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Abstract

For rapid advances and widespread interest in the study of macromolecules of nanoscopic
dimensions, a fascinating growth in the field of supramolecular chemistry is observed over the
past few decades. In this regard, with the pioneering work of Fujita et al. and Robson et al.,
coordination driven self-assemblies have gained considerable attention for the synthesis of
discrete and polymeric structures with desired structural topologies. Coordination driven self-
assembly, which proceeds via the simultaneous assembly of predetermined building blocks,
provides a greater control over the rational design of coordination architectures as metal ligand
coordination bonds are highly directional in nature. The design principle primarily depends on
the judicious selection of metal ion/cluster and multitopic organic linkers, resulting in the
formation of coordination architectures with targeted structural topologies and
physicochemical properties.

This thesis work presents the strategic design of such architectures via multicomponent self-
assembly of metal ion, neutral polypyridyl ligands and anionic carboxylate linkers in a one-
pot self-assembly procedure without the need of any predesigned precursors. Their solid state
structures (discrete or polymeric) have been established by single crystal X-ray diffraction
analysis and their bulk phase purity has been supported by various analytical techniques like
powder X-ray diffraction, FT-IR, UV-Vis spectroscopy, thermo gravimetric and elemental
analysis. The structural diversity of these coordination architectures has been systematically
studied by changing one variable at a time and this understanding has been further utilized in
the tailor-made synthesis of coordination architectures for targeted applications. The utility of
these materials in different areas, particularly in the field of (i) heterogeneous catalysis for
some well-known organic transformations (Knoevenagel reaction, Strecker reaction and
Biginelli reaction), (ii) selective carbon dioxide capture, separation and its chemical
conversion into value-added cyclic carbonates by porous metal organic frameworks (MOFs)
and (iii) sensing of nitroaromatic compounds by discrete molecular squares or by luminescent
MOFs have been explored to further support the underlying strategy designed for the

construction of these coordination architectures.
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CHAPTER |

Introduction

In the past few decades, enormous efforts have been devoted to the construction of
aesthetically appealing functional structures with sizes that approach nanoscopic
dimensions. Further advances and widespread interest in the study of macromolecules have
resulted a fascinating growth in the field of supramolecular chemistry. Today, the field of
supramolecular chemistry has grown into a mature field of modern science whose interface
with many disciplines have provided invaluable opportunities for crossing boundaries both
inside and between the fields of chemistry, physics, and biology. Cooperative interactions
are ubiquitous and plays the fundamental role in all aspects of supramolecular chemistry.
When one has control over the synthesis of structures containing well defined cavities with
deliberately designed cooperative interactions, supramolecular systems can be designed for
targeted applications. The interest into the field of supramolecular chemistry started after
the discovery of “crown ethers”, “cryptands”, and “spherands” by Charles John Pedersen,!
Donald James Cram? and Jean-Marie Lehn? in early 1960s, followed by their importance in
the recognition process via non-covalent interactions such as hydrogen bonding, charge-
charge, donor-acceptor, 7~z and van der Walls etc. Synthetic organic chemists enjoy the
luxury of having a large collection of reliable reactions for preparing small molecules,
mesoscopic structures, and polymers. However, as the scale and complexity of target
molecules increases, the step-wise synthesis of large discrete supramolecular structures
becomes increasingly difficult.* Metal-ligand bonding circumvents many of the difficulties
associated with directional control afforded by predictable and well-defined coordination
geometries of transition metal ions. The concept was established with the pioneered work
of Makoto Fujita® in 1990 for the synthesis of molecular square using a square planar metal
complex (Figure 1.1). The cis-capping of the square planar metal complex provides the
required coordination sites at 90° angle (which is a daunting task with organic building
blocks) and controls the polymerization to form infinite framework structures. On the basis
of various interactions used in the self-assembly process, supramolecular chemistry can be
broadly classified into three main branches: (a) those that utilize H-bonding, (b) processes
that uses noncovalent interactions such as ion—ion, ion-dipole, n-n stacking, van der Waals,
and hydrophobic interactions, and (c) those that employ strong and directional metal -ligand

bonds for the assembly process.
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where, r represents a bifunctional chelating ligand and X represents a bifunctional linearlinker

Figure 1.1. (a) Openings at different angles provided by simple organic and inorganic precursors
and (b) represents the cis-capping strategy to control the infinite polymeric networks.

Coordination-driven self-assembly process has gained considerable attention over the other
approaches for the rational design of such architectures® ¢ as the metal ligand coordination
bonds are much predictable and directional in nature. In addition, the ligand structure can
be modulated in a desirable manner by established synthetic organic chemistry. The self-
assembly process to design the metal based supramolecules offers an alternative to the
classical organic route because it proceeds via the simultaneous assembly of pre-determined
building blocks, resulting in well-defined, discrete supramolecular architectures. The
strategy has been very much explored for designing molecules of desired dimensions
ranging from a few cubic angstroms to over a cubic nanometer. Since the early pioneering
work by Lehn'’ and Sauvage'® on the feasibility and usefulness of coordination driven self-
assembly in the formation of infinite helicates, grids, ladders, racks, knots, rings, catenanes,
rotaxanes, and related species,'®22 several groups—those of Stang,®'%!214 Raymond,?4-26
Fujita,®111327 Mirkin,'628 Cotton,?30 and others®-3*—have independently developed and
exploited novel coordination based paradigms for the self-assembly of discrete
metallacycles and metallacages with well-defined shapes and sizes. A diverse range of 2D
(rhomboids, squares, rectangles, and triangles, etc.) and 3D (trigonal pyramids, trigonal

prisms, cubes, cuboctahedra, double squares, adamantanoids, dodecahedra, etc.)



supramolecular architectures have been reported. The precursors to these architectures can
be grouped as Lewis acidic metal complexes as “acceptors” and Lewis basic organic ligands
as “donors”. Using different donor-acceptor combinations, various synthetic strategies have
been employed for the metal-ligand coordination.®1%2 Of the various synthetic strategies,
the directional bonding approach, established by Fujita®3* and Stang’s® group gives access
to a wide variety of 2D and 3D supramolecular architectures. The basic structural
requirements for this approach consist of structural rigidity and pre-defined bite angle of
the complementary precursors with appropriate stoichiometry. In practice, many other
factors are important and have a great influence on the experimental results, for instance the
solvent choice, the temperature, precursor’s concentrations, the order of building blocks
introduction, and/or the rate of mixing of the substrates. As shown in Figure 1.2, the
symmetry and number of binding sites within each precursor unit guide the shape of the
target assembly. The structural and functional features of these self-assembled structures
result from the information stored in the components and their intrinsic properties that are

dictated by the presence of functional groups.
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Figure 1.2. Combination of various building units for accessing 2D (left) and 3D (right)
supramolecular architectures by directional bonding approach. (Adapted from reference 11).

There have been several reports in the literature which explains the design principles of
these architectures based on either the different classes of building blocks (donors or
acceptors) or based on different structures of the final architectures.®“® Among the metal-
mediated assembly of molecular polygons, molecular squares represent a special class of
metallacycles because of their ease of preparation, conformational stability, and the
distinctive properties they exhibit, and hence have gained extensive attention of the
synthetic chemists. According to the directional bonding approach, a molecular square can
be formed by the combination of a 90° corner unit with a linear bridging ligand. Thus, there

are two complementary ways to design a molecular square: (a) by the combination of a 90°
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metal-containing acceptor having two accessible cis-coordination sites with linear donor
unitsand (b) by using a 180° linear metal-containing acceptor and a ligand with donor atoms
at 90° to each other. Almost any transition metal with a square-planar, trigonal-bipyramidal,
or an octahedral geometry can be used as a corner unit. However, transition metals with
square-planar geometries are most widely used because cis-protected 90° metal corner units
can be easily derived by blocking adjacent coordination sites with strong chelating ligands,
leaving the other two sites accessible for ligand substitution. Since the pioneered work of
Fujita et al.,> a vast number of molecular squares have been reported utilizing this strategy.®-
151627 There have been several attempts in the literature to design functional molecular
squares by using functional corner ligands or functional linkers. For example, in addition to
the simple cis-protected corner ligands, titanocene,**°° carbazole® and fluxional thiacrown-
based® corner ligands in combination with a variety of ligand edges ranging from
porphyrins,® luminescent perylene diimides® and redox-active ferrocene derivatives'© to
chiral linkers such as phosphine-functionalized binapthols® have been utilized for the
synthesis of cationic molecular squares. A set of neutral molecular squares have also been
reported either by using divalent metal ions with neutral chelating bidentate ligands at the
corners with anionic alkyny| linkers®>>->7 or by using divalent metal ions with anionic ligands
at the corners with neutral linkers.3° A very different approach was explored by Cotton et
al. by fusing the multiply bonded dimetallic angular building units (Mo2**, Rhz** or Ruz°*)
with linear building units, such as dicarboxylates, for [4 + 4] self-assembled molecular
squares.?%% This area has been populated by several reports on many transition metal
containing molecular squares in the literature.”89%5 For various synthetic strategies
employed, one important prerequisite is the use of pre-synthesized donor/acceptor
counterparts with fixed directionalities in a two-component self-assembly process.

On the other hand, coordination polymers are the extended form of the discrete coordination
architectures, where, the basic building blocks containing metal ions and organic ligands
assemble infinitely leading to one-, two-, and three-dimensional networks (Figure 1.3), are
commonly known as coordination polymers.%®-"! The term “polymer” was first employed
by J.J. Berzelius in 1833 to describe any compound that could be formulated as consisting
of multiple units of a basic building block. In comparison to the organic polymers the term
“coordination polymer” was defined by J. C. Bailear in 1964 for inorganic compounds that
can be considered as polymeric species and established rules for the building and the
required properties of new species involving metal ions and organic ligands. The basic

requirement for the coordination polymer is that the ligand must be a bridging organic group
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and the metal atoms must solely be bridged by this organic ligand at least in one extended
dimension. Furthermore, at least one carbon atom must lie between the donor atoms. The
last requirement excludes groups such as organyloxides (RO™), organophosponates
(RPO2") or organosulfonates (RSO3), which bridge with their one “inorganic” end group
only, from giving rise to coordination polymers. Also the metal-ligand assemblies where
the metal is bridged by “inorganic” bridges, such as —(R,H)O—, —Cl-, —-CN—, —Nz—, —

(R,0)PO3- and —(R,0)SOs- cannot be considered as coordination polymers. .72

Metal ions
L) ®
PY ()
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® assembly
+ —
/ ~
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Figure 1.3. Schematic representation of 1D, 2D or 3D coordination polymers.

The development in the field of coordination chemistry of extended structures have gained
considerable attention after the structural characterization of Prussian blue’® in 1977 which
was in use since early 1700s, and Hoffman clathrate,* which was first synthesized in 1897.
It was found later that the structure of the Hofmann clathrate is composed entirely of
inorganic constituents: square planar and octahedral Ni?* ions linked by cyanide into a 2D
square grid. Notably, the axial positions of the octahedral metal ions are occupied by
ammonia ligands thus pushing the layers apart and creating voids that are accessible for the
inclusion of organic guests. In 1959, Saito et al. reported the first bis(alkylnitrilo)copper(l)
structures composed of tetrahedral Cu(—CN)a units.”>~"" These building units are connected
through organic moieties of different lengths and thus propagate into extended networks of
varying dimensions. Depending on the length and conformation of the dinitrile linker, one-
dimensional chains in case of succinonitrile (SUC), two-dimensional grid structures in case
of glutaronitrile (GLU) and three-dimensional networks in case of adiponitrile (ADI) were
obtained (Figure 1.4). With this understanding of the geometric aspects of the bonding in
coordination chemistry of extended networks, a hallmark discovery was reported by
Hoskins and Robson in 1989 and provided an important rationale for the deliberate design
and synthesis of extended nets.”® In their contribution they utilized the tetrahedral single-

metal building unit Cu(—CN)s together with the tetrahedral organic linker 4,4'4",4"-



tetracyanotetraphenylmethane (TCTPM), to afford an infinite, non-interpenetrated, 3D
framework with diamond net topology. Utilizing the simple design principles many
coordination polymers with diamond-type, pts-type and alb- or ths-type framework
topologies have been reported using tetrahedral, square planer and tritopic cyano based

organic linkers, respectively.%

X=

Cu(- CN), (sBU)
CN
Nc/\/CN Nc’\/\cn Nc/\/\/
Cu(SUC),NO, Cu(GLU),NO, Cu(ADI),NO,

Figure 1.4. Different bis(alkylnitrilo)copper(l) structures: one-dimensional chains sustained by
succinonitrile (SUC), two-dimensional grid structures with glutaronitrile (GLU), and three-
dimensional networks made of adiponitrile (ADI) linkers.

Another inspiration for the design of this kind of materials composed of metal ions and
organic linkers started with the modification of the original Hoffman clathrates. Several
series of the analogous clathrates have been derived by appropriate replacements of the host
moieties. These clathrates are designated with a general formula Cd(diam)M'(CN)4.nG
where diam refers to diammine, an ambident diamine or monoethanolamine (mea), or a pair
of unidentate mea's, M'(CN)4 is a square-planar or a tetrahedral tetracyanometallate(l1), and
G is a small aromatic guest molecule.” In addition to the cyano-based organic linkers, the
use of pyridyl based bifunctional linkers for the synthesis of such coordination polymers
evolved after the first two-dimensional square grid network reported by Fujita et al.8° The
framework can be considered as an extended form of 4,4'-bipyridine based discrete
molecular square reported by the same group.® It is composed of Cd(bpy)2(NOs). (bpy =
4.,4'-bipyridine) and contains large guest filled voids that can render catalytic processes with
respect to cyanosilylation. The bridging ability of pyridyl-based bifunctional linkers was

further utilized for connecting Hoffman clathrates; it was found that the capping ammonia



ligands can be replaced by bis(pyridyl) linkers, thereby connecting the 2D layers to form
3D coordination architectures. Further progress in the field of coordination polymers based
on cyano- and bis(pyridyl) organic ligands have resulted in the development of porous
coordination polymers of varied dimensionalities and topologies. For example, a range of
porous structures with diamond-like, ThSi; (ths) and primitive cubic (pcu) topology with
open pores having about 50% empty space of the total unit cell volume have been
reported.82-8 However, while considering these materials for practical applications, most
of the porous structures were found to be unstable upon loss of guest molecules.

The instability issue underlined the need for developing strategies for making robust
frameworks that exhibit permanent porosity so that they can be utilized for various
applications. The instability of the cyano- and pyridyl-based coordination polymers was
thought to be due to the weak bonding interactions between the linker and the metal center
and the flexibility of the coordination sphere around the metal center. In order to design
permanently porous structures, Yaghi and co-workers®* reported the use of charged
chelating carboxylate linker to lock the metal—ion positions in place and allow for robust
metal—carboxyl clusters to be used as nodes in making extended structure. In contrast to the
neutral donor linkers, the charged linkers provide much stronger bonding to the metal ion.
Other advantage which is often observed is that the polynuclear metal-carboxyl clusters
(also referred to as secondary building units, SBUs) had one kind of an overall coordination
mode, ensuring the stiffness of the local geometry and thus the architectural robustness of
the resulting framework. This kind of porous and robust structures were termed as metal
organic frameworks (MOFs), which were defined as “crystalline compound consisting of
metal ions or clusters coordinated to often rigid organic molecules to form two-, or three-
dimensional structures that can be porous”. This different nomenclature for the metal
organic structures was made on the basis of their structural aspects; the term coordination
polymer very broadly encompasses all the extended structures based on metal ions linked
into an infinite chain, sheet, or three-dimensional architecture by bridging ligands that
usually contain carbon atom, whereas the term MOF is much more specific to be used for
two- or three-dimensional networks. Chronology of advances in the coordination chemistry
of extended structures is presented in Figure 1.5.

After establishing the permanent porosity and robustness of the 2D framework, the same
group reported the first 3D extended framework, MOF-5 [ZnsO(BDC)s], shortly after the
discovery of the 2D MOF structure.®> The 3D structure, constructed from octahedral
Zn;0(—COO0)s SBUs and BDC linkers, constituted the highest reported surface area for any
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Figure 1.5. Chronology of advances in coordination chemistry of extended structures.

structure known at the time. The enormous popularity of this structure inspired the
researchers towards a rapid development of MOF chemistry, which has come to entail the
largest class of synthetic crystalline materials known today.8¢87 It was shown that a series
of MOF-5 prototypes could be obtained by using extended or functionalized BDC
analogous as linkers.® A series of MOFs based on the same net or topology with different
void volume and pore environment were reported and the concept was defined as
isoreticular (from the Greek term “iso” meaning “same” and Latin “reticulum” meaning
“net””) MOF (IRMOFs) synthesis. In addition to the linear BDC analogous, the concept of
IRMOFs synthesis was further explored for the synthesis of functional MOF structures with
different tritopic, tetratopic and hexatopic carboxylate linkers and different sets of metal
carboxylate clusters as SBUs.®”

The interest in the coordination architectures started with the initial work of Fujita et al. and
Robson et al. for the synthesis of coordination driven discrete and polymeric architectures,
respectively. Both of these fields have attracted considerable scientific interest due to the
discovery of ways for the tailor-made synthesis of a diverse range of 2D (rhomboids,
squares, rectangles, and triangles, etc.) and 3D (trigonal pyramids, trigonal prisms, cubes,
cuboctahedra, double squares, adamantanoids, dodecahedra, etc.) discrete and polymeric

architectures. Coordination polymers (or MOFs) with high surface area have now taken an



important position in the porous-materials area and are added as a new category along with
conventional inorganic and organic porous materials. Porous coordination polymers have
an extra advantage of structural manipulations as per the requirements. For example, the
inorganic part (SBU) provides regularity and rigidity and the porosity and functionality can
be tuned by judicious selection of the organic linkers. Therefore, these materials display a
large structural diversity based on various geometries of metal ion/cluster (node) and size,
shape, and multifunctionality of the organic linkers.

Studies in the area of crystal engineering of coordination architectures have witnessed an
upsurge in recent years not only because of their variety of intriguing architectures and
topologies,11289-92 hyt also because of their potential applications in areas that includes
gas/vapour separation and storage,*®*°7 sensors,%-190 magnetism!%.1%2 drug delivery,03-109
water treatment,'1? heterogeneous catalysis'! 16 and embedding of nano-particles (Figure
1.6).117-123 As discussed above, a lot of effort has been made in the rational design of these
materials as the diverse properties of the coordination architectures are closely related to
their structures, and could be modulated by tailoring their structures via crystal
engineering.’?#12 The diverse selection of organic ligands and inorganic nodes in
constructing such coordination architectures has given an opportunity to build a library of
discrete and polymeric architectures with varied dimensionalities and functionalities.
Keeping in mind the above-mentioned factors, the synthesis of a series of discrete and
polymeric coordination architectures using multicomponent self-assembly process are
reported in work. Out of various synthetic methods available in literature (e.g. one pot self-
assembly at ambient conditions, hydro/solvothermal, sonochemical, electrochemical and
microwave) the ambient and hydro/solvothermal protocols for the synthesis of these
coordination architectures have been mainly employed for the present work. Based on their
underlying design strategy these materials are further utilized for various applications

(Figure 1.6), which are discussed below.
Catalysis

Inits classical definition, a catalyst isa substance that increases the rate of a reaction without
being consumed considerably. The active site in the catalyst and its interaction with
reactant(s), transition state(s), and product(s) define whether the desired reaction will
proceed with a higher rate and selectivity at relatively milder conditions compared to the
non-catalyzed reaction. A catalyst can work in a homogeneous and heterogeneous manner;

both these sub disciplines have their own advantages and limitations. To bridge the gap



between these two sub disciplines of catalysis, intense research has been carried out over
the last few decades in the quest for alternative systems. Coordination architectures have
evolved as a relatively new class of materials that have the potential to become the ideal

homo-hetero bridge.11-116.129-131

Figure 1.6. A schematic representation showing the synthesis and various applications of the
coordination architectures.

However, the term ‘coordination architectures’ has been known since early 1950s; the first
catalytic process within a coordination architecture was addressed through cyanosilylation
of benzaldehyde and imines in 1994.8° This inspired the researchers to explore the concept
of coordination chemistry to design such architectures, which has led to numerous elegant
examples. In general, the Lewis acid open metal site or Bronsted basic organic functional
site acts as the active catalytic site in these architectures and it is not surprising that the
design of such active sites is one of the main targets of catalyst engineering. Coordination
architectures are very good candidates for this purpose because of their ease of structure
tunability using various sets of the organic linker which provides the site for catalysis. As
shown in Figure 1.7, multiple active sites can be incorporated into the coordination

architectures.
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Figure 1.7. A schematic diagram representing different catalytic sites in a coordination architecture.

In addition to the open metal site, various basic and hydrogen bond donating sites can be
incorporated by judicious ligand design. The available empty space and high surface area
of some of these architectures provide the opportunity for embedding metal nanoparticles,

which is an active area of research for designing catalysts with multiple active sites.t’-123
Sensing

A chemical sensor can be defined as a device that responds with perfect and instantaneous
selectivity to a particular target chemical substance (analyte) present in any desired medium
in order to produce a measurable signal output at any required analyte concentration.
Chemical sensors are used for sensing diverse 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.9:132-136 Sensing by these materials is strongly dependent on the molecular recognition
and self-assembly of these chemical structures by various supramolecular interactions
resulting in a change in the physical properties which is observed using different analytical
techniques.®”13% Qut of various analytical techniques used, fluorescence sensing has
evolved as the most popular technique. It is based on the fluorescent-tagged molecules in
the coordination architecture or using the lanthanides as metal center which can produce
fluorescence after interacting with the organic ligand. Fluorescence is based on the property

of some molecules which when hit by a photon, can absorb the energy of that photon to get
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into an excited state. Upon relaxation from that excited state, the same molecule releases a
photon (fluorescence emission). Any interference in this process results in a change in the
fluorescence emission. There are four ways by which this change in the fluorescence
emission can takes place. First is turn-on fluorescence in which an enhancement in the
fluorescence intensity (hyperchromic shift) takes place while the second is the turn-off
fluorescence in which a decrease in the fluorescence intensity (hypochromic shift) is
observed. Other two are the change in the Amax to the higher wavelength, known as red shift
(bathochromic shift) and the change towards lower wavelength known as blue shift
(hypsochromic shift). All these changes in the fluorescence are due to the different
interactions of an external analyte or guest molecule with the framework which can trigger
the electron or energy transfer between the framework and the analyte,100139-141
Coordination architectures have evolved as very promising candidates as chemical sensors
for the solution or vapour phase detection of various analytes.1%142-147 Importance of these
materials have extensively increased because of their exceptional structure tunability and
also because these materials can interact with different analytes due to the presence of
different interaction sites which can be anchored using various design principles of
coordination chemistry. Out of a range of different analytes, the sensing of small molecules
such as nitro aromatics is an essential task to accomplish as these serve as potential
pollutants and explosive materials used in terrorist activities. Coordination architecture have
shown excellent potential for detecting a range of organic molecules and ions, however,

still there is much room for improvement.
Carbon dioxide capture and conversion

Carbon dioxide (CO3y), as the major greenhouse gas, has been cited as the leading culprit,
causing global warming and subsequent climate changes.®4814% During the last 10 years,
the mean annual absolute CO> concentration has increased by 2.21 ppm per year and is
responsible for about 83 % of the increase in radiative forcing over the past 5 years.'>
Therefore, it is of immense importance to develop such systems which can work
successfully in the process of carbon dioxide capture and sequestration (CCS) thus can help
in reducing the greenhouse emission. Human activities, mainly burning of fossil fuels are
largely increasing the concentration of CO- in the atmosphere (Figure 1.8).

Since fossil fuels will remain to be the major energy source for many years and an
immediate halt of CO, emission is not possible, a global effort has recently been devoted to

developing new technologies and processes for the effective capture and sequestration of
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Figure 1.8. Global greenhouse gas emission sources in 2004 of which approximately 77% are
represented by CO2 emissions. (Adapted from reference 155).

CO; from post-combustion effluents, such as flue gas wastes Carbon capture and
sequestration (CCS), where carbon dioxide is removed from industrial flue gases has
attracted considerable attention as it is technologically feasible and could play a significant
role in reducing greenhouse gas emissions.'>15 Numerous efforts have been made to
develop effective methods and materials capable of CCS.% Recent works on numerous
materials including aqueous absorbents like alkanolamine or ionic liquid-based wet
scrubbing systems and solid porous adsorbent, such as, zeolites and activated carbons have
demonstrated their potential for adsorption-based separation,®1%+157 put these CCS
technologies still suffer from reusability and gas selectivity issues.

Adsorption of carbon dioxide is considered to be one of the most promising, competitive,
and viable technologies for the commercial and industrial CCS applications because of its
low energy requirement and broad applicability over a relatively wide range of temperature
and pressure. Coordination architectures, particularly, metal organic frameworks as a new
class of crystalline porous organic—inorganic hybrid materials have emerged as promising
candidates for gas storage and separation applications, particularly in the area of carbon
capture,®158-162 and have therefore received significant attention as cost-effective and
efficient carbon capture materials. For selective CO capture/separation from other gases,
like CO2/N2 (post-combustion), CO2/Hz> (pre-combustion), CO,/O, (air separation), and
CO2/CH4 (natural gas purification), high porosity of the framework is not the only

prerequisite, instead, several factors like (a) suitable pore sizes for their size-exclusive
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effects, (b) functional sites and (c) several parameters of gases like kinetic diameters and
their electric properties, i.e., quadrupole moment and polarization, are even much more
important.151:163-174 Aiming at selective CO capture into the MOFs, current efforts are
largely devoted to enhance the CO; binding affinity in MOFs. Reported strategies include
control over the pore size and shape,*’* incorporation of open metal sites or donor/basic
sites,!”>17" and immobilization of polar functional groups (-NO2, -NH2, , -OH, -COOH, —
CONH,, —SO3H, —F, and —CFs3 etc.) in their pore surfaces.t’1:175-179

Beyond the well-studied CCS using sorbent materials, chemical transformation of CO», into
value-added industrial products turns into an alternative yet sustainable means, given that
CO; represents an abundant, nontoxic, and inexpensive C1 building block.18181 |n
particular, the synthesis of cyclic carbonates from CO, and epoxides is of great promise
because of high atom efficiency, and the generated carbonates can be broadly utilized as
starting materials for electrolytes, polycarbonates, and aprotic polar solvents. However,
because of the thermodynamic and kinetic stability of CO2, the chemical fixation of CO; is
not easy. Therefore, it is imperative and attractive to develop methods to activate and
convert CO, catalytically to high-value chemicals. A variety of homogeneous and
heterogeneous catalysts such as alkali-metal salts,'® transition metal complexes,® ionic
liquids,'84 zeolites,'8:18 metal oxides,*®” and so forth have been exploited to promote the
efficient synthesis of cyclic carbonates from CO» and epoxides via cycloaddition reactions.
In contrast to these mentioned catalysts, MOFs as heterogeneous catalysts have some
advantages because of their high surface area, tunable pore size, and functionality. Although
some MOFs have been considered as effective heterogeneous catalysts in the chemical
conversion and fixation of CO,,88-201 some factors such as the pore size effect of the
frameworks towards reaction substrates should be well investigated during the processes of

MOF-based CO2 chemical conversion.
Scope and Significance of present work

The thesis work presents the multi component self-assembly of discrete and polymeric
coordination architectures using either ambient or hydro/solvothermal synthetic conditions.
As the selection of organic ligand/linker is one of the most important criterion, the ligands
and linkers used in this study have been classified into four different categories- (i) includes
neutral tridentate and bis-tridentate capping ligands for the synthesis of discrete and
polymeric coordination architectures, (ii) includes the rigid, flexible and functional pillar

ligands and neutral tetradentate ligands for the synthesis of porous coordination polymers
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with varied dimensionalities and functionalities, (iii) includes bent dicarboxylates, a

tricarboxylate and a semi rigid tetrahedral tetracarboxylate linker used for the synthesis of
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Figure 1.9. Structures of the neutral poly(pyridyl) ligands.
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these coordination architectures and (iv) includes the functionalized carboxylate linkers for
the synthesis of nitrogen-rich coordination polymers for enhanced carbon dioxide capture
and separation. All these ligands have been synthesized in good yields and high purity. The

chemical structures of the ligands used in this study are shown in Figures 1.9 and 1.10.
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Figure 1.10. Structures of the anionic carboxylate linkers.

There are only few reports so far in the literature for the carboxylates shown in Figure 1.10.
Furthermore, their synthetic accessibility has encouraged us to choose the silicon centered
carboxylate linkers for this work. It is equally important to point out that the dicarboxylate
linkers can be structurally modified to tricarboxylate and tetracarboxylate linkers for a
systematic studies while keeping the other factors constant. Utilizing the combination of the
carboxylate linkers and neutral polypyridyl ligands with various metal ions, the present
work illustrates the controlled and tailored synthesis of coordination architectures of desired
topology and functionality by judicious selection of organic ligands and metal ions. The
work presents a new strategy for the synthesis of discrete molecular squares based on
octahedral metal centers using multi-component self-assembly process without the need of
pre-synthesized donor-acceptor counterparts. The selective adsorption and separation of

carbon dioxide into the porous coordination architectures shows their significant role in the
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gas purification for the environmental applications. The incorporation of catalytic active
sites into the porous coordination architectures shows their significant role as heterogeneous
catalysts for various organic transformations and catalytic chemical fixation of the carbon
dioxide into value added chemicals and utilization of the greenhouse carbon dioxide gas as
an abundant C1 building block. Further, the ligand functionalization into the framework
structures illustrates the impact of functional sites for enhanced carbon dioxide uptake

capacity and selectivity.
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CHAPTER Il

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, unless specifically mentioned. All
reactions involving n-BuLi were carried out in oven-dried glassware and were performed
under an inert atmosphere of nitrogen. Di-ethyl ether and tetrahydrofuran (THF) were dried

by distillation over sodium metal prior to use.
2.2 Physical Measurements

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.p.) were measured on a Biichi 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.

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 micro
balance of the instrument to avoid any discrepancy. The data obtained were analyzed using
TA 60 software.

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 were recorded in cary5000 UV-Vis

spectrophotometer using KBr medium.

Florescence emission spectra were obtained using a Horiba Scientific Fluorolog 3
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Spectrophotometer with stirring mode with a cuvette of 10 mm path length. To obtain the

spectra a slurry of compound was prepared in a particular solvent by stirring for 15 minutes.

Powder X-ray diffraction data were recorded on a Rigaku Ultima 1V 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
for room temperature measurement while on a copper sample holder for variable
temperature measurement. The data were collected over an angle range 5° to 50° (5° to 40°
for VT-PXRD) with a scanning speed of 2° per minute with 0.02° step.

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 APEX2.22 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?%2 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 Olex2,2% the structure was
solved with the ShelXT?2% 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
the structure. Positions of most of the non-hydrogen atoms were obtained from a direct
method solution. Several full-matrix least-squares/difference Fourier cycles were
performed, locating the remainder of the non-hydrogen atoms. In some cases, the solvents
molecules were highly disordered. Therefore, the Olex22%® masking program was used to
remove the diffused electron density due to the disordered solvent molecules. 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 in each case
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were refined with anisotropic displacement parameters except where mentioned. Every
attempt has been made to account for the electron densities above 1 e A3 in each case. The
residual electron density above this value in some cases are either due to the electron
densities split over different positions due to the disordered lattice solvent molecules or the
ghost peaks very close to the metal centers. Crystallographic parameters and basic
information pertaining to data collection and structure refinement for all compounds are
summarized in appendix. All figures were drawn using and MERCURY V 3.10.2%%% and
DIAMOND V 3.22% hydrogen bonding parameters were generated using PLATON.207:208

Gas/Vapour sorption measurements were recorded for pressures 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 outgas rate of less than 2 mTorr min?t (0.27 Pa min?') was
achieved (ca. 12-24 h). The evacuated analysis tubes containing the degassed sample was
then carefully transferred to an electronic balance and weighed again to determine the mass
of sample. The tube was then placed back on the analysis port of the gas adsorption
instrument. The outgas rate was again confirmed to be less than 2 mTorr min-! (0.27 Pa min-
D). 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.
2.3 Synthesis of Ligands

The neutral N-donor capping ligands (bpta, tpen, tpbn, tphxn and tpxn), or bidentate pillar
ligands (dpb, 4-bpdb, 4-bpdh, 3-bpdb, 3-bpdh, 4-bpmp, 3-bpmp, 1,5-ND-4-Py and 1,5-
ND-3-Py) or tetradentate (4-tpom and 3-tpom) were synthesized following literature
procedures.??®22° The carboxylate linkers H2dmsdba, Hsmstba and Hatcps were
synthesized by following the literature procedures with slight modifications.?3%-233 The
triazole functionalized tetracarboxylate linkers Hadmsbta and Hatpstba were synthesized
by the azide-alkyne cycloaddition using well known Click chemistry,234-238

General procedure for Hzdmsdba, Hamstba and Hatcps. A solution of n-BuLi and dry
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THF was made in a 250 mL Schlenk flask and cooled to —78 °C under a nitrogen
atmosphere. The solution equivalent amount of Me,Si(PhBr)4.n in THF was added dropwise
to the flask at -78 °C with a positive flow of nitrogen gas. After stirring the reaction mixture
for 1 h, a large excess of crushed dry ice was added to it maintaining this temperature for 1
h. It was then allowed to warm slowly to room temperature and stirred for further 12 h. The
reaction was quenched by adding 1N aqueous HCI solution and stirred for 20 mins. The
organic phase was separated, washed with water and brine solution and dried over
anhydrous Na;SO.. Removal of THF under reduced pressure gave a white residue which
was recrystallized using ethyl acetate-hexane mixture to afford the corresponding
carboxylic acids as a white solid.

Hz2dmsdba: Yield: 68%, selected FTIR peaks (KBr, cm™): 1688, 1596, 1549, 1502, 1415,
1293, 1091, 829, 758, 711, 498. *H NMR (400 MHz, 6 ppm, DMSO-ds): 7.93 (d, J= 8, 4H),
7.65 (d, J= 8, 4H), 0.59 (s, 6H). *C NMR (100 MHz, 6 ppm, DMSO-de): 167.7, 143.6,
134.5,131.9,128.9, -2.6.

Hamstba: Yield: 75%, selected FTIR peaks (KBr, cm™): 1692, 1598, 1551, 1498, 1415,
1291, 1092, 829, 754, 709, 502. *H NMR (400 MHz, 6 ppm, DMSO-ds): 7.97 (d, J= 8, 6H),
7.61 (d, J= 8, 6H), 0.93 (s, 3H). 3C NMR (100 MHz, 6 ppm, DMSO-ds): 167.7, 140.8,
135.5,132.4,129.1, -3.8.

Hatcps: Yield: 70%, selected FTIR peaks (KBr, cm™): 1690, 1595, 1553, 1499, 1416, 1290,
1093, 830, 754, 709, 504. *H NMR (400 MHz, 6 ppm, DMSO-ds): 8.02 (d, J= 8, 8H), 7.63
(d, J= 8, 8H). 1*C NMR (100 MHz, § ppm, DMSO-ds): 167.6, 138.0, 136.5, 132.9, 129.3.
Procedure for H4dmsbta. It was synthesized using the following multi-step synthetic
procedure.

Step 1: bis(4-bromophenyl)dimethylsilane. It was synthesized according to the reported
procedure.?*?

Step 2: dimethylbis(4-((trimethylsilyl)ethynyl)phenyl)silane. It was synthesized
according to literature reported method with slight modifications. In an oven dried 25 mL
round bottom flask, 3.7 g (10 mmol) of bis(4-bromophenyl)dimethylsilane , 280 mg (0.4
mmol) of [Pd(PPhs)2Cl>], 150 mg (0.8 mmol) of copper(l) iodide and 260 mg (1 mmol) of
triphenyphosphine was taken along with 5 mL of dry THF and 20 mL triethylamine. To this
solution, 4.2 mL (30 mmol, 2.5 eq.) of TMS-acetylene was added and the reaction mixture
was stirred at room temperature under N2 environment. The reaction was monitored by
TLC. After 24 hours the spot due to the starting material was completely disappeared. The

insoluble substance was filtered off and washed with ethyl acetate. The combined filtrate
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was dried over sodium sulphate and evaporated to give the crude solid which was purified
by column chromatography over silica gel using ethyl acetate/hexane (0-5 %) as eluent to
give the product as a pale yellow solid (2.8 g, yield: 70%). 'H NMR (400 MHz, ¢
ppm,CDCls): 7.45 (d, J = 8 Hz, 4H), 7.42 (d, J = 8 Hz, 4H), 0.55 (s, 6H), 0.27 (s, 18 H). 13C
NMR (100 MHz, 6 ppm, CDCls): 138.57, 133.91, 131.11, 123.85, 105.05, 94.98, -0.02, -
2.60.

Step 3: bis(4-ethynylphenyl)dimethylsilane. The terminal alkyne was obtained by the
deprotection of the TMS bond using potassium carbonate. In a 250 mL round bottom flask
a solution of 2 g (495 mmol) of TMS protected alkyne, dimethylbis(4-
((trimethylsilyl)ethynyl)phenyl)silane in 150 mL DCM/Methanol (1:1) mixture was made
and 1.5g (10 mmol) of dry K>CO3 was added to this solution. The reaction mixture was
stirred at room temperature for 5-6 h. The reaction was monitored by TLC using hexane as
eluent. The deprotected product was obtained after 5 h. The solvent was evaporated and 30
mL of water was added to the crude solid. The product was extracted with DCM (40 mL +
20 mL). The organic layer was collected and dried over sodium sulphate and evaporated to
give the pure product as a white solid. (1.2 g, yield: 93%). 'H NMR (400 MHz, § ppm,
CDCls): 7.49 (d, J = 8 Hz, 4H), 7.47 (d, J = 8 Hz, 4H), 3.13 (s, 2H), 0.57 (s, 6H). 3C NMR
(100 MHz, 6 ppm, CDCl3): 138.90, 134.00, 131.35, 122.90, 83.62, 77.87, 2.64.

Step 4: dimethyl 5-azidoisophthalate. In a 250 mL round bottom flask 2 g (9.56 mmol) of
dimethyl-5-aminoisophthalate was added along with 100 mL of 6 N HCI solution. The
suspension thus obtained was cooled to 0 °C. To this solution, a previously cooled aqueous
solution of 700 mg (10 mmol) of sodium nitrite (NaNO>) was slowly added and stirred at
this temperature for 30 minutes. An aqueous solution of 650 mg (10 mmol) of sodium azide
(NaN3) was then slowly added to the reaction mixture at 0 °C. After the complete addition
the temperature was allowed to rise slowly to room temperature and the reaction mixture
was stirred overnight. The white precipitate thus formed was filtered and washed with
copious water and dried in air to get the pure product as white solid (2.1 g, yield: 93%). 'H
NMR (400 MHz, § ppm, CDCls): 8.46 (s, 1H), 7.89 (s, 2H), 3.98 (s, 6H). 13C NMR (100
MHz, 6 ppm, CDCl3): 165.41, 141.26, 132.28, 126.90, 124.04, 52.66.

Step 5: tetramethyl 5,5'-(4,4'-((dimethylsilanediyl)bis(4,1-phenylene))bis(1H-1,2,3-
triazole-4,1 diyl))diisophthalate. To a solution containing 350 mg (1.35 mmol) of the
terminal alkyne and 820 mg (3.5 mmol) of the dimethyl-5-azidoisophthalate in 50 mL THF
and 15 mL water in a 100 mL round bottom flask, 125 mg (0.5 mmol) of copper sulphate

pentahydrate and an excess of sodium ascorbate, 500 mg (2.5 mmol) was added. The
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reaction mixture was heated to 60 °C and stirred for 3 days under nitrogen atmosphere.
Then, 50 mL of DCM and 50 mL water was added to the reaction mixture and the organic
layer was separated. The aqueous layer was again extracted with 20 mL DCM. The
combined organic layer was collected and dried over sodium sulphate and concentrated
under reduced pressure to get the yellow solid which was used as obtained for the next step.
(0.90 g, yield: 91%). 'H NMR (400 MHz, § ppm, CDCls): 8.77 (s, 2H), 8.70 (s, 4H), 8.38
(s, 2H), 7.96 (d, J = 8 Hz, 4H), 7.69 (d, J = 8 Hz, 4H), 4.04 (s, 12H), 0.66 (s, 6H). 13C NMR
(100 MHz, 6 ppm, CDCls3): 165.05, 148.86, 138.81,137.41, 134.88, 132.50, 130.49, 130.35,
125.30, 125.00, 117.61, 52.92, 2.39. ESI-TOF-HRMS: m/z calcd. for CazsH34NsOsgSi:
731.2285, found: 731.2316 [M+H]".

Step 6: Hadmsbta. The corresponding acid was obtained by the hydrolysis of the ester
group. 1 g (1.36 mmol) of methyl ester was dissolved in 50 mL THF and 100 mL water
mixture and 400 mg of sodium hydroxide was added to the solution. The reaction mixture
was stirred overnight at room temperature. THF was removed under reduced pressure and
the remaining solution was filtered and acidified to pH 1 with dilute HCI. The yellow
precipitate formed was filtered and washed with water and air dried. (0.87 g, yield: 94%).
'H NMR (400 MHz, 6 ppm, CDCls): 13.80 (s, 4H), 9.69 (s, 2H), 8.73 (s, 4H), 8.53 (s, 2H),
8.01 (d, J = 8 Hz, 4H), 7.70 (d, J = 8 Hz, 4H), 0.63 (s, 6H). 13C NMR (100 MHz, 5 ppm,
CDCl3): 166.17, 147.99, 138.46, 137.55, 135.06, 133.66, 131.25, 129.80, 125.24, 124.88,
120.63, 2.22. ESI-TOF-HRMS: m/z calcd for C34H26NeOgSi: 675.1659, found: 675.1628
[M+H]*. Selected FTIR peaks (KBr, cm™): 3382, 1722, 1682, 1603, 1463, 1427, 1247,
1173, 1090, 812, 760, 663, 522.

Procedure for Hatpstba. It was synthesized using the following multi-step synthetic
procedure.

Step 1: tetrakis(4-bromophenyl)silane. It was synthesized according to the reported
procedure.?®

Step 2: tetrakis(4-((trimethylsilyl)ethynyl)phenyl)silane. It was synthesized according to
the procedure discussed above. In an oven dried 25 mL round bottom flask 3.2 g (5 mmol)
of tetrakis(4-bromophenyl)silane, 280 mg (0.4 mmol) of [Pd(PPhs)2Cl>], 150 mg (0.8
mmol) of copper(l) iodide and 260 mg (1 mmol) of triphenyphosphine was taken along with
5 mL of dry THF and 20 mL triethylamine. To this solution, 4.2 mL (30 mmol, 6 eq.) of
TMS-acetylene was added and the reaction mixture was stirred at room temperature under
N2 environment. The reaction was monitored by TLC. After 24 h the spot due to the starting

material was completely disappeared. The insoluble substance was filtered off and washed
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with ethyl acetate. The combined filtrate was dried over sodium sulphate and evaporated to
give the crude solid which was purified by column chromatography over silica gel using
ethyl acetate/hexane (0-5 %) as eluent to give the product as a pale yellow solid (2.65 g,
yield: 75%). IH NMR (400 MHz, § ppm, CDCls): 7.47 (d, J = 8 Hz, 8H), 7.42 (d, J = 8 Hz,
8H), -0.27 (s, 36 H). 1*C NMR (100 MHz, 6 ppm, CDCls): 135.98, 133.70, 131.32, 124.70,
104.73, 95.86, -0.06.

Step 3: tetrakis(4-ethynylphenyl)silane. The terminal alkyne was obtained by the
deprotection of the TMS bond using potassium carbonate. In a 250 mL round bottom flask,
a solution of 21g (3 mmol) of TMS protected alkyne, tetrakis(4-
((trimethylsilyl)ethynyl)phenyl)silane in 150 mL DCM/Methanol (1:1) mixture was made
and 2.3 g (15 mmol) of dry K>CO3 was added to this solution. The reaction mixture was
stirred at room temperature for 5-6 h. The reaction was monitored by TLC using hexane as
eluent. The deprotected product was obtained after 4 h. The solvent was evaporated and 50
mL of water was added to the crude solid. The product was extracted with DCM (50 mL +
25 mL). The organic layer was collected and dried over sodium sulphate and evaporated to
give the pure product as a white solid. (1.1 g, yield: 87%). 'H NMR (400 MHz, § ppm,
CDCls): 7.53 (d, J = 8 Hz, 8H), 7.49 (d, J = 8 Hz, 8H), 3.17 (s, 4H). 3C NMR (100 MHz,
o ppm, CDCls): 136.08, 133.90, 131.60, 123.85, 83.35, 78.61.

Step 4: methyl 4-azidobenzoate. To a 250 mL round bottom flask 1.5g (10 mmol) of
methyl-4-aminobenzoate was added along with 100 mL of 6 N HCI solution. The
suspension thus obtained was cooled to 0 °C. To this solution, a previously cooled aqueous
solution of 700 mg (10 mmol) of sodium nitrite (NaNO>) was slowly added and stirred at
this temperature for 30 minutes. An aqueous solution of 650 mg (10 mmol) of sodium azide
(NaN3) was then slowly added to the reaction mixture at 0 °C. After the complete addition,
the temperature was allowed to rise slowly to room temperature and the reaction mixture
was stirred overnight. The white precipatate thus formed was filtered and washed with
copious water and dried in air to get the pure product as white solid (1.5 g, yield: 85%). 1H
NMR (400 MHz, 5 ppm, CDCls): 8.04 (d, J = 8 Hz, 2H), 7.07 (d, J = 8 Hz, 2H), 3.92 (s,
3H). ¥C NMR (100 MHz, § ppm, CDCls): 166.31, 144.74, 131.39, 126.64, 118.63, 52.16.
Step 5: tetramethyl 4,4'4" 4""-(4,4',4" 4" -(silanetetrayltetrakis(benzene-4,1-diyl))
tetrakis(1H-1,2,3-triazole-4,1-diyl))tetrabenzoate. 388 mg (0.9 mmol) of the terminal
alkyne and 800 mg (4.5 mmol) of the methyl-4-azidobenzoate was added to a mixture of
150 mL THF and 50 mL water in a 250 mL round bottom flask. Then copper sulphate
pentahydrate (125 mg, 0.5 mmol, 5 mL H>0) and an excess of sodium ascorbate (500 mg,
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2.5 mmol, 5 mL H>0) was added to the above solution. The reaction mixture was heated to
50 °C and stirred for 3 days under nitrogen atmosphere. Then 50 mL of DCM and 50 mL
water was added to the reaction mixture and the organic layer was separated. The aqueous
layer was again extracted with 50 mL DCM. The combined organic layer was collected and
dried over sodium sulphate and concentrated under reduced pressure to get the yellow solid.
(0.92 g, yield: 90%). 'H NMR (400 MHz, 6 ppm, CDCls): 8.36 (s, 4H), 8.25 (d, J = 8 Hz,
8H), 8.00 (d, J = 8 Hz, 8H), 7.95 (d, J = 8 Hz, 8H), 7.77 (d, J = 8 Hz, 8H), 3.50 (s, 12H).
13C NMR (100 MHz, ¢ ppm, CDCls): 165.92, 148.51, 140.01, 137.05, 134.16, 131.43,
130.32, 125.52, 119.90, 118.85, 117.75, 52.53. ESI-TOF-HRMS: m/z calcd. for
CeaHsN1205Si: 1141.3565, found: 1141.3514 [M+H]*.

Step 6: H4tpstba. The corresponding acid was obtained by the hydrolysis of the ester group.
800 mg (0.7 mmol) of methyl ester was dissolved in 50 mL THF and 100 mL water mixture
and 300 mg of sodium hydroxide was added to the solution. The reaction mixture was stirred
at room temperature overnight. THF was removed under reduced pressure and the
remaining solution was filtered and acidified to pH 1 with dilute HCI. The yellow precipitate
formed was filtered and washed with water and air dried. (650 mg, yield: 85%). 'H NMR
(400 MHz, 6 ppm, DMSO-d6): 9.53 (s, 4H), 8.19 (d, J = 8 Hz, 8H), 8.13 (d, J = 8 Hz, 8H),
8.10 (d, J = 8 Hz, 8H), 7.75 (d, J = 8 Hz, 8H). 13C NMR (100 MHz, 6 ppm, DMSO-d6):
166.87, 147.82, 139.96, 137.11, 133.82, 132.08, 131.62, 131.15, 125.71, 120.74, 120.22.
ESI-TOF-HRMS: m/z calcd. for CgHaoN120gSi: 1085.2939, found: 1085.2954
[M+H]*.Selected FTIR peaks (KBr, cm™): 3402, 1721, 1685, 1605, 1462, 1435, 1248, 1171,
1091, 807, 766, 665, 521.

2.4 Synthesis of Metal Complexes

Stock solutions for crystallization. For using small quantities of ligands, stock
solutions were first prepared and the required amount was taken by using calculated
volume of the stock solutions. For example, a stock solution of 75 mg (0.25 mmol)
of H.dmsdba was made in 3 mL water using 20 mg (2 equivalent) of sodium
hydroxide. For each crystallization experiment, 0.3 mL of this stock solution
containing a solution of 7.5 mg (0.25 mmol) of Hxdmsdba with 2 equivalent of
sodium hydroxide in 0.3 mL water was utilized.

[Mn2(bpta)2(dmsdba)2(H20)2] (1). 30 mg (0.1 mmol) of Hadmsdba was dissolved
in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution of 24.5 mg

(0.1 mmol) of manganese acetate tetrahydrate and 25.5 mg (0.1 mmol) of bpta in 4

26



mL ethanol/water mixture (1:3) was slowly added at room temperature. After stirring
for 15 min, a white precipitate appeared. The reaction mixture was stirred for another
8 h at room temperature to ensure complete precipitation of the product. A white
solid was collected via filtration, washed with DMF and water, and air-dried. Yield:
30 mg (48%). Anal. Calcd for CesH74NsO10SioMn; (MW 1252.38): Calc. %C, 61.32;
%H, 5.95; %N, 6.70 and Found: %C, 60.95; %H, 5.88; %N, 6.61. Selected FTIR
peaks (KBr, cm): 3418 (br), 1591 (s), 1539 (s), 1393 (s), 1101 (m), 1017 (m), 809
(m), 763 (s), 714 (m).

[Coz(bpta)2(dmsdba)z2(H20)2] (2). It was synthesized following the general
procedure as for 1, except that 25 mg (0.1 mmol) of cobalt acetate tetrahydrate was
used in place of manganese acetate tetrahydrate. A pink solid was collected via
filtration, washed with DMF and water, and air-dried. Yield 35 mg (55%). Anal.
Calcd for CesH74NeO10Si-Co2 (MW 1260.36): Calc. %C, 60.93; %H, 5.91; %N, 6.66
and Found: %C, 60.35; %H, 5.85; %N, 6.55. Selected FTIR peaks (KBr, cm): 3426
(br), 1590 (s), 1539 (s), 1393 (s), 1251 (m), 1101 (m), 809 (m), 763 (s), 714 (m).
[Niz(bpta)2(dmsdba)2(H20)2] (3). It was synthesized following the general
procedure as for 1, except 25 mg (0.1 mmol) of nickel acetate tetrahydrate was used
in place of manganese acetate tetrahydrate. A green solid was collected via filtration,
washed with DMF and water, and air-dried. Yield 31 mg (49.6%). Anal. Calcd for
Ce4H74N6O10Si2Ni2 (MW 1259.88): Calc. %C, 60.95; %H, 5.91; %N, 6.66 and
Found: %C, 59.95; %H, 5.84; %N, 6.41. Selected FTIR peaks (KBr cm™1): 3424 (br),
1590 (s), 1539 (s), 1394 (s), 1245 (m), 1101 (m), 809 (m), 763 (s), 716 (M).
[Cd2(bpta)2(dmsdba)2(H20)2] (4). It was synthesized following the general
procedure as for 1, except 27 mg (0.1 mmol) of cadmium acetate dihydrate was used
in place of manganese acetate tetrahydrate. A white solid was collected via filtration,
washed with DMF and water, and air-dried. Yield 40 mg (58%). Anal. Calcd for
Ce4H74N6010Si>Cd> (MW 1367.32): Calc. %C, 56.16; %H, 5.45; %N, 6.14 and
Found: %C, 56.20; %H, 5.22; %N, 6.21. Selected FTIR peaks (KBr cm™1): 3424 (br),
1579 (s), 1531 (s), 1393 (s), 1250 (m), 1100 (m), 813 (m), 763 (s), 722 (M).

Method for crystallization: As all the compounds mentioned above are insoluble in
common organic solvents, solvothermal technique was employed for their crystallization.
15 mg (0.05 mmol) of the H,dmsdba was taken in a teflon reactor and dissolved in 0.4 mL
of DMF. A solution of M(OAC)2xH20 (0.05 mmol) (where M = Mn (1), Co (2), Ni (3) and
Cd (4)) and 12.75 mg (0.05 mmol) of the bpta ligand in 1.6 mL ethanol/water (1:3) was
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then added to this solution. The reactor was sealed in a stainless steel vessel and heated to
120 °C for 48 h in a programmable oven and then slowly cooled to room temperature at a
rate of 4 °C/h. The crystals suitable for single crystal X-ray diffraction analysis were
obtained in case of 1 and 4 only, while a polycrystalline material was obtained in case of 2
and 3.

[Mn2z(bpta)2(obba)2(H20)2] (5). It was synthesized following the general procedure
as for 1, except 26 mg (0.1 mmol) of H.obba was used in place of H.dmsdba. A white
solid was collected via filtration, washed with DMF and water, and air-dried. Yield:
45 mg (76%). Anal. Calcd for CeoHe2NeO12Mn2 (MW 1168.32): Calc. %C, 61.62;
%H, 5.34; %N, 7.19 and Found: %C, 61.21; %H, 5.41; %N, 6.92. Selected FTIR
peaks (KBr, cm): 3407 (br), 1684 (s), 1596 (s), 1558 (s), 1495 (m), 1393 (s), 1297
(m), 1240 (s), 1160 (s), 1095 (m), 1016 (m), 873 (m), 784 (s), 758 (s), 650 (m).
[Co2z(bpta)2(obba)2(H20)2] (6). It was synthesized following the general procedure
as for 5, except 25 mg (0.1 mmol) of cobalt acetate tetrahydrate was used in place of
manganese acetate tetrahydrate. A pink solid was collected via filtration, washed
with DMF and water, and air-dried. Yield: 50 mg (86%). Anal. Calcd for
CesoHs2N6O12C02 (MW 1176.31): Calc. %C, 61.20; %H, 5.31; %N, 7.14 and Found:
%C, 60.85; %H, 5.26; %N, 6.87. Selected FTIR peaks (KBr, cm1): 3415 (br), 1596
(s), 1557 (s), 1495 (m), 1393 (s), 1295 (m), 1242 (s), 1159 (s), 1095 (m), 1021 (m),
873 (s), 784 (s), 759 (s), 652 (m).

[Niz2(bpta)2(obba)2(H20)2] (7). It was synthesized following the general procedure
as for 5, except 25 mg (0.1 mmol) of nickel acetate tetrahydrate was used in place of
manganese acetate tetrahydrate. A green solid was collected via filtration, washed
with DMF and water, and air-dried. Yield: 50 mg (85%). Anal. Calcd for
CesoHs2N6O12Ni2 (MW 1175.83): Calc. %C, 61.23; %H, 5.31; %N, 7.14 and Found:
%C, 60.88; %H, 5.22; %N, 6.74. Selected FTIR peaks (KBr, cm1): 3411 (br), 1596
(s), 1557 (s), 1496 (m), 1394 (s), 1293 (m), 1244 (s), 1159 (s), 1094 (m), 1024 (m),
874 (s), 784 (s), 761 (s), 654 (m).

[Cuz(bpta)2(obba)2(H20)2] (8). It was synthesized following the general procedure
as for 5, except 20 mg (0.1 mmol) of copper acetate monohydrate was used in place
of manganese acetate tetrahydrate. A blue solid was collected via filtration, washed
with DMF and water, and air-dried. Yield: 30 mg (51%). Anal. Calcd for
CsoHe2N6O12Cu2 (MW 1185.53): Calc. %C, 60.73; %H, 5.27; %N, 7.08 and Found:
%C, 61.47; %H, 5.32; %N, 7.18. Selected FTIR peaks (KBr, cm?): 3412 (br), 1684
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(s), 1597 (s), 1571 (w), 1497 (w), 1387 (s), 1292 (m), 1250 (s), 1160 (s), 1103 (w),
1011 (w), 877 (w), 857 (m), 782 (s), 653 (m).

[Zn2(bpta)2(obba)2(H20)2] (9). It was synthesized following the general procedure
as for 5, except 22 mg (0.1 mmol) of zinc acetate dihydrate was used in place of
manganese acetate tetrahydrate. A white solid was collected via filtration, washed
with DMF and water, and air-dried. Yield: 48 mg (80%). Anal. Calcd for
CesoHs2N6O12Zn, (MW 1186.3): Calc. %C, 60.69; %H, 5.26; %N, 7.08 and Found:
%C, 61.42; %H, 5.22; %N, 6.87. Selected FTIR peaks (KBr, cm1): 3410 (br), 1596
(s), 1557 (s), 1495 (m), 1393 (s), 1295 (m), 1242 (s), 1159 (s), 1097 (w), 1020 (w),
873 (m), 784 (s), 760 (s), 652 (m).

[Cd2(bpta)2(obba)2(H20)2] (10). It was synthesized following the general procedure
as for 5, except 27 mg (0.1 mmol) of cadmium acetate dihydrate was used instead of
manganese acetate tetrahydrate. A white solid was collected via filtration, washed
with DMF and water, and air-dried. Yield: 48 mg (75%). Anal. Calcd for
CesoHes2NsO12.Cd2 (MW 1283.26): Calc. %C, 56.11; %H, 4.87; %N, 6.54 and Found:
%C, 56.20; %H, 5.22; %N, 6.21. Selected FTIR peaks (KBr, cm-1): 3415 (br), 1595
(s), 1558 (s), 1492 (m), 1388 (s), 1299 (w), 1237 (s), 1159 (s), 1096 (m), 1017 (m),
873 (m), 784 (s), 759 (s), 650 (m).

Method for crystallization: A solution of the 6.45 mg (0.025 mmol) of Hzobba in
0.2 mL DMF was placed in a narrow glass tube. A solution of (0.025 mmol) of
M(OAC)2xH20 (where M = Mn (5), Co (6), Ni (7), Cu (8), Zn (9) and Cd (10)) and
6.5 mg (0.025 mmol) of bpta ligand in 1 mL ethanol/water mixture (1:3) was added
very carefully along the sides of the tube on the top of H.obba solution and kept
undisturbed. The crystals suitable for single crystal X-ray diffraction analysis were
obtained in case of 5, 9 and 10 only, while the crystals obtained in case of 6, 7 and 8
were not good enough for single crystal X-ray diffraction analysis.
{[Mn2(tpbn)(dmsdba)2(H20)2]-2DMF}n (11). 30 mg (0.1 mmol) of Hodmsdba was
dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution
of 24.5 mg (0.1 mmol) of manganese acetate tetrahydrate and 22.6 mg (0.05 mmol)
of tpbn in 4 mL ethanol/water mixture (1:3) was slowly added at room temperature.
After stirring for 15 min, a white precipitate appeared. The reaction mixture was
stirred for another 8 h at room temperature to ensure complete precipitation of the
product. A white solid containing mixture of 11 and {[Mn(tpbn)(dmsdba)2(H20)2]}n

11a was collected via filtration, washed with DMF and water, and air-dried.
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Combined yield for both isomers: 30 mg (48%). Selected FTIR peaks (KBr, cm™):
3401 (br), 1654 (m), 1602 (s), 1593 (s), 1538 (s), 1480 (m), 1384 (s), 1311 (m), 1250
(s), 1155 (m), 1099 (s), 1016 (s), 808 (s), 767 (s), 714 (s), 644 (m), 480 (m)
{[Mn2z(tpbn)(dmsdba)2(H20)2]}n (11a). 30 mg (0.1 mmol) of H.dmsdba was
dissolved in 2 mL water by making the sodium salt of H.dmsdba, using 2 equivalent
of sodium hydroxide and mixed with a solution of 22.6 mg (0.05 mmol) of tpbnin 5
mL methanol. The resulting clear solution was subsequently added to a solution of
24.5 mg (0.1 mmol) of manganese acetate tetrahydrate in 3 mL water. An off white
precipitate appeared immediately. The reaction mixture was further stirred for
another 4 h at room temperature to ensure complete precipitation of the product. The
off-white solid thus obtained was collected via filtration, washed with water and
ethanol, and air-dried. Yield: 38 mg (63%). Anal. Calcd for CeoHsaNeO10Si2Mn>
(MW 1195.30): Calc. %C, 60.29; %H, 5.40; %N, 7.03 and Found: %C, 60.95; %H,
5.86; %N, 6.91. Selected FTIR peaks (KBr, cm-1): 3400 (br), 1602 (s), 1594 (s), 1539
(s), 1478 (w), 1438 (m), 1385 (s), 1311 (w), 1257 (m), 1249 (m), 1157 (w), 1099 (s),
1050 (m), 1015 (m), 829 (w), 809 (s), 768 (s), 714 (s), 481 (w).
{[Mn2(tphxn)(dmsdba)2(H20)2]-2DMF}n (12). It was synthesized following the
same procedure as for 11, except 24 mg (0.05 mmol) of tphxn was used in place of
tpbn. After stirring for 15 min, a white precipitate appeared. The reaction mixture
was stirred for another 8 h at room temperature to ensure complete precipitation of
the product. A white solid thus obtained was collected via filtration, washed with
DMF and water, and air-dried. Yield: 42 mg (68%). Anal. Calcd for
CesH78NgO12SioMn, (MW 1369.48): Calc. %C, 59.87; %H, 5.76; %N, 8.21 and
Found: %C, 59.98; %H, 5.21; %N, 8.92. Selected FTIR peaks (KBr, cm-1): 3422 (br),
1676 (m), 1604 (s), 1591 (s), 1537 (s), 1436 (m), 1386 (s), 1240 (m), 1099 (s), 1017
(m), 832 (m), 810 (s), 762 (s), 717 (m), 638 (M), 473 (m).
{[Mn2(tpxn)(dmsdba)2(H20)2]:3MeOH}n (13). It was synthesized following the
same procedure as for 11a, except 25 mg (0.05 mmol) of tpxn was used in place of
tpbn. After stirring for 15 min, a white precipitate appeared. The reaction mixture
was stirred for another 8 h at room temperature to ensure complete precipitation of
the product. A white solid thus obtained was collected via filtration, washed with
DMF and water, and air-dried. Yield: 40 mg (64%). Anal. Calcd for
Ce7H72NO11SioMn, (MW 1303.34): Calc. %C, 61.74; %H, 5.57; %N, 6.45 and
Found: %C, 60.81; %H, 5.87; %N, 6.61. Selected FTIR peaks (KBr, cm-1): 3418 (br),
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1602 (m), 1583 (s), 1537 (s), 1443 (w), 1385 (s), 1379 (s), 1347 (w), 1251 (m), 1154
(m), 1097 (s), 1053 (m), 1017 (m), 957 (w), 812 (s), 763 (s), 719 (s), 707 (s), 577
(w), 477 (w).

Method for crystallization: In all three cases, the single crystals were obtained by
slow diffusion technique. A solution of the 7.5 mg (0.025 mmol) of H>dmsdba in 0.2
mL DMF was placed in a narrow glass tube. A solution of 6 mg (0.025 mmol) of
manganese acetate tetrahydrate and 5.6 mg (0.0125 mmol) of tpbn (for 11) or 6 mg
(0.0125 mmol) of tphxn (for 12) or 6.2 mg (0.0125 mmol) of tpxn (for 13) ligand in
1 mL ethanol/water mixture (1:3) was added very carefully along the sides of the
tube on the top of H.dmsdba solution and kept undisturbed. In all cases, colourless
crystals were obtained at the interface of the two solutions after 5-7 days. In case of
tpbn, a mixture of 11 and 11a was obtained. We have been fortunate to get the single
crystal X-ray diffraction data for both the isomers. But unfortunately because of
similar shape and size of both the crystal we have not been able to separate both the
isomers to study their bulk properties. In order to get the single phase material, the
crystallization was done in a different solvent combination. For this purpose, a
solution of 6 mg (0.025 mmol) of manganese acetate in 0.2 mL water was placed in
a narrow glass tube. A solution of 7.5 mg (0.025 mmol) of H.dmsdba was made in
0.3 mL water using 2 equivalent of sodium hydroxide and added to a solution of 6
mg (0.0125 mmol) of tpbn in 1 mL methanol. The resulting clear solution was added
very carefully along the sides of the tube on the top of manganese acetate solution
using 1 mL methanol/water buffer (1:1) in between the two solutions. The tube was
kept undisturbed at room temperature. Colourless crystals of 11a suitable for single
crystal X-ray diffraction analysis was obtained after 7 days.

{[Mn2z(tpbn)(obba)z]}n (14). 26 mg (0.1 mmol) of H.obba was dissolved in 1 mL
DMF in a 10 mL round bottom flask. To this solution, a solution of 24.5 mg (0.1
mmol) of manganese acetate tetrahydrate and 22.6 mg (0.05 mmol) of tpbnin 4 mL
ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for
15 min, a white precipitate appeared. The reaction mixture was stirred for another 8
h at room temperature to ensure complete precipitation of the product. The white
solid thus obtained was collected via filtration, washed with DMF and water, and air -
dried. Yield: 38 mg (70%). Anal. Calcd for Cs6H4sNsO10Mn2 (MW 1074.89): Calc.
%C, 62.57; %H, 4.50; %N, 7.82 and Found: %C, 61.85; %H, 4.23; %N, 6.95.
Selected FTIR peaks (KBr, cm™): 1607 (s), 1592 (s), 1557 (s), 1440 (m), 1412 (s),
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1391 (s), 1311 (m), 1216 (s), 1155 (s), 1015 (s), 888 (m), 871 (s), 784 (m), 762 (s),
714 (m), 654 (s), 639 (M), 540 (m), 412 (m).

{[Mn2(tphxn)(obba)2(H20)2]}» (15). It was synthesized following the same
procedure as for 14, except 24 mg (0.05 mmol) of tphxn was used in place of tpbn.
After stirring for 15 min, a white precipitate appeared. The reaction mixture was
stirred for another 8 h at room temperature to ensure complete precipitation of the
product. A white solid thus obtained was collected via filtration, washed with DMF
and water, and air-dried. Yield: 37 mg (65%). Anal. Calcd for CsgHssNsO12Mn2 (MW
1138.97): Calc. %C, 61.16; %H, 4.96; %N, 7.38 and Found: %C, 60.84; %H, 4.26;
%N, 6.98. Selected FTIR peaks (KBr, cm™): 3418 (br), 1605 (s), 1597 (s), 1560 (s),
1495 (s), 1431 (m), 1395 (s), 1388 (s), 1303 (w), 1241 (s), 1159 (s), 1095 (s), 1054
(m), 1017 (s), 873 (s), 784 (s), 759 (s), 701 (m), 651 (s), 629 (m), 506 (m), 411 (m).
{[Mn2(tpxn)(obba)2(H20)4]-:6 H20-2EtOH}n (16). 26 mg (0.1 mmol) of H,obba was
dissolved in 2 mL water by making the sodium salt of H2obba, using 2 equivalent of
sodium hydroxide and mixed with a solution of 25 mg (0.05 mmol) of tpxnin 5 mL
ethanol. The resulting clear solution was subsequently added to a solution of 24.5 mg
(0.1 mmol) of manganese acetate tetrahydrate in 3 mL water. White precipitate
appeared immediately. The reaction mixture was further stirred for another 4 h at
room temperature to ensure complete precipitation of the product. The white solid
thus obtained was collected via filtration, washed with water and ethanol, and air-
dried. Yield: 45 mg (71%). Anal. Calcd for CesHgoNsO22Mnz (MW 1395.22): Calc.
%C, 55.09; %H, 5.78; %N, 6.02 and Found: %C, 56.01; %H, 5.19; %N, 6.21.
Selected FTIR peaks (KBr, cm™): 3386 (br), 1601 (s), 1571 (w), 1552 (s), 1544 (s),
1497 (m), 1444 (m), 1416 (s), 1379 (s), 1301 (m), 1241 (s), 1157 (s), 1085 (m), 1054
(s), 1014 (s), 879 (s), 766 (S), 649 (m), 414 (w).

Method for crystallization: A solution of the 6.5 mg (0.025 mmol) of H,obba in 0.2
mL DMF was placed in a narrow glass tube. A solution of 6 mg (0.025 mmol) of
manganese acetate tetrahydrate and 5.6 mg (0.0125 mmol) of tpbn (for 14) and 6 mg
(0.0125 mmol) of tphxn (for 15) ligand in 1 mL ethanol/water mixture (1:3) was
added very carefully along the sides of the tube on the top of H,obba solution and
kept undisturbed. Colourless crystals suitable for single crystal X-ray diffraction
analysis were obtained after 3-5 days in both the cases.

A similar technique for crystallization was employed in case of 16 as well, with a

slight modification. A solution of 6 mg (0.025 mmol) of manganese acetate in 0.2
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mL water was placed in a narrow glass tube. A solution of 6.5 mg (0.025 mmol) of
H.obba was made in 0.3 mL water using 2 equivalent of sodium hydroxide and added
to a solution of 6.2 mg (0.0125 mmol) of tpxn in 1 mL ethanol. The resulting clear
solution was added very carefully along the sides of the tube on the top of manganese
acetate solution using 1 mL ethanol/water buffer (1:1) in between the two solutions.
The tube was kept undisturbed at room temperature. Colourless crystals suitable for
single crystal X-ray diffraction analysis was obtained after 7 days.
{[Cd(tpen)2(H20)][(Cd(dmsdba)2]-6H20}n (17). 30 mg (0.1 mmol) of H.dmsdba
was dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a
solution of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate and 21.2 mg (0.05
mmol) of tpen in 4 mL ethanol/water mixture (1:3) was slowly added at room
temperature. After stirring for 15 min, a white precipitate appeared. The reaction
mixture was stirred for another 8 h at room temperature to ensure complete
precipitation of the product. The white solid thus obtained was collected via
filtration, washed with DMF and water, and air-dried. Yield: 40 mg (61%). Anal.
Calcd for CsgH70NsO15Si2Cdz2 (MW 1372.14): Calc. %C, 50.77; %H, 5.14; %N, 6.12
and Found: %C, 5.071; %H, 5.22; %N, 5.96. Selected FTIR peaks (KBr, cm): 3421
(br), 1612 (w), 1578 (s), 1528 (s), 1498 (w), 1399 (s), 1249 (m), 1100 (s), 1018 (s),
829 (m), 813 (s), 765 (s), 725 (s), 660 (w), 553 (w), 481 (w).

Method for crystallization: The single crystals of the compound was obtained by
slow diffusion technique. A solution of the 7.5 mg (0.025 mmol) of H,dmsdba in 0.2
mL DMF was placed in a narrow glass tube. A solution of 6.6 mg (0.025 mmol) of
cadmium acetate dihydrate and 5.3 mg (0.0125 mmol) of tpen ligand in 1 mL
ethanol/water mixture (1:3) was added very carefully along the sides of the tube on
the top of H2dmsdba solution and kept undisturbed. Colourless crystals suitable for
single crystal X-ray diffraction analysis was obtained at the interface of the two
solutions after 3 days.

{[Cd2(tpbn)(dmsdba)2]-2H20}n (18). 30 mg (0.1 mmol) of Hodmsdba was dissolved
in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution of 26.6 mg
(0.1 mmol) of cadmium acetate dihydrate and 22.6 mg (0.05 mmol) of tpbnin 4 mL
ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for
15 min, a white precipitate appeared. The reaction mixture was stirred for another 8
h at room temperature to ensure complete precipitation of the product. The white

solid thus obtained was collected via filtration, washed with DMF and water, and air -
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dried. Yield: 46 mg (70%). Anal. Calcd for CeoHsaNeO10Si>Cd, (MW 1310.18): Calc.
%C, 55.00; %H, 4.92; %N, 6.41 and Found: %C, 54.21; %H, 4.65; %N, 6.61.
Selected FTIR peaks (KBr, cm™): 3429 (br), 1602 (s), 1591 (s), 1534 (s), 1482 (m),
1442 (m), 1395 (s), 1313 (m), 1258 (w), 1249 (s), 1155 (m), 1099 (s), 1053 (m), 1017
(s), 833 (m), 814 (s), 765 (s), 726 (s), 641 (W), 473 (W).

{[Cd2(tpbn)(obba)2]}n (19). 26 mg (0.1 mmol) of Hyobba was dissolved in 1 mL
DMF in a 10 mL round bottom flask. To this solution, a solution of 26.6 mg (0.1
mmol) of cadmium acetate dihydrate and 22.6 mg (0.05 mmol) of tpbn in 4 mL
ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for
15 min, a white precipitate appeared. The reaction mixture was stirred for another 8
h at room temperature to ensure complete precipitation of the product. The white
solid thus obtained was collected via filtration, washed with DMF and water, and air-
dried. Yield: 42 mg (70%). Anal. Calcd for Cs6H4sNsO10Cd> (MW 1189.84): Calc.
%C, 56.53; %H, 4.07; %N, 7.06 and Found: %C, 55.74; %H, 3.88; %N, 6.84.
Selected FTIR peaks (KBr, cm): 1603 (s), 1598 (s), 1573 (w), 1552 (s), 1483 (m),
1442 (m), 1406 (s), 1388 (s), 1313 (m), 1266 (m), 1215 (s), 1156 (s), 1095 (s), 1016
(s), 871 (s), 769 (s), 726 (s), 654 (s), 537 (m), 411 (m).

Method for crystallization: The single crystals of 18 and 19 were obtained by slow
diffusion technique. A solution of 6.6 mg (0.025 mmol) of cadmium acetate
dihydrate and 5.6 mg (0.0125 mmol) of tpbn ligand in 1 mL ethanol/water mixture
(1:3) was added very carefully along the sides of the tube on the top of H.dmsdba
solution (7.5 mg (0.025 mmol) of Hzdmsdba in 0.2 mL DMF) in case of 18 and
Hzobba solution (6.5 mg (0.025 mmol) of Hzobba in 0.2 mL DMF) in case of 19, and
kept undisturbed. In both cases, colourless crystals suitable for single crystal X-ray
diffraction analysis was obtained at the interface of the two solutions after 3 days.
{[Zn2(dmsdba)2(H20)2]-4H20}n (20). 30 mg (0.1 mmol) of H>dmsdba was
dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution
of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL ethanol/water mixture (1:3)
was slowly added at room temperature. After stirring for 15 min, a white precipitate
appeared. The reaction mixture was stirred for another 8 h at room temperature to
ensure complete precipitation of the product. The white solid thus obtained was
collected via filtration, washed with DMF and water, and air-dried. Yield: 25 mg
(60%). Anal. Calcd for C32H40014Si2Zn, (MW 835.58): Calc. %C, 46.00; %H, 4.83
and Found: %C, 47.89; %H, 5.88; %. Selected FTIR peaks (KBr, cm-1): 3418 (br),
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1658 (s), 1624 (s), 1604 (s), 1542 (s), 1498 (m), 1413 (s), 1308 (m), 1266 (m), 1252
(s), 1188 (m), 1100 (s), 1019 (m), 833 (s), 813 (s), 764 (s), 722 (s), 705 (m).
{[Zn2(bpy)(dmsdba)2]}n (21). It was synthesized using the same procedure as for
20, with the additional 4,4’-bipyridine (bpy) added as a pillar ligand. 30 mg (0.1
mmol) of H.dmsdba was dissolved in 1 mL DMF in a 10 mL round bottom flask. To
this solution, a solution of 22 mg (0.1 mmol) of zinc acetate dihydrate and 7.8 mg
(0.05 mmol) of bpy in 4 mL ethanol/water mixture (1:3) was slowly added at room
temperature. After stirring for 15 min, a white precipitate appeared. The reaction
mixture was stirred for another 8 h at room temperature to ensure complete
precipitation of the product. The white solid thus obtained was collected via
filtration, washed with DMF and water, and air-dried. Yield: 30 mg (68%). Anal.
Calcd for Ca2H3sN20gSi2Zn, (MW 883.67): Calc. %C, 57.09; %H, 4.11; %N, 3.17
and Found: %C, 58.12; %H, 4.88; %N, 4.21. Selected FTIR peaks (KBr, cm™): 1636
(s), 1612 (s), 1543 (s), 1496 (m), 1411 (s), 1252 (m), 1220 (m), 1187 (w), 1099 (s),
1075 (m), 1019 (m), 831 (s), 813 (s), 765 (s), 721 (s), 644 (M), 494 (m).
{[Zn2(4-bpdb)(dmsdba)2] DMF2H20}n (22). 30 mg (0.1 mmol) of Hodmsdba was
dissolved in 2 mL water by making the sodium salt of H.dmsdba, using 2 equivalent
of sodium hydroxide and mixed with a solution of 10.5 mg (0.05 mmol) of 4-bpdb
in 5 mL ethanol. The resulting clear solution was subsequently added to a solution
of 22.0 mg (0.1 mmol) of zinc acetate dihydrate in 3 mL water. A light yellow
precipitate appeared immediately. The reaction mixture was further stirred for
another 4 h at room temperature to ensure complete precipitation of the product. The
light yellow solid thus obtained was collected via filtration, washed with water and
ethanol, and air-dried. Yield: 35 mg (75%). Anal. Calcd for C47H49N5011Si2Zn; (MW
1046.85): Calc. %C, 53.92; %H, 4.72; %N, 6.69 and Found: %C, 54.71; %H, 4.87;
%N, 6.31. Selected FTIR peaks (KBr, cm™): 1635 (s), 1616 (s), 1545 (s), 1497 (s),
1410 (s), 1308 (m), 1250 (s), 1186 (w), 1099 (s), 1031 (m), 1019 (m), 813 (s), 763
(s), 721 (s), 694 (m), 429 (m).

{[Zn2(4-bpmp)(dmsdba)2] 2DMF-2H20}n (23). It was synthesized using the same
procedure as for 21, instead 13.5 mg (0.05 mmol) of 4-bpmp was used in place of
bpy. The resulting off white solid thus obtained was collected via filtration, washed
with DMF and water, and air-dried. Yield: 42 mg (71%). Anal. Calcd for
Cs4HesN6O12Si2Zn; (MW 1178.07): Calc. %C, 55.05; %H, 5.65; %N, 7.13 and
Found: %C, 55.82; %H, 5.88; %N, 6.78. Selected FTIR peaks (KBr, cm-1): 3418 (br),
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1636 (s), 1620 (s), 1596 (s), 1544 (s), 1497 (m), 1408 (s), 1303 (m), 1251 (s), 1160
(m), 1099 (s), 1014 (s), 831 (s), 813 (s), 764 (s), 719 (s), 617 (w), 489 (m).
{[Zn2(3-bpdh)(dmsdba)2] 3EtOH-3H20}n (24). It was synthesized using the same
procedure as for 22, instead 12 mg (0.05 mmol) of 3-bpdh was used in place of 4-
bpdb ligand. The light yellow solid thus obtained was collected via filtration, washed
with water and ethanol, and air-dried. Yield: 42 mg (72%). Anal. Calcd for
Cs2HesN4O14SioZn; (MW 1158.03): Calc. %C, 53.95; %H, 5.74; %N, 4.84 and
Found: %C, 52.74; %H, 5.93; %N, 5.62. Selected FTIR peaks (KBr, cm): 3401 (br),
1637 (s), 1598 (s), 1539(s), 1498 (m), 1410 (s), 1307 (w), 1250 (s), 1100 (s), 1057
(m), 1020 (m), 813 (s), 763 (s), 721 (S).

{[Zn2(bpp)(dmsdba)2] DMFH20}n (25). It was synthesized using the same
procedure as for 21, instead 10 mg (0.05 mmol) of bpp was used in place of bpy. The
resulting white solid thus obtained was collected via filtration, washed with DMF
and water, and air-dried. Yield: 35 mg (69%). Anal. Calcd for C4sHs1N3010Si2Zn;
(MW 1016.86): calc. %C, 56.70; %H, 5.06; %N, 4.13 and Found: %C, 55.32; %H,
4.73; %N, 5.21. Selected FTIR peaks (KBr, cm™): 3418 (br), 1638 (s), 1621 (s), 1596
(s), 1543 (s), 1498 (m), 1407 (s), 1305 (m), 1251 (s), 1186 (m), 1099 (s), 1033 (m),
1019 (m), 831 (s), 829 (s), 813 (s), 764 (s), 720 (s), 617 (W), 493 (m).

Method for crystallization: The single crystals of 20-25 were obtained by slow
diffusion technique using different solvent combinations. For the crystallization of
20, 21, 23 and 25, a solution of 7.5 mg (0.025 mmol) of Hodmsdba in 0.2 mL DMF
was placed in a narrow glass tube. A solution of 5.5 mg (0.025 mmol) of zinc acetate
dihydrate (in case of 20) or a solution of 5.5 mg (0.025 mmol) of zinc acetate
dihydrate and 0.0125 mmol of the bis(pyridyl) ligands, 2 mg of bpy for 21, 3.4 mg
of 4-bpmp for 23 and 2.5 mg of bpp for 25 was added very carefully along the sides
of the tube on the top of H>dmsdba solution and kept undisturbed. In all cases,
colourless crystals suitable for single crystal X-ray diffraction analysis were obtained
at the interface of the two solutions after 5-7 days.

For the crystallization of 22 and 24, a solution of 5.5 mg (0.025 mmol) of zinc acetate
dehydrate in 0.2 mL water was placed in a narrow glass tube. A solution of 7.5 mg
(0.025 mmol) of H2dmsdba was made in 0.3 mL water using 2 equivalent of sodium
hydroxide and added to a solution of 2.6 mg (0.0125 mmol) of 4-bpdb (in case of 22)
or 3 mg (0.0125 mmol) of 3-bpdh (in case of 24) in 1 mL ethanol. The resulting clear

solution was added very carefully along the sides of the tube on the top of zinc acetate
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solution using 1 mL ethanol/water buffer (1:1) in between the two solutions. The
tube was kept undisturbed at room temperature. Clear light yellow crystals suitable
for single crystal X-ray diffraction analysis was obtained after 5-6 days.
{[Mn2(bpy)(dmsdba)z]}n (26). 30 mg (0.1 mmol) of H2dmsdba was taken in a teflon
reactor and dissolved in 0.4 mL of DMF. A solution of 24.5 mg (0.1 mmol) of
manganese acetate tetrahydrate and 8 mg (0.05 mmol) of bpy in 1.6 mL ethanol/water
(1:3) mixture was then added to this solution. The reactor was sealed in a stainless
steel vessel and heated to 120 °C for 48 h in a programmable oven and then slowly
cooled to room temperature at a rate of 4 °C/h. The colourless plate-like crystals
suitable for single crystal X-ray diffraction analysis, thus obtained was collected via
filtration, washed with DMF and water, and air dried. Yield: 27 mg (63%). Anal.
Calcd for C42H36N20gSizMnz (MW 862.79): Calc. %C, 58.46; %H, 4.20; %N, 3.24
and Found: %C, 58.05; %H, 4.31; %N, 2.73. Selected FTIR peaks (KBr, cm™): 1619
(s), 1543 (s), 1410 (s), 1251 (s), 1219 (m), 1160 (m), 1098 (s), 1014 (s), 810 (s), 764
(s), 719 (s), 719 (m), 642 (m), 493 (m).

{[Mn2(dpb)o.s(dmsdba)z]}n (27). It was synthesized using the same procedure as for
26, instead 12 mg (0.05 mmol) of dpb was used in place of bpy. The colourless plate
like crystals suitable for single crystal X-ray diffraction analysis, thus obtained was
collected via filtration, washed with DMF and water, and air dried. Yield: 25 mg
(60%). Anal. Calcd for C40H3sNOgSiMn, (MW 840.74): Calc. %C, 58.39; %H, 4.17;
%N, 1.70 and Found: %C, 60.15; %H, 5.02; %N, 2.31. Selected FTIR peaks (KBr,
cm-t): 3386 (br), 1651 (s), 1605 (s), 1587 (s), 1535 (s), 1498 (m), 1486 (m), 1399 (s),
1250 (m), 1187 (w), 1102 (s), 1006 (m), 812 (s), 768 (s), 715 (s), 673 (m), 578 (w),
484 (m).

{[Mn3s(bpee)(dmsdba)s3(H20)2]-0.5bpee: DMF-H20}n (28). It was synthesized using
the same procedure as for 26, instead 9.2 mg (0.05 mmol) of bpee was used in place
of bpy. The colourless plate like crystals suitable for single crystal X-ray diffraction
analysis, thus obtained was collected via filtration, washed with DMF and water, and
air dried. Yield: 45 mg (61%). Anal. Calcd for CsgHeoN4O16SizsMnz (MW 1459.39):
Calc. %C, 56.71; %H, 4.90; %N, 3.83 and Found: %C, 55.21; %H, 5.62; %N, 4.28.
Selected FTIR peaks (KBr, cmt): 3432 (br), 1695 (s), 1606 (s), 1555 (m), 1419 (s),
1388 (s), 1313 (m), 1288 (s), 1253 (s), 1180 (m), 1096 (s), 1066 (m), 1014 (s), 829
(s), 799 (s), 758 (s), 707 (m), 549 (s), 502 (m).
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{[Mns(azopy)(dmsdba)s(H20)2]-0.5azopy:DMF2H20}n (29). It was synthesized
using the same procedure as for 26, instead 9.2 mg (0.05 mmol) of azopy was used
in place of bpy. The red block-shaped crystals suitable for single crystal X-ray
diffraction analysis, thus obtained was collected via filtration, washed with DMF and
water, and air dried. Yield: 48 mg (65%). Anal. Calcd for CesHegN7O17SisMnz (MW
1481.36): Calc. %C, 53.51; %H, 4.69; %N, 6.62 and Found: %C, 51.82; %H, 4.12;
%N, 7.24. Selected FTIR peaks (KBr, cm™): 3447 (br), 1700 (s), 1597 (s), 1542 (m),
1458 (w), 1411 (s), 1310 (w), 1280 (s), 1177 (m), 1108 (s), 1095 (s), 1016 (s), 835
(s), 800 (s), 761 (s), 704 (m), 676 (w), 548 (m).

{[Mn2(bpe)(u-OH2)(dmsdba)2]}n (30). It was synthesized using the same procedure
as for 26, instead 9.2 mg (0.05 mmol) of bpe was used in place of bpy. The colourless
block shaped crystals suitable for single crystal X-ray diffraction analysis, thus
obtained was collected via filtration, washed with DMF and water, and air dried.
Yield: 32 mg (70%). Anal. Calcd for C44sH42N209SioMn, (MW 908.86): Calc. %C,
58.15; %H, 4.66; %N, 3.08 and Found: %C, 57.72; %H, 4.92; %N, 4.56. Selected
FTIR peaks (KBr, cm™): 3418 (br), 1608 (s), 1588 (s), 1541 (s), 1429 (m), 1408 (s),
1335 (s), 1255 (m), 1248 (m), 1103 (s), 1017 (s), 814 (s), 803 (s), 775 (s), 764 (s),
712 (s), 516 (m).

{[Co2(bpy)(dmsdba)2]}n (31). It was synthesized using the same procedure as for
26. 30 mg (0.1 mmol) of the H.dmsdba was taken in a teflon reactor and dissolved
in 0.4 mL of DMF. A solution of 25 mg (0.1 mmol) of cobalt acetate tetrahydrate
and 8 mg (0.05 mmol) of bpy in 1.6 mL ethanol/water (1:3) was then added to this
solution. The reactor was sealed in a stainless steel vessel and heated to 120 °C for
48 h in a programmable oven and then slowly cooled to room temperature at a rate
of 4 °C/h. The violet precipitate thus obtained was collected via filtration, washed
with DMF and water, and air dried. Yield: 32 mg (73%). Anal. Calcd for
C42H36N20gSi2Co2 (MW 870.78): Calc. %C, 57.93; %H, 4.17; %N, 3.22 and Found:
%C, 56.71; %H, 4.82; %N, 4.22. Selected FTIR peaks (KBr, cm-t): 1609 (s), 1544
(m), 1411 (s), 1251 (w), 1217 (w), 1098 (m), 833 (w), 811 (s), 763 (s), 721 (m), 494
(w).

{[Co2(bpee)(dmsdba)z]}n (32). It was synthesized using the same procedure as for
31, instead 9.2 mg (0.05 mmol) of bpee was used in place of bpy. The pink plate-like

crystals suitable for single crystal X-ray diffraction analysis, thus obtained was
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collected via filtration, washed with DMF and water, and air dried. Yield: 30 mg
(67%). Anal. Calcd for CssH3sN20gSi-Co2 (MW 896.82): Calc. %C, 58.93; %H,
4.27; %N, 3.12 and Found: %C, 57.18; %H, 4.86; %N, 4.02. Selected FTIR peaks
(KBr, cm): 1610 (s), 1541 (m), 1456 (w), 1411 (s), 1250 (m), 1219 (w), 1099 (s),
1026 (w), 829 (m), 812 (m), 762 (s), 718 (m), 549 (w).

{[Co2(4-bpdb)(dmsdba)z]}n (33). It was synthesized using the same procedure as
for 31, instead 10.5 mg (0.05 mmol) of 4-bpdb was used in place of bpy. The violet
block-shaped crystals suitable for single crystal X-ray diffraction analysis, thus
obtained was collected via filtration, washed with DMF and water, and air dried.
Yield: 32 mg (69%). Anal. Calcd for C4sH3sN4OgSi.Co, (MW 924.83): Calc. %C,
57.14; %H, 4.14; %N, 6.06 and Found: %C, 58.52; %H, 4.82; %N, 6.72. Selected
FTIR peaks (KBr, cm™): 1597 (s), 1533 (m), 1495 (w), 1399 (s), 1309 (w), 1248 (m),
1101 (s), 1019 (m), 812 (s), 764 (s), 719 (m), 494 (w).
{[Co2(4-bpmp)(dmsdba)2]-H20}n (34). It was synthesized using the same procedure
as for 31, instead 13.5 mg (0.05 mmol) of 4-bpmp was used in place of bpy. The
violet plate- like crystals suitable for single crystal X-ray diffraction analysis, thus
obtained was collected via filtration, washed with DMF and water, and air dried.
Yield: 31 mg (62%). Anal. Calcd for CssHsoN4O9Si-Co> (MW 1000.97): Calc. %C,
57.60; %H, 5.03; %N, 5.60 and Found: %C, 58.35; %H, 5.82; %N, 6.21. Selected
FTIR peaks (KBr, cm™): 3418 (br), 1616 (s), 1541 (m), 1410 (s), 1250 (m), 1099 (s),
1017 (w), 811 (m), 763 (s), 721 (m), 493 (w).

{[Co2(azopy)(dmsdba)z]}n (35). It was synthesized using the same procedure as for
31, instead 9.2 mg (0.05 mmol) of azopy was used in place of bpy. The violet block-
shaped crystals suitable for single crystal X-ray diffraction analysis, thus obtained
was collected via filtration, washed with DMF and water, and air dried. Yield: 30
mg (67%). Anal. Calcd for C42H3sN4OgSi2Co2 (MW 898.79): Calc. %C, 56.13; %H,
4.04; %N, 6.23 and Found: %C, 57.25; %H, 4.97; %N, 7.03. Selected FTIR peaks
(KBr, cm™): 1609 (s), 1541 (w), 1411 (s), 1250 (m), 1099 (s), 1020 (w), 831 (m),
812 (m), 762 (s), 720 (m), 494 (w).

{[Co2(bpp)(dmsdba)2]}n (36). It was synthesized using the same procedure as for
31, instead 10 mg (0.05 mmol) of bpp was used in place of bpy. The violet block-
shaped crystals suitable for single crystal X-ray diffraction analysis, thus obtained
was collected via filtration, washed with DMF and water, and air dried. Yield: 35
mg (76%). Anal. Calcd for C45H42N20gSi>Co, (MW 912.86): Calc. %C, 59.21; %H,
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4.64; %N, 3.07 and Found: %C, 58.53; %H, 5.02; %N, 3.82. Selected FTIR peaks
(KBr, cm™?): Selected FTIR peaks (KBr, cm™): 1617 (s), 1542 (m), 1409 (s), 1259
(m), 1222 (w), 1098 (s), 1018 (m), 811 (s), 762 (), 717 (m), 492 (w).
{[Cd2(bpe)(dmsdba)2(DMF)2]}» (37). 30 mg (0.1 mmol) of H.dmsdba was
dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution
of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate and 9.2 mg (0.05 mmol) of bpe
in 4 mL ethanol/water mixture (1:3) was slowly added at room temperature. After
stirring for 15 min, a white precipitate appeared. The reaction mixture was stirred for
another 8 h at room temperature to ensure complete precipitation of the product. The
white solid thus obtained was collected via filtration, washed with DMF and water,
and air-dried. Yield: 38 mg (66%). Anal. Calcd for CsoHs54N4O10Si>Cdz (MW
1151.98): Calc. %C, 52.13; %H, 4.72; %N, 4.86 and Found: %C, 51.23; %H, 5.51;
%N, 5.72. Selected FTIR peaks (KBr, cm™): 1653 (s), 1613 (m), 1578 (s), 1526 (s),
1498 (m), 1400 (s), 1220 (m), 1099 (s), 1020 (m), 830 (m), 814 (s), 765 (s), 724 (s),
544 (m), 488 (W).

Method for crystallization: The single crystals of the compound was obtained by
slow diffusion technique. A solution of 7.5 mg (0.025 mmol) of H2dmsdba in 0.2 mL
DMF was placed in a narrow glass tube. A solution of 6.7 mg (0.025 mmol) of
cadmium acetate dihydrate and 2.3 mg (0.0125 mmol) of bpe was added very
carefully along the sides of the tube on the top of Hxdmsdba solution and kept
undisturbed. Colourless crystals suitable for single crystal X-ray diffraction analysis
were obtained at the interface of the two solutions after 5 days.
{[Cd2(4-bpdb)(dmsdba)2(H20)2]-2H20}n (38). 30 mg (0.1 mmol) of H.dmsdba was
dissolved in 2 mL water by making the sodium salt of H.dmsdba, using 2 equivalent
of sodium hydroxide and mixed with a solution of 10.5 mg (0.05 mmol) of 4-bpdb
in 5 mL ethanol. The resulting clear solution was subsequently added to a solution
of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate in 3 mL water. A light yellow
precipitate appeared immediately. The reaction mixture was further stirred for
another 4 h at room temperature to ensure complete precipitation of the product. The
light yellow solid thus obtained was collected via filtration, washed with water and
ethanol, and air-dried. Yield: 42 mg (76%). Anal. Calcd for C44H46N4O12Si.Cd2 (MW
1103.85): Calc. %C, 47.88; %H, 4.20; %N, 5.08 and Found: %C, 48.02; %H, 5.21;
%N, 5.54. Selected FTIR peaks (KBr, cm-?): 3370 (br), 1609 (s), 1575 (s), 1525 (s),
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1498 (m), 1402 (s), 1309 (w), 1252 (m), 1143 (w), 1099 (s), 1019 (m), 814 (s), 763
(s), 727 (m), 688 (m), 518 (m).

Method for crystallization: A solution of 7.5 mg (0.025 mmol) of Hzdmsdba was
made in 0.3 mL water using 2 equivalent of sodium hydroxide and added to a solution
of 2.6 mg (0.0125 mmol) of 4-bpdb in 1 mL ethanol. The resulting clear solution was
added very carefully along the sides of the tube on the top of cadmium acetate
dehydrate solution using 1 mL ethanol/water buffer (1:1) in between the two solution.
The tube was kept undisturbed at room temperature. Clear light yellow crystals
suitable for single crystal X-ray diffraction analysis was obtained after 7 days.
{[Cd(bpp)(dmsdba)(H20)] DMF}»  (39). A mixture of dicarboxylic acid,
H.dmsdba 30 mg (0.1 mmol), bpp 20 mg (0.1 mmol) and 31 mg (0.1 mmol) of
cadmium nitrate tetrahydrate was dissolved in 3 mL DMF. To this solution 2 mL
water was added and the clear solution was transferred to a glass vial. The glass vial
was sealed and heated to 100 °C for 48 h. The colourless rod shaped crystals, thus
obtained were filtered while hot to remove any unreacted ligands or metal salt from
the product. The crystals were repeatedly washed with DMF followed by water and
air-dried. Yield: 48 mg (69%), based on the metal salt. Anal. Calcd for
C32H37N306SiCd (MW 700.13): Calc. %C, 54.89; %H, 5.33; %N, 6.00 and Found:
%C, 55.05; %H, 6.10; %N, 5.88. Selected FTIR peaks (KBr, cm-1): 3406 (br), 1669
(s), 1579 (s), 1530 (s), 1400 (s), 1307 (w), 1250 (m), 1225 (w), 1100 (s), 1017 (m),
812 (s), 767 (s), 724 (m), 659 (w), 509 (m).
{[Cd2(1,5-ndp)(dmsdba)2(THF)2]2THF}n (40). 30 mg (0.1 mmol) of H.dmsdba
and 17 mg (0.05 mmol) of 1,5-ndp was dissolved in 5 mL THF in a 25 mL round
bottom flask. A solution of 31 mg (0.1 mmol) of cadmium nitrate tetrahydrate in 5
mL methanol was then added very slowly to the above solution while stirring. A
Yellow precipitate appeared immediately. The reaction mixture was further stirred
for another 8 h at room temperature to ensure complete precipitation of the product.
The yellow solid thus obtained was collected via filtration, washed with THF and
methanol, and air-dried. Yield: 48 mg (66%). Anal. Calcd for C7gH92N4014Si>Cd;
(MW 1590.57): Calc. %C, 58.90; %H, 5.83; %N, 3.52 and Found: %C, 59.52; %H,
6.18; %N, 3.32. Selected FTIR peaks (KBr, cm): 3392 (br), 1609 (s), 1578 (s), 1528
(s), 1500 (m), 1401 (s), 1317 (w), 1248 (m), 1189 (w), 1100 (s), 1061 (m), 1018 (m),
927 (w), 829 (s), 813 (s), 764 (s), 725 (s), 538 (m).
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Method for crystallization: Single crystals of the compound was obtained by slow
diffusion technique. A solution of 7.5 mg (0.025 mmol) of Hzdmsdba and 4.2 mg
(0.0125 mmol) of 1,5-ndp was made in 1 mL THF and transferred to a narrow glass
tube. A solution of 7.7 mg (0.025 mmol) of cadmium nitrate tetrahydrate in 0.5 mL
methanol was then added very carefully along the sides of the tube on the top of the
above solution using 1 mL THF/MeOH buffer (1:1) in between the two solutions.
The tube was kept undisturbed at room temperature. Clear yellow crystals suitable
for single crystal X-ray diffraction analysis was obtained after 7 days.
{[Zn2(4-tpom)(dmsdba)2] DMF2H20}n (41). 30 mg (0.1 mmol) of the H.dmsdba
and 22 mg (0.05 mmol) of 4-tpom was taken in a teflon reactor and dissolved in 1
mL of DMF. A solution of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL
ethanol/water (1:3) was then added to this solution. The reactor was sealed in a
stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed
by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block
shaped crystals thus obtained were collected via filtration, washed with DMF and
then with water to remove the acetic acid by-product and air-dried. Yield: 45 mg
(70%). Anal. Calcd for CsoHezN5015Si2Zn,; (MW 1281.10): Calc. %C, 56.25; %H,
4.96; %N, 5.47 and Found: %C, 55.92; %H, 4.58; %N, 5.83. Selected FTIR peaks
(KBr, cm™1): 3434 (br), 1664 (w), 1613 (s), 1542 (m), 1513 (m), 1468 (w), 1387 (s),
1293 (s), 1213 (s), 1100 (m), 1030 (s), 830 (m), 810 (s), 764 (s), 723 (m), 538 (m).
{[Cd2(4-tpom)(dmsdba)2]- 4ADMF-H20}n (42). 30 mg (0.1 mmol) of the H.dmsdba
and 22 mg (0.05 mmol) of 4-tpom was taken in a teflon reactor and dissolved in 1
mL of DMF. A solution of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate in 4
mL ethanol/water (1:3) was then added to this solution. The reactor was sealed in a
stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed
by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block
shaped crystals thus obtained were collected via filtration, washed with DMF and
then with water to remove the acetic acid by-product and air-dried. Yield: 52 mg
(65%). Anal. Calcd for CgoHg2NgO17Si.Cd2 (MW 1576.43): Calc. %C, 52.57; %H,
5.24; %N, 7.11 and Found: %C, 52.83; %H, 5.62; %N, 6.89. Selected FTIR peaks
(KBr,cm™): 3411 (br), 1668 (w), 1607 (s), 1576 (m), 1526 (m), 1509 (m), 1466 (w),
1397 (s), 1291 (s), 1212 (s), 1100 (m), 1023 (s), 829 (m), 812 (s), 764 (s), 725 (m),
537 (m).
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{[Zn2(3-tpom)(dmsdba)2] EtOH-3H20}n (43). 30 mg (0.1 mmol) of the H.dmsdba
and 22 mg (0.05 mmol) of 3-tpom was taken in a teflon reactor and dissolved in 1
mL of DMF. A solution of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL
ethanol/water (1:3) was then added to this solution. The reactor was sealed in a
stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed
by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block
shaped crystals thus obtained were collected via filtration, washed with DMF and
then with water to remove the acetic acid by-product and air-dried. Yield: 42 mg
(66%). Anal. Calcd for CsgHessN4O16Si2Zn, (MW 1272.09): Calc. %C, 55.70; %H,
5.10; %N, 4.41 and Found: %C, 56.02; %H, 5.46; %N, 4.82. Selected FTIR peaks
(KBr, cm™): 3430 (br), 1624 (s), 1601 (m), 1576 (s), 1548 (m), 1482 (m), 1435 (s),
1390 (s), 1369 (s), 1283 (s), 1244 (s), 1190 (w), 1101 (s), 1056 (m), 1018 (m), 829
(m), 814 (s), 772 (s), 760 (s), 722 (m), 697 (m), 642 (w).
{[Cd2(3-tpom)(obba)z]-(H20)}n (44). 26 mg (0.1 mmol) of the H,obba and 22 mg
(0.05 mmol) of 3-tpom was taken in a teflon reactor and dissolved in 1 mL of DMF.
A solution of 31 mg (0.1 mmol) of cadmium nitrate tetrahydrate in 4 mL
ethanol/water (1:3) was then added to this solution. The reactor was sealed in a
stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed
by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block
shaped crystals thus obtained were collected via filtration, washed with DMF and
then with water and air-dried. Yield: 40 mg (66%). Anal. Calcd for Cs3H42N4O15Cd>
(MW 1199.81): Calc. %C, 53.06; %H, 3.55; %N, 4.65 and Found: %C, 53.21; %H,
3.46; %N, 4.91. Selected FTIR peaks (KBr, cm™): 3431 (br), 1684 (w), 1631 (w),
1597 (s), 1575 (m), 1542 (m), 1482 (m), 1435 (m), 1401 (s), 1277 (s), 1245 (s), 1195
(m), 1161 (s), 1058 (m), 1010 (m), 881 (s), 779 (s), 697 (m), 664 (m), 636 (m).
{[Cds(mstba)2(H20)s]'H20}n (45). A mixture of tricarboxylic acid, Hamstba 40.6
mg (0.1 mmol) and 46.2 mg (0.15 mmol) of cadmium nitrate tetrahydrate was
dissolved in 3 mL DMF. To this solution 2 mL ethanol/water mixture (1/1) was added
and the clear solution was transferred to a glass vial. The glass vial was sealed and
heated to 100 °C for 48 h, followed by slow cooling to room temperature. The
colourless block shaped crystals, thus obtained were filtered and washed repeatedly
with DMF followed by water and air-dried. Yield: 43 mg (68 %). Anal. Calcd for
C44H44019Si2Cds (MW 1270.21): Calc. %C, 41.60; %H, 3.49 and Found: %C, 43.02;
%H, 4.51. Selected FTIR peaks (KBr, cm™): 3402 (br), 1663 (m), 1594 (s), 1576 (s),
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1537 (s), 1528 (s), 1498 (m), 1469 (m), 1415 (s), 1307 (w), 1244 (m), 1191 (w), 1101
(s), 1019 (s), 857 (s), 799 (s), 766 (S), 742 (s), 724 (m), 704 (m), 537 (m).
{[NH2(CHs3)2]2[Cd2(bpy)(mstba)2] 8DMF2H20}n (46). A mixture of tricarboxylic
acid, Hamstba 40.6 mg (0.1 mmol), 30.8 mg (0.1 mmol) of cadmium nitrate
tetrahydrate and 8 mg (0.05 mmol) of bpy was dissolved in 5 mL DMF. To this
solution 3 mL ethanol/water mixture (1/1) was added and the clear solution was
transferred to a glass vial. The glass vial was sealed and heated to 100 °C for 48 h,
followed by slow cooling to room temperature. The colourless needle shaped
crystals, thus obtained were filtered and washed repeatedly with DMF followed by
water and air-dried. Yield: 58 mg (61%). Anal. Calcd for Cg2H114N12022Si2Cd; (MW
1900.84): Calc. %C, 51.81; %H, 6.04; %N, 8.84 and Found: %C, 50.35; %H, 5.14;
%N, 10.21. Selected FTIR peaks (KBr, cm™): 3412 (br), 1654 (m), 1595 (s), 1576
(m), 1537 (s), 1498 (m), 1413 (s), 1244 (m), 1220 (w), 1101 (s), 1019 (m), 856 (s),
799 (s), 766 (s), 742 (s), 724 (m), 630 (m), 536 (m).
{[NH2(CHs3)2]2[Cdz(azopy)(mstba)2]- 4ADMF-2H20}n (47). It was synthesized using
the same procedure as for 46, except 9.2 mg (0.05 mmol) of azopy was used instead
of bpy. The red coloured block shaped crystals, thus obtained were filtered and
washed repeatedly with DMF followed by water and air-dried. Yield: 62 mg (76 %).
Anal. Calcd for C7oHgsN10018Si>Cd> (MW 1636.48): Calc. %C, 51.38; %H, 5.30;
%N, 8.56 and Found: %C, 51.82; %H, 5.83; %N, 9.82. Selected FTIR peaks (KBr,
cm™): 3400 (br), 1654 (m), 1592 (s), 1576 (m), 1534 (s), 1500 (m), 1403 (s), 1307
(w), 1245 (m), 1191 (w), 1102 (s), 1018 (s), 860 (s), 796 (), 766 (s), 742 (s), 725
(m), 704 (m), 537 (m).

{[Co2(bpy)(tcps)]0.5DMF-H20}n (48). A mixture of tetracarboxylic acid, Hatcps
51.2 mg (0.1 mmol), 15.6 mg (0.1 mmol) of bpy and 58.2 mg (0.2 mmol) of cobalt
nitrate hexahydrate was taken in a teflon reactor along with 10 mL solvent mixture
of DMF/EtOH/H,0 (1/1/3). The teflon vessel was sealed in a stainless-steel vessel
and heated to 120 °C for 48 h. The mixture was allowed to cool down to room
temperature at a rate of 4 °C/h. Violet plate-like crystals, thus obtained was filtered
and washed with DMF and ethanol and air dried to get the as synthesized compound.
Yield: 60 mg (77%). Anal. Calcd for C3g.5H29.5N2.509.5S1C02, (MW 836.5): Calc. %C,
56.6; %H, 3.5; %N, 4.2 and Found: %C, 57.2; %H, 3.7; %N, 4.6. Selected FTIR
peaks (KBr, cm™): 1681 (s), 1618 (s), 1542 (m), 1498 (w), 1399 (s), 1384 (s), 1259
(w), 1217 (w), 1097 (m), 1018 (w), 811 (m), 770 (M), 725 (s), 481 (w).
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{[Cd2(bpy)(tcps)] (H20)}n (49). A mixture of tetracarboxylic acid, Hatcps 25.6 mg
(0.05 mmol), 8 mg (0.05 mmol) of bpy was dissolved in 3 mL DMF. To this clear
solution 30.8 mg (0.1 mmol) of cadmium nitrate hexahydrate was added and stirred
for 10 minutes to obtain a clear solution. To this solution 2 mL ethanol/water mixture
(1/1) was added and the clear solution was transferred to a glass vial. The glass vial
was sealed and heated to 100 °C for 48 h, followed by slow cooling to room
temperature. The colourless needle shaped crystals, thus obtained were filtered and
washed repeatedly with DMF followed by water and air-dried. Yield: 33 mg (73 %).
Anal. Calcd for C3gH2sN209SiCd, (MW 907.53): Calc. %C, 50.29; %H, 2.89; %N,
3.09 and Found: %C, 51.54; %H, 3.23; %N, 3.78. Selected FTIR peaks (KBr, cm-
1): 3412 (br), 1654 (m), 1601 (s), 1533 (m), 1393 (s), 1256 (w), 1099 (s), 1017 (m),
850 (m), 811 (m), 744 (m), 730 (s), 706 (m), 559 (m).

{[Cd2(azopy)(tcps)] DMF-H20}n (50). It was synthesized using the same procedure
as for 49, except 9.2 mg (0.05 mmol) of azopy was used instead of bpy. The red
block-shaped crystals, thus obtained were filtered and washed repeatedly with DMF
followed by water and air-dried. Yield: 35 mg (69%). Anal. Calcd for
C41H33Ns5010SiCd, (MW 1008.64): Calc. %C, 48.82; %H, 3.30; %N, 6.94 and Found:
%C, 48.07; %H, 4.21; %N, 7.58. Selected FTIR peaks (KBr, cm1): 3410 (br), 1654
(s), 1578 (s), 1528 (s), 1393 (s), 1098 (s), 1017 (m), 858 (m), 773 (m), 730 (s), 706
(m), 559 (m).

{[Cd2(3-bpdb)o.s(tcps)(H20)2]- 4EtOH 3H20}n (51). 51.2 mg (0.1 mmol) of Hatcps
was dissolved in 5 mL water by making the sodium salt of Hatcps, using 4 equivalent
of sodium hydroxide and mixed with a solution of 21 mg (0.1 mmol) of 3-bpdb in 5
mL ethanol. The resulting clear solution was subsequently added to a solution of 61.6
mg (0.2 mmol) of cadmium nitrate tetrahydrate in 5 mL water. A light yellow
precipitate appeared immediately. The reaction mixture was further stirred for
another 4 h at room temperature to ensure complete precipitation of the product. The
light yellow solid thus obtained was collected via filtration, washed with water and
ethanol, and air-dried. Yield: 95 mg (78%). Anal. Calcd for C42HssN2017SiCdz; (MW
1112.80): Calc. %C, 45.33; %H, 4.98; %N, 2.52 and Found: %C, 46.34; %H, 5.22;
%N, 3.21. Selected FTIR peaks (KBr, cm™): 3412 (br), 1654 (m), 1580 (s), 1528 (s),
1496 (m), 1397 (s), 1253 (m), 1095 (s), 1018 (s), 858 (m), 774 (s), 731 (s), 703 (M),
559 (m), 483 (w).
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Method for crystallization: Single crystal of the compound was obtained by slow
diffusion technique. A solution of 6.4 mg (0.0125 mmol) of Hastcps was made in 0.3
mL water using 4 equivalent of sodium hydroxide and added to a solution of 2.6 mg
(0.0125 mmol) of 4-bpdb in 1 mL ethanol. The resulting clear solution was added
very carefully on the top of cadmium nitrate tetrahydrate solution in 0.5 mL water
kept in a narrow glass tube using 1 mL ethanol/water buffer (1:1) in between the two
solutions. The tube was kept undisturbed at room temperature. Clear light yellow
crystals suitable for single crystal X-ray diffraction analysis was obtained after 7
days.

{[Cd2(3-bpdh)o.s(tcps)(H20)(DMF)]'5DMF}n (52). A mixture of tetracarboxylic
acid, Hatcps 25.6 mg (0.05 mmol), 12 mg (0.05 mmol) of 3-bpdh was dissolved in 3
mL DMF. To this clear solution, 30.8 mg (0.1 mmol) of cadmium nitrate hexahydrate
was added and stirred for 10 minutes to obtain a clear solution. To this solution 2 mL
ethanol/water mixture (1/1) was added and the clear solution was transferred to a
glass vial. The glass vial was sealed and heated to 100 °C for 48 h, followed by slow
cooling to room temperature. The light yellow needle shaped crystals, thus obtained
were filtered and washed repeatedly with DMF followed by water and air-dried.
Yield: 45 mg (63%). Anal. Calcd for Cs3Hs7NgO15SiCdz (MW 1309.26): Calc. %C,
48.63; %H, 5.16; %N, 8.56 and Found: %C, 48.82; %H, 4.69; %N, 9.23. Selected
FTIR peaks (KBr, cm™): 3365 (br), 1652 (s), 1578 (s), 1527 (s), 1495 (s), 1391 (s),
1191 (s), 1095 (s), 1044 (w), 1017 (m), 858 (m), 772 (s), 729 (s), 704 (s), 557 (m),
475 (m).

{[Ni2(4-tpom)(tcps)] 3DMFH20}n (53). A mixture of tetracarboxylic acid, Hatcps
25.6 mg (0.05 mmol), 22 mg (0.05 mmol) of 4-tpom and 25 mg (0.1 mmol) of nickel
acetate tetrahydrate was taken in a teflon reactor along with 5 mL solvent mixture of
DMF/EtOH/H20 (1/1/3). The teflon vessel was sealed in a stainless-steel vessel and
heated to 120 °C for 72 h. The mixture was allowed to cool down to room
temperature at a rate of 3 °C/h. Green block-shaped crystals, thus obtained was
collected via filtration, washed with DMF and ethanol and air dried to get the as
synthesized compound. Yield: 47 mg (72%). Anal. Calcd for Cs2He3sN7016SiNiy,
(MW 1307.67): Calc. %C, 56.95; %H, 4.86; %N, 7.50 and Found: %C, 55.62; %H,
4.21; %N, 8.72. Selected FTIR peaks (KBr, cm™): 3412 (br), 1659 (s), 1609 (s), 1576
(s), 1530 (s), 15009 (s), 1467 (w), 1388 (s), 1289 (s), 1211 (s), 1099 (s), 1028 (s), 829
(m), 774 (m), 729 (s), 540 (m).
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{[Zn2(3-tpom)(tcps)] 3DMF}n (54). A mixture of tetracarboxylic acid, Hatcps 25.6
mg (0.05 mmol), 22 mg (0.05 mmol) of 4-tpom and 22 mg (0.1 mmol) of zinc acetate
dihydrate was taken in a teflon reactor along with 5 mL solvent mixture of
DMF/EtOH/H>0 (1/1/3). The teflon vessel was sealed in a stainless-steel vessel and
heated to 120 °C for 72 h. The mixture was allowed to cool down to room
temperature at a rate of 3 °C/h. The colourless plate-like crystals, thus obtained was
collected via filtration, washed with DMF and ethanol and air dried to get the as
synthesized compound. Yield: 47 mg (72%). Anal. Calcd for Cs2Hs1N7015SiZn;
(MW 1303.03): Calc. %C, 57.15; %H, 4.72; %N, 7.52 and Found: %C, 58.23; %H,
5.56; %N, 8.61. Selected FTIR peaks (KBr, cmt): 3422 (br), 1601 (s), 1577 (s), 1541
(m), 1495 (w), 1484 (w), 1432 (m), 1389 (s), 1278 (m), 1244 (m), 1195 (w), 1100
(s), 1019 (m), 803 (m), 773 (m), 731 (s), 702 (m), 647 (w), 551 (m).
{[Zn2(dmsbta)(H20)]4H20} (55) 35 mg (0.05 mmol) of the tetracarboxylic acid,
Hsdmsbta was taken in a teflon vessel and dissolved in 2 mL diethylacetamide (DEA). To
this solution 30 mg (0.1 mmol) of zinc nitrate hexahydrate was added along with 2 mL
water. The teflon vessel was sealed in a stainless-steel reactor and heated to 120 °C for 3
days followed by slow cooling to room temperature at a rate of 2 °C/h. Colourless plate-
like crystals thus obtained was filtered and washed with fresh DMA for three times and then
with ethanol and air dried at room temperature to get the as synthesized compound. Yield:
35 mg (78%). Anal. Calcd for C3aH32NsO13SiZn,; (MW 891.50): Calc. %C, 45.81; %H,
3.62; %N, 9.43 and Found: %C, 45.23; %H, 4.46; %N, 10.23. Selected FTIR peaks (KBr,
cm): 3413 (br), 1624 (s), 1583 (s), 1566 (s), 1452 (m), 1415 (s), 1386 (m), 1246 (m), 1121
(m), 1093 (m), 1059 (m), 1033 (m), 814 (s), 776 (s), 757 (m), 728 (w), 511 (w).
{[Cuz(tpstba)(H20)2]-20(DMF)}n (56) 27 mg (0.025 mmol) of the tetracarboxylic acid,
Hatpstba was taken in a glass vial and dissolved in 2 mL dimethylformamide (DMF). To
this solution 10 mg (0.05 mmol) of copper acetate monohydrate was added and stirred for
5 minutes to get the clear solution. To this clear solution 1 mL of water was added. The
glass vial was sealed and heated to 100 °C for 48 h, followed by slow cooling to room
temperature. The green block-shaped crystals thus obtained was filtered and washed with
fresh DMF for three times and then with ethanol and air dried at room temperature to get
the as synthesized 57. Yield: 30 mg (44%). Anal. Calcd for Ci20H180N32030SiCuz (MW
2706.09): Calc. %C, 53.26; %H, 6.70; %N, 16.56 and Found: %C, 53.89; %H, 5.92; %N,
17.20. Selected FTIR peaks (KBr, cm™): 3399 (br), 1657 (s), 1604 (s), 1556 (s), 1515 (m),
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1436 (m), 1406 (s), 1387 (s), 1228 (m), 1172 (m), 1115 (s), 1032 (s), 992 (s), 781 (s), 745
(m), 718 (m), 538 (m).
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CHAPTER I

Results and discussion

This chapter is divided into four major sections: coordination architectures derived from (a)
bent dicarboxylates, (b) tricarboxylates, (c) semi-rigid tetrahedral tetracarboxylate and (d)
triazole functionalized carboxylates. Apart from this, the sections (a) and (c) are further
classified into different subsections based on the ligand systems. The important
fundamental characteristics of these coordination architectures include the number of
binding sites available on the metal ion/clusters, the relative orientation of these binding
sites, the number of Lewis-basic sites on a linker, the mode of coordination of these sites,
and the relative angularity of these sites, which directs the topology and functionality of
coordination architectures. The topology and functionality of the coordination architectures
can be controlled by appropriate choice of the metal center, ligand and linkers.12623%-243 |
terms of crystal engineering, an effective route for the synthesis of novel coordination
architectures with attractive topological structures is the employment of mixed ligands.?*
Keeping the above factors in mind, various poly pyridyl-based ligands (capping or pillar
ligands) and carboxylate linkers have been synthesized using either the literature method or
with some modifications in the reported procedures. Considering the multi component self-
assembly, combinations of these precursors (metal ions, poly-pyridyl ligands and
carboxylate linkers) results in the formation of various discrete or polymeric coordination
architectures with different dimensionality and functionality. In this section, syntheses of
these architectures have been discussed followed by their characterizations and
applications. Most of these coordination architectures have been structurally characterized
by single crystal X-ray diffraction analysis and their structural features have been well
corroborated by a combination of various analytical techniques such as like elemental
analysis, UV-Vis and FTIR spectroscopy, fluorescence spectroscopy, powder X-ray
diffraction and thermo-gravimetric analysis.

Syntheses of Ligands. All the ligands were synthesized using either the literature method
or with some modifications in the reported procedures. The polypyridyl capping ligands
(tridentate bpta or bis-tridentate tpen, tpbn, tphxn, tpxn) were synthesized by substitution
reaction between mono- or diammine and picolylchloride in an aqueous medium using
equivalent amount of sodium hydroxide (Scheme 3.1). In all cases the solid product thus
formed was isolated via filtration except for bpta and tpen where the product was extracted
using DCM. The pillars ligands 4-bpdb, 4-bpdh, 3-bpdb, 3-bpdh, 1,5-ND-4-Py and 1,5-
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ND-3-Py were synthesized by condensation reaction of hydrazine or corresponding
diammines with corresponding aldehyde or ketone. The ligand dpb and 4-bpmp or 3-bpmp
was syntheized by coupling reaction of 1,4-dibromobenzene with pyridine-4-boronic acid
and by substitution reaction between pyrazine and the corresponding picolyl chlorides,
respectively. These ligands were throughly characterised by NMR and HRMS techniques

and used as is with out any purification.

Scheme 3.1. General synthesis of bpta, tpen, tpbn, tphxn and tpxn.
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R = -'Bu and X = -(CH,),- or -(CH,),- or -(CH,)g- or -CH,-Ph-CH,-
The di-, tri- or tetracarboxylate linkers (H2dmsdbs, Hsmstba and Hatcps) were synthesized
in two step procedure, starting with 1,4-dibromobenzene in each case (Scheme 3.2). The
first step involves the halogen exchange reaction with one eq. of n-BuLi to generate the
nucleophile, followed by its reaction with the electrophilic dichlorodimethyl-,
trichloromethyl- or tetrachlorosilane to generate bis(4-bromophenyl)dimethyl-, tris(4-
bromophenyl)(methyl)- or tetrakis(4-bromophenyl)silane derivatives. The second step
again involves the halogen exchange reaction to generate the neucleophile which on
reaction with electrophillic carbon dioxide and further acidification with dil. HCI produces

the corresponding carboxylic acid derivatives in good yield.

Scheme 3.2. General synthesis of H.dmsdbs, Hamstba and Hatcps.

Br n-BuLi, Et,0 n-BuLi, THF
0-5 °C, N, atm. -78 °C, N, atm.
—————— Me,Si(PhBr),, — = Me,Si(PhCOOH),,
Me,SiCly., Dry ice
Br

The triazole functionalized carboxylate linkers (Hsdmsbta, and Hatpsbta) were
synthesized by using the versatile Click reaction for azide-alkyne cycloaddition. The azide
and alkyne precursors were synthesized by modifying the litereture procedures (Scheme 3.3
and 3.4).
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Scheme 3.3. Synthesis of Hsdmsbta.

Me0OOC, HOOCQ

NH,
dil. HCI. NaNO,
NaN
2 QCOOMe COOH
™S MeOOC COOMe

N-N

" N )
N
Br Il Il Ny Z
[ :] Pd(PPhy),Cl,, Cul DCM/MeOH /©\ 1. THF/H,0
Et;N, N, atm. MeOOC COOMe NaOH .

i i K,CO i —— s
=3 e 2C0; . _— 5
\\-/S'*©\ TMS acetylene \\}s'\©\ — - \\73' THF/H,0 \\-/S' N 2.HCl w7 Nen
Br =_1us == CuS0,5H,0 \ N,N \_x

sod. ascorbate

) COOH
1.n-BuLi,ELO o Qcoom D/
Me,SiCl, © ool

2. HCI MeOOC

Br

Scheme 3.4. Synthesis of Hatpsbta.
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3.1 COORDINATION ARCHITECTURES DERIVED FROM BENT
DICARBOXYLATES

In the crystal engineering of coordination architectures, out of various organic
ligands/linkers the N- and O-donor ligands have been considered as the best combination.?**
The O-donor being the carboxylates have gained considerable attention because of strong
metal carboxylate binding. However, a series of carboxylate linkers have been explored for
the synthesis of various coordination architectures; the architectures with bent
dicarboxylates are not much explored. There are only a few dicarboxylates reported in the
literature (Figure 3.1), out of which Hzdmsdba is comparatively less explored and being
synthetically accessible attract our attention for its utilization in the synthesis of
coordination architectures. Further, it can be modified to tri- and tetracarboxylic acid
derivatives for comparative studies. In this section the chemistry of coordination
architectures with this dicarboxylate linker has been explored. The section has been further
divided into two major subsections; a) coordination driven self-assembly of discrete

molecular squares and b) coordination driven self-assembly of polymeric architectures,
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which has been further divided into two sections based on the strategies employed for the

synthesis of these polymeric architectures.

COOH COOH COOH
N oS HN
COOH COOH
(1) (2) (3)
COOH COOH COOH

0=” (0]
(0] COOH COOH COOH

(65) (70) (90)

*Numbers in parenthesis indicate articles published with the ligand
(based on a Cambridge Structural Database search on August 2018).

Figure 3.1. Dicarboxylate linkers utilized for the synthesis of coordination architectures reported in
the literature.

3.1.1 Coordination driven self-assembly of molecular squares

In the past few decades, enormous efforts have been devoted to the construction of
aesthetically appealing metallocyclic structures, such as molecular triangles, squares,
rectangles, prisms and cages, by connecting the multitopic organic linkers with transition
metal centers through coordination-driven self-assembly processes.68-16245.246 Thys,
coordination chemistry has emerged as an effective and versatile tool for the design and
construction of such metallocyclic structures as the metal-ligand coordination bonds are
stronger and more directional than non-covalent interactions such as hydrogen bonds and
77 interactions. One of the metallocylces, molecular squares, is the result of a [4+4] self-
assembly of two types of building units (linear and angular), where linear building units
possess two active functional end groups that are oriented at an angle of 180° from each
other and angular building units have labile end groups positioned in cis orientation (about
90°) to each other. On the other hand, a [2+2] combination of two different 90° angular
building units can also generate molecular squares. With the first example of a [4+4] self-

assembly reported by Fujita et al.1® for palladium based cationic molecular squares, Stang
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et al.® established the chemistry of platinum and palladium based molecular squares.
Utilizing this approach, many groups have reported numerous examples, notably chiral
molecular squares constructed by Lin et al.;>* for example, neutral molecular squares were

synthesized either by using divalent metal ions with neutral chelating bidentate ligands at

Scheme 3.5. Different strategies for the synthesis of molecular squares.

Strategy I: Two component self assembly using metal cornered square complexes.
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the corners with anionic alkynyl linker>=>" or by using divalent metal ion with anionic
ligands at the corners with neutral linkers.5° A very different approach (see Strategy I,

Scheme 3.5) was explored by Cotton et al. by fusing the multiply bonded dimetallic angular
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building units (Mo2**, Rhy**or Ru2®*) with linear building units, such as dicarboxylates, for
[4+4] self-assembled molecular squares.?®246247 However, the area has been populated by
several reports, majority of which focus on the use of pre-synthesized square planar metal
complexes with fixed directionalities. There are very few reports of molecular squares based
on octahedral metal complexes. In this section, we have explored the syntheses of such
molecular squares of octahedral metal complexes using [4+4+4] self-assembly of three
components (metal acetate, polypyridyl capping ligand and dicarboxylate). A generalized
schematic representation for this approach in combination with the reported strategies to
synthesize molecular squares is shown in Scheme 3.5.

For this purpose, we chose a tridentate capped ligand, bpta which surrounds and protect the
three binding sites of metal ion leaving behind three opening at 90° to each other. Inspired
from our previous work on tetrametallic Nis molecular square using polypyridyl ancillary
ligand and linear carboxylates this study was extended for bent dicarboxylate which can
span between two such metal units to form the molecular squares in a highly selective
manner. The bent dicarboxylate, Hodmsdba was used in combination with different metal

salts and tridentate capping ligand, bpta to synthesize molecular squares 1-4 (Scheme 3.6).

Scheme 3.6. Synthesis of 1-4.

—M=Mn__ - (Mn,(bpta)y(dmsdba)y(H,0);1 (1)
| M=C0 _  coy(bpta),(dmsdba)y(H,0),]  (2)
DMF/EtOH/H,O

- o = i .
257:;‘; C L M=Ni__ |Niybpta)(dmsdba)y(H,0);] (3)

M(OAc),xH,O + Hodmsdba + bpta

L—————» [Cdy(bpta)y(dmsdba),(H,0),] (4)

The utility of the capping ligand bpta was further explored for the synthesis of molecular
squares 5-10 using another bent dicarboxylate H>obba (Scheme 3.7). All the molecular
squares 1-10 were synthesized by one pot self-assembly of the corresponding metal salt,
bpta ligand and respective dicarboxylic acid (in a 1:1:1 ratio) in a mixture of
DMF/EtOH/H20 (in a 1/1/3 volume ratio) under ambient conditions. In all cases, the
product was obtained as a precipitate which was filtered and washed with DMF and water
to remove any traces of acetic acid by-product. Single crystals of all compounds were
obtained either by solvothermal or by slow diffusion techniques. Based on the FTIR and
PXRD data, the solid isolated from the self-assembly of components in each case was

exactly the same as the crystals obtained by either of the two techniques mentioned above.
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Scheme 3.7. Synthesis of 5-10.
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Single crystal structure analysis. Our efforts resulted in the formation of suitable crystals
for 1, 4,5, 9 and 10 for single crystal X-ray studies. Crystals suitable for 1 and 4 were
obtained by the solvothermal method and those for 5, 9 and 10 by the slow diffusion
technique. X-ray diffraction analysis reveals that dinuclear compounds 1 and 4 are

isostructural. Both the compounds crystallize in the triclinic P1 space group having an
inversion center at the middle of the molecular square. The asymmetric unit contains one
metal ion, Mn(I1) in 1 and Cd(l1) in 4, one tridentate bpta ligand, one carboxylate linker and
one water molecule coordinated to the metal centre (Figure 3.2a and d). Three nitrogen
atoms of the bpta ligand bind to each metal ion in facial mode, leaving three open sites for
one water molecule and two carboxylate groups of two different dmsdba?-. The two bent
dicarboxylate ligands, which binds in a monodentate fashion, spans between the two metal
ions forming a molecular square motif (Figure 3.2b and e). The geometry around the metal
center in both cases is distorted octahedron. Dimensions of the squares (Si--Si, metal---metal
and Si-metal) are shown in Figure 3.2c and f. The average M-N (2.26-2.40 A) and M-O
(2.13-2.23 A) bond lengths are in the usual range for this kind of complexes.2492° The
crystallographic information pertaining to data collection and structure refinement
parameters, selected bond distances and angles are listed in Table Al, A23 and A45,
respectively.

Compounds 5, 9 and 10 are isostructural to 1 and 4. The coordination environment around
the metal centres is N303 type. All three compounds crystallize in the triclinic P1 space
group having an inversion center at the middle of the molecular square. The asymmetric
unit contains one metal ion, (Mn(I1) in 5, Zn(I1) in 9, and Cd(ll) in 10), one tridentate bpta
ligand, one carboxylate linker (obba?) and one water molecule coordinated to the metal

center. (Figure 3.3a, d and g) In all compounds, metal center is in a distorted octahedral
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geometry, which is reflected from the cisoid angles [72.75(7) — 109.86(7)°] in (5),
[74.96(10) — 106.25(10)°] in (9) and [71.58(8) —109.99(8)°] in (10). The coordination
environment of the metal centers in 5, 9 and 10 is similar to those of 1 and 4. The two
carboxylates from two obba? molecules span in between the two metal ions forming a
molecular square as shown in Figure 3.3b, e and h. Dimensions of the squares are shown in
Figure 3.3c, f and i, where the distances are measured from O--O, metal--metal and

O-metal.

Figure 3.2. Crystal structure of molecular square 1 and 4; (a and d) ORTEP views of the asymmetric
units in 1 and 4, respectively; (b and e) Ball-and-stick presentation of 1 and 4, respectively; and (c
and f) dimensions of the molecular squares 1 and 4, respectively.

The average M-N and M-O bond lengths are in the usual range for this kind of
complexes.?492%0 The crystallographic information pertaining to data collection and
structure refinement parameters, selected bond distances and angles are listed in Table A2,
A24 and A46, respectively. All these molecular squares contain one coordinated water
molecule on each metal center, which shows bifurcated hydrogen bonding, where it is
strongly and intra-molecularly hydrogen bonded to the uncoordinated oxygen atom of the
carboxylate group forming two 6-membered rings (Ri(6)). All hydrogen bonding
parameters are listed in Table 3.1. These molecular squares are stacked in an eclipsed
fashion leaving the available pore size unaltered for host-guest chemistry and catalysis. The
Hydrogen bonding pattern and the packing arrangement for the representative examples

from both set of molecular squares is shown in Figure 3.4.
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Figure 3.3. Single crystal X-ray structure of molecular squares 5, 9 and 10; (ad and g) ORTEP
view of the asymmetric units in 5, 9 and 10, respectively; (b, e and f) Ball-and-stick presentation of
5, 9 and 10, respectively; and (c, f and i ) the dimensions of the molecular squares 5, 9 and 10,
respectively.

FTIR and PXRD analysis. FTIR spectra of 1-10 were recorded in the solid state at room
temperature as KBr pellets. All complexes show a band in the region of 3400 and 3410 cm-
L which is a characteristic feature for the O-H stretching frequency of coordinated water
molecule as evident from their crystal structures. The bands at 1591 and 1393 cm™ in 1,
1591and 1393 cm in 2, 1591 and 1394 cm™ in 3, 1578 and 1396 cm™ in 4, are due to the
asymmetric and symmetric stretching modes of the carboxylate groups of dmsdba?-,
respectively. The asymmetric and symmetric stretching modes of the carboxylate groups of
obba? were found at 1597 and 1391 cm in 5, 1596 and 1393 cm* in 6, 1596 and 1393 cm
Lin 7, 1597 and 1387 cm™ in 8, 1596 and 1393 cm™ in 9, 1595 and 1389 cm™ in 10,
respectively. The difference in the asymmetric and symmetric stretching frequencies of the
carboxylate group in 1-10 is approximately 200 cm, which is indicative of monodentate

binding of the carboxylate to the metal center (Av < 200 cm™ and Av >200 cm? are
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indicative of bidentate and monodentate binding of the carboxylates to the metal centers)?!

corroborating with their single crystal structures.

Figure 3.4. View of bifurcated intramolecular hydrogen bonding (a and c) and packing arrangement
(c and d) for representative examples from both sets of molecular squares; a and ¢ for 1 and b and d
for 5, respectively.

Table 3.1. Hydrogen bonding parametersin 1, 4, 5,9 and 10.

Compound D-H-A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
1 05-H5A-03’ 0.89 1.89 2.630(17) 140.0
05-H5B-02 0.89 1.90 2.661(18) 143.7
4 04-H4A-05 0.87 1.81 2.484(3) 135.8
04-H4B-02 0.85 1.79 2.512(3) 141.8
5 06-H6A-03’ 0.88 1.94 2.702(2) 143.9
06-H6B-02 0.88 1.91 2.681(2) 145.8
9 01-H1A-04 0.89 1.80 2.675(4) 170.5
01-H1B-03’ 0.84 1.84 2.661(4) 165.5
10 06-HB6A-03’ 0.88 1.94 2.696(3) 143.2
06-H6B-02 0.88 1.99 2.726(3) 140.7

To confirm whether the single crystal structure corresponds to the bulk material or not,
powder X-ray diffraction patterns were recorded for 1-10 at room temperature. As can be

seen in Figure 3.5, the experimentally obtained powder patterns match exactly with the
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simulated powder patterns (obtained from the single crystal data). This confirms that the
single crystal and bulk material are the same. It also confirms the phase purity of the bulk
sample. Additionally, experimental powder patterns of 2 and 3 are similar to the simulated
powder pattern of 1, indicating 2 and 3 are isostructural with 1. Similarly, 6-8 were found

to be isostructural with 5, 9 and 10 (Figure 3.6).
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Figure 3.5. Powder X-ray diffraction patterns of the as synthesized molecular square 1, 4, 5, 9 and
10 compared with the simulated powder patterns obtained from single crystal structures.
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Figure 3.6. Powder X-ray diffraction pattern of the as synthesized samples of (left) 1-4 and (right)
5-10 compared to the simulated powder patterns obtained from the single crystal structures of 1 and
5, respectively.

Framework Stabilities and Thermal Properties. In addition to bulk phase purity and

isostructural relationship confirmed by powder X-ray diffraction, the high chemical stability
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of 1-10 in various solvents is verified by matching the powder patterns of each compound
immersed in different solvents for 24 h with the respective powder patterns of the as-

synthesized compounds.
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Figure 3.7. TGA scans for 1-4 (left) and 5-10 (right).

In order to understand the thermal stability and its structural variation as a function of
temperature, thermogravimetric analysis (TGA) was carried out for the single-phase
polycrystalline samples of 1-10 between 30-500 °C under dinitrogen atmosphere. All TGA
scans are shown in Figure 3.7. From the multistep decomposition process observed for these
compounds, it is clearly evident that the first weight loss in the temperature range of 100-
200 °C in case of 1-4 corresponds to the loss of coordinated water molecules, corroborated
by the crystal structures of 1 and 4. A similar thermogravimetric profile was observed in
case of 5-10, where the initial weight loss in the temperature range of 100-200 °C
corresponds to the loss of coordinated water molecules, corroborated by the crystal
structures of 5, 9 and 10. The second weight loss was observed for all compounds in the
temperature range of 200-300 °C due to the loss of ligands followed by continuous
decomposition of the compounds. In addition to the isostructural relationship supported by
the PXRD analysis, the similar thermal stability by TGA further confirms the isostructural
relationship of 1-4 and 5-10.

Catalysis Studies. The Knoevenagel condensation of aldehydes with active methylene
compounds is one of the most useful C—C bond forming reactions to give rise to a,B-
unsaturated compounds, valuable precursors of fine chemicals and biological compounds.
This condensation is generally catalyzed by bases or Lewis acids.?%225 While various type
of homo/heterogeneous catalysts (discrete or polymeric coordination compounds) have

been developed for such organic transformation, there is still a considerable interest in
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developing shape persistent discrete complexes with well-defined geometry, and chemical
and thermal stability. Thus, the catalytic activity of the representative compounds 1 and 5
were tested as solid heterogeneous catalysts in the Knoevenagel condensation of
malononitrile with various aldehydes. In a typical reaction, a mixture of benzaldehyde (10
uL, 0.10 mmol), malononitrile (10 mg, 0.15 mmol), and catalyst (3.6 mg of 1 or 5, 3 mol
%) was placed in a capped glass vial, and then 1 mL of solvent was added to it. The mixture
was stirred at 25-30 °C for 60 minutes. The product was extracted using ethyl acetate and
filtered to remove any catalyst. Evaporation of the solvent under reduced pressure gives the
crude product, which was re-dissolved in CDCl3 and analysed by *H NMR spectroscopy.
Both *H NMR spectra and related calculation of the percentage yield for 1 in water (entry
1, Table 3.2) are presented in Figure 3.8. Using benzaldehyde as the simplest substrate, it
was found that both 1 and 5 provided high product yields in polar protic solvents compared
to the non-polar solvents (entries 1—8, Table 3.2) under identical conditions (reaction time
and temperature). Since the product yield was comparable with all polar protic solvents,
therefore water was chosen as the solvent with consideration of green chemistry principles.
Consequently, the optimization of reaction conditions (amount of catalyst and reaction
time) was carried out in a model malononitrile-benzaldehyde system with 1 or 5 as the
catalyst.

An increase in the amount of catalyst from 1.0 to 3.0 mol% enhances the product yield from
64 to 93%, but further increase in the amount of catalyst leads to no significant increase in
the product Yield (entries 9—13, Table 3.2). To select the most appropriate reaction
conditions, 2 mol% of catalyst was chosen and the reaction time was varied from 20-120
minutes (entries 14—19, Table 3.2). These results indicate that with 2 mol% catalyst yields
about 98% of benzaldehyde into 2-benzylidenemalononitrile occurs (entry 18, Table 3.2)
after 100 minutes and hence is chosen as the best reaction condition. A blank reaction
carried out with benzaldehyde in absence of catalyst resulted a very low conversion (10%)
of aldehyde into 2-benzylidenemalononitrile after 100 minutes (entry 21, Table 3.2).
Moreover, the reaction did not give good yield when free ligand H2L1 or H,L2 was used
instead of catalyst 1 or 5 (entry 20, Table 3.2), respectively. The catalytic activity of
different metal acetates, used for the synthesis of 1-10, was also checked. In all cases, very
less product yield was obtained (entries 22—27, Table 3.2). The results indicate that catalysts

1 and 5 are much better than the metal salts or ligands under identical conditions.
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Table 3.2. Optimization for Knoevenagel reaction, catalyzed by 1 and 5¢'® Table 3.3. Substrate scope for Knoevenagel reaction, catalyzed by 1 and 5¢
NC

catalynst oN
CHO cayst SN @—cuo + NeNeN _(2mol%) @_/)‘
@ + NCTNeN T m R 2530°C g
Entry Solvent Catalyst(mol%) Time? % yield® TONY Entry Aldehyde % yield®? TON°®
1 5 (min.) 1 5 1 5 1 5 1 5
1 Water 3 3 60 93.5 92,5 31 31 1 F—@—CHO 926 98 48 49

2 MeOH 3 3 60 847  88.7 28 29 2 CI—@—CHO >99 >99 50 50
3 EtOH 3 3 60 90.1 92.3 30 30
3 Br-@—CHo >99 >99 50 50
4 DCM 3 3 60 356 425 1 14
5 CHCN 3 3 60 104 132 3 4 4 Me_@“mo n s 385 317
6 THF 3 3 60 75.2 78.3 25 26 5 MeO—@—CHO 54 55 27 27.5
7 Toluene 3 3 60 438 503 14 16 6 OZN—O—CHO >99 99 50 50
8 DMF 3 3 60 89.3 90.2 29 30
9 Water 1 1 60 65.2 66.7 65 66 7 QCHO 89 92 44.5 46
10  Water 2 2 60 885 902 44 45 cl cHo
11 Water 3 3 60 935 925 31 31 8 Q— 90 89 45 44.5
Br
12 Water 4 4 60 943 958 23 23 CHO
9 60 62 30 31
13 Water 5 5 60 98.2 98.8 19 19
MeO,
: . CHO
14 Water 2 2 20 50.4 55.8 25 28 10 @— 99 99 50 50
15 Water 2 2 40 69.8 77.4 35 39 O,N
16 Water 2 2 60 885 90.2 44 45 1" N, ,—CHO 64 65 32 32.5
17 Water 2 2 80 94.2 94.6 47 47 =
12 \ CHO 4l 70 35.5 35
18 Water 2 2 100 97.2 98.5 48 49 N
\
19 Water 2 2 120 983 992 49 49 13 | y-cHo 72 7 36 37
20 Water  H,L1° H,L2¢ 100 17.0 187 8 9 14 @—cr-lo 70 72 35 36
S
21 Water f 100 10.2 f CHO
22 Water Mn(OAc),¢ 100 39.0 19.5 15 Oe 56 60 28 30
23 Water Co(OAc),? 100 413 20.6 CHO
24 Water Ni(OAc),¢ 100 39.8 19.9 16 Q@Q 50 50 25 25
25 Wat g 100 42.0 21.0
ater Cu(OAc), CHO
26 Wat g 100 40.6 20.3
ater Zn(OAc), . @OQ 20 20 10 10
27 Water Cd(OAc),? 100 38.7 19.3 ()
@Reaction conditions: 10 pL benzaldehyde (0.10 mmol), 10 mg malononitrile 4Reaction conditions: 0.10 mmol of aromatic aldehyde and 0.15 mmol
(0.15 mmol) and solvent 1 mL. PReaction time 20-120 minutes. avarage of malononitrile was taken along with 1 mL water. “avarage yield for a
yield for a set of triplicate reactions calculated by 'H NMR. “Number of set of triplicate reactions, calculated by "H NMR. °Number of moles of
moles of product per mole of catalyst. ®5 mol % was used. 'No catalyst was product per mole of 1 or 5.

used. 95 mol % of the hydrated metal salts were used as catalyst.

The effect of catalyst concentration on the product yield was also tested. A plot of % yield
versus catalyst amount or time for the Knoevenagel condensation reaction of benzaldehyde
and malononitrile with 1 and 5 is presented in Figure 3.9. Since both the representative
compounds of each set showed similar activity, we further checked the catalytic activity of
2-4 and 6-10 for the Knoevenagel condensation of malononitrile with benzaldehyde under
the optimized reaction conditions. In all cases, 95-100% conversion was obtained. These
are summarized in a plot between percent yields versus compound used (Figure 3.10). The
catalytic activity obtained is comparable with the discrete or polymeric coordination

architectures.113.254-257
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Figure 3.8. Example of integration in *H NMR spectrum for the calculation of product yield in
Knoevenagel condensation reaction of benzaldehyde with malononitrile (entry 1, Table 3.2).

Calculation of the product yield in the Knoevenagel condensation reaction of benzaldehyde
with malononitrile catalyzed by 1

Total amount of compounds at the end (see figure 3.8): Unreacted bezaldehyde (10.05 ppm) + 2-
benzylidenemalononitrile (7.81 ppm) = 0.07 + 1.00 = 1.07.

Yield of 2-benzylidenemalononitrile = (1/1.07) * 100 = 93.45 %.

0 1 2 3 4 5 0 20 40 60 80 100 120
catalyst (mol%) Time (min.)

Figure 3.9. Plot of % vyield versus catalyst amount (left) and time (right) for the Knoevenagel
condensation reaction of benzaldehyde and malononitrile catalysed by 1 and 5.
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Figure 3.10. Yields for Knoevenagel condensation reaction of benzaldehyde and malononitrile
catalysed by 1-10.

In order to demonstrate the versatility of the catalysts, the catalytic activity of 1 and 5 was
also investigated with different types of substituted aromatic aldehydes in the reaction with
malononitrile. It gave the corresponding a,-unsaturated compounds in good-to-excellent
yields. The results are summarized in Table 3.3. The nitro substituted aromatic aldehydes
gave the maximum yield (entries 6 and 10, Table 3.3) while the lowest yield (entry 5, Table
3.3) was obtained for p-methoxybenzaldehyde. This trend unveils the strong accelerating
influence of electron-withdrawing nitro group in contrast to an electron donating moiety for
a reaction involving nucleophilic attack at the carbonyl group. The stronger is the electron-
withdrawing ability of the substituent, the faster is the activation of aldehyde for
nucleophilic attack at the carbonyl group and hence higher is the yield.

To determine the recyclability of the catalyst, it was isolated after the reaction by
filtration from the aqueous phase and washed with methanol and reactivated by heating
under vacuum conditions. Both catalysts 1 and 5 were recycled in three consecutive
experiments, and their activity did not show appreciable change (Figure 3.11). Based on
FTIR spectra and PXRD data of the catalyst recorded before and after the reaction, no loss
of crystallinity or phase purity of the catalyst was observed (Figure 3.12). Further, to check
no leaching of the catalyst into the product stream, the reaction mixture after 20 minutes of
reaction time was separated from the catalyst by extracting the organics with ethyl acetate
and provided with the same reaction condition. The yield of the product did not change
significantly. These experiments indicate that the catalyst essentially remains intact and

does not leach out during the catalytic process.
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Figure 3.11. Yield for three consecutive cycles of Knoevenagel condensation reaction of
benzaldehyde and malononitrile catalyzed by 1 and 5.
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Figure 3.12. FTIR spectra (top) and PXRD pattern (bottom) of 1 and 5 taken before and after
catalysis experiments.
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Based on the studies described above, a possible mechanism of Knoevenagel condensation
catalyzed by 1-10 is presented in Figure 3.13 on the basis of reported proposals.?%¢-261 The
metal center (Lewis acidic site) interacts with the carbonyl group of the benzaldehyde,
resulting in polarization of this group, which in turn increases the electrophilic character of
the carbonyl carbon atom. This polarization accounts for attack by the nucleophile
(malononitrile). The interaction of a cyano group of malononitrile with the Lewis acid site
increases the acidity of the methylene group, which further enhances the deprotonation of
malononitrile. The basic sites (carboxylate-O or amide-O) can abstract the proton from the
methylenic group to generate the corresponding nucleophilic species, which attack the
carbonyl group of benzaldehyde resulting in the C—C bond formation followed by
dehydration.

\
N 3 CHO
\

NC
’d I\ + H,0 M§+ + NC
CN N— I Sos

C Knoevenagel fe 50 --;;/CN
/ \ \ condensation WA

Figure 3.13. Proposed catalytic cycle for the Knoevenagel condensation of benzaldehyde with
malononitrile catalyzed by 1-10.

Luminescence properties. The design and construction of metallocycles and metallocages
have attracted considerable attention for their wide applications in fluorescence detection
of metal ions, anions, or small molecules. In order to study the luminescence properties of

1-10 and the respective free ligands, their solid-state reflectance spectra were first recorded

66



at room temperature. HoL1 and 1-4 exhibited a strong and broad absorption with Amax 250
nm while H2L2 and 5-10 exhibited a strong and broad absorption with Amax 270 nm
corresponding to m—n* transitions. On the basis of these data, emission properties of the
Cd(11) compounds, 4 and 10, with a d'° configuration were studied. On excitation at 270
nm, the emission spectra of 4 and 10 exhibit a strong feature at 422 and 413 nm,
respectively. Compared to H2L 1 and H»L 2, the emission bands of 4 and 10 show significant
red shifts (58 nm in 4 and 98 nm in 10), which can be attributed to the metal-ligand charge
transfer. In order to understand the effect of organic solvents on their emission properties,
emission spectra of 4 and 10 were recorded in different solvents such as water (H20),
ethanol (EtOH), acetonitrile (CH3CN), chloroform (CHCl3), acetone, dimethylformamide
(DMF) and nitrobenzene upon excitation at the same wavelength. It is significant to observe
that 4 and 10 show different emission intensities in different solvents; with shifts in the
emission wavelength due to change in polarity of the solvents.?6? The maximum intensity
for 4 was obtained in water while 10 gave the maximum intensity in acetonitrile. Although
a variation in the luminescence response was observed for different solvents, both 4 and 10
exhibit very strong emission intensities in water and are therefore suitable for sensing
studies in this solvent. Among all the solvents, the emission intensity of 4 and 10 was totally
quenched in nitrobenzene (NB). This is because of the electron-withdrawing ability of the
nitro group that facilitates an electron transfer from the excited state of 4 and 10 to the
electron- deficient nitrobenzene, restricting the self-relaxation to the ground state.?®® This
type of solvent-dependent quenching behavior is of great interest towards nitrobenzene
sensing and thus further experiments with NB were performed in more detail. Fluorescence
titration experiment was performed with suspensions of 4 or 10 in water by the incremental
addition of 2 mM stock solution of nitrobenzene (NB) (from 10 pL to 300 puL). As shown
in Figure 3.14, the luminescence intensities of 4 and 10 decrease gradually as the
concentration of NB increases and at 26 ppm of NB, the fluorescence intensity was almost
completely quenched (96% for (4) and 90% for (10)). The quenching efficiency, defined by
(lo — I)/Io x 100 %, where lo and I are the luminescence intensities of 4 or 10 before and
after the addition of NB, respectively, was estimated to be 35% for 1 ppm of NB, 77% for
5 ppm of NB and 92% for 9 ppm of NB for 4. A similar trend for quenching efficiency was
observed for 10. The result has further been analysed using the Stern-Volmer (SV) equation:
lo/l =1+ Ksv[A], where lo and | are the luminescent intensities of the compound before and
after addition of the NB, [A] is the molar concentration of NB, and Ksy is the quenching

constant (mM™). A good linear correlation exists between the fluorescence quenching
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efficiency and the concentration of nitrobenzene over the range of 0—-0.035 mmol (Figure
3.14). The Ksv values were found to be 0.84 x 102 mM! for 4 and 0.95 x 102 mM for 10.
These are moderate among the values reported for coordination polymers?64:265 but are much
higher compared to the self-assembled adduct,?%® indicating efficient fluorescence
quenching of nitrobenzene by 4 and 10. For example, the coordination polymers
{[Cd2(HL)2(bibp)2] 3H20}n and {[Zn(tta)os(m-bimb)]-H20}n (where, HsL is tris(p-
carboxyphenyl)phosphane oxide, Hatta is terphenyl-4,2"°,5°" 4’ -tetracarboxylic acid, bibp
is 4,4'-bis(imidazol-1-yl)biphenyl and m-bimb is 1,3-bis(imidazol-1-ylmethyl)benzene)
have comparable Ksy values, 0.82 x 102 mM™ and 1.1 x 10> mM1, respectively. On the
other hand, the Ksv value was found to be 2.7 mM? for the hydrogen bonded
[2HL]?*[CdCl4]* adduct, where L is 4’-methylenebis(2,6-diethyl-N-(naphthalen-1-
ylmethyl)aniline).

b)

4, 10 =0
=

#

o
uuuuu

.....

H

~
..l-
2
E

bnd
=

Intensity (x 107)
Intensity (x 107)

in

]

—

=
in

0

v T T T T T T T T 1
300 320 340 360 380 400 420 440 460 480 500 520 340 360 380 400 420 440 460 480 500
c) wavelength (nm) d) wavelength (nm)

4.0

354

304 s

T T T T T T T OS T T T T T
0.000 0,005 0.010 0015 0020 0.025 0.030 003 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Concentration of NB (x 10%), M Concentration of NB (x 10™), M

Figure 3.14. (a,b) Change in emission spectra of 4 and 10 dispersed in an aqueous medium upon
incremental addition of the NB solution (2 mM) (Insets showing the blue emission and its
disappearance under UV light, before and after NB addition, respectively) and (c,d) Stern-Volmer
(SV) plot for NB of 4 and 10. The relative fluorescence intensities are linear with NB concentration
in the range of 0 — 0.035 mM, lo/I = 1 + 84.026[NB] (R? = 0.998) for 4 and lo/I = 1 + 95.032[NB]
(R?*=0.992) for 10.
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Quenching of the luminescence intensities of 4 and 10 upon the incremental addition of
nitrobenzene can be explained on the basis of electrostatic interaction between NB and the
molecular squares.!® To understand the effect of size and electron withdrawing effect of
the nitro group, the fluorescence responses of 4 and 10 were measured with other nitro
aromatic compounds, such as 1,3-dinitrobenzene (1,3-DNB), 1,4-dintrobenzene (1,4-DNB)
and 2,4,6-trinitrotoluene (2,4,6-TNT). As expected, these three nitro aromatics act as
fluorescence quenchers for 4 and 10. However, even with more electron withdrawing
groups attached to them, their fluorescence quenching efficiencies are lower than that of
NB. The order of Ksy values for the four quenchers is NB > 2,4,6-TNT > 1,3-DNB > 1 4-
DNB. This trend of quenching efficiencies might be due to the combined effect of the size
of the nitro analytes and the number of electron withdrawing nitro groups attached to the

benzene ring.

[((IyD-1]

[dy/D-1]

Figure 3.15. A comparison of 3D Stern-Volmer plot of different nitro analytes for 4 and 10.

A comparison of 3D Stern-Volmer plots of different nitro analytes for 4 and 10 is shown in
Figure 3.15. The ratio between Ksy values of NB and other nitro aromatics is defined as the
selectivity factor (SF),%5” which is generally used to evaluate the selectivity. The SF values
for 2,4,6-TNT, 1,3-DNB and 1,4-DNB over NB are 0.221, 0.131 and 0.110 for 4 and 0.122,
0.0853 and 0.0894 for 10, respectively. This suggests that both 4 and 10 have very good
selectivity towards NB detection in aqueous medium.

In summary, 1-10, has laid a foundation for the strategy in developing new molecular
squares by the three-componentsin a [2+2+2] self-assembly process. This synthetic strategy
used to construct the molecular squares have been generalized with different metal centers

and their catalytic activity (due to the presence of Lewis-acidic open metal sites) and
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remarkable photo-physical properties have been established by Knoevenagel condensation

reaction and selective detection of nitrobenzene via the fluorescence quenching mechanism.
3.1.2 Coordination driven self-assembly of polymeric architectures

The phrase, “coordination polymers” was first appeared in the early 1960s, and since then
extensive advancements have been reported to the chemistry of coordination polymers.
Versatile synthetic strategies have been developed for the self-assembly of target structures.
The key to success is the design of the molecular building blocks which direct the formation
of the desired architectural, chemical, and physical properties of the resulting architectures.
In addition to the two central components, connectors and linkers, coordination polymers
consist of other auxiliary components, such as blocking ligands, counter anions, and
nonbonding guests or template molecules. Various combinations of these components
afford various specific structural motifs. For the synthesis of such specific structural
architectures, we have used the dicarboxylate (Hzdmsdba) in combination with different
transition metal ions to obtain such 1D, 2D or 3D coordination polymers using either
mutidentate polypyridyl ligands or bidentate pillar ligands. The judicious selection of the
ligands structures has been shown to control the dimensionality and functionality of the

resulting frameworks.
3.1.2.1 Architectures through connected polygons (squares and hexagons)

Transition metals are very well known for their diverse oxidation states and coordination
preferences, giving rise to various coordination geometries. Because of this reason the
transition-metal ions have been extensively utilized as versatile connectors in the
construction of coordination polymers. In addition to the utilization of such naked metal
ions, the use metal-complex connectors have the advantage of offering control of the bond
angles and restricting the number of coordination sites; sites that are not required can be
blocked by chelating ligands and thus leave specific binding sites for linkers. Inspired from
our previous work on the polypyridyl tridentate capping ligand bpta, for the synthesis of
discrete molecular squares, we thought of extending the dimensionality by ligand
modifications keeping all other factors or components constant. For this purpose, we have
used a series of bis(tridentate) ligands (tpen, tpbn, tphxn and tpxn) where two tridentate
capping sites are separated by aliphatic or aromatic spacers; tpen, tpbn and tphxn differ
by different number of carbon atom in the methylene chain spacer, 2 in tpen, 4 in tpbn, 6

in tphxn and tpxn have a rigid xylyl spacer between two tridentate capping sites.
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Figure 3.16. Two possible structural isomers (a) connected molecular squares and (b) fused
hexagons, by the self-assembly of metal ions, bis(tridentate) ligands and carboxylate linkers.

Chemical structures of the ligands used are shown in Figure 1.9a. Based on the results
obtained in the previous section, two possibilities can be predicted for the resulting
architectures while using bis tridentate ligands in combination of bent dicarboxylate linkers.
As shown in Figure 3.16, the resulting polymeric architecture can be formed by connected
molecular squares or by fused hexagons. In the present section, we have studied the effect
of different spacers in bis(tridentate) ligands and reaction conditions to the final

coordination architectures.

Mn(11) Chemistry

In order to study the effect of the spacer length and rigidity/flexibility of the bis(tridentate)
polypyridyl ligands on the resulting coordination architecture, a series of coordination
architectures have been synthesized by varying one variable at a time. By using Mn(ll) as
metal centre and keeping the metal and carboxylate linkers constant, the spacer chain
length/flexibility of the bis(tridentate) polypyridyl ligands was varied and two sets of
coordination architectures were synthesized (Scheme 3.8-3.10); the first set includes the
self-assembly of Mn(1l) and H2dmsdba with three different bis(tridentate) ligands (tpbn,
tphxn and tpxn), whereas for the second set a different dicarboxylate linker (H20bba) having
similar geometry was used in combination with Mn(ll) and bis(tridentate) ligands. The
effect of reaction conditions and selection of the ligand structure has been discussed and
optimized to get the coordination architectures with either of the possible structure (Figure
3.16).

Single crystal structure analysis. Single crystals suitable for single crystal X-ray
diffraction analysis was obtained by the slow diffusion technique in each case. A mixture
of products was obtained when a mixture of DMF/EtOH/H2O was used for the self-

assembly process.
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Scheme 3.8. Synthesis of 11 and 11a.

DMF/EtOH/H,0  {[Mn,(tpbn)(dmsdba),(H,0),]-2(DMF)}, (1)
—»

25-30°C {[Mny(tpbn)(dmsdba),(H,0).l}, (11a)
7-8h

Mn(OAc),4H,0 + H,dmsdba + tpbn

MeOH/H,O
— {[Mnx(tpbn)(dmsdba);(H20).l}n (11a)

25-30°C
7-8h
The two compounds thus obtained not only differ in their molecular formula (with DMF as
lattice solvent in 11 or no lattice solvent in 11a), but also are the structural isomers of one
another. We have been fortunate to get the single crystal X-ray diffraction data for both the
isomers, but due to similar crystals shape, size as well as colour, we have not been able to

separate both the isomers manually for the study of bulk phase properties. Both isomers
crystallize in triclinic system with P1 space group in each case with different unit cell
parameters (a=9.17 A, b =14.46 A, c=14.84 A, «=100.33°, #=103.91°, y=99.75° for
1landa=853A,b=1293A,c=14.71A, a=10453°, B=94.21°, y=102.96° for 11a).
In both cases Mn(ll) is in a distorted octahedral geometry where from a total of six
coordination sites three are occupied by three nitrogen atoms of the polypyridyl capping
site. Three nitrogen atoms of the capping site occupies the facial positions of the octahedral

geometry in each case.

Figure 3.17. Structural description for 11; (a) view of the asymmetric unit and the coordination
environment around the Mn(ll) center (the other lattice DMF is highly disordered and hence the
diffused electron density was squeezed out during structure refinement), (b) view of 1D polymeric
structure and (c) formation of 2D supramolecular architecture via the strong hydrogen bonding by
lattice DMF molecules (Oowmr...Hey 2.689 A).
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Two sites are occupied by two oxygen atoms of two different carboxylate groups of
dmsdba?- which binds in a monodentate binding mode and sixth one is occupied by oxygen
atom of the coordinated water molecule. The asymmetric unit in both cases is same which
consists of one Mn(l1) ion, one dicarboxylate, one coordinated water molecule and one-half
of the bis(tridentate) ligand, except one lattice DMF molecule in case of 11. The asymmetric
unit along with the coordination environment around the Mn(ll) center in 11 and 11la is
shown in Figure 3.17a and 3.18a, respectively. The average Mn-O (2.1 A) and Mn-N (2.2
A) bond lengths in both cases are in the range of the values reported for this kind of
complexes.?4¥2%0 Prominent distortions from the octahedral geometry in both cases are
evident from the bond angle values in respective cases. All the crystallographic information
pertaining to data collection and structure refinement parameters, selected bond lengths and
bondangles are listed in Table A3, A25 and A47, respectively. In both cases the asymmetric
unit extents only in one direction resulting in the formation of 1D polymeric structures
(Figure 3.17b and 3.18b).

Figure 3.18. Structural description for 11a; (a) view of the asymmetric unit and the coordination
environment around the Mn(ll) center, (b) view of overall 1D polymeric structure.

a)

Figure 3.19. Simplified representation of the structural isomers (a) 11 and (b) 11a, respectively.
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Comparison of the structural isomers 11 and 11a. As shown in Figure 3.17b and 3.18b,
both 11 and 11a forms the 1D polymeric structures; the arrangement of various structural
units, has resulted into the formation of structural isomers. In case of 11, the 1D polymeric
architecture is formed by fused hexagons, whereas the polymeric architecture in 11a is a
result of connected molecular squares. The different square motifs are connected to one
other by the bis(tridentate) ligand, which isacting as a span between two such square motifs.
A simplified representation of both the isomers is shown in Figure 3.19. In addition to this
difference, the 1D chains in 11 are further extended via the strong hydrogen-bonding
interactions by the lattice DMF molecules to afford an overall 2D supramolecular
architecture (Figure 3.17c). The O6 atom of lattice DMF interacts with the H25 of one of
the pyridyl ring of the ligand tpbn via strong Hydrogen bonding interaction. The C-H--O
distance and ~C-H--O for the Hydrogen bonded 06 and H25 is found to be 2.689 A and
125.15°, respectively.

M‘A\N H h H h 11a_as-synthesized

Relative intensity (cps)

11a_simulated

1 1 1 1 1 1 ) 1
5 10 15 20 25 30 35 40 45 50
2-theta (degree)

Figure 3.20. Powder X-ray diffraction pattern of the as-synthesized sample of 11a, compared with
the simulated powder X-ray diffraction pattern, obtained from the single crystal X-ray diffraction
data.

In our attempts of isolating both the isomers in pure form for their bulk phase studies, we
have been able to isolate 11a as single isomer, by varying the reaction conditions. It was
found that a change in the solvent combination from DMF/EtOH/H>,O mixture to
MeOH/H20 mixture has resulted in the predominate formation of 11a, which has been also
characterized by single crystal X-ray diffraction analysis and the bulk phase purity has been

established by powder X-ray diffraction analysis. As shown in Figure 3.20 the powder X-
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ray diffraction pattern of the bulk sample of 11a, matches exactly with the simulated powder
X-ray diffraction pattern of 11a, obtained from the single crystal X-ray diffraction data. In
addition the sharp signals due to asymmetric (vasym) and symmetric (vsym) stretching of the
carboxylates at 1593 cm™ and 1385 cm™ in the FTIR spectra of 1la, supports the
monodentate binding (Av =208 cm™?) of the carboxylate,>! as indicated from the single
crystal structure.

In order to further study the effect of spacer chain length/flexibility on the structural
diversity of such coordination polymers, two more coordination polymers were synthesized
(Scheme 3.9) using tphxn and tpxn as bis(tridentae) ligands. The two ligands differ in the
nature of the spacer in between the two tridentate capping sites; for tphxn the spacer
consists of an aliphatic chain of six carbon atoms, whereas tpxn consists of a comparatively

rigid xylyl spacer in between the two tridentate capping sites.

Scheme 3.9. Synthesis of 12 and 13.

_tPhXN o {Mns(tphxn)(dmsdba)a(H,0)51 2DMF), (12)

Mn(OAc),4H,0 + Hodmsdba

L 1PX0 o ((Mn,(tpxn)(dmsdba),(H,0),].1.5(MeOH)},  (13)

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 12
crystallizes in a triclinic crystal system with P1 space group, whereas 13 crystallizes in a
monoclinic crystal system with C2/c space group. Irrespective of the different crystal
systems and nature of the spacer both 12 and 13 forms similar kind of 1D polymeric
structure. The asymmetric unit in cases of 12 consists of one Mn(Il) ion, one dicarboxylate,
one coordinated water molecule, one-half of the tphxn ligand and one lattice DMF
molecule whereas the asymmetric unit in cases of 13 consists of one Mn(ll) ion, one
dicarboxylate, one-half of the tpxn ligand and one and half molecules of methanol as lattice
solvents..The coordination environment around the metal center in each case is N303 type
with distorted octahedral geometry. The six coordination sites in 12 are occupied by three
nitrogen atoms from one of the capping site of the tphxn ligand, two oxygen atoms from
carboxylate group of dmsdba?- and one oxygen atom from the coordinated water molecule,
whereas in case of 13, three coordination sites are occupied by three nitrogen atoms of one
capping site of tpxn, and other three coordination sites are occupied by the oxygen atoms
of the carboxylate groups of dmsdba?-, where one of the carboxylates binds in a bidentate

chealated fashion and the other in a monodentate fashion. The asymmetric unit and the
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coordination environment around the Mn(11) center in each case are shown in Figure 3.21a
and 3.22a, respectively. The average Mn-O and Mn-N bond lengths are in the range of
values reported for this kind of complexes.?4®250 All the crystallographic information
pertaining to data collection and structure refinement parameters, selected bond lengths and

bond angles are listed in Table A4, A26 and A48, respectively.

Figure 3.21. Structural description for 12; (a) view of the asymmetric unit and the coordination
environment around the Mn(I1) center, (b) view of 1D polymeric structure and (c) formation of 2D
supramolecular architecture via the strong hydrogen bonding by lattice DMF molecules (Oowr...Hpy
2.700 A and Opwme...Hwe 2.680 A).

As shown in Figure 3.21c, the lattice DMF present in the crystal lattice takes part in the
hydrogen bonding with the 1D polymeric chains in 12 and results in the formation of a 2D
supramolecular framework. The O6 of the lattice DMF is Hydrogen bonded with the H11
of one of the pyridyl ring of the ligand tpbn and H8 of the dmsdba?". The C-H--O distance
and ZC-H--O for the Hydrogen bonded O6 and H11 is found to be 2.700 A and 144.53°,
whereas the The C-H--O distance and £C-H--O for the Hydrogen bonded O6 and H8 is
found to be 2.680 A and 145.57°, respectively. On the other hand, the lattice methanol
present in the crystal structure of 13 does take part in the formation of hydrogen bonded
supramolecular network. A simplified representation of the 1D polymeric structure formed

by fused hexagons is shown in Figure 3.22c
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Figure 3.22. Structural description for 13; (a) view of the asymmetric unit and the coordination
environment around the Mn(ll) center, (b) view of 1D polymeric structure and (c) simplified view
of the 1D polymeric structure formed by fused hexagons.
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Figure 3.23. Powder X-ray diffraction pattern of the as-synthesized sample of 12 (left) and 13
(right), compared with their respective simulated powder X-ray diffraction pattern, obtained from
the single crystal X-ray diffraction data.

In order to study the effect of reaction conditions on the formation of either possible
structural isomer in case of 12 and 13, various reaction parameters (solvent and temperature)
were tested, but in all cases predominate formation of single-phase polycrystalline material
has occurred which was tested by the powder X-ray diffraction analysis of the resulting
material (Figure 3.23).

In order to confirm different binding modes of carboxylates in both cases the FTIR spectra
of 12 and 13 was recorded in the solid state at room temperature as KBr pellets. The sharp

signals due to asymmetric (vasym) and symmetric (vsym) Stretching of the carboxylates in
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case of 12 appeared at 1604 cm* and 1386 cm™ (Av = 208 cm'!), whereas in case of 13, the
signal due to asymmetric (vasym) and symmetric (vsym) stretching appeared at 1602 cm* and
1379 cm (Av =221 cm?) and 1583 cm™ and 1385 cm™ (Av = 198 cm!). The observation
ofthe difference in their asymmetric and symmetric stretching frequencies (i.e. Av value) in
the FTIR spectra, clearly indicate the monodentate binding of the carboxylate to the metal
center in case 12 and two kind of (monodentate as well as bidentate) binding of the
carboxylate in cases of 13.2!

The study was further extended to see the effect of carboxylate geometry to the resulting
polymeric architecture. Keeping all other variables constant, a comparatively flexible bent
dicarboxylate (H20bba) was used in combination and another set of coordination polymer
have been synthesized (Scheme 3.10) and well characterized by a combination of different

analytical techniques.
Scheme 3.10. Synthesis of 14, 15 and 16.

tpbn
> Mn,(tpbn)(obba 14
DMF/EtOH/H,0 {[Mny(tpbn)(obba)}, (14)

25-30 °C, 7-8h

tphxn

Mn(OAc),4H,O + H,0bb > Mn,(tphxn)(obba),(H,O 15
n(OAc),4H, 20bba OMF/EORH,0 {IMny(tphxn)( )2(H20)0},  (15)
25-30°C, 7-8h
tpxn
> {IMny(tpxn)(obba);(Hy0)4]4(H20)},  (16)
EtOH/H,0
25-30°C, 7-8h

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, as
expected 14 and 15 forms 1D polymeric architectures similar to what was observed for 11-
13 but in case of 16 a discrete dimetallic complex was obtained. The structure of 14

crystallizes in a P2i/c space group with monoclinic crystal system whereas 15 and 16

crystallizes in a triclinic crystal system with P1 space group. The asymmetric unit in 14 and
15 consists of one Mn(ll) ion, one dicarboxylate (obba?) and one-half of the tpbn (in 14)
or tphxn (in 15) ligand. In addition the asymmetric unit in 15 consists of an extra water
molecule coordinated to the Mn(I1) center. On the other hand the asymmetric unit in case
of 16 consists of one Mn(ll) ion, one dicarboxylate (obba®), one-half of the tpxn ligand
and total of five water and one methanol molecules, where two water molecules are
coordinated to the Mn(11) center and other three water molecules and one methanol occupy
the lattice positions. The Mn(ll) center in all cases is in an distorted octahedral N303

environment, where from a total of six coordination sites, three are occupied by nitrogen
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atoms of one of capping site of the tpbn ( in 14) or tphxn (in 15) or tpxn (16) ligand. The
other three sites in 14 are occupied by oxygen atoms of the carboxylate groups of obba®,
where one of the carboxylates binds in a bidentate chealated fashion and the other in a
monodentate fashion (Figure 3.24a) and in case of 15, two sites are occupied by the oxygen
atoms of the carboxylate groups of obba?, and one is occupied by the oxygen atom of water
molecule coordinated to the Mn(ll) center (Figure 3.24c), whereas in case of 16 one of the
site is occupied by oxygen atoms of the carboxylate groups of obba?, and other two are
occupied by oxygen atoms of two water molecule coordinated to the Mn(ll) center.
Prominent distortions from the regular octahedral geometries in each case is evident from
the O-Mn-O or N-Mn-O or N-Mn-N bond angle values ranging from 54.49° to 125.50°. Al
the Mn-N and Mn-O bond lengths are in the usual range for this kind of complexes. 249250
All the crystallographic information pertaining to data collection and structure refinement

parameters, selected bond lengths and bond angles are listed in Table A5, A27 and A49,

Fedgba

respectively.

Figure 3.24. Structural description for 14 and 15; (a and c) represents the asymmetric units and the
coordination environment around the Mn(ll) center in 14 and 15, respectively and (b and d)
perspective views of 1D polymeric structures in 14 and 15, respectively.

As shown in Figure 3.24b and d, the asymmetric unit in both cases (14 and 15) further
extends only in one direction to result an infinite 1D chain structure as expected with the
strategy designed for this kind of polymeric structures. However, both 14 and 15 gives 1D
polymeric structure; the structural arrangement of the components has resulted into the
formation of polymeric structure in different possible ways. For example, the polymeric
structure in 14, can be considered as a result of fused hexagons whereas the polymeric
structure in 15, is a result of connected molecular squares. A simplified representation of

both the structures is shown in Figure 3.25. The results are similar to what was observed in
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case of 11 and 11a, but it is interesting to note that unlike 11 where both isomers were
obtained as a mixture, pure single-phase product was obtained in both cases. Unexpectedly,
when tpxn was used in case of 16, the asymmetric unit extends to give a discrete dimetallic
linear complex (Figure 3.26). It should be also noted that attempts to study the effect of
reaction conditions has also resulted in the formation of single-phase products in respective

cases.

Figure 3.26. View of the discrete dimetallic linear complex formed in 16.

In order to establish the phase purity of the resulting architectures powder X-ray diffraction
(PXRD) patterns of the as-synthesized samples of 14-16 was recorded at room temperature.
As can be seen in Figure 3.27, a very good agreement between the powder pattern of the
as-synthesized samples of 14-16 and the simulated powder patterns obtained fromthe single
crystal structure data, indicates the phase purity and the exclusive formation of particular
structures in case of 14-16. Further the FTIR spectra of 14-16 recorded in the solid state at

room temperature confirm different binding modes of carboxylates in each case. The sharp
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signals due to asymmetric (vasym) and symmetric (vsym) Stretching of the carboxylates in
case of 14 appeared at 1607 cm and 1391 cm™ (Av =216 cm™) and 1592 cm™ and 1412
cm? (Av = 180 cm™?), indicate the two kind of carboxylate bindings (monodentate as well
as bidentate), whereas in case of 15 and 16 these signal appeared at 1605 cm* and 1395 cm-
1 (Av=210cm?) and 1601 cm? and 1379 cm? (Av =222 cm?), respectively, which

indicate monodentate binding of the carboxylate to the metal center in each case.?!
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Figure 3.27. Powder X-ray diffraction pattern of the as-synthesized sample of 14-16, compared
with their respective simulated powder X-ray diffraction pattern, obtained from the single crystal
X-ray diffraction data.

Cd(11) Chemistry

Different metal ions because of their own coordination preferences are known to play an
important role in the structural diversity of the resulting coordination architectures.?6® In
this respect Cd(ll), because of its extended coordination number has attracted much
attention. Therefore, in order to support the utility of this ligand combinations
(bis(tridentae) and bent dicarboxylates) to design such 1D coordination polymer (either
possible isomer), we have expanded the study with tpen and tpbn ligands in combination
with the bent dicarboxylates (H2dmsdba or Hzobba) and Cd(11) as the metal center. As the

first example in this series, tpen ligand was used in combination of Hzdmsdba and Cd(Il)
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metal center (Scheme 3.11), where in order to study the effect of spacer chain length, it has
been reduced to two carbon chain in between the two tridentate capping sites in case of
tpen.

Scheme 3.11. Synthesis of 17.

DMF/EtOH/H,0
Cd(OAc);4H,0 + Hydmsdba + tpen ——————— {[Cd(tpen)y(H;0)][(Cd(dmsdba),].2H,0}, (17)
25-30°C, 7-8h

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 17

crystallizes in a triclinic crystal system with P1 space group and consists of an anionic 1D
linear chain of Cd(Il) and dmsdba? which are further hydrogen bonded to each other to
form 2D supramolecular framework. The six N-donors presents in tpen ligand wrap around
a single metal centre coordinated with an extra water molecule to form a cationic 0D metal
complex, which is encapsulated in the anionic 1D polymeric chains of metal-carboxylate
via strong hydrogen bonding interactions. The asymmetric unit consists of two
crystallographically independent Cd(11), one tpen ligand, two dmsdba? and a total of seven
water molecules where one is coordinated to the Cd(Il) and other six occupies the lattice
positions. Both Cd1l and Cd2 are in an hepta-coordination environment, where from the
seven coordination sites in case of Cdl six are occupied by oxygen atoms of three
carboxylates of two dmsdba? coordinated to Cd1l in a chelated fashion; forth carboxylate
group being non-coordinating. One of the coordinated carboxylate is in a chelated bridging
mode, completing the seventh coordination site of Cd1l, resulting in a Cd2O; dimetallic
cluster as repeat unit. In case of Cd2 the seven sites are occupied by six nitrogen atoms of
the tpen ligand and one oxygen atom of the coordinated water molecule (Figure 3.28a). As
shown in Figure 3.28b, the structure consists of Cd(ll)-carboxylate 1D chains, where
Cd202 cluster is acting as a node and are linked to each other by the dicarboxylate acting
as linkers. Two of such carboxylate groups in the structure are deprotonated and does not
bind with any metal center, resulting in an overall -2 charge on the 1D Cd(lIl)-carboxylate
chains which is charge-balanced by the +2 charge on the OD Cd(ll)-tpen complex
encapsulated into the 1D Cd(ll)-carboxylate chains by the strong hydrogen-bonding
interactions (Figure 3.28c). This results into an overall neutral hydrogen bonded
supramolecular architecture. The average Cd-O (2.37 A) and Cd-N (2.44 A) bond lengths
are in the usual range for this kind of complexes?®27% and the usual distortions from the
regular geometries are evident from the bond angle value. All the crystallographic

information pertaining to data collection and structure refinement parameters, selected bond

82



Figure 3.28. Structural description for 17; (a) asymmetric unit and coordination environment around
the Cd(ll) centers, (b) perspective view of metal-carboxylate 1D polymeric chain in 17 and (c) a
view of hydrogen bonded supramolecular architecture showing 0D Cd(Il)-tpen complex
encapsulated into the Cd(l1)-carboxylate chains.

lengths and bond angles are listed in Table A6, A28 and A50, respectively. The structural
features in 17 have been further supported by FTIR spectroscopic analysis. The signals due
to asymmetric (vasym) and symmetric (vsym) stretching of the carboxylates at 1578 cm™ and
1399 cm™ (Av = 179 cm™), confirms the bidentate chelated binding of the carboxylate to
the metal center.?5! In addition, a very good agreement between the experimental powder
X-ray diffraction (PXRD) pattern of the bulk sample and simulated powder pattern (Figure
3.29) confirms that the bulk sample represents the same structure as obtained from the single

crystal X-ray diffraction analysis.
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Figure 3.29. Powder X-ray diffraction (PXRD) pattern of 17 compared with the simulated powder
pattern obtained from the single crystal data.
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The result indicates that bis(tridentate) ligand tpen with comparatively short spacer between
the two tridentate capping sites does not spans between two metal centers, instead wrap
around the metal center to block all the available coordination sites on the metal ion. This
particular example suggests the requirement of the optimum spacer length between the two
capping sites in bis(tridentate) ligand in order to synthesize such pre-designed 1D
coordination polymers. After establishing the important role of the optimum spacer length,
the study has been further extended to establish the design strategy for such coordination
polymers by using tpbn ligand in combination with Cd(Il) metal ions and previously used
dicarboxylates (dmsdba? and obba?). A set of two coordination polymers namely
{[Cdz(tpbn)(dmsdba);]-2(H20)}» (18) and {[Cd2(tpbn)(obba)2]}n (19) (Scheme 3.12)were
synthesized and characterized using different analytical techniques.

Scheme 3.12. Synthesis of 18 and 19.

Hzdmsdba {[Cd,(tpbn)(dmsdba),] 2(H,0)}, (18)
— ’
DMF/EtOH/H,0O 2 ’ ’ |
Cd(OAC)2H,0  + tpbn == = "= | H.obba
S30 L —2—— » {[Cd,(tpbn)(obba),]}, (19)

The coordination polymers 18 and 19 were synthesized at room temperature by reacting
cadmium acetate, tpbn and H2dmsdba or Hzobba in 2:1:2 ratio. In both the cases single
crystal suitable for single crystal X-ray diffraction analysis were obtained by slow diffusion
technique and the corresponding molecular formula was established by a combination of
elemental analysis, TGA and single crystal X-ray diffraction analysis.

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 18
and 19 crystallizes in triclinic and monoclinic crystal systems with P1 and P2i/c space
groups, respectively. Both consists of similar kind of 1D coordination polymers. The Cd(l11)
metal center in each case is in a N304 type hepta-coordination environment. The
asymmetric unit consists of a Cd(I1) metal center, one dicarboxylate (dmsdba?- in case of
18 and obba? in case of 19) and one half of the bis(tridentate) ligand, tpbn. In addition, a
water molecule is also present in case of 18, occupying the crystal lattice. As shown in
Figure 3.30a and 3.31a, the seven coordination sites around the Cd(ll) in both the cases are
occupied by three nitrogen atoms of one of the capping site in tpbn, and remaining site are
occupied by four oxygen atoms of the two carboxylate groups, which binds in a bidentate
chelated fashion. This bidentate chelated binding of the carboxylates is evident from the
FTIR spectra of 18 and 19, where the signals due to asymmetric (vasym) and symmetric (vsym)

stretching of the carboxylates at 1591 cm™ and 1395 cm™ (Av = 196 cm™) in 18 and 1598
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cm? and 1406 cm™ (Av = 192 cm™) in 19, confirms the bidentate chelated binding of the

carboxylate to the metal center.?5!

Figure 3.30. Structural description for 18; (a) asymmetric unit and coordination environment around
the Cd(ll) centers, (b) perspective view of 1D polymeric chain in 18 and (c) simplified
representation of the polymeric chain composed of fused hexagons.

The asymmetric unit further extends to give an overall 1D structure. In both the case similar
kind of polymeric structure was obtained (Figure 3.30b and 3.31b). A simplified
representation of the polymeric structures showing fused hexagons in 18 and 19 are shown
in Figure 3.30c and 3.31c, respectively. The average Cd-O (2.43 A) and Cd-N (2.41 A)
bond lengths are in the usual range for this kind of complexes?%270 and the usual distortions
from the regular geometries are evident from the bond angle value. All the crystallographic
information pertaining to data collection and structure refinement parameters, selected bond

lengths and bond angles are listed in Table A6, A28 and A50, respectively.

Figure 3.31. Structural description for 19; (a) asymmetric unit and coordination environment around
the Cd(Il) centers, (b) perspective view of 1D polymeric chain in 19 and (c) simplified
representation of the polymeric chain composed of fused hexagons.
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In order to check whether the bulk sample represents the same material as obtained from
the single crystal X-ray diffraction analysis or not, powder X-ray diffraction (PXRD)
patterns of the as-synthesized samples of both 18 and 19 was recorded at room temperature.
As can be seen in Figure 3.32, the obtained PXRD patterns in both cases are in very good
agreement with the simulated powder patterns obtained from their single crystal structure
data. This confirms that the single crystal and the bulk material are the same. It also confirms
the phase purity of the bulk sample and exclusive formation of particular structural isomer
in both the cases. Additionally, in an attempt to obtain the other possible structural isomers
in both the cases by varying the reaction conditions, resulted in the formation of same

isomer in all cases in a highly selective manner.
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Figure 3.32. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of (a) 18 and (b)
19 compared with the simulated powder pattern obtained from the single crystal data.

With these examples 11-19, we have established the utilization metal-complex connectors
for the tailored synthesis of 1D coordination polymers using bis(tridentate) ligands. The
capping sites provides a greater control of the bond angles and restrict the number of
coordination sites by blocking at least three coordination sites of the metal center. The
strategy has been optimized for the synthesis of either possible structural isomers by
judicious selection of the bis(tridentate) ligand, metal ion, carboxylate linker or by varying

the reaction conditions.
3.1.2.2 Architectures with bis(pyridyl) pillar ligands

In terms of crystal engineering, an effective route for the synthesis of novel coordination
polymers with attractive topological structures is the employment of mixed ligands. Primary
reports on porous coordination polymers mainly focused on the use of metal nodes as

connectors and carboxylate ligands as linkers.2384271 In continuation of the studies on
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porous coordination polymers and to extend their applicability, the utilization of a second
linker for higher tailoring of the structures was considered. This was the first step toward
constructing pillar-layered mixed ligand coordination polymers. Introducing pillars into
coordination polymers has opened new possibilities for researchers to better control the
assembly of building blocks into frameworks with desired network properties. The first
reports on pillar linkers utilized simple nitrogen donor ligands such as bpy?72 or DABCO.?"3
The increasing number of investigations in this field has led to the design of a series of rigid,
flexible or functional pillar ligands; the chemical structure of some of them, used for the
present work are shown in Figure 1.9. The judicious selection/modification of the pillar
ligands can aid the fabrication of novel networks with desirable performance. Controlling
the structural flexibility, interpenetration, chemical stability and functionality by judicious
modifications on pillar backbone provides an opportunity to design polymeric architectures
with optimal pore volumes and efficiencies. The present section illustrates the synthesis,
stability and structural properties and improved applicability of such coordination polymers
derived from various pillar ligands in combination of the bent dicarboxylate ligand

(H2dmsdba) and different metal ions.

Zn(11) Chemistry

In contrast to polymeric architectures with mononuclear connected nodes, those containing
polynuclear metal—carboxyl clusters (also referred to as secondary building units, SBUSs)
have attracted much attention, as they provide stiffness of the local geometry and thus the

architectural robustness of the resulting framework. In terms of the coordination chemistry

Scheme 3.13. Representation of the pillaring strategy in paddle-wheel SBUs.
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of Zn(1l) metal ion in combination with carboxylate linkers it is well known to afford
tetranuclear Zn4O or dinuclear Zny(COO)4 clusters as SBUs. The Zn(COO)4 clusters also
known as paddle-wheel SBU, have both the metal centers in a square pyramidal
coordination geometry, where the axial positions, in general are occupied by coordinating
solvent molecules, which can be replaced by bidentate pillar ligands to add up an extra
dimensionality to the resulting pillared structure (Scheme 3.13). Because of the ability of
Zn(I1) metal ions to adopt the Zny(COO)4 clusters SBUs with carboxylate linkers, it was
chosen in combination of bent dicarboxylate linker Hodmsdba and neutral N-donor pillar
ligands to synthesize a set of coordination polymers 20-25 (Scheme 3.14). These examples
present a control over the dimensionality and framework interpenetration into the

coordination polymers by judicious selection of the pillar ligands.

Scheme 3.14. Synthesis of 20-25.

rione {IZny(dmsdba)y(H,0),1.4(H,0)}, (20)

bp
Y o (1Zn,(bpy)(dmsdba),]}, (21)
DMF/EtOH/H,0
4-bpdb
or - 2OPD o (7n,(4-bpdb)(dmsdba),]}, (22)
Zn(OAC), 2H,0 + Hydmsdba ———n20
N(OAC);2H; 20Msaba - s s0oc | 4-bpmp . .
7.8h — > {[Zn,y(4-bpmp)(dmsdba),]2(DMF)2(H,0)}, (23)

B o (Zny(3-bpch)(dmsdba),] S(EIOH) 3(H,0)}, (24)

bpp
—> {[Zny(bpp)(dmsdba),](DMF)-(H,0)}, (25)

All compounds were synthesized at room temperature by the reaction of zinc acetate,
H2dmsdba and different pillar ligands, except in case of 20, where for an in-depth
understanding of the pillaring strategy, a Zn(Il)-carboxylate polymer was synthesized where
no pillar ligand was used. In all cases the compounds were isolated as solid materials in
good yields. Single crystals for structural characterizations were obtained by slow diffusion
technique in all cases using different combinations. The molecular formula in each case was
established by a combination of elemental analysis, TGA and single crystal X-ray
diffraction analysis.

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveals that 20
isa 1D coordination polymer. It crystallizes in a monoclinic crystal system with C2/m space
group. The asymmetric unit consists of two Zn(l1), with half occupancy each, one dmsdba?

and two water molecules which are coordinated to each metal center. As depicted in Figure
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3.33a, the Zn(11) ions adopt a distorted square pyramidal geometry, two of such Zn(l1) ions
are bridged by carboxylate groups to make Zn,(COO)4 bimetallic cluster as SBU. Zn(ll) is
coordinated by four carboxyl oxygen atoms of carboxylate linker at equatorial positions and
one oxygen atom from coordinated water molecule at axial positions. All of the Zn-O bond
distances fall in the range of 1.946 A-2.110 A, which are in the usual range for this kind of
complexes.?”® All the crystallographic information pertaining to data collection and
structure refinement parameters, selected bond lengths and bond angles are listed in Table
A7, A29 and A51, respectively. As shown in Figure 3.33b, two of dmsdba?- linkers spans
between two Zny(COQO)4 SBUs to form a 1D polymeric structure. The polymeric structure
can be simplified in the form of node and linkers, where bimetallic Zn2(COO)4 SBU can be
considered as a node and dmsdba? as a bent linker. A simplified node and linker type
representation is shown in Figure 3.33c. The packing arrangement of 1D polymeric chains
in the crystal lattice shows that the different polymeric chains are stacked one above the
other in an eclipsed fashion (Figure 3.33d). No interpenetration was observed in between
the polymeric chains, which sometimes results in the structures with higher

dimensionalities.

Figure 3.33. Structure description for 20; (a) coordination environment around the Zn(ll) center,
(b) view of 1D polymeric chain, (c) node and linker type representation for 20 and (d) packing of
1D chains in crystal lattice.

The polymers 21, 22 and 23 forms 2D sheet structures (Figure 3.34a-c). All of these

crystallizes in triclinic crystal systems with P1 space group. The asymmetric unit in case of
21 consists of one Zn(l1), one dmsdba?  and one half of the 4,4’ -bipyridine (bpy), whereas
22 and 23 contains two Zn(I1), two dmsdba?- and one pillar ligand (4-bpdb in case of 22
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and 4-bpmp in case of 23). As depicted in Figure 3.34d, all three structures shares the same
secondary building unit; Zny(COQ)s bimetallic cluster, where each Zn(ll) ions adopt a
distorted square pyramidal geometry. Each Zn(ll) is coordinated by four carboxyl oxygen
atoms of carboxylate linker at equatorial positions and one nitrogen atom from the pillar
ligand occupies the axial position. All of the Zn-O and Zn-N bond distances fall in the range
0f2.019 A-2.108 A and 2.023 A-2.050 A, respectively, which are in the usual range for this

kind of complexes.?’®
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Figure 3.34. Structure description for 21-23; (a,b and ¢) shows the 2D sheet structures in 21, 22 and
23, respectively, (d) a paddle wheel SBU common in all cases represented as a simplified 4-
connected node and (e and f) are simplified node and linker representation and space fill
representations, showing 2-fold interpenetration into the frameworks.

The prominent distortions from the regular square pyramidal geometries are evident from
the bond angle values falling in the range of 85.20°-165.02°. All the crystallographic
information pertaining to data collection and structure refinement parameters, selected bond
lengths and bond angles for 21 and 22 are listed in Table A7, A29 and A51, respectively,
whereas this information for 23 are listed in Table A8, A30 and A52, respectively. The
polymeric structure can be simplified as node and linkers, where bimetallic Znz(COO)4
SBU can be considered as a 4-connected node and the pillar ligands bpy or 4-bpdb or 4-
bpmp and dicarboxylate linker dmsdba? can be considered as linear and bent linkers,

respectively. Further examination of the node and linker representation reveals that the
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frameworks in 21-23 exhibits a 4-connected uni-nodal net, sql (Shubnikov tetragonal plane
net) topology, with Schlafli point symbol {4"4.6"2} as determined by the TOPOS
program.?”* The simplified node and linker representation and a space fill representation of
representative example is presented in Figure 3.34e and Figure 3.34f, respectively,
indicating 2-fold interpenetration into the frameworks, which is a usual case when long

pillar ligands are used to extend the dimensionality of the frameworks.

The polymers 24 crystallizes in triclinic crystal systems with P1 space group. The
asymmetric unit consists of two Zn(Il), two dmsdba? and one 3-bpdh ligand. It shares the
same secondary building unit as in case of 21-23. The coordination geometry around Zn(lIl)
ionsis distorted square pyramidal where each Zn(l1) is coordinated by four carboxyl oxygen
atoms of carboxylate linker at equatorial positions and one nitrogen atom from the pillar
ligand (3-bpdh) occupies the axial position. The bimetallic Zn2(COO)4 paddle-wheel SBU
further extends to form the overall 2D framework (Figure 3.35a). All of the Zn-O bond
distances vary from 2.023 A to 2.060 A and the average Zn—N bond distances is 2.035 A.
The prominent distortions from the regular square pyramidal geometries can be seen from
the bond angle values falling in the range of 86.36°-160.50°. All the crystallographic
information pertaining to data collection and structure refinement parameters, selected bond
lengths and bond angles are listed in Table A8, A33 and A54, respectively. More insight
into the structure reveals that unlike 21-23, it forms a non-interpenetrated framework, where
different 2D sheets are stacked in an AB-AB fashion (Figure 3.35b). This can be due to the
bulky methyl groups on to the ligand backbone which imparts sufficient steric hindrance
and hence does not allow the framework interpenetration. The AB-AB stacking of the 2D
sheets can be easily seen when the structure is simplified as node and linker type
representation. As shown in Figure 3.35c¢ and Figure 3.35d, the simplified node and linker
representation clearly shows the AB-AB packing of the 2D sheets, where each sheet forms
non-interpenetrated structures. A schematic representation of the AB-AB staking of 2D
sheets is shown in Figure 3.35e. Further examination of the node and linker representation
reveal that the framework exhibits the same topology as in the case of 21-23.

The polymers 25 crystallizes in monoclinic crystal systems with C2/c space group. The
asymmetric unit consists of two Zn(ll), two dmsdba? and one bpp ligand. Like previous
examples it also contains the same bimetallic Zn,(COO)4 paddle-wheel core as secondary
building unit which further extends in all 3 directions to give an overall 3D porous

framework (Figure 3.36a). The increased dimensionality can be attributed due to the
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conformational flexibility of the bpp ligand, where the Conformationally flexible —(CH2)3-
spacer between the two coordinating sites imparts conformational freedom to coordinate

between different 2D-sheets. The distorted square

Figure 3.35. Structure description for 24; (a) representation of the 2D sheet structures in 24, (b)
AB-AB type stacking of the 2D sheets in 24; different 2D sheets are shown in different colors. (c
and d) simplified node and linker representation showing non-interpenetration 2D sheets stacked in
AB-AB fashion and (e) a schematic representation of the AB-AB stacking of 2D sheets.

pyramidal coordination geometry around Zn(ll) centers is fulfilled by coordination with
four carboxyl oxygen atoms of carboxylate linker at equatorial positions and one nitrogen
atom from the pillar ligand (bpp) at the axial position. The average Zn-O (2.048 A) and Zn-
N (2.031 A) bond distances are in the usual range for such type of complexes. The
prominent distortions from the regular square pyramidal geometries can be seen from the
bond angle values falling in the range of 86.07°-159.36°. All the crystallographic
information pertaining to data collection and structure refinement parameters, selected bond
lengths and bond angles are listed in Table A8, A30 and A52, respectively. Further insights
into the structure reveals that the framework consists of 2-fold interpenetration into the
structure which can be clearly expressed in a simplified node and linker representation of
25 (Figure 3.36b). Topological analysis by the TOPOS program?’* on the node and linker

representation of 25, reveals that the framework exhibits the 4-connected uni-nodal net
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sqc5, cadmium sulphate type topology with Schléfli point symbol {675.8}. Even after the

interpenetration into the framework, the structure consists of potential voids filled with the
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Figure 3.36. Structure description for 25; (a) perspective view of the 3D framework, (b) simplified
node and linker representation showing 4-c uni-nodal sqc5-CdSOs type topology, (c) representation
of the colonolly surfaces; dark blue represents the outer surface while sky blue represents the inner
surface and (d) N2 sorption isotherm for 25 collected at 77 K, inset shows the mean pore diameter
in 25.

highly disordered solvent molecules. The diffused electron density due to the distorted
solvent molecules was squeezed by using solvent masking option in Olex2 software?%?
during the structure refinement. The total solvent-accessible volume for 25 was estimated
to be 17% (1631/9495 A3 per unit cell volume) by the PLATON software.2’>

The establishment of permanent porosity in 25 was further investigated by nitrogen
adsorption isotherm at 77 K. Prior to adsorption measurements, the sample (~100 mg) was
activated by degassing at an elevated temperature of 393 K under vacuum conditions (20
mTorr) for 24 hours to generate the desolvated framework. The N2 gas sorption isotherm
for activated sample of 25 at 77 K and 1 bar pressure (Figure 3.36d) clearly indicates its

microporous nature. Based on the N2 adsorption data at 77 K, the Brunauer—Emmett—Teller
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(BET) surface area and the Langmuir surface area were estimated to be 307 m?g™ and 471
m2gL, respectively (Figure 3.37). The average pore diameter was found to be 0.6 nm based
on the N2 adsorption measurement at 77 K (average pore diameter for microporous MOFs

lies in the range of 0.4 — 1.0 nm).
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Figure 3.37. BET surface area (left) and Langmuir surface area (right) of 25 obtained from the N2
adsorption isotherm at 77 K.

The value of T parameter,?’® which is an indicator for the deviation from the ideal square-
pyramidal (t = 0) and trigonal bipyramidal (t = 1) geometries for five coordinate metal
centers, was found to be in the range of 0 to 0.083 for 20-25, which is again indicative of
square pyramidal geometries around the metal center in all these cases.

FTIR and PXRD analysis. FTIR spectra of 20-25 were recorded in the solid state at room
temperature as KBr pellets. The signals due to asymmetric (vasym) and symmetric (vsym)
stretching of the carboxylates in their respective FTIR spectra appeared at 1614 cm™ and
1413 cm? (Av =201 cm™) in 20,1612 cm™and 1411 cm™* (Av =201 cm™) in 21, 1616 cm’
Land 1410 cm? (Av =206 cm™) in 22, 1620 cm™ and 1408 cm™ (Av =212 cm™) in 23,
1614 cm?t and 1410 cm? (Av=204cm')in 24 and 1621 cm? and 1407 cm
(Av =214 cm™) in 25, respectively. The prominent shift in the asymmetric and symmetric
stretching frequencies of the -C=0 group in 20-25 from free H.dmsdba (1690 cm™ and
1416 cmY) indicates strong binding of the carboxylates to the metal center and the values
are in good agreement with the spectroscopic data for square pyramidal complexes with an
NO4 coordination environment.2’® In order to confirm the bulk phase purity of 20-25,
powder X-ray diffraction patterns were recorded at room temperature. As can be seen in

Figure 3.38, the experimentally obtained powder patterns of the bulk samples of 20-25 were
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in very good agreement with the simulated powder patterns (obtained from the single crystal

data). This confirms that in all cases the overall bulk materials represents the same structures
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Figure 3.38. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 20-25,
compared with the simulated powder pattern obtained from the single crystal data.

as obtained from the single crystal X-ray diffraction analysis.

Framework stabilities and thermal properties. In order to understand the thermal
stability and structural variation as a function of temperature, thermogravimetric analysis
(TGA) was carried out with the single-phase polycrystalline sample of 20-25 between 30-
500 °C, under a dinitrogen atmosphere (Figure 3.39a). The TG plot shows that 20 is stable
up to 400 °C, after the initial weight loss in the temperature range of 70 to 150 °C which is
ascribed to the release of coordinated as well as lattice water molecules. No such weight
loss could be seen in case of 21, before degradation of the framework after 350 °C,
indicating its good thermal stability. A similar trend was observed in case of 22, which also
did not show any weight loss before degradation of the framework after 320 °C. In contrast
23-25 exhibits low thermal stabilities, which shows the framework degradation after 250
°C. The initial weight loss before 250 °C can be ascribed to the lattice solvent molecules in
23-25. Also, since 25 was also tested for its microporous nature by gas adsorption
measurements; it is important to check for its thermal robustness and any phase
transformation during thermal activation of the framework. Therefore, the thermal
robustness and retention of phase purity and crystallinity was investigated by temperature

dependent powder X-ray diffraction analysis (Figure 3.39b).
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Figure 3.39. (a) Thermogravimetric profile for 20-25 and (b) variable temperature powder X-ray
diffraction patterns for 25, indicating thermal robustness and retention of phase purity and
crystallinity upon thermal activation.
Control over dimensionality and framework interpenetration. The phenomenon of
framework interpenetration or catenation is very common in pillar-layered coordination
polymers. Attempts to increase the dimensionality or pore size enlargement using pillaring
strategy usually results in the framework interpenetration. Obtaining a single network (non-
interpenetrated) coordination architecture, which is a direct route to the highest porosity,
has proven to be problematic in majority of cases, especially when long pillar ligands are
used. This phenomenon decreases the accessible space and leads to close packing which
imposes a severe limitation on efforts to expand surface area by employing longer pillar
ligands for the framework structures. Although interpenetration is not always undesirable;
a control over framework interpenetration by systematic ligand design/selection is a
necessary to fabricate non-interpenetrated structures. In this study, the effect of ligands
geometry on the final architecture has been investigated in a Zn(ll)-carboxylate system.
With a rigid bpy pillar ligand, a 2D polymeric structure has been obtained, where the 1D
Zn(I1)-carboxylate chains are connected by the pillar ligands to form overall 2D structures.
Further the incorporation of longer and functionalized rigid and semi-rigid pillar ligands 4-
bpdb and 4-bpmp, have resulted in the similar coordination architecture, where the pores
are not accessible due to framework interpenetration. The shifting of the coordination site
and incorporation of methyl groups into the pillar ligand 3-bpdh, has resulted in the non-
interpenetrated framework, where the methyl group provides enough steric hindrance,
which prevents the interpenetration into the framework. On the other hand, the utilization

of flexible pillar ligand bpp has resulted into the formation of a 3D framework, where the
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conformational flexibility of methylene chain spacer allows the binding sites to coordinate
with the alternate layers. Therefore, the present study illustrates the important role of
judicious selection of pillar ligands to control the dimensionality and interpenetration into

the pillar-layered coordination architectures.

Mn(11) Chemistry

With numerous examples of Zn(1l) and other heavier congeners, there are relatively a couple
of examples for coordination architecture with Mn2(COO)4 paddle-wheel core as secondary
building unit. More importantly, Mn(ll) being a paramagnetic center, the coordination
polymers with such carboxylato bridged bimetallic SBUs can impart attractive properties
due to the close metal-metal interactions. Therefore, in order to design such coordination
polymers the pillar layer strategy has been further extended using Mn(l1)-dmsdba? metal
carboxylate system. In order to understand the effect of ligand geometry (rigidity or
flexibility) on the formation of such bimetallic SBUs a set coordination polymer have been
synthesized using rigid and flexible pillar ligands.

Solvothermal reaction of manganese acetate, H.dmsdba and different pillar ligands in a
solvent mixture of DMF/EtOH/H20 has resulted in the formation of coordination polymers
26-30 (Scheme 3.15). The molecular formula in each case was established by a combination

of elemental analysis, TGA and single crystal X-ray diffraction analysis.

Scheme 3.15. Synthesis of 26-30.

b
—® > {[Mny(bpy)(dmsdba),]}, (26)

dpb
P > {[Mny(dpb)o s(dmsdba),l}, (27)

DMF/EtOH/H20 | bpee
Mn(OAc)y 4H;0 + Hpdmsdba —— = = > {[Mng(bpee)(dmsdba)s (H;0),] (bpee)o s (DMF) (H,0)}, (28)

26°C.24h | 820BY __ (Mn(azopy)(dmsdba)y(H,0),](azopy)o s (DMF)2(H;0)}, (29)

bpe
—>  {[Mny(dmsdba)(u-OHo)(L1)2T}, (30)

Single crystal structure analysis. Single crystals for single crystal X-ray studies in each
case were obtained from the solvothermal reactions. The studies reveal that 26 is a neutral
polymer with centrosymmetrical tetracarboxylato bridged dimanganese repeat units. The
dimetal repeat unit of 26 is similar to the repeat unit in 21. The Mn---Mn distance is 3.005
A and does not change upon cooling down to 100 K [2.989 A]. Each Mn(ll) center in
dimanganese repeat unit lies in a distorted square-pyramidal coordination environment

formed by four O atoms of four carboxylate groups of four different dmsdba? linkers, while
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the apical position is occupied by the N atom of the pyridyl group bpy pillar ligand. As
shown in Figure 3.40a, the asymmetric unit contains one Mn(ll), one dmsdba? and one
half of the pillar ligand bpy, which further extends to give the overall 2D framework (Figure
3.40b) similar to 21. Both 21 and 26 are found to be isostructural. Further the two-fold
interpenetration into the 2D sheets is similar to what was observed for 21, which can be
easily seen in the simplified node and linker representation and space fill representation for
26 (Figure 3.40c and d).

Figure 3.40. Structure description for 26; (a) asymmetric unit in 26, (b) perspective view of an
overall 2D framework containing tetracarboxylato bridged dimanganese paddle wheel core SBUs
and (c and d) simplified node and linker representation and space fill representation showing two-
fold interpenetration into the framework.

The t parameter for five coordinated Mn(II) center is found to be 0.025 for 26. While the
average Mn-O distance is 2.127 A and the Mn-N bond length is 2.156 A. Prominent
distortions around the Mn(11) center are evident from the bond angles as well as the distance
(2.215 A) between the O atoms of the bridging carboxylate groups. Furthermore, the N-
Mn-Mn angle is 156.5(2)° showing a large deviation from linearity. In the only other
polymeric compound with the paddlewheel core containing the flexible neutral ligand 1,2-
bis(4-pyridyl)ethane (bpe)?’” compared to the rigid bpy linker in 26, no such deviation is
observed. Interestingly, a similar Mn---Mn distance (3.058 A) observed in the bpe
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example?’” has been termed as a single bond. However, no magnetic measurements were
carried out for this example. As it will be evident from further discussion below, the
Mn---Mn distance in this example is also indicative of having no metal-metal bond (vide
infra). Compared to the Cu---Cu distance of 2.64 A in the dicopper system?278280 with no
metal-metal bond where nine electrons are available per copper center, the Mn---Mn
distance in 27 as well as through bridge super-exchange interactions as observed from the
magnetic susceptibility measurements (vide infra) can be used to understand the extent of
metal-metal bonding. Additionally, the theoretical calculations of such a core reported
earlier?® for the anhydrous manganese(I1) formate has the same Mn---Mn distance but there
was no mentioning of metal-metal bonding in that complex; on the other hand, based on
one of the reports?! the Mn---Mn distance obtained for the +3/+3 system is 3.04 A as well.
Furthermore, in [Mny(tda)2(bpy)2] with a D3h symmetry the metal-metal separation is 3.5
A.282 The order of the orbitals and the arrangement of the d-electrons in 26 for the prominent
distortions around the metal centers, and the metal-metal distance can be understood if the
bonding considerations reported earlier for the Mn(l) dimers?® are used. As described in
the examples of Mn(l) dimers where the Mn---Mn distance is about 2.72 A, the Mn—Mn
single bond is mainly formed by the half-filled 4s orbitals of the Mn atoms. This distance
in the Mn(1) examples is much shorter than that in Mn2(CO)10, 2.92 A 284 where Mn exists
in the zero oxidation state. All the crystallographic information pertaining to data collection
and structure refinement parameters, selected bond lengths and bond angles are listed in
Table A9, A31 and A53, respectively.

The polymeric structure in 27 consists of 2D sheets where the metal carboxylate tetranuclear

Mn4 clusters are pillared by the dpb ligand. It crystallizes in a triclinic crystal system with

P1 space group. The asymmetric unit consists two crystallographically independent Mn(11),
two dmsdba? one half of the pillar ligand dpb and one water molecule coordinated to one
of the metal center (Mnl) (Figure 3.41a). Each Mn(ll) center lies in a distorted square-
pyramidal coordination environment, where the five coordination sites around Mnl are
occupied by three carboxyl oxygen atoms of dmsdba?, one oxygen from the coordinated
water molecule and one nitrogen atom of the pillar ligand dpb. The coordination sites
around Mn2 are occupied by five O atoms of carboxylate groups of dmsdba? linker. The
two Mn(Il) centers are bridged by three carboxylate groups resulting in triscarboxylato
bridged dimanganese unit. In addition to this the two Mn2 ions are further bridged by two

carboxylate groups resulting in biscarboxylato bridged dimanganese unit, therefore
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resulting in an overall tetranuclear Mng4 cluster as secondary building unit (Figure 3.41b).
As shown in the simplified node and linker type representation (Figure 3.41c) for 27, the
tetranuclear Mn4 clusters, which can be simplified as 4-connected node are further
connected by eight dicarboxylate linkers dmsdba?  and two pillar ligands dpb, resulting in

an overall 2D pillar layered framework (Figure 3.41b).

\‘\‘\‘
R

Figure 3.41. Structure description for 27; (a) asymmetric unit and coordination around the Mn(l1)
centers in 27, (b) perspective view of an overall 2D framework containing bis and triscarboxylato
bridged dimanganese cores and (c) simplified node and linker representation showing 4-connected
uninodal sql topology, where tetranuclear manganese cluster is simplified as 4-connected node.

4-connected node

Further examination of the simplified node and linker representation reveal that the
framework exhibits the same 4-connected uni-nodal net, sql (Shubnikov tetragonal plane
net) topology, with Schléfli point symbol {4"4.6"2} as obtained for 21-24 and 26,
respectively. The T parameter?’® for five coordinate Mn1 and Mn2 is found to be 0.190 and
0.255, respectively. While the average Mn-O distance is 2.140 A, the Mn-N bond length is
2.170 A. The Mn---Mn distance in triscarboxylato bridged (Mn1---Mn2) and biscarboxylato
bridged (Mn2---Mn2) core is found to be 3.333 A and 4.309 A, respectively. Prominent
distortions from the regular geometries around the metal centers are evident from the bond
angle values ranging from 82.4° to 163.4° for Mnl and 79.73° to 152.63° for Mn2,

respectively. All the crystallographic information pertaining to data collection and structure
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refinement parameters, selected bond lengths and bond angles are listed in Table A9, A31
and A53, respectively.

Single crystal analysis of 28 and 29 reveals that both are iso-structural and forms a 2D
polymeric structure. Both crystallizes in monoclinic crystal system with P2:/n space group.
The asymmetric unit in each case consists of three crystallographically independent Mn(I1),
three dmsdba? one and half of the pillar ligand bpee in case of 28 and azopy in case of 29,
where half of the pillar ligand is non-coordinating and occupies the lattice position in both
cases along with one water and one DMF molecule. In addition, one of the Mn(Il) consists
of two coordinated water molecules in each case. The geometry around the metal centers
(Mn1 and Mn2 in each case) is distorted square pyramidal whereas Mn3 is in a distorted
octahedral geometry.

octahedrally connected
menonuclear unit

&
tetrakis-carboxylato ?-\r
d

bridge:
dimanganese unit

Figure 3.42. Asymmetric unit and coordination environment around the metal centers in (a) 28 and
(b) 29.

The five coordination sites around Mnl and Mn2 are occupied by five carboxyl oxygen
atoms of dmsdba® whereas, the six coordination sites around Mn3 are occupied by two
carboxyl oxygen atoms, two nitrogen atoms from the pillar ligands bpee (in 28) or azopy
(in 29) and two oxygen atoms from coordinated water molecules. The asymmetric unit and
coordination environment around the metal center in 28 and 29 are shown in Figure 3.42.
The 1 parameter?’® for five coordinated Mn1 and Mn2 is found to be 0.038 and 0.011 in 28
and 0.003 and 0.033in 29, respectively. The Mn-O bond lengths in lies in the range of 2.000
At02.262 A for 28 and 1.997 A to 2.259 A for 29, whereas the average Mn-N bond length
is 2.248 A in 28 and 2271 A in 29, respectively. The Mn---Mn distance in
tetrakiscarboxylato bridged (Mn1---Mn2) dimanganese core is found to be 3.029 A and
3.033 A in 28 and 29, respectively. Prominent distortions from the regular geometries

around the metal centers are evident from the bond angle values. All the crystallographic
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information pertaining to data collection and structure refinement parameters, selected bond
lengths and bond angles are listed in Table A10, A32 and A54, respectively.

The asymmetric unit in both the case is further extended to form an overall 2D polymeric
structure (Figure 3.43). More insight into the formation of 2D sheet structure reveals that
the dinuclear and mononuclear units are arranged in an alternate fashion where the
carboxylate group occupying the axial position of the dinuclear core is acts as bridge
between 1D metal carboxylate chains to give the 2D structure, whereas the ligand bpee and
azopy in 28 and 29 does not act as pillar ligands to extend the dimensionality of the

framework.

Figure 3.43. Perspective view of the overall 2D structure in 28 which is isostructural to the
framework in 29, where the N-donor bpee ligand has been replaced with N-donor azopy ligand.

The use of flexible ligand, bpe, in 30 has resulted in the formation of a 3D coordination
architecture. It crystallizes in an orthorhombic crystal system with space group Pbcn. The
asymmetric unit in contains one Mn(11), one dmsdba? one half of the pillar ligand bpe and
one coordinated water molecules which is bridged between two Mn(l1) centers resulting in
the formation of p-aqua bis-carboxylato bridged dimanganese SBU, which are linked
through the fully deprotrotonated dmsdba? and neutral bpe ligand to form the overall 3D
structure (Figure 3.44). The two Mn(ll) centers of the dinuclear core are bridged by two
carboxylate groups in a syn-syn coordination mode and an oxygen atom from a water
molecule. The distorted octahedral coordination environment around the metal center is
composed of four oxygen atoms of the carboxylate group, which occupies the equatorial
positions of the octahedral geometry and two axial positions are occupied by the oxygen

atom of the coordinated water molecule and nitrogen atom of the bpe ligand. The value of
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Mn---Mn separation in g-aqua bis-carboxylato bridged dimanganese core is found to be
3.772 A, which is similar to the Mn---Mn distance of 3.739 A28 and 3.78 A,28¢ put is higher

Figure 3.44. Structural description for 31; (a) Asymmetric unit and coordination environment
around Mn(ll), (b) perspective view of the overall 3D structure in 31 and (c) representation of the
u-aqua bis-carboxylato bridged dimanganese core in 31.

than the bond distance values (3.540 A, 3.581 A, 3.595 A, 3.614 A 3.621 A and 3.635
A)282.287-290 raported for this kind of examples. The lengthening of the Mn---Mn separation
in 30 with respect to that of the other examples can be attributed due to the longer values of
the metal-to-aqua bonds (2.313 A) in 30. The average Mn-Ocarmoxyiate bONd length is found
to be 2.153 A and the Mn-N bond length is 2.273 A. All the crystallographic information
pertaining to data collection and structure refinement parameters, selected bond lengths and
bond angles are listed in Table A10, A32 and A54, respectively. There are relatively a very
few examples of coordination polymers with this type of core and the coordination polymers
with this type of SBUs exhibits strong antiferromagnetic coupling in their magnetic
susceptibility measurements indicating strong metal-metal interactions via small aqua and
carboxylate bridges. Such core types have also have been studied, primarily as mimics of
the active sites in many important enzymes.

FTIR and PXRD analysis. FTIR spectra of 26-30 were recorded in the solid state at room
temperature as KBr pellets. The characteristic peaks due to asymmetric (vasym) Stretching
vibrations of the carboxylates in all cases were observed in the range of 1597-1619 cm™?

and symmetric stretching vibrations (vsym) in the range of 1399-1417 cm™. The difference

in the asymmetric and symmetric stretching vibrations Av (Vasym - Vsym) in the range of 187-
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209 cm? confirms its bridging binding mode.?®! Further, the prominent shift in the
asymmetric and symmetric stretching frequencies of the -C=0 group in 26-30 from free
Hzdmsdba (1690 cm™ and 1416 cm™) indicates strong binding of the carboxylates to the
metal center. In order to confirm the bulk phase purity and crystallinity of the as-synthesized
26-30, powder X-ray diffraction patterns were recorded at room temperature for the as-
synthesized samples of 26-30. The experimental powder X-ray diffraction patterns for 26-
30 confirm their crystallinity and the comparison with those simulated from single-crystal
data, indicating that all were isolated as single-phase polycrystalline materials (Figure 3.45).
Framework stabilities and thermal properties. In order to understand the thermal
stability and structural variation as a function of temperature, thermogravimetric analysis
(TGA) was carried out with the single-phase polycrystalline sample of 26-30 between 30-
500 °C, under a dinitrogen atmosphere (Figure 3.46a). The thermogravimetric profiles
corroborate with the structures obtained from the single crystal analysis. No weight loss
was observed until 250 °C, except in the case of 28 and 29, which exhibits weight loss in
the temperature range of 50-120 °C, which can be ascribed due to the loss of lattice solvents
and neutral N-donor ligands present in the crystal lattice. After which no weight loss was
observed up to 200°C in case of 28, and 250 °C in case of 29.
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Figure 3.45. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 26-30,
compared with the simulated powder pattern obtained from the single crystal data.

However, 26, 27 and 30, exhibits very good stability as can be seen in their

thermogravimetric profile, the compound 26 shows an extraordinary thermal stability up to
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340 °C as no weight loss can be seen in the TG profile. The high thermal stability and
robustness of 26 was further investigated by temperature dependent powder X-ray
diffraction analysis. As shown in Figure 3.46b, there was no change in the PXRD pattern
of 26 even up to 300 °C. Thus, the variable temperature PXRD data further supports the
thermal robustness of 26 and also indicates the retention of crystallinity and phase purity at
higher temperatures.
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Figure 3.46. (a) Thermogravimetric profile for 26-30 and (b) variable temperature powder X-ray
diffraction patterns for 26, indicating thermal robustness and retention of phase purity and
crystallinity up to 300 °C.

Magnetic properties. As this kind of compounds with carboxylato bridged diamanganese
core are known to exhibit interesting magnetic properties, the magnetic susceptibility data
of a polycrystalline powder sample of 26 was measured in the temperature range of 2-300
K. The effective magnetic moment per Mn atom is 5.13 uB at 300 K indicating that the
Mn(Il) ions are in a high spin state. However, this value is much smaller than the expected
spin-only value for the non-interacting Mn(Il) ions with five unpaired electrons each. This
implies that an antiferromagnetic interaction between the metal centers is present. This is
confirmed with the fact that the value of »T (6.58 cm® K per Mn dimer mol at 300 K)
decreases continuously down to 0.10 cm® K per Mn dimer mol at 2 K (Figure 3.47a).
Furthermore, it points to an S = 0 coupled ground state at 0 K for the dimeric subunit in 1.
A good fit of the experimental data to S = 5/2 (per Mn) with a Bleaney-Bowers-like
equation®! yielded a magnetic coupling constant 2J = —12.4 cm™ with g = 2.014 (H =
—2JS1S2). The S=0, 1, and 2 coupled states are the ones thermally populated up to 300 K.
This value of 2J is similar to what were observed for discrete [Mn) (u-O2CR)4Lo]
complexes, where R = (CgHs)2CH or (CsHs)2C(CHs3) and L = quinoline,?®? and R = (CH3)sC
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and L = 2,6-diaminopyridine;?* for [Mny(tda)2(bpy)2],%%? a value of -8.2 cm™ was observed
due to a much longer Mn---Mn distance. On the other hand, the calculated value?’® for
anhydrous manganese(ll) formate as the model was about -20.0 cm* with an Mn---Mn
distance similar to that for 26. It should be noted that the antiferromagnetic interactions in
other dimanganese units with syn—syn carboxylates?®* are much weaker as compared to the
tetrakis-(carboxylato)-bridged cores; furthermore, this study adds to the limited number of
examples in this category, only three out of the six compounds mentioned above have been
studied for their magnetic behavior. In order to understand the magnetic properties of 26,
one can consider (a) the extensively studied d°-d° dicopper complexes with similar core
structures that feature through bridge super exchange pathways,?’827 (b) the d’-d’dicobalt
system where the magnetism has been interpreted in terms of weak metal-metal interactions
between the two Co(ll) ions based on the observation of temperature-dependence of the
metal-metal distance,?®® and (c) more importantly, broadly similar
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Figure 3.47. (a) Plot of T vs. T for 26; the solid line is the best fit to the experimental data and (b)
Magnetization M per Mn(l1) ion versus field H at 2 K for 26.

magnetic behavior (but with much higher antiferromagnetic coupling constants, -40 to -55
cm?) observed for the dimanganese(l) systems?® where a single bond between the metal
centers is found to be present from the pairing of the 4S? electrons leaving the d® high spin
configurations similar to the Mn(lIl) ions in 26 and other complexes. In the case of 26, there
is no change in the metal-metal interaction due to change in temperature indicating a
through-bridge pathway (not through the metal-metal vector). The magnetization (M)
versus field (H) data measured at 2 K for 26 is shown in Figure 3.47b. The saturation value
Ms at the highest field observed for it is negligible compared to the expected value of about
5uB, probably due to an unavoidable minor paramagnetic impurity, and thus confirms

further the correct description of the antiferromagnetic coupling in 26.
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Effect of pillar ligands. In this study, the neutral N-donor pillar ligands with varied length
and rigid/flexible geometries were used to show any effect on the formation of different
dinuclear clusters of manganese in the Mn(I1)-dmsdba? system under similar reaction
conditions. In case of rigid bpy ligand a 2D pillar-layered framework with
tetrakiscarboxylato bridged dimanganese paddle wheel core as SBU was obtained.
Extending the length of the pillar ligand by a rigid phenyl spacer has resulted in the
formation of similar 2D interpenetrated framework with same topology but different SBU.
Instead of a tetrakiscarboxylato bridged dimanganese paddle wheel core as SBU in 26, a
tetra metallic Mn4 cluster with bis and tris carboxylato bridged dimanganese subunits was
obtained as SBU in case of 27. Further imparting semi rigid pillar ligands (bpee or azopy)
into the Mn(l1)-dmsdba? system has resulted into the formation of a 2D framework with
two different kind to SBUs, where two kind of SBUs (a tetrakiscarboxylato bridged
dimanganese paddle wheel subunit and a mononuclear subunit) are bridged to each other in
an alternate fashion by the carboxylate linkers dmsdba?-. Both the compound 28 and 29 are
isostructural having same asymmetric unit and coordination environment around the metal
centers. Incorporation of a comparatively flexible pillar ligand bpe has resulted in an
entirely different architecture. The structure of 29, consists of a 3D non-interpenetrated
framework with g-aqua biscarboxylato bridged dimanganese core as SBU. However, in all
cases the carboxylate linker dmsdba?- binds to the metal center in a syn—syn fashion to form
the dimetallic repeat units; the use of different pillar ligands with varied length and
geometries has resulted in the formation of different kind of such dimetallic repeat units
with different number and nature of the bridging units in between the two metal centers.
The nature and number of such bridging units are of particular interest while studying close
metal-metal interactions in such type of systems. Therefore, the role of the ligand
geometries on the formation of such coordination polymers with bis, tris or tetrakis

carboxylato bridged dimanganese repeat units is clearly demonstrated.

Co(ll) Chemistry

In order to generalize the pillaring strategy on metal-dmsdba? system, the chemistry has
been further extended on Co(ll)-dmsdba? system. A set of coordination polymers 31-36
have been synthesized using different N-donor pillar ligands varying in their lengths,
functionalities and conformational flexibility/rigidity of their structures. Solvothermal

reaction of cobalt acetate tetrahydrate, Hzdmsdba and different pillar ligands in a solvent
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mixture of DMF/EtOH/H0 has resulted in the formation of coordination polymers 31-36
(Scheme 3.16).

Scheme 3.16. Synthesis of 31-36.

bpy
{[Co,(bpy)(dmsdba),}, (31)

bpee {[Co,(bpee)(dmsdba),}, (32)

4-bpdb
—  {[Co,(4-bpdb)(dmsdb 33
DMF/EtOH/H,0 {[Co,(4-bpdb)(dmsdba),}, (33)
CO(OAC)2'4H20 + szdeba 0— 4-bom
120 .48 Z2PRE ([Coy(d-bpmp)(dmsdba),] (0N}, (34)
25 °C, 24h
azopy {[Cos(azopy)(dmsdba),}, (35)

bpp
— > {[Coy(bpp)(dmsdba),}, (36)

In most of the cases (32-36) the structures have been established by their single crystal X-
ray diffraction analysis and in case of 31, where the single crystals could not be obtained
the structures have been established by the combination of different analytical techniques.
All the coordination polymers have been well characterized by FTIR, PXRD, TGA and
elemental analysis. The molecular formula in each case was established by a combination
of elemental analysis, TGA and single crystal X-ray diffraction analysis.

Single crystal structure analysis. Single crystals suitable for single crystal X-ray studies
in each case were obtained from the solvothermal reactions. The study reveals that, 32-34
forms an isostructural 2D framework with tetrakiscarboxylato bridged dimetallic core as
SBU, where the metal carboxylate 1D chains are pillared by the pillar ligands bpee, or 4-

bpdb or 4-bpmp to form an overall 2D structure (Figure 3.48). The compounds crystallizes

in a triclinic crystal system with P1 space group and the asymmetric unit in each case
consists of two Co(ll) atoms, two carboxylate linker dmsdba?-, and one pillar ligand, except
in case of 34, where an additional water molecule is also present in the crystal lattice. The
carboxylate linker is fully deprotonated and binds to the metal atoms in a syn-syn bidentate
bridging manner forming the tetrakiscarboxtlato bridged dimetallic SBU. Each metal atom
is in an NO4 square pyramidal coordination environment, where four carboxyl oxygen
atoms from four different dmsdba?-occupies the four equatorial positions of the square
pyramidal geometry and the apical position is occupied by the nitrogen atom of the N-donor
pillar ligands. The metal to metal distance (Co---Co) in each case (2.873 A in 32, 2.818 A
in 33 and 2.834 A in 34) is shorter than those found in discrete and polymeric paddle wheel
complexes but longer than the Co-Co single bond (2.3 A) reported in dicobalt
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tetrakis(formamidinate) complexes.?% The t parameter for five coordinate Col and Co2 is
found to be 0.061 and 0.060 in 32, 0.014 and 0.022 in 33, and 0.038 and 0.005 in 34,
respectively. The average Co-O bond distance in 32-34 lies in the range of 2.065 A to 2.130
A and Co-N bond distance lies in the range of 1.946 A to 2.068 A. Prominent distortions
around the Co(ll) center are evident from the bond angles as well as the distance (2.225 A
- 2.274 A) between the O atoms of the bridging carboxylate groups. Upon simplification of
the structures of 32-34 in the node and linker type representation, the tetrakiscarboxtlato
bridged paddle wheel SBU can be considered as a four connecting node and the carboxylate
linker and the pillar ligands can be considered as bent and linear linkers respectively.
Further analysis of the node and linker type representation reveal that all three coordination
polymers exhibit 4-connected uni-nodal net, sql (Shubnikov tetragonal plane net) topology,
with Schl&fli point symbol {474.672}, which is the same network topology as obtained for
21-24 and 26-27, respectively. As shown in Figure 3.48 in all cases the structure exhibits 2-
fold interpenetration into the framework. All the crystallographic information pertaining to
data collection and structure refinement parameters, selected bond lengths and bond angles
are listed in Table A11, A33 and A55, respectively.
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Figure 3.48. Structure description for 32-34; (a,b and c¢) shows the 2D sheet structures in 32, 33 and
34, respectively, (d) simplified representation of the paddle wheel SBU, dmsdba? and pillar ligands
as 4-connected node and bent and linear linkers, respectively and (c) an overall node and linker type
representation 4-connected sgl topology with 2-fold interpenetration into the frameworks.

Single crystal structural analysis for 35 and 36 reveals that both forms a 3D polymeric

structure (Figure 3.49). The compound 35 crystallizes in a triclinic P1 space group whereas
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the compound 36 crystallizes in a monoclinic crystal system with C2/c space group. The
asymmetric unit in 35 consists of four Co(ll) atoms, four carboxylate linker dmsdba?-, and
two pillar ligand (azopy), whereas in case of 36, it consists of two Co(ll) atoms, two
carboxylate linker dmsdba?-, and one pillar ligand (bpp). In both cases, the carboxylate
linker binds to the metal atoms in a syn-syn bidentate bridging manner forming the same
tetrakiscarboxtlato bridged dimetallic SBU as obtained in case of 32-34. Each metal atom
is also in the same NO4 square pyramidal coordination environment, where four carboxyl
oxygen atoms from four different dmsdba?occupies the four equatorial positions of the
square pyramidal geometry and the apical position is occupied by the nitrogen atom of the
N-donor pillar ligands (azopy or bpp), with only difference that the unlike 32-34, 35 and
36 forms an overall 3D structure, which can be attributed due to the conformational
flexibilities of the azopy or bpp pillar ligands. The metal to metal distance (Co---Co) in
each case is similar to the distance observed in 32-34. In addition to that all other structural
parameters for tetrakiscarboxtlato bridged paddle wheel SBU like bond lengths, bond

angles and t values are also similar to the values observed in 32-34.

T

m N

il

Figure 3.49. structure description for 35 and 36; (a and b) Perspective view of the 3D structure
obtained in case of 35 and 36, respectively and (c) simplified node and linker type representation

for 35 and 36 exhibiting 4-connected uni-nodal net sqc5 topology with 2-fold interpenetration into
the frameworks.
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All the crystallographic information pertaining to data collection and structure refinement
parameters, selected bond lengths and bond angles are listed in Table A12, A34 and A56,
respectively. As shown in Figure 3.49, the rather intricate 2-fold interpenetrated 3D
structures of 35 and 36 can be simplified in the form of node and linker type representation,
where paddle wheel SBU, and the carboxylate linker and pillar ligands can be considered
as a 4-connected node and a bent and linear linkers, respectively to form an overall 3D
structure which exhibits a 4-connected uni-nodal net sqc5, cadmium sulphate type topology
as determined by the TOPOS?’* program. The topological structural type observed is
identical to the structural type observed for 25.

FTIR and PXRD analysis. FTIR spectra of 31-36 were recorded in the solid state at room
temperature as KBr pellets. The characteristic peaks due to asymmetric (vasym) and
symmetric (vsym) Stretching vibrations of the carboxylates in all cases shows significant shift
from the asymmetric and symmetric -C=0 stretch for free H.dmsdba (1690 cm™ and 1416
cm). This indicates a strong binding of the carboxylates to the metal center in all cases. In
addition, the difference in their v values (Av = vasym - vsym) further supports the syn-syn
bridging bidentate binding of the carboxylates to the metal centers?>! as obtained from their
single crystal structure analysis. The peaks due to asymmetric (vasym) and symmetric (vsym)
stretching vibrations of the carboxylates for 31-36 were obtained at 1609 cm™ and 1411 cm-
11610 cm™and 1411 cm?, 1597 cm™* and 1399 cm't, 1616 cm™ and 1410 cmt, 1609 cm-?
and 1411 cm*and 1617 cm™ and 1409 cm?, respectively. In order to confirm the bulk phase
purity and crystallinity of the as-synthesized 31-36, powder X-ray diffraction patterns were
recorded at room temperature for the as-synthesized samples of 26-30. The experimental
powder X-ray diffraction patterns for 31-36 confirm their crystallinity and the comparison
with those simulated from single-crystal data, indicating that all were isolated as single-
phase polycrystalline materials (Figure 3.50). In addition, the experimental powder patterns
of 31 is exactly similar to the simulated powder pattern of 26, indicating the iso-structural
relationship of 26 and 31.

Framework stabilities and thermal properties. In order to understand the thermal
stability and structural variation as a function of temperature, thermogravimetric analysis
(TGA) was carried out with the single-phase polycrystalline sample of 31-36 between 30-
500 °C, under a dinitrogen atmosphere (Figure 3.51). The thermogravimetric profiles
corroborate with the structures obtained from the single crystal analysis. Compounds 32, 34

and 35 exhibits moderate thermal stabilities up to 220 °C, whereas the compounds 31, 33
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and 36 exhibits very high thermal stability. The thermogravimetric profile of 31 shows its
extraordinary thermal stability as no weight loss was observed up to 340 °C; which is similar
to the thermogravimetric profile for 26. Therefore, in addition to the similar powder X-ray
diffraction pattern in both the cases, the similar TG profile further supports the similar

interpenetrated frameworks in 26 and 31.
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Figure 3.50. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 31 and 32-36,
compared with the simulated powder pattern obtained from the single crystal data of 26 and 32-36,
respectively.
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Figure 3.51. Thermogravimetric profile for 31-36.

The thermogravimetric profiles of 33 and 36 shows that both the compounds are stable up

to 320 °C and 370 °C, respectively as no weight loss can be seen in the thermogravimetric
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plots of 33 and 36 up to 320 °C and 370 °C, respectively before the framework
decomposition.

Effect of rigidity/flexibility of the pillar ligand on the final architecture. In this study, the
pillar-layered strategy has been further extended to synthesize mixed ligand coordination
polymers and the effect of rigid or flexible N-donor pillar ligands has been studied in the
Co(Il)-dmsdba? system under similar reaction conditions. As expected, the rigid or semi-
rigid pillar ligands coordinates between the 1D metal carboxylate chains to result in the
formation of interpenetrated 2D coordination polymers, whereas in case of
conformationally flexible ligands (azopy or bpp), the conformation flexibility of azo or
methylene chain spacers adds up an extra dimensionality by allowing the coordinating
pyridyl groups to bind to the alternative 2D sheets resulting in the formation of overall 3D

structures.

Cd(11) Chemistry

As pointed out in the previous section (Section 3.1.2.1) that different metal ions are known
for their own coordination preferences, which can play an important role in the structural
diversity of the resulting coordination architectures.?%® Therefore the study has been further
extended to the Cd(Il)-dmsdba® system, since cadmium is known to expand its
coordination sphere from hexa- to hepta- or in some cases octa-coordination. By judicious
design and selection of different N-donor ligands, a set of mixed ligand Cd(I1) coordination
polymers have been synthesized and the pillar ligand induced structural diversity and
applications of these coordination polymers have been discussed.

Scheme 3.17. Synthesis of 37 and 38.

bpe
EEEEE—
DMF/EtOH/H,0
25-30°C, 7-8 h

{[Cda(bpe)(dmsdba),(DMF),l}, (37)

Cd(OAc),2H,0 + H,dmsdba

4-bpdb
EtOH/H,0
25-30 °C, 7-8 h

{[Cd(4-bpdb)(dmsdba),(H,0),].2(H,0)},  (38)

Self-assembly of cadmium acetate, H.dmsdba and different N-donor ligands bpe or 4-bpdb
at ambient conditions has resulted in the formation of {[Cd2(bpe)(dmsdba)2(DMF)2]}n (37)
and {[Cd2(4-bpdb)(dmsdba)2(H20)-]}n (38) in good yields (Scheme 3.17). Their structures
have been analyzed by single crystal X-ray diffraction analysis and their molecular formula
has been established by a combination of elemental analysis, TGA and single crystal X-ray

diffraction analysis
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Single crystal structure analysis. Single crystals suitable for single crystal X-ray
diffraction analysis in each case were obtained by the slow diffusion technique at room

temperature using different solvent combinations. Compound 37 forms a 1D coordination

polymer which crystallizes in a triclinic crystal system with P1space group. The
asymmetric unit consists of one Cd(ll) atoms, one carboxylate linker dmsdba?, and one
half of the neutral N-donor ligand bpe along with one molecule of DMF coordinated to the
metal center (Figure 3.52a). The Cd(ll) center is in a NO5 type coordination environment
with a distorted octahedral geometry around the metal center. The coordination sites of the
octahedral geometry are occupied by four oxygen atoms of the carboxyl groups of dmsdba?-
, one oxygen atom from the coordinated DMF molecule and one nitrogen atom of the neutral
N-donor ligand bpe.The carboxylate linker dmsdba?- is fully deprotonated and arranged in
the form of linear chain upon coordination to the metal center. Two of such chains are
further connected by the pillar ligand bpe, resulting the overall structure (Figure 3.52b).
The 1D polymeric chains are further interpenetrated (1D + 1D — 2D) into one another to

generate the overall 2D framework (Figure 3.52c¢).

e N @w«m x‘}?«ﬂ}
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Figure 3.52. Structure description for 37; (a) asymmetric unit and the coordination environment
around the metal center, (b) view of the 1D framework; coordinated DMF molecules are shown in
space fill representation and (c) represents the interpenetration into the 1D polymeric chains to
generate the overall 2D framework in 37.

Compound 38, exhibits the similar structure as that of 37, except that the instead of
coordinated DMF in 37, 38 consists of a water molecule coordinated to the metal center. In
addition to it, there is also a water molecule in the crystal lattice. It also crystallizes in a
triclinic P1 space group. The asymmetric unit contains one Cd(l1) atoms, one carboxylate

linker dmsdba?, and one half of the neutral N-donor ligand 4-bpdb along with two water
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molecule; one coordinated and one lattice water molecule(Figure 3.53a). The distorted
octahedral geometry around the metal center is formed by four carboxyl oxygen atoms of
the carboxylate linker dmsdba?-, one oxygen atom of the coordinated water molecule and
one nitrogen atom of the N-donor ligand 4-bpdb. The other structural features are similar
to that of 37. As shown in (Figure 3.53b) the asymmetric unit is further extended by the
carboxylate linker dmsdba? and the ligand 4-bpdb to generate the 1D polymeric structure
which are further interpenetrated (1D + 1D — 2D) to forms the overall 2D framework
(Figure 3.53c¢).
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Figure 3.53. Structure description for 38; (a) Asymmetric unit and the coordination environment
around the metal center, (b) view of the 1D framework; coordinated water molecules are shown in
space fill representation and (c) represents the interpenetration into the 1D polymeric chains to
generate the overall 2D framework.

The Cd-O bond lengths in 37 and 38 lies in the range 2.257 A to 2.390 A and 2.239 A to
2.437 A, whereas the Co-N bond lengths are found to be 2.255 A and 2.315 A, respectively.
These values are within the usual range for this kind of complexes. The prominent
distortions from the regular geometries around the metal centers are evident from the bond
angle value in each case. All the crystallographic information pertaining to data collection
and structure refinement parameters, selected bond lengths and bond angles are listed in
Table A13, A35 and A57, respectively.
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FTIR and PXRD analysis. FTIR spectra of 37 and 38 was recorded in the solid state at
room temperature as KBr pellets. The sharp peaks due to asymmetric (vasym) and symmetric

(vsym) stretching vibrations of the carboxylates in 37 and 38 were observed at 1578 cm™ and
1400 cm for 37 and 1575 cm™ and 1402 cm™ for 38. The difference in asymmetric and
symmetric stretching vibrations (Av = 178 cm™ and 173 cm! for 37 and 38, respectively)
indicates the chelated bidentate binding of the carboxylate to the metal center?s! as seen in
their respective single crystal structures. In addition, significant shift from the asymmetric
and symmetric -C=0 stretch for free Hz2dmsdba (1690 cm™ and 1416 cm) indicates a
strong binding of the carboxylates to the metal center in both cases. A sharp peak at 1652
cmin case of 37 can be ascribed due to the presence of coordinated DMF molecule in 37.
In order to confirm whether the single crystal structure corresponds to the bulk material or
not, powder X-ray diffraction patterns were recorded at room temperature for 37 and 38.
The experimental powder X-ray diffraction patterns for 37 and 38 confirm their crystallinity
and PXRD patterns of the as-synthesized and the desolvated samples in both the cases, when
compared with their respective PXRD pattern simulated from single-crystal data, shows
good agreement between the experimental and simulated data (Figure 3.54). This confirms
the phase purity as well as retention of structural integrity upon thermal

desolvation/activation.

a) b)

37_desolvated

38_desolvated

v N
iy g
by 2
g 37_as-synthesized 2
2 2 38_as-synthesized
= E
2 2
s 5
5 3
@ @

37_simulated 38_simulated

I 1 1 1 I 1 1 1 ] 1 1 I 1 I 1 I 1
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
2-theta (degree) 2-theta (degree)

Figure 3.54. Powder X-ray diffraction (PXRD) pattern of as-synthesized and desolvated samples
of (a) 37 and (b) 38, compared with the simulated powder pattern obtained from the single crystal
data of 37 and 38, respectively.

Framework stabilities and thermal properties. In order to test the thermal stability and
structural variation as a function of temperature, thermogravimetric analysis (TGA) was

carried out with the single-phase polycrystalline sample of 37 and 38 between 30-500 °C,
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under a dinitrogen atmosphere (Figure 3.55a). The thermogravimetric profiles corroborate
with the structures obtained from the single crystal analysis. Compounds 37 exhibits an
initial weight loss of about 13 % in the temperature range of 120 °C to 180 °C, which isin
good agreement due to the loss of coordinated DMF molecule (calculated 12.69 %). After

which no weight loss was observed up to 300 °C before the framework degradation.
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Figure 3.55. Thermogravimetric profile for the as-synthesized and desolvated samples of (a) 37 and
(b) 38, respectively.

Similarly, in the thermogravimetric profile for 38, it exhibits an initial loss of about 6% in
the temperature range of 50 °C to 100 °C, which is in good agreement due to the loss of two
water molecules (ca. 6.54%). After which the compound exhibits stable behavior up to 220
°C, as no weight loss can be seen in the temperature range of 100 °C to 220 °C. After which
it shows continuous weight loss which indicates framework degradation at higher
temperature. In addition to the retention of phase purity and crystallinity after thermal
desolvation/activation, the compounds are found to follow their thermal stability profiles.
As seen in Figure 3.55, the desolvated samples of 37 and 38 follows the same
thermogravimetric profiles, except that no weight loss can be seen due to the coordinated
or lattice solvent molecules up to 300 °C and 220 °C, respectively before the framework
degradation.

Catalysis Studies. Because of the presence of coordinatively unsaturated metal site which
can act as potential Lewis acidic sites, both 37 and 38 were tested for their catalytic activity
as an active heterogeneous catalyst for Lewis acid prompted reactions. The Knoevenagel
condensation of aldehydes with active methylene compounds is one of the most useful C—C

bond forming reaction having wide applications for the synthesis of several fine chemicals
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and pharmaceuticals.?®” Also, the product benzylidene malononitrile is well known for its
biological activity.?®® This condensation is generally catalyzed by bases or Lewis
acids.?%22% While various type of homo/heterogeneous catalysts (discrete or polymeric
coordination compounds) have been developed for such organic transformation, there is
still a great demand to develop new types of catalysts based on cheap and environmentally
tolerable metal complexes that could be easily recyclable (hence forming an heterogeneous
system) and could show high efficiency under mild conditions. Thus, the catalytic activity
of 37 and 38 was tested as solid heterogeneous catalysts in the Knoevenagel condensation
of malononitrile with various aldehydes. Motivated by green chemistry principles the
reaction was carried out with 3 mol% of compounds at room temperature in methanol
solvent. Before the catalysis experiments, the compounds were activated by heating under
vacuum conditions to generate the Lewis-acidic open metal sites. As shown in Figure 3.54
and 3.55, both the compounds maintain their structure integrity upon thermal activation. In
a typical reaction, a mixture of benzaldehyde (10 puL, 0.10 mmol), malononitrile (10 mg,
0.15 mmol), and catalyst (3 mol%) was placed in a capped glass vial, and then 1 mL of
solvent was added to it. The mixture was stirred at 25-30 °C. The progress of the reaction
was monitored by TLC analysis and the final conversion was calculated by 'H NMR
spectroscopy. Using benzaldehyde as the simplest substrate, the test reactions gave about
88% and 92% product conversions in case of 37 and 38, respectively in 60 minutes. This
good catalytic activity of 37 and 38 for Knoevenagel condensation encouraged us to extend
the catalytic study to various other substituted aromatic aldehydes and active methylene
compounds under identical reaction conditions. Inspired by the good catalytic activity, the
versatility of 37 and 38 was further tested by the reaction of different types of substituted
aromatic aldehydes and active methylene compounds. It gave the corresponding oS-
unsaturated compounds in good-to-excellent yields. The results are summarized in Table
3.4 and 3.5, respectively.

The results obtained for the Knoevenagel condensation reaction follows the same trend in
both cases. It is clear from the Table 3.4 and 3.5 that the highest yield was obtained in case
of substrates with electron withdrawing groups while a drop in the product conversion was
obtained for the substrates with electron donating substituents. Thus, the reactivity trend
unveils the strong accelerating influence of electron-withdrawing groups in contrast to an
electron donating moiety for the reactions involving nucleophilic attack at the carbonyl
group. The blank reaction between benzaldehyde and malononitrile carried out in the

absence of catalyst 37 or 38 results in almost negligible conversions (21% and 15%,
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Table 3.4. Substrate Scope for the Knoevenagel Condensation
Reaction Catalyzed by 37¢

catalyst 37
(3 mol%) R
ArCHO + R, R, ArTS
25-30 °C R,

Entry  Aldehyde Ry, R, % yield® TON®
1 @0 Ry=R,=CN 88 29.3
2 F@CHO Ri=R,=CN 98 326
3 e H-cHo Ry=R;=CN >0  33.0
4 Br—@—cno R;=R,=CN >99 33.0
5 Me@cHo Ri=R,=CN 76 253
6 meo— H-cHo Ri=R,=CN 56 18.6
7 OZNOCHO R;=R,=CN >99 33.0
8 QCHO R,;=R,=CN 96 32.0

Cl
9 QCHO R,=R,=CN 92 30.6
Br
10 {Jrewo Rri=r=eN e 213
MeO
1 Qcm R;=R,=CN >99 33.0
0,N
12 QCHO R;=R,=CN 219 7.0

aReaction conditions: Aldehyde (0.1 mmol), active methylene
compound (0.15 mmol) and reaction time: 60 minutes. °Average
percent yield for a set of triplicate runs, calculated by 'H NMR of the
crude products. °“Number of moles of product per mole of catalyst.
9Blank reaction.

Table 3.5. Substrate Scope for the Knoevenagel Condensation
Reaction Catalyzed by 38¢

catalyst 38
(3 mol%) R
ArCHO + R R, ArS
25-30 °C R,
Entry  Aldehyde Ry, R, % yield® TON®
1 @ Ry=R;=CN 92 30.6
2 F@CHO R;=R;=CN >99 33.0
3 c—{_V-cHo Ry=R;=CN >99  33.0
4 Br@—cno R;=R,=CN >99 33.0
5 MeOCHo R;i=R;=CN 80 26.6
6 MeO—@—CHO Ry=R,=CN 60 20.0
7 OQNQCHO R;=R,=CN >99 33.0
8 QCHO R,=R,=CN 96 32.0
cl

0 Q°“° Ry=R,=CN 4 313
Br

10 {-cvo Ri=m=oN e 220
MeO

1 CHO R;=R,=CN >99 33.0

0N

12 cho R;=R,=CN 159 5.0

4Reaction conditions: Aldehyde (0.1 mmol), active methylene
compound (0.15 mmol) and reaction time: 60 minutes. Average
percent yield for a set of triplicate runs, calculated by "H NMR of the
crude products. °Number of moles of product per mole of catalyst.
9Blank reaction.
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Figure 3.56. Progress of the reaction with time in presence of catalyst (a) 37 and (b) 38 (solid lines)
and after separating the catalyst from the reaction mixture (dotted lines) for Knoevenagel
condensation reaction of benzaldehyde with malononitrile

respectively) of condensation product, suggesting the requirement of a catalyst (entries 12,
Table 3.4 and 3.5). Further, to rule out the possibility of leaching of the catalyst into the

product stream, the catalyst was separated from the reaction mixture by centrifugation after
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certain time and the supernatant was provided with the same reaction conditions. No
significant conversion was obtained in both the cases (Figure 3.56), suggesting no
contribution from leached species and the catalytic conversion was only being possible in

the presence of the 37 or 38 confirming their heterogeneous nature.
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Figure 3.57. Conversion for three consecutive cycles of Knoevenagel condensation reaction of
benzaldehyde and malononitrile catalysed by 37 and 38.
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Figure 3.58. FTIR and powder X-ray diffraction pattern of the catalyst (a and ¢) 37 and (b and d)
38, before and after three cycles of Knoevenagel Condensation reaction.
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In addition to the heterogeneity of the catalyst 37 and 38, both the catalysts were further
studied for their recyclability. In order to determine the recyclability of the catalyst, the
catalyst was isolated after the reaction by filtration and washed with methanol, dried under
vacuum and reused for the consecutive experiments. Both catalysts 37 and 38 were recycled
in three consecutive experiments, and their activity did not show appreciable change (Figure
3.57). Based on FTIR spectra and PXRD data of the catalysts 37 and 38, recorded before
and after the catalysis experiments, no loss of crystallinity or phase purity of the catalyst
was observed even after three cycles of reactions (Figure 3.58). The mechanism of the
catalytic cycle can be proposed similar to 1-10.

In addition to the utility of 38, as an active heterogeneous catalyst for Knoevenagel
condensation reaction, it was further tested for its bifunctional catalytic activity towards
three-component Biginelli reaction, due to the presence of azine functionality into the
framework. In a typical reaction, a mixture of benzaldehyde (10 uL, 0.10 mmol), ethyl
acetoacetate (25 uL, 0.20 mmol), and urea (10 mg, 0.15 mmol) was reacted at 50 °C in the
presence of 38 (3 mol%) under a nitrogen atmosphere and solvent-free conditions. The
progress of the reaction was monitored by TLC analysis and the final conversion was
calculated by *H NMR spectroscopy. Inspired by the good catalytic activity of 38, the study
was further extended to several other derivatives. It gave the corresponding
dihydropyrimidinone derivative in good yields. The results are summarized in Table 3.6.

It is clear from the Table 3.6 that both the substrates with electron withdrawing or electron
releasing groups show similar reactivity as no much difference was obtained in the product
conversion. For a control experiment a blank reaction was carried out between
benzaldehyde, ethylacetoacetate and urea in the absence of catalyst. This results in almost
negligible product conversions (10%, entry 15, Table 3.6), suggesting the active role of the
catalyst. In order to determine the recyclability of the catalyst similar protocol was followed.
The catalyst was isolated after the reaction by filtration, washed with methanol, dried under
vacuum and reused for the next catalytic experiment. The catalyst was recycled in three
consecutive experiments with a slight loss (~7-8%) in its catalytic activity (Figure 3.59).
The retention of structural integrity, phase purity and crystallinity of the catalyst after three
cycles of reactions was further confirmed by the FTIR and PXRD of the recovered catalyst.

The mechanism for the catalytic reaction is similar to the reported proposals.3®
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Table 3.6. Substrate Scope for the three component Biginelli Reaction Catalyzed by 38¢
X

HNJLNH
CHO o O X 38, (3 mol % Z
R D S G "
Ri R,  HN” “NH, 50°C, 4h

H 07 R,
Entry R carbonyl compound X yield®? TON®
0 o
1 H MOH ) 88 20.3
2 p-F )]\/U\OEt o 91 30.0
0o o
3 p-Cl )J\/U\OEt o 88 20.3
0o o
4 -B o
p-Br ﬁoﬂ 92 301
5 p-OMe (0} 72 24.0
oo OEt
6 p-NO, )J\/u\oet ) 93 31.0
0 o
7 m-OMe )l\/U\OEt o 75 25.0
0o o
8 m-NO, )J\/U\OEt o 94 31.0
0o o
9 H I o 89 207
0o o
10 p-NO, )J\/U\ 0 92 30.1
0, o
1 H \I\::/I/ o 85 28.3
o o
12 p-NO, \I\::/[/ o 92 30.1
0o o
13 H )]\/U\OEt s 83 27.7
0o o
14 p-NO, )J\/U\OEt s 92 30.1
0 o

d
15 H )l\/U\OEt o 10 3.3

4Reaction conditions: Aromatic aldehyde (0.10 mmol), diketone (0.2 mmol) and urea or thiourea (0.15 mmol). The
reaction was carried out in a sealed tube at 50 °C for 4h. PAverage percent yield for a set of triplicate runs, calculated
by "H NMR of the crude products. °®Number of moles of product per mole of catalyst. “Blank reaction.
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Figure 3.59. (a) FTIR and (b) powder X-ray diffraction pattern of the catalyst 38, before and after
three cycles of Biginelli reaction.
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In order to further explore the structural diversity and applications of such Cd(ll)
coordination polymers, we have further utilized the conformationally flexible ligand bpp
and an aromatic fluorophore tagged ligand 1,5-ND-4-Py, with a naphthalene moiety into
the ligand backbone to synthesize the coordination polymers
{[Cd(bpp)(dmsdba)(H20)] DMF}, (39) and {[Cd2(1,5-ND-4-
Py)(dmsdba)2(THF)2]- 2THF}n (40). The reaction of cadmium nitrate, Hodmsdba and the
neutral N-domor ligands bpp and 1,5-ND-4-Py under solvothermal and ambient conditions

has resulted in the formation of 39 and 40, respectively in good yields (Scheme 3.18).

Scheme 3.18. Synthesis of 39 and 40.

— %P (Cd(bpp)(dmsdba)(H,0) (DMF)}, (39)
DMF/H,0

100°C,48 h

Cd(NO3),4H,0 + H,dmsdba

& {[Cd,(1,5-ND-4-Py)(dmsdba),(THF),]4(THF)}, (40)
THF/MeOH
25-30 °C
7-8 h

Both these compounds have been structurally characterized by single crystal X-ray
diffraction analysis and their molecular formulas have been established by a combination
of elemental analysis, thermgravimetric and single crystal X-ray diffraction analysis.
Compound 39 represents a rare example of helically chiral MOF derived from achiral
organic ligands and without the need of any chiral auxiliaries such as enantiopure solvents,
additives, catalysts or a template. The chirality in these frameworks results from the spatial
organization (e.g., helix) of achiral components, but the interpenetration of opposite-handed
helices often yields nonporous and achiral structures. The other possibility is that the
individual crystals can be homochiral through a process called spontaneous resolution.
However, the bulk sample tends to be a conglomerate, an equal mixture of crystals with
opposite handedness.

Single crystal structure analysis. Single crystal suitable for X-ray diffraction analysis in
case of 39 were obtained by solvothermal reaction at 100 °C and in case of 40, the single
crystals were obtained by slow diffusion technique at room temperature. Single crystal X-
ray diffraction analysis reveals that 39 crystallizes in the chiral space group P212:12 (space
group no. 18) and has a 2D structure constructed from Cd—bpp—dmsdba? helical chains

[Flack parameter = 0.001(7)]. As shown in Figure 3.60a, the asymmetric unit consists of
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one Cd (I1) ions, one bpp, one dmsdba?" and one coordinated water molecule along with
one lattice DMF molecule. The Cd center has a distorted pentagonal bipyramidal geometry
with an N205 coordination environment due to binding of four oxygen atoms (01, 02, O3,
04) from carboxylates of two different dmsdba? in a chelated fashion and one oxygen (O5)
from coordinating water at the equatorial positions. The two apical positions are occupied
by two nitrogen atoms (N1 and N2) from two different bis-pyridyl ligands (bpp). The
chelated mode of carboxylate binding with the metal center is evident by the difference (Av
=179 cm) in the asymmetric (v = 1579 cm™) and symmetric (v = 1400 cm™) carbonyl
stretching of carboxylates in the FTIR spectrum of 39. The Cd (II) centers act as a link
between the helical chains giving rise to an overall 2D framework with 1D open channels
with dimensions of 10.9 x 12.1A2 (7.1 x 9.0A2 without van der Waals radii), which are
filled with lattice DMF molecules (Figure 3.60b). The total potential solvent-accessible void
volume for 39 was estimated to be 17.8% (577 A3 out of the unit cell volume 3224 A3)
using the PLATON software.?”> The dicarboxylate ligand (dmsdba?’) adopting a helical
chain conformation, based on its connectivity with the Cd(lI1) centersin 39, can be observed
by considering the 2; screw axis along the b-axis (Figure 3.60c). On the other hand, the
two-fold rotation axis along c-axis provides the overall connectivity of all components
(Figure 3.60d). Furthermore, a space fill view of the framework shown in Figure 3.60e

depicts the fusion of different 1D helical chains at the Cd(Il) centers.

&

(a)

|« 2, screw axis
124054

Figure 3.60. Structure description for 39; (a) View of the asymmetric unit and the coordination
environment around the Cd (1) center, (b) perspective view of the 2D framework in 39. Lattice
DMF molecules present in the 1D channels have been shown as space-fill model, (c and d)
representation of the 2-fold screw axis and 2-fold rotation axis along crystallographic b and c axis,
respectively and (e) space-fill representation of the 2D framework viewed along the a-axis.
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Figure 3.61. Simplified node and linker representation for 39, indicating 4-connected uninodal net,
sgl topology.

To simplify the rather intricate structure of 39, the Cd (Il) center can be considered as a 4-
connected node and the ligands bpp and dmsdba?- as bent linkers. Further examination of
the node and linker representation reveals that the framework exhibits a 4-connecetd
uninodal net, sql topology, with Schlafli point symbol {474.6"2} (Figure 3.61) as
determined by the TOPOS program.?’4 Upon analysis of the structure, the metal center is
not stereogenic and is not responsible for the chirality induction; thus, the V-shaped
dicarboxylate dmsdba?- and the conformationally flexible bpp adopt a helical arrangement
when coordinated to the metal ion, giving rise to a chiral network. The helical chirality of
the framework was further established with the help of solid-state circular dichroism (CD)
measurement (Figure 3.62).

The Cd-O bond lengths lies in the range 2.307 A to 2.456 A, whereas the Co-N bond lengths
are found to be 2.324 A and 2.354 A respectively. These values are within the usual range
for this kind of complexes.?’* The prominent distortions from the regular geometries around
the metal centers are evident from the bond angle value in each case. All the crystallographic
information pertaining to data collection and structure refinement parameters, selected bond

lengths and bond angles are listed in Table Al4, A39 and A60, respectively.
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Figure 3.62. Solid State Circular Dichroism (CD) Spectrum for 39.

Compound 40 crystallizes in a monoclinic crystal system with C2/c space group. As shown
in Figure 3.63a, the asymmetric unit consists of one Cd(ll) ion, one carboxylate linker
dmsdba?, one half of the neutral N-donor ligand 1,5-ND-4-Py and one THF molecule
coordinated to the Cd(ll) center along with disordered THF molecules in the crystal lattice.
The dicarboxylate linker dmsdba? is fully deprotonated where one of the carboxylate binds
in a chelated bidentate fashion and the other one binds in a syn-syn bridging bidentate
fashion resulting in the formation of a biscarboxylato bridged dinuclear core as secondary
building unit. Each Cd(ll) is in a NO5 type distorted octahedral coordination environment,
where the coordination sites around Cd(I1) are occupied by four carboxyl oxygen atoms of
dmsdba?, one oxygen atom from coordinated THF molecule and one nitrogen atom of the
neutral N-donor ligand.

The framework in 40 is composed of a dinuclear Cd2(COQ), SBU which are bridged by
four dicarboxylate linkers dmsdba?- to form the right and left-handed metal carboxylate
helical chains (Figure 3.63b). These left and right helical chains are fused at the Cd(ll)
center in an alternative fashion to form 2D metal carboxylate structure. The 2D metal
carboxylate polymeric structure is further bridged by the neutral N-donor ligands to form
the overall 3D framework (Figure 3.63c). As shown in Figure 3.63c, the framework consists
of considerable open 1D channels along the b-axis of dimensions 10.23 x 13.76 A2 (6.03 x

10.6 A2 without van der Waals radii). The channels are filled with disordered solvent
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Figure 3.63. Structure description for 40; (a) View of the asymmetric unit and the coordination
environment around the Cd (II) center, (b) metal-carboxylate helical chains with opposite
handedness and (c) perspective view of the 3D framework along b-axis, showing 1D open channels.
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Figure 3.64. Simplified node and linker type representation for 40; (a) Cd2(COO)s dinuclear core
and the ligands dmsdba and 1,5-ND-4-Py simplified as 6-connected node and bent and linear linkers,
respectively, (b) View of the overall 6-connected uni-nodal roa topology and (c) metal-carboxylate
helical chains with opposite handedness.

6-connected node

molecules, which were removed using solvent masking option in Olex2 software?®® during
the structure refinement. The total solvent-accessible volume for 40 was estimated to be 32
% (2508/7760 A3 per unit cell volume) by the PLATON software.?’> The topological
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analysis of 40 using TOPOS?’* revealed that the Cd2(COQ), SBUs can be viewed as six
connected nodes and the ligands dmsdba? and 1,5-ND-4-Py as bent and linear linkers
(Figure 3.64a). Therefore, 40 can be envisioned as a 6-c uninodal net with roa (topos &
RCSR.ttd) topology (Figure 3.64). The point symbol for the net is {4°4.6710.8}.

The Cd-O bond lengths lies in the range 2.196 A to 2.403 A, whereas the Co-N bond length
is found to be 2.305 A. These value lies within the usual range for this kind of complexes.
The prominent distortions from the regular geometries around the metal centers are evident
from the bond angle value in each case. All the crystallographic information pertaining to
data collection and structure refinement parameters, selected bond lengths and bond angles
are listed in Table Al14, A36 and A58, respectively.

FTIR and PXRD analysis. FTIR spectra of 39 and 40 were recorded in the solid state at
room temperature as KBr pellets. The sharp peaks due to asymmetric (vasym) and symmetric
(vsym) stretching vibrations of the carboxylates in 39 at 1579 cm™ and 1401 cm™ with (Av
= 178 cm™) indicates the chelated bidentate binding mode of the carboxylate to the metal
center as seen in the single crystal structures. A sharp peak at 1670 cm™* can be ascribed due
to the presence of coordinated DMF molecule. The peaks due to asymmetric (vasym) and
symmetric (vsym) Stretching vibrations of the carboxylates in 40 were observed at 1579 cm-
Land 1402 cm™. These values show significant shift from the asymmetric and symmetric -
C=0 stretch for free H.dmsdba (1690 cm™ and 1416 cmt), which indicates strong binding
of the carboxylates to the metal center in both cases. In order to the phase purity of the as-
synthesized materials, powder X-ray diffraction patterns were recorded for 39 and 40 at
room temperature. As shown in Figure 3.65, the experimentally obtained powder patterns
for as-synthesized, solvent exchanged or desolvated one, were in good agreement with the
simulated powder patterns (obtained from the single crystal data). This confirms the phase
purity as well as retention of structural integrity upon thermal desolvation/activation in both
the cases.

Framework stabilities and thermal properties. In order to test the thermal stability and
structural variation as a function of temperature, thermogravimetric analysis (TGA) was
carried out with the single-phase polycrystalline sample of 39 and 40 between 30-500 °C,
under a dinitrogen atmosphere (Figure 3.66a). The thermogravimetric profiles corroborate
with the structures obtained from the single crystal analysis. The as-synthesized sample of
39 exhibits an initial weight loss of about 12 % in the temperature range of 100 °C to 200

°C, which is in good agreement due to the loss of coordinated water and lattice DMF
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Figure 3.65. Powder X-ray diffraction (PXRD) pattern of as-synthesized and desolvated samples
of (a) 39 and (b) 40, compared with the simulated powder pattern obtained from the single crystal

data of 39 and 40, respectively.

molecule (calculated 12.9 %), whereas the methanol exchanged sample exhibits the weight
loss of about 7 % which can be attributed to the loss of coordinated water and methanol
(calculated 7.5 %). No appreciable weight loss in the TG profile for desolvated sample of
39, indicates the removal of coordinated water molecule after framework activation. A
similar TG profile was obtained for 40 also. As shown in (Figure 3.66b), initial weight loss
of about 10 % in the temperature range of 60 °C to 120 °C can be ascribed due to the loss
of coordinated THF molecule. No weight loss due to the lattice THF molecules was
observed because of low boiling nature of THF which were escaped during sample drying.
No weight loss in the TG profile for desolvated sample of 40, indicates the removal of

coordinated THF molecule after framework activation.
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Figure 3.66. Thermogravimetric profile for the as-synthesized and desolvated samples of (a) 39 and
(b) 40, respectively.
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Gas sorption studies. The coordinated and the guest solvent molecules can be removed by
heating under vacuum conditions to obtain the desolvated/activated frameworks in both the
cases. As mentioned before, the activated samples of 39 and 40 have open pores of about
10.9 x 12.1 A2 (7.1 x 9.0 A?) and 10.23 x 13.76 A (6.03 x 10.6 A?), respectively. The
presence of open channels encouraged us to examine permanent porosity in both the
compounds. Prior to adsorption measurements, the sample (~100 mg) was activated by
degassing at an elevated temperature of 393 K under vacuum conditions (20 mTorr) for 24
hours to generate the desolvated frameworks. The loss of lattice solvents was confirmed by
thermogravimetric and analysis (Figure 3.66). Furthermore, the PXRD pattern of the
activated sample revealed that the original framework structure is retained after the
activation process (Figure 3.65). The low temperature gas sorption measurements reveal
that both the samples adsorb appreciable amount of CO; but very less amount of N2. The
Brunauer-Emmett-Teller (BET) and the Langmuir surface area for 39 and 40 was estimated
to be 61 m?g