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SYNOPSIS

The thesis work entitled withtMechanistic Aspects in the Self-Assembly of Coordiation
Polymers Based on Rigidity and Flexibility of the linkers: Synthesis, Structural
Characterization and Magnetic Properties”, consists of six chapters followed by concluding
remarks and future scopesi) (A general overview on metal-organic frameworksd an
coordination polymers: introduction and motivatainthe present work2j Mechanistic aspects
in the formation of copper dimer bridged by phosgbacid and extending its dimensionality by
organic and inorganic linkers: synthesis, strudtwfaaracterization, magnetic properties and
theoretical studieq3) Synthesis, structural characterization and properif one-dimensional
coordination polymers of cobalt (Il)- and nicke}J{ghosphonate complexes: influential role of
secondary ligand and biphenyl spadéd),Hydrothermal synthesis and characterization of hove
metal oxide materials: role of polyanion and testazmolecule in the self-assemb($) Factors
affecting the conformational modulation of flexibligands in the self assembly process of
coordination polymers: synthesis, structural charazation, magnetic properties and theoretical
studies, (6) Synthesis, structural characterization and magnptoperties of a series of
coordination polymers: importance of linker cooation angle in tuning the dimensionality.

Apart from the first chapter (introduction), eadiapter is subdivided into three parts: (a)
Introduction (literature survey), (b) Experimengéction and (c) Results and Discussion. The
compounds obtained in the present study are géynerfahracterized by IR, TGA techniques
followed by elemental analyses and unambiguoushradterized by X-ray crystallography.
Variable temperature magnetic susceptibility measents are taken for the compounds where
magnetic exchange phenomenon is prominent. Theatetalculations have been performed to
establish the experimental results.



Chapter 1

A general overview on metal-organic frameworks anatoordination polymers:
introduction and motivation of the present work

This chapter begins with more basic knowledge abmgtal-organic frameworks and
coordination polymers (CPs). The research progmedbe field of MOFs and Cps has been
presented under three sections: (1) Rational agpmits in the field of gas storage,
polymerization reactions, catalysis, sensors, magmeaterials and industrial applications has
been discussed with brief examples (2) Variouststit approaches in the preparation of MOFs
and CPs have been presented from the past to mddgsn(3) The plausible mechanistic aspects
in the self-assembly of the coordination architeetuemphasizing the designing strategy with
different examples has been briefed. Finally, tlo¢ivation to explore the role of flexible ligands
in the self-assembly of the coordination architeztuand the main objectives in the thesis are

conversed shortly.

Chapter 2

Mechanistic aspects in the formation of copper dinrebridged by phosphonic
acid and extending its dimensionality by organic ad inorganic linkers:
synthesis, structural characterization, magnetic poperties and theoretical
studies

Chapter2 describes the mechanistic aspects in the formatioropper dimer bridged by
phosphonic acid and extending its dimensionalityobganic and inorganic linkers. Six new
copper metal complexes with formulae [Cu(H(2,2-bpy)(H.L)]2HsL-4H,O (D),
[{Cu(H20)(2,2-bpy)(HsL)} 2(H2L)] -2H,0 (2), [Cu(H0)(1,10-phen)(kL)]2- 6H:0 (3), [Cu(2,2-
bpy)(H:L)]wnH20  (4), [Cu(1,10-phen)(kl)]3nH0 (5) and [{Cu(2,2-bpy)(MoOs)} 2(L)]n-
-2nH>0O (6) have been synthesized starting from the coppgés, gexylylenediphosphonic acid
(H4L) and 2,2-bipyridine (2,2-bpy) or 1,10-phenanthroline (1,10-phen) as seagnid#kers and
characterized by single crystal X-ray diffractionnalysis, IR spectroscopy and
Thermogravimetric (TG) analysis. All the complexesre synthesized by hydrothermal
methods. A dinuclear motif (Cu- dimer) bridged Hyopphonic acid represents a new class of

simple building unit (SBU) in construction of coardtion architectures in metal phosphonate

vi



chemistry (Figure 1). The initial pH of the reactimixture induced by the secondary linker
plays an important role in the formation of the emllar phosphonatds 2 and3.

r R N
=
, — P \\‘\\\OH g i ———
—Nag . 207 “Onny .= N —

Cu cu™

——N*"" £ 0—p=0 Ny—

— i E HO(E = [
X 2\

Figure 1. Schematic representation of the dinuclear motifi®uer bridged by phosphonic acid

Temperature dependent hydrothermal synthesis ofctimpoundsl, 2 and 3 reveals the
mechanism of the self-assembly of the compoundsdas the solubility of the phosphonic acid
H4L. 2D coordination polymerd, 5 and6, that are formed by increasing the pH of the ieact
mixture, comprise of Cu-dimers as nodes, organig.\Hnd inorganic (MgO;,) ligands as

linkers (Figure 2). The void space-areas, creayetthd (4, 4) connected nets in compouddsd
5, are occupied by lattice water molecules.

120°C 150 °C 180°C % ,.11‘3;5\523
. _ ; ;-r }-@

Hl
- — G ?"i} "“{}-
i 4
CHEOBO Mo, O %
3. 0,
. fixe l 4U12
POzH, }; T In situ formed 6
l\ R = \(, Cu-dimer chain
L Hi T
J
H,0,P
.
erialy

Figure 2. Mechanism of the formation of the compounds preskim the study

Thus compoundd and5 have potential to accommodate guest species /colele Variable

temperature magnetic studies of the compoudd4, 5 and 6 reveal the antiferromagnetic
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interactions between the two Cu(ll) ions in theheigiembered ring, observed in their crystal
structures. A density functional theory (DFT) cé&tion correlates the conformation of the Cu-
dimer ring with the magnitude of the exchange pa&tambased on the torsion angle of the

conformation.

Chapter 3

Synthesis, structural characterization and propertes of one-dimensional
coordination polymers of cobalt (I1)- and nickel(ll)-phosphonate complexes:
influential role of secondary ligand and biphenyl pacer

Chapter3 describes the structural consequences in the npétadéphonate architectures by
introducing secondary ligand, and explains the miebiphenyl spacer in modulating the
dimensionalites. Two isomorphous cobalt and nickgdhosphonates [N2,2’-
bipy).Hspxpli[H2pxpls M = Co (compound), M = Ni (compound?) were synthesized fronp-
xylylenediphosphonic acid @gxp) with 2,2 -bipyridine as secondary ligand comgat and the
two other compounds [Co (2,2 -bipy) 4tbp)}, (3) and [Ni (2,2 -bipy)(H.dbp)(H:0)]- H.O 4)

are synthesized from 4dlimethylenebiphenyldiphosphonic acid,{8p) with 2,2 -bipyridine
as secondary ligand. All the compounds are charaete by routine elemental analyses, IR-,
electronic-spectral analyses, thermogravimetrialisgi and unambiguously characterized by

single crystal X-ray crystallography.

Figure 3. 2D supramolecular network formed due to hydrogending betweemwis andtrans conformations of the
Hypxp in compound4 and2

The crystal structure of compoun@isaind?2 consists of 1D [M(2, 2"-bipyiHpxp]** chainsand
[Hopxp]>~ anions .The flexibility of non-rigid ligand-xylylenediphosphonic acid ¢gxp) tends
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to adopt a rareis conformation in the crystal structure to meet¢herdination requirement of
the metal centre from the usu@hns conformation. The hydrogen bonding in the crystal
structure leads to cylindrical tubes that exteiadp-xylylenediphosphonic acid resulting in a 2D
supramolecular sheet throughout the crystal (FigBye Compound3 is a 1D extended
coordination polymer constituted by the Co-dimergs and Hdbp ligands andt is a discrete
molecular compound. A comparative study betweengbemetries of ktlbp ligand andp-
xylylenediphosphonic acid ¢gxp) ligand demonstrate the effect of the twistimghe benzene
rings in changing higher dimensionaldtp (x refers to number of protonated hydroxyl greu
compounds to lower dimensionakdtbp compounds (Figure 4). The eight membered Ce&dim
rings formed in compoun@ represents the simple and isolated Co-dimer, éxigbweak

antiferromagnetic exchange between metal centevagh OPO bridges.

seting of pheny,;
ﬁ‘w\S y ] 17110
S8,
< £,
> @,
\‘T"\‘ o gAmeaa 606
N VAR i =
S/ =N\ A Z
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= ey —_ T <
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% 3
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< ~
\*
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Figure 4. Figure demonstrating the influential role of biplespacer in tuning the dimensionality

Chapter 4

Hydrothermal synthesis and characterization of novemetal oxide materials:
role of polyanion and tetrazole molecule in the sehssembly

Chapter 4 describes the synthesis and structuascterization of two different classes of metal
oxide based materials based on metal organophoatg®and tetrazoles respectively.

In the first section two new metal organophosph®nakide materials with formulae
[Cu"4CU'5(L)2(2,2-bpy)s(HPWi2040)]n- 40H-0 (1) and [Cu(2,2-bpy)VO,(OH)(HzL)]n (2) have
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been synthesized starting from the Cu(ll) salts,2-@pyridine (2,2-bpy), p-
xylylenediphosphonic acid @H), with sodium tungstate (fot) and ammonium metavanadate
(for 2) respectively. Compoundl consists of 2D copper phosphonate layers conndnteitie
polyanion keggin to form a 3D framework. The coppbosphonate layers in compouhdre
fabricated by the rare hexanuclear clusters in wihi@ four terminal copper atoms form two
eight membered Cu-dimer (eR4O,) rings (top and the bottom) that are connecteebith other
by the two central Cu atoms by a four memberegDgungs. These hexanuclear assemblies are
connected to each other along the plane throughptkglyl linkers to form a 2D layers.
Compoundl is a unigue example in terms of existence of hegl@ar copper phosphonate
cluster in the 3D coordination matrix. Compouhd a 2D structure in which the 1D [Cu(2,2
bpy)(H:L)] . chains are connected by the MIH subunits to from a 2D layers. The formation of
VO,0OH in compoun® ceases the formation of eight membered Cu-dimesri

Oxide phase Cu/2,2 "-bpy/H,L Final Structure

Na,MoO,
o o Qo - ~
+ — —
1
Cu(2,2"bpy)(L)], .
N Mo} O L{Cu2.2-5py)(MoO) 1Ly 27H0
PO, 2D Layer
1L,L
N - -2 3 D Pt
Cu($0,).5H,0/ CuCl,.2H,0 NagWOs e hY WWW
+ * . 4 + o’&*ﬁ:ﬁ?ﬁ*«jﬁ"}}dxﬁ‘a
\7/ \7/ Q Q Q G Q
N {HPW ;0,0}> [CutlyCuly(L)x(2,2"-bpy)q " [CutyCuty(L)o(2,2"-bpy)(HPW1,040) |47 H,0
2.2"-bipyridine 2D layer 3D framcwork
NH,VO,
* % o =
{VO,0H } |Cu(2,2"-bpy)(H,L)] [Cu(2,2"-bpy)VO,(OH)(H,L)],

1D chain 2D Layer

FLgure 5. Schematic representation of the self-assembhhefrtetal oxide phases and metal organophosphonate
phases

In the second section, the hydrothermal reactio@wdil) salt, ammonium heptamolybdate, and
4-ptz (5-(4-pyridyl) tetrazole) at different syntieeconditions yields two compounds [Cu(4-
Hptz)(Mo,0O7)] (3) and [Cu(4-Hptz(H.,0)s]2[M0gOz] (4). Compound3 exhibits a 3D
bimetallic oxide framework, constructed from th&deoles and {CuMgD;} oxide phase. The
coordination ability of nitrogen atoms in the tewke ring makes the ring acting as a template in

the formation of {CuM0gO1q} rings, made up of [MgD;]* anions and Cu(ll) octahedral; the



stacking of these {CiM0gO10} rings along crystallographic axis results in the formation of 3D
bimetallic oxide framework. Compoundl consists of infinite octamolybdate chains and Cu-
tetrazolate complex cation. The present chapsmudses the self-assembly of metal oxide based

materials with structure directing agents like rhetganophosphonates and tetrazoles.

[Cu(4-Hptz)(Mo,0-)] (3)

[Cu(4-Hptz),(H,0),]5[Mo50,6] (4)

Figure 6. Assessing the influence of tetrazole moleculehennbetal oxide based inorganic solids.

Chapter 5

Factors affecting the conformational modulation offlexible ligands in the self
assembly process of coordination polymers: synthesi structural
characterization, magnetic properties and theoretial studies

In chapter 5, six new metal complexes with the {ideam, [Co(pda)(bix)}[1),
[Ni(pda)(bix)(HO)]x (2), [Cu(pda)(bix}(Hz0)]n *8nHO (3), [Co, (u-OH)(pda)(ptz) | *nHO
(4), [Co(hfipbb)(bix}s]n (5), and [Co(2,6-pydc)(bix)], *4nHO (6) have been synthesized by
the reactions of Co(ll) , Ni(ll), and Cu(ll) saltsvith two flexible ligands 1,4—
phenylenediaceticacid gdda), and 1,4-bis (imidazole-1-ylmethyl)-benzen&)(m presence of
co-ligands 5-(4-Pyridyl) tetrazole (4-ptz), 4{hexa-fluoroisopropylidene)bis(benzoicacid)
(H2hfipbb), and 2,6-pyridine dicarboxylic acid (2, 6@sdc), and characterized by single crystal
X-ray diffraction analysis, IR spectroscopy andrthegravimetric (TG) analysis. Because of the
coordination geometry around the metal ions, aeddilierse coordination modes of the flexible
ligands in combination with the rigid and flexibt®-ligands, the obtained complexes show

diverse structures from one dimensional (1D) chairthree dimensional (3D) coordination
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polymers.1, 4, 5,and6 are Co(ll) complexes in which Co(ll) ions showaiedral coordination

in 1, trigonal bipyrimidal coordination id, and octahedral coordination $n and6. Complexes

2 and 3 are respectively Ni(ll) and Cu(ll) complexes in wiithe metal ions present in
octahedral coordination geometries. Factors affgdine conformational change of the flexible
ligands in the self assembly process of coordinagiolymers, such as, coordination geometry
around the metal ions, and geometry of the co-tiganave been systematically studied. The
rotation of the bonds C(&p—C(sg) and C(sp—N(sp’) in Hypda and bix ligands causes
different conformations cfs, trans, gauche these conformations have been studied by
measuring the torsion angle. A comparative studyéen the torsion angle of the particular
conformation of the ligands and coordination geaynef metal ion/geometry of the co-ligand
has been undertaken. All the possitile trans,andgaucheconformations of the flexible ligands
have been obtained / observed in our complexesorétieal calculations were performed to
determine the energies of the different conformmatiof the flexible ligands. The electronic
properties of these complexes have also been igaést in the solid state at room temperature.

Finally the temperature dependent magnetic stddresompoundsgl and5 are described.

‘ : I 8
Acl
—® Ac-2,Compound-4, T=2.35°
-30° +30°
Campound-2,

8| 5
T=71.65° P P

+90° —9(0°

—ac b,

\p/.m-z,c”mpnund-z,
L T-105.23

.
f ap
-150° R2 +150° —150°¢ +150°
e

Ac-2,Compounds-1,3
T=180.0°

Figure 7. Figure illustrating the different conformations tife flexible ligands with the aid of torsion angle
measurements.
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Chapter 6

Synthesis, structural characterization and magnetiqroperties of a series of
coordination polymers: importance of linker coordination angle in tuning the
dimensionality

Chapter 6 describes the affect on the dimensignafithe mixed linker coordination networks
by varying the linker coordination angles of thgalds. In this chapter, we have described six
metal complexes [Co(hfipbb)(1,2-bix)}1), [Co(hfipbb)(1,3-bix) s, (2), [Co(1,2-pda)(1,2-
bix)]n (4), [Cox(u-OH)(1,3-pda)(4-ptz)] (7) [Co(2-pztz)(1,4-pda),[Co(H.0O)e]- 2nH,O (8) and
[Mn(2-pztz)(1,4-pda)[Mn(H.0)s]- 2nH,O (9) based on the flexible carboxylate ligands 1,2-
phenylenediaceticacid (1,2;ptla), 1,3—phenylenediaceticacid (1,3Ha), 4,4'(hexa-
fluoroisopropylidene)bis(benzoicacid) AHipbb) and secondary N-donor ligands 1,3-bis
(imidazole-1-ylmethyl)-benzene (1,3-bix), 1,2-bimidazole-1-ylmethyl)-benzene (1,2-bix), 5-
(4-Pyridyl) tetrazole (4-ptz) and 2-(2H-tetrazolBpyrazine (2-pztz). The positions of the
coordinating groups in the linker are explainedeldlasn the linker coordination angles (LCA) as

shown in Figure 8.

A o

60° 120° 180°

Figure 8. The possible linker coordination angles for timepde phenyl linker

Influential role of linker coordination angles ioning the dimensionality of the coordination
polymers based on flexible ligands have been syaieally analyzed. A systematic comparison
between the compounds 2, 4 and7-9 with the compounds described in the previous @rapt
[Co(hfipbb)(1,4-bixy 5], [Co(1,4-pda)(1,4-bix)] and [Co(u-OH)(1,4-pda)(4-ptz)inH,O has

been made to elucidate the role of LCA in tuning timensionality. Finally temperature

dependent magnetic susceptibility measurementsrapounds are described.
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Introduction and Motivation of the Present Work:
A General Overview on Metal-Organic Frameworks

and Coordination Polymers

In the recent years, remarkable progress has made in the area of Metal-organic frameworks
(MOFs) and coordination polymers (CPs). The synthesis and characterization of infinite one-,
two- and three- dimensional networks have been an area of considerable interest. The key
to this rapid growth of this research area is mainly due to tendency of these materials to
meet the vast applications at the industrial level. This chapter gives a general view on the

MOFs and CPs in terms of introduction, background, and research progress which deal with

applications, synthetic procedures, and self-assembly process.

1.1. Introduction

Over the past two decades, much progress has baea im the development of organic-
inorganic hybrid materials, namely, metal-organiatenials (MOMs), metal-organic
polyhedra (MOPs) and metal-organic frameworks (MO®Bs coordination polymers
(CPs). These readily modular materials have inttedunew possibilities in applications
that have traditionally utilized the inorganic zees, e.g., in catalysis and separatibits,
size- and shape-selective uptaked gas storages well as novel applicatioAsMOMs
have drawn considerable awareness because of thatipb of exploiting properties of
both organic and inorganic components within a Isingaterial, in addition to their
modular nature and mild synthesis conditidns.

Figure 1.1.Topology of ZSM-5 structure (left) and MOF £BTB),(H»0)s- (DMF)o(H,0), (right)
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Organic molecules offer tunable properties basedthen shape (i.e., potential ligand
coordination angles), size (i.e., expansion ofjarid) and functionality (i.e., decoration of
a ligand). Inorganic elements provide the poterfmal similar properties to traditional
zeolites, including thermal and mechanical stahilits well as many more opti¢agnd
electronic propertie§.

The attractive feature of these materials is thiéityho target structures of particular
topologies that may be desirable for certain apgibms by using the molecular building
block (MBB) approach. This is a design strategy fioe construction of solid-state
materials, where the metal ions, coordination elgstand organic ligands are pre-

designed to have specific geometry and directibnapion coordinatioin situ®

1.2. Background

MOMs have rich history, and there have been sewffalts to design and synthesize
functional porous structures containing compouriifor to the late 1980s, a variety of
metal-organic coordination compounds were discalete.g., Werner complexés,
Hofmann clatharate!, Prussian blug) and explored for their interesting properties
including molecular inclusion and magnetism. Neveldgss, no systematic approach to the
construction of this class of solid-state materiadd been introduced until 1989. Hoskins
and Robson proposed the design of open frameworkst®based on a node-and-spacer
approach, that is, tetrahedral nodes can be liblgelchear molecular spacers to construct
an open structure based on the extension of cubimahd (assembly of the simple
tetrahedral building blocks). Hoskin’s and Robsomislecular node-and-spacer concept
of design was realized in 1990 upon their synthesiseries of analogous MOFs with
varied linkers and nodes (i.e., Zn(GN) Cd(CN), CuU[4,4 .4 4" -
tetracyanotetraphenylmethane]®EsHsNO, having skeletons that can be simplified as a
net analogous to an extended cubic diamond laftiiz.® In the latter, both the single-
metal ion and central carbon of the ligand serveéhastetrahedral nodes or tetrahedral
building units (TBUs) and the cyanophenyl moieBSesve as the spacers.

1.3. Coordination Polymers versus Metal-Organic Freneworks.

The crystal engineering studies deal entirely wattin-covalent interactions, such as
hydrogen bonding interactions that have been terasearganic crystal engineering, while
those with metal —coordination bonds have beerdaatiorganic crystal engineering. The

majority of the latter studies deals with the eegirng of CPs or MOFs. Yet another term

2



Chapter 1

hybrid inorganic and organic framework materialals in usé? but this term was not so
popular in terms of wider implications. Some ottegminologies, which are popularized
based on these materials, are metal organic miatékEOMs), Metal organic polyhedra
(MOPs) etc., but most importantly, the CPs and M@Fe highly pronounced terms in
inorganic crystal engineering.

The topic search using Sci-Finder Scholar for #rent‘Coordination polymers’ reveals
that the term CP dates back to before 1950s, indéerm MOFs dates to the late 1990s
as shown in Table 1.1. The statistics clearly miakewn that the usage of these two
terms has increased tremendously during the p@@8d-2012 along with the expansion
of the new areas of the research.

The term CP is defined in the Wikipetiias “the term given in inorganic chemistry to a
metal coordination compound where a ligand bridgetsveen metal centers, where each
metal centre binds to more than one ligand to ereatinfinite array of metal centers”.
The term “coordination polymer” was defined by JBailear in 1964, when he compared
organic polymers with inorganic compounds that lsarconsidered as polymeric species.
In comparison, he established rules for the bugdamd the required properties of new
species involving metal ions and organic ligands.

Wikipedia defines MOFs as “crystalline compound sisting of metal ions or clusters
coordinated to often rigid organic molecules tonfoone-, two-, or three-dimensional
structures that can be porous”. This definitionnse@o be very specific for crystallinity
and dimensionality; the latter is restricted toyoektend interactions through covalent or
coordinate bonds and not to other nonbonding intienas.

Inorganic chemists probably prefer to use the t€fs, while solid-state chemists tend to
prefer the term MOF. Multiple terminologies do éxis science and as long as we know
the meaning of them, there should not be any camug-urther, unanimous agreement
will certainly eliminate confusion and frustrati@mong the research community. The
term coordination polymer very broadly encompasgiethe extended structures based on
metal ions linked into an infinite chain, sheet, tbree-dimensional architecture by
bridging ligands that usually contain carbon at&ifhereas the term MOF is very much
appropriate to use for three-dimensional netwoitkis, inappropriate to use for extended
one-dimensional or two-dimensional networks. Althlouhe new terminologies, such as,

porous coordination polymers (PCPs)and metal-organic rotaxane frameworks
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(MORFs)’ have been introduced; they are primarily the esiters of the existing

terminologies and add no confusion to the litematur

Scheme 1.1An illustration of 1-, 2- and 3- dimensionality

Table 1.1.Details of the Hits for CPs and MOFs in the litara using Sci-Finder Database sedfch.

Years Coordination Metal organic
Polymers Frameworks
Up to 1950 1 0
1951-1960 12 0
1961-1970 174 0
1971-1980 129 1
1981-1990 154 3
1991-2000 531 39
2001-2010 5696 4127
2010-2012 1996 2337

1.4. Research Progress

The research in the MOFs and CPs is enormously iggowm integrating all areas of
science to meet the applications that are needetthdéosociety. The challenge in this field
is chemical and physical functionalization of theserdination architectures, through the
porous properties of the frameworks. The curres¢aech in the field of MOFs and CPs
triggers in designing a target structure with sfpegoroperties and functions which
represent an eternal aspiration for materials sistsn In this aspect, as shown in the
Figure 1.2, the major fields in the MOFs and CPBem scientists progress, are mainly

exploring the applications of the framework matsrialeveloping the most reliable and
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straight forward synthetic procedures and studyimeg mechanistic aspects of the self-
assembly process to develop a thumb rules to olstadesired topological frameworks

containing materials.

by

Self.

Figure 1.2.Figure showing the major areas of research ini¢ié 6f MOFs and CPs.
1.4.1. Applications
1.4.1.1. Gas Storage

1.4.1.1.1. Hydrogen Storage

Decreasing stockpiles of fossil fuels and the iasmeg threat of global warming have
prompted the global community to search for alteveaenergy carriers to supplement the
currently used petroleum-based gasoline and diasal in road vehicles such as
automobiles, buses, and trucks. Among various redteres, hydrogen stands at the
forefront. Hydrogen is ubiquitous, and has an epelgnsity much greater than gasoline
and emits no carbon-dioxide after burning. On aglebasis, hydrogen has nearly three
times higher energy content than gasoline: lowetihg values are 33.3 kWh Kg123
MJ Kg?) for hydrogen and 11.1 kWh Kg47.2 MJ K@) for gasoline.

The successful commercialization of hydrogen fuedl-cpowered vehicles,
however, largely relies on the development of & sefficient, and economical on-board
hydrogen storage system. To maintain a typicalimigivange of 300 miles, it is estimated
that about 5 Kg of hydrogen would be needed. Ti& Department of Energy (DOE) has
set up the targets for on-board storage system with the concept that higher efficy
fuel-cell power sources will replace current cadbased energy source in future vehicles.
The year 2017 K storage targets are 5.5 wt% in gravimetric capaclD g L' of

volumetric capacity at an operating temperature-4® to —60 °C under a maximum
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delivery pressure of 100 atm. The targets for cetepbystem including all necessary

components are set by the DSE.

Storage Parameter 2005 2010 2015
Gravimetric Capacity 1.5 KWh/kg 2.0 kWhikg 3.0 kWhikg
(Specific energy) 0.045 kg H;/kg 0.060 kg Hy/kg 0.090 kg H/kg
System Weight: 111 Kg 83 Kg 55.6 Kg
Wolumetric Capacity 1.2 KWhiL 1.5 kKWhiL 2.7 kWhiL
(Energy density) 0.036 kg H,L 0.045 kg H L 0.081 kg HJL
System Volume: 139L 1911L 62L
Storage system cost $6 /kWh 54 /kWh $2 [kWh
System Cost: $1000 $666 $333
Refueling rate 5 Kg H,/imin 1.5 Kg H,/min 2.0 Kg Hy/min
Refueling Time: 10 min 3.3 min 2.5 min

Figure 1.3. Diagrammatic representation illustrating the usagehydrogen filled cylinders in the
automobiles and storage parameters issued by WS D

Table 1.2.Hydrogen storage capacities of some well known BIGF

Material P(bar) | T(K) | Hydrogen storage | Reference
capacity

NU-100 70 77 164 mg g 22b
56 77 99.5mgg

{[Zn 4O)T°DC)(BTB) 4]} 80 77 176 mg g 22¢

MOF-210 80 77 176 mg g 22d

ZIF-8 30 77 3.3 wt % 22e

Co(BDP)-2DEF-HO 10 50 5.5 wt % 22f
30 77 3.1 wt %

Mn 3[(Mn 4C1)3(BTT)g(CH30H) 1> | 90 77 6.9 wt % 229

MOF-177 70 | 77K 7.5 wt % 22h

MIL-101 80 77 6.1 wt % 22i

Porous MOFs or CPs have been recently deemed ahe afiost promising candidates to
approach the DOE targets for on-board hydrogenag&grdue to their high-specific
surface areas, tunable pore sized, functionalizgdgee wall and well defined framework-
hydrogen interaction sites. Yaghi et al., reportkd first measurements of hydrogen
adsorption on an MOF: a remarkable 4.5 wt% at 7i# pressures less than 1 atm, and
1.0 wt % at room temperature at 20 bar on the nahtetn,O(bdc) (bdc= 1,4-
benzenedicarboxylate) (also referred to as MOF-& I®MOF-1)?° Later on, different

materials have been reported with the increasindrdgen adsorption capacities by
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modifying the structural parameterfsThe hydrogen adsorption capacities of some MOFs

are shown in the Table 1.2.

1.4.1.1.2. Methane Storage

As with hydrogen, methane is considered as an ieleatgy gas for future applications.
Delivery of methane to the majority of homes andibesses in the United States and
many other countries worldwide is already in pregreHowever, as in the case of
hydrogen, current vehicles store the methane CN$ngcessed natural gas) in high
pressure tanks (greater than 200 atm), which asyhand potentially explosive. To
address the needs for methane storage technolegyl.tS. DOE has set the targets for the
methane storage systems at 180 V(STP)/ (STP eeuivaf methane per volume of
adsorbent material storage systérh).

MOFs are a relatively newcomer to the field of nagil adsorbants, while carbon
materials have been extensively studied for metlstmage since the early 1990she
first reported measurement of methane uptake bM@k was demonstrated in 1991 by
Kitagawa and coworkerS. The methane uptake of this pyrazine-based MOF laas

comparable to several zeolites.

Figure 1.4. Figure representing the narrow pore-size distidouand high methane adsorption capacity
coordination polymer reported by the kitagawa aodarkers.

A second MOF, reported by Kitagawa and coworkerghim next year, represented a

serious effort in rationally synthesizing a matevidich would have a higher uptake of
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methane; this material exceeded by nearly 100 %hefnost adsorptive zeolites, zeolites
5A. The material IRMOF-6, constructed by the typibalc ligand, was modified to

generate 1,2-cyclobutane-3,6-benznedicarboxyldtri(€ 1.4)*° The resulting MOF was
found to adsorb 155 v(STP)/ v methane at 298 K 3®ichtm, which is considerably

higher than any zeolites material or any other MDthat time.

1.4.1.1.3. Carbon Dioxide capture

Carbon dioxide (Cg is a major green house gas that mainly contrfbtivethe global
warming causing climate changes, which is one efgteatest environmental challenges
facing worldwide?” Human activities, mainly burning of fossil fueledargely increasing
the concentration of COin the atmosphere (Figure 1.5). Carbon capture siothge
(CCS), where carbon dioxide is removed from indaktflue gases has attracted
considerable attention as it is technologicallysiBe and could play a significant role in
reducing green house gas emissiShSeparation of COfrom power plant flue gas
containing water-saturated, Miith some amount of £and other gases is the key technical
challenge. Currently, several methods like adsonptamine scrubbing, and membrane

separation are used in CCS technology to removefo® industrial flue gases.

[ CO, from fossil fuels

| CO, from deforestation, agriculture
[1CO, from other sources

[ fluorinated gases
[ N0
I CH,

Figure.1.5. Global green house gas emission sources in 20@hioch approximately 77% are represented
by CO, emissions?

From the last two decades porous coordination petgm(PCPs) and metal-organic
frameworks (MOFs) have been emerged as new typpoodus materials and very
promising candidates for CCS technold§yA large number of highly porous materials
has been reported which can store a large amou@Gsfand at the same time the
separation of C® from other gases viz. G, (postcombustion), C&H,

(precombustion), C@0, (air separation), and GZH, (natural gas purification), have
high technological and industrial importance. Ghestal., reported a robust and water

stable porous coordination polymer [Cd-(NREPCA)]- G, which has high selectivity in
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uptake of CQ over the other gases {HO,, Ar, N,,and CH).3! Nevertheless, in the
context of CQ capture, the ability to readily modify the surfademistry of the MOFs of
PCPs is of particular interest for installing tresged chemical features for enhancing the
performance of the material. Such procedure has deenonstrated on the compounds
IRMOF-33% DMOF-1-NH,,*® UiO-66-Br>* MIL-101(Cr)*® and the scope of reactions

available is growing.

Table 1.3.CG, adsorption capacities of selected MOFs and CPs.

Material Surface area (nf/g) | P(bar) | T(K) | Capacity (Wt%) Ref.
Langmuir

MOF-210 10400 50 298 74.2 36a
Be-BTB 4400 40 313 58.5 36b
Mg-MOF 1733 1 298 27.5 36¢
Co-MOF-74 1388 1 298 24.9 36d
SNU-5 2850 1 273 38.5 36e
Cu-EBTC 2844 1 273 25.9 36f

1.4.1.2. Polymerization reactions in porous coordation polymers

Snze Surface funcironam
é
e ﬂ o G — (999
2bop-DVB
._-——-—
ﬁ d LVB; fo”'Ov R No polymer

@f/ CDimensions | \ rﬁ.bj&b q — m

1bom-DVB, 2bom-DVB

t(l(
e L C8 ,'h“fE";\ - c,§

1a 1azp-DVB

(@) (b)

Figure 1.6. @) The designable channel features of PCPs from #h& pbint of pore size, shape, dimensions
and surface functionality, (b) schematic images tfeg inclusion and polymerization of DVBs in the
coordination nanochannets

Compared to conventional porous coordination mestid®CPs are of particular interest
because of their designable framework structutessize, shape, dimensions and surface
functionality of the nano channels can be systarabyi tuned by changing the

combination of organic ligands and metal idhsThe polymerization of monomer

9
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encapsulated with in confined and designed nancesphased on PCPs can lead to
polymeric materials with desirable structures, whican be regarded as tailor-made
polymerization systens.

Kitagawa et al., reported the selective linear caldpolymerization of DVBs (Divinyl-
benzene) in the channels of {{,4-bdc)(ted)}, (bdc = benzenedicarboxylate; ted =
triethylenediamine; M =Zf#i (1a), Cd* (1b)), which have regular and continuous one-
dimensional nano-channels with a pore size of 783 along theirc axes'® The PCPs
bearing active sites in or on nano channels haes lsed for fabricating-conjugate
polymers that show interesting optical and eleatrfroperties. The regulated and tailor-
made pore characteristics of PCPs play an importdatfor achieving unique polymer

encapsulating systeris.

(2) Environment

(3)

Orientation

Figure 1.7.Precise control of polymer assemblies can be aetligvthe designable nanochannels of RCPs

1.4.1.3. Catalysis.

Heterogeneous catalysis was one of the earliepopsal applications of crystalline MOFs
or PCPs, as well as one of the earliest demondtegiplication$? Although, the catalysis
was proposed on these materials nearly 20 yearardy@xperimentally demonstrated 15
years ago, recently there has been extensive expetal exploration. Among the newly
demonstrated concepts, important ones are: heeizagion of well defined
homogeneous catalysts, framework-encapsulation acular catalysts® coupling of
catalysts to chemical seperatidfigost synthesis incorporation of catalytic mets<i®
and substrate-size-selective cataly8isn 1994, Fuijita et al., first demonstrated thiéityt

of crystalline porous coordination polymer as aehmjeneous Lewis acid catalyst which
promoted the cyanosilylation of aldehydes withpehaelectivity’” The acyl transfer
reaction betweerN-acetylimidazole and various pyridyl carbinols Hseen propagated
through the ZnPO-MOF, reported by the Shultz €€ Alarious reactions catalyzed by
MOFs are shown in Table 1.4.

10
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Figure 1.8. A schematic view showing a unit cell of ZnPO-MOfatt dfectively pre-concentrates and
Lewis-acid activateBl-acetylimidazole for catalytic acyl transfer to joiyl carbinol specie$’

Table 1.4 Catalogue of known catalytic MOFs and summarseattions catalyzed.

Material Substrate(s) Reactions Catalyzed Ref
[Cd(4-btapa)(NOs),] | Benzaldehyde and Knoevenagel 50a
malononitrile condensation
[Zn4O(bdc)] tert-Butylchloride and Friedel—Crafts alkylation,  50b
toluene
[Cu(L2)2(H20);] Linear and cyclic olefine Epoxidation of olefine 50c
[CrsF(H20),0(bdcy] | lodobenzene and acrylic acid Heck coupling 50d
[In4g(HIMDC)og] Cyclohexane Oxidation of alkane 50e
[Mn3((Mn4Cl)sBTTg( | Benzaldehyde and Mukaiyama-aldol 50f
CH3OH)10)]2 methyltrimethylsilyldimethyl
ketene acetal
[Cu(SQy)(pbbm)] 2,6-Dimethylphenol Oxidative self -coupling | 509
[Pd(2-pymo}] Cinnamyl alcohol Suzuki—Miyauracoupling 50t

Asymmetric Catalysis

The most remarkable development in the field of M@IF PCPs is the development of

asymmetric catalysis in an enantioselective maringhe year 2000, Kim and co-workers

reported the first homochiral MOF, POST-1 exhilgtoatalytic activity for an asymmetric

chemical reactioi’ This seminal work triggered interests in ratiodaisign of chiral

ligands and homochiral metal-organic systems foerdogeneous asymmetric catalysis.

11
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Figure 1.9.(a) General requirements for MOF-based asymmetialysts (b) Representative strategies to
construct of MOF-based asymmetric catalysts.

Table 1.5.List of Chiral MOF-Based Asymmetric Catalysts

Catalytic MOF Catalytic Reaction | Conversion| ee(%) | Ref.
(%)

[Sm(L1—H)(L1-H3)(H20)4-xH,O |  Cyanosilylation of 55-69 <5 53a
aldehydes

Zn3(ChirBTB-1) , Mukaiyama aldol 22-83 0-40| 53b
reaction

[Zn 2(bpdc)y(L 24)]- LODMF- 8H,O epoxidation 71 82 | 53c

Ce-MDIP-1 Cyanosilylation of >95 91-98| 53d
aldehydes

[Cuz(L 34)2Cl5]-HO 1,2-addition of 88-98 55-99  53e

a,p-unsaturated

ketones

1.4.1.4. Magnetism

One of the main attributes of MOFs or PCPs is magme” It can be implemented by
incorporating magnetic moment carriers such as npagaetic metals or open-shell
organic ligands or botf. The ligands, used in the development of magnet@FMare
usually those having oxygen / oxide (rarely found dobalt), water, hydroxide, alkoxide,
alcohol and carboxylate or nitrogen (amine, py®diazide and azole) coordinating atoms
and in few cases, sulfur (thiolate). The magnetapprties of MOFs have been generally
explored and they illustrate the potential of prddg magnets of many different long
range ordered ground states, ferromagnet, ferrigtagrantiferromagnet, canted
antiferromagnet and most unusual metamagnets iti@ddo short-range ordered states,

single-molecule magnets and single-chain magnets.

12
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Figure 1.10. Structures of some magnetic SBUs observed iM@€s: Dimer, Trimer, Tetramer, Hexamer,
1D chain, 2D layer, 3D framework (Top left to batteight) >

1.4.1.5. Sensors

Recently several investigators have begun explategpotential of MOFs and PCPs as
chemical sensor¥,although yet to be systematically exploited. TReeptional tunability
of MOF structures and properties should constiuteimportant advantage over other
candidate classes of chemo-sensory materials. temgorelements to consider in
optimizing the performance and utility of chemic@nsors are sensitivity, selectivity,
response time, materials stability, and reusabilitye source of selectivity is chemically
specific interactions of the adsorbate with theenmél surface of the frameworks. For
example, Zn(bptc) (bptc=4;bipyridine-2,6,2,6" tetracarboxylate) was shown to
preferentially adsorb polar molecules and thoseh vabnjugated n systems. These
interactions were attributed to H-bond amdr interactions, respectively, between the
guests and MOF strut8. Lu et al. synthesized a copper MOF containinglignd 3,6-
di(pyridin-4-yl)-1,2,4,5-tetrazine (dptz), which @hs solvatochromic behavior when
immersed in solvents ranging in polarity from water chloroform (shown in
Figure 1.11)° Overall, the material shows a negative solvatatiizoeffect with the
absorption band blue-shifting with increasing sotveolarity. Two distinct groupings
were observed, one for hydroxylic and one for nainbyylic solvents, when the measured
band gaps were plotted versus solvent polarkie et al., incorporated phosphorescent
complexes of iridium(lll) into a MOF as struts asidowed that emission is quenched by
energy transfer to £3° The responsiveness of the porous material to diexy@nd its
absence of sensitivity to dinitrogen, is a consageaef the triplet electronic configuration

of ground-state @(versus singlet configurations for most other rooles).
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Figure 1.11. Visible spectra and photograph of MOF crystalstaming solvents (condensed vapors). A
negative vapochromic effect is observed for bottirbyylic and nonhydroxylic vapors (solvents).

Recently, Lan and co-workers have reported tworélscent Zn-based MOFs capable of
sensing nitro-containing molecules relevant to cté&a of explosive§! MOF sensors

have shown excellent potential for detecting a eanfjorganic molecules and ions (as
well as detecting radiation), but there is muchmidor improvement. Literature reports

are dominated by studies of luminescent MOFs fakeit by traditional methods.

1.4.1.6.Industrial Applications

The generation of MOFs and CPs enables the tajooih novel solids with regular

porosity from the micro to nanopore scale. Since discovery of this new family of

nanoporous materials and the concept of so catkdttular design’, nowadays several
hundred different types of MOFs and CPs are knffwfhe self assembly of metal ions,
which act as coordination centers, linked togethgh a variety of polyatomic organic

bridging ligands, results in tailored nanoporousthmaterials as robust solids with high
thermal and mechanical stability. The driving reskan the field of MOFs and CPs
turned to new dimensions in preparing these maderra the industrial scale, which
discover the real industrial applications such raspoval of impurities in natural gas,

pressure swing separation of rare gases, and stofdge gase%.
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Synthesis Flowsheet

Solution ——
Solution : ;
Terephthalic z{:';'so?i':ge =
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Figure 1.12. Principle flowsheet scheme of industrial MOF swsiks procedure. Cost efficiency and
sustainability requires solvent recycling and zimae rather than zinc nitrate.

Cu-BTC-MOF was used in the removal of sulfur odbi@mponents from natural gas. In
a fixed bed reactor vessel (inner diameter of 10 minout 10 g of granular Cu-MOF of a
particle size fraction of 1-2 mm were thoroughlghed. At a temperature of 25 °C a gas
stream of methane odorized with 13 ppm of tetrabiydophene (THT) was fed over the
packing and analyzed in the reactor effluent by meeaf gas chromatography until
breakthrough occurred. Taking the breakthroughewftetrahydrothiophene as depicted
in Fig. 1.13, it can be clearly seen that the sutiorant is completely omitted from the
natural gas in the effluent and even detectionrglling is not any longer indicative. The
analysis of the used Cu-MOF after the test cycleaks an volume specific uptake of 70 g
THT L %vor which is considerably higher than 0.5 g THT for Norit-carbon or 6.5 g
THT L~} for the CarboTech sample.Interestingly, the colmfuthe Cu-MOF had changed
from a deep blue into a light greenish Sfe.

Thus, storage of a gas in MOF-filled canisters lsarused either way to enhance capacity
in a given volume or to transport an equivalent amaf gas at a far lower pressure.
Similarly, other gases like methane and hydrocastam be held at a denser state in the
same mannéf. The same finding holds for propane also. Fig. i.d&picts the curves for
shaped MOF-5 pellets in gas containers over ndgdfitontainers. The non-MOF-filled
container represents the almost linear uptake hetigwhereas the MOF-filled container
is far higher and with a steeper increase at tiggnbeng. Taking the pressure at about 10
bar it becomes clear that one MOF-filled contasgrstitutes the amount of three state-of-

art pressurized cylindefs.
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Feed THT concentration
124

Effluent THT concentration [ppm]
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Figure 1.13.(a) Breakthrough-curve of continuous tetrahydiaghiene-removal from natural gas using Cu-
BTC-MOF out of electrochemical synthesis, (b) Coagsion of propane into gas container with and witho
MOF-filling (MOF-5 tablets in lecture bottles, rocemperature}®

1.4.2. Synthesis
Synthetic methods used for the preparation of Mg been developed in three stages.

At first, it is based on on slow evaporation of swodvents or their diffusion over time to
create large single crystals in very small quaeditbver periods from weeks to months.
Later, solvothermal approaches, borrowed from cotioeal zeolite synthesis, start to be
implemented, allowing reaction times to be reduded a few day$’ Although
microcrystalline powders are usually obtained urtdese conditions, the method can be
finely tuned so as to lead to the isolation of Bragystals. The present task facing crystal
engineers is to reduce reaction times further tweiase yields and produce functional
materials in large amounts. Current research i\yalriven by the desire to develop
industrial applications of MOFs as functional dedcin this context different methods,
applied for synthesis of coordination architectunesthe modern days, are discussed

below.

1.4.2.1. Solvothermal Synthesis
In the 1940s, Barr€and Miltor?® hydrothermally synthesized the first zeolites.

Synthetic hydrothermal zeolite formation involvesximg the reagents, usually the

tetrahedral atom source or sources, an organictstasdirecting agent (SDA, often called

the template), a mineralizer, and the solvent. ifinegure is then heated (<220 °C) in a

polytetrafluoroethylene (PTFE)-lined steel autoelat high autogeneous pressure for a
period of timeHydrothermal or, more generally, solvothermal teghas involve heating

a reaction mixture in a sealed vessel such thattiosatemperatures greater than the

boiling point of the solvent can be reached (tyiycdbetween 100 and 250 °C in
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hydrothermal chemistry), typically under autogenpusssure. The superheated solvents
exhibit

() reduced viscosity (and therefore enhanced siifiin of chemical species) and

(i) very different solubilizing properties (e.dad dielectric constant of water decreases
rapidly with increasing temperatuf€ompared to ambient conditions.

These factors can lead to very different chemiskgr example, (i) it can lead to
otherwise insoluble reagents being solubilised ¢Wwhcan be exploited to overcome
solubility differences between metal salts andrds, and (i) it can lead to enhanced
crystal growth from reaction solutions. Furthermdree temperature regime available in
solvothermal techniques which is in intermediatéwieen low-temperature solution
chemistry and high-temperature solid-state chegistan favor the formation of
metastable kinetic products rather than the theymachic products (e.g. metal oxides)
favored at higher temperatures. All these featwfekydrothermal chemistry have long
been exploited in materials chemistry, e.g. in pineparation of zeolites, and there are
several excellent reviews in this aféa@hese techniques have been employed extensively
in the synthesis of coordination polymers (or metganic frameworks) including

magnetic material§-

1.4.2.2. lonothermal

lonothermal synthesis, the use of ionic liquidsbath solvent and template (structure-
directing agent), has been used to prepare zealitdsnorganic—organic hybrids such as
metal-organic frameworks. lonic liqufdsre a class of organic solvents with high
polarity and a pre-organized solvent structure. rRéemperature (or near-room-
temperature) ionic liquids are classically defireeslliquids at ambient temperatures (or
<100 °C) that consist only of ioddThey have excellent solvating properties, little
measurable vapor pressure, and high thermal dtabii the area of materials science,
there have been several reports of ionic liquidadesed as solvents with very little or
controlled amounts of water involved in the synthés

17



Introduction...

Figure 1.14.Schematic comparison between (a) hydrothermallanignothermal synthesis

In panel (a) interactions between the excess sb(vater) and the template or framework
dominate, while in panel b, the template—framewinteractions dominat€. The first
organic—inorganic hybrid material synthesized ibeomally by using BMImBFas the
solvent to synthesize Cu(bpp)BBpp = 1,3-bis(4-pyridyl)propanéf.The BR™ anions
were incorporated into the extended one-dimensigpaldination polymer as charge-
compensating species, and the BMm@mained in solution. The first three-dimensional
MOF organic—inorganic hybrid material was synthegigvith the same ionic liquid as the
solvent and provider of the charge-compensatingcispe Bl . The structure of
Cug(tpt)4(BF4)s: (tptl/s- 5SHO [tpt = 2,4,6-tris(4-pyridyl)-1,3,5-triazine] haarge channels
(-5 A in diameter) which are filled with non coordiima free tpt, HO, and BE.”" In
contrast to the previously mentioned examples gawic—inorganic hybrids, synthesized
in ionic liquids, these examples incorporate threddiquid cation as the SDA and charge-
balancing species. Recently, it has been showntligatise of a chiral ionic liquid can
induce chirality in the resulting solid (in thissega a coordination polymer), opening a
great many possibilities in this ar&a.

1.4.2.3. Mechanochemical

Mechanochemistry can be as simple as grinding eactants in a pestle and mortar, and
this technique has been employed by several grmugemonstrate solvent-free synthesis
of metal complexe& Ball mills, however, have the advantage of reggirho physical
effort, supplying greater power and being prograisaallowing more systematic
studies of the process. The kinetic energy, sugptiering grinding can have several
effects on a crystalline sofffiincluding: heating, reduction of particle size tfwi
concomitant increase in surface area and the gemeraf fresh surfaces), formation of

defects and dislocations in crystal lattices, logalting and even phase changes to
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alternative polymorphs. Collisions between crysthlang grinding can also lead to local
deformations and potentially melting. Different mads in the mechanochemical
synthesis involves neat grinding, grinding-anneglliquid assisted grinding and kneading
etc.
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Figure 1.15. The solid—gas (right) and solid—solid (middle) ggsses and the strategy to obtain single
crystals by recrystallization of the solid reactiproduct in the presence of seeds (left) of therees
crystals.

Furthermore solvent-free reactions often lead toy vieure products and reduce the
formation of solvate species and may thus be etgulaon the quest for elusive crystal
polymorphs® These might be useful notions for crystal engiseand solid-state

chemists.

1.4.2.4. Microwave-assisted Synthesis

Synthesis of MOFs proceedm the self-assembly of primary building units thrbug
self-recognition process. The vast majority of mégd structures have been prepared
by solvothermal synthesis which usually requiresglaeaction times (days to weeks),
bulky equipment and heavy energy consumption. Teranme these limitations, new
approaches have been developed, such as electiceheessay¥ and solvothermal
synthesis with immiscible solvenf§ An even more promising route involves microwave-
assisted synthesis.

Microwaves are normally generated by a magnetromsisting of an oscillator converting
high-voltage direct current into high-frequency iadidn. In a typical laboratory

instrument, waveguides transfer the generated grfesgn the magnetron to the sample
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chamber (Fig. 1 deft). Many molecules, notably water, possess dieleectroments and
rotate to align themselves with the alternatingteie field of the microwaves. The heat
generated by the molecular movement is dispersettheasnolecules collide with other
molecules. The sample chamber is a Faraday cagehwirevents the microwaves
escaping into the environment. The main advantdgaicrowave heating is its energy
efficiency because power is only applied within thactive mixture. Energy is generated
directly throughout the bulk of the material ingteaf by conduction from the external
surface (Fig. 1 +#ight). Microwave heating is almost instantaneous, tgkase without
heating the air or the container, and allows treeafsemperatures above the boiling point
of a solvent within pressurized vess¥iFhe heating is specific, with different materials
responding differently to microwave energy. For rapée, pharmaceuticals can be
sterilised without damaging the packaging.

Sample
chamber Heating Profiles of Reaction Vessels
Magnetron .,
Waveguide
VAVAVAVAVAVAVAVAVAVAVAV S
Microwaves Reaction . :
vassel Microwave Conduction
heating heating

Figure 1.16.(left) Schematic representation of the basic comptsy of a monomode microwave
oven designed for scientific research. (right), panson of heating profiles inside the reactionseés for

standard conductive and microwave heating

The use of microwave assisted synthesis in theapagipn of MOFs is still in its infancy;
several interesting reports are availdSlblicrowave heating allows a
considerable reduction of the reaction tifhenables phase selectivityand the control of

crystal morphology®
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Table 1.6 Reaction conditions for selected microwave-#ésdisyntheses of MOFs.

MOFs Reaction conditions Ref.
IRMOF1, IRMOF2, IRMOF3 25s 85a
[Ni 20(CsH04)20(H20)s]- 40H,0 150—220 °C within 1 min 85b
[Mn 3(BTC)2(H20)]6 120 °C, 10 min 85¢c
MOF-5 95-135 °C, 10-60 min 85d
[Co3(NDC)3(DMF) 4] 110 °C, 30 min 85e
Cr-MIL-101 210 °C, 1-40 min 85f
[CdA(HIDC)(bbi) ¢ 2.0 Mpa, 20 min 85g
[Zn(NDC)2(DPNI)] 120°C,1h 85h

1.4.2.5. Post synthetic Modifications
The key limitation in the development of functioMDFs lies with the introduction of

functionality, whilst maintaining the same ability design and assemble overall
framework without unfavorable effects from the pmese of the “functional” components.
Therefore two possible approaches involveth{@)self assembly of the MOF with the
functionality already present, and {h¢ postsynthetic modification of the MOF afterfsel
assemblyln the latter approach, Gamezadt have recently report&tthe crystallographic
observation of MOF-based postsynthetic covalentifitation inside the pores of a new
MOF, in which the amino functional groups orienteside the pores have been covalently
functionalized by reaction with other organic maelles in the cavities without modifying

the original three-dimensional framework.
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Figure 1.17.Schematic representation of postsynthetic moditioa

It should be noted that chemical modification of F&in the porous channels was first

reported in 2000 by Kim al.*°in which theN-alkylation of all of the pyridyl groups in
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the MOFs occurred by adding an excess amount aimethane to a suspension of
crystalline porous MOF material at room temperatiilee pore size was also modulated
after N-alkylation of the pyridyl groups, with the porelume of the MOF shrinking by
14%. Postsynthetic modification of MOFs can be adahieunder mild conditions, and this
strategy facilitates the generation of new MOFshwitew physical and chemical
properties, which are not observable in robust imalg MOFs. Programming the
architectures in the cavity of the porous matecah result in the specific interaction of

MOFs with guest molecules, such as hydrogen storage

1.4.3. Mechanistic aspects in the Self-assembly peass

The field of coordination frameworks brings togethdiverse scientific disciplines
combining synthetic methodology and structural ysial with the preparation of new
generations of multi-functional materials. The sesh area has developed apace from its
origins in coordination and supramolecular chemjsind now embraces materials in the
fields of separation science, theory, electronmagnetism, and catalysis. Underpinning
all of this research is the primary requisite fog tlesigned synthesis and understanding of
new structural materials. The basic principles tlatat the heart of designing such
materials are explored by study of mechanistic etsp@ the self assembly process. The
designing of coordination polymers with specifiegerty remains intriguing challenge
to the synthetic chemists, in terms of choosindplwoganic building units (OBUs) as well
as metal ionsThe synthesis of metal-organic frameworks can lfi@enced by many
factors, such as, the nature of metal ions andnarginkers, conditions of reactions,
counterions, as well as molecular interactionsudiclg hydrogen bonding etemploying
appropriate bridging ligands can connect metal iondifferent modes and provide
possible ways to achieve more robust polymerictires.

The study of the factors that influence the finahétectures elutes the basic principles in
the self-assembly process. Furthermore, the sty afford a good opportunity to
investigate the details of a self-assembly pro@ess provide more information for the

directional synthesis of target CPs.
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Table 1.7.Influential role of synthetic parametérs.

Factors influencing in the synthesis of the MOFs athCPs

pH Synthetic Methods Solvent,
Temperature, 1. Hydrothermal Template effect,
Pressure, 2. lonothermal Metal Source (nitrate,
Time of the reaction, 3. Microwave 2ﬁleotfi1;[jee,)’carbonate, LI g
Concentration of reactants 4. Mechanochemical Mineralizer,
5. Sonochemical Structure directing agents,
6. Electrolysis. In situ linkers,
Precursors
Table 1.8.Influential role of nature of metal ions
Nature of the metal ion

C.NO. 2 3 4 5 6 7

Metal Linear | Trigonal | Tetrahedral Square | Octahedral Pentagonal
Polyhedra planar Square pyramidal Bipyrimidal

Planar Trigonal
Bipyrimidal
Table 1.9.Influential role of nature of organic ligands.
Nature of Organic ligand

Coordinating groups Number of coordinating groups. Geometry

Phosphonic acids (R6,) Rigid

Carboxylic acids (COOH) }{}_{ Dipodal Flexible

Sulfonic acids (SgH) ’L\il Pue Long

Azoles &?ﬂ Tripodal V-shaped

I. Imidazoles S-shaped
ii. Triazoles

iii. Tetrazoles ij{‘ Tetrapodal

Pyridine derivatives

Polyoxoanions Hexapodal, etc.
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The perspectives in the study of mechanistic aspdctelf-assembly process are:

[1] Interpreting the topology of the architectureschpnging the potential factors such as
solvent, length and geometry of the spacer, typsoordination groups, varying synthetic
parameters, position of the coordinating groupthénspacer etc (see Table 1.7-1.9).

[2] Adjusting the porosity and increasing the adsorpttapacity by modification of the
organic ligands etc.

[3] Analyzing the influential factors which tune thienénsionality of the frameworks etc.
Our group recently started the research in the dioation polymers, which gives us
practical experience in studying the assembly doatitbn networks. Here we discuss
some of the interesting aspects of the self assemith examples reported by different

groups.

1.4.3.1. Dimensionality of coordination polymers deded by the type of hybridization
of the central carbon atom of the solvent moleculthat coordinates to an alkali metal
cation

Recently, it has been demonstrated the synthedissamium metal based
coordination polymers of diverse dimensionality(fr 1D to 2D through to 3D) based on
a gold(lll)  dithiolene  complex  anion  [Al(btdty] by  changing
the solvents of recrystallization . It is showattdimensionality of a sodium coordination
based polymer system, coupled with a gold(lll) dithjolene) complex, can be regulated
by the type of hybridization of the central carkaiom of the solvent coordinating to the
sodium ion.We have investigated the solvent coordination te #odium ion more
vigilantly. The following observations are notewwrt during crystallization , the 1D
coordination polymeR is obtained from MeOH and the hybridization of ttehcarbon
atom attached to the sodium -coordinated solvemha(O) is sp, likewise, the
sp’ hybridized central carbon atom (of DMF solventaelted to the coordinating atom
(O) leads to the formation of 2D coordination pogmicrystallized from DMF). The 3D
coordination polymer, crystallized from GEN, includes N as coordinating solvent atom,
which is attached to a sp hybridized central cardimm. These three observations clearly
reveal that the diverse hybridizations of the adntrcarbon atoms of
the solvents (MeOH, DMF and GEN in the present study), attached to the coormligat
atoms, have a wonderful relationship with the disiemal-topologies?
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Figure 1.18.[Na(solvent)][Au(btdt),] complexes present in solution state (left abogg)stallization from
MeOH (sphybridized orbitals of central carbon) directs themation of a 1D coordination polymer (right
above); crystallizing in DMF (Sthybridized orbitals of central carbon) influendks formation of a 2D
coordination polymer (left below); crystallizatiomom CH:CN (sp hybridized orbitals of central carbon)
directs the formation of a 3D coordination polyr(rgght below).

1.4.3.2. Structural Diversity Tuned by Apparently Innocent o-, m-, and p-Nitro
Substituents of Benzoate in Their Complexes of Mnl)} with 4,4'-Bipyridine to form
1D Ladder, 2D Sheet, and 3D Framework

Mn(B: d o Y
M::mz-::lgl)sz)z ND_Q Mn(o-(NO,)Bz),
Bz= Benzoate lM"(P'(Noz)BZ)z

Figure 1.19.Schematic representation of change in dimensigriayi altering the position of nitro group.

Ghoshet al, successfully synthesized four coordination polsgniey reacting 4,4opy
with MnX; where X = benzoate and isomeoi¢ m-, andp-nitrobenzoates in a 1:1 molar
ratio. The general formula of all four complexes tre same, [Mn(4'4py)(X).],, but the
topologies of the polymers are different. The speavith benzoate and-nitrobenzoate
are 2D rectangular grid-like sheets; the completh einitrobenzoate is a 1D molecular
ladder, whereas the compound wgthitrobenzoate is a unique 3D framework. This serie
of complexes clearly demonstrates that althoughiine group does not coordinate to the
metal center its mere presence in them, orp-position has a striking effect on the

structure and dimensionality of the resulting camation polymer. The participation of
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nitro group in p- & and/or C—H- & interactions might be one of the probable reasons
the differences, but more complexes with varioubsstuent’s in the phenyl ring of
benzoate are needed to be characterized strugttwadktablish a relationship between the
position of apparently innocent substituent andttpmlogy of the polymers. This would
potentially be an effective approach of controllihg dimensionality of the coordination
polymers, and we will pay attention to exploit thlisnension of crystal engineering as a

tool for tuning the crystalline solid architectdre.

1.4.3.3. Structural inter-conversion between a chaipolymer and a two-dimensional
network accompanied by tunable magnetic properties
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Figure 1.20. The packing patterns of 1D chains in j@uydc)(OH)(HO),-H,O and 2D layers
in [Cuy(hpdc)(OH)(HO)] accompanying with significant difference in matjc couplings.

-1

2, T (em’ K mol™)

Zhang et al., reported the two compounds by thetiga of 2-hydroxypyrimidine-4,6-
dicarboxylic acid (Hhpdc) with CuCJ under different temperatures to give a chain-like
compound [Ce(hpdc)(OH)(HO)4]- H-O and a layer-like compound
[Cux(hpdc)(OH)(HO)], which exhibit structural inter-conversion atghable magnetic
properties upon dehydration and hydration. A rabérsstructural transformation from a
1D coordination polymer chain to a 2D layer-liketvmerk upon dehydration—hydration,
which is associated with changes in coordinatioongetries and exhibits significant
difference in magnetic coupling interaction, wassafted in the compounds. The
transformation froni to 2 can be viewed as an aggregation of the 1D chaom an2D
layer through the Cu—O (carboxylate) contacts akemnoving the axial water molecules.
During this transformation, the basal planes betw#dee nearest Cu(ll) ions h(the
dihedral angle: 31.45°) become more tilted towaalsh other than those Inthe dihedral
angle: 28.49°). Furthermore, the coordination geadaesaround Cu(ll) ions change from
the distorted octahedral and square pyramidl tm highly distorted square pyramid and
square planar i, accompanied by an increase of the Cu—O-Cu bomtk ahat is

responsible for a larger antiferromagnetic couplirtgraction’*
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1.4.3.4. Adjusting the Porosity and Interpenetratio of Cadmium (lI) Coordination
Polymers by Ligand Modification: Syntheses, Structees, and Adsorption Properties

Figure 1.21.Figure illustrating the type of coordination atelctures obtained by changing the backbones of
the organic ligands

Bu et al. prepared a series of cadmium based coordinatdymers with structurally
related rigid imidazole ligands, 1,4-bis(imidazeid)benzene 1,4-bis(benzoimidazol-1-
yl)benzene and 4;bis(benzoimidazol-1-yl)biphenyl. All the compoural® o-Po
metal-organic frameworks (MOFs) based on six-comtecCd nodes which are
octahedrally coordinated by six nitrogen atomsigdnd molecules. Quantum calculation
shows that the volume of coordination sphere cosimmgi of one Clcenter and six
imidazole rings is 334.6 citmol, whereas the volume of the 'Qubde consisting of one
cd' center and six benzoimidazole molecules is 52818naol. Therefore, bulky terminal
groups usually result in a larger coordination sphand further bear a negative effect on
the degree of interpenetration. The longer biphespdcer would greatly decrease the
influence of bulky group to interpenetration, andinéerpenetratinga-Po network is
observed in compound with biphenyl spacer. Probhbliause the spacer has an obvious
effect on interpenetration, which is enough to eifffhie negative effect from the bulky
coordination sphere, the void volume is 403433 tAat is, 52.4% of the cell volumi€he
degree of interpenetration is tunable by varyimgguid backbones; therefore, the porosity

of these complexes was also adjusted.
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1.4.3.5.Control of Channel Size for Selective Guest Inclusio with Inlaid Anionic
Building Blocks in a Porous Cationic Metal-OrganicHost Framework
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Figure 1.22.Schematic representation of controlling the pae by the anionic building blocks.

Mak and co-workers prepared a series of isostrakcporous metal—organic hybrid host
frameworks and coordination polymers by employsiiger(l) perfluorocarboxylates and
the short flexible ligand di-3-pyridinyimethanons atarting materials. By attaching
anionic building blocks of variable bulk to a catio metal-organic framework, stepwise
channel-size adjustment of the resulting porougettimensional host framework is
achieved (see picture). This method is a new amathleiapproach for materials with
predesigned nanopores for application in molecu&ognition and selective guest
inclusion. They demonstrated a workable approadotdrol the effective channel volume
of a specific open framework without affecting agerall structure, which relates to the
adjustment of a secondary building block that linesnner surface. This strategy can be
considered as a significant development of theittosdl concept of connectors and
linkers for building MOFs with predesigned nanopmoffer application in molecular
recognition and selective guest inclusion, and Isoapoints the way to the

functionalization of a specific porous frameworldenfavorable circumstances.

1.5. Motivation of the present work

The recent trend in the inorganic crystal engimegefocuses on the extended frameworks,
which promise us the real applications for the nmashk Omar M. Yaghi, Susumu
Kitagawa, Jeffrey R. Long, Michael O’Keeffe and &jols T. Hupp eté’ are prominent
people in the field of MOFs and CPs; they explotiegl basic principles and the recent
methodologies in terms of synthesis, design, sdembly and applications. The specific
design and synthesis of the framework material wékired topology to meet the required

application was still remains as a top priority fioe researchers. The study of mechanistic
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aspects in the self-assembly process elutes sorse panciples through which a
synthetic path way and designing methods can benseti for desired topology.

Choosing organic ligand is one of the most impdrtaimcepts in the field of MOFs and
CPs. As already mentioned, different types of oigaligands are available for
coordination with the metal ions, among which flé&iligands are peculiar, unique and
offers interesting aspects of the self-assemblygss. Rong Cao et &f. studied and
reviewed the coordination polymers based on flexditopic carboxylates and nitrogen-
donor ligands in 2010, which is the first reviewsed on the flexible ligands. The review
covers major aspects of the self-assembly procedseaoordination polymers based on
the flexible ligands. Several groupsz. Robert. L. Laduca, Yao-Yu Wang, and S.

Kitagawa et¢’ worked on the coordination polymers based onltheéldie ligands.

aunfel
FH RS

Figure 1.23Schematic representation of subtle factors afigdtie conformation of the flexible ligands.

A significant progress has been made in terms tidnal prediction and design of CPs
related to rigid and highly directional molecul€ompared to rigid ligands, the use of
flexible ligands to construct CPs is more difficuind developing systematic
methodologies via flexible ligands is still a grehtllenge due to the following reasons.
(@) The ligand itself can adopt different conformatoand low symmetry as a
consequence of rotations about single bonds. Tbasdead to a loss of control in the
design and assembly of the aggregates.

(b) In comparison with rigid ligand, the final strusts based on flexible ligands are more
sensitive to many subtle factors and the synthasilscharacterization are somewhat more
difficult. However, the flexibility of ligands is ssential to forming some particular

properties and structuré®.
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1. Molecular switch derived from a conformationainge,

2. Breathing ability in the solid state,

3. Adaptive recognition property for coexisting gtseor counterions,

4. Flexible molecular clips, composed of prismatordination discrete molecules.
Furthermore, the flexibility of the ligand can affioa good opportunity to investigate the
details of a self-assembly process and provide mofermation for the directional
synthesis of target CPs. It is therefore an impdréspect of considerable attention and
has potential for erecting some signpost towardrutresearch on predicted and pre-
designed CPs. Some representative examples ofbligedigands are shown in the

following Figure 1.24.

Rigid Flexible

COOH — —
: > < : 4,4'-Bipyridine
COOH N \ / \ / N

N N 1,2-di(pyridin-4-yl)ethane
\_/ \._/

— Flexible CH, group
COOH HOOC

1,4-Benzene dicarboxylic acid 1,4-Phenylene diacetic aci
Flexible CH, groups

Figure 1.24.Rigid and flexible carboxylate and bipyridine Iigks

The above mentioned concept has prompted us ty shedmechanistic aspects in the
self-assembly of coordination polymers based orxildle ligands. In chapter-1,

mechanistic aspects in formation of Cu-dimer britldey the flexible phosphonate
analogue and extending its dimensionality by orgamd inorganic linkers have been
studied. Influential role of the biphenyl spacerdasecondary ligands in tuning the
dimensionality of the coordination polymers invalgiflexible phosphonic acids has been
systematically presented in the chapter-2. Rolpadfjoxometalates in the self-assembly
process of metal-organoamine/organophosphonatersyshas been analyzed in the
chapter-3. Factors affecting the conformational ulaiion of flexible ligands in the self-

assembly process have been discussed in the cldapkenally the effects of linker

coordination angles in tuning the dimensionalitiesre been studied in the chapter-5.

Theoretical calculations have been performed tabdish the stabilities of different
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conformations of the flexible ligands and magnegtioperties have been studied to

understand the exchange phenomenon.
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Mechanistic Aspects in the Formation of Copper Dimer
Bridged by Phosphonic Acid and Extending its
Dimensionality by Organic and Inorganic Linkers:
Synthesis, Structural Characterization, Magnetic
Properties and Theoretical Calculations
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Six new copper metal complexes with formulae [Cu(H.0)(2,2’-bpy)(H:L)]>'H4L*4H.0 (1),
[{Cu(H20)(2,2’-bpy)(HsL) }2(HoL)]2H20  (2), [Cu(H:0)(1,10-phen)(HzL)]2:6H.0 (3), [Cu(2,2’-
bpy)(HzL)]."'nH:0 (4), [Cu(1,10-phen)(H;L)],-3nH20 (5) and [{Cu(2,2’-bpy)(M00Os)}>(L)]n-2nH20
(6) have been synthesized starting from the p-xylylenediphosphonic acid (H4L) and 2,2’-bipyridine
(2,2’-bpy) or 1,10-phenanthroline (1,10-phen) as secondary linkers and characterized by single
crystal X-ray diffraction analysis, IR spectroscopy and Thermogravimetric (TG) analysis. All the
complexes were synthesized by hydrothermal methods. A dinuclear motif (Cu- dimer) bridged by
phosphonic acid represents a new class of simple building unit (SBU) in construction of
coordination architectures in metal phosphonate chemistry. The initial pH of the reaction mixture
induced by the secondary linker plays an important role in the formation of the molecular
phosphonates 1, 2 and 3. Temperature dependent hydrothermal synthesis of the compounds 1, 2
and 3 reveals the mechanism of the self-assembly of the compounds based on the solubility of the
phosphonic acid H4L. 2D coordination polymers 4, 5 and 6, that are formed by increasing the pH
of the reaction mixture, comprise of Cu-dimers as nodes, organic (H.L) and inorganic (M04O;2)
ligands as linkers. The void space-areas, created by the (4, 4) connected nets in compounds 4
and 5, are occupied by lattice water molecules. Thus compounds 4 and 5 have potential to
accommodate guest species / molecules. Variable temperature magnetic studies of the
compounds 3, 4, 5 and 6 reveal the antiferromagnetic interactions between the two Cu(II) ions in
the eight membered ring, observed in their crystal structures. A density functional theory (DFT)
calculation correlates the conformation of the Cu-dimer ring with the magnitude of the exchange

parameter based on the torsion angle of the conformation.
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2.1. Introduction

Over the past few decades, structural inorganiongtey has provided a firm relationship
between the aesthetics of crystalline architectares their potential functions, in which
the ultimate goal is to obtain the desired tailade materials with intriguing functional
properties. In order to model the functional crystalline sslidith desired properties,
considerable efforts have been devoted to undefdfam self assembly process of the
coordination networks. In this context, numerous coordination polymersehdeen
reported by utilizing the multitopic building bloslsuch as carboxylatéghosphonates,
sulfonates, organonitrogen bridging ligands and terminal artenehelating ligandsetc.
The majority of metal organic framework (MOF) stuwres rely on carboxylate
derivatives, as the concerned bidentate ligand® hagular coordination modésin
contrast, metal organophosphonates are also anmengatrliest and extensively studied
examples of coordination polymers / metal orgaimameworks, that are important
because of their potential applications in the suaasorption, ion exchange, sensing, and
catalysis Additionally, metal phosphonates have offered gregportunities to
understand fundamental magnetic phenomena, sugirasanting, anisotropy, relaxation
dynamics and field induced magnetic transitidr8himzu et al reviewed the recent
progress in phosphonate MOFs with an emphasis @h ofpameworks® Due to
availability of more possible ligating modes ancethpossible protonation states of;H®
groups, the controlled formation of geometricalgll-defined structures has not been
succeeded. The self assembly of metal phosphowatelination polymers is dependent
upon many factors, such as, specific metal incatpmmn, degree of protonation, geometry
of the phosphonic acid and geometry of secondaketi as well as synthetic parameters
under solvothermal conditions, e.g., temperaturesgure, vessel fill volume, time, pH
and the presence or absence of any mineralizingt &géhe reaction mixtur€. In order to
understand the structural consequences of sonteeaforementioned factors, systematic
studies are needed to evaluate the basic prindipldge mechanisms of the self assembly
process of metal phosphonates. Our interests libarstudy of the factors that influence
the self assembly process of the coordination sV Recently, we discuss about the
factors affecting the conformational modulationfleiible ligands in the self assembly
process of coordination polymers of carboxylic acitiDue to availability of more
number of ligating sites, phosphonic acids {§Rgroups) coordinate to more number of

metal sites there by forming a layered structuned the bisphosphonic acids form a
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pillared-layered structuréd. A control over the protonation states and intrdiduc of
secondary chelating ligands result in the formatbnlusters with different nuclearitiés.
This approach results in the stabilization of molac phosphonates with interesting
magnetic properties because O—-P-0 bridge is knovie tefficient in transmitting weak
to moderately strong antiferromagnetic and ferromesig interactions® In the recent era,
the research progresses on metal phosphonatestdetiee evolution of 2D and 3D
coordination networkS’ In these extended networks, metal clusters aatoaes and
organic parts act as linkers similar to carboxglaids?’® Generally, the growth of single
crystals with phosphonates is difficult as theyenfiprecipitate rapidly (as less ordered
insoluble phases). Hydro(solvo)thermal techniguesetbeen extensively employed in the
synthesis of metal phosphonates to overcome tloislgm that hinders the formation of
crystalline solids® The investigation of self assembly process underHydrothermal
conditions by varying synthetic parameters revdasmechanism of the formation of the
crystalline solids. Among molecular phosphonates, ¢copper atoms connected by O—P-
O bridges forming a 8-membered ring represent tmplest dinuclear model. Based on
the torsion angles in the 8-membered ring, ten sgtmoal conformations have been
established? The magnetic exchange interactions of this dirarct®pper complex were
reported with different peripheral subunits bull gtcan be considered as a rare subunit to
extend its dimensionalif? In this contribution, we have chosen p-
xylylenediphosphonic acid ¢H) as a organic linker and 2;Bpy or 1,10-phen as chelated
secondary linkers with copper metal to construet dinuclear copper systems. Recently
we have reported bottis andtrans conformations of the flexiblp-xylylenediphosphonic
acid with cobalt iorf® Copper(ll) compounds are of particularly interdsim the
theoretical point of view, because they are thgkst paradigms of magnetic interactions
that involve only two unpaired electroffsHere we present syntheses and structural
characterizations of six dinuclear copper complexegCu(H.,0) (2,2-
bpy)(HeL)]2Hal-4H,0 (1), [{Cu(H20)(2,2-bpy)(HsL)} 2(H2L)]-2HO  (2), [Cu
(H20)(1,10-phen)(kL)]2-6H:0 @),  [Cu(2,2-bpy)(H:L)]wnH0  (4),  [Cu(1,10-
phen)(HL)]+-3nH20 (5) and [{Cu(2,2bpy)(MoOs)}2(L)]n-2nH20 (6). The mechanism
for the formation dinuclear copper complex by vagyithe secondary linker at variant
temperatures has been studied under hydrothermditmms. The dimensionality of the
Cu-dimers has been extended to 2D polymers by gnmgiahe organic and inorganic

linkers. Temperature dependent magnetic measurentenve been performed and the

41



Copper dimers...

magnitudes of the exchange interactions have balenlated in the dimers. The relevant
results are compared with theoretical values, ¢aled by DFT. The reversible

dehydration and rehydration of lattice water molesinave been studied on compou#ads

and5 demonstrating the host—guest properties.

2.2. Experimental

2.2.1. Materials and Methods

All the chemicals were received as reagent grade ased without any further
purification. The ligandg-xylylenediphosphonic acid () was prepared according to
the literature procedur@.Elemental analyses were determined by FLASH Efeser112
CHNS analyzer. Infrared spectra of solid sampldasaiobd as KBr pellets on a JASCO —
5300 FT - IR spectrophotometer. Thermogravimetnilyses were carried out on a STA
409 PC analyzer and corresponding masses werezadaby QMS 403 C mass analyzer,
under flow of N gas with a heating rate of°® min’, in the temperature range of 30—
1000 °C. Powder X-ray diffraction patterns were recordmu a Bruker D8-Advance
diffractometer using graphite monochromated GuKkL.5406 A) and K (1.54439 A)
radiations. Magnetic susceptibilities were measumetie temperature range 2—-300 K on a
Quantum Design VSM-SQUID. All the compounds weratBgsized in 23 mL Teflon-
lined stainless vessels (Thermocon, India).

The following computational methodology was usedcatculate the exchange coupling
constants in the reported compleX&$he phenomenological Heisenberg Hamiltoni&n

= 2 %S (where whereS and § are the spin operators of the paramagnetic metal
centers andj; and theJ; parameters are the exchange-coupling constantedatifferent
pair-wise interactions between the paramagnetialmnters of the molecule) can be
used to describe the exchange coupling betweenpaaclof transition-metal ions present
in the polynuclear complex to construct the fullhkitionian matrix for the entire system.
To calculate the exchange coupling constants fgpatynuclear complex with different
exchange constants, at least the energy ef 1) spin configurations must be calculated.
For example, in the case of the studied dinuclearptexes, the exchange coupling value
J can be obtained by taking into account the enefgyvo different spin distributions:
triplet with S= 1, and singlet witls= 0.

The hybrid B3LYP functiondf has been used in all calculations as implemented i
Gaussian 0%ackage>*®The We have used the LanL2DZ basis set for Cu atmds6-
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31g(d) basis set for the lighter atofidhe calculations were performed on the complexes

built from the experimental geometries.

2.2.2. Synthesis

Synthesis of [Cu(HO) (2,2-bpy)(H2L)]2>"H4L-4H,O (1) and [{Cu(HO)( 2,2-
bpy)(HsL)} 2(H2L)] :2H20 (2)

Compoundsl and 2 are isolated from the same reaction mixture. T® ttixture of
CuSQ.5H,0 (0.086 g, 0.348 mmol), Z;Bpy (0.050 g, 0.320 mmol ) and,H(0.109 g,
0.407 mmol), 10.0 mL of distilled water was add&te resulting reaction mixture was
stirred for 3 h and transferred to 23 mL Tefloretinstainless vessel, sealed and heated at
150 °C for 72 h followed by cooling to room tempgeara over 48 h to obtain blue color
needle shaped crystals dfand blue block crystals & in the same reaction mixture.
(Initial and final pH values are 1.9 and 2.1) Yietd 0% forl and 40 % for2 (based on
Cu) Anal. Calcd. (%) for &HsoCuwN4O24Ps (1) : C, 39.38; H, 4.50; N, 4.17. Found: C,
39.22; H, 4.03; N, 3.98 Anal. Calcd. (%) fo5:856CuN4O20Ps (2): C, 40.47; H, 4.32; N,
4.29. Found: C, 40.22; H, 4.05; N, 4.16. IR (KBilge cm*) for compoundl: 3414,
3250, 3423, 3059, 2341, 1660, 1604, 1510, 14733,14267, 1143, 1033, 920, 765, 565,
420. IR (KBr pellet, cnf) for compound?2: 3429, 2920, 1660, 1608, 1504, 1450, 1257,
1032, 765, 549, 470.

Synthesis of [Cu(HO)(1,10-phen)(HL)]2- 6H.O (3)

The above mentioned synthetic procedure has beshtassynthesize compouBdising
1,10-phenanthroline (0.063 g, 0.318 mmol) instead 2,2-bpy to obtain blue block
crystals (Initial and final pH values are 2.5 and. 2vield: 65% (based on Cu). Anal.
Calcd. (%) for GoHs.CwpN4O20Ps: C, 41.42; H, 4.51; N, 4.83. Found: C, 41.22; H24

N, 4.38. IR (KBr pellet, cr): 3470, 3080, 2918, 2361, 1655, 1581, 1518, 1428],
1147, 1047, 939, 852, 723, 561, 474, 424.

Synthesis of Cu(2,2'-bpy)(HzL)] n-nH20 (4)

A mixture of CuS@5H,0 (0.088 g, 0.353 mmol),  (0.110 g, 0.413 mmol) and 2,2'-
bpy (0.038 0.248 mmol) was dissolved in 10.0 mLdddtilled water. The pH of the
reaction mixture was adjusted to 3.0 by additio®mMf NaOH solution. Consequently the
resulting mixture was stirred for 30 min and tramsfd to a 23mL Teflon-lined stainless
vessel, which was sealed and heated at 180 °Qfarand the reaction system was cooled

to room temperature over 48 h to obtain green edldnlock crystals. Yield: 49%based
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on Cu) Anal. Calcd. (%) for H20CuNO7 P,: C, 43.08; H, 4.01; N, 5.58. Found: C,
42.91; H, 3.22; N, 5.22. IR (KBr pellet, & 3398, 2916, 2851, 1579, 1518, 1429, 1257,
1134, 1049, 939, 902, 854, 723, 553.

Synthesis of [Cu(1,10-phen)(kL)] »-3nH20 (5)

The same synthetic procedure as that of compdumds used to synthesize compotnd
using 1,10-phenanthroline (0.063 g, 0.318 mmoljeiad of 2,2bpy and the pH of the
reaction mixture was maintained 4.0. Yield: 69p@sed on Cu) Anal. Calcd. (%) for
CooH24CUN,OoP,: C, 42.75; H, 4.30; N, 4.98. Found: C, 42.40; 833 N, 4.84 IR (KBr
pellet, cm'): 3470, 3080, 2918, 2361, 1655, 1581, 1518, 1429112647, 1047, 939,
852, 723, 561474, 424

Synthesis of [{Cu(2,2-bpy)(MoO3)}2(L)] n-2nH,0 (6)

A Mixture of CuSQ-5H,0 (0.087 g ,0.349 mmol), Z;Bpy (0.051 g, 0.320 mmol),
NaMoO, - 2H,0 (0.105 g, 0.438 mmol) ,4 ( 0.109 g, 0.407 mmol) and water (11.0 g,
612 mmol) were taken in 23ml Teflon lined autoelgwand the pH was adjusted to 6.10
by 5M HCI. The resulting mixture was stirred at motemperature for 60 min and heated
at 180°C for 72 h followed by cooling to room temperataneer 48 h to obtain green
block crystalg52 % yield based on Mo). Anal. Calcd. for (Y%apsCM0,N4O14P;: C,
32.79; H, 2.75; N, 5.46. Found: C, 32.42; H, 2.M25.27. IR (KBr pellet, ci): 3454,
1643, 1601, 1493, 1469, 1444, 1309, 1165, 1051,888 763, 729, 652, 551, 488, 410.

2.2.3. Single crystal X-ray structure determinationof the compounds 1-6
Single-crystals suitable for structural determioatiof all the compoundsl{6) were
mounted on a three circle Bruker SMARTAPEX CCD adletector system under MoeK
(A=0.71073A) graphite monochromated X-ray beam,talys detector distance 60mm,
and a collimator of 0.5 mm. The scans were recowiéid an® scan width of 0.3°. Data
reduction performed by SAINTPLU%? empirical absorption corrections using equivalent
reflections performed by program SADABY, structure solution using SHELXS-¥7
and full-matrix least-squares refinement using SMEQ73°? for above compounds. All
the non-hydrogen atoms were refined anisotropicallydrogen atoms on the C atoms
were introduced on calculated positions and wecdtuded in the refinement riding on
their respective parent atoms. Attempts to lodagehtydrogen atoms for the solvent water
molecules in the crystal structure of compoundsubh Fourier electron density were

failed. However, no attempts were made to fix thetsens on their parents. The hydrogen
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atoms on some of the P-OH groups in the compoureldixed by the proper HFIX
commands and some are located by the Fourier e@hed&nsity map. The oxygen atoms
06 and O5 of the terminal BB groups in the compound suffer significant disorder
problem and they have been splitted over two pwsstiafter fixing their occupancies to
0.5 for each oxygen atom. Crystal data, struct@inement parameters for all the

compoundsi—6) are summarized in Table 2.4.

2.3. Results and discussion

2.3.1. Synthesis

The title compoundd—6 were synthesized by conventional hydrothermal riegle. A
systematic approach has been attempted by emplaygenic and inorganic ligands to
understand the formation of Cu-dimer and extendiegdimensionality. The reaction
mixture of CuSQ@5H,0O (0.349 mmol), 2,2bpy (0.320 mmol), K. (0.109 g, 0.407
mmol) in the ratio 1.09 : 1 : 1.16 with pH 1.9Q 1&0 °C results in the formation of
compoundsl and 2 in the product mixture. The yield of compouddis very low
compared to that d® in the product mixture. Both the compouridand?2 have identical
chemical composition as far stoichiometric is caned. The importance of copper-dimer
formed in thel and the ambiguity in the formation of two composiimthe same reaction
mixture leads us to carry out further reactionsutmlerstand the mechanismgylHcan
exists in different protonation states dependingruphe pH of the reaction mixture
(Scheme 2.1)

o o Je L
_— _-0 _—-0 _0
SoH Son Son ~o
HO HO HO o

~

A P P _>e
Ho™ | Ho™ | o o |

o) o o o)

Hal Hal HoL L

Scheme 2.1Different protonation states of;H

Different sets of reactions have been performeobtain compound as a major product
in the product mixture. Initially, the temperaturas been varied from 120 °C to 200 °C
keeping concentration and time of reaction constantl20 °C, compoundA has been
formed with composition [Cu(2;7bpy)(H0)(SOy)]n, and in the temperature range 150
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°C to 160 °C, we observe both the compoubdminor product)and2 (major product).
The product mixture in this temperature range &igsif blue needle shaped crystald of
and blue block crystals @along with some unidentified blue powder.the temperature
range 160 °C to 200 °C, a pure crystalline forntahpound? (in the form of large blue
block crystals) was obtained. An attempt in obtagnicompoundl without neutral
phosphonic acid (kL) as lattice component by decreasing the conceotraf Hy,L in the
relevant synthesis, always result in the formawdr2 with low yield. By changing the
concentration of the reactants and time of theti@acthe product mixture favors the

formation of eithed A or 2 in all the cases.

120 °C 120 °C
(Cu1,10-phen)(H,0),(5091a GA) 5 < iioy (CHZhpn1,0,(50)],14)
_-POzHp
L 150°C  [Cu(H,0)@,2"bpy)E,L)], HL-4H,0 (1)
o iy | TP Cum0N02 b EELEL] T500)
o _ ,2'-bpy u(H;! ,2'-bpy) 2 (H, L))" 2H,
[Cu(H,0 )(1,10-phen)(H,L)]6H,0 @) ——oc_| LI0Dhen -
pH=2.5
Cu(S0,),. 5H,0 180 °C
[Cu2,2"bpy)H,L)],#H,0 ()
pH=3.0
° Na,MoO, ' .
[Cu(1,10-phen)(H,L)],3#H,0 (5) 180°C | BYO0Da [{Cu(2,2"-bpy)(Mo0y)},(L)],2#H,0 (6)
pH=4.0 pH=6.1

Scheme 2.2Synthetic route for the formation of compoundsspreed in the study.

The results indicate that compouhds thermodynamically less stable than compognd
the detailed mechanism is discussed in the lattiogs. In order to stabilize the Cu-dimer
core inl, a different set of reactions was performed byngiag the pH of the reaction
mixture and adding secondary reactants. Due teréifit possible degree of deprotonation,
pH of the reaction mixture plays an important rolethe self assembly process. The
presence of kL, HsL and HL ligands (see Scheme 2.1) in the crystal strustuwke
compoundsl and 2 indicates the partial deprotonation of the ligaatdthe pH 1.90.
Increasing the pH of the reaction mixture from 1t803.0 by adding 5M NaOH and
heating the reaction mixture at 180 °C resulthaformation of 2D coordination polymer
4. By adding sodium molybdate in the reaction migtand adjusting the pH to 6.10
followed by heating the reaction mixture at 180réGults in the 2D coordination polymer
6 with Cu-dimers extended by tetramolybdate subuR&placing the 2;zbpy with 1,10-

phen in the reaction mixture, with initial pH 2.B8sults in the formation 08A at 120 °C
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and3 at 150 °C and with higher pH (4.0) at 180 °C,oadt a 2D coordination polymér
The detailed synthesis has been described in thenSz2.2.

2.3.2. Description of crystal structures

Structural description of [Cu(2,2-bpy)(H20)2(SO)]n (1A) and [Cu(l,10-
phen)(H20)2(SO4)]n (3A)

Both the compounds [Cu(2;Bpy)(H:0)(SOy)]n (1A) and [Cu(1,10-phen)(#D)(SO)]n
(3A) are isostructural and crystallize in monoclimp@ase grougC2/c. Both the compounds
are synthesized by heating the reaction mixtur€ @$Q-5H,0, 2,2-bpy or 1,10-phen,
and HL intheratio 1.09: 1:1.16 at pH 1.90 andthdat 120 °C for 72 h. These two
compounds are obtained in the process of studyiegriechanism of formation of Cu-
dimers. The coordination environment of metal ceimdooth the compounds is octahedral
in which two equatorial sites are occupied by titeogen atoms of the 2;Bipyridine
and1,10-phenanthroline rings (respectivelflAMand3A) and the remaining two sites are
occupied by the water molecules, and the apicat sate occupied by the sulfate anion
SO (Figure 2.1a) .

oT#

# X X
8 (b)
Figure 2.1. (a) Molecular diagram of the compouBd, (b) 1D tube formed through hydrogen bonding
between two 1D chains by the coordinated aqua mtdsec

The sulfate anion coordinates to the another adfaCel(2,2-bpy)(H.O), unit thereby
forming a 1D coordination polymer. Two adjacenttsabains are connected to each other
by non covalent interactions involving the coord@thwater molecules and sulfate anions
to form 1D tube structure (Figure 2.1b). CompoubhAsand3A are reported earlier in the
literature3! But the compounds obtained by us crystallizesiffierént space groups apart
from the reported. Crystallographic details of thheempound4 A and3A are presented

in the Supporting Information.
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Structural description of [Cu(H20) (2,2-bpy)(H2L)] 2°H4L -4H,0 (1)

Compoundl is discrete copper dimer that crystallizes in imicl space groug’-1. The
molecular structure consists of two square plangpper(ll) ions bridged by two
phosphonate oxygens (02, O4) from twglH ligands in the basal plane to form dimer;
the rest coordination sites of each copper ionhim lbasal plane are occupied by two
nitrogen atoms from 27bpy molecule. The apical position of each coppsr i
accommodated by one aqua ligand. One neutral pbogpacid (HL) and two water
molecules remain in the lattice void per formulat (Rigure 2.2a). In the bridging region,
one arm of each M bridges two Cu ions through P=0O and P-gfoups to form a dimer
leaving P—OH group in the interstitial position a&hd other arm remains uncoordinated to
form a discrete compound. The distance betweerncopper metal centers in the dimer is
5.123 A. The eight membered Cu-dimer can exiseindanonical conformations, among
which the dimer formed in this crystal structurerfoundl) is confined to chair
conformation. The assignment of P=0O, P-&hd P—-OH bonds are consistent with the

literature>?

Figure 2.2.(a) Molecular diagram of the compoudd lattice HL component, has been removed for the
clarity, (b) Molecular diagram of the compouBd(c) Molecular diagram of the compouBd Hydrogen
atoms on the carbon atoms and lattice water madscate removed for the clarity in all the molecular
diagrams.

48



Chapter 2

All these lattice phosphonic acids are presentrans conformation with antiperiplanar
torsion angle of 180°. As anticipated, classicadrogen bonding between lattice
phosphonic acid P-OH group and dimer phosphonit BelOH group are observed with
O---O separations varying from 2.474(4) to 3.024(6) 2D supramolecular network has
been constructed by considering the interactioom fthe dimer in two directions. In this
2D arrangement, each dimer is linked to anotheredim the crystallographib axis
through the apical water molecule O1 and coordthat@osphonate oxygen atom O4 to
form a ring B(8) and extended to one dimensional chain. In aradirection, each Cu-
dimer is connected to another dimer through theHPg@ups of lattice kL ligand, lattice
agua ligand O12 and phosphonate oxygen atom O6lofrithe crystallographia axis

to form a 10 membered ring®g10). These two chains thread into each otheotm fa
2D supramolecular sheet as shown in the Figure ZI3a main focus of the article deals
with the formation and stability of the Cu-dimer mtiened and extending its

dimensionality (vide infra).

Table 2.1Assignment of P—O bond lengths in the compounaisd 2.

Coordination mode Compound 1 Compound 2
Cu dimer (A) Linear Cu chain (A)

HoL HslL

P1-02 1.500(P=0) 1.517(P=0)

P1-03 1.559(P-OH) 1.528(P-OH)

P1-0O4 1.510(P-0) 1.532(P-OH)
HoL HslL

P2-05 1.513(P-0)

P2-06 1.573(P-OH)

pP2-07 1.496(P=0) 1.474(P=0)
H,L H,L

P3-08 1.546(P-OH) 1.526(P-Q

P3-09 1.552(P-OH) 1.556(P-OH)

P3-010 1.483(P=0) 1.492(P=0)

Structural description of [{Cu(H 20)( 2,2-bpy)(H3L)} 2(H.L)] *2H20 (2)

Compound?2 is a discrete linear copper dimer crystallizeshi@ monoclinic space group
P2:/n. The full molecule consists of two copper atomelated by two 2,2opy rings
coordinated to kL ligands and linked by the phosphonate oxygen atofmH.L ligand.

The square pyramidal geometry of each Cu(ll) in dmaer is furnished by the two
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nitrogen atoms from the 2;Bpy ring, and two oxygen atoms (010, O2) from twe
different acid groups, one from thelHand other from the $i ligands respectively in the
basal plane and one aqua ligand in the apicaliposiH.L ligand links two {Cu(HO)(
2,2-bpy)(HsL)}" groups by using P=O coordination to the metatreeleaving two P—
OH and P-Ogroups in to the interstitial positions, with baims of the ligand (Figure
2.2b). BL in the compound exists imin1, 1o, No coordination mode on the both sides. In
the same way two 4i ligands attached to the metal polyhedra througl Broup with
M1-11, Mo, Mo coordination mode through the - arm and the —P4Bl arm on other side
remains uncoordinated. The assignment of the P-PH) and P=0O bonds for the
different protonation states of thglHare shown in the Table 2.1, that are consistetiit w
the literature value¥. A structural comparison between the compouhdsd 2 reveals
that the compound is a eight membered dimer withylHas lattice component aritlis a
linear dimer and can be viewed as inclusion ofdatt,L to the coordination matrix as
HoL.

Structural description of [Cu(H20)(1,10-phen)(HL)] 2- 6H0 (3)

Compound3 is a discrete copper dimer crystallizing in trigtirspace groug®-1. The
structure of copper dimer in the compouid same as that in the compouhexcept that
2,2-bipyridine is replaced by the 1,10-phenanthroliifigure 2.2c). In compountialong
with the dimer, a neutral /H ligand also present in the crystal structure Whecabsent in
the case of compound. The transformation of Cu-dimer to the linear ch&nnot

observed in the case 8fprobably due to the absence ol Hhs a lattice component

(a) R22(8)
Figure 2.3. (a) 2D supramolecular network formed due to non covaieteractions between the P—OH
groups of lattice KL, coordinated HL ligands and lattice aqua molecules in compound(b) 2D
supramolecular network formed between six wateregules and P-OH groups of the coordinatetd H
ligands in compoun8.
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The presence of six lattice water molecules panida unit of compoun@, extensive non

covalent interactions are observed in the crystalctire. The hydrogen bonding
interactions between the lattice water moleculed #re P—OH groups result in a 1D
chainlike arrangement and these chains with aicthef copper dimers form a 2D

supramolecular network as shown in the Figure 2.3b.

Structural description of [Cu(2,2’-bpy)(H2L)] »'nH20 (4)
Compound4 is a two dimensional coordination polymer constdctrom the copper

dimers and crystallizes in triclinic space grdvl.

i
1424

A3y v ﬁ
(e

()

2D sheets connected by 3D supramolecular nctwork
O-He+++0 interactions

(f)

Figure 2.4.(a) ORTEP view of the basic unit 4f Hydrogen atoms and lattice water molecules haenb
removed for clarity. Thermal ellipsoids are at 8@% probability level, (b) One dimensional Cu-dimer
chain running the crystallographicaxis, (c) (4, 4) connected 2D coordination polyrog4; Lattice water
molecules in the void space are removed for clady Packing diagram of the linking and bridging
phosphonic acids; Green color represents bridggantls and purple color represents linking ligar{d$,
Non covalent interactions connecting the two laydfs Scheme representing the formation of 3D
supramolecular network from the 2D sheets throughl-© O interactions.
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The relevant asymmetric unit consists of one coppetal centre in square pyramidal
geometry, chelated by 2;Bipyridine ring nitrogen atoms and coordinatedotoygen
atoms of three different 4 ligands (Figure 2.4a). The structure of coppeneti is same
as explained in the compouddexcept the apical water molecule in the squaramidal
geometry is replaced by the oxygen atom of the lijand in compoundt. Compoun
can be described as the uncoordinated phosphomaté-8QH) of the copper dimer in
the compoundl coordinated to another dimer in the-yi m1, no coordination mode to
form a one dimensional chain constituted by Cu-dem@idged by KL ligands along
crystallographia axis (Figure 2.4b). These chains are linked bytreara+bL ligand in -

N1, Mo, No coordination mode resulting in the formation dire-dimensional coordination
polymer as shown in the Figure 2.4c.

In compound4 two types of phosphonic acids which differs in thede of the
connectivity are involvede p—H,L bridges two Cu(ll) ions to form 1D Cu-dimer chain
and these chains are linked by the-hkL ligand, the packing diagram of bridging and
linking phosphonic acids is shown in the Figured2.4 opologically the structure can be
viewed as (4, 4) connected net with Cu-dimers asces and p—H,L, p;—HoL as sides
forming rectangular boxes with dimensions 11.731x30 A, in which lattice water
molecules are accommodated. Two lattice water mtdsgper one Cu-dimer are present
in the crystal structure. These two lattice wateteuules are situated in the middle of the
rectangular box and exactly in the plane of twoeahsional sheets. The distance between
two layers viewed through the plane of phenyl greup.976 A. Non covalent interactions
between the lattice water molecules (O7, O7#) & layer to another layer are absent in
the crystal structure. But the two layers are coteteto each other with non covalent
interactions between the P—OH groups of the phasgtleaarm in . HoL ligand to form a
8-membered R(8) ring thereby forming a 3D supramolecular nekwas shown in the
Figures 2.4e & 2.4f.

Structural description of [Cu(1,10-phen)(H.L)] 1-3nH20 (5)

Compoundg! and5 are isostructural except 2ipyridine in compound! is replaced by
1,10-phenanthroline. Compouridalso crystallizes in triclinic space grolpl (Figure
2.5a). The coordination network and topologicalwief the 5 are similar to those
explained in the compourtl The major difference between compouddmd>5 is number

of lattice water molecules and their arrangememégpective void spaces. In compound

six water molecules per Cu-dimer are presentedhenvbid spaces created by the (4, 4)
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connected layers (Figure 2.5b). An intricate hyeéroponded network is formed between
the lattice water molecules and deprotonated P—@idpg of the layers. To explain this
hydrogen bonding, we consider six lattice waterauoles in the rectangular void as a
single domain (O7, O8, 09, O9%, O8#, O7#). Theamtlecular hydrogen bonding in the
domains are constituted between four lattice watelecules O8, 09, O9#, and O8# to
form short chains. These chains with terminus O8 @8# are connected to remaining
lattice water molecules O7 and O7# in the domaiauth the phosphonate oxygen atoms
O5 and O6 of the layer to form a long chain (Figifec). The long chains of the adjacent
domains are connected to each other to form a mnendional chain running through the
crystallographicc axis. When viewed through the crystallographi@xis, the distance
between two domains of different layers is 10.89 Tdtal number of lattice water
molecules for one Cu-dimer are same in both disotetpound and 2D coordination

polymer>.

~ e -1 -
c13 €15 % - o5

# e
He HOAT o\ HBA I

06 ~ - H9B
e (c)

Figure 2.5.(a) ORTEP view of the basic unit 6f Hydrogen atoms and lattice water molecules haenb
removed for clarity. Thermal ellipsoids are at 86 probability level, (b) (4,4) connected 2D cdpadion
polymer of 5 representing the dimers as nodes apld llgands as linkers and lattice water moleculethim

void space, (c) Non covalent interactions betwéenattice water molecules in the single layer

As mentioned in the compound] noncovalent interactions between the lattice water

molecules of the two layers are absent, due tdatige separation between the layers. But
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these layers are connected by the P-OH group<edgftibsphonate arm in+H.L ligand
to form a 8-membered ?%8) ring resulting in the formation of 3D supraeallar
network.

Structural description of [{Cu(2,2'-bpy)(M0O3)},(L)] n-2nH20 (6)

Compound6 is a two dimensional coordination polymer condeddrom the Cu dimers
bridged by the ligand L and linked by @, subunits.

[ 1.1 1 Lol
AN

(d)

f
Figure 2.6.(a) ORTEP view of the basic unit 6f Hydrogen atoms and lattice Watel(l?IUIb‘CU|eS haenb
removed for clarity. Thermal ellipsoids are at 86 probability level, (b) 1D Cu-dimer chains forney
bridging HL ligand, (c) 2D coordination polymer of the compdus and its topological representation
(green color line indicates the M®, subunit), (d) Ball and stick and polyhedral reprégation of the
Mo401,subunit, (e) Figure showing the sandwiching ofaetolybdate between two Cu-dimers.
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The asymmetric unit consists of two copper atoneathd by two 2,2bipyridine rings,
Mo,0j3 subunit and one ligand"Lbridging the Cu atoms and M®; subunit (Figure 2.6a)

. The ligand HL is completely deprotonated and the three oxygems of the each arm
(-CH—~PQ?) connected to metal centers jig—n1, 11, M1 bridging mode in which two
oxygen atoms bridges two Cu metal centers andetin@ining one oxygen atom connected
to Mo metal center. Two “C ligands bridges the two Cu metal centers to form 8
membered ring and these rings are extended thriegixylyl linkers to form a 1D Cu-
dimer chain as shown in the Figure 2.6b. These i&ins are linked by the inorganic
linker Mo4O1, to form (4, 4) connected 2D coordination polymsrsaown in the Figure
2.6¢, unlike in compound4 and5, in which 1D chains are linked by organic linkesLH
Mo4012 subunit comprises of edge sharing two Ma&nd two MoQ polyhedra with four
M—bridging oxygen atoms and eight terminal oxygemest (Figure 2.6d).

Each Ma@O;, subunit is connected to two Cu-dimers from theaoge 1D chain by
coordinating to the apical site of the Cu—metalypetira through terminal oxygen atoms
with a separation of 12.54 A between the two 1DirhaAlso the oxygen atom which
remains left in the phosphonate group after forntimg Cu-dimer is coordinated to the
Mo—polyhedra. Theiz coordination of the phosphonate groups apart fifeenclassicaj,
coordination (which was observed in the compouhd3, 4 and5) results in the crown
conformation of the 8-membered ring apart from t¢hair conformation. The neutral
tetramolybdate is sandwiched between the two 1RI@wer chains with Cu—O and Mo-O
bonds as pillars to form a 2D coordination polyrasrshown in the Figure 2.6e. Two
lattice water molecules per Cu-dimer are locatethevoid spaces in the (4,4) connected
network. Jubieta et al reported a 3D compound
[{Cu(bpy)}2M040:0(0OsPCH,CsH4CHPOs),] starting from the molybdenum oxide in
which {M0401(0sPR)}** chains decorated with{Cu(bpy)subunits and linked
through thep-xylyl tethers of the diphosphonate ligand intaariework architectur&

2.3.3. Understanding the formation of copper dimeand extending its dimensionality
by organic and inorganic linkers

As discussed in the section of synthesis, the dgtous identification of compountias
minor product along with compoun® has prompted us to study the mechanism of
formation of the dimer and its stability in the cdimation matrix. Temperature plays an
important role in the nucleation process under biydrmal conditions. In the reaction

mixture of CuSQ@5H,0O, 2,2-bpy and HL, copper sulfate pentahydrate remains
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presumably in the form of [Cu@®).]*" counter balanced by sulfate anion. At low
temperature, 2!ipyridine ligand chelates the Cu metal centrefaom [Cu(2,2-
bpy)(H.0).-2]%* complex by replacing the two water molecules i ¢lquatorial positions.
The apical water molecule of the Cu metal polyhadiee replaced by the sulfate anion to
form a one dimensional coordination polymer [CutBjy)(H,O)(SOy)]n (1A). Due to
1:1 ratio of CuS@5H,0 and 2,2bpy, only two equatorial coordination sites arelated
by the bipyridine ring. The non participation oétHLL in the complexlA is probably due
to low solubility of phosphonic acid at a low temgieire. As the temperature increases the
solubility of the phosphonic acid increases andigpate in the nucleation process and in
the temperature region 150 °C to 160 °C, it gives tompoundd and2, among which in
compoundL phosphonic acid (¢ bridges the two [Cu(2/py)J** units to form a dimer
[Cu(H0)(2,2-bpy)(H:L)]2 (1) along with one neutral M ligand as a lattice component.
In compound2, H,L links two [Cu(2,2-bpy)(HsL)]** units to form a linear chain of
composition [{Cu(HO)( 2,2-bpy)(HsL)} 2(H2L)]-:2H,O (2). The vyield of the dimeric
compoundl is very less in comparison to compould The attempts to isolate the
compoundl as a single product were unsuccessful, even byingragll the possible
parameters (see synthesis section). These reaclguest that the chainlike form in the
compound?2 is thermodynamically more stable compared to timeedic form along with
lattice HiL in compoundl. When the temperature is increased from 150 “Z0®°C, the
yield of 2 increases and in the temperature in region 17® ZDO °C only compound is
formed as pure block crystals. The crystallizatadhcompoundl was observed in the

temperature range 150 °C to 160 °C.

Table 2.2.Protonation states of the;Hwith pH value of the reaction mixture and secagydaker in the
compoundd—6.

C.No. Secondary Linker pH State of Phosphonic acid
1 2,2-bpy 1.90 HaL,H,L
2 2,2-bpy 1.90 HL, H,L
3 1,10-phen 2.5 H,L
4 2,2-bpy 3.0 HL
5 1,10-phen 4.0 H,L
6 2,2-bpy 6.1 L
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The initial acidic pH (1.90) of the reaction mix¢urs responsible for the existence of
protonated form (kL) of the ligand as a lattice component. As shamwacheme 2.3, the
phosphonic acid i (shown in red), that remains as a lattice componel, undergoes
deprotonation resulting in 44 which bridges two copper centers in compoudrlhe
coordinated / deprotonated;lH present in compound, gets protonated tosH in the
formation of2. The compound can be considered as an intermediate in the fasmat
compound? since both have identical chemical compositiors @so compound could
not be isolated at higher temperature indicatinp ibe thermodynamically a less stable
phase at higher temperature. Detailed mechanisnttd formation of compoundsand

2 are given in the following equations.

(o]
CUSO,5H,0+ 2,2-bpy + HiL  —22Cm  [Cu(2,2-bpy)(HL)(H ;0] 2H,0 (2)
pH=1.90

CusOu5H,0 —H20 o [cuH,0)g% SO

[Cu(H,0)g2* 502 +2,2-bpy  229°Co  [Cu(2,2-bpy)(H,0),S0, (1A)

[Cu(2,2-bpy)(H,0),S0,],, + H,L A50%C,  [cu(2,2-bpy)(HaL)] - Hal-4H,0 (1)
H=1.90 +
P [Cu(2,2-bpy)(H3L)(H 2L)] 2-2H:0 (2)

[Cu(2.2-bpy)(H,0),S0,], +Hol  280°C [Cu(2,2-bpy)(Hal)(H 2L)] 22H,0 (2)
pH=1.90
The compound3 was isolated by employing 1,10-phenanthroline @digand and the
single crystal X-ray analysis of compouBdreveals the presence of Cu-dimeric unit
similar to that found in compounil. The compound was obtained as single major
product in the temperature region of 150 °C to 180 Compound3 was also formed

starting from the3A as explained in the case bf
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Scheme 2.3Schematic representation of molecular compounr8ls
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The stability of compoun@ in comparison to compouridcan be attributed to the absence
of lattice H,L ligand. The initial pH of the reaction mixture in the fortiven of compound

3 was 2.50 in comparison to the pH of 1.90 in thetlsgsis of 2,2bpy system. The
relatively higher pH of the reaction mixture in tBgnthesis of phenanthroline system
might not favor the stabilization of;H and HL that are found in compoundsand2. The
pH variation caused by the replacement of-B® with 1,10-phenanthroline co-ligand

limits the deprotonation toJH thereby forming the dimeric compou3d

[Cu(H ,0)2*SO2 + 1,10-phen%;%> [Cu(L,10-phen)(H0),S0,], (3A)

[Cu(1,10phen)(H0),S0,],, + Hal p}f:%» [Cu(H,0)(1,10-phen)(KL)],-6H,0 (3)

The O-P-0 bridging in Cu-dimeric unit in compouddsnd3 is known to transmit weak
to moderately strong anti-ferromagnetic and ferrgnedic exchange interactions
efficiently between the two copper (II) ions. Thetended structures with higher
dimensionality, based on copper phosphonic acicedarsystems, have been isolated at
relatively higher pH as compounds and 5 (shown below). These two compounds
represent the extension of the Cu-dimers by orghmkers. A temperature dependent

hydrothermal synthesis reveals

180°C

CuSO,.5H,0 +2,2bpy + H,L ~ ——=» [Cu(2,2-bpy)H,L],nH,0 (4)
pH=3.0
180°C i
CuS0O,.5H,0 +1,10-phen +HL ———= [Cu(1,10-phen)H.L],-3nH 0 (5)
pH=4.0

that compoundd and5 are also formed starting from thé and3A respectively. Further
investigations to obtain higher dimensional Cu-dinsystems, we have employed
molybdate based inorganic linker. Sodium molybdatelergoes hydrolysis to form
molybdates of different nuclearities such as MoCM0,0,%~, M0,Os, M04O12, M0gOus™
etc3* depending on the pH of the reaction mixture arshggry of available coordination
sites of the secondary metal etc. The tetramolgdéd,O;,, formed from the MoG',
extends the dimensionality of Cu-dimer to 2D cooadion polymer. The Cu---Cu
separation is found to be 12.54 A in compoén(letramolybdate is the linker) and that
found in compoundd and5 is 12.93 A (HL as a linkerYFigure 2.7).
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0,
CUSO,.5H,0 + 2,2"-bpy + NaMoO 4+ H,L  —20-Cm  [{CU(2,2-bpy)(MOO 3} 5(L)] -21H,0 (6)
pH=6.1

H,0
Na,MoO, —2>—> MoO %+ 2Na'

4M00O,% + 8H" ——— Mo0,Oy;, + 4H,0

¢ LY

12.93A 12.54 A

Figure 2.7.Length of the KL and Mq,0;, subunits connecting the Cu-dimer chains.

The overall synthetic procedures for the formatmympoundsl-6 representing the
reaction parameters and conditions are shown ilstheme 2.4. The detailed protonation

states of the phosphonic acid along with the semgnithkers are shown in the Table 2.2.

™~
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J 0\‘300 wa\s
. 0°C <+ S
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HL  redpdpoe
08 o SR
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Cu(S0,),*5H,0 )
e l Mo,0,,
+ X5 2 (Stahlc phasc)
p PO3H2 — ): ~T In situ formed 6

J

Cu-dimer chain

[ HL

H,0;P"

-
b
¢ »

1,10-phen

Scheme 2.4Systematic schematic representation of formatfa@ompoundsl-6.
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2.3.4. Thermogravimetric studies

TGA studies were carried out under flow of kr crystalline compound2-6 in the
temperature range 30—-1000 °C. Compodrshows a continuous weight loss of 4.92 %
(calcd, 5.5%) from the room temperature to 190 A{owed by decomposition in two
steps with a residual mass of 32 %. Compadsisiows a weight loss of 10.21% at 170 °C
corresponding to the loss of six water moleculeslc(; 12.41%) and the dimeric
components remains stable up to 270 °C. Comp@&uddcomposes in two steps at the
temperatures greater than 270 °C leaving behindinlaé residue of 40%. Compourd
remains exceptionally stable up to 330 °C with weitpss 4.02 % (calcd, 3.5 %)
corresponding to the two lattice water moleculed dacomposition took place in two
steps leaving residue of 27.4 %. The compdundntains six lattice water molecules and
these water molecules lost at 120 °C with weigbs lof 8.02% (calcd, 9.62 %) and the
relevant structure remains stable up to 325 °Ghénfirst step of its decomposition, the
xylylene moieties come out with weight loss of ¥.86 (calcd, 18.89 %) in the
temperature range of 326 °C to 512 °C. In the sectep, 1,10-phenanthroline moieties
are eliminated in the temperature range of 52@°0050 °C leaving a residue of 37.3%.

.... Compound-2
.... Compound-3
.... Compound-4
.... Compound-5
.... Compound-6

90 =

Mass/ %

30 =

T ¥ T ¥ T T T d
200 400 600 800 1000

Temperature/ °C

Figure 2.8.Thermogravimetric curves of the compoui2ds$.

The final product is estimated to be Cu@pQvith formula weight of 221.49 (39.2 %).
The thermogravimetric study of compouldreveals that the decomposition pattern
follows the initial dehydration of lattice water taoules followed by the pyrolysis of

organic units, leaving end product Cu@@O Compound shows thermal stability up to
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340 °C with initial dehydration of two water molées of crystallization. The pyrolysis of

organic units starts in the region of 350 °C to 8G0eaving the final residue of 47.40 %
which is supposed to be CuMg@100;, P.0s.*° The overall process of decomposition of
6 is consistent with the following equations. Thermasgmetric curves of the compounds

are shown in the Figure 2.8.

HCu(2,2-bpy)(MoO (L)) 2H,0 =8 [tcu(2,2bpy)(MoO l(L)] + 2H,0

o 0
[{Cu(2.2'-bpy)(MoO 3},(L)] +44 0, 390—800.C CuMoO, + MoO 3+ P,0¢ + 28CO, + 4NO, +12 H,0

2.3.5. PXRD Studies
To ensure the phase purity of the products, X-rewger diffraction studies for all the
compounds have been performed and compared toitmdated diffraction patterns

obtained from single crystal X-ray analysis.

Compound-2
.... Experimental
.... Simulated

T T T T T T T T 1
10 20 30 40 50

2theta

Compound-3
.... Experimental
... Simulated

Compound-4
.... Experimental
.... Simulated

10 20 30 40 50 10 20 30 40
2 Theta 2theta
Compound-6
COmPOUr‘d'5 .... Experimental
.... Experimental .... Simulated
....Simulated

20 25 30 35 40 20 40
2 theta
2 Theta

Figure 2.9 Powder X-ray patterns of the compou2d§.
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The similarity between observed and simulated pateroves the bulk homogeneity of
the crystalline solids (Figure 2.9). Although theerimental patterns have a very few un-
indexed diffraction peaks and some are slightlyademed and shifted in comparison to
those simulated from the single-crystal data, ih dill be regarded that the bulk
synthesized materials have homogenous phase.

2.3.6. Variable temperature PXRD studies

The TGA studies show that all the compounds arelestap to 300 to 350 °C. Variable
temperature PXRD studies have been performed tareiise stability of the frameworks
of compoundg and5 after the removal of lattice water molecules. TXRP patterns of
the dehydrated frameworks at different temperatahesv sharp peaks with almost same
Bragg intensity. Some differences in the intensite# the reflections are observed at
relatively higher temperatures due to the gradass lof solvent water molecules. The
TGA curve of compound shows loss of lattice water molecules taking plaicé70 °C.
The VT-PXRD graphs of compouniare similar to the simulated pattern up to 130 °C
and at 150 °C a new peak is observed in the regialil.46° along with all the peaks
displayed in simulated pattern. At 170 °C, thenstyy of the peak at 11.46° increases and
the intensity of the peak corresponding to theemifbn (1-10) at 12.35° is decreased and
at 190 °C there is no peak corresponding to th&Ojlreflection. The slight shifting of the
peak corresponding to the reflection (1-10) from35%2 to 11.46° in the temperature
region 150 °C to 190 °C indicates the expansiothefcoordination network after losing
the lattice water molecules. The powder pattermpldi@d at 190 °C is stable up to
temperature 310 °C. This data indicates that dgysihcoordination polymed exhibit
breathing-like behavior and the breathing startsl®® °C. The dehydrated form of
compound4, obtained by heating up to 170 °C, on exposurthéoopen atmosphere /
water vapor at room temperature for 48 hrs resuitdhe regeneration of original
compound4. The regenerated PXRD pattern of the compotistiows similar peaks but
the broadening of the peaks indicates the lossrydtallinity at higher temperatures
(Figure 2.10).
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As synthesized

Figure 2.10.Variable temperature and regenerated PXRD pattérosmpoundd.

In compoundb, lattice water molecules depart from the crystahie temperature range of
room temperature to 100 °C. The VT-PXRD patternnshsimilar peaks displayed in the
simulated pattern up to 310 °C with slight broadgrof peak positions and difference in
the intensity of the peaks is due to loosely hetdewmolecules in the lattice voids. The
only major difference is the intensity of the peakresponding to the reflection (1-10),
which is decreased to a little extent at 50 °C aatlat all appeared in the temperature
range 70 °C to 310 °C. Unlike in compouhdio major shift of the peaks to the lowér 2
values are not observed in compoundut when the dehydrated sample (obtained by
heating at 70 °C) is taken and exposed to open sph®ve/water vapor at room
temperature, it results in the incorporation of thttice water molecules into the void
spaces. An attempt to study the dehydration-refiguiracycle through single crystal to
single crystal transformation was not successfud thuthe cracking of the crystals on
heating. The results indicate that the compouhdad5 have potential to perform host-
guest chemistry in the lattice voids. The relevd@®@XRD patterns (dehydration /
rehydration) for compoun8lis shown in Figure 2.11.

63



Copper dimers...

%

\—x,J As Synthesized

Simulated
T T T T T T T 1
30 40 5 10 15 20 25 30 35 40
2Theta

SN NREE

50°C

Simulated

T
20 2 theta

Figure 2.11.Variable temperature and regenerated PXRD pattérosmpoundb.
2.3.7. Magnetic Behavior

Compound 3

Variable temperature magnetic susceptibility meas@nts of a polycrystalline sam3e
have been performed at 2000 Oe between 2 K an30De data are presented ag@a
vsT andymT vsT plots in Figure 2.12a (whejg is the molar magnetic susceptibility per
Cu'; unit). The room temperature (300kyT product amounts to 0.78 & mol™,
which is in agreement with two uncoupl&t1/2 Cu(ll) spins with unquenched orbital
momentum uT = 0.375 cmiK mol™ for aS = 1/2 ion). As the temperature is lowered,
the ywT value continuously decreases to 0.68° ¢tnmol™ at 65 K and then sharply
decreases up to 2 K reaching a minimum value df 8@ K mol™ The 14y vs T plot
above the 50 K follows the Curie-Weiss law with atge Weiss constartt = —16.7 K.
This magnetic behavior is generally observed fonglexes that possess an intra-complex
antiferromagnetic interaction. The magnetic intgogc through the —O—-P-O- bridges

between two Cu(ll) centers leads t&<0 ground state. A simple reasonable fit can be
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obtained for interacting dinuclear unit with contienal Hamiltonian: H=1S+S, (where
S and$; are the spin operators wii=$=1/2). Introducing an inter-clusted term, the

analysis of experimental values has been perfolmedte following expression:
o = w'{1= ' (223ING/7)}
whereyy’ = 2Ng82/kT[3+exp(-J/kT}]
The values giving the best fit ade —36.44(1) cmt, zJ=+3.99(3) cm* and g=2.100(4)
[R=3.2 X 109.

Compound 4

Compound4 is 2D coordination polymer constituted by Cu disbridged by phosphonic
acid as the nodes anpkxylylenediphosphonic acid as linker. The main ctual
difference between the discrete dimer (e.g., comgsli and 3) and the dimer present in
coordination polyme# can be described by the apical site, which, indikerete dimer, is
occupied by the oxygen atom from the aqua ligartliarcoordination (polymer) dimer, is
coordinated by phosphonate oxygen. Figure 2.12wshbe temperature dependence of
¥M and y»T values for compound. The room temperaturgyT= 1.03 cni K mol™ is
higher than the expected value for two uncoupled ©us. TheyuT value gradually
decreases upon cooling and reaches a minimum &g cni K mol™ at 18 K and
sharply decreases to 0.27 dmol™ at 2 K. The I/ vs T plot above the 30 K follows
the Curie—Weiss law with negative Weiss constarith 8= —18.1 K. The nature of the
xmT vs T plot and the negative Weiss constant suggest anaoinantiferromagnetic
exchange between the two'Gons through the —O—P—-O- bridges. The suscepyilitita
analyzed by the expressiodescribed above, gives the best fit parametkrs;3.03(2)
cmt, zJ= —0.88(5) cm andg=1.961(5) with an agreement facter 7.2 X 10° where
R=Z[(mDex—0mT)cal? Z(rmT)exs- From the values, obtained, the magnitude of
exchange has been decreased in the case of dimed fim coordination polymer

compared to that in discrete dimer.
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Figure 2.12.Plots ofyy vsT andyyT vsT (inset) for the compound; 4, 5, and6 in the temperature range
of 2—300K.The red line indicates the fitting usihgdretical model (see text).

Compound 5
Compound5 is an extended coordination polymer of compowhdn which 1,10-

phenanthroline chelates the metal atoms. The plat®thyy vs T andymT vs T per CUf,

unit for compound %re shown in Figure 2.12c. Room temperature (309yK)value of
1.08 cni K mol™is higher than the expected value for two uncoued ions fwT =
0.375 cni K mol™ for a S=1/2 ion). As the temperature is lowered, jh decreases
gradually to 0.80 cfK mol™ at 30K and then sharply decreases to minimum vafue
0.13 cniK mol™at 5 K.1/yv vs T plot above the 30 K follows the Curie-Weiss lawhwit
negative Weiss constaft —19.2 K. The negative Weiss constant indicatesdttminant
antiferromagnetic exchange in intra-dimer through-P—O—- bridges. The experimental
susceptibility values are analyzed by the theamb&xpression, described above, to give

the best fit parameters. The obtained parameterd=ar11.18(3) crt, zJ= —2.58(1) cmt
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andg=2.340(5) with an agreement factorRd 1.9 X 10°. The exchange magnitude in the
coordination polymer dimer increases by replacing?-@ipyridine with 1,10-

phenanthroline.

Compound 6

Compoundb is an extended coordination polymer of the disc@&iedimer which extends
by the M@O,, subunit. The apical coordination site of the coppetal atom in this
polymer is occupied by the oxygen atom from the;®e subunit. The plots of both, vs

T andywT vsT for 5 per CU, unit are shown in Figure 2.12d. ThgT value at the room
temperature is 0.88 ¢ mol™ which is slightly higher than the expected valtieveo
uncoupled Cl ions. Interestingly the decrease in thgT value by lowering the
temperature is very low. Thg,T value is almost constant up to 70 K and then 8ligh
increases to 0.89 ¢ mol™ and then decreases to minimum value of 0.82kcmol™.
1/ vsT plot above the 30K follows the Curie—Weiss law wittgligible negative Weiss
constan®= —0.1 K. This value indicates that there is nomgigant exchange between the
two CU ions. To determine the magnitude of the excharhe, experimental
susceptibilities are analyzed by the theoreticgression described above. The best fit
parameters obtained wede —0.79(3) cr, zJ= —0.16(1) cm andg=2.167 (1) with an
agreement factdR= 6.7 X 10”. By replacing the aqua ligand (in compourdsnd3) and
organic linker (compoundd and 5) with the inorganic linker MgD;,, the exchange

through the —O—P-O- bridges was decreased dr#gtical

2.3.8. Magnetostructural correlations and DFT studes

To better understand the magnetic exchange mechanishe reported complexes spin-
unrestricted DFT calculations are performed ondbmplexes taking the geometries of
the models from the crystal data (Figure 2.13)thim field of coordination polymers, the
exchange interactions are generally calculated $imgumodel structures that nearly
resembles the basic repeating unit of the actuapooind. We have considered dinuclear
units for the compound3, 4, 5 and6 with slight variations from the actual ones as the
model structures. Only the equatorial bonds arertas bridges, as they interact directly
to the magnetic orbitals on the Cu atoms*e§%). From Table 2.3, it is evident that the
calculatedJ values match with the experimental values onlylitpatevely (which is
expected because in the actual complexes therentaeluster interactions), but the

predicted sign of the exchange parameters is nmoperiant here (as the magnitudes are
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quite low), and matches satisfactorily. The vaoiasi in the] values in the compounds are

explained based on the two possible reasons.
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Figure 2.13.Spin density maps calculated for the two spin stafehe Model Complexeat B3LYP level.
Positive and negative spin populations are reptedeas yellow and green surfaces. The isodensifgcas
correspond to a value of 0.01 &/Bolor Code: green = Cu, orange = P, red = O, bli¢ black = C and
light gray = H.
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2.3.8.1. Conformation of the eight membered Cu-dimeings

The eight membered Cu-dimer ring, formed in the poamds, can exist in ten canonical
conformations based on the torsion angles betwden Gu—O-P-O atoms. The

conformation of the ring has a vital role in thegnéude of the exchange between the two
Cu(ll) ions. In all the compounds, the bridgingalngl occupies equatorial position at both
Cu(ll) ions (QqP—- Q). In the compoundg, 3, 4 the ring exists in chair conformation

and in the compoun@ the ring exists in the crown conformation as shamthe Figure

2.14.

Compound-3 Compound-4
Compound-5 Compound-6

Figure 2.14.Conformations of the Cu-dimer rings present indgbmpounds, 4, 5, and6.

The Cu atoms in the dimers have a square pyrangeametry in which the unpaired
electron in the magnetic orbital on each coppemampredominantly dé«y?), thex and

y axis being roughly defined by the copper to phosplte oxygen bonds. These orbitals
on Cu atoms are delocalized toward the 2p oxygbitaits of the O—P-O bridge and the
exchange coupling through the phosphonate grougenie operative. The overlap
between the magnetic orbitals of the Cu(ll) ion &m&l bridging oxygen atoms defines the
pathway for the delocalization of the electron dgnbetween the metal centers. The
conformation of the dimer ring can be explainedeblasn the torsion angles between the
Cu—O—-P-0O atoms. The eight membered Cu-dimer casxplkained by considering four
types of torsion angle as shown in the SchemeThé& .average of the torsion angles along
the same bridges are representeda@y tavg2 IN symmetrical Cu-dimergygi= tavgzand in
unsymmetrical Cu-dimers these values are not dquadch other. Torsion angle explains

the deviation of the phosphonate group from them@a-O plane in the Cu—O-P-0O-Cu
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skeleton, which accounts for the electron densdlochlization pathways between the
metal centers. Doyel et.aleported a series of copper complexes with pyrsphate
bridges in which the slight structural differen@@ncerning the Cu—-O—P-O—-Cu skeleton
are measured by the angles P-O-Cu anged the anglé between the O—-P-O plane
and Cu—O axig® For the larged values the main delocalization from the metal tiorthe
bridge occurs through & pathway leading to strong antiferromagnetic cbutions. A
simple discrete Cu-dimer bridged by the pyrophosphait was reported by the kruger in
which the overlap between the magnetic orbitalheftwo Cu (Il) ions are predicted to be
o exchange pathways as a result weak magnetic cguphat is expected with the
values —20 cit.*” As shown in the Table 2.3, Vvalues for the chair conformations are
more when compared to the crown conformation. Aedmrelationship is observed
between thelper values andrayg values in the compounds 3, 4, 5, and6. It is also
interesting to note that for compouédwhich has the crown conformation the predicied

value is very low and positive,

Tl p Tz Tl = Cu—0-P-0,
1
01/ o, Ty =Cu,-0,-P,-0,
Cu1/ >CU2 T3 = Cu,-0;-P,-0,
N\ o] T4=Cu,~0,P,-0,
03\P /
z Tavo1 =TT T
T T avgl 1 2
3 4 Taver=T31T T
avg2— '3 4
T avgl =T avg?2 (For symmetrical rings)

Tavgl 7’3 TanZ (For Un-symmetrical rings)
Scheme 2.5Torsion angle measurement of the symmetrical axsgmametrical Cu dimers

matching nicely with the experimental results. mpound6, the two Cu atoms are
bridged differently by the O—P—O moieties in thevem conformation which enables the
Tavg t0 go below the critical limit stabilizing the pfet state making the exchange
parameter positive. Only a few three atom phospieobadged Cu(ll) complexes are
available for comparison. Chandrasekhar etrgported simple discrete phosphonate
bridged copper complé® [Cux(p-CsH7POs)o(bpyap(H20):]*(H-0), in which the J
value is —1.53 cM with 7,4 value 100.5°. In contrast Zurowska found a weak
ferromagnetic interaction between the two metaltersnin the compound G-
mpmpe)(H20),(NO3), with J = 1.86 cmi* in which zayg is 72.5%% Also Chandrasekhar
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reported a series of hexanuclear compotffids which the Cu-dimers bridged by
phosphonic acids are linked by the oxo-bridged @ued The magnetic exchange in these

compounds is mainly due to Cu(ll) ions bridged &y groups only.

Table 2.3 Magnetostructural Correlations (See also Schedia 2

C.No. | deycu(B) | Confomation | Taygi/ Tavg2(®) J (cm™) Joer (M) Ref.

1 5.12 Chair 98.70/98.70 ---- -13

3 5.15 Chair 99.32/99.32 —36.44 -51

4 5.14 Chair 102.4/102.4 ~3.03 ~68 This

5 5.11 Chair 99.18/99.18 118 —45 | Work

6 5.08 Crown 95.31/99.74 +1.14 +4

2 5.17 Chair 100.79/100.79 -1.53 20a
4.69 Chair 73.02/73.02 1.86 20b

1 4.73 Crown 57.35/82.38 -2.35 16e

3 491 Crown 72.06/91.76 -0.23 16e

*Sign of the torsion angle was not considered whervalues are averaged

The weak antiferromagnetic exchange is observeddsgt the Cu(ll) ions bridged by the
phosphonic acid group withvalues in the range of —0.23 to —2.35tim which the Tavg
values are in the range of 50° to 85°. In the phospte bridged Cu (Il) complexes, if the
Tavg Values are below 90° then weak antiferromagnetet farromagnetic interactions are
observed between Cu(ll) ions; f,4 value is more than 80then a moderate to strong
antiferromagnetic interactions are observed betw&enCu(ll) ions. Even though this
factor is important in determining the magnitudetloéd exchange parameter, additional
factors are also needed to fully account the vanatin the exchange parameters, e.g.,
electronic effect induced by the atoms connectatieamxygen atom which are not part of
the dimer.

2.3.8.2.Electronic effect induced by the peripheral subunis.

In the phosphonate bridge, the oxygen atom whigbrasonated and non coordinated in
the compounds, 4, and5 and it is deprotonated and coordinated to thgelalectron
withdrawing group MgO;, in the compound, which exerts the electron withdrawing
effect on the bridging atoms, thereby decreasiegetactron density on the oxygen atoms.
This causes a small overlap between the metal niagasbitals through the bridge

resulting in the exchange to be very weak. Doyemshthe effect of protonation of non
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coordinated oxygen atom on the exchange parametehe pyrophosphate mediated

magnetic interactions in Cu(ll) coordination conxas®

2.4, Conclusion

In summary we report here the six new coordinagiolymers (—6) based on the simple
building unit Cu-dimer bridged byp-xylylenediphosphonic acid and secondary chelated
linkers (2,2-bpy,1,10-phen). We have explored the coordinattemistry of eight
membered Cu-dimer ring, in which the terminal sdes chelated by secondary linkers, as
SBU in construction of multi-dimensional coordimatiarchitectures. The mechanisms for
the formation of Cu-dimer starting from thié to 1 and2, 3A to 3 have been investigated
with varying the temperature. Compourids3 represents the classical example in which
the pH, induced by the secondary linker, changasposition of the structure. The
compounds4 and 5 represent the 2D architectures of the Cu-dimerneldd by the
organic linker HL in which the dimer acts as node angl. Higands as linkers. The large
void spaces in the (4, 4) connected netd ahd5 can be potentially used for the host—
guest phenomenon which has been proved by the delydrehydration of the lattice
water molecules. Compourédrepresents the 2D coordination polymer of the diwigch

is extended by the inorganic linker M@ . All the compounds are thermally stable up to
the temperature region 350 °C. The OPO bridgebarBtmembered Cu-dimer rings show
net antiferromagnetic interactions between the ICigihs in the compounds, 4, 5 and6.
DFT calculations correlates the magnitude of theharge parameter with the
conformation of the 8—membered ring based on ttedim angles of the conformation that
reveals the electron density delocalization patsmagtween the two Cuons through
OPO bridges. By changing the linkers (organic amatganic), the conformation can be
tuned which enhances the magnetic exchange bettheemetal centers. In short this
article gives comprehensive study of the new classSBU (Cu-dimer bridged by
phosphonic acid) in metal phosphonate chemistrypinspects of formation and
stabilization in coordination matrix, which giveppmrtunity to construct the coordination
polymers with potential void spaces and finally pemature dependent magnetic exchange
phenomenon through phosphonate bridges. We arerghgsvorking on exploration of

this SBU with various linkers to design the materigith functional applications.
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Table 2.4.Crystal data and structural refinement paramétgrsompoundd—6

Chapter 2

1 2 3
Empirical formula GaHeoCN4O,4Pg Cy4H56CUN4O25P GoHs2Cu NyOyoPy
Formula weight 1341.86 1305.83 1159.82
T(K) / MA) 298(2) /0.71073 298(2) /0.71073 298(2) /@73
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 P2;/n P-1
a (A 7.506(4) 9.9084(17) 7.4340(8)
b (A) 11.972(7) 17.024(3) 11.6079(13)
c (A 15.631(9) 16.134(3) 13.8609(16)
a (%) 86.158(10) 920 99.406(2)
B(°) 79.073(10) 106.403(2) 92.522(2)
v () 81.553(10) 90 97.815(2)
Volume (&) 1363.1(13) 2610.7(8) 1166.4(2)
Z, peaica(g cni®) 1,1.635 2,1.661 1,1.651
n (mmt), F(000) 1.043, 692 1.084, 1344 1.134, 598
goodness-of-fit on ¥ 1.052 1.029 1.048
R1/wR2 [I > 2 ()] 0.0533/0.1170 0.0322/0.0895 0.029626D
R1/ wR2 (all data) 0.0701/0.1252 0.0347/0.0913 0.0316/0.0847
Largest diff peak/ hole (e A 0.567/-0.409 0.471/-0.568 0.423/-0.250
4 5 6
Empirical formula 18E1,0CuUN,O,P, GoH24CUN,OgP, GgH2sCwpM0o,N,O14P
Formula weight 501.84 561.89 1025.46
T(K) / MA) 298(2)/0.71073 298(2)/0.71073 98@2)/0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
a (A 9.9763(11) 10.725(4) 11.130(6)
b (A) 10.1710(11) 10.896(4) 12.406(7)
c(A) 11.3001(13) 11.456(4) 13.926(7)
a(°) 110.125(2) 66.984(6) 1.952(8)
B(°) 108.317(2) 64.714(5) 2.257(8)
v () 92.168(2) 84.486(6) .&76(7)
Volume (&) 1008.26(19) 1110.1(7) 16715)
Z, Pearca(g crm) 2,1.653 2,1.681 2
n (mm), F(000) 1.287, 514 1.18578 2.227,1016
goodness-of-fit on ¥ 1.047 1.056 1.065
R1/ wR2 [I > & ()] 0.0342/0.0892 0.060¥A521 0.0290/.0704
R1/ wR2 (all data) 0.0420/0.0925 .0786/0.1628 0.0338/.0726
Largest diff peak/ hole (e A 0.453/-0.374 1.7370.887 0.7640.475
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Table 2.5.Geometrical parameters of thed - - O hydrogen bonds (A),involved in supramolecular
networks of compounds 3, 4and5.? D=donor; A=acceptor.

D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
Compound-1
0(14)-H(11C)...0(9)#3 0.76(5) 2.23(5) 2.964(5) 161(5)
O(4)-H(9A)...O(5)#4 1.02(7) 1.47(7) 2.474(4) 166(6)
0O(10)-H(6A)...O(10)#5 0.85(6) 1.66(6) 2.511(5) 171(6)
O(5)-H(1A)...O(4)#6 0.58(5) 2.46(5) 3.024(6) 165(7)
O(3)-H(3A)...O(N)#7 0.74(4) 1.85(5) 2.584(4) 172(5)
Compound-3
0(10)-H(10B)...O(7)#2 0.92(5) 1.93(3) 2.783(3) 153(4)
0(10)-H(10A)...0(8)#3 0.86(4) 2.12(4) 2.928(7) 156(3)
0O(8)-H(8B)...O(6)#4 0.88(5) 2.26(5) 3.083(3) 154(4)
0O(8)-H(8A)...O(5)#5 0.95(5) 1.91(5) 2.825(3) 163(4)
0O(6)-H(6A)...O(5)#5 0.84(4) 1.74(4) 2.580(2) 173(4)
O(3)-H(3A)...O(7)#6 0.70(3) 1.8%( 2.580(2) 173(3)
Compound-4
O(6)-H(6)...0(5)#4 0.82 1.78 2.598(3) 174.2
Compound-5
0O(6)-H(60)...0(B)# 4 0.82 1.83 2.613(5) 160.5
O(7)-H(7B)...0(7)# 5 0.72(12) 2.21(11) 2.859(15) 132(15)
O(7)-H(7A)...O(6)# 4 0.64(7) 2.37(8) 2.964(9) 156(9)
0(9)-H(9B)...0(2)# 6 0.94(11) 2.35(11) 3.199(8) 150(9)

"(1) #3 X,-y+1,-z+1; #4 X+1,-y+2,-2+1; #5 -X,-y+2+4; #6 -X,-y+1,-2; #7 -Xx+1,-y+2,-z
(3) #2 x,y-1,z; #3 -X+1,-y+1,-z+1; #4 -X+1,-y+2,-7+&5 -X,-y+2,-2+1; #6 -X,-y+2,-z+2
(4) #4 -x+1,-y+1,-z+1 (5) #4 -x+1,-y+1,-z+2; #5 -X#{,-z+2 ; #6 x-1,y,2
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Synthesis, Structural Characterization and Properties of
One-Dimensional Coordination Polymers of Cobalt(II)-
and Nickel(II)-Phosphonate Complexes: Influential Role

of Secondary Ligand and Biphenyl Spacer

gowisting of pheny; .
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Chapter 3 describes the structural consequences in the metal phosphonate architectures by
introducing secondary ligand, and explains the role of biphenyl spacer in modulating the
dimensionalities. Two isomorphous  cobalt and  nickel  phosphonates  [M"(2,2"-
bipy).HspxpJo[Hpxp]n M = Co (compound 1), M = Ni (compound 2) were synthesized from p-
xylylenediphosphonic acid (Hspxp) with 2,2 °-bipyridine as secondary ligand component and the
two other compounds [Co (2,2 -bipy) (Hdbp)], (3) and [Ni (2,2 "-bipy).(H-dbp)(H-0)]-H-0 (4)
were synthesized from 4,4 -dimethylenebiphenyldiphosphonic acid (H.dbp) with 2,2 “-bipyridine
as secondary ligand. All the compounds are characterized by routine elemental analyses, IR-,
electronic-spectral analyses, thermogravimetric studies and unambiguously characterized by
single crystal X-ray crystallography. The crystal structure of compounds 1 and 2 consists of 1D
[M(2, 2 -bipy);Hspxp]>* chains, and [H.pxp]?>~ anions. The flexibility of non-rigid ligand p-
xylylenediphosphonic acid (H4pxp) tends to adopt a rare cis conformation in the crystal structure
to meet the coordination requirement of the metal centre from the usual trans conformation. The
hydrogen bonding in the crystal structure of compounds 1 and 2 leads to cylindrical tubes that
extends via p-xylylenediphosphonic acid resulting in a 2D supramolecular sheet. Compound 3 is a
1D extended coordination polymer constituted by the Co-dimer rings and H.dbp ligands and 4 is a
discrete molecular compound. A comparative study between the geometries of H,dbp ligand and
Hipxp ligand demonstrate the effect of the twisting in the benzene rings in changing higher
dimensional Hypxp (x refers to number of protonated hydroxyl groups) compounds to lower
dimensional H.dbp compounds. The eight membered Co-dimer rings formed in compound 3
represents the simple and isolated Co-dimer, exhibiting weak antiferromagnetic exchange

between metal centers through OPO bridges.




Secondary Ligand and Biphenyl Spacer...

3.1. Introduction

Metal organic frameworks or coordination polymems the class of materials that subject
to enormous interest in the recent years in prdspef potential applications, such as,
storage materials for gases, hi-capacity adsorberaglysis, bio-medical imagirg.
Carboxylates constitute the major part of thesetional materials to show high surface
areas and uniform pore size distributiér®n the other hand, metal organophosphonates
are among the earliest and most extensively stuelt@anples of extended coordination
architectures. Clearfield et al. reported several metal phosptematnd explored the
structural chemistry relevant to functional appiiwas® In contrast to carboxylates,
phosphonates have strong tendency to coordinate thet metal centers, but the major
problem in preparing crystalline phosphonate bad@fs is the less solubility of these
materials’ The solubility of the metal phosphonates decreasebe valency of the metal
atom increases. Usually phosphonates are havingopemsity to form dense packed
layered structures with general formula®sP(organic spacer)P{y which are not
porous in naturé.The layered structures can be modified by intrauyicsecondary
ligands, such as, Z2;bipyridine, 1,10-phenanthroline etc. It is worttentioning that, the
introduction of secondary ligands leads to formatad not only extended coordination
structures with well defined channels but alsoeases the solubility which often hinders
in formation of crystalline materials.

Different types of organic spacers, such as, arohaikyl,® heterocyclic® etc. are used
in obtaining metal phosphonates. Rigid aromatic cega such as, 1,4-benzene
bisphosphonic acid and 4,4’-biphenyl bisphosphawid are used widely to obtain several
compounds that feature layered structures. Sontkeometal phosphonates, obtained by
using these phosphonic acids, have less solubitityare characterized by powder X-ray
diffraction instead of single crystal methddsThe attachment of flexible groups. CH,
groups to these rigid ligands results in the fléxiligands that can also form a layered
structure as shown by rigid ligands. But introdoctiof secondary ligands along with
flexible ligands offers us to study the differemnéormations of the ligands which enable
us to design the desirable frameworks and als@as&s the solubility of the compounds
formed. P-xylylenediphosphonic acid @dxp) is a well defined flexible ditopic ligand
which was studied elaborately with and without sefzoy ligands?
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Scheme 3.1Ligands used in this work

By introducing the flexible Ckgroups to the 4/4biphenyl bisphosphonic acid, it results
in the formation of versatile ligand 4;dimethylenebiphenyldiphosphonic acid4{Hp).
The versatility of this ligand is, the twisting tife benzene rings in the biphenyl spacer
changes the orientation of the flexible £groups that has impact on the coordination
modes of the P¢H, groups. Here, we report four compounds [Co(2,2"-
bipy)oHapxp][H2pxpl (1) [Ni(2,2"-bipypHapxpl[H2pxpl: (2) based on kpxp and [Co
(2,2"-bipy) (Hdbp)} (3) and [Ni (2,2 -bipy)(H.dbp)(H:0)]-H.O (4), based on ktibp
with secondary ligand 2,2"-bipyridine.

In compoundd and2, the neutral ligand Lldacts as the linker iois conformationvia its
coordination to the metal ion ¥through P=0 resulting in [M2,2"-bipybLH4]*" as a di-
positive cation, which, in turn, is stabilized byetdeprotonated anion LHin trans
conformation. To our knowledge, this is the firshstance of a metal-p-
xylylenediphosphonate compound that is isolatech véit secondary ligand component
(here it is 2,2 -bipyridine) in its botbis and trans conformations. Compound® and 4
demonstrate the influence of the benzene ring itvgsin the biphenyl spacer ofH#bp
ligand. The effect was discussed in detail in comgpa with the Hpxp ligand Variable
temperature magnetic susceptibility measurementsthef compoundl have been
performed and the results are fitted through theortétical equations to obtain the
magnitude of the exchange parameter.
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3.2. Experimental Section

3.2.1. Materials and Methods

All the chemicals were received as reagent grade ased without any further
purification. Hpxp and Hdbp were prepared according to the reported proeédu
Elemental analyses were determined by FLASH EAeselil12 CHNS analyzer. Infra red
spectra of solid samples obtained as KBr pelletsaodASCO — 5300 FT - IR
spectrophotometer. Thermogravimetric analyses veargied out on a STA 409 PC
analyzer and corresponding masses were analyz€Mfy 403 C mass analyzer, under
the flow of N, gas with a heating rate of°® min*, in the temperature range of 30-1000
°C. The electronic absorption spectra have beerrdedoon a Cary 100 Bio UV-visible
spectrophotometer at room temperature. Magneticegtibilities were measured in the
temperature range 2-300 K on a Quantum Design VEMHB. The compounds were

synthesized in 23 mL Teflon-lined stainless vesEBtgrmocon, India).

3.2.2. Synthesis

Synthesis of [Co(2,2"-bipy) (H4pxp)]n[H 2pXp]n (1)

A mixture of NaMoO,-2H,0 (0.038 g, 0.158 mmol), 2,2 -bipyridine (0.034 g2Z1
mmol), HPO;(CgHg)POsH, (0.115 g, 0.436 mmol), CoOH,0O (0.123 g, 0.440 mmol),
H,0 (10 g, 555 mmol), and concentrated HF (0.125ghole ratio 1:1.3:2.75:2.78:3512
were stirred under air atmosphere for few hour® 3dlution was transferred into teflon-
lined stainless steel vessel (25 mL), sealed amdeteup to 200 °C for 96 h. By slow
cooling of the reaction mixture to room temperatover two days red block crystals were
obtained. Yield: (0.18 g, 45%). CHN analysis: Anaalcd. for GgHzgN4P4,0..Co: C,
47.96; H, 4.24; N, 6.21. Found C, 48.12; H, 4.196N9. IR (KBr pellet)¢/cm™) for 1:
3425, 3088, 2744, 2648, 2334, 1658, 1597, 15129,14640, 1255, 1141, 1097, 979, 927,
810, 771, 733, 684, 567, 507.

Synthesis of [Ni(2,2"-bipy) (H4pxp)]n[H 2pXp]n (2)

The same synthetic procedure was used to synéh2sig that forl except NiS@ 7H0
was used instead of Cog@H,O. Yield: (0.10 g, 25%) CHN analysis: Anal. calddr
CaeH3sN4P,O1NI: C, 47.97; H, 4.24; N, 6.21. Found C, 47.88;428; N, 6.15. IR (KBr
pellet)/cm™) for 2: 3425, 3097, 3003, 2627, 2361, 1649, 1599, 1546911440, 1255,
1141, 1093, 978, 927, 771, 736, 684, 569, 511.
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Synthesis of [Co (2,2 -bipy) (Hdbp)], (3)

A mixture of CoS@ 7H,O (0.097 g, 0.348 mmol), 2,2"-bipyridine (0.05 g32D mmol),
H4dbp(0.149 g, 0.436 mmol), 4D (10.0 g, 555 mmol) in mole ratio 1.08:1:1.3:17@&re
stirred under air atmosphere for few hours. Thetsm was transferred into Teflon-lined
stainless steel vessel (23 mL), sealed and heatéal 180 °C for 72 h. By slow cooling of
the reaction mixture to room temperature over 48dh block crystals were obtained.
Yield: 72%. CHN analysis: Anal. calcd. fopf2,CoN,OgP, (555.31): C 51.91, H 3.99, N
5.04; Found C 52.09, H 4.19, N 5.58. IR (KBr péli@fcm™): 2905, 1597, 1496, 1473,
1439, 1408, 1205, 1130, 1080, 1020, 922, 835, 785,592, 526, 474.

[Ni (2,2"-bipy)2(H2dbp)(H20)]-H20 (4)

The same synthetic procedure was used to synthésizehat for3 except NiS@Q 7H,O
was used instead of Co%0@HO. Yield: 66.3%. CHN analysis: Anal. calcd. for
Ca4H34N4NiOgP, (747.30): C 54.65, H 4.58, N 7.49; Found C 5518%.09, N 7.99. IR
(KBr pellet) p/cm™): 3477, 3354, 3059, 1658, 1599, 1568, 1494, 14307, 1248, 1161,
1068, 1022, 885, 765, 734, 590, 536, 470.

3.2.3. Single crystal X-ray structure determinationof the compounds 1-4
Single-crystals suitable for structural determioatiof all the compoundsl{4) were
mounted on a three circle Bruker SMARTAPEX CCDeadletector system under MaxK
(A=0.71073 A) graphite monochromated X-ray beamstaifyto detector distance 60 mm,
and a collimator of 0.5 mm. The scans were recowiéid an® scan width of 0.3°. Data
reduction performed by SAINTPLUS? empirical absorption corrections using equivalent
reflections performed by program SADABY, structure solution using SHELXS-4%
and full-matrix least-squares refinement using SMEQ7**? for above compounds. All
the non-hydrogen atoms were refined anisotropicallydrogen atoms on the C atoms
were introduced on calculated positions and wecdtuded in the refinement riding on
their respective parent atoms. Some of the hydr@aems of the hydroxyl groups were
identified by the Fourier electron density and mefl freely and some of the hydrogen
atoms on the P—-OH groups in the compounds are fiyethe proper HFIX commands.
Attempts to locate the hydrogen atoms for the sulweater molecule in compountl
through Fourier electron density were failed. Hoarewio attempts were made to fix these
atoms on their parents. Due to tiny crystals of goumd4, we obtain slightly poor quality

data which reflects in R factor and,Rvalues slightly greater than the expected limits.
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Table 3.1 summarizes the structural data and mefemé parameters of the studied crystals.
The selected bond lengths, bond angles and hyditogeting parameters are presented in
the Table 3.2 and Table 3.3 respectively.

3.3. Results and discussion

3.3.1. Synthesis

Compoundsl and2 have been synthesized by a direct one pot reacfioiSO,- 7H,O
(M= Cc®" and Nf") with phosphonic acid pxp, 2, 2"-bipyridine and sodium molybdate
under hydrothermal conditions in the presence afr¢fjuoric acid. Compound3 and4
have also been synthesized by a direct one potisaacf MSQ,- 7H,0 (M= C&* and
Ni?") with Hsdbp and 2, 2 -bipyridine under hydrothermal comwdisi. All the compounds
were obtained as well-formed blocks. All the compaaiare non-hygroscopic and stable
in air and insoluble in common organic solvents endater. Sodium molybdate, used in
this synthesis, is not the part of the isolated poumdsl and2. We believe that sodium
molybdate plays an important role in this synthéssause the crystals of compournds
and 2 cannot be obtained, if we do not use sodium maiddn the relevant synthesis.
The ratio of the reactants is optimized by doingesal experiments to obtain compounds
with moderate yield. Also the ratio of the reacsaistprimarily responsible for forming the
simple building unit (SBU) of eight membered dimiags in compoun@

3.3.2. Description of crystal structures

Structural description of [Co(2,2"-bipy). (Hapxp)]n[H2pxp]n (1) and [Ni(2,2"-bipy)-
(Hapxp)]n[H 2pxp]n (2)

Both compoundsl and 2 that crystallize in a monoclinicC2/c space group are
isomorphous. The structural details for compo@rare described herewith. The thermal
ellipsoidal plot of the molecular structure of cavopd 2 is shown in Figure 3.1. As
shown in Figure 3.1, the nickel ion is in NID, octahedron constructed by four nitrogen
atoms from two bipyridine molecules and two oxygeoms from two phosphonic acids.
The phosphonic acid is coordinated to the metahatwith P=O groups on both sides
which is in good accordance with the@® bond length of 1.478 and thereby the charge
is balanced by the uncoordinated phosphonic acigthwis deprotonated from LHto
LH,>".
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Figure 3.1. Thermal ellipsoidal plot of the molecular strueturof compound [Ni(2,2"-bipy)
(Hapxp)li[H2pxpln (2); hydrogen atoms are not shown for clarity (30%obability). Hpxp =
(HO),0=PCHCsH,CH,P=0(0OH) cis conformation; kpxp” =(HO)(O)O=PCHCeH,CH,P=0(0)(OH),
Trans conformation

In the crystal structure, an extended nickel cawmtion complex {NiGQN4} (chain like)
polymer is formed by the use of LKp-xylylenediphosphonic acid) as a linker. Along the
chain, the nickel (II) ion has a coordination numbésix (6) and is in the centre of a
distorted octahedron formed by four nitrogen doris two bipyridine ligands and two
terminal oxygen atoms (P=0) from two different knk. The formation of chain is
schematically shown in Scheme 3.pxylylenediphosphonic acid (in its neutral form)
adopts acis conformation by coordinating with the transitionetad ion andtrans
conformation in its anionic form (uncoordinated)sa®wn in Scheme 3.3.

. /T

{NiN 402} p-xylylenediphosphonic acid incis
conformation

IR JNE IR T

Scheme 3.2Schematic representation of formation of 1D chain.

By introducing a secondary ligand component (2jgisidine in the present studies)
blocks four coordination sites i.e. three equatoaiad one apical positions of metal
octahedron, leaving one equatorial and one apited svailable for coordination with
LH4. In order to meet this coordination requiremerd. (ito satisfy the coordination sites:

one equatorial and one apical sites) a flexible-mgid ligand (p-xylylenediphosphonic
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acid in the present case) has to adopt adiarnformation. This conformational freedom
of LH,4 allows the existence of bottis and trans conformations in the same crystal
structure, which may not be observed / possible th@ similar rigid system like
((HO),O=P-GH,—P=0(OH}).

OH TH

HO\Fl) =0 o§/P
HO
P/OH
/P\ \O

HO 0 OH

OH
cisconformation trans conformation

Scheme3.3. cis andtrans conformation of Hpxp ligand.

The existence gb-xylylenediphosphonic acid in itsgs conformation in the present study
is first paradigm of its kind; the literatures el to crystal structures op-
xylylenediphosphonic acid-associated compounds db say anything about itgis
conformation. The arrangement of coordinated nelfrl, in its cis conformation and
uncoordinated anionic L#¥ in its trans conformation in the packing diagram is shown in
Figure 3.2.

trans conformation

ﬂ

UHJ\'U'FO’\'U

L= L AL
I

Figure 3.2.Arrangement otis andtrans conformations op-xylylenediphosphonic acid in the packing
diagram of compound.

As shown in Scheme 3.2, the linkg@rxylylenediphosphonic acid) is attached to the two
different metal centers on its both enis its terminal oxygen atoms (P=0) and thereby
extends the structure in one dimensional runninglieh to the crystallographic axis.
The structure of compourtihas not been shown here, because both compduzacid2

are isomorphous and crystallize@2/c space group.
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In both the complexes and2, the metals are present in +2 oxidation statemaationed
above, the phosphonic acid is coordinated to thalnaoms with P=O group on both
sides which is in good accordance with th€@Fbond length of 1.478 (Table 3.4) and
thereby the charge of overall complex is +2, whicls counter-balanced by the
deprotonated phosphonic acid )H So the resulting ion paired compounds can be
termed as clathrated complexXes.The fact, that the coordinatectis p
xylylenediphosphonic acid is neutral and the undmatedtrans p-xylylenediphosphonic
acid is ionic, is supported by the observed phospi®oxygen bond lengths present in
compound? as described in Table 3.4.
From Table 3.4, it is clearly evident that neupshbsphonic acid is coordinated to metal
and the charge is balanced by the deprotonatedppbog acid which is uncoordinated.
The assignment off© bonds according to the bond lengths are in ge@odrdance with
the relevant reported valu&sUse of secondary ligand component, 2,2"-bipyriditeeks
the four coordination sites of the metal centreréby preventing the spatial expansion
into 3-D as reported fomp-xylylenediphosphonic acid-associated compound he t
literature’” Thus the careful selection of the secondary ligemehponents allows us to
direct the dimensionality of the coordination pobns

R(8)

Y i b
.h
. o1

trans phosphonat

C(4)= {--04-PZz-06-H6--}

Scheme 3.4Hydrogen bonding situation involving bottis and trans p-xylylenediphosphonic acid and
p-xylylenediphosphonate anion respectively: 2,2ybgine andcis p-xylylene moiety are not shown for
clarity, dotted lines indicate hydrogen bondirg;(8), C(4) are the graph set notations for the hgeino

bondings.

In the crystal structure, there are four protonsated on PO bonds, resulting in four
P-OH groups (two in the coordinateiss LH, and two in uncoordinatetlans LH,) and
thereby an extended hydrogen bonding situatiorxjpeeed. The oxygen atoms (Ol &
02) of the metal coordinatemils phosphonic acid are strongly hydrogen bonded tgemy
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atoms of uncoordinatelans phosphonic acid (04 & O5) with in a distance egf®and
2.52 A respectivelyThe values are in good accordance for strong lg@irdonding. The
oxygen atom (O6) of th&ans phosphonic acid is strongly hydrogen bonded tateero
trans phosphonic acid oxygen atom O4 with in a distarfc2®7 A and so on resulting in
a one-dimensional chain like arrangement that parallel to the crystallographaxis
with notation C(4)}---O4-P2-O6-H6a--}. Each metal center of a coordination polymer
(for example chain A) is hydrogen bonded to its @epacenttrans phosphonate anions
(LH2) from opposite sides involving two hydrogen bon@®(1)-H---O(4) and
O(2)-H---O(5)) to form a rings of notati@z(8). Each of these LiHohosphonate anions,

in turn, is hydrogen bonded to anothens LH, phosphonate anion by O] --O(4)
hydrogen bond[C(4)] (Scheme 3.4). Each of theseormbageneration LK is again
hydrogen bonded to a second coordination polymer ékample chain B) by using
O(1)-H---O(4) and O(2H---O(5) hydrogen bonds to form a rings with notas3(8).
These chains A and B constitute a cylinder-likeragement with the assistance of four
trans LH, components (Scheme 3.4). These cylindrical arraegés are, consecutively,
linked with another set of cylindrical arrangemeassthe linker is (—-CHCgH4-CHx—) as
shown in Figure 3.3. The relevant hydrogen bondiistances and angles with symmetry

operations of both the compounds are listed in&@8L3.

Figure 3.3.The molecular packing diagram @&f characterized by hydrogen bonding when viewedrditmw
the crystallographib axis; 2, 2" -bipyridine moieties are removed foritja

Structural Description of [Co (2,2 -bipy) (H.dbp)]n (3)
Compound3 crystallizes in triclinic space grodp1. As shown in the Figure 3.4a, Co(ll)
ion is present in square pyramidal G@¥geometry constituted by the two nitrogen atoms

from 2,2-bipy ring and three oxygen atoms from thregdibf?~ ligands The ligand
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H.dbp?™ coordinates to the two Co(ll) centers on eithdesiwith different coordination
modes (Figure 3.4b). The R group on the arm C24—P2 of twedh’ ligands bridges
the two Co(ll) ions in a typicalgbridging mode to form a eight membered Co—(GRO)
Co ring leaving P-OH groups into the interstitialspions as shown in the Figure 3.4c.
The PQH group on the other arm C11-P1 of the same tydbft™ ligands connects the
Co atoms of two eight membered rings through P=d@igiin |4 coordination mode at the

apical positions leaving P-OH and P-o the interstitial positions.

(a)

(b)

Col ., }/‘ .
05 .
P2 . i

P2 ¢
05

04
Col

(c)

Figure 3.4.(a) Molecular diagram of compoudwith metal polyhedra labeling, (b) Coordinationdes of
PO;H groups in Hdbp?™ of compounds, (c) Eight membered Co-dimer ring formed in commub8 (left),
pair of Co-dimers connected by the pair gtibl™ ligands to form a closed loop (Right).

The P-O bonds are assigned based on the bond detingthare in good agreement with
the literature [20]. Two such types ofdb ligands with 4 and | coordination modes
link the four Co atoms to form a closed loop aswshin the Figure 3.4c. These loops are
extended by other set of loops to form a 1D extdrditmible chain as shown in the Figure
3.5. The ligand bbb~ anion exists in a typicatans conformation with antiperiplanar

torsion angle of 177.7° between two phosphonic goidips (viewed through P1-C11—
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C24-P2) and creates a separation of 14.91 A betivemmetal centerdn the biphenyl
skeleton of Hdbp’~ ligand, the phenyl group connected te-RQH group twists from the
phenyl group connected to the4PGQH by an angle of 16.46° (Scheme 3.5).

vy Y -
%&ﬁ%&@% 5

Figure 3.5.1D extended double chain formed in the compa®ind
Usually in the flexible ligands, if the ligand etgsin trans conformation it leads to

formation of higher dimensional structures but ampoundl the trans conformation of
the Hdbp? ligand forms a 1D chain with G@H.dbp) loops as shown by generalijs
conformation. This is probably due to availabiliymore number of oxygen atoms on the
phosphonate groups (B and also the minor twist in the benzene ringthefbiphenyl
spacer that tends to form a closed loops rather élxéended structures. As anticipated, the
classical hydrogen bonding is observed betweenPtH@H groups of two adjacent 1D
chains. The P—-OH groups present on the arm in wi&yH group exhibits p
coordination mode are involved in the strong hyérogonding between two adjacent 1D
chains to from a 2D supramolecular sheet (Figuse 3.

Figure 3.6.2D supramolecular network formed due to hydrogemding between the P—OH groups of the
adjacent chains in compoud

Structural description of [Ni (2,2"-bipy)2(H2dbp)(H20)]-H20 (4)

Compound4 is a discrete compound that crystallizes in miclispace grougP-1. The
relevant crystal structure consists of dipositive ibh in distorted NINO, octahedral
environment constituted by two bipyridine liganétspbp’™ ligand, one coordinated aqua
ligand and one lattice aqua ligand (Figure 3.7ajo Dipyridine ligands block the three
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equatorial coordination sites and one apical coatthn site of the Ni(ll) octahedron
leaving one equatorial and one apical sites fordioation with the phosphonic acid. The
Ni—N bond distances are in the range of 2014 2.082A. The residual equatorial site is
coordinated by the phosphonic acigdHp in the dianionic form kdlbg?™ through the P=0
group and the remaining apical site is coordindgdhe aqua ligand with Ni—O distance
of 2.077A. One arm of the piibp’” ligand is coordinated to the metal polyhedra thtou
P=0 group, withy; coordination mode leaving P—OH and P-gdoups into interstitial
positions and the other arm (BM) remains uncoordinated resulting in a discrete

molecular structure rather than coordination polyme

(b)

Figure 3.7. (a) ORTEP diagram of compouddat 30% probability level (Hydrogen atoms are orditter
clarity), (b) Conformation of BHibg ligand in compounds, (c) 1D supramolecular chain formed due to
hydrogen bonding between the adjacent moleculds.uni

In the biphenyl skeleton of b~ ligand, the phenyl ring connected to the non-
coordinated PgH arm is twisted from the phenyl ring connectedht® coordinated P4
arm by a large angle of 39.04° (Scheme 3.5); cares#ty the orientation of CHPGH
group of the twisted phenyl ring completely devsabeom the mean position as shown in
the Figure 3.7b. Further the two GHPQ:H groups of Hdbp*™ ligand are twisted with
respect to each other by an antiperiplanar torsiogle of 157.51°. The formation of
discrete structure apart from the extended cootidimatructure is mainly attributed to the

large twisting of the phenyl ring in the biphenkkteton from the mean position.
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Due to presence of P-OH groups, classical hydragenling was observed between the
molecular structures. The P-OH group on the nomeionated PGH arm of one
molecular compound is strongly connected to the PgitOup of the coordinated B
arm of other molecular compound and vice versautjitochydrogen bonding to form an
eight membered (8) ring (Table 3.3). This type of connectivity ¢sato form a 1D

supramolecular chain along the crystallograjinéxis as shown in the Figure 3.7c.

OH ?H
HO__ 11‘370 HO [ —o0
@
— Ve e
0= ‘\OH 39.0#

—P.
o= Sou 16.46
OH

Scheme 3.5Scheme representing the twisting of the benzers iim the biphenyl spacer of thedBp? in
compounds3 (Left) and4 (Right).

3.3.3. Effect of length of the bisphosphonic acid

Compoundsl and 2 are two isomorphous structures of general formg2,2"-
bipy)Hapxpl[H2pxp]ln (M=Co(ll) and Ni(ll)) with p-xylylene bisphosphamniacid and
2,2-bipy as secondary ligand. 25Bipy blocks the four coordination sites at the ahet
polyhedra and allows only two sites for thgokp (x refers to protonated hydroxyl groups)
to coordinate with the metal center. In order teetrtlis coordination requiremente( to
satisfy the coordination sites: one equatorial and apical sites) a flexible non-rigid
ligand Hpxp has adopted a races conformation in neutral form and thereby the chadsy
neutralized by th&rans conformation of KHoxp in anionic form. These two compounds are
classical examples that feature the flexibilitytbé ligand to exist in bothis andtrans
conformations to meet the coordination geometmhatmetal centre. In the present study,
we also extend the length of the phosphonic acithtryeasing one phenyl ring f#bp) to
investigate the effect on the final structures. §'hy introducing the other phenyl ring into
the spacer, the twisting of two phenyl rings widspect to each other in the biphenyl
moiety plays an important role in the self assenpibbcess. The coordination environment
of the metals is different in both the compounds square pyramidal in compoudand
octahedral in compountl

In compound3, Co(ll) ion is present in square pyramidal geometrwhich two sites are
blocked by the 2,2bipy ring and the remaining three coordinatiomsiare occupied by

the oxygen atoms from the three ,dHf~ ligands. Compound® is stoichiometrically
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related to compound [Cu(Z;Bipy)(Hzpxp)]:2H.O (1A) reported in the previous chapter
in which the spacer in the phosphonic acid is m@henyl ring. The coordination

environment and the protonation state of the phmsigchacids is same in both the
compounds buB is 1D double chain wheredsA is a 2D layer. The difference in the
dimensionality of these two compounds is mainly doéncrease in the length of the
spacer in the phosphonic acid by one phenyl rimgsgnt study) which creates a twisting

in the biphenyl group thereby the flexible arm addifferent orientations.

Mo COOlel’lathl’l

;—» ;- coordination
) Linking H,pxp . . '
- coordination
:? ; : 35 ; - ? TWIstLdphcnvl ring W W/ —4\ {

Bridging H;pxp (j,- coordination) Mcan phenyl ring
[Cu(2,2-bipy)(H;pxp)]-2H,0 (14) s
2I; Coordination Polymer [Co (2,2"-bipy) (Hydbp)], (3)

1D coordination Polymer

Figure 3.8.2D packing diagram of Compouridh showing the coordination modes of thepkb®™ ligand
(left); 1D chain of compoun@ viewing the conformation and coordination modeshaf Hdbp~ ligand
(Right).

As shown in the Figure 3.8, in compoubd, two types of phosphonic acids are present in
the crystal structure which differs in terms of mhination mode. The bridging Jxp
bridges the Cu(ll) atoms inypcoordination mode to form a eight membered Cu-dime
rings and extended by the p-xylyl linkers to form@ chain and these chains are linked
by the linking Hpxp® ligand in @ coordination mode to form a 2D network. But
interestingly in compound®, the P@QH groups in the phosphonic acid,dbp”™ adopt
different coordination modes on either arme.(p; on one arm andjon another arm).
As shown in the Figure 3.8, one arm ofdHp"~ adopts g coordination mode and
expected to adopt same coordination mode on oitier dowever, due to twisting of the
phenyl ring B from the phenyl ring A by an anglel&.46° (See Scheme 3.5) it changes
the orientation of the P@l groups on the phenyl ring B that tends to adopt p
coordination mode rather than {0 meet the coordination geometry of the metal idns
minor twist of the phenyl ring in the biphenyl sk&ln changes the orientation of the £H
POsH groups on the phenyl ring B to adopt a differembrdination mode as a result 1D
double chains are formed in the compo@n@Figure 3.8). Wang et al., also reported a 1D
compound [Cp(phen}(Hzdbpk(H.dbp)], based on biphenyl bisphosphonic acid in which
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two types of Hdbp ligands are present in the crystal structurihvtiffers mainly in the
protonation states and adopts same coordinatioreMdd which, two Cu(ll) ions are
linked by a pair of Rdbp'” ligands to form a molecular boxes and these baxredinked

by the Hdbp~ ligand to form a 1D extended chains.

Mean phenyl ring
cis-conformation
1;- coordination

l I l }\Q—» uncoordinated
1y~ €00rdination D
. —® — _ .
S % =Ly ]
Py—"
Twisted phenyl ring

[Ni2,2"-bipy),LH,],[LH,].(2) o
1D coordination Polymer [Ni (2,27-bipy),(H,dbp)(H,0)]- H,O(4)
Discrete Compound

Figure 3.9. 1D cationic chain formed in the compoudiewing the conformation and coordination of the
H.pxp® ligand (left); Discrete compountishowing the mean and twisted phenyl rings in thabl~ ligand
(Right).

Compound4 elaborately explains the effect of the twistingtbé phenyl ring in the
biphenyl skeleton in forming the low dimensionablstures. The situation in compou#d
can be explained by the compound [Ni(2,2"-bipMpxp]i[H2pxpln (2). In both the
compounds, the Ni ion is present in octahedralrenment, in which three equatorial and
one apical coordination sites are blocked by theo t,2"-bipy rings to form
[Ni(u)ec(u)a,o(z,2’-bipy)2]2+ cation. In compoung, Hspxp adopts the ram@s conformation
to meet the coordination geometry created by tBéfpy rings at the metal center (i.e
one equatorial and one apical) resulting in a 1BircfiNi((2,2"-bipy) cis-Hipxp]>" and
the charge is neutralized by the ligangbi?~ as lattice component imans from. In the
complex cation [M[(J)eq(u);,l,o(z,2'-bipy)2]2+ the linker phosphonic acid has only possibility
to exist in thecis conformation to link the two cations. Recently Satral., also reported a
compound similar t@ with cadmiunt® which supports that onlgis conformation of the
flexible phosphonic acid has tendency to link ttyise of complex cations to form an
extended 1D chains. In a similar way in compodndthe phosphonic aciddbp in its
neutral from or anionic form (dbp’) has to adoptis conformation to meet the
coordination vacancies in the complex cation [tl)lg&(m)ap(z,Z'-bipy)g]z". In compound4,
the residual equatorial site is coordinated byHbebp’™ through P=0 group and the other
end should be coordinated to the apical site bytadg thecis conformation. But due to
biphenyl spacer in the phosphonic acid the phangl B twists from the mean plane by an

large angle of 39.04° and changes the orientatidheoPQH groups on the flexible arm
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as a result it does not meet the coordination gagraéthe metal center and does not link
the complex cations (Figure 3.9). The twisting loé tphenyl ring B to a large extent
completely changes the direction of thesAQyroups, as a result, it does not meet the
required conformationi.g., cis) to act as a linker; consequently the moleculanmex
does not extend to the 1D polymer and remains dsaete compound. The resulting
complex [Ni(2,2"-bipy)(H.dbp)] accommodates the water molecule into theaagite to
furnish the octahedral geometry.

Based on the aforementioned discussion, the atachof rigid biphenyl spacer to the
flexible phosphonate groups have an accountabéinotirecting the dimensionality of
the final products. The combination of both thestiwig in benzene rings and the flexible
nature of the Ckgroups changes the orientation of the phosphayrateps. Due to this
multiple effect, the two fold axis of symmetry indh? is absent in both the compounds
and the CH-PQH groups are twisted with respect to each otherligrsion angle of
177.79° and 157.49° in the compourand4 respectively instead of 180.0°. The similar
type of spacers (CHCH;—CsH,—CH,) were also reported with imidazoles (4,4'-
bis(imidazol-l-ylmethyl)biphenyff and triazoles (4,4'-bis(1,2,4-triazol-1-
ylmethyl)biphenyl§’. But this effect does not show any influence ia dimensionality of
the final compounds, because these ligands are ranlyodentate withy; coordination
mode. Metal carboxylates based on this ligand atereported in the literature. As the
number of coordinating atoms in the coordinatingugrincreases, the coordination modes
also increases, as result even a small twist iptemyl rings of biphenyl spacer shows a

major difference in the dimensionality as in theecaf the phosphonates discussed here.

3.3.4. Thermal Properties

The TGA curve of compound [Ni(2, 2"-bipybLH4][LH2], (2) exhibits a thermal
stability up to 320 °C. There are several weiglsek in the region from 320 °C to 900 °C
which are attributed to condensation of the hydraywyups in both the phosphonate
ligands and combustion of bipyridine and orgargads with the observed weight loss of
60% ( theoretical values of 61.3%). The final emddpict is supposed to be Ni(B@with

a formula weight of 216.0 (23%) but the observedgiMeremained is 333.0 (37%); this
increase in weight may be due to the retentioroafesBOs at this temperature as shown
by the continuous weight loss from 900 °C to 110D. Tompound [CH2,2’-
bipy)LH4],[LH2], (1) also exhibits a comparable TG curve that shibhveamal stability
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up to 315 °C. The TGA curve shows similar weighdel® as shown in the TG curve of
compound?. The final end product is supposed to be CgffP®ith a formula weight of
216.0 (23%) but the observed weight remained is2L80%); this may be due to some

loss of BOs. Both TG curves are shown in Figure 3.10.
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Figure 3.10.Thermogravimetric curves for compourid?and3, 4.

TGA curves are made under flowing for the compound8 and4 in the temperature
range 30-1000 °C (Figure 3.10). Compounshows thermal stability up to 320 °C with
weight loss of 6.2 % attributed to condensatiorhydroxyl groups of the phosphonate
ligands (theoretical values of 6.48%). From 320t6C900 °C, compoun® undergoes
continues weight losses in three steps due to cetiouof organic groups 2:bipyridine
and biphenyl rings. The final end product is sugpoto be Co(P¢), with a formula
weight of 216.0 (38%) but the observed weight reradiat 1000 °C is 83.25 (15%) . The
difference in the weight, observed, is due to ahitioss of water molecules due to
condensation and loss of@® from the residual mass. The overall decompositod
stability of the compound® follows the normal pathway as described for thetame
phosphonates. Compoudds discrete compound and shows stability up to Z29@vith
weight loss of 4.2% attributed to one coordinated ane lattice molecule (theoretical
values of 4.8%) and undergoes continues weighetogp to 850 °C due to combustion of
organic groups and shows constant residual ma8é@B (49.2%) up to 1000 °C. The
final end product is supposed to be NigQvith a formula weight of 216.0 (38%) but the

increase in the residual mass at 1000 °C is duetémtion of some 4®s.
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3.3.5. Electronic Properties

Compoundsl and 2 are additionally characterized by solid state tetgic absorption
spectroscopy. The relevant diffuse reflectancetspere shown in the Figure 3.11. Both
compounds have almost identical electronic absampgpectral features except there is a

well defined d-d band for compounid
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Figure 3.11.Diffuse reflectance electronic spectra for compabhdand3, 4.

The compound$ and 4 are also characterized by the solid state eleictrabsorption
spectroscopy. The relevant electronic spectra d@h mmmpounds compared with the
phosphonic acid KHlbp is shown in the Figure 3.11. Both the compouwtuswy similar
absorption peaks as displayed by thgdbp ligand. But there is a well defined d-d

transition in the compour@lin the region 450-555 nm which contains Co(ll).ion

3.3.6. Magnetic Properties

A variable temperature magnetic susceptibility meament of the compound was
performed in the temperature region of 2— 300 Krirapplied dc field of 1 K Oe. Bojy

Vs T andyuT Vs T plots were shown in the Figure 3.12. (whgyeis the magnetic
susceptibility per C& unit). The room temperature (300 )T product amounts to 5.48
cm®K mol™, which is higher than the expected value of 3m3k mol™ for two isolated
high-spin Co(ll) ions @ = 2 andS = 3/2). As the temperature is lowered, thd value
continuously decreases to 4.27%dtnmol™ at 22 K and then sharply decreases up to 2 K

reaching a minimum value of 1.34 & mol™

The 1fw vs T plot follows the Curie-
Weiss law with negative Weiss constamt= —8.7 K. The decrease juT value with
temperature and negative Weiss constant suggatgrestnagnetic interactions between

the two Co(ll) centers.
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Figure 3.12.4v Vs T in the temperature range of 2-300 K (InsepbrshowgyT Vs T ) of compoundt.
The red line indicates the fitting using theoretitaldel (see text) andd/ vsT plot of compoundt.

The magnetic data were fitted assuming the phosgbdoridges of the two Co(ll) ions
form a isolated spin dimer. By introducing intemgir magnetic coupling constant the
magnetic susceptibility data from 2-300 K was €itteom the following equation which
was deduced from the spin Hamiltonfan.
H=-JSS
(where $and $ are the spin operators with=85,=3/2)
BS= —JS(Sr+1)
$=0,1,2, 3.
E(S)=0,-J, -3J, —6J
= o {1= o (2ZING B}
' = NG BIKT)[A/B]
Where A=[exp(J/KT) +5exp(3J/KT) +14expI)] and
B=[1+ 3exp(J/KT) +5exp(3J/KT) +7edHKT)]
The parametersl, # and K have their normal meanings. The best fiheftheoretical
equation to the experimental data leads to the ¢332 (2) J= —0.685 (2) crhand
zJ= -0.038 (4) with agreement factor of 8.4 X" A@here RE[(ymT)exp—(mT)cal /
20T exs ).
The studies on magnetic behaviour of isolated -dfters bridged by the phosphonate
bridges are very rare when compared to the carbtybridges. But the magnetic
behaviour of Co(ll) ions bridged the phosphonaiddas to form a extended metal oxide
coordination architectures are well studied. Clebltf et al., reported a compound
[Cox(pxp)(H0),] in which the Co atoms are bridged by the phosphl®oxygen’s to form

a 2D metal oxide layers and the Co(ll) ions showsiaantiferromagnetic interactions in
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these layers?® But till to the date, an isolated Co-dimer bridgey the phosphonate
bridges is not reported and compouhdepresents a classical example of such system.
From the crystal structure of the compoutdthe only possible path way for spin
exchanges between two Co(ll) ions is phosphonatigds; no other pathways (either
through hydrogen bonding or through short inter etireeparation) are not possible. The
magnitude of exchange parameter obtained throughagmge between the Co(ll) ions
through the phosphonate bridges in the eight mesabeng is very less indicating the
weako pathway.

3.4. Conclusion

In conclusion, in this chapter, we report four rowtructures in which, two are
isomorphous one dimensional metal phosphonatesenérgl formula [M(2,2"-bipy)
(Hapxp)Jn[H2pxp], (M=Co (1), Ni (2)) and two are [Co (2,2 -bipy) @dbp)}, (3) and [Ni
(2,2"-bipyp(H2dbp)(HO)]-H.O (4). Compounds 1 and 2 are based onp-
xylylenediphosphonic (kpxp) acid where 2, 2"-bipyridine used as secondiaygnd
component. The use of secondary ligand componenepts the spatial expansion into 3-
D by blocking the coordination sites of the metahtte. The conformational freedom of
the flexible non-rigid p-xylylenediphosphonic acid allows tending to be ais
conformation to meet the coordination geometry led tmetal centre, as some of the
coordination sites are already blocked by the sd@gnligand components. This is the
rare example in whichp-xylylenediphosphonic acid adopts bottis and trans
conformation during its coordination. Multiple hgdren bonding interactions between the
1-D polymeric chains result in the formation of 2r@twork consisting of cylindrical
channels. The two compounds [Co (2,2°-bipy).dbp)l, (3) and [Ni (2,2°-
bipy).(H2dbp)(H:O)]-H,O (4) are based on rigid spacered flexible ligangtl with
secondary linker 2,2 -bipyridine. CompouBds a extended double chain in which Co(ll)
ion is in square pyramidal geometry angtlbj¥~ adopts a regularans conformation to
form a closed loops. Compourdis a discrete compound in which Ni(ll) ion exists
octahedral geometry and,¢bp’™ also exists in regularans conformation. The twisting
of benzene rings in the biphenyl spacer changesribatation of the P¢H groups of the
H.dbp?™ in compound3 thereby the ligand adopt different coordinationde® by the
POsH groups on both ends resulting in the formatiodDfchains rather that 2D layers as

obtained in case of 4dxp ligand with same empirical formula. In a similaay in
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compound4 the benzene rings in the biphenyl spacer of thebpf™ ligand twist by a
large angle of 39.04° as a result the conformatibthe Hdbp’~ ligand changes, due to
which the ligand does not meet the coordinationuiregnents at the metal center to link
the metal polyhedra thereby form a discrete comgolihe comparison of compounds
and4 with the compounds based on thgokp ligand reveals that twisting in the benzene
rings of the biphenyl spacer is accountable foamlg low dimensional compounds. The
effect is primarily pronounced in the multidentbgmnds rather than monodentate ligands.
The systems presented in the chapter proves to gp@od example to investigate self
assembly process and provides more informationhef directional synthesis of the
targeted coordination polymers.Compouha a first example to report the simplest and
isolated Co-dimer bridged by the three membered FGges. Analysis of variable
temperature magnetic susceptibility measurementesunf compound3 shows weak

antiferromagnetic interactions between the metad ibhrough these OPO bridges.
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Table 3.1.Crystallographic details of compouniis4.

Chapter 3

1 2
Formula 36882aN401,P,Co 6sH2aNLO1,P4Ni
FW 901.51 901.29
Crystal system Morioicl Monoclinic
Space group C2lc C2lc
a/A 18.113(3) 18.051(4)
b/A 24.451(3) 24.356(4)
c/A 8.778(13) 8.776(16)
a[°] 90.00 90.00
B[] 102.996(3) 103.119(4)
v [°] 90.00 90.00
VA 4 4
peal Mg m® 1.581 1.593
Goodness-of-fit on ¥ 1.093 1.128
Ru(F%) [ 1 > 26(1)] 0.0357 0.0532
WR, (F%) [1 > 26(1)] 0.0832 0.1155
R1(F%) (all data) 0.0403 0.0617
WR, (F%) (all data) 0.0855 0.1199

Largest diff. peak and
hole [e.AY

0.317 and -0.250

0.861 and -0.336

3 4
Formula 248,,CoN,OgP, &H34N4NiOgP,
FW 5531 747.30
T(K) / A(A) 298/0.71073 298/0.71073
Crystal system Tmadi Triclinic
Space group P-1 P-1
a/A 10.959(2) 10.620(
b/A 11.028(2) 11.92)0(
c/A 11.353(2) 14.080
a[°] 75.62(3) 77.80(3)
BT 83.96(3) 68.46(3)
v [°] 62.63(3) 82.23(3)
Volume (&) 1180.2(4) 1622.1(5)
Z, peal Mg mi® 2,1.563 2,1.530
Goodness-of-fit on ¥ 1.035 1.059
R1/ wR2 [I > & ()] 0.0505/0.1067 0.1087/0.1503
R1/ wR2 (all data) 0.08124109 0.1981/0.1936

Largest diff. peak and
hole [e.AY

0.629 and -0.369

1.006 and -0.476

103



Secondary Ligand and Biphenyl Spacer...

Table 3.2.Selected bond lengths (A) and bond angles (°) ofpmundsl-4

Distances Bond lengths Angles Bond angles
[Co" (2,2"-bipy)oLH a]n[LH 2]n(1)

Co(1)-N(2) 2.145(19) (INCo(1)-N(1) #1 169.18(11)
Co(1)-N(2) 2.140(2) O(3) #1-Co(1)-N(2) 164(a
Co(1)-0(3) 2.045(17) 0O(3)-Co(1)-N(2) 98.79(7
P(1)-0(2) 1.543(18) N(2)-Co(1)-N(2) #1 92.19)
P(1)-0(2) 1.554(19) N(1)#1-Co(1)-N(2)#1 7681
P(1)-O(3) 1.478(17) O(3)#1-Co(1)-0(3) 96.1H(1
P(2)-0O(4) 1.513(17) O(3)#1-Co(1)-N(1) 88.46(7
P(2)-0(5) 1.500(17) N(1)#1-Co(1)-N(2) 96.39)1
P(2)-O(6) 1.552(2)

[Ni" (2,2"-bipy)sLH 4]n[LH 2](2)

Ni(1)-N(1)#2 2.083(3) N(1)-Ni(1)-N(1) #2 171.(16)
Ni(1)-N(2)#2 2.087(3) O(3) #2-Ni(1)-N(2) 166A.1)
Ni(1)-O(3) 2.040(3) 0O(3)-Ni(1)-N(1) 97.76(11)
P(1)-0(1) 1.549(3) N(2)-Ni(1)-N(2) #2 94.61}16
P(1)-0(2) 1.555(3) N(L)#2-Ni(1)-N(2)#2 78.04]1
P(1)-0(3) 1.475(3) O(3)#2-Ni(1)-0(3) 93.67(17)
P(2)-0(4) 1.516(2) O(3)#2-Ni(1)-N(1) 88.40(11)
P(2)-0(5) 1.498(3) N(1L)#2-Ni(1)-N(2) 95.79(11)
P(2)-O(6) 1.556(4)

[Co (2,2"-bipy) (Hzdbp)]n (3)

Co(1)-O(5)#1 1.968(3) O(5)#t(0)-O(4)#2 118.46(12)
Co(1)-O(4)#2 1.997(2) O(5)&t(1)-0(1) 94.79(12)
Co(1)-0(1) 2.041(2) O(5)Eb{1)-0O(1) 94.79(12)
Co(1)-N(2) 2.111(3) O(4)E2(1)-0(1) 98.61(10)
Co(1)-N(2) 2.160(3) O(5)Eb{1)-N(2) 109.75(11)
P(1)-0(1) 1.497(2) O(4)8a{1)-N(1) 127.04(11)
P(1)-0(2) 1.515(2) O(1){CpN(1) 97.92(11)
P(1)-0(3) 1.562(3) O(B)8{1)-N(2) 84.70(12)
P(2)-O(5) 1.469(3) O(4)8a(1)-N(2) 87.50(11)
P(2)-0(4) 1.498(2) O(1){CpN(2) 173.27(10)
P(2)-0O(6) 1.567(3) N(1){CpN(2) 76.01(11)

[Ni (2,2"-bipy)2(H2dbp)(H20)]- H20 (4)
Ni(2)-N(2) 2.069(7) N(2)42)-N(3) 169.4(3)
Ni(2)-N(3) 2.072(7) N(2)42)-0(2) 94.4(3)
Ni(2)-0(2) 2.076(6) N(3){®)-0(2) 92.2(3)
Ni(2)-O(7) 2.077(6) N(2){®)-O(7) 96.4(3)
Ni(2)-N(4) 2.080(8) N(3)42)-O(7) 91.8(2)
Ni(2)-N(1) 2.082(7) 0(2)®)-0(7) 90.6(2)
P(1)-0(2) 1.509(6) N(2)R)EN(4) 95.7(3)

P(1)-0(3) 1.510(6) N(3)RN(4) 78.5(3)
P(1)-O(1) 1.567(5) O(2)XRN(4) 168.8(2)
P(1)-C(21) 1.788(10) O(7Y2Y-N(4) 83.5(3)
P(2)-O(6) 1.480(6) N(2)EREN(L) 78.7(3)
P(2)-0(4) 1.517(6) N(3)ERIN(1) 92.9(3)
P(2)-0(5) 1.586(5) O(2)-N(1) 91.2(3)

Symmetry transformations used to generate equivatems:
#1 -X,y,-z+3/2, #2 -X,y,-z+1/2 #1 -x+1,-y+1,-z+2 #-1,y+1,z-1 #3 x+1,y-1,z+1.
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D-H--A D-H(A) H- A(A) B- A(A) D-H-A (°)

[Co" (2,2 -bipy)LH 4]n[LH 2]n(1)

O(1)-H(1A) --O(5)#1 0.96(4) 1.52(5) 2.482(2) 176(4)

O(2)-H(2A) O (4)#2 0.79(3) 1.75(3) 2.535(3) 174(3)

0(6)-H(BA) -~ O(4)#3 0.80(4) 1.78(4) 2.580(3) 171(4)
[Ni" (2,2"-bipy)yLH 4] n[LH 2](2)

O(1)-H(1A)...O(5)#3 0.94(7) 1.57(7) AQ4(4) 169(7)

O(2)-H(2A)...0(4)#4 0.80(6) 1.73(6) 2.528(4) 173(6)

O(6)-H(6A)...0(4)#4 0.82 1.80 2.572(4) 155.2

[Co (2,2"-bipy) (Hdbp)]n (3)
O(6)-H(6A)...0(2)#1 0.89(5) 1.77(5) 2.638(4) 165(5)
O(3)-H(3A)...0(2)#2 0.77(5) 1.87(5) 2.643(4) 174(6)
[Ni (2,2"-bipy)2(H2dbp)(H20)]- H20 (4)

O(5)-H(5A)...0(3)#3 0.82 1.82 2.639(8) 175.8

O(1)-H(1A)...O(4)#4 0.82 1.82 2.609(8) 159.8

O(7)-H(70)...0(6)#5 0.94(8) 181 2.747(8) 170(7)

#1 —x+1,y, -z+1.5, #2 X, -y+1, z+0.5
#3 —x+1,y, -z+0.5 #4 —x, -y+1, z+0.5.

#1 x+1,y-1,z+1 #2 -x,-y+1,-z

#3 x,y,z-1 #4x,y,z+1 #5-x,-y+1,-z

Table 3.4.Phosphorusoxygen bond lengths in compougd

Coordinatectis neutral
phosphonic acid LH(in A)

Uncoordinateahsionic
phosphonic acid LH(in A)

P1-O1(P-OH)
P1-02(P-OH)
P1-03(P=0)

1.549 (3)
1.555 (3)
1.475 (3)

P2-Q8-0) 1.516 (2)
P2-GB=0) 1.498(3)
P2-QB-OH) 1.556(4)
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Hydrothermal Synthesis and Characterization of Novel
Metal Oxide Materials: Role of Polyanion and
Tetrazole Molecule in the Self-Assembly

[Cu(4-Hptz){Mo,0,]] (3)
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Chapter 4 describes the synthesis and structural characterization of two different classes of metal
oxide based materials based on metal organophosphonates and tetrazoles respectively under two
different sections.

Two new metal organophosphonate oxide materials with formulae [Cu™.Cu's(L)2(2,2"-
bpy)s(HPW1,040)],-4nH,O (1) and [Cu(2,2 ' -bpy)VO.(OH)(H.L)], (2) have been synthesized
starting from the Cu(II) salts, 2,2’-bipyridine (2,2’-bpy), p-xylylenediphosphonic acid (H4L), with
sodium tungstate (for 1) and ammonium metavanadate (for 2) respectively. Compound 1 consist
2D copper phosphonate layers connected by the polyanion keggin to form a 3D framework. The
copper phosphonate layers in compound 1 are fabricated by the rare hexanuclear clusters in
which the four terminal copper atoms form two eight membered Cu-dimer (Cu.P-0,) rings (top
and the bottom) that are connected to each other by the two central Cu atoms by a four
membered Cu,0, rings. These hexanuclear assemblies are connected to each other along the
plane through the p-xylyl linkers to form a 2D layers. Compound 1 is a unique example in terms
of existence of hexanuclear copper phosphonate cluster in the 3D coordination matrix. Compound
2 js a 2D structure in which the 1D [Cu(2,2 ' -bpy)(H.L)], chains are connected by the VO,OH
subunits to from a 2D layers. The formation of VO,OH in compound 2 ceases the formation of
eight membered Cu-dimer rings.

The hydrothermal reaction of Cu(II) salt, ammonium heptamolybdate, and 4-ptz (5-(4-
pyridyl) tetrazole) at different synthetic conditions yields two compounds [Cu(4-Hptz)(Mo,0,)] (3)
and [Cu(4-Hptz).(H20)3]2[M0sgO2] (4). Compound 3 exhibits a 3D bimetallic oxide framework,
constructed from the tetrazoles and {CuMo0,0;} oxide phase. The coordination ability of nitrogen
atoms in the tetrazole ring makes the ring acting as a template in the formation of {CusM0¢O10}
rings, made up of [M0,0,]* anions and Cu(II) octahedral; the stacking of these {CusMos010} rings

along crystallographic ¢ axis results in the formation of 3D bimetallic oxide framework.

Compound 4 consists of infinite octamolybdate chains and Cu-tetrazolate complex cation. The
present chapter discusses the self-assembly of metal oxide based materials with structure

directing agents like metal organophosphonates and tetrazoles.
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4.1. Hydrothermal Synthesis and Characterizations fo Novel Metal
Organophosphonate Oxide Materials: Role of Heteropolyanion in the Self Assembly
of Metal Phosphonate Architectures

4.1.1. Introduction

Metal oxide-based solids belong to an importantslaf materials showing their
promising applications in the contemporary reseandas during past several years. A
significant research in this area has been direptatly due to interest in their basic
chemistry as well as their applications in thédeof separations, molecular electronics,
energy storage and cataly5f8in general, there is a correlation between the dexity of

the structure and functionality of the matefidlhe constant evolution of complexity of
metal oxides in terms of functionality requires mmémnowledge on synthetic strategies to
understand the oxide structufedolyoxometalates refer to vast family of metaides in
the molecular level with diverse nuclearities, eliént sizes and oxidation stafe®ne
such strategy for the modification of oxide struetu(in terms of linking the metal oxide
building blocks) involves introduction of organimhacules or secondary metal complexes
as structure directors. Zubieta et al. reportedst mumber of compounds based on this
approach, and exploited the structural chemistrynefal oxide based inorganic-organic
hybrid materials in the domain of secondary metaisucleating ligands, tether lengths

etcl?

Among the ligand bridges, which are used to tethiee metal oxides,
organophosphonic acids are known to be efficieneims of charge compensation due to
more number of coordinating atom. Moreover, orgdmgphonic acids are considered as
structure directing components owing to their ftglitly in altering the organic grougs®®
Organoamines, such as, pyridine derivatives, intbisz tetrazoles are also used to link
the metal oxideS§:®?

Metal organophosphonates are among the earliesexedsively studied examples of
coordination polymers / metal organic frameworkgttare important because of their
potential applications in the areas of sorptiom &xchange, sensing, and catalysis.
Additionally, metal phosphonates have offered gregportunities to understand
fundamental magnetic phenomena, such as spin gamtimisotropy, relaxation dynamics
and field induced magnetic transitioisDue to availability of more ligating sites,
phosphonic acids (P8, groups) coordinate to more number of metal siteset by
forming a layered structures and the bisphosphauitls form a pillared-layered

structures?
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Metal oxide Diphosphonate Secondary
cluster Tether metal/organoamine
complex

(a) (b)
Scheme 4.1Scheme representing the different types of ssifmbly process in the MOP oxide materials

A control over the protonation states and introduncof secondary chelating ligands result
in the formation of clusters with different nucligi@s® This approach results in the
stabilization of molecular phosphonates with irdéregg magnetic properties because O-
P—O bridge is known to be efficient in transmittivgeak to moderately strong
antiferromagnetic and ferromagnetic interactibhdn the recent era, the research
progresses on metal phosphonates lead to the ewvolat 2D and 3D coordination
networks®’

Metal organophosphonate (MOP) oxide materials la@ecombination of the metal oxides
and metal organophosphonates architectures in auefay that it can be exploited as
functional materials having applications from bdtle phases. Typically, hydrothermal
methods have been commonly used to synthesize #tal mrganophosphonate oxide-
based materials; the technique offers an excettaune to isolate metastable phases and
stabilizes the reliability of the structuf®In the MOP oxides, both the polyoxometalate
oxygen atoms and phosphonate oxygen atoms arevet/ah the formation of a oxide
microstructures to which secondary metal/ligand ponents are attached to the
peripherals of these oxide microstructures (Schérp Zubieta et al. reported a class of
compounds MgD,/diphosphonate/M(Il) organo nitrogen families omiitallic oxides in
which the P@H, groups are directly coordinated to the Mo(VI) atotm form a oxides of
type {MoO,(OsPR)}"" and these phases are linked with the aid of tethttached to the
phosphonic groups and metal organonitrogen catibBifferent classes of MOP oxides
of type oxomolybdate-organodiphosphondtes;anadium oxides with di- and tri-

phosphonaté$ are well studied with metal organoimine cationismplex subunits.
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Another class of MOP oxide materials involves thectionalization of polyoxometalates
with mono- and di- phosphonate aniéhs.Kortz et. al. functionalized the
heteropolymolybdates with amino acids through theosphate, phosphonate and
phosphate group$.However, polyoxometalate anionic clusters with seeondary metal
cationic complexes containing both the organondrognd organo phosphonic acids are
very rare in the literatur&.

We have chosep-xylylenediphosphonic acid ¢H) as a phosphonate source to study
the effect on the oxide phases,N&, and NHVO3; with Cu as secondary metal and’2,2
bipyridine as organoimine under hydrothermal coadg. Recently we have studied the
mechanistic aspects in the formation of Cu-dimethwil,L ligand and extended its
dimensionality with organic and inorganic linkersluding different conformation of the
Ha4L ligand in the presence of secondary ligand coreptfi In this article, we describe
the synthesis and structural characterization af hew compounds [CuCU'x(L)2(2,2 -
bpy)s(HPW;12040)]n- 4nH,O (1) and [Cu(2,2-bpy)VO,(OH)(H.L)], (2). Compoundl is a
peculiar example, in which the Keggin-type hetpobyanion acts as a linker in
connecting the metal organoimine phosphonate lalgefsrm a 3D architecture and in

compound, VO,OH connects the metal phosphonate chains to fi2b kayers.

4.1.2. Experimental Section

4.1.2.1. Materials and Methods

All the chemicals were received as reagent gradeé ased without any further
purification. HL was prepared according to the reported procedutemental analyses
were determined by FLASH EA series 1112 CHNS amalyinfrared spectra of solid
samples obtained as KBr pellets on a JASCO — 5300 R spectrophotometer. Thermo
gravimetric analyses were carried out on a STA B@ analyzer and corresponding
masses were analyzed by QMS 403 C mass analyzeer time flow of N gas with a
heating rate of 5 °C mify in the temperature range of 30—900

4.1.2.2. Synthesis

Synthesis of the compound [CUCu'5(L) 2(2,2 -bpy)s(HPW12040)] - 4nH,0 (1)

A mixture of copper sulfate pentahydrate (0.2 mndod9 g), 2,2-bpy (0.2 mmol, 0.031
g), sodium tungstate (0.5 mmol, 0.165g)L.H0.1 mmol, 0.26 g) and water (555.5 mmol
10.0 g) in the mole ratio 2:2:1:5:5555 was takerthis reaction mixture, 0, (0.1 mL)
was added and the pH was adjusted to 4.20 by 5MaH€then it was stirred for 30 min.

112



Chapter 4

The resulting solution was then transferred to 2B Teflon lined autoclave in the
stainless steel vessel and heated at 180 °C foh #8llowed by cooling to room
temperature over two days resulting in the fornmawd tiny crystals oflL in about 10 %
yield (based on Cu) Anal. Calc. fordE73CusN12056PsW12 (4792.69): C, 19.04; H, 1.53;
N, 3.50. Found: C, 19.20; H, 1.12; N, 3.78. IR (KBllet) p/cm™): 3437, 3084, 1602,
1572, 1512, 1494, 1468,1444, 1311, 1251, 1201,,11B30, 1097, 1060, 1030, 976, 958,
887, 817, 769, 729, 661, 561, 513.

Synthesis of the compound [Cu(2,2bpy)VO2(OH)(H2L)]» (2)

A mixture of copper sulfate pentahydrate (0.34 mn@087 g), 2,2bpy (0.32 mmol,
0.051 g), ammonium metavanadate (0.43 mmol, 0.058.4; (0.407, 0.109 g) and water
(555.5 mmol 10.0 g) in the mole ratio 1.08:1:1.3B711735 was taken; and the resulting
reaction mixture with initial pH 2.70 were stirrddr 30 min. The solution was then
transferred to 23 mL teflon lined autoclave in #tainless steel vessel and heated at 180
°C for 72 h and cooled to room temperature overdays to give blue block crystals &f
Yield: 32% (based on copper) Anal. Calc. forghi dCuN,OgP,V (583.78): C, 37.03; H,
3.28; N, 4.79. Found: C, 37.64; H, 3.01; N, 4.99.(KBr pellet) ¢/cm™): 3354, 3099,
2096, 1637, 1520, 1385, 1199, 1047, 956, 906, 844, 754, 707, 596, 516, 480.

4.1.2.3. X-ray Crystallography

Single-crystals, suitable for structural determoratof the compoundd and 2, were
mounted on a three circle Bruker SMARTAPEX CCD atetector system under MosK
(A=0.71073A) graphite monochromated X-ray beam,talyte detector distance 60mm,
and a collimator of 0.5 mm. The scans were recowiéid an® scan width of 0.3°. Data
reduction performed by SAINTPLUS? empirical absorption corrections using
equivalent reflections performed by program SADABS, structure solution using
SHELXS-97%%% and full-matrix least-squares refinement using SKE97%? for above
compounds. All the non-hydrogen atoms were refam@dotropically. Hydrogen atoms on
the C atoms were introduced on calculated positasrs were included in the refinement
riding on their respective parent atoms. Attemptdocate the hydrogen atoms for the
solvent water molecules in the crystal structurecaipounds through Fourier electron
density were failed. However, no attempts were nadex these atoms on their parents.
The hydrogen atoms on some of the P-OH groupsanctimpounds are fixed by the

proper HFIX commands and some are located by thaidfoelectron density map.
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Compoundl suffers a significant disorder problem due to diso in the central PO
oxygen atoms in the keggin anion. The oxygen atort® and O20 were splitted over two
positions (O19A, 019B and O20A, O20B) after fixitngir occupancies 0.5 to each atom.
Due to this disorder problem, the central,R@up is changed to ROas a result of this,
the Keggin anion experiences an unresolved disomteblem.The maximum and
minimum main axis ADP ratio of the oxygen atom Odsg carbon atoms C11, C25, C32,
are more than 5.0 indicating the unresolved digord®wever, no proper model (by
applying restraints ISOR or SIMU to displacementapzeters) was used to resolve this
problem.a- disordered keggin ions are known to show thietgp unresolved disorder
problems, that are very common in the literatdfe. compound2, the oxygen atoms,
connected to vanadium atom O1 and O8, also siuffer a significant disorder problem,
which has been resolved by splitting oxygen atomis two positions in the refined ratio
0.5 : 0.5. Crystal data, structure refinement patens for both the compounds are

summarized in Table 4.1 and selected bond lengtfiable 4.2.

4.1.3. Results and Discussion

4.1.3.1. Synthesis

The reactions of Cu(ll) salts (Cu(9@5H,0 for 1 and CuC)-2H,O for 2), with
organoamine ligand 2.zipyridine, phosphonic acid 44 and NawQO, for 1 and
NH,VO3; for 2 at 180 °C under hydrothermal conditions for 7afford crystalline
compoundsl and2 in the modest yields. Compouids formed in the pH range 4.0 to
4.5 and its formation is purely pH dependent. Tiéal pH of the reaction mixture
before the addition of #P0O, is 7.32; by addition of 0.1ml 4Oy, the initial pH
decreases to 6.27, finally the pH was adjusted .®0 4vith 5M HCI to obtain
compoundl in a very low yield in pure crystalline form. Therther decrease in pH
result in the formation of two different phases. i[€u(2,2-bpy)(H.L)]'nH2O (pH
2.5-3.5) and [{Cu(HO)(2,2-bpy)(HsL)}2(H2L)]:2H,O (pH below 2.0¥° Even by
increasing the pH above 4.5 results in the fornmatad amorphous blue colored

powder, but does not increase the yield of the caumg.

114



Chapter 4

pH 1.5-4.5
Temp 120°C .
= [Cu(2,2"-bpy)(H20)x(SOy)]n

pH<2.0
Temp 180°C
e [{CU(H 20)(2,2-bpy) (HaL)} o(H2L)].2H,0
Cu(l)+ H ,L
+2,2'-bpy + NaWO, = | pH2535

Temp 180°C ,
e [CU(2,2-bpY)(HL)] .NH0

pH 4.0-4.5
Temp 180°C
R

[Cu" 4,Cu'5(L) 2(2,2"-bpy)e(HPW1,049)]1-4nHZ0(1)
Scheme 4.2Different phases formed in the synthesis of conmubl

When we use BPW;,04 instead of NaWO, in stiochiometric ratio, the initial pH of
the reaction mixture drastically decreases to =80 in this pH range, the hydroxyl
groups in the KL do not deprotonate and the reaction mixture favhe formation of
more thermodynamically and kinetically stable phasgCu(H20)(2,2-
bpy)(HsL)} 2(H2L)] -2H,0.2° The observations in the synthetic procedure intpat the
thermodynamic equilibrium in the formation of thengpoundl is very less and
pertained to particular pH range and the conceptradf the reactants (See Scheme
4.2). The initial pH of the reaction mixture in easf compoun is 2.70; in this pH
range, HL exists in doubly deprotonated formylH The formation of compound is
straight forward and does not require much stringgmthetic conditions to obtain in

the modest yields unlike compoufid

4.1.3.2. Description of the Crystal Structures

Structural description of [Cu" 4Cu'5(L) 22,2 -bpy)s(HPW150.40)]n- 4nH,0 (1)
Compoundl is a 3D structure, that crystallizes in triclingpace groupP-1; the
relevant crystal data and structural refinemenapeter are presented in Table 4.1.
The relevant molecular structure consistsaedisordered classical keggin polyanion
connected to a hexa-nuclear copper phosphonatelegntpere are four solvent water
molecules per formula unit in the crystal lattidéigure 4.1a). The 3D structure is
composed of 2D hexa-nuclear copper phosphonaterdagonnected by the
disordered classical Keggin hetero-polyanions [HEOY]>~. The well-known Keggin
anion structure is constituted by the central,R@rahedron, that shares its oxygen
atoms with four WO;3 groups which are made up of three edge sharinge WO
octahedra. Each W13 subunits are joined to each other by a cornerighanode. The

central phosphorous atom is disordered and suredirny a cube of eight oxygen
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atoms P@ with each oxygen site half occupied apart fromrtbgular PQ tetrahedron
(Figure 4.1b).

(b)

Figure 4.1. (a) Molecular diagram of compoundl (2,2-bpy moieties, lattice water molecules, are
removed for clarity), (b) pictorial representatioficlassical keggin ion and disordered Rffoup.

The W-0O bond distances in the polyanion [HB®4*>" are in the range of
1.673-1.686 A for terminal oxygen atoms, 1.847-8.94 for p,—bridging oxygen
atoms and 2.285-2.542 A fei—bridging oxygen atoms respectively. The P-O bond
distances vary in the range of 1.524-1.683 A witkam value of 1.614 A. The
disorder in the oxygen atoms connected to centahaeflects in the slight deviation
of W-0 bond distances in case|gfand s bridging oxygen atoms from the predicted
distances? Bond valence sum calculations show that all thgsten sites exhibit +VI
oxidation state in the PW polyanion® The coordination environment and W-0
distances of the all the tungsten atoms are almwsilar, which ruled out the +V
oxidation states of the W atoms (i.e. {PWW"}*™ and {PW'1oW",}*). Usually the
W-0 distances around the W\tenters (av. 1.810 for terminal oxygen atoms) are
slightly longer than those around the’\enters (av. 1.680 for terminal oxygen atoms
in compoundl).®? Based on the bond valence sum calculations and \Wis@nces, the
polyanion was formulated as [HRYD.q*~,*® proton was added to balance the charge
of the compound. The PMWpolyanions coordinate to two Cu ions (Cul and Gud#
bidentate para coordination mode. The most strikstguctural feature of the
compoundLl is presence 2D layers constituted by the mixeentahexa-nuclear copper

phosphonate clusters [E4Cu'2(L)2(2,2-bpy)]®*. The hexa-nuclear cluster is an
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assembly of four Cu atoms (Cul, Cu2, Cul*, Cu2n) dipositive state which are in
{CuN,03 }square pyramidal geometry and two Cu atoms (CuB3*Cin +I oxidation

state and exist in {CupD,} square planar geometry.

Figure 4.2.(a) Cu-hexamer presented in the compound with dédrelling, (b) Different coordination
modes of the t~ ligand (4.211- left and 3.111-right).

The oxidation states of the Cu atoms are conforrbgdthe bond-valence sum
calculations and particular coordination geometoé<u. Two coordination sites of
all the Cu atoms are blocked by the ‘2ppy ligands to form a [Cu(bpy)] subunits
and these units are connected by the coordinatfofowr L*" ligands to form a
hexanuclear cluster (Figure 4.2a). Among the twospaf terminal Cu atoms (Cul,
Cu3 and Cul*, Cu3*), each pair is connected by@m® bridges from two 1 ligands
to form a eight membered {Cul(OPQu3}rings. The central Cu atoms Cu2 and Cu2*
are bridged by the two oxygen atoms from twb ligands to form a four membered
Cw0O; ring which is sandwiched between the two eight merad rings to form a hexa
nuclear assembly as shown in the Figure 4.2a. Bhe phosphonate ligands (1),
used for coordination of six Cu atoms, are clasdifinto two types (P2, P2* and P3,
P3*) which differ mainly in terms of their coordii@n mode. The ligands, namely, P2
and P2* coordinate to the four Cu atoms in 4.21&rdmation mode by bridging the
terminal Cu atoms through the phosphonate oxygem&i{O21 ,023 and 021*,023%)
and the residual oxygen atoms 022 and O22* of tm@sphonate groups bridge the
two central Cu atoms as shown in the Figure 4.2btlg@ other hand, the ligands P3
and P3* coordinate to three Cu atoms in 3.211 doattbn mode by bridging the
terminal Cu atoms through the phosphonate oxygemat(024,026 and 024*,026*)

117



Metal oxide materials...

but the residual oxygen atoms 025 and O25* aregoshected to central Cu atoms of
the four membered ring GO, as shown in the Figure 4.2b. Each hexanucleaterius
connects to four other clusters through a pairledgphonate ligands to form 2D layer
as shown in the Figure 4.3a. These 2D layers aremaxed to PW polyanions
through terminal oxygen atoms 02, O2* to form a 8Bmework as shown in the
Figure 4.3b. The hexa-nuclear cluster, reportetthéncompound, is structurally related
to the hexanuclear complexes reported in the litee® But, in the reported
compounds, all the Cu atoms in the cluster aregmtes +1l1 oxidation state and in
square pyramidal geometry. It is noteworthy to m@mthat the hexanuclear cluster in
compoundl is comprised of two different coordination geonedrand two different
valence states of copper atoms. This exclusivaufealdistincts the hexanuclear cluster

in compoundl from the other reported hexanuclear clusters.

Figure 4.3.(a) 2D metal phosphonate layers in the compdyriBlue polyhedron represents the hexameric
units, (b) 3D frame work formed due to connectivafymetal phosphonate layers with keggin ions. By
units are removed for clarity).

Compoundl represents a unique example in which the dimemsiignof the Cy
cluster is extended in the layer through the p-kighkers and the layers are connected
to each other by the inorganic RMinkers. The distance between two layers along the
length of the PWs is 14.69 A. In the reported compounds, only morogpionic acid
was used and thereby the dimensionality of the Suextended by the terminal Cu
atoms through the apically connected linkers liké¢ -bpy etc. which results in the
formation of only 1D chains. But in the presentdstuthe use of a bisphosphonic acid
and inorganic linker result in the formation of ®bWBD framework based on the £u

cluster and Keggin type polyoxometalate (POM) anion
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Structural description of [Cu(2,2"-bpy)VO2(OH)(H2L)]» (2)

Compound?2 is two dimensional coordination polymer, that ¢ayszes in triclinic
space grou@-1. The relevant asymmetric unit contains the Camain dipositive
state, one 2,2bipyridine, two HL ligands, VQ group and one hydroxyl group. Bond
valance sum calculations show that the Cu atomspageent in +II and vanadium
atoms in +V oxidation states. As shown in the Feguyr4, the square pyramidal
CuN,O3 completes its coordination sphere through twoogién atoms from bpy ring
(Cu-N1: 2.001 A and Cu-N2: 2.003 A), two phosphenatygen atoms (O5 and 02)
from two different HL ligands in the basal plane and the apical siteoisrdinated to

oxygen atom from the VE&DH group.

Figure 4.4. A ORTEP view of the basic unit &f. Hydrogen atoms are removed for clarity. Thermal
ellipsoids are at the 40% probability level.

V(V) atom is also present in square pyramidal ;0B geometry in which two
phosphonate oxygen atoms (V1-04: 1.876 A and V1-0874 A), two terminal
oxygen atoms (V1-08: 1.560 A and V1-01: 1.660 AYawme hydroxylgroup
(V1-09: 2.330) complete its coordination spheree Blgquare pyramidal polyhedra of
two metal centers in Cuyi®; and VQOH connected to each other by the corner
sharing oxygen atom O1 as shown in the Figure 4Td®@se double polyhedra are
connected to another such set along the axis aodgaihe layer with the aid of
bisphosphonate ligand,H with a 2.110 coordination mode. Two types ol Higands
are present in the crystal structure which diffemsthe orientation and mode of
coordination. Let us consider the phosphonic acitlaHshown in orange color in
Figure 4.5b) links the adjacent of double polyhettnaugh the phosphonate oxygens
02 and 04 along the axis, to form a 1D chain and the another phosphaonid HLg
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(shown in green color in the Figure 4.5b) cheldte Cu and Vatoms of the double
polyhedra with the phosphonate oxygens O6 and ®6ltieg in the formation of six
membered ring. The 1D chains, formed due to comvigcbf HyLa with the double
polyhedra along the crystallographacaxis, are extended to 2D layers by the p-xylyl
spacers in both L, and HLg ligands to form a 2D layer with alternate grids as
shown in the Figure 4.5c. Due to difference in tgbeoordination mode, the length of

the ligand changes; as a result, the distance legttwee chains in the layer vary.

b1
VNN
(@) i

(b)

Figure 4.5. (a) 1D chain formed due to connectivity of CuD§ (purple coloredland VO,0OH (Blue
colored) polyhedra with §L ligand, (b) Connectivity of bLy and HLg ligands, (c) 2D network
formed in the compound. (2,2-bpy units are removed for the clarity.

4.1.3.3. Comparison among the structures involvingnetal oxides and metal
phosphonate complexes

In our previous chapter, we discussed the mecharasipects in the formation and
stabilization of eight membered Cu-dimer ring ie toordination matrix and extended
the dimensionality of the Cu-dimer by organic ambrganic linkers®> When we
introduce sodium molybdate in the Cu/p-xylylenebisgphinic acid/2,2bipyridine
system, it results in the formation of 2D netwonk,which the 1D Cu-dimer chains
[Cu(2,2-bpy)(L)]., are linked by the inorganic linker tetramolybd@4o,015). In this

process of extending the dimensionality of the Gmeds by inorganic linkers, we
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introduced (in the present study) sodium tungsaat ammonium metavanadate in the
Cu/p-xylylenebisphosphonic acid/2,2’-bipyridine tm to form compound$ and 2.
The plausible mechanism for the formation of commmail and2 are shown in the

following equations and Scheme 4.3.

Oxide phase Cu/2,2 "-bpy/H,L Final Structure
Na,MoO,
+ o g OQ; —) %l
N Mo e ol 1{Ca2,2"0py)(M0O, 3501 210
2D Layer
. POH,
+ i »
N0, Jododofulol
Cu(SO)SILO/CUCL2LO e———— I } G% G g “
h S
- w4 + dophophorng oy
\_/ \_/ Q G Q Q G
NN {HPW ;0,1 [COLCULIRR.2 BNl [Cul,Culy(L)p(2,2'-bpy)(HPW;,040)], 47 H;0
22" hipyridine 2D layer 3D framework
NH, VO, N
‘ + RAnErs, = s
\\ \\ \\. \\ \\ \
{VO,0H } [Cu(2,2"-bpy)HL)]. [Cu{2,2"-bpy) VO(OH)(H,L)],
1D chain 2D Layer

Scheme 4.3. Schematic representation of the self assembly lé t{polyanions and metal
organophosphonate phases

CuSO,5H,0 —H2O _ [cuH,0)g2* SOZ

[Cu(H,0)J2* SO +2,2-bpy  -120°Co [Cu(2,2-bpy)(H;0),S0,],

pH=4.20
12W0,2 + PO,3 + 25H" —— {HPW ,0,3* + 12H,0

6[Cu(2,2-bpy)(H,0),SO,],, + 2nH,L -80°Cs

[Cu" ,CU'»(2,2"-bpy)s(L) )] ;2™ + NSO, + 12nH,0O+ 8nH*-2ne

[Cu" CU'H(2,2-bpy)e(L) 5] 2™ +N{HPW 1,002 + 4 Hy0 ~180°Co

[Cu" ,CU'5(2,2"-bpy)eL o(PW1,049)] 1-4nH0 (1)
[Cu(2,2-bpy) (H;0),50;], + nH,L —89°%Ca [Cu(2,2-bpy)H,L], + NSO, + 2nH,0 + 2nH*

., pH=270
VO3 +H"  ——= VO,0H

[CU(2,2-bpy)H,L] 1+ nVO,0H ~2%Ca [Cu(2,2-bpy)VO,0H(H L), (2)
As shown in Scheme 4.3, the tungstate J#N@ns in presence of 4R0,, undergo self
assembly process to form a o-disordered keggin and the

metal/organoamine/phosphonate favors the formaifo2D [CU'sCu's(L)2(2,2 -bpy)e]

layers consisting the mixed valent hexa nucleaemsdies. The overall assembly of
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the polyanion keggin with the metal phosphonateidayesult in the formation of 3D
architecture, in which the 2D metal phosphonatesisyare linked by the Keggin
anions. In a similar way, the employment of ammanimetavandate in the synthesis
result in the formation of V&DH and 1D [Cu(2,2bpy) H:L)], chains, and the
connectivity of these subunits gives a 2D layens. this compound the Cul/p-
xylylenebisphosphinic acid/2;bipyridine system does not form dimer or hexamer a
described in the above compounds. The phosphonaygen atoms, which are
accountable for the formation of the dimer, arermmted to the VEDH group and
there by prevents the formation of the dimer.

As shown in the Scheme 4.3, different POMs favar different metal phosphonates
phases. In all the compounds, POMs increase theerdimonality of the metal
phosphonates by linking them in different direcion

4.1.4. Conclusion

Inorganic oxides represent the most important ctdswaterials as far as stability and
application aspects are concerned. In order tostigate the self assembly process of
bimetallic inorganic oxides involving metal orgammsphonates, herein, we have
identified three dimensional covalently linked mae [Cu',Cu'x(L)-(2,2-
bpy)s(HPW;2040)]n-4nH,O (1) and two dimensional compound [Cu(2,2
bpy)VO,(OH)(HzL)]n (2). The attractive feature of this article is thatthe compound
1, hexa-nuclear assemblies of Cu metal phosphonatess are extended by the
inorganic linker PW,. Compoundl is a distinctive example that features the existen
of Cu-hexamer in the 3D coordination matrix. Thenfation of VQOH in compound

2 prevents the formation of the eight membered Quedirings. The magnetic studies
and the isolation of different phases involving thexameric assemblies are under
progress. The isolation of the different metal ptamate phases under different
polyanions reveals the mechanistic aspects in élfeassembly process of MOP oxide

materials.
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Table 4.1.Crystal data and structural refinement parametarsompoundsdl and2.

1 2
Empirical formula GeH73CUgN12056PsW 12 GgH1gCUN,OgP,V
Formula weight 4792.69 583.78
T [K] 100 100
2 TA] 0.71073 70073
Crystal system Triclinic Triclinic
Space group P-1 P-1
a[A] 12.784(17) 8.006(7)
b [A] 12.392(18) 10.619(9)
c[A] 17.908(2) 12.539(11)
a[deg] 77.94(2) 83.59(10)
B [deg] 79.05(2) 75.42(10)
y [deg] 66.86(2) 88.44(10)
VI[AY 2737.5(6) 1025.3(15)
4 1 2
Deaic [Mg m¥)| 2.907 1.891
w [mmY 13.856 1.707
F[000] 2197 590

Crystal size [mrij
0 range for data
collection [deg]
Reflections
collected/unique
R (int)
Data/restraints
/parameters
Goodness-of-fit on ¥
RiWR; [I > 26(1)]
R/WR; (all data)
Largest diff. Peak
/hole [e A7

0.12 x 0.08 x 0.08

1.67 to 25.00

26015/ 9587
0.0682

9587 /0/767
1.128
0.0761/ 0.1582
0.1035/ 0.1699

2.911 and -3.014

0.40x 0.30 x 0.18

1.626.39

10844 / 4168
0.0225

4168 /0/ 299
1.067
0.0371/0.0985
0.0410/0.1012

0.748d -0.874
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Table 4.2.Selected bond lengths [A] for compouridand2.
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0<<<00000000

1.672(15)
1.87(2)
1.858(17)
2.53(12
1.881(18)
1.85(2)
1.872(19
1.677(16
1.889(17
2.29(2
2.55 (2?
1.877(14)
2.424(19
1.868(15
1.676(15
1.840(19
1.904(16
2.41(2
854(13

919
38(2§

15
926(13
008(18
235(13
964(12
015(14
9
9

1

01(12
83(16

52
63
.50

1.
1.
2.
1
2
2
1
2
1
1
1.52(2

1.63(2

15 2
1.498(12
1.518(13

Compound 1

Compound-2

000
222000000
N~
Cl)wwl\)l\)l\)HH
2002620

CRRE
SN
T+
N

éz
Cu(1)-O(1C)#3

o

cHs

1.893(17

1.927(12
38(2
.6$4§13)

1.90
.39(2
1.874(18

1.886(14
1.886(15
1.673(15
1.903(18
2.29(2)
1.898(16
1.827(1
1.883(17
2.39(2
1.880(18
1.894(14
2272

1.939(11
2.020(16
1.928(12
2.005(14
2.264(11
1.907(12
2.014(15
1.62(2

1.70(2

1.515(11
1.503(13
1.511(13

1.935(2
2.003(2
2.292(

1.517
1.876(2
1.535(2

534
6R2(7
1.585(5
1.874(3

664(5
2.292(5

ggmmetry transformations used to generate equivatems: #1 -x+1,-y,-z#1, #2 -X,-y+1,-z+1, #3yxz;

, #4 -X,-y+1, z+1
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Chapter 4

4.2. Understanding the Formation of Metal-oxide Basd Inorganic Solids: Assessing
the Influence of Tetrazole Molecule

4.2.1. Introduction

Metal oxide-based solids form an important classnaterials showing their promising
applications in the contemporary research areamglyrast several years. A significant
research in this area have been directed partlyalugerest in their chemistry as well as
its applications.Molybdenum oxides containing transition metals gwed candidates of
the catalytic applications owing to their structwigidity. For example, transition metal
molybdates of composition MMoO(M=Mn, Co, Cu and Zn) catalyze the oxidative
dehydrogenation of the propaheand magnesia supported molybdates are used for
anaerobic oxidation of butane to butadiérdnMoO; is used for high capacity anode
material of lithium battery.In general there is a correlation between the ¢exity of the
structure and functionality of the materiallhe constant evolution of complexity of
molybdenum oxides in the terms of functionality uegs more knowledge on synthetic
strategies to understand the oxide structti®se such strategy for the modification of
oxide structures involves introduction of organimletules as structure directors.
Zeolites! biomineralized materiaf§, mesoporous oxides, and transition metal
phosphated are the examples in which an organic constituetst as structure-directing
role in the constitution of the oxide microstruetsir By exploiting the structure-directing
role of polyfunctional organic molecules (for exdejporganoamine ligands), a wide
variety of bimetallic oxides were isolatédTypically hydrothermal methods have been
commonly used to synthesize the molybdenum oxidedbanaterials; the technique offers
an excellent route to isolate metastable phases samilizes the reliability of the
structure'® There are two major classes in the M/Mo/O/Ligaadhify of oxides: (i)
poloxomolybdate anion clusters, together with sdeoy metal/ligand components as
complexes or cationic networks, constituting metdbe-based solids* (ii) solids
constituting oxide microstructures rather than nimoclusters to which secondary
metal/ligand components are attached to the peafhef these oxide microstructures. In
the later class of inorganic oxides there are mamprts representing [M(orgylo,Oy]
(M= transition metals) in which these bimetallicid MMo,O, components are 1-D
chains'* 2-D sheet§ or 3-D framework¥ to which organoamines are attached
coordination through secondary metals as peripmeo@ties or bridging subunits. Among

these, 3-D frameworks constituted by bimetallicdes are quite interesting in terms of
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both functionality as well as self assembly proessgubieta and co-workers have studied
structure directing role of the organoamine ligamighe self assembly of bimetallic
oxides with the ligands bipyridylamine (bpa), pyrez (pyz), pyrimidine (pyrdj® and
3,4"-bipy, 3,3 -bipy, 4,4 -bipy’ Ramanan and his group investigated the influericz o
Amino pyridine on the formation of copper molybdate

As shown in Scheme 4.4, the pyrazine and pyrimitliane two nitrogen donors, triazole
has three nitrogen donors and tetrazole has fowogen donors. From the previous
reports, it is known that pyrazine and pyrimidireeni complex 3-D bimetallic oxides
CUMO-5 & CUMO-6 with well-defined channels occupiday the pyrazine and
pyrimidine units respectivelf’. These two are rare examples, in which bimetallil®x
forms a 3-D framework and organoamines supporfrdraeworks. As the donor to donor
distance is less in both the ligands (pyrazine pyrimidine), this allows the secondary
metal polyhedron of a layer / chain to connect #dugacent layer / chain at shortest
distances (through the metal-oxo group) resultir8y bimetallic oxide framework. But
in the cases, where the donor to donor distano®oie (eg. 4,4 bipy , dpe, dpa, average
N—N distance is 6.52 to 8.62 A)these ligands separate the metal polyhedron lagérs
largest distances, thereby forming of pillared-fagestructures. Interestingly, the ligands
pyradazine and triazole (Scheme 4.4) having adfadenor sites do not form a 3-D
bimetallic oxide frameworks, rather, these ligafmsn a cationic networks in which the
oxide clusters are embeddéd.

QO
\
PR

Pyrazine Pyrimidine Pyridazine Triazole Tetrazole

Scheme 4.4.Various polyazaheteroaromatic organic moleculesstascture directing roles in the self
assembly process of metal oxide based solids.

Among these polyazaheteroaromatic compounds (ScHedetetrazoles are of special
interest because they consist of all possible brglashions for coordinating the adjacent
metal centersThe versatility of a tetrazole molecule lies in taeailability of more
number of donor sites (nitrogen donors). The gepmef these donor sites can act as
bridging as well as chelating ligands leading te thesirable networkS. Due to an

availability of four donor sites; it has opportyntio bridge the surrounding secondary
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metal polyhedron; thus tetrazole molecule with mai@or sites can template the
formation of oxide network. The only report of t&tole involving poloxomolybdates,
reported by Zubieta and co-workers, has descrits@ric networks of copper and
tetrazoles, in which anionic octamolybdates havenbghown to be encapsulated in the
channels or voids of the cationic framewotkdn the present study, we have chosen a
tetrazole, namely ‘4-ptz’ [5-(4-pyridyl) tetrazoleh tetradentate ligandp study the
influence of the tetrazole molecule on the formatb bimetallic oxide-based new solids,
which exploits the geometry of the tetrazole molecn understanding the self assembly
of the bimetallic oxides. We wish to report heree tilsynthesis and structural
characterization of two compoundq§Cu(4-Hptz)(Ma@O;)] (3) and [Cu(4-
Hptz)(H20)3]2[M0gO2¢] (4). In compound, 5-(4-pyridyl) tetrazole (4-ptz) templates the
formation of CuMogO; rings through the all four donor sites, and thesgs stack to
each other to form a 3-D bimetallic oxides, wheraascompound 4) tetrazole forms
complex cation [Cu(4-Hptz)H,0)s]** using only one donor N atom, which in turn, is
stabilized by the supramolecular interactions vaitie-dimensional octamolybdate chains
[M0gOs] "™

4.2.2. Experimental Section

4.2.2.1. Materials and Methods

All the chemicals were received as reagent grade ased without any further
purification. 5-(4-pyridyl) tetrazole (4-ptz) wasrgpared according to the reported
proceduré? Elemental analyses were determined by FLASH EAesefil12 CHNS
analyzer. Infrared spectra of solid samples wecerded on a JASCO — 5300 FT - IR
spectrophotometer as KBr pellets. Thermo graviroetnalyses were carried out on a STA
409 PC analyzer and corresponding masses werezadaby QMS 403 C mass analyzer,
under the flow of Mgas with a heating rate of 5 °C mlinin the temperature range of 30—
900°C.

4.2.2.2. Synthesis

Synthesis of the compound [Cu(4-Hptz)(MgO-)] (3)

A mixture of ammonium heptamolybdate tetrahydr@t@é@ mmol, 0.125 g), copper nitrate
trinydrate (0.51 mmol, 0.123 g), 4-ptz (0.50 mnt074 g), and water (555.5 mmol 10.0
g) in the mole ratio 1:5.1:5:5555 was taken; torgmilting reaction mixture, 0.1 mL J&t
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was added and stirred for 30 min. Then the pH efrdaction mixture was adjusted to 1.7
by adding 0.5 M HN@ The solution was then transferred to 23 mL Tefioed autoclave

in the stainless steel vessel and heated at 180r°2 hr and cooled to room temperature
over two days to give red block crystals3ofYield: 0.10 g (38%, based on copper) Anal.
Calc. for GHsNsCuMo,0O; (514.56): C, 14.00; H, 0.97; N, 13.61. Found: C,784 H,
1.01; N, 13.78. IR (KBr pelletp(cm™): 3458, 3082, 2920, 2240, 1637, 1516, 1437, 1195,
1022, 850, 760, 634.

Synthesis of the compound [Cu(4-Hptz)(K0)3]2[M0gO2g] (4)

A mixture of ammonium heptamolybdate tetrahydr@t@@ mmol, 0.247 g), copper nitrate
trinydrate (0.09 mmol, 0.023 g), 4-ptz (0.19 mnt028 g), and water (555.5 mmol 10.0
g) in the mole ratio 2.22:1:2.11:6172 was taketofeéd by the addition of BN (0.1 mL)
and the resulting reaction mixture were stirred30rmin. The pH of the reaction mixture
was then adjusted to 2.0 by the 0.5 M HNDhe solution was then transferred to 23 mL
Teflon lined autoclave in the stainless steel Vleasd heated at 120 °C for 72 hr and
cooled to room temperature over two days to giwe tdlock crystals ofl. Yield: 0.04g
(22%, based on copper) Anal. Calc. fosz,CuMogNqOs, (2007.32): C, 14.36; H,
1.60; N, 13.95. Found: C, 13.84; H, 1.42; N, 13168(KBr pellet) p/cm?): 3354, 3099,
2096, 1637, 1520, 1385, 1199, 1047, 956, 906, 844, 754, 707, 596, 516, 480.

4.2.2.3. X-ray Crystallography

Data were measured on a Bruker SMART APEX CCD detactor systemi[Mo Ka) =
0.71073 A], graphite monochromator, 2400 framesewecorded with am scan width of
0.3°, each for 8 seconds, a crystal detector distah60 mm, and a collimator of 0.5 mm.
The data were reduced using SAINTPL&She structures were solved using SHELXS-
97%* and refined using SHELXL-97. All non hydrogen atoms were refined
anisotropically. We tried to locate the hydrogeonaton the nitrogen atom of the pyridine
ring in compound through differential Fourier maps, but did not sexdt. Crystal data,
structure refinement parameters for both the comg@ge@are summarized in Table 4.3

4.2.3. Results and Discussion

4.2.3.1. Synthesis
In the previous report dealing with 5-(4-pyridy$ttazole (4-ptz), a cationic network has
been shown to be formed by utilizing only two nitea’s of tetrazole ring and one

nitrogen atom of pyridine ring, in which octamolytes are encapsulated in the voids or
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channels reminiscent to triazdfeln this case, the nitrogen atoms of the pyriding of
the ligand 4-ptz, can also form coordinate covalmnd with the metal centre and alters
the formation of oxide structure. The profound uefhce of the geometry of the 4-ptz
ligand can be shown in the oxide structure onlyhbgcking the coordination of the
pyridine-nitrogen atom and making availability detfour nitrogens in the tetrazole ring
for its coordination (Scheme 4.5). In the courseoof investigation on the synthetic
conditions to fulfill these necessities, we havprdeonated the tetrazole ring by adding a
base, whereby the negative charge is delocalizethanring making all the nitrogens
available simultaneously for their coordination. Block the coordination of the pyridine
nitrogen atom, the concerned reactions were peddrat relatively acidic (low) pH, and
then pyridine nitrogen gets protonated and blot&soordination to metal center. This
deprotonation—protonation event of the tetrazohgy rhas profound influence on the

formation of oxide structures.

HIN_RI ,N—N\
N\ N N @ N
 —

") (]
N NP
N N

H
4-ptz 4-Hptz

ptz = [5-(4-pyridyl) tetrazole]

Scheme 4.5Scheme showing the modification of the ligand &eibthe synthetic conditions.

In a typical synthesis of compound [Cu(4-Hptzy@g (3), a mixture of ammonium
heptamolybdate, copper nitrate, 5-(4-pyridyl) tetda (4-ptz) and water in the mole ratio
1:5.1:5:5555 was taken and 0.1 mL o§NEtvas added to deprotonate the tetrazole ring.
Subsequently, the pH of the mixture was adjustetl. 7aby addition of 0.5 M HN®and
heated at 180 °C for 72 hr to give a deep red cblock crystals. Compound [Cu(4-
Hptz)(H20)3]2[M0gO2¢] (4) was also prepared from the same reactants in ithidas
synthetic manner, but the mole ratio was change?l2®:1:2.11:6172 and temperature to
120 °C. Thus, the important variation in the systheof compound8 and4 was the
variation of mole ratios of the reactants and terapee. In the synthesis of compousid

the concentration of ammonium heptamolybdate s tlesn Cu source and 4-ptz, while in
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the compound}, the molybdate concentration is more. This conedinnh variation leads
to a drastic change in the self assembly processnetffal oxides resulting in two
completely different structures (namely, compouBdsd4). Finally, the temperature has
also remarkable role in stabilizing the structufes,example, compound was prepared
at high temperature 180 °C, whilewvas prepared at relatively low temperature (120 °C
Detailed synthesis and mode of tetrazole binding shown in Scheme 4.6. The
replacement of base #t with other bases does not give the compound$endesired
yields.

HN—N

g

(NH)Mo,0,,+ Cu(NO), + E% + EN+HNO,
|
o

1:5:5, 180°C | 2:1:2,120°C
| %%J%
%% Nf \
Y

P [Cu@-Hpz)(Mo,0,)] [Cu(é-Hptz),(H;0);,[Mos0y] L
Scheme 4.6Syntheses of compounds [Cu(4-Hptz)})@g] (3) and [Cu(4-Hptz) H,0)s])[M0gO.¢] (4)

4.2.3.2. Description of the Crystal Structures

Structural description of [Cu(4-Hptz)Mo ;0] (3)

Compound3 crystallizes in orthorhombic space grdepma the relevant crystal data and
structural refinement for compourddare presented in Table 4.3. As shown in Figure 4.6
compound3 consists of a bimetallic {CuM@-} three dimensional network supported by
the nitrogen atoms of the tetrazole ring of 4-Hpize relevant asymmetric unit consists of
one independent Mo atom to which four oxygen atames attached (among these, one
oxygen is in special position), one Cu atom in ggdegosition and half of the 4-Hptz
ligand. The molecular formula of the compound frahe asymmetric unit is thus
described as [Cu(4-Hptz)MO;], in which the charge of the dianion [M®7]* is
compensated by the €ucation. In the ligand 4-ptz, the proton on theagien atom of
tetrazole ring is deprotonated, the resulting rnegatharge is delocalized throughout the
ring, while the nitrogen atom of the pyridine rigets protonated to give a positive charge.
Thus, the ligand can be depicted as a neutral digfia(4-GH4N"H)CN4 ](4-Hptz). The
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dimer [M,07]* consists of two corner sharing {Mafpolyhedron with three terminal
oxygens of bond lengths 1.763, 1.800 and 1.721sfeetively and one bridging-oxo
with bond length of 1.952 A.

Figure 4.6.3D packing diagram in the crystal structure of¢benpound3 (view alonga- axis)

The Mo-O-Mo bridge has a bent configuration witmdbcangle 1420 The anion
[M0,07]* extends its dimensionality to 3D by sharing a#l three terminal oxygens with
another [M@O;]*” subunit and {CubO4} octahedron. The two Mo atoms of [M®;]*
linked to another unit by the terminal oxygen @& corner sharing with a distance of
2.202 A to form a one dimensional square grid mgrthrough crystallographia axis

(Figure 4.7a).

Mo Mo
\ /

(@) (b)

Figure 4.7.(a) One dimensional chainlike arrangement of sgjggids running through crystallograplc
axis, (b) coordination of 4-Hptz to the metal centr

Each molybdenum atom in the dianion @s]* is in {MoOsN} octahedron constructed
from the nitrogen atom of the tetrazole ring, thteleminal oxygens, one bridgingoxo

and one oxygen atom form the other P®* subunit. Each {Mo@N} octahedron
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corner-shares with three {M@®} octahedra and two {CupD,} octahedra. The
coordination geometry around Cu(ll) atom is defitigdthe two nitrogen atoms (N2) of
two tetrazole rings with bond length of 2.230 Addour corner sharing oxygen atoms
(two O3 and two O4) from two dianions [M®;]> with bond lengths 1.897 and 2.252 A,
respectively. Each {CupD4} octahedron corner shares with four {Mg} octahedra.
From the tetrazole point of view, 4-Hptz is a nalitnolecule [5-(4-GHsN"H)CN,](4-
Hptz), acting as a tetradentate ligand in which tstoogen atoms (N1) bind / chelate to
one [Ma0;]* anion and two nitrogen atoms bind / bridge to wepper atoms. The
plausible modes of binding with different typespairs of nitrogen atoms are shown in the
Table 4.4. Each tetrazole connects to two Cu odrahand one [MgD;]* anion through
four nitrogen donors (Figure 4.7b). There are ofdw instances in which tetrazole
exhibits coordination mode of 13 in which all the nitrogen atoms of the tetrazdtegr
are involved in the bonding. In order to meetdkailable coordination requirements, the
ligand 4-Hptz adopts slightly bend conformation nfrothe plane. The covalent
connectivity in the {CuMgO;} network brings about a large 20-membered {00}
ring. Each ring is formed by the two 4-Hptz ligandéereby the pyridine moiety of each
4-Hptz occupies the cavity of the rings (Figuread.8

k ,*/ T //"A\:‘\{\,
_AS
/—*
AN
@) (b)

Figure 4.8. (a) 20 Membered {CiMosO,0} ring, template by two 4-Hptz ligands, (b) stadkif the
bimetallic layers formed from the rings.

These rings form sheets and these sheets stackednnection through terminal oxygens
to form a 3-D bimetallic oxide network (Figure 4)8@wo 4-Hptz ligands act as a
template in the formation of the {QMoeOs0} rings through its coordinatiowia nitrogen
atom to both Cu and Mo octahedra. It is worth nmmitig that the coordination from
nitrogen to molybdenum is hardly known in inorgasielf-assembled structures. The
pattern of chains formed with tetrazole rings ane metal centers are shown in Figure
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4.9a and the framework of bimetallic oxide {Cup@s} is shown in Figure 4.9b. The

arrangement of chains in the framework is showRigure 4.9c.

(b) | ()

Figure 4.9.(a) Cationic chains, formed from 4-Hptz and medaiters, (b) 3-D framework of {CuM©;}
bimetallic oxide, (c) fusion of cationic chainsthre 3-D bimetallic oxide

Structural description of [Cu(4-Hptz)2(H20)3],[M0gO2¢] (4)

In our investigation of self assembly process gbpmy molybdates with tetrazole, we
isolated compound! at different synthetic conditions, with molecufmrmula [Cu(4-
Hptz)(H20)3]2[M0gO2¢] (2). Compoundd crystallizes in triclinic space group-1; crystal
data and structural refinement for compouhdre presented in Table 4.3. The thermal

ellipsoid plot for compound is shown in Figure 4.10.

Figure 4.10.Thermal ellipsoidal plot of compourd hydrogen’s are not shown for clarity.

The relevant asymmetric unit consists of half @& tttamolybdate, [MgD;3]*~ anion and
[Cu(4-Hptzh(H,0)s]** cation. The crystal structure dfconsists of infinite molybdenum
oxide chains constructed from the corner sharingmolybdate anions [M®.¢*" and
discrete Cu(ll) cationic complexes [Cu(4-Hp{E).0)3]. Octamolybdate is well
characterized and highly explored POM with) isomeré’ and has been isolated with
different range of organic catiofand inorganic metal complex&5.In the present study,
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the octamolybdate chains formed in the compodirade almost similar with the chains,
reported in the compound [(Me-NEs);M0g0,¢.*° The monomeric octamolybdate
[MogO2¢]*™ unit in the compound comprises of eight edge sharing Mp@ttahedra. The
mode of connectivity of these monomeric octamolyeslayives different types of oxide
chains®® Each octamolybdate unit in compouddconsists of foump>~oxo groups, in
which each oxo group acts as a linker between twlylmdenum atoms from the adjacent

subunits to form an infinite oxide chains.

1

Figure 4.11.Infinite octamolybdate chains with rectangularities

The connectivity of a pair of octahedra of one subwith a pair of octahedra from
another subunit through corner sharimi@ (1>~0x0) results in an infinite 1-D oxide chains
with the formation of rectangular voids of dimensi3.828 A X 3.862 A in the linking
region (Figure 4.11). The M®-Mo bridges between two subunits are almost linadr w
an angle of 171.3° whereas the M®»-Mo bridge in the compoun8is bent with an angle
of 142.0°. The cation in the compouAdonsists of Cu(ll) centers in {Cul,} square
pyramids. The geometry at each Cu(ll) centre isnéefby one oxygen atom (O16) from
one coordinated water molecule in apical positiod avo oxygen atoms (014 and O15)
from two more coordinated water molecules and tWwmgen atoms from the two 4-Hptz
ligands in the basal plane. In the crystal striectofr compoundd, O14 and O15 atoms
suffer from significant disorder problem and thegvé been splitted over two positons
after fixing their occupancies to 0.5 and 0.5 fat4Qand 0.75 and 0.33 for O15. We
collected crystal data for compouddat liquid nitrogen temperature; however this low
temperature data also did not improve the situaifatisorder problem.

The pyridine nitrogen atom is protonated and does involve in the bonding as

mentioned previously (Scheme 4.5). Only one nitnoggom of the tetrazole ring
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coordinates to the Cu atom (Mode2fl\whereas in3 all the four nitrogen atoms are

bonded to metal centers.

Figure 4.12. (a) CG-H---O interactions between the 4-Hptz and octandaligh chains, (b) €H---N
interactions between the two 4-Hptz ligands, (@ralt G-H--- O and €H- - -N interactions leading to a 3-D
supramolecular frame work.

The void space created by the oxide chains arepoatipy the Cu(ll) cationic complexes.
The oxygen atoms of the octamolybdate chains ireglw hydrogen bonding interactions
with hydrogen atoms of the pyridine ring. Each @atjCu(4-Hptz)(H.0);] is connected
to three oxide chainga C-H---O weak interactions as shown in Figure 4.12s0 there
exists a weak €H---N supramolecular interactions between two [GHjftz),(H.0)3]
cations to form a one dimensional chain as showrhen Figure 4.12b. Overall the
C-H---N interactions form a one dimensional chainitecture of [Cu(4-HptzjH20)3]
cations, which in turn, forms 3-D framework with id& chains through €H---O
interactions (Figure 4.12c). The relevant hydrogpemding distances and angles with

symmetry operations are listed in the Table 4.5.

4.2.3.3. How a tetrazole molecule influences thelfsassembly process of the inorganic
oxides

The availability of more number of donor sites dnel geometry of the donor sites in the
tetrazole ring allows showing an important roletire self assembly process of the
inorganic oxides. The higher reacting ability anghler oxidation state of molybdenum
tend to form the mononuclear, polynuclear or oligoim anionic cluster anions such as
[MoO4)%", [M0207]* and [MaO2¢*. The formation of these anionic clusters in thié se

assembly process of inorganic oxides is mainly ddpet on the secondary metal
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coordination preferences, geometry and availahidftjhe donor sites in the organoamine
ligands, and synthetic conditions like pH, tempamatand concentration of the reactants.
Tetrazoles are known to adopt at least nine distiyyges of coordination modes with
metal ions in the formation of metal-organic franoeks (see Scheme 4.%).

I
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Scheme 4.7Different coordination modes of the tetrazole ring

The geometry of tetrazole ring is unique in thesgetihat the nitrogen atoms can act as
both chelated and bridging components (Table AN4dontaining ligands involve in the
self assembly process of inorganic oxides onlyughothe coordination to the secondary
metal ions but not to the Mo metal centre. The clleation of negative charge in the ring
of tetrazole, gives the ring an aromatic sexteé (Seheme 4.8}, thereby enhances the
coordination ability of the nitrogen atoms of tleréazole ring. Due to more coordination
ability of the nitrogen atoms in the tetrazole riatpws to coordinate to both secondary
metal and molybdenum metal centers. This factorawnak tetrazole molecule different
from the other nitrogen containing ligands in tled assembly process. As a result, in the
compound3, tetrazole ring coordinates to two molybdenumteenand thereby prevents
the formation of oligomeric anionic clusters froMd,07]*" anion. However, in the case
of compound4, due to more concentration of heptamolybdate &aehesis section),
tetrazole ring does not prevent the formation efdhgomeric anionic clusters and thereby
tetrazole acts as monodentate ligand. The formatibthe octamolybdate chains in
compound4 is not purely dependent on the influence of theatele ring, but the
formation of copper complex cation with tetrazadean important factor, responsible for

the formation of the oxide phase.
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Scheme 4.8Delocalization of negative charge in the tetrazolg to give an aromatic sextet

The coordination modes of the tetrazole ring torttetal centers in both the compounds
have been shown in Scheme 4.7. This profound infle®f tetrazole ring in the formation

of oxide phases is only possible when the entiredsites are available for binding. The
mode of the tetrazole ring and the correspondingleoxphase in the compounds

synthesized/reported are shown in Table 4.6.

4.2.3.4. Thermogravimetric studies
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Figure 4.13.Thermogravimetric curves of compourland4
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Thermal analyses of both the compounds were peedromder nitrogen atmosphere
(Figure 4.13). Compound shows a thermal stability up to 320 °C and exhihitweight
loss of 28.20% (theoretical: 28.56%) correspondmghe loss of 4-Hptz. A continuous
weight loss occurs in the region 352 °C to 838 G@roduce an amorphous gray powder.
On the other hand, compouddshows a thermal stability up to 215 °C and exhilait
weight loss of 35% (theoretical : 34.6%) corresping to the loss of six water molecules
and four 4-Hptz moieties. Compouddexhibit more thermal stability than compou#d
due to strong coordination of tetrazole to the gamic oxide phase leading to a three-
dimensional network in compourdd The continuous weight loses after the exclusiofto

Hptz in both the compounds give unknown oxide phase

4.2.4. Conclusion

Inorganic oxides represent the most important ctdssiaterials as far as stability and
application aspects are concerned. In order tosiigege the self assembly process of
bimetallic inorganic oxides involving tetrazole, rem, we have identified three
dimensional covalently linked material [Cu(4-HptM;] (3) and one dimensional
compound [Cu(4-Hptz)(bD)s].[M0sO2¢] (4). The attractive feature of this article is that i
the compound, tetrazole ring with the aid of four donor sitesnplates the formation of
the {CwuMogO1g} rings, which stacks further to give a 3-D binlktaoxide frame work of
{CuMo0,0;},. The coordination ability of the nitrogen atoms the tetrazole ring to
coordinate with both transition metal and molybdamaetal centre in compourgifavors
the formation of the 3-D bimetallic oxide. Whereas,the compound due to more
heptamolybdate concentration, tetrazole ring dassptay any role to control the oxide
phase, and acts as only monodentate ligand. Byduhie synthetic conditions, tetrazole
tends to exhibit different coordination modes whidn alters the formation of oxide
phase. This system not only proves to be a goodhpbeato investigate self assembly
process and provides more information of the dimeel syntheses of the inorganic oxide
phases, but also offers a fundamental approacbwfahnitrogen donor containing organic
molecule (tetrazole) influences the self assembigcgss of the inorganic oxides.
Introducing the tetrazole derivatives into the polmolybdate (POM) matrix adds a new
dimension to the POM based materials in terms dfigéng solids with specific
properties.
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Table 4.3.Crystal data and structural refinement for compmBand4

Chapter 4

3 4
Formula GHsNsCuMo,04 @H3,CwpMOogN(Oso
Molecular Mass 514.57 2007.32
Crystal system Orthorhombic Triclinic
Space group Pnma P-1
a(Ah) 7.466(2) 7.9321(6)
b (A) 13.030(4) 12.8279(10)
c(A) 10.910(3) 12.8668(10)
a(°) 90.00 100.11(10)
B(°) 90.00 105.69(10)
v () 90.00 96.69(10)
T (K) 298 100
Volume (&) 1061.3(5) 1222.11(16)
Y4 4 1
Deacs (gem?) 3.220 2.727
Absorption coefficient 4.363 2.953
F(000) 980 659
MA) 0.71073 0.71073
Crystal size (mr) 0.20x0.14 x 0.10 0.34 x 0x16.08
Theta range (°) 2.43 to 24.97 1.64 to 25.99
Reflections
collected/unique 8993 /969 12556 / 4754
Rint 0.1332 0.0216
Data/restraints/parameters 969/0/103 447w/ 416
Goodness-of-fit on ¥ 1.059 1.187
Ry/WR; [1>26(1)] 0.0426/0.1084 0.0264/ 0.0729
Ry/WR; (all data) 0.0449/0.1122 .02r0/0.0734

Largestdiff.peak/
hole (e&X®)

2.067 and -1.296

0.859 and -1.411
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Table 4.4.Different types of binding modes of nitrogen atoairp in the [5-(4-pyridyl) tetrazole]

Types of N----N pairs Distan@k) Plausible Mode of 4-ptz
in tetrazole ring Binding

N1-N1* 1.303 Chelating/Bridging N1 NT*

N1-N2 1.329 Chelatingdging

N1-N2* 2.151 Byidg N2 N2

N1*~N2 2.151 Bridging

N1*—N2* 1.329 Chelatingiging

N2-N2* 2.194 Bridging 1'/‘\"’

N2,N2*-N3 5.049 Pillaring ‘\./”

N1,N1*~N3 6.190 Pillaring L

Table 4.5.Geometrical parameters of theld --O and €H- - -N hydrogen bonds (&), involved in
supramolecular network of compoudD=donor; A=acceptor.

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(3)-H(3)...0(3)#5 0.93 2.47 3.377(4) 164.0
C(4)-H(4)...0(4)#5 0.93 2.68 3.319(4) 127.0
C(4)-H(4)...0(1)#6 0.93 2.55 3.281(4) 136.1
C(6)-H(6)...0(10)#6 0.93 2.47 3.110(4) 126.3
C(11)-H(11)...0(5)#7 0.93 2.60 3.466(4) 154.6
C(11)-H(11)...0(2)#8 0.93 2.37 2.958(4) 121.0
C(12)-H(12)...0(2)#8 0.93 2.53 3.037(4) 114.3
C(5)-H(5)...N(7)#9 0.93 2.44 3.336(4) 162.5
C(10)-H(10)...N(3)#10 0.93 2.71 3.294(5) 1215
C(9)-H(9)...N(3)#10 0.93 2.78 3.324(4) 118.3
N(10)-H(10A)...0(12)#11 0.85(5) 1.80(4) 2.634(4) 165(4)
N(9)-H(9A)...O(7)#6 0.86(5) 4(8) 2.698(4) 177(4)

Symmetry transformations used to generate equivatems:

#5 -x+1,-y,-z+1 #6x-1,y,z-1 #7x,y+1,8 #+1,y+1,z #9 -x+1,-y+1,-z
#10 -x+2,-y+1,-z+2 #11 -x+3,-y+1,-z+2
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Table 4.6.Coordination modes of tetrazole and correspondkide phases formed in the compounds
synthesized/ reported.

Coordination mode Oxide phase Description of
of Tetrazol&! structure
\N—N
I \ lon pair compound
N N

2-D, 3-D networks in which
octamolybdate anions are
encapsulated!

B-octamolybdate anions

/ ; :
\I—N\ "’%"‘*“ —e 3-D bimetallic oxides to
<_NI\ \N—> which tetrazoles are
\r 0-7‘ —e attached via nitrogen atoms
[ 4 [

[l pyridine moieties are not shown
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Factors Affecting the Conformational Modulation of
Flexible Ligands in the Self-Assembly Process of
Coordination Polymers: Synthesis, Structural
Characterization, Magnetic Properties and Theoretical
Studies

W L s
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Six new metal complexes with the formulae, [Co(pda)(bix)].(1), [Ni(pda)(bix)(H-0)], (2),
[Cu(pda)(bix)2(H20)2],-8nH-0 (3), [Co, (u-OH)(pda)(ptz) ],-nH-O (4), [Co(hfipbb)(bix)o.5]» (5),
[Co(2,6-pydc)(bix);.s],-4nH-0 (6) have been synthesized by the reactions of Co(II) , Ni(II), and
Cu(II) salts with two flexible ligands 1,4-phenylenediaceticacid (H,pda), and 1,4-bis (imidazole-1-
ylmethyl)-benzene (bix) in presence of co-ligands 5-(4-Pyridyl) tetrazole (4-ptz), 4,4'(hexa-
fluoroisopropylidene)bis(benzoicacid) (H-hfipbb), and 2, 6-pyridine dicarboxylic acid (2, 6-
H>pydc), and characterized by single crystal X-ray diffraction analysis, IR spectroscopy and
thermogravimetric (TG) analysis. Because of the coordination geometry around the metal ions,
and the diverse coordination modes of the flexible ligands in combination with the rigid and
flexible co-ligands, the obtained complexes show diverse structures from one dimensional (1D)
chain to three dimensional (3D) coordination polymers. 1, 4, 5, and 6 are Co(II) complexes in
which Co(II) ions show tetrahedral coordination in 1, trigonal bipyrimidal coordination in 4, and
octahedral coordination in 5 and 6. Complexes 2 and 3 are respectively Ni(II) and Cu(IIl)
complexes in which the metal ions present in octahedral coordination geometries. Factors
affecting the conformational change of the flexible ligands in the self assembly process of
coordination polymers, such as, coordination geometry around the metal ions, and geometry of
the co-ligands have been systematically studied. The rotation of the bonds C(sp®)—C(sp?) and
C(sp’)—N(sp’®) in Hapda, and bix ligands causes different conformations (cis, trans, gauche);
these conformations have been studied by measuring the torsion angle. A comparative study
between the torsion angle of the particular conformation of the ligands and coordination geometry
of metal ion/geometry of the co-ligand has been undertaken. All the possible cis, trans, and
gauche conformations of the flexible ligands have been obtained / observed in our complexes.
Theoretical calculations were performed to determine the energies of the different conformations
of the flexible ligands. The electronic properties of these complexes have also been investigated in
the solid state at room temperature. Finally the temperature dependent magnetic studies for

compounds 4 and 5 are described.
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5.1. Introduction

Exploring the chemistry of micro- and meso-poroasrdination polymers (CPs) or metal
organic frameworks (MOFs), based on the self askeprbcesses, is of great interest in
modern inorganic chemistry because of their paakrapplications in the gas storage,
catalysis, nonlinear optics, separation, and sgnsta’ The designing of coordination
polymers with specified property remains intrigucitallenge to the synthetic chemists, in
terms of choosing both organic building units (OBls well as metal iorfsA vast
literature has been reported in the judicious $elewf organic ligands in attaining the
desirable topologies.MOFs, based on the rigid carboxylate linkers, hbeen widely
studied and highly explored extensively by Yaghil @o-workers. The combinations of
carboxylate linkers along with N-donor linkers weaiso used to construct a wide variety
of 3D open framework materials with interestingpsimm properties. In contrast to the
rigid ligands, the rational design of coordinatipolymers based on flexible ligands are
quite interesting in terms of self assembly procass structure property relationship.
Due to the conformational freedom of the flexibtgahds, it results in formation of both
discrete macrocylces and infinite polymeric stroes; conversion between these two
types of structures (discrete and polymer) coukb de achieved by the ring-opening
isomerism’. Cao and his group studied and reviewed the coatidin polymers based on
flexible ligands® The conformational freedom of the flexible ligarafers the possibility
to construct the unpredictable and interesting dioation networks with useful
properties. The final structures, based on flexiiglands, are subjected to several factors,
such as, synthetic conditions (temp, pH, presamné,solvents), coordination geometry of
metal ions, geometrical disposition of donor sitesjplate molecules and so dithus an
investigation on the correlation between the sutieformation of a flexible ligand and
the topology of the coordination network formedaischallenging task for inorganic
chemists and it is necessary to check some prepeof the resulting coordination
polymers.

We have been focusing on the study of the coorndinapolymers to evaluate the
necessary concepts in the self assembly procesenBRgwe have demonstrated the effect
of solvent molecules in directing the dimensioryatit coordination networks from 1D to
3D.°These studies give us a practical experience bystg the assembly of coordination
networks. 1,4-benzenedicarboxylatelfHc) is a well known example of principle rigid

system among the carboxylates, and a similar analag the N-donor organic ligand is
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1,4-bis(1-imidazolyl)benzene) (1,4-bdx); numerousordination polymers have been
reported to explore the binding modes of thesentigan the self assembly procesSes.
The study of flexible analogues of these rigid egst would elute the basic principles in
the self assembly process of coordination polynterapared to the rigid ligands. 1,4—
phenylenediaceticacid gdda), and 1,4-bis (imidazole-1-ylmethyl)-benzen&)(are such
examples of flexible ligands that resemble the esponding rigid ligands. Recently we
have reported bothis andtrans conformations of the flexible phosphonate analogue
xylylenediphosphonic acid) with cobalt iGhThere are several reports ogpda with all
the possible conformations of the ligand with aritheut using co-ligand¥’ Cao and co-
workers demonstrated the conformation control eiiflle Hpda from trans to cis
conformation by introducing a rigid auxiliary ligiréd,4-bipyridine®® Shi and group
reported the series of Zn(ll) coordination compkexé&om isomeric phenylenediacetic
acid (1,4-, 1,3-, 1,2-ppda) and dipyridyl ligand¥ On the other hand bix is an another
versatile flexible ligand, through which a wide iedy of coordination polymers have been
constructed, of which some of them exhibit unusya¢s of entanglement (e.g., rotaxane -
like catenation}’ The deviation and rotation of C&pC(sgf) bond in Hpda with respect
to benzene ring causes disposition of (-COOH) gsanmifferent directions. In the same
way C(sp)-N(sp’) bond in bix causes disposition of imidazole rinigs different
directions. Apart from the typicalis andtrans conformations of the above said flexible
ligands, there are some other conformations lyirgjwben thesecis and trans
conformations. These conformations can be descrioedhe basis of torsion angle
measurement of the rotation of the bonds &{sp(spF) and C(sp)-N(sp’) in Hmpda and
bix respectively® Based on aforementioned considerations, we hawsechthe flexible
ligands Hpda, and bix to study the effect of coordinati@ometry of the metal ions and
geometry of secondary ligands in modulating thefmwnations of the flexible ligands.
Herein we report the synthesis and characterizatbnsix coordination polymers
[Co(pda)(bix)k(1), [Ni(pda)(bix)(HO)]n (2), [Cu(pda)(bix)(Hz0)z]- 81H20 (3), [Coy (p-
OH)(pda)(ptz) §:nH.O (@), [Co(hfipbb)(bix}sln (5), [Co(2,6-pydc)(bix)s],-4nHO (6).
The conformational freedoms of these flexible lidgmnplay a crucial role in the
construction of the coordination networks varyingni 1D to 3D. We have described the

temperature dependent magnetic studies for compotiaethd 5, considering the CeaCo

distance in their crystal structures
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Scheme 5.1Ligands used in this work
5.2. Experimental Section

5.2.1. Materials and Methods

All the chemicals were received as reagent grade ased without any further
purification. The ligands bix and 4-ptz were pregharaccording to the literature
procedures’ Elemental analyses were determined by FLASH EAeset112 CHNS
analyzer. Infrared spectra of solid samples obthaweKBr pellets on a JASCO — 5300 FT
— IR spectrophotometer. Thermogravimetric analysere carried out on a STA 409 PC
analyzer and corresponding masses were analyz€Mfy 403 C mass analyzer, under
flow of N, gas with a heating rate of°6 min?, in the temperature range of 30-10@D
Powder X-ray diffraction patterns were recordedaoBruker D8-Advance diffractometer
using graphite monochromated CuK1.5406 A) and K (1.54439 A) radiations. The
electronic absorption spectra have been recordedao@ary 100 Bio UV-visible
spectrophotometer at room temperature. Magneticegtibilities were measured in the
temperature range 2—-300 K on a Quantum Design VE\HB. The energy calculations
for the bix and pda in the crystal structures have been performedheysingle point
energy calculations using B3LYP with 6-311g** baset from the XMol (*.xyz) files of
the compounds . All the compounds were synthesize23 mL Teflon-lined stainless

vessels (Thermocon, India).
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5.2.2. Synthesis

Synthesis of [Co(pda)(bix)j(1)

A mixture of CoC}-6H,0 (0.12 g, 0.5 mmol), kpda (0.097g, 0.5mmol), and bix (0.12g,
0.5 mmol) was dissolved in 10.0 mL of distilled watThe pH of the reaction mixture was
adjusted to 6.0 by addition of 1M NaOH solutionn8equently the resulting mixture was
stirred for 30 min and transferred to a 23mL Teflmed stainless vessel, which was
sealed and heated at 180 °C for 72 h and the omaslystem was cooled to room
temperature over 48 h to obtain purple crystalsldri49%(based on Co) Anal. Calcd. for
Co4H22CoNyOy: C, 58.90; H, 4.53; N, 11.44. Found: C, 59.104125; N, 11.68. IR (KBr
pellet, cm®): 3792, 3126, 2916, 1618, 1585, 1523, 1365, 12086, 1024, 932, 788, 740.
Synthesis of [Ni(pda)(bix)(HO)]n (2)

The same synthetic procedure was used to synéhesias that for 1l except
Ni(NO3)2- 6H,0 (0.14 g, 0.5 mmol), was used instead of GA@&ELO to obtain light green
crystals. Yield: 45%based on Ni) Anal. Calcd. for,gH24NiN4Os: C, 56.84; H, 4.76; N,
11.04. Found: C, 56.70; H, 4.84; N, 11.21. IR (K®Btlet, cm®): 3393, 2966, 1558, 1518,
1375, 1261, 1232, 1086, 1024, 941, 800, 721.

Synthesis of Cu(pda)(bix)2(H20)2],- 81H20 (3)

The same synthetic procedure was used to synth@sazsethat forl except CuGl2H,0O
(0.085g, 0.5 mmol) was used instead of Go&HLO to obtain blue block crystals. Yield:
48% (based on Cu) Anal. Calcd. fordElseCu NsO,4: C, 50.02; H, 6.18; N, 12.28. Found:
C, 50.25; H, 6.02; N, 12.10. IR (KBr pellet, ¢jn 3400, 3113, 1651, 1574, 1521, 1450,
1358, 1251, 1138, 1109, 1024, 947,850.

Synthesis offCo, (u-OH)(pda)(ptz) ].-nH2O (4)

A mixture of Co(OAc)-4H0O (0.099 g, 0.4 mmol), #pda (0.038 g, 0.2 mmol) and 4-ptz
(0.029 g, 0.2 mmol) was dissolved in 10.0 mL oftiled water and the pH of the
reaction mixture was adjusted to 4.72 by 0.5 M NaOHen the resulting mixture was
stirred for 30 min and transferred to 23mL Teflamet stain less vessel, sealed and heated
at 180 °C for 72 h and then cooled to room tempegabver 48 h to obtain red block
crystals. Yield: 63% (based on Co) Anal. Calcd.@gsH13CoNsOg: C, 39.28; H, 2.67; N,
14.31. Found: C, 39.12; H, 2.38; N, 14.72. IR (K®ilet, cn): 3568, 2916, 2845, 1591,
1412, 976, 760, 717, 555.
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Synthesis of [Co(hfipbb)(bix} s]» (5)

To a mixture of CoGl6H,O (0.12 g, 0.5 mmol), bix (0.12g, 0.5 mmol) anghfipbb
(0.19 g, 0.5 mmol), 10.0mL of distilled water an@® InL of MeOH were added and the
pH was adjusted to 5.2 by adding 0.5 M NaOH. Tlseltang reaction mixture was stirred
for more than 2 h and transferred to 23 mL Tefioed stain less vessel, sealed and
heated at 180 °C for 72 h and then cooled to roemperature over 48 h to obtain red
block crystals. Yield: 59%based on Co) Anal. Calcd. forfl1sCoNF¢O4: C, 50.72; H,
2.66; N, 4.92. Found: C, 50.98; H, 2.42; N, 5.0R(KBr pellet, cnt): 3454, 3140, 2924,
1626, 1523, 1410, 1253, 1172, 1105, 1020, 929, B3P, 723, 652.

Synthesis of [Co(2,6-pydc)(bix)s] - 4nH,0 (6)

To the mixture of CoGI6H,O (0.12 g, 0.5 mmol), bix(0.12g, 0.5 mmol) and Bigpydc (
0.083 g, 0.5 mmol), 10.0mL of distilled water an@ inL of MeOH were added and the
pH was adjusted to 6.0 by adding 0.5 M NaOH. Tlselteng reaction mixture was stirred
for more than 2 h and the clear solution was temsfl to 23 mL Teflon lined stainless
vessel, sealed and then heated to 160 °C for #®llt@oled to room temperature over 48
h to obtain red plate like crystals. Yield: 65%ased on Co) Anal. Calcd. for
CagH3,CoN;Og: C, 51.46; H, 4.93; N, 15.00. Found: C, 51.205H,0; N, 14.75. IR (KBr
pellet, cm'): 3441, 3121, 2199, 1628, 1587, 1521, 1444, 14359, 1284, 1234, 1182,
1086, 1028, 941, 844.

5.2.3. Single crystal X-ray structure determinationof the compounds 1-6
Single-crystals suitable for structural determioatiof all the compoundsl{6) were
mounted on a three circle Bruker SMARTAPEX CCDeadletector system under MaxK
(A=0.71073A) graphite monochromated X-ray beam,talys detector distance 60mm,
and a collimator of 0.5 mm. The scans were recowiéid an® scan width of 0.3°. Data
reduction performed by SAINTPLU%? empirical absorption corrections using equivalent
reflections performed by program SADABS, structure solution using SHELXS-47
and full-matrix least-squares refinement using SMEQ7%°? for above compounds. All
the non-hydrogen atoms were refined anisotropicallydrogen atoms on the C atoms
were introduced on calculated positions and weckided in the refinement riding on the
irrespective parent atoms. Attempts to locate tydrdgen atoms for the solvent water
molecules in the crystal structure of compouBdd and6 failed. However, no attempts

were made to fix these atoms on their parents.t@msin the crystal structure dfare
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refined with occupancy each 0.95, several attempte® made to improve the occupancy
and the best value is taken considering the coewver of the refinement. Crystal data,
structure refinement parameters for all the comgeui+-6) are summarized in Table 5.3
and hydrogen bonding parameters in Table 5.4. Tgpodl analysis of the compourid
were performed by using the TOPOS softwife.

5.3. Results and discussion

5.3.1. Synthesis

All the compoundsl—6 were synthesized by conventional hydrothermal guaces by
employing divalent metal salts and the appropriigEnds mentioned in the Scheme 5.1.
The infrared spectra of all the compounds are steisi with their single crystal
structures. The aromatic ring stretching frequenaé the pda and bix ligands are
present in the range of ~1600 to 1200 triThe asymmetric and symmetric stretching
frequencies of the C—-O stretching modes of therldmeylate ligands were present as
strong bands at 1585 and 1523 (i), 1558 and 1518 cth(2), 1574 and 1521 cth(3),
1591 and 1412 cm (4), 1523 and 1410 crh (5) and 1587 and 1521 ¢m(6). The
aliphatic C—H stretchings of the —@group in all the compounds are present in thegang
of 2800 to 3000 cil. The bands arising from the O-H stretching modésthe
coordinated and uncoordinated water molecules bserged in the range of 3300 €m
The identities of the compounds6 are further confirmed by structure solution from
single crystal X-ray diffraction. The rotation diet C(sp)—C(sg) and C(sp)—N(sp’)
bonds in the pda and bix ligands respectively are explained onhihsis of the torsion
angle as described below.

5.3.2. Definition of torsion angle

Torsion anglet) in the chain of the vectors (atomsj), k, | can be defined as the dihedral
angle between the plane of vectors containing, k and the plane containing, k, |
(Scheme 5.2). In a Newman projection the torsiogieais the angle (having an absolute
value between 0° and 180°) between the bonds otpeaified groups, one from the atom
nearer (proximal) to the observer and the othenftbe further (distal) atom. The torsion
angle between the atomandl is then considered to be positive if the bord is rotated

in a clockwise direction through less than 18006rider that it may eclipse the bokd- |, a

negative torsion angle requires rotation in the amip sense. Stereochemical
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arrangements corresponding to torsion angles bet@eand 180° based on the direction
of the rotation are shown in the Scheme 5.2.

By locating thei, j, k, | atoms in the dipodal flexible ligands gdand bix at the flexible
group (—CH-), the torsion angels are measured and the coafamns of the ligands have
been explained. Three different types of the torsingles for both pdaand bix ligands
are considered to measure the skewing of the acarad imidazole groups. In which
t1(ijkl), ©2(PK’jT), are calculated to measure the twist acetate and imidazole groups
from the mean phenyl ring plane(ijj'i’) and t3(jkk’j’) are calculated to measure the
twist with respect each other acetate and imidagdaolgs respectively. Torsion angte
gives the information of the particular conformatiof the ligand (such ass, trans,and

guacheor skew as shown in the Scheme 5.2.

synperiplanar
0°

—30° +30°

—synclinal +synclinal

+90°
—anticlinal +anticlinal

_ac +ac

-150° +150°

antiperiplanar

Scheme 5.2Pictorial representation of the torsion angle
5.3.3. Description of crystal structures

Structural description of [Co(pda)(bix)]n(1)

Compound1 crystallizes in triclinic space symmetry P-1. TAgymmetric unit ofl
consists of one independent Co(ll) ion, one’peaion, and one bix ligand. As shown in
Figure 5.1a each Co(ll) ion ihis four coordinated with distorted tetrahedral metry
composed of two carboxylic oxygen atoms from twapdanions (Co—O = 2.001(3) and
1.996(3)2\) and two nitrogen atoms from two bix ligands (Ce—RI061(3) and 2.024 (3)
A). pd&-acts as a bidentate ligand with coordination moge'pn°, and coordinates to

two cobalt atoms in a well-knowtnans configuration, with anti-periplanar torsion angle
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of 180° and a separation of 12.80between two cobalt atoms. A bidentate bix ligand
coordinates to two cobalt atoms in a uswahs configuration £=180°) and connects the
cobalt atoms with a separation of 15.89 The connectivity of the pdaand the bix
ligands through the Co-tetrahedra forms meso-helaseshown in the Figure 5.1b. The
overall structure is composed by tetrahedral Cyhpdra linked by the linkers bix and

pd&~to form a 3D interpenetrated structure with unifquore size.

(e)
Figure 5.1.(a) Coordination environment around the' @m in 1 with hydrogen atoms omitted for clarity.

(b) meso helices constructed by the%dad bix ligands (c) 3D frame work dfillustrating the dimensions
of the pore sizes (d) 4-fold interpenetrated diathoet and its schematic representation.
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In the duel ligand system containing carboxylated aN-donor ligands, various
combinations involving flexible and rigid analogubased on phenylene spacers have
been reported .Among those well known combinatsursh as rigid carboxylate, rigid N-
donor (1,4-Hbdc, 1,4-bdxf’ rigid carboxylate, flexible N-donor (1,4-bdc, bixf? are
studied. In the present system, the combinatioxibile carboxylate and flexible N-donor
(Hopda, bix) has been studied. Thus, the combinatidtexible carboxylate and flexible
N-donor ligand gives rise to a 3D porous coordorapolymer with approximate pore size
of 15 x 15 A (Figure 5.1c). Usually, long, rigidgands result in interpenetration and
decrease the pore sizes to large exteht.compoundL, the combination of long flexible
ligands results in a 3D framework; the flexibilitgf the ligands minimizes the
interpenetration to give a considerable uniformepgizes.

To better understand the 3D structurelpo(ll) ion in the tetrahedral coordination can
be described as a four connected node, sincekis liwo pdd  ligands and two bix
ligands. Each pda/ bix ligand is considered as a connector betwigen metal ions.
Topological analysis of this framework with TOPO®ftware reveals a 4-fold
interpenetrated diamond-type (di& ®pology) structure. Such connectivity repeats

infinitely to give the 3D framework df as schematically shown in Figure 5.1d.

Structural description of [Ni(pda)(bix)(H 20)], (2)

X-ray diffraction analysis of compourtireveals that the asymmetric unit consists of one
crystallographically independent Ni(ll) center. Ahown in Figure 5.2a, the six-
coordinated Ni(ll) center [NibD4] shows a distorted octahedral geometry with three
carboxylate oxygen donors (01, 02, 03) from twdedént pd& ligands, one oxygen
donor O5 from water molecule and two nitrogen den®2, N3) from two different bix
ligands. Complex is an extended one- dimensional chainlike structunesists of two
meso chains: chain-A, constituted by pdayands and chain-B, constituted by bix ligands
as shown in Figure 5.2b. Each pdayand in chain-A is bidentate ligand which adopis
bridging mode with one carboxylate group in 1anﬂx nl chelating mode and the other in
t-n’: n° monodentate mode. Furthermore the acetate sideschee twisted with respect
to the aromatic ring by various extents, in whicm-a\ (denoted by C16—C15) shows
antiperiplanar torsion angle of 174.63° (througt2€217—-C16—C15) and arm-B (denoted
by C24—-C23) exhibits a anticlinal torsion angle-@0.30°(through C19-C20-C24-C23).

The two acetate groups twisted with respect to edlolr by an anticlinal torsion angle of
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105.23° (through C16—C15-C24-C23), which igaaicheconformation of pdaligand
(Table 5.1). The pdaalong the chain separates the two Ni(ll) centeth @ distance of
12.03 A and Ni-Ni—Ni angle through the fdégand is almost 180°. In chain-B the exo-
bidentate ligand bix coordinates to Ni centers tigionitrogen donor, and the bix ligand
twists their imidazole rings to different extenis, order to meet the coordination
requirements imposed by the pdligand at Ni octahedron. The dihedral angles betwe

the imidazole ring planes and the least-squareseptd phenyl group are 82.72° and

83.32° respectively, and the two imidazole groupisted each other by an synclinal
torsion angle of 77.65° (through N1-C4—-C14—-N4).

C24

Chain-B (b)

-
-

gl

-

© (d)
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Figure 5.2.(a) Thermal ellipsoid plot diagram 2f(b) 1D double chains constituted by pdand bix ligands
(c) 2D supramolecular network formed due to hydmogending and its schematic representation. (d)
gaucheconformations of pda and bix ligands

The bidentate bix molecules twist their imidazolegs to 77.65° to establish a physical
bridge between Ni centers with a separation of03A (Table 5.2), as imposed by the
pd&~ ligand through chain-A. The two chains A and B stiinte a 1D double-chain
structure with a 25-membered ring between two megalters. Due to coordination of
aqua ligand on the apical site of the Ni-octahegdg™, bix ligands modulate their
conformations in order to meet the coordinatiorunegnents at the Ni(ll)-octahedra. The
adjacent double chains are linkeih hydrogen bonding interactions with the aid of the
water molecule and the carboxylate oxygen (O2ptanfan eight membered ring (Table
5.4) resulting in a 2D network (Figure 5.2c). It shibe remarked that in the crystal
structure o2, both flexible ligands (pdaand bix) adopgaucheconformations apart from
the regulatrans andcis conformations to meet the coordination requirementhe metal
atom (Figure 5.2d).

Structural description of [Cu(pda)(bix)2(H20)2]»- 8nH,O (3)

Compound3 crystallizes in triclinic space group P-1. The ap® unit consists of one
[Cu(bix)(H-O)]** cation, one pda anion and four lattice water molecules. The Cu(ll)
ion locates on a symmetry center and is coordinbiedour nitrogen atoms from four
different bix ligands in a basal plane and two @tygatoms from two aqua ligands
arrangedtrans to each other on the apical coordination sitegutoish an octahedral
geometry (Figure 5.3a). The repeating unit [Cu@)0O),]** extends to 1D double chain
structure, in which the anion pdaoccupies the void space created between two metal
centers in the double chain (Figure 5.3b). Eaatstituent chain of the double chain is
constructed by linking the two Cu(ins with the bidentate bix ligands with a separati

of 13.03 A. The bix ligand twists its imidazolyl meties with respect to each other to an
anticlinal torsion angle of 134.50°(through N2—C#&-Q14), and the angles between the
planes of the imidazole rings and the plane of plesre group are 83.65° and 77.0°
respectively (Table 5.2). In the anion pddoth the acetate side chains are twisted with
respect to each other by an antiperiplanar torammyle of 180.0° (donated by C15-C16—
C16—C15) exhibiting a typicdtans conformation (Table 5.1). The existence of isolated
pd&~ ligand as anion, apart from the Cu(ll)-octahedismrobably the factor for the bix

ligand to adopt thegaucheconformation with anticlinal torsion angle aparorh the
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regulartrans andcis conformations. From the crystal packing diagrancan be seen that

the cationic chains and pdaanions are connected by the classical hydrogerisbon
between the coordinated aqua ligands of cationc#nboxylate oxygen atoms of anion,
and the lattice water molecules (Table 5.4). Arbgeén bonded 8-membered ring of type
R%(8) has been formed with the assistance of thecvardinated aqua ligands (O3) and
two carboxylate oxygen atoms (O2). This synthoh(8} connects the two adjacent
cationic chains alongc plane and two pdaanions along the-axis resulting in the 2D

supramolecular network.

(d)
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Figure 5.3.(a) ORTEP diagram a3 (b) 1D double chains constituted by bix ligandsoimporating pda
ligands (c) hydrogen bonded ring motifs constitubgdwater molecules and carboxylate oxygen’s (d) 3D
supramolecular structure formed due to hydrogenlings and schematic representation.

Another ring of type R(4) has been formed with the assistance of two matdecules
(06); this synthon connects the two pdanions along the crystallograptic plane with
the help of lattice water molecule (O5) and carlbabey oxygen (O1) (Fig. 5.3c).The
overall supramolecular interactions result in asglpramolecular network as shown in the
Figure 5.3d (Green color network due to bix & yell@olor network due to pd3.
Interestingly in the crystal structure of compRxhe anion pdatemplates the formation

2n+

of cationic chains of [Cu(bixjH.O),],""" without involving in the coordination to the
metal ion. The conformational freedom of the ligdimdallows to twist its imidazole rings

in order to meet the geometrical requirements iragds/ the pda anion.

Structural description of [Co, (p-OH)(pda)(ptz) ],-nH2O (4)

As shown in the Figure 4a, the asymmetric unithie trystal structure of compoudd
(space group P2(L) consists of two crystallographically independéa(ll) ions
bridged by hydroxyl group, one pdanion, ptZz~anion, and a lattice water molecule. Col
is present in tbp geometry, defined by two oxygtams (02, O5) from two different
pd&™ anions, one $#OH (O1) in the basal plane and two nitrogen dorfN&N5) from
two different ptZ~ anions (one from tetrazole ring and another fromidine ring of ptz)

in the apical positions. Another cobalt atom Coadls® present in tbp geometry defined by
two oxygen atoms (03, O4) from two different pdanions, one #OH (O1) in the basal
plane and two nitrogen donors (N1, N4) from twdaint ptZ~ anions(both from the
tetrazole rings). Each ptiaanion coordinates to four Co(ll) atoms withyt: n* bridging
mode on either side in a typicails conformation to form a molecular box (Figure 4b).
Both acetate side chains in the pdavist with respect to each other with synperiptana
torsion angle of 2.30° (slight deviation of torsiangle forcis conformation) viewed
through C1-C2-C9-C10. Furthermore the acetate €haiist with respect to phenylene
ring to various extents, in which arm-A (denoteddiy-C2) shows anticlinal torsion angle
of —=77.27° (through C1-C2-C3-C4) and arm-B (denote@ by—C9) exhibits a anticlinal
torsion angle of 101.92°(through C10-C9-C6—C7) [@dhl). The pda coordination
constitutes an 8-membered cobalt-dimer ring (with-Co distance of 3.711 A) through
the acetate side chains on either side, anctitheonformation of the pdaforms a 22-

membered metallocycle by linking these cobalt dinmegs (Figure 4b). The metallocycle
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acts as a four connector and extends into two dsinas with another four metallocycles
through the bridging hydroxyl group £40H) with Co—Co distances of 3.476 A through
crystallographidoc plane (Figure 4c). This 2D network is again, imficonnected by the
co-ligand ptz in a pcoordination mode @from the tetrazole ring and;pfrom the
pyridine ring of the ptz).

(b)
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Figure 5.4.(a) Thermal ellipsoidal plot diagram 4f(b) Molecular box formed due s conformation of
the pdd™ ligand (c) extension of molecular boxes chaimtigh p—OH group (d) 1D chain formed chain
formedyvia tetrazole nitrogen’s, cobalt atoms and carboxyatggen atoms (e) the overall 2D framework of
compound4

The co-ligand ptz again links the Co dimer ring with the nitrogen drmnby linking N5
atom from pyridine ring and N3 atom of tetrazolegrio Co atoms (which resemble the
coordination mode of 4.4ipyridine). Due to availability of more number dbnor sites
in the tetrazole moieties, they are known to adaptleast nine distinct types of
coordination modes and the geometry of the dontessallow to coordinate the
surrounding metal polyhedra at shortest distaftés.the present system the tetrazole
ring coordinates to three Co atoms through theethitogen atoms (N1, N2, N4), i.e two
Co atoms from the one Co dimer ring and one Co dt@m another dimer thereby
forming 1D chain in which the Co atoms are bridggdetrazole rings andgOH groups
(Figure 5.4d). Due to theis conformation of the pdaanion a metallocycle ring has been
formed which further extends by the bridging with-@H group and tetrazole ring to form

2D layers as shown in the Figure 5.4e.

Structural description of [Co(hfipbb)(bix) o5, (5)

The asymmetric unit in the crystal structure of ponnd5 consists of one cobalt atom,
one hfipbB™ ligand and half of the bix ligand. Compoufdrystallizes in a monoclinic
space groupC2/c Crystallographic analysis reveals the 2D integbexted metal-acid
layers which are connected by the bix ligand givinge to a 3D pillared layered
framework. The 2D interpenetrated metal acid layees composed of SBUs (secondary
building units) of dimetallic tetracarboxylate péelavheel clusters bridged by the hfigbb
moieties (Figure 5.5&. As displayed in the Figure 5.5a, the coordinati@ometry of
each cobalt atom in the paddle wheel is in distodetahedron, the equatorial plane of
which comprises of four oxygen atoms from carbobeylgroups of four hfipib ligands,
the apical coordination sites are filled by oneagéen atom from the bix ligand with Co—N
distance of 2.044 A and another Co atom of the jesdtkel. The Co—O bond lengths in
the SBUs vary in the range of 2.026 — 2.092 A amintra-dimer Co—Co separation is
2.858 A. The dihedral angle between the bent rafghe hfipbl5~ ligand is 81.79 °, these
bent hfipbi~ moieties link four other neighboring paddle-whemisulting a 2D net with
dimensions 14.38 A X 14.35A. The skeleton of th2Bdayers can also be viewed as the
unique helical tubular double layer, which are &mio the previously reported Co-hfipbb
sheets in the compound [Co(hfipbb)(pyiFigure 5.5b¥> These helical interpenetrated
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double layers are extended to 3D framework with dite of flexible exobidentate bix
ligand. bix ligand connects the two paddle wheélsnm different double layers with a
separation of 14.81A in a regultrans fashion. The connectivity pattern of linker bix
forms 1D chains through the crystallograpbiaxis connecting the double layers in #ie
plane (Figure 5c). The imidazole rings twist wigspect to each other by an antiperiplanar
torsion angle of 180° through (N2—-C21-C21-N2) iatlig trans conformation (Table 5.
4). The two imidazole rings in the bix ligand twistm the phenyl ring plane by a torsion
angle of 76.86° through (C18-N2-C20-C21), and tigles between the planes of the
imidazole rings and the plane of phenylene groesar57° (Table 5.2).
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Figure 5.5.(a) The coordination environment to the Co atomshin paddle wheel (b) 2D helical double
layer formedvia paddle wheels (c) 1D chain formed by connectimgghddle wheels by the bix ligands (d)
The overall 3D framework of compouidand its Schematic representation of the 3D framliewo

Paddle wheels are considered as six connected modekfipb~ as linkers to form 2D
unique helical double layers, and these layerspdlared by the bix ligand as linker

resulting in the formation of a 3D framework aswhan the Figure 5.5d.

Structural description of [Co(2,6-pydc)(bix) |- 4nH 20 (6)

(d)

Figure 5.6. (a) The immediate coordination environment of Conatin the compound (b) 1D ladder
running thougha axis (¢) 12 membered hydrogen bonded ring formethb assistance of water molecule
and carboxylate oxygen atoms (d) 2D supramoleawddwork formed due to classical hydrogen bondings.

A single crystal X-ray diffraction study revealsathcompound6 is a 1D ladder-like
structure that crystallizes in triclinic space grob-1. As shown in the Figure 5.6a the
Co(ll) is in distorted octahedral coordination sgghéhat is defined by the two nitrogen

donors from two different bix ligands in apical gms, and two carboxylate oxygens
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and one nitrogen donor from one 2,6—pydc and oreiiogen atom in the basal plane.
2,6—pydé® blocks the three coordination sites of the Cogitfahedron and leaves the
three coordination sites for the bix nitrogen atoifise three bix ligands attached to the
Co(ll)-octahedron connects to three other cobalnatwith a separation of 13.96 A and
14.02A to form a square box with Co(ll)-2,6—pydergmex as corner and bix ligands as
edges; it extends to a 1D ladder structure (Figu6éd). Two types of bix ligands are
involved in the formation of 1D ladder based orfadé#nt conformations. The bix ligand
represented by {N3N4N6N5} connects two cobalt atavith a separation of 14.02A, and
the bix ligand represented by {N1IN2N2N1} createseparation of 13.96A between the
two cobalt atoms. The imidazole rings in the bix3{MING6N5} twist with respect to each
other by an antiperiplanar torsion angle of 174#50dugh N6—C21-C11-N4) and the
imidazole rings with twist with respect to the pglering by 94.73 (through C12-C11-
N4-C9) —105.17°(through C12—-C11-N4—C9). In the obthie ligand {N1N2N2N1}, the
imidazole rings twist with respect to each otherabyantiperiplanar torsion angle of 180°
and twist with respect to phenyl ring by 72.76°{lEa5.2).The bix ligand does not show
any unusual conformation to meet the coordinatequirements imposed by the Co(ll)—
octahedron and confines to a typitrains conformation of antiperiplanar torsion angles of
174.50° (a slight deviation from the regulaans conformation of 180°) and 180°. As
anticipated, classical hydrogen bonding betweeticéatvater molecules and carboxylate
oxygens were observed with O---O distances varfyorg 2.774(5) to 2.935(7) A; and
non classical hydrogen bonds were observed betuzdth moieties and carboxylate
oxygens as well as lattice water molecules (Tab#g. With the assistance of the lattice
water molecule (O8) and the carboxylate oxygens &8 0O4), a twelve membered
hydrogen bonded ring’%12) has been formed between the two 1D laddégsi@5.6c).
The connectivity pattern of these rings to conribet 1D ladders extends to form a 2D

supramolecular network (Figure 5.6d).

5.3.4. Factors effecting the conformations of thddxible ligands in the self-assembly
of coordination networks

The conformational rotations of the flexible liggndhpda and bix in all the six
compounds X to 6) has been studied under three different schemestionalize the
effects of (i) Coordination geometries of differentetal ions in modulating the

conformations of the flexible ligands, (ii) Confoational modulation of the p&aby
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increasing the number of donor sites and rigidityhie N-donor co-ligand. (iii) Geometry

of the carboxylate ligands in the conformationares of the N-donor ligand bix.

Co

/—Q—\ [Co(pda)bix)], (1)
— \ / COOH

Ni  Nipda)binm,0)], )

[ ) o

N N [Cu(pda)(bix),(H,0),], *82H,0 (3)

Scheme 5.3.Scheme showing the coordination geometries of miffe metal ions in modulating the
conformations of the flexible ligands

As shown in the Scheme 5.3, three structurallyed#fit compound4 to 3 have been
prepared by varying the metal ions. The cobalt atotie compound. is present in the
distorted tetrahedral environment (two carboxylatggens from two pda ligands, two
nitrogens from bix ligands), and both the flexitigands pd& and bix in the structure
adopt a regulatrans conformation with a predicted antiperiplanar torseangle of 180°
(Table 5.2) to give a 3D framework. Whereas in coum 2, nickel atom is present in
distorted octahedron (three carboxylate oxygens fiwo carboxylic acids, two nitrogens
from different bix ligands and one aqua ligand) &hnel two imidazole rings in the bix
ligand exhibits a synclinal torsion angle of 77.6&fd the two acetate groups in the?pda
shows anticlinal torsion angle of 105.23° to méet toordination requirements imposed
by the metal ions. In the compouBdin which Cu(ll) atom present in slightly distorted
octahedron (four nitrogens from different bix liggnand two aqua ligands) and the two
imidazole rings in the bix exhibits a anticlinalrgion angle of 134.50°, but the two
acetate groups in the fdashows a typicatrans conformation of antiperiplanar torsion
angle of 180°. A careful analysis of these threacstires reveals that the coordination of
agua ligands (one i, two in 3), to metal polyhedra restricts the cooadiion sites for the
ligands to coordinate to the metal thereby thesildle ligands modulate their
conformations in order to meet the coordinationngety at the metal polyhedra. Thus it
can be say that, the blocking at the coordinatites f the metal polyhedra allows to
regulate the conformations of the flexible liganthis approach of blocking the

coordination sites has worked out in our previeport® to achieve theis conformation
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of the p-xylylenediphosphonic acid along with th@ns conformation. bix ligand exists in
three conformations with torsion angles antipenplagrans), synclinal (towardscis),
anticlinal (towardgrans) in compoundd, 2, and3 respectively. In a similar fashion gda
exists in two conformations: antiperiplandraQs) in compoundsl and 3; anticlinal
(towardstrans) in 2. From the previous report§the trans conformations always lead to
formation of higher dimensional frameworks and tie conformations leads to closed
rings. In compound. cobalt with coordination number 4 adopt thens conformation of
both the ligands to form a 3D framework whereasNhand Cu in the compoundsand3
with coordination number six adopts the anticliaald synclinal conformations of the
ligands thereby forming a 1D extended ring strieturThe thermodynamically more
stabletrans forms dominates in almost all the complexes offirevious reports®® as a
result the factors governing the conformationaltagrof these ligands are of particular
interest in assembling the coordination networkslving flexible ligands . In view of
these factors the compoundsto 3 represents a classical example in which the
coordination geometry of the metal ions plays ampartant role in modulating the
conformations of the flexible ligands.

N N
»
COOH (N)—<\N1 [Co(pda)(bix)],(1)

Co

COOH | -

[Co, (n-OH)(pda)(ptz)], *»H,0 (4)

Scheme 5.4Scheme illustrating the conformational modulatiéithe pda™ by increasing the number of
donor sites and rigidity in the N-donor co-ligand.

The factors that modulate the conformations offféndble ligand pda have been studied
by varying the N-donor ligands from flexible bidatg to rigid multidentate ligand
(Scheme 5.4). From the previous repoin the M(I)-pd&~ system, pda exists in the
trans conformation. In compound pd&~ confines to typicalrans conformation by
employing flexible bidentate ligand bix, whereas®pdadopts ais conformation with a
synperiplanar torsion angle of 2.35° by using &rigentadentate ligand 4-ptin a duel

ligand system the conformational changes in onth@fligands is strongly influenced by
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the coordination pattern of the other ligand. Byming the flexible coligand to rigid
ligand the thermodynamically favorelans conformation has been changed dis
conformation. This type of rigidity modulated confamtion of pd& has been
demonstrated by the Cao and co-workers by introduttie rigid 4,4-Bipyridine to metal-
carboxylate syster?. Rigid co-ligand has more ability to modulate ttenformation of

the flexible ligand than flexible co-ligand.

HOOC : COOH
F4C._CF
Co |Hooc” ‘ ‘ A

[Co(pda)(bix)],(1)

)

N/

COOH [Co(hfipbb)(bix), ], (5)

HOOC™ “N” “COOH [Co(2,6-pyde)(bix), 5],*4nH,0 (6)

Scheme 5.5Geometry of the carboxylate ligands in the confdiomal changes of the N-donor ligand bix

As shown in the Scheme 5.5, in order to study tifierdnt conformations of the bix
ligand, we have employed three carboxylic acid$ witferent geometrical dispositions of
carboxylate group to synthesize the compoundsand6.

Table 5.1.Geometrical parameters describing the conformatibpsi&ligand in compoundé—4(see also
Scheme 5.2).

C.No Torsion Angle T (°) Separation between Metal atoms(A)
T3(ifj'T") Ta(ijkI) To(IKjT)

1 180.0 90.08 —90.08 12.80

2 105.23 174.63 —70.30 12.03
3 180.0 101.92 -101.92 Uncoordinated
4 2.35 100.17 —77.27 8.10

A flexible carboxylic acid KHpda, bent carboxylic acid JHfipbb, and rigid blocking
carboxylic acid 2, 6—pydc, employed impose the saamdormations to the bix ligand, in
a typicaltrans conformation in all the three compountiss and6. The three carboxylic

acids used do not modulate the thermodynamicaliplstrans conformation to other
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conformations. But the steric requirements impobgdthe carboxylate groups on the
metal polyhedra allow the bix ligands to twist thienidazole rings with respect to phenyl
group to certain extentse 51.29° inl, 76.86° in5 and 94.73° in6 (Table 5.2). In
compound6 there is a slight deviation from thieans conformation and exhibits a
antiperiplanar torsion angle of 174.50°.

Table 5.2.Geometrical parameters describing the conformatdisx ligands in the compounds3, 5, 6
(see also Scheme 5.2).

C.No Torsion anglet(®) Angle between the Separation
T3(kK)  Ta(ijkl) T (PK’y'T) aromatic rings(°) between
X-Y X-P P-Y metal
atoms(A)
1 180.0 51.29 -51.29 0.00 71.62 71.62 15.19
2 77.65 51.02 -102.59 73.081.5 82.69 12.03
3 134.58 163.53 -78.75| 82.32 80.39 70.89 13.03
5 180.0 76.86 -76.86 0.087.57 67.57 14.81
6 A- 180.0 72.76 -72.76 | 0.00 88.61 88.61 14.02
B-174.50 94.73 -105.17 9.36 69.18 73.37 13.96

The conformational control of the bix ligand soletiepends on the coordination
requirements imposed by the metal octahedron, wimclturn depends on the steric
requirements created by the carboxylate ligandschiaynging the geometry of carboxylate
group the imidazole rings in the bix ligand twistttwrespect to phenyl ring to certain
extent maintaining twist with respect to each othesame angle. The Newman projection
of the bix and pda ligands with the observed torsion angles in themoundsl—6 has
been shown in Figure 5.7. Different conformatioristiee flexible ligands change the
length of the ligand through various extents, whithurn varies the separation between
the metal atoms. Usually the length of th@ns conformer is more than tha@s and the

guacheconformer have intermediate lengths (Figure 5.8).
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R1

—® Ac-2,Compound-4, T=2.35°

Compound-2, —30° +30°
T =77.65°
-90° +90° —_9go +90°
+ac
/a,
\f/‘Ac—Z,Compound-Z,
Compound-3, l T =105.23°
T =134.50° ap
—150° +150°
—150° R2 +150° e
Ac-2,Compounds-1,3
Compounds-1,5,6, T =180.0°

T =180.0°

Figure 5.7. Newmann projection representation of the bif)lend pd& (right) ligands; R1, R2 represent
the imidazole rings in the bix ligand. Ac-1, Ac&presents the acetate groups in thé fimnds. The angle
is measured with respect to each other imidazalgsror acetate groups, not with respect to phengl 5o
R1, Ac-1 have taken at the mean position and tleatation of the other rings/groups has been shown
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Figure 5.8. Projections of the bix (left) and pda(right) ligands on the scale viewing the lengthtioé
ligands and separation created between the metakat

5.3.5. Theoretical Calculations

To determine the stability of the bix and pdigands in their different conformations in

the title compounds, theoretical calculations hdeen performed. The molecular
geometries of only the ligands were taken from @hE files of the compounds, and the
single point, optimized energy calculations haverbearried out by using B3LYP with 6-

311g** basis set. From the literature, the energicuations have been performed by

optimizing the crystal structures through varioysimization methods (Dreiding force

172



Chapter 5

field) using DFT (Density Functional Theory) metsdd In the present case the

calculations were performed by DFT methods by oiziimy only the ligand geometries.

Figure 5.9a. b3lyp/6-3111g** optimized geometrical structure$ eonformers of bix ligands in the
compoundsd, 2, 3, 5, 6 with the atom labeling scheme and Mulliken char@geparenthesis).

Figure 5.9b.b3lyp/6-3111g** optimized geometrical structurdsonformers of pdawith the atom
labeling scheme and Mulliken charges (in parenfesi

The optimized energy of the bix ligand in all thempounds show almost same energy
(Kcal/mole) in all its conformers, -477592.9776 17426.575) forl, -477592.8070 (-
477427.367) foR, -477592.9776 (-477423.600) 18y -477592.9887 (-477426.574) for
-477592.7359 (-477421.693) fd@. The optimized energy of ptialigand in all the
compounds also show almost same energy (Kcal/mole)all its conformers -
431100.09311 (-431003.7712) fbr-431099.4490 (-431004.0174) f&r-431100.0836
(-431008.4104) foB, -431099.4490 (-431014.2817) fér The values in the parenthesis
indicates single point energies From the optimigedrgy values, all the conformations of
the bix ligand converge almost to same energyemnpthtential energy surface, similarly in
the case of pdaalso. These results indicate that the bix and ditmnds can show stable
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cis, trans and gaucheconformations. The theoretical calculations sholed the energy
barrier to transform from one conformation to ameotts very less, so that the ligand can
exist in different conformations depending upon to®rdination requirements (Figure
5.9).

5.3.6. XRPD and Thermogravimetric analysis

TGA curves are made under flowing for crystalline sample&—6 in the temperature
range 30-1000 °C (Figure 5.10). Compoudrekhibit a thermal stability up to 254 °C and
undergoes continues weight loss attributed to gwhposition of bix and péaligands.
Compounds2 and 3 shows continuous weight loses of the lattice anordioated aqua
ligands followed by the decomposition of organictpaFor compoundt a continuous
weight loss of 7.78% (calcd, 7.15%) in the regi@360 °C corresponds to complete loss
of lattice water molecule and —OH group and them flamework belongs to collapse.
Compoundb exhibits a thermal stability up to 220 °C and tiies framework collapses in
two steps. Compoun@ shows a weight loss of 11.65 % (Calcd, 11.02%heregion 65
— 122 °C corresponds to the loss of four latticetewamolecules. Among all the
compoundst exhibits a high thermal stability up to 360 °Cvithich pd&~ exists incis

conformation.

------ Compound-3
------ Compound-4
------ Compound-5
------ Compound-6

% Weight Loss

T T T T T v T v
200 400 600 800 1000
Temperature (°C)

Figure 5.10.Thermogravimetric curves of the compounids.

The thermal stability of the compound constructedhecis pde&” (which is thermally less
stable) is more stable than the compound consttubie the trans pd&  (which is
thermally more stable ) is due to presence of rigidlitidentate co-ligand i@ , and

flexible bidentate co-ligand ifh. In the remaining compounds containing bix ligandkh
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trans conformation shows high thermal stability than ponnds containing bix ligands
with other conformations.

To ensure the phase purity of the products X-rawdaw diffraction data for all the
compounds have been recorded. Similar diffractiattepns for the simulated data
(calculated from single crystal data) and obseda&tad prove the bulk homogeneity of the
crystalline solids (Figure 5.11). Although the estipental patterns have a few un-indexed
diffraction peaks and some are slightly broadened shifted in comparison to those
simulated from the single-crystal data, it carl & regarded that the bulk as-synthesized
materials represent compounds. From the TGA cuthesweight of compound 3 and

6 are lost in the beginning due to the losses ovated water molecules. The slight
inconsistencies in the patterns are due to theelgdsonded solvent molecules in the
crystal structures.

Compound-2
—- Experimental
~- Simulated

Compound-1
---- Experimental
---- Simulated

T ¥ T v T v T v 1
10 20 30 40 50
2 theta 10 20 30 40 50
2theta

Compou'nd-3 Compound-4
- E_xperlmental - Experimental
—- Simulated -- Simulated

2
g

T U
10 20 30
2 theta 2theta

Compound-5
-- Experimental
—- Simulated

Compound-6
--- Experimental
--- Simulated

T T T T T T T
10 20 30 40 50 10 20 30 40

EE

2 theta 2theta

Figure 5.11.Powder X-ray patterns of the compour€es.
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Solid state diffuse reflectance (electronic absom)tspectra for the compounds6 are
presented in Figure 5.12. The absorption peaksg @t 832, 270 nm (compourid, 332,
264 nm (Compoun@), 584, 260 nm (CompourR) 576, 278nm (Compound), 572, 274,
236 nm (Compoundb), and 520, 344, 270 nm (Compoud are observed in the

respective spectra. In all the spectra, the lowesirgy bands are assigned due to d-d

transitions of metal ions Co(l{}, 4, 5 & 6) and Cu(ll) B) present in the title compounds,

and the highest energy bands are duBl+b* and n-4I* transitions from phenyl group

and imidazolyl moieties. The conformational changethe flexible ligands do not affect

the absorption peaks in the compounds.

Absorbance (a.u)

—— Compound 1
Compound 2
——Compound 3

(- I

o|

0.4 4
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0.0

——HyPda
Compound-1
Compound-4

200

v v v v
300 400 500 600
Wavelength (nm)

(@)

T T T
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0.8+
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0.44
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—1,4-Bix
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Figure 5.12.(a) Compoundg, 2, 3 in which conformational modulation of the liganidfluenced by the
coordination geometry (b) Compountisand4 in comparison with the jda (c) Compoundg, 5, 6 in
comparison with the bix ligand
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5.3.8. Magnetic Properties

Temperature dependent magnetic susceptibjlityof 4 was measured in an applied dc
field of 1 KOe in the temperature range 2—300K (Fég5.13). The,, T value at the room
temperature is 4.45 chiK mol™ for per Co(ll) ion, which is much higher than the
calculated spin-only value (1.87 & mol™) for an uncoupled high-spin Co(ll) ion
(S=3/2, g=2) with octahedral geometry, indicatige torbital contribution of Co(ll)
ions?® Upon cooling they,T value decreases smoothly to reach a value o01c87 K
mol™at 22K and slightly shifted the curve and then dases to minimum value of 0.220
cm®K mol™ at 2K. The presence of round peak at 6K injghers T indicates a low
dimensional antiferromagnetic ordering. The Neehgerature §=6K was determined
from the sharp peak ing,T/dt.> Due to paramagnetic impurities tjag value increases
below 4k. The results show that the compound shawsoverall antiferromagnetic

interactions and also spin-orbit coupling interaicsi between the adjacent Co(ll) ions.
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Figure 5.13.Plots ofyy,, ymT versus T for the compoundsand5
The magnetic susceptibility of compouBdvas measured in an applied dc field of 1T in

the temperature range of 2—-300 K (Figure 5.12). @mmd5, which is essentially a Co-
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dimer with four carboxyl ligands coordinating toawCo(ll) ions, that form a typical
paddle wheel SBU, which is further connected thiotge axial site by the bix ligand. The
ymT value at the room temperature is 6.79° &rmol™, which is much higher than the
calculated spin-only value 3.87 & mol™ for two Co(ll) ion (S=3/2), with octahedral
geometry. This indicates the orbital contributidrCa(ll) ions to the observeg,T value.
The curve indicates the typical antiferromagnetid apin-orbit coupling interactions,
present in the compound.

5.4. Conclusion

In summary, we report here the six new coordinapotymers {—6), based on flexible
ligands (Hpda, bix) by employing the different co-ligandspi; Hhfipbb, 2, 6-Hpydc)

to rationalize the factors that modulate the camfational changes of the flexible ligands.
Compoundsl — 3 represent the example in which the coordinatiomueoy of the metal
ion plays an important role in modulating the diet conformations, such a&i®ns cis
andguacheforms of the pda and bix ligands. The availability of the coordioat sites
around the metal polyhedra is responsible to reégulae degree of flexibility to adopt
various conformations to maximize the intra- antenmolecular forces in the crystal
structure. Compound represents an example in which ttig conformation of the pda
ligand is stabilized by the rigid pentadentate nidja-ptz. Conformational modulation of
the flexible acid ligand under the influence of tigid and flexible co-ligands has been
studied and the rigid co-ligand is preferred ag bekection in achieving the modulation.
The effect of the dicarboxylate ligands with di#fat geometrical dispositions of
carboxylate groups on the conformations of the naédlexible co-ligand bix has been
demonstrated. The variations in the deviationshefimidazole rings with respect to the
phenyl rings in the bix ligand have been obserwedrploying these different carboxylic
acids. In the self assembly process of duel ligemtaining coordination polymers, the
geometry of one of the ligand (such as flexibiljgometry of the coordinating atoms etc.)
transmits to the metal polyhedra and the metaltgaya influences the geometry in the
other ligand and so on. The compounds, reportédisrarticle, represent classic examples
to study the new perspectives in the mechanisnelbfassembly process of coordination
polymers. Many more systematic studies are neeuleatibnalize the factors discussed in
affecting the conformational modulation of the fldg ligands. Theoretical studies
confirm that the stability of the ligands does altér by adopting different conformations.
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1 2 3
Empirical formula £H>-,N,0,Co &H-4N4OsNi CagHs6Ng014Cu
Formula weight 494.01 507.18 81164
T(K) / A(A) 298(2), 0.71073 298(2), 0.71073 298(@71073
Crystal system/Space group triclifiel monoclinid?2,/n triclinicP-1
a(h) 6.8%) ( 8.655(4) 8.370(4)
b (A) 8.561) (7 10.949(6) 10.357(5)
c(A) 18.9515] 23.799(12) 13.037(6)
a (°) 96.290)) 90.00 101.575(6)
B(°) 98.068D0) 100.017(7) 90.785(6)
v () 103.20D) 90.00 101.798(7)
Volume (&%) 1065.80(16) 2221.0(19) 1082.0(9)
Z, peaica(g cm?) 2,1.539 4,1517 1,1.400
u (mmit), F(000) 0.846/510 0.919/1056 0.579/481
goodness-of-fit on ¥ 1.132 1.069 1.083

R1/wR2 [I > & (I)]
R1/ wR2 (all data)

0.0565/0.1341
0.0635/0.1392

0.0331/0.0835
0.0385/0.0865

0.0433/0.1031
0.0475/0.1057

Largest diff peak/hole(e A 0.621/-0.579 0.470176 0.272/-0.201
3 4 5

Empirical formula {H13Ns06Co0, Cy4H15F6N,0O,Co GsH3N,OgCo

Formula weight 489.17 568.31 653.54

T(K)/ A(A) 298(2), 0.71073 298(2), 0.71073 298(2)1m73

Crystal system/Space group monocliri@i/n monoclinic/C2/c triclinic/ P-1

a (A) 9.0096(9) 27.375(6) 10.122(3)

b (A) 20.558 (2) 7.277(15) 159(4)

c (A 9.7353(10) 24.644(5) 13.553(4)

a (°) 90.00 90.00 91.707(5)

B (°) 100.547(2) 106.240(2) 109.504(5)

v (©) 90.00 90.00 102.552(5)

Volume (&) 1772.7(3) 4731.4(16) 1525.2(8)

Z, peaica(g cni®) 4,1.833 8, 1.602 228

u (mmit), F(000) 1.919, 984 0.810, 2288 0.623, 680

R1/wR2 [I > & (I)] 0.0729/0.189 0.0372/ 0.0912 0.0651/0.1456

R1/ wR2 (all data) 0.0182/0.1930 0.0447/8209 0.0804/0.1543

Largest diff peak/hole (e A 2.259/-0.712 (2B60.297 0.610/ -0.266
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Table 5.4. Geometrical parameters of the-&--O and €H---N hydrogen bonds (&) involved in
supramolecular networks of compourgl8 and6.? D=donor; A=acceptor.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
Compound-2
C(14)-H(14B)...0(4)#1 0.97 2.32 3.236(3) 156.6
C(4)-H(4A)...0(1)#2 0.97 2.34 3.259(3) 158.6
C(10)-H(10)...0(1)#2 0.93 2.78 3.542(3) 139.5
O(5)-H(5A)...0(2)#3 0.87(3) 1.86(3) 2.721(2) 172(3)
Compound-3
O(3)-H(3A)...0(2)#1 0.82(3) 1.95(3) 2.770(3) 174(3)
O(6)-H(6A)...O(5)#4 0.90(9) 1.90(9) 2.781(7) 166(8)
C(2)-H(2)...0(6)#5 0.93 2.61 3.388(6) 140.9
C(5)-H(5)...0(1)#6 0.93 2.43 3.323(3) 162.0
Compound-6
C(13)-H(13)...0(1)# 6 0.93 2.68 3.515(6) 149.7
C(14)-H(14)..0(T# 7 0.93 2.46 3.306(7) 150.6
C(10)-H(10)...0(5)# 4 0.93 2.53 3.384(7) 152.5
C(8)-H(8)...0(8)# 8 0.93 2.65 3.556(6) 163.6
C(19)-H(19)...0(8)# 9 0.93 2.49 3.344(6) 153.2
C(20)-H(20)...0(7)# 8 0.93 2.45 3.282(8) 149.4
C(4)-H(4B)...O(6)# 8 0.97 2.53 3.447(7) 158.7
C(1)-H(1)...0(6)# 8 0.93 2.77 3.524(6) 138.6
O(6)-H(6A)...O(1)# 4 0.95(6) 2.20(7) 2.851(6) 125(5)
O(8)-H(8B)...O(4)# 8 0.92(7) 1.86(7) 2.774(5) 7116)
O(8)-H(8A)...O(3)# 10 0.74(6) 2.15(6) 2.822(5) 215
O(7)-H(7A)...O(8)# 3 0.89(6) 2.05(7) 2.935(7) 7216)

4Symmetry transformations used to generate equivatems
#1 -x+1,-y+1l,-z #2 -x+1,-y,-z #3 -X,-y+1,-#4 -x+1,-y,-z+1 #5x-1)y,z-1 #6 x-1,y,Z#7 -X,-y,-z+1
#8 -x+1,-y+1,-z+1 #9 -x+2,-y+1,-z+1 #10 xz
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Synthesis, Structural Characterization and Magnetic
Properties of a Series of Coordination Polymers:
Importance of Linker Coordination Angle in Tuning
the Dimensionality

B oo

120° 180°

The chapter describes the synthesis and structural characterization of a series of coordination
polymers emphasizing the role of angle between the coordinating groups in the linker. Here in we
report the six new compounds [Co(hfipbb)(1,2-bix)],-nH.O (1) [Co(hfipbb)(1,3-bix)o.5], (2)
[Co(1,2-pda)(1,2-bix)]n (4)  [Cox(u-OH)(1,3-pda)(4-ptz)]n (7)  [Co(2-pztz)(1,4-
pda)]2[Co(H20)s]-2nH20 (8) [Mn(2-pztz)(1,4-pda).].[Mn(H20)s]-2nH.0 (9) based on the flexible
carboxylate ligands, namely, 1,2—phenylenediaceticacid (1,2—H-pda), 1,3—phenylenediaceticacid
(1,3-H>pda), 4,4 -(hexa-fluoroisopropylidene)bis(benzoicacid) (H:hfipbb) and secondary N-donor
ligands 1,3—bis (imidazole-1-ylmethyl)-benzene (1,3—-bix), 1,2—bis (imidazole-1-ylmethyl)-
benzene (1,2—bix), 5-(4-Pyridyl) tetrazole (4—ptz) and 2-(2H-tetrazol-5-yl)pyrazine (2—pztz). The
position of the coordinating groups in the linker is explained based on the linker coordination
angles (LCA). A systematic comparison between the compounds 1, 2, with
[Co(hfipbb)(1,4—bix)o.5]» (3), 4 with [Co(1,4—pda)(1,4—-bix)], (5) and 7-9 with [Co, (u-OH)(1,4-
pda)(4-ptz) ],-nH-O (6) reveals the role of LCA in tuning the dimensionality. When the
coordinating groups in the linker are closer to each other i.e. having minimum LCA, the length of
the ligand decreases and as a result low dimensional structures are observed in the crystals of
compounds 1-5 . In the system containing flexible carboxylate and rigid tetrazole, if the flexible
carboxylate adopts cis conformation, then the dimensionality of the structure solely depends upon
the LCA of the tetrazole moiety as observed in the case of compounds 6-9. Finally the

temperature dependent magnetic susceptibility measurements of the compounds 1, 2 and 8 are

described demonstrating the antiferromagnetic interactions between the metal centers.
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6.1. Introduction

The design and synthesis of metal organic framesv(WlOFs) and coordination polymers
(CPs) have become a focus of a great deal of stt@reecent years due to not only their
undisputed structural beauty and entangled ardhites but also potential application in
areas such as catalysis, gas storage, separati@gnetsm, luminescence, nonlinear
optics, sensing and so bThe choice of linker plays an influential roledesigning the
target polymers depending on the geometry and piiepe such as, position of the
coordinating groups, flexibility or rigidity of thigand and also the various coordination
modes of the liganBl Among those factors, the position of the coordimagroups on the
linker plays an important role in fine tuning oketdimensionality. In case of designing the
coordination polymers by using the mixed linkehg position of the coordinating groups
on the linker often plays a major role in directthg dimensionality.The general position
of the coordinating groups in the simple phenylkdin are ortho-, meta-, and para-
bidentate modes. The angle between the coordingtmgps in the linker, which is known
as linker coordination angle (LCA), varies as tkagth and geometry of the spacer
changes; as a result the overall skeleton geonwdtiye linker changese. bent, V-
shaped, linear etc. Zhou and co-workers reportedafiplication of mixture of bridging
linkers with different LCAs in coordination-driverself assembly proceés.The
coordination networks, based on rigid ligands eitipig the LCA, are extensively studied
due to their regular and well defined coordinatioodes’ In contrast, flexible ligands are
less explored in the rational design of coordimatmlymers, because it is difficult to
predict the final architectures owing to their mare@mber of degrees of freedom and
hence few conformational restraifits.

Currently considerable effect is devoted to enrighthe structural library of coordination
networks based on the flexible ligands. The majarameters to be considered in
designing the ditopic flexible ligand based-cooation networks are secondary ligand,
coordination availability at the metal coordinatgwhere, length of the spacer and position
of the coordinating groups etc. All these factoravén tendency to modulate the
conformations of the flexible ligands which is parity responsible for obtaining the
higher dimensional structures. Cabal reported a series of coordination polymers based
on the flexible ligands and used these compoundiragional materials for potential
applications. In the previous chapter, we discuss the factfiesting the conformational

modulation of flexible ligands by exploring the a&Bomentioned factors. Wang et al.
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reported a series of Zhcoordination polymers based on the position ofaberdination
groups in isomeric phenylene diacetates with riigiend, 4,4-bipyridine and 1,2-dp@.
The literature reports of the mixed linker coordioa networks, based on the flexible
linkers, are very rare in exploiting the positiohtlee coordinating groups in the linker.
This concept prompted us to study the affect of lthker coordination angles of the
various flexible ligands in designing the coordioatnetworks.

We have chosen the phenylene diacetateisimidazolyl nitrogen donorS, and rigid
tetrazole$' in exploring the library of coordination networsg tuning linker coordination
angles. We have described the synthesis, structiraftacterization of a series of
coordination  polymer containing compounds [Co(hif){h,2-bix)}-nHO (1)
[Co(hfipbb)(1,3-bix} 5, (2) [Co(1,2—pda)(1,2-bix)] (4) [Co(u-OH)(1,3—pda)(4—ptz)]
(7) [Co(2-pztz)(1,4-pda)[Co(H20)s]- 2nH.0 ©
[Mn(2—-pztz)(1,4-pda)[Mn(H20)e]- 2nH,O (9). These compounds are compared with the
compounds, that are reported in the previous chaptenely, [Co(hfipbb)(1,4-bix)],
(3) [Co(1,4-pda)(1,4-bix)] (5) and [Ce (un—OH)(1,4-pda)(4—ptz)inHO 6) In
exploring the effect of the LCA.

COOH COOH HOOC : COOH |

1,2-pda 1,3-pda 1,4-pda

1,2-bix 1,3-bix 1,4-bix
HN—N HN—N HN—N
/o [\ N/ \\N
NG e N
B 9
v &
A 2-pztz 3-ptz 4-ptz

Scheme 6.1Different class of linkers with possible linker edmation angles employed in this work.
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6.2. Experimental Section

6.2.1. Materials and methods

All the chemicals were received as reagent gradeé ased without any further
purification. The ligands 1,4-bix, 1,3-bix, 1,2-piXd-ptz, 2-tzpyz were prepared
according to the literature proceduté€lemental analyses were determined by FLASH
EA series 1112 CHNS analyzer. Infrared spectraobfl samples obtained as KBr pellets
on a JASCO - 5300 FT — IR spectrophotometer. Thgravimetric analyses were carried
out on a STA 409 PC analyzer and corresponding esassre analyzed by QMS 403 C
mass analyzer, under flow ok as with a heating rate of°& min*, in the temperature
range of 30-1006C. Powder X-ray diffraction patterns were recordeda Bruker D8-
advance diffractometer using graphite monochromafe,; (1.5406 A) and Ik
(1.54439 A) radiations. The electronic absorptipectra have been recorded on a Cary
100 Bio UV-visible spectrophotometer at room tenapatre. Magnetic susceptibilities
were measured in the temperature range 2—-300 KQunaatum Design VSM-SQUID. All
the compounds were synthesized in 23 mL Teflordlis&ainless vessels (Thermocon,

India). Synthesis of the compourls and6 are described in the previous chapter.

6.2.2. Synthesis

Synthesis offCo(hfipbb)(1,2-bix)],-nH>0 (1)

A mixture of CoC}-6H,0 (0.25 mmol, 59.5 mg), Mfipbb (0.25 mmol, 98.0 mg) and
1,2-bix (0.25 mmol, 60.0 mg) was dissolved in assortedesdlvmixture of HO (10.0
mL) + DMF (1.0 mL) and stirred for 30 min. The plfitbe reaction mixture was adjusted
to 6.10 by adding 5M NaOH and placed in a 23 mUadrefined stainless steel autoclave,
which was sealed and heated at 160 °C for 72 h.alibeclave was allowed to cool to
room temperature for 48 h. Deep red block crystdl€ompoundl were obtained in
65.5% vyield (based on Co). Anal. Calcd. (%) faoHGoN4FsOsCo (M, = 703.46): C,
52.93; H, 3.15; N, 7.96. Found: C, 52.6; H, 2.98™48. IR (KBr pellet, ci): 3516,
3138, 3015, 1699, 1612, 1556, 1518, 1462, 1244),11091, 968, 949, 777, 717, 653.

Synthesis of [Co(hfipbb)(1,3-bix) 5] (2)

Compound2 was prepared by the same procedure as that fopaama 1 except that
ligand 1,3-bix was used in place of 1,2-bbhe resulting purple block crystals were
collected by filtration in 80.2% vyield (based on)CAnal. Calcd. (%) for &H;5CoNFsO4
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(M, = 568.31): C, 50.72; H, 2.66; N, 4.92. Found: G,38; H, 2.28; N, 4.68. IR (KBr
pellet, cm'): 3425, 3126, 3015, 2858, 1693, 1518, 1410, 12400, 1020, 945, 929, 779,
652.

Synthesis of [Co(1,2—pda)(1,2-bix)](4)

The compound} was prepared following the same procedure as oregdiin compound

1 except that 1,2—ppda was used instead obtfipbb and the pH was adjusted to 7.35.
Red block crystals dd were obtained in 60.3% vyield (based on Co). AGalcd. (%) for
Co4H22.CoN,O4 (M, = 489.39): C, 58.90; H, 4.53; N, 11.44. Found58.45; H, 4.35; N,
11.01. IR (KBr pellet, ci): 3140, 2997, 2916, 1695, 1572, 1520, 1369, 12836, 1024,
949, 852, 810, 748, 721, 657.

Synthesis of [Ce(u-OH)(1,3-pda)(4-pt2)}, (7)

A mixture of CoC}-6HO (0.50 mmol, 119 mg), 1,3—-pda (0.25 mmol, 48.5 ragdl
4-ptz (0.25 mmol, 36.65 mg) was dissolved in 10didtilled H,O which was adjusted to
pH = 4.20 with 5 M NaOH. The final mixture was s=#hlin a 23 mL Teflon-lined
stainless steel autoclave and heated at 180 °Q@ fimys. Dark red block crystals were
obtained that were filtered off and collected in.2Z8% yield. Anal. Calcd. (%) for
C16H12Co:NsOs (M, = 472.17): C, 40.70; H, 2.56; N, 14.83. Found4Q.,15; H, 2.02; N,
14.09%. IR (KBr pellet, ci): 3574, 1614, 1601, 1442, 1419, 1394, 1290, 1924, 842,
760, 715, 630.

Synthesis of [Co(2—pztz)(1,4—-pda),[Co(H20)e]- 2nHO (8)

A mixture of CoC}-6H,O (0.50 mmol, 119.0 mg), 1,4-pda (0.25 mmol, 48¢) and 2-
pztz (0.25 mmol, 37 mg) in kD (10.0 mL) was stirred for 30 min and the pH of th
reaction mixture was adjusted to 5.4 by adding 5BON. The reaction mixture was
placed in a 23 mL Teflon-lined stainless steel elatce it was then sealed and heated at
130 °C for 96 h. The autoclave was allowed to ¢ooBO °C for 48 h. Deep red block
crystals of compoun8 were obtained in 65.5% vyield (based on Co). AGalcd. (%) for
CaoH3sC03N12016 (M, = 999.51): C, 36.05; H, 3.83; N, 16.81. Found3&.15; H, 3.24; N,
16.69. IR (KBr pellet, ci): 3362, 3026, 2926, 1684, 1616, 1574, 1523, 142863, 1170,
972, 935, 842, 746.
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Synthesis of [Mn(2—-pztz)(1,4-pda),[Mn(H 20)¢]- 2nH,0 (9)

Compound9 was prepared in the same way as described fopaond8, by using
MnCl,-4H,0 (0.50 mmol, 99 mg) in place of CeBH,O; a large quantities of colorless
crystals were obtained that were filtered off. Held of the reaction was 78.9% (based
on Mn). Anal. Calcd. (%) for €H3zsMn3N1,016 (M, = 987.52): C, 36.48; H, 3.87; N,
17.02. Found: C, 36.02; H, 3.17; N, 16.85. IR (K®ilet, cn): 3489, 3290, 1668, 1583,
1514, 1400, 1188, 1151, 1035, 856, 769, 677.

6.2.3. Single crystal X-ray structure determinationof the compounds 1, 2, 4, 7-9
Single-crystals, suitable for structural determmratof all the compoundsl( 2 ,4, 7-9,
were mounted on a three circle Bruker SMARTAPEXDC&ea detector system under
Mo-Ka (A=0.71073A) graphite monochromated X-ray beam,tahts detector distance
60 mm, and a collimator of 0.5 mm. The scans wem®nded with arp scan width of
0.3°. Data reduction performed by SAINTPLESempirical absorption corrections using
equivalent reflections performed by program SADABS structure solution using
SHELXS-97°¢ and full-matrix least-squares refinement using SKE97¢ for above
compounds. All the non-hydrogen atoms were refa@dotropically. Hydrogen atoms on
the C atoms were introduced on calculated positasrs were included in the refinement
riding on the irrespective parent atoms. Crystahdstructure refinement parameters for
all the compoundsg, 2, 4, 7-9 are summarized in Table 6.2. Topological analgs$ithe

compounds were performed by using the TOPOS saéti¥ar

6.3. Results and discussion

6.3.1. Synthesis

For a systematic investigation of the effect ofkéin coordination angles, the flexible
phenylendiacetates, bis (imidazole-1-ylmethyl)-mrez bent carboxylate ligandhipbb
and rigid tetrazoles were used. We adopted theofiydmal technique, as the high
temperature and high pressure during the reactiastidally increase the solubility and
the reactivity of the reactants. Many factors sush pH, temperature, metal-ligand
stoichiometry, reaction time, versatility of metalordination geometry are all important
in the formation of final products. We have takba tf metal atom Co(ll) [CoGl6H:0]
and @ metal atom Mn(ll) [MnC}-6H,0] as the metal source in the synthesis of the
compounds. The syntheses were performed at 18@r°€Compoundsl, 2, 4 and7 and
130°C for8 and9 in water. Since khfipbb is highly insoluble in water; assorted solive
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water/DMF (5:1) is used in case of compouh@nd 2 instead of only water. All the

complexes are air stable and insoluble in water.

6.3.2. Linker Coordination Angle (LCA)

In ditopic ligands, the coordination angle betwé®ntwo coordinating groups is called as
a linker coordination angle. For a simple phemnykér, three different linker coordination
angles (i.e. 60°, 120°, and 180°) between the twordinating groups are possible.
Different terminologies are used to represent pwsiof the coordinating groups in the
linker such as, ortho, meta, para and (1,4)-, {1&)d (1,2)- etc. In case of designing
coordination architectures with mixed linkers, th€As of both the linkers should be
considered in obtaining the desired topologies. fllsk becomes more difficult in case of
flexible ditopic linkers as far as designing andalgming are concerned. An important
point to remember in quantifying the LCA is thatstdifferent from the dihedral angle
between the two coordinating groups and angle twe/o coordinating atoms. It is

notable that LCA for a ligand is maintained samerevthough the conformations,
coordination modes and coordinating groups vargepends only on the position of the
coordinating groups in the linker. The LCAs of thgands phenylenediacetates, bis
(imidazole-1-ylmethyl)-benzene, bent carboxylaigatid Hhfipbb and rigid tetrazoles,

employed in this work, are shown in the followingble 6.1.

1200 180°

HOOC COOH |

120°

Scheme 6.2Schematic representation of linker coordinatiogles of the flexible ligands.
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Table 6.1.Linker coordination angles of various linkers enygld in this work (see scheme 6.2).

Ligand name 1,4- 1,3- 1,2-

pda 1,4-pda =180° 1,3—-pda =120° 1,2-pda =60°
bix 1,4-bix =180° 1,3-bix =120° 1,2-bix =60°
ptz 4-ptz =180° 3-ptz  =150° 2-ptz =120°

2—pztz =120°,150°
hfipbb 4,4 -hfipbb =120°

In case of tetrazole ligands, as shown in the seh@, the LCA is measured between the

tetrazole core ring and the position of the nitrogéom in the pyridine ring.

6.3.3. Description of crystal structures

Structural description of [Co(hfipbb)(1,2-bix)],-nH20 (1)

Compoundl is a 2D extended coordination polymer that criiged in orthorhombic
space grougcca The crystal structure consists of Co(ll) atonaitetrahedral {CobDa4}
center constituted by the oxygen atoms from twdettht hfipbl3~ units, and nitrogen
atoms from two different 1,2-bix ligands and oniida water molecule as shown in the
Figure 6.1a. Both the carboxylate groups in thpltfi” coordinates to the metal center in
M1-n1,mo coordination mode. The dihedral angle betweenti® benzene rings in the
hfipbb®” anion is 74.77°, which is larger than that of 68.Bi’the neutral bhfipbb ligand.
The connectivity of hfipbb anions with the metal centers result in the fororawf 1D
metal acid zig-zag chains along the crystallograpphaxis as shown in the Figure 6.1b.
The metal-hfipbb systems are very well known in titerature for the formation of
paddle-wheel structures containing open coordinasite at the metal apical position,
which is used to extend the dimensionality by thédWor ligands?
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Figure 6.1.(a) Molecular diagram of compourdin atom labeling scheme at coordination spherg1[b
Co-hfipbb zig-zag chains. (c) 2D (4,4) connectegbtogy viewing the square grid, (d) 3D stacking2af
layers showing the two different types of cavities.

In the crystal structure of compourg metal-hfipbb forms 1D chains; these chains are
extended to form a 2D (4,4) connected sheets wighaid of 1,2-bix ligand® 1,2-bix
ligand connects the Co(ll) atoms of the adjacenchBins in a typicalrans conformation
with antiperiplanar torsion angle of 151.84 ° (vemlvthrough N2-C13-C13-N2) and
creates a separation of 10.236 A between the tvainsh The overall connectivity of
1,2-bix ligands with the metal acid chains resultthe formation of (4,4) corrugated
sheets with dimensions of 13.177 X 10.236 A (Figufe). The 2D layers of compoufid
are stacked along each other to form two diffetgmés of cavities.e fluorinated cavities
and non fluorinated cavities in which lattice wateslecules are presented as shown in the
Figure 6.1d.

Structural description of [Co(hfipbb)(1,3-bix)o 5, (2) and [Co(hfipbb)(1,4-bix) g, (3)
Both the compound® and3 are isostructural and crystallize in monocliniasp group
P2,/c. The secondary ligand 1,4-bix in the compo@ni$ replaced by the 1,3-Hfkto
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form a compoun@®. The dimensionality and topology of both the stmues are similar
except the structural parameter allied to the sga&gnligand that varies. In compouBd
the separation created by the 1,4-bix ligand betwiee metal acid layers is 14.81 A, and
the separation created by the 1,3-bix in compduisdalmost similar i.e.14.63 A. 1,3-bix
ligand in compoun@ exists in typicatrans conformation with anticlinal torsion angle of
136.75° and the dihedral angles between the imidabags with the least squares plane
of phenyl ring are 66.51° and 64.67°.

Structural description of [Co(1,2—pda)(1,2-bix)}, (4) and [Co(1,4—pda)(1,4-bix)] (5).
Compound5 is a 3D coordination polymer and the structuralaile are previously
reported whereas, compoudds 2D coordination polymer that crystallizes inmoolinic
space grou@P2;/c. The asymmetric unit consists of one crystallogr@gndependent
Co(ll) atom in tetrahedral geometry, one 1,2-%dand one 1,2-bix ligands. The
tetrahedral geometry around Co(ll) atom is conduby two oxygen atoms from two
different 1,2-pd& ligands and two nitrogen atoms from two differdn2—bix ligands
(Figure 6.2a). The carboxylate 1,2-pda@oordinates to the Co(ll) center in-gu.no
coordination mode on either sides and connectsadigcent Co(ll) tetrahedra in a typical
trans conformation with anticlinal torsion angle of 182: (viewed through N4-C24-C14-
N2). The acetate side chains twisted with respegihtenyl through various extents.
101.46° (through C4-C3-C2-C1) and 96.92° (through-C8-C9-C10). 1,2-pda
separates the two Co(ll) centers with a distand%f2 A to form a 1D metal-acid chains
along the crystallographia axis (Figure 6.2b). These chains are connectezhth other
with the aid of 1,2-bix ligands along theaxis to form a 2D layer in thab plane. 1,2-bix
connects the Co(ll) atoms of the adjacent chaina itypical trans conformation with
antiperiplanar torsion angle of 151.22° (viewedtlgh N4-C24-C14-N2) and creates of
separation of 12.114 A between the two metal cenfEne dihedral angles between the
imidazole ring planes and the least-squares plamdhenyl group are 74.01° and 77.50°
respectively. The connectivity of the 1,2-bix tcetimetal acid chains result in the
formation of 2D (4,4) connected sheets with dimemsiof 12.114 X 8.512 A (Figure
6.2c). The presence of flexibility in the liganésnployed, result in the formation of wave
like layers with crest and troughs at metal acidicb. These layers are stacked alongcthe
axis and the adjacent layers are tilted to ~ 7 A tire alternate layers are arranged in

back-to-back fashion as shown in the Figure 6.2d.
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© (d)

Figure 6.2.(a) Molecular diagram of compourddin atom labeling scheme at coordination spherg;L[b
Co-1,2-pda zig-zag chains, (c) 2D (4,4) conneabpablbgy viewing the square grid, (d) 3D stacking26f
layers showing the tilting between two layers.

Structural description of [Cox(n-OH)(1,4-pda)(4-ptz)h-nHO (6) and [Co(p-
OH)(1,3-pda)(4-pt2)}, (7)

Both the compounds are crystallized in monoclimace grougP2:/n. The compound§é

& 7 are isostructural except the carboxylate ligadd-fida in6 is replaced by the 1,3-pda
in 7 and a lattice water molecule present in the com@@ywhich is absent in compound
7. The structural description of the compouwiwas elucidated in previous chapter; herein,
we describe the structural consequences obtainedpbgcing 1,4-kbda with 1,3-Hpda

in terms of torsion angles and length of the ligated The asymmetric unit of compound
consists of two Co(ll) atoms in tbp geometry coeddy the g-hydroxy group and one
1,3-pd&” and 4-ptZz” anion. Both the acetate groups in the 1,3Zpdaion adopts #
N1, coordination mode in a typicais conformation with synclinal torsion angle of
29.84° (viewed through C8-C7-C9-C10), whereas theidn angle exhibited by the
acetate side chains of 1,4-pdm compoundb is 2.30 A. A very slight structural changes
observed in the metallocycles formed dueisoconnectivity of the carboxylate ligands.
22-membered macrocycle with dimensions of 7.531.208 A was observed in case of
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1,4-pd& in compounds whereas, 20-membered macrocycle with dimensior&3#2 X
7.946 A was formed in case of 1,3-pdm compound?. Also the benzene rings in the
metallocycle formed in compound® are faced parallel to each other due to
1,4-connectivity in the pdaligand, but the benzene rings are not faced el each
other in compound? due to 1,3-connectivity in the pdaligand (Figure 6.3). The
connectivity of the metallocycles and tetrazolggsinn compound is almost similar to
compound6 to form 2D sheets. The lattice water molecule gmesn the void space
created by the metallocycles in the compo6nd not presented in the compoundThe
increase in size of the metallocycle due to 1,3%pdiacreases the cell volume to ~5.01 %

when compared to compoufd

Figure 6.3.Metallocycles formed due to cis connectivity 08-4pd&~ and 1,4-pda in compound” (left)
and compoun (right) respectively.

Structural description of [Co(2-pztz)(1,4-pda}],[Co(H20)g]-2nH,0 (8) and [Mn(2-
pztz)(1,4-pdap][Mn(H 20)e]- 2nH20 (9)

Both the compound8 and9 are isomorphous, so, here we describe only thetsnal
description of compoun&. Compound8 is 1D ion pair compound that crystallizes in
triclinic space groupP-1. The molecular diagram consists of 1D anionic mhai
[Co(2-pztz)(1,4-pda)*~ whereby the charge is compensated by cationicHgo)]**
units. The repeating unit in the 1D chain consaftdwo crystallographic independent
Co(ll) atoms in tbp geometry bridged by the two 2tzp ligands’ and connected to four
1,4-pd&” ligands (Figure 6.4a). The tbp geometry of eaclfliCatom in the anionic
chain is furnished by three nitrogen atoms from difterent 2-pztz~ ligands in the basal
plane and two 1,4-pdaligands in the apical positions. The tetrazolegsirof two
2-pztZ~ ligands bridges the two Co(ll) atoms (through tlgaeent nitrogen atoms N3
and N4) to form a six membered dimer ring with 8.3 of Co—Co separation, also the

pyrazine nitrogen atom N1 of 2—-pZtdigand coordinates to the Co(ll) atoms. The overal
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connectivity of 2-pzt¥ ligands to metal centers result in the formatiérthe Co-dimer
{Cox(2—-pztz)} rings as shown in the Figure 6.4b. The 2—pztm the crystal structure
exhibits aus coordination mode @from tetrazole ring andifrom pyrazine ring) and the
other nitrogen atom N2 in the pyrazine ring remainsoordinated. The {G@—-pztz}}
dimer connects to other dimer through a two paifrslgd—pd&~ ligands in a typicatis
conformation. Each 1,4-ptiacoordinates to the metal center throughcpordination
mode and the acetate side chains in the skeletoitwasted with respect to each other
through a synclinal torsion angle of 49.06 A (viewthrough C11-C12-C17-C18)
indicating typicalcis conformation. The presence of 1,4-pdim the cis conformation
results in the formation of {G¢l,4—-pda)} molecular loops as shown in the Figure 6.4c;
overall, the connectivity of these loops with theners result in the formation of 1D
extended chain along the crystallograpbiaxis as shown in the Figure 6.4d. The hexa
agua cobalt(ll) cations compensate the chargeeoatiionic chains and stays as a lattice
component. From the crystal packing diagram [GO(|** cations are located between
the two adjacent chains along the plane and nesalydwiched between the two
{Coy(1,4-pda)} loops along with the lattice water molecules diie 6.4e). As
anticipated, due to presence of lattice water mudecand coordinated water molecules in

the hexa aqua cationic complex, strong hydrogenlingnvere expected.
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()

Figure 6.4. (a) Molecular diagram of compound in atom labeling scheme at coordination
sphere.(hexaaquacobaltate ion has been now shdi)n)six-membered Co-dimer ring formed due to
tetrazole coordination, (c) Molecular loop formededto cis connectivity of the 1,4-gddigand,(d) 1D
extended chain formed due to connectivity of 2-paid 1,4-pda ligands, (e) 2D packing diagram itatstg
the position of cationic species in the cavities.

Affect of linker coordination angle (LCA) in tuning the dimensionality of the
coordination architecture

Scheme 6.1, displays the possible LCAs of the pleeegiacetates bis (imidazole-1-
ylmethyl)-benzene, bent carboxylate ligand hfiplolol @igid tetrazoles. The combination
of these linkers in constructing the mixed linkeoination networks will often lead to
intriguing dimensionalities. The compounds presgimethe study are present under three
different schemes (Schemes 6.3-6.5) to visualize #ftional affect of the linker

coordination angle.
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Scheme 6.3.Affect of dimensionality by changing the linker edmmation angle of the isomeric bis
(imidazole-1-ylmethyl)-benzene (bix) ligands wittetmetal-hfipbb system.

As shown in the Scheme 6.3, the compoufd® and 3 are constituted by the Co-
hfipbb—(1,n)-bix (n=2,3,4) composition matrix. Cooynd 1 is a 2D structure and
compounds2, 3 are 3D layered-pillared isostructural frameworRdl. the compounds
contain metal-hfipbb networks which are extendedthy bix ligands. In compound
metal-hfipbb form a 1D chains which are connectgdhe 1,2-bix ligands to form 2D
layers. But, in compoundsand3 metal-hfipbb form a 2D helical double layers whate
connected by the 1,3-bix (fd?) and 1,4-bix (for3) to form a 3D layered-pillared
frameworks. The linker coordination angles of 1,@-and 1,4-bix are 120° and 180°
respectively; as a result the length of the ligaindthe crystal structures are 10.75 A and
11.21 A respectively. The linker coordination angfel,2-bix is 60°, as a result the
length of the ligand in th&rans conformation is 7.75 A. The longer ligands 1,3-aid
1,4-bix favor the formation of metal-carboxylatedgeewheel layers in compoun@sand

3, since the length of the secondary ligand (1,4-vid,3—-bix) can separate these layers
with definite distance to reduce the intermolecukpulsions. But the shorter secondary
ligand 1,2-bix does not favor the formation of nheboxylate layers; as a result the
metal-hfipbb forms a 1D chain.

In all the three compounds the secondary bix ligaddpts atrans conformation with
variable torsion angles (151.84° fioy 136.75° for2 and 180° for3). Even though, the
torsional displacement of imidazole rings in 1,3«kgand in2 is less compared ® but
the length of the 1,3-bix ligand is similar to 1bxin 3 (14.81 for 1,4-bix and 14.63 for

1,3-bix), as a result 1,3-bix and 1,4-bix assistmpounds are isostructural.
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Scheme 6.4.Affect of dimensionality by changing the linker edmmation angle of the isomeric bis
(imidazole-1-ylmethyl)-benzene (bix) ligands anepylene diacetate ligands.

S

As shown in the Scheme 6.4, the connectivity of-figdad and 1,2-bix result in the
formation of 2D layers in compourdand 1,4—pda and 1,4-bix result in the formation of
3D framework in compoun8. In both the compounds, the Co(ll) atom is preseih the
same {CoNO,} tetrahedral geometry, but the linker coordinatiemmgle (LCA) changes
the dimensionality of the compounds. In compodnithe LCA’s of both the ligands are
60° whereas, the LCA'’s of the ligands in compo@ndre 180°. The difference in these
angles changes the length of the ligand as a rdsilannex of the ligand changes. The
ligand with least LCAs generally creates the mimmgeparation between the metal
polyhedra. The separation created by the 1,2—-pdald-bix ligands in compourndl is
8.512 A and 12.114 A respectively, while the sejiama created by the 1,4-pda and
1,4-bix ligands in compoun®lis 12.80 A and 15.09 A. Due to more length, igarids
protrude outside the layer to form a 3D framewaevkereas, the short ligand connects to
the metal centers in the same layer.

In both the compound4 and5, the carboxylate ligands (1,2—-pdad 1,4-pda) and N-
donor secondary ligands (1,2-bix and 1,4-bix) addpans conformation. The flexibility
of the ligands is one among the reason for thedofigands to protrude outside the 2D
plane to form 3D structuré&) and for shorter ligands to hang about in the splaee 4).
Compounds4 and5 are mixed linker coordination networks in whichttbdhe linkers
exhibit same LCA valuese either 60° and 60° id and 180° and 180° if. Perhaps in
this system the lower LCAs form 2D structures aighér LCAs form 3D structures and

the linkers with mixed LCAs form either 2D or 3Dlgn
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Scheme 6.5Affect of dimensionality by changing the linker edmation angle of the isomeric phenylene-
diacetate ligandwith different rigid tetrazole ligands.

As shown in the Scheme 6.5, both the compouihdad7 are isostructural even though
the LCAs of the carboxylate ligands are 1806 iand 120° ir/. In the case of compounds
6 and 7, the flexible carboxylate ligands adopt tbis conformation which primarily
decreases the dimensionality. Usually conformations form low dimensional structures
whereadrans conformations form high dimensional structuresthiis scenario, the other
factori.e LCA of secondary ligand plays an important roléuning the dimensionality. In
compounds6 and 7, the secondary ligand is 4-ptz with LCA of 180° asesult these
compounds are 2D structures. Whereas, in compo@ndsd 9, 1,4-pda adoptis
conformation and the dimensionality of the compaunsl one, this is because the
secondary ligand 2-tzpz has an LCA of 60°. Assalten the compounds where flexible
ligands adoptis conformation the LCA of secondary ligand playsieuportant role in

modifying the dimensionality of the final architaogs.

6.3.5. XRPD and Thermogravimetric analysis

To ensure the phase purity of the products, X-rawder diffraction data for all the
compounds have been recorded. Similar diffractiattepns for the simulated data
(calculated from single crystal data) and obseda&tad prove the bulk homogeneity of the
crystalline solids (Figure 6.5). Although the exp®ntal patterns have a few un-indexed
diffraction peaks and some are slightly broadened shifted in comparison to those
simulated from the single-crystal data, it canl & regarded that the bulk as-synthesized

materials represent compounds.
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Figure 6.5.Powder X-ray patterns of the compouridg, 4, 7 and8.
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Figure 6.6. Thermogravimetric curves of the compounidg, 4, 7 and8.
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TGA curves are made under flowing For crystalline samples in the temperature range
30-1000 °C (Figure 6.). The compoury2, and7 exhibit high thermal stability up to
400 °C and undergo continued weight loss whiclitr#bated to decomposition of organic
ligands. But compound shows less thermal stability up to 250 °C and ugokes
continuous weight loss due to decomposition of migdigands. Compoun@ shows
initial weight loss due to coordinated water molestin the cation [Co(}D)¢]>* and
lattice water molecules with weight loss of 13.50Pheoretical 14.44%) and under goes

continuous weight losses owing to organic ligands.

6.3.6. Magnetic Properties

Compound 1

The plots of bothyy vs T andymT vs T for compoundl are shown in Figure 6.7a. Room
temperaturen Taoo Value of 2.40 crhiK mol™is much higher than the expected value for
isolated C& ion (T = 1.875 cm K mol™ for a S=3/2 ion). As the temperature is

I—l

lowered, theyu T decreases smoothly to 1.31 hmol™ at 2K. 1/ vs T plot follows the

Curie—Weiss law at the high temperature with negaiVeiss constarit= —5.23 K.

244 Compound 1
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Figure 6.7.Plots ofyy vsT andyuT vs T (inset) for the compoundks 2, and8 in the temperature range of
2—-300K.The red line indicates the fitting using tletical model (see text).
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In this compound, the higher value @fT than the expected spin-only value indicates the
orbital contribution of the octahedral Co(ll) iofhe observed spin-orbit coupling in
compoundl can be calculated by the expression for S=3/2Bystwith dominant zero
field splitting effects, D' (egs. 14)
X1 = (NGBIKT)A/B] (1)
Where A=[1+ 9exp(-2D/KT)] and
B=[4(1+ exp(—2D/KT)]
x 1= (Ng’°/KT)[C/D] 2
Where C = [4 + (3KT/D) (1- exp(-2D/KT)] and
D=[4(1+ exp(—2D/KT)]
' = [+ 2 2)/3) (3)
o = 1=’ (22IINGA)} - (4)
The parameterdl, f and K have their normal meanings. The best fitioled from
2-300 K with g= 2.27 (2) D= —6.07 (1) ¢hmand zJX 2.49 (6) with agreement
factor of 1.82 X 10. The value of D calculated from the above expoessis in

the range expected for tetrahedral metal center (2 = —36 to +13 cr)*".

Compound 2

The temperature dependent of magnetic susceptitslpresented asy@ vs T andymT vs

T plots in Figure 6.7b. The magnetic susceptib{liy value) of compoun@ increase with
decreasing temperature and a broad maximum has diEsmved at around 100 K and
then after 16 K sharply increases up to 2K. Theineabf theyy vs T curve observed for
compound? is similar to that observed for compound Co(giNB). in the literaturé? At
room temperature (300K)yT value is 6.121 cfK mol™ which is far higher than the
spin-only value for two isolated Co(ll) atoms (3.@%° K mol™, g =2.0). Upon cooling,
the yuT value decreases continuously to 0.139 Knmol™ at 2K. The nature of thg,T
vs T plot suggests a dominant antiferromagnetic exohdregween the two ¢dons and
the strong spin—orbital coupling through ﬁT% state of the octahedral Co(ll) center. The
structure of the compouridreveals that the antiferromagnetic exchange betlee two
Co?* ions is transmitted through the —O—C—O— bridgethénCo-paddle wheels. We tried
to fit the susceptibility curve with the simple liated dimer equation but we could not

succeed due to large hump observed in the susidigyptorve.
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Compound 8

Both ym vs T andymT vs T plots of the compouné is presented in the Figure 6.7c. The
room temperaturgyT value of compound is 8.76 cm K mol™ which is much higher
than the spin only value of 5.625 ti{ mol™ for three Co(ll) ions indicating the
unquenched orbital contribution Co(ll) ion. ByMering the temperature, thgT value
continuously decreases up to 2.42%¢mol™ at 2K. In compound 8 two Co(ll) ions are
bridged by the nitrogen atoms of the tetrazole ang the remaining Co(ll) atom is in
lattice position in perfect octahedron. This faatwake difficult in analyzing the exchange

phenomenon through the bridge.

6.4. Conclusion

In designing coordination polymers, based on tegilile linkers, several factors influence
the self-assembly process; among those the angleeée the coordinating groups.
linker coordination angle (LCA) alters the dimemsbty of the coordination networks.
This concept has been discussed in this chaptbrangeries of compounds9. The self-
assembly of the Co-hfipbb matrix with secondary dhat bis (imidazole-1-ylmethyl)-
benzene (bix) linkers having LCAs of 60° (fby, 120° (for2) and 180° (foB) reveals the
amendment of dimensionality according to the intdaoular repulsions and length of the
ligand. Compoundt is 2D and5 is 3D mixed linker coordination networks in white
LCAs of the linkers are 60°, 60° in casedond 180°,180° in case &6fdemonstrate the
effect of length of the ligand depending upon tl@AL Compound$-9 are coordination
networks based on the {M-pda-tz} constituents, imch the flexible carboxylates 1,4—pda
in 6, 8 and9 and 1,3—pda ir¥ adopts acis conformation which have same structural
consequences on the dimensionality. In this siunatine LCA of the tetrazole directs the
dimensionality in obtaining 2D structures ®@find7 with tetrazole LCA of 180° and 1D
structures oB and9 with tetrazole LCA of 60°. All the compounds prets in the study
are series of examples to enrich the structuraahbof the coordination networks based
on flexible linkers with possible linker coordinati angles. Finally the temperature
dependent magnetic susceptibility measurementeo€dmpound4, 2, 7, 8 and9 divulge

the antiferromagnetic exchange between the metaéice
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Table 6.2Crystal data and structural refinement parametersdmpoundd, 2, 4, 7-9

Linker coordination angle...

1 2 4
Empirical formula LH,-N4Fs0sCo &H15FsN,O4Co GaHy, Co N, Oy
Formula weight 703.46 568.07 4589,
T(K) / A(A) 298(2), 0.71073 298(2), 0.71073 298®71073
Crystal system Orthorhombic monoclinic monoclinic
Space group Ccca C2lc P2/c
a (A 13.17y(8 27.073(2) 8.5118(7)
b (A) 15.668(8 7.5096(4) 22.703(2
c(A) 18.9515] 24.255(2) 11.3906(8)
a (%) 90.00 90.00 90.00
B(°) 90.00 104.317(10) 105.401(7)
v (°) 90.00 90.00 90.00
Volume (&) 5977(5) 7812(7) 2122.1(3)
Z, Peaica(g cm) 8, 1.563 8,1.678 4,1.532
n (mm), F(000) 0.660/2856 0.919/1598 0.850 /1012
goodness-of-fit on ¥ 1.248 1.069 1.034

R1/wR2 [I > & (I)]
R1/ wR2 (all data)

0.0687/0.1377
0.0867/0.1440

0.0435/0.1035
0.0545/0.1435

0.0535/0934
0.0875/0.1061

Largest diff peak/hole(e A 0.618/-0.307 0.61376 0.401/-0.313
7 8 9

Empirical formula {H12Ns05Co, Go HzgCo3N15046 GsoH3sMnN3N 15046

Formula weight 472.17 999.51 987.54

T(K)/ A(A) 298(2), 0.71073 298(2), 0.71073 298(2), 0.7307

Crystal system monoclinic triclinic triclinic

Space group P2;/n P-1 P-1

a (A 8.9732(4) 9.3717(8) 9.4961(6)

b (A) 20.4712(9) 10.1843(9) 10.0739(6)

c (A 10.4084(5) 11.7377(11) 11.7102(8)

a (%) 90.00 112.9560(10) 112.3640(10)

B(°) 102.998(5) 106.240(2) 108.6290(10)

v (°) 90.00 90.6960(10) 90.0830(10)

Volume (&) 1862.95(15) 967.32(15) 971.98(11)

Z, peaica(g cni®) 4,1.683 1,1.716 Bar.

n (mm), F(000) 1.819, 948 1.360, 511 1.048, 505

R1/ WR2 [I > 2 (1)]
R1/ wR2 (all data)
Largest diff peak/hole (e B

0.0517/0.1153
0.0715/0.1254
0.840/ -0.416

0.0322/0.0767
0.0385/0.0802
0.357/229

0.0463/0.1243
0.0493/0.1266
1.280/ -0.87
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Concluding Remarks and
Future Scope of the Present Work

Concluding Remarks

The thesis describes the mechanistic aspects irsd¢lieassembly of the coordination
networks based on the rigidity and flexibility tlinkers.

Chapter 2 illustrates the novel class of eight menadh simple building unit (SBU), Cu-
dimer in terms of the formation and stability undeydrothermal conditions. The
dimensionality of eight membered Cu-dimers has bedended by employing organic
and inorganic linkers. The void space created & 2D layers constructed by the Cu-
dimers has a potential to exploit the host-guesinpimenon, that has been demonstrated
with the aid of variable temperature PXRD studMagnetic exchange between the two
metal centers in the dimmers, based on the contmmahas been explained by
measuring the torsion angle of the particular confdion and compared with the
theoretical models.

Chapter 3 portrays the role of secondary ligand taedbiphenyl spacer in obtaining the
1D coordination polymer containing compounds. Bsating the crowdedness at the metal
polyhedra using the secondary ligands ‘2hjy, it offers us to regulate the dimensionality
of the compounds in case of the flexible ligandsisTroute has also tendency to stabilize
the different conformations of flexible ligands Zvicis andtrang) in the same crystal
structure. The twisting of phenyl rings in the ®Bpll spacer appended to the flexible
groups alters the coordination modes of the phasgtieogroups to form low dimensional
structures; this has been demonstrated in compawgb the mono-phenyl spacer.
Self-assembly of the metal oxide materials basedtarcture directing agents have been
illustrated in the chapter 4. In the first sectafrthe chapter 4, the self-assembly of gzu/
xylylenediphosphonic acid/2;bpy in the presence of metal oxides sourcegVie®,,
NaWO,; NaVO, has been studied. In the resulting compounds, Inpdtasphonate
phases are extended by the metal oxides (tetraohamighbin case of N&Mo0O,, Keggin
cluster in case of N#&O, and VQOH in case of N&/O,). In the second part, the
assessment of the tetrazole molecule in the sedrally of the metal oxide materials has
been discussed. By tuning the synthetic conditidesazole has a tendency to exhibit
different coordination modes which can alter therfation of oxide phase. This system
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Concluding Remarks and Future Scope

not only proves to be a good example to investigaté assembly process and provides
more information of the directional syntheses @f ithorganic oxide phases, but also offers
a fundamental approach of how a nitrogen donorasoimyg organic molecule (tetrazole)
influences the self assembly process of the inacgaxides. Introducing the tetrazole
derivatives into the poloxomolybdate (POM) matrdda a new dimension to the POM
based materials in terms of designing solids wpkkcgic properties.

Factors affecting the conformational modulation tbé flexible ligands in the self-
assembly of the coordination polymers have beecudged in the chapter 6. The major
outcomes of this work are:

(i) The availability of the coordination sites amithe metal polyhedra is responsible to
regulate the degree of flexibility to adopt variasmformations to maximize the intra- and
intermolecular forces in the crystal structure.

(i) Conformational modulation of the flexible adigand under the influence of the rigid
and flexible co-ligands has been studied and tgal rco-ligand is preferred as best
selection in achieving the modulation and

(i) The effect of the di-carboxylate ligands witlifferent geometrical dispositions of
carboxylate groups on the conformations of thenagélexible co-ligand.

Chapter 6 mainly describes the role of the linkeordination angle in tuning the
dimensionality of the coordination networks. A seriof flexible ligands with various
linker coordination angles reveals the amendmentliofensionality according to the
intermolecular repulsions and length of the ligaAtl.the compounds presented in this
study are series of examples to enrich the straktilorary of the coordination networks
based on flexible linkers with possible linker adioation angles.
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Future Scope

Higher ordered flexible ligands
Metal-organic frameworks or coordination polymenre af particular interest in the

materials chemistry mainly due to their potential meeting the requirements at the
industrial level in the fields of adsorption, cgis, sensing, and separation principles. To
accomplish these materials, the use of crystalnereging tools becomes crucial to achieve
the adequate packing of the molecules that maytte#te desired properties.

The overall thesis describes the mechanistic aspacthe self-assembly of the
coordination networks based on the flexible ligarss shown in the Scheme 1, we have
used the ligands in which the coordinating grougssgparated by the phenyl or biphenyl
spacer by flexible (—CH) spacer. We intend to increase the order of ifié®i in the
ligands by increasing the number of flexible groupthe organic ligands as shown in the

following Scheme 1.

CG= POH, Coordinating groups
COOH separated by the
Imidazole single flexible groups
CG CG
180° . 180° 180
1
90%---HN N----49¢ gl -i,C 0 — 0 90°
1
; :
o° 0° 0°

Coordinating groups separated by the double flexibbeips
Scheme 1Schematic representation of the order of flexieti
In this context, in future, we plan to synthesihe tigands in which the coordinating
groups are separated by the phenyl or biphenylesgacthe (-CH-O-) or (-CH-NH-)
groups. This approach would allow us to constrhetdoordination networks which have
tendency to increase or decrease the potential spmde in the frameworks by removing

the guest molecules.
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Tetrazoles: a new class of multidentate ligands

We have used rigid multidentate tetrazole ligarsla aecondary ligands in chapter 5 and
6 to the study their affect in the conformationalaeges of the flexible carboxylate
ligands. Also we have assessed the enhanced catingiiendency of the nitrogen atoms
in the tetrazole molecule in the self-assemblyhefrnetal oxide based solids as described
in chapter 4.

Based on these observations we are now plannidgdign a coordination solids based on
the different tetrazole skeletons. Due to the preseof four nitrogen atoms in the
tetrazole, it has tendency to connect the metalecerat shortest distances; as a result a
prominent magnetic exchange phenomenon should Benad through the nitrogen
bridges. Compound in the 4" chapter, compoundiin the " chapter and compounds9

in the 6" chapter are the examples of such observation.

Tuning the dimensionality of the polyoxometal-orgaic frameworks (PMOFs) by the
changing the polyanions

Polyoxometal-organic frameworks are class of compsuthat are constituted by metal
oxides as nodes or linkers. The past era witnetsedlifferent coordination networks

based on the polyanions such as Anderson, Keggianmlybdate and Dawson.

Figure 1. Polyhedral representation of Me(Left), ball and stick representation of Pressgleion (Right).

We wish to synthesize to coordination networks Oase the large polyanions such as
Mo1s2 and Presslyer anion (Figure 1) with the flexibieagen ligands and rigid tetrazole
ligands along with the secondary metal atoms. Hpproach allows us to design the
materials with greater pore volumes and high adsorgapacities.
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