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Abstract

Based on the rapid growth in industrialization for human needs and comfort, one of the major
programs in recent times is focused on multidisciplinary research efforts to deal with energy and
environment issues. Chemistry plays a critical role in how our societies will contend with broader
global effects related to such issues. For this reason, different kinds of new multifunctional
materials are designed and evaluated for their possible applications in various related topics with
special attention to cost and efficiency. In the past two decades, there is a giant leap in the sphere
of strategic design of diverse functional materials namely supramolecular coordination assemblies,
coordination polymers (CPs) and metal organic frameworks (MOFs), which are collectively
termed as Metal Organic Coordination Networks (MOCNSs), for various applications such as
carbon capture, gas storage/separation, catalysis, sensing, water purification, drug delivery, guest
encapsulation, magnetism, etc. The construction of such functional materials via coordination-
driven self-assembly of metal ions/clusters and multitopic organic linkers depends on coordination
bonds and supramolecular interactions, such as hydrogen bonds, n—= and/or C-H--O interactions,
etc. Through judicious choice of the components in making such coordination architectures, it is
possible to generate materials with tunable structures varying dimensionality and topology and
targeted physicochemical properties and functionality.

This thesis work focused on the strategic designs to obtain a variety of MOCNSs under ambient,
hydro- or solvothermal conditions in good to high yields via self-assembly of both two-component
(metal ions and custom-designed mixed pyridyl-carboxylate linkers) and three-component (metal
ions, neutral ancillary ligands, and carboxylate linkers) systems. These have been extensively
characterized by various analytical techniques including elemental analysis, FT-IR, Raman and
UV-Vis spectroscopy, TGA, single crystal and powder X-ray diffraction, and ESI-MS analysis.
Their applications in four different areas, namely (i) guest encapsulation (water clusters including
rare cyclic dimers and cyclic pentamers, and common organic solvents in supramolecular
coordination assemblies), (ii) ion exchange (waste water purification and separation of dyes by
anionic MOFs), (iii) catalysis (cascade N-alkylation reaction and the Knoevenagel condensation
reaction by Pd NPs@MOFs) and (iv) sensing (ketones, amines and nitroaromatic compounds by
luminescent MOFs), have been explored to contribute tremendously to the targeted efforts sought

in the multidisciplinary approach mentioned above. There are four chapters in this thesis.

XXi



CHAPTER I

Introduction

During the past few decades, the design and synthesis of metal organic coordination
networks (MOCNSs) by using various ligands and linkers has attracted considerable
attention owing to their potential application in catalysis,** separation,>® sensor,”® gas
storage,'®? luminescent materials,®**6 jon exchange,'”!3® magnetism,?%?! wastewater
purification,?? etc. MOCNs can form 1D, 2D and 3D coordination networks through
coordinate bond and/or various weak interactions like hydrogen bonding, n—n stacking of
aromatic moieties, C-H-~O interactions etc.?® Furthermore, an association of 1D or 2D
networks results in the formation of 3D supramolecular networks through non-covalent
interactions.?#?> Thus, the major force to form building blocks of MOCNSs is the
coordination between the metal and the ligand. For the formation of this type of bond, the
HSAB (hard and soft acids and bases) principle plays a very important role for the different
pre-defined coordination networks.?® According to this theory, a soft acid prefers to
accommodate a soft base, while a hard acid prefers to accommodate a hard base.?® In
MOCNSs, metal ions act as acids while ligands with donor atoms act as bases. The
components of MOCNs (Figure 1.1) are: a metal ion or metal clusters, ancillary ligand,
organic linker, counter ions and guest molecules (usually solvent molecules used in the
synthesis).?” With a variation of these constituents, diverse materials differing in the
structure as well as properties can be created. Thus, the solvent (like water), the molar ratio
of reactants, pH and temperature of the reaction, and counter ions (if present for charge
balance) direct the formation of the final architectures of these networks.® MOCNSs
synthesized using these components can be classified into three different categories. These
can be discrete coordination complexes,?®?® which can form a supramolecular assembly of
different dimensions based on supramolecular interactions, the presence of lattice solvent
molecules playing an important role.*® Another class of MOCNSs is the coordination
polymers having 1D structures.®! These can have a linear chain, a zig-zag polymeric chain,
or a ladder-shaped architecture.®>*® The most important class of MOCNs is 2D or 3D
porous coordination polymers, known as Metal Organic Frameworks (MOFs).438 These
porous networks with tunable structures have been found to be very useful in various

applications mentioned in Figure 1.1.3°%° For the synthesis of these MOCNSs, various



methods are reported in the literature, like one pot self-assembly under ambient conditions,
hydro-/solvothermal, sonochemical, electrochemical and microwave.?” However, the
method under ambient conditions and the hydro-/solvothermal method are used frequently.
However, the hydro-/solvothermal method is challenging due to the formation of different
products from the same components at high temperature and autogenous pressure.
However, products formed by hydro-/solvothermal method show very high thermal
stability. In the present work, we have used both ambient as well as hydro-/solvothermal
protocols for the synthesis of various MOCNSs with high purity and good yields. These
MOCNSs have been used for various applications, such as guest encapsulation, ion

exchange, catalysis, and sensing, which are discussed further.
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Figure 1.1. Schematic representation showing the components, synthesis, and applications of
MOCN:S.

Guest Encapsulation

Guest encapsulation is one of the very important applications for porous materials. These
materials can be utilized for the encapsulation of different types of guest molecules inside
the pores.** These can be small molecules like organic solvents, explosives, biological
molecules, water, ions, drugs, pesticides, fungicides, dyes, etc., in all three different
states.*>#® Using the guest encapsulation capability of a material, some important
applications, such as purification of water,* drying of the organic solvents, drug delivery,*
and removal of harmful substances*®*’ from a mixture, have been demonstrated.*34° There
are many methods reported in the literature for the encapsulation of guest molecules in the
coordination networks. Three common protocols are: (1) in-situ encapsulation of guest



molecules, (2) encapsulation of solvents in the network which has real porosity, and (3)
replacing the guest, which is already present, by another guest (Figure 1.2). Guest
encapsulation is strongly dependent on the size of guest molecules, interaction of guest with
framework, and pore sizes.>*°! At the time of synthesis, some solvent molecules like water
are usually entrapped within the framework, which is known as in-situ encapsulation.>2>3
These encapsulated solvent molecules help in the formation of diverse supramolecular
assemblies, and arrange in clusters of different shapes and sizes; this is further discussed
below. In the second method, the framework that does not have any guest can absorb guests
upon exposure. For the the third method, solvents in the framework are first removed by
pretreating it at a certain temperature followed by sorption of other solvent molecules.
Solvent sorption isotherms give the amount of guest solvent loading. The encapsulation of
guest molecules is a very challenging task because of the low stability of the networks

under the applied conditions of pretreatment. These may fall apart during activation.>
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Figure 1.2. Schematic representation of strategies for the encapsulation of guests in
MOCNsSs.

Thus, the stability of these MOCNSs is very important for this type of solvent encapsulation.
Several analytical techniques like elemental analysis, TGA, FTIR, PXRD, and SCXRD can
be used to follow this at the molecular level. In case of gas adsorption studies, the
pretreatment of coordination polymers at a certain temperature is done but sometimes the
results obtained are less than expected. In these type of cases, it becomes important to
understand the observed data at the molecular level due to the treatment. One of the ways,
which is not an easy task,>>® is through single-crystal-to-single-crystal (SC-SC)
transformation.>® Although many literature reports are there for post-synthetic modification



like ion exchange, ligand exchange and desolvation/resolvation via SC-SC
transformation,%%%! it is difficult because the mother crystal may not sustain the applied
conditions or may crack or decompose. Sometimes ions can also be trapped with the solvent
molecules in the supramolecular assembly. These ionic guests can be exchanged by another
ion, which results in a tremendous change in the supramolecular assembly as well as in the
formation of a water cluster.%? This exchange of ionic guest can also be followed by single-

crystal-to-single-crystal (SC-SC) transformation.

Encapsulation of water cluster is a very important subclass of guest encapsulation.®*¢ The
identification, characterization, and classification of various water assemblies in different
crystalline materials have recently become a popular research field, namely towards
understanding the properties of bulk water in its liquid and solid phases as well as
interpretation of water—water interaction in various environments including inorganic
materials, supramolecular systems, and biomolecules. Water clusters play an important role
in the stabilization of supramolecular systems both in solution as well as in the solid state.®”
% There is clearly a need for better understanding of how such water aggregations are
influenced by the overall structure. Due to this aggregation, different types of water cluster
are formed, which can be linear (n = 2-20), cyclic (n = 2-8) and cages (n > 20).”%"? In some
cases, theoretical calculations provide their existence; however, still a lot more
experimental evidence is required to ascertain the predictions. Thus, we have explored the
encapsulated water molecules for better understanding of the existence of rare water
clusters in the solid state. Also, diversification in the water clusters can be explored by SC-

SC transformation.

For our interests to explore and identify the factors governing the formation of
supramolecular assemblies vs. discrete polygons such as squares and rectangles, and their
further association through supramolecular interactions, a systematic study has been carried
out using multidentate polypyridyl ancillary ligands and multitopic carboxylate linkers with
Ni(11) as the metal center.”" There are several factors which decide the formation of water
clusters, such as, ligands and metal center as well as the reaction conditions and the
presence of different ions. In this regard, carboxylate ions can merely function as charge
balancing groups in the coordination networks rather than playing a role in providing
structural diversity to the overall architecture, such as the formation of bridges, helical
structures, higher dimensional networks, etc.”® Anions in coordinated or uncoordinated

forms (hydrogen bonded with solvent molecules) or both, support the aggregation of water



clusters and are helpful in the construction of supramolecular architectures (mentioned
above). It is evident that the free anion can be exchanged with other anions under favorable
conditions, causing a change in the arrangement of water clusters and supramolecular
architectures as well. Although various methods are reported in the literature, we like to
follow the SC-SC transformation as well as wet methods (liquid-liquid and solid-liquid

post-synthetic exchange) for the anion exchange.””’
lon Exchange

Both cations and anions function for balancing the charge in coordination networks. While
most of the ionic networks are cationic in nature requiring an anion for overall neutrality,
there are examples where a cation resulting from the protonation followed by degradation
of a solvent is used in the synthesis, stabilizes an anionic architecture. Such anionic
architectures with channels containing exchangeable cations are very important for their
applications in separation/absorption of dyes from a mixture. This type of research is the
basis for purification of water.

Separation of Dyes. Dyes are the compounds used in the coloring of clothes and
textiles.”®8 These can be natural or synthetic. Nowadays, the production of synthetic dyes
IS increasing, due to their high demands in textile and other industries. Although their use
is increasing day by day but the disposal of dyes waste in water makes a bad impact on the
environment. Furthermore, the wastewater containing dyes is very harmful to human health
and aquatic life.

The removal of dyes from wastewater is a challenging issue in environmental engineering.
Different dyes have different pysico-chemical properties. Both cationic and anionic dyes
are extensively used. Some of the dyes are carcinogenic.8:8? However, the carcinogenicity
of many dyes is due to their cleaved product such as benzidine, p-phenylenediamine, and
other amine-containing aromatic compounds. These components, particularly benzidine,
induce tumor in the human body. Moreover, these components are responsible for allergies,
which affect the nervous system of humans. Some of the dyes are used in food, which can
also cause allergy in the body. There are many techniques used for the purification of
wastewater that comes out of the industries. Among the techniques employed, adsorption
technology is generally considered highly efficient. Various clays and zeolites have been
extensively used for this purpose.®3-8 With an increase in the number of MOFs reported in

the literature, their use for dye separation and adsorption has been sought. A cationic



framework can selectively take the anionic dyes inside the MOFs and leave behind the

cationic dyes in a mixture. Similarly, an anionic framework operates in a reverse way.

Adsorption of Dyes Separation of dyes

Figure 1.3. Schematic representation showing adsorption and separation of dyes from wastewater
by MOF.

Thus, we can easily separate the cationic or anionic dyes from the mixture of dyes as shown
in Figure 1.3. An important factor is a compatibility between the size of pores and the size
of the dyes. This type of adsorption is based on the size selectivity.8”8% In this work, we
have been able to make few anionic MOFs and used them for showcasing the separation of

dyes from a mixture.
Catalysis

In the last two decades, the use of MOFs as heterogeneous catalysts has greatly increased
for the consideration of a new green protocol that presents an eco-friendly alternative in
catalysis. In particular, heterogeneous catalysis by MOFs in various organic transformation
reactions has emerged as an attractive field with advantages over homogeneous ones (such
as easy separation from products and recyclability).®~° There are many approaches for the
introduction of catalytically active sites into the framework via functionalized linkers and
coordinatively unsaturated or modified metal nodes as well as using the external surface of
MOF as a support for metal nanoparticles (Figure 1.4). Due to various scopes available for
tuning their structures through modification in organic linkers, MOFs provides diversity in

these catalytic sites.®* The Lewis acidic and/or basic sites in the frameworks interact with



different substrates molecules.®>*° Therefore, catalysis depends on the type of metal and/or
linker used in the framework. For such diversity, many organic transformations that require
catalysts are possible with MOFs,100-102

However, it is a very challenging task to synthesize new catalysts with the above-mentioned
requirements. Furthermore, both stability (chemical and thermal) and recyclability of the
catalyst are very important for sustainable chemistry.1%-1% In the literature, catalysts for
various C-C bond forming reactions and one pot N-alkylation reaction are reported but the
demand for good catalysts, which give excellent conversion and efficiency, for such

reactions is huge.
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Figure 1.4. Schematic representation of various interaction sites in MOFs for catalysis.

The formation of nanoparticles like Ag, Pd or Pt inside the porous metal organic framework
with functionality, such as free acetylene moiety, is a good and effective path to synthesize
a NPs@MOF catalyst. These catalysts exploit the crystalline structure and uniform pore
size of the MOF to direct the access of reacants to the encapsulated catalytic nanoparticles.
Due to the implementation of nanoparticles, these MOFs become dual functional

catalysts.41106:107

Sensing

With an increase in industrialization and globalization, there has been a vast change in the
atmosphere resulting in environmental pollution and health issues. Another important
reason is the increase in antisocial activities all over the world, for which it is essential to
develop such sensors for detecting the explosives and other harmful chemicals with fast

response time to reduce the damage risk. Thus, several sensors have been developed such



as discrete molecules, polymeric architectures like MOFs, supramolecular complexes and
metal nanoparticles for detecting hazardous entities like explosives, toxic gases, neutral
molecules, solvent molecules, temperature, pH, acids/bases, vapors, anions, cations,
fungicides, fumigants, biological entities like cells, virus, antibodies, and pesticides,
etc.9,13716,108,109,1107113

Sensing by these materials is strongly dependent on the molecular recognition and self-
assembly of these chemical structures by various supramolecular interactions, which create
changes in the properties.!'*1® These changes can be observed by using different
techniques, and after analyzing the data, we can understand the mechanism of action for,
and efficiency of, a sensor. From ancient times, different methods have been used for
sensing of a wide variety of materials.!'®® Till now, various sophisticated instruments
have been used for sensing, such as electrochemistry, mass spectrometry, surface enhanced
Raman spectroscopy and fluorescence spectroscopy. Among these, the fluorescence
technique is mostly preferred for fast response time, low cost, and reliable detection. From
past few decades, many luminescent MOFs have come into picture, which are potential
candidates for the detection of various analytes with very high efficiency as well as
excellent detection limits (see Figure 1.5).1>11%120 The importance of these materials has
extensively increased because of their exceptional structural tunability as well as
morphological properties. A luminescent MOF can interact with different analytes due to
the presence of different interaction sites which results in the change in the fluorescence
properties.*?* Mostly, d'® metal centers (Zn(ll) and Cd(11)) based MOFs in combination
with fluorescent-tagged organic systems are utilized for fluorescence-based sensing.14115
There are four ways by which a change in the fluorescence can be observed. First is the
turn-on fluorescence in which enhancement in the fluorescence intensity (hyperchromic
shift) occurs while second is the turn-off fluorescence in which a decrease in the
fluorescence intensity (hypochromic shift) takes place (see Figure 1.6). Other two are
related to a change in Amax: shift to a higher wavelength which is red-shift (bathochromic
shift) and the change towards lower wavelength or blue shift (hypsochromic shift). All
these changes in the fluorescence are due to the different interactions of the analyte with
the framework by which a change in the electron and energy transfers takes place, 1121227124
Sensing of the small molecules like solvents is one of the essential assignments to
accomplish. A luminescent MOF can behave differently in different solvents like DMF,

H»O, methanol, ethanol, toluene, DMSO, acetonitrile, etc.1125128 The enhancement or



quenching in the emission intensity strongly depends on the interaction of these solvent
molecules with the framework. One of the important solvent molecules to detect is acetone.
Acetone can interact with the metal center or the ligand part to reduce the electron transfer
from metal to ligand or ligand to metal that can result in the change in the fluorescence
intensity.'?® Most of the literature reports are based on the fluorescent tagged MOFs or
lanthanide-based luminescent MOFs.*21129-135 On the other hand, very few reports on
sensing of acetone are reported. Interestingly, Zn(ll) based MOFs for sensing of small

molecules and ketones are very less.**
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Figure 1.5. Schematic representation of sensing application for different analytes by luminescent
MOFs.

To explore this further, sensing of ketones is yet another significant task. Some of the
ketones like cyclohexanone are used for the crystallization of the RDX which is an
explosive material used in terrorist activities. It was the second most used explosive in
World War I1. Therefore, it is worthwhile to sense this type of material concerning national
and international security. In this regard, sensing of cyclohexanone among other ketones is
the alternative approach towards indirect detection of RDX. On the other hand, detection
of other explosives mainly nitro-compounds, like TNT and TNP, is also very important to
control environmental pollution as well as for homeland security and safety. Selective
sensing of TNT and TNP among other nitro-compounds is one of the challenging but
achievable tasks.*>%

Furthermore, it is a very challenging task to detect the compounds in the vapor state with
similar vapor pressure. In this context, vapors of aliphatic and aromatic amines are very

harmful to human health, which cause various infections in the respiratory tract.**813 For



example, exposure to high concentration of aniline can lead to the formation of
methemoglobin, resulting in a decrease in the oxygen-carrying capacity of the blood. Its
carcinogenic nature is responsible for causing severe damage to the human body. Although
various methods of sensing of these vapors are reported,’* the strategic design of metal-
organic coordination networks by utilizing different metal centers and functionality can
allow to achieve this with better efficiency. This type of sensing can be carried out in the

solid state where turn-on or turn-off behavior is observed (Figure 1.6).140-143
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Figure 1.6. Schematic representation showing vapor sensing of aliphatic and aromatic amines by
luminescent MOFs.

Scope and Significance of Present work

In order to make new MOCNSs, the most important theme is the design of multitopic ligands
with a consideration of coordination chemistry of various metal ions. In the literature, a
majority of MOCNSs are made through the exploitation of existing or new polycarboxylates

in a combination of various metal centers under hydro-/solvothermal conditions.

Thus, the two-component systems with mostly carboxylates have been exhausted. On the
other hand, mostly bifunctional neutral N-donor ligands have been used in combination of
carboxylates in the three-component systems. However, very little is exploited where the
ligands are mixed anionic-neutral organic species. In this work, four different types of new

ligands have been synthesized in good yield and high purity (Figure 1.7).
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(a) Pyridyl-based ligands
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(b) Functionalised pyridyl-based ligands
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amino)isophthalic acid ylmethyl)amino)isophthalic acid ylmethyl)amino)isophthalic acid
(2,2'-H,bpaipa) (2,4-H,bpaipa) (Hzpbaipa)

(d) Functionalized tetracarboxylate ligands

HOOC\©/COOH HOOC@COOH
N7
|

NH N D
HN COOH N COOH
7 N
COOH NS I COOH
5,5'-((1,3-phenylenebis(methylene)) 5,5-((1,3-phenylenebis(methylene))
bis(azanediyl))diisophthalic acid bis((pyridin-2-ylmethyl)azanediyl))diisophthalic acid
(H,diab) (H,bdiab)

Figure 1.7. Organic ligands prepared for this study.
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The first type is the pyridyl-based tridentate ancillary ligands. The second category of
ligands is pyridyl-based ligands having additional functionality which can be used for
various applications; these ligands can act as an ancillary ligand and also behave like a
linker when the position of donor atoms is changed. The third category includes the mixed
pyridyl-carboxylate ligands. The strategy behind the synthesis of the mixed ligands is to
combine both ancillary ligand and carboxylate linker together to generate highly porous
networks. The fourth category includes functionalized tetracarboxylates based ligands with
a xylyl spacer: one with noncoordinating secondary amine groups and the second is a mixed
pyridyl-carboxylate. Wherever required, for the three-component systems various
dicarboxylates, functionalized dicarboxylates, tricarboxylates and pyridyl linkers (shown

in Figure 1.8) are used.

H,N
HOOC———COOH HOOC”™"COOH HooC COOH
acetylenedicarboxylic acid glutaric acid 2-aminoterephthalic acid
(H,adc) (NH,-H,bdc)
COOH
HOOC _
HOOC’\T/\COOH
COOH HOOC COOH
fumaric acid 3-Me-glutaric acid 1,3,5-benzene
tricarboxylic acid
(H3th)
HOOC
; =
succinic acid terephthalic acid 4,4'-bipyridine

(H,bdc)

Figure 1.8. Organic linkers used in this study.

Thus, the scope for this work was defined by the ligand systems described above. In making
over seventy six MOCNSs, two different strategies as shown in Figure 1.9 are explored. The
three- component strategy consists of two different subsections categorized based on
tridentate and functionalized tridentate ligands with dicarboxylates and tricarboxylates as
linkers. For the two-component strategy, either mixed ligands or tetracarboxylates are the

12



second component. With these vast number of MOCNSs, their applications in four different

important areas (mentioned above) make this work significant.

Three .~ Two
component component
system system

Functionalized

Tridentate

: tridentate Mixed ligand Tetracarboxylates
ligand

ligand

Containing Containing

Containing Containing

tricarboxylate
as linker

dicarboxylate
as linker

tricarboxylate dicarboxylate
as linker as linker

Figure 1.9. Flow diagram of the present research.
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CHAPTER I

Experimental Section

2.1 Materials and Methods

All chemicals and solvents used for synthesis were obtained from commercial sources and
were used as received, without further purification. All reactions were carried out under
aerobic conditions. All the ligands were synthesized either by reported procedure or by
modifying the reported procedures in the literature.

2.2 Physical Measurements

H NMR spectra of the synthesized ligands were obtained in deuterated solvents at 25 °C
on a Bruker ARX-400 spectrometer; chemical shifts are reported relative to the residual
solvent signals. Each sample was prepared by taking 5-10 mg of the compound in approx.
0.5 mL of the deuterated solvent. Each data obtained was analyzed and plotted using either
TOPSPIN software by Bruker or Spinworks.

Melting points (M.pt.) were measured on a Buchi Melting and Boiling Point Apparatus.
All melting points have been measured in open melting point capillaries.

FTIR spectra were measured in the range of 4000-400 cm™* on a Perkin-Elmer Spectrum |

spectrometer with samples prepared as KBr pellets.

Raman spectra were recorded on a Renishaw InVia Raman microscope equipped with a
785 nm high-power near-infrared laser working at 300 mW power and a Renishaw CCD
detector. Analysis of the Raman spectra was performed in reflection mode on powder
samples placed on the sample stage and aligned in optical path by using a camera, with 0.1-

0.5% laser power and by using 50X optics in the range of 400-2000 cm™.

Elemental analysis (C, H, N) was carried out using either a Leco-USA Tru Spec CHNS
micro version 2.7x analyzer at IISER Mohali or Mettler CHNS analyzer at NIPER Mohali.

Thermogravimetric analysis was carried out from 25 to 500 °C (at a heating rate of 10
°C/min) under dinitrogen atmosphere on a Shimadzu DTG-60. The sample to be analyzed
was weighed using an analytical balance, put in a pan and weighed again using the
microbalance of the instrument to avoid any discrepancy. The data obtained were analyzed

using TA 60 software.
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UV-Vis spectra of the compounds in different solvents were recorded in an Agilent
Technologies Cary60 UV-Vis spectrophotometer using a cuvette of path length 10 mm.
Solid state reflectance of solid samples was recorded in Cary5000 UV-Vis
spectrophotometer using KBr medium.

Fluorescence emission spectra were obtained using a Horiba Jobin Yvon Fluorimeter 3
instrument with a cuvette of 10 mm path length. To obtain the spectrum, a slurry of the

compound was prepared in a suitable solvent by stirring for 15 minutes.

Powder X-ray data were recorded on a Rigaku Ultima IV diffractometer equipped with a
3 kW sealed tube Cu Ka X-ray radiation (generator power settings: 40 kV and 40 mA) and
a DTex Ultra detector using parallel beam geometry (2.5° primary and secondary solar slits,
0.5° divergence slit with 10 mm height limit slit). Each sample grounded into a fine powder
using a mortar and a pestle was placed on a glass sample holder that was placed on the
sample rotation stage (120 rpm) attachment. The data were collected over an angle range
5° to 50° with a scanning speed of 1° per minute with 0.02° step with XRF reduction for

the metals.

Hot stage microscopy experiments were performed on a ZEISS Discovery V12 microscope
using a LIKAM hot stage controlled by the Linksys32 software. The growth of the crystals

was observed by taking an image after one second for 45 minutes at room temperature.

Single crystal X-ray analysis were performed by initial crystal evaluation, and data
collection were performed on a Kappa APEX Il diffractometer equipped with a CCD
detector (with the crystal-to-detector distance fixed at 60 mm) and sealed-tube
monochromated Mo Ko radiation using the program APEX2.1** By using the program
SAINT for the integration of the data, reflection profiles were fitted, and values of F?
and o(F?) for each reflection were obtained. In some cases, a lot of efforts were invested to
recollect data sets with new crystals a few times, but no better data sets that are used here
could be obtained. Data were also corrected for Lorentz and polarization effects. The
subroutine XPREP** was used for the processing of data that included determination of
space group, application of an absorption correction (SADABS),'** merging of data, and
generation of files necessary for solution and refinement. Using Olex2,1* the structure was
solved with the ShelXT*® structure solution program using Intrinsic Phasing and refined
with the ShelXL* refinement package using least squares minimization. The space group

was chosen based on systematic absences and confirmed by the successful refinement of
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the structure. Positions of most of the non-hydrogen atoms were obtained from a direct
methods solution. Several full-matrix least-squares/difference Fourier cycles were
performed, locating the remainder of the non-hydrogen atoms. Some cases the solvents
molecules are highly disordered. Therefore, the Olex2> masking program were used to
remove those peaks. In order to obtain reasonable thermal parameters compared to other
atoms, the lowest residual factors and optimum goodness of fit with the convergence of
refinement, occupancy factors of some of the atoms were adjusted accordingly. The
occupancy factors of some of the atoms were adjusted to obtain favorable thermal
parameters. All non-hydrogen atoms for all structures were refined with anisotropic
displacement parameters except where mentioned. Crystallographic parameters and basic
information pertaining to data collection and structure refinement for all compounds are
summarized in the appendix. All figures were drawn using, and MERCURY V 3.10.2148

and hydrogen bonding parameters were generated using PLATON,149:150

Solvent adsorption measurements were recorded for pressure in the range 0-1.2 bar by the
volumetric method using a BELSORP instrument. Each solid sample was transferred to
pre-weighed analysis tubes, which were capped with transeals and evacuated by heating at
a temperature between 110-150 °C (based on thermal profile obtained from TGA) under
dynamic vacuum until an outgassing rate of less than 2 mTorr min?t (0.27 Pa min*t) was
achieved (ca. 12-24 hrs). The evacuated analysis tubes containing the degassed sample was
then carefully transferred to an electronic balance and weighed again to determine the mass
of the sample. The tube was then placed back on the analysis port of the gas adsorption
instrument. The outgassing rate was again confirmed to be less than 2 mTorr min? (0.27
Pa min?). For all isotherms, warm and cold free-space (dead volume) correction
measurements were performed using ultra-high-purity He gas (UHP grade 5.0, 99.999%
purity). The change of the pressure was monitored, and the degree of adsorption was
determined by the decrease in pressure at the equilibrium state via computer controlled
automatic operations that are set up at the start of each measurement. Oil-free vacuum
pumps and oil-free pressure regulators were used for all measurements to prevent
contamination of the samples during the evacuation process or of the feed gases during the

isotherm measurements.

17



2.3 Synthesis of Ligands
N-((6-methylpyridin-2-yl)methyl)-N-(pyridin-2-ylmethyl)ethanamine (6-Mebpea).
Step 1, N-((6-methylpyridin-2-yl)methyl)ethanamine). To a methanolic solution of 6-
methyl-2-pyridinecarboxaldehyde (242 mg, 2 mmol) in a 25 mL RBF, ethylamine solution
(90 mg, 2 mmol in water) was added followed by stirring for 12 h at room temperature. An
excess of sodium borohydride (1.5 equivalents) was added slowly to the above stirred
mixture at 0-4 °C and further stirred for another 12 h. The resulting reduced Schiff base
was extracted using chloroform followed by drying over anhydrous sodium sulfate. The
solvent was evaporated to dryness using reduced pressure affording a yellow oily
substance. Yield: 210 mg (70%). *H NMR (CDCls): § 7.46 (t, 1H), 7.05 (d, 1H), 6.96 (d,
1H), 3.80 (s, 2H), 2.66 (m, 2H), 2.47 (s, 3H), 1.11 (t, 3H).

In Step 2, 2-picolylchloride hydrochloride (143 mg, 0.87 mmol) was added to the aqueous
solution of the reduced Schiff base (171 mg, 0.87 mmol) obtained in Step-1. Furthermore,
sodium hydroxide solution (80 mg, 2 mmol in 2 mL water) was added to the above mixture
dropwise and stirred for another 24 h. The product was extracted with chloroform followed
by drying the organic layer over anhydrous sodium sulfate. The solvent was evaporated to
dryness under reduced pressure affording a light yellow semi-solid product. Yield: 244 mg
(88%). 'H NMR (CDCls): & 8.48 (d, 1H), 7.44 (m, 2H), 7.40 (d, 1H), 7.34 (m, 2H), 7.01
(d, 1H), 3.95 (s, 4H), 2.72 (m, 2H) 2.45 (s, 3H), 1.18 (t, 9H). HRMS (ESI-TOF): m/z calcd
for [(6-Mebpea)H]", 242.1613; found, 242.1607.

2-methyl-N-((6-methylpyridin-2-yl)methyl)-N-(pyridin-2-ylmethyl)propan-2-amine
(6-Mebpta). Step 1, 2-methyl-N-((6-methylpyridin-2-yl)methyl)propan-2-amine. To a
methanolic solution of 6-methyl-2-pyridinecarboxaldehyde (242 mg, 2 mmol), tertiary
butyl amine (146 mg, 2 mmol) was added and stirred for 12 h at room temperature. An
excess of sodium borohydride (1.5 equivalent) was added slowly to the above reaction
mixture at 0-4 °C and stirred for another 12 h. The resulting reduced Schiff base was
isolated from the reaction mixture by extracting with chloroform followed by drying with
anhydrous sodium sulfate. The solvent was evaporated to dryness using reduced pressure
affording a yellow oily substance. Yield: 155 mg (60%). *H NMR (CDCls): § 7.49 (t, 1H),
7.12 (d, 1H), 6.99 (d, 1H), 3.83 (s, 2H), 2.52 (s, 3H), 1.18 (s, 9H).

Step 2, To an aqueous solution of the reduced Schiff base (150 mg, 0.84 mmol) obtained in
step 1, picolylchloride hydrochloride (138 mg, 0.84 mmol) was added. A sodium hydroxide

solution (80 mg, 2 mmol in 2 mL water) was added dropwise to the above reaction mixture
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and stirred for another 24 h. The product was extracted with chloroform followed by drying
the organic layer over anhydrous sodium sulfate. The solvent was evaporated to dryness
using reduced pressure affording a light yellow semi-solid. Yield: 178 mg (79%). *H NMR
(CDCls): 6 8.48 (d, 1H), 7.44 (d, 2H), 7.40 (d, 1H), 7.34 (d, 1H), 7.01 (t, 1H), 6.80 (d, J =
7.6 Hz, 1H), 3.95 (s, 4H), 2.45 (s, 3H), 1.18 (s, 9H). HRMS (ESI-TOF): m/z calcd for [(6-
Mebpta)H]", 270.1926; found, 270.1913.
2-methyl-N,N-bis((6-methylpyridin-2-yl)methyl)propan-2-amine (6,6’-Mezbpta). To a
stirred mixture of 6-methylpyridine-2-carboxyaldehyde (605 mg, 5 mmol) in 8 mL of dry
dichloroethane, tertiary butyl amine (146 mg, 2 mmol) was added and stirred for another 3
h under inert conditions at room temperature. To the above stirred reaction mixture, sodium
triacetoxy borohydride (1.2 g, 6 mmol) was added very carefully at 0-4 °C in an inert
atmosphere followed by the addition of 5 mL DCE and was stirred for another 24 h. A
saturated solution of sodium bicarbonate (19 mL) was added to make it slightly alkaline.
The product was extracted with chloroform, dried over anhydrous sodium sulfate to remove
the moisture, the solvent was evaporated to dryness under reduced pressure affording a
yellow liquid substance which was further recrystallized using ethyl acetate and hexane
mixture affording white crystals. Yield: 435 mg (62%). *H NMR (CDCls): § 7.45 (t, 2H),
7.41 (d, 2H), 6.89 (d, 2H), 3.94 (s, 4H), 2.46 (s, 6H), 1.16 (s, 9H). HRMS (ESI-TOF): m/z
calcd for [(6-Mebpta)H]", 284.2082; found, 284.2079.
4'-(4-(prop-2-yn-1-yloxy)phenyl)-4,2':6",4"-terpyridine (4,4-terpyBA). This ligand was
achieved in two steps as follows. Step 1, 4-(prop-2-yn-1-yloxy)benzaldehyde). In a 25 mL
round bottom flask, p-hydroxy benzaldehyde (122 mg, 1 mmol) was dissolved in 5 mL
DMF followed by addition of KoCOs (3 eq.). To the above stirred mixture, propargyl
bromide solution (178 mg, 1.5 mmol) was added under inert conditions. This reaction
mixture was then refluxed for 5 h during which its color changed from colorless to light
yellow and then finally dark brown. Furthermore, the reaction mixture was poured into ice-
cold water resulting in the formation of a yellow precipitate immediately. Upon filtering
through a G4-crucible, the precipitate was washed with water and dried using a vacuum
aspirator. Yield: 144 mg (90%). 'H NMR (CDCls): § 9.93 (s, 1H), 7.90 (s, 2H), 7.11 (s,
2H), 4.81 (d, 2H), 2.60 (s, 1H).

In Step 2, product formed in the Step 1, 4-(prop-2-yn-1-yloxy)benzaldehyde (160 mg, 1
mmol) was added in 8 mL ethanolic solution of 2-acetyl pyridine (242 mg, 2 mmol). Upon

addition of potassium hydroxide (112 mg, 2 mmol), a clear solution was formed which was
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stirred for 10 minutes. Furthermore, an aqueous NHs solution (15 mL) was added dropwise
using a dropping funnel with constant stirring over 30 minutes. After 15 minutes, white
precipitate started to appear. The reaction mixture was stirred overnight, a white precipitate
was filtered, washed with water and dried in air. Yield: 300 mg (82%). Melting point: 118
°C.'H NMR (CDCl): § 8.81 (d, 4H), 8.09 (d, 2H), 8.02 (d, 4H), 7.75 (d, 2H), 7.19 (d, 2H),
4.82 (s, 2H), 2.62 (s, 1H). HRMS (ESI-TOF): m/z calcd for [(4,4-terpyBA)H]", 364.1405;
found, 364.1408.

4'-(4-(prop-2-yn-1-yloxy)phenyl)-2,2':6",2"-terpyridine (2,2-terpyBA). In a 20 mL RB,
4-(prop-2-yn-1-yloxy)benzaldehyde (160 mg, 1 mmol) was added to an ethanolic solution
of 2-acetylenepyridine (242 mg, 2 mmol) with constant stirring at room temperature. Upon
addition of potassium hydroxide (112 mg, 2 mmol), a clear solution was formed which was
stirred for 10 minutes. Furthermore, an aqueous NH3 solution (20 mL) was added dropwise
using a drooping funnel with constant stirring over 30 minutes. After 15 minutes, greenish
white precipitate started appearing and the reaction mixture was stirred overnight. The
green color precipitate was filtered, washed with water and dried in air. The precipitate was
then dissolved in CHCI3 and passed through a silica-column to obtain the pure product. A
pale-yellow solution eluted out from the column was then evaporated under reduced
pressure to dryness. A pale-yellow solid product was obtained. Yield: 285 mg (78%).
Melting point: 175-178 °C. 'H NMR (CDCls): & 8.76 (d, 2H), 8.72 (t, 2H), 7.95 (d, 2H),
7.93 (d, 2H), 7.40 (d, 2H), 7.13 (d, 2H), 4.80 (s, 2H), 2.59 (s, 1H). HRMS (ESI-TOF): m/z
calcd for [(2,2-terpyBA)H]*, 364.1405; found, 364.1421.
5-(bis(pyridin-2-ylmethyl)amino)isophthalic acid (H2-bpaipa). In step 1, 5-(bis(pyridin-
2-ylmethyl)amino)isophthalic acid was prepared with some modifications in the reported
procedure. In a 50 mL RBF, 10 mL methanolic solution of 5-aminoisophthalic acid (1.81
g, 10 mmol) was taken, to which trimethylamine (2 mL) was added and stirred for 15 min.
Subsequently, 2-pyridinecarboxaldehyde (0.98 mL, 10 mmol) was added and stirred for 8
h. An excess of sodium borohydride (2 eq.) was added slowly to the above solution at 0 °C
and stirred for another 10 h. Upon evaporation of most of the solvent under reduced
pressure, the resulting slurry was poured into 20 mL of ice-cold water followed by addition
of few drops of acetic acid to make the pH 5-6. A yellow-white precipitate was isolated
after evaporation of the solvent. Its melting point and *H NMR data were matched with the
literature values, confirming its identity and purity. This was used in the next step without
any purification. Yield: 1.35 g (52%).
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In step 2, to an aqueous solution (8 mL) of the reduced Schiff base obtained in the first step
(0.5 g, 2 mmol), picolyl chloride hydrochloride (0.32 g, 2 mmol) was added and the mixture
was stirred for 5 min. After adding sodium hydroxide solution (0.16 g in 1 mL of water)
dropwise over a period of 20 min, the mixture was stirred for 24 h at room temperature.
The aqueous reaction mixture was washed 3-4 times with chloroform followed by the
addition of 1 mL of dil. HCI. A yellow solid was obtained. Further work-up to remove NaCl
using dry MeOH provided the desired product. Yield: 583 mg (85%).'H NMR (D20): §
8.33 (d, 2H), 7.65 (d, 2H), 7.48 (s, 1H), 7.21 (d, 2H), 7.19 (d, 2H), 4.76 (s, 4H). HRMS
(ESI-TOF): m/z calcd for [(2,2-Hzbpaipa)H]*, 364.1252; found, 364.1284.
5-((pyridin-2-ylmethyl)(pyridin-3-ylmethyl)amino)isophthalic acid (2,4-H:bpaipa). It
was synthesized by following the same procedure as above, except that 4-pyridine
carboxyaldehyde was used instead of 2-pyridine carboxaldehyde. Step 1 (5-((4-
carboxybenzyl)amino)isophthalic acid), To a stirred solution of 5-aminoisophthalic acid
(724 mg, 4 mmol) dissolved in 6 mL MeOH placed in a 25 mL RBF, triethylamine (2 mL)
was added, followed by the addition of 4-pyridine carboxaldehyde (428 mg, 4 mmol). The
resulting reaction mixture was then allowed to stir for 5 h at room temperature. The mixture
was cooled by placing the RBF in an ice bath. To the yellow reaction mixture, NaBH4 (303
mg, 8 mmol) was added slowly and stirred for 12 h to yield a light yellow solution.
Methanol was evaporated under reduced pressure and the product was poured into ice cold
water. After the addition of a few drops of acetic acid, a white solid was formed. The solid
was filtered and washed with water several times followed by drying in air. Yield: 707 mg
(65%). Its melting point and *H NMR data were matched with the literature values,
confirming its identity and purity. This was used in the next step without any purification.
In Step 2, ((4-carboxybenzyl)amino)isophthalic acid (544 mg, 2 mmol) was added in 5 mL
water followed by addition of 4-picolyl chloride solution (328 mg, 2 mmol in 1 mL water).
After this, sodium hydroxide solution (120 mg, 3 mmol in 2 mL water) was added dropwise
upon which the reaction mixture turns from light yellow to dark red. The reaction mixture
was allowed to stir for 24 h at room temperature. The aqueous reaction mixture was washed
3-4 times with chloroform followed by the addition of 1 mL of dil. HCI. A yellow solid
was formed after some time which was collected by filtration through filter paper. Yield:
443 mg (60%). Melting point: 300 °C. *H NMR (D20): & 8.54 (m, 3H), 7.90 (m, 1H), 7.74
(m, 3H), 7.32 (m, 4H), 4.90 (s, 2 H), 4.82 (s, 2 H). HRMS (ESI-TOF): m/z calcd for [(2,4-
Hobpaipa)H]", 364.1253; found, 364.1267.
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5-((4-carboxybenzyl)(pyridin-2-ylmethyl)amino)isophthalic acid (Hspbaipa). Step 1,
To a stirred solution of 5-aminoisophthalic acid (181 mg, 1 mmol) in 6 mL MeOH placed
in a 25 mL RBF, triethylamine (1 mL) was added followed by the addition of 4-formyl
benzoic acid (150 mg, 1 mmol). The reaction mixture was then allowed to stir for 6 h at
room temperature. The reaction mixture was cooled to 0-4 °C by placing the RBF in an ice
bath. To this stirred cooled yellow reaction mixture, excess NaBHa4 (2 eq.) was added
slowly and then stirred further for another 12 h. After some time, the color of the reaction
mixture faints from the original. The solvent was evaporated under reduced pressure and
the resulting slurry was poured into ice cold water. After the addition of a few drops of
acetic acid, a white precipitate started to appear. This was filtered and washed with water
5-6 times followed by drying in air. Yield: 160 mg (51%). Melting point: 300 °C. *H NMR
(D20): & 7.55 (s, 2H), 7.39 (s, 1H), 7.18 (d, 2H), 7.09 (d, 2H), 4.13 (s, 2 H).

Step 2, In a 10 mL RBF, the product formed from the first step ((4-
carboxybenzyl)amino)isophthalic acid (100 mg, 0.32 mmol) was mixed in 6 mL water. A
solution of 2-picolyl chloride (53 mg, 0.32 mmol) dissolved in 1 mL water was added to
this stirred solution. After that, a solution of sodium hydroxide (51 mg, 1.2 mmol in 2 mL
water) was added dropwise to the above stirred reaction mixture. The color of the
compound changed to dark red from light yellow. It was allowed to stir for another 24 h. It
was the poured into ice cold water followed by an addition of 1 mL dilute HCI solution
dropwise. After some time, white precipitate started to appear. The solid was filtered,
washed with water and dried in air. Yield: 85 mg (60%). Melting point: 292-296 °C. 'H
NMR (D20): & 8.51 (d, 2H), 8.07 (d, 2H), 7.96 (s, 1H), 7.82 (s, 2H), 7.52 (d, 2H), 7.41 (m,
4H), 4.95 (s, 4H). HRMS (ESI-TOF): m/z calcd for [(Hspbaipa)H]*, 407.1198; found,
407.1219.

5,5'-((1,3-phenylenebis(methylene))bis(azanediyl))diisophthalic acid (Hsdaib). In a 25
mL RBF, 5-aminoisopthalic acid (362 g, 2 mmol) was added to a 10 mL methanol followed
by addition of isophthaldehyde (134 mg, 1 mmol). To this stirred reaction mixture,
triethylamine (2 mL) was added and stirred for 5 h at room temperature. Furthermore, this
reaction mixture was cooled to 0-4 °C using an ice bath and excess of NaBH4 was added
slowly. The reaction mixture was stirred for 4 h at 4 °C and again 10 h at room temperature.
The solvent was evaporated under reduced pressure and the resulting slurry was poured
into 15 mL ice cold water followed by addition of few drop of hydrochloride solution to
get the pH 3-4. At this pH, white precipitate was formed which was filtered, washed several
times with water and dried in air. Yield: 705 mg (76%). Melting Point: 321 °C. 'H NMR
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(D20): 6 7.48 (s, 2H), 7.27 (s, 1H), 7.15-7.19 (m, 7H), 4.18 (s, 4 H). HRMS (ESI-TOF):
m/z calcd for [(Haspbaipa)Na]", ; 488.1151, found; 488.1100
5,5'-((1,3-phenylenebis(methylene))bis(azanediyl))diisophthalic acid (Hsbdaib). To an
aqueous solution of the Hadaib (232 mg, 0.5 mmol), 2-picolylchloride hydrochloride salt
(164 mg, 1 mmol) was added. A sodium hydroxide solution (160 mg, 2 mmol in 5 mL
water) was added to the above stirred reaction mixture dropwise and was stirred for another
24 h. The resulting slurry was poured into ice cold water followed by addition of a few drop
of dil. HCI to get the pH 3-4. The white precipitate thus obtained was filtered and washed
4-5 times with water followed by drying in air. Yield: 200 mg, melting point: 218 °C. *H
NMR (D20): 6 8.53 (d, 2H), 7.70 (m, 4H), 7.40 (m, 4H), 7.26-7.184 (m, 8H).81 (s, 4H),
4.74 (s, 4H). HRMS (ESI-TOF): m/z calcd for [(Hzspbaipa)Na]*, 669.1961; found,
669.1917.

2.4 Synthesis of Compounds

[Niz2(adc)2(6-mebpta)2]-2H20 (1) To a stirred solution of Ni2(OAc)24H20 (49.6 mg, 0.2
mmol) and 6-Mebpta (53.8 mg, 0.2 mmol) in 4 mL methanol, acetylene dicarboxylic acid
(22.8 mg, 0.2 mmol) was added. The reaction mixture was stirred for another 4 h at room
temperature. The resulting slurry was evaporated to dryness and treated with 4 mL of an
acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic acid by-product affording
a green solid. Yield: 65 mg (72%). Single crystals were obtained by slow evaporation of its
aqueous solution. Anal. Calcd for Cs2Hs4NsO12Ni2 (MW 952.29) (4 H20): C, 52.97; H,
5.72; N, 8.82. Found: C, 52.88; H, 5.35; N, 7.95. It should be noted that the formula used
for the calculation of CHN analysis was with four water molecules although other
characterizations including X-ray crystallography indicated that it has two water molecules.
Selected FTIR peaks (KBr, cm™): 3408 (br), 1624 (m), 1607 (s), 1596 (s), 1552 (m), 1401
(m), 1377 (s), 1352 (s), 1195 (m), 792 (m), 779 (m), 772 (m), 690 (m). Selected Raman
peaks (cm™): 2203, 1575, 1399, 1027, 772.
[Niz(fumarate)(6-Mebpta)2(H20)z](fumarate) 9H20 (2>fumarate) To a stirred solution
of Ni(OAc)24H20 (49.6 mg, 0.2 mmol) and 6-Mebpta (53.8 mg, 0.2 mmol) in 4 mL
methanol, fumaric acid (23.2 mg, 0.2 mmol) was added. The reaction mixture was stirred
for 4 h at room temperature. The resulting slurry was evaporated to dryness under reduced
pressure, treated with acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic
acid affording a green solid. Yield: 75 mg (69%). Single crystals were obtained by slow
evaporation of its solution of water and acetonitrile. Anal. Calcd for C42Hg2NsO14Ni> (MW
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992.36) (6H20): C, 50.83; H, 6.30; N, 8.47. Found: C, 50.36; H, 5.91; N, 8.40. Selected
FTIR peaks (KBr, cm™): 3403 (br), 3274 (br), 2971 (m), 1704 (w), 1605 (s), 1581 (s), 1561
(s), 1403 (m), 1385 (s), 1262 (m), 1126 (m), 1023 (m), 978 (m), 803 (m), 776 (m), 680 (m).
Selected Raman peaks (cm™): 1665, 1607, 1577, 1272, 1024, 772.
[Niz(succinate)(6-Mebpta)2(H20)z](Hsuccinate)24H20 (3oHsuccinate) To a stirred
solution of Ni(OAc)24H20 (49.6 mg, 0.2 mmol) and 6-Mebpta (53.8 mg, 0.2 mmol) in 4
mL methanol, succinic acid (23.6 mg, 0.2 mmol) was added. The reaction mixture was
stirred for 4 h at room temperature. The resulting slurry was evaporated to dryness under
reduced pressure, treated with acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the
acetic acid affording a green solid. Yield: 65 mg (67%). Single crystals were obtained by
slow evaporation of its solution of water and acetonitrile. Anal. Calcd for C42HssNsO16Ni2
(MW 1078.33): C, 51.23; H, 6.36; N, 7.79. Found: C, 48.40; H, 6.39; N, 7.64. Selected
FTIR peaks (KBr, cm™): 3411 (br), 3221 (br), 2984 (m), 1718 (w), 1653 (m), 1608 (s),
1570 (m), 1542 (m), 1434 (m), 1404 (s), 1190 (m), 778 (m), 684 (m). Selected Raman peaks
(cm™): 1577, 1449, 1272, 1024, 833.

[Niz(glutarate)(6-Mebpta)2(H20)2](CIO4)H20 (4) To a stirred solution of
Ni(OAC)24H20 (25 mg, 0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol,
glutaric acid (13.2 mg, 0.1 mmol) was added. The reaction mixture was stirred for 4 h at
room temperature. The resulting slurry was evaporated to dryness under reduced pressure,
treated with acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic acid
affording a green sticky substances. This sticky substance was again dissolved in water and
sodium perchlorate (0.05 mmol) was added to it, after evaporation of the solvent green
color solid compound was formed. Yield: 29 mg (60%). Anal. Calcd for C39HssNeO11CINi2
(MW 939.75): C, 49.84; H, 6.22; N, 8.94. Found: C, 49.98; H, 7.01; N, 9.03. Selected FTIR
peaks (KBr, cm™): 3460 (br), 1607 (m), 1546 (s), 1466 (s), 1438 (s), 1181 (m), 757 (m),
623 (m).

[Niz2(Me-glutarate)(6-Mebpta)2(H20)2](ClO4)3H20 (5) To a stirred solution of
Ni(OACc)24H20 (25 mg, 0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 3-
methylglutaric acid (14.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for 4
h at room temperature. The resulting slurry was evaporated to dryness under reduced
pressure, treated with acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic
acid affording a green color sticky substances, which was dissolved in water and sodium
perchlorate (0.05 mmol) was added to it, and after evaporation of the solvent green color
solid compound was formed. Yield: 39 mg (78%). Anal. Calcd for C40HssNeO13CINi2 (MW
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989.80): C, 48.54; H, 6.52; N, 8.49. Found: C, 47.99; H, 6.85; N, 8.01. Selected FTIR peaks
(KBr, cm™): 3468 (br), 1607 (m), 1579 (s), 1551 (s), 1462 (s), 1438 (m), 1084 (s), 763 (m),
625 (m).

{[Zn2(adc)2(6-mebpta)2]-2H20}n (6) To the stirred solution of Zn(OACc)22H20 (22 mg, 0.1
mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid
(12 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 4-5 h at room
temperature. The resulting precipitate was filtered through filter paper, washed with
methanol and dried in air affording a yellow solid. Yield: 37 mg (79%). Anal. Calcd for
Ca2Hs0N6O10Zn2 (MW 929.64): C, 54.26; H, 5.42; N, 9.04. Found: C, 54.10; H, 4.87; N,
8.29. Selected FTIR peaks (KBr, cm™): 3445 (br), 1628 (s), 1614 (s), 1327 (s), 1018 (m),
758 (m), 676 (m).

{[Cd2(adc)2(6-mebpta)2]-4H20}n (7) To the stirred solution of Cd(OAc)22H20 (26 mg,
0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid
(22.8 mg, 0.2 mmol) was added. The reaction mixture was stirred for another 4-5 h at room
temperature. The resulting precipitate was filtered through filter paper, washed with
methanol and dried in air affording a yellow solid. Yield: 45 mg (83%). Anal. Calcd for
Ca2Hs54N6012Cd> (MW 1059.73): C, 47.60; H, 5.14; N, 7.93. Found: C, 48.20; H, 5.97; N,
8.10. Selected FTIR peaks (KBr, cm™): 3424 (b), 1605 (s), 1452 (w), 1346 (s), 772 (m),
685 (m).

{[Zn2(bdc)2(6-mebpta)2]-2H20}n (8) To the stirred solution of Zn(OAc)22H.0 (22 mg,
0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 1,4-benzene dicarboxylic
acid (16.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 2 h at
room temperature till all the components get dissolved in solution. After this, white
precipitate started appearing so, it was stirred further for 6 h at room temperature. The
resulting precipitate was filtered through a filter paper, washed with methanol and
acetonitrile toluene mixture (1:1) and dried in air affording a white solid. Yield: 45 mg
(86%). Anal. Calcd for CsoHssNsO10Zn2 (MW 1033.78): C, 58.09; H, 5.65; N, 8.13. Found:
C, 58.95; H, 6.10; N, 8.83. Selected FTIR peaks (KBr, cm™): 3440 (br), 1608 (s), 1367 (s),
1027 (m), 822 (w), 781 (m), 753 (m).

{[Cd2(bdc)2(6-mebpta)2] 3H20}n (9) To the stirred solution of Cd(OAc)22H20 (26 mg,
0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 1,4-benzene dicarboxylic
acid (16.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 2 h at
room temperature till all the components get dissolved in solution. After this, yellow

precipitate started appearing so, it was stirred further for 6 h at room temperature. The
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resulting precipitate was filtered through filter paper, washed with methanol and
acetonitrile toluene mixture (1:1) followed by drying in air affording a yellow--white solid.
Yield: 30 mg (52%). Anal. Calcd for Cso0HsoNeO1:Cd2 (MW 1145.86): C, 52.41; H, 5.28;
N, 7.33. Found: C, 53.35; H, 5.01; N, 7.98. Selected FTIR peaks (KBr, cm™): 3422 (br),
1603 (w), 1571 (s), 1385 (s), 1016 (w), 835 (m), 753 (m).
{[Cuz(bdc)2(6-mebpta)2]4H20}n (10) To the stirred solution of Cu(OAc)2H20 (20 mg,
0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 1,4-benzene dicarboxylic
acid (16.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 2 h at
room temperature till all the components get dissolved in solution. After this, blue green
precipitate started appearing so, it was stirred further for 6 h at room temperature. The
resulting precipitate was filtered through filter paper, washed with methanol and
acetonitrile toluene mixture (1:1) and dried in air affording a blue green solid. Yield: 33
mg (62%). Anal. Calcd for CsoHs2NeO12Cu2 (MW 1066.15): C, 56.33; H, 5.86; N, 7.88.
Found: C, 55.01; H, 6.11; N, 7.82. Selected FTIR peaks (KBr, cm™): 3422 (br), 1686 (m),
1607 (s), 1589 (s), 1391 (s), 1355 (s), 1290 (m), 1016 (w), 749 (5).
{[Mn2(bdc)2(6-mebpta)2] 5H20}n (11) To the stirred solution of Mn(OAC)24H20 (25 mg,
0.1 mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 1,4-benzene dicarboxylic
acid (16.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 2 h at
room temperature till all the components get dissolved in solution. After this, white
precipitate started appearing so, it was stirred further for 6 h at room temperature. The
resulting precipitate was filtered through filter paper, washed with methanol and
acetonitrile toluene mixture (1:1) and dried in air affording a white solid. Yield: 37 mg
(68%). Anal. Calcd for CsgHsaNeO13Mn2 (MW 1066.95): C, 56.29; H, 6.05; N, 7.88. Found:
C, 55.72; H, 7.10; N, 7.10. Selected FTIR peaks (KBr, cm™): 3404 (br), 1577 (s), 1392 (s),
1017 (w), 750 (m), 522 (m).

{[Co2(bdc)2(6-mebpta)2]}n (12) To the stirred solution of Co(OAc)24H.0 (25 mg, 0.1
mmol) and 6-Mebpta (27 mg, 0.1 mmol) in 4 mL methanol, 1,4-benzene dicarboxylic acid
(16.6 mg, 0.1 mmol) was added. The reaction mixture was stirred for another 2 h at room
temperature till all the components get dissolved in solution. After this, dark pink
precipitate started appearing so, it was stirred further for 6 h at room temperature. The
resulting precipitate was filtered through filter paper, washed with methanol and of
acetonitrile toluene mixture (1:1) and dried in air affording a dark pink solid. Yield: 41 mg
(82%). Anal. Calcd for CsoHs4NsOgCo2 (MW 984.86): C, 58.82; H, 5.73; N, 8.23. Found:
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C,59.10; H, 5.99; N, 7.97. Selected FTIR peaks (KBr, cm™): 3422 (br), 1571 (s), 1385 (m),
1356 (s), 1018 (m), 820 (m), 750 (m), 516 (w).

{[Ni2(adc)2(6-mebpea)2]-7H20}n (13) To a mixture of Ni(OAc)24H.0 (49 mg, 0.2 mmol)
and 6-Mebpea (49 mg, 0.2 mmol) in 4 mL methanol, acetylene dicarboxylic acid (22 mg,
0.2 mmol) was added. The reaction mixture was stirred for another 4 h at room temperature.
The resulting slurry was evaporated to dryness using reduced pressure, treated with 4 mL
of an acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic acid by-product
affording a green solid. Yield: 70 mg (74%). Anal. Calcd for CsgHs2NeO1sNi2 (MW
950.23): C, 48.03; H, 5.52; N, 8.84. Found: C, 49.01; H, 5.95; N, 8.54. Selected FTIR peaks
(KBr, cm™): 3382 (br), 1590 (s), 1355 (s), 774 (m), 685 (m).
{[Niz(fumarate)2(6-mebpea)z]-2H20-3MeOH}n (14) To a mixture of Ni(OAc)24H.0 (49
mg, 0.2 mmol) and 6-Mebpea (49 mg, 0.2 mmol) in 4 mL methanol, fumaric acid (22 mg,
0.2 mmol) was added. The reaction mixture was stirred for another 4 h at room temperature.
The resulting slurry was evaporated to dryness using reduced pressure, treated with 4 mL
of an acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic acid by-product
affording a green solid. Yield: 40 mg (41%). Anal. Calcd for CaiHsgNeO13Ni2 (MW
960.31): C, 51.28; H,5.91; N, 8.75. Found: C, 50.34; H, 6.97; N, 8.90. Selected FTIR peaks
(KBr, cm™): 3392 (br), 1559 (s), 1393 (s), 1213 (w), 980 (w), 802 (m), 689 (m).
{[Zn2(adc)2(6-mebpea)2]-9H20}n (15) To a mixture of Zn(OAc)22H20 (44 mg, 0.2 mmol)
and 6-Mebpea (49 mg, 0.2 mmol) in 4 mL methanol, acetylene dicarboxylic acid (22 mg,
0.2 mmol) was added. The reaction mixture was stirred for another 4 h at room temperature.
The resulting slurry was evaporated to dryness using reduced pressure, treated with 4 mL
of an acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic acid by-product
affording a yellow solid. Yield: 58 mg (58%). Anal. Calcd for CssHs6NgO17Zn2 (MW
999.64): C, 45.66; H, 5365; N, 8.41. Found: C, 44.96; H, 6.25; N, 8.97. Selected FTIR
peaks (KBr, cm™): 3377 (br), 1636 (s), 1602 (s), 1379 (s), 1327 (s), 1171 (w), 1018 (w),
768 (m), 686 (m).

{[Cdz(adc)2(6-mebpea)2]-8H20}n (16) To a mixture of Cd(OAc)22H.0 (53 mg, 0.2 mmol)
and 6-Mebpea (49 mg, 0.2 mmol) in 4 mL methanol, acetylene dicarboxylic acid (22 mg,
0.2 mmol) was added. The reaction mixture was stirred for another 4 h at room temperature.
The resulting slurry was evaporated to dryness using reduced pressure, treated with 4 mL
of an acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic acid by-product
affording a yellow solid. Yield: 70 mg (65%). Anal. Calcd for CsgHssNsO17Cd2 (MW
1093.70): C, 41.73; H, 5.16; N, 7.68. Found: C, 42.32; H, 4.83; N, 7.67. Selected FTIR
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peaks (KBr, cm™): 3415 (br), 1619 (s), 1351 (s), 1328 (s), 1169 (w), 990 (w), 779 (m), 673
(m).

[Ni(adc)(6,6’-Me2bpta)(H20)]H20 (17) To a solution of Ni(OAc)24H.0 (24 mg, 0.1
mmol) and 6,6’-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid
(11 mg, 0.1 mmol) was added. The reaction mixture was stirred for 4 h at room temperature.
The resulting slurry was evaporated to dryness under reduced pressure, treated with
acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic acid affording a green
solid. Yield: 30 mg (66%). Single crystals were obtained by slow evaporation of its water-
acetonitrile aqueous solution. Anal. Calcd for C22H20N3OgNi (MW 490.17): C, 52,91; H,
5.96; N, 8.57. Found: C, 52.70; H, 5.79; N, 8.41. CHN calculation is with 1.5 water
molecules. Selected FTIR peaks (KBr, cm™): 3435 (br), 3221 (br), 1704 (m), 1607 (s), 1590
(s), 1407 (m), 1340 (s), 1226 (m), 1192 (m), 1022 (m), 789 (m), 690 (m). Selected Raman
peaks (cm™): 2233, 1401, 1003, 775.

[Niz(fumarate)2(6,6’-Me2bpta)2]'5H20 (18) To a solution of Ni(OAc)24H20 (24 mg, 0.1
mmol) and 6,6'-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, fumaric acid (11 mg, 0.1
mmol) was added. The reaction mixture was stirred for 4 h at room temperature. The
resulting slurry was evaporated to dryness under reduced pressure, treated with acetonitrile-
toluene mixture (50:50 v/v) to get rid-off of the acetic acid affording a green solid. Yield:
40 mg (83%). Anal. Calcd for C44HesNsO13Ni2 (MW 1002.39): C, 52,72; H, 6.44; N, 8.38.
Found: C, 52.04; H, 5.76; N, 7.52. Selected FTIR peaks (KBr, cm™): 3411 (br), 1607 (m),
1579 (s), 1466 (w), 1372 (s), 1227 (w), 1188 (w), 982 (w), 784 (m), 679 (m). Selected
Raman peaks (cm™): 1652, 1580, 1400, 1014, 776
[Niz2(succinate)2(6,6'-Mezbpta)2]-6H20 (19) To a solution of Ni(OAc)24H.0 (24 mg, 0.1
mmol) and 6,6’-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, succinic acid (11 mg, 0.1
mmol) was added. The reaction mixture was stirred for 4 h at room temperature. The
resulting slurry was evaporated to dryness under reduced pressure, treated with acetonitrile-
toluene mixture (50:50 v/v) to get rid-off of the acetic acid affording a green solid. Yield:
31 mg (63%). Anal. Calcd for CasH70NsO14Ni2 (MW 1024.44): C, 51,59; H, 6.88; N, 8.20.
Found: C, 51.17; H, 6.10; N, 7.70. Selected FTIR peaks (KBr, cm™): 3400 (br), 1606 (s),
1566 (s), 1466 (m), 1436 (m), 1407 (s), 1219 (w), 1193 (w), 1010 (w), 786 (m), 665 (m),
657 (m). Selected Raman peaks (cm™): 1605, 1580, 1278, 1014, 767.
[Mnz(adc)2(6,6’-Mez2bpta)2]-2H20 (20) To a solution of Mn(OAc)24H20 (24 mg, 0.1
mmol) and 6,6’-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid

(11 mg, 0.1 mmol) was added. The reaction mixture was stirred for 4 h at room temperature.
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The resulting slurry was evaporated to dryness under reduced pressure, treated with
acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic acid affording a light
yellow solid. Yield: 29 mg (63%). Anal. Calcd for CasHssNeO10Mn2 (MW 936.80): C,
56.41; H, 5.81; N, 8.97. Found: C, 56.20; H, 6.10; N, 8.31. Selected FTIR peaks (KBr, cm"
1Y: 3454 (br), 1583 (s), 1463 (s), 1361 (), 774 (M), 693 (m).
[Mnz(fumarate)2(6,6’-Mezbpta)2] H20 (21) To a solution of Mn(OAc)24H20 (24 mg, 0.1
mmol) and 6,6’-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, fumaric acid (11 mg, 0.1
mmol) was added. The reaction mixture was stirred for 4 h at room temperature. The
resulting slurry was evaporated to dryness under reduced pressure, treated with acetonitrile-
toluene mixture (50:50 v/v) to get rid-off of the acetic acid affording a light yellow solid.
Yield: 31 mg (68%). Anal. Calcd for C4sHs6NsO9Mn2 (MW 922.82): C, 57.27; H, 6.12; N,
9.11. Found: C, 56.92; H, 6.35; N, 8.97. Selected FTIR peaks (KBr, cm™): 3417 (br), 1565
(s), 1398 (s), 1218 (m), 836 (M), 663 (m).

{[Zn2(adc)2(6,6"-Mezbpta)2]}n (22) To a solution of Zn(OAc)22H20 (21 mg, 0.1 mmol)
and 6,6'-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid (11
mg, 0.1 mmol) was added. The reaction mixture was stirred for 4 h at room temperature.
The resulting white precipitate were filtered through filter paper and washed with
acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic acid. Yield: 33 mg
(75%). Anal. Calcd for Ca4HsoNsOsZn2 (MW 921.66) (2 H20): C, 57.34; H, 5.47; N, 9.12.
Found: C, 56.10; H, 6.21; N, 8.89. Selected FTIR peaks (KBr, cm™): 3417 (br), 1642 (s),
1614 (s), 1467 (m), 1332 (s), 1093 (M), 779 (m), 674 (m).
{[Cd2(adc)2(6,6'-Mez2bpta)2] 2H20}n (23) To a solution of Cd(OAc)22H20 (26 mg, 0.1
mmol) and 6,6’-Mezbpta (28 mg, 0.1 mmol) in 4 mL methanol, acetylene dicarboxylic acid
(11 mg, 0.1 mmol) was added. The reaction mixture was stirred for 4 h at room temperature.
The resulting yellow- white precipitate were filtered through filter paper and washed with
acetonitrile-toluene mixture (50:50 v/v) to get rid-off of the acetic acid. Yield: 37 mg
(73%). Anal. Calcd for C44Hs4NsO10Cd2 (MW 1051.75): C, 50.25; H, 5.18; N, 7.99. Found:
C,51.01; H, 5.89; N, 8.92. Selected FTIR peaks (KBr, cm™): 3417 (br), 1618 (s), 1604 (s),
1585 (s), 1464 (m), 1327 (s), 1089 (m), 837 (m), 777 (m), 688 (m).
{[Cd2(Hbtc)2(6-mebpea)2]}n (24) A mixture of Cd(OACc)22H20 (26.6 mg, 0.1 mmol), 6-
mebpea (24 mg, 0.1 mmol), Hsbtc (14 mg, 0.066 mmol) in 0.5 mL distilled H.O and 0.5
mL MeOH was sealed in a 10 mL Teflon-lined stainless steel container and heated at 120
°C for 3 days. The mixture was cooled to room temperature at a rate of 5 °C/h, colorless

block crystals of compound were obtained with mother liquor. The solution with crystals
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was evaporated to dryness and then treated with 2 mL of an acetonitrile-toluene mixture
(50:50 v/v) to get rid-off the acetic acid by-product affording an off yellow solid. Yield: 37
mg (67%). Anal. Calcd for CsgHasNeO12Cd> (MW 1123.73): Calc. C, 51.30; H, 4.12; N,
7.47. Found: C,49.20; H, 4.19; N, 7.45. Selected FTIR peaks (KBr, cm™): 3406 (Br), 3101
(m), 2968 (m), 2938 (m), 1683 (m), 1613 (s), 1575 (s), 1567 (s), 1557 (s), 1440 (m), 1368
(m), 1170 (m), 1099 (w), 1015 (w), 785 (w), 758 (w), 730 (w), 675 (m), 521 (m).
{[Cd2(Hzbtc)(btc)(6-mebpta)2]}n (25) A mixture of Cd(OAc)22H20 (26.6 mg, 0.1 mmol),
6-mebpta (27 mg, 0.1 mmol), Hsbtc (14 mg, 0.066 mmol) in 0.5 mL distilled H>O and 0.5
mL MeOH was sealed in a 10 mL Teflon-lined stainless steel container and heated at 120
°C for 3 days. After the mixture cooled to room temperature at a rate of 5 °C/h, colorless
block crystals were obtained. The resulting slurry was evaporated to dryness and then
treated with 2 mL of an acetonitrile-toluene mixture (50:50 v/v) to get rid-off the acetic
acid by-product affording a yellow solid. Yield: 42 mg (73%). Anal. Calcd for
Cs2Hs54NeO12Cd> (MW 1179.84): Calc. C, 52.94; H, 4.61; N, 7.12. Found: C, 50.96; H,
4.46; N, 6.60. Selected FTIR peaks (KBr, cm™): 3315 (Br), 2913 (m), 2542 (m), 1682 (s),
1610 (s), 1570 (m), 1401 (s), 1399 (m), 1367 (m), 1281 (m), 1247 (m), 1199 (m), 1111 (w),
744 (w), 690 (m), 525, (m) 420 (w).

{[Zn2(bdc)2(2,2-terpyBA)2] 3DMF2H20}n (26) To the stirred solution of 2,2-terpyBA
(36 mg, 0.1 mmol) and Hzbdc (16 mg, 0.1 mmol) in 2 mL DMF, Zn(OAc)22H20 (22 mg,
0.1 mmol) was added which results in a greenish color suspension. Upon addition of 1:1
water /EtOH solution (2 mL) to this a clear solution was obtained. Yellow precipitate
started appearing after 15 min. Further this, the reaction mixture was stirred for another 5
h. The resulting yellow- precipitate was filtered through a filter paper and washed with
DMF and EtOH, dried in air and weighed. Yield: 43 mg (60%). Anal. Calc. for
C73Hs7N9O15Zn2 (MW 1441.12): Calc. C, 60.84; H, 4.69; N, 8.75. Found: C, 60.02; H, 5.01;
N, 7.32. Selected FTIR peaks (KBr, cm™): 3430 (br), 2114 (for acetylene C-H), 1664 (m,
for DMF), 1599 (s), 1521 (w), 1475 (m) 1356 (s), 1230 (m), 1191 (m), 1016 (m), 833 (w),
792 (m), 748 (m), 659 (w), 515 (w).

{[Cd2(bdc)2(2,2-terpyBA)2] 2DMF-5H20}n (27) To the stirred solution of 2,2-terpyBA
(36 mg, 0.1 mmol) and Hzbdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF, H20 and EtOH
(1:1:1), Cd(OACc)22H20 (26 mg, 0.1 mmol) was added. Yellow precipitate started
appearing after 15 min. Further this, the reaction mixture was stirred for another 5 h. The
resulting yellow- precipitate were filtered through a filter paper and washed with DMF and
EtOH, dried in air and weighed. Yield: 40 mg (54%). Anal. Calc. for C7gHssNgO1sCd2 (MW
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1534.15): Calc. C, 55.45; H, 4.39; N, 7.39. Found: C, 55.58; H, 3.74; N, 6.55. Selected
FTIR peaks (KBr, cm™): 3426 (br), 2114 (for acetylene C-H), 1663 (m, for DMF), 1598
(s), 1571 (s), 1519 (m) 1476 (w) 1432 (m), 1378 (s), 1231 (m) 1189 (m), 1014 (m), 838
(m), 790 (m), 746 (m), 659 (w), 518 (m).

{[Cuz(bdc)2(2,2-terpyBA)2] DMF-3H20}n (28) To the stirred solution of 2,2-terpyBA
(72.8 mg, 0.2 mmol) and 1,4-H>bdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF, H20 and
EtOH (1:1:1), Cu(OAc)2H20 (40 mg, 0.2 mmol) was added and the reaction mixture was
stirred for 5 h at room temperature. After stirring for 5 h, reaction mixture turned green
with appearance of green precipitate. Resulting green precipitate were filtered through filter
paper and washed with DMF and EtOH, dried in air and weighed. Yield: 89 mg (68%).
Anal. Calc. for Ce7Hs5N7014Cuz (MW 1309.28): Calc. C, 61.46; H, 4.23; N, 7.49. Found:
C,60.32; H,5.01; N, 7.01. Selected FTIR peaks (KBr, cm™): 3435 (br), 2117 (for acetylene
C-H), 1660 (s, for DMF), 1599 (s), 1366 (s), 1242 (s), 1191(m), 794 (m), 751 (5).
{[Mn2z(bdc)2(2,2-terpyBA)2]-4H20}n (29) To the stirred solution of 2,2-terpyBA (36 mg,
0.1 mmol) and 1,4-Hzbdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF, H,O and EtOH
(1:1:1), Mn(OAC)24H20 (25 mg, 0.1 mmol) was added. After stirring for 5 h, yellow
precipitate started appearing which were filtered through filter paper and washed with DMF
and EtOH, dried in air and weighed. Yield: 51 mg (80%). Anal. Calc. for CesHs0NsO14Mn2
(MW 1236.98): Calc. C, 62.14; H, 4.07; N, 6.79. Found: C, 61.95; H, 4.78; N, 7.12.
Selected FTIR peaks (KBr, cm™): 3450 (Br), 2123 (for acetylene C-H), 1600 (s), 1560 (s),
1474 (w), 1384 (s), 1231 (w) 1189 (w), 1015 (m), 792 (m), 751 (m), 517 (w).
{[Co2(bdc)2(2,2-terpyBA)2] DMF-H20}n (30) To the stirred solution of 2,2-terpyBA ( 36
mg, 0.1 mmol) and 1,4-Hzbdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF, H20 and EtOH
(1:1:1), Co(OAC)24H20 (25 mg, 0.1 mmol) was added. A pink precipitate started appearing
after 15 min. Furthermore, the reaction mixture was stirred for another 5 h at room
temperature. The resulting pink precipitate were filtered through a filter paper and washed
with DMF and EtOH, dried in air and weighed. Yield: 39 mg (62%). Anal. Calc. for
Ce7H51N7012Co2 (MW 1264.02): Calc. C, 63.66; H, 4.07; N, 7.76. Found: C, 60.25; H,
3.99; N, 7.85. Selected FTIR peaks (KBr, cm™): 3366 (br), 2114 (for acetylene C-H), 1653
(m, for DMF), 1600 (s), 1575 (s), 1521 (m), 1474 (w) 1434 (w) 1381 (s), 1230 (m) 1190
(w), 1016 (m), 832 (m), 792 (m), 753 (m), 659 (w), 518 (w).
{[Zn2(NH2bdc)2(2,2-terpyBA)2] DMF-2H20}n (31) To the stirred solution of 2,2-terpyBA
(36 mg, 0.1 mmol) and NHz2bdc (18 mg, 0.1 mmol) in 4 mL mixture of DMF, H>O and
EtOH (1:1:1), Zn(OAc)22H20 (22 mg, 0.1 mmol) was added. A yellow-white precipitate
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started appearing after 15 min. Furthermore, the reaction mixture was stirred for another 5
h. The resulting yellow- precipitate were filtered through a filter paper and washed with
DMF and EtOH, dried in air and weighed. Yield: 44 mg (66%). Anal. Calc. for
Ce7Hs55N9013Zn2 (MW 1324.96): Calc. C, 60.73; H, 4.18; N, 9.51. Found: C, 59.41; H, 4.95;
N, 9.86. Selected FTIR peaks (KBr, cm™): 3431, 3336 (-NH.), 2118 (for acetylene C-H),
1664 (s, for DMF), 1576 (s), 1600 (s), 1519 (m) 1476 (m) 1434 (m), 1362 (s), 1253 (m)
1188 (m), 1016 (m), 833 (m), 793 (m), 773 (m), 659 (w).
{[Cd2(NH:zbdc)2(2,2-terpyBA)2]- DMF-3H20}n (32) To the stirred solution of 2,2-terpyBA
(36 mg, 0.1 mmol) and NH2bdc (18 mg, 0.1 mmol) in 4 mL mixture of DMF, H20 and
EtOH (1:1:1), Cd(OAc)22H20 (26 mg, 0.1 mmol) was added. Yellow- white precipitate
starts appearing after 15 min. Furthermore, the reaction mixture was stirred for another 5
h. The resulting yellow- precipitate were filtered through a filter paper and washed with
DMF and EtOH, dried in air and weighed. Yield: 52 mg (74%). Anal. Calc. for
Ce7Hs57N9O14Cd> (MW 1437.04): Calc. C, 56.00; H, 4.00; N, 8.17. Found: C, 55.12; H,
4.52; N, 9.45. Selected FTIR peaks (KBr, cm™): 3426, 3314 (-NH), 2123 (for acetylene
C-H), 1666 (s, for DMF), 1599 (s), 1550 (s), 1519 (m) 1477 (w) 1430 (m), 1372 (s), 1230
(m) 1189 (m), 1014 (m), 843 (m), 791 (m), 773 (m), 659 (w).
{[Cu2(NH:zbdc)2(2,2-terpyBA)2]- DMF-H20}n (33) To the stirred solution of 2,2-terpyBA
(72.8 mg, 0.2 mmol) and NHzbdc (36 mg, 0.1 mmol) in 4 mL mixture of DMF, H.O and
EtOH (1:1:1), Cu(OAc)2'H20 (40 mg, 0.2 mmol) was added. After stirring for 5 h reaction
mixture turned green with appearance of green precipitate. Resulting green precipitate were
filtered through filter paper and washed with DMF and EtOH, dried in air and weighed.
Yield: 75 mg (58%). Anal. Calc. for Ce7Hs3N9O12Cu> (MW 1303.28) Calc. C, 61.75; H,
4.10; N, 9.67. Found: C, 59.78; H, 4.64; N, 9.79. Selected FTIR peaks (KBr, cm™): 3420
(br), 2118 (for acetylene C-H), 1659 (s, for DMF), 1598 (s), 1571 (s), 1522 (m) 1435 (w)
1360 (s), 1255 (m), 1237 (m), 1192 (m), 1022 (m), 833 (m), 792 (m), 622 (w).

Crystals of this compound were grown by the layering method using a premixed stock
solution of 2,2-terpyBA and Cu(OAc)2 in 5 mL of DMF named as solution A and NH»-bdc
in 5 mL of EtOH and water (2:1 named as solution B) were prepared and stirred for 30 min.
Then 1 mL of premixed solution B was slowly and carefully layered over 1 mL of solution
A using 1 mL of 1:1 (v/v) buffer solution of H.O and EtOH. The light green rectangular
crystals were obtained after 10 days.

{[Mn2(NHz2bdc)2(2,2-terpyBA)2] DMF-H20}n (34) To the stirred solution of 2,2-terpyBA
(72.8 mg, 0.2 mmol) and NH2bdc (36 mg, 0.2 mmol) in 4 mL mixture of DMF, H0 and
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EtOH (1:1:1), Mn(OACc)24H,0 (50 mg, 0.2 mmol) was added. After stirring for 5 h, yellow
precipitate started appearing, which were filtered through filter paper and washed with
DMF and EtOH, dried in air and weighed. Yield: 76 mg (58%). Anal. Calc. for
Ce7Hs53N9O12Mn; (MW 1286.06): Calc. C, 62.57; H, 4.15; N, 9.80. Found: C, 60.62; H,
4.84; N, 9.78. Selected FTIR peaks (KBr, cm™): 3424 (br), 3323 (m, for NH,), 2121 (w,
for acetylene C-H), 1668 (s, for DMF), 1600 (s), 1573 (s), 1555 (m) 1519 (w) 1478 (m),
1433 (s), 1406 (m), 1374 (s), 1254 (m), 1191 (m), 1016 (m), 842 (m), 794 (m), 775 (m),
660 (w).

Crystals of this compound were grown by the layering method using a premixed stock
solution of 2,2-terpyBA and Mn(OAc)2 in 5 mL of DMF named as solution A and NH.-
bdc in 5 mL of EtOH and water (2:1 named as solution B) were prepared and stirred for 30
min. Then 1 mL of premixed solution B was slowly and carefully layered over 1 mL of
solution A using 1 mL of 1:1 (v/v) buffer solution of H,O and EtOH. The light green
rectangular crystals of {[Cu(NH.-bdc)(2,2-terpyBA)] DMFH20}n were obtained after 10
days. Scale up of this compound was done at room temperature stirring for 5 h.
{[Ni2(NH2bdc)2(2,2-terpyBA)2] 2DMF4H20}n (35) To the stirred solution of 2,2-
terpyBA ( 36 mg, 0.1 mmol) and NH2bdc (18 mg, 0.1 mmol) in 4 mL mixture of DMF,
H>0 and EtOH (1:1:1), Ni(OACc)24H20 (24 mg, 0.1 mmol) was added. A green precipitate
started appearing after 15 min. Furthermore, the reaction mixture was stirred for another 5
h. The resulting greenish precipitate was filtered through a filter paper, washed with DMF
and EtOH, dried in air and weighed. Yield: 50 mg (74%). Anal. Calc. for C70HssN10O15Ni2
(MW 1402.70): Calc. C, 59.94; H, 4.60; N, 9.99. Found: C, 59.93; H, 4.28; N, 8.23.
Selected FTIR peaks (KBr, cm™): 3428, 3347 (-NHy), 2127 (for acetylene C-H), 1661 (m,
for DMF), 1603 (s), 1572 (s), 1474 (w) 1420 (m) 1379 (s), 1237 (m) 1188 (w), 1018 (w),
854 (m), 793 (m), 775 (m), 659 (w).

{[Co2(NH2bdc)2(2,2-terpyBA)2] 2DMF-H20}n (36) To the stirred solution of 2,2-terpyBA
(36 mg, 0.1 mmol) and NH2bdc (18 mg, 0.1 mmol) in 4 mL mixture of DMF, H20 and
EtOH (1:1:1), Co(OAC)24H20 (25 mg, 0.1 mmol) was added. A pink precipitate started
appearing after 15 min, the reaction mixture was stirred for another 5 h. The resulting pink
precipitate was filtered through a filter paper, washed with DMF and EtOH, dried in air and
weighed. Yield: 35 mg (52%). Anal. Calc. for C7o0HsoN10013C02 (MW 1367.15): Calc. C,
61.50; H, 4.42; N, 10.25. Found: C, 60.25; H, 3.99; N, 9.85. Selected FTIR peaks (KBr,
cm™): 3473, 3339 (-NH,), 2117 (for acetylene C-H), 1617 (m, for DMF), 1563 (s), 1498
(w) 1420 (s) 1381 (s), 1307 (w) 1165 (w), 1035 (m), 848 (m), 773 (m), 578 (w), 543 (w).
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{[Zn2(bdc)2(4,4-terpyBA)2] DMF-H20}n (37) To the stirred solution of 4,4-terpyBA (72.8
mg, 0.2 mmol) and 1,4-Hzbdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H20:EtOH
(1:1:1), Zn(OAC)22H20 (42 mg, 0.2 mmol) was added. After stirring for 15 min, a white
precipitate started appearing which was stirred for another 5 h and filtered through a filter
paper, washed with DMF and MeOH, dried in air and weighed. Yield: 96 mg (80%). Anal.
Calc. for Ce7Hs9N7016Zn2 (MW 1348.98) (DMF5H20): Calc. C, 59.65; H, 4.41; N, 7.27.
Found: C, 58.57; H, 3.92; N, 6.24. Selected FTIR peaks (KBr, cm™): 3419 (br), 2114 (for
acetylene C-H), 1661 (s, for DMF), 1616 (s), 1599 (s), 1505 (s), 1386 (s), 1227 (m), 1185
(w), 1018 (m), 828 (m), 752 (m), 651 (m).

{[Cd(bdc)(4,4-terpyBA)] DMF-5H20}n (38) To the stirred solution of 4,4-terpyBA (72.8
mg, 0.2 mmol) and 1,4-Hobdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H,O:EtOH
(1:1:1), Cd(OAC)22H.0 (53 mg, 0.2 mmol) was added. After stirring for 15 min, a white
precipitate started appearing which was stirred for another 5 h and filtered through a filter
paper, washed with DMF and MeOH, dried in air and weighed. Yield: 100 mg (70%). Anal.
Calc. for Ce7Hs9N7016Zn2 (MW 1443.04): Calc. C, 55.77; H, 4.12; N, 6.79. Found: C,
57.01; H, 4.10; N, 6.75. Selected FTIR peaks (KBr, cm™): 3435 (br), 2116 (for acetylene
C-H), 1664 (s, for DMF), 1614 (s), 1598 (s), 1559 (s), 1410 (s), 1363 (s), 1220 (m), 1183
(w), 1027 (m), 832 (m), 729 (m), 651 (m).

{[Cuz(bdc)2(4,4-terpyBA)2] DMF-4H20}n (39) To the stirred solution of 4,4-terpyBA
(72.8 mg, 0.2 mmol) and 1,4-Hzbdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H.O:EtOH
(1:1:1), Cu(OAC)2H20 (40 mg, 0.2 mmol) was added. After stirring for 15 min, a white
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through filter paper and washed with DMF and MeOH, dried in air and
weighed. Yield: 107 mg (81%). Anal. Calc. for Cs7Hs7N7015Cu> (MW 1327.29): Calc. C,
60.63; H, 4.33; N, 7.39. Found: C, 58.06; H, 4.39; N, 7.11. Selected FTIR peaks (KBr, cm"
1): 3419 (br), 2114 (for acetylene C-H), 1664 (s, for DMF), 1616 (s), 1599 (s), 1395 (s),
1361 (s), 1225 (m), 1182 (w), 1018 (m), 830 (m), 753 (m), 654 (m).
{[Ni(bdc)(4,4-terpyBA)2(H20)2]:CH3CH20HH20}n (40) To the stirred solution of 4,4-
terpyBA ( 72 mg, 0.2 mmol) and 1,4-H>bdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF,
H>0 and EtOH (1:1:1), Ni(OAc)24H-0 (24 mg, 0.1 mmol) was added. After stirring for 15
min, a green precipitate started appearing. Further it was stirred for another 5 h, the
precipitate obtained was filtered through filter paper and washed with DMF and MeOH,
dried in air and weighed. Yield: 28 mg (86%). Anal. Calc. for CsgHasNeOsNi (MW
1013.71): Calc. C, 68.72; H, 4.57; N, 8.27. Found: C, 68.68; H, 5.98; N, 9.95. Selected
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FTIR peaks (KBr, cm™): 3409 (br), 2114 (for acetylene C-H), 1664 (s, for DMF), 1600 (s),
1559 (s), 1515 (s), 1435 (w), 1382 (s), 1226 (m), 1183 (m), 1017 (m), 827 (m), 753 (m),
663 (m), 527 (w).

{[Co(bdc)(4,4-terpyBA)2(H20)2] DMF-H20}n (41) To the stirred solution of 4,4-terpyBA
(72 mg, 0.2 mmol) and 1,4-Hzbdc (16 mg, 0.1 mmol) in 4 mL mixture of DMF:H.O:EtOH
(1:1:1), Co(OAC)24H20 (25 mg, 0.1 mmol) was added. After stirring for 15 min, a pink
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through filter paper and washed with DMF and MeOH, dried in air and
weighed. Yield: 60 mg (53%). Anal. Calc. for Ce2HssNgO10Co (MW 1132.08)(2 DMF and
2 H>0): Calc. C, 65.78; H, 4.99; N, 9.90. Found: C, 67.01; H, 4.40; N, 8.82. Selected FTIR
peaks (KBr, cm™): 3409 (br), 2114 (for acetylene C-H), 1664 (s, for DMF), 1599 (s), 1559
(), 1515 (s), 1435 (w), 1375 (s), 1226 (m), 1183 (m), 1017 (m), 827 (m), 753 (m), 663 (M),
527 (w).

{[Zn2(NH2bdc)2(4,4-terpyBA)2] DMF-2H20}n (42) To the stirred solution of 4,4-terpyBA
(72.8 mg, 0.2 mmol) and NHzbdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H>0O:EtOH
(1:1:1), Zn(OAC)22H20 (44 mg, 0.2 mmol) was added. After stirring for 15 min, a white
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through filter paper and washed with DMF and MeOH, dried in air and
weighed. Yield: 86 mg (65%). Anal. Calc. for Ce7HssN9O13Zn, (MW 1324.96): Calc. C,
60.73; H, 4.18; N, 9.51. Found: C, 59.88; H, 4.26; N, 9.09. Selected FTIR peaks (KBr, cm"
1): 3434 (br), 2118 (for acetylene C-H), 1662 (s, for DMF), 1597 (s), 1574 (s), 1515 (s),
1436 (m), 1367 (m), 1256 (s), 1227 (m), 1027 (s), 827 (m), 772 (m), 651 (m).
{[Cd2(NH:zbdc)2(4,4-terpyBA)2]2DMF-3H20}n (43) To the stirred solution of 4,4-
terpyBA (72.8 mg, 0.2 mmol) and NH2bdc (33 mg, 0.2 mmol) in 4 mL mixture of
DMF:H20:EtOH (1:1:1), Cd(OACc)22H20 (53 mg, 0.2 mmol) was added. After stirring for
15 min, a yellow precipitate started appearing. Further it was stirred for another 5 h, the
precipitate obtained was filtered through filter paper and washed with DMF and MeOH,
dried in air and weighed. Yield: 120 mg (80%). Anal. Calc. for C7oHssN10015Cd2 (MW
1510.37): Calc. C, 55.67; H, 4.27; N, 9.28. Found: C, 55.61; H, 5.92; N, 9.20. Selected
FTIR peaks (KBr, cm™): 3414 (br), 2118 (for acetylene C-H), 1699 (s, for DMF), 1598 (s),
1412 (s), 1378 (s), 756 (m), 698 (m).

{[Cu2(NH:zbdc)2(4,4-terpyBA)2]2DMF-3H20}n (44) To the stirred solution of 4,4-
terpyBA (72.8 mg, 0.2 mmol) and NH2bdc (33 mg, 0.2 mmol) in 4 mL mixture of
DMF:H20O:EtOH (1:1:1), Cu(OAc)2'H20 (40 mg, 0.2 mmol) was added. After stirring for
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15 min, a green precipitate started appearing. Further it was stirred for another 5 h, the
precipitate obtained was filtered through filter paper and washed with DMF and MeOH,
dried in air and weighed. Yield: 105 mg (80%). Anal. Calc. for Ce7Hs5NeO13Cu2 (MW
1321.29): Calc. C, 60.90; H, 4.20; N, 9.54. Found: C, 58.95; H, 4.50; N, 9.87. Selected
FTIR peaks (KBr, cm™): 3441 (br), 3336 (m, for NH,), 2114 (for acetylene C-H), 1664 (s,
for DMF), 1600 (s), 1574 (s), 1515 (s), 1434 (m), 1384 (m), 1256 (s), 1227 (m), 1028 (s),
829 (m), 772 (m), 654 (m).

{[Ni(NHz2bdc)(4,4-terpyBA)| DMF-4H20}n (45) To the stirred solution of 4,4-terpyBA
(72.8 mg, 0.2 mmol) and NH2bdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H>O:EtOH
(1:1:1), Ni(OAC)24H20 (49 mg, 0.2 mmol) was added. After stirring for 15 min, a green
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through filter paper and washed with DMF and MeOH, dried in air and
weighed. Yield: 118 mg (88%). Anal. Calc. for Ce7Hs9NgO15Ni> (MW 1347.62): Calc. C,
59.71; H, 4.41; N, 8.71. Found: C, 61.62; H, 4.00; N, 7.99. Selected FTIR peaks (KBr, cm"
1): 3432 (br), 3347 (m, for NHy), 2114 (for acetylene C-H), 1662 (s, for DMF), 1600 (s),
1544 (s), 1515 (s), 1421 (m), 1375 (s), 1228 (m), 1182 (m), 1026 (m), 829 (m), 773 (M),
639 (m).

{[Co(NH2bdc)(4,4-terpyBA)] DMF5H20}n (46) To the stirred solution of 4,4-terpyBA
(72.8 mg, 0.2 mmol) and NH2bdc (33 mg, 0.2 mmol) in 4 mL mixture of DMF:H>0:EtOH
(1:1:1), Co(OAC)24H20 (50 mg, 0.2 mmol) was added. After stirring for 15 min, a pink
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through filter paper and washed with DMF and MeOH, dried in air and
weighed. Yield: 89 mg (65%). Anal. Calc. for Ce7Hs1N9O16C02 (MW 1365.91): Calc. C,
58.91; H, 4.50; N, 9.23. Found: C, 59.16; H, 4.68; N, 9.86. Selected FTIR peaks (KBr, cm"
1): 3424 (br), 3347 (m-NH_), 2123 (for acetylene C-H), 1663 (s, for DMF), 1598 (s), 1568
(s), 1515 (s), 1419 (s), 1367 (s), 1256 (s), 1228 (m), 1020 (s), 826 (m), 772 (m), 647 (m).
{[Zn3(btc)2(2,2-terpyBA)s] DMF2H20}n (47) To the stirred solution of 2,2-terpyBA (36
mg, 0.1 mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water
(1:1:1), Zn(OAC)22H20 (22 mg, 0.1 mmol) was added. After stirring for 15 min, a yellow
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through a filter paper and washed with DMF and EtOH, dried in air and
weighed. Yield: 50 mg (83%). Anal. Calc. for Co3sHssN10018Zn3 (MW 1809.73): Calc. C,
61.72; H, 3.79; N, 7.74. Found: C, 59.91; H, 3.61; N, 7.75. Selected FTIR peaks (KBr, cm"
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1): 3410 (br), 2118 (for acetylene C-H), 1618 (s), 1575 (m), 1436 (m) 1362 (s), 1231 (m),
1017 (m), 832 (w), 766 (m), 728 (w).

{[Cds(btc)2(2,2-terpyBA)3]-3H20}n (48) To the stirred solution of 2,2-terpyBA (36 mg,
0.1 mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water (1:1:1),
Cd(OAC)22H20 (26 mg, 0.1 mmol) was added. After stirring for 15 min, a yellow
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through a filter paper and washed with DMF and EtOH, dried in air and
weighed. Yield: 61.76 mg (69%). Anal. Calc. for CgoHs3N9O18Cds (MW 1895.74): Calc.
C, 57.02; H, 3.35; N, 6.65. Found: C, 58.15; H, 4.01; N, 7.00. Selected FTIR peaks (KBr,
cm): 3401 (br), 2114 (for acetylene C-H), 1610 (s), 1549 (w), 1437 (m) 1369 (s), 1232
(m), 1190 (m), 1015 (m), 832 (w), 791 (m), 729 (w).
{[Cus(btc)2(2,2-terpyBA)3]-2DMF-2H20}n (49) To the stirred solution of 2,2-terpyBA (36
mg, 0.1 mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water
(1:1:1), Cu(OACc)2H20 (20 mg, 0.1 mmol) was added. After stirring for 15 min, blue
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through a filter paper and washed with DMF and EtOH, dried in air and
weighed. Yield: 39 mg (62%). Anal. Calc. for CogH7sN11019Cus (MW 1877.32): Calc. C,
61.42; H, 4.03; N, 8.21. Found: C, 61.32; H, 5.24; N, 8.37. Selected FTIR peaks (KBr, cm"
1): 3420 (br), 2114 (for acetylene C-H), 1659 (DMF), 1602 (s), 1544 (m), 1435 (m) 1361
(s), 1230 (m), 1190 (m), 1015 (m), 829 (w), 792 (m), 729 (w).
[Co(2,2-terpyBA)2](Hbtc)-H20 (50) To the stirred solution of 2,2-terpyBA (145 mg, 0.4
mmol) and Hsbtc (42 mg, 0.2 mmol) in 4 mL mixture of DMF, EtOH and water (1:1:1),
Co(OAC)24H20 (50 mg, 0.2 mmol) was added. After stirring for 15 min, pink precipitate
started appearing. Further it was stirred for another 5 h, the precipitate obtained was filtered
through a filter paper and washed with DMF and EtOH, dried in air and weighed. Yield:
121 mg (60%). Anal. Calc. for Cs7H40NsO9Co2 (MW 1011.89): Calc. C, 66.47; H, 4.11; N,
8.16. Found: C, 65.82; H, 3.76; N, 9.82. Selected FTIR peaks (KBr, cm™): 3407 (br), 2109
(for acetylene C-H), 1660 (m), 1625 (s), 1577 (m), 1438 (m) 1371 (s), 1232 (m), 1191 (m),
1015 (m), 831 (w), 792 (m), 766 (m), 711 (w).

{[Zn2(Hbtc)2(4,4-terpyBA)2]}n (51) To the stirred solution of 4,4-terpyBA (36 mg, 0.1
mmol) and Hsbtc (21 mg, 0.1 mmol) in 4 mL mixture of DMF, EtOH and water (1:1:1),
Zn(OACc)22H20 (22 mg, 0.1 mmol) was added. After stirring for 15 min, white precipitate
started appearing. Further it was stirred for another 5 h, the precipitate obtained was filtered

through a filter paper and washed with DMF and EtOH, dried in air and weighed. Yield:
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52 mg (81%). Anal. Calc. for CeeH42NeO14Zn2 (MW 1273.83): Calc. C, 62.23; H, 3.32; N,
6.60. Found: C, 61.25; H, 3.98; N, 7.30. Selected FTIR peaks (KBr, cm™): 3431 (br), 2112
(for acetylene C-H), 1702 (free carboxylate), 1627 (s), 1578 (m), 1438 (m) 1369 (s), 1257
(m), 1184 (m), 1027 (m), 833 (w), 759 (m), 734 (m), 652 (w).
{[Cd2(OAc)(btc)(4,4-terpyBA)2(H20)] DMFH20}n (52) To the stirred solution of 2,2-
terpyBA (36 mg, 0.1 mmol) and Hsbtc (21 mg, 0.1 mmol) in 4 mL mixed solution of DMF,
EtOH and water (1:1:1), Cd(OAc)22H20 (26 mg, 0.1 mmol) was added. After stirring for
15 min, yellow precipitate started appearing. Further it was stirred for anothe ther 5 h, the
precipitate obtained was filtered through a filter paper and washed with DMF and EtOH,
dried in air and weighed. Yield: 55 mg (83%). Anal. Calc. for Ce2Hs3N7014Cd2 (MW
1344.94): Calc. C, 55.37; H, 3.97; N, 7.29. Found: C, 54.93; H, 4.22; N, 7.99. Selected
FTIR peaks (KBr, cm™): 3424 (br), 3234 (br), 2114 (for acetylene C-H), 1669 (DMF), 1609
(s), 1561 (m), 1434 (m) 1366 (s), 1229 (m), 1185 (m), 1020 (m), 826 (w), 765 (m), 729
(m), 646 (w).

{[Cus(btc)2(4,4-terpyBA)s]}n (53) To the stirred solution of 2,2-terpyBA (36 mg, 0.1
mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water (1:1:1),
Cu(OACc)2H20 (20 mg, 0.1 mmol) was added. After stirring for 15 min, blue green
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through a filter paper and washed with DMF and EtOH, dried in air and
weighed. Yield: 30 mg (53%). Anal. Calcd for CooHs7N9O15Cus (MW 1695.10): Calc. C,
63.77; H, 3.39; N, 7.44. Found: C, 64.25; H, 4.78; N, 6.35. Selected FTIR peaks (KBr, cm"
1): 3422 (br), 3283 (br), 2114 (for acetylene C-H), 1664 (DMF), 1616 (s), 1516 (m), 1436
(m) 1363 (s), 1226 (m), 1186 (m), 1028 (m), 828 (w), 766 (m), 727 (m), 654 (w).
{[Mns3(btc)2(4,4-terpyBA)s]-2H20}n (54) To the stirred solution of 2,2-terpyBA (36 mg,
0.1 mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water
(1:1:1), Mn(OAC)24H20 (25 mg, 0.1 mmol) was added. After stirring for 15 min, a yellow
precipitate started appearing. Further it was stirred for another 5 h, the precipitate obtained
was filtered through a filter paper and washed with DMF and EtOH, dried in air and
weighed. Yield: 40 mg (68%). Anal. Calcd for CooHe1N9O17Mnz (MW 1705.13): Calc. C,
63.39; H, 3.61; N, 7.39. Found: C, 62.95; H, 3.45; N, 7.98. Selected FTIR peaks (KBr, cm"
1): 3400 (br), 2113 (for acetylene C-H), 1649 (DMF), 1628 (s), 1614 (s), 1574 (s), 1435 (s)
1374 (s), 1252 (m), 1105 (m), 1060 (w), 769 (m), 727 (m), 709 (w), 674 (w).
{[Cos(btc)2(4,4-terpyBA)s]- 2H20}n (55) To the stirred solution of 2,2-terpyBA (36 mg,
0.1 mmol) and Hsbtc (14 mg, 0.06 mmol) in 4 mL mixture of DMF, EtOH and water (1:1:1),
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Co(OAC)24H20 (25 mg, 0.1 mmol) was added. After stirring for 15 min, a pink precipitate
started appearing. Further it was stirred for another 5 h, the precipitate obtained was filtered
through a filter paper and washed withe th DMF and EtOH, dried in air and weighed. Yield:
38 mg (66%). Anal. Calcd for CgoHe1N9O17Coz (MW 1717.29): Calc. C, 62.95; H, 3.58; N,
7.34. Found: C, 63.75; H, 4.92; N, 7.36. Selected FTIR peaks (KBr, cm™): 3400 (br), 2114
(for acetylene C-H), 1654 (DMF), 1610 (s), 1560 (m), 1432 (m) 1372 (s), 1227 (m), 1184
(w), 1020 (w), 828 (m), 768 (m), 718 (m).

{[Zn(bpaipa)] DMF-2H20}n (56) A mixture of Zn(OAc)2-2H>0 (22 mg, 0.1 mmol), and
bpaipa (36.3 mg, 0.1 mmol) in DMF-H>0 (1 mL:1 mL) was heated in a 5 mL capacity
Teflon lined stainless-steel reactor at 120 °C for 48 h and then cooled to room temperature
in 24 h. Colorless block-shaped crystals were collected via filtration and washed with a 1:1
mixture of acetonitrile and toluene to remove the acetic acid by-product followed by dried
inair. Yield: 38 mg (71%) Anal. Calcd for C20H17N3OsZn (MW 444.75): C, 54.01; H, 3.85;
N, 9.45. Found: C, 53.85; H, 3.80; N, 9.15. Selected FTIR peaks (KBr, cm™): 3344 (br),
1662 (m), 1633 (s), 1607 (s), 1567 (s), 1443 (s), 1345 (s), 1297 (m), 783 (M), 725 (m).
{[Zn(bpaipa)]:6H20}n (57) A mixture of Zn(OAc).2-2H20 (22 mg, 0.1 mmol), and bpaipa
(36.3 mg, 0.1 mmol) in MeOH (4 mL) was stirred at room temperature for 5 h, resulted in
the formatthe ion of pale yellow color solid. It was filtered through filter paper and washed
with toluene and acetonitrile mixture (1:1) and air dried. Yield, 42 mg (79%). Anal. Calcd
for C20H3:N3012Zn (MW 570.85)(8 H20): C, 42.08; H, 5.47; N, 7.36. Found: C, 42.3; H,
4.00; N, 7.30. Selected FTIR peaks (KBr, cm™): 3429 (br), 1608 (m), 1577 (s), 1442 (s),
1398 (s), 1025 (m), 782 (m).

{[Cd(bpaipa)] DMF-2H20}n (58) A mixture of Cd(OAc)2:2H20 (26 mg, 0.1 mmol), and
bpaipa (36.3 mg, 0.1 mmol) in DMF:H20 (1:1) was heated in a 5 mL capacity Teflon lined
stainless-steel reactor at 120 °C for 48 h and then cooled to room temperature in 24 h.
Colorless block-shaped crystals were collected via filtration and washed with a 1:1 mixture
of acetonitrile and toluene to remove the acetic acid by-product followed by air drying.
Yield, 33 mg (53%). Anal. Calcd for C23H32010N4Cd (MW 636.93) (DMF and 5 H20):, C,
47.37; H, 5.06; N, 8.80. Found: C, 46.5; H, 5.92; N, 8.6. Selected FTIR peaks (KBr, cm™):
3434 (br), 1662 (m), 1604 (m), 1560 (s), 1498 (s), 1439 (s), 1386 (s), 1055 (m), 858 (s),
789 (m).

{[Cd(bpaipa)]4H20}n (59) A mixture of Cd(OACc)2-2H20 (26 mg, 0.1 mmol), and bpaipa
(36.3 mg, 0.1 mmol) in MeOH (4 mL) was stirred at room temperature for 5 h which result

in the formation of pale yellow colour solid. It was filtered through filter paper and washed
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with toluene and acetonitrile mixture (1:1) to remove the acetic acid by-product followed
by air drying. Yield: 47 mg (88%). Anal. Calcd for C20H23N30sCd (MW 545.82): C, 44.01;
H, 4.25; N, 7.70. Found: C, 44.3; H, 3.30; N, 7.00. Selected FTIR peaks (KBr, cm™): 3445
(s, br), 1708 (m), 1604 (s), 1548 (s), 1442 (s), 1376 (s), 1132 (s), 767 (m).
{[Zn(2,4-bpaipa)] CH3OH-2H20}n (60) A mixture of Zn(OAc).-2H0 (22 mg, 0.1 mmol),
and 2,4-Hbpaipa (36.3 mg, 0.1 mmol) in 4 mL methanol was stirred in a 10 mL round
bottom flask at room temperature for 5 h. A white precipitate was formed which was
separated from the mixture by filtration and the solid was washed with a 1:1 mixture of
acetonitrile and toluene to remove the acetic acid by-product followed by air drying. Yield:
43 mg (83%). Anal. Calc. for C22H2sN307Zn (MW 508.82): C, 51.93; H, 4.95; N, 8.26.
Found: C, 50.02; H, 3.87; N, 9.35. Selected FTIR peaks (KBr, cm™): 3439 (br) 3236 (br),
1629 (s), 1577 (s), 1430 (s), 1366 (s), 778 (m).

{[Cd(2,4-bpaipa)]3H20}n (61) A mixture of Cd(OACc)2-2H.0 (26 mg, 0.1 mmol), and 2,4-
Hobpaipa (36.3 mg, 0.1 mmol) in 4 mL methanol was stirred in a 10 mL round bottom
flask at room temperature for 5 h. A yellow precipitate was formed which were separated
from the mixture by filtration, washed with a 1:1 mixture of acetonitrile and toluene to
remove the acetic acid by-product followed by air drying. Yield: 39 mg (75%). Anal. Calc.
for C20H21N307Cd (MW 527.80): C, 45.51; H, 4.01; N, 7.96. Found: C, 45.45; H, 3.92; N,
8.53. Selected FTIR peaks (KBr, cm™): 3439 (br), 1615 (m), 1555 (s), 1424 (s), 1378 (m),
781 (m).

{[Ni(2,4-bpaipa)]H20}n (62) A mixture of Ni(OAc)2-4H,0 (22 mg, 0.1 mmol), and bpaipa
(36.3 mg, 0.1 mmol) in DMF/H20 (1:1) was stirred in a5 mL round bottom flask at room
temperature for 5 h. Green precipitate was formed, collected via filtration, washed with a
1:1 mixture of acetonitrile and toluene to remove the acetic acid by-product followed by
air drying. Yield: 32 mg (76%). Anal. Calc. for C2oH1sN3O04Ni (MW 420.04): C, 57.19; H,
3.50; N, 10.00. Found: C, 58.35; H, 3.50; N, 11.17. Selected FTIR peaks (KBr, cm™): 3442
(br), 1617 (s), 1633(s), 1545 (s), 1567(s), 1414 (m), 1370 (s), 1041 (s), 776 (m), 698 (m),
533 (w).

{[Co(2,4-bpaipa)]}n (63) A mixture of Co(OAc)2:4H.0 (20 mg, 0.1 mmol), and 2,4-
Hobpaipa (36.3 mg, 0.1 mmol) in 4 mL methanol was stirred in a 10 mL round bottom
flask at room temperature for 5 h. A pink precipitate was formed, which were separated
from the mixture by filtration, washed with 1:1 mixture of acetonitrile and toluene to
remove the acetic acid by-product followed by air drying. Yield: 30 mg (71%). Anal. Calc.
for C2oH1sN304Co (MW 420.28): C, 57.16; H, 3.60; N, 10.00. Found: C, 56.32; H, 3.05;
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N, 9.72. Selected FTIR peaks (KBr, cm™): 3439 (br) 3236 (br), 1621 (s), 1569 (s), 1414 (s),
1367 (s), 778 (m).

{[(CH3)2NHz][Zn(bpaipa)]4H20}n (64) A mixture of Zn(OAc)2-2H.O (44 mg, 0.1
mmol), and Hapbaipa (72 mg, 0.1 mmol) in DMF/H20 (1:1) was heated in a 5 mL capacity
Teflon lined stainless-steel reactor at 120 °C for 48 h and then cooled to room temperature
in 24 h. Colorless block-shaped crystals were collected via filtration and washed with a 1:1
mixture of acetonitrile and toluene to remove the acetic acid by-product followed by drying
in air. Yield: 77 mg (65%). Anal. Calc. for C2sH31N3O10Zn (MW 586.89): C, 49.12; H,
5.32; N, 7.16. Found: C, 50.73; H, 5.95; N, 7.10. Selected FTIR peaks (KBr, cm™): 3342
(br), 1686 (m), 1598 (s), 1425 (s), 1300 (s), 1096 (s), 945 (w), 753 (m), 630 (m).
[Cds(bpaipa)2]4H20}n (65) A mixture of Cd(OAc).-2H.O (26 mg, 0.1 mmol), and
Hspbaipa (24.3 mg, 0.06 mmol) in DMF/H,0 (1:1) was heated in a 5 mL capacity Teflon
lined stainless-steel reactor at 120 °C for 48 h and then cooled to room temperature in 24
h. Colorless block-shaped crystals were collected via filtration and washed with a 1:1
mixture of acetonitrile and toluene to remove the acetic acid by-product followed by drying
in air. Yield: 27 mg (69%). Anal. Calcd for C44H33016N4Cdz (MW 1216.02): C, 43.32; H,
3.15; N, 4.61. Found: C, 43.32; H, 4.95; N, 4.72. Selected FTIR peaks (KBr, cm™): 3404
(br), 1600 (m), 1594 (m), 1542 (s), 1385 (s), 772 (m).

{[(CH3)2NHz][Cu(bpaipa)]'H20}n (66) A mixture of Cu(OAc)2-H20 (20 mg, 0.1 mmol),
and Hapbaipa (36.3 mg, 0.1 mmol) in MeOH (4 mL) was stirred at room temperature for 5
h which result in the formation of pale yellow color solid. It was filtered through filter
paper, washed with toluene and acetonitrile mixture (1:1) and air dried. Yield: 42 mg
(79%). Anal. Calcd for CasH2sN307Cu (MW 531.01): C, 54.28; H, 4.75; N, 7.91. Found:
C, 53.19; H, 4.70; N, 7.65. Selected FTIR peaks (KBr, cm™): 3414 (br), 1699 (m), 1570
(s), 1386 (s), 1261 (s), 767 (M), 671 (m).

{[(CH3s)2NHz][Co(bpaipa)] 5H20} (67) A mixture of Co(OAc)2-4H20 (25 mg, 0.1
mmol), and Hspbaipa (36.3 mg, 0.1 mmol) in MeOH (4 mL) was stirred at room
temperature for 5 h which resulted in the formation of pale yellow colour solid. It was
filtered through filter paper, washed with toluene and acetonitrile mixture (1:1) and air
dried. Yield: 32 mg (51%). Calcd for C24H33N3011:Co (MW 598.46): C, 48.17; H, 5.56; N,
7.02. Found: C, 48.10; H, 6.92; N, 8.01. Selected FTIR peaks (KBr, cm™): 3483 (br), 1686
(s), 1606 (s), 1440 (m), 1228 (s), 753 (m).

{[Zn2(diab)]5H20}n (68) To a mixture of Hadiab (23.2 mg, 0.05 mmol) in 4 mL methanol,
NaOH (8 mg, 0.2 mmol) was added followed by addition of Zn(OAc)22H20 (22 mg, 0.1
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mmol) and the resultant reaction mixture was stirred for another 5 h at room temperature.
A yellow-white color precipitate were formed. The resulting precipitate was filtered
through filter paper, washed with MeOH and dried in air affording a yellow solid. Yield:
30 mg (88%). Anal. Calcd for C24H26N2013Zn2 (MW 681.22): C, 42.31; H, 3.85; N, 4.11.
Found: C, 42.99; H, 4.08; N, 5.95. Selected FTIR peaks (KBr, cm™): 3428 (br), 2860 (m),
1636 (m), 1569 (s), 1418 (s), 1375 (m), 775 (m).

{[Zn2(bipy)2(diab)]3H20}n (69) To a mixture of Hadiab (23.2 mg, 0.05 mmol) and bipy
(31 mg, 0.2 mmol) in 4 mL methanol, NaOH (8 mg, 0.2 mmol) was added followed by
addition of Zn(OAc)22H20 (22 mg, 0.1 mmol) and the resultant reaction mixture was
stirred for another 5 h at room temperature. The resulting pale white color precipitate were
filtered through filter paper, washed with MeOH and dried in air affording a pale white
solid. Yield: 69 mg (71%). Anal. Calcd for Cs4H3sNsO1:1Zn, (MW 957.56): C, 55.19; H,
4.00; N, 8.78. Found: C, 56.99; H, 3.98; N, 7.20. Selected FTIR peaks (KBr, cm™): 3400
(br), 1575 (s), 1419 (s), 1363 (s), 1221 (w), 1071 (m), 779 (m).

{[Cdz(diab)] CH30H:6H20}n (70) To a mixture of Hadiab (23.2 mg, 0.05 mmol) in 4 mL
methanol, NaOH (8 mg, 0.2 mmol) was added followed by addition of Cd(OAc)22H20
(26 mg, 0.1 mmol) and the resultant reaction mixture was stirred for another 5 h at room
temperature. The resulting precipitate was filtered through filter paper, washed with MeOH
and dried in air affording a yellow-white solid. Yield: 29 mg (72%). Anal. Calcd for
C2sH32N2015Cd2 (MW 825.34): C, 36.38; H, 3.91; N, 3.39. Found: C, 36.30; H, 4.50; N,
3.30. Selected FTIR peaks (KBr, cm™): 3361 (br), 1560 (s), 1414 (s), 1373 (s), 1126 (m),
1020 (w), 780 (m), 773 (m).

{[Cd2(bipy)2(diab)]-3H20}n (71) To a mixture of Hadiab (23.2 mg, 0.05 mmol) and bipy
(31 mg, 0.2 mmol) in 4 mL methanol, NaOH (8 mg, 0.2 mmol) was added followed by
addition of Cd(OAc)22H20 (43 mg, 0.2 mmol) and the resultant reaction mixture was
stirred for another 5 h at room temperature.. The resulting yellow color precipitate were
filtered through filter paper, washed with MeOH and dried in air affording a yellow solid.
Yield: 35 mg (68%). Anal. Calcd for C4sH3sNeO11Cd2 (MW 1051.62): C, 50.25; H, 3.64;
N, 7.99. Found: C, 48.35; H, 4.02; N, 7.90. Selected FTIR peaks (KBr, cm™): 3360 (br),
1602 (s), 1558 (s), 1414 (s), 1373 (s), 1069 (w), 807 (m), 779 (m), 732 (m), 627 (w).
{[Zn2(bdiab)]-3H20}n (72) To a mixture of Hsbdiab (32 mg, 0.05 mmol) in 4 mL methanol,
NaOH (8 mg, 0.2 mmol) was added followed by addition of Zn(OAc)22H.0 (22 mg, 0.1
mmol) and the resultant reaction mixture was stirred for another 5 h at room temperature.

The resulting precipitate was filtered through filter paper, washed with MeOH and dried in
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air affording a yellow solid. Yield: 35 mg (85%). Anal. Calcd for CzsH3z2N4O11Zn; (MW
827.41): C, 52,26; H, 3.90; N, 6.77. Found: C, 50.99; H, 3.59; N, 6.65. Selected FTIR peaks
(KBr, cm™): 3446 (br), 1573 (s), 1419 (s), 1436 (s), 1365 (s), 1260 (m), 779 (m), 735 (w).
{[Cdz(bdiab)]-5H20}n (73) To a mixture of Hsbdiab (32 mg, 0.05 mmol) in 4 mL methanol,
NaOH (8 mg, 0.2 mmol) was added followed by addition of Cd(OAc)22H.0 (26 mg, 0.1
mmol) and the resultant reaction mixture was stirred for another 5 h at room temperature.
The resulting precipitate was filtered through filter paper, washed with MeOH and dried in
air affording a yellow-white solid. Yield: 38 mg (80%). Anal. Calcd for C3sH3sN4O13Cd>
(MW 957.51): C, 45.16; H, 3.79; N, 5.85. Found: C, 45.09; H, 4.95; N, 5.68. Selected FTIR
peaks (KBr, cm™): 3419 (br), 1550 (s), 1558 (s), 1375 (s), 1260 (m), 1025 (w), 777 (m),
687 (w).

{[Cuz(bdiab)]2CH3OH5H20}n (74) To a mixture of Hibdiab (32 mg, 0.05 mmol) in 4
mL methanol, NaOH (8 mg, 0.2 mmol) was added followed by addition of Cu(OAc)2H20
(20 mg, 0.1 mmol) and the resultant reaction mixture was stirred for another 5 h at room
temperature. The resulting precipitate was filtered through filter paper, washed with MeOH
and dried in air affording a green solid. Yield: 33 mg (72%). Anal. Calcd for
CagH1aN4O15Cu2 (MW 923.86): C, 49.40; H, 4.80; N, 6.06. Found: C, 51.00; H, 4.87; N,
6.12. Selected FTIR peaks (KBr, cm™): 3422 (br), 1624 (s), 1560 (s), 1431 (s), 1364 (s),
1259 (m), 776 (m), 686 (w).

{[Ni2(bdiab)]-4H20}n (75) To a mixture of Hsbdiab (32 mg, 0.05 mmol) in 4 mL methanol,
NaOH (8 mg, 0.2 mmol) was added followed by addition of Ni(OAc)24H20 (25 mg, 0.1
mmol) and the resultant reaction mixture was stirred for another 5 h at room temperature.
The resulting precipitate was filtered through filter paper, washed with MeOH and dried in
air affording a light green solid. Yield: 27 mg (64%). Anal. Calcd for C3sHz4N4O12Ni> (MW
832.06): C,51.97; H,4.12; N, 6.73. Found: C, 51.32; H, 5.73; N, 6.70. Selected FTIR peaks
(KBr, cm™): 3383 (br), 1608 (s), 1567 (s), 1557 (s), 1445 (s), 1417 (s), 1372 (s), 1258 (m),
774 (m), 720 (s).

{[Co2(bdiab)]-3CH30OH5H20}n (76) To a mixture of Hsbdiab (32 mg, 0.05 mmol) in 4
mL methanol, NaOH (8 mg, 0.2 mmol) was added followed by addition of Co(OAc)24H.0
(25 mg, 0.1 mmol) and the resultant reaction mixture was stirred for another 5 h at room
temperature. The resulting precipitate was filtered through filter paper, washed with MeOH
and dried in air affording a pink solid. Yield: 37 mg (78%). Anal. Calcd for C39H4gN4O16Co
(MW 946.68): C, 49.48; H,5.11; N, 5.92. Found: C, 50.95; H, 5.09; N, 6.87. Selected FTIR
peaks (KBr, cm™): 3385 (br), 1557 (s), 1373 (s), 1250 (w), 777 (m), 670 (m).
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CHAPTER I

Results and Discussion

This chapter contains two major sections: (a) coordination architectures derived from three
components and (b) coordination architectures derived from two components. Both
sections are further divided into different subsections depending on the ligand system used.
A judicious choice of a metal center along with ligand/linker provides structural and
functional diversity in the formation of metal organic coordination networks. ¢ Various
polypyridyl-based ligands have been synthesized by Schiff-base condensation reaction
followed by reduction and further substitution reactions.'®" Synthesis and characterization
of all new ligands are discussed prior to the major sections. Considering the three-
component systems, a combination of these polypyridyl ligands with different
di/tricarboxylates and metal center results in the formation of various coordination
architectures with different dimensionality and structures. In addition to strong metal-O/N
coordinate bonds, supramolecular interactions, like n—m stacking!®® and hydrogen bonding,
provide additional stability to the formation of different supramolecular assemblies.>%-162
With respect to the two-component systems, new mixed ligands have been designed and
synthesized for making various neutral and ionic coordination architectures. For their
characterization, various techniques, like UV-Vis, FTIR, Raman and fluorescence
spectroscopy, single crystal and powder X-ray diffraction, and thermogravimetric analysis
have been used. Many of these coordination architectures have been utilized in four key
applications mentioned in Chapter 1.

Synthesis of Ligands. Both 6-Mebpea and 6-Mebpta were synthesized by condensation
reaction between 6-methyl-pyridine-2-carboxaldehyde and the corresponding amine (in a
1:1 ratio) followed by reduction using NaBH4 at room temperature. Further reaction of the
reduced Schiff base with picolylchloride provided the desired product (Scheme 3.1). On
the other hand, 6,6’-Mezbpta ligand was prepared in a one-step reaction between 6-methyl-
pyridine-2-carboxaldehyde and tert-butylamine (in a 2:1 ratio) using sodium
triacetoxyborohydride in dry dichloroethane (DCE) solvent under inert conditions at room
temperature (Scheme 3.1). These ligands were thoroughly characterized by *H NMR
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spectroscopy and HRMS and used for making their metal complexes without further

purification.
. Ov
N~ “CHO MeOH, rt H,0, NaOH
6-Methyl-Pyridine-2-
R = ethyl (6-Mebpea)
carboxyaldehyde R = tert-butyl (6-Mebpta)

2 N eno F TR DCE/ N2
6-Methyl-Pyridine-2-carboxyaldehyde

R = tert-butyl (6,6'-Me,bpta)

Scheme 3.1. Synthesis of 6-Mebpea, 6-Mebpta and 6,6’-Mezbpta.

Functionalized polypyridyl based ligands (2,2"-terpyBA and 4,4'-terpyBA) have been
synthesized in two steps. In the first step, 4-hydroxy benzaldehyde was reacted with
propargyl bromide to insert the acetylene functionality. In in the second step, the resulting
aldehyde in the first step was reacted with two equivalents of acetyl pyridine (2-
acetylpyridine for 2,2'-terpyBA and 4-acetylpyridine for 4,4'-terpyBA) to get the desired
product (Scheme 3.2).

CHO
CHO 2-acetyl
— DMF pyridine
+ ——Br ——MMMM@™@™> S
| K,CO4 o) EtOH, rt
ropar
OH Erozﬂdgey reflux KOH, aq NH,4
4-hydroxy | |
benzaldehyde
4-acetyl
pyridine
EtOH, rt
KOH, aq NH;

Scheme 3.2. Synthesis of 2,2'-terpyBA and 4,4'-terpyBA.

Synthesis of mixed pyridyl-carboxylate based ligands has been achieved in two steps. For
the synthesis of H:bpaipa, 5-amino isophthalic acid was reacted with pyridyl-2-
carboxaldehyde followed by reduction using NaBHa4. The resulting reduced Schiff base was
reacted with 2-picolyl chloride to get the final product. In a similar fashion, 2,4-H2bpaipa
was synthesized where pyridyl-4-carboxaldenyde was used instead of pyridyl-2-
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carboxaldehyde, while Hspbaipa required 4-formyl benzoic acid as the aldehyde (Scheme

3.3).

For the synthesis of tetracarboxylate ligands Hasdaib and its derivative Hsbdaib, a
procedure similar to that for Hapbaipa was followed except isophthalaldehyde was used
instead of 4-formyl benzoic acid (Scheme 3.4).

HOOC COOH

NH,
5-amino
isophthalic acid

HOOC COOH

NH,

5-amino
isophthalic acid

HoOC COOH
NH,

5-amino
isophthalic acid

HOOC COOH
T O
OHC CHO

NH,

5-amino
isophtalic acid

HOOC COOH
HOOC COOH
| O MeOH, NEt; \©/ 2-picolyl chloride @\/
OHC” SN* NaBH,, rt HN H,0,NaOH, it N
. qs d
2-pyridine N7 N |
carboxyaldehyde | N
NS
H,bpaipa
HoOC COOH HOOC. COOH
i IN MeOH, NEt; 2-picolyl chloride = ]
OHC” NF NaBH,, rt HN H,0, NaOH, rt N N
4-pyridine 72 z |
carboxyaldehyde ~ | \N
N
2,4-H,bpaipa
HOOC COOH
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Scheme 3.3. Synthesis of Hz-bpaipa, 2,4-H:bpaipa and Hs-pbaipa.
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Scheme 3.4. Synthesis of Hsdaib and Hsbdaib.
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3.1 COORDINATION ARCHITECTURES DERIVED FROM THREE
COMPONENTS

In this section, we have explored the syntheses, characterization and applications of metal
organic coordination architectures formed by three components, namely a metal ion, an
ancillary ligand (tridentate pyridyl based), and a linker (dicarboxylate/tricarboxylate). A
proper ratio of these components is the key for deciding the final architecture, in addition
to the other factors such as synthetic method, temperature and pH of the reaction.*631%* In
doing so, coordination architectures with different dimensionality are obtained.”® The
various possibilities which can be achieved through such combinations are shown in Figure
3.1. Examples of those reported from this group are: a dinuclear compound (type a),’”® a
mononuclear compound having one side of the dicarboxylate uncoordinated (type b)%, a
molecular square (type c),” a dinuclear compound with a bridging carboxylate as well as a
free dicarboxylate as an anion to neutralize the charge (type d)® and a 1D coordination

polymer (type f).”® Interestingly, the structure type e is not reported with a tridentate ligand.

“<3=s> <>

‘ d o |

5 >—c 4}"’"" e
<=y \ /. <<
= 90

“”’:é« rxm

S

Figure 3.1. Schematic representation of possible coordination architectures formed in three-
component systems (a) a dinuclear compound, (b) mononuclear compound having one side of
carboxylate free, (c) a square, (d) a dinuclear compound having one free anion, and (e and f) 1D
coordination polymers; only with type d, an anion exchange is possible (right).

On the other hand, type d is a good candidate for anion exchange applications. A
dicarboxylate can be replaced by another anion to give compounds having different
properties and can affect the overall structure of the architecture by affecting the

encapsulated solvent molecules.’*!
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3.1.1 Pyridyl-based ligands and dicarboxylates

Three different polypyridyl ligands (6-Mebpea, 6-Mebpta and 6,6'-Mezbpta) have been
chosen for the construction of coordination architectures where a dicarboxylate (flexible or
rigid) is used as a linker. For Ni(ll) coordination complexes synthesized using the same
ligand with different dicarboxylates, both neutral and cationic dinuclear coordination
architectures are formed. In the case of cationic coordination compounds, the presence of
free anion helps in the neutralization of charge on the metal center and provides stability to
the overall supramolecular architecture. Similarly, Zn(1l) and Cd(Il) complexes are also
made. Synthesis of these complexes was attained by three component self-assembly of a
metal salt, a linker and a ligand in a 1:1:1 ratio in methanol at ambient conditions or by
solvothermal reaction in a mixture of solvents like, a 1:1 mixture of water and methanol, at
120 °C for 48 h followed by cooling in 24 h. In all the cases, an acetate salt of various
metals was used and acetic acid formed as the side product was removed by treating the
compound with an acetonitrile and toluene mixture (1:1) several times. Crystallization of
various compounds was successfully achieved by using either slow evaporation or direct

layering of reactants in suitable solvents.

Chemistry with 6-Mebpta

With the 6-Mebpta ligand, twelve compounds were prepared as shown in Schemes 3.5-3.7.
There is a variation of lattice water molecules in these compounds. For this reason, different
types of supramolecular assemblies are formed along with the encapsulation of water
clusters having different shapes and arrangements. Furthermore, compounds having free
carboxylates (type d structure in Figure 3.1) were employed for anion exchange to observe
the effect on water clusters.

Hyadc .
[Nix(adc),(6-Mebpta),]2H,0 (1)

fumaric acid . Niy(fumarate)(6-Mebpta),(H;0),](fumarate) 9H,0

(2 o fumarate)

. MeOH ini i
Ni(OAc), + 6-Mebpta - succinic acid_,, [Niy(succinate)(6-Mebpta),(H,0),](Hsuccinate),4H,0
(3 > Hsuccinate)

glutaric acid

NaClO, [Niy(glutarate)(6-Mebpta),](ClO4)H,O (4)

Me-glutaric acid
e

[Niy(Me-glutarate)(6-Mebpta),](ClO4)-3H,0 (5)
NaClO,

Scheme 3.5. Synthesis of 1-5.
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M =2Zn
> {[Zny(adc),(6-Mebpta),] 2H,0}, (6)

Hoadc
M(OAc), + 6-Mebpta

MeOH
RT L M=Cd o icd,(adc),(6-Mebpta),] 4H,0}, (7)

Scheme 3.6. Synthesis of 6-7.

M =12Zn

> {[Zny(bdc),(6-Mebpta),] 2H,0}, ®)
| M=Cd {[Cd,(bdc),(6-Mebpta),] 3H,0}, (9)
szdC M = Cu
M(OAc), + 6-Mebpta » {[Cuy(bdc),(6-Mebpta),]4H,0}, (10)
MeOH
RT M = Mn
— > {[Mny(bdc),(6-Mebpta),] 5H,0}, (11)
M=Co
—> {[Coy(bdc),(6-Mebpta),]}, (12)

Scheme 3.7. Synthesis of 8-12.

FTIR and Raman spectroscopic studies. Various functional groups and their modes of
binding to the divalent metal ions in the coordination architectures can be well deduced
from the FTIR stretching frequencies. In these coordination architectures, the binding mode
of carboxylates plays a very important role in deciding the overall structure of the
framework. The carboxylate binding to the metal centers in the architectures can be well
predicted from the difference between the asymmetric (vi) and symmetric (v2) stretching
frequencies (the Av value). When the Av value is greater than 210 cm™, a monodentate
binding mode is observed, whereas a value below 200 cm™ suggests a bidentate mode of
carboxylate. Along with functional groups, we can easily identify the presence of lattice
solvents, for example, a peak around 1650-1680 cm™ corresponds to DMF molecules and
a peak around 3400-3500 cm*, 3300-3400 cm™ and 3200-3300 cm™ stands for —-OH of
lattice and coordinated water molecules, respectively. There are many functionalities which
are FTIR inactive like an alkyne group. Therefore, compound 1 was studied with the help
of Raman spectroscopy.

For compound 1, a broad band centered at 3408 cm™ corresponds to lattice water molecules.
A series of bands between 1610 cm™ and 1310 cm™ are associated with the 6-Mebpta
ligand, while bands at 1624 cm™ and 1352 cm™ are due to asymmetric and symmetric
stretching modes of carboxylate groups of adc, respectively (Figure 3.2). The Av value of

272 cm indicates a monodentate binding of the carboxylate group of adc to Ni(I1) as found
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in the crystal structure of 1 (Figure 3.8, vide infra). On the other hand, the Raman spectrum
of 1 shows a peak at 2203 cm™ for the C-C triple bond. The observed value for the C-C
triple bond is very close to those (2239 cm™ and 2220 cm™) found in the other Ni(ll)

complexes,16>166
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Figure 3.2. FTIR spectra of 1-5.
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Figure 3.3. FTIR spectra of 6 and 7.

The FTIR spectrum of 2>fumarate (Figure 3.2) shows two broad bands around 3406 cm-
Land 3274 cm corresponding to two types of water (coordinated and lattice water,

respectively) while the band at 1704 cm™ is due to the free carboxylate groups of the
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fumarate anion. The bands at 1581 cm™ and 1385 cm™ are due to asymmetric and
symmetric stretching modes of the carboxylate group of the coordinated fumarate,
respectively. The Av value of 196 cm™ indicates a bidentate (chelated) type binding of
carboxylate groups of fumarate to Ni(ll) as found in the structure of 2ofumarate (Figure
3.10, vide infra). In case of 3DHsuccinate, the IR spectrum (Figure 3.2) shows two broad
peaks around 3412 cm™ and 3221 cm corresponding to two types of water molecules as
in 2ofumarate. Similarly, a peak at 1718 cm™ is due to the deprotonated free carboxylate
group of succinate and a difference of 182 cm™ between asymmetric (1570 cm™) and
symmetric (1388 cm™) stretching frequencies indicates a bidentate chelated mode of
carboxylate to Ni(ll).

3D Hsuccinate
B Ny _—

‘ “ I F l " 2>fumarate
I acetylene
J\*, 1

L L) L) b L] % L) » L) ol L) L2
500 1000 1500 2000 2500 3000 3500 4000

Intensity

wavenumber (cm™)

Figure 3.4. Raman spectra of 1-3.
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Figure 3.5. FTIR spectra of 8-12.

52



The FTIR spectra of compounds 4 and 5 are similar (Figure 3.2) with a difference in the
asymmetric and symmetric frequencies (Av) corresponding to 141 cm™ and 169 cm™,
respectively, indicating a bidentate mode of carboxylate binding to the metal center. For
compounds 6, 7 and 8 the observed Av values of 268 cm™, 259 cm™ and 241 cm™,
respectively, (Figure 3.3) indicate the monodentate mode of carboxylate binding to the
metal center. On the other hand, compounds 9-12 have smaller values of Av: 186 cm™, 198
cm?, 185 cm™ and 186 cm™, respectively, confirming a bidentate mode of carboxylate
binding to the metal center (Figure 3.5). For 1-12, the FTIR data for the carboxylate groups
are listed in Table 3.1.

Table 3.1. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates in 1-12.

Compound Asymmetric Symmetric Av =v1— 02 Binding mode
(v1) cm? (v2) cm? cmt

1 1624 1352 272 Monodentate
2>fumarate 1581 1385 196 Bidentate (chelated)
3DHsuccinate 1570 1388 182 Bidentate (chelated)
4 1607 1466 141 Bidentate (chelated)
5 1607 1438 169 Bidentate (chelated)

6 1614 1327 268 Monodentate

7 1605 1346 259 Monodentate

8 1608 1367 241 Monodentate
9 1571 1385 186 Bidentate (chelated)
10 1589 1391 198 Bidentate (chelated)
11 1577 1392 185 Bidentate (chelated)
12 1571 1385 186 Bidentate (chelated)

Thermogravimetric analyses. Thermal stabilities of 1-3 and 5-12 were studied as a
function of temperature in the range of 25-500 °C (Figures 3.6 and 3.7). Compounds 4 and
5 were excluded because of the explosive nature of the perchlorate anions present in them.
All compounds under consideration are found to be stable up to 200 °C with an initial loss
of both lattice as well as coordinated solvent molecules at around 100 °C. In case of 1, a
loss of 7.56% (ca. 6.61%) corresponds to the loss of four lattice water molecules. Further
decomposition of 1 was evident by a continuous loss of the weight. Compound
2>fumarate shows a loss of 18.30% (ca. 18.02%) corresponding to the loss of eleven water
molecules followed by its decomposition. Compound 3DHsuccinate exhibits a loss of

10.84% corresponding to the loss of six water molecules (ca. 11.87%) (Figure 3.6).
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Compound 6 has the first loss of about 3.87% (ca. 4.05%) corresponding to the loss of two
water molecules followed by its decomposition. In case of compound 7, first weight loss of
6.79% corresponds to the loss of four lattice water molecules (ca. 7.06%) followed by its
decomposition. Compounds 8-10 having similar nature with different metals exhibit the
first weight loss of 3.48% (ca. 3.90%), 4.71% (ca. 4.48%) and 6.75% (ca. 6.71%),
respectively, corresponding to the loss of two, three and four lattice water molecules,
respectively. Compounds 11 and 12 exhibit the first weight loss of 23.82% (ca. 24.69%)
and 14.68% (ca. 14.95%), respectively, corresponding to the loss of five water molecules
and one bdc in 11 and the loss of one bdc in case of 12. Compounds 9 and 11 are more

stable after losing the lattice solvent molecules as compared to other related compounds
(see Figure 3.7).
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Figure 3.6. TGA scans of 1-3 and 6-7.
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Single crystal structure analyses. Crystals of 1-4 were grown by the slow evaporation of
their clear solutions in a mixture of water and acetonitrile. For anion exchange, two methods
have been used for getting the daughter crystals: one is the SC-SC transformation (solid to
solid) and the other is the slow evaporation of an aqueous solution of the compound and
new salt of the anion (liquid to solid).

Structural description of 1. It crystallizes in the P21/n space group. It has a dinuclear unit
consisting of two Ni(ll) centers bridged by two adc groups, which bind in both monodentate

and bidentate fashion. Its asymmetric unit consists of a metal, one ligand, one linker

Figure 3.8. (a) Formation of a bis(adc) dinuclear core and (b) distorted octahedron having N3Os
type surrounding in 1.

and one lattice water molecule. The Ni(Il) centers are crystallographically equivalent. The
geometry around each Ni(ll) center is distorted octahedral and is surrounded by three
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nitrogens of the ligand (6-Mebpta) with Ni-Npy (2.048 A and 2.079 A) and Ni-Nay (2.131
A) bonds, two oxygens of one adc (unsymmetrical chelated, having bond distances of 2.107
Aand 2.213 A) and one oxygen of other adc (monodentate, having a bond distance of 2.053
A) molecule. A 14-membered ring with dimensions 4.952 A x 3.273 A (Figure 3.8) is
formed by two Ni(ll) centers, four oxygens and eight carbons (from both adc). To the best
of our knowledge, it is the first example with a Ni(ll) bis(adc) core. Selected bond lengths

and angles around the metal center are comparable as reported in the literature.
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Figure 3.9. (a) Formation of 1D Supramolecular assembly and (b) doubly hydrogen-bonded cyclic
water cluster in 1.

There are two lattice water molecules in 1, which are involved in the formation of a linear
supramolecular assembly. These two lattice water molecules form a doubly hydrogen-
bonded cyclic water dimer, which acts as a bridge between two Ni(l1) bis(adc) units (Figure

3.9). A water dimer with a double hydrogen bond to form a cyclic cluster is very rare.

Table 3.2. Hydrogen bonding parameters in 1.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A) A A (deg)
05 -H5A...04 0.8500 1.900 2.7453 177 X,-y,1-z
05 -H5B...05 0.8500 2.6000 3.2436 133 X,-y,1-z
C2-H2A...01 0.9000 2.4800 3.3049 152
C3-H3..03 0.8700 2.5600 3.2970 143 X,y,-1+Z
C7-H7A...05 1.0000 2.3300 3.3110 169 1/2+x,1/2-y,-1/2+2
C7-H7B...03 0.9300 2.4900 3.0105 116 1-x,-y,1-z
C9 -H9B...02 1.0600 2.4000 3.3046 143
C11-H11C..02 | 1.0500 2.4800 3.4015 145
C16 -H16...04 0.9400 2.3600 3.2180 153 X,-y,1-z
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To the best of our knowledge, there is only one example reported in the literature which
described a water dimer with OO distance is 2.93(5) A in the solid state and characterized
by X-ray structure.®” Thus, we can claim that this is the second example of a cyclic water
dimer. The OO distance between O5 and O5' involved in the cyclic water dimer is 3.243
A, while the O-H O distance is 2.600 A with an angle of 135.40° (£O-H:-0). All hydrogen

bonding parameters are listed in Table 3.2.

Structural description of 2ofumarate. Compound 2>fumarate crystallizes in the P21/c
space group consisting of a dinuclear unit bridged by a fumarate linker. The asymmetric
unit consists of two metal center, two ligands and two linkers. Both Ni(ll) centers have a
distorted octahedral geometry and are surrounded by three nitrogens of the ligand with Ni-
N bond distances 2.082(2) A and 2.079(3) A (Ni(11)-Npy) and 2.144(3) A (Ni(11)-Naiyl),
two oxygens of the fumarate linker (chelated, OCO angle: 120° and Ni-O bond distances:
2.144(2) A, 2.171(2) A) and one coordinated water (bond distance: 2.041(2) A) as shown
in Figure 3.10. The bond distances and angles in 2>fumarate are listed in Table A23 and
A34 (Appendix). To neutralize the charge on both the Ni(ll) centers, an additional fumarate
is also present but is in the free state (Figure 3.10).

Figure 3.10. (a) Formation of a dinuclear complex having free fumarate anion and (b) distorted
octahedral geometry having N303 type surrounding around the metal center in 2>fumarate.

In the crystal structure of 2>fumarate there are nine lattice water molecules (011, 012,
013, 014, 015, 016, 017, 018, and 019). These lattice water molecules and fumarate
anions form a strong hydrogen bonding network to generate a 3D supramolecular assembly

(Figure 3.11). Ten different types of motifs are formed via hydrogen bonding. Motif 1 is a
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hexagonal motif (Rs>(6)); this is formed by hydrogen bonding between one coordinated
water molecule (O3), two oxygen atoms (O8-07) of the counter anion fumarate, and two
lattice water molecules (O11--016) with distances: 2.687 A, 2.653 A, 2.685 A and 2.763
A. Motif 2 is a hexagonal motif, (Re(6)), consisting of two oxygens of two counter
fumarate anions (O8-010) and four lattice water molecules (018013019 016);
distances: 2.763 A, 2.804 A, 2.839 A, 2.824 A, 2.697 A, and 2.769 A. Motif 3, (Rs°(5)),
consists of five lattice water molecules (018019 +015012-017) resulting in the
formation of a pentamer of water cluster (Figure 3.11 and 3.12); distances: 2.839 A, 2.769
A, 2783 A, 2.850 A, and 2.653 A. Motif 4, (Rs°(5)), consists of three lattice water
molecules (017, 014 and O12), one coordinated water molecule (O6) and one oxygen (O9)
from counter fumarate (distances: 2.850 A, 2.687 A, 2.807 A, 2.657 A and 2.732 A).

Figure 3.11. (a) Formation of supramolecular assembly and (b) cyclic pentamer of water cluster in
2ofumarate.
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Figure 3.12. Closer view of a quasi-planar cyclic pentamer of water cluster formed in 2>fumarate.

Motif 5, (Rs3(4)), is a tetragonal motif consisting of one lattice water molecule (017), one
oxygen of the coordinated fumarate (O4), one coordinated (O6) water molecule (distances:
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2.972 A and 2.807 A) and one Ni(ll) center. Motif 6, (Rs°(10)), is a decamer consisting of
three lattice water molecules (015-011-017), two oxygens from coordinated fumarate
(05-04), one oxygen (O7) from counter anion fumarate (distances: 2.685 A, 2.777 A,
2.872 A, 2.857 A and 2.652 A); four carbon atoms of fumarate also involved in the
formation of this decameric motif. Motif 7, (R4*(8)), consists of two oxygens from counter
fumarate (O8-07), and two lattice water (018--015) molecules (distances: 2.777 A, 2.804
A and 2.783 A). Motif 8, (R4*(8)), is same as Motif 7 except that different oxygen atoms
from lattice water (019--0O12) and two oxygens (O9-010) from counter fumarate
(distances: 2.769 A, 2.824 A and 2.722 A) are involved.

Table 3.3. Hydrogen bonding parameters for 2>fumarate.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
(A) (A (A) (deg)

03 -H3A...019 0.88 1.89 2.6873 149 X,1/2-y,-1/2+z
03 -H3B...011 0.88 2 2.6534 130 X,1/2-y,-1/2+z
06 -H6A...014 0.87 1.88 2.6392 145 -
011 -H11E...O7 0.85 1.87 2.6853 161 -
012 -H12C...013 0.85 2.02 2.8506 164 -
012 -H12D...015 0.85 2.03 2.7675 144 -
013 -H13A...04 0.85 2.29 2.9722 137 1-x,1/2+y,1/2-z
013 -HI3B...0l6 0.85 1.8 2.6499 177 -
014 -H14A...09 0.85 1.84 2.6873 173 -
014 -H14B...01 0.85 1.97 2.8073 169 1-x,-1/2+y,1/2-z
017 -H17B...010 0.85 1.86 2.6968 167 -
018 -H18A...015 0.85 1.99 2.8392 174 X,1/2-y,-1/2+z
018 -H18B...08 0.85 1.96 2.8044 174 -
019 -H19A...08 0.85 1.95 2.7616 159 -
019 -H19B...017 0.85 1.92 2.7687 175 -
C7-H7A..018 0.99 245 3.4272 167 -
C9-H9C...02 0.98 2.57 3.4405 149 -
C11-H11B...02 0.98 2.59 3.4567 148 -
C28 -H28A...04 0.98 247 3.3182 145 -
C29 -H29A...04 0.98 2.39 3.247 146 -
C38 -H38...011 0.95 251 3.4391 168 1+x,y,z

Motif 9, (R7'(13)), consists of three lattice water molecules (019--013-+014), two oxygens
from counter fumarate (09--010), one oxygens from coordinated water (O3) and one
oxygen (O1) of the bonded fumarate (distances: 2.687 A, 2.769 A, 2.697 A, 2.687 A and
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2.807 A). Motif 10, (Re%(8)), formed by hydrogen bonding network between two lattice
water molecules (O11--014), two oxygens from coordinated water molecules (from two
different unit) (O6--03) and two oxygens from the coordinated fumarate (from different
unit) (O1-05); distances: 2.807 A, 2.639 A, 2.663 A and 2.857 A. Motif 1 connects one
dinuclear synthon with counter anion fumarate through coordinated water and two lattice
water molecules. Motif 3 is present in the center and surrounded by six different motifs.
Motif 10 connects two dinuclear synthons with each other and forms a 3D supramolecular
assembly (Figures 3.11 and 3.12). Hydrogen bonding parameters for 2ofumarate are listed
in Table 3.3.

Structural description of 3DHsuccinate. Compound 3DHsuccinate is isostructural with
compound 2>fumarate. It crystallizes in the monoclinic P2:/c space group consisting of a
dinuclear Ni(Il) synthon. The asymmetric unit consists of one Ni(ll) center, one ligand, half
of the bridging succinate and one Hsuccinate as a counter anion. Like the fumarate in
2>fumarate, the succinate acts as a bridging ligand as well as a counter anion (Figure
3.13). However, the arrangement of anion and water clusters is different in the
supramolecular assembly of 3DHsuccinate. This could be due to the main difference in the
anions: there are two molecule of Hsuccinate as it is monodeprotonated in 3DHsuccinate

compared to fully deprotonated fumarate in case of 2>fumarate.

Figure 3.13. (a) Dinuclear unit along with free Hsuccinate anion and (b) distorted octahedral
geometry around the Ni(ll) having N303 in 3DHsuccinate.

The Ni(Il) metal centers have distorted octahedral geometry with three nitrogens from
ligand having bond distances: 2.104(11) A and 2.102(11) (Ni(11)-Npy) and 2.164(11) A
(Ni(I1)-Naiy1), two oxygens of the succinate linker (chelated, OCO angle: 120°; bond
distances: 2.230(9) A and 2.068(9) A) and one coordinated water oxygen (bond distance:
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2.106(9) A). Selected bond distances and angles are listed in Table A24 and A35
(Appendix). There are four lattice water molecules present in the compound which helps
in the formation of a supramolecular assembly through strong hydrogen bonding. Two
dinuclear synthons are connected with each other through hydrogen bonding between two
coordinated water molecules (O3...03'"), two lattice water molecules (09...09') and two
oxygens of the bridged succinate (O2...02') resulting in the formation of an octameric

motif (R€(8)) to form a linear 2D supramolecular assembly.

Figure 3.14. Formation of a 3D supramolecular assembly in 3oHsuccinate.

Two such layers are connected with each other through hydrogen bonding between lattice
water molecules and Hsuccinate anions (uncoordinated) to form a 3D supramolecular
assembly (Figure 3.14) consisting of three different types of motifs. Motif 1 is an octagonal
motif (R&(8)), which is formed by two lattice water molecules (O8...08") and four oxygens
of the two Hsuccinate anions (04...04'...05...05"); distances 2.923 A and 2.734 A. Motif
2 is tetragonal (R1(4)) consisting of two lattice water oxygens (08...09), one coordinated
water molecule (O3) and one oxygen (O5) of the counter Hsuccinate anion. In addition to
this, both Hsuccinate are formed a dimer through hydrogen bonding with each other
between the carboxylic acid group of one and the carboxylate group of the other molecule
with a distance of 2.54 A. Hydrogen bonding parameters for 3oHsuccinate are listed in
Table 3.4.
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Table 3.4. Hydrogen bonding parameters in 3DHsuccinate.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A (A) A (deg)

03 -H3A...09 0.8600 2.0000 2.8136 157.00 1-x,1/2+y,1/2-z
03 -H3B...05 0.8600 2.1600 2.7160 122.00 1-x,1/2+y,1/2-z
06 -H6...04 0.8400 1.7900 2.5423 148.00 -X,1-y,-z
08 -H8A...05 0.8500 2.0200 2.7534 145.00
08 —HS8B...09 0.8500 2.1000 2.9140 161.00
09 -H9E...O8 0.8500 2.1000 2.9140 159.00
C3-H3...07 0.9500 2.5400 3.4392 158.00 X,1/2-y,1/2+z
C9 -H19C...01 0.9800 2.5000 3.3215 141.00
C10-HI10A...01 | 0.9800 2.4800 3.3288 145.00
C14 -H14...08 0.9500 2.5300 3.4263 158.00
C16 -H16...06 0.9500 2.5100 3.1940 129.00 1+x,1/2-y,1/2+z
C17 -H17...02 | 0.9500 2.5900 3.1415 117.00

Structural description of 4. To crystallize compound 4, a perchlorate salt was used. Crystals
were grown by the slow evaporation of its aqueous solution. It crystallizes in the monoclinic
C2/c space group. In addition to a coordinated glutarate, two free perchlorate ions are also
present in the crystal structure to neutralize the overall charge on the metal centers. The
asymmetric unit consists of a Ni(ll) center, one ligand, half of the glutarate linker, half

lattice water molecule and one perchlorate ion. After expanding the asymmetric unit, a

dinuclear synthon has been formed (Figure 3.15).

Figure 3.15. (a) Formation of a dinuclear complex having free perchlorate anion and (b) distorted

octahedral geometry having N303 type surrounding around the metal center in 4.
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Figure 3.16. (a) Formation of a 3D supramolecular network and (b) hydrogen bonding between
two dinuclear synthons in 4.

The Ni(ll) is hexacoordinated consisting of three nitrogen atoms from the ligand with bond
distances: 2.075(3) A and 2.052(3) (Ni(I1)-Npy) and 2.145(3) A (Ni(11)-Naiky1), two oxygens
of the glutarate linker (chelated, bond distances: 2.121(2) A and 2.132(2) A) and one
coordinated water oxygen (bond distance: 2.099(2) A). Due to the presence of one lattice
water molecule, a 3D supramolecular assembly is formed by the presence of strong
hydrogen bonding between lattice water, coordinated water and perchlorate ions (Figure
3.16). Two dinuclear units are connected by strong hydrogen bonding between coordinated
water molecules (03-03") and two oxygens from two different fumarates (O1-01") to
generate a hexagonal motif (R%(6)), having a distance of 2.726 A. In other direction, this
coordinated water molecule (O3) shows further hydrogen bonding with the oxygen (O4) of
the perchlorate molecule having a distance of 2.835 A.

Table 3.5. Hydrogen bonding parameters in 4.

D-—-H..AA) | r(O-H)A) | rH...A) A) [ r(D...A) | 2D-H...A (deg) Symmetry
A

03 -H3B...0l 0.8600 1.8700 2.7258 173.00 1/2-x,1/2-y,1-Z
08 -H8D...06 0.8500 2.4300 3.0223 128.00 1/2+x,1/2-y,-1/2+z
08 -HSE...06 0.8500 | 2.4000 3.0223 130.00 1/2-x,1/2-y,1Z
C1-HI...05 0.9300 | 2.3700 3.2384 155.00 1/2-x,1/2-y,1Z
C6 -H6A...04 0.9700 2.5300 3.4015 150.00 X,-y,-1/2+z
C8-H8C...02 0.9600 | 2.5200 3.3803 149.00
C13-H13...07 0.9300 2.4900 3.2858 144.00 X,-y,-1/2+z
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Furthermore, one oxygen of perchlorate (O6) molecule forms hydrogen bonding with the
lattice water molecule (O8). This water molecule (O8) further connects with the oxygen of
perchlorate (O6) and oxygen of same perchlorate (O4) connects with the coordinated water
molecule (O3) making a linear thread which connects two different one-dimensional

supramolecular networks. Hydrogen bonding parameters are listed in Table 3.5.

Powder X-ray diffraction studies. The crystalline nature of 1-12 was confirmed by
powder X-ray diffraction studies. This has also allowed to check purity of the bulk sample
with respect to single crystal by comparing the respective simulated pattern with the

experimental pattern.
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Figure 3.17. PXRD patterns of 1-5.
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Figure 3.18. PXRD patterns of 6-12.

For compounds 1-4, the simulated and experimental patterns match very well while
comparing the experimental pattern of 5 with that of 4 indicates these are isostructural (see
Figure 3.17). Similarly, compounds 6 and 7 are isostructural; compounds 8-12 are also

isostructural (see Figure 3.18).
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Encapsulation of water clusters

Water clusters can play an important role in the stabilization of supramolecular systems
both in solution as well as in the solid state. Thus, there is clearly a need for better
understanding of how such water aggregations are influenced by the overall structure of
their surroundings. There are various types of water clusters reported in the literature on
the basis of SCXRD analysis and theoretical computational studies.'®®1"* These clusters
can be linear chains, cyclic or branched with numbers varying between 2-10 or more
(Figure 3.19). Considering the cyclic water cluster, there are many arrangements of cyclic
water clusters like dimer, trimer, tetramer, pentamer, hexamer, heptamer and octamer,

which are reported in the literature.®572-175
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Figure 3.19. Some of the possible arrangement of water clusters like (a) cyclic pentamer, (b)
branched, (c) linear dimer, (d) cyclic dimer (e) linear chain observed in this study.

From all these, few are very rare and not much explored experimentally as well as
theoretically. For example, double hydrogen-bonded cyclic water dimer is not much
explored. Only one example of such type of water cluster, which is characterized in the
solid-state, is reported in the literature.’®” Previously, we have contributed to the water
clusters like cyclic hexamer®® and octamer?® of water clusters in supramolecular

coordination architectures.

To illustrate further, both modification in the ligands and change in metal ions were done
to generate various types of supramolecular synthons. These supramolecular coordination
architectures show diversification in water clusters.'’5181 Along with this, the use of
different anions also plays an important role in diversifying the structure and in the
arrangement of water cluster. The anions in coordinated or uncoordinated forms (trapped
in solvent molecules) or both, support the aggregation of water clusters and are helpful in
the construction of supramolecular architectures. Compounds 1-3 are the Ni(Il) compounds

with 6-Mebpta having different dicarboxylate linkers (adc, fumarate and Hsuccinate,
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respectively). These different anions affect the formation of coordination architecture as
well as water arrangement. In compound 1, a bis(adc) dinuclear network has been formed
which have two lattice water molecules. These water molecules form a double hydrogen-
bonded cyclic water cluster. This type of cyclic dimer of water cluster having double
hydrogen bonding is very rare (Figure 3.20).
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Figure 3.20. Different arrangement of water clusters observed in this study (a) cyclic dimer in 1,
(b) cyclic pentamer in 22>fumarate and (c) linear dimer in 3DHsuccinate.

On the other hand, 2o>fumarate, which has fumarate ion in the place of adc, forms a
different structure as well as shows different arrangement of water cluster as compared to
1. Compound 2>fumarate has a dinuclear synthon in which one fumarate acts as a bridge
between two metal centers while the other fumarate is free. The free fumarate forms
hydrogen bonding with the lattice water molecules via four oxygen atoms. There are nine
lattice water molecules present in compound 2>fumarate. Out of these nine lattice water
molecules, five form an unusual cyclic pentamer of water cluster. All the five lattice water
molecules involved in the formation of cyclic water cluster are in the same plane to make
this a quasi-planar cyclic pentamer of water cluster (Figure 3.21). Compound
3DHsuccinate has the same type of dinuclear synthon as 2>fumarate with a free succinate

anion.

Compound 3>Hsuccinate has four lattice water molecules, where two water molecules
show the formation of a linear dimer of water cluster (Figure 3.19). Other compounds with
Ni(Il) and Mn(ll) have the same type of coordination architecture, but the formation of
different supramolecular assemblies has been formed. In Compound 4 there is only one
lattice water molecule, thus no such type of unusual water cluster has been formed, though

different water-anion cluster formation is observed.
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Figure 3.21. Quasi-planar pentamer of water formed in 2>fumarate.
Effect of anion exchange on encapsulated water clusters

It is evident that the free anion can be exchanged with other anions under favorable
conditions, resulting in the change in arrangement of water clusters and supramolecular
architectures as well.!82 Among the various possibilities for three-component systems
shown in Figure 3.1 (vide supra), the structural type d has a free anion which is available
for exchange with other anions.!8183-187 Both 2ofumarate and 3>Hsuccinate have free

anions and are good candidates for anion exchange.

Aq.
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2 t
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Figure 3.22. Schematic representation of the formation of anion exchanged product via SC-SC
transformation (solid-liquid post-synthetic anion exchange).

Two different approaches have been used for the anion exchange process. Out of these two
methods, one is the SC-SC transformation (solid-liquid post-synthetic anion exchange) by
which crystals of the as-synthesized compound were immersed into the aqueous solution
of different anions. After a few days, a change in the color of the crystal was observed and
then these crystals were isolated and used for single crystal structure analysis (Figure 3.22).

67



Y o

Daughter crystals
with perchlorate

/ AN )

Mother Aq. Solution Agq. Solution  Mix solution ST

compound of A of anion salt of Aand B « &

(A) (B) f 4'/{\\

Daughter crystals
with iodide

\

Figure 3.23. Schematic representation of anion exchange in 225CIlO,4 and 251" from 2>fumarate
by liguid-liquid post-synthetic anion exchange method.

The second method is the wet method (liquid-liquid post-synthetic anion exchange) in
which reformation of the crystals takes place. In this method, a solution of the compound
was prepared in water and was poured into other solutions of different anions in water.
After evaporation of this solution, crystals have been formed, which were suitable for the
single crystal study. The growth of crystals from this method was fast as monitored by

microscopy (Figure 3.23).

Anion exchange in 2>fumarate. Its aquesous solution was treated with different anions
like perchlorate, iodide, chloride, bromide, sulfate and nitrate in water. The products were
isolated and characterized (Scheme 3.8) by various techniques like FTIR, TGA, SCXRD
and PXRD.

[Niy(fumarate)(6-Mebpta),(H,0),](C10,),6H,0
(2 2 ClI04)

[Ni,(fumarate)(6-Mebpta),(H,0),](I), 6 H,O
221)

W 2> Br)

[Ni,(fumarate)(6-Mebpta),(H,0),](F),3H,0 | | 2 Cl [Ni,(fumarate)(6-Mebpta),(H,0),](Cl1),2H,0
25F) @2ocn
. SO 2NO;y .
[Ni,(fumarate)(6-Mebpta),(H,0),](SO,) «+————————= [Niy(fumarate)(6-Mebpta),(H,0),](NO;)yH,0
(2>80,.) (22 NOy)

Scheme 3.8. Exchange of fumarate anion with different anions in 2>fumarate.
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Formation and structural description of 22CIO4 . In case of 22CIO47, sodium perchlorate
(2 eg.) was added to a solution of 2ofumarate (10 mg dissolved in 0.5 mL of water). The
formation of the exchanged product was examined by careful microscopic study (Figure
3.24). Very interestingly, the rod-shaped greenish-blue crystals of the exchanged product
was obtained in few minutes. It was found that after adding sodium or potassium
perchlorate solution to the aqueous solution of 2ofumarate, within two minutes, crystals
started appearing and with an increase in the time, size and quantity of the crystals also
enhanced. It crystallizes in triclinic P-1 space group, different from mother compound (as
synthesized) but the dinuclear synthon was the same as 2>fumarate. The counter anion
fumarate (trapped in the water clusters) got exchanged with two perchlorate anions. It was
also found that during the anion exchange process three lattice water molecules also came
out with the fumarate anion. This exchange of anion resulted in the formation of a new
supramolecular assembly. The asymmetric unit consists of two metal centers, two ligands,
one coordinate fumarate and two free perchlorate anions. Along with this, six lattice water
molecules are present. The metal center was coordinated by three nitrogens of the ligand
(bond distances: Ni-Npy (2.052(9) A and 2.073(8) A) and Ni-Naky (2.151(8) A), two
oxygens of fumarate (bond distances: 2.105(7) A and 2.187(7)A) and one oxygen from the
coordinated water molecule with a bond distance of 2.087(7) A (Figure 3.25).
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Figure 3.24. Growth of 22CIO, crystals from 2>fumarate and perchlorate anion solution
monitored by microscopy.

The six water molecules and two perchlorate anions show strong hydrogen bonding
resulting in the formation of a 3D supramolecular assembly (Figure 3.26) having three

different type of motifs. Motif 1, (R4*(8)), is an octamer formed by two lattice water
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molecules (018--019) and two oxygens of fumarate (one from both sides of the same
molecule) (01+02); distances: 2.935 A, 2.905 A and 2.979 A. Four carbon atoms of
fumarate are also involved in the formation of this octamer. Motif 2, (R¢%(8)), is formed by
two lattice water (019--020) molecules, two coordinated water molecules (O6--03), two
oxygens from fumarate anion (from different synthons) (O4-+-02) and two Ni(ll) centers;
distances: 2.979 A, 2.650 A, 2.827 A and 2.740 A.

(a)

Figure 3.25. (a) Distorted octahedral geometry having N303 type surrounding around the metal
center and (b) formation of dinuclear synthon having free perchlorate anion and lattice water in
2oCIOy.

Figure 3.26. Supramolecular assembly showing three types of motifs in 22CIO4".
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This motif connects two synthons and forms a linear chain type of 1D supramolecular
assembly. This linear chain is connected to the other similar chain by Motif 3, (R212%(27)).
which involves two Ni(ll) centers, four chlorine atoms (from perchlorate), eight oxygens
of four perchlorate anions (07...09...013...014...07'...09'...013"...014"), ten lattice
water molecules (018...019...016...017...015...018'...019'...016'...017'...015"), two
oxygen atoms of the coordinated fumarate (O5...05") and two oxygens from two
coordinated water molecules (06...06"), distances: 2.91 A, 2.965 A, 2.836 A, 2.861 A,
2.815 A, 2.924 A, 2.905 A and 2.740 A as shown in Figure 3.26. All hydrogen bonding

parameters are listed in Table 3.6.

Table 3.6. Hydrogen bonding parameters in 22CIOy.

D---H...A (A) r(D-H) r(H...A) r(D...A) <D-H...A Symmetry
A) (A) A) (deg)

03 -H3B...020 0.85 1.92 2.6506 143 .
06 -HBA...016 0.86 1.99 2.8 157 1-x,1-y,-z
06 -H6B...019 0.86 1.91 2.7324 160 .
016 -H16A...06 | 0.85 2.53 2.8 100 1-x,1-y,-z
016 -H16B...014 | 0.85 2.23 2.9298 140 1-x,1-y,1-z
017 -H17A..09 | 0.85 2.22 2.8749 134 .
017 -H17B...05 0.85 2 2.8151 160 1-x,1-y,-z
018 -H18B...01 | 0.85 2.12 2.9517 167
019 -H19D...02 | 0.85 2.14 2.9848 177
020 -H20B...04 | 0.85 2.13 2.8336 140
C8 -H8...04 0.93 2.49 3.0799 122 .
C14 -H14...013 0.93 2.55 3.3753 149 1-x,1-y,1-z
C19-HI9A...08 | 0.96 2.42 3.376 173 1-x,1-y,1-z
C19-HI9B...04 | 0.96 2.59 3.208 122 .
C21-H21A...011 | 0.96 251 3.3783 151 1-x,1-y,1-z
C22 -H22A...05 | 0.96 2.56 3.3756 142
C22 -H22A...06 | 0.96 2.59 3.2558 127 .
C23 -H23A...09 | 0.96 2.47 3.3466 152 1-x,1-y,-z
C23 -H23C...05 0.96 241 3.2587 147 .
C37-H37B...015 | 0.97 2.52 3.4843 175 X,-1+y,z
C39 -H39...09 0.93 2.56 3.1654 123 X,-1+y,z
C46 -H46C...01 | 0.96 2.57 3.3952 145
C46 -H46C...03 | 0.96 2.5 3.1299 123
CA47 -H47B...01 | 0.96 2.43 3.2985 150 .
C47 -H47C...015 | 0.96 2.47 3.3106 147 -X,1-y,1-z
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Formation and structural description of 221", In order to form 221" from 2>fumarate both
solid-solid and liquid-solid methods described above were used. For the first method, some
of 2>fumarate crystals were soaked in a saturated solution of potassium iodide and after
10 days greenish-blue color of the crystals changed to light green color. On the other hand,
growth of the crystals by the second method was monitored by microscopy as shown in
Figure 3.27.
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Figure 3.27. Growth of 221" crystals from 2>fumarate and iodide anion solution monitored by
microscopy.

(a) (b)

Figure 3.28. (a) Distorted trigonal octahedral geometry having N30O2 type surrounding around the
metal center, (b) formation of a dinuclear complex and (c) supramolecular assembly showing two
types of motifs in 221",
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Based on the single crystal X-ray diffraction, it crystallizes in the same space group P21/n.
In its structure, two iodide ions replaced the uncoordinated fumarate ion while three lattice
water molecules were also lost (similar to 22CIOy’). This anion exchange has also altered
the pentamer of water cluster and thus a new supramolecular assembly has formed as shown
in Figure 3.28. The asymmetric unit consists of a metal center, one ligand, half of the
coordinate fumarate, one free iodide ion, and one coordinated and three lattice water
molecules. The coordination environment (N303) around the metal center is completed by
three nitrogen atoms of the ligand (distances: Ni-Npy (2.051(8) A and 2.078(8) A) and Ni-
Naikyl (2.178(7) A), two oxygens of fumarate (distances: 2.101(6) A and 2.215(6) A) and
one oxygen from the coordinated water molecule with a distance of 2.067(6) A (Figure
3.28). All bond distances and angles are listed in Table A23 and A34 (Appendix). All

hydrogen bonding parameters are listed in Table 3.7.

Table 3.7. Hydrogen bonding parameters in 221"

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A A A (deg)

03 -H3B...04 0.91 1.88 2.7456 159 1/2+x,1/2-y,-1/2+z
04 -H4A...I1 0.87 2.94 3.7959 166 1/2-x,1/2+y,1/2-z
04 -H4B...03 0.87 1.97 2.7456 147 -1/24x,1/2-y,1/2+z2
05 -H5A...11 0.87 2.79 3.6304 162 .
05 -H5B...I1 0.87 2.95 3.8008 167 1-X,-y,1-z
06 -H6A...03 0.87 1.95 2.7701 157 1/2+x,1/2-y,1/2+z2
06 -H6B...05 0.87 1.96 2.8272 171 1/2+x,1/2-y,-1/2+2
C10 -H10...11 0.95 3.03 3.8768 150 1/2-x,1/2+y,1/2-z
C13-H13...02 | 0.95 2.55 3.1292 120
C15-H15B...01 | 0.98 2.54 3.3833 144
C17 -H17C...01 | 0.98 2.53 3.3885 147 .
C19-H19...04 | 0.95 2.47 3.4023 166 -1/2+x,1/2-y,-1/2+z2

Due to the presence of lattice water molecules and iodide anions, one synthon is connected
with the other through strong hydrogen bonding resulting in the formation of a 1D zig-zag
chain having three different motifs. Motif 1, (R4*(4)), involves two iodide anion (11-11"),
two oxygens of lattice water molecule (O505') with distances of 3.630 A and 3.801 A
(one iodide with both water). Motif 2, (R4>(5)), is formed by two oxygens of two lattice
water molecules (O4-06), one oxygen from coordinated water molecule (O1) and one
iodide (11) anion with distances: 2.770 A, 2.827 A and 2.746 A (O--0) and 3.796 A and
3.801A (O1). Motif 3, (R2%(2)), is a dimer of lattice water (O4) and coordinated water
(01) with a distance of 2.746 A.
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By comparing all three structures, it is observed that diversification in the water clusters
has taken place by the anion exchange. A pentamer of water cluster in 2>fumarate loses
its identity due to the exchange of fumarate with perchlorate (Figures 3.29 and 3.30).
Instead a linear chain of water clusters is formed in 22CIO4. By exchanging the fumarate
with iodide anion, a square of two water and two iodides was formed. Furthermore, a cyclic
dimer of water cluster is also formed with a coordinated water molecule and lattice water
molecule. It should be noted that the hydrogen bonding distance between water and iodide

anion is longer than the common hydrogen bonding distance between water molecules.

(a) (c)

[N (fumarate) Mebpta) (L, 0)K(CI0,);€8,0 1 > fumarate [Niy(fumarate)(6-Mebpta),(H,0),](T), 6H,0

1>Cl10, 121

Figure 3.29. Change in the water cluster and supramolecular assembly (a) Supramolecular
assembly formed in 2o5CIO4 (b) Supramolecular assembly formed in 2>fumarate and (c)
Supramolecular assembly formed in 221",

Figure 3.30. Arrangement of water cluster and anion in 2>fumarate (a), 221" (b) and 22>CIO. (c).

After studying the effect of anion exchange on the shape of water clusters by comparing
their structures, we have confirmed the anion exchange by other techniques also like FTIR,
and PXRD. By comparing the PXRD patterns of all exchanged products with different
anions, it is found that there is a change in the patterns confirming the formation of new

compounds (Figure 3.31). However, all exchanged compounds retain their crystallinity.
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Furthermore, both 22CIO4 and 221" having single crystal structures show good agreement

with the simulated and the experimental data confirming their phase purity.
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Figure 3.31. Change in powder patterns of 2>fumarate upon anion exchange.
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Figure 3.32. Change in FTIR spectra of 2>fumarate due to anion exchange.

Most anions have signature peaks in the FTIR and their presence in a compound can be
confirmed. In case of exchanging fumarate anion by other anions, the peak of free fumarate
around 1702 cm™ disappeared and new peaks of a particular anion appeared in the
spectrum. For example, peaks at 1084 cm™, 1254 cm™ and 1384 cm™ correspond to the

perchlorate ion, sulfate ion and nitrate ion, respectively (Figure 3.32).

Anion exchange in 3DHsuccinate. After getting the successful exchange of fumarate anion
in 2>fumarate with numerous anions, a similar study was carried out for the exchange of

succinate in 3DHsuccinate with other anions (Scheme 3.9).
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[Ni,(succinate)(6-Mebpta),(H,0),](C10,),6H,0

(32 Cl04)
=]
Q
2 | 2Br . .
[Ni,(succinate)(6-Mebpta),(H,0),|(I),5H,0 | | [Ni,(succinate)(6-Mebpta),(H,0),|(Br),4H,0
L= ST | 1 T, (32Br)
: INip(succinate)(6-Mehpta),(H,0),|(Hsuccinate), 4H,0 (3 > Hsuccinate)
[Ni,(succinate)(6-Mebpta),(H,0),](F),SH,0 e || zar [Ni(succinate)(6-Mebpta),(H,0),](CD), 10H,0
GoF) 320N
SO | 2NOy . .
[Ni,(succinate)(6-Mebpta),(H,0),](SO,)H,0 —— |Ni,(succinate)(6-Mebpta),(H,0),](NO,), 6H,0
(3>80) (3 2 NO;)

Scheme 3.9. Exchange of succinate anion with different anions in 3DHsuccinate.

Formation and structural description of 35CIOa4". As shown in Scheme 3.9, upon exchange
of both Hsuccinate with two molecules of perchlorate the resulting crystals were found to
crystallize in the monoclinic P21/n space group. The asymmetric unit consists of one nickel,
one ligand, half of the coordinate succinate and one free iodide molecules as well as three
lattice water molecules (O8, O9 and 010), which helps in the formation of a supramolecular

assembly via hydrogen bonding.

Figure 3.33. (a) Distorted octahedral geometry having N303 type surrounding around the metal
center and (b) formation of dinuclear synthon in 3oCIOy.

A N303 type of surrounding around metal center was formed using three nitrogens of the
ligand (distances: Ni-Npy (2.064(6) A and 2.058(7) A) and Ni-Naky (2.133(7) A), two
oxygens of succinate (distances: 2.133(5) A and 2.144(6) A) and one oxygen from the
coordinated water molecule with distance 2.072(5) A (Figure 3.33). Due to the presence of
two perchlorate and five lattice water molecules, the resultant compound has a
supramolecular assembly consisting of five different types of motifs (Figure 3.34) formed
by strong hydrogen bonding. Motif 1, (Re®(8)) consists of two lattice water molecules
(0808, two oxygens of two succinates from different synthons (O1-01'), two
coordinated water (03+03"), distances: 2.674 A, 2.780 A and two Ni(ll) centers. This motif
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connects two dinuclear synthons to generate a supramolecular network. Motif 2, (R4*(8)),
consists of two lattice water molecules (0O8-09), two oxygens of the same succinate from
both side (O102), distances: 2.780 A, 2.800 A, 2.766 A and four carbon atoms of
succinate. Motif 3, (Rs°(7)), consists of one coordinated water (O3), one fumarate oxygen
(©2), one lattice water oxygen (09), two oxygens from one perchlorate anion (012--010),
distances: 2.800 A, 2.874 A, 2.919 A, one Ni(ll) center and one chloride atom also involved
in this. Motif 4, (Re®(8)), consists of four oxygens of two perchlorate anions
(04--0504'"-05"), two lattice water molecules (010010, distances: 2.619 A, 2.889 A

and two chloride atoms.

Figure 3.34. Supramolecular assembly showing five types of motifs in 35CIO,".

Motif 5, (R14'4(16)), consists of four lattice water molecules (O8+0908"~09"), two
coordinated water molecules (0303, six oxygens from perchlorate
(04--05+-06-04"-05"-086"), distances: 2.889 A, 2.619 A, 2.874 A, 2.766 A, 2.671 A,
2.919 A and two chloride atoms. In the formation of this motif, out of four perchlorate ions,
two perchlorate show hydrogen bonding through two oxygen atoms and other two
perchlorate shows hydrogen bonding through one oxygen atom only. The supramolecular
assembly is shown in Figure 3.34, while all the hydrogen bonding parameters are listed in
Table 3.8.
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Table 3.8. Hydrogen bonding parameters in 35CIO4.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A A A (deg)

03 -H3B...08 0.86 1.87 2.7124 165 3/2-x,-1/12+y,1/2-z
08 -H8C...03 0.85 2.14 2.7124 124 3/2-x,1/2+y,1/2-2
09 -H9B...08 0.85 1.95 2.7685 161
010 -H10A...O5 | 0.85 2.1 2.6461 122 .
C1-HIB...O07 0.98 2.54 3.485 162 1/2+x,1/2-y,1/12+z
C11-H11...09 0.95 2.55 3.3248 139 -1+x,y,2
C12 -H12...07 0.95 2.56 3.3533 141 -1/2+x,1/2-y,1/2+z
C13-H13...01 0.95 2.54 3.0942 117
C15-H15B...02 | 0.98 251 3.3756 147
C17 -H17B...02 | 0.98 2.52 3.3899 148

Formation and structural description of 3DCI . In case of 35CI- (exchanged with chloride)
crystals were formed by following the same procedure as previous. It crystalizes in
monoclinic P21/c space group. The asymmetric unit consists of a metal center, one ligand,
half of the coordinate succinate and one free chloride ion. Along with this, five lattice water
molecules are also present. A N3O3 type of surrounding around metal center was formed
using three nitrogen of the ligand (distances: Ni-Npy (2.063(12) A and 2.094(11) A) and
Ni-Nayi (2.135(11) A), two oxygens of succinate (distances: 2.133(9)A and 2.160(9) A)
and one oxygen from the coordinated water molecule with distance 2.056(10) A (Figure
3.35).

Figure 3.35. (a) Distorted octahedral geometry having N303 type surrounding around the metal
center and (b) formation of dinuclear synthon in 3oCI".

In this case, two Hsuccinate molecule were exchanged with two chloride ions. Due to the
presence of the five lattice water molecules (04, O5, 06, O7 and O8), a 1D supramolecular
assembly was formed which consist of five different type of motifs (Figure 3.36). Motif 1,

(R4*(8)), consists of two lattice water molecules (O4-06), two oxygens of the bridging
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succinate (01+-02), (distances: 2.816 A, 2.764 A, 2.718 A) and four carbons of succinate.
Motif 2, (Rs>(5)), consists of four lattice water molecules (04-06-08~07), one chloride
ion; distances: 2.734 A, 2.937 A, 2.840 A, 3.239 A (CI-08), 3.222 A (CI-06).

Figure 3.36. Supramolecular assembly showing five types of motifs in 35CI".

Motif 3, (R4%(6)), consists of two lattice water molecules (05+06), one coordinated water
oxygen (03), one oxygen from succinate (02), one chloride ion, distances: 2.816 A, 2.682
A, 3.109 A (CI-05), 3.222 A (CI-06) and one Ni(ll) center. Motif 4, (R4*(4)), consists of
three lattice water molecules (O4-05+-07) and one coordinated water molecule (03),
distances: 2.937 A, 2.818 A, 2.682 A, 2.731 A.

Table 3.9. Hydrogen bonding parameters in 3oCI-.

D---H...A (A) r(D-H) r(H...A) r(D...A) <D-H...A Symmetry
A (A) (A) (deg)
03 -H3B...05 0.88 1.92 2.6838 144 1-x,1/2+y,1/2-z
04 -H4D...06 0.85 2.33 2.7399 110 .
04 -H4E...Ol 0.85 1.89 2.7339 171 X,1/2-y,-1/2+z
05 -H5A...Cll 0.85 2.29 3.116 164 x,1/2-y,-1/2+z
05 -H5B...07 0.85 2 2.8122 160
06 -H6A...04 0.85 2.09 2.7399 133 .
06 -H6B...02 0.85 2.03 2.833 156 2-X,-1/2+y,1/2-2
07 -H7B...04 0.85 2.36 2.9339 126 .
08 -H8B...07 0.85 2.35 2.8744 120 1-x,1-y,-z
C4 -H4A...01 0.96 2.56 3.4302 152 1-x,1-y,1-z
C4 -H4B...01 0.96 2.54 3.0896 116
C10-HI0A...07 0.97 2.59 3.4292 144
C10-H10B...05 0.97 2.51 3.19 127 .
C13-H13...Cl1 0.93 2.74 3.5387 144 1+x,y,z
C17 -HI17A...02 0.96 2.53 3.3715 147
C19 -H19A...03 0.96 2.53 3.1108 119
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Motif 5, (Re%(8)), consists of two lattice water molecule (O4-04"), two coordinated water
molecules (0303, two oxygen from succinate (01-01'), distances: 2.718 A, 2.731 A
and two Ni(ll) center from two different synthons. Motif 5 connects two different synthons
to each other. In this case, O5, O7, O8 and chloride molecules formed a linear chain of the
water and anion shown in the Figure 3.36. All the bond lenths, bond angles and hydrogen

bonding parameters are listed in Table A24, A35 (Appendix) and Table 3.9, respectively.

Structural description of 3DNOs". In case of 3DNO3 (exchanged with nitrate), the
compound crystallizes in the P2:/n space group. The asymmetric unit consists of a metal
center, one ligand, half of the coordinate succinate and one free nitrate ion. Along with this,
three lattice water molecules are also present. A N303 type of surrounding around metal
center was formed using three nitrogens of the ligand (distances: Ni-Npy (2.164(2) A and
2.070(2) A) and Ni-Naikyi(2.087(3) A), two oxygens of succinate (distances: 2.079(3) A and
2.214(2) A) and one oxygen from the coordinated water molecule with distance 2.072(2)
A (Figure 3.37).

Figure 3.37. (a) Distorted octahedral geometry having N3O3 type surrounding around the metal
center and (b) formation of dinuclear synthon in 3DNOs3".

Due to the presence of six lattice water molecules, resulting supramolecular assembly
consists of five different type of the motifs. Motif 1, (Rs®(13)), consists of two lattice water
molecule (O8-07), one coordinated water molecule (O3), one oxygen of succinate (02),
two oxygens of the nitrate (O4~05), distances: 2.756 A, 2.818 A, 2.929 A, 3.022 A, one
nitrogen of nitrate, two Ni(ll) centers, four carbon atom of succinate and one oxygen of the
succinate (non hydrogen bonded). Motif 2, (Re®(8)), consists of the two lattice water
molecules (O7--0O7"), two coordinated water molecules (03-03"), two oxygen of succinate
(0202, distances: 2.714 A, 2.818 A and two Ni(ll) centers (from different synthons).

Motif 3, (R4>(5)), consists of three lattice water molecules (O7--08+09), one coordinated
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water molecule (O3) and one oxygen of the nitrate (O4), having distances: 2.714 A, 2.756
A, 2.868 A, 2.852 A and 2.929 A,

Figure 3.38. Supramolecular assembly formed in 3DNOs.

Motif 4, (R25(8)), consists of two lattice water molecules (09--09'"), four oxygens from two
different nitrate molecules (06040604, distances: 2.852 A, 2.801 A and two
nitrogen atoms from two nitrate molecules. Motif 5, (R48(10)), consists of four lattice water
molecules (08-09+08"09"), four oxygens from two different nitrate molecules
(06-05+-06"05"); distances: 2.801 A, 2.868 A, 3.022 A and two nitrogens of two nitrate
ions (Figure 3.38). Motif 2 connect two synthons with each other (Figure 3.38). All the
bond lenths, bond angles and hydrogen bonding parameters are listed in Table A24, A35
(Appendix) and Table 3.10, respectively.

Table 3.10. Hydrogen bonding parameters in 33NO3".

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry

A A A (deg)

03 -H3A...07 0.86 1.89 2.712 160 1/2+x,1/2-y,-1/2+z

07 -H7A..02 0.85 1.98 2.8235 170 1/2-x,1/2+y,1/2-z

07 -H7B...05 0.85 2.09 2.9342 172 1/2-x,1/2+y,1/2-z

08 -H8A...04 0.85 2.23 3.0353 158 1/2-x,1/2+y,1/2-z

09 -H9D...05 0.85 2.05 2.8701 163 1-X,-y,1-z

C1-H1B...04 0.97 2.51 3.4651 168 X,-Y,-Z

Cl11-HI1A...01 0.96 2.43 3.2864 148

C13 -H13C...01 0.96 2.53 3.3615 145

Cl14 -H14A...08 0.97 2.58 3.3255 134

C19 -H19...02 0.93 2.55 3.1277 120
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By comparing all the four structures, it was observed that by anion exchange,
diversification in the water cluster formation takes place, like in 2>fumarate. In
3DHsuccinate, lattice water molecules form hydrogen bonding with the free succinate
anion resulting in the formation of a 3D supramolecular assembly while when exchanged
with perchlorate, a change in the water clusters arrangement was observed. Along with this,
due to hydrogen bonding between lattice water molecules and perchlorate anion, a 3D
supramolecular assembly was formed. By exchanging with chloride ions, a pentamer of
one chloride and four water molecules are formed while, in case of nitrate, a different
arrangement of water molecules have been observed (Figure 3.39 and 3.40). After studying
the effect of anion exchange on the shape of water clusters by comparing their structure,
we have confirmed the anion exchange by other techniques like FTIR, PXRD and

thermogravimetric analysis as like compound 2>fumarate.

Figure 3.39. Anion exchange in 3oHsuccinate (a) Supramolecular assembly and formation of
water cluster in 3oNOjs, (b) Supramolecular assembly and formation of water cluster in
3DHsuccinate, (¢) Supramolecular assembly and formation of water clusters in 35CIOy, (d)
Supramolecular assembly and formation of water cluster in 3OCI.

By comparing the PXRD patterns of all the exchanged product with different anions, it was
found that there is a change in the powder pattern confirming the diversity in the formation
of coordination architecture (Figure 3.41). Moreover, compounds having the single crystal
structure show a good agreement between the simulated and experimental data, hence

confirming the phase purity of the compounds.
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Figure 3.40. Arrangement of water cluster and anion in 3>fumarate (a), 3OCI" (b), 33CIO4 (),
and 3ONO; (d).
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Figure 3.41. Change in powder patterns of 3DHsuccinate upon anion exchange.
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Figure 3.42. Change in FTIR spectra of 3DHsuccinate upon anion exchange.
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Exchane of fumarate with other anions was further confirmed by FTIR. technique.. As
Every anion has a significant peak in FTIR, therefore exchange of fumarate with different
anions can be monitered by disappearence of the chararctersticpeak of fumarate anion,
followed by appearence of a new peak correcponding to the anion exchanged.. After
exchange of fumarate anions in 3, peak at 1702 cm™ was disappeared and new peaks were
appeared based on the anion exchanged.. For example, theappearance of a peak at 1084 cm”
! corresponded to the perchlorate ions, a peak around 1254 cm™ corresponded to sulfate
ions and a peak at 1384 cm™ confirmed the exchange of fumarate with the nitrate anion.
(Figure 3.42).

Chemistry with 6-Mebpea

This ligand is a derivative of 6-Mebpta, in which tertiary butyl group is replaced by an ethyl
group. Using 6-Mebpea, several MOCNSs have been synthesized with Ni(ll), Zn(Il) and
Cd(11) in combination with different dicarboxylates as shown in the Schemes 3.10-3.11.

H,adc
2 » [Ni(adc),(6-Mebpea),] 7H,0  (13)

MeOH
RT

Ni(OAc), + 6-Mebpea

Hofumarate

» [Ni,(fumarate),(6-Mebpea),]4H,0-3MeOH  (14)

Scheme 3.10. Synthesis of 13 and 14.

M =Zn
» {[Zn,(adc),(6-Mebpea),] 9H,0}, (15)
Hoadc
M(OAc), + 6-Mebpea
M
eOH M = Cd
RT » {[Cd,(adc),(6-Mebpea),] 8H,0}, (16)

Scheme 3.11. Synthesis of 15 and 16.

FTIR spectroscopic studies. For 13 and 14, a Av value of 235 cm™? and 156 cm™,
respectively, confirms the monodentate and bidentate binding mode of the carboxylate to
the metal center (Figure 3.43). Similarly, in 15 and 16, a Av value of 257 cm™ and 291 cm
! respectively, confirms the monodentate mode of carboxylate binding to the metal center.

The asymmetric and symmetric stretching frequencies of 13-16 are listed in Table 3.11.
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Figure 3.43. FTIR spectra of 13-16.

Thermogravimetric analyses. Thermal stabilities of 13-16 were studied as a function of
temperature in the range of 25-500 °C (Figures 3.44). The coordination polymers show
thermal stabilities up to 200 °C with an initial loss of the lattice solvent molecules at around
100 °C, followed by the loss of coordinated water molecues around 150 °C

Table 3.11. Asymmetric and symmetric stretching frequencies and their respective binding modes

of carboxylates in 13-16.

Compound | Asymmetric (v1) Symmetric (12) | Av=vi—v2 Binding mode
cmt cmt cmt
13 1590 1355 235 Monodentate
14 1620 1464 156 Bidentate (chelated)
15 1636 1379 257 Monodentate
16 1619 1328 291 Monodentate
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For 13, the first loss of 25.05% corresponds to the loss of seven water molecules (ca.
24.45%), while the same (16.87%) for 14 corresponds to the loss of four lattice water and
three methanol (ca. 17.08%). Similarly, compound 15 and 16 exhibiting a weight loss of

14.68% (ca. 14.95) and 14.82% (cal. 13.22%), respectively, correspond to the loss of eight
water molecules.
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Figure 3.44. TGA scans of 13-16.

Powder X-ray diffraction studies. The crystalline nature of 13-16 was confirmed by
powder X-ray diffraction studies and found that all these compounds have different type of
framework as they show different type of powder pattern (see Figure 3.45).
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Figure 3.45. PXRD patterns of 13-16.

Chemistry with 6.6’-Me2bpta

Using the 6,6’-Mezbpta ligand, seven MOCNs of Ni(ll), Zn(I1), Mn(l1) and Cd(ll) have
been synthesized in combination with different dicarboxylates as shown in the Schemes
3.12-3.14.

Hoadc

Y

[Ni(adc)(6,6'-Me,bpta)(H,0)'H,O 17)

Ni(OAc), + 6,6-Mebpta —MeOH [Hofumarate -\, ¢ marate),(6,6-Me,bpta),}5H,0  (18)

RT

Hysuccinate

» [Niy(succinate),(6,6'-Mesbpta),]6H,O  (19)

Scheme 3.12. Synthesis of 17-19.
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H,adc

> [Mn,(adc),(6,6'-Me,bpta),]-2H,0 (20)
MeOH
RT

Mn(OAc), + 6,6'-Me,bpta

Hof t
ofumarate » [Mn,(fumarate),(6,6'-Me,bpta),] H,0  (21)

Scheme 3.13. Synthesis of 20 and 21.

M =2Zn
» {[Zn,(adc),(6,6'-Me,bpta),]}, (22)
H,adc
M(OAc), + 6,6'-Mesbpta MeOH
e
RT M= Cd - 23
» {[Cd,(adc),(6,6'-Me,bpta),]2H,0}, (23)

Scheme 3.14. Synthesis of 22 and 23.

FTIR spectroscopic studies. Compound 17 having a Av value of 183 cm™ indicates the
bidentate mode of carboxylate binding to the Ni(Il). A peak around 1704 cm confirmed

the presence of non-bonded deprotonated carboxylate group of adc.
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Figure 3.46. FTIR spectra of 17-21.
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Presence of coordinated water molecule in 17 was confirmed by the presence of peak
around 3200 cm™. (Figure 3.46). In case of compounds 18 and 19, Av values are 180 cm™
and 159 cm, respectively, indicating a bidentate mode of carboxylate binding to the Ni(11).
Similarly, compounds 20 and 21 have a Av value of 222 cm™ and 167 cm, respectively,
indicating the monodentate and the bidentate mode of carboxylate binding to the Mn(ll)

center (Figure 3.46).
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Figure 3.47. FTIR spectra of 22 and 23.

22 and 23 exhibit a Av value of 282 cm™ and 277 cm?, respectively, confirming the
monodentate mode of carboxylate binding to the metal center (Figure 3.47). The

asymmetric and symmetric stretching frequencies are listed in Table 3.12.

Table 3.12. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates of 17-23.

Compound | Asymmetric (v1) Symmetric (v2) | Av=vi— V2 Binding mode
cm? cm? cmt
17 1590 1407 183 Bidentate (chelated)
18 1580 1400 180 Bidentate (chelated)
19 1566 1407 159 Bidentate (chelated)
20 1583 1361 222 Monodentate
21 1565 1398 167 Bidentate (chelated)
22 1614 1332 282 Monodentate
23 1604 1327 277 Monodentate
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Thermogravimetric analyses. Thermal stabilities of 17-23 were studied as a function of

temperature in the range of 25-500 °C (Figures 3.48).
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Figure 3.48. TGA scans of 17-21.

In 17, the first weight loss of 4.55% corresponding to the loss of two water (one coordinated
and one lattice) molecules (ca. 5.01%), while for compound 18 the weight loss of 9% was
observed for the loss of five lattice water molecules followed by decomposition of the

network.
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Figure 3.49. TGA profiles of 22 and 23.

For 19, a weight loss of 10.54% was observed for the loss of six water molecules (ca.
9.26%). In 20, loss of two lattice water molecules was observed around 75 °C (ca. 9.26%),
while 21 exhibits a weight loss of 14.31% corresponds to the loss of one lattice water
molecule (cal. 14.68%). As shown in the Figure 3.48, 20 and 21 show the same type of
thermal stability. Similarly, for 23, loss of two lattice water molecules was observed around
100 °C.

Single crystal structure analyses. Crystals of compound 17 were grown using liquid
diffusion mehod. Linker and ligand were dissolved in methanol and layered over aqueous
solution of metal salt separated by a buffer layer (a mixture of water and methanol ina 1:1

ratio) for slow diffusion of two liquids.

Structural description of 17. Compound 17 crystallizes in the P2:1/n space group and
consists of a discrete mononuclear unit Ni(ll) center has an octahedral geometry and is
surrounded by three nitrogens of the ligand (bond distances: Ni-Npy (2.0474(14) A and
2.1317(14) A) and Ni-Naky (2.1108(14) A), two oxygens of the adc (unsymmetrical
chelated having bond distances: 2.1675(12) A and 2.1217(11) A) and one coordinated
water molecule having a distance of 2.0828(12) A.
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Figure 3.50. (a) Distorted octahedral geometry having N303 type surrounding around the metal
center and (b) a mononuclear complex formed in 17.

Figure 3.51. Supramolecular assembly formed in 17.

The selected bond distances and angles are listed in Table A25 and A36 (Appendix).
Interestingly, one side of the adc is binding with Ni(ll) center in a chelated fashion and
another side is free and presentin deprotonated form (Figure 3.50). The two discrete units
are connected through hydrogen bonding between coordinated water, one lattice water
molecule and two oxygen atoms of uncoordinated adc to form a pentagonal motif (R4*(5))
resulting in the formation of a zig-zag shaped supramolecular assembly as shown in Figure

3.51. All hydrogen bonding parameters are listed in Table 3.13.

Table 3.13. Hydrogen bonding parameters in 17.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A) A A (deg)
05 -H5A...02 0.82 1.87 2.6791 172 3/2-x,1/2+y,1/2-2
05 -H5B...06 0.81 2.08 2.863 163
06 -H6A...01 0.82 1.88 2.6908 169 3/2-x,1/2+y,1/2-2
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Structural description of 22. It crystallizes in the monoclinic P21/n space group and forms
a 1D spiral coordination network. The asymmetric unit consists of two metal centers, two
ligands and two linkers. The Zn(Il) center is penta-coordinated consisting of three nitrogen
atoms from the ligand and two oxygen atoms from two different dicarboxylate linkers
(Figure 3.52). Their bond distances are: Zn-Npy (2.320(8) A and 2.349(9) A) and Zn-Naiyi
(2.431(7) A), Zn-Ocars (distances: 2.250(8) A and 2.251(9) A) and Zn-Owater (2.072(5) A).
All distances and angles are listed in Tables A25 and A36 (Appendix).

(a) (b)

Figure 3.52. (a) Distorted trigonal bipyramidal geometry having N302 type surrounding around
the metal center and (b) coordination environment around the metal center in 22.

F 48 9

Figure 3.53. (a) Spiral helical type of geometry and (b) spiral chain of coordination polymer of 22
in ball and stick representation.
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A perfect spiral coordination polymer was generated by expanding the asymmetric unit
(Figure 3.53). In the close packing, two layers are stacked in AA fashion as shown in
Figure 3.54. The interlayer distance between two adjacent layers is in the range of 8.542
A t09.00 A. A perfect packing between these zig-zag layersis clearly seen along the a-axis
(Figure 3.54).

Figure 3.54. Formation of AA type packing in 22.

Powder X-ray diffraction studies. Crystalline nature of all synthesized complexes (17-
23) was confirmed by powder X-ray diffraction studies. In addition to this, bulk phase
purity of 17 and 22, was further confirmed by comparison of experimental data with the
simulated data . (Figure 3.55 and 3.56).
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Figure 3.55. PXRD patterns of 17-21.
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Figure 3.56. PXRD patterns of 22 and 23.

Effect of metal, ancillary ligand, or linker on the coordination architecture: A change
or modification of any component (metal, ancillary ligand, or linker) led to the formation
of different coordination architectures with respect to stability, dimensionality,
supramolecular assembly and applications. The metal centers or metal clusters provide
different coordination sites to build various coordination networks. On the other hand, the
selection of ancillary ligands and the organic linkers is very crucial in making such
assemblies with varied dimensionalities. The ancillary ligands (polypyridyl) surround the
metal center and provide particular open sites for the binding of organic linkers which
results in making such pre-designed metal organic coordination networks. For our interest
to explore and identify the factors governing the formation of supramolecular assemblies
vs. discrete polygons, such as squares and rectangles, and their further association through
supramolecular interactions, a systematic study has been carried using multidentate
polypyridyl ancillary ligands and multitopic carboxylate linkers with the metal centers. All
the coordination architectures were synthesized at ambient temperature and crystals were
grown by either slow evaporation method or by the direct layering of the components in

particular solvents.

Effect of an ancillary ligand on the coordination architectures: Both 1 and 17 are Ni(ll)
adc compounds. howeverdiffer from each other by the presence of one extra methyl group

in the ancillary ligand, 6-Mebpta and 6,6"-Mezbpta respectively, which led to a tremendous
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change in the resulting supramolecular architecture and coordination sphere. A close view
of d 1 shows that it is a dinuclear compound having Ni(ll) bis(adc) units. One dimensional
linear chain type of supramolecular architecture was formed due to the presence of two
lattice water molecules in 1. These two lattice water molecules form a doubly hydrogen-
bonded cyclic dimeric of water cluster which acts as a bridge between two Ni(ll) bis(adc)
units as shown in the Figure 3.57. While compound 17 is a mononuclear complex having
one tridentate ligand, and an acetylene dicarboxylate bonded to the Ni(ll) center from one
side only in monodentate fashion while another side of the adc is uncoordinated and freely

present in deprotonated form.

Figure 3.57. Diversification in coordination architectures due to change in the linker and ancillary
ligand and formation of supramolecular assemblies in (a) 1, (b) 2>fumarate, (¢) 3>Hsuccinate
and (d) 17.

Along with this, one lattice water molecule is also present which helps in the formation of
1D zig-zag chain through hydrogen bonding with the coordinated water molecule and
uncoordinated carboxylate. Interestingly, this type of change in the supramolecular
architecture and water cluster is observed due to a small variation in the ligand (adding
extra methyl group). In case of 13, which has 6-Mebpea (three methyl group less) as the
ancillary ligand, the resultant compound is different from both 1 and 17 with respect to its
binding of carboxylate to the metal center, as confirmed by FTIR. It is evident that
carboxylate shows bidentate mode of binding with metal unlike 1, where it is monodentate
in nature and in 17 carboxylate binds in bidentate mode. From TGA analysis it was found

that the thermal stability of 13 is less in comparison to 1 and 17.
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On comparison of Ni(ll)-fumarate compounds having 6-Mebpta, 6-Mebpea, and 6,6'-
Me:bpta as ancillary ligand, it was found that show a slight change in the ancillary ligand
leads to great diversity in the coordination architecture. All three coordination networks,
2>fumarate (6-Mebpta), 14 (6-Mebpea) and 18 (6,6'-Mezbpta) have different
architectures which has been confirmed by the comparison of their PXRD pattern, thermal
stabilities (TGA)and FTIR spectra. Complex 18 is thermally less stable than 2o>fumarate,
and 14. Along with this, all exhibit bidentate mode of carboxylate binding except
2>fumarate, which shows bidentate mode and also contain a free free carboxylate group,
making it a cationic coordination compound with free anion to neutralize overall assembly,
this was further supported by SCXRD analysis. Comparison of Ni(ll)-succinate compound
with 6-Mebpta (3DHsuccinate) and 6,6'-Mezbpta (19) shows different architecture which
was confirmed by PXRD and thermogravimetric analysis. From the FTIR spectra, it was
observed thatboth have bidentate mode of carboxylate binding, but 3>Hsuccinate has both
bidentate modes as well as free carboxylate like 2>fumarate and generate a cationic

architecture stabilized by free anions, corroborating well with their SCXRD structures.

Comparison of Zn(I1) and Cd(Il) compounds of adc with 6-Mebpta (6 and 7), 6-Mebpea
(15 and 16) and 6,6'-Mezbpta (22 and 23) have shown the formation of different
architectures by changing the ligand, keeping metal constant, as confirmed by the PXRD

and thermal analysis.

Effect of organic linker on the coordination architectures: After the effect
of change in metal or ancillary ligand on the coordination architecture, it is worth to discuss
the effect of change in the organic linker on the coordination architecture. From SCXD
analysis it was found that,1 consists of Ni(ll) metal, 6-Mebpta ligand and a rigid
dicarboxylate (adc) forming a dinuclear neutral Ni(ll) bis(adc) units with two lattice water
molecules resulting in the formation of a 1D supramolecular assembly. Carboxylate binds
with the metal center in both mono and bidentate modes. There is no coordinated water
molecule present although the metal center is hexacoordinated. A change from a rigid
dicarboxylate to a flexible or semi-flexible dicarboxylate (succinate or fumarate) led to a
tremendous change in the coordination environment as well as supramolecular network.
Compounds, 2>fumarate and 3DHsuccinate were synthesized using fumarate and
succinate, respectively, having metal and ligand constant. Both compounds consist of
cationic dinuclear synthon in which Ni(ll) is hexacoordinated and the carboxylate binds
with the metal in a bidentate mode. A coordinated water molecule is also present. Different
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lattice water molecules are present in both the compounds. For example, there are nine
lattice water molecules in 22fumarate and four lattice water molecules in 3DHsuccinate.
These water molecules form a supramolecular network having a free anion to neutralize the
charge on metal center resulting in the formation of a neutral supramolecular architecture.
In both the cases, a 3D supramolecular assembly is formed by strong hydrogen bonding

between lattice waters and carboxylates.

Figure 3.58. Diversification in coordination architectures due to change in the metal center (a)
formation of 1D zig-zag chain in 17 and (b) formation of 1D coordination polymer in 22.

Furthermore, diversification in the arrrangment of water clusters is also observed due to the
change in the dicarboxylates. In case of adc (1), a double hydrogen-bonded cyclic water
dimer was observed which is very rare. On the other hand, in case of fumarate
(2ofumarate), a cyclic pentamer of water cluster was formed whereas, such type of
unusual water cluster was not observed in case of succinate (3>Hsuccinate). In case of
combination of Ni(ll), 6,6’-Mezbpta with adc (17), fumarate (18) and succinate (19), it is
found that former two compounds are different from the first one as confirmed by PXRD,
CHN and FTIR. In 17 a mononuclear synthon with one water molecule was formed to
generate a zig-zag supramolecular assembly. Furthermore, it was observed that
combination of Mn(ll), 6,6’-Mezbpta with adc (20) and fumarate (21) also have different
architectures due to change in the linker. In FTIR, it was observed that 20 has a
monodentate mode of carboxylate binding while 21 has a bidentate mode of binding with
metal center. For 4 and 5, which have combination of Ni(ll), 6-Mebpta, with glutarate and
3-Me-glutarate, respectively, same type of assembly was formed, as confirmed by their
PXRD analysis. They have similar characteristics like 2>fumarate and 3DHsuccinate as

discussed before in the same section.
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Effect of metal center on the coordination architectures: As discussed above by
changing the ancillary ligand, change in the supramolecular and coordination architecture
was observed. Further to investigate the effect of change in the metal center having the
same ligand and linkerfew more studies have been done.. Comparison of 17 and 22,
highlights the effect of change in metal center on the coordination architectures. It was
observed that in compound 17, a hexacoordinate Ni(Il) complex which has a mononuclear
synthon with one lattice water molecule resulted in the formation of a zig-zag type of
supramolecular assembly. On the other hand, by using Zn(ll) in 22 in the place of Ni(ll),
a spiral coordination polymer was formed in which Zn(ll) is penta-coordinated and adc
binds with the metal center in a monodentate fashion (Figure 3.58). By replacing Zn(ll)
with Cd(11), it was observed that Cd(Il) shows resemblance with the Zn(Il) complexes by

comparing their PXRD and FTIR spectra.
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3.1.2 Pyridyl-based ligands and tricarboxylate

In the previous section, we have discussed that the variation in the ligand, metal center and
dicarboxylate results in the diversification of structural aesthetics of coordination
architectures. In literature, there are many reports for Cd(ll) and btc, but still there is lot
of scope to explore in this field.*881% We also observed that the formation of either discrete
units or polymers of low dimensionality took place. To break the monotony of getting
discrete units, a dicarboxylate was changed by a tricarboxyle. Two coordination
architectures of Cd(ll) were sythesized under hydrothermal conditions with a ratio of
Cd(l1), 6-Mebpta and Hsbtc 3:3:2 (Scheme 3.15).

6-Mebpea
> {[Cd,(Hbtc),(6-Mebpea), ]}, (24)
H,0: MeOH
Cd(OAc), + Hsbtc ———
120 °C, 48 h
cooling in 24 h 6-Mebpta

» {[Cd,(btc)(H,btc)(6-Mebpta),]},  (25)

Scheme 3.15. Synthesis of 24 and 25.

FTIR spectroscopic studies. In compound 24, two different type of peaks are observed
with respect to two different carboxylic acid groups. The difference in asymmetric (1575
cm™!) and symmetric (1368 cm™) stretching frequencies is around 189 cm™ reflecting a
bidentate mode of carboxylate binding with a Cd(II) center. On the other hand, a peak
around 1683 cm™ indicates the presence of the free acid group. In case of compound 25,
three different types of peaks were observed primarily due to the presence of different
binding modes of carboxylate groups with a Cd(II) center. The difference between
asymmetric and symmetric stretching frequencies is 196 cm™ and 209 cm™ which further

confirms the bidentate and monodentate mode of carboxylate binding.
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Figure 3.59. FTIR spectra for 24 and 25.
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Table 3.14. Asymmetric and symmetric stretching frequencies and binding mode of carboxylates
in 24 and 25.

Compound | Asymmetric (v1) Symmetric Av = Avi— Avaecm’? Binding mode
cm'? (v2) cm?
24 1575 1368 189 Bidentate (chelated)
1683 Free carboxylic acid
25 1570 1367 196 Bidentate (chelated)
1610 1401 209 Monodentate
1682 Free carboxylic acid

A peak around 1682 cm! stands for the free carboxylic acid group. FTIR spectra of both
the synthesized compounds (24 and 25) are shown in Figure 3.59 and difference in the

asymmetric and symmetric stretching frequencies are listed in the Table 3.14.

Thermogravimetric analysis. From the thermogravimetric analysis, it was confirmed that
24 is more stable than 25. Both the compounds do not show any weight loss up to 150 °C
which indicates the absence of lattice solvent molecules (Figure 3.60). The weight loss
corresponds to ligand was observed between 150 °C to 300 °C followed by decomposition

of the compound. TGA scans of 24 and 25are shown in Figure 3.60.
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Figure 3.60. Thermogravimetric analysis of 24 and 25.
Single crystal structure analysis. Crystals of 24 and 25, suitable for the single crystal X-

ray studies were grown by using the solvothermal method. In both the cases, colorless
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crystals were obtained which were directly taken out from the mother liquor and used for

the single crystal analysis.

Structural description of 24. Compound 24 crystallizes in monoclinic P21/c space group.
The asymmetric unit of 24 consists of a Cd(ll) center, one ligand and one linker (btc). In
24, Cd(11) center which adopts a hepta-coordinated geometry in which it is surrounded by
three nitrogens of the ligand (distances: Cd-Npy, 2.290(2) A, 2.350(2) A and Cd-Nayi,
2.420(2) A ) and four oxygens from two different carboxylates of two different Hsbtc
linkers (distances: 2.333(17) A, 2.442(15) A, 2.24(2) A and 2.482(17) A) to generate an
N304 environment around Cd(I10 center. It is very interesting to notice that out of three
carboxylic acid group of trimesic acid (Hsbtc), two show the bidentate mode of binding
with two Cd(1l) centers, and the remaining one is present in a protonated form, which is
not involved in any type of bonding with the metal center resulting on the formation of 1D
coordination polymer (Figure 3.61). All the free carboxylates are situated on the same side
of the 1D chain and ancillary ligand situated diagonally opposite to the free carboxylate.
After packing in three dimensions, these one dimensional layers pack in such a manner that
the free carboxylate group point towards another free carboxylate of another layer (Figure
3.62).
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Figure 3.61. (a) Coordination environment around the Cd(ll), (b) space-filling representation, and
(c) 1D chain formed in 24.

Furthermore, this linear chain is connected to another layer through interlayer hydrogen
bonding between bonded carboxylate group and a carboxylic acid group of another layer,
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and form a 1D ladder-shaped supramolecular assembly as shown in Figure 3.63. Due to
this hydrogen bonding, by a combination of two half ladder chains two different types of
motifs were generated, one is fourteen membered (R%(14)) and the other is eighteen
membered (R3(18)). These two motifs include hydrogen bonding between carboxylic acid
and carboxylate groups. All the bond angles and distances are listed in the Table A26 and
A37 (Appendix). All the hydrogen bonding parameters are listed in the Table 3.15 which
confirms the strength of H-bonding. Furthermore, packing of this compound (24) in

different directions generate a 3D supramolecular assembly in which both the free

carboxylic acids are pointed towards each other (Figure 3.62).

AAAAAAAAAAA

Figure 3.62. Topological view in three different directions and packing diagram of 24.
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Figure 3.63. Formation of hydrogen bonding between two layers in 24.

Table 3.15. Hydrogen bonding parameters in 24.

D---H-A (A) r(D-H) r(H~A) r(D--A) £D-H+A Symmetry
(A) (A) ) (deg)
C14 -H14..03 0.93 2.58 3.30 135 1-x,1/2+y,1/2-z
C23 -H23..05 0.93 2.45 3.30 153 2-x,1-y,1-z

Structural description of 25. Compound 25 crystallizes in an orthorhombic Pna2; space
group. In the asymmetric unit, two types of Cd(Il) centers are present with two ligands (6-
Mebpta) and two linkers (Hsbtc). Out of these two linkers, one has all three carboxylic
group in deprotonated form and binds with a metal center, while another one has only one
carboxylic group in deprotonated form and connected with a metal center. On the other
hand, remaining two are in a protonated carboxylic acid do not participate in any type of
covalent bonding. One of the Cd(Il) centers adopts a distorted octahedral geometry while
another one adopts a pentacoordinated geometry to generate a N303 and N302 type of
surrounding respectively around metal center. Considering the Cd1, which is surrounded
by three nitrogens of the ligand (distances: Cd-Npy, 2.363(10) A, 2.355(9)A and Cd-Naiky,
2.458(9) A), two oxygens from the bidentate carboxylate group (distances: 2.374(7) A and
2.373(7) A) and one oxygen atom from carboxylate of another Hjbtc, which show
monodentate binding with Cd(l1) center having distance 2.260(9) A. All the bond angles
and distances are listed in Table A26 and A37 (Appendix).
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Figure 3.64. (a) Coordination environment around the Cd(ll) center, (b) space fill representation
and (c) 1D spiral chain formed by 25.

The Cd2 has pentacoordinated geometry surrounded by three nitrogens of the ligand
(distances: Cd-Npy, 2.298(10) A, 2.303(10) A and Cd-Naiy, 2.506(8) A) and two oxygen
atoms from the bidentate carboxylate group of btc (distances 2.231(8) A and 2.229(8) A).
Both the linkers (1,3,5-benzene tricarboxylate) present in the asymmetric unit are different
from each other w.r.t the bonding with the metal center as well as deprotonation of
carboxylic groups. One linker has all three carboxylic groups in a deprotonated form,
bonded with the Cd(ll) (one bidentate and two monodentate), while the other linker exhibits
one deprotonated carboxylic acid group having a monodentate binding mode with the metal
center and the remaining two groups are present in free carboxylic acid form (Figure 3.64).
A 1D coordination polymer with helical chain is formed after expansion of the asymmetric
unit. Packing of compound 25 in different directions forms a 3D network in which two 1D

layers are located perpendicular to each other (Figure 3.65).

Figure 3.65. Perpendicular packing of different 1D layers in 25.
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Figure 3.66. Formation of hydrogen bonding to generate 3D supramolecular assembly in 25.

This 1D coordination polymer connects further with the other layers through hydrogen
bonding to generate a 3D supramolecular assembly. These two layers are connected with
each other through strong hydrogen bonding between carboxylic acid and carboxylate

groups.

Table 3.16. Hydrogen bonding parameters in 25.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢<D-H...A Symmetry
A) A) A) (deg)
C1-H1..015 0.93 2.42 3.0129 122 1/2-X,-1/2+y,1/2+2
C3-H3..015 0.93 2.59 3.1908 123 x,-1+y,z
C12 -H12...010 0.93 2.49 3.3504 154 X,-1+y,1+z
C16 -H16A...014 0.96 2.52 3.4287 157 1/2-x,-1/2+y,1/2+2
C21-H21B...011 0.97 2.24 3.1964 169 X,-1+y,-1+z
C28 -H28A...011 0.96 2.56 3.491 163 X,-1+y,-1+z
C29 -H29C...04 0.96 2.52 3.4538 166 -
C30 -H30C...03 0.96 2.5 3.423 161 -
C33 -H33A...03 0.96 2.53 3.4374 158 -
C36 -H36...013 0.93 2.6 3.3369 137 -X,3-y,-1/2+2
C38 -H38...013 0.93 2.33 2.6706 101 -
C41 -H41...08 0.93 2.39 2.7137 100 -
C43 -H43...04 0.93 2.52 2.835 100 -
C72 -H72..011 0.93 2.48 3.409 173 X,-1+y,z
C73-H73..01 0.93 2.39 2.7163 100 -
C73 -H73...014 0.93 2.43 2.7472 100 -
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As shown in the Figure 3.66, the free oxygen of the carboxylate group shows monodentate
mode of binding and forms a hydrogen bonding with the hydrogen of the carboxylic acid
group of Hobtc. Both the carboxylic acid group and free oxygen of the carboxylate group
(bonded with metal in monodentate fashion) of Hbtc are involved in hydrogen bonding.
On the other hand, only the free oxygen of the carboxylate (bonded with metal in
monodentate fashion) of another btc participates in the H-bonding as shown in the Figure
3.66. All the hydrogen bonding parameters are listed in the Table 3.16.Powder X-ray
diffraction studies. Crystalline nature of both 24 and 25 was confirmed by powder X-ray
diffraction studies. To confirm whether the single crystal structure corresponds to the bulk
material or not, powder X-ray diffraction patterns were recorded for both the compounds
24 and 25 at room temperature. It was observed that the experimental and simulated (from
the SCXRD data) patterns are similar to each other, although some change in the intensity
of the peaks was observed (Figure 3.67). The PXRD patterns obtained confirmed that the
single crystal and bulk material properties are in good agreement with each other which

confirms the phase purity of the bulk sample.
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Figure 3.67. PXRD patterns of 24 and 25.

In the previous section (3.1.1), we have discussed that by using dicarboxylates as linkers,
discrete molecules or supramolecular architecture having di/tri-nuclear synthon with lattice

solvent molecules have been formed. After using tricarboxylates, a change in the
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dimensionality and coordination architecture was observed. In case of tricarboxylates, the
formation of coordination polymers was preferred over discrete molecules. Both the
compounds synthesized by using tricarboxylate are 1D coordination polymers having no
lattice solvent molecules. Along with this, different modes of carboxylate binding have
been observed in the coordination architectures which were synthesized by using

tricarboxylic acid as the linker.

Effect of ancillary ligand on the structure of 24 and 25. Both the compounds (24 and
25) were synthesized by using the same synthetic method. In 24, 6-Mebpea was used as an
ancillary ligand, while in 25, 6-Mebpta was used as an ancillary ligand. In 24, formation
of a a 1D zig-zag type coordination polymer is obderved where Cd(Il) metal center is
heptacoordinated. On the other hand, 1D spiral type coordination polymer is formed in 25

in which Cd(11) metal center is hexacoordinated (Figure 3.68).

Figure 3.68. Diversification in coordination architectures due to change in the ligand (a)
coordination architecture formed in 24 and (b) coordination architecture formed in 25.

In compound 24, two 1D layers (half ladder) are connected to each other through strong
hydrogen bonding generating a 1D ladder-shaped supramolecular assembly while in
compound 25, a 1D coordination architecture having a spiral chain was formed in which
variations in the binding of carboxylates were observed. Although there is no solvent
molecule present in 24 and 25, these complexes form a 3D supramolecular assembly by
interlayer H-bonding between carboxylic acid and carboxylates groups present.
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3.1.3 Functionalized-Pyridyl ligands and dicarboxylates

With the new functionalized pyridyl-based tridentate ligands, the main purpose was to
synthesize coordination networks for target based applications like catalysis and guest
encapsulation. In this section, we have used two tridentate ligands 2,2'-terpyBA and 4,4'-
terpyBA having free acetylene group tosynthesize various architectures with different
transition metals and rigid dicarboxylates (Hz2bdc and NHzbdc). The NHzbdc provides an
extra functionality (primary amine) to the architecture which enhances the guest
encapsulation properties through interaction with incoming guest species via hydrogen
bonding. Most of the compounds have been synthesized under ambient conditions using a
mixture of DMF, water and ethanol in a 1:1:1 ratio.

Chemistry with 2,2'-terpyBA

Using 2,2'-terpyBA, five compounds (26-30) containing H2bdc and six compounds (31-36)
containing NHz2bdc have been synthesized (Schemes 3.16 and 3.17).

M =12Zn
—— {[Zn,(bdc),(2,2'-terpyBA),] 3DMF-2H,0},,  (26)

M = Cd
————— {[Cdy(bdc),(2,2'-terpyBA),] 2DMF2H,0},  (27)

szdC M =Cu

M(OAc), + 2,2'-terpyBA »{[Cuy(bdc)y(2,2-terpyBA), DMF-3H,0},  (28)
DMF:EtOH:H,0
RT M= Mn
> {[Mny(bdc),(2,2-terpyBA),]4H,0}, (29)
M =Co

L {[Co,(bdc),(2,2'-terpyBA),] DMFH,0}, (30)
Scheme 3.16. Synthesis of 26-30.

— M=2n o 70 (NHabdc)y(2,2terpyBA)J DMF2H,0),  (31)

——MZ2Cd o (1Cay(NH,bdC),(2,2-1erpyBA),I DMF3H;0),  (32)

M=Cu .
HyNHbde [ > {[Cua(NHzbdc)y(2,2terpyBA)] DMFH0},  (33)

M(OAc), + 2,2'-terpyBA

DMF:EtOH:H,0 | M=Mn _ {IMno(NH,bdc),(2,2'-terpyBA),] DMF-H,0},, (34)
RT
M = Ni

————— {[Niy(NH,bdc),(2,2"-terpyBA),] 2DMF3H,0},  (35)

M= Co
— > {[Co,(NH,bdc),(2,2'-terpyBA),] 2DMFH,0}, (36)

Scheme 3.17. Synthesis of 31-36.
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FTIR spectroscopic studies. For the synthesis of these compounds, the ligand was used in
which terminal acetylene functionality was introduced and this functionality shows a
characteristic peak around 2118-2120 cm™. Apart from this, primary amine shows two
peaks around 3300 cm™ and 3200 cm™. Furthermore, binding of carboxylates were
determined by calculating the difference between asymmetric and symmetric stretching
frequencies. Presence of lattice solvents is also confirmed by this technique; for example,
peaks around 3400 cm™ and 3200 cm™ corresponds to the -OH stretching from the water
and peak at 1664 cm™ corresponds to the DMF molecules. FTIR comparison of these five
compounds (26-30) reveals the monodentate mode of carboxylate binding with the central
metal atom (Figure 3.69). The difference between the asymmetric and symmetric stretching
frequencies falls in the range of 220 cm™ to 245 cm, confirming the monodentate mode
of carboxylate binding with metal center. Except for compound 29, remaining four
compounds 26-28 and 30 exhibiting a peak around 1664 cm™ shows the presence of DMF

solvent molecules in the porous networks (Figure 3.69).
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Figure 3.69. FTIR spectra of 26-30.
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Figure 3.70. FTIR spectra of 31-36.
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Compounds 31-36 are similar type of compounds with different metals having 2,2'-
terpyBA ligand with NHzbdc used in the place of Hzbdc. All these compounds show two
broad peaks in the region of 3400cm™-3200 cm™ confirming the presence of a primary
amine group. All other features of ligand obtained in FTIR spectrum were same as found
in previous compounds of this section. All these compounds have DMF in the lattice space
confirmed by FTIR analysis (Figure 3.70). All the binding mode are summarised in Table
3.17.

Table 3.17. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates of 26-36.

Compound | Asymmetric (b)) | Symmetric (v2) Av = V1 - V2 Binding mode
cm?t cmt cm?t
26 1599 1356 243 Monodentate
27 1598 1378 220 Monodentate
28 1599 1366 233 Monodentate
29 1600 1384 216 Monodentate
30 1600 1381 219 Monodentate
31 1600 1362 238 Monodentate
32 1599 1430 169 Bidentate (chelated)
33 1598 1360 238 Monodentate
34 1600 1433 167 Bidentate (chelated)
35 1603 1420 183 Bidentate (chelated)
36 1563 1381 182 Bidentate (chelated)

Thermogravimetric analyses. It was found that a loss of lattice solvents like DMF and
water has taken place up to 200 °C, followed by the decomposition of the metal complex.
In all the complexes an unusual behavior was observed after 300 °C, which may be due to
the removal of CO2, molecules. Compound 26 exhibits a loss of 17.71% corresponding to
the loss of three DMF and two lattice water molecules (ca. 16.26%), while, compound 27
exhibits a first weight loss of 12.46% corresponding to the loss of two DMF and two lattice
water molecules (ca.11.83%). Compound 28 exhibits a loss of 9.70% corresponding to loss
of one DMF and three lattice water molecules (ca.10.52%), while in case of 29, first weight
loss is around 2.99% corresponding to the loss of only two water molecules (ca. 2.72%).

In case of compound 30, a loss of 7.19% corresponds to the loss of one DMF and one water
molecule up to 200 °C followed by the decomposition of the complex. Compound 31

exhibits a weight loss of 8.23% up to 200 °C corresponding to loss of one DMF and two
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lattice water molecules (ca. 8.49%), while, compound 32 exhibits a weight loss of 8.84%
which corresponds to the loss of one DMF and three lattice water molecules (ca. 9.31%).
Compound 33 exhibits the first weight loss of about 6.98% corresponding to the loss of one
DMF and one lattice water molecule (ca. 9.71%), while compound 34 shows a loss of
20.99% corresponding to the loss of one DMF, one water and four CO2 molecules (ca.
19.00%). After the loss of these solvent molecules, decomposition of the framework takes
place. In case of compound 35 and 36, first weight loss of 14.27% and 11.99% respectively,
corresponds to the loss of two DMF and three water molecules in case of 35 (ca. 15.04%),

while the loss of two DMF and one water molecule in case of 36 (ca. 12.39%). All the TGA
scans have been shown in the Figure 3.71.
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Figure 3.71. TGA scans of 26-36.

112



Single crystal structure analyses. Crystals of compounds 33 and 34 were grown by the
layering method. A 1:1 ethanol and water solution of metal salt was layered over the DMF
solution of the ligand having a buffer solution of water and ethanol (1:2) between two
layers. The crystals were directly taken out from the layering tube and used for single

crystal diffraction analysis.

Structural description of 33. Compound 33 crystallizes in the triclinic P-1 space group. The
asymmetric unit consists of two ligands (2,2'-terpyBA), two linkers (NH2bdc) and a two
Cu(Il) metal centers . Along with this, two lattice water molecules are also present in the
asymmetric unit. The central metal is surrounded by three nitrogens of the ligand
(distances: Cu-Npy, 1.831(10) A, 1.942(11) A and 1.890(7) A) and two oxygens from two
different 2-aminoterephthalate (distances: 1.872(9) A and 2.015(10) A) to form a
pentacoordinated environment with N302 type surrounding as shown in Figure 3.72a. Both
the metal centers have the same type of coordination environment although both are
different from each other with only slight changes in the distance between the metal and
donor atoms. All the distances and angles are listed in Table A27 and A38 (Appendix).
After expanding the asymmetric unit, a zig-zag type of 1D coordination polymer is formed
which have free acetylene moieties hanging in both the direction (Figure 3.72c). The other
functionality present in the system is the primary amine group from the NH:bdc
counterpart. The arrangement of two different linkers to the metal center is such that the
two NH: groups from different linkers face towards each other near the metal center (Figure
3.72c).

Figure 3.72. (a) Coordination environment around Cu(ll), (b) space fill representation and (c) ball
and stick model forming 1D zig-zag chain in 33.
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Figure 3.73. Packing of different 1D zig-zag chains of 33 in two different directions.

By the overall packing of this molecule in three dimensions, a 3D supramolecular assembly
has been formed (Figure 3.73). In the formation of this 3D supramolecular assembly, weak
interactions like n—r stacking, hydrogen bonding and van der Waals interactions play a
very important role. Hydrogen bonding is present between lattice water and NH2 groups in
this compound which does not play any role in extending the dimensionality of the

structure.

Figure 3.74. Hydrogen bonding formation between lattice water and 1D chain in 33.

As shown in Figure 3.75, there are two lattice water molecules present which show strong
hydrogen bonding with the same 1D layer. One water molecule formed hydrogen bonding
with the uncoordinated oxygen of the carboxylate using one hydrogen, while the second
hydrogen of these water molecule does not show any type of bonding with any other
molecule or atom while other water molecules show hydrogen bonding with two primary

amine groups of NHzbdc (see Figure 3.74).
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Figure 3.75. Hydrogen bonding formation between lattice water and 1D chain in 33.

Both the amine functionalities point towards each other because both primary amines are
involved in the formation of strong hydrogen bonding with lattice water molecule from one
side as well as with the coordinated oxygen of carboxylate from another side. These two
amines, one water molecule and two coordinated oxygens from different carboxylates form
a six-member (R3(6)) motif. Due to the presence of this type of hydrogen bonding with the
primary amines, peaks corresponding to primary amines are strangle altered in which a
single peak for the primary amine is observed in the FTIR spectrum. As shown in the FTIR
spectrum of this compound, there are no primary amine peaks in the range of 3200 cm™

and 3400 cm! depicting the presence of strong hydrogen bonding.

Figure 3.76. Depiction of n—mr (edge to centroid) stacking between pyridine moieties in 33.
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Along with the hydrogen bonding, n—r interactions are also present in 33.. It was observed
that a strong m—r interaction is present between pyridine moieties of two different layers
which are the driving force to combine two layers and generate a 3D supramolecular
assembly as shown in the Figure 3.76. A pyridine ring (peripheral) of one layer is
connected to the metal center showing n—m interaction with two pyridine rings of another
layer; one is a central ring (distance: 4.75A) and the second is peripheral pyridine ring
having a distance of 4.32 A (Figure 3.76). All the hydrogen bonding parameters are listed
in Table 3.18.

Table 3.18. Hydrogen bonding parameters in 33.

D---H...A (A) r(D-H) r(H...A) r(D...A) ¢D-H...A Symmetry
A A A (deg)

011 -H11A...012 0.85 2.12 2.7349 129 x,-1+y,z
012 -H7AA...011 0.85 2.2 2.7349 121 x,1+y,z
012 -H8AA...08 0.85 1.89 2.6742 152 1-X,2-y,-Z
N4 -H3BA...O1 0.86 1.73 2.4324 137
N4 -H3BA...N5 0.86 2.33 2.6835 105 .
N4 -H4BA...011 0.86 2.29 3.0975 157 1-x,1-y,-z
N5 -H5BA...010 0.86 1.91 2.4947 124
N5 -H5BA...N4 0.86 2.29 2.6835 108 .
N5 -HBBA...011 0.86 2.45 3.1389 138 1-x,1-y,-z
013 -H9BA....02 0.85 231 3.121 160 -14X,y,2
C21-HC...03 0.93 2.41 3.3228 168 x,-1+y,z
C9-HJ...03 0.93 2.2 3.0719 156 x,-1+y,z
C1-HP..O1 0.93 2.55 3.0453 113 .
C41-HQ ...02 0.93 2.32 3.1804 154 x,1+y,z
C44 -HS...02 0.93 2.46 3.2651 146 x,1+y,z
C36 -HT...07 0.93 2.41 3.1747 139 1-x,2-y,-Z
C35-HU...08 0.93 2.48 3.1575 130 1-X,2-y,-Z
C53 -HZ...02 0.93 2.52 3.3879 155 x,1+y,z
C14 -H1AA...010 0.93 2.45 3.3628 167 2-x,1-y,-z
C12 -H3AA...03 0.93 2.27 3.1093 150 x,-1+y,z
C24 -H4AA...09 0.93 2.05 2.9707 170 1-x,1-y,-z
C3 -H5AA...09 0.93 2.59 3.425 149 1-x,1-y,-Z
C56 -H7BA...012 0.93 2.4 3.1444 137 x,1+y,z
C56 -H7BA...08 0.93 2.54 3.4033 155 1-x,3-y,-z

Structural description of 34. Compound 34 crystallizes in the monoclinic C21/c space
group. The metal center is heptacoordinated and forms an N304 type of surrounding. The
asymmetric unit consists of a Mn(l11) center, a ligand, and a linker. Mn(Il) is surrounded by
three nitrogen atoms from the ligand (distances: Mn-Npy, 2.193(7) A, 2.193(7) A, and
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2.209(5) A) and four oxygen atoms from two different linkers (2-aminoterephthalate) with
distances: 2.240(5) A, 2.240(5) A, 2.209(5) A and 2.209(5) A). Overall, by expanding the
asymmetric unit, a 1D coordination architecture is formed in a zig-zag fashion as shown in
Figure 3.77. It contains two functional groups -NH. and acetylene group which are free to
interact with the guest molecules. Two -NH2 groups are far away from each other, and
hence there is no interaction between them. Along with this, there is a lattice water molecule
which forms hydrogen bonding with the primary amine. The overall packing of the
molecule generates a 3D supramolecular assembly due to the presence of weak interactions
like n—m stacking, Hydrogen bonding, and van der Waals interactions. Presence of these
interactions helps in the formation of a 3D supramolecular assembly with stacked and fused

layers as shown in the Figure 3.78.

Figure 3.77. (a) Coordination environment around the metal center, (b) space fill representation,
and (c) formation of 1D coordination polymer in 34.

Figure 3.78. Packing of 34 in two different directions (a) view along a direction, and (b) view along
c direction.
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All the acetylene moieties are situated only in two directions to generate the functionalized
surface. Packing of layers is such that the acetylene moieties are close to the metal center
of another layer. There is one lattice water molecule present which shows strong hydrogen
bonding between the hydrogen of the amine group while another hydrogen of the amine
group forms hydrogen bonding with the carboxylate oxygen which shows the chelated
mode of binding with the metal center (Figure 3.79).

Figure 3.79. Formation of hydrogen bonding between lattice water, amine and coordinated
carboxylate oxygen in 34.

Figure 3.80. Formation of a strong n—n (edge to centroid) stacking between two 1D layers.

A strong n—n interaction between pyridyl groups has been observed which plays a very

important role in the formation of 3D supramolecular assembly. As shown in the Figure
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3.80, one 1D layer connects with another 1D layer via a strong edge to centroid n—n
interaction with distance: 3.45 A. The central pyridyl ring shows interaction with the

peripheral pyridyl to generate this fused layer.

Powder X-ray diffraction studies. Crystalline nature for 26-30 were examined using
powder X-ray diffractiontechnique. It was found that Compound 26-30, are crystalline in
nature with similar kind of powder patterns attributing to similar kind of structural asthetics
as shown in the Figure 3.81. Furthermore, in the case of 31-36 change in the powder pattern

has been observed.
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Figure 3.81. PXRD patterns for 26-36.
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Luminescence properties of MOCNSs containing terpyridine ligands. Luminescence
properties of terpyridine based MOCNSs arises due to charge transfer within the ligand.
When this type of ligand binds with a metal by a dative bond, one part of ligand becomes

electron deficient, and the other part remains electron rich.
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Figure 3.82. Fluorescence spectra of 26-30.

Furthermore, fluorescent nature gets enhanced due to n-7* and n— =* transition. Moreover,
a ligand to metal charge transfer is also involved in imparting fluorescent nature to the
system. Some of the MOCNSs synthesized using these terpyridine ligands have been used
for the metal ion sensing due to their good fluorescent nature as well as having an
interaction site for the incoming metal ions. Luminescence spectra of compound 26-30 have
been collected by taking 1 mg of compound in 2 mL of water. An excitation wavelength of
285 nm was used for the excitation resulting in an emission peak around 430 nm and 460
nm by using entrance and exit slit widths of 3 nm each. (see Figure 3.82). Along with this

compound, 31-36 are showing the same type of features in fluorescence.

Sensing of metal ions

Sensing of metal ions is one of the very important concerning issue with respect to the toxic
nature of some of metal ions as well as their contribution in biological systems. By using
fluorescent-tagged molecules, we can detect/sense the various metals ion due to the
presence of various interaction sites in coordination compounds. Ligands (substituted

terpyridine) used in this section have a strong ability to produce strong luminescence when
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it binds with a metal center. Due to the ligand to metal charge transfer, one moiety of this
ligand becomes electron deficient, and another part becomes electron rich. This electron
rich moiety transfers the electrons to the electron deficient moiety by n-n* and n— n*
transition which makes these compounds fluorescent in nature. The ligand is designed in
such a manner that there should be two different interaction sites present; one is electron
deficient moiety and another towards the electron rich moiety. In case of 2,2'-terpyBA, all
three nitrogens bind with the metal center leaving no interaction sites available for the
incoming metal ions in the electron deficient moiety. Therefore, to make another interaction
site towards electron deficient moiety, another component (2-aminoteraphthalic acid) has
been used which has two amine groups. When incoming metal ions interact with the
electron-deficient site, it makes it more electron deficient thereby increasing n-n* and -
n* transition of electrons exhibiting an enhancement in fluorescence intensity (turn-on).
While interaction at electron rich moiety decreases, the n-r* and n-n* transition of
electrons, results in quenching in fluorescence (turn-off). Lead (Pb?") is one of the soft-
metal ions which is highly toxic in nature. It causes an adverse effect on human health as
well as on the environment even at low concenteration. Therefore, sensing of Pb?* is an
important concern to overcome the adverse effects of these ions on human health. Fe®* is
an another important metal ion present in biological system. Both deficiency as well as
excess, will lead to metabolic disorders. Therefore, efficient methods have to be developed

for detection of Fe®* even at very low concentrations.38196-200

Sensing of Metal lons by 33. Before performing the metal ion sensing, we checked the
fluorescence intensity of these compounds in different organic solvents. In case of
compound 33, we carried out the photoluminescence study by taking 1 mg of compound in
2 mL of different solvents like methanol, ethanol, acetone, acetonitrile, dimethyl sulfoxide
and water. From this experiment, it was found that compound 33 (Cu(ll) compound)
quenching in fluoresence intensity on addition of acetone, while maximum intensity was
observed in case of water (Figure 3.83). Motivated from thesewe further tried to investigate
the sensing ability for metal ions in aqueous solutions. For this, 2 mL solution of different
metal ions was prepared in water having concentration 0.1 mmol/L. In every case, 1 mg of
the compound was added to the solution and was stirred for 15 min to make a uniform
slurry, which was then used for the fluorescence. For this experiment, entrance and exit
slits were kept at 3 nm and 3 nm, respectively with the excitation wavelength of 285 nm

and resulting emission band (Amax) around 440 nm. The results obtained from this study
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indicate that different cations show different behavior with the fluorescence of compounds
due to a different type of interactions with the framework. This interaction can be at the
different positions of the framework by which a change in the behavior of luminescence

intensity of the compound was observed.
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Figure 3.83. Change in the emission intensity of Cu-MOF (33) with respect to different solvents.
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Figure 3.84. Change in the emission intensity of Cu-MOF (33) upon addition of different cations
in water.

The change in the fluorescence intensity with respect to different cations is shown in Figure
3.84. It was found that metal ions like Na*, Ca?*, Co?*, Cd?**, Ni?*, Zn?*, Mg®*, show

enhancement in the fluorescence intensity with respect to the probe. While other metal ions
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like Ag?*, Pb?*, Hg?*, Fe®*, Pb?*, Pd?* shows quenching in the fluorescence intensity of the
probe (Figure 3.85). Due to the presence of different binding sites in the framework,

variation in the lumnisecnce behaiviour was observed.
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Figure 3.85. Change in the emission intensity of Cu-MOF (33) upon addition of different cations.
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Figure 3.86. Possible interaction of the metal ion with the complex in 33.

Single crystal structure of compound 33 reveals that there are two interaction sites present
(Figure 3.86). Interaction site | is a free acetylene moiety with oxygen near it providing
additional support. While interaction site Il is a free amine group of two different NH2bdc
linkers. This interactive site is formed due to the conformational arrangement of two amine
groups which are pointing towards each other such that they can easily interact with the
incoming metal ions. After binding of the terpyridine ligand with Cu(ll), one part of the
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ligand becomes more electron deficient due to the ligand to metal electron transfer, while
another part which is an electron-rich part transfers charge to the electron deficient part
(Figure 3.86).

Possibly, cations like Ag*, Pb?*, Hg?*, Fe3*, Pb?*, Pd?" interact with site | due to which a
charge transfer from electron rich to electron deficient site decreases, as a result of which
guenching in the fluorescence intensity is observed. While, other cations like Na*, Ca®",
Co?*, Cd?*, Ni?*, Zn?*, Mg?* interact at interaction site |1, making the electron-deficient site
more electron deficient and enhance the charge transfer from electron rich site to the

deficient site, resulting in enhancement in the fluorescence intensity of the 33.

Sensing of Metal lons by 34. Inspired by the sensing results of 33 for detection of metal
ions, 34 is also used for sensing of metal ions. It is a Mn(ll) compound and shows
fluorescent behavior due to terpyridine moiety. This compound is more fluorescent than
33. In this case also before doing the metal ion sensing, we have checked the fluorescence
intensity of this compound in different organic solvents. It was found that, 34 exhibits a
strong and broad emission spectrum with Amax = 445 nm when excited at 285 nm
using slit widths of 1 nm and 1 nm, respectively (entrance and exit slit). In case of 34,
fluorescence studies have been performed by taking 1 mg of compound in different solvents
like methanol, ethanol, acetonitrile, water, dimethyl sulfoxide, and acetone. From this
experiment, it was found that compound 34 shows fluorescent nature in water, as observed
in 33. Quenching in the fluorescence spectrum was observed in acetone (Figure 3.87).

Water was choosen as solvent for metal ion sensing experiments.
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Figure 3.87. Change in the emission intensity of Mn-MOF (34) with respect to different solvents.
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For this, a 2 mL solution of different metal ions was prepared in water having a
concentration of 0.1 mmol/L. In every case, 1 mg of the compound has been added to the
solution and was stirred for 15 min to make a uniform slurry, which was then used for the
fluorescence study. Results obtained from this study show that different cations show
different interaction with 34 towards. Due to the different type of interaction of cations with
the framework, variation in the fluorescence behaiviour was obsereved. some cations have
shown enhancement in the fluorescence intensity while some havequenched the
fluorescence intensity on interaction with . On the other hand, few cations show a change

in the Amax towards higher or lower wavelength along with enhancement and quenching.
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Figure 3.88. Change in the emission intensity of Mn-MOF (34) upon addition of different cations.

From the result, it was found that metal ions like Na*, Ca?*, Zn?*, Mg®* have
shownenhancement in the fluorescence intensity. While on addition of other metal ions like
Ag®, Pb?*, AP, Fe3*, Pd?*, Cd?*, Ni?*, Co?* and, Cu?* quenching of the fluorescence
intensity was observed. (Figure 3.89). It was also observed that on addition of Zn?* ions red

shift in the wavelength was observed (see Figure 3.88).

Single crystal structure of compound 34 reveals that there are two interaction sites present
(Figure 3.90). Interaction site | is a free acetylene moiety with oxygen near it providing

additional support. While interaction site Il is a free amine group of two different bdc
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linkers. This interaction site is formed due to the conformational arrangement of two amine
groups which are pointing towards each other such that they can easily interact with the
incoming metal ions. After binding of the terpyridine based ligand with Mn(ll), one part of
the ligand becomes more electron deficient due to the ligand to metal electron transfer,

while another part which is an electron-rich part transfers charge to the electron deficient
part (Figure 3.90).

34 I l I I Ag* Pb?* Pd* Cd** NPR* Co* Cu®* AP* Fe*
e

Figure 3.89. Change in the emission intensity of Mn-MOF (34) upon addition of different
cations.
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Possibly, cations likeAg?*, Pb?*, A", Fe®*, Pd?*, Cd?*, Ni?*, Co?* and, Cu?* interact with
the site | as the result, charge transfer from electron rich to electron deficient site decreases
and quenching in the fluorescence intensity is observed. For cations like Na*, Ca?*, Zn?*,
Mg?*interaction take place site 11, making the electron-deficient site more electron
deficient enhance the charge transfer from electron rich site to the deficient site, resulting

in enhancement in the fluorescence intensity of the 34.

Chemistry with 4.4'-terpyBA

After exploring 2,2'-terpyBA, another terpyBA ligand was designed by changing the
nitrogen atom from ortho to para position. This change in the position of nitrogen atom in
the ring resulted in dramatic change in the nature of the ligand from a capping type ligand
to a spacer linker, where only two pyridyl nitrogens were involved in bonding. The
synthesis of all these metal complexes is shown in Scheme 3.18 and 3.19.

M =2Zn

——————» {[Zn,(bdc),(4,4™-terpyBA),] DMF-H,0}, (37)
M = Cd
— = {[Cd,(bdc),(4,4"-terpyBA),] DMF 5H,0}, (38)
szdC _
M=Cu
M(OAc), +4,4'-terpyBA > {[Cu,(bdc),(4,4"-terpyBA),] DMF-4H,0}, (39)
DMF:EtOH:H,0
RT M = Ni 40
> {[Ni(bdc)(4,4"-terpyBA),(H,0),] CH;CH,OH-H,0},  (40)
M = Co
L= {[Co(bdc)(4,4-terpyBA),(H,0),]-2DMF-H,0}, (41)
Scheme 3.18. Synthesis of 37-41.
M =2Zn
———————»{[Zn,(NH,bdc),(4 4'-terpyBA),] DMF-2H,0}, (42)
M =Cd .
——————»{[Cd,(NH,bdc),(4,4"-terpyBA),] 2DMF-3H,0}, (43)
H2'NH2de
. M = Mn - ' . . 44
M(OAc), + 44-terpyBA > {[Mn,(NH,bdc),(4,4'-terpyBA),] 2DMF-3H,0}, (44)
DMF:EtOH:H,0
RT M N o (INip(NHobdc),(4,4"terpyBA), DMF 4H,0}, (45)
M= Cu '
————————» {[Cuy(NHj,bdc),(4,4'-terpyBA),] DMF-5H,0}, (46)

Scheme 3.19. Synthesis of 42-46.
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FTIR spectroscopic studies. Compounds 37-41 show the monodentate mode of
carboxylate binding with the metal center as the difference between asymmetric and

symmetric stretching is between 200 cm™ to 240 cm™,
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Figure 3.91. FTIR spectra of 37-41.

Presence of lattice DMF was confirmed by the peak around 1661 cm™ in 37, 39, and 41.
(Figure 3.91). All these compounds show monodentate mode of carboxylate binding with
respective metal center as the difference between asymmetric and symmetric stretching is
between 200 cm™ to 240 cm™. All these compounds have a peak at 1662 cm™ corresponding
to the DMF solvent molecules (Figure 3.92). Along with this, all the binding modes and

change in the stretching frequencies are summarised in the Table 3.19.
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Figure 3.92. FTIR spectra of 37-46.
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Table 3.19. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates in 37-46.

Compound | Asymmetric (u1) cm? | Symmetric (v2) cm? | Av=v1—v2 cm? | Binding mode
37 1599 1386 213 Monodentate
38 1614 1410 204 Monodentate
39 1599 1395 204 Monodentate
40 1600 1382 218 Monodentate
41 1599 1375 224 Monodentate
42 1597 1367 230 Monodentate
43 1598 1378 220 Monodentate
44 1600 1384 216 Monodentate
45 1600 1375 225 Monodentate
46 1598 1367 231 Monodentate

Thermogravimetric analyses. After the loss of the lattice solvents molecules, these
compounds show stability up to 300 °C followed by decomposition of the framework.
Forcompounds 37-46, a two-step loss was observed, in which the first step shows the loss
of solvent molecules and the second loss confirms the decomposition of the frameworks
(Figure 3.93). Compound 37 exhibits a weight loss of 7.12% corresponding to the loss of
one DMF and one water molecule (ca. 5.66%), while compound 38 shows a first weight
loss of 11.29% corresponding to the loss of one DMF and five lattice water molecules (ca.
11.34%). In 39, first weight loss of 10.92% corresponds to the loss of one DMF and four
lattice water molecules (ca. 11.59%).
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Figure 3.93. TGA scans of 37-46.
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In40, first weight loss of 6.31% corresponding to the loss of one methanol and one lattice
water molecule (ca. 6.21%) was observed. For 41, loss of two DMF and two water
molecules is observed.. A loss of 16.07% is due to the loss of these solvent molecules up
to 200 °C (ca. 15.45%). Further a two step loss profile was observed for 42-46.. For 42,
first weight loss of 8.23% was calculated corresponding to the loss of one DMF, followed
by the loss of two lattice water molecules (ca. 8.95). A weight loss of 13.24% corresponding
to the loss of two DMF and three water molecules (ca. 13.89%) was observed in 43. For 44
a weight loss of 8.25% corresponding to the loss of one DMF and two water molecules (ca.
8.41%) was calculated, while 45, shows a weight loss of 10.76% corresponding to loss of
one DMF and four water molecules (ca. 11.88%). Similarly46 exhibits a weight loss of
11.93% corresponding to the loss of one DMF and five lattice water molecules (ca. 12.46%)
followed by the decomposition of the architecture.

Single crystal structure analyses. Crystals of 37 were grown by a solvothermal method
using a mixed solution of DMF and water in 1:1 ratio. Furthermore, crystals of 40 and 41
were grown by the direct layering of the reactants.

Structural description of 37. Single crystal structure of this 37 shows that it crystalizes in
the monoclinic C2/c space group. The asymmetric unit consists of a metal center, one bdc,
and one ligand. In this, (Zn(ll)) is tetra coordinated in N202 fashion, surrounded by two
nitrogen atoms of two different ligands (distances: 2.030(4) A and 2.036(3) A) and two
oxygen atoms from two different dicarboxylates (distances: 1.937(3) A and 1.935(4) A).

Figure 3.94. (a) Asymmetric unit having N202 surrounding and (B) 3D network down to ¢ axis in
37.
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Figure 3.95. Bifunctional site present in 37 to interact with the guest for catalysis.

On polymer expansion, a 3D structure is generated which is having pores of dimensions:
16.794 x 14.164 A2 Free acetylene group of the ligand is hanging inside the pores.
Coordination environment and the 3D network formed is shown in the Figure 3.94. Along
with this, the solvents of crystallization, DMF and water, are also present in the lattice. Due

to the disordered nature of the solvent molecules, it was removed by using Squeeze method.

As this compound is porous having free acetylene moiety inside the pores, it can be used
for different applications like guest encapsulation and catalysis. By using this free acetylene
functionality, various metal precursors can be encapsulated inside the pore, which can be
further reduced to form metal nanoparticles. These nanoparticles can be used for various
organic transformations. Along with this, metal is tetra coordinated which provides a Lewis
acidic site that also is very useful for organic transformations. Presence of these two
functionalities makes this compound a dual catalyst which can perform two different
catalytical reactions as shown in Figure 3.95.

Structural description of 40. It crystallizes in monoclinic C2/c space group. The central
metal Ni(ll) is hexacoordinated surrounded with the N204 environment to form an
octahedral geometry. Two oxygens of two different linker (monodentate carboxylate), two
nitrogen atoms from two different ligands and two oxygens from the coordinated water
molecules participate in the formation of distorted octahedral geometry. Two nitrogen from
the ligand (anti to each other) and two oxygen from linker (anti to each other) makes a plane
with four equatorial bonds connected to the metal center with distances 2.099(3) A and
2.109(2) A respectively.
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Figure 3.96. (a) Coordination environment around metal center, (b) space fill representation and
(c) formation of a 1D coordination polymer in 40.

Furthermore, the axial position is acquired by coordinated water molecules with smaller
bond distance (2.059(3) A) than the axial bonds. All the angles around the metal center are
in the range of 88.02° - 180° to form a distorted octahedral geometry. The central pyridine
nitrogen is not connected to any metal because the position is not appropriate to form a
bond with a metal center. The interesting thing to notice in this structure is that the one
peripheral pyridyl nitrogen also does not participate in the formation of a coordination bond

with any metal as shown in Figure 3.96.
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Figure 3.97. Packing of 40 in two different directions.
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The asymmetric unit consists of a metal center, a ligand, and a linker to form overall a
neutral complex. After polymer expansion, a flexible ladder (with central base) shaped 1D
coordination polymer is formed. Due to the presence of flexibility of C-O bond, acetylene
moieties are hanging outside the structure. Overall packing of the molecule generates a 3D
supramolecular assembly due to the presence of weak interactions like n—n stacking,

Hydrogen bonding and van der Waals interactions (Figure 3.97).

Structural description of 41. The crystal structure is similar to the previous one however, it
is crystalized in monoclinic C2/c space group. The asymmetric unit consists of one ligand,
metal center, half of the linker, one coordinated water, one lattice methanol, and one lattice
water molecule. Central metal is Co(ll), which is hexacoordinated surrounds with the N204
environment to form octahedral geometry. Two oxygens of two different linkers
(monodentate carboxylate), two nitrogen atoms from two different ligands and two oxygens
from the coordinated water molecules participate in the formation of distorted octahedral
geometry. Two nitrogens from the ligand (anti to each other) and two oxygens from the
linker (anti to each other) make a plane with four equatorial bonds connected to the metal
center with distances 2.154 A and 2.078 A respectively.

Figure 3.98. (a) Coordination environment around metal center, (b) space fill diagram and (c)
formation of a 1D coordination polymer in 41.

Furthermore, the axial position is occupied by coordinated water molecules with smaller
bond distance (2.1451(18) A) than the axial bonds while the bond distance of carboxylate

oxygen to the metal center is around 2.078(2) A. All the angles around the metal center are
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in the range of 88.02° - 180° to form a distorted octahedral geometry. The central pyridine
nitrogen is not connected to any metal because of the absence of chelation for binding. The
interesting thing to notice in this structure is that the peripheral pyridyl nitrogen does not
participate in the formation of a coordination bond with any metal as shown in Figure 3.98
and 3.99. All the bond angles and distances are listed in Table A28 and A39 (Appendix).

Figure 3.99. Packing of 41 in two different directions.

Figure 3.100. Formation of H-bonding between two layers in 41.
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In this case, the asymmetric unit consists of a metal center, a ligand, and a linker to form a
neutral complex like 40. After polymer expansion, a flexible ladder (with central base)
shaped 1D coordination polymer is formed. Due to the presence of flexibility of C-O bond,
acetylene moieties are folded towards the central atom. The overall packing of the molecule
generates a 3D supramolecular assembly due to the presence of weak interactions like

n—n stacking, hydrogen bonding and van der Waals interactions (Figure 3.100).

Figure 3.101. Formation of a strong n— (edge to centroid) stacking between two 1D layers in 41.

The presence of these interactions helps in the formation of a 3D supramolecular assembly
with stacked layers as shown in the Figure 3.101. A strong hydrogen bonding plays very
important role in growing the structure in three dimensions. Both the coordinated water
molecules, uncoordinated oxygen from the linker and non-bonded nitrogen atom from the
peripheral pyridyl ring of the ligand participate in the hydrogen bonding. One hydrogen of
the coordinated water molecule forms strong hydrogen bonding with the free nitrogen of
the ligand and other hydrogen forms bonding with the uncoordinated oxygen of the

carboxylic group (monodentate) of the linker.

Powder X-ray diffraction studies. Crystalline nature of all the synthesized complexes was
confirmed by powder X-ray diffraction studies. For 37-46 a similar type of powder
patterns indicate the formation of similar compounds as shown in the Figure 3.102.
Furthermore, in the case of 42-46, all show different powder pattern. PXRD pattern of 42,
is different from all others, however, 43, 44 , 44, 45, 46 show similar type of powder
patterns.
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Figure 3.102. PXRD patterns for 37-46.

Gas adsorption study. To evaluate the porosity of 37, N, adsorption measurement was
done at 77 K, showing a classic type Il adsorption isotherm (see Figure 3.103) revealing
the mesoporous nature of the MOF. Gas sorption studies of this compound reveal the pore
size distribution (based on N adsorption isotherm) of different size range which is
persistent with the single crystal structure. The uptake amounts are 62 cm® g7,
corresponding to a BET surface of 60 m? g . The permanent porosity of 37 was confirmed

by N2 adsorption.
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Figure 3.103. N adsorption isotherms of Zn-MOF (37) at 77 K and CO, adsorption isotherms of
Zn-MOF at variable temperature and CO; adsorption isotherm of Pd@Zn-MOF at 298 K.

Further, it was used for CO> adsorption studies. Low-pressure CO. adsorption
measurements of 37 were performed at variable temperatures as shown in Figure 3.103. At
different temperatures, different amount of CO, was adsorbed like 17 cm® g%, 27 cm® gt
and 80 cm® gtat 298 K, 273 K and 195K, respectively. CO2 adsorption was also performed
after implementation of nanoparticles inside 37. After loading of Pd(0)-nanoparticles inside

the MOF, less amount of CO, was adsorbed indicating the unavailability of pore space.
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More than 90% of space was occupied by Pd(0) nanoparticles which is confirmed by the

adsorbed value of CO».

Zn-MOF (37) as a heterogeneous catalyst. MOFs are widely used in various organic
transformations. The main reason is that these are heterogeneous in nature and can be
reused further for a number of catalytic cycles. Considering catalytic applications, both
inorganic and organic components of the framework can be involved in the transformative
reaction.103.107.201-206 |ndeed, the inorganic nodes composed of coordinatively unsaturated
metal sites can act as Lewis and Brgnsted acids for the subsequent organic transformation
of substrates.%5297-211 Moreover, the incorporation of functional linkers like amino based
linkers and its derivatives in MOFs makes it a heterogeneous catalyst which behaves like
organocatalysts. These functional linkers are used because these are well known for
accelerating a variety of enantioselective organic reactions.?!2-2!8 This functionalization of
the linker in the MOFs can be achieved either by using functional linker for synthesis or by
post-synthetic modification in the linker. The modification based on coordination chemistry
allows incorporating functionalities either on the unsaturated metal sites or on the organic
linkers.?*® Another case is to modify the surface either by incorporating the different metal

inside the pores or by fabrication of metal nanoparticles (Figure 3.104),202.220-224

As discussed before, MOFs can show catalytic activity because of the open sites present in
metals, catalytically active organic linkers and integration of host matrixes such as metal
nanoparticles. A proper design of ligand helps in the incorporation of metal precursor or
direct metal nanoparticles inside the pores. Uptake of precursors for the nanoparticles
formation can be enhanced or accelerated by incorporation of certain functionality inside
the pores. After implantation of metal nanoparticles, the catalytic performance depends on
size, shape, composition and loading amount which strongly depends on the size and nature
of the pores. This implementation of metal NPs can generate new functionalities which can
be used for various organic transformations. In literature, various reports are available
which indicate different methods to achieve this task.?2>-227

So, keeping all these things in mind, we have designed few metal-based 3D MOFs which
have free acetylene functionality associated with the organic linker. With the help of this
functionality, first Pd(I1) metal was incorporated into the framework, followed by its
reduction to Pd(0) nanoparticles to make NPS@MOF.??® Thus the introduction of
nanoparticles is achieved inside the MOF, then this catalyst is employed for cascade

reaction in the presence of reducing agent in one pot. As far as the synthesis is concerned,
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the formation of Schiff base from aldehyde and amine is well explored in the literature. On
the other hand, Schiff base formation from nitro derivatives and aldehyde in one pot is not
much explored. To perform this reaction, the presence of Pd(0) nanoparticles along with a
reducing agent is essential. Along with this in most of the literature reports hydrogen gas
was used as a hydrogen source, while sodium borohydride is not reported as a hydrogen
source. Moreover, this also provides an unsaturated metal site which makes it a bifunctional

catalyst.

pdcl, :
. _ Reduction _
NaBH,

@ Pd-nanoparticles

Pdcl,
MOF PdCl,@MOF Pd@MOF

Free acetylene In pore

Figure 3.104. Schematic representation of the formation of Pd(0) nanoparticles inside the Zn-MOF
(37) by two-step solvent infiltration method.

The Knoevenagel condensation reaction is one of the important reaction performed in the
presence of a catalyst which provides a Lewis acidic site. In literature, it is well explored
with the MOFs which has coordinated water molecules.??°2%2 So, to achieve this, first, the
coordinated water has to be removed by heating at a certain temperature to generate an
unsaturated coordination site on the metal atom. Herein, we are reporting a catalyst which
already has an unsaturated metal center which can provide a platform to achieve this type
of reaction.

Loading of Pd(0) Nanoparticles inside MOF. Herein, we have followed a solvent
infiltration method to load metal NPs into MOFs. This took place in a stepwise manner
(two steps) which was started from corresponding metal ion precursors. First, adsorption
of PdCl into Zn-MOF(37) was achieved and secondly, a wet chemical reduction method
is used to reduce PdCl, by NaBHa in methanol to form the corresponding NPs@MOF. 233234
Initially, MOF was activated at 140 °C to remove all the solvent molecules entangled inside
the pores. This activated Zn-MOF(37) is immersed into the PdClI> solution in methanol.
The bright orange color of the PdCI> solution disappears gradually within 1 h, and colorless
Zn-MOF (37) turned into a yellow color which indicates the adsorption of Pd?* ions into
the Zn-MOF (37) (see Figure 3.105 and 3.106). The adsorption of metal ions was promoted
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by the interaction of Pd-alkyne inside the pores which provides stability to the adsorptive
metal ions. PXRD analysis of PACl.@Zn-MOF indicates that there is no change in the
framework even after encapsulation of PdClI; in the MOF. The presence of PdClI: is also
confirmed by PXRD analysis because peaks corresponding to the Pd(0) is observed after
20 = 38° (see Figure 3.109 vide-infra).

. .
Reduction '
NaBH,
30 min .
Figure 3.105. Change in the color of Zn-MOF(37) after fabrication of nanoparticles (reduction of
Pd(1I) to Pd(0) using sodium borohydride).
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Figure 3.106. Encapsulation of PdClI; inside the Zn-MOF (37) followed by a change in the color
of the solution.

Further reduction of Pd(ll) into Pd(0) nanoparticles was successfully achieved by using
NaBHs4 in methanolic suspension of the PdCl.@Zn-MOF. After addition of NaBHg,
yellow color of the compound turns into dark brown indicating the formation of
nanoparticles. This dark brown compound was filtered and washed with methanol 5-6 times
to remove the excess NaBH; and dried in air. Finally, implementation of Pd(0)
nanoparticles inside the Zn-MOF(37) was confirmed by various techniques like PXRD,
FESEM, and TEM and was used for catalysis applications as is without further purification.
To find out the exact amount of PdCI incorporated inside Zn-MOF (37), solutions of
different concentration of PdCI, were prepared, and UV-Vis spectra were recorded before
and after the adsorption (Figure 3.107). From the calculation, it was found that around 16
wit% of palladium was incorporated inside the Zn-MOF (37). Furthermore, it was reduced
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to Pd(0), which was confirmed by various techniques. FESEM images of Zn-MOF (37)
shows a rod type of morphology, and after addition of PdCl», the morphology of the
compound remains intact. However, after the reduction of Pd(Il) to Pd(0), the morphology

of the compounds changes to flower-like structures (Figure 3.108).
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Figure 3.107. UV-Vis Spectra of different weight% of PdCI; solution before and after addition of
Zn-MOF (37).

Figure 3.108. FESEM images of (A) Zn-MOF (37), (B) PdCl.@Zn-MOF, (C) Pd@Zn-MOF, (D)
EDX of Pd@Zn-MOF and TEM images (E and F) of Pd@Zn-MOF.

EDX analysis of these compounds confirmed the presence of both zinc and Pd. The
formation and presence of Pd(0) nanoparticles were finally confirmed by TEM analysis, in

which appearance of black dots confirmed the presence of Pd(0) nanoparticles.
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Furthermore, TEM analysis reveals that the size of the nanoparticles is in the range of 2-20
nm (Figure 3.108).
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Figure 3.109. (a) Comparison of PXRD patterns of Zn-MOF(37) before and after encapsulation
of nanoparticles, and (b) UV-Vis spectra of PdCl; at different interval of time after adding Zn-
MOF (37).

The retention of crystalline nature or framework was confirmed by the powder X-ray
diffraction analysis. Comparing the PXRD patterns of both Zn-MOF (37) and PdCl.@Zn-
MOF with the Pd@Zn-MOF clearly indicates the retention of the framework before and
after incorporation of nanoparticles (Figure 3.109). On the other hand, the appearance of
the peaks corresponding to the Pd(0) along with the framework peaks, confirms the
presence or formation of palladium nanoparticles. For the encapsulation of PdCI, up to
saturation, Zn-MOF (37) was poured into the methanolic solution of the PdCl. solution
and stirred for 1 h. During stirring, the reaction mixture was observed by the UV-Vis
analysis, which showed that after 35 minutes there was no change in the spectrum,
indicating the saturation of MOF with PdCl> (see Figure 3.109). After successful
implementation of the nanoparticles in 3D Zn-MOF (37), this compound was used as a
heterogeneous catalyst in the reduction of nitrophenols, Knoevenagel condensation

reaction and one-pot cascade N-alkylation reaction (tandem reaction).

Catalysis Studies with Pd@Zn-MOF (37). The metal organic coordination networks
(MOCNSs) have recently been applied in heterogeneous catalysis and catalyst for several
organic reactions. Coordination polymers can work as catalysts through two different
components, viz. the metal center, which either provide the coordinatively unsaturated

nodes and/or form the active metal sites or by integrated functionality with organic
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linker/ligands. Depending on the nature of the ligands and its binding to metal ions,

coordination polymers can act as Lewis acid or base in the catalytic medium,?%2235-242

Lewis Acidic site
(unsaturated metal center)

Pd(II) interection site
(free acetylene moiety)

Figure 3.110. Two different sites present in Zn-MOF (37) for catalysis.

After nanoparticles fabrication, 37, a Zn(ll) based 3D MOF, has been employed for
catalytic application. This MOF was designed in such a manner that it can be used as a
bifunctional catalyst, so that it can be employed for different organic transformations. After
crystal structure analysis, it was confirmed that this compound is a 3D porous compound
having free acetylene functionality inside the pores. This predesigned strategy provides us
the way to go forward to make it a bifunctional catalyst. As shown in Figure 3.110, metal
has an unsaturated Lewis acidic site which helps in forwarding the Knoevengal reaction
towards the product side with good efficiency. Along with this, by the successful
implementation of Pd(0) nanoparticles inside the Zn-MOF (37), various palladium-

catalyzed reactions can be achieved.

Reduction of nitrophenol. Reduction of nitrophenol was monitored by UV-Vis
spectroscopy. In UV-Vis spectrum, nitrophenol gives a peak around 400 nm, on the other
hand, there is no peak for aminophenol is observed in the visible region .2** To confirm the
conversion of nitrophenol to aminophenol, the UV-Vis spectrum of nitrophenol solution in
methanol was recorded, which gives a peak around 400 nm. Furthermore, catalyst and
sodium borohydride were added and stirred for 15 min; after filtration, UV-Vis spectrum
of the filtrate was recorded again. The disappearance of the peak corresponding to the

nitrophenol confirmed the formation of amino phenol as shown in Figure 3.111.
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Figure 3.111. Reduction of nitrophenols using a Pd@Zn-MOF catalyst followed by UV-Vis
spectroscopy.

This exciting result encouraged us to go forward to perform cascade reaction to synthesize
reduced Schiff base in one step from nitro compound and aldehydes. First, it goes through
in-situ reduction of the nitro group in the presence of catalyst and sodium borohydride,
followed by Schiff base condensation and finally gets reduced to the final product. In the
literature, these type of reactions are mainly reported using H> gas as a reducing agent,
while it is rarely reported in the literature to use sodium borohydride as a hydride source.
So, we have employed sodium borohydride as a reducing agent in the presence of a catalyst

for the Tandem reaction (cascade reaction).

Cascade one pot Reductive N-alkylation reactions. The reductive N-alkylation of
nitrobenzene with aldehyde was carried out at room temperature. Typically, an aldehyde
(0.5 mmol), nitrobenzene (0.55 mmol) and NaBHs (6 mmol) were added in MeOH
followed by addition of Pd@Zn-MOF (2 mg) in a screw-capped glass vial. The reaction
mixture was stirred at room temperature for 2 h. After completion of the reaction, catalyst
(Pd@Zn-MOF) was filtrated off through a filter paper and washed with water (2.0 mL).
In the filtrate, 2 mL ethyl acetate was added, and the product was extracted with ethyl
acetate, which was further dried over anhydrous sodium sulfate and after filtration, the
solvent was evaporated under reduced pressure to get a slurry of the product which was
further used for the *H NMR analysis without any purification. *H NMR technique is used

for the calculation of conversion% as well as the purity of the product. Some control
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experiments have been carried out to find out the proper reaction conditions because many

factors like temperature, solvents and amount of catalyst affect the formation of the product.

Table 3.20. Cascade condensation reaction between benzaldehyde and nitrobenzene derivatives
with Pd@Zn-MOF at room temperature (27 °C).

NO, CHO CH,OH
s S Pd@Zn-MOF HN + X
p > I
\ NaBH, N //
R MeOH,2h |// R
R
(a) (b)
Entry -R Product Conversion (%)

1 H <'- ) NH >99

2 3-Cl >99
—< :>—NH :
Cl
3 4-F _@_NH >99
: F
4 4-CHs >99

D
5 Ph _@_NH 8 >99

Conversion was calculated by *H NMR.

From the control experiment, by changing the solvent and amount of catalyst, it was found
that in methanol having 2 mg of catalyst, the reaction ends up with >99% conversion with
good purity. Along with this, to check the substrate scope, different derivatives of aldehyde

have been used. The results obtained from these experiments indicate >99% conversion in

144



all cases with good purity. Furthermore, this result indicates the excellent capability of this

catalyst in the formation of different products (Table 3.20).

Knoevenagel condensation reaction. Lewis acidic or basic nature of the catalyst is
responsible for the Knoevenagel condensation reaction. Various homogeneous, as well as
heterogeneous catalysts, are reported in the literature to achieve this condensation
reaction.”™?4 To explore more, we have used the same Pd@Zn-MOF catalyst for this
condensation reaction. As we have discussed, Zn(I1) has an unsaturated site which acts as
Lewis acid to perform this type of reaction. This reaction was performed by using
benzaldehyde (0.1 mmol) and malononitrile (0.15 mmol) by stirring for 2 h in methanol
and water (1:1) by adding 2 mg of the catalyst. The mixture was then centrifuged and filtered
to remove the solid catalyst; the filtrate was evaporated under reduced pressure to give the crude
product. The product was extracted with ethyl acetate, and the resulting slurry was used for
the 'H NMR analysis without any further treatment. The conversion and purity of the
product were confirmed by *HNMR and GC analysis. A systematic investigation was done
to find out the proper reaction condition by changing the solvent (Table 3.21).

After optimization of reaction conditios, that is, stirring at room temperature using water
and methanol (1:1) mixture as a solvent for 2 h, substrate scope using different derivatives
of aldehydes was demonstrated. For the GC analysis, crude sample dissolved in ethyl
acetate was injected to injector port of GC having temperature 300 °C. In the starting,
column temperature was kept 60 °C, while it was increased to 120 °C by a heating rate of
30 °C/min. After that, it was heated to 170 °C at a rate of 2 °C/min, further, in the end, it
was heated up to 300 °C with a heating rate of 50 °C/min. Conversion% was then calculated
by integrating the area of the product and reactant peaks in the gas chromatogram. The peak
of aldehyde was used as a reference in both GC and 'H NMR analysis to calculate

conversion%.

Table 3.21. Effect of different solvents on conversion% of the reaction.

S.No | Time Solvent Conversion%
1. 2h MeOH >99
2. 2h H.0 95
3. 2h H,O: MeOH >99

As we have discussed that this type of condensation reaction is dependent on the Lewis

acidic site present in the MOF, we have explored the same reaction with the Pd@Zn-MOF
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as well as with the Zn-MOF (37) under the same reaction conditions. It was observed that
both the catalysts, behave similarly with respect to the conversion of reactant to the product.
Both the results are compared in the Table 3.22 (below) which gives almost similar
behavior.

Table 3.22. Knoevenagel reaction between benzaldehyde and nitrobenzene derivatives with
Pd@Zn-MOF and Zn-MOF (37) at room temperature (27 °C).

CN
e NC
Catalyst (2.5 mg)
XYy + NCTCN Y LN
» H,0:MeOH B
R rt,2 h N
R

Conversion (%) Conversion (%)
(Pd@Zn-MOF) (Zn-MOF)(37)

>

Entry -R Product

3-NO m 97 98
2 -NO2
O,N N
3 4-NO; _ 98 91
CN

HO Z CN
5 3-Cl /@\/CkN 98 99
_ >
Cl — CN
K CN
6 AF \©\¢k 99 99
CN
MeO CN
7 4-OMe @\//kc,\, >99 >99

CN
8 4-CHs \©\?k 99 >99
CN

Conversion% was calculated by GC analysis.

This result clearly reflects that Pd nanoparticles is not playing any role, while the Lewis

acidic site (unsaturated metal node) is playing a crucial role in this conversion. We can use

146



both the compounds with and without nanoparticles for getting this condensed product in
good yield. Therefore, we can use nanoparticle loaded catalyst s for both the reaction like
cascade N-alkylation as well as Knoevenagel condensation reactions. This result proves
that this catalyst acts as a bifunctional catalyst in which two different active sites are
present, and both the sites are used for different type of organic transformations as per the

requirement of the catalytic reaction.

Hot filtration test (leaching experiment). To confirm the heterogeneity of the catalyst, hot
filtration experiment was conducted. An experiment was set up in which the catalyst was
removed from the reaction mixture after 20 min by filtration. From the analysis of the reaction
mixture, it was observed that a 65% conversion was achieved up to this time (calculated by GC).
After that, the reaction mixture (without catalyst) was kept for further stirring at same reaction
conditions and every 25 min, an aliquot from the reaction mixture was taken out and used for
GC analysis. This was further stirred for 160 min after removing the catalyst. As shown
in Figure 3.112, after removal of the solid catalyst, there is no significant change in the
conversion% of the product, demonstrating that the catalysis is heterogeneous in nature and there

is no leaching taking place into the solution during the reaction.

100 -+

with catalyst
80 -

60 ~ after removal of catalyst

% Conversion
F-S
[ =]
i

o 1 b ) ] L ]
-20 (i} 20 40 60 80 100 120 140 160
Time (minute)

Figure 3.112. Plot between %conversion and time of the reaction without catalyst confirming the
heterogenicity of the catalyst (Pd@Zn-MOF).
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Figure 3.113. Comparision of PXRD patterns of fresh catalyst and catalyst left first and second
catalytic cycles confirm the stability of the catalyst.

Reusability of the Pd@ZnMOF. The catalyst Pd@Zn-MOF is easily recoverable by filtration
and can be reused further for another catalytic cycle without any significant loss of catalytic
activity. After the completion of the first reaction cycle, the catalyst was recovered by
centrifugation and then washed thoroughly with methanol and water (1:1), followed by drying
in air. Furthermore, the stability of the recovered catalyst after the first and second cycle was
confirmed by PXRD analysis (Figure 3.113).
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3.1.4 Functionalized pyridyl ligand and tricarboxylates

Two tridentate ligands 2,2"-terpyBA and 4,4'-terpyBA were used in the previous section to
synthesize various coordination architectures in combination with different dicarboxylates.
In this section, we have replaced the dicarboxylates with tricarboxylates to enhance the

dimensionality and nature of pores.

Chemistry with 2.2'-terpyBA

Using 2,2'-terpyBA, four coordination architectures have been synthesized using 1,3,5-
benzenetricarboxylate (Habtc) under ambient conditions in a mixed solution of DMF, H20
and EtOH (1:1:1 ratio) using metal, ligand, and linker in a 3:3:2 ratio as shown in Scheme
3.20. Crystals of some of these compounds have been grown by the slow diffusion of the

reactants dissolved in different solvents.

M =2Zn
> {[Zn3(btc),(2,2"-terpyBA);] DMF-2H,0}, (47)

M = Cd
———————{[Cd5(btc),(2,2'-terpyBA)3]-3H,0}, (48)
H3th

M(OAc), + 2,2-terpyBA
DMF:EtOH:H,0 M = Cu
ot > {[Cus(btc),(2,2"-terpyBA);] DMF-2H,0}, (49)

L M=C0  , (iCo(2.2-terpyBA),](Hbtc)H,O) (50)

Scheme 3.20. Synthesis of 47-50.

FTIR Spectroscopic studies. All the compounds clearly show a peak for the free acetylene
group around 2108 cm™-2118 cm™.. In FTIR spectra od 47-49 monodentate mode of
binding ofor the carboxylate was observed(Figure 3.114), with a difference between
asymmetric and symmetric stretching greater than 230 cm™ (Table 3.23). For compound
50, along with the monodentate mode of binding of the carboxylate, a peak around 1660

cm* confirms the presence of free carboxylate.

Table 3.23. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates of 47-50.

Compound Asymmetric Symmetric (v2) | Av=v1— V2 Binding
(v1) cm? cm? cm? mode
47 1618 1362 256 Monodentate
48 1610 1369 241 Monodentate
49 1602 1361 241 Monodentate
50 1625 1371 254 Monodentate
1660 Free carboxylate
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Figure 3.114. FTIR spectra of 47-50.
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Thermogravimetric analyses. Thermal stabilities of 47-50 were studied as a function of
temperature in the range of 25-450 °C. Except 48, other compounds exhibit a two-step

weight loss. The first weight loss is up to 200 °C due to the loss of lattice solvent molecules

followed by a sharp weight loss after 350 °C corresponding to the decomposition of
framework. TGA scan of 47, exhibits a loss of 6.02% corresponding to the loss of one

DMF and two water molecules (ca. 6.35%) followed by decomposition of metal complex,

while 48 exhibits the first loss of 24.48% corresponding to the loss of two btc and three

water molecules (ca. 25.95%).
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Figure 3.115. TGA scans of 47-50.
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Further, 49 shows a loss of 9.71% corresponding to the loss of two DMF and two water

molecules (ca. 9.16%), while 50 exhibiting a loss of 2.77% corresponds to the loss of one
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water molecule (ca. 2.08%). After comparing the thermal stabilities of these compounds, it

was found that 48, shows less thermal stability than other compounds (Figure 3.115).

Single crystal structure analyses. Crystals suitable for single crystal analysis of some
compounds were grown by the direct layering of reactants dissolved in different solvents
(water, EtOH and DMF). For this, two solutions of reactants are layered very carefully in
thin glass tubes by putting a buffer solution (water and EtOH 1:3) between two reactants.
After few days at the junction of two solutions, crystals was observedwere formed, which
were used for SCXRD analysis.

Structural description of 50. This compound crystallizes in the triclinic P-1 space group.
The Co(Il) metal has a perfect octahedral geometry and generates aN6 type of surrounding
environment around the metal center. As shown in the Figure 3.116, metal is
hexacoordinated, and all the binding sites are occupied by the six nitrogen atoms from the
two ligands with distances (Co-Naiy: 1.712(4) A and 1.696(4) A; Co-Npy: 1.795(4) A,
1.781(4) A, 1.799(4) A, and 1.789(4) A). All the bond distances and angles are listed in
Table A29 and A40 (Appendix). The ligand has a strong capping tendency to bind with the
metal, thereby leaving little (negligible) scope for the linker (carboxylate) to approach the
metal center. As a result, a cationic complex is formed, and a free linker acts as anion to
neutralize the overall structure. Asymmetric unit consists of a metal, two ligands and one
Hbtc linker as shown in the Figure 3.116. As the metal carries a two-positive charge, in
order to neutralize it, two carboxylic acid get deprotonated, while the third one remains in

carboxylic acid form.

Figure 3.116. Coordination environment around the metal center in 50.
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In addition to this, a lattice water molecule is also present which forms hydrogen bonding
with the deprotonated carboxylic acid of the linker. This water molecule does not help in
the formation of 3D supramolecular structure although it forms H-bonding, with the
carboxylate group using only one hydrogen, while the other hydrogen and oxygen do not
participate in the H-bonding. In the formation of a 3D supramolecular network, weak
interactions like n—n stacking and H-bonding play a very important role. As we have
discussed, there is no role of H-bonding in the formation of 3D supramolecular assembly,
although one lattice water molecule is present. A strong n—=n slipped centroid to centroid
interaction between aromatic rings plays a very important role to generate a 3D

supramolecular assembly.

Figure 3.117. Depiction of n—r bonding and formation of 3D supramolecular assembly in 50.

As shown in the Figure 3.117, benzene ring of Hbtc exhibits a strong n—= interaction with
the benzene ring of the ligand having a distance of 3.41 A. Furthermore, the benzene ring
of the ligand forms strong m—n interaction with the benzene (4.36 A) and pyridyl (3.78 A)
ring of another corresponding ligand and vice-versa. A network of this n—m interaction in

different direction helps in generating a supramolecular three dimensional assembly.

Powder X-ray diffraction studies. Crystalline nature of all the synthesized coordination
networks was confirmed by powder X-ray diffraction studies. As shown in figure 3.118,
similarity in the powder patterns of 47-49 indicates the formation of similar compounds.
Furthermore, PXRD patters of 50 is different compared to other compounds of this series.
Powder patterns also indicate the phase purity of the compounds as simulated powder

pattern of compounds shows good agreement with the experimental pattern.
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Figure 3.118. PXRD patterns of 47-50.

Luminescence properties of 47-50. As shown previously, terpyridine based MOFs have
shown good fluorescence upon interaction with the metal center. These compounds (47-
50) are synthesized by using tricarboxylate instead of dicarboxylate and similar to
fluorsence properties of compounds dicussed above, the spectra of these MOCNSs were also
obtained in a water slurry. Luminescent nature of terpyridine based MOCNSs is due to
charge transfer within the ligand. Somehow, a ligand to metal charge transfer is also
involved in imparting fluorescent nature to the compound. From the results obtained, it was
found that Zn(ll) exhibits fluorescence of higher intensity than other compounds having

different metal centers (see Figure 3.119).

12 [——a7
J|l—as
104 |[——49
{|——50

Intensity (x107)
[-:]

T v l v T v T v 1 v | v 1 v T v
350 375 400 425 450 475 500 525 550
Wavelength (nm)

Figure 3.119. Fluorescence spectra of 47-50 and change in color in visible (a) and UV-light (b).
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Chemistry with 4.4'-terpyBA ligand

Compared to 2,2'-terpyBA, the position of the nitrogen atoms have been changed from
ortho to para position in 4,4'-terpyBA. This change in ligand break the monotony of the
capping ligand and acts as a linker using only two pyridyl nitrogens. In this case, we have
chosen a tricarboxylate linker instead of dicarboxylates. The synthesis of all these metal

complexes is shown in Scheme 3.21.

M =2Zn

—————— {[Zn(Hbtc)(4,4"-terpyBA)]}, (51)
M = Cd
————————— {[Cd,(OAc)(btc)(4,4'-terpyBA),(H,0).DMF.H,0},  (52)
Hsbtc _
" . s M=Cu . (53)
(OAc), + 4,4'-terpyBA > {[Cus(btc),(4.4'-terpyBA)s]},
DMF:EtOH:H,0
M = Mn
RT ————— {[Mn;(btc),(4,4'-terpyBA);].2H,0}, (54)
M = Co (55)

—— > {[Cojs(btc),(4,4'-terpyBA)3].2H,0},

Scheme 3.21. Synthesis of 51-55.

FTIR Spectroscopic studies. All the compounds clearly show the peak of free acetylene
group around 2108 cm™ and 2118 cm™ indicating the presence of the terminal acetylene
moiety in all the compounds.. From FTIR analysis, it was found that 51-55, show
monodentate binding mode of carboxylate except for one additional feature in 52, which
confirms the bidentate mode of carboxylate as well (Table 3.24). A peak around 1662 cm”
1in 52, corresponding to the presence of lattice DMF molecules (Figure 3.120).
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Figure 3.120. FTIR spectra of 51-55.
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Table 3.24. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates of 51-55.

Compound |  Asymmetric (v1) | Symmetric (v2) cm? | Av=v1— 2 Binding mode

cm? cm?

51 1627 1369 258 Monodentate

52 1609 1366 243 Monodentate
1561 1434 127 Bidentate bridging

53 1616 1363 253 Monodentate

54 1628 1374 254 Monodentate

55 1610 1372 238 Monodentate

Thermogravimetric analyses. In TGA analysis of 51, a two-step profile of weight loss
was observed. First loss of 16.23% in 51 between 50 °C to 220 °C corresponds to the loss
of one btc molecule (ca. 16.42%). After this, decomposition of the compound takes place.
Similarly for 52, weight loss of 9.44% between 50 °C to 200 °C corresponding to the loss
of three water molecules and one DMF molecule (ca. 8.29%). Apart from this, 53, exhibits
a three-step profile of weight loss. The first loss about 24.42% corresponds to the loss of
one btc molecule (ca. 23.55%).
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Figure 3.121. TGA scans of 51-55.

Further in two steps, decomposition of the framework takes place. Compound 54 exhibits

a weight loss of 26.39% corresponding to the loss of two btc and two water molecules (ca.
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26.57%). Compound 55 exhibits a weight loss of 14.15% corresponding to the loss of two
water molecules (ca. 15.45%) followed by the decomposition of metal complexes. After
losing the solvent molecules, all the compounds are stable up to 300 °C, except 53, which
shows thermal stability up to 250 °C (Figure 3.121).

Single crystal structure analyses. Crystals suitable for single crystal analysis of 51 and
52 were grown by the direct layering of the reactants dissolved in different solvents (water,
EtOH and DMF). For this, two solutions of reactants are layered very carefully in the thin
glass tubes putting a buffer solution (water and EtOH 1: 3) between the two. After a few
days, at the junction of the two solutions, the formation of crystals takes place and directly

used for single crystal analysis.

Structural description of 51. It crystallizes in triclinic P21/n space group. The asymmetric
unit consists of a central metal atom (Zn(l1)), one ligand (4,4-terpyBA) and one Hbtc linker.
Central metal accommodates a distorted octahedral geometry surrounded by four oxygens
of two different Hbtc (distances: 2.022(5) A, 2.457(5) A, 2.386(4) A, and 2.066(4) A) and
two nitrogens of the two different ligands (distances: 2.070(4) A and 2.076(4) A) which

results in an N204 type surrounding around metal center.

Figure 3.122. (a) Coordination environment around metal center, (b) formation of a 2D
coordination network and (c) view along a-axis showing the presence of functionalities in an
alternative fashion in 51.

Two out of three carboxylic groups of benzene tricarboxylic acid show the bidentate
chelated mode of carboxylate binding with a metal center while the remaining one is in
protonated carboxylic acid form. After expansion of the asymmetric unit, a 2D network is

formed. Both the surfaces of this compound have two functionalities: one is free acetylene,
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and another one is a carboxylic acid. These functionalities are present in an alternation
fashion and are opposite to each other (Figure 3.122). Both the organic parts act as a linker
in the formation of this 2D coordination network. A rectangular pore has been generated
using four metal centers, two ligands and two Hbtc having dimensions 15.617 x 15.964 A2,

Figure 3.123. Topological view of 51 in three different directions.

As functionality is present on the surface, so it can be used for various surface applications
like catalysis, sensing, and post-synthetic modification. A 4-c net; uninodal net
(sql/Shubnikov tetragonal plane net) topology is generated having a point symbol {44.6%}
for the net (Figure 3.123).

Structural description of 52. Single crystal structure analysis reveals that 52 crystallizes in
the monoclinic P21/n space group. It contains two different types of Cd(ll) centers: one is
hexacoordinated with N204 surrounding, and the other is heptacoordinated with the N205
type of surrounding environment. In the asymmetric unit along with these two Cd(Il)
centers, two ligands, one btc, one coordinated acetate group, and two lattice molecules (one
water and one DMF) are present (Figure 3.124). The distance between the two metal centers
is around 3.793 A. Both the metals have two nitrogen atoms from the different ligands
which are anti (axial) to each other. The Cd1 which is hexacoordinated has two nitrogens
from two different ligands (distances 2.299(4) A and 2.305(4) A), one oxygen from the btc
carboxylate (monodentate) with distance 2.271(4) A, one coordination water (distance
2.308(4) A), one bridging oxygen from acetate (distance 2.292(3) A) and one oxygen from
the bridging carboxylate of btc (2.420(3) A). Cd2 is heptacoordinated surrounded by two
nitrogen from two different ligands (anti to each other) with distances 2.315(4) A and
2.349(4) A, one oxygen from btc carboxylate (monodentate) with distance 2.270(3) A, two
oxygen atoms from the acetate (having distances 2.555(3) A and 2.479(3) A) which shows
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bidentate chelating mode of binding and two oxygens from another btc carboxylate (having
distances 2.481 A and 2.553 A) showing bidentate chelation as well as bridging mode of
binding.

(a)

Figure 3.124. (a) Coordination environment around the metal center and (b) formation of a 3D
coordination architecture in 52.

In this complex, acetate shows the bidentate chelating mode of binding with one metal as
well as one oxygen of the same acetate is bridging with another metal. Along with this, one
carboxylate from btc shows the bidentate chelated type of binding with one metal as well
as one oxygen of the same chelated carboxylate is bridging with the other metal.
Considering the btc molecule in which two carboxylates show the monodentate mode of
binding and the remaining one shows bidentate chelated as well as bridging mode. The

bond length and bond angles have been listed in Table A29 and A40, respectively.
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Figure 3.125. A topological view of 52.
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Overall by expanding the asymmetric unit, formation of a porous 3D network takes place.
The dimensions of the pores are 13.452 x 8.542 A2 This compound shows an 8-c; uninodal

net topology with the point symbol for the net: {3°.4%°.5%° 62} (Figure 3.125).

We have designed this ligand with acetylene functionality so that after formation of the
metal complex the functionality remains free, thus can be used for various applications. As
predicted, the free acetylene functionality is found to be situated inside the pores as
confirmed by the single crystal structure analysis. Two different types of pores are present

in which one of them have one free acetylene functionality, while the other has two.

Powder X-ray diffraction studies. Crystalline nature of all the synthesized complexes was
confirmed by powder X-ray diffraction studies. A similar trend in the patterns obtained for
52-55, wherease, 51 shows difference in paxrd patters, indicationg differenet type structural
aspects compared to 52-55. Powder pattern of 52, is in good agreement with the simulated

patterns, further confirming bulk phase purity of the compound (Figure 3.126).
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Figure 3.126. PXRD patterns of 51-55.

Positional effect of the donor atoms in the ligand on the MOF structures. The powder
X-ray diffraction studies of the synthesized compounds using 2,2'-terpyBA show similar
patterns indicating the formation of similar type of frameworks. As 2,2'-terpyBA forms the
same type of architecture with every metal center, so the position of donor nitrogen atom
was changed from ortho to the para position of the ring and complexes were synthesized..
Due to the change in the position, 4,4'-terpyBA can also act as a linker or spacer also. This
modification in the ligand leads to a tremendous change in the formation of architectures.

As both cobalt(I1) and cadmium(ll) centers prefer six coordination,in both the cases, metal
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is hexacoordinated but due to change in the position of nitrogen atom from two to four, the
capping chelation site is not present, and the ligand acts as a linker between the two metal
centers. Due to this capping chelation site, a cationic discrete complex having free anion
was formed, on the other hand in the latter case, a porous coordination network has been
formed (Figure 3.127).

A discrete unit of mononuclear compound was formed in 50, which further forms a 3D
supramolecular assembly due to the presence of n—r interaction between aromatic rings,
while 51, is a 2D coordination compound having a net-like structure. On the other hand, 52
is a 3D coordination network having different sizes of pores. In the prior case, the
carboxylic group is not bonded to any metal and out of three groups in linker (btc), two are
in deprotonated form while third remain same in protonated carboxylic acid form. In 51,
btc acts as a bidentate linker in which two carboxylic groups forms the coordinated bond
with two different metal centers in bidentate chelated mode, while the third carboxylic

group remains same in protonated carboxylic acid form.

Figure 3.127. Diversification of the structure due to change in the ligand and metal center having
tricarboxylate as a linker.

In addition to this, both the organic components act as a linker between two metal centers
and result in the formation of a 2D network structure. The protonated non-bonded

carboxylate and free acetylene moiety are the functional groups present on the surface of
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this 2D network and make it a functionalized surface. Both the functionalities are present
in an alternative fashion and are opposite to each other. While in case of 52, carboxylate
groups are bonded with the metal in both monodentate, bidentate as a well monodentate
bridging mode. Unlike 50 and 51, there is no free carboxylic acid group in 52. Furthemore,
an acetate group is also present which shows a bidentate as well as monodentate bridging
mode between the two metal centers. The presence of free acetylene group and highly
porous nature make 52, a highly desirable material forapplications like guest encapsulation;
hence this has been used for encapsulation of nanoparticles which was further used for

various applications.

Sensing of Metal lons by Cd-MOF (52). Before performing metal ion sensing, the
fluorescence intensity of 52 was analyzed in different organic solvents. In case of Cd-MOF
(52), 1 mg of compound was dispersed in different solvents like methanol, ethanol,

acetonitrile, water, acetone and dimethyl sulfoxide (Figure 3.128).
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Figure 3.128. Emission intensity of Cd-MOF (52) in different solvents.

From this experiment, it was found that 52 (Cd-MOF) has shown fluorescence in water,
therefore it was choosen as the solvent for further sensing experiments. To investigate the
effect of addition of metal ions on fluorescence intensity of 52, 1mg of the compound was
dispersed in water. To this uniform dispersion, different metal ion (Na*, Ag®*, Ca?*, Co?",
Cd?*, Ni?*, Zn?*, Mn?*, Cr®*, Fe**, Pb?*, Pd?*, Mg?") solutions (1mM, 190 uL) were added
and suspension was stirred for 5 minutes and fluorescence spectrum was recorded. From

the screening experiment, it was observed that, based on the nature cations, different kind
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of interactions has taken place as the result both quenching and enhancement in the

fluorescence intensity was observed (Figure 3.129).
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Figure 3.129. Change in the emission intensity of Cd-MOF (52) due to the influence of different
cations in water (left) and quenching and enhancement percent with respect to different cations
(right).

From the result, it was found that only metal ions like Na* and Cu?* show an enhancement
in the fluorescence intensity, while other metal ions like Ca?*, Co?*, Cd?*, Ni?*, Zn?*, Mg?*,
Ag?*, Pb?*, Hg?*, Fe3*, Pb?*, Pd?*and AI** have shown quenching in the fluorescence
intensity of 52. Among the cations showing quenching phenomenon, Fe3*, quenches more

than 99% of the fluorescence intensity.

Pb2* Hg?*
Ca?" Fe*
Ag* Zn2

Electron rich moiety

O Interaction Site I Interaction of cation at:

Site I = Turn Off Fluorescence (Quenching)

O Interaction Site IT Site IT = Turn On Fluorescence (Enhancement)

Figure 3.130. Possible interaction of the metal ion with the complex in 52.

Single crystal structure of Cd-MOF (52) reveals that there are two interaction sites present
(Figure 3.130). Interaction site | is a free acetylene moiety with oxygen near it providing
additional support. While interaction site Il is a free amine group of two different bdc

linkers. This interactive site is formed due to the conformational arrangement of two amine
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groups which are pointing towards each other such that they can easily interact with the

incoming metal ions.

After binding of the terpyridine based ligand with Cd(ll), one part of the ligand becomes
more electron deficient due to the ligand to metal electron transfer, while another part which
is an electron-rich part transfers charge to the electron deficient part. Possibly, cations like
Ag?, Pb?*, Hg?*, Fe®*, Pb?*, Pd?*, Ca?*, Co?*, Cd?*, Ni?*, Zn?*, Mg**and AI** interact with
the site | due to which a charge transfer from electron rich to electron deficient site

decreases as a result of which a quenching in the fluorescence intensity is observed.

While, other cations like Na*, Cu?" interact with interaction site 11, making the electron-
deficient site more electron deficient, hence enhance the charge transfer from electron rich
site to the deficient site, resulting in enhancement of fluorescence intensity of the
compound. Since Fe** exhibits maximum quenching as compared to other metal ions,
fluorescence titration experiment was performed to get a deeper insight into the quenching
process. As shown in Figure 3.131, a gradual decrease in the luminescence intensity of 52
is observed upon incremental addition of Fe®* ions. Upon addition of 190 uL of 1.0 mM

Fe3* solution, more than 95% quenching is observed.
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Figure 3.131. Change in the fluorescence intensity of 52 after incremental addition of an aqueous
Fe** solution (1 mM).
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Fabrication of Pd(0) nanoparticles inside Cd-MOF (52). From the fluorescence spectra,
it was confirmed that Pd?* interact with the framework as the result, decrease the
fluorescence intensity intensity was observed. Compound 52 has been used for the
encapsulation of PdCl and further reduced it to form Pd(0) nanoparticles, which can be
further used for catalysis.?*® As compound 52 is a porous material with free acetylene
moieties inside the pores, this is used for encapsulation/formation of Pd(0) nanoparticles.
These nanoparticles are very important for various organic transformation reactions.
Formation of nano-size nanoparticles is still a difficult but achievable task. Despite of the
diversity in application, the performance of all nanoparticle technology is defined by the
same physical properties, including particle size, size distribution, shape, and surface
features. Size of nanoparticles formation strongly depends on the pore size and pore
environment. So, we have used this porous compound for nanoparticle formation. To
achieve this task, we used the solvent infiltration wet method as described further (Figure
3.132).

) Free acetylene
PdCl, A

PdCl, Reduction
[—J‘>

NaBH,

Pd@MOF

MOF @ Pd-nanoparticles

(F5ig)ure 3.132. Schematic representation for the formation of Pd nanoparticles inside the Cd-MOF
Loading of Pd Nanoparticles in Cd-MOF (52). We have followed a solvent infiltration
method to load MNPs into MOFs. This took place in a stepwise manner (two steps) which
was started from corresponding metal ion precursors. First, adsorption of PdClI. into Cd-
MOF (52) and in the second step, wet chemical reduction method was used to reduce PdCl;
to Pd(0) NPs by NaBH4 in methanol. Initially, MOF was activated at 140 °C to remove all
the solvent molecules present inside the pores. This activated Cd-MOF (52) is immersed
into the PdCI, solution in methanol. The bright orange color of the PdCl> solution
disappeared gradually within 1 h, as a result, colorless MOF turned to yellow solid which
indicated the sorption of PdCI, in Cd-MOF (52) (Figure 3.133). The adsorption of metal
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ions was promoted by the interaction of Pd(I1) with free acetylene group hanging inside the
pores, which provide stability to the adsorptive metal ions. PXRD analysis of PACl.@Cd-
MOF(52) indicates that there is no change in the framework even after encapsulation. In
addition to this, the appearance of some new peaks at higher angles confirms the presence
of PdCl..
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Figure 3.133. Monitoring the encapsulation of PdCl, and formation of Pd(0) nanoparticles inside
the Cd-MOF (52).

Further reduction of Pd(ll) into Pd(0) nanoparticles was successfully achieved by using
NaBH; in methanolic suspension of the PACl.@Cd-MOF(52). After addition of NaBHj,
yellow color of the compound turns to dark brown indicating the formation of Pd(0)
nanoparticles. This dark brown compound was filtered and washed with methanol 5-6 times
to remove the excess of NaBHs and dried in air. Finally, implementation of Pd(0)
nanoparticles inside the Cd-MOF (52) was confirmed by various techniques like PXRD,
FESEM,and TEM and was further used for catalytic applications. Loading amount was
calculated by UV-Vis absorption spectra. Using the absorbance values before and after
adsorption, the loading of PdCl, was calculated; hence the absorbed amount was found to
be 16% (by weight) of PdCl. Furthermore, from the PXRD analysis, it was confirmed that
the framework is intact during this process, as the appearance of additional peaks
represented the presence of Pd-nanoparticles (Figure 3.134).

Compound 52 (Cd-MOF) shows a good affinity towards adsorption of CO, at 273 K,
while, PA@Cd-MOF shows very less affinity to adsorb CO2 compared to the parental

compound. This decrease in the CO adsorption indicates a decrease in the pore space due
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to occupancy of this space by nanoparticles. Around 73% decrease in the pore space was
observed due to the presence of nanoparticles (Figure 3.135). This happens because Pd(0)
nanoparticles occupy the pore space resulting in the decrease in the available area for

incoming gas molecules.
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Figure 3.134. Monitoring of encapsulation of PdCl; in 52(Cd-MOF) by UV-vis spectroscopy and
Change in the PXRD by fermentation of Pd(0) nanoparticles.
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Figure 3.135. COzadsorption isotherm of 52 (Cd-MOF) and Pd@52(Cd-MOF) at 273 K.

FESEM and TEM analysis. FESEM and TEM are very useful techniques to observe the
morphological changes during the process. FESEM images clearly indicate the change in
the morphology of the compound after the implementation of nanoparticles. To confirm
this further, EDX analysis was performed, and the appearance of peaks corresponding to
both the metals indicated the presence of both the metals. FESEM and EDX are shown in
the Figure 3.136 below. The EDX shows the presence of only Cd metal in the parental (as
synthesized) compound (52), while EDX Figure 1.336d shows the presence of both the
metals (cadmium and palladium) in Pd@Cd-MOF.

[0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18
[Full Scale 2181 cts Cursor: 0.000 keV] [Full Scale 815 cts Cursor: 0.000

Figure 3.136. FESEM images and EDX of Cd-MOF (a and ¢) and Pd@Cd-MOF (b and d).
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Figure 3.137. TEM images of Cd-MOF (a) and Pd@Cd-MOF (b).

To confirm the size and presence of nanoparticles, HRTEM was used. Due to the small size
of particles and low loading of metal nanoparticles inside the MOFs, TEM is often the only
possible method for determination of particle size. We have to be very careful to measure
and interpret the TEM analysis because sometimes TEM irradiation might decompose the
MOF and charge in the material may also create an obstacle in the analysis. After all these,
HRTEM can directly image the metal particles within the framework without causing

structural changes in the particles themselves.

For this HRTEM analysis of both the compounds was done and after analysis, it was found
that in PA@Cd-MOF, black spots of the nanoparticles appear (Figure 3.137). Although all
the particles are not the equal size, they are in the range of 2-20 nm depending upon the

pore size and agglomeration of particles.
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3.2 COORDINATION ARCHITECTURES DERIVED FROM TWO
COMPONENTS

In this section, we have explored the two-component system for the synthesis of
coordination architectures with new ligands consisting of both linker and ancillary
moieties. Compared to the three-component systems, only 2D and 3D coordination

polymers are formed. These are categorized into two subsections.

3.2.1 Mixed pyridyl-carboxylate ligands

Three different ligands with a variation in the position of N-donor atom of the pyridyl
moiety are used. Two ligands are dicarboxylates (2,2'-Hzbpaipa and 2,4-Hzbpaipa) while

the third one is a tricarboxylate (Hspbaipa).

Chemistry with 2,2'-Hzbpaipa ligand
Using 2,2'-Hzbpaipa, four MOCNs of Zn(11) and Cd(Il) with a 1:1 ratio were synthesized
at solvothermal as well as ambient conditions (Scheme 3.22). Due to the change in the

reaction condition, formula of the compounds differ in lattice solvent molecules. For both
metals, one DMF and two lattice water molecules are present under solvothermal
conditions, while only lattice water molecules are present when the compounds are

synthesized under ambient conditions.

DMF, H,0

» {[Zn(2,2-bpaipa) DMF2H,0},,  (56)

| 120°C,48h

NI cooling in 24 h

MeOH
RT

»{[Zn(2,2'-bpaipa)] 6H,0}, (57)

M(OAc), + 2,2'-H,bpaipa
DMF, H,0

120 °C, 48 h
cooling in 24 h

» {[Cd(2,2"-bpaipa)] DMF-2H,0}, (58)

M= Cd

MeOH
RT

» {[Cd(2,2-bpaipa)]4H,0}, (59)

Scheme 3.22. Synthesis of 56-59.

FTIR spectroscopic studies. The FTIR spectra of 56-59 are compared in Figure 3.138.
For 56, a broad band centered at 3408 cm™ and a peak at 1662 cm™ corresponds to lattice
water and DMF molecules, respectively. Other two important peaks at 1633 cm™and 1345

cm? are due to asymmetric and symmetric stretching modes of the carboxylate groups,

169



respectively, with a value of Av = 288 cm™, which indicates the monodentate mode of

carboxylate binding with metal center (Table 3.25).
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Figure 3.138. FTIR spectra of 56-59.

As expected, there is no peak due to lattice DMF molecules in 57, while other features are
same as those in 56 with a monodentate fashion of carboxylate binding with the metal
center because of difference in the asymmetric (1608 cm™) and symmetric (1398 cm™)
stretching frequencies, which is found to be 210 cm™. Both the Cd(II) compounds, 58 and
59 show the same bidentate mode of binding of carboxylates with the metal center having
Av values 174 cm™and 162 cm™ respectively. The difference of both the compounds is
only presence of DMF peak at 1665 cm™ in compound 58, while in compound 59 it is
absent.

Table 3.25. Asymmetric and symmetric stretching frequencies and binding modes of
carboxylates in 56-59.

Compound | Asymmetric (1) | Symmetric (v2) | Av =vi—v2 Binding mode
cm?t cmt cm?t
56 1633 1345 288 Monodentate
57 1608 1398 210 Monodentate
58 1560 1386 174 Bidentate (chelated)
59 1604 1442 162 Bidentate (chelated)

Thermogravimetric analyses. 56 exhibits first weight loss up to 200 °C (16.52%)
corresponding to the loss of lattice solvents (one DMF and two water molecules, ca.
15.91%). In case of 57, the first weight loss is 13.6% corresponding to the loss of four
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lattice water molecules (ca. 13.48%); however, its single crystal structure contains six water

molecules.
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Figure 3.139. TGA scans of 56-59.

Similarly, 58 exhibits its first weight loss of 7.92% corresponding to the loss of two water
molecules (ca. 8.49%); its single crystal structure has one DMF and two water molecules.
In case of 59, the first loss is 6.68% corresponding to the loss of two lattice water molecules
(ca. 6.60%). The second loss for 56-59 indicates their decomposition (Figure 3.139).

Single crystal structure analyses. Crystals of 56 and 58 were grown by solvothermal
methods, while crystals of 57 were grown by slow evaporation of its aqueous solution over

a period of ten days.

Structural description of 56. It crystallizes in the monoclinic P21/n space group. The
asymmetric unit consists of a Zn(ll) center, a bpaipa ligand, and solvent molecules
as shown in Figure 3.140. Each Zn(ll) is surrounded by three nitrogens and two
oxygens of the ligand resulting in a distorted square-pyramidal geometry (t = 0.22).
Both the carboxylate groups bind in a monodentate mode with Zn(ll) (distances:
2.059(2) A and 1.989(2) A). Zn-Npy distances (2.088(3) A, and 2.059(3) A) are much
shorter than the Zn-Naiy distance (2.399(3) A).
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Figure 3.140. (a) Coordination environment around Zn(lIl) center in 56 and (b) 2D coordination
network formed with two different types of pores in 56.

" 04

Figure 3.141. (a) Segment of 56 showing small and large pore and (b) nature of large and small
pores with respect to the atoms present inside the pore.

Its 2D framework consists of a sheet-like structure having two different types of
pores as shown in Figure 3.141. Large and small pore dimensions are 14.715(2) x
9.586(2) A2 (defined by the distance between corners Zn?* centers) and 3.652(2) x
7.5613(2) A? (defined by the distance between corners Zn?* centers and
uncoordinated oxygen to oxygen), respectively. Inside the small pore, there are two
nonbonded oxygens (from monodentate carboxylate) present which generate a 14-
membered ring including two metal centers. While the large pore forms a thirty-membered
cyclic ring, which has two nonbonded oxygens (inside the pore) of the coordinated

carboxylates and four metal centers (Figure 3.141).
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Structural description of 57. 57 crystallizes in the same space group as 56, monoclinic
P21/n. The coordination environment around the Zn(ll) centre is N3O2 type, where
the ligand ‘bpaipa’ blocks the three coordination sites of the metal with two pyridyl
nitrogen atoms (distances: Zn—Npy, 2.057(7) A and 2.057(11) A; Zn—Naiyi, 2.313(8)
A) as shown in Figure 3.142. The remaining two coordination sites are occupied by
the oxygen atoms of the carboxylate from two different ligands with distances:
2.009(7) A and 1.998(7) A. Both the carboxylates bind with the metal center in a
monodentate fashion. The t parameter is found to be 0.413, which indicates that its

geometry is close to square-pyramidal.

(a) (b)

Figure 3.142. (a) Coordination environment of Zn(ll) center in 57 and (b) 2D coordination network
with two different types of pores in 57. (hydrogens are omitted for clarity).

Selected bond angles and distances are listed in table A31 and A42 (Appendix).
Furthermore, 2D sheet-type network shown in the Figure 3.142 contains two
different type of pores: one small and one large pore with dimensions 8.216(2) x
3.775(2) A? (defined by the distance between corners of Zn?* centers) and 16.026(2)
x 10.350(1) A? (defined by the distance between corners of Zn?* centers and

coordinated oxygen to oxygen), respectively.

Although both 56 and 57 crystallizes in same space group, same topology, and the
same type of 2D network, the environment around the metal centers is different

because of the difference in the pore environment (Figure 3.143).
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Figure 3.143. (a) Segment of 57 showing small and large pore and (b) nature of large and small
pores with respect to the atoms present inside the pore.

Structural description of 58. It crystallizes in monoclinic P21/n space group. The
coordination environment around the metal center is N304 type including three
nitrogens from the ligand and four oxygens from two different carboxylates of the
different ligands. Both the carboxylates bind with Cd(I1) center in bidentate chelation
mode with distances: 2.640(4) A, 2.264(4) A, 2.609(4) A and 2.248(3) A.

Figure 3.144. (a) Coordination environment of Cd(ll) center in 58 and (b) 2D framework in 58.
(hydrogens are omitted for clarity).

Along with this, two pyridyl nitrogens (distances: 2.315(4) A and 2.337(4) A) and
one alkyl nitrogen (distance: 2.487(3) A) are also bound to the metal center (Figure
3.144). 58 shows two different types of pores as observed in 56 and 57, having
dimensions 6.984 x 3.635 A? (defined by the distance between two Cd(ll) centers)
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and 15.669 x 11.906 A? (defined by the distance between two Cd(l1) centers and two
carboxylate oxygens). Similar to Zn(Il) compounds, the small pore consists of a
fourteen membered ring, while the large pore consists of a thirty membered ring. All
the carboxylates are bonded to the metal in a bidentate mode. Thus, there is no
possibility to have non-bonded oxygens inside the pores as observed in Zn(ll)

compounds.

Powder X-ray diffraction studies. The crystalline nature of 56-59 has been confirmed by
powder X-ray diffraction studies. In addition to this, the purity of the bulk sample with
respect to single crystal is confirmed by comparison of the simulated patterns with
experimental powder patterns. 56-58 have similar PXRD patterns, while the PXRD pattern
of 59 is different (Figure 3.145).

1 n ﬂ Experimental (59)

l ﬂ l Experimenlal (58)

l lh | 0 . Simulated (58)
“ ﬁ JL h M A M Experimental (57)
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Figure 3.145. Simulated and experimental PXRD patterns of 56-59.

Gas and vapor sorption study. Due to the presence of different types of pores, these
compounds were treated for gas and vapor adsorption studies. The porosity or porous
nature of the compounds can be easily confirmed by the gas adsorption studies.
Adsorption of nitrogen at 77 K is used primarily to find out the porosity. The pore
distribution calculated from the N2 adsorption provides a good agreement with the single

crystal structure of the compound.
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Figure 3.146. Gas adsorption isotherms for 56 and 57.

In this context, we have also used other gases like Hz, CO, and CH4 for some of these
compounds. For the porous materials, porosity is the main factor to check the capacity of
gravimetric gas storage and related to its BET surface area and pore volume. Methane and
hydrogen have been widely used for the gas adsorption studies in MOFs because these are
the alternative fuel for the vehicles. Along with this, methane and carbon dioxide are the

greenhouse gases, which has adverse effects on human health as well environment.

56-59 have been used for gas adsorption studies. For 56, adsorption of N2 at 77 K and CH4
at 273 K has been performed after pretreatment of the sample at 140 °C for 24 h under
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vacuum. From this study, it was found that an amount of 4.63 cm®/g of N2 has been adsorbed
at 77 K and the BET surface area calculated was found to be 4.5 m?/g. Furthermore, the
same compound has been used for the adsorption of methane gas and it was found that an
amount of 15 cm®/g of methane was adsorbed at 273 K. So, it was found that this compound
is selective for methane compared to nitrogen (Figure 3.146 (above)). 57, which is an
analog of 56, has also been used for the gas adsorption studies and it is found that an amount
of 7.05 cm®/g of N, was adsorbed at 77 K and the BET surface area was found to be 9 m?/g.

57 has double surface area in comparison to 56.
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Figure 3.147. Gas adsorption isotherm for 58 and 59.

So further it was used for adsorption of other gases like hydrogen, methane, and carbon
dioxide. The amount of methane gas adsorbed in 57 was found to be 12.10 cm®/g at 298 K
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for hydrogen, it was 1.5 cm®/g at 77 K; and for CO,, 3 cm®/g of gas was adsorbed at 298 K
(Figure 3.146 (below)). 58 and 59 have also been used for the gas adsorption studies . For
58, N2, H2, and CH4 gases have been used for the studies and amount of gas adsorbed was
found to be 4.45 cm®/g, 2 cm®/g, and 1 cm®/g, respectively. From the nitrogen adsorption
studies, BET surface area has been calculated which was found to be 2 m?/g. For 59, Nz,
H>, CO2, and CH4 gases have been used for the gas adsorption studies, and amount of gas
adsorbed was 4.58 cm®/g at 77 K (N2), 2 cm®/g at 77 K (H2), 14.1 cm®/g at 298 K (COy),
and 1 cm®/g 298 K (CHa), respectively. The BET surface area for 59 was calculated to be
5.3 m?/g by the nitrogen adsorption isotherm at 77 K (Figure 3.147).

From the above results, it was found that the observed adsorption of gases is very
less compared to the expected values of compounds having similar type of 2D sheets.
Thus, it was necessary to check what is happening at the molecular level. Before
doing the gas adsorption, we have to pretreat the sample at a certain temperature
under vacuum to remove the already present lattice solvents to make the pores
available for the gas adsorption. In order to achieve this, the thermal stability of these
compounds were checked, and then the effect of desolvation on the molecular

structure of the compound via SC-SC transformation was studied.

Structural change due to desolvation process via SC-SC transformation. This section
will give an insight to the question highlighted in the previous section as in why these
compounds show less adsorption of gases although they have a 2D porous structure with
good pore volume and stability after desolvation and resolvation process. SC-SC
transformation is a process by which a single crystal of the compound can be used to
convert it into another useful compound which is not possible by the common
procedures.®>’%8246-2%3 |t is fascinating because in some cases it leads to the formation of
unusual products which otherwise cannot be designed by routine synthetic routes. This
transformation is very helpful to find the change in molecular structure during the
transformation process. SC-SC transformation is also used to expose a single crystal of
particular compound to solvent, solvent vapors, heat, light and mechanical forces which
results in the formation of structurally transformed products.>” Although there are many
challenges to achieve this transformation like loss of crystallinity, cracking in crystals and
decomposition of compounds. On the other hand, if a crystal sustained the crystallinity
during the transformation then any change in physical properties such as color, magnetism,

porosity, luminescence, chirality, etc. as well as a change in coordination number,
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geometry, and dimensionality also observed which leads to the formation of a new
product.>2+-260 Another interesting factor is the removal or encapsulation of guest
molecules inside the porous materials. The main problem in this is that a porous network
gets collapsed during the desolvation process. As we have discussed in the previous section
that in porous networks, encapsulation of any guest molecule can easily take place.
However, to achieve this, the sample has to be pretreated by washing with particular solvent
followed by heating in vacuum at a particular temperature (depending on the nature of
solvent) to remove the traces of solvent molecules already present. Compounds 56-59 have
been employed for this desolvation and resolvation process. Gas adsorption studies reveal
that the amount of gases adsorbed is less than the expected value. So, to understand this,
we wanted to understand what is actually happening to the network during the desolvation
at the molecular level. Before going for SC-SC transformation, we have checked the
thermal stability of this compound at variable temperature which was followed by using
different techniques like FTIR, VT-PXRD, and TGA.
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Figure 3.148. Change in the FTIR spectra due to de/re-solvation in 56.

For the desolvation process, as-synthesized compounds were first washed with methanol
followed by heating at 140 °C in a vacuum oven. This pretreated sample was cooled down
at room temperature and all the characterization techniques were performed. Considering
56 and 58, DMF and water as lattice solvents in the pores can be observed by FTIR
spectroscopy as they show a characteristic peak in FTIR, for example, a peak around 1662
cm is due to the presence of free DMF molecules.

After heating, disappearance of this peak indicates the removal of guest solvents (DMF)

from the pores while other peaks remain same, as shown in the Figure 3.148. For
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resolvation, the compound was placed in the same solvent as 56 in DMF, and again the
appearance of the DMF peak in FTIR indicate the formation of the mother compound (as

synthesized) again.
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Figure 3.149. Change in the FTIR spectra due to de/re-solvation in 57-59.

For 56, a peak in FTIR around 1662 cm™ corresponds to the DMF and after desolvation by
heating in a vacuum this peak got disappeared indicating the removal of DMF molecule,
while reduction of a peak around 3400 cm™ is due to the loss of some lattice water
molecules. Again after keeping the same air dried desolvated compound into the mixture
of DMF and water for one day, regeneration of the peak of DMF molecules confirms the
resolvation of the compound hence, proving the reversibility of the process. Also, it was

found that peak corresponding to the lattice water molecule got stronger as compared to the
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as-synthesized compound indicating absorption of more water than the as-synthesized
compound 56 (Figure 3.149).

254 As synthesized (56)
Desolvated (56)

As synthesized (57)
0 Desolvated (57)

r+rtr 1~ rrrrTr+rT+trT+T T
50 100 150 200 250 300 350 400 450 500

Temperature (°C)

75—
X
=
=) 50—
[«})
S
25— As synthesized (58)
desolvated (58)
As synthesized (59)
desolvated (59)
0

——t Y1177
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 3.150. TGA scans of as-synthesized and desolvated samples of 56-59.

Like 56, other compounds, 57, 58, and 59 were also used for desolvation process. In 57 and
59, since no DMF was present, therefore, a change in the peak intensity corresponding to
the lattice water molecule has been observed (Figure 3.149). As observed in compound 56,

58 also has a DMF peak which disappeared during the desolvation process.

After the FTIR studies of desolvation and resolvation process of these compounds, TGA

was also performed to prove the desolvation process for some of these compounds.
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Consider 56, it is stable up to 350 °C and shows the first weight loss of DMF and two water
molecules up to 200 °C. After comparing both as-synthesized and desolvated species, it
was found that in the desolvated counterpart, there was no weight loss due to the lattice
solvent molecules up to 200 °C, indicating the removal of solvent molecules from the lattice
of compound (Figure 3.150). Like 56, the other three compounds, 57-59 were also treated
for thermal analysis and found that after desolvation there was no weight loss
corresponding to any lattice solvent (Figure 3.150). This experiment confirms the stability
of the compound after heating and desolvation under high temperature and vacuum.
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Figure 3.151. VT-PXRD for 56.

After that, the retention of crystallinity was confirmed by the PXRD analysis. It was found
that all 57-59 retain their crystalline nature even after removal of the solvents from the pore
which indicates the intactness of the framework. Choosing one of these compounds, 56,
VT-PXRD has been performed and found that there is a slight shift in the peaks at lower
region due to loss of solvent molecules, while other peaks remain intact up to 350 °C. Along
with heating, cooling profile was also performed to check for the maintenance of
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crystallinity and it was found that 56 is thermally very stable under heating as well cooling
conditions (Figure 3.151). Although there is intactness in crystallinity of the compound
during solvation and desolvation process, when it comes to SC-SC transformation at the
molecular level, 56-59 behave differently. Except for compound 56, crystals of other
compounds were not suitable for SC-SC transformation. It is because cracking in the
crystals take place when heated at a higher temperature. Therefore, such crystals cannot be
used for the single crystal studies. So, for this transformation, crystals of 56 were heated in
a beaker by placing in a vacuum oven at 140 °C for 12 h. After this, a crystal was taken out

and used for the single crystal study.

Structural description of 56'. Upon desolvation of 56, no change in the space group
was observed. The coordination environment around the Zn(Il) centre is same as 56,
that is, N3O2 type, wherethe ligand ‘bpaipa’ block the three coordination sites Of
metal with two pyridyl nitrogen atoms (distances: Zn—Npy, 2.065(8) A and 2.116(8)
A), one alkyl nitrogen (distance: 2.340(8) A) as shown in Figure 3.152. The
remaining two coordination sites are occupied by the oxygen atoms of carboxylate
from two different ligands with distances: 2.007(7) A and 1.938(7) A.

Figure 3.152. (a) Coordination environment of Zn(I1) center in 56' and (b) 2D coordination network
formed by expansion of asymmetric unit (hydrogens are omitted for clarity).

Both the carboxylates bind with the metal center in monodentate fashion. The t
parameter is found to be 0.15 which indicates more character of square-pyramidal
geometry. Selected bond angles and distances are listed in table A30 and A4l
(Appendix). Furthermore, by expanding the asymmetric unit, a 2D sheet-type
network was generated as shown in the Figure 3.152 after expanding the asymmetric

unit which contains two different type of pores: small as well as large with dimension
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7.292 x 4,918 A? (defined by the distance between corners Zn?* centers) and 15.575
x 8.725 A? (defined by the distance between corners Zn?* centers and two

carboxylate oxygens) respectively.

Figure 3.154. Closer view of 56 and its desolvated compound 56'.

The topology of this compound is same as 56 and 57. Due to desolvation, environment of
large and small got changed hence create a different nature of pores than that of as-
synthesized compound 56. Comparing the small pore of the as-synthesized and desolvated
56, it is clear that rotation of the carboxylate takes place due to desolvation of the compound

by heating under vacuum. In the small pore of the as-synthesized compound 56, two non-
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bonded oxygens named O2 are inside the pore, while in the desolvated 56', these non-
bonded oxygen named O2 got rotated to other side emptying the small pore (Figure 3.153).
This is possible due to the free rotation of carboxylate which is bonded with the metal center
in a monodentate fashion. Because of this rotation, the non-bonded oxygens and the pyridyl
group which were inside the small pore rotate into the large pore. Because of this
transformation, there is less space available for gas molecules, thereby eaxplaining less
absorption of gases (Figure 3.154). This SC-SC transformation studies explained the reason

why this compound accommodates lesser amount of gases as compared to other 2D MOFs.

Comparison of 56 and 57 and desolvated 56 (56'). Consider the large pores, which
show a difference in their dimensions as well as a different number of atoms inside
and outside the pore. The ratio of total no. of uncoordinated oxygen of carboxylate
to the total no. of coordinated oxygen inside the large pore is different in both the
cases. For 56, it is 2/4; for desolvated 56, it is 4/2; and for 57, it is 4/2, as shown in
Figure 3.155. In 56, both the uncoordinated oxygens are inside the small pore. On
the other hand, in 56" and 57, both are outside. In 56, large pore has two
uncoordinated oxygen atoms and in 56" and 57, four oxygen atoms are inside the
large pore. The flexible rotation of the carboxylate group is confirmed by the change
in the angle between the two planes drawn using both the carboxylate and metal

center (see Figure 3.155).

32.75°(

) 55.51°

(56) (56") (57)

4/2*

*Number of uncoordinated O inside the pore /Number of coordinated O inside the pore

Figure 3.155. Comparison of the single crystal structures of 56, desolvated 56' and 57.
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Figure 3.156. Comparison of available pore space for gas adsorption studies in 56, desolvated 56'
and 57.

In case of 56, the angle is 32.75°, for 56" it is 55.51°, while 57 shows 15.41° angle.
These differences in the pores affect the various application based on the pores.
Furthermore, both the compounds have a different value of t parameter, which
represents the deviation from regular geometry (Figure 3.156). The t parameter was
calculated for 56 (0.22), for 56" (0.15), and for 57 it was 0.413, indicating the deviation
in the regular geometry by desolvation or because of synthesis under different conditions.
Considering the single crystal study of daughter compound (desolvated 56'), it is
found that its overall geometry and topology is same as the mother compound (56).
In this, the metal center is pentacoordinated similar to the previous one having the

N302 environment.

Both the carboxylates bind with the metal center in a monodentate fashion. This
change in the t parameter is a sign of change in the geometry of the metal center
coordination, which confirms the free rotation of the carboxylate group around the
metal center after the addition/removal of solvents. The FTIR spectra of all the
compounds were recorded in solid state using KBr pellet. In case of 56, peak at 1662
cm? indicates the presence of DMF molecules. The difference between the
symmetric and asymmetric stretch indicates the monodentate binding mode of the
carboxylate. Comparison of the space fill diagram of these three compounds, it was
found shows that there is no available space in the desolvated compounds, explaining
less amount of gas uptake by these MOFs (Figure 3.156).

Solvent encapsulation. For the study of solvent encapsulation, first, the as-synthesized
compounds were pretreated by heating them at 120 °C in a vacuum oven for 8 h. We have
followed the second method to encapsulate the solvent molecule as described before
(Figure 3.157). These pretreated samples were dispersed in the different solvents for 2 days,
then filtered, dried in air and used for further characterization, which prove the
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encapsulation. This solvent encapsulation also confirms the stability of coordination
compounds in different solvents as well. To prove this phenomenon of guest encapsulation,
samples having encapsulated guests were characterized by various methods like FTIR,
TGA, and PXRD. Before doing this, thermal stabilities of these complexes were
investigated. Sometimes the framework gets collapsed due to the removal of guest
molecules already present. In this case, different solvents were used as guests. The removal
of solvent already present was confirmed by thermogravimetric analysis and the retention
of crystallinity of the framework upon thermal treatment and exposure to different solvents
was confirmed by PXRD analysis. Four compounds, 56-59 were used for this solvent

encapsulation study.

Figure 3.157. Schematic representation showing the strategy of encapsulation of guest molecules
inside the coordination polymers.
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Figure 3.158. Retention of crystallinity of 56 and 57 in different solvents.

From the structural comparison, we found that the solvent plays an important role in
the structural change of MOFs. All this is because of the different interaction of
solvent molecules with the framework. PXRD patterns of these four compounds
indicate the retention of crystallinity of all four compounds 56-59 (Figure 3.158 and
3.159).
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Figure 3.159. Retention of crystallinity of 58 and 59 in different solvents.

56 consists of one DMF and two lattice water molecules present in the pores, which was
confirmed by TGA, CHN and single crystal structure analysis. 57, which is an analogue of
56 and was synthesized at room temperature contains only six lattice water molecules. 58
consists of one DMF and two water molecules like 56, and 59 consists of only six lattice

water molecules.

Thermogravimetric analysis of all these compounds (having solvent molecules) has been
done from 25 °C to 500 °C to check for the thermal stability of the compounds as well as
to find out the number of guests (solvent) molecules encapsulated inside their respective
pores. For all desolvated compounds of 56-59, there was no appreciable weight loss up to
200 °C. However, after immersing in different solvents, an appreciable weight loss was
observed corresponding to the encapsulated solvent molecules inside the pores of the
respective compounds (Figure 3.160 and 3.161). From the thermogravimetric analysis, the
number of molecules encapsulated per unit formula were calculated and found that a
different number of molecules were encapsulated in different compounds. For example, in
case of compound 56, methanol (3 molecules), THF (1 molecule), toluene (0.2 molecules)
and DCM (0.6 molecules) were encapsulated per unit formula weight.

In case of 57, 1, 0.5, 0.25 and 0.5 molecules of methanol, THF, toluene, and DCM,
respectively, got encapsulated. On the other hand, it was observed that 58 can
accommodate methanol, THF, toluene, and DCM up to 2, 0.5, 0.8 and 0.1 molecules per
unit formula weight, respectively. Similarly, 59 shows encapsulation of THF, toluene,

DCM, and acetonitrile up to 0.5, 0.1, 0.3 and 1 molecules per unit formula weight.
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Figure 3.160. Change in the TGA scans of 56 and 57 in different solvents.
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Figure 3.161. Change in the TGA scans of 58 and 59 in different solvents.
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Figure 3.162. Methanol adsorption isotherm for 56-59.

From the thermal analysis, it was found that all these compounds show a good affinity
towards adsorption of methanol. Therefore, 56-59 were used for methanol sorption studies.
From the adsorption isotherm, it was found that 57 shows a better affinity for methanol
adsorption compared to 56, 58, and 59. For compound 56, the amount of methanol adsorbed
was 60 cm®/g; for 57, it was 125 cm®/g; for 58, it was 80 cm®/g; and for 59, it was around
50 cm®/g (see Figure 3.162).

Photophysical properties. The Zn(ll) and Cd(l1) compounds having d*° electronic
configuration can exhibit ligand to metal charge transfer or metal to ligand charge
transfer and hence exhibit luminescence properties. Luminescence behavior of these
Zn-MOFs (56 and 57) was recorded in the solid state as well as in a slurry and used
for sensing of various analytes like small molecules, explosives, vapors of amines
and phenolic compounds. Upon excitation at 285 nm, these compounds show an
emission peak around 430-460 nm with good intensity. The emission intensity of 56
and 57 was observed different solvents and was found to be maximum in case of
methanol. On the basis of these results, the sensing experiment of vapors and nitro

compounds with 56 and 57 was done in a methanolic slurry of these compounds.

Sensing of small organic molecules. To explore the sensing of small organic
molecule (solvents), 3 mg of the activated compound (56 and 57) was soaked in 3

mL of different solvents like methanol, ethanol, tert. butyl alcohol, acetonitrile,
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acetone, toluene, and THF respectively. After stirring for 30 minutes, this slurry was

transferred to the cuvette for fluorescence studies.

In both the cases, 56 and 57, it was observed that these compounds exhibit different
luminescent intensities in different solvents. 56 shows maximum intensity in
acetonitrile, while 57 exhibits maximum intensity in ethanol. Interestingly, the
luminescence intensity of both the compounds got completely quenched in case of
acetone. In literature, this type of behavior is reported mostly in case of lanthanides
based coordination architectures.?%! A very few examples of transition metals-based
frameworks are reported which show this type of behavior.?622%3 |n case of 56, the
observed trend of fluorescence intensity with respect to different solvents is in the
following order: ACN > MeOH > THF > EtOH > tBuOH > Toluene > acetone,
while in case of 57, it is MeOH > EtOH > ACN > Toluene > THF > tBuOH > acetone
as shown in Figure 3.163. This is possibly due to different type of interactions with
different solvents. The results obtained from these studies indicate that these
compounds can be excellent candidates for the sensing of small organic molecules,
especially, acetone compared to other solvent molecules(Figure 3.164). Motivated
from these exciting results, we investigated the detection of acetone in other solvents
like MeOH, EtOH, and THF.
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Figure 3.163. Selective sensing of acetone compared to other small molecules by 56 (left) and 57
(right).

For this purpose, compound 56 and 57 were immersed in different concentrations of
acetone in MeOH and EtOH followed by recording the fluorescence response. First,
different v/v% (10%, 25%, 50%, and 75%) solutions of acetone in methanol and
ethanol were prepared. To 3 mL of each solution, 3 mg of compound was added, and
after stirring for 15 minutes, their emission spectra were recorded. The same

experiment was performed in 100% acetone also. As shown in the Figure 3.165, at
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10% acetone concentration (v/v) in methanol, 56 shows more than 90% decrease in
its fluorescence intensity, while in case of ethanol it shows 89% decrease in the

fluorescence intensity.
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Figure 3.164. Selective sensing of acetone compared to other small molecules by 56 (left) and 57
(right).
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Figure 3.165. Comparison of change in the emission intensity of various concentration of acetone
in methanol and ethanol by 56 (a) and 57 (b).

The same experiment was performed for compound 57 and it was found that a 60%
decrease in the emission intensity was observed at 10% volume concentration of
acetone in ethanol, while in methanol the decrease was around 80%. From the
comparison of these results, it was found that 56 is more efficient towards detection
of acetone compared to 57 (Figure 3.165).

To investigate the sensitivity of acetone detection in different solvents like methanol,
ethanol, and THF, we have performed the same experiment taking 3 mg of
compound in 3 mL of different solvents and sequentially adding acetone from 10 pL
to 500 pL. The fluorescence spectra of the slurry were recorded upon stirring it for
an interval of 5 minutes after each sequential addition of the acetone solution. From
this result, it was observed that a 2 v/v% of acetone is sufficient to quench the

intensity of compound 56 to approximately 70% in ethanol, methanol, and THF.
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(Figure 3.166). At 6 v/v % of acetone, a decrease of 89.8%, 91.5% and 76% in the

fluorescence intensity was observed in ethanol, methanol, and THF, respectively.

Intensity (x107)

SHIF RGPS

1

’ EtOH
84

*
\
*
\
*
64 |\
*
*
44 *
\
*\

Intensity (x107)

24 *.

ol *\*_*_*

Intensity (x107)

T T T T T
0 2 4 6 8 10 122 14 B 18

Acetone content (vol. %)

Figure 3.166. Sensitive detection of acetone in MeOH, THF, and EtOH by 56.
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Figure 3.167. Sensing of acetone in MeOH, THF, and EtOH by 57.
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A similar fluorescence titration experiment was performed for 57 and comparable
results were obtained in this case.(Figure 3.167). It was observed that at 2 v/v%
solution of acetone is sufficient to decrease the fluorescence intensity by more than
70% in methanol, ethanol, and THF. At 6 v/v% of acetone, a decrease of 87%, 76%

and 73% in the fluorescence intensity was observed in ethanol, methanol, and THF,
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respectively. So, we can say that 56 and 57 are good candidates for detection of
minute quantities of acetone. By comparing the result obtained from this study with
literature, it was found that only two or three reports are there in the literature which
show sensitive detection of acetone.1?6:127:263.264 It was found that all these are the
lanthanide metal-based coordination polymers; only a few transition metals have
been used for this study.

Inspired by these results, we moved towards the sensing of different ketones
(aliphatic, cyclic and aromatic) by using 56 and 57.

Sensing of ketones. As dicussed above, we carried out the sensing experiment of
ketones for 56 and 57 in suspension media. For this purpose, we have selected
various ketones like acetophenone, butanone, cyclopentanone, mesityl oxide,
acetylacetone, cyclohexanone, cycloheptanone, butanone, and acetone. To examine
the sensing selectivity of these ketones, a suspension of the compound in MeOH was
placed in a cuvette, and upon adding different quantities of ketones, the fluorescence
spectra were recorded. A graph between the quenching percent versus concentration
of all ketones was plotted and it was found that 56 and 57 behave similarly with
respect to acetophenone and acetylacetone (Figure 3.168), while showing different

behavior with other ketones.
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Figure 3.168. Comparison of sensing of ketone derivatives by 56 and 57.

In case of acetone, compound 56 is more efficient compared to 57. The general trend
of detection of ketones shows the order as follows: aromatic and diketones show

maximum quenching followed by cyclic ketones and then aliphatic ketones. In both
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cases, sensing of acetophenone and acetylacetone is shows more than 99%
quenching after just 20 uL addition to the slurry of 56 and 57, respectively in
methanol. This type of extensive sensing of ketones (acetophenone and
acetylacetone) is not reported in the literature (only acetone and cyclohexanone have
been studied). Moreover, the detection of cyclohexanone is getting a lot of

importance because of its importance in indirect sensing of RDX,262:265.266
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Figure 3.169. Comparison of selective sensing of cyclohexanone over other cyclic ketone and
acetone by compound 57 (left) and comparison of detection of cyclohexanone by both the
compounds 56 and 57 (right).

Detection of explosives chemical agents has the potential importance because they
are frequently used by terrorist activities.138:265267-271 Cyclotrimethylenetrinitramine
(RDX) was the second most produced explosive during World War Il and is still
widely used today. Due to the explosive nature and low vapor pressure, it is difficult
to detect the RDX directly. An alternative approach to direct detection of RDX is the
detection of cyclohexanone, a chemical used to recrystallize RDX. Therefore,
inspired by the results obtained form the sensing of acetone, we focused on the
sensing of cyclohexanone among other ketones. By comparing the sensing of cyclic
ketones with acetone as shown in the Figure 3.169, it was found that cyclohexanone
shows maximum sensitivity among all other ketones. More than 65% decrease in the
fluorescence intensity was observed in the case of cyclohexanone.  For
cycloheptanone, 55% quenching in the fluorescence intensity was observed, while in
cyclopentanone it was 30% and acetone showed 20% quenching in the fluorescence
intensity of 57. After comparing these results, it was found that as these compounds show
excellent sensitivity towards detection of acetone, while in case of cyclohexanone it is much

higher than acetone. Furthermore, sensing sensitivity of cyclohexanone was examined by
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performing an experiment by incremental addition of cyclohexanone from 10 pL-300 uL
(0.88 M). The result obtained from this study strongly indicates that 57 is more efficient

towards sensing cyclohexanone compared to 56 as shown in Figure 3.169.

Vapor sensing of volatile amines. From the past few decades, detection of volatile
organic amines (VOASs) have been getting great importance because of their
important roles in the fields of quality control, medical diagnosis, industrial and
environmental concern.?’>282 For this purpose, GC-MS and electrochemical devices
are used frequently. However, these detection methods are very expensive in terms
of instruments and accessories. Therefore, the use of photoluminescent materials is
preferred which is a much easier and cost-effective method for the detection and
sensing of amines in vapor as well as in solution phase.30:132140-143  Herein, we have
demonstrated the sensing of various amines in the vapor phase by using two analogs
of Zn(ll) metal-organic frameworks. These two compounds (56 and 57) were
synthesized at two different conditions, by which they adopted different properties

and pore environment.
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Figure 3.170. Comparison of Sensing of volatile amines by 56 and 57.

Sensing of amine vapors has been employed for both the compounds 56 and 57. For
this purpose, different volatile amines like triethylamine, ethylamine, aniline, and
tertiary butyl amine have been used owing to their low boiling points (Figure 3.170).
56 and 57 being analogous to each other having different properties also show a
variation in their sensing properties. For the detection of amine vapors, 56 or 57 (2
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mg) was placed in a small glass tube and was kept in the eppendorf having 0.2 mL
amine and was tightly sealed. After 18 h it was taken out and poured in 2 mL
methanol and covered tightly. Furthermore, it was sonicated for 15 min to make a
uniform slurry and then immediately transferred into aquartz cuvette to carry out the
fluorescence experiment.

The results obtained from this study indicate the different response of both the
compounds towards different volatile amines. As shown in the Figure 3.170, along
with the quenching and enhancement of the fluorescence intensity, a shift in the Amax
was also observed. The results obtained indicate aniline and ethylamine show
enhancement and t-butyl amine show maximum quenching in the intensity in case
of compound 56. While in case of 57, only aniline shows enhancement and
trimethylamine shows maximum quenching. This is due to different type of
interactions of amines with the framework of 56 and 57. Compound 57 shows a good
selectivity for trimethylamine among other amines.

Sensing of aromatic amines in solution. After the sensing of volatile amines, we
move towards the sensing of aromatic amines in the solution state. For this purpose,

different aromatic amines were used which are shown in the Figure 3.171.
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Figure 3.171. Structure of different amines used for sensing in the solid state (slurry) by 57.

57 was chosen amon the two compounds for sensing experiment because it was synthesized
at room temperature which is a green method. For the sensing of aromatic amines, a slurry
of compound 57 in methanol was prepared using 2 mg of the compound. To make a uniform
suspension, compound was first stirred in the methanol for 30 min and then sonicated for 5
min. After transferring this slurry into the cuvette, fluorescence spectra were recorded for
the pristine sample. After this 30 uL amine solution having a concentration of 0.023 M (in
methanol) was added , stirred for 5 min and the emission spectrum was recorded. A series
of amines have been employed for this study using the same protocol. These different

aromatic amines have different groups associated with them, which may be electron
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donating or/and electron withdrawing groups, attached at different positions of the phenyl
ring. Because of this, we have found that both turn-on and turn-off behavior in
luminescence takes place with respect to different analytes (Figure 3.172). Along with the

quenching and enhancement, red and blue shift in the Amax also takes place.
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Figure 3.172. Sensing of aromatic amines (a) Response of 57 dispersed in methanol towards
sensing of different aromatic amines (30 pL, 0.023 M) and (b) 2D decoded map of intensity vs
wavelength for different aromatic amines in 57.
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Figure 3.173. Sensing of aromatic amines (a) Response of 57 dispersed in methanol towards
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As shown in the Figure 3.173, p-methoxyaniline shows turn-on fluorescence, while
others like p-nitroaniline, aniline, and 2,6-diisopropyl aniline show a turn-off behavior. If
we consider the quenching percentage, it is maximum in case of aniline (more than
90%), while 2,6-diisopropylaniline and p-nitro aniline show around 50% quenching.
From this experiment, it was observed that aniline derivatives show a decrease in the
fluorescence intensity, while the presence of electron donating group enhances the

intensity.
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Figure 3.174. Change in FTIR spectrum after aniline encapsulation inside 57.

This change in fluorescence is due to the interaction of amines with the framework by
which these amines can enter inside the pores. Interaction of aniline takes place at different
interaction sites of the framework which is responsible for the change in the fluorescence
intensity as well shift in the Amax value. To check for the presence of amines inside the
framework or interaction of amines, different techniques have been used. For this purpose,
the compound having aniline was filtered off from the solution after fluorescence and dried

in air. Using this compound, FTIR, PXRD and thermogravimetric analysis have been

performed.
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Figure 3.175. TGA scans (left) and PXRD patterns (right) before and after aniline encapsulation
in 57.

By comparing the FTIR of the fresh compound with a compound having aniline it is
confirmed that aniline is present in the framework. As shown in the Figure 3.174,
appearance of two peaks in between 3100 cm™ to 3500 cm™ is a strong evidence for the
same. Furthermore, a slight change in the PXRD pattern as well as a change in the thermal

stabilityconfirms the presence of amine within the metal-organic framework. An
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appreciable weight loss in the TGA scan of 57 after aniline encapsulation confirms the

encapsulation of aniline within the framework (Figure 3.175).

Sensing of nitroaromatic compounds (NACs) in solution. Compound 57 was
further employed for the sensing of nitroaromatic compounds (NACS).
Nitroaromatic compounds consist of the major ingredients which are used in
common explosives. Because of environment and human health concern, it is very
important to sense these chemical compounds.t2121.283 A fast and efficient detection
of explosives is one of the concerns for a variety of reasons which make these sensors
more efficient and reliable. We have discussed that due to the presence of analyte, a
change in the fluorescent behavior of the compound occurs. The change in the

fluorescence behavior is due to the interaction of the analyte with the framework.?8!

For this study, 2 mg of 57 was taken in 2 mL methanol after activation at 120 °C in
a vacuum oven. It was stirred for 30 min followed by sonication for 15 min to make
a proper slurry. This was then transferred to the cuvette, and fluorescence spectrum
was recorded. This was excited at 285 nm and scanned for a range of 310 nm-550
nm using slit width 3 nm and 3 nm (entrance and exit slit). A broad spectrum was

obtained having Amax between 400 nm to 450 nm as shown in Figure 3.176.
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Figure 3.176. Change in emission intensity after addition of different analytes (left) and quenching
with respect to the different analyte in 57 (right).

A series of nitroaromatic have been employed for this study mainly toluene and
phenolic nitro-aromatic compounds. A 1 mM solution of all these analytes was
prepared, and 50 uL of each was added to a well-dispersed slurry of 57 taken in
methanol, and the fluorescence spectrum was recorded. The results obtained from
this study indicate that in all the cases quenching in the fluorescence intensity takes

place. No enhancement in the fluorescence intensity was observed like aromatic
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amines. A slight shift in the Amax was observed in some cases in addition to the
quenching in intensity. Considering the trend of quenching, it was found that
nitrophenols show maximum quenching compared to other nitro aromatic
derivatives (Figure 3.176). Out of all nitroaromatics, 2,4,6-trinitrophenol (TNP)
shows maximum quenching around 90% followed by p-nitrophenol (60%) and o-
nitrophenol (30%). o-nitrophenol shows less quenching effect than the 2,4-
dinitrotoluene (45%). Further, 1,3-dinitrobenzene (20%) shows higher quenching
efficiency than 2,6-dinitrotoluene (15%).

The quenching effect of 2,4,6-trinitrophenol (TNP or picric acid) inspired us to
investigate further the detection limit and Ksy constant which can further explain the
extent of interaction between TNP and 57. As we know, compound 57 is soluble in
water, therefore, detection of TNP (picric acid) has been done in water and as per
the literature survey it is rare to sense the picric acid in the aqueous medium.?®* So,
we have chosen the aqueous medium for sensing of picric acid. We have taken 1 mg

of compound, dissolved in 3 mL of water and fluorescence spectra was recorded.
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Figure 3.177. Change in emission intensity after addition of picric acid (left) and shift in Amax
with respect to the incremental addition of picric acid in a solution of 57 (right).

Furthermore, after an incremental addition of TNP solution (1 mM), fluorescence
spectra were recorded. After plotting a graph between intensity versus wavelength
for every addition, a sequential quenching in the fluorescence intensity was observed
(Figure 3.177). Upon closer investigation of the fluorescence spectra, we have found
that the fluorescence spectrum of 57 in presence of TNP is red shifted by 20 nm.
The extent of interaction of TNP with 57 i.e. the Kg value is found to be 1.98 x 10*
M and has been calculated from the linear fitting of the graph between

concentration verses lo/l. This Ksy value indicates the presence of strong interaction
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of TNP with the framework. Furthermore, the detection limit was calculated by
linear fitting of intensity versus concentration. A detection limit of 0.16 ppm was

calculated which is good for the detection of TNP in water.

Transmetalation in 56 and 58. Transmetalation is the process by which one metal
is exchanged with another metal to form a new compound.?®® In case of MOFs, it is
convenient to swap their constituent with a surrounding medium via post-synthetic
modification to create a novel structure. These compounds formed by post-synthetic
approach have different properties when compared with the starting compounds.
Sometimes, if it is not possible to make the compound by the common methods then
post-synthetic modification plays a very important in the formation of these new
compounds.?8-288 |n MOFs, exchange of ion (cation and anion), coordinated water
molecules, ligands, linkers and modification of ligands having functionality is a way
to design new materials. However, it is not possible to get the desired product
always; sometimes MOFs lose their identity or a collapse of the framework can occur
during the process. In the transmetalation process, cleavage of all the bonds of donor
atom and metal takes place followed by the formation of new bonds with the new
metal. This process can only happen when the bond between the ligand and the metal
is not strong enough. This post-synthetic modification can cause a change in the
topology of the starting compound, or it may remain intact. For this purpose, we
have chosen two different compounds which have been synthesized by solvothermal
conditions using two different metals Zn(Il) (56) and Cd(ll) (58) and a common
mixed ligand. The exchange of metal already present in MOF with another metal was
achieved by the post-synthetic modification process. Zn(Il) or Cd(ll) was replaced by
Cu(Il) metal center by following the reported procedure in literature (Figure 3.178).
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Figure 3.178. Schematic representation showing the synthesis of 56 and transmetalation to 56Cu.
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At room temperature, freshly prepared crystals of 56 and 58 were immersed in acetonitrile
solutions of Cu(NOz)2 (5 mg in 25 mL). After 12 h, a change in the color was observed
which indicates the exchange of Zn(Il) and Cd(I1), respectively, with copper in the primary
stage (Figure 3.179).

Figure 3.179. Change in the color of crystals of 56 after transmetalation.

T T T T T T T T T
0 1 2 3 < 5 6 7 8 9 07 1"
Full Scale 8043 cts Cursor: 0.000 ke Full Scale 999 cts Cursor: 0.000 ke

Figure 3.180. EDX spectrum of 56 (left) and corresponding exchanged product with Cu (right) is
that 56Cu.

Compound 56 is a Zn(Il) complex with a mixed ligand; forms whitecrystals which turns
greenish after transmetalation as shown in the Figure 3.179. After keeping the crystals in
the same solution of Cu(NOz)2 for 15 days, the resulting product was filtered-off and
washed with acetonitrile followed by drying in air. These green crystals were further used
for other characterizations like elemental analysis, FTIR, absorption spectroscopy, energy-
dispersive X-ray spectrometry (EDX), and powder XRD analysis. To confirm the presence
of exchanged metal, EDX analysis was performed. From the EDX studies, we can easily
find out which metal is present in the compound. The appearance of the peak for only
copper in the EDX spectrum indicates complete exchange of Zn(Il) and Cd(ll) with the
incoming Cu(ll) metal, as shown in Figure 3.180. For compound 56, crystals were good

203



enough for single crystal studies. So, after washing the crystals with fresh acetonitrile, these

were used for single crystal analysis.

Single crystals analysis of compound 56Cu indicates that this compound crystallizes
in the monoclinic C2/c space group which is different from the mother Zn(ll)
compound (P21/n). However, the coordination environment around the metal center
Is same, surrounded by three nitrogens and two oxygens of the ligand, resulting in a
distorted square-pyramidal geometry. The asymmetric unit consists of a Cu(ll)
center, a bpaipa ligand, and solvent molecules as shown in Figure 3.181. After
transmetalation, no change in the overall topology of the compound was observed,
although due to the flexible rotation of the carboxylate, a slight change in the
arrangement of the carboxylate was observed. In this case, DMF also gets replaced

by the acetonitrile molecule which are situated in the pores of the framework.
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Figure 3.181. Change in the crystal structure after transmetalation in 56.

Both the carboxylates bind in a monodentate fashion with Cu(ll) center (distances:
1.995(2) A and 1.958(2) A), and the pyridyl nitrogens bind with the metal (distances:
Cu—Npy, 2.074(3) A, and 2.046(3) A) and one alkyl nitrogen (distance: Cu—Naiky,
2.321(3) A). There is not much difference in the distances between the donor atom
and the metal in both mother and daughter complexes. The T parameter found to be
0.22, which indicates the geometry is close to square-pyramidal. Similar to the
mother Zn-MOF (56), a 2D MOF was generated by expanding this asymmetric unit
which consists of a sheet-like structure having two different types of pores as shown
in Figure 3.182. Large and small pore dimensions are 14.825 (2) x 8.675 (2) A?
(defined by the distance between two Cu?* centers) and 3.653 (2) x 7.444 (2) A?

(defined by the distance between corners Cu?* centers and an oxygen atom).
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Figure 3.182. Change in the small and large pore after transmetalation in 56.

After transmetalation, no change in the overall topology took place, although a slight
change in the orientation of the carboxylates was observed as shown in the Figure 3.183.
As in 56, both the carboxylates are situated in the same plane, while in 56Cu both the

carboxylates are not in the same plane and are oriented in different directions.

Figure 3.183. Topological view of 56 (left) and 56Cu (right).

Due to this flexible rotation of carboxylates, the pyridyl group gets situated more inside the
pores which result in a change of the T parameter as well as pore volume. Considering
the lattice solvent, in 56, it has one DMF and two water molecules, while in 56Cu,
one water molecule and two acetonitrile molecules are present in the pores. After
investigating very carefully both the structures, it was found that the available pore volume
and nature inside the pores is different. Compound 56 shows more available pore space

than compound 56Cu.

In every case, it is not easy to exchange metals with a 100% conversion rate, however, by
increasing the time we can achieve this. It is reported in the literature that conversion starts

from the surface and goes towards the bulk. This can be easily confirmed by removing the
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crystals after some time and breaking the crystal into two halves. The difference in the color
of surface and bulk is the proof for this partial conversion. There are some methods by
which we can calculate the kinetics of exchange. In our study, we have used EDX
spectroscopic technique to find out the time taken by a crystal for 100% conversion or
exchange. To do so, we took out some crystals from the solution of Cu(NOs3). every day
and used for EDX studies. The percent of both the metal atoms was plotted against the
number of days. From this, a conclusion can be drawn that 100% conversion of Zn(I1) with

copper(Il) takes place in sixteen days, as shown in Figure 3.184.
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Figure 3.184. Kinetics of replacement of Zn(11) with Cu(Il) followed by EDX in 56.

Furthermore, this exchange of metal via post-synthetic modification was confirmed by
other techniques like UV-Vis spectroscopy and powder X-ray diffraction analysis. As
shown in the Figure 3.185, the PXRD patterns of both 56 and 56Cu are slightly different,
while they show good agreement with their respective simulated powder pattern obtained

from their single crystal structures.
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Figure 3.185. Simulated and experimental powder patterns of 56, 58, 56Cu and 58Cu (left) and
solid state reflactance spectra of 56, 56Cu, 58 and 58Cu (right).
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Along with this, the bulk phase purity of the resulting compounds was also confirmed by
their respective PXRD patterns. Furthermore, UV-Vis spectra of both the Zinc and Copper
compounds have been done in the solid state, where the appearance of a peak around 700-
800 nm in the 56Cu confirms the presence of copper instead of Zn(ll) (see Figure 3.185).

To explore further, we moved towards the Cd(I11) compound (58). Similar protocol for the
transmetalation in compound 58 was followed (Figure 3.186). Even after using similar
protocols and going for several attempts, we could not get crystals good enough for
SCXRD as the crystals got cracked after the process. So, we have used other analytical
techniques like TGA, FTIR, CHN, and PXRD to prove this cation exchange via post-

synthetic modification.
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Figure 3.186. Schematic representation showing the synthesis of 58 and transmetalation to 58Cu.

This compound had light yellow color crystals which were used for the transmetalation
study. The crystals were dipped in a solution of Cu(NOs). in acetonitrile for 15 days. After
few days, color of these crystals started changing to light green color and at the end total

compound turned into green color, as shown in Figure 3.187.

cu(ny  Cd(n)

Figure 3.187. Change in the color of crystals of 58 after transmetalation.

A strong evidence for the metal exchange is the appearance of the copper peak and
disappearance of cadmium peak in the EDX spectrum. Furthermore, a change in the PXRD
pattern of 58 after transmetalation is another evidence of change in the structure. By
comparing the PXRD patterns of 56Cu and 58Cu which shows similar nature confirming
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the formation of similar compound as formed in 56. The appearance of a broad peak around

700-800 nm in the solid state reflectance spectra of 58Cu confirms the transmetalation in

58. To check the percent exchange of Cd(I1) with Cu(ll), kinetics was done similar to that

in compound 56. From this study, it was confirmed that 100% conversion takes place in
15 days like in 56. From this study, it also confirmed that exchange of Cd(Il) with Cu(ll)

takes place with slower speed compared to Zn(11) compound, as shown in Figure 3.188.

(a)

Days

Figure 3.188. Kinetics of transmetalation in 58.
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Under hydrothermal conditions, four MOFs, 60-63, were synthesized (Scheme 3.23)

utilizing 2,4-Hzbpaipa by heating the reaction mixture in a mixed solvent (DMF, methanol,

and water in 1:1:1 ratio) at 120 °C for 48 h, followed by cooling over a period of 24 h.

M(OAc), + 2,4-Hybpaipa

» {[Zn(2,4-bpaipa)] CH;0H2H,0},

» {[Cd(2,4-bpaipa)]-3H,0},

M =12Zn
M = Cd
DMF:H,0:MeOH
120 °C, 48 h M = Ni
cooling in 24 h
M= Co

> {[Ni(2,4-bpaipa)]},

Scheme 3.23. Synthesis of 60-63.

> {[Co(2,4-bpaipa)l},

(60)

(61)

(62)

(63)

FTIR spectroscopic studies. The carboxylate in 2,4-Hzbpaipa in 60 and 61 show

monodentate binding mode with Zn(11) and Cd(ll), respectively, while it shows bidentate
binding mode in 62 and 63 with Ni(ll) and Co(ll), respectively. (Figure 3.189 and Table

3.26).
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Figure 3.189. FTIR spectra of 60-63.

Table 3.26.Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates in 60-63.

Compound | Asymmetric (b1) | Symmetric (v2) | Av =vi1-v2 | Binding mode
cmt cm? cmt
60 1629 1366 263 Monodentate
61 1615 1378 237 Monodentate
62 1567 1414 153 Bidentate
63 1569 1414 155 Bidentate

Thermogravimetric analyses. Thermal stability of 60-63 were studied as a function of
temperature in the range of 25-500 °C (Figure 3.190).
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Figure 3.190. TGA scans of 60-63.

60 is stable up to 250 °C after loss of one lattice water molecules corresponding to 3.86%
(ca. 3.54%). 61 is more stable up to 300 °C with the first weight loss of 10.13%

corresponding to the loss of one water molecule (ca. 10.23%). Compound 62 showed
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negligible weight loss up to 200 °C, indicating the absence of lattice solvent molecules,

while 63 shows a gradual weight loss.

Single crystal structure analyses. 60 crystallizes in the P2i/n space group. In this
structure, Zn(ll) is tetracoordinated and is surrounded by two oxygen atoms from the
carboxylate groups and two nitrogen atoms of the pyridyl groups from four different ligands
forming an N202 type coordination environment.

Figure 3.191. Coordination environment around the metal centers (left), Formation of 3D porous
structures (right) in 60.
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Figure 3.192. Topological view of 60 in two different directions.

All the carboxylates bind with Zn(I1) center in a monodentate fashion, with Zn-O distances
of 1.957(6) A and 1.986(6) A. On the other hand, Zn-N distances are 2.061(7) A and
2.003(7) A. Both the carboxylate and the pyridyl groups are cis to each other (Figure
3.191). A 3D porous coordination polymer is generated after expanding the structure in all
directions, with four different types of pores in which two pores are small with dimensions,
9.33 x 7.51 A% and 9.06 x 8.692 A2, and other two pores are large with dimensions 15.46
x 8.31 A% and 14.12 x 10.12 A2 This compound exhibits a 7-connected; uninodal net
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topology (new topology), as shown in Figure 3.192. All the bond distances and angles are

listed in Appendix (Table A32 and A43).

Adsorption of dyes in 60. 60 was pretreated for adsorption of dyes by washing with
methanol and heated at 120 °C in a vacuum oven for 8 h. Both cationic and anionic dyes
were screened using this compound. Three different dyes congo red (CR), rhodamine B
(RB) and methylene blue (MB) have been employed for the dye adsorption studies. A 2
uM concentration of these dyes was used, and the UV-Vis spectrum was recorded; 15 mg

of 60 was added to the solution of dye and after every 10 min, the UV-Vis spectrum was

recorded.
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Figure 3.193. Response of 60 towards methylene blue (left), rhodamine B (right) and congo red
(bottom).

With time, a decrease in the concentration of the dye was observed due to adsorption inside
the MOF. It was found that congo red (CR) showed the maximum absorbtion by 60
compared to the other two dyes. Although 60 is a neutral MOF, it exhibited good efficiency

to absorb CR which is an anionic dye. However, adsorption of other cationic dyes also took
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place although to a lesser extent (Figure 3.193). A variation in the adsorbed amount of the

anionic and cationic dyes was observed due to the variable size of the dyes.

Chemistry with Hspbaipa ligand

Using Hspbaipa, four metal-organic coordination networks (64-67) were synthesized under
solvothermal conditions by heating the reaction mixture in a teflon reactor at 120 °C for 48
h in a mixed solvent mixture, i.e. water and DMF (1:1), followed by cooling in 24 h to 25
°C, as shown in Scheme 3.24. In case of 65, the metal to ligand ratio is 3:2. On the other
hand, all other compounds are 1:1 product with an overall negative charge, which is

balanced by the dimethyl ammonium cation formed from the DMF solvent at high

temperature.
MEZ0 s {[(CH)NHIIZn(pbaipa)]4H0},  (64)
M=Cd _ {[Cdy(pbaipa);4H;0}, (©)
DMF:H,O
M(OAC + Hspbaipa —————;
( )2 3pbaip 120 °C, 48 h M =Cu ;
Cooling 24 h > {[(CHs),NH,[Cu(pbaipa)|H,0},  (66)

| M=Co {[(CH3),NH,][Co(pbaipa)]5H,0},  (67)

Scheme 3.24. Synthesis of 64-67.
FTIR spectroscopic studies. In the FTIR spectra of 64, 66 and 67, a peak around 1680-

1690 cm™* confirms the presence of the dimethyl ammonium cation, while other features

are same for all the compounds.
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Figure 3.194. FTIR spectra of 64-67.
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Table 3.27. Asymmetric and symmetric stretching frequencies and respective binding modes of
carboxylates of 64-67.

Compound |  Asymmetric (v1) Symmetric (v2) Av=v1- 2 Binding mode
cm'? cm'? cm'?
64 1598 1300 298 Monodentate
65 1594 1385 209 Bidentate (chelated)
66 1570 1386 184 Bidentate (chelated)
67 1606 1440 166 Bidentate (chelated)

On the other hand, compounds 65, 66 and 67 exhibit a bidentate mode of carboxylate
binding, while 64 shows a monodentate mode of carboxylate binding with the metal center
(Figure 3.194). A comparison of their carboxylate binding modes is shown in Table 3.27.

Thermogravimetric analyses. The thermal stability of 64-67 were studied as a function
of temperature in the range of 25-500 °C. 64 is stable up to 250 °C after losing four lattice
water molecules (loss of 11.48% vs. ca. 12.25%). Similarly, in case of 65 the first weight

loss of 6.47% was observed, corresponding to four lattice water molecules (ca. 5.92%).
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Figure 3.195. TGA scans for 64-67.

66 exhibits a first weight loss of 4.21% corresponding to one lattice water molecule (ca.
3.38%). In case of compound 67, the first loss of 14.42% corresponds to five lattice water
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molecules (ca. 15.05%). From the comparison, it was found that compound 65, after losing

the lattice solvent molecules, is more stable comapred to other in the series (Figure 3.195).

Single crystal structure analyses. 64 crystallizes in the triclinic P-1 space group in which
Zn(11) center is tetracoordinated and is surrounded by three oxygens from the carboxylate
group of three different ligands and one nitrogen from the fourth ligand making it NO3 type
surrounding. The asymmetric unit consists of two Zn(Il) centers having the same type of
surrounding environment, two ligands, two dimethyl ammonium cation, and three water
molecules. These two metal centers and ligands form a circular loop in the asymmetric unit.
The Zn-Npy distance is 2.045(4) A, while Zn-O distances are 1.954(3) A, 1.955(3) A and
1.926(3) A, respectively. The aliphatic nitrogen atom is in the non-bonded form (Figure
3.196).
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Figure 3.196. (a) Coordination environment around metal center, (b) formation of a 2D sheet and
(c) topological view of 64 (solvent molecules are removed for clarity).

All the carboxylates bind to the metal center in monodentate fashion. It contains four
different pores, two small and two large pores (Figure 3.197) in which solvent molecules
as well cation can be trapped. These cations can be easily exchanged with other cations and
make them potential candidates for different applications (separation and absorption of

dyes for purification of industrial wastewater) based on anion exchange.
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Figure 3.197. Formation of four different type of pores and their respective diameter in 64.

Adsorption and separation of dyes/water purification: Dyes have been used for coloring
the textile from ancient time. Although in the previous years natural dyes were used, from
the past few decades, synthetic dyes have been widely used in the paper, pharmaceutical,
food, and textile industries. A large number of dyes are being synthesized every day all
over the world. In the dye production process, nitration, sulfonation, diazotization, and
salting-out processes take place which can produce large amounts of dye-containing
wastewater.?8%-2% This enormous amount of wastewater is difficult to clean up for a variety
of reasons. Along with this, some carcinogenic and mutagenic chemicals such as benzene,
naphthalene, and benzoquinone are widely used in the dye production. Because of these
reasons, removal of dyes from wastewater is necessary to improve human health and make
a suitable environment for living systems. This is also an important step in the purification
of the waste water coming out of the industries. Among the removal methods reported to
date, adsorption removal has received a large amount of attention because it has many
advantages like the low operating cost, easy handling, easy regeneration of material used
for purification and no side effect to the environment. To explore this adsorption technique,
many porous MOFs have been reported and used for adsorption and separation of dyes.
Mostly anionic and cationic frameworks are more efficient for separation of dyes because
of anion exchange. Herein, we have synthesized an anionic framework (64) having solvent
molecules and cation in their lattice space. Different cationic dyes can be easily entrapped
inside these MOFs by anion exchange. The properties and porosity of these porous
materials can be tuned by using specific organic linker and the metal centers. Adsorption

of dyes in these porous materials basically depends on the size of the pores and nature of
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the porous material. The dyes having comparable size with the pores can be easily adsorbed

inside the MOFs. Some of the common dyes are shown in the Figures 3.198.
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Figure 3.198. Structure of common dyes present in the industrial wastewater.

In case of separation of dyes, there are basically two methods which are reported, one is
size selective, and another one is the ion-exchanged based. MOFs having small pores can
be used to adsorb small size dyes leaving bigger size dyes in the solution. Therefore, we
can easily separate the small dyes from the mixture of different size dyes. The second
method is based on the nature of the MOFs. Anionic and cationic dyes are mostly used in
industries, hence, on the basis of charge we can easily separate. Anionic MOFs can adsorb
cationic dyes by ion exchange process and vice versa. By using this type of ionic materials,
we can easily separate ionic dyes from their respective mixture. After successfully
synthesizing 2D anionic MOF by using different metal and a tricarboxylate based mixed
ligand (Hspbaipa) in DMF and water under solvothermal conditions, it was used for

separation of various dyes.

Before doing the adsorption experiment, this material was washed with methanol followed
by pre-treatment at 120 °C for 8 h in a vacuum oven. An aqueous solution of various dyes
(cationic and anionic) having a know concentration (2 uM) was prepared and used for this
study. We know that dyes have their own color and a characteristic peak corresponding to
them appears in the visible region. For example, methyl orange is an anionic dye of yellow
color having a characteristic peak at 465 cm™. On the other hand, methylene blue which is
a cationic dye shows a peak at 660 cm™. Along with this, a shoulder peak around 610 cm™

also appears due to quenching by self-aggregation of the molecules. Like methylene blue,
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two other cationic dyes like methylene green and rhodamine B also show two peaks at 650
cm™?, 610 cm™ and 560 cm™, 520 cm™ respectively. An activated sample of 64 was dipped
in an aqueous solution (2uM) of particular dyes. The absorbance intensity of dyes decreases
as time increases which indicates the encapsulation of dyes inside the MOF. It was observed
that 64 behaves differently with cationic and anionic dyes. It was observed that this
compound showed no change in the absorbance intensity in case of anionic dye, for
example, methyl orange (Figure 3.199). On the other hand, all the cationic dyes like RB,
MB, and MO have shown change (decrease) in the absorbance intensity (Figure 3.199 and
3.200).

0.6 — 0.6
4 0 Min N
| = oo
0.5 N % N7
| +

0.4 4 Methylene Blue

0.4+

Absorbance
Absorbance

L) T .
550 600 650 700 750
Wavelength (nm)

T L) L) T -
350 400 450 500 550 600
Wavelength (nm)

Figure 3.199. Response of anionic MOF(64) towards methyl orange and methylene blue.
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Figure 3.200. Response of anionic MOF(64) towards methylene green and rhodamine B.

The amount of methyl orange (MO) absorbed in the 64 is negligible, while 94% methylene
blue (MB) got absorbed inside the MOF. Methylene green (MG) about 92% and rhodamine
B (RB) about 88% got adsorbed by 64. This amount is calculated by the UV-Vis spectrum
of the particular dye before and after adsorption. With the change in concentration of the

solution by adsorption of dyes by MOF, absorbance also changed as these two are directly
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related to each other. After elimination of the left-over concentration obtained after the
adsorption of dye from the stock solution of dye, the amount of dye absorbed inside the
MOF was calculated. This concentration was calculated with respect to the change in the
Amax. From this result, it was observed that using 64, cationic dyes can be easily separated

from a mixture of anionic and cationic dyes.

Separation of dyes: 64 is an anionic compound, which is capable of separating the cationic
dyes from a mixture of cationic and anionic dyes. We found that with increasing time,
cationic dyes like MB, RB, and MG get trapped within the pores of 64, while MO was not
trapped. As a result, it was demonstrated that anionic dyes could be easily separated from
cationic dyes in an aqueous solution. So, for the separation process, a mixture of MB and
MO was prepared in same concentration in water. After mixing these dyes, a greenish color
solution was formed which gave two peaks corresponding to both MO and MB as shown
in the Figure 3.201. To this mixture, anionic MOF was dispersed and stirred. At every
interval of time (0, 5, 10, 15 minutes), an aliquot was taken out and after centrifugation the
UV-Vis spectrum was recorded. From the result obtained, the peak corresponding to MB
gets suppressed, and there was no change in the absorbance intensity corresponding to MO
(Figure 3.201). Along with this, green solution from the mixture was separated, compound
got blue in color and solution color remains yellow. After decanting and evaporating the
solvent MO was recovered. So, from this result, we can say that this is a good candidate for

separation of cationic dye from the mixture of cationic and anionic dyes.
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Figure 3.201. Separation of methyl orange and methylene blue by using an anionic MOF (64).
Effect of reaction conditions on the structures. As we know that 56 and 57 were

synthesized under different conditions, a structural change was observed in both the
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structure. Both the compounds have the same molecular formula except the lattice solvent
molecules. In 56, one DMF and two water molecules are present, while in 57 only six water
molecules are present in the lattice. Both the compounds show the same type of topology
and two different types of pores, in which one is smaller than the other. Along with these
properties, both the compounds are different from each other with respect to lattice solvent
molecules as well as in dimension and nature of pores. In 56, dimensions of both large and
small pores is 14.715(2) x 9.586(2) A? (from corner Zn(l1)) and 15.565(2) x 8.72(2) A?
(from corner Zn(ll)), while in case of 57, it is 16.026 x 10.350 AZ (from corner Zn(ll)) and
8.216 (zn(1l) to Zn(11)) x 3.775 A? (coordinated oxygen to oxygen) respectively. This

indicates that 57 has larger pore size than 56.

Effect of change in the metal center on the structures. As we have discussed in the
section above that by changing the synthetic procedures, structural changes can take place.
To explore it further, the metal center was changed, and both the compounds were
compared. As we know that 56 is a Zn(1l) compound while 58 is a Cd(Il) compound which
has been synthesized under the similar solvothermal conditions. The crystal structures
indicated that both the compounds have the same type of coordination architecture as well
as topology, but the coordination environment around the metal center is different. In 56,
Zn(ll) preferred a pentacoordination geometry, while Cd(ll) in 58 preferred
heptacoordination geometry. Both the carboxylates in 56 binds with the metal center in
monodentate mode, while in 58, both the carboxylates adopt a bidentate chelation mode of
binding. Pore dimensions in 58 (6.984 (Cd to Cd) x 3.635 A? (coordinated oxygen to
oxygen) and 15.669 x 11.906 A? (from corner Zn)) is larger than that of 56.

Positional effect of ligands on the structures. Compound 56 and 57 are the 2D complexes
with bpaipa and Zn(Il). Both the compounds have the same type of topology. To explore
further, the position of donor atom (nitrogen) in the ligand was changed from ortho to para
resulting in a formation of a new ligand, 2,4-Hjbpaipa. By using this ligand, metal
complexes with Zn(l1) have been synthesized and compared with the Zn(Il) complex of
2,2'-Hobpaipa. The change in the donor atom position resulted in a tremendous change in
the structures. As shown in the Figure 3.202, 57 forms a 2D coordination polymer while 60
is a 3D metal-organic framework. Furthermore, this is also confirmed by gas adsorption
studies. 60 shows a higher amount of nitrogen adsorption than 57 which further confirms

the change in the dimensionality of the products.
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Figure 3.202. Effect of change in the position of donor atom in ligand resulting in change in the
dimensionality of the MOF.

Effect of donor atoms on the structures. After exploring the effect of the change in the
position of donor atom in the ligand in the construction of metal-organic frameworks, we
step forward to check the effect of a change in the donor moiety at the same position of the
ligand in the formation of MOFs. For this purpose, a new mixed ligand was designed which
is a tricarboxylate pyridyl-based ligand, Hspbaipa. On comparing 60 with 64, it was
observed that by replacing nitrogen with the flexible carboxylate group at the same position
in the ligand, a 2D MOF was formed while in the former case, it was a 3D MOF. As 64 is
formed by using a tricarboxylate, it resulted in the formation of an anionic 2D MOF. On
the other hand, the former compound is a neutral 3D compound (Figure 3.203). 64 has free
cation which is a dimethyl ammonium cation located in the pores with the solvent
molecules. From this study, it was confirmed that by using different donor groups at the

same position of the ligand also affects the final architecture.
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3.2.2 Functionalized tetracarboxylate ligands

In this section, two functional tetracarboxylates having secondary and tertiary amines and
a xylyl spacer were utilized for making a series of porous materials to study their
physiochemical properties. In case of Hadiab, the 4,4'-bypy linker was also used to compare
the effect on the structure and properties with those having no linker. All compounds were
obtained in high yields and purity under ambient conditions (Schemes 3.25 and 3.26).
Unfortunately, no single crystal of all these compounds could be obtained even after
multiple attempts.

> {[Zn,(diab)]5H,0}, (68)
N
n| 4,4-bipy
s » ([Zn,(diab)(4,4-bipy),] 3H,0}, (69)
M(OAc), + H,diab MeOH -
RT & » {[Cd,(diab)]CH30H-6H,0},
n (70)
=
4,4-bipy _ ,
> {[Cdy(diab)(4,4-bipy),] 3H,0},  (71)
Scheme 3.25. Synthesis of 68-71.
M=2Zn
» {[Zn,(bdiab)]-3H,0}, (72)
M = Cd
» {[Cd,(bdiab)]:5H,0}, (73)
MeOH M = Cu
M(OAc), + H,bdiab - » {[Cuy(bdiab)]2CH3CH,0H5H,0},  (74)
MEN » Niy(bdiab)] 4H,0}, (75)
M =Co
> {[Coy,(bdiab)]-3CH;0H.5H,0}, (76)

Scheme 3.26. Synthesis of 72-76.

FTIR spectroscopic studies. In all cases, the difference between asymmetric and
symmetric stretching frequency for the carboxylate groups is either below or close to 200
cmt, which indicates their bidentate mode with the metal center (Figure 3.204 and Table
3.28).
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Figure 3.204. FTIR spectra of 68-76.

Table 3.28. Asymmetric and symmetric stretching frequencies and their respective binding modes
of carboxylates 68-76.

Compound | Asymmetric (v1) Symmetric (vz) | Av=vi— vz Binding mode
cmt cm?t cm?
68 1569 1418 151 Bidentate (chelated)
69 1575 1363 212 Bidentate (chelated)
70 1560 1373 187 Bidentate (chelated)
71 1558 1373 185 Bidentate (chelated)
72 1573 1365 208 Bidentate (chelated)
73 1550 1375 175 Bidentate (chelated)
74 1560 1364 196 Bidentate (chelated)
75 1557 1372 185 Bidentate (chelated)
76 1557 1373 184 Bidentate (chelated)
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Thermogravimetric analyses. 68 shows a two-step weight loss profile, where the first
weight loss of 12.06% between 50-130 °C corresponds to the loss of five lattice water
molecules (ca. 13.21%). 69 shows first weight loss of 6.23% between 25-150 °C
corresponding to the loss of three water molecules (ca. 5.64%). In case of 70, the first
weight loss of 17.34% corresponds to one methanol and six lattice water molecules (ca.
16.9%), while for 71, the first loss of 5.66% corresponds to the loss of three water molecules
(ca. 5.12%). 72 shows a loss of 5.94% between 25-150 °C corresponding to the loss of three
water molecules (ca. 6.52%) followed by its decomposition.
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Figure 3.205. TGA scans of 68-76.
For compound 73, the first loss of 8.85% corresponds to five water molecules (ca. 9.39%),
while for 74 the first weight loss of 16.14% corresponds to five water molecules and two

methanol (ca. 16.68%). For 75, the first loss of 9.32% corresponds to the four water

molecules (ca. 8.65), while in case of 76, the first weight loss of 20.18% corresponds to
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five water and three methanol molecules (ca. 19.68%). After the first weight loss, 72-76

are stable up to 300 °C after which these decompose to their respective metal oxides(Figure

3.205).

Photoluminescence properties. UV-vis spectra of 68-76 compounds have been recorded
in the solid state using KBr as a dispersion medium, which shows two maxima peaks around
250 nm and 350 nm (Figure 3.206). 74 shows an additional peak around 710 nm in the
visible region corresponds to Cu(ll) center, while the same peak for Ni(ll) in 75 and Co(ll)

in 76 is observed at 700 nm and 550 nm, respectively.
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Figure 3.206. UV-Vis spectra of 68-76.
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Figure 3.207. Fluorescence spectra of 68-73.

This difference in the position of peaks in the UV-Vis spectra is mainly attributed to their
characteristic electronic configuration. Further, we have explored emission properties of
these compounds (68-73), for which the fluorescence experiments were carried out in slurry
mode by dispersing 1 mg of compounds in 2 mL MeOH with excitation wavelength of 310
nm for each compound. These compounds have shown excellent fluroscence properties and
Aemi Was observed at 430 nm, 427 nm, 430 nm and 435 nm for 68-71, respectively. On the
other hand for 72 and 73, it was observed around 425 nm and 415 nm, respectively (Figure
3.207).
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Gas adsorption studies. From the nitrogen adsorption isotherms, it was observed
that these compounds have permanent porosity. 68 and 70 have adsorption of N2
upto 30 and 25 cm3(STP)/g at 77 K with the BET, Langumir surface are 23, 42.72
m?gtand 5.9, 8.9 m?g, respectively. By insertion of a rigid pillar linker (4,4-bpy),
porosity of these compounds was drastically increased, which was reflected in the
higher N2 uptake in 69 up to 200 cm® (STP)/g at 77 K with BET and Langumir
surface area of 69.1 m?g* and 131.28 m?g™* compared to 68 .
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Figure 3.208. N, adsorption isotherm for 68-76.
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Figure 3.209. CO; adsorption isotherm for 68-76.

Apart from using rigid pillar linker, porosity has also been enhanced by
incorporating an additional pyridyl functionality in Hsbdaib. 72 and 73 show
adsorption of N2 upto 40 and 45 cm3(STP)/g at 77 K with BET, Langumir surface
area of 33.3, 54.1 m?g™* and 36.1, 68.1 m?g?, respectively. In addition to this,
compound 76 shows 15 cm3(STP)/g of N adsorption at 77 K (Figure 3.208) with
the BET and Langumir surface area of 17 and 31 m?g™. After N, adsorption studies,
these compounds have been used for CO> adsorption studies. Due to high emission of CO>
in the environment, mankind is facing challenges like global warming, hence CO:

sequestration has become essential. From the results, it was observed that 69 and 71
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synthesized using rigid pillar linker (4,4-bipy) show better CO, adsorption (7.5 and 2.5
cm3(STP)/g at 298 K) compared to 68 and 70 (1 and 1.5 cm3(STP)/g at 298 K). While
compound 72-76 show 6, 6.5, 12, 9 and 6 cm3(STP)/g of CO; uptake at 298 K. From
the above discussed results, it is clear that by inserting a pillar linker porosity of

coordination architectures can be enhanced.

229



230



CHAPTER IV

Conclusions

1. For this work, the design and synthesis of various organic ligands (neutral and
anionic) was the first step. These include pyridyl and mixed pyridyl-carboxylate
ligands. In addition to these, few ligands with bare acetylene functionality were also
utilized in various applications. All these ligands have been isolated in good-to-
excellent yields and extensively characterized by various spectroscopic methods.

2. Using the new organic ligands and other readily available carboxylates and 4,4’-
bpy, two different strategies (three-component and two-component) have been
successfully employed for the synthesis of various metal organic coordination
networks (MOCNS) or architectures in good yields and purity.

3. First of all, for the three-component systems (metal centers, ancillary ligands and
dicarboxylates) a number of supramolecular assemblies of different dimensions was
obtained. For Ni(ll) as a metal center and 6-Mebpta, 6-Mebpea or 6,6’-Mezbpta as
a tridentate ancillary ligand, neutral or cationic dinuclear synthons bridged by one
or more dicaroxylates have been formed to associate with a variable number of
lattice water molecules in them. This led to a systematic study of various type of
water clusters. For the combination of 6-Mebpta and acetylene dicarboxylate, the
formation of a neutral bis(adc) dinuclear compound, [Ni2(adc)(6-Mebpta)2] 2H.0O
(1), resulted into encapsulating dimer of water. On the other hand, for fumarate and
succinate, cationic dinuclear synthons are formed with free carboxylates as anions
in the supramolecular network of [Niz(fumarate)(6-
Mebpta)2(H20)2](fumarate) 9H,0 2), and [Ni2(succinate)(6-
Mebpta)2(H20)2](Hsuccinate)24H20 (3). In 2, out of nine lattice water molecules,
five form a rare quasi-planar cyclic pentamer of water cluster.Using the concept of
host-guest interactions, an effect of anion exchange on the water clusters present in
cationic coordination networks of 2 and 3 has been shown via single-crystal-to-
single-crystal transformation without a change in the dinuclear synthons.In
changing the ancillary ligand from 6-Mebpta to 6,6’-Mezbpta, further
diversification in the supramolecular network takes place with a change in the metal

synthon. In this case, a mononuclear complex (17) has been formed having one side
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of the dicarboxylate uncoordinated but strongly hydrogen bonded to the coordinated
water of the second metal synthon. Interestingly, a change in the metal ion to Zn(l1)
with the same ligand and linker results in a 1D coordination polymer.

By using a tricarboxylate instead of a dicarboxylate, an increase in the
dimensionality of the coordination network of Cd(Il) has also been demonstrated
through examples of 24 and 25.

For the functional tridentate ligand (2,2-terpyBA), MOCNs of different metal ions
and dicarboxylates have been synthesized. These form either mononuclear
complexes or ladder/zig-zag shaped 1D coordination polymers. Further association
of these units through supramolecular interactions forms 3D supramolecular
assemblies.

For solvent sensing and site selective sensing (detection) of various metal ions, it is
observed that due to the interaction of metal ions at different positions turn-on and
turn-off fluorescence take place.

. With a change in the position of nitrogen donor atoms, 4,4’-terpyBA ligand in
combination with Hobdc and Zn(Il) provides a 3D MOF, {[Znz(bdc).(4,4-
terpyBA)2] DMFH20}n (37). On the other hand, with Ni(ll) and Co(ll), 1D
coordination polymers (ladder-shaped) {[Ni(bdc)(4,4-
terpyBA)(H20)] CHsCH20H'H.O}n (40) and {[Co(bdc)(4,4-
terpyBA)(H20)] 2DMFH20}n (41), respectively, have been isolated. Similarly,
with  Cd(Il) and Cu(ll), 3D coordination polymers have been formed
{[Cd2(bdc).(4,4’-terpyBA)2] DMF5H,0}, (38) and {[Cuz(bdc)2(4,4 -
terpyBA).] DMF4H20}n (39), respectively.

Using {[Zn2(bdc).(4,4’-terpyBA),] DMFH20}, (37), the fabrication of Pd
nanoparticles inside its pores provided a new multifunctional catalyst NPs@Zn-
MOF, which was a platform for various organic transformations. Both cascade one-
pot N-alkylation and Knoevenagel condensation reactions have been performed
with good efficiency using NPs@MOFs catalyst was fully characterized by various
techniques like FESEM, TEM, UV-Vis sepctroscopy, gas adsorption and PXRD
analysis.

Replacement of the dicarboxylate with a tricarboxylate in case of functional
tridentate ligands has shown a tremendous effect on the coordination architectures
formed. Using the Hasbtc tricarboxylate, a mononuclear complex [Co(2,2-
terpyBA)2](Hbtc)H2O (50) was formed with 2,2’-terpyBA, while porous 2D
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14.

15.

{[Zn2(Hbtc)2(4,4-terpyBA)2]}n (51) and 3D {[Cd2(OACc)(btc)(4,4-
terpyBA)2(btc)2] DMFH20n (51) MOFs were formed with 4,4°-terpyBA. Utilizing
the bare acetylene functionality in {[Cd2(OACc)(btc)(4,4-
terpyBA)2(btc)2] DMFH20}, (51), sensing of metal ions was explored, where
quenching (turn-off fluorescence) was observed in case of Ca®*, Co?*, Cd?*, Ni?*,
Zn?*, Mg?*, Ag®*, Pb?*, Hg?*, Fe®*, Pb?*, Pd?* and AI®*, and enhancing (turn-on
fluorescence) was observed for Cu(ll) and Na(l). Based on the data, detection of
Fe(111) was found to be selective over other metal ions.

For the two-component systems, a mixed ligand (H2bpaipa) was selected to explore
the effect of reaction conditions for making Zn(Il) and Cd(1l) MOFs. An example
of such outcome is the pair {[Zn(bpaipa)]DMF2H.0}, (56) and
{[Zn(bpaipa)] 6H20}n (57), where these only differ in their lattice solvent, however,
have different structures and properties. Through single-crystal-to-single-crystal
transformation, the desolvation-resolvation of 56 was studied. Based on this
extraordinary experimentation, it was possible to explain the reduced pore space
upon desolvation for gas adsorption due to flexible rotation of the carboxylate group
bonded with the metal center.

Along with 56 and 57, the Cd(ll) analogs {[Cd(bpaipa)] DMF2H,0}, (58) and
{[Cd(bpaipa)] 4H20}n (59) were used for solvent encapsulation studies. All these
four MOFs are good candidates for the adsorption of methanol.

Complete transmetalation of Zn(11) and Cd(ll) in {[Zn(bpaipa)] DMF2H,0}: (56)
and {[Cd(bpaipa)] DMF2H20}, (58) with Cu(ll), respectively, have been
demonstrated successfully along with kinetic parameters for such exchange.

Both 56 and 57 were found to be good fluorescent sensors for ketones, specifically,
cyclohexanone and amines. These were also used for sensing nitroaromatic
compounds with a detection limit of 0.16 ppm for trinitrophenol.

Using a tricarboxylate based mixed ligand, anionic MOFs like
{[(CH3)2NH:][Zn(bpaipa)] 4H.O}x (64)) have been synthesized for the absorption-
induced separation of dyes from water.

Both tetracarboxylates and mixed tetracarboxylates based ligands, with or without
4,4’-bpy linker have provided various amorphous MOFs (69-76). The effect of
linker has been explored with respect to their sorption of different gases and

luminescence properties.
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APPENDIX

Table Al. Crystal data and structure refinement parameters for 1.

Compound
Empirical formula
Formula weight

1
Ca2H50NsNi2010
916.30

Temperature/K 100

Crystal system monoclinic
Space group P21/n

alA 10.1941(14)
b/A 15.966(2)

c/A 12.8443(18)
a/° 90

/e 103.751(6)

v/° 90

Volume/A3 2030.6(5)

z 2

peaicg/cm?® 1.499

w/mm' 0.994

F(000) 960.0

Crystal size/mm?® 0.3x0.2x0.2
Radiation MoKa (A =10.71073)
20 range for data collection/° 4.144 t0 50.92

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

-12<h<10,-15<k<19,-15<1<12

13196

3619 [Rint = 01129, Rsigma = 01871]

3619/0/362
0.961

Final R indexes [[>=2c (I)]
Final R indexes [all data] R1=0.1748, wR> = 0.1286
Largest diff. peak/hole / e A 0.46/-0.49

R1 = Z||Fo| — |Fe|l/Z[Fo|. WR2 = [EW(Fo? — Fc?)%/Zw(Fo?)?]*2, where w = 1/[c%(Fo?) + (aP)? + bP],
P = (Fo? + 2F2)/3.

R1=10.0609, wR2 = 0.0972
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Table A2.Crystal data and structure refinement parameters for 2>fumarate and

3osuccinate.
Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

peaicg/cm®
w/mm

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A
R1 = Z||Fo| — |Fe|l/Z[Fo|. WR2 = [EW(Fo? — Fe?)%/Zw(Fo?)?]*2, where w = 1/[c%(Fo?) + (aP)? + bP],

P = (Fo? + 2F:)/3.

2>fumarate
C42H71N6Ni2019
1081.46

100

Monoclinic

P2i/c

18.912(3)
19.007(4)
15.065(3)

90

111.363(5)

90

5043.3(17)

4

1.424

0.825

2292.0
0.25%0.21 x0.21
MoKa (A =0.71073)
2.312 to 50.062

-22<h<22,-22<k<
22,-17<1<17

35007

8873 [Rint = 0.0539,
Rsigma = 00472]

8873/0/629
1.083

R1=0.0473, wR2 =
0.1379

R1=0.0649, wR2 =
0.1465

1.03/-0.63

3>Hsuccinate
C6H72NeNi2018
111451

100

monoclinic
P2i/c

9.425(3)
13.788(5)
19.461(8)

90

97.28(2)

90

2508.6(16)

2

1.475

0.830

1180.0
0.2x0.2x0.2
MoKa (A =0.71073)
4.22 t0 48.998

-9<h<10,-16 <k <15,

-22<1<22
11551

4091 [Rint = 0.1714,
Rsigma = 02283]

4091/0/337
1.029

R1=10.1069, wR2 =
0.2844

R1=10.2260, wR2 =
0.3519

1.07/-0.71
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

'

Volume/A3

z

pealcg/cm®
p/mm

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [[>=2c (1)]

Final R indexes [all data]

Largest diff. peak/hole / e A

2DCIO«
C38He4Cl2N6sNi2020
1113.27

100

triclinic

P-1

13.438(8)
13.478(7)
14.245(8)
94.133(9)
99.165(7)
94.604(7)
2529(2)

2

1.462

0.928

1168.0
0.25%x0.2x0.2

MoKa (A =
0.71073)

2.906 t0 50.172

-16<h<15,-10<
k<16,-15<1<16

32553

8902 [Rin =
00919, Rsigma =
0.1286]

8902/0/623
1.080

R1=0.0884, wR2 =
0.2537

R1=0.1717, wR2 =
0.2930

1.02/-0.72

Table A3. Crystal data and structure refinement parameters for 25CIO4 and 221"

im]
CssHeal2NsNi2012
1168.17

100

monoclinic

P21/n

9.0415(12)
18.726(2)
14.6333(19)

90

104.040(10)

90

2403.6(6)

2

1.614

2.129

1184.0

0.23 x0.23 x0.23
MoKa (A =0.71073)

3.6 t0 50.364

-10<h<10,-22<k<
22,-17<1<16

15882

4276 [Rint = 0.1261,
Rsigma = 01764]

4276/0/285
0.966

R1=0.0697, wR2 =
0.1362

R1=0.1811, wRz =
0.1762

0.68/-1.21

R]_ = E||F0| - |Fc||/Z|Fo| WR2 = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]UZ, Whel‘e \\ 1/[02(F02) + (a.P)2

+bP], P = (Fo? + 2F:2)/3.
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Table A4. Crystal data and structure refinement parameters for 35CIO47, 3DClI" and
3DNOs.

Compound 32CIOs 3oCI 35NOs3

Empirical formula CagHe4Cl2NsNi2O1  C3gH74CI2NeNi2O1  CasHesNgNi2O1
9 6 8

Formula weight 1097.27 1059.35 1040.40

Temperature/K 100 296.15 100

Crystal system monoclinic monoclinic monoclinic

Space group P21/n P2i/c P21/n

alA 9.7364(17) 9.5349(10) 9.114(5)

b/A 14.868(3) 14.1156(16) 18.192(9)

c/A 17.882(3) 19.310(3) 14.651(7)

a/° 90 90 90

B/° 103.399(8) 100.472(7) 104.145(7)

v/° 90 90 90

Volume/A3 2518.1(8) 2555.6(5) 2356(2)

Z 2 2 2

peatcg/cm® 1.447 1.377 1.467

pw/mm? 0.930 0.909 0.880

F(000) 1152.0 1124.0 1100.0

Crystal size/mm?® 0.23x0.21x0.21 0.2x0.2x0.2 0.2 x 0.25 x

0.25

Radiation MoKa (A = MoKa (A = MoKa (A =
0.71073) 0.71073) 0.71073)

20 range for data 3.604 to0 50.192 3.596 to 50.254 3.638 t0 51.534

collection/®

Index ranges -11<h<11,-17< -11<h<11,-16< -10<h<11,-
k<17,-20<1<21 k<15,-21<1<23 21<k<20,-11

<1<17

Reflections collected 16287 16978 14814

Independent reflections 4454 [Rint = 4523 [Rint = 4163 [Rint =
01481, Rsigma = 01064, Rsigma = 00382, Rsigma =
0.2223] 0.1091] 0.0468]

Data/restraints/parameter  4454/0/321 4523/0/310 4163/0/312

S

Goodness-of-fit on F2 0.874 1.179 1.064

Final R indexes [[>=2c R1=0.0737, wR2  R1=0.1543, wR> R1 =0.0504,

(N] =0.1623 =0.3739 wR2 =0.1121

Final R indexes [all data] R1=0.2101, wR> R1=0.1963,wR> R1=0.0670,
=0.2073 =0.3936 wR2 =0.1231

;\argest diff. peak/hole /e 0.78/-0.64 2.35/-1.08 0.63/-0.77

-3

R1 = Z||Fo| — |Fe|l/Z[Fo|. WR2 = [EW(Fo? — Fc?)%/Zw(Fo?)?]*2, where w = 1/[c*(F.?) + (aP)? + bP], P
= (Fo? + 2F )3,
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Table A5. Crystal data and structure refinement parameters for 4.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

v/°

Volume/A3

Z

peaicg/cm®

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

4
Cs9He0Cl2N6sNi2015

1041.25

296.15

monoclinic

C2/c

19.6167(11)

17.6351(11)

14.9578(9)

90

118.420(5)

90

4550.9(5)

4

1.520

1.018

2184.0

0.3x0.3x0.25

MoKa (A =0.71073)

3.302 to 50.288
-23<h<18,-20<k<20,-16<1<17
14036

4049 [Rint = 0.0479, Rsigma = 0.0449]
4049/0/299

1.044

R1=0.0502, wR, = 0.1311

R:1 =0.0658, wR> = 0.1450
0.81/-1.26

R1 = 3|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)%/Zw(Fo?)?]Y?, where w = 1/[6%(Fo%) +

(aP)? + bP], P = (Fo? + 2F:2)/3.
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Table A6. Crystal data and structure refinement parameters for 17.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

y/°

Volume/A3

Z

pealcg/cm®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

17

C22H29N3NiOs

490.19

100

monoclinic

P21/n

10.2641(8)

16.8498(13)

13.0024(10)

90

98.545(3)

90

2223.8(3)

4

1.464

0.916

1032.0

0.3x0.2x0.2

MoKa (A =10.71073)

3.984 t0 50.212
-11<h<12,-18<k<20,-15<I1<15
18501

3952 [Rint = 0.0242, Rsigma = 0.0221]
3952/6/306

1.044

R1=0.0249, wR> = 0.0617
R1=10.0292, wR> = 0.0641
0.32/-0.26

R1 = X|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F)/Zw(Fo?)?]Y2, where w = 1/[6%(F?) +

(@P)2 + bP], P = (Fo? + 2F:2)/3.
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Table A7. Crystal data and structure refinement parameters for 22.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

y/°

Volume/A3

Z

pealcg/cm®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

R1 = Z||Fo| = |Fe|l/Z|Fo|. WR2 = [Ew(Fo? — Fc2)2/Zw(Fo?)?]“2, where w = 1/[c%(Fo?) + (aP)? + bP],

P = (Fo + 2F)/3.

22

CasHsoNeOsZn,

921.64

150

monoclinic

P21/n

9.0471(3)

28.4567(9)

17.1935(5)

90

93.004(2)

90

4420.4(2)

4

1.385

1.143

1920.0

0.23x0.21x0.2

MoKa (A =10.71073)

2.862 to 50.104
-9<h<10,-28<k<33,-19<1<20
27783

7831 [Rint = 0.0398, Rsigma = 0.0388]
7831/6/551

1.069

R1=0.0839, wR2 = 0.2500
R1=0.0990, wR> = 0.2645
1.93/-1.03
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Table A8. Crystal data and structure refinement parameters for 23 and 24.

Compound 23 24

Empirical formula CagHa6Cd2N6012 Cs2Hs2Cd2N6O12

Formula weight 1123.71 1177.79

Temperature/K 296.15 296.15

Crystal system monoclinic orthorhombic

Space group P2i/c Pna2;

alA 9.793(6) 48.934(3)

b/A 13.367(8) 10.4335(6)

c/A 18.230(11) 9.7348(5)

a/° 90 90

B/° 91.74(3) 90

v/° 90 90

Volume/A3 2385(2) 4970.1(5)

Z 2 4

peaicg/cm® 1.565 1.574

p/mm 0.960 0.925

F(000) 1136.0 2392.0

Crystal size/mm?® 04x04x%x0.4 0.2x0.25x0.2

Radiation MoKa (A=0.71073)  MoKa (A=0.71073)

20 range for data collection/° 3.778 to 47.06 1.664 to 50.03

Index ranges -10<h<10,-14<k< -49<h<58,-11<k<12,-
11,-20<1<18 11<1<8

Reflections collected 12085 32799

Independent reflections 3384 [Rint = 0.2274, 7915 [Rint =0.0832, Rsigma =
Rsigma = 0.3953] 0.0837]

Data/restraints/parameters 3384/2/310 7915/1/657

Goodness-of-fit on F2 0.974 1.074
Final R indexes [>=26 (I)] ~ Ri = 0.1198, wR; = Ri =0.0534, wR; = 0.1082

0.2424

Final R indexes [all data] Ri1 = 0.3158, wR2, = R1=0.0769, wR2 = 0.1235
0.3244

Largest diff. peak/hole /e A® 1.16/-1.18 0.74/-1.11

Flack parameter 0.00(2)

R1 = X||Fo| — [Fe|[/Z|Fo|l. WR2 = [EW(Fo? — F?)2/Zw(Fo?)?]Y2, where w = 1/[c%(Fo2) +
(aP)? + bP], P = (Fo* + 2Fc?)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

y/°

Volume/A3

Z

peaicg/cm®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A9. Crystal data and structure refinement parameters for 33.

33

CeaH19Cu2NgO13

1265.19

273.15

triclinic

P-1

14.540(15)

14.636(14)

15.391(16)

65.02(3)

74.68(3)

88.05(3)

2852(5)

2

1.473

0.821

1302.0

02x04x%x04

MoKa (A =10.71073)

4.05 to 50
-17<h<17,-17<k<17,-18<1<18
34778

9811 [Rint = 0.2509, Rsigma = 0.3296]
9811/0/769

0.897

R1=0.1163, wR2 = 0.2669
R1=0.2676, wR> = 0.3188
1.00/-0.56

R1 = X|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)/Zw(Fo?)?]Y?, where w = 1/[6%(F¢?)

+ (aP)? + bP], P = (Fo® + 2Fc%)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

peaicg/cm®

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A10. Crystal data and structure refinement parameters for 34.

34

Cs4H42Mn2N10014

1284.95

273.15

monoclinic

C2/c

17.728(2)

18.087(2)

10.0169(14)

90

90

90

3211.9(7)

2

1.329

0.464

1316.0

0.2x0.2x0.2

MoKa (A =10.71073)

6.07 to 50
-20<h<21,-21<k<21,-11<1<11
9793

2315 [Rint = 0.1027, Rsigma = 0.1543]
2315/15/213

1.061

R;=0.1102, wR2 = 0.2931
R: =0.1578, wR2 = 0.3133
1.64/-1.03

R1 = 3|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)%/Zw(Fo?)?]Y?, where w = 1/[6%(Fs%) +

(aP)? + bP], P = (Fo? + 2F:2)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

p/e

V/°

Volume/A3

Z

Pcalcglcmg>

p/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

R1 = X||Fo| — [F¢|[/Z|Fo|l. WR2 = [Ew(Fo? —

(@P)2 + bP], P = (Fo? + 2F)/3.

Table All. Crystal data and structure refinement parameters for 37.

37

C32H19N305Zn

590.87

273.15

monoclinic

C2/c

19.7922(19)

30.2684(19)

21.0201(12)

90

112.831(6)

90

11606.1(16)

8

0.676

0.445

2416.0

0.32x0.32 % 0.32

MoKa (A =0.71073)

4.466 to 50.158
-23<h<23,-36<k<36,-25<1<25
140197

10290 [Rint = 0.1291, Rsigma = 0.0491]
10290/0/358

0.996

R1=0.0814, wR2 = 0.2513
R1=0.1027, wR2 = 0.2725
0.62/-0.54

F?)%/w(Fo?)?Y2, where w = 1/[c?(Fo?) +
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Table A12. Crystal data and structure refinement parameters for 40.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

peaicg/cm®

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

40

Ci124H125.03N12Ni2025 05
2301.60

296.15

monoclinic

C2/c

28.7220(7)

11.5612(3)

18.7167(4)

90

116.2580(10)

90

5573.8(2)

2

1.371

0.420

2419.0

02x04x04

MoKa (A =10.71073)

3.162 to 50.084
-34<h<33,-13<k<13,-22<1<22
20195

4938 [Rint = 0.0301, Rsigma = 0.0275]
4938/0/433

1.067

R1 =0.0698, wR, = 0.1929
R1=0.0810, wR2 = 0.2043
1.35/-1.38

R1 = 3|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)/Zw(Fo?)?]Y2, where w = 1/[6%(Fs?) + (aP)?

+bP], P = (Fo? + 2F?)/3.
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Table A13. Crystal data and structure refinement parameters for 41.

Compound 41

Empirical formula Cs6H42C0NsOs

Formula weight 985.88

Temperature/K 100.15

Crystal system monoclinic

Space group C2/c

alA 28.4911(19)

b/A 11.6372(7)

c/A 18.7187(12)

a/° 90

B/° 115.865(4)

v/° 90

Volume/A3 5584.6(6)

z 4

peatcg/cm® 1.173

w/mm 0.362

F(000) 2044.0

Crystal size/mm?® 0.2x0.2x0.2

Radiation MoKa (A =10.71073)

20 range for data collection/° 3.178 to 50.268

Index ranges -33<h<33,-13<k<13,-22<1<22
Reflections collected 22010

Independent reflections 4958 [Rint = 0.0301, Rsigma = 0.0254]
Data/restraints/parameters 4958/0/318
Goodness-of-fit on F2 1.071

Final R indexes [[>=2c ()] R1=0.0542, wR, = 0.1485
Final R indexes [all data] R1=10.0613, wR2 = 0.1539
Largest diff. peak/hole / e A 1.10/-1.51

R1 = X|[Fo| — |Fe|[/Z[Fo|. WR2 = [Ew(Fo? — F2)/Zw(Fo?)?]Y2, where w = 1/[6%(Fo?) + (aP)?
+bP], P = (Fo? + 2F?)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

p/e

V/°

Volume/A3

Z

Pcalcg/CTn?>
p/mm

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

50
Cs7H40C0oNeOg
1011.88
273.15
triclinic

P-1
10.7303(13)
11.2351(14)
20.184(2)
79.963(3)
75.978(3)
89.201(3)
2323.7(5)

2

1.446

0.439

1046.0
0.3x0.3%x0.35

MoKa (A =0.71073)

2.112 t0 50.148
-12<h<12,-13<k <13, -
24<1<22

28812
8207 [Rint = 0.0484, Reigma =
0.0586]

8207/0/665

1.075
R1=0.0793, wR2 = 0.2203

R1=0.0965, wR2 = 0.2332
1.12/-0.74

Table Al4. Crystal data and structure refinement parameters for 50 and 51.

51
C32H31N4O4Zn
600.98

296.15
monoclinic
P21/n
13.6640(7)
15.6172(7)
15.9640(8)

90

105.724(3)

90

3279.1(3)

4

1.217

0.787

1252.0
0.25x0.25 x 0.25
MoKa (A =
0.71073)
3.488 t0 50.134

-16<h<16,-18 <
k<18,-18<1<17

23627

5804 [Rin = 0.0337,
Rsigma = 00344]

5804/4/364
1.128

R1=10.0823, wR2 =
0.2599

R1=0.0991, wR: =
0.2804

0.93/-0.52

R1 = X|[Fo| — [Fe|[/Z|Fo|l. WR2 = [EW(Fo? — Fc?)%/Zw(Fo2)?]"2, where w = 1/[c%(Fo?) +

(@P)? + bP], P = (Fo? + 2F:2)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

pealcg/cm®

w/mm

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A15. Crystal data and structure refinement parameters for 52.

52
Ce2H5:Cd2N7013
1326.89

100.15
monoclinic
P21/n
14.0127(3)
26.6466(5)
14.9480(3)

90

91.3290(10)

90

5579.94(19)

4

1.579

0.836

2688
0.2x0.2%x0.2
MoKa (A =0.71073)
3.056 t0 50.114

-15<h<16,-31<k<31,-17<
1<17

38596

9858 [Rint = 0.0409, Rsigma =
0.0391]

9858/25/752

1.086

R1=10.0464, wR2 = 0.1281
R1=0.0597, wR2 = 0.1414
1.97/-0.83

R1 = X||Fo| — |Fe|[/Z|Fo|. WR2 = [Ew(Fo? — Fc2)?/Zw(F0?)?]"2, where
w = 1/[c?(Fs%) + (aP)? + bP], P = (Fo? + 2Fc2)/3.
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Compound

Chemical Formula
Formula Weight
Temperature (K)
Wavelength (A)

Crystal System

Space Group

a(A)

b (A)

c (A)

a ()

P

g9(°)

Z

V (A%

Density (mg/cm?)
u(mm™)

F(000)

Theta (°) Range

for Data Coll.

Reflections Collected
Independent Reflections
Reflections with I >25(I))
Rint

No. of Parameters refined
GOF on F?

Final Ri¥WR2® (I >20(1))
Weighted Ri/wRo(all data)
Largest diff. peak

and hole(eA?)

56
C23H26N407Zn
535.85

100

0.71073
Monoclinic
P2:/n
8.7542(8)
16.4242(15)
15.9879(15)
90

91.709(2)

90

4

2297.7(4)
1.549

1.122

1112

1.78 t0 25.00

12340

4026

3076

0.0467

313

1.091
0.0443/0.1123
0.0606/0.1215
0.704

and -0.722

Table A16. Crystal data and structure refinement parameters for 56 and Desolvated 56.

Desolvated 56
C20H15N304Zn
426.72

100

0.71073
Monoclinic
P21/n

8.485(5)
14.529(9)
14.073(8)

90

94.11(3)

90

4

1730.4(17)
1.638

1.454

872

2.02 t0 25.40

8187

3130

1399

0.138

253

0.980
0.0817/0.1894
0.1826/0.2307
0.768

and -0.473

R1 =Z||Fo| — [Fc||/Z|Fo|. wR2 = [Ew(Fo2 — Fc2)2/2w(F02)2]1/2, where

w = 1/[62(Fo2) + (aP)2 + bP], P = (Fo2 + 2Fc2)/3.
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Table A17. Crystal data and structure refinement parameters for 56Cu.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

peaicg/cm®

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

56Cu

C24H225CUNsOs

52451

296.15

monoclinic

C2/c

23.6116(7)

16.1125(7)

15.9893(10)

90

129.655(2)

90

4683.3(4)

8

1.488

0.979

2164.0

04x04x%x04

MoKa (A =10.71073)

3.59 to 50.024
-28<h<28,-19<k<13,-19<1<19
10976

4117 [Rint = 0.0600, Rsigma = 0.0883]
4117/5/332

0.932

R1=0.0422, wR2 = 0.0763
R1=0.0798, wR> = 0.0857
0.42/-0.43

R1 = 3|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)%/Zw(Fo?)?]Y?, where w = 1/[6%(Fs%) +

(aP)? + bP], P = (Fo? + 2F:2)/3.
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Table A18. Crystal data and structure refinement parameters for 57.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

'

Volume/A3

Z

peaicg/cm®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

57

C20H22N307.5Zn

489.77

296.15

monoclinic

P21/n

8.576(3)

17.760(6)

15.790(6)

90

93.828(7)

90

2399.6(15)

4

1.356

1.068

1012.0

02x04x%x04

MoKa (A =10.71073)

5.172 to 50
-10<h<10,-18<k<21,-18<1<18
14052

4208 [Rint = 0.1559, Rsigma = 0.1922]
4208/0/326

0.985

R1=0.0913, wR2 = 0.2473
R1 =0.1995, wR> = 0.3261
1.25/-0.71

R1 = X|[Fo| — [Fe|[/Z|Fo|l. WR2 = [EW(Fo? — Fe?)%/Zw(Fo?)?]"?, where w = 1/[6%(F¢?) +

(@P)2 + bP], P = (Fo? + 2F:2)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°

Volume/A3

Z

peaicg/cm?®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A19. Crystal data and structure refinement parameters for 58.

58
C20.75H18.75CdN3.2505.25
510.04

296.15

monoclinic

P21/n

8.762(5)

16.803(10)
17.619(10)

90

98.609(8)

90

2565(3)

4

1.321

0.883

1024.0
04x04x04
MoKa (A =10.71073)
3.368 to 50.408

-10<h<10,-20<k<20,-20<1<
21

19452
4586 [Rint = 0.0208, Rsigma = 0.0164]
4586/29/325

1.078

R1 = 0.0404, WR; = 0.1443

R1 = 0.0430, WR; = 0.1476
1.47/-0.37

R1 = X|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F?)/Zw(Fo?)?]¥2, where w = 1/[6%(Fo?)

+ (aP)? + bP], P = (Fo® + 2F)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

peaicg/cm®

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A20. Crystal data and structure refinement parameters for 60.

60

C20H15N304Zn

426.72

296.15

monoclinic

P21/n

10.2320(7)

20.9065(11)

12.3544(7)

90

99.025(4)

90

2610.1(3)

4

1.086

0.964

872.0

0.2x0.2%x0.2

MoKa (A =0.71073)

3.866 t0 50.18
-12<h<12,-24<k<23,-11<1< 14
15470

4589 [Rint = 0.1058, Rsigma = 0.1447]
4589/0/253

0.918

R1 =0.0899, wR> = 0.2409
R1=0.1574, wR> = 0.2692
1.34/-0.48

R1 = 3|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F2)/Zw(Fo?)?]Y2, where w = 1/[6%(F¢?)

+ (aP)? + bP], P = (Fo* + 2F?)/3.
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Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

y/°

Volume/A3

Z

peaicg/cm?®

w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table A21. Crystal data and structure refinement parameters for 64.

64
C19Hs57N9O16Zn2
1158.77

296.15

triclinic

P-1

12.067(2)
14.876(3)
16.250(3)
88.118(2)
76.278(2)
85.614(2)
2825.2(9)

2

1.362

0.921

1204.0
04x04x0.4
MoKa (A =10.71073)
2.58 10 50.474

-14<h<14,-17<k<17,-19<1<
19

31035
10182 [Rint = 0.0629, Rsigma = 0.0838]
10182/0/700

1.045

R: = 0.0651, WR; = 0.1789

R: = 0.0957, wR; = 0.2058
1.05/-0.52

R1 = X|[Fo| — [Fe|[/Z|Fo|. WR2 = [Ew(Fo? — F?)/Zw(Fo?)?]¥2, where w = 1/[6%(F?)

+ (aP)? + bP], P = (Fo® + 2F?)/3.




Table A22. Selected bond lengths (A) for 1.

Ni1-01 2.213(4) Ni1-N1 2.131(4)
Ni1-02 2.107(3) Ni1-N2 2.048(5)
Ni1-03 2.053(4) Ni1-N3 2.079(5)

Table A23. Selected bond lengths (A) for 2ofumarate, 22CIO4 and 2oI-.

2>fumarate

Nil-O1 2.144(2) Ni2-N4 2.066(2)
Nil-O3 2.041(2) Ni2-N5 2.144(3)
Nil-O2 2.171(2) Ni2-O5 2.182(2)
Nil-N1 2.082(2) Ni2-O4 2.102(2)
Nil-N2 2.147(3) Ni2-06 2.072(2)
Nil-N3 2.079(3) Ni2-N6 2.071(3)
2DCIO4
Nil-O6 2.069(7) Ni2-03 2.074(7)
Nil-O5 2.122(7) Ni2-O1 2.105(7)
Nil-N6 2.140(8) Ni2-02 2.187(7)
Nil-N5 2.039(9) Ni2-N1 2.052(9)
Nil-N4 2.067(8) Ni2-N2 2.151(8)
Nil-O4 2.249(7) Ni2-N3 2.073(8)
201"
Nil-O2 2.215(6) Nil-N2 2.078(8)
Nil-O1 2.067(6) Nil-N3 2.051(8)
Nil-O3 2.101(6) Nil-N1 2.178(7)

Table A24. Selected bond lengths (A) for 3osuccinate, 35CIO4, 3ONOs" and 3oCl-.

3DHsuccinate

Ni01-01 2.068(9) Ni01-N1 2.104(11)
Ni01-02 2.230(9) Ni01-N2 2.164(11)
Ni01-03 2.106(9) Ni01-N3 2.102(11)
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3oCIO4
Nil-O1
Nil-O2
Nil-O3

3DNOs
Nil-03
Nil-O1
Nil-02

3oCI
Nil-O1
Nil-O2
Nil-03

Table A25. Selected bond lengths (A) for 4, 17 and 22.

4

Nil-O1
Nil-N1
Nil-O3

17
Ni1-O4
Ni1-O3
Ni1-05

22
Zn1-01
Zn1-08
Zn1-N1
Zn1-N2
Zn1-N3

2.144(6)
2.133(5)
2.072(5)

2.072(2)
2.079(3)
2.214(2)

2.133(9)
2.160(9)
2.056(10)

2.121(2)
2.145(3)
2.099(2)

2.1675(12)
2.1217(11)
2.0828(12)

2.339(7)
2.248(11)
2.447(7)
2.332(7)
2.302(7)

Nil-N1
Nil-N2
Nil-N3

Nil-N4
Nil-N3
Nil-N2

Nil-N1
Nil-N2
Nil-N3

Nil-O2
Nil-N2
Nil-N3

Nil-N1
Nil-N2
Nil-N3

Zn2-04
Zn2-05
Zn2-N4
Zn2-N5
Zn2-N6

287

2.064(6)
2.133(7)
2.058(7)

2.087(3)
2.164(2)
2.070(2)

2.094(11)
2.135(11)
2.063(12)

2.132(2)
2.052(3)
2.075(3)

2.1108(14)
2.1317(14)
2.0474(14)

2.250(8)
2.251(9)
2.320(8)
2.431(7)
2.349(9)



Table A26. Selected bond lengths (A) for 24 and 25.

24
Cd1-N1
Cd1-N2
Cd1-N3
Cd1-04

25
Cd1-01
Cd1-014
Cd1-N1
Cd1-N2
Cd1-N3

Table A27. Selected bond lengths (A) for 33 and 34.

33
Cu01-01
Cu01-N2
Cu01-N1
Cu01-010
Cu01-N3

34
Mn1-01
Mn1-01!
Mn1-02

2.29(2)
2.42(2)
2.35(2)
2.333(17)

2.231(8)
2.229(8)
2.298(10)
2.506(8)
2.303(10)

1.872(9)
1.831(10)
1.942(11)
2.015(10)
1.890(7)

2.240(5)
2.240(5)
2.209(5)

Cd1-02
Cd1-01
Cd1-03

Cd2-03
Cd2-04
Cd2-N5
Cd2-08
Cd2-N7
Cd2-N8

Cu02-O04
Cu02-07
Cu02-N7
Cu02-N8
Cu02-N6

Mn1-N2?
Mn1-N2
Mn1-02!

288

2.442(15)
2.24(2)
2.482(17)

2.374(7)
2.373(7)
2.355(9)
2.260(8)
2.458(9)
2.363(10)

1.863(8)
2.010(9)
1.852(9)
1.955(12)
1.937(11)

2.193(7)
2.193(7)
2.209(5)



Table A28. Selected bond lengths (A) for 37, 40 and 41.
37

Zn1-02 1.937(3) Zn1-N1 2.036(3)

Zn1-03 1.935(4) Zn1-N2! 2.030(4)
40

Ni1-01! 2.109(2) Ni1-02 2.059(3)

Ni1-01 2.109(2) Ni1-N1 2.099(3)

Ni1-02 2.059(3) Ni1-N1! 2.099(3)
41

Co1-01 2.1451(18) Co1-03! 2.078(2)

Co1-01! 2.1450(18) Col-N1 2.154(2)

Co1-03 2.078(2) Col-N1? 2.154(2)

Table A29. Selected bond lengths (A) for 50, 51 and 52.
50

Col-N1 1.712(4) Co1-N4 1.799(4)
Co1-N2 1.789(4) Co1-N5 1.795(4)
Co1-N3 1.696(4) Co1-N6 1.781(4)
51
Zn01-01! 2.066(4) Zn01-03 2.022(5)
Zn01-N1 2.070(4) Zn01-04 2.457(5)
Zn01-02" 2.386(4) Zn01-N32 2.076(14)
52
Cd1-01 2.271(3) Cd2-03 2.270(3)
Cd1-05t 2.420(3) Cd2-052 2.479(3)
Cd1-07 2.292(3) Cd2-062 2.555(3)
Cd1-011 2.308(3) Cd2-078 2.339(3)
Cd1-N1 2.305(4) Cd2-N3* 2.315(4)
Cd1-N4 2.299(4) Cd2-N65 2.349(4)
codes: 1234
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Table A30. Selected bond lengths (A) for 56, desolvated 56 and 56Cu.
56

Zn1-01 1.989(2) Zn1-N3 2.059(3)
Zn1-03 2.059(2) Zn1-N2 2.088(3)
Zn1-N1 2.399(3)

Desolvated 56

Zn1-01 1.938(7) Zn1-N3 2.116(8)
Zn1-03 2.007(7) Zn1-N2 2.065(8)
Zn1-N1 2.340(8)

56Cu
Cul-0;t 1.995(2) Cul-N32 2.074(3)
Cul-O3 1.958(2) Cul-N12 2.046(3)

Table A31. Selected bond lengths (A) for 57 and 58.

57
Zn1-01 2.009(7) Zn1-N1 2.313(8)
Zn1-N1? 2.069(11) Zn1-N3 2.057(11)
Zn1-03 1.998(7)

58
Cd1-01 2.248(3) Cd1-N1 2.315(4)
Cd1-02 2.609(4) Cd1-N3 2.487(3)
Cd1-03! 2.264(4) Cd1-N4 2.337(4)
Cd1-04! 2.640(4)

Table A32. Selected bond lengths (A) for 60 and 64.

60
Zn1-02! 1.986(6) Zn1-N3? 2.061(7)
Zn1-03 1.957(6) Zn1-N1° 2.003(7)
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64
Zn01-01
Zn01-05"
Zn01-N2?2

Zn01-06!

1.954(3)
1.955(3)
2.045(4)
1.926(3)

Zn02-02!
Zn02-04
Zn02-N33
Zn02-09

Table A33. Selected bond angles (°) for 1.

1

0O2-Ni1-01
02-Nil-N1
0O3-Ni1-01
03-Ni1-02
O3-Nil1-N1
O3-Nil1-N3
N1-Nil-O1
N2-Nil-O1

61.49(15)
108.00(17)
88.53(15)
91.33(15)
94.48(17)
83.66(17)
169.19(16)
94.42(19)

N2-Ni1-02
N2-Ni1-03
N2-Nil-N1
N2-Nil-N3
N3-Nil1-01
N3-Ni1-02
N3-Nil-N1

1.933(3)
1.930(3)
2.080(4)
1.931(4)

91.63(17)
176.56(19)
82.94(19)
93.61(18)
111.35(17)
171.49(17)
79.33(18)

Table A34. Selected bond angles (°) for 2ofumarate, 22CIO4 and 221,

2>fumarate
0O1-Nil1-02
O1-Nil-N2
03-Nil1-01
03-Nil1-02
0O3-Nil-N1
03-Nil-N2
0O3-Nil1-N3
N1-Nil-O1
N1-Nil-02
N1-Nil-N2
N2-Nil-02
N3-Nil-01
N3-Nil-02

61.08(8)
169.09(8)
91.36(9)
90.14(9)
84.60(9)
94.18(9)
176.45(10)
108.94(9)
168.69(9)
80.97(9)
109.46(9)
91.72(10)
89.80(9)

06-Ni2-N5
N6-Ni2-05
N6-Ni2-O4
N6-Ni2-06
N6-Ni2-N5
N4-Ni2-05
N4-Ni2-O4
N4-Ni2-06
N4-Ni2-N6
N4-Ni2-N5
N5-Ni2-05
04-Ni2-05
0O4-Ni2-N5
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96.25(9)
91.69(9)
90.79(9)
177.76(9)
82.83(10)
113.05(9)
171.46(9)
85.90(9)
95.98(10)
81.41(9)
165.09(8)
61.39(9)
104.67(9)



N3-Nil-N1
N3-Nil-N2

25CIO04
06-Nil-05
0O6-Nil-N6
06-Nil-04
O5-Nil-N6
0O5-Ni1-04
N6-Ni1-O4
N5-Nil-O6
N5-Ni1-05
N5-Nil-N6
N5-Nil-N4
N5-Ni1-O4
N4-Nil1-O6
N4-Nil-05
N4-Nil-N6
N4-Nil-O4

2ol
0O1-Ni1-02
O1-Ni1-03
O1-Nil1-N2
O1-Nil1-N1
0O3-Ni1-02
O3-Nil1-N1
N2-Nil-02
N2-Nil-0O3

96.07(10)
82.49(10)

88.3(3)
99.4(3)
88.3(3)
107.1(3)
60.2(3)
165.2(3)
177.7(3)
92.3(3)
82.6(3)
93.8(3)
90.0(3)
85.4(3)
171.1(3)
80.2(3)
113.3(3)

90.0(2)
87.9(3)
86.1(3)
97.2(3)
61.4(2)
107.1(3)
111.8(3)
171.0(3)

06-Ni2-05
06-Ni2-04

03-Ni2-01
03-Ni2-02
0O3-Ni2-N2
0O1-Ni2-02
0O1-Ni2-N2
N1-Ni2-03
N1-Ni2-O1
N1-Ni2-02
N1-Ni2-N2
N1-Ni2-N3
N2-Ni2-02
N3-Ni2-03
N3-Ni2-01
N3-Ni2-02
N3-Ni2-N2

N2-Nil-N1
N3-Nil1-02
N3-Nil1-01
N3-Ni1-03
N3-Nil-N2
N3-Nil-N1
N1-Nil-O2
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88.70(9)
87.46(9)

86.6(3)
87.5(3)
97.6(3)
60.9(2)
106.1(3)
178.6(3)
92.1(3)
91.7(3)
83.0(3)
94.5(3)
165.9(3)
86.8(3)
170.6(3)
112.1(3)
81.4(3)

80.4(3)
91.5(3)
178.3(3)
92.1(3)
94.1(3)
81.1(3)
166.3(3)



Table A35. Selected bond angles (°) for 3osuccinate, 305ClO4, 3DNO3" and 3oCl.

3DHsuccinate

01-Ni01-02 61.7(4) N1-Ni01-02 90.1(4)
01-Ni01-03 89.2(4) N1-Ni01-03 178.3(4)
O1-Ni01-N1 90.9(4) N1-Ni01-N2 80.6(4)
O1-Ni01-N2 105.8(4) N3-Ni01-N2 80.9(4)
01-Ni01-N3 170.5(4) N2-Ni01-02 164.5(4)
03-Ni01-02 91.5(4) N3-Ni01-02 112.8(4)
03-Ni01-N2 97.7(4) N3-Ni01-03 83.0(4)

N3-Ni01-N1 97.0(4)

32CIO4

02-Ni1-01 61.4(2) N1-Ni1-N2 80.9(3)
02-Nil-N2 106.9(2) N2-Ni1-01 167.4(2)
03-Ni1-01 87.0(2) N3-Ni1-01 91.5(3)
03-Ni1-02 87.7(2) N3-Ni1-02 88.8(2)
03-Nil-N2 97.4(2) N3-Ni1-03 176.5(2)
N1-Nil-O1 111.2(3) N3-Nil-N1 96.6(3)
N1-Ni1-02 171.1(3) N3-Ni1-N2 83.5(3)

N1-Nil-03 86.9(2)

3DNO3
0O3-Ni1-01 89.66(9) N4-Nil-N3 80.44(10)
03-Nil-02 90.81(8) N3-Nil-02 165.31(9)
O3-Nil-N4 85.15(9) N2-Nil1-O3 178.13(9)
O3-Nil1-N3 96.13(8) N2-Nil1-01 91.45(10)
0O1-Nil-02 61.12(8) N2-Nil1-O2 91.04(8)
O1-Nil-N4 172.27(8) N2-Nil-N4 93.89(10)
O1-Nil-N3 105.87(9) N2-Nil-N3 82.12(9)

N4-Ni1-02 113.13(9)
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3oCI
0O1-Ni1-02
O1-Nil-N2
O1-Nil-C1
02-Ni1-C1
0O3-Nil-01
03-Ni1-02
0O3-Nil-N1
0O3-Nil-N2
0O3-Ni1-N3
0O3-Nil-C1

Table A36. Selected bond angles (°) for 4, 17 and 22.

4

O1-Nil-N1
O1-Ni1-02
0O3-Ni1-01
O3-Nil1-N1
03-Ni1-02
0O2-Nil1-N1
N2-Nil-O1
N2-Nil-N1

17
03-Nil1-04
03-Ni1-N2
05-Nil1-04
05-Ni1-03
05-Ni1-N1
05-Ni1-N2
N1-Ni1-04
N1-Ni1-03

61.7(4)
168.4(4)
31.7(4)
30.1(4)
88.5(4)
88.9(4)
83.3(4)
97.4(4)
178.6(5)
89.0(4)

169.89(10)
61.76(9)
84.51(9)

98.67(10)
91.78(10)
108.41(10)
94.63(10)
82.41(10)

61.85(4)
99.26(5)
84.89(5)
86.48(5)
173.79(5)
102.20(5)
91.70(5)
87.34(5)

N1-Nil-O1
N1-Nil1-02
N1-Nil-N2
N1-Nil-C1
N2-Nil1-02
N2-Nil-C1
N3-Nil1-01
N3-Ni1-02
N3-Nil-N1
N3-Nil-N2

N2-Ni1-03
N2-Nil1-02
N2-Nil-N3
N3-Nil1-01
N3-Nil-N1
N3-Ni1-03
N3-Ni1-02

N1-Nil-N2
N2-Nil-O4
N3-Nil-O4
N3-Nil1-03
N3-Nil1-05
N3-Nil-N1
N3-Nil-N2
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110.0(4)
168.9(5)
80.6(5)
141.4(5)
108.3(4)
138.0(5)
92.8(4)
91.4(4)
96.6(5)
81.2(4)

178.37(10)
89.03(10)
92.58(11)

109.21(10)
80.64(11)
86.41(10)

170.94(10)

79.37(5)
159.71(5)
114.54(5)
175.97(5)
91.45(5)
94.69(5)
84.55(5)



22
08-Zn1-N1
01%-Zn1-N1
08-Zn1-01"
08-Zn1-N2
08-Zn1-N3
N2-Zn1-01
N2-Zn1-N1
N3-zn1-01t
N3-Zn1-N1
N3-Zn1-N2

Table A37. Selected bond angles (°) for 24 and 25.

24

N1-Cd1-N2
N1-Cd1-N3
N1-Cd1-O4
N1-Cd1l-02
N1-Cd1-0O3
N2-Cd1-02
N2-Cd1-03
N3-Cd1-N2
N3-Cd1-02
N3-Cd1-03
04-Cd1-N2

25
01-Cd1-N1
01-Cd1-N2
01-Cd1-N3
014-Cd1-01

115.1(6)
131.5(2)
111.8(6)
101.4(3)
98.4(4)
107.8(3)
74.6(2)
88.4(2)
73.5(3)
147.2(3)

70.6(9)
143.4(10)
103.5(8)
87.5(8)
82.1(6)
138.8(6)
87.5(7)
73.3(9)
125.0(8)
90.5(6)
140.9(7)

92.5(3)
130.8(3)
98.0(3)
125.7(3)

04-Zn2-05
04-Zn2-N4
04-Zn2-N5
04-Zn2-N6
05-Zn2-N4
05-Zn2-N5
05-Zn2-N6
N4-Zn2-N5
N4-Zn2-N6
N6-Zn2-N5

04-Cd1-N3
04-Cd1-02
04-Cd1-03
02-Cd1-03
01-Cd1-N1
01-Cd1-N2
01-Cd1-N3
01-Cd1-04
01-Cd1-02
01-Cd1-03

N5-Cd2-0O4
N5-Cd2-N7
N5-Cd2-N8
N8-Cd2-03
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127.6(3)
96.5(3)
130.2(3)
93.1(3)
93.8(4)
102.1(3)
105.6(4)
75.0(3)
146.4(3)
74.2(3)

100.4(8)
77.0(6)
53.5(6)
124.6(6)
103.3(7)
96.6(7)
86.6(6)
122.0(7)
54.0(5)
174.1(7)

146.9(3)
72.9(3)

107.8(3)
155.0(3)



014-Cd1-N1
014-Cd1-N2
014-Cd1-N3
N1-Cd1-N2
N1-Cd1-N3
N3-Cd1-N2
03-Cd2-N7
04-Cd2-N7
04-Cd2-03

Table A38. Selected bond angles (°) for 33 and 34.

33
01-Cu01-N1
01-Cu01-0101
01-Cu01-N3
N2-Cu01-01
N2-Cu01-N1
N2-Cu01-0101
N2-Cu01-N3
N1-Cu01-0101
N3-Cu01-N1
N3-Cu01-0101

34
01'-Mn1-01
02!-Mn1-01*
02-Mn1-01
02!-Mn1-01
02-Mn1-01!
02-Mn1-02!
N1-Mn1-O1

111.4(3)
103.1(3)
89.4(3)
73.4(3)
144.6(3)
74.2(3)
105.3(3)
100.4(3)
55.5(3)

95.2(5)
84.9(5)
105.0(4)
167.4(4)
79.4(5)
106.4(5)
78.6(4)
90.1(4)
157.2(5)
102.0(4)

87.9(3)
57.52(18)
57.52(18)
135.28(19)
135.28(19)
166.1(3)
136.03(13)

08-Cd2-03
08-Cd2-04
08-Cd2-N5
08-Cd2-N7
08-Cd2-N8
N8-Cd2-O4
N8-Cd2-N7
N5-Cd2-03

04-Cu02-07
0O4-Cu02-N8
0O4-Cu02-N6
N7-Cu02-O4
N7-Cu02-O7
N7-Cu02-N8
N7-Cu02-N6
N8-Cu02-0O7
N6-Cu02-O7
N6-Cu02-N8

N1-Mn1-N2
N2-Mn1-01!
N21-Mn1-01!
N2:-Mn1-01
N2-Mn1-O1
N2-Mn1-O2
N2-Mn1-02!
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89.7(3)
88.6(3)
105.8(3)
165.0(3)
95.3(3)
100.0(3)
71.5(3)
94.3(3)

88.2(4)
94.7(4)
102.6(4)
163.7(4)
107.6(4)
80.9(5)
79.8(5)
91.2(4)
99.0(4)
160.1(4)

71.45(16)
121.4(2)
86.4(2)
121.4(2)
86.4(2)
86.8(2)
88.8(2)



N1-Mn1-O1!
N1-Mn1-02!
N1-Mn1-O2

N1-Mn1-N2!

Table A39. Selected bond angles (°) for 37, 40 and 41.

37
02-Zn1-N1
02-Zn1-N2*
03-Zn1-02

40
01-Ni1-01*
02-Ni1-01
02-Ni1-01*
021-Ni1-01!
02!-Ni1-01
02-Ni1-02*
O2-Ni1-N1
02!-Ni1-N1t

41
01'-Co1-01
01-Col1-N1!
01!-Co1-N1t
01-Col1-N1
01!-Co1-N1
03'-Co1-01*
03-Co1-01!
03-Co1-01

136.03(13)
83.07(13)
83.07(13)
71.45(16)

115.77(15)
115.45(15)
107.60(15)

180.0
91.39(9)
88.61(9)
91.39(9)
88.61(9)
180.00(7)
92.17(11)
92.16(11)

180.0
90.66(7)
89.34(7)
89.34(7)
90.66(7)
90.01(8)
89.99(8)
90.01(8)

N2'-Mn1-02*
N2'-Mn1-02
N2'-Mn1-N2

03-Znl1-N1
03-Zn1-N2*
N2%-Zn1-N1

02-Ni1-N1
02-Ni1-N1*
N1:-Ni1-01*
N11-Ni1-01
N1-Nil-O1
N1-Ni1-01!
N1-Ni1-N1!

03'-Co1-01
03'-Co1-03
03-Co1-N1
03-Co1-N1t
03!-Co1-N1
03!-Co1-N1t
N1-Col-N1!
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86.8(2)
88.8(2)
142.9(3)

99.56(14)
110.81(16)
106.52(14)

87.83(11)
87.83(11)
90.27(10)
89.73(9)
90.27(10)
89.73(9)
180.0

89.99(8)
180.00(11)
91.98(9)
88.02(8)
88.02(8)
91.98(9)
180.0



Table A40. Selected bond angles (°) for 50, 51 and 52.

50
N1-Col1-N2
N1-Col-N4
N1-Co1-N5
N1-Co1-N6
N2-Co1-N4
N2-Co1-N5
N3-Co1-N1
N3-Co1-N2

51
01%-Zn01-N1
01%-Zn01-02*
01%-Zn01-04
01%-Zn01-N32
N1-Zn01-02
N1-Zn01-04
N1-Zn01-N32
02!-Zn01-04

52
01-Cd1-05!
01-Cd1-07
01-Cd1-011
01-Cd1-N1
01-Cd1-N4
07-Cd1-05!
07-Cd1-011
07-Cd1-N1
07-Cd1-N4

82.94(16)
81.56(17)
96.91(18)
98.15(18)
164.47(17)
90.75(16)
177.80(17)
95.19(17)

107.37(16)

56.94(15)

102.24(17)

93.0(4)
93.13(15)

149.57(18)

97.1(8)
97.15(17)

164.31(11)
91.95(11)
90.31(11)
100.01(12)
86.79(12)
75.24(11)
176.74(11)
92.60(13)
87.06(12)

N3-Col-N4
N3-Col-N5
N3-Col-N6
N5-Col-N4
N6-Col1-N2
N6-Col-N4
N6-Co1-N5
N3-Col-N4

100.32(17)
81.93(18)
83.01(18)
92.03(16)
90.81(17)
90.46(17)
164.94(18)
100.32(17)

03-zZn01-01*
03-Zn01-N1
03-Zn01-02*
083-Zn01-04
03-Zn01-N32
N32-Zn01-02*
N32-Zn01-04

03-Cd2-052
03-Cd2-062
03-Cd2-073
03-Cd2-N3*
03-Cd2-N6°
052-Cd2-06°
073-Cd2-052
073-Cd2-06°
O73-Cd2-N6°
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143.87(17)
94.68(17)
94.46(14)
56.10(18)
112.7(6)
149.9(4)
88.1(9)

138.72(11)
87.51(11)
146.47(12)
97.10(12)
82.48(12)
51.83(10)
73.30(10)
125.13(10)
90.73(12)



011-Cd1-05!

N1-Cd1-O5?
N1-Cd1-011
N4-Cd1-05?
N4-Cd1-011
N4-Cd1-N1

Table A41. Selected bond angles (°) for 56, desolvated 56 and 56Cu.

102.15(11)
89.75(12)
89.31(13)
83.59(11)
90.73(12)
173.20(13)

N3*-Cd2-05?
N3%-Cd2-062
N3*-Cd2-073
N3*-Cd2-N6°
N6°-Cd2-052
N6°-Cd2-062

89.93(11)
89.12(11)
91.42(12)
176.65(13)
88.23(11)
87.54(11)

56
01-Zn1-N3  107.49(11) 01-Zn1-03 91.11(9)
N3-Zn1-03  102.97(11) 01-Zn1-N2 93.18(11)
N3-Zn1-N2  150.47(12) 03-Zn1-N2 97.32(10)
01-Zn1-N1  130.53(10) N3-Zn1-N1 75.50(10)
03-Zn1-N1  137.45(10) N2-Zn1-N1 75.04(10)

Desolvated 56
01-Zn1-N3  92.5(3) 01-Zn1-03 103.0(3)
N3-Zn1-03  89.3(3) 01-Zn1-N2 107.4(3)
N3-Zn1-N2  149.2(3) 03-Zn1-N2 108.1(3)
01-Zn1-N1  113.8(3) N3-Zn1-N1 74.9(3)
03-Zn1-N1  140.1(3) N2-Zn1-N1 75.7(3)

56Cu
O1'-Cul-N3?>  106.36(11) 03-Cul-N3? 98.11(10)
O1'-Cul-N1?  97.80(11) 03-Cul-N12 135.47(10)
03-Cul-01!  96.71(9) N12-Cul-N3?  117.46(11)
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Table A42. Selected bond angles (°) for 57 and 58.

57
01-Zn1-N12
01-Zn1-N1
01-Zn1-N3
N12-Zn1-N1
03-zn1-01

58
01-Cd1-02

01-Cd1-03!
01-Cd1-04!
01-Cd1-N1
0O1-Cd1-N3
O1-Cd1-N4
02-Cd1-04!
03-Cd1-02

03!-Cd1-04!

03!-Cd1-N1
03!-Cdi1-N3

Table A43. Selected bond angles (°) for 60 and 64.

60

02'-Zn1-N32
02'-zZn1-N13

03-Zn1-02*

98.5(3)
116.8(3)
98.2(4)
77.0(4)
114.2(3)

52.82(13)
109.71(14)
76.75(15)
109.04(14)
134.30(13)
97.14(15)
118.57(12)
162.19(13)
52.34(13)
109.24(14)
112.94(12)

100.1(3)
111.4(3)
98.2(3)

03-Zn1-N12
03-Znl1-N1
03-Zn1-N3
N3-Zn1-N1?
N3-Zn1-N1

03!-Cd1-N4
N1-Cd1-02
N1-Cd1-04!
N1-Cd1-N3
N1-Cd1-N4
N3-Cd1-02
N3-Cd1-04!
N4-Cd1-02
N4-Cd1-04!
N4-Cd1-N3

03-Zn1-N3?
03-Zn1-N1°
N13-Zn1-N3?
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96.2(4)
129.0(3)
95.3(4)
153.7(5)
77.4(4)

86.37(13)
82.62(14)
83.58(15)
71.39(13)
141.75(14)
83.08(11)
144.78(13)
92.19(12)
130.49(13)
70.36(13)

105.7(3)
110.3(3)
127.1(3)



64.
01-Zn01-05!
01-Zn01-N22
05'-Zn01-N22
061-Zn01-01
06'-Zn01-05*
06'-Zn01-N22

109.55(15)
103.98(15)
123.29(16)
91.27(15)

113.93(16)
109.51(16)

021-Zn02-N33
04-Zn02-02*
04-Zn02-N33
04-Zn02-09
09-Zn02-02*
09-Zn02-N33
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108.50(14)
96.21(15)

104.38(16)
120.86(16)
122.72(18)
102.76(16)
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