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STUDY ON CATION EXCHANGE OF A LEAD COORDINATION POLYMER
TARGETING DYNAMIC MIXED CATION DOPED AND MIXED-VALENT
COORDINATION POLYMERS
ABSTRACT
Solid solution in Metal-Organic Coordination Polymers (MOCPs) is an emerging
synthetic pathway for modifying chemical compositions and has been expansively
investigated. It has been demonstrated to be an important tool for engineering novel
functional materials that otherwise have not been synthesized via the conventional
technique. Although stable solid material with variable functionalities and intriguing
structural motifs could be engineered by judicious selection of multivariate metal centers
and multifunctional ligands. However, solid solution featuring mixed valence in MOCP
is rare. Motivated by the ability of Pb*" to adopt range of coordination numbers (CN) and
chemical environments (CE), in addition to its flexibility to readily undergo cation
exchange owing to its low electronegativity, we opted for solid solution in Pb-based
MOCP. Herein, we exploited a dynamic 3D, Pb-based MOCPs that contain 1D moiety
featuring 3 distinctive Pb?>* sites each with different CN and CE that can potentially
undergo cation exchange with exogenous divalent and aliovalent including mono- or
trivalent cations. Under optimized condition, we achieved to our knowledge the first,
hetero-valent, single and multiple valent substituted MOCP featuring cation vacancy. In
addition to this, under the guidance of Pearson’s Hard-Soft Acid-Base (HSAB) principle,
we gained the control of the process and tune the % of cations exchange under appropriate
conditions. A tunable photoluminescent (PL) emission exhibiting good antenna effect and
retention of the original 3D MOCP was observed when doped with as little as 6 wt% of
Eu’*. Remarkably, the PL intensity of the Eu** substituted MOCP increases as the amount
of Eu*" increases even up to 80 wt. %, which is also a rather rare case and the first, to the

best of our knowledge in MOCP solid solution. 10 wt. % Eu** substituted MOCP was
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found to have a significant conductivity improvement at 25 °C. Fe?" substituted MOCP
was also found to have some magnetic hysteresis at room temperature, another very rare
case of mononuclear or cluster Fe?* doped to show some hysteresis at RT. The formation
of solid solution and phase purity of these compounds were confirmed by single crystal

and powder X-ray diffractions, SEM-EDX, ICP-OES as well as XPS.

Keywords: Solid solution, HSAB principle; Photoluminescence; Structural

transformation; Conductivity.
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LARUTAN PEPEJAL DALAM POLIMER KOORDINATAN LOGAM-
ORGANIK (MOCP): MENYASARKAN MOCP DINAMIK UNTUK APLIKASI
PENDOPAN PELBAGAI, VALEN BERCAMPUR DAN ANGKUTAN CAS
ABSTRAK
Larutan pepejal dalam Polimer Koordinatan Logam-Organik (MOCP) ialah satu tapak
jalan sintesis yang sedang membangun untuk mengubah suai komposisi kimia dan telah
dikaji secara meluas. la telah diperlihatkan sebagai satu alat yang penting untuk
kejuruteraan bahan berfungsi baharu yang tidak boleh disintesis melalui kaedah
konvensional. Namun, bahan pepejal stabil dengan pelbagai kumpulan berfungsi dan
motif struktur yang menarik boleh direka melalui pemilihan pusat logam berbilang dan
ligan pelbagai fungsi secara bijaksana. Walaubagaimanapun, larutan pepejal yang
menampilkan valen bercampur dalam MOCP jarang berlaku. Sifat Pb?>" yang mampu
untuk mengguna pakai berbagai-bagai nombor koordinatan (CN) dan persekitaran kimia
(CE), serta sifatnya yang mudah untuk menjalani pemindahan kation akibat daripada
kelektonegatifannya yang rendah telah menyebabkan kami tertarik untuk
menggunakannya dalam larutan pepejal MOCP berasaskan Pb. Dalam tesis ini, kami
telah melakukan pengkajian mendalam terhadap MOCP berasaskan Pb yang bersifat
dinamik 3D, mengandungi bahagian 1D yang memaparkan 3 tapak Pb*' tersendiri,
mempunyai CN dan CE yang berbeza serta mampu menjalani proses pemindahan kation
dengan eksogen monovalen dan aliovalen termasuk kation monovalen dan trivalen.
Berdasarkan pengetahuan kami, bawah keadaan yang optimum, kami telah menghasilkan
MOCP pertama yang digantikan dengan heterovalen, valen tunggal dan valen pelbagai
yang memperlihatkan kekosongan tapak kation. Tambahan pula, berlandaskan prinsip
Asid-Bes Keras-Lembut (HSAB) Pearson, kami memperoleh kawalan terhadap proses
dan menyelaraskan % pemindahan kation bawah keadaan yang bersesuaian. Satu

pembebasan fotoluminesen (PL) yang boleh diselaraskan mempunyai kesan antena yang



baik dan pengekalan luminesen daripada hos 3D asal telah diperhatikan walaupun
didopkan dengan Eu®" dalam kuantiti serendah 6%bt. Intensiti PL yang dibebaskan oleh
MOCP yang ditukar ganti dengan Eu®*" menunjukkan peningkatan luar biasa apabila
muatan Eu*" ditingkatkan sehingga 80%bt., merupakan satu kes yang jarang berlaku dan
berdasarkan pengetahuan kami, kes yang pertama berlaku dalam larutan pepejal MOCP.
MOCP yang ditukar ganti dengan 10%bt. Eu*" juga menunjukkan kekonduksian yang
ketara pada suhu 25°C. MOCP yang ditukar ganti dengan Fe?" menunjukkan sifat
histeresis magnet pada suhu bilik, satu kes yang sangat jarang berlaku untuk mononuklear
atau kluster terdop Fe?* untuk menujukkan sifat histeresis pada suhu bilik. Pembentukan
larutan pepejal dan ketulenan fasa sebatian-sebatian disahkan melalui kaedah pembelauan

sinar-X hablur tunggal dan serbuk, SEM-EDX, ICP-OES dan XPS.

Katakunci: Larutan pepejal; Prinsip HSAB; Fotoluminesen; Penjelmaan struktur;

Kekonduksian
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CHAPTER 1: INTRODUCTION

Conventional MOMs are important class of solids assembled from the supramolecular
and coordination interactions of organic building blocks (such as neutral, anionic or
cationic ligands) and metal moieties, such as metal ions or inorganic clusters. They are
primarily built through coordination bonding, hydrogen bonding, n—r stacking or other
electrostatic interactions. As a result, they have the potential to be assembled as modular
and adjustable structures with tailorable compositions and properties. With multitude of
organic and inorganic building blocks, it provides endless possible combinations to
prepare MOMs. Intended properties can be easily engineered using the intrinsic properties
of either metal moiety or the organic ligands or both. For instance, photophysical
properties of metal ions such as lanthanides and their interaction with phonons and
electrons endows them with excellent luminescence and magneto-optical properties
suitable for use as functional materials in devices. (Binnemans, 2009; Carlos et al., 2011;
Eliseeva & Biinzli, 2010) On the other hand, the intrinsic functionalities of the organic
components such as organic chromophores, bioorganic molecules or radicals are very
important components for synthesizing optical, (Binnemans, 2009) biocompatible (Ge et
al., 2017; Grall et al., 2015) and magnetic (Shaozhou Li & Huo, 2015) MOMs. Novel
properties may therefore arise from the synergistic interactions and association of the
component building blocks. As such, they display very exciting and promising
applications in gas storage/separation, solid state emissions, drug encapsulation and
delivery, catalysis, medical diagnostics, sensing, ion exchange/separation, conductivity,
magnetism and host of other potential applications. (Canivet et al., 2014; Czaja et al.,

2009; Hiroyasu Furukawa et al., 2013; Shaozhou Li & Huo, 2015; H. Wang et al., 2017)

MOMs are generally classified into; discrete material (zero dimensional materials)

which includes; metal-organic polygons, metal organic polyhedra or nanoballs, and



polymeric materials (coordination polymers), including 1 dimensional coordination
polymers (CPs) that can form chains, ladders or tapes, or 2 dimensional CPs built into
sheets, bilayers or 3 dimensional porous coordination polymers also known as metal

organic frameworks (PCPs/MOFs) and non-porous 3D CPs, Figure 1.1.

Figure 1.1: Classification of metal organic materials (MOMs) based on periodicity.

1.1 Metal-organic coordination polymers (MOCPs)

MOCPs are hybrid materials originating from interdisciplinary fields of chemistry
namely; organic and inorganic (coordination) chemistry. These materials gained a lot of
attention from the scientific world and industries in the last couple of decades and rapidly
growing (Czaja et al., 2009; Perry et al., 2009; Zaworotko, 2007) owing to their intriguing

properties and the potential applications.

According to [IUPAC recommendations, (Stuart R. Batten et al.) MOCPs are materials
constituted of macromolecules with an infinite recurring coordination units extended in

one, two or three dimensions. They are generally crystalline solids build by self-assembly



of metallic cations with multi-dentate organic ligands. The metal center can be single
metal ions or group of metal cations, otherwise known as secondary building units
(SBUs), and these ions/clusters act as Lewis acids by accepting electron pairs from the
Lewis bases’ organic linkers. In the first generation of coordination polymers, transition
metal cation moieties function as nodes that is linked by multifunctional organic ligands
such as bipyridine and carboxylates acting as a spacer ligand in the structure. MOCPs are
highly modular due to the nature of their building blocks and therefore it is used as a
blueprints and prototypal for a variety of structures suitable for crystal engineering
strategies. (Perry et al., 2009; Zaworotko, 2007) The coordinative association of the metal
moieties and the organic ligands may extend in different periods, each with unique atomic
arrangements. For instance, in 1D periodic extension, chains ladders, tapes, zigzag single
and double chains, ribbon, twisted ribbon, knotted string, or box-pleated chains are
formed. (Slabbert & Rademeyer, 2015) However, bilayers, square grid and sheets are
formed for 2D extensions. While in the 3D extension, numerous architectures such as
diamondoid or octahedral nets are formed, including those with potential void, the so-
called “metal-organic frameworks (MOFs)”. (Cohen, 2010; Hiroyasu Furukawa et al.,

2013; Kalmutzki et al., 2018; Susumu Kitagawa, 2014)

Metal cation play a vital role in the crystal structure formation, with different metal
having distinctive attributes such as geometrical and coordination number preference; for
example pentagonal-bipyramidal, trigonal-bipyramidal, trigonal-prismatic, octahedral,
square pyramidal, square-planar, tetrahedral, T-shaped, trigonal planar or linear
geometry. Cation size and its sub-lattice ratios, charge matching, defect structuring,
ligand-field stabilization energy and hardness/softness also defines the crystal structure
formation (L. Soderholm & J. F. Mitchell, 2016; Robin & Fromm, 2006). Vast majority
of the reported MOCP structures are however, composed of a primary building units

(PBUs) as the metals center. PBUs are single ion metal centers connected by the organic



ligands to form the extended structure. Unlike PBUs, the secondary building units (SBUs)
are discrete molecular clusters with simple geometrical shape such as squares, triangles,
tetrahedra and octahedra metal containing units, further linked by multitopic linkers into
polymeric structures. The use of SBUs to for building periodic structures is the so-called
Reticular Chemistry (Helal et al., 2017; M. Li et al., 2014; O'Keeffe et al., 2008; O. M.
Yaghi et al., 2003). Prominent MOFs such as MOF-5 is built of tetra nuclear cluster
(Zn4O-(CO2))s SBUs with octahedral shape having six vertexes as a point of extension
(carboxylate C-atoms) linked further by a ditopic 1,6-benzene dicarboxylate rod like
linker assembled into a pcu net. While HKUST-1 is assembled into a the net by linking
bimetallic paddlewheel cluster (Cu2(-CO2)4) with a square geometry and tritopic linker

(benzene tricarboxylate). (M. Li et al., 2014)

Combination of different metal moieties and large number of spacer ligands have been
utilized to engineer several intriguing structures with fascinating properties. Design and
synthesis of metal organic coordination polymer is receiving tremendous attention by
scientist due to their modular nature, ease of preparation, diverse structural motifs,
appealing properties and impending applications such as gas storage, gas separation,
sensors, magnetism, catalysis, electrical conductivity and photoluminescence (Janiak,

2003; C. Wang et al., 2016; S. Yuan et al., 2018).

Various synthesis methods and strategies have been developed to engineer crystalline
MOCP materials. However, in each case, the onset of crystallization is when the
concentration of the substance in solvent is greater than its solubility product. This is
because, crystals only grows from meta-stable supersaturated solutions due to kinetic
hindrance of crystallization (Muller, 2009). To achieve the aforementioned
supersaturation, several methods were used, summarized by Muller, Figure 1.2. (Muller,

2009) The simplest method is slow evaporation, also called saturation method, this



method involves dissolving the reactants in a suitable solvent and slowly evaporating the
solvent through which the concentration of the reactants increases until the onset of
crystallization. Another popular method is slow cooling, in which the solubility at
elevated temperature is exploited. Generally, compounds tends to be more soluble in hot
solvent than in cold solvents, hence compounds are dissolved to make an almost super-
saturated solution in hot solvent and allowed to cool down yielding crystals at room
temperature. Other ways to obtain crystalline materials is use of binary solvents method,
the so-called liquid-liquid or solvent-liquid diffusion, where two immiscible liquids
(solvent and precipitant) are utilized, in which the starting materials are soluble only in
one of the solvents and other serve as precipitant. Similar to binary solvent method, slow
diffusion of reactants, also involves dissolving the reactants in a separate solvents and a
permeable/semipermeable barrier or solution layer is placed in between the solutions to
slow down diffusion and subsequent precipitations. This technique is so far one of the
best strategy to obtain quality crystals suitable for single crystal measurements (Muller,

2009; Robin & Fromm, 2006).

On the other hand, Aydro/solvothermal technique is also one the most powerful and
highly utilized approach, (X. J. Cui et al., 2009; Jensen et al., 2014; S. C. King et al.,
2017; Y. C. Liang et al., 2002; McKinstry et al., 2016; F. X. Wei et al., 2016) where
reactions are carried out at an elevated temperature and autogenous pressure. These
conditions, highly favored the crystal growth of highly insoluble materials. This can be
attributed to the increase in the solute solubility and decrease in solvent viscosity and
hence, enhances the diffusion process and crystallization speed. Other strategies include;
sonochemical synthesis (where reactions are carried out by application of high ultrasound
radiation), mechanochemical (involving the use of mechanical grinding, no single crystal

is obtain using this technique), microwave and electrochemical method (Askarinejad &



Morsali, 2009; Kumar et al., 2015; Masoomi et al., 2014; Masoomi et al., 2015; Safarifard

& Morsali, 2012; Soltanzadeh & Morsali, 2010).

Figure 1.2: Graphical representations of some popular crystal growth methods. (a) slow
evaporation technique, (b) slow cooling method and (c) gas-phase diffusion strategy.
(Muller, 2009)

On a different note, compared to the d or f~block metals, p-block metals such as lead
(Pb) are generally less explored despite their impressive potential applications such as in
photovoltaic conversion, electroluminescence, organic light-emitting diodes (OLEDs) or
fluorescent sensors (Tsuboi & Silfsten, 1991; J. Yang et al., 2007). Several materials of
technological interest are observed to have an asymmetric electronic densities (Walsh &
Watson, 2005) associated typically with the main group metals owing to the presence of
nonbonding electron pair. In particular, large number of Pb*" based MOCPs was reported
and majority are amenable to structural transformation and other molecular adjustments.
(Leila Aboutorabi & Ali Morsali, 2016; Akhbari & Morsali, 2013, 2015; Al-Nubi et al.,
2019; Cimen et al., 2018) Pb?" ion with its 6s> nonbonding lone pair of electrons has an
interesting stereochemistry, as it can associate with coordinated ligands in both symmetric

and asymmetric passion. The steric activity of the 6s? electrons cause the Pb**

coordination environment to direct ligands either perfectly distributed in the coordination



sphere or distorted sideways with a visible empty space, in the so-called holo- or hemi-
directed alignment respectively, Figure 4.1. The holodirected polyhedra has a symmetric
distribution where the 6s> nonbonding electron pair is said to be sterically inactive while
the asymmetric distribution in the hemidirected arrangement has a sterically active lone
pair. However, certain factors influences the steric activity of Pb?>" 6s?> lone pair of
electrons; such as the coordination number (high, medium or low), ligands type (hard or
soft), ligand-ligand interaction (repulsive or attractive), hybridization of 6s and 6p atomic
orbitals (presence or absence of p character), the nature of donating ligands (high or low
electron donation) (M. L. Hu et al., 2011). Therefore, being a borderline Lewis acid, metal
cation and its large ionic radius, based on the HSAB concept it possessed a unique
advantage to adopt different CE and variety of flexible CN (2 to 12). The chemistry of
the CE and CN can afford Pb** complexes and the related compounds with numerous
configurations which is of great scientific interest (Ding et al., 2008; M. L. Hu et al.,

2011; J. Yang et al., 2007).

(a) (b)

2+

Pb>* P

Figure 1.3: Effect of lone pair activity (a) Symmetric distribution (Holodirected) (b)

Asymmetric distribution (Hemidirected)

On the other hand, Che et. al. (2009) reports that pyrazine-2,3-dicarboxylic acid (2,3-
Hzpzdc) can be fully or partially deprotonated as a function of pH and it can adopt several
coordination modes depending on the cation chemistry, (Fendi Y. Wardana et al., 2015;

L.-R. Yang et al., 2011) Figure 4.2. Hzpzdc can be considered as both N-donor and O-
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donor ligand making it more like borderline Lewis base combining both soft N-donor
groups and hard O-donor groups that can bind well with hard, soft and borderline Lewis
acids. We envisaged combining the flexibility of Pb** in terms of CN and CE, the
fascinating coordination modes of 2,3-pzdc and the variable hard and soft donor groups,
to synthesize dynamic extended network of MOCP that could pave a way to engineer
material amenable to molecular adjustment and substitutional defects such as multiple

doping and mixed valent incorporation.

1.2 Solid solution in MOCPs

The basis of which the material design and engineering was built is believe to be the
ability to modify or tune the materials’ molecular compositions or the atomic
arrangements. Tunable physical or chemical functionalities in MOCPs, can be ascribed
largely to its tailorable chemical composition, flexibility, modularity, high porosity or
surface area. The tunable properties enables targeted functionalities to be designed for
specific applications, such as tunable light emission, (Emam et al., 2018; X. Mi et al.,
2019; C.-Y. Sun et al., 2013; X.-P. Zhang et al., 2013) luminescence sensors, (R. An et
al., 2016; Kempahanumakkagari et al., 2018; X.-Y. Xu & Yan, 2015) energy, (H. L.
Wang et al.,, 2017) decontamination of pollutants via adsorption interactions.
(Abdelhameed et al., 2016; Abdelhameed, el-deib, et al., 2018; Abdelhameed & Emam,
2019; Abdelhameed et al., 2017; Abdelhameed, Rehan, et al., 2018; Emam et al., 2019)
In addition to this, presence of defects either intrinsic or extrinsic in MOCPs and
systematically understanding their nature yields impressive benefits in controlling and
manipulating materials properties. (Cheetham et al., 2016; Z. Fang et al., 2015; W. Liang
et al., 2016; Shearer et al., 2016; Taylor et al., 2015; Trickett et al., 2015) For example,
Richard P. Feynman, (1960) once envisaged in his classic talk ‘There is plenty of room
at the bottom’ in 1959; “.... What would the properties of materials be if we could really

arrange the atoms the way we want them? ... I can hardly doubt that when we have some



control of the arrangement of things on a small scale we will get an enormously greater
range of possible properties that substances can have, and of different things that we can

do”.

Going down to the atomic level and gaining control over the composition and the
spatial arrangements of atoms has always been projected to yield materials of
unprecedented properties and functionalities. (Barth et al., 2010; Ci et al., 2010; Peng &
Yang, 2009; Van Aert et al., 2011) This is because, properties and functionalities are
strongly related to the atomic arrangements and the molecular compositions that make up
the material. (A. Y. Liu & Cohen, 1990; Siegel, 1994; Suyetin et al., 2020; T. Xu et al.,
2019) Typically, crystal structures and the chemical compositions are the two
fundamental attributes that define MOCPs. The chemical composition comprises the
elements that made up the MOCPs and their relative compositions. While the crystal

structure, is the arrangements of constituent atoms or ions in 1, 2 or 3 dimensional space.

Inspired by the complexity of nature generally, and in particular biological systems
such as DNA, RNA or enzymes, much time and resources has been devoted by chemist,
scientist and engineers to develop strategies for the synthesis of materials with
predesigned compositions and controllable building block arrangements and dispositions
that can mimic biological systems in terms of complexities, defects and functionalities
for the desired applications. (J. Brown, 2011; J. W. Brown et al., 2015; Cadman et al.,
2016; H. X. Deng & Yaghi, 2011; Dong et al., 2017; Fischer, 2013; Helal et al., 2017;
Kim, 2014; S. Lietal., 2017; Q. Liu et al., 2016; Xia et al., 2017; O. M. Yaghi, 2014; S.
Yuanetal., 2015; Y. B. Zhang et al., 2015) These properties can be judiciously introduced
through solid solution approach using multiple and multivariate building blocks in the

same MOCP crystal structure.
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Complex materials especially those comprising more than one type of cation or ligand
(multivariate) in the structure offered improved properties and exceptional applications.
For instance, extensive use of mixed metal oxides and salt composite as anode in batteries
(Goodenough & Park, 2013); pnictides and oxides of multinary metal family composed
of combination of several cations has been shown to possessed superconductivity (Farrell
etal., 1987; Z. W. Jin et al., 2001; C. Z. Yuan et al., 2014); heterogeneous materials are
often used in optical devises due to the charge transfer between different proximal cations;
and magneto-resistant materials (diluted magnet) are engineered by doping paramagnetic
transition metals into framework of titanium or zinc oxide (de la Cruz et al., 2008; Lin et
al., 2013); solid solution in metal oxides also demonstrate a promising catalytic activity

in important chemical conversions (Donkova et al., 2010).

Defect engineering, through judicious control of structural defects and any related
heterogeneity, is of unparalleled importance in solid state electronic materials, such as
silicon, Group III/V semiconductor and its derivatives. (Capper, 2005; Singh, 2003)
Application of such concept in metal-organic frameworks (MOFs) or MOCP in general,
(Aguirre-Diaz et al., 2015; Chaemchuem et al., 2016; Chuan Tan & Chun Zeng, 2016; Z.
Fang et al., 2014; H. Furukawa et al., 2015; Horike et al., 2013; S. Kitagawa et al., 2004;
0. Kozachuk et al., 2014; Olesia Kozachuk et al., 2013; W. Liang et al., 2016; Y. Liu et
al., 2016; Ramaswamy et al., 2014; Shearer et al., 2016; L. Sun et al., 2016; Taylor et al.,
2015; Trickett et al., 2015; H. C. Zhou & Kitagawa, 2014) would realize MOCP material
with tunable properties. (Z. Fang et al., 2015; Hendon et al., 2012) Despite being an
exciting concept to manipulate the structure and the resulting electronic properties, defect
engineering by design in MOCP remains elusive. (Gul-E-Noor et al., 2012; Jiao et al.,
2015; O. Kozachuk et al., 2012; Nikas et al., 2015; Parkes et al., 2015; B. Tu et al., 2014;
Vuong et al., 2013; W. Zhang et al., 2016) In fact, based on recent reviews, it is reported

that there is no well-documented report on MOCP with fully characterized cation vacancy
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due to partial replacement of cationic host by aliovalent cationic guest. (Cheetham et al.,
2016; Z. Fang et al., 2015; H. Furukawa et al., 2015) It will be very exciting if the
dynamics of MOCP in terms modularity, tunability and flexibility can be combined with
the concept of defect engineering. Such synergy between the two processes may allow a
plethora of functional materials to be engineered that may not be obtainable using each

process separately.

On the other hand, compounds that contain main group element with lone pair are
reported to be tolerant to defects, (Brandt et al., 2017; Fabini et al., 2016; Laurita et al.,
2017) and can also be easily ion exchanged. Amongst the frequently used cations for ion
exchange in MOCP, Pb*" possesses lowest electronegativity that gives labile ionic bonds,
which in turn allowing it to be exchanged faster. (Brozek & Dinca, 2014) In addition,
Pb?* is one of the cations that are in borderline of Hard-Soft-Acid-Base (HSAB) concept,
(Briand & Burford, 2000; Ralph G. Pearson, 1963a) hence can adopt a variety of CE, (K.
P. Rao et al., 2007; A. Thirumurugan et al., 2008) in addition to having flexible CN (2-
10) due to its large size. (Fan & Zhu, 2007; J. Yang et al., 2007; J. Yang et al., 2009; Y.
H. Zhao et al., 2008) Such features prompt us to explore a dynamic 1D Pb MOCP system
that can undergoes structural transformation into 3D MOCP with more than one
distinctive Pb?" crystallographic sites each with different CN and CE which can undergo
aliovalent cationic substitution to realize mixed valent, hence cation vacancy creation,
and multiple doping. (Fendi Y. Wardana et al., 2015) Under the guidance of the principle
of HSAB, we envisage to device a method to tune the cation exchange with mono, di or
trivalent cations including multiple and mixed valent exchange, which may paves a way

towards defect engineering by design.
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1.3 Research Question

What would happen if heterogeneity, defects and/or complexity (in terms of multiple
doping, mixed valent or cation vacancy) are introduced within ordered MOCP structures
in a designed fashion? What new property could be imparted onto the material and what
added benefits can we harness upon introduction of such heterogeneity? Can integrity of
the structure and the crystallinity be maintained after such introduction? Can we tune
properties in a designed fashion as a function of introduced complexities? Herein, we
make use of dynamic MOCP built from flexible building blocks that can undergo
structural transformation, to higher dimension forming more than one metal ion
crystallographic sites each with unique CE and CN. Using the proposed system, we
envisioned to judiciously engineer facile solid solution through concurrent structural

transformation and cation exchange via dissolution recrystallization process.

14 The Hypothesis

To approach these questions, the following hypothesis has been proposed to be tested;
multiple doping and mixed valent could be engineered judiciously through concurrent
structural transformation and cation exchange via dissolution recrystallization process.
The suitable MOCP must be dynamic and built from flexible building blocks, and upon
transformation, the MOCP must have more than crystallographic sites each with unique
chemical environment (CE) and coordination number (CN) suitable for facile solid

solution.

1.5 Aims of the Study
To judiciously design a new synthetic approach for multiple doping and mixed valent
using a dynamic and robust MOCP, through structural transformation and simultaneous

cation exchange via dissolution recrystallization technique.
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1.6 Objectives of the Study

1.6.1 Part one

a.

C.

To synthesize or adopt a dynamic and robust 1D coordination polymer
featuring structural properties amenable to structural transformation and
made of flexible cation that can adopt different CE and CN.

To carefully transform the 1D coordination polymer into a 3D featuring
crystallographically unique sites, each with distinctive CN and CE that can
permit potential insertion of an exogenous cation of different sizes,
valency, and properties.

To characterize the resulting 1D and subsequently the 3D MOCP.

1.6.2 Part two

a.

To prudently conduct solid solution strategy to insert and incorporate
different exogenous cations of different sizes and chemistry from s, p, d
and f-block of the periodic table.

To carry out a facile but judicious mixed valent and multiple doping
(including 3d-4f mixed orbital strategy)

To characterize the resultant doped material in terms of their structures

and their photo-physical properties and charge transport application.

1.6.3  Part three

To strategically tune properties as function of the percentage dopants,
under the guidance of HSAB principle. Focusing especially on tunable
color emissions and magnetism and/or conductivity.

To measure photo-physical, magnetic and/or conductivity properties.
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CHAPTER 2: LITERATURE REVIEW

The foundation upon which research is built depends on how critically literature was
reviewed and evaluated, for it helps provides proper understanding of the previously
related works, the emerging trends therein and identification of possible research gap in
terms of synthesis method, applications, or characterization technique of interest that
requires some further understanding, development or other contributions. Herein, the
extent to which the previously related literature work goes in trying to answer the research
questions in this thesis would be evaluated, discussed and analyzed and subsequently the
whole research project would focus on bridging some of the identified shortfalls in the

reported literature, or at least partially.

2.1 Metal-Organic Coordination Polymers (MOCPs)

The emergence of a new class of organic-inorganic hybrid material popularly referred
to as coordination polymers encompassing both the non-porous (1, 2 or 3D coordination
polymers (CPs)) and porous CPs otherwise known as Metal Organic Frameworks (MOFs)
or Porous Coordination Polymers (PCPs) some decades ago (Hoskins & Robson, 1990;
S. Kitagawa et al., 1992; O. M. Yaghi et al., 1995), has continued to gain tremendous
prominence in chemistry, material science, medical and engineering fields (Dang et al.,
2017; Isaeva & Kustov, 2010; H. L. Wang et al., 2017; H. B. Zhang et al., 2017). MOCPs
are generally designed through self-assembly of inorganic cations and organic ligands via
coordination bonds under appropriate conditions (X. J. Cui et al., 2009; Guillerm et al.,
2014; Jensen et al., 2014; Kirchon et al., 2018; McKinstry et al., 2016; Muller, 2009; J.
Park et al., 2014; Robin & Fromm, 2006). The metal center can be single metal ions or
group of metal cations, otherwise known as secondary building units (SBUs); these
ions/clusters act as Lewis acids by accepting electron pairs from the Lewis bases’ organic

linkers. Several factors contribute to the final framework design; such as ligand geometry
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and functionality, number of open metal sites on the SBUs, binding affinity, moiety
symmetry and the strength of the coordination bonds between the building blocks. The
inherent high porosity and surface area (Eddaoudi et al., 2002), structural modularity
(Dolgopolova et al., 2017), flexibility (Mon et al., 2018; Schneemann et al., 2014; Wieme
et al., 2018), and tailored compositions in some MOCPs endowed them with exceptional
potentials for chemical manipulations geared toward functionalization for specific
applications (Demuynck et al., 2018; Guillerm et al., 2014; W. Lu et al., 2014; Mon et
al., 2018; Ogiwara et al., 2019; Rogacka et al., 2019; L. J. Wang et al., 2014; Wieme et

al., 2018; H. B. Zhang et al., 2017).

Unlike other rigid porous materials such as active carbons, aluminophosphates,
mesoporous silica or aluminosilicate (zeolites), the modular nature of the molecular
building units in MOCPs especially MOFs, is the key attribute that endow them with the
ability to undergo complete or partial exchange of any of the structural components;
including cations, anions, ligands, coordinated or uncoordinated solvents and guest
ions/molecules (Brozek & Dinca, 2014; X. J. Cui et al., 2009; Dinca & Long, 2007; W.
Luetal., 2014; LisaJ. Wangetal., 2014; S. Yuan et al., 2015). The exchange may proceed
in a single crystal-to-single crystal (SC-SC), crystal-to-crystal or crystal-to-amorphous or
crystal-to-less crystalline (J. Liu et al., 2012; M. Liu et al., 2015; J. J. Zhang et al., 2008;
X. F. Zhang et al., 2018). The lability of the coordinative bonds and the flexibilities of
the MOFs frameworks structure account mostly for the required defect tolerance for the
substitution of virtually all the building blocks and the potential introduction of the
required properties and functionalities after the assembly through the so-called post-
synthetic modifications (PSM). Certain functionalities can be engineered via one-pot
synthesis, well-known as Reticular Chemistry, before the assembly process of the
framework by judiciously selecting the appropriate building blocks possessing the

required functionalities, structural and geometrical properties that define the underlying
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framework, otherwise known as molecular building blocks (MBBs) (Guillerm et al.,

2014; O'Keeffe et al., 2008; O. M. Yaghi et al., 2003).

Solid solution especially cation exchange, has been expansively investigated and has
been shown to be an emerging synthetic pathway for modifying the chemical composition
of MOCPs. It also has already been proven to be an important tool for engineering novel
functional materials that otherwise have not been synthesized via the conventional
technique. (Brozek & Dinca, 2014; M. Kim et al., 2012). It is a synthetic procedure in
which an exogenous cation substitutes a specific cation into the predefined environments
at the SBUs of the host. This technique provides typically milder means of getting
materials especially when the conventional design fails (M. Kim et al., 2012). Although
the metal centers are an integral part of the MOCP framework, the cations can be
exchanged entirely or partially as a function of time with a small or no effect on structural
integrity. New materials have been designed using cation exchange, making it a

potentially powerful tool for modifying SBUs of MOCPs.

Complexities as a result of structural heterogeneity in MOCPs allow tunable
functionalities to be tailored, making them suitable for far-reaching applications, such as
gas storage. For example, when pyrimidine group was introduced into NOTT-101, a new
MOF (UTSA-76) was found to have the most efficient methane storage capacity of 257
cm? (STP) cm™ at 65 bar and 298K (B. Li et al., 2014). Introducing exogenous cation
with open metal sites and open-shell electronic structure dramatically increases the gas
uptake by efficiently improving the host-guest interactions (Y. Kim et al., 2012; Xiaokai
Song, Seok Jeong, et al., 2012; Sumida et al., 2013; C.-Y. Sun et al., 2013; X.-J. Wang et
al., 2012). Mixed metals Zn3(BDC)3[Cu(Salpycy)]9.(G)x and
Zn3(CDC)3[Cu(Salpycy)].(G)x have shown a very remarkable and efficient selective

separation of C,H»/CoHy4 (Xiang et al., 2011). Mixed-metal MOFs have also displayed
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remarkable enantioselective separations of alcohols. (Das et al., 2012; Xiang et al., 2011)
Mixed-lanthanides MOFs on the other hand, have also been efficiently used as ratiometric
luminescent thermometers. (X. Rao et al., 2012; X. Rao et al., 2013) Euo.0069Tb0.9931-
DMBDC, (Y. Cui, H. Xu, etal., 2012; Das et al., 2012; Xiang et al., 2011) have also great
potential as a heterogenous catalyst (Horcajada et al., 2012; Kreno et al., 2012; J.-R. Li

etal., 2012; Suh et al., 2012; Sumida et al., 2012; Yoon et al., 2012).

2.2 Solid solution in MOCPs and the concept of Hard-Soft Acid-Base (HSAB)
The last few decades have recorded an increasingly remarkable development on
MOCPs, witnessed by a plethora of new structures and molecular modification of the
previously reported structures, enriching the scope of research and applications of
MOCPs especially MOFs. One of the success stories in MOPC:s is their ability to undergo
solid solution, especially via the postsynthetic cation or ligand exchange as a targeted
approach to engineer functionalities into a preformed MOCP under mild conditions with
or without altering the structural integrity of the framework. Isomorphous cation
exchange should be feasible in the MOCP’s SBUs, since MOCPs can be considered
basically as the conjugate base of a weak acid. (Tranchemontagne et al., 2009) The extent
to which solid solution can be used as a synthetic tool depends on the appropriate
understanding of governing factors that influence the process especially the chemistry of
the metal ions and organic linkers in terms of their hardness or softness, how they interact

and in what way it affects their stabilities.

Some decades ago, Pearson (1963b) through his HSAB principle, put forward a
unifying concept by which chemical dynamics, stabilities, reactivities, and selectivities
may be readily assessed and rationalized. This generalized principle has been and
continues to be a very useful approach to guide the design of stable MOCPs, (S. Yuan et

al., 2018) rationalize large diversity of experimental results in multifarious fields of
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chemistry. (Ahrland et al., 1958; Paul W Ayers & Cardenas, 2013; Breugst & Mayr, 2010;
Chemaly et al., 2011; M. Kim et al., 2012; Yazaki et al., 2010) As a guide, HSAB is often
used to predict the effect of chemical reactivities (Akiba & Inamoto, 1975; Alfarra et al.,
2004; Ho, 1975; Woodward, 2002) including cation exchange. Although the concept of
HSAB does not explain chemical facts, it correlates most of them efficiently. In the HSAB
principle, soft bases prefer and bind well with soft acids and hard bases prefer and bind
well with hard acids (P. W. Ayers et al., 2006; R. G. Pearson, 1980, 1986a, 1986b, 1987,
1990). Hence, the metal-ligand (M—L) strength and stability of any compound partly
depend on the softness or hardness of the components’ Lewis acids and bases. However,
chemical hardness or softness is not the only contributor to the strength of acid-base
interaction, other factors such as steric effects, intrinsic strength, ion-pairing, medium

effects, thermodynamic or kinetic control, may also play an important role.

The notion of which the principle of HSAB was built upon is fundamentally a concise
interpretation and restatement of the available experimental observations, in which Lewis
acids and bases are categorized into soft and hard, on the basis of their size, polarizability,
electronegativity, ionization potentials, and orbital energy. The principle states that; there
is a preference for hard acids to bind with hard bases and soft bases with soft acids. (Ralph
G. Pearson, 1963b) The preference, however only provide additional stability in terms of
bond dissociation energy amongst hard-hard or soft-soft pairs and destabilization between
mismatched pairs. The extra energy of the interaction preferences being as much as 130
kcal mol™! for simple anionic bases (Reed, 2012). This, however, indicates the presence
of other factors that are equally important, including the solvation effect or the intrinsic

strength of acids and bases. (Ralph G. Pearson, 1995)

Generally, cations are categorized as Lewis acids and anions as Lewis bases; Table 2.1

and Table 2.2 contains some example of categorization of Lewis acids and bases
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respectively. In principle, typical MOCP is an example of Lewis acid-base adduct,

considering its two major building blocks are the metal center (Lewis acid/electron-

acceptor) and ligands/linkers (Lewis base/electron-donor). With the proper understanding

of the trends in Lewis acids and bases in the order of decreasing or increasing their

strength, it is possible to predict with certain confidence the solid solution possibilities in

MOFs and the stability of the modified MOCP products, in the aftermath of the solid

solution process.

Table 2.1: Categorization of Lewis acids (metal cations) based on the HSAB principle

Hard

Borderline

Soft

H', Li*, Na*, K Rb", Cs"
Be?", Mg?*, Ca?", Sr¥*, AI**,
Sct, Ga*', In**, La®* Gd*",
Ludt, Y3, Ti¥*, V3, Cr?*,
Fe’*, As**, Sn**, Co**, Ni**
M03’+, Ru3’+’ Tb3’+’ Eu3’+’ ’
Sm3+’ Si4+, Ti4+, ZI‘4+, Th4+,
U#, Pu*', Ce?t, Hf*', WO*,
U0>*

Cu2+’Fez+’ C02+’ Ni2+’
Zn?*, Pb>", Sn2*, Sb3*,
Bi**, Rh*, Ir**, Ru?*,
OSZ+’ Ml’l2+, F62+, SC2+,
Ti2+, V2+, Cr2+, Ge2+’
Y2+, 72, Nb**, Mo?",
W2, Mn**

Cu’, Ag", Au", TI*, Hg"
Pd2+, Cd2+’ Pt2+, Hg2+’ CO+,
Pt**, Te*", Rh*, Ir", Rh?*,
Pd2+, Cd2+’ Ag2+’ Hf2+,
TB*, TI(CHs)s, BHs,
Ga(CHz)3 GaCls, Gals,
InC13

Metal atoms (M)

Bulk metals

Table 2.2: Categorization of some selected Lewis bases (ligands) based on the HSAB

principle

Hard Borderline Soft

BDC, BDC-Br, BDC-NH;, Aniline, pyridine, DABCO, 4,4’-BPY, BBTA,
DOBDC, TMBDC, 1,3-BDC, 3,4-PYDC, bIM, BTDD, 4-ABPT, MIM,
BTC, NDC, BTB, [1,1’:3°,1”’- PZDC, DCBPY, DCIM, (R, R)-N,N’-bis(3-
terphenyl]-4,4>",5’- nIM, methionine, tert-butyl-5-(4-
tricarboxylate, 1,3,5-tris(3,5- ICA, histidine, pyridyl)salicylidene)-1,2-
dicarboxylphenylethynyl)- FTZB, BTDC, AB, diphenyldiamine nickel (II),
benzene, N3-BTB, TATB, BPT, BPPCOO, Lis BTT, BTX, 4-(2-pyrazinyl)-

HETT, TCPP, BPBTTBA,
DCPP,TMBDI, TMQPTC, Mes-
MPBA, BDCPPI, FcphSOs, py-
PTP, OX, succinate, MTBC,
BTBA, BPTA, 1,3-ADC

1,2,3-triazole, BPBA, F-
BPBA, BTP, benzene-
1,3,5-triyltriisonicotinate.
BPEE, BPE, Adenine,
HMTA
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Table 2.2, continued.
BTP = 1,3,5-tris(1 H-pyrazol-4-yl)benzene, bIM = benzimidazolate, DCBPY = 2,2’-
bipyridine-5,5’-dicarboxylate, BPEE = 1,2-bipyridylethene, BPE = trans-bis(4-
pyridyl)ethylene, nIM = 2-nitroimidazolate, ICA = imidazolate-2-carboxyaldehyde,
FTZB = 2-fluoro-4-(tetrazol-5-yl)benzoate, BTDC = 2,2’-(bithiphene-ethynyl)benzoate,
AB = 4-aminobenzoate, HMTA = hexamethyleneteramine, OX = oxalate, py-PTP =
4,44 4 -((pyrene-1,3,6,8-tetryltetrakis(benzene-4, 1 -dilyl)tetrakis(ethyne-2,1-
dily)tetrabenzoate, MTBC = 4,4’ ,4°° 4°*’-methanetetrayl-tetrabiphenyl-benzoate, BTBA
= 44,47 4-(biphenyl-3,3’,5,5 -tetrakis(ethyne2,1-diyl)tetrabenzoate, BPTA =
biphenyl-3,3°,5,5’-tetracarboxylate, 1,3-ADC = adamantanedicarbozylate, Lis = 2-[4-[[4-
methyl-6-(1-methylbenzimidazol-2-yl)-2-propylbenzimidazol-1-
yl]methyl]phenyl]benzoic acid.

Generally, chemical reactivities are fundamentally adjustment of valence electrons
between the reactant orbitals in terms of highest occupied molecular orbital (HOMO) and
LUMO based on the frontier orbital theory (FOT) proposed by Fukui. (Fukui, 1970) Since
the operational definition of soft species generally are large in size with low charge
whereas hard species are small species with high charge, it is expected for soft—soft
reaction to be predominated by the covalent bond character while ionic bond character
predominates the hard—hard interaction. (Klopman, 1974; Kostyk & Whitehead, 1991)
Hence, in the soft-soft interaction, the two soft species will mainly interact through
frontier orbitals because the nuclear charge is effectively screened by the core electrons.
However, in the case of hard—hard interaction, the core electrons are not screened. Soft—
soft interaction are follow “through-bond” interactions (frontier orbital-controlled) while
that of hard—hard interactions are follow “through space” interactions (charge-controlled).
(Klopman, 1974) While it is possible for all MOCPs to undergo some molecular
adjustments, it is obvious those made of matched pairs (soft-soft or hard-hard interaction)
would be more difficult to modification than those of mismatched pairs (soft-hard,
borderline-hard or hard-soft). This can be attributed to the strength of the M—L bonds,
with matched pairs having strong bond with high dissociation energy, while the
mismatched pairs having a labile bonds with low dissociation energy and readily

modifiable.
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On the other hand, MOCPs are fundamentally composed of repeating coordination
entities forming the framework in some cases with potential voids (such as in MOFs)
(Stuart R. Batten et al., 2013). The metal ions and the organic linkers are the two major
building blocks that coordinatively form the framework. The stability or lability in
MOCPs can be affected by several factors including; the chemistry of the metal ions and
the organic linkers which defined the strength of the M—-L bonds, the coordination
geometry, pore surface properties or the operating condition (Burtch et al., 2014; Canivet
et al., 2014; C. Wang et al., 2016). However, the strength of the coordination bonds that
support the structural framework between the metal ions and the organic linkers is
believed to be the most important factor for the stability or lability of MOCP under
different conditions (Howarth et al., 2016). Based on the quantum mechanical
calculations on MOF clusters, the labile Zn—O bond strength in MOF-5 is 365 kJ mol!
while that of relatively stable AI-O in MIL-53 is approximately 520 kJ mol! (Low et al.,
2009). Such differences in M—L bond strength between different metal ions and the
organic ligands can be rationally explained using the HSAB concept and can be applied
to efficiently predict the stability or lability of MOCPs, and its ability to undergo solid

solution.

Generally, high valent cations such as Zr**, Ti*, Cr**, Fe** or AI’" are regarded as hard
acids, Table 2.1, that can form stable MOCPs featuring strong M—L bonds with hard
Lewis bases such as carboxylate (e.g. terephthalic acid or BDC; trimesic acid or BTC) or
phosphonates such as (S or R)-3,3’-di-fert-butyl-5,5’-dicarboxyphenyl-6,6’-
dimethylbiphenyl-2,2’-dihydrogen phosphonate Table 2.2. Example of these kinds of
MOCPs was first prepared by Férey and coworkers, in the well-known MIL-series using
AI¥, Cr** or Fe** (Gerard Férey et al., 2005; Gérard Férey et al., 2004; Serre et al., 2002;

Vaesen et al., 2013). Zr-based MOCPs, constructed from a hard Zr*" and hard carboxylate
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linker also exhibited very outstanding stability in aqueous and acidic conditions (Cavka

et al., 2008).

Zeolitic Imidazolate Frameworks (ZIFs) are the typical example of MOCPs with soft-
soft interaction, having very strong metal-ligand bonds between borderline divalent TM
such as Co?", Cu®*, Zn**, or Ni*" Table 2.1 and soft N-donor ligands such as azolates
Table 2.2. (B. L. Chen et al., 2014; S. Yuan et al., 2018) A family of 12 ZIFs was first
introduced by Yaghi and coworkers in 2006, (K. S. Park et al., 2006) with outstanding
thermal and chemical stabilities especially ZIF-8. Its exceptional hydrothermal stability
at 350 °C in 50% steam and ligand displacement activation energy of 58.5 KJ mol™! is
higher than those of other archetypal MOFs. (Low et al., 2009) In fact it is expected for
MOCPs constructed using soft-soft Lewis acid-base, to have an increased stability largely
due to greater charge transfer between soft acids and soft bases and increased correlation

energy in the framework (Ralph G. Pearson, 1995).

Early MOCPs, however, are constructed mostly from the borderline first-row divalent
transition metals such as Cu?*, Co?*, Ni?*, Cd*" or Zn?" and hard carboxylate linkers,
(Chui et al., 1999; Sunirban Das et al., 2009; S. Huang et al., 2010; Yonghwi Kim et al.,
2012; H. Li et al., 1999; Xiaokai Song, Tae Kyung Kim, et al., 2012) although some of
them have demonstrated an exceptional porosity and very promising applications, yet,
their instability in harsh or even mild conditions limits their potential applications. A
notable example, includes MOF-5 or HKUST-1, which tend to degrade on exposure to
moisture in the air or flue gas (Al-Janabi et al., 2015; H. Li et al., 1999; Schoenecker et
al., 2012). This instability can be attributed to the lability of M—O bonds that can be
qualitatively rationalized based on the HSAB principle. The borderline Lewis acid, Zn**
and hard Lewis base, BDC in MOF-5 or borderline Lewis acid, Cu®>* and hard Lewis base,

BTC in HKUST-1 form labile coordination bonds due to a mismatch between borderline
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Zn** or Cu?" and hard oxygen-anion terminated BDC or BTC. These weak M-O
coordination bonds render them unfit for certain industrial applications. (Morris &
Brammer, 2017) Hydrolytic and thermal stabilities are paramount to industrial
applications such as water desalination, ion exchange, gas separation, proton conduction
or biomedical applications and a large number of heterogenous catalytic processes carried
out at a varying temperature, pH or in the presence of water vapor. (J. Y. Lee et al., 2009;

J.-R. Li et al., 2009; X. Liu et al., 2015; Sumida et al., 2011; X. Zhao et al., 2013)

2.2.1  Solvents and the solvation effects on cation exchange

Cation exchange in MOCPs typically involves the substitution of endogenous cations
in the framework with exogenous cations from the proximate solution. The summary of
all the reviewed MOCPs that undergoes cation exchange is provided in Table 2.3. The
process normally involves the exchange of solvents and ligands between endogenous and
exogenous cations. Evidently, based on reported investigations, solvents take part
actively during cation exchange process and as such when investigating cation exchange
process, it cannot be treated as a homogenous dielectric continuum (Brozek et al., 2014b).
The equilibrium of cation exchange is strongly influenced by the solvent type and the
identity of both the incoming and outgoing cations and the ligand or linker type.
Generally, there is no universal condition through which cation can be exchanged, it is
very specific to different MOCP chemistry, type of solvent used and the identity of the
cations and ligands. For an exchange to proceed however, the bond dissociation energy
between the solvent and the incoming cation must be lower than that of the outgoing
cation and solvents. Meaning, the solvated exogenous cation must be able to easily get
desolvated and interact more with the linker in the framework, while the interactions
between the endogenous cations and the solvent must be more favorable. With this, once
the cation is exchanged, the outgoing cation will be readily solvated with high bond

dissociation energy, making the exchange reaction more thermodynamically feasible. The
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type of solvent used influences the kinetics and thermodynamics of cation exchange,
however systematic studies on the effect of solvents are very rare. (Brozek et al., 2014a;

Brozek & Dinca, 2015; X. J. Cui et al., 2009)

An excellent work by Dinca and coworker explored the effects of solvents and
thermodynamic parameters in cation exchange, including Gibbs free energy (AG® 1),
entropy (AS), and enthalpy (AH) for the exchange of Zn?* by Ni?* or Co?" into MOF-5
and exchange of Zn*>* by Co?* into MFU-4/. Their findings concluded that, the process is
endergonic with solvent and cation identity having strong influence to the
thermodynamics of the cation exchange. (Brozek et al., 2014a; Brozek & Dinca, 2015)
According to their study, the extent of Ni>* ions substituting Zn*" in MOF-5 in range of
solvents from m-donors to m-acceptors, such as DMF, DMSO, NMP, NMF, THF, and
MeCN were mapped against several solvent parameters that are expected to influence the
exchange process, including solvent dielectric constant, the ligand field parameter of the
corresponding solvated [Ni(solvent)x]** species (Dq), Hansen solubility parameter p,
Synder polarity index and Gutmann donor number. However, only the Dq parameter
shows some trends. Ni/Zn ratio increases with increasing Dq values, Figure 2.1. That is,
Ni?" exchanged more Zn?>* using solvent(s) that interact less strongly with Ni** ions in
solution and more strongly with Zn?>" once exchanged. This trend is also in agreement
with DFT calculation for metal-solvent bond strengths of Ni and Zn, which shows a good
correlation of low Dq with strong metal-solvent interactions. The O% filled n-donating
orbitals on DMSO lead to small Dq while the empty ©n* orbitals of MeCN lead to large
Dq. Thus, the extent of Ni substituting Zn increases for solvent with high Dq value

(weaker metal-solvent bonds), Figure 2.2.
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Figure 2.1: Ni/Zn molar ratio vs. Dq value. Inset: Dq value determined from UV-Vis
analysis of [Ni(solv)e]>" complexes against calc. Ni-Solv. bond strength. Reprinted with
the consent of ref. (Brozek et al., 2014b). Copyright 2014 Wiley-VCH.
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Figure 2.2: Ni/Zn ratio vs. calculated Ni—solv. interaction. Reprinted with the consent of
ref. (Brozek et al., 2014b). Copyright 2014 Wiley-VCH.

In this example, the exogenous Ni?* ions exchanged the Zn?* ions after immersion of
MOF-5 into different solutions of Ni>* ions. Based on the HSAB principle, there are two
borderline acids (Ni*" and Zn?*) and two bases; hard anionic carboxylate O base and
solvents competing with each other to attain more stable products with Ni?* or Zn?>* based
on their preference in terms of relative hardness and stability. Normally, cation exchange
proceeds in a way so as to produce the hardest possible products, and the average value

of the hardness of the new products must be more than that of the reactants average. Both

26



Zn>" and Ni*" are borderline acids and form a labile bond with hard carboxylate O and
the lability of the metal-ligand bonds allowed them to be substituted for one another.
However, the exchange of Zn?>* depends on two factors, i.e. its interaction with solvent
molecules and their ability to subsequently get solvated; and the ability of the Ni*" to
interact less strongly with solvents and get desolvated and form a stable product with the
framework. The hydration energy of Zn?" is significantly less than that of Ni** due to its
negligible ligand field stabilization energy (Smith, 1977). Zn?>* could be favorably more
solvated than Ni?" ions in a suitable solvent which makes it easier for Ni** to replace Zn?*
especially with the large excess of Ni** ions in solution to push the exchange based on Le
Chatelier’s principle. (Le Chatelier & Boudouard, 1898) Complete cation exchange could
not be achieved, however since Ni?" is relatively softer than Zn?* and may form more

labile bonds with hard carboxylate O.

MFU-4/, [ZnsCl4(BTDD)3] was also investigated for the exchange of Zn>* with Co?*
at room temperature for 7 d. Unlike in MOF-5, in which the exchange of Zn*" with Ni**
increases with an increase in Dq value, the exchange of Zn** with Co?" in MFU-4/ has an
inverse correlation with Dq, that is Co?* exchange increases in solvent of lower Dq value.
It was also found that, the exchange extent of Zn?>* by Co?" correlates well with Gutmann
donor numbers. This in essence shows that, for MFU-4/, the exchange rate increases with
more basic solvents, Figure 2.3, unlike in the case of MOF-5. This inverse relationship
could be simply attributed to the different types of ligands and the nature of the
interactions between the ligands and the cations. For instance, while in MFU-4/ it involves
soft-soft M—L interaction, in MOF-5 however involves a labile borderline-hard M-L
interaction. Although cation-solvent interaction strongly influences the exchange of
cations, the solubility of ligands equally plays an important role, and each of this could
be the rate limiting step. In this example, the exchange of Zn?" by Co?" in MFU-4/

increases as the solvent basicity increases from MeCN to DMSO, Figure 2.3 and this
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correlates well with fact that, the solubility of soft BTDD also increases as the solvent
basicity increases from MeCN to DMSO. The inverse relationship is expected for the
exchange of Zn** by Ni?* ions in MOF-5 having a hard BDC linker. In another example,
the exchange of Zn?* by Cu?* in isomorphous Zn-HKUST-1 and Zn-PMOF-2 in MeOH,
was limited partly by the solubility of the two organic ligands. In MeOH, 1,3,5-tris(3,5-
dicarboxylphenylethynyl)-benzene is more soluble and more flexible than BTC. This may
account for the fact that Cu®" was able to exchange Zn>" completely in Zn-PMOF-2
having more soluble linker but only partially exchanged in Zn-HKUST-1 with a less

soluble BTC linker (Xiaokai Song, Seok Jeong, et al., 2012).

Figure 2.3: Co/Zn exchange mole ratio in MFU-4/ vs Gutmann donor numbers of
different solvents. Reprinted with the consent of ref. (Brozek et al., 2014b). Copyright
2014 Wiley-VCH.

2.2.2  Cation exchange in MOCPs

Most MOCPs are inherently labile when in contact with suitable condition, which may
reveal dynamics that are not initially obvious. Majority of the reported cation-exchanged
MOCPs are predominantly those with labile M—L bonds. However, MOCPs that are
perceived stable and robust with stronger M—L bonds, due to their high thermal and
chemical stabilities were also demonstrated to readily undergo an exchange of their

central metal ions. Cohen and coworkers reported one of the earliest cation and ligand
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exchanges in MOFs that are believed to be inert, stable and robust to resist any structural
change (M. Kim et al., 2012). However, their findings on the ligand and/or cation
exchange, both in solid-solid and solid-liquid phase, on several perceived stable MOFs,
including MIL or UiO or ZIFs series, implies that the stability and strength of the M—L

bonds was overly estimated (M. Kim et al., 2012).

Demonstrating the susceptibility of stable MOCPs to undergo cation exchange, here
immersing stable UiO-66(Zr) into DMF solutions of different Ti*' salts, for 5 d at room
temperature and at 85 °C, afforded a mixed-metal UiO-66(Zr/Ti). Although Ti*" is harder
than Zr*" based on the HSAB principle, the magnitude of exchange depends on the Ti*"
precursor used. The highest exchange was observed using TiCl4(THF), as the cation
precursor, with 93% at 85 °C and 54% at room temperature. TiBrs however, exchanged
73% at 85 °C and 57% at room temperature, Figure 2.4. Based on the HSAB principle,
the hardness or softness of species in solution is influenced by the chemistry of
surrounding ligands. For instance, Ti*" in TiBr; is less hard than Ti*" in TiCls(THF)> due
to the differences in the donor atoms. Molecule with hard donor atoms such as F-, or CI
becomes harder resulting from large negative values of the electron affinity. The hardness

drops with softer donor atoms such as Br or I (Ralph G Pearson, 1988).

Figure 2.4: Schematics of cation exchange in UiO-66 with Ti*" and Hf*". Reprinted with
the consent of ref. (M. Kim et al., 2012). Copyright 2012, American Chemical Society.
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The slight differences in the exchange behavior could be explained as follows, the
Ti*" in TiCl4(THF); is relatively harder and can interact well and compete with Zr** for
the hard carboxylate O. Whereas, the Ti*" in TiBrs may not be as hard to compete and
substitute Zr** due to the slight softening effect by the surrounding bromide-donor atoms.
The strength of the Zr—O bond may also prevent the complete exchange of Zr**, however,
increasing the temperature could help to overcome the bond dissociation energy of Zr—O,
making the exchange feasible. Analogous experiment was also conducted using Hf** salt.
However, the exchange was only about 10% at room temperature and about 18% at an
elevated temperature. Nonetheless, Hf*" is relatively lower in hardness compared to both
Zr*" and Ti*", hence its inability to substitutes appreciably the harder Zr*', even at

elevated temperature.

A similar study on exchange of Zr*" with Ti*" in UiO-66 was also conducted by Hill
and coworkers (Lau et al., 2013) for a dramatic CO; uptake. Immersing UiO-66 in a DMF
solution of TiCl4(THF). for 1, 5, and 15 d, at 95 °C resulted in a mixed metal UiO-
66(Zr/Ti) with 32, 44 and 56% yield for 1, 5, and 15 d, respectively. Although Ti*" is
harder than Zr*" and is expected to exchange it readily in the typical hard O-donor
environment, but the exchange does not proceeds to completion even at 95 °C for 15 d,

signifying the strength of M—L bond due to hard-hard interactions.

Generally, it is difficult to construct MOCPs using high valence metal cations largely
because of the kinetic inertness of the metal-ligand bonds. In most cases, crystalline
powders were formed in which characterization was done not in a straightforward
manner. To circumvent this problem, Zhou group introduced a very robust concept of
post synthetic metathesis and oxidation (PSMO). (T.-F. Liu et al., 2014) In PSMO, a
template MOF with labile M—L bond is selected then exchanged with oxidizable cation,

then oxidized to higher oxidation state. For instance, PCN-426-Mg, Figure 2.5, was

30



selected as the template MOF, due to its very labile Mg—O bond and high ligand exchange
rate of Mg?". Subsequently, Mg?>* was successfully exchanged with cations of low
exchange rate, and high relative stability constant, Fe>* and Cr?>*, to PCN-426-Fe(II) and
PCN-426-Cr(1l) intermediates in a single crystal manner. Both Fe?" and Cr** are softer
Lewis acids, having a higher ligand exchange kinetics and lower hydrolysis equilibrium
constant compared to their higher oxidation state versions, Fe** and Cr*". Ultrahigh water
stable PCN-426-Fe(Ill) and PCN-426-Cr(II) were obtained after air oxidation of the
metal nodes of the intermediate MOFs, Figure 2.6, featuring hard acids of Fe*" and Cr**
expected to form a very stable bond with carboxylate O. In this work, the weak Mg—O
bonds have been strategically exchanged and altered to relatively inert Fe**~O or Cr**—O
through oxidation which significantly improved the resulting product stability owing to

the hard-hard M—L interactions.

Figure 2.5: The structure of PCN-426-Mg, showing the oxo-trinuclear cluster. Reprinted
with the consent of ref. (T.-F. Liu et al., 2014). Copyright 2014, American Chemical
Society.

Following their success in the above strategy, same group also devised another
effective synthetic strategy to engineer series of Ti*"-based MOFs, including, MIL-
100(Sc), PCN-333(Sc), MOF-74(Zn) and MOF-74(Mg), which all have a common tri-
nuclear oxo-clusters M3O(COO)s, via a method called high valence exchange and

oxidation. (Zou et al.,, 2016) Through carefully selecting MOF templates, they
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successfully synthesized Ti*" containing MIL-100(Sc)-Ti, PCN-333(Sc)-Ti, MOF-
74(Zn)-Ti, and MOF-74(Mg)-Ti. To accomplish this, they first exchanged the parent Sc*”,
Zn**, or Mg?* in the template with Ti*" followed by oxidation of Ti** to Ti*" under mild

conditions, Figure 2.7.

Figure 2.6: Digital images of: PCN-426-Mg (a), the intermediate PCN-426-Fe(Il) (b),
PCN-426-Cr(II) (d), and PCN-426-Fe(III) (c), PCN-426-Cr(III) (e). Reprinted with the
consent of ref. (T.-F. Liu et al., 2014). Copyright 2014, American Chemical Society.

Figure 2.7: Summary of the high valence cation exchange and oxidation procedure for
the selected template MOFs. First exchange with Ti** followed by oxidation to Ti*" (Zou
et al., 2016). Copyright 2016, Royal Society of Chemistry.
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Immersing MIL-100(Sc), PCN-333(Sc), MOF-74(Zn) or MOF-74(Mg), into a DMF
solution of TiCl3(THF)3, for 1 d, at 120 °C while replenishing the Ti** solution every 6
hours, and then subsequent air oxidation, afforded the corresponding Ti*" substituted
MOFs. Though both PCN-333 and MIL-100 are isostructural, 85.9% of Sc** was
substituted in PCN-333, whereas, only 52.0% of Sc*" was exchanged in MIL-100.
Similarly for isostructural MOF-74(Zn) and MOF-74(Mg), 100% Zn was substituted in
MOF-74(Zn) and only 35.1% of Mg?" was exchanged in MOF-74(Mg). In PCN-333, the
ligand TATB is less hard and more flexible than BTC of MIL-100. Therefore, the Sc—
BTC bond strength is higher than Sc-TATB, making it easier to substitute more Sc**in
PCN-333(Sc) than in MIL-100(Sc). Similarly, the 2,5-dihydroxyterephthalate (L) in
MOF-74 is hard, making Zn—L bonds more labile due to the soft nature of Zn?*,while the
harder Mg?* will bind relatively stronger with the hard L. In addition to this, harder Mg?*
may not be favorably solvated by the relatively soft DMF compared to the case of softer
Zn**, which justifies why Zn?>" was 100% exchanged while only 35.1% of Mg?* was

exchanged.

The success of the method developed by Zhou group inspired Wang and coworkers to
devise a more viable method to engineer many Cr-based MOCPs under mild conditions.
Several synthetically demanding Cr-based MOFs including Cr-MIL-100, Cr-MIL-
142A/C, Cr-PCN-600 and Cr-PCN-333, were synthesized together with a new Cr-SXU-
1 by using relatively labile Fe(Il)-MOFs as precursor. (J. H. Wang et al., 2017) Their
strategy involved solvent-assisted metal exchange exploring different solvents with
different coordination abilities. When a freshly prepared Fe-SXU-1 [Fe30(BPBTTBA):],
Figure 2.8, featuring similar Fe;O(COQO)s SBUs found in most Cr-based MOFs, was
immersed in DMF, DEF (N,N-diethyl-formamide), DMA (N,N-dimethyl-acetamide),
NMP  (N-methyl-pyrrolidine), =~ MPEA  (1-(4-methylphenyl)-ethanone), @ CA

(cyclohexanone), TFAP (2,2,2,4’-tetrafluoroaceto-phenone), or acetone solution of
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CrCl3.6H20, at a temperature between 60100 °C, the harder Cr** substituted Fe** to
varying degrees depending on the solvent used. When in DMF solution, very negligible
amount of Fe** was exchanged, similar to the case when DEF was used, even at 178 °C.
However, when the solvent was changed to DMA or NMP or acetone, Fe-SXU-1
underwent a complete exchange of Fe*" to an isostructural Cr-SXU-1. The exchange,
remarkably, occurred at a relatively lower temperatures, 80 °C, and with a much lower

concentration and a shorter duration especially when using acetone.

Figure 2.8: The general structure of Fe-SXU-1 (a), the cubic cage showing 8 SBUs (b),
and the underline net by deconstructing Fe-SXU-1 (c). Reprinted with the consent of ref.
(J. H. Wang et al., 2017). Copyright 2017 Wiley-VCH.

To rationalize this experiment using the HSAB principle, it is important to understand
the relative hardness of all the species, including the exogenous and the endogenous
cations, the coordinating donor groups in the framework and the solvents used. Both Fe**
and Cr*" are hard acids, but Cr** is much inert and harder than Fe**, while carboxylate O
is considered a hard base. The kinetic inertness of Cr** can be seen in its very low ligand
(water) exchange rate constant of 10 (k, s/) compared to Fe** having 107 (k, s') (Eigen,
1963). The solvents used can be categorized into two types, those with aldehydes carbonyl

group (DMF, DEF), and those with ketones carbonyl group (DMA, NMP, or acetone).
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Generally, ketones are more strongly basic than aldehydes, for e.g. pKa of DMF and
acetone is -0.3 and 20, respectively. (Sejeant & Dempsey, 1979) All successful exchange
was recorded in ketonic solvents especially acetone, while using aldehydes solvents failed
to yield a positive result. Thus, we can relate this observation as follows; the increase in
temperature and higher ligand exchange constant help to overcome the Fe—O bond
dissociation energy. Further, the acetone is hard enough to bind strongly and solvate Fe**
which paves a way for harder, more oxophillic and more kinetically inert Cr’" to

substitutes Fe3".

The exchange failed in DMF because of the fact that DMF is a very weak base and is
expected to interact weakly with Fe**, not strong enough to displace carboxylate O
through solvation, therefore giving no room for Cr*" to substitute it. Henceforth, many
other Cr-based MOFs from their Fe3*-based precursor was successfully synthesized using
acetone as solvent, at a much lower concentration, milder condition, and less duration,

including Cr-MIL-100, Cr-MIL-142A/C, Cr-PCN-600 and Cr-PCN-333, Figure 2.9.

Figure 2.9: Solvent-assisted metal exchange using acetone under mild conditions.
Reprinted with the consent of ref. (J. H. Wang et al., 2017). Copyright 2017 Wiley-VCH.

Another subset of stable porous MOCPs called metal-azolates frameworks (MAFs),
are synthesized using soft low valent TMs and soft azolates linkers. They form a very
formidable M—L bond, very high thermal and chemical stability with high performance
functionality. Cation exchange in MAFs are very rare owing to their high stability.

Denysenko and coworkers (2012) reported one of the earliest cation exchange in Zn?* or
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Co?" and benzotriazolate, BTDD, based framework (MFU-4/). It is a pentanuclear
framework with two types of crystallographic sites, in which one Zn center adopts an
octahedral geometry surrounded by six N atoms from BTDD and the remaining four Zn
centers adopt tetrahedral coordination geometry with three N atoms from BTDD and an
axial Cl ion. Immersing MFU-4/ in a concentrated DMF solution of CoCl; and heated at
140 °C led to Co*" exchanged all the tetrahedral Zn>" sites without exchanging the
octahedral Zn?* sites to form an isostructural Co-MFU-4/ [ZnCo4Cl4(BTDD)3]. With the
use of soft linker BTDD, it is expected for relatively softer cation to form more stable
MOF. Both Zn*" and Co?*" are borderline acids, but Zn?" is slightly harder than Co?" and
it is expected for relatively softer Co?" to exchange Zn?>* and forms a relatively more
stable exchanged product, though it proceeded at a high temperature. Whereas, immersing
an isomorphous MFU-4, ZnsCl4(BBTA);, with a smaller BBTA linker in a similar
condition, no exchange was recorded. BBTA with a higher basicity than BTDD is
expected to form more stable, soft-soft M—L bonds. In addition to the smaller pore size
that can limit diffusion in MFU-4, the higher M-L bond dissociation energy can also

prevent the exchange of Zn?* with Co?".

Zeolitic Imidazolate Frameworks (ZIFs) are subclass of Metal-Azolate-Frameworks
(MAFs) that are very stable. They combined the organic functionalities and inorganic
zeotype topologies. (B. Chen et al., 2014) They are known to have a very high thermal
and chemical stabilities, manifested by their ability to withstands boiling and highly basic
solutions. (K. S. Park et al., 2006) Structural modifications in ZIFs are not very common
especially cation exchange, which is attributed to their formidable M—L bond dissociation
energy. However, the first example of cation exchange in ZIFs was reported by Cohen
group, (Fei et al., 2013) using ZIF-71 [Zn(dcim):] (dcim = 4,5-dichloroimidazolate) and
ZIF-8 [Zn(mim)2] (Hmim = 2-methylimidazole) with rho and sod topology respectively.

Immersing ZIF-71 or ZIF-8 in a methanolic solution of Mn(acac), (acac =
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acetylacetonate) and incubated at 55 °C for 24 h, 12 % of the tetrahedral Zn?>* in ZIF-71
and 10 % in ZIF-8 was exchanged by Mn?*, Figure 2.10. As expected, high stability of
the M—L bonds may prevent the exchange to proceed appreciably since ZIF-71 and ZIF-
8 involved a borderline—soft Lewis acid-base interactions (Zn—dcim or Zn-mim; dcim =
dichloro-imidazolate, mim = dimethyl imidazolate). Hence, Mn?>" was only able to
exchange 12 and 10 % of Zn?*" in ZIF-74 and ZIF-8 respectively, signifying their
stabilities. This difference however, may also be attributed to the types of ligands used,

dcim is more basic (softer) than mim and Mn?* is slightly softer than Zn**.

Figure 2.10: cation exchange in ZIF-71. Reprinted with the consent of ref. (Fei et al.,
2013). Copyright 2013, American Chemical Society.

Large number of MOCPs reported are labile and amenable to solid solution including
structural transformation, anion/cation or ligand exchange. Such MOCPs are
predominantly made of borderline first row TMs and hard carboxylate O-donor linkers.
They are more susceptible to degradation compared to those constructed from hard high

valence metals and hard carboxylate O-donor linkers.

Kim and coworkers reported the first example of complete and reversible cation
exchange in labile MOF, [Cd; 5(H30)3[(CdsO)s(hett)s].6H>O (POST-65(Cd), in a SC-SC

manner (S. Das et al., 2009). POST-65(Cd) is air stable and stable up to 350 °C after
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activation. However, it underwent a rapid and facile cation exchange of Cd*>" with Pb**
with 98 % of Cd*" exchanged from the parent MOCP in aqueous solution within 2 hours
and subsequently completed within 2 days, to isomorphous POST-65(Pb) Figure 2.11.
While Pb?" is a borderline ion, Cd** is soft ion and the bases are hard O-donor ligands
and water. Both Cd*" and Pb?* are expected to form labile M—L bonds with hard hett
carboxylate O. This lability paves a way for exchange with each other in the framework.
And since hard solvent (water) is used, both cations may have large values with Pb**
expected to have larger value being a borderline acid. The exchange proceeded readily
however, because borderline Pb?* is harder than soft Cd** and would form more stable
bonds with hard carboxylate O-donor. 98% of Cd*" was exchanged within 2 h, and
completed within 2 d. However, the reverse exchange of Pb?" with Cd** took almost three
weeks with several replenishments of Cd** solution, indicating the higher stability of
POST-65(Pb) compared to POST-65(Cd). This also vindicates the fact that borderline-

hard interaction is more stable than soft-hard interaction.

Further, the exchange process was extended to trivalent lanthanide (Ln) ions (Dy** or
Nd*"). However, methanol was used as the solvent, instead of water. Ln*>* are generally
hard acids and are expected to interact and form a stronger bond with hard carboxylate
O-donors. Hence, they are expected to readily exchange Cd*" due to the lability of the
Cd-L bonds. In addition to this, Dy** or Nd** may also interact less with MeOH solvent
and have a relatively large Dq value, paving a way for the exchange. The faster rate of
exchange of Cd** with the Ln’s in methanolic solution compared with the exchange of
Pb?* with Cd** in aqueous solution also corroborate the above arguments. The authors
further explored the cation exchange of Mn?* in POST-65(Mn) with other TMs (Fe, Co,
Ni, or Cu), (Y. Kim etal., 2012) using DMF solution of the chloride salts of these metals.
99% exchange of Mn?* was achieved in 12 days for Fe**, Co?*, and Ni**, while Cu®*

exchanged only 66%. In addition to this, POST-65(Co or Ni) was completely reversible
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to POST-65(Mn), with much longer duration (more than 1 month); whereas POST-
65(Cu) was only partially exchanged and POST-65(Fe) could not be exchanged at all
even after 1 month process, Figure 2.11. These cation exchange processes can be
rationalized as follows; the stability of first row divalent TM complexes increases from
left to right of the periodic table. This can be attributed to the general decrease in the ionic
radius which slightly increases the hardness due to increase in the charge to radius ratio
and hence the stability of their complexes from Mn?* to a maximum at Cu®** (Ralph G
Pearson, 1988), this also corroborate with the Irving-Williams series, in which the crystal
field stabilization energy goes from maximum at Ni** to zero at Mn?* in TMs complexes.
(Irving & Williams, 1953) The differences in hardness allowed them to substitute softer

Mn?* having a relatively more labile bonds with harder carboxylate O.

Figure 2.11: Reversible isomorphous metal-ion exchange in POST-65 (top). POST-65,
the SBU (bottom) Reprinted with the consent of ref. (S. Das et al., 2009). Copyright 2009,
American Chemical Society.

The exchange kinetics also bolster this notion. The time required to substitutes 50%
(t12, h) of Mn?* by Co?*, Ni**, Fe*" and Cu?* was 96, 75, 64 and 39 hours, Figure 2.12.
Cu?" have the fastest and Co?* the slowest exchange rate. This also justified their relative
hardness in preference for the harder O. However, Cu?" was only able to exchange 66%

of Mn?*, which may be attributed to the stability of its complexes, either in solvated (in
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Figure 2.12: Kinetic profiles of the cation exchange in POST-65(Mn) into POST-
65(Fe/Co/Ni/Cu) (left) and the corresponding reversal exchange to POST-65(Mn) (right).
Reprinted with the consent of ref. (Y. Kim et al., 2012). Copyright 2012 Wiley-VCH.

this case) or in the framework related to the Jahn-Teller effect for its octahedral geometry
complexes. The exchanged POST-65(Fe/Co/Ni or Cu) shows higher stability compared
with the parent POST-65(Mn), as expected due to better hard-hard interactions. Such facts
were validated by further observations. For instance, the reverse exchange required much
longer time for Co?" and Ni%*, Figure 2.12. Notably, the Cu?>" exchanged POST-
65(Mn/Cu) was only partially reversed (66%). Further, harder Fe**, compared to any
other divalent TM, have readily and preferentially exchanged Mn?* and the process was
irreversible. This is also attributed to the hard-hard M-L interaction preference of hard
Fe** and hard carboxylate O-donor forming more stronger M—O bonds that endows higher

stability into the substituted POST-65(Fe).
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Table 2.3: Summary of the reviewed MOCPs that undergo cation exchange at the SBUs.

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
MIL-53(Fe)-Br Fe(OH)(BDC-Br) A" 85°C,5d, unspecified Hard-hard (M. Kim
H>O et al.,
2012)
MIL-53(Al)-Br Al(OH)(BDC-Br) Fe’* 85°C,5d, unspecified Hard-hard (M. Kim
H>O et al.,
2012)
Ui0-66(Zr) Zrs04(OH)4(BDC)12 Ti** or 85°C,5d, Ti*(93) Hard-hard (M. Kim
Hf* DMF Hf*(18) etal.,
2012)
UiO-66(Zr) Z1604(OH)4(BDC)12 Ti* 95°C,1,5 32,44 & 56 Hard-hard (Lau et al.,
& 154, 2013)
DMF
NH»UiO- ZI’604(OH)4(BDC-NH2)12 Ti* 100 °C, 4 34.2 Hard-hard (D. Sun et
66(Zr) d, DMF al., 2015)
NH»UiO- Z1604(OH)4(BDC-NH»)12 Ti* 120 °C, 4 53.4 Hard-hard (D. Sun et
66(Zr) d, DMF al., 2015)
NH»UiO- ZI’604(OH)4(BDC-NH2)12 Ti* 120 °C, 16 57 Hard-hard (D. Sun et
66(Zr) d, DMF al., 2015)
PCN-426-Mg  Mg3(u3-O)(TMQPTC)s Fe¥* or RT, 3 h, complete Hard-hard (T.-F. Liu
Cr’* DMF, from etal.,
Fe?" or 2014)
Cr?* under
nitrogen
MIL-100(Sc) Sc3(u3-O)(OH)(BTC): Ti* 120°C, 1 85.9 Hard-hard (Zou et al.,
d, DMF, 2016)

from Ti3*
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.

name cation(s) condition  exchanged Interaction
type

PCN-333(Sc)  Sc3(us-O)(TATB): Ti* 120°C, 1 52.0 Hard-hard (Zou et al.,
d, DMF, 2016)
from Ti**

MOF-74(Zn)  Zno(DOBDC)(DMF), Ti* 120 °C, 1 complete Hard-hard (Zou et al.,
d, DMF, 2016)
from Ti**

MOF-74(Mg) Mg (DOBDC)(DMF), Ti* 120 °C, 1 35.1 Hard-hard (Zou et al.,
d, DMF, 2016)
from Ti**

Fe-SXU-1 FesO(BPBTTBA): Cr 60 — 100 99.14 Hard-hard (J. H.
°C, DMA, Wang et
NMP or al., 2017)
acetone

Fe-SXU-1 FesO(BPBTTBA): Cr 178 °C, partial/zero  Hard-hard (J. H.
DMF or Wang et
DEF al., 2017)

PCN-333(Fe)  Fes(us-O)(TATB): Cr 60 °C, 98.03 Hard-hard (Zou et al.,
acetone 2016)

MIL-100(Fe)  Fes(u3-O)(OH)(BTC): Cr 60 °C, 97.63 Hard-hard (J. H.
acetone Wang et

al., 2017)

MIL-142A Fe3O(H20)2(Cl)(BDC)(BTB)4s3 Cr 60 °C, 98.24 Hard-hard (J. H.

acetone Wang et
al., 2017)
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
MIL-142C Fe;O(H20)2(CIH(NDC)(BTB)4s3 Cr 60 °C, 98.34 Hard-hard (J. H.
acetone Wang et
al., 2017)
Fe-PCN-600 (Fe30)2(TCPP)3 Cr 60 °C, Partial Hard-hard (J. H.
acetone Wang et
al., 2017)
UiO-66(Zr) Z1604(OH)4(BDC)12 Ti* Microwave 50 Hard-hard (J. Tuet
assisted, al., 2017)
120 °C, 4
h, DMF
PCN-333(Fe)  Fes(u3-O)(N3-BTB)2 Cr 150°C, 1 complete Hard-hard (Jihye
h, DMF Park et al.,
2015)
MIL-53(Al) AI(OH)(BDC) Fe¥* RT, 30 unspecified Hard-hard (C.-X.
minutes, Yang et
H>O al., 2013)
MFU-4/ ZnsCly(BTDD)3 Co** 140 °C, 80 Borderline-soft (Denysenk
DMF oetal,
2012)
MFU-4 ZnsCl4(BBTA); Co*, 140 °C, no Borderline-soft (Denysenk
DMF exchange oetal.,
2012)
Cd3[(Cd4Cl)3(BTT)s(H20)12])2 Co*"or RT, 2 complete Soft-soft (Liao et
Ni** month, al., 2013)
MeOH
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
MFU-4/ ZnsCly(BTDD)3 Co*", RT, 7d, 67 Borderline-soft  (Brozek et
range of al., 2014b)
solvents
ZIF-8 Zn(mim), Mn?* 55°C, 24 12 Borderline-soft  (Fei et al.,
h, MeOH 2013)
ZIF-71 Zn(dcim), Mn?* 55°C, 24 10 Borderline-soft  (Fei et al.,
h, MeOH 2013)
MOF-5 Zn;O(BDC)3 Ni2* RT, 7d, 13 Borderline- (Brozek et
range of hard al., 2014b)
solvents
POST-65(Cd) [Cdi.5(H30)3[(CdsO)3(hett)s]*6H0O Pb%** RT, 2d, complete Soft-hard (S. Das et
H>O al., 2009)
POST-65(Cd)  [Cdi.5(H30)3[(Cd4O)3(hett)s]*6H20 Dy** or RT, 12 d, unspecified  Soft-hard (S. Das et
Nd* MeOH al., 2009)
POST-65(Mn)  Mn(H;0)[(Mn4Cl)3(hmtt)s]s55DMF+40H, Fe**, Co*", RT,12d,  Fe**, Co?*", Borderline- (Y. Kim et
0) Ni**, Cu’* DMF Ni%*, hard al., 2012)
complete.
Cu?*, 66
POST-65(Co)  Co(H30)[(CosCl)3(hmtt)g]*55DMF40H,  Mn?* RT, 1 complete Borderline- (Y. Kim et
(@) month, hard al., 2012)
DMF
POST-65(Ni)  Ni(H30)[(NisCl)3(hmtt)s]*55DMF+40H,O0 Mn?* RT, 1 complete Borderline- (Y. Kim et
month, hard al., 2012)
DMF
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s)  condition exchanged Interaction
type
POST-65(Cu)  Cu(H30)[(CusCl)3(hmtt)g]*55DMF40H,  Mn?* RT, 1 Partial Borderline- (Y. Kim et
(@) month, hard al., 2012)
DMF
POST-65(Fe)  Fe[(FeOH)3;0¢(hmtt)g] Mn?* RT, 1 Partial Borderline- (Y. Kim et
month, hard al., 2012)
DMF
ITHD-Zn Zns(BTB)4(4,4’-BIPY)3(DMF)ss(H20)32  Co?*, Cu** RT,48h,  complete Borderline- (X. Song
DMF hard et al.,
2012)
ITHD-Co Cos(BTB)4(4,4’-BIPY)3(DMF)ss(H20)32 ~ Zn**, Cu?** RT,24h,  complete Borderline- (X. Song
DMF hard et al.,
2012)
ITHD-Ni Nis(BTB)4(4,4’-BIPY)3(DMF)ss(H20)32 ~ Cu?* RT,2 w, complete Borderline- (X. Song
DMF hard et al.,
2012)
ITHD-Cu Cus(BTB)4(4,4’-BIPY)3(DMF)ss(H20)32 ~ Zn**, Co**, RT,24h, No Borderline- (X. Song
Ni2* DMF exchange hard etal.,
2012)
{[Cd2(btx)2(tp)2Cl2]*H20} 1 Cu** RT, 7d, complete Soft-hard/soft  (S. Huang
H20 et al.,
2010)
[Cos(btx)a(tp)3*(H20)4]n Cd** RT, 7d, complete Borderline- (S. Huang
H>O hard/soft et al.,
2010)



Table 2.3: continued..

or

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s)  condition exchanged Interaction
type
SUMOF-1 [Zns(BTB)4(Bpy)3]*(Sol)« Cu** RT, 3 complete Borderline- (Yao et
months, and hard/soft al., 2012)
DMF partially
reversible
SUMOF-1 [Zns(BTB)4(Bpy)s]*(Sol)x Co*,Ni** RT,3 Co* 35%,  Borderline- (Yao et
months, Ni?"38% hard/soft al., 2012)
DMF and
reversible
P11-Cd ([Cds(BPT)4]*[Cd(CaaH36N3)(S)]*[S] Cu?* RT, 104, Complete Soft-hard (Z. Zhang
MeOH and et al.,
reversible 2013)
[Zn4(DCPP)>(DMF)3(H20)2]n Cu** 80°C,4h, Complete Borderline- (Meng et
ACN and hard al., 2014)
reversible
{[Zn(L)2(H20)2]*2(PF¢)*pyrenes2(H20)}n  Cu?* RT, 6 h, Complete Borderline- (Mukherje
MeOH and hard e&
irreversible Biradha,
2012)
{[Cd(L)2(H20)2] *2(PFs) Cu?* RT, 6 h, Complete Soft-hard (Mukherje
spyrene*2(H>0)}x MeOH and e&
partially Biradha,
reversible 2012)
UPC-6 {Zny(TMBDI)(H20):]*2.5DMF+2(1,4diox Cu?** RT, 74d, complete Borderline- (Xiao et
ane)*6H>0}» MeOH hard al., 2017)
UPC-8 {[Co2(TMBDI)(DMA)] Cu** RT, 7d, complete Borderline- (Xiao et
*2DMA-*5EtOH}, MeOH hard al., 2017)
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
{[Zn2(4ABPT)(3.,4- Cu** RT, 104, complete Borderline- (L.-W.
PYDC),]*2DMAc*3MeOH.HO} 4 DMAc hard Lee et al.,
2019)
{[Zn2(4ABPT)(3,4- Co?",Ni** RT,30d, Co** 12, Borderline- (L.-W.
PYDC),]*2DMAc*3MeOH*H>0}, DMAc Ni?* 51 hard Lee et al.,
2019)
{[Zn3(L)2(DABCO) (H20)]*9DMF} Cu** RT, 4d, 33 Borderline- (P.-P. Cui
DMF hard et al.,
2017)
{[Cu3(L)2(DABCO)(H20)]*9DMF} Zn** RT, 54, 33 Borderline- (P.-P. Cui
DMF hard et al.,
2017)
{Zn(BPPCOO)2} 4 Cu** RT, 2d, complete Borderline- (Bommak
DMF hard anti et al.,
2018)
{Zn(BPPCOO)2}n Mn?*, RT,2d, partial Borderline- (Bommak
Fe?*, Co*® DMF hard anti et al.,
or Ni?* 2018)
Zny(TMBDC)2(bpy) Ni2* 80°C,72h 75 Borderline- (Y. Xu et
DMF hard al., 2016)
Mg> {Mgs[Cu*">-(MesMPBA ),]3} snH>O Co* or RT, 7d, complete Hard-hard (Grancha
Ni?* HO et al.,
2015)
Ps-CMOF-1 [Cd2(NIiL")(CdL?)][Cd2(NiLY)(H:L?)]s6D  Cu?*, Zn?>*, RT, 74, partial Soft-hard (J.Liet
MF+*5MeOH Co* or DMF al., 2018)
Ni2+
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Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
porph@MOM-  [Cds(BPT)4Cls(H20)4] Mn?* RT, 1 complete Soft-hard (Z. Zhang
10 month, et al.,
MeOH 2011)
porph@MOM-  [Cds(BPT)4Cls(H20)4] Cu?* RT, 1 76 Soft-hard (Z. Zhang
10 month, et al.,
MeOH 2011)
MOF-74(Zn) Zn>(DOBDC)(DMF), Ca* 100, 75 or 68,33 or 20 Borderline- (Z. Zhang
50°C, 74, hard et al.,
DMF 2019)
[Zn(4,4’-bpy)2(FcphSO3)2]a Cd*" or RT, 1 Cd**62.82  Borderline- (L. W. Mi
Cu?* month, or Cu?* hard et al.,
MeOH 49.87 2008)
[Zn(4,4’-bpy)2(FcphSO3)2]a Pb** RT, 1 23.57 Borderline- (L. W. Mi
month, hard et al.,
H->O 2008)
Zn-HKUST-1  Zn3(BTC)2(H20)3 Cu?* RT, 3 56 Borderline- (Xiaokai
month, hard Song,
MeOH Seok
Jeong, et
al., 2012)
Zn-PMOF-2 ZnosLg(H20)12 Cu** RT,3d, Complete Borderline- (Xiaokai
MeOH and hard Song,
irreversible Seok
Jeong, et
al., 2012)



(44

Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
HKUST-1 Cuz(BTC)2(H20)3 Mn?, Fe?* 90°C,1d, Mn>*"6,Fe?* Borderline- (Sava
or Co** DMF 13.5 or Co** hard Gallis et
25.5 al., 2015)
[CusLis6] Zn*" or RT, 5d, Zn** 20.8 or Borderline- (J. a. Zhao
Co?** H,O Co?* 1497  hard et al.,
2008)
MnMnBTT Mn;3[(MnsCl)3(BTT)s]2 Fe?*,Cu?’, RT,74d, Fe’*3.2, Soft-soft (Brozek et
or Zn** MeOH Cu’* 88.8, al., 2013)
Zn** 74
PUM210 [Zns(BPBA)15(NDC)4(H20)]x Cu** 60°C,3d, 28 Borderline- (Balestri et
DMF soft/hard al., 2018)
PUM210F [Zn3(BPBA)(NDC)3(DMF)], Cu?* 60°C,7d, 32 Borderline- (Balestri et
DMF soft/hard al., 2018)
SNU-51 {Zn2(BDCPPI)(dmf)3;]*6DMF+4H,0}, Cu?* RT, 54, complete Borderline- (Prasad et
MeOH hard al., 2010)
{[Zn(OOCCIH3CsFc)2(H20)3](CH3OH)},  Cd** or RT, 54, Cd** 18.11  Borderline- (J.Liet
Pb** HO or Pb?* hard al., 2009)
26.66
{[Cu?*sCu*sLs]*(NO3)2}*15H0 Ag’ RT, 1 45 Borderline/Sof (Han et
month, t-soft al., 2013)
EtOH/ H,O
[Zn(4,4’-bpy)(NO3)2]« Ag'or RT, 10 d, Complete Borderline-soft (X. Cui et
Cd** ACN and al., 2009)
reversible



0s

Table 2.3: continued..

Common Molecular formula Inserted Exchange % M-L Ref.
name cation(s) condition  exchanged Interaction
type
[M(4,4’-bpy)(NO3)2]« M = Zn**, Agt or ~ Hg?* RT,10d,  Complete Soft-soft (X. Cui et
Cd** ACN and Borderline-soft al., 2009)
irreversible
[Zn?**(4,4’-bpy)(NO3)2]« Ag®,Cd** RT, 104, Complete Borderline-soft  (X. Cui et
or Hg?* MeOH and al., 2009)
irreversible
[Cd**(4,4’-bpy)(NO3)2]« Ag'or RT, 10d, Complete Soft-soft (X. Cui et
Hg?** MeOH and al., 2009)
irreversible
[Ag"(4,4’-bpy)(NO3)2]x Hg?** RT, 10 d, Complete Soft-soft (X. Cui et
MeOH and al., 2009)
irreversible

BDC = 1,4-benzene-dicarboxylate, BDC-Br = 2-bromo-1,4-benzene-dicarboxylate, BDC-NH2 = 2-amino-1,4-benzene-dicarboxylate, DOBDC = 2,5-dihydroxy-1,4-
4,4’ 4°’-s-triazine-2,4,6-triyl-tribenzoate,

benzene-dicarboxylate, BTC = Benzene-1,3,5-tricarboxylate,

TATB

TMQPTC =

2°,3,5”,6’-tetramethyl-

[L,I:4°,1°:4°° 1>’ -quaterphenyl]-3,3°",5,5" " -tetracarboxylate, BPBTTBA = 4,4’,4’.4>*’-(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzoate, 2,6-NDC = 2,6-
naphthalenedicarboxylate, TCPP = Meso-tetrakis(4-carboxylatephenyl)porphyrin, BTB = 1,3,5-Tris(4-carboxyphenyl)benzene, N3-BTB = 2'-(2-azidoethoxy)-5'-(4-
carboxyphenyl)-[1,1":3',1"-terphenyl]-4,4"-dicarboxylate, BTDD = Bis-(1,2,3-triazolo-[4,5,-b],[4’,5’-1])dibenzo-[1,4]-dioxin, BBTA = 1H,5H-benzo(1,2-d:4,5-
d’)bistriazole, BTT = 1,3,5-tris(tetrazol-5-yl)benzene, HETT = 5,5°,10,10°,15,15’-hexaethyltruzene-2,7,12-caboxylate, 4,4’-BPY = 4,4’-Bipyridine, BTX = 1,4-
bis(triazol-1-ylmethyl)benzene, BPT = biphenyl-3,4’,5-tricarboxylate, DCPP = 4,5-bis(4’-carboxylphenyl)-phthalate, L1 = benzene-1,3,5-triyltriisonicotinate, TMBDI
= 2,3,5,6- tetramethyl-1,4-benzene-diisophthalate, 4-ABPT = 4-amino-3,5-bis(5-pyridyl)-1,2,4-triazole, 3,4-PYDC = 3,4-pyridnedicarboxylate, L2 = [1,17:3°,1"’-
terphenyl]-4,4”°,5 -tricarboxylate, DABCO = 1,4-diazabicyclo[2.2.2]octane, BPPCOO = 2,6-bis(pyrazol-1-yl)pyridine-4-carboxylate, TMBDC =
tetramethylterephthalate, MesMPBA = N,N’-2.4,6-trimethyl-1,3-phenylenebis(oxamate), NiL' = (R, R)-N,N’-bis(3-tert-butyl-5-(4-pyridyl)salicylidene)-1,2-
diphenyldiamine nickel (II), H¢L* = tetra-(4-carboxyphenyl)porphyrin, FcphSO; = m-ferrocenyl benzene-sulfonate, Ls = 1,3,5-tris(3,5-dicarboxylphenyl)-benzene, L
= 2-[4-[[4-methyl-6-(1-methylbenzimidazol-2-yl)-2-propylbenzimidazol-1-ylJmethyl|phenyl]benzoic acid, BPBA = N,N’-(1,1’-biphenyl)-4,4’-diylbis-4-
pyridinecarboxamide, F-BPBA = N,N’-(perfluoro-1,1’-biphenyl)-4,4’-diylbis-4-pyridinecarboxamide, BDCPPI =  N,N-bis(3,5-dicarboxyphenyl)  pyromellitic
diimide, L¢ = 4-(2-pyrazinyl)-1,2,3-triazole, pzdc = 2,3-pyrazine dicarboxylate, mim = 2-methylimidazalate, dcim = dichloroimidazolate.




Generally, TMs with coordination sphere surrounded by both O and some N-donor
ligands, are more stable than those with all O-donors. N-donor ligands tend to increase
the stabilities of divalent TMs, due to the decreased bond lability between the TMs and
N-donor ligands. A large number of N-based or N and O mixed ligand-based stable MOFs
with divalent TMs was reported. (Burd et al., 2012; Cadiau et al., 2016; Cadiau et al.,
2017; Gao et al., 2016; Heering et al., 2013; Y. Hu et al., 2016; Masciocchi et al., 2010;
Montoro et al., 2011; Nugent et al., 2013; Shekhah et al., 2014; Tan et al., 2012; Tonigold
et al., 2009; X. Wang et al., 2016) The effect of N-donor ligands presence in TM’s
coordination sphere can be observed in large number of relatively stable TM-based
MOCPs, featuring slow exchange kinetics or in some cases not proceeding to completion.
A family of [Zne¢(BTB)4(Bpy)3].(Sol)x, (SUMOF-1) (Yao et al., 2012), exhibited a
complete cation exchange of Zn?" with Cu?". Soaking SUMOF-1-Zn in DMF solution of
Cu(NOs), for 3 months resulted in Cu®>* exchanged Zn?" completely, with about 50%
replaced within 1 h and 95% within 3 d. However, other divalent Co?>" or Ni?* only
partially exchanged Zn** (Co?*" 35%; Ni>" 38%) even after 3 months. However, the Co**
or Ni?* exchanged SUMOF-1 are readily reversible to original SUMOF-1-Zn within 7 d.
However, the reverse exchange of Cu®* substituted SUMOF-1 with Zn?>* was only partial,

Figure 2.13.

The presence of soft N-donor atoms from the bpy increases the stability due to the
increased bond strength with the borderline Zn?*. This is obvious, while Cu** can
substitutes Zn?" after long period, Co?" and Ni*" only partially substitute Zn>* even after
3 months. The exchanged SUMOF-1-Co or SUMOF-1-Ni are readily reversible to the
original SUMOF-1-Zn as expected, because Zn>" is relatively harder than both Co?" and
NiZ* and is expected to forms comparably more stable SUMOF. Unsurprisingly, SUMOF-
1-Cu could not be reversed to SUMOF-1-Zn, this is due to higher stability of Cu-

exchanged MOF. Accordingly, the stability of these materials increases from Co?" < Ni%*
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< Zn?* < Cu”"in line with the decreasing ionic radius (increasing relative hardness) and

also in agreement with the Irving-Williams series.

Figure 2.13: Detail cation exchange at the paddlewheel cluster of SUMOF-1. Reprinted
with the consent of ref. (Yao et al., 2012). Copyright 2012 Royal Society of Chemistry.

2.2.3  Structural transformation in MOCPs

Application of crystal engineering principles allow for a facile design of reactive solids
and subsequent transformation in solid state with much ease than ever before (Biradha et
al., 2009). Multidirectional bond breakages and formations triggered by response to
stimuli causes some reactive solids to undergo solid state structural transformation. This
may involve several coordination bonds, covalent bonds, hydrogen, electrostatic or n-nt
interactions to be broken and remake in the process. The stimuli causing structural
transformation can be due to uptake/removal of uncoordinated or coordinated solvents,
gas-solid reaction, heat, photochemical reactions, mechanochemical grinding, metal-ion
exchange, ligand exchange, and ligand addition/elimination (L. Aboutorabi & A. Morsali,
2016; Kole & Vittal, 2013). Response to these stimuli may obviously causes a notable
change in dimensionality, coordination number/environment, chirality, interpenetration

and other structural modifications.

Structural transformation and property tuning in MOCP materials is of great

importance since it can furnish further understanding in to the structure-property
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relationship in these materials and this may open up other opportunities for realizing new
applications such as sensors, (Q. Zhang et al., 2014) magnetism, (Xiaoju Li et al., 2015;
T.-H. Yang et al., 2009) adsorption and separation. (Chaemchuen et al., 2016) Several
MOCPs have been reported to undergo structural transformations either reversibly or
irreversibly upon respond to internal or external stimulus. For instance, a dimeric [Hgo(p-
bpdb)l4] (bpdb = 1,4-bis(2-pyridyl)-2,3-diaza-1,3-butadiene) was irreversibly
polymerized after heating the dimeric cluster [Hgx(u-bpdb)ls], to 2D coordination

polymer [Hgx(p-bpdb)(p-I)212]n (Mahmoudi & Morsali, 2008).

Another discrete zero dimensional monomer, [Cu-(tzbc)2(H20)4] (Htzbe = 4-(1H-
1,2,4-triazol-1-yl)) can be transformed reversibly in to a 3D 4-fold interpenetrated
diamondoid MOCP, [Cu-(tzbc)z] by exposure to methanol or ethanol in a SCSC manner.
The 3D MOCP can also be depolymerized to the corresponding monomers by exposure

to air for 3 months (M. Liu et al., 2015) Figure 2.14.

Figure 2.14: SCSC transformation of discrete monomer, [Cu-(tzbc)>(H20)4] to 3D-
network. (M. Liu et al., 2015)

Pan and co-workers reported a 3D condensed Er-based coordination polymer Ery-
(bdc)s.6H20 that can be transformed to Ers-(bdc)s and Er2-(bdc)s.4H>O upon desorption

and reabsorption of water respectively (Pan et al., 2001). In a similar example of
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absorption/reabsorption, a tetranuclear [Fe(tpa) {N(CN)2}]4:(BF4)4 (H20)2 (tpa = tris(2-
pyridylmethyl)amine) was transformed to [Fe(tpa){N(CN).}]4'(BF4)s by removal and
reinsertion of the guest water in a single-crystal to single crystal fashion (Noshiranzadeh
et al., 2007; R. Wei et al., 2011). In another SCSC transformation reported by Sundberg
and coworkers, on heating at 80 °C, an oxygenated complex
[{(bpbp)C02(02) }2(NH2bdc)]-(NO3)s-7H20 (bpbp = 2,6-bis(N,N-bis(2-pyridylmethyl)-
aminomethyl)-4-tert -butylphenolato; NHobdc = 2-amino-1,4-benzenedicarboxylato)
transformed to the deoxygenated form [{(bpbp)Co02(NO3)}2(NH2bdc)]-(NO3)2-2H,0
accompanied by translational movements of two nitrate ions. This transformation can be
reversed back to the oxygenated form upon stoichiometric uptake of O, (Sundberg et al.,
2014). In a related case of SCSC transformation, upon hydration and dehydration of,
[Dy2(phen)2(L)s]-2H20, (phen = 1,10-phenanthroline; L =(—)-4,5 bis(pinene)-2,2-
bipyridine). (O'Keeffe et al., 2008; Y. M. Song et al, 2012) On heating
[Dy2(phen)>(L)s]-2HO at 160 °C, the two water molecules were lost to form
[Dy2(phen)2(L)s] and regenerated upon immersing the dehydrated form in water with
retention of single crystallinity. In another remarkable transformation involving chiral
Dy**-based compound [Dy(L) (acac)>]-NOs-CH3OH-H,O (L = (—)-4,5-bis(pinene)-2,2-
bipyridine), Figure 2.15, also on desorption/reabsorption of solvent molecules, it
underwent structural transformation to different structure by subjecting it to heat or
pressure. Here, not only does the structure changed in a SCSC manner, but also the
magnetic, ferroelectric and non-linear optics properties (NLO) changed (J. Liu et al.,

2012).
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Figure 2.15: SCSC reversible transformation of [Dy(L)2(acac):]-NOs3-CH30H-H>O
under different conditions. (J. Liu et al., 2012)

224 Solvent mediated simultaneous structural transformation and cation
exchange in MOCPs via dissolution-recrystallization process

Recently, the dynamics of MOCPs in solvent mediated technique has garnered
considerable interest owing to their potential applications for ion exchange, adsorption,
sensor technology, drug delivery and lots more. (Akhbari & Morsali, 2013; Kang et al.,
2015; Peedikakkal & Vittal, 2011; A Thirumurugan & Rao, 2005) It served as a novel
approach to adjust molecular structures through either solid-state diffusion method with
a non-homogenous phase exchange in which the structure remained intact (X. J. Cui et
al., 2009; S. Das et al.,, 2009) or solvent mediated exchange mechanism with a
homogenous phase reaction mechanism. The later approach involved simultaneous
dissolution-recrystallization to an entirely new structure. (X. J. Cui et al., 2009; C. Y. Xu

etal., 2011).
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Ion exchange and structural transformation in solid state are some of the most exciting
properties of hybrid metal organic coordination polymers and hence widely investigated
(Brozek & Dinca, 2014; X. J. Cui et al., 2009; Fu et al., 2011; Fukushima et al., 2010; S.
Furukawa et al., 2009; Kawano & Fujita, 2007; Khlobystov et al., 2002; Kole & Vittal,
2013; Schubert et al., 2008; C. Y. Xu et al., 2011). In particular, solid to solid phase
transformations triggered by solvent that facilitates cation exchange has been one of the
important area of investigation by material and solid state chemist (X. J. Cui et al., 2009;
Fu et al., 2011; Khlobystov et al., 2002; Kole & Vittal, 2013; C. Y. Xu et al., 2011).
Generally, ion exchange proceeded in one of the two common mechanisms often
observed, solvent induced/mediated or solid state diffusion. In the former, the mechanism
involved partial but instantaneous dissolution of the original MOCP followed by
immediate recrystallization of new MOCP from the solution phase, in this case, mostly
the single crystallinity is not maintained, the polymer becomes polycrystalline and often
not suitable for single crystal measurements (Cametti et al., 2016; X. J. Cui et al., 2009;
Fuetal., 2011; C. Huang et al., 2013; Khlobystov et al., 2002; C. Y. Xu et al., 2011; J. J.
Zhang et al., 2008). In the later mechanism, it is considered to be through solid-state
diffusion process reflecting true single crystal to single crystal phase transformation, here
the single crystallinity is maintained at the end of the exchange and this process is usually
accompanied by little or no structural transformation (Chaudhary et al., 2017; Kawano &

Fujita, 2007; Kole & Vittal, 2013; P. Wang et al., 2007).

Typically, MOCPs are perceived to be insoluble due to their low solubility in common
solvents. (Min & Suh, 2000; Noro et al., 2002; O. M. Yaghi & Li, 1996) In some cases,
although the crystals morphology, size and shape may be preserved during ion exchange
mediated by solvent, it is commonly reported to lose its transparency and subsequently
turned opaque in which the single crystal integrity is compromised (Cametti et al., 2016;

X. J. Cui et al., 2009; Fu et al., 2011; C. Huang et al., 2013; Khlobystov et al., 2002; C.
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Y. Xu et al., 2011), which does not conform with the proposed solid-state mechanism.
The observed phenomena above however, signifies substantial structural rearrangement
and the accompanied change in crystal symmetry which could only be explained by
dissolution recrystallization process. In addition to this, even obviously “insoluble”
MOCPs may still in principle undergo solvent mediated ligand or ion exchange over long
period of time due to the localized solubilization at the exterior of the crystal in suitable

solvent, even though visually or spectroscopically may appears to be insoluble.

Cui and coworker (2009), argue that, the common perception that ion exchange
proceeded via diffusion of free ions through the channel of the MOCPs by “solid-state
mechanism” is a misconception of fact. According to them, there is no clear evidence to
prove such assignment and therefore ascribed such mechanism to solvent mediated ion
exchange reactions (K. J. Cuietal., 2017; X. J. Cui et al., 2009). They proceeded to prove
the mechanism is purely solvent mediated and not solid state phase transformation. Series
of Ag®, Zn**, Cd**, and Hg?* based MOCPs were synthesized and exploited for solvent
mediated exchange with different anions (NO3", CF2SOs", Bfs~ or ClOy"), cations and even
ligands reversibly or irreversibly through solvent mediated mechanism which involved
dissolution and precipitation of the new MOCPs (X. J. Cui et al., 2009). They further
examined the solubilities the MOCPs in different solvents, and found out that the
solubility of the MOCP is one of the important key to its dynamic behavior. Based on
their report, exchange proceeds only if the initial MOCP has appreciable solubility in a
particular solvent and the expected product of exchange must be more stable than the host
in equilibrium. Initial and final MOCP solubility in a particular solvent is the determining
factor for the exchange and its reversibility (X. J. Cui et al., 2009). According to their
results, solvents of high polarity and higher dielectric constant dissolve MOCPs more

readily because, the dissolution of building block constituents can be expedited by proper
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solvation of the metal cations in the framework. They conducted an interconversion of

MOCPs via cation exchange exploring N- and O-donor solvents, Figure 2.16.

Figure 2.16: Cation exchange and interconversion summary in [M(4,4’-bipy)(NO3)2]« in
(a) ACN (b) MeOH. Reprinted with the consent of ref. (X. Cui et al., 2009). Copyright
2009 Wiley-VCH.

To visually monitor the evolution of the crystal morphology, environmental AFM was
used after immersion into a 0.2 M solution of NaCF3;SO; or NaBF4, Figure 2.17. The
initial layered morphology of the pristine [Ag(4,4'-bipy)NOs]. changed drastically after
exposure and gradually disappeared with appearance of a morphologically new phase on
the surface of the former. This clearly indicate an epitaxial growth of the daughter

[Ag(4,4'-bipy)CF3S03]« on the surface of the pristine Figure 2.12. (X. J. Cui et al., 2009)
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Figure 2.17: 3D topography and amplitude AFM images of the surface after immersion
of [Ag(4,4'-bipy)NOs]. in aqueous solution of NaCF3SOs3 for (a,b) t=0 mins, amplitude
images at (c) t=60 mins, (d) t=63 mins (e) t=66 mins (f) the final 3D topographic view
after 66 mins. (X. J. Cui et al., 2009)

In another example of solvent mediated dissolution recrystallization and exchange
technique, a 1D meso-helical chain [CdL(Ac):]. (L = 1,4-bis(2-methylbenzimidazole-
lyl-methyl)benzene, was transformed simultaneously with cation exchange upon
immersion into a methanolic solution of Hg(Ac). to another 1D zigzag chain, in which
the Hg?* adopt an unprecedented six-coordinated in a binuclear unit Figure 2.18, (C. Y.

Xuetal., 2011).
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Figure 2.18: Dissolution-exchange-recrystallization process in [CdL(Ac)2]a (a) pristine
meso-helical chain (b) SEM image of the pristine with the newly recrystallized product
(c) newly formed 1D zig-zag chain of Hg?" exchanged. (C. Y. Xu et al., 2011)

2.2.5 Photoluminescence in MOCPs.

The process through which light is emitted by absorption of energy is known as the
luminescence. Luminescence can be in two forms; fluorescence and phosphorescence
which basically differs in the radiative relaxation process, depending on the spin state.
While in fluorescence light is emitted between energy state of the same spin state and the
process last up to 10 ns, in phosphorescence however, the light emission is between states
having distinctive spin multiplicities and may last up to several seconds. (Demas, 1983;
Frackowiak, 1988; ITUPAC, 1997) Conventional organic and inorganic materials have
been increasingly synthesized and explored owing to their exceptional properties and
promising applications in optical devices, lighting, sensing or in display devices.
(Binnemans, 2009; Carlos et al., 2011; Eliseeva & Biinzli, 2010; Hwang et al., 2008;
Wibowo et al., 2010) Therefore, synergistic assembly of organic-inorganic components
into a MOCPs is very promising strategy to build multifunctional luminescence materials,

since both the component organic and inorganic can be exploited as a platform to produce
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luminescence emissions. Further, the charge transfer between the components in form of
ligand-to-metal or metal-to-ligand charge-transfer (LMCT or MLCT) within the MOCP
can add extra dimensional luminescence emission functionalities. (Allendorf et al., 2009;
Gérard Férey, 2008; Janiak, 2003; Silva et al., 2010; Suh et al., 2008) The origin of the
emission can be from organic ligands especially highly conjugated ligands excitation, (Q.
Fang et al., 2006; Xing Li et al., 2008) metal-centered luminescence, typically seen in
lanthanides based MOCPs via the so-called lanthanide sensitization (antenna effect),
(Binnemans, 2009; Moore et al., 2009) charge-transfer emissions including metal-to-
ligand or ligand-to-metal charge transfer (MLCT or LMCT) (Feng et al., 2009; M.-X. Li
et al., 2009; G.-H. Wang et al., 2009; Y. Wei et al., 2008) and guest induced charge-

transfer. (J. An et al., 2011; Q. R. Fang et al., 2007; Luo & Batten, 2010)

Lanthanide ions (Ln*") have an intricate optical properties connected to their electronic
configurations. For instance, from 4{° for La** to 4f'* for Lu®*, there is a gradual filling
of 4f orbitals and as such, generates several energy levels. (Moore et al., 2009) With the
exception of La** and Lu** with zero and filled f-orbital respectively, all other Ln** can
emits typical /~f luminescence emissions at different region of the spectrum, from UV to
Vis and NIR range. (Pieterson et al., 2001) (Moore et al., 2009) For instance, Sm**, Eu’",
Tb** and Tm** luminesces orange, red, green and blue UV emissions respectively, on the
other hand, Er*", Nd** and Yb** emits in the NIR region. Although Ln*" exhibits an
exciting optical properties, however, direct excitation is very inefficient because they are
weak light absorbers owing to the forbidden f—f transitions according to the Laporte
selection rule. (Steemers et al., 1995) To increase the efficiency of light absorption, Ln**
are typically sensitized by incorporation into a system that can facilitate in the energy
transfer process, known as the antenna effect, Figure 2.19. (Binnemans, 2009; Moore et
al., 2009) This process normally involves energy migrations paths; from ligand-centered

absorptions, then intersystem crossing S;—Ti, Ti—Ln?" transition and then metal
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centered emission. (Y. Cui, Y. Yue, et al., 2012) It is therefore important to judiciously
design an organic linker with an appropriate energy level to generate luminescent
MOCPs. This is because, for the organic ligand to act as a sensitizer it is essential that its
lowest triplet state is localized at an energy level nearly the same or above the resonance

level of the Ln*" ions.

T A4 y \ 4

’ Ligand Ln3+ ion

Figure 2.19: Jablonski diagram schematics of energy absorption, transfer, emission and
process in MOCPs. Where S, T, A, F, P, L, ET, NR, ISC and IC are singlet, triplet,
absorption, fluorescence, phosphorescence, lanthanide centered luminescence, energy
transfer, non-radiative transition, intersystem crossing, and internal conversion
respectively.

Modularity, heterogeneity, diverse and intriguing structures coupled with tunable
optical emissions endows MOCPs with huge potentials to be an excellent materials for
light-emitting devices. Several MOCPs featuring tunable photoluminescence have been
engineered and explored. (Allendorf et al., 2009; Mahata et al., 2017; Meyer et al., 2014)
(Heine & Miiller-Buschbaum, 2013; Z. Hu et al., 2014; Luo & Batten, 2010; Y. Zhang et

al., 2018)

In an example of a heterometallic MOCP luminescence displaying an antenna effect,

(Y.-Q. Sun et al., 2006) [LnCd(imdc)(SO4)(H20)3]0.5H20 (Ln = Nd, Eu, Tb, Er, Yb,
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Gd, Dy or Pr, imdc = 4,5-imidazoledicaboxylate), the Dy—Cd, Eu—Cd and Tb-Cd
heterometal MOCPs exhibit the typical f~f character emission of Ln** ions. Gd-Cd
however, shows 3 broad peaks, which may be ascribed to the ligand phosphorescence,
ligand centered fluorescence and LMCT transitions, while, Pr-Cd and Nd—Cd MOCPs
do not display the expected NIR emission, indicating that there is no efficient energy
transfer by the ligand to Pr** or Nd** to emits the NIR luminescence. In a related example
of heterometallic luminescing Ln-Ag MOCPs, (X.-Q. Zhao et al., 2009)
[LnAg(PDA)2(H20)3]-3H-0, [PrAg(PDA)2(H20)3]-2.5H.0 and
[CeAga(PDA)(py)s]-H20 (Ln = Eu**, Sm**, Tb**, Ce’", Nd**, Dy**, PDC = pyridine-2,6-
dicaboxylate, py = pyridine), the Eu—Ag, Dy—Ag, Tb—Ag and Sm—Ag MOCPs displayed
the typical Ln3" character interestingly in both solid state and in DMF solvent. Further,
the on addition of Mg?" in DMF solution, the luminescence intensity of Eu—-Ag decreases,
while that of Dy—Ag increases significantly compared to that of Tb—Ag that increases

slightly.

A series of NIR emitting multi-cation Ln—Ag MOCPs was also reported by Jin and
coworkers, (J. Jin et al., 2010) LnAgs(1,2-BDC)4, (1,2-BDC = 1,2-benzenedicaboxylate,
Ln = Er, Ho, Yb). The Yb—Ag displayed a broad luminescence band from 950 to 1050
nm which was assigned to the ?Fs» — 2F; transition typical of Yb*" ion. In Ho-Ag
however, a peak emission at 995 nm was ascribed to °Fs — °I7 and a band at 1400 to 1600
attributed to the splitting of °Fs — I transition and the Er—-Ag displayed a broad peak
between 1450 and 1650 nm assigned to the *I;32 — “I15) transition of Er**. Compared to
the isolated Ln*" emission bands, in these MOCPs shifting, broadening and splitting
emission spectra was observed and this could be ascribed to the influence and interaction
of 4d and 4f orbitals. Number of examples of heterometallic Ln**~Cu® MOCP was
reported by Bo and coworkers. The heterometals assembled into an MOCP using mixed

ligands to form Ln(pydc);Cus(bipy)s-m(H20) (Ln = Eu, Tb, Gd, Sm, Yb, Er, m=4; Ln =
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Nd, Pr, m =5, pydc = 2,6-pyridinedicarboxylate, bipy = 4,4’-bipyridine). (Bo et al., 2010)
Here the multi metals are linked by mixed ligands into a spindle-like shaped multimetal
rings SBUs, [Lns(pydc)sCuiz(bipy)s] which is further pillared by bipy ligands into a 3D

Ln—Cu MOCP, Figure 2.20.

(A)

(B)

Figure 2.20: (A) Spindle-like shaped multimetal rings SBUs, [Lns(pydc)sCuiz(bipy)s]
and (B) pillared layer structure with bipy pillar incorporated between the 2 layers forming
Ln(pydc);Cus(bipy)s - m(H20). (Bo et al., 2010)

The Nd—Cu shows the strongest emission peak at 1062 nm assigned to *F3n — 1112

transition typical to Nd** ion, while a broad peak at 895 nm is ascribed to *Fz» — *Io
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transition in addition to a sharp weak emission band at 1345 nm assigned to *F3;, — *I132
transition. Yb—Cu MOCP shows a strong emission at 980 nm, assigned to *Fs» — 2F7
transition in the NIR region typical to Yb** ion. However, all others, Eu—Cu, Sm—Cu, and
Tb—Cu MOCPs displayed their corresponding characteristic emissions, while Er—Cu, Pr—
Cu and Gd—Cu two intense emission bands located at 532 and 488 nm were observed,
which is comparable to those observed in Cu(I) complexes that are associated with MLCT

transition, Figure 2.21.
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Figure 2.21: Room temperature solid state photoluminescence emission spectra of (A)
Tb—Cu at 275 nm, (B) Sm—Cu at 275 nm, (C) Eu—Cu at 275 nm, (D) Nd—Cu at 280 nm,
(E) Yb—Cu at 275 nm, (F) Pr—Cu (red), Gd—Cu (black) and Er—Cu (green) excited at 240
nm. (Bo et al., 2010)

Several strategies have been developed to tune the photoluminescence emission as a
function of Ln*" concentration. For instance, the emission property of Eu.
< Ib(BTC)(H20), can be tuned by gradually changing the Tb/Eu ratio (2.75, 2.44, 1.95,
1.46, 1.02, 0.40, and 0.26). (Guo et al., 2010) The compiled PL emission spectra, Figure
2.16, shows that, the spectral band located in the green region at 540 nm, assigned to °D4

— 'Fs transition is typical to Tb**. Two main transition bands Dy — "F; and Dy — "F,
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located at 589 and 615 nm are typical to Eu’". It was observed that, the intensity of band
located at 540 nm assigned to Tb?" emission changes as a function of Tb/Eu ratio
indicating energy transfer and gradually the characteristic emission peaks of Tb**
disappear at a Tb/Eu, ratio equal to 1, Figure 2.22 (e), suggesting efficient energy transfer

from Tb>" to Eu3".

Figure 2.22: Solid state emission spectra of Eui.,Tb,(BTC)(H20); Tb/Eu mole ratio (a)
2.75, (b) 2.44, (c) 1.95, (d) 1.46, (e) 1.02, (f) 0.40 and (g) 0.30. (Guo et al., 2010)

On another example of tuning luminescence emission, the photoluminescence
emission of Tb-based MOCP, Tb(BTC)(H20)-3H,0 can be tuned from green, to green-
yellow, yellow, orange, red-orange by doping with variable amounts of Eu**. The pristine
Tb(BTC)(H20)-3H»0 displayed four spectral peaks approximately at 487,543, 580 and
620 nm assigned to °Ds — "Fy where J = 6, 5, 4, and 3, respectively, Figure 2.17 (a). On
doping with Eu** (0.1, 0.3, 0.5, 1, 5, and 10 mole %), the emission character of Tb**
gradually decreases while the emission character of Eu’" increases, however, the
luminescence of Eu®* increases until maximum at 1 mole % and gradually decreases with
increase of Eu®", which can be attributed to the concentration quenching effect, Figure
2.23(a). The CIE coordinates of the Eu*" doped MOCP changes from (0.264, 0.620) to

(0.596, 0.370) as a function of increasing dopant amount, Figure 2.23 (b)
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(A) (B)

Figure 2.23: Solid state emission spectra of Eui..Tb(BTC)(H20)-3H>O; Tb/Eu mole
ratio (x=0.1 — 10 mole %) excited at 304 nm (A), and the corresponding CIE chromaticity
diagram (B).

Guest exchange or modification in the pores of porous MOCPs can also generate
exceptional optical emission properties. For example, when Tb**, Eu**, or Nd** hydrates
are inserted into the framework of PbyL (L = 1,5-bis(m-carboxyphenoxy)-3-oxapentane)
which is a crown-ether like MOCP, the incorporated guest can be reversibly exchanged
that endows the MOCP with dual and bimodal photoluminescence, the emission bands
and intensities can also be tuned by manipulating the Ln*" ions exchange. (Jiang et al.,
2009) For example, upon immersion of Pb.L, MOCP into an aqueous solution of
Tb(ClO4)s a typical characteristic peaks of Tb** was observed in the solid state spectrum.
When Tb@PbsL, was immersed in Eu(ClOs4); solution, hydrated Tb** was partially
exchanged by hydrated Eu®" generating multi-metal guest system. The solid state dual
emission intensities is produced from both the Ln*" ions and can be tuned by controlling
the Eu/Tb exchange ratio. The Tb@Pb:L> can also be partially exchange by NIR emitting
Nd**, and a similar photoluminescence emission tuning was observed. In another example

of ion exchange tunable photoluminescence, Gd>L (L = 3,3’-(4-amino-4H-1,2,4-triazole-
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3,5-diyl)dibenzoate) with a cage like pore that can be used to encapsulate [Mn(H20)6]**
cations, Figure 2.24. (Peng Wang et al., 2007) The MOCP containing the encapsulated
cation [Gd2LMn(H20)s]-0.5H>0 displayed a blue shifted emission band at 428 nm due to

MLCT.

Figure 2.24: Process of guest cation exchange in of [Gd2LMn(H20)6]-0.5H>0O and the
solid state luminescence emission spectra excited at 386 nm; (a—c) after soaking
[Gd2LMn(H20)6]:0.5H,O  in aqueous  solution of Tb(ClO4)3 to  give
[Gd2L4Tb(H20)3Cl104]-0.5H20, for 0, 2 and 7 days respectively, (c—) after soaking
[Gd2L4Tb(H20)3Cl104]-0.5H20 in Eu(ClO4)3 for 0, 2 and 7 days respectively, and (e—a)
after soaking {[(Gd2L4)Eu(H20)s8C104]-0.5H>0}, in Mn(ClO4)3 back to for 0, 2 and 7
days respectively. (Peng Wang et al., 2007)

Interestingly, [Gd:LMn(H20)s]-0.5H>0 can reversibly cation substituted with
[Eu(H20)]*"  or  [Tb(H20)]*"  to  {[(Gd:L4)Eu(H,0)sCl04]-0.5H,0},  or
[Gd2L4Tb(H20)3C104]-0.5H20 in a SC-SC manner respectively. The exchanged product
emits a typical Eu®" or Tb3" characteristic peaks with decrease in emission intensity of

[Gd2LMn(H20)6]-0.5H,0.
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2.2.6 Magnetic susceptibility

Magnetic susceptibility in materials is principally dependent on the magnetic dipole
moment associated with the spin or intrinsic angular momentum of its electrons.
Magnetism in materials can be characterized as diamagnetic, paramagnetic,
ferromagnetic or antiferromagnetic depending on the response to the external magnetic
field applied. (Buschow & Boer, 2003; Jiles, 2015) Judicious choice of metal cation and
functional organic linker and their synergistic interaction in the framework of the solid
material can be used to incorporate some electronic properties. Several MOCPs exhibiting
magnetic properties such as cooperative spin crossover, magnetic ordering and those
exhibiting molecular properties such as single-molecule magnetism. Majority of magnetic
MOCPs has been reported as high temperature magnets, for instance, the molecule-based
magnetic MOCPs with spontaneous magnetization above room temperature. (Manriquez
et al., 1991) Large number of MOCPs were reported to have different magnetic
functionalities; such as ferromagnetic, (Duan et al., 2009) single chain magnet, (Z.-X. Li
et al., 2010) antiferromagnetic, (E.-C. Yang et al., 2010) metamagnetic, (X. H. Zhang et
al., 2011) spin canting (Z.-X. Li et al., 2009) and spin-glass behavior, (Tran & Swiatek-
Tran, 2008). In addition to this, different coordination modes of carboxylate ligands that
can adopt syn or anti configuration that have influence on the magnetic exchange between
the proximal cations, and paramagnetic cations produce an interesting structures which
allows the study of the magnetic and structure relationship. (Kato & Muto, 1988; P. King

et al., 2003)
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CHAPTER 3: MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich and used without further purification.
Quantitative analyses (atomic percentage of elements) were performed using Hitachi
SU8220 Scanning Electron Microscope-Energy Dispersive Spectrometry (SEM-EDS).
Li/Pb stoichiometric ratio, in particular, was determined using an analytikjena
PlasmaQuant PQ 9000 Inductively Coupled Plasma-Optical Emission Spectroscopy

(ICP-OES) spectrometry.

3.1 Materials
3.1.1 Inorganic salts

PbO, Ln(NO3);.5HO (Ln = Sm, Eu, Gd, Tb and Er), Fe(OAcz),, FeCly,
Co(NO3)2.6H,O,  CoClL.6H.O  Cd(NOs3)»  Hg(NOs):.H2O,  Zn(NOs)2.6H>O,
Ni(NO3)2.6H20, Cu(NO3)2.3H20, Cu(OAc2)2.H20, CuCl2.2H20, Cd(NO3)2, Ag(NOs3),

Ce(0OAC2)3.xH20, Li(NO3), Li(OAcs), LiOH, LiPFs, Lil, NaOH and KOH.

3.1.2  Organic reagents
Pyrazine-2,3-dicarboxylic acid, Piperazine, pyridine, pyradazine, imidazole,

ethylenediamine, and diethylamine.

3.1.3 Solvents

Distilled water, DMF, dioxane, DMSO, THF, ACN, acetone and ethanol.

3.1.4  Glass and non-glassware
250 mL beakers, glass tube, test tube, glass vials with screws, 30 mL specimen bottles,
10 mL measuring cylinders, glass funnel, thermometers, spatulas, weighing paper, filter

paper, spatula, aspirating bottles, wipes and hand towel.
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3.1.5 Equipment and Instruments

Weighing balance, hot plate magnetic stirrer, vacuum pump, sonicator, programmable
electric oven, optical microscope, optical camera, UV box, powder and single crystal X-
ray diffractometer (P/SC-XRD), Steady-state and time-resolved photoluminescence
(TRPL) spectrometer equipped with xenon lamp and a TCSPC module, FESEM-EDX,

ATR-FTIR, ICP-MS, XPS, VSM, and Solartron Impedance Analyzer.

3.2 Experimental Methods
3.2.1  Synthesis of precursor 1D MOCP (Pb:Cl:(Hpzdc):(H20)2)

A similar synthesis procedure reported by us (Fendi Y. Wardana et al., 2015; S. Zhang
et al., 2012) with further optimizations was adopted. Based on the new optimized method,
the onset of the crystal formation time was greatly reduced to almost immediately, the
clear solution was filtered and crystallization proceeded to completion within two to three
hours. A mixture of PbO (0.089 g, 0.4 mmol), Hopzdc (0.067 g, 0.4 mmol), and piperazine
(0.0215 g, 0.25 mmol) in DI water (20 ml) was heated and stirred at 70 "C. Subsequently,
10 drops of conc. HCI was added dropwise into the mixture resulting in a clear solution.
The stirring and heating were continued for 5 mins. Large, colorless, ribbon crystals were
obtained in a quantitative yield after 2-3 hours of slow evaporation. The final products
were isolated by vacuum filtration, and dried at room temperature, with 75 — 90 % yields

based on the PbO.

3.2.2  Synthesis of Li*/Pb doped MOCP

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of different Li(I)X precursor, X = NO3, OAc, OH, I, and PF¢ (0.066 mmol). The
dissolution-recrystallization progress was examined in-situ under an optical microscope
as a function of soaking time at room temperature. The obtained products (after 3d of

soaking) were then washed thoroughly with fresh DI water and dried at room temperature
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prior to further characterizations. Yield of circa. 80 % based on the 1D MOCP. A

quantitative analysis was performed by ICP-OES on some selected compounds.

3.2.3  Synthesis of M**/Pb doped MOCPs

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of either nitrate and/or chloride precursor of M?*, M = Co, Ni, Zn, or Cd (0.066
mmol). Washing and characterizations procedures were done similar to those of
monovalent soaking. A semi-quantitative analysis was performed by SEM-EDS. The
products were collected after 3d of soaking. Yield of circa. 75 - 80 % based on the 1D

MOCP.

3.24  Synthesis of M3*/Pb doped MOCPs

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursor of Ln**, Ln = La, Eu, Gd, Tb, or Er (0.066 mmol). Washing
and characterizations procedures were done similar to those of divalent soaking. The

products were collected in quantitative yields after 3d of soaking. Yield of circa. 60 - 80

% based on the 1D MOCP.

3.2.5  Synthesis of M**/Pb (M = Eu, Tb) MOCPs with dopant variations under
guidance of HSAB principle

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a: ~7 ml aqueous
solution, for condition (1) or ~7 ml H,O/Dioxane/DMF mixture with the addition of 2
drops of pyridine, for condition (2) or same as (2) but with heating at 60 °C for 24 h, for
condition (3), of nitrate precursor of Ln**, Ln = Eu or Tb (0.066 mmol). Washing and
characterizations procedures were done similar to those of divalent soaking. The products
were collected in yield of circa. 60 - 80 % based on the 1D MOCP after 3d of soaking,

except for condition (3).
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3.2.6  Synthesis of M3*/M**/Pb doped MOCPs

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursors of a mixture of Eu** (0.035 mmol) and Zn?" (0.035 mmol).
Washing and characterizations procedures were done similar to those of divalent soaking.
The products were collected in yield of circa. 60 - 80 % based on the 1D MOCP after 3d

of soaking.

3.2.7  Synthesis of M™*/M"*/Pb double doped MOCPs

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursors of a mixture of M"™ (0.035 mmol) and M"* (0.035 mmol).
To vary the dopant we use the same mole rations, but a mixture of solvents
DMF:dioxane:H>O with 2 drops of pyridine was also used. Washing and characterizations
procedures were done similar to those of divalent soaking. The products were collected
in yield of circa. 50 - 80 % based on the 1D MOCP after 3d of soaking. (M = TMs or Lns

and n=2 or 3)

3.2.8  Synthesis of M™/M""/M""/Pb triple doped MOCPs

Precursor 1D MOCP (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursors of a mixture of M?* (0.035 mmol) and M?* (0.035 mmol).
To vary the dopant we use the same mole rations, but a mixture of solvents
DMF:dioxane:H>O with 2 drops of pyridine was also used. Washing and characterizations
procedures were done similar to those of divalent soaking. The products were collected

in yield of circa. 50 — 80 % based on the 1D MOCP after 3d of soaking.

3.2.9 Rendering cation-exchanged product into a doped MOCP
Cation-exchanged product was produced when the precursor 1D MOCP (0.03 g, 0.035
mmol) was immersed into a ~7 ml aqueous solution of FeCl, or CuCl> (0.066 mmol).

Rendering this into a doped product was successfully done by soaking the precursor 1D
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MOCEP (0.03 g, 0.035 mmol) into a ~7 ml DMF/H>O (1:1) solution of FeCl> (0.066 mmol)
or a ~7 ml DMF/H,0/1,4-dioxane (1:1:1) solution of Copper (II) acetate (0.066 mmol).
Washing and characterizations procedures were done similar to those of divalent soaking.
The products were collected in yield of circa. 50 - 80 % based on the 1D MOCP after 3d

of soaking.

3.2.10 Soaking 3D Pb MOCEP in a solution of divalent cation precursor at room
temperature

The 3D Pb MOCP, Pbs(pzdc);(H20), was synthesized according to the literature. (S.
Zhang et al., 2012) The resulting product (0.03 g, 0.035 mmol) was immersed into a ~7
ml aqueous solution of either nitrate and/or chloride precursor of Co?* (0.066 mmol). The
dissolution-recrystallization progress was examined in-situ under an optical microscope
as a function of soaking time at room temperature. Two batches of products (after 3d and
nearly 1 month of soaking) were then washed thoroughly with fresh DI water and dried
at room temperature prior to further characterizations. A semi-quantitative analysis was

performed by SEM-EDS.

33 Measurement Procedures
3.3.1 X-ray Crystallography

Single crystal X-ray diffraction was performed on a Bruker Kappa APEX2
diffractometer with a MoKa (A = 0.71073 A) IuS microfocus source at 100 K. Prior to
data collections, the single crystal samples were stored in a small amount of
corresponding mother liquor in which each dissolution-recrystallization occurred. Data
collection, cell refinement, and data reduction were carried out using the program
APEX3. (Bruker, 2002) Numerical absorption corrections were performed with the
program SADABS. Using Olex2, (Dolomanov et al., 2009) the structure was solved with

the ShelXS (Sheldrick, 2008) structure solution program using Direct Methods and
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refined with the XL (Sheldrick, 2008) refinement package using Least Squares

minimization.

3.3.1.1 Cation vacancy refinements

Most of the crystallographic contrast between the substituent and the Pb atoms sharing
the same site comes from the refinement of the partial occupancy factor of the Pb atoms.
Since the atomic structure factor of Pb is very large, determination of the partial
occupancy of Pb is very sensitive to the amount of substitution. As the substituted
members are semiconductors, all crystallographic refinements were performed assuming
charge balance. Therefore, a soft constrain (SUMP command) was used for imposing
charge balance for all atoms that occupy partially the Pb sites. Because the valence state
of most substituents is different (aliovalent) than that of Pb**, as confirmed by X-ray
Photoemission measurements, a small amount of vacancies must be utilized in order to

have charge balance.

3.3.2 Powder X-ray Diffraction

Ground single crystals of the samples were used to collect powder X-ray diffraction
patterns using a PanAlytical X Pert Pro Powder Diffractometer (Cu Ka radiation A =
1.5418 A) over the 2 range of 5 - 50°, with a step size of 0.02° and a scan speed of
0.25°/min. The measured patterns were compared to the simulated diffraction patterns

using the respective single crystal data.

3.3.3  X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron studies were performed using a Thermo Scientific ESCALAB
250 Xi spectrometer equipped with a monochromatic Al Ka X-ray source (1486.6 ¢V)
and operated at 300 W. Samples were analysed under vacuum (P < 1078 mbar), whereas
survey scans and high-resolution scans were collected using pass energy of 50 eV.

Binding energies were referred to the C 1s binding energy at 284.6 eV. A low-energy
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electron flood gun was employed for charge neutralization and ion beam etching for
surface cleaning. Prior to XPS measurements, ground crystals of each sample attached on

copper foil and mounted on stubs and successively put into the entry-load chamber to

pump.

3.3.4  Solid state photoluminescence measurements

Solid state photoluminescence measurements were performed using a Horiba LabRam
Evolution high-resolution confocal Raman microscope spectrometer (600 g/mm
diffraction grating) equipped with a diode continuous wave laser (473 nm, 25 mW) and
a Synapse charge-coupled device camera. The maximum power output of the laser source
was filtered to 1% of the maximum power output. While the variation of dopant amounts
for the tunable PL emission was conducted using FLS920, Edinburgh Instrument with
steady-state time resolved PL measurement capability, 50ps to ns time range. Equipped
with 450W xenon lamp excitation source for the emission analysis and TCSPC module

for time resolved.

3.3.5 Solid state UV-Vis-NIR measurements
Solid state UV-Vis was carried out using diffuse reflectance Perkin Elmer Lambda

950, equipped with an integrating sphere.

3.3.6 Conductivity measurements

Dried crystals were crushed into powder and pellets were formed using Specac manual
hydraulic press instrument that can deliver up to 25 ton. About 1.8 ton was used to form
all the pellets for the conductivity measurement. All pellets has 13 mm diameter and
variable thicknesses were measured using AICEYT portable digital display plastic film
thickness measuring instrument. Nicely formed pellets were sandwiched between two
copper electrodes and wires were connected to each disc. Impedance measurements was

conducted using Solartron 1620A frequency response analyzer/impedance/gain-phase
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analyzer and all data were determined at amplitude 0 V DC and 250 mV AC bias with
frequency range 1 MHz to 1 Hz, in some cases at 10 MHz to 1 KHz. The conductivity o,

was calculated using equation 1. Resistance was obtained by circle fittings.

Where L, R and A are thickness (m), Resistance () and area (m?).

3.3.7 Magnetic susceptibility measurement

The magnetic susceptibility of the dried crystalline powder samples of pristine and
Fe?*, Tb¥, Eu?*, Co?", Fe**-doped 3D MOCPs were analyzed using Lake Shore, 7400
series Vibrating Sample Magnetometry (VSM) system, with a field maximum of 8000
Oe. The DC magnetic properties of the samples was characterized as a function of
magnetic field at room temperature with the field sweeping from -8000 to 8000 Oe. The

hysteresis was analyzed using the Lake Shore software version 4.6.0.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Justification for the selection of 1D (Pb:Cl>(Hpzdc):(H:0):
The dynamics of hybrid MOCPs has been of interest due to their potential applications
such as ion-exchange, chemical and physical adsorption, sensors, magnetism,

conductivity, drug delivery, catalytic and solid state lighting (Janiak, 2003).

A Pb**-based 1D coordination polymer (Pb>Cl>(Hpzdc):(H->0),) reported by Wardana
and co-workers (2015), containing ladder-like centro-symmetric Pb,Cl> dimers forming a
chain by connecting to the mono-protonated carboxylic (Hpzdc"), and a chlorine bridging
was identified and selected for facile solid solution. The Pb?* ion center is 7 coordinated
with O and N-donors from Hpzdc", O-donor atom from H>O and Cl ions completing the

coordination sphere, Figure 4.3.

Figure 4.1: Ladder-like dimers connected by Hpzdc™ chain forming 1D-MOCP along b-
axis. Green, blue, red, purple, brown and white spheres are Pb, N, O, Cl, C and H
respectively.

Several structural features that makes the selected 1D MOCP amenable to molecular

modifications were identified. Below are justifications for our selection of this 1D MOCP

as the best candidate for solid-solution and structural adjustments;
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e presence of reactive protonated carboxylic group through which can render the
structure unstable in a suitable solvent(s) that can cause structural rearrangements
and transformation.

e the flexibility of Pb?>" metal center in terms CN (typical 2 — 10) owing to its ionic
size. Pb*" also based on the concept of HSAB principle is categorized as a
borderline acid, that can adopt both soft and hard CE.

e presence of labile Cl bridging and the coordinated water which makes the Pb*" as
an easy target for cation exchange and transformation.

e presence of both soft N- and hard O-donor atoms that coordinate with hard, soft
or borderline Lewis acids.

e Pb*'is known to be defect tolerant, it can allows distortions, deformations or bond

formations and breakages in the structure.

4.2 Structural description of Pb,Cl>(Hpzdc):(H:0): (precursor 1D MOCP)
Following the synthesis strategy reported by Wardana and coworkers (2015), with
some modifications, air stable, large, colorless ribbon single crystals of precursor 1D
MOCP was synthesized. It crystallizes in the Ca space group (a = 11.561(1) A, b =
8.4327(7) A, a=11.561(1) A, a=11.792(1) A. A, = 126.3070(8)°). The structure was
confirmed using single crystal X-ray diffractometry (SC-XRD) and CHN elemental
analysis. The phase purity and crystallinity of the bulk material was further confirmed

using powder X-ray diffractometry (PXRD).

The crystal structure of the precursor 1D MOCP is a one dimensional framework
containing centrosymmetric Pb-dimers (Pb2Clz) bridged by chloride atoms and further
connected by mono protonated 2,3-pzdc (Hpzcd) forming a 1D ladder-like chain
extended along the b-axis Figure 4.3 (A). In the precursor 1D MOCP structure, the Hpzdc

adopt a simple coordination mode where Pb>* ions are N,O-chelated by the pzdc and the
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other O-donor of the dicarboxylate are monoprotonated, Figure 4.4 (C). (Fendi Y.

Wardana et al., 2015)

The whole 1D structure is composed of repetitions of AA’ chains in which A’ relates
to A by glide plane along the b-axis, Figure 4.5 (A). The chemical environment
surrounding the lead cations comprises N and O-atoms of the ligand, independent chloride
atoms and coordinated O-atom from water molecule completes the coordination sphere,
Figure 4.5 (B), forming a slightly distorted pentagonal pyramid geometry (PbCl2N»0O3)

Figure 4.5 (C). (Fendi Y. Wardana et al., 2015)

Figure 4.2: (A) ladder-like precursor 1D MOCP (B) precursor 1D MOCP viewing along
b-axis, (C) coordination mode of pzdc ligand in the precursor 1D MOCP. Green, blue,
red, purple, brown and white spheres are Pb, N, O, CI, C and H respectively. (Fendi Y.
Wardana et al., 2015)

The presence of monoprotonated dicarboxylic acid with Lewis base O atoms is
confirmed using ATR FT-IR (attenuated total reflectance Fourier-Transform infrared)
spectroscopy. Compared to the free O-H group stretch in MOCP which is normally
observed as a sharp peak at 3600 cm!. (Karagiaridi et al., 2014) The existence of weakly
H-bonded hydroxyl groups as observed in the crystal structure was also confirmed using
IR analysis as relatively sharp peak around 340 and 3550 c¢cm'. The long H-bond

decreases the proton exchange, which resulted in sharp O—H stretch, Figure 4.6.
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(A) (B) (©)

A A

Figure 4.3: The precursor 1D MOCP showing A and A’ related by a glide plane along b-
axis, (A) labelled Pb coordination sphere, (B) and Pb-polyhedra (C) (Fendi Y. Wardana
etal., 2015)

Figure 4.4: ATR-FT-IR spectra of the precursor 1D MOCP displaying sharp peaks of
weakly H-bonded O—H stretch (30004000 cm™). (Fendi Y. Wardana et al., 2015)

The ladder-like chains of the precursor 1D MOCP are packed via extensive hydrogen
bonding between the coordinated water molecules and two carboxylate O (O1 and O2) in
adjacent chain Figure 4.7. The simplified chains can be topologically classified as
uninodal 3-connected net with point symbol of (42.6). However, when the hydrogen bond
was taken in to account is becomes 3,4-connected, 2-nodal net, Figure 4.8. (Fendi Y.

Wardana et al., 2015)
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(A) (B)

Figure 4.5: The precursor 1D MOCP crystal packing (A) showing H-bonding between
1D chains (B). (Fendi Y. Wardana et al., 2015)

Figure 4.6: Topological analysis of the precursor 1D MOCP crystal packing showing
simplified structures (A) simplified ladder like structure uninodal 3-connected net,
without H-bonding, (B) simplified ladder like structure with H-bonding having 2-nodal
3,4-connected nodes; ligands (yellow), water (red) and Pb?* (green). (Fendi Y. Wardana
etal., 2015)

The phase purity of the ground single crystals was ascertained using powdered X-ray
diffraction. The powdered X-ray diffractogram Figure 4.9, revealed the observed patterns

of the bulk precursor 1D MOCP as pure without any extra peaks of polymorphs which

matched well with the simulated pattern from the single crystal data.
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Figure 4.7: Powdered X-ray diffraction pattern of simulated (A) and observed (B). (Fendi
Y. Wardana et al., 2015)

4.3 The dynamics of Pb,Cl:(Hpzdc):(H:0)>, (precursor 1D MOCP)

Since the precursor 1D MOCP has a flexible Pb** ions, presence of labile chloride
bridging and reactive monoprotonated pzdc with a weakly H-bonded OH group, we
purposely exploited the lability and dynamics of the precursor 1D MOCP by soaking in
various solvents at room temperature. These features makes the precursor 1D MOCP
amenable to solvent mediated simultaneous structural transformation and cation
exchange upon simple soaking in aqueous solution. Reported from our lab, (F. Y.
Wardana et al., 2015) it has shown that, upon simple soaking in aqueous solution, the
precursor 1D MOCP can transform simultaneously with cation exchange to another 1D,
[Cu(pzdc)(H20)2]x.2:H>0 or 2D, (Pb(pzdc)(H20)) or 3D, (Pbs(pzdc)3(H>0)), Figure 4.10.
The structural transformation was accompanied by loss of dichloride bridging,
deprotonation of the -OH group and some changes and rearrangements in the coordination
modes of pzdc. For instance while in precursor 1D MOCP, Pb?* ions are N, O-chelated by
pzdc, similar coordination mode was also observed in addition to O,O-chelation, O-
bridging and uncoordinated O-atoms in the 2D MOCP. However, in the 3D, pzdc ligands

adopts several unique coordination modes such as regular and weakly coordinated N,O-
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chelation, monodendate, O, O-chelation, O-bridging, dioxo bridging, uncoordinated N-

atoms Figure 4.4(C) and Figure 4.11. (Fendi Y. Wardana et al., 2015)

1D precursor 1D MOCP 2D

3D

Figure 4.8: The dynamics of the precursor 1D MOCP to 1D, 2D or 3D MOCP. Green,
cyan, purple, red, blue, brown and gray spheres are Pb, Cu, Cl, O, N, C and H respectively.
(Fendi Y. Wardana et al., 2015)

Pb Pb Pb

Figure 4.9: pzdc coordination modes observed in 3D MOCP, (a) pentadentate, (b)
heptadentate and (c) nonadentate. The dashed line indicates a weak coordination bond.

4.4 The chemistry and structural description 3D MOCP, Pbs(pzdc);(H:0)
When the precursor 1D MOCP was soaked in an aqueous solution at room

temperature, the colorless block crystals of the precursor 1D MOCP starts to lose

transparency within 5 minutes and new plate-like crystals started to sprout on the surface

of the precursor 1D MOCP visible with 10 minutes and continue to grow reaching
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completion within 24 hours. (Fendi Y. Wardana et al., 2015) Examining the new plate
crystals using X-ray diffraction, it was confirmed that the precursor 1D MOCP underwent
a complete structural transformation from 1D structure to 3D structure with a molecular
formula Pbs(pzdc);(H>0). The loss transparency of precursor 1D MOCP upon soaking in
aqueous solution and the subsequent growth of new crystals on the surface of the
precursor 1D MOCRP is a typical of dissolution recrystallization mechanism (X. Cui et al.,
2009; X. J. Cui et al., 2009; C. Y. Xu et al., 2011) which is also confirmed by in situ
visual observation using optical polarizing microscope and morphological electronic
image by FESEM, Figure 4.12. Although the structural transformation was fast, it yields

relatively good crystals suitable for single crystal X-ray diffraction in some cases.

The single crystal refinement of the 3D MOCP structure revealed that, the structure is
made of trinuclear independent Pb>* atoms, three pzdc and one coordinated H>O per unit
formula [Pbs(pzdc)s;(H>0)]. (Fendi Y. Wardana et al., 2015) The 3 Pb*" atoms are
crystallographically occupying unique sites each with different CN and CE. These three
independent sites are further linked by O-atoms from the carboxylate ligands to form an
infinite rod like SBUs which are further connected to three periodic structure, Figure 4.13.
Pb(1) sites are 6-coordinated, distorted octahedron with one of the axis occupied by an
active lone pair of electrons giving an asymmetric distribution of the coordinated ligands,

the so-called hemi-directed distribution of ligands.

The coordination sphere Pb(1) site is surrounded by two N-atoms, three O-atoms from
pzdc® and one O-atom from coordinated H>O completing the coordination sphere.
Whereas the Pb(2) site, is 7-coordinated with somewhat distorted monocapped trigonal
prism bounded by two N-atoms and five O-atoms all from the pzdc?® ligands. Pb(2) also
exhibits a hemi-directed geometry with an detectable gap in the coordination sphere. Such

is reflected in relatively large bond angle of 146.9° between O8—Pb(2)-09 compared to
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other O—Pb(2)-0O bond angles. Pb(3) site, on the other hand, is 9-coordinated tricapped
trigonal prism with nine O-atoms surrounding the coordination sphere, all from the pzdc*
ligands, Figure 4.14 (A). Pb(3) site exhibited a holo-directed coordination sphere evident

by the uniform distribution of the ligands around the sphere.

fresh precursor 1D MOCP  after 15 minutes

after 30 minutes after 3 hours

SEM image after transformation to 3D

Figure 4.10: Microscopic images of the precursor 1D MOCP transformation to 3D
MOCP after soaking in a typical solvent and the SEM morphology image after
completion.

As such, pzdc adopt variety of coordination modes including monodentate, O,O-
chelation, N, O-chelation, O-bridging, and presence of an uncoordinated N-atoms, Figure
4.11. The Pb(3) are edge-sharing polyhedrons with a dioxo-bridging, same bridging also
exists between Pb(3) and Pb(2) polyhedrons. However, this dioxo-bridging does not exist

between Pb(3) and Pb(1) polyhedrons, making it corner sharing, Figure 4.14 (B).
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structure.

(A)

Pb(3)

©

Pb(1) Pb(3)
Figure 4.12: 3D MOCP showing CE and CN (A), edge and corner sharing between Pb(3)

and Pb(2) and P(1) respectively (B) and geometrical polyhedra of Pb(1), Pb(2) and Pb(3).
(Fendi Y. Wardana et al., 2015)

Topological analysis of the 3D MOCP, shows that the simplified structure has a 6-
nodal network with 3,4,4,5,5,5-connected net with a stoichiometry of (3-c)(4-c)(4-c)(5-
¢) (5-¢) (5-¢), having a new topological structure. The Pb(1) sites are 4-connected node,

while Pb(2) and Pb(3) are 5-connected nodes each in the simplified structure, Figure 4.15.
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(A) Pb(2) ®)

/ Pb(3)
Ab(l)

Figure 4.13: simplified 3D structure with 6-nodal network showing 4,5,5 connected
nodes for Pb(1), Pb(2) and Pb(3) respectively (A) and the rod-like packing (B).

The PXRD pattern of the bulk 3D crystals matched exactly the simulated patterns from
the single crystal diffractometry, without any additional polymorph, confirming the purity
and the crystallinity of the bulk 3D MOCP crystals, Figure 4.16. (Fendi Y. Wardana et

al., 2015)

—— Observed 3D-MOCP
—— Simulated 3D MOCP
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Figure 4.14: Powder X-ray diffraction patterns of 3D MOCP (A) observed and (B) the
simulated patterns
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4.5 Solid solution in 3D MOCP, Pbs(pzdc)s(H20) via dissolution-exchange-
recrystallization accompanied by simultaneous structural transformation.

The distinct crystallographic sites, each with different CN and CE in 3D MOCP,
inspire our interest to judiciously conduct solid solution with variety of cations. Since
cations of different sizes and chemistry has dissimilar preference for CN and CE, and
based on this notion, different cations can be directed to dope into different locations
based on their preferences under suitable synthesis conditions. Remarkably, Pb?" ions in
the MOCP underwent substitutions with aliovalent cations including mono and tri-valent
cations and also with other transition metals. Multiple doping including double and triple
doping was also successfully conducted, guided by the principle of HSAB, different
percentage dopants amounts were synthesized all via the solvent mediated structural

transformation and cation exchange.

4.5.1 Doping Lanthanides into the 3D MOCP, Pbs(pzdc);(H:0).

Doping Ln into a preformed MOCPs typically endows them with intense and tunable
luminescence emissions, large stokes shift, and long-lived emissions (Y. Cui, Y. Yue, et
al., 2012; Z. Hu et al., 2014). MOCPs doped with Ln are of particular importance owing
to their potential applications for solid state lighting or optical sensing luminescence
materials (Y. Lu & Yan, 2014; X.-Y. Xu & Yan, 2015; Y. Zhou et al., 2014). Single-
phase but multi-coloured emitting materials are also of great importance due to their
potentials for security and display applications. (R. An et al., 2016; Z.-F. Liu et al., 2013;
Q.-Y. Yang et al.,, 2015) Usually, multi-coloured emitting materials are made by
incorporating Ln into the framework to form heterometallic structures which may
undergo single excitation to attain dual or multiple color emission. Lanthanides are f-
block cations which has a relatively large ionic radii, reasonably flexible, in terms of CN
and CE. (Marques et al., 2002) Due to the large size and predominant ionic bonding, the

steric saturation is a critical factor in controlling the geometry, CN and the chemistry of
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their complexes. Their large ionic radius endows them with flexibility to adopt several

CE and CN.

Knowing the fact that Ln** are oxophilic (Kepp, 2016; Steed & Atwood, 2009) and
Pb(3) site is surrounded by oxygen atoms, soaking the precursor 1D MOCP into Ln** (La,
Eu, Gd, Tb, Sm, or Er) aqueous solution, using 1:2 mole ratio Ln:1D-MOCP for 3 days,
resulted in the mixed valent substituted Ln**/Pb 3D MOCP. As usual, the precursor 1D
MOCP starts to loss its transparency within the first 10 minutes of soaking with
appearance of new crystals on the surface of the precursor 1D MOCP. Analysis of the
single crystal data of the exchanged product (Ln**-doped MOCP) revealed that, the Ln**
went into Pb(3) oxophilic sites as expected, in addition to Pb(1) sites. Remarkably, we
found that Pb?" in Pb(2) sites were exchanged more by Ln*". Although all the three Pb
sites accommodate Ln, Figure 4.17, Pb(2) sites with CN 7, comprising O and N-donor
atoms are more preferred by Ln. This preference can be attributed to the high CN
preference for Ln3", although Pb(3) is surrounded by all O-donor atoms and CN 9, albeit
high number of connectivity (CN) might be slightly more difficult to break and exchange,
extra energy might be needed to overcome the M—L dissociation energy. On the other
hand, Pb(1) sites are having relatively low CN, hence Pb(2) sites with CN 7 would be
more preferred. The result of substitutions at all Pb*" sites was however expected, due to
the Ln3" flexibilities in terms of CN and CE, examples of Ln-based compounds with 6, 7,

and 9 CNs are available. (Bunzli, 2014; Einkauf et al., 2017; Karraker, 1967)
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Figure 4.15: Ln** exchange site preference in 3D MOCP, more preference at Pb(2) sites

Since an aliovalent cations were used for the substitution of divalent Pb*" cation
vacancy was refined in these cases to obtain charge balances due to absence of any extra
electron density to be considered as the counter ions during the refinement. Therefore,
each Ln exchanged compound featured cation vacancy (Vac) giving a total formula of
Pb2.93L.a0.05Vaco.o2(pzdce)3;(H20)o.60, Pb2.76Eu0.16Vaco.os(pzdc)3:(H20)o.56,
Pb2.73Gdo.18Vaco.oo(pzdc)3:(H20)o 5, Pb2.73Tbo.18Vaco.oo(pzdc)3:(H20)o.60, and
Pb2.76Er0.16Vaco.os (pzdc)s(H20)o.s9, respectively for La**, Eu**, Gd**, Tb**, and Er**. The
structural integrity, purity and crystallinity was confirmed using PXRD measurement
Figure 4.18, in which the observed patterns and the simulated patterns agrees well.
Presence of Ln*" is further confirmed by SEM-EDS and ICP-OES analysis, with Eu’",
Gd*", Sm*", and Tb*" exchanging 6 atomic (at.) % each, while Er’** exchanged 5 at.% and

La*" exchanged only about 2 at.%, Table 4.1.
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Figure 4.16: Powder X-ray diffraction patterns of La*", Eu**, Gd**, Tb**, and Er*" doped
MOCPs vs the simulated patterns.

The XPS spectra of the representative Ln** (Eu*") was used to investigate the oxidation
state and the chemical environment of Eu®". The analysis indicates that, the splitting of
the binding energy of 4f orbitals, 143.3 (4/52) and 138.4 (4f72) €V in Pb*" is consistent
with the oxidation state of +2 (A. Y. Lee et al., 2002). Whereas, the splitting of 3d orbitals
for Eu are attributed to the strong spin-orbit coupling and the binding energy of 1135.2
(3d312) corresponds to Eu in Eu’*/Pb**, which is also consistent with +3 oxidation state,

Figure 4.19.

Eu in Eu*/Pb

1140 1130 1120
Binding energy (eV) Binding energy (eV)
Figure 4.17: XPS spectra of Pb** and Eu** in Eu**-doped Pb-MOCP
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Table 4.1: SEM-EDS dopant amounts in 3D MOCP

Dopant Amount (atomic %)
La’* 2.0
Eu? 6.0
Gd** 6.0
Tb* 6.0
Er’* 5.0
Sm** 6.0

4.5.1.1 Tuning the Ln*" doped amounts in 3D MOCP
The low amount of cation exchange in aqueous solution is however expected since hard
Lewis acid (Ln*") salts were dissolved in hard Lewis base solvent (H.O) and based on the
HSAB principle, there is a strong preference for hard-hard or soft-soft to interact and bind
well with each other. Hence, Ln*" ions were strongly solvated by H,O forming strong M—
solvent bonds and preventing it from substituting Pb*" in the framework. To vary the Ln*
amounts in the 3D MOCP, series of experiments were conducted under the guidance of
HSAB principle by systematically exploring the effect of different synthetic conditions
such as mole ratio, pH, temperature or the reaction time.
(a) Effects of solvents
In this regard, different solvents of different solvation effects (e.g. DMF, DMSO, THF,
dioxane, ethanol, methanol, acetone, pyridine, etc.) were explored. For example when
DMSO or pyridine was used, the precursor 1D MOCP slowly dissolved without growth
of new crystal even after 1 month, which could be attributed to the high solvation power
of DMSO or pyridine and also the solubility of pzdc ligand in these solvents. Whereas,
when DMF was used, the transformation was extremely slow, with no visible sign of
dissolution-recrystallization process. Similarly, when THF or dioxane is used the
transformation is also slowed. In MeOH or EtOH the transformation was very fast,
typically less than 2 hours, but impurities in form of other crystalline phases were

identified in the PXRD pattern Figure 4.20. Generally, in this case, we can infer that,
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transformation of the precursor 1D MOCP to 3D MOCP is favoured in protic solvents
and the kinetics is either slowed down or favoured the formation of other crystal phases

in aprotic solvents.

—— In MeOH solution

—— Simulated 3D-MOCP
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Figure 4.18: PXRD patterns of 3D MOCP soaked in MeOH solution of Tb** salt (A) and
the simulated 3D MOCP (B).

(b) Effects of pH and concentration

The effect of pH change was also explored, for instance when 1 drop of conc. HCI was
added in to an aqueous solution containing Ln", the pH of the solution drops to 1 from
around 6. At this pH, there is no visible transformation or change in morphology of the
precursor 1D MOCP even after a long duration. This is connected to the fact that, at lower
pH the deprotonation free hydroxyl groups are suppressed and the presence of the chloride
ions may also suppressed the breakage of the chloride bridging which are integral to the
structural transformation of the precursor 1D MOCP. The PXRD confirmed the precursor

1D MOCP remains intact Figure 4.21. The lower pH may suppresses the deprotonation
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of the monoprotonated pzdc and the breakage of the chloride bridging which are the basic
features that makes the precursor 1D MOCP amenable to transformation. Remarkably,
adding 1 drop of diluted (2M) HCI, the transformation proceeded albeit slow pace,
allowing the growth of good quality 3D MOCP single crystals but without an increase in
the dopant amount. The effect of the addition of diluted HCI (H2SO4, acetic acid, same
effect) can be regarded as modulator approach in which an acid of only one coordination
site is added to compete with the linker/ligands for coordination with metal cation which
slows down the rate of nucleation and allow the growth of big crystals especially for high
valent cations and carboxylate linkers (Diring et al., 2010; Tsuruoka et al., 2009; Shuai

Yuan et al., 2018).
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Figure 4.19: PXRD patterns of simulated precursor 1D MOCP (A), and the precursor 1D
MOCP soaked in aqueous solution at pH =1 (B).

On the other hand, when the pH was raised to above 7, the transformation proceeded
at a very fast pace, in some cases completing the transformation in less than 30 minutes.
Although the PXRD is pure, however the dopant amount has not improve. Increasing the

mole ratio of exogenous cation to the precursor 1D MOCP from 1:1 up to 8:1 also does

not show any significant increase in the dopant amount.
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(c) Solvent mixture

Since pH and concentration has no direct effect on increasing the dopants, mixture of
solvent was then explored to manipulate the transformation as well as the exchange. The
aim is to have a combination of solvents that can allow transformation of the precursor
1D MOCP to 3D MOCP and a weak interaction with the exogenous cations to allow
simultaneous solvent mediated structural transformation and cation exchange. For
example, mixture of 1:1 ratio H>O/Dioxane or H-O/DMF or DMF/dioxane or HO/MeOH
or HoO/EtOH does not improve the dopant amounts significantly, but the kinetics of the
transformation is slowed especially for H-O/DMF.

Since in protic solvents the transformation is fast and slowed in aprotic solvents, and
mixing the protic and aprotic solvents does not improve significantly. Triple mixture of
solvents was further explored. After several combinations of solvents of different
solvation capabilities, a mixture of three solvents, H>O/Dioxane/DMF at 3:2:2 v/v ratio
was found to improve the dopant amounts. Using the mixture of HoO/Dioxane/DMF at
3:2:2 increases the exchange from typical 6 at. % to about 15 at. % for Eu**, Er** or Tb3".
The crystallinity and the phase purity remains intact based on the PXRD analysis of the
observed against the simulated patterns, Figure 4.22. Although there is an improvement
from 6 to about 15 at. %, other synthesis conditions must be explored to increase the %
Ln3" since they can exchange at all the 3 Pb?* sites, 100 % exchange of Pb?* is the target.
(d) Use of modulator ligand

Since the cation exchange and the structural transformation process in this material is
concurrent and simultaneous, addition of a modulator ligand that can interact strongly
with Pb?" ions in the framework during the transformation and weakly with the exogenous
ions can enable the exogenous cations to exchange Pb?" ions during the transformation.
According to the principle of HSAB, Pb?* is a borderline Lewis acid, addition of a

borderline Lewis base with one coordination site can act as modulator ligand that can
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preferentially interact with Pb?* by deactivating and suppressing it from going back to the

framework.
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Figure 4.20: PXRD patterns of simulated 3D MOCP (A), and 15 wt. % Eu*"-doped (B),

Er**-doped (C) and Tb**-doped (D).

Several borderline and soft Lewis bases such as Piperazine, pyridine, pyradazine,
imidazole, ethylenediamine, or diethylamine were explored. Pyridine was found to be the
most suitable modulator ligand, addition of two drops of pyridine increases the dopant
amount while maintaining the integrity of the 3D structures with no additional peaks in
the PXRD after the transformation. However, addition of more than 2 drops rises the pH
and increases the transformation kinetics, so fast that no Ln** was able to dope into the
3D MOCTP structure. Addition of excess pyridine dissolves the precursor 1D MOCP and
no 3D structure form, hence 2 drop is the optimum amount. Addition of 2 drops of
pyridine, in a three solvent mixture H>O/Dioxane/DMF, 3:2:2 v/v ratio solution of Er’*,
Eu’" or Tb" for instance, remarkably increases the dopant amounts to approximately 35
at. %. Based on the principle of HSAB, Pb*" and pyridine are borderline acid and base
respectively. As such, there will be a preferential interaction between Pb?>* and pyridine
and such interaction is very less between a hard Ln*" ions and pyridine. Hence this will

cause more borderline Pb?" to be pulled into the solvents aided by the presence the
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borderline pyridine and allowed more Ln?" ions to be doped into the structure. PXRD

patterns indicates the phase purity and the crystallinity of the exchanged products, Figure

4.23.
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Figure 4.21: PXRD patterns of simulated 3D MOCP (A), and 35 wt. % Eu*"-doped (B),
35 wt. % Er**-doped (C) and 35 wt. % Tb**-doped (D).
(e) The effect of temperature

To push the limit further, as we envisage to have 100 % Pb*" exchange and higher Ln**
dopant to tune the photoluminescence emissions, effect of temperature was then explored.
Enclosing a three solvent mixture H>O/Dioxane/DMF, 3:2:2 v/v ratio solution of Eu*",
Er** or Tb3" in a preheated teflon liner and stainless steel autoclave at 60 or 90 °C for 1—
5 days, increases the dopant amounts up to 80 wt. %, maintaining the crystallinity and
phase purity, Table 2. However, in the case of Tb**, increasing the temperature above 60
°C or increasing the reaction time to more than 24 hours led to loss of crystallinity with

weak and less sharp PXRD pattern, Figure 4.24 (II). While Er** and Eu** dopants can be

increased up to 99 wt. % at 90 °C for 5 days Figure 4.24 (B) and (C).
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Figure 4.22: (I) PXRD patterns of simulated 3D MOCP (A), and 99 wt. % Eu**-doped
(B), 99 wt. % Er**-doped (C) and (II) PXRD patterns of simulated 3D MOCP (A),
collapse Tb**-doped (B).

Table 4.2: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of dopant in Ln**
doped Pb?>" MOCPs.

Synthesis condition Dopants Amount (at. or wt. %)
H,O/Dioxane/DMF, 3 d. Eu**, Tb*" or Er’* 15.0%*
H>O/Dioxane/DMF, 2 drops pyridine, 3 d. Eu**, Tb*" or Er** 35.0
H>O/Dioxane/DMEF, 2 drops pyridine @60 °C, Eu’*', Tb*" or Er** 80.0
1d.

H>O/Dioxane/DMF, 2 drops pyridine @90 °C, Eu**, Tb*" or Er’** 99.0
5d.

Although only the single crystals of 3D MOCP containing about 6 wt. % of La**, Eu®*,
Gd**, Tb*, or Er** was solved using SCXRD, increasing the dopant amount in the 3D
MOCP is expected to be distributed in all the 3 Pb-sites with more preference to Pb(2)
sites for exchange amounts 35 at. % and below, however above that threshold, the
preference may not be important. Such results give a general formula of Pbs.
3xLnaxVacx(pzdc)3(H20) in which x = 0.08, 0.52, and 1.2 for 6, 35, and 80 wt.% of Ln
(Er**, Eu** or Tb*"), respectively. Note that only 6 wt.% doped samples have been
confirmed their cation vacancy (Vac) stoichiometry as refined crystallographically as

crystalline powder are mostly obtained for other samples with higher at.%. Scheme 1
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provides a summary of the transformations and tuning the dopant amounts under different

synthesis conditions.

Scheme 1: Summary of Ln*" incorporation in to 3D MOCP using the precursor 1D
MOCP under various synthesis conditions.

(f) Peaks shifts and Vegard’s law analysis

Besides indicating phase purity and structural integrity, the 3 hour long scan PXRD
patterns of the Ln*" (Eu*" and Tb*"), showcases the expected peak shifts to the higher 20
as dopant amount increases due to relatively smaller size of Eu** or Tb** to that of Pb?",
Figure 4.25. Rietveld analysis of the PXRD data further shows a linear decrease in lattice

parameter a, with an increase in Eu** or Tb** which obeys the Vegard’s law Figure 4.26.
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Figure 4.23: PXRD patterns of: (A) Eu’*-doped 3D MOCP with 6, 35 and 80 wt. % of
Eu**, and (B) Th**-doped 3D MOCP with 6, 35 and 80 wt. % of Tb>". Insets show zoom-
in patterns of small peak shifting at (-202).
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Figure 4.24: Rietveld refinements of powder X-ray diffraction data, showing decreasing
lattice parameter, a (A) with incorporation of smaller Eu** or Tb*".

(g) Photoluminescence evaluation

Based on the Laporte selection rule, the low absorption and the forbidden nature of the
f~f transitions are inherent property of most Ln*" ions which make them less efficient light
energy absorbers. (Steemers et al., 1995) To overcome the poor light absorption, Ln** are
typically introduced into a system with suitable organic chromophore that can efficiently

absorb energy and transfer to the Ln*" ions, the so-called antennae effect.
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A photoluminescence evaluation was conducted on Ln** substituted 3D Pb MOCP,
namely Eu’*-doped 3D MOCP, Th**-doped 3D MOCP, and Eu**/Zn*"-doped 3D MOCP.
The solid state photoluminescence analysis shows that only about ~6 wt.% of Eu*" or
Tb** doping, was enough to tune its photoluminescence emissions from weak greenish
yellow emission of the pristine 3D MOCP with CIE coordinate of (0.38, 0.58), to bright
yellowish red (Eu’*-doped 3D MOCP) with corresponding CIE coordinate of (0.35,
0.37); while adding extra dopant, Zn?*, to make Eu*"/Zn**-doped 3D MOCP leads to
yellowish orange luminescence color with CIE coordinate of (0.36, 0.42). Whereas, bright
greenish yellow was observed for 7H°*/Pb with CIE coordinate of (0.38, 0.48), Figure
4.27. Such results suggest a good antennae effect, especially in the case of Eu’*-doped

3D MOCP, where typical Eu*" f-f transitions were observed. (Y. J. Cui et al., 2012)
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Figure 4.25: Photoluminescence (emission) spectra, (A), and CIE coordinates, (B), of
pristine 3D MOCP, Th**-doped 3D MOCP, Eu’*/Zn**-doped 3D MOCP, and Eu**-doped
3D MOCP, excited at 473 nm. Insets are their corresponding digital images under 365
nm UV lamp.
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Interestingly, the PL character of pristine 3D MOCP, a broad emission peaked at
greenish yellow region, is sustained within the background, making this compound as a
dual color luminescence under single-excitation wavelength (473 nm). However, this may
indicate the absorbed energy by the organic ligands was only partly transferred to the Eu®*
or Tb3".

The efficiency of the energy transfer was improved, thus better antennae effect, when
the excitation wavelength was increased to 350 nm, the broad peak of the pristine 3D
MOCEP disappeared indicating a more efficient energy transfer within the framework. In
this case, only the characteristic peaks of Eu*" f-f transitions (*Do— ’F j, j = 0-4) and that
of Tb*" (°Ds — Fj, j = 3-6) were observed, Figures 4.28, respectively. Observation of
LMCT, as indicated by blue-shifting of the ligand’s 260 nm band in Eu**-doped 3D
MOCP and Tb**-doped 3D MOCP in solid state UV-Vis absorption Figures 4.29 support

the observed antennae effect.
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Figure 4.26: Solid-state photoluminescence (emission) spectra showing typical f-f
transitions of Eu’"-doped MOCP (A) and Th**-doped MOCP (B)
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Figure 4.27: UV-Vis spectra of ligand (pzdc), Pristine 3D Pb and Eu**-doped 3D MOCP
(A) and Th**-doped 3D MOCP (B).

A decrease of PL intensity is typically observed in materials doped with 10-20 % Ln**
dopants, hindering the solid state lighting efficiency. (Biinzli, 2014; Ritter et al., 2017)
There are reports, however, that show an increase in PL intensity at higher dopant amount
(>20%) which depends on synthesis pathway adopted that can leads to the absence of
dopant cluster formation, i.e. homogeneous dopant distribution, which reduces PL
quenching that occurs due to cross relaxation. (Biinzli, 2014; Ritter et al., 2017)

To enhance the PL efficiency, solid state PL emission was further investigated, the PL
emission of as synthesized, 6, 35, and 80 wt. % of Eu** or Tb*" doped MOCPs, were
successfully engineered using the aforementioned synthetic conditions. When excited at
350 nm, both Eu** and Tb** doped compounds show only their expected characteristic /-

f transition peaks. Eu*" doped compounds show a remarkable increase in PL intensity
when the dopant amount increases, Figure 4.30 (A), which may suggest the lack of Eu**
clusters formation that can trigger cross relaxation resulting in PL quenching. (Biinzli,
2014; Ritter et al., 2017) Figure 4.30 (B) is the CIE chromaticity diagram and Figure 4.30
(C) is the corresponding digital image of the Eu*" doped with 6, 35 and 80 wt. % under

365nm UV lamp.
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Figure 4.28: Solid-state photoluminescence (emission) spectra of Eu’*-doped MOCP
with 6, 35 and 80 wt.% of Eu®" (A), the CIE chromaticity diagram (B) and the digital
image of the Eu*" doped with 6, 35 and 80 wt. % under 365nm UV lamp (C).

The fact that partial cation substitutions in this system occurred onto three
crystallographically distinct Pb?" sites, they are however well separated by the ligand,
which may support the argument that such cluster formation of dopants may diminished
or at least be minimized. However, in the case of Tb**, while displaying typical Tb**
characteristic peaks, the peak intensity decreases as the dopant amount increases, Figure
4.31 (A), interestingly, without total PL quenching. Figure 4.31 (B and C) are the
corresponding CIE chromaticity diagram and digital image of the Tb** doped with 6, 35
and 80 wt. % under 365nm UV lamp. This supports the argument above that the dopant
cluster formation, in the case of Tb**, may well be minimized, hence total PL quenching

1s not observed.
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Figure 4.29: Solid-state photoluminescence (emission) spectra of 7h 3*-doped MOCP
with 6, 35 and 80 wt.% of Tb*" (A), the CIE chromaticity diagram (B) and digital image
of the Tb** doped with 6, 35 and 80 wt. % under 365nm UV lamp (C).

(h) Conductivity measurement

Preliminary electrochemical impedance spectroscopy was carried out on 7h3"or Eu’*-
doped MOCPs at 25 °C to monitor the effect of Ln** substitutions. Two copper disc probe,
room temperature AC impedance spectroscopy was used to analysed the electrical
conductance using isostatically bulk powder pressed pellets (1.8 ton and 13 mm diameter)
using 0 V DC and 250 mV AC bias with frequency range 1 Hz to 1 MHz. The conductivity
values were obtained from the Nyquist plots of the corresponding doped 3D MOCP which
present the impedance response and the fit. The pristine 3D MOCP was found to have a
resistance (R) of 1.1689 x10° Q and the corresponding conductivity (c) of 9.03x10”

S/cm. For 35 wt. % Eu’*-doped MOCP however, the impedance response at 25 °C, based
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on the Nyquist plot using semicircle fit a resistance of 5.0615x10° Q was obtained and
the corresponding conductivity (o) of 2.34x10° S/cm which is about 10000 fold
improvement from the pristine material. This is despite the numerous grain boundaries,

small particle size, and electrode contact resistance associated with measurement.

However, for higher dopant amounts (80 or 99 wt.%) reduction in the conductivity
was observed, with 80 wt. % doped having a conductance of 4.267x107 S/cm, at 25 °C.
Similar conductivities was also observed for 7h°*-doped MOCP, but with lower
conductivity values. For 35 wt. % Th3*-doped MOCP was found to have a conductivity
(o) of 1.08 x 10”7 S/cm, with conductance getting lower with increase in dopant amounts.
In each case making the doped materials to behave as semiconductors. This improvement
in conductivity can be connected to the presence of small cation vacancies that can allow
the hoping charge transport typical for coordination polymers. High sensitive and variable
temperature set up is however required to further analyze, evaluate and confirm the

conductivity as a function of dopant amounts and temperature.

4.5.1.2 Multiple and mixed valence Ln*" doped 3D MOCP

Multivariate materials especially those comprising more than one type of cation or
ligand in the structure offered enhanced properties and exceptional applications. (Botas
etal., 2011; Brozek & Dinca, 2013; H. Deng et al., 2010; Kong et al., 2013; Lisa J] Wang
et al., 2014) Devising methods for the design of multivariable MOCPs is very paramount
to introducing heterogeneity in ordered materials leading to a higher degree of
functionalities. It has been very challenging to introduce multiple building blocks without
altering the integrity of the original structure. (Helal et al., 2017) It has also been a
formidable task to design multi-cation MOCPs especially the 3d-4f multi-cation due to
competitive reaction between 3d and 4f cations coordination or geometrical preferences

and due to low stereochemical preference and variable or versatile CNs. However, an
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MOCP featuring multiple cation centers with varying CN and CE can provide an
opportunity to direct different cations into different sites. In this regard, multi-cation,
multivariate 3D MOCP was envisaged and successfully engineered. Multiple doping with
two or more different Ln** and also incorporating 3d-4f mixed orbitals with TMs and Ln**

were prepared.

(a) Double doping with Ln** in 3D MOCP

Soaking the precursor 1D MOCP for 3 days in aqueous solution of Eu*"/Tb*" or
Eu*"/Gd** or Eu**/Er** 1:1:1 1D MOCP/Eu*"/Ln** mole ratio, multiple and mixed valent
MOCPs were obtained containing varying amounts. For instance, Tb** was found to
exchange about 5 wt. % while Eu** exchange about 2 wt. % in aqueous solution, relatively
similar exchange behavior was observed with other double dopants, Table 4.3, Figure
4.32. Changing the solvent to mixture of H>O/Dioxane/DMF 3:2:2 ratio v/v with addition
of 2 drops of pyridine and heated at 90 °C for 1 day, increases the dopants amounts, Tb**
exchanging up to 45 wt. % and Eu** exchanging up to 18 wt. %, similar exchange
behavior was also observed for other double dopants Ln3*, Table 4.3. Such an increase is
expected because hard Ln*" ions is expected to interact less with the selected solvent
mixture than with hard aqueous solution, on the other hand the framework’s borderline
Pb?" is expected to interact more favorably with the solvent mixture than with hard O-
donor environment of the framework paving way for the Ln*" to exchange more Pb*".
The increase in temperature helps to overcome the bond dissociation energy between the
Pb?* and the O or N-donor atoms of the pzdc ligands. The PXRD indicates that all the
exchanged products are crystalline and pure without any phase separation, Figure 4.33,

Scheme 2.
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Table 4.3: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of double doped Ln**

3D MOCPs.

Synthesis condition Dopants Amount (at. or wt. %)
H-O, 3 days, room temp. (r.t) Eu*"/Tb* 2.0/5.0
Eu*"/Gd** 3.0/6.0
Eu**/Er¥* 2.0/7.0
H>O/Dioxane/DMF, pyridine, @90 °C. Eu*/Tb** 18.0/45.0
Eu’"/Gd** 22.0/30.0
Eu**/Er¥* 18.0/47.0
e (D)
=
c
5 |
2 —kLJud_j (C)
&
2
c —'LL_MJ ®
[
whd
£
Ly @
10 20 30 40 50

2 theta (dearee)

Figure 4.30: PXRD patterns of (A) simulated 3D MOCP, (B) Eu**/Tb*" doped, (C)
Eu’"/Gd** doped, (D) Eu**/Er** doped 3D MOCPs in aqueous solution.
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Figure 4.31: PXRD patterns of (A) simulated 3D MOCP, (B) Eu**/Tb*" doped, (C)
Eu*"/Gd** doped, (D) Eu**/Er** doped 3D MOCPs in H,O/DMF/dioxane solution with 2

drops of pyridine heated at 90 °C for 1 day.
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Scheme 2: Summary of multiple and mixed valent Ln*" incorporated in to the 3D MOCPs
under different optimized conditions, using the precursor 1D MOCP.

(b) Double doping with Zn**/Ln*" in 3D MOCP

Doping with 3d-TMs and 4f-Ln*" ions such as Zn>" with Eu** or Tb** or Gd** was
also carried out by exploring different synthesis conditions. However, based on the SEM-
EDX results, Zn>* was found to substitutes more Pb?" than Ln>" in all cases. For instance
in aqueous solution as anticipated, while hard Eu*" was only able to exchange about 1 at.
% of borderline Pb?*, Zn?>* which is a borderline acid was able to exchange up to 4 at. %,
giving a general formula of Pb2saZno.12Eu0.02Vaco.o2(pzde)3(H20)o047. SEM-EDX
mapping shows a very uniform distribution of both Eu** and Zn?" in Eu**/Zn**-doped 3D
MOCP, Figure 4.34. Similar exchange pattern was observed doping the 3D MOCP with
other Zn?**/Ln3*, Table 4.4. The phase purity and crystallinity was confirmed by PXRD

analysis, Figure 4.35, Scheme 2.
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Figure 4.33: PXRD patterns of (A) simulated 3D MOCP, (B) Tb*"/Zn** doped, (C)
Eu*"/Zn** doped, (D) Gd**/Zn*" doped 3D MOCPs in aqueous solution.

Further, changing the solvent from H>O to mixture of H.O/Dioxane/DMF 3:2:2 ratio
v/v for 3 days, as expected increases the amounts of Eu*" doped into 3D MOCP to 12 wt.
% while Zn?>* amount increases to 20 at. %. On heating at 90 °C for 1 day, the amount of
Zn*" increases further to about 35 at. % while that of Eu** remains about 12 wt. %. Similar
exchange behaviour was observed for other Ln*" mixed valent with Zn?*, Table 4.4,

scheme 3.
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Scheme 3: Summary of mixed valent doping with Ln** and Zn?* in the 3D MOCP using
the 1D precursor MOCP under different conditions.

Table 4.4: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of double and mixed
valent Zn?"/Ln** doped 3D MOCPs.

Synthesis condition Dopants Amount (at. or wt. %)

Zn**/Bu** 4.0/1.0

H-0, 3 days, room temp. (r.t) Zn*t/Tb3* 5.0/3.0
Zn**/Gd** 4.0/1.0
Zn**/EBu** 20.0/12.0

H>O/Dioxane/DMF, 3 days, r.t Zn2t/Th3" 19.0/18.0
Zn*"/Gd* 20.0/16.0
Zn**/EBu** 35.0/12.0

H>O/Dioxane/DMF, pyridine, Zn*"/Tb** 28.0/25.0

@90 °C, 1 day Zn*t/Gd** 34.0/17.0

(¢) Multiple doping with Ln**

Multiple Ln*" were successfully incorporated into the 3D MOCP in a mixture of
solvents with addition of 2 drops of pyridine. Soaking the precursor 1D MOCP in a
mixture of H,O/dioxane/DMF containing 1:1:1 mole ratio of Tb*/Eu*/Gd*" or
Sm**/Gd*/Tb*" or Gd**/Tb**/Er** and 2 drops of pyridine, for 3 days afforded multiple
Ln*"-doped 3D MOCP. FESEM-EDS analysis of Tb*/Eu**/Gd*"-doped MOCP was

found to contain 15, 18 and 12 wt. % of Tb*", Eu** and Gd*" respectively. Whereas,
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Sm**/Gd*/Tb**-doped MOCP contains 18, 10 and 20 wt. % for Sm**, Gd*" and Tb**
respectively. For Gd**/Tb3"/Er**-doped MOCP the dopant amounts are 18, 18 and 30 wt.
% for Gd**, Tb** and Er*" respectively, Table 4.5. More than 45 wt. % of Pb?>" combined
was exchange in each case by 3 Ln** dopants in each case, this can be attributed to the
solvent and modulator effects. The solvent combination used may not favorably solvate
hard Ln** and the addition of borderline modulator ligand (pyridine) is expected to further
interacts favorably with borderline Pb?>* and deactivate it, paving a way for more Ln** to
be incorporated. Since combination of Gd**, Tb*" and Er*" was found to exchange more
Pb?*, same synthesis conditions but heated solvothermally at 90 °C for 1 day afforded,
Gd**/Tb**/Er**-doped 3D MOCP containing 22, 27 and 41 wt. % of Gd**, Tb’" and Er**
respectively, Table 4.5. The increase in temperature to 90 °C aids to overcomes the bond
dissociation energies and increases the dopants with combined doped amounts of 90 wt.
%. The PXRD indicates that all the exchanged products are pure without any phase

separation, Figure 4.36, Scheme 2.
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Figure 4.34: PXRD patterns of (A) simulated 3D MOCP, (B) Tb**/Eu**/Gd** doped, (C)
Sm**/Gd*/Tb*" doped, (D) Gd**/ Tb**/Er** doped 3D MOCPs in H,O/DMF/dioxane,
(E) Gd**/ Tb**/Er** doped 3D MOCPs in H,O/DMF/dioxane at 90 °C for 1 day.
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Table 4.5: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of multiple Ln** doped
3D MOCPs.

Synthesis condition Dopants Amount (at. or wt. %)
H>O/Dioxane/DMEF, pyridine, 3 days, Tb3*/Eu*/Gd** 15.0/18.0/12.0
r.t Sm**/Gd**/Tb* 18.0/10.0/20.0
Gd**/ Tb**/Er** 18.0/18.0/30.0
H,O/Dioxane/DMF, pyridine, @90 °C, Gd**/ Tb**/Er** 22.0/27.0/41.0

1 day

452 Doping transition and post transition metals into the 3D MOCP,
Pbs(pzdc);(H20).

Based on the concept of HSAB principle, the first row transition metals (except Sc, Ti,
V and Cr which are hard Lewis acids) are borderline Lewis acids that can adopt different
chemical environments. Large number of MOCPs reported to date are TMs and
carboxylate-based MOCPs that exhibited very fascinating dynamics owing to the lability
of their M—L. However, TMs with coordination sphere surrounded by both O and some
N-atom donors are more stable than those with all O-donors. N-donor containing ligands
tend to increase the stabilities of divalent TMs, due to the decreased bond lability between
the TMs and N-donor ligands. Also, many N-based or N and O mixed ligand-based stable
MOCPs with divalent TMs was reported. (Burd et al., 2012; Cadiau et al., 2016; Cadiau
et al., 2017; Gao et al., 2016; Heering et al., 2013; Y. Hu et al., 2016; Masciocchi et al.,
2010; Montoro et al., 2011; Nugent et al., 2013; Shekhah et al., 2014; Tan et al., 2012;
Tonigold et al., 2009; X. Wang et al., 2016) The effect of N-donor atoms containing
ligand presence in TM’s coordination sphere can be observed in large number of
relatively stable TM-based MOCPs, featuring slow cation exchange kinetics or in some

cases not proceeding to completion (Yao et al., 2012; Z. Zhang et al., 2013).

Both first row TMs and Pb?" ions are borderline Lewis acids, it is therefore expected

for the TMs to exchange Pb*" using suitable conditions since they are in the same

114



category, though to a varying degrees as their hardness or softness varies. Based on the
HSAB, the stability of the TMs complexes may increases as a function of increasing
hardness of the TM from Mn?'< Co?" < Ni** < Zn?" < Cu?", especially in a typical all O-
donor environment, that is also in line with the Irving-Williams series (Irving & Williams,
1953). With the exception of Cu due to its anomalous electronic configuration and
coordination preference, TMs are reported to have more preference for either square
planner, trigonal prism, tetrahedral and octahedral geometries. Since the 3D MOCP has
three unique crystallographic sites Figure 4.14 (A), TMs are expected to exchange more
preferentially at Pb(1l) site having an octahedral geometry with CN of 6 and also
surrounded by both hard O-donors and soft N-donors in addition to the presence of
coordinated H,O. Other TMs such as Cu?*, Fe?* or Mn?* are expected to exchange at all
the Pb-sites owing to their ability to adopt different CN and CE. Since the exchange is
solvent mediated and taking place simultaneously with structural transformation, a
careful and judicious control of the phase formation, stability and integrity of the final

structure must be ensured through the use of suitable solvent or solvent mixture.

4.5.2.1 Aqueous solution mediated divalent TMs doping into 3D MOCP
Pbs(pzdc):(H20)

When 0.035 mmol of the precursor 1D MOCP (Pb>Cl>(Hpzdc):(H>0),, was immersed
in 7 mL, aqueous solution of 0.07 mmol of various nitrate salts of TM cations (Mn*",
Co*", Ni?*, Fe?*, Cu?*, Cd**, Zn** or Hg?") for 3 days TM-doped 3D MOCPs were
successfully synthesized. However, Fe?* and Cu®* does not proceeds to the preferred 3D
structure. Cu?* transformed to another 1D MOCP, Figure 4.9 and Fe?* exchanged all Pb?*
in the precursor 1D MOCP without structural transformation, all exchanges proceeded
very fast in each case. To render Fe?* or Cu?* cation exchange in to doped 3D MOCPs, a
mixture of solvent were used. For instance, soaking chloride salts of Fe?" in 1:1 ratio,

DMF/H>0 or acetate salt of Cu?" in 1:1:1 ratio, DMF/H,O/dioxane favors the formation
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of doped 3D MOCP. Scheme 4, provides a summary of TM?* exchanged in aqueous

solution.

Scheme 4: Summary of Tm?* doped into the 3D MOCP using the precursor 1D MOCP
under different conditions.

Quantitative analysis of these compounds using SEM-EDS shows the presence of
respective substituents in the range of 8 — 20 atomic %, Table 4.6. Due to the fact that
these compounds were of similar structure to that of Co**-doped 3D MOCP, and the
presence of respective divalent dopant was detected quantitatively, and their similar
geometrical preference to that of Co?*, (Howell & Burkinshaw, 1983) it is then assumed
that each aqueous solvent mediated divalent dopant substitutes at the Pb(1) sites with a
similar small shift from the actual Pb(1) sites, Figure 4.37, analogous to that of Co?*'-
doped 3D MOCP. Such a shift can be attributed to the absence of lone pair in these
transition metal (TM) dopants, as such, a less distorted octahedral was observed compared
to that of Pb** with its pronounced lone pair effect. The preference for Pb(1) sites by
exogenous borderline TM dopants is likely due to favourable CN (i.e., six) and CE
(having both N and O donors including coordinated water), Figures 4.37. The purity and

crystallinity was confirmed using PXRD, Figure 4.38.
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Figure 4.35: Pb(1) coordination geometry before and after exchange with TMs

L y Hg*-doped

—‘-J\—LN—A-J\..MA...M-..M_L bt I_:_ez+_'d0p9d

| Cd”"-doped

-.A_LLM._._LUI. T AT .antdOped

' N Ni**-doped
I Co*-doped

“—L‘a_LAwJ N 9u2+'d0p9d

e Zn* doped

11 | |”| o Simulated 30 MOCP

0 2 30 40 50
2 theta (degree)

i

Intensity (arb. unit)

Figure 4.36: PXRD patterns of simulated and observed patterns of M?*-doped 3D MOCP
in aqueous solution (M = Co, Ni, Zn, Cu, Cd, Fe, Mn or Hg).

Fe** and Zn’"-doped 3D MOCPs, as representatives were characterized by XPS to
investigate their oxidation state and CE. The binding energy of Pb 4f orbital is assigned
as 143.3 (4fs2) and 138.4 (4f72) eV which is consistent with +2 oxidation states of Pb. (A.

Y. Lee et al., 2012) The binding energies at 1022.5¢V and 710.2eV correspond to the Zn
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(2p3r2) and Fe (2psn) orbitals in Eu’*/Zn*"-doped MOCP and Fe*'-doped MOCP,

respectively, Figure 4.39.

Table 4.6: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of dopant in Ln**
doped Pb?>" MOCPs.

Dopant Amount (atomic or wt.%)
Co* 11
Niz* 20
Zn** 17
Cu?** 11
Cd* 12
Fet * 11
Mn?* 17
Hg?* 8

Pb in Eu3*/Zn2*/Pb  Euin Eu3*/zn2*/Pb
>\ O

4f5/2 7/2 s ¢ 2 5/2
== "E:ﬁ Yt s I ; 77 »
145 140 135 1140 1130 1120

Pb in Fe2*/Pb Fe in Fe2*/Pb
2p1/2 (

145 140 135 740 730 720 71 0.700 690
Binding energy (eV) Binding energy (eV)
Figure 4.37: XPS spectra of Fe*"-doped and Eu**/Zn?**-doped 3D MOCP

(a) Cu**-doped 3D MOCP Pbs(pzdc);(H:0)

Cu?" is the most electronegative first row TM, with an anomalous electronic
configuration. It is found in the literature to virtually and aggressively exchange all other
TMs and in most cases irreversibly irrespective of the CE or coordination geometry

(Brozek & Dinca, 2014). For example, Cu?* readily substitutes Fe?", Zn**, Co?*, Mn?* or
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Ni?" in many labile MOFs to thermodynamically more stable Cu?>* MOCPs, which makes
the reverse exchange to be difficult in many cases. Based on the HSAB, the stability of
these TM product increases as a function of increasing hardness of the TM from Mn?'<
Co?" < Ni?" < Zn*" < Cu?*", especially in a typical all O-donor environment, also in line
with the Irving-Williams series. So, it is expected for Cu?" to substitutes at all the 3

Pb(sites) having 6, 7 and 9 CNs.

Owing to its fast kinetics and aggressiveness, Cu’* totally exchanged the precursor 1D
MOCEP into another 1 D structure without allowing structural transformation to 3D MOCP
upon soaking in aqueous solution, Figure 4.10. However, when a mixture of
H>O/DMF/dioxane as the solvent, the kinetics was slowed down and the precursor 1D
MOCP transformed to 3D with 11 at. % substituted, using 1:1 mole ratio of the precursor
1D MOCP to Cu?* salt. But since Cu?" has the potential to substitutes at all the 3 Pb-sites,
further techniques was explored. For example, slowing down the kinetics was the first
consideration and as such, lowering the pH by addition of 2 drops of 2M HCI the doping
amount increases to 43 at. %. The addition of HCl was intended to suppress the kinetics
aggressiveness of Cu®* in breaking the chloride bridging of the precursor 1D MOCP.
Presence of excess H/H30" and CI" in the solution may slows the transformation by
suppressing the deprotonation of free protonated OH group and chloride bridging
breakage during the transformation of the precursor 1D MOCP to 3D MOCP. To further
increases the dopant amount, 1 drop of pyridine or 0.002 mmol of piperazine was also
further added and in this case the Cu?" ions exchanged more than 99 at. % with clean
PXRD in all cases, Figure 4.40. FESEM-EDX was used to confirm the at. %, Table 4.7.
Addition of piperazine alone without HCI also allowed the transformation with 98 at. %
of Cu?* doped in to the 3D MOCP structure. Remarkably, all the transformations and
exchanges are only done in 1:2 ratio of the precursor 1D MOCP to Cu?" salt, increasing

the mole ratio to 1:4 as in the case of most Ln**, does not produce pure 3D MOCP, as
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more concentration led to the collapse of the framework. Though, using 1:1 mole ratio
also allows the transformation to 3D MOCP with Cu?" exchanging between 35 to 50 at.

%, Table 4.7, Scheme 5.

Scheme 5: Summary of Cu?*" doped 3D MOCP using the precursor 1D MOCP under
different conditions.

Table 4.7: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Cu?*" doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O/Dioxane/DMF, HCI, 3 days, r.t 43
H>O/Dioxane/DMF, HCI, pyridine, 3 days, r.t 99
H>O/Dioxane/DMF, HCI, piperazine, 3 days, r.t 98
H>0O/Dioxane/DMF, piperazine, 3 days, r.t 98
H>O/Dioxane/DMF, pyridine, 1:1 mole ratio ID MOCP to Cu?** 3 50
days, r.t
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Figure 4.38: PXRD patterns of simulated 3D MOCP (A) and observed Cu?*-doped 3D
MOCP in HO/DMF/dioxane with (B) 2 drops HCI (C) HCI and pyridine (D) HCI and

piperazine.
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(b) Zn?**-doped 3D MOCP Pb;(pzdc)s(H0)

Since Pb(1) and Pb(2) sites are six and seven coordinated respectively and Zn?>* can
adopt also octahedral geometry and in some special cases adopts CN 7, although its most
preferred CN in structure formation is four (tetrahedral). (Abdelhameed et al., 2016; Ataie
et al., 2008; Dudev et al., 2006) Strategies needs to be devised to increases the amount of
Zn*" doping in to the 3D MOCP. In this regard, several synthetic procedures were
explored, including the use of solvent mixture, varying mole ratio, temperature or addition

of modulator ligand.

For instance soaking the precursor 1D MOCP in a mixture of H,O/dioxane 5:2 ratio
for 3 days, the structural transformation proceeded with exogenous Zn?>* ions exchanging
up to 25 at. %. While in a mixture of HO/DMF/ACN 1:3:3 ratio for 3 days, the amount
of Zn** increases to about 28 at. %, however soaking in H-O/DMF/dioxane 2:2.5:2.5 ratio
for 3 days afforded Zn**-doped 3D MOCP containing about 20 at. %. The PXRD patterns
indicates the phase purity and absence of any impurity in the doped materials, Figure
4.41, and the dopant amounts are confirmed by FESEM-EDX analysis Table 4.8, Scheme

6.

Scheme 6: Summary of Zn?" incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.
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Figure 4.39: PXRD patterns of simulated 3D MOCP (A) and observed Zn?*-doped 3D
MOCP in HO/DMF/ACN (B) H,O/DMF/dioxane (C) H.O/DMF/dioxane and pyridine
(D) HoO/DMF/dioxane, pyridine at 90 °C (E).

Table 4.8: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Zn*" doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O0, 3 days, r.t 17
H>O, pyridine, 3 days, r.t 25
H>O/Dioxane, 3 days, r.t 25
H>,O/DMF/ACN, 3 days, r.t 28
H,O/DMF/dioxane, 3 days, r.t 20
H>O/Dioxane/DMEF, at 90 °C for 3 hours. 33

The effect of modulator ligand can be observed when 2 drops of pyridine was added
into an aqueous solution of nitrate salt of Zn?>* for 1 day, the exogenous Zn?>* further
increases from 17 to 25 at. %. When 2 drops of pyridine is added into the solvent mixture
H>O/DMF/dioxane solution of nitrate salt of Zn?* with heating at 90 °C for only 3 hours,
the dopant amount increases from 20 to 33 at. % after addition of pyridine. Although
based on the HSAB principle both Pb?>* and Zn?* are borderline acid, Zn*" is relatively
harder than Pb?* as such the modulator ligand is expected to relatively interact more with
Pb?* than with Zn?*, paving a way for the slight increase due to the addition of pyridine.

The purity is also ascertained using PXRD, Figure 4.41 and the dopant amount confirmed
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by FESEM-EDS analysis Table 4.8. Changing the mole ratio of exogenous Zn?>" to the
precursor 1D MOCP does not show any improvement in the dopant amount. For example,
changing the ratio from 1:2 to 1:4 the precursor 1D MOCP to exogeneous Zn>" in aqueous

solution does not increases the dopant amount.

(¢) Ni**-doped 3D MOCP Pbs(pzdc)3(H:0)

Complexes of Ni** are more stable than that of Co?*, Fe?*, or Mn?* based on the Irvin-
Williams series and also based on the concept of HSAB principle, Ni?" is also harder than
both Co?*, Fe?*, or Mn?*. In addition to this, since Ni** can preferentially adopts CN up
to 7, it is expected to exchange both Pb(1) and Pb(2) sites with 6 and 7 coordination

numbers.

Soaking the precursor 1D MOCP in aqueous nitrate solution of Ni** for 3 days, 20 at.
% exchanged in to the 3D structure. Addition of 2 drops of pyridine into the aqueous
solution reduces the exchanged amounts to only 8 at. % which could be attributed to the
interactions of Ni?>* ions with pyridine in solution preventing it from exchanging Pb?".
Changing the precursor salt from nitrate to chloride, in aqueous solution increases the
dopant amounts to 29 at. %. This may be attributed to the presence of chloride ions which
may suppresses the breakage of chloride bridging in the precursor 1D MOCP which slow
down the transformation kinetics of he precursor 1D MOCP to 3D MOCP. Soaking in a
mixture of HO/DMF/dioxane and addition of 2 drops of pyridine using 1:4 mole ratio of
the precursor 1D MOCP to Ni?* salt, 30 at. % of Pb** was exchanged by Ni**, using 1:2
mole ratio of the precursor ID MOCP to Ni** salt however, it exchanged about 20 at. %.
To increase the dopant, dioxane was substituted with acetonitrile in the solvent mixture
H>O/DMF/ACN, the dopant amount increases to 40 at. %, heating or adding pyridine

does not improved the dopant amount. The phase purity of all the exchanged products
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were indicated by PXRD, Figure 4.42 and the dopant amounts are were confirmed using

FESEM-EDS, Table 4.9, Scheme 7.

Scheme 7: Summary of Ni?* incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.

Table 4.9: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Ni** doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O0, 3 days, r.t 20
H>O, pyridine, 3 days, r.t 8
H»0, using chloride salt, 3 days, r.t 29
H>O/DMF/dioxane, pyridine, 1 day, r.t 30
H>O/DMF/ACN, 1 day, r.t 40

Intensity (arb. unit)

0 20 30 40 50
2 theta (degree)

Figure 4.40: PXRD patterns of simulated 3D MOCP (A) and observed Ni*>*-doped 3D
MOCP in H20 and pyridine (B) H2O/DMF/dioxane (C) H;O/DMF/dioxane and pyridine
(D) H2O/DMEF/ACN (E).
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(d) Co?**-doped 3D MOCP Pb;(pzdc)s(H:0)

Based on the Irvin-Williams series, Co** complexes may be less stable than Cu?* or
Zn*" complexes which can be attributed to the fact that, based on the HSAB principle,
Co?" is softer than both Cu?*, Ni*" and Zn?*. Soaking the precursor 1D MOCP in aqueous
solution of nitrate salt of Co?* for 3 days, afforded only 11 at. %, whereas when 2 drops
of pyridine was added to the aqueous solution, the dopant amount drops to only about 2
at. %, this can attributed to the softness of Co?" in which on addition of pyridine, prevents
Co?* from doping in to the 3D structure. To increase the dopant amount, solvent mixture
was used, in HoO/DMF/dioxane, increases the dopant amount to 19 at. %. Using the
solvent mixture with addition of 2 drops pyridine and heating at 90 °C also decreases the
dopant amount to 8 at. %. However, when soaked using HO/DMF/ACN with 2 drops of

pyridine, the dopant amount increases to 43 at. %, Figure 4.43, Table 4.10, Scheme 8.

Scheme 8: Summary of Co** incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.
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Table 4.10: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Co?" doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O0, 3 days, r.t 11
H>O, pyridine, 3 days, r.t 2
H,O/DMF/dioxane, 3 days, r.t 19
H>O/DMF/dioxane, pyridine, 1 days, at 90 °C. 8
H>O/DMF/ACN, pyridine, 3days, r.t 43
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Figure 4.41: PXRD patterns of simulated 3D MOCP (A) and observed Co?"-doped 3D
MOCP in H,O/DMF/dioxane (B) H>O/DMF/dioxane and pyridine (C) H2-O/DMF/ACN
and pyridine(D).

Intensity (arb. unit)

(e) Mn**-doped 3D MOCP Pb;(pzdc)s;(H>0)

Mn?" is large and flexible borderline Lewis acid that can adopt variety of CN and CE,
although it is expected to exchange at all the 3 crystallographic Pb-sites, however the
thermodynamic stability for Mn?" complexes based on the Irvin-Williams series are less

stable than other first row TMs.

Soaking the precursor 1D MOCP in aqueous solution of Mn?* for 3 days at room
temperature, afforded a 3D MOCP containing 17 at. % Mn?*. Addition of 2 drops of

pyridine in the aqueous solution of Mn?" as expected prevented the relatively soft Mn?*
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from substituting Pb?*, with only about 5 at. % substituted. The use of solvent mixture
H>O/DMF/dioxane, does not improve the exchange either with only about 4 at. %
exchanged in to the 3D MOCP, addition of 2 drops of pyridine in the solvent mixture also
no improvement was recorded, exchanging only about 5 at. % of Pb?>* into the 3D MOCP.
Since Mn?* is relatively soft it may stay and interact more favorably with the relatively
soft solvent mixture and the addition of pyridine further prevents its substitution into the
3D structure. However, using a mixture of H,O/DMF/ACN more than 98 at. % of Mn?*
was exchanged in to the 3D MOCP in a relatively fast structural transformation. ACN is
stronger base than dioxane and as such, Mn?" may not interact strongly and this allows it
to exchange more Pb**. To slow down the kinetics of transformation, dilute acid was
added, although the transformation slowed down, slightly less amount of Mn?* exchanged
in to the 3D MOCP exchanging 87 at. %. See summary, Scheme 9. The phase purity and
the crystallinity of the doped products was confirmed using PXRD, Figure 4.44 and the

presence of these dopants and their at. %, Table 4.11 was determined using FESEM-EDX.

Scheme 9: Summary of Co?* incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.
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Figure 4.42: PXRD patterns of simulated 3D MOCP (A) and observed Mn?*-doped 3D
MOCP in H,O/DMF/dioxane (B) H-O/DMF/ACN (C) HO/DMF/ACN and H>SO4 (D).

Table 4.11: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Mn?" doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>0, 3 days, 1.t 17
H>O, pyridine, 3 days, r.t 5
H>O/DMF/dioxane, 3 days, r.t 4
H>O/DMF/dioxane, pyridine, 3 days. 5
H>,O/DMF/ACN, 3days, r.t 98
H>O/DMF/ACN, H>SO4, 3days, r.t 87

(f) Fe**-doped 3D MOCP Pbs(pzdc)3(H:0)

Fe?" is a borderline Lewis acid that can adopt different CE and CN, it is therefore

expected to exchange at all the 3 unique Pb-sites. However, owing to its high ligand

exchange kinetics and lower hydrolysis equilibrium constant compared to its higher

oxidation state, Fe**. (T.-F. Liu et al., 2014) As such, the Fe** may not be able to easily

form stable exchanged products especially with high dopant amounts.
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Soaking the precursor 1D MOCP in H;O/DMF solution of nitrate salt of Fe** for 3
days at room temperature afforded the 3D MOCP with 11 wt. % Fe?" exchanged in to the
structure. Changing the precursor salt to chloride salt of Fe** in H,O/DMF solution
afforded an increase in the dopant to 36 at. % after 2 weeks. Further, using a triple solvent
mixture HoO/DMF/dioxane afforded only about 15 at. %. And addition of pyridine does
not increases the dopant amount as expected, because relatively soft Fe>* may interacts
more with the solvent mixture and this may prevents it from exchanging the Pb*".
Increasing the synthesis temperature also does not yield any improvement on the amount
doped. Other Fe?* precursors were then explored using a 3 solvent mixture system, for
instance, using an acetate salt of Fe?" solution in H,O/DMF/dioxane for 2 weeks, the
dopant amount increases to 21 at. %. However, when chloride salt of Fe** is used 63 at.
% of Fe?* was substituted in to the 3D MOCP. Since Fe?" has the potential to exchange
at all the 3 Pb-sites, to further increase the dopant amount, the chloride salt of Fe?" in
H>O/DMF/dioxane solution was heated at 90 °C for 1 and 5 days, nonetheless, the amount
of Fe?* doped reduces as the heating time increases with 40 and 13 at. % for 1 and 5 days
heating periods respectively. This reduction can be connected to the high ligand exchange
rate associated with Fe?*. The phase purity and the crystallinity of the doped products was
confirmed using PXRD, Figure 4.45 and the presence of these dopants and their at. %,
Table 4.12 was determined using FESEM-EDX. Scheme 10 summarized the processes

and the products obtained.

Scheme 10: Summary of Fe?" incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.
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Table 4.12: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Fe?* doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O/DMF, Iron(Il)nitrate, 3 days, r.t. 11*
H>O/DMF/dioxane, Iron(Il)nitrate, 3 days, r.t. 15
H>O/DMEF, Iron(Il)acetate, 2 weeks, r.t. 21
H>O/DMF, Iron(Il)chloride, 3 days, r.t. 36
H>O/DMF/dioxane, Iron(Il)chloride, 2 weeks, r.t. 63
H>O/DMF/dioxane, Iron(Il)chloride, 1 day, at 90 °C. 40
H>O/DMF/dioxane, Iron(Il)chloride, 5 days, at 90 °C. 13
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Figure 4.43: PXRD patterns of simulated 3D MOCP (A) and observed Fe?*"-doped 3D
MOCP in H.O/DMF (B) H>O/DMF/dioxane (C) H,O/DMF/ACN at 90 °C (D)
H>O/DMF/dioxane using Fe(Il)acetate precursor(E).

X-ray Photoelectron Spectroscopy (XPS) was used to confirm the oxidation state and
the chemical environment of both the Fe?* and Pb*" in Fe**-doped 3D MOCP. The
splitting of the binding energy of 4f orbitals as 143.3 (4f5») and 138.4 (4f72) eV in the Pb
is consistent with the oxidation state of +2 (A. Y. Lee et al., 2002). The binding energy
of 710.2 eV (2p312) corresponds to the oxidation state of +2 for Fe in the Fe*'- doped Pb-

MOCEP Figure 4.46.
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Figure 4.44: XPS spectra of Fe*" in Fe-doped Pb-MOCP

(g) Fée’*-doped 3D MOCP Pbs(pzdc):;(H20)
Fe" is a hard Lewis acid with a high preference for hard Lewis base, it is flexible with
CN and is expected to into all the 3 Pb-sites. Since all the 3 Pb-sites are surrounded mainly

by hard carboxylate O-donor, Fe** is expected to easily exchange all the borderline Pb?*.

Soaking the precursor 1D MOCP in nitrate salt of Fe** led to a cation exchange of the
precursor 1D MOCP without transforming to the 3D MOCP. However, when soaked in
a mixture of HoO/DMF, 1:1 ratio, the precursor 1D MOCP transformed to the 3D MOCP
within 2 days and 34 at. % of Fe** was substituted into the 3D MOCP. Warming the
solution at 40 °C or adding 2 drops of pyridine in H,O/DMF afforded 3D MOCP with 51
and 49 at. % of substituted Fe** respectively. To further increase the dopant amount, the
precursor salt was changed from nitrate to chloride, hence using chloride salt of Fe** in
aqueous solution within 1 day it afforded the 3D MOCP with 98 at. % of substituted Fe**
albeit low crystallinity indicated by weak PXRD pattern, Figure 4.47, Table 4.13, Scheme

1.
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Scheme 11: Summary of Fe3" incorporated into the 3D MOCP using the precursor 1D
MOCP under different conditions.
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Figure 4.45: PXRD patterns of simulated 3D MOCP (A) and observed Fe**-doped 3D
MOCP in H,O/DMF (B) H,O/DMF and pyridine (C) H.O/DMF at 40 °C (D) H,O
Fe(IlT)chloride precursor (E).

Table 4.13: SEM-EDS (average at. %) or ICP-OES (wt.%)* results of Fe** doped 3D
MOCPs.

Synthesis condition Dopant at. %
H>O/DMF, Iron(IlD)nitrate, 2 days, r.t. 34
H>O/DMF, Iron(IlD)nitrate, @40 °C, 1 day. 51
H>O/DMEF, Iron(Ill)nitrate, 2 days, pyridine, r.t. 49
H>O, Iron(Ill)chloride, 1 days, r.t. 98

(h) Cd** or Hg**-doped 3D MOCP Pb;(pzdc)s;(H-0)
Both Cd*" and Hg?" are soft Lewis acids with preference for soft CE, they both have

very similar coordination behavior. (Borsari, 2011; Morsali & Masoomi, 2009) They can
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adopt variety of CN and CE and are therefore expected to exchange at least at Pb(1) and
(2) sites. Soaking the precursor 1D MOCP in nitrate salt of Cd** or Hg*" in aqueous
solution for 3 days, the precursor 1D MOCP proceeded to structural transformation to 3D
MOCP in Cd?** solution with 12 at. % of Cd** exchanged into the 3D MOCP, while in
Hg?" solution, the precursor 1D MOCP proceeded to another 2D structure, Figure 4.10.
Immersing the precursor 1D MOCP in nitrate salt of Cd** or Hg?" in a mixture of
H>O/DMF/DO for 3 days at room temperature, in both Cd?>" and Hg?* solution the
precursor 1D MOCP transformed to the 3D structure with 41 and 60 at. % substituted by
Cd*" and Hg?" respectively. Addition of soft pyridine or heating at 90 °C does not
increases the dopant amounts in all cases as expected owing to their soft nature. The
presence of Cd?>" or Hg?" are confirmed using FESEM-EDS, Table 4.14 and the phase
purity and crystallinity of the products are confirmed by PXRD analysis, Figure 4.48,

Scheme 12.

Table 4.14: SEM-EDS (average at. %) results for Cd*" or Hg?*-doped 3D MOCPs.

Synthesis condition Dopants at. %
H>O/DMF/dioxane, r.t, 3 d. Ccd* 41
H>O/DMF/dioxane, r.t, 3 d. Hg?* 60

Scheme 12: Incorporation of Cd** or Hg?" into the 3D MOCP using the precursor 1D
MOCP in H.O/DMF/DO
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Figure 4.46: PXRD patterns of simulated 3D MOCP (A) and observed Cd**-doped 3D
MOCP (B) Hg**-doped 3D MOCP (C) in H,O/DMF/dioxane

(1) Li*-doped 3D MOCP Pbs(pzdc)s(H:0)

Li* substituted Pb 3D MOCP, was successfully synthesized using a variety of Li"
precursors, with the largest resulting substituted crystals obtained from LiNOj3 precursors
with the resulting formula of Pba.goLio.11(pzdc)3(H20)0.60, as refined by the single crystal
X-ray diffraction, and the presence of Li, ~3.6 wt.%, was confirmed by ICP-OES,
corresponding nicely to crystallographic refinement. Theoretically, monovalent
substitution into divalent host, should create anion vacancy, (West, 2014) however, our
crystallographic refinement did not detect the presence of anion deficiency. The PXRD
pattern indicates its phase purity, Figure 4.49. In this case, Li* cations were found to
partially substitute all the three Pb?* sites with CN of 6, 7, and 9, for Pb(1), (2), and (3),
respectively, Figure 4.10. The latter displays two longer, hence weaker Li-O coordination
bonds for O(2) and O(6), expected for smaller Li*. Examples of Li-based compounds with

such CNs have been reported before. (Holleman et al., 2001; Redhammer & Roth, 2003)
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Figure 4.47: PXRD patterns of simulated 3D MOCP and observed Li*-doped 3D MOCP.

XPS was used to determine the oxidation state and chemical environment of both Pb and
Li ions in Li-doped MOCP. The splitting of the binding energy of 4f orbitals as 143.3
(4f51) and 138.4 (4f72) €V in the Pb is consistent with its oxidation state of +2, however,

Li" was not detected due to its low concentration and smaller electronic density.

453 Evaluation of magnetic susceptibility in doped 3D MOCPs

Evaluation of the magnetic susceptibility behavior of Fe?*, Co?*, Eu*", Tb3", and Fe3'-
doped 3D MOCPs were carried out using a VSM at room temperature with a field
sweeping from -8000 to 8000 Oe. The 3D structure is made up of trinuclear units bridged
by carboxylate groups. Although Pb?" is purely diamagnetic, substitution into these
multinuclear units with a ferromagnetic Fe?*" or Fe’" and other cations with unpaired
electrons such as Co?", Eu*", or Tb*", may endows the material with some magnetic
properties. (Hao et al., 2017; Y.-W. Li et al., 2014; Li et al., 2016; Qu et al., 2018)
However, the lack planarity of the ligands in the structure will make it less efficient by
affecting the super exchange through the delocalized n-orbitals of the carboxylate group.
Figure 4.50, shows the trinuclear SBUs linked by meta-substituted pyrazinyl groups, with
a 4.332 A distance between the metal centers (the spin carriers), Figure 4.51. Meta-
substituted phenyl or pyrazinyl ring is reported to leads to weak ferromagnetic coupling.

(Agarwal et al., 2013; Laye & Saniudo, 2009; Paital et al., 2005)
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Although temperature dependent magnetic susceptibility measurement is required to
confirm our observation, interestingly, the Fe?"-doped 3D MOCP was found to show
typical antiferromagnetic behavior displaying some hysteresis loop at room temperature
with a small magnetization of 0.5 emu/g, Figure 4.51. Such narrow hysteresis suggests a
very small amount of dissipated energy in recurrently reversing the magnetization. It is
very rare for a mononuclear Fe(Il) or Fe(Il) cluster to show hysteresis at room
temperature. (Gomez et al., 2014; L. Li, 2011) Other dopants, Fe**, Co?", Eu*", and Tb*",
also shows some small magnetizations of 16.12 x 1073, 47.42 x 103, 24.56 x 1073, and

73.66 x 10~} emu/g respectively.

4.3324

Figure 4.48: Distance between proximal cation centers in3D MOCP view showing metal

chain along b axis.

(A) (B)

2+

| [ Pristine 30 MOCP| |—Fe -doped 3D MOCP

o

»

o

r'S
1

[=)

N

o

N
1

o
N
o
N
1

'

o

>
1

Moment/Mass(emu/g)
= 8 5 5
Moment/Mass(emu/g)

-8000 -6000 4000 2000 0 2000 4000 6000 8000

8000 4000 0 4000 8000 _
Field(G)

Field(G)
Figure 4.49: Magnetic hysteresis loop of the pristine 3D MOCP (A) and Fe**-doped 3D

MOCP (B) measured at room temperature.
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CHAPTER 5: CONCLUSION

In this study, labile and dynamic 1D MOCP built from 2,3-Hzpzdc, and Pb?* through
simple solution chemistry was explored. Upon judicious soaking in various solvent(s),
the 1D MOCP was made to undergo a solvent-mediated, simultaneous structural
transformation and dissolution-exchange-recrystallization to a robust 3D MOCP. We
carefully selected a ladder-like, 1D MOCP (Pb.Cl>(Hpzdc):(H>0);) containing a centro-
symmetric Pb>Cl, dimers which are connected into a chain by mono-protonated
carboxylic (Hpzdc~) owing to its amenable features. The 1D MOCP was transformed into
a 3D, Pbs(pzdc)s(H:0) MOCP featuring 1D moiety having three distinctive Pb?* sites
each with different CN and CE that underwent numerous solid solution/cation exchange
with exogenous divalent and aliovalent including mono- or trivalent cations. The purity
of all the doped 3D MOCP products, was confirmed by PXRD, while the dopant amounts
was determined using FESEM-EDS/ICP-OES, the valency and chemical environments

of some representative doped 3D MOPCs were confirmed using XPS.

Trivalent Ln** ions were successfully incorporated into the 3D structure, featuring
cation vacancies due to the partial cation exchange with aliovalent Ln*" cations, under
optimized conditions. For example, in aqueous solution, La*", Eu**, Gd**, Tb*", or Er’**
was successfully incorporated, however no more than 6 wt. % was incorporated, which
was attributed to their favorable interaction and subsequent solvation in hard aqueous
solvent. Remarkably, the amount is enough to tune the emission properties of both Eu®*,
or Tb**-doped 3D MOCP from the weak greenish yellow luminescence emission of the
pristine 3D MOCP to bright yellowish red for Eu**-doped or to bright greenish yellow for
Tb**-doped MOCP, while sustaining the broad emission peak of the pristine 3D MOCP
at the background, making the compounds a dual luminescence emitters under single

excitation wavelength. Solvent mixtures, temperature, modulator ligands, or reaction time
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was used to increase the amounts of Ln**. When mixture of H,O, DMF and dioxane was
used as the solvent, the amount of Ln** incorporated into the 3D MOCP was increased
significantly. This is attributed largely to the less favourable interactions of Ln** with
softer solvents and favourable interaction of Pb>* ions with the solvents, paving a way for
the increased incorporation. Addition of modulator ligand (pyridine or piperazine) and
increasing the temperature (90 °C) further increases the exchange amounts up to 99 wt.
%. Interestingly, the photoluminescence emission intensity of Eu**-doped MOCPs
increases simultaneously with increase in Eu** amounts, up to 80 wt. %. However, a
decrease in emission intensity was observed in Tb**-doped MOCPs, with the highest
intensity observed for 6 wt. % and lowest for 80 wt. % doped Tb?** MOCPs. Double and
triple Ln**-doped 3D MOCPs were also successfully synthesized in aqueous and solvent
mixture. Similarly, more dopants were obtained in solvent mixture and further increases

as modulator ligand was added, which also increases significantly at higher temperatures.

In addition to this, doping with divalent transition and post-transition metals were also
successfully achieved. For example, in aqueous solution all transition and post-transition
metals exchanged between 11 to 20 atomic % of Pb?". Remarkably, Cu?", Mn?*, and Fe**
underwent almost complete exchange of Pb?" (more than 98 at. %) in an optimized solvent
mixtures and variable exchange amounts was achieved by controlling and modulating the
exchange conditions. Other metal cations was tuned to a variable amounts under
appropriate conditions, however, complete substitution was not attained. For instance,
Ni?" was tuned from 20 at. % in aqueous solution to 40 at. % in H.O/DMF/ACN, while
Zn*" was increased from 17 to 33 at. % in H,O/DMF/dioxane, Co**, Fe**, Cd**, and Hg*"
was tuned from 11, 11, 12, and 8 at. % to 43, 63, 41, and 60 at. % respectively, in solvent

mixtures.
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After successfully incorporating di- and tri-valent cations under optimized conditions,
as a proof of concept, monovalent Li*, and mixed valent 3d-4f, Zn**/Ln*" were also
successfully incorporated into the structure demonstrating the amenability of the MOCP
to be used as a template for facile solid solution, irrespective of the metal cation type and

chemistry.

Doping with metal cations having unpaired electrons such as Co?*, Fe**, Fe**, Tb*", or
Eu?* in to a typical diamagnetic and insulating Pb**-based MOCP framework may endow
the MOCP with some charge transport capabilities which came not only from the
exogenous cation but on the proximal interactions and interplay amongst the interacting
partners. For instance, when the electrical conductivities of Eu**, Tb**, and Fe**-doped
and the pristine 3D MOCPs were evaluated, a significant improvement in electrical
conductance was recorded, especially for Eu**-doped, compared to the typically
insulating pristine 3D MOCP at 25 °C. Remarkably, the Fe**-doped 3D MOCP was also
found to show some antiferromagnetic behaviour with a hysteresis loop at room
temperature and a magnetization of 0.5 emu/g. Fe**, Co?*, Eu**, and Tb*"-doped 3D
MOCPs also shows some small magnetizations of 16.12 x 103, 47.42 x 1073, 24.56 x 10"

3, and 73.66 x 10~ emu/g respectively.

In a nutshell, this research provides useful strategies for conducting solid solution
using dynamic and robust MOCPs. Useful functionalities such as tunable
photoluminescence, conductivity and magnetism were obtained from typically weak
luminescing, non-conducting or insulating and diamagnetic 3D MOCP. Combination of
functionalities was actualized, for instance Ln** doped possessed both optical and

electrical properties.
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5.1 Limitations

Funding have been our greatest limitation, several measurements could not be made
owing to the unavailability of funds, resources and facilities. For example, high sensitive
and variable temperature measurements are required to further analyze both the electrical
conductivities and the magnetic susceptibilities of all the substituted MOCPs. Further
solid state UV-Vis and photoluminescence measurements for the triple and double Ln**-
doped MOCPs, spanning from UV- to-Visible-to-NIR could not be achieved due to lack

of funding, resources and facilities.

5.2 Recommendations

This work has established a simple strategy to modify the chemical compositions of
Pbs(pzdc);(H,O) with variety of cations of different chemistry, including aliovalent
cations creating cation vacancies. Numerous multivariate 3D MOCPs have been isolated
that may be of importance especially for catalysis or solid state lighting. As a
recommendation for further work, theoretical investigation on the details cation exchange
and photoluminescence mechanisms would be very paramount to gaining further
understanding that can allow the strategy to be applied to other dynamic MOCP systems

that may paves a way for the realization of other complex functional materials.

In addition to this, calcination of the Ln*" and transition metal doped 3D MOCPs may
realize very important catalysts for small molecule reactivities, such as CO; reformation.
For instance, Ni-based catalyst are well known for their potent in CO» reforming and
decomposition of methane. (Amin, 2020; J. Zhang et al., 2020) The Ni-doped and other
transition metal doped MOCPs synthesized in this work, may provide a very good
opportunity when calcinated and used as a catalyst. Exploring lanthanide doped MOCPs
may also provide some more important solid state photoluminescence emitting materials

or as a catalyst especially owing to the presence cation vacancies.
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Doping and cation vacancies has a strong influence on solid-state electronic materials
For instance, thermal induced cation vacancy disorder in tetragonal tungsten bronze
SrxBai.xNb2O¢ ceramic, strongly influences the electrical and structural property of the
ceramic. (Aamlid et al., 2019) Also, sintering defective Eu** or Eu?>" doped Mg—Al and
Ca—Al layered double hydroxides results in to a three primary color emitting phosphors
that can be control by changing the consistent layered double hydroxides ions. The
luminescence phenomenon in sintered Eu** doped Mg—Al layered double hydroxide is
triggered by the reduction of the symmetry around Eu** ion owing to the incorporation of
the AI’" ion and the cation vacancies in the host, MgO rock salt. (Sonoyama et al., 2020)
Presence of cation vacancies can influences the electronic properties of materials. For
example, LaooBao1MnoosO243 prepared through topochemical reduction of
Lao.9Bao.1MnOs via deintercalation of manganese cations and oxide anions. The existence
of manganese cation vacancies altered a simple G-type antiferromagnetic arrangement

into a ferrimagnetic structure. (Parsons et al., 2020)
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