under the flow of N; or O
(Figure 2.31). Nevertheless, we could observe that heating at 270 °C can slowly transform the structure
into single phase CdS (Hawleyite, JCPDS No. 10-0454), as revealed by the time-variable TGA trace
measured at 270 °C and X-ray powder diffraction (XRPD; Figure 2.32a-b and 2.33), which take 12 h
to complete the thermal transition into the CdS phase (hereafter, the as-synthesized samples will be
designated as CdSy,y where x = the gas type (O- or N2) and y = the heating time). It should be noted that
the [CA(EDDA)] crystals gradually turned yellowish over the heating time, and the X-ray diffraction of
a selected crystal after 6 h heat-treatment showed both single-crystal pattern of [Cd(EDDA)] and
polycrystalline ring pattern of CdS. This implies that the CdS phase is generated throughout the crystals,
resulting in the homogeneous mixture of the two different materials, notably, which kind of partial

decomposition within a MOF crystal has been very rarely reported so far.
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Figure 2.29. An ORTEP drawing of [Cd(EDDA)] with an atomic numbering scheme (thermal
ellipsoids at 50% probability). Hydrogen atoms are omitted for clarity. Color scheme: Cd, purple; C,
black; O, red; S, yellow.
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Figure 2.30. XRPD patterns of [Cd(EDDA)]: (a) experimental and (b) simulated data.
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Figure 2.31. TGA trance of [Cd(EDDA)] obtained under a nitrogen (blue line) or an oxygen (red line).

54



(@) (b)

100 4 270°C. O — CdS (JCPDS No. 10-0454
1 2

] M
— ; ~
S < M °
z = %
o] z

60 1 =

5 | o Cd(EDDA)

40 , : : |,| , | 1,

0 6 12 18 24 10 20 30 40 50 60 70
Time (hour) 200)

(c) CdSp;.12n
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Figure 2.33. XRPD patterns of [Cd(EDDA)], CdSn2,6n, CdSn2,12n, and CdSnz,24n.
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The broad peaks in the XRPD patterns indicate a hanocrystalline nature of the obtained dark-yellow
solids. The average sizes of nanocrystals in CdSoz,6n, CdSo2,12n, and CdSo2,24n Were estimated to be 5.5,
5.4, and 5.6, respectively, by applying the Debye-Scherrer equation to the (220) reflections.
Transmission electron microscopy (TEM) images in Figure 2.32c further confirm that the materials
consist of 5~10 nm-sized nanoparticles. Due to the slow and gradual transformation under the moderate
temperature, aggregation of nanoparticles does not result from the heating under O,. Meanwhile, the
clear lattice fringes indicate that the CdS crystallites were well-constructed even in nanoscale during
the MOF conversion. However, it was difficult to identify carbon species through the TEM images,
even though the elemental analysis identifies a small portion of carbon residue within the samples
(4.18wt% and 3.43wt% for CdSoz12n and CdSoz24n, respectively). On the other hand, converting
[Cd(EDDA)] under N, atmosphere is completed after 24 h and remains CdS nanoparticles (similar size
to the samples obtained under O,) and 9.11wt% of carbon, which could be observed in the TEM images
(Figure 2.34).

Carbonmatrix

Figure 2.34. TEM images of CdSnz,24n.
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To establish the states of CdS and carbon residue, the X-ray photoelectron spectroscopy (XPS) was
conducted for the CdSoz,12n and the Cd 3dsp, S 2p, O 1s, and C 1s spectra were deconvoluted as shown
in Figure 2.35. Besides the peak from cadmium sulfide at 161.0 eV, the other four peaks in the S 2p
spectra are assigned to organic sulfur (e.g., thiol or C-S groups; 161.9 and 163.0 eV) and sulfate species
(168.9 and 170.2 eV). In the C 1s spectra, the major peak at 284.8 eV is attributable to organic sp®
carbon. The binding energies of 287.0 and 288.4 eV may represent carbon in many different
environments (e.g. C-S, C-OH and C-O-C for 287.0 eV, and S-C=0, O-C=0 and C=0 for 288.4 eV).
Those results indicate that CdSo,12n possess sulfur-doped polymeric carbon on the surface. Notably,
the Cd 3ds, spectra reveals the presence of cadmium oxide with binding energy of 404.0 eV, where
oxygen may come from either the gas or the pre-coordinated oxygen atoms from the ligand’s
carboxylates. The similar result is also observed for the O 1s spectra with the peak at 530.4 eV assigned
to cadmium. It is noteworthy that the role of this coexistent cadmium oxide on the photocatalysis has
been excluded based on our experimental results that the surface oxidation of commercial CdS almost
did not change its photocatalytic activity. In the energy-dispersive X-ray spectroscopy (EDS) mapping
as well, the CdS nanoparticles as well as the carbon and cadmium oxide are well dispersed across the
CdSo2,12n sample (Figure 2.36).

(a) Cd 3ds), (b) S 2p
» CdS C-s-C
(405.7 eV) (163.0, 161.9 eV)
S5 S
8 8
2 2 Cds
= Cdo =
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Figure 2.35. XPS spectra. (a) Cd 3dss, (b) S 2p, (c) O 1s, and (d) C 1s spectra of CdSo2,12n.
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Figure 2.36. EDS mapping of CdSo2,12n.

To determine the optimal sample for the photocatalytic H.O, formation, four samples ([Cd(EDDA)],
CdSoz,6n, CdSo2,12n, and CdSo224n) Were firstly tested under visible light spectrum in deionized water
at room temperature with 10% of 2-propanol as a hole scavenger (detailed experimental methods in Sl).
As summarized in Figure 2.37a, the bare [Cd(EDDA)] sample shows photo-inactivity; the concentration
of H,O; after 3 h is 0.02 mM (i.e. almost zero). On the other hand, a dramatic increase of photocatalytic
performances in H>O, production was observed for CdSoz6n, CdSo2,12n, and CdSoz,24n; after 3 hours,
the highest concentration of H.O, was recorded as 0.36, 0.82, and 0.71 mM, respectively. Thus, it is
conclusive that the optimum annealing time under O, atmosphere is 12 h.

To make comparative studies, CdSoz,12n is further compared with commercial CdS and CdSnz,24n
(Figure 2.37b). The commercial CdS shows the concentration of 0.20 mM after 3 h photo-reaction),
which is much lower than that of CdSo2,12n. This may have been attributed to its larger particle size
(still nanoscale though) and absence of the carbon species. Interestingly, for the case of CdSnz,24n, the
H»O, concentration linearly increases over time, reaching 0.24 mM at 3 h, but the capability itself to
generate H,O- is not much different compared to commercial CdS until 3 h. This result indicates that
the high amount of carbon may stabilize the photocatalyst; i.e., the thicker carbon layer blocks the
approach of H.O, molecules on to the surface of the photocatalyst and thus prevents their
photodecomposition, which can result in the steady formation of H,O, without saturation. However,
carbon may also prohibit the optical absorption to the photocatalyst, thereby reducing its photo-activity
itself. Therefore, the increase in H,O, concentration can be the most pronounced in the CdSo2,12n Sample
owing to its optimal amount of carbon shell, with the strongest photoactivity despite its slight saturation

of the concentration over time.
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Figure 2.37. Photocatalytic H.O, production under visible light spectrum (X > 420nm) in deionized
water with 10% 2-propanol as a hole scavenger; (a) [Cd(EDDA)] and CdSo.y series, and (b)
commercial CdS, CdSnz,24n, and CdSo2,12n. (€) Photocatalytic H.O, decomposition and (d) comparison

in use of hole scavenger for commercial CdS and CdSo212n.

Figure 2.37c indicates the photocatalytic decomposition rates of H,O, under visible light irradiation.
Approximately half of pre-existed H,O, was degraded by commercial CdS after 3 h. On the other hand,
CdSoz2,12n decomposes only about 30 percent of H,O, during 3 h, although H.0, itself is usually used
as a sacrificial reagent of photocatalytic reaction. The low H,O- degradation rate for CdSo, 12n, desptie
its much higher photoactivity than that of commercial CdS, is another evidence that carbon residues on
the surface is inhibiting H,O, from being adsorbed on the surface of the photocatalyst and degraded by
accepting holes from the photocatalyst. To further prove this point, the test for the H,O, production of
the commercial CdS and CdSo»,12n Samples was extended up to 24 h. The H,O, formation by CdSo2,12n
was not saturated even until 24 h, reaching to 2.75 mM (5.5 times higher than 0.5 mM of commercial
CdS), while commercial CdS almost saturated after 8 h (Figure 2.38). Furthermore, both the samples
shows little difference in photocatalytic activity with or without the hole scavenger (i.e. 2-propanol), as

compared in Figure 2.37d.
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Figure 2.38. Photocatalytic hydrogen peroxide production of commercial CdS and CdSoz,12n under
visible light spectrum (A > 420nm) in DI water for 24 h (a) without hole scavenger and (b) with 10% 2-
propanol as a hole scavenger.

The great advantage of synthesizing metal-based nanomaterials via the MOF conversion approach
is that it is very easy to dope and distribute other kinds of metal atoms within the original materials.
Our group has previously demonstrated the synthesis of nanostructured ceria-based solid solutions by
simultaneously coordinating transition metal ions at a synthetic stage of the MOF precursors. Inspired
by the work, a small amount of Pt(ll) ions were added during the synthesis of [Cd(EDDA)] and rapidly
precipitated by triethylamine, to create Pt-doped crystals of [Cd(EDDA)] (Figure 2.41), which were
then converted into a CdS nanocomposite following the same condition as CdSo212n (designated as
Pt@CdS-0.53mol%; the molar concentration cacluated based on inductively coupled plasma-mass
spectroscopy (ICP-MS); synthetic details in SI). This Pt@CdS-0.53mol% sample has almost identical
textural prperties (similar sized nanoparticles; Figure 2.40) with CdSoz,12n, Yet the Pt atoms are very
homogeneously distributed throughout the material as proved by EDS mapping (Figure 2.39a).
Accordingly, as shown in Figure 2.39b, Pt@CdS-0.53mol% shows a slight increment in the
performance. The interesting point is that adding a Pt species generally provokes the self-oxidation of
H,O, and dramatically decrease the capacity in photocatalytic H,O, production (Figure 2.42).
According to previous literatures, atomically dispersed Pt catalysts in carbon can selectively produce
H>02, not following a conventional pathway to produce H-O. In our case, Pt atoms would be infiltrated
within the CdS nanoparticles. On the contrary to this, the S-doped polymeric carbon from CdSoz,12n
might be exploited to interact and disperse an introduced Pt species owing to a high affinity of
platinum(ll) for sulfur. In this sense, we synthesized CdS@Pt-0.04mol% by simply introducing a
H,PtCls methanolic solution to the CdSo2,12n Sample and reducing under 10% H»/N> mixture gas. The
material has the similar nano-properties and shows no sign of an aggregation of any Pt species in neither
PXRD nor TEM analysis and EDS mapping, and thus significantly improves the photocatalytic H.O,

production activity.
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Figure 2.39. (a) EDS mapping of Pt@CdS-0.53mol%. (b) Photocatalytic H.O, production of CdSo212n,
Pt@CdS-0.53mol%, and CdS@Pt-0.04mol%; under visible light spectrum (A > 420nm) in deionized
water with 10% 2-propanol as a hole scavenger.

Figure 2.40. TEM images of Pt@CdS-0.53mol%.
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Figure 2.41. XRPD patterns of 0.53 mol% Pt-doped Cd(EDDA): experimental and simulated data from
X-ray single-crystal data..
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Figure 2.42. Photocatalytic hydrogen peroxide production of Commercial CdS and two other Pt-loaded
commercial CdS samples (0.35 and 2.1 wt%, respectively) in a 10% 2-propanol solution.

Conclusion

In conclusion, we reported for the first time the MOF-derived synthesis of CdS photocatalyst
covered with carbon for H,O, production under visible spectrum just from H,O and O even in the
absence of hole scavenger and noble metal co-catalyst. Exciting feature of this reported work is the

continuous H,O- generation without reaching saturation even after 24 h of continuous photocatalytic
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reaction. We have demonstrated that this type of material can show better photocatalytic performance

than earlier reported inorganic photocatalysts, and coexistent carbon layers prevent the self-oxidation

of

photogenerated H,O, by passivating the photocatalyst surface. Thus, through this work, several CdS-

based photocatalysts could have been examined to find an optimal photocatalyst after prepared via the

MOF-assisted synthesis, and we envision that our results would be able to benefit further visible light-

mediated catalytic coupling reactions.®
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2.5. Facile synthesis of nanostructured transition metal/ceria solid solutions via bimetallic MOF

Introduction

Ceria (CeO) has been studied as a catalyst for many reactions such as the water gas shift reaction,*
water splitting,? oxidation of carbon monoxide (CO),® and conversion of nitrogen oxide.* The catalytic
potential stems from its high oxygen storage capacity that originates from the formation of oxygen
vacancies, and the low redox potential between Ce** and Ce**.>¢ However, pure ceria has only a limited
amount of anion defects, and often shows severe agglomeration of crystalline domains due to its
instability at high temperature. Hence, the oxygen storage capacity of CeO; is reduced. An attractive
alternative is forming a solid solution of ceria with other cations.’” The physicochemical properties of
the resulting material, such as thermal stability, oxygen vacancies, and redox properties can be tuned
by the doping metals to achieve superior catalytic performance.”*> So far, approaches to synthesize
transition-metal-substituted ceria solid solutions include co-precipitation,*®* combustion,*? sol-gel,*®
excess-solution impregnation,** and hydrothermal methods.'®> Nevertheless, these methods often cause
the segregation/agglomeration of the transition metal oxide phase from ceria, thereby preventing the
formation of homogeneous solid solutions with the intended nanostructures.

Conversion reactions that transform mixed-metal coordination compounds into multi-metal/metal
oxide nanomaterials have emerged as a new synthetic approach in material chemistry.’52* In
coordination compounds, the closely and periodically positioned hetero-metal ions enable the formation
of homogeneous solid solutions. Recently, Yang and coworkers synthesized transition-metal-
substituted CeO> nanoparticles (NPs) with a diameter of 3 nm, using solution-based pyrolysis of
bimetallic Schiff base complexes as precursors.? Since cerium ions and other transition metal ions are
placed close to each other in these complexes, the conversion reaction produced Mo 1Ceo.9O2x (M = Mn,
Fe, Co, Ni, Cu) NPs with homogeneous phase. However, in this solution-based (wet chemistry) reaction,
the use of surfactants is necessary to stabilize the small NPs, while a surfactant-free surface is critical
for the accessibility of reagent molecules in catalytic applications.?2° Therefore, the surfactant-assisted
NPs prepared by Yang et al. require a subsequent annealing step for use as catalysts. Furthermore,
nanostructured materials with hierarchical porosity are of great interest in catalysis, due to their efficient
mass transport of large molecules and the accessible pores where the reaction could take place.?>?° The
nanoporous structure also gives rise to a large surface area that expose more catalytically active sites.

Thus, transition metal-ceria solid solutions with nanoporous structures and composed of nanocrystalline
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frameworks would be desirable catalysts due to the large humber of active surface oxygen atoms and
fast mass transfer.

Our group has intensely studied the pyrolysis of well-designed coordination compounds, especially
metal-organic frameworks (MOFs), as suitable precursors for nanoporous metal oxides.®** Among
these compounds, Ce-aph-MOF with introduced adipate as an aliphatic ligand could be converted into
nanoporous CeO- (np-Ce0-) with highly nanocrystalline frameworks, in which the adipate ligand acts
as a self-template that evaporates later to generate nanopores.® In the present work, we exploit this
transformation, i.e., pyrolysis of bimetallic coordination polymers (CPs), to prepare nanoporous
structures consisting of nanocrystalline frameworks of transition metal-ceria solid solution (np-TMyCe.
xO25; TM = Ni, Co, Fe, and Mn, Figure 2.43), without the need for additional surfactants or templates.
The resulting structures with 4-nm-sized nanocrystalline frameworks have different physical and
chemical properties from those of pure ceria, due to the well-dispersed Mn species within, as evidenced
by Ha-temperature-programmed reduction (TPR) studies. The CO oxidation results indicate that the
homogeneous phase of np-Mn«Ce;xO»5 increased the catalytic activity by an order of magnitude
compared to pure ceria.

— T
' "
YA
'\,) '
. ,\?’

Figure 2.43. Schematic of the nanoporous structure of np-TMxCe1xO2-5 (TM = Mn, Ni, Co, and Fe).

np-TM,Ce;,O,.5

Experimental section

All chemicals and solvents were of reagent grade and used without further purification. Infrared spectra
were recorded with a ThermoFisher Scientific iS10 FT-IR spectrometer. Elemental analyses were
performed at the UNIST Central Research Facilities Center in Ulsan National Institute of Science and
Technology (UNIST). Raman spectroscopy measurements were performed using a micro-Raman
system (WITec) with an excitation energy of 2.41 eV (532 nm). Thermogravimetric analysis (TGA)
was performed under N2 (g) at a scan rate of 5 °C/min (TGA Q50, TA instruments). Transmission
electron microscopy (TEM) images and energy-dispersive X-ray spectrometry (EDS) mapping were
obtained on a JEOL JEM-2100 microscope. X-ray powder diffraction (XRPD) data of imp-CeO.-
Mn(X) materials were recorded on a Bruker D8 advance diffractometer at 40 kV and 40 mA for Cu Ko
radiation (A = 1.54050 A), with a step size of 0.02° in 26. For the other materials, the XRPD data were
recorded on a Bruker D2 phaser diffractometer at 30 kV and 10 mA for Cu Ka radiation (A = 1.54050
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A), with a step size of 0.02° in 26. X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Thermo Scientific K-Alpha XPS spectrometer. The chemical composition of np-MnxCe1xO2-s
samples was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS, ELAN DRC-e,
Perkin Elmer). N2 sorption isotherms were obtained by a BELSORP-max instrument at 77 K. Prior to
the adsorption measurements, sample materials converted from CPs were evacuated (p < 10”° mbar) at
150 °C for 6 h. The specific surface area was determined in the relative pressure range from 0.05 to 0.3
of the Brunauer-Emmett-Teller (BET) plot, and the total pore volume was calculated from the amount

adsorbed at a relative pressure of about 0.98-0.99.

Table 2.3. Experimental details for the preparation of coordination compounds.

Sample Name® Ce(NO3)3.6H,0  Transition metal Adipic acid TEA
(mmaol) precursor® (mmol) (mmol) (mmol)

Ce-aph-CP 8 0 12 30
Mng.11Ceg.g9-aph-CP 7.2 0.8 11.6 29
Mng.22Ceg.7s-aph-CP 6.4 1.6 11.2 28
Mng s3Ceg.47-aph-CP 4 4 10 25
Nio.10Ceo.g0-aph-CP 7.2 0.8 11.6 29
C0o0.11Ceo 89-aph-CP 7.2 0.8 11.6 29
Feo.11Ceo.g9-aph-CP 7.2 0.8 12 30

2 Mn(NOs3)2-4H20 was used as a Mn precursor.
Ni(NOs)2:6H20 was used as a Ni precursor.
Co(NO3)2:6H20 was used as a Co precursor.
Fe(NOs)s:9H20 was used as a Fe precursor.
b The sample names of bimetallic CPs are designated based on the ICP results.

Preparation of bimetallic CPs. An ethanol (40 mL) solution of adipic acid (1.75 g, 12 mmol) and
N,N,N-triethylenediamine (TEA, 4.2 mL, 30 mmol) was added to an ethanol solution (40 mL) of
Ce(NO3)3:6H20 (3.47 g, 8 mmol) under vigorous stirring. A white precipitate was formed soon after
the two solutions were mixed. After vigorous stirring for 2 h, the synthesized product was collected by
centrifugation (5000 rpm, 10 min). The as-obtained sample was washed several times with fresh ethanol.
After drying in vacuo at 80 °C overnight, 2.39 g of Ce-aph-CP was obtained as a white powder. Yield
(based on the used amount of Ce**): 76%. FT-IR (ATR, cm™): von = 3345(br); Vc-Haliphatic) = 2937, 2870
(W); Vo-c=o(carboxylate) = 1522, 1406(s). Anal. Calcd for Ce,CigH32.016 (Cez(adipate)s-4H20): C, 27.55; H,
4.11; N, 0.00. Found: C, 27.24; H, 3.76; N, 0.00. The synthetic procedures for the other bimetallic CPs
were the same, except for the amounts of precursors. A stoichiometric amount of adipic acid and 2.5

times the stoichiometric amount of TEA were used. The amounts of metal precursors and ligands are
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summarized in Table 2.3. For Mng.11Ceose-aph-CP, 2.35 g of white powder was obtained. Yield (based
on the used amount of Mn?"): 88%. FT-IR (ATR, cm™): von = 3354(br); Vc-raliphaiic) = 2938, 2869 (W);
VO-C=0(carboxylate) = 1528, 1408(s). Anal. Calcd for Mno.11Ceo.89Ce.7H14607.3
(Mng.11Cegso(adipate)145-1.5H20): C, 28.49; H, 4.01; N, 0.00. Found: C, 27.87; H, 3.81; N, 0.00. For
Mno.22Ceo.7s-aph-CP, 2.09 g of white powder was obtained. Yield (based on the used amount of Mn?*):
85%. FT-IR (ATR, cm™): von = 3336(br); Vc-Hliphatic) = 2938, 2869 (W); Vo-c=o(carboxylate) = 1529, 1408(s).
Anal. Calcd for Mng 22Ceg.7sCs.34H12.7206.36 (Mo 22Ceo.7s(adipate)1.39:0.8H20): C, 29.80; H, 3.81; N, 0.00.
Found: C, 29.82; H, 3.60; N, 0.00. For Mnos3Ceo47-aph-CP, 1.76 g of white powder was obtained. Yield
(based on the used amount of Mn?*): 80%. FT-IR (ATR, cm™): von = 3343(br); vc-Hliphaticy = 2938, 2870
(W);  Vo-c=O(caboxylatey = 1536, 1405(s). Anal. Calcd for Mngs3Ceo47C7.44H11.9205.96
(Mnos3Ceo.47(adipate):24-H,0): C, 30.63; H, 4.12; N, 0.00. Found: C, 31.58; H, 4.19; N, 0.00.
Synthesis of np-MyCe1xO2-5 solid solutions. The as-synthesized bimetallic CP (1.00 g) was ground
into a powder and then heated at a rate of 5 °C/min under a N (g) flow rate of 100 mL/min. The material
was maintained at the target temperature of 500 °C for 6 h. After cooling to room temperature, a second
heat treatment was used to remove the organic species to activate the pre-formed pores. The material
was heated in an O; (g) flow of 100 mL/min at the rate of 1 °C/min, and maintained at the target
temperature of 300 °C for 3 h. After cooling to room temperature, the desired solid was obtained. All
solids obtained after N, treatment were black, whereas the resultant np-CeQO,, np-Mng.0sCe0.9202-5, Np-
Mno.18Ce0.82025, NP-Mno.13Ce087025MNOy,  NP-Nio.0sCe0.92025, NP-C00.08Ce09202.5, and  np-
Feo.09Ceo.0102-5 after O, treatments were pale-yellow, brown, dark-brown, dark-brown, dark-brown,
light-brown, and brown powders, respectively.

Synthesis of imp-CeO,-Mn(X). Imp-CeO,-Mn(X) samples were prepared using a commercial CeO;
powder (Rhodia, BET surface area = 133 m?/g) by an incipient wetness impregnation method. A given
amount of Mn(NQ3)2:6H.0 (determined based on 2 g of CeO_) was completely dissolved in distilled
water (2.3 mL). The aqueous solution was added drop-by-drop to the CeO, powder until the mixture
turned into a malleable paste. Then the paste was dried in air at 120 °C. These two steps were repeated
until the agueous solution was used up. The resulting sample was calcined in a muffle furnace at 500 °C
for 4 h, with a heating rate of 1.6 °C/min. After cooling naturally down to 120 °C in the furnace, the
product was moved out to the ambient atmosphere and cooled to room temperature.

Rietveld refinement analysis. For detailed structural analysis, the XRPD data were collected using an
EMPYREAN diffractometer (PANanalytical) at Chonnam Center for Research Facilities. The
crystallographic information files (CIF) are given in Supporting Information. Cu Ko radiation was
utilized with the generator operating at 30 mA and 40 kV. The goniometer and the detector system were
o/260 and PIXcel® with prefix interface Xenon proportional detector, respectively. The fixed divergence

slit had a size of 0.10886° and the receiving slit size was 0.1 mm. The data were obtained at room

temperature in reflection mode with spinning, with a step size of 0.0130° for a scan time of 987 s per
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step over 260 = 3 — 99°. LeBail refinement of the obtained X-ray diffraction pattern was performed with
a pseudo-Voigt function as described in the literature®, together with a manually interpolated
background using the GSAS package®. For the Rietveld refinement, the model structure of CeO, was
employed and the occupancy of Ce was substituted with other incorporated metal, when the isotropic
atomic displacement factor was considered. At the final stage of refinement, all structural parameters
were refined simultaneously without the constraint. The refinement quality indices Ry, Rwp, and Reyp all
achieved convergence well below 5%.

H,-TPR and CO-TPD experiments. Prior to the Ho-TPR experiments, 0.05 g of the sample was pre-
treated in a fixed bed reactor at 350 °C for 0.5 h under air flow (60 mL/min). Afterwards, the sample
was cooled to room temperature under air flow and then purged with 2% Hx/Ar (60 mL/min) for 2 h.
After stabilization of the thermal conductivity detector (TCD) signal of the gas chromatograph (GC,
Agilent 7820A), the TPR experiment was carried out in 2% H/Ar (60 mL/min) flow with a heating rate
of 10 °C/min. The amount of H, consumption was determined from the TCD signal intensities calibrated
using CuO/SiO; reference. The CO-temperature-programmed desorption (TPD) experiments were
performed after CO adsorption on the samples. 0.05 g of the sample was pre-treated in a fixed bed
reactor at 350 °C for 0.5 h under air flow (60 mL/min). After cooling to room temperature under air
flow, the sample was purged in He for 0.5 h and then exposed to 1.8% CO/He gas mixture for 0.5 h (66
mL/min), followed by another He purge for 1.5 h in order to remove the weakly-bound CO molecules.
Next, the TPD experiment was carried out in a He flow (60 mL/min) with a heating rate of 10 °C/min
using a flame ionization detector (FID). The desorbed gases were converted to methane using Ni/Al,O3
catalysts with H, (20 mL/min) at 400 °C, then flowed directly to the FID without the GC column
separation. The desorbed amount was determined from the FID signal intensities, with the FID
sensitivity factor calibrated using 500-uL pulses of 10% CO in He. To identify desorbed gas species,
CO-TPD experiment was also performed with CaX zeolite as a CO- trap, which was installed between
the reactor and Ni/Al.Os catalysts.

Catalytic study for CO oxidation. CO oxidation measurements were performed in a quartz flow
reactor using 0.01 g of sample supported by quartz wool. The sample was pre-treated at 350 °C for 0.5
h under air flow (60 mL/min), and then cooled to room temperature under air flow. For the temperature-
programmed reaction, the air flow was changed to He/O- gas (the same as reaction composition), then
CO was added to the reaction gas mixture and the temperature was increased at the rate of 5 °C/min.
The reaction gas composition was 1.8% CO and 2.3 % O, in He (total flow rate = 66 mL/min). The
outlet gases were analyzed every 2 min by a GC system (Agilent 7820A) using a HP-PLOT Q column
and TCD.

For steady-state activity measurements, the pre-treated sample was heated to target temperature under
0. in He mixed gas and kept for 1 h for stabilization. After CO gas was added, steady-state activity was

measured using same gas composition as described above for 2 h. The turnover frequencies (TOFs)
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were calculated based the desorption peaks obtained from the CO-TPD experiments. The apparent
activation barrier was evaluated from the steady-state activities collected at 5 different temperatures.

The CO conversion was kept below 10%.

Results and discussion

The adipate-based Ce-coordination polymer (Ce-aph-CP) is prepared by mixing Ce(NOs)s-6H.0
with adipic acid (HOOC(CH)sCOOQOH) in the presence of TEA at room temperature. This synthetic
method allows large-scale production of precursors for the CeO. framework, due to the complete
deprotonation of carboxylic acid groups and their instant coordination to cations, as evidenced by
infrared spectroscopy (Figure 2.44). In the XRPD patterns, the highest peak is located at 26 = 9° and
there is a broad peak at around 26°. These peaks do not match the previously reported X-ray structures
of adipate ligand-based Ce-CPs (Figure 2.45). The Mn'-containing Ce-aph-CPs are synthesized via
similar methods by adding Mn(NOs),-4H0 to the reaction solution with the molar ratio of Ce'":Mn"
being 9:1 (10 mol%), 4:1 (20 mol%), or 1:1 (50 mol%); and a stoichiometric amount of adipic acid is
used (Experimental section). By using ICP analysis, the three resultant CPs were found to have the
compositions of Mng.11Ceo ge-aph-CP, Mng 22Ceo78-aph-CP, and Mngs3Ceo 47-aph-CP, respectively.

To determine the optimal pyrolysis condition, TGA was conducted under N2 atmosphere (Figure
2.46). In the TGA trace of Ce-aph-CP, the first weight loss started at around 300 °C. 60% of the mass
remained at 500 °C after ligand decomposition. This amount is larger than the corresponding value for
pure CeO; (42%) which is possible for Ce-aph-CP if the N, treatment at 500 °C did not remove all
carbogenic species to achieve pure nanoporous ceria. Therefore, the thermolysis of Ce-aph-CP was
performed in two steps: heat treatment at 500 °C under N2 flow (100 mL/min) for 6 h, followed by
calcination at 300 °C under O flow (100 mL/min) for 3 h. From its XRPD patterns, the black solid
obtained after the first step was identified as single-phase cubic CeO, (JCPDS file no. 81-0792, Figure
2.47). However, it was nonporous due to the residual carbogenic species, as revealed by the N
adsorption-desorption measurement (Figure 2.48). The second calcination step successfully activated
the pores of CeO; by eliminating the organic substances, according to the elemental analysis results
(Table 2.4) as well as the pale-yellow color of the product. Both the BET surface area and the total pore
volume of the product increased dramatically after O treatment (from 7 to 125 m?/g and 0.03 to 0.11
mL/g, respectively), indicating the nanoporous structure of np-CeO; (Figure 2.48). The as-prepared
bimetallic CPs, namely Mno.11Ceoge-aph-CP, Mng.22Ceo 78-aph-CP, and Mnos3Ceo.47-aph-CP, were also
thermally converted through the same procedure to synthesize the corresponding nanoporous Mn-doped
ceria (Mno.0sCe.9202.5, Mg 18Ce0.8202.5, and Mno 13Ce0.8702-5-MnOy). As indicated by the XRPD patterns
in Figure 2.49, all prepared np-Mn,Ce1.xO.; materials have the same crystalline cubic CeO, structure

without other crystalline species such as manganese oxides. Even introducing a significant amount of
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Mn species did not change this structure, although the peaks shifted to slightly higher angles. Thus, the
reactions produced the solid solution phase of ceria with Mn ions, instead of segregated ceria and

manganese oxides.

Mng 55Ce, 47,-aph-CP

Mng ,,Ce, 75-aph-CP

Mng 1,Ce go-aph-CP

o

——
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Figure 2.44. FT-IR spectra of four coordination compounds, Ce-aph-CP, Mng11Ceoge-aph-CP,
Mng.22Ceg.7s-aph-CP, and Mngs3Ceg47-aph-CP, measured by using attenuated total reflectance (ATR)

technique.
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Figure 2.45. XRPD patterns of the coordination compounds constructed with Ce* and an adipate ligand.
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Figure 2.46. TGA traces of four coordination compounds, Ce-aph-CP, Mng11Ceoss-aph-CP,
Mng.22Cego.7s-aph-CP, and Mng s3Ceg.47-aph-CP under N flow.

Table 2.4. Elemental compositions of coordination polymers, resultant materials after thermal
conversion but before O, treatment, and np-Mn,Cei1.xO.-s solid solutions based on the elemental

combustion analysis.

Sample Name C (wt%) H (wt%) N (Wt%)
np-CeO, before O, treatment 15.21 0.51 0.00
Np-Mno 0sCeo.920.-5 before O, treatment 19.46 0.61 0.00
np-Mno 1sCeo.820.-5 before O, treatment 8.89 0.31 0.00
np-Mno 13Ceo8702-5-MnOy, before O, treatment 14.77 0.41 0.00
np-CeO, 0.29 0.36 0.00
np-Mno.0sCen.0202-5 0.46 0.32 0.00
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Figure 2.47. XRPD patterns of black solids obtained after N, treatment of coordination compounds,

Ce-aph-CP (black), Mng11Cegss-aph-CP (red), Mng2:Ceg.7s-aph-CP (blue), and Mngs3Cep.47-aph-CP
(dark yellow).
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Figure 2.48. Comparison of nitrogen sorption isotherms before (black) and after (cyan) O- treatment
for np-CeO..
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Figure 2.49. XRPD patterns for the prepared np-MnxCe1xO2s solid solutions and np-CeO,, together
with cubic CeO; standard card (JCPDS file no. 81-0792).

Table 2.5. Elemental compositions of coordination polymers, resultant materials after thermal
conversion but before O, treatment, and np-Mn,Cei1.xO.-s solid solutions based on the elemental

combustion analysis.

Fitting

) Mn (mol%)
Lattice Mn/(Mn+Ce) Mn/(Mn+Ce)
Sample based on
parameter based on ICP based on EDS
precursor used
)

np-CeO, 5.4132 0 0.00 0.00

np-Mno_ogceo_gzoZ.B 5.4107 10 0.10 0.08

np-Mno.18Ce0.8202-5 5.4093 20 0.20 0.18

np-Mno_13C60_3702.5‘MnOy 5.4098 50 0.41 0.46

Rietveld refinement was conducted on the XRPD patterns to examine the structures of np-MnyCe1.
«O2.5. As mentioned above, the peak shift caused by Mn doping represents the contraction of the ceria
lattice, because the Mn ion has a smaller ionic radius than the cerium ion in the lattice. Indeed, the
fitting lattice parameters of the three bimetallic samples obtained by Rietveld refinement analysis are
5.4107, 5.4093, and 5.4098 A for 10, 20, and 50 mol% Mn doping, respectively (Table 2.5); all of which
are smaller than those of np-CeO; (5.4132 A) and bulk CeO, (5.4124 A). Based on these results, the

Mn mole fractions substituted into the ceria lattice were calculated as Mno.0sCe0.9202.5, Mno.18C€0.820>-
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s, and Mno.13Ce0.8702-5, respectively. For 10 and 20 mol% doping, the amounts of incorporated Mn ions
obtained from ICP and EDS analysis are in good agreement with those calculated from Rietveld
refinement, demonstrating the homogeneous nature of the solid solutions. However, with 50 mol% Mn
doping, incomplete replacement of Ce by Mn in the lattice was observed compared with the actual
compositions based on ICP and EDS results. This may arise from the solubility limit of Mn in the ceria
lattice, and the residual Mn ions may form manganese oxide clusters in the solid solution phase (np-
Mno.13Ce0.8702--Mn0y).%® However, the XRPD pattern failed to show certain phases of manganese
oxides, which can be attributed to the low crystallinity of manganese oxides, or the existence of very
small clusters of manganese oxides well distributed in the solid solution matrix.

The broad peaks in the XRPD patterns imply a nanocrystalline nature. The average sizes of
nanocrystals in np-CeO2, Np-Mng.0sCe0.9202-5, NP-Mng.18Ce0.8202-5, and np-Mno 13Ce0.8702-5MnOy Were
estimated as 4.1, 3.2, 3.3, and 3.6 nm, respectively, by applying the Debye-Scherrer equation to the
(111) reflections. The nanocrystalline framework of np-CeO; induces lattice expansion due to the high
dislocation densities, leading to a larger lattice parameter than that of bulk CeO, (5.4132 versus 5.4124
A).37 This effect is also visible in the Mn.Ce1.xO2-5 solid solutions, which have slightly larger lattice
parameters than the reported values of other Mn,Cei1xO-s solid solutions with similar amounts of
doping.?>%40 TEM images in Figure 2.50 further show that nanoparticles comprise the wall of the
nanoporous structure. The clear lattice fringes in the high-resolution TEM images (insets) indicate that
the solid solutions are constructed from 3—4 nm-sized nanocrystals with ceria lattice. The EDS results

also indicate that the Mn ions are well-dispersed throughout the CeO, matrix (Figures 2.51).
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Figure 2.50. TEM images for (a) np-CeO-, (b) np-Mng.0sCeo.9202-5 solid solution, (¢) np-Mng.15Ce0.8202-
5 solid solution, and (d) np-Mno 13Ce0.8702.5"MnOy.

(@)

(b)

Figure 2.51. EDS mapping of (a) np-Mno.csCeo.s202-5 solid solution, (b) np-Mng.1sCeos2025 solid

solution, and (c) np-Mng.13Ceo 8702.5-MnO.

To assess the porosity of np-CeO, with and without the Mn doping, nitrogen adsorption-desorption
measurements were conducted. As shown in Figure 2.52, all four materials showed typical type IV
isotherms with H2 type hysteresis loop over the relative pressure range of 0.44 < P/P, < 0.99. Such
isotherms are characteristic of cage-like pore structures with well-developed mesopores. The pore size
distributions were obtained by using nonlocal density functional theory (NLDFT) algorithm. The
distribution curves (Figure 2.53) indicated micropores as well as mesopores, with a broad pore size
distribution from 2 to ~ 100 nm. The BET surface areas for np-CeOz, np-MngesCeo5025 Nnp-
Mno.18Ce0.8202-5, and Np-Mng 13Ce0.8702-MnOy were 125, 149, 127, and 68 m?/g, respectively, which
are comparable to the value of ordered mesoporous CeO, produced by using a nanocasting approach.*4?
The increased surface area in np-Mno.0sCeo.920..5 compared with np-CeO, may be attributed to either
the replacement of Ce by the lighter Mn, or the lower density of the incorporated manganese oxide
(2.8-5.4 g/cm?) relative to CeO, (7.2 g/cm®).** However, the specific surface area decreased at higher
Mn doping levels (np-Mno15Ce0.5202-5), which might result from the combined effects of previously

mentioned factors and increased partial destruction of the np-CeO, nanoporous structure.*® Furthermore,
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the severely reduced surface area in np-Mno.13Ceos702.5-MnOy is consistent with the existence of

discrete domains of manganese oxides that do not add to the surface area.
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Figure 2.52. N2 sorption isotherms for np-CeO; and np-MnyCe1.xO2.5 sSamples. For clarity, the top three

curves were offset by 60, 120, and 180 mL/g.
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Figure 2.53. NLDFT pore size distribution curves of np-Mn,Ce1«O»5 solid solutions as well as np-

CeO..
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The structures of Mn-doped ceria materials and np-CeO, were further studied by Raman
spectroscopy (Figure 2.54a). In all samples, the main peak at around 460 cm™ was attributed to the Fzg
vibration mode of the cubic fluorite structure of CeO,.***> However, this band became broader and red-
shifted slightly with increased amount of Mn doping. The peak broadening originated from the
increased defect concentration. The peak shift was associated with the contracted fluorite lattice
structure of CeO, upon the formation of solid solutions, in good agreement with the Rietveld refinement
results.*** The additional weak, broad band at near 602 cm™ was caused by the defect species of MnQOs-
type complex that include a dopant cation in 8-fold coordination of O%.%4” As more Mn ions were
substituted into the ceria lattice, this band became more distinct. In np-Mng.13Ceo.8702.5:MnOy, a new
peak at 647 cm™ was observed. This peak revealed the coexistence of segregated manganese oxide,
since its peak wavelength corresponds to the most intense Ay mode of the MnsOs phase.*® Thus, a Mn
doping level of 50% leads to the formation of MnsOs that could not be detected in the XRPD patterns,
in addition to the Mno.13Ceo.s702-5 solid solution.

The oxidation states of Mn species were examined by XPS analysis. The Mn 3s XPS spectra (Figure
2.54b) revealed that the amount of 3s multiplet splitting (AEss) gradually decreased from 5.6 to 5.3 eV
with increasing Mn content in the solid solution. According to previous reports, these AEss values show
that Nnp-MnoosCe092025 contains mixed Mn?* and Mn®*, while np-Mno1sCeos2025 and np-
Mno.13Ce0.8702-5-MnOy contain mostly Mn**.#® The change from mixed Mn?*/Mn*" to mainly Mn3" with
increasing Mn content up to 50 mol% is attributed to the enhanced local lattice distortion as more
oxygen vacancies were created.?* Meanwhile, the peak with lower binding energy gradually shifted to
even lower with increasing Mn doping content, which is different from the case of bulk MnOy.%® This
chemical shift is ascribed to the charge transfer between Mn and Ce, which might be affected by the

structure of the homogeneous Mn-Ce-O solid solution.>*5!
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Figure 2.54. (a) Raman spectra of the np-MnxCe1xO2-s series and np-CeO,. (b) Mn 3s XPS spectra of
np-MnxCe1xO2-5 solid solutions.

a — np-CeO, b 100 7
- _nP'M”o.mceo 82025 ’
—_ —— imp-Ce0,-Mn(0.2) 80 - A K
=] — ° .
§ °
8 g S
> = 60 1 o
‘0 o ° ®
c ? e o
g & .
c 2 40 °e ®
[a] S 8 :
[®) O o0
= 20 - . e np-Ce0,
& :o © 1p-Mng 45Ce4,6,0,5
© np-Mng 14Ce4 50,5
0 ® p-Mny 45Ce 70,5 MnOy
T —T T

20 200 400 600 100 200 300 400 500

Temperature (°C) Temperature (°C)

-0.8

-1.6 4
e np-CeO,
-2.0 o ® Np-Mng 55Ce 6,0, 5

® Np-Mng 15Ceg 5,025

@ Np-Mng 13Ce; 57,0,.5"MNOy

24 T T T T T T T T
1.8 2.0 2.2 2.4 2.6 2.8

1000/Temperature (K™
Figure 2.55. (a) H.-TPR profiles for np-CeO;, np-Mng.15Ce0.520-5, and imp-CeO,-Mn(0.2) samples. (b)
CO oxidation curves of np-CeO; as well as the np-Mn,Ce1xO..5 series. (c) Arrhenius plots of CO
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oxidation with pure CeO, and np-Mn,Ce1xO2-5 sSamples.

Figure 2.56. TEM images for the imp-CeO»-Mn(0.2).

The modified electronic states due to the Mn ion substitution into CeO; lead to different reduction
behavior of solid solutions compared to segregated MnOx-CeO; mixture, as evidenced by the H>-TPR
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measurement results (Figure 2.55a). The reference samples of MnOx-CeOyx mixed oxides were prepared
by an incipient wetness impregnation method, using Mn(NOs3),:6H.O as the precursor with a
commercial CeO powder.%? The Mn content was matched to those in the np-MxCe1.xO-; solid solutions,
and the samples were designated as imp-CeO2-Mn(X) (X: mole fraction of Mn to Ce, X = 0.1, 0.2, and
0.5). In these samples, MnOy was found to be dispersed on the surface of CeO, as shown in the TEM
images (Figure 2.56). In the corresponding XRPD patterns, no peak shift from the CeO, diffraction was
observed, implying that the impregnation method yielded the segregated mixture of MnOy and CeO;
instead of a homogeneous solid solution (Figure 2.57). Interestingly, np-CeQO2, np-Mng.18Ceo 82025, and
imp-CeO2-Mn(0.2) all displayed significantly different reduction behaviors in their H>-TPR profiles
(Figure 5a). The profile of np-CeO, exhibits a broad reduction peak from 300 to 550 °C, in good
agreement with previous observation in pure ceria.®® Imp-CeO,-Mn(0.2) shows two major peaks.
According to previous reports, the earlier peak at 220 °C corresponds to the reduction of MnO2/Mn,03
of poor crystallinity to MnsO4 among the highly dispersed surface manganese species.*® The other peak
at around 300 °C can be assigned to the reduction of Mn3;O4 to MnO, along with the reduction of CeO;
on the surface.”’ In contrast, np-Mno1sCeo.8202-5 has an additional peak with a low onset temperature
(around 55 °C) and the maximum at 100 °C, both being the lowest temperatures observed for manganese
oxide reduction so far. This phenomenon is not fully understood yet, but might be attributed to the Mn-
O-Ce bond originated from the homogeneous solid solution of highly dispersed Mn species in
nanocrystalline CeO,, which lowers the reduction potential of Mn ions.?> While np-Mng0sCe€0.9202-5
displays the same reduction behavior, the np-Mng13Ceos:02.5-MnOy sample containing segregated
manganese oxides shows a trend that closely resembles the impregnated sample (Figure 2.58). Thus, as
we expected, the facile conversion of bimetallic CPs successfully doped Mn ions into np-CeO,, thereby

altered the material’s physical and chemical properties.
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Figure 2.57. XRPD patterns for the imp-CeO.-Mn materials with cubic CeO; standard card (JCPDS
file no. 81-0792).
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Figure 2.58. H,-TPR profiles for np-CeO- as well as np-Mn,Ce;1.xO2.5 solid solutions.

Table 2.6. Activation energy (Ez) of CO oxidation on np-CeO; and np-MnxCe1.xO2-; solid solutions.

Sample E. (kJ/mol)
np-CeO; 65
np-Mno.0sCe0.9202-5 63
np-Mng.18Ceo.8202-5 57
np-Mno 13Ceo.8702-5*MnOy 39
Mn,03 (commercial) 64

Table 2.7. Summary of CO-TPD of np-MnxCe1.xO2-5 solid solutions.

Number of Mn?  Desorption amount of CO;
Sample

(10 mol/g) (10* mol/g)
NP-Mng.0sCeo.9202-5 0.6 2.0
Np-Mng.18Ce0.8202-5 1.3 1.8
NP-Mng.13Ceo.8702-5MnOy 2.6 04

@ Number of Mn was calculated based on ICP analysis.

The catalytic activities of the np-Mn,Ce1.xO,.; sSamples were investigated by the catalytic oxidation
of CO to CO,. This reaction is a benchmark in heterogeneous catalysis, a continuing subject of
fundamental mechanistic studies, as well as of practical importance in many industrial processes. The

light-off curves for CO oxidation are presented in Figure 2.55b. As expected from their structures, the
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Mn-doped np-Mn,Ce1.xO2-s samples exhibited superior catalytic activity compared to np-CeO;, as
evidenced by a lower CO conversion temperature. The value of Tso (temperature for 50% conversion)
was 195 °C for np-Mno.0sCeo.9202.5 and np-Mno.13Ceo.8702.5-MnOy, 225 °C for np-Mng.18Ceo 8202.5, and
285 °C for np-Ce0O.. Therefore, the substitution of aliovalent Mn into ceria enhanced the mobility of
the lattice oxygen atoms.*® The Arrhenius plot for CO oxidation is shown in Figure 2.55c, and the
activation energy (E.) values are summarized in Table 2.6. It should be noted here that turnover
frequencies (TOFs) were calculated based on all desorption peaks over the entire temperature range in
the CO-TPD experiment (Figure 2.59 and Table 2.7). While the profiles for all np-Mn,Ce1.xO2.s samples
showed a broad peak from 50 °C to 350 °C, the Kinetic study was conducted in a much narrower
temperature range (100-130 °C). Thus, the number of effective active sites on the catalysts is possibly

overestimated, and the TOF underestimated accordingly.
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Figure 2.59. CO-TPD profiles for np-CeO- as well as np-MnxCe1xO2-s solid solutions.

Overall, our results indicate that the substitution of Mn in CeO, promoted CO oxidation by at least
one order of magnitude, suggesting that the reaction mostly takes place on the active Mn-O sites. The
effect of the Mn doping level on the catalytic performance was also studied. As shown in Table 2.6, Ea
was lowered as the Mn content increased from 10 to 50 mol%, and these values are significantly lower
than that of commercial Mn,Og3. This result implies the synergistic interaction between MnOy and ceria
at the solid-solution interface.?® The reason is that the introduction of Mn of lower valence and multiple
oxidation states could enhance the reactivity of ceria, by facilitating the migration of oxygen atoms
toward the active sites of Mn-O bond through the CeO; lattice, thus serving as an oxygen reservoir.>
Interestingly, the sample with the lowest activation energy (Mng.13Ceo.s702-5-MnOy, below 40 kJ/mol)
has an intermediate level of Mn doping. The segregated MnOy phase could possibly act as a catalyst by

itself to lower the E. value for CO oxidation.>55%
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Figure 2.60. XRPD patterns of the np-TMxCe1.xO2.; series (TM = Ni, Co, Fe, and Mn) and np-CeOs.

Furthermore, this synthetic strategy was successfully extended to three other transition metals,
namely iron, cobalt, and nickel. The products (np-TMxCe1xO2-5) with 10 mol% doping all displayed the
cubic CeO; phase, as shown in Figure 2.60. Based on Rietveld refinement analysis, the fitting lattice
parameters of these samples were 5.4086, 5.4102, and 5.4127 A for Fe, Co, and Ni doping, respectively
(Table 2.8); and all these values are comparable to the previous reports.>”%° From these results, the mole
fractions of the substituted transition metal ions into the ceria lattice were calculated as Feg.09Ce0.9102.5,
C00.08Ce0.92025, and Nio0sCe0.9202.5. ICP and EDS quantitative analyses also indicated consistent
compositions, confirming the successful synthesis of homogeneous np-FegosCeo91025 Np-
C00.08Ce0.92025, and np-Nio.0sCeo.9202.5 solid solutions. Their TEM images (Figure 2.61) exhibited
nanoporous structures composed of 3 nm-sized nanoparticles, in agreement with the average crystalline
size (~3.3 nm) estimated by applying the Debye-Scherrer equation to the (111) reflections (Table S8).
EDS mapping results indicated that the Fe, Co, and Ni ions were also well-dispersed in the materials
(Figure 2.62). Furthermore, all materials exhibited the hierarchical porous structure of micro- and
mesopores as shown in Figure 2.63. The BET surface areas of np-Nio.0sC€0.9202-5, NP-C00.08C€0.9202-5,
and np-Feo.09Ceo.0102.s Were 171, 194, and 144 m?/g, respectively; all higher than that of np-CeO, (Table
2.10). Therefore, all the np-MxCe1xO25 (M = Ni, Co, Fe, and Mn) samples exhibited hierarchical

nanoporous structure composed of highly crystalline nanoparticles 3 nm in size.
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Table 2.8. The results of Rietveld refinement and quantitative analysis of ICP and EDS for np-MyCeu.
xO2-5 solid solutions.

Fitting lattice =~ M (mol%) based M/(M+Ce) M/(M+Ce)

Sample
parameter (A)  on precursor used based on ICP  based on EDS
np-Feo.09Ceo.9102-5 5.4086 10 0.10 0.08
np-Co0.08Ce0.9202-5 5.4102 10 0.10 0.09
np-Nio.0sCe0.9202-5 5.4127 10 0.11 0.09

Table 2.9. Crystalline size for np-M,Ce1O2.5 series (M = Ni, Co, Fe and Mn) calculated by applying
the Debye-Scherrer equation to the (111) reflection.

Sample NP size (nm)
np-Mno.0sCeo.9202-5 32
np-Feo.0sCe0.0102-5 3.3
np-C00.08Ce0.9202-5 3.4
NP-Nio.0sCe0.9202-5 3.7

np-CeOs 4.1

Figure 2.61. TEM images for converted np-Nio.0sCeo.9202-5, NP-C00.06Ce0.9202-5 and np-Feg.09Ce0.9102-5
solid solutions.
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Figure 2.62. EDS mapping for np-Nio.csCe€0.9202-5, NP-C00.08Ce0.9202-5 and np-Fep.09Ce0.9102.5.

Table 2.10. Summary of N sorption isotherms of the np-MxCe1xO2-5 series.

as,BETa Vtotb Vmicr"c Vmesod
Sample
(m’fg)  (mL/g)  (mL/ig)  (mL/g)
np-M No.0sCe0.9202-5 149 0.12 0.08 0.04
np-Feo.00Ce0.9102-5 144 0.13 0.07 0.06
np-COo,osceo_QQOQ.s 194 0.17 0.10 0.07
NP-Nio.0sCe0.9202-5 171 0.17 0.08 0.09
np-CeO, 125 0.11 0.06 0.05

2 The specific surface area (aszser) was calculated by Brunauer-Emmet-Teller (BET) method.

b Vot represented the total pore volume at P/Po = 0.99.

¢ The micropore volume (Vmicro) was determined by applying Dubinin-Astakhov (DA) analysis.

4 The mesopore volume (Vimeso) Was obtained by subtracting the microporous volume from total volume.
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Figure 2.63. N sorption isotherms for np-MyCe1.xO-s series and np-CeO,. For clarity, the isotherm
curves for np-Nig.0sCe.9202.-5, NP-C00.08Ce0.9202-5, NP-Fe0.09Ce0.9102-5 and Np-Mno.0sCe0.9202-5 Were offset
by 50, 100, 150 and 200 mL/g, respectively.

Conclusion

In conclusion, we have developed a facile and general synthetic method for transition metal-ceria
solid solutions with nanosized particles and hierarchical nanoporous structures (np-TMxCe1-xO2-5; TM
= Mn, Ni, Co, and Fe). This method employs the conversion reactions of bimetallic aliphatic-ligand-
based CPs to successfully produce homogeneous substitution of transition metal ions into the ceria
lattice, as proven by the XRPD and Rietveld refinement analysis results. The prepared np-MnxCe1-xO»-
s solid solutions showed that their doping amounts and catalytic properties could be easily adjusted by
tuning the CPs while preserving their nanostructures. The properties of the solid solutions were
characterized by TEM, N, sorption, Raman spectroscopy, and XPS. In particular, the homogeneity of
the solid solutions affected their altered physicochemical properties, as evidenced by the H,-TPR
measurement results. In addition, the Mn species in the np-MnsCe1.xO2.; solid solutions were
responsible for increasing the catalytic activity for CO oxidation by an order of magnitude compared to
pure ceria. We envisage that this approach can enrich the possible structures and compositions of
nanoporous solid solutions with nanocrystalline frameworks and inspire further studies of MOF/CP

conversion reactions.
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Chapter 3. Stimul-Responsive Transformation of Flexible MOFs

3.1. Fundamentals

Flexibility is a unique property of metal-organic frameworks (MOFs) that differentiates them from
other rigid inorganic porous materials such as zeolites and porous silica. Flexible frameworks are not
only scientifically interesting, but also applicable for real-world gas storage/delivery, separation,
sensing, and catalysis. So far, a plethora of MOFs with flexible frameworks, termed as ‘soft porous
crystal’, ‘flexible MOF’, ‘breathing MOF’, ‘sponge-like MOF’ or ‘dynamic MOF’, has emerged as a
new subclass of MOFs. Flexibility is, by definition, the ability of a material to change its form easily
without breaking, according to the situation. From an anatomic perspective, it can be described as a
range of joint movements and change in muscle length that connects the joints to induce a bending
motion. However, in the case of inorganic solids, such concept of flexing was not compatible, because
most of the materials were dense and rigid. Only the vibrational mode of atoms induced trivial
displacements (0.1 A < d <1 A).2® From the end of the 20" century, metal-organic frameworks (MOFs;
also known as porous coordination polymers) have emerged as a new class of porous materials
composed of metal ions or clusters linked by organic struts, so that crystalline and extended structures
can be generated.*® Since then, much effort has been made to achieve permanent porosity of MOFs by
securing structural rigidity. In the course of intensive studies, an intriguing aspect of MOFs, namely
flexibility, has been found. Many MOFs show reversible flexing of the structures under the action of
external stimuli such as guest elimination/reintroduction, temperature, pressure, or light, maintaining
their structural topology but with dynamic molecular displacements (movements of > 5-10 A).713 This
is because the frameworks were built with relatively weak interactions (hydrogen bonds, n-n
interactions, coordination bonds, etc.), which resulted in a large number of intermolecular degrees of
freedom.** Again, from the anatomic view, secondary building units (SBUs) of the frameworks behave
like human joints and organic moieties act like bones and muscles, and this allows flexibility through
the collaboration of both the organic and inorganic parts.

Unlike rigid MOFs, the adsorption isotherms of flexible MOFs generally display type V or VI (S-
shaped or multi-step) behaviours.*>” As shown in Figure 3.1, the working capacity can be significantly
increased between the gas charge and discharge pressures, because the MOF exhibits abrupt gas uptake
over a narrow pressure range. In this regard, flexible MOFs often display larger working capacity in the
storage/delivery of gases, such as CO, and CH,, than rigid MOFs.**2* Optimal flexibility has also been
demonstrated to maximise the selective separation efficiency of similarly sized molecules, even isomers
or isotopes.?>>* Moreover, other switchable dielectric, magnetic, and optoelectronic applications can be
realized, as reversible structural transformation naturally induces changes in the physicochemical

properties, such as spin transition and electron transfer. Likewise, although previous studies on flexible
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MOFs have shown very attractive and meaningful results, there is a mismatch between the fundamental
flexible phenomena being investigated by the laboratory scientists and the practical application sought
by the industry scientists/engineers.® Further exploration of the structural dynamism, even for well-

known archetypal MOFs, would enable their use in more practical applications.
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Figure 3.1. Schematic view of the adsorption profiles of rigid microporous frameworks (red line, Type

I behaviour) and adsorption-induced flexible frameworks (green line, S-shaped Type V behaviour).151¢

Apart from the perspective of chemistry, the rigidity/flexibility of crystals has been of interest in
mathematics and engineering. In general, their approaches and terminologies are somewhat unfamiliar
to experimental chemists, and they are understandably out of the scope of this review. Some studies
have represented MOFs on the basis of mechanical representation, however, to provide a more intuitive
understanding to describe their flexibility.? For instance, in 2012, Goodwin et al. employed mechanical
building units (MBUSs) to visualise the supramolecular components and interactions of MOFs (Figure
3.2),2*which aided in interpreting their thermo- and piezo-mechanical properties (i.e., positive/negative
thermal expansion (PTE/NTE) and positive/negative linear compressibility (PLC/NLC)). Herein, three
different kinds of MBUs were used to represent weak interactions, network hinges, and struts. Under
variable-temperature and/or variable-pressure situations, the length and angle of each MBU would vary,
thus dictating the flexibility of the framework (or mobility from the mechanical/machine viewpoint).
For example, from this viewpoint, MOF-5 can be regarded as a connected array of ‘strut” MBUs (Figure
3.2). Thus, one can anticipate that the vibrational modes of the struts reduce their effective length and
give rise to lattice contraction with an increase in temperature (NTE effect), which was indeed observed
experimentally.?27 Likewise, MIL-53, as a connected network of all kinds of MBUs (Figure 3.2),
would display very strong anisotropic PTE/NTE and PLC/NLC behaviours, as also observed in a real
system.?8-3%
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Figure 3.2. (a) Tabular summary of the thermo- and piezo-mechanical properties as a function of
different classes of MBUs, based on the reported force constants. Schematic representations of (b)
MOF-5 and (c) MIL-53 with their 2D MOF analogues made up of MBUs.?*

Another mechanical representation was proposed by Smit et al. in 2014.2% It is based on treating
MOFs as a mechanical system of rigid bodies, connected by hinge joints, so that their cooperative effect
governing the large-scale network flexibility can be identified (Figure 3.3). For example, a single cage
of MOF-5 is reduced to a ‘molecular toy’ comprising red cubes and blue rods, and a ‘molecular truss
system’ (far right of Figure 3.3). The red cube indicates the SBU and the dicarboxylate ligand the blue
rod. It is noteworthy that the blue rods are oriented at 45° with respect to the face of the MOF-5 cage
to reflect its potential hinge-like motion. Despite these flexible joints, the entire structure is rigid,
because each hinge restricts the movement of the linkers (blue rods) to one direction while all the hinges

are oriented to the faces of the cage. Overall, the degrees of freedom of the joints are mutually excluded.

Chemical Topological Mechanical

Molecular Toy  Molecular Truss

* ¢ 8

Figure 3.3. Chemical, topological, and mechanical representations of MOF-5. The far-right column

represents mechanical systems of molecular trusses.?
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The flexibility of MOFs has also been studied via computational modelling. Computational
chemists have adapted versatile thermodynamic methods and models to examine what factors and
mechanisms are responsible for these structural transitions upon gas sorption.*-° The earliest work was
reported in 2009 by Miyahara et al.,*®* who conducted grand canonical Monte Carlo (GCMC)
simulations and free energy analysis on an interpenetrating jungle-gym structure. The results revealed
that the structural transition is guided by the stabilisation of the host upon guest adsorption, which
compensates for the required energy to create adsorption sites by transforming the host framework.
Moreover, in their work, hysteretic sorption behaviour, which is a characteristic of flexible MOFs,

results from an energy barrier between two local minima of the structures.

(b)
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Figure 3.4. Unit cell with directions of highest and lowest Young’s modulus E (left) and directional
Young’s modulus E at 300 K and 0 MPa represented as a 3D map (right); (a) MOF-5, (b) MIL-53-LP,
and (c) MIL-53-NP.%2

The molecular dynamic simulations are often combined with the experimental data to predict the
sorption profiles and mechanical stability of flexible MOFs. For example, Coudert et al. conducted ab
initio calculations on the elastic tensor to prove that high elastic anisotropy is the key signature of
flexibility in MOFs.*"443 ELATE* is an open-source online application that can be used to analyse
and visualise elastic properties. The program uses a 6 x 6 symmetry matrix of elastic constants as an
input to compute commonly used mechanical properties such as Bulk, Young’s, and Shear moduli, and
produces 3D spherical plot and its 2D projection. As shown in Figure 3.4, the Young’s modulus of
MIL-53 is very anisotropic depending on the direction of distortion, compared to that of MOF-5. This
implies that anomalously low moduli in certain directions (i.e., high anisotropy) are required to activate
flexible movement of the frameworks.
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During the last decade, a number of spin-off companies from academic research groups has been
found to produce MOFs that perform useful roles in markets. However, large-scale production of MOF
materials that are both environmentally sustainable and economically viable is still challenging, and the
commercial applications so far mostly focus on the store/release of various speciality gases and limited
to niche applications. The search for a breakthrough application continues to drive research directions
in MOF community. Given this industrial environment for MOF commercialization, flexible MOFs are
not completely developed, yet several research papers have shown their huge potential in the fields of
separation, sensing and catalysis.>#> However, many works are only limited to adsorption-induced gate-
opening and/or breathing effects. In some cases, the enhanced performances are scarcely related to
flexibility in MOFs. What makes them supreme candidates for the potential applications is the dynamic
structural system that instantly responds to external stimuli.

One exemplary finding is that the flexible nature of MIL-53(Al) enabled the separation of mixtures
of similar-sized and similar-shaped isotopes (H, and D) that require precise pore tuning.*® This result
reveals the following: (i) the flexible effect of MOFs helps in maximizing the separation efficiency even
for very challenging gas mixtures, (ii) the mechanism and dynamics during the phase transition of
flexible MOFs are still elusive, but the present findings are expected to provide new opportunities for
further application of MOFs, and (iii) the existent profound studies on archetypal MOFs favours further
research into exploiting their flexible properties. In this regard, we envision that a deeper understanding
of the flexibility of MOFs (even the known MOFs) would allow their use in more practical and diverse

applications, thereby expanding the horizons for the MOF field.
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3.2. Direct detection of explosive nitroaromatic compounds in a luminescent Li-based MOF

Introduction

Luminescent MOFs can be applied in the detection of hazardous substances, which is a very
important aspect in terms of environmental and safety considerations. Several MOFs showed selective
and fast detection of toxic aromatic compounds via a fluorescence quenching mechanism.**! For
example, a highly luminescent MOF, [Zn2(oba)2(bpy)] (Hz0ba = 4,4’-0xybis (benzoic acid); bpy = 4,4’-
bipyridine) was found to exhibit unique selectivity for the detection of high explosives and other
aromatics via a fluorescence quenching and enhancement mechanism.** In that report, the explanation
of the quenching/enhancement mechanism relied on molecular orbital and electronic band-structure
calculations. Herein, we report the synthesis of a well-defined ditopic organic ligand, H.CPMA, for the
potential provision of luminescence properties in MOFs, and the successful preparation of the
luminescent 3-dimensional Li-based MOF, {Lis[Li(DMF);]J(CPMA);}-4DMF-1H,0 (1) (DMF = N,N -
dimethyl formamide; H.CPMA = bis(4-carboxyphenyl)-N-methylamine), by using the tailored
H,CPMA ligand and a lithium cation. The luminescent MOF was examined as a detector of the toxic
and explosive aromatic compounds containing nitro groups as an explosophore by changing its visible
color as well as showing luminescence quenching in the solid state. Significantly, we provide direct
evidence for the alteration of the electronic structure of 1 upon a representative nitroaromatic compound,
nitrobenzene sensing by the single-crystal-to-single-crystal transformation. The single crystal X-ray

diffraction results for 1Dnitrobenzene clearly showed strong m-m interactions between nitrobenzene

and the benzene rings of CPMAZ? in 1, and the inducement of CH---r interactions between neighboring
CPMAZ ligands in the framework.

Experimental section

All chemicals and solvents used in the syntheses were of reagent grade and they were used without
further purification. FT-NMR spectra were measured by a Varian 600 MHz. Infrared spectra were
recorded with a ThermoFisher ScientificNicolet 6700 FT-IR spectrophotometer. Elemental analyses
were performed at the UNIST Central Research Facilities Center (UCRF) in Ulsan National Institute of
Science and Technology (UNIST). UV/Vis spectra were recorded with a Cary 5000 UV/vis
spectrophotometer. Fluorescence spectra were measured with a Cary Eclipse fluorescence spectrometer.
TGA were performed under N2(g) atmosphere at a scan rate of 5 °C/min using Q50 from TA instruments.
X-ray photoelectron spectroscopy was performed using a Thermo Scientific K-Alpha XPS spectrometer.
Synthesis of H,CPMA. H,CPMA (bis(4-carboxyphenyl)-N-methylamine) was prepared by modifying

the methods reported in the previous study.*® N-methyldiphenylamine (6 mL, 33.6 mmol) was dissolved
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in chloroform (100 mL), to which a chloroform solution (70 mL) of Br, (1.8 mL, 34.9 mmol) was slowly
added at 0 . After stirring at 0 °“ for 3 h, the solution was evaporated under reduced pressure, which
resulted in a pale yellowish oily residue. MeOH was added to the residue until white microcrystals of
bis(4-bromophenyl)-N-methylamine were formed. The product was filtered, washed with MeOH, and
dried briefly in air. Yield: 3.9 g (35%). *H-NMR (DMSO-de): 5 7.43 (d, 4H), 6.97 (d, 4H), 3.22 (s, 3H).
Bis(4-bromophenyl)-N-methylamine (1.0 g, 2.9 mmol) was dissolved in freshly distilled
tetrahydrofuran (40 mL) in Ar(g) atmosphere, and n-butyllithium (1.6 M hexane) (12 mL, 19 mmol)
was added to the solution at —78 . After stirring the solution for 3 h, crushed dry ice was added, which
immediately formed white precipitates. The white precipitate suspended in the solution was kept at
room temperature for 4 h, and acetic acid was added to the solution until the precipitate was completely
dissolved. After filtering the solution, the filtrate was concentrated and added to cold water. The
resulting precipitate was filtered, washed with water, and dried under reduced pressure at ambient
temperature. Yield: 0.62 g (79%). *H-NMR (DMSO-ds): 5 7.86 (d, 4H), 7.15 (d, 4H), 3.31 (s, 3H). FT-
IR (KBr pellet): vo-c=o, 1673(s), 1593(s) cm™.

Synthesis of {Lis[Li(DMF);](CPMA).}-4DMF-1H,0 (1). H,CPMA (0.040 g, 1.5 x 10" mmol) was
dissolved in DMF (2 mL) and added to the DMF solution (3 mL) of LiNO3*6H.0 (0.021 g, 3.0 x 10
Ymmol). The mixture was placed in a Teflon vessel within the autoclave, and heated and kept at 150 C
for 12 h. The temperature was sequentially raised to 180 * and kept for another 24 h. The solution was
cooled to room temperature and kept until resulting in pale-yellow rod-like crystals. The crystals were
filtered off, and washed briefly with DMF. Yield: 22%. FT-IR for 1 (Nujol mull): vc=oowmr), 1678; vo-
c=0(carboxylate), 1595; Ve=caromaticyy 1557 cm™t. UV/Vis (Diffuse reflectance, imax) 339, 283 nm. Anal.Calcd
for LisCasHesO15Ns: C, 56.36; H, 6.50; N, 10.95. Found: C, 56.50; H, 6.08; N, 11.11.

Detection of nitrobenzene in 1. {Lis[Li(H20):](CPMA).}-3nitrobenzene-2DMF (12O nitrobenzene):
Freshly prepared pale-yellow crystals of 1 (0.032 g, 3.13 x 10?mmol) were immersed in nitrobenzene
for 8 days. The color of 1 was dramatically changed to intensive red in 16 h, and the red crystals were
filtered off, and washed briefly with DMF. The resultant solid, 1> nitrobenzene was characterized by
IR, UVvis, and fluorescence spectroscopy, EA, and XPS. FT-IR for 1>nitrobenzene (Nujol mull):
Ve=0oMA), 1674; Vo-c=o(carboxylate), 1595; Ve=c(aromatic), 1557 CM™;vo.c=o(carboxylate), VNo2, 1532, 1347; ve-n, 852
cm®. Anal.Calcd for LisCssHss01sN7: C, 58.02; H, 4.96; N, 8.77. Found: C, 59.01; H, 4.59; N, 8.70.
Upon soaking 1 in nitrobenzene, two coordinated DMF molecules to Li4 are exchanged by two water
molecules, which is evidenced by single-crystal X-ray diffraction. One nitrobenzene molecule and two
coordinating water molecules are crystallographically detected, and the other guest molecules in
{Lis[Li(H20).](CPMA),}-3nitrobenzene -2DMF are completed by elemental analysis, FT-IR, and TGA.
X-ray Powder Diffraction Analysis. Powders of compounds 1 and 1 Dnitrobenzene were packed in

the 0.4 mm diameter capillary (wall thickness, 0.01 mm), respectively. Those diffraction data were
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collected at 95 K with the 200 mm of detector distance in 600 sec exposure with synchrotron radiation
(A =0.79984 A) on an ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal
monochromator (DCM) at the Pohang Accelerator Laboratory, Korea. The ADX program?*® was used
for data collection, and Fit2D program?®’ was used for converting a 2-dimensional diffraction image to
a 1-dimensional diffraction pattern.

Single-Crystal X-ray crystallography. Single-crystals of 1 and 1 Dnitrobenzene coated with paratone-
N oil were mounted on the loop and those diffraction data were collected at 95 K with synchrotron
radiation (1 = 0.74999 A) on a ADSC Quantum-210 detector at 2D SMC with a silicon (111) double
crystal monochromator (DCM) at the Pohang Accelerator Laboratory, Korea. The ADSC Q210 ADX
program?® was used for data collection, and HKL2000 (Ver. 699.18) for 1 and HKL3000 (Ver. 703r)*®
for 1 Dnitrobenzene were used for cell refinement, reduction and absorption correction, respectively.
The crystal structure of 1 was solved by the direct space method with SIR2011 program?®® and refined
by full-matrix least-squares calculations with the SHELX-TL (Ver. 2008) program package.?’ Two
ligands, four lithium ions, and two coordinated DMF molecules were observed as an asymmetric unit.
Thermal factors of nitrogen (N1A) and carbon (C1A) atoms in a coordinated DMF molecule were
restrained by using SIMU, DELU, and ISOR during the least-squares refinement. The crystal structure
of 1 Dnitrobenzene was solved by the direct method with SHELXTL-XS program? and refined by full-
matrix least-squares calculations with the SHELX-TL (Ver. 2008) program package.?’ Two ligands,
four lithium ions, two coordinated waters, and one nitrobenzene molecule as a guest were observed as
an asymmetric unit. After soaking 1 in nitrobenzene, its single crystallinity was decreased to result in
inferior quality of data to 1. The nitro group in a nitrobenzene molecule was restrained by using DFIX,
DANG, SIMU and DELU during the least-squares refinement. For both structures, all non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were assigned isotropic displacement
coefficients U(H) = 1.2U (C,N) or 1.5U(Cnmetny1), and their coordinates were allowed to ride on their
respective atoms. All the methyl hydrogen atoms and some hydrogen atoms on the carbon atoms are
not included during the least-squares refinement. Even though electron densities of some guest solvent
molecules were found, those could not be well modeled in the refinement due to the severe disorder.
The final refinement was performed with the modification of the structure factors for the contribution
of the disordered solvent electron densities using the SQUEEZE option of PLATON.? Further
crystallographic details for the structure reported in this paper can be obtained from the Cambridge
Crystallographic Data Center, on quoting the depository numbers CCDC 874240 for 1, and 874241 for

1Dnitrobenzene.

97



Results and discussion

To construct a luminescent MOF, we designed an organic building block which can induce
intraligand charge transfer (ILCT) through the coexistence of electron donor and acceptor groups in a
molecule. Since the charges in bis(4-carboxyphenyl)-N-methylamine (H.CPMA) can be transferred
from the N-methylamino donor group to an acceptor carboxylate group, H.CPMA is a good candidate
ligand for the construction of luminescent MOFs (Figure 3.5). H.CPMA was successfully prepared via
the halogen-lithium exchange reaction of bis(4-bromophenyl)-N-methylamine and subsequent
carbonation of the resultant dilithio compound (Figure 3.6, synthetic details in Experimental section).
The solvothermal reaction of Li(NO3)-6H.O with H,CPMA in DMF as the solvent yielded pale yellow
crystals of {Lis[Li(DMF);]J(CPMA);}-4DMEF-1H,0 (1). The structure of 1, which was determined by
single-crystal X-ray diffraction,*? consisted of Li-O chains as the SBUs and bridging ligands (Figure
3.7a). Compound 1 possesses four crystallographically independent lithium atoms in distorted
tetrahedral coordination geometry.

{ CHS\ electron-donating group
Vol

]
]

electron-withdrawing group

Figure 3.5. Schematic structure of organic ligand H,CPMA.

?H3 rle3 ?Ha
b Br, N n-BuLi CO, acetic acid N
CH4CI THF
Br Br Ny, -78°C HOOC COCH

Figure 3.6. Preparation of bis(4-carboxyphenyl)-N-methylamine (H.CPMA).

As shown in Figure 3.7a, Lil, Li2, and Li3 are bonded by four carboxylate oxygen atoms, associated
with four different CPMA? moieties (bond lengths of Li-O; 1.910 —2.016 A). Li4 also has a tetrahedral
geometry, and is coordinated with two oxygen atoms from two different carboxylate groups (Li-O, av.
1.994(5) A) and two carbonyl oxygen atoms of DMF (Li-O, av. 1.911(6) A). The tetrahedrally
coordinated lithium ions generate 1D Li-O chains as SBUs, which are bridged with four neighboring
chains by dicarboxylate ligands, CPMAZ, in four different directions (Figure 3.7b). As a result, a 3-
dimensional {Lis[Li(DMF),](CPMA),}» network is constructed with two kinds of rectangular channels,
A and B, along c-axis. Channel A, of 13.4 x 10.4 A, is occupied by free guest molecules, DMF and
water, and channel B of 12.3 x 9.5 A 2 is filled with Li4-coordinating DMF molecules. In Figure 3.9a
and b, the XRPD pattern of the as-synthesized 1 is compared with the simulated pattern based on the
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X-ray single crystal diffraction data, and the good agreement reveals that the as-synthesized product is

a pure-phase material.
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Figure 3.7. Single-crystal X-ray structure of 1. (a) SBU of Li-O chain. (b) 3D framework formed by
association of SBUs and organic ligands, projected along the c-axis. Hydrogen atoms and non-
coordinating guest molecules are omitted for clarity. (Color scheme: C, white; O, red; N, blue; and Li,

light blue) The yellow rectangle indicates the SBU of the Li-O chain.
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c5a” céa”

Figure 3.8. An ORTEP drawing with an atomic numbering scheme (thermal ellipsoids at 30%
probability). Hydrogen atoms are omitted for clarity. The hydrogen atoms of coordinated water
molecules were not located. Symmetry operations: #1, X-1/2, -y+1/2, z; #2, -x+3/2, y+1/2, z; #3, -x+3/2,
-y+1/2, z-112; #4, -x+2,y, z-1/2; #5, X, -y, z-1/2.
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Figure 3.9. Synchrotron X-ray powder diffraction data (A = 0.79984 A) measured at 95 K for (a) as-

synthesized 1 and (c) 1> nitrobenzene, and simulated patterns from X-ray single-crystal data of (b) as-

synthesized 1 and (d) 1 >nitrobenzene, respectively.
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Figure 3.10. TGA trace of {Li3[Li(DMF);](CPMA).}-4DMF-1H,0 (1).

In the TGA trace of as-synthesized 1 (Figure 3.10), the guest solvent molecules occupied in channel
A of 1 can be removed in the range from room temperature to ca. 160  with experimentally determined
weight loss of 31.2%, which shows good agreement with the calculated one of 30.3%. To remove
coordinating DMF molecules from Li4, temperature should reach around 450 , followed by
decomposition of 1. PLATON calculations indicate that 1 contains 40.3% void space (4276.5 A3 per
unit cell volume) for accessing the guest molecules per unit cell. Gas sorption isotherm for dried Li-
MOF 1 showed no porosity as shown in N2 sorption isotherm (Figure 3.12), because Li-MOF 1 showed
the flexible behavior according to existence of guest molecules as evidenced by XRPD in Figure 3.11.
Disappearance of (200) peak at the range of low angles exhibits the collapse of channels in Li-MOF,

resulting in the different structure from the as-synthesized.

(a)
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Figure 3.11. Comparison of X-ray powder diffraction data for (a) as-synthesized 1, and (b) dried MOF.
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Figure 3.12. Gas sorption isotherms of Li-MOF 1.

To see the specific analytes detection ability of 1, compound 1 is soaked in nitrobenzene, 2,4-
dinitrotoluene (DNT), benzene, and toluene. Because DNT is a solid phase at room temperature, 1 is
immersed in concentrated DMF solution of DNT, and other solvents are used as neat. When Li-MOF 1
is immersed in nitrobenzene and 2,4-dinitrotoluene (DNT), it shows a dramatic color changes from pale
yellow to red and deep orange, respectively. In contrast, 1 remains original color upon soaking in
benzene and toluene (Figure 3.14). Thus, 1 has ability to detect nitroaromatic compounds selectively,
and 1 containing nitrobenzene molecules is scrutinized to understand the sensing mechanism. Li-MOF
1 absorbs three nitrobenzene molecules per formula unit, yielding
{Lis[Li(H20):](CPMA).} -3nitrobenzene -2DMF (1 Dnitrobenzene), as evdenced by elemental analysis.

In Figure 3.13, comparison of the IR spectra of 1 and 1> nitrobenzene exhibits that 1> nitrobenzene

clearly shows asymmetric NO2 stretch (1532 cm't), symmetric NO2 stretch (1347 cm?), and C-N stretch
for Ar-NO; (852 cm™). The XPS results also clearly show the inclusion of nitrobenzene in 1 (Figure
3.15). The UV-vis absorption spectrum of 1 in the solid state (Figure 3.16) shows two absorption peaks,
at 248 and 352 nm, which means there is no significant color in the visible region. However, when the
as-synthesized 1 absorbs nitrobenzene, the obtained 1O nitrobenzene exhibits deep-red color (Figure
3.17a); this is proved spectroscopically by the appearance of an additional absorption peak at around
500 nm (Figure 3.16). The intense red color of 1DOnitrobenzene is attributed to the charge-transfer
transition between the aromatic rings of the electron-rich CPMA? molecules and the electron-deficient
nitrobenzene due to the strong electron-withdrawing —NO- group. 1 is reversibly regenerated in 5 min
simply by heating the nitrobenzene-absorbed 1 at 100 “ under vacuum, as is readily observed by the
color change. Such visualization of the uptake of harmful molecules in the solid state provides great

opportunities for utilizing this MOF as a sensor.
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Figure 3.13. Transmission FT-IR spectra of (a) 1 (black) and (b) 1 > nitrobenzene (red).

nitobenzene DNT

benzene toluene
Figure 3.14. Photographs of 1 after immersing in neat nitrobenzene, benzene, toluene, and 2,4-

dinitrotoluene (DNT)/DMF solution, respectively.
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Figure 3.15. N 1s XPS result of 1D nitrobenzene.
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Figure 3.16. UV-visible spectra of 1 (black) and 1> nitrobenzene (red) in the solid state.
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Figure 3.17. Detection of nitrobenzene in 1. (a) Photographs of 1, 1D nitrobenzene, and 1 regenerated

by heating. (b) Fluorescence spectra of 1 and 1 Dnitrobenzene.

The other approach for sensing nitroaromatic explosives is fluorescence quenching on detection. As
our aim was to generate fluorophores in a MOF by using a tailored organic ligand as a building block,
the emission spectrum of 1 was recorded in the solid state. The MOF 1 exhibits an intense emission at
Amax = 430 nm when it is excited at 345 nm. The emission in 1 is derived from a strong intraligand
charge transfer (ILCT) from the donor N-methylamino group to the acceptor carboxylate groups in the

CPMA? molecule. On the contrary, 1Dnitrobenzene is completely non-emissive under excitation at

345 nm (Figure 3.17b). The same response occurs in 1 O DNT as shown in Figure 3.18. This
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fluorescence-quenching phenomenon can be explained by an electron-transfer donor-acceptor
mechanism via host-guest interactions.®!* To see the detection behavior of 1 upon the concentration of
explosive materials, the fluorescence spectra for MOF 1 after immersion in various concentration
solutions of nitrobenzene/DMF were obtained (Figure 3.19). As increasing the concentration of
nitrobenzene in DMF (2.4 x 102 M ~ neat nitrobenzene), the maximum intensity of fluorescence
spectrum was decreased. To clearly show the relative intensities, percentage of fluorescence was plotted
in Figure 3.19b, which was estimated using formula (la/lo) X 100%, where lo is the maximum intensity
of Li-MOF 1, and I is the maximum intensity of Li-MOF 1 after immersion in a M nitrobenzene/DMF
solution. From the fitting curve of it, the concentration for half-quenching of fluorescence is calculated
to 0.048 M of nitrobenzene/DMF solution.

intensity
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300 350 400 450 500 550 600 650
wavelength (nm)

Figure 3.18. Fluorescence spectra of 1 and 1> DNT.
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Figure 3.19. (a) Nitrobenzene concentration-dependent fluorescence spectra of Li-MOF 1. (b)
Percentage of fluorescence at the Amax, €stimated using formula (12/1o) X 100%, where lo is the maximum
intensity of Li-MOF 1, and I, is the maximum intensity of Li-MOF 1 after immersion in a M

nitrobenzene/DMF solution.
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(a)

T-T interaction

Figure 3.20. (a) X-ray structure of 12O nitrobenzene, in which n-t and C-H--n interactions are
emphasized by the orange ball-and-stick representation (color scheme: C, white; O, red; N, blue; and
Li, light blue). (b) Close-up shot of interaction between nitrobenzene (orange) and CPMAZ incorporated

in 1. (c) Comparison of the superimposed X-ray structures of 1 (cyan), and 1 Dnitrobenzene (orange).

When 1 is immersed in nitrobenzene, the molecules are easily included as guests in the channels of
1, for which the driving forces are these effective interactions of nitrobenzene with the inner surface of
1. As shown in Figure 3.17a, even after the absorption of nitrobenzene, 1 preserves its single-crystalline
nature. Therefore, the host-guest interaction in 1 Dnitrobenzene is observed directly by single-crystal
X-ray diffraction,® and this accounts for the luminescence quenching as well as the crystal color change.
In Figure 3.9c and d, XRPD pattern of the 1> nitrobenzene is coincident with the simulated pattern
based on the X-ray single crystal diffraction data, showing the homogeneous uptakes of nitrobenzene
in 1. The X-ray structures of 1 and 1O nitrobenzene are compared clearly in Figure 3.20. The confined
nitrobenzene molecules in the channels of 1 lead to strong n-n stacking with three benzene rings
belonging to two neighboring CPMA? units in the framework (shortest C--C distances: 3.455, 3.550,

and 3.849 A, respectively) (Figure 3.20a). Furthermore, strong interaction between the nitro group and
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the benzene ring of a CPMA?Z ligand is revealed by a short distance of Npito'*Ccpmaz- as 3.091 A. The
close-up shot of interaction between nitrobenzene and one of CPMA? incorporated in 1 is shown in
Figure 3.20b. In this range of interactions, the electron-deficient nitrobenzene can act as an electron
acceptor for the photoexcited electrons of 1, resulting in electron-transfer from the MOF to the
nitrobenzene, followed by back electron transfer instead of fluorescence. Moreover, as shown in the
superimposed X-ray structures of 1 and 1 Onitrobenzene (Figure 3.20¢), the n-n interactions cause the
molecular dynamics of the flexible ligand CPMAZ; meanwhile, the methyl group of CPMA?
approaches the neighboring benzene ring of CPMA? to induce C-H-x interactions in the framework.
The Cremyi--centroid distances decrease from 4.359 to 4.050 A after nitrobenzene inclusion. This
interligand interaction also contributes to the change in the electronic structure of 1, quenching the

fluorescence.

Conclusion

In conclusion, we introduced a well-defined ditopic organic ligand, H,CPMA, for the potential
provision of luminescence properties in MOFs, and the successful preparation of the luminescent 3-
dimensional Li-based MOF. A luminescent Li-based MOF detected explosive nitroaromatic
compounds selectively by showing an intensive color change as well as luminescence quenching in the
solid state. We provided the direct evidence for the sensing mechanism of the MOF toward the
nitroaromatic compound via single-crystal X-ray diffraction of MOF containing nitroaromatic
compounds. Strong interaction between the MOF and included compounds explained the alteration of
the electronic structure of the MOF. This result will afford in-depth understanding to help design MOFs

as a sensor, in which the specific sites to interact with analytes are introduced.
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3.3. Solvent-induced transformation of a Zn,O-containing doubly interpenetrated MOF

Introduction

The structural rearrangement of molecular components responding to a specific stimulus exerts an
immediate effect on the chemical or physical properties of MOFs.}* Thus, direct observations of
structural changes in MOFs using single-crystal X-ray diffraction (SCD) facilitate the understanding of
their behaviours, and aid in the design of MOFs with superior performance. Over the past decade
after Fijita’s and Suh’s groups reported the first single-crystal to single-crystal to single-crystal (SC-
SC) transformation phenomena for the coordination polymers,>® numerous examples SC-SC
transformations have been reported,”?° such as those on guest removal,’**2 guest exchange,*
temperature change, 15-17 ligand exchange,® and metal ion exchange'® and addition of metal ions and
anions.?°

The guest-induced dynamic structural changes of MOFs are the important phenomena that can be
applied for sensor technologies. If the transformation occurs in a SC-SC manner on guest-exchange, it
can provide meaningful and direct structural information for the property change such as a pore structure,
luminescence, and magnetism. The SC-SC transformation occurs only when the framework is robust
yet flexible in solvent exchange. In this context, interpenetrating MOFs can serve as appropriate systems,
as several interesting observations regarding the same have been reported.??” For example, Kitagawa
et al. reported an o-polonium-type doubly interpenetrated 3-D MOF,® which retained single
crystallinity during dehydration and rehydration with a concomitant colour change; moreover, the anion
exchange between N(CN)2 and N3 induced slippage of the two independent networks and an increase
in channel size. The same group developed the flexible doubly interpenetrated porous framework for a
chemosensor by using its structural dynamics in response to the incorporation of chemically diverse
analytes, which were proved by SCD studies.?® Another interesting interpenetrating MOF showing SC-
SC transformations was reported by Barbour’s group.?” As-synthesized doubly interpenetrated MOF
converted to its triply interpenetrated analogue upon desolvation, as monitored by SCD, and its
conversion mechanism was proposed by computational results.

In the previous section 3.2, we conducted SC-SC transformations of a Li-based MOF upon the
immersion of explosive nitro compounds.’® The results clearly revealed that the change of its
fluorescence properties was originated by the newly formed host-guest interactions. This interesting
behaviour was attributed to the flexible ligand, bis(4-carboxyphenyl)-N-methylamine (H.CPMA),
which contains electron-donating and withdrawing groups simultaneously, and also has the rotating
sites on a tertiary amine and carboxylate groups (Figure 3.21a). Thus, in this study, we chose the same
flexible CPMA ligand to build a new 3-D doubly interpenetrated MOF, which was expected to exhibit
dynamic structural changes upon guest-exchange with organic solvents. In order to explore the type and

strength of the interactions with the phenyl rings in CPMA?, benzene, hexane, and methanol were
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selected as exchanging solvents. Due to the SC-SC transformation upon guest-exchange, the effects of
host-guest interactions on the motions of the molecular components in the coordination framework were

directly observed.

Experimental section

All chemicals and solvents used in the syntheses were of reagent grade and they were used without
further purification. H,CPMA (bis(4-carboxyphenyl)-N-methylamine) was prepared by the methods
reported in the previous study.®” Elemental analyses were performed at the UNIST Central Research
Facilities Center (UCRF) in Ulsan National Institute of Science and Technology (UNIST). IR spectra
were recorded with a ThermoFisher Scientific Nicolet 6700 FT-IR spectrophotometer. TGA were
performed under N2(g) atmosphere at a scan rate of 5 *“ min* using Q50 from TA instruments. X-ray
powder diffraction data were recorded on a Bruker D2 phaser diffractometer at 30 kV and 10 mA for
Cu Ko (A= 1.541 A), with a step size of 0.02° in 2.

Synthesis of [ZnsO(CPMA);]-6DMF (1). H,CPMA (0.040 g, 1.5 x 10 mol) was dissolved in DMF
(2 mL) and added to the DMF solution (3 mL) of Zn(NO3),+6H,0 (0.051 g, 1.7 x 10“*mol). The mixture
was placed in a Teflon vessel within the autoclave and heated at 110 <C for 24 h. The solution was
cooled to room temperature, which resulted in deep orange block-like crystals. The crystals were filtered
and washed briefly with DMF. Yield: 0.039 g (51%). FT-IR for 1 (KBr pellet): von, 3406; vcraromatic),
3066; Vchsliphatic), 2930; Ve=omr), 1664; Vo.-c=0o(arboxylate), 1594; Ve=c(aromaticy, 1553 cmt. UV/Vis (diffuse
reflectance, Amax) = 237, 321, 375(sh), 428(sh) nm. Anal. Calcd for ZnsCesH7s019Ng: C, 49.66; H, 4.96;
N, 8.27. Found: C, 47.71; H, 4.75; N, 7.84. Data indicates that some DMF guest molecules are readily
released as soon as exposure to air.

Guest-exchange Studies. Three different organic solvents, benzene, n-hexane, and methanol, were
selected for the guest exchange of DMF molecules in 1. Crystals of 1 (ca. 120 mg) were immersed in a
neat solvent (10 mL) at room temperature for 12 h. The solvent was discarded and the crystals were
reimmersed in fresh solvent (10 mL) for another 60 h to exchange all guest DMF molecules. Guest-
exchanged single crystalline compounds, namely, [ZnsO(CPMA)s] -3.5benzene (Lbenzne),
[Zn4O(CPMA)3] -3(n-hexane) (Lhexane), and [ZnsO(CPMA)3z]-9MeOH-4H,0 (1meon), Were obtained.
Anal. Calcd for ZnsCesHs4N3013 (Loenzene): C, 58.35; H, 4.01; N, 3.09. Found: C, 59.79; H, 4.31; N, 3.24.
FT-IR (KBr pellet): ve=caromatc, 3090(M); vo.c-o, 1594(s), 1541(s) cm™. Anal. Calcd for
Zn4Cs3H75N3013 (Lhexane): C, 56.31; H, 5.63; N, 3.13. Found: C, 57.59; H, 6.10; N, 3.51. FT-IR (KBr
pellet): versgliphaticy, 2924(M); vo-c=o, 1594(s), 1553(s) cm2. Anal. Calcd for ZnsCssH77N3O26 (1meon):
C, 44.86; H, 5.37; N, 2.91. Found: C, 44.18; H, 5.37; N, 2.89. FT-IR (KBr pellet): von, 3351(m, br); vo.

c-o, 1595(s), 1538(s); cm. In order to exclude the possibility of dissociation and renucleation in the
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new solvent system, following experiments were also performed. Crystal 1 was sealed in a glass
capillary together with DMF. After the cell parameters of 1 were determined, the crystal was removed
from the capillary. Capillaries with a size of 0.5 mm were each filled with different organic solvent,
creating an empty space of 1 cm length from the bottom. Crystal 1 was dropped in the solvent layer and
a photograph of the crystal was taken immediately. During the immersion of the crystal, photographs
were taken to see if the size, morphology, transparency, and position of the crystal were altered. Since
no change was observed, the possibility of the dissolution of 1 in the solvent followed by crystallization
or renucleation at the surface as well as the growth of a new phase was excluded. The crystal was pushed
from the solvent layer to the empty space by using a very thin glass fiber, and most of the solvent was
removed, remaining small amount of the solvent in the capillary. The capillary was cut into an
appropriate size, sealed, and mounted on Enraf Nonius Kappa CCD X-ray diffractometer to check the
cell parameters for the guest exchanged crystal.

Monitoring of the guest exchange process. To trace the degree of exchange of DMF guest molecules
with benzene, the sample 1 immersed in benzene was occasionally taken and digested in the D,O with
DCI for FT-NMR measurement. The integral ratios of NMR peaks corresponded to the methyl groups
of DMF guest molecules and CPMA ligands in the MOF at each time were calculated to show the
exchange percentage (Figure 3.28).

Single-crystal X-ray crystallography. Single-crystals of 1, Lnenzene, Lhexane, aNd Imeon Were coated with
paratone-N oil, and the diffraction data were measured at 100 K with synchrotron radiation (A = 0.64999
A) on an ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator
(DCM) at the Pohang Accelerator Laboratory, Republic of Korea. The ADSC Q210 ADX program®
was used for data collection, and HKL3000sm (Ver. 703r)* was used for cell refinement, reduction,
and absorption correction. The crystal structures were solved by direct methods and refined by full-
matrix least-squares calculations with the SHELX-97 computer program.* The positions of all
non—hydrogen atoms were refined with anisotropic displacement factors. The hydrogen atoms were
positioned geometrically using a riding model. In 1, lpenzene, and lmeon, the final refinement was
performed with modification of the structure factors for contribution of the disordered solvent electron
densities using the SQUEEZE option of the PLATON program.** For 1, no solvent molecules were
refined in Zng formula unit, and the electron densities of eight disordered DMF molecules were removed
by SQUEEZE process. For lpenzne, three benzene molecules were refined in Znis formula unit, and the
electron densities of twenty eight disordered benzene molecules were removed by SQUEEZE process.
For lhexane, three hexane molecules were refined in Zns formula unit. For 1yeon, Six methanol molecules
and one water molecule was refined in Zn4 formula unit, and the electron densities of three methanol
and three water molecules were removed by SQUEEZE process. Further crystallographic details for the
structure reported in this paper can be obtained from the Cambridge Crystallographic Data Center, on
guoting the depository numbers CCDC 1403842-1403845.
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H,CPMA

(d)

Figure 3.21. (a) Organic ligand H.CPMA. (b) A single network unit with pcu topology composed of
Zn40O clusters and CPMA? ditopic ligands. (c) - (d) Doubly interpenetrated 3D framework and its

simplified view.

Results and discussion

The solvothermal reaction of Zn(NOs);-6H.O and H,CPMA in DMF (DMF = N,N-
dimethylformamide) resulted in deep-orange coloured crystals of [ZnsO(CPMA)s]2-12DMF (1), based
on the elemental analysis result. SCD analysis revealed that 1 crystallized in trigonal space group R32
and had a pcu net topology comprised of ZnsO clusters as an octahedral SBU and CPMA? ditopic
ligands (Figure 3.21b).%° The asymmetric unit of 1 contained two kinds of Zn4O clusters with one third
occupancy for each type of cluster, two CPMAZ ligands, as well as disordered solvent molecules. Even
though the electron densities of some guest solvent molecules were observed, they could not be suitably
modelled owing to severe disorders. Thus, the SQUEEZE option of PLATON was used to remove the
electron densities in the void.?® The pcu net was distorted to a parallelepiped structure, due to the curved
dicarboxylate ligand, CPMAZ (Figure 3.21b), and the framework was doubly interpenetrated to
generate curved 3-D channels (Figure 3.21c and d). There were n-n interactions between the phenyl
rings of CPMA? belonging to two interpenetrated nets (shortest C---C distances, 3.519-3.703 A;
dihedral angles, 58.88-83.37°) (Figure 3.22). PLATON calculations indicated that 1 contained 48.4%
void space (103333.5 A 3 per unit cell volume), which was occupied by the guest molecules. As seen in
the TGA trace of as-synthesized 1 (Figure 3.23), the guest solvent molecules were completely removed
upon heating from room temperature to ca. 150 °C with an experimentally determined weight loss of

28.7%, which was in good agreement with the calculated weight loss of 28.8%. However, the N.-
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sorption isotherm of dried 1 revealed no porosity, because 1 showed flexible, as evidenced by the XRPD
patterns shown in Figure 3.24. Since dried MOF 1 lost transparency as well as single crystallinity, its
SCD could not be obtained. However, the original structure of 1 was restored upon exposure to DMF

vapour for 3 days at room temperature, indicating the reversibility of the structural movements.

Figure 3.22. The interpenetrated structure of two pcu nets in 1 which interact each other via n- ©
interactions.
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Figure 3.23. TGA trace of [ZnsO(CPMA)s].*12DMF (1). The result indicates 28.7% weight loss under
150 ¢ for twelve uncoordinating DMF guest molecules (calc. 28.8%).
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Figure 3.24. The XRPD patterns for (a) 1 as-synthesized, (b) simulated pattern from the single-crystal
X-ray data of 1, (c) dried 1 that is prepared by heating 1 at 220  under vacuum for 24 h, and (d) solid

isolated after exposure of dried 1 to DMF vapor for 3 days.

As revealed by guest removal and re-immersion experiments, 1 had a flexible structure, which was
strongly influenced by the presence of guest molecules (Figures. 3.25-3.27). In order to determine the
effects of different types of guest molecules on the structural changes, guest exchange experiments were
conducted. When single crystal 1 was immersed in benzene, hexane, and methanol, in which 1 was
insoluble, its crystallinity was retained to result in lbenzene, lhexane, aNd lmeon, respectively, which were
suitable for SCD analysis. The exchange process was traced by Fourier transform nuclear magnetic
resonance (FT-NMR), and the result revealed the exchange was terminated in three days (Figure 3.28).
After solvent-exchange, Fourier transform infrared (FT-IR) spectroscopy (Figure 3.29) revealed that
the C=0 stretching vibration of DMF molecules at 1661 cm™ in 1 clearly disappeared. Instead, new
peaks corresponding to the exchanged guest molecules appeared at ~3090 cm™ for benzene (Vc-Hgpenzene)),
~2990 cm? for n-hexane (Vc-(nexane)), and ~3340 cmt for methanol (Vo-Hmethano)). During the guest-
exchange, possibility of dissolution and recrystallization of 1 in the new solvents was excluded by
photographs obtained with an optical microscope during the immersion of the crystals, which also

indicated the preservation of single-crystallinity of 1 during the exchange process (Figure 3.30).
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Figure 3.25. The XRPD patterns for (a) loenzene as-synthesized, (b) simulated pattern from the single-
crystal X-ray data of loenzene, (C) dried Leenzne that is prepared by heating Lpenzene at 200 ° under vacuum

for 24 h, and (d) solid isolated after immersion of 1penzene t0 benzene solvent for 3 d at room temperature.
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Figure 3.26. The XRPD patterns for (2) Lnexane as-synthesized, (b) simulated pattern from the single-
crystal X-ray data of lhexane, (C) dried Lhexane that is prepared by heating Lnexane at 200 “© under vacuum

for 12 h, and (d) solid isolated after exposure of dried Lnexane to hexane vapor for 3 d at room temperature.
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Figure 3.27. The XRPD patterns for (a) 1mecon as-synthesized, (b) simulated pattern from the single-
crystal X-ray data of 1meon, () dried 1meon that is prepared by heating 1meon at 100 “ under vacuum
for 12 h, and (d) solid isolated after exposure of dried 1meon to methanol vapor for 3 d at room
temperature.
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Figure 3.28. The exchange degree of 1 with benzene as a function of time.
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Figure 3.29. FT-IR spectra of 1, lbenzene, Lhexane, aNd LmeoH.
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Figure 3.30. Photographs of 1 crystals in guest-exchange processes. Left column: 1 as-synthesized

sealed in a glass cappillary together with the mother liquor. Right column: After immsion in each
organic solvent for 60 h. (a) benzene, (b) n-hexane, and (c) MeOH.
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SCD analysis revealed the dynamic movement of the interpenetrated nets (Figure 3.31) upon the
guest-exchange.®- In the structure of 1, the adjacent interpenetrated nets created two interesting spaces,
which were composed of two phenyl rings from each net (Figure 3.31a). In the A site, a pair of two
phenyl rings had an edge-to-edge geometry with a dihedral angle of 64.07°, but in the B site the phenyl
rings were parallel to each other with a dihedral angle of 5.06°, creating a face-to-face geometry with
an offset angle of 29.30°. These sites subsequently acted as important spaces for exchanged guest
molecules to selectively fit into, depending on the preferred interactions. In Lpenzene, bENZENE Molecules
were located in A sites with edge-to-face m—n interactions with two phenyl rings from CPMA ligands
(Figure 3.31b) (shortest C---C distances, 3.883 A ; dihedral angles, 47.99°). Meanwhile, the dihedral
angle between two phenyl rings of the framework showed minor changes as 66.36°. This was sufficient
for the guest molecules to form the strongest 7—n interactions without significant alteration of the host
framework because edge-to-face n—n interactions are more stable than face-to-face interactions.-% In
Lhexane, the included n-hexane molecules formed CH—r interactions with two phenyl rings of CPMA?
ligands in the B sites (shortest C---C distances, 3.919, and 4.016 A) (Figure 3.31c). The space between
the parallel phenyl rings in the B sites provided the hexane molecules with the proper environment for
effective CH—= interactions with both phenyl rings. Moreover, the offset angle of two phenyl rings
changed from 29.30° () to 20.02° (¢’), and the distance between the two phenyl rings became longer
from 7.668 to 8.062 A , which provides enough space to accommodate hexane molecules and constructs
CH—r interactions more efficiently (Figure 3.31c). This offset angle change is closely related with the
cell parameter changes. However, in 1veon, there were no significant interactions between the MeOH
molecules and the host framework except for a hydrogen bond of one methanol molecule with a
carboxylate oxygen atom (Figure 3.31d). Instead, the included methanol molecules participated in
guest-guest interactions with water molecules via hydrogen bonding, thus forming stronger host-host
interactions via the n—m interactions between the phenyl rings (Figure 3.32). TGA data of the guest-
exchanged compounds also reflected the strength of the host-guest interaction depending on the guest
molecules. The temperature at which the host lost its guest molecules was shifted from their boiling
point depending on the strength of host-guest interactions (Figure 3.33 and Table 3.1); in lenzene, the
included benzene molecules were liberated at 100 *“ while the boiling point of neat benzene is 80.1°.
Lhexane Showed much larger difference between those temperatures, 170 vs. 68.5 . In contrast, methanol
molecules in 1meon evaporated completely at 60 “, near the boiling point of MeOH, indicating its weak

host-guest interactions.
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Figure 3.31. Host-guest and guest-guest interactions in (a) 1, (b) lbenzene, (C) lhexane, @aNd (d) Lmeon. In
(c), @ and 6’ are the offset angles of the two phenyl rings. Colour scheme: C (grey), O (red), H (white),
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Figure 3.32. n-w interactions between doubly interpenetrated pcu nets and hydrogen bond interactions

of MeOH molecules with water molecules or carboxylate oxygen atoms in 1meon.
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Figure 3.33. TGA traces of [ZnsO(CPMA)].-12DMF (1, black), [ZnsO(CPMA)3]2-6(n-hexane) (Lnexane,
red), [ZnsO(CPMA)s]2-7benzene(1benzene, blue), and [ZnsO(CPMA)s]2-9MeOH -5H,0 (1meon, green).

Table 3.1. Selected crystal parameters for 1, Lpenzene, Lhexane, anNd Lyeon.

_ Cell Void Intraframework Interframework Desolvating  Boiling
a(K)b ) volume volume 0---0 distance (A%)° O--Odistance (A%)°  temperature  point
(A% (A% 0o 20 0o oo 00 (r 9
L 1g085(3) 68.34014) 21331(6) 09335 15530 16080 33794 12104  21.690 150 152

omF) 18 : @8.4%) > : : : :
Tenene  19.168(3)  67.695(13)  21540(6) (1505;1/3 15582 16029 33535 12519  21.016 100 80.1
Tee  18653(3) 65.066(13)  19605(6) (igosl(;/f)’) 15283 15283 32533 11.000 21533 170 685
lueon  18.118(3) 67.542(14)  19202(5) (1816;% 15367 15367 33771 11119 22652 60 64.7

2 Calculated by PLATON

b The numbering was indicated in the right figure.

¢ The desolvating temperature of guest molecules from MOF 1
was determined by TGA.

After guest exchange, the space groups remained as R32 for lpenzene and changed to R-3c¢ for Lnexane
and 1meon, and the dimensions of the unit cells changed significantly (Table 3.1).%°-% This was primarily
due to the interframework sliding, which was triggered by the newly formed host-guest, host-host, or
guest-guest interactions upon guest-exchange, as described previously. The cell volume of 1 slightly
increased from 21331(6) to 21540(6) A 2 for Lpenzene, and significantly reduced to 19605(6) and 19202(5)
A3, for Lnexane and Imeow, respectively. Specially, the guest molecule exchange from DMF to MeOH led
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to the greatest changes in the cell parameters, which corresponded to reduction of a cell volume by 10%,
accompanied by a decrease in the void volume by 23.9%. The changes in the cell parameters were
attributed to the compression of the individual pcu nets and the sliding motion between the
interframework along the c axis as shown in the figure under Table 1. Since each edge of the pcu net
conformed to the flexible CPMA ligand linking the oxo clusters (Figure 3.21b), new interactions altered
the degree of framework compression, which can be expressed by the distances between oxo centres in
the intraframework (Table 3.1). Consequently, since the oxo centres in positions O1 and O4 were
located along the c axis, this framework compression directly changed the length of the ¢ parameter. In
addition, the sliding motion led to effective host-guest or host-host interactions, as described previously,
and changed the interframework O---O distances between O4 and O5 as well and O1 and O5.
Accordingly, lhexane and 1meon experienced intraframework compression as well as the sliding motion,
while in lpenzene those movements did not occur significantly, because the benzene molecules fit into
the A site and did not require significant structural changes. On the other hand, the offset change in
lnexane led to a larger ¢ axis compression than in other compounds, owing to CH—r interactions between
hexane and the phenyl rings on the ¢ axis (Figure 3.34). In 1meon, the major changes were in the
reduction of the a and b parameters, which were due to strong host-host interactions. The peak positions
of the measured XRPD patterns for 1 and the guest-exchanged products coincided with those of the
simulated patterns derived from the X-ray single-crystal data, except that the XRPD pattern of 1meon
was somewhat different from the simulated pattern (Figure 3.35). This may be because 1meon rapidly
lost MeOH molecules during the measurements. The compression of the lattice plane of lpexane and
1meon Was confirmed by the shift of the XRPD peaks to the higher angle region than those of 1 or lpenzene
(Figure 3.35).

Figure 3.34. CH-n interactions between hexane molecules and phenyl rings of CPMA? ligands in the

framework, 1hexane.
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Figure 3.35. The XRPD patterns for (a) 1 as-synthesized, (b) that simulated based on X-ray single-
crystal data of 1, (c) a solid isolated luenzene after immersion of 1 in benzene for 60 h, (d) that simulated
based on X-ray single-crystal data of 1penzene, (€) a solid isolated lnexane after immersion of 1 in n-hexane
for 60 h, (f) that simulated based on X-ray single-crystal data of lhexane, (g) a solid isolated after
immersion of 1yveon in MeOH for 60 h, and (h) that simulated based on X-ray single-crystal data of

1meoH.

Conclusion

A Zn,O-containing doubly interpenetrated MOF with a pcu net, [ZnsO(CPMA)s].*12DMF (1)
underwent single-crystal to single-crystal transformations upon guest exchange of DMF molecules with
benzene, n-hexane, and methanol. SCD analysis revealed that the structural transformations involving
sliding motions of the interpenetrating networks as well as dynamic movements of the molecular
components were triggered by the host-guest interactions. The n—n interactions in lpenzene and CH—x
interactions in Lnexane between the introduced solvent molecules and the phenyl rings of the CPMAZ
ligand in the host framework were discussed with respect to the resulting structures. Interestingly, 1
showed a significant decrease in cell volume from 21331 to 19202 A 3 (10%) upon guest exchange with

methanol, which indicated that in 1meon the dominant force which determined the structure was the
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interframework interactions rather than the host-guest interactions. In order to facilitate potential

applications of MOFs in molecular sensing, separation, catalysis, and storage, it is essential to

understand how MOFs respond to external stimuli and to determine the host-host, host-guest, and guest-

guest interactions involved in the responses via X-ray single crystal structural analysis.
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